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ABSTRACT 
Emerging evidence of early dissemination shows that the invasion capacity is not 

exclusive to advanced stages of progression and may happen even before tumor mass 

formation (Klein, 2020). However, little is known about the mechanisms driving early 

dissemination and the fate of disseminated cancer cells (DCCs) once arriving to the 

secondary organs. Early lesion (EL) cells undergo a partial epithelial to mesenchymal 

transition (EMT) that allows them to disseminate and correlates with the detection of DCCs 

in the bone marrow and lung in early stages of progression (Harper et al., 2016; Hosseini 

et al., 2016). Here, we describe that this partial EMT activated by EL cells is carried out by 

lung DCCs and coupled by a pluripotency-like program regulated by ZFP281, a well know 

primed pluripotency inducer (Fidalgo et al., 2016) and novel EMT and dormancy inducer. 

Excitingly, we also depicted the heterogeneity of lung DCCs, finding distinct phenotypes 

resembling developmental programs and allowing for cell plasticity and ensuring survival 

and adaptive advantage to DCCs. 

To form metastasis, both early and late DCCs have to survive the stress of 

dissemination and must successfully seed and adapt to the new target organ 

microenvironment, which we show that also imposes a dormancy state on DCCs. In the 

BM, a restrictive site for metastasis, where dormant DCCs can be found both in humans 

and mice (Borgen et al., 2018; Braun et al., 2000; Chéry et al., 2014a; Engel et al., 2003; 

Hüsemann et al., 2008; Naume et al., 2014; Sanger et al., 2011; Sherry et al., 1986), we 

show that NG2+/Nestin+ MSCs, which control hematopoietic stem cells (HSCs) dormancy 

(Kunisaki et al., 2013; Sandra Pinho & Frenette, 2019), also induce and maintain DCC 

dormancy through the production of TGFβ2 and BMP7. Similarly, TGFβ2 is secreted by 

osteoblasts leading to PCa cell dormancy, suggesting that distinct niche cells and distinct 

factors converge to determine DCC fate and in this case, induction of cellular dormancy, 

preventing osteolytic bone metastasis. 

In this thesis I compiled data in which we identified gene programs and 

microenvironmental cues that promote early dissemination and early and late dormancy in 

target organs. Importantly, the better understanding of the complementary cellular and 

microenvironmental mechanisms involved in early dissemination, dormancy and 

metastasis may help us to find ways to predict dormancy onset, monitor minimal residual 

disease and develop therapies to induce and maintain dormancy or eradicate minimal 

residual cancer. 
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RESUMO 
Na ultima década, vários estudos em humanos e ratinhos, demonstraram que a 

capacidade de disseminação de células tumorais não é exclusiva de tumores em estados 

avançados e pode acontecer em lesões pré-malignas, antes da formação de uma massa 

tumoral (Klein, 2020). No entanto, ainda se sabe muito pouco sobre os mecanismos que 

levam à disseminação tumoral num estado inicial da doença e qual o destino destas 

células tumorais aquando da chegada a órgãos secundários. As células de lesões pré-

malignas sofrem uma transição epitélio-mesenquimal parcial que lhes permite disseminar, 

o que está correlacionado com a detecção de células tumorais na medula óssea e 

pulmões de doentes em fase inicial de progressão tumoral (Harper et al., 2016; Hosseini 

et al., 2016). Nesta tese, demonstrámos que o programa de transição epitélio-

mesenquimal parcial ativado pelas células nas lesões pré-malignas é mantido pelas 

células disseminadas nos pulmões. Paralelamente, estas células também ativam um 

programa de pluripotência, descrito no desenvolvimento embrionário, e que é regulado 

pelo factor de transcrição ZFP281 (Fidalgo et al., 2016), aqui descrito pela primeira vez 

como indutor da transição epitélio-mesenquimal parcial e dormência celular das células 

tumorais. Neste estudo, descrevemos ainda a heterogeneidade das células tumorais 

disseminadas nos pulmões e os seus vários fenótipos que mimetizam programas de 

desenvolvimento e plasticidade celular, permitindo a estas células  uma maior capacidade 

de sobrevivência e adaptação. 

Para formar metástases, as células disseminadas, tanto das lesões pré-malignas como 

dos tumores, têm de sobreviver a todos os stresses associados à cascata de 

disseminação e metastização, e adaptar-se com sucesso ao novo microambiente, um 

factor importante que nós mostramos que também pode induzir dormência celular das 

células tumorais. A medula óssea é um local que induz restrições à proliferação tumoral e 

metastização,  mas onde se encontram células tumorais em estado dormente em ratinhos 

e doentes oncológicos (Borgen et al., 2018; Braun et al., 2000; Chéry et al., 2014a; Engel 

et al., 2003; Hüsemann et al., 2008; Naume et al., 2014; Sanger et al., 2011; Sherry et al., 

1986). Neste trabalho, demonstrámos que o estado de dormência das células tumorais na 

medula óssea é induzido por células estaminais mesenquimais NG2+/Nestin+, através da 

produção de TGFb2 e BMP7, bem como por osteoblastos através da produção de TGFb2 

e GAS6, o que sugere que diferentes células no órgão secundário e diferentes fatores 

convergem na determinação do destino das células tumorais nos órgãos secundários. 
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Em suma, estão compilados nesta tese os resultados que mostram a importância de 

programas celulares e sinais do microambiente que promovem a disseminação de células 

tumorais em fases iniciais da progressão tumoral e dormência celular nos órgãos 

secundários. O aumento de conhecimento nesta área é extramente importante para que 

no futuro se consiga prever e monitorizar a dormência de células tumorais, bem como 

desenvolver terapias que induzam, mantenham ou eliminem células tumorais dormentes.  
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1. THE MAMMARY GLAND 
The mammary gland is unique to mammals and it is a highly specialized organ which 

function is production and secretion of milk in order to nourish offspring. Establishment of a 

proper mammary gland structure is essential for its function and unlike many adult tissues, 

development of the mammary gland occurs following embryonic development in response 

to hormonal cues released during puberty. Following this pubertal phase of development, 

an extensive branched ductal network is formed, which remains highly dynamic into 

adulthood. This introduction describes the mammary gland morphogenesis from an early 

embryonic phase through to puberty and adulthood, including pregnancy, lactation and 

involution phases, its regulation and the parallels and contrasts in mouse and human 

mammary gland. 

 

1.1. MAMMARY GLAND STRUCTURE 

 The mature mammary gland consists of a branching ductal-lobular system. The lobules 

of the human breast are organized into 15-20 lobes, which are drained by collecting ducts 

that converge at the nipple in a radial arrangement. Each lobule in turn is made up of acini 

(also called alveoli) that form the functional secretory units of the mammary gland, the 

terminal duct lobular units (TDLU) (Osborne & Boolbol, 2014) (Figure 1A). Where human 

have a pair of mammary glands, mouse develop five pairs of mammary fat pads just below 

the skin, between the forelimbs and hind and containing specialized stroma of large 

amounts of fat, some fibrous connective tissue and a rudimentary ductal tree. Also, the 

mouse mammary gland lacks TDLUs but develops alveolar units during pregnancy 

(Parmar & Cunha, 2004). Interestingly, the fifth inguinal gland is the most highly 

differentiated and the first thoracic gland is the least, highlighting a gradient of specification 

in the mouse (Bolander, 1990). Despite these differences, the cellular composition of the 

epithelial compartments within human and mouse mammary tissue is remarkably similar. 

Ductal structures from both species are lined by two cell layers constituted by two distinct 

epithelial cell subtypes derived from a common multipotent progenitor within mammary 

glands. Apically oriented luminal epithelial cells line the ducts and a central lumen and 

basally oriented myoepithelial/basal cells form an outer layer of elongated cells that lie 

adjacent to the basement membrane. Together these cells constitute the mammary gland 

bilayered ductal system, which is embedded in stroma composed of mesenchymal cells, 

such as fibroblasts, adipocytes, endothelial cells, immune cells, and extracellular matrix 
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components  (Figure 1B-C). 

 

1.2. MAMMARY GLAND DEVELOPMENT 

The mammary gland development occurs through branching morphogenesis programs 

that can be broken down into three distinct phases: embryonic, pubertal and reproductive 

(Figure 1D). 

 

1.2.1. EMBRYONIC DEVELOPMENT 

The mammary epithelial tissue develops from the embryonic ectoderm, resulting in the 

formation of a rudimentary ductal tree network (Hennighausen & Robinson, 2001; G. W. 

Robinson et al., 1999), which remains largely quiescent until puberty. Mouse and human 

embryonic mammary development are very similar since in both species, the placode-

derived mammary epithelial bud invades underlying mesenchyme; however human 

development is more complex and can be subdivided in ten phases, which are defined by 

fetal length (Russo & Russo, 2004). 

Mammary morphogenesis is initiated with the formation of single-layered ectoderm-

derived bilateral mammary milk lines (Hens & Wysolmerski, 2005). These lines of cells 

A	

D
E	

Mouse	

Figure 1. The Mammary Gland Structure and Development. Adapted from Fu et al. 2020. 
Schematic representations of (A) the human mammary gland architecture, (B-C) mammary gland ductal 
structure and epithelial cell types, (D) mammary gland development and (E) a terminal end bud in a pubertal 
mammary gland. 
TDLU, terminal duct lobular unit; TEB, terminal end bud; E, estrogen; Pg, progesterone; Prl, prolactin. 
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extend from the anterior limb bud to the posterior limb bud, migrating to the location of the 

future mammary buds and aggregating, giving rise to multilayered structures called 

placodes (Hens & Wysolmerski, 2005; Propper, 1978; Gertraud W. Robinson, 2007). 

These placodes subsequently invaginate into the underlying mesenchyme, leading to the 

formation of mammary epithelial buds, which continue to descend and generate a sprout 

that invades the fat pad precursor connecting the mammary bud with the epidermis giving 

rise to the rudimentary ductal tree (Hogg et al., 1983). 

Although the exact molecular events leading to mammary embryonic development are 

not clearly defined, it acts independently of hormonal cues and interplay of both 

mesenchymal and epithelial signaling is required for the early phase of mammary gland 

development. Inductive signals from the mesenchyme are likely to instruct local migration 

or aggregation, as well as differentiation towards the mammary epithelial lineage. Indeed, 

recombinant transplantation experiments between mesenchymal and epithelial tissue 

revealed that the tissue origin of the mesenchyme dictates the morphology of the resulting 

epithelium (Cunha et al., 1995; Sakakura et al., 1976). Canonical Wnt signaling is one of 

the known factors required for specification of the mammary line. In fact, expression of a 

Wnt-responsive β-galactosidase (TOPGAL) transgene in cells between limb buds of 

embryos is one of the earliest described markers of the mammary line. Expression of other 

Wnt family members (Wnt6, Wnt10a, and Wnt10b for example) is also detected in the 

mammary line during embryonic development and there is evidence that Wnt signaling 

may also contribute to mammary bud formation (Chu et al., 2004; Eblaghie et al., 2004; 

Veltmaat et al., 2004) (explored in General Discussion in relation to Results Part II). The 

fibroblast growth factor family is also a key regulator embryonic mammary gland 

development, as FGF10 and FGFR2b knockout mouse models showed disrupted 

placodes (Mailleux et al., 2002) (explored in General Discussion in relation to Results Part 

II). Additionally, FGFR1, FGF4, FGF8, FGF7, and FGF17 are all expressed in developing 

placodes (Eblaghie et al., 2004). Another important driver of embryonic mammary 

development is parathyroid hormone-related protein (PTHrP), which is expressed by the 

mammary epithelial bud as it invaginates into the mesenchyme. PTH1R is also expressed 

in the mesenchyme underlying the developing bud. PTHrP and PTH1R knockout mice 

develop normal mammary buds but these subsequently degenerate due to no formation of 

ductal network, proving that PTHrP signaling is necessary for mesenchyme to acquire 

specialized mammary fate. Additionally, PTHrP and PTH1R knockout mice also fail in 

nipple formation, showing that PTHrP signaling is required for mammary mesenchyme to 
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activate overlying epidermis to form the nipple (Foley et al., 2001). 

Between birth and puberty, the human mammary gland exists in a relatively quiescent 

state; however, the mouse mammary gland contains only a stroma of fibroblasts and 

connective tissue along with a simple primary ductal network that fills only a fraction of the 

mammary fat pad, that grows with the normal body growth until puberty (Russo & Russo, 

2004). 

 

1.2.2. PUBERTY DEVELOPMENT 

The mammary gland development continues with the elongation of the ductal 

mammary epithelium into the mammary fat pad in a process referred to as branching 

morphogenesis, which lasts approximately 5 weeks in mice and 9–12 years in humans and 

integrates epithelial cell proliferation, differentiation, and apoptosis (LYONS, 1958; Nandi, 

1958). 

Driven by hormonal cues and growth factors during puberty, highly proliferative 

terminal end buds (TEB) invade the mammary mesenchyme. TEBs are composed of two 

distinct cell types, a compound inner layer of central body cells, highly proliferative luminal 

cell layers located at the invading front of the branch, and the surrounding single distal 

layer of cap cells. Body and cap cells give rise to the differentiated luminal and 

myoepithelial cells, respectively (Ball, 1998; Sapino et al., 1993) (Figure 1E). Bifurcation of 

the TEB leads to the formation of primary ducts, while central body cells within the TEB 

undergo apoptosis to form a lumen in a process that requires a precise balance between 

cell proliferation and cell death (Humphreys, 1999). 

Puberty mammary gland development is both initiated and maintained by steroid 

hormones, pituitary hormones and local growth factors and cytokines (Topper & Freeman, 

1980). Ductal elongation and branching morphogenesis is characterized by a dominant 

requirement for estrogen, which promotes stromal and epithelial cell survival, proliferation 

as well as release of matrix remodelers during this developmental phase. The ductal 

network of ERα deficient mice is severely stunted due to a complete failure to invade the 

stroma and adult mammary glands resemble glands of a newborn female (Bocchinfuso & 

Korach, 1997; Couse & Korach, 1999). Additionally, when transplanted into fat pad mixed 

with ERα+/+ cells, ERα−/− epithelial cells persist in the mammary tree, proving that in order 

for ductal morphogenesis to occur in the pubertal mammary gland, epithelial ERα is 

required to act in a paracrine fashion (Mallepell et al., 2006). Furthermore, growth hormone 

(GH) from the pituitary gland acts via stromal cells to produce IGF1 locally, signaling to 
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epithelial cells within developing mammary glands to promote proliferation and survival. 

Tissue-specific molecular networks also interpret signals from local cytokines/growth 

factors in both the epithelial and stromal microenvironments. Ductal elongation from TEB 

structures requires the invading epithelial cells to display some characteristics of 

mesenchymal cells, suggesting that some degree of epithelial-to-mesenchymal transition 

(EMT) occurs at the end bud (Kouros-Mehr & Werb, 2006; Nelson & Bissell, 2006), as well 

as remodeling of the surrounding extracellular matrix (ECM) (explored in section 3.2.1). 

The surrounding basement membrane is often partially degraded by matrix remodelers 

such as matrix metalloproteases (MMPs) and urokinase-type plasminogen activator (uPA) 

from the TEB (Ossowski et al., 1979; Witty et al., 1995). Additionally, macrophages are 

recruited via CSF-1 to the elongation site to promote matrix remodeling (Schwertfeger et 

al., 2006). The cytokine hepatocyte growth factor (HGF)/Scatter factor (SF), produced by 

fibroblasts (Kamalati et al., 1999; Niranjan et al., 1995), is also a positive regulator of 

branching morphogenesis by induction of proliferation and EMT-like events in the 

mammary gland. Specifically, HGF/SF is a stromal-derived paracrine mediator that 

promotes morphogenesis through the Ras pathway (Soriano et al., 1998) (see section 

1.5.2 for the essential role of microenvironment in mature duct development). 

Once the mammary fat pad has been filled with glandular tissue, the TEBs regress, 

become mitotically inactive and are converted to terminal ducts (Faulkin & Deome, 1960). 

Sexual maturity is reached at approximately 5 weeks in the mouse and 11–14 years in 

humans, however the ductal network continues to grow beyond this point until it reaches 

its full dimension by around 8 weeks in the mouse and 18–24 years in the human 

mammary gland (Britschgi et al., 2017; Bruno et al., 2017). Still, sufficient space must 

remain in the post-puberty gland to support lobulo-alveolar development, so the number of 

branching events needs to be restricted. Although the mechanism by which the branching 

process stops is still unclear, it is thought to be regulated by mechanical and local cues 

from the gland architecture, as well as the production and activation of endogenous TGFβ 

(Nelson & Bissell, 2006). It was described that TGFβ form complexes with ECM molecules 

in areas where budding is inhibited, preventing excessive branching and invasion of the fat 

pad. In those areas, there is also deposition of chondroitin sulfate and collagen I (Bussard 

et al., 2010). The effects of TGFβ signaling are also thought to compound the role of 

HGF/SF leading to inhibition of mammary gland branching. 
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1.2.3. REPRODUCTIVE DEVELOPMENT 

Branching morphogenesis occurs by three mechanisms: primary branching when ducts 

are established from bifurcating TEB structures during puberty; secondary ductal 

branching generated from side branching off of primary ducts triggered by ovarian 

hormones during pregnancy; and tertiary branching established by side branching during 

lactation to generate a fully functional mammary gland to produce sufficient milk for 

offspring nourish (review by (Sternlicht, 2005)). 

The gland of virgin mice during reproductive stage is characterized by dynamic cycles 

of alveolar expansion, differentiation and cell death with each round of reproduction 

(Daniel & Smith, 1999). However, during pregnancy, in response to circulating hormones, 

the alveolar epithelium rapidly proliferates and differentiates to form alveoli, which contain 

the alveolar cells of human TDLUs or mouse alveolar buds, responsible for milk production 

(Hennighausen & Robinson, 2001). In humans, at least some TDLUs are already present 

prior to pregnancy, although they are probably not as complex as during pregnancy (G. 

Molyneux et al., 2007). 

Hormonal control of reproductive mammary gland functional differentiation is well 

documented. Estrogen and progesterone are secreted from the corpus luteum, followed by 

estrogen, progesterone, and somatotropin secretion by the placenta, pituitary hormones 

prolactin and then the adrenocorticoids from the adrenal gland. Although estrogen 

signaling contributes indirectly to alveologenesis, the morphogenic changes in pregnancy 

are largely driven by progesterone and prolactin (Hennighausen & Robinson, 2001). In the 

initial phase of pregnancy, extensive secondary and tertiary branching of the ductal tree is 

induced by progesterone. Followed by progesterone and prolactin regulation of alveolar, 

characterized by a decline in proliferation in lieu of epithelial differentiation and secretory 

lineage commitment. Although tertiary side branching and lobulo-alveolar development fail 

in pregnant and adult mice upon deletion of both progesterone receptor isoforms (PR-A 

and PR-B), selective knockout studies reveal that PR-B is the essential isoform at this time 

(Conneely et al., 2003). Interestingly, a subset of epithelial cells does not express the 

progesterone receptor and does not respond to progesterone directly, suggesting a 

paracrine mode of progesterone signaling at this phase of mammary development. This 

paracrine regulation by progesterone signaling is dependent on two downstream signaling 

pathways: Wnt4, a canonical Wnt ligand, and RANKL, an effector of the NFkB pathway 

(Brisken, 2002) (explored in section 3.3.1). 
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During lactation, the apically oriented luminal epithelial cells synthesize and secrete 

milk proteins into the lumen of the alveoli. In response to a suckling stimulus from the 

infant, prolactin is released from the anterior pituitary, inducing lactogenic differentiation 

(Neville et al., 2002). Signal transducer and activator of transcription 5 (Stat5) and Janus 

kinase 2 (Jak2) are mediators of prolactin signaling (C. C. Chen et al., 2012; Wagner et al., 

2004), which is also described to upregulate cyclin D1 and IGF-2 (Brisken et al., 2002; 

Hovey et al., 2003). Suckling stimulus also stimulates the release of pituitary oxytocin, 

which induces contraction of the myoepithelial cells, leading to the movement of the milk 

through the ductal tree into the nipple (Mather & Keenan, 1998; Prilusky & Deis, 1975; 

Richert et al., 2000). When lactation is established, adipocyte fat is metabolized and the 

gland becomes completely filled with expanded alveoli. 

Following the termination of breast-feeding (weaning), the mammary gland undergoes 

another significant structural remodeling known as mammary gland involution. Suckling 

stimulus removal leads to a reduction in systemic levels of lactogenic hormones, and 

consequent mammary gland involution, which represents the removal of unwanted epithelial 

cells. 80% of the glandular epithelial cells are lost by apoptotic cell death of the alveolar 

secretory epithelial cells and collapse of the alveoli (Kreuzaler et al., 2011; Monks et al., 

2005), while fat cells become more visible and adipocytes appear to refill and expand 

(Richert et al., 2000). In parallel, there is an influx of a number of immune cells, including 

plasma cells, macrophages, neutrophils, and eosinophils (Stein et al., 2004). 

Both the early and late phases of involution are tightly controlled on a molecular level 

by the loss of survival factors, such as Akt, Stat3 and Stat5, and the accumulation of cell 

death mediators, such as PI3K negative regulatory subunits (Abell et al., 2005; 

Schwertfeger et al., 2001). Additionally, the epithelial cell death also relies on Fas ligand 

(FasL), TGFβ signaling and macrophages (O’Brien et al., 2012; Watson & Kreuzaler, 

2011). The second phase of mammary gland involution consists of degradation of 

basement membrane and ECM proteins by a number of proteases, of which MMP3 is the 

most prominent (Talhouk et al., 1991). By the end of involution, the mammary gland 

reaches the ‘resting’ state, in which its structure resembles the mature virgin gland. A 

second form of involution occurs within the mammary gland, independent of a prior 

lactational event but correlated with age. Starting at perimenopause, mammary gland 

complexity and function naturally diminish, which is accelerated during menopause 

(Hutson et al., 1985).  
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During each cycle of proliferation, differentiation and involution that occur with every 

pregnancy, the epithelial component and the surrounding tissue architecture go through a 

significant amount of remodeling, highlighting the mammary gland as remarkable example 

of tissue remodeling and dynamics that allows continuous adaption throughout life to meet 

its physiological requirements. 

 

1.3. EPITHELIAL CELL ADHESION 

 Epithelial tissues such as the mammary gland rely on the formation of single or 

multi-cell layers to function as a barrier to surrounding environments. The formation, 

architecture, integrity and proper function of tissues are dependent on the 

establishment of cell–cell and cell–matrix adhesions (Figure 2), which act in 

combination to tightly regulate the formation of cell polarity and promote epithelial cell 

function within tissues, as well as apical-basal polarity within epithelial cells. 

 

1.3.1. CELL-CELL ADHESION 

Four main protein complexes within 

the lateral region of epithelial cells 

regulate cell-cell adhesion: tight 

junctions, adherens junctions, 

desmosomes and gap junctions (Figure 

2). 

Tight junctions (TJ) are located 

towards the apical region of epithelial 

cells and are essential for establishing 

barrier function across a cell layer, 

restricting transport of membrane 

proteins and sealing neighboring cells 

together. The barrier function of tight 

junctions is largely a consequence of 

their complex molecular composition, 

which is constituted of claudin family 

proteins and transmembrane proteins 

such as occludins and cytoplasmic zona 

occluden (ZO) proteins. Claudins help 

Figure 2. Cell-cell and cell-matrix adhesion. 
Adapted from (Carraway & Carraway, 2007). 
Schematic representation of cell-cell and cell-matrix 
adhesion complexes and their localization in cell. Cell-
cell adhesions: tight junctions, adherens junctions, gap 
junctions, and desmosomes are shown on the lateral 
membrane. Cell-matrix adhesion: integrins and 
hemidesmosomes are shown on the basal membrane. 
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define the selectivity of the tight junctions and the associations among claudins, occludins 

and ZO regulate tight junction formation, localization and function. In addition to acting as a 

selective paracellular permeability barrier to apical basolateral movement of 

macromolecules, TJ proteins such as ZO proteins also act to anchor cells to the actin 

cytoskeleton as well as polarity complexes within the cell (reviewed by (Furuse, 2010)). 

Adherens junctions (AJ) are located toward the basal domain of epithelial cells, 

following TJ complexes, and promote cell-cell adhesion by linking adjacent cells. The main 

components of AJs are classical cadherins (E- (epithelial), N- (neural), P- (placental) and 

R- (retinal) cadherins), which form homo- or hetero- dimers with cadherins from adjacent 

cells in a calcium-dependent manner, resembling zipper-like structures. In addition to its 

role in cell-cell adhesion, cadherins also regulate cell structure by anchoring the plasma 

membrane to the cytoskeleton. Actually, the function and strength of cadherin interactions 

relies on the formation of complexes with catenins, which serve to link the cadherin 

cytoplasmic tail to the actin cytoskeleton.. The intracellular domains of cadherins bind 

catenin family members such as p120-, β- and α-catenin that in turn bind F-actin within the 

cytoskeleton (reviewed by (Hartsock & Nelson, 2008)). Formation of cadherin-catenin 

complexes also functions to sequester β-catenin to the membrane. Dismantling of these 

complexes releases β-catenin into the cytoplasm making it available for Wnt signaling 

(Klaus & Birchmeier, 2008). 

Desmosomes are highly organized specialized adhesive protein complexes and are 

responsible for maintaining the mechanical integrity of tissues. Unlike AJs, which connect 

the actin cytoskeleton network, desmosomes are tethered to the intermediate filament 

network. Desmosomes form a symmetrical, disc-shaped, electron-dense plaque consisting 

of an outer dense plaque and an inner dense plaque. Desmosomal cadherins, 

desmogleins (Dsgs) and desmocollins (Dscs) are transmembrane proteins that interact in 

the extracellular space to connect cells together. On the intracellular face, the armadillo 

proteins plakophilins (PKPs) and plakoglobin (PG) form an extensive network of 

interactions between themselves and other desmosomal components, thus providing 

lateral stability to the complex (North et al., 1999; Wei & Huang, 2013). 

Gap junctions are found towards the basal domain of epithelial cells and facilitate cell-

cell communication by allowing diffusion of small metabolites and ions between cells. 

These junctions consist of head-to-head docking of hexameric assemblies (connexons) of 

tetraspan integral membrane proteins, the connexins, which form intercellular channels 

that allow molecules of <1kDa to pass directly to the cytoplasm of adjacent cells. In 
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addition to their role in cell-cell communication, gap junctions can control nutrient and 

signaling molecule distribution across tissues (Goodenough & Paul, 2009) and may also 

act to regulate cell-cell junctions including adherens junctions (Meyer et al., 1992). 

 

1.3.2. CELL-MATRIX ADHESION 

The overall architecture of a tissue is determined by adhesion mechanisms that involve 

not only cell-cell interactions but also cell-matrix interactions, which are mediated by 

integrins, selectins and syndecan proteoglycans. These interactions are carried out 

predominately through integrin receptors located within the plasma membrane of epithelial 

cells (B. H. Luo et al., 2007). 

Integrin receptors are comprised of heterodimers of one α- and one β- subunit at the 

membrane. Mammals have 18 distinct α- and 8 β- subunits generating 24 different integrin 

receptors (reviewed by (Campbell & Humphries, 2011)), which allow for the diverse 

function of integrin signaling in mediating ECM interactions. In the mammary gland, 6 α- 

and 3 β- subunits are expressed in myoepithelial and luminal cells, creating 8 distinct 

integrin receptors that regulate attachment to collagens, laminins and fibronectins within 

the surrounding basement membrane (review by (Lambert et al., 2012)), playing a vital 

role in mammary gland structure and development. Integrin receptors not only act as a 

physical support for ECM attachment but also play an important role in the response to 

ECM signals to epithelial cells. Integrins-ECM binding triggers an allosteric change within 

receptors, allowing the formation of protein complexes between the cytoplasmic region of 

the receptor and non-receptor tyrosine kinases (NRTK) such as Src and FAK, leading to 

anchorage dependent proliferation within mammary tissues (reviewed by (Campbell & 

Humphries, 2011; Lambert et al., 2012)). Furthermore, detachment from the ECM and loss 

of integrin binding and survival signaling triggers anoikis due to activation of stress 

response pathways such as p38α/β, promoting the formation of hollow luminal structures 

found within the mammary ducts (Wen et al., 2011). 

 

1.3.3. EMT AND MET IN DEVELOPMENT 

Epithelial cells have cuboidal appearance associated with their highly polarized 

structure and tight connection with other cells and ECM (reviewed in sections 1.3.1 and 

1.3.2). In contrast, mesenchymal cells rarely establish a direct contact with nearby cells 

and have a spindle-shaped mesenchymal morphology, usually associated with increased 

motility and invasive capabilities. During development, a highly coordinated and specific 
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series of events define the transition between epithelial cells and mesenchymal cells. The 

transient loss of epithelial characteristics into a mesenchymal state is referred to as an 

epithelial to mesenchymal transition (EMT), while the reversed mechanism is named 

mesenchymal to epithelial transition (MET), and both programs are essential for numerous 

developmental processes (reviewed by (Micalizzi et al., 2010) (Figure 3). 

Activation of the EMT program results in phenotypic changes within cells including 

alterations to cell-junction complexes, starting with the loss of apico-basal polarity as tight 

junctions dissolve, permitting intermingling of apical and basolateral membrane 

components. Additional cell-cell junctions, including adherens and gap junctions, begin to 

disassemble, cell surface proteins characteristic of epithelial cells, like E-cadherin and 

integrins, are replaced by mesenchymal proteins, like N-cadherin and integrins that 

provide more transient adhesive properties. Additionally, cells reorganize the cortical actin 

cytoskeleton, which is replaced by stress fibers, whereas cytokeratin intermediate 

filaments are replaced by vimentin. In parallel, the underlying basement membrane is 

degraded endowing cells with the capacity to invade into the surrounding ECM and 

migrate. Presumably during this process the epithelial cells also acquire resistance to 

anoikis and begin to respond to extracellular cues, directing the migrating cells along 

highly specific routes to their destination. Upon arrival to their final location, cells undergo a 

Figure 3. Cellular Plasticity through EMT and MET. Adapted from (Nieto et al., 2016). 
Different states of epithelial to mesenchymal transition (EMT) and mesenchymal to epithelial transition (MET). 
These processes can be considered as a continuum, whereby cells exhibit epithelial, intermediate/transitional 
and mesenchymal phenotypes. EMT regulators include transcription factors (SNAI1/2, ZEB, TWIST1, GRHL2, 
OVOL1/2, and PRRX1) and post-transcriptional regulators (miRNAs). 
TJ, tight junction; AJ, adherens junction; DS, desmosome. 
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reversion of this phenotype, MET, to establish again apico-basal polarity, cell-adhesion 

and epithelial gene programs in order to properly function within tissues (reviewed by 

(Acloque et al., 2009; Micalizzi et al., 2010). 

While loss of E-cadherin is commonly used as a hallmark of EMT, disruption of 

additional cell-junction complexes such as tight junctions, gap junctions as well as cell 

polarity complexes often occur during an EMT (reviewed by (Lamouille et al., 2014)). 

Furthermore, downregulation of E-cadherin leads to disruption of cadherin-catenin 

complexes, and consequent increase in cytoplasmic catenin molecules such as β-catenin 

and p120 catenin. Coupled with integrin complexes disruption, these changes also lead to 

activation of downstream pathways like Wnt, Src and FAK signaling. EMT is often 

regulated by the expression of various EMT related transcription factors, which include 

zinc finger proteins such as SNAI1/2 and ZEB1/2 and basic helix-loop helix proteins such 

as Twist1. Expression of these transcription factors may be induced during EMT in 

response to signaling pathways such as the Wnt, TGFβ and ERK1/2 signaling pathways 

(reviewed by (Nieto et al., 2016)). 

During embryonic development, progenitor cells may undergo EMT or MET, or even 

sequential rounds of EMT and MET, needed alterations for the final differentiation of 

specialized cell types and the formation of the three-dimensional structure of the organs. 

Interestingly, epithelial plasticity goes beyond the classical EMT and MET, and 

intermediate cellular states are observed, in which epithelial cells can migrate and spread 

during development (Figure 3). During mammary gland branching morphogenesis, this 

epithelial cell plasticity has also been observed in a process referred to as collective 

migration, which entails the movement of epithelial cells as a group that is both physically 

and functionally connected (reviewed in section 1.2.2. and Figure 1E). Although during 

collective migration epithelial cells maintain cell-cell junctions, many properties observed 

during EMT, including loss of apico-basal polarity, ECM remodeling and the acquisition of 

an invasive and motile phenotype are observed (Rørth, 2009). The similarities between 

EMT and collective migration suggest that the transition between epithelial and 

mesenchymal cell phenotypes may not always represent two static and independent 

cellular states, but rather a continuous spectrum of epithelial and mesenchymal properties 

that lead to intermediate cellular states (Figure 3) (reviewed by (Nieto et al., 2016)). This 

concept is particularly relevant in the cancer context, which typically lacks the coordinated 

and full induction of EMT (reviewed in section 3.1 and explored in Results Part I and II). 
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1.4. MAMMARY GLAND MICROENVIRONMENT  

 The mammary gland comprises a complex epithelial ductal tree that is surrounded by a 

stromal matrix containing adipocytes, endothelial cells, fibroblasts, and immune cells. 

Importantly, all these cells in the mammary gland contribute to its structure, development 

and ultimate function in a dynamic and reciprocal fashion (Sakakura et al., 2013). 

 Adipocytes comprise a large proportion of the stromal fat pad in the adult and non-

lactating gland; however, by late pregnancy adipose tissue is highly compressed due to 

the expanded alveoli. Nonetheless, adipocytes with reduced lipid content are observed, 

suggesting that this reservoir of fat is necessary for the metabolically demanding process 

of milk production. Adipocytes also secrete vascular endothelial growth factor (VEGF), 

suggesting that they regulate angiogenesis in the mammary gland, regulate epithelial 

growth, as well as communicate with other cell types in the mammary gland (Hovey & 

Aimo, 2010). Interestingly, adipocytes are not regenerated during the reproductive cycle 

and expansion occurs through hypertrophy of existing adipocytes (Zwick et al., 2018). 

 Stromal fibroblasts are also embedded within the fat pad serving many functions. 

During branching morphogenesis, fibroblasts secrete growth factors, proteases and other 

elements that instruct epithelium development (Howard & Lu, 2014). It was also suggested 

that fibroblasts play an important role in supporting both epithelial cell survival and 

morphogenesis in the fat pad, as well as in the synthesis of ECM (Xuefeng Liu et al., 2012; 

Makarem et al., 2013; X. Wang & Kaplan, 2012). Fibroblasts synthesize collagens, 

proteoglycan, fibronectin and many enzymes, like matrix metalloproteinases, that are 

capable of not only degrading the ECM but also of releasing the growth factors and 

cytokines harbored within the ECM that influence cellular and tissue function (Simian et al., 

2001; Wiseman & Werb, 2002). 

 Extensive vascular and lymphatic networks also exist throughout the fat pad 

intercalated with the mammary gland. Actually, the lymphatic network develops in close 

association with the mammary epithelial tree and blood vasculature, driven by 

myoepithelial-derived VEGF (Betterman et al., 2012). 

 Immune cells, such as macrophages, eosinophils and mast cells, are also essential for 

branching morphogenesis, as they are recruited to mediate invasion of the branching tips 

of the epithelium into the fat pad (Gouon-Evans et al., 2000; Lilla et al., 2009; Lilla & Werb, 

2010). Macrophages are also required for epithelial cell death and adipocyte repopulation 

during involution (O’Brien et al., 2012). 

 Like other tissues, the mammary gland is composed of many specialized cell types that 
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communicate and generate interconnected signaling that ensure the organ development 

and function, demonstrating the power of the stroma to influence the developing 

epithelium. 

 

1.5. MAMMARY STEM AND PROGENITOR CELLS 

The mammary epithelium displays dramatic regenerative potential and the ability to 

undergo many cycles of growth and involution, suggesting that like most tissues, if not all, 

the mammary gland has a hierarchical organization (reviewed in (Fu et al., 2020)). The top 

of this hierarchy starts with mammary stem cells (MaSC), cells that are capable of 

generating and maintaining the entire epithelial architecture. Although several studies have 

focused on identifying, isolating and tracing MaSC populations, the field is filled with 

controversies and confusions. A number of different cell surface markers have been 

described to define stem and progenitor mammary cells, however it is important to mention 

that these are not always effective biomarkers for both human and mouse stem cells. 

Several technical approaches have been used over the years, from Fluorescence 

Activated Cell Sorting (FACS) to gland reconstitution assays and lineage tracing in 

transgenic mice, giving us somewhat conflicting data. Last, several different epithelial cell 

populations with stem cell properties have been identified (reviewed in (Inman et al., 

2015)). Despite the discrepancies, there is a better understanding of multipotent mammary 

stem cells (MaSCs), cells that give rise to both luminal and myoepithelial cells, and 

unipotent mammary progenitor cells (MaPCs), which give rise to just a single lineage 

during normal development, and how they drive development of the gland and maintain 

homeostasis of the resulting arboreal architecture. 

 

1.5.1. CELLULAR HIERARCHY DIFFERENTIATION  

Two models of mammary differentiation hierarchy in the adult gland have emerged 

(Figure 4). In model A, established on combined transplantation and lineage tracing data, 

multipotent MaSCs give rise to heterogeneous populations of progenitors, embryonic 

myoepithelial and luminal epithelial lineages and quiescent adult MaSCs. In contrast, 

model B is based on lineage tracing data and it denies the existence of adult MaSCs, 

stating that multipotent stem cells only exist in the mid-embryonic period and are replaced 

by lineage-restricted progenitors. The two models essentially converge in the postnatal 

period, where different populations of unipotent progenitors are self-sustained, driving 

morphogenesis during puberty, pregnancy and homeostasis. There is increasing evidence 
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that the progenitor compartment is particularly diverse, with both short- and long-lived 

cells. Furthermore, ER+ and ER– luminal cells are independently maintained in the adult 

gland, inferring the existence of distinct progenitors for these luminal branches. However, it 

is still unclear if there is a common upstream precursor cell that coordinates the generation 

of ER+ and ER– luminal cells (reviewed in (Fu et al., 2020)). 

 

1.5.2. REGULATION OF THE CELLULAR HIERARCHY DIFFERENTIATION 

The ovarian steroid hormones estrogen and progesterone are integral to the major 

Figure 4. Mammary Epithelial Differentiation Hierarchy Models. Adapted from Fu et al. 2020. 
Model A states that the stem cell compartment in the adult gland is heterogeneous and comprises quiescent 
mammary stem cells (MaSCs), which give rise to committed progenitors for the myoepithelial and luminal 
epithelial lineages. While model B claims that there are no adult MaSCs but rather embryonic multipotent 
stem cells and that unipotent progenitors drive most aspects of postnatal development. In both models A and 
B, there are independent ductal and alveolar luminal sublineages. 
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periods of morphogenesis that occur in puberty and pregnancy, and to the smaller 

changes that accompany each estrus cycle (reviewed in section 1.2), including by 

regulation of MaSCs cell fate. Despite lacking expression of ER and PR, hormone 

deprivation drives the MaSC into a quiescent state, while ovarian hormone stimulation 

during the estrus cycle or pregnancy results in the expansion of MaSCs (Asselin-Labat et 

al., 2010; Joshi et al., 2010). The EGFR ligand amphiregulin (Areg) is a key paracrine 

mediator of ER signaling to adjacent ER- cells (Ciarloni et al., 2007). While Rankl and 

Wnt4 are direct targets of PR, serving as key paracrine effectors of Pg-induced mitogenic 

signals (Brisken et al., 2000; Fata et al., 2000) (Figure 5, blue). Additional genes and 

pathways that govern specific cell types along the hierarchy have been described over the 

years. This section highlights transcriptional regulators and signaling pathways that are 

determinant for the stem cell state and basal or luminal commitment (Figure 5, grey). 

Although mammary myoepithelial cells are identified by the expression of specific 

proteins, including keratin isoforms and contractile proteins (reviewed in (Moumen et al., 

2011), the mediators and mechanisms of differentiation of a basal progenitor into 

myoepithelial cells are yet not fully understood. ΔNp63, the major isoform of the p63 gene, 

and a basal cell marker, has been identified as a master regulator of MaSCs, 

indispensable in embryonic mammogenesis (Mills et al., 1999). In contrast, p53 has 

emerged as a pivotal negative regulator of MaSC renewal (Medina et al., 2002). p53 

seems to control asymmetric cell division (Chiche et al., 2013) through the partitioning of 

Numb protein into the daughter cell that retains stem cell identity (Cicalese et al., 2009). 

Additionally, paracrine signaling from basal to luminal cells was uncovered to be essential 

for luminal cell maturation during lactogenesis via p63-induced expression of Nrg1, a 

ligand for the ErbB family of tyrosine kinase receptors. p53 has also been found to play a 

critical role in restraining the expansion of luminal progenitor cells without affecting their 

lineage identity (Chiche et al., 2013; Tao et al., 2017) (Figure 5, grey). 

The Wnt pathway also plays a major role in the regulation of renewal and quiescence 

of stem cells in multiple cellular systems. Although the mechanism is not fully know, 8 out 

of 10 receptors of the Frizzled (canonical Wnt receptors) are expressed in the mammary 

gland and probably regulate MaSCs. Fzd7 has been identified as a direct transcriptional 

target of ΔNp63 (Chakrabarti et al., 2014). Wnt pathway co-receptors Lrp5 and Lrp6 are 

also co-expressed in the majority of basal cells and cells expressing high levels of 

Lrp5/Lrp6 exhibit enriched mammary repopulating capacity (Badders et al., 2009; Lindvall 

et al., 2006). Interestingly, there appears to be a gradient of Wnt activity in the vicinity of 
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the TEB with canonical signaling in the cap cell region and non-canonical activity in the 

neck region (Roarty et al., 2015). Furthermore, Wnt signaling is enhanced by Lgr4/5/6 

through their binding to R-spondin ligands. Lgr4 is expressed in both the cap and body 

cells of TEBs and in the basal cells of mature ducts (Y. Wang et al., 2013), while Lgr5 is 

exclusively expressed in the basal compartment. Lrg5 appears to act as a receptor for an 

alveologenic signal in pregnancy (De Visser et al., 2012; Fu et al., 2017; Plaks et al., 

2015), and when either Lgr5 or its ligand, R-spondin (De Lau et al., 2011), are absent, 

secretory alveoli fail to develop (Chadi et al., 2009; Chakrabarti et al., 2012). Similarly, 

Axin2, a Wnt target gene, is specifically expressed in basal cells but alone does not define 

MaSCs (Van Amerongen et al., 2012). Last, Wnt4 acts as an effector of canonical Wnt 

signaling in basal cells, and it is a mediator of MaSC expansion in response to ovarian 

hormone cues (Rajaram et al., 2015) (Figure 5, grey). 

Foxp1, winged-helix transcriptional repressor, is not restricted to basal cells, however it 

was described to regulate the exit of MaSCs from quiescence for ductal morphogenesis. 

Foxp1 binds the Tspan8 promoter in basal/stem but not luminal cells, repressing Tspan8, 

which otherwise would physically interact with Lgr5 to enhance Wnt signaling (Fu et al., 

2017; Zöller, 2009). Taken together, these data suggests that Wnt and Tspan8 maintain 

stem cell quiescence in the absence of Foxp1, which is crucial for stem cell activation and 

production of progenitors for ductal morphogenesis (Figure 5, grey). 

Several mesenchymal transcription factors, such as Slug, Snail, Twist and Zeb1, and 

regulators of cell-fate and stem cell state like Sox9 and Sox10, are highly expressed in the 

mammary gland (explored in General Discussion in relation to Results Part II). Slug is 

restricted to a subset of basal cells in the mammary epithelium (Guo et al., 2012; Nassour 

et al., 2012; Ye et al., 2015) and although Slug is dispensable for MaSC function, the 

misexpression of luminal genes observed in Slug–/– MECs implies a role in the basal state 

maintenance (Nassour et al., 2012). Furthermore, overexpression of Slug dramatically 

enhanced the self-renewal capacity of stem/progenitor cells in mammosphere and 

transplantation assays (Guo et al., 2012) and ectopic expression of Slug alone converted 

luminal progenitors into multipotent stem-like cells. This dedifferentiation seems to be 

induced by Sox9, a prerequisite for conversion to a stem cell state (Guo et al., 2012). 

Sox10, another member of the Sox family, was also identified as a target gene of fibroblast 

growth factor (FGF) signaling in the mammary primordia (Dravis et al., 2015) (explored in 

General Discussion in relation to Results Part II) but the physiological role of the Sox10-

FGF signaling requires further investigation. The EMT program may also enhance 
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stemness through activation of the Hh pathway (Guen et al., 2017), which is active in 

quiescent MaSCs (Fu et al., 2017) (Figure 5, grey). 

The Hippo pathway is a major regulator of expansion of stem cells in different tissues. 

Taz was identified as a novel regulator of MaSC fate (Skibinski et al., 2014) and Yap/Taz 

target genes are enriched in basal but not luminal cells. Moreover, transient expression of 

Yap/Taz led to a dedifferentiation of mammary luminal cells to stem like cells (Panciera et 

al., 2016) and activation of endogenous Yap/Taz, which also occurs in the case of Slug- 

and Sox9-induced reprogramming (Guo et al., 2012) (Figure 5, grey). 

CCATT/enhancer binding protein beta (C/EBPb) depletion in the mammary gland leads 

to severe impairment of reconstituting capacity, premature MaSC senescence, decrease in 

luminal progenitor cells and misexpression of basal markers in this compartment (LaMarca 

et al., 2010), suggesting that C/EBPb also plays a role in stem cell fate determination 

(Figure 5, grey). 

The luminal progenitor cells give rise to alveolar epithelial cells, and this differentiation 

Lgr5+	Tspan8hi	
Bcl11bhi	
p53	
p63	

Lrp5/6 
Wnt4	
Smo	

Yap/Taz	
Eed	
Suz12	
Bmi1	
Pygo2	
Axin	2	

Procr	
s-Ship	
Foxp1	 Foxa1	

Stat5a	

Elf5	
Notch	
Blimp1	
C/EBPβ

Gata3	
Elf5	

Figure 5. Regulation of the Cellular Hierarchy Differentiation. Adapted from Fu et al. 2020. 
Schematic representation of molecular regulators that have been shown or suggested to regulate mammary 
epithelial hierarchy, influencing mammary stem cell (MaSC) quiescence, MaSC activation, lineage 
commitment or luminal differentiation (grey). Determinants for the MaSC state are listed on top of quiescent 
MaSC (grey). Estrogen and progesterone activate paracrine signaling (blue) that act on hormone receptor-
negative stem cells or luminal progenitor cells. Fibroblasts (green) and macrophages (purple) within the 
mammary ducts also secrete regulators of MaSC and MaPC fate. 
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is driven by several well described mediators and pathways. The exquisite luminal 

specificity of the Notch signaling pathway confirms its importance to luminal cell 

commitment. Constitutive Notch signaling in adult basal epithelial cells or early embryonic 

progenitor cells dictates luminal cell fate specification (Bouras et al., 2008; Lilja et al., 

2018) following decreased p63 expression (Yalcin-Ozuysal et al., 2010), implying a 

reciprocal relationship between these key determinants of luminal and basal cell-fate, 

respectively. The zinc finger transcription factor Gata-3 is also a key regulator of luminal 

differentiation of β3-integrin/CD61+ luminal progenitors cells into luminal cells and for 

alveolar development in pregnancy (Asselin-Labat et al., 2007; Kouros-Mehr et al., 2006). 

Like Gata3 deficiency, Stat5a deficiency also culminates in failure of alveolar development 

but it also leads to a reduced pool of luminal progenitors, suggesting a role in the 

generation or maintenance of these cells rather than their maturation (Yamaji et al., 2009). 

Additionally, the ETS transcription factor Elf5, exclusively expressed by luminal progenitor 

cells in the resting adult gland and by mature alveolar cells in pregnancy (Jiong Zhou et al., 

2005), seems to be a key determinant of luminal lineage restriction, as well as 

differentiation of progenitors into milk-secretory alveolar cells (Oakes et al., 2008) (Figure 

5, grey). 

Although luminal progenitor cells are believed to be hormone insensitive (Asselin-Labat 

et al., 2010; Joshi et al., 2010), in pregnancy, progesterone induces MaSCs differentiation 

into mature luminal cells through paracrine signals via RANK ligand (Tnfsf11) in a Stat5a-

dependent manner (Obr et al., 2013). RANK ligand induces expression of the transcription 

factor Elf5 in β3-integrin/CD61+ luminal progenitors, which induces alveolar differentiation 

(Chakrabarti et al., 2012; Choi et al., 2009; H. J. Lee et al., 2013; Oakes et al., 2008). Nrg1 

is expressed in myoepithelial cells in a p63-dependent manner and induces the expression 

of the Stat5a targets Elf5 and cyclin D1, necessary for luminal and luminal progenitor cell 

function (Forster et al., 2014; Vafaizadeh et al., 2010) (Figure 5, grey). 

Last, the microenvironment also regulates MaSC and MaPC fate (Figure 5, green and 

purple). Stromal fibroblasts are a major determinant of development in the mammary 

gland. Gli2, a primary Hedgehog (Hh) transcription factor, is expressed exclusively by a 

subset of stromal fibroblasts, which respond to ovarian hormones via the secretion of 

multiple growth factors, including IGF, FGF, Wnt and HGF family members (Zhao et al., 

2017), all of which have been implicated in MaSC function and different aspects of 

mammary gland development. Interestingly, Hh ligands expressed by MaSCs may also 

reciprocally activate the Hh pathway in fibroblasts. Together, these suggest that a specific 
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fibroblast subset forms a stem cell niche, regulating MaSCs and MaPCs fate. 

Macrophages are also essential for postnatal mammary gland development (Gouon-

Evans et al., 2000; Van Nguyen & Pollard, 2002). They surround the TEBs in the 

developing mammary gland and are associated with mature ducts in the established gland. 

Interestingly, reciprocal mechanisms between macrophages and MaSCs were recently 

reported. Notch ligand Dll1, expressed by a subset of basal epithelial cells, binds Notch 

receptors on the macrophage cell surface, activating the Notch signaling pathway that is 

important for the maintenance of mammary macrophages, as well as inducting Wnt ligand 

secretion, which promote the renewal of juxtaposed MaSCs (Chakrabarti et al., 2018). 

Finally, T cells can also influence ductal development. CD4+ Th1 cells secrete 

interferon-γ, which binds to its receptor in a subset of luminal progenitor cells and inhibits 

their differentiation and mammary organogenesis (Plaks et al., 2015).  
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2. BREAST CANCER 
Breast cancer is the most common cancer in women word-wide, however it can vary 

greatly in pathological features, biologic characteristics, clinical behaviors and outcomes. 

Preceding the development of breast cancer is a spectrum of pathologically defined 

“pre-malignant non-invasive” lesions, which can progress to invasive breast cancer. 

Histologically, invasive breast cancer is categorized into at least 18 different subtypes, 

based on growth patterns and cytological characteristics (Tavassoli & Devilee, 2003). This 

heterogeneity led to the development of a molecular classification system that more 

accurately relates the molecular characteristics, prognosis and treatment options of each 

cancer type. 

 

2.1. BREAST CANCER PROGRESSION 

The majority of human breast cancers arise from the TDLU. The first histological sign 

of a potential disease state is an hyperplastic enlarged lobule, which evolve from normal 

TDLUs in the breast (S. Lee et al., 2007). This conversion from a TDLU to a benign 

hyperplasia is the most frequent growth abnormality in the human female breast and the 

earliest possible chance of cancer precursor detection. Importantly, not all hyperplasias 

develop into cancer (LaMarca & Rosen, 2007; S. Lee et al., 2007). 

The lesions originated form normal breast tissue, progress from benign hyperplasia 

and atypical ductal hyperplastic (ADH) lesions into ductal carcinoma in situ (DCIS) (Figure 

6). All stages within this early spectrum exhibit signs of increasing pathological 

development including increased luminal filling compared to normal ducts. Around 20% of 

all breast cancer cases are diagnosed as DCIS. The progression to DCIS from ADH is 

most often accompanied by dramatic genomic alterations including oncogene expression, 

loss of tumor suppressors such as p53, increased genomic instability and loss of 

heterozygosity (Virnig et al., 2010). 

Following a diagnosis of DCIS, the BC-specific mortality rate is 3.3-7.8%, depending on 

the age of diagnosis (Narod et al., 2015). Importantly, lumpectomy and radiotherapy were 

associated with a reduction in the risk of ipsilateral invasive recurrence but not of BC-

specific mortality at 10 years. Furthermore, DCIS lesions display many of the hallmark 

events of tumor progression including increased proliferation and apoptosis evasion, as 

well as close resemblance with invasive breast cancer (IBC) at the genomic level. 

Furthermore, during early stages of the disease, the expression of hormone receptors (ER 
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and PR) and HER2 occurs in up to 70% and 50% of patients respectively. Similar to 

invasive carcinomas, expression of Her2 is correlated with poor prognosis, including 

increased risk of DCIS recurrence and decreased time to recurrence (Curigliano et al., 

2015; Holmes et al., 2011; Virnig et al., 2010). 

Pathologically, the loss or interruption of basement membrane, as well as the detection 

of invasive cells characterizes the transition from DCIS to IBC. Although, the exact 

molecular mechanisms governing this transition remain to be identified, it has been shown 

that this may involve alterations to cell motility, cell adhesions and ECM proteins (S. Lee et 

al., 2012; Virnig et al., 2010). Increasing clinical and experimental evidence has proven 

that tumor cell dissemination may precede the formation of IBC (reviewed in section 3.3). 

 

2.2. BREAST CANCER  MOLECULAR CLASSIFICATION 

An increased appreciation for the distinct biological subtypes of breast cancer was 

Figure 6. Breast Cancer Progression. Adapted from Burstein N Engl J Med 2004. 
The molecular, cellular and pathological processes of progression from normal ductal lumens into invasive 
carcinoma. Early pre-invasive stages, such as Atypical Ductal Hyperplasia (ADH) and Ductal Carcinoma in 
Situ (DCIS), are characterized by increased proliferation and luminal filling but retain ductal structure and 
intact basement membranes, which are lost during invasive carcinoma. 
Bottom: Genetic and epigenetic changes correlated to stages of progression. Despite their intact ductal 
structure, DCIS lesions exhibit malignant transformation including loss of tumor suppressor function, 
activation of oncogenes and genomic instability. 
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achieved with large scale genomic expression profiles, which allowed the stratification of 

breast cancer in four main molecular subtypes: Luminal A, Luminal B, human epidermal 

growth factor receptor 2 (HER2) overexpressing and triple negative carcinomas. 

Importantly, these subtypes were also correlated with patient prognosis and survival 

(Herschkowitz et al., 2007; Koboldt et al., 2012; Perou et al., 1999, 2000; Prat et al., 2015; 

Sørlie et al., 2001, 2003). 

Luminal breast cancers represent the majority of breast cancers (60-75%). These 

express estrogen receptor (ER)-α, as well as luminal gene signatures and are generally of 

good prognosis, since directed therapy may be applied to inhibit the mitogenic paracrine 

effects of this receptor. Within this molecular group, Luminal A and Luminal B carcinomas 

are distinguished based on proliferation with Luminal B tumors usually expressing lower 

levels of ER-related genes, higher levels of Ki-67 (proliferation) and showing a worse 

prognosis (Koboldt et al., 2012; Perou et al., 1999, 2000; Prat et al., 2015; Sørlie et al., 

2001, 2003). 

HER2 overexpressing (HER2-OE) breast tumors represent 18-20% of breast cancers, 

as well as 30-60% of DCIS lesions (Rakha & Reis-Filho, 2009). Her2-OE tumors were also 

identified with ER-negative tumors, however based on IHC classification, these tumors 

may express ER in some cases. They present high levels of HER2, frequently amplified in 

these cancers, and a bad prognostic and predictive factor for survival. Despite the poor 

prognosis, therapeutic strategies are used in an attempt to target HER2 receptor, either 

with the monoclonal antibody trastuzumab (Herceptin), or tyrosine kinase receptor 

inhibitors (e.g., lapatinib), which over the years has improved the clinical outcome of these 

tumors (Koboldt et al., 2012; Perou et al., 1999, 2000; Prat et al., 2015; Sørlie et al., 2001, 

2003).. 

Triple negative breast cancer (TNBC) subtype denotes 10-17% of all breast 

carcinomas (Reis-Filho & Tutt, 2008). They represent a heterogeneous group of 

malignancies that are ER-negative, PR-negative and HER2-negative, which are usually 

insensitive to endocrine and anti-HER2 therapies, and can be subdivided in 3 other 

groups. The triple negative normal breast-like subgroup has high expression of genes 

characteristic of basal epithelial cells and adipose cells and low expression of genes 

characteristic of luminal epithelial cells. Typically these tumors have a better prognosis and 

cluster together with benign lesions of the breast (Koboldt et al., 2012; Perou et al., 1999, 

2000; Prat et al., 2015; Sørlie et al., 2001, 2003). In contrast, basal-like breast tumors 

account for 15% of all breast cancer cases, occur at a slightly younger age and have an 
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extremely bad prognosis, presenting a high metastasis rate and the shortest survival of all 

breast cancer subtypes. This observation is in part due to early relapses within the first five 

years after diagnosis (Da Silva et al., 2007; Korsching et al., 2008; Prat & Perou, 2011; 

Sørlie et al., 2001) and the absence of targeted therapy for these tumors. Basal-like BCs 

are triple negative carcinomas with an expression signature similar to basal cells of the 

mammary gland (Lakhani et al., 1998, 2002, 2005). Last, the claudin-low tumors are a 

subgroup within the triple negative tumors defined by loss of cell-cell adhesion genes, 

namely claudins 3, 4, and 7, occludin and E-cadherin. These tumors also present low 

expression of luminal genes, inconsistent expression of basal-like genes, high expression 

of lymphocyte and endothelial cell markers and a less differentiated state than other 

subtypes (Koboldt et al., 2012; Perou et al., 1999, 2000; Prat et al., 2015; Sørlie et al., 

2001, 2003). 

Breast cancer molecular classification is always evolving as technologies and more 

therapies and data about therapies’ response become available. This is especially 

important because the BC molecular classification has important implications for tailoring 

treatments and predicting patient outcomes; however, patient response to targeted therapy 

or chemotherapy remains highly variable. 

 

2.3. CELLULAR ORIGIN OF BREAST CANCER SUBTYPES 

The heterogeneity uncovered within the normal epithelial compartment has implications 

for understanding of breast tumor subtypes. Comparison of the molecular signatures of the 

normal breast epithelial subpopulations and breast cancer subtypes is crucial to 

understand the cellular origins of breast cancer and consequently be able to tackle each 

cancer in an early stage (Figure 7). 

Making a parallel between cancer molecular subtypes and the normal differentiation 

hierarchy, claudin-low is the most undifferentiated subtype, followed by basal-like, HER2-

OE and finally the luminal A and B tumor subtypes (Lim et al., 2009; Prat et al., 2010). At 

the molecular level, the claudin-low cancer subtype is remarkably similar to MaSCs, in 

particular dormant MaSCs (Fu et al., 2017), while basal-like tumors have a molecular 

profile similar to luminal progenitor cells (Lim et al., 2009). The HER2-OE, luminal A and 

luminal B cancer subtypes are enriched in different luminal lineage signatures, with luminal 

A tumors being the closest to mature luminal cells. These correlations are informative but 

functional studies are needed to determine the cells of origin of each subtype and novel 
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biomarkers, which could enable earlier detection of breast cancer and the development of 

effective prevention therapies. 

The denomination of luminal and basal-like subtypes are derived from similarities in 

transcriptomes between breast tumors and the corresponding normal mammary cells, 

however, the cellular origins of luminal and basal-like breast cancer are greatly different 

from their denomination. Several studies showed that luminal progenitors can serve as the 

cellular origins of both luminal and basal-like human breast cancers and the distinct 

genetic mutations occurring in the transformation of luminal progenitors are probably the 

determinant of the luminal- or basal-like tumor phenotypes (M. Zhang et al., 2017). 

Luminal tumors can present distinct mutations, such as PIK3CA, GATA3 and FOXA1, 

while basal-like tumors exhibit high rates of p53 and BRCA1 mutations (reviewed in 

(Jiaojiao Zhou et al., 2019). Using conditional mouse models, Liu et al. showed that 

somatic loss of both BRCA1 and p53 did result in the development of basal-like breast 

cancer (Xiaoling Liu et al., 2007). Nonetheless, oncogenic events in different types of 

mammary cells lead to distinct types of breast tumors (reviewed in (Jiaojiao Zhou et al., 

2019). 

BRCA1 is known to regulate the fate of human progenitor cells and BRCA1 mutation 

carriers show perturbed differentiation (S. Liu et al., 2008). Additionally, and based on 

histological studies that noted similarities between basal-like tumors and basal epithelial 

cells (i.e., expression of basal cytokeratins and lack of HR expression), it was initially 

proposed that putative breast stem cells residing within the basal layer of the mammary 

epithelium were the cell of origin for BRCA1-mutated basal-like tumors (Foulkes, 2004). 

However, analysis of tissues from BRCA1-mutation carriers revealed an expanded 

population of aberrant luminal progenitor cells, and preneoplastic BRCA1-mutant tissue 

showed highest molecular similarity to normal luminal progenitor cells (Lim et al., 2009). 

Furthermore, conditional deletion of Brca1 in the mammary luminal compartment 

predisposed mice to the development of basal-like tumors that recapitulated the 

histological, pathological and molecular features of human basal-like tumors, whereas 

deletion in the basal compartment did not (Gemma Molyneux et al., 2010). Last, BRCA1-

mutated luminal cells were showed to be more susceptible to transformation than with 

basal cells (Proia et al., 2011). Nonetheless, BRCA1 seems to induce luminal cells to 

acquire basal-like features, probably through Slug, an EMT factor upregulated in BRCA1-

deficient tissue that blocks luminal cell differentiation (Proia et al., 2011). Together, these 

studies provide insights into target cells prone to tumorigenesis and the potential molecular 
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mechanisms underlying neoplastic transformation, as well as into the potential 

reprogramming (or dedifferentiation) of luminal cells to a basal stem-like state. On the 

other hand, claudin-low tumors are a rare group of undifferentiated tumors that are HR-

negative, express low levels of luminal genes, as well as tight junction and adhesion-

associated genes (Herschkowitz et al., 2007), suggesting that they may arise directly from 

transformation of MaSCs (Figure 7). 

All together, it seems that cell fate decisions in physiological and non-physiological 

conditions are not always unidirectional and mammary cells are quite plastic. In the cancer 

context these characteristics may be reflected as higher tumor heterogeneity and cellular 

plasticity, concepts that will be further explored in this thesis main results (Results Chapter 

II). 

  

Figure 7. Cellular Origin of Breast Cancer Subtypes. Adapted from Fu et al. 2020. 
Schematic model of potential relationships between cells in the human breast epithelial hierarchy and breast 
tumor subtypes. The intrinsic breast tumor subtypes are shown together with their closest normal epithelial 
counterpart based on gene expression profiling. Luminal progenitors can also exhibit marked plasticity or 
dedifferentiation during oncogenesis. 
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3. CANCER METASTASIS 
Metastasis is a multi-step process in which tumor cells invade the surrounding stroma 

through disruption of cell-cell contacts, loss of apical basal polarity, and dramatic 

cytoskeletal rearrangements to activate cell motility as well as remodel their surrounding 

ECM (review by (Lamouille et al., 2014)). These motility and invasion programs are 

followed by intravasation into the lymph or blood stream and extravasation back into the 

stroma of target organs. Once tumor cells arrive at secondary sites, such as the lung and 

bone marrow, they die or must adapt to the surrounding microenvironment and initiate 

programs of proliferation or cellular dormancy (Julio A Aguirre-Ghiso, 2007). 
It was previously believed that the ability of rare cells to metastasize was exclusive to 

late stages of progression when cells gained sufficient genetic alterations necessary to 

disseminate and grow in secondary organs. However, clinical and experimental evidence 

supports that dissemination can occur early in progression (e.g. during DCIS stages) 

arguing that complex genomes are not needed for such process (Klein, 2020). 

As it stands the cancer research field has achieved limited success in stopping 

metastasis even with the most sophisticated understanding of oncogene biology, 

radiation- and chemotherapy, and the majority of patients die as a result of metastatic 

spread rather than as a consequence of their primary tumor. Thus, it is critical to better 

understand d the metastatic cascade to prevent and stop metastasis. 

 

3.1. EMT AND MET IN CANCER METASTASIS 

EMT is a multifaceted developmental regulatory program (reviewed in section 1.3.3. 

and Figure 3) that is often hijacked by cancer cells in order to carry out all the steps 

necessary for cancer metastasis. It was described that cancer cells undergo EMT in order 

to invade into the surrounding ECM, intravasate into the blood stream and enter secondary 

sites to seed metastasis. Like in the developmental context, in tumor cells Twist, Snail, 

Slug and Zeb1/2 are common EMT inducers and often function as E-cadherin repressors 

in this context. These transcriptional regulators are expressed in various combinations in a 

number of malignant tumor types and their expression has been shown to drive tumor cell 

dissemination in breast cancer as their inhibition restricts cell invasion and dissemination 

(Stemmler et al., 2019). Like in development, cancer cells that undergo EMT also endure 

disruption of cadherin-catenin and integrin complexes, which leads to activation of 

canonical and non-canonical β-catenin, Wnt, Src and FAK pathways and consequent 
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promotion of tumor progression and metastasis (Klemm et al., 2011; Ribeiro et al., 2013, 

2018; Vieira et al., 2014).  

Resembling development processes, metastatic colonization of tumor cells may also 

require a similar MET. During neural crest development, increased expression of Prrx1 

results in the activation of an EMT program that leads to neural epithelial cells motility and 

invasion within the neural tube. Prrx1 expression is transient and its loss leads to a MET, 

which is required for proper neural crest development. Similarly, in breast cancer Prrx1 is 

required for tumor cell dissemination and its repression for metastatic colonization within 

the lung. Similarly, Snail1 and Twist1 expression is also frequently transient, highlighting 

the transient nature of EMT (Ocaña et al., 2012; Tran et al., 2014; Tsai et al., 2012) 

(explored in Results Part II). 

Although many studies have focused on single cell dissemination, which assumes that 

an EMT is a requirement for such process, there is an increasing appreciation that breast 

cancer cells may activate a program of collective migration, a critical cellular process 

during mammary gland branching morphogenesis  (reviewed section 1.2.2.). Collective 

invasion in breast cancer has been shown to be lead by a highly migratory population of 

cells within the migratory cluster that are referred as ‘leader cells’. These invading cells 

express basal markers such as CK14, as well as classical epithelial markers E-cadherin 

and CK8/18, and are followed by a population of CK14-/E-cad- population of cell. In 

addition to CK14+ cells being found at invasive fronts of MMTV-PyMT tumors, metastases 

within these mice are also CK14+, suggesting that basal epithelial like cells during 

collective migration are also those which are most efficient at metastatic colonization 

(Cheung et al., 2013). Furthermore, in this model E-cadherin seems to act as a survival 

factor in invasive ductal carcinomas during the detachment, systemic dissemination and 

seeding phases of metastasis by limiting reactive oxygen-mediated apoptosis 

(Padmanaban et al., 2019). The detection of circulating tumor cell clusters within patients 

has also been shown to be a poor prognostic factor in patients supporting that these 

collective cell clusters contribute to metastasis (Aceto et al., 2014). Additionally, using 

several models of mesenchymal marker reporters in MMTV-PyMT breast cancer model, 

Fischer et al. showed that only a small proportion of cells in the primary tumor undergo 

EMT and that these GFP+ cells do not seem to contribute significantly to the formation of 

metastatic outgrowths (Fischer et al., 2015). These and other studies started questioning 

the importance of EMT and MET in metastasis; however, over the years the concept of 

classical EMT and MET as transitions between two stages evolved to convey the observed 
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cellular plasticity and transitional states. Increasing evidence points to a great flexibility in 

this transitional processes and cells are no longer thought to oscillate between the full 

epithelial and full mesenchymal states, but rather they move through a spectrum of 

intermediary phases. This means that cancer cells can frequently undergo partial EMT and 

linger in intermediary stages, as it is observed in many developmental, wound healing, 

fibrosis and cancer processes (reviewed by (Nieto et al., 2016)).  

Cells undergoing partial EMT might only gain mesenchymal traits without fully loss of 

epithelial identity (Ruby Yun Ju Huang et al., 2012), which explains the high heterogeneity 

in terms of epithelial and mesenchymal characteristics observed in many cancers. In an 

analysis of 43 ovarian cancer cell lines, only 50% of cells with an hybrid phenotype (co-

expressing cytokeratin and vimentin) induced N-cadherin (R. Y.J. Huang et al., 2013). This 

heterogeneity may reflect different biological consequences of the intermediate states, so 

a better understanding of not only epithelial or mesenchymal traits during epithelial 

transitions but also their association with other programs linked to EMT, such as invasion, 

increased survival or decreased proliferation is needed (explored in Results Part II).  

 

3.2. CLASSICAL MODELS OF METASTASIS 

Numerous theories on the mechanisms underlying metastatsis have developed over 

the years. The classical and early models have in common the concept that metastatic 

cells disseminate exclusively from primary tumors (Figure 8, top). Initially it was proposed 

that metastasis involved only rare subpopulations of cells within a tumor which were 

selected to metastasize to secondary sites (review by (Klein, 2009; Langley & Fidler, 2012; 

Nowell, 1976). Advances in genetic profiling of primary tumors challenged this model 

showing that overall tumor signatures could be used to predict patient prognosis and 

metastasis within patients. From these studies it was proposed that rather than being 

dictated by rare genetic evolution events, metastatic capacity was linked to the same 

genetic modifications that govern primary tumor growth and development (Van’t Veer et 

al., 2002; van de Vijver et al., 2002). These studies complemented the proposed “seed and 

soil” hypothesis by Paget, stating that metastasis is not only dependent on alterations to 

cells within primary tumors but is also governed by the microenvironment of secondary 

sites, some being more amenable to metastasis than others (Langley & Fidler, 2012). 

For decades this model of tumor progression and metastasis shaped how we study the 

processes regulating metastasis. The majority of metastasis studies have used models of 

aggressive metastatic patient derived cell lines, in order to uncover which mutations or 
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molecular changes are required for metastasis in rare cell populations (Fidler, 1973). 

Patient data sets based on primary tumor profiling are used to test whether specific 

molecular signatures are associated with metastatic disease and recurrence within 

patients, with the aim of generating either biomarkers of metastasis or identify targets to 

prevent metastasis. These models do not take into account all stages of progression; 

nonetheless they have dominated the literature.  

Patient metastases can occur months to decades following initial diagnosis and 

removal of primary tumors, so they must arise from a population of cells already within 

target organs at the time of treatment. These disseminated tumor cells (DTC) within 

secondary sites which remain following treatment are often referred to as minimal residual 

disease (MRD). The current clinical approaches to metastatic disease often combine tumor 

resection with adjuvant or neoadjuvant chemotherapy in combination with targeted 

therapies when possible. These therapies may successfully eradicate primary tumors, as 

well as target subpopulations of disseminated tumor cells, but have not been proven to be 

effective in targeting metastasis. Based on the prevailing models of metastasis, DTCs 

would closely resemble primary tumors from which they disseminate. For this reason, a 

majority of current targeted therapies focus on targeting primary tumor biology, which 

should share similar genetic changes to DTCs. However failure of these targeted therapies 

in effectively targeting MRD highlights the fact that these past models of metastasis may 

be insufficient in fully describing DTC populations. 

Figure 8. Models of Classical and Parallel Progression of Metastasis. Adapted from Klein et al 2008. 
Top: Late dissemination model of metastasis tumor cells are capable of disseminating and seeding 
metastasis exclusively at the stage of primary tumor development.  
Bottom: Early dissemination models challenge this notion of metastasis placing the initiation and timing of 
metastasis at early stages of progression in response to the expression of oncogenes. Early disseminated 
cells may then evolve in parallel to primary tumors under selection of the surrounding microenvironment. 
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3.3. MODEL OF PARALLEL PROGRESSION OF METASTASIS 

Emerging clinical and experimental evidence has challenged past models of 

metastasis shifting the paradigm of how we view the timing and initiation of metastasis. 

The evidence of early dissemination has generated a new model of metastasis, the parallel 

progression theory of metastasis, which proposes that early disseminated cells may seed 

long before tumor formation and evolve in parallel to primary tumors under selection of the 

surrounding microenvironment (reviewed by (Klein, 2020)) (Figure 8, bottom). It is 

important to highlight that the parallel progression doesn’t deny that cancer cells can 

disseminate from primary tumors, both early and late dissemination can occur. 

Challenging the notion that dissemination is exclusive to advanced stages of 

progression, early dissemination or intra-organ dispersion was reported in human breast 

(Casasent et al., 2018; Hosseini et al., 2016; Sanger et al., 2011; Schardt et al., 2005; 

Ullah et al., 2018), pancreatic (Makohon-Moore et al., 2018; Muzumdar et al., 2016; Rhim 

et al., 2014), lung (Muzumdar et al., 2016), melanoma (Shain et al., 2019) and colorectal 

(Hu et al., 2019) cancer patients. In renal cell (Turajlic et al., 2018), ovarian (Li et al., 

2019), testicular (Dorssers et al., 2019) carcinomas and osteosarcoma (D. Wang et al., 

2019), early spreading clones were also reported as metastasis founders across different 

organs. In mouse models of breast (Harper et al., 2016; Hosseini et al., 2016), pancreatic 

(Rhim et al., 2012, 2014) and melanoma cancers (Eyles et al., 2010; Werner-Klein et al., 

2018) early lesion cells were also described to spread to secondary organs.  

Tumor volume doubling times (TVDT) analysis also corroborates the early 

dissemination concept. TVDT established from mammography studies revealed that the 

average TVDT of primary breast carcinomas was around 157 days (Peer et al., 1993) and 

based on these growth rates, metastases seeded from primary tumors before surgery 

would require 6-12 years to spawn clinically detectable metastasis. However, in T1 stage 

patients the average time to metastasis is around 34 months/2.9 years (Engel et al., 2003). 

If metastasis developed exclusively from cells disseminated from primary tumors, this 

would require TVDT within metastases around 5 times what is found in primary tumors, 

while growth rates within metastasis are rarely over two-fold higher than primary tumors 

(Engel et al., 2003; Klein, 2009; Kusama et al., 1972) (Figure 9). Based on this, primary 

tumors could not be the only contributor to metastasis as growth rates of primary tumor 

cells do not match the size of these detectable metastasis within 3 years. Similarly, the 

number of breast cancer DCCs in bone marrow detected at the earliest stages hardly 

increases, as tumors become larger (Hüsemann et al., 2008). This absence of correlation 
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between number of DCCs and 

tumor sizes also emphasizes 

that dissemination occurs long 

before the formation of 

primary tumors.  Additionally, 

cancer of unknown primary 

origin, representing 3-5% of 

new diagnoses, counters the 

argument that the progression 

to invasive carcinoma is 

required for dissemination 

(Van de Wouw et al., 2002). 

Primary tumor and 

metastasis profiling has also 

allowed for advances in our 

understanding of the genetics 

of metastatic disease and 

have provided evidence that 

less progressed tumor cells, that lack genomic alterations typical of the investigated 

primary tumor, may contribute to metastasis (Hüsemann et al., 2008; Holcomb et al., 2008; 

Schardt et al., 2005; Schmidt-Kittler et al., 2003; Schumacher et al., 2017; Stoecklein et 

al., 2008; Weckermann et al., 2001; Werner-Klein et al., 2018). Haffner et al profiling of 

primary lesions and lethal metastasis 17 years later from one patient revealed important 

insight into the clonal nature of metastasis in prostate cancer. Despite heterogeneity within 

the primary lesion, metastases converged on a shared set of genetic alterations 

suggesting monoclonal origin of metastasis. Surprisingly, these metastases closely 

resembled smaller and typically less invasive Gleason 3 areas within the primary lesion 

compared to the larger Gleason 4 sections suggesting that earlier clones may seed 

metastasis (Haffner et al., 2013). Lineage-related cells, genetically more immature cells, 

were also detected dispersed in lung adenomas and PanINs, contrasting with more 

contiguous growth of advanced subclones (Muzumdar et al., 2016). The discrepancy of 

primary tumor and metastasis was also observed in a cohort of early BC patients, in which 

not only did the detection of ctDNA in plasma after completion of apparently curative 

treatment predicted metastatic relapse with high accuracy, but also the MRD sequencing 

DCIS IBC 2.9 Years 
(observed) 

6 Years 
(predicted) 

Clinically detectable metastasis 

Figure 9. Metastasis Growth. Adapted from Kathryn Harper’s 
PhD thesis 2016. 
Assuming a breast cancer tumor volume doubling time (TVDT) of 
157 days (Peer et al. 1993), metastasis from invasive tumors at the 
time of surgery would result in detectable metastasis (~1cm) in 6-
12 years (blue dots) (Peer et al. 1993; Klein 2009). However, time 
to detectable metastasis from T1 patients is on average 34 months 
(2.9 years)(Engel et al. 2003). Thus, some metastasis must seed 
early lesions like DCIS during early stages of progression to match 
the reported TVDT (red dots). Dotted line represents the rate at 
which tumor cells should proliferate in order to generate metastasis 
within 2.9 years, around 5x what is observed in primary tumors.  



55 

predicted the genetic events of the subsequent metastatic relapse more accurately than 

sequencing of the primary cancer (Garcia-Murillas et al., 2015). Together, these findings 

support that less aggressive clones such as those found during early stages of progression 

may account for metastasis at later stages. Additionally, Narod et al found that 54% of 

DCIS patients who develop metastasis never see a DCIS progression to IBC, thus their 

metastases must spawn from early disseminated tumor cells (Narod et al., 2015). 

Using Topographic Single Cell Sequencing (TSCS) in 10 synchronous patients with 

both DCIS and IDC regions in addition to exome sequencing, Casasent et al. revealed a 

direct genomic lineage between in situ and invasive tumor subpopulations with the majority 

of the mutations and copy number aberrations evolving within the ducts prior to invasion 

(Casasent et al., 2018). Similarly, analysis of pancreatic cancers and precursor lesions 

sampled from distinct regions of the same pancreas revealed that the ancestral cell had 

initiated and clonally expanded to form one or more lesions, and that subsequent driver 

gene mutations eventually led to invasive pancreatic cancer (Makohon-Moore et al., 2018). 

Assuming that this multi-step progression can take many years, it is reasonable to assume 

that independent lesions observed in a single breast, pancreas, or other organs, can 

disseminate and colonize distant organs, accumulating spatial and genetic divergence 

over time. Both multiclonal and genetic evolution induced by the microenvironment cues 

can explain the high diversity in metastasis profiles. 

Nonetheless, both breast and prostate cancer studies have also revealed a multiclonal 

relationship between primary tumors and metastasis. This includes evidence of re-seeding 

from metastasis, as well as emergence of both early and later tumor clones (M. K. H. Hong 

et al., 2015; Murtaza et al., 2015; Siegel et al., 2018), suggesting that both early and late 

mechanisms of dissemination could contribute to metastasis. In fact, recent genomic 

analyses of 99 samples (primary tumors and metastatic lesions) obtained from 20 patients 

with breast cancer revealed diverse spreading and seeding patterns, including linear and 

parallel evolution. Metastatic spreading was frequently coupled with polyclonal seeding, in 

which multiple metastatic subclones originated from the primary tumor and/or other distant 

metastases (Ullah et al., 2018). 

 

3.3.1. MECHANISMS OF EARLY DISSEMINATION 

Although the parallel progression model of metastasis was proposed several years 

ago, Hüsemann et al. provided the first experimental evidence and insight of mechanism of 

early dissemination. Using the MMTV-Her2-T model, DTCs could be detected within the 
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bone marrow and lungs at pre-malignant stages, when only ADH or DCIS lesions were 

present. Additionally, the detection of early DTCs correlated to upregulation of the EMT 

factor Twist1, MMP2, as well as increased expression of additional MMPs and cathepsins 

in primary site lesions (Hüsemann et al., 2008). In an experimental model of pancreatic 

cancer, an EMT program was described at premalignant stages, an associated to 

increased invasion, dissemination and stem cell properties (Rhim et al., 2012). These 

results hint that activation of an EMT is not exclusive to later stages of progression, which 

prompted us to modulate early cancer cell dissemination, finding that progesterone and 

HER2 signaling activates a branching morphogenesis program through Wnt4 and Rankl, 

restriction of p38α/β signaling and disruption of E-cadherin localization, which promotes a 

partial EMT program, leading to dissemination (Harper et al., 2016; Hosseini et al., 2016). 

Recently, it was also demonstrated that Her2 inhibits p38 by inducing Skp2 through Akt-

mediated phosphorylation, which promotes ubiquitination and proteasomal degradation of 

Tpl2, a p38 MAP3K (G. Wang et al., 2020). Additionally, p38 suppression leads to MK2 

suppression and consequent reduced phosphorylation of heat shock protein 27 (Hsp27). 

Unphosphorylated Hsp27 binds β-catenin, enhancing its phosphorylation by Src and 

leading to β-catenin activation and early dissemination (J. Wang et al., 2020). Taken 

together, the early disseminating cells in the MMTV-Her2 breast cancer model are 

Her2highE-cadlowTwist1highp-p38lowp-Atf2low (Harper et al., 2016) Skp2highTpl2low (G. Wang et 

al., 2020) p-MK2lowp-Hsp27low (J. Wang et al., 2020). Importantly, these signatures were 

found in human breast carcinoma, high Skp2 and low Tpl2 expression were associated 

with the Her2+ status, Tpl2 expression positively correlated with p38 activation p38 and 

Skp2 expression negatively correlates with that of Tpl2 and activated p38 (G. Wang et al., 

2020; J. Wang et al., 2020). Interestingly, cells from early lesions displayed more 

stemness features, migrated more and founded more metastases than cells from 

advanced tumors, notably founding at least 80% of metastases in this mouse model 

(Hosseini et al., 2016). It is believed that these cells undergo dormant states for months or 

years before emerging to proliferative state, a concept that is reviewed in section 4. 

Additionally, Linde et al. showed that early evolved cancer cells require macrophages 

for 

early dissemination. Early lesion cells produce CCL2, which attracts CD206+/Tie2+ 

macrophages and induces Wnt-1 upregulation that in turn downregulates E-cadherin 

junctions in the HER2+ early cancer cells. This early dissemination microenvironment 

propel active intravasation and dissemination to secondary organs, which was efficiently 
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blocked by macrophage depletion in early stage of tumor progression (Nina Linde et al., 

2018). Similarly, Treg cell ablation at the DCIS stage, using MMTV-PyMT Foxp3-DTR mice, 

led to a significant increase in tumor incidence, size and staging, with presence of early 

invasion, increased desmoplasia and collagen deposition. Furthermore, Treg cell ablation 

increased the percentage of cancer stem/progenitor cells in the mammary compartment, 

suggesting that Treg cells oppose breast cancer progression at early stages (Martinez et 

al., 2019). Strikingly, Treg cell ablation also led to increased inflammatory cytokines IL-4 

and IL-5 with a concomitant reduction in classically activated tumor associated 

macrophages, which contradicts Linde et al. findings. Thus, while immune infiltrates have 

been observed in these early cancer lesions, their role is not fully understood. 

