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The Sun 

The Sun fuels the life on Earth. It was formed about 4.567 billion years ago. The 
Sun is a G-type main-sequence star (G2V) based on spectral class and it is informally 
designated as a yellow dwarf. It is almost perfectly spherical and consists of 
hot plasma interwoven with magnetic fields. It has a diameter of about 1,392,684 km, 
around 109 times that of Earth, and its mass (approximately 330,000 times the mass of 
our planet), which is formed from hydrogen (75%), helium (24%) and other elements 
such as oxygen, carbon, neon and iron, accounts for about 99.86% of the total mass of 
the Solar System. The distance between the Earth and the Sun is 1.5x108 Km, or in 
other words, 8 light-minutes… 
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Jupiter 

At about 42 light-minutes on average from the Earth, Jupiter is the 
fifth planet from the Sun and the largest planet in the Solar System. It is a gas 
giant with mass one-thousandth of that of the Sun but is two and a half times the mass 
of all the other planets in the Solar System combined. Jupiter is primarily composed 
of hydrogen with a quarter of its mass being helium. It may also have a rocky core of 
heavier elements, but like the other gas giants, Jupiter lacks a well-defined solid 
surface. Because of its rapid rotation, the planet's shape is that of an oblate spheroid. 
A prominent result is the Great Red Spot, a giant storm large enough to contain two or 
three Earths, which is known to have existed since at least the 17th century when it was 
first seen by Gian Domenico Cassini. Surrounding Jupiter is a faint planetary 
ring system and a powerful magnetosphere. It also possesses at least 67 moons, 
including the four large satellites called the Galilean moons (Io, Europa, Ganymede 
and Callisto) that were first seen by Galileo Galilei in 1610… 
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Introduction 

1. INTRODUCTION TO CANCER PROGRESSION

The progression of cancer to a deadly disease is a consequence of the 

acquisition of different biological capabilities by tumor cells. In 2000, Doug 

Hanahan and Robert Weinberg proposed six hallmarks of cancer [1]: sustaining 

proliferative signaling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis and activating invasion 

and metastasis (Figure 1A). Recently, the authors included two additional 

hallmarks, which have emerged from evidences accumulated over the last 

decade [2]: reprogramming of energy metabolism and evading immune 

destruction. Moreover, two enabling characteristics underlie and allow the 

acquisition of these hallmarks: genome instability, which generates genetic 

diversity, and inflammation, which foster multiple functional hallmark functions 

(Figure 1B). All of this needs to be considered in a context where tumor 

microenvironment (TME) plays a key role; tumors are composed of a mixture of 

populations of neoplastic and non-neoplastic cells, the latter contributing to the 

acquisition of cancer hallmarks [3]. 

 
Figure 1. Hallmarks of Cancer. (A) Six biological capabilities for cancer progression 
established in 2000 by Hanahan and Weinberg. (B) New hallmarks for cancer progression, 
added as a consequence of their biological importance reported by the new studies during 
the last decade. Hanahan & Weinberg 2011. 
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2. MODELS FOR TUMOR PROPAGATION AND HETEROGENEITY

A tumor can be understood as a complex ecosystem in which 

interactions between neoplastic cells and the TME can influence the function of 

the tumor as a whole. TME can, for instance, foster metabolic changes (e.g. 

hypoxic environment and nutrient fluctuations) which contribute to heterogeneity 

in the function of malignant cells and thus contribute to therapeutic failure [4]. In 

addition to these non-cell autonomous effects, individual malignant cells within a 

tumor can display variation in other hallmarks of cancer, a fact known as 

intratumoral heterogeneity, and whose driving mechanisms and their role in 

therapy resistance, tumor progression and recurrence are being unmasked in 

recent years.  

Intratumoral heterogeneity has been shown in a number of studies over 

the past decades and is now being addressed through the application of high-

throughput sequencing of tumor samples or single cells, demonstrating, among 

other facts, that a given tumor within a single patient is indeed a heterogeneous 

mixture of genetically different subclones that are generated by branching 

evolution [5], [6]. Further evidence of contribution to functional heterogeneity 

comes from studies of the so-called non-genetic determinants, which are tightly 

related to developmental pathways and epigenetic modifications (DNA 

methylation, histone modification, chromatin remodeling, microRNAs, and other 

noncoding RNAs) [7]–[9]. 

2.1 Accounting for intratumoral heterogeneity in tumors: the unified 
model of clonal evolution and cancer stem cells 

Several models have attempted to account for the heterogeneity and 

inherent differences in tumor-regenerating capacity of neoplastic cells within a 

given tumor. In 1976, Nowell proposed the clonal evolution model [10], which 

states that tumor initiation and progression result from multiple and sequential 

acquisition of genetic mutations in a random single cell that contribute to 

subsequent clonal expansions; over time and following the Darwinian model of 

evolution, those new mutations conferring growth advantages (e.g. resistance to 

apoptosis, uncontrolled proliferation, etc.) are selected and new progenies 

become dominant while less fit subclones disappear or remain forming 
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reservoirs from which evolution can continue. In either case, several 

subpopulations coexist within the tumor resulting in tumor heterogeneity [11]–

[16].  

