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ABSTRACT 

 
 

Cancer stem cells (CSCs) represent a minority of the cells in a tumor. However, they 

are able to originate more cells with stem cell phenotype as well as to originate more 

differentiated cancer cells. CSCs have been identified based mostly on putative “stem-cell” 

markers such as CD133, CD44 and ALDH1 and on their capacity to generate tumors when 

inoculated in immunodeficient mice. CSCs are highly resistant to chemo and radiotherapy, 

therefore being a cause of treatment failure. 

Some researchers have described the presence of atypical cells in tumors, named 

goblet or signet ring cells, however few studies have been reported and carried out to study 

such cells. Gostjeva et al. described a population of atypical cells, which were named 

“metakaryotic cancer stem cells”, typically very big and having an unusual shape of the 

nucleus (large, hollow, bell-shaped nucleus), being also extremely resistant to anticancer 

drugs and radiation. These cells were found in colonic adenomas, adenocarcinomas and 

also on metastasis. They were also found in the HT29 cell line. 

The main objective of this study was to: i) observe atypical cells, previously described 

by Gostjeva et al. as metakaryotic cancer stem cells, from the human colonic 

adenocarcinoma HT29 cell line and from the MSHT29 cell line (derived from the HT29 cell 

line and with an apparent EMT phenotype); ii) attempt to identify these atypical cells in two 

other cancer cell lines; iii) characterize those cells in terms of cell markers putatively 

associated with stem cells, epithelial-to-mesenchymal transition (EMT) and drug resistance; 

and; iv) characterize the protein content of those cells by proteomics analysis 

 

 

To address these aims, four different cell lines were used: the HT29 cell line obtained 

from different sources (MIT and ATCC), the MSHT29 cell line (previously obtained at the 

MIT from the HT29 cell line and having an apparent EMT phenotype), the PANC-1 cell line 

and BT20 cell line. Cells were maintained under different cell culture conditions (condition 

1: MEM medium supplemented with 9% FBS and cells maintained at 37 ºC without access 

to any gases; and condition 2: RPMI 1640 medium supplemented with 10% FBS and cells 

maintained at 37 ºC with 5% CO2). The phenotype of the different cells under the different 

culture conditions was observed under the microscope, the cell growth and response to 

doxorubicin were evaluated with the sulforhodamine B assay and their protein content was 

evaluated by Western blot. Hoechst staining was performed, in order to identify Hoechst 

negative cells previously describe by Doctor Elena Gostjeva (personal communication, 

unpublished). In addition, the different cell lines (cultured under condition 1 or condition 2) 



 

 

 xxii 
 

were submitted to cold non-enzymatic cell recovery procedure (C/D), in order to enrich 

the cell population in the atypical cells. The DNA content of the survivor cells after C/D 

procedure was stained using Feulgen staining (to observe the atypical shape of the 

nucleus). The ALDH protein content of the survivor cells was evaluated by Western blot 

and by immunocytochemistry. Some other proteins associated with cellular adhesion 

and tumor aggressiveness were analyzed by Western blot. Finally, the differences in 

protein content between the HT29 cells and of their survivor cells after C/D procedure, 

and also between the HT29 cells and the MSHT29 cells, was studied by mass 

spectrometry analysis. 

 

 

This work showed that, although the cell culture conditions did not affect the 

morphology of the cells, they affected their growth and response to doxorubicin (a 

chemotherapeutic drug commonly used to treat many cancers). Cells grown under cell 

culture condition 1 grew faster, were more resistant to doxorubicin, had higher 

expression of ALDH1 and ABCG2 proteins and decreased expression of β-catenin. 

Moreover, our results confirmed the presence of a negative cell population for Hoechst 

staining in the HT29 cells maintained under cell culture condition 1 and also in the 

MSHT29 cells. Hoechst negative stained cells were not observed under cell culture 

condition 2. In addition, our results confirmed that survivor cells (from all the cell lines) 

can be recovered after being exposed to the extreme harsh conditions of the C/D 

procedure. Nevertheless, we were only able to observe the presence of atypical cells 

with bell-shaped nuclei in the survivor cells from the HT29 cell line, cultured under either 

cell culture condition 1 or 2. In addition, some survivor cells had increased expression 

of ALDH1 or ALDH2, CEA and integrin α5. Interestingly, the presence of ALDH was 

confirmed by immunocytochemistry in the survivor cells from the HT29 cells that 

presented a bell-shaped nucleus but not in their neighboring cells. Finally, our 

preliminary results from the proteomic analysis indicate that the major differences 

between the HT29 cells and their survivor cells after C/D procedure, and the MSHT29 

cells, are related with metabolic processes.  

In summary, the results presented in this thesis confirm the presence of a 

population of atypical cells with bell-shaped nuclei in the HT29 cell line obtained from 

different sources (MIT and ATCC), and further show that they specifically present an 

overexpression of ALDH, whereas neighboring cells without the bell-shaped nuclei do 

not overexpress ALDH. Results also confirm the presence of Hoechst negative 

population of cells in the HT29 and MSHT29 cell lines. The observation of these 

Hoechst negative populations was only possible when cells were cultured under cell 



 

 

 xxiii 
 

culture condition 1, which may explain the scarcity of information in the literature about 

these cells. Nevertheless, results here presented confirm that the survivor cells with 

bell-shaped nuclei from the HT29 cells line may also be observed under the conventional 

(and cheaper) cell culture conditions (although they seemed to be apparently enriched 

under cell culture conditions 1). Preliminary proteomics studies highlighted metabolic 

alterations in the HT29 C/D survivors and in the MSHT29 cells, when compared to the 

parental HT29 cells. Further future validation of these studies may contribute to the 

identification of biomarkers and molecular targets for these atypical cells with bell-shaped 

nuclei. 
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RESUMO 

 

As células estaminais cancerígenas (“Cancer Stem Cells”, CSCs) representam uma 

minoria das células presentes num tumor. No entanto, são capazes de originar mais células 

com fenótipo “stem”, bem como originar células cancerígenas mais diferenciadas. As CSCs 

têm sido identificadas maioritariamente recorrendo a marcadores prováveis de “células 

estaminais”, tais como o CD133, CD44 e ALDH1 e à sua capacidade de originar tumores 

quando inoculadas em ratinhos imunodeficientes. As células estaminais cancerígenas são 

muito resistentes a quimio e radioterapia, sendo uma causa de falha destes tratamentos. 

Alguns investigadores descreveram a presença de células atípicas em tumores, 

nomeadamente as células “goblet” ou “signet ring”, no entanto poucos estudos destas 

células foram feitos e relatados. Gostjeva et al. descreveram uma população de células 

atípicas, a que chamaram células estaminais cancerígenas “metakaryoticas”, tipicamente 

muito grandes e com a forma do núcleo pouco comum (grande, concâvo e em forma de 

sino), sendo também muito resistentes a fármacos antineoplásicos e a radiação. Estas 

células foram encontradas em adenomas e adenocarcinomas do colón bem como em 

metástases. Também foram encontradas na linha cellular HT29. 

O principal objetivo deste trabalho foi: i) observar células atípicas, previamente 

descritas por Gostjeva et al. como células estaminais cancerígenas “metakaryoticas”, a 

partir da linha cellular humana de adenocarcinoma do colón HT29 e a partir da linha 

MSHT29 (derivada da linha celular HT29 e com aparente fenótipo EMT; ii) tentar identificar 

estas células atípicas em duas outras linhas celulares cancerígenas; iii) caracterizar essas 

células em termos de marcadores celulares associados com células estaminais, transição 

epitelial-mesênquimatosa e resistência a fármacos, e; iv) caracterizar o conteúdo proteico 

dessas células por análise proteómica. 

 

 

Para tal, quatro linhas celulares diferentes foram usadas: a linha celular HT29 obtida 

de diferentes fontes (MIT e ATCC), a linha celular MSHT29 (obtida previamente no MIT a 

partir da linha celular HT29 e que aparenta ter fenótipo EMT), a linha celular PANC-1 e a 

linha celular BT20. As células foram mantidas em diferentes condições de cultura cellular 

(condição 1: meio MEM suplementado com 9% de FBS e as células mantidas a 37 ºC sem 

acesso a gases; e condição 2: meio RPMI-1640 suplementado com 10% FBS e as células 

mantidas a 37 ºC com 5% de CO2). O fenótipo das diferentes células nas diferentes 

condições de cultura celular foi observado ao microscópio, o crescimento cellular e 

resposta à doxorubicina foram avaliados com o ensaio de sulforrodamina B e o seu 

conteúdo proteico foi avaliado por Western blot. Foi efetuada marcação com Hoechst, de 
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forma a identificar células negativas para esta marcação, que tinham sido previamente 

descritas pela Doutora Elena Gostjeva (comunicação pessoal, resultados não publicados). 

Adicionalmente, as diferentes linhas celulares (mantidas nas condições 1 ou 2) foram 

sujeitas a um tratamento de recuperação celular não enzimático a frio (C/D), de modo 

a enriquecer a população celular em células atípicas. O DNA das células que 

sobreviveram ao tratamento C/D foi corado usando a coloração de Feulgen (para 

observar a forma atípica do núcleo). O conteúdo das células sobreviventes (após o 

tratamento C/D) em proteína ALDH foi avaliado por Western blot e por 

imunocitoquímica. Outras proteinas relacionadas com adesão celular e agressividade 

tumoral foram analisadas por Western blot. Por fim, as diferenças no conteúdo proteico 

entre as células HT29 e as suas células sobreviventes após tratamento C/D, e também 

entre as células HT29 e as células MSHT29, foram estudadas por análise de 

espetrometria de massa. 

 

 

Este trabalho demonstrou que, apesar das condições de cultura celular não 

afetarem a morfologia das células, afetaram o seu crescimento e resposta à 

doxorubicina (um fármaco muito utilizado para tratar vários cancros). As células 

mantidas na condição de cultura 1 cresceram mais rápido, foram mais resistentes à 

doxorubicina, tinham mais expressão das proteínas ALDH1 e ABCG2 e expressão 

diminuida de β-catenin. Adicionalmente, os nossos resultados confirmaram a presença 

de uma população celular negativa para coloração com Hoechst nas células HT29 

mantidas na condição de cultura 1 e nas células MSHT29. Células negativamente 

marcadas para Hoechst não foram observadas quando eram mantidas na condição de 

cultura 2. Os nossos resultados confirmaram ainda que é possível recuperar células 

sobreviventes (de todas as linhas celulares) após terem sido expostas às condições 

extremas do tratamento C/D. No entanto, apenas fomos capazes de observar a 

presença de células atípicas com núcleo em forma de sino nas células sobreviventes 

da linha celular HT29, quando mantidas tanto nas condições de cultura 1 como 2. 

Adicionalmente, algumas células sobreviventes tinham expressão aumentada de 

ALDH1 ou ALDH2, CEA e integrina α5. Curiosamente, a presença de ALDH foi 

confirmada por imunocitoquímica nas células sobreviventes das células HT29 que 

apresentavam núcleo em forma de sino, mas não nas células circundantes. 

Finalmente, os nossos resultados preliminares da análise de proteómica indicam que 

as maiores diferenças entre as células HT29 e as suas células sobreviventes após 

tratamento C/D, e as células MSHT29, estão relacionadas com processos metabólicos. 
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Em resumo, os resultados apresentados nesta tese confirmam a presença de uma 

população de células atípicas com núcleo em forma de sino na linha celular HT29 

obtida de diferentes fontes (MIT e ATCC) e demonstram que estas células 

especificamente apresentam sobreexpressão de ALDH, enquanto que as células vizinhas 

sem núcleo em forma de sino não têm sobreexpressão de ALDH. Os resultados também 

confirmam a presença de uma população de células negativas para marcação com 

Hoechst nas linhas celulares HT29 e MSHT29. A presença de população negativa para 

Hoechst apenas foi observada quando as células eram mantidas na condição de cultura 1, 

o que pode explicar a pouca informação na literatura relativa a estas células. No entanto, 

os resultados aqui apresentados confirmam que células da linha cellular HT29 

sobreviventes ao tratamento C/D e com núcleo em forma de sino podem também ser 

observadas quando as células são mantidas nas condições de cultura convencionais, mais 

baratas (apesar de existir um aparente enriquecimento nestas células nas condições de 

cultura 1). Estudos preliminares de proteómica evidenciam alterações metabólicas nas 

células HT29 sobreviventes ao tratamento C/D e nas células MSHT29, em comparação 

com as células parentais HT29. A validação futura destes estudos pode contribuir para a 

identificação de biomarcadores e alvos moleculares para estas células atípicas com núcleo 

em forma de sino. 
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 1. Introduction 

1.1. Cancer: an overview 

 

Recent technological developments have allowed advances in the study of several 

diseases that affect many people, including cancer – a disease that affects millions of 

people but is still not fully understood. 

Cancer is one of the more serious diseases worldwide and according to data from the 

World Health Organization, the number of new cases of cancer in 2025 is expected to 

increase to 19.6 million, from the 15.4 million new cases reported in 2015 [1, 2]. Advances 

in technology helped to improve diagnostic methods, leading to more accurate diagnoses 

(also at earlier stages) and resulting in an increase of new cancer cases detected in the last 

years. In addition, although in the past few years cancer patients have access to better and 

more efficient treatments, cancer-related deaths worldwide is expected to increase from 8.9 

million (in 2015) to 11.5 million (in 2025) [1]. 

Several researchers have described cancer as a disease of the genes, which means it 

arises from the accumulation of mutations acquired over time. The transformation of normal 

cells into cancer cells is a slow process and, as this process evolves, cancer becomes more 

heterogeneous [3]. The number of alterations that are needed in order for a cancer to 

become a clinical disease (i.e., to manifest symptoms and to be able to be diagnosed) is 

still not known, however, it is well known that cancer cells need to acquire specific cellular 

capacities, described as “hallmarks of cancer”. In this matter, cancer cells need to be: self-

sufficient in growth signals, insensitive to anti-growth signals, able to escape apoptosis, able 

to have limitless replicative potential, capable of sustaining angiogenesis, capable of tissue 

invasion and metastization, capable of reprograming their energy metabolism and to evade 

immune destruction [4, 5]. The occurrence of mutations (genetic alterations) in cancer cells 

may be due to several factors – cancer is also known to be a multifactorial disease – such 

as ageing, exposure to radiation and/or pathogens, environmental factors, reproductive 

factors, prescription drugs and lifestyle habits like smoking, abuse of alcoholic drinks, 

physical inactivity, inappropriate diet and obesity/being overweight [6, 7]. 

Nowadays, it is clearly known that not only cancer cells but also the environment that 

surrounds them – the tumor microenvironment - play a pivotal role in the development of 

this disease [8, 9]. Therefore, the study of the components of the tumor microenvironment 

and their communication with cancer cells and how this influences tumor growth and 

progression, has received increased attention in the last few years. The tumor 

microenvironment includes the surrounding blood vessels, the extracellular matrix, 

signaling molecules, endothelial cells, pericytes and immune cells such as macrophages 

[10]. Several reports have demonstrated that targeting components of the tumor 
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microenvironment and their interactions with cancer cells might be a complementary 

approach to improve cancer treatment [11]. 

 

1.2. Hallmarks of cancer 

 

The several changes in cells’ genome involved in the development of cancer lead to 

the acquisition of many cellular capacities. The hallmarks of cancer enumerate the 

properties acquired by normal cells during the transformation into cancer cells. Hanahan 

and Weinberg (2000) initially proposed six fundamental capacities for the transformation of 

normal cells into cancer cells, however a few years later (2011) two more hallmarks were 

proposed [4, 5]. 

 

1.2.1. Self-sufficiency in growth signals 

 

Cancer cells are mainly characterized by their high proliferation rate. While normal cells 

require external signaling (from signaling molecules) to grow, cancer cells can generate 

their own signaling – reducing the need for external stimulation to proliferate, therefore 

becoming more independent [4]. Cancer cells are able to synthesize growth factors to which 

they respond (originating a mechanism of positive feedback: in the presence of the 

produced growth factors, cancer cells will proliferate and produce more growth factors) [12]. 

In addition, cancer cells have the capacity to induce normal cells (in the surrounding 

microenvironment) to produce more growth factors, which leads to their (cancer cells) 

proliferation [13, 14]. In addition, cancer cells may become more receptive to the growth 

signals produced by normal cells, due to their (cancer cells) capacity to alter their growth-

factor receptors  [15].  

 

1.2.2. Insensitivity to anti-growth signals 

 

The great proliferation potential of cancer cells is also due to their capacity of becoming 

unresponsive to the signals that block proliferation, such as induction of a quiescent state 

(G0) or post-mitotic state. The ability of the cancer cells to not respond to these signals is 

dependent on the inactivation of tumor suppressor genes, such as the retinoblastoma (RB) 

or the TP53: when these genes are inactive, cells are not able to fulfil their function of 

triggering a signaling cascade that intends to block cell proliferation [16, 17]. 
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1.2.3. Evading apoptosis 

 

The programmed cell death (apoptosis) can be initiated in response to several stimuli 

and culminate in cell debris [18]. This process is accomplished when irregularities in the 

intracellular conditions are detected (by cellular sensors) and occurs by the activation of a 

response (by cellular effectors) that lead to cell death [19].  

The capacity of cancer cells to evade apoptosis is a mechanism that contributes to the 

expansion of the number of tumor cells. Apoptosis is a natural process that leads to cell 

death, being a natural obstruction in the progression of cancer. However, cancer cells 

develop many mechanisms that allow them to escape apoptosis, for example by becoming 

insensitive to abnormal conditions (e.g. DNA damage is not detected when TP53 is 

inactivated) or by creating an imbalance in the expression of anti- and pro-apoptotic proteins 

[20]. 

 

1.2.4. Limitless replicative potential 

 

Even though cancer cells have alternative mechanisms which allow them to proliferate 

continuously, they should have a “limit point” when they enter into senescence – a point 

when cells stop growing even when stimulated [21]. Nevertheless, cancer cells have the 

ability of circumventing this process.  

Indeed, during the process of becoming tumorigenic, cells acquire the capacity of 

having limitless replicative potential, since they are able to maintain their telomeres (known 

to protect the end of the chromosomes being shortened during every cellular doubling; this 

shorting should eventually lead the cell to a senescent state). Cancer cells are able to 

maintain their telomeres, because they have telomerase (the enzyme responsible for 

adding segments to the end of the telomeres), among other reasons [22, 23]. 

 

1.2.5. Sustained angiogenesis 

 

The capacities enumerated previously (from 1.2.1. to 1.2.4.) allow the formation of a 

cell mass that needs vasculature in order to maintain nutrient and oxygen supply, as well 

as to have a system to eliminate the produced waste (essential needs for the survival of 

cells). So, cancer cells induce an “angiogenic switch”, prompting the formation of new blood 

vessels which sustain the supply of essential needs to cancer cells [24]. This switch can be 

achieved by altering the cellular levels of pro- and antiangiogenic factors (such as VEGF-A 
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– vascular endothelial growth factor-A – and TSP-1 – thrombospondin-1, respectively), 

leading to an imbalance that favors the induction of the formation of new vessels [25, 26]. 

 

1.2.6. Tissue invasion and metastasis 

 

A great number of cancer-related deaths is caused by the emergence of metastasis 

– mass of tumor cells in a different location from the primary tumor.  

Tumor cells suffer several alterations that confer them an invading phenotype, 

becoming able to intravasate the basement membrane and travel in blood vessels and then 

extravasate and colonize in a secondary location – forming metastases [27]. This process 

is called the invasion-metastasis cascade (Figure 1) [28]. 

 

 

 

Figure 1. Schematic representation of the invasion-metastasis cascade. Cells 

from the primary tumor suffer alterations in their phenotype and become capable of invading 

and intravasating into blood vessels. Cancer cells have the ability to survive in the blood 

stream and exit in a secondary location, where metastases are going to be formed.  

 

The alterations that cancer cells suffer during this process are named as “epithelial 

to mesenchymal transition” (EMT) and “mesenchymal to epithelial transition” (MET). 

 

1.2.6.1. Epithelial to mesenchymal transition (EMT) 

 

The epithelial to mesenchymal transition (EMT) comprises several alterations that occur 

in epithelial cells resulting in a change from epithelial to mesenchymal phenotype. Such 

conversion can occur in physiological or pathological processes like embryogenesis or 
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cancer, respectively [29]. Cancer cells which undergo EMT and acquire a mesenchymal 

phenotype have increased resistance to cell death and have invasive potential, being 

therefore considered malignant cells. 

Cancer cells undergo several modifications during EMT, starting with the loss of 

function of E-cadherin (a protein relevant for cell-to-cell adhesion), cytokeratin and laminin-

1, as well as the gain of the expression of mesenchymal markers such as vimentin, N-

cadherin, desmin and fibronectin  [30]. The role of E-cadherin is crucial for the maintenance 

of the epithelial phenotype since it establishes adhesions between cells, acting as a 

suppressor of the capacity of invading. When the function of E-cadherin is lost, cells lose 

the connective bridge between each other and become able to invade [31]. 

EMT in cancer involves the activation of several pathways, such as the TGF-β and 

Wnt/β-catenin signaling as well as the activation of several transcription factors, such as 

Snail/Slug and Twist. For instance, Wnt/β-catenin signaling is activated when E-cadherin is 

not functional, increasing Snail’s levels which potentiate an invasive phenotype (Figure 2) 

[32, 33]. 

Cancer cells must suffer the opposite process – MET (mesenchymal to epithelial 

transition) when they arrive at the metastatic site, in order to be capable of adhering and 

colonizing that site. 

Figure 2. Schematic representation of the epithelial to mesenchymal transition 

(EMT) and of the mesenchymal to epithelial transition (MET).  

 

As has already been mentioned, several alterations and pathways involved in EMT in 

cancer cells are also associated with EMT in embryogenesis and development, suggesting 

that cancer may be somehow an image of what happens during the embryonic development 

[34]. 
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1.2.7. Avoiding immune destruction 

 

The immune system plays an important role in protecting the organism against 

diseases, recognizing and eliminating pathogens or unhealthy cells. Therefore, the immune 

system should be capable of recognizing cancer cells and triggering an immune response 

to eradicate those cells. Nevertheless, cancer cells have the ability to evade the immune 

surveillance and avoid being killed by the immune cells, through a process called “cancer 

immunoediting” [35, 36]. 

Cancer immunoediting comprises three phases: elimination, equilibrium and escape. 

Immune cells are able to recognize tumor cells and to eliminate them (“elimination phase”). 

This phase may be complete or incomplete, depending on all cancer cells being destroyed 

or not. If the process is incomplete, cancer cells reach an “equilibrium point” with the 

immune system. During the equilibrium phase, cancer cells can continue to proliferate and 

to alter the expression of their surface-antigens, becoming insensitive to the immune 

response. The immune system is effective against cancer cells that did not alter their 

surface-antigens but is not able to kill the cancer cells with alteration of surface-antigens.  

When this happens, it is called the “escape phase” [35]. 

 

1.2.8. Deregulating cellular energetics 

 

Cancer cells are distinguished from normal cells by a set of characteristics, some of 

them already described above, but one of the most interesting is their different metabolism. 

Indeed, cancer cells have altered metabolism which allows them to survive under conditions 

in which normal cells would not survive [37]. Although cancer cells require more energy 

than normal cells (because they proliferate more and are capable of migration and invasion, 

which are energy-consuming processes), they use a more inefficient process to generate 

their energy. Indeed, cancer cells obtain their energy from glycolysis, even when not under 

hypoxic conditions, contrarily to normal cells that generate their energy by oxidative 

phosphorylation [38]. Cancer cells compensate the lower efficiency of glycolysis (in the 

production of ATP) by increasing glucose import, through the increase in the expression of 

glucose transporters (such as GLUT1, which imports glucose to the cytoplasm) [39]. 

Interestingly, besides generating energy, glycolysis allows generation of other products 

(aminoacids and nucleosides) essential for cell growth and proliferation. This may constitute 

an explanation for the use by cancer cells of a more inefficient process to obtain energy [38, 

39]. 
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1.3. Theories of cancer evolution 

 

The advances in technology helped to improve the study of cancer and to better 

understand its evolution. Initially it was believed that cancer was an evolutionary process 

driven by sequential mutations in normal cells over time (the clonal evolution model). More 

recently, a new model appeared which proposes the existence of a small population of 

cancer cells responsible for the evolution of the disease (the cancer stem cell model). 

 

1.3.1. Clonal evolution model 

 

The traditional model, named clonal evolution model (Figure 3), proposed by Peter 

Nowell in 1976, assumes that a tumor has its origin in a single cell which suffers several 

alterations over time [40]. This theory was proposed after some observations indicating that 

cancer cells had the same precursor, such as the observation that all the cells in some 

tumors shared the same abnormalities in their karyotype. 

This model classifies cancer as an example of the Darwin Theory of Evolution – the cell 

which suffers the first alteration is more capable to survive and to proliferate and thus 

originates more cells like itself [41].  

However, during the proliferation of the tumor, more alterations can occur in the cancer 

cells, originating tumor heterogeneity which makes cancer treatment very difficult. 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the clonal evolution model. 
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1.3.2. Cancer stem cell (CSC) model 

 

The cancer stem cell (CSC) model (Figure 4) proposes the existence of a 

subpopulation of cancer cells with high tumorigenic capacity and with self-renewal capacity, 

which is responsible for the generation of all the diverse cells within a tumor. The existence 

of this population of cells was first observed in leukemias, by Bonnet et al. in 1997 [42] and 

later described in solid tumors such as in breast cancer [43]. 

Cancer stem cells (CSCs) are responsible for tumor heterogeneity and for sustaining 

tumor growth. Given the similarities with the clonal evolution model, some researchers 

believe that cancer stem cells may result from mutations on normal stem cells [44]. However 

this is still a “hot” topic of scientific discussion, since it is also believe that CSCs may be 

originated by dedifferentiation of more differentiated cells [45]. 

The characteristics of CSCs enumerated so far may explain the aggressive phenotype 

of several tumors but there are still many aspects of this model to be understood.  

Shackleton et al. proposed that not all tumors follow the CSC model, i.e.  maybe both 

models are not exclusive and we should consider their combination [46]. 

 

 

Figure 4. Schematic representation of the cancer stem cell model. 

 

 



 

 

 12 
 

1.4. Cancer stem cells (CSCs) 

 

Cancer stem cells (CSCs) represent a minority of the cells of a tumor, which have the 

capacity to originate daughter cells that maintain the stem cell phenotype (by symmetrical 

divisions) - due to their self-renewal capacity – and to originate more differentiated daughter 

cells (by asymmetrical divisions) [47].  Some authors do not refer to these cells as CSCs 

but as tumor-initiating cells [48]. 

The CSC model states that these cells are the only ones with tumorigenic capacity. 

Their existence can be proved experimentally, by the capacity of these cells to generate 

tumors when they are implanted in immunodeficient mice (in xenograft studies) and also by 

the presence of some “stem-cell” markers such as CD133, CD44 and Aldehyde 

dehydrogenase 1 family (ALDH1). CSCs are highly resistant to therapeutic agents and are, 

therefore, believed to be responsible for treatment failure since these cells survive chemo- 

and radiotherapy and are able to originate new clones of the tumor [49, 50]. 

 

1.4.1. Origin of cancer stem cells 

 

Due to their numerous similar characteristics, it is plausible to think that CSCs are 

originated from normal stem cells. Indeed, it is possible that normal stem cells suffer several 

alterations during their life-time and the accumulation of these alterations could originate a 

malignant phenotype [51-55].   

But this is not the only possible origin of CSCs (this is why some authors alternatively 

refer to these cells as “tumor-initiating cells”). Indeed, CSCs may be originated from 

dedifferentiation of mutated progenitor cells or from dedifferentiation of more differentiated 

cells (Figure 5). The progenitor cells have limited proliferative potential while differentiated 

cells are already committed to a function. Both cells can be reprogrammed to re-gain the 

self-renewal capacity, less differentiated characteristics and malignant phenotype, resulting 

in cancer stem cells [56, 57].  



 

 

 13 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of the origin of cancer stem cells. 

 

1.4.2. Cancer stem cells and intra-tumor heterogeneity 

 

The tumor microenvironment plays an important role in the development of cancer and 

recent studies have focused on trying to understand the interaction of the cells that integrate 

the niche and the evolution of a tumor.  

The CSCs niche is constituted by stromal cells, immune cells and vasculature. All these 

elements interact with the CSCs, regulating them in order to assure that a CSC phenotype 

is maintained [58-61] and preventing their differentiation, by releasing several factors to 

promote stemness such as chemokine C-X-C motif ligand 7 (CXCL7) and prostaglandin E2 

(PGE2) [62, 63]. 

In addition to the coexistence of different types of cells in the microenvironment of a 

tumor, it is known that tumors are very heterogeneous.  This heterogeneity is a result of 

differences between all the cells in a tumor, in terms of genetic and epigenetic 

characteristics. This heterogeneity is also evident when comparing a primary tumor with 

metastasis [64, 65]. 

 Since according to the cancer stem cell model, these CSCs may be originated from 

several alterations in normal stem cells or on more differentiated cells - this may contribute 

to tumor heterogeneity [66]. Also, the microenvironment can stimulate cancer cells to alter 
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their characteristics, contributing to intratumor heterogeneity and to heterogeneity between 

cells from the primary and secondary sites [67]. 

Tumor heterogeneity is a major cause of therapy resistance since different cells can 

have different genetic and epigenetic alterations and respond differently to treatments [68]. 

 

1.4.3. The role of quiescence in cancer stem cells 

 

Quiescent cells are maintained in a reversible G0 state while there is no internal or 

external signal for them to enter into the cell cycle. They are identified by the lack of markers 

of cell proliferation and by low cell turnover [69].  

CSCs are maintained in a quiescent state. However, this can be modified by alterations 

in the environment that surrounds them, causing their entry into the cell cycle.  

CSCs when in a quiescent state show downregulation of genes involved in cell cycle 

progression and in DNA replication, such as cyclin B1 and survivin, which are important for 

the cell cycle progression. On the other hand, quiescent CSCs have upregulation of genes 

involved in transcriptional regulation and in the fate of stem cells such as the forkhead box 

O3 (FOXO3) [70]. 

The quiescent state of CSCs is also regulated by proteins such as p53 and p21 (and 

other CDK inhibitors such as p27 and p57), which are important regulators of the cell cycle 

at the G1 phase [71-73] and by the Notch signaling which is responsible for the cell fate and 

for the regulation of proliferation [74-76].  

Interestingly, while CSCs are in the quiescent state they are in a low metabolic state, 

being very resistant to therapies and contributing to tumor relapse [77]. 

 

1.4.4. Cancer stem cells and resistance to chemotherapy 

 

Cancer drug resistance is a major clinical problem, often leading to disease progression 

and mortality [78, 79]. Resistance to anticancer drugs can be either intrinsic or acquired 

during treatment, and the molecular mechanisms involved in the development of drug 

resistance may be due to several host factor or tumor cell-related factors [80]. 

A tumor is a heterogeneous mass of cells with dynamic differentiation, making it 

possible the emergence of resistant cells and allowing the expansion of resistant clones 

[81]. Within a heterogeneous tumor may reside a small population of CSCs, which may be 

the main responsible for drug resistance. Indeed, apart from their capacity for self-renewal, 

these cells have overexpression of drug-efflux pumps and are not susceptible to drugs that 

target the cell-cycle because they are mostly in a quiescent state [82]. 
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CSCs are highly resistant to chemotherapy also because of their enhanced DNA 

damage response [83-86], of the stimuli from the cells that compose the microenvironment 

[71, 87-90] and because of the enzymatic and non-enzymatic activity of ALDH1 and 

ALDH3A1 that are upregulated (the activity of these enzymes allows cells to metabolize the 

chemotherapeutic drugs, preventing their action) [91, 92]. 

Nowadays, most of the chemotherapeutic drugs used in the clinic target only the bulk 

of the tumor, being ineffective since they are not able to eliminate the CSCs. In order to 

achieve a successful therapy against cancer, it is necessary to consider that tumors are 

heterogeneous and have a small population of CSCs with therapy-resistant characteristics 

[93, 94]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Conventional chemotherapy versus targeted therapy against cancer 

stem cells. 
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1.5. Atypical cancer cells 

 

1.5.1. Goblet cells 

 

The epithelium from the intestinal mucosa is divided into two compartments: the lower 

crypt with pluripotent stem cells at the base of the crypt and a layer of cells ready to be 

differentiated in mature cells such as goblet, enteroendocrine and absorptive cells  [95]. 

Goblet cells exist in both simple and stratified columnar epithelium and are 

characterized by a distended shape (cup-like) and high content in mucins which fill up the 

cytoplasm (goblet cells synthesize and secret high amount of mucins and other mucus’ 

components [96]). These cells appear early in development and are renewed every 3 to 7 

days from the stem cells at the base of the crypt [97].  

There is still little knowledge about the biology of goblet cells. Regarding their function,  

it is known that goblet cells have different functions if they are found in the small or large 

intestine [98, 99]. Nevertheless, it is believed that the main function of goblet cells is to act 

as a defense mechanism at the intestinal mucosa against bacteria, by producing mucus 

[96]. 

Goblet cells are found in normal tissues (in the intestine and other tissues such as in 

cornea [100] and respiratory tract [101]) as well as in tumor tissues from goblet cell carcinoid 

tumor (GCT) from the appendix [102-105]. 

 

1.5.2. Metakaryotic cancer stem cells 

 

Recently, Dra. Elena Gostjeva from the Massachusetts Institute of Technology (MIT) 

has discovered a different population of stem cells, which she classified based on the shape 

of the nucleus and its content, and named as “metakaryotic stem cells” [106]. These cells 

have a large, hollow, bell-shaped nuclei and can suffer symmetric and asymmetric amitotic 

divisions [107-109]. The amitotic division of these cells does not involve the condensation 

of chromatin in chromosomes [110].   

The presence of metakaryotic stem cells was observed in colonic adenomas, 

adenocarcinomas and in a colonic adenocarcinoma cell line – the HT29 cell line [110]. 

According to Dra. Elena Gostjeva, these cells were only observed for the first time in 

histological specimens in 2006 mainly for two reasons: i) the marked lability of the bell-

shaped nucleus – it degenerates into a globular mass very rapidly (30 to 45 minutes after 

surgical removal of the tumor from the patient) – and ii) the sections of the biopsies were 
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too small (around 5 microns) to see these nuclei that are much larger than 5-micron [106, 

110].  

The cell division process of metakaryotic stem cells is very peculiar – it is a half-term 

between prokaryotic and eukaryotic division behaviors – the duplication of the DNA occurs 

during and after amitotic segregation of the bell-shaped nucleus (it does not occur during 

the S phase preceding nuclear fission as in mitosis) (6). These cells use an unique 

intermediate of double-stranded RNA/DNA for replication of their genome, using DNA 

polymerase β during this process [111]. 

In addition, metakaryotic stem cells have been described to be involved in the process 

of organogenesis and carcinogenesis. These cells were found in several histological 

specimens from normal colon tissues during development, as well as in tumor colon tissues 

[110]. Although these cells have been found both during development and carcinogenesis, 

they were found at higher proportions in adenocarcinomas than in normal tissue from gut 

samples, suggesting that they may be more frequent in the process of carcinogenesis than 

in organogenesis [106].  

Gostjeva’s observations revealed that metakaryotic stem cells arise from an embryonic 

cell precursor and can form tubular syncytia with several nuclei, which arise from 

asymmetric division of the nucleus. It is possible that some of the resulting nuclei could 

form, with their mitotic divisions, solid tumor tissues [111]. 

 

According to Gostjeva’s observations, metakaryotic cancer stem cells undergo a 

peculiar form of replication: using DNA polymerase β, they use a nuclear double-stranded 

RNA/DNA intermediate [111]. Once the cell division has occurred, the daughter cells regain 

the normal double-stranded DNA form of eukaryotes. The unique intermediate of RNA/DNA 

was observed using an immunofluorescent antibody during the replication process [111]. 

This form of genome replication is similar to the one described for mitochondrial genome 

replication, by Pohjoismäki et al. [112]. 

As already mentioned, these cells have some particularities and differences from the 

“traditional” cancer stem cells. Besides their different way of replication, metakaryotic stem 

cells also appear to have structural differences in the arrangement of their chromosomes. 

Imaging fluorescence in-situ hybridization of metakaryotic cancer stem cells revealed that 

these cells have ring-shaped chromosomes and the telomeres are joined at their end (called 

end-joining telomeric association) [113]. This technique also showed that the nuclei from 

the syncytia alternated between 23 and 46 telomeric regions, suggesting that the 

chromosomal structure varies from the ring-shape to a regular one [113]. 
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Importantly, metakaryotic cancer stem cells are considered very resistant to 

radiotherapy and chemotherapy, foreseeing the resistant phenotype of several tumors. 

When cells from HT29 cancer cell line (which have some metakaryotic stem cells) were 

treated with high doses of radiation, it was observed that although some cancer cells died, 

the metakaryotic cancer stem cells did not. The same observations were made when cells 

were treated with some chemotherapeutic drugs – some cancer cells died but the 

metakaryotic ones did not. Only when the doses of radiation or drugs were increased to 

higher levels – not tolerated by patients – both types of cells died [114]. 

These findings suggest that the metakaryotic cancer stem cells may contribute to 

cancer resistance to radio and chemotherapy.  

In addition, observations from Gostjeva’s laboratory lead to the identification of a 

Hoechst negative population (cells that do not label with Hoechst) of HT29 cells. This 

population of Hoechst negative cells might represent a side-population of stem cells or may 

be a result of a physical barrier that prevents small-molecules from penetrating the cell, 

therefore being a possible mechanism of resistance to chemotherapeutical drugs. 

The Hoechst negative population of cells may be a result of the efflux of the dye from 

the cell by drug efflux pumps (which are known to be responsible for the resistance to 

several drugs) [115] or a result of the lack of penetration of the dye by the cells.  However, 

this theory does not explain why these cells are also resistant to radiotherapy.  

Additionally, Gostjeva et al. suggest that metakaryotic cancer stem cells might be 

sensitive to drugs commonly used to treat other health problems such as metformin (used 

to treat diabetes) and antibiotics [114]. 

 

1.6. Problem statement 

 

CSCs represent a minority of the cells in the tumor and have the capacity to divide both 

symmetrically and asymmetrically: they can originate daughter-cells that maintain the stem 

cell phenotype and the self-renewal capacity as well as originate more differentiated cells 

[82]. These cells have been defined based on their capacity of generating tumors when 

implanted in immunodeficient mice (in xenografts studies) and identified using some “stem-

cell” markers such as CD133, CD44 and Aldehyde dehydrogenase 1 family (ALDH1) [82]. 

CSCs are highly resistant to therapeutic agents and are thought to be responsible for 

treatment failure since these cells survive chemo- and radiotherapy and proliferate 

originating a new clone of the tumor [47]. 

Elena Gostjeva discovered a new population of cancer stem cells – the metakaryotic 

cancer stem cells [106]. These cells were found in colonic adenomas, adenocarcinomas 

and their liver metastases; they are characterized by their large, hollow, bell-shaped nuclei 
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and are extremely resistant to chemotherapeutic drugs and to radiation [114]. The cell 

division process of metakaryotic stem cells is very peculiar – the duplication of the DNA 

occurs during and after amitotic segregation and a DNA/RNA structure is formed during cell 

division [111]. 

Currently, it is difficult to study metakaryotic cancer stem cells since their isolation is still 

not possible (given their presence in low number in tumors and in the HT29 cancer cell line). 

Thus, given the difficulty in isolating these cells, their characterization has so far been based 

solely on microscopic observation of the cells following nuclear labelling or 

immunocytochemistry. Therefore, protocols for enriching the HT29 cell culture population 

in those cells are necessary, in order to better characterize them, using different techniques. 

In addition, the identification of these cells in other cell lines would contribute to their study.  

 

 

1.7. Main objectives and specific aims 

 

The main objectives of this work were to:  

 

1) observe atypical cells, previously described by Gostjeva et al. as metakaryotic cancer 

stem cells, from the human colonic adenocarcinoma HT29 cell line and from the MSHT29 

cell line (derived from the HT29 cell line and with an apparent EMT phenotype); 

2) attempt to identify these atypical cells in two other cancer cell lines;   

3) characterize those cells in terms of cell markers associated with stem cells, 

epithelial-to-mesenchymal transition (EMT) and drug resistance; and  

4) characterize the protein content of those cells by proteomics analysis.  

 

In order to achieve the first aim, different cell culture conditions were compared (optimal 

cell culture conditions developed by Gostjeva et al. [114] and conventional cell culture 

conditions) to verify if they influenced the growth of the HT29 and MSHT29 cells and some 

of their characteristics, such as resistance to drugs and expression of some proteins. 

Furthermore, staining of these cell lines with Hoechst 33342 was carried out, to confirm the 

presence of “Hoechst negative populations” in the HT29 and MSHT29 cell lines (according 

to personal communications, unpublished observations by Doctor Elena Gostjeva, MIT, 

Boston). In addition, a cold non-enzymatic cell recovery procedure was used, to enrich the 

HT29 cell line in these atypical cells, which were identified based on the bell-shape of their 

nucleus. In addition, Hoechst 33342 negative populations were identified.  
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In order to achieve the second aim, two other cell lines known to be rich in CSCs were 

grown under the above-mentioned cell culture conditions and analyzed for the possible 

presence of these atypical cells. 

In order to achieve the third aim, these atypical cells from both the HT29 cell line the 

MSHT29 cell line were analyzed for the expression of different markers of CSCs, EMT and 

drug resistance 

Finally, in order to achieve the fourth objective, cells from the HT29 cell line, from the 

“enriched” population of atypical cells from the HT29 cell line following a cold non-enzymatic 

cell recovery procedure, and from the MSHT29 cell line were analyzed by proteomics 

analysis. 
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2. Matherials and Methods 

2.1. Cell culture 

 

Three distinct cell lines from different types of cancer were used in this work: the human 

colorectal adenocarcinoma cell line HT29, the human pancreatic epithelioid carcinoma cell 

line PANC-1 and the human breast carcinoma cell line BT20. MSHT29 cell line - a derivative 

of the HT29 cell line - was also used. 

Some of the cell lines used in this work were kindly provided by other laboratories: the 

cell line HT29 (named HT29 MIT) and its derivative MSHT29 were kindly provided by Dr. 

Elena Gostjeva from the Massachusetts Institute of Technology (MIT), Cambridge, 

Massachusetts [111]; the HT29 (named HT29 ATCC) and BT20 (named BT20 ATCC) cell 

lines were provided by other groups from the Instituto de Investigação de Inovação em 

Saúde (i3S) and the PANC-1 (named PANC-1 ATCC) cell line was provided by a group 

from Faculty of Medicine of University of Porto. 

The referred cell lines were routinely cultured in two different cell culture conditions: 

Condition 1 - Minimum Essential Medium (MEM) with D-fructose at 1.8016 g/L, Earle’s salts, 

L-glutamine at 0.5846 g/L, without D-glucose and sodium bicarbonate (Gibco), 

supplemented with 9 % of fetal bovine serum (FBS, Biowest) at 37 ºC in an incubator without 

access to any gases; Condition 2 - RPMI-1640 medium, with Ultraglutamine I and 25 mM 

HEPES (Lonza), supplemented with 10 % of FBS at 37 ºC in a humidified atmosphere 

containing 5 % CO2. A summary of the terminology used to refer to each cell line and culture 

condition is presented in Table 1. 

All the procedures involving cell culture were carried out under clean conditions at 

biological safety cabinets, using sterile reagents and materials. 

Cells were monitored routinely for mycoplasma contamination using the VenorGeM® 

Advance Mycoplasma Detection Kit, Minerva. This analysis was performed by the Cell 

Culture and Genotyping Service of i3S, Porto. Cells were also genotyped using the 

PowerPlex® 16 HS System, performed by the Genomics Core Facility of i3S, Porto. 

Cell number and cellular viability were analyzed using the trypan blue exclusion assay. 

All experiments were carried out with cells at exponential growth and having over 90 % of 

cell viability. 
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Table 1. Summary of the terminology to refer to each cell line and culture 

condition. 

  

Origin Condition 1 Condition 2 

MIT HT29 MIT/MEM - 

MIT MSHT29 - 

i3S HT29 ATCC/MEM HT29 ATCC/RPMI 

i3S PANC-1 ATCC/MEM PANC-1 ATCC/RPMI 

i3S BT20 ATCC/MEM BT20 ATCC/RPMI 

 

                                  

2.1.1. Cellular viability and proliferation assays 

 

2.1.1.1. Trypan blue exclusion assay 

Trypan blue is a blue dye that penetrates the membrane of disrupted cells, allowing to 

distinguish between alive and dead cells. 

In order to maintain the cells at appropriate density and to confirm that cell viability 

values were higher than 90 %, the cell number was routinely counted using the Trypan blue 

dye (Sigma Aldrich) in a hemocytometer (Neubauer Chamber). 

 

2.1.1.2. Sulforhodamine B assay 

 

Sulforhodamine B (SRB) is a pink aminoxanthene dye which binds to basic amino acids 

of fixed cells and allows to measure the protein content of those cells. The cellular protein 

content correlates linearly with the number of cells, making this a reliable, sensitive and 

inexpensive method to access cell density in cytotoxicity assays [116].  

 

2.1.1.2.1. Optimization of cell concentration to be plated 

 

The ideal cell concentration of the different cell lines to be plated in 96-well plates was 

determined with the SRB assay. For that, different cell concentrations were plated for HT29 

MIT/MEM, MSHT29, HT29 ATCC/MEM and HT29 ATCC/RPMI cell lines: 20 x 104, 10 x 

104, 5.0 x 104, 2.5 x 104 cells/mL; for PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI cell 

lines: 20 x 104, 10 x 104, 5.0 x 104, 2.5 x 104, 1.25 x 104 cells/mL; and for BT20 ATCC/MEM 

and BT20 ATCC/RPMI cell lines: 40 x 104, 20 x 104, 10 x 104, 5.0 x 104, 2.5 x 104 cells/mL. 

The SRB assay was performed according to the protocol developed by Skehan et al. [116, 
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117]. A total volume of 100 µL of cells per well was plated and cells incubated at 37 ºC for 

24 hours. After attaching, 100 µL of medium was added to each well and incubated for 

further 48 hours. After that, cells were fixed with cold-10 % trichloroacetic acid (TCA, w/v, 

Panreac) for 1 hour and then air-dried cells were stained with 0.4 % sulforhodamine B 

reagent (SRB, Sigma Aldrich) for 30 minutes and washed with 1% acetic acid (Sigma 

Aldrich). The bounded dye was then solubilized using 10 mM Tris-Base solution pH 10.5 

(Sigma Aldrich) and the absorbance read at 510 nm using a microplate reader (BioTek’s 

SynergyTM Mx) and the Gen5 software (BioTek). The schematic representation of the plates 

is shown in Figure 7. 

 

(A) 

            

            

(B) 
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(C) 

                 

            

Figure 7. Schematic representation of 96-well plates for cell concentration 

optimization. (A) Blue color represents wells with HT29 MIT/MEM, MSHT29, HT29 

ATCC/MEM or HT29 ATCC/RPMI cell lines at different concentrations (from column 2 to 5): 

2.5 x 104, 5.0 x 204, 10 x 104, 20 x 104 cells/mL. (B) Red color represents wells with PANC-

1 ATCC/MEM or PANC-1 ATCC/RPMI cell lines at different concentrations (from column 2 

to 6): 1.25 x 104, 2.5 x 104, 5.0 x 204, 10 x 104, 20 x 104 cells/mL. (C) Green color represents 

wells with BT20 ATCC/MEM or BT20 ATCC/RPMI cell lines at different concentrations (from 

column 2 to 6): 2.5 x 104, 5.0 x 204, 10 x 104, 20 x 104, 40 x 104 cells/mL. (A), (B) and (C) 

The pink color represents wells with medium only and the remaining wells (grey color) 

contained medium to maintain the humidity of the plate. 

 

2.1.1.2.2. Dose-response curves to cytotoxic drugs 

 

Drug-response curves to doxorubicin (Sigma Aldrich) were performed in order to 

determine the value of the GI50 concentration – concentration of the drug that reduced cell 

growth by 50 %. To do that, cells were plated in 96-well plates (one plate for each cell line) 

at the ideal cell concentration previously determined (10 x 104 cells/mL for HT29 

ATCC/MEM and HT29 ATCC/RPMI, 10 x 104 cells/mL for PANC-1 ATCC/MEM and PANC-

1 ATCC/RPMI cells, 20 x 104 cells/mL for BT20 ATCC/MEM and BT20 ATCC/RPMI cells), 

in a total volume of 100 µL per well, and incubated at 37 ºC for 24 hours. Cells were then 

treated with different concentrations of doxorubicin and incubated at 37 ºC for further 48 

hours. The different concentrations of doxorubicin tested were 8 µM, 4 µM, 2 µM, 1 µM and 

0.5 µM. At the end of the incubation period, cells were fixed and stained as described above 

in 2.1.1.2.1. The GI50 concentrations were assessed from the dose-response curves and 
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determined for each drug and each cell line. The schematic representation of the plates is 

shown in Figure 8. 

(A)  

            

 

(B)                          

          

 

Figure 8. Schematic representation of a 96-well plate for determination of the GI50 

concentration of doxorubicin. (A) The blue color represents wells with HT29 ATCC/MEM 

or HT29 ATCC/RPMI cell lines at 10 x 104 cells/mL treated with different concentrations of 

doxorubicin (from column 2 to 6): 8 µM, 4 µM, 2 µM, 1 µM and 0.5 µM. The dark blue 

represents wells with cells treated with the highest percentage of DMSO used (column 8, 

rows B and C), while light blue represents the cells with addition of medium (column 7, rows 

B and C), both as controls. The red color represents wells with PANC-1 ATCC/MEM or 

PANC-1 ATCC/RPMI cell lines at 10 x 104 cells/mL treated with different concentrations of 

doxorubicin (from column 2 to 6): 8 µM, 4 µM, 2 µM, 1 µM and 0.5 µM. The dark red 

represents wells with cells treated with the highest percentage of DMSO used (column 8, 

rows F and G), while light red represents the cells with addition of medium (column 7, rows 

F and G), both as controls. (B) The green color represents wells with BT20 ATCC/MEM or 
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BT20 ATCC/RPMI cell lines at 20 x 104 cells/mL treated with different concentrations of 

doxorubicin (from column 2 to 6): 8 µM, 4 µM, 2 µM, 1 µM and 0.5 µM. The dark green 

represents wells with cells treated with the highest percentage of DMSO used (column 8, 

rows B and C), while light green represents the cells with addition of medium (column 7, 

rows B and C), both as controls. (A), (B) and (C) The dark gray represents wells containing 

medium with addition of the different concentrations of doxorubicin (from column 2 to 6), 

used as drug background. The pink represents wells with medium only (blank) and the light 

grey color represents wells with medium to maintain the humidity of the plate. 

 

2.2. Hoechst staining 

 

Hoechst dyes are blue fluorescent dyes that are used to stain DNA. More specifically, 

the Hoechst 33342 connects to adenine-thymine regions of dsDNA in the B-form helix. 

The cell lines routinely maintained in the conditions described above in section 2.1., 

were plated at 1 x 105 cells/mL and incubated during 24 h at 37 ºC to attach. Cells were 

then washed with phosphate buffer solution (PBS 1X, Sigma Aldrich) and incubated during 

30 minutes with medium supplemented with 1 µg/mL of Hoechst 33342 (in PBS 1X, 

ThermoFischer Scientific) at 37 ºC in the dark. After 30 minutes, medium was removed, 

cells were washed with PBS 1X and new fresh medium was added. Cells were maintained 

in culture for several days for the observation of the staining over time.  

 

2.2.1. Microscopy and imaging acquisition of Hoechst stained 

cells 

 

The cell lines stained with Hoechst 33342 were observed using the Leica DMI 6000B 

Microscope from Advanced Light Microscopy United of i3S, Porto. The images were 

obtained using LASX software or using the ZOE Fluorescent Cell Imager Bio-Rad from Cell 

Culture and Genotyping Service of i3S, Porto. 

 

2.3. Method to enrich the cell population in atypical cancer cells: 

the cold non-enzymatic cell recovery method (“Cold-Dry” - 

C/D) 

 

In order to enrich the cell culture in metakaryotic cancer stem cells, HT29 MIT/MEM, 

HT29 ATCC/MEM and HT29 ATCC/RPMI, PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI, 

BT20 ATCC/MEM and BT20 ATCC/RPMI cells were plated at 1x106 cells per T25 cm2 flask 
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and incubated at 37 ºC (without or with CO2, depending on the cell culture conditions) for 

one week. After the incubation period, media was removed and the flasks were placed 

standing up at 4 ºC for 7 days. After this time, medium was added to the flasks, which were 

incubated at 37 ºC for 24 hours. After that time, survivor cells were collected. 

To collect the survivor cells, medium was removed and the cells were washed with PBS 

1X and then trypsinized using Trypsin (0.25 %) – EDTA (0.02 %) in HBSS without Calcium 

and Magnesium (Biowest) or TrypLE™ Express Enzyme (Life Technologies) for HT29 

MIT/MEM, HT29 ATCC/MEM, PANC-1 ATCC/MEM and BT20 ATCC/MEM or HT29 

ATCC/RPMI, PANC-1 ATCC/RPMI and BT20 ATCC/RPMI, respectively. The trypsinization 

reagent was inactivated using fresh medium and the cell suspension was centrifuged at 201 

g (Centrifuge 5810R, Eppendorf) for 5 minutes. The pellet was then resuspended in 4 mL 

of medium and the cell suspension was used to perform subsequent experiments. These 

cells are from now on named as “survivor cells”. The schematic representation of the C/D 

procedure is shown in Figure 9. 

  

 

 Figure 9. Schematic representation of the cold non-enzymatic cell recovery (C/D) 

procedure.  
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2.4. Carnoy’s fixation 

 

Survivor cells were plated in polystyrene chamber slides (Nunc Lab-Tek Flask on slide, 

ThermoScientific) and placed at 37 ºC, with or without access to any gases (depending on 

the cell lines and culture conditions described above, in section 2.1.) for 7 days. After this 

time, cells were observed with an inverted light microscope and then the Carnoy’s fixation 

was performed. 

The Carnoy’s fixative (3:1, Methanol:glacial acetic acid, Fisher Scientific /Sigma Aldrich) 

was added to the medium in the chamber-slides and then replaced by fresh fixative solution 

every 20 minutes, over 1 hour. After that time, cells were washed with 3 mL of 70 % 

methanol and chamber-slides stored at 4 ºC covered with fresh 70 % methanol. 

 

2.5. Feulgen Staining 

 

The slides (with fixed cells after Carnoy´s fixation) were detached from the chambers 

and dried for 3 minutes. Slides were placed in a pre-warmed (60 ºC) coplin jar containing 

HCl 1 M (pre-warmed at 60 ºC) for 8 minutes to remove purine bases of the DNA of the 

cells. The cells in the slides were then washed with water and allowed to dry. 

The cells in the slides were then stained with Schiff’s reagent for aldehydes (Sigma 

Aldrich) at room temperature for 1 hour. The slides were then washed with 2 x SSC buffer 

(trisodium citrate dihydrate 8.8 g/L and sodium chloride 17.5 g/L) and stained with Giemsa 

1 % [Giemsa stock solution (Electron Microscopy Sciences)] diluted in Sörenssen’s Buffer: 

disodium hydrogen phosphate dihydrate 11.87 g/L and potassium dihydrogen phosphate 

9.07 g/L), for 5 minutes. After Giemsa staining, slides were quickly washed with 

Sörenssen’s Buffer and with distilled water. The cells in the slides were let to air-dry.  

Citifluor Antifadent Mounting Media (Electron Microscopy Sciences) was added to the 

slides and coverslips were placed on top. The slides were processed for to image 

acquisition. 

 

2.5.1. Microscopy and imaging acquisition of Feulgen stained 

slides 

 

The slides with the cells stained with Feulgen staining were observed using the Zeiss 

Observer D1 Microscope at Prof. William Thilly’s Lab from the Biological Engineering 

Department of MIT or using the Leica 2000 DM Microscope from i3S. The images were 

obtained using the Axio Vision software. 
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2.6. Immunocytochemistry by direct method 

 

The slides (with fixed cells after Carnoy´s fixation) were detached from the chambers, 

dried for 3 minutes and then washed three times for 5 minutes with PBS 1X and one time 

with 0.1 % Triton X-100 (Sigma Aldrich). After those washing steps, 200 µL of 5 % bovine 

serum albumin (BSA, VWR) were added to the slides, coverslips were placed, and the slides 

incubated for 1 hour at room temperature in the dark (blocking step). After that time, cells 

were washed three times for 5 minutes with PBS 1X. The cells were incubated with ALDH1 

antibody (Abcam, 1:100) overnight, in the dark, at 4 ºC. The cells were then washed 3 times 

for 5 minutes with PBS 1X and counterstained with DAPI Fluoromount G (Electron 

Microscopy Sciences).  

 

2.6.1. Microscopy and imaging acquisition of 

immunocytochemistry slides 

 

The slides with stained cells were observed using the Zeiss Observer D1 Microscope 

at Prof. William Thilly’s Lab from the Biological Engineering Department of MIT and images 

were obtained using the Axio Vision software. 

 

2.7. Sample preparation for mass spectrometry analysis using 

LC/MS/MS 

 

Protein extraction from the pellets of HT29 MIT/MEM and MSHT29 cells and from the 

HT29 MIT/MEM survivors after cold non-enzymatic cell recovery (C/D) was performed using 

Winman’s buffer (1 % NP-40, 0.1 M Tris-HCl pH 8.0, 0.15 M NaCl and 5 mM EDTA) with 

EDTA-free protease inhibitor cocktail (Roche) for 30 minutes at 4 ºC (with agitation). The 

supernatants (corresponding to the cellular proteins) were obtained after centrifugation at 

16 200 g, for 10 minutes at 4 ºC (Micro Star 17R, VWR).  Cell proteins (1 µg) were analyzed 

by mass spectrometry using the LC/MS/MS, which was performed by the Proteomics 

platform of i3S, Porto. 

 

2.8. Bioinformatics analysis of the mass spectrometry results 

 

The data from the mass spectrometry analysis of the three samples (proteins from HT29 

MIT/MEM, MSHT29 and HT29 MIT/MEM survivors after C/D) was further analyzed with 
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bioinformatic methods. Distributions in biological processes and molecular functions were 

assigned based on Gene Ontology (GO) categories. 

 

2.9. Analysis of protein expression by Western Blot 

 

Proteins were extracted from the different cell lines (cultured under different culture 

conditions, as mentioned above in section 2.1.) and the corresponding cell survivors after 

cold non-enzymatic cell recovery (C/D), as described in 2.3.. The total cell protein extracted 

was quantified using a method based on the Lowry protocol (Bio-Rad DCTM Protein Assay 

Kit) [118, 119]. BSA was used as a protein standard and absorbance was measured at 655 

nm using a microplate reader (BioTek’s SynergyTM Mx) and the Gen5 software (BioTek). 

After protein quantification, 5 to 10 µg of protein lysates were separated on a 10 % or 12 % 

Bis-Tris SDS-Page gel at 70 V for 30 minutes and 100 V for approximately 1 hour. Proteins 

were then transferred to a nitrocellulose membrane (GE Healthcare) at 100 V for 1 hour 

and 30 minutes. The membranes were blocked in Tris-buffered saline (TBS) with 0.1 % 

Tween-20 (Promega) – TBS-T – containing 5 % (w/v) non-fat dry milk (Molica) for at least 

30 minutes with agitation at room temperature. Membranes were then incubated with the 

following primary and secondary antibodies overnight at 4 ºC or during 1 hour at room 

temperature, respectively: anti-Actin (sc-1616) (1:2000), anti-ABCG2 (sc-377176) (1:250), 

anti-β-catenin (sc-59737) (1:250), anti-Vimentin (sc-66001) (1:250), anti-Integrin α5 (sc-

166665) (1:250), anti-ALDH1/2 (sc-166362) (1:1000), anti-pan CEA (sc-48364) (1:250), 

donkey anti-goat IgG-HRP (sc-2020) (1:2000) from Santa Cruz Biotechnology; P-gp 

(P7965) (1:2500) from Sigma Aldrich and sheep anti-mouse IgG-HRP (1:2000) from GE 

Healthcare. The signal from the membranes was detected using the ECL Western Blot 

Detection Reagents (GE Healthcare), the Amersham Hyperfilm ECL (GE Healthcare) and 

the Kodak GBX developer and fixer (Sigma Aldrich). The intensity of the bands of each film 

was analyzed using the software Quantity One – ID Analysis (Bio-Rad). 

  

2.10. Statistical analysis 

 

The number of independent experiments performed is indicated in the Figure Legends. 

Whenever a minimum of three independent experiments were performed, data is presented 

as mean ± standard error (S.E.) and, where indicated, was statistically analyzed with the 

two-tailed paired Student’s t-test. Differences statistically significant were considered when 

p ≤ 0.05 or p ≤ 0.01. 
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3. Results and Discussion 

3.1. Studying the influence of cell culture conditions in some 

characteristics of three different human tumor cell lines 

 

3.1.1. Influence on cell morphology 

 

We aimed to validate the observation of the presence of metakaryotic cancer stem cells 

in the HT29 cell line (described by Gostjeva et al. [114]) and to investigate if these atypical 

cells are also present in two other cancer cell lines. 

With this purpose, three different cell lines were used during this study: HT29 – a 

colorectal adenocarcinoma cell line -; PANC-1 – a pancreatic epithelioid carcinoma cell line 

-; and BT20 – a breast carcinoma cell line (known to be very rich in CSCs [120-122]). 

The HT29 cell line used in this work came from two different origins: one aliquot of the 

HT29 cell line was donated from a group from i3S (which had been originally obtained from 

ATCC) and was here named as “HT29 ATCC”; the other aliquot of HT29 cell line was a kind 

gift from Dra. Elena Gostjeva (MIT, USA), corresponded to the cell line used in her work 

[114] and was here named as “HT29 MIT”. The MSHT29 cell line (a kind gift from Dr. Elena 

Gostjeva, MIT, USA) is a derivative of the HT29 MIT cell line in which the cells present a 

morphology resembling an EMT. The PANC-1 cell line was here named as “PANC-1 ATCC” 

and the BT20 cell line was named “BT20 ATCC”. 

The cell culture conditions described by Dr. Elena Gostjeva et al., necessary to maintain 

cells in order to observe metakaryotic cancer stem cells, are very different from the cell 

culture conditions classically used [114]. Given that, we used the same cell culture 

conditions as used at the Gostjeva’s laboratory: cells were grown in Minimum Essential 

Medium (MEM) with D-fructose at 1.8016 g/L, Earle’s salts, L-glutamine at 0.5846 g/L, 

without D-glucose and sodium bicarbonate supplemented with 9% of FBS at 37 ºC in an 

incubator without access to any gases (here named as “condition 1”). Intending to verify if 

it was possible to also observe these atypical cells under the classically used cell culture 

conditions, cells were also maintained under the typical cell culture conditions, here named 

as “condition 2”: cells were grown in RPMI-1640 medium, with Ultraglutamine I and 25 mM 

HEPES supplemented with 10% of FBS at 37 ºC in a humidified atmosphere containing 5% 

CO2. 

The nomenclature used to distinguish the different cell lines and the different cell culture 

conditions is summarized in Table 1. 

Microscopic images of all cells under the different culture conditions are shown in 

Figure 10. It was possible to confirm that the morphology of the HT29 cells is very similar, 
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regardless of their origin and culture conditions. Furthermore, the cell culture conditions 

(condition 1 or condition 2) did not seem to affect the morphology of all the cell lines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Microscopic images of HT29 ATCC/MEM, HT29 ATCC/RPMI, HT29 

MIT/MEM, MSHT29, PANC-1 ATCC/MEM, PANC-1 ATCC/RPMI, BT20 ATCC/MEM and 
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BT20 ATCC/RPMI cell lines. Images were obtained using an inverted light microscope 

(Leica DMi1). Amplification = 200X 

 

 

3.1.2. Influence on cell growth and response to doxorubicin 
 

Next, we wanted to verify if the different cell culture conditions could influence other 

characteristics of the cells, such as their growth and their response to drugs. 

In order to obtain the growth curves of the different cell lines under the different cell 

culture conditions, we used the SRB assay. This assay measures the protein content of the 

cells, which varies linearly with the number of cells, allowing to indirectly assess cell density 

[116]. 

Results presented in Figure 11 demonstrated that all the cell lines maintained under 

cell culture condition 1 grow a little faster, when compared to the same cell lines maintained 

under culture condition 2. The growth curves for HT29 ATCC/MEM, PANC-1 ATCC/MEM 

and BT20 ATCC/MEM cells have higher values of absorbance when compared with the 

growth curves for HT29 ATCC/RPMI, PANC-1 ATCC/RPMI and BT20 ATCC/RPMI cells, 

for the same cell concentration plated in the beginning of the experiment. This indicates that 

the protein content, and consequently the cell growth, is higher in the cells maintained under 

condition 1. 

As expected, when comparing the HT29 cells obtained from different laboratories, 

grown under condition 1 (HT29 MIT/MEM and HT29 ATCC/MEM) we can verify that they 

have the same growth curves.  

The MSHT29 cells grow faster than the HT29 MIT, when maintained under the same 

culture conditions. 

This experiment also allowed to determine the ideal cell concentration to be plated in 

96-well plates, for cytotoxicity experiments. Therefore, it was established that the ideal cell 

concentration to be plated for the HT29 cells (both the HT29 ATCC/MEM and HT29 

ATCC/RPMI) is 10 x 104 cells/mL; for PANC-1 cells (both the PANC-1 ATCC/MEM and 

PANC-1 ATCC/RPMI) is 10 x 104 cells/mL; and for BT20 cells (both the BT20 ATCC/MEM 

and BT20 ATCC/RPMI) is 20 x 104 cells/mL. 
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(A) 
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(C) 
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Figure 11. Cell growth curves of (A) HT29 ATCC/MEM, HT29 ATCC/RPMI, HT29 

MIT/MEM and MSHT29, (B) PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI and (C) BT20 

ATCC/MEM and BT20 ATCC/RPMI cells determined using the SRB assay for 96 hours. 

Results are the mean ± S.E. of three independent experiments. 

 
 
 

In order to study the response of the various cell lines to doxorubicin and to determine 

the values of the GI50 concentration, cells were seeded at the ideal cell concentration 

determined above. Following 48 h of drug treatment, the GI50 values were obtained from the 

dose-response curves for each cell line. 

Analyzing the data from Figure 12, it is possible to observe that the values of the % of 

cell growth of cells maintained under condition 1 are higher than under condition 2. This 

means that, for a given concentration of doxorubicin, cells grown under condition 1 are less 

sensitive to drug treatment than cells grown under condition 2. 

 

(A) 

 
 

 
 
 
 
 
 
 
 
 
 
 
(B) 
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(C) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Dose – response curves to doxorubicin of (A) HT29 ATCC/MEM and HT29 

ATCC/RPMI, (B) PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI and (C) BT20 

ATCC/MEM and BT20 ATCC/RPMI cells. Results were determined with the SRB assay 

following 48 h treatment of the cells with different concentrations of doxorubicin (DOXO). 

Results are presented as percentage (%) of cell growth compared to untreated cells (Blank). 

Results are the mean ± S.E. of at least three independent experiments. 

 
 
 

The values of GI50 concentration are summarized in Table 2. Cells grown under 

condition 1 have higher GI50 values, i.e., are less sensitive to doxorubicin, than cells grown 

under condition 2. 

Gostjeva et al. believe that the cell culture conditions used in their studies, referred here 

as “condition 1”, are more likely to be similar to the conditions of a tumor in a human body 

and are important to enrich the cell population in metakaryotic cancer stem cells [114]. 

According to this idea, it is possible that cells maintained under cell culture condition 1 are 

enriched in these atypical cancer cells (previously described to be very resistant to 

chemotherapy), which could explain why cells maintained under cell culture condition 1 

have higher values of GI50 and are, less sensitive to doxorubicin than cells maintained under 

cell culture condition 2. 
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Table 2. GI50 concentrations of doxorubicin in the different cell lines grown under 

different conditions  

 
 
 
 
 
 
 
 
 
 
 
 
*GI50 concentration refers to the concentration that inhibits 50% of cell growth. GI50 concentrations 
presented in this Table correspond to the mean ± S.E. of at least three independent experiments. 
 

 

 

In summary, results presented so far indicate that the two cell culture conditions tested 

did not alter the morphology of the cell lines but affected the cell growth and their response 

to doxorubicin.  

 

3.1.3. Influence on the expression of some proteins responsible for 

drug-efflux, EMT and stem cell properties 

 

In order to understand the reason for this difference in cellular sensitivity to doxorubicin, 

under the different cell culture conditions here tested, we studied the expression of some 

proteins associated with drug resistance, with EMT or with stem cells. 

Results presented in Figure 13 (A1) and (A2)  are representative of three independent 

experiments and indicate that the HT29 MIT/MEM, HT29 ATCC/MEM, HT29 ATCC/RPMI 

and MSHT29 cells do not express the drug efflux pump P-gp, which is highly associated 

with cancer drug resistance [123]. Nevertheless, these cells express the drug efflux pump 

ABCG2. Interestingly, the expression of this protein was higher in HT29 ATCC/MEM and 

HT29 MIT/MEM than in HT29 ATCC/RPMI.  

The expression of vimentin, a protein often used as a marker of cells undergoing EMT 

[124], was only observed in the MSHT29 cells, supporting the idea that this cell line derived 

from the HT29 MIT cells might have suffered EMT .  

The expression of β-catenin is necessary for the function of E-cadherin (an adhesion 

molecule), being therefore related with the epithelial phenotype of cells. We observed that 

the MSHT29 cells have a considerable decrease in the expression of β-catenin when 

  GI50 Concentration*/ µM 

HT29 ATCC/MEM 1.21 ± 0.68 

HT29 ATCC/RPMI 0.75 ± 0.26 

  
PANC1 ATCC/MEM 1.39 ± 0.47 

PANC-1 ATCC/RPMI 0.60 ± 0.17 

  
BT20 ATCC/MEM 8.39 ± 5.5 

BT20 ATCC/RPMI 1.24 ± 0.34 
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compared with all the HT29 cells, proving that the MSHT29 cells express less of this 

epithelial cell marker [125].  

In addition, we observed that the HT29 ATCC/MEM and mostly the MSHT29 cells have 

increased expression of ALDH1 (cytosolic form) and decreased expression of ALDH2 

(mitochondrial form), when compared with the HT29 ATCC/RPMI cells. The activity of 

ALDH1 is associated with cancer stem cells and is commonly used as a marker of these 

cells [126, 127]. Therefore, this observation supports the hypothesis that cells grown under 

cell culture condition 1 might be enriched in the atypical cancer cells previously described 

by Gostjeva et al. as metakaryotic cancer stem cells. 

Results presented in Figure 13 (B1) and (B2) show that neither PANC-1 ATCC/MEM 

nor PANC-1 ATCC/RPMI cells express the drug efflux pump of P-gp (similarly to HT29 cells 

under both condition 1 and condition 2). The PANC-1 ATCC/MEM cells have similar 

expression of the drug efflux pump ABCG2 when compared to PANC-1 ATCC/RPMI cells.  

In addition, PANC-1 ATCC/MEM cells have an increase in the expression of vimentin, 

an EMT marker, when compared to PANC-1 cells grown under cell culture condition 2. On 

the other hand, PANC-1 ATCC/MEM cells have decreased expression of β-catenin, an 

epithelial marker. Together, these results suggest that under cell culture condition 1 the 

PANC-1 cells have less epithelial and more mesenchymal markers.  

Furthermore, neither PANC-1 ATCC/RPMI nor PANC-1 ATCC/MEM cells express 

ALDH1 (cytosolic form). However, they both express the ALDH2 (mitochondrial form). It is 

not known why only ALDH2 and not ALDH1 is detected in this cell line. 

Results presented in Figure 13 (C1) and (C2) show that the BT20 ATCC/MEM and 

BT20 ATCC/RPMI cells do not express the drug efflux pump P-gp, nor the protein vimentin. 

Interestingly, BT20 ATCC/MEM cells have increased expression of the drug efflux pump 

ABCG2, of β-catenin and of ALDH1, when compared to the same cells grown under cell 

culture condition 2. The increased expression of ABCG2 might explain why the BT20 

ATCC/MEM cells were less sensitive to doxorubicin than the BT20 ATCC/RPMI cells. In 

addition, the increased expression of β-catenin and of ALDH1 in BT20 ATCC/MEM cells 

suggests that when these cells are cultured under cell culture condition 1, they might have 

a more epithelial phenotype and be enriched in stem cells. 
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(A1)      (A2) 

 
 

 
 
 
(B1)              (B2) 
 
 

 
 
 
 

 
 
 
 
 
 

 
 
(C1)                          (C2) 
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Figure 13. Analysis of P-gp, ABCG2, Vimentin, β-catenin and ALDH1/2 protein 

expressions in (A) HT29 MIT/MEM, HT29 ATCC/MEM, HT29 ATCC/RPMI and MSHT29 

cells, (B) PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI cells and (C) BT20 ATCC/MEM 

and BT20 ATCC/RPMI cells, by Western blot. (A1), (B1) and (C1) show Western blot 

images representative of three independent experiments. Actin was used as loading control. 

(A2), (B2), (C2) represent the densitometry analysis of the Western blot. Results are the 

mean ± S.E. of three independent experiments and are expressed after normalization of the 

values obtained for each protein with the values obtained for actin. * indicates p ≤ 0.05 and 

** indicates p ≤ 0.01 between cells grown under condition 2 (HT29 ATCC/RPMI, PANC-1 

ATCC/RPMI and BT20 ATCC/RPMI) and under condition 1 (HT29 ATCC/MEM, MSHT29, 

PANC-1 ATCC/MEM and BT20 ATCC/MEM). 

 
 
 
 

The results from the analysis of the expression of the above-mentioned proteins are 

summarized in Table 3. In summary, when the cell lines were maintained under cell culture 

condition 1 (compared to cells maintained under condition 2) they presented: i) increased 

expression of the drug efflux pump ABCG2 (except the PANC-1 ATCC/MEM cells) which 

might explain the lower sensitivity of these cells to doxorubicin; ii) decreased expression of 

β-catenin (except the BT20 ATCC/MEM cells) suggesting a possible induction of a 

mesenchymal phenotype; and iii) increased expression of ALDH1 (except the PANC-1 

ATCC/MEM cells, in which this ALDH form was not detected) suggesting an enrichment in 

stem cells. 

 

Table 3. Summary of the results of the relative protein levels of the different cells 

grown under condition 1 versus condition 2. 

 
 

 
 

 

 

Taken together, results obtained so far showed that although cell culture conditions do 

not affect cells’ morphology, they affect their growth (faster under condition 1), their 

response to doxorubicin (less sensitive under condition 1) and their expression of some 

Protein HT29 ATCC/RPMI HT29 ATTC/MEM MSHT29 PANC-1 ATCC/RPMI PANC-1 ATCC/MEM BT20 ATCC/RPMI BT20 ATCC/MEM

ABCG2

β-Catenin

Vimentin

ALDH1
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proteins related with EMT and stemness. All these results suggest that cells maintained 

under condition 1 have a more aggressive phenotype and support the hypothesis that they 

might be enriched in the atypical cancer cells previously described by Gostjeva et al. and 

that some of them might be undergoing an EMT. 

 

3.2. Investigating the presence of Hoechst negative populations of 

cells on the HT29 cell line  

 
The Hoechst 33342 dye is used to stain DNA, specifically adenine-thymine regions of 

dsDNA in the B-form helix. The HT29 MIT cells were incubated under condition 1 and with 

this dye. Cells were then observed under a fluorescent microscope. Although most of the 

cells in the flask were positively marked with this dye, we observed the presence of a 

negative population of cells for Hoechst 33342 staining (Figure 14). This had been 

previously observed by Dr. Elena Gostjeva at her laboratory (unpublished observations). 

Therefore, the results here presented confirm those observations of Hoechst negative 

populations (possibly Hoechst negative clones) on the HT29 cell line under cell culture 

condition 1. There are three possible explanations for the presence of these Hoechst 

negative population of cells in the HT29 cell line: 

i) the HT29 cell line may contain metakaryotic cancer stem cells (as previously 

described [114]), which use a dsRNA/DNA intermediate to replicate their genome and 

therefore do not stain with Hoechst since this dye only stains dsDNA;  

ii)  these cells could overexpress drug efflux pumps, which would cause the efflux of 

Hoechst from the cells;  

iii) these cells could have some kind of an unknown physical barrier that prevents the 

dye from getting into the cells.  

Of note, these hypotheses are not exclusive of each other, and are in agreement with 

the possibility that these Hoechst negative cells are indeed extremely atypical cancer stem 

cells. 

To our knowledge, apart from the unpublished observations of Dr. Elena Gostjeva, there 

is no publication relating the presence of Hoechst negative population of cells in the HT29 

cell line, or in any other cell line. Therefore, given the innovative nature of this finding, more 

studies are necessary to confirm that these Hoechst negative cells are not a result of some 

alteration in the MIT clone of the HT29 cells. Thus, it is important to confirm the presence 

of these populations of Hoechst negative cells in HT29 cells obtained from a different source 

and cultured in a different laboratory. It is also important to verify if these Hoechst negative 

cells may also be visualized under the traditional cell culture conditions (cell culture 
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condition 2). In addition, it is also crucial to investigate if they are also present in other cell 

lines, cultured either under cell culture conditions 1 or 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Phase contrast (A1, B1 and C1), immunofluorescence of cells stained with 

Hoechst (A2, B2 and C2) and merged (A3, B3 and C3) images of HT29 MIT cells 

cultured under condition 1. Images are representative of three independent experiments. 

Cells were observed using the Leica DMI 600B Microscope and images were obtained 

using LASX software. Arrows show the presence of Hoechst negative populations. 

 
 

Therefore, we investigated if these Hoechst negative populations could also be 

observed in the HT29 ATCC cells and in the two other cell lines used in this work, grown 

under both cell culture conditions (condition 1 and condition 2). Thus, cells (from all the cell 

lines, cultured in both the conditions 1 and 2) were plated and incubated during 24 h at 37 

ºC. Following this incubation period, cells were stained with Hoechst 33342 and observed 

for several days to detect if and when Hoechst negative populations would appear. 

Results from the HT29 ATCC cells [Figure 15 (A)] show a Hoechst negative population 

when cells were grown under cell culture condition 1 for 6 days, but not when grown under 

cell culture condition 2. Most importantly, this proves that the presence of the Hoechst 

negative cells is not only detected in the HT29 clone from the MIT and validates the 

observation of Dr. Gostjeva in another HT29 clone and in a different laboratory. Also very 

interestingly, the presence of a negative population for Hoechst staining was detected only 
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when cells were cultured under cell culture condition 1. This could explain why these 

Hoechst negative cells have never been described by other scientists (who work under cell 

culture conditions 2), apart from Dr. Gostjeva (who works under the cell culture conditions 

1). 

A Hoechst negative population was also detected in the MSHT29 cells under cell culture 

condition 1 for 7 days. 

Regarding the PANC-1 cell line, we did not observe Hoechst negative populations, in 

either cell culture conditions 1 or 2 for up to 6 days [Figure 15 (B)].  Indeed, although some 

cells seem not to stain with this dye, these populations of Hoechst negative cells were not 

visualized in the PANC-1 cell line. 

Regarding the BT20 cell line, we also did not observe the negative population for 

Hoechst staining when cells were grown in either cell culture conditions 1 or 2 for up to 6 

days [Figure 15 (C)]. 

It is possible that Hoechst negative populations would appear latter in some of the cell 

lines. However, cells could not be analyzed after 7 days since Hoechst is toxic to the cells 

and there was considerable cell death after 7 days of incubation with this dye. Thus, the 

lack of detection of Hoechst negative populations in the PANC-1 and BT20 cell lines does 

not exclude the hypothesis that these cell lines could also present these cells, if the 

experiment was carried out for longer periods of time. 
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(A) 
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(B) 
 

 
(C) 
 

 
 
Figure 15. Phase contrast, immunofluorescence of cells stained with Hoechst and 

merged images of (A) HT29 ATCC/MEM, HT29 ATCC/RPMI and MSHT29 cells, (B) 

PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI cells and (C) BT20 ATCC/MEM and BT20 

ATCC/RPMI cells from day 0 and day 7 of culture. Images are representative of three 

independent experiments and were obtained using ZOE Fluorescent Cell Imager Bio-Rad. 

Arrows show the presence of the Hoechst negative populations. 
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The results of the study of the Hoechst staining are summarized in Table 4. In summary, 

the presence of Hoechst negative cells was observed in HT29 cells, regardless their origin 

(from MIT or from ATCC) and in their derivative MSHT29 cells. In addition, these Hoechst 

negative cells were only observed when cells are cultured under condition 1. Therefore, 

results indicate that the cell culture condition 1 is the appropriate cell culture condition for 

the observation of these Hoechst negative populations of cells. Furthermore, no Hoechst 

negative cells were detected in the PANC-1 and in the BT20 cell lines, up to 6 days of 

analysis. It is possible that the appearance of a Hoechst negative population of cells could 

be a specific mechanism of colorectal adenocarcinoma cells. Further studies in other cell 

lines would help clarifying this possibility.  

 

 

Table 4. Summary of the results of the staining of cells from different cell lines 

with Hoechst. 
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3.3. Studying the effect of a cold non-enzymatic cell recovery (C/D) 

process in the different cell lines 

 

 
Gostjeva et al. described a method that aimed to enrich the HT29 cell culture in 

metakaryotic cancer stem cells. Apart from the cell culture conditions in which cells are 

maintained her laboratory (condition 1, which might increase the presence of metakaryotic 

cancer stem cells), this method consists in placing the cell culture flasks with cells, without 

any cell culture medium, at 4 ºC for 7 days and then to collect the cells that survived this 

process. This methodology was conceived and established by Gostjeva et al ([111]), based 

on the observations described by Latil et al. which reported the isolation of viable skeletal 

myogenic cells from humans in post-mortem tissues kept in the morgue (at 4 ºC) up to 17 

days after death [128]. 

Thus, in order to confirm in an independent laboratory the possibility of enriching the 

HT29 cells in these very atypical cells, by recovering the surviving cells after 7 days at 4 ºC 

without contact with cell culture medium, we applied this methodology in our laboratory. We 

also performed the same protocol in HT29 cells from different origins (MIT or ATCC), in 

order to confirm that these atypical cells were not only present in the MIT clone of cells. In 

addition, the same protocol was applied to the PANC-1 and the BT20 cells lines, in order to 

verify if those cell lines also had those atypical cells. 

Results [Figure 16 (A)] showed that alive cells were recovered from the cold non-

enzymatic cell recovery procedure, from all the studied cell lines (which had been cultured 

under either cell culture conditions 1 or 2), suggesting the possible existence of a very 

resistant population of cells in all of those cell lines, which is able to survive under extreme 

conditions (no nutrients and cold temperature). 

Following the 7 days at 4 ºC with no nutrients, the survivor cells were collected and 

seeded in flask-slides for further analysis, as previously published by Gostjeva et al ([111]). 

As demonstrated in Figure 16 (B), the survivor cells (except BT20 ATCC/RPMI survivor 

cells which did not attach to the surface of the flask slide) were able to attach and grow for 

7 days in the flask-slides, suggesting that those survivor cells had maintained their functions 

and capabilities even after having been exposed to extreme conditions. 
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(A)          (B) 

       

 
Figure 16. Microscopic images of HT29 ATCC/RPMI, HT29 ATCC/MEM, PANC-1 

ATCC/RPMI, PANC-1 ATCC/MEM, BT20 ATCC/RPMI and BT20 ATCC/MEM survivor 

cells after 7 days at 4 ºC without nutrients (A) or after those 7 days at 4 ºC without 

nutrients followed by 7 days at 37 ºC in flask-slides with culture medium (B). Images 

were obtained using an inverted light microscope (Leica DMi1). Amplification = 200X 

 
 

 

In order to better observe the survivor cells and possibly observe the presence of 

atypical cancer cells, survivor cells were grown in flask-slides, fixed (with Carnoy’s fixation 

procedure) and then stained by Feulgen Staining to visualize their DNA [129]. 

Results (Figure 17) demonstrate the presence of some cells with bell shaped nucleus, 

which had been described by Gostjeva et al. for the metakaryotic cancer stem cells [106, 

110, 114]), in the HT29 ATCC/MEM and HT29 ATCC/RPMI survivor cells after the cold non-

enzymatic cell recovery procedure. The cells with this atypical shape of the nucleus are 

pointed with arrows. We did not observe cells with the atypical nucleus in PANC-1 

ATCC/MEM, PANC-1 ATCC/RPMI or BT20 ATCC/MEM survivor cells after cold non-

enzymatic cell recovery procedure. Once again, this observation might suggest that these 

atypical cancer cells could be specific from colorectal adenocarcinoma cells. Unfortunately, 

the Feulgen staining procedure for BT20 ATCC/RPMI survivor cells was not done because 

the cells did not attach to the surface of the flask-slide, as already mentioned above. 

Interestingly, the fact that we were able to see these atypical cells in the HT29 cell line 

(as had been seen by Dr. Elena Gostjeva) but not in the two other cell lines studied, supports 

the fact that these atypical cells are real and not the results of some technical artifact due 
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to the C/D recovery process of surviving cells. If they were an artifact, they probably would 

be observed in all the cell lines.  

Also interesting is the fact that we observed these atypical cells in survivor cells from 

the C/D recovery process, from the HT29 cells that had been originated from ATCC. This 

confirms that the observations of such atypical cells by Gostjeva et al. ([111, 114]) are not 

due to some unknown alteration in the MIT clone of HT29 cells.  

We observed these atypical cells with either cell culture conditions 1 or 2, which makes 

it possible for other scientists to easily confirm these observations under the traditional cell 

culture conditions used in their laboratories. However, it is possible that cells grown under 

cell culture condition 1 might have higher number of (i.e. be enriched in) these atypical 

cancer cells, when compared with the cells grown under cell culture condition 2; however, 

more experiments are needed to confirm this possibility. 
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Figure 17. Microscopic images of HT29 ATCC/RPMI, HT29 ATCC/MEM, PANC-1 

ATCC/RPMI, PANC-1 ATCC/MEM and BT20 ATCC/MEM survivor cells (after non-

enzymatic cell recovery – the C/D, procedure) stained with Feulgen staining. Images 

were obtained using Leica 2000 DM Microscope from i3S. Arrows show the presence of 

atypical cancer cells. Amplification = 200X. Results are from one experiment only. 

 
 

 

Figure 18 shows results that I observed during my short visit to the MIT (Prof. Thilly’s 

Lab, MIT, Boston) as a result of an ongoing collaboration between the two laboratories. 

These images show the presence of these cells with atypical nucleus (pointed with arrows) 

in HT29 MIT/MEM survivor cells after cold non-enzymatic cell recovery procedure.  

Hence, the presence of these atypical cancer cells (characterized by their bell-shaped 

nucleus) in HT29 cells was observed in HT29 cells obtained from two different sources and 

maintained under different cell culture conditions and in different laboratories - proving that 

the presence of these atypical cancer cells in the HT29 cell line is real and that they are not 

merely artifacts. Indeed, Gostjeva et al. had previously gathered evidence to prove that 

these cells were not artifacts, by using different staining procedures to identify their nucleus 

[110]. The results here presented further support the descriptions of Gostjeva et al., of the 

presence of atypical cells with bell-shaped nucleus in the HT29 cell line, which are capable 

of surviving very harsh conditions such as lack of nutrients and cold temperature for at least 

7 days. 

 

 

Figure 18. Microscopic images of HT29 MIT/MEM survivor cells (after cold non-

enzymatic cell recovery - the C/D procedure) stained with Feulgen staining. Images 

were obtained using Zeiss Observer D1 Microscope from Prof. Thilly’s Laboratory from the 
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Biological Engineering Department of MIT. Arrows show the presence of atypical cancer 

cells. Amplification = 200X and the last one 1000X 

 
 
 

Results obtained from the Feulgen staining of the survivor cells after cold non-

enzymatic cell recovery procedure are summarized in Table 5. As stated above, the 

presence of atypical cancer cells was observed in HT29 cells originated from different 

sources (MIT or ATCC) and cultured under either cell culture condition 1 or cell culture 

condition 2. We were not able to observe the presence of the atypical cancer cells in the 

PANC-1 and BT20 cell lines. However, the results are from one experiment only, therefore 

more experiments are needed to confirm that the other cell lines do not present such 

atypical cells.  

 

 

Table 5. Summary of the results of the Feulgen staining of the survivor cells (after 

cold non-enzymatic cell recovery - the C/D procedure), to observe the presence or 

absence of atypical cancer cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Atypical cancer cells can be observed using Feulgen staining because of their bell shaped nuclei 
and their symmetric and asymmetric nuclear divisions. 
 
 
 

Origin Condition Cell line 
Atypical cancer 

cells* 

M
IT

 

C
o

n
d

it
io

n
 1

 

HT29 

 

i3
S 

C
o

n
d

it
io

n
 1

 

HT29 
 

PANC-1 

 

C
o

n
d

it
io

n
 2

 HT29 

 

PANC-1 

 

BT20 

 



 

 

 57 
 

Once we confirmed the presence of atypical cancer cells in the HT29 cell line, we tried 

to identify if those cells presented markers of cancer stem cells. In fact, we had previously 

observed high expression of ALDH1 in HT29 cells by Western blot (Figure 13) but intended 

to confirm this observation by immunocytochemistry of the C/D survivors of HT29 cells, 

which should be enriched for stem cells. For that, we used ALDH1, an accepted cancer 

stem cells marker ([130-132]), to perform immunocytochemistry. This was performed at the 

MIT, during my short visit. 

Results presented in Figure 19 demonstrate the co-localization of ALDH1 protein in 

HT29 MIT/MEM survivor cells with the atypical cells with bell-shaped nucleus. In addition, 

we also observed that cells with normal nuclei do not express ALDH1 protein. These results 

prove that the atypical cells described by Gostjeva et al. have a very high expression of this 

recognized marker of cancer stem cells [126]. Most importantly, the immunocytochemistry 

results also prove that the neighboring HT29 surviving cells (from the C/D procedure) 

without a bell-shaped nucleus, do not express ALDH1. Thus, the staining for ALDH1 was 

specific for cells with bell-shaped nuclei. 

 

 

Figure 19. Immunofluorescent staining of aldehyde dehydrogenase 1 (ALDH1, green) 

in atypical cancer cells from HT29 MIT/MEM cell line survivor cells (after cold non-

enzymatic cell recovery - the C/D procedure). Hoechst was used for nuclear 

counterstain. Images were obtained using Zeiss Observer D1 Microscope from Prof. Thilly’s 

Laboratory from the Biological Engineering Department of MIT. 

 
 
 

More images showing the co-localization of the ALDH1 protein in HT29 cells with the 

bell-shaped nucleus are shown in Figure 20.  
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Figure 20. Immunofluorescent staining of aldehyde dehydrogenase 1 (ALDH1, green) 

of atypical cancer cells from HT29 MIT/MEM cell line survivor cells (after cold non-

enzymatic cell recovery - the C/D procedure). Hoechst was used for nuclear 

counterstain. (A1), (B1), (C1), represent merge images of both ALDH1 and Hoechst 

staining; (A2), (B2) and (C2) represent images of ALDH1 staining only; (A3), (B3) and (C3) 

represent images of Hoechst staining only. Images were obtained using Zeiss Observer D1 

Microscope from Prof. Thilly’s Laboratory from the Biological Engineering Department of 

MIT. 

  
 

Nevertheless, more stem cell markers will need to be included in future work, to gather 

more evidence that these atypical cancer cells have high expression of stem cell markers. 

  

 
We next aimed to validate this result by Western blot analysis of C/D survivors of the 

HT29 cell line. In addition, we wanted to understand how the C/D procedure affected the 

expression of the carcinoembryonic antigen (CEA) and integrin α5 expression. For that, 

protein extracts from HT29 ATCC cells maintained under cell culture conditions 1 and 2, 

and from survivor cells after the cold non-enzymatic cell recovery procedure were analyzed 

by Western blot. 

Results are shown in Figure 21 (A1) and demonstrate that HT29 ATCC cells 

(maintained under either cell culture condition 1 or 2), HT29 ATCC survivor cells and 

MSHT29 cells express the proteins CEA and ALDH1 (only the cytosolic form of the protein 

was detected), and do not express integrin α5. Since the expression of integrin α5 in HT29 

cells has been related with decreased cellular proliferation [133], the absence of the 

expression of this protein might suggest that these cells have high proliferative capacity. In 

addition, the expression of CEA and ALDH1 proteins is much higher in MSHT29 cells than 

in HT29 ATCC/MEM cells, indicating that MSHT29 cells (derived from HT29 MIT/MEM cells) 

might be more drug-resistant than its cell line of origin. In fact, the production of CEA protein 

is thought to be stimulated by drug-resistant cells [134]. The high expression of the cancer 
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stem cell marker ALDH1 in the MSHT29 cells suggests that this cell line might be enriched 

in atypical cancer cells [Figure 21 (A2)]. The survivor cells from both the HT29 ATCC/MEM 

and HT29 ATCC/RPMI cells (after C/D procedure) have a slight increase in the expression 

of CEA and ALDH1 proteins, indicating that the survivor cells are more drug-resistant and 

are enriched in cells with cancer stem markers, when compared with the cells before the 

C/D procedure [Figure 21 (A2)]. In fact, these results are in agreement with the hypothesis 

of Gostjeva et al. ([114]) that the C/D procedure selects the more resistant cells, possibly 

selecting stem cells. 

We also analyzed the expression of these proteins in the survivors of PANC-1 ATCC 

and of the BT20 ATCC cells, after C/D treatment and recovery. Regarding the expression 

of the analyzed proteins in PANC-1 ATCC cells (both under cell culture conditions 1 and  2) 

and in their respective survivor cells, we observed [Figure 21 (B1)] that this cell line does 

not express CEA (a slight band of this protein was only observed in PANC-1 ATCC/RPMI 

cells but it is not conclusive) and express integrin α5 – unlike the HT29 ATCC cells. PANC-

1 ATCC cells also express ALDH1 and ALDH2 – i.e. both the cytosolic and the mitochondrial 

forms of the protein (corresponding to the upper and lower band, respectively). PANC-1 

ATCC/MEM and PANC-1 ATCC/RPMI survivor cells after C/D procedure have decreased 

expression of integrin α5 – which is also related with cell adhesion ([135]) -, when compared 

to PANC-1 ATCC/MEM and PANC-1 ATCC/RPMI cells, respectively, indicating that 

survivor cells might have less adhesion capacity than their cells of origin (before C/D 

procedure). We also observed that PANC-1 survivor cells after C/D procedure have 

decreased expression of ALDH1 and increased expression of ALDH2, when comparing with 

cells before the C/D procedure [(Figure 21 (B2)]. The ALDH2 mitochondrial form has been 

described as a protector form oxidative stress [136], which can justify why survivor cells 

have increased expression of this protein. 

Regarding the BT20 ATCC cells, they do not express CEA and express integrin α5, 

ALDH1 and ALDH2 proteins [Figure 21 (C1)]. Results showed in Figure 21 (C2) suggest 

that BT20 ATCC/MEM survivor cells after C/D procedure have increased expression of 

integrin α5, when comparing with BT20 ATCC/MEM cells while BT20 ATCC/RPMI survivor 

cells have decreased expression of this protein, when comparing with BT20 ATCC/RPMI 

cells. These results indicate that BT20 ATCC/MEM survivor cells have higher adhesion 

capacity than the BT20 ATCC/MEM cells; the opposite would be applied to the BT20 

ATCC/RPMI survivor cells, comparing with the BT20 ATCC/RPMI cells. We also observed 

that the survivor cells after C/D treatment, from both the BT20/MEM and the BT20 

ATCC/RPMI cells, have decreased ALDH1 expression– as had been observed for the 

PANC-1 ATCC survivor cells. 
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(A1)       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A2)  
  
 

 
     
 
 
 
(B1)  
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(B2) 
 

 
 
 
 
(C1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(C2) 
 
 

 
 
 
Figure 21. Analysis of Integrin α5, Carcinoembryonic antigen (CEA) and ALDH1/2 

protein expressions in (A) HT29 ATCC/MEM and HT29 ATCC/RPMI cells, (B) PANC-1 

ATCC/MEM and PANC-1 ATCC/RPMI cells and (C) BT20 ATCC/MEM and BT20 

ATCC/RPMI cells and respective cell survivors after 7 days at 4 ºC without nutrients 
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and in MSHT29 cells by Western blot. (A1), (B1) and (C1) show Western blots 

representative of three independent experiments (but two experiments only for MSHT29 

cells). Actin was used as a loading control. (A2), (B2) and (C2) represent the densitometry 

analysis of the Western blots. Results are the mean ± S.E. of three independent 

experiments (two experiments for MSHT29 cells and PANC-1 ATTC/MEM cell survivors) 

and are expressed after normalization of the values obtained for each protein with the 

values obtained for actin. * indicates p ≤ 0.05 and *** indicates p ≤ 0.001 between cells and 

the respective cell survivors. 

 
 

 

Table 6 summarizes the results of the relative protein levels of the different cells and 

their respective survivor cells after C/D procedure. Taken together, results showed that only 

the HT29 cells and their survivor cells have expression of CEA protein – which has been 

related with drug resistance and poor prognosis in patients with colon cancer [137], also 

being the only analyzed cells without expression of integrin α5.  

In addition, the HT29 ATCC survivor cells cultured under the 2 different conditions have 

increased expression of both CEA and ALDH1 proteins, indicating that survivor cells are 

highly resistant and might be enriched in cancer stem cells, thus supporting the hypothesis 

that the C/D procedure is a good methodology to enrich the HT29 cells in atypical cancer 

cells. 

Concerning the PANC1 survivor cells cultured under the 2 different conditions, both 

have decreased expression of integrin α5, indicating that survivor cells might have less 

adhesion capacity after C/D procedure. In addition, these cells have decreased expression 

of ALDH1, which could suggest a decrease in the cancer stem cell population. Additionally, 

PANC1 survivor cells have increased ALDH2 expression which might constitute a 

mechanism of defense against stress (caused by the C/D procedure). 

Finally, regarding the BT20 cell line, results suggest that the BT20 survivor cells 

cultured under condition 2 have increased expression of integrin 5, suggesting an increased 

adhesion capacity unlike the cells culture in condition 1. Additionally, the BT20 survivor cells 

cultured under both conditions have decreased expression of ALDH1 and increased 

expression of ALDH2. 
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Table 6. Summary of the results obtained from the analysis of relative CEA, 

ALDH1 and Integrin α5 protein levels on the various cells under different cell culture 

conditions, and their survivors following C/D treatment for 7 days at 4 ºC with no 

nutrients. 

 
 

 
 
 
 
 

3.4. Analyzing differences in proteins expressed by HT29 cells, 

HT29 survivor cells from the C/D treatment and MSHT29 cells  

 

 In order to identify proteins differently expressed between the HT29 MIT cells, the 

survivor cells from the C/D procedure and the MSHT29 cells, mass spectrometry analysis 

of these samples was performed using LC/MS/MS (by Proteomics platform of i3S). Data 

was analyzed using bioinformatics methods.  

Results showed in Figure 22 represent a volcano plot that easily allows to identify the 

changes between samples, by looking to the dots that represent different proteins [138]. 

Figure 22 (A) illustrates the distribution of the proteins with altered expression between 

HT29 MIT/MEM cells versus HT29 MIT/MEM survivor cells after C/D procedure.  Figure 22 

(B) illustrates the distribution of proteins with altered expression between HT29 MIT/MEM 

cells versus MSHT29 cells. It is possible to conclude that HT29 MIT/MEM survivor cells 

after C/D procedure and cells from MSHT29 cell line have several differences in the 

expression of many proteins, when compared to the HT29 MIT/MEM cells – some proteins 

with decreased expression (green zone) and some with increased expression (red zone). 

 
 
 
 
 

Protein HT29 ATCC/RPMI HT29 ATCC/RPMI survivor cells HT29 ATCC/MEM HT29 ATCC/MEM survivor cells

CEA

ALDH1

PANC-1 ATCC/RPMI PANC-1 ATCC/RPMI survivor cells PANC-1 ATCC/MEM PANC-1 ATCC/MEM survivor cells

Integrin α5

ALDH1

BT20 ATCC/RPMI BT20 ATCC/RPMI survivor cells BT20 ATCC/MEM BT20 ATCC/MEM survivor cells

Integrin α5

ALDH1
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(A) 

 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 

 

 

 

 

 

 

Figure 22. Distribution of the proteins with altered expression found in (A) HT29 

MIT/MEM cells versus HT29 MIT/MEM survivor cells after 7 days at 4 ºC without 

nutrients and (B) HT29 MIT/MEM cells versus MSHT29 cells, identified by mass 

spectrometry. Green and red zones represent, areas of decreased and increased 

expression of the different proteins (dots), respectively, with p ≤ 0.01. The graphs are the 

results from one experiment only. 

 

The proteomic analysis needs to be repeated, to check for reproducibility of results. In 

addition, results (at least the most interesting ones) will need to be confirmed/validated by 

Western Blot analysis. Ongoing and future work will complete these validation studies. 

Nevertheless, the analysis of the results obtained in this proteomic study were analyzed, 

having in mind that they will need to be confirmed. 

 

The list of the proteins with increased expression in HT29 MIT/MEM survivor cells after 

C/D procedure when compared with HT29 MIT/MEM cells is shown in Table 7. The 

differences in the expression of proteins between the two samples was calculated and is 

represented as Δ%. Results demonstrated that among the proteins with higher value of Δ%, 
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are alpha-fetoprotein and vitronectin, which are highly expressed in the survivor cells. 

These proteins are well documented to be associated with tumor malignancy [139-142]: 

the alpha-fetoprotein is produced by cells which may have cancer stem cells 

characteristics [143, 144], while vitronectin is associated with the differentiation of 

cancer stem cells and tumor formation [141]. 

 

 

Table 7. Proteins with increased expression in the HT29 MIT/MEM survivor cells 

after 7 days at 4 ºC without nutrients versus the HT29 MIT/MEM cells. 

Δ% represents the difference between the % of expression of proteins in the HT29 MIT/MEM 
survivor cells and the HT29 MIT/MEM cells. 
 

 

The data presented on Table 7 was also analyzed using the Gene Ontology (GO) 

bioinformatics program, and the results are shown in Figure 23 as pie diagrams.  

The functional classification of the proteins increased in the HT29 survivor cells 

from the C/D treatment versus the HT29 cells, showed that they are mostly involved in 

catalytic and binding activities [Figure 23 (A)]. In addition, from the analysis of the 

biological processes in which these proteins are involved, it is possible to conclude that 

the greatest difference occurred in the metabolic processes (31% of the increased 

proteins are grouped in this process) and in cellular processes, such as cell 

communication [Figure 23 (B)]. 
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(A) 

 

 
(B) 
 
 

 
 
 
 
Figure 23. GO analysis of proteins with identified increased expression in the HT29 

MIT/MEM survivor cells after 7 days at 4 ºC with no nutrients versus HT29 MIT/MEM 

cells. (A) Molecular functional analysis and (B) Biological process analysis of the identified 

proteins. 

 

 

Regarding the proteins with decreased expression (Table 8), we observed that a great 

number of proteins present in HT29 MIT/MEM cells is not found in the HT29 MIT/MEM 

survivor cells (when Δ% is 100%). Unexpectedly, we observed that the CD44 antigen is 

decreased in the survivor cells. Since we performed the C/D procedure as a possible 

method to enrich the HT29 cells in cancer stem cells, it was expected that the expression 

of this protein (used as a cancer stem cell marker) would be increased. However, it is known 

that CD44 is also involved in processes of cellular proliferation [145], and  cells that undergo 

the C/D procedure have reduced cellular proliferation due to the extreme conditions to which 

they are exposed, which might justify the reduction of CD44 expression in the survivor cells. 



 

 

 67 
 

Table 8. Proteins with decreased expression in the HT29 MIT/MEM survivor cells after 

7 days at 4 ºC without nutrients versus the HT29 MIT/MEM cells. 

 

 

Δ% represents the difference between the % of expression of proteins in the HT29 MIT/MEM 
survivor cells and HT29 MIT/MEM cells. 
 
 

The data presented on Table 8 was also analyzed using the Gene Ontology (GO) 

bioinformatics program, and the results are shown in Figure 24, as pie diagrams.  

In agreement with the results obtained for the increased proteins, the functional 

classification of the decreased proteins in the survivor cells from the C/D treatment versus 

the HT29 cells, showed that they are mostly involved in catalytic and binding activities 

[Figure 24 (A)]. Again, the greatest differences found in the biological processes were 

related with metabolic processes (29%) and with cellular processes (32%) [Figure 24 (B)]. 

 

 
(A) 
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(B) 
 

 
 
 
Figure 24. GO analysis of proteins with identified decreased expression in the HT29 

MIT/MEM survivor cells after 7 days at 4 ºC with no nutrients versus the HT29 

MIT/MEM cells. (A) Molecular functional analysis and (B) Biological process analysis of the 

identified proteins. 

 
 
 

Cancer cells alter their metabolism in order to be able to survive and proliferate under 

extreme conditions, lack of nutrients and oxygen [39]. The alterations in the metabolic 

pathways of cancer cells are an important mechanism of resistance  [146]. Thus, it is not 

surprising that the most significant differences in the expression of proteins (either 

increased or decreased) between HT29 MIT/MEM cells and their respective survivor cells 

after C/D treatment, were found in proteins involved in metabolic processes. This is 

explained by the metabolic adaptation of survivor cells to the extreme conditions in which 

they were maintained (without nutrients and at 4 ºC). 

 
However, a more detailed analysis of the obtained results, after being validated by 

Western Blot, might uncover biomarkers for the survivor cells with atypical nuclei and 

molecular targets specific for those cells. Ongoing and future work will aim at such 

identification. 

 

Regarding the differences in the expression of proteins between the MSHT29 cells and 

the HT29 MIT/MEM cells, the list with the proteins found to have increased expression in 

MSHT29 cells is shown in Table 9. 

We observed that alpha-fetoprotein expression is increased in the MSHT29 cells 

(versus the HT29 MIT/MEM cells). Since this protein is associated with tumor malignancy 

[139]  and with cancer stem cells [144, 147], this suggests that the MSHT29 cell line is 
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enriched in malignant stem cells.  Further work will be necessary to confirm this hypothesis, 

e.g. by analyzing the expression of various cancer stem cell markers in the two cell lines. 

 

Table 9. Proteins with increased expression in the MSHT29 cells versus the HT29 

MIT/MEM cells. 

Δ% represents the difference between the % of expression of proteins in the MSHT29 cells and the 
HT29 MIT/MEM cells. 
 
 

 

The data from Table 9 was analyzed using the Gene Ontology (GO) bioinformatics 

program, and results are shown in Figure 25 as pie diagrams.  

Regarding their functional classification, the proteins with increased expression in 

the MSHT29 cells are mostly involved in catalytic and binding activities [43% and 39%, 

respectively, [Figure 25 (A)]. From the analysis of the biological processes in which the 

increased proteins are involved, we observed that the biggest difference is found in 

metabolic and cellular processes [30% and 28%, respectively, Figure 25 (B)]. 
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(A) 
 

 
 
 
(B) 
 

 
 
 
 
Figure 25. GO analysis of proteins with identified increased expression in the 

MSHT29 cells versus HT29 MIT/MEM cells. (A) Molecular functional analysis and (B) 

Biological process analysis of the identified proteins. 

 
 

 

Regarding the proteins with decreased expression in the MSHT29 cells (Table 10), we 

observed that a great number of proteins present in the HT29 MIT/MEM cells are not found 

in the MSHT29 cells (when Δ% is 100%). Among these proteins is integrin alpha 2 protein 

that  is related with cell adhesion [148].  
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Table 10. Proteins with decreased expression in the MSHT29 cells versus the HT29 

MIT/MEM cells. 

 

Δ% represents the difference between % of expression of proteins in the HT29 MIT/MEM cells and 
the MSHT29 cells. 
 
 

The data from Table 10 was analyzed using the Gene Ontology (GO) bioinformatics 

program, and the results are shown in Figure 26 as pie diagrams.  

Similarly to what was observed for the increased proteins, the functional 

classification of the decreased proteins in the MSHT29 cells showed that they are 

mostly involved in catalytic and binding activities [Figure 26 (A)]. The greatest 

difference was found in proteins involved in biological processes related with metabolic 

processes (28%) and cellular processes [28%, Figure 26 (B)]. 

 
 
(A) 
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(B) 
 

 
 
 
 
Figure 26. GO analysis of proteins with identified decreased expression in the 

MSHT29 cells versus the HT29 MIT/MEM cells. (A) Molecular functional analysis and (B) 

Biological process analysis of the identified proteins. 

 
 

The most significant differences in the expression of proteins (either increased or 

decreased) between the HT29 MIT/MEM cells and their derivative MSHT29 cells, are found 

in proteins involved in metabolic processes. 

A more detailed analysis of the obtained results, after being validated by Western Blot, 

might reveal biomarkers of EMT and molecular targets to counteract the EMT process.  

It was surprising that the proteomics study did not reveal more proteins previously 

recognized as “stem cell markers” (such as ALDH) in the survivor cells from the C/D 

procedure and in the MSHT29 cells, when compared to the HT29 cells. It is possible that 

the previously recognized “stem cell marker” proteins will be increased in those cells but not 

on the list of the mostly increased proteins. Further bioinformatics analysis will contribute to 

clarifying this point.  
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CHAPTER IV – CONCLUSION   
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4. 

4.1. Concluding remarks 

 

Cancer is a disease that affects millions of people around the world. Although recent 

advances in technology allowed to improve the study and treatment of this disease, it is still 

not fully understood and treatments often fail. The major cause for treatment failure is 

resistance of cancer cells to therapy (either chemotherapy, molecular targeted therapy, 

hormonotherapy or immunotherapy and radiotherapy) [78, 79]. This resistance may be due 

to several factors such as overexpression of drug-efflux pumps [123, 149, 150], activation 

of survival pathways [151], evasion of apoptosis [152, 153] and the presence of cancer stem 

cells [44, 154], among others. 

Gostjeva and collaborators discovered and documented cells which are very big and 

have an atypical shape (with bell-shaped nuclei) in colonic adenomas, adenocarcinomas 

and in a colonic adenocarcinoma cell line – the HT29 cell line [106, 110]. Interestingly, these 

cells are  extremely resistant to chemo and radiotherapy [114], have documented 

characteristics of stem cells (such as symmetric and asymmetric division [106]) and have 

been named “metakaryotic stem cells” since they have a very characteristic and different 

DNA replication [111]. Although some studies have been made on such cells, mostly by 

Gostjeva and collaborators, more studies are necessary to confirm their true nature and 

function, as well as to identify biomarkers and molecular targets for such atypical cells.  Of 

note, morphologically similar atypical cells have been found in some tumors and have been 

named goblet cells [101, 155, 156] or signet ring cells [157, 158]. It is not clear if the cells 

named as metakaryotic stem cells may be progenitors of these goblet or signet ring cells. 

 

Given this, the main objectives of this study were to:  

i) observe atypical cells, previously described by Gostjeva et al. as metakaryotic 

cancer stem cells, from the human colonic adenocarcinoma HT29 cell line and from the 

MSHT29 cell line (derived from the HT29 cell line and with an apparent EMT phenotype); 

ii) attempt to identify these atypical cells in two other cancer cell lines;   

iii) characterize those cells in terms of cell markers associated with stem cells, EMT 

and drug resistance; and  

iv) characterize the protein content of those cells by proteomics analysis 

 

In this study, three different cell lines were used (HT29, PANC-1 and BT20 cell lines), 

genotyped to confirm their identity (Annex I), and maintained under different cell culture 

conditions (condition 1: MEM medium supplemented with 9% FBS and cells maintained at 
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37 ºC without access to any gases; and condition 2: RPMI-1640 medium supplemented 

with 10% FBS and cells maintained at 37 ºC with 5% CO2), in order to understand if the 

culture conditions affected some of the characteristics of these cells. 

The results obtained demonstrated that the cell culture conditions did not affect the 

morphology of the cells but affected their growth and their response to drugs. In fact, 

when cells were maintained under cell culture condition 1, when compared with cells 

maintained under cell culture condition 2, they grew faster, were more resistant to 

doxorubicin, had higher expression of ABCG2 and ALDH1 and lower expression of β-

catenin. Our results seem to support the hypothesis of Gostjeva et al. that the cell 

culture condition 1 might enrich the HT29 cells in the atypical cells [114]. 

 

Gostjeva et al. also described (personal communication, unpublished observations) 

the presence of a negative cell population for Hoechst staining in the HT29 and 

MSHT29 cells. Our results confirmed these observations and further showed that the 

presence of these negative cells for Hoechst staining was only observed in the HT29 

cell line when were cultured under cell culture condition 1 and in the MSHT29 cell line. 

Such Hoechst negative cells were not observed in the HT29 cells under cell culture 

condition 2 or in the two other cell lines studied, under the conditions tested. 

In order to identify the atypical cells described by Gostjeva et al., the three cell lines 

used in this work (HT29, PANC1 and BT20, under both cell culture conditions) were 

subjected to a cold non-enzymatic cell recovery procedure (C/D), which consisted in 

maintaining the cells at 4 ºC for 7 days without nutrients (a procedure previously 

described to enrich the HT29 cell line in atypical cells [114]). The survivor cells collected 

after the 7 days of C/D treatment were recovered and maintained in culture for 7 more 

days at 37 ºC (under cell culture condition 1 or 2) for further studies. The obtained 

results from morphological observations of the recovered/survivor cells from the C/D 

procedure, following Feulgen DNA staining, confirmed that it is possible to recover 

alive/survivor cells after such a harsh procedure (7 days without nutrients and at 4 ºC). 

Nevertheless, although all the cell lines had survivor cells after the C/D procedure, the 

atypical cells with bell-shaped nuclei were only observed in the HT29 cell line (under 

both cell culture conditions). Moreover, the expression of some proteins known to be 

putative stem cell markers, EMT markers or proteins associated with drug resistance 

was studied in the survivor cells after C/D procedure. The obtained results showed that 

the survivor cells (form the three cell lines) had increased expression of ALDH1 or 

ALDH2 (a putative stem cell marker) and some survivor cells had increased expression 

of CEA and integrin α5 (known to be associated with drug resistance and poor 

prognosis, and with cell proliferation, respectively, [133, 134, 137]). 
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In addition, the protein content of the HT29 cells, of their survivor cells after C/D 

procedure and of the MSHT29 cells was studied, using mass spectrometry (proteomics) 

analysis. These preliminary results need to be confirmed, by repeating the proteomics 

analysis and by Western blot. However, a preliminary analysis of the results showed that 

the major differences between the three samples are related with metabolic processes. 

Therefore, preliminary results suggest that cells which undergo a C/D procedure alter their 

metabolism in order to survive under those extreme conditions (4 ºC and no nutrients). 

Furthermore, the MSHT29 cell line, a clone derived from the HT29 cell line and which 

presents morphological alterations typical of an EMT transition (previously obtained by Dr. 

Elena Gostjeva at the MIT following long-term culture), has alterations in the expression of 

proteins involved in metabolic processes. 

 

 

In summary, this work shows that the cell culture conditions in which cells are 

maintained influence some characteristics of the cells and might be relevant for the 

observation of atypical cells and Hoechst negative populations of cells in the HT29 cell line. 

In addition, we confirmed the observations of Dr. Gostjeva et al., of the presence of Hoechst 

negative cells in HT29 and MSHT29 cell lines (personal communication by Dr. Gostjeva, 

unpublished) and of atypical cells with bell-shaped nuclei in the HT29 cells following a C/D 

recovery procedure [106, 110, 114]. Furthermore, we found a strong expression of ALDH 

(a putative CSC marker) in such atypical cells selected by the C/D procedure and recovery, 

but not in their neighboring cells. Finally, the proteomic preliminary results and the Western 

Blot results indicate that the cells that undergo a C/D procedure and recovery suffer many 

metabolic alterations, probably in order to survive such harsh conditions. In addition, the 

MSHT29 cells also present alterations in the expression of metabolic proteins, when 

compared with the HT29 parental cells.  
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4.2. Future perspectives 

 

Future work will include the study of the expression of more putative markers of 

CSCs (besides ALDH1 and ALDH2). Furthermore, the proteomics study needs to be 

confirmed and validated, in order to identify biomarkers and molecular targets for these 

atypical cells. 

In addition, future work will aim at carrying out cell sorting of those cells using the 

biomarkers identified by proteomics, in order to enrich the cell line in such cells and 

further study the enriched population. Since atypical cells are very resistant to chemo 

and radiotherapy, this would also allow to test drugs against this sorted/enriched cell 

population. 

Further interesting studies include the inoculation of these atypical cells in nude 

mice to obtain xenografts of these atypical cells. This would confirm that they are 

tumorigenic and would allow to test drugs in those xenografts. 
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Annex I 

 

 

 

 

Annex I. Autosomal STR DNA profile of HT29 ATCC/RPMI, HT29 MIT/MEM, MSHT29, 

PANC-1 ATCC/RPMI and BT20 ATCC/RPMI cells. Note: If allele imbalance is observed, 

the minor allele is represented with (-) when its proportion is less than 50% of the major 

allele; minor alleles with less than 20% signal (but over 10%) relative to the major allele are 

marked with “+”. Peaks with a signal less than 10% of the major allele are not called.  

 

D3S1358 TH01 D21S11 D18S51 Penta E D5S818 D13S317 D7S820 D16S539 CSF1PO Penta D Amel VWA D8S1179 TPOX FGA

HT29 ATCC/RPMI 15-17 (+16) 6-9
 (-)

29-30 13 14-16
 (-)

11-12
(-)

11 10 11 11-12. 11-13. XX 17
 (-)

 - 19 (+18) 10-16. 8-9. 20-22

HT29 MIT/MEM 15-17 6(+9) 29-30 13-13 14-16
 (-)

11-12. 11-12
(-)

10-10. 11-12
(-)

11-12. 11-13. XX 17-19 10 (+16) 8
 (-)

 - 9 20-22
 (-)

MSHT29 15-17 (+16) 6-9
 (-)

29-30 13 14-16
 (-)

11-12. 11-12
(-)

10 11-12
(-)

11-12
(-)

11-13. XX 17-19 10-16
 (-)

 (+9) 8
 (-)

 - 9 20-22
 (-)

PANC-1 ATCC/RPMI 17 7-8. 28-28 12-12. 7
 (-)

 -14 11-13 (+12) 11-11. 8-10. 11-11. 10-12 
(-)

14-14 XX 15-15 14
(-)

-15 8-11. 21-21

BT20 ATCC/RPMI 17 (+16) 7(-) - 9.3 28 17 11-13. 12 11 10 11-14(-) 12 (+13) 11 XX 16-17 12 11 22-24(-)

STRs