  

Figure 10. Mechanisms of early dissemination. 
Scheme depicting mechanisms of dissemination of early lesion cells. Progesterone and Her2 signaling in EL 
cells (light blue) lead to Wnt, Rankl and AKT pathways activation and consequent p38 inactivation. Due to 
decreased levels of MK2, Hsp27 is unphosphorilated and binds b-catenin leading to EMT of EL cells and 
dissemination. A negative feedback between Wnt and p38 signaling pathways enforces this EMT phenotype 
to drive further this invasion program. Additionally, EL cells produce CCL2, which attracts macrophages 
(orange) that induce Wnt1, also reinforcing the EMT program. eDCCs  travel through the blood stream to 
secondary organs like lungs and bone marrow, being detected during early stages of cancer progression, 
though out cancer progression. The majority of the eDCCs are Her2+ EcadLOW pRbLOW. 
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ABSTRACT 

The last three decades of research have transformed our understanding of metastasis 

biology. We now know that disseminated tumor cells (DTCs) in patients and in mouse 

models can enter a state of dormancy. This stage may be achieved via growth arrest of 

DTCs and/or via some form of population equilibrium state.  During this time, expansion of 

residual disseminated cancer is paused and population of DTCs survive only to fuel 

relapse, sometimes decades later. This notion has opened a new window of opportunity to 

intervene to prevent relapse. Recent findings further support that the organ 

microenvironment plays essential roles in controlling the reprogramming of malignant cells 

into dormancy. Here we review exciting recent data that have further augmented our 

understanding of cancer dormancy. We propose that our deeper understanding of cancer 

dormancy has already led and will lead to new strategies to monitor and target dormant 

cancer. These approaches will likely, increase survival in patients, by capitalizing on 

specific targeting of DTCs and micro-metastasis and/or identification of biomarkers for 

residual disease. 
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INTRODUCTION 

In recent years, the understanding of metastasis biology and cancer cell dormancy has 

advanced considerably. The current knowledge of how cancer dormancy proceeds 

stemmed from pioneering work on angiogenesis (Almog et al., 2006; Folkman, 2002; 

Holmgren et al., 1995), on the immunoregulation of equilibrium states and antibody 

signaling (J. A. Aguirre-Ghiso et al., 2001; Farrar et al., 1999; Koebel et al., 2007; R. 

Marches et al., 1995; Radu Marches et al., 1998, 1999; Racila et al., 1995; Uhr et al., 

1996; Uhr & Marches, 2001; Vitetta et al., 1997) and on how microenvironmental and 

signaling mechanisms control cellular dormancy through growth-arrest programs (J. A. 

Aguirre-Ghiso et al., 2001; Aguirre Ghiso et al., 1999). Key findings based on this body of 

work proposed that dormant cells might evade anti-proliferative therapies in a passive 

manner (Naumov et al., 2003). Since then, the field has expanded considerably to reveal 

the importance of the tissue microenvironment in driving dormancy and the reactivation of 

dormant cells. Developmental cues that contribute to tissue homeostasis by controlling the 

quiescence of normal adult  stem cells, as well as various niche cells of different organs, 

have also been shown to drive dormancy (Julio A. Aguirre-Ghiso & Sosa, 2018; Giancotti, 

2013; María Soledad Sosa et al., 2014). Dormant cancer cells were also found to regulate 

active signaling mechanisms of adaptation and survival after therapies (Carlson et al., 

2019; Ghajar, 2015; Ranganathan et al., 2008; Ranganathan, Zhang, et al., 2006; Schewe 

& Aguirre-Ghiso, 2008), which demonstrated that dormant tumor cells do not merely 

survive chemotherapeutic drug insults in a passive manner. These findings have 

strengthened the notion that dormant DTCs persist over long periods of time by co-opting 

conserved growth-arrest and survival mechanisms that are active during development and 

in adult tissues. 

In this Perspective, we focus on recent, mainly in vivo and human data and discuss 

how they inform evolving concepts about tumor dormancy, including the active role of the 

microenvironment. 

 

DISCUSSING DEFINITIONS 

The cancer dormancy field has worked on the basis of three definitions that are not 

necessarily mutually exclusive and may be complementary. These have led to the working 

hypothesis that asymptomatic minimal residual disease (MRD) can be defined and 

explained by the following three potential scenarios: (1) angiogenic dormancy, an impaired 

angiogenic response that maintains tumor mass constant in size by balancing proliferation 
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and cell death (Almog et al., 2006; Folkman, 2002; Holmgren et al., 1995); (2) immune-

mediated dormancy, in which proliferative tumor-cell populations are constantly trimmed by 

cytotoxic immune-cell responses that also maintain an equilibrium between cell death and 

proliferation (J. A. Aguirre-Ghiso et al., 2001; Farrar et al., 1999; Koebel et al., 2007; R. 

Marches et al., 1995; Radu Marches et al., 1998, 1999; Racila et al., 1995; Uhr et al., 

1996; Uhr & Marches, 2001; Vitetta et al., 1997); and (3) cellular dormancy, in which 

solitary DTCs or small cell clusters enter a prolonged growth arrest with no increase in cell 

death (Julio A. Aguirre-Ghiso, 2018; Julio A Aguirre-Ghiso, 2007; Ghajar, 2015; Giancotti, 

2013; Malladi et al., 2016). 

Equilibrium states, as described in the angiogenic dormancy program (Holmgren et al., 

1995), have long been proposed as a defining feature of dormant tumor-cell-mass 

dynamics, with evidence accumulating since the 1990s. This concept and the relevant 

literature have been reviewed extensively elsewhere (Julio A. Aguirre-Ghiso, 2006; Julio A 

Aguirre-Ghiso, 2007; María Soledad Sosa et al., 2014). The immune equilibrium 

hypothesis suggests that immunosurveillance keeps proliferating cell populations in check 

during MRD through T cell–mediated killing or anti-idiotypic antibody networks that cause 

growth suppression in mouse lymphoma; this hypothesis has also been reviewed 

previously (Julio A Aguirre-Ghiso, 2007; N. Linde et al., 2016). Recent studies focused 

more on cellular dormancy and its relationship with immune cells indicate that quiescent 

DTCs are in fact evading CD8+ T cell– and natural killer cell (NK cell)–mediated detection 

and clearance (Malladi et al., 2016; Pommier et al., 2018). Thus, as proposed in an 

integrated scenario (Julio A Aguirre-Ghiso, 2007), quiescent DTCs may evade detection by 

the immune system, but as they switch into proliferation, they may be maintained in 

equilibrium by immune cytotoxic responses, which shows how these two processes can be 

complementary. To our knowledge there are no available studies showing that dormant 

solitary DTCs that become reactivated are then kept under tumor-mass dormancy by an 

angiogenic switch failure, but this possibility has also been proposed (Julio A Aguirre-

Ghiso, 2007). The large body of literature discussed in this Perspective has independently 

discovered that dormant cancer-cell populations consist of single solitary DTCs or small 

DTC clusters of 10–20 cells (Albrengues et al., 2018; Bragado et al., 2013; Carlson et al., 

2019; Er et al., 2018; Fluegen et al., 2017; Ghajar et al., 2013; Malladi et al., 2016; María 

Soledad Sosa et al., 2014; Valiente et al., 2014). These DTCs are able to enter a 

reversible growth-arrest or quiescence state, in support of the proposal that this may be a 

common feature of solitary dormant cancer cells. 



63 

Whether all the scenarios discussed above can co-exist in patients remains an open 

question. The tissues that are sampled for further study may also bias the identification of 

the mechanisms involved. For 

example, several dormancy studies 

that complement the study of human 

DTCs from bone marrow (BM) with 

mouse models seem to point to 

quiescence as a feature of solitary 

DTCs (Julio A. Aguirre-Ghiso & Sosa, 

2018; Julio A Aguirre-Ghiso, 2007; 

Giancotti, 2013; Goel et al., 2017; 

Grzelak & Ghajar, 2017; Sandra 

Pinho & Frenette, 2019). This process 

seems to be governed by 

microenvironmental cues, resembling 

the lifelong quiescence program 

active in dormant adult stem cells, 

including hematopoietic, muscle, 

neural and hair-follicle stem cells 

(Julio A. Aguirre-Ghiso & Sosa, 2018; 

Julio A Aguirre-Ghiso, 2007; Goel et 

al., 2017; Horsley et al., 2008; 

Kobielak et al., 2007; Sandra Pinho & 

Frenette, 2019) (Fig. 1) (explored in 

Results Part III). However, 

mechanisms of senescence or 

differentiation have also been 

proposed to underlie DTC dormancy 

(A Kobayashi et al., 2011; Sharma et 

al., 2016). A confounding factor is that 

growth-arrest programs during 

quiescence, senescence and 

differentiation exhibit substantial 

overlap in their regulation of the cell-

Fig. 1 | Differences and commonalities among normal 
quiescent, senescent, differentiated cells and 
dormant cancer cells. Cell-cycle arrest and survival 
programs are shared across all programs. Although 
differentiation and senescence are typically irreversible or 
highly stable stages, quiescence and dormancy are 
reversible. It would appear that normal quiescent cells 
and dormant cancer cells interpret the same 
microenvironmental factors in a similar manner, and this 
leads to the activation of survival and self-renewal 
programs. However, dormant DTCs also turn on 
diapause and pluripotency programs and an unfolded 
protein response (UPR) also observed in senescent cells. 
Normal quiescent, senescent and differentiated cells are 
green (Gorgoulis et al., 2019); the dormant cancer cell is 
blue (Aguirre-Ghiso et al., 20070). SASP, senescence-
associated secretory phenotype. 
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cycle machinery (Fig. 1). Nevertheless, senescence is by definition irreversible, and 

regulators of this program, such as p16 and p53, are commonly mutated or silenced early 

in tumorigenesis (Gorgoulis et al., 2019). Additionally, senescence leads to the clearing of 

senescent cells by innate immune cells (Lujambio et al., 2013), which has so far not been 

documented for potentially ‘senescent’ DTCs. Notably, several studies have documented 

that DTCs activate variations of pluripotency programs and a certain degree of chromatin 

remodeling linked to enhanced epigenetic plasticity (Cackowski et al., 2017; Gao et al., 

2012; Jia et al., 2019; Laughney et al., 2020; Metz & Rizzino, 2019; Maria Soledad Sosa et 

al., 2015) (discussed below). On the contrary, senescent cells commonly show highly 

repressive heterochromatin, which limits plasticity (L. F. Duarte et al., 2014) (Fig. 1). 

However, the possibility that a hybrid state of senescence programs is activated by 

microenvironmental cues (A Kobayashi et al., 2011) or therapeutic stress (Kishino et al., 

2020) cannot be ruled out. 

Indeed, a key attribute of dormant DTCs is their ability to retain a high degree of 

epigenetic and transcriptional plasticity and to reactivate different developmental programs 

to arrest growth and survive (Julio A. Aguirre-Ghiso & Sosa, 2018) (discussed below and 

explored in Results Part II). This high level of plasticity that enables cancer cells to employ 

various regulatory programs to induce a reversible growth arrest, which ensures 

persistence and confers an adaptive advantage, may be the true defining feature of 

dormancy. Thus, two key elements emerge as being necessary for better understanding of 

DTC dormancy. One is better definition of the identified programs functionally and 

molecularly, to understand how they resemble quiescence, senescence or differentiation 

and how they intersect with angiogenic dormancy and immune-mediated equilibrium. The 

second is definition of which of the programs identified in models are functionally relevant 

in patients. 

 

TARGET-ORGAN MICROENVIRONMENTS 

The tumor microenvironment consists of cellular and extracellular components that 

surround cancer cells. In the primary tumor site it can represent half or more of the tumor 

mass. However, in target organs in which solitary DTCs or small clusters of DTCs reside 

following dissemination, DTCs are initially a minor constituent of the tissue. Thus, how they 

interpret this new microenvironment and how the signals ‘encoded’ in these initially normal 

tissue niches affect the induction of, maintenance of and escape from dormancy in cancer 

are important questions. 
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BM NICHES. Animal and human 

biopsy studies support the notion that 

DTCs probably reach multiple organs 

but survive and eventually grow only 

in specific tissues and in a cancer-

specific manner. Many studies have 

focused on the BM, as cancer cells 

can persist in this site for years 

without growing, and the detection of 

BM DTCs is commonly a marker of 

poor prognosis (Borgen et al., 2018; 

Braun et al., 2000; Chéry et al., 

2014b; Naume et al., 2014). In the 

BM, osteoblasts have been suggested 

to induce solid-tumor DTC dormancy 

(M. A. Lawson et al., 2015), with 

osteoclasts being involved in the 

escape from dormancy during the 

process of osteolytic bone metastases 

(X. Lu et al., 2011) (Fig. 2). The role of 

osteoblasts in dormancy and bone 

metastasis, however, is more complex (explored in Results Part III). Whereas the 

endosteal niche and osteoblasts can promote cancer-cell dormancy (M. A. Lawson et al., 

2015), remodeling of this niche could cause the reactivation of or promote the survival of 

cancer cells (Zheng et al., 2017). For example, cancer cells depend on physical 

interactions with osteogenic cells through gap junctions to increase their intracellular 

calcium levels, and therefore the osteogenic niche, which includes osteoblasts, serves as 

a calcium reservoir for cancer cells to form micro-metastases (Hai Wang et al., 2018). 

Additionally, changes in osteoblast phenotype, such as the acquisition of an aged or 

senescent phenotype, could fuel metastasis (X. Luo et al., 2016). Recently, considerable 

work has focused on vascular niches that induce sustained DTC dormancy in the BM 

(Carlson et al., 2019; Ghajar et al., 2013), brain (Valiente et al., 2014) and lungs (Er et al., 

2018) (Fig. 2). BM vascular niches were shown to protect DTCs from chemotherapy 

through an integrin-mediated interaction between DTCs and molecules, including von 

Fig. 2 | The various BM niches, cell types and cues that 
regulate the dormancy of DTCs and HSCs. Both the 
osteoblastic niche and the perivascular niche in the BM 
are involved in DTC dormancy by producing a wide range 
of cues (cytokines, microRNA, extracellular vesicles, cell–
cell contact signaling, etc.) that drive dormancy. 
Additionally, dormant cancer cells downregulate antigen 
presentation and upregulate immunosuppressive ligands 
in order to evade recognition by the immune system. 
Over time and reciprocally, cancer cells also remodel 
their surrounding microenvironment and hypothetically 
feed a proliferative positive loop. EVs, extracellular 
vesicles; ECs, endothelial cells; PD-1, receptor for PD-L1; 
MHCI, MHC class I; vWF, von Willebrand factor; MSC, 
mesenchymal stem cell. 
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Willebrand factor and the integrin ligand VCAM1, within the perivascular niches (Carlson et 

al., 2019). Disrupting these interactions with integrin-blocking antibodies results in a 

reduction in the DTC burden and the prevention of bone metastasis. Notably, although 

chemoprotection by the vascular niche seems to be cell cycle independent, inhibiting 

integrin β1 and/or integrin αVβ3 enhanced the chemotherapeutic response. How 

chemotherapy kills non-dividing DTCs with ablated integrin signaling is still unknown. 

Perhaps cancer cells become sensitized during the first divisions after their exit from the 

single-cell state. In the mouse brain, DTCs breach the blood–brain barrier and adhere to 

brain capillaries (Valiente et al., 2014). The position and morphology of DTCs is 

reminiscent of that of pericytes, as these cells spread on brain capillaries between 

pericytes and capillary surfaces, migrated along the vessels and remained dormant for 

long periods (Er et al., 2018). Although the mechanism of dormancy was not explored in 

that study (Er et al., 2018), the adhesion molecule L1CAM on DTCs was found to mediate 

access to the perivascular niche and drive transcriptional programs that awakened 

dormant DTCs, which led to the initiation of metastasis. Whether the reactivation of DTCs 

was caused by their pericyte-like behavior or changes in the niche itself is unclear. 

However, changes in the niche, as elicited by tip endothelial cells, are known to cause 

reactivation, whereas stalk endothelial cells promote dormancy (Ghajar et al., 2013). 

Similarly, endothelial-cell expression of L1CAM ligands allows L1CAM+ DTCs to engage in 

proliferative programs, but it is possible that if the endothelium or other perivascular cells 

do not express such ligands, L1CAM+ DTCs may not be able to overcome dormancy 

signals. Therefore, the perivascular niche could induce or maintain DTC dormancy in a 

context-dependent manner (explored in Results Part III). 

Elegant conditional, tissue-specific knockout mouse models and bone-transplantation 

approaches revealed that perivascular Prx1+ mesenchymal stem cells expressing the 

chemokine CXCL12 maintained leukemic stem cells (LSCs) in a quiescent and treatment-

resistant state in the BM (Agarwal et al., 2019). Targeted deletion of CXCL12 in 

mesenchymal stem cells reduced the number of normal hematopoietic stem cell (HSCs) 

but promoted LSC expansion by increasing self-renewing cell divisions, with LSCs being 

eliminated by treatment with a tyrosine kinase inhibitor. Moreover, chronic myeloid 

leukemia (CML) cells induced a reduction in CXCL12-expressing mesenchymal stem cells 

and an increase in CXCL12-expressing endothelial cells, alterations that may provide a 

competitive advantage to LSCs over HSCs (Fig. 3). This work highlights how the 

perivascular niche may allow targeting of DTC–niche interactions in solid and 
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hematopoietic cancer-cell dormancy to interfere with dormant DTCs that cause recurrence. 

Open questions are whether DTCs move stochastically or are actively recruited into a 

perivascular niche, where they enter dormancy, or whether these are simply the niches 

that promote survival and quiescence. A recent study (Price et al., 2016) showed that 

similar to benign and malignant hematopoietic cells (Sipkins et al., 2005), breast cancer 

DTCs enter the BM through sinusoidal vasculature that expresses the inflammatory 

molecules E-selectin and SDF-1, both in mice and in human samples (Price et al., 2016) 

(Fig. 3). Mice treated with an E-selectin inhibitor had fewer DTCs in the BM, indicative of 

decreased homing. In another model, E-selectin was identified as a pro-metastatic 

receptor of the bone vascular niche, with its pharmacological inhibition increasing survival 

and decreasing bone metastasis–associated bone degradation (Esposito et al., 2019). 

Thus, rather than suggesting homing, this study suggested a growth-promoting effect for 

E-selectin that was dependent on the Wnt signaling pathway and was bone specific. The 

differences between the specific findings of these two studies (Esposito et al., 2019; Price 

et al., 2016) are unclear but may depend on differences in the models of BM colonization 

used and in the timing and type of endpoints assessed.  

BM colonization and metastasis are common late relapse occurrences in ER+ breast 

Fig. 3 | Cues, receptors and cell types involved in DTC reactivation and pro-dormancy niches. In the BM, a pro-
dormancy niche involves the action of several factors (such as LIF, TGFβ2, GAS6, BMPs; additional details, 
Table 1) that leads to the induction of quiescence in both DTCs and HSCs. In contrast, reactivation niches in the 
lung and liver awaken dormant DTCs in a manner that involves formation of NETs, extracellular matrix stiffness, 
TGFβ1 and inhibitors of BMP molecules. NE, neutrophil elastase. 
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cancer regulated by hormones (and thus the microenvironment). A recent study identified 

the kinase MSK1 as a potential regulator of dormancy in ER+ breast cancer (Gawrzak et 

al., 2018). Depletion of MSK1 was shown to lead to the epigenetic downregulation of 

genes encoding molecules that control luminal cell fate, such as FOXA1 and GATA3, and 

contribute to an increased metastasis-initiating potential. This effect was also observed 

when signaling via the kinase p38 was chemically inhibited, as MSK1 is a target of p38 

(Gawrzak et al., 2018); this reproduced the role of this pathway in dormancy (J. A. Aguirre-

Ghiso et al., 2001). Anti-estrogen therapy is an effective therapy in human breast cancer 

(Goss & Chambers, 2010; S. P. Hong et al., 2019) but does not eradicate the disease in 

many patients (S. P. Hong et al., 2019). Whether tamoxifen activates an MSK1– p38α (or 

other) signaling mechanism for dormancy is not clear, but understanding whether anti-

estrogen therapies work through the induction of dormancy may be illuminating. 

Interestingly, dormant cell populations were recently shown to be prevalent during 

targeting of the estrogen receptor ERα (S. P. Hong et al., 2019). A similar question was 

explored in humans (Selli et al., 2019) through the sequential analysis of samples from 

patients undergoing extended neoadjuvant hormonal treatment. ‘Dormant’ tumors (i.e., 

tumors from patients with tumor-size reduction and no progression after long post-

treatment periods of time) displayed enhanced DNA methylation and a more repressive 

chromatin state, whereas resistant tumors displayed the opposite profile. Although these 

data were not directly derived from DTCs, they may provide insights into the biomarkers to 

look for in DTCs or stroma in the adjuvant setting and to determine if anti-estrogens induce 

dormancy of residual DTCs. The BM is also a common site for dormancy for prostate 

cancer cells (Cackowski & Taichman, 2019). Wnt5a delivered systemically in in a prostate 

cancer model of metastasis induced a dormancy-like phenotype in cancer cells and a 

reduction in bone metastasis, potentially via ROR2 signaling (Selli et al., 2019). This 

treatment also revealed that Wnt5a favored chemoresistance to docetaxel. Additional 

analyses may be needed to reveal whether these mechanisms are active in prostate 

cancer DTCs in the BM. Interestingly, Wnt5a has also been linked to a senescence- or 

dormancy-like phenotype in melanoma (Webster et al., 2015). 

 

INFLAMMATION AND EXTRACELLULAR MATRIX REMODELING. Given that dormancy is a 

reversible state regulated by the microenvironment, it is necessary to determine the 

microenvironmental changes that could trigger awakening from dormancy (Fig. 2). 

Bacterial lipopolysaccharide– or tobacco smoke–induced lung inflammation was recently 
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shown to activate neutrophils to form neutrophil extracellular DNA traps (NETs) 

(Albrengues et al., 2018). NETs were found to trigger the awakening of dormant DTCs 

through the release of neutrophil elastase and MMP9, enzymes that promote the laminin 

111– and α3β1 integrin– dependent activation of a signaling axis involving the kinases 

FAK, ERK and MLCK and, ultimately, activation of the transcriptional regulator YAP. 

Interestingly, for full awakening of DTCs, loss of perivascular thrombospondin TSP1 was 

also required. Metastatic breast cancer cells can themselves induce NETs (Albrengues et 

al., 2018; Park et al., 2016), which raises the possibility that they may create a positive 

pro-inflammatory proliferative loop. Surgical stress was also shown to trigger DTC 

awakening through an increase in NET formation, in a mouse model of liver ischemia–

reperfusion (Tohme et al., 2016). Consistent with that, in a cohort of patients undergoing 

attempted curative liver resection for metastatic colorectal cancer, a correlation was 

observed between increased post-operative NET formation and a reduction in disease-free 

survival (Tohme et al., 2016). In a model of pancreatic ductual adenocarcinoma (PDAC), 

the TRAIL-R2 pathway was also suggested to lead to liver inflammation and the 

awakening of dormant DTCs during tumor resection (Sebens et al., 2019). Thus, it is 

possible that tissues that remain homeostatic may maintain DTC dormancy, whereas 

changes (such as inflammation) that alter the homeostatic balance (for example, through 

NETs and remodeling of the extracellular matrix) may trigger the awakening of DTCs from 

dormancy. 

An important question is the link between aging and metastatic relapse and the age- 

and microenvironment-related signals that may regulate DTC dormancy and reactivation 

(explored in Results Part III and General Discussion). Recently, in a mouse model of 

aging, metastatic cell lines were shown to be highly proliferative in aged BM, with the 

frequency of dormant DTCs decreasing in aged mice but not in young mice (Singh et al., 

2019). Mechanistic analysis revealed that several inflammatory cytokines known to 

promote cell proliferation (including the interleukins IL-1β, IL-6, IL-27 and IL-1F9 and 

factors such as CCL4, CCL5 and Tnfsf14) were upregulated in bones of aged mice, 

whereas proposed quiescence-inducing factors (including BMP4, BMP6, BMP7, Kitl, 

TGFβ2, Thbs2, Dkk1 and Dkk3) were downregulated (Singh et al., 2019) (Table 1). 

Remodeling of the extracellular matrix may also stimulate metastasis and perhaps 

awakening from dormancy, as revealed by changes in age-related remodeling of the 

collagen matrix that stimulated metastasis in melanoma (Ecker et al., 2019; Fane & 

Weeraratna, 2020; Kaur et al., 2019).  
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The concept of reverting a malignant phenotype by normalizing the microenvironment 

is not new (Boudreau & Bissell, 1998; Mintz & Illmensee, 1975; Postovit et al., 2008; 

Weaver et al., 1997) and supports the proposal that — in the appropriate context — cancer 

cells could remodel their epigenetic programs to silence mutated genomes. Axolotl 

embryos have been shown to fully reprogram malignant breast cancer cells into 

quiescence by inhibiting induction of the cell-cycle inhibitor p27 mediated by the kinases 

ERK1 and ERK2 and reducing signaling dependent on the transcription factor JUN and the 

tumor suppressor Rb (Saad et al., 2018). These reprogrammed breast cancer cells also 

displayed a repressive chromatin state that was previously reported in retinoic acid–

induced dormancy (Maria Soledad Sosa et al., 2015). Although the mechanisms activated 

by the axolotl extract were not identified, this reveals how microenvironmental signals can 

epigenetically silence malignancy traits. 

Such studies have expanded understanding of how the homeostasis of target-organ 

microenvironments may maintain dormancy, probably governed by adult stem-cell 

quiescence niches. They also support the proposal that alterations over time (in this case 

the organism’s age) or perturbations that alter target-organ microenvironments, such as 

inflammation and remodeling of the extracellular matrix, can control dormancy. A key 

question is how robust the dormancy-inducing microenvironments are. Given that, for 

example, in breast cancer, relapse that occurs more than 5 years after surgery is mostly 

stochastic and can be delayed for long periods, it is possible that multiple homeostatic 

barriers need to be eliminated for DTCs to awaken. Although patients will encounter 

situations that may activate inflammatory processes many times during their lives, many 

do not show immediate relapse. 

 

AUTOPHAGY AND METABOLISM. Another important but poorly explored mechanism in 

dormancy biology is metabolic plasticity. For example, unfolded-protein-response 

pathways and signaling via the transcription factor HIF1α, which are intimately linked to 

metabolic changes, can enable residual cancer cells to persist and evade chemotherapy 

(Nobre et al., 2018). Recently, the glycerol biosynthesis enzyme GPD1 (glycerol-3-

phosphate dehydrogenase 1) was shown to mark slow-cycling brain tumor stem cells with 

the ability to repopulate the tumor after temozolomide therapy in glioblastoma mouse 

models (Rusu et al., 2019). These GPD1+ cells were present in tumor margins, which 

suggested that they might escape resection and therapy. However, whereas GPD1+ cells 

were mostly negative for proliferation markers, they were the cells able to repopulate the 
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lesions after therapy. This suggests that 

GPD1 is involved in the metabolic plasticity 

of slowly cycling cells that mediates 

reactivation but does not regulate long-term 

dormancy. 

Autophagy is intimately linked to stress 

signaling and metabolic changes, as it is not 

only a source of metabolites for energy 

production but also a way to protect from 

proteotoxicity. Dormant cancer cells were 

shown to be more autophagic than their 

proliferating counterparts, which allowed 

them to survive in a quiescent state (Vera-

Ramirez et al., 2018). Notably, inhibiting 

autophagy specifically blocked the survival 

of dormant cells in the lungs in a manner 

dependent on the autophagy-related 

molecule ATG7 (Vera-Ramirez et al., 2018). 

A separate study recently showed that the 

enzyme Pfkfb3 (6-phosphofructo-2-

kinase/fructose-2,6-biphosphatase 3) is 

linked to metastatic relapse of breast cancer 

(La Belle Flynn et al., 2019). Interestingly, 

Pfkfb3 was downregulated by the onset of 

autophagy, which coincided with dormancy 

induction. Unlike an earlier study (Vera-

Ramirez et al., 2018), but consistent with 

other work reporting that autophagy may 

induce dormancy (Maria Soledad Sosa et 

al., 2013; María Soledad Sosa et al., 2014), 

this paper (La Belle Flynn et al., 2019) 

showed that inhibition of autophagy restored 

PFKFB3 expression, which led to 

reactivation from dormancy. When 

Table 1 | Summary of dormancy- and 
reactivation-inducing factors. Known cancer 
cell- and microenvironment-derived regulators that 
promote the dormancy or reactivation of dormant 
cancer cells in solid and liquid cancers. The type 
of data available for each factor is also indicated: 
1, in vitro; 2, in vivo; 3, human data. These 
findings are compiled from different cancer types 
and thus these signaling pathways might not all be 
associated with the dormancy of every type of 
cancer or microenvironment. 

 Factor Refs 

D
or

m
an

cy
 In

du
ce

rs
 

CXCL121,2,3 (Agarwal et al., 2019) 

VWF1,2 (Carlson et al., 2019) 

TGFβ21,2 (Bragado et al., 2013) 

BMP4, BMP71,2 
(Gao et al., 2012; A 
Kobayashi et al., 
2011) 

HYPOXIA1,2,3 (Fluegen et al., 2017) 

GAS6 (Jung et al., 2016; 
Yumoto et al., 2016b) 

RA1,2 (Maria Soledad Sosa 
et al., 2015) 

LIF1,2 (R. W. Johnson et al., 
2016) 

TSP11,2 (Ghajar et al., 2013) 

WNTs1,2 (Harper et al., 2016; 
Malladi et al., 2016) 

DNA methylation 
Repressive 
chromatin state1,2,3 

(Selli et al., 2019; 
Maria Soledad Sosa 
et al., 2015) 

Wnt5a1,2 (Selli et al., 2019) 

Axolotl embryo1 (Saad et al., 2018) 

miR-1261,2,3 (B. Zhang et al., 2018) 

Jagged 11,2 (Bowers et al., 2015) 

R
ea

ct
iv

at
io

n 
In

du
ce

rs
s 

Coco1,2,3 (Gao et al., 2012) 

Inflammation/NETs
1,2,3 

(Albrengues et al., 
2018) 

Stiff collagen1,2 (Park et al., 2016; 
Tohme et al., 2016) 

Aging1,2,3 
(Kaur et al., 2016, 
2019; Singh et al., 
2019) 

VCAM11,2 (X. Lu et al., 2011) 

Periostin1,2 (Ghajar et al., 2013) 

TGFB11,2 (Bragado et al., 2013) 
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autophagy functions only as a survival pathway and when it coordinates induction and 

maintenance of dormancy remains unclear. Elucidating this point is important because the 

second possibility supports the proposal that targeting autophagy could have deleterious 

effects for patients by causing reactivation from dormancy. 

 

THE IMMUNE SYSTEM AND DTC DORMANCY. Major advances in immuno-oncology have 

fundamentally altered the understanding of the relationship between the adaptive immune 

system and cancer cells, which has led to the current breakthroughs in immunotherapies. 

A key question is whether dormant DTCs are restrained from expanding by an immune 

equilibrium mechanism and/or whether dormant DTCs evade recognition by the immune 

system (Fig. 2). Pioneering studies of carcinogenesis and disseminated cancer have 

provided support for the possibility of a role for immune equilibrium as a mechanism of 

dormancy (Eyles et al., 2010; Koebel et al., 2007). Similarly, studies of a B cell lymphoma 

that establishes dormancy through a vaccination protocol revealed important components 

of how dormancy could be induced and maintained by CD8+ T cells and interferon-γ 

signaling (Farrar et al., 1999). Additionally, immunoevasion was shown to allow the 

persistence of dormant leukemic cells in mouse acute myeloid leukemia (AML) through 

upregulation of the checkpoint inhibitor B7-H1 (PD-L1) and the immunomodulatory 

receptor CTLA-4 ligand B7.1, but without involving a decrease in major histocompatibility 

complex (MHC) class I (Saudemont & Quesnel, 2004)). More recently, it was shown that 

mice vaccinated against PDAC cells were protected against rechallenge with the same 

PDAC cells injected to colonize the mouse livers, as expected (Pommier et al., 2018). 

However, although the immune system eradicated most cancer cells, persistent single 

DTCs were detected. The immunoevasive DTCs were quiescent, did not express E-

cadherin and upregulated the unfolded protein response, a pathway previously linked also 

to the drug resistance of dormant cancer cells (Ranganathan, Zhang, et al., 2006). The 

unfolded protein response was found to downregulate MHC class I, which reduced antigen 

presentation and rendered dormant DTCs invisible to CD8+ T cells. Although the 

molecular mechanisms differ, both leukemic cells and epithelial cancer cells that enter 

dormancy seem to find ways to escape detection by the immune system. As proposed 

earlier, immunoevasion by dormant DTCs may simply be reflective of the hijacking of 

developmental or tissue homeostasis mechanisms. For example, quiescent hair-follicle 

stem cells were shown to evade immune recognition by CD8+ T cells (Agudo et al., 2018). 

It would be interesting to test whether the signals that induce dormancy discussed in this 
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Perspective (Table 1) modulate the expression of key immunoregulatory molecules such 

as MHC class I, PD-L1 and/or CTLA-4 and thereby influence immunodetection. Dormant 

lung cancer DTCs and HER2+ breast cancer DTCs were also shown to evade detection by 

NK cells and to be susceptible to eradication by NK cells only after escape from dormancy 

(Malladi et al., 2016). Although these studies support the proposal that DTCs are NK cell 

evasive during quiescence, they provide only partial insight into their immunoregulation, as 

they were performed in nude mice. Unlike the results reported in those papers, the 

immune system of mice carrying the EMT6 syngeneic triple-negative breast cancer model 

was shown to be able to fully eradicate dormant and proliferative DTCs, suggestive of their 

vulnerability to immunorecognition (Piranlioglu et al., 2019). In contrast, a separate study in 

immunocompetent mice showed that D2A1 breast cancer cells were kept from forming 

metastases by immune-mediated killing, which led to an equilibrium that produced 

population dormancy (Krall et al., 2018). However, when mice underwent sham surgery, 

the injury-associated inflammation and myeloid-cell mobilization led to 

immunosuppression, with the cancer-cell population progressing to metastasis. Studies in 

which no exogenous antigens were used (Piranlioglu et al., 2019) may be relevant to 

understanding how patients with triple-negative breast cancer who survive beyond 5–8 

years after surgery never relapse with metastasis. It would also be interesting to determine 

whether primary tumor removal, as is done routinely in patients, would yield the same 

results as sham surgery in mice (Krall et al., 2018). Studies such as these, which formally 

investigated DTC biology and recognition by the immune system, raise new questions 

related to DTC dormancy and immunotherapies. 

 

COMMONALITIES OF LEUKEMIA AND DTC DORMANCY 

The HSC and leukemia fields have made considerable advances in delineating how 

specific niches control the dormancy of HSCs and LSCs. At steady state, the BM niche is a 

tightly controlled microenvironment that regulates the proliferation, self-renewal, 

differentiation and migration of HSCs (Sandra Pinho & Frenette, 2019). HSCs and DTCs in 

the BM seem to be cell-cycle arrested. Moreover, these two types of cells have been 

proposed to occupy the same BM niches and to respond to the microenvironmental cues 

similarly (Julio A. Aguirre-Ghiso & Sosa, 2018; Cackowski & Taichman, 2019) (Fig. 3). 

Both dormant HSCs and DTCs seem to adopt quiescence and survival mechanisms that 

enable them to avoid apoptosis and/or resist therapies. However, dormant solid-cancer 

cells share characteristics with embryonic and adult stem cells, such as upregulation of the 
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pluripotency-related genes NR2F1, SOX9, SOX2, POU5F1 (which encodes OCT4) and 

NANOG (Julio A. Aguirre-Ghiso & Sosa, 2018; Gao et al., 2012; R. W. Johnson et al., 

2016; Malladi et al., 2016; Maria Soledad Sosa et al., 2015). This may be a distinction 

between the quiescence programs in HSCs and those in DTCs, whereby the latter cells 

may adopt developmental programs that provide additional cell plasticity and less ability to 

commit to differentiation states. However, other similarities are clear. For example, adult 

stem-cell niches have also been shown to be immune-protected sites (Agudo et al., 2018), 

which may be advantageous for DTCs. Adult stem cells and quiescent DTCs may also 

show downregulation of antigen presentation (Agudo et al., 2018; Pommier et al., 2018), in 

support of the proposal that escaping immunosurveillance may also be a common 

attribute. Another example involves the ubiquitin ligase FBXW7, inhibition of which was 

shown to prevent the quiescence of LSCs (Takeishi et al., 2013) and to be involved in the 

quiescence of lung adenocarcinoma cells (W. Zhang et al., 2019) and the awakening and 

subsequent chemotherapy-mediated killing of breast cancer DTCs (Shimizu et al., 2019). 

These data suggest that some quiescence and/or dormancy mechanisms may be shared 

by LSCs and DTCs and thus provide novel potential anti-cancer targets for experimental 

exploration. Notably, the notion of awakening LSCs might work in some cases, given the 

unique oncogene addiction pathways of these cells (Agarwal et al., 2019), but in solid 

cancers, awakening dormant cells may be too risky, given that chemotherapy is not 

uniformly effective and responses may vary depending on the organ in which metastases 

grow. 

Hematopoietic malignancies may also inform cancer-cell heterogeneity during 

dormancy. Longitudinal BM sampling from patients to delineate clonal evolution from pre-

leukemia to established AML has revealed that some rare, probably dormant, leukemic cell 

sub-clones were already present at diagnosis and were resistant to therapy, which led to 

relapse; this highlights the importance of understanding the dynamics of LSC 

heterogeneity (Shlush et al., 2017). Similar studies of solid-cancer DTCs, such as DTCs of 

melanoma, breast cancer and prostate cancer in patients at the M0 stage (no evidence of 

metastasis at diagnosis or surgery), were able to identify dormant DTCs that could be 

studied and targeted early on. A single-cell transcriptomic analysis of BM leukemic cells 

revealed that a specific sub-fraction among the heterogeneous population of LSCs, 

characterized by stem-cell and quiescence signatures, survived in the BM environment of 

patients with asymptomatic CML under treatment with a tyrosine kinase inhibitor and 

served as a reservoir for the emergence of resistant cells (Giustacchini et al., 2017). 
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Treatment-induced quiescence of residual LSCs in this setting was demonstrated to rely 

on the activation of Jak2–Stat3 signaling dependent on non-canonical BMP4 signaling, 

with the ligand delivered by surrounding mesenchymal cells (Jeanpierre et al., 2020). Dual 

targeting of BMP4 and Jak2 was efficient in reversing this tyrosine kinase inhibitor–

dependent induced quiescence of the BMPR1B+ LSC sub-fraction adherent to stroma and 

allowed these cells to re-enter a differentiation process (Jeanpierre et al., 2020). Such a 

strategy might contribute to elimination of the reservoir of dormant LSCs. 

Another study of treatment-induced quiescence in CML showed that the microRNA 

miR-126 from endothelial or leukemic cells induced the quiescence of CML LSCs (B. 

Zhang et al., 2018). Interestingly, the tyrosine kinase BCR–ABL is known to inhibit the 

biogenesis of miR-126, and inhibition of BCR-ABL restored miR-126 expression in the 

cancer cells, which led to a quiescent LSC pool with enhanced survival. Moreover, 

combining inhibition of BCR-ABL and downregulation of miR-126 resulted in the 

elimination of LSCs, in support of the proposal that this microRNA may also coordinate 

survival during quiescence. Assessing if dormant DTCs from solid cancers are regulated 

by similar mechanisms when targeted therapies are used (for example, anti-estrogens, 

anti-androgen receptor, anti-HER2 or other kinases) could reveal novel cancer cell–

intrinsic and/or microenvironmentally induced mechanisms of DTC quiescence and 

survival triggered by therapeutic interventions. 

There is growing evidence not only that the niche influences cancer cells but also that 

leukemic cells can modulate their host BM microenvironment to survive and expand. For 

example, AML cells can remodel the vascular organization of the endosteal niche and 

thereby alter the number of stromal cells (D. Duarte et al., 2018) and render the niche less 

supportive of normal HSCs and their quiescence. Additionally, vascular permeability can 

be altered through the enhanced production of nitric oxide by endothelial cells (Passaro et 

al., 2017). Additional studies have highlighted the role of AML-derived extracellular 

vesicles in suppressing normal hematopoiesis by inhibiting protein synthesis (Abdelhamed 

et al., 2019) through the internalization of miR-1246 in normal HSCs or by inducing the 

expression of DKK1, a suppressor of normal hematopoiesis (Kumar et al., 2018). In both 

studies, inhibiting this niche remodeling led to enhanced efficiency of chemotherapy 

(Abdelhamed et al., 2019; Kumar et al., 2018). These models may provide insight into how 

solid-cancer DTCs may change the niches in which they reside over time until they switch 

from a homeostatic pro-dormancy function to a reactivation state. Given that the molecules 

derived from these niches may be more abundant than the DTCs that lodged there, these 
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soluble factors could serve as biomarkers that provide information on niches supportive of 

reactivation. 

 

FUTURE PROSPECTS 

The treatment of metastasis has been limited to very few adjuvant therapies that rely 

on primary tumor data and aggressive targeting of metastatic lesions in patients at stage 

IV. The latter is a necessity, as these patients have few treatment options. However, the 

knowledge of tumor dormancy has revealed that MRD in solid cancers could be targeted 

earlier, even if DTCs are not actively proliferating (Julio A. Aguirre-Ghiso et al., 2013). 

Additionally, the notion that dormant DTCs co-exist with growing lesions in stage IV cancer 

has raised the possibility that these dormant DTCs may evade anti-proliferative treatments. 

Thus, strategies that combine anti-proliferative therapies with drugs that kill dormant cells 

may provide long-term benefit even in patients at stage IV. 

However, the concepts noted above need to be tested in practice. Acceleration of the 

understanding of the processes that underlie cancer-cell dormancy and, consequently, 

ways to target it will require pairing of experimental models with human data, such as by 

having research scientists team up with clinicians to incorporate the measurement of 

endpoints related to dormancy in existing clinical trials. Such efforts are emerging; for 

example, NR2F1, a dormancy marker identified in experimental systems, has been used to 

stratify DTCs and to determine that patients with NR2F1high DTCs had longer bone 

metastasis–free periods than those with NR2F1low DTCs (Borgen et al., 2018). Notably, a 

proliferation marker such as Ki67 could not provide the same information, which supports 

the proposal that dormancy markers may provide additional insights beyond those 

provided by determining the snapshot proliferative status of DTCs. Such efforts, even if 

initiated in small populations of patients, would be key for the validation of experimental 

biology in patients. The notion that dormant cancer cells activate autophagy (Avivar-

Valderas et al., 2014; La Belle Flynn et al., 2019; María Soledad Sosa et al., 2014; Vera-

Ramirez et al., 2018) has also led to a phase 2 clinical trial using autophagy inhibitors such 

as hydroxychloroquine and/or mTOR inhibitors in combination to treat patients with breast 

cancer and to prevent recurrence (clinical trial identifier NCT03032406). An additional 

clinical trial is focused on screening for the presence of BM DTCs in patients within 5 years 

of having completed breast cancer therapy (clinical trial identifier NCT02732171). Patients 

with BM DTCs will be offered the possibility of participating in other trials targeting DTCs, 

such as NCT03032406. 
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The concept of reprogramming malignant DTCs into dormancy (Maria Soledad Sosa et 

al., 2015) has also led to a clinical trial testing this concept in disseminated prostate cancer 

that has not yet become detectable by imaging (clinical trial identifier NCT03572387). This 

clinical trial repurposed 5-azacytidine and all-trans retinoic acid (both drugs approved by 

the US Food and Drug Administration) to treat patients with prostate cancer after hormonal 

ablation. Although these studies are ongoing, they support the notion that foundational 

science can be used to develop innovative trials that can be executed despite potential 

cost issues (Ghajar, 2015). Understanding how dormancy develops in patients may also 

help guide trials that were supposed to target micro-metastatic disease but failed to show 

therapeutic value. Preclinical data have identified RANKL (TNFSF11) as a tempting target 

with strong potential to prevent breast cancer bone metastasis (Esposito & Kang, 2014; 

Sisay et al., 2017). A phase 3 study (D-CARE) was developed that combined a human 

blocking monoclonal antibody against the receptor for RANKL (denosumab) with standard-

of-care adjuvant or neoadjuvant systemic therapy and locoregional treatments. However, 

this treatment did not improve disease-related outcomes for women with high-risk early 

breast cancer (Coleman et al., 2020). The reasons for this outcome may include the 

possibility that dosing schedules left a window for dormant DTC populations to become 

reactivated. There is also evidence from other studies that chemotherapy causes severe 

alterations of the BM microenvironment (Demaria et al., 2017) with clear signs of 

premature aging that could actually promote the reactivation of dormant DTCs. 

Unfortunately, the trial did not include intermediate endpoints for assessing the numbers or 

phenotypes of DTCs or circulating tumor cells and thus for anticipating what might have 

been happening to the residual disease. The development of markers and methods for 

detecting the DTCs that lead to MRD in such trials will enhance the understanding of how 

to target these residual cells on the basis of their unique biology. 

Progress in on cancer dormancy research has expanded considerably and will 

probably yield innovative biomedical results in the future. The findings discussed in this 

Perspective highlight the fact that the time is ripe to start translating the knowledge gained 

from experimental models to the clinic. 
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ON THE MECHANISMS OF EARLY DISSEMINATION, DORMANCY AND METASTASIS 

 

RATIONALE AND SPECIFIC AIMS 

Early dissemination, dormancy and metastasis are probably the major challenges of 

cancer treatment nowadays. But how are these mechanisms connected? And how are 

these influenced by the target organ microenvironments?  

Although there is increasing evidence of early dissemination, we are far from a full 

understanding of the molecular mechanisms driving it. Clinical and experimental evidence 

suggest that these early cells may undergo dormancy for years to decades, later giving 

rise to proliferative metastasis, which are the major cause of cancer patients’ death. Aim 1 

of my thesis provides novel information on early DCCs heterogeneity in secondary sites 

and novel mechanisms and markers of early dissemination and dormancy. 

To form metastasis, both early and late DCCs have to survive the stress of 

dissemination and must successfully seed and adapt to the new target organ 

microenvironment. Since early dissemination and metastasis initiation may be separated 

by very long periods of time, we wondered if an active dormancy mechanism is already 

active in the primary site, fueling an initial dormancy phase (Aim 1), which is also 

reinforced by the target organ microenvironment (Aim 2). 

The bone marrow is a site where DCCs are found inactive in patients with early and 

late disseminated disease and it has been shown that the bone marrow encodes signals 

that can maintain DCC dormancy. However, the niche cellular components that control 

dormancy of DCCs in the bone marrow are unknown. It is thought that developmental cues 

that maintain tissue homeostasis and induce quiescence of normal adult stem cells, such 

as HSCs, can also drive DCC dormancy, but it is also unknown. Aim 2 of my thesis 

provides a first key answer to this question. 

 

We propose the following specific aims to answer the answer the above hypothesis:  

1. To functionally dissect the mechanisms that control early dissemination, 

early DCC dormancy and reactivation in a HER2+ mouse model of breast 

cancer. 

1.1. Profile the heterogeneity of lung DCCs (Results Part I and II). 

1.2. Determine the cellular programs that early DCCs tap into to undergo 

dormancy, survive and adapt to the lung microenvironment (Results Part 

II). 
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1.3. Functionally analyze the cellular programs identified in 1.2. and determine 

their role in early dissemination, dormancy and switch to metastatic growth 

(Results Part II). 

 

2. To functionally analyze BM niches driving disseminated tumor cell 

dormancy. 

2.1. Test the function of bone marrow NG2+/Nestin+ mesenchymal stem cells in 

inducing DTC dormancy in the HSC niche (Results Part III). 

2.2. Identify the dormancy-inducing cues produced by NG2+/Nestin+ 

mesenchymal stem cells (Results Part III). 

2.3. Evaluate the prognosis value of the cues identified in 2.2 in human patient 

data (Results Part III). 

2.4. Contribution of different BM niche cells to TGFβ2 production (Results Part 

IV).  

2.5. Analysis of signaling pathways induced by TGFβ2 in the bone marrow and 

lung microenvironments (Results Part IV and V). 

 

 

THESIS ORGANIZATION 

My thesis compiles results from different projects that were organized in five parts (I to 

V), which correspond to five manuscripts, published or in preparation. 

Results Part II and III are my main PhD results and correspond to two projects that I 

led, performed the majority of the experiments, data analysis and manuscript writing. Thus, 

the full manuscripts are included in this thesis. Results Part I, IV and V include data that I 

generated for different related projects but since the projects were not led by me, the 

entirety of the manuscripts were not included in the thesis. Here, I summarize the main 

findings of each paper and present and discuss my contribution to them. 

All Results sections have an individual discussion and all projects come together in a 

general discussion, which aims to integrate the different projects and discuss open 

questions and future perspectives rising from this thesis. 
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ABSTRACT I 

Metastasis is the leading cause of cancer-related deaths; metastatic lesions develop 

from disseminated cancer cells (DCCs) that can remain dormant (María Soledad Sosa et 

al., 2014). Metastasis-initiating cells are thought to originate from a subpopulation present 

in progressed, invasive tumours (Hanahan & Weinberg, 2011). However, DCCs detected 

in patients before the manifestation of breast-cancer metastasis contain fewer genetic 

abnormalities than primary tumours or than DCCs from patients with metastases (Klein et 

al., 1999; Schardt et al., 2005; Schmidt-Kittler et al., 2003). These findings, and those in 

pancreatic cancer (Rhim et al., 2012) and melanoma (Eyles et al., 2010) models, indicate 

that dissemination might occur during the early stages of tumour evolution (Hüsemann et 

al., 2008; Sanger et al., 2011; Schardt et al., 2005). However, the mechanisms that might 

allow early disseminated cancer cells (eDCCs) to complete all steps of metastasis are 

unknown (Hüsemann et al., 2008). Here we show that, in early lesions in mice and before 

any apparent primary tumour masses are detected, there is a sub-population of Her2+ p-

p38lo p-Atf2lo Twist1hi E-cadlo early cancer cells that is invasive and can spread to target 

organs. Intra-vital imaging and organoid studies of early lesions showed that Her2+ eDCC 

precursors invaded locally, intravasated and lodged in target organs. Her2+ eDCCs 

activated a Wnt-dependent epithelial–mesenchymal transition (EMT)-like dissemination 

program but without complete loss of the epithelial phenotype, which was reversed by 

Her2 or Wnt inhibition. Notably, although the majority of eDCCs were Twist1hiE-cadlo and 

dormant, they eventually initiated metastasis. Our work identifies a mechanism for early 

dissemination in which Her2 aberrantly activates a program similar to mammary ductal 

branching that generates eDCCs that are capable of forming metastasis after a dormancy 

phase. 

 

 

MY CONTRIBUTION I 

This work revealed for the first time that during early stages of progression, early lesion 

(EL) cells tap into a branching morphogenesis program driven by the HER2 oncogene, 

which restricts p38α/β signaling, disrupts E-cadherin localization and promotes an EMT-

like program. In contrast to the “go” program activated my EL cells, PT cells are in a 

“growth” program. 

Importantly, EL cells retain metastatic capacity supporting that this population of cells 

may eventually contribute to metastatic recurrence in patients. Although early DCCs are 
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capable of seeding the lungs, the majority of them stay in a single cell state upon arrival to 

the lung and are pRblow, suggesting that early DCCs do not switch from the “go” to “growth” 

program. However, it was unclear whether the mesenchymal program acquired by early 

lesions was carried over by the lung DCCs and whether it associated with a dormant or 

proliferative program. This led to my contribution to this work, which was to characterize 

early lesions (EL), primary tumors (PT) and lung DCCs from both early and late stage 

lungs for Twist1 expression, a well know EMT transcription factor. 

 

 

METHODS I 

Animal experiments. Animal procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) of Icahn School of Medicine at Mount Sinai protocol 08-0366. 

Tumors were not allowed to grow beyond the IACUC allowed limit of 1,000 mm3 per 

animal.  

MMTV-ErbB2/HER2/Neu mice (Guy et al., 1992) were maintained on FvB background and 

bred and crossed in our facilities. Overexpression of the wild-type Neu protooncogene (rat 

isoform of Her2/ErbB2) is directed specifically to mammary epithelium under the MMTV-

LTR promoter resulting in focal tumor formation with a latency of around 7 months. Primary 

tumors typically overexpress Her2 through gene amplification rather than as a result of 

point mutations and so these mice were selected as they more closely mimic what is found 

in patients during early stages of progression. This mouse model shows slow tumor 

progression, providing a significant temporal window to study early stages of 

tumorigenesis and metastatic progression prior to the occurrence of primary tumors. 14 to 

18-week-old female mice were used as early (‘pre-malignant’) stage mice and 20-week-old 

or older females with palpable tumor(s) were used as late stage of cancer progression. 

 

Immunohistochemistry. Tissues were fixed in 10% formalin, paraffin-embedded and cut 

into 4-6 µ m sections. Following dehydration of the slides, antigen retrieval was done in 10 

mM citrate buffer pH 6.0 (Na3H6H5O7). Blocking was done using 0.1% BSA in PBS with 

10% normal goat serum for 30 min. Her2 (Abcam, ab2428) and Twist1 (Millipore, ABD29) 

primary antibodies were left overnight at 4 °C. AlexaFluor 488 goat anti-mouse and 

AlexaFluor 568 goat-anti-rabbit secondary antibodies were left for 1 hour at room 

temperature. Slides were mounted using Prolong Antifade mounting media with DAPI 

(Molecular Probes P36930). 
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RESULTS I 

 To test if the mesenchymal program acquired by early lesion cells was carried over by 

the DCCs that lodge in the lungs, co-staining of HER2 (cancer cell marker) and Twist1 was 

performed in MMTV–Her2 tissues. 

Nuclear Twist1 signal was 

detected by immunofluorescence 

in both early lesions (EL) and 

primary tumors (PT). Analysis of 

these tissues showed that Twist1 

was expressed in the majority of 

early lesion cells with no major 

changes in Twist1 expression 

with progression to primary 

tumors (Extended Data Fig. 6i). 

However, our data suggest that 

there is a sub-population of early 

cancer cells that undergo an 

EMT-like dissemination program 

that allows them to invasive and 

spread to target organs. 

In order to assess Twist1 and 

a mesenchymal-like phenotype in 

lung DCCs, I also characterized lung DCCs from both 

early and late stage of cancer progression. Close to 

100% of the solitary Her2+ eDCCs showed high Twist1 

expression, while only 30% of solitary Her2+ DCCs in 

mice with primary tumors were positive for Twist1 (Fig. 

4f).  

 

Extended Data Figure 6i. 
Quantification of Twist1 (T) in HER2 (H) cells of early lesions and 
primary tumor cancer cells with the indicated profiles; 4 animals 
per group; mean ± s.e.m; one-tailed Mann–Whitney U-test; 
**P<0.01.  
Bottom, HER2 (red) and Twist1 (green) immunofluorescence in 
early lesions (n=883 cells) and primary tumors (n≥ 3,000 cells). 

Figure 4f. Left, Her2+ (H+) and Twist1+ (T+) early DCCs (eDCCs). 
Right, Her2+Twist1− (T−) DCCs from late stage lungs. Graph, 
percentage of cells with the indicated profiles. n=500 cells; 
4 animals per group; median and values from individual animals 
**P<0.05; one-tailed Mann–Whitney U-tests. Scale bars, 10 µ m. 
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DISCUSSION I 

Early lesion cells activate an EMT-program that allows them to disseminate to 

secondary organs; however, we could not find significant differences in Twist1 expression 

between EL and PT cells. Nonetheless, Her2 and p38α/β seem to regulate a common 14-

gene EMT signature, which includes Twist1. Overexpression of Her2 in normal MCF10A 

mammary endothelial cells (MECs) also promotes expression of canonical and non-

canonical Wnt ligands, TWIST1 and ErbB3. Similarly, inhibition of p38α/β signaling in 

MCF10A promotes expression of EMT related genes including TGFβ1, TWIST1, SLUG, 

MMP9, ERBB3 and N-cadherin. Furthermore, SNAIL and TWIST1 are upregulated 

following siRNA knockdown of p38 and ATF2 in MCF10A-Her2 MECs. Last, in vivo 

inhibition of p38α/β for two weeks in MMTV-Her2 mice increased expression of Twist1 

within early stage mammary glands. 

Importantly, most early lung DCCs express Twist1, low levels of E-cadherin and are 

predominantly dormant, whereas only 30% of the DCCs from late stage lungs express 

Twist1, suggesting that reactivation might be linked to a mesenchymal to epithelial 

transition (MET) that involves Twist1 downregulation. However, eDCCs still expressed 

CK8/18+, suggesting that a partial EMT is sufficient for early dissemination, dormancy and 

metastasis formation. This EMT program in eDCCs may allow cells to interconvert 

between dormant and proliferative states as transient Twist1 expression induces stem-cell 

programs (Schmidt et al., 2015) while a full EMT may block metastasis (Fischer et al., 

2015; Schmidt et al., 2015). Whether changes in Twist1 and E-cadherin expression are 

part of an EMT program that controls dormancy and the late reactivation in lungs remains 

unknown. This an other open questions were addressed in Results Part II. 
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ABSTRACT II 

Increasing evidence shows that cancer cells can disseminate from early-evolved 

primary lesions much earlier than the classical metastasis models predicted. It is thought, 

but not fully proven, that genetic maturation and/or transition to a state of early 

disseminated cancer cell (early DCC) dormancy would precede metastasis initiation and 

further genetic evolution. Here we reveal a previously unrecognized role of mesenchymal- 

and pluripotency-like programs in coordinating early cancer cell spread and a long-lived 

dormancy program in early DCCs. Using in vivo and organoid models of metastasis, single 

cell RNA sequencing and human sample analysis, we provide unprecedented insight into 

how early DCC heterogeneity and plasticity control the timing of reactivation. We identify in 

early lesions and early DCCs, a program driven by the transcription factor ZFP281, an 

inducer of mesenchymal- and primed pluripotency-like programs, which is largely absent in 

advanced primary tumors and overt metastasis. ZFP281 not only controls the early spread 

of cancer cells from early lesions but also locks early mesenchymal-like DCCs in a 

prolonged dormancy state by preventing DCCs from adopting an epithelial-like proliferative 

program. Thus, ZFP281-driven dormancy of early DCCs may be the first barrier for DCCs 

to overcome and then undergo genetic maturation. Our work pinpoints dormancy of early 

DCCs as a rate-limiting step in metastatic progression that may help explain the long 

periods of asymptomatic disease between dissemination and overt metastatic growth.  
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INTRODUCTION II 

The majority of cancer patients die of metastatic relapse, which frequently occurs 

years to decades after diagnosis and treatment. This happens because patients already 

carry numerous disseminated cancer cells (DCCs) that can remain dormant for long 

periods of time, only to later on give rise to metastasis (Klein, 2020). Although cancer 

dormancy is a major concern in the clinic, our knowledge about the origin and nature of 

dormant DCCs and the mechanisms that allow these cells to remain quiescent, but still 

retain metastasis-initiating capacity, is still limited. Additionally, it was believed that the 

ability of cancer cells to disseminate and metastasize was exclusive to late stages of 

progression (Pantel & Brakenhoff, 2004; Valastyan & Weinberg, 2011; Yates et al., 2017) 

when rare cells in primary tumors gained numerous genetic alterations considered 

necessary for spread and target organ colonization. However, increasing evidence has 

revealed that the barriers to activate invasion and motility programs may be enabled very 

early in cancer evolution resulting in early DCCs seeding organs over long periods of time 

(Klein, 2020). 

Early dissemination or intra-organ dispersion was reported in human breast (Casasent 

et al., 2018; Hosseini et al., 2016; Sanger et al., 2011; Schardt et al., 2005; Ullah et al., 

2018), pancreatic (Makohon-Moore et al., 2018; Muzumdar et al., 2016; Rhim et al., 2014), 

lung (Muzumdar et al., 2016), melanoma (Shain et al., 2019) and colorectal (Hu et al., 

2019) cancer patients. In renal cell (Turajlic et al., 2018), ovarian (Li et al., 2019), testicular 

(Dorssers et al., 2019) carcinomas and osteosarcoma (D. Wang et al., 2019), early 

spreading clones were also reported as metastasis founders across different organs. 

However, the exact programs leading early spread and the persistence of early DCCs are 

not clear from these studies. In mouse models of breast (Harper et al., 2016; Hosseini et 

al., 2016), pancreatic (Rhim et al., 2012, 2014) and melanoma cancers (Eyles et al., 2010; 

Werner-Klein et al., 2018) we and others identified early lesion cells with the ability to 

spread to secondary organs; however, while early DCCs can indeed found metastasis 

(Harper et al., 2016; Hosseini et al., 2016), information on their post-dissemination 

phenotypes had not been explored. This is important because the field has not resolved 

whether the time it takes for early DCCs to manifest as metastasis is due simply to a slow 

genetic maturation process or if indeed there is a program that holds early DCCs in a 

dormant state before they can initiate slow or fast (explosive growth, (Klein, 2020)) 

proliferation and “mature” genetically. 
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Using HER2 and PyMT oncogene-driven mouse models, we modeled early cancer cell 

dissemination and found that HER2 signaling activates a partial epithelial-to-mesenchymal 

transition (EMT) program, leading to dissemination (Harper et al., 2016). Activation of 

progesterone and Wnt signaling and inhibition of the p38 pathway (Harper et al., 2016; 

Hosseini et al., 2016) fuels early spread through a process that resembles mammary tree 

branching morphogenesis (Brisken et al., 2000). Similarly, early dissemination is further 

fueled by early lesion infiltrating CD206+/Tie2+ macrophages in these same models, a 

similar population of macrophages that regulates mammary tree development (Nina Linde 

et al., 2018). Using a binary set of mesenchymal vs. epithelial markers (TWIST1 and 

CDH1), we found that HER2+ early DCCs in secondary organs maintain a mesenchymal 

and long-lived dormant phenotype that preceded metastasis initiation (Harper et al., 2016). 

Here we expanded this analysis and used single cell RNA sequencing (scRNAseq) to 

reveal the DCC heterogeneity and plasticity in lungs across the evolutionary spectrum of 

the disease. Surprisingly, we found that early DCCs activate a novel program with the dual 

function of fostering early dissemination and initiating dormancy of early DCCs in lungs. 

We reveal that the primed pluripotency transcription factor ZFP281 is a key regulator of 

early DCC spread and dormancy. Using both organoid and in vivo models we show that 

ZFP281 induces mesenchymal-like and primed pluripotency programs, which while not 

enabling proliferation in the primary or secondary site, allows for efficient dissemination to 

the lungs. After dissemination, if not downregulated, ZFP281 maintains early DCCs in a 

prolonged dormant state. Importantly, we show that even aggressive late cancer cells can 

be reprogrammed into dormancy and prevented from metastasizing by regaining ZFP281 

expression. 

Our efforts in understanding early and late DCC heterogeneity have yielded a novel 

mechanism and regulator of metastatic dormancy that would have been missed if we had 

only focused on advanced primary tumor biology and the classical view of the metastatic 

cascade. Our work opens the way for understanding how early DCC dormancy is likely a 

first barrier for genetically immature DCCs to overcome to further evolve. These data may 

also enable exploiting these mechanisms to eliminate DCCs or force them into an indolent 

and harmless dormant phenotype. 
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METHODS II 

Animal experiments. MMTV-HER2/Neu mice were maintained on FvB background and 

bred and crossed in our facilities. 14 to 18-week-old female mice were used as early (‘pre-

malignant’) stage mice and 20-week-old or older females with palpable tumor(s) were used 

as late stage of cancer progression. No randomization or blinding was used to allocate 

experimental groups. Tumous were not allowed to grow beyond the IACUC allowed limit of 

1 cm3 per animal. All experimental procedures were approved by the Institutional Animal 

Care and Use Committee (IACUC) of Icahn School of Medicine at Mount Sinai. 

MMTV-HER2/Neu mice were euthanized using isoflurane and cervical dislocation. All 5 

pairs of mammary glands were checked for the presence of any visible small lesions or 

palpable tumors. Mice were perfused with PBS and organs were collected. For 

histopathology, organs were fixed in 4% paraformaldehyde (PFA, Thermoscientific) for 24 

hours, processed, embedded in paraffin and sections were cut. For FACS and cell culture 

preparations, whole mammary glands, primary tumors and/or lungs were digested in 

0.15% Collagenase 1A (SIGMA, C-9891) 2.5% bovine serum albumin (BSA) at 37°C with 

agitation for 30 min. Red blood-cell lysis buffer (Lonza) was used for 2-5 minutes, cells 

were filtered through a 40-µm filter, passed through a 25-gauge needle and counted. CD45 

depletion (MACS, mouse CD45 MicroBeads) was performed for some experiments 

following manufactures’ instructions. 

 

RNA sequencing. RNA from EL and PT spheres (after 7 days in cultures) was extracted 

using RNeasy protocol (Qiagen) and sequenced using Illumina MiSeq. The RNA-Seq data 

was analyzed using Basepair software (https://urldefense.proofpoint.com/v2/url?u=https-

3A__www.basepairtech.com_&d=DwIFaQ&c=shNJtf5dKgNcPZ6Yh64b-A&r=2eTrMIlet1N-

adSlZc06oeRObUwVMmPYgdoyfpjVSin5Kgoy-anjqY2o5qXmg6s_&m=JP2DaO0EeJHYY-

pErtgneKGYD4_scJPda-

QP6fmXaok&s=Pk2IgzqD_rcZILd5PYdfYTol9LmHQNL3dNIMjv5M6bE&e= ) with a 

pipeline that included the following steps. Reads were aligned to the transcriptome derived 

from UCSC genome assembly (((hg19))) using STAR (Dobin et al., 2013) with default 

parameters. Read counts for each transcript was measured using featureCounts (Liao et 

al., 2014). Differentially expressed genes were determined using DESeq2 (Love et al., 

2014) and a cut-off of 0.05 on adjusted p-value (corrected for multiple hypotheses testing) 

was used for creating lists and heatmaps. GSEA was performed on normalized gene 

expression counts, using gene permutations for calculating p-value. The RNA-Seq data 
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was further analyzed using Enrichr (E. Y. Chen et al., 2013; Kuleshov et al., 2016) and 

GSEA (Mootha et al., 2003; Subramanian et al., 2005). 

 

Network analysis. Bioinf2bio did this analysis. The genomic sequence corresponding to 

the promoter (ranging from 2500 bp upstream from the TSS until 500 bp after the TSS) of 

each DEG was extracted using the database UCSC (mm10). Next, we retrieved from 

JASPAR all available position weight matrices (PWM) corresponding to all known mouse 

TFs and for the identification of the TF binding site (TFBS) we used the TFBSTools 

package (Tan & Lenhard, 2016) 

(http://bioconductor.org/packages/release/bioc/html/TFBSTools.html) designed to be a 

computational framework for TF binding analysis. We screened each DE-gene promoter 

sequence for all putative TFBS predicted in each of the retrieved PWMs. TFBS were 

scanned in both strands with a ‘min.score.percentage’ parameter set to 95%. For the 

network construction we have used a matrix built from all the TFBS predicted within the 

promoters of all DE-genes selected. Of notice, we detected 581121 TFBS with p-value 

below 1E-04, so we selected only the TFBS with high scores (above 21). 

 

Single-cell RNA sequencing. Mammary glands of ‘early stage’ mice, primary tumors from 

‘late stage’ mice and lungs from ‘early’ and ‘late stage’ mice were dissected and digested 

(see ‘Animal experiments’ section). For the 1st scRNAseq experiment (Figure 1), early 

lesion (EL), primary tumor (PT) and early and late DCCs were sorted (CD45- HER2+), 

while for the 2nd experiment (Figure 2 to 4) non-cancer lung cells (CD45-HER2-) and early 

and late DCCs (CD45- HER2+) were sorted. After sorting, cells were encapsulated using 

the 10X Chromium 3’ v2 (1st experiment) or v3 (2nd experiment) and chemistry kit 

according to manufacturer instructions. Sequencing, libraries were prepared according to 

manufacturer instructions. QC of cDNA and final libraries was performed by CyberGreen 

qPCR library quantification assay (KAPA). Samples were sequenced on an Illumina 

Nextseq 550 using the 75-cycle kit to a depth of 100 million reads per library. Single-cell 

clustering: Single-cell datasets (1st and 2nd experiments) were clustered separately using 

an unsupervised clustering algorithm previously described (Martin et al., 2019). In this EM-

like algorithm, parameters for multinomial cell-type specific gene-expression models are 

learned together with a parameter for the fraction of background noise that is associated 

with cells in each sample. Mitochondrial genes, Malat1 were excluded from the clustering 

process. The clustering parameters were chosen to accommodate the different UMI and 
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cell counts between the experiments. In the 1st experiment, the minimum number of UMIs 

per cell was 300, the number of clusters k was 12, and (P1,P2) =(30th,60th) percentiles. In 

the 2nd experiment, the minimum number of UMI per cell was 800, k was set to 20, 

and (P1,P2) =(0th,20th) percentiles. Gene modules and gene scores: Gene modules were 

based on a gene-covariance analysis as was applied as in (Martin et al., 2019). Briefly, 

cells were down-sampled and variable genes were selected based on the variance to 

mean ratio. Gene-to-gene correlations were estimated per sample and were averaged 

following z-transformation. The averaged correlation matrices were hierarchically clustered 

into gene-“modules”. Given a gene-list, we calculated its score per cell by summing up the 

UMIs of the genes in this cell and divided the sum by the total sum of UMI in the cell. The 

score therefore equals to the fraction of UMIs associated with the genes in the list. 

 
ChIP sequencing. ChIP was performed using EZ ChIP protocol (Millipore, Massachusetts, 

USA) with Zfp281 antibody (ab101318, Abcam) for EL and PT samples (after 7 days iin 

cultures). High-throughput sequencing was then used to get the ChIP-seq data. ChIP-seq 

reads were aligned to the mm10 genome using bowtie2 (v2.3.4.3), followed by removing 

PCR duplicates using Picard with the parameter REMOVE_DUPLICATES=true. ChIP-seq 

peaks were determined by the MACS program (v.2.1.2) using input ChIP-seq as the 

control data, and all other parameters followed the default setting. Binding difference 

around the transcription start sites [-5kb, +5kb] between the EL and PT samples are 

analyzed using the DiffBind (v2.1.6). ChIP-seq data was compared with RNA-seq data 

analysis after RNA-seq reads were aligned to the mouse mm10 genome using Bowtie2 

(v2.3.4.3). The aligned bam files were sorted by name using the parameter -n. We used 

the HTSeq software (v0.11.2) and mm10 annotation file from GENCODE (version M19) to 

count reads for each gene using parameters -r name -f bam, and BioMart (Durinck et al., 

2005) to retrieve corresponding genes names. Finally, read counts were normalized with 

the trimmed mean of M-values (TMM) method (M. D. Robinson & Oshlack, 2010) for 

differential expression analysis using edgeR (v3.26.8) (McCarthy et al., 2012). Public RNA-

seq data were downloaded (refer to Key Resource Table) and aligned to mm10, and 

followed with the same processing setting. Cell cycle arrest, EMT, FGF signaling, and Wnt 

signaling gene sets were downloaded from MsigDB (https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp) with systematic names M1134, M5930, M1090, and 

M7847, respectively. All processed and index sorted bam files of high-throughput 

sequencing data were converted to TDF files using count command of igvtools, followed 
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by visualization using IGV software (J. T. Robinson et al., 2017; Thorvaldsdóttir et al., 

2013). 

 

Flow cytometry and cell sorting. Mammary glands of ‘early stage’ mice, primary tumors 

from ‘late stage’ mice and lungs from ‘early’ and ‘late stage’ mice were dissected and 

digested (see ‘Animal experiments’ section). In case of cells in culture, single cell 

suspensions were obtained by incubating the cells in accutase (Sigma) for 20 minutes, at 

37C. Cells were stained using antibodies and conditions in Supplementary Table 13. All 

experiments were performed using BD FACSAria II sorter equipped with FACS Diva 

software (BD Biosciences) or analyzed using Aurora analyzer (Cytek Biosciences) 

equipped with SpectroFlo software. Dead cells and debris were excluded by FCS, SSC 

and DAPI (4’,6-diamino-2-phenylindole) (Fisher Scientific) staining profiles. Data were 

analyzed with FACS Diva (BD Biosciences) or FCS Express Cytometry 7 (De Novo) 

softwares. 

 

Cell culture. Mammary glands of ‘early stage’ mice, primary tumors from ‘late stage’ mice 

and lungs from both stages were dissected and digested (see ‘Animal experiments’ 

section). For sphere cultures, 5x105 cells were seeded in 6-well ultra-low adhesion plates 

in 1 ml mammosphere media (DMEM/F12 (Gibco 11320-082), 1:50 B27 (Invitrogen 17504-

044), 500ng/ml Hydrocortisone (Lonza CC-403), 40 µg/ml Insulin (Gibco 12585-014), 20 

ng/ml EGF (Peprotech AF-100-15-A), 100 units/ml penicillin and 100ug/ml streptomycin 

(Corning)) supplemented with 0.5% methylcellulose (R&D systems HSC001). Sphere-

forming capacity was measured by quantification of number of spheres per well after 7 

days in culture. Spheres were then dissociated with accutase (Sigma) and number of cells 

per sphere was calculated as a measurement of sphere size. 

EL cells were transduced with lentivirus pTRIPZ (shControl) or shZFP281 (V2THS_42594, 

Open Biosystems) as previously described (Fidalgo et al., 2012) at day 0 of sphere 

formation. Cultures were treated every 24 hours, starting at day 1, with 2ug/ml DOX. PT 

cells were transfected with ZFP281-OE plasmid (pB-3XFL-ZFP281) using Lipofectamine 

3000 transfection reagent (Invitrogen) according to the manufacturer’s instructions. 

For organoid cultures, cells were seeded in 8-well chamber slides coated with 50ul of 

Matrigel (Corning, growth factor reduced) per slide in 400ul of assay medium (DMEM/F12, 

5% horse serum, 500ng/ml Hydrocortisone (Lonza CC-403), 40 µg/ml Insulin (Gibco 

12585-014), 100 units/ml penicillin and 100ug/ml streptomycin (Corning), and 2% Matrigel 



101 

(Corning, growth factor reduced). 4 pictures of random fields per well were analyzed to 

quantify the percentage of invasive structures. All in vitro experiments were performed and 

analyzed using 4 wells per condition (technical replicates) and at least 3 independent 

experiments (biological replicates). 

 

Immunofluorescence. Tissues slides (see ‘Animal experiments’ section) were 

dehydrated, followed by antigen retrieval 10 mM citrate buffer pH 6.0 (Na3H6H5O7). 

Blocking was done using 0.5% BSA in PBS with 5% normal goat serum (Thermofisher 

PCN5000) for 1 hour. Antibodies and incubation conditions used are summarized in 

Supplementary Table 13. For ZFP281 detection, Alexa Fluor™ 488 Tyramide 

SuperBoost™ Kit goat anti-mouse IgG (Invitrogen) was used for amplification of the signal. 

All slides were mounted with ProLong Gold Antifade reagent with DAPI (Invitrogen 

P36931). 

3D cultures were fixed with 4% PFA for 20 min at room temperature, permeabilized with 

0.5% Triton X-100 in PBS for 20 min and blocking was done using 1Å~ 

immunofluorescence PBS wash buffer (130 mM NaCl; 7 mM Na2HPO4; 3.5 mM 

NaH2PO4; 7.7 mM NaN3; 0.1 %BSA; 0.2% Triton X-100; 0.05% Tween-20) containing 5% 

normal goat serum (Thermofisher PCN5000) for 1h. Antibodies and conditions used are 

summarized in Supplementary Table 13. Chambers were removed from slides and wells 

were fixed and mounted with ProLong Gold Antifade reagent with DAPI (Invitrogen 

P36931). Images were obtained using a Leica SPE high-resolution spectral confocal 

microscope and Leica software. 

 

Quantitative PCR. Spheres were processed using Cell-to-CT 1-Step Power SYBR Green 

kit (Invitrogen, A25600) and primers from Supplementary Table 12. GAPDH was used as 

housekeeping control for all experiments. 

 

In vivo experiments. 300 EL or 150-300 PT spheres were injected per site into nude mice 

(BALB/cnu/nu, Charles River) in 100ul of a 1:1 PBS-Matrigel solution (Corning, growth 

factor reduced). Spheres were injected in the two fourth inguinal gland fat pad using a 27-

gauge needle. Mice injected with sh-TRIPZ-shZFP281 were given control drinking water (-

DOX), water with doxycycline from day 0 (+DOX) or water with doxycycline starting 1 

month after sphere injection (-DOX +DOX) until the end of the experiment, 5 months after 

spheres injection. In the case of mice injected with tumour-derived spheres, tumours were 
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removed before reaching 1cm3, according to IAUCU regulations. Mice were euthanized 

and organs were collected and processed 2 or 5 month after cancer cell injections. 

Immunofluorescences were performed 2 sections per mice were used to quantify and 

characterize single DCCs and metastasis. H&E slides were scanned using NanoZoomer 

S60 Digital slide scanner and NDP.view2 software (Hamamatsu) and metastasis area was 

calculated and normalized for the total area of the lungs.  

 

Patient samples. Paraffin-embedded sections from ductal carcinoma in situ (DCIS) and 

invasive breast cancer (IBC) lesions were collected from the Cancer Biorepository at Icahn 

School of Medicine at Mount Sinai, New York, New York. Samples were de-identified and 

obtained with Institutional Review Board approval, which indicated that this work does not 

meet the definition of human subject research according to the 45 CFR 46 and the Office 

of Human Subject Research. 28 samples were analyzed, 14 DCIS and 14 IBC. 

 

Statistical analysis. Sample sizes were chosen empirically and no exclusion criteria were 

applied. The investigators were not blinded to allocation during experiments but 

quantifications were done in coded samples to reduce operator bias. Statistical analyses 

were done using Prism Software and differences were considered significant if p<0.05. 

Unless otherwise specified, 3 or more independent experiments were performed, all values 

were included and median, interquartile range and 2-tailed Mann–Whitney U-tests were 

performed. 

 

Data availability. The datasets generated during and/or analyzed during the current study 

are available within the paper (and its Supplementary Information) and/or from the 

corresponding author on reasonable request. 
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RESULTS II 

Early lesions activate a mesenchymal-like program that persists in early and late 

lung DCCs. 

To investigate the mechanisms of early dissemination, dormancy and metastasis 

awakening, we used the MMTV-ErbB2/HER2/Neu mouse model (Guy et al., 1992), a 

spontaneous breast cancer model of HER2+ cancer with luminal characteristics 

(Herschkowitz et al., 2007). This mouse model shows slow tumor progression, providing a 

significant temporal window to study early stages of tumorigenesis and metastatic 

progression prior to the occurrence of primary tumors (Figure S1A, (Harper et al., 2016)). 

To understand the gene programs present in early versus late MMTV-HER2 lesions, we 

performed RNA sequencing (bulk RNAseq) of early lesion (EL) and primary tumor (PT) 

spheres, which recapitulate the in vivo behavior of EL and PT lesions (Harper et al., 2016). 

We identified 4290 differentially expressed genes (DEGs, adj. p-value<0.05 and FC>2 or 

<0.5), 2873 upregulated and 1417 downregulated, in EL vs. PT spheres (Figure 1A and 

STable 1). Among the upregulated gene ontology programs enriched in EL cells, we found 

terms associated with TGFb, ECM, collagen, focal adhesion, PI3K and b1 integrin 

signaling, pathways associated with EMT, adhesion, cellular morphogenesis and ECM 

remodeling (P. Lu et al., 2011; Nieto et al., 2016). In contrast, the top downregulated gene 

ontology term was tight junction regulating genes (Figure S1B and STable 2, Enrichr 

analysis (E. Y. Chen et al., 2013; Kuleshov et al., 2016)). Further supporting a gain of a 

more mesenchymal program, GSEA analysis (Mootha et al., 2003; Subramanian et al., 

2005) revealed epithelial-to-mesenchymal transition (EMT) as the most enriched hallmark 

of EL over PT cells (Figure 1B and STable 3). EL cells were also enriched in ‘mammary 

luminal down’ and ‘mammary stem cell’ signatures (Figure 1B and STable 3, (Lim et al., 

2010). Together these results suggest that HER2+ EL cells activate mesenchymal-like (M-

like) and basal/stem-like programs, which are subsequently silenced in advanced PT cells 

that appear to gain an epithelial-like (Ep-like) program. 

We next sought to better understand the heterogeneity of globally M-like EL and Ep-

like PT cells, as well as early and late lung (eL and LL) DCCs. To this end, we sorted 

HER2+ tumor cells from EL, PT, eL DCCs and LL DCCs (Figure 1F and S1C) and 

performed single cell RNA sequencing (scRNAseq). Gene expression profiles from 3686 

cells were obtained and compared with the trends we observed in EL vs. PT by bulk 

RNAseq. As expected, in single cells sorted from EL cells, the expression of genes which 

were upregulated (containing mesenchymal and stem genes) in the bulk RNAseq of 7-day 
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sphere cultures of EL over PT spheres was higher and reciprocally, in single cells sorted 

from PTs, the expression of downregulated genes (containing luminal genes) was higher 

(Figure 1C). Interestingly, EL cells showed more heterogeneity (expanded cloud range) 

than PT cells. Additionally, early and late lung (eL and LL) DCCs clustered further away 

from PT cells but closer to EL cells (Figure 1C), suggesting that perhaps DCCs represent 

a subpopulation of EL cells with a more mesenchymal and stem signature. Further 

unsupervised clustering on the DEGs, using a previously described batch-aware algorithm 

(Martin et al., 2019), showed that although EL and PT cells clustered almost 

independently, clusters 3 and 5 contain both EL and PT cells (Figure 1D), arguing that 

some PT cells maintain an EL program or regain such program. Interestingly, lung DCCs 

clustered separately from EL and PT cells; however, cluster 9 is uniquely composed by EL 

cells, eL DCCs and LL DCCs, no PT cells (Figure 1D), suggesting that ELs contain a 

subpopulation of cells that already carry a signature that allows them to disseminate and 

persist in lung DCCs. Our analysis also showed that DCCs from early and late lungs, while 

heterogeneous and distinct from EL and PT cells, were always contained in the same 

signature clusters (7-11) (Figure 1D) suggesting that DCCs with early lesion signatures 

may persist in the late stages. This prevented distinguishing early DCCs from those DCCs 

populating late lungs, most likely because late lungs carry early DCCs (derived from ELs), 

DCCs derived from primary tumors and growing metastasis, all co-existing in the same 

lungs.  Nonetheless, Ep- and M-like signatures found in the primary early and late lesions 

(Figure 1A and (Harper et al., 2016)) were also found in lung DCCs and these cells could 

be broadly grouped into Ep- (7-8) and M-like (9-11) clusters (Figure 1E). Interestingly, the 

Ep-like clusters are more homogeneous while the M-Like clusters show a greater diversity 

and all populations co-exist in early or late stage lungs. 

Analyses by both FACS (Figure 1F) and immunofluorescence (Figure 1G) revealed 

that PT cells show high levels of HER2 and a predominant epithelial phenotype, 

characterized by strong EpCAM expression and non-invasive organoids. In contrast, EL 

cells showed a broader spectrum of HER2 expression and a mixture of epithelial EpCAM+ 

cells and also mesenchymal Eng/CD105+ cell populations (Figure 1F) which correlated 

with a more invasive phenotype when in culture on top of matrigel (Figure 1G and (Harper 

et al., 2016)). Endoglin (Eng/CD105) was a mesenchymal marker (Barbara et al., 1999) 

selected from the scRNAseq data (Figure 1E) due to its selective upregulation in M-like 

DCCs enriched in early lungs. FACS analysis confirmed that the M-like/Eng+ and invasive 

phenotype found in EL cells, persists and increases in frequency in early lung DCCs 
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(Figure 1F and 1G). In contrast, late lungs presented a smaller population of M-like DCCs 

(Eng+ and invasive) and enrichment in Ep-like DCCs (EpCAM+ and non-invasive), 

resembling PT cells. We conclude that a subpopulation of EL cells carries a M-like 

signature that is found in M-like clusters in lung DCCs, which revealed a previously 

unrecognized heterogeneity of cellular states of DCCs in early and late stage lungs. 

Remarkably, late lungs are still populated by a significant fraction of DCCs with 

transcriptional programs found in early DCCs. 
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Figure 1. Early DCCs maintain a global Mesenchymal-like phenotype. 

(A) Heatmap of differentially expressed genes (DEGs, STable 1) detected by RNAseq from 

MMTV-HER2 early lesion (EL) and primary tumor (PT) spheres cultured for 7 days. 2873 

upregulated genes (red); 1417 downregulated genes (blue); p-value <0.05 and FC>2 or 

<0.5. 

(B) Gene Set Enrichment analysis (Mootha et al., 2003; Subramanian et al., 2005) of EMT 

(top hallmark hit) and mammary gland luminal, myoepithelial/basal and stem cell 

signatures (Lim et al., 2010) in MMTV-HER2 EL vs. PT 7-day spheres bulk RNAseq 

(GSEA STable 3). ES, enrichment score; NES, normalized enrichment score; NOM p-

value, nominal p-value <0.05; FDR value, false discovery rate <0.25. 

(C) Distribution of the signatures ‘Up and Down in EL/PT spheres’ (Figure 1A and STable 

1) in MMTV-HER2 EL (teal), PT (red), eL (early lungs, blue) and LL (late lungs, orange) 

DCCs single-cell RNAseq. 

(D) MMTV-HER2 EL, PT, eL (early lungs) and LL (late lungs) DCCs single-cell RNAseq 

sample distribution per cluster. Unsupervised clustering on the DEGs was performed using 

a previously described batch-aware algorithm (Martin et al., 2019). 

(E) Heatmap of UMI counts of selected epithelial (Ep) and mesenchymal (M) genes 

(STable 4) in scRNAseq after unsupervised clustering on the DEGs using a previously 

described batch-aware algorithm (Martin et al., 2019). Cell clusters were sub-grouped as 

EL (1-4), PT (5-6) and DCCs (7-11), according with the predominant cell type in each 

cluster. 

(F) CD45-HER2+ cells used for scRNAseq of MMTV-HER2 EL, PT and eL (early lungs) 

and LL (late lungs) DCCs after tissue dissociation were quantified for expression of 

EpCAM (epithelial marker) and Eng (mesenchymal marker). 

(G) Imaging of sorted CD45-HER2+ cells EL, PT, eL and LL DCCs upon 7-day culture in 

3D, on top of matrigel. Left: brightfield images, scale 50 um. Right: HER2 (red) expression, 

scale 25 um. 

See also Figure S1. 

 

 

  



108 

 

Figure S1. 

(A) Experimental design of MMTV-Neu bulk and single cell RNA sequencing. 

(B) Enrichr analysis (E. Y. Chen et al., 2013; Kuleshov et al., 2016) of differentially 

expressed genes (DEG) in MMTV-HER2 early lesion (EL) and primary tumor (PT) 7-day 

spheres bulk RNAseq. Full table in STable 2.  

(C) Biological negative controls used for FACS gating strategy. FvB mammary gland (MG) 

was used to set the EL and PT gate and FvB lungs for eL and LL DCCs (see Figure 1F).  
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Early DCCs gain multiple M-like cellular states and display a dormant phenotype. 

To gain further insight into the heterogeneity of M- and Ep-like phenotypes of lung 

DCCs, we performed additional scRNAseq profiling focusing exclusively on lung DCCs 

and increasing the number of sampled cells. HER2-negative non-cancer lung cells and 

HER2+ DCCs from early and late stage mice were analyzed, and a comprehensive 

analysis and clustering of 15,287 additional cells was performed (Figure S2A). We 

identified 25 distinct clusters, 10 were excluded due to their high prevalence in normal lung 

cells resulting in 15 DCC clusters (with less than 16% of normal lung cells). These DCCs 

were further sub-grouped in M-like (1 to 4), hybrid (5 to 8) and Ep-like (9 to 15) clusters 

based on canonical mesenchymal and epithelial signatures (Figure 2A and S2A). Ep-like 

scores are variable but it seems the vast majority of DCCs keep an epithelial identity, 

gaining or losing mesenchymal traits (Figure 2A and S2A). Of note, DCCs show a high 

degree of cellular plasticity but few cells undergo full EMT or MET, which made us use the 

terms M- and Ep-like, not strict categorizations. We also found that late stage mice with 

advanced disease carried more Ep-like DCCs, while early stage mice had more frequently 

DCCs with M-like and hybrid phenotypes (Figure 2A). Interestingly, only one cluster, 

cluster 15, was enriched exclusively in LL DCCs and had a strong Ep-like signature. All 

other clusters had some representation of early DCCs and DCCs from late-stage animals 

with Ep- (more frequent in late lungs) and M-like (more frequently in early DCCs) 

phenotypes (Figure 2A-B, S2B).  

Analysis of gene-to-gene correlation of highly variable genes identified gene modules 

with strong co-expression patterns. The enrichment of TF targets that correlated with the 

expression of the modules (Enrichr analysis (E. Y. Chen et al., 2013; Kuleshov et al., 

2016)) revealed multiple programs activated in DCCs that are associated with 

pluripotency, mixed-lineage differentiation and EMT (Figure 2B and STable 5). M-like 

DCCs from cluster 1, enriched in gene module A, express brain- and osteoblast-lineage 

genes, and this A signature revealed genes commonly regulated by the TFs Neurod1 

(neurogenic differentiation 1), SOX8, SOX9 and SOX10 (embryonic development 

regulators) and Vim, Col4a1 and Col4a2 (EMT-associated genes). M-like DCCs from 

cluster 2, enriched in gene module B, share some of the above mentioned genes and also 

genes commonly regulated by the TFs and chromatin remodelers SUZ12, SOX17, SOX18, 

POU5F1/OCT4, well-known pluripotency regulators. M-like DCCs from cluster 3 and 4, still 

carried genes controlled by the above transcriptional regulators but also gained EMT 

genes (Zeb2 and Col3a1) and genes commonly regulated by the TFs Snai2, Twist1, Prrx1, 
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Fbn1 (also EMT inducers) and SMADs. These data support that an M-like program 

initiated in EL cells (Figures 1 and S1) is carried by early DCCs in the lung and even 

persists in DCCs in late lungs. In hybrid DCCs (clusters 5 to 8), we noted a shift to 

expression of genes that are commonly regulated by the TFs GATA6, Tp63, Tp73 and 

KLF4, typical basal and luminal epithelium switch regulators, and epithelial markers such 

as Krt7 and Krt8 (Figure 2B and STable 5). These changes suggest that DCCs in hybrid 

clusters might be in transit between M- and Ep-like states. Supporting this, cluster 8 

(hybrid), which expresses several signatures, is comprised of distinct cell populations that 

express gene modules H (B, C and D) and I (Figures 2C, S2D and S2E). Overall, these 

DCCs spread between intermediate Ep and M-like states, starting to lose gene modules B 

and D while gaining gene module I (Figure 2C). When analyzing the Ep-like clusters (9-

15), we found that gene module I is homogeneously expressed by almost all clusters (9 to 

14). Interestingly, cluster 15 is distinct and, as mentioned above, composed only by DCCs 

from late lungs (LL). These DCCs express luminal epithelial genes (EpCAM and Krt18), 

Ovol1, Ovol2, Grhl2 TFs (also epithelial genes), as well as mammary gland/lactation genes 

(Csn1s1, Csn1s2, and Csn3) (Figure 2B and STable 5). These results suggest that 

cluster 15 corresponds to more luminal differentiated Ep-like proliferative 

DCCs/metastasis, as evidenced by an increase in CCND1 gene, which is almost absent in 

M-like and hybrid clusters (Figure 2D).  

This led us to better define which clusters contain dormant DCCs. We found that 

Cdkn1c/p57Kip2, NR2F1 and TGFb2, all genes previously linked to quiescence and 

dormancy of DCCs, are more frequently expressed by M-like DCCs (Figure 2D), which as 

mentioned above show higher frequency of early DCCs (Figure 2A-C, negative for p-

histone H3 and p-Rb (Harper et al., 2016)). These data suggest that early DCCs activate 

gene programs linked to cell plasticity, progenitor-like, M-like and dormant programs and 

that the transition from these programs to an epithelial and more “differentiated program” 

associates with their ability to proliferate and form metastasis. 
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Figure 2. Early DCCs turn on Mesenchymal- and Pluripotency/Progenitor-like 

programs that allow them to undergo Dormancy. 

(A) Distribution of Epithelial (Ep) and Mesenchymal (M) scores (gene lists in STable 4) in 

MMTV-HER2 lung DCC clusters after unsupervised clustering on the DEGs using a 

previously described batch-aware algorithm (Martin et al., 2019). Cell clusters were sub-

grouped as M-like (1-4, higher M-like score), Hybrid (5-8) and Ep-like (9-15). Dots color-

coded by sample origin: early lung DCCs, eL DCCs, blue; or late lung DCCs, LL DCCs, 

orange. 

(B) Heatmap of UMI counts of selected genes (gene lists in STable 4) in MMTV-HER2 eL 

(early lungs,) and LL (late lungs) DCCs single-cell RNAseq after unsupervised clustering 

on the DEGs using a previously described batch-aware algorithm (Martin et al., 2019). 

Clusters 1-15 differentially express gene modules identified in boxed letters. Transcription 
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factors (TF, bottom genes in blue) enriched in each gene module were predicted using 

Enrichr (E. Y. Chen et al., 2013; Kuleshov et al., 2016). Lung DCCs show mesenchymal, 

pluripotency/progenitor-like and dormancy programs that are downregulated once these 

cells undergo mesenchymal to epithelial transition (MET), fully differentiate and proliferate, 

potentially giving rise to metastasis (bottom diagram). 

(C) Distribution of gene modules B and D in clusters 2, 3, 4, 8 and 9. Dots represent single 

cells color-coded by cluster (top) and sample origin (eL or LL, bottom).  

(D) Distribution of gene modules B and D in clusters 2, 3, 4, 8 and 9. Dots represent single 

cells color-coded by expression of Ccnd1, Cdkn1c, Nr2f1 and Tgfβ2. 

See also Figure S2. 

 

 

 

 

 

 

Figure S2. 

(A) Distribution of Epithelial (Ep) and Mesenchymal (M) scores (gene lists in STable 4, 

showed in Figure 2A) in MMTV-HER2 lung DCC clusters. Cell clusters were sub-grouped 

as M-like (1-4, higher M-like score), Hybrid (5-8) and Ep-like (9-15). 

(B) Normal lung cells (grey), eL (early lungs, blue) and LL (late lungs, orange) DCCs 

single-cell RNAseq sample distribution per cluster. Unsupervised clustering on the DEGs 

was performed using a previously described batch-aware algorithm (Martin et al., 2019). 

(C) Heatmap of UMI counts of selected genes (gene lists in STable 4) in MMTV-HER2 

normal lung cells and eL and LL DCCs single-cell RNAseq. N1-10 are clusters enriched in 

non-cancer (HER2-) lung cells and excluded in the analysis. Clusters 1-15have with less 

than 16% of non-cancer (HER2-) lung cells, so non-cancer lung cells were excluded further 

analysis but these clusters were considered cancer cell clusters. 

(D) Distribution of gene modules B and D (M-like) in all DCC clusters. Dots represent 

single cells color-coded by cluster (left), sample origin (eL or LL, middle) and sub-gourp 

(Ep-like, hybrid, M-like, right). Gene module lists in STable 4. 

(E) Distribution of gene modules I (Ep-like) and D (M-like) in all DCC clusters. Dots 

represent single cells color-coded by cluster (left), sample origin (eL or LL, middle) and 

sub-gourp (Ep-like, hybrid, M-like, right). Gene module lists in STable 4. 
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Figure S2. 
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ZFP281 is a marker of the M-like programs in EL cells and early DCCs. 

Since EL cells do not form tumors but disseminate efficiently and persist as DCCs in 

lungs (Harper et al., 2016), we hypothesized that the gain of an M-like program found in 

the DCCs may be transcriptionally encoded already in the early lesions. To address this 

hypothesis we performed a transcription factor (TF) network analysis mining the bulk 

RNAseq data derived from EL versus PT spheres. This analysis identified 8 interconnected 

nodes where ZFP281 was the TF node with the highest number of DEGs in EL cells 

(Figure 3A and STable 6). ZFP281 is a key transcriptional regulator of primed 

pluripotency in both mouse and human embryonic stem cells and functions as a barrier 

toward achieving naive pluripotency (Fidalgo et al., 2016). ZFP281 is absent in terminally 

differentiated human tissues and it was shown to counteract osteogenic (Seo et al., 2013) 

and muscle differentiation (Nicolai et al., 2020), and we did not find it expressed in normal 

mammary gland cells (Figure S3B). Further, ZFP281 promotes EMT in colorectal cancer 

cells by upregulation of SNAI1 and CDH1 (Hahn et al., 2013). ZFP281 is upregulated 

during the naïve-to-primed pluripotent state transition (Fidalgo et al., 2016) where EMT or 

partial EMT/epithelial plasticity was postulated to happen (D. Kim et al., 2017; Micalizzi et 

al., 2010). When overexpressed in mouse EpiSCs, ZFP281 also suppresses growth 

(unpublished data). The second largest node we identified, NR5A2 (also known as LRH-1) 

(Figure 3A), also plays an important role in maintaining stem cell pluripotency during 

embryonic development (Gu et al., 2005) but its link to EMT is still unclear (L. Liu et al., 

2019; Z. Luo et al., 2017). Among other TFs, we found RARb and RARg, previously linked 

to dormancy (Maria Soledad Sosa et al., 2015), that may also play a role in early lesions 

and early DCCs. Thus, EL cells seem to upregulate a set of TFs that are involved in 

pluripotent stem cell plasticity and invasion programs. 

We focused on ZFP281 as a potential paradigmatic EMT parallel between normal stem 

cell and cancer development owing to its roles in regulating stem cell pluripotency, growth 

arrest and invasion. We validated the increase in ZFP281 mRNA levels and its activity by 

measuring the changes of its predicted target genes (Figure 3A) by qPCR in EL over PT 

spheres (Figure S3A). This analysis shows that M-like genes such as TGFBRII, CDH11 

and Eng are induced in EL over PT cells, while Ep-like genes such as CDH1 and EpCAM 

were downregulated, arguing that ZFP281 represses an Ep-like identity. Analysis of the 

expression of the predicted ZFP281 target genes (Figure 3A) in the lung DCC clusters 

revealed that the predicted ZFP281 targets upregulated in EL cells are also frequently 

upregulated in M-like lung DCCs. In contrast, Ep-like lung DCCs do not show upregulation 
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of these predicted ZFP281 targets or observed upregulated genes (scRNAseq, Figure 

3B). At the protein level, we found even stronger differences in ZFP281 expression: in 

normal FvB mammary glands (fully differentiated tissue) ZFP281 is expressed only in 3% 

of the cells; whereas 30% of EL cells express ZFP281, which is then downregulated in PT 

cells (8% ZFP281+; Figure 3C and S3B). Staining of EMT markers (E-cadherin and Twist1 

as epithelial and mesenchymal markers, respectively) in sequential sections show that 

structures enriched in ZFP281 are Ecadlow (less intense membrane staining) and Twist1high 

(Figure S3B). When monitoring ZFP281 expression in the early DCCs, we also found that 

42% of single early DCCs are ZFP281+, while only 5% of cells within proliferative 

metastasis are ZFP281+ (Figure 3D-E). This further supports that ZFP281 and its 

regulated programs turned on in EL cells persist in early lung DCCs. Supporting the notion 

that ZFP281 may drive a dormant phenotype, Ki67 and ZFP281 expression were found to 

be mutually exclusive in early lung DCCs (Figure 3D). To determine if ZFP281 

upregulation was also a property of early lesions in human breast cancer we stained ductal 

carcinoma in situ (DCIS) and invasive breast cancer (IBC) samples for ZFP281. Our 

analysis revealed that, among 14 human DCIS samples, 48% of the cells per lesion were 

ZFP281+. In contrast, only 11% of the IBC cells were positive for ZFP281 (Figure 3F and 

G). These data strongly support that ZFP281 is a novel TF in cancer mainly associated 

with early breast cancer progression by controlling EMT programs while suppressing 

active cell proliferation. These further suggest that EL cells that turn on ZFP281 would be 

candidates for systemic spread followed by a dormant phenotype in target organs. 
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Figure 3. Identification of ZFP281 in early lesions (EL) and early DCCs. 

(A) Transcription factor (TF) network analysis derived from the RNAseq DEGs from 

MMTV-HER2 EL and PT spheres. Red, upregulated genes; Green, downregulated genes; 
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Blue, TFs not differentially expressed (DE). Lines connect the TF at the center of the node 

to target genes indicating that the connected genes have predicted TF binding elements 

(validated or predicted) in the promoter regions (-500 to +2500 bp from the TSS). Full gene 

list in STable 6. 

(B) Distribution of ZFP281 predicted target scores, summarizing the UMI fraction of 

ZFP281 predicted targets (ZFP281 node in Figure 3A and STable 6), in all DCC clusters 

analyzed by scRNAseq (Figure 2). 

(C) ZFP281 expression in FvB mammary gland and MMTV- HER2 EL and PT tissues. 

Representative pictures in Figure S3B. Graph shows n=4, mean, SEM and 2-tailed Mann-

Whitney test. 

(D and E) ZFP281 (green) and Ki67 (gray) protein expression in MMTV- HER2 (HER2, 

red) lung DCCs. Scales, 20 um. Graph shows n=4, mean, SEM and 2-tailed Mann-Whitney 

test. 

(F and G) ZFP281 (green) protein detection in human ductal carcinoma in situ (DCIS) and 

invasive breast cancer (IBC) samples. Scales, 25 um. Graph shows n=14, mean, SEM and 

2-tailed Mann-Whitney test. 

See also Figure S3. 

 

 

 

 

 

 

 

 

Figure S3. 

(A) mRNA expression of ZFP281, its predicted targets (Figure 3A) and EMT genes in EL 

vs. PT cells, EL shCt, EL shZFP281 and PT ZFP281-OE. Red, upregulated genes; Blue, 

downregulated genes; *p-value <0.05. 

(B) Representative images of ZFP281 (1st column, green), E-cadherin (2nd column, green) 

and Twist1 (3rd column, green) protein expression in consecutive sections of FvB 

mammary gland (FvB MG, biological negative control) and MMTV- HER2 EL and PT 

tissues. HER2 expression in red. Arrows point to ZFP281+EcadlowTwist1+ cells in EL. 

Dashed arrow points to ZFP281+ adipocytes (internal control). Scales, 20 um. 
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Figure S3.  
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ZFP281 regulates components of an M-like program and primed pluripotency in 

early DCCs 

ZFP281 tightly coordinates cell fate through regulation of primed pluripotency programs 

in development (Fidalgo et al., 2016) with possible participation of EMT/partial EMT (D. 

Kim et al., 2017; Micalizzi et al., 2010). To determine whether ZFP281 also regulates such 

programs in early mammary cancer cells, we compared RNAseq data from naïve versus 

primed mouse pluripotent stem cells (a transition regulated by ZFP281 (Fidalgo et al., 

2016)) and from EL versus PT spheres (Figure 1A). This analysis revealed that DEGs in 

EL vs PT and in primed versus naïve stem cells were commonly positively correlated in the 

categories of EMT and Wnt signaling (Figure 4A), suggesting that in EL cells ZFP281 may 

drive similar EMT and Wnt signaling as those found in primed pluripotent stem cells. 

To gather deeper insight into the ZFP281 regulated programs in EL versus PT cells we 

performed chromatin immunoprecipitation sequencing (ChIPseq) in EL and PT cells, 

identifying 4018 ZFP281 targets in EL cells. Strikingly, comparison of the EL ChIPseq data 

with that derived from primed mEpiSCs showed a significant overlap in the categories of 

genes and actual genes that are regulated by ZFP281 in these two contexts (Figure 4B). 

ZFP281 seems to regulate cell cycle arrest, EMT, Wnt and FGFR signaling both in EL and 

primed mEpiSCs, suggesting that HER2-driven early lesion cells activates distinct 

programs found very early in embryo development, even earlier than EMT in neural crest 

cells during gastrulation (Acloque et al., 2009). 

When comparing our RNAseq and ChIPseq data from EL versus PT cells, we found 

504 genes with high ZFP281 binding and high expression in EL cells (Figure S4A-B). 

Some of these genes overlap with the putative ZFP281 target genes from the network 

analysis in Figure 3A (Figure S4B), but we also identified new ZFP281 target genes that 

were not computationally predicted. Among them are Snai1, Vim, Zeb1 (EMT inducers 

(Nieto et al., 2016)), Cdk2 and Cdkn1a (cell cycle related (D. G. Johnson & Walker, 1999)) 

and Tgfbr1, Nr2f1 and Bmp7 (dormancy associated genes (Risson et al., 2020)) (Figure 

4C and S4C). These genes were exclusively bound by ZFP281 and upregulated in EL 

cells or bound by ZFP281 in EL and PT cells but only upregulated in EL cells. In contrast 

to the genes that were bound by ZFP281 in EL cells, we also identified 118 genes with 

high ZFP281 binding and high expression in PT cells (Figure S4B). This suggests that 

while ZFP281 expression decreases in PT cells it still binds and regulates a different 

ZFP281-dependent program of yet unknown function in PT cells.  

To address the importance of ZFP281 and its target genes in lung DCCs, we examined 
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their expression in our lung DCC scRNAseq data. Strikingly, we found that ZFP281 targets 

(from EL ChIPseq) score summarizing the averaged expression of ZFP281 targets has a 

bimodal distribution in lung DCCs (Figure S4D): M-like and hybrid DCC clusters display 

the highest levels of ZFP281-regulated signatures and these scores drop significantly in 

Ep-like DCCs (Figure 4D-E and S4E). However, some clusters like cluster 8 showed a 

drop in ZFP281 signature score, arguing that some hybrid cluster cells are moving from an 

M-like to Ep-like state.  We conclude that ZFP281-regulated genes in EL cells are still 

active in M-like dormant DCCs and that they likely make M-like cells permissive to explore 

these mesenchymal states while repressing an epithelial state. These data also further 

support that the M-like program driven by ZFP281 is activated in the EL cells, carried over 

and sustained in DCCs in the target organs.  
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Figure 4. ZFP281 regulates an EMT-like program both in primed mEpiSCs and early 

DCCs. 

(A) Correlation of EMT and Wnt signaling DEGs in primed versus naïve mouse pluripotent 

stem cells (RNASeq data, GSE81044 from (Fidalgo et al., 2016)) and EL vs. PT cells (bulk 

RNAseq, Figure 1A). Gene lists in STable 7 and 8. 

(B) Venn diagrams for ZFP281 targets identified by ChIPseq from EL cells and primed 

mEpiSCs ChIPSeq data, GSE93042 from (X. Huang et al., 2017)) and cell cycle arrest, 

EMT, Wnt and FGF signaling genes. Comparisons and statistics were done in pairs 
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(ZFP281 targets in EL vs. Cell cycle arrest genes; ZFP281 targets in EL vs. EMT genes; 

ZFP281 targets in EL vs. Wnt genes; ZFP281 targets in EL vs. FGFR genes; and same for 

ZFP281 targets primed mEpiSCs). Overlapped genes between these paired comparisons 

were rare so for graphical simplification, the 4 comparisons are displayed together. 

Common genes (central blue box) correspond to genes from each category that are 

targeted by ZFP281 both in EL and mEpiSCs. Gene lists in STable 9. 

(C) ChIPseq and RNAseq data in EL over PT cells. ZFP281 binds EMT (Snai1, Vim, 

Zeb1), cell-cycle (Cdk2 and Cdkn1a), and dormancy (Tgfbr1, Nr2f1 and Bmp7) associated 

genes. All genes were upregulated in EL cell; Snai1, Vim, Zeb1, Cdk2, Tgfbr1, and Nr2f1 

were ZFP281 bound genes exclusively in EL cells; Cdkn1a, and Bmp7 were bound by 

ZFP281 in both EL and PT cells but only upregulated in EL cells. 

(D) Distribution of ZFP281 target (ChIP data) scores, summarizing the averaged 

expression of ZFP281 targets, in all DCC clusters analyzed by scRNAseq (Figure 2). 

(E) Distribution of gene modules B and D in all DCC clusters. Dots represent single cells 

color-coded by ZFP281 target (ChIP data) scores (low, red, to high, green). 

See also Figure S4. 
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Figure S4. 

(A) Heatmap of combined RNAseq and ChIP seq data from EL/PT cells. 504 genes show 

higher ZFP281 binding and higher expression in EL vs PT cells; 118 genes show higher 

ZFP281 binding and higher expression in PT vs EL cells; 41 genes show higher 

expression while lower binding in PT vs EL cells; 63 genes show higher expression while 

lower binding in EL vs PT cells. Gene lists in STable 10. 

(B) Venn diagram of EL/PT RNAseq (Figure 1A), ZFP281 node (Figure 3A) and ChIPseq 

(Figure 4B) data. Targets of ZFP281 in EL cells and EpiSCs were identified from ChIP-seq 

data and further used to compare with EMT, Wnt, FGFR, and cell cycle arrest genes. 

(C) Representative tracks of EL/PT ChIPseq (Figure 4B-C). Example genes, Snai1, Tgfbr1, 

Vim, Zeb1, Cdk2, and Cdkn1a are used to show the difference binding between EL and PT 

cells. 

(D) Frequency of ZFP281 target (ChIP) score, summarizing the averaged expression of 

ZFP281 targets, in all cells analyzed by scRNAseq (Figure 2).  

(E) Distribution of gene modules I (Ep-like) and B (M-like) in all DCC clusters. Dots 

represent single cells color-coded by ZFP281 target scores (low, red to high,green). 
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ZFP281 prevents the acquisition of an Ep-like state and maintains a M-like dormant 

phenotype in DCCs  

Our data support a model whereby ZFP281 regulates programs of dissemination and 

primed pluripotency that lead to early DCC dormancy. Thus, we set out to functionally test 

whether indeed ZFP281 holds DCCs in a dormant state in lungs. EL cells are engaged in a 

M-like invasive program and, when cultured in suspension (in mammosphere medium) or 

in 3D (on top of Matrigel), EL cells form more invasive (M-like) spheres than PT cells, 

which grow into large and less invasive (Ep-like) spheres ((Harper et al., 2016) and Figure 

S5). Using an inducible short hairpin for ZFP281 (shZFP281) we show that ZFP281 

downregulation in EL spheres leads to a transition from an M-like to Ep-like phenotype, 

resembling PT spheres (Figure 5A). FACS analysis shows that a population of M-like EL 

cells with the DOX-induced shZFP281 gain medium and high EpCAM expression, however 

they do not downregulate Eng expression, leading to an increase in a hybrid phenotype 

(EpCAM+/Eng+, dark blue) (Figure 5D-E). Additionally, although the frequency of spheres 

does not change significantly (Figure 5B), the size (evaluated by the number of cells per 

sphere) is increased upon ZFP281 downregulation (Figure 5C), supporting enhanced 

proliferation once the spheres are formed. Further, when these cells are plated on top of 

Matrigel, the number of invasive acini is significantly lower in the EL shZFP281+DOX 

condition (Figure 5F-G), supporting a switch from an invasive and motile program to a 

growth program upon ZFP281 downregulation. Corroborating this partial mesenchymal-to-

epithelial transition (MET), we observed a decrease, measured by qPCR, in Twist1, Eng 

and CDH11 (mesenchymal markers) upon ZFP281 downregulation (Figure S3A, 3rd 

column). This effect is specific to shZFP281 since all the experiments were run in parallel 

in control EL shCt cells -/+ DOX without significant differences observed (Figure S5 and 

S3A, 2rd column). Conversely, overexpression of ZFP281 in PT spheres (PT ZFP281-OE, 

Figure S3A, 4th column) induced an invasive M-like phenotype (Figure 5A), confirmed by 

FACS (Figure 5D-E) and qPCR (Figure S3A, 4th column), increased sphere formation 

potential consistent with a stronger stem program (Figure 5B), reduced sphere size 

consistent with an inhibition of proliferation (Figure 5C) and decreased organoid invasive 

phenotype (Figure 5F-G).  

While the in vitro assays employed above are not optimal surrogates to read out 

dormancy mechanisms, they provide clues as to the phenotypic direction of certain genes 

in cancer cells. Thus, we next tested the gain and loss of function effects of ZFP281 on 

tumorigenesis, dissemination and metastasis. EL spheres transduced with the DOX-
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inducible shZFP281 system were injected in the mammary fat pad (MFP) of mice as 

reported (Harper et al., 2016). Then mice were given control drinking water (-DOX), water 

with doxycycline from day 0 (+DOX) or starting one month after sphere injection (-DOX 

+DOX) until the end of the experiment, five months after spheres injection. As previously 

reported (Harper et al., 2016) few mice developed palpable slow-growing tumors with 

static kinetics, with no difference between conditions (data not shown); however, when the 

injection sites were analyzed after five months, HER2+ EL cells were still found in the MFP 

of all mice and ZFP281 expression was downregulated both in EL shZFP281 ‘+DOX’ and ‘-

DOX +DOX’ groups (Figure 6A). Even in the absence of primary tumors, after five months 

single DCCs and micro-metastasis were found in all lungs, supporting a 100% efficiency of 

dissemination by EL cells (Figure 6B). Comparison of the control and two DOX treatment 

groups showed that EL shZFP281 -DOX +DOX mice showed less single DCCs per mouse. 

However, both groups of animals where ZFP281 was downregulated from the beginning 

(‘+DOX’) or after one month (‘-DOX +DOX’) displayed a significant increase in lung 

metastasis (Figure 6C). While solitary HER2+ DCCs in all groups were Ki67 negative, the 

frequency of proliferative Ki67+ cells in metastasis increased upon ZFP281 

downregulation, regardless of the treatment schedule (Figure S6A). Given that the M-like 

clusters mostly enriched in early DCCs were characterized by a ZFP281 enriched 

signature that also showed expression of dormancy and cell cycle arrest genes (Figure 

2D), these data strongly support that the M-like dormant phenotype is induced and 

maintained by ZFP281. Consistently, loss of ZFP281 signaled early DCCs reactivation 

from dormancy and switch to a proliferative phenotype. 

Next, we studied the effect of PT spheres overexpressing ZFP281 (ZFP281-OE). The 

control or ZFP281-OE spheres were injected in the MFP of mice as described above. 

Although ZFP281-OE cells were not impaired in their ability to form the initial tumor, they 

were significantly slower in their growth kinetics, supporting the growth suppressive 

function of ZFP281 (Figure 6E). Tumor sections showed a heterogeneous increase of 

ZFP281 expression in the PT ZFP281-OE condition (Figure 6D). Nevertheless, even with 

slower growing tumors (Figure 6E), after two months mice carrying ZFP281-OE tumors 

showed a five-fold increase in the number of lung single-cell DCCs compared to control 

tumors (Figure 6F). Importantly, the increase in single-cell DCCs in the ZFP281-OE group 

did not result in an increase in micro-metastasis at two months. Thus, ZFP281 suppresses 

growth of the primary tumor, but enhances dissemination without a subsequent increase in 

metastatic growth, which is consistent with its ability to induce dormancy. In a longer 
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experiment that allowed reading out better overt metastasis, less PT Control or ZFP281-

OE cells were injected and tumors were allowed to grow for 70 days, removed by surgery 

and then mice were followed and euthanized five months after injection. While no 

difference in number of lung single DCCs was found, a significant reduction in number and 

size of metastasis was observed in PT ZFP281-OE mice over PT control (Figure 6G-I), as 

well as reduction of Ki67+ cells (Fig S6B). These results clearly corroborate the key role of 

ZFP281 in inducing a growth arrested dormant phenotype in DCCs that is intrinsically 

active in early DCCs but also enforceable in late DCCs. 

 

Figure 5. ZFP281 induces an M-like slow-cycling phenotype in vitro. 

(A) Column of representative images of the mammosphere phenotype of EL 

shZFP281±DOX, PT Control and PT ZFP281-overexpressed (OE) cells. Scale 50 um. 

(B) Quantification of mammosphere (MS) frequency of EL shZFP281±DOX, PT Control 

and PT ZFP281-OE cells. Graph shows n=3 mean, SEM and 2-tailed Mann-Whitney test. 
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(C) Quantification of mammosphere (MS) size, as number of cells per sphere after 

dissociation of EL shZFP281±DOX, PT Control and PT ZFP281-OE spheres. Graph shows 

n=3, mean, SEM and 2-tailed Mann-Whitney test. 

(D) EpCAM (epithelial marker) and Eng/CD105 (mesenchymal marker) expression in EL 

shZFP281±DOX, PT Control and PT ZFP281-OE cells. Representative experiment of n=3 

biological replicates. 

(E) Fold-change of Ep-like (EpCAM+Eng-), hybrid (EpCAM+Eng+) and M-like (EpCAM-

Eng+) populations in EL shZFP281+DOX over –DOX and PT ZFP281-OE over PT Control 

spheres. Graph shows n=3, mean, SEM and 2-tailed Mann-Whitney test. 

(F) Column of representative images of 3D-matrigel organoids and invasive phenotype of 

EL shZFP281±DOX, PT Control and PT ZFP281-OE cells. Scale 50 um. 

(G) Quantification of percentage of 3D-matrigel spheroids with invasive protusions per 

condition. Graph shows n=4, mean, SEM and 2-tailed Mann-Whitney test. 

 

Figure S5. 
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(A) Column of representative images of the mammosphere phenotype of EL, PT and EL 

shControl±DOX cells. Scale 50 um. 

(B) Quantification of mammosphere (MS) frequency of EL, PT and EL shControl±DOX 

cells. Graph shows n=3, mean, SEM and 2-tailed Mann-Whitney test. 

(C) Quantification of mammosphere (MS) size, as number of cells per sphere after 

dissociation of EL, PT and EL shControl±DOX spheres. Graph shows n=3, mean, SEM 

and 2-tailed Mann-Whitney test. 

(D) EpCAM (epithelial marker) and Eng/CD105 (mesenchymal marker) expression in EL, 

PT and EL shControl±DOX cells. Representative experiment of n=3 biological replicates. 

(E) Fold-change of Ep-like (EpCAM+Eng-), hybrid (EpCAM+Eng+) and M-like (EpCAM-

Eng+) populations in EL over PT and EL shControl±DOX spheres. Graph shows n=3, 

mean, SEM and 2-tailed Mann-Whitney test. 

(F) Column of representative images of 3D-matrigel organoids and invasive phenotype of 

EL, PT and EL shControl±DOX cells. Scale 50 um. 

(G) Quantification of percentage of 3D-matrigel spheroids with invasive protusions per 

condition. Graph shows n=4, mean, SEM and 2-tailed Mann-Whitney test. 
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Figure 6. ZFP281 controls the M-like program that leads to a switch from dormant 

early DCCs to proliferation in vivo. 

(A) Representative images of HER2 (red) and ZFP281 (green) protein expression in 

mammary fat pads of mice 5 month after EL shZFP281 sphere injections. Mice were given 

water 1) without doxycycline (DOX) for 5 months: ‘-DOX’; 2) with DOX for 5 months: 

‘+DOX’ or 3) 1 month without and 4 months with DOX: ‘-DOX +DOX’. Arrows point to 

ZFP281 expression in EL shZFP281-DOX, which is downregulated in groups ‘+DOX’ and ‘-

DOX +DOX’. Scales 25um (top row) and 10um (bottom row, inserts). 



130 

(B) Representative images of lung DCCs, single cells and metastasis quantified in C. 

HER2, red; ZFP281, green; DAPI, blue. Scales 25um. 

(C) Frequency of lung single cell (SC) and metastasis per lung section per mouse for all 

conditions, 5 months after EL shZFP281 sphere injections. 2 lung slides with all lobules 

represented were scanned and quantified per mouse. Graph shows n=5-10 mice/condition, 

median and 2-tailed Mann-Whitney test. 

(D) Representative images of HER2 (red) and ZFP281 (green) protein expression in 

primary tumors 71 days post PT Control and PT ZFP281-OE cell mammary fat pad 

injection. Scales 25um. 

(E) Tumor volume over time of PT Control and PT ZFP281-OE. Tumors were removed at 

day 71 and mice sacrificed 5 months after cancer cells injections (corresponding lungs in 

G). Graph shows n=10 per condition, median, interquartile range and 2-tailed Mann-

Whitney test. 

(F and G) Frequency of lung single cell (SC) and metastasis per mice per condition, 2 (F) 

and 5 (G) months after mammary fat pad injection of PT Control or PT ZFP281-OE 

spheres. 2 lung slides with all lobules represented were scanned and quantified per 

mouse. Graph shows n=5 mice/condition, median and 2-tailed Mann-Whitney test. 

(H) H&E images of mice lungs 5 months after mammary fat pad injection of PT Control or 

PT ZFP281-OE spheres. Scales 2mm. 

(I) Quantification of lung metastasis burden, normalized for total lung area, of images in B 

(1 slide per mouse). Graph shows n=5 mice/condition, median and 2-tailed Mann-Whitney 

test. 

 

Figure S6. 

(A) Quantification of Ki67+ cells in lung 

metastasis 5 months after EL shZFP281 

sphere injections. Graph shows n=5 

mice/condition, median and 2-tailed 

Mann-Whitney test. 

(B) Quantification of Ki67+ cells in lung 

metastasis 5 months after PT Control or 

PT ZFP281-OE sphere injections. Graph shows n=5 mice/condition, median and 2-tailed 

Mann-Whitney test. 
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DISCUSSION II 

Early dissemination was documented in various human and mouse studies (Casasent 

et al., 2018; Dorssers et al., 2019; Eyles et al., 2010; Harper et al., 2016; Hosseini et al., 

2016; Hu et al., 2019; Li et al., 2019; Makohon-Moore et al., 2018; Muzumdar et al., 2016; 

Rhim et al., 2012, 2014; Sanger et al., 2011; Schardt et al., 2005; Shain et al., 2019; 

Turajlic et al., 2018; Ullah et al., 2018; D. Wang et al., 2019; Werner-Klein et al., 2018); 

however, limited information is available as to what is the fate of the early DCCs once 

lodged in target organs and before metastasis grow out. Further, incomplete modeling of 

early dissemination biology has prevented determining whether early DCCs turn on active 

programs of dormancy that delay re-growth and/or if they simply lack sufficient “driver” 

mutations and require more time and slow proliferation to produce successful clones in 

target organs. 

Our previous work revealed that oncogene and microenvironmental signals in early 

lesions conspire to activate an EMT program, which appeared to persist in non-

proliferative DCCs as marked by a TWIST1highE-Cadherinlowp-Rblowp-histone-H3low profile 

that regained E-cadherin to resume proliferation (Harper et al., 2016; Hosseini et al., 

2016). Similarly, early pancreatic DCCs also undergo EMT that persists in circulating 

pancreatic cells that seed the liver (Rhim et al., 2012). However, all these studies did not 

functionally link the EMT program to dormancy or reactivation. Nevertheless, together 

these data hinted at a modulation of M-like and Ep-like identities in DCCs as a driving 

mechanism of early DCC fate. Corroborating this, our current study reveals that early 

lesions driven by the HER2 oncogene activate an M-like program of motility and invasion 

linked to primed pluripotency that not only allows early lesion cells to spread but also 

enables them with a program of dormancy where stem cell-like plasticity is operational. 

Our analysis revealed that ZFP281 serves as a barrier for DCCs to adopt an Ep-like 

phenotype but also enables M-like DCCs to explore at least 4 major phenotypes described 

by transcriptional modules A-D. These M-like programs seem to associate with the 

expression of dormancy markers such as the Cdkn1c/p57Kip2, NR2F1 and TGFb2, some of 

which are directly bound by ZFP281 and exclusively induced in EL cells. Hybrid clusters of 

DCCs appeared to downregulate ZFP281 activity and gain back Ep-like genes, supporting 

our hypothesis that ZFP281 is restraining this switch. Ep-like clusters are also more 

homogeneous, arguing that once the DCCs commit to a proliferative phenotype they are 

funneled into a more phenotypically uniform state, except for cluster 15 that seemed to 

veer further into a “differentiation state” where lactation genes were upregulated. 
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Interestingly, we had described that early DCC-founded metastasis had a mixed histology 

with undifferentiated and glandular-like structures reminiscent of lactogenic acini (Harper et 

al., 2016). We interpret that early DCCs enter the lung in a M-like state and can persist 

dormant until signals, yet to be determined (intrinsic or microenvironmental), cause a final 

switch. Early DCCs M-like states may allow DCCs to explore different programs 

(developmental/pluripotency and mixed-lineage differentiation) that best fit them to adapt 

and survive in secondary organs. In fact, mesenchymal M-like DCCs in these same mouse 

models have been linked to drug resistance (Fischer et al., 2015). Our analysis of HER2+ 

early DCCs in tissues showed that they are all vastly negative for Ki67 protein expression. 

Thus, Hybrid and Ep-like cells may also undergo a dormancy phase, but their 

transcriptional states may enable them to be more prone to reactivate, a measure we 

could not capture with Ki67 staining. Additionally, the ZFP281 knockdown suggests that 

simply reducing this TF can move early DCCs to a more Hybrid or Ep-like phenotype and 

this correlated with increased metastatic growth. Furthermore, Snail- and Zeb1-driven EMT 

was previously described to suppress cell-cycle progression through repression of cyclin 

D1 and D2 (Mejlvang et al., 2007; Vega et al., 2004); while mesenchymal-to-epithelial 

transition (MET) was associated with rapid relapse and reduced survival in metastatic 

castrate resistant prostate cancer patients (Stylianou et al., 2019).  

Previous studies also theorized that M-like states might produce dormant DCCs (Nieto 

et al., 2016). Further, Lawson et al. found that low-burden (dormant-like) breast cancer 

metastatic cells (i.e., upregulated CDKN1B, CHEK1, TGFBR3 and TGFB2) were mostly 

basal and pluripotent stem-like (i.e., upregulated POU5F1 and SOX2), while higher-burden 

DCCs were more luminal-like and proliferative (i.e., upregulated MYC, CDK2, MMP1 and 

CD24) (D. A. Lawson et al., 2015). Previously, we also reported that the lineage 

commitment regulators DEC2/BHLHE41 and NR2F1/COUP-TF1 coordinate stem-like and 

quiescence programs (Adam et al., 2009; Bragado et al., 2013; Maria Soledad Sosa et al., 

2015). However, all the latter studies are in late evolution cancer models. Our data is the 

first to functionally map these basal/stem-like and developmental/pluripotency programs to 

such early stages of cancer evolution and associate it with an M-like dormant DCC 

phenotype. Recently, Laughney et al. also reported that metastatic cells (from late 

evolution cancer models) recapitulate a primitive transcriptional program spanning stem-

like to regenerative pulmonary epithelial progenitor states, such as the key endoderm and 

lung-specifying transcription factors, SOX2 and SOX9 (Laughney et al., 2020). Similarly, 

we observed that early DCCs in our model have a cellular plasticity that may allow them to 
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explore different programs (developmental/pluripotency and mixed-lineage differentiation) 

that best fit them to adapt and survive in secondary organs. Together, these data suggests 

that pluripotency and dedifferentiation programs may be common programs present in 

different cancer types and in early stages of cancer progression. Our findings support that 

early DCCs display a high degree of cellular plasticity through mesenchymal-like, primed 

pluripotency and dormancy programs that likely endow them with the necessary fitness to 

survive and undergo genetic maturation upon reactivation. 

As mentioned above, close to 100% of early DCCs are Ki67 negative and when 

ZFP281 is downregulated while metastases emerge, the Ki67 frequency is very low. Thus, 

as proposed earlier, it is likely that once early DCCs break out from dormancy, they then 

initiate slow proliferation and genetic maturation. These gradual kinetics may contribute to 

the invisible phase of the metastatic disease (Klein, 2020). Nevertheless, our work shows 

that ZFP281-regulated (or other) dormancy of early DCCs is a prior barrier to overcome 

before maturation ensues and together both steps may be very protracted. 

A remarkable finding was that the early DCC dormancy program seems to be pre-

encoded in the primary site early lesions via ZFP281 upregulation and thus, this TF may 

serve as a new marker of dormant early DCCs. ZFP281 suppresses a fully epithelial 

phenotype, inducing a growth arrested dormant phenotype in DCCs that is spontaneously 

operational in early DCCs. Furthermore, loss of ZFP281 leads to reactivation of DCCs and 

switch to a proliferative phenotype. Thus, an opportunity opens to identify lesions that may 

carry or not this dormancy program and determine if it informs on dissemination and 

relapse measures. Indeed, we showed that ZFP281 detection is prevalent in human DCIS 

samples and significantly decreased in advanced invasive tumors, further supporting the 

validity of our findings. Since ZFP281 seems to be quite specific for early lesions and early 

DCCs, and knowing that other TFs, such as NR2F1, when detected in prostate and breast 

cancer DCCs inform on patient prognosis (Borgen et al., 2018; Maria Soledad Sosa et al., 

2015), similar studies could be performed for ZFP281. It would be interesting to test if 

ZFP281 may help measure the abundance of early-like DCCs in patients with early or 

advanced disease and if it may serve as a marker of relapse. 

Several questions that remain unanswered will need additional studies. For example, 

we have no clear indication of what cues specifically induce ZFP281 in early lesions and 

early DCCs. The link to M-like phenotypes suggest that signaling like TGFbs, Wnts and 

BMPs may induce this TF. Further, the role of ZFP281 in PT cells remains unknown. While 

ZFP281 expression decreases in PT cells it still binds and regulates a different ZFP281-
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dependent program in PT cells, suggesting that different ZFP281-dependent regulatory 

networks may operate in EL and PT cells, due likely to the presence/absence of different 

ZFP281-interacting co-activators and/or repressors (Fidalgo et al., 2016). Last, our 

approach of single cell analysis could not specifically distinguish early DCCs from those 

exclusively arriving from late lesions. Nevertheless, our data provide unprecedented 

insight into early DCC fate, demonstrating that ZFP281 regulates an active program of 

dormancy that must be overridden and precedes a slow proliferation phase towards 

metastasis. Future studies would also need to pair the analysis of these mechanisms to 

determine how they influence genetic maturation of early DCCs. Overall, we reveal a 

unique biology that expands our understanding of metastatic progression that may lead to 

new markers and strategies to prevent metastasis. 
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ABSTRACT III 

In the bone marrow (BM) microenvironment, NG2+/Nestin+ mesenchymal stem cells 

(MSCs) promote hematopoietic stem cell (HSC) quiescence (Kunisaki et al., 2013; Sandra 

Pinho & Frenette, 2019). Importantly, the BM can also harbour disseminated tumour cells 

(DTCs) from multiple cancers, which, like HSCs, can remain dormant (Sherry et al., 1986). 

The BM signals are so growth-restrictive that dormant BM DTCs can persist for years to 

decades only to awaken and fuel lethal metastasis (Borgen et al., 2018; Braun et al., 2000; 

Chéry et al., 2014a; Engel et al., 2003; Hüsemann et al., 2008; Naume et al., 2014; Sanger 

et al., 2011; Sherry et al., 1986). The mechanisms and niche components regulating DTC 

dormancy remain largely unknown. Here, we reveal that periarteriolar BM-resident 

NG2+/Nestin+ MSCs can instruct breast cancer (BC) DTCs to enter dormancy. 

NG2+/Nestin+ MSCs produce TGFβ2 and BMP7 and activate a quiescence pathway 

dependent on TGFBRIII and BMPRII, which via p38-kinase result in p27-CDK inhibitor 

induction. Importantly, genetic depletion of the NG2+/Nestin+ MSCs or conditional knock-

out of TGFβ2 in the NG2+/Nestin+ MSCs led to awakening and bone metastatic expansion 

of otherwise dormant p27+/Ki67- DTCs. Our results provide a direct proof that HSC 

dormancy niches control BC DTC dormancy. Given that aged NG2+/Nestin+ MSCs can 

lose homeostatic control of HSC dormancy, our results suggest that aging or extrinsic 

factors that affect the NG2+/Nestin+ MSC niche may result in a break from dormancy and 

BC bone relapse. 
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INTRODUCTION III 

Metastases, which are derived from disseminated tumour cells (DTCs), are the major 

source of cancer-related deaths from solid cancers (Chaffer & Weinberg, 2011). Ample 

evidence supports that post-extravasation DTCs can remain in a dormant state from 

prolonged periods dictating the timing of metastasis initiation (Sherry et al., 1986). Since 

years to decades can lapse before dormant DTCs emerge as overt lesions, we postulate 

that targeting their biology is the shortest path to change patient outcomes by curtailing 

DTC conversion into metastasis. However, to achieve this goal we must understand the 

cancer cell intrinsic and micro-environmental mechanisms that control DTC dormancy and 

reactivation. 

The bone marrow (BM) is a common site where dormant DTCs are found and where 

metastasis can develop in various cancers after prolonged periods of clinical “remission” 

(Borgen et al., 2018; Braun et al., 2000; Chéry et al., 2014a; Engel et al., 2003; Hüsemann 

et al., 2008; Naume et al., 2014; Sanger et al., 2011; Sherry et al., 1986). In trying to 

understand how the BM microenvironment might control DTC dormancy, we (Borgen et al., 

2018; Bragado et al., 2013) and others (Carlson et al., 2019; Hüsemann et al., 2008; R. W. 

Johnson et al., 2016; Sherry et al., 1986) found that in both humans and mice, this 

microenvironment is a highly restrictive site for metastasis initiation. This is due to the 

presence of several cues, such as TGFβ2 (Bragado et al., 2013), BMP7 (Gao et al., 2012; 

Aya Kobayashi et al., 2011), GAS6 (Jung et al., 2016; Taichman et al., 2013; Yumoto et 

al., 2016a) and LIF (R. W. Johnson et al., 2016; Yue et al., 2015), which induce DTC 

dormancy in different cancer types. Studies in mostly 2D or 3D in vitro models, proposed 

that mesenchymal stem cells (MSCs) (Agarwal et al., 2019), vascular endothelial cells 

(Carlson et al., 2019; Ghajar et al., 2013) and/or osteoblasts (M. A. Lawson et al., 2015; 

Yu-Lee et al., 2018; Yumoto et al., 2016a) may be the source of dormancy cues for 

different cancers. However, the function of such niche cells in vivo has not been formally 

tested. 

There is a long-standing hypothesis that the niches that control hematopoietic stem cell 

(HSC) dormancy may instruct DTCs to become dormant (Cackowski & Taichman, 2019). A 

prior study in prostate cancer has drawn a connection between the HSC niche and 

dormancy of DTCs (Shiozawa et al., 2011). While informative, these studies did not 

functionally dissect in depth and in vivo the role of key cell types that regulate HSC 

dormancy in regulating DTC quiescence. Further, the niche influence has been inferred 

from the analysis of cancer cells recovered from the BM or from indirect competition 
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assays. Thus, there is still a critical need to understand the cellular components and how 

BM niches enforce DTC dormancy. 

Dormancy of HSCs in the BM is a robust and long-lived process that, if unperturbed, 

results in HSCs dividing and self-renewing only 4 to 5 times in the lifetime of a mouse 

(Wilson et al., 2008). Such powerful mechanism of quiescence and self-renewal cycles, 

might explain how DTCs, if responsive to niche signals, could persist for decades in the 

BM of breast cancer (BC) patients. The HSC microenvironment in the bone marrow is a 

complex multicellular network promoting HSC dormancy, self-renewal and differentiation 

into lineage-committed progenitors (Sandra Pinho & Frenette, 2019). Previous studies 

have revealed that peri-arteriolar stromal cells, enriched in MSC activity, innervated by the 

sympathetic nervous system, and expressing the neural markers NG2 and Nestin 

(mesenchymal stem and progenitor cells, hereafter referred to as NG2+/Nestin+ MSCs for 

simplicity), are critical for the control of HSC quiescence and hematopoiesis (Kunisaki et 

al., 2013). Importantly, aging-induced alterations causing replicative stress damage or 

sympathetic neuropathy from infiltrating leukaemia cells, for example, eliminates the 

control of HSC dormancy by NG2+/Nestin+ MSCs and can fuel malignancy (Hanoun et al., 

2014; Maryanovich et al., 2018). We and others also discovered that TGFβ2 and BMP7 in 

the BM milieu are key inducers of DTC dormancy in various epithelial cancers (Bragado et 

al., 2013; Kunisaki et al., 2013). However, the source of these cytokines has remained 

elusive. Here, we show that NG2+/Nestin+ MSCs are a source of TGFβ2 and BMP7 and 

that both the niche MSCs and the cytokines are required to maintain the dormancy of 

breast and head and neck squamous cell cancer cells (HNSCC) via TGFβRIII and BMPRII 

respectively, p38 and p27 signalling. Furthermore, depletion of the NG2+/Nestin+ MSCs or 

knockout of TGFβ2 specifically from NG2+/Nestin+ MSC compartment led to metastatic 

outgrowth in the BM without evidence of inflammation. In vitro 3D organoid assays also 

revealed that “revitalized” but not “aged” NG2+/Nestin+ MSCs can reprogram malignant 

cells into a dormancy-like phenotype. Lastly, detectable BMP7 and TGFβ2 levels were 

observed at higher frequency in the BM of estrogen receptor positive (ER+) BC patients 

without systemic recurrence during follow up compared to patients with systemic 

recurrence and BMP7 presence was associated with a longer time to metastatic 

recurrence after therapy. Our results, pinpoint a functional link between the niches that 

control adult hematopoietic stem cell quiescence and DTC dormancy. 
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METHODS III 

Animals. Nes–GFP (Mignone et al., 2004) were bred in and obtained from the Frenette’s 

laboratory at Albert Einstein Institute. B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J (NG2-CreER - 

Jackson Laboratory, stock 008538), C57BL/6-Gt(ROSA)26 Sortm1(HBEGF) Awai/J (iDTR 

– Jackson Laboratory, stock 007900) and Tgfβ2flox ((Ishtiaq Ahmed et al., 2014), gift from 

Mohamad Azhar’s lab) were maintained on the C57BL/6J background and bred and 

crossed in our facilities. All NG2-CreERiDTR and NG2-CreERTGFβ2 mice were genotyped 

using the primers in Supplementary Table 1. 7 to 8-week-old female mice were used. No 

randomization or blinding was used to allocate experimental groups. All experimental 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) 

of Icahn School of Medicine at Mount Sinai.  

 

Induction of NG2-CreER-mediated recombination and iDTR-mediated cell depletion. 7 

to 8-week old female mice were injected intraperitoneally with 2mg of tamoxifen (Sigma, 

T5648) dissolved in corn oil daily for 5 days to induce the CreER-mediated recombination. 

In case of NG2-CreER-iDTR, mice were also injected intraperitoneally with 250ng of 

diphtheria toxin (Millipore, 322326) dissolved in serum chloride daily for 2 days for iDTR-

mediated cell depletion. 

 

Metastasis assays. 2x105 E0771-GFP or MMTV-PyMT-CFP cells were intra-cardiac 

injected with echo-guidance using micro ultrasound Vevo2100, Transducer MS-250, 

21MHz and Vevo LAB 3.1.1 software (FUJIFILM VisualSonics Inc.) (Supplementary 

Movie 1). 24 hours or 2 weeks later, mice were euthanized and organs were collected and 

processed. In a group of mice, 70,000 MW Lysine fixable Dextran Texas Red (Invitrogen) 

was retro-orbital injected 15 minutes prior to euthanasia and mice were perfused with PBS. 

Bone marrow (BM) cells were flushed from femurs and tibias, red-blood-cell lysis buffer 

(Lonza) was used for 2 minutes followed by quantification of the GFP+ cells and 

normalization to the total number of BM cells. 

 

Flow cytometry and cell sorting. Bone marrow cells were flushed, incubated in red-blood 

cell lysis buffer (Lonza) for 2 minutes and remaining cells were permeabilized with 0.05% 

Triton (when using intracellular antibodies) and stained using antibodies and conditions in 

Supplementary Table 2. All experiments were performed using BD FACSAria II equipped 

with FACS Diva software (BD Biosciences). Dead cells and debris were excluded by FCS, 
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SSC and DAPI (4’,6-diamino-2-phenylindole) (Fisher Scientific) staining profiles. Data were 

analysed with FACS Diva (BD Biosciences) or FCS Express Cytometry 7 (De Novo) 

softwares. 

 

Histopathology. After dissection, bones were fixed in 4% paraformaldehyde (PFA, 

Thermoscientific) for 24 hours. Bones were then decalcified in 14% EDTA, renewed every 

other day for 7-10 days at 4°C with agitation. Bones were processed, embedded in paraffin 

and sections were cut. H&E and immunofluorescences were performed and slides were 

scanned using NanoZoomer S60 Digital slide scanner and NDP.view2 software 

(Hamamatsu). 

 

Immunofluorescence. Tissue sections were submitted to hydration in xylene and a 

graded alcohol series, slides were steamed in 10 mM citrate buffer (pH 6) for 40 minutes 

for antigen retrieval. Fixed 3D cultures were permeabilized using 0.5% Triton X-100 in PBS 

for 20 minutes. Both sections and co-cultures were blocked with 3% Bovine Serum 

Albumin (BSA, Fisher Bioreagents) and 5% normal goat serum (NGS, Gibco PCN5000) in 

PBS for 1 hour at room temperature. Primary antibodies (Suppl Table 2) were incubated 

overnight at 4°C, followed by washing and secondary antibodies (Invitrogen, 1:1000) 

incubation at room temperature for 1 hour in the dark. Slides were mounted with ProLong 

Gold Antifade reagent with DAPI (Invitrogen, P36931) and images were obtained using 

Leica Software on a Leica SPE confocal microscope. All quantifications were done using 

double blind method (quantification of coded samples and de-codification upon completion 

to interpret the results across multiple animals). 

 

Whole-mount staining. Calvaria bones were fixed overnight at 4°C in 4% PFA, blocked 

overnight with agitation in 3% BSA-5% NGS, followed by a 24 hour incubation at 4°C with 

agitation with primary antibodies (Suppl Table 2), 10 hours of washing, secondary 

antibodies (Invitrogen, 1:1000) overnight incubation at 4°C with agitation and 10 hours of 

washing. Images were obtained using Leica Software on a Leica SPE confocal 

microscope. 

Sternal bones were collected and transected with a surgical blade into 2–3 fragments, 10 

minutes after retro-orbital injection of CD144/VE-cadherin, CD31 and Sca-1 antibodies 

(1:20). The fragments were bisected sagittally for the bone marrow cavity to be exposed, 

fixed in 4% PFA and immunofluorescence staining for CK8/18 was performed as above 
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described. Images were acquired using a ZEISS AXIO examiner D1 microscope (Zeiss) 

with a confocal scanner unit, CSUX1CU (Yokogawa). 

 

Quantitative PCR. Sorted cells were processed using Cell-to-CT 1-Step Power SYBR 

Green kit (Invitrogen, A25600) and primers from Supplementary Table 1. GAPDH was 

used as housekeeping control for all experiments. 

 

Human samples. The BM plasma samples analyzed for TGFβ2 and BMP7 were selected 

from early breast cancer patients included in the SATT study (Naume et al., 2014). In this 

study the patients were monitored for DTCs 2-3 months (BM1) and 8-9 months (BM2) after 

completion of adjuvant anthracycline-containing chemotherapy. If DTC positive at 8-9 

months, the patients received secondary chemotherapy intervention with docetaxel, 

followed by subsequent DTC monitoring 1 (BM3) and 12 months (BM4) after docetaxel. 

Patients with disappearance of DTCs (80%) experienced excellent prognosis compared to 

the patients with DTC persistence (20%) (Naume et al., 2014). The BM aspirates (from 

posterior iliac crest bilaterally) collected for DTC analyses were diluted 1:1 in PBS and 

separated by density centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) as 

previously described (Naume et al., 2014). Later on in the inclusion period the plasma 

supernatant after density centrifugation was collected (if possible) and stored initially at -20 

°C, and later transferred to -80 °C. From the available BM plasma samples, we initially 

performed a limited analysis of plasma samples from patients being DTC positive at either 

BM1 or BM2, or experiencing systemic relapse without DTC presence. Of these, 55 had 

ER positive disease, including 30 patients receiving secondary intervention with docetaxel 

chemotherapy, and 25 patients with no secondary treatment intervention.  

 

ELISA. Mouse BM supernatant was collected after BM flush centrifugation and stored at -

80°C with phosphatase and protease inhibitors (ThermoScientific). TGFβ and pro-

inflammatory ELISAs were performed by Eve Technologies Corp. (Calgary, Alberta) using 

the Luminex™ 100 and 200 systems (Luminex, Austin, TX, USA), Eve Technologies' TFG-

β 3-Plex Discovery Assay® (MilliporeSigma, Burlington, Massachusetts, USA) and Eve 

Technologies' Mouse Focused 10-Plex Discovery Assay® (MilliporeSigma, Burlington, 

Massachusetts, USA). BMP7 ELISA was performed using RayBio kit (RayBio, ELM-BMP7) 

following manufactures instructions. 
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Patient BM supernatants were analyzed for TGFβ2 and BMP7 by multiplex ELISA at 

Human Immune Monitoring Center (HIMC) at Mount Sinai. ELISA assays were performed 

using human TGFβ2 (R & D System, DY302) and BMP7 (R & D System, DY354) kits 

following manufacture’s recommendation. Data were analyzed using a Four Parameter 

Logistic Fit (4PL) method. 

 

Cell culture. E0771 (CH3 BioSystems), E0771-GFP (gift from John Condeelis’ lab) and 

MMTV-PyMT-CFP (gift from Jay Debnath) breast cancer cell lines were cultured in RPMI 

(Gibco) supplemented with 10% foetal bovine serum (Gemini), 10mM HEPES (Corning), 

100 units/ml penicillin and 100ug/ml streptomycin (Corning). The tumorigenic HEp3 (T-

HEp3) (Ossowski & Reich, 1983) head and neck squamous cell carcinoma (HNSCC) PDX 

line and Ct MSCs and rMSCs (Nakahara et al., 2019) were generated and maintained as 

described previously. 

T-HEp3 cells were engineered to express an ELK-GAL4::hrGFP (Julio A. Aguirre-Ghiso et 

al., 2004), p38 shuttle-Clover (Regot et al., 2014) and p27K-mVenus (Oki et al., 2014) 

biosensors. T-HEp3 with the biosensors were reversely transfected with siRNAs 

(siTGFBRIII, Invitrogen 32274204; siBMPRII, Oncogene SR300456B) using Lipofectamine 

RNAiMAX transfection reagent (Invitrogen) according to the manufacturer’s instructions. 

Trans-well co-cultures were performed using permeable trans-well assays (Corning), in 

which transfected cells were plated in the bottom of the well and sorted Nestin-GFP- or + 

cells in the permeable inserts. 

 

Low-density 3D organoid co-cultures. 500-1000 cells (E0771 only or with MSCs) were 

seeded in 400µl assay medium (each cell line media with reduced FBS content (2-5%) 

plus 2% matrigel) in 8-well chamber slides (Falcon) on top of 50µl of growth factor-reduced 

matrigel (Corning). Cultures were treated every 24 hours starting at day 0 with TGFβ2 

(R&D), BMP7 (R&D) or BM-conditioned media (BM-CM). Single cells, doublets and 

clusters were quantified after 4 days and the cultures were fixed with 4% 

paraformaldehyde (PFA) for 20 minutes. 

 

Western blot. Samples were collected in RIPA buffer and protein concentrations were 

calculated using Coomassie Plus protein assay (Thermo Scientific) and a standard BSA 

curve. Samples were then boiled for 8 minutes at 95°C in sample buffer (0.04 M Tris-HCl 

pH 6.8, 1% SDS, 1% β –mercaptoethanol and 10% glycerol). 8–10% SDS–PAGE gradient 
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gels were run in running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS) and transferred 

to PVDF membranes in transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol). 

Membranes were then blocked in 5% milk in TBS-T (Tris-buffered saline containing 

Tween-20) buffer. Primary antibodies (Supplementary Table 2) were incubated overnight 

at 4°C. Following washing with TBS-T buffer, HRP-conjugated secondary antibodies were 

left at room temperature for 1 hour. Western blot development was done using Amersham 

ECL Western Blot Detection (GE, RPN 2106) and GE ImageQuant LAS 4010. 

 

Statistical analysis. Sample sizes were chosen empirically and no exclusion criteria were 

applied. The investigators were not blinded to allocation during experiments but 

quantifications were done in coded samples to reduce operator bias. Statistical analyses 

were done using Prism Software and differences were considered significant if p<0.05. 

Unless otherwise specified, 3 or more independent experiments were performed, all values 

were included and median, interquartile range and 2-tailed Mann–Whitney U-tests, 

incidence and Fisher’s exact test or mean and SEM and 2-tailed Student’s t-tests were 

performed. 

 

 Forward primer Reverse Primer 

Genotyping 

NG2-CreER 
TTAATCCATATTGGCAGAACGAAA

ACG 
CAGGCTAAGTGCCTTCTCTACA 

DTR 
ACGGAGAATGCAAATATGTGAAG

GA 
ACACCTCTCTCCATGGTAACCT 

(ROSA WT) TTCCCTCGTGATCTGCAACTC CTTTAAGCCTGCCCAGAAGACT 

TGFβ2f/f GCTGGCGCCGGAAC 
GCGACTATAGAGATATCAACCACTTT

GT 

(TGFβ2 WT) TGGCCTAGAAAGCCAGATTACAC GGAGAGGCGAGTAAAGGAGAAG 

qPCR 

Mouse TGFβ1 CCT GAG TGG CTG TCT TTT GA GCT GAA TCG AAA GCC CTG TA 

Mouse TGFβ2 TAA AAT CGA CAT GCC GTC CC GAG ACA TCA AAG CGG ACG AT 

Mouse BMP2 TGG AAG TGG CCC ATT TAG AG TGA CGC TTT TCT CGT TTG TG 

Mouse BMP7 GAA AAC AGC AGC AGT GAC CA GGT GGC GTT CAT GTA GGA GT 

Mouse AAC TTT GGC ATT GTG GAA GGG TGG AAG AGT GGG AGT TGC TGT 
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GAPDH CTC TGA 

Supplementary Table 1. Primers used for genotyping and qPCR. 

 

 Manufacture, Clone/Ref Conditions 

FACS 

FITC anti-mouse CD45 Biolegend, 30-F11 1:100, 15min at 4°C in the dark 

FITC anti-mouse Ter119 Biolegend, TER-119 1:100, 15min at 4°C in the dark 

FITC anti-mouse CD31 Biolegend, MEC13.3 1:100, 15min at 4°C in the dark 

APC anti-mouse CD140a 

(PDGFRa) 
Biolegend, APA5 1:100, 15min at 4°C in the dark 

PE anti-mouse CD51 Biolegend, RMV-7 1:100, 15min at 4°C in the dark 

Alexa-750 anti-mouse 

ALCAM/CD166 
R&D systems, 200622 1:100, 15min at 4°C in the dark 

PE/Dazzle-594 anti-

mouse CD31 
Biolegend, MEC13.3 1:100, 15min at 4°C in the dark 

PE anti-mouse 

vEcad/CD144 
eBiosciences, BV13 1:100, 15min at 4°C in the dark 

APC anti-Ki67  eBiosciences, SolA15 1:100, 15min at 4°C in the dark 

PE anti-p27  Cell Signaling, D69C12 1:100, 15min at 4°C in the dark 

IF 

GFP Aves, 1020 
1:100, ON (IF) / 24h (whole mount) at 

4°C 

NG2 R&D, MAB6689 
1:100, ON (IF) / 24h (whole mount) at 

4°C 

CD31 Millipore, clone 2H8 
1:100, ON (IF) / 24h (whole mount) at 

4°C 

p27 Cell Signaling, D69C12 1:100, ON at 4°C 

Ki67 Invitrogen, SolA15 1:100, ON at 4°C 

CK8/18 Progen Biotechnik, GP11 1:100, ON at 4°C 

FITC anti-mouse Sca-1 Biolegend, D7 1:20, 10minutes (retro-orbital) 

Alexa-647 anti-VE-

cadherin 
Biolegend, BV13 1:20, 10minutes (retro-orbital) 

Alexa-647 anti-CD31 Biolegend, MEC13.3 1:20, 10minutes (retro-orbital) 
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TGFβ2 Abcam, ab36495 1:100, ON at 4°C 

BMP7 Abcam, ab56023 1:50, ON at 4°C 

vE-cadherin eBioscience, eBioBV13 1:100, ON at 4°C 

cCas3 Cell Signaling, D175 1:100, ON at 4°C 

pRb Cell Signaling, D20B12 1:100, ON at 4°C 

pATF2 Cell Signaling, 9221 1:50, ON at 4°C 

pHistone H3 (Ser10) Cell Signaling 1:100, ON at 4°C 

WB 

p-SMAD 1/5 Cell Signaling, 41D10 1:500, ON at 4°C 

p-SMAD 2 Cell Signaling, 138D4 1:500, ON at 4°C 

pATF2 Cell Signaling, 9221 1:1000, ON at 4°C 

p27 Cell Signaling, D69C12 1:500, ON at 4°C 

a-tubulin Abcam, ab15568 1:2000, ON at 4°C 

HPR horse-anti-mouse 

IgG  
Vector, PI2000 1:1000, 1h at RT 

HRP goat-anti-rabbit IgG  Vector, PI1000 1:1000, 1h at RT 

Supplementary Table 2. Antibodies. 
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RESULTS III 

Depletion of NG2+/Nestin+ MSCs from the BM niche reactivates dormant E0771 

DTCs. 

The BM is a highly restrictive microenvironment for metastasis development but a 

frequent harbour for dormant DTCs in both humans and mice (Borgen et al., 2018; 

Bragado et al., 2013; Carlson et al., 2019; Hüsemann et al., 2008; R. W. Johnson et al., 

2016; Sherry et al., 1986). As observed in humans and prior models of BM DTC detection, 

in both spontaneous (MMTV-HER2, (Harper et al., 2016) and Fig1a) and experimental 

metastatic BC mouse models (intra-cardiac injected E0771-GFP (Fig1b) and MMTV-

PyMT-CFP cells) we could only find few DTCs in the BM of femurs, sternum and calvaria 

bones (150-400 DTCs per million BM cells). In wild type animals these DTCs were non-

metastatic or developed lesions at low frequency in the bones (~5-16%, Fig1e and 4d). In 

contrast, these mice showed 100% incidence of metastasis to the lung (data not shown), 

which unlike the metastasis-restrictive BM niche, is frequently a permissive site for 

metastasis (Bragado et al., 2013). 

Different factors and BM stromal cells were suggested to play a role in inducing and 

maintaining DTC dormancy (Agarwal et al., 2019; Carlson et al., 2019; Ghajar et al., 2013; 

M. A. Lawson et al., 2015; Yu-Lee et al., 2018; Yumoto et al., 2016a). However, in vivo 

studies functionally linking specific BM cells and dormancy-inducing factors to DTC 

dormancy are still missing. NG2+/Nestin+ MSCs are critical inducers of HSC quiescence 

and hematopoiesis (Kunisaki et al., 2013). Thus, we set out to test whether, like dormancy 

of HSCs (Kunisaki et al., 2013), the NG2+/Nestin+ MSCs could also induce dormancy of 

DTCs. To this end we took advantage of the C57BL/6 NG2-CreERiDTR mouse model 

(Kunisaki et al., 2013; S. Pinho et al., 2013). Treatment of mice with 2 mg of tamoxifen 

(TAM) for 5 days leads to Cre recombinase activation and the expression of the diphtheria 

toxin receptor (DTR) in periarteriolar NG2+ cells, which upon 2-day treatment with 250ng of 

diphtheria toxin (DT) causes a targeted depletion of NG2+ cells (Kunisaki et al., 2013; S. 

Pinho et al., 2013). This strategy repeatedly led to the depletion of ~50% of NG2+/Nestin+ 

MSCs (which overlap with CD45-Ter119-CD31-PDGFRa+CD51+ MSCs (Kunisaki et al., 

2013; S. Pinho et al., 2013); Suppl Fig1a,b) in the BM of long bones. Twenty-four hours 

after DT treatment, we performed intra-cardiac injection of 2x105 E0771-GFP cells per 

mouse (Fig1c and Suppl Movie1) and two weeks later, we monitored for the presence 

and burden of BM DTCs. All mice had E0771-GFP+ DTCs in the BM detectable by FACS 

(Suppl Fig1c), corroborating the injection efficiency and the ability of these cells to persist 
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in the BM at a low burden in all injected mice. Only 5% (1 out of 20) of wild-type (WT) mice 

showed more than 1000 DTCs/million BM cells (manually counted after BM flush). In 

contrast, 55% (11 out of 20) of NG2-CreERiDTR mice with a deficiency of NG2+/Nestin+ 

MSCs displayed a dramatic build-up of E0771-GFP+ colonies in the BM (Fig1d,e). 

Consistently, histological analysis confirmed that indeed the BM of WT animals exhibited 

normal histology; while NG2-CreERiDTR mice revealed large areas of BM metastasis, 

invasion and replacement of the BM by E0771-GFP+ cancer cells (Fig1f). Further, 

quantification of the DTC burden (both manual counting, Fig1g, and FACS assisted, 

Fig1h) showed a striking increase in number of DTCs in the BM compartment of NG2-

CreERiDTR compared to WT mice. We conclude that a 50% reduction in NG2+/Nestin+ 

MSCs can cause a dramatic expansion of otherwise dormant DTCs into bone-damaging 

metastasis.  
Characterization of proliferation and growth arrest markers revealed that in WT mice, 

75% of the solitary E0771-GFP DTCs were positive for p27 (quiescence regulator 

(Bragado et al., 2013), Fig1i,j) and 54% for pATF2 (p38 activated TF (Ranganathan, 

Adam, et al., 2006), Suppl Fig1d,e). In contrast, these same DTCs were 100% negative 

for Ki67 and pH3 (Fig1i,k and Suppl Fig1d,f), supporting a dormant phenotype (increased 

expression of pATF2 and p27 and decreased Ki67 and pH3) shown by us and others in 

different cancer models (Bragado et al., 2013; Fluegen et al., 2017; Maria Soledad Sosa et 

al., 2015). In mice depleted of NG2+/Nestin+ MSCs, E0771-GFP+ resumed proliferation as 

evidenced by a reduction in the percentage of p27+ (28%) and pATF2+ (2%) cells and 

increase of Ki67+ (17%) and pH3+ (16%) in DTC clusters, which are not frequent in WT 

animals (Fig1i-k and Suppl Fig1d-f) and corroborated an awakening of DTCs and shift to 

a proliferative state. Similar results were found by FACS staining of Ki67 and p27 

(although the frequencies varied, possibly due to differences between IF and FACS 

methods) where a significant increase in the percentage of Ki67+ E0771-GFP+ cells and 

decrease in p27+ DTCs was detected in NG2-CreERiDTR compared with WT mice (Fig1l). 

When using a MMTV-PyMT-CFP cell line we found a similar trend, only 1 out of 5 (20%) 

control animals showed greater than 103 cancer cells/106 BM cells, while 3 out of 5 (60%) 

showed reactivation. The burden of cancer cells in the iDTR group animal that reactivated 

(60%) had a 10-fold increase in burden and mice with high burden numbers showed a 

correlative increase in the percentage of Ki67+ DTCs upon depletion of NG2+/Nestin+ 

MSCs (Suppl Fig1g-j). 

DT and DTR-mediated cell death can induce inflammation when certain cell types are 
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targeted (Bennett et al., 2005; Christiaansen et al., 2014; Männ et al., 2016). However, we 

previously reported no difference in the number of leukocytes, expression of CXCL12 and 

KITL (SCF) and no change in vascular volume in the NG2-CreERiDTR model (Kunisaki et 

al., 2013). Nevertheless, because changes could be impacting other inflammatory 

mediators, we performed a multiplex ELISA for pro-inflammatory cytokines in WT and 

iDTR mice. These results revealed no differences between the control and iDTR mice in 

the abundance levels of IL1b, GM-CSF, IL2, IL4, IL6, IL10, IL12p70, MCP-1 or TNFa 

levels (IFNg was undetectable - Suppl Fig2a). We conclude that the dormant DTC 

reactivation effect of NG2+/Nestin+ MSCs depletion is not due to an acute inflammatory 

response but do to the perturbation of the pro-dormancy HSC niche. 

To exclude that the increased DTC burden after two weeks was not due to differences 

in vascular permeability or extravasation efficiency between WT and NG2-CreER-iDTR 

mice, a group of animals was analysed 24 hours after intra-cardiac delivery of E0771-GFP 

cells and dextran-TexasRed injection (Suppl Fig2b). No differences in the amount of 

70,000 MW dextran-TexasRed extravasation in the BM was observed after NG2+/Nestin+ 

MSC depletion as determined using image analysis (Suppl Fig2c), reproducing prior 

results (Kunisaki et al., 2013), and suggesting no obvious alteration in vessel permeability. 

Further, DTC burden was quantified after expansion of E0771-GFP+ cells 1 week in vitro 

(due to no or low detection of E0771-GFP+ in fresh BM flush). Similar numbers of E0771-

GFP+ cells were found in WT and NG2-CreER-iDTR mice (Suppl Fig2d) arguing that the 

differences in final metastatic burden were not due to higher vessel permeability and/or 

enhanced extravasation of DTCs. 

We next tested whether the depletion of NG2+/Nestin+ MSC affected DTC expansion 

once cancer cells had seeded and established a foothold within the NG2+/Nestin+ MSC 

niche. To this end we used the same NG2-CreERiDTR mouse model but the treatment with 

TAM for 5 days was followed by intra-cardiac injection of E0771-GFP cells, which were 

allowed to lodge for 72 hours in unperturbed niches and only then we did 2 daily 

treatments with DT (Suppl Fig2e). Importantly, depletion of NG2+/Nestin+ MSCs after 

DTCs had lodged in the BM niche also stimulated metastatic outbreak; only a third (1 out 

of 6) of control WT mice displayed significant expansion of E0771-GFP cells in the BM 

flushes, while all NG2-CreERiDTR mice (5 out of 5) had a significant increase in frequency 

of cancer cells per BM cells (Fig1m). We conclude that NG2+/Nestin+ MSCs are directly or 

indirectly responsible for maintaining pro-dormancy niches in the BM, which not only 

control HSC quiescence (Kunisaki et al., 2013) but also DTC dormancy. 
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Figure 1. Depletion of NG2+/Nestin+ MSCs awakens dormant DTCs in the BM. a-b. 
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(intra-cardiac injected) breast cancer cells. Scale bars: 10um (a), 20um (b). c-g. Effect of 

NG2+/Nestin+ MSC depletion prior to BM seeding by DTCs (3 independent experiments, 

n=40, graphs with all mice values and median, 2-tailed Mann–Whitney tests, *p<0.05). c. 

7-week old NG2-CreER-iDTR mice (NG2-CreER- or +) were daily i.p. injected with tamoxifen 

for 5 days. After 1 rest day, mice were i.p. treated with diphtheria toxin (DT) for 2 days, 24 

hours later 2x105 E0771-GFP cancer cells were intra-cardiac injected and 2 weeks later 

mice were euthanized and the organs collected. d. Representative images of E0771-GFP+ 

DTC clusters in BM flushes from WT and NG2+/Nestin+ MSC depleted mice. Scale bar 

50um. e. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks after 

cancer cell injections (Fisher’s exact test, *p<0.05). f. H&E and GFP staining of wild type 

(WT) and NG2-CreER-iDTR bones. Wild type mice present normal-like bones; while the 

majority of NG2-CreER-iDTR mice develop bone metastasis. g. Number of E0771-GFP 

cancer cells per million of BM cells after BM flushing, counted manually. h. Number of 

E0771-GFP cancer cells per million of BM cells after BM flushing, counted by FACS. 

(n=15, median, 2-tailed Mann–Whitney tests, *p<0.05). i. Representative images of p27 

and Ki67 in E0771-GFP cells in the bones. Single cells and small clusters are shown in 

WT mice and a metastasis in NG2-CreERiDTR. Scale bars 25um; arrows, positive cells; 

arrowheads, negative cells; dotted lines, GFP+ cells border. j-k. Percentage of E0771-GFP 

cancer cells p27+ (j) and Ki67+ (k) detected by immunofluorescence l. Percentage of 

E0771-GFP cancer cells Ki67high and p27+ (FACS). (n=14, median, 2-tailed Mann–Whitney 

U-tests, *p<0.05). m. Effect of NG2+/Nestin+ MSC depletion after BM seeding by DTCs 

(experimental design in SupFig.1n). Number of E0771-GFP cancer cells per million of BM 

cells after BM flushing, counted manually (n=10, median, 2-tailed Mann–Whitney U-tests, 

*p<0.05).  
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Supplementary Figure 1. Controls for depletion of NG2+/Nestin+ MSCs, DTC 
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presence in the BM and their characterization. a-b. FACS plots (a) and quantifications 

(b) confirming the depletion of NG2+/Nestin+ MSCs (CD45-Ter119-CD31-PDGFRa+CD51+) 

in NG2-CreERiDTR mice upon TAM and DT treatments compared with WT mice. c. 

Representative plots and gates used in FACS for detection and characterization of E0771-

GFP cells in BM flushes. d-f. Representative images (d, Scale bars 25um; arrows, positive 

cells; arrowheads, negative cells) and quantification of pATF2+ (e) and pH3+ (f) E0771-

GFP DTCs. g-j. Detection and characterization of MMTV-PyMT-CFP cells in BM flushes 

by FACS (n=10). h. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 

weeks after cancer cell injections (Fisher’s exact test, *p<0.05). i. Number of MMTV-PyMT-

CFP cancer cells per million BM cells. j. Percentage of Ki67high E0771-GFP cancer cells. 

All graphs include all mice values, median, 2-tailed Mann–Whitney U-tests, *p<0.05. 
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Supplementary Figure 2. Pro-inflammatory cytolkine status, vessel permeability and 

BM DTC seeding in NG2+/Nestin+ MSCs-depleted mice. a. Levels pro-inflammatory 

cytokines in BM supernatant of WT and NG2-CreER-iDTR mice 2 weeks after TAM and DT 

treatments (n.d. not detected; 2 independent experiments, n=24, median and interquartile 

range, 2-tailed Mann–Whitney tests, *p<0.05). b-d. 7-week old NG2-CreER-iDTR mice 

(NG2-CreER- or +) were daily i.p. injected with tamoxifen for 5 days followed by a rest day 

and 2 i.p. injections of DT. 24 hours later, 2x105 E0771-GFP cancer cells were delivered 

via intra-cardiac injection and 24 hours after injected with 70K Dextran-TexasRed, 15 

minutes prior euthanasia (n=10). c. Representative images of Dextran extravasation in 

perfused bones. No differences in Dextran extravasation were detected between WT and 
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NG2-CreER-iDTR mice arguing for a lack of effects on vascular permeability. E0771-GFP 

cancer cells (arrows) were detected in both WT and NG2-CreER-iDTR mice. d. Number of 

E0771-GFP cells detected after 1 week of in vitro expansion of the BM aspirates collected 

24 hours after injection into mice. Similar numbers were detected in WT and NG2-CreER-

iDTR mice supporting no differences in seeding capacity. e. 7-week old NG2-CreER-iDTR 

mice (NG2-CreER- or +) were daily i.p. injected with TAM for 5 days, followed by intra-cardiac 

injection of 2x105 E0771-GFP cancer cells. Cells were allowed to disseminate and 

extravasate for 72 hours followed by 2 i.p. injections of DT. 2 weeks after cancer cell 

injection mice were euthanized and the organs collected. 
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NG2+/Nestin+ MSCs show enhanced production of the dormancy inducers TGFβ2 

and BMP7. 

We had shown that TGFβ2 in the BM was an important cue for dormancy induction 

(Bragado et al., 2013), while other groups have pointed for example to BMP7 as a key 

inducer of DTC dormancy (Aya Kobayashi et al., 2011). However, the functional source of 

TGFβ2 or other factors in the BM in vivo remained unidentified. We wondered whether 

NG2+/Nestin+ MSCs may regulate dormancy by producing cues, such as TGFβ2, that 

induce DTC dormancy. To address this question, we sorted CD31-CD45- Nestin-GFPbright 

(from now on called Nestin-GFP+) and CD31-CD45- Nestin-GFP- cells (from now on called 

Nestin-GFP-) stromal cells from mice BM and measured mRNA levels of TGFβ1, BMP2 

(involved in dormant DTC reactivation (A Kobayashi et al., 2011; Maria Soledad Sosa et 

al., 2015)), TGFβ2 and BMP7 (dormancy inducing cues (Bragado et al., 2013; Aya 

Kobayashi et al., 2011; Maria Soledad Sosa et al., 2015)). Nestin-GFP+ cells showed 

higher mRNAs levels of TGFβ2 and BMP7 than Nestin-GFP- cells (Fig2a). In addition, 

because it has been shown that other niche cells have high expression of TGFβ2 

(Tikhonova et al., 2019; Xu et al., 2018), we compared TGFβ1, TGFβ2 and BMP7 mRNA 

levels in MSCs, osteo-progenitor cells (OPCs) and endothelial cells (ECs). To this end, we 

sorted MSCs (CD45-CD31-Ter119-PDGFRa+CD51+), OPCs (CD45-Ter119-CD31-ALCAM+, 

OPCs) and ECs (CD45-Ter119-CD31+vEcad+, ECs) from WT mice and we found that 

TGFβ1 is equally expressed by MSCs, OPCs and ECs, TGFβ2 was higher in MSCs and 

OPCs and BMP7 was uniquely produced by MSCs (Suppl Fig3a-b). Thus, MSCs are not 

an exclusive source of TGFβ2 but are the only niche cells producing both pro-dormancy 

TGFβ2 and BMP7 cues. Further, ELISA measurements of the BM supernatants from NG2-

CreERiDTR mice showed a significant decrease in TGFβ2 and BMP7 levels but not TGFβ1 

or TGFβ3 upon NG2+/Nestin+ MSC depletion compared with WT mice (Fig2b), suggesting 

that pro-dormancy niches established by NG2+/Nestin+ MSCs are a source of TGFβ2 and 

BMP7 in the BM but that other cells may compensate for the production and total levels of 

TGFβ1. Imaging of TGFβ2 and BMP7 in relation to the Nestin-GFP cells revealed that 

BMP7 was more predominant in the growth plate and appeared to accumulate as a 

secreted factor around the Nestin-GFP+ cells, while TGFβ2 was more homogeneously 

distributed across the BM, but also in areas containing Nestin-GFP+ MSCs (Fig2c). We 

conclude that pro-dormancy NG2+/Nestin+ MSCs are a source of TGFβ2 and BMP7 that 
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can be detected in the BM microenvironment albeit with varying localization in relation to 

the NG2+/Nestin+ MSCs. 

 

TGFβ2 and BMP7 detection in BM supernatant from ER+ BC patients. 

Given that the lower levels of TGFβ2 and BMP7 upon NG2+/Nestin+ MSC depletion 

were associated with reactivation of dormant DTCs leading to metastatic outgrowth (Fig1), 

we tested the hypothesis that the abundance of these two factors in the bone marrow of 

BC patients might provide some information on their progression. To this end we tested a 

small subset of BM plasma samples from early BC patients with ER positive disease, the 

BC subtype most often experiencing tumor dormancy and late recurrences in the bone, 

among other sites. These samples were part of a clinical study monitoring DTC status after 

completion of standard adjuvant anthracycline-containing chemotherapy (Naume et al., 

2014). TGFβ2 and BMP7 levels from BM plasma were detected using multiplex ELISA and 

revealed that patients without systemic recurrence (M0) during follow up had 2.28- and 

1.62-fold higher frequency of detectable TGFβ2 and BMP7, respectively, compared to 

patients with systemic recurrence (M1) (Fig2d). Importantly, metastasis-specific survival 

analysis of the subgroup of patients who did not receive any secondary chemotherapy, 

excluding treatment-related interpretation bias, pointed to a markedly improved distant 

disease-free survival for patients with detectable BMP7 compared to patients with no 

BMP7 (Fig2e) (regardless of the abundance levels). Survival analysis was not possible for 

TGFβ2 due to the low number of patients showing detectable TGFβ2 levels. While this is a 

small pilot analysis, these data support further analysis of an association between 

detectable levels of TGFβ2 and BMP7, which are produced by NG2+/Nestin+ MSCs, and 

late recurrences and at least for BMP7, time to metastatic recurrence in ER+ patients after 

therapy.  
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Figure 2. NG2+/Nestin+ 

MSCs are a source of 

pro-dormancy factors 

TGFβ2 and BMP7 in the 

BM. a. qPCR of sorted 

CD45-CD31-Nestin-GFP- 

and Nestin-GFPbright MSCs 

from Nestin-GFP mice (4 

independent experiments, 

mean and SEM, 2-tailed 

Mann–Whitney tests, 

*p<0.05). b. TGFβ1, 2 and 

3 and BMP7 levels in BM 

supernatant of WT and 

NG2-CreER-iDTR mice 2 

weeks after TAM and DT 

treatments (2 independent 

experiments, n=24, median 

and interquartile range, 2-

tailed Mann–Whitney tests, 

*p<0.05). c. Imaging of 

Nestin-GFP+ MSCs in 

Nestin-GFP mice using IF. 

Dormancy factors TGFβ2 

(white) and BMP7 (red) are 

expressed near MSCs. 

Scale bar 100um. Dotted 

rectangles, high-magnification inserts. d. TGFβ2 and BMP7 levels from BM plasma 

samples from ER+ BC patients with (M1) or without (M0) evidence of systemic recurrence 

(data from SATT clinical study (Naume et al., 2014), Fisher’s exact test, *p<0.05). e. 

Metastasis-free survival analysis of the subgroup of patients who did not receive any 

secondary chemotherapy, excluding treatment-related interpretation bias, separated by 

detectable BMP7 levels compared to patients with no BMP7. 
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Supplementary Figure 3. TGFβ1, TGFβ2 and BMP7 mRNA levels in MSCs, OPCs and 

ECs. a. FACS strategy and gates used to sort mesenchymal stem cells (CD45-CD31-

Ter119-PDGFRa+CD51+, MSCs), osteo-progenitor cells (CD45-Ter119-CD31-ALCAM+, 

OPCs) and endothelial cells (CD45-Ter119-CD31+vEcad+, ECs) from WT mice. b. TGFβ1, 

TGFβ2 and BMP7 mRNA levels in MSCs, OPCs and ECs (MSC population was used as 

reference). n=2, 4-5 mice pooled per group and experiment. One-way ANOVA with 

Geissen-Greenhouse correction, *p<0.05.  
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NG2+/Nestin+ MSCs activate TGFBRIII and BMPRII signalling and a low ERK/p38 

signalling ratio in cancer cells. 

It was not clear if the production of TGFβ2 and BMP7 by NG2+/Nestin+ MSCs could 

impact DTC behaviour. To address this question mechanistically, we tested the ability of 

NG2+/Nestin+ MSCs to activate key dormancy pathways downstream of TGFβ2 and BMP7 

signalling in cancer cells. To this end, we optimized a co-culture system of sorted 

NG2+/Nestin+ MSCs and various human and mouse cancer cells. In this assay, Nestin-

GFP cells sorted from the BM were co-cultured (1:1 ratio) with cancer cells on top of 

matrigel at low density. The co-cultures were followed for up to 4 days to ensure that the 

MSCs retain functionality (Nakahara et al., 2019). We monitored the frequency at which 

single cancer cells (to mimic solitary DTC biology) remain in a solitary state, or progressed 

to small and large cancer cell clusters, a measure of proliferative capacity (Suppl Fig4a 

and Fig3a). The co-cultures revealed that the majority of control (no MSCs added) and 

also E0771 BC cells co-cultured with Nestin-GFP- cells progressed to large clusters; 

compared to control cells, Nestin-GFP- cells had some growth inhibitory effect on E0771 

cells as we observed ~15% increase in the accumulation of cells in single cell state. 

However, arrest of cancer cells in a single cell or doublet state was dramatically increased 

in the presence of Nestin-GFP+ MSCs (Fig3b). Similar results were obtained with human 

head and neck squamous carcinoma T-HEp3 cells (Suppl Fig4b) and mouse BC MMTV-

PyMT-CFP cells (Suppl Fig4c). Treatment of E0771 cells in these conditions with TGFβ2, 

BMP7 or BM conditioned media (BM-CM) from WT TGFβ2+/+ mice also led to the 

accumulation of growth arrested single cancer cells (Suppl Fig4d,h). This effect was 

partially reversed when using BM-CM from mice heterozygous for TGFβ2 (+/-) (Suppl 

Fig4h). Thus, Nestin-GFP+ MSCs, which show enhanced expression of TGFβ2 and BMP7, 

were able to strongly suppress proliferation of different cancer cells similarly to the purified 

cues or BM-CM from mice with a full gene complement of TGFβ2. Analysis of the 

mechanisms revealed that the growth suppression was not due to apoptosis in the co-

cultures (measured by c-Cas3 levels), but due to a reduction in p-Rb levels and increase in 

p-ATF2 (a p38 pathway target) and p27 only observed in the cells co-cultured with Nestin-

GFP+ MSCs (Fig3c,f) or treated with TGFβ2, BMP7 or TGFβ2+/+ BM-CM (Suppl Fig4e-k). 

These changes were more evident in solitary E0771 cells, suggesting that in this state 

cancer cells may be more responsive to dormancy cues. Importantly, TGFβ2 and BMP7 on 

their own could induce these molecular changes supporting that the Nestin-GFP+ MSCs 

may be activating these pathways through those cues. These results were corroborated 
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using biochemical approaches, which showed that in 2D cultures of E0771 cells TGFβ2 

and BMP7 activated SMAD2 and SMAD1/5 phosphorylation respectively and that both 

converged on the phosphorylation of ATF2 and upregulation of p27 protein levels (Suppl 

Fig4l), required for dormancy onset (Bragado et al., 2013). BM-CM from WT TGFβ2 mice 

led to similar changes in p-SMAD2, p-ATF2 and p27 (Suppl Fig4l) as observed in 

response to TGFβ2 and BMP7; however, BM-CM from mice heterozygous for TGFβ2 (+/-) 

still activated these pathways suggesting that loss of one TGFβ2 allele cannot fully 

eliminate the immediate response on the pathway activation within a few hours, but it can 

reduce the proliferative response over longer periods of treatment (Suppl Fig4h). 

Having established that E0771 cells were responsive to TGFβ2 and BMP7 and that 

Nestin-GFP+ MSCs produce these factors, we tested whether the MSC effect was contact 

dependent and if growth suppression was indeed linked to signalling downstream of these 

cues. To this end, we used T-HEp3 cells engineered to express an ELK-GAL4::hrGFP 

biosensor to monitor ERK activity (Julio A. Aguirre-Ghiso et al., 2004), a p38 shuttle-Clover 

biosensor that shows clover cytoplasmic over nuclear signal when p38 is active( Regot et 

al., 2014) and a p27K-mVenus reporter where protein is stabilized and accumulated in the 

nucleus upon growth arrest (Oki et al., 2014). T-HEp3-biosensor cells were transfected 

with siRNAs for TGFBRIII and BMPRII and then cultured in the bottom of plates while 

Nestin-GFP- or Nestin-GFP+ cells were plated in upper level of the trans-wells. These 

experiments showed that Nestin-GFP- cells do not lead to differences in cancer cell ERK, 

p38 or p27 biosensors activities and that TGFBRIII and BMPRII knockdown (KD) also do 

not change basal biosensors activities (Fig3g-j). In contrast, Nestin-GFP+ MSCs led to 

significant induction of p38 and p27 activity in cancer cells, even without being in direct 

contact, and these activations were completely negated by KD of TGFBRIII and BMPRII. 

Accordingly, Nestin-GFP+ MSCs significantly reduced ERK activity in cancer cells, which 

was also reversed by TGFBRIII, but not significantly by BMPRII knockdown (Fig3g-j). Both 

TGFβ2 and BMP7 activated the p27 and p38 biosensors while inhibiting ELK activity in 

cancer cells (Suppl Fig4n-p), supporting that they are faithful reporters and that Nestin-

GFP+ MSCs can directly modulate key dormancy pathways via TGFβ2 and BMP7. In all 

cases, TGFβ2- or BMP7-dependent effects were reversed by KD of TGFBRIII in the case 

of TGFβ2 and BMPRII in the case of BMP7 (Suppl Fig4n-p). The above results provide 

strong evidence supporting that NG2+/Nestin+ MSCs secrete TGFβ2 and BMP7, to inhibit 

the mitogenic (ERK1/2) pathway and activate the growth arrest (p38 and p27) pathway.  
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The ability of long-term cultured NG2+/Nestin+ MSCs niche cells to maintain HSC self-

renewal ex vivo is markedly diminished due to loss of the expression of niche factors in 

cultured MSCs (Nakahara et al., 2019). The loss of these factors is also observed in MSCs 

passaged 3-5 times in culture (Nakahara et al., 2019) (MSCs Ct); however, revitalized 

MSCs (rMSCs) engineered to express Klf7, Ostf1, Xbp1, Irf3 and Irf7 restore the synthesis 

of HSC niche factors of BM-derived cultured MSCs (Nakahara et al., 2019). Interestingly, 

passaged NG2+/Nestin+ MSCs (MSCs Ct, MSCs kept in culture for 3-5 passages that show 

loss of function) were not able to suppress growth of E0771 cancer cells. In contrast, 

rMSCs that have the ability to maintain HSC self-renewal ex vivo were able to suppress 

proliferation of E0771 cells (Fig3k), which correlated with the specific upregulation of 

TGFβ2 (not TGFβ1) and BMP7 in rMSCs comparted to control MSCs (Suppl Fig4q). 

These data further support that functional MSCs from the NG2+/Nestin+ lineage are able to 

suppress cancer cell growth and that alterations of these cells may impair this dormancy-

inducing function. 
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Figure 3. NG2+/Nestin+ MSCs activate TGFβ2 and BMP7 signalling pathways in 

cancer cells to inhibit proliferation. a-f. Effect of NG2+/Nestin+ MSCs on tumour cell 

proliferation. a. Representative images of 3D co-cultures of E0771 cells with sorted Nestin-

GFP- and Nestin-GFP+ MSCs for 4 days. Top left: a single cell, a doublet and cluster of 
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cancer cells. Scale bar 50um; Bottom left: A NG2+/Nestin+ MSC (PDGFRa+, red) near a 

cancer cell cluster. Scale bar 50um; Centre and right: Representative images of positive 

cells for cleaved caspase-3 (apoptotic cells), pRb (proliferative cells), p-ATF2 (p38-

pathway activation) and p27 (quiescent cells) markers. Scale bars 10um. b. Percentage of 

E0771 cells in a single cell, doublet or cell cluster states after 4 days of co-culture in the 

indicated conditions. c-f. Percentage of E0771 cancer cells positive for c-Cas-3, p-Rb, p-

ATF2 and p27 after 4 days of co-culture with Nestin-GFP- cells (dark green) or Nestin-

GFP+ MSCs (bright green). g-j. T-HEp3 cells with different bio-sensors were reversed 

transfected with siRNA for TGFBRIII and BMPRII followed by co-culture in trans-wells with 

sorted Nestin-GFP- cells and Nestin-GFP+ MSCs. g. Representative images of T-HEp3 

cells with ELK-Gal4::GFP (GFP+ when ERK1/2 pathway is active), p38-Clover (when p38 

is active cytoplasmic signal predominates) and p27K-mVenus (mVenus signal indicates 

cell cycle arrest) bio-sensors. Scale bar 25um. h-j. Quantification of the T-HEp3 bio-sensor 

cell lines after reverse transfection of siRNA for TGFBRIII and BMPRII followed by 24-hour 

co-culture with Nestin-GFP- or + cells using trans-wells. k. Percentage of E0771 cells in a 

single cell, doublet or cluster state after co-culture with Control (passaged) or revitalized (r) 

MSCs for 4 days. All graphs: 3-4 independent experiments, mean and SEM, 2-tailed 

Mann–Whitney tests, *p<0.05. 
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Supplementary Figure 4. Effect of NG2+/Nestin+ MSCs on signalling pathways and 

growth of various cancer cell types in 2D and 3D cultures. a. 3D Matrigel assay used 

to track solitary cell to cluster growth. Single cells were plated on top of Matrigel in low 

density and the percentage of single cells, doublets and clusters was quantified 4 days 

after. b-c. Co-culture of human HNSCC PDX-derived T-HEp3 (b) and mouse BC MMTV-
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PyMT (c) cells with sorted Nestin-GFP- and Nestin-GFP+ MSCs for 4 days. d-k. E0771 

cells were treated every day for 4 days with TGFβ2, BMP7 or bone-marrow conditioned 

media (BM-CM) of TGFβ2+/+ or TGFβ2+/- mice. d and h. Percentage of cancer cells in a 

single cell, doublet or cluster state with the indicated treatments. e-g and i-k. 

Quantifications of c-Cas-3, p-ATF2 and p27 with the indicated treatments. l. Western blots 

for the indicated antigens detected in E0771 cells treated for 24 hours with the TGFβ2, 

BMP7 and different BM-CM preparations. m-p. T-HEp3 cells with ERK, p38 and p27 

activity biosensors were reversed transfected with control siRNA or siRNAs for TGFBRIII 

and BMPRII followed by 24-hour treatments with TGFβ2 and BMP7. m. TGFBRIII and 

BMPRII mRNA levels 48 hours after transfection with the indicated siRNAs. n-p. 

Quantification of the T-HEp3-biosensors activity. q. qPCR of TGFβ1, TGFβ2 and BMP7 

from Control and rMSCs. All graphs: 3-4 independent experiments, mean and SEM, 2-

tailed Mann–Whitney tests, *p<0.05. 
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Conditional deletion of TGFβ2 in NG2+/Nestin+ MSCs triggers DTC escape from 

dormancy in the BM. 

The above experiments provide strong evidence that NG2+/Nestin+ MSCs are critical 

for cancer cell dormancy onset and maintenance in the BM niche (Fig1). Additionally, we 

provide evidence that these MSCs produce significant amounts of TGFβ2 and BMP7 

(Fig2) and that they activate dormancy signalling pathways in cancer cells (Fig3). 

However, these experiments still do not prove that the dormancy cues derived from 

NG2+/Nestin+ MSCs in the niche in vivo are required for dormancy. To address this 

missing link, we focused on TGFβ2 because of our knowledge on the role of this cytokine 

in dormancy induction and its higher levels in NG2+/Nestin+ MSCs (Fig2a and (Tikhonova 

et al., 2019)). 

We crossed NG2-CreER mice with TGFβ2flox mice to generate specific conditional 

deletion of this cytokine in the NG2 lineage. We confirmed decreased levels of TGFβ2 in 

NG2+/Nestin+ MSCs (sorted CD45/Ter119/CD31-PDGFRa+CD51+ MSCs) from the BM of 

NG2-CreERTGFβ2 mice tamoxifen induction (Fig4a-c), but no differences in TGFβ1 levels 

supporting the specificity of the gene disruption (Suppl Fig5a). Although the NG2-CreER 

driver is mainly restricted to peri-arteriolar Nestin-GFP+ stromal cells, it can also be 

detected in chondrocytes, osteocytes, and rarely in osteoblasts (Asada et al., 2017; B. O. 

Zhou et al., 2014). To determine whether the conditional KO strategy we selected may 

impact TGFβ2 in those cells, we sorted MSCs, OPCs and ECs from WT and NG2-

CreERTGFβ2 (KO) mice. Only TGFβ2 levels in MSCs decreased significantly upon 

tamoxifen treatment, supporting that the depletion is specific for TGFβ2 in MSCs (Suppl 

Fig5b). To test whether disruption of TGFβ2 production in the NG2+/Nestin+ MSC niche in 

NG2-CreERTGFβ2 mice would affect DTC behaviour we injected E0771-GFP cells into the 

left ventricle of the heart of animals and euthanized them 2 weeks later. All mice had 

detectable E0771-GFP+ DTCs in the BM by FACS (Suppl Fig5c), corroborating the 

injection efficiency. However, only ~16% (4 out of 24) of wild-type (WT) mice shown more 

than 1000 DTCs/million BM cells (manually counted after BM flush), while 48% (14 out of 

29) of NG2-CreERTGFβ2 (KO) mice displayed a build-up of E0771-GFP+ colonies in the 

BM (Fig4d). Consistently, quantification of the DTC burden (both manual counting, Fig4e, 

and by FACS, Suppl Fig5c) showed an increase in number of DTCs in the BM 

compartment of TGFβ2 KO mice compared with WT. Additional analysis revealed that 

metastatic masses in TGFβ2 KO mice showed a decrease in the percentage of p27+ cells 
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(23%) and an increase in the number of Ki67+cells (10%) compared to solitary DTCs and 

small DTC clusters in WT mice (57% p27+ / 3% Ki67+) (Fig4f-g). A similar difference was 

found by FACS staining of Ki67, where we found an increase in the percentage of E0771-

GFP+ Ki67high cells (Suppl Fig5d). We conclude that niches containing NG2+/Nestin+ 

MSCs and that produce TGFβ2 are required for BC cell dormancy induction and 

maintenance in the BM compartment. 
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Figure 4. Conditional knock out of TGFβ2 in NG2+/Nestin+ MSCs awakens dormant 

DTCs in the BM. a. 7-week old NG2-CreER- or + TGFβ2f/f mice were i.p. treated daily with 

tamoxifen (TAM) for 5 days followed by intra-cardiac injection of 2x105 E0771-GFP cells. 

Mice were euthanized and the organs collected 2 weeks after (4 independent experiments, 

n=53). b-c. Sorting strategy (b) and TGFβ2 mRNA levels (c) confirming the efficiency of 

TGFβ2 knockout in NG2+/Nestin+ MSCs (sorted using CD45-Ter119-CD31-
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PDGFRa+CD51+ markers) in NG2-CreERTGFβ2 mice upon TAM treatments compared with 

WT mice. d. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks after 

cancer cell injections (Fisher’s exact test, *p<0.05). e. Number of E0771-GFP cancer cells 

per million of BM cells after BM flushing of WT and NG2-CreER-TGFβ2 mice, counted 

manually (all mice values and median, 2-tailed Mann–Whitney test, *p<0.05). f-g. 

Proliferative state of DTCs in the BM of WT and NG2-CreER-iDTR mice. f. Representative 

images of single cells and small clusters in WT and a metastasis in NG2-CreER-iDTR. 

Scale bars 25um; arrows, positive cells; arrowheads, negative cells; dotted lines, GFP+ 

cells border. g. Percentage of E0771-GFP cancer cells p27+ (l) and Ki67+ (m) detected by 

immunofluorescence. h. Schematic representation of the current model by which we 

propose that niches that control HSC dormancy are responsible for inducing dormancy 

breast cancer DTCs in the BM. 

 

Supplementary Figure 5. NG2-

CreERTGFβ2 mouse model 

controls. a. TGFβ1 mRNA 

levels in NG2+/Nestin+ MSCs 

(sorted using CD45-Ter119-

CD31-PDGFRa+CD51+ markers) 

in NG2-CreERTGFβ2 mice upon 

TAM treatments compared with 

WT mice. b. TGFβ1, TGFβ2 and 

BMP7 mRNA levels in MSCs 

(CD45- CD31- Ter119- PDGFRa+ 

CD51+), osteo-progenitor (CD45-Ter119-CD31-ALCAM+, OPCs) and endothelial (CD45-

Ter119-CD31+vEcad+, ECs) cells from NG2-CreERTGFβ2 mice upon TAM treatments 

compared with WT mice. n=2, 4-5 mice pooled per group and experiment. One-way 

ANOVA with Geissen-Greenhouse correction, *p<0.05. c. Number of E0771-GFP cancer 

cells per million of BM cells after BM flushing, counted by FACS. d. Percentage of Ki67high 

E0771-GFP cancer cells (FACS). All graphs include all mice values, median and 

interquartile range and 2-tailed Mann–Whitney U-tests, *p<0.05.  
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DISCUSSION III 

The bone marrow is a powerful pro-cancer dormancy niche for both normal and cancer 

cells (Bragado et al., 2013; Carlson et al., 2019; R. W. Johnson et al., 2016). Building on 

previous studies (Carlson et al., 2019; Ghajar et al., 2013), we show that the BM 

perivascular niche plays an important role in DTC dormancy. However, here we make a 

leap in our understanding of this biology by revealing for the first time a specific BM cell 

type, namely NG2+/Nestin+ MSCs, that maintains both HSC (Kunisaki et al., 2013) and 

DTC dormancy in this organ. We further advance our understanding by revealing the 

mechanism behind this biology, where NG2+/Nestin+ MSCs secrete TGFβ2 and BMP7 to 

signal through TGFBRIII and BMPRII leading to activation of SMAD, p38 and p27 

pathways and cancer dormancy. Importantly, the pro-dormancy function of NG2+/Nestin+ 

MSCs is not due to TGFβ2 and/or BMP7 promoting an anti-inflammatory 

microenvironment. Our work provides novel functional evidence for the long-held notion 

that HSC dormancy niches support DTC dormancy. Our findings are also deeply linked to 

the “seed and soil” theory of metastasis  (Paget, 1889). However, our findings reshape this 

paradigm to show that the “seed and soil” relationship in BM is not for growth of DTCs but 

rather for the induction and maintenance of dormancy. In fact, our data support that when 

the “soil” is negatively altered metastasis ensue. Thus, certain organs rather than being a 

proper “soil” for metastasis may indeed be homeostatic and their normal function as the 

“soil” is pro-dormancy; when they are altered or damaged they lose their metastasis 

suppressing function.   

Despite our efforts, the low number and density of DTCs in the majority of control mice 

(150-400 DTCs per million BM cells) in the models we used precluded mapping statistically 

their location in relation to vascular structures. Thus to gain insight into the relevance of 

these niches we focused on a functional analysis. We now identify the active role of 

NG2+/Nestin+ MSCs in inducing and maintaining DTC dormancy in vivo. We went a step 

further and proved in vivo the crucial role of TGFβ2 produced by NG2+/Nestin+ MSCs. 

Future studies will test the function of BMP7 in these cells. Our data also suggests that 

NG2+/Nestin+ MSCs regulated niches are primarily pro-dormancy rather than only pro-

survival, otherwise when the niche was disrupted in the NG2-CreER-iDTR model, we would 

see DTC clearance instead of reactivation. However, it is possible that oncogenic 

signalling in the E0771 cells (K-Ras (activating), MKK4 and p53 (both inactivating mutants) 

(Yang et al., 2017) protects them from absent survival signals that could be altered when 

we eliminate NG2+/Nestin+ MSCs. It is interesting that even carrying MKK4 (p38 and JNK 
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upstream activator) and p53-inactivating mutations (and K-Ras active mutant) E0771 

efficiently activated p38 signalling and CDK inhibitors long term. This suggests that TGFβ2 

and BMP7 signalling may be more reliant on MKK3/6 signalling for p38 activation. It also 

supports that niche cues can override potent oncogene signalling, further solidifying the 

notion that microenvironmental mechanisms may be dominant over genetics (Boudreau & 

Bissell, 1998; Kenny & Bissell, 2003) if cancer cells can still “read” host homeostatic 

signals. 

We also report no major differences in vessel permeability and DTC early seeding after 

NG2+/Nestin+ MSCs depletion, supporting that the enhanced DTC growth in NG2+/Nestin+ 

MSCs depleted before or after seeding in the BM was due to a dormancy-to-growth switch 

effect and not a seeding/colonization phenotype. An important next question will be to 

define how cancer cells with different genetics and from different cancer types might affect 

the HSC niche to support or block a positive loop feeding dormancy of both HSC and 

DTCs in an homeostatic normal-like BM environment. Our results may also start to define 

what genetic alterations may allow cancer cells to escape microenvironmental control by 

NG2+/Nestin+ MSCs. For example, genetic alterations that affect TGFBRIII (Ajiboye et al., 

2010; Dong et al., 2007; Turley et al., 2007) and BMPRII (I. Y. Kim et al., 2004; A 

Kobayashi et al., 2011) have been linked to increased bone metastasis in breast and 

prostate cancer, indicating that such alterations may allow DTCs to escape homeostatic 

control. These genetic changes detected in DTCs may serve as biomarkers to help 

monitor more closely patients at risk of relapse. To this end we provide promising data that 

monitoring for example BMP7 presence or absence in ER+ breast cancer patients can 

inform on the time to metastatic relapse. Patients that presumably had intact or functional 

NG2+/Nestin+ MSC and/or other niches and had detectable BMP7 were less prone to 

develop metastasis. 

It is important to highlight the complexity of the BM niches and the fact that different 

cell types may produce the same or other dormancy cues, which we observed in our co-

cultures where Nestin-GFP- cells led to a slight increase in the percentage of cancer cells 

in a single cell state (Fig3b). Also, the driver we used, NG2-CreER, is mainly restricted to 

MSCs but it can also target chondrocytes, osteocytes and few osteoblasts (data not shown 

and (B. O. Zhou et al., 2014)). However, our data from NG2-CreERTGFβ2 mice strongly 

supports that in our experiments the NG2-CreER promoter is restricted to MSCs, allowing to 

attribute the effect of the loss of TGFβ2 in these cells as the main change that allows 

reactivation of cancer cells. It was in fact rather surprising that a relatively rare 
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subpopulation of MSCs had such a powerful effect on DTC dormancy in vivo. This could 

be due to the fact that DTCs in the BM are not overwhelming the niches due to low 

abundance and/or that the NG2+/Nestin+ MSCs coordinate pro-dormancy niches by 

instructing other cell types to produce dormancy cues. This is possible as other cell types 

in the BM niche are also key contributors to the pro-dormancy HSC niche. To this end, it 

was previously described that osteoblasts are also a source of TGFβ2 (Tikhonova et al., 

2019; Yu-Lee et al., 2018), but in our mouse models these cells do not seem to 

compensate for the loss of TGFβ2 in NG2+/Nestin+ MSCs or for the 50% loss of 

NG2+/Nestin+ MSCs after DT treatment. However, it is possible—but not tested—that 

osteoblasts are producing TGFβ2 also in response to niche signals orchestrated by 

NG2+/Nestin+ MSCs. NG2+/Nestin+ MSCs may also produce additional factors to TGFβ2 

and BMP7, which would explain why the penetrance of the phenotype seems greater when 

we compare DTC burden in the NG2-CreER-iDTR model (Fig1) vs. the NG2-CreER-TGFβ2 

(Fig4). 

In our models we observe that while the HSC dormancy niches robustly control the 

dormant DTC phenotype, when we deplete NG2+/Nestin+ MSCs, growth is alarmingly 

aggressive. This argues that identifying the key niche cells that maintain dormancy in 

patients may be important to monitor their function to predict and prevent relapse. With this 

in mind, our current results and those from past studies argue that it may be more feasible 

to eradicate dormant DTCs or maintain them in dormancy than to awaken them and try to 

kill them with conventional therapies; their growth post-awakening is aggressive and may 

occur in multiple organs (Bragado et al., 2013).  

It is known that aging affects the proper function of HSC niches by downregulation of 

niche factors by passaged MSCs (Nakahara et al., 2019) and that in aged mice the BM 

microenvironment shows lower levels of TGFβ2 and BMP7 (Singh et al., 2019). Our results 

offer a new opportunity to understand how aging, inflammation and the cancer cells 

themselves may alter MSCs functionality leading to a disruption of the BM pro-dormancy 

niche that ultimately leads to dormancy awakening and bone metastasis formation. Finally, 

a remaining question, but beyond the scope of our study, is whether the function of 

NG2+/Nestin+ MSCs as pro-dormancy niche orchestrators is limited to the BM or whether it 

has similar roles in other metastasis target organs. Overall, we propose that this work 

shifts our understanding on how homeostatic mechanisms that control adult stem cell 

quiescence may govern dormancy of disseminated cancer cells and control the timing of 

metastasis. Our work reshapes the paradigm of metastasis by revealing how the 
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homeostatic BM microenvironment actually serves mainly as a metastasis suppressive 

“soil” via dormancy induction. 
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ABSTRACT IV 

Disseminated prostate cancer (PCa) cells in the marrow survive for years without 

evidence of proliferation, while maintaining the capacity to develop into metastatic lesions. 

These dormant disseminated tumor cells (DTCs) may reside in close proximity to 

osteoblasts, while expressing high levels of Axl, one of the tyrosine kinase receptors for 

growth arrest specific 6 (Gas6). Yet how Axl regulates DTC proliferation in marrow remains 

undefined. Here, we explored the impact of the loss of Axl in PCa cells (PC3 and DU145) 

on the induction of their dormancy when they are co-cultured with a pre-osteoblastic cell 

line, MC3T3-E1. MC3T3-E1 cells dramatically decrease the proliferation of PCa cells, 

however this suppressive effect of osteoblasts is significantly reduced by the reduction of 

Axl expression in PCa cells. Interestingly, expression of both TGFβ and its receptors were 

regulated by Axl expression in PCa cells, while specific blockade of TGFβ signaling limited 

the ability of the osteoblasts to induce dormancy of PCa cells. Finally, we found that both 

Gas6 and Axl are required for TGFβ2-mediated cell growth suppression. Taken together, 

these data suggest that a loop between the Gas6/Axl axis and TGFβ2 signaling plays a 

significant role in the induction of PCa cell dormancy. 

 

 

 

 

 

 

 

 

 

 

 

Graphical Abstract. 

A model of osteoblast-mediated PCa cellular dormancy through Gas6 and TGFβ2 

signaling in the bone marrow. Gas6, produced by osteoblasts, binds Axl expressed by 

disseminated PCa cells and its signaling induces expression of TGFβ2 and its receptors 

TGFBR2 and TGFBR3. Subsequently, autocrine and paracrine TGF-β signaling induces 

PCa dormancy. 

  



181 

MY CONTRIBUTION IV 

Previous studies suggested that osteoblasts play a key role in inducing and/or 

maintaining PCa dormancy in the bone marrow (Shiozawa et al., 2011). This work 

confirmed the hypothesis and provided evidence that in vitro pre-osteoblastic cells 

(MC3T3-E1 cells) regulate dormancy through the secretion of Gas6 and activation of its 

receptor, Axl. Interestingly, in vitro co-culture of pre-osteoblastic cells and cancer cells lead 

to increased expression of TGFβ2 and TGFBR2 in PCa cells, which contributes to 

dormancy induction of PCa cells. Additionally, downregulation of Axl or Gas6 expression 

impaired TGFβ2 and TGFBR2 expression and their function in cell growth arrest. Together 

these findings suggest that the Gas6/Axl axis regulates TGFBR2-TGFβ2 pathways. 

My contribution to this work was to test the contribution of TGFβ2 to the Gas6-Axl 

signaling in PaC cells.  

 

 

METHODS IV 

Cell culture. The human prostate cancer cell lines PC3 were obtained from the American 

Type Culture Collection and routinely maintained in RPMI 1640 (Life Technologies, 

Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (Invitrogen), 1% (v/v) 

penicillin-streptomycin (Invitrogen) at 37 °C, 5% CO2 and 100% humidity. 24 hours after 

seeded in 2D, cells were treated with 2 ng/ml of TGFβ1 (R&D Systems) or TGFβ2 (R&D 

Systems) and RNA extraction was performed 24 hours after the treatment. 

 

RNA Extraction and Real-Time RT-PCR. Total RNA was isolated using RNeasy Mini Kit 

(Qiagen). 2µg RNA was retrotranscribed into cDNA using MMuLV Reverse Transcriptase 

(New England Biolabs, M0253L), MMuLV buffer (NEB, B0253S) and RNase inhibitor 

(Ambion, AM2682). Quantitative real time-PCR was performed using Sybr Green Powder 

PCR Master Mix (Bio-Rad, 170-8882), MgCl2 (NEB, B9021S), dNTP(NEB N0447L) and 

taq DNA polymerase(Sigma D6558) in Biorad thermocycler. Cycle parameters were set as 

follows: 95.0°C (2’), 95.0°C (15’’), Tm°C (30’’), 72.0°C (30’’), step 2-4 x40. Gapdh was 

used as housekeeping control for all plates. 

 

Statistical Methods. All numerical data are expressed as mean and standard deviation 

unless specified otherwise. Two-tailed, unpaired Student’s t-test was used for data 

analysis with p < 0.05 considered to be statistically significant. 
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RESULTS IV 

In order to address the putative role of Gas6 and Axl in TGb2-mediated dormancy 

induction, PaC PC3 cells were treated with TGFβ1 or TGF-β2. Remarkably, only TGFβ2 

induced Axl and Gas6 while inducing p27, a readout of cell-cycle arrest and dormancy 

state. 

 

Figure 7. Axl and Gas6 are required for 

TGFβ2 induced growth suppression. 

(A) Relative mRNA levels in PCa cells 

were evaluated 24 hours after TGFβ1 or 

TGFβ2 stimulation (both 2 ng/ml). 

*p<0.05, **p<0.01 compared to PCa cells 

without TGFβ stimulation, #p<0.05, ##p< 

0.01 compared to PCa with TGF-β 1 

stimulation. 

 

 

DISCUSSION IV 

Once tumors arrive to the bone marrow, the activation of survival programs are likely to 

be required for the cancer cells to survive this harsh environment. One of the most 

important aspects of Axl function is that Axl supports survival of tumor cells through the 

activation of PI3K-Akt signaling (Sawabu et al., 2007; Huamin Wang et al., 2011). 

Furthermore, Gas6/Axl axis was previously described as regulator of prostate cancer 

invasion, proliferation and survival in the bone marrow niche (Shiozawa et al., 2010). In 

this work, we showed that Gas6 is secreted by osteoblasts, leading to increase of TGFβ2 

in cancer cells and dormancy induction. Remarkably, Gas6/Axl signals not only regulate 

TGFBR2 and TGFβ2 expression but are also required for TGFβ2-mediated growth 

suppression of PCa cells. 

Interestingly, as showed before (Results Part III), osteoblasts also produce TGFβ2. 

Furthermore, dormant cancer cells were described to produce endogenous TGFβ2 

(Bragado et al., 2013), creating a positive loop that reinforces the dormant state. These 

different signals and pathways reinforce the idea that the BM niche is highly growth 

suppressive because several different cells secret different factors, all working together 

keeping cancer cells dormant. 
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Importantly, TGFβ2 signaling also plays a critical role in cancer cell fate in other organs 

like the lung, a concept explored in Results Part V.  
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ABSTRACT V 

Hypoxia is a poor-prognosis microenvironmental hallmark of solid tumours, but it is unclear 

how it influences the fate of disseminated tumour cells (DTCs) in target organs. Here we 

report that hypoxic HNSCC and breast primary tumour microenvironments displayed 

upregulation of key dormancy (NR2F1, DEC2, p27) and hypoxia (GLUT1, HIF1α) genes. 

Analysis of solitary DTCs in PDX and transgenic mice revealed that post-hypoxic DTCs 

were frequently NR2F1hi/DEC2hi/p27hi/TGFβ2hi and dormant. NR2F1 and HIF1α were 

required for p27 induction in post-hypoxic dormant DTCs, but these DTCs did not display 

GLUT1hi expression. Post-hypoxic DTCs evaded chemotherapy and, unlike ERα breast 

cancer cells, post-hypoxic ERC breast cancer cells were more prone to enter NR2F1-

dependent dormancy. We propose that primary tumour hypoxic microenvironments give 

rise to a subpopulation of dormant DTCs that evade therapy. These post-hypoxic dormant 

DTCs may be the source of disease relapse and poor prognosis associated with hypoxia. 

 

 

Graphic illustrating the effect of PT hypoxic  microenvironments on DTCs. We 

hypothesize that hypoxic PT microenvironments (red area) give rise to a more 

heterogeneous population of DTCs consisting of proliferative but also larger amounts of 

dormant DTCs. The latter can be dormant for varying time periods but sufficient to possibly 

escape cycles of chemotherapy. These dormant DTCs may evade via passive and active 
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mechanisms antiproliferative therapies fueling subsequent relapse. Compared to DTCs 

originating from normoxic PT microenvironments (blue area), hypoxic DTCs (red) are more 

prone to enter a dormancy (green cells) program in secondary organs driven by NR2F1+, 

DEC2+, p27+ and TGFβ2+ signals. Still in secondary organs post-hypoxic DTCs do not 

appear to maintain hypoxic gene expression (GLUT1-). However, the induction of p27 is 

dependent of at elast HIF1α and NR2F1 in primary sites. In secondary organs post-

hypoxic DTCs may home to TGFβ2+ niches, create their own TGFβ2+ niches and/or fail to 

disrupt niches that contain and induce TGFβ2 expression. The persistence of dormancy 

gene expression in secondary organs may be linked to histone-H3 PTMs that control 

expression of dormancy (up) and hypoxic (down) genes as post-extravasation events in 

DTCs. We propose that understanding how hypoxia induces dormancy may reveal novel 

therapies that target selectively dormant DTCs. These therapies could be combined with 

standard anti-proliferative treatments. 

 

 

MY CONTRIBUTION V 

Our work revealed that hypoxic microenvironments in primary lesions contain 

subpopulations of tumor cells that not only activate a hypoxic response, but also a long-

term dormancy-like program. The analysis of these populations led to my contribution to 

this work, which involved the characterization of the lung DTCs to assess if post-hypoxic 

DTCs once disseminated to secondary organs keep the dormancy program, as well as the 

evasion of chemotherapy by post-hypoxic DTCs. 
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METHODS V 

Immunofluorescence. Paraffin-embedded sections were first de-paraffinized and 

rehydrated and antigen retrieval was conducted as described above; frozen sections were 

thawed to room temperature while covered with PBS. Cell membranes were permeabilized 

with 0.5% Triton X in PBS for 5 min at room temperature. Sections were blocked with 3% 

normal goat serum (NGS) in PBS for 60 min at room temperature prior to the first antibody 

incubation. Antibody binding was carried out at 4C overnight, followed by washing with 

PBS (3x 5 min) and blocking for 60 min at room temperature. A secondary, fluorescent 

antibody reacting to the primary was applied for 1 h in the dark at room temperature (all: 

Invitrogen). Slides were mounted with Pro-Long Gold with DAPI (Life Technologies). The 

IF stainings were evaluated using a Leica DM 5500 B microscope with DAPI, GFP, Cy-3 

and Y5 filter cubes or a Leica TCS SP5 II confocal Laser-microscope (Leica) and slides 

were scored manually by fluorescence microscopy (IF). Total cell numbers per high-power 

field (40x, 100x, see legend) were counted and the percentages of positive or negative 

cells were calculated.  

 

TUNEL assay. Paraffin-embedded tissue sections were stained using the In Situ Cell 

Death Detection kit (Roche) according to the manufacturer's instructions. Briefly, following 

slide dewaxation and rehydration in xylene and a graded alcohol series, slides were 

microwaved in 10mMcitrate buffer, pH 6.0 for 12 min. TUNEL reaction was performed at 

37C for 30 min and stopped by washing the slides with 0.3M NaCl 0.03M Na2C6H6O7. 

Vimentin staining was performed as described above. 

 

Statistics and reproducibility. All statistical analysis was carried out using the GraphPad 

Prism software version 5.0d. Non-parametric Mann-Whitney test or Student's t-test was 

used to calculate the significance in differences between two groups. A p-value of <0.05 

was considered significant. All in vivo (both mouse and CAM) and in vitro experiments 

were independently repeated and included at least three biologically independent samples, 

as indicated in the legends. All IF or IHC stainings were performed in duplicate and 

accompanied by appropriate isotype and negative controls. 
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RESULTS V 

Hypoxic microenvironments in the PT contained cells expressing dormancy markers. 

To test the connection between hypoxia and DTC quiescence, MDA-MB-231-H2B-

Dendra2 cells (BC cell line engineered with photoconvertable Dendra2 for long-term 

tracking of label retaining cells) were cultured in hypoxic and normoxic conditions for three 

days, followed by photoconvertion and tail vein injection. 30 days later, lungs were 

retrieved and lungs were co-stained for vimentin, cancer cell marker, and p27, dormancy 

maker. Post-hypoxic solitary DTCs in lungs showed a higher frequency of p27 expression 

than post-normoxic DTCs (Fig. 5i,j), suggesting that post-hypoxic DTCs are able to 

maintain a long-lived quiescent phenotype after dissemination to target organs. 

 

Figure 5. Post-hypoxic 

DTCs become 

quiescent in metastatic 

sites. 

(i) Representative 

pictures of cancer cells 

(Vimentin+, red) positive 

and negative for p27 

(dormancy marker, green). DAPI was used to detect nuclear DNA in all cells. Scale bars, 

10 um. (j) Quantification of 30-day MDA-MB-231 DTCs stained for p27 and Vimentin (Fig. 

5i). Bars show mean, SEM and Mann–Whitney test; n=3 mice; >100 cells scored per 

mouse. 

 

We next asked whether solitary dormant DTCs could survive chemotherapy. For that 

we used T-HEp3 cells (head and neck cancer cells) cells and PBS- or Hi-NANIVID for a 

spatial induction of hypoxic stress microenvironment in vivo. T-HEp3 tumors grew for 3 

days on the chicken chorioallantoic membrane (CAM) with PBS- or Hi-NANIVIDs. 

Followed by tail vein injection into mice that, starting 5 days later, were i.p. injected every 

other day with 3.5 mgkg-1 cisplatin or 0.9% NaCl solution. Lungs were collected ten days 

post-injection (Fig. 8a) and stained for Vimentin, cancer cell marker, pRb, proliferation 

marker and TUNEL, cell death readout. 

Although ten days post-injection most solitary DTCs in lungs were dormant, we found 

that less proliferative post-hypoxic single DTCs compared with non-hypoxic cells 
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(Supplementary Fig. 4B). Remarkably, cisplatin lead to an increase in cell death, assessed 

by TUNEL assay, in non-hypoxic cancer cells but not in post-normoxic single DTCs (Fig. 

8c-d.  

Figure 8. Evasion of chemotherapy by post-hypoxic DTCs. (a) T-HEp3 tumors grew for 

3 days on the CAM with PBS- or Hi-NANIVIDs. Five days after tail vein injection, mice 

were i.p. injected every other day with 3.5 mgkg-1 cisplatin or 0.9% NaCl solution. At ten 

days post-injection, the lungs were collected. (c) Representative pictures of T-HEp3 DTCs 

in cisplatin-treated mouse lungs at day 10, stained for TUNEL (green), vimentin (red) and 

DAPI (blue). Arrows: negative and positive cell for TUNEL. Scale bars, 10um. (d) 

Quantification of TUNEL staining. Graph shows mean, SEM and one-tailed Student’s t-

test. N=3 mice per treatment, 50 DTCs scored per mouse. 

 

Supplementary Figure 

4B. Representative 

images and 

quantification of T-HEp3 

DTCs in mouse lungs at 

day 10 after injection 

and 5 days cis-platin 

treatment (experimental 

design in Fig 8a), 

stained for p-Rb (green), vimentin (red) and DAPI (blue). Graph shows mean, SD and one 

tailed Student’s t test. N=3 mice, >500 cells per group. 
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DISCUSSION V 

Our work revealed that hypoxic microenvironments in primary lesions contain 

subpopulations of tumour cells that not only activate a hypoxic response, but also a long-

term dormancy-like program. Furthermore, Post-extravasation DTC dormancy was 

significantly induced by hypoxia and interestingly, once cells disseminated, the expression 

of dormancy markers persisted, while the hypoxic response did not, suggesting that the 

dormancy-like response is more long-lived than the hypoxic program or that another 

hypoxia-responsive pathway not linked to GLUT1 expression is activated concomitantly 

with the dormancy program. 

We also found that post-hypoxic cancer cells are frequently TGFβ2highNR2F1highp27high, 

while growing metastases silenced TGFβ2. Furthermore, TGFβ2 expression is detectable 

in the lung, a site permissive for metastasis, but that also harbors dormant DTCs (Bragado 

et al., 2013), suggesting that TGFβ2 can be upregulated in specific lung niches harbouring 

dormant DTCs. While additional testing of TGFβ2high niches' function in the lung is needed, 

awakening of numerous dormant DTCs (TGFβ2highNR2F1highp27high) might explain why 

p38α/β (activated by TGFβ2) and TGFβRI inhibitors enhance lung metastasis (Bragado et 

al., 2013). As previously described, dormant cancer cells can also produce TGFβ2 

(Bragado et al., 2013), possibly orchestrating TGFβ2high niches that help drive and 

maintaince of dormancy. Alternatively, post-hypoxic DTCs may actively home to TGFβ2high 

niches or fail to disrupt these niches. Nonetheless, the role of TGFβ2 is undoubtedly 

important both in the lungs, as well as the bone marrow (Results Part III and IV).  

Additionally, by inducing and monitorization of spatially defined hypoxic stress 

microenvironments in vivo, using NANIVID and hypoxia reporters, our study showed that 

hypoxia in PT microenvironments can have a long-lasting influence on the fate of DTCs. 

These data are important because hypoxia-induced dormant-like DTCs survive 

chemotherapy by evading apoptosis, potentially allowing dormant DTCs to reactivate and 

contribute to relapse. Our data are not in disagreement with the findings that hypoxia fuels 

metastasis (Chaturvedi et al., 2013; Erler et al., 2006; Finger et al., 2015; Gilkes et al., 

2014), but rather reveal that hypoxia spawns an additional phenotype where a large 

subpopulation of DTCs may enter dormancy and fuel recurrences by evading therapy. Of 

note is that the duration of dormancy may be very variable in the lung, leading to the 

coexistence of proliferative micro- and macro-metastasis lesions and dormant DTCs (also 

observed in other models, like in Results Part II), highlighting the importance of therapies 
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that target dormant DTCs in combination with anti-proliferative therapies, to concomitantly 

target proliferative and quiescent or slow-cycling cells. 
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Emerging independent mouse and human data are finding that dissemination is not 

exclusive to advanced stages of progression and may happen even before the formation of 

a detectable tumor mass (Casasent et al., 2018; Dorssers et al., 2019; Eyles et al., 2010; 

Harper et al., 2016; Hosseini et al., 2016; Hu et al., 2019; Li et al., 2019; Makohon-Moore 

et al., 2018; Muzumdar et al., 2016; Rhim et al., 2012, 2014; Sanger et al., 2011; Schardt 

et al., 2005; Shain et al., 2019; Turajlic et al., 2018; Ullah et al., 2018; D. Wang et al., 

2019; Werner-Klein et al., 2018); however, little is known about the mechanisms driving 

early dissemination and the fate of the cancer cells once arriving to the secondary organs. 

Activation of an EMT-like program by early lesion cells was suggested by Schardt et al., 

Sänger et al. and Hüsemann et al. (Hüsemann et al., 2008; Sanger et al., 2011; Schardt et 

al., 2005) and then proven by Harper et al. (Harper et al., 2016). Early lesion cells undergo 

a partial EMT which allows them to disseminate and correlates with the detection of DCCs 

in the bone marrow and lung during early stages of progression (Harper et al., 2016; 

Hosseini et al., 2016). However, the fate of these cells was not fully explored. Results 

presented in this thesis provide novel insight into early DCCs heterogeneity in secondary 

sites and novel mechanisms and markers of early dissemination and dormancy. 

First, we confirmed that a partial EMT activated in MMTV-Her2 early lesion cells was 

carried out by lung DCCs, which are in their majority Twist1highEcadlow (Results Part I). 

Additionally, using single-cell sequencing we were able to depict the heterogeneity of lung 

DCCs and we found that early DCCs that arrived to the lungs activate a distinct dormancy 

mechanism regulated by ZFP281, a well know primed pluripotency inducer and novel 

dormancy marker (Results Part II). Both the EMT- and primed pluripotency-like 

phenotypes seem to be regulated by ZFP281 and are programs pre-encoded in the 

primary site and carried by lung DCCs. ZFP281 induces cancer cell dissemination, as well 

as, dormancy of early DCCs, which adopt heterogeneous M-like phenotypes in target 

organs (Results Part II). Remarkably, loss of ZFP281 signaled early DCCs reactivation 

from dormancy and switch to a proliferative phenotype (Results Part II). However, some 

major questions remain unanswered: Are these programs exclusive to HER2-

overexpressing tumors? Does ZFP281 play a similar role as a dormancy inducer in other 

target organs? What are the upstream signals and TFs regulating ZFP281? And last, is the 

loss of ZFP281 in DCCs a metastasis prognosis in human BC patients? 

Both early and late DCC dormancy is highly regulated by microenvironmental cues, 

which are specially growth restrictive in the bone marrow. Although the BM is a restrictive 

site for metastasis, dormant DCCs can be found in both humans and mice (Borgen et al., 
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2018; Braun et al., 2000; Chéry et al., 2014a; Engel et al., 2003; Hüsemann et al., 2008; 

Naume et al., 2014; Sanger et al., 2011; Sherry et al., 1986). What was not clear until now 

was which BM niche cells produce dormancy inducing factors. Results presented in this 

thesis show that NG2+/Nestin+ MSCs, which control hematopoietic stem cells (HSCs) 

dormancy (Kunisaki et al., 2013; Sandra Pinho & Frenette, 2019), produce TGFβ2 and 

BMP7 and are essential for induction and maintenance of BC DCC dormancy in the BM, 

preventing osteolytic bone metastasis (Results Part III). Similarly, TGFβ2 is secreted by 

osteoblasts leading to PCa cell dormancy, a mechanism that is both induced and 

dependent on Gas6/Axl signals (Results Part IV). Importantly, TGFβ2 expression is 

detectable in ‘permissive microenvironments’ such as the lung (Fluegen et al., 2017), 

suggesting that TGFβ2 can be upregulated in specific lung niches harboring dormant 

DTCs, which would explain the presence of both dormant DCCs and proliferative 

metastasis at the same time. 

Hypoxia is another microenvironmental cue that can induce a long-term program of 

dormancy in DCCs in target organs. Hypoxic microenvironments in the PT contain cells 

expressing dormancy markers and these hypoxic signals imprint DCC precursors to enter 

dormancy when they arrive to target organs (Fluegen et al., 2017). Intriguingly, post-

hypoxic DCCs maintain a long-lived dormant phenotype, even after loosing the hypoxic 

signature, which allows them to evade chemotherapy (Results Part V). 

In summary, we identified gene programs and microenvironmental cues driving early 

and late dormancy in target organs. Although how these are linked is not fully understood, 

it seems clear that complementary mechanisms between gene programs in cancer cells 

and distinct microenvironmental cues converge to instruct DCCs and define their fate. It is 

also clear that by looking at tissue development and homeostasis mechanisms, we can 

learn about cancer. In our early dissemination model we describe an expansion of normal 

developmental programs ‘misused’ by EL cells to disseminate and undergo dormancy 

(Results Part I and II), and in the BM we show that cancer cells ‘hijack’ a niche already in 

place in the BM that allows DCCs to seed and survive in a new environment by undergoing 

dormancy (Results Part III). 

As previously described, early lesion cells take advantage of a normal breast branching 

program regulated by progesterone and HER2, leading to EMT and dissemination (Harper 

et al., 2016; Hosseini et al., 2016). Also resembling development processes, EL cells 

overexpress Wnt family members that contribute to mammary bud formation like Wnt4, 

10a and 10b (Chu et al., 2004; Eblaghie et al., 2004; Veltmaat et al., 2004) and FGF family 
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members, like FGF7, 8, 10 and FGFR1, which regulator embryonic mammary gland 

development (Mailleux et al., 2002)(Eblaghie et al., 2004). Moreover, ZFP281, a regulator 

of naïve-to-primed pluripotent state transition (Fidalgo et al., 2016) is also activated in EL 

cells (Results Part II). EMT also plays a key role during the invasive process of blastocyst 

implantation, suggesting a possible link between ZFP281 and EMT. Additionally, 

downstream targets of ZFP281 (direct targets (ChIPseq data: Snai1, Zeb2, Vim, CdK2, 

Cdkn1a, Tgfbr1, Nr2f1 and BMP7 and indirect targets (ZFP281 modulation experiments): 

Ecad, Epcam, Twist1, Eng, TCF7, TGFBR2 and CDH11) corroborate this link. However, 

the upstream signals and TFs regulating ZFP281 are still unknown. It would be interesting 

to test if Wnt and FGFs, described as regulators of mammary gland development, also 

regulate ZFP281, and consequently early dissemination and DCC dormancy. NR5a2 and 

RARs (from the network analysis) may also regulate ZFP281, as well as HER2 and Twist1. 

We also hypothesize that p38-AFT2 pathway may be a negative regulator of ZFP281 and 

β-catenin a positive regulator. All hypotheses that need to be tested and further explored. 

Remarkably, the programs activated by EL cells are carried to secondary organs, a 

characteristic that was also observed in primary tumor hypoxic microenvironments, which 

prime DCC precursors to become dormant in target organs (Results Part V). In our BC 

early lesion model, DCCs keep ZFP281 signature, as well as a partial EMT signature 

(Results Part II). Other embryonic SC gene regulators, like SOX family (Sox2, 8, 9, 10, 17 

and 18), Pou5f1/Oct4, Nanog and Suz12 (Ben-Porath et al., 2008; Sarkar & Hochedlinger, 

2013), are also expressed by lung DCCs, specifically M-like cells, which are also enriched 

in EMT-associated genes like Zeb2, Snai2, Twist1, Prrx1, Fbn1, Vim, Col3a1, Col4a1 and 

Col4a2 (Lamouille et al., 2014). As previously demonstrated by cellular hierarchy studies, 

this ‘stemness’ signatures found in M-like DCCs seem to be correlated with a more basal-

like phenotype, corroborated by the expression of GATA6, p63 and p73. It is important to 

mention that distinct EMT, basal and pluripotency regulators and markers are found in 

different cell populations, arguing that various mechanisms can be in place at the same 

time. Nonetheless, these data suggest that EL cells dedifferentiate, acquiring primed 

pluripotency- and basal/M-like signatures. Moreover, these cells are also enriched in 

Cdkn1c/p57Kip2, NR2F1 and TGFβ2, suggesting that the most dedifferentiated cells (M- 

and pluripotent-like) are dormant. 

These distinct programs and possible combinations may explain the heterogeneity 

observed in the lungs. The key question is to understand how this heterogeneity leads to 

different DCC fates. Which cancer cells, if any, undergo short-, long-term or permanent 
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dormancy? In parallel, it would be interesting to perform scRNAseq of lung DCCs after 

ZFP281 downregulation and find which signatures persist in order to identify the 

permanent/irreversible dormant states and programs associated with it. Additionally, the 

link between EMT, stemness and dormancy is just correlative until we better understand 

the mechanism behind it. Are these mechanisms occurring in parallel but uncoupled or are 

they part of the same pathway? Nonetheless, ZFP281 seems to be a master regulator of 

these transformations. Last, it would be important to understand which signatures, if any, 

are functionally relevant in patients. 

Interestingly, ZFP281 negatively correlates with Ep-like phenotypes, suggesting that 

ZFP281 may also repress fully epithelial differentiation, while allowing the cells to explore 

M-like states. Although the epithelial signatures are variable, it seems that DCCs always 

keep an epithelial identity, gaining or losing M-like signatures. This corroborates with the 

concept and previous work that intermediate EMT states may make cancer cells more 

prone to exhibit stem properties (Nieto et al., 2016; Rhim et al., 2012), and possibly 

dormancy, highlighting the importance of cellular plasticity and partial EMT which enables 

cancer cells to employ various regulatory programs to ensure survival and adaptive 

advantage to DCCs. Highlighting the transient nature of EMT and also resembling 

development processes in which the migratory capacity of M-like cells is loss after 

transient expression of EMT inducers (Ocaña et al., 2012; Tran et al., 2014; Tsai et al., 

2012), DCCs seem to require a similar MET to proliferate and form metastasis. 

Remarkably, DCCs not only loose above-mentioned EMT and stemness regulators but 

also activate epithelial inducers like KLF4, Ovol1, Ovol2, Grhl2, reacquiring luminal 

markers like EpCAM, Krt8 and 18, as well as mammary gland lactation genes, Csn1s1, 

Csn1s2, and Csn3. Moreover, dormancy and cell cycle arrest-genes are loss and these 

cells regain CCND1, suggesting that DCCs reacquire a luminal-like differentiated Ep-like 

phenotype to proliferative and form metastasis. 

Some authors claim that the re-differentiation represents an attractive therapeutic 

option to reverse EMT (Beug, 2009; Ruby Yun Ju Huang et al., 2012; Nieto et al., 2016; 

Thiery & Sleeman, 2006). Although it may seem interesting considering the possibility of 

reducing invasion, dissemination and therapy resistance, on the other hand if MET and an 

epithelial phenotype are associated with proliferation, we risk awakening dormant DCC 

already in secondary organs. What seems clear is that independently of the therapeutic 

approach, it must be multi-faceted in order to target the cellular heterogeneity of DCCs. 

Importantly, cellular plasticity can also arise in response to the microenvironment, both 
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from primary and secondary sites. The BM is a tightly regulated microenvironment, where 

we can find both early and late DCCs (Harper et al., 2016), the majority of them in long-

term dormant states. This highly restrictive environment is created my different cells, like 

MSCs and osteoblasts, which produce different dormancy inducing factors, such as 

TGFβ2, BMP7 and GAS6 (Results Part III and IV), but it is also reinforced by the cancer 

cells. Dormant cancer cells were described to produce endogenous TGFβ2 (Bragado et 

al., 2013); similarly, post-hypoxic DTCs also have more intracellular TGFβ2 (Fluegen et al., 

2017), perhaps creating their own TGFβ2hgh niches that reinforce the dormant state 

created by the microenvironment. 

Interestingly, Axl, a Gas6 receptor, required for dormancy induction in PCa cells, is an 

EMT, migration and survival regulator (Lemke, 2013; Rothlin & Lemke, 2010), programs 

that are activate in early BC DCC. This corroborates our understanding that both early and 

late DCCs from different cancer types, respond similarly to microenvironmental cues like 

TGFβ2, BMP7 and Gas6/Axl. The open questions are if early DCCs, which appear to 

depend primarily on ZFP281 function to enter dormancy in the lung, also dependent on 

ZFP281 to undergo dormancy in the BM; and if BM DCC ZFP281+ cells are equally 

responsive to microenvironmental alterations like depletion or perturbations of MSCs. 

Aging is another factor that plays a key role on homeostasis and cancer. Aging can 

negatively impact the function of the niches that support HSC self-renewal (Bernitz et al., 

2016; Florian et al., 2018; Maryanovich et al., 2018) and cultured NG2+/Nestin+ MSCs 

niche cells are markedly impaired in maintaining HSC self-renewal ex vivo due to loss of 

the expression of niche factors present only in vivo (Nakahara et al., 2019). The loss of 

these factors is also observed in MSCs “aged” in culture (Nakahara et al., 2019); however, 

revitalized MSCs (rMSCs) engineered to restore the synthesis of HSC niche factors of 

cultured MSCs regain their capacity  to induce both HSC (Nakahara et al., 2019) and 

cancer (Results Part III) cell dormancy. Aged mice accumulate inflammatory cells (Henry 

et al., 2015) that can produce cues that awaken cancer cells (data not shown, from a 

colleague in lab). Remarkably, preliminary proteomics data from our collaborator Dr. 

DeGregori shows that depletion of NG2+/Nestin+ MSCs causes an oxidative aging-like 

signature in the lungs (mice without cancer cells; data not showed), suggesting that 

directly or indirectly the loss of NG2+/Nestin+ MSCs may cause a major niche 

perturbation. Can changes associated with aging impact the NG2+/Nestin+ MSCs niche 

and halt their dormancy-inducing function? Are these systemic alterations that can impact 

different target organ microenvironments? 
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As usual with every scientific project, answering some questions opens many more. 

Nonetheless, my work now provides a better understanding of the complementary cancer 

cell intrinsic and microenvironmental mechanisms involved in early dissemination and 

dormancy of early and late DCCs, which may help us to find ways to predict dormancy 

onset, monitor minimal residual disease and develop therapies to induce and maintain 

dormancy or eradicate minimal residual disease. 
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In the bone marrow (BM) microenvironment, NG2+/Nestin+ mesenchymal stem cells 
(MSCs) promote hematopoietic stem cell (HSC) quiescence1,2. Importantly, the BM can also 
harbour disseminated tumour cells (DTCs) from multiple cancers, which, like HSCs, can 
remain dormant3. The BM signals are so growth-restrictive that dormant BM DTCs can persist 
for years to decades only to awaken and fuel lethal metastasis3–10. The mechanisms and niche 
components regulating DTC dormancy remain largely unknown. Here, we reveal that 
periarteriolar BM-resident NG2+/Nestin+ MSCs can instruct breast cancer (BC) DTCs to enter 

dormancy. NG2+/Nestin+ MSCs produce TGFβ2 and BMP7 and activate a quiescence pathway 

dependent on TGFBRIII and BMPRII, which via p38-kinase result in p27-CDK inhibitor 
induction. Importantly, genetic depletion of the NG2+/Nestin+ MSCs or conditional knock-out of 

TGFβ2 in the NG2+/Nestin+ MSCs led to awakening and bone metastatic expansion of 

otherwise dormant p27+/Ki67- DTCs. Our results provide a direct proof that HSC dormancy 
niches control BC DTC dormancy. Given that aged NG2+/Nestin+ MSCs can lose homeostatic 
control of HSC dormancy, our results suggest that aging or extrinsic factors that affect the 
NG2+/Nestin+ MSC niche may result in a break from dormancy and BC bone relapse. 
 
 Metastases, which are derived from disseminated tumour cells (DTCs), are the major source of 

cancer-related deaths from solid cancers11. Ample evidence supports that post-extravasation DTCs 

can remain in a dormant state from prolonged periods dictating the timing of metastasis initiation3. 

Since years to decades can lapse before dormant DTCs emerge as overt lesions, we postulate that 

targeting their biology is the shortest path to change patient outcomes by curtailing DTC conversion 

into metastasis. However, to achieve this goal we must understand the cancer cell intrinsic and micro-

environmental mechanisms that control DTC dormancy and reactivation. 

 The bone marrow (BM) is a common site where dormant DTCs are found and where 

metastasis can develop in various cancers after prolonged periods of clinical “remission”3–10. In trying 

to understand how the BM microenvironment might control DTC dormancy, we9,12 and others3,5,13,14 

found that in both humans and mice, this microenvironment is a highly restrictive site for metastasis 

initiation. This is due to the presence of several cues, such as TGFβ212, BMP715,16, GAS617–19 and 

LIF14,20, which induce DTC dormancy in different cancer types. Studies in mostly 2D or 3D in vitro 

models, proposed that mesenchymal stem cells (MSCs)21, vascular endothelial cells13,22 and/or 

osteoblasts18,23,24 may be the source of dormancy cues for different cancers. However, the function of 

such niche cells in vivo has not been formally tested. 

 There is a long-standing hypothesis that the niches that control hematopoietic stem cell (HSC) 

dormancy may instruct DTCs to become dormant25. A prior study in prostate cancer has drawn a 
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connection between the HSC niche and dormancy of DTCs26. While informative, these studies did not 

functionally dissect in depth and in vivo the role of key cell types that regulate HSC dormancy in 

regulating DTC quiescence. Further, the niche influence has been inferred from the analysis of 

cancer cells recovered from the BM or from indirect competition assays. Thus, there is still a critical 

need to understand the cellular components and how BM niches enforce DTC dormancy. 

 Dormancy of HSCs in the BM is a robust and long-lived process that, if unperturbed, results in 

HSCs dividing and self-renewing only 4 to 5 times in the lifetime of a mouse27. Such powerful 

mechanism of quiescence and self-renewal cycles, might explain how DTCs, if responsive to niche 

signals, could persist for decades in the BM of breast cancer (BC) patients. The HSC 

microenvironment in the bone marrow is a complex multicellular network promoting HSC dormancy, 

self-renewal and differentiation into lineage-committed progenitors2. Previous studies have revealed 

that peri-arteriolar stromal cells, enriched in MSC activity, innervated by the sympathetic nervous 

system, and expressing the neural markers NG2 and Nestin (mesenchymal stem and progenitor 

cells, hereafter referred to as NG2+/Nestin+ MSCs for simplicity), are critical for the control of HSC 

quiescence and hematopoiesis1. Importantly, aging-induced alterations causing replicative stress 

damage or sympathetic neuropathy from infiltrating leukaemia cells, for example, eliminates the 

control of HSC dormancy by NG2+/Nestin+ MSCs and can fuel malignancy28,29. We and others also 

discovered that TGFβ2 and BMP7 in the BM milieu are key inducers of DTC dormancy in various 

epithelial cancers1,12. However, the source of these cytokines has remained elusive. Here, we show 

that NG2+/Nestin+ MSCs are a source of TGFβ2 and BMP7 and that both the niche MSCs and the 

cytokines are required to maintain the dormancy of breast and head and neck squamous cell cancer 

cells (HNSCC) via TGFβRIII and BMPRII respectively, p38 and p27 signalling. Furthermore, depletion 

of the NG2+/Nestin+ MSCs or knockout of TGFβ2 specifically from NG2+/Nestin+ MSC compartment 

led to metastatic outgrowth in the BM without any evidence of inflammation. In vitro 3D organoid 

assays also revealed that “revitalized” but not “aged” NG2+/Nestin+ MSCs can reprogram malignant 

cells into a dormancy-like phenotype. Lastly, detectable BMP7 and TGFβ2 levels were observed at 

higher frequency in the BM of estrogen receptor positive (ER+) BC patients without systemic 

recurrence during follow up compared to patients with systemic recurrence and BMP7 presence was 

associated with a longer time to metastatic recurrence after therapy. Our results, pinpoint a functional 

link between the niches that control adult hematopoietic stem cell quiescence and DTC dormancy. 

  

RESULTS 

Depletion of NG2+/Nestin+ MSCs from the BM niche reactivates dormant E0771 DTCs. 
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The BM is a highly restrictive microenvironment for metastasis development but a frequent 

harbour for dormant DTCs in both humans and mice3,5,9,12–14. As observed in humans and prior 

models of BM DTC detection, in both spontaneous (MMTV-HER2, 30 and Fig1a) and experimental 

metastatic BC mouse models (intra-cardiac injected E0771-GFP (Fig1b) and MMTV-PyMT-CFP 

cells) we could only find few DTCs in the BM of femurs, sternum and calvaria bones (150-400 DTCs 

per million BM cells). In wild type animals these DTCs were non-metastatic or developed lesions at 

low frequency in the bones (~5-16%, Fig1e and 4d). In contrast, these mice showed 100% incidence 

of metastasis to the lung (data not shown), which unlike the metastasis-restrictive BM niche, is 

frequently a permissive site for metastasis12. 

Different factors and BM stromal cells were suggested to play a role in inducing and 

maintaining DTC dormancy13,18,21–24. However, in vivo studies functionally linking specific BM cells 

and dormancy-inducing factors to DTC dormancy are still missing. NG2+/Nestin+ MSCs are critical 

inducers of HSC quiescence and hematopoiesis1. Thus, we set out to test whether, like dormancy of 

HSCs1, the NG2+/Nestin+ MSCs could also induce dormancy of DTCs. To this end we took advantage 

of the C57BL/6 NG2-CreERiDTR mouse model1,31. Treatment of mice with 2 mg of tamoxifen (TAM) 

for 5 days leads to Cre recombinase activation and the expression of the diphtheria toxin receptor 

(DTR) in periarteriolar NG2+ cells, which upon 2-day treatment with 250ng of diphtheria toxin (DT) 

causes a targeted depletion of NG2+ cells1,31. This strategy repeatedly led to the depletion of ~50% of 

NG2+/Nestin+ MSCs (which overlap with CD45-Ter119-CD31-PDGFRa+CD51+ MSCs1,31; Suppl 
Fig1a,b) in the BM of long bones. Twenty-four hours after DT treatment, we performed intra-cardiac 

injection of 2x105 E0771-GFP cells per mouse (Fig1c and Suppl Movie1) and two weeks later, we 

monitored for the presence and burden of BM DTCs. All mice had E0771-GFP+ DTCs in the BM 

detectable by FACS (Suppl Fig1c), corroborating the injection efficiency and the ability of these cells 

to persist in the BM at a low burden in all injected mice. Only 5% (1 out of 20) of wild-type (WT) mice 

showed more than 1000 DTCs/million BM cells (manually counted after BM flush). In contrast, 55% 

(11 out of 20) of NG2-CreERiDTR mice with a deficiency of NG2+/Nestin+ MSCs displayed a dramatic 

build-up of E0771-GFP+ colonies in the BM (Fig1d,e). Consistently, histological analysis confirmed 

that indeed the BM of WT animals exhibited normal histology; while NG2-CreERiDTR mice revealed 

large areas of BM metastasis, invasion and replacement of the BM by E0771-GFP+ cancer cells 

(Fig1f). Further, quantification of the DTC burden (both manual counting, Fig1g, and FACS assisted, 
Fig1h) showed a striking increase in number of DTCs in the BM compartment of NG2-CreERiDTR 

compared to WT mice. We conclude that a 50% reduction in NG2+/Nestin+ MSCs can cause a 

dramatic expansion of otherwise dormant DTCs into bone-damaging metastasis. 
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Characterization of proliferation and growth arrest markers revealed that in WT mice, 75% of 

the solitary E0771-GFP DTCs were positive for p27 (quiescence regulator12, Fig1i,j) and 54% for 

pATF2 (p38 activated TF32, Suppl Fig1d,e). In contrast, these same DTCs were 100% negative for 

Ki67 and pH3 (Fig1i,k and Suppl Fig1d,f), supporting a dormant phenotype (increased expression of 

pATF2 and p27 and decreased Ki67 and pH3) shown by us and others in different cancer 

models12,33,34. In mice depleted of NG2+/Nestin+ MSCs, E0771-GFP+ resumed proliferation as 

evidenced by a reduction in the percentage of p27+ (28%) and pATF2+ (2%) cells and increase of 

Ki67+ (17%) and pH3+ (16%) in DTC clusters, which are not frequent in WT animals (Fig1i-k and 
Suppl Fig1d-f) and corroborated an awakening of DTCs and shift to a proliferative state. Similar 

results were found by FACS staining of Ki67 and p27 (although the frequencies varied, possibly due 

to differences between IF and FACS methods) where a significant increase in the percentage of Ki67+ 

E0771-GFP+ cells and decrease in p27+ DTCs was detected in NG2-CreERiDTR compared with WT 

mice (Fig1l). When using a MMTV-PyMT-CFP cell line we found a similar trend, only 1 out of 5 (20%) 

control animals showed greater than 103 cancer cells/106 BM cells, while 3 out of 5 (60%) showed 

reactivation. The burden of cancer cells in the iDTR group animal that reactivated (60%) had a 10-fold 

increase in burden and mice with high burden numbers showed a correlative increase in the 

percentage of Ki67+ DTCs upon depletion of NG2+/Nestin+ MSCs (Suppl Fig1g-j). 
DT and DTR-mediated cell death can induce inflammation when certain cell types are 

targeted35–37. However, we previously reported no difference in the number of leukocytes, expression 

of CXCL12 and KITL (SCF) and no change in vascular volume in the NG2-CreERiDTR model1. 

Nevertheless, because changes could be impacting other inflammatory mediators, we performed a 

multiplex ELISA for pro-inflammatory cytokines in WT and iDTR mice. These results revealed no 

differences between the control and iDTR mice in the abundance levels of IL1β, GM-CSF, IL2, IL4, 

IL6, IL10, IL12p70, MCP-1 or TNFα levels (IFNγ was undetectable - Suppl Fig2a). We conclude that 

the dormant DTC reactivation effect of NG2+/Nestin+ MSCs depletion is not due to an acute 

inflammatory response but do to the perturbation of the pro-dormancy HSC niche. 

To exclude that the increased DTC burden after two weeks was not due to differences in 

vascular permeability or extravasation efficiency between WT and NG2-CreER-iDTR mice, a group of 

animals was analysed 24 hours after intra-cardiac delivery of E0771-GFP cells and dextran-

TexasRed injection (Suppl Fig2b). No differences in the amount of 70,000 MW dextran-TexasRed 

extravasation in the BM was observed after NG2+/Nestin+ MSC depletion as determined using image 

analysis (Suppl Fig2c), reproducing prior results1, and suggesting no obvious alteration in vessel 

permeability. Further, DTC burden was quantified after expansion of E0771-GFP+ cells 1 week in vitro 

(due to no or low detection of E0771-GFP+ in fresh BM flush). Similar numbers of E0771-GFP+ cells 
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were found in WT and NG2-CreER-iDTR mice (Suppl Fig2d) arguing that the differences in final 

metastatic burden were not due to higher vessel permeability and/or enhanced extravasation of 

DTCs. 

We next tested whether the depletion of NG2+/Nestin+ MSC affected DTC expansion once 

cancer cells had seeded and established a foothold within the NG2+/Nestin+ MSC niche. To this end 

we used the same NG2-CreERiDTR mouse model but the treatment with TAM for 5 days was followed 

by intra-cardiac injection of E0771-GFP cells, which were allowed to lodge for 72 hours in 

unperturbed niches and only then we did 2 daily treatments with DT (Suppl Fig2e). Importantly, 

depletion of NG2+/Nestin+ MSCs after DTCs had lodged in the BM niche also stimulated metastatic 

outbreak; only a third (1 out of 6) of control WT mice displayed significant expansion of E0771-GFP 

cells in the BM flushes, while all NG2-CreERiDTR mice (5 out of 5) had a significant increase in 

frequency of cancer cells per BM cells (Fig1m). We conclude that NG2+/Nestin+ MSCs are directly or 

indirectly responsible for maintaining pro-dormancy niches in the BM, which not only control HSC 

quiescence1 but also DTC dormancy. 

 

NG2+/Nestin+ MSCs show enhanced production of the dormancy inducers TGFβ2 and BMP7. 

We had shown that TGFβ2 in the BM was an important cue for dormancy induction12, while 

other groups have pointed for example to BMP7 as a key inducer of DTC dormancy15. However, the 

functional source of TGFβ2 or other factors in the BM in vivo remained unidentified. We wondered 

whether NG2+/Nestin+ MSC may regulate dormancy by producing cues, such as TGFβ2, that induce 

DTC dormancy. To address this question, we sorted CD31-CD45- Nestin-GFPbright (from now on 

called Nestin-GFP+) and CD31-CD45- Nestin-GFP- cells (from now on called Nestin-GFP-) stromal 

cells from mice BM. mRNA levels of TGFβ1, BMP2 (involved in dormant DTC reactivation 34,38), 

TGFβ2 and BMP7 (dormancy inducing cues12,15,34) were measured. These experiments showed that 

Nestin-GFP+ cells showed higher mRNAs levels of TGFβ2 and BMP7 than Nestin-GFP- cells (Fig2a). 

Further, ELISA measurements of the BM supernatants from NG2-CreERiDTR mice showed a 

significant decrease in TGFβ2 and BMP7 levels but not TGFβ1 or TGFβ3 upon NG2+/Nestin+ MSC 

depletion compared with WT mice (Fig2b), suggesting that pro-dormancy niches established by 

NG2+/Nestin+ MSCs, are a source of TGFβ2 and BMP7 in the BM. Imaging of TGFβ2 and BMP7 in 

relation to the Nestin-GFP cells revealed that BMP7 was more predominant in the growth plate and 

appeared to accumulate as a secreted factor around the Nestin-GFP+ cells, while TGFβ2 was more 

homogeneously distributed across the BM, but also in areas containing Nestin-GFP+ MSCs (Fig2c). 

We conclude that pro-dormancy NG2+/Nestin+ MSCs are a source of TGFβ2 and BMP7 that can be 
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detected in the BM microenvironment albeit with varying localization in relation to the NG2+/Nestin+ 

MSCs. 

 

TGFβ2 and BMP7 detection in BM supernatant from ER+ BC patients. 

Given that the lower levels of TGFβ2 and BMP7 upon NG2+/Nestin+ MSC depletion were 

associated with reactivation of dormant DTCs leading to metastatic outgrowth (Fig1), we tested the 

hypothesis that the abundance of these two factors in the bone marrow of BC patients might provide 

some information on their progression. To this end we tested a small subset of BM plasma samples 

from early BC patients with ER positive disease, the BC subtype most often experiencing tumor 

dormancy and late recurrences in the bone, among other sites. These samples were part of a clinical 

study monitoring DTC status after completion of standard adjuvant anthracycline-containing 

chemotherapy10. TGFβ2 and BMP7 levels from BM plasma were detected using multiplex ELISA and 

revealed that patients without systemic recurrence (M0) during follow up had 2.28- and 1.62-fold 

higher frequency of detectable TGFβ2 and BMP7, respectively, compared to patients with systemic 

recurrence (M1) (Fig2d). Importantly, metastasis-specific survival analysis of the subgroup of patients 

who did not receive any secondary chemotherapy, excluding treatment-related interpretation bias, 

pointed to a markedly improved distant disease-free survival for patients with detectable BMP7 

compared to patients with no BMP7 (Fig2e) (regardless of the abundance levels). Survival analysis 

was not possible for TGFβ2 due to the low number of patients showing detectable TGFβ2 levels. 

While this is a small pilot analysis, these data support further analysis of an association between 

detectable levels of TGFβ2 and BMP7, which are produced by NG2+/Nestin+ MSCs, and late 

recurrences and at least for BMP7, time to metastatic recurrence in ER+ patients after therapy.  

 

NG2+/Nestin+ MSCs activate TGFBRIII and BMPRII signalling and a low ERK/p38 signalling 

ratio in cancer cells. 

It was not clear if the production of TGFβ2 and BMP7 by NG2+/Nestin+ MSCs could impact 

DTC behaviour. To address this question mechanistically, we tested the ability of NG2+/Nestin+ MSCs 

to activate key dormancy pathways downstream of TGFβ2 and BMP7 signalling in cancer cells. To 

this end, we optimized a co-culture system of sorted NG2+/Nestin+ MSCs and various human and 

mouse cancer cells. In this assay, Nestin-GFP cells sorted from the BM were co-cultured (1:1 ratio) 

with cancer cells on top of matrigel at low density. The co-cultures were followed for up to 4 days to 

ensure that the MSCs retain functionality39. We monitored the frequency at which single cancer cells 

(to mimic solitary DTC biology) remain in a solitary state, or progressed to small and large cancer cell 

clusters, a measure of proliferative capacity (Suppl Fig3a and Fig3a). The co-cultures revealed that 
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the majority of control (no MSCs added) and also E0771 BC cells co-cultured with Nestin-GFP- cells 

progressed to large clusters; compared to control cells, Nestin-GFP- cells had some growth inhibitory 

effect on E0771 cells as we observed ~15% increase in the accumulation of cells in single cell state. 

However, arrest of cancer cells in a single cell or doublet state was dramatically increased in the 

presence of Nestin-GFP+ MSCs (Fig3b). Similar results were obtained with human head and neck 

squamous carcinoma T-HEp3 cells (Suppl Fig3b) and mouse BC MMTV-PyMT-CFP cells (Suppl 

Fig3c). Treatment of E0771 cells in these conditions with TGFβ2, BMP7 or BM conditioned media 

(BM-CM) from WT TGFβ2+/+ mice also led to the accumulation of growth arrested single cancer cells 

(Suppl Fig3d,h). This effect was partially reversed when using BM-CM from mice heterozygous for 

TGFβ2 (+/-) (Suppl Fig3h). Thus, Nestin-GFP+ MSCs, which show enhanced expression of TGFβ2 

and BMP7, were able to strongly suppress proliferation of different cancer cells similarly to the 

purified cues or BM-CM from mice with a full gene complement of TGFβ2. Analysis of the 

mechanisms revealed that the growth suppression was not due to apoptosis in the co-cultures 

(measured by c-Cas3 levels), but due to a reduction in p-Rb levels and increase in p-ATF2 (a p38 

pathway target) and p27 only observed in the cells co-cultured with Nestin-GFP+ MSCs (Fig3c,f) or 

treated with TGFβ2, BMP7 or TGFb2+/+ BM-CM (Suppl Fig3e-k). These changes were more evident 

in solitary E0771 cells, suggesting that in this state cancer cells may be more responsive to dormancy 

cues. Importantly, TGFβ2 and BMP7 on their own could induce these molecular changes supporting 

that the Nestin-GFP+ MSCs may be activating these pathways through those cues. These results 

were corroborated using biochemical approaches, which showed that in 2D cultures of E0771 cells 

TGFβ2 and BMP7 activated SMAD2 and SMAD1/5 phosphorylation respectively and that both 

converged on the phosphorylation of ATF2 and upregulation of p27 protein levels (Suppl Fig3l), 

required for dormancy onset12. BM-CM from WT TGFβ2 mice led to similar changes in p-SMAD2, p-

ATF2 and p27 (Suppl Fig3l) as observed in response to TGFβ2 and BMP7; however, BM-CM from 

mice heterozygous for TGFβ2 (+/-) still activated these pathways suggesting that loss of one TGFβ2 

allele cannot fully eliminate the immediate response on the pathway activation within a few hours, but 

it can reduce the proliferative response over longer periods of treatment (Suppl Fig3h). 

Having established that E0771 cells were responsive to TGFβ2 and BMP7 and that Nestin-

GFP+ MSCs produce these factors, we tested whether the MSC effect was contact dependent and if 

growth suppression was indeed linked to signalling downstream of these cues. To this end, we used 

T-HEp3 cells engineered to express an ELK-GAL4::hrGFP biosensor to monitor ERK activity40, a p38 

shuttle-Clover biosensor that shows clover cytoplasmic over nuclear signal when p38 is active41 and a 

p27K-mVenus reporter where protein is stabilized and accumulated in the nucleus upon growth 
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arrest42. T-HEp3-biosensor cells were transfected with siRNAs for TGFBRIII and BMPRII and then 

cultured in the bottom of plates while Nestin-GFP- or Nestin-GFP+ cells were plated in upper level of 

the trans-wells. These experiments showed that Nestin-GFP- cells do not lead to differences in 

cancer cell ERK, p38 or p27 biosensors activities and that TGFBRIII and BMPRII knockdown (KD) 

also do not change basal biosensors activities (Fig3g-j). In contrast, Nestin-GFP+ MSCs led to 

significant induction of p38 and p27 activity in cancer cells, even without being in direct contact, and 

these activations were completely negated by KD of TGFBRIII and BMPRII. Accordingly, Nestin-

GFP+ MSCs significantly reduced ERK activity in cancer cells, which was also reversed by TGFBRIII, 

but not significantly by BMPRII knockdown (Fig3g-j). Both TGFβ2 and BMP7 activated the p27 and 

p38 biosensors while inhibiting ELK activity in cancer cells (Suppl Fig3n-p), supporting that they are 

faithful reporters and that Nestin-GFP+ MSCs can directly modulate key dormancy pathways via 

TGFβ2 and BMP7. In all cases, TGFβ2- or BMP7-dependent effects were reversed by KD of 

TGFBRIII in the case of TGFβ2 and BMPRII in the case of BMP7 (Suppl Fig3n-p). The above results 

provide strong evidence supporting that NG2+/Nestin+ MSCs secrete TGFβ2 and BMP7, to inhibit the 

mitogenic (ERK1/2) pathway and activate the growth arrest (p38 and p27) pathway.  

The ability of long-term cultured NG2+/Nestin+ MSCs niche cells to maintain HSC self-renewal 

ex vivo is markedly diminished due to loss of the expression of niche factors in cultured MSCs39. The 

loss of these factors is also observed in MSCs passaged 3-5 times in culture39 (MSCs Ct); however, 

revitalized MSCs (rMSCs) engineered to express Klf7, Ostf1, Xbp1, Irf3 and Irf7 restore the synthesis 

of HSC niche factors of BM-derived cultured MSCs39. Interestingly, passaged NG2+/Nestin+ MSCs 

(MSCs Ct, MSCs kept in culture for 3-5 passages that show loss of function) were not able to 

suppress growth of E0771 cancer cells. In contrast, rMSCs that have the ability to maintain HSC self-

renewal ex vivo were able to suppress proliferation of E0771 cells (Fig3k), which correlated with the 

specific upregulation of TGFβ2 (not TGFβ1) and BMP7 in rMSCs comparted to control MSCs (Suppl 

Fig3k). These data further support that functional MSCs from the NG2+/Nestin+ lineage are able to 

suppress cancer cell growth and that alterations of these cells may impair this dormancy-inducing 

function. 

 

Conditional deletion of TGFβ2 in NG2+/Nestin+ MSCs triggers DTC escape from dormancy in 

the BM. 

The above experiments provide strong evidence that NG2+/Nestin+ MSCs are critical for 

cancer cell dormancy onset and maintenance in the BM niche (Fig1). Additionally, we provide 

evidence that these MSCs produce significant amounts of TGFβ2 and BMP7 (Fig2) and that they 

activate dormancy signalling pathways in cancer cells (Fig3). However, these experiments still do not 
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prove that the dormancy cues derived from NG2+/Nestin+ MSCs in the niche in vivo are required for 

dormancy. To address this missing link, we focused on TGFβ2 because of our knowledge on the role 

of this cytokine in dormancy induction and its higher levels in NG2+/Nestin+ MSCs (Fig2a and 43). 

We crossed NG2-CreER mice with TGFβ2flox mice to generate specific conditional deletion of 

this cytokine in the NG2 lineage. The NG2-CreER driver is mainly restricted to peri-arteriolar Nestin-

GFP+ stromal cells as detected using triple-transgenic NG2-CreER/Nes-GFP/iTdTomato mice; 

however, it can also be detected in chondrocytes, osteocytes, and rarely in osteoblasts44,45. We 

confirmed decreased levels of TGFβ2 in NG2+/Nestin+ MSCs (sorted CD45/Ter119/CD31-

PDGFRa+CD51+ MSCs) from the BM of NG2-CreERTGFβ2 mice tamoxifen induction (Fig4a-c). No 

differences in TGFβ1 levels were found (Suppl Fig4a). To test whether disruption of TGFβ2 

production in the NG2+/Nestin+ MSC niche in NG2-CreERTGFβ2 mice would affect DTC behaviour we 

injected E0771-GFP cells into the left ventricle of the heart of animals and euthanized them 2 weeks 

later. All mice had detectable E0771-GFP+ DTCs in the BM by FACS (Suppl Fig4b), corroborating 

the injection efficiency. However, only ~16% (4 out of 24) of wild-type (WT) mice shown more than 

1000 DTCs/million BM cells (manually counted after BM flush), while 48% (14 out of 29) of NG2-

CreERTGFβ2 (KO) mice displayed a build-up of E0771-GFP+ colonies in the BM (Fig4d). Consistently, 

quantification of the DTC burden (both manual counting, Fig4e, and by FACS, Suppl Fig4b) showed 

an increase in number of DTCs in the BM compartment of TGFβ2 KO mice compared with WT. 

Additional analysis revealed that metastatic masses in TGFβ2 KO mice showed a decrease in the 

percentage of p27+ cells (23%) and an increase in the number of Ki67+cells (10%) compared to 

solitary DTCs and small DTC clusters in WT mice (57% p27+ / 3% Ki67+) (Fig4f-g). A similar 

difference was found by FACS staining of Ki67, where we found an increase in the percentage of 

E0771-GFP+ Ki67high cells (Suppl Fig4c). We conclude that niches containing NG2+/Nestin+ MSCs 

and that produce TGFβ2 are required for BC cell dormancy induction and maintenance in the BM 

compartment. 

 

DISCUSSION 

The bone marrow is a powerful pro-cancer dormancy niche for both normal and cancer cells12–

14. Building on previous studies13,22, we show that the BM perivascular niche plays an important role 

in DTC dormancy. However, here we make a leap in our understanding of this biology by revealing 

for the first time a specific BM cell type, namely NG2+/Nestin+ MSCs, that maintains both HSC1 and 

DTC dormancy in this organ. We further advance our understanding by revealing the mechanism 

behind this biology, where NG2+/Nestin+ MSCs secrete TGFβ2 and BMP7 to signal through TGFBRIII 
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and BMPRII leading to activation of SMAD, p38 and p27 pathways and cancer dormancy. 

Importantly, the pro-dormancy function of NG2+/Nestin+ MSCs is not due to TGFβ2 and/or BMP7 

promoting an anti-inflammatory microenvironment. Our work provides novel functional evidence for 

the long-held notion that HSC dormancy niches support DTC dormancy. Our findings are also deeply 

linked to the “seed and soil” theory of metastasis46. However, our findings reshape this paradigm to 

show that the “seed and soil” relationship in BM is not for growth of DTCs but rather for the induction 

and maintenance of dormancy. In fact, our data support that when the “soil” is negatively altered 

metastasis ensue. Thus, certain organs rather than being a proper “soil” for metastasis may indeed 

be homeostatic and their normal function as the “soil” is pro-dormancy; when they are altered or 

damaged they lose their metastasis suppressing function.   

Despite our efforts, the low number and density of DTCs in the majority of control mice (150-

400 DTCs per million BM cells) in the models we used precluded mapping statistically their location in 

relation to vascular structures. Thus to gain insight into the relevance of these niches we focused on 

a functional analysis. We now identify the active role of NG2+/Nestin+ MSCs in inducing and 

maintaining DTC dormancy in vivo. We went a step further and proved in vivo the crucial role of 

TGFβ2 produced by NG2+/Nestin+ MSCs. Future studies will test the function of BMP7 in these cells. 

Our data also suggests that NG2+/Nestin+ MSCs regulated niches are primarily pro-dormancy rather 

than only pro-survival, otherwise when the niche was disrupted in the NG2-CreER-iDTR model, we 

would see DTC clearance instead of reactivation. However, it is possible that oncogenic signalling in 

the E0771 cells (K-Ras (activating), MKK4 and p53 (both inactivating mutants)47 protects them from 

absent survival signals that could be altered when we eliminate NG2+/Nestin+ MSCs. It is interesting 

that even carrying MKK4 (p38 and JNK upstream activator) and p53-inactivating mutations (and K-

Ras active mutant) E0771 efficiently activated p38 signalling and CDK inhibitors long term. This 

suggests that TGFβ2 and BMP7 signalling may be more reliant on MKK3/6 signalling for p38 

activation. It also supports that niche cues can override potent oncogene signalling, further solidifying 

the notion that microenvironmental mechanisms may be dominant over genetics48,49 if cancer cells 

can still “read” host homeostatic signals. 

We also report no major differences in vessel permeability and DTC early seeding after 

NG2+/Nestin+ MSCs depletion, supporting that the enhanced DTC growth in NG2+/Nestin+ MSCs 

depleted before or after seeding in the BM was due to a dormancy-to-growth switch effect and not a 

seeding/colonization phenotype. An important next question will be to define how cancer cells with 

different genetics and from different cancer types might affect the HSC niche to support or block a 

positive loop feeding dormancy of both HSC and DTCs in an homeostatic normal-like BM 

environment. Our results may also start to define what genetic alterations may allow cancer cells to 
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escape microenvironmental control by NG2+/Nestin+ MSCs. For example, genetic alterations that 

affect TGFBRIII50–52 and BMPRII38,53 have been linked to increased bone metastasis in breast and 

prostate cancer, indicating that such alterations may allow DTCs to escape homeostatic control. 

These genetic changes detected in DTCs may serve as biomarkers to help monitor more closely 

patients at risk of relapse. To this end we provide promising data that monitoring for example BMP7 

presence or absence in ER+ breast cancer patients can inform on the time to metastatic relapse. 

Patients that presumably had intact or functional NG2+/Nestin+ MSC and/or other niches and had 

detectable BMP7 were less prone to develop metastasis. 

It is important to highlight the complexity of the BM niches and the fact that different cell types 

may produce the same or other dormancy cues, which we observed in our co-cultures where Nestin-

GFP- cells led to a slight increase in the percentage of cancer cells in a single cell state (Fig3b). Also, 

the driver we used NG2-CreER is mainly restricted to MSCs, but previous studies in triple-transgenic 

NG2-creER/Nes-GFP/iTdTomato mice (same driver) showed that TdTomato expression was observed 

mainly in peri-arteriolar Nes-GFP+ stromal cells and to some extent in chondrocytes and osteocytes. 

However, TdTomato rarely marked osteoblasts even after 5 months44 (and unpublished data) as 

previously reported by Zhou et al.45. Overall, it was in fact rather surprising that a relatively rare 

subpopulation of MSCs had such a powerful effect on DTC dormancy in vivo. This could be due to 

the fact that DTCs in the BM are not overwhelming the niches due to low abundance and/or that the 

NG2+/Nestin+ MSCs coordinate pro-dormancy niches by instructing other cell types to produce 

dormancy cues. This is possible as other cell types in the BM niche are also key contributors to the 

pro-dormancy HSC niche. To this end, it was previously described that osteoblasts are also a source 

of TGFβ224,43, but in our mouse models these cells do not seem to compensate for the loss of TGFβ2 

in NG2+/Nestin+ MSCs or for the 50% loss of NG2+/Nestin+ MSCs after DT treatment. However, it is 

possible—but not tested—that osteoblasts are producing TGFβ2 also in response to niche signals 

orchestrated by NG2+/Nestin+ MSCs. NG2+/Nestin+ MSCs may also produce additional factors to 

TGFβ2 and BMP7, which would explain why the penetrance of the phenotype seems greater when 

we compare DTC burden in the NG2-CreER-iDTR model (Fig1) vs. the NG2-CreER-TGFβ2 (Fig4). 

In our models we observe that while the HSC dormancy niches robustly control the dormant 

DTC phenotype, when we deplete NG2+/Nestin+ MSCs, growth is alarmingly aggressive. This argues 

that identifying the key niche cells that maintain dormancy in patients may be important to monitor 

their function to predict and prevent relapse. With this in mind, our current results and those from past 

studies argue that it may be more feasible to eradicate dormant DTCs or maintain them in dormancy 

than to awaken them and try to kill them with conventional therapies; their growth post-awakening is 

aggressive and may occur in multiple organs12.  
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It is known that aging affects the proper function of HSC niches by downregulation of niche 

factors by passaged MSCs39 and that in aged mice the BM microenvironment shows lower levels of 

TGFβ2 and BMP754. Our results offer a new opportunity to understand how aging, inflammation and 

the cancer cells themselves may alter MSCs functionality leading to a disruption of the BM pro-

dormancy niche that ultimately leads to dormancy awakening and bone metastasis formation. Finally, 

a remaining question, but beyond the scope of our study, is whether the function of NG2+/Nestin+ 

MSCs as pro-dormancy niche orchestrators is limited to the BM or whether it has similar roles in other 

metastasis target organs. Overall, we propose that this work shifts our understanding on how 

homeostatic mechanisms that control adult stem cell quiescence may govern dormancy of 

disseminated cancer cells and control the timing of metastasis. Our work reshapes the paradigm of 

metastasis by revealing how the homeostatic BM microenvironment actually serves mainly as a 

metastasis suppressive “soil” via dormancy induction.  
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FIGURE LEGENDS  
Figure 1. Depletion of NG2+/Nestin+ MSCs awakens dormant DTCs in the BM. a-b. Whole bone 

imaging of MMTV-Neu (GEM model, CK8/18+ cancer cells) and E0771-GFP (intra-cardiac injected) 

breast cancer cells. Scale bars: 10um (a), 20um (b). c-g. Effect of NG2+/Nestin+ MSC depletion prior 

to BM seeding by DTCs (3 independent experiments, n=40, graphs with all mice values and median, 

2-tailed Mann–Whitney tests, *p<0.05). c. 7-week old NG2-CreER-iDTR mice (NG2-CreER- or +) were 

daily i.p. injected with tamoxifen for 5 days. After 1 rest day, mice were i.p. treated with diphtheria 

toxin (DT) for 2 days, 24 hours later 2x105 E0771-GFP cancer cells were intra-cardiac injected and 2 

weeks later mice were euthanized and the organs collected. d. Representative images of E0771-

GFP+ DTC clusters in BM flushes from WT and NG2+/Nestin+ MSC depleted mice. Scale bar 50um. 
e. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks after cancer cell injections 

(Fisher’s exact test, *p<0.05). f. H&E and GFP staining of wild type (WT) and NG2-CreER-iDTR 

bones. Wild type mice present normal-like bones; while the majority of NG2-CreER-iDTR mice develop 

bone metastasis. g. Number of E0771-GFP cancer cells per million of BM cells after BM flushing, 

counted manually. h. Number of E0771-GFP cancer cells per million of BM cells after BM flushing, 

counted by FACS. (n=15, median, 2-tailed Mann–Whitney tests, *p<0.05). i. Representative images 

of p27 and Ki67 in E0771-GFP cells in the bones. Single cells and small clusters are shown in WT 

mice and a metastasis in NG2-CreERiDTR. Scale bars 25um; arrows, positive cells; arrowheads, 

negative cells; dotted lines, GFP+ cells border. j-k. Percentage of E0771-GFP cancer cells p27+ (j) 
and Ki67+ (k) detected by immunofluorescence l. Percentage of E0771-GFP cancer cells Ki67high and 

p27+ (FACS). (n=14, median, 2-tailed Mann–Whitney U-tests, *p<0.05). m. Effect of NG2+/Nestin+ 

MSC depletion after BM seeding by DTCs (experimental design in SupFig.1n). Number of E0771-

GFP cancer cells per million of BM cells after BM flushing, counted manually (n=10, median, 2-tailed 

Mann–Whitney U-tests, *p<0.05).  

 
Figure 2. NG2+/Nestin+ MSCs are a source of pro-dormancy factors TGFβ2 and BMP7 in the 

BM. a. qPCR of sorted CD45-CD31-Nestin-GFP- and Nestin-GFPbright MSCs from Nestin-GFP mice (4 

independent experiments, mean and SEM, 2-tailed Mann–Whitney tests, *p<0.05). b. TGFβ1, 2 and 3 

and BMP7 levels in BM supernatant of WT and NG2-CreER-iDTR mice 2 weeks after TAM and DT 

treatments (2 independent experiments, n=24, median and interquartile range, 2-tailed Mann–

Whitney tests, *p<0.05). c. Imaging of Nestin-GFP+ MSCs in Nestin-GFP mice using IF. Dormancy 

factors TGFβ2 (white) and BMP7 (red) are expressed near MSCs. Scale bar 100um. Dotted 

rectangles, high-magnification inserts. d. TGFβ2 and BMP7 levels from BM plasma samples from 
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ER+ BC patients with (M1) or without (M0) evidence of systemic recurrence (data from SATT clinical 

study10, Fisher’s exact test, *p<0.05). e. Metastasis-free survival analysis of the subgroup of patients 

who did not receive any secondary chemotherapy, excluding treatment-related interpretation bias, 

separated by detectable BMP7 levels compared to patients with no BMP7. 

 

Figure 3. NG2+/Nestin+ MSCs activate TGFβ2 and BMP7 signalling pathways in cancer cells to 
inhibit proliferation. a-f. Effect of NG2+/Nestin+ MSCs on tumour cell proliferation. a. Representative 

images of 3D co-cultures of E0771 cells with sorted Nestin-GFP- and Nestin-GFP+ MSCs for 4 days. 

Top left: a single cell, a doublet and cluster of cancer cells. Scale bar 50um; Bottom left: A 

NG2+/Nestin+ MSC (PDGFRα+, red) near a cancer cell cluster. Scale bar 50um; Centre and right: 

Representative images of positive cells for cleaved caspase-3 (apoptotic cells), pRb (proliferative 

cells), p-ATF2 (p38-pathway activation) and p27 (quiescent cells) markers. Scale bars 10um. b. 
Percentage of E0771 cells in a single cell, doublet or cell cluster states after 4 days of co-culture in 

the indicated conditions. c-f. Percentage of E0771 cancer cells positive for c-Cas-3, p-Rb, p-ATF2 

and p27 after 4 days of co-culture with Nestin-GFP- cells (dark green) or Nestin-GFP+ MSCs (bright 

green). g-j. T-HEp3 cells with different bio-sensors were reversed transfected with siRNA for 

TGFBRIII and BMPRII followed by co-culture in trans-wells with sorted Nestin-GFP- cells and Nestin-

GFP+ MSCs. g. Representative images of T-HEp3 cells with ELK-Gal4::GFP (GFP+ when ERK1/2 

pathway is active), p38-Clover (when p38 is active cytoplasmic signal predominates) and p27K-

mVenus (mVenus signal indicates cell cycle arrest) bio-sensors. Scale bar 25um. h-j. Quantification 

of the T-HEp3 bio-sensor cell lines after reverse transfection of siRNA for TGFBRIII and BMPRII 

followed by 24-hour co-culture with Nestin-GFP- or + cells using trans-wells. k. Percentage of E0771 

cells in a single cell, doublet or cluster state after co-culture with Control (passaged) or revitalized (r) 

MSCs for 4 days. All graphs: 3-5 independent experiments, mean and SEM, 2-tailed Mann–Whitney 

tests, *p<0.05. 
 

Figure 4. Conditional knock out of TGFβ2 in NG2+/Nestin+ MSCs awakens dormant DTCs in the 

BM. a. 7-week old NG2-CreER- or + TGFβ2f/f mice were i.p. treated daily with tamoxifen (TAM) for 5 

days followed by intra-cardiac injection of 2x105 E0771-GFP cells. Mice were euthanized and the 

organs collected 2 weeks after (4 independent experiments, n=53). b-c. Sorting strategy (b) and 

TGFβ2 mRNA levels (c) confirming the efficiency of TGFβ2 knockout in NG2+/Nestin+ MSCs (sorted 

using CD45-Ter119-CD31-PDGFRa+CD51+ markers) in NG2-CreERTGFβ2 mice upon TAM treatments 

compared with WT mice. d. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks 

after cancer cell injections (Fisher’s exact test, *p<0.05). e. Number of E0771-GFP cancer cells per 
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million of BM cells after BM flushing of WT and NG2-CreER-TGFβ2 mice, counted manually (all mice 

values and median, 2-tailed Mann–Whitney test, *p<0.05). f-g. Proliferative state of DTCs in the BM 

of WT and NG2-CreER-iDTR mice. f. Representative images of single cells and small clusters in WT 

and a metastasis in NG2-CreER-iDTR. Scale bars 25um; arrows, positive cells; arrowheads, negative 

cells; dotted lines, GFP+ cells border. g. Percentage of E0771-GFP cancer cells p27+ (l) and Ki67+ 

(m) detected by immunofluorescence. h. Schematic representation of the current model by which we 

propose that niches that control HSC dormancy are responsible for inducing dormancy breast cancer 

DTCs in the BM. 

 
Supplementary Figure 1. Controls for depletion of NG2+/Nestin+ MSCs, DTC presence in the 
BM and their characterization. a-b. FACS plots (a) and quantifications (b) confirming the depletion 

of NG2+/Nestin+ MSCs (CD45-Ter119-CD31-PDGFRa+CD51+) in NG2-CreERiDTR mice upon TAM 

and DT treatments compared with WT mice. c. Representative plots and gates used in FACS for 

detection and characterization of E0771-GFP cells in BM flushes. d-f. Representative images (d, 

Scale bars 25um; arrows, positive cells; arrowheads, negative cells) and quantification of pATF2+ (e) 

and pH3+ (f) E0771-GFP DTCs. g-j. Detection and characterization of MMTV-PyMT-CFP cells in BM 

flushes by FACS (n=10). h. Incidence of bone metastasis (>1000 GFP+ DTCs/106 BM cells) 2 weeks 

after cancer cell injections (Fisher’s exact test, *p<0.05). i. Number of MMTV-PyMT-CFP cancer cells 

per million BM cells. j. Percentage of Ki67high E0771-GFP cancer cells. All graphs include all mice 

values, median, 2-tailed Mann–Whitney U-tests, *p<0.05. 

 

Supplementary Figure 2. Pro-inflammatory cytolkine status, vessel permeability and BM DTC 
seeding in NG2+/Nestin+ MSCs-depleted mice. a. Levels pro-inflammatory cytokines in BM 

supernatant of WT and NG2-CreER-iDTR mice 2 weeks after TAM and DT treatments (n.d. not 

detected; 2 independent experiments, n=24, median and interquartile range, 2-tailed Mann–Whitney 

tests, *p<0.05). b-d. 7-week old NG2-CreER-iDTR mice (NG2-CreER- or +) were daily i.p. injected with 

tamoxifen for 5 days followed by a rest day and 2 i.p. injections of DT. 24 hours later, 2x105 E0771-

GFP cancer cells were delivered via intra-cardiac injection and 24 hours after injected with 70K 

Dextran-TexasRed, 15 minutes prior euthanasia (n=10). c. Representative images of Dextran 

extravasation in perfused bones. No differences in Dextran extravasation were detected between WT 

and NG2-CreER-iDTR mice arguing for a lack of effects on vascular permeability. E0771-GFP cancer 

cells (arrows) were detected in both WT and NG2-CreER-iDTR mice. d. Number of E0771-GFP cells 

detected after 1 week of in vitro expansion of the BM aspirates collected 24 hours after injection into 

mice. Similar numbers were detected in WT and NG2-CreER-iDTR mice supporting no differences in 
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seeding capacity. e. 7-week old NG2-CreER-iDTR mice (NG2-CreER- or +) were daily i.p. injected with 

TAM for 5 days, followed by intra-cardiac injection of 2x105 E0771-GFP cancer cells. Cells were 

allowed to disseminate and extravasate for 72 hours followed by 2 i.p. injections of DT. 2 weeks after 

cancer cell injection mice were euthanized and the organs collected. 

 
Supplementary Figure 3. Effect of NG2+/Nestin+ MSCs on signalling pathways and growth of 
various cancer cell types in 2D and 3D cultures. a. 3D Matrigel assay used to track solitary cell to 

cluster growth. Single cells were plated on top of Matrigel in low density and the percentage of single 

cells, doublets and clusters was quantified 4 days after. b-c. Co-culture of human HNSCC PDX-

derived T-HEp3 (b) and mouse BC MMTV-PyMT (c) cells with sorted Nestin-GFP- and Nestin-GFP+ 

MSCs for 4 days. d-k. E0771 cells were treated every day for 4 days with TGFβ2, BMP7 or bone-

marrow conditioned media (BM-CM) of TGFβ2+/+ or TGFβ2+/- mice. d and h. Percentage of cancer 

cells in a single cell, doublet or cluster state with the indicated treatments. e-g and i-k. Quantifications 

of c-Cas-3, p-ATF2 and p27 with the indicated treatments. l. Western blots for the indicated antigens 

detected in E0771 cells treated for 24 hours with the TGFβ2, BMP7 and different BM-CM 

preparations. m-p. T-HEp3 cells with ERK, p38 and p27 activity biosensors were reversed 

transfected with control siRNA or siRNAs for TGFBRIII and BMPRII followed by 24-hour treatments 

with TGFβ2 and BMP7. m. TGFBRIII and BMPRII mRNA levels 48 hours after transfection with the 

indicated siRNAs. n-p. Quantification of the T-HEp3-biosensors activity. k. qPCR of TGFβ1, TGFβ2 

and BMP7 from Control and rMSCs. All graphs: 3-5 independent experiments, mean and SEM, 2-

tailed Mann–Whitney tests, *p<0.05. 

 

Supplementary Figure 4. NG2-CreERTGFβ2 mouse model controls. a. TGFβ1 mRNA levels in 

NG2+/Nestin+ MSCs (sorted using CD45-Ter119-CD31-PDGFRa+CD51+ markers) in NG2-

CreERTGFβ2 mice upon TAM treatments compared with WT mice. b. Number of E0771-GFP cancer 

cells per million of BM cells after BM flushing, counted by FACS. c. Percentage of Ki67high E0771-

GFP cancer cells (FACS). All graphs include all mice values, median and interquartile range and 2-

tailed Mann–Whitney U-tests, *p<0.05. 

 
Supplementary Movie1 – movie of a typical sonogram used to do imaging guided injection of cells in 

the left ventricle of the heart. This methodology ensures intra-cardiac injection efficiency, minimizing 

variability of injections on the BM DTC burden analysis. 

 
METHODS 
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Animals. Nes–GFP55 were bred in and obtained from the Frenette’s laboratory at Albert Einstein 

Institute. B6.Cg-Tg(Cspg4-cre/Esr1*)BAkik/J (NG2-CreER - Jackson Laboratory, stock 008538), 

C57BL/6-Gt(ROSA)26 Sortm1(HBEGF) Awai/J (iDTR – Jackson Laboratory, stock 007900) and 

Tgfβ2flox (56, gift from Mohamad Azhar’s lab) were maintained on the C57BL/6J background and bred 

and crossed in our facilities. All NG2-CreERiDTR and NG2-CreERTGFβ2 mice were genotyped using 

the primers in Supplementary Table 1. 7 to 8-week-old female mice were used. No randomization or 

blinding was used to allocate experimental groups. All experimental procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) of Icahn School of Medicine at Mount Sinai.  

 
Induction of NG2-CreER-mediated recombination and iDTR-mediated cell depletion. 7 to 8-week 

old female mice were injected intraperitoneally with 2mg of tamoxifen (Sigma, T5648) dissolved in 

corn oil daily for 5 days to induce the CreER-mediated recombination. In case of NG2-CreER-iDTR, 

mice were also injected intraperitoneally with 250ng of diphtheria toxin (Millipore, 322326) dissolved 

in serum chloride daily for 2 days for iDTR-mediated cell depletion. 

 
Metastasis assays. 2x105 E0771-GFP or MMTV-PyMT-CFP cells were intra-cardiac injected with 

echo-guidance using micro ultrasound Vevo2100, Transducer MS-250, 21MHz and Vevo LAB 3.1.1 

software (FUJIFILM VisualSonics Inc.) (Supplementary Movie 1). 24 hours or 2 weeks later, mice 

were euthanized and organs were collected and processed. In a group of mice, 70,000 MW Lysine 

fixable Dextran Texas Red (Invitrogen) was retro-orbital injected 15 minutes prior to euthanasia and 

mice were perfused with PBS. Bone marrow (BM) cells were flushed from femurs and tibias, red-

blood-cell lysis buffer (Lonza) was used for 2 minutes followed by quantification of the GFP+ cells and 

normalization to the total number of BM cells. 

 
Flow cytometry and cell sorting. Bone marrow cells were flushed, incubated in red-blood cell lysis 

buffer (Lonza) for 2 minutes and remaining cells were permeabilized with 0.05% Triton (when using 

intracellular antibodies) and stained using antibodies and conditions in Supplementary Table 2. All 

experiments were performed using BD FACSAria II equipped with FACS Diva software (BD 

Biosciences). Dead cells and debris were excluded by FCS, SSC and DAPI (4’,6-diamino-2-

phenylindole) (Fisher Scientific) staining profiles. Data were analysed with FACS Diva (BD 

Biosciences) or FCS Express Cytometry 7 (De Novo) softwares. 
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Histopathology. After dissection, bones were fixed in 4% paraformaldehyde (PFA, Thermoscientific) 

for 24 hours. Bones were then decalcified in 14% EDTA, renewed every other day for 7-10 days at 

4°C with agitation. Bones were processed, embedded in paraffin and sections were cut. H&E and 

immunofluorescences were performed and slides were scanned using NanoZoomer S60 Digital 

slide scanner and NDP.view2 software (Hamamatsu). 

 
Immunofluorescence. Tissue sections were submitted to hydration in xylene and a graded alcohol 

series, slides were steamed in 10 mM citrate buffer (pH 6) for 40 minutes for antigen retrieval. Fixed 

3D cultures were permeabilized using 0.5% Triton X-100 in PBS for 20 minutes. Both sections and 

co-cultures were blocked with 3% Bovine Serum Albumin (BSA, Fisher Bioreagents) and 5% normal 

goat serum (NGS, Gibco PCN5000) in PBS for 1 hour at room temperature. Primary antibodies 

(Suppl Table 2) were incubated overnight at 4°C, followed by washing and secondary antibodies 

(Invitrogen, 1:1000) incubation at room temperature for 1 hour in the dark. Slides were mounted with 

ProLong Gold Antifade reagent with DAPI (Invitrogen, P36931) and images were obtained using 

Leica Software on a Leica SPE confocal microscope. All quantifications were done using double blind 

method (quantification of coded samples and de-codification upon completion to interpret the 

results across multiple animals). 
 
Whole-mount staining. Calvaria bones were fixed overnight at 4°C in 4% PFA, blocked overnight 

with agitation in 3% BSA-5% NGS, followed by a 24 hour incubation at 4°C with agitation with primary 

antibodies (Suppl Table 2), 10 hours of washing, secondary antibodies (Invitrogen, 1:1000) overnight 

incubation at 4°C with agitation and 10 hours of washing. Images were obtained using Leica Software 

on a Leica SPE confocal microscope. 

Sternal bones were collected and transected with a surgical blade into 2–3 fragments, 10 minutes 

after retro-orbital injection of CD144/VE-cadherin, CD31 and Sca-1 antibodies (1:20). The fragments 

were bisected sagittally for the bone marrow cavity to be exposed, fixed in 4% PFA and 

immunofluorescence staining for CK8/18 was performed as above described. Images were acquired 

using a ZEISS AXIO examiner D1 microscope (Zeiss) with a confocal scanner unit, CSUX1CU 

(Yokogawa). 
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Quantitative PCR. Sorted cells were processed using Cell-to-CT 1-Step Power SYBR Green kit 

(Invitrogen, A25600) and primers from Supplementary Table 1. GAPDH was used as housekeeping 

control for all experiments. 
 
Human samples. The BM plasma samples analyzed for TGFb2 and BMP7 were selected from early 

breast cancer patients included in the SATT study10. In this study the patients were monitored for 

DTCs 2-3 months (BM1) and 8-9 months (BM2) after completion of adjuvant anthracycline-containing 

chemotherapy. If DTC positive at 8-9 months, the patients received secondary chemotherapy 

intervention with docetaxel, followed by subsequent DTC monitoring 1 (BM3) and 12 months (BM4) 

after docetaxel. Patients with disappearance of DTCs (80%) experienced excellent prognosis 

compared to the patients with DTC persistence (20%)10. The BM aspirates (from posterior iliac crest 

bilaterally) collected for DTC analyses were diluted 1:1 in PBS and separated by density 

centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) as previously described10. Later on in 

the inclusion period the plasma supernatant after density centrifugation was collected (if possible) and 

stored initially at -20 °C, and later transferred to -80 °C. From the available BM plasma samples, we 

initially performed a limited analysis of plasma samples from patients being DTC positive at either 

BM1 or BM2, or experiencing systemic relapse without DTC presence. Of these, 55 had ER positive 

disease, including 30 patients receiving secondary intervention with docetaxel chemotherapy, and 25 

patients with no secondary treatment intervention.  

 
ELISA. Mouse BM supernatant was collected after BM flush centrifugation and stored at -80°C with 

phosphatase and protease inhibitors (ThermoScientific). TGFb and pro-inflammatory ELISAs were 

performed by Eve Technologies Corp. (Calgary, Alberta) using the Luminex™ 100 and 200 systems 

(Luminex, Austin, TX, USA), Eve Technologies' TFG-β 3-Plex Discovery Assay® (MilliporeSigma, 

Burlington, Massachusetts, USA) and Eve Technologies' Mouse Focused 10-Plex Discovery Assay® 

(MilliporeSigma, Burlington, Massachusetts, USA). BMP7 ELISA was performed using RayBio kit 

(RayBio, ELM-BMP7) following manufactures instructions. 

Patient BM supernatants were analyzed for TGFb2 and BMP7 by multiplex ELISA at Human Immune 

Monitoring Center (HIMC) at Mount Sinai. ELISA assays were performed using human TGFb2 (R & D 

System, DY302) and BMP7 (R & D System, DY354) kits following manufacture’s recommendation. 

Data were analyzed using a Four Parameter Logistic Fit (4PL) method. 

 
Cell culture. E0771 (CH3 BioSystems), E0771-GFP (gift from John Condeelis’ lab) and MMTV-

PyMT-CFP (gift from Jay Debnath) breast cancer cell lines were cultured in RPMI (Gibco) 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.349514doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.349514


 24 

supplemented with 10% foetal bovine serum (Gemini), 10mM HEPES (Corning), 100 units/ml 

penicillin and 100ug/ml streptomycin (Corning). The tumorigenic HEp3 (T-HEp3)57 head and neck 

squamous cell carcinoma (HNSCC) PDX line and Ct MSCs and rMSCs39 were generated and 

maintained as described previously. 

T-HEp3 cells were engineered to express an ELK-GAL4::hrGFP40, p38 shuttle-Clover41 and p27K-

mVenus42 biosensors. T-HEp3 with the biosensors were reversely transfected with siRNAs 

(siTGFBRIII, Invitrogen 32274204; siBMPRII, Oncogene SR300456B) using Lipofectamine RNAiMAX 

transfection reagent (Invitrogen) according to the manufacturer’s instructions. 

Trans-well co-cultures were performed using permeable trans-well assays (Corning), in which 

transfected cells were plated in the bottom of the well and sorted Nestin-GFP- or + cells in the 

permeable inserts. 

 

Low-density 3D organoid co-cultures. 500-1000 cells (E0771 only or with MSCs) were seeded in 

400µl assay medium (each cell line media with reduced FBS content (2-5%) plus 2% matrigel) in 8-

well chamber slides (Falcon) on top of 50µl of growth factor-reduced matrigel (Corning). Cultures 

were treated every 24 hours starting at day 0 with TGFβ2 (R&D), BMP7 (R&D) or BM-conditioned 

media (BM-CM). Single cells, doublets and clusters were quantified after 4 days and the cultures 

were fixed with 4% paraformaldehyde (PFA) for 20 minutes. 

 
Western blot. Samples were collected in RIPA buffer and protein concentrations were calculated 

using Coomassie Plus protein assay (Thermo Scientific) and a standard BSA curve. Samples were 

then boiled for 8 minutes at 95°C in sample buffer (0.04 M Tris-HCl pH 6.8, 1% SDS, 1% β –

mercaptoethanol and 10% glycerol). 8–10% SDS–PAGE gradient gels were run in running buffer (25 

mM Tris, 190 mM glycine, 0.1% SDS) and transferred to PVDF membranes in transfer buffer (25 mM 

Tris, 190 mM glycine, 20% methanol). Membranes were then blocked in 5% milk in TBS-T (Tris-

buffered saline containing Tween-20) buffer. Primary antibodies (Supplementary Table 2) were 

incubated overnight at 4°C. Following washing with TBS-T buffer, HRP-conjugated secondary 

antibodies were left at room temperature for 1 hour. Western blot development was done using 

Amersham ECL Western Blot Detection (GE, RPN 2106) and GE ImageQuant LAS 4010. 

 
Statistical analysis. Sample sizes were chosen empirically and no exclusion criteria were applied. 

The investigators were not blinded to allocation during experiments but quantifications were done in 

coded samples to reduce operator bias. Statistical analyses were done using Prism Software and 

differences were considered significant if p<0.05. Unless otherwise specified, 3 or more independent 
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experiments were performed, all values were included and median, interquartile range and 2-tailed 

Mann–Whitney U-tests, incidence and Fisher’s exact test or mean and SEM and 2-tailed Student’s t-

tests were performed. 

 
 Forward primer Reverse Primer 
Genotyping 
NG2-CreER TTAATCCATATTGGCAGAACGAAAACG CAGGCTAAGTGCCTTCTCTACA 
DTR ACGGAGAATGCAAATATGTGAAGGA ACACCTCTCTCCATGGTAACCT 

(ROSA WT) TTCCCTCGTGATCTGCAACTC CTTTAAGCCTGCCCAGAAGACT 
TGFβ2f/f GCTGGCGCCGGAAC GCGACTATAGAGATATCAACCACTTTGT 

(TGFβ2 WT) TGGCCTAGAAAGCCAGATTACAC GGAGAGGCGAGTAAAGGAGAAG 
qPCR 
Mouse TGFβ1 CCT GAG TGG CTG TCT TTT GA GCT GAA TCG AAA GCC CTG TA 
Mouse TGFβ2 TAA AAT CGA CAT GCC GTC CC GAG ACA TCA AAG CGG ACG AT 
Mouse BMP2 TGG AAG TGG CCC ATT TAG AG TGA CGC TTT TCT CGT TTG TG 
Mouse BMP7 GAA AAC AGC AGC AGT GAC CA GGT GGC GTT CAT GTA GGA GT 
Mouse GAPDH AAC TTT GGC ATT GTG GAA GGG CTC TGG AAG AGT GGG AGT TGC TGT TGA 

Supplementary Table 1. Primers used for genotyping and qPCR. 

 
 Manufacture, Clone/Ref Conditions 
FACS 
FITC anti-mouse CD45 Biolegend, 30-F11 1:100, 15min at 4°C in the dark 
FITC anti-mouse Ter119 Biolegend, TER-119 1:100, 15min at 4°C in the dark 
FITC anti-mouse CD31 Biolegend, MEC13.3 1:100, 15min at 4°C in the dark 
APC anti-mouse CD140a 
(PDGFRa) Biolegend, APA5 1:100, 15min at 4°C in the dark 

PE anti-mouse CD51 Biolegend, RMV-7 1:100, 15min at 4°C in the dark 
APC anti-Ki67  eBiosciences, SolA15 1:100, 15min at 4°C in the dark 
PE anti-p27 	 Cell Signaling, D69C12 1:100, 15min at 4°C in the dark 
IF 
GFP Aves, 1020 1:100, ON (IF) / 24h (whole mount) at 4°C 
NG2 R&D, MAB6689 1:100, ON (IF) / 24h (whole mount) at 4°C 
CD31 Millipore, clone 2H8 1:100, ON (IF) / 24h (whole mount) at 4°C 
p27 Cell Signaling, D69C12 1:100, ON at 4°C 
Ki67 Invitrogen, SolA15 1:100, ON at 4°C 
CK8/18 Progen Biotechnik, GP11 1:100, ON at 4°C 
FITC anti-mouse Sca-1 Biolegend, D7 1:20, 10minutes (retro-orbital) 
Alexa-647 anti-VE-cadherin Biolegend, BV13 1:20, 10minutes (retro-orbital) 
Alexa-647 anti-CD31 Biolegend, MEC13.3 1:20, 10minutes (retro-orbital) 
TGFβ2 Abcam, ab36495 1:100, ON at 4°C 
BMP7 Abcam, ab56023 1:50, ON at 4°C 
vE-cadherin eBioscience, eBioBV13 1:100, ON at 4°C 
cCas3 Cell Signaling, D175 1:100, ON at 4°C 
pRb Cell Signaling, D20B12 1:100, ON at 4°C 
pATF2 Cell Signaling, 9221 1:50, ON at 4°C 
pHistone H3 (Ser10) Cell Signaling 1:100, ON at 4°C 
WB 
p-SMAD 1/5 Cell Signaling, 41D10 1:500, ON at 4°C 
p-SMAD 2 Cell Signaling, 138D4 1:500, ON at 4°C 
pATF2 Cell Signaling, 9221 1:1000, ON at 4°C 
p27 Cell Signaling, D69C12 1:500, ON at 4°C 
α-tubulin Abcam, ab15568 1:2000, ON at 4°C 
HPR horse-anti-mouse IgG  Vector, PI2000 1:1000, 1h at RT 
HRP goat-anti-rabbit IgG  Vector, PI1000 1:1000, 1h at RT 
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Supplementary Table 2. Antibodies. 
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In recent years, the understanding of metastasis biology and 
cancer cell dormancy has advanced considerably. The current 
knowledge of how cancer dormancy proceeds stemmed from 

pioneering work on angiogenesis1–3, on the immunoregulation of 
equilibrium states and antibody signaling4–13 and on how micro-
environmental and signaling mechanisms control cellular dor-
mancy through growth-arrest programs14,15. Key findings based 
on this body of work proposed that dormant cells might evade 
anti-proliferative therapies in a passive manner16. Since then, the 
field has expanded considerably to reveal the importance of the 
tissue microenvironment in driving dormancy and the reactiva-
tion of dormant cells. Developmental cues that contribute to tis-
sue homeostasis by controlling the quiescence of normal adult 
stem cells, as well as various niche cells of different organs, have 
also been shown to drive dormancy17–19. Dormant cancer cells were 
also found to regulate active signaling mechanisms of adaptation 
and survival after therapies20–24, which demonstrated that dormant 
tumor cells do not merely survive chemotherapeutic drug insults 
in a passive manner. These findings have strengthened the notion 
that dormant DTCs persist over long periods of time by co-opting 
conserved growth-arrest and survival mechanisms that are active 
during development and in adult tissues.

In this Perspective, we focus on recent, mainly in vivo and human 
data and discuss how they inform evolving concepts about tumor 
dormancy, including the active role of the microenvironment.

Discussing definitions
The cancer dormancy field has worked on the basis of three defi-
nitions that are not necessarily mutually exclusive and may be 
complementary. These have led to the working hypothesis that 
asymptomatic minimal residual disease (MRD) can be defined and 
explained by the following three potential scenarios: (1) angiogenic 
dormancy, an impaired angiogenic response that maintains tumor 
mass constant in size by balancing proliferation and cell death;1–3 
(2) immune-mediated dormancy, in which proliferative tumor-cell 
populations are constantly trimmed by cytotoxic immune-cell 
responses that also maintain an equilibrium between cell death 

and proliferation;4–13 and (3) cellular dormancy, in which solitary 
DTCs or small cell clusters enter a prolonged growth arrest with no 
increase in cell death19,24–27.

Equilibrium states, as described in the angiogenic dormancy 
program3, have long been proposed as a defining feature of dormant 
tumor-cell-mass dynamics, with evidence accumulating since the 
1990s. This concept and the relevant literature have been reviewed 
extensively elsewhere18,26,28. The immune equilibrium hypothesis 
suggests that immunosurveillance keeps proliferating cell popu-
lations in check during MRD through T cell–mediated killing or 
anti-idiotypic antibody networks that cause growth suppression in 
mouse lymphoma; this hypothesis has also been reviewed previ-
ously26,29. Recent studies focused more on cellular dormancy and its 
relationship with immune cells indicate that quiescent DTCs are in 
fact evading CD8+ T cell– and natural killer cell (NK cell)–medi-
ated detection and clearance27,30. Thus, as proposed in an integrated 
scenario26, quiescent DTCs may evade detection by the immune 
system, but as they switch into proliferation, they may be main-
tained in equilibrium by immune cytotoxic responses, which shows 
how these two processes can be complementary. To our knowl-
edge there are no available studies showing that dormant solitary 
DTCs that become reactivated are then kept under tumor-mass 
dormancy by an angiogenic switch failure, but this possibility has 
also been proposed26. The large body of literature discussed in this 
Perspective has independently discovered that dormant cancer-cell 
populations consist of single solitary DTCs or small DTC clusters 
of 10–20 cells18,23,27,31–36. These DTCs are able to enter a reversible 
growth-arrest or quiescence state, in support of the proposal that 
this may be a common feature of solitary dormant cancer cells.

Whether all the scenarios discussed above can co-exist in patients 
remains an open question. The tissues that are sampled for further 
study may also bias the identification of the mechanisms involved. 
For example, several dormancy studies that complement the study 
of human DTCs from bone marrow (BM) with mouse models seem 
to point to quiescence as a feature of solitary DTCs17,19,26,37–39. This 
process seems to be governed by microenvironmental cues, resem-
bling the lifelong quiescence program active in dormant adult stem 
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cells, including hematopoietic, muscle, neural and hair-follicle 
stem cells17,26,37,38,40,41 (Fig. 1). However, mechanisms of senescence 
or differentiation have also been proposed to underlie DTC dor-
mancy18,42,43. A confounding factor is that growth-arrest programs 
during quiescence, senescence and differentiation exhibit substan-
tial overlap in their regulation of the cell-cycle machinery (Fig. 1). 
Nevertheless, senescence is by definition irreversible, and regulators 
of this program, such as p16 and p53, are commonly mutated or 
silenced early in tumorigenesis44. Additionally, senescence leads to 
the clearing of senescent cells by innate immune cells45, which has so 
far not been documented for potentially ‘senescent’ DTCs. Notably, 

several studies have documented that DTCs activate variations of 
pluripotency programs and a certain degree of chromatin remodel-
ing linked to enhanced epigenetic plasticity46–51 (discussed below). 
On the contrary, senescent cells commonly show highly repressive 
heterochromatin, which limits plasticity52 (Fig. 1). However, the 
possibility that a hybrid state of senescence programs is activated 
by microenvironmental cues43 or therapeutic stress53 cannot be  
ruled out.

Indeed, a key attribute of dormant DTCs is their ability to retain a 
high degree of epigenetic and transcriptional plasticity and to reac-
tivate different developmental programs to arrest growth and sur-
vive17,54 (discussed below). This high level of plasticity that enables 
cancer cells to employ various regulatory programs to induce a 
reversible growth arrest, which ensures persistence and confers an 
adaptive advantage, may be the true defining feature of dormancy. 
Thus, two key elements emerge as being necessary for better under-
standing of DTC dormancy. One is better definition of the iden-
tified programs functionally and molecularly, to understand how 
they resemble quiescence, senescence or differentiation and how 
they intersect with angiogenic dormancy and immune-mediated 
equilibrium. The second is definition of which of the programs 
identified in models are functionally relevant in patients.

Target-organ microenvironments
The tumor microenvironment consists of cellular and extracellular 
components that surround cancer cells. In the primary tumor site 
it can represent half or more of the tumor mass. However, in tar-
get organs in which solitary DTCs or small clusters of DTCs reside 
following dissemination, DTCs are initially a minor constituent of 
the tissue. Thus, how they interpret this new microenvironment 
and how the signals ‘encoded’ in these initially normal tissue niches 
affect the induction of, maintenance of and escape from dormancy 
in cancer are important questions.

BM niches. Animal and human biopsy studies support the notion 
that DTCs probably reach multiple organs but survive and eventu-
ally grow only in specific tissues and in a cancer-specific manner. 
Many studies have focused on the BM, as cancer cells can persist in 
this site for years without growing, and the detection of BM DTCs 
is commonly a marker of poor prognosis55–58. In the BM, osteoblasts 
have been suggested to induce solid-tumor DTC dormancy59, with 
osteoclasts being involved in the escape from dormancy during the 
process of osteolytic bone metastases60 (Fig. 2). The role of osteo-
blasts in dormancy and bone metastasis, however, is more complex. 
Whereas the endosteal niche and osteoblasts can promote cancer-cell 
dormancy59, remodeling of this niche could cause the reactivation of 
or promote the survival of cancer cells61. For example, cancer cells 
depend on physical interactions with osteogenic cells through gap 
junctions to increase their intracellular calcium levels, and therefore 
the osteogenic niche, which includes osteoblasts, serves as a calcium 
reservoir for cancer cells to form micro-metastases62. Additionally, 
changes in osteoblast phenotype, such as the acquisition of an aged 
or senescent phenotype, could fuel metastasis63. Recently, consider-
able work has focused on vascular niches that induce sustained DTC 
dormancy in the BM23,31, brain35 and lungs34 (Fig. 2). BM vascular 
niches were shown to protect DTCs from chemotherapy through 
an integrin-mediated interaction between DTCs and molecules, 
including von Willebrand factor and the integrin ligand VCAM1, 
within the perivascular niches23. Disrupting these interactions with 
integrin-blocking antibodies results in a reduction in the DTC 
burden and the prevention of bone metastasis. Notably, although 
chemoprotection by the vascular niche seems to be cell cycle inde-
pendent, inhibiting integrin β1 and/or integrin αVβ3 enhanced the 
chemotherapeutic response. How chemotherapy kills non-dividing 
DTCs with ablated integrin signaling is still unknown. Perhaps 
cancer cells become sensitized during the first divisions after their 
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Fig. 1 | Differences and commonalities among normal quiescent, 
senescent, differentiated cells and dormant cancer cells. Cell-cycle 
arrest and survival programs are shared across all programs. Although 
differentiation and senescence are typically irreversible or highly stable 
stages, quiescence and dormancy are reversible. It would appear that 
normal quiescent cells and dormant cancer cells interpret the same 
microenvironmental factors in a similar manner, and this leads to the 
activation of survival and self-renewal programs. However, dormant DTCs 
also turn on diapause and pluripotency programs and an unfolded protein 
response (UPR) also observed in senescent cells. Normal quiescent, 
senescent and differentiated cells are green;44 the dormant cancer cell is 
blue26. SASP, senescence-associated secretory phenotype.
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exit from the single-cell state. In the mouse brain, DTCs breach the 
blood–brain barrier and adhere to brain capillaries35. The position 
and morphology of DTCs is reminiscent of that of pericytes, as 
these cells spread on brain capillaries between pericytes and cap-
illary surfaces, migrated along the vessels and remained dormant 
for long periods34. Although the mechanism of dormancy was not 
explored in that study34, the adhesion molecule L1CAM on DTCs 
was found to mediate access to the perivascular niche and drive 
transcriptional programs that awakened dormant DTCs, which led 
to the initiation of metastasis. Whether the reactivation of DTCs 
was caused by their pericyte-like behavior or changes in the niche 
itself is unclear. However, changes in the niche, as elicited by tip 
endothelial cells, are known to cause reactivation, whereas stalk 
endothelial cells promote dormancy64. Similarly, endothelial-cell 
expression of L1CAM ligands allows L1CAM+ DTCs to engage in 
proliferative programs, but it is possible that if the endothelium 
or other perivascular cells do not express such ligands, L1CAM+ 
DTCs may not be able to overcome dormancy signals. Therefore, 
the perivascular niche could induce or maintain DTC dormancy in 
a context-dependent manner.

Elegant conditional, tissue-specific knockout mouse models 
and bone-transplantation approaches revealed that perivascular  
Prx1+ mesenchymal stem cells expressing the chemokine CXCL12 
maintained leukemic stem cells (LSCs) in a quiescent and 
treatment-resistant state in the BM65. Targeted deletion of CXCL12 
in mesenchymal stem cells reduced the number of normal hemato-
poietic stem cell (HSCs) but promoted LSC expansion by increasing 
self-renewing cell divisions, with LSCs being eliminated by treat-
ment with a tyrosine kinase inhibitor. Moreover, chronic myeloid 
leukemia (CML) cells induced a reduction in CXCL12-expressing 

mesenchymal stem cells and an increase in CXCL12-expressing 
endothelial cells, alterations that may provide a competitive advan-
tage to LSCs over HSCs (Fig. 3). This work highlights how the peri-
vascular niche may allow targeting of DTC–niche interactions in 
solid and hematopoietic cancer-cell dormancy to interfere with dor-
mant DTCs that cause recurrence.

Open questions are whether DTCs move stochastically or are 
actively recruited into a perivascular niche, where they enter dor-
mancy, or whether these are simply the niches that promote sur-
vival and quiescence. A recent study66 showed that similar to benign 
and malignant hematopoietic cells67, breast cancer DTCs enter the 
BM through sinusoidal vasculature that expresses the inflamma-
tory molecules E-selectin and SDF-1, both in mice and in human 
samples66 (Fig. 3). Mice treated with an E-selectin inhibitor had 
fewer DTCs in the BM, indicative of decreased homing. In another 
model, E-selectin was identified as a pro-metastatic receptor of the 
bone vascular niche, with its pharmacological inhibition increasing 
survival and decreasing bone metastasis–associated bone degrada-
tion68. Thus, rather than suggesting homing, this study suggested 
a growth-promoting effect for E-selectin that was dependent on 
the Wnt signaling pathway and was bone specific. The differences 
between the specific findings of these two studies66,68 are unclear but 
may depend on differences in the models of BM colonization used 
and in the timing and type of endpoints assessed.

BM colonization and metastasis are common late relapse occur-
rences in ER+ breast cancer regulated by hormones (and thus the 
microenvironment). A recent study identified the kinase MSK1 as a 
potential regulator of dormancy in ER+ breast cancer69. Depletion of 
MSK1 was shown to lead to the epigenetic downregulation of genes 
encoding molecules that control luminal cell fate, such as FOXA1 and 
GATA3, and contribute to an increased metastasis-initiating poten-
tial. This effect was also observed when signaling via the kinase p38 
was chemically inhibited, as MSK1 is a target of p38;69 this reproduced 
the role of this pathway in dormancy14. Anti-estrogen therapy is an 
effective therapy in human breast cancer70,71 but does not eradicate the 
disease in many patients71. Whether tamoxifen activates an MSK1–
p38α (or other) signaling mechanism for dormancy is not clear, but 
understanding whether anti-estrogen therapies work through the 
induction of dormancy may be illuminating. Interestingly, dormant 
cell populations were recently shown to be prevalent during target-
ing of the estrogen receptor ERα71. A similar question was explored 
in humans72 through the sequential analysis of samples from patients 
undergoing extended neoadjuvant hormonal treatment. ‘Dormant’ 
tumors (i.e., tumors from patients with tumor-size reduction and 
no progression after long post-treatment periods of time) displayed 
enhanced DNA methylation and a more repressive chromatin state, 
whereas resistant tumors displayed the opposite profile. Although 
these data were not directly derived from DTCs, they may provide 
insights into the biomarkers to look for in DTCs or stroma in the 
adjuvant setting and to determine if anti-estrogens induce dormancy 
of residual DTCs. The BM is also a common site for dormancy for 
prostate cancer cells73. Wnt5a delivered systemically in in a prostate 
cancer model of metastasis induced a dormancy-like phenotype in 
cancer cells and a reduction in bone metastasis, potentially via ROR2 
signaling72. This treatment also revealed that Wnt5a favored chemo-
resistance to docetaxel. Additional analyses may be needed to reveal 
whether these mechanisms are active in prostate cancer DTCs in the 
BM. Interestingly, Wnt5a has also been linked to a senescence- or 
dormancy-like phenotype in melanoma74.

Inflammation and extracellular matrix remodeling. Given that 
dormancy is a reversible state regulated by the microenvironment, it 
is necessary to determine the microenvironmental changes that could 
trigger awakening from dormancy (Fig. 2). Bacterial lipopolysaccha-
ride– or tobacco smoke–induced lung inflammation was recently 
shown to activate neutrophils to form neutrophil extracellular  
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Fig. 2 | The various BM niches, cell types and cues that regulate the 
dormancy of DTCs and HSCs. Both the osteoblastic niche and the 
perivascular niche in the BM are involved in DTC dormancy by producing 
a wide range of cues (cytokines, microRNA, extracellular vesicles, 
cell–cell contact signaling, etc.) that drive dormancy. Additionally, 
dormant cancer cells downregulate antigen presentation and upregulate 
immunosuppressive ligands in order to evade recognition by the immune 
system. Over time and reciprocally, cancer cells also remodel their 
surrounding microenvironment and hypothetically feed a proliferative 
positive loop. EVs, extracellular vesicles; ECs, endothelial cells; PD-1, 
receptor for PD-L1; MHCI, MHC class I; vWF, von Willebrand factor; MSC, 
mesenchymal stem cell.
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DNA traps (NETs)32. NETs were found to trigger the awakening 
of dormant DTCs through the release of neutrophil elastase and 
MMP9, enzymes that promote the laminin 111– and α3β1 integrin–
dependent activation of a signaling axis involving the kinases FAK, 
ERK and MLCK and, ultimately, activation of the transcriptional 
regulator YAP. Interestingly, for full awakening of DTCs, loss of 
perivascular thrombospondin TSP1 was also required. Metastatic 
breast cancer cells can themselves induce NETs32,75, which raises the 
possibility that they may create a positive pro-inflammatory prolif-
erative loop. Surgical stress was also shown to trigger DTC awaken-
ing through an increase in NET formation, in a mouse model of 
liver ischemia–reperfusion76. Consistent with that, in a cohort of 
patients undergoing attempted curative liver resection for metastatic 
colorectal cancer, a correlation was observed between increased 
post-operative NET formation and a reduction in disease-free sur-
vival76. In a model of pancreatic ductual adenocarcinoma (PDAC), 
the TRAIL-R2 pathway was also suggested to lead to liver inflam-
mation and the awakening of dormant DTCs during tumor resec-
tion77. Thus, it is possible that tissues that remain homeostatic may 
maintain DTC dormancy, whereas changes (such as inflammation) 
that alter the homeostatic balance (for example, through NETs and 
remodeling of the extracellular matrix) may trigger the awakening 
of DTCs from dormancy.

An important question is the link between aging and meta-
static relapse and the age- and microenvironment-related signals 
that may regulate DTC dormancy and reactivation. Recently, 
in a mouse model of aging, metastatic cell lines were shown to 
be highly proliferative in aged BM, with the frequency of dor-
mant DTCs decreasing in aged mice but not in young mice78. 
Mechanistic analysis revealed that several inflammatory cytokines 
known to promote cell proliferation (including the interleukins 
IL-1β, IL-6, IL-27 and IL-1F9 and factors such as CCL4, CCL5 
and Tnfsf14) were upregulated in bones of aged mice, whereas 

proposed quiescence-inducing factors (including BMP4, BMP6, 
BMP7, Kitl, TGFβ2, Thbs2, Dkk1 and Dkk3) were downregu-
lated78 (Table 1). Remodeling of the extracellular matrix may also 
stimulate metastasis and perhaps awakening from dormancy, as 
revealed by changes in age-related remodeling of the collagen 
matrix that stimulated metastasis in melanoma79–81.

The concept of reverting a malignant phenotype by normaliz-
ing the microenvironment is not new82–85 and supports the proposal 
that — in the appropriate context — cancer cells could remodel their 
epigenetic programs to silence mutated genomes. Axolotl embryos 
have been shown to fully reprogram malignant breast cancer cells 
into quiescence by inhibiting induction of the cell-cycle inhibitor 
p27 mediated by the kinases ERK1 and ERK2 and reducing signal-
ing dependent on the transcription factor JUN and the tumor sup-
pressor Rb86. These reprogrammed breast cancer cells also displayed 
a repressive chromatin state that was previously reported in retinoic 
acid–induced dormancy46. Although the mechanisms activated by 
the axolotl extract were not identified, this reveals how microenvi-
ronmental signals can epigenetically silence malignancy traits.

Such studies have expanded understanding of how the homeo-
stasis of target-organ microenvironments may maintain dormancy, 
probably governed by adult stem-cell quiescence niches. They also 
support the proposal that alterations over time (in this case the 
organism’s age) or perturbations that alter target-organ microen-
vironments, such as inflammation and remodeling of the extracel-
lular matrix, can control dormancy. A key question is how robust 
the dormancy-inducing microenvironments are. Given that, for 
example, in breast cancer, relapse that occurs more than 5 years after 
surgery is mostly stochastic and can be delayed for long periods, it 
is possible that multiple homeostatic barriers need to be eliminated 
for DTCs to awaken. Although patients will encounter situations 
that may activate inflammatory processes many times during their 
lives, many do not show immediate relapse.

Dormant HSCBM pro-dormancy nichesReactivation microenvironment Dormant DTC

ROR2
Wnt5a ?NE

MMP9

Laminin
111NETs

Pro-inflammatory loop

Osteob lasts

MSC

Endothelial
cells

Non-myelinating
Schwann cell

Sympathetic nerve
(Nor)epinephrine

GAS6

LIF

CXCL12

TSP

vWF

TGFβ2

COCO

TGFβRIII

BMPR
BMP4, BMP7

AXL

LIFR

CXCR4

?

CXCR4

MPL

LIFR

c-Kit

TGFβR
TGFβ2

Integrin αVβ3
Integrin β1

Integrin α3β1

Integrins

L1CAM

VCAM1

Awakening

Cytokine

Receptor

Production

Activation

Inhibition

Osteoclasts
recruitment

Tie2

CXCL12

TPO

LIF

SCF

Ang1

TGFβ1

Stiff ECM
Linear collagen

Fig. 3 | Cues, receptors and cell types involved in DTC reactivation and pro-dormancy niches. In the BM, a pro-dormancy niche involves the action of 
several factors (such as LIF, TGFβ2, GAS6, BMPs; additional details, Table 1) that leads to the induction of quiescence in both DTCs and HSCs. In contrast, 
reactivation niches in the lung and liver awaken dormant DTCs in a manner that involves formation of NETs, extracellular matrix stiffness, TGFβ1 and 
inhibitors of BMP molecules. NE, neutrophil elastase.

NATURE CANCER | www.nature.com/natcancer

http://www.nature.com/natcancer


PERSPECTIVENATURE CANCER

Autophagy and metabolism. Another important but poorly 
explored mechanism in dormancy biology is metabolic plasticity. 
For example, unfolded-protein-response pathways and signaling 
via the transcription factor HIF1α, which are intimately linked to 
metabolic changes, can enable residual cancer cells to persist and 
evade chemotherapy87. Recently, the glycerol biosynthesis enzyme 
GPD1 (glycerol-3-phosphate dehydrogenase 1) was shown to mark 
slow-cycling brain tumor stem cells with the ability to repopulate 
the tumor after temozolomide therapy in glioblastoma mouse mod-
els88. These GPD1+ cells were present in tumor margins, which 
suggested that they might escape resection and therapy. However, 
whereas GPD1+ cells were mostly negative for proliferation mark-
ers, they were the cells able to repopulate the lesions after therapy. 
This suggests that GPD1 is involved in the metabolic plasticity of 
slowly cycling cells that mediates reactivation but does not regulate 
long-term dormancy.

Autophagy is intimately linked to stress signaling and metabolic 
changes, as it is not only a source of metabolites for energy production 
but also a way to protect from proteotoxicity. Dormant cancer cells 
were shown to be more autophagic than their proliferating counter-
parts, which allowed them to survive in a quiescent state89. Notably, 
inhibiting autophagy specifically blocked the survival of dormant 
cells in the lungs in a manner dependent on the autophagy-related 
molecule ATG789. A separate study recently showed that the enzyme 

Pfkfb3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) is 
linked to metastatic relapse of breast cancer90. Interestingly, Pfkfb3 
was downregulated by the onset of autophagy, which coincided with 
dormancy induction. Unlike an earlier study89, but consistent with 
other work reporting that autophagy may induce dormancy18,91, 
this paper90 showed that inhibition of autophagy restored PFKFB3 
expression, which led to reactivation from dormancy. When 
autophagy functions only as a survival pathway and when it coor-
dinates induction and maintenance of dormancy remains unclear. 
Elucidating this point is important because the second possibility 
supports the proposal that targeting autophagy could have deleteri-
ous effects for patients by causing reactivation from dormancy.

The immune system and DTC dormancy. Major advances in 
immuno-oncology have fundamentally altered the understanding 
of the relationship between the adaptive immune system and cancer 
cells, which has led to the current breakthroughs in immunothera-
pies. A key question is whether dormant DTCs are restrained from 
expanding by an immune equilibrium mechanism and/or whether 
dormant DTCs evade recognition by the immune system (Fig. 2). 
Pioneering studies of carcinogenesis and disseminated cancer have 
provided support for the possibility of a role for immune equilib-
rium as a mechanism of dormancy13,92. Similarly, studies of a B cell 
lymphoma that establishes dormancy through a vaccination pro-
tocol revealed important components of how dormancy could be 
induced and maintained by CD8+ T cells and interferon-γ signal-
ing6. Additionally, immunoevasion was shown to allow the persis-
tence of dormant leukemic cells in mouse acute myeloid leukemia 
(AML) through upregulation of the checkpoint inhibitor B7-H1 
(PD-L1) and the immunomodulatory receptor CTLA-4 ligand B7.1, 
but without involving a decrease in major histocompatibility com-
plex (MHC) class I (ref. 93). More recently, it was shown that mice 
vaccinated against PDAC cells were protected against rechallenge 
with the same PDAC cells injected to colonize the mouse livers, as 
expected30. However, although the immune system eradicated most 
cancer cells, persistent single DTCs were detected. The immunoeva-
sive DTCs were quiescent, did not express E-cadherin and upregu-
lated the unfolded protein response, a pathway previously linked 
also to the drug resistance of dormant cancer cells22. The unfolded 
protein response was found to downregulate MHC class I, which 
reduced antigen presentation and rendered dormant DTCs invisible 
to CD8+ T cells. Although the molecular mechanisms differ, both 
leukemic cells and epithelial cancer cells that enter dormancy seem 
to find ways to escape detection by the immune system. As proposed 
earlier, immunoevasion by dormant DTCs may simply be reflective 
of the hijacking of developmental or tissue homeostasis mecha-
nisms. For example, quiescent hair-follicle stem cells were shown to 
evade immune recognition by CD8+ T cells94. It would be interesting 
to test whether the signals that induce dormancy discussed in this 
Perspective (Table 1) modulate the expression of key immunoregu-
latory molecules such as MHC class I, PD-L1 and/or CTLA-4 and 
thereby influence immunodetection. Dormant lung cancer DTCs 
and HER2+ breast cancer DTCs were also shown to evade detec-
tion by NK cells and to be susceptible to eradication by NK cells 
only after escape from dormancy27. Although these studies support 
the proposal that DTCs are NK cell evasive during quiescence, they 
provide only partial insight into their immunoregulation, as they 
were performed in nude mice. Unlike the results reported in those 
papers, the immune system of mice carrying the EMT6 syngeneic 
triple-negative breast cancer model was shown to be able to fully 
eradicate dormant and proliferative DTCs, suggestive of their vul-
nerability to immunorecognition95. In contrast, a separate study 
in immunocompetent mice showed that D2A1 breast cancer cells 
were kept from forming metastases by immune-mediated killing, 
which led to an equilibrium that produced population dormancy96. 
However, when mice underwent sham surgery, the injury-associated 

Table 1 | Summary of dormancy- and reactivation-inducing 
factors

Factor In vitro 
data

In vivo 
data

Human 
data

Refs.

Dormancy 
inducers

CXCL12 Y Y Y 65
vWF Y Y N 23
TGFβ2 Y Y N 36
BMP4, BMP7 Y Y N 43,48
Hypoxia Y Y Y 33
GAS6 Y Y N 115,116
RA Y Y N 46
LIF Y Y N 97
TSP1 Y Y N 31
WNTs Y Y N 27,117
DNA methylation 
repressive 
chromatin state

Y Y Y 46,72

Wnt5a Y Y N 72
Axolotl embryo Y N N 86
miR-126 Y Y Y 104
Jagged 1 Y Y N 118

Reactivation 
inducers

COCO Y Y Y 48
Inflammation and 
NETs

Y Y Y 32,75,76

Stiff collagen Y Y N 79
Aging Y Y Y 78,79,119
VCAM1 Y Y N 60
Periostin Y Y N 31

TGFβ1 Y Y N 36

Known cancer cell– and microenvironment-derived regulators that promote the dormancy or 
reactivation of dormant cancer cells in solid and liquid cancers. The type of data available for 
each factor is also indicated. These findings are compiled from different cancer types and thus 
these signaling pathways might not all be associated with the dormancy of every type of cancer or 
microenvironment. Y, yes; N, no.
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inflammation and myeloid-cell mobilization led to immunosup-
pression, with the cancer-cell population progressing to metas-
tasis. Studies in which no exogenous antigens were used95 may be 
relevant to understanding how patients with triple-negative breast 
cancer who survive beyond 5–8 years after surgery never relapse 
with metastasis. It would also be interesting to determine whether 
primary tumor removal, as is done routinely in patients, would yield 
the same results as sham surgery in mice96. Studies such as these, 
which formally investigated DTC biology and recognition by the 
immune system, raise new questions related to DTC dormancy and 
immunotherapies.

Commonalities of leukemia and DTC dormancy
The HSC and leukemia fields have made considerable advances in 
delineating how specific niches control the dormancy of HSCs and 
LSCs. At steady state, the BM niche is a tightly controlled microen-
vironment that regulates the proliferation, self-renewal, differentia-
tion and migration of HSCs37. HSCs and DTCs in the BM seem to 
be cell-cycle arrested. Moreover, these two types of cells have been 
proposed to occupy the same BM niches and to respond to the 
microenvironmental cues similarly17,73 (Fig. 3). Both dormant HSCs 
and DTCs seem to adopt quiescence and survival mechanisms that 
enable them to avoid apoptosis and/or resist therapies. However, 
dormant solid-cancer cells share characteristics with embryonic and 
adult stem cells, such as upregulation of the pluripotency-related 
genes NR2F1, SOX9, SOX2, POU5F1 (which encodes OCT4) and 
NANOG17,27,46,48,97. This may be a distinction between the quiescence 
programs in HSCs and those in DTCs, whereby the latter cells may 
adopt developmental programs that provide additional cell plas-
ticity and less ability to commit to differentiation states. However, 
other similarities are clear. For example, adult stem-cell niches 
have also been shown to be immune-protected sites94, which may 
be advantageous for DTCs. Adult stem cells and quiescent DTCs 
may also show downregulation of antigen presentation30,94, in sup-
port of the proposal that escaping immunosurveillance may also be 
a common attribute. Another example involves the ubiquitin ligase 
FBXW7, inhibition of which was shown to prevent the quiescence of 
LSCs98 and to be involved in the quiescence of lung adenocarcinoma  
cells99 and the awakening and subsequent chemotherapy-mediated 
killing of breast cancer DTCs100. These data suggest that some qui-
escence and/or dormancy mechanisms may be shared by LSCs 
and DTCs and thus provide novel potential anti-cancer targets for 
experimental exploration. Notably, the notion of awakening LSCs 
might work in some cases, given the unique oncogene addiction 
pathways of these cells65, but in solid cancers, awakening dormant 
cells may be too risky, given that chemotherapy is not uniformly 
effective and responses may vary depending on the organ in which 
metastases grow.

Hematopoietic malignancies may also inform cancer-cell hetero-
geneity during dormancy. Longitudinal BM sampling from patients 
to delineate clonal evolution from pre-leukemia to established 
AML has revealed that some rare, probably dormant, leukemic 
cell sub-clones were already present at diagnosis and were resistant 
to therapy, which led to relapse; this highlights the importance of 
understanding the dynamics of LSC heterogeneity101. Similar stud-
ies of solid-cancer DTCs, such as DTCs of melanoma, breast can-
cer and prostate cancer in patients at the M0 stage (no evidence of 
metastasis at diagnosis or surgery), were able to identify dormant 
DTCs that could be studied and targeted early on. A single-cell 
transcriptomic analysis of BM leukemic cells revealed that a specific 
sub-fraction among the heterogeneous population of LSCs, char-
acterized by stem-cell and quiescence signatures, survived in the 
BM environment of patients with asymptomatic CML under treat-
ment with a tyrosine kinase inhibitor and served as a reservoir for 
the emergence of resistant cells102. Treatment-induced quiescence 
of residual LSCs in this setting was demonstrated to rely on the  

activation of Jak2–Stat3 signaling dependent on non-canonical BMP4 
signaling, with the ligand delivered by surrounding mesenchymal 
cells103. Dual targeting of BMP4 and Jak2 was efficient in reversing 
this tyrosine kinase inhibitor–dependent induced quiescence of the 
BMPR1B+ LSC sub-fraction adherent to stroma and allowed these 
cells to re-enter a differentiation process103. Such a strategy might 
contribute to elimination of the reservoir of dormant LSCs.

Another study of treatment-induced quiescence in CML showed 
that the microRNA miR-126 from endothelial or leukemic cells 
induced the quiescence of CML LSCs104. Interestingly, the tyrosine 
kinase BCR–ABL is known to inhibit the biogenesis of miR-126, 
and inhibition of BCR-ABL restored miR-126 expression in the can-
cer cells, which led to a quiescent LSC pool with enhanced survival. 
Moreover, combining inhibition of BCR-ABL and downregulation 
of miR-126 resulted in the elimination of LSCs, in support of the 
proposal that this microRNA may also coordinate survival dur-
ing quiescence. Assessing if dormant DTCs from solid cancers are 
regulated by similar mechanisms when targeted therapies are used 
(for example, anti-estrogens, anti-androgen receptor, anti-HER2 
or other kinases) could reveal novel cancer cell–intrinsic and/or 
microenvironmentally induced mechanisms of DTC quiescence 
and survival triggered by therapeutic interventions.

There is growing evidence not only that the niche influences can-
cer cells but also that leukemic cells can modulate their host BM 
microenvironment to survive and expand. For example, AML cells 
can remodel the vascular organization of the endosteal niche and 
thereby alter the number of stromal cells105 and render the niche less 
supportive of normal HSCs and their quiescence. Additionally, vas-
cular permeability can be altered through the enhanced production 
of nitric oxide by endothelial cells106. Additional studies have high-
lighted the role of AML-derived extracellular vesicles in suppress-
ing normal hematopoiesis by inhibiting protein synthesis107 through 
the internalization of miR-1246 in normal HSCs or by inducing 
the expression of DKK1, a suppressor of normal hematopoiesis108.  
In both studies, inhibiting this niche remodeling led to enhanced 
efficiency of chemotherapy107,108. These models may provide insight 
into how solid-cancer DTCs may change the niches in which they 
reside over time until they switch from a homeostatic pro-dormancy 
function to a reactivation state. Given that the molecules derived 
from these niches may be more abundant than the DTCs that 
lodged there, these soluble factors could serve as biomarkers that 
provide information on niches supportive of reactivation.

Future prospects
The treatment of metastasis has been limited to very few adjuvant 
therapies that rely on primary tumor data and aggressive targeting 
of metastatic lesions in patients at stage IV. The latter is a necessity, 
as these patients have few treatment options. However, the knowl-
edge of tumor dormancy has revealed that MRD in solid cancers 
could be targeted earlier, even if DTCs are not actively proliferat-
ing109. Additionally, the notion that dormant DTCs co-exist with 
growing lesions in stage IV cancer has raised the possibility that 
these dormant DTCs may evade anti-proliferative treatments. Thus, 
strategies that combine anti-proliferative therapies with drugs that 
kill dormant cells may provide long-term benefit even in patients 
at stage IV.

However, the concepts noted above need to be tested in prac-
tice. Acceleration of the understanding of the processes that under-
lie cancer-cell dormancy and, consequently, ways to target it will 
require pairing of experimental models with human data, such as by 
having research scientists team up with clinicians to incorporate the 
measurement of endpoints related to dormancy in existing clinical 
trials. Such efforts are emerging; for example, NR2F1, a dormancy 
marker identified in experimental systems, has been used to stratify 
DTCs and to determine that patients with NR2F1hi DTCs had lon-
ger bone metastasis–free periods than those with NR2F1lo DTCs57. 
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Notably, a proliferation marker such as Ki67 could not provide the 
same information, which supports the proposal that dormancy 
markers may provide additional insights beyond those provided by 
determining the snapshot proliferative status of DTCs. Such efforts, 
even if initiated in small populations of patients, would be key for 
the validation of experimental biology in patients.

The notion that dormant cancer cells activate autophagy18,89,90,110 
has also led to a phase 2 clinical trial using autophagy inhibitors 
such as hydroxychloroquine and/or mTOR inhibitors in combina-
tion to treat patients with breast cancer and to prevent recurrence 
(clinical trial identifier NCT03032406). An additional clinical trial 
is focused on screening for the presence of BM DTCs in patients 
within 5 years of having completed breast cancer therapy (clini-
cal trial identifier NCT02732171). Patients with BM DTCs will 
be offered the possibility of participating in other trials targeting 
DTCs, such as NCT03032406.

The concept of reprogramming malignant DTCs into dor-
mancy46 has also led to a clinical trial testing this concept in dis-
seminated prostate cancer that has not yet become detectable by 
imaging (clinical trial identifier NCT03572387). This clinical trial 
repurposed 5-azacytidine and all-trans retinoic acid (both drugs 
approved by the US Food and Drug Administration) to treat 
patients with prostate cancer after hormonal ablation. Although 
these studies are ongoing, they support the notion that foundational 
science can be used to develop innovative trials that can be executed 
despite potential cost issues24. Understanding how dormancy devel-
ops in patients may also help guide trials that were supposed to tar-
get micro-metastatic disease but failed to show therapeutic value. 
Preclinical data have identified RANKL (TNFSF11) as a tempting 
target with strong potential to prevent breast cancer bone metasta-
sis111,112. A phase 3 study (D-CARE) was developed that combined 
a human blocking monoclonal antibody against the receptor for 
RANKL (denosumab) with standard-of-care adjuvant or neoadju-
vant systemic therapy and locoregional treatments. However, this 
treatment did not improve disease-related outcomes for women 
with high-risk early breast cancer113. The reasons for this outcome 
may include the possibility that dosing schedules left a window for 
dormant DTC populations to become reactivated. There is also evi-
dence from other studies that chemotherapy causes severe altera-
tions of the BM microenvironment114 with clear signs of premature 
aging that could actually promote the reactivation of dormant DTCs. 
Unfortunately, the trial did not include intermediate endpoints for 
assessing the numbers or phenotypes of DTCs or circulating tumor 
cells and thus for anticipating what might have been happening to 
the residual disease. The development of markers and methods for 
detecting the DTCs that lead to MRD in such trials will enhance the 
understanding of how to target these residual cells on the basis of 
their unique biology.

Progress in on cancer dormancy research has expanded consid-
erably and will probably yield innovative biomedical results in the 
future. The findings discussed in this Perspective highlight the fact 
that the time is ripe to start translating the knowledge gained from 
experimental models to the clinic.
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The Different Routes to Metastasis via
Hypoxia-Regulated Programs
Ana Rita Nobre,1,2,4 David Entenberg,3,4 Yarong Wang,3 John Condeelis,3,* and
Julio A. Aguirre-Ghiso1,*

Hypoxia is linked to metastasis; however, how it affects metastatic progression
is not clear due to limited consensus in the literature. We posit that this lack of
consensus is due to hypoxia being studied using different approaches, such as
in vitro, primary tumor, or metastasis assays in an isolated manner. Here, we
review the pros and cons of in vitro hypoxia assays, highlight in vivo studies that
inform on physiological hypoxia, and review the evidence that primary tumor
hypoxia might influence the fate of disseminated tumor cells (DTCs) in
secondary organs. Our analysis suggests that consensus can be reached by
using in vivo methods of study, which also allow better modeling of how
hypoxia affects DTC fate and metastasis.

Hypoxia in Cell Fate and Cancer
Evolution and organism development have revealed how natural hypoxic environments
influence cell survival and reprogramming. During evolution, organisms capable of efficiently
handling oxidative stress and using oxygen for energy production exhibited survival and
evolutionary advantages [1]. Normal mammalian development occurs in a moderate-to-severe
hypoxic environment that is responsible for aspects of developmental morphogenesis. Oxygen
concentrations in the uterine environment range from 1 to 5%, and the placenta and embryonic
cardiovascular system are formed under low cellular oxygen conditions [2]. During develop-
ment, the expression and activity of the hypoxia inducible factor (HIF) transcription factor, is
tightly controlled in space and time by oxygen availability in different developmental processes
including placental development, trophoblast differentiation, and heart development, among
others [3]. In low oxygen tensions the HIF protein is stabilized and not targeted for degradation
by the Von Hippel Landau (VHL) tumor suppressor. Stabilized HIF then translocates to the
nucleus where it participates in the expression of genes that drive adaptation to low oxygen
tension [3].

The above literature shows how oxygen is an essential morphogen that regulates cell fate. This
is clearly recapitulated, albeit in an aberrant manner, in cancer where hypoxia is a strong
regulator of tumor cell fate. In cancer, hypoxia is associated with tumor progression, resistance
to therapy, and metastasis. Sustained hypoxia in a growing tumor was described as being
associated with a clinically aggressive phenotype, increased invasive capacity, perifocal tumor
cell spreading, regional and distant dissemination, and resistance to different therapies [4,5].
However, hypoxia can also induce growth arrest, cause cell death, decrease motility speed
while increasing invasiveness and directionality [6], and induce a dormancy-like program [7].

In this review we highlight the role of hypoxia during the steps of metastasis occurring in the
primary tumor (invasion and intravasation) and in secondary organs (extravasation, dormancy,
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and reactivation) (for details on the metastatic cascade see [8]). We address several unresolved
differences in the literature, which we attribute to limitations of the standard assays utilized to
evaluate hypoxia in cancer and metastasis. As these standard in vitro assays have been
thoroughly reviewed elsewhere in the literature [5,9–12], we instead focus on new technological
developments, which enable studies of hypoxia in more physiologically relevant contexts, and
highlight some of the surprising new revelations that these assays have provided. We further
dissect apparently opposing functions of hypoxia and discuss how the context-dependent
effects of hypoxia shape solitary DTC biology and metastasis development.

Hypoxia, Motility, and Directionality in the Primary Tumor
Hypoxia is one microenvironmental parameter historically implicated in both metastasis initia-
tion [13] and therapy resistance [14]. Early on, two studies performed in mouse models showed
that tail vein injection of tumor cells previously exposed to hypoxic conditions (<0.1% O2),
followed by reoxygenation, led to a dramatic increase in resulting metastases [13,15]. These
experiments, along with the advent of a small polarographic needle sensor for measurement of
tissue oxygen levels, enabled a series of clinical studies which showed that tumor oxygenation
levels are prognostic for patient outcome in various cancers. For an excellent review of these
studies, and the needle sensor that enabled them, see [16].

With the prognostic ability of tumor oxygen levels thus established, understanding how hypoxia
influences the metastatic cascade is crucially important. Some researchers have taken a
reductionist approach to analyzing hypoxia and relied on in vitro assays designed to break
the metastatic process into its postulated steps and to test how hypoxia influences these in
isolation. However, as discussed below, traditional in vitro assays do not recapitulate in vivo
biology from several aspects and are likely poor surrogates for migration and invasion during
the metastatic cascade in vivo.

Traditional In Vitro Assays May Not Reflect In Vivo Biology
First, in vitro studies typically compare cells exposed to hypoxic conditions (typically <1%, but
occasionally <0.1% O2) with cells exposed to the rather nonphysiological ‘normoxic’ con-
ditions (atmospheric oxygen levels of 21%). This is problematic since physiological (median)
oxygen levels of normal tissues range from 3 to 7.4%. The definition of normoxia as 21% does
not match the lower levels of oxygen universally found in normal tissues, a condition that has
been termed physoxia [17]. In addition, the choice of oxygen level considered to represent
hypoxia may vary as many cell types respond differently to different levels of hypoxia, limiting
comparative studies [18]. Second, in vitro systems cannot accurately reflect the fact that tumor
cells do not exist in isolation from vascular and lymphatic systems, growth factors, cytokines,
stromal, and immune cells, all of which have a significant impact upon tumor cell phenotype
[19]. Third, the majority of published studies have used invasion through Matrigel, an artificial
matrix composed of laminin, nidogen, and collagen, which has been measured to dramatically
alter tumor cell migration mode (collective vs. single cell), velocity, and distance of migration
depending upon its mechanical properties [20]. Even in a study that avoided Matrigel – which
contains several extracellular matrix (ECM) molecules including laminin as a major component –

and instead utilized only collagen I [21], the situation was not improved as differences in ECM
stiffness can dramatically impact migration and invasion. For example, focal adhesion formation
and cell motility were enhanced on cultures utilizing a stiff versus a soft substratum, and this
effect of substrate stiffness was dependent upon HIF activity, confounding any ability to
determine the role HIF activity plays in motility phenotypes [22]. Finally, the extensive use of
2D in vitro assays limits the interpretation of the results as qualitative and quantitative differ-
ences in cell movement between 2D and 3D environments (such as 3D in vitro cultures and real
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tissues) exist [23,24] (see Box 1). Thus, while these in vitro studies have provided information on
hypoxia-driven migration and invasion, they should be reconsidered as more sophisticated in
vivo-like tests are developed.

Accordingly, recent studies have begun to shift away from these standard techniques and
develop assays that attempt to recapitulate the in vivo complexity. These efforts are summa-
rized in Figure 1 and include: more accurate 3D culture assays, microfluidic and controlled gas
exchange platforms, and increased tumor–host mimicry by incorporation of additional host cell
types. 3D culture assays (Figure 1A) address the geometrical constraints placed on cells that
are plated on a glass or plastic surface by culturing cells either as a single-cell suspension, or as
small clusters (known as spheroids [25]) within a deep but loose (low concentration) ECM. The
ability of the cells to grow into large spheroids and to spread and invade into the surrounding
matrix under different culture conditions are taken as indicators of the aggressiveness and
invasiveness of the tumor cells. The increased physical dimensionality thus allows for a more
nuanced analysis of cell migration. For example, one study looked at the impact of hypoxia on
different modes of migration and found that hypoxia induces a switch from collective to single
cell migration [26] a switch that was revealed thanks to the 3D nature of the assay.

Closely related to 3D culture assays are microfluidic and controlled gas exchange platforms
(Figure 1B) that both remove the dimensional constraint of 2D assays and also provide precise
regulation and control of gas concentrations, either uniformly across the sample, or in gra-
dients. These assays can also be combined with imaging systems to directly compare the
motility of the cells under different oxygen conditions. These systems have revealed that tumor
cells can respond to, and travel along, gradients of oxygen concentration leading to a net
migration of cells towards higher oxygen levels [27].

Finally, since tumors comprise multiple cell types, coculturing them together is another way to
increase sophistication and account for more complex cell–cell interactions (Figure 1C). Using
Boyden chambers, one group determined that, in direct contrast to tumor cells, hypoxia
dramatically inhibits monocyte and macrophage migration toward chemoattractants [28–
30]. This led the group to speculate that macrophages and monocytes, which are observed
to accumulate in hypoxic regions of tumors, do so by shutting down chemotaxis. This inhibition
of migratory capacity in vitro was also seen in monocyte-derived dendritic cells [31]. Another
group looked at the role of tumor-associated macrophages (TAMs) in gastric cancer using a 3D
dynamic migration imaging system to directly visualize the motility of tumor cells under normal
and hypoxic conditions, both alone and in coculture with macrophages. They found that tumor
cells in 3D culture (i) exhibit reduced migration speeds when under hypoxia; (ii) show increased

Box 1. Variability in the In Vitro Measurements of Tumor Cell Responses to Hypoxia
While it is generally accepted that hypoxia increases migration and invasion, in vitro studies show a variable response to
hypoxia across culture conditions [118] and cell lines [119]:
! Hypoxia reduces tumor cell cycling, but tumor cell invasiveness is not affected [120]
! Hypoxia increases ability of tumor cells to invade [121]
! Overexpressing HIF-1a increases invasion [122]
! Silencing HIF-1a with siRNA inhibits migration and invasion [123]
! Acute hypoxia (" 6 h) enhances cell migration, invasion, and clonogenic survival [124]
! Chronic (# 24 h) hypoxia results decreases cell proliferation and increases cell death [124]
! Intermittent hypoxia inhibits cell proliferation and increases cell migration and motility compared to both chronic

hypoxia and normoxia [118]
The crucial question is which of these phenotypes is observed in vivo and related to tumor progression in animals and in
patients.
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migration rates when cocultured with macrophages; and most surprisingly; (iii) show a variable
response when cocultured with macrophages under hypoxia where the migration speed of
some cell lines increase under hypoxic conditions, while others decrease [32]. These apparently
conflicting data emphasize that in vitro models do not converge on a set of coherent con-
clusions, suggesting that the phenotypes observed in vitro may be more a property of the
model than the functions these cells actually exhibit in vivo and ultimate validation of any
conclusion obtained from these in vitro assays must come from the ability to observe cell
phenotypes, in vivo.

Thus, while representing a step forward, these assays still show some limitations and have not
significantly shifted understanding of tumor cell responses to hypoxia when compared to in vivo
analyses. Since our goal is to highlight in vivo biology, we focus next on the assays that we
propose will more accurately improve our understanding of hypoxia biology in metastasis.

Divergent Cell Motility Phenotypes in In Vitro versus In Vivo Hypoxia Assays
There is no doubt that advances in intravital imaging have revolutionized the analysis of
biological systems [33,34]. Intravital imaging using multiphoton microscopy is a powerful
technique capable of directly visualizing the phenotypes of individual cancer, immune, and
other stromal cells, and their interactions in both intact solid tumors and in target organs. This
technique demonstrated that tumor cells migrating in invasive carcinoma display two distinct
motility patterns, slow and fast migratory phenotypes, which differ in migration speeds by a
factor of $ 10 [35,36]. The slow migratory phenotype in vivo, is characterized by cells that
migrate with mean speeds of 8 mm/h, display increased numbers of invadopodia, increased
matrix degradative ability, and increased intravasation over time [35]. Meanwhile, fast migratory

3D Culture assays Microfluidic and gas exchange assays

MulƟcellular in vitro cultures

Oxygen
gradient

Hydrogel

Thick hydrogel
culture

Microfluidic
gas exchange

plaƞorm

MulƟcellular
2D culture

Cellular culture
on Ɵssue slices

Tissue slice

(A) (B)

(C)

2D culture 3D culture

Loose matrix
Culture media

Spheroids
Single cells

Culture dish

MulƟcellular
3D culture

Figure 1. Moving away from 2D and toward More Sophisticated Assays. (A) Traditional 2D cultures consist of tumor cells plated on a glass or plastic surface.
These geometrical constraints are alleviated by moving to 3D cultures where single tumor cells or tumor cell spheroids are grown in suspension in a deep but loose (low
concentration) matrix. (B) Microfluidic and gas exchange assays provide precise control of oxygen levels for cell cultures allowing the utilization of physoixia, oxygen
levels which are physiological for normal tissues and tumors. These assays have the added benefit of being able to create gradients of oxygen that can then be used to
evaluate migration phenotypes. (C) Since tumors comprise multiple cell types, coculturing them together is another way to increase sophistication. This can be done
either in standard 2D assays, 3D cultures, or even on top of tissue slices which can provide the most physiologically relevant extracellular matrix.
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cells (69 mm/h) comigrate in streams with macrophages along collagen fibers [37] (Figure 2);
both of these phenotypes are required for metastatic dissemination [35,38].

Importantly, comparison of the speeds reported in the few in vitro assays that measured this
parameter [22,26,27,32,39,40] reveals that in vitro assays only recapitulate the slow migratory
phenotype (Table 1). While treatment of the cells in culture to hypoxic conditions in some
studies does result in an increase in migration rates, these elevated speeds still fall well within
the slow migratory phenotype [35]. Thus, because these in vitro assays lack the appropriate
microenvironment found in vivo, they lock tumor cells into the slow locomotion, degradative
phenotype and completely suppress the fast migration phenotype.
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Figure 2. Hypoxia-Regulated Migration and Metastasis Programs. Tumor cells in solid tumors display two distinct motility patterns that are linked to hypoxic
microenvironments: (Top Left) the fast migratory phenotype observed in normoxic cells, in which cells migrate rapidly, and in streams with macrophages (yellow cells),
along collagen fibers; and (Bottom Left) the slow migratory phenotype observed in response to hypoxia, characterized by slower but more directional migration, where
cells display increased numbers of invadopodia (red dots), increased matrix dissolving ability, and increased levels of intravasation over time. Tumor cells in hypoxic
areas (red) are usually dormant or slow cycling, which is also true in secondary organs (green cells). DTCs originating from primary hypoxic microenvironments carry a
hypoxia and dormancy signature (pink and green cells – DEC2+ p27+ (p-ERK/p-p38)low GLUT1+ H3K27me3+ pRblow MIG6+ E6/E7% ), while cancer cells originating from
normoxic regions (blue cells) do not carry a dormancy signature. Once in secondary organs, unlike normoxia-exposed cancer cells, cells emanating from hypoxic
microenvironments can display a long-lived dormancy program (green cells – NR2F1+ (p-ERK/p-p38)low p27+ pRblow) reinforced by secondary organ signals (target
organ cues). These hypoxic microenvironment-derived cells may have high ROS levels, silence RTK signaling or alter oncogene signaling evading chemo, targeted and
radiation therapies. Adapted from [10].
Abbreviations: DTC, disseminated tumor cells; ROS, reactive oxygen species; RTK, receptor tyrosine kinase.
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The fast migratory phenotype in vitro can be recapitulated by reconstituting the chemotactic
gradients and ECM support found in living tumors. One study built upon the known CSF1–EGF
paracrine loop discovered to exist in vivo between fast comigrating macrophages and tumor
cells [38] and added to the culture 2-mm diameter micropatterned fibers recreating the
physiologically relevant ECM utilized by these streaming cells in vitro and forcing cell–cell
interactions to occur only along this 1D surface [41] (Figure 2). Furthermore, another group [40]
expanded upon this 1D coculture model by adding endothelial cells, thereby modeling the fast
migration phenotype associated with blood vessel trophic streaming on collagen fibers in vivo
ending on microanatomical sites within tumor masses (composed of a Menahigh tumor cell, an
endothelial cell, and a macrophage) [42]. These sites, called tumor microenvironments of
metastasis (TMEM), act as the doorways for hematogenous dissemination [42]. Thus, this
study determined that endothelial cells supply an additional HGF/c-Met axis (HGF is a powerful
promigratory morphogen also known as scatter factor) to the TMEM that breaks the migration
symmetry and allows sustained and persistent fast streaming migration toward blood vessels
and intravasation [40,42,43].

Finally, the 3D assays in Figure 1 and Table 1 assume that invasion into the stromal matrix at
tumor edges is key when assessing tumor cell metastatic capability. While it has long been
speculated that the invasive front of tumors is the location of metastatic dissemination [44], this
connection has been based upon associations and correlations between features observed
either in in vitro models [45] or in fixed tissue histology and eventual metastatic outcome [46–
49]. The intravasation of tumor cells at the invasive front of tumors has not been observed in live
tissues nor functionally linked to metastasis. In contrast, studies quantifying intravasation sites
across entire primary mouse mammary tumors (possessing histology like that seen in breast
cancer patients) and human tumors themselves, show the location of intravasation sites to be
throughout the entire tumor mass and not localized to the tumor edge [42,50,51].

Furthermore, numerous intravital imaging studies have directly observed, with single-cell
resolution and in real time, the intravasation process within the core of the tumor [42,52–
56]. The mechanisms underlying these intravasation events have been well elucidated
[42,54,57–59] and can be directly inhibited in vitro and in vivo by blocking their underlying
pathways [42,58–60].

Recent evidence using large-volume, high-resolution imaging in tumor models in chick and
mouse tissues also supports the conclusion that intravasation occurs through the tumor mass
[61], and a study of early-stage cancer showed that cancer cells can also disseminate very
efficiently from sites associated with atypical ducts in the core of the mammary gland [56]. A

Table 1. Recapitulation of the In Vivo Slow and Fast Migratory Phenotypes with In Vitro Assays

In vitro assay Speed normoxia (mm/h) Speed hypoxia (mm/h) Refs

3D collagen I microfluidic platform 10 14 [39]

3D collagen I matrix 6 6 [26]

3D collagen I matrix 24 24–35 [22]

3D Matrigel matrix 4–9 4–14 [32]

3D hydrogel platform 0–8 4–18 [27]

1D fibronectin tracks 60–90 – [41]

1D fibronectin tracks 60–90 – [40]
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recent extension of this work revealed that CD206high/Tie2high macrophages in TMEM assist
early dissemination of tumor cells through vascular endothelial growth factor A signaling that
causes a local loss of vascular junctions and induces transient vascular permeability and tumor
cell intravasation [42], further supporting the importance of additional immune cell types in
understanding and modeling dissemination [62]. Finally, the above studies correlate with clinical
trials showing that TMEM sites for intravasation are found in the primary tumor interior and not
the tumor stromal interface of breast cancer patients, and that TMEM numbers in the core are
prognostic for distant metastatic recurrence [50,51,63,64].

In addition to advances in in vitro assays, a number of recently reviewed measurement
techniques [65,66] have been developed to identify and measure hypoxic cells in vivo. We
have summarized these techniques in Table 2 for easy comparison. The first of these techni-
ques are those that label hypoxic areas of tissues in vivo and then analyze them ex vivo (i.e., in
explanted tissues). This includes directly marking those tissue areas exposed to blood flow by
utilizing an intravascular injection of a membrane permeable dye [67]. However, with this assay
only areas perfused at the time of injection are marked. Tumor neovasculature, which is often
only intermittently perfused, is therefore missed [68]. Techniques that can be applied directly to
patients in the clinic include conjugated magnetic resonance imaging (MRI) [69] and positron
emission tomography (PET) [70] probes and polarographic electrodes [71] or optical fibers
coated with oxygen sensitive dyes [72,73]. However, these methods lack spatial resolution, do
not provide information on cell type or viability, and cannot reveal oxygenation levels down to
the single cell level.

Other techniques are designed around staining of excised tissues either for proteins within the
hypoxia response pathway (e.g., HIF [74,75], glucose transporter (GLUT)1 [76], carbonic
anhydrase (CA)IX [77]), or with molecules from the nitroimidazole class [78] (e.g., pimonidazole)
that are reductively metabolized to form covalent adducts in hypoxic cells. These techniques
provide the requisite spatial resolution to analyze hypoxia; however, as they are methods used
on fixed tissue sections they cannot inform on cellular motility and invasion. In addition, these
stains often do not correlate with each other owing to their dramatically different onset and
decay lifetimes after hypoxic exposure. Comparison of HIF-1a, CAIX, and pimonidazole
staining [79] showed that the onset of HIF-1a and pimonidazole only takes 1–2 h, while CAIX
takes upwards of 16 h. Meanwhile, pimonidazole and CAIX last for days after exposure while
HIF-1a rapidly decays (1–2 min).

Techniques that enable in vivo measurements of single-cell motility and invasion include the
engineering of cells to express fluorescent or bioluminescent proteins that are expressed in
response to hypoxic conditions. These hypoxia biosensors typically use multiple copies of the
hypoxia response element (HRE) gene promoter to drive expression of the biosensor protein.
Inclusion of the oxygen dependent degradation (ODD) domain of the HIF-1a protein further
reduces background signal and increases hypoxia-specificity of the biosensor. Several reporter
proteins were developed including GFP [80–82], YFP [83], and firefly luciferase [84,85]; albeit
with some limitations. For example, GFP did not demonstrate expression at levels sufficient for
unequivocal visualization in tumor sections or live tissues [86]. Additionally, the choice of GFP,
YFP, and firefly luciferase complicated analyses as the formation of these chromophores
depends on the presence of molecular oxygen [87,88]. Thus, the fluorescence intensity is
not necessarily proportional to the amount of synthesized reporter protein [89]. Recognizing
these chromophore limitations, one group has developed a fluorescence resonance energy
transfer (FRET)-based biosensor called FluBO using a combination of YFP and a flavin-binding
fluorescent protein [89]. Additionally, another study used mCherry, which is not dependent on
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Table 2. Comparison of Different Technologies Used to Study Hypoxia In Vitro and In Vivo

Assay Pros Cons Refs

In vitro assays

Scratch assay Easy, economical, establishes
cell–cell contact before start of
assay

2D, nonphysiological, no
chemical/oxygen gradients

[140,141]

Boyden chamber Easy, economical, utilizes a
chemical gradient

2D, nonphysiological, removes
cell–cell contacts prior to assay,
no oxygen gradient

[142]

Invasion assay (Boyden chamber
with matrix)

Easy, economical, utilizes a
chemical gradient

2D, nonphysiological, removes
cell–cell contacts prior to assay,
sensitive to matrix composition
and density, no oxygen gradient

[143]

Culture dish hypoxia chambers Easy, economical, creates
gradients of oxygen

2D, nonphysiological [144]

3D culture Moderately easy, mimics 3D
structure of tumors

Nonphysiological, sensitive to
matrix composition and density

[145,146]

Invasion into tissue sections Mimics 3D structure of tissue,
realistic matrix

Lacks connection to vasculature [123]

Thick hydrogel Moderately easy, mimics 3D
structure of tumors, creates
gradient of oxygen

Complex, nonphysiological,
limited to hydrogel

[27]

Microfluidic controlled gas
exchange platforms

Mimics 3D structure of tumors,
creates controllable oxygen
gradients

Complex, nonphysiological [39]

Ex vivo assays

Staining for endogenous hypoxia
markers in sectioned tissue

Reflects true physiology at time of
excision

Requires sectioning of tissue,
different makers do not colocalize
and reflect different timing post
exposure to hypoxia

[76,147–149]

Nitroimidazole adducts for
sectioned tissue

Reflects true physiology at time of
excision, can be used in clinic,
most sensitive at low oxygen
levels

Requires sectioning of the tissue [150–152]

Dye injections Only stains perfused cells Indirect marker only showing
perfusion, requires sectioning of
tissue

[67]

Soluble phosphorescent probes Directly measures oxygen levels Requires sectioning of tissue,
does not indicate history of cells

[153,154]

In vivo assays

Polarographic electrodes Gold standard, approved for use
in clinic

Susceptible to oxygen
consumption by probe, damaging
to tissue, averages over many
cells, limited to only a few
locations

[155,156]

MRI, PET or CT probes Noninvasive Lacks single cell resolution [69,157]

Fiber optic phosphorescent
probes

Does not consume oxygen, higher
sensitivity at physiological
oxygenation

Damaging to tissue, averages
over many cells, variable results

[73,158]

Fluorescent protein biosensors Genetically encoded, allows real-
time, single-cell visualization

Cannot be used in clinic, may be
delayed with respect to exposure
to hypoxia

[6,80,86,159]
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oxygen for folding and fluorescence [6]. Although these reporters allow the tracking of the
motility and invasive phenotypes of hypoxic cells with single cell resolution, only two of the
studies utilizing these in vivo probes [6,85] analyzed migration and invasion of tumor cells.

Another study utilized a novel luciferase-based reporter [85] that could be induced to perma-
nently mark tumor cells and their progeny at a specific time; cells were traced by sacrificing mice
at different time points post induction and compared to other staining markers such as HIF-1a
and pimonidazole. While innovative, the interpretation of much of the data was dependent upon
the assumption that HIF-1a and pimonidazole areas remain static in the tumor. However, in the
rapidly growing tumor, this assumption does not hold.

The discrepancies raised above were resolved using intravital imaging [6] as this study was the
first to directly visualize the motility of hypoxic tumor cells, with single-cell resolution, in living
tissue. The authors found that hypoxic cells show dramatically reduced migration speeds
($ 24 mm/h) compared to normoxic cells ($ 66 mm/h). This places hypoxic cells into the slow
migratory phenotype associated with invasion and dissemination as observed previously [35].
Concordant with this, hypoxic cells were also observed to have dramatically increased
invadopodia with degradative activity and be more chemotactic toward flowing blood vessels
with which hypoxic cells were found to associate in vivo [6] (Figure 1).

Using the in vivo invasion assay [6], 83% of collected tumor cells were observed to be hypoxic.
In contrast, only $ 33% of the tumor cells in the primary tumor were observed to be hypoxic.
Thus, although hypoxic tumor cells show dramatically reduced migratory speeds, their
increased degradative ability and chemotaxis toward blood vessel associated growth factors
resulted in greater intravasation and dissemination.

The above studies highlight the importance of in vivo imaging of tumor cell phenotypes
associated with invasion and intravasation. Importantly, the phenotype of hypoxic cells can
be long lived, and the slow but efficient movement towards vessels that they exhibit is more
persistent than anticipated from in vitro studies. These findings then raise questions as to how
this long-lived migratory phenotype of hypoxic tumor cells is carried over to distant sites by
disseminating cells. The next section will explore how the hypoxic or normoxic phenotypes
affect DTC behavior and its ability to initiate a metastatic colony.

Routes by Which Hypoxia Affects DTC Fate
A large body of literature that has been expertly reviewed recently links in vitro hypoxia to the
epithelial-to-mesenchymal transition or EMT, which allows epithelial cells to reduce their
interaction with other epithelial cells and become motile [5,90,91]. Given that these mecha-
nisms and papers were reviewed in the past we focus here primarily on in vivo studies. Also,
because we attempt to understand how naturally occurring hypoxia in target organs affects
DTC behavior, we do not focus on how therapies, either chemotherapy and/or antiangiogenic
therapies affect hypoxia in tumors [5,92–96]. As mentioned earlier, most of the measurements
and conclusions of the biology of hypoxia have been derived from primary tumor biology and in
vitro studies. However, the impact of hypoxia on tumor phenotypes does not end in the primary
site. How hypoxia affects intravasating cells also needs to be taken into consideration at the
secondary organs where physiology and oxygen levels may vary. Additionally, acute, cycling,
and chronic hypoxia can coexist in tumors and often lead to different biological consequences
(See Box 2 and [5]), with both associated with poor clinical outcome. However, in clinical
studies, the challenge is to determine where hypoxia specifically influences the endpoints of
clinical outcome. We attempt to provide an analysis of this question, focusing mostly on in vivo
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experiments and mention the oxygen tension and exposure duration of the hypoxic conditions
for context and comparisons.

Role of Hypoxia in Affecting Metastatic Capacity through Motility and Growth Programs
Limited oxygen supply has been historically proposed as a rate-limiting factor for primary tumor
growth, where it is suggested that the tumor could not surpass 1 mm3 if hypoxic cells do not
mount a neovascularization response [97]. However, in a mouse model of melanoma [98],
inactivation of HIF1a or HIF-2a did not affect primary tumor formation but instead selectively
abrogated metastasis. This result suggests that in some cancers tumor growth is actually
independent of HIF signaling but HIF function is critical for metastasis development. This
unexpected result supports the need to understand how hypoxia shapes niches in the
metastatic setting. Along these lines another study described that the ECM protein, lysyl
oxidase (LOX), is regulated by hypoxia and HIF [99]; LOX upregulation correlates with poor
distant metastasis-free and overall survival in human breast and head and neck tumors. When
LOX is secreted, it is responsible for the invasive properties of hypoxic cancer cells (1–2% O2 for
18 or 24 h) through focal adhesion kinase activity and cell-to-matrix adhesion [99,100].
Moreover, LOX blockade strikingly decreased metastasis, suggesting this enzyme to be a
metastatic niche therapeutic target [99,100]. LOX secreted by hypoxic primary tumors was
proposed to be critical for premetastatic niche formation as it results in crosslinked collagen IV
and the recruitment of CD11b+ myeloid cells; all factors that are prometastatic. These data
suggest that hypoxia in the primary site can affect the secondary organ [19]. It will be important
to understand how these mechanisms of hypoxia-regulated premetastatic niche organization
are sustained after primary tumor surgery, as patients may not develop metastasis for years
after the source of these signals is removed.

Hypoxia and HIF1a also influence the splicing of a specific variant of the scaffold protein A-
kinase anchor protein 12 (AKAP12). AKAP12v2 is a direct HIF target and regulates protein
kinase A (PKA) activity under hypoxia (2% O2 for 16 h), favoring tumor cell invasion and
migration in vitro, but most importantly, metastasis in an in vivo orthotopic model of melanoma
[101]. Additionally, metastatic samples have higher levels of AKAP12v2 than the primary tumor
has [101–105]. It is possible that hypoxia-induced splicing of AKAP12v2 at the primary site
provides an advantage for dissemination and/or colonization at the metastatic sites. The latter
possibility would suggest that AKAP12v2 splicing is part of a posthypoxic program that is self-
sustained in secondary organs.

Leukemia inhibitory factor (LIF), which is produced by osteoblast-lineage and bone marrow
(BM) stromal cells, can induce disseminated breast cancer cell dormancy [106], a reversible
growth arrest state. Accordingly LIF receptor (LIFR) functions as a metastasis inhibitor in

Box 2. Acute versus Chronic Hypoxia
Acute or perfusion hypoxia (0.05–2.3% O2) [5]:
! is an abrupt and brief (of the order of minutes) exposure to hypoxia due to structural and functional abnormalities in

the tumor microvessels [125];
! Ieads to cell survival by activation of autophagic, apoptotic, and metabolic adaptation pathways and a decrease of

oxidative metabolism [126,127].
Chronic or diffusion limited hypoxia (" 0.05% O2) [5]:
! occurs due to hyperproliferation of cancer cells that surpasses the capabilities of the vascular supply leading to tumor

cells being exposed to continuous hypoxia for long periods [125];
! activates cell survival and progression programs through increased ROS production [128];
! has been linked to a more aggressive tumor phenotype, usually measured by in vitro parameters of motility and

invasion, but also through measurements of lung colonization and metastasis development [21,119,129–139].

10 Trends in Cell Biology, Month Year, Vol. xx, No. yy



TICB 1445 No. of Pages 16

different cancers [106,107] and, in breast cancer patients with bone metastases, low levels of
LIFR are correlated with poor patient outcome. Intriguingly, hypoxia (0.5% O2 for 24 h) and HIF
signaling reduce the LIFR–STAT3–SOCS3 signaling pathway in breast cancer cells in vitro
leading to downregulation of dormancy related genes. These data suggest that hypoxia may
awaken dormant cells by inhibition of LIFR–STAT3-mediated dormancy [106]. In vivo validation
of these findings may support some of the speculation derived from the in vitro findings [106]
that are countered by the findings that dormant DTCs can persist in the BM for years despite
this being a proposed hypoxic niche [108]. It would also be interesting to know if primary tumor
hypoxia already renders DTCs insensitive to LIF signaling in secondary sites.

The above studies comprise a handful of recent papers with in vivo data that support the notion
that hypoxia can activate traits that render cancer cells more migratory, invasive, and apt to
escape dormancy. However, given the heterogeneous nature of the tumor cell population, their
response to hypoxia may be also as heterogeneous.

Hypoxia as a Regulator of Dormancy and Stress-Tolerance Programs in DTCs
Numerous studies suggest that hypoxia can induce as an adaptive survival response growth
arrest and stem-cell-related programs [4,109,110]. This allows cells to pause proliferation while
adapting to hypoxia and then resume growth. Thus, this transient growth arrest in growing
tumors contributes to the viability of cells that can resume growth. Hypoxia activates an
unfolded protein response (UPR) that results in the attenuation of translation initiation and
the induction of cell cycle arrest genes [4,109,110]. Intriguingly, the UPR was found in dormant
cancer cells in experimental models [111] and transcripts for specific UPR genes were also
found to be upregulated in dormant DTCs isolated from BM of prostate cancer patients [112].
These genes could also be turned on in DTCs in the target organ by the fact that they carry a
signature epigenetically imprinted in the primary tumors (i.e., the DTCs carry a remodeled
chromatin in response to hypoxia in the primary site) [7,113]. Accordingly, hypoxic micro-
environments in primary lesions contain a fraction of cells that concomitantly turn on hypoxia
(GLUT1 and HIF1a) and long-term dormancy genes such as NR2F1, DEC2, and p27. Pre-
sumably, these would be the slow, but persistent migratory cells that efficiently reach blood
vessels for dissemination (see first section on motility) [6]. Additionally, both NR2F1 and HIF1a
are required for p27 induction in dormant DTCs originating from hypoxic primary tumor
microenvironments, but these DTCs do not display GLUT1high expression, supporting the
concept that in secondary sites, a dormancy program is sustained even after the hypoxic
response is resolved (Figure 2). The dormancy-prone hypoxic cells also display accumulation of
transcriptionally repressive histone marks (H3K27me3), suggesting that an epigenetic change
is taking place in the dormancy-inducing primary tumor hypoxic microenvironments. Interest-
ingly, this histone H3 repressive mark is found in dormant cells [114], suggesting that it could be
a regulator of a persistent dormancy program retained in DTCs originating from hypoxic primary
tumor niches. Importantly, hypoxia-induced dormant-like DTCs survive chemotherapy [7].
These findings lead to the notion that these once hypoxic and now dormant DTCs may be
the source of disease relapse and poor prognosis associated with hypoxia. Hypoxia-associ-
ated poor prognosis is derived from measurements in primary tumors, but survival is dictated
by metastases. Thus, it is possible, that the dormancy-inducing capacity of hypoxia allows a
subpopulation of DTCs to robustly survive treatment and then ultimately determine the fate of
patients as they reactivate.

In an HPV+ head and neck squamous cell carcinoma model, tumors express the viral E6/E7
oncogenes, which inhibit p53 expression/function resulting in induced senescence or cell
death [115]. What was found is that under hypoxic conditions where E6/E7 are repressed, but
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p53 is not induced; instead, these cells experience growth arrest upon reoxygenation in a
reversible manner controlled via the nutrient sensing mTOR/REDD1/TSC2 signaling axis [115].
This suggests that HPV+ tumor cells may enter a therapy resistant, p53low, dormant phenotype
in response to hypoxia, serving as a source of recurrence [115]. Overall, these studies provide
additional evidence that some cancer cell subpopulations respond to hypoxia by activating a
growth arrest program that, like dormancy, can lead to increased therapeutic resistance.

Analysis of receptor tyrosine kinase (RTK) signaling in lung cancer cells also revealed that
hypoxia induced dormancy of mutant epidermal growth factor receptor (EGFR) (ErbB1) primary
lung cancer cells through upregulation of MIG6; MIG6 results in the disassembly of the ErbB
receptor heterodimers, blocking their signaling for growth. Critically this phenotype renders
mutant EGFR lung cancer cells resistant to specific EGFR inhibitors, while MIG6 downregu-
lation restores EGFR signaling and sensitivity to tyrosine kinase inhibitors and radiation. Lung
cancer patients carrying EGFR mutations and MIG6 up-regulation showed shorter disease free
periods. Thus, coexistence of dormant hypoxic tumor cells and proliferative cells might allow
lung tumors to adapt to therapeutic stress and eventually progress unrestricted [116].

It has been recently described that successful metastasizing melanomas underwent reversible
metabolic changes that increased their oxidative stress resistance through NADPH-generating
enzymes in the folate pathway [117]. Using cells with high primary tumor forming capacity, but
low metastatic efficiency, the authors showed that tumor cells in the blood and visceral organs
experienced oxidative stress not observed in the bulk primary tumors. Antioxidants promoted
distant metastasis without significantly affecting primary tumor growth [117]. While the authors
did not explore dormancy mechanisms, we propose that perhaps hypoxia induced oxidative
stress may prime melanoma cells to enter dormancy, and as a consequence limit distant
metastasis in vivo.

Concluding Remarks and Future Perspectives
Our analysis of recent literature reveals that understanding how hypoxia affects metastasis will
require high resolution intravital imaging at single cell resolution and/or other methods that
complement intravital imaging in vivo. These are key to help define the actual phenotypes of
cells in primary tumors and secondary organs both in hypoxic and normoxic microenviron-
ments. It is expected that in vivo studies will then inform more physiologic in vitro assays. Finally,
the notion that hypoxia in primary sites can have long term effects on secondary organ DTC
biology needs to be explored in more detail (see Outstanding Questions). The integration of
efficient hypoxia biosensors with fate mapping tools that allow for longitudinal tracking of DTCs
may be necessary to link primary tumor biology to secondary organ DTC fate. Overall,
understanding the fate of DTCs in vivo will ultimately guide us to understand how to target
these hypoxia-influenced events to prevent and treat metastasis more efficiently.
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ART ICLES

Phenotypic heterogeneity of disseminated tumour cells
is preset by primary tumour hypoxic microenvironments
Georg Fluegen1,2,6, Alvaro Avivar-Valderas1,6,7, YarongWang3, Michael R. Padgen4, James K. Williams4,
Ana Rita Nobre1, Veronica Calvo1, Julie F. Cheung1, Jose Javier Bravo-Cordero1, David Entenberg3,
James Castracane4, Vladislav Verkhusha3, Patricia J. Keely5, John Condeelis3,8 and Julio A. Aguirre-Ghiso1,8

Hypoxia is a poor-prognosis microenvironmental hallmark of solid tumours, but it is unclear how it influences the fate of
disseminated tumour cells (DTCs) in target organs. Here we report that hypoxic HNSCC and breast primary tumour
microenvironments displayed upregulation of key dormancy (NR2F1, DEC2, p27) and hypoxia (GLUT1, HIF1↵) genes. Analysis
of solitary DTCs in PDX and transgenic mice revealed that post-hypoxic DTCs were frequently NR2F1hi/DEC2hi/p27hi/TGF�2hi and
dormant. NR2F1 and HIF1↵ were required for p27 induction in post-hypoxic dormant DTCs, but these DTCs did not display
GLUT1hi expression. Post-hypoxic DTCs evaded chemotherapy and, unlike ER� breast cancer cells, post-hypoxic ER+ breast
cancer cells were more prone to enter NR2F1-dependent dormancy. We propose that primary tumour hypoxic microenvironments
give rise to a subpopulation of dormant DTCs that evade therapy. These post-hypoxic dormant DTCs may be the source of disease
relapse and poor prognosis associated with hypoxia.

Tumour cell heterogeneity is thought to play an important role
in the design of successful therapies1,2. Primary tumours (PTs)
contain proliferating, slow-cycling, quiescent or necrotic/apoptotic
tumour cells, as well as fast- versus slow-migrating tumour cell
populations3–6. Genetic and expression profiling has also revealed
genetic heterogeneity in solitary disseminated tumour cells (DTCs)
and metastasis7–9.

PT microenvironments are also heterogeneous in composition10,11,
but how DTC phenotypic heterogeneity is influenced by PT
microenvironments is least understood12. Gene signatures obtained
from PTs predict for shorter or longer times to metastasis in patient
cohorts13,14. This suggests that PT gene programs, and possibly
influenced by the microenvironment, provide information on distinct
long-term post-dissemination behaviour (that is, rate of relapse).
Some PT gene signatures have been linked to late relapse (>5 years)
and these were associated with EMT or dormancy14,15. We found
that breast tumours that are enriched for a dormancy signature
display longer metastasis-free periods compared with those lacking
the signature14. Also DTCs from prostate cancer patients in clinical

dormancy for 7–18 years were enriched for the dormancy signature9,
which was also present in a subpopulation of prostate cancer
DTCs from patients with metastases. Thus, proliferative DTCs and
metastases can coexist with dormant DTCs9.

Analysis of the dormancy signature9,14,16 revealed genes di�eren-
tially regulated by hypoxia10,17–23, an important solid PT microen-
vironmental feature, which can induce a strong growth arrest24,25.
Further, dormant tumour cells were found to upregulate the unfolded
protein response26–29, which is also activated by hypoxia30–33. We
hypothesized that if hypoxic PT microenvironments spawn subpopu-
lations of DTCs that were imprinted to become dormant, these might
escape therapies and fuel incurable metastasis.

Here we show that PT tumour cells exposed to either natu-
ral hypoxic microenvironments or those induced using hypoxia-
induction nano-intravital devices (Hi-NANIVIDs) upregulate both
hypoxia and dormancy genes in a reversible manner. Hypoxia-
imprinted DTCs that lodged in lungs were more prone to enter an
NR2F1-dependent dormant state and evaded chemotherapy. Interest-
ingly, post-hypoxic dormant DTCs did not maintain high expression
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of hypoxia markers, arguing for a HIF1↵-independent maintenance
of the dormant phenotype. Further, we found that post-hypoxic ER+

luminal breast cancer cells are more prone to enter dormancy than
post-hypoxic TNBC cells. Our work uncovers a previously unrecog-
nized phenotypic diversity initiated in the primary site by hypoxia
and carried over by DTCs in target organs. These studies might help
explain how hypoxia might contribute to therapy resistance through
the unanticipated generation of dormant or slow-cycling DTCs.

RESULTS
Endogenous tumour hypoxia upregulates dormancy markers
We first tested whether dormancy and hypoxia markers were co-
expressed in PTs. To measure endogenous hypoxia and HIF1↵
activity we engineeredMDA-MB-231 TNBC cells to express mCherry
fused to the oxygen-dependent degradation (ODD) domain of
HIF1↵ under the control of five HIF response elements (HRE)
and a constitutively expressed GFP (MDA-MB-231-5HRE-ODD-
mCherry/GFP, henceforthMDA-231-HIF reporter cells)34 (Fig. 1a–c).
The MDA-231-HIF reporter cells (RED) showed areas where cells
had been exposed to hypoxia. In contrast, cells that had not
been exposed to significant hypoxia expressed only GFP. ODD-
mCherry co-localization with GLUT1 in these microenvironments
further supported that MDA-231-HIF reporter cells had sensed
hypoxia (Fig. 1a and Supplementary Fig. 1A). Interestingly, DEC2
and NR2F1 (dormancy genes) were also significantly upregulated
in hypoxic areas of the MDA-231-HIF tumours (Fig. 1b,c and
Supplementary Fig. 1B,C). Quiescent tumour cells were found in
naturally occurring hypoxic microenvironments because we found
that doxycycline (Dox)-treated Tet-On H2B-GFP T-HEp3 tumours
grown in vivo on CAMs for five days displayed accumulation of
pimonidazole adducts, which occur only in hypoxic cells35,36 (Fig. 1d–f
and Supplementary Fig. 1D). Analysis of 20 human head and
neck squamous cell carcinoma (HNSCC) patient samples revealed
that within hypoxic, GLUT1high microenvironments NR2F1 was
more frequently upregulated (Fig. 1g,h). We conclude that tumour
cells in naturally occurring hypoxic microenvironments upregulate
dormancy markers and are slow cycling or quiescent.

Nano-device induced hypoxic microenvironments upregulate
dormancy markers
Unlike the in vivo results (Fig. 1), experiments in vitro revealed poor
correlation between DEC2 and NR2F1 messenger RNA expression
and varying hypoxia levels (Supplementary Fig. 1E). Only NR2F1
expression in breast cancer cell lines showed an upregulation trend
in two-dimensional cultures in 1% O2, but not in 5% and 10% O2

versus 21%. Thus, 5–10%O2 levels do not induce hypoxia or dormancy
genes suggesting that an in vivo approach is needed to analyse the
proposed hypothesis. To this end, we took advantage of the induction
NANIVID (iNANIVID) (Fig. 2a,b)37. These microfabricated devices
consist of two 3mm ⇥ 1.3mm glass halves with a lithographically
etched chamber that can be loaded with hydrogel solutions containing
di�erent cargos37. After insertion into tumours, a 150-µm-wide
opening at the side allows a steady flow of compounds from the device,
avoiding problems associated with pulsatile systemic or local drug
delivery38 (Fig. 2a,b). iNANIVIDs were loaded with Dox, phosphate-
bu�ered saline (PBS) or hypoxia-mimetic agent desferrioxamine

(DFOM) and then implanted in T-HEp3 tumours grown on the
chicken chorioallantoic membrane (CAM) model37,39 (Fig. 2b).

We implanted the devices within Tet-On-H2B-GFP-expressing
T-HEp3 HNSCC tumours, where the H2B-GFP fusion protein is
induced byDox16. This construct provides amarker for quiescence due
to the extremely slow turnover of the H2B-GFP fusion protein in non-
proliferative cells40. After three days in vivo, only the Dox-iNANIVID
tumours showed H2B-GFP induction proximal (micrometre range
Fig. 2cb) and distal (millimetre range Fig. 2cc) to the iNANIVID
opening (Fig. 2ca and Supplementary Fig. 1F)37. Thus, the device
supports the e�cient release of small molecules and di�usion into the
tumour tissue in the millimetre range (Fig. 2cc).

We used iNANIVIDs37 loaded with DFOM (1mM) (refs 41–43)
(henceforth Hi-NANIVID) to mimic hypoxic microenvironments.
Within 4.5 h a gradient is established when using EGF or hypoxia-
mimetic drugs and chemoattractants37.WhenT-HEp3 andMDA-231-
HIF reporter tumours were implanted with Hi- or PBS-NANVIDs
(control) (Supplementary Fig. 2A–D) we found that after three
days the gradient is stabilized and that Hi-NANIVID but not PBS-
NANIVID regions strongly induced the hypoxia biosensor (Fig. 1 and
Supplementary Fig. 2A–D). Further, the dormancy markers NR2F1
and p27 (ref. 16) and the hypoxia genes HIF1↵ and GLUT1 (ref. 44)
were induced in tumours with Hi-NANIVID microenvironments
(Fig. 2d). Because the device empties within the first 4.5 h (ref. 37),
gene and protein upregulation were reversible (Fig. 2d) and by day
6 they returned to basal levels (Supplementary Fig. 2E–G). While
DEC2 mRNA was not elevated in Hi-NANIVID microenvironments
(Fig. 2d), immunohistochemistry (IHC) or immunofluorescence
(IF) revealed a significant upregulation of DEC2, NR2F1, HIF1↵
and GLUT1 protein at three days (Fig. 2e,f and Supplementary
Fig. 2E). GLUT1 showedmembrane localization, whileHIF1↵, NR2F1
and DEC2 showed nucleocytoplasmic distribution (Fig. 2e,f and
Supplementary Fig. 2E). After six days, no di�erences in DEC2,
NR2F1, HIF1↵ and GLUT1 protein expression were obvious between
the DFOM and PBS groups (Supplementary Fig. 2D–G), which is
probably due to the absence ofDFOMand an extinction of the hypoxic
response. Supplementary Fig. 2H supports this conclusion because
cells obtained from DFOM Hi-NANIVID microenvironments after
six days had downregulated the hypoxic response (Fig. 2d and
Supplementary Fig. 2E–G), but restored hypoxia gene expression if re-
exposed to DFOM (Supplementary Fig. 2H).

Consistentwith the induction of the dormancy genesNR2F1,DEC2
and p27, tumour cells in Hi-NANIVID microenvironments showed
reduced phosphorylation of retinoblastoma protein (phospho-Rb,
pRb) indicating aG0–G1 arrest16 (Supplementary Fig. 2I). As reported
previously37,45, the devices and/or their content were not toxic because
histologic analysis and cleaved caspase-3 (CCL-3—apoptosis marker)
levels were very low and similar in both PBS and Hi-NANIVID
microenvironments (Fig. 2h and Supplementary Figs 2I and 3A).

Hypoxia and dormancy markers are co-expressed in quiescent
tumour cells
We found no upregulation of p27, NR2F1, DEC2 or GLUT1 expres-
sion in PBS-NANIVID microenvironments (Fig. 3a–c). However, Hi-
NANIVID microenvironments displayed tumour cells with upregula-
tion of thesemarkers (Figs 2f and 3a–d and Supplementary Fig. 3B–E).
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Figure 1 Hypoxia induces the expression of dormancy genes in mouse,
PDX and human tumours. (a–c) Images and quantification of MDA-231-
HIF reporter cell xenografts in nude mice. GFP-tagged (green) cells express
mCherry (red) when hypoxic. Sections were stained for GLUT1 (a), DEC2
(b) and NR2F1 (c) (all in blue). Panel I: merged image of a hypoxic
area; arrow, hypoxic; arrowhead, normoxic cell. Panels II–IV: separate blue
(GLUT1, DEC2, NR2F1), green (GFP) and red (mCherry) channels. Panel V:
low-magnification overview. The boxes indicate spontaneous hypoxic (‘H’,
purple) and normoxic (‘N’, green) areas; n= 3 tumours were assessed;
representative images are shown. The graph shows the percentage of overlap
of normoxic or hypoxic areas with the respective staining, mean ± s.d.,
Mann–Whitney test. n= 45 hypoxic and 45 normoxic high-power fields
(HPFs) (⇥100) pooled from 3 individual tumours; scale bars, 7.5 µm
(I–IV) and 100 µm (V). Also see Supplementary Fig. 1A–C for histograms
of the different channels. (d) Illustration of the experiment. In vitro-
activated Tet-On H2B-GFP-positive T-HEp3 cells were seeded on the CAM
and the GFP label was chased in vivo for 5 days. Four hours before

tumour collection, 50 µl pimonidazole (40mgml�1) was injected intra-
amniotically (i.a.). Fixed tumour cells were stained for pimonidazole adducts.
(e,f) Images and quantification of pimonidazole (pimo) adduct staining of
T-HEp3 TET-On H2B-GFP cytospins. Pimo, red; H2B-GFP, green, DAPI,
blue. Graph: mean percentage + s.d. of pimo-positive and -negative H2B-
GFP-expressing cells. n= 150 cells pooled from 4 individual tumours;
representative images are shown; scale bars, 10 µm; Mann–Whitney test.
See also Supplementary Fig. 1D. (g) An HNSCC patient sample stained
for GLUT1 and NR2F1. I and II: normoxic and hypoxic tumour area,
respectively. The boxes i–iv indicate the areas shown in a–d, respectively.
Scale bars, 25 µm (I–II) and 7.5 µm (i–iv). n=20 tumours were assessed;
representative images are shown. (h) Quantification of staining for 20
HNSCC patients, mean ± s.e.m. GLUT1-positive areas showed a higher
percentage of nuclear NR2F1-positive staining compared with GLUT1-
negative areas. All 20 patients suffered from poorly differentiated HNSCC.
n=20 patients; each data point represents the mean expression of 10 HPFs;
Mann–Whitney test.
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Figure 2 Hypoxia induction using iNANIVID. (a) Magnified image (⇥10)
of an iNANIVID. (b) Illustration depicting the iNANIVID in a tumour on
the chicken CAM. The tumour is contained in a Teflon ring for support.
The device opening is in the upper left quadrant. The area of influence is
shown in green. (c) A three-day-old Tet-On H2B-GFP T-HEp3 tumour with
an implanted iNANIVID (10mM doxycycline or PBS (see Supplementary
Fig. 1F)). First panel (top row, left): stereoscopic image of the tumour in
situ (⇥4). Boxes i, ii and iii indicate the areas of the following images.
i: tip and opening of the iNANIVID in situ. ii: merged image of a tumour
area proximal to the iNANIVID showing GFP-positive cells. The dashed line
indicates the Teflon ring. iii: merged image of a tumour area distal to
the iNANIVID showing GFP-positive cells. The dashed line indicates the
iNANIVID. Boxes I+II: details of the proximal (I) and distal (II) tumour
areas. Scale bars, 250 µm; n= 3 tumours were assessed; representative
images are shown. See also Supplementary Figs 1F and 2A–D for the DFOM

diffusion gradient. (d) Relative mRNA expression levels in T-HEp3 CAM
tumours treated in vivo for 3 or 6 days with Hi-NANIVID or PBS-iNANIVID.
GAPDH was used as a housekeeping gene. n=3 tumours per group, PCR in
triplicate, mean + s.e.m.; ⇤P <0.001, two-tailed Student’s t-test. (e) IHC
staining for DEC2, NR2F1 and GLUT1 in 3-day-old PBS- or Hi-NANIVID
(DFOM) T-HEp3 CAM tumours. White arrows, negative; black arrows, positive
cells. Scale bars, 10 µm; n=3 tumours were assessed; representative images
are shown. (f) Quantification of IHC staining for DEC2, NR2F1 and GLUT1
in 3-day-old PBS- or Hi-NANIVID T-HEp3 CAM tumours. Horizontal bars
indicate median ± s.e.m., n= 23 HPFs pooled from 3 tumours; Mann–
Whitney test. See Supplementary Fig. 2E,H for day 6. (g,h) Quantification of
IF staining for phospho-Rb and cleaved caspase-3 of T-HEp3 CAM tumours
treated for 3 days with PBS- or Hi-NANIVID. Mean + s.d.; n=500 cells
pooled from 3 tumours; two-tailed Student’s t-test. See Supplementary Fig. 2I
for staining.

These were also co-expressed in the same tumour cells as significant
correlation (r2 0.70–0.98) was found for upregulation of HIF1↵
and p27 (Supplementary Fig. 3B–E), supporting also that

GLUT1high/HIF1↵high cells are growth arrested. Tumour cells in
Hi-NANIVID microenvironments were also pRblow compared with
PBS-NANIVID microenvironments (Fig. 3a). Regardless of the
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Figure 3 Primary tumour hypoxia induces the expression of quiescence
and dormancy genes. (a) Double IF stainings for DEC2 and pRb, NR2F1
and p27, and p27 and GLUT1 of 3-day-old PBS- or Hi-NANIVID (DFOM)-
treated T-HEp3 CAM tumours; scale bars, 7.5 µm; 3 individual tumours
were assessed, representative images are shown. (b–d) Quantification of
the double IF stainings; bars indicate mean ± s.d., n= 16, 22 and 21
HPFs (b, c and d, respectively) pooled from 3 tumours per treatment;
Mann–Whitney test. NS, not significant. (e) A T-HEp3 CAM tumour
stained for H3K27me3 (green), GLUT1 (red) and DAPI (blue). Scale bars,
25 µm; n= 3 tumours were assessed; representative images are shown.
(f) Quantification of H3K27me3 staining in normoxic (GLUT1-negative)
and hypoxic (GLUT1-positive) areas. Mean + s.e.m.; n = 1,500 cells

pooled from 3 tumours; two-tailed Student’s t-test. See Supplementary
Fig. 3F for H3K4me3. (g) A T-HEp3 tumour cytospin stained for p27 and
human vimentin. Cells were transfected with NR2F1, HIF1↵ or control
siRNA for 24h while in normoxia (21% O2) or hypoxia (1% O2). Cells
(3 ⇥ 105) were seeded on CAMs for 48h. Scale bars, 10 µm; n= 10
tumours were assessed; representative images are shown. (h,i) Quantification
of p27 staining for NR2F1 and HIF1↵ knockdown, respectively. See
Supplementary Fig. 3G,H for knockdown efficiency before seeding. The
graph shows the percentage of p27-positive T-HEp3 cells per tumour.
Bars indicate mean + s.d. n = 4 tumours (siNR2F1), n = 6 tumours
(siHIF1↵) per treatment, each having >100 cells scored; two-tailed
Student’s t-test.

microenvironment, DEC2high tumour cells were negative for pRb
(Fig. 3a,b). Thus, the dormancy markers NR2F1, DEC2 and p27
are more commonly upregulated in GLUT1high/HIF1↵high tumour
cells. NR2F1 was shown to induce a repressive chromatin state
where H3K27me3 marks accumulated in the nucleus of dormant

NR2F1high cells16. We found that H3K27me3 levels were significantly
enriched in hypoxic, GLUT1high, but not in normoxic, GLUT1low

microenvironments (Fig. 3e,f). H3K4me3 levels did not change
between GLUT1-positive or -negative cells (Supplementary Fig. 3F).
Thus, the hypoxic microenvironment induces changes in specific
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genes and global chromatin reorganization. Upregulation of p27
was dependent on NR2F1 and HIF1↵ expression because it was
significantly reduced following NR2F1 and HIF1↵ knockdown
(Fig. 3g–i and Supplementary Fig. 3G–J). Thus, both NR2F1 and
HIF1↵may contribute to the induction of p27 expression and growth
arrest of tumour cells in hypoxic microenvironments.

Hypoxia does not affect intravasation or extravasation
We tested the ability of hypoxic cells to intravasate in vivo, using
the CAM assay (Fig. 4a–c)46,47. MDA-231-HIF reporter cells were
incubated in 1% or 21% O2 for 72 h prior to inoculation on CAMs48

and T-HEp3-GFP cells cultured in 21% O2 served as a positive
intravasation control39,46 (see Methods). Intravasated T-HEp3-GFP
and MDA-231-HIF reporter cells were readily detected in the lower
CAM (Fig. 4c). Exposure to 1% O2 for three days did not significantly
change the ability of these cells to intravasate (Fig. 4c). To test
extravasation potential, T-HEp3-GFP cells were exposed to 21% or 1%
O2 for three days and then injected i.v. into nudemice. After 24 h lungs
were perfused to eliminate the blood and circulating tumour cells
that did not extravasate and the lung-lodged GFP-positive cells were
quantified (see Methods for details). The T-HEp3-GFP DTCs overall
extravasation e�ciency was ⇠0.4% and extravasation e�ciency did
not di�er between post-hypoxic or -normoxic cells (Fig. 4d).

PT hypoxia increases the frequency of dormant DTCs
Wenext tested the fate of post-hypoxicDTCs in lungs by using tumour
cells isolated from Tet-On H2B-GFP T-HEp3 PTs influenced by PBS-
orHi-NANIVIDmicroenvironments and treatedwithDox to generate
H2B-GFP+ nucleosomes. Three-day-old tumours were digested and
cells were tail vein injected into nude mice that did not receive any
Dox, allowing us to track the H2B-GFP label-retaining (quiescent)
DTCs (Fig. 5a).

Enzymatically digested lungs were used to quantify the number
of label-retaining T-HEp3-H2B-GFP cells (LRCs) (Fig. 5a,b) and
then the cell suspensions were cultured with Dox to re-induce
H2B-GFP and quantify total tumour cells (Fig. 5a–c). The total
number of T-HEp3 cells in lungs five days after injection was similar,
regardless of whether they originated from a PBS- or Hi-NANIVID
microenvironment (Fig. 5c). Post-hypoxic DTCs displayed a non-
statistically significant trend to increased quiescence at five days
post-injection, versusDTCs fromPBS-NANIVIDmicroenvironments
(Fig. 5d). At ten days, cells from PBS-NANIVID tumours had
diluted the label entirely, while label retention in Hi-NANIVID DTCs
persisted at levels similar to five days (Fig. 5d), suggesting a dormant-
like state.

The total number of post-hypoxic lung DTCs was greater at
ten days than in the post-normoxic group (Fig. 5c). However, the
number of total post-normoxic cells decreased compared with day
5, suggesting some overall attrition of tumour cells that does not
occur if cells were post-hypoxic (Fig. 5c). That more DTCs were
counted in mice that were injected with post-hypoxic tumour cells,
suggests that the cells that did not enter dormancy, survive, colonize
more e�ciently and/or grow more aggressively (Fig. 5c). The tools
we use allowed detection of LRCs, but the dynamics of di�erent
DTC subpopulations is di�cult to estimate. Nevertheless, these data
suggest that PT hypoxia might induce a heterogeneous population

of both dormant-like cells and also more e�ciently surviving and
growing cells.

To further test the connection between hypoxia and DTC
quiescence, we used MDA-MB-231 cells stably expressing an H2B-
Dendra2 fluorescent protein (231-H2B-Dendra2). The excitation
emission of Dendra2 is similar to that of GFP, but following irradiation
with 405 nm light, Dendra2 is stably photoconverted to emit in the
red fluorescence wavelength. The fusion toH2B allowed for long-term
tracking of LRCs. 231-H2B-Dendra2 cells cultured in hypoxic and
normoxic conditions for three days were photoconverted generating
>95% of the cells H2B-Dendra2 red (Fig. 5e). These cells were tail vein
injected and later the lungs were retrieved, digested and the number
of green/red or only green LRCs was counted (Fig. 5f). The total
number of 231-H2B-Dendra2 cells at day 8 post-injection was not
significantly di�erent between the two groups, although post-hypoxic
DTCs trended towards less proliferation (Fig. 5g). Nevertheless,
already at this time point it was evident that hypoxia had induced
LRCs, as evidenced by ⇠80% of post-hypoxic 231-H2B-Dendra2 cells
retaining red H2B-Dendra2 (Fig. 5h). At day 16, we observed a
significantly lower number of post-hypoxic 231-H2B-Dendra2 cells,
comparedwith post-normoxicDTCs (Fig. 5g) and⇠70%of the former
cells at day 16 retained varying levels of H2B-Dendra2-red protein
(Fig. 5h). Further, post-hypoxic solitary DTCs in lungs one month
after i.v. injection were more frequently high for p27 expression than
post-normoxic DTCs (Fig. 5i,j), suggesting that post-hypoxic DTCs
are able to maintain a long-lived quiescent phenotype.

Post-hypoxic T-HEp3 cells displayed increased plating e�ciency
followed by re-oxygenation, while the MDA-MB-231 cells displayed
a slightly lower plating e�ciency (Supplementary Fig. 3I). While this
assay does not account for quiescence, it reliably informs on survival
and proliferation phenotypes. Our results suggest that hypoxia can
induce dormancy in a subpopulation of tumour cells that after
disseminationmay become quiescent in target organs (Fig. 5a–j). This
correlated with their reduced e�ciency in vitro to form colonies after
hypoxia (Supplementary Fig. 3I). In contrast, T-HEp3 cells displayed a
heterogeneous response in vivo with a mixture of faster-growing cells
and quiescent cells in the same target organ (Fig. 5a–d). The enhanced
metastatic capacity of post-hypoxic T-HEp3 cells compared with post-
normoxic cells (Fig. 5a–d) may be due to enhanced survival detected
in plating e�ciency experiments in vitro (Supplementary Fig. 3I).

Dormancy phenotypes in post-hypoxic ER+ and ER� breast
cancer cells
ER+ luminal breast cancer shows late metastatic relapse14,49. Thus, we
tested whether post-hypoxic ZR-75-1 ER+ luminal breast cancer cells
would be more prone to enter a dormancy-like phenotype than TNBC
MDA-MB-231 cells by virtue of carrying a ‘pre-encoded’ dormancy
signature not observed in MDA-MB-231 cells14. 231-H2B-Dendra2
or ZR-75-1-H2B-Dendra2 (75-1-H2B-Dendra2) cells grown in either
21% O2 or 1% O2 for three days were photoconverted and embedded
in 3D Matrigel at low density (150 75-1-H2B-Dendra2 and 15 231-
H2B-Dendra2 cellsmm�2) to mimic solitary DTC behaviour and
cultured in 21% O2 for up to 21 days (Fig. 6a). Unlike in vivo,
231-H2B-Dendra2 cells exposed to hypoxia or normoxia in vitro
were indistinguishable in their ability to generate LRCs (Fig. 6b).
Thus, the in vivo lung microenvironment contributes factors that
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Figure 4 Hypoxia does not significantly influence intravasation and
extravasation. (a) Illustration of the CAM system. The tumour cells
are seeded on the chorionic epithelium and penetrate this monolayer
to reach the mesodermal vasculature. The CAM perpendicular opposite
the implantation site, the lower CAM, is harvested 48h after seeding.
Following digestion of the CAM, the number of intravasated cells is
counted. (b) Lower CAM cell suspension with MDA-231-HIF reporter cells
pretreated for 72 h with 21% O2 (left) or 1% O2 (right). Scale bars,
25 µm; n= 3 CAMs per treatment were assessed; representative images

are shown. (c) Quantification of cells counted in lower CAM. T-HEp3
GFP cells are used as a positive control. n = 3 CAMs with T-HEp3
GFP, n = 7 CAMs with MDA-MB-231-HIF reporter cells; bars indicate
mean; Mann–Whitney test. (d) Post-hypoxia extravasation test. T-HEp3-
GFP cells (3 ⇥ 105) were cultured in normoxia (21% O2) or hypoxia
(1% O2) for 72h and then tail vein injected in nude mice. Twenty-four
hours later, the lungs were retrieved, collagenased and GFP+ cells were
counted. n=7 mice (normoxia), n=6 mice (hypoxia); bars indicate mean;
Mann–Whitney test.

make this tissue more restrictive for post-hypoxic DTCs and reveals
a phenotype not detected in vitro (Figs 5f–j and 6b). In contrast,
post-hypoxic 75-1-H2B-Dendra2 cells showed a significantly higher
number of LRCs fromday 12 that persisted for at least 21 days (Fig. 6c).
Following NR2F1 knockdown, post-hypoxic 75-1-H2B-Dendra2 cells
showed a significant loss in label retention at day 10, compared
with controls (Fig. 6m and Supplementary Fig. 3J). Plating e�ciency
of ZR-75-1 cells after hypoxia was also increased (Supplementary
Fig. 3I) suggesting that hypoxia-induced quiescence might be coupled
to enhanced survival in ER+ cells. These data suggest that post-
hypoxic ER+ luminal cellsmight bemore prone than ER� cells to enter
quiescence in an NR2F1-dependent manner. However, in vivo, post-
hypoxic MDA-MB-231 cells can also enter a dormant-like phenotype
in the lungs.

Post-hypoxic DTCs express dormancy but not hypoxia markers
and resist chemotherapy
We wondered whether the post-hypoxic dormant-like phenotype
depended on active hypoxic and/or dormancy programs. T-HEp3
cells originating from PBS or Hi-NANIVID microenvironments were
delivered i.v. into nude mice. Later the lungs were excised and
prepared for IF analysis (Fig. 7a). Using IF for human-specific
vimentin and dormancy markers we tested the expression of NR2F1,
DEC2, p27 or GLUT1 in T-HEp3 DTCs in the lung (Fig. 7a–f and
Supplementary Fig. 4A). Scoring of ⇠2,000 lung DTCs per antigen
combination revealed that: solitary post-normoxic DTCs contained a
higher proportion of NR2F1-, DEC2- and p27-positive cells compared
with the PBS-NANIVID PTs (Fig. 7c–f); solitary post-hypoxic DTCs
andHi-NANIVIDPTs showed a similar percentage ofmarker-positive
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Figure 5 Post-hypoxic DTCs become quiescent in metastatic sites. (a) PBS-
or Hi-NANIVID Tet-On H2B-GFP T-HEp3 CAM tumours were treated with
doxycycline (Dox) for 3 days to activate H2B-GFP. T-HEp3-H2B-GFP cells
(5 ⇥ 105) were injected i.v. in nude mice. Five and ten days post-injection,
GFP+ cells were quantified in digested lungs. For total number of cells, H2B-
GFP was re-induced (Dox) for 16 h in vitro. (b) Lung cell suspension at day 5
and 10. Inset: T-HEp3-H2B-GFP-positive cell. Scale bars, 25 µm and 5 µm;
n=4 (day 5) and 3 (day 10) mice were assessed; representative images
are shown. (c) Total cells per mouse after re-induction of H2B-GFP. n=4
mice (day 5), n=3 mice (day 10). Bars indicate mean. Mann–Whitney test.
(d) LRCs (H2B-GFP+) as a percentage of the total cell number (after re-
induction, triple count, see Fig. 5c). Bars indicate mean. n=4 mice (day
5), n=3 mice (day 10). Mann–Whitney test. (e) 231-H2B-Dendra2 cells
were cultured in 21% O2 or 1% O2 for 3 days and photoconverted (green
to red). Cells (1 ⇥ 106) were injected i.v. in nude mice. At 8 and 16 days
later, the lungs were digested. The total cell number (Dendra2 green) and

number of LRCs (Dendra2 green and red) was quantified. (f) 21% or 1% O2-
pretreated cells in situ at day 8 and 16. Inset: LRCs. Scale bars, 15 µm and
5 µm; n=3 mice were assessed; representative images are shown. (g,h) Total
cell number at day 8 and day 16 (green) and red-label-retaining cells at the
indicated time points (only green and red). n=3 mice each group; each point
is the average of 3 counts per mouse. Bars indicate mean; ‘N’ normoxia, ‘H’
hypoxia; Mann–Whitney test. (i) MDA-MB-231 cells were cultured for 3 days
in 21% O2 (normoxia, ‘N’ in j) or 1% O2 (hypoxia, ‘H’ in j) and then tail vein
injected. After 30 days, lungs were co-stained for p27 and human vimentin
(see Supplementary Fig. 4A). Positive: double positive cells for vimentin (red)
and p27 (green); negative: vimentin positive cells that were negative for
p27. DAPI was used to detect nuclear DNA in all cells. Scale bars, 10 µm,
n=3mice were assessed, representative images are shown. (j) Quantification
of 30-day MDA-MB-231 DTCs stained for p27 and human vimentin (see
Fig. 5i). Bars show mean ± s.e.m.; n=3mice; >100 cells scored per mouse;
Mann–Whitney test.
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Figure 6 Post-hypoxic breast cancer cells become quiescent in vitro.
(a) Illustration of the experiment. Triple-negative 231-H2B-Dendra2 and
ER+ 75-1-H2B-Dendra2 cells were grown as a monolayer for 72 h in
normoxic or hypoxic conditions. Cells were photoconverted (PC), seeded
in 8-well chamber slides coated with Matrigel at low densities and
cultured in normoxia. The green/red label was chased for 21 days.
75-1-H2B-Dendra2 were also transfected with 50nM NR2F1 or control

siRNA for 24h during the hypoxia or normoxia incubation and followed
for 10 days in Matrigel. See Supplementary Fig. 3J for knockdown
efficiency at 72h. (b,c) Quantification of red-label-retaining 231-H2B-
Dendra2 and 75-1-H2B-Dendra2 cells, respectively. Bars show mean +
s.d. at the indicated days after seeding. n=8 (231-H2B-Dendra2), n=6
(75-1-H2B-Dendra2), n=4 (75-1-H2B-Dendra2 knockdown NR2F1)
independent experiments; one-tailed Student’s t-test.

cells (Figs 1f and 7c–f); post-hypoxic DTCs at day 5 contained a
large percentage of NR2F1-, p27- and DEC2-positive DTCs compared
with post-normoxic DTCs (Fig. 7c–e); this di�erence persisted for
NR2F1 and p27 at day 10, but was only statistically significant for
p27 (Fig. 7c,d). The post-normoxic DTCs maintained the same level
of GLUT1 expression as the PTs, while the percentage of GLUT1-
positive Hi-NANIVID-primed DTCs was slightly reduced compared
with the PT levels (Figs 2f and 7f). GLUT1 expression was low and not
di�erent betweenHi- or PBS-NANIVID-primedDTCs, arguing for an
attenuated hypoxic response.

Interestingly, micrometastases (>5-cell clusters) were detectable
only in the post-hypoxic group at 10 days after injection (Fig. 7b).
Micrometastases had a lower percentage of NR2F1-positive cells than
post-hypoxic DTCs in the same lung, while not di�ering significantly
from post-normoxic DTCs (Fig. 7c). The micrometastases were also
less positive for p27, except when comparing with post-normoxic
DTCs at five days (Fig. 7d). The most striking di�erence was GLUT1
expression (Fig. 7b,f). Only⇠30% of solitary DTCs expressed GLUT1,
independent of their post-normoxic or -hypoxic origin and time in
lungs, while ⇠85% of the cells in the micrometastases were GLUT1hi

(Fig. 7f), a percentage that is even higher than in Hi-NANIVID PTs
(Fig. 2f). Only DEC2 expression was equally low in percentage of
micrometastatic cells and DTCs, both in the PBS- and DFOM-treated
groups at day 10 (Fig. 7e).

When we tested the levels of the dormancy-inducing cytokine
TGF�2 (ref. 50) in the T-HEp3 lung DTCs and metastases, we found
that DTCs, regardless of their hypoxic state, were more frequently
positive for intracellular TGF�2 versus metastases that dramatically
reduced all detectable TGF�2 in tumour cells or stroma (Fig. 7g,h).
Importantly, Hi-NANIVID DTCs were more frequently positive for
TGF�2 (Fig. 7g,h).

We next asked whether solitary dormant DTCs could survive
chemotherapy. The experimentwas conducted as in Fig. 5a for ten days
post-injection, when we find mostly dormancy-marker-expressing
solitary DTCs in lungs (Figs 5 and 7). However, after seeding in
the lung mice were treated with vehicle (NaCl 0.9%) or cisplatin at
3.5mg kg�1 (standard chemotherapy for HNSCC) for the remain-
der of the experiment (Fig. 8a–d). In agreement with their non-
proliferative state (Figs 5 and 7) we found more single DTCs when
these were post-hypoxic (Fig. 8b). These DTCs were p27hi (Fig. 7b,d)
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Figure 7 Post-hypoxic DTCs upregulate a dormancy signature. (a) Schematic
of the experiment. PBS- or Hi-NANIVID T-HEp3 CAM tumours were
collagenased after 72 h. Cells (5 ⇥ 105) were injected in the tail vein
of nude mice. After 5 and 10 days, the lungs were retrieved and snap
frozen for IF staining. (b) Positive and negative single lung DTCs and
micrometastatic cells stained for human vimentin (red) and NR2F1, p27,
DEC2 or GLUT1 (all: green), DAPI (blue). Scale bars, 10 µm; n=12 mice
were assessed; representative images are shown. (c–f) Quantification of
the NR2F1, p27, DEC2 or GLUT1 staining of single DTCs. Blue bars
indicate cells pretreated with PBS-iNANIVID on the CAM, red bars indicate
Hi-NANIVID-treated cells. Brown bar: micrometastases were present only

in the Hi-iNANIVID day 10 group. Grey bar: cells in PBS-iNANIVID PTs
(see Fig. 2e,f). Whiskers: 5th–95th percentile; bars: median. n= 2,000
cells pooled form 3 mice per treatment and time point; Mann–Whitney and
Kruskal–Wallis test. (g) TGF�2-positive and -negative DTCs and periphery
and centre of a lung micrometastasis. Asterisk: extracellular TGF�2; arrow:
TGF�2 positive DTC. The experimental conditions were the same as in a.
Scale bars, 10 µm and 25 µm, respectively; n= 12 mice were assessed;
representative images are shown. (h) Quantification of TGF�2 staining.
Whiskers: 5th–95th percentile; bars show mean. n= 2,000 cells pooled
from 3 mice per treatment and time point. Kruskal–Wallis and two-tailed
Student’s t-test.

and non-proliferative, as confirmed by the lower frequency of pRb+

DTCs (Supplementary Fig. 4B). Cisplatin caused, over this short treat-
ment period, a moderate but still significant reduction in the numbers

of post-normoxic single DTCs (Fig. 8b), probably because a subpopu-
lation of these cells (45–50%, see Fig. 7d and Supplementary Fig. 4B)
are proliferating. This decrease in single DTC numbers was correlated
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Figure 8 Evasion of chemotherapy by post-hypoxic DTCs and NR2F1
induction in spontaneously seeded PyMT DTCs. (a) T-HEp3 tumours grew
for 3 days on the CAM with PBS- or Hi-NANIVIDs, as in Fig. 7. Five
days after tail vein injection, mice were i.p. injected every other day with
3.5mg kg�1 cisplatin or 0.9% NaCl solution. At ten days post-injection, the
lungs were collected. (b) Quantification of single DTCs positive for human
vimentin per HPF (⇥40) in the lungs of cisplatin- and control-treated nude
mice at day 10. Bars: mean + s.e.m.; n=21 HPFs pooled from 3 (PBS
ctrl) or 4 (all other) mice; one-tailed Student’s t-test. (c) T-HEp3 DTCs
in cisplatin-treated mouse lungs at day 10, stained for TUNEL (green),
human vimentin (red) and DAPI (blue). Arrows: negative and positive cell
for TUNEL. Scale bars, 10 µm, n=12 mice were assessed; representative
images are shown. (d) Quantification of TUNEL staining. Bars: mean +
s.e.m., n=3 mice per treatment, 50 DTCs scored per mouse; one-tailed
Student’s t-test. See Supplementary Fig. 4B for pRb staining of single
DTCs. (e) Non-tumour bearing FVB mice were injected in the mammary

fat with cells from spontaneous MMTV-PyMT-Dendra2 transgenic primary
tumours. Tumours were photoconverted in vivo for 5min. Lungs were
retrieved 7 days later. See also Supplementary Fig. 4C,D. (f) Dendra2-
green signal identified spontaneous DTCs in the lungs. Fifty-five per cent
of the DTCs were label-retaining cells (LRCs) and 37% were positive
for NR2F1. n=187 spontaneous DTCs pooled from 3 mice. Bars, mean
+ s.d. (g) NR2F1 staining of PyMT-Dendra2 DTCs. NR2F1, blue. Scale
bars, 10 µm; n=3 mice were assessed; representative images are shown.
(h) Images of LRC and NLRC PyMT-Dendra2 DTCs before and after additional
30 s photoconversion on a slide. Scale bars, 10 µm; n= 3 mice were
assessed; representative images are shown. See Supplementary Fig. 4E for
fold change in intensity. (i) Sixty-seven per cent of the LRCs and <1%
of the non-label-retaining cells (NLRCs) were positive for NR2F1. Bars:
mean + s.d.; n= 187 DTCs pooled from 3 mice; two-tailed Student’s
t-test. See Supplementary Fig. 4F for NR2F1 in MMTV-PyMT-Dendra2
primary tumour.

with increased apoptosis (TUNEL staining) after cisplatin treatment
(Fig. 8c,d). In contrast, post-hypoxic DTCs (from Hi-NANIVID
tumours) were una�ected by cisplatin (Fig. 8d) and this correlated
with lower frequency of pRb+ cells (Supplementary Fig. 4B), more
p27+ cells (⇠80%, see Fig. 7d) and no changes in apoptosis (Fig. 8c,d).
We conclude that non-proliferative DTCs can evade chemotherapy
and this escape is more pronounced for post-hypoxic DTCs.

Spontaneous non-proliferative lung DTCs display an
NR2F1high profile
We next tested whether spontaneously occurring DTCs could
upregulate dormancy markers with the same kinetics as i.v.-delivered
cells.We used theMMTV-PyMT-Dendra2 immune-competentmodel

(Supplementary Fig. 4C) where tumours developed by injecting
PyMT-Dendra2 cells in the mammary fat pad were photoconverted
in vivo (Fig. 8e). This strategy, which allowed testing the fate
of spontaneously spread tumour cells, revealed that after one
week the DTCs (CD45negative ruling out phagocytosis of DTCs)
showed Dendra2-green protein in large intracellular cytosolic bodies
(Fig. 8g,h and Supplementary Fig. 4D). We confirmed the identity of
Dendra2 green or doubly labelled green/red-label-retaining PyMT-
Dendra2 DTCs by photoconversion and ⇠90% of the DTCs were
photoconvertible (Supplementary Fig. 4E); in 10% of DTCs, Dendra2
levels were very low hampering photoconversion.We found that seven
days after photoconversion in the PT, 55% of the lung DTCs were red
at di�erent degrees, suggesting heterogeneous cycling rates (Fig. 8f,g).
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The dormancy regulator NR2F1 (ref. 16) was downregulated in
the PyMT PTs (<1% NR2F1-positive cells, Supplementary Fig. 4F).
However, NR2F1 detection via IF was positive in 37% of the
spontaneous DTCs (Fig. 8f) and in 67% of PyMT-Dendra2 red
DTCs, while 33% of label-retaining cells were negative for NR2F1
(Fig. 8i). A small proportion of DTCs (<1%) did not retain Dendra2
red label but were NR2F1+ and majority of green-only DTCs were
NR2F1negative (Fig. 8i). NR2F1 expression was more frequent (37%)
in DTCs than in PT cells (<1%) arguing that NR2F1 is upregulated
after dissemination. We conclude that spontaneous DTCs can remain
in, or quickly enter, an NR2F1high non-proliferative state as DTCs
in lungs.

DISCUSSION
Our work reveals that hypoxic microenvironments in primary lesions
contain subpopulations of tumour cells that not only activate a
hypoxic response, but also a long-term dormancy-like program29

(Supplementary Fig. 5). Once cells disseminated, the expression
of dormancy markers persisted, but the hypoxic response did not
(Supplementary Fig. 5). This suggests that the dormancy-like response
is more long-lived than the hypoxic program or that another hypoxia-
responsive pathway not linked to GLUT1 expression is activated
concomitantly with the dormancy program. The identity of this
pathway is unknown, but hypoxia-activated p38 (ref. 51) is a likely
candidate, as p38 can induce NR2F1 (ref. 16) and HIF1↵ (ref. 51).
The dormancy markers NR2F1 and p27 had the longest half-life
and p27 was detected as long as one month in post-hypoxic DTCs,
the equivalent of ⇠3 years in humans. DEC2 was also induced
by hypoxia, possibly post-transcriptionally18, but it was marginally
expressed or absent in proliferative DTCs or tumours, suggesting
that it may be an early executor of hypoxia-induced dormancy. We
also confirmed in immune-competent PyMT-Dendra2 mice52 that
NR2F1+ quiescentDTCs emerge rapidly in lungs. Thus, both PT stress
microenvironments and the target organ might cooperate to induce a
dormant phenotype, as previously proposed11 (Supplementary Fig. 5).

Post-extravasation DTC dormancy, rather than intravasation and
extravasation, was significantly induced by hypoxia. We also found
post-hypoxic T-HEp3 cells to be more frequently TGF�2high, while
growingmetastases silenced the TGF�2 signal (Supplementary Fig. 5).
TGF�2 expression is detectable in the lung, a site permissive
for metastasis, but that also harbours dormant DTCs50. Here,
we found TGF�2 upregulated in specific lung niches harbouring
dormantDTCs.While additional testing of TGF�2high niches’ function
in the lung is needed, awakening of numerous dormant DTCs
(TGF�2high/NR2F1high/p27high) might explain why p38↵/� (activated
by TGF�2) and TGF�RI inhibitors enhance lungmetastasis50. It is also
possible that dormant DTCs orchestrated TGF�2hi niches that may
help drive and maintain dormancy, or that post-hypoxic DTCs may
actively home to TGF�2hi niches or fail to disrupt these niches.

NR2F1 holds DTCs in lungs in a dormant state16 and we now
show that hypoxia in PTs might initiate an NR2F1-, HIF1↵- and
p27-induced dormancy program. This was also true for ER+ breast
cancer cells, which show an enrichment for a dormancy signature
strongly associated with longer time to metastasis14. In malignant cells
upregulation of NR2F1 can induce remodelling of chromatin into a
repressive state16. Our data show that a similar reprogramming might

be occurring in PT hypoxic microenvironments, as cells that were
GLUT1high also accumulated abundant H3K27me3 repressive marks
in areas of growth arrest where HIF1↵ and p27 were usually co-
upregulated (Supplementary Fig. 5). Thus, the PT hypoxia-induced
reprogramming might precede and allow for the long-lived nature
of the dormancy program in DTCs. Our data further suggest that
PT hypoxicmicroenvironments induce, even inmetastasis-permissive
sites such as the lung, a dormancy program16,50. The duration of
dormancy may be more variable in the lung, given that proliferative
micro- and macrometastasis lesions appear to coexist with dormant
DTCs. These data are important because hypoxia-induced dormant-
like DTCs survive chemotherapy by evading apoptosis, potentially
allowing dormant DTCs to reactivate and contribute to relapse. Our
data are not in disagreement with the findings that hypoxia fuels
metastasis10,53–55, but rather reveal that hypoxia spawns an additional
phenotype where a large subpopulation of DTCs may enter dormancy
and fuel recurrences by evading therapy.

Using previously unavailable technological advancements, namely
the Hi-NANIVID37,38 and a hypoxia biosensor34, we could induce and
monitor spatially defined hypoxic stress microenvironments in vivo.
The potential of the NANIVID is not limited only to its applications
in this study. For example, it can be used for direct intravital imaging
while the tumour area is influenced37. A caveat is that once the device
is implanted the experiment starts and pulse-chase-like experiments
cannot be performed in the same tumour area. However, this device
is being upgraded to include regulated release systems and its direct
integration in imaging windows, which will allow monitoring single-
cell biology events in real time in a reversible manner in the same
tumour area37.

Our study shows howhypoxia in PTmicroenvironments can have a
long-lasting influence on the fate of DTCs. This suggests that therapies
that target such dormancy mechanisms might be useful to eliminate
quiescent tumour cells during minimal residual disease56, or in com-
bination with anti-proliferative therapies, to concomitantly target pro-
liferative and quiescent or slow-cycling cells and thus therapeutically
address the full heterogeneity of disseminated disease. ⇤

METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Cell lines.The tumorigenicHEp3 (T-HEp3) head andneck squamous cell carcinoma
(HNSCC) PDX line was derived form a lymph node metastasis of a HNSCC patient,
and maintained as described previously57. The triple-negative, basal-like MDA-
MB-231 and the ER+ luminal-like ZR-75-1 breast cancer cell lines were described
previously58,59 and acquired from ATCC. Cell were routinely checked to exclude
mycoplasma contamination. No cell lines used in this study were found in the
database of commonly misidentified cell lines that is maintained by ICLAC and
NCBI Biosample. The cell lines were not further authenticated after purchase from
ATCC. Using Lipofectamine transfection reagent (Invitrogen) according to the
manufacturer’s instructions, these cell lines were stably transfected with di�erent
reporter proteins (see Supplementary Table 1).

We generated T-HEp3 cells expressing a Histone 2B (H2B)-GFP fusion protein
under the control of the tetracycline-controlled transactivator (Tet-On) system
(Tet-On H2B-GFP T-HEp3). These cells produce the nuclear H2B-GFP tag when
in the presence of doxycycline, a more stable tetracycline analogue, and are unable
to produce this tagged fusion protein in the absence of it. Due to the slow turnover
of the Histone 2B protein, the GFP tag stays with cells for extended time, even if
doxycycline is withdrawn; yet any cell division will quickly dilute the label down.

We also generatedMDA-MB-231 cells expressing both a permanently activeGFP
and, under the control of five hypoxic response elements and an oxygen-dependent
degradation domain (5HRE-ODD), a red mCherry fluorescent protein (MDA-MB-
231-5HRE-ODD-mCherry-GFP)34. These cells always express the GFP and only in
hypoxic conditions also express the redmCherry protein, which allows for detection
of di�erent oxygenation status.

The MDA-MB-231-H2B-Dendra2 and ZR-75-1-H2B-Dendra2 cells express a
fusion protein of Histone 2B and the photoswitchable fluorescent protein Dendra2,
which can be irreversibly switched from green to a highly photostable red emission
by near-UV light (400–405 nm). We also utilized cell suspensions from the Dendra2
tag in the MMTV polyoma middle T (MMTV-PyMT)-driven spontaneous breast
cancer model in immunocompetent mice. These MMTV-PyMT-Dendra2 tumours
express the soluble Dendra2 tag in the cytoplasm52. All plasmids also included the
KanMX cassette that confers kanamycin resistance for clonal selection. Selection of
successfully transfected clones through addition of G418 to culture medium was
started 48 h after transfection.

iNANIVID. The novel induction nano-intravital device (iNANIVID) consists of
two microfabricated glass halves with an etched chamber that can be loaded with
hydrogel solutions containing di�erent chemical compounds, which are released
over time37. The iNANIVIDs can be used in the in vivo chicken chorioallantoic
membrane (CAM) model to influence the tumour microenvironment. We used
iNANIVIDs loadedwith 10mMdoxycycline (Dox), 1mMdesferrioxamine (DFOM,
Hi-NANIVID) and phosphate-bu�ered saline (PBS, PBS-NANIVID). DFOM is an
iron chelator and has previously been used extensively to mimic hypoxia. Iron is
needed in the PHD-mediated selective hydroxylation of HIF1↵ proline residues,
which initiates proteosomal degradation. By blocking the degradation, DFOM leads
to HIF1↵ accumulation within normoxic cells.

Photoconversion. A custom-built 405 nm LED-Array (3A/20V) was constructed
for photoconversion of the Dendra2-expressing cells in vitro and in vivo.
Photoconversion of plated cells was carried out for 90–120 s, depending on the cell
density and visually controlled for >95% photoconversion (Figs 5e–h and 6a–c).
For the spontaneously disseminated PyMT-Dendra2 experiment, the skin covering
the tumour was incised and temporarily retracted to expose the tumour, which
was photoconverted for 5min in vivo (Fig. 8e). On the lung slides, the Dendra2-
green signal was used to identify the DTCs. Using a Leica DM 5500 B microscope
(Leica), the cells were imaged before and after 60 s irradiationwith theDAPI channel
(405 nm), to photoconvert additionalDendra2-green protein toDendra2 red (Fig. 8h
and Supplementary Fig. 4C–E). The change in pixel intensity wasmeasured using the
Metamorph software (Supplementary Fig. 4C). For red-label-retaining cells, the red
pixel intensity in arbitrary units after photoconversion was normalized to the value
before photoconversion. For non-label-retaining cells the absolute value for red pixel
intensity in arbitrary units is used.

Chicken chorioallantoic membrane (CAM) model. The chicken chorioallantoic
membrane (CAM) model and the serial inoculation of T-HEp3 tumours have
been previously described57. For the CAM xenografts we used premium specific
pathogen-free (SPF), fertile, 8-day-incubated embryonated chicken eggs supplied
by Charles River Laboratories. For the Tet-On H2B-GFP T-HEp3 label chase
experiment (Fig. 1d–f), the cells were incubated with 1 µgml�1 Dox in normal tissue
culture conditions. Cells (5 ⇥ 105) were seeded on CAMs and tumours were grown
for five days, without Dox treatment. At day 5, 50 µl of pimonidazole (40mgml�1,
HP1-100Kit, Hypoxyprobe) was injected into the embryos and incubated for 4 h.
The tumours were excised and immediately collagenased. The cells were fixed in 4%

formaldehyde and cytospins were prepared and stained for pimonidazole adducts
(see Supplementary Table 2).

For all iNANIVID inoculation experiments, a layer of minced T-HEp3 tumour
was seeded inside a sterile Teflon ring on the chorioallantoic membrane. In this ring,
on the first layer of tumour cells, the iNANIVIDwas inoculated, as shown in Fig. 2b.
Then a second layer of minced T-HEp3 tumour was added to cover the iNANIVID
completely. The ring kept the mass of minced tumour together. Following tumour
implantation, the CAMs were incubated for 3 and 6 days at 37 �C before the
tumour was recovered and the upper left quadrant was harvested for further analysis
(area of influence, Fig. 2b). The stereoscopic images in Fig. 2c and Supplementary
Fig. 1F were taken with a Zeiss Lumar V12.0. The intravasation experiment has
been described previously46. For the experiment (Fig. 4b,c), 106 T-HEp3 Tet-On-
H2B-GFP or MDA-MB-231-5HRE-ODD-mCherry-GFP cells were inoculated on
the CAM. The CAMs carrying T-HEp3 Tet-On-H2B-GFP cells were treated with
5 µgml�1 doxycycline daily to sustain the H2B-GFP expression. Prior to inoculation
the MDA-MB-231-HIF reporter cells were incubated for 72 h in either normoxic
(only GFP expressed) or hypoxic conditions (to activate the 5HRE-ODD-mCherry
red fluorescing protein). After 48 h, the egg membranes perpendicular opposite to
the implantation site (lower CAM) were recovered and intravasated cells in the
vasculature were detected and quantified. For the DFOM di�usion experiments
(Supplementary Fig. 2A–D), 5 ⇥ 105 MDA-231-HIF reporter cells were seeded on
recipient CAMs and resulting tumour nodules were harvested 7 days later, minced
and re-seeded in Teflon rings and implanted with NANIVIDs. After 3 days, whole
CAMs with tumours were removed from the eggs and mCherry and GFP signals
were imaged using a LSM 880 Zeiss confocal microscope.

Mouse xenograft models. For tail vein and mammary fat pad injections we
used female, 8–10-week-old athymic Foxn1 nu/nu mice acquired from Harlan
Sprague Dawley. The MMTV-PyMT immune-competent transgenic mice were
female, 10–12 week old and the mouse model as a robust model for breast cancer
was described previously52. All mouse experiments were conducted according to
institutionally approved animal protocols (IACUC MSSM: LA11-00017, 11-0032;
Einstein: 20130909). No statistical method was used to predetermine sample size; we
used empirical methods from past studies. The experiments were not randomized
and the investigators were not blinded to allocation during experiments and
outcome assessment.

In the MDA-MB-231-5HRE-ODD-mCherry-GFP xenograft experiments
(Fig. 1a–c and Supplementary Fig. 1A–C), 2 ⇥ 106 cells were subcutaneously
injected in the inguinal mammary fat pad of athymic Foxn1 nu/nu mice and
tumours were harvested at 1.5–2 cm diameter and immediately snap frozen for IF
staining. For the in vivo extravasation experiment (Fig. 4d), stably GFP-expressing
T-HEp3 cells were grown in monolayer in normoxia (21%O2) or hypoxia (1%O2)
for 72 h. Then, 3 ⇥ 105 cells in 50 µl PBS were tail vein injected in Foxn1 nu/nu
mice. Twenty-four hours later mice were euthanized and the lungs were flushed
with 3ml ice-cold PBS to exclude blood from the analysis and dissected from the
animals. Then, one lung of each animal was minced and collagenased for 30min at
37 �C. The total lung cell suspension (1ml) was manually screened for GFP+ cells
using a direct fluorescence microscope (Nikon Eclipse Ti-S equipped with an EXFO
X-Cite 120 fluorescence illumination system) and the total cell number per animal
was calculated. For all tail vein injection experiments, the indicated amounts of
pretreated cells suspended in 50 µl PBS were injected in Foxn1 nu/nu mice and the
animals were euthanized using CO2 at the designated time points (Figs 5, 7 and 8).

For the in vivo label-retention assays (Fig. 5), the lungs of the mice were
flushed with 3ml PBS and one lung was immediately mounted in Tissue-Tek O.C.T.
Compound (Sakura Finetek USA), snap frozen and stored it �80 �C until further
use. The other lung was minced and digested using collagenase-IA (Sigma-Aldrich)
for 30min at 37 �C.

In case of the TET-ON-H2B-GFP T-HEp3 label-retention experiment
(Fig. 5a–d), the resulting cell suspension was diluted to 10ml volume and the
amount of tagged tumour cells (H2B-GFP, Dendra2 green/red) in three 100 µl
samples of each animal was manually counted using a fluorescence microscope
(see above). Using the total number of lung-lodged T-HEp3 cells (obtained by
re-inducing the TET-ON-H2B-GFP by culturing the total lung cell suspension
with doxycycline for 16 h) (Fig. 5c), the percentage of label-retaining cells was
calculated (Fig. 5d).

For the 231-H2B-Dendra2 tail vein experiment (Fig. 5e–h), the lungs were
treated as above. Following digestion of the lungs, the amount ofDendra2-green cells
was counted manually as above, followed by assessment of Dendra2-red expression.
Using these results, the total number of lung-lodged 231-H2B-Dendra2 cells
(Dendra2 green, Fig. 5g) and the percentage of red-label-retaining cells (Dendra2
green and red, Fig. 5h) were calculated per mouse.

In the chemotherapy experiment (Fig. 8a–d and Supplementary Fig. 4B) we used
3.5mg kg�1 body weight cisplatin (NDC 63323-103-65, Fresenius Kabi) or an equal
volume of sterile, injection-grade 0.9% NaCl solution for i.p. injection. Mice were
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weighed every other day before injection to account for possible weight loss due
to therapy.

For the spontaneous lung DTC experiments we used MMTV-PyMT-Dendra2
mice (Fig. 8e–i and Supplementary Fig. 4C–E). The spontaneous, luminal-like
mammary tumours carry the photoswitchable Dendra2 protein. When the tumours
were palpable in the fat pad, they were excised, minced and injected in the inguinal
mammary fat pad of non-tumour-bearing FVB mice, to eliminate the e�ect of mul-
tiple simultaneous tumours. After about 8 weeks, when the tumours were 1.5–2 cm
in diameter, the whole tumour was photoconverted in vivo for 5min using a custom-
built 405 nm light-emitting, low-heat diode. Thismethod caused no thermal damage
to the tissue and the wound was closed over the tumour. Seven days later the animals
were euthanized and the lungs were snap frozen in O.C.T. for further analysis.

Human samples. All human tumour samples were de-identified and written
informed consent was obtained from all patients prior to operation. Approval was
granted under IRB number HSM no. 12-00145/GCO no. 12-0366.

Tissue culture experiments. All cells, if not indicated otherwise, were cultured
in normoxic (21%O2) or hypoxic (1%O2) cell culture conditions. The T-HEp3
and MDA-MB-231 cells were cultured in DMEM medium (Corning Cellgro) with
10% FBS (Sigma, for T-HEp3 and Atlanta Biologicals, for MDA-MB-231) and 1%
Pen/Strep (Gibco). ZR-75-1 cells were grown in RPMI medium (Corning Cellgro)
with 10% FBS and 1% Pen/Strep (both the same as for MDA-MB-231). The
medium of Dendra2-transfected cells was supplemented with G418 (InvivoGen) for
selection maintenance (MDA-MB-231: 1.0mgml�1; ZR-75-1: 0.5mgml�1; T-HEp3:
0.4mgml�1).

For the re-exposure to DFOM in vitro (Supplementary Fig. 2H), T-HEp3 cells
derived from the Hi-NANIVID CAM tumours at day 6 were plated on 8-well
chamber slides (20,000 cells per well), allowed to attach for 24 h and then treated
with PBS or DFOM (90 µM, Sigma-Aldrich) for 24 h before fixation and staining
for GLUT1.

For the plating e�ciency assay, MDA-MB-231, ZR-75-1 and T-HEp3 cells were
cultured for 24 h in normoxia or for 24 h, 48 h or 72 h in hypoxia, followed by plating
(1,000 cells per well) and culture in standard TC conditions. Colonies (clusters of>5
cells) were counted at day 8 (see Supplementary Fig. 3I).

Knockdown experiments. The knockdown experiments (Figs 3h,i and 6c and Sup-
plementary Fig. 3G,H,J) were conducted in antibiotic-free medium for 24 h, using
iPORTNeoFX Transfection Agent (Thermo Fisher) according to the manufacturer’s
instructions. NR2F1 (50 nM) and HIF1↵ (20 nM) siRNA, as well as equal amounts
of scrambled control siRNA were used, as in our previous publication16 and in this
paper. See Supplementary Table 4 for further information on siRNA.

Matrigel assay. 231-H2B-Dendra2, ZR-75-1 H2B-Dendra2 and ZR-75-1 H2B-
Dendra2 NR2F1 knockdown cells were seeded in Matrigel-coated (50 µl per well)
8-well chamber slides (Fig. 6a–c). Medium containing 5% FBS and 2% Matrigel
was changed every other day. The fluorescent cells in the Matrigel were imaged and
scored using a Nikon Eclipse Ti-S microscope on the indicated days.

TUNEL assay. Para�n-embedded tissue sections were stained using the In Situ Cell
Death Detection kit (Roche) according to the manufacturer’s instructions. Briefly,
following slide dewaxation and rehydration in xylene and a graded alcohol series,
slides were microwaved in 10mM citrate bu�er, pH 6.0 for 12min. TUNEL reaction
was performed at 37 �C for 30min and stopped by washing the slides with 0.3M
NaCl 0.03M Na2C6H6O7. Vimentin staining was performed as described above.

Quantitative PCR (qPCR). Whole RNA was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Following reverse
transcription using MMuLV RT (NEB), quantitative qPCR for GLUT1, DEC2,
NR2F1, p27 and HIF1↵ was performed as described previously16 using Taq DNA
polymerase (NEB) in theCFX96TouchReal-TimePCRDetection System (Bio-Rad).
GAPDHwas used as a housekeeping gene. All primerswere purchased from IDT. For
the specific primer sequences see Supplementary Table 3.

Immunohistochemistry (IHC) and immunofluorescence (IF) assays. Para�n-
embedded tissue sections were stained using the Vectastain ABC-kit (Vector

Laboratories) according to the manufacturer’s instructions. See Supplementary
Table 2 for complete list of antibodies. Briefly, following slide hydration in xylene
and a graded alcohol series, slides were microwaved in 10mM citrate bu�er for
12min for antigen retrieval. Endogenous peroxidase activity was quenched by 3%
H2O2. Binding of the primary antibody was carried out at 4 �C overnight, with
detection by secondary antibodies at room temperature for 1 h. Liquid DAB was
used as chromogen (Vector Laboratories).

For IF stainings, para�n-embedded sections were first de-para�nized and
rehydrated and antigen retrieval was conducted as described above; frozen sections
were thawed to room temperature while covered with PBS. Cell membranes were
permeabilized with 0.5% Triton X in PBS for 5min at room temperature. Sections
were blocked with 3% normal goat serum (NGS) in PBS for 60min at room
temperature prior to the first antibody incubation. Antibody binding was carried
out at 4 �C overnight, followed by washing with PBS (3 ⇥ 5min) and blocking
for 60min at room temperature. A secondary, fluorescent antibody reacting to the
primary was applied for 1 h in the dark at room temperature (all: Invitrogen). Slides
were mounted with Pro-Long Gold with DAPI (Life Technologies). The IF and
IHC stainings were evaluated using a Leica DM 5500 B microscope with DAPI,
GFP, Cy-3 and Y5 filter cubes or a Leica TCS SP5 II confocal Laser-microscope
(Leica). If not otherwise indicated, slides were scoredmanually by bright-field (IHC)
or fluorescence microscopy (IF). Total cell numbers per high-power field (40⇥,
100⇥, see legend) were counted and the percentages of positive or negative cells
were calculated.

Scoring using ImageJ and MetaMorph software. The positive area in the MDA-
MB-231-HIF reporter xenografts was evaluated using the open-source processing
software Fiji (ImageJ) (Fig. 1a–c and Supplementary Figs 1A–C, 2A–D and 3B). The
pictures were duplicated; one picture was thresholded to the staining appropriate
intensities and a binary image was created. The area covered by positive staining was
quantified in the original file using the binary image as a template. In the xenografts,
the area covered by the specific antigenwas normalized to the expression ofmCherry
for hypoxic areas and GFP for normoxic areas. The histograms were created
using Fiji (ImageJ). For the di�usion analysis (Supplementary Fig. 2A–D), pixel
intensity of the red channel in >60 cell clusters was measured at indicated distances
from the iNANIVID, as indicated above. For the xenografts, 20 high-power fields
were scored.

For the scoring of nuclear HIF1↵ and nuclear p27 in CAM tumour sections
(Supplementary Fig. 3C–E), the nuclei of T-HEp3 cells in 5–6 di�erent fields per
tumour were outlined and the integrated fluorescence intensities of the red channel
(HIF1↵) and from the green channel (p27) were quantified using MetaMorph
software (MolecularDevices). ForHIF1↵high and p27high nuclear levels we considered
values >1.5⇥ the negative control. The GLUT1 integrated fluorescence intensity in
individual cells on stainedCAM tumour sections or in tissue culture (Supplementary
Fig. 2E,H) was measured using MetaMorph software.

Statistics and reproducibility. All statistical analysis was carried out using the
GraphPad Prism software version 5.0d. Non-parametric Mann–Whitney test or
Student’s t-test was used to calculate the significance in di�erences between two
groups, Kruskal–Wallis test was used to calculate the di�erence between more than
three groups, and Pearson’s correlation was used to correlate staining in single cells,
as indicated in the figure legends; a P value of <0.05 was considered significant.
All in vivo (both mouse and CAM) and in vitro experiments were independently
repeated and included at least three biologically independent samples, as indicated
in the legends. All IF or IHC stainings were performed in duplicate and accompanied
by appropriate isotype and negative controls.

Data availability. Source data for Figs 2d and 5c,d,g,h and Supplementary Figs 1E
and 3F,G,I have been provided as Supplementary Table 5. All other data supporting
the findings of this study are available from the corresponding author on request.
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Supplementary Figure 1 Quantification of the hypoxia-biosensor response, 
hypoxic adducts and influence of different oxygen tensions in vitro . A-C. 
Representative IF images and fluorescence histograms of MDA-231-
HIF reporter cell xenografts in nude mice. Cells are GFP-tagged (green) 
and express mCherry (red) when hypoxic (5HR-ODD-mCherry). Sections 
were stained for (A) Glut1, (B) DEC2 and (C) NR2F1. Histograms show 
the percent fluorescence intensity normalized to maximum fluorescence 
for each channel over the boxed area (x-axis: distance, in arbitrary 
units). Scale bar: 50μm; n=3 tumors, see Fig 1A-C. D. IF staining and 
quantification for pimonidazole adducts in T-HEp3 cell cytospins. Cells 
were in vitro  cultured 72h in hypoxia (1% O2) or normoxia (21% O2) 
and then treated with 50μM pimonidazole for 3h. Pimonidazole adducts 
are exclusively detectable in hypoxic cells. Bars show mean + SD, n=4 

independent experiments. Scale bar 25μm. E. Fold change of DEC2, 
GLUT1 and NR2F1 mRNA in T-HEp3, MDA-MB-231 and ZR-75-1 cells 
grown in different oxygen tensions (10%, 5%, 1% O2) versus 21% O2 for 
72 hours. Following reverse transcription of whole RNA, quantitative qPCR 
for GLUT1, DEC2, NR2F1 and GAPDH was performed. GAPDH was used as 
a housekeeping gene. For the specific primer sequences see Table S3. Data 
points represent mean + SEM of n=3 independent experiments, qPCR in 
triplicate; two tailed Student’s t test.  F. Images showing a 3-day-old Tet-On 
H2B-GFP T-HEp3 tumor on CAM with implanted PBS-iNANIVID (control), 
see Fig 2C. Top panel: stereoscopic image of the tumor in situ (4x). Panel 
a: merged image of a representative tumor area showing no GFP activation. 
Box indicates area in panel b. b: Detail of GFP negative tumor area. Scale 
bar: 250μm; n=3 tumors.
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Supplementary Figure 2 iNANIVID microenvironments and hypoxia 
responses in vitro  and in vivo . A. Representative intra-vital images of 
mCherry and GFP signal of MDA-231 HIF reporter cells grown on the CAM 
for 3 days in indicated distances of PBS- or Hi-NANIVIDs. Scale bar 10μm; 
n=3 tumors. B. Fluorescence was measured: D=distal, M=middle distance, 
P=proximal to NANIVID. C. Quantification of overall (all distances) mCherry 
signal in PBS- and Hi-NANIVID influenced MDA-231 HIF tumors. Bars 
show mean + SEM of n=3 tumors per group, >180 cell cluster; one tailed 
Student’s t test. D. Red mCherry signal at indicated distances after 3 
days in vivo . D=distal, M=middle distance, P=proximal to iNANIVID (see 
Supplemental Figure 2B). Bars show mean + SD of n=3 tumors, >60 cell 
clusters each distance. E. T-HEp3 tumors in CAMs implanted with DFOM 
or PBS iNANAVIDs harvested at day 3 (D3) and day 6 (D6) and stained for 
HIF1α; scale bar 10μm. Graph: average HIF1α fluorescence intensity (red) 
was quantified using MetaMorph. Each dot one cell. Bars show mean + SD; 
n=400 cells, 2 tumors per treatment; Mann-Whitney test. F. Representative 

images of IHC staining for DEC2, NR2F1 and Glut1 in 6 days PBS- or Hi-
NANIVID treated T-HEp3 CAM tumors. White arrows: negative, black arrows 
positive cells; n=2. G. Fold change of expression in positive cells from PBS- 
to Hi-NANIVID treated CAM tumors; bars indicate mean + SEM. See Fig 
2E+F for 3 day treated tumors. Each point one HPF. Scale bar 10μm, n=11 
HPF of 2 tumors; Mann-Whitney test. H. T-HEp3 tumors 6 days on Hi-
iNANAVID CAMs were harvested and cultured for 24 hours with either PBS 
(n=4) or 90 µM DFOM (n=3), 120 cells per condition. Cells were stained 
for GLUT1. Representative images shown, scale bar 50μm and 10μm. 
Average fluorescence intensity per cell (green, GLUT1) was quantified using 
MetaMorph. Each dot one cell. Bars show mean + SD. Note re-induced 
GLUT1 expression in cells that had downregulated the response to DFOM 
in vivo  (see Fig S2F+G). Mann-Whitney test. I. Representative images of 
IF staining for phospho-Rb (pRb) and cleaved Caspase3 (Cl-C3) of 3 days 
PBS- or Hi-NANIVID treated T-HEp3 CAM tumors. Scale bar 50μm; n=3 
tumors. For quantification see Fig 2G+H. 
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Supplementary Figure 3 Morphology of NANIVID treated tumors, correlation of 
HIF1α and p27 in NANIVID tumors, H3K4me3 staining, knock-down controls  
and plating efficiencies in hypoxia. A. Representative low-magnification 
images of H&E stained T-HEp3 CAM tumors treated for 6 days with PBS- or 
Hi-NANIVID or no iNANIVID at all. Scale bar 50μm; n=3 tumors. B. Images 
and quantification of 3 and 6 days PBS- or Hi-NANIVID treated T-HEp3 CAM 
tumors stained for Glut1. Glut1 expression was measured and quantifying by 
red channel intensity (ImageJ). Scale bar 50μm. Mean + SD; n=5 low power 
images (10x) per tumor, 2 tumors each; Mann-Whitney test. C. Representative 
images of nuclear HIF1α and p27 levels in PBS- and Hi-NANIVID T-HEp3 
CAM tumor sections (day 3). Scale bar 10μm; n=3 tumors. D. Quantification 
(integrated intensity) of nuclear levels of p27 and HIF1α in CAM sections of 
3 days PBS- (blue) and Hi-NANIVID treated (red) tumors; negative control 
(background signal) in black. Note the higher levels of both antigens in DFOM 
exposed tumor cells. Bar graph: percentage of p27high/HIF1ahigh cells in CAM 
tumors, (high signal = 1.5x higher than background); bars show mean + SEM; 
n=3 tumors, each dot one cell; Mann-Whitney test. E. Pearson’s correlation 
between nuclear p27 and nuclear HIF1α in Hi-NANIVID tumors. Note the 
strong correlation between HIF1α induction and the growth arrest marker 
p27. Integrated intensities, see Fig S3D; n=3 tumors, each dot one cell. 
F. Quantification of H3K4me3 staining in normoxic (GLUT1 negative) and 

hypoxic (GLUT1 positive) areas of T-HEp3 CAM tumors (see Fig 3E-F). Bars 
show mean + SEM; n=1500 cells scored of 3 tumors; two tailed Student’s t 
test. G. Relative NR2F1 mRNA expression of T-HEp3 cells transfected 24h 
with 50nM NR2F1 siRNA compared to siControl (siCtr) transfected cells. 
Cells were cultured 24h in normoxic (21% O2) or hypoxic (1% O2) tissue 
culture conditions. Cells from this pool were seeded on CAMs, see Fig 3H. 
PCR in triplicate, bars show mean + SD of n=4 independent experiments; 
two tailed Student’s t test. H. Relative HIF1α mRNA expression of T-HEp3 
cells transfected 24h with 20nM NR2F1 siRNA compared to siControl (siCtr) 
transfected cells. Cells were cultured 24h in normoxic (21% O2) or hypoxic 
(1% O2) tissue culture conditions. Cells from this pool were seeded on CAMs, 
see Fig 3I. PCR in triplicate, bars show mean + SD of n=3 independent 
experiments; two tailed Student’s t test. I.  Graphs show plating efficiency 
(PE) for 24h normoxic (N), 24h hypoxic (24h), 48h hypoxic (48h) and 72h 
hypoxic (72h) pre-treated cells. Bars show mean + SEM of n=4 independent 
experiments; two tailed Student’s t test. J. Relative NR2F1 mRNA expression 
of ZR-75-1 H2B-Dendra2 cells transfected 24h with 50nM NR2F1 or control 
siRNA and cultured in normoxia (21% O2) or hypoxia (1% O2) for 72h. Cells 
were then photo converted and seeded in 3D Matrigel (see Fig 6C). Bars show 
mean NR2F1 level + SD of n=4 independent experiments, PCR in triplicate; 
one tailed Student’s-t test. 
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Supplementary Figure 4 Controls for Vimentin specific detection, pRb-
detection in DTCs, Dendra2 photoconversion and NR2F1 expression 
in PyM tumors.  A. Gray scale image of mock tail vein injected (no 
T-HEp3 cells, only PBS) Foxn1 nu/nu mouse lung stained for human 
vimentin and DAPI. Vimentin antibody showed no reaction with mouse 
lung tissue. Boxed area in 40x indicates higher magnification shown 
in 100x. Scale bar 25μm (40x) and 10μm (100x). B. Representative 
images and quantification of T-HEp3 DTCs in mouse lungs at day 10 
after injection and 5 days cis-platin treatment (see Fig 8A), stained for 
p-Rb (green), human vimentin (red) and DAPI (blue). Graph shows mean 
+ SD, n=3 mice, >500 cells per group; one tailed Student’s t test. C. 
Frozen section of PyMT-Dendra2 PT photo converted with UV channel for 
15sec (see dashed line). Scale bar 250μm. D. Representative images of a 

spontaneous MMTV-PyMT-Dendra2 (green) lung micro-metastasis stained 
for macrophage marker CD45 (red) and DAPI (blue). No significant green 
Dendra2 signal was detected in CD45 positive macrophages. Asterisks 
indicate cytoplasmic aggregates of Dendra2 protein observed in MMTV-
PyMT-Dendra2 cells, as in Fig 8G-H. Scale bar 10μm; n=3 mice. E. 
Increase in red pixel intensity of 34 label retaining (LRC) and 34 not label 
retaining (NLRC) PyMT-Dendra2 lung DTCs measured using MetaMorph. 
Graph LRC: fold increase normalized to red pixel intensity before photo 
conversion of slide. Graph NLRC: absolute red pixel intensity in arbitrary 
units, no red pixel intensity before PC. Cells marked with # are shown in 
Figure 8H. F. Quantification of cells positive for NR2F1 in PyMT-Dednra2 
primary tumor (PT) and spontaneous lung DTCs (see Fig 8E-I). Bars show 
mean + SD. n=3 mice, 10 HPF per PT, 187 lung DTCs.

Fluegen & Avivar-Valderas et al., Supplemental Figure 4 
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Supplementary Figure 5 Graphic illustrating the effect of PT hypoxic 
microenvironments on DTCs. We hypothesize that hypoxic PT 
microenvironments (red area) give rise to a more heterogeneous population 
of DTCs consisting of proliferative but also larger amounts of dormant 
DTCs. The latter can be dormantn for varying time periods but sufficient to 
possibly escape cycles of chemotherapy. These dormant DTCs may evade 
via passive and active mechanisms antiproliferative therapies fueling 
subsequent relapse. Compared to DTCs originating from normoxic PT 
microenvironments (blue area), hypoxic DTCs (red) are more prone to enter 
a dormancy (green cells) program in secondary organs driven by NR2F1+, 
DEC2+, p27+ and TGFβ2+ signals. Still in secondary organs post-hypoxic 

DTCs do not appear to maintain hypoxic gene expression (GLUT1-). 
However, the induction of p27 is dependent of at elast HIF1α and NR2F1 
in primary sites. In secondary organs post-hypoxic DTCs may home to 
TGFβ2+ niches, create their own TGFβ2+  niches and/or fail to disrupt 
niches that contain and induce TGFβ2 expression. The persistence of 
dormancy gene expression in secondary organs may be linked to histone-H3 
PTMs that control expression of dormancy (up) and hypoxic (down) genes 
as post-extravasation events in DTCs. We propose that understanding how 
hypoxia induces dormancy may reveal novel therapies that target selectively 
dormant DTCs. These therapies could be combined with standard anti-
proliferative treatments.
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Supplementary Table Legends

Supplementary Table 1 Cell lines used in this study. Dox = Doxycycline; PC = photo conversion by 405nm UV-light

Supplementary Table 2 List of all antibodies, suppliers and concentrations.

Supplementary Table 3 Primer sequences. All primers were ordered from IDT Inc., USA

Supplementary Table 4 siRNA and suppliers.

Supplementary Table 5 Statistical Source Data. Statistical source data for figures 2D, 5C, 5D, 5G, 5H.
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Mechanism of early dissemination and metastasis in 
Her2+ mammary cancer
Kathryn L. Harper1*, Maria Soledad Sosa1*†, David Entenberg2, Hedayatollah Hosseini3, Julie F. Cheung1, Rita Nobre1, 
Alvaro Avivar-Valderas1, Chandandaneep Nagi1, Nomeda Girnius4, Roger J. Davis4, Eduardo F. Farias1, John Condeelis2, 
Christoph A. Klein3,5 & Julio A. Aguirre-Ghiso1

Metastasis is the leading cause of cancer-related deaths; metastatic 
lesions develop from disseminated cancer cells (DCCs) that can 
remain dormant1. Metastasis-initiating cells are thought to originate 
from a subpopulation present in progressed, invasive tumours2. 
However, DCCs detected in patients before the manifestation of 
breast-cancer metastasis contain fewer genetic abnormalities than 
primary tumours or than DCCs from patients with metastases3–5. 
These findings, and those in pancreatic cancer6 and melanoma7 
models, indicate that dissemination might occur during the early 
stages of tumour evolution3,8,9. However, the mechanisms that might 
allow early disseminated cancer cells (eDCCs) to complete all steps 
of metastasis are unknown8. Here we show that, in early lesions in 
mice and before any apparent primary tumour masses are detected, 
there is a sub-population of Her2+p-p38lop-Atf2loTwist1hiE-cadlo 
early cancer cells that is invasive and can spread to target organs. 
Intra-vital imaging and organoid studies of early lesions showed 
that Her2+ eDCC precursors invaded locally, intravasated and 
lodged in target organs. Her2+ eDCCs activated a Wnt-dependent 
epithelial–mesenchymal transition (EMT)-like dissemination 
program but without complete loss of the epithelial phenotype, 
which was reversed by Her2 or Wnt inhibition. Notably, although 
the majority of eDCCs were Twist1hiE-cadlo and dormant, they 
eventually initiated metastasis. Our work identifies a mechanism for 
early dissemination in which Her2 aberrantly activates a program 
similar to mammary ductal branching that generates eDCCs that 
are capable of forming metastasis after a dormancy phase.

We investigated whether the loss of tumour-suppressive p38 sig-
nalling and gain of oncogenic Her2 upregulation, which induce 
resistance to anoikis (apoptosis induced by lack of correct cell–
extracellular matrix attachment) in early cancer cells10, might 
activate a disseminating phenotype. eDCCs were defined as those 
originating at times when the MMTV–Her2 (Her2 under the con-
trol of mouse mammary tumour virus) mice had normal ductal 
architecture, hyperplasia and mammary intraepithelial neoplasia,  
as confirmed by histopathology11, but no detectable tumours8 
(Extended Data Fig. 1a–c). Her2 causes E-cadherin (E-cad, also 
known as cadherin 1) downregulation12, whereas p38 can maintain 
E-cadherin expression13. We found that more than 85% of Her2+ 
cells were E-cadlo (Fig. 1a), and in Her2+ (wild-type gene) and 
Her2-T+ (mutant active gene) tissues of early lesions, E-cadhi early  
cancer cells were more frequently phosphorylated (70–75%) (p-)
ATF2hi (Fig. 1b and Extended Data Fig. 1d, e). In each duct, 60–70% 
of all cells from early lesions were positive for membrane β -catenin 
(the inactive form) (Extended Data Fig. 2a). However, when analysing 
Her2+ cells alone, only 30% of cells showed membrane localization 

for β -catenin (Fig. 1c). Overall, these results suggest that Her2+ cells 
display a loss of E-cadherin- and β -catenin-based junctions and are 
p-ATF2lo.

Overt MMTV–Her2 tumours showed low levels of E-cadherin, phos-
phorylated p38 (p-p38) and p-ATF2, while maintaining high p-ERK1/2 
(p-ERK1 and p-ERK2) levels (Extended Data Fig. 2b–d), suggesting 
that a Her2+p-ATF2loE-cadlo profile is present in early lesions and pri-
mary tumours. We found that only HER2−  human ductal carcinoma 
in situ (DCIS) lesions retained both high p-ATF2 expression levels and 
organized E-cadherin junctions, whereas HER2+ DCIS lesions showed 
low expression levels for p-ATF2 and E-cadherin (Extended Data  
Fig. 2e, f). The HER2+p-p38lop-ATF2lo profile was also present in 
larger human HER2+ breast carcinomas, whereas only HER2−  tumours 
showed strong nuclear staining for p-p38 and p-ATF2 compared to 
HER2+ lesions (Extended Data Fig. 2g). We conclude that, in early 
human and mouse cancer cells, HER2 upregulation is associated with 
a p-p38lop-ATF2loE-cadlo profile that persists in large primary tumours.

The above data suggest that p38 might prevent an invasive phe-
notype and therefore Her2+E-cadlop-p38lop-ATF2lo cells from early 
lesions might be able to disseminate. MMTV–Her2 early lesions and 
MCF10A (a human mammary gland cell line) cells overexpressing 
HER2 (denoted as MCF10A-HER2) grown in 3D-organoid cultures 
show misshapen architecture and occasional single-cell invasion from 
the organoids (Extended Data Fig. 3a, b). Treatment of MCF10A-HER2 
cells (Extended Data Fig. 3c, d) or MMTV–Her2 organoids (Extended 
Data Fig. 3e) with lapatinib, which reduced p-S6 levels through inhibi-
tion of epidermal growth factor receptor (EGFR) and Her2 (Extended 
Data Fig. 3d), or with HER2  (also known as ERBB2 ) short interfering 
RNAs (siRNAs) restored E-cadherin junctions and increased p-ATF2 
levels (Extended Data Fig. 3c, e). Inhibition of EGFR signalling to AKT 
using AG1478 also increased the number of E-cadherin junctions and 
ATF2 phosphorylation (Extended Data Fig. 3c–e). Further, a pan-PI3K 
inhibitor (GDC-0941) or an AKT inhibitor (MK2266) that reduced 
p-S6 levels also increased p-ATF2 levels (Extended Data Fig. 3d, e). 
Basal and lapatinib-stimulated nuclear p-ATF2 levels were completely 
eliminated by treatment with SB203580 (Extended Data Fig. 3f) in 
MCF10A-HER2 cells. We conclude that Her2 and EGFR signalling 
through PI3K and AKT inhibit p38 activity in cells from early lesions, 
and that increased p-ATF2 levels after HER2 and EGFR inhibition 
depend on p38α  and p38β  (p38α /α β  (Extended Data Fig. 3a–f).

MMTV–Her2 and MCF10A-HER2 organoids showed outward 
invading single cells as observed using live microscopy (Supplementary 
Video 1 and Fig. 1d, e), which displayed projections rich in F-actin, 
loss of E-cadherin junctions and focalized loss of laminin-V deposi-
tion (Fig. 1e and Extended Data Fig. 3g). Her2+ invading cells from 
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MMTV–Her2 early lesions also showed downregulated E-cadherin  
in vivo (Fig. 1f). Notably, approximately 80% of E-cadlo invading cells 
were Her2+ and positive for cytokeratin 8 and 18 (CK8/18+), suggest-
ing that epithelial identity was retained despite E-cadherin junction 
loss; only about 20% of CK8/18+ invading cells were negative for 
Her2 (Extended Data Fig. 3h). When we inhibited p38α /β  activity in 
MMTV–Her2+ and MCF10A-HER2 organoids using SB203580, we 
found that it stimulated an invasive phenotype (Fig. 1d, e and Extended 
Data Fig. 3g). We conclude that Her2+E-cadlop-p38lo early cancer cells 
display an invasive phenotype without the loss of CK8/18 expression.

We next monitored early dissemination using high-resolution 
intra-vital imaging14 of MMTV–Her2–cyan fluorescent protein (CFP) 
transgenic mice (Fig. 2). Using a new mammary imaging window and 
two-photon imaging in vehicle-treated Her2–CFP mice, we found that 
although no invasion was detected at 10 weeks (normal ductal structure)  
(Fig. 2a, left and Supplementary Video 2), at 15 and 18 weeks 
local invasive CFP+ cells were detected invading into the stroma  
(Fig. 2a, middle, right and Supplementary Videos 3, 4). CFP reports 
faithfully for Her2-overexpressing cells, which were confirmed using 
double Her2 and CFP immunofluorescence (more than 90% of Her2+ 
cells were CFP+; Extended Data Fig. 4a). p38α /β  inhibition with 
SB203580 stimulated invasion and CFP+ cells were now found intra-
vasating (Fig. 2b–d and Supplementary Videos 5–7). 3D reconstruction 
of the videos showed unambiguously how individual cells from the 
ductal early lesion tissues entered the lumen of blood vessels (Fig. 2b 
(inset), c, d and Supplementary Videos 7, 8).

The intravasation documented in the videos led to successful  
dissemination, since we found Her2+CK8/18+ eDCCs in the blood, 
bone marrow and Her2+ eDCCs in lungs of 14–18-week-old mice 
(Extended Data Fig. 4b–j and Extended Data Table 1). Her2 detec-
tion by immunohistochemistry or immunofluorescence microscopy 
using two independent antibodies (mouse and rabbit) showed similar 
patterns of Her2 staining that were absent with the pre-immune IgG 
or non-oncogene expressing FVB mice (Extended Data Fig. 4c–g). 
Systemic inhibition of p38α /β  for 2 weeks also substantially increased 

the numbers of early circulating cancer cells in blood (Extended 
Data Fig. 4h) and eDCCs in bone marrow and lungs (Extended Data  
Fig. 4i, j).

Treatment of MMTV–Her2 or MCF10A-HER2 early lesion orga-
noids with SB203580 or siRNAs targeting p38α  caused a loss of 
E-cadherin junctions (Fig. 3a, h (top) and Extended Data Fig. 5a–c). 
Genetic and pharmacological p38 inhibition reduced total membrane- 
localized inactive β -catenin and increased active-β -catenin (unphos-
phorylated β -catenin, detected with a conformation-specific antibody15)  
(Fig. 3b and Extended Data Fig. 5a, b, d, e). Inhibition of p38α /β  in 
MCF10A-HER2 cells led to AXIN2  mRNA upregulation, a canonical 
target of β -catenin16 (Extended Data Fig. 5f). SNAI1 (also known as 
SNAIL) and TWIST1 were also upregulated in MCF10A-HER2 3D 
organoids treated with siRNAs targeting p38a (also known as MAPK14 ) 
or ATF2  (Extended Data Fig. 5g). Notably, systemic p38α /β  inhibition 
in MMTV–Her2 mice induced a strong loss of E-cadherin junctions, 
a concomitant increase of nuclear β -catenin and a strong induction of 
Twist1 in early lesion tissues as detected by immunohistochemistry  
and quantitative PCR (Fig. 3c–f, Extended Data Fig. 5h, i). In wild-type 
FvB mice or MCF10A organoids treated with or without SB203580 
or in wild-type compared to Mkk3− /−  Mkk6 +/−  (also known as 
Map2k3− /−  Map2k6+/− ) C57BL/6 mice (Mkk3 and Mkk6 activate all 
p38 isoforms), p38 inhibition caused a loss of E-cadherin junctions  
(Extended Data Fig. 5j–l), but did not cause a loss of membrane  
β -catenin, CK8/18 expression or α -smooth-muscle-actin-positive 
myoepithelial cell organization (Extended Data Fig. 5m). Our data 
suggest that p38α  and ATF2 inhibit the activity of β -catenin, prevent-
ing successful dissemination of Her2+ early lesion cells. Our data also 
suggest that in the absence of Her2 expression, p38 inhibition was 
insufficient to change β -catenin localization.

HER2 expression or p38α /β  inhibition alone induced a 14-gene 
EMT signature that included non-canonical WNT ligands and EMT 
transcription factors and was further upregulated by p38 inhibition in 
MCF10A-HER2 cells (Fig. 3g and Extended Data Fig. 6a, b). CDH1 
mRNA was also downregulated by p38 inhibition in MCF10A-HER2 
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Figure 1 | E-cadherin, Her2 and p-ATF2 levels and function in  
early lesion cells. a, Top, MMTV–Her2 early lesion tissue sections  
co-stained for the indicated antigens. Bottom, intra-ductal heterogeneity 
of Her2hiE-cadlo cells. Inset, magnified view of the boxed region. 
Arrowheads, Her2hiE-cadlo cells; arrows, Her2loE-cadhi cells. Right, 
percentage of Her2hi cells that were E-cadlow or E-cadhigh (n =  20 ducts; 
n =  2 mice). * * * P <  0.0001. b, Representative images of E-cadhip-ATF2hi 
(top) and E-cadlop-ATF2lo (bottom) ducts in MMTV–Her2 early lesion 
tissues. Arrowhead, p-ATF2hiE-cadhi cell, arrow, p-ATF2loE-cadlo cell. 
Scale bars, 25 µ m and 10 µ m (inset) (a and b). c, MMTV–Her2 early  
lesion tissue sections stained for Her2 and β -catenin. Arrow, Her2+ cells 
with low membrane-associated β -catenin (β -catMEM-lo); arrowhead,  
Her2− β -catMEM-hi cells. Scale bar, 10 µ m. Graph, percentage of early lesion 
cells with β -catMEM that were Her2−  or Her2+ (Her2, * P =  0.035 and 

Her2-T, * P =  0.0008). MMTV–Her2 n =  30 ducts per mouse, n =  3 mice; 
MMTV–Her2-T n =  10 ducts per mouse, n =  2 mice. d, MMTV–Her2 
early lesion organoids treated for 48 h with DMSO or 5 µ M SB203580. 
BF, bright field. Bottom imagees indicate magnified, boxed regions. Scale 
bars, 15 µ m (left), 40 µ m (right). e, MMTV–Her2 organoids stained for the 
indicated antigens. Arrowheads, invasive cells; arrow, intact laminin-V 
layer. Scale bars, 25 µ m (e), 10 µ m (insets 1 and 2). f, MMTV–Her2  
early lesion sections co-stained for the indicated antigens. Arrows,  
Her2+E-cadlo invading cells. Top numbers, percentage of Her2+  
E-cadlo invading cells in early lesion sections, n =  58 cells per section,  
n =  2 mice. Graph, percentage E-cadlo invading cells in MCF10A-HER2  
(10A-Her2; see also Extended Data Fig. 3a) or MMTV–Her2 organoids. 
n =  20 MCF10A-HER2 organoids. a, c, one-sided Mann–Whitney U-test. 
Data are median ±  s.e.m.
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organoids (Extended Data Fig. 6c). When we determined whether 
WNT ligands were functionally linked to the HER2-driven EMT-like 
program, we found that MCF10A-HER2 cells treated with SB203580 
displayed AXIN2  mRNA induction, which was reversed by overexpres-
sion of the WNT-ligand antagonist SFRP1 (Extended Data Fig. 6d, e). 
Recombinant soluble WNT3A (ref. 17 and Methods) also stimulated 
expression of AXIN2  in MCF10A-HER2 cells, and this induction was 
substantially inhibited by expression of a constitutively active p38α  
kinase (p38α D176A,F327S mutant) cDNA10 (Extended Data Fig. 6f).  
Increased invasion, loss of E-cadherin junctions and membrane- 
localized β -catenin after p38α /β  inhibition were reversed in SFRP1-
expressing cells (Extended Data Fig. 6g, h). In addition, the canonical 
Wnt inhibitor DKK1 also reversed the loss of E-cadherin induced by 
p38 inhibition in MMTV–Her2 primary organoids (Fig. 3h). Twist1 
was also readily detected as a nuclear-cluster signal using immunoflu-
orescence microscopy in both early lesions and primary tissue from 
primary tumours in the MMTV–Her2 model (Extended Data Fig. 6i).  
Analysis of these tissues showed that Twist1 was expressed in the 
majority of early lesion cells and that no major changes in the expres-
sion of Twist1 occurred with progression to primary tumours. Overall, 
our data suggest that Her2 and p38 operate antagonistically and that 
Her2+p-p38lo cells from early lesions may rely on both canonical and 
non-canonical Wnt ligands to induce an EMT-like program associated 
with TWIST1 upregulation.

The majority of solitary Her2+ eDCCs (1–5 cells) in lungs were negative  
or weakly stained for the G1 exit marker p-Rb (p-retinoblastoma  
protein) compared to growing micro and macro-metastases in 
mice carrying primary tumours (Fig. 4a, b, d). Detection of p-Ser10  
histone-H3 (a G2/M marker) also showed that most eDCCs were 

non-proliferative (Fig. 4d and Extended Data Fig. 6j). DCCs found in 
animals bearing overt tumours were termed DCCs because we could 
not distinguish their early lesion or primary tumour origin. Animals 
with overt tumours that were p-Rbstrong (Extended Data Fig. 6k) and 
lungs bearing proliferative (p-Rbstrong) micro- (6–50 Her2+ cells) and 
macro- (more than 50 Her2+ cells) metastases (Fig. 4b) still had numer-
ous quiescent p-Rb−Her2+ DCCs (Fig. 4a, d). We conclude that eDCCs 
are primarily p-Rb− p-H3−  and that even in animals bearing metastases, 
more than 60% of single or less than 5-cell clusters are non-proliferative.  
Notably, the vast majority of solitary Her2+ eDCCs in lungs were  
negative for E-cadherin (Fig. 4e). However, Her2+ DCCs (in animals 
with overt primary tumours) were positive for E-cadherin in approxi-
mately 48% of the population (Fig. 4e). Also, close to 100% of the 
solitary Her2+ eDCCs showed high Twist1 expression, whereas only 
30% of solitary Her2+ DCCs in animals with primary tumours were  
positive for Twist1 (Fig. 4f and Extended Data Fig. 6l). We conclude that 
most Her2+ eDCCs are quiescent and upregulate Twist1, whereas more 
than half of the DCCs during primary tumour stages downregulate 
Twist1 expression, suggesting that reactivation might be linked to a  
mesenchymal–epithelial transition18.
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inside the red blood vessel (BV); 2.2 min per panel).
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Figure 3 | An EMT-like program in Her2+ early lesion cells.  
a, E-cadherin staining in early lesion MMTV–Her2 organoids transfected 
with control or p38a-targeting siRNA. Scale bars, 25 µ m. Graph, 
percentage E-cadhi organoids; n =  30 organoids per treatment; * P =  0.038. 
b, Early lesion MMTV–Her2 organoids treated for 48 h with SB203580 and 
stained for total β -catenin and the nuclei were counterstained with DAPI. 
Grey-scale panels (1, 2) denote zoomed images of boxed areas showing  
membrane- and cytosolic-localized β -catenin. Scale bars, 50 µ m. Graph, 
percentage β -catMEM+ organoids; n =  10 organoids per treatment;  
* P =  0.034. c, Early lesion tissue sections from MMTV–Her2 mice treated 
for 2 weeks with SB203580 stained for E-cadherin and β -catenin. Scale 
bars, 20 µ m (top) and 10 µ m (bottom). Arrows, E-cadherin (top left) 
and lack of signal (top right), membrane-bound β -catenin (bottom, left, 
arrows) or nuclear β -catenin (bottom, right, arrows). d, e, Quantification  
of images in c. C, control. SB, SB203580. d, Percentage of E-cadhi ducts. 
n =  3 animals; * P =  0.028. e, Percentage of nuclear β -cathi cells per 
duct. n =  36 ducts per 3 animals; * * * P =  0.0002. f, Twist1 mRNA levels 
in MMTV–Her2 early lesion tissues obtained from mice treated as 
in c. Values, fold change over control (DMSO) normalized to Gapdh. 
n =  3 mice per treatment; * * P =  0.0042. g, Heat map of EMT-related genes 
upregulated > 2-fold (biological triplicate) in MCF10A and MCF10A-
HER2 organoids treated for 6 days with or without SB203580 (5 µ M). 
Green, control values set to 1; red, fold change over control. h, Early lesion 
MMTV–Her2 organoids were treated for 2 days with SB203580 (5 µ M) as 
well as 500 ng ml− 1 DKK1 and stained for E-cadherin. Bottom numbers, 
percentage of E-cadhi organoids; n =  10 organoids per treatment, biological 
duplicates. * P <  0.01 (DMSO − DKK versus SB203580 − DKK and SB203580 
−  DKK1 versus SB203580 + DKK1); not significant (DMSO − DKK1 
versus DMSO + DKK1; DMSO + DKK1 versus + DKK1 and SB203580). 
Scale bars, 25 µ m. a, b, f, h, One-sided unpaired t-test; d, e, One-sided 
Mann–Whitney U-test. Data are mean ±  s.e.m.
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The treatment of MMTV–HER2 mice with p38 inhibitors during 
early lesion stages for 2 weeks did not stimulate the dormant eDCCs 
to proliferate in the lungs as measured by p-Rb staining (Extended 
Data Fig. 6m). However, if p38 was inhibited for 2 weeks during overt  
primary tumour stages, DCCs responded to the p38 inhibitor and the 
proportion of p-Rb+ cells was increased (Extended Data Fig. 6m).  
These data suggest that, in agreement with Twist1 upregulation in 
response to p38 inhibition, the non-proliferative state of Twist1hi 
eDCCs is independent of p38α /β  activation. However, DCCs in  
animals with overt tumours regain sensitivity to p38α /β  inhibition as 
observed in other models19.

We next analysed the tumour- and metastasis-initiating capacity 
of pure cancer cells from early lesions. We prepared sphere cultures 
from MMTV–Her2 early lesions or from overt primary tumour tissues 
(Extended Data Fig. 7a) and found that early lesion mammospheres 
were more efficient at generating secondary spheres than primary 
tumoursphere cells (Extended Data Fig. 7b). However, after ortho-
topic injection into nude mouse mammary fat pads (approximately 

300 spheres per site), 100% of primary tumourspheres formed pri-
mary tumours within 4–12 weeks (Fig. 4g), whereas Her2+ early lesion 
mammospheres did not produce obvious growing tumours (Fig. 4g 
and Extended Data Fig. 8); in three animals Her2+ early lesion mam-
mospheres formed small nodules at two months but these entered 
stasis. The tumorigenic capacity of primary tumours over early lesion 
spheres correlated with enhanced p-ERK1/2 and p-S6 levels in the 
former (Extended Data Figs 7d, 8). Notably, Her2+ early lesion mam-
mospheres produced lung metastases that were Her2+ and p-Rbstrong, 
confirming their early lesion MMTV–Her2 origin and that they can 
proliferate (Fig. 4c, d, g and Extended Data Fig. 7c). Spontaneous macro- 
metastases in MMTV–Her2 mice bearing autochthonous tumours 
were Her2+ and p-Rb+ (Fig. 4b, d) and macro-metastases derived from 
MMTV–Her2 early lesion mammospheres were also positive for p-Rb 
(Fig. 4c, d). Her2+ tumourspheres produced Her2+ DCCs (Extended 
Data Fig. 7c) and also showed macro-metastasis but with a lower  
incidence (around 16%) (Fig. 4g).

Mammospheres, which were re-implanted in 3D matrices and 
subsequently imaged, were substantially more invasive than tumour-
spheres that remained globular (Extended Data Fig. 7e). We also found 
that experimental metastasis incidence from single-cell suspensions 
was 100% in both groups and no significant difference was found in 
the ability of early lesion or primary tumour cancer cells to produce  
metastatic nodules (Extended Data Fig. 7f). Our data suggest that 
Her2+ early lesion cells that downregulate p38 signalling and activate 
an EMT-like response while largely non-tumorigenic in orthotopic 
sites, successfully activate invasive programs that allow for efficient 
dissemination and metastasis formation. The latter does not seem to 
only depend on the ability to colonize lungs (Fig. 4c, g and Extended 
Data Fig. 7c, f).

Our findings identify a molecular mechanism of early dissemi-
nation. We propose that a subpopulation of Her2+CK8/18+Wnthip-
p38loTwist1hiE-cadlo early cancer cells can disseminate and metastasize 
(Extended Data Fig. 9). Early lesion cells are more invasive than primary- 
tumour-derived cells, display more stemness and can intravasate and 
lodge in secondary organs. Notably, in addition to the work presented 
here, Hosseini et al.31 also show that eDCCs have metastasis-initiating 
capacity, which was not associated with high tumorigenic capacity or 
enhanced lung-colonizing potential. Analysis of ERK1/2 and AKT–
mTOR pathways showed low activation of these pathways in early 
lesion cancer cells, suggesting they are not in a ‘growth mode’ yet. This 
suggests a new function for Her2, in which, prior to stimulating growth 
in early lesions, it activates programs of stemness, motility and invasion  
similar to those observed during branching morphogenesis20 that  
support early dissemination and metastasis.

A few studies have shown that early dissemination occurs in mammary- 
cancer8, pancreatic-cancer6 and melanoma7 models and in patients3,21, 
suggesting that our findings are not a rarity of the Her2 model. The 
majority (around 98%) of Her2+ single eDCCs, once in the lungs, were 
Her2+Twist1hi but E-cadlo and predominantly dormant. This suggests 
that eDCC dormancy might be linked to an EMT program, as proposed 
by others22,23. However, eDCCs still expressed CK8/18+, suggesting 
that a partial EMT is sufficient for early dissemination, dormancy and 
metastasis formation. This EMT program in eDCCs may allow cells 
to interconvert between dormant and proliferative states as transient 
Twist1 expression induces stem-cell programs24 while a full EMT 
may block metastasis24,25. Whether changes in Twist1 and E-cadherin 
expression control the reactivation in lungs remains unknown.

Our work also reveals an unexpected role for p38α /β  kinases26 and 
ATF2 (ref. 27) in antagonizing Her2 signalling early in cancer pro-
gression. E-cadherin junction regulation by p38-mediated13 and/or 
ATF2-mediated blockade of β -catenin activity28, may explain how these 
proteins block early dissemination. eDCC precursors showed low p38 
activation and eDCCs were not stimulated to proliferate after systemic 
p38α /β  inhibition, which stimulated expansion of DCCs in other 
models1. Thus, eDCC dormancy seems to be p38α /β  independent.  
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Figure 4 | eDCC characterization and metastatic potential. a, Her2, 
p-Rb and DAPI immunofluorescence detection in eDCCs and DCCs in 
lung sections from MMTV–Her2 mice. Scale bars, 10 µ m. b, Her2 and 
p-Rb levels in spontaneous metastasis in MMTV–Her2 mice carrying 
autochthonous primary tumours. Scale bars, 10 µ m. c, Her2, p-Rb 
and DAPI detection in micro-metastasis generated from early lesion 
mammospheres. Scale bars, 10 µ m. d, Left, percentage of positive or 
negative p-Rb or p-Ser10 histone 3(H3) and Her2+ solitary eDCCs or 
DCCs; n =  3 animals per group; mean ±  s.e.m.; * * P =  0.0087; one-sided, 
unpaired t-test. Right, Percentage of positive or negative p-Rb cells within 
spontaneous macro-metastases (n =  3 lesions) in Her2 mice carrying 
overt autochthonous primary tumours (PT) or in metastases derived 
from MMTV–Her2 early lesions mammospheres (MS) (n =  9 micro-, 
n =  3 macro-metastasis). * P =  0.021, one-sided, unpaired t-test; 
mean ±  s.d. from technical replicates. e, Her2, E-cadherin and DAPI 
signal in eDCCs or DCCs; bottom numbers, percentage of E-cad−  (top) 
or E-cad+ (bottom) DCCs, n ≥   100 DCCs from 3 mice. Scale bars, 5 µ m. 
f, Left, Her2+ (H+) and Twist1+ (T+) eDCCs; right, Her2+Twist1−  (T− ) 
DCCs. Graph, percentage of cells with the indicated profiles. n =  500 cells; 
4 animals per group; * * P <  0.05; one-sided Mann–Whitney U-test;  
median and values from individual animals. Scale bars, 10 µ m.  
g, Haematoxylin and eosin staining of lung macro-metastasis produced 
by MMTV–Her2 mammospheres (MS) or tumourspheres (TS). Scale 
bars, 150 µ m. Graph, primary tumour (PT) and metastasis (M) percentage 
incidence of early lesions, mammospheres and primary tumourspheres. 
n =  15 (MS) and 13 (TS) animals.
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By contrast, p38 appeared to regulate DCC dormancy during late stages 
of progression as shown in other models1. The mechanism behind 
this p38 switch between eDCCs and DCCs remains unknown. The 
data in the study by Hosseini et al.31, using genetic lineage analysis, 
showed that a large proportion of metastases are derived from eDCC 
ancestors. Thus, understanding the differences between eDCCs and 
DCCs is important to better adapt the targeting of these different DCC 
populations.

Our findings change our understanding of how certain oncogenes 
may initiate dissemination before triggering aggressive proliferation 
and how tumour-suppressor pathways might suppress metastasis, a 
function that has been attributed to p38 (ref. 1), but was never linked 
to the early dissemination process. The related study31 and our work 
may also open doors to explain phenomena like metastases in cancer 
of unknown primary origin29 and in patients with DCIS that never 
developed any local recurrence30. We may also be able to understand 
how eDCCs found metastasis directly and/or through the preparation 
of eDCC-mediated pre-metastatic niches for later arriving DCCs to 
colonize target organs. These findings might inform on better ways to 
target DCCs in all their forms to prevent metastasis.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.

Received 17 October 2015; accepted 3 November 2016. 
Published online 14 December 2016.

1. Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated 
cancer cell dormancy: an awakening field. Nat. Rev. Cancer 14, 611–622 
(2014).

2. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 
144, 646–674 (2011).

3. Schardt, J. A. et al. Genomic analysis of single cytokeratin-positive cells from 
bone marrow reveals early mutational events in breast cancer. Cancer Cell 8, 
227–239 (2005).

4. Klein, C. A. et al. Comparative genomic hybridization, loss of heterozygosity, 
and DNA sequence analysis of single cells. Proc. Natl Acad. Sci. USA 96, 
4494–4499 (1999).

5. Schmidt-Kittler, O. et al. From latent disseminated cells to overt metastasis: 
genetic analysis of systemic breast cancer progression. Proc. Natl Acad. Sci. 
USA 100, 7737–7742 (2003).

6. Rhim, A. D. et al. EMT and dissemination precede pancreatic tumor formation. 
Cell 148, 349–361 (2012).

7. Eyles, J. et al. Tumor cells disseminate early, but immunosurveillance limits 
metastatic outgrowth, in a mouse model of melanoma. J. Clin. Invest. 120, 
2030–2039 (2010).

8. Hüsemann, Y. et al. Systemic spread is an early step in breast cancer. Cancer 
Cell 13, 58–68 (2008).

9. Sänger, N. et al. Disseminated tumor cells in the bone marrow of patients with 
ductal carcinoma in situ. Int. J. Cancer 129, 2522–2526 (2011).

10. Wen, H. C. et al. p38α  signaling induces anoikis and lumen formation during 
mammary morphogenesis. Sci. Signal. 4, ra34 (2011).

11. Cardiff, R. D. Validity of mouse mammary tumour models for human breast 
cancer: comparative pathology. Microsc. Res. Tech. 52, 224–230 (2001).

12. Lu, J. et al. 14-3-3ζ  cooperates with ErbB2 to promote ductal carcinoma in situ 
progression to invasive breast cancer by inducing epithelial–mesenchymal 
transition. Cancer Cell 16, 195–207 (2009).

13. Strippoli, R. et al. p38 maintains E-cadherin expression by modulating 
TAK1-NF-κ B during epithelial-to-mesenchymal transition. J. Cell Sci. 123, 
4321–4331 (2010).

14. Entenberg, D. et al. Setup and use of a two-laser multiphoton microscope for 
multichannel intravital fluorescence imaging. Nat. Protocols 6, 1500–1520 
(2011).

15. Malladi, S. et al. Metastatic latency and immune evasion through autocrine 
inhibition of WNT. Cell 165, 45–60 (2016).

16. Leung, J. Y. et al. Activation of AXIN2 expression by β -catenin-T cell factor.  
A feedback repressor pathway regulating Wnt signaling. J. Biol. Chem. 277, 
21657–21665 (2002).

17. Grumolato, L. et al. Canonical and noncanonical Wnts use a common 
mechanism to activate completely unrelated coreceptors. Genes Dev. 24, 
2517–2530 (2010).

18. Nieto, M. A., Huang, R. Y., Jackson, R. A. & Thiery, J. P. Emt: 2016. Cell 166, 
21–45 (2016).

19. Bragado, P. et al. TGF-β 2 dictates disseminated tumour cell fate in target organs 
through TGF-β -RIII and p38α /β  signalling. Nat. Cell Biol. 15, 1351–1361 (2013).

20. Brisken, C. et al. Essential function of Wnt-4 in mammary gland development 
downstream of progesterone signaling. Genes Dev. 14, 650–654 (2000).

21. Rhim, A. D. et al. Detection of circulating pancreas epithelial cells in patients 
with pancreatic cystic lesions. Gastroenterology 146, 647–651 (2014).

22. Ocaña, O. H. et al. Metastatic colonization requires the repression of the 
epithelial–mesenchymal transition inducer Prrx1. Cancer Cell 22, 709–724 
(2012).

23. Brabletz, T. To differentiate or not – routes towards metastasis. Nat. Rev. Cancer 
12, 425–436 (2012).

24. Schmidt, J. M. et al. Stem-cell-like properties and epithelial plasticity arise as 
stable traits after transient Twist1 activation. Cell Reports 10, 131–139 (2015).

25. Fischer, K. R. et al. Epithelial-to-mesenchymal transition is not required for lung 
metastasis but contributes to chemoresistance. Nature 527, 472–476 (2015).

26. Hui, L. et al. p38α  suppresses normal and cancer cell proliferation by 
antagonizing the JNK–c-Jun pathway. Nat. Genet. 39, 741–749 (2007).

27. Gozdecka, M. et al. JNK suppresses tumor formation via a gene-expression 
program mediated by ATF2. Cell Reports 9, 1361–1374 (2014).

28. Bhoumik, A. et al. Suppressor role of activating transcription factor 2 (ATF2) in 
skin cancer. Proc. Natl Acad. Sci. USA 105, 1674–1679 (2008).

29. Fizazi, K. et al. Cancers of unknown primary site: ESMO clinical practice 
guidelines for diagnosis, treatment and follow-up. Annals Oncol. 26, v133–v138 
(2015).

30. Narod, S. A., Iqbal, J., Giannakeas, V., Sopik, V. & Sun, P. Breast cancer mortality 
after a diagnosis of ductal carcinoma in situ. JAMA Oncol. 1, 888–896 (2015).

31. Hosseini, H. et al. Early dissemination seeds metastasis in breast cancer. 
Nature http://dx.doi.org/10.1038/nature20785 (2016).

Supplementary Information is available in the online version of the paper.

Acknowledgements We thank R. Parsons and P. Polulikakos for PI3K and AKT 
inhibitors, S. Aaronson and H.-C. Wen for WNT3A, SFRP1 and DKK1 reagents 
and expertise. Grant support:. HHMI (R.J.D.). SWCRF (J.A.A.-G. and E.F.F.), 
CA109182, CA196521 (J.A.A.-G.), CA163131 (J.A.A-G and J.C.), CA100324 
(J.C), F31CA183185 (K.H.), BC132674 (J.A.A.-G and J.C.), BC112380 (M.S.S.). 
NIH 1S10RR024745. Microscopy CoRE at ISMMS. DFG KL 1233/10-1 and the 
ERC (322602) (C.A.K.).

Author Contributions K.L.H. designed, performed experiments, analysed 
data and co-wrote the manuscript; M.S.S. designed experimental approach, 
performed experiments, executed intravital imaging, provided oversight, 
analysed data and co-wrote the manuscript; D.E. designed and executed 
intravital imaging, analysed data and co-wrote the manuscript; H.H. provided 
materials and analysed data; A.A.V. performed experiments; C.N. provided 
materials and histopathological analysis; J.F.C. managed mouse colonies and 
performed experiments; R.N. performed experiments and analysed data; 
N.G. maintained the Mkk3/Mkk6 wild-type and knockout mice and provided 
materials; R.J.D. provided materials and co-wrote manuscript; C.A.K. provided 
input for the writing of the manuscript; J.C. designed intra-vital experiments, 
analysed data and co-wrote the manuscript; E.F.F. provided expertise and 
analysed data; J.A.A.-G. designed and optimized experimental approach, 
provided general oversight, collected microscopy data, analysed data and co-
wrote the manuscript.

Author Information Reprints and permissions information is available at  
www.nature.com/reprints. The authors declare competing financial interests: 
details are available in the online version of the paper. Readers are welcome to 
comment on the online version of the paper. Correspondence and requests  
for materials should be addressed to M.S.S (maria.sosa@mssm.edu) or  
J.A.A.-G. (julio.aguirre-ghiso@mssm.edu).

Reviewer Information Nature thanks M. Bissell, C. Ghajar and the other 
anonymous reviewer(s) for their contribution to the peer review of this work.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://www.nature.com/doifinder/10.1038/nature20609
http://dx.doi.org/10.1038/nature20785
http://www.nature.com/doifinder/10.1038/nature20609
http://www.nature.com/reprints
http://www.nature.com/doifinder/10.1038/nature20609
http://www.nature.com/doifinder/10.1038/nature20609
mailto:maria.sosa@mssm.edu
mailto:julio.aguirre-ghiso@mssm.edu


LETTER RESEARCH

METHODS
Cells and cell culture. MCF10A cells were obtained from J. Brugge and ATCC 
(MCF10A; ATCC CRL-10317) for verification of phenotype. MCF10A cells were 
authenticated by cultures in 3D matrigel as reported previously10. MCF10A-
HER2 cells were transfected with HER2 plasmids obtained from L. Petty and the 
identity of the vectors was confirmed by sequencing. HER2-expressing cells were  
selected for by the addition of G418. MCF10A cells expressing SFRP1 were gene-
rated using SFRP1 lentiviral vectors. WNT3A- and DKK1-conditioned media  
was prepared from WNT3A-expressing L-cells and DKK1-expressing 293T cells. 
Vectors and SFRP1 plasmids were a gift from S. Aaronson. Conditioned media was 
prepared from cells cultured with serum-free medium (DMEM with 1% penicillin 
and streptomycin) for 24 h and then concentrated using Vivaspin 20 Centrifugal 
Concentrating tubes (Sartorius, VS2021) at 3,000g for up to 3 h until the desired 
concentration (10×  ) was reached.
Mammospheres and tumourspheres assays. Animal procedures were approved 
by the Institutional Animal Care and Use Committee (IACUC) of Icahn School of 
Medicine at Mount Sinai, protocol 08-0366. MMTV–Her2 mice were euthanized 
using CO2 at 14–18 weeks of age or when overt tumours had formed (primary 
tumours). For mammosphere preparations, all 5 pairs of glands in mice were 
checked for the presence of any visible small lesions or palpable tumours when 
processed for early cancer cells and none were found. Even when other mam-
mary glands were inspected microscopically in whole mounts we could not detect 
small tumours. Whole mammary glands or tumours were digested in collagenase 
and bovine serum albumin (BSA) at 37 °C for 45–60 min. Red-blood-cell lysis 
buffer was used to remove blood cells from cultures and cells were then plated for 
10–15 min in DMEM containing 10% fetal bovine serum in 35-mm dishes at 37 °C 
for fibroblast removal. Cells were then incubated in 2 mM PBS–EDTA for 15 min 
at 37 °C and passed through a 25-gauge needle. Cell suspensions were then filtered 
through a 70-µ m filter before counting. Cells were seeded in 6-well ultra-low- 
adhesion plates at a density > 5.0 ×   105 cells per well in 1 ml mammosphere media 
(DMEM/F12 (Gibco 11320-082), 1:50 B27 (Invitrogen 17504-044), 20 ng ml− 1 EGF 
(Peprotech AF-100-15-A), 1:100 penicillin and streptomycin).
Animal experiments. Animal procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Icahn School of Medicine at Mount 
Sinai protocol 08-0366. Tumours were not allowed to grow beyond the IACUC 
allowed limit of 1,000 mm3 per animal. Animals were randomized and assigned 
to a group when they reached a certain age, so there is no prior knowledge or 
assumption when assigning the mice to treatments. Approximately 300 spheres 
from early lesions or primary tumours were injected per site into nude mice 
(BALB/cnu/nu, Charles River). Suspension cultures were spun at 300 r.p.m. for 
4 min and then suspended in 150 µ l PBS Ca2+ and Mg2+ per 300 spheres. Matrigel 
(Corning 356231) was then added in a 1:1 ratio. Spheres were injected into the two 
fourth inguinal gland fat pad using a 27-gauge needle. In the case of mice injected 
with tumour-derived spheres, mice were euthanized when the tumour reached 
1,000 mm3 according to IAUCU regulations. Incidence measured at 1, 3 and  
12 months was calculated. The 12-month time point was not assessed for the tumour-
sphere group. Micro-metastases, 3–20 cell clusters. Macro-metastases, clusters  
with more than 20 cells per cluster.
3D mammary primary epithelial cell and MCF-10A organoid cultures. MMTV–
Her2 mice were euthanized using CO2 at 14–18 weeks of age and mammary epi-
thelial cells (MECs) were isolated using the same protocol used for mammosphere 
preparation. Similar to mammosphere preparations, all 5 pairs of glands in mice 
were checked for the presence of any visible or palpable tumours when processed 
for early cancer cells and none were found, even in whole mounts prepared from 
mammary glands from the same mouse processed for mammoprsphere prepara-
tion. 5.0 ×   104 MECs were seeded in 400 µ l assay medium (DMEM/F12, 5% horse 
serum, 1% penicillin and streptomycin, and 20 ng ml− 1 EGF plus 2% Matrigel) in 
8-well chamber slides with 40 µ l of Matrigel. Organoids formed at an efficiency 
of around 30 organoids per 1.0 ×   104 MECs plated. MCF10A-HER2 cells were 
cultured in three-dimensional cultures as previously described32,33. In brief, cells 
were seeded in 400 µ l assay medium consisting of DMEM/F12, 5% horse serum, 1% 
penicillin and streptomycin, and EGF plus 2% Matrigel on 40 µ l Matrigel (Corning) 
in 8-well chamber slides (Falcon 354108).
Treatments of organoids cultures. Cultures were treated every 24 h starting at 
day 6 with 5 µ M SB203580 (Calbiochem, 559395). 6 ×   103 cells were seeded for 
immunofluorescence studies and were fixed at day 12 with 4% paraformalde-
hyde (PFA) or 10% formalin with phosphatase and protease inhibitors (NaVO3, 
NaF, pepstatin A, leupeptin and aproptinin). To measure mRNA changes in 3D 
cultures, 5.0 ×   104 cells were seeded in 1 ml Matrigel in a 24-well plate and RNA 
was extracted from cultures at day 12 using 1 ml Trizol (Ambion 15596018) fol-
lowed by RNA extraction. Cultures were treated every 24 h with 5 µ M DMSO or 
SB203580 and 500 ng ml− 1 DKK1 for 48 h following organoids formation and 

fixed for immunofluorescence with 4% PFA or 10% formalin with phosphatase 
and protease inhibitors. In some cases spheres growing in suspension conditions 
were seeded in assay medium plus 2% of Matrigel directly in 40 µ l of Matrigel and 
3 days later the number of invasive spheres was counted.
Differential interference contrast microscopy. 3D matrigel organoids were time-
lapse imaged using a Zeiss LSM 880 Confocal with Airyscan microscope 10×  /0.45 
objective lens with 4×   zoom. We recorded four positions per condition in parallel 
for 2 h with 20 min interval varying with the depth of the cell. Temperature was 
maintained at 37 °C and CO2 at 5%. Zen 2.1 software was used to acquire and 
export images as an uncompressed AVI. Videos were made by using either Zen 2.1 
or ImageJ software. This was done using the services of the Microscopy Facility at 
Ichan School of Medicine at Mount Sinai.
Immunofluorescence. 3D cultures were fixed with 4% PFA for 20 min at room 
temperature in the presence of phosphatase and protease inhibitors. Staining was 
performed as previously described for MCF10A 3D cultures32. In brief, cells were 
permeabilized using 0.1% Triton X-100 in PBS for 20 min. Blocking was done using 
1×   immunofluorescence PBS wash buffer (130 mM NaCl; 7 mM Na2HPO4; 3.5 mM 
NaH2PO4; 7.7 mM NaN3; 0.1 %BSA; 0.2% Triton X-100; 0.05% Tween-20) contain-
ing 10% normal goat serum (Gibco, PCN5000) for 1h. Primary antibodies used 
were: E-cadherin (BD Biosciences 610181); β -catenin (BD Biosciences 610153); 
laminin V (Progen 10765); F-Actin (Life Technologies A12380); α -smooth muscle  
actin (Sigma-Aldrich C6198); active β -catenin (Millipore 05-665); CK8/18 
(ProGen GP11). The following secondary antibodies were used: AlexaFluor goat-
anti-mouse 488, AlexaFluor goat-anti-rabbit 568. Chambers were removed from 
slides and wells were fixed and mounted with ProLong Gold Antifade reagent 
with DAPI (Invitrogen P36931). 2D cultures were fixed with 4% PFA for 20 min 
at 4 °C. Cells were permeabilized in 0.1% TritonX-100 and then blocked in 3% 
normal goat serum for 30 min at room temperature. Primary antibodies were left 
1 h at room temperature in 0.1% BSA in PBS followed by an additional blocking 
step. Secondary antibodies were left for 1 h at room temperature in 0.1% BSA 
in PBS. Cover slips were fixed using ProLong Antifade mounting media with 
DAPI (Molecular Probes P36930). Primary antibodies used were: E-cadherin  
(BD Biosciences, 610181) and p-ATF2 (Cell Signaling, 9226). Imaging of 3D orga-
noids was done using confocal microscopy. Images were obtained using Leica 
Software on a Leica SP5 confocal microscope. Mammary gland section imaging 
was done using a Leica DM550 fluorescence microscope using Leica Software. 
Dye separation analysis was done using Leica Software. Two-photon imaging was 
performed following the reported protocols14.
Immunohistochemistry. Tissues were fixed in 10% formalin, paraffin-embedded 
and cut into 4-6 µ m sections. Following dehydration of the slides, antigen retrieval 
was done in 10 mM citrate buffer pH 6.0 (Na3H6H5O7). Blocking was done using 
0.1% BSA in PBS with 10% normal goat serum for 30 min. Primary antibodies were  
left overnight at 4 °C. The following primary antibodies were used to perform staining:  
E-cadherin (BD Biosciences, 610181); β -catenin (BD biosciences, 610153); Her2 
(Abcam, ab2428). VectaStain Elite ABC Rabbit IgG (PK-6101) and Mouse IgG 
(PK-6102) kits from Vector Laboratories were used for secondary antibodies. 
Secondary antibodies were left for 1 h at room temperature. The DAB substrate 
kit (Vector Laboratories, SK-4100) was used for enzymatic substrate. Mounting was 
done using Vectashield mounting media (Vector Laboratories, H-1400). Tissues 
were fixed in 10% formalin, paraffin-embedded and cut in 4–6 µ m sections. For 
BALB-Her2-T staining, paraffin embedded BALB/c and BALB-Her2-T mammary 
gland and tumours sections were a gift from C. Klein. Following dehydration of 
the slides, antigen retrieval was done in 10 mM citrate buffer (Na3H6H5O7). Triton 
X-100 was used to permeabilize cells and blocking was done using 0.1% BSA in PBS 
with 10% normal goat serum or normal donkey serum (Sigma-Aldrich D9663). 
Primary antibodies were left overnight at 4 °C and secondary antibodies were 
left for 1 h at room temperature. The following primary antibodies were used: 
E-cadherin (BD Biosciences, 610182); for β -catenin (BD biosciences, 610153); 
Her2 (Abcam, ab2428); p-Atf2 (Cell Signaling, 9226); p-Rb ((Ser249/Thr252), 
Santa Cruz, sc-16671); CK8/18 (Progen 412121); and p-p38 (BD Biosciences, 
612281). The following secondary antibodies were used: AlexaFluor 488 goat-
anti-mouse, AlexaFluor 568 goat-anti-rabbit, AlexaFluor 488 donkey-anti-goat, 
AlexaFluor 547 donkey-anti-rabbit. Slides were mounted using Prolong Antifade 
mounting media with DAPI (Molecular Probes P36930).
Western blot. Samples were collected in 1×   RIPA buffer and centrifuged at 
4 °C, 15,000g to clarify the lysate. Protein concentrations were calculated using 
the BioRad Protein Assay Dye Reagent (BioRad 500-0006) and a standard BSA 
curve. Samples were then boiled for 5 min at 95 °C in sample buffer (0.04 M Tris-
HCl pH 6.8, 1% SDS, 1% β -mercaptoethanol and 10% glycerol). 6–10% SDS–
PAGE gradient gels were run in running buffer (25 mM Tris, 190 mM glycine, 
0.1% SDS) and transferred to PVDF membranes in transfer buffer (25 mM Tris, 
190 mM glycine, 20% methanol). Membranes were then blocked in 5% milk in 
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TBST (Tris-buffered saline containing Tween-20) buffer. Primary antibodies 
were left overnight at 4 °C. Following washing with TBST buffer HRP-conjugated  
secondary antibodies were left at room temperature for 1 h. Western blot develop-
ment was done using Amersham ECL Western Blot Detection (GE, RPN 2106) and 
GE ImageQuant LAS 4010. Primary antibodies used were: p-p38 (BD Biosciences, 
612281); p38 (BD Biosciences, 612169); p-ERK1/2 (Cell Signaling, 9101); ERK  
(BD Biosciences,610031); and Gapdh (Calbiochem, CB1001). Secondary antibodies  
used were peroxidase horse-anti-mouse IgG (Vector Laboratories, PI2000); bioti-
nylated goat-anti-rabbit IgG (Vector Laboratories, BA-1000).
EMT qPCR array. RNA was extracted from 3D cultures using TriZol extraction as 
per the manufacturer’s recommendations. cDNA was synthesized using the Qiagen 
RT2 First Strand Kit (Qiagen 330401). Expression of EMT genes was measured using 
the Qiagen human Epithelial to Mesenchymal Transition PCR array(Qiagen PAHS-
090Z) and RT2 qPCR Master Mixes (Qiagen 330521). Plates were run in an ABI 
PRISM 7900HT sequence detection system. Results were analysed using web-based 
PCR-array data-analysis software provided by Qiagen. Heat maps were generated  
based on triplicate runs of the array using GENE-E software (Brode Institute).
Quantitative PCR. RNA was extracted from 2D- and 3D-cell cultures using TriZol 
following the provider’s recommendation. For pre-malignant mammary gland 
tissue, RNA was extracted using Qiagen’s RNeasy Lipid Tissue Midi Kit (Qiagen 
74804). 2 µ g RNA was reverse transcribed into cDNA using MMuLV Reverse 
Transcriptase (New England Biolabs, M0253L), MMuLV buffer (NEB, B0253S) and 
RNase inhibitor (Ambion, AM2682). Quantitative real time-PCR (qRT–PCR) was 
performed using a Sybr Green Powder PCR Master Mix (Bio-Rad, 170-8882) or by 
preparing a master mix using Sybr Green (Sigma-Aldrich, S9430), MgCl2 (NEB, 
B9021S), dNTPs (NEB N0447L) and Taq DNA polymerase (Sigma-Aldrich D6558) 
in a Biorad thermocycler. Gapdh was used as a housekeeping control for all plates.
qPCR primers. Human primers; GAPDH forward: 5′ -GGTGAAGGTCGG 
AGTCAACGG-3′ , GAPDH reverse: 5′ -ATGAAGGGGTCATTGATGG 
CAACAA-3′ ; CDH1 forward: 5′ -ATGGGGTCTTGCTATGTTGC-3′ , CDH1  
reverse: 5′ -AAGGCAGAAGGATTGCTTGA-3′ ; TWIST1 forward: 5′ -GTCC 
GCAGTCTTACGAGGAG-3′ , TWIST1 reverse: 5′ -CCAGCTTGAGGGTCT 
GAATC-3′ ; SNAI1 forward: 5′ -AGAGCTGACCTCCCTGTCA-3′ , SNAI1  
reverse: 5′ -TGAAGTAGAGGAGAAGGACGAA-3′ ; WNT11 forward:  
5′ -CATGGAGCTCTGCTTGTGAA-3′ , WNT11 reverse: 5′ -GCTTCCAAGTGAA 
GGCAAAG-3′ ; WNT5A forward: 5′ -GAAATGCGTGTTGGGTTGA-3′ , WNT5A  
reverse: 5′ -AGGCATGGGTTTCCATTCT-3′ ; WNT5B forward: 5′ -CCAAAGGA 
TCAGAGGAGCAG-3′ , WNT5B reverse: 5′ -CTCGTTGTTTTGCAGGTTCA-3′ ;  
ERBB3 forward: 5′ -GGCGGCACTTTTCTCTACTG-3′ , ERBB3 reverse:  
5′ -CGTTCCAAGTATCGCCTCAT-3′ ; FZD7  forward: 5′ -TGGGTTAATTTC 
CAFFTCA-3′ , FZD7  reverse: 5′ -GCAGTACGGGAGGAAAAACA-3′ ;  
AXIN2  forward: 5′ -CTGGTGCAAAGACATAGCCA-3′ , AXIN2  reverse:  
5′ -GTCCAGCAAAACTCTGAGGG-3′ . Mouse primers; Gapdh forward:  
5′ -AACTTTGGCATTGTGGAAGGGCTC-3′ , Gapdh reverse: 5′ -TGGAAGA 
GTGGGAGTTGCTGTTGA-3 ′  ;Twist1  forward: 5 ′  -AACTGGCCT 
GCAAAATCATA-3′ , Twist1 reverse: 5′ -ACACCGGATCTATTTGCATT-3′ .
Two-photon intra-vital microscopy of mammary glands. For this work a sin-
gle laser source tuned to 880 nm provided excitation for both the CFP tumour 
cells and the 155 kDa TRITC-dextran vascular label, in addition to producing a 
second harmonic generation signal from collagen fibres. Imaging was done with 
a 25×   1.05 NA (XLPL25XWMP2, Olympus) water-immersion objective lens so 
as to bridge between low-magnification visualization of the ductal tree and high 
resolution single-cell imaging. For each mouse, a large 25–100 field mosaic was 
acquired to ascertain the ductal tree structure, from which three separate fields 
were selected for time lapse imaging , using 5 µ m z steps to a depth of approximately 
50 µ m, with each stack taken approximately every 2 min, for 4–6 h. Images were 
reconstructed and analysed either in ImageJ34, using the custom written ImageJ 
plugin, ROI_Tracker14 or with Imaris (Bitplane). Mice were anaesthetized using 
0.75–2.5% isofluorane, depilated and a skin flap surgery performed exposing 
the 2nd and 3rd mammary fat pad. The absence of a solid tumour necessitated 
the development of a custom fixturing technique wherein the exposed fat pad 
was affixed with cyanoacrylate glue to the edge of a 15-mm window fitted with 
a 12-mm diameter cover glass. The window was captured on a fixturing plate 
placed on the microscope xy stage and imaging was performed in the centre 
of the window away from the glue. Animals were maintained at physiological  
temperatures throughout imaging with an AirTherm ATX forced-air heater (WPI 
Inc.) and supplemented intravenously with 50–100 µ l of PBS per hour. Intravital 
imaging was performed using a custom-built two-laser multiphoton microscope 
following previously reported imaging protocols17. All procedures were conducted 

in accordance with the National Institutes of Health regulations and approved by 
the Albert Einstein College of Medicine animal use committee. For computational 
rendering of the videos in Supplementary Video 5 and 8, the signals within the 
segmented vessel and the manually outlined cell were separately extracted into a 
sequence of tiff images and then imported into Imaris. A colocalization algorithm 
was performed on the two signals to identify overlapping pixels. Intensity based 
surface reconstructions of the vessel (red), tumour cells (cyan) and the colocali-
zation signal (yellow) were created and then animated. Any residual xy drift not 
eliminated by the fixturing window was removed with post-processing using the 
StackReg plugin35 for ImageJ.
Experimental metastasis assays. Mammary epithelial cells derived from early 
lesions (16-week-old MMTV–Her2 females) or tumour-derived cells were intra-
venously injected (10,000 cells per animal) into nude mice. One month later, mice 
were euthanized and the number of metastatic foci were counted by histology.
Sphere-forming assays. Mammary epithelial cells from early lesions or from 
tumours were isolated and seeded in low attachment 24-well plates in 1 ml sphere 
medium plus 1% methylcellulose (1,000 cells per well, n =  2 animals per group, 
sextuple). The number of spheres (clusters of more than 5 cells) per group was 
counted one week later. These spheres were then dissociated with trypsin and 
re-plated and the number of spheres per group was counted one week later.
Patient samples. Paraffin-embedded sections from tumours of patients with DCIS 
or invasive breast cancer were obtained from the Cancer Biorepository at Icahn 
School of Medicine at Mount Sinai, New York, New York. Samples were de-identified  
and obtained with Institutional Review Board approval, which indicated that 
this work does not meet the definition of human subject research according to 
the 45 CFR 46 and the Office of Human Subject Research. Immunofluorescence 
and immunohistochemistry analysis was done using samples from 10 DCIS and 
20 invasive breast-cancer patients. Invasive breast cancer samples included luminal 
A, B and HER2-positive subtypes.
Circulating Cancer Cells and DCCs detection. 16-week-old MMTV–Her2 
mice were treated with SB203580 (10 mg kg− 1) or DMSO for 2 weeks and blood 
(approximately 500 µ l per mouse) was drawn by cardiac puncture following 
IACUC protocols. Circulating cancer cells (CCCs) were purified using a negative 
lineage cell-depletion kit (130-090-858, Miltenyi Biotec), fixed and stained with 
anti-CK8/18 antibody in cytospin preparations. CCCs were counted per ml of 
blood. Bone-marrow cells from 4 long bones (2 tibiae and 2 femurs per mouse) 
were flushed out with Minimum Essential Medium Eagle (MEME) (Sigma-
Aldrich) using a 26-gauge needle and 1 ml syringe. Tumour cells were enriched 
by Ficoll-Paque plus (GE Healthcare) density gradient separation and filtered 
through a 70-µ m nylon mesh to remove large aggregates. Cells were fixed with 
3% PFA for 20 min on ice and cytospin preparations were carried out by centrifuga-
tion of bone-marrow cells at 500 r.p.m. for 3 min using poly-l-lysine-coated slides 
(Sigma-Aldrich). Bone-marrow-derived DCCs were stained with anti-CK8/18 
and anti-Her2 antibodies and cytospin preparations were analysed. We screened 
0.5–2.0 ×   106 bone-marrow cells, which represents 20% of the total bone-marrow 
cells obtained from 2 tibiae and 2 femurs per mouse after Ficoll gradient separation 
and then normalized to the total volume in which each bone-marrow DCC sample 
was resuspended (approximately 1 ml). Similar to mammosphere preparations, all 
5 pairs of glands in mice were checked for the presence of any visible or palpable 
tumours when processed for early cancer cells and none were found as described 
above.
Statistical analysis. Statistical analysis was done using Prism Software. Differences 
were considered significant if P <  0.05. For most cell culture experiments,  
one-tailed Student’s t-tests were performed unless specified. For mouse experiments  
one-tailed Mann–Whitney U-tests were used. Sample sizes were chosen empiri-
cally and no exclusion criteria were applied. The investigators were not blinded to 
allocation during experiments and outcome assessment.
Data availability. The datasets generated during and/or analysed during the  
current study are available within the paper (and its Supplementary Information) 
and/or from the corresponding author on reasonable request.
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Extended Data Figure 1 | Progression and staging of MMTV–Her2 
mouse models. a, Cartoons depicting the three MMTV–Her2 models used 
in this study and the different time frames for early lesions (EL) and overt 
primary tumour (PT) development. HP, hyperplasia; MIN, mammary 
intraepithelial neoplasia. b, Haematoxylin and eosin staining for sections 
of normal FVB mouse mammary tissue, and FVB MMTV–Her2 early 
lesions or primary tumours. c, Whole mounts from mammary glands of 
FVB MMTV–Her2 mice at the time early lesions were studied. LN, lymph 

node. d, Representative images of E-cadhip-ATF2hi (left and inset) and 
E-cadlop-ATF2lo (right) ducts in the MMTV–Her2-T model. Scale bar, 10 µ m.  
Arrow in left image, intact E-cadherin junction; arrow in right image, 
dismantled E-cadherin junction. e, Quantification of the percentage 
of E-cadhi cells per duct that showed high or low p-ATF2 expression 
in MMTV–Her2 and MMTV–Her2-T models. * P <  0.01; one-sided, 
unpaired t-test; mean ±  s.e.m. (Her2, n =  30 ducts; Her2-T, n =  10 ducts).
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Extended Data Figure 2 | See next page for caption.
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Extended Data Figure 2 | p38 signalling in MMTV–Her2 models and 
DCIS patient samples. a, Early stage MMTV–Her2-T (BALB-NeuT 
15 weeks of age ) early lesion sections stained for Her2 and β -catenin. 
Arrows, Her2+β -catMEM-lo early lesion cells; arrowheads, Her2− β -catMEM-hi 
cells. Scale bars, 10 µ m. The digital dye separation module (Leica) was 
used on the images. Graph, quantification of the percentage of cells per 
duct with β -catMEM for both MMTV–Her2 and MMTV–Her2-T models. 
(n =  7 ducts). b, Immunohistochemistry for p-ATF2 and E-cadherin  
in MMTV–Her2 early lesion tissues (age, 14–18 weeks) and primary 
tumour sections. Boxed regions are magnified in the bottom right  
panel. Note the loss of both p-ATF2 and E-cadherin in primary tumour 
samples. Scale bar, 25 µ m. c, Western blot for the indicated antigens in 
lysates of mammary epithelial cells isolated from normal mammary  
glands (FVB) and tumour cells isolated from MMTV–Her2 overt  
primary tumours (Her2). GAPDH was used as a loading control. For 
gel source data, see Supplementary Fig. 1. d, Immunohistochemistry 
for p-p38 in normal epithelium (BALB/c), early lesion tissues (BALB-
NeuT early lesions, 7 weeks) and overt primary tumours (BALB-NeuT 
primary tumours). Graph, percentage of p-p38 positive cells in each stage. 
n =  11–15 ducts, 5 tumours. Scale bars, 20 µ m (inset) and 50 µ m;  
* * P <  0.01; * * * P <  0.0001; one-tailed Mann–Whitney U-test.  

e, Representative images of parallel sections from DCIS patient samples 
stained for p-ATF2 (red), Her2 (green in insets lower row), or E-cadherin 
(green in large panels and insets upper row). Samples were Her2-positive 
(n =  5) or -negative (n =  5) by immunofluorescence microscopy analysis 
for Her2 (insets top and bottom row left, green). Inset right column, detail 
of E-cadherin junctions in Her2+ and Her2−  samples. Arrowhead, strong 
E-cadherin junctions; arrow, weak E-cadherin staining. Scale bars, 25 µ m  
and 10 µ m (inset). f, Metamorph software was used to quantify Her2, 
E-cadherin and p-ATF2 fluorescence signal intensity in 10 DCIS samples 
shown in panel e. Mean fluorescence intensity (m.f.i.) ±  s.e.m. per cell 
per field from Her2+ (black bars, n =  5) compared to Her2−  (grey bars, 
n =  5) samples from patients with DCIS. * * * P <  0.05; two-way ANOVA. 
g, Immunohistochemistry for p-p38α  and p-ATF2 performed on invasive 
breast cancer (IBC) tumours from patients (n =  20). Samples were 
classified as Her2+ (n =  10) or Her2−  (n =  10) by the pathology service. 
Note the significant reduction in both p-p38α  and p-ATF2 in Her2+ 
tumours. Insets show additional patient samples for each group. Graph, 
metamorph was used to determine the mean signal intensity ±  s.e.m. per 
field for p-p38 and p-ATF2. p-p38 intensity, left axis and first two columns 
of the graph. p-ATF2 intensity, right axis and last two columns of the 
graph. * * P <  0.05; unpaired t-test. Scale bars, 25 µ m.
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Extended Data Figure 3 | See next page for caption.
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Extended Data Figure 3 | Characterization of invasive and signalling 
properties of Her2+ early lesions. a, MCF10A-HER2 organoids stained  
for E-cadherin (green) and DAPI (blue). Left, a representative organoid.  
Scale bar, 25 µ m. Right, details of invading E-cadlo cells (top and bottom).  
Arrowheads, outward invading E-cadlo cells. Scale bar, 10 µ m. Approximately  
35–40% of MCF10A-HER2 organoids show outward invasion of one cell 
per organoid in equatorial sections; 92 ±  8.3% of those invading cells are 
E-cadlo. b, MCF10A-HER2 organoids were stained for F-actin (red) and 
DAPI (blue). Note the extensions of F-actin from invading cells (boxed 
areas and right top and bottom insets) still in contact with the organoid. 
Scale bars, 20 µ m. c, Detection of E-cadherin and p-ATF2 in MCF10A-
HER2 cells treated with or without lapatinib (100 nM), AG1478 (5 µ M) 
and siRNA targeting HER2 (40 nM) for 24 h; E-cadherin (green), pATF2 
(red). Graph, fold change of the percentage of p-ATF2+ cells. Data are 
mean ±  s.e.m.; * * P <  0.01; * * * P <  0.001; one-sided, unpaired t-test; n =  3 
experimental replicates, 10 images per treatment. d, MCF10A-Her2 cells 
were treated for 24 h with AG1478 (1 µ M) left, or with the AKT inhibitor 
MK2266 (5 µ M), pan-PI3K inhibitor GDC-0941 (1 µ M) or lapatinib 
(1 µ M), right. Western blots for p-AKT and total AKT (T-AKT) (left) 
or p-S6 and β -tubulin (right). Gel source data in Supplementary Fig. 1. 
Graph, control for Her2 knockdown in MCF10A-HER2 cells; one-sided, 
unpaired t-test; median and range are shown. e, MMTV–Her2 early 
lesion organoids were treated with GDC-0941 (1 µ M), lapatinib (1 µ M) or 
MK2266 (5 µ M) for 24 h. Organoids were fixed and stained for p-ATF2. 

Graph, percentage of p-ATF2+ cells per organoid. Scale bars, 25 µ m.  
Median ±  s.e.m.; one-sided, unpaired t-test. f, Left, quantification of the 
percentage of nuclear p-ATF2+ MCF10A-HER2 cells treated for 24 h 
with vehicle (CRTL), 5 µ M SB203580 (SB), 100 nM lapatinib (LAP) or the 
combination of the two drugs. Right, representative immunofluorescence 
images of the p-ATF2 signal (red); DAPI (blue) was used to count total cell 
numbers. Insets and arrows show a detail of nuclear p-ATF2 levels in the 
respective groups. One-sided Mann–Whitney U-test at 95% confidence; 
median and range are shown, n =  2 independent wells per condition; 
n >  150 cells scored per condition. Scale bars, 25 µ m. g, MCF10A-HER2 
organoids treated for 6 days with SB203580 or DMSO and stained for 
F-actin (red). Bottom left graph, percentage ±  s.e.m. of MCF10A-HER2 
organoids with outward invasion (DMSO n =  109; SB203580 n =  87)  
* * * P <  0.001; one-sided, unpaired t-test. Scale bars, 10 µ m. Bottom 
right graph, percentage of invasive MMTV–Her2 organoids (DMSO 
n =  11; SB203580 n =  9). P =  0.01; one-sided, unpaired t-test; mean ±  s.d. 
Representative of 3 biological replicates. h, MMTV–Her2 early lesion 
sections (age, 14–18 weeks) stained for CK8/18 (red), Her2 (green) and 
nuclei (DAPI, blue). Top image, a duct is outlined. The boxed region and 
bottom images showCK8/18+ and Her2+ singlets or doublets within the 
stroma near ducts. Graph, percentage of stroma-invading cells that were 
either double positive for both CK8/18 and Her2 or single CK8/18+. 
Mean ±  s.e.m.; * * P <  0.01; one-sided Mann–Whitney U-test; n =  4 mice, 
60–80 cells per mouse. Scale bars, 10 µ m.
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Extended Data Figure 4 | See next page for caption.
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Extended Data Figure 4 | Quantification of early dissemination by 
Her2+ early cancer cells. a, MMTV–Her2–NDL5–CFP early lesion 
mammary gland tissues (seven-week-old females) co-stained for CFP 
(green) and Her2 (red). Arrows, co-distribution of Her2 and CFP. Graph, 
percentage of positive cells for the single Her2 staining (white bars) or 
double co-staining for Her2 and CFP (black bars) per field. Approximately 
88% of early lesion cells are positive for Her2 and CFP. Scale bars, 10 µ m.  
b, Early circulating cancer cells (eCCCs) were detected in cytospin 
preparations by staining for CK8/18 (green) and nuclei with DAPI (blue) 
after a Ficoll gradient and negative selection (see Methods). Scale bar, 10 µ m.  
c, Detection of eDCCs in lung sections from MMTV–Her2 mice by 
immunohistochemistry for Her2 (rabbit anti-Her2 antibody (Abcam, 
ab2428)). Scale bar, 25 µ m. Right, augmented images from additional 
sections. Red arrowheads, Her2-positive DTCs; red asterix, host Her2-
negative cells. Scale bars, 10 µ m. Staining controls are shown in e.  
d, eDCCs in the bone marrow of MMTV–Her2 mice detected in cytospin 
preparations of whole bone-marrow samples after a Ficoll gradient and 
staining for CK8/18 (green), Her2 (red) and DAPI (blue). CK8/18+, Her2+ 
or double-positive cells were considered eDCCs. Right, individual channel 

signals. Left, merged channels on the right detecting a bone-marrow 
CK8/18+Her2+ DCC (arrow) next to a CK8/18−Her2−  bone-marrow cell 
(asterix). Scale bars, 10 µ m. e, Top, Immunohistochemistry for Her2 in 
non-transgenic FVB lung sections. Her2+ cells were undetectable in FVB 
lung sections. Bottom, IgG isotype for the Her2 antibody used in c in lungs 
of MMTV–Her2 mice. Scale bars, 50 µ m. f, g, Top, IgG control images for 
eDCC detection in MMTV–Her2 lung sections. Bottom, example of Her2+ 
(red) staining using the Calbiochem (OP15L) (f) and Abcam (ab2428) (g) 
anti-Her2 antibodies. M, mouse; R, rabbit. Scale bars, 10 µ m. h, eCCCs 
detected by CK8/18+ as in b in blood of MMTV–Her2 mice (age, 14–18 w) 
treated for 2 weeks with DMSO (C) or the p38α /β  inhibitor SB203580 
(DMSO n =  4; SB n =  5 mice). i, eDCCs detected by CK8/18+ as in d in 
bone marrow of MMTV–Her2 mice treated as in h (n =  5 mice per group). 
j, eDCCs detected in the lung of MMTV–Her2 mice carrying only early 
lesions as in c and treated as in h. Graph, percentage of Her2+ eDCCs per 
field in each group (n =  30 fields, 3 mice per treatment). For h–j, median 
and individual fields (j) or mice (h, i); * P <  0.05; * * * P <  0.001; one-sided 
Mann–Whitney U-test.
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Extended Data Figure 5 | See next page for caption.
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Extended Data Figure 5 | EMT markers in Her2+ early lesion cells.  
a, MCF10A-HER2 organoids treated for 6 days with SB203580 or control 
(DMSO) were stained for E-cadherin (green) and β -catenin (red) or DAPI 
(blue); MCF10A-HER2, n =  20 organoids per treatment. Scale bars, 10 µ m 
(top), 20 µ m (bottom). b, MCF10A-HER2 organoids treated with siRNAs 
targeting p38a or a non-targeting control (siCTL); n =  20 organoids per 
treatment. Scale bars, 10 µ m (top), 20 µ m (bottom). c, Quantification 
of a and b. * P <  0.048; NS, not significant; one-sided, unpaired t-test. 
d, Graph, percentage ±  s.e.m. β -cateninMEM in MCF10A-HER2 with/
without SB203580 and with/without p38a siRNA. * P =  0.0047; one-sided, 
unpaired t-test. e, MMTV–Her2 organoids treated with p38a or control 
siRNA (48 h) and stained to detect active β -catenin (see Methods). 
Graph, percentage ±  s.e.m. of organoids stained for active β -catenin 
(n =  10 organoids per treatment). Scale bars, 25 µ m. P =  0.0059; one-sided, 
unpaired t-test. f, AXIN2  mRNA expression in MCF10A-HER2 cultures 
treated for 24 h with DMSO control (C) or SB203580 (5 µ M). Technical 
triplicate determinations were normalized to GAPDH and fold change 
(FC) over control was determined for five biological replicates. P <  0.05; 
one-sided, unpaired t-test, mean ±  s.e.m. g, mRNA levels for SNAI1 and 
TWIST1 normalized to GAPDH in MCF10A-HER2 3D cultures treated 
with siRNA targeting the p38α  isoform or ATF2 from day 6–12. Graph, 

fold change over control in three biological replicates. * * P <  0.01;  
* * * P <  0.0001; one-sided, unpaired t-test; mean ±  s.e.m. h, Sections of 
MMTV–Her2 early lesions in mice treated for 2 weeks with SB203580 
(see Methods) stained for E-cadherin (top) and β -catenin (bottom). Scale 
bars, 15 µ m. Arrows, membrane E-cadherin, or β -catenin (bottom left)  
or nuclear β -catenin (bottom right). Boxed area is shown in Fig. 3c.  
i, Isotype-matched mouse IgG control immunohistochemistry for  
β -catenin and E-cadherin in mammary intraepithelial neoplasia and a 
primary tumour. Scale bars, 25 µ m. j, E-cadherin immunohistochemistry 
in C57BL/6 (WT) and Mkk3− /−  Mkk6 +/− mice10 or FVB mice treated  
with SB203580 (see Methods). k, Quantification of j. Mean ±  s.e.m.;  
* P <  0.01; one-sided, unpaired t-test. l, MCF10A organoids were treated 
for 6 days with control (DMSO) or SB203580 (5 µ M), and fixed and  
stained for E-cadherin (green). Graph, percentage of E-cadhi organoids in 
two experiments; 15 organoids per treatment per trial. Scale bars, 10 µ m.  
Mean ±  s.e.m.; * P <  0.01; one-sided, unpaired t-test. m, Top, immunofluorescence  
for β -catenin (red) on mammary gland sections of DMSO- or 
SB203580-treated FVB mice(see Methods). Scale bars, 25 µ m. Bottom, 
immunofluorescence for α -smooth muscle actin (SMA, red), CK8/18 
(green) and DAPI (blue) on the same tissues. Scale bars, 20 µ m.
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | Wnt signalling in Her2+ organoids and eDCC 
characterization. a, qPCR confirmation of EMT genes identified in Fig. 3g  
comparing MCF10A and MCF10A-HER2 organoids. Mean ±  s.e.m.  
shown as fold change over control. Values normalized to GAPDH 
from triplicate samples. * P <  0.05; one-sided, unpaired t-test. b, qPCR 
confirmation of genes identified in Fig. 3g in MCF10A-HER2 organoids 
treated with DMSO or SB203580. Mean ±  s.e.m. shown as fold change over 
control. Values normalized to GAPDH from triplicate samples. * P <  0.05; 
one-sided, unpaired t-test. c, qPCR for CDH1 mRNA in MCF10A-HER2 
organoids treated for 6 days with SB203580 (5 µ M) or p38a siRNA 
(20 nM). Fold change over control for biological triplicates. DMSO, 
control for SB203580 and scrambled siRNA, control for p38a siRNA. 
Mean ±  s.e.m.; * P <  0.05; one-sided, unpaired t-test. d, Western  
blot for haemagglutinin (HA)-tagged SFRP1 constructs in MCF10A-
HER2-SFRP1 cell lines. Gel source data, see Supplementary Fig. 1.  
e, Axin2  mRNA levels in MCF10A-HER2 and MCF10A-HER2-SFRP1 
cells treated with or without SB203580 (5 µ M) for 24 h. Fold change over 
control; error bars denote s.e.m. for biological sextuplicates. * P <  0.05; 
one-sided, unpaired t-test. f, Axin2  mRNA levels measured in MCF10A 
cultures transfected with pcDNA3 (empty vector) or CA-p38α  (D176A 
and F372S mutant) plasmids and then treated with or without WNT3A 
for 24 h. Fold change over control is shown; error bars denote s.e.m. for 
biological triplicates. * P <  0.02; one-sided, unpaired t-test. g, Percentage of 
outward-invading cells from MCF10A-HER2 and MCF10A-HER2-SFRP1  

organoids treated for 6 days with DMSO or SB203580 (5 µ M). n =  20 
organoids per treatment, biological duplicates; data are shown as 
mean ±  s.e.m.; * P <  0.05; one-sided, unpaired t-test. h, Left, E-cadherin 
(green) in MCF10A-HER2 and MCF10A-HER2-SFRP1 organoids treated 
for 6 days with SB203580 (5 µ M). Right, β -catenin (red) in organoids 
treated as on the left. Insets (h1–h4) show magnified boxed regions. 
Graph, percentage of E-cadhi (green bars, left axis) and β -cateninMEM  
(red bars, right axis) organoids. Error bars denote s.e.m.; NS, not 
significant; * P <  0.003; * * P <  0.02; one-sided, unpaired t-test; n =  20 
organoids per treatment, biological duplicates. Scale bars, 10 µ m.  
i, Quantification of early-lesion or primary-tumour cancer cells with the 
indicated profiles; 4 animals per group. * * P <  0.01; one-sided Mann–
Whitney U-test; mean ±  s.e.m. Bottom, immunofluorescence for Twist1hi 
(T+) protein in HER2+ (H+) cancer cells in early lesions (n =  883 cells) 
or primary tumours (n ≥   3,000 cells). j, Immunofluorescence for p-H3 
(green) and Her2 (red) in eDCCs from MMTV–Her2 lung sections. Scale 
bars, 10 µ m. k, Immunofluorescence for Her2 (red) and p-Rb (green) in 
spontaneous primary MMTV–Her2 tumours. Scale bar, 10 µ m.  
l, Representative image of Her2+Twist1+ lung DCCs from 33-week-old 
MMTV–Neu mice. n =  500 cells, 4 animals per group. Quantification 
shown in Fig. 4f. Scale bar, 10 µ m. m, Percentage of Her2+ and p-Rb+ cells 
per field of view (FOV) in MMTV–Her2 mice treated as in Fig. 3c. Lungs 
sections from 3 animals. * P <  0.02; * * * P <  0.0001; one-sided, unpaired 
t-test; error bars represent ±  s.e.m.
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Extended Data Figure 7 | See next page for caption.
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Extended Data Figure 7 | Metastasis-initiating potential of HER2+ 
early lesion cells. a, Experimental approach for testing tumorigenic and 
metastatic potential. Early lesions cells from mouse mammary glands  
(age, 12–18 weeks) and primary tumour cells were seeded in mammosphere  
medium (see representative images). Approximately 300 mammospheres 
were injected into the fat pad of nude mice. Primary tumour formation 
and metastasis was monitored for 1, 3 and 12 months (mammospheres 
group) or for 3 months (tumourspheres group). Primary tumour and 
metastasis incidence are shown in Fig. 4g. b, Sphere-forming efficiency 
for early lesion cancer cells (age, 16 weeks) and primary tumour cancer 
cells. After one week (1) in culture, spheres were disaggregated and 
replated to test self-renewal capacity for another week (2). n =  6 replicates; 
one-sided, unpaired t-test; data are mean ± s.d. Representative of 3 
biological replicates. c, Left, haematoxylin and eosin staining of lung 
macro-metastasis in nude mice injected with MMTV–Her2 early lesion 
mammospheres. Scale bar, 200 µ m. Right, immunohistochemistry for 
Her2+ DCCs in mice injected with tumourspheres. Scale bar, 10 µ m. 

Arrows, Her2+ DCCs; asterisks, Her2−  cells. d, Left, immunofluorescence 
detection of p-ERK1/2 and p-S6 in organoids produced by MMTV–
Her2 early lesion or primary tumour cells. Right, percentage of p-S6 
or p-ERK+ organoids per well. n =  triplicates; one-sided, unpaired 
t-test; mean ±  s.e.m. e, Mammosphere from early lesion cells or 
tumourspheres from primary tumour cells were directly embedded in 3D 
Matrigel to monitor organoid behaviour for 3 days. Top, percentage of 
invasive organoids in each group. EL, early lesion; PT, primary tumour. 
Bottom, representative images used to quantify the invasive nature of early 
lesion mammospheres (left) compared to primary tumour tumourspheres 
(right). P <  0.0021; one-sided, unpaired t-test; mean ±  s.e.m. f, Early 
lesion and primary tumour single-cell suspensions were injected 
intravenously (tail vein) in nude mice (50,000 cells per animal). Lungs 
were collected (after 4 weeks) and processed for haematoxylin and eosin, 
and immunofluorescence for Her2 detection (right). Graph, number of 
metastatic nodules per section per animal lung (n =  3 mice in each group). 
NS, not significant; Mann–Whitney U-test; median and range are shown.
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Extended Data Figure 8 | Final tumour volume of early lesions or 
primary spheres after orthotopic injection into nude mouse mammary 
fat pads. Animals were randomized and approximately 300 spheres from 
early lesions or primary tumours were injected per site into nude mice 
(BALB/cnu/nu, Charles River) with Matrigel (Corning 356231) at a 1:1 ratio. 
Spheres were injected into the both fourth inguinal gland fat pads using a 
27-gauge needle. In the case of mice injected with tumour-derived spheres, 
mice were euthanized when tumours reached 1,000 mm3, according 
to IAUCU regulations. Tumour volumes were measured at 3 months. 
Mammospheres, n =  15 animals, tumourspheres, n =  13 animals. One-
sided Mann–Whitney U-test with 95% confidence intervals.
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Extended Data Figure 9 | Cartoon depicting the mechanism of early 
dissemination by Her2+ early lesion cells. a, Early Her2+ early lesion 
cancer cells (red) turn on Wnt, PI3K and AKT signalling, inhibit p38 
activation and E-cadherin-junction formation allowing for a Twist1hi 
EMT-like invasive program; p38 and E-cadherin inhibit the Wnt- and 
β -catenin-driven EMT-like program and invasion (grey inhibitory 
symbols). b, Her2+p-p38loTwist1hiE-cadlo early lesion cancer cells, which 

retain CK8/18 expression can intravasate and disseminate. c, In lungs more 
than 85% of eDCCs (red) were Her2+E-cadlo(p-Rb or p-H3)lo, suggesting 
a large population of dormant cells. Most eDCCs are also Twist1hiE-cadlo. 
Nevertheless, eDCCs can initiate metastasis, which correlated with the 
acquisition of a Twist1loE-cadmed–hi phenotype. In the bone marrow, 
eDCCs were Her2+CK8/18+ and remain dormant for the duration of the 
experiments, as bone lesions were never observed.
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Extended Data Table 1 | Quantification of eCCCs and eDCCs in MMTV–Her2 mice

eCCCs, as well as lung and bone-marrow eDCCs, could be detected in 100% of mice (column two) (n =  4) (for images, see Extended Data Fig. 4h–j). The median number of CK8/18+ eCCC per ml of 
blood from cytospin preparations of whole blood samples is shown with range (n =  4). Bone-marrow eDCCs were detected as CK8/18+, Her2+ and co-stained for both markers in cytospin preparations 
from 4 hindlimb long bones (2 tibias, 2 femurs) and the number of eDCCs along with minimum and maximum values in the whole bone marrow is shown (n =  5). The median percentage of lung 
eDCCs per field detected by immunohistochemistry of lungs is shown with minimum and maximum number of DCCs (n =  30 fields, n =  3 animals). The median number of eDCCs in the bone-marrow 
compartment is equivalent to approximately 20.2 eDCCs per 106 bone-marrow host cells in control groups and approximately 46 eDCCs per 106 bone-marrow host cells in SB203580-treated animals.
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Axl is required for TGF-β2-induced 
dormancy of prostate cancer cells in 
the bone marrow
Kenji Yumoto1, Matthew R. Eber1,2, Jingcheng Wang1, Frank C. Cackowski1,3, Ann M. Decker1, 
Eunsohl Lee1, Ana Rita Nobre4, Julio A. Aguirre-Ghiso4, Younghun Jung1 & Russell S. Taichman1

Disseminated prostate cancer (PCa) cells in the marrow survive for years without evidence of 
proliferation, while maintaining the capacity to develop into metastatic lesions. These dormant 
disseminated tumor cells (DTCs) may reside in close proximity to osteoblasts, while expressing high 
levels of Axl, one of the tyrosine kinase receptors for growth arrest specific 6 (Gas6). Yet how Axl 
regulates DTC proliferation in marrow remains undefined. Here, we explored the impact of the loss of 
Axl in PCa cells (PC3 and DU145) on the induction of their dormancy when they are co-cultured with 
a pre-osteoblastic cell line, MC3T3-E1. MC3T3-E1 cells dramatically decrease the proliferation of PCa 
cells, however this suppressive effect of osteoblasts is significantly reduced by the reduction of Axl 
expression in PCa cells. Interestingly, expression of both TGF-β and its receptors were regulated by Axl 
expression in PCa cells, while specific blockade of TGF-β signaling limited the ability of the osteoblasts 
to induce dormancy of PCa cells. Finally, we found that both Gas6 and Axl are required for TGF-β2-
mediated cell growth suppression. Taken together, these data suggest that a loop between the  
Gas6/Axl axis and TGF-β2 signaling plays a significant role in the induction of PCa cell dormancy.

Bone marrow (BM) metastases are a major cause of death in prostate cancer (PCa) patients1,2. They are largely the 
result of the reactivation of disseminated tumor cells (DTCs) which escape early in the disease progression, yet 
have remained dormant for years3. It is a significant problem that DTCs in BM often become resistant to current 
cancer chemotherapies which target actively proliferating cancer cells. In order to prevent PCa metastases in the 
BM, it is therefore important to understand how DTCs become dormant and under what conditions they escape 
the proliferative regulation imposed by the marrow. Although recent studies have defined some of key molecules 
and signaling pathways which regulate tumor cell dormancy4,5, much remains to be understood.

Recently, two members of the TGF-β  superfamily (TGF-β 2 and BMP-7) were shown to regulate DTC dor-
mancy in the BM6,7 and BMP-4 also regulates dormancy in the lung8. TGF-β 2 induces the expression of p27, 
a potent endogenous cell cycle inhibitor, by increasing phosphorylation of p38 and activation of Smad2 and 
Smad1/56. Yet, even TGF-β  signaling has divergent roles in regulating tumor proliferation and most of the studies 
have focused on TGF-β 1 isoform when elucidating these mechanisms. For example, TGF-β 1 in early stage lesions 
suppresses cellular proliferation, while it promotes tumor progression in late stages9–13. Recently it was shown 
that TGF-β 2 was upregulated in the DTCs isolated from PCa patients that had no evidence of disease from 7–18 
years after radical prostatectomy, compared to DTCs from patients with active PCa metastatic disease14. TGF-β 2, 
while less understood compared to TGF-β 1, seems to induce growth suppression even in cancer cells with highly 
altered genomes6,14, suggesting that isoform function might shed light into how some microenvironments can 
still impose dormancy of aggressive cancer cells. Similarly, BMP-7 is produced by bone marrow stromal cells and 
it can suppress the proliferation of PCa cells by activating p38 and increasing the cell cycle inhibitor expression, 
including p21 and p277. The suppressive effect on cell proliferation by BMP-7 depends on the BMP receptor 2 
(BMPR2), and BMPR2 expression inversely correlates with bone metastases in prostate cancer patients7.
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In prior studies, we reported that the process of metastasis is similar to the homing behavior of hematopoi-
etic stem cells (HSCs) in the marrow where DTCs target and engage the HSC niche during dissemination15. 
Like HSCs, once DTCs are engaged in the osteoblastic niche, they become quiescent. Taking further clues from 
HSCs-niche interactions, we have found that like HSCs, growth arrest specific 6 (Gas6), regulates DTC quies-
cence and tumor development16,17. Gas6 signaling is dependent on at least three tyrosine kinase receptors includ-
ing Tyro3, Axl and MerTK (TAM receptors)18,19. Using a xenograft model of tumor dormancy we found that 
high expression of Axl relative to Tyro3 is associated with PCa cell dormancy in the marrow, suggesting that Axl 
signaling may be associated with the induction of a dormant phenotype20.

In the present study we further explored the role that Axl plays in PCa cellular dormancy, using a co-culture 
system in which PCa cells become quiescent on the pre-osteoblastic cell line, MC3T3-E1. We found that 
MC3T3-E1 cells dramatically enhance the dormancy signature of PCa cells recovered from the co-culture, how-
ever, loss of Axl expression in PCa cells limits the induction of the dormant phenotype. Interestingly, loss of Axl 
expression also leads to decreased expression of TGF-β  ligands and TGF-β  receptor 2 (TGFBR2) by PCa cells 
in the co-culture, while TGF-β  signaling limits PCa proliferation in the co-culture system. More specifically, we 
found that TGF-β 2, but not TGF-β 1 could induce Gas6 and p27 expression in PC3 cells. Furthermore, Gas6 and 
Axl expression are required for TGF-β 2-mediated PCa cell growth suppression. Our results strongly suggest that 
there is a critical crosstalk between TGF-β  and Gas6/Axl signaling pathways to regulate PCa cell dormancy.

Results
MC3T3-E1 pre-osteoblasts induce PCa cell dormancy. Osteoblasts are critical components of the HSC 
niche and are known to play a significant role in regulating disseminated tumor cell (DTC) proliferation in the 
marrow21. To study the mechanisms underlying the induction of dormancy by osteoblasts, we tested whether 
osteoblasts can induce a dormant state in PCa cells in vitro. Luciferase expressing PCa cells were cultured on 
subconfluent MC3T3-E1 cells, and PCa cell proliferation was evaluated. After four days of co-culture, luciferase 
activity was significantly lower in the PC3 co-cultured with MC3T3-E1 cells relative to PC3 cells cultured alone 
(Fig. 1A). To confirm that a dormant phenotype was established in PCa cells by the co-culture, flow cytome-
try was used to analyze BrdU incorporation. For these studies, PCa cells were distinguished from the murine 
MC3T3-E1 cells by antibodies against the human leukocyte antigen (HLA). BrdU incorporation was dramatically 
decreased in PC3 cells co-cultured with osteoblasts compared to PC3 cells alone (Fig. 1B). Next, PCa cells were 
labeled with DiD to evaluate proliferation in live cells. DiD is a fluorescent dye, which binds to cell membranes 
and is equally distributed into daughter cells during proliferation while high label retention represents cells which 
have undergone fewer divisions22. More label was retained by the PC3 and DU145 cells when they were co-cul-
tured with MC3T3-E1, compared to those cells cultured alone (Fig. 1C). Furthermore, Ki-67 expression was 
evaluated as it is expressed in G1, S, G2 and M stages of the cell cycle, but not in the G0, dormant state. Ki-67 
negative populations were significantly increased when the PCa cells were co-cultured with osteoblasts (Fig. 1D). 
Consistent with the FACS data, Ki-67 expression levels were significantly suppressed in PCa cells after 3 days 
of the co-culture when examined them by immunocytochemistry (Fig. 1E). Together, these data indicate that 
MC3T3-E1 cells suppressed the proliferation of the PCa cells.

TAM receptor expression in the slow-cycling PCa cells. Gas6, the ligand of the TAM receptors, regu-
lates DTC quiescence and tumor development in PCa16,17. Gas6 is abundantly secreted from MC3T3-E1 cells, but 
not in PC3 or DU145 cells, although it is detected in the cell lysates and on the cell surface of those PCa cells (Fig. S1).  
Therefore, Gas6 secreted from MC3T3-E1 cells may suppress the proliferation of PCa cells through TAM recep-
tors expressed by PCa cells in our co-culture systems. Axl expression is associated with a non-proliferative state 
of DTCs in the bone marrow20. To test whether Axl expression levels are correlated with cellular dormancy in 
our co-culture model system, cell surface expression of the TAM receptors was examined by flow cytometry. For 
these studies, PCa cells were pre-labeled with DiD, and then cultured with MC3T3-E1. After 7 days, HLA positive 
PCa cells were selected and DiD retention levels were detected in PCa cells (Fig. 2A). Each of the TAM recep-
tors expression was examined between DiD-low (fast-cycling) and DiD-high (slow-cycling) PCa cells (Fig. 2B). 
Significantly higher expression of Axl is detected in slow-cycling cells compared to fast-cycling cells both in PC3 
and DU145 when they are cultured in the presence of osteoblasts, although there is no difference in Axl expres-
sion between fast and slow-cycling PCa cells when they are cultured in the absence of osteoblasts (Fig. 2B). Yet 
Mer expression is higher in the slow-cycling PCa cells both in the presence and absence of osteoblasts, and Tyro3 
levels are slightly higher in slow-cycling cells in PC3, but not in DU145 in the presence of osteoblasts (Fig. 2B). 
The higher ratio Axl/Tyro was correlated with slow-cycling cells in DU145, but not in PC3 (Fig. S2), while a pre-
vious study by our group demonstrated that the higher ratio of Axl/Tyro3 is associated with the dormant DTCs 
extracted from bone marrow20.

Axl knockdown reduced dormant cell induction in PCa cells during the co-culture. PCa cells 
become slow-cycling or dormant when they are cultured with MC3T3-E1cells, while TAM receptor expression 
is enhanced in the dormant or slow-cycling PCa cells. To examine whether TAM receptors are involved in the 
induction of PCa dormancy in the co-culture, Tyro3, Axl and Mer were knocked down using shRNA technology 
(sh Tyro3, sh Axl and sh Mer) and the cells were co-cultured with MC3T3-E1. Reduction of each TAM receptor 
expression was confirmed by western blots (Fig. S3). Four days later, Ki-67 negative PC3 cells were evaluated. 
Although Ki-67 negative populations were dramatically increased in PC3 sh Control cells cultured on MC3T3-E1 
cells, fewer Ki-67 negative cells were detected when Tyro3, Axl and Mer levels were reduced by sh RNA (Fig. 3A). 
Importantly, reduction in Axl expression had the predominant impact on Ki-67 negative populations, suggesting 
that Axl plays a pivotal role in dormancy induction (Fig. 3A). Likewise, Axl knock down in DU145 cells par-
tially suppressed Ki-67 negative populations during the co-culture (Fig. 3B). Next, PCa cells were stained with 



www.nature.com/scientificreports/

3Scientific RepoRts | 6:36520 | DOI: 10.1038/srep36520

HLA-specific antibodies, and Ki-67 expression was detected using anti-Ki-67 antibodies by immunohistochemis-
try. Knockdown of Axl in both PC3 and DU145 resulted in significantly higher levels of Ki-67 staining compared 
to control cells in the co-cultures (Fig. 3C). Based on these results, we focused further attention on the role of Axl 
in tumor cell dormancy.

Figure 1. MC3T3-E1 cells induce a dormancy signature in PCa cells. (A) Luciferase activity in PC3 cells 4 
days after co-culture with MC3T3-E1 cells. **p <  0.01, compared to PC3 cells cultured alone, N.D. means not 
detected. (B) BrdU incorporation in PC3 cells 4 days after co-culture with MC3T3-E1 cells by flow cytometry. 
**p <  0.01, compared to PC3 cells cultured alone. (C) Both PC3 and DU145 cells were pre-labeled with a 
fluorescent dye, DiD, and co-cultured with MC3T3-E1 cells. DiD levels in PCa cells were measured by FACS 6 
days after the co-culture was initiated. **p <  0.01 compared to PC3 cells cultured alone, ##p <  0.01 compared to 
DU145 cells cultured alone. (D) Ki-67 negative populations in PCa cells 4 days after the co-culture evaluated by 
flow cytometry. **p <  0.01 compared to PC3 cells cultured alone, ##p <  0.01 compared to DU145 cells cultured 
alone. (E) Immunocytochemistry showing Ki-67 expression. PCa cells were recognized by HLA with green 
color, and Ki-67 was shown with red color. Scale bar, 20 µ m.
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Figure 2. TAM receptor expression in the slow-cycling PCa cells. (A) Selection of PCa cells as HLA-positive 
populations and DiD fluorescence levels in PCa cells by flow cytometry in co-culture with MC3T3-E1 cells. DiD 
fluorescence levels were examined in PCa cells before and 7 days after the co-culture. (B) Cell surface expression 
of TAM receptors between DiD-low and DiD-high PCa cells cultured in the presence or absence of MC3T3-E1 
cells. **p <  0.01 compared to DiD-low PCa cells cultured in the absence of MC3T3-E1 cells, ##p <  0.01 
compared to DiD-low PCa cells cultured in the presence of MC3T3-E1 cells.
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Enhanced expression of TGF-β ligands and receptors by PCa cells during co-culture. To further 
explore the role that Axl plays in establishing cellular dormancy we examined the expression of TGF-β  ligands 
and their receptors. TGF-β  signaling has recently been shown to participate in dormancy of head and neck squa-
mous cell carcinoma in the bone marrow6 and it is upregulated in DTCs from PCa patients with dormant disease 
for up to 18 years6. For these studies, mRNA expression was evaluated after 3 days of co-culture. We observed 
significant increases in TGF-β 1 and TGF-β 2 expression in PC3 cells (Fig. 4A,B). Similarly, the expression of the 
type II receptor (TGFBR2) and type III receptor (TGFBR3) were upregulated by the cancer cells in co-culture 
(Fig. 4D,E). Consistent with a dormancy signature of PCa cells after co-culture, p27, a potent cell cycle inhib-
itor and a downstream target of TGF-β  signaling, was elevated in PC3 cells, suggesting that p27 may directly 
contribute to the induction of dormancy of PC3 cells (Fig. 4F). Surprisingly, both TGF-β 1 and TGF-β 2 were not 
increased in PC3 sh Axl cells after the co-culture (Fig. 4A,B). In addition, upregulation of TGFBR2 mRNA was 

Figure 3. Ki-67 expression levels in each of TAM receptor knockdown PCa cells 4 days after co-culture 
with MC3T3-E1 cells. (A) Ki-67 negative populations in PC3 cells after the co-culture. **p <  0.01 compared 
to PC3 sh control cells cultured alone, #p <  0.05, ##p <  0.01 compared to PC3 sh control cells co-cultured with 
MC3T3-E1 cells. (B) Ki-67 negative population in DU145 cells after the co-culture. ##p <  0.01 compared 
to DU145 sh control cells co-cultured with MC3T3-E1 cells. (C) Immunocytochemistry showing Ki-67 
expression. PCa cells were recognized by HLA with green color, and Ki-67 was shown with red color. Scale bar, 
20 µ m.
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Figure 4. Relative expression of TGF-β ligands and receptors in PCa cells after 3 days of co-culture with 
MC3T3-E1 cells. (A–F) mRNA expression in PCa sh Control and PCa sh Axl cells measured by real time RT-
PCR. *p <  0.05, **p <  0.01 compared to PCa sh Control cells cultured alone. ##p <  0.01 compared to PCa sh 
Control cells cultured with MC3T3. ǂp <  0.05 compared to PC3 sh Axl cells cultured alone.
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significantly less in PC3 sh Axl cells compared to PC3 sh Control cells in the co-culture (Fig. 4D). Furthermore, 
the increase in p27 mRNA expression was completely abolished in PC3 sh Axl after the co-culture (Fig. 4F).

For DU145 cells, TGF-β 2, TGFBR1 and TGFBR2 mRNA were dramatically upregulated after the co-culture 
(Fig. 4B–D). Axl knockdown inhibited the expression of TGF-β 2 (Fig. 4B), and the enhanced expression 
of TGFBR1 and TGFBR2 mRNA were much less when compared to the sh Control cells in the co-culture 
(Fig. 4C,D). Unlike the PC3 cells, DU145 cells did not increase p27 mRNA in the co-culture after 3 days of the 
co-culture (Fig. 4F).

Cooperative cross-talk between tumor cells and members of the HSC niche are thought to play a significant 
role in regulating dormancy15,23. To explore this possibility, we examined the expression of TGF-β  and Gas6 
mRNA by MC3T3-E1 cells following the co-culture with PCa cells. Here it was observed that MC3T3-E1 cells 
recovered from the co-cultures with PC3 decreased their expression of TGF-β 1, TGF-β 2 and Gas6 (Fig. S4). As 
seen in the DU145 cells, MC3T3-E1 recovered from the co-cultures did not alter their expression of TGF-β 1, 
TGF-β 2 or Gas6 (Fig. S4). Knockdown of Axl in PCa cells did not influence TGF-β 1, TGF-β 2 or Gas6 expression 
in the co-cultured osteoblasts (Fig. S4).

TGF-β is involved in the dormancy induction in PCa cells in the co-culture. We tested whether 
TGF-β  is involved in the induction of dormancy of PCa cells by co-culture with MC3T3-E1 cells, using a TGFBR1 
specific inhibitor, LY-364947. The inhibitor blocked the expansion of the Ki-67 negative populations in both PC3 
and DU145 cells in the co-culture with MC3T3-E1 cells (Fig. 5A,B), suggesting that TGF-β  signaling contributes 
to the induction of dormancy.

Gas6 and Axl participate in the regulation of TGF-β family members and their receptors by 
PCa cells. Thus far our studies suggest that TGF-β  signaling induces a dormant phenotype in PCa cells in 
co-culture with MC3T3-E1cells. While at the same time, reduction of Axl expression reduced the induction of 
PCa dormancy in the co-culture, which was associated with relatively lower expression of TGF-β  ligands and 
TGFBR2 mRNA in PCa cells. Based on these results, we hypothesized that Gas6 may increase TGF-β  ligand and 
TGFBR2 expression by signals generated through Axl. To address this, we examined the effect of Gas6 overex-
pression (Gas6 OE) or Gas6 knockdown (sh Gas6) on the mRNA expression of TGF-β  ligands and their receptors 

Figure 5. The effect of a TGFBR1 specific inhibitor (LY-364947) on Ki-67 expression by PCa after co-
culture with MC3T3-E1 cells. (A) Ki-67 negative population in PC3 cells was evaluated after 4 days of co-
culture with MC3T3-E1 cells. PC3 cells were treated with a TGFBR1 specific inhibitor, LY-364947 (Cat #: 2718, 
Tocris Bioscience, Minneapolis, MN) for 30 minutes at 37 °C, and then co-cultured with MC3T3-E1 cells. 
**p <  0.01 compared to PC3 cells cultured alone without the treatment of the inhibitor, ##p <  0.01 compared to 
PC3 cells co-cultured with MC3T3-E1 cells without the inhibitor. (B) Ki-67 negative populations in DU145 cells 
after 4 days of co-culture with MC3T3-E1 cells. *p <  0.05**, p <  0.01 compared to DU145 cells cultured alone in 
the absence of the inhibitor, ##p <  0.01 compared to DU145 cells co-cultured with MC3T3-E1 cells without the 
inhibitor.
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in PCa cells (Fig. 6A,B). Gas6 protein expression levels in PCa Gas6 OE or PCa sh Gas6 were evaluated by ELISA 
(Fig. S5). Gas6 OE significantly increased the expression of TGF-β 1, TGFBR2 and TGFBR3 both in PC3 and 
DU145 cells (Fig. 6A), while Gas6 knockdown significantly reduced their gene expression (Fig. 6B). We also 
stimulated PCa cells with recombinant Gas6. Recombinant Gas6 increased the expression of TGF-β 1 and TGF-β 

Figure 6. Gas6 and Axl expression are involved in the expression of TGF-β ligands and receptors in PCa 
cells. (A) mRNA expression in control and Gas6 overexpressed PCa cells. mRNA was extracted 2 days after 
serum starvation. *p <  0.05, **p <  0.01 compared to PC3 Control cells. ##p <  0.01 compared to DU145 Control 
cells. (B) mRNA expression in sh control and sh Gas6 knockdown PCa cells. mRNA was extracted after 6 days 
of culture in 0.5% FBS. Culture media was replaced at day3.*p <  0.05, **p <  0.01 compared to PC3 sh Control 
cells. ##p <  0.01 compared to DU145 sh Control cells. (C–E) mRNA expression in PCa cells 6 days after siRNA 
treatments targeting Axl. *p <  0.05, **p <  0.01 compared to si scramble control PC3cells, ##p <  0.01 compared 
to si scramble control DU145 cells. (F,G) Western blots showing protein expression levels of Axl, TGFBR2 and 
TGFBBR3 in PCa cells after the reduction of Axl or Gas6 by shRNA (F) or siRNA (G). Protein samples were 
loaded 6 days after siRNA treatments targeting Axl (G).
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2 in PC3 cells, and TGF-β 2 in DU145 cells, however, their cognate receptor expression was not altered (Fig. S6). 
Next, we reduced Axl expression using two different siRNAs to confirm that Axl regulates TGFBR expression. 
Both Axl siRNAs (si Axl #1 and si Axl #2) successfully inhibited Axl mRNA expression in PC3 and DU145 cells 
(Fig. 6C). Here, TGFBR2 mRNA levels were reduced by siRNA targeting of Axl expression in both PC3 and 
DU145 cells (Fig. 6D).

TGF-β  receptor expression was next examined at the protein level following Axl knockdown by sh RNA 
and siRNA (Fig. 6F,G). Western blots showed that stable knockdown of Axl by shRNA reduced TGFBR2 levels, 
and almost completely inhibited TGFBR3 expression in PC3 cells (Fig. 6F). In DU145 cells, sh Axl significantly 
reduced TGFBR2 levels while TGFBR3 was not detected (Fig. 6F). Similar findings were made when Axl expres-
sion was reduced by siRNA; TGFBR2 levels were dramatically reduced both in PC3 and DU145 cells (Fig. 6G), 
and TGFβ R3 levels in PC3 were also reduced (Fig. 6G).

Next we examined the effect of reducing expression of the Axl ligand, Gas6 by shRNA. In PC3 cells, Gas6 
reduction completely abolished the expression of TGFBR3 (Fig. 6F), whereas TGFBR2 levels were comparable 
with sh Control cells (Fig. 6F). In DU145 cells, Gas6 knockdown dramatically reduced TGFBR2 levels as did Axl 
knockdown (Fig. 6F).

Taken together, these results indicated that both Gas6 and Axl play a pivotal role in TGFBR expression. 
Remarkably, Axl knockdown inhibited TGFBR3 expression, whereas Mer or Tyro3 knockdown did not alter 
TGFBR3 expression at protein levels in PC3 cells (Fig. S7).

Axl or Gas6 reduction diminishes the TGF-β2-mediated growth suppression. Our studies thus 
far have demonstrated that Gas6 and its receptor Axl play a significant role in the regulation of TGF-β  ligands 
and their receptors. To determine whether TGF-β  signaling might initiate a loop where the dormant phenotype 
is reinforced by autocrine signaling, we tested whether TGF-β 2 vs TGF-β 1 regulates the mRNA expression of 
Gas6, Axl and p27. TGF-β 2, but not TGF-β 1 significantly upregulated the expression of Gas6 and p27, while 
TGF-β 2 downregulated Axl in PC3 (Fig. 7A). In DU145 cells, both TGF-β 2 and TGF-β 1 dramatically increased 
Gas6 expression, while TGF-β 2, but not TGF-β 1 significantly increased the expression of Axl (Fig. 7A). Unlike 
PC3 cells, expression of p27 was not altered by either of TGF-β 1 or TGF-β 2 in DU145 cells (Fig. 7A). These data 
suggest that TGF-β 2 and Gas6 may induce a self-reinforcing loop to maintain a dormancy phenotype. Based on 
these results, we next hypothesized that Gas6-Axl axis may play a significant role on TGF-β -induced tumor cell 
growth suppression. To address this possibility, Axl or Gas6 knockdown in PCa cells were pre-labeled with DiD, 
and DiD retention was evaluated 6 days after TGF-β 2 stimulation. TGF-β 2 stimulation significantly increased the 
label retention in sh Control PCa cells (Fig. 7B,C), suggesting that PCa cell proliferation was inhibited by TGF-β 
2. The activity of TGF-β 2 was nearly abolished by Axl or Gas6 knockdown, suggesting that both of Axl and Gas6 
are required for the TGF-β 2-mediated cell growth suppression in PCa cells (Fig. 7B,C).

To further explore the impact of Axl or Gas6 knockdown on the TGF-β -induced growth suppression, we 
examined p27 expression levels by Western blot after TGF-β 2 treatment (Fig. 7D). In PC3 cells, p27 levels were 
significantly increased in sh Control cells 3 days after TGF-β 2 stimulation, while p27 was not significantly 
enhanced by TGF-β 2 stimulation both in sh Axl and sh Gas6 cells (Fig. 7D,E). In agreement with the RT-PCR 
results (Fig. 7A), p27 levels were not increased even after TGF-β 2 treatment in DU145 cells (Fig. 7D,E), suggest-
ing that another cell cycle inhibitor may work to inhibit proliferation after TGF-β 2 stimulation. Interestingly, 
p27 levels were significantly lower both in sh Axl and sh Gas6 compared to sh Control DU145 cells (Fig. 7D,E). 
Furthermore, p27 was decreased by Axl reduction after TGF-β 2 stimulation in DU145 cells (Fig. 7D,E), suggest-
ing Gas6 and Axl is required to maintain p27 expression levels.

We also examined apoptosis of PCa cells after TGF-β 2 treatment (Fig. S8). Interestingly, TGF-β 2 significantly 
reduced apoptosis both in sh Control PC3 and DU145 cells, while Axl reduction almost completely impaired this 
activity of TGF-β 2 (Fig. S8). Similarly, Gas6 knockdown diminished the effect of TGF-β 2 on apoptosis in DU145 
cells (Fig. S8). These results suggest that Gas6 and Axl are required for TGF-β 2-induced signals which suppress 
apoptosis. These data also suggests that TGF-β 2 suppresses PCa proliferation through the inhibition of cell cycle, 
rather than apoptosis induction.

Axl reduction suppresses PCa cellular dormancy in bone marrow. To determine whether Axl 
expression is involved in PCa cellular dormancy or survival in vivo, we injected PCa sh Axl cells labeled with 
luciferase into the tibiae of SCID mice. Tumor growth was monitored by bioluminescence images (BLI) (Fig. 8A), 
and bone sections were examined after tumor lesions were confirmed. Fewer Ki-67 negative PCa cells (dormant) 
were present in the marrow of animals injected with sh Axl cells  compared to sh Control cells (Fig. 8B). Likewise, 
TGFBR2 expression was suppressed in PCa sh Axl cells (Fig. 8C), and TGFBR3 expression was reduced by Axl 
reduction in PC3, although TGFBR3 was not detected in DU145 cells (Fig. 8D). Furthermore, terminal deoxy-
nucleotidyl transferase dUTP Nick-End Labeling (TUNEL) assay showed that apoptotic cells appear to be aug-
mented in PCa sh Axl cells in BM (Fig. S9). These results suggest that Axl plays a significant role in the regulation 
of TGFBR expression, tumor cell growth and survival in DTCs found in the marrow.

Discussion
Our previous studies suggest that osteoblasts play a key role in inducing and/or maintaining PCa dormancy in 
the marrow15. We assumed that part of the mechanism used by osteoblasts to regulate dormancy is through the 
secretion of Gas6 and activation of its receptor, Axl17. However, we did not have evidence which directly links Axl 
to dormancy induction, although we observed Axl expression is associated with PCa cell dormancy status in the 
bone marrow20.
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In the present study, we provide evidence that Axl expression regulates cellular dormancy of PCa cells stim-
ulated by osteoblasts (Fig. 3A–C). Interestingly, the co-culture with osteoblasts elevates the expression of both 
TGF-β 2 and TGFBR2 in PCa cells (Fig. 4B,D), which contributes to dormancy induction of PCa cells. In fact, 
diminished Axl expression impairs TGF-β 2 and TGFBR2 expression (Fig. 4B,D). Furthermore, loss of Axl expres-
sion limited the impact of TGF-β 2 on inhibiting PCa cell growth (Fig. 7B,C). Together these findings suggest that 
Axl is a crucial regulator of dormancy induced by TGF-β  signaling in PCa cells. Therefore this is the first report 

Figure 7. Axl or Gas6 is required for TGF-β2-induced growth suppression. (A) Relative mRNA levels in PCa 
cells were evaluated 24 hours after TGF-β 1 (Cat #: 240-B/CF, R&D Systems, Minneapolis, MN) or TGF-β 2  
(Cat #: 302-B2/CF, R&D Systems, Minneapolis, MN) stimulation (both 2 ng/ml). *p <  0.05, **p <  0.01 compared 
to PCa cells without TGF-β  stimulation, #p <  0.05, ##p <  0.01 compared to PCa with TGF-β 1 stimulation.  
(B,C) PCa cells were pre-labeled with DiD, and DiD retention was evaluated 6 days after TGF-β 2 stimulation  
by flow cytometry. *p <  0.05, **p <  0.01 compared to PC3 cells without TGF-β 2 treatments, ##p <  0.01 compared 
to DU145 cells without TGF-β 2 treatments in each of sh Control, sh Axl or sh Gas6 cells. (D) Western blots 
showing p27 expression levels in PCa cells 3 days after TGF-β 2 treatment. (E) Relative p27 expression levels 
evaluated by densitometry. P27 expression was normalized by β -actin expression. *p <  0.05, **p <  0.01 
compared to PCa sh Control cells without TGF-β 2 treatments. #p <  0.05, ##p <  0.01 compared to DU145 sh Axl 
cells without TGF-β 2 stimulation.
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Figure 8. Axl reduction in PCa cells suppresses the cellular dormancy of PCa cells in bone marrow.  
(A) Tumor growth monitored by bioluminescence imaging (BLI) in marrow. PCa sh Control and sh Axl cells 
labeled with luciferase were injected into tibiae of SCID mice (n =  5). (B) Immunohistochemistry showing 
Ki-67 expression in PCa sh Control and PCa sh Axl cells in BM. PCa cells were recognized by pan cytokeratin 
with green color, and Ki-67 was shown with red color. Scale bar, 20 µ m. Ki-67 negative and positive PCa cells 
were counted and the percentage of Ki-67 negative PCa cells was shown. *p <  0.05 compared to PC3 sh Control 
cells. #p <  0.05 compared to DU145 sh Control cells. (C) Immunohistochemistry showing TGFGBR2 expression 
in PCa sh Control and PCa sh Axl cells in BM. PCa cells were recognized by pan cytokeratin with green color, 
and TGFBR2 was shown with red color. Scale bar, 10 µ m. TGFBR2 positive and negative PCa cells were counted 
and the percentage of TGFBR2 positive PCa cells was shown. *p <  0.05 compared to PC3 sh Control cells. 
#p <  0.05 compared to DU145 sh Control cells. (D) Immunohistochemistry showing TGFGBR3 expression in 
PCa sh Control and PCa sh Axl cells in BM. PCa cells were recognized by pan cytokeratin with green color, and 
TGFBR3 was shown with red color. Scale bar, 10 µ m. TGFBR3 positive and negative PCa cells were counted and 
the percentage of TGFBR3 positive PCa cells was shown. **p <  0.01 compared to PC3 sh Control cells. N.D. 
means not detected.
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to our knowledge to demonstrate that Gas6/Axl signals regulates TGFBR expression, and also the Gas6/Axl axis 
is required for TGF-β 2-mediated growth suppression of PCa cells.

Axl has complex and diverse roles in cell biology. Axl regulates cell proliferation, survival, epithelial and mes-
enchymal transition (EMT), migration, and innate immunity19,24. Gas6, the primary ligand of Axl, induces the 
phosphorylation of Axl, which causes the activation of cell signal transducers including MAPK, PI3 kinase, AKT, 
and mTOR, and induces or inhibits downstream target gene expression. Recently, it was reported that Gas6-Axl 
signaling increases TGF-β 1 expression in mesenchymal hepatocellular carcinoma (HCC) cells via the activation 
of c-Jun N-terminal kinase (JNK), which promotes Smad3 function25. Our results that Gas6 increases TGF-β 1 
expression in PCa cells are consistent with that observation (Figs 6A and S6). Our results also show that Gas6 
signaling increases TGF-β 2 expression (Fig. S6), which induces dormancy in head and neck squamous cell car-
cinoma (HNSCC) and breast cancer cells6. TGF-β 2 was also recently found upregulated in dormant DTCs from 
PCa patients free of disease for up to 18 years14,26. Further, PCa cells isolated from prostate cancer patient derived 
xenografts must downregulate TGF-β 2 to exit dormancy when grown with BM stromal feeder layers27. TGF-β 2 
and TGFBR3 were found upregulated in dormant basal type DTCs from breast cancer patient-derived xenograft 
(PDX) studies28, arguing that this pathway might regulate dormancy in multiple tissues and epithelial cancers. 
Importantly, Axl maintained basal levels of both TGFBR2 and TGFBR3 expression (Fig. 6F,G). TGFBR3 was 
found to be essential for TGF-β 2-induced dormancy and loss of this receptor is commonly associated with bone 
metastasis6,29,30. Taken together, these results support a model of osteoblast-mediated PCa cellular dormancy 
through Gas6 and TGF-β  signaling in marrow (Fig. 9); Gas6 produced by osteoblasts binds to Axl expressed by 
disseminated PCa cells, and its signaling induces expression of both TGF-β  ligands (TGF-β 1and TGF-β 2) and 
their receptors (TGFBR2 and TGFBR3). Subsequently, autocrine and paracrine TGF-β  signaling induces PCa 
dormancy.

TGF-β  is involved in many steps of tumor metastases. At primary sites, some tumor cells acquire invasive prop-
erties to penetrate the walls of lymphatic or blood vessels, and circulate through the bloodstream to local tissues 
including bone. It is well established that TGF-β  facilitates the tumor cell invasion through the induction of EMT13. 
After tumor cells reach the bone marrow, TGF-β  induces the dormancy and supports the survival of tumor cells even 
in the presence of current chemotherapy drugs31–33. Later, TGF-β  released from the bone matrix through osteoclastic 
activity has been shown to create a ‘vicious cycle’ by stimulating tumor growth and activating further osteolysis34. 
TGF-β  ligands bind their type II receptors (TGFBR2), which recruits type I receptors (TGFBR1), and the activated 
TGFBR1 phosphorylates its intracellular substrates, Smad2 and Smad3, on their C-terminal SSXS motif 35. The phos-
phorylated Smads form complexes with Smad4, and these complexes accumulate in the nucleus and regulate gene 
transcription, including p27, which is linked to dormancy induction in many tumor cells. TGFBR2 has been shown 
to act as a tumor-suppressor gene36–38. TGFBR2 is involved in the regulation of tumor cell proliferation, and human 
prostate tumors often escape from TGF-β -mediated growth inhibition via downregulation of TGFBR239–42. Type 
III receptors (TGFBR3), which belongs to co-receptors of the TGF-β  pathway, preferentially binds TGF-β 2, and can 
enhance the inhibitory effects of TGF-β 2 on cell proliferation6.

Interestingly, the co-culture conditions dramatically increased TGFBR2 expression in both PC3 and DU145 
cells. Inhibition of TGF-β  signaling by the specific TGFBR inhibitor significantly suppressed PCa cell dormancy 
induction in our co-culture conditions (Fig. 5A, B), indicating that TGF-β  is one of the key regulators of dor-
mancy in this condition, and suggesting TGFBR2 expression promotes TGF-β -mediated tumor cell growth 
inhibition. Curiously, Axl knockdown dramatically reduces TGFBR2 expression (Fig. 6D,F,G). In addition, sta-
ble knockdown of Axl also downregulates TGFBR3 in PC3 cells, which is required for induction of tumor cell 

Figure 9. A model of osteoblast-mediated PCa cellular dormancy through Gas6 and TGF-β signaling in 
marrow. Gas6 produced by osteoblasts binds to Axl expressed by disseminated PCa cells, and its signaling 
induces expression of both TGF-β  ligands (TGF-β 1 and TGF-β 2) and their receptors (TGFBR2 and TGFBR3). 
Subsequently, autocrine and paracrine TGF-β  signaling induces PCa dormancy.
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dormancy by TGF-β 2 and also essential for TGF-β 2 presentation to the Type I and Type II receptpors6, whereas 
Mer or Tyro3 knockdown does not alter TGFBR3 expression (Fig. S7).

To address what induces TGFBR expression, we stimulated PCa cells with recombinant human Gas6. 
Although recombinant Gas6 increased TGF-β 1 or TGF-β 2 expression, TGFBR2 or TGFBR3 expression lev-
els were not altered after the stimulation (Fig. S6). However, Gas6 overexpression increases both TGFBR2 and 
TGFBR3 expression (Fig. 6A). These observations imply that recombinant Gas6 which we used was not able to 
induce TGFBRs as efficiently as perhaps endogenously expressed Gas6. It is well appreciated that the activity of 
Gas6 will vary depending on post-translational processing including gamma-carboxylation, therefore, conditions 
in which Gas6 is expressed and purified are critical43. Although further studies are required to identify the precise 
ligands which bind Axl and regulate TGFBR expression, our results strongly suggest that Axl regulates TGFBR2 
or TGFBR3 expression levels which are required for TGF-β -mediated dormancy induction in PCa cells.

Once tumors arrive in the marrow, a potentially harsh environment for epithelial cells, the activation of 
critical survival strategies are likely to be required for survival. One of the most important aspects of Axl func-
tion is that Axl supports survival of tumor cells through the activation of PI3K-Akt signaling44,45. Previously, it 
was shown that Axl prevented apoptosis after TGF-β 1stimulation in HCC cells25. We asked if the reduction of 
Axl alters the apoptosis in PCa cells after TGF-β 2 stimulation. TGF-β 2 significantly reduced apoptosis in PCa 
cells, while Axl reduction impaired the anti-apoptotic activity of TGF-β 2 (Fig. S8). TGF-β  signaling supports 
the survival of tumor cells11,31–33, and our results suggest that Axl is required for TGF-β -mediated survival 
signals. Furthermore, in our animal models, Axl reduction increased apoptotic PCa cells in the bone marrow 
(Fig. S9), while Axl knockdown PCa cells showed relatively higher expression of proliferation marker, Ki-67 
(Fig. 8B). Taken together, our results suggest that Axl is a crucial regulator for not only proliferation, but also 
tumor survival in bone marrow.

Bone metastases are derived from DTCs that enter into cellular dormancy in bone marrow. Dormant tumor 
cells are resistance to apoptotic signals even in the presence of conventional chemotherapeutic drugs, which 
prevents elimination of DTCs by chemotherapy. Importantly, TGF-β  induces dormancy and supports the sur-
vival of DTCs, which is enhanced by the induction of TGF-β  and TGFBR expression by Gas6/Axl signaling in 
DTCs. Therefore, blocking Axl functions may potentially lead to a suppression of TGF-β -mediated dormancy. 
Thus, Axl signaling should be considered as a potential therapeutic focus to target DTCs in bone to prevent bone 
metastases.

Methods
Cell culture. The human prostate cancer cell lines, PC3 (Cat #: CRL-1435) and DU145 (Cat #: HTB-81), 
and murine pre-osteoblastic cell line, MC3T3-E1 (Cat #: CRL-2593) were obtained from the American Type 
Culture Collection. All prostate cancer cell lines were routinely grown in RPMI 1640 ( Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum (Invitrogen), 1% (v/v) penicillin-strep-
tomycin (Invitrogen) and maintained at 37 °C, 5% CO2, and 100% humidity. MC3T3-E1 cells were grown in 
minimal essential medium (MEM) alpha (Life Technologies, Carlsbad, CA, USA) containing 10% (v/v) fetal 
bovine serum (Invitrogen), 1% (v/v) penicillin-streptomycin (Invitrogen) and maintained at 37 °C, 5% CO2, and 
100% humidity.

Co-culture in vitro. MC3T3-E1 cells (2 ×   105 cells) were seeded in 12-well plates in MEM-alpha containing 
10% (v/v) fetal bovine serum, and 24 hours later, PCa cell lines (2 ×   104 cells) were plated on the subconfluent 
MC3T3-E1 cells. When using 100 mm dishes, PCa cell lines (2 ×   105 cells) were plated on the 80% confluent 
MC3T3-E1 cells.

Luciferase based proliferation assay. Luciferase activity was measured by a Luciferase assay system (Cat 
#: E1910, Promega, Madison, WI). Cells were rinsed with phosphate-buffered saline (PBS) once, and treated with 
the lysis buffer provided by the kit. Supernatants were collected by centrifugation, mixed with Luciferase assay 
substrates, and relative light units (RLU) was measured by Monolight 2010 luminometer (Analytic Luminescent 
Laboratories, San Diego, CA).

Flow cytometry. The flow cytometric analyses and fluorescence-activated cell sorting (FACS) were per-
formed on a FACS Aria dual-laser flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and data were analyzed 
with DIVA software (Becton Dickinson). BD cytometer setup & tracking beads (BD Biosciences, Cat #: 642412) 
were used for the daily instrument standardization and validation. Sorting calibration was performed before each 
sort by drop-delay using Accudrop beads (BD Biosciences, Cat #: 345249). Sorting of cells was performed using 
a 70 µ m nozzle at 70 psi in purity mode.

BrdU incorporation. Cells were cultured in the presence of 10 µ M BrdU for 30 minutes, and then BrdU 
was detected following the manufacturer’s protocol (BrdU Labeling kit, Cat #: 552598, BD Biosciences, San Jose, 
CA). Cells were also stained with a FITC-anti-HLA-ABC antibody (clone W6/32: Cat #: 311404, BioLegend, San 
Diego, CA). PCa cells were gated as HLA-positive populations and BrdU-positive cells were detected by a FACS 
Aria dual-laser flow cytometer.

Cell labeling with DiD dye. PCa cell lines were stained with DiD dye (Cat #: v22887, Molecular Probes, 
Eugene, OR). Cells (1 ×   106 cells/ml) were incubated with DiD dye (0.5 µ M) in serum-free conditions at 37 °C for 
20 min, and then were washed three times with serum-free medium. The intensity of DiD was analyzed on a FACS 
Aria dual-laser flow cytometer and data were analyzed with DIVA software.
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Ki-67 staining. Cells were fixed with cold 70% ethanol, and stained with an APC conjugated anti-human 
Ki-67 antibody (Cat #: 350513, Biolegend) in PBS containing 2% FBS for 30 minutes at room temperature. When 
PCa cells were co-cultured with murine MC3T3-E1cells, cells were stained with a FITC-anti-HLA-ABC antibody 
(clone W6/32: Cat #: 311404, BioLegend) to identify human PCa cells before fixation. Ki-67 negative PCa cells 
were examined using a FACS Aria dual-laser flow cytometer.

TAM receptors expression examined by flow cytometry. Cells were dissociated by the treatment 
with 10 mM EDTA, and resuspended in PBS containing 2% FBS. Cells were stained with anti-human Axl anti-
body (Cat #: FAB154P, R&D), anti-human Mer antibody (Cat #: FAB8912P, R&D), and anti-human Tyro3 anti-
body (Cat #: FAB859P, R&D) for 30 minutes at 4 °C. TAM receptors expression was examined using a FACS Aria 
dual-laser flow cytometer.

Stable knockdown of TAM receptors and Gas6. Stable knock down of the TAM receptors (Tyro3, Axl, 
Mer) or Gas6 in PCa cell lines were established by lentiviral transduction46. Lentiviruses were constructed by 
the University of Michigan Vector Core using pGIPZ lentiviral vectors containing a shRNA targeting each of 
TAM receptors individually. The lentivirus infections were performed in the presence of 5 µ g/mL polybrene for 
48 hours, and then the cells were cultured in medium containing 10 µ g/mL puromycin for 2 weeks to generate 
stable cell lines. The knockdown of each TAM receptors was verified by Western blot (Fig. S3). The knockdown of 
Gas6 was confirmed by ELISA (Fig. S5).

Axl transient siRNA knockdowns. Two siRNAs targeting Axl (Cat #: 4390824, S1846 and S1847) and con-
trol siRNA (si Control) (Cat #: 4390843) were purchased from Thermo-Fisher Scientific. Transient transfection in 
PC3 and DU145 cells was performed using 200 nM of each siRNA with Lipofectamine RNAiMAX reagent (Cat 
#: 13778-150, Invitrogen).

Gas6 overexpression in PCa cells. Human GAS6 overexpression plasmid vector (Ex-Z6826-Lv105) and 
control vector, (Ex-NEG-Lv105) (GeneCopia, Rockville, MD) were packaged with lentivirus at the University 
of Michigan Vector Core Facility. Lentiviral human GAS6 vector or control vector were infected into PCa cells 
(PC3 and DU145). Infected cells were selected for 7 days in media containing 1 µ g/ml puromycin. Human GAS6 
overexpression was verified by ELISA (Fig. S5).

Immunostaining. Cells were fixed and permeabilized with Perm/Wash Buffer (Cat. # 554723, BD 
Biosciences). Samples were blocked with Image-iT FX signal enhancer for 30 min and incubated for 2 hours at 
room temperature with primary antibodies combined with reagents of Zenon Alexa Fluor 488 (green) or 555 
(red) labeling kit (Invitrogen). To detect Ki-67 in PCa cells co-cultured with MC3T3-E1 cells in vitro, human 
Ki-67 (cat. # ab15580, Abcam) and HLA-ABC (Cat. # 311402, BioLegend) antibodies were used as primary anti-
bodies. To detect Ki-67 in PCa cells in bone marrow sections, human Ki-67 (cat. # ab15580, Abcam) and pan 
cytokeratin (cat. # ab867364, Abcam) antibodies were used as the primary antibody. To detect human TGFBR2 
and TGFBR3, human TGFBR2 (cat. # ab61213, Abcam) and human TGFBR3 (cat. # ab78421, Abcam) antibodies 
were used as the primary antibody. After washing with PBS, the slides were mounted with ProLong Gold antifade 
reagent with DAPI (Invitrogen). Images were taken with Nikon A-1-B confocal microscope.

Detection of apoptotic PCa cells by terminal deoxynucleotidyl transferase (TdT)-mediated 
dUTP nick end labeling (TUNEL) assay. Cell Meter TUNEL Apoptosis Assay Kit (Cat #: 22844, AAT 
Bioquest, Sunnyvale, CA) was used to detect apoptotic PCa cells in mice bone marrow sections following man-
ufacturer directions. Briefly, sections were fixed with 4% formaldehyde, and rinsed with PBS. The sections were 
incubated with the kit reaction mixture for 1 hour at 37 °C. After washing with PBS, the samples were treated with 
pan cytokeratin (cat. # ab867364, Abcam) antibodies combined with reagents of Zenon Alexa Fluor 488 (green) 
labeling kit (Invitrogen) to detect PCa cells. The slides were mounted with ProLong Gold antifade reagent with 
DAPI (Invitrogen). Images were taken with Nikon A-1-B confocal microscope.

Apoptosis measured by Annexin V binding assay. Apoptotic cells were detected by flow cytometry 
(FACS Aria dual laser flow-cytometer, Becton Dickinson, Mountainview, CA) using PE Annexin V Apoptosis 
Detection Kit I (cat. 559763, BD Biosciences, San Jose, CA).

RNA Extraction and Real-Time RT-PCR. Total RNA was isolated using RNeasy Mini Kit (QIAGEN, 
Valencia, CA). First-strand cDNA was synthesized in a 20 µ L reaction volume using 1 µ g of total RNA. RT prod-
ucts were analyzed by real-time RT-PCR in TaqMan®  Gene Expression Assays (Applied Biosystems, Foster 
City, CA), using human-specific or mouse-specific TaqMan MGB probes (Applied Biosystems). PCR prod-
ucts were detected as an increase in fluorescence using an ABI PRISM 7700 instrument (Applied Biosystems). 
TaqMan MGB probes (Applied Biosystems) were as follows: human-specific probes; Gas6 (Hs01090305_m1), 
Tgfb1(Hs00998133_m1), Tgfb2(Hs00234244_m1), TGFBR1(Hs00610318_m1), TGFBR2 (Hs00559660_m1), 
TGFBR3 (Hs00234257_m1), p27 (CDKN1B)( Hs00153277_m1), Axl (Hs01064445_m1), Tyro3(Hs03986773_
m1), MerTK(Hs00179024_m1).

Mouse-specific probes; Gapdh (Mm99999915_g1), Gas6 (Mm00490378_m1), Tgfb1(Mm01178819_m1), 
Tgfb2 (Mm03024009_m1).
β -actin (Hs01060665_g1), Gapdh (Hs99999905_m1) or Gapdh (Mm99999915_g1) were used as internal con-

trols for the normalization of target gene expression in human PCa cells or murine MC3T3-E1 cells, respectively.
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Western blots. PCa cells were cultured in RPMI 1640 with 10% FBS and 1% P/S. Whole cell lysates were 
separated on 4–20% Tris-Glycine gel and transferred to PVDF membranes. The membranes were incubated with 
5% bovine serum albumin (Cat. # A2153, Sigma) for 1 hour and incubated with primary antibodies overnight at 
4 °C. Primary antibodies used were as follows: human Axl (1:1,000 dilution, Cat. #4939, Cell Signaling), human 
p27 (1:1,000 dilution, Cat. #3686, Cell Signaling), human TGFBR2 (1:1,000 dilution, Cat. # ab184948, Abcam), 
human TGFBR3 (1:1,000 dilution, Cat. # 2519, Cell Signaling). Blots were incubated with peroxidasecoupled 
anti-rabbit IgG secondary antibody (Cat. # 7074, 1:2,000 dilution, Cell Signaling) for 1 hour, and protein expres-
sion was detected with SuperSignal West Dura Chemiluminescent Substrate (Cat. #34075, Thermo Scientific, 
Rockford, IL). Membranes were reprobed with monoclonal anti-β -actin antibody (1:2,000 dilution; Cat. # 4970, 
Cell Signaling) to control for equal loading.

ELISA. An antibody sandwich ELISA was used to evaluate Gas6 expression in the conditioned media and cell 
lysates by the following the directions of manufacturer (Cat. #DY986 and DY885, R&D Systems, Minneapolis, 
MN). Gas6 levels were normalized to total cell numbers.

Animal experiments. All experimental animal procedures were performed in compliance with the insti-
tutional ethical requirements and approved by the University of Michigan Institutional Animal Care and Use 
Committee (IACUC). GFP/luciferase-expressing PCa sh Control or PCa sh Axl cells (2 ×   105 cells) were sus-
pended in 100 µ l of PBS and injected into male CB.17. SCID mice (6–8 weeks of age, Charles River, Wilmington, 
MA) by intratibial (i.t.) injection. Tumor growth was monitored by bioluminescence images (BLI). At the exper-
imental endpoint, mice were sacrificed, and the tibiae which PCa cells were injected were collected for further 
histological analysis.

Statistical Methods. All numerical data are expressed as mean ±  standard deviation unless specified other-
wise. Two-tailed, unpaired Student’s t-test was used for data analysis, with p <  0.05 considered to be statistically 
significant.
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