However, epigenetics and the influence of TME are also likely to play 

important roles in tumor heterogeneity. In addition, the dependence of the 

establishment of a stable malignant phenotype on the accumulation of a series 

of in principle, rare events or mutations, makes unlikely that this process can 

occur within the number of cell divisions that are required to produce 

differentiated, non-dividing progeny from most normal adult stem cells found in 

several human tissues [17]–[20]. In contrast, adult stem cells constitute a life-

long reservoir of cells with active mechanisms for self-renewal. These 

considerations make stem cells (or more differentiated progenitors) obvious 

candidates for accumulating the events that can generate a fully malignant cell 

population, and are the basis of the cancer stem cell (CSCs) model of 

carcinogenesis. 

By definition, CSCs represent a subset of tumor cells capable of driving 

tumor initiation, progression and recurrence, which can be isolated from the 

bulk of tumor cells and show clonal long-term repopulation (differentiation) and 

self-renewal capacities [9], [21]. Their self-renewal and differentiation capacities 

lead to the production of all cell types of a tumor, thereby generating tumor 

heterogeneity [22], [23]. Simultaneously, the other cells in a tumor do not have 

unlimited self-renewal capacity and cannot differentiate to produce all tumor cell 

types. Therefore, this model implies that tumors are hierarchically arranged, 

with CSCs lying at the apex of the hierarchy. Evidence of hierarchical 

organization of tumors and that only a subset of cells can initiate and maintain 

the disease have been convincingly demonstrated by xenotransplant 

experiments in immunodeficient mice, in both leukemias [24] and solid tumors 

[25]–[34]. 

Notably, the CSC model proposes that CSCs are responsible for 

metastatic spread (called metastatic CSCs or mCSCs) [35]–[37],  therapy failure 

and recurrence [38]–[41]. 

Research in stem cell biology has focused on determining the molecular 

mechanisms controlling the homeostasis of normal tissues as well as how these 

mechanisms are deregulated and involved in disease and particularly in cancer. 
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Normal stem cells and cancer stem cells are regulated by epigenetic 

mechanisms and microenvironmental influences [42][3]. Important signaling 

pathways in stem cell biology are involved in cancer, including Wnt, Hedgehog 

or Notch [43], [44]. In general, many key processes in cancer are reminiscent of 

molecular programs that govern and maintain the stem cell state (collectively 

known as stemness programs), as has been highlighted by common genetic 

signatures [45], [46]. 

The main limitation of the CSC/hierarchical model is that it views the 

tumor as genetically homogeneous and static, and does not reflect the existence 

of genetically distinct subclones; however, CSCs can undergo clonal evolution 

and thus, both models of carcinogenesis can be coupled and account for 

experimental evidences (Figure 2). Both models postulate that the origin of a 

tumor is a single cell that has acquired mutations and gained unlimited 

proliferative potential. In both cases, microenvironmental factors may influence 

tumor progression and furthermore, in both cases the presence of stem-like 

properties would confer a selective growth advantage over the rest of the tumor 

cell population. 

For instance, evidence for this unified model of tumorigenesis comes from 

recent studies in different regions of a primary tumor and their metastases in 

pancreatic and kidney cancers that have been sequenced, revealing an 

unexpected degree of intratumoral heterogeneity [12], [47], [48], perhaps 

reflecting the fact that CSCs are genetically unstable. Indeed, in colorectal 

cancer, such genetic instability has been reported, leading to the formation of 

new CSC clones deriving from an initial parental CSC clone [49]. In this 

situation, it is explainable why tumors in general become resistant to 

conventional and targeted therapies, since after successfully eliminating 

sensitive CSC clones, pre-existent resistant clones may take over, mimicking an 

acquisition of resistance to the applied treatment. As a result, tumors might not 

be represented by single-headed hierarchical structures but rather resemble 

more oligarchic structures. Thus, dynamic hierarchies might exist within a single 

CSC clone and its non-CSC progeny (known as intra-CSC clone hierarchy), but 

also between different genetically diverse CSC clones that compete with each 

other (known as inter-CSC clone hierarchy), leading to the selection of those 

clones with high self-renewal activity and simultaneous loss of differentiation 
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capacity. Nonetheless, it is far from being established whether the latter cells 

are the only CSCs driving tumor evolution or they do so together with the earlier 

generation o f  CSCs. Some authors consider a second possibility and suggest 

an alternative stochastic model of tumor evolution oscillating between CSC and 

non-CSC states [50]. In addition, it is also possible that mutations or 

microenvironmental cues in non-CSCs confer them with self-renewal capacity 

and convert them into CSCs (a process called phenotypic plasticity) [51]. A 

relevant consequence of this model in prognosis and therapy based on CSC 

biomarkers is that these might be unstable for a given tumor stage [52]–[56], 

needing further validation in each case in conjunction with functional analyses. 

 
 

 

 

 

 

2.2 Interactions between tumor cells and their microenvironment 

Adult stem cells reside in a specific microenvironment (or niche) that 

regulates their self-renewal and differentiation. The location and constitution of 

stem cell niches have been defined in various tissues, including the intestinal 

epithelium, hematopoietic bone marrow, epidermis, and brain [57]–[60]. A 

similar niche concept has been extrapolated to cancer in which 

Figure 2. Unified Model of Clonal Evolution and Cancer Stem Cells. (A) Clonal expansion 
can occur when the founder cell acquires favorable mutations. In parallel, a new subclone 
may arise after the occurrence of a different mutation in a different cell. Over time, distinct 
subclones evolve in parallel due to the accumulation of genetic mutations. (B) It is likely that 
CSCs are not static and can evolve over the lifetime of a given cancer as genetic changes 
can influence CSC frequency. Some subclones may contain a steep developmental 
hierarchy (in green), where only few self-renewing CSCs exist among a large number of non-
CSCs. Other subclones (in lilac and violet) may contain an intermediate hierarchy, where the 
number of CSCs is relatively high but a hierarchy still exists. Some subclones may have the 
genetic alterations that confer high self-renewal potential, where most cells are tumorigenic. 
Kreso & Dicke, 2014. 
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microenvironmental cues regulate CSC fate during tumor development [61]. 

This phenotypic plasticity of CSCs due to microenvironmental signals can give 

rise to distinct and functionally diverse tumor populations, converting epithelial 

tumor cells into mesenchymal-like invasive cells or transdifferentiate them into 

non-tumoral-collaborative cells, as has been shown to occur for instance in 

glioblastoma [62]. 

The tumor microenvironment consists of an extra-cellular matrix (ECM) 

and multiple cell types. The tumor ECM mainly results from the extravasation of 

plasma proteins and dense deposits of collagen and other ECM proteins 

delivered by the fibrotic component. The cellular components include 

substantial inflammatory infiltrates (e.g. macrophages, dendritic or T-cells), 

cancer-associated fibroblasts (CAFs), vascular cells, and local or recruited 

progenitors (bone marrow-derived mesenchymal stem cells or MSCs, as well as 

endothelial progenitors) [2] (Figure 3). 

Endothelial quiescent cells can be activated by an angiogenic switch, 

causing them to enter into a cell program that allows them to construct new 

blood vessels. Networks of interconnected signals modulate endothelial tumor-

associated phenotypes, including Notch, Neuropilin, ROBO, ephrin, vascular 

endothelial growth factor (VEGF), angiopoetin and fibroblast growth factor 

(FGF) signals [2]. Bidirectional crosstalk between CSCs and vascular cells has 

been demonstrated in the perivascular niche of highly vascularized tumors (e.g. 

in glioblastoma). Local endothelial cells support the retention of the stem cell 

phenotype and tumorigenicity of CSCs [63]; for instance, glioma CSCs closely 

promote local angiogenesis through the release of VEGF and stromal-derived 

factor 1 (SDF1) [63]–[67]. Particularly, glioma CSCs´ self-renewal has been 

shown to be mediated by activation of the Notch pathway following the release 

of nitric oxide by endothelial cells [68] and furthermore, they do not only 

promote recruitment and expansion of the local vascular network by releasing 

VEGF [64], [69], but also protect vascular cells from hypoxia and irradiation-

induced apoptosis [70], [71]. Skin carcinoma CSCs have also been shown to 

populate a vascular niche [72]. Both niches seem to revolve around an 

autocrine VEGF loop that regulates both CSC and niche self-renewal [72]. 

Therefore, understanding the conversion of normal to tumor-associated 

endothelial cells could be important for developing novel therapies. While within 
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the tumors the lymphatic vessels are collapsed, tumor-associated endothelial 

cells engage lymphangiogenesis at the periphery of the tumors, facilitating the 

channeling out of tumor cells, leading to cancer cell dissemination. 

 
 

 

 

 Immune inflammatory cells were evidenced in the tumors in the 90s and 

over the years  they  have  been  shown  to  play  diverse  and  critical  roles  in  

fostering tumorigenesis. Influx of proinflammatory cytokines, including tumor 

necrosis factor alpha (TNF-α) and transforming growth factor beta (TGF-β), as 

well as cytotoxic mediators, proteases, matrix metalloproteinases (MMPs), 

interleukins and interferons, produce potent lymphangiogenic and angiogenic 

growth factors (FGF2, VEGF) allowing tumor growth and metastatic spread to 

the lymph nodes. Tumor cells themselves produce cytokines which attract 

neutrophils, macrophages, lymphocytes and dendritic cells, all contributing to 

tumorigenic growth and metastatic potential [73]. Infiltrating immune cells also 

exert control over the CSC pool. The secretion of interleukin-6 (IL-6) by innate 

immune cells stimulates the proliferation of colon CSCs [74]. In addition, IL-6 

has been also found to enhance the conversion of breast cancer progenitors to 

a CSC phenotype through a positive feedback loop involving NF-κB, Lin28, and 

Let7 miRNA [75], and has been identified as an inducer of tumor-initiating 

capacity and chemotherapy resistance in colon and lung cancer cells [76]. 

 Tumor-associated macrophages (TAMs) often accumulate in hypoxic 

areas and can support angiogenesis through the release of proangiogenic 

Figure 3. Neoplastic and tumor microenvironment cells. Both the parenchyma and stroma of 
tumors contain distinct cell types and subtypes that collectively enable tumor growth and 
progression. ECM components are not depicted. Hanahan & Weinberg, 2011. 
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factors sequestered in the ECM (e.g. VEGF), or can facilitate revascularization 

through the release of MMPs [77]. TAMs have been shown to interact with 

CSCs in several cancers, including breast, hepatocellular and colon carcinomas 

and gliomas [76], [78], [79]. Under hypoxic conditions, glioma CSCs can inhibit 

TAM-phagocytosis, as well as T-cell proliferation and activation via STAT3 

signaling [80]. Although the tumor microenvironment is often considered to 

promote tumorigenicity by inhibition of the innate and adaptive responses [81], 

including dendritic cell maturation and subsequent antigen presentation [82], 

immune cells such as follicular dendritic cells can directly support the 

maintenance of the tumorigenic CSC state. 

In this regard, Hedgehog (HH) signaling seems to be essential for the 

maintenance of leukemia–CSCs [83], [84], possibly involving the activation of β-

catenin signaling. Recently, stromal cells have been shown to modulate HH 

signaling and proliferation in myeloid neoplasms via expression of the HH-

interacting protein [85]. Induction of HH signaling in epithelial cancers upon 

interaction with TAMs has also been reported [76]. 

Cancer-associated fibroblasts (CAFs) are a subpopulation of activated 

fibroblasts. Numerous growth factors such as TGF‐β, chemokines such as 

monocyte chemotactic protein 1 (MCP1), and ECM-degrading proteases, have 

been shown to mediate the activation of stromal fibroblasts [86]. Activated CAFs 

secrete a battery of growth factors and cytokines at the tumor primary site to 

support both cancer cell proliferation and survival. CAFs not only directly 

regulate tumor growth, but can also support local angiogenesis through the 

recruitment of endothelial progenitors [87]. In addition, CAFs can also induce a 

CSC phenotype in non-CSCs through reactivation of the Wnt pathway and 

hepatocyte growth factor (HGF) signaling [88]. Wnt signaling has also been 

proposed to be essential for the maintenance of a CSC phenotype in epidermal 

tumors [89]. In fact, Wnt activation by the surrounding microenvironment and 

HGF signaling appear to be redundant mechanisms to promote tumor activation 

[88], [90], [91]. Another type of CAFs, the tumor associated myofibroblasts, may 

act by remodeling the ECM and facilitating the path for tumor populations to 

reach the bloodstream and subsequent dissemination [92]. 

Large numbers of bone marrow-derived mesesenchymal stem cells 

(MSCs) can be mobilized and recruited to the local microenvironment through 
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the release of endocrine and paracrine signals during tumor development. 

MSCs interact with other stromal–resident populations. They can replenish 

CAFs via differentiation, regulate local angiogenesis and modulate innate 

immunity through interactions with macrophages [93]. Several studies have 

suggested that MSCs can contribute to the acquisition of a CSC phenotype by 

non-CSCs or promote local invasion and metastatic spread of tumor 

populations [94]. Cancer-associated MSCs have been shown to rely on altered 

bone morphogenetic proteins (BMPs) production to regulate ovarian CSCs and 

their tumorigenesis [95]. Similarly, pancreatic stromal cells can enhance the 

CSC phenotype in pancreatic cancer cells and promote their self-renewal and 

invasiveness [96]. MSC-secreted factors include cytokines such as platelet-

derived growth factor (PDGF), CCL2, and IL-6, and have already been 

implicated in the acquisition of CSC features. For example, CCL2 has been 

shown to mediate crosstalk between cancer cells and stromal fibroblasts that 

augments the CSC phenotype and self-renewal of breast cancer cell lