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Abstract

Primary human macrophages are very plastic and their transcriptome may be affected
by neighboring cell types and RNA metabolism factors.

Through several RNA-Seq methodologies in steady-state and fractionated RNA, we
demonstrate that pro-inflammatory M1 macrophages change both gene expression
and alternative polyadenylation profiles, producing mRNAs with shorter 3’'UTRs, in
comparison to naive MO macrophages. Furthermore, exposure of M1 macrophages to
colorectal cancer cells (CRC) induces a pro-inflammatory to anti-inflammatory (M2)
alterations, illustrated by the macrophage gene expression profile. This allowed us to
identify a 35 gene signature panel — including LRP5, MRC1, and THBS1 — consisting
of genes that promote tumor progression and whose expression is increased upon co-
culture with CRC cells.

Simultaneously, we quantified the number of alternative 3UTR mRNA isoforms in all
macrophage populations — the naive MO, the pro-inflammatory M1, and pro-
inflammatory macrophages co-cultured with CRC cells. We observed that while MO
and M1 macrophages express similar numbers of alternative 3 UTR mRNA isoforms,
when co-cultured with CRC cells, macrophages present an increase in the number of
genes producing only one mRNA isoform. Curiously, this occurred mainly in RNA
metabolism-related genes.

When comparing the expression profile of M1 pro-inflammatory with that of MO
macrophages, we also identified a 46 gene signature consisting of 33 genes with
increased expression of the short 3 UTR mRNA that are involved in macrophage
biology such as MAP3K8 and MXD1. The other 13 genes showed an increase in the
long 3 UTR mRNA expression, and this subset includes genes connected to the
immune system such as IL12RB1. Interestingly, 45 of the 46 genes maintained their
differential 3’ UTR mRNA expression in macrophages upon co-culture with CRC cells.
These two transcriptomic signatures — gene expression modifications upon CRC co-
culture and 3' UTR mRNA isoform expression in M1 and co-cultured macrophages —
were validated in vitro. Additionally, in silico analyses of CRC patient databases we
suggest that some of these signatures are correlated with patient survival. For

instance, upregulated LRP5 and SEMAG6B expression in tumor-associated



macrophages mat be protective, increasing patient survival, while upregulation of
MAP3K8, MXD1 and IL12RB1 were probably deleterious to tumor patients.

These findings prompted us to investigate the molecular mechanisms involved in the
transcriptomic modifications detected. We observed that SRSF12, an SR protein, is
upregulated in pro-inflammatory M1 macrophages in comparison to MO macrophages,
therefore we asked if this protein was involved in the mechanism. SRSF12 siRNA
depletion in M1 macrophages caused a decrease in the expression of innate immune
response genes and in genes involved in RNA metabolism. Furthermore, SRSF12
depletion led to a decrease in the number of APA mRNA isoforms expressed in M1
macrophages, suggesting a function in proximal polyA signal selection.

Hypoxia and inflammation are known drivers in gene expression. Here, we present a
single-gene study on the expression and APA in macrophages polarized to distinct
inflammatory profiles and CRC cells upon hypoxia. We focused on RAC1, MCL1, and
CD47 as these genes are expressed in the CRC cell line RKO, and also in primary
human macrophages. IL1B was also analyzed in macrophages due to its importance
for the innate immune response, and HIF1A in CRC cells, as HIF1A is involved in the
hypoxia response. Our results evidenced a trend towards upregulation of RACT,
MCL1, IL1B, CD47 mRNAs with short 3' UTRs in pro-inflammatory M1 macrophages,
but not in CRC cells. We also show in M1 macrophages that YBX1 binds to the 3’UTR
of Rac1 mRNA. Moreover, by ChIP analysis, we show that RNAPII occupancy
increases on RACT gene in RKO cells upon hypoxia. In conclusion, we show that
hypoxia causes transcriptomic alterations in CRC cells and that pro-inflammatory
polarization causes transcriptomic changes in macrophages, and reinforce that
alternative polyadenylation is a gene, cell-type and cell-state-specific mechanism.
Overall, we show that pro-inflammatory polarization, CRC co-culture and SRSF12 all
modulate gene expression and APA mRNA profiles in macrophages, affecting their
inflammatory and anti-tumor properties. We propose that SRSF12 activates proximal
polyA signal selection and influences the expression of macrophage-related genes
and of RNA metabolism-associated genes, suggesting a new role for SRSF12 in
macrophage function.

Keywords: Alternative polyadenylation; 3' UTR; mRNA isoforms; 3’ mRNA-Seq; Chromatin-
bound RNA-Seq; Nucleoplasm RNA-Seq; Subcellular fractionation; DGE; primary human
macrophages differentiation and polarization; macrophage-cancer cells co-culture; SRSF12;
LRP5; MRC1; THBS1; MAP3K8; MXD1; IL12RB1; RAC1; MCL1; IL1B; CD47.



Sumario

Os macroéfagos primarios humanos sdo muito plasticos, e o seu transcriptoma pode
ser afectado por células adjacentes e factores de metabolismo de RNA.

Através de RNA-Seq steady state e em amostras fraccionadas, este trabalho
demonstra que os macréfagos M1 pro-inflamatérios mudam os seus perfis de
expressao genética e poliadenilagdo alternativa, produzindo mRNAs com 3’ UTRs
mais curtas, em comparagao com macrofagos MO nao estimulados. Além disso, a
estimulacdo dos macrofagos M1 com células de cancro colorectal (CRC) induz
mudancas no perfil de expressao genética dos macrofagos, alterando o seu perfil de
pro-inflamatério para anti-inflamatério (M2). Esta estratégia permitiu a identificagdo de
uma assinatura com 35 genes cuja expressao genética aumenta apos co-cultura com
células de CRC, incluindo genes que promovem a progressao tumoral, como LRPS5,
MRC1 e THBS1.

Simultaneamente, o numero de isoformas de mRNA com APA em todas as
populagdes de macréfagos foram quantificadas — MO, M1, e macréfagos apés co-
cultura com células de CRC. MO e M1 apresentam numeros semelhantes de
isoformas de mRNA com e sem APA, mas os macrofagos apés co-cultura
evidenciaram um aumento no nimero de genes que produzem apenas uma isoforma
de mRNA. Curiosamente, esta observagao ocorreu principalmente em genes ligados
ao metabolismo de RNA.

Ao comparar o perfil de expressao genetica de macrofagos MO e M1, foi identificada
uma assinatura de 46 genes, consistindo em 33 genes que apresentam um aumento
na expressao de mRNAs com 3’ UTRs curtas, incluindo genes envolvidos na biologia
dos macrofagos, como MAP3K8 e MXD1. Os restantes 13 genes identificados
apresentam um aumento na expressdo de mRNAs com 3’ UTRs longas, incluindo
genes ligados ao sistema imunitario, como IL12RB1. Curiosamente, 45 dos 46 genes
mantiveram a sua isoforma 3’ UTR predominante em macréfagos apos co-cultura com
células de CRC.

Estas duas assinaturas transcriptémicas, consistindo em diferengas de expressao
genética apos co-cultura com células de CRC e diferencas na expressao de isoformas
de mRNA em M1 e macréfagos apds co-cultura, foram validadas in vitro.
Adicionalmente, analises in silico de bases de dados de pacientes com CRC sugerem
que alguns genes estavam correlacionados com sobrevivéncia de pacientes. Por
exemplo, a sobre-expressao de LRP5 e SEMA6B em macréfagos associados a
tumores pode ser protetora, aumentando a sobrevivéncia de pacientes, enquanto a
sobre-expressao de MAP3K8, MXD1 e IL12RB1 pode ser perniciosa para pacientes
com cancro.

Estas descobertas levaram-nos a investigar os mecanismos moleculares envolvidos
nestas diferencas. O gene SRSF12 é sobre-expresso em macréfagos M1 em
comparagao com macréfagos MO, e assim questionamos se este gene poderia estar
envolvida nas alteragdes transcriptomicas observados. A deplecdo de SRSF12 por
siRNA em macréfagos M1 provocou uma diminuicdo na expressao de genes da
resposta imunitaria inata, e em genes envolvidos no metabolismo de RNA. Além



disso, a deplegdo de SRSF12 provoca uma diminuigdo no numero de isoformas de
mRNA com APA em macrofagos M1, sugerindo uma fungao na selecg¢ao de sinais de
poliadenilacdo proximais.

A hipoxia e a inflamagdo sado moduladoras da expressdao genética.
Consequentemente, realizou-se um estudo de expressao genética e APA de genes
em macréfagos polarizados para perfis inflamatoérios distintos e na linha celular de
CRC RKO em hipoxia. Os genes escolhidos foram RAC1, MCL1 e CD47, visto que
sdo expressos em ambos os tipos de células. Adicionalmente, incluiu-se o gene IL1B
em macroéfagos devido a sua importancia para a resposta imune inata, e o gene HIF1A
em células de CRC devido ao seu envolvimento na resposta de hipdxia. Descobriu-
se uma tendéncia em macréfagos para a sobre-expressao das isoformas de 3’ UTR
curtas de MCL1, IL1B, CD47 e a sobre-expressao da isoforma longa de 3’ UTR de
RAC1, o que ndo ocorre em células de CRC. Adicionalmente, caracterizamos a
ligacao da proteina YBX1 ao mRNA com a 3’ UTR de RAC7 em M1. Adicionalmente,
por analise de ChlIP mostramos que a ocupacao da RNAPIlI aumenta no gene de
RAC1 em células de RKO em hipoxia. Concluimos que a hipdxia provoca
modificagdes transcriptdmicas em células de CRC e que a polarizagdo pro-
inflamatdria provoca alteragdes transcriptdmicas nos macréfagos, reforgando que a
poliadenilagao alternativa é especifica em cada gene, tipos e estado celular.

Em suma, mostramos que a polarizagdo pro-inflamatéria, a co-cultura com células
CRC, e a presenca de SRSF12 modulam a expressao genética e os perfis de APA,
afectando as funcdes de inflamagéo e agao anti-tumoral. Propomos que o SRSF12
activa a selegédo de sinais de poliadenilagdo proximal e influencia a expressao de
genes relacionados com macrofagos e genes de metabolismo de RNA, sugerindo um
novo papel para SRSF12 em macrofagos.

Palavras-chave: Poliadenilagdo alternativa; 3° UTR; isoformas de mRNA; 3’ mRNA-Seq;
Chromatin-bound RNA-Seq; Nucleoplasm RNA-Seq; Fracionamento subcelular; diferencial
de expressao genetica; diferenciacao e polarizagdo de macrofagos humanos primarios; co-
cultura de macréfagos com células de cancro; SRSF12; LRP5; MRC1; THBS1; MAP3KS;
MXD1; IL12RB1; RAC1; MCL1; IL1B; CD47; Hipodxia.
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Chapter | — General Introduction

. Hallmarks of cancer

1.1 Colorectal cancer

Recent epidemiological data highlights the increased incidence and mortality
associated to colorectal cancer (CRC), the third most incident, and the second
deadliest cancer worldwide, in both sexes (Globocan., 2020c, 2020a). In Portugal, this
disease gains even more relevance, constituting the most incident and the second
deadliest cancer (Globocan., 2020b; Globocan Observatory, 2019), immediately after
lung cancer.

Along carcinogenesis, tumor cells acquire several mutations, frequently on
oncogenes or on tumor suppressor genes. Notably, CRC stands as one of the few
tissues for which the mutational map during the tumorigenic process has been
extensively described (Armaghany et al., 2012; Fearon & Vogelstein, 1990; Lengauer
et al., 1997), and hence stands as a very good model to investigate mechanisms of
gene regulation. Notably, only 20% of CRC cases have reported to be of familial origin,
namely Lynch Syndrome and Familial Adenomatosis Polyposis, and the remaining 80%
sporadic cases are divided into chromosomal instability and serrated phenotype
(microsatellite stable (MSS, 84 %) or unstable (MSI, 16 %) (Muller et al., 2016).

Healthy colon cells need several consecutive tumorigenic mutations to transform
into avid highly dividing non-dormant primary tumors (Lengauer et al., 1997;
Vogelstein et al., 1988). Briefly, the earliest mutation is recurrently on the APC gene
(adenomatous polyposis coli), which shifts pre-neoplastic cells to an intermediate
aberrant crypt stage through hyperactivation of the Wnt pathway. After the occurrence
of the APC mutation, subsequent driver mutations differ among patients, including the
following alterations (Jones et al., 2008): in K-ras, correlating with transition to
intermediate adenoma; in, PIK3, PTEN, BMP, MAPK, MMR pathways, correlating with
CRC progression; finally, in TGFBR2, p53, SMAD4, correlating with transition to
carcinoma.

Accumulation of mutations will increase colon cancer cell stem-like properties,
alter their immunogenicity and immune cell recognition, and stimulate invasion into the
underlying tissues, enhancing their ability to form distant liver and lung metastasis
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(Yoshida et al., 2012). During the tumorigenic process, transcription factors such as
NF-kB, HIF1-a and STATS3 are frequently activated. Notably, NF-kB was shown to be
the master tumor cell regulator with the ability to modulate tumor proliferation,
angiogenesis, metastasis, inflammation and immune surveillance (Wang et al., 2014).

This tumorigenic switch affects multiple cell functions and modulate their
interaction with the neighboring tumor microenvironment (Hui & Chen, 2015). In most
cases, the immune system recognizes and attacks tumor cells, but the few cells that
escape may favor angiogenesis, invade the underlying tissues and metastasize to
receptive novel microenvironments. Recolonization and stable metastasis formation
occur after successful cancer cell adaptation to the new metastatic microenvironment
(Wurth & Gebauer, 2015).

Increased anti-tumor therapeutic success has been achieved through screening,
patient genetic profiling and treatment design, even with the observed increase in
cancer rates proportionally with human lifespan (American Cancer Society, 2018b,
2018a; Capocaccia et al., 2015). The role of the tumor microenvironment, in particular
of immune cells, in CRC is an ever-evolving research field (Giannakis et al., 2016).
Nevertheless, current immunotherapeutic solutions are limited, requiring further
research to understand the mechanisms that regulate the immune response to cancer

cells.

1.2 The tumor microenvironment

Knowledge about solid tumors evolved from being considered an exclusively
genetic disease to a multi-component process. Twenty years ago, Hanahan and
Weinberg characterized cancer cells as having limitless replicative potential, self-
sufficiency in growth signals and insensitivity to growth inhibition, their ability to evade
apoptosis, exhibit sustained angiogenesis, tissue invasion and metastasis (Hanahan
& Weinberg, 2000). A decade later, authors improved their definition by extending
these abilities beyond the cancer cells to their surrounding microenvironment, adding
other parameters as immune evasion, tumor-promoting inflammation, deregulating

cellular energy management and genome instability and mutation (Hanahan &
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Weinberg, 2011), that ultimately changed the view on cancer to an intricate multistep
process involving many cell types and interconnected pathways.

The tumorigenic process begins with the occurrence of gene mutations in
epithelia, stroma or germline cells. Multiple mutations escaping the Mismatch repair
(MMR), Base excision repair (BER) and Nucleotide excision repair (NER) mechanisms
may grant cells a selective advantage to resist destruction brought about by multiple
checkpoints (Liu et al., 2017). However, these processes are asynchronous: multiple
cells in the tissue may be at different steps of the tumorigenic progression, with several
clones with different degrees of tumorigenicity existing simultaneously, a phenomenon
observed originally by Virchow (Virchow, 1863) and coined “intratumor heterogeneity”.
Cancer cell heterogeneity has been observed in most solid tumors (Gonzalez-Garcia
et al., 2002; Shipitsin et al., 2007) and leukemias, with important consequences to
cancer therapy response (Lim & Ma, 2019; Wang et al., 2017).

All tissues have a specific microenvironment. Upon tumorigenic transformation,
microenvironments change drastically in cell composition and tissue architecture,
among others, due to the communications established between neighbor cell types
activating proliferative, avidity metabolic pathways and cytokine production (Amend &
Pienta, 2015; Devaud et al., 2014; Hirayama et al., 2009; Thomas et al., 2015). The
tumor microenvironment (TME) is usually composed by acellular elements, such as
extracellular matrix components (e.g., collagen, fibronectin, vimentin, elastin) and
arrested secreted factors, by cellular elements as tumor and healthy cells, and by their
cellular neighbors as fibroblasts, osteoclasts/osteoblasts, adipocytes, endothelial and

immune cells (Figure 1).

1.2.1 Tumor Microenvironment: cellular components
The cellular TME is mainly composed by epithelial, stromal cells and immune

cells. The focus of this thesis are the macrophages and CRC cells, and the other

microenvironmental elements are briefly described.
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Figure 1 — lllustration of major TME cellular components: left, during the tumorigenic process, the
colorectal tumor grows (left) and its microenvironment changes accordingly during the transformation
of healthy into tumor cells. Right, changes occurring in cell populations —immune cells (macrophages
(red and blue), lymphocytes (light blue), neutrophils (pink), adipocytes (yellow), — and non-cellular
components — extracellular matrix (ECM, light green), Oz levels (grey) and epithelial to mesenchymal
transition (EMT, center). For simplicity, fibroblasts and endothelial cells are not shown (described in
the text). Compiled with copyright-free images from Smart Servier Art.

1.2.1.1 Stromal Cells

Adipocytes are focused on energy storage and have endocrine roles. They regulate
energy homeostasis through lipid absorption and hydrolysis, while producing
inflammatory cytokines via autocrine or paracrine pathways. In tumors, adipocytes and
associated clinical parameters, such as body-mass index, are positively associated
with tumor development through interaction with macrophages and consequent
establishment of a tumor-permissive microenvironment (Corréa et al., 2017) via
activation of STAT3 and IL-6 signaling (Bochet et al., 2011; Endo et al., 2011).

Endothelial cells coating the surface of blood vessels are crucial for tumor
progression, through angiogenesis (Lee et al., 2015). Increased vascularization in
tumors enables access to nutrients and oxygen, stimulating growth and metastasis
through intravasation. In turn, tumor cells produce pro-angiogenic factors such as
VEGTF, galectin-1, or Notch activation, all of which cause endothelial cell proliferation
and branching, and stimulate cancer cell invasion and metastasis (Thijssen et al.,
2010; Zeng et al., 2005).

Fibroblasts are the main ECM producers during wound healing and tissue repair

(LeBleu & Neilson, 2020). In CRC, cancer-associated fibroblasts crosstalk with other
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TME components through HGF and tenascin-C signaling (De Wever et al., 2004),
increasing primary tumor size and promoting invasion and metastasis (Hwang et al.,
2008).

1.2.1.2 Macrophages

Discovery and brief historical perspective

In 1882, the zoologist Elia Metchnikoff described macrophages for the first time as
“‘phagocytes” (Metschnikoff, 1892), with the pictorial meaning of “large glutton”.
Decades later, Cohn and others described other macrophage properties, such as
secretion of immune mediators, antimicrobial resistance and endocytosis (Gordon &
Cohn, 1973; van Furth & Cohn, 1968), while the discovery of growth factors such as
Macrophage Colony Stimulating Factor (M-CSF) enabled in vitro macrophage culture
and differentiation (Monteleone et al., 2018). This facilitated the study of macrophages
as infection effectors, responders to interferon-gamma (IFN-y) produced
endogenously or by T cells (Le Page et al., 2000), and producers of reactive oxygen
(ROS) and nitrogen (RNS) species (Dedon & Tannenbaum, 2004).

As myeloid antigen-presenting cells (APC), macrophages phagocyte pathogens and
damaged host cells, them, exposing digested pathogenic proteins on their cell surface.
This antigen processing and presentation activates T lymphocytes that are recruited
to the macrophage vicinity in response to infection, cell damage or macrophage
cytokines secretion (Owen et al., 2013). Indeed, macrophages are decisive for an
effective host response to pathogens (Mackaness, 1964).

In the past 30 years, numerous regulatory macrophage markers were identified, such
as complement (Von Furth, 1985), mannose receptor (CD206) (Taylor et al., 2005),
lysozyme (lbrahim et al., 2017), tumor necrosis factor alpha (TNF-a) (Klostergaard,
1987), and the co-stimulator receptors (CD80 and CD86) (Woldai, 2014), among
others. Despite this growth in the knowledge about macrophages, its importance as
an antigen-presenting cell was controversial until the 1990s. However, the discovery
of the Toll pathway in Drosophila (Lemaitre et al., 1996) reignited the interest in the
importance of innate immunity in mammals, unveiling its links to antiviral resistance

(Victoria et al., 2013) and cancer-related actions (Valanne et al., 2011), among others.
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Since then, the origin, specificity, and diversity of macrophage functions have been

deeply investigated.

Origin

Macrophages’ first appearance was in teleosts around 300 Million years ago (Lu &
Chen, 2019). They are highly plastic, ubiquitous cells from the hematopoietic system,
which play crucial roles in homeostasis, inflammatory response, tolerance,
development, and tissue repair (Wynn et al., 2013).

After hematopoiesis, mature monocytes may stay in the bone marrow
microenvironment, where they direct production, differentiation, and turnover of
hematopoietic cells. On the other hand, tissue macrophages, adapted to separate,
local microenvironments, originate from several populations, which have been
extensively characterized. Previously, it was accepted that circulating blood
monocytes derived from bone marrow precursor cells continuously replenished tissue
macrophages in all body organs. As the field advanced, numerous intermediate
myeloid precursors were discovered contributing to the characterization of
macrophage development. In humans, identified precursors are elusive, but some
have been identified, such as the hMDP (human monocyte-dendritic progenitor, which
gives rise to monocytes, macrophages and DCs), characterized by
CD34*CD45RA*CD123"CD115* expression, and cMoP (common monocyte
progenitor, lineage restricted to macrophages), characterized by CLEC12AhCD64"
expression (Kawamura et al., 2017; Lee et al., 2015).

Simultaneously, other research showed that tissue macrophage origin was not
exclusively from the bone-marrow. Indeed, self-maintained macrophages derived from
embryonic precursors exist being originally derived from the yolk sac (microglia in the
brain, Kupffer cells in the liver), the fetal liver (alveolar macrophages in lung) or an
unknown fetal cell type (Langerhans cells in the spleen) (Ginhoux et al., 2010;
Hashimoto et al., 2013; P. Li et al., 2017; Wynn et al., 2013). In contrast, in organs
with high cell turnover such as the colon and the skin, it is accepted that self-renewing
tissue macrophage populations are supplemented by bone-marrow derived circulating
macrophages (Bain et al., 2014; De Schepper et al., 2018; Malissen et al., 2014).
Notably, both organs have increased need of innate immune cells, due to persistent

microbiome colonization, with positive consequences for the host (Quail & Joyce,
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2017). Additionally, stress conditions such as inflammation and infection will produce
recruiting signals for circulating monocytes that stem from the bone marrow (Davies
et al., 2014; Gordon & Pliddemann, 2017; Wynn et al., 2013). Therefore, even in the
same tissue, macrophage profile and hence functional phenotype differ depending on
ontogeny.

Nevertheless, macrophages have innate immune functions in each tissue niche,
through heterogenous expression of membrane receptors and secreted products,

which aid in the regulation of effector cells.

Differentiation and Inflammatory profile

Macrophages are plastic, modulator sentinel cells existing in a diverse inflammatory
spectrum, varying in phenotype and lifespan. As professional phagocytes, they have
key functions in development, homeostasis, angiogenesis and inflammation, which
are particularly important during infection, cancer and inflammatory diseases, as they
quickly react to their microenvironment. After exposure to an activation stimulus,
monocytes are recruited to the peripheric tissue, reacting to the local
microenvironment and producing a specific pattern of surface receptors and secretory
proteins.

After pro-inflammatory stimuli, such as Lipopolysaccharide (LPS) — a pathogen-
associated molecular pattern (PAMP) present in Gram-negative bacteria —, pro-
inflammatory macrophages (M1) secrete inflammatory and cytotoxic mediators. This
secretion in turn activates T helper 1 cells (Th1), in a positive feedback mechanism
mediated by Pattern Recognition Receptors (PRRs) (Owen et al., 2013) such as
CD14. Afterwards, adaptive immune response is triggered through pathogen
phagocytosis, via Toll-like Receptors and secretion of inflammatory mediators (IL-1,
TNF-alpha, IL-6, IL-8, IL-12, IL-23) (Hoshino et al., 1999; Kawai & Akira, 2011;
Mackaness, 1964). These macrophages, also known as “classically activated”
(Celada et al., 1984), phagocyte infected, mutated or dead cells, creating an oxidative
microenvironment that increases the recruitment of T cells, monocytes and neutrophils
to further eliminate the threat to the host (Duque & Descoteaux, 2014). This pro-
inflammatory response is tightly controlled, to avoid widespread inflammation that

could cause tissue damage, and ultimately give rise to autoimmune disorders.
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After the threat is eliminated, macrophages switch their polarization and cytokine
profile toward an anti-inflammatory phenotype (M2). This phenotype is responsible for
phagocyting infected, senescent or apoptotic cells, cell debris, and oxidized
lipoproteins. The recognition of these molecules occurs due to the absence of
expression of “self’ receptors such as CD47 (Barclay & Brown, 2006) and does not
lead to an inflammatory response, via STAT3,5 and 6 activation, which is promoter
respectively by IL-10, IL-4 and IL4/IL-13 (Locati et al., 2013). These anti-inflammatory
phagocytes are recruited by T helper 2 cells (Mantovani et al., 2002) and are also
known as “alternatively activated macrophages” (Gordon & Martinez, 2010).

In vitro, macrophages differentiate in the presence of growth factors (e.g.,
macrophage-colony stimulating factor, M-CSF), adopting different phenotypes
depending on cytokine modulation. The in vivo phenotype of macrophages is
modulated by cytokines such as IL-1pB, IL-12, IL-18 (pro-inflammatory), IL-10 and
TGFR (anti-inflammatory) (Paul, 2008). Other metabolites such as TNF-a are induced
by LPS and CD14, and contribute to infection resistance, but prolonged activation can
cause local and systemic inflammatory diseases, while IL-6 and IL-10 contribute to
acute inflammation resolution, through stimulation of CD163 (scavenger receptor for
the hemoglobin-haptoglobin complex) and CD206 (the mannose receptor) (Roszer,
2015).

The inflammatory spectrum of macrophages is very dynamic (Stout & Suttles, 2012),
exhibiting a continuum of differentiation. This allows each tissue to have more than
one inflammatory population, with varying ratios during homeostasis and disease
(Pinto et al., 2019). Building on the original classification of M1/M2 macrophages, and
mirroring the Th1/Th2 T cell subtype with which each macrophage subpopulation
interacts (Mills et al., 2000), Alberto Mantovani and collaborators suggested further
stratification of M2 macrophages into three different subpopulations, induced by
different polarization stimuli and characterized by the expression of distinct cell surface
receptors and cytokines (Mantovani et al., 2004) (Figure 2): M2a, resulting from IL-
4/1L-13 stimulation, involved in Th2 inflammatory processes and helminth elimination
through production of IL-10, IL-1ra and MHC Il complex; M2b, consistent with immune
complex and TLR/IL1R agonists stimulation, participating in immunoregulatory
processes through expression of TNFa, IL-1, IL-6 IL-10 and CD86; M2c, induced by
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IL-10 stimulation or glucocorticoids, contribute to matrix deposition and tissue
remodeling, and inhibitor of cytotoxic, pro-inflammatory responses due to expression
of IL-10 and TGFB.

More recently, another subtype of M2 macrophages have been described (M2d, also
termed TAMs by some authors (Patel et al., 2017)), which are elicited by stimulation
with adenosine receptor agonists and TLR2, 4, 7, or 9 agonists. M2d are associated
with high expression of VEGF, adenosine receptors and IL-10, and low IL12 and TNFa
secretion (Ferrante et al., 2013).

Furthermore, Mox macrophages (detoxifying macrophages) have been also described
and characterized by rebalancing redox homeostasis (Serbulea et al., 2017). Mox
macrophages were previously found in pro-tumoral microenvironments such as gastric
adenocarcinoma and ulcerative colitis, and are induced by both pro-inflammatory
(oxidized phospholipids) and anti-inflammatory stimuli (sulforaphane and HMOX)
(Eren et al., 2018; Kadl et al., 2010; Lai et al., 2019).

It is also worth to mention the colored-wheel nomenclature created by Mosser and
Edwards, in which macrophages are grouped functionally into three groups: host
defense, wound healing, and immune regulation (Mosser & Edwards, 2008).
Ultimately, the field concedes the complexity, specificity and simultaneous occurrence

of multiple macrophage populations.

HMOX1, Nrf2, TLR2 i ” i —
Soxnt, ILAR, IL-10 1L4/IL13N IL1Ra /TLR agonists IL10M VEGF, IL-10
@
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Figure 2 — Macrophage inflammatory spectrum consists in a multiphenotype plastic landscape.
According to Mantovani and colleagues(Mantovani et al., 2004), MO (unstimulated macrophages, light
grey, down) can be polarized into distinct cell states in response to the microenvironment. M1 (pro-
inflammatory macrophages, red) are characterized by high expression of TNF-a, IL-1, IL-6 and others,
while M2 (anti-inflammatory macrophages, blue) are further divided in M2a — M2d, each with specific
stimuli, functions and expression of receptors and cytokines, and Mox (detoxifying macrophages).
Compiled with copyright-free images from Smart Servier Art.
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In conclusion, as both homeostasis regulators and immune effectors, macrophages
are intimately linked to many inflammatory diseases, such as rheumatoid arthritis,

atherosclerosis, and cancer (Sica & Mantovani, 2012).

Atherosclerosis Asthma
Diabetes Atopic dermatitis
Glomerulonephritis Breast cancer
HIV infection CRC
Mycobacteria infection Helminth infection
Rheumatoid arthritis Fibrosis
Steatosis Wound healing

Figure 3 — Distribution of pro-inflammatory macrophages (M1, left) and anti-inflammatory macrophages
(M2, right) populations according to their predominance in several human diseases. Compiled with
copyright-free images from Smart Servier Art.

Functional roles in cancer

Macrophages display relevant roles at the tumor microenvironment: as APCs for T
cells, namely regulatory T cells (Treg) and Th17 cells (Wang & Vella, 2016); and as
ECM producers (Tsukamoto et al, 1981), stimulating complex spectra of
inflammation, from pro- to anti-inflammatory (Khan & Falcone, 1997; Stahl et al.,
2013). They play different roles throughout the tumorigenic process, acting during
tumor growth, invasion, and metastasis (Condeelis & Pollard, 2006).

As the most abundant immune cells in the TME (van Ravenswaay Claasen et al.,
1992), macrophages are frequently found in the tumor invasive region or in the tumor
core. Herein, they are called tumor-associated macrophages (TAMs). As their
homeostatic counterparts, TAMs ontogeny is heterogenous: they may derive from
circulating monocytes (Franklin & Li, 2017; Mantovani et al., 1992), or resident
macrophages, whether from embryonic progenitors or, in the case of CRC, also from
repopulating monocytes from blood circulation (De Schepper et al., 2018; Zigmond &
Jung, 2013). TAMs recruitment is performed by chemotactic factors released by the
TME, such as M-CSF (Tang et al., 1992), chemokine (C-C motif) ligand 2 (CCL2 or
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monocyte chemoattractant chemotaxis protein, MCP-1 (Sica, Saccani, Bottazzi,
Bernasconi, et al., 2000)), and angiogenic factors as vascular endothelial growth factor
(VEGF). Moreover, in situ TAMs proliferation has been found in breast tumors,
regulated by CSF1 via STAT1 promoter and associated with CD163 signaling and
worst prognosis (Tymoszuk et al., 2014; Yu Zhu et al., 2017). However, further
research is needed to understand the outcome of in situ TAM proliferation and the
mechanisms in more tissues.

It is hypothesized that at the beginning of the tumorigenic process, macrophage
recruitment will contribute to tumor eradication through the activation of pro-
inflammatory molecular pathways. Yet, TAMs are predominantly characterized by their
anti-inflammatory M2 polarization profile (Mantovani et al., 2002) and are associated
with worse prognosis (Table 1). These TAMs upregulate immunosuppressive, pro-
tumoral and wound healing factors such as IL-10 and TGFR, involved in suppressing
T cell activation, EGFR, and also CXCL8 and other angiogenic factors, and
downregulating IL-12 and iNOS (Bingle et al., 2006; DiNapoli et al., 1996; Jetten et al.,
2014; Lewis et al., 2000; Sica, Saccani, Bottazzi, Polentarutti, et al., 2000).

High TAMs infiltration is associated with lower survival in several tumors, such as
breast, ovarian and skin cancer. Results for TAMs studies and clinical prognosis are

summarized on Table 1.

Table 1 — Prognosis relation of TAMs infiltration and cancer progression in each tissue.

Bad prognosis Conflicting reports Good prognosis

Breast (Tiainen et al., 2015) CRC (Kang et al., 2010; M1 TAMs in CRC (Pinto et al., 2019)
Kwak et al., 2016)

Bladder (Hanada et al., 2000) Lung (Ma et al., 2010;

Welsh et al., 2005)
Esophagus (Yagi et al., 2019)
Head and neck (Kumar et al., 2019)
Hodgkin’s Lymphoma (Steidl et al., 2009)
Leiomyosarcoma (Lee et al., 2008)
Liver (Ding et al., 2009)
Ovary (Yuan et al., 2017)
Skin (Falleni et al., 2017)
Stomach (Yan et al., 2016)
Thyroid (Ryder et al., 2008)
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In CRC, several studies reported distinct associations between TAMs infiltration and
patient overall survival. While some works revealed that high macrophage presence
was related to reduced liver metastases and improved patient survival, others showed
worst prognosis and advanced clinical states (Kang et al., 2010; Kwak et al., 2016;
Marta L. Pinto et al., 2019). In the past, TAMs were frequently identified solely by the
CD68 marker, but recent advances allowed for inflammatory and geographical
stratification of TAMs population in tumors. For instance, TAMs may be stratified
according to total (CD68), M1 (e.g., CD80) and M2 (e.g., CD163) populations and to
their location in regards to the intratumoral region and normal adjacent tissue.
Although this approach relies on the use of biomarkers that are not entirely specific of
a given macrophage population, it revealed that macrophages expressing CD80
recruitment is upregulated in the intratumor regions when compared to normal
mucosa, and that macrophages expressing CD163 are a major inflammatory
population in CRC tumor invasive front (Pinto et al., 2019).

In CRC, CD163* TAMs are generally recruited by CCL2 signaling, increasing cancer
cell migration and metastasis through IL-1 and IL-6 secretion and concomitant
activation of the JAK2/STAT3 pathway (Kaler et al., 2009; Larionova et al., 2020;
Schneider et al., 2000; Wei et al., 2019). Macrophages are differentially associated
with CRC patient prognosis. Most cohort studies centered on CD68* macrophages,
as determinant for patient prognosis. Some studies indicate TAMs as a marker of
better patient prognosis (Larionova et al., 2020; Ye et al., 2019), while other works
show low numbers of CD68* macrophages were correlated with metastasis.
Interestingly, when stratifying macrophages for simultaneous CD163*CD68*
expression, researchers found a correlation with tumor TNM stage and negative
patient prognosis. Simultaneous CD206/MRC*CD68* expression correlated with
secondary tissue invasion and poor patient survival. Pro-inflammatory CD80*
macrophages were associated with less invasive tumors (Larionova et al., 2020).
Therefore, macrophage polarization status and precise localization in the TME appear
to be both more informative and more predictive of patient survival (Mola et al., 2020).
As macrophages are inherently plastic and their inflammatory profiles occur on a
spectrum, further research is needed to expand the repertoire of TAMs biomarkers in

CRC and other tumors, and hence increase the knowledge on the phenotype of these
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cells. This will in turn make the design for immunomodulating therapies in TAMs more
feasible.

It must be mentioned that patient cohorts studied show high disparity in patient
number, tumor MSS/MSI status, and therapy strategies used, while not correcting for
the CD68* presence in CRC tumors depending on position in the organ (ascending,
transverse or descending colon, which have different expression profiles). Other
studies have stratified the inflammatory profile of TAMs as a potential factor for this
difference in clinical prognosis (Kang et al., 2010; Kwak et al., 2016; Pinto et al., 2019).
Therefore, more research is needed to understand the role of macrophages and,

specifically, TAMs in CRC and its consequences to patients.

Achieving macrophage repolarization for cancer treatment is still somewhat restricted,
but several strategies have been developed to increase therapy success.

In particular, nanoparticles (NPs)-centered antitumor modulation has been intensively
explored in the last decades. This strategy is considered very versatile and effective
for TAMs, due to their inherent phagocytic ability, tissue ubiquity and plasticity, and

the technology benefits of surface functionalization, pH sensitivity or adjuvant addition.

Indeed, NPs will cause modulation of the macrophage inflammatory profile, depending
on surface composition — cation polymers and gold NPs induce a pro-inflammatory
profile, while iron oxide NPs, originally used to treat iron deficiency, induce a strong
immunostimulatory action due to pro-inflammatory macrophage polarization, and
consequently inducing Th1 responses (Castro et al, 2019; Nath et al., 2018;
Zanganeh et al., 2016). NPs surface may be coated with agents which explore tumor
properties to patient benefit, such as integrin, VEGF, and VCAM, ROS generators or
even oxygen carriers (Dai et al., 2017). These strategies may be customized to the
tumor type, used synergistically and at the lowest possible dose to reduced
undesirable side effects, and optimize patient response. However, as most delivery
studies have been performed in mice xenograft models, more research is needed to

deeply understand in vivo human TME pathology and swiftly overcome its challenges.

Other therapeutic strategies involve the addition of pro-inflammatory molecules to

modulate the inflammatory profile of TAMs, to decrease their pro-tumorigenic role and
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reverse their M2-like to an M1-like phenotype. Examples include anti-STAT3,6
inhibitors such as Sorafenib, a STAT3 inhibitor which suppresses IL-10 production and
restores IL-12 to its M1 level, and Fenretinide, which represses STAT6
phosphorylation in CRC, and hence downregulates the M2 population and inhibits
angiogenesis (Genard et al., 2017). In more advanced cases, FDA-approved
zoledronic acid liposomes in metastatic bone cancer may be used, which works by
downregulating VEGF, IL-10, and MMP9 and upregulating iNOS in TAMs (Lin et al.,
2019). Nanoparticles and synthetic polymers containing IFN-y can modulate IL-10-
polarized macrophages towards a more pro-inflammatory phenotype, inhibiting cancer
cell invasion (Cardoso, Gongalves, et al., 2015). Conversely, nanoparticle delivery of
anti-inflammatory drugs to pro-inflammatory macrophages in the context of
rheumatoid arthritis, achieve some phenotype reversion towards an anti-inflammatory
profile (Freitas et al., in preparation).

We believe that in the future TAMs manipulation strategies can be used alone or in
combination with other therapies to improve patient survival and care. As the TME
contains immunosuppressive TAMs, combination therapy strategies to counteract the
action of these cells with immunotherapy agents may improve patient prognosis, lower
therapy resistance and activate adaptive immunity. For instance, IFNy combinatorial
therapy has mixed responses depending on the strategy and the tumor: while a
combination trial using IFNy and chemotherapeutic agents carboplatin and paclitaxel
in advanced ovarian cancer caused increased hematological toxicity in patients,
another trial using IFNy and epirubicin/cisplatin/5-fluorouracil in patients with
advanced liver cancer induced complete response although with bone marrow
suppression (Alberts et al., 2008; Kim et al., 2011).

On the other hand, M-CSF receptor CSF1R inhibitors in combination with paclitaxel
downregulated macrophage infiltration in breast tumors. Another approach using
CSF1E and adoptive cell therapy in melanoma showed downregulation of TAMs and
shifting of their inflammatory profile to pro-inflammatory macrophages (DeNardo et al.,
2011; Mok et al., 2014).

Therefore, when attempting combinatorial therapies, individual patient response to

current therapy and additional inflammatory modulator molecules should be constantly
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and extensively evaluated to increase therapy efficacy, avoid serious side effects and

include appropriate immunotherapeutic co-adjuvants.

In conclusion, macrophage populations act as a barometer of cancer dormancy or
invasion and metastasis (Locati et al., 2013; Mantovani et al., 2002; Mantovani &
Locati, 2013) and the development of immunomodulatory therapies that modulate this
important element of the tumor microenvironment may in turn improve patient

outcome.

1.2.1.3 Other immune cells

The TME has immune cells to detect and eliminate early developing cancer cells, as
a second line of defense after collapse of intrinsic cell anti-tumoral checkpoints.
Although macrophages are one of the most prevalent immune cell populations in the
gut, current immunotherapy focuses on T cells through the concept of cancer

immunoediting.

T lymphocytes are adaptive immune cells, which respond to an antigen specifically
presented by an APC (Owen et al., 2013) through the immunological synapse. T cells
are divided into several lineages, most of which are important in the tumorigenic
processes. Briefly, CD4* differentiate into helper T cells (Th) that secrete several
cytokines when primed: Th1 cells produce IFN-y and lymphotoxin and boost
macrophage microbicidal action; Th2 produce IL-4, IL-13, IL-6 and IL-10 and focus on
B cell development; finally, Th17 produce IL-17 and recruit granulocytes. CD8+
develop into cytotoxic T lymphocytes that focus on lysing target APCs, among which
the cancer cells. Finally, Tregs are CD4+ cells that have differentiated after FoxP3
stimulus and contribute to an immunosuppressive microenvironment.

T cells are crucial in colon cancer: in contrast with other tissues, CRC-associated T
cells are less proliferative, and upregulate IL-17 and PD-1 and downregulate
anticancer IFNy and IL-2 production in comparison to their non-tumor matched tissue
(Taylor et al., 2016). Notably, in CRC, Jerdbme Galon and colleagues have developed
Immunoscore to assess T lymphocyte infiltration in the tumor center and invasive

margin, particularly CD3*, CD8* and CD45R0, which is more predictive of patient
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clinical outcome than the classical Tumor/Node/Metastasis (TNM) classification
(Galon et al., 2013; Pagés et al., 2018). Recent cancer immunotherapy approaches
are precisely centered on targeting T cells, either using Tumor-Infiltrating
Lymphocytes (TILs) or ex vivo-developed Chimeric Antigen Receptor (CAR)-T cells,
in a process called adoptive immune therapy that has been successfully adapted for

several tumors, namely leukemia and lymphoma (Rosenberg et al., 2008).

Immunoediting describes the selective pressure, actions of the immune system to
either prevent or stimulate the tumorigenic process. It is divided in three stages:
elimination, equilibrium, and escape. Immune elimination is mainly done through
surveillance done by innate and adaptive immune cells: neutrophils and macrophages
will phagocyte tumor cells and produce pro-inflammatory cytokines, chemokines,
complement and prostaglandins. This secretion paraphernalia will recruit and activate
T cells, to which macrophages and dendritic cells will present antigens. The final
outcome is the coordination of both arms of the immune system to purge tumor cells
through pro-inflammatory IFN-gamma pathways and activation of transcription factors
in several immune populations, such as IRF, NF-kB and FOXP3 (Alexander et al.,
2020; Shankaran et al., 2001; Whiteside, 2018).

Equilibrium is achieved through immune selection: some tumor cells survive in a
dormant state. They experience several mutations due to immune cells acting through
continuous selective pressure, originating several heterogenous tumor variants
capable to escape immune cell action due to upregulation of cell surface proteins (e.qg.
PD-L1) (Quezada et al., 2011). During this quasi dormancy, cancer cells might still
stimulate and be attacked by immune cells, but the number of eliminated tumor cells
is replenished by the proliferating tumor cells.

Immune escape is the later stage of immune surveillance, wherein immune-resistant
cancer cell clones in the TME proliferate (Mittal et al., 2014) through several
mechanisms, such as upregulation of TRAIL (which induces immune cell apoptosis)
and immunomodulatory cytokines such as IL-6, IL-10, and TGFp (increasing the
recruitment of Treg and MDSC cells, that perform immunosuppressive functions, and
inhibiting the presence of NK, CD8 and DC), and downregulation of MHC | (which
decreases detection by cytotoxic CD8 cells) (Chabanon et al., 2016). These strategies

ultimately enable tumor cells to invade and metastasize to secondary organs.
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Interestingly, intratumor heterogeneity, which is prevalent in CRC, also contributes to
the rise of immune escape in patients, due to the coexistence of many clones and the

inherent Darwinian pressure for the fittest survivor.

Understanding the involvement of all immune cells in the TME will enable us to design
personalized therapeutic strategies, in combination with classical radio- or
chemotherapy. These strategies are achieved with recourse to high-throughput
transcriptomic studies, and research is quite advanced in cancers such as lung and
skin (Rizvi et al., 2015; Zaretsky et al., 2016).

Dendritic cells (DCs) are myeloid APCs that serve as mediators of the innate immune
response. This occurs through recognition of foreign antigens, maturation and MHC,
CD80 and CD86 synthesis, which are instrumental in presenting the antigens to naive
T cells (Chistiakov et al., 2019). However, tumor-associated DCs are
immunosuppressed due to cytokine expression and physicochemical properties.
Therefore, their cross-presentation abilities may be impaired. In CRC, however, a
small subset of DCs remain activated and are also a positive prognostic factor (Veglia
& Gabrilovich, 2017).

Neutrophils are circulating, short-lived innate immune cells that secrete ROS, NOS
and granules in response to cytokines and chemokines produced by macrophages
(such as IL-8) and other immune cells (Paul, 2008). Similarly to macrophages,
researchers have also proposed neutrophil inflammation profiles connected to cancer
prognosis: N1 (pro-tumoral) and N2 (anti-tumoral). In CRC, increased neutrophil
recruitment is connected to bad prognosis due to the generation of neutrophil
extracellular traps. However, this phenotypic characterization of functional
heterogeneity lacks the establishment of clear transcriptomic profile signatures
(Gonzalez et al., 2018).

1.2.2 Physico-chemical properties of the Tumor Microenvironment

1.2.2.1 Oxygen content: hypoxia and angiogenesis
Most factors present in the TME may be stored in the body for later use — e.g.

iron in storage or serum proteins, acidic particles in lysosomes, glucose as glycogen
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deposits in hepatocytes (Cao et al., 2016; Lane et al., 2015; Nocito et al., 2015). One
notable exception is oxygen, which cannot be stored in its gaseous form. Animal
tissues are slightly hypoxic, ranging from 1,1 % (skin) to 9,5 % (kidney) and 10 %
(colon) oxygen concentrations (Carreau et al., 2011; Graboh et al., 2016); therefore,
oxygen availability is tightly controlled. The tumor microenvironment is highly hypoxic,
when compared to healthy cells from the same tissue (Bussink et al., 2003) (Figure 1).
Upon hypoxia, healthy cells immediately react with conserved stress responses,
including metabolic alterations; but cancer cells are quicker to react, due to their faster
proliferative ability, sustained angiogenesis and abnormal metabolic pathways
(Hanahan & Weinberg, 2000, 2011; McKeown, 2014; Nakazawa et al., 2016).

Immediate cytotoxic consequences of hypoxia include production of Reactive
Oxygen Species (ROS), immune evasion, increasing resistance or increasing
efficiency of chemotherapy, tumor regrowth and metastasis (Barsoum et al., 2014;
D’Ignazio et al., 2016; Schioppa et al., 2003; Shah & Xie, 2015; Strese et al., 2013).
Notably, macrophages are recruited to tumor hypoxic areas (Murdoch et al., 2004)
and are consequently primed towards a pro-angiogenic M2 phenotype with
upregulation of HIF-1 and HIF-2 (Talks et al., 2000; Tripathi et al., 2014). Other
transcription factors such as NF-kB are also known to be upregulated upon hypoxic
exposure, in immune cells, healthy intestinal tissue and cancer (D’lgnazio & Rocha,
2016; Schioppa et al., 2003; Shah, 2016; Sivridis et al., 2005).

Recently, Martins and colleagues (Martins et al., 2020) established a beneficial
link between hypoxia (measured by HIF1A) and TAMs (measured by CD68), due to
the development of a pro-inflammatory microenvironment, increasing levels of IL1B
secretion by macrophages and upregulating tumor cytotoxic T cells.

The growing field of gene expression regulation in cancer cells upon hypoxic challenge
still lacks works about the interaction of tumor tissue, the immune system and their
shared microenvironment. Therefore, we sought to understand how hypoxic

conditions affect gene expression and alternative 3’ UTRs of macrophages.

1.2.2.2 Epithelial to mesenchymal transition
There are three types of epithelial-to-mesenchymal transition (EMT), arising during
development, fibrosis and, finally, the tumorigenic process (Kalluri & Weinberg, 2009).

The latter type will be described in this section.
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Solid tumors arise from epithelial cells; to intravasate into blood circulation and
metastasize at a secondary site, tumor cells need to overcome their connection to the
remaining epithelia and the basement membrane, through EMT (Quail & Joyce, 2013).
Briefly, tumor cells, particularly at the invasive front, gain mesenchymal properties
such as motility, migration, invasion, resistance to apoptosis, and disruption of cell
polarity, cytoskeleton reorganization and elimination of tight junctions. EMT is
regulated by the previously described microenvironmental stimuli (cytokines, growth
factors) and is associated with upregulation of stemness, vimentin, the ZEB, SNAIL
and TWIST transcription factors family, due to induction by TGFR (Medici et al., 2008).
The activation of oncogenes induces cell senescence, but EMT prevents it to facilitate
cancer cell dissemination (Weinberg, 2008).

For instance, E-cadherin expression is inversely correlated with patient survival and is
lost during EMT, due to repression by ZEB1 and ZEB2 (Kalluri & Weinberg, 2009). It
also involves the loss of other proteins, such as R-catenin (Kim et al., 2002).
Importantly, EMT affects cancer clones differently and contributes to tumor
heterogeneity (Kalluri & Weinberg, 2009).

In CRC, the EMT phenotype correlates with increased invasion and metastasis and is
associated with increased expression of IL1B, TNFa, TGFR, and HIF1qa, as well as the
other TFs mentioned above (leda et al., 2019; Vu & Datta, 2017). Notably, all these
molecules are associated with roles in transmission of extracellular signaling,
contributing to the enhancement of EMT in the rest of the tumor cell community, even
if their autologous EMT signals are weaker.

When tumor cells reach an adequate metastasis site, they undergo the inverse
transformation (MET — mesenchymal to epithelial transition) to create micro

metastases and ultimately colonize the secondary organ (Zeisberg et al., 2005).

1.2.2.3 Extracellular matrix: cellular architecture

The extracellular matrix (ECM) is a tissue-specific macromolecule network responsible
for maintaining structural tri-dimensional (3D) integrity, flexibility and adhesion. It is
composed by proteins and polysaccharides, and it is also crucial to sustain signaling,
as a biomolecules reservoir, through arresting of cytokines, chemokines and growth
factors, modulating cell survival, differentiation, polarization, polarity, migration and
invasion (Naba et al., 2012).
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The role of ECM on determining cellular behavior is performed through reciprocal gene
expression regulation, affecting not only the target cell type but all the interconnected
cell types in the tissue (Streuli & Bissell, 1990). Moreover, the ECM has also been
connected to inflammatory regulation: after inflammatory stimuli, the ECM is deposited
or remodeled by macrophages performing wound healing; in chronic inflammation and
cancer, excessive fibrotic ECM deposits is akin to a never-healing wound (Dvorak,
1986).

Tumor ECM is organized differently: increased tissue stiffness (Levental et al., 2009)
due to increased protein deposition inarguably changes the ECM composition and
biomechanics, actively promoting tumor growth in CRC (Hilska et al., 1998) through
modulation of cancer hallmarks (Hanahan & Weinberg, 2011). Additionally, ECM
remodeling enzymes are dysregulated in cancer, instigating new, cryptic fragments
that recruit monocytes (Houghton et al., 2006) and releasing pro-tumoral cytokines to
the surrounding environment that further influence this crosstalk. In CRC, abnormal
ECM dynamics are associated with increased angiogenesis, EMT and metastasis
(Kechagia et al., 2019; Vu & Datta, 2017).

1.3 Mimetizing the Tumor Microenvironment: Co-cultures

Communication between macrophages and cancer cells inarguably imposes
alterations in gene expression, which may dictate the success of cancer progression.
In this work, we performed indirect transwell co-cultures with macrophages and cancer
cells.

Immune cell involvement in colorectal cancer is an area with increasing interest due
to tumor heterogeneity and regulation of therapy escape (Giannakis et al., 2016) and
tumor-microenvironment interactions (Cardoso, Pinto, et al., 2015; Pinto et al., 2016;
Pinto et al., 2017). Macrophages, one of the most abundant immune components at
the tumor microenvironment, may either cooperate or abrogate cancer cells,
depending on their inflammatory phenotype (Mantovani & Locati, 2013), as previously
discussed.

Cancer cells and macrophages work together in a paracrine mechanism loop — cancer
cells stimulate macrophages through CSF-1 production, while macrophages produce

pro-angiogenic factors that allow for tumor growth (Hardbower et al., 2017).
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When choosing co-cultures as model systems, one must optimize each cell population
density in order to obtain a cellular monolayer capable of eliciting measurable
responses, and to include controls from all conditions and biological replicates
including each monocultured cell population.

The establishment of transwell co-cultures with CRC cell lines and polarized
macrophages allows the study of the different cell populations in biomimetic
microenvironments. Co-cultures may be used to pinpoint transcriptomic alterations
imposed by the microenvironment, and correlate them to the macrophage
inflammatory state, and also to identify new immune APA and gene expression
modulators.

Furthermore, the indirect contact of macrophages with cancer cells allows the sharing
of soluble factors, enabling the study of the communication between the two cell types,
while still permitting easy separation of the different cell types for downstream studies,
such as transcriptomics (Goers et al., 2014).

Past work from the Tumor and Microenvironment Interactions (TMI) group has
uncovered mechanisms in the crosstalk between CRC cells and unpolarized
macrophages, stimulating tumor cell invasion, migration and motility through action of
matrix metalloproteases and EGFR, which is a phenotype more efficiently achieved

by IL-10 polarized macrophages (Cardoso, Pinto, et al., 2015).
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2. Transcription and alternative 3’ UTR regulation

Regulation of gene expression is crucial for all cells maintenance and function (Jacob
& Monod, 1961). In eukaryotes, it defines cell type, fate and function by complex co-
and post-transcriptional mechanisms, during differentiation, development and other
cell stages. Some of the regulation layers include chromatin modification, alternative
splicing and alternative polyadenylation (APA). This thesis aims to study APA in
macrophages, during polarization and upon exposure to colorectal cancer cells.

2.1 Transcription: initiation, elongation and termination

For the majority of the eukaryotic genes, transcription is the most important step of
gene expression regulation, determining the fates of mMRNA and protein (Nick J.
Proudfoot, 2016). It consists on the synthesis of a RNA molecule from a template
strand of DNA, culminating in a nucleotide sequence complementary to the initial
coding strand. Transcription may be divided into sequential stages with specific
regulatory mechanisms: initiation, elongation and termination. For the scope of this
thesis, we will only introduce and discuss transcription of mMRNAs that code for protein-
coding genes. Any other RNAs will be mentioned whenever relevant.

Protein-coding genes are transcribed by RNA Polymerase Il (RNAPII), a highly
conserved enzyme consisting of 12 subunits encoded by genes RPB1-12, which code
for the catalytic site, a stalked structure, and the disordered Carboxy Terminal Domain
(CTD) (Werner & Grohmann, 2011). The CTD is exclusive to RNAPII and crucial for
its function, consisting of 52 tandem repeats of the consensus Tyr-Ser-Pro-Thr-Ser-
Pro-Ser sequence (Chapman et al., 2008). Several residues of the CTD repeats are
modified during transcription, by phosphorylation, acetylation and methylation, among
others (Schlackow et al., 2017; Schroder et al., 2013; Sims et al., 2011). The CTD also
tethers capping, splicing and cleavage and polyadenylation factors, in particular CPSF
and CstF, depending on its phosphorylation status (McCracken et al., 1997).
Therefore, the CTD can adopt different conformations during transcription initiation,
elongation and termination, wherein specific proteins assemble on the CTD to perform
their functions (Egloff & Murphy, 2008; Portz et al., 2017).
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Akin to a train traveling on its tracks, RNAPII transcription needs several conditions
for successful MRNA expression: accessibility of the corresponding gene on the DNA,
and surpassing the checkpoint on the transcription cycle.

A mature mRNA is produced after intron excision and exon ligation, and subsequent
pre-mRNA processing, cleavage and polyadenylation. The mRNA molecule is then
exported to the cytoplasm and eventually translated into a protein. The three
transcription stages, initiation, elongation and termination, are intimately linked to
enhance efficiency of all the enzymatic reactions occurring on the nascent RNA
(Proudfoot & Maniatis, 1980).
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Figure 4 — Location of gene expression regulation steps: the DNA double helix (up) is unwound to
prepare for transcription into mMRNA by RNA Polymerase I, which occurs in the nucleus. mRNA (blue)
is transported into the cytoplasm, where it is translated into a protein (red). Post-transcription and
translation, the protein may be allocated to the membrane or stay in the cytoplasm with cell organelles
(endoplasmic reticulum in blue, Golgi apparatus in purple, mitochondria in )-

In the next sections, the transcription cycle and co-transcriptional processes

will be described, with an emphasis on mMRNA 3’ end formation.

The transcription cycle begins by initiation, through binding of general
transcription factors (TF) to specific regions in the promoter, and concomitant binding
of RNAPII, which in turn stimulates the assembly of the pre-initiation complex (Fuda

et al., 2009). The Mediator complex recruits a helicase that separates both DNA
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strands and the RNAPII synthesizes the first ~20 nucleotides (nt) of the pre-mRNA,
which is almost instantaneously capped at its 5’ end, preventing 5’ exonuclease action
(Grinberg & Hahn, 2014; Guo & Price, 2013; Krumm et al., 1992; McCracken et al.,
1997; Muse et al., 2007; Singh et al., 2015) (Figure 5A).

The transcript is challenged by promoter-proximal pausing (Gilchrist et al.,
2010), which pauses RNAPII on the promoter of 75 % of human protein-coding genes
(Guenther et al., 2007) in an inactive state and inhibits elongation, causing premature
termination (Guo & Price, 2013). The promoter-proximal pausing checkpoint is
important for the transcript to be bound by the appropriate RNA binding proteins
(RBPs) (Adelman & Lis, 2012; Sims et al., 2004). The pre-initiation complex fully
disassembles once RNAPII disengages from the promoter, continuing to the

transcription elongation phase (Adelman & Lis, 2012).

Successful transcription elongation occurs through recruitment of elongation
factors that phosphorylate the CTD and the promoter-pausing effectors NELF and
DSIF (Cheung et al., 2011; Marshall et al., 1996; Palangat et al., 2005; Peterlin &
Price, 2006). These effectors stimulate RNAPII escape, release of the pre-initiation
complex and subsequent elongation, chromatin remodeling and pre-mRNA
processing (Ahn et al., 2004; Bentley, 2005; Gu et al., 2013; Hirose & Manley, 1998;
Komarnitsky et al., 2000; Peterlin & Price, 2006). After initiation and during elongation,
RNAPII CTD phosphorylated residues gradually change from Ser5P and Ser7P to
Ser2P through action of the phosphatase Ssu72 and the kinases CDK9, CDK12 and
CDK13 (Bosken et al., 2014; Devaiah et al., 2012; Itzen et al., 2014; Marshall et al.,
1996; Rosado-Lugo & Hampsey, 2014)(Bosken et al., 2014; Devaiah et al., 2012; ltzen
etal., 2014)(Bdsken et al., 2014; Devaiah et al., 2012; ltzen et al., 2014) among others,
as the polymerase moves through the gene (Figure 5B).

RNAPII moves from the 5’ to the 3’ of the DNA as it polymerizes RNA, but it
can occasionally backtrack in certain DNA sequences, often causing transcription
arrest (Izban & Luse, 1991; Kireeva et al., 2005). TFIIS, a general transcription factor,
can resume elongation through realignment of the polymerase active site (Cheung et
al., 2011; Nechaev et al., 2010; Sheridan et al., 2019).
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Transcription termination is a finely-tuned, quality-control failsafe mechanism.
Along this process, RNAPII transcribing the gene must correctly interpret the
termination signals - enrichment of Ser2P and Thr4P of the CTD (Davidson et al.,
2014; Glover-Cutter et al., 2008; Schlackow et al., 2013) and transcription of a
polyadenylation signal — to produce a mRNA and to disengage from the DNA template
(Figure 5C).

Although it is an area of increasing interest, especially the survey of the active
site of RNAPII through NET-Seq (Churchman & Weissman, 2012; Nojima et al., 2015),
in high eukaryotes, transcription termination is still not completely understood. Two
termination models have been proposed, as occurring alone or in combination
(Rosonina et al., 2006; West & Proudfoot, 2008).

The allosteric model of transcription termination is centered on conformational
changes occurring on the elongation complex of RNAPII due to release of elongation
factors and binding of termination factors. These actions lead to untethering of RNAPII
to the template DNA (Calvo & Manley, 2005; Greenblatt et al., 1993). The torpedo
model (Luo et al., 2006; Proudfoot, 2016) implies that the RNAPII continues elongating
beyond the polyadenylation signal (PAS) (Laitem et al., 2015). Although the 3’ end of
the pre-mRNA is correctly processed, as RNAPII continues to transcribe, the 5’ end of
this uncapped transcript is targeted for degradation by the Xrn2 exonuclease
(Proudfoot, 2011; West et al., 2004). As Xrn2 degrades the transcript, it meets RNAPII,
and causes conformational changes that induce RNAPII disengagement, inducing
transcription termination (Fong et al., 2015).

Capping, termination and 3’ end processing factors act as regulators of
transcription termination, as these factors follow RNAPII to areas downstream of PAS
to instigate pausing, enhancing termination efficiency through exonuclease
degradation (Davidson et al., 2014; Glover-Cutter et al., 2008; Gromak et al., 2006;
Nojima et al., 2015; Zhang et al., 2015). Conversely, correct termination has
consequences for gene expression. For instance, RNAPII occupancy at promoters
and functional polyadenylation signals correlates with higher levels of mRNA
expression (Core & Lis, 2008; Fusby et al., 2015; Grosso et al., 2012; Ji et al., 2011)
and protein expression (West & Proudfoot, 2009), in which erythropoietin pre-mRNA

termination is vital for protein expression
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The advent of electron microscopy and transcriptomic analyses shed some light on
the mechanisms of co-transcriptional pre-mRNA processing. For instance, most
introns are excised on pre-mRNA transcripts as they are transcribed by RNAPII
(Bentley, 2014). Repression of premature 3’ end is achieved by the binding of the
spliceosomal U1 small nuclear ribonucleoprotein particle (snRNP) along the nascent
pre-mRNA inhibiting the binding of the cleavage and polyadenylation machinery
(Kaida et al., 2010). It is also known that transcription termination driven by XRN2 is
dependent upon poly(A) site recognition and that pre-mRNA cleavage facilitates
detethering of RNAPII from the DNA template (Connelly & Manley, 1988; Whitelaw &
Proudfoot, 1986). Studies have also emphasized the successive interactions of
splicing factors and polyadenylation factors that occur on the nascent pre-mRNA,
contributing to correct processing (Glover-Cutter et al., 2008). Importantly, a negative
feedback between transcription termination and initiation has been described, as a
mutation on the PAS mutation hampers transcription initiation (Mapendano et al.,
2010).

The integration of pre-mRNA processing with transcription co-evolved to ensure that
the pre-mRNA is efficiently and accurately processed to maturation, and increases the
number of regulation layers in gene expression. Indeed, integration actually goes
beyond co-transcriptional processes, as transcription initiation and elongation factors
affect mMRNA 3’ end formation, and vice versa (Andersen et al., 2012; Nagaike et al.,
2012; Schroeder et al., 2004).

Termination marks the end of the transcription cycle. As another cycle begins,
the CTD of the RNAPII must be fully dephosphorylated for re-initiation (Sims et al.,
2004). Indeed, malfunctioning transcription termination is extremely deleterious for the
cell. Notably, aberrant transcription termination has been found to have downstream
effects in CRC (Ueda et al., 2015).
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Figure 5 — Transcription and co-transcriptional pre-mRNA processing involve many layers of regulation.
For all images, DNA is shown in , RNA in dark blue. A. Successful transcription initiation requires
chromatin remodeling complexes (green) and histone-modifying enzymes ( )- Transcription
initiation needs activator proteins (blue) binding distant enhancers to stimulate assembly of the initiation
complex, consisting of specific and general transcription factors (GTF, brown), RNA polymerase I
(RNAPII, ) and its C-terminal domain (CTD), and the Mediator complex (purple), at the
promoter. B. RNAPII elongation and 5 RNA capping occurs through binding of RNA-processing
proteins to the CTD, either at Ser5 (for capping, shown in red) or Ser2 (splicing and 3’ end processing)
positions. C. Pre-mRNA 3’ end processing consists of binding of the pre-mRNA by and CstF,
cleavage of the pre-mRNA and polymerization of a polyadenylated tail by PolyA Polymerase ( )-
The polyA tail is covered by PolyA Binding Protein (PABP) Adapted from (B. Alberts et al., 2008).

2.2 Pre-mRNA 5’ capping and splicing

Throughout evolution, several regulation layers have arisen that actively
contribute for increased mRNA diversity while saving genome space. The transcription
cycle described above is coupled with pre-mRNA capping and splicing, which will be
briefly described below, along with cleavage and polyadenylation, described in detail

in section 2.3.

Capping consists on the co-transcriptional addition of a methylguanosine cap to
the 5’ end of all eukaryotic pre-mRNAs (Rasmussen & Lis, 1993; Shatkin, 1976), which
both stabilizes the pre-mRNA, increases splicing efficiency (Inoue et al., 1989) and is
necessary for efficient mMRNA nuclear export and translation into protein (Ramanathan
et al., 2016). Capping is coupled to transcription initiation-to-elongation through the
CTD in actively transcribing RNAPII (Moteki & Price, 2002).

A typical mammalian gene has 7-8 short protein-coding exons with 100-200
base pairs (bp) separated by long non-coding but important regulatory introns with

more than 1kb (kilobase)(Lewin, 2008). The spliceosome coordinates the removal of
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introns after recognition of donor and acceptor sites on the pre-mRNA, the formation
of a lariat, and ligation of the exons (Konarska et al., 1985). Notably, splicing occurs
concurrently with transcription elongation, but also actively promotes it through kinetic
competition: competing splicing sites in a given pre-mRNA may be accessed by
splicing factors differentially, depending on RNAPII elongation speed (Bentley, 2014).
A slow elongation rates favor weaker upstream 3’ splice sites in comparison to
stronger 3’ splice sites downstream, as the former has the spliceosome complex

formed before the latter is transcribed and recognized.

Serine/Arginine (SR)-enriched proteins are regulatory splicing factors that act
synergistically by identifying and binding to RNA regulatory motifs in the nascent pre-
MRNA. SRSF12 (aka SRrp35, SFRS13B, SFRS19), the protein identified in this thesis
as a modulator of alternative polyadenylation, contains an RNA Recognition Motif
(RRM) and an arginine and serine (SR) domain, as shown in Figure 6. An important
characteristic of SR proteins is their ability to auto-regulate and to cross-regulate the
expression of other RNA binding proteins. SRSF12 represses alternative splicing by
binding to SRSF1, SRSF2 and SRSF6 (Chandler et al., 1997; Cowper et al., 2001;
Roca et al., 2013), and is upregulated in M1 macrophages (H. Liu et al., 2018) and
testis (GTex Analysis for SRSF12, 2021). SRSF12 was shown to be present at
stoichiometric levels to exon-junction complex core factors during splicing (Singh et
al., 2013), and was found to be at higher concentration than SRSF2 and SRSF6, two
its repressed SR proteins. Therefore, one can hypothesize that SRSF12 repression
may impede SR proteins SRSF2 and SRSF6 function.

11 SLFIRNVADA [...] QIEIQFAQGD 939 111 RHPCSPSDHR [...) RSHSRSRSYR 265

B RNA Recognition Motif
SRSF12 N ¢ [ RS domain

Figure 6 — Schematization of protein domains in the SRSF12 linear protein structure. SRSF12 is a
protein consisting of 261 amino acids. Residues 11 to 99 comprise an RNA Recognition Motif, while
residues 111 to 256 comprise serine and arginine-rich sequences (RS domains) characteristic of SR
proteins.

SR proteins are frequently recruited to active transcription sites, and several studies

have highlighted that SR protein functions are not fully interchangeable between all
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the members (Long & Caceres, 2009). Furthermore, many SR proteins have non-
nuclear functions such as NMD, translation and shuttling. Fittingly, SRSF12 may have
non-canonical nuclear functions (Long & Caceres, 2009). SRSF12 is phosphorylated
by CDK®G, a non-canonical transcriptional regulator involved in NF-kB recruitment that
elicits inflammatory gene responses such as IL-8 production, after IL-1 stimulation
(Anders et al., 2012; Tigan et al., 2016). As phosphorylation of SR proteins affects
their subcellular localization and function (Misteli et al., 1998), it is possible that

SRSF12 phosphorylation by CDK6 will affect its function in immune cells.

2.3 Pre-mRNA 3’ end processing — cleavage and polyadenylation

Pre-mRNA 3’ end processing is a highly regulated co-transcriptional step. It
consists in the cleavage of the pre-mRNA after recognition of a polyadenylation signal
(PAS) in the coding region or in the 3’ UTR (3’ untranslated region), and on the
polymerization of a poly-adenosine (polyA) tail at the 3’ end (Tian & Manley, 2013).
This two-step reaction modulates gene expression and occurs in all pre-mRNAs
transcribed by RNAPII, except canonical histone mRNAs (Danckwardt et al., 2008;
Marzluff et al., 2013).

PAS recognition and usage is modulated by auxiliary cis-acting RNA elements,
or trans-acting proteins factors, that work together to produce a mature mRNA
molecule (Millevoi & Vagner, 2009; Pereira-Castro & Moreira, 2021). Cis-acting
elements and trans-acting proteins elicit a fine-tuned modulation of APA.

Pre-mRNA 3’ end processing is crucial for cell physiology. Defective 3’ end
processing is the cause of several diseases, such as thrombophilia, muscular
dystrophy, neurodegenerative diseases, and cancer (Curinha et al., 2014; Danckwardt
et al., 2008).

The polyadenylation signal (PAS) is the most important sequence for mMRNA 3’
end formation, consisting of a hexameric sequence necessary for the binding of the
cleavage and polyadenylation complex. There are several validated PASs (Beaudoing
et al., 2000), but the most efficient one is the AAUAAA, a highly conserved hexamer
occurring in 53 % human genes, followed by AUUAAA (15 %) (Tian et al., 2005). As
different hexamers have variable efficiencies (Wickens, 1990), this will arguably
impact mRNA 3’ end formation for each specific gene, with a possible consequence

on protein expression levels. Indeed, mRNA 3’ end formation influences protein levels.
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Steven West demonstrated that transcription termination of the erythropoietin pre-
mRNA, which also contains a very weak PAS sequence (AAGAAC) was crucial for
erythropoietin protein expression (West & Proudfoot, 2009). Consequences of
substitutions or mutations in the PAS cause several diseases, such as p-thalassemia
(a2-globin PAS: AATAAA > AATAAG), immune dysfunction (AATAAA > AATGAA)
and several types of cancer (p53 PAS: AATAAA > AATACA, affecting up to 2%
European populations) (Bennett et al., 2001; Higgs et al., 1983; Stacey et al., 2011).
Therefore, the correct recognition of this deceptively simple non-coding hexamer, in
combination with the other sequences and protein factors described below, is
tantamount to correct mMRNA 3’ end formation and protein expression.

Other crucial sequences in the 3’ UTR are the cleavage site (pA), consisting of
a CA/TA dinucleotide located 10-30 nt downstream of the PAS, and the downstream
sequence element (DSE), consisting of several G/U or U residues in a non-consensus
sequence located up to 30 nt downstream of the pA site. DSEs function as a platform
to tether the 3’ end processing machinery, in particular CstF (described below), to
accurately define the 3’ end of the mRNA, influencing PAS efficiency, usage and
recognition (Di Giammartino et al., 2011; Legendre & Gautheret, 2003; Millevoi &
Vagner, 2009; Neve et al., 2017).

Cleavage and polyadenylation (CPA) occur at the pA. Briefly, CPA begins upon
transcription termination by RNAPII and by binding of the newly transcribed pre-mRNA
to three core trans-acting factors - Cleavage and Polyadenylation Stimulating Factor
(CPSF) and WDR33, Cleavage stimulating factor (CstF), Cleavage Factor | (CFIm).
This binding then triggers the recruitment of Cleavage Factor Il (CFlim), Symplekin
and Poly A Polymerase (PAP) (Figure 7). CFIm binds to UGUA sequences upstream
of the pA, which results in promotion of PAP-CPSF interaction with CFIm via CPSF30
and WDR33 to the pA and via CPSF160 to (Brown & Gilmartin, 2003; Chan et al.,
2014; Schénemann et al., 2014). CPSF73 cleaves the pre-mRNA preferentially at the
CA dinucleotide that characterizes the pA, and FIP1L1 stimulates the addition of
adenosines by (Bienroth et al., 1993; Kaufmann et al., 2004; Murthy & Manley, 1992;
Ryan et al., 2004; Takagaki et al., 1989). In turn, the CstF complex stimulates 3’ end
formation by binding of its subunit CstF64 to the DSE. Symplekin acts as a scaffold
protein to the CTD itself (MacDonald et al., 1994; McCracken et al., 1997; Murthy &
Manley, 1995; Proudfoot, 2011; Takagaki & Manley, 2000).
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This multiprotein complex stabilizes itself synergistically with each interactor,
allowing for efficient CPA (Proudfoot, 2011; Zhao et al., 1999). As the RNA molecule
is now capped, spliced and polyadenylated, it is now referred to as mRNA and

transported into the cytoplasm for translation (B. Alberts et al., 2008).

VA RNAPII

prg-mRNA

\5’ cap

Figure 7 — 3’ end process is a tightly controlled nuclear process with multiprotein complexes functioning
synergistically, whence cis-acting sequences are recognized by frans-acting proteins working in
connection with RNA Polymerase Il. Specifically, the CFIm recognizes sequences at the USE, while
CPSF complex and associated factor SYMPK bind to the PAS and the CstF complex recognizes the
DSE. These protein-RNA interactions then favor protein-protein interactions between CPSF, SYMPK,
CstF and CFIm, which further increase the stability of the protein-RNA interactions. Next, cleavage and
polyadenylation occur through recruitment of CFll, PAP and PABP(N) proteins. RNA sequence: 3’ UTR
(dark blue line); USE — Upstream Sequence Element; AAUAAA — polyadenylation signal; pA —
polyadenylation site; DSE — Downstream Sequence Element. Proteins: CF — Cleavage Factor (purple
square); CPSF — Cleavage and Polyadenylation Element (grey circles); CstF — Cleavage stimulation
Factor (brown circles); SYMPK — Symplekin ( ); PABPN — Poly A Binding Protein (orange
circles); PAP — Poly A Polymerase ( ); RNAPII — RNA Polymerase I (right,

). PCF11 — Pre-MRNA Cleavage Complex Il Protein ( , left); CLP1 —
Cleavage Factor Polyribonucleotide Kinase Subunit 1 ( , right). Modified from (Pereira-Castro
& Moreira, 2021)

2.3.2 Auxiliary regulatory elements:

Cis-acting sequences

The auxiliary cis-acting sequences include upstream sequence elements
(USE), named thus due to their localization in regards to the PAS. USEs contain
binding sites for trans-acting protein factors such as RBPs, and core 3’ end processing
factors such as CstF, and are present in a plethora of genes with varying functions
(Danckwardt et al., 2007; Lutz & Moreira, 2011; Moreira et al., 1998; Newnham et al.,
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2010; Oliveira et al., 2019), indicating their post-transcriptional relevance for 3° UTR

fine-tuned modulation in diverse cellular processes.

Trans-acting factors

Trans-acting protein factors ensure correct mMRNA 3’ end processing through
competition or synergistic action (Millevoi & Vagner, 2009; Proudfoot, 2011; Tian &
Manley, 2013; Zhao et al., 1999). RNA binding proteins (RBPs) bind competitively and
transiently to consensus motifs on the pre-mRNA — e.g., PTBP1 binds to low-
complexity, (C)U-rich short binding cis motifs on RNA (Castelo-Branco et al., 2004,
Dominguez et al., 2018), or in a structure- and expression-dependent mechanism, and
via 3’ end processing factors or RBP post-translational modifications (Brown &
Gilmartin, 2003; Dominguez et al., 2018; Ryan & Bauer, 2008; Wu & Bartel, 2017).
Regardless of function, RBPs dynamically bind RNA to form ribonucleoprotein
complexes (RNPs).

Classic RBP examples are ELAVL1 (Embryonic Lethal Abnormal Vision Like 1)
and PTBP1 (Polypyrimidine Tract Binding Protein 1), that play roles in splicing,
translation and 3’ end processing (Berkovits & Mayr, 2015; Castelo-Branco et al.,
2004; Danckwardt et al., 2011; Hall-Pogar et al., 2007; Kafasla et al., 2012; Millevoi &
Vagner, 2009; Valcarcel & Gebauer, 1997). ELAVL1 is also related to mRNA stability
through synergism with other RBPs such as RBM38 (Cho et al., 2010). PTBP1 is a
classic splicing factor that is also involved in 3’ end processing through activation or
inhibition of pre-mRNA cleavage, as in the case of immune gene C2 complement
(Castelo-Branco et al., 2004; Moreira et al., 1998) and others (Valcarcel & Gebauer,
1997).

2.3.3 Alternative Polyadenylation (APA) and alternative 3° UTRs

The total estimated number of highly conserved PAS in the human genome
exceeds 569,000 (Herrmann et al., 2020). Yet, there are frequently more than one
PAS in a gene, that may be recognized alternatively by a process termed Alternative
Polyadenylation (APA), which occurs in all eukaryotes (Edge & Macrae, 2017;
Sandberg et al., 2008; Shi, 2012; Tian & Manley, 2013). The existence of more than
one PAS in a given gene decreases the chances of stopping mRNA expression due

to PAS mutation, while allowing for another layer of gene regulation (Graber et al.,
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1999) There are alternative 3’ UTRs in 74 % of human genes expressed in healthy
and disease conditions (Derti et al., 2012; Hoque et al., 2016; Lee et al., 2018; Shi,
2012; Tian et al., 2005; Wang et al., 2008), effectively leading to many mRNA isoforms
due to differential usage of PAS sites.

There are two types of APA: if one PAS located in the coding region is used, we
have coding region-APA (CR-APA); if a PAS in the 3' UTR is selected, we have 3’
UTR-APA (Figure 8 below). In CR-APA, transcripts will most likely be translated into
different proteins, contributing to increasing proteomic diversity, similarly to what
happens by alternative splicing (Ben-Dov et al., 2008). In 3° UTR-APA, transcripts will
give rise to the same protein, but the mRNAs may have different functional properties.
Different cis-regulatory elements, and frans-acting elements that bind to them, will
increase post-transcription regulation, and ultimately, protein expression. For
example, the differential binding of RBPs to AREs present in alternative 3’ UTRs affect
mMRNA stability and protein translation (Diaz-Mufioz et al., 2015; Guo et al., 2021;
Mazan-Mamczarz & Gartenhaus, 2007; Soni et al., 2019). Moreover, long 3’ UTRs are
frequently more subject to regulation, both by increased number of RBPs or miRNA
binding sites (Gruber et al., 2016; Theil et al., 2018).
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Figure 8 — Alternative Polyadenylation (APA) affects both the coding region and the 3° UTR (3’ UTR-
APA, down) of mMRNAs. Coding region APA (CR-APA, top) occurs when PAS within the coding region
are recognized, producing mRNA isoforms with distinct C-terminal coding regions, and hence coding
for different protein isoforms. UTR-APA (down) occurs when mRNA isoforms have the same coding
region, hence coding for the same protein, but differ in their 3° UTR length due to the use of different
PAS in the 3'UTR. Pre-mRNA sequence — introns as black lines, coding regions in , ,
and dark blue, non-coding regions (5’UTR and 3’ UTR) in , PAS sequences as triangles. Adapted
from Khan Academy,(Braz et al., 2017; Elkon et al., 2013; Lee et al., 2018; Lutz & Moreira, 2011; Mayr,
2017; Pai et al., 2016; Shi, 2012; Tian & Manley, 2013, 2016).

But how is one PAS chosen in detriment of another? There are several mechanisms
under discussion, including the “first come, first served” model. Briefly, proximal PAS

are chosen instead of distal PAS as the 3’ end processing machineries recognize the
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proximal PAS first as the nascent pre-mRNA exits the RNAPII channel, and hence
assemble there (Proudfoot, 2011). This model implies that transcription elongation
rate is the main driver for 3’ end processing. However, this is not the only player in
APA, as the strength of the PAS sequence, as well as additional auxiliary sequences
and the presence of regulators all play important roles in APA (Berkovits & Mayr, 2015;
Hoque et al., 2016; Pinto et al., 2011), and it has been described that alternative
polyadenylation is a gene-specific mechanism (Braz et al., 2017). In this model, the
context of the individual 3’'UTR controls PAS usage. This model highlights the large
selective pressure exerted in regulatory sequences in the 3' UTR, which then has a
strong impact on APA and mRNA production.

Literature search revealed that distal PAS tend to be more frequently composed of the
canonical, more efficient AAUAAA sequence (Beaudoing et al., 2000; Shi, 2012). This
may occur as a failsafe mechanism to ensure mRNA 3’ end formation and transcription
termination at the end of the gene (Shi, 2012). Furthermore, the less efficient proximal
PAS may be compensated by the increasing frequency of auxiliary cis-acting elements
(Graber et al., 1999; Oliveira et al., 2019). Figure 9 illustrates the signal strength of
different PAS hexamer sequences.
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Figure 9 — PAS hexamer sequence efficiency in ascending order recognized by the cleavage and
polyadenylation machinery. Shown in blue is the base change from the canonical AAUAAA PAS
sequence. The experiment that gave origin to these data was done by generating point mutations in
the AATAAA sequence by site-directed mutagenesis, which were subsequently in vitro transcribed
containing 3?P nucleoside triphosphates. Quantification was performed by scanning densitometry,
always normalizing the cleaved and polyadenylated mRNA product obtained transcription of sequences
containing each point mutation PAS to the canonical AATAAA-containing RNA efficiency. Adapted from
(Sheets et al., 1990).
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Notably, proximal and distal PASs can have different usage efficiencies,
depending on the tissue or cell type (Liu, Freitas, et al., 2017; Mayr & Bartel, 2009;
Sandberg et al., 2008). mMRNAs with short 3’ UTRs are more prevalent in cancer cells,
proliferative cells and in activated immune cells, compared to healthy and resting cells
(Castello et al., 2012; Elkon et al., 2013; Lutz & Moreira, 2011; Mayr & Bartel, 2009;
Pai et al., 2016; Sandberg et al., 2008; Tian & Manley, 2016). In turn, longer 3’ UTRs,
generated by distal PAS selection, are more common in differentiated cells such as
neurons and also during organism (Derti et al., 2012; Ji et al., 2009; Miura et al., 2013)
(Figure 10).
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Figure 10 - Specific 3 UTR mRNA isoforms are associated to distinct cell states and disease. Middle
circle, choice of mMRNA isoform that only differ in the 3° UTR has many consequences for mRNA stability
and miRNA targeting, and is specific for several cell types and cell states. Surrounding panels, summary
of genome-wide PAS selection: short 3 UTRs tend to be more prevalent in activated immune cells,
cancer cells, and proliferative cells; long 3 UTR are more frequently used during embryonic
development, cell senescence processes and brain tissue. Image adapted from (Lutz & Moreira, 2011).

Alternative 3' UTRs may affect protein expression levels and subcellular location with
relevant consequences for the cell, such as proliferation, differentiation and in the cell
cycle (Berkovits & Mayr, 2015; W. Ma & Mayr, 2018). For instance, the IgM heavy
chain protein is either bound to the cell membrane or secreted, depending on CstF64
levels that control IgM APA in pre-B and plasma cells (Takagaki et al., 1996). On the
other hand, Gruber and colleagues found limited effects of differential 3° UTR

expression on protein levels (Gruber et al., 2014).
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Additionally, alternative 3° UTRs were also recently found to mediate protein-protein
interactions (PPls) determining protein localization (Berkovits & Mayr, 2015): CD47 is
a cell surface protein that functions as an anti-phagocytosis “don’t eat me” signal,
frequently found on tumor cells (Willingham et al., 2012). The proximal and distal PAS
of CD47, produced by APA, stimulate distinct PPIs: the longer 3' UTR isoform of CD47
serves as a scaffold to promotes interaction between the HuR/Elav and SET1. CD47
protein translated from the mRNA with the long 3’'UTR interacts with SET1 and is
translocated to the plasma membrane via interaction with Rac1 (Berkovits & Mayr,
2015). Therefore, the CD47 protein translated from the long 3'UTR mRNA isoform is
mainly localized at the cell surface. Conversely, CD47 protein produced by the mRNA
isoform with the short 3’'UTR does not contain the binding site for interact with
HuR/Elav, does not interact with SET1 and is found in the cytoplasm (Berkovits &
Mayr, 2015). Other examples include RAC1, a Rho-family GTPase that regulates
many processes (including cell adhesion, motility, migration and invasion (Carr &
Frost, 2013; Gopal et al., 2016; Ishii et al., 2017)) and produces two 3' UTR mRNA
isoforms. The Gene Regulation group has shown that the mRNA isoform with the
longer 3’ UTR of RAC1 is predominantly found in the neurites, while the short 3° UTR
isoform is found in the soma (Braz et al., 2017). These examples are illustrative of the

biological relevance of APA.

As each cell-type and state has its own levels of RBPs and effectors, the outcome for
the mRNA molecule will depend upon those interactions. It is important to note that
the binding of the frans-acting factor to the cis-acting sequences depends not only on
the RNA sequence per se, but also on its context in the 3' UTR. For instance, the
presence of activating and repressing sequences, the existence of post-translation
modifications in specific RBPs or other RBP interactors, as well as steric hindrance
due to 3’ UTR secondary structure, changes the overall binding probability in each
case (Wissink et al., 2016). Therefore, even if there is a predictive binding of a given
RBP on the short and long 3’ UTR of a mRNA, it may actually only bind one 3’ UTR.
Importantly, RBP binding to alternative 3° UTRs may confer different translation
efficiencies hence up- or downregulating its protein production in a 3’ UTR-dependent
fashion. For instance, neuronal BDNF alternative 3 UTR mRNA isoforms are

differentially associated with polyribosomes in the brain: the short 3® UTR mRNA is
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basally activated, while the longer 3 UTR mRNA, in the absence of neuronal stimuli
is kept dormant in RNP particles, but readily made available for ribosomes upon
neurotrophic stimuli, increasing BDNF levels when they are most needed (Di
Giammartino et al., 2011)

3. Alternative 3’ UTR mRNA isoforms produced by Alternative
Polyadenylation

The advances in RNA sequencing methodologies allowed extensive genome-wide
studies in alternative polyadenylation, permitting the characterization of thousands of
MRNA APA isoforms in different cells and tissues (Gruber et al., 2014; Singh et al.,
2018; Zheng et al., 2018). As APA is a cell-type- and cell-state-specific mechanism
the state-of-the-art knowledge regarding Alternative Polyadenylation is described for

the two cell populations analyzed in this thesis — macrophages and cancer cells.

3.1 Alternative 3 UTR mRNA isoforms in macrophages

Although genome-wide studies in macrophages are rare, due to the technical
challenges imposed by the plastic nature of primary human macrophages and also by
their inherent heterogeneity, the interest in this field is increasing. Albeit macrophage
gene expression was shown to be regulated by transcription factors such as Nuclear
factor-kB (NF-kB), Interferon-regulatory factors (IRF) and Erythroblast transformation
specific (ETS) transcription factor families (Antonczyk et al., 2019), alternative
polyadenylation studies in macrophages are scarce. The main works in this field were
performed by Pai and colleagues (Pai et al., 2016) who reported extensive genome-
wide 3 UTR isoform shortening in pro-inflammatory mice macrophages after
Salmonella and Listeria infection, and by Shell and colleagues (Shell et al., 2005) who
described upregulated proximal polyA site selection occurring after Cstf64
overexpression due to M1-like stimulation.

Alasoo and colleagues (Alasoo et al., 2015) studied gene expression in monocyte-
derived macrophages (MDMs) and iPS-derived macrophages, finding that much of the
transcript expression variation differences stem from the 3° UTR-APA, with activation

of proximal PAS upon LPS activation.
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Liepelt and colleagues (Liepelt et al., 2016) created an atlas of RBPs in RAW
macrophages through interactome capture and LC-MS/MS, using LPS treatment for 2
hours as a differential stimulus. While ELAVL1 and hnRNP K were upregulated in both
control and LPS-stimulated RAW cells, RNA-binding proteins TTP, JUNB and RRP1
were exclusive to LPS-stimulated RAW cells. Jia and colleagues (Jia et al., 2017)
studied monocyte-derived macrophages (MDM) infected with vesicular stomatitis
virus. They showed that during the infection process, there was an overall initial trend
of upregulation in the expression of short 3 UTR mRNAs (from 0 to 8 hours post
infection (hpi)), while the expression of long 3 UTR mRNAs was upregulated later, at
16 hpi. The authors did not observe a correlation between gene expression levels and
APA, but they showed that genes that expressed APA mRNA isoforms had varying
functional roles depending on the infection time: gene ontology terms for 2-4 hpi in
upregulated genes were related to inflammatory response, while those expressed at
8-16 hpi were related to adaptive immunity and protein transport, and later, to
apoptosis-related processes.

Single gene studies also deserve a highlight in this section. For instance, Huang et al
studied the regulation of the 3° UTR of IL-16 by mir-145 in THP-1 macrophages,
promoting M2 macrophage polarization (Huang et al., 2019). Cok et al. identified a
murine LPS-responsive AU-rich sequence, consisting of several copies of the AUUUA
pentamer in the 3’ UTR of the COX2 gene. The AUUUA sequence was repeated seven
times in the first 60 nucleotides of the 3° UTR of COX2 of mice RAW264.7
macrophages, part of the short 3’ UTR isoform upregulated upon LPS stimulation.
Indeed, the first 60 nucleotides alone are enough for LPS-mediated COX2 expression,
and removal of the ARE sequences caused total loss of LPS-mediated COX2
induction. Several RBPs were shown to bind to the several copies of the identified AU-
rich element present in the short 3’ UTR of COX2 upon M1 polarization, except for
hnRNP A0, a specialized, low-abundance hnRNP that exclusively bound to the distal
mRNA isoform (Myer & Steitz, 1995). RBPs binding to the short 3’ UTR of COX2
regulate mRNA stability (HuR, AUF1, CPF-A), protein translation (TIA-1, TIAR) and
cytoplasmic trafficking (hnRNP A2/B1, A3) of the COX2 mRNA (Cok et al., 2004).
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3.2 Alternative 3’ UTR mRNA isoforms in cancer
As cancer cells are differentially regulated in comparison to healthy cells (He et al.,
2016; Kazemian et al., 2015; Lutz & Moreira, 2011; Sandberg et al., 2008; Tian &
Manley, 2013), a correlation between differential 3° UTR expression and oncogene
activation or metastasis shows a growing interest in the CRC field (Bilanges & Stokoe,
2007; Hatchi et al., 2015; Lai et al., 2015; Mayr & Bartel, 2009). Additionally, multi-
UTRs are abundant in genes such as transcription factors, RBPs,
kinases/phosphatases, RNA and protein transport mechanisms (Mayr, 2016), which
are also frequently altered in cancer, but their use as specific biomarkers is still elusive.

Literature centered in aberrant 3’ UTR—APA involvement in cancer is growing,
focusing on breast, ovary and lung cancers (Akdeli et al., 2014; Hatchi et al., 2015; He
et al., 2016; Mayr & Bartel, 2009; Yang et al., 2012). Remarkably, there is a global
increase in proximal PAS usage in rapidly dividing cells and cancer cells, suggesting
a link between proliferation and proximal PAS choice, leading to the production of
MRNAs containing shorter 3° UTRs (Ji et al., 2011). Alterations in 3' UTR-APA and
transcription termination mechanisms may therefore have downstream cellular events
relevant to cancer progression. Consequently, studying these mechanisms is of
utmost importance to fully understand the crosstalk between the tumor and its
microenvironment.

In CRC, the Agami group (Morris et al., 2012) highlighted the relevance of APA
changes, by analyzing biopsies from colorectal tumor resections through RNA-Seq.
They found that when studying differential alternative polyadenylation in these
samples, 75% genes undergoing differential mMRNA isoform expression had 3’'UTR-
APA and only 25% had CR-APA. Therefore, in cancer cells, the coding sequence of
the APA mRNA isoforms was frequently unaltered. By matching sets of tumor and
normal tissue samples from the same patient, they uncovered a shift towards the
usage of proximal PAS in the colorectal tumor tissue, particularly when comparing
adenocarcinoma to carcinoma, and hypothesized that this APA shift was due to
upregulation of CPA factors. However, they highlighted the high heterogeneity of colon
cancer patients, and its potential drawbacks for biomarker research and broader APA

regulation studies.
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Fischl and colleagues (Fischl et al., 2019) compared three cell lines — nonmalignant
1CT, primary adenocarcinoma CRC cell line SW480 and metastatic cell line SW620
(derived from the same donor as SW480). In order to infer a connection between APA
changes and increased tumorigenicity, they established early and late APA profiles.
They defined early APA changes comparing APA profiles occurring in non-tumorigenic
cell lines to the ones occurring in adenoma cell lines, and late APA changes comparing
APA profiles occurring in adenoma cell lines to the ones occurring in carcinoma cell
lines. They found that the subcellular fractionated RNA isolated from nuclear fractions,
largely nascent RNA, showed an increase in proximal PAS usage in both CRC cell
lines, when comparing to 1CT. The establishment of similar APA profiles in early and
late cancer cell lines indicates causality and consistency in the choice to upregulate a
single mRNA isoform in detriment to the other. Interestingly, these genes were
involved in proliferative functions, which stands as one of the most important hallmarks
of cancer. Curiously, CR-APA profiles in the cytoplasmic and nuclear fractions
differed, and varied depending on tumorigenic progression: use of the internal
(proximal) PAS was preferred in both cell lines, whereas the full-length mRNA isoform
was overrepresented in the metastatic cell line. Finally, they found and characterized
hnRNPC as crucial for distal PAS regulation in the cytoplasm of metastatic CRC cells,
as mRNA isoforms containing binding sites for this RBP and hnRNPC itself were
upregulated in SW620 cells. Elegantly, hnRNPC depletion reverted SW620 APA
profile to the one similar in 1CT cells. Therefore, not only is hnRNPC crucial for
defining the APA profile in CRC cell lines, but CR-APA events are connected to
increased tumorigenic capability, which increases proteomic diversity and hence
contributes to clonal heterogeneity in cancer.

In disagreement with the literature listed above, Begik and colleagues (Begik et al.,
2017) found a shift towards the distal PAS selection in colon cancer patients, as well
as in lung and ovary tumors. Interestingly, this shift was also disproportionally
associated for gene ontology terms related to RNA metabolism or proliferation, which
are beneficial for tumor growth. While these differences may be explained with the
MSI/MSS status of the tumors assayed, or on the algorithm approach applied in each
study, all these studies highlight the importance of APA in CRC progression, and call

attention to the need for further research.
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In conclusion, if genes with downstream tumorigenic effects show APA
alterations or aberrant transcription termination, it is plausible that these alterations
occur before any deleterious effects to the cell, or to the adjacent tissue, are observed.
Mutations in the 3 UTR may be as important for gene expression as in the coding
region, but will be silent to exome-sequencing approaches. Therefore, studying cancer
from the perspective of non-coding regions will undoubtedly enrich our fundamental
knowledge in the field, increase the spectrum of known alterations in cancer cells, and
possibly shed light on cancer mechanisms in which the causative coding mutation is

unknown.
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Chapter Il — Thesis Aims

Alterations in the 3° UTRs of the transcripts driven by the intercellular
macrophage-colorectal cancer cell communication are still poorly investigated and
constitute blind spots to the identification of possible new targets for anti-cancer
therapeutic approaches.

This PhD thesis aimed to investigate gene expression and APA events
triggered by the communication between colorectal cancer cells with immune cells, in

particular macrophages, and to identify the molecular mechanisms involved.

Specifically, our research addressed the following aims:
1. Establishment of a new methodology for simultaneous analyses of gene
expression and alternative polyadenylation in primary human macrophages
Current tools to investigate mRNAs in different subcellular fractions and gene
expression in primary human immune cells analyses are still lacking. Transcriptomic
studies in primary macrophages are notoriously challenging due to the high cell
plasticity and population heterogeneity. Consequently, methodologies to obtain
sufficient amounts of homogenously polarized macrophages suitable are needed. We
described an approach to identify new APA mRNA isoforms and quantify gene
expression levels by 3’RNA-Seq and ChrRNA-Seq, in primary human macrophages
that were differentiated and polarized ex-vivo and co-cultured with CRC cells. This
methodology allowed us to identify robust macrophage APA mRNA signatures driven
by the cancer cells, which alter the macrophage inflammatory profile, with
consequences for macrophage physiology and tumor evasion.

This methodology was published in Methods of Enzymology (Wilton et al.,
2021) and are presented in subchapter 3.1.

2. Investigate how macrophage polarization and CRC cells modify macrophage

gene expression and APA and identify the molecular mechanisms involved
Tumor-associated macrophages (TAMs) are associated with invasive cancer

negative prognosis in several tissues, but it remained to be investigated how CRC

affects macrophage gene expression and APA. We mimetized the in vivo environment
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in the beginning of the tumorigenic process by exposing macrophages to CRC cell
lines. We found that co-cultured macrophages showed a reversal of the pro-
inflammatory macrophage phenotype, simultaneously with a decrease in APA.
Furthermore, we found that SRSF12 is involved in APA modulation in
macrophage-relevant and RNA processing genes, a new function for this protein. We
also found that SRSF12 is involved in the upregulation of Csf64, RBPs and chromatin

organization genes.

Results obtained are presented in subchapter 3.2 as a manuscript recently submitted
to Cell Reports:

Joana Wilton, Michael Tellier, Takayuki Nojima, Isabel Pereira-Castro, Angela M
Costa, Jaime Freitas, Ricardo Pinto, Luisa Pereira, Shona Murphy, Maria Jose
Oliveira, Nicholas J Proudfoot, Alexandra Moreira, Proximity to colorectal cancer cells

modulates macrophage alternative polyadenylation, in revision.

3. Quantifying individual gene expression and alternative 3’'UTR in hypoxic CRC
cells and polarized macrophages

The effect of hypoxia on gene expression regulation is widely studied (Claffey
et al.,, 1998; Uniacke et al., 2012), but little is known how hypoxia modifies APA.
Similarly, APA studies in macrophages upon infection have been described (Jia et al.,
2017; Pai et al., 2016), but how APA is modified in each macrophage inflammatory
population has not been determined. Here we aim to unveil the importance of the
hypoxic tumor microenvironment in APA in CRC cells and primary human
macrophages. To achieve this goal, we analyzed a selection of individual genes with
alternative 3 UTR mRNA isoforms in macrophages under normoxia, and in cancer
cells under normoxia and hypoxia. We show that, in M1 macrophages, the short 3’
UTRs of most genes is upregulated, with the exception of RAC17, which shows
upregulation of the long 3’ UTR, which is consistent with upregulation in protein levels
and subcellular delocalization. In hypoxic RKO, upregulation of the short 3UTR of
RAC1 was correlated with increased transcription (ChIP), Rac1 protein
downregulation, and found that YBX1 binds the Rac? mRNA.

Results pertaining to this study are presented on subchapter 3.3.
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Chapter lll — Results

This Results chapter is divided in three subchapters:

- 1 corresponds to the article published recently in Methods in Enzymology
(Wilton et al., 2021), wherein the macrophage-CRC cells co-culture and
subsequent RNA-Seq strategies are described.

- 2 corresponds to a revised research article recently submitted to Cell Reports,
describing the results obtained with the aforementioned experimental strategy.

- 3 corresponds to a paper in preparation on the study of APA in individual genes

in the macrophage and CRC cancer cell line populations before co-culture.
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3.1 Simultaneous studies of gene expression and alternative polyadenylation in
primary human immune cells

Published book chapter:

Wilton, J, Tellier, M, Nojima, T, Costa, AM, Oliveira, MJ and Moreira A (2021) “Chapter sixteen:
Simultaneous studies of gene expression and alternative polyadenylation in primary human immune
cells”, in Bin Tian (Ed) “mRNA 3’ End Processing and Metabolism”, Methods in Enzymology, Elsevier,
655: (pp. 349-399), DOI:10.1016/bs.mie.2021.04.004”
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Abstract

Transcription termination in eukaryotic cells involves the recognition of polyadenylation
signals (PAS) that signal the site of pre-mRNA cleavage and polyadenylation. Most
eukaryotic genes contain multiple PAS that are used by alternative polyadenylation
(APA), a co-transcriptional process that increases transcriptomic diversity and modulates
the fate of the mRNA and protein produced. However, current tools to pinpoint the
relationship between mRNAs in different subcellular fractions and the gene expression
outcome are lacking, particularly in primary human immune cells, which, due to their
nature, are challenging to study. Here, we describe an integrative approach using
subcellular fractionation and RNA isolation, chromatin-bound and nucleoplasmic
RNA-Sequencing, 3’ RNA-Sequencing and bioinformatics, to identify accurate APA
mRNA isoforms and to quantify gene expression in primary human macrophages.
Our protocol includes macrophage differentiation and polarization, co-culture with
cancer cells, and gene silencing by siRNA. This method allows the simultaneous iden-
tification of macrophage APA mRNA isoforms integrated with the characterization of
nuclear APA events, the identification of the molecular mechanisms involved, as well
as the gene expression alterations caused by the cancer-macrophage crosstalk. With
this methodology we identified macrophage APA mRNA signatures driven by the can-
cer cells that alter the macrophage inflammatory and transcriptomic profiles, with
consequences for macrophage physiology and tumor evasion.

1. Introduction

All human protein-coding genes with the exception of histones con-

tain polyadenylation signals (PAS), pointing the 3’ end of the pre-mRNA
and where a polyadenylation tail is added for correct mRNA 3’ end forma-
tion. Seventy-four percent of all human genes contain more than one PAS
(Derti, Garrett-Engele, Maclsaac, et al., 2012; Lee et al., 2018; Shi, 2012;
Tian, Hu, Zhang, & Lutz, 2005; Wang, Sandberg, Luo, et al., 2008) that
may be used by alternative polyadenylation (APA) increasing transcriptomic
diversity. APA produces several mRNA isoforms transcribed from the one
single gene that may have different mRNA stabilities, result in diverse
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protein expression levels, distinct mRNA and protein subcellular locations.
This is due to the regulatory properties of the alternative 3’ UTRs conferred
by the differential binding of RNA Binding Proteins (RBPs) and miRNAs
(Berkovits & Mayr, 2015; Ma & Mayr, 2018; Mitra, Johnson, & Coller,
2016; Wurth & Gebauer, 2015).

The total estimated number of highly conserved PAS in the human
genome exceeds 569,000 (Herrmann et al., 2020), and recent advances in
the transcriptomic field highlighted the contribution of APA to the estab-
lishment of gene- and cell-specific programs such as cell activation and
differentiation (Castello, Fischer, Eichelbaum, et al., 2012; Mayr, 2017;
Pai, Baharian, Pagé Sabourin, et al., 2016; Sandberg, Neilson, Sarma,
Sharp, & Burge, 2008; Tian & Manley, 2016). In particular, there are
genome-wide trends consisting of proximal PAS selection in cancer cells
and activated immune cells (Jia, Yuan, Wang, et al., 2017; Mayr &
Bartel, 2009; Pai et al., 2016; Sandberg et al., 2008), and distal PAS selection
in more differentiated cells such as neurons and during organism develop-
ment (Braz, Cruz, Lobo, et al., 2017; Ji, Lee, Pan, Jiang, & Tian, 2009).
These APA profiles have been established by powerful transcriptomic
methodologies, including dedicated RNA-sequencing and bioinformatic
protocols.

Cleavage and polyadenylation are mostly co-transcriptional events
(Dye & Proudfoot, 1999) occurring in the nucleus, but the expression of
APA mRNA isoforms containing alternative 3’ UTRs is also modulated
by microRNAs, which occurs in the cytoplasm. Thus, it is often difficult
to identify APA mRNA isoforms correctly by simple RNA-Sequencing
methodologies without the use of subcellular fractionation procedures or
bioinformatic algorithms. Nevertheless, it is possible to accurately pinpoint
APA mRNA isoforms as they are transcribed by RNAPII by dedicated
RNA sequencing methodologies such as chromatin RNA-Seq (Nojima,
Gomes, Carmo-Fonseca, & Proudfoot, 2016) combined with 3’ mRNA-
Sequencing, allowing to quantify and distinguish mRNA isoform levels
produced by APA or other post-transcriptional events.

The use of primary human immune cells in transcriptomic studies has
been hampered by the plastic nature of those cells and the different protocols
for differentiation and polarization in use that may result in diverse trans-
criptomic data. Macrophages are plastic immune cells that depending on
their inflammatory profile, function as phagocytes to infectious pathogens
(named M1, or pro-inflammatory) and in tissue healing (named M2,
or anti-inflammatory). They are also abundant cells of the tumor
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microenvironment where they may either cooperate with or abrogate the
progression of cancer (Locati, Mantovani, & Sica, 2013; Mantovani &
Locati, 2013).

Here we describe an integrative approach using chromatin bound and
nucleoplasm RNA-Seq, 3’ mRINA-Seq and bioinformatics, to understand
how cancer cells affect the transcriptome of primary human macrophages.
We describe a robust protocol for macrophage differentiation and polariza-
tion and how to co-culture M1 polarized macrophages with CRC cells in a
transwell chamber. This model system allows a proper communication
between the two different cell types while permits an efficient separation
of the two cellular populations for the transcriptomic studies. Comparing
the RINA profiles and data obtained by the different RNA-Seq methods
using RINA isolated from the same donor allow us to ascertain whether
changes in gene expression are due to APA, or if they are due to
post-transcriptional regulation. We also describe a successful method for
siRNA transfection in difficult to transfect primary human macrophages.
Functional studies in physiologically-relevant macrophage and cancer cellu-
lar populations can then be easily be performed to explore the molecular
mechanisms that regulate gene expression and APA.

2. Overview of the method

Here, we describe in detail how to perform transcriptomic studies in
primary human macrophages in co-culture with CRC cells, which can be
extended to other immune cells or organotypic cultures. An overview and
workflow of the full protocol is presented on Figs. 1A, 2 and 3A. This strat-
egy allows the analyses of steady-state, chromatin-bound (ChrRNA-Seq)
and nucleoplasmic RNA (NpRNA-seq), as well as 3’ RNA-Seq by Quant-
Seq, and the bioinformatic processing needed to obtain simultaneous differ-
ential gene and mRNA isoform expression data.

The cell culture protocol lasts for 9 days, starting with primary human
monocyte isolation from healthy blood donors, and macrophage differenti-
ation and polarization into M1 macrophages which are subsequently
co-cultured with CRC cells in a transwell chamber (workflow in
Fig. 1A). Subsequently, total RNA is extracted from total, nuclear or cyto-
plasmic fractions, libraries are constructed and chromatin-bound RNA-Seq
and 3’ RNA-Seq is performed and the data is analyzed bioinformatically
(Fig. 3).
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Fig. 1 (A) Workflow and experimental setup: buffy coats are subject to gradient centrifugation to obtain PBMCs, which are then exposed to
CD14" beads to select CD14* monocytes. Monocytes are differentiated for 7 days in presence of M-CSF, obtaining MO macrophages which are
then polarized to M1 or M2 macrophages for 24h. M1 macrophages are put into contact with CRC cell lines RKO or HCT-15 for 24h.
(B) Confocal microscopy images of unpolarized macrophages (M0) showing actin-tubulin cytoskeleton of pro-inflammatory macrophages
(M1), M1 macrophages after RKO co-culture (M1 + RKO), anti-inflammatory macrophages (M2) and RKO cells for reference (RKO). Actin shown

in red, tubulin shown in green, DNA shown in blue.

macrophages M1 + HCT-15
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siRNA knockdown in
primary human
macrophages

i m— A
Day 0 Day 7 Day 8 Day 9 Day 10
T p— T g

MO M1 siRNA

macrophages:
RNA isolation

Fig. 2 Experimental setup and workflow of siRNA knockdown in primary human
macrophages.
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Fig.3 (A) Workflow and setup of RNA fractionation and library construction of RNA sam-
ples from primary human macrophages. Top, conversion of total RNA into single-end 3’
mMRNA-Seq libraries. Left, chromatin-bound RNA is converted into rRNA-depleted
paired-end RNA-Seq libraries. Right, nucleoplasmic RNA is converted into rRNA-
depleted paired-end RNA-Seq libraries. (B) Scheme of chromatin-bound and nucleo-
plasmic RNA fractionation. Panel B adapted from Nojima T., Gomes T., Grosso A. R. F,
et al. (2015) Mammalian NET-seq reveals genome-wide nascent transcription coupled to
RNA processing. Cell, 161(3), 526—540. doi:10.1016/j.cell.2015.03.027.
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Fractionated RNA extraction from M1 macrophages

oo

Lyse cells, sucrose gradient and centrifuge
\l/ — Supernatant: cytoplasmic fraction
Lyse nuclei, precipitate chromatin pellets

\L-’ Supernatant: nucleoplasmic fraction

DNase, PNK and Trizol
Chromatin-bound RNA extraction
rRNA depletion
\l/ — Library construction
Chromatin-bound RNA-Seq
Nucleoplasm RNA-Seq

Fig.3—Cont'd

3. Detailed protocol

3.1 Before you begin

Timing: 4h

1. When manipulating RNA, work in an RNase-free workstation: clean
pipettes, benches, tip boxes, centrifuge, thermocycler, thermomixer,
etc., with RNase Xterminator. Preventive measures such as not sharing
reagents to avoid RINA degradation and cross-contamination are
mandatory

2. Keep macrophage cell number consistent between conditions and bio-
logical replicates to isolate similar amounts of RNNA

3. Maintain colorectal cancer (CRC) cell lines and primary human macro-
phages in a humified atmosphere at 37°C and 5% CO,, in complete
RPMI medium with 10% FBS and 1X penicillin/streptomycin.
When polarized to pro-inflammatory conditions, macrophages are kept
for 24h in RPMI medium with 2% FBS.

4. Prepare cell culture solutions and buffers:
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(a)

(b)

©
(d)

CD14 beads buffer to isolate CD 14" monocytes: PBS pH 7.2/5%
FBS/2mM EDTA. For each PBMC sample, a total of 15mL are
needed

Red blood cell lysis buffer: 0.15M NH,C1/0.01M NaHCO,/
1.3mM EDTA. For each PBMC sample, a total of 5mL are needed
RPMI Complete: RPMI/10% FBS/1 x penicillin/streptomycin
RPMI polarization media: RPMI/2% FBS

Prepare subcellular fractionation solutions for chromatin-bound, nucle-
oplasm and cytoplasmic RINA isolation

Critical: Always use RNase-free water. For the buffers used in RINA iso-
lation add protease inhibitors (cOmplete Mini), phosphatase winhibitors
(PhosStop) and RNase inhibitors (Ribolock) just before use, according
to manufacturer’s instructions. For Ribolock, use a final concentration
of 2U/pL.

(@

(b)

(©)

(d)

HLB/NP40 lysis buffer: 10mM Tris-HCI pH 7.5/10mM NaCl/
2.5mM MgCl,/0.5% (v/v) NP-40. For each macrophage sample,
4mL of HLB/NP40 lysis buffer are used, therefore we recommend
to prepare 30mL, adding in the following order: 28.02mL
R Nase-free HO+300pL 1M Tris-HCI pH 7.5+30pL 5M
NaCl+75pL 1M MgCl,+1.5mL 10% NP-40
HLB/NP40/Sucrose buffer: 10mM Tris-HCl pH 7.5/10mM
NaCl/2.5mM MgCI2/0.5% (v/v) NP-40/10% (w/v) sucrose.
For each macrophage sample, 1 mL of HLB/NP40/Sucrose bufter
is used, therefore we recommend to prepare 10mL, adding in the
following order: 7.355mL RNase-free H;O+100pL 1M Tris-
HCI pH 7.5+20pL 5M NaCl+25uL 1M MgCl, +0.5mL 10%
NP-40+2mL 50% (w/v) sucrose

NUNT1 bufter: 20mM Tris-HCI pH 7.9/75mM NaCl/0.5 mM
EDTA/50% (v/v) glycerol. For each macrophage sample, 125pL
of NUNT1 buffer are used, therefore we recommend to prepare
10mL, adding in the following order: 4.625mL RNase-free
H,O+200pL 1M Tris-HCI pH 7.9+ 150pL 5M NaCl+25pL
0.2M EDTA+5mL 100% (v/v) glycerol. Add protease and phos-
phatase inhibitors and Ribolock

NUN2 bufter: 20mM HEPES-KOH pH 7.6/300mM NaCl/
0.2mM EDTA/7.5mM MgCl,/1% (v/v) NP-40/1M urea. For
each macrophage sample, 1.2mL of NUN2 buffer is used, there-
fore we recommend to prepare 30mL, adding in the following
order: 24.345mL RNase-free H,O+0.6mL 1M HEPES-KOH
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(e)

pH 7.6+1.8mL 5M NaCl+30puL 0.2M EDTA+225puL 1M
MgClL+3mL 10% (v/v) NP-40+1.8g urea. Add protease and
phosphatase inhibitors and Ribolock

HSB buffer: 10mM Tris-HCI pH 7.5/500mM NaCl/10 mM
MgCl,/0.25U/pL TURBO DNase. For each macrophage sample,
50 uL of HSB buffer is used, therefore we recommend to prepare
500pL, adding in the following order: 382.5puL RNase-free
H,O+5pL 1M Trs-HCI pH 7.5+50puL 5M NaCl+62.5puL
2U/pL TURBO DNase

6. Before starting the library construction
(a) Always centrifuge microtubes before and after thermocycler incu-
bation steps
(b) Prepare mastermixes of reagents for library construction (steps
50-55 and 63-68) and include an extra 10% of volume surplus
per reaction
(c¢) Thermocycler lid must be maintained at 99 °C except where indi-
cated otherwise
(d) Resuspend and equilibrate magnetic beads at RT 30min before
using. They must have a uniformly brown color, without clumps
4. Key resources table
Reagent or resource Source Identifier
Antibodies

AlexaFluor488 conjugated  Life Technologies Cat # A32723
secondary antibody

DAPI-Vectashield Vector Laboratories  Cat # H1200-10
Monoclonal anti-a-tubulin ~ Sigma-Aldrich Cat # T9026
antibody

AlexaFluor 647 Phalloidin  Life Technologies Cat # A22287

Biological Samples

Buffy coats from Centro Hospitalar ~ —
anonymized blood donors  Universitirio Sdo

Jodo, Porto, Portugal

Continued
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—cont'd
Reagent or resource

Source

Identifier

Chemicals, Peptides, and Recombinant Proteins

CD14 Microbeads

Miltenyi Biotec

Cat # 130-050-201

Chloroform Merck Cat # R49352845737
CompleteMINI protease  Sigma Cat # 11836153001
inhibitors

Recombinant DNase [ Roche Cat # EN0521
GenMute transfection SignaGen Cat # SL100568-PMG
reagent for Primary Human

Macrophages

Interferon-gamma (IFNy)  Peprotech Cat # 300-02
Interleukin-4 (rhIL-4) Peprotech Cat # 200-04
Interleukin-10 (rhIL-10) Peprotech Cat # 200-10

Lipopolysaccharide (LPS
from Escherichia coli subtype
055:B5)

Sigma-Aldrich

Cat # L4005

Lymphoprep

Axis-Shield

Cat # 1114547

Macrophage Colony
Stimulating Factor
(M-CSF)

Peprotech

Cat # 300-25

NP-40 Igepal

Sigma-Aldrich

Cat # 18896

SuperScript IV reverse ThermoFisher Cat # 18090050

transcriptase Scientific

Sybr Green I for qPCR ThermoFisher Cat # S7563

detection

Trizol reagent Ambion Cat # 15596018

TURBO DNase 0.25U/pL  ThermoFisher Cat # AM2238
Scientific

Critical Commercial Assays

AMPure XP beads

Beckman Coulter

Cat # A63880

DynaBeads mRNA Invitrogen Cat # 61006

Purification kit

High Sensitivity DNA kit~ Agilent Cat # 5067-4626, 5067-4627
KAPA Library Roche Cat # 07960140001

Quantification kit
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—cont'd
Reagent or resource Source

Identifier

NextSeq High-Output kit Illumina
for 75 cycles

Cat # FC-404-2005

NEBNext Ultra II New England
directional library prep kit  Biolabs
for Illumina

Cat # E7760

Qubit RNA HS Assay Kit  ThermoFisher

Cat # Q32852

QuantSeq REV kit Lexogen

Cat # 016.24

QuantSeq 3’ mRNA-Seq  Lexogen
PCR Add-on kit for
[lumina

Cat # 020.96

Ribo-Zero Gold rRNA Ilumina
removal kit for Human/
Mouse/Rat

Cat # MRZG12324

Experimental Models: Cell Lines

HCT-15 cell line ATCC CCL-225

RKO cell line ATCC CRL-2577

Oligonucleotides

Non-targeting siRINA Dharmacon Cat # D-001810-10-05:

control (ONTARGETplus 5'-UGGUUUACAUGUCG

SMARTpool siNTC) ACUAA-3
5'-UGGUUUACAUGU
UGUGUGA-3'
5'-UGGUUUACAUGUUU
UCUGA 3
5'-UGGUUUACAUGU
UUUCCUA-3'

Software and Algorithms

Name Source

7500 v2.0.6 software

https://www.thermofisher.com/pt/en/home/

technical-resources/software-downloads/applied-

biosystems-7500-real-time-pcr-system. html

Bedtools

https:/bedtools.readthedocs.io/en/latest/

Bowtie http://bowtie-bio.sourceforge.net/bowtie2/index.

shtml

Continued

88



360

Joana Wilton | PhD thesis

Joana Wilton et al.

—cont'd
Software and Algorithms

Name Source

Cutadapt https://cutadapt.readthedocs.org/en/stable

DESeq2 https:/bioconductor.org/packages/release/bioc/html/
DESeq2.html

DEXSeq https:/bioconductor.org/packages/devel/bioc/
vignettes/DEXSeq/inst/doc/DEXSeq.html

FastQC http://www.bioinformatics.babraham.ac.uk/projects/

fastqc

FIJI package for Image]

https:/fiji.sc/

Galaxy

https:/usegalaxy.org/

Human genome release

hg38

https:/www.gencodegenes.org/human/

GraphPad Prism
Software version 7

https:/www.graphpad.com/scientific-software/prism/

htseq-count

https: /htseq.readthedocs.io/en/master/

ImageLab Software

https://www.bio-rad.com/en-pt/product/image-lab-

(Bio-Rad) software?ID=KRE6P5E8Z

Python v. 2.7 https:/www.python.org/

RStudio https:/rstudio.com/products/rstudio/download/
SAMtools http://samtools.sourceforge.net/

STAR aligner https:/github.com/alexdobin/STAR

TopHat http://ccb jhu.edu/software/tophat/index.shtml

5. Materials, reagents and equipment

5.1 Materials

* 6 multi-well plates made of plasma-treated tissue culture polystyrene
(TCPS) (Ref. 657,160, Greiner Bio-One)

* 6 multi-well plate permeable transwell insert (Corning, Ref 353,102)
with 1.0 pm pore size
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24 multi-well plates (Ref. 4,430,400, Frilabo) for immunofluorescence
LS column (Ref. 130-042-401, Miltenyi Biotec)

Nuclease-free microcentrifuge tubes, 1.5mL (Ref. 616,201, Greiner
bio-one)

Nuclease-free PCR tubes 0.2mL (72,991,002, Sarstedt)

Nuclease-free 15mL Falcon tubes (Ref. 430,055, Corning)
Nuclease-free 50mL Falcon tubes (Ref. 430,828, Corning)

T-flasks for cell culture (Corning)

5.2 Alternative materials and reagents

Commercial alternatives to R Nase Xterminator may be used, or it may
be substituted by 3% H>O, and 0.5% SDS, followed by 70% ethanol

Equivalent equipment and consumables may be used, except for TCPS
plastic cell culture plates for macrophage cultures and co-cultures with

CRC cells

5.3 Equipment

48-well Thermocycler (Biometra)

7500 Fast Real-Time PCR System (Applied Biosystems)
Bioanalyzer 2100 (G2939BA, Agilent)

Cell culture CO; incubator (CO; at 5%, humidified, 37 °C, Binder)
Cell culture laminar flow hood (Thermo MSC ADV 1.2)
Centrifuges (Eppendorf 5415R and 5810R)

DynaMag2 magnetic rack for microcentrifuge tubes (Ref. 12321D,
ThermoFisher)

Inverted light microscope (Zeiss Axiovert 25)

Minispinner (Elmi DOS-20L)

Nanodrop ND-1000 (Thermo Scientific)

Qubit fluorometer (ThermoFisher, cat. no. Q33216)

TCS-SP5 laser confocal microscope (Leica Microsystems, Germany)
Thermomixer (Eppendorf)

Vortex (ZX3, VELP Scientifica)

6. Step-by-step method details

6.1 Preparation of primary human macrophages
for co-cultures/transfection

See Fig. 1A for workflow.
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6.1.1 Isolation of PBMCs from human peripheral blood and CD14*

enrichment (adapted from Ohradanova-Repic, Machacek,
Fischer, & Stockinger, 2016)

Timing: 8h (day 1).
Critical

As this method is designed for primary human macrophages, special atten-
tion should be taken to design your experiment to use PBMCs from as
many donors (3—4) as possible in each experiment

Work as quickly as possible at RT to avoid macrophage cell death

Cell culture plastic materials as well as all the reagents should be selected
from the Key Resources Table and the Materials and Methods section. In
particular, we recommend TCPS 6-multiwell plates to increase macro-
phage adhesion and prevent macrophage polarization (Lerman,
Lembong, Muramoto, Gillen, & Fisher, 2018; Rostam, Singh, Salazar,
et al., 2016)

All reagents must be sterile; on steps 1-2, reagents must be at room
temperature (RT).

. Separate the PBMC ring from the other buffy coat sections by density

gradient centrifugation using Lymphoprep Ficoll reagent

. Red Blood Cell (RBC) removal and PBMC counting:

(a) Add5mL RBC lysis buffer to PBMCs. Incubate at 37 °C for 5min,
add 25mL PBS and centrifuge at 300 g for 10min at 4°C

(b) Resuspend pellet in RPMI medium (10% FBS, 1 X streptomycin/
penicillin) and count cells, using the trypan blue exclusion test

(c) Determine cell number and centrifuge the appropriate number of
cells at 300 g for 10min, at 4°C

Critical

From this point on, the protocol should be performed as quickly as pos-
sible until cells are plated, keeping the cells at 4 °C whenever possible to
prevent cell mortality.

PBMC:s contain 10-20% macrophage content, therefore you should mul-

tiply the amount of macrophages you need by 5 to determine the amount

of PBMC:s to be centrifuged in this step.

(a) CD14" monocytes were purified from PBMCs by magnetic-
activated cell sorting using CD 14 microbeads as follows: resuspend
pellet in 47.5uL CD14" beads buffer and 5 uL CD 14 microbeads per
each 10 x 10° cells. Mix and incubate for 20min at 4°C, mixing
every 5min
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(b) Wash cells in 2-3mL of CD14 beads buffer and centrifuge at 300 g
for 10min at 4°C
(c) Remove the supernatant completely and resuspend in 500 pL
CD14" beads buffer, for a maximum of 100 x 10° PBMCs
Critical: ensure that the PBMC suspension is clump-free.
3. CD14" positive selection (adapted from Ohradanova-Repic et al.,
2016):
(a) In the flow hood, equilibrate each column by adding 500pL
CD14" beads buffer
(b) For each donor used, load PBMC suspension on the column. Add
500pL in the Falcon tube containing the remaining PBMCs,
resuspend and load in the column
(¢) Wash the column three times with 3mL CD14" beads buffer
4. CD14" cell elution:
(@) Load column with 5mL CD14" beads buffer and immediately
insert the plunger, eluting the CD14" cells into the Falcon tube
(b) Centrifuge cells at 300 g for 10min at 4 °C, resuspend in complete
RPMI
(c) Count cells using the trypan blue exclusion test

6.1.2 Macrophage differentiation and M1 polarization
Timing: 2h+ 6 days incubation (days 1-7)
Critical
- Plate cells in a cell density of 1 x 10°/well (for co-culture with CRC cells)
or 1.5 x 10°/well (for transfection).
- If performing immunofluorescence, seed macrophages on 6-wells con-
taining 4 glass coverslips each
1. CD14" cell plating:
(a) Resuspend CD14" cells in complete RPMI medium
(b) Add recombinant human macrophage colony stimulating factor
(M-CSF) to a final concentration of 50ng/mL, to improve differ-
entiation and adhesion
(c) Seed cells into 6-well plates, 2mL in each well
(d) Incubate in a CO, incubator at 37 °C for 7 days
(e) Add M-CSF-containing RPMI at day 4
Critical: On day 7, check if macrophages have adhered to the well
surface. If so, macrophages may be efficiently polarized. If not, wait
until day 7.
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Note: This differentiation protocol yields ~93% CD14" cells
(Ohradanova-Repic et al., 2016).
2. Macrophage polarization:

(a) Take out media and slowly add 2mL polarization medium (RPMI/
2% FBS, no antibiotics) containing polarization agents: M1—
lipopolysaccharide (LPS) 100 ng/mL and interferon-gamma (IFNY)
25ng/mlL. Incubate for 24h at 37°C

(b) Keep unpolarized macrophages as controls, adding the same vol-
ume of RPMI polarization media without polarization agents

Critical

- Add the polarization media drop by drop, to avoid macrophage detachment

- LPS and IFNY concentrations are critical to proper macrophage polariza-
tion, as different concentration combinations will give rise to distinct
transcriptional profiles

- The lack of antibiotics in the media is purposefully done to avoid immu-
nomodulatory effects that could hinder proper polarization (Brooks,
Hart, & Coleman, 2005)

- The decreased amount of FBS is used to increase attachment and phago-
cytosis, and lower local TGFf concentrations, which diverts macrophage
polarization toward anti-inflammatory conditions (Oida & Weiner, 2010;
Suganuma, Fahey, Bryan, Healy, & Talalay, 2011; Zhang, Wang, Wang,
et al., 2016)

Note: If desired, one can also polarize macrophages toward anti-

inflammatory conditions (M2) through addition of RPMI 2% FBS without

antibiotics containing 10 ng/mL recombinant human IL-10 (Ref. 200-10,

Peprotech) or 20ng/L IL-4 (Ref. 200-04, Peprotech).

6.1.3 Macrophage and colorectal cancer co-cultures
Timing: 3+24h incubation (days 7-8)
1. Prepare cell lines for co-culture:
(a) Trypsinize RKO and HCT-15 cells, resuspend separately in 5mL
RPMI and count cells via trypan blue exclusion test
(b) Resuspend in a cell density of 3.75 x 10° cells/mL

Critical

- Ensure initial cell confluency is equal in both cell lines

- For a typical sequencing run, using 6 x 10® macrophages and 3 biological
replicates, we recommend to use two T75 flasks with at least 80% con-
fluency of CRC cell line, to obtain sufficient cells for co-culture
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Note: We used RKO and HCT-15 CRC cell lines for co-culture with
macrophages. Optimize co-culture conditions by titrating cell con-
fluency in the transwells, using different timepoints and initial seeding
cell densities.
2. Prepare macrophages for co-culture:
a. Remove macrophage polarization media from wells
b. Add 1.2mL complete RPMI per 6-multiwell that will have
co-cultured CRC cells, and 2mL complete RPMI in control wells
Note: As macrophage polarization has been successfully achieved,
macrophages can be exposed again to antibiotic-containing media
without detrimental polarization effects.
. Perform co-cultures:
a. Carefully add co-culture 1.0 pm inserts to each respective well
Ciritical: The porosity level of the co-culture insert filter stops cancer
cells from crossing to the lower compartment while still allowing sol-

w

uble factor exchange between the upper and lower compartment cell
populations.

b. Add 800pL RKO or HCT-15 cells in the insert, making sure that its
surface is fully covered

c. Incubate co-cultures for 24h

6.1.4 Macrophage and CRC immunofluorescence

Timing: 6h (staining) + ~2h (imaging) (day 9)

1. Transfer glass coverslips containing macrophages to 24-well plates after
mono- or co-culture

2. Prepare the samples at room temperature:
a. Fix macrophages by adding 4% PFA for 10min

Pause point: at this point, PFA-fixed cells may be kept at 4°C

protected from light for a maximum of 3 weeks.

Wash cells with PBS 3 X 5min each, under gentle agitation

Quench cells by adding 50 mM NH,CI for 10 min

Repeat step (b).

Permeabilize cells by adding 0.2% Triton X-100 for 10 min

Repeat step (b).

Block cells by adding 5% BSA for 1h

ample incubation, protected from light:

First incubate with monoclonal alpha-tubulin antibody (1:4000 dilu-

tion) for 1h

b. Secondly, incubate with AlexaFluor 488 conjugated secondary anti-
body (1:1000 dilution) for 45 min

@ - o 0 o

3.

o O»n»
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6.

c. Lastly, stain actin by incubating with AlexaFluor 647 Phalloidin
(1:40 dilution) for 20 min

Mount coverslips using DAPI-Vectashield and sealing with polish

Pause point: coverslips may be kept at —20°C for a maximum of

6 weeks, away from light.

Image cells on a confocal microscope (e.g., Leica TCS-SP5), using the

40 x oil objective

Perform image analysis on appropriate software (e.g., FIJI)

Fig. 1B shows macrophage and CRC cell images obtained through this
protocol.

6.1.5 Macrophage siRNA transfection
Timing: 2+48h incubation.

1.

Fig. 2 shows the workflow for macrophage siRINA transfection.

Take out co-culture or polarization media and add 1mL complete

RPMI media 30min to 1h before transfection.

Prepare GenMute Transfection Buffer working solution.

Note: This 1 x working solution is shelf-stable for 24 months, but we

recommend to prepare it fresh with RNase-free water before every

use, keeping it at RT until needed.

For transfection of 6-wells, dilute 50 pmol siRNA in 100 pL GenMute

Transfection Buffer working solution. Add 4 uL GenMute Transfection

Reagent and incubate for 15min at RT.

- Never incubate the transfection complex containing the transfection
reagent and the siRINA for longer than 30 min, as transfection com-
plexes increase in size proportionally to the incubation time. If the
transfection complex incubation is too long, transfection efficiency
will decrease.

Add the transfection mix to the cells drop-by-drop, on the center of

the well.

Gently rock the 6-multiwell plate back and forth, and incubate at 37°C

overnight.

Critical

Macrophages must be plated at a cell density of 1.5 x 10°/well on Day 1,
to obtain at least 50% confluency on transfection day.

Primary human macrophages are notoriously hard to transfect, due to
their inherent ability to detect non-self molecules. Therefore, we recom-
mend using GenMute.
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6. Take out the transfection media and add complete RPMI to macro-
phages and incubate for 48 h.

7. Isolate RNA (Section 6.2).

Note: Knockdown levels can be assessed by RT-qPCR.

6.2 RNA isolation

RNA is extracted from macrophages after 24 h of co-culture and monocul-

ture, and after transfection with siR NA.

Critical

- In order to obtain intact RNA samples, keep the bench, all materials and
reagents RNase-free by wiping with RNase Xterminator or similar

- Similarly, avoid RNases by changing gloves frequently during the
protocol

- Labcoats should also be frequently changed

- It is also useful to create a dedicated RINA-only work space to reduce
cross-contamination

- We recommend to use commercially available R Nase-free water, and to
avoid DEPC-treated water due to its reactivity to extracted RNA and
incompatibility with many of the solutions used for RNNA subcellular frac-
tionation (e.g., Tris).

6.2.1 Total RNA extraction
Timing: 4+ 16 h incubation at —80°C.
Total RNA extraction for 3-mRNA-Seq is shown on the upper panel
of Fig. 3A.
1. Cell lysis
(a) Remove RPMI from the macrophage culture
(b) Wash with ice-cold PBS
(c¢) Add 250pL Trizol per 6-multiwell and pipet up and down to
homogenize
Note: Trizol contains acidic phenol to separate RNA from the
remaining fractions, and guanidinium thiocyanate to inactivate
endogenous R Nases.
a. Transfer to RNase-free microcentrifuge tube
b. Incubate samples at RT for 2min to dissociate the nucleoprotein
complex
c. Add 200pL of chloroform per each mL Trizol reagent
d. Mix them thoroughly by inverting the tube
e. Incubate at RT for 1 min
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f. Centrifuge at 4°C for 15min at 12000g
g. Transfer the upper aqueous phase to a new 1.5mL RNase-free
microcentrifuge tube
Critical: avoid taking out the organic layer and lower phase containing
contaminants (phenol from Trizol, DNA, and protein).
2. RNA precipitation
h. Add an equal volume of isopropanol to the samples. Add 1 pL of gly-
cogen to act as co-precipitant
Vortex briefly
Incubate at —80°C for 16h, to maximize RNA yield
Centrifuge at 4°C for 20min at 12000g
Remove the supernatant carefully
. Wash with 1mL of 70% Ethanol, flick the tube to release the pellet
from the bottom of the tube
Centrifuge at 4°C for 5min at 7500 g

o. Discard the supernatant and air dry the RNA pellet

B = Fe

Critical
- After isopropanol precipitation, macrophage RNA needs to be incubated
at —80°C for a minimum of 4h, but the optimum time is 16h
- Avoid to dry the RNA completely to facilitate resuspension
Notes
- RNA can optionally be resuspended at 55°C for 5min before
quantification
- RNase inhibitors (e.g., Ribolock) can be added at a 1:20 dilution to pre-
vent RNA degradation
3. Quantify RNA concentration with a fluorescent dye-based method such
as the Qubit RNA HS Assay Kit. Briefly, dilute 1 pL resuspended RNA
in a solution containing RNA HS reagent in a 1:200 dilution with Qubit
RNA HS Buffer, incubate at RT for 2min and quantify the RNA in a
Qubit fluorometer. Calculate the RNA concentration taking into
account the previously made dilution.
Pause point: RNA can be kept at —80°C for 2 weeks before proceeding
with library construction; if samples are kept any further, we recommend
to check RNA quality on a electrophoretic chip such as RNA 6000 Pico
Kit (Agilent), or to run an RNase-free 0.8% agarose gel to confirm RNA
integrity, visualizing the gel on a UV trans illuminator such as GelDoc or
similar imaging system. Total RNNA should appear as two sharp rRINA bands
(28S and 18S) in a 2:1 ratio, while degraded RINA should appear as a smear.
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6.2.2 RNA extraction from nuclei and cytoplasm fractions
Timing: 8+ 16 h precipitation time.
The protocol is an adaptation of Nojima, Gomes, Grosso, et al. (2015)
(Fig. 3A and B).
Critical
- For one RNA-sequencing experiment, 6 X 10° macrophage cells were
used as input material, at a cell density of 1 X 10%/well
- Prepare HLB/NP40, HLB/NP40/sucrose, NUN1, NUN2, and HSB
bufters beforehand, adding protease, phosphatase and RINase inhibitors
just before use as shown in the initial Before you Begin section
- If possible, work in the cold room on the Nuclei and Cytoplasm
Fractionation and Chromatin and N uucO‘pu‘tSi‘n Fractionation steps
Continuously renew the ice inside the icebox to ensure RNA samples are
kept at 4°C at all times
1. Wash cells in 2mL of ice-cold PBS twice, keeping the multiwell cham-
bers on ice

Critical: ensure PBS is added slowly as to avoid removing or disrupting
macrophages.

2. Lyse cells in 4mL of HLB/NP40 buffer and incubate on ice for 5min

Transfer to a 15mL Falcon tube

4. Underlay slowly 1 mL ice-cold HLB/NP40/sucrose buffer and centri-
fuge at 300 g for 5min at 4°C

5. Collect the pellet
Note: The supernatant can be kept at —80 °C for up to a month if cyto-
plasmic fraction needs to be analyzed.

W

6.2.3 RNA extraction from chromatin and nucleoplasm fractions

1. Resuspend completely the isolated nuclei with 125 pL NUNT1 bufter
Add ice-cold 1.2mL NUN2 buffer
Mix thoroughly by vortex with max speed
Note: NUN2 buffer includes 1M urea which improves chromatin
isolation.
Incubate on ice for 15 min

ol

Mix thoroughly by vortex with max speed every 5min

Centrifuge at 15680 g for 10min at 4°C

Keep both fractions: the supernatant is nucleoplasmic RNA, the pellet
is chromatin-bound RNA

9. Isolate chromatin-bound RNA:

a. Resuspend the chromatin pellet in 50 uL HSB (containing DNase)

PA S
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10.

11.

RO T

Incubate at 37 °C for 10min, 1400rpm on a Thermomixer
Add 50 pL Proteinase K/SDS solution
Incubate at 37 °C for 10min, 1400rpm on a Thermomixer
Extract RNA with acid phenol-chloroform to remove TURBO
DNase:
i. Add 100pL acid phenol: chloroform: isoamyl alcohol and
shake for 15s
ii. Centrifuge at 10000 g at 4 °C for 2min
iii. Transfer upper aqueous phase to a new tube
iv. Add 0.1 volumes of 3M sodium acetate, 2 pL glycogen and
250 L of 100% ethanol. Vortex for 55

v. Incubate at —80°C overnight for increased yield and centri-
fuge at 16000 g for 20min at 4°C
Critical: After isopropanol precipitation, macrophage RNA
needs to be incubated at —80°C for a minimum of 4h, but
the optimum time is 16h.

vi. Remove ethanol carefully and dry RNA pellet

vii. Resuspend in 50puL R Nase-free water

Isolate RNA with Trizol:

a.
b.

C.

R om e &

Add 500 pL Trizol

Vortex until RNA pellet disappears

Incubate samples at RT for 2min to dissociate the nucleoprotein
complex

Add 100 pL chloroform

Mix them thoroughly by inverting the tube

Incubate at RT for 10min

Centrifuge for 10min at 12000 g at 4°C

Transfer the upper aqueous phase (~100pL) containing RNA to a
new 1.5mL RNase-free microcentrifuge tube

Critical: avoid taking out the organic layer and lower phase containing

contaminants (phenol from Trizol, DNA, and proteins).
RNA precipitation:

a.
b.

C.

Add an equal volume (~100pL) of isopropanol to the samples
Add 1pL of glycogen to act as co-precipitant

Mix them by vortex briefly and incubate at —80°C for 16h, to
maximize RNA yield

d. Centrifuge at 12000 g for 20 min at 4°C

Remove the supernatant. Keep the pellet
Wash the pellet with 500 pL of 70% Ethanol
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Centrifuge at 7500 g for 5min at 4°C

Remove carefully the supernatant. Keep the pellet

Air dry the pellet

Critical: Avoid complete dry to facilitate resuspension.
Resuspend the pellet with 10 pL of nuclease-free water

Ao e BTOR

Notes

- Resuspended RINA can optionally be heated at 55°C for 5min before

quantification

- RNase inhibitors (e.g., Ribolock) may be added at a 1:20 dilution to pre-

vent RNA degradation

12. Quantify RNA concentration with a fluorescent dye-based method
such as the Qubit RNA HS Assay Kit

13. Before proceeding, analyze subcellular fractionated RNA by
RT-qPCR: MALAT1, a highly expressed nuclear IncRNA (Zhang,
Hamblin, & Yin, 2017) is recommended to check successful subcellular
fractionation. MALAT1 should only be detected in the chromatin-
bound and nucleoplasmic fractions
Critical: This is a quality control step in the protocol, to ensure correct
subcellular fractionation. An example of expected results is shown on
Fig. 4A.

14. Prior to library construction, check for potential bacterial contamination
Critical: Cross-contamination of cell culture samples due to manipula-
tion or donor nosocomial infection can ruin the experiment.
Therefore, it is essential to rule out the presence of microbes before
library construction.

(a) Convert 100ng RNA to cDNA using a reverse transcriptase such
as SuperScript IV (SSIV), according to manufacturer’s instruc-
tions. Briefly, to 100ng RNA, add RNase-free water up to
12pL, 1pL of 50pM random hexamers and 1pL of 10mM
dNTPs, to a final concentration of 2.5puM and 0.5mM respec-
tively. Incubate at 65°C for 5min. 4pL SSIV buffer, 1pL
DTT, 0.5pL Ribolock, and 0.5pL SSIV

(b) Perform the following PCR program:

i. 23°C for 10min
ii. 55°C for 10min
iii. 80°C for 10min

(c) Analyze the cDNA with PCR using primers for the bacterial 16S

gene (27F: 5-AGAGTTTGATCCTGGCTCAG-3' and 1492R:
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Fig. 4 (A) MALAT1 expression levels in fractionated RNA. MALATT is detected in ChrRNA
and nucleoplasm RNA fraction but not detected in the cytoplasmic RNA fraction.
(B) Assessment of bacterial contamination in macrophage samples by PCR of 16S
(0.8% agarose gel, GeneRuler DNA Ladder mix (Invitrogen) as molecular weight (MW)
marker). RT—no reverse transcriptase added; NTC—non-target control. Bands in mac-
rophage lanes were subject to Sanger sequencing and correspond to human precursor
45S pre-rRNA.

5-CGGTTACCTTGTTACGACTT-3'). Use bacterial genomic
DNA (e.g., E. coli DH5) as a positive control. Perform the fol-
lowing PCR program:
i. 95°C for 5min
ii. 30cycles of 30s at 94°C, 90s at 48°C, and 2min at 72°C
iii. final extension for 10 min at 72°C
Subsequently, run samples on a 0.8% agarose gel. A representative example is
shown in Fig. 4B.
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6.3 Library construction, RNA sequencing and QC

Workflows on Figs. 3A and B, 5A.

Critical

- Use the compatible DynaMag2 magnetic stand for accurate and quick
nucleic acid separation

RNA-Seq analyses pipelines

ChrRNA-Seq and NpRNA Seq

rRNA fdoplor Alignment to Alignesfr;zd and
coplted || wmming: || ngde:topha || processing: |
samtools

Visualization:

bedgraph,
i bigwig;
—— Read counting:

- htseq-count
= = =

B

Optional - Sequencing filter on 3’ RNA-Seq

............................... Single PAS

2 il APA

- APA: proximal PAS usage — shorter 3’'UTR
-~ APA: distal PAS usage - longer 3’'UTR

Fig. 5 (A) Pipelines of the bioinformatic RNA-Seq analyses. Top, pipeline used on the
chromatin-bound (ChrRNA-Seq) and nucleoplasmic RNA-Seq (NpRNA-Seq) data.
Bottom, pipeline used on the total 3’ mRNA-Seq data. (B) Scheme showing the consec-
utive sequencing filters on 3’ mRNA-Seq for identification of true PAS. (C) Scheme show-
ing possible outcomes on PAS choice after stimuli on cells.
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- Do not change position of the tube containing beads, or take it out while
it sits on the magnetic stand, since it might disrupt both beads and RNA

6.3.1 Total RNA
Timing: 5.5+2h qPCR.

Total RNA libraries for 3 mRNA-Seq are prepared by first performing
mRNA enrichment using oligo (dT)25 Dynabeads. Libraries are prepared
using the QuantSeq REV kit, according to manufacturer’s instructions.
Both protocols are briefly described below.

6.3.2 mRNA enrichment

1 omsiuad] MA P aaa T

L. l ICPCILC total l\lVﬂ 101 llll\l‘ln Cllllblllllclll
a. Use up to 1pg total RNA as a starting material in 100 pL
Critical: This kit has a maximum of 75 pg starting total RNA. While
the recommended cell quantities will not exceed this amount, it is
important to consider it as excess RINA quantities will inhibit final
mRNA vyield.
b. Incubate at 65°C for 2min
c. Place the tube immediately on ice
2. Prepare oligo (dT)25 Dynabeads:
a. Completely resuspend the Dynabeads
b. Transfer 200 puL of resuspended oligo (dT)25 Dynabeads to a 1.5mL
R Nase-free microcentrifuge tube
c. Place the tube in the magnetic stand for 30s
d. Wash beads once with 100 pL of the binding bufter
e. Keep the tube on the magnetic stand
3. Incubate RNA with oligo (dT)25 Dynabeads:
a. Add immediately 100 pL of the binding buffer to the oligo (dT)25
Dynabeads
b. Add denatured RNA to the oligo (dT)25 Dynabead suspension
c. Mix by pipetting
d. Rotate at RT for 5min to allow for annealing of RNA to the oligo
(dT) on the Dynabeads
4. Wash and elute pA” mRNA:
Place the tube on the magnetic stand
Wait for 30s until the solution becomes clear
Remove the supernatant
Remove the tube from the magnetic strand
Wash the Dynabeads with 200 pL of washing buffer

o0 Fp
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f.
g.

2 2 =

L

Place the tube on the magnetic stand

Repeat the steps (b—f) once more

Critical: Remove all the supernatant before adding the next bufter
(either wash or elution). If needed, tilt the whole system (magnetic
stand + tube) at an angle to remove all the liquid phase.

Add 10pL of 10mM Tris-HCI pH 7.5 to each tube

Critical: mRINA must be eluted through addition of a low-salt buffer.
Incubate at 65 °C for 2min

Place the tube on the magnetic stand until the solution becomes clear
Transfer the eluted mRNA to a new RNase-free tube

Quantify polyA” mRNA using the Qubit RNA HS kit

Pause point: We recommend not to pause once mRNA is enriched, as

the first pause point of the library construction is fairly soon after (see
below). As freeze-thaw cycles damage RINA, it is best to pause after
RNA conversion to cDNA during the library construction.

6.3.3

Library construction—Enriched mRNA from total RNA using the
QuantSeq REV kit from Lexogen

5. First Strand (FS) Synthesis:

a. Add 10-500ng RNA with 5pL of FS1 buffer in 0.2mL microce-
ntrifuge tube. If needed, add RNase-free water up to 10puL
b. Mix by pipetting
Critical
- Use as much RINA as you can as input (maximum 500ng), provided
the amounts do not vary considerably between samples—e.g., do not
synthesize RNA from 10ng from one sample and 100ng from
the other
- If sample input is 10ng, consult the manufacturer’s instructions to
adapt the protocol for low input
- All master mixes should be performed with a 10% surplus to account
for pipetting errors
Note: Input RNA must be in a volume lower than 5 pL.
c. Pre-warma mixture containing 9.5 pL of FS2and 0.5 pL of E1 at 42°C
Note: This mixture should be pre-warmed in a thermomixer.
d. Incubate RNA sample tube (step b) at 85°C for 3min on the
thermocycler
e. Cool down to 42°C

o)

. Centrifuge the tube briefly

g. Place the tube on the thermocycler
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j-
k.
L.

. Add 10 pL of pre-warmed FS2 + E1 mixture (step ¢) into the sample

tube (step g).

. Mix by pipetting

Critical: It is imperative that the temperature of the sample does not
lower from 42°C at this stage, to prevent mishybridization.
Therefore, both RNA+FS1 and FS2+E1 mixes have to be kept
at 42°C at all times.

Centrifuge the tube briefly

Place the tube on the thermocycler

Incubate at 42°C for 15min

6. RNA Removal:

me 0 T

g-

Centrifuge the tube briefly

Add 5pL of RS solution into the sample tube (step a).
Mix well with a pipette set for 15puL

Centrifuge the tube briefly

Incubate at 95 °C for 10min

Cool down to 25°C

Centrifuge the tube briefly

7. Second Strand (SS) Synthesis:
Note: The second strand synthesis occurs through binding of Illumina-
compatible random primers at the 5" end of the cDNA sequence.

a.

e o T

e e BOR ey

If not pausing, place the beads and purification solution at RT to
re-equilibrate, to use at step 8

Add 10pL of SS1 solution to the sample

Mix with a pipette set for 30 pL

Incubate at 98 °C for 1 min

Cool down slowly to 25°C, setting ramp speed to 0.5 °C/second
Critical: Test your thermocycler for the ramp speed, using a timer if
necessary to ensure correct ramp speed at this stage.

. Incubate at 25°C for 30 min

. Prepare a pool containing 4 uL of SS2 and 1 pL of E2 per sample
. Add 5pL of the pool to each tube

. Mix with a pipette set for 30 pL

. Incubate at 25°C for 15min

. Transfer to a 1.5mL microcentrifuge tube

Pause point: Unpurified, unamplified dsDNA libraries may be kept at
—20°C overnight or up to a week.
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8. First Purification

Critical

- Do not open 1.5mL microcentrifuge tubes while on the magnetic stand
to avoid accidental spillage

- Place a paper tissue over the tubes whenever they are on the magnetic

stand, to prevent aerosol contamination
- Prepare 80% EtOH and use it for up to a week to prevent evaporation

bringing changes to the protocol

e

"L T o B

R w0 T

Ensure all components are at RT
Resuspend purification beads (PB)
Spin down sample PCR tube

Add 16l of resuspended PB to each sample

Mix by pipetting

Incubate at RT for 5min

Place tubes on the magnetic stand until the solution becomes
completely clear

Critical: The manufacturer’s protocol mentions this step as taking
2-5 min, but as time depends on the strength of your magnetic stand,
this period may vary.

Remove and discard supernatant, not disturbing the bead suspension
Add 40pL of EB bufter

Remove the tube from the magnetic stand

Resuspend beads

Incubate at RT for 2min

Add 56 pL of PS solution to the beads and EB mix to reprecipitate
library

Mix by pipetting

Incubate at RT for 5min

Repeat steps (g) and (h).

Add 120 pL of freshly made 80% EtOH, and incubate for 30s to wash
Remove and discard supernatant

Critical: Leave tubes in contact with the magnetic stand to avoid
resuspending beads, which would lower library yield.

s. Repeat step (q).
t. Remove the supernatant completely

Critical: EtOH traces can inhibit subsequent PCR reactions.
Let beads dry at RT until all EtOH is evaporated
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Critical: Environmental conditions of your laboratory affect the dry-
ing time of beads. While the manufacturer’s instructions mention
5-10min, if your laboratory is particularly dry, this time may be
shortened.

Add 20 puL of EB buffer into the tube

Remove the tube from magnetic stand

Resuspend beads

Incubate at RT for 2min

Place tube on the magnetic stand

Leave the tube until the solution becomes clear

Transfer 17 pL of clear solution into a new 0.2mL PCR tube

Pause ‘pOu‘u store libraries at —20°C OVCLI‘ught Oor up to a week.

Calculate exact PCR cycle number

Ciritical: Difterences in cell types, sample conditions and RNA integrity

may cause different outcomes. Therefore, optimizing the precise end-

point PCR number of cycles for each sample is mandatory for library
construction. For this optimization, the QuantSeq 3’ mRNA-Seq

PCR Add-on kit for Illumina kit in the Key Resources Table is

required.

a. Add 2pL EB buffer to the previous 17 pL purified library

b. Dilute Sybr Green I 1:4000 using DMSO. This will be the 2.5 x
stock concentration
Critical: Sigma is the only supplier for Sybr Green I recommended
by the manufacturer.

c. For each sample, mix 1.7pL of diluted library+7pL PCR +5pL
7000 primer+1 E+1.2puL Sybr Green I 2.5 x +14.1 pL EB buffer.
All these reagents, except for Sybr Green I, are included in the PCR
Add-on Kit. Add one extra reaction tube for non-template control,
substituting the diluted library for EB bufter

d. Perform the following qPCR program:

i. 98°C for 30s

ii. 35cycles of 98°C for 10s, 65°C for 20min, 72°C for 305
ifi. Final extension 72°C for 1min

iv. Hold at 10°C
Critical: Adjust the emission maximum at 520 nm (Sybr Green I) on
the RT-qPCR apparatus if needed.

e. Calculate the number of cycles for the subsequent endpoint PCR,
according to the Annex E on manufacturer’s protocol (Lexogen
QuantSeq Rev). Briefly, obtain the Ct at half of the maximum
fluorescence. From the Ct value obtained, subtract 3 Ct values,
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10.

11.

as one-tenth of the library has been used. The final Ct value will be
the number of cycles needed to amplify each library sample by
endpoint PCR (step 10 below).
Library amplification:
In this section, libraries are amplified by endpoint PCR to generate
enough material for sequencing, after adding complete adapters
required for cluster generation and unique indices to each sample to
enable multiplexing.
Note: This section will only describe single-indexed libraries (i7). To
perform amplification of dual-indexed libraries (i5 and i7), please con-
sult the manufacturer’s instructions.
a. Place the beads and purification solution at R'T
use at step 11
b. Pool 7pL of PCR and 1pL of E3 per sample
c. Add 8pL of the pool to each of the purified library
d. Spin down the i7 index plate before opening. Pierce the sealing foil
of each desired index with a needle. Add 5pL of each respective
index to each sample. Mix well by pipetting. Seal the opened wells
of each i7 index with two layers of parafilm
Ciritical: Change needles every time, discarding safely to avoid cross-
contamination.
e. Spin down the tubes. Perform x number of PCR cycles (11 to 22, as
determined by step 54), using the following PCR program:
i. 98°C for 30s
ii. 35cycles of 98°C for 10s, 65°C for 20min, 72°C for 305
iii. Final extension 72°C for 1 min
iv. Hold at 10°C
Second Purification: repeat step 8, using 30pL instead of the rec-
ommended volumes of EB and PS, but maintain 20 pL as the final
EB addition

6.3.4 Library quality control

After construction, libraries must go through a quality control step. This can

be

performed at the sequencing facility, but we recommend it is done

beforehand, in order not to send unsuitable, under- or overamplified

libraries.

We recommend the use of two independent quality control methods:

KAPA quantification (via qPCR), to infer library concentration, and a
DNA quality chip (e.g., TapeStation), to infer library size.
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Libraries are subsequently sequenced with NextSeq500 using Single-End
75-nucleotide reads, a read length needed to precisely map the mRNA 3’
ends. In order to obtain enough reads per sample to identify statistically sig-
nificant differences in mRINA isoforms between conditions, special attention
should be taken not to overmultiplex each library sequencing lane. It is rec-
ommended not to go beyond 6 samples of human macrophage RNA-Seq per
lane, which allows to achieve at least 42M reads per sample.

Critical: It is extremely important not to overamplify the libraries, to
avoid sequence bias. Therefore, researchers should keep to the number of
cycles quantified in the add-on protocol.

6.3.5 Fractionated RNA (nucleoplasmic and chromatin-bound RNA)
Timing: 6+2h at —80°C.

Fractionated RNA are rRNA-depleted using the Ribo-Zero Gold
rRINA removal kit for Human/Mouse/Rat. Sequencing libraries are con-
structed using the NEBNext Ultra II directional library prep kit for
[llumina, according to manufacturer’s instructions. Both protocols are briefly
described below.

6.3.6 rRNA removal
Ribosomal RNA consists of ~80% of total RNA (Westermann, Gorski, &
Vogel, 2012). If left on the RINA sample to be sequenced, most of the
sequencing reads will reflect this portion to the detriment of other RNAs.
Critical: Pre-treat your RNA with DNase, according to the manufac-
turer’s protocol.
1. Wash magnetic beads
a. Leave all required components (beads, RNase-free water, bead
resuspension solution) at RT for 30 min
b. Add 225pL of beads in a 1.5mL microcentrifuge tube
c. Place the tube on magnetic stand and leave for 1 min or until the
solution becomes clear
Critical: As in 3’ mRNA-Seq, the strength of your magnetic stand
may alter the incubation times.
Discard the supernatant
Remove the tube from magnetic stand
Add the beads with 225 pL of RNase-free water to wash the beads
Resuspend by vortex

wR -
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Place the tube on magnetic stand and leave for 1min or until the
solution becomes clear

Repeat steps (d—h) once

Discard the supernatant

Remove tube from magnetic stand

Add 65pL of bead resuspension solution

. Resuspend by vortex

Optional step: Add 1pL of Ribolock RNase inhibitor and mix by
pipetting

2. Hybridize probes:

a.

b.

c.
d.

e

Thaw all necessary ingredients on ice

Mix up to 2.5 pg RNA with 4 pL of RB buffer, 8 pL of RS solution,
and RNase-free water up to 40 pL in total

Incubate at 68 °C for 10 min

Centrifuge the tube briefly

Incubate the reaction mixture at RT for 5min

3. rRNA removal:

f.

g.
h.
i.

J
k.
1.

Add sample to the washed magnetic beads (65pL, prepared in 14).
Mix thoroughly by vortex for 10s

Incubate the mixture at RT for 5min

Transfer the tube to another heat block and incubate at 50 °C for
5min

j. Place the tube on the magnetic stand

Leave the tube for 1 min or until the solution becomes clear
Transfer 90 pL of the supernatant ('RINA-depleted RINA fraction) to
a new 1.5mL microcentrifuge tube

Pause point: samples may be kept overnight at —20°C or at —80°C up
to a month.
4. rRNA Purification:

m.

n.

E w0 'T O

Add 90 pL of RNase-free water to each sample

Add 18pL NaCH;COO 3M and 2pL glycogen

Mix thoroughly by vortex

Incubate for 2h at —80°C

Centrifuge at 4°C for 20min at 10000 g

Discard the supernatant

Wash the pellet with 200 pL of freshly made 70% EtOH
Centrifuge the tube at 4°C for 5min at 10000 g
Discard the supernatant
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Repeat steps (g)—(i) once

. Discard the supernatant

Air dry at RT for 5min
Dissolve the pellet in 10 puL
Quantify the rRNA-depleted RINA using the Qubit RNA HS kit

Pause point: samples may be kept overnight at —80 °C or up to a month.

6.3.7

Library construction—rRNA-depleted fractionated
RNA—Using the NEB Next Ultra 2 directional library prep
for lllumina

1. RNA Fragmentation and Priming
Note: Maximum input for this kit is 100ng rRNA-depleted RNA in a
maximum of 5 pL.

a.

oo

.

Add 5pL of rRNA-depleted RNA (>100ng) to 4pL of FSSB and
1pL of RP

Mix by pipetting

Spin down the mixture briefly

Incubate for at 94°C 15min

Transfer the tube on ice

2. cDNA Synthesis

a.

b
¢
d

®

o)

PR

i.
j-

Add the first strand synthesis mixture, 8 uL of SSR and 2 pL of FSSE

. Mix by pipetting

Spin down the reaction mixture briefly

. Incubate for 10min at 25°C, 15min at 42°C and 15min at 70°C,

hold at 4°C. Keep lid temperature at 99 °C

Transfer the tube to ice

Add the second strand synthesis mixture, 48 pL of R Nase-free water,
8HL of SSSB, and 4 pL of SSSE

Mix by pipetting

Keep the tube on ice

Critical: SSSB contains dUTP, which confers strand-specificity to this
protocol.

Centrifuge the tube briefly

Incubate for 1h at 16°C

3. First purification

a.

b.

Ensure all components of the purification module are completely
thawed before start the following steps
Resuspend magnetic beads by vortex
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Transfer libraries to 1.5 mL microcentrifuge tubes and add 144 pL of

the magnetic beads

Mix them thoroughly by vortex

Incubate for 5min at RT

Centrifuge the tube briefly

Place tube on the magnetic stand

Incubate for 1min or until the solution becomes clear

Carefully discard the supernatant without disturbing the beads

Add 200 pL of freshly made 80% EtOH at RT

Leave for 30s

Discard supernatant
| PO
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resuspending beads, which would lower library yield.

Repeat steps (j)—(1) once

Air dry beads at RT for 5min on the magnetic stand

Remove tube from magnetic stand

Elute DNA by adding 53 pL of R Nase-free water

Mix them by vortex

Centrifuge the tube briefly

Incubate for 2min at RT

Place the tube on magnetic stand and leave until the solution
becomes clear

Transfer 50 pL of the supernatant to a new 0.2mL microcentrifuge
tube

4. End prep and adaptor ligation:

a.

g g P

-

R PR

Keep RINA sample on ice

Add 7pL of EPB and 3 pL of EPE to the sample

Mix them with a pipette set to 50 puL

Centrifuge the tube briefly

Incubate for 30 min at 20 °C and 30 min at 65 °C, hold at 4 °C. Keep
lid temperature at 99 °C on the thermal cycler

Dilute sequencing adaptor in ice-cold dilution bufter (5-fold dilu-
tion for high input, 25-fold for 1-10ng initial RNA). Keep on ice
Add 2.5 pL diluted adaptor, 1pL of LE and 30 pL of LMM

Mix them with a pipette set to 80 uL

Centrifuge the tube briefly

Incubate at 20 °C for 15 min

Add 3pL of USER enzyme to the ligation mixture

Mix them with a pipette set to SOpL

112



384 Joana Wilton et al.

m. Incubate the reaction mixture at 37 °C for 15 min. Keep lid temper-
ature at 99 °C on the thermal cycler
5. Second library purification: repeat step 20. Use 87 pL of magnetic beads
and incubate for 10min. Elute RNA sample with 32 pL of R Nase-free
water. Transfer 30 pL of eluted sample to a new 0.2 mL microcentrifuge
tube for the following PCR amplification
6. Library PCR amplification:
Note: as with 3’ mRNA-Seq, we will describe single-indexed library
prep.
a. Divide the 30 pL library into two fractions. Keep the remaining half
at —20°C in case of mishandling such as over amplification
b. Mix 15pL of the RNA sample, 25 uL of Q5 MM, 5 pL of universal i5
primer, and 5pL index 17 primer
c. Mix them by pipetting
d. Perform the following PCR program, keeping lid temperature set to
105°C on the thermal cycler:
1. °C for 30s (Initial denaturation)
2. 7cycles (for 100 ng input RNA) of 98 °C for 105, 65°C for 755
3. 65°C for 5min (Final extension)
4. Hold at 4°C
7. Third library purification: repeat step 20. Use 45 uL of magnetic beads.
Elute libraries with 23 puL of R Nase-free water. Transfer 20 pL of the
PCR sample to a new 0.2mL microcentrifuge tube

6.3.8 Library quality control

Libraries should be subject to a quality control step before proceeding. This
can be performed at the sequencing facility, but we recommend it is done
beforehand in order not to send unsuitable, under- or overamplified
libraries.

We recommend the use of two independent quality control methods:
KAPA quantification (via qPCR), to infer library concentration, and a
DNA quality chip (e.g., TapeStation and Bioanalyzer), to infer library size.

Sequence the libraries in a HiSeq2000 using Paired-End 42 base pairs, a
read length needed to determine sense and antisense RNA from fractionated
samples. In order to obtain enough reads per sample to identify statistically
significant differences in gene expression in subcellular fractionated RNA in
several macrophage conditions, special attention should be taken not to
overmultiplex each library sequencing lane. It is recommended not to go
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beyond 6 samples of human macrophage RNA-Seq per lane, which allows
for obtaining at least 66 M paired-end reads per sample.

Critical: It is extremely important not to overamplify the libraries, to
avoid sequence bias. Therefore, keep to the number of cycles recommended
on the manufacturer’s instructions (NEBNext Ultra 2 directional kit for
[llumina). If libraries are overamplified, you need to repeat the protocol
starting from step 23.

It is crucial to mention that changes to the polarization stimuli of mac-
rophages may give rise to dramatically different RNA-Seq results.

6.4 Bioinformatics pipeline

Timing: 28 h for preliminary analysis, but variable depending on number of
samples and computational power.

Pipelines are shown on Fig. 5A and B.

As in library construction, bioinformatics pipeline for sequencing data
analyses differs between total and fractionated RNA samples. However,
some steps are common and hence will only be described once. This pipe-
line is mostly performed on the command line, but it is also possible to
perform the same steps in platforms such as Galaxy of Bioconductor. For ease
of explanation, code excerpts will be used to exemplify some steps.
Critical
- You must use the same human genome version and release as reference

for the whole sequencing project
- Any changes made to the following pipelines or to software versions may
generate distinct data

6.4.1 Chromatin-bound and nucleoplasm RNA-Seq (paired-end)
1. Sequencing QC was performed using FastQC
Note: Pay attention to the per base sequence quality and adapter dimer
contamination. High levels of the former (score >30) and low levels of
the latter (adaptor content <2%) are indicative of high-quality reads.
2. Remaining adapters were trimmed with Cutadapt, removing low-
quality reads under 10 bases, using the following code:
cutadapt -minimum-length 10 -q 15,10 -a adaptersequence_fwd -A
adaptersequence_Rev -o rawfile_readl_trimmed.fastq.gz -p rawfile_
read2_trimmed.fastq.gz rawfile_readl.fastq.gz rawfile_read2.fastq.gz
3. Trimmed data were aligned to the reference human genome using
TopHat2, with Bowtie2 indexes
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Notes

- Inthis step, we recommend to allow for read pairs to be separated by up to
3kb (chromatin-bound) and up to 200bp (nucleoplasm) and only one
alignment to the reference genome for each read

- Aligned read mapping rate should be high at this stage (~90%).
tophat2 -r 3000 -g 1 -a 5 -library-type fr-firststrand --no-
coverage-search -o/path/to/index rawfile_readl_trimmed.fastq.gz
rawfile_read2_trimmed.fastq.gz
(for Chromatin-bound)
tophat2 -r 200 -g 1
coverage-search -o

-a 5 -library-type fr-firststrand --no-
/path/to/index rawfile_readl_trimmed.fastq.gz
rawfile_read2_trimmed.f
(for Nucleoplasm)

4. Process aligned read pairs with SAMtools (Li, Handsaker, Wysoker,
et al., 2009). Index the bam files with SAMtools index. Call the total
number of mapped reads using SAMtools idxstats. Every sample was
normalized by dividing by 100 x 10° reads
Critical: Samples were mapped in proper orientation and strand-specific.

5. Sort samples with SAMtools sort and create bedgraph using Bedtools
with the following code:
bedtools genomecov -ibam mappedfile_readl_strand+.sorted.bam -bg
-scale #freadsbyl00M -split > mappedfile_readl_strand+.bedGraph

Bigwig files can be created from the bedgraph files with the

bedGraphToBigWig tool and a file containing the chromosome sizes of

the genome version used (both accessible from the UCSC genome
browser):
bedGraphToBigWig mappedfile_readl_strand+.bedGraph hg3b.chrom.
sizes mappedfile_strand+.bw

6. Count reads with htseq-count using the following code:
htseq-count -f bam -s yes -r name -t exon mappedfile_readl_strand+.
sorted.bam  Homo_sapiens.GRCh38.90.chr+.gtf > mappedfile_readl_
strand+_ht.txt

After obtaining gene counts, all sample replicates must be compared through

a correlation matrix, to ensure reproducibility. A representative example is

shown on Fig. 6A and B. Alternatively, a Principal Component Analysis

(PCA) graph may instead be produced. Subsequently, gene expression

studies are performed in the fractionated samples (see Section 6.5.1).
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Fig. 6 (A and B) Heatmap of Pearson correlation coefficients for 3' RNA-Seq, using transcript counts per million (CPM) on chromatin-bound
RNA-Seq data (A) or nucleoplasmic RNA-Seq data (B) performed with three different blood donors; 0 means total lack of correlation, while 1
means total correlation.
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6.4.2 3' mRNA-Seq (single read)

The first optional step to analyze 3’ mRNA-Seq data is to identify the true

used PAS, which is performed sequentially. Due to possible leakiness in PAS

detection, 3’ mRNA-Seq results were filtered by the sequencing company.
Briefly, the input fastq file was mapped to the reference and 3 filters were
applied in sequence in the pipeline shown on Fig. 5B:

(1) a Transcript Termination Site (TTS) filter, taking out transcripts not

lying within ~10nt of an annotated transcript end site;
(2) aMotif filter removed all sequencing peaks whose read start contained a
subset of hexamer sequences upstream (Livak & Schmittgen, 2001);

(3) a downstream A content filter checked the amount of As in a window
downstream of the read start. If a given peak passed the validated thresh-
old, the read was considered internal priming and was removed.

All reads passing the three consecutive filters were retained as non-internal

priming and put into subsequent differential expression and alternative

mRNA isoform analyses.

7. The sequencing QC is performed similarly to the paired-end data, as is
cutadapt, with the following adaptations due to the single read format:
cutadapt -minimum-length 10 -q 10 -a adaptersequence -o rawfile_
trimmed.fastq.gz rawfile.fastq.gz

8. Trimmed data were aligned using STAR aligner using the same genome
build as for chromatin and nucleoplasm RINA-Seq. Aligned read map-
ping rate is lower due to the library used, but should exceed 75%.
STAR -runThreadN 8 -genomeDir/path/to/index -readFilesIn/path/to/
sample/rawfile_trimmed.fastq.gz -readFilesCommand zcat -outFile
NamePrefix/path/to/sample/mappedfile.bam

9. Aligned reads were also processed using SAMtools, and reads were coun-
ted with htseq-count:
htseq-count -f bam -r name -s reverse -r mappedfile_readl_strand.
sorted.bam Homo_sapiens.chr.gtf > mappedfile_readl_strand_ht.txt

Subsequently, gene expression and mRNA APA isoform analyses are

performed.

6.5 Gene expression analyses of the RNA-Seq results

6.5.1 Differential gene expression

Differences in gene expression were calculated using DESeq2. To detect
true gene expression, differentially expressed genes were followed up if their
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Fig. 7 Heatmap of a representative donor, showing differentially expressed genes
(DEGS) in MO, M1 and M1 macrophages co-cultured with RKO or HCT-15 cell lines.

transcripts per million (TPM) are >5 mean TPM, Log2Fold Changes
greater than 1 or smaller than —1, and adjusted p-value <0,05, calculated
by DESeq2 (Love, Huber, & Anders, 2014).

A representative example of results is represented in Fig. 7, showing a
heatmap of statistically significant differentially expressed genes in MO,
M1, and M1 macrophages co-cultured with two different CRC cell lines
(RKO and HCT-15).

6.5.2 Differential expression of APA mRNA isoforms

Differences in the expression of mRINA isoforms due to APA were calcu-
lated using DEXSeq (Love et al., 2014) in the 3’ mRINA-Seq data, with the
Galaxy pipeline. Firstly, sorted bam files were subjected to DEXSeq-count,
to count the sequencing reads associated with each PAS—and hence each
mRNA isoform. Afterwards, DEXSeq-Count files were compared between
each condition, and the resulting table was organized by corrected p-value,
to identify genes in which at least one mRINA isoform varied with statistical
significance.

Alternative polyadenylation was considered to be present when two or
more alternative 3’ UTRs (depicted in Fig. 5C) were expressed, and when
the second highest mRINA isoform level was at least 10% of the highest
isoform in at least two replicates.
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Fig. 8 IGV gene profiles and transcript counts of PAPOLA. Data obtained through
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ChrRNA-Seq (top), NpRNA-Seq (middie) and 3’ mRNA-Seq (bottom) of macrophages,
M1 macrophages cultured alone and co-cultured with the CRC cell lines RKO or
HCT-15.

A representative example of results is represented in Fig. 8, showing
PAPOLA (Poly(A) Polymerase gene) gene counts and mRNA isoform
differences between macrophage conditions.

6.5.3 RT-qPCR validation of the RNA sequencing data

Total RNA was digested with DNase I (Ref. EN0521, Roche) for 25 min at

37 °C, inactivating the enzyme for 10 min at 80 °C. RNA was reverse tran-

scribed using SuperScript IV (Ref. 18,090,010, ThermoFisher) and random

hexamers, according to manufacturer’s instructions and above. RT-qPCR

reactions were performed in triplicate using SYBR Select Master Mix (Ref.

4,472,908, Applied Biosystems) and 0.125 pM of primers, using the follow-

ing protocol:

(a) Hold 20s at 20°C

(b) Incubate 10min at 95°C

(c¢) 40cycles of 155 at 95°C and 1min at 60°C

(d) Perform melt curve by incubating for 15s at 95°C, 1 min at 60°C and
until 95°C with a slope of 1%, 20s each

A representative example of results is represented in Fig. 9, showing RAC1

(Ras-related C3 botulinum toxin substrate 1 gene) gene counts and mRNA

isoforms (Fig. 9A) and validation by RT-qPCR (Fig. 9B and C) in M1

macrophages.
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Fig. 9 (A) IGV gene profiles and transcript counts of RACI1. Data obtained through
ChrRNA-Seq (top), NpRNA-Seq (middle) and 3" mRNA-Seq (bottom) of MO macrophages,
M1 macrophages cultured alone and co-cultured with the CRC cell lines RKO or HCT-15.
(B) Schematic representation of the primers used in RT-qPCR validation of 3’ RNA-Seq
data. (C) Fold change of the coding region and the long 3’ UTR isoform (distal PAS) of the
RACT gene in M1 vs. MO macrophages.

7. Concluding remarks

Studying the transcriptome of macrophages interacting with cancer
cells and other components of the tumor microenvironment is crucial to
better understand immune evasion. RNA-Seq data on primary human
macrophages co-cultured with CRC thus allows for the development of
more efficient diagnostic and therapeutic tools. Isolating macrophages
from healthy donors, exposing them to inflammatory stimuli conditions
and co-culturing them indirectly with cancer cells mimics the macrophage-
cancer cell crosstalk that occurs in the colon. This model system is ideal for
transcriptomic studies, bypassing the difficulty of isolating primary immune
cells from the stroma of colorectal tumors. Importantly, our primary human
macrophages closely mimic the microenvironment to which the macro-
phages are subject, which would not be the case if monocytic cell lines such
as THP-1 were used, which do not share embryonic progenitors nor trans-
criptomic profiles (Tedesco, De Majo, Kim, et al., 2018).
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With the co-cultures with cancer cells and human primary macrophages
homogenously polarized to M1 inflammatory populations, and the use of
Chromatin-bound RNA-Seq, Nucleoplasm RNA-Seq and 3’ mRNA-
Seq methodologies and dedicated bioinformatics, we are able to characterize
precisely APA mRNA isoform profiles and quantify gene expression
changes in a highly plastic immune cell population from the same human
donor. By quantifying the statistical significance of the mRINA isoform
changes between conditions, we observed that different genes display differ-
ent APA profiles and that CRC cells modulate macrophage APA.

The described protocol is a low-cost, big data approach for trans-
criptomic studies adapted to the need and budget of research laboratories,
and particularly in the macrophage—CRC model system. This protocol
requires low quantities of primary macrophages to obtain simultaneously
nuclear and total RNA for sequencing and analyse differential gene expres-
sion, as well as identify novel APA mRNA isoforms, in Illumina-compatible
systems. Using this methodology a thorough, unbiased transcriptomic char-
acterization of plastic immune cells in a relevant pathophysiologic context is
achieved. Furthermore, with this method we can identify genome-wide
APA mRNA signatures with important roles in immune responses that
may serve as potential diagnostic and therapeutic targets, using relatively
few macrophage cells. With subsequent siRINA depletion of genes with
functions in gene expression regulation may lead to the identification of
the molecular mechanisms involved.

In conclusion, our method provides a basis for a comprehensive trans-
criptomic analyses using co-cultures of primary human macrophages with
cancer cells (Supplementary Fig. S1 in the online version at https://doi.
org/10.1016/bs.mie.2021.04.004).

8. Safety considerations

Chloroform, HCI, Isopropanol, PFA, and TR Izol reagent are danger-
ous. Manipulate them in the chemical hood using gloves and eyeglasses. If
exposed, thoroughly wash skin in running water.

9. Expected outcomes

This protocol presents an integrated approach to study gene expres-
sion and alternative polyadenylation events. It accurately determines true
APA isoforms, due to comparison of subcellular fractionated RINA-Seq
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(chromatin-bound RNA and nucleoplasm RNA) and whole-cell 3’
mRNA-Seq. Therefore, researchers are able to distinguish accurate APA
mRNA isoforms produced in the nucleus, from the cytoplasmic mRNA
isoforms, which may be subjected to modulation by miRNAs and
RNA binding proteins.

Raw sequencing data by 3’ mRNA-Seq, chromatin-bound RNA-Seq
and nucleoplasm RNA-Seq can be converted into differential gene expres-
sion in macrophage populations. Chromatin-bound and nucleoplasm
RNA-Seq approaches further inform researchers of regulatory RINAs such
as long non-coding RNA and antisense transcripts genome-wide.

Globally, the RNA sequencing data obtained using this protocol reveals
transcriptomic profiles relevant for the innate immune system and for
anti-tumoral therapy studies, as it pinpoints gene expression alterations
occurring in primary human macrophages.

Timing: full protocol

Isolation of PBMCs from human peripheral blood and CD14" enrich-
ment: 8h.

Differentiation of macrophages from CD14" cells and inflammatory
polarization: 2h+ 6 days incubation.

Macrophage and Colorectal cancer co-cultures: 3 +24h incubation.

Macrophage and CRC Immunofluorescence: 6h (staining) +~2h
(imaging).

Macrophage siRNA transfection: 2+48h incubation.

Total RNA isolation: 4+ 16h incubation at —80°C.

Fractionated RNA isolation: 8 + 16 h precipitation time.

Total RNA library construction: 5.5+2h qPCR.

Fractionated RNA library construction: 6 +2h at —80°C.

Bioinformatics: 28 h.

10. Quantification and statistical analysis

Statistical analyses for bioinformatics were performed using the
following tests:
- DESeq2: p-value calculated with the Wald test, adjusted using Benjamini-
Hochberg False Discovery Rate (FDR), selecting for padj <0.05
- DEXSeq: p-value calculated with the LRT test, adjusted using
Benjamini-Hochberg False Discovery Rate (FDR), selecting for padj
<0.05
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Differentially expressed genes selected for validation by RT-qPCR should
have a large differential gene expression fold differences (>2 Fold Change
(FC)) between mono and co-culture in all donors. This criteria is applied
to identify non-random transcriptomic changes with potential physiological
consequences.

For APA analysis, mRNA isoforms with differential expression between
conditions were validated by RT-qPCR using two sets of primer pairs as
described, one pair for the coding region and another for the distal PAS.
Relative expression was calculated using the reference gene 18S (Fwd:
5'-GCAGAATCCACGCCAGTACAAGA-3'; Rev.: 5-CCCTCTAT
GGGCCCGAATCTT-3) and results were analyzed applying the
AACt method.

Statistical analyses for qPCR were performed using GraphPad Prism
Software version 7. Presented data is shown as mean % standard deviation
(SD). Comparison between two independent groups was performed with
the Student’s t-test. P-values below 0.05 were considered statistically signif-
icant (*=p<0.05).

11. Advantages

This approach allows for the simultaneous study of fractionated
and total RNA of primary human macrophages. Moreover, true APA
mRNA isoforms identification and differential gene expression results are
obtained in the same human donor due to this integrative protocol.

Primary human macrophages are successfully polarized to the extremes
of the inflaimmatory spectrum (M1, M2), and researchers will obtain
homogenous populations able to survive ex-vivo for up to 10 days.

The establishment of the co-culture system allows for the sequencing of
both cell populations—macrophages and cancer cells—if desired, allowing
researchers to obtain reciprocal transcriptomic signatures and to further
characterize their model system.

The use of RNA molecules present in different cellular compartments
for each sequencing method (ChrRNA-Seq, NpRNA-Seq, cytoplasmic
RNA-Seq) is achieved by subcellular fractionation, which is validated by
independent techniques (MALAT1 expression by RT-qPCR). Ribosomal
RNA removal and mRINA enrichment ensures that the libraries are made
with the RINA fractions of interest.
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Additionally, the whole protocol is easily scaled-up to include more
inflammatory conditions, increased input for sequencing, and includes cru-
cial quality control stages at each step to ensure robust and high-quality data.

12. Limitations

This approach does not enable the identification of ribosomal RINAs
from primary human macrophages. Therefore, transcriptomic studies to
identify protein translation regulators, which are relevant for inflammation
(Poddar et al., 2013), should follow a different approach when selecting
macrophage rRNA for sequencing libraries.

vt~ ] sn s
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1 1118 protoCol recoin 1

nends avoiding excessive multiplexing of samples.
We favor increasing the number of sequencing runs if possible to avoid the
risk of lowering sequencing read per sample. But if many macrophage
replicates and conditions are needed, the cost of sequencing will increase.

We recommend the selection of blood donors below 40 years old, due to
a decreased risk of hematological malignancies or chronic anti-inflammatory

utilization by the donor, which may interfere with the results.

13. Optimization and troubleshooting

13.1 Problem and solution

CD14" cells are non-adherent—Use fresh M-CSF for macrophage
isolation.

Heterogeneous macrophage polarization—control LPS, IFNy, and
IL-10 lots. Additionally, add these regents when macrophages are adherent
and sufficiently differentiated with M-CSF, and keep the polarization RPMI
media 2% FBS without antibiotics.

Low amounts of RNA are present by the end of RNA isolation—This
may be due to RNA degradation or low amount of RNA due to a small
number of macrophages. Therefore, use R Nase-free reagents on the whole
procedure or use more cells as starting material.

No PCR product is obtained at the end of library construction—PCR
products are underamplified, hence we suggest to use higher PCR cycle
numbers, or higher RNA input for the library.

PCR products are longer than expected (450bp on QuantSeq Rev.
300bp on NEB Next)—PCR products are overamplified, therefore we
suggest to reduce PCR cycle number and to restart library construction.
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Matrix correlation data or heatmap showing differences between repli-
cates and/or gene expression results and APA mRNA isoforms are too
variable—This indicates intrinsic donor variability. Therefore, the number
of biological replicates should be increased.

Ethical statement
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Summary

Macrophages are known to restrict cancer growth. Using ChrRNA-Seq and 3’'RNA-
Seq, we show that differentiation of macrophages from naive to pro-inflammatory
alters gene expression and alternative polyadenylation (APA) profiles, producing
mRNAs with long 3’'UTRs. In addition, colorectal cancer (CRC) cells co-culture causes
a switch in macrophage gene expression from a pro-inflammatory to an anti-
inflammatory profile, and decreases the number of APA mRNA isoforms expressed.

Depletion of the splicing factor SRSF12 by siRNA, which is highly upregulated in pro-
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inflammatory macrophages, leads to a decrease in the expression of genes involved
in innate immune response regulation and RNA metabolism. Notably, SRSF12
depletion reduces APA in pro-inflammatory macrophages, especially in genes related
to macrophage-related functions and to RNA binding. Overall, our results indicate that
pro-inflammatory polarization and CRC co-culture modify macrophage gene
expression and APA profiles, and suggest that SRSF12 is involved in these events.
Our results also show that SRSF12 acts as a novel immune modulator by favoring
proximal polyA signals in macrophages, impacting the expression of genes involved

in macrophage-associated inflammation and anti-tumor activity.

Introduction

Communication between adjacent cell types often alters gene expression. This is
especially relevant for immune cells recruited to sites of colorectal cancer (CRC). CRC
is the worldwide second and deadliest form of cancer (WHO, 2018), and is influenced
by tumor heterogeneity (Giannakis et al., 2016) and the microenvironment interactions
(Pinto et al., 2016; Pinto et al., 2017; Pinto et al., 2019). CRC was the first cancer type
for which a mutational map has been extensively described during the tumorigenic
process (Armaghany et al., 2012; Fearon & Vogelstein, 1990; Lengauer et al., 1997).
However, the mechanisms regulating changes in gene expression that arise upon
interactions between cancer cells, the immune system and their shared
microenvironment are still poorly understood.

Macrophages are abundant immune cells of the tumor microenvironment that
depending on their inflammatory profile, may either cooperate with or abrogate cancer
progression (Locati et al., 2013; Mantovani & Locati, 2013). Naive (hereby referred as
MO) macrophages may be polarized towards pro-inflammatory (M1-like, hereby
referred as M1), detoxifying (Mox) or anti-inflammatory (M2-like, hereby referred as
M2). Concomitantly, they can be involved in immune evasion, a hallmark of
tumorigenic progression (Hanahan, Weinberg, 2000; Hanahan and Weinberg, 2011).
Importantly, macrophages present transcriptional programs that affect both pro- and
anti-inflammatory cellular responses, enabling a spectrum of phenotypes to respond
to each stimulus (Németh et al., 2005).

Colonic macrophages are typically pro-inflammatory to maintain a tight gut

microbiome control (De Schepper et al., 2018; Zigmond & Jung, 2013) and at the onset
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of CRC progression, macrophages recognize and attack tumor cells (Bogels et al.,
2012). Yet, the few cancer cells that escape have increased invasive and metastatic
properties, creating a microenvironment within which macrophages develop an anti-
inflammatory, tumor-permissive phenotype (Cardoso, Pinto, et al., 2015; Lawrence &
Natoli, 2011; Locati et al., 2013; Quail & Joyce, 2017). Macrophages may also acquire
a detoxifying (Mox) phenotype when exposed to CRC (Lai et al, 2019). Mox
phenotype is characterized by pro- and anti-inflammatory characteristics (Eren et al.,
2018; Kadl et al., 2010), which rebalances redox homeostasis (Serbulea et al., 2017).
Transcriptomic studies have highlighted the commonality of mRNA isoforms with
alternative 3' Untranslated Regions (3' UTRs) formed by alternative polyadenylation
(APA; 3'UTR-APA), occurring in more than 74% of human genes (Derti et al., 2012,
Lee et al., 2018; Shi, 2012; Tian et al., 2005; Wang et al., 2008). APA contributes to a
wide range of gene- and cell-specific regulatory mechanisms (Berkovits & Mayr, 2015;
Braz et al., 2017; Pai et al., 2016) with consequences for cell proliferation,
differentiation, and cell cycle progression (Castello et al., 2012; Elkon et al., 2013;
Mayr, 2017; Sandberg et al., 2008; Tian & Manley, 2016). Thus, mRNA isoforms
generated by APA determine mRNA half-life, subcellular location and protein
expression levels (Ma & Mayr, 2018; Mitra et al., 2016), partly due to the selective
binding of RNA-binding proteins (RBP) (Berkovits & Mayr, 2015; Wurth & Gebauer,
2015). In cancer and activated immune cells, mMRNAs with short 3’ UTRs are more
prevalent than those with long 3° UTRs (Jia et al., 2017; Mayr & Bartel, 2009; Pai et
al., 2016; Sandberg et al., 2008) and this is also the case for cells under stress (Zheng
et al., 2018).

Cleavage and polyadenylation is a co-transcriptional event (Dye & Proudfoot, 1999),
with RBPs having an integrative role (Xiao et al., 2019). Many APA regulators have
been identified that work competitively or synergistically to ensure correct mRNA 3’
end processing (Pereira-Castro & Moreira, 2021), including Pcf11 (Kamieniarz-Gdula
et al., 2019; Wang et al., 2019), CFI (Hardy and Norbury, 2016;Gruber et al., 2018)
and especially its CFIm25 subunit (Turner et al., 2020; Zhu et al., 2017), Elav
(Berkovits & Mayr, 2015; Diaz-Mufioz et al., 2015), PTBP1 (Castelo-Branco et al.,
2004; Domingues et al., 2016; Fischl et al., 2019; West et al., 2019), and SR proteins
such as SRSF3 and SRSF7 (Schwich et al., 2021)
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Here, we show that CRC cells affect fundamental processes such as primary human
macrophage gene expression and APA, modulating the macrophage inflammatory
phenotype. We used an experimental system designed to dissect the macrophage-
cancer cell crosstalk (Wilton et al., 2021) that consists in isolating monocytes from
healthy donors, exposing them to pro-inflammatory conditions and performing indirect
co-cultures. By chromatin RNA-seq (ChrRNA-Seq) analysis we show that
macrophages co-cultured with CRC cells have generally higher transcription levels
than macrophages alone. By 3’RNA-Seq we identified a robust 35-gene signature of
differentially-expressed genes (DEGs) in co-cultured macrophages, consisting of anti-
inflammatory and immune-related genes, with particular alterations in the expression
of Wingless and Int-1 (Wnt), Nuclear Factor-kB (NF-kB) and Mitogen-activated protein
kinase (MAPK) pathways. We found that there is an upregulation in the expression of
genes involved in some of these pathways, and also in the expression of mMRNAs with
long 3’ UTRs. Curiously, co-culture with CRC leads to a decrease in the number of
APA mRNA isoforms for each gene in macrophages and to the identification of a 45-
gene signature consisting of 3 'UTR-APA mRNAs.

The top upregulated RNA processing gene in pro-inflammatory macrophages is
SRSF12, which encodes a protein involved in alternative splicing, also known as
SRrp35 (SRSF12) (Cowper et al., 2001). Notably, SRSF12 siRNA depletion in primary
human M1 macrophages causes a decrease in the number of APA mRNA isoforms
and an upregulation of MRNAs with long 3’ UTRs, in particular in genes involved with
innate immunity. Taken together, our results uncover a non-canonical role for SRSF12
in proximal polyadenylation signal (PAS) selection of immune-related genes in pro-
inflammatory macrophages, which may allow an adaptation of the macrophages to

their surrounding microenvironment.

Results

Polarization and CRC co-culture induce alterations in the macrophage
transcription profile and inflammatory state

Macrophages can be experimentally differentiated from quasi naive MO cells into a
spectrum of inflammatory phenotypes (Figure 1A), ranging from pro-inflammatory and
anti-tumoral M1 to anti-inflammatory and pro-tumoral M2 macrophages (Yang et al.,

2018). We therefore obtained primary human CD14* monocytes isolated from healthy
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blood donor buffy coats, differentiated into macrophages in the presence of M-CSF
and polarized them towards a pro-inflammatory phenotype (M1) by incubation with
LPS and IFNy for 24 hours, following a well-established methodology (Machacek et
al., 2016; Ohradanova-Repic et al., 2018; Wilton et al., 2021) as depicted in Figure
1B. Unpolarized naive MO macrophages are predominantly round and amoeboid-like,
while M1 macrophages have an elongated fibroblast-like morphology.
Characterization of the inflammatory profile shows that M1 macrophages maintained
the lineage marker CD14 as compared to MO (Figure S1A). In addition, they showed
upregulation of the pro-inflammatory markers CD86, CCR7 and IL13 and
downregulation of anti-inflammatory markers CD163 and TGFp (Figures S1B-S1D),

indicating that they are polarized into a pro-inflammatory phenotype.

We next performed an indirect co-culture of these polarized M1 macrophages with the
colorectal cancer (CRC) cell line RKO (Cardoso, Pinto, et al., 2015; Pinto et al., 2016).
Using this method, the different cell populations are spatially separated, but as the
media is the same, they exchange secreted molecules, such as growth factors and
cytokines. Following co-culture of M1 macrophages with CRC cells, macrophage
morphology reverts to an amoeboid-like phenotype, similar to MO (Figure 1B, Figure
S1E).

To understand the effect of CRC co-culture in APA in primary human M1 macrophages
we performed ChrRNA-seq (Figure 1C) (Nojima et al., 2016). Metaprofiles of M1
macrophages cultured alone or co-cultured with RKO show that co-cultured
macrophages present slightly higher RPKM levels across coding regions and after
transcription end sites (TES), indicating a mild global increase in transcription (Figure
1D). Differential gene expression and Gene Ontology (GO) terms determined by Gene
Set Enrichment Analysis (GSEA) indicate that the upregulated genes are related to
anti-inflammatory conditions and stress (Figure S1G). In agreement with the cell
morphology alterations observed, several anti-inflammatory genes — such as LRP5,
SEMAG6B, THBS1 — were upregulated (Figure 1E), indicating a reversion of the
macrophage pro-inflammatory M1 phenotype towards an anti-inflammatory

phenotype.
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Figure 1 — Co-culture with colorectal cancer cells drives pro-inflammatory M1 macrophages into
an anti-inflammatory polarization profile. A. Polarization spectrum of primary human macrophages:
unpolarized MO macrophages, pro-inflammatory M1 macrophages and anti-inflammatory Mox
(detoxifying macrophages) and M2 macrophages. B. Top, experimental setup: CD14* cell isolation from
PBMCs contained in Buffy coats, macrophage differentiation, polarization and CRC co-cultures.
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3’RNA-Seq reveals a 35-gene expression macrophage signature driven by co-
culture with CRC cells

To determine whether the macrophage co-transcriptional events detected by ChrRNA-
Seq correlate with alterations in APA and differential gene expression, we next
performed 3’ RNA-Seq analysis (Figure 1C, Table S2). This methodology provides
both a quantification of gene expression based on RNA levels at 3’ ends of the genes,
and APA profiles for each gene (Del Valle Morales et al., 2020; Wilton et al., 2021).
We extended our analysis to MO, M1 and co-cultured macrophages, and included
HCT-15 as an additional CRC cell line in the co-culture assays (Figure S1F). RKO and
HCT-15 cell lines differ from one another in several important markers such as APC,
K-ras, B-raf, TGFBR2 and MLH1, which affect important tumorigenic pathways
(Ahmed et al., 2013). Mutations in these genes, occurring in RKO (BRAF, MLH1) or
HCT-15 (APC, KRAS, TGFBR?2), affect common pathways such as PI3K, MAPK and
Rho GTPase. As the aforementioned pathways are interconnected, mutations
occurring in one cell line but not the other may act on distinct molecular targets on the
same pathway, such as cell division (APC, BRAF, TGFBR2), motility (TGFBR2),
invasion (KRAS), adhesion (APC), DNA repair (BRAF, MLH1) and apoptosis (KRAS,
BRAF, TGFBRZ2) (Aghabozorgi et al., 2019; Caputo et al., 2019; Steele et al., 2019;
Vander Ark et al., 2018; Yamamoto & Imai, 2019). Consequently, the effect of each
cell line on the macrophages upon co-culture will be similar, but different. The use of
the two CRC cell lines will determine whether the effect on the macrophage reflects a
general mechanism of response to CRC — shown by a common transcriptomic
signature — or if it was due to intrinsic characteristics of each cell line — shown by

individual transcriptomic signatures arising after exposure to each cell line.

Figure 1 (cont.) — Bottom, confocal microscopy images show actin-tubulin cytoskeleton of unpolarized
naive macrophages (M0), LPS+IFNy stimulated pro-inflammatory (M1-like) polarized macrophages,
and LPS+IFNy stimulated macrophages co-cultured with CRC cell line RKO (M1 + RKO). DNA stained
in blue, actin stained in red, tubulin stained in green. C. Setup of extraction and library preparation for
RNA-Seq of fractionated RNA samples of primary human macrophages. rRNA-depleted chromatin-
bound RNA were converted into paired-read libraries for ChrRNA-Seq, and polyA*-enriched total RNA
were converted into single-end libraries for 3'Seq. D. Representative donor gene metaprofile of the
ChrRNA-Seq in M1 (blue) and M1 + RKO (red). TSS=transcription start site, TES=transcription end
site). E. Representative donor heatmap of DEGs on ChrRNA-Seq of a representative donor in M1 +
RKO, ordered by inflammatory profile function and fold change. F. Volcano plot of 3' RNA-Seq data
comparing differentially expressed genes (DEGs) in in M1-like macrophages co-cultured with RKO cells
(M1+ RKO) or HCT-15 cells (M1 + HCT15) vs. M1-like macrophages in monocultures (M1). Red and
blue dots represent statistically significant genes with log2(Fold Change) >1 or <-1.
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3’ RNA-Seq results reveal that 3513 genes show a significantly altered expression in
M1 macrophages in comparison to M0O. As expected, upregulated genes include pro-
inflammatory markers such as CCR7, CCL19, SYNPO1-2, IDO1, IL7R and the
immune checkpoint PD-L1 (Figure S1H). Upregulated genes were significantly
enriched in GO terms related to response to stress, innate immunity, TNF-alpha and
interferon-gamma response, and regulation of cytokine production (Figure S1l, left),
typical of pro-inflammatory responses. In agreement with a pro-inflammatory
phenotype, anti-inflammatory markers such as MRC1, MRC2, CD163 and ACE are
downregulated. Furthermore, GO terms related to extracellular matrix, secretory
vesicles and endocytosis, lipid binding, and reduced GPCR and trimeric G proteins
(Figure S11, right), which are GO terms classically associated with anti-inflammatory
macrophages (Martinez et al., 2006) and to the cancer-immune cell crosstalk
(DeNardo & Ruffell, 2019; Goossens et al., 2019; Pathria et al., 2019), are
downregulated. Our results thus indicate that M1 polarization results in a robust pro-

inflammatory transcriptomic profile.

Upon co-culture with CRC cells, there is a partial reversion of M1 macrophages to an
anti-inflammatory phenotype revealed by a robust signature of 35 differentially-
expressed genes (DEGs) that includes a subset of 15 anti-inflammatory, pro-
tumorigenic genes (LRP5, MRC1, EREG and SEMA6B) and genes related to immune
modulation and inflammation (THBS1, CXCL8) (Figures 1F and 1G). Curiously, 29
upregulated genes in this signature have GO terms associated to vesicle-mediated
transport and endocytosis, response to IL-1-mediated signaling pathways, leukocyte
chemotaxis and migration (Figure S1J, left). As these GO terms are associated with
macrophage recruitment to tumors and are indicative of tumor progression (Kahles et
al., 2018; Larionova et al., 2020; Ruiz-Lépez et al., 2018), our results indicate that co-
cultured macrophages adopt increased anti-inflammatory and tumorigenic
characteristics.

One of these genes is LRPS5, presenting a >2-fold increase in LRPS protein levels,
induced by CRC co-culture (Figure 1H). To study this in a physiologically-relevant
context, we analyzed CRC patient RNA-Seq data from The Cancer Genome Atlas
(TCGA) database. In the TCGA RNA-Seq dataset of CRC patients, LRP5 RNA

upregulation was found in vivo in macrophages associated with colorectal tumor
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(identified as the CD68"9" population) in patients diagnosed with colorectal tumor
stages Ill and IV. Notably, LRP5 mRNA upregulation seen in TCGA data is also
associated with increased patient survival (Figure 11, center and right, Figure S1K).
Of note, some of the most upregulated genes found in co-cultured macrophages —
LRP5, EREG, DPYSL3, CXCLS8, IL18 and THBS1 — are all related to the Wnt pathway
(Figure S1L) (Abdelwahab et al., 2019; Kaler et al., 2009; Kim et al., 2018; Logan &
Nusse, 2004; Masckauchan et al., 2005; Sutherland, 2011). This suggests that CRC
co-culture activates the Wnt pathway and may lead to a transition in the macrophage
phenotype into M2 (Yang et al., 2018), which was observed to occur in CRC patients
(Lee et al., 2020; Pinto et al., 2019; Xiong et al., 2018; Yahaya et al., 2019).

Other upregulated genes are SEMA6B and THBS1. Of note, SEMA6B upregulation is
associated with increased macrophage infiltration in tumors of CRC patients (Figure
1J) and with a slight protective effect on patient survival (Figure S1K). THBS1
upregulation is also associated with increased macrophage infiltration in the tumor,
but does not affect patient survival (Figure S1M). Our results indicate that these gene
expression alterations in co-cultured macrophages are physiologically relevant for
CRC patients.

3'RNA-Seq results were validated for some genes, by western blot, RT-gPCR and
ELISA (Figure 1H, S1N and S10, Table S7). LRP5 protein levels increase when
macrophages are co-cultured with CRC, indicating that the increase in gene
expression quantified by 3’'RNA-Seq correlates to an augment of the protein levels
produced (Figure 1H, 1l). Notably, upon co-culture, SEMAG6B expression levels
recover to those in unpolarized macrophages (MO) (Figure 1J), suggesting a reversal
of the co-cultured macrophage profile to an anti-inflammatory state. Similarly, THBS1
protein thrombospondin secretion decreases upon pro-inflammatory polarization and
increases again upon co-culture, again indicating that macrophages are less pro-
inflammatory after CRC stimuli. EREG protein epiregulin secretion response is similar
but milder to that of thrombospondin (Figure S10). Moreover, most (19) of the 35-
element signature genes produce at least two APA isoforms. In two-thirds of these 19
genes, the sequences of the primary PAS used was A(A/T)TAAA (Tables S3 and S4).

3’ RNA-Seq data also revealed specific DEGs for each CRC cell line co-cultured with

macrophages: 72 genes were differentially expressed at p<0,05 in M1 + RKO but not
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in M1 + HCT-15 and conversely 14 genes were differentially expressed exclusively in
M1 + HCT-15 (Figures S1P).
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Figure 1 (continued) — G. Representative donor heatmap of common 3 RNA-Seq DEGs in
macrophages co-cultured with RKO (M1 + RKO) or HCT15 (M1 + HCT15) vs. M1-like macrophages in
monocultures, ordered by inflammatory profile function and fold change. Highlighted in bold text are
DEGs from chromatin-bound RNA-seq data from Fig 1E. H. western blot showing protein levels (H) of
DEG LRPS. I. Differentially expressed gene LRP5 profile and transcript counts obtained by 3' RNA-Seq
(top) and ChrRNA-Seq (down) visualized in IGV (left), and TCGA database patient data: microarray
and RNA-Seq gene expression of LRP5 in CD68Mish population stratified by stages (middle) and Kaplan-
Meier survival curves of CD68High| RP5LowHish patients in stage Il (right). J: Differentially expressed gene
SEMAG6B profile and transcript counts obtained by 3' RNA-Seq (top) and ChrRNA-Seq (down)
visualized in IGV (left), and macrophage infiltration and abundance in CRC patients measured in TIMER
(right). D-G: n=3 independent experiments, p-value calculated using DESeq2 test through the
Benjamini-Hochberg method: * = p < 0,05; ** = p < 0,01; *** = p < 0,005; **** = p<0,0001. I,J: Data
obtained by 3 RNA-Seq (top), ChrRNA-Seq (bottom) of MO macrophages (black), M1 macrophages
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cultured alone (blue) and M1 macrophages co-cultured with the CRC cell lines RKO (red) or HCT-15
(lilac) visualized in IGV.

Additionally, co-culture causes an upregulation of anti-oxidative detoxifying
macrophage markers (Mox), CXCLS8, IL18 (RKO and HCT15), SRXN1 and HMOX1
(RKO). This indicates an additional alteration from their original M1 profile caused by
the CRC co-culture.

Altogether, our 3’ RNA-Seq results indicate a loss of pro-inflammatory activity of the
macrophages after exposure to CRC, and the acquisition of an anti-inflammatory and

pro-tumorigenic potential.

CRC co-culture triggers distal PAS usage of key macrophage genes

Cell stimuli such as M1 polarization or cell-cell communication may cause changes in
mMRNA 3’end formation (Pai et al., 2016). We quantified the number of APA mRNA
isoforms in MO, M1 and M1 macrophages co-cultured with CRC by analyzing the
3'RNA-Seq data. We built an alternative 3’UTR expression atlas as in (Singh et al.,
2018) analyzing the 3'RNA-Seq data using DEX-Seq Count and quantifying of the
number of APA mRNA isoforms produced in MO, M1 and M1 macrophages co-cultured
with CRC. We selected every gene with at least two alternative 3 UTR mRNA isoforms
in at least two out of the three biological replicates, and considered the levels of the
most expressed mRNA isoform as 100% for a given gene. We also considered that
the second most expressed mRNA isoform must be at least 10% to be included in an
alternative 3’ UTR usage atlas in primary human macrophages (Singh et al., 2018).
We found that approximately 50% of MO and M1 genes undergo APA use at least two
PAS (Figure 2A). However, CRC co-culture causes a ~50% reduction in the number
of macrophage APA mRNA isoforms, with 75% genes using only one PAS (Figure
2A). Intriguingly, these genes are connected to GO terms related to RNA binding and
transcription (Figures S2A and S2B), suggesting that upon co-culture with cancer
cells, macrophages undergo broad transcriptomic alterations. Of note, most
macrophage genes expressing only one PAS are the same in co-culture with either
RKO or HCT-15 cells (1761 genes) indicating that this is a CRC feature and does not
depend on the CRC cell line used (Figure S2C).
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Notably, we found that the distal PAS is preferentially chosen, leading to the

production of mRNAs with long 3UTRs (Figure 2B). These results indicate that

exposure to CRC cells affect macrophages 3’'UTR-APA.

Figure 2
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Figure 2 — CRC co-culture decreases macrophage transcriptomic diversity and increases distal
PAS selection. A. Left, percentage of differentially expressed APA isoforms per gene in MO and M1-
like (M1) macrophages. Right, pie chart showing 3’ UTR isoform outcome of genes losing APA in co-
cultured macrophages. Grey shows shortening 3’ UTR, red shows lengthening 3' UTR. B. IGV gene
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profiles and transcript counts of genes losing APA ZBTB24 (B) in M1 macrophages cultured alone
(blue) and co-cultured with the CRC cell lines RKO (red) or HCT-15 (lilac), visualized in IGV C. Gene
lists identified by DEXSeq, divided in upregulated short 3’'UTRs (left) and long 3'UTRs (right). D, E: IGV
gene profiles and transcript counts of MAP3K8 (D), patient data from TCGA database: microarray and
RNA-Seq gene expression of MAP3K8 and MXD1 in CD68LewHish populations in normal and tumor
mucosas and Kaplan-Meier survival curves of CD68His", MAP3K8towHigh (E). A: n=3 independent
experiments, p-value calculated by DEXSeq. B,D: Data obtained through 3'Seq (top), ChrRNA-Seq
(bottom) of MO macrophages (black), M1 macrophages cultured alone (blue) and co-cultured with the
CRC cell lines RKO (red) or HCT-15 (lilac), visualized in IGV.

During M1 polarization we observe a significant upregulation of mMRNAs with short 3’
UTRs determined by DEXSeq: 33 genes show proximal PAS selection and 13 show
distal PAS choice (Figures 2C), but no correlation to mRNA expression is observed
(Figure S2C). Of note, independently of the PAS selected, distal PAS is the canonical
in all 46 genes identified, following the literature paradigm (Tables S5 and S6). While
both gene sets had GO terms connected to transcription and the immune system
regulation, short 3' UTRs are specifically associated with regulation of gene
expression and transcription while long 3’ UTRs include stress response and signal
transduction (Figures S2D). These trends towards short or long 3’ UTRs in M1
macrophages are even more pronounced after co-culture with CRC cells. Upregulated
mRNAs with short 3' UTRs include MAP3K8 (Figure 2D and 2H) and MXD1/MAD1
(Figures 2F and 2H). Strikingly, upregulation of MAP3K8 short 3'UTR is associated
with in vivo RNA overexpression in CRC-associated macrophages and to a protective
role for patient survival (Figure 2D and 2E). For MAP3K8 we observe an increase in
protein production in M1, milder after CRC co-culture, (Figures 2D,2E and 2H). The
shorter protein isoform of MAP3KS8 is predicted in the Uniprot database (Q5T854) but
the corresponding protein band was undetected in macrophages by western blot. In
turn, MXD1/MAD1 is downregulated in vivo in CRC-associated macrophages and this
is associated to decreased patient survival (Figure 2F and 2G). However, lower MW
MAD protein levels are downregulated upon M1 polarization and upregulated again in
co-culture indicating that other mechanisms are necessary to control MAD1 protein
levels (Figure 2H). MAP3K8 and MXD1 in vivo RNA levels do not vary significantly

upon cancer progression (Figure S2E).

In M1 and M1 co-cultured macrophages, IL12RB1 long 3 UTR mRNA is
upregulated (Figure 2I) and the protein expression of the IL12RB1 ligand, IL12p70, is
also upregulated (Figure S2F). IL12RB1 is part of the IL-12 and IL-23 transmembrane

receptor complexes (in conjunction with IL12RB2 and IL23R respectively).
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Interestingly, the long 3 UTR mRNA isoform of IL12RB1 identified in this work
corresponds to the previously identified IL12RB1 isoform 2, and contains a completely
independent alternative 3° UTR on exon 9b. IL12RB1 isoform 2 is the predominant
isoform in PBMCs, does not have transmembrane domains, and localizes to the
cytoplasm due to its C-terminal sequence. Isoform 2 may be oligomerized with

IL12RB1 and restrict IL12 signaling to sustain immune cell survival (Ray et al., 2015).

Although IL12RB1 levels do not vary in vivo in CRC-associated macrophages, there
is a striking significant hazardous effect of upregulated /IL12RB1 in patient survival
(Figure 2J center and right), particularly in cancer Stages Il and IV (Figure S2G).

In conclusion, CRC co-culture induces a decrease in macrophage APA mRNA

isoforms in a gene set involved in transcription and macrophage-related functions.
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Figure 2 (continued) — F. IGV gene profiles and transcript counts of MXD1. G. Patient data from TCGA
database: microarray and RNA-Seq gene expression of MXD17 in CD68LewHish populations in normal
and tumor mucosas (left) and Kaplan-Meier survival curves of CD68Migh MXD 1LtowHish jn Stage IV (right).
H. MAP3K8 and MXD1 protein quantification by western blot using heat-shock protein hsp-70 as
loading control. I. IGV gene profiles and transcript counts of IL12RB1. J. Patient data from TCGA
database: microarray and RNA-Seq gene expression of IL12RB1 in CD68wHigh populations in normal
and tumor mucosas (left) and Kaplan-Meier survival curves of CD68Mish, [ 12RB1LowHigh in Stages | and
IV (right). F, I: Data obtained through 3’'Seq (top), ChrRNA-Seq (bottom) of MO macrophages (black),
M1 macrophages cultured alone (blue) and co-cultured with the CRC cell lines RKO (red) or HCT-15

(lilac), visualized in IGV.
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SRSF12 modulates APA in macrophages

To understand the underlying mechanisms behind our observed APA alterations in
macrophages following their polarization and CRC co-culture, we analyzed expression
levels of RNA metabolism factors, including cleavage and polyadenylation and
transcription termination factors. The most upregulated gene in M1 macrophages is
the splicing repressor SRSF12/SRrp35 (Figure 3A and S3B), in agreement with the
previous literature (Liu et al., 2018). SRSF12 has been previously described as a
splicing repressor (Cowper et al., 2001). Indeed, its mMRNA depletion caused a
downregulation of the SRSF2 full-length spliced mRNA isoform and an upregulation
of the shorter spliced mRNA isoform (Figure S3D). Interestingly, the SRSF12
expression in vivo is slightly downregulated in tumor macrophages, but it has a
protective role in patient survival (Figure 3B).

To investigate a possible function for SRSF12 in the gene expression alterations
observed, we depleted SRSF12 mRNA in macrophages by siRNA transfection
following M1 polarization (Figures 3C, 3D, S3C, S3E, Table S8). Interestingly,
SRSF12-depleted macrophages show a marked gene expression downregulation
(Figure 3E) in genes related to gene expression regulation (Figure 3F). Of note, genes
involved in macrophage-relevant functions, such as regulation of the immune
response and leukocyte proliferation were also downregulated, indicating that
SRSF12 is required for their expression. Notably, CstF2/CstF64, which has a key role
in cleavage/polyadenylation, and SR proteins SRSF2 and SRSF3 are all
downregulated in the siSRSF12 dataset (Figure 3G), while the chromatin regulator
SUPTT7L is downregulated in the siSRSF12 data (Figure 3H).
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Figure 3 — SRSF12 modulates gene expression in M1-like macrophages. A. Fold change
distribution of CPA and transcription regulation DEGs upon M1 polarization, ordered by fold change. B.
Patient data from TCGA database: microarray and RNA-Seq gene expression of SRSF12 in
CD68Lowtish populations in normal and tumor mucosas (top) and Kaplan-Meier survival curves of
CD68High SRSF12towHigh  C, Experimental setup of SRSF712 knockdown in primary human
macrophages. D. KD levels of siSRSF12 validated through RT-gPCR. E. Volcano plot of DEGs in
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We next studied if SRSF12 was involved in alternative 3 UTR mRNA expression. We
analyzed the number of APA isoforms for each gene in siNTC and siSRSF12 with the
same approach as in Figure 2, and then divided our analysis depending on the number
of APA mRNA isoforms observed upon SRSF12 depletion, comparing to siNTC
controls. We found that when the same number of APA mRNA isoforms was produced
in siSRSF12, these do not show a preference for the expression of short or long 3’
UTRs (Figure 4A). However, a subset of genes is transcribed into more APA mRNA
isoforms upon siSRSF12, and in this set there was a slight correlation towards the
expression of shorter 3’UTRs (11 genes) (Figure 4B). Strikingly, in the subset of genes
that express less APA mRNA isoforms, there was a clear tendency towards the
expression of longer 3’ UTRs. This was the case for the majority of genes consistently
affected (Figure 4C), suggesting that SRSF12 activates proximal PAS selection.

Subsequently, we analyzed the number of genes undergoing APA in siNTC and
siSRSF12. If ~20,000 genes are expressed in a given cell, we expect that 50% to 70%
of them will undergo APA (Derti et al., 2012; Hoque et al., 2016), i.e. ~14,000.
Surprisingly, we show that in SRSF12-depleted cells, 3373 genes do not undergo APA
and that only 4231 genes undergo APA (Figures 4D-E). Of these, only 348 genes
undergo APA, representing 8% of total genes with APA in siSRSF12, indicating the
importance of SRSF12 for the expression of alternative 3’ UTRs. Interestingly, genes
losing APA isoforms are connected to RNA processing and innate immune regulation
(Figure 4F).

Figure 3 (cont.)— 1 and p < 0,1, grey dots represent non-significantly expressed genes. F. GSEA terms
of downregulated DEGs in siSRSF12 vs siNTC. G-H: IGV gene profile and transcript counts of
downregulated genes CSTF2 (H), and SUPT7L (H) in siNTC (blue) and siSRSF12 (green) on M1-like
macrophages derived from two donors. A: n=3 independent experiments; p-value calculated using
DESeq2: *=p <0,05; ** =p <0,01; ***=p <0,005; **** = p <0,0001. D: n=3 independent experiments,
p-value calculated using Student’s t test: ** = p < 0.01. E. n=2 independent experiments. p-value

calculated using DESeq2, using the Benjamini-Hochberg method: p < 0,1 shown in red. F: p-value
calculated using GSEA: * = p < 0,05; *** = p < 0,005.
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Figure 4
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Figure 4 — SRSF12 upregulates short APA mRNA isoforms and contributes to mRNA diversity.
A-C. Stratification of genes with short and long 3° UTR shifts in genes with APA, divided by subsets of
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value calculated using GSEA: * = p < 0,05, ** = p < 0,01.
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GO terms of these genes are connected to RNA metabolism and macrophage-related
functions (Figure 4D), in particular the response to inflammatory stimuli such as LPS,
IFNa or IFNy, in comparison to GO terms related to general functions presented by
genes that show no difference in APA (Figure S4A). These results suggest an
involvement of SRSF12 in APA specifically in genes relevant to macrophage
functions. These genes include those previously found to be differentially-expressed
from MO to M1 polarization, as well as those found after CRC co-culture. One such
gene is IL12RB1, which shows an upregulation of a short 3' UTR mRNA isoform upon
SRSF12 depletion (Figure S4B), indicating that SRSF12 is necessary for full-length
IL12RB1 mRNA production.

Taken together our results indicate that SRSF12 is involved in APA of macrophage

genes related to response to an inflammatory stimulus.

Discussion

Understanding the mechanisms regulating gene expression in innate immune cells,
such as macrophages that are key players in the tumor microenvironment and
modulators of cancer cells, will provide new insights into the mechanisms of immune
evasion and cancer progression. Several studies have shown that the macrophage
microenvironmental-driven polarization profile is predictive of CRC patient survival
(Bogels et al., 2012). In CRC, M2-like macrophages tend to be closer to the intratumor
region and to the invasive front, and M1-like macrophages are closer to the tumor
periphery and healthy mucosa (Pinto et al., 2019). This stratification in macrophage
localization may favor tumor cell proliferation, angiogenesis and tumor growth (Hao et
al., 2012; Liu et al., 2014). To our knowledge it is the first time that a transcriptomic
signature has been obtained after only 24 hours of co-culture with CRC cancer cells.
Our results clarify the role of CRC in macrophage transcriptomic modulation and may

lead to the identification of new diagnostic and therapeutic tools.

Primary human macrophages undergo CRC-driven APA modifications

APA is a regulatory mechanism of gene expression that has been widely described in
eukaryotes, although it is less well characterized in primary human cells (Jia et al.,
2017; Pai et al., 2016). We performed an unbiased genome-wide transcriptomic study
using primary human macrophages polarized to pro-inflammatory and co-cultured with

two different CRC cell lines. Our 3' RNA-Seq data report the biggest known catalog of
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alternative 3’ UTRs primary human macrophages following M1 polarization (56331
total APA events), including APA shifts in inflammatory-related genes, indicating a
correlation between APA and macrophage inflammatory functions. After polarization,
macrophages present significant differential expression of 18,1% genes, greater than
the 5% differential expression previously reported in this population by microarray
(Martinez et al., 2006). Furthermore, after 24 hours of co-culture only, pro-
inflammatory M1 macrophages convert into an anti-inflammatory M2/Mox population,
decrease the number of APA isoforms produced per each gene and produce mRNAs
with longer 3’ UTRs. Fifty-four percent of DEGs underwent APA, mostly producing the
short alternative 3' UTR isoform (Tables S3 and S4).

CRC co-cultures drive two main transcriptomic changes in pro-inflammatory
macrophages: firstly, it induces a robust 35-gene “signature” in macrophages, which
consists of upregulated genes involved in immune-related altered pathways, including
LRPS5, an integral part of the Wnt pathway (Logan & Nusse, 2004), which is associated
to macrophage M2 polarization and immune evasion (Cai et al., 2018; Feng et al.,
2018; Gong et al., 2017). The most upregulated genes were connected to the anti-
inflammatory macrophage profile in agreement with the remarkable phenotypic
changes observed by confocal microscopy from ramified, elongated macrophage
monocultures to amoeboid co-cultured macrophages. As macrophage morphology is
very sensitive to microenvironmental cues (Ploeger et al., 2013), these morphological
alterations reveal a reversion of the pro-inflammatory to an anti-inflammatory
phenotype driven by a dynamic transcriptomic response to the molecular factors
secreted by the CRC cells. Notably, upregulated genes display functions related to
immune evasion and extracellular matrix assembly, consistent with the M1 to M2
transition observed in vivo in CRC patients, and thus this signature may be of

diagnostic and therapeutic value.

Secondly, we identified a striking downregulation in APA transcriptome diversity in
CRC co-cultured macrophages and a tendency to produce longer 3'UTRs. Genomic
studies show that CRC cells preferentially use distal polyadenylation signals, whereas
activated T cells and pro-inflammatory macrophages use proximal polyadenylation
signals (Gruber et al., 2014; Pai et al., 2016; Yang et al., 2018). Here, we report that
CRC cells induce a decrease in primary human macrophage APA and drives distal
PAS usage. Interestingly, genes belonging to this APA signature follow the paradigm
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established in the literature that distal PAS sequences are stronger, regardless of the

alternative mRNA isoform produced (Tables S5 and S6).

Although pro-inflammatory macrophages are the main in vivo population in the colonic
microenvironment at the beginning of a tumorigenic process and before immune
evasion (Bohlson et al., 2014; Cardoso, Pinto, et al., 2015), it is suggested that along
disease progression, macrophage profile might change towards a more anti-
inflammatory and permissive microenvironment. Notably, the gene “signatures”
identified correlate with the macrophage inflammatory phenotype and anti-tumor

activity.

SRSF12 as an APA modulator

SRSF12 is an SR protein involved in splicing (Chandler et al., 1997; Cowper et al.,
2001; Roca et al., 2013). As some splicing factors also affect polyadenylation and
SRSF12 is the top upregulated gene with functions in RNA metabolism in M1
macrophages, we asked SRSF12 could be involved in APA. We found that a subset
of the gene expression “signature” found in macrophages co-cultured with CRC cells
that are related to the anti-inflammatory phenotype (e.g., ARMC9, SEMA6B, MRC1)
loses APA mRNA isoforms upon siSRSF12 in M1 macrophages and that siSRSF12
leads to the production of mRNAs with long 3’'UTRs. This may be a mechanism of
bypassing the regulation imposed by RBPs and miRNAs that bind to long 3’'UTRs, as
macrophages need to react quickly to their surroundings and hence hasten mRNA
and protein production.

We also observed that siSRSF72 depletion caused a marked downregulation of
CSTF2, a core cleavage and polyadenylation factor, suggesting that the APA
alterations we observe may be due to a decrease in CstF2. It is attractive to envisage
that SRSF12 cooperates with other trans-acting factors by increasing their levels, such
as CSTF2, to activate proximal polyadenylation signals. Accordingly, it has been
shown that high levels of CSTF2 activates the selection of proximal polyadenylation
signals of the IgM heavy chain pre-mRNA, leading to the switch from membrane-
bound to secreted-form IgM that occurs during differentiation of B lymphocytes
(Takagaki et al., 1996). Furthermore, other SR proteins, such as SRSF3 — also
downregulated in siSRSF12 (Figure S3G), work in conjunction with CPA factors to

increase proximal PAS selection in a splicing-independent fashion, suggesting that a
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similar mechanism may be at play here (Schwich et al., 2021). However, further

studies are needed to prove this hypothesis.

Taken together our results show that CRC cells modify fundamental processes in
primary human polarized macrophages, in particular their gene expression and
transcriptomic profiles, with consequences for their inflammatory phenotype. We
reveal a new role for SRSF12 and hypothesize that SRSF12 controls the macrophage

inflammatory profile.
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Supplementary Figures

Supplemental Figure 1
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Supplementary Figure 1 (relative to Figure 1) — A-D. Inflammatory profile characterization of M1 (pro-inflammatory
macrophages), normalized to MO (unpolarized macrophages). A. Percentage of positive cells for CD14 marker
measured by flow cytometry; unstained controls shown in light grey, MO in dark grey, M1 in blue. B. Inflammatory
markers measured by flow cytometry: left, percentage of cells positive for CD86-APC (pro-inflammatory) and
CD163-PE (anti-inflammatory) macrophage markers in M1 vs. M0O; MFI of CD86-APC (center) and CD163-PE
(right) in MO and M1. C. Pro-inflammatory marker CCR7 and anti-inflammatory marker TGFB measured by RT-
gPCR. D. IL13 secretion in M1 vs. MO macrophages, measured by ELISA. E. Confocal image of macrophages co-
cultured with CRC cell line HCT-15 for 24 hours as shown in Figure 1B (M1 + HCT-15). DNA stained in blue, actin
stained in red, tubulin stained in green. F. Heatmap of Pearson correlation coefficients for 3 mRNA-Seq samples,
using transcript counts per million (CPM); 0 means total lack of correlation, while 1 means total linear correlation.
A-D: independent experiments; A, B (CD86): n=5 healthy donors. B (CD163), C, D, G: n=3 healthy donors. A-D:
Bars represent mean + SD, Student’s t-test: * = p < 0,05; ** = p < 0,01.
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Supplementary Figure 1 (continued) — G. GSEA terms of genes upregulated in ChrRNA-Seq data. H. Volcano
plot of 3' Seq data comparing differentially expressed genes (DEGs) in M1-like vs. MO. Red and blue dots represent
statistically significant genes with log2(Fold Change) >1 or <-1. I. GSEA terms of genes upregulated (left) and
downregulated (right) in M1 vs. MO. J. GSEA terms of upregulated genes and downregulated genes in M1 + RKO
vs. M1 (left) and M1 + HCT-15 vs. M1 (right). K. CD68M9"SEMAGB*9" and CD68"9"RP59" CRC patients have
better survival. The Bittner Oncomine CRC cohort Kaplan-Meier curves made comparing patient populations
CD68H9"SEMAGBH9" and CD68M9"SEMAGBL* (left) and CD68H9"LRP5M9" and CD68M9"LRP5 (right),
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measuring patient survival. The definition of high/low expression data was made according to the median normal
expression of the selected genes. L. Scheme of the Wnt pathway. Upregulated DEGs are in blue. M.
Representative gene profiles and transcript counts of THBS1 (top), THBS1 macrophage infiltration and abundance
in CRC patients measured in TIMER (bottom left) and Kaplan-Meier curves comparing CD68ewHighTHBS 1Low/High
populations in CRC (bottom right). Top: RNA-Seq data obtained through 3’ Seq, ChrRNA-Seq of MO macrophages
(black), M1 macrophages cultured alone (blue) and M1 macrophages co-cultured with the CRC cell lines RKO
(red) or HCT-15 (lilac) visualized in IGV. H, M: n=3 healthy donors, independent experiments, p-value calculated
using DESeq? test through the Benjamini-Hochberg method: * = p < 0,05; ** = p < 0,01; *** = p < 0,005; **** =
p<0,0001. I-J: n= 3 healthy donors, independent experiments, representing number of enriched genes, p-value
calculated using GSEA: * = p < 0,05; ** = p < 0,01; *** = p < 0,005; **** = p<0,0001.
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Supplementary Figure 1 (continued) — N. RT-gPCR validation of common 3' RNA-Seq DEGs in co-cultured
macrophages SEMA6B, THBS1 (upregulated genes, top), RGS3 and P2RY13 (downregulated genes, bottom). O.
Fold change production of thrombospondin and epiregulin in MO and M1 (left) and co-cultured macrophages (right).
P. Representative donor heatmap of genes exclusively upregulated in M1 + RKO vs. M1 (left) M1 + HCT-15 vs.
M1 (right), ordered by inflammatory profile function and fold change. Independent experiments. N. SEMA6B,
P2RY13: n=3; THBS1, RGS3: n=4 healthy donors, p-value calculated using Student's t-test * = p < 0,05; ** = p <
0,01; *** = p < 0,005. O. Thrombospondin: n=6; Epiregulin: n=5 healthy donors, p-value calculated using Wilcoxon
test, * = p < 0,05. P. n=3 healthy donors, p-value calculated using DESeq2 test through the Benjamini-Hochberg
method: * = p < 0,05; ** = p <0,01; *** = p < 0,005; **** = p<0,0001.
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Supplemental Figure 2
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Supplementary Figure 2 (relative to Figure 2) — A: Common GO terms in genes losing APA isoforms (from figure
3A, right) producing shortened (left) and lengthened (right) 3’UTRs. B. Venn diagram showing genes losing APA
isoforms upon CRC co-culture. C. Gene expression levels are unrelated to PAS choice in genes with upregulated
short (left) and long (right) 3'UTRs upon M1 polarization. D. Genes that undergo APA changes and respective
Gene Ontology terms in pro-inflammatory and co-cultured macrophages, shown by shifting towards shorter 3’
UTRs (left) or longer 3’ UTRs (right). A-D: n=3 independent experiments. A: p-value calculated using Fisher’s test:
*=p<0,05;**=p<0,01; ™ =p<0,005; **** =p<0,0001. C: n=3 healthy donors, data obtained through DEXSeq.
D. Gene Ontology p-value calculated using Fisher’s test (Panther). * = p < 0,05; ** = p < 0,01; *** = p < 0,005.

155



Supplemental Figure 2 (continued)

E MAP3K8 MXD1
15 CD68kig 80 CD68kign
c A
H 5
-4 S 60
g 10 ab 2
s a 2
3 2 40 1224 A
e 3
5 wY &
AR 2T AT
A/
= % =
0 T T T 'l' 0 T T
1 " " I L "n v
n=19  n=56  n=42 N=16 n=19 n=56 n=42 =16
g 15
: ] =
§.10 o1
S &
s ]
s &
2 ]
€ o &

K

G, _
S — 1Low Gene Expression + Low Mxcrophage XCELL | Cox Proportional Hazard Model:
2:Low Gene Expression + High Macrophage XCELL
—— 3:High Gene Expression + Low Macrophage XCELL
— &:High Gene Expression + High Macrophage XCELL
© Macrophage_XCELL in COAD (n=458):
T o » Surv(0S, EVENT) ~ “Macrophage XCELL™ + Stage + "IL12RB1
> Ly g A 5
s 267 ying ( 191 missing obs. )
S © HR se(coef) 95%CI_1 95%CI
ﬁ °© Macrophage XCELL 9.634  7.370 ©.000 18071087.
> Stage2 2% 0.627 0.639
b=
® ; ] Stage3 0.625 1.028
E Staged 0.631 2.947
3 o 8 1.160 0.181 0.814
O S 3 (max possible = 8.92e-01 )
d ratio test p = 8.53e-05
=
= 4.98e-06

0 50 100 150
Time to Follow-Up (months)

Supplementary Figure 2 (continued) — E. Upregulated shorter 3’'UTR gene expression data in CD68"9" CRC
patients, stratified by cancer stages — MAP3K8 (left) and MXD1 (right), using TCGA microarray and RNA-Seq data
. F. Fold change in IL12p70 secretion in MO, M1-like in monoculture (left) and co-cultured macrophages (right),
concurrently with IL712RB1 distal selection: n=3 healthy donors and independent experiments; p-value calculated
using Student’s t-test: * = p < 0,05. G. Kaplan-Meier curve measuring IL12RB1 and macrophage abundance in
CRC patients measured in TIMER, showing a negative correlation of IL12RB1 with patient survival in stages 2 and
3, including an increase on IL12RB1 Hazard Ratio on Stage 3.
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Supplementary Figure 3 (relative to Figure 3) — A. Kaplan-Meier curve measuring SRSF12 and macrophage
abundance in CRC patients measured in TIMER, showing a negative correlation of SRSF12 expression in
macrophages with patient survival and Hazard Ratio on Stage 4. B. Fold change in SRSF12 production in M1 vs.
MO macrophages by RT-qPCR. C. Brightfield microscopy images of a representative donor through the
experimental setup shown in Fig 4C. D-E. 3' RNA-Seq: IGV gene profile and transcript counts of SRSF12 in MO
(black), M1 (blue) and co-cultured macrophages (red and lilac) (D) and in M1 + siNTC (blue) and M1 + siSRSF12
(green) (E). F-G. 3' RNA-Seq: Gene profile and transcript counts of SRSF2 (F) and SRSF3 (G) in M1 + siNTC
(blue) and M1 + siSRSF12 (green), visualized in IGV. B-G: independent experiments. B. n=4 healthy donors; p-
value calculated using Student’s t-test: * = p < 0,05. D-G: n=2 healthy donors
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Supplemental Figure 4

A  GSEAs of genes with no difference in APA isoforms in siSRSF12 macrophages
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Supplementary Figure 4 (relative to Figure 4) — A. GSEA terms of genes without any isoform number difference
in M1 + siSRSF12. B. Gene profile and transcript count of genes undergoing 3’ UTR shifts IL12RB1in M1 + siNTC
(blue) and M1 + siSRSF12 (green), visualized in IGV. A: GSEA: * = p < 0,05, ** = p < 0,01; *** = p < 0,005; **** =
p < 0,0001.
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Supplemental Table 1 - Percentage of reads passing filters after pre-
processing, respective input read and uniquely mapped reads in ChrRNA-

Seq data.

D1_M1 132,282,932 118,810,242 57,235,826 (89,8%)
D1_Mac + RKO 156,488,832 142,596,491 67,403,267 (91,1%)
D2_M1 147,426,396 131,189,998 62,318,634 (89%)
D2_Mac + RKO 120,061,720 109,392,734 51,800,326 (91,1%)
D3_M1 196,644,824 176,867,389 83,826,939 (89,9%)
D3_Mac + RKO 167,811,172 158,049,138 72,376,906 (91,2%)

Supplemental Table 2 - Percentage of reads passing filters after pre-processing,
respective input read and uniquely mapped reads in 3 RNA-Seq of M0, M1 and
co-cultured macrophages data.

D4_MO

D4_M1

D4_Mac + RKO
D4 _Mac + HCT15
D5_MO

D5_M1

D5_Mac + RKO
D5_Mac + HCT15
D6_MO

D6_M1

D6_Mac + RKO

D6_Mac + HCT15

65.218

69.5065

66.0313

68.1757

50.0446

70.3475

65.8951

65.7408

59.2683

47.4429

59.8334

64.9537

28,035,543
25,491,051
31,733,385
25,414,996
21175635
27,450,875
28,013,142
34,958,610
22,766,165
25,282,986
27,686,265

29,334,724

23,288,888 (83,1%)
19,264,000 (75,6%)
24,728,890 (77,9%)
19,811,079 (77,9%)
18,085,441 (85,4%)
20,864,609 (76%)
21,991,907 (78,5%)
27,044,240 (77,4%)
19,026,324 (83,6%)
19,794,383 (78,3%)
21,470,620 (77,5%)

22,526,156 (76,8%)
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Supplementary Table 3 — PAS sequences of DEGs in co-cultured macrophages. The primary PAS
sequence is the main upregulated mRNA isoform. Other expressed alternative 3' UTR isoforms and
localization in relation to the primary alternative 3' UTR mRNA isoform are shown.

Long 3’'UTR Primary PAS Other PAS (sequence and localization
mRNA sequence in relation to primary PAS)

LRP5 TATAAA AATAAA (upstream, intron)
ARMCY AATAAA AATAAA (upstream, intron)

EREG AATAAA AATAAA, ATTAAA (upstream, 3'UTR)
NR4A2 AAAAGA AATAAA (upstream, 3'UTR)

AHRR AATACA ATTAAA (upstream, 3'UTR)
DPYSL3 ATTAAA ATTAAA (upstream, 3'UTR)

MRC1 AATAAA CATAAA (upstream, 3UTR)

ARL4C AATAAA AGTAAA, 2xAATAAA (upstream, 3'UTR)
CXCL8 TATAAA AATAAA (upstream, 3'UTR)

AATAAG, AATACA, AGTAAA (upstream, 3'UTR)

THBS1 AT 4xAATAAA (downstream, 3'UTR)
IL1R1 AATAAA ATTAAA (upstream, intron)
JAML GATAAA AATAAA (upstream, intron)

CYP1B1 AATAAA AATAAA, ATTAAA (upstream, 3'UTR)

LINC00996 AATAAA AAGAAA (upstream, 3'UTR)

RAsALI  acan  ZATAGen o
TCHH AATAAA TATAAA (upstream, 3'UTR)

BAIAP2 gace xlm,%:gw ('dz\lAJ/ISZeam. 3'UTR)
TUBB AATAAA AATAAA (downstream, 3'UTR)
RGS3 AATAAA 2xAATAAA, ATTAAA (upstream, intron)

Supplementary Table 4 — PAS sequences of DEGs not undergoing APA in co-cultured macrophages.

m PAS sequence

HIC1 AATAAA
TFPI ATTAAA
FUCA1 AATAAA
KLF5 AATAAA
LY6K ATTAAA
IL1B AATAAA
CXCRS TATAAA
F2RL2 AATAAA
ITGB7 AATAAA
GPR68 AATAAA
SEMA6B AATAAA
TMEM119 AATAAA
GP1BA AATAAA
ELK3 AATAAA
P2RY13 AATAAA
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Supplementary Table 5 — PAS sequence study in mRNA isoforms with upregulated short 3’ UTRs in M1
macrophages vs. M0, as identified by DEXSeq. Short and long isoform PAS sequence hexamers strength
are compared and the strongest sequences is noted, using the efficiency data on Sheets et al. 1990

Upregulated short

Type of Proximal PAS Distal PAS Strongest PAS

¥ LI,:(’Rfoi‘?nR1NA APA sequence sequence hexamer
MAP3K8 CR-APA ATTAAA AATAAA L
NUTM2A-AS1 CR-APA AATAAA AATAAA L
PAPOLA CR-APA AATAAA AATAAA Both AATAAA
ARPP19 UTR-APA AATACA AATAAA L
CBFB UTR-APA ATTAAA AATAAA L
CHURC1 UTR-APA AATACA AATAAA L
CRNKL1 UTR-APA TATAAA CATAAA L
CTC1 UTR-APA AATGAA AATAAA L
DICER1 UTR-APA AATAAA AATAAA L
DYM UTR-APA AATAAA GATAAA S
GSPT1 UTR-APA AATAAA AATAAA Both AATAAA
HSBP1 UTR-APA ATTAAA AATAAA L
HSPA4 UTR-APA ATTAAA AATAAA / AAAAAA L
JPT1 UTR-APA ATTAAA AGTAAA S
KLHL36 UTR-APA ATTAAA ATTAAA Both ATTAAA
LRRC8C UTR-APA AATAAA AATAAA Both AATAAA
MAX UTR-APA CATAAA AATAAA L
MED28 UTR-APA AATACA ATTAAA L
MXD1 UTR-APA TATAAA AATAAA / ATTAAA L
OSGIN2 UTR-APA ATTAAA AATAAA L
PDXK UTR-APA AATAAC/AACAAA AATAAA L
SAR1B UTR-APA AATAAA AATAAA Both AATAAA
SCARB2 UTR-APA AATAAA AATAAA Both AATAAA
SEPT6 UTR-APA AATAAA ATTAAA S
SH3KBP1 UTR-APA ATTAAA ATTAAA Both ATTAAA
SLC2A3 UTR-APA AATAAA AATAAA Both AATAAA
SPECC1 UTR-APA AATAAA AATAAA Both AATAAA
TMEM173 UTR-APA CATAAA AAAAAA S
TP53RK UTR-APA AGTAAA ATTAAA L
UBR2 UTR-APA AATAAA AATAAA Both AATAAA
YKT6 UTR-APA CATAAA GATAAA S
ZNF516 UTR-APA AATAAA AATAAA / ATTAAA Both AATAAA
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Supplementary Table 6 — PAS sequence study in mRNA isoforms with upregulated long 3° UTRs in M1
macrophages vs. M0, as identified by DEXSeq. Short and long isoform PAS sequence hexamers strength

are compared and the strongest sequences is noted, using the efficiency data on Sheets et al. 1990

Upregulated long Type of APA Proximal PAS Distal PAS Strongest PAS
3’'UTR mRNA isoform yp sequence sequence hexamer

DDX11

IL12RB1

LINCO01588
METTL4
MRPS11

PAK1
RBMX
CLEC2D
NABP1
SSPN
TCP11L1
TMEM268
TRIM38

CR-APA

CR-APA

CR-APA
CR-APA
CR-APA
CR-APA
CR-APA
UTR-APA
UTR-APA
UTR-APA
UTR-APA
UTR-APA
UTR-APA

(NMD)
AATAAA

AATAAA
ATTAAA
AATAAA
AAGAAA
AATAAA
AATAAA
AAAAAA/AATAAC
AAAAAA
ATTAAA /AAGAAT
AATAAA
TATAAA

AATAAA

AAAACA

AATAAA
ATTAAA
AATAAA
AATAAA
AATAAA
GATAAA
AATAAA
AATAAA
ATTAAA
AATAAA
AGTAAA

S

Both AATAAA
Both ATTAAA
Both AATAAA
L
Both AATAAA
S
L
15
Both ATTAAA
L
L

Supplementary Table 7 - Primer pairs used for RT-qgPCR validation.

LRP5_fwd
LRP5_rev
SEMA6B_fwd
SEMA6B_rev
THBS1_fwd
THBS1_rev
RGS3 _fwd
RGS3 rev
P2RY13_fwd
P2RY13 rev
SRSF12_fwd

SRSF12_rev

AACATCAAGCGAGCCAAGGA
CGGCTGTAGATGTCGATGCT
TACTCGGGGTGTATGAAGAACTG
GGACACGTCCTGCTCAAAGG
AGTCGTCTGCAACAACCC
ACAGGCATCCATCAATTGGACA
CAGGCATGCAAGGAGGTCAA
GCGAGGGTACGAGTCCTTTT
TCCCAAAGGTGACACTGGAAG
GGATGCCGGTCAAGAAAACC
CAAGGTGATCGCAAAACACCA

TTCTTTGGCTGGGGCTTCTT
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Supplementary Table 8 — Percentage of reads passing filters after pre-processing,
respective input read and uniquely mapped reads in 3' RNA-Seq of siSRSF12 data.

D7_M1_siNTC
D7_M1_siSRSF12
D8_M1_siNTC

D8_M1_siSRSF12

54335347

46393540

58517422

44565423

38.84

57.79

45.27
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STAR Methods

Key Resources Table

REAGENT or | SOURCE
RESOURCE

IDENTIFIER

Antibodies

Mouse monoclonal CD14-FITC | BD
(clone M5E2, used for flow
cytometry)

Cat# 555397; RRID: AB_395798

Mouse monoclonal CD86-APC | Exbio
(clone BU63, used for flow
cytometry)

Cat# 1A-531-T100; RRID: AB_10734084

Mouse monoclonal CD163-PE | BD
(clone GHI/61, used for flow

Cat# 556018; RRID: AB_396296

cytometry)

DAPI-Vectashield (for | Vector Laboratories Cat H-1200-10

immunofluorescence)

Mouse  monoclonal  anti-a- | Sigma-Aldrich Cat# T9026

tubulin

Anti-mouse  AlexaFluor 488 | Life Technologies Cat # A32723

conjugated secondary antibody

Alexa Fluor 647 Phalloidin Life Technologies Cat # A22287

Mouse monoclonal anti-Cstf64 Kind gift from James Manley

Mouse anti-tubulin Sigma B-5-1-2

Mouse anti-hsc70 SCBT sc-7298

Rabbit anti-LRP5 Cell Signaling 5731S

Rabbit anti-MAP3K8 Abcam ab137589

Rabbit anti-MAD1 Abcam ab175245

Chemicals, Peptides, and Recombinant Proteins

TURBO DNase ThermoFisher Cat# AM2238
Scientific

M-CSF Peprotech Cat# 300-25

LPS Sigma-Aldrich Cat# L4005

IFN-y Peprotech Cat# 300-02

IL-10 Immunotech Cat# 11340105

Experimental Model: Cell Lines

RKO (human) Oliveira Lab CRL-2577

HCT15 (human) Oliveira Lab CRL-225

Experimental Model: Primary Cells

Primary human macrophages Immunohemotherapy Service, Centro Hospitalar Universitario Sao
Jodo

Critical Commercial Assays

NEBNext Ultra Il Directional | NEB Cat# E7760

RNA Library Prep Kit for lllumina

NextSeq High-Output v2 Kit, 75 | lllumina
cycles

Cat# FC-404-2005

Superscript v Reverse | ThermoFisher
Transcriptase

Cat# 18090050

Ribo-Zero Gold rRNA removal | lllumina Cat# MRZG12324
kit (Human/Mouse/Rat)
QuantSeq 3'mRNA-Seq library | Lexogen Cat# 016.24

prep kit REV for lllumina
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QuantSeq 3'mRNA-Seq PCR | Lexogen Cat # 020.96
Add-on Kit for lllumina
Sybr Green | ThermoFisher Cat # S7563
ELISA Kits Biolegend Cat # 430504 (Human IL-12p70)
ThermoFisher Cat # 88-7261-88 (Human IL-1R)
Abcam ab213775 (Human epiregulin), ab193716
(Human thrombospondin)
Deposited Data
Raw and processed NGS
data (chromatin RNA-Seq
and 3’ RNA-Seq)
Oligonucleotides
SiNTC Dharmacon Sequence (5-3’), Target sequences:
ON-TARGETplus Non-targeting | D-001810-10-05 UGGUUUACAUGUCGACUAA
Pool UGGUUUACAUGUUGUGUGA
UGGUUUACAUGUUUUCUGA
UGGUUUACAUGUUUUCCUA
siSRSF12 Dharmacon Sequence (5'-3’), Target sequences:
ON-TARGETplus SMARTpool | J-016381-17 CUUAAAGAGUCUCGACACA
siRNA J-016381-18 UCUCGAAGUUAUCGUCAUA
J-016381-19 GCACAAGGUGAUCGCAAAA
J-016381-20 CCGUGAGUUUGGUCGAUAU

Software and Algorithms

GENCODE release 38

https://www.gencodegenes.org/

FastQC

http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

Cutadapt (v.1.13)

(Martin, 2011)

https://cutadapt.readthedocs.io/en/stable/in
stallation.html

Bowtie2 (v.2)

(Langmead et
2009)

al.,

http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml

Tophat (v. 2.0.13)

(Trapnell et al., 2009)

https://ccb.jhu.edu/software/tophat/index.s
html

STAR

(Dobin, 2014; Dobin et
al., 2016)

https://github.com/alexdobin/STAR

Samtools (v. 1.6)

(Li et al., 2009)

http://www.htslib.org/doc/samtools.html

htseq-count

https://htseq.readthedocs.io/en/release_0.
11.1/count.html

DESeq2 (Anders et al., 2015) http://bioconductor.org/packages/devel/bio
c/vignettes/DESeqg2/inst/doc/DESeqg2.html

DEXSeq (Love et al., 2014) https://bioconductor.org/packages/release/
bioc/html/DEXSeq.html

Ggplot2 - https://ggplot2.tidyverse.org/

Heatmap - R Studio, v. 3.4.2

Volcano plot - GraphPad Prism, v. 7

Deeptools2 - https://deeptools.readthedocs.io/en/develo

p/

Seaborn library

Python, v.2.7

For ChrRNA-Seq, rRNAs were removed using Ribo-Zero Gold rRNA removal Kit

(Human/Mouse/Rat) (lllumina) according to manufacturer’'s protocol. Chromatin-
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bound RNA libraries from three biological replicates were generated using NEBNext
Ultra Il Directional Prep Kit for lllumina (New England Biolabs), according to the
manufacturer’s protocol, and sequenced with lllumina NextSeq High-Output Kit, 75
cycles, using paired-end 42-nucleotide reads (Table S1).

For 3@ mRNASeq (3’ Seq), polyA* mRNA was obtained from total RNA using
Dynabeads mRNA purification kit (ThermoFisher), according to manufacturer’s
protocol. QuantSeq Rev (Lexogen) mRNA libraries were generated at i3S, Porto,
Portugal, using the manufacturer’s protocol, quantified using Agilent TapeStation and
KAPA Library Quantification Kit (KAPA Biosystems), and sequenced with NextSeq500
using single-end 75-nucleotide reads in the Lexogen Sequencing Facility (Vienna).
For siNTC and siSRSF12, QuantSeq Rev mRNA libraries were generated from total
RNA, using the manufacturer's protocol, quantified using Agilent TapeStation and
KAPA Library Quantification Kit and sequenced with NextSeq500 using single-end 75-

nucleotide reads in the Lexogen Sequencing Facility.

Data pre-processing | In all datasets, quality control was performed using FastQC
and adapters were trimmed with Cutadapt (v1.13), discarding reads under 10 bases.

For ChrRNA-Seq, data were aligned to the reference human genome (hg38) using
TopHat (v.2.1) (Kim et al. 2013), allowing read pairs to be separated by 3 kb and only
one alignment to the reference genome for each read. Aligned data had 89%-91.2%
overall read mapping rate (Supp Table 1).

For 3'Seq gene counts for donors 4 to 6, sequencing data were filtered to detect
accurate poly(A) signals, since this sequencing technique may have intrinsic leakiness
in polyadenylation signal discovery. Briefly, the input fastq file was mapped to the hg38
reference and three filters were applied in sequence: 1) a Transcript Termination Site
(TTS) filter, removing transcripts not lying within ~10 nt of an annotated transcript end
site; 2) a Motif filter removed all sequencing peaks whose read start contained a
subset of hexamer sequences upstream (Nojima et al., 2015) and 3) a downstream A
content filter checked the amount of As in a window downstream of the read start; if a
given peak passes the validated threshold, the read is considered internal priming and
is removed. All reads passing the three filters are retained as non-internal priming.
Total fragments passing all filters ranged from 47.4-70.7% (Suppl Table 2). Data were
aligned to the reference human genome (hg38) using STAR (Derti et al., 2012; Gruber
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et al., 2016; Liu, Hoque, et al., 2017). Aligned data had 75.6%-85.4% overall read
mapping rate (Suppl Table 2).

For 3’'Seq for donors 7 and 8, the bioinformatic pipeline was equal, with the exception
that the initial filtering algorithm was not applied, to include unproductive transcripts in
the analysis.

In all datasets, aligned reads were processed with SAMtools (Dobin et al., 2016) and
counted with htseg-count (Li et al., 2009) and gene expression differences were
calculated using DESeq2 (Anders et al., 2015). Sequencing read distribution through
the genome was visualized in IGV, v 7.0, using BedGraphToBigWig.

To increase statistical robustness to our analysis, we only considered genes with >5
mean TPM, Log2Fold Changes = 1 or < -1, and adjusted p-value < 0,05, calculated by
DESeq2 (Love et al., 2014). Additionally, to establish data set reproducibility, we used,
used 3 independent experiments with macrophages from three donors and analyzed
the Pearson correlation values. R values exceeded 0.9 for each condition, exceeded
0.8 between pro-inflammatory and co-cultured macrophages, and exceeded 0.5
between MO and M1 (Figure S1G).

mMRNA isoform expression differences were calculated in the 3'Seq data using
DEXSeq (Love et al., 2014). Alternative polyadenylation was considered when and if
two or more alternative 3° UTRs were expressed and the second highest mRNA
isoform level was at least 10% of the highest isoform, in at least two replicates. For
downstream analyses, we focused on isoforms of protein-coding genes, excluding out-
of-scope isoforms such as NMD.

To clarify the identity of each mRNA isoform being produced in each condition, mMRNA
isoforms detected by 3 RNA-Seq were compared to Chr-bound RNA-Seq data from
M1 and M1 + RKO macrophages and to transcripts deposited in the ENSEMBL

database.

Human primary macrophages | Human monocytes were isolated from anonymized
buffy coats kindly provided by the Immunohemotherapy Service at Centro Hospitalar
Universitario Sado Joado, Porto, Portugal. All experiments using human cells were
conducted according to Portuguese and European guidelines for human research and

approved by the institutional ethics committee (Protocol 90/19). Blood donors signed
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informed consent forms as part of the Ethics Committee guidelines. Healthy blood

donors aged below 40 years old were selected for isolation.

Methods Details

Reagents | Macrophage colony stimulating factor (M-CSF, 300-25, Peprotech),
lipopolysaccharide (LPS, L4005, Sigma-Aldrich), interferon-gamma (IFNy, 300-02,
Peprotech) and IL-10 (11340105, Immunotech) were prepared as in the
manufacturers’ instructions. RPMI 1640 medium, streptomycin, penicillin, trypan blue
and heat-inactivated fetal bovine serum (FBS) were obtained from Gibco. Bovine

Serum Albumin (BSA) was obtained from nzytech.

Cell lines | RKO and HCT-15 cells, both from American Type Culture Collection
(ATCC) were maintained in complete Roswell Park Memorial Institute 1640 medium
(RPMI) with GlutaMAX and supplemented with 10% FBS, 100 U/mL penicillin and 100
ug/mL streptomycin antibiotic solution. Cells were kept at 37°C, 5% CO2 in a
humidified incubator, and subcultured every 3 to 5 days to maintain subconfluency.

Trypan blue dye (Gibco) exclusion test was used to assess cell viability.

Human monocyte isolation | Briefly, peripheral blood mononuclear cells (PBMCs)
were isolated from buffy coats using Ficoll gradient centrifugation, followed by
enrichment of CD14" cells using CD14* magnetic beads (Miltenyi Biotech, 130-050-

201), according to the manufacturer instructions.

Macrophage differentiation and activation | 1x108 human CD14* cells were plated
on 6-multiwell plates and maintained in RPMI 1640 medium supplemented with 10%
FBS (Gibco), 100 U/mL penicillin (Invitrogen), 100 pg/mL streptomycin (Invitrogen)
and 50 ng/mL M-CSF (Peprotech), and differentiated for 7 days. On day 7, media was
refreshed and cells were polarized using 100 ng/mL LPS (Sigma-Aldrich) and 25
ng/mL IFNy (Peprotech) (for pro-inflammatory M1 macrophages) or 10 ng/mL IL-10
(for anti-inflammatory M2 macrophages) in RPMI 1640 medium supplemented with
2% FBS without antibiotics for additional 24 h. Non-polarized MO macrophages were
maintained in RPMI 2% FBS without antibiotics. At the end of the experiment, spent

culture media were collected for ELISA.
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Macrophage-cancer cell indirect co-cultures | 24 hours after macrophage
polarization, 3x10% RKO or HCT-15 cells were Millenia seeded into transwell inserts
with 1.0 ym pore size membrane (Corning 353102) and put on top of 1x108 M1
macrophages. Co-cultures were maintained in complete RPMI 1640 medium for 24 h
at 37° C and 5% CO2 in a humidified atmosphere, after which both cell populations

and cell culture media were collected for downstream assays.

Immunofluorescence | Macrophages grown on coverslips were fixed using 4%
paraformaldehyde in 1X PBS for 15 min. Cells were quenched in 50 mM ammonium
chloride for 10 min, permeabilized in 0.2 % Triton X-100 in 1x PBS for 5 min and
incubated in 5% BSA blocking solution for 30 min, all at room temperature, before
incubating for 1 h with mouse anti-R-tubulin and for 45 min with anti-mouse AlexaFluor
488 secondary antibody, protecting from light. Coverslips were then incubated with
Phalloidin-FITC for 15 min at room temperature, and mounted with DAPI-Vectashield.
Confocal images were acquired in a Leica Spectral Confocal TCS-SP5 AOBS
(Wetzlar, Germany) microscope, using the 40x or 63x oil objective. All experimental
conditions were surveyed using the same microscope conditions. Images were

analyzed and processed using the FIJI package for Image J (Schindelin et al., 2012).

Flow cytometry | Macrophages were incubated with Accutase (eBioscience,
Asymetrix) for 30 min at 37 °C, harvested by gentle scraping, washed with 1x PBS
and resuspended in FACS buffer (1x PBS, 2% FBS, 0.02% sodium azide), blocked
with FACS blocking reagent and resuspended in diluted antibodies for 30 min at 4°C
in the dark: CD14-FITC (BD 555397, clone M5E2, 1:50 dilution), CD86-APC (Exbio
1A-531, clone BUG63, 1:25 dilution), and CD163-PE (BD 556018, clone GHI/61, 1:25
dilution). Unstained cells were used as control. Cell surface markers were detected on
FACS Canto Il (BD Biosciences), using FACS Diva® software, and data were

analyzed using FlowJo software v.10.4.

in silico analyses | Nucleotide sequences and mRNA profiles were obtained from
NCBI and Ensembl genome browsers. The Ensembl and UCSC genome browsers
and the APAdb and Aceview databases were accessed to search for alternative

polyadenylation sites on the 3’ UTR of human genes.
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RNA extraction | Cells were washed with ice-cold PBS and resuspended in 500 uL
TRIzol (Invitrogen) to extract total RNA according to manufacturer’s instructions, with
the exception that all samples were incubated at -80°C during isopropanol
precipitation. Total RNA quantity was determined with a Nanodrop 2000 spectrometer
(Thermo Fisher Scientific) or a Qubit Fluorometer, using Qubit RNA HS Assay Kit
(ThermoFisher).

cDNA synthesis and Quantitative Real-Time PCR (RT-gPCR) | Total RNA was
digested with DNase | (Roche) for 25 min at 37°C, inactivating the enzyme for 10 min
at 80°C. RNA was reverse transcribed using SuperScript IV (ThermoFisher) and
random hexamers, according to manufacturer’s instructions. RT-qgPCR reactions were
performed in triplicate using SYBR Select Master Mix (Applied Biosystems) following
the manufacturer’s protocol and 0.125 uM of the primer pairs listed in Supplementary
Table 3. Negative controls without reverse transcriptase were used to detect possible
gDNA contamination. Relative expression was calculated relative to the reference
gene 18S. For quantification of the relative expression of CCR7 and TGFB, RT-qPCR
reactions were performed in triplicates using TagMan Probes and Master Mix (Applied
Biosystems). Relative expression was calculated relative to the reference gene ACTB.

Results were analyzed applying the AACt method (Livak & Schmittgen, 2001).

Primer Design | For RT-gPCR of APA candidates, primers were designed to the
coding and most distal PAS (pA2), as previously described (Anders et al., 2012).

Primer sequences used in the RT-gPCRs are listed on Supplementary Table 2.

Chromatin-bound fractionation | Total RNA from macrophages was fractionated as
described in Nojima et al. 2016. Briefly, 6x10° cells for each condition were washed
twice with ice-cold 1x PBS, spun down, and cell pellets were lysed with HLB/NP40
buffer (10 mM Tris-HCI pH 7.5/ 10 mM NaCl / 2.5 mM MgCl2 / 0.05% NP-40 Igepal
(Sigma)), carefully underlaid with HLB/NP40/Sucrose (HLB/NP-40 + 25% sucrose)
and centrifuged at 208 g for 5 minutes at 4°C to isolate the nuclei from the cytoplasm.
The chromatin fraction was isolated via treatment with NUN1 solution (20 mM Tris-
HCIpH 7.9/75 mM EDTA / 50% v/v glycerol / Protease Inhibitor cOmplete 1x (Roche)
added fresh) and NUN2 buffer (20 mM HEPES-KOH pH 7.6 / 300 mM NaCl / 0.2 mM
EDTA / 7.5 mM MgClz2 / 1% v/v Igepal / 1 M Urea), with 15 min incubating on ice,
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followed by centrifugation at 15680 g for 10 minutes at 4°C, separating from the
nucleoplasm supernatant. The RNA-bound chromatin pellet was then resuspended in
high salt buffer HSB (10 mM Tris-HCI pH 7.5 / 500 mM NaCl / 10 mM MgCl2) and
digested with TURBO DNase (Invitrogen) and Proteinase K (10 mg/mL; Ambion) for
10 min each at 37°C and 182 g for 10 min. All buffers were ice-cold. RNA was then
extracted from the cytoplasmic and chromatin-bound fractions with Trizol. To ensure
adequate fraction separation was achieved, MALAT1 RNA levels were measured by
RT-gPCR in cytoplasmic and chromatin-bound fractions; MALAT1 presence was only

detected in the chromatin-bound fraction.

RNA-Seq
Library preparation

For ChrRNA-Seq, rRNAs were removed using Ribo-Zero Gold rRNA removal Kit
(Human/Mouse/Rat) (lllumina) according to manufacturer's protocol. Chromatin-
bound RNA libraries from three biological replicates were generated using NEBNext
Ultra Il Directional Prep Kit for lllumina (New England Biolabs), according to the
manufacturer’s protocol, and sequenced with lllumina NextSeq High-Output Kit, 75
cycles, using paired-end 42-nucleotide reads.

For 3'mRNASeq (3'Seq), polyA* mRNA was obtained from total RNA using
Dynabeads mRNA purification kit (ThermoFisher), according to manufacturer’s
protocol. QuantSeq Rev (Lexogen) mRNA libraries were generated at i3S, Porto,
Portugal, using the manufacturer’s protocol, quantified using Agilent TapeStation and
KAPA Library Quantification Kit (KAPA Biosystems), and sequenced with NextSeq500
using single-end 75-nucleotide reads in the Lexogen Sequencing Facility (Vienna).
For siNTC and siSRSF12, QuantSeq Rev mRNA libraries were generated from total
RNA, using the manufacturer's protocol, quantified using Agilent TapeStation and
KAPA Library Quantification Kit and sequenced with NextSeq500 using single-end 75-

nucleotide reads in the Lexogen Sequencing Facility.

Data pre-processing

In all datasets, quality control was performed using FastQC and adapters were
trimmed with Cutadapt (v1.1), discarding reads under 10 bases.

For ChrRNA-Seq, data were aligned to the reference human genome (hg38) using

TopHat (v.2.1) (Trapnell et al., 2009), allowing read pairs to be separated by 3 kb and
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only one alignment to the reference genome for each read. Aligned data had 89%-
91.2% overall read mapping rate (Supp Table 1).

For 3'Seq gene counts for donors 4 to 6, sequencing data were filtered to detect
accurate poly(A) signals, since this sequencing technique may have intrinsic leakiness
in polyadenylation signal discovery. Briefly, the input fastq file was mapped to the hg38
reference and three filters were applied in sequence: 1) a Transcript Termination Site
(TTS) filter, removing transcripts not lying within ~10 nt of an annotated transcript end
site; 2) a Motif filter removing all sequencing peaks whose read start contained a
subset of hexamer sequences upstream (Nojima et al., 2015) and 3) a downstream A
content filter checked the amount of As in a window downstream of the read start; if a
given peak passes the validated threshold, the read is considered internal priming and
is removed. All reads passing the three filters are retained as non-internal priming.
Total fragments passing all filters ranged from 47.4-70.7% (Suppl Table 2). Data were
aligned to the reference human genome (hg38) using STAR (Derti et al., 2012; Gruber
et al., 2016; Liu, Hoque, et al., 2017). Aligned data had 75.6%-85.4% overall read
mapping rate (Suppl Table 2).

For 3’'Seq for donors 7 and 8, the bioinformatic pipeline was equal, with the exception
that the initial filtering algorithm was not applied, to include unproductive transcripts in
the analysis.

In all datasets, aligned reads were processed with SAMtools (Dobin et al., 2016) and
counted with htseg-count (Li et al., 2009) and gene expression differences were
calculated using DESeq2 (Anders et al., 2015). Sequencing read distribution through
the genome was visualized in IGV, v 7.0, using BedGraphToBigWig.

MmRNA isoform expression differences were calculated in the 3'Seq data using
DEXSeq (Love et al., 2014). Alternative polyadenylation was considered when and if
two or more alternative 3° UTRs were expressed and the second highest mRNA
isoform level was at least 10% of the highest isoform, in at least two replicates. For
downstream analyses, we focused on isoforms of protein-coding genes, excluding out-
of-scope isoforms such as NMD.

To clarify the identity of each mRNA isoform being produced in each condition, 3’seq
mMRNA isoforms were compared to Chr-bound RNA-Seq data from M1 and M1 + RKO
macrophages and to transcripts deposited in the ENSEMBL database.
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Candidate gene selection | Criteria for 3’'seq candidate gene validation were as
follows: DGE candidates were selected for large fold change differences between
control and co-cultured macrophages, robustness of response after macrophage co-
culture with both CRC cell lines, and relevance to macrophage biology. mRNA isoform
candidates were selected according to the following criteria: i) prevalent 3’ UTR mRNA
isoform shift between the 3' R NA-Seq signal in the two mRNA isoforms with the
highest reads, ii) robustness of response after macrophage polarization and co-culture
with both cell lines (increase in proximal or distal mMRNA isoform) and iii) relevance to

macrophage biology and inflammation.

TCGA analysis of patient survival | Datasets for colon carcinoma and normal tissue
were procured in the Cancer Genome Atlas (TCGA (The Cancer Genome Atlas, n.d.))
and analyzed for post-diagnosis survival data, using TIMER. The normal tissue
median values were used as threshold to define “high” and “low” expression levels for
each identified DEGs in cancer patients, quantified as FPKM (fragments per Kilobase
million). The correlation index (R) indicated a moderate correlation if between 0.25

and 0.35, and a strong correlation if higher than 0.35.

Gene Set Enrichment Analysis (GSEA) | Functional annotation enrichment was
performed on the genes with differential expression using GSEA software (Broad

Institute).

Enzyme-Linked Immunosorbent Assay (ELISA) | Cytokines IL-13, IL-6, and
IL12p70, and metabolites epiregulin and thrombospondin (TSP1) were measured in
the culture media of mono and co-cultures by ELISA using kits by ThermoFisher
(IL1R), BioLegend (IL-6 and IL12p70) and Abcam (epiregulin and TSP1), according to

manufacturer’s instructions.

Macrophage siRNA knockdown | Briefly, 50 nM of a pool of 4 SRSF12 siRNAs
(Dharmacon ONTARGETplus SMARTpool siSRSF12) or 50 nM of a pool of a non-
targeting siRNA control (Dharmacon ONTARGETplus SMARTpool siNTC) were
transfected into 1.5x108 M1 macrophages in 6-multiwells using 4 yL GenMute for
Primary Human Macrophages (SignaGen) as a transfection agent, according to

manufacturer’s instructions. KD levels were assayed through RT-qPCR.
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Western Blot | Macrophage lysates were prepared with RIPA buffer (50 mM Tris-HCI
pH 7.5/ 1% NonidetP (NP)-40 / 150 mM NaCl / 2 mM EDTA) with protease inhibitors
(Protease Inhibitor cOmplete 1x). Protein concentration was determined through the
Bradford method and 25 ug of protein was loaded and run in a 7.5% (for LRP5) or
10% acrylamide gel, which was subsequently transferred into nitrocellulose
membranes (GE Healthcare), blocked with 5% non-fat powdered milk or BSA in TBS
+ 0.1 % Tween 20 (TBS-T) for 1 hour, and incubated overnight with primary antibodies
at 4°C (see STAR Methods Table). HRP-conjugated anti-mouse or anti-rabbit
secondary antibodies (SCBT) were incubated for 1 hour at RT. Signal was detected
by incubation with ECL Substrate (GE Healthcare), using the Chemidoc Imaging
System (BioRad) and band intensity was measured in the ImagelLab Software
(BioRad).

Statistical analysis | All presented data is mean + standard deviation (SD). Data was
evaluated for normal distribution through the Kolmogorov-Smirnov test. Comparisons
between two independent groups were performed using the paired Student’s t-test or
the Wilcoxon test. Except where otherwise stated, p-values <0.05 were considered
statistically significant (* = p < 0.05; ** = p < 0.01; *** = p < 0.005; **** = p < 0.0001).
Graphs were made in the GraphPad Prism software, using version 7.0a for Mac,

GraphPad Software, La Jolla California USA, www.graphpad.com.
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3.3 Expression of RAC1 alternative 3’ UTR depends on macrophages and
CRC cells state

Paper in preparation.

Introduction

Macrophages are plastic immune cells with diverse functions that are determined by
their cellular status and microenvironment. Pro-inflammatory M1 macrophages are
specialized in infection and tumor clearance, due to the production of
immunomodulatory cytokines and chemokines, ROS and RNS, while anti-
inflammatory M2 macrophages are immuno-suppressors that eliminate apoptotic cell
debris and damaged molecules (Martinez et al., 2006; Porta et al., 2009; Weagel et
al., 2015). Therefore, macrophages may act as modulators of cancer dormancy or
invasiveness (Mantovani & Locati, 2013).

Tumorigenic progression is characterized by immune evasion and activation of
metabolic pathways, among other cancer hallmarks. In cancer cells, gene expression
regulation through the production of differential 3 UTR mRNA isoforms alters
oncogene activation or metastasis (Andres et al., 2019; Mayr & Bartel, 2009).

Alternative polyadenylation (APA) in the 3' UTR is a cell-type and cell-state
specific, co-transcriptional mechanism that regulates gene expression. Alternative 3’
UTR usage may occur in up to 70% of human genes in both physiologic and pathologic
conditions (Pereira-Castro & Moreira, 2021). Differential usage of polyadenylation
signals (PAS) on the 3’ UTR lead to the production of several mRNA isoforms that
differ on the 3’ UTR and thus bind different RNA-binding proteins, which control gene
expression, by modulating mRNA stability and translation, and by determining protein
subcellular localization (Berkovits & Mayr, 2015; Fischl et al., 2019; Lutz & Moreira,
2011; Tian & Manley, 2016). While longer 3’ UTRs generated by distal PAS selection
frequently have more RBP binding sites and hence are more subject to regulation,
cancer cells and activated immune cells have higher expression of mMRNAs with short
3’ UTRs (Braz et al., 2017; Gruber et al., 2014; Mitra et al., 2016; Sandberg et al.,
2008).

Hypoxia is one of the main characteristics of the tumor microenvironment.
Immediate cellular cytotoxic consequences of hypoxia include production of Reactive

Oxygen Species (ROS), immune evasion, modulation of chemotherapy resistance,
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tumor regrowth and metastasis (McKeown, 2014; Rey et al., 2017; Sivridis et al.,
2005). Research on cancer cell response to hypoxia is growing (D’Ignazio & Rocha,
2016; Martins et al., 2020), but little is known on how hypoxia affects gene expression
and APA in primary human macrophages and colorectal cancer cells (CRC). Here, we
used human primary cells, THP-1 cell lines and the CRC cell line RKO, to characterize
macrophage alternative 3 UTR mRNA isoforms, in hypoxia and normoxia conditions.
We found that the short 3' UTRs of most genes is upregulated in M1 macrophages
when compared to MO, with the exception of RAC1, which shows upregulation of the
long 3’ UTR, which is consistent with upregulation in protein levels and subcellular
delocalization possibly due to YBX1 binding. In hypoxic RKO, upregulation of the short
3'UTR of RAC1 was correlated with increased transcription (ChIP), Rac1 protein
downregulation, and found that YBX1 binds the Rac7 mRNA.

In conclusion, our results show that CRC cells and macrophages produce distinct
alternative 3° UTR isoforms when polarized to pro-inflammatory conditions and

exposure to long-term oxygen deprivation, with distinct phenotypic effects for each cell

type.

Results

Using a previously developed methodology (Wilton et al., 2021), we isolated
monocytes from healthy blood donors buffy coats, differentiate them for 7 days and
polarized to pro-inflammatory (M1) and anti-inflammatory (M2) macrophage

phenotypes, with LPS and IFN-y or IL-10, respectively (Figure S1).

Pro-inflammatory markers TNFa and CCR7 are upregulated in M1 THP-1
(Figure S2B) and anti-inflammatory markers CD163 and CCL18 are upregulated in
M2 THP-1 (Figure S2C). CD80 and TGF( markers were upregulated respectively in
THP-1 M2 and THP-1 M1, indicating that THP-1 polarization follows some of the
pathways used primary human macrophage polarization, which enables the use of
this cell line as a model system whenever high numbers of primary human

macrophage cells are unavailable.

As most tumors are hypoxic, unveiling the mechanisms of gene expression

regulation in the tumor-immune microenvironment upon exposure to hypoxia will
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mimic more closely the tumor conditions and hence contribute to the identification of
novel biomarkers for CRC diagnosis. Therefore, RKO cell co-culture was performed
under hypoxic (1 % Oz2) and normoxic (21 % O2) conditions and analyzed the

expression and APA profile.

We decided to focus on a set of genes with alternative 3’'UTRs in macrophages
and RKO cells (listed on Table 1) chosen from previous microarray data and RT-qPCR
screens, according to the following criteria:

1. Genes with important functions in CRC and/or immune cells.
2. Genes with few (2-3) polyadenylation signals (PAS) and that true PAS are more
than 200 nt apart from each other, to be distinguishable by RT-qPCR.

3. Genes with pleiotropic functions (transcription factors, cell surface receptors, etc.).

Single-gene studies in primary human macrophages were performed through RT-
gPCR, preceded by a preliminary study to estimate the Ct values of three
housekeeping genes — 18S ribosomal RNA (78S), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and beta-actin (b-actin) in MO, M1 and M2 macrophages
24 hours after activation, using 50 ng cDNA (Fig 1A). 18S was chosen as the
housekeeping gene due to the following criteria: low variation of expression after
inflammatory stimuli and comparable expression between macrophage donors.
Additionally, as beta-actin is a major cytoskeletal component and as shown on Figure
1B on subchapter 4.2, macrophages suffer from extensive cytoskeleton reorganization
depending on the inflammatory profile, we decided against using beta-actin as a
reference gene.

A gene expression study was performed for YBX1, PTBP1 and ELAVL1 (Figure 1B-
D). The RBPs expression in macrophages does not vary significantly, with the
exception of a slight upregulation in YBX1 mRNA levels in pro-inflammatory

macrophages.
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Figure 1 — A. Ct values of housekeeping genes 18S, GAPDH and beta-actin in primary human
macrophages. n=2 healthy donors of MO macrophages. B-D: Fold change gene expression study in
primary human macrophages measuring the coding region of YBX1 (B), HUR/ELAVL1 (C) and PTBP1
(D) by RT-gPCR. RNA binding protein Ybx1 (Y-box binding protein). n=2 (ELAVL1, PTBP1) and n=3
(YBX1). Comparisons were performed using a paired Student's t-test (* p < 0.05).

To investigate how 3’'UTR-APA is affected by hypoxia, we started to quantify levels of
the coding and longer 3 UTR mRNAs of the anti-apoptotic MCL1 (myeloid cell
leukemia), anti-phagocytic cell surface marker CD47 (cluster of differentiation 47), pro-
inflammatory cytokine IL18 (interleukin 1 beta), GTPase RACT1 (Ras-related C3
botulinum toxin substrate 1). We used a RT-qPCR-based approach, involving 1 primer
pair for coding and 1 primer pair for the longer mRNA isoform (Fischl et al., 2019).
Results were normalized to the housekeeping gene 78S and also to the naive MO
macrophage levels (Figure 2).

Some assays that require a high number of cells, which is not possible with
primary human macrophages, we used the macrophage cell line THP-1 which is
extensively used (Spencer et al., 2010; Zhang et al., 2016). We started by
characterizing the morphology and inflammatory profile of polarized THP-1 cells and
show that PMA addition successfully differentiates THP-1 into adherent cells, but that

pro- and anti-inflammatory THP-1 are morphologically similar (Figure S1).
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Figure 2 — Fold change gene expression study in primary human macrophages, measuring the coding
(A), and distal polyadenylation signal (B) of MCL1, CD47, IL18 and RAC1, by RT-gPCR, with
housekeeping gene 18S and unpolarized macrophages as controls. n=4 independent experiments, p-
value calculated using Student's t-test * = p < 0.05; ** = p < 0,01; *** = p < 0,005.

Pro-inflammatory M1 macrophages showed upregulation of MCL1, IL1B and CD47
gene expression important for macrophage functions (anti-apoptotic, pro-inflammatory
cytokine, and anti-phagocytic, respectively) (Figure 2A) and upregulation of the longer
3" UTR of RACT (involved in motility and migration) (Figure 2B). These results
prompted us to reanalyze all the RNA-Seq data shown on Subchapter 3.2 and RAC1

protein expression levels were quantified (Figure 3).
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Figure 3 — A, C-E: IGV gene profile and transcript counts of RAC1 (A), MCL1 (C), IL1B (D) and CD47
(E) obtained through ChrRNA-Seq (top), NpRNA-Seq (middle) and 3'mRNASeq (bottom), of MO
macrophages (black), M1 macrophages cultured alone (blue) and co-cultured with the CRC cell lines
RKO (red) or HCT-15 (lilac). B: Protein levels quantified by western blot of Rac1, using tubulin and
GAPDH as loading controls.

All four genes were noticeably upregulated in co-cultured macrophages in
comparison to M1, both in the bulk total RNA measured by 3’ mRNA-Seq and
fractionated RNA samples. In the case of RAC1, there is an increase in distal PAS
usage upon M1 polarization (Figure 3A). In co-culture with RKO, the expression of
RAC1 long 3UTR mRNA increases even further, but this effect is not observed in
HCT-15 (Figure 3A). These changes do not correlate noticeably to the Rac1 protein
levels (Figure 3B).

RAC1 was one of four genes showing an APA switch upon pro-inflammatory
stimulation by RT-gPCR, and the only gene that showed a paradigm-defying
upregulation of the distal isoform (Figures 2B, 3A). Therefore, the 3’ ends of RAC1
mRNAs were mapped in macrophages before and after polarization, by 3’'RACE, in
MO, M1 and M2 macrophages (Figure 4). The 3’'RACE result confirm that in M1
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macrophages the RAC17 long 3° UTR mRNA isoform is upregulated in contrast to MO;

we also show that M2 macrophages preferentially express the short 3’UTR mRNA.
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Figure 4 - A. RAC71 3'RACE in unpolarized macrophages (MQ0), pro-inflammatory
macrophages (M1), and anti—inflammatory macrophages (M2), with respective reverse transcriptase
negative controls.

Taking into account the relevance of RNA binding proteins (RBPs) for the regulation
of gene expression and APA (Lutz & Moreira, 2011; Mayr, 2017), we investigated the
RBPs that may be involved in the 3° UTR-APA alterations observed, by quantifying in
silico putative RBP binding sites in the 3’ UTR of the selected mRNAs (Table 1).

Table 1 — In silico analyses of RBP binding sites in the 3' UTRs of the selected mRNAs in RKO and
primary human macrophages, and their relation to the macrophages inflammatory profile, using the
databases RBPDB and RBPmap. na = gene is not connected to the inflammatory profile, according to
current literature.

Number of
mRNA Ybx1 |Ptbp1| ELAVL1 | 3’UTR size | alternative 3’ Inflammatory profile
UTR isoforms

CASC3 1 155 23 1778 nt 5 na
CCL18 1 59 15 991 nt Anti
CCR7 4 61 4 973 nt 3 Pro
CD47 5 264 87 3945 nt 21 Pro / Anti

Eef2 1 12 10 498 nt 2 Pro
HIF1A 2 35 25 686 nt 8 Pro

IL1B 0 29 14 610 nt 2 Pro / Anti
JUNB 1 26 10 500 nt Pro
MCL1 14 167 57 2824 nt 4 Anti
MKI67 5 123 19 2530 nt na

Myc 0 21 15 476 nt 9 Pro
NFKB1 2 20 16 708 nt 4 Anti
PTEN 0 323 170 6459 nt na
RAC1 4 66 24 1531 nt 6 Pro / Anti
TFRC 3 135 24 2658 nt na
TGFB1 1 33 5 196 nt Anti
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Interestingly, both ELAVL1 and PTBP1 bind more frequently to sequences in
the 3’ UTRs than Ybx1, partly due to their promiscuous motifs (UA-rich and CU-rich
respectively). However, as ELAVL1 and PTBP1 RBPs have many binding sites in most
human genes, the number of putative binding sites for ELAVL1 and PTBP1 in the 3’
UTR of the selected genes is proportional to the rest of the human transcriptome. In
contrast, YBX1, an RNA binding protein with relevant functions in tumorigenesis and
in regulation of the immune system (Bhullar & Sollars, 2011; Prabhu et al., 2015), has
a more specific consensus binding site (UYAUC) (Wu et al., 2015). Interestingly, the
3'UTR of RAC1, CD47, and MCL1, but not IL183, have predicted binding sites for YBX-
1.

Interestingly, YBX1 mRNA levels increased 1.5-fold in M1 macrophages when
compared to MO (Figure 5B). As YBX1 potentially binds to several of the selected
genes (Table 1 in silico data), we performed RNA Immunoprecipitation (RIP) using

specific primers for RAC1 longer 3 UTR mRNA isoform.
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Figure 5 — A. Western blot of YBX1 and Rac1 in MO and M2 macrophages, using alpha-tubulin and
GAPDH as loading controls. B. Schematization of the short (left) and long (right) RACT mRNA isoforms
(top) and in silico prediction of YBX1 binding sites on the 3° UTR of RAC1 mRNA, using RBPmap
(http://rbpmap.technion.ac) indicating position, Z-score (measuring the probability of a binding site
occurring in comparison to a background level of 1) and each respective p-value (bottom). C. RNA
Immunoprecipitation (RIP) in 4x107 M1 THP-1 cells using MO THP-1 as controls. D. Quantification of
the bands shown in C by densitometry. E. Quantification of RAC1 pA2 YBX1 CLIP in THP-1 M1 cells,
by RT-gPCR, comparing to input.

To further investigate the YBX1 binding to the 3’ UTR of RAC1 we performed

Cross-Linking ImmunoPrecipitation (CLIP) using primers specific for the longer 3UTR
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(1396-1399 bp) (Figure 5F). In comparison to controls, our results indicate that YBX1
does not but bind to RAC1 longer 3’'UTR.

Previous results in the Moreira lab showed differential localization of the Rac1
protein in primary mouse neurons, dependent on the 3° UTR isoform (Braz et al.,
2017). In macrophages, Rac1 is primarily responsible for regulating cell morphology
contributing to membrane ruffling (Wells et al., 2004) and Rac1-deficient bone marrow
macrophages show decreased actin polymerization. As macrophage morphology
varies upon inflammatory polarization (Wheeler et al., 2006) we investigate a possible
role for RAC1 3'UTR-APA in Rac1 protein localization in MO, M1 and co-cultured

macrophages (Figure 6).
.
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D | M1 + HCT-15
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Figure 6 — Immunofluorescence images of unpolarized macrophages (A, top left), pro-inflammatory
macrophages (B, top right), polarized macrophages co-cultured with cell Ilnes RKO C bottom left) and
HCT-15 (D, bottom right). DNA is shown with DAPI, actin filaments shown in red and Rac1 protein
shown in green.

As seen in Figure 6, Rac1 protein intracellular localization varies with
macrophages upon co-culture with CRC cells. While in MO and in M1 macrophages
Rac1 is specifically localized in the nucleus, it partially delocalizes to the cytoplasm

and cell periphery in macrophages co-cultured with CRC cells.
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CRC cells
Gene expression and 3’'UTR-APA imposed by hypoxia were studied using CRC

cells.
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Figure 7 — A-C: Fold change expression of coding and longest 3' UTRs of candidate genes HIF1A (A),
CD47 (B) and MCL1 (C) in hypoxic colorectal cancer cell line RKO, normalized to 78S (housekeeping
gene) and normoxic RKO. n=2 independent experiments.

We observed that hypoxia strongly decreases HIF1A expression but does not
affect the expression of the longer 3'UTR. Furthermore, in hypoxic RKO, CD47 and
MCL1 expression is not affected, but the expression of MCL1 distal 3’ UTR isoform
decreases (Figure 7). We then investigated how hypoxia affected RACT mRNA,
alternative 3° UTR and protein levels in colorectal cancer cells (Figure 8A-C), as well

as levels of the previously identified RBPs.
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Figure 8 — Fold change expression of RBPs (A) and RAC1 (B) in hypoxic RKO. C. Protein levels of
YBX1 in normoxic (N) and hypoxic (H) RKO quantified by western blot. Quantifications were performed
through densitometry of YBX1 and RAC1, relative to the housekeeping gene GAPDH, used as a loading
control. D. YBX71 RNA Immunoprecipitation (RIP) in 6x107 hypoxic RKO cells with the 3’ UTR of MCLA1,
RAC1 and CD47.
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YBX1 mRNA and protein levels were maintained in hypoxic RKO, in contrast with other
RBPs that showed a downregulation (Figure 9A). We also observed that total RAC1
MRNA levels decreased to half upon hypoxic exposure, and were accompanied by a
striking decrease in protein levels to a third of the normoxic levels (Figure 8B-C). We
then asked if in CRC in hypoxia conditions YBX1 could bind to RAC1, MCL1 and CD47
mMRNAs, using RIP. We show that YBX1 binds to the 3’ UTR of MCL1 and RAC1 but
not to CD47, in hypoxic RKO cells (Figure 8D).

After showing that RAC1 undergoes 3’ UTR-APA in hypoxic RKO, we analyzed how
hypoxia affects RNAPIl occupancy along the RACT gene, through chromatin
immunoprecipitation (ChlIP). Chemical hypoxia was performed in RKO cells by
addition of Dfx, which inhibits oxygen-dependent PHD enzymatic degradation of
HIF1A (Figure 9A) (G. L. Wang & Semenza, 1993). Dfx concentration was optimized
and HIF1A protein levels for 48 hours (Figure 9B).

The RAC1 RNAPII ChIP results (Figure 9C) indicate that in hypoxia, RNAPII levels
are very high at the TSS, indicating that this gene is posed for transcription upon
hypoxia. Of note, RNAPII occupancy is high near the pA2, and decreases between
pA2 and 1 kb downstream, indicating that transcription termination occurs downstream

of pA2 and confirming the preferential selection of pA2 observed in hypoxia conditions

Pilot studies were performed using hypoxic macrophage co-cultures with CRC cells.
However, it was technically challenging to obtain homogenous macrophage
populations after hypoxia exposure, and thus we also decided to impose a chemically-

induced hypoxia to the cells using Dfx.
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Figure 9 — A. Effect of Dfx addition on HIF1A and inhibition of HIF regulator PHD. B. HIF1A before and
after Dfx treatment quantified by western blot, using total RNAPII as loading control. The high MW band
on HIF1A after 2 h hypoxia is an alternatively spliced isoform. C. RNAPII chromatin immunoprecipitation
(ChIP) for RAC1 in RKO after 24 hours hypoxia, surveying primer pairs on the transcription start site
(TSS), coding region between exons (cod), coding region on the last exon (e5), before the distal PAS
(pA2), 1 kilobase downstream of the PAS (I 1kb) and 5 kilobases downstream of the PAS (I 5kb).

The 100 uM Dfx concentration used increased HIF1A levels in RKO. However,
the chemically-induced hypoxia had cytotoxic effects that render the investigation of

alternative 3' UTR mRNA expression very difficult to achieve.

Discussion

Alternative polyadenylation is a cell-type and cell-state-specific event. Therefore,
studying alternative 3’'UTR expression in primary human macrophages and CRC cells,
in genes relevant for each cell type contributes to the knowledge these mechanisms
in the innate immune system and for tumorigenic progression.

Both of the cell types analyzed were more activated than their control counterparts
(pro-inflammatory macrophages vs. unstimulated macrophages, and hypoxic RKO vs.
normoxic RKO). Previous literature has established that there is a tendency towards
short 3’ UTR upregulation in activated cells (Mayr & Bartel, 2009; Pai et al., 2016). We
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observed the same shortening trend but only in M1 macrophages, in which RAC1 was
the only case showing upregulation of the distal 3’ UTR mRNA isoform. However, in
hypoxic RKO, we found that each gene is in and of itself an example of several
outcomes regarding PAS choice: proximal and distal PAS occurred in the same
frequency in the few genes surveyed.

Alternative 3° UTR expression of individual macrophages and CRC genes may have
a relevant impact on innate immune and colorectal cell biology and it would be
important to identify the physiological function of RACT alternative 3° UTR in
macrophages and CRC. It would be possible to use molecular biology tools to deplete
RAC1 pA2 in primary M1 macrophages by siRNA or LNA addition and study protein
production, differences in the inflammatory profile, subcellular location, migration and
motility, to investigate the function of the longer isoform of RAC1 in innate immune
cells. Similarly, in hypoxic RKO cells, exploring the role of RAC7 and HIF1A longer 3’
UTR upregulation could elucidate the importance of oxygen in CRC cells, which is

particularly relevant for patients (Martins et al., 2020).
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Supplementary Figure 1 - Scheme of the macrophage polarization experiment workflow. Day 0: Monocyte
isolation and differentiation into macrophages with M-CSF for 7 days, and polarized with LPS and IFNy (for M1)
and IL-10 (for M2).
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Supplementary Figure 2 — A. Brightfield microscopy showing THP-1 pro-macrophage cell line before
and after PMA stimuli (Naive THP-1 and monocytic THP-1, respectively), and THP-1 polarized to pro-
and anti-inflammatory conditions. B-C. Gene expression study by RT-gPCR of pro-inflammatory
markers CD80, TNFa and CCR7 (B) and anti-inflammatory markers CD163, TGFp and CCL18 (C),
using GAPDH as housekeeping gene and comparing to THP-1 MO values. n=2 independent
experiments.

Materials and Methods

Cell culture | Colorectal cancer cell lines RKO (CRL-2577), purchased from American
Type Culture Collection (ATCC, USA), were tested by autosomal short tandem repeat
(STR) DNA profiling prior to use. RKO were kept in RPMI 1640 medium with Glutamax
(Gibco, Thermo Fisher Scientific) and supplemented with 10% Fetal Bovine Serum
(FBS) and 100 U/mL penicillin and 100 pg/mL streptomycin antibiotic solution (Gibco).
Cell lines were kept in a humified incubator at 37 °C with 5 % CO2, subcultured every
3 to 5 days to maintain sub-confluency, and counted in a Neubauer chamber
(Marienfeld Superior) with trypan blue exclusion test. When cell lines reached passage
40, they were discarded and a new aliquot was thawed.

Mycoplasma contamination was routinely checked through endpoint PCR, using the
following primers: MGSO (fwd): 5 TGCACCATGTGTCACTCTGTTAACCTC 3’; GPO1
(rev): 8 ACTCCTACGGGAGGCAGCAGTA 3. The following PCR program was
performed: 5 minutes at 95 °C, 30 cycles of 30 seconds at 95 °C, 30 seconds at 56 °C
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and 30 seconds at 72 °C, final extension of 10 minutes at 72 °C. Samples were then
analyzed on a 1 % agarose gel.

Primary human macrophages were isolated, differentiated and polarized as described
in (Wilton et al., 2021). Briefly, CD14+ cells were isolated from PBMCs in buffy coats,
seeded in 6-multiwell plates and incubated for 7 days in RPMI medium with glutamine,
supplemented with FBS and 100 U/mL penicillin and 100 ug/mL streptomycin. Cells
were polarized by adding proinflammatory stimuli to obtain M1 macrophages — LPS
100 ng/mL and IFNy 25 ng/mL — and by adding anti-inflammatory stimuli to obtain M2
macrophages — IL-10 10 ng/mL.

THP-1 cells were maintained in RPMI 1640 medium with Glutamax supplemented with
10% FBS + 100 U/mL penicillin and 100 pg/mL streptomycin + 1 mM sodium pyruvate.
THP-1 differentiation was achieved by seeding 6 multiwell plates in a cell density of
1x106 cells/mL and incubating for 36 hours with 10 ng/mL PMA. Media was renewed
and incubated for further 24 hours, before adding polarization stimuli — for M1-like
THP-1 macrophages, LPS 100 ng/mL and IFNy 25 ng/mL were added; for M2-like
THP-1 macrophages, IL-10 10 ng/mL was added.

Hypoxia assays | RKO was maintained in 1% O2 for 72 hours using hypoxic
incubators with constant N2 flow. Hypoxia-induced gene expression changes were
determined in comparison to normoxia. RNA and protein extraction were initiated as
soon as cells were taken out of the hypoxic chamber, to process the samples, and
avoid near-immediate transcriptomic changes due to normoxia shock. For Rac1 ChlIP
proof-of-concept assay, hypoxia was mimicked through addition of desferrioxamine
(Dfx) to RKO cells. Dfx inhibits the action of PHD enzymes and hence keeps high
intracellular HIF1A concentrations, mimicking 1 % hypoxic chambers effects (G. L.
Wang & Semenza, 1993).

3’Rapid Amplification of cDNA Ends (RACE) | cDNA was synthesized using
SuperScript IV Reverse Transcriptase (Invitrogen), according to the manufacturer’s
protocol. 2.5 yM 3’'RACE adapter primer and 0.25-1 ug of total RNA from MO, M1 or
M2 primary human macrophages were used. The 3'RACE polymerase chain reaction
was performed using Phusion DNA Polymerase (Sigma) according to the

manufacturer’s protocol. The following PCR program was performed: 1 minute at 98
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°C, 30 cycles of 30 seconds at 98 °C, 30 seconds at 63 °C (calculated by the
ThermoFisher Scientific primer calculator (ThermoFisher Primer Tm Calculator, n.d.))
and 90 seconds at 72 °C; final extension at 72 °C for 7 minutes. The PCR products

were then separated on a 1 % agarose gel. Primers are listed on table 2 below.

Table 2 - Primer list for RAC7 3'RACE assays.

Primer name Primer sequence (5> 3’)

Rac1_3'RACE_pfwd1 AGGCAAAGCGACTACAGGAG
Rac1_3'RACE_pfwd2 TGGTCAAGTGACAGTGTCGG

3’'RACE adapter primer AAGCAGTGGTATCAACGCAGAGTAC(T)30VN
Oligo anchor primer GACCAACGCGTATCGATGTCGAC

qPCR: Primer Design and efficiency optimization | For RT-gPCR of gene
expression candidates, primers were designed between exons, whenever the
sequence specificity and dimer percentages allowed. For RT-gPCR of APA
candidates, primers were designed to the coding region (between exons whenever
possible) and to the most distal PAS (pA2), as previously described (Pinto et al., 2011).
Annealing temperatures were tested by endpoint PCR, using the following program:
95 °C for 5 minutes, 35 cycles of 95 °C for 30 seconds, 58 or 60 °C for 30 seconds,
and 72 °C for 30 seconds, followed by final extension at 72 °C for 5 minutes. Each
primer was tested using two serial cDNA dilutions, and analyzed in a 2 % agarose gel
electrophoresis. The annealing temperature that resulted on most intense bands was
chosen as optimal for the subsequent RT-gPCR program.

Primer efficiency in RT-gPCR was performed using four serial cDNA dilutions, plotted
against the obtained Ct value. If the trend line slope was close to -3.33, corresponding
to a near-linear efficiency percentage (90-110 %), the primer pair was considered
efficient. Primers used are listed on table 3 below originate from this study, except for
previous genes developed in-house - MCL1, designed by Isabel Pereira-Castro (cod-
F: 5-AACAAAGAGGCTGGGATGGG-3’; cod-R: 5-TGCCAAACCAGCTCCTACTC-
3; pA2-F: 5-GCTTGGGGCAGTGAGGGCT-3’; pA2-R: 5-
ACCACCTGCCTCCTCCTCC-3’); YBX1, designed by Andrea Castro (cod_F: &
GAAGGAGAAAAGGGTGCGGA 3’; cod_R: 5 TGGTAATTGCGTGGAGGACC 3’); and
PTBP1, designed by Vania Gloéria (PTBP1_fwd: 5 GTTGGGTCGGTTCCTGCTAT 3;
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PTBP1_rev: 5 CCGTCCATGGCACACAGAG 3’ ). In-house housekeeping gene 18S was
used as internal control for gene expression. Sequences: 18S fwd: &
GCAGAATCCACGCCAGTACAAGA 3’; 18S_rev: 5 CCCTCTATGGGCCCGAATCTT
3’. The gPCR program used is as follows: 50 °C for 2 minutes, 95 °C for 2 minutes, 40
cycles of 95 °C for 15 seconds and 60 °C for 1 minute, then melt curve from 60 °C to
95 *C with 0.3 °C slope.

Table 3 — Primer list for RT-gPCR assays.
HIF1a_cod_fwd TGAAGATGACATGAAAGCACAGA 60
HIF1a_cod_rev TCACCATCATCTGTGAGAACCA 60
HIF1a_pA2_fwd TCATTCCTTTTGCTCTTTGTGGT 60
HIF1a_pA2_rev GGTCCACAGAAGATGTTTATTTGA 60

CD47 cod_fwd AACAAGTCCACTGTCCCCAC 60
CD47 cod_rev TCCTGTGTGTGAGACAGCATC 60
CD47 pA2 fwd ACAGGGCTATCCCGTAATTGG 60

CD47 pA2_rev CGTGTTTTGAGCTTTGTTAGTGC 60
RAC1_cod_fwd GAAGCTGACTCCCATCACCTATCC 60
RAC1_fwd_rev CGGGCAGAGGACTGCTCGGATCG 60

RAC1_pA2_fwd ACAAGGAGGCATATTGCTCAG 60
RAC1 _pA2_rev ACTGGTTGTTCTGTTAGTCGCT 60
ELAVLY fwd  AGCCTTTCAGGTTTCCCTGG 60
ELAVLT rev  GGGAATCCCGCCTTCCATC 60
IL1b_codF GGCAGGGAACCAGCATC 60
IL1b_codR CCGACCACCACTACAGCAA 60
IL1b_pA2_F ACATTCTGATGAGCAACCGC 60
IL1b_pA2_ R ACACTGCTACTTCTTGCCCC 60

RNA Immunoprecipitation | RNA from macrophages and cancer cells was
precipitated using the Magna RIP kit (Sigma), according to manufacturer's
instructions. Briefly, cells at 80-90 % confluency were centrifuged at 1500 rpm at 4 °C,
washed twice in ice-cold PBS and lysed for 5 minutes with ice-cold RIP lysis buffer,
including protease and RNase inhibitors. Magnetic beads are washed twice with RIP

wash buffer and incubated in the antibody/IgG control for 30 minutes at RT, on
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rotation, magnetically separated from the supernatant, washed and resuspended in
RIP IP buffer. The beads:Ab / 1IgG complex was added to the RIP lysates, keeping 10
% of the volume as input. Beads : Ab or IgG : lysate complex was incubated overnight
at 4 °C on rotation, separated magnetically as previously described, and washed six
times with cold RIP wash buffer. RNA from bead complexes were incubated with
Proteinase K for 30 minutes at 55 °C to, and RNA was purified via
phenol:chloroform:isoamyl alcohol extraction, according to manufacturer’s
instructions. cDNA was synthesized using SuperScript IV Reverse transcriptase,
according to manufacturer’s instructions. 95 °C for 5 minutes, 30 cycles of 95 °C for
30 seconds, 60 °C for 30 seconds, and 72 °C for 30 seconds, followed by final

extension at 72 °C for 5 minutes. Samples were then run on an 0.8% agarose gel.

Cross-linking Immunoprecipitation (CLIP) | This protocol was modified from
(Hilgers et al., 2012). Briefly, 7 x10” RKO cells were crosslinked for 15 minutes at RT,
by shaking with 5 mL cross-linking/fixing solution (1.4 % formaldehyde / 50 mM
HEPES pH8.0/1 mMEDTA /0.5 mMEGTA /100 mM NaCl + n-heptane), centrifuged
at 1000 g at RT for 1 minute, and washed once each with PBS / 125 mM glycine.
Samples were centrifuged at 2000 g for 4 minutes at 4 °C, supernatant was removed
and cells were incubated in ice-cold lysis buffer (50 mM Tris-HCIl pH 8.1 /10 mM EDTA
/ 1% SDS) for 20 minutes at 4 “C. Extracts were sonicated for 20 cycles of 30 seconds
on, 30 seconds off, keeping on ice for 30 minutes at midpoint. Extracts were
centrifuged at 16000 g for 1 minute at 4 C and aliquots were flash-frozen in liquid
nitrogen. To perform the IP, 100 uL Protein G Sepharose beads equilibrated in 50 %
(v/v) RIPA buffer (10 mM Tris-HCI pH 8 / 140 mM NaCl/ 1 mM EDTA / 1 % Triton X-
100/ 0.1 % SDS / 0.1 % sodium deoxycholate / 1 x Protease inhibitors / 80 U / mL
Ribolock) were incubated for 1 hour at 4 “‘C and centrifuged at 1100 g for 1 minute at
4 °C, before resuspending in 100 puL RIPA buffer. Nuclear extracts were pre-cleared
with equilibrated beads for 1 hour at 4 °C, centrifuged at 3500 rpm for 30 minutes at 4
°C and samples were divided: half the pre-clear was incubated with 5 ug anti-YBX1
antibody, and half was incubated with the equivalent control IgG, both o/n with rotation
at 4 °C. Ab-immunocomplexes were added to the beads, incubated for 4 hours at4 °'C
with rotation, and washed with 1 mL of the following solutions, centrifuging in between
at 16000 g for 30 seconds: twice with RIPA buffer, once with LiCl buffer (250 mM LiCl
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/10 mM Tris-HCIl pH 8.0/ 1 mM EDTA /0.5 % NP-40 / 0.5 % sodium deoxycholate /
1 x Protease Inhibitors / 80 U / mL Ribolock) and once with TE buffer (10 mM Tris-HCI
pH 8.0/ 1 mM EDTA/ 1x Protease Inhibitors / 80 U / mL Ribolock). Finally, complexes
were resuspended in 100 yL TE buffer, cross-linking was reversed by incubating 1
hour at 68 ‘C. RNA was extracted using Trizol and cDNA was synthesized using
SuperScript IV Reverse transcriptase, according to manufacturer’s instructions. gPCR
was performed using following program: 50 °C for 20 seconds, 95 °C for 10 minutes,
40 cycles of 95 °C for 15 seconds and 60 ‘C for 1 minute, then melt curve from 60 C
to 95 "C with 1% slope. The following primer set was used: Rac?_Ybx1bs1_F: 5’
CATGTGTTGCAGCTTTATAGTTTTT 3; Rac1_Ybx1bs1_R - 5
CGGTAATCTGGCAAGACAGTGA 3.

Western Blotting | Cells were lysed on ice for 15 minutes in soft RIPA buffer (50 mM
Tris-HCI pH 8.0 / 150 mM NaCl / 1 % NP-40 Igepal / 0,5 % NaDOC / 0,1 % SDS) with
protease inhibitors and phosphatase inhibitors. Cell debris were removed by
centrifuging for 10 minutes at 11000 g at 4 °C. Total protein concentration was
quantified through the Bradford protein assay (Bio-Rad), using Bovine Serum Albumin
(BSA) for the interpolation curve. 25 ug protein per well was used on SDS-PAGE runs,
which were transferred into a nitrocellulose membrane with the iBlot Gel transfer
device (Invitrogen), for 7 minutes. The membrane was stained with Ponceau S to
confirm lane transfer, and blocked for 1 h in 1x Tris-buffered saline (TBS) + 0,01 %
Tween20 (TBS+T) containing 5 % powdered milk. After blocking, membranes were
incubated overnight at 4 °C with the antibodies listed below diluted in TBS+T with milk.
Membranes were washed three times with TBS+T, incubated with the proper
secondary antibodies, washed in TBS+T and signal was detected with the Amersham
Enhanced Chemiluminescence (ECL) Prime Western Blotting Detection Reagent (GE
Healthcare). Protein semi-quantification was performed using the ImageLab software
(Biorad). Antibodies used include anti-tubulin (B-5-1-2, 1: 250K dilution), anti-Ybx1
(ab12148, 1:1000), anti-Rac1 (ab155938, 1: 1000), anti-HIF1A (sc13515, 1:1000),
anti-GAPDH (ab9484, 1:250K) and anti-Pol Il (8WG16, ab819, 1:1000).

RNAPII Chromatin Immunoprecipitation (ChlIP) | Dfx-treated RKO cells at 70 %

confluency were cross-linked by incubation with 1 % formaldehyde for 10 minutes at
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37 °C, 50 rpm. Crosslinking was stopped by incubation with 0.125M glycine for 5
minutes. Cells were washed twice in ice-cold PBS, scraped off and centrifuged for 5
minutes at 500 g. The supernatant was discarded and cells were incubated on ice for
10 minutes in cell lysis buffer (PIPES 5 mM /0.5 % NP-40 / 85 mM KCI with protease
inhibitors: 0,5 mM PMSF, PIC 1 x, pepstatin 1 x) and centrifuged at 3000 rpm for 5
minutes at 4 °C to pellet nuclei. Nucleic extracts were incubated for 10 minutes in ice-
cold nuclear lysis buffer (50 mM Tris-HCI pH 8.0 / 0.25 % SDS / 10 mM EDTA with
protease inhibitors). Chromatin was sheared using a sonicator, centrifuged at 13000
rpm for 10 minutes at 4 °C and the supernatant was mixed with IP dilution buffer (16,7
mM Tris-HCI pH 8.0/ 0.01 % SDS / 1.1 % Triton X-100 /1.2 mM EDTA / 167 mM NaCl
with protease inhibitors). 10 % of the sample was reserved as input. The remaining
was equally divided into IP and negative control (NO). The Polll Ab 8WG16 was added
to the IP sample, and both were incubated o/n under agitation. Washed Protein G
Dynabeads were added to IP and NO and incubated for 2 hours on rotation. Beads
were purified using a DynaMag magnet according to manufacturer’s instructions, and
washed once each for 5 minutes with Buffers A-C (Buffer A: 20 mM Tris-HCI pH 8.0 /
2mMEDTA /1.1 % SDS /1 % Triton X-100; 167 mM NaCl; Buffer B: 20 mM Tris-HCI
pH 8.0/2mM EDTA /0.1 % SDS /1 % Triton X-100 / 500 mM NaCl; Buffer C: 10 mM
Tris-HCL pH 8.0/ 1 mM EDTA /1 % NP-40 / 1 % NaDOC / 500 mM LiCl) and twice
with Buffer D (10 mM Tris-HCI pH 8.0 / 1 mM EDTA), at 4 °C, except the last wash
which was performed at RT. Complexes were eluted in IP elution buffer (1 % SDS /
0,1 M NaHCO:s3), rotating for 20 minutes at room temperature. Crosslinks were
reversed by addition of NaCl and RNase A o/n at 65 °C, and samples were treated
with Proteinase K for 2 hours at 45 °C. Proteinase K was inactivated through
incubation for 5 minutes at 65 °C and DNA was purified by phenol:chloroform:isoamyl
alcohol extraction. gQPCR was then performed using the program described above

using the primers on table 4 below.
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Table 4 — Primers used for RAC7 Chromatin Immunoprecipitation assays.

Primer name Primer sequence (5> 3’)

RAC1_TSS_fwd TTCCTCAGCTTTGGGTGGTG
RAC1_TSS_rev CTGCATCAGGGCCGCTC
RAC1_Exon5_fwd ACTGTCCCAACACTCCCATC
RAC1_Exon5_rev TAGACCCTGCGGATAGGTGA
RAC1_E212-3j_fwd TAACCTGTTTGTGTTACGGGT
RAC1_E212-3j_rev TGTTCATATGAGGATTAAAGATGGC

RACT intergenic_1kb_fwd CCGCCTCCAGCTGAGTATTT
RACT intergenic_1kb rev AGTGCAGGAGGCATAGGTTG
RAC1_intergenic_5kb_fwd CTCAGCCTGCTACAGCATTTC
RACT_intergenic_5kb_rev = TTGAGCCCAGGGGTTCACAG

In silico analyses
The ENSEMBL and UCSC genome browsers, and databases APAdb and Aceview
were accessed to check for alternative 3° UTR sites of human mRNA. Nucleotide

sequences and mRNA profiles were obtained from NCBI and Ensembl databases.

RBP binding sites in alternative 3’ UTR mRNAs | RBP databases RBPMap and
RBPDB were used to search sequence motifs of RNA-Binding Protein sites in the
alternative 3° UTRs of candidate genes. Criteria to consider RBP-RNA interactions
were p value < 0.05 and Z-score of 2, meaning that the interaction occurred with twice

the probability as in the background 3’ UTR nucleotide sequence.
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Chapter IV — General Discussion

Throughout the last hundred years, research on cancer and molecular biology
has highlighted the indelible causality between gene expression regulation,
environmental factors, and tumor progression. This intricate, complex communication
determines patient survival and quality of life, and becomes clearer each day as
researchers answer some questions and bring science forth even more.

This PhD thesis aimed to understand the crosstalk between macrophages and
colon cancer (CRC) cells, centered on the perspective of RNA biology, particularly
gene expression regulation and alternative polyadenylation. We proposed to study the
phenotype and gene expression profile of primary human macrophages in opposite
ends of the inflammatory spectrum, centering particularly in pro-inflammatory
macrophages and in macrophages in co-culture with CRC cancer cells. Furthermore,
we aimed to profile mRNA isoforms produced by these cells to infer the association
between gene expression regulation and alternative 3° UTR mRNA isoform production,
and to determine any possible prognostic hints that could benefit cancer patients.
Finally, we identified SRSF12 as a macrophage transcriptomic regulator responsible
for 3' UTR-APA isoform diversity in pro-inflammatory macrophages, with a potential
protective role in vivo.

Understanding the mechanisms regulating gene expression in innate immune
cells, such as macrophages, and during their interaction with cancer cells, will provide
new insights on tumor immunology and on tumor microenvironment. In particular, APA,
a widely described eukaryotic gene regulation mechanism, is almost unexplored in
primary human cells (Jia et al.,, 2017; Pai et al., 2016). However, knowing that
transcription and gene expression regulation contribute to macrophage plasticity, we
decided to investigate the influence of pro-inflammatory stimuli (LPS and IFNy) and
anti-inflammatory stimuli (CRC cells) on gene expression and alternative
polyadenylation in primary human macrophages through an unbiased genome-wide
approach. To our knowledge, this was the first genome-wide study using co-cultured
primary human macrophages. Studying the transcriptome of macrophages interacting
with cancer cells and other components of the tumor microenvironment is crucial to
better understand immune evasion and to develop more efficient diagnostic and
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therapeutic tools. The strategy applied here involved isolation of macrophages from
healthy blood donors, its exposure to pro-inflammatory conditions and then performing
indirect co-cultures, which recapitulates macrophage involvement in colon cancer
biology and creates an ideal model system for transcriptomic studies.

However, the use of primary human immune cells in transcriptomic studies has
been hampered by the plastic nature of these cells and by the different protocols for
differentiation and polarization in use that result in diverse outcomes for the cell and
consequently affect transcriptomic results. Therefore, macrophage phenotype must
be extensively characterized before further studies. It is also important to mention that
anti-inflammatory macrophages are inherently functionally heterogeneous (Roszer,
2015) and similar to their naive MO counterparts, as previously reported in the
literature (Chistiakov et al., 2015; Martinez et al., 2006).

Our first efforts were dedicated to establish a protocol for isolation of human
primary monocytes, their polarization into pro-inflammatory macrophages and co-
culture with colorectal cancer cells suitable for subsequent gene expression and APA
analysis. Using this methodology, it was possible to pinpoint exact mRNA isoform
changes observed in the same human donor, and to infer these differences to the
nuclear or cytoplasmic fraction. By analyzing the statistical significance of the mRNA
isoform changes between conditions, we showed that different genes display different
APA profiles and that CRC cells modulate macrophage APA. At this stage, it must be
mentioned that one of the limitations of our subcellular fractionation sequencing
approach is that while it allows for the discovery of regulatory RNAs such as long non-
coding RNA and antisense transcripts genome-wide, it does not enable the
identification of ribosomal RNAs from primary human macrophages (Poddar et al.,
2013), due to the methods used for mRNA enrichment. Therefore, the analyses of
macrophage mRNA translation are true blind spots for this research.

Macrophages are dynamic, plastic immune cells with their gene expression
regulation determining functions ranging from defense and detoxification to wound
healing. Studying 3’ UTRs in macrophages will increase the spectrum of known
alterations in immune cells when exposed to cancer cells or to the hypoxic conditions
of the tumor microenvironment. Due to microbiota challenge, intestinal tissue
macrophages are mainly circulating macrophages (De Schepper et al., 2018; Zigmond

& Jung, 2013), upregulating their pro-inflammatory characteristics to maintain a tight
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control on gut microbiome levels. At the onset of colorectal cancer progression,
macrophages recognize and attack tumor cells (Bogels et al., 2012). However, the few
cells that escape create a tumor-permissive microenvironment in which macrophage
polarization is diverted into an anti-inflammatory phenotype. In this context, pro-
inflammatory macrophages (M1) have a defined anti-tumoral role, while anti-
inflammatory macrophages (M2) are tumor-permissive (Cardoso, Pinto, et al., 2015;
Lawrence & Natoli, 2011; Locati et al., 2013; Quail & Joyce, 2017).

The described protocol is a low-cost, big data approach for transcriptomic studies
adapted to the need and budget of research laboratories, and particularly for the
macrophage — CRC model system. Sequencing low quantities of primary
macrophages to obtain simultaneous nuclear and total RNA for differential gene
expression, as well as novel APA mRNA isoform identification, in lllumina-compatible
systems, allows a thorough, unbiased transcriptomic characterization of those plastic
immune cells in a relevant pathophysiologic context. Furthermore, with this method
one can identify genome-wide signatures relevant for gene expression regulation and
with potential diagnostic applications, using relatively few cells. In conclusion, our
method provides a basis for transcriptomic analyses using co-cultures of primary

human macrophages with cancer cells.

To study the influence of cancer cell communication on macrophage function, we have
characterized the morphology, cytoskeletal organization and expression of pro- and
anti-inflammatory markers in macrophages cultured alone or with CRC cell lines.
Previous results showed that classic M1-like LPS stimulation causes an elongated
phenotype with filopodia, while M2-like IL-10 stimulation gives rise to a rounded
phenotype (Cardoso, Pinto, et al., 2015; Ploeger et al., 2013). As macrophage
morphology is very sensitive to microenvironmental cues (Ploeger et al., 2013), the
remarkable phenotypic change observed from ramified, pronounced dendritic-like
macrophage monocultures to amoeboid co-cultured macrophages suggests a
dynamic transcriptomic response to the molecular factors secreted by the CRC cells.

We then sought to uncover their identity and cellular functions.

Using 3’ RNA-seq from total RNA to study the effect of polarization and CRC co-

culture on the transcriptome of primary human macrophages, we first observed that
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pro-inflammatory macrophages (LPS+IFNy) sustain substantial transcriptomic
changes compared to unstimulated naive macrophages, with significant differential
expression of 3514 genes out of 19,328 expressed genes (18,1%). This surpasses
the 5% statistical differential expression previously detected in this populations, in a
seminal microarray study performed before the widespread usage of RNA-Seq
(Martinez et al., 2006).

CRC modulates gene expression in macrophages

To the best of our knowledge, we performed the first genome-wide transcriptomic
study using primary human macrophages polarized as pro-inflammatory M1 and co-
cultured with two different CRC cell lines. For that, we have first determined the
differential expression of genes in macrophages. Most common DEGs were
upregulated in co-cultured macrophages. Moreover, the most upregulated genes were
connected to the anti-inflammatory macrophage profile, suggesting that the
phenotypic changes observed by confocal microscopy were in fact consistent with the
transition from a pro-inflammatory into an anti-inflammatory phenotype. 3’ mMRNA-Seq
was performed in bulk total RNA after co-culture of pro-inflammatory macrophages
with CRC cells. Our results demonstrated that co-cultured macrophages presented 35
common DEGs, related to transcription regulation by transcription factor localization,
cell-cell exosome signaling, IL-1-mediated signaling pathways, cell-cell adhesion,
integrin binding and migration, and MHC class | binding, reinforcing the hypothesis of
a reversion of the macrophage inflammatory profile.

Upregulated anti-inflammatory genes included LRP5, an integral part of the Wnt
pathway (Logan & Nusse, 2004), associated to M2 polarization and immune evasion
in macrophages (Cai et al., 2018; Feng et al., 2018; Gong et al., 2017); M2- and TAMs-
associated MRC1, which is generally downregulated in pro-inflammatory
macrophages (Gordon, 2003; Gundra et al., 2014; Martinez et al., 2006; Roszer, 2015;
Pinto et al., 2016), TAMs-associated FUCAT (Xu et al., 2020), and modulator ECM
component THBS1, which triggers IL-10 signaling in macrophages, inhibits
angiogenesis via NF-kB and VEGFR, and depending on cellular context, it acts as a

pro- or anti-inflammatory mediator (Gutierrez et al., 2011; Zhao et al., 2014). In
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addition, upregulation of TAMs-associated EGF ligand EREG was also observed in
co-cultured macrophages.

Interestingly, 80 % of genes common in macrophages co-cultured with RKO
and HCT-15 code for transmembrane or extracellular proteins, key for macrophage
functions. Since our system used indirect co-cultures, it is possible that growth factors
secreted by the CRC cells are sufficient to incite these DEG levels in macrophages.
Essentially, macrophages convert to anti-inflammatory, detoxifying M2/Mox profile
after 24 hours of CRC co-culture, shown by upregulation of the M2 markers listed
above and also by the detection of Mox markers in co-cultured macrophages — IL1B
(Leitinger & Schulman, 2013), CXCL8 (Parisi et al., 2018), HMOX and SRXN1 (Kadl
et al., 2010; Marques et al., 2016) — which is to our knowledge the first time this
macrophage population has been identified in the context of the CRC
microenvironment. Mox macrophages rebalance redox homeostasis and were
previously found in pro-tumor microenvironments such as gastric adenocarcinoma
and ulcerative colitis, and induced by anti-inflammatory stimuli (Eren et al., 2018; Kadl
et al., 2010; Lai et al., 2019; Serbulea et al., 2017).

Our analysis of ChrRNA-Seq data began by the metaprofile differences
between monocultured and co-cultured macrophages, showing a global upregulation
of transcription in the latter population, both in the coding region and beyond the TTS.
These results are also in agreement with previous data showing increased RNAPII
occupancy over the transcription units of the DEGs found in our chromatin-bound data,
in M1 macrophages (Ostuni et al.,, 2013), and also with the upregulation of RNA
transcription that occurs upon infection (Pai et al., 2016). We found upregulation of
transcription of several receptors relevant for immune system function (CNR2, CD244,
SPN), cytoskeleton reorganization (CTTNBP2, ARHGDIB), transcription factors (/1D3),
ion transporters and binding proteins and amino acid-related enzymes. Moreover, we
found that 25% of the 3° mMRNA-Seq upregulated genes both in M1+RKO and
M1+HCT-15 are also upregulated in the chromatin-bound RNA, indicating that this
upregulation is due to co-transcriptional processes. Additionally, upregulated gene
ontology in co-cultured macrophages included vesicle-mediated transport and lipid
binding, which have been previously associated with pro-tumoral mechanisms
stemming from cancer cell crosstalk (Pakiet et al., 2019; Ruiz-Lopez et al., 2018). Our

results suggest that not only macrophages switch towards acquiring an anti-
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inflammatory phenotype upon co-culture with CRC, but also that they undergo
transcriptomic changes towards a Mox detoxifying macrophage phenotype. A pre-
existing built-in tendency for increased transcription of the anti-inflammatory genes
was revealed in the chromatin-bound RNA fraction, and gene expression was
confirmed in several genes by 3 mRNA-Seq. These results argue that as expression
of macrophage genes specifically connected to anti-inflammatory or
immunomodulatory functions is upregulated after exposure to CRC cells, it may allow

for the sustained activation of relevant signaling pathways.

In conclusion, we demonstrate a reversion of the macrophage M1 phenotype
presented in monocultures towards a more anti-inflammatory population, both
morphologically and transcriptomically, following exposure to CRC cells. Previous
studies have shown that macrophage stimuli — such as polarization, autocrine
regulation or cancer cell crosstalk (IFNaf, IFNy, TGFB, TNFa, M-CSF, IL-10, IL-4 and
IL-13) induce partially overlapping transcriptional programs (Gordon, 2003; Gordon &
Martinez, 2010), and it is plausible that the combination of these stimuli may result in
this mixed inflammatory phenotype, representing a complex in vivo macrophage
population diversity. Furthermore, upregulation of other genes such as CXCL8 in co-
cultured macrophages may be indicative of IL-4 and IL-13-like polarization profile,
reinforcing that CRC cells induce a reversal of the M1 pro-inflammatory profile (Turner
et al., 2014).

Indeed, several studies have demonstrated that the impact of CRC cells on
macrophages differentiation profile is dependent on the tumor-associated
macrophage location, and that the microenvironmental-driven polarization profile is
predictive of patient survival (Bogels et al., 2012). In CRC, anti-inflammatory-like
macrophages tend to be closer to the intra tumor region and the tumor invasive front,
while pro-inflammatory-like macrophages are generally closer to the tumor periphery
and to the healthy mucosa (Pinto et al., 2019). Such a stratification of macrophage
localization may favor tumor cell proliferation, angiogenesis and tumor growth (Hao et
al., 2012; Liu et al., 2014). Our results clarify the role of macrophage modulation by
CRC and identify new therapeutic tools for future cancer treatment.

We explored databases containing in vivo results to understand the role of

DEGs in CRC patient outcomes, and found that LRP5 upregulation increased patient
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survival, whereas SEMA6B and THBS1 upregulation was correlated with increased
macrophage infiltration in vivo. As all three genes have been associated with
tumorigenesis (Daubon et al., 2019; Larionova et al., 2020; Lindvall et al., 2006), and
we found mRNA upregulation in macrophages after only 24 hours co-culture, we

propose the inclusion of these as biomarkers for early CRC cancer screening

CRC modulates APA in macrophages

Studying APA and alternative 3’ UTRs in macrophages increases the atlas of known
innate immune cell transcriptomic alterations and opens doors to uncovering new
layers of gene regulation. Before analyzing significant differences in alternative 3' UTR
MRNAs expression, an unbiased analysis was conducted in ’mRNA-Seq data using
DEXSeq to quantify the mRNA isoform number in macrophages, upon M1 polarization
and co-culture. As previous literature, we applied a stringent expression level criterion
to samples: we considered that all mRNA isoforms with 0.1 usage or higher
(considering 1.0 as the highest expressed mRNA isoform in each gene) in at least two
replicates are indicative of alternative polyadenylation (Singh et al., 2018).

Our unbiased approach aimed to identify physiologically relevant APA events that
could enlighten underlying molecular mechanisms in co-cultured macrophages.
Additionally, we were able to contribute to the community with the biggest known
catalog of alternative 3° UTRs in primary human macrophages after polarization and
co-culture stimuli. We found that 50% of genes in naive and pro-inflammatory
macrophages use at least two mRNA isoforms with alternative 3’ UTRs, due to the
usage of two PAS, irrespectively of their expression. Interestingly, this transcriptomic
diversity is abrogated after CRC co-culture, where 75% macrophage genes use only
one PAS. This event may not be stochastic, as some of these genes are related to
IFNy, a pro-inflammatory cytokine. Remarkably, these genes tend to choose the distal
PAS when in co-culture. As anti-inflammatory macrophages are associated with less
proliferation, this observation follows the paradigm established in the field that less
proliferative cells choose preferentially distal PAS.

Our data expands the known catalog of alternative 3° UTRs in macrophages upon
polarization to 56331 total APA events. Additionally, we identified 46 significant 3’
UTR-APA and CR-APA shifts in inflammatory-related genes in pro-inflammatory and

co-cultured macrophages.
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In accordance to what was found in other cell types (Araki et al., 2018), the total
expression of genes that, after CRC exposure, expressed only one long 3’ UTR tend
to be downregulated. Notably, these genes are involved in gene expression regulation
and in immune system development. These lengthened 3’ UTR isoforms may be
subject to increased regulation by miRNAs and RBPs than shortened 3’ UTR isoforms
(Castello et al., 2012; Mayr, 2017; Seeley et al., 2018; Tian & Manley, 2016) and hence
be available at lower concentrations in the cytoplasm.

Therefore, less prevalent 3' UTR shortening through APA in co-cultured
macrophages, particularly in pro-inflammatory, could be associated to lack of
adaptability to the CRC cell pressure (Zheng et al., 2018), as mRNAs in pre-co-culture
pro-inflammatory macrophages tend to use shorter 3’ UTRs, which are transcribed
and processed quicker. However, whether this observation is a cause or a
consequence of macrophage behavior after CRC stimuli is still an unanswered
question.

Out of the 46 genes, 33 genes showed upregulation of their shorter 3’ UTRs. These
genes are connected to inflammation, cell signaling and cell-to-cell communication
Interestingly, genes with short 3’ UTRs and pro-inflammatory polarization conditions
were both previously found to be associated with open chromatin (Li et al., 2016).
Upregulated shorter 3’ UTR mRNA isoforms include MXD1/MAD, a MYC antagonist
through competition with binding partner and also shortening APA gene MAX, a
transcription factor associated with macrophage polarization. MAX has been
described as an activator when in heterodimer with MYC and as an inhibitor when
bound to MXD1 during macrophage differentiation (Hutchinson, 1993; Lambert et al.,
2018). Interestingly, MYC expression is significantly downregulated after M1
polarization and MYC expression levels remain low during co-culture, while there is
an upregulation of MAX and MXD1 short 3UTR mRNAs. It is tempting to speculate
that these expression and APA alterations correlate to MYC-MAX function. However,
this is, to the best of our knowledge, the first study in which alternative 3° UTRs have
been correlated to these gene functions.

The MXD1 protein product MAD1 is downregulated after pro-inflammatory
polarization, concomitantly with upregulation of the shorter mRNA isoform, suggesting
that protein levels are increased by 3 UTR shortening. However, not all mRNA

changes observed are reflected in their protein products differential expression of 3’
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UTRs in MAP3K8 (Tpl-2), an example of CR-APA. MAP3K8 modulates immune cell
function and after pro-inflammatory signaling (Sanz-Garcia et al., 2014) via MAPK,
there was no clear correlation with protein expression in co-cultured macrophages, as
expression was dependent upon the specific CRC cell line to which macrophages
were exposed. In general, our 3'UTR-APA findings are independent of the CRC cell
line used. Yet, this is an example in which the secretome of each cell line may be
determinant for macrophage response and may be hence further explored for therapy
design. Therefore, it is possible that despite genes that undergo APA in M1 but not in
co-cultured macrophages mostly choose the distal PAS, the differential APA signature
found in M1 is maintained after CRC exposure. For instance, some of the 33 gene
subset with preferential proximal PAS selection found in both pro-inflammatory and
co-cultured macrophages could apply a similar strategy between to ensure proper
protein production.

Upregulated long 3 UTR mRNAs include PAK1, a kinase with important functions for
macrophage biology. PAK1 is connected to pro-inflammatory polarization and
regulates polarity through ERK1/2 activation (Pyronneau et al., 2017). In turn,
IL12RB1, also an example of CR-APA encodes the 1 chain of the IL-12 and IL-23
receptors (Zhang et al., 2010).

The low number of mRNA isoforms statistically upregulated in M1 and co-
cultured macrophages (33 upregulated shorter 3° UTR isoforms and 13 upregulated
longer 3’ UTR isoforms) identified in the three biological replicates has also been found
in other studies, including in activated immune cells (Gruber et al., 2014; Morris et al.,
2012; Pai et al., 2016; Yang et al., 2018) and the relatively small number of alternative
3’ UTR genes that undergo statistically significant shifts may be due to primary donor
heterogeneity. Additionally, in agreement with previous literature, there was no
correlation between gene expression and APA (Jia et al., 2017; Kocabas et al., 2015;
Mercer et al., 2011), meaning that these events act independently but in the same
pathways, conferring redundancy to macrophage biology.

Similarly to DEGs, we explored the role of some genes undergoing differential
APA isoform expression in M1 and co-cultured macrophages in in vivo TCGA
databases. We found that MAP3K8, MXD1 and IL12RB1 expression in patients
decreased patient survival, and we hypothesize that as it has no obvious connection

to mRNA upregulation, it could then be connected to the upregulated short 3' UTR (in
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MAP3K8 and MXD1) or long 3 UTR (in /IL12RB1) observed in macrophage
populations. MAP3K8 and IL12RB1 have been implicated in hereditary and metastatic

CRC, so we propose they are included in CRC screening in patients (Belhadj et al.,
2020; Pyo et al., 2018).

SRSF12 as a macrophage modulator

The RNA Recognition Motif and the SR domain in SRSF12 enable 5’ splice site (ss)
selection and repression of SR protein action during alternative splicing (Chandler et
al., 1997; Cowper et al., 2001; Roca et al., 2013). As the top upregulated gene
associated with RNA metabolism in M1 macrophages, SRSF12 downregulation could
have had several cell consequences, as lack of SR repression affects several
pathways involved in cell transformation, due to increased levels alternative splicing
and NMD (Das & Krainer, 2014; Kim et al., 2015).

SRSF12 siRNA depletion downregulated 334 genes. Interestingly, this is evident for
genes connected to the anti-inflammatory profile — ARMC9, SEMA6B, MRC1 -
suggesting that SRSF12 has a function in modulating 3’'UTR-APA in genes with
immune-related functions in macrophages.

SRSF12 upregulation in M1 macrophages and specific downregulation of expression
of immune-related genes strongly suggests its widespread role in regulating innate
immune cell gene expression. Therefore, we hypothesized that SRSF12 could
cooperate with other trans-acting factors to activate the expression of short 3’ UTR
mMRNAs isoforms in macrophages. For instance, downregulation of CSTF2 mRNA and
protein levels in siSRSF12 depleted macrophages indicates that SRSF12 activates
CSTF2 expression and hints at a connection to the cleavage and polyadenylation
mechanisms. If CSTF2 is less expressed, its concentration at cleavage sites will be
substoichiometric, which has been shown to contribute to increased proximal PAS
selection (Shell et al., 2005; Takagaki et al., 1996). Strikingly, SRSF2, one of the SR
factors on which SRSF12 acts upon, shows upregulation of the short 3° UTR isoform
in siSRSF12 depleted macrophages, possibly indicating a regulatory loop — SRSF2
and SRSF12 could interact differently depending on SRSF12 regulation of the SRSF2
transcript, especially its shorter 3° UTR.

After siSRSF12 depletion in macrophages, differences in APA may reflect changes in

local 3" end processing factor concentrations, such as CstF2, differences in RBP
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binding to the PASs or to trans-regulatory factors, such as SRSF12 interactors, with
relevant cell consequences. SRSF12 involvement in the selection of short 3' UTRs of
innate immune transcripts in primary human macrophages may serve to hasten mRNA
production in innate immune cells, allowing for quicker defense against pathogens or
tumor challenge. SRSF12 may act as a macrophage master regulator, being
associated to a pro-inflammatory inflammatory profile. Collectively, our data
demonstrate that SRSF12 regulates macrophage 3° UTR-APA and gene expression.
Despite SRSF12 being a relatively low abundance SR protein, it was upregulated in
in vivo TCGA data and its depletion had a clear effect on the macrophage
transcriptome, downregulating gene expression and contributing to decreasing APA.
This is reminiscent of hnRNP a0, a low abundance protein present that binds to the 3’
UTR of distal transcripts in macrophages (Cok et al., 2004; Myer & Steitz, 1995).
Furthermore, as SR proteins and hnRNP proteins have antagonistic roles (Expert-
Bezancgon et al., 2004), it is interesting to speculate on the role of SR repressor
SRSF12 as closer to that of hnRNP proteins. Further studies are needed to confirm
this hypothesis.

Studying the impact of RBPs on dynamic cellular scenarios contributes to an increased

understanding of 3’ end regulation by SRSF12 on primary human macrophages.

Individual gene studies

We studied alternative 3’'UTRs in individual candidate genes in naive and pro-
inflammatory macrophages prior to performing RNA-Seq, as a proof-of-concept
approach. Results demonstrated upregulation of both gene expression and the shorter
3’ UTR of MCL1, IL1B and CD47 mRNAs, important for macrophage functions (anti-
apoptotic molecule, pro-inflammatory cytokine, and anti-phagocytic receptor,
respectively). In addition, upregulation of both gene expression and long 3’ UTR of
RACT1 (involved in motility and migration) was also observed. RNA-seq data for the
genes selected (RAC1, MCL1, IL1B and CD47) showed upregulation in co-cultured
macrophages, emphasizing that the alternative 3° UTR mRNA isoform expression in

cell populations is extremely dependent on cell context such as RBP upregulation.
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Conclusion

This PhD work shows that macrophages adapt to CRC stimuli by producing a 35-gene
signature consisting of anti-inflammatory, pro-tumoral members, and by decreasing
the number of overall available alternative 3° UTR isoforms. Importantly, this work also
identified mRNA isoforms significantly upregulated in pro-inflammatory and co-
cultured macrophages with differential predictive power of macrophage infiltration
levels and overall survival in CRC patients. Simultaneously, this work highlighted the
previously unknown role of the SR protein SRSF12 in innate immune gene regulation
through selection of proximal PAS signals in pro-inflammatory macrophages through
a yet unknown mechanism.

In conclusion, this work sheds new light on alternative 3'UTR isoform expression and
regulation by RBPs, which should always be taken into account in transcriptomic
studies, when studying innate immune cells and tumor microenvironment, and on a

potential novel role for an SR protein involved in alternative splicing, SRSF12.
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Chapter V — Future work

Validate macrophage genes on human tissue specimens

After characterization of the molecular mechanisms, the next step would be their
validation in tissue-matched human samples, available at Hospital Sdo Joao through
immunohistochemistry and classification of samples according to gene expression of
the candidate genes and cross with tumor localization on the organ (ascending or
descending colon) and with patients’ clinicopathological information inferring about

possible prognostic effects.

Survey transcriptomic changes in CRC cell lines upon co-culture with
macrophages

Studying the transcriptomic changes in the colorectal cancer cell lines RKO and HCT-
15, whether in their gene expression or alternative 3° UTRs, would enable us to
characterize the converse situation shown here with macrophages, and to deepen our
understanding of co-cultures as complex exchanges of information. Moreover, as
cancer cell lines are easier to culture in vitro, one could reach higher numbers of
available cells that would enable the establishment of several timepoints in which we
could further elucidate the generation of mRNAs, bringing us to an even higher

understanding of this system.

Perform eCLIP in SRSF12 to identify binding sites with nucleotide resolution

It was unfeasible to perform IPs to study SRSF12 due to the lack of good tools, namely
appropriate antibodies. However, it would be very interesting to identify mRNAs
physically bound to SRSF12 through enhanced cross-linking immunoprecipitation
(eCLIP) (Van Nostrand et al., 2016), which uses an RBP antibody to precipitate in vivo
bound cross-linked RNA. eCLIP enables the high-throughput identification of small
nucleotide stretches of identify biologically relevant target mRNAs with reduced
sequence bias. If combined with conditional knockout of SRSF12 in mice
macrophages, or SRSF12 CRISPR in THP-1, this approach could contribute to

increased understanding of the role of SRSF12.
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Explore the role of SRSF12 in the CRC co-culture cell context

We revealed a new role of SRSF12 in proximal PAS choice in M1 macrophages. As
we have seen that co-cultured macrophages also show several gene expression and
alternative 3’ UTR choice changes, it would be logical to explore the role of this SR
protein in the context of co-culture with RKO and HCT-15 by optimizing the
consecutive co-culture/siRNA methodology and performing 3° mRNA-Seq and
ChrRNA-Seq in co-culture macrophage populations with SRSF12 depletion, and
quantifying DEG and differential alternative 3’ UTR levels.

Use of oligonucleotides and ASOs to study alternative 3’ UTR choice

Studying RBP binding to individual 3° UTRs in macrophages upon CRC co-
culture through ChIRP-MS, which involves pulldown of endogenous RNAs with
biotinylated oligonucleotides and subsequent mass spectrometry to identify bound
proteins, would enable us to determine the RBPome in interesting innate immune-
related or RNA processing genes.

Alternatively, it would be interesting to drive 3° UTR lengthening of genes
showing upregulation of short 3’ UTRs and related to immune pathways, through the
use of antisense oligonucleotides (ASOs). For instance, this approach could be
performed in DICER1, which shows upregulation of the short 3’ UTR in M1 and co-
cultured macrophages, with locked nucleic acids or peptide nucleic acids, blocking the
proximal PAS and examining effects of forcing the expression of the long 3° UTR of

DICERT1 in pro-inflammatory polarization and responses to CRC cell stimuli.
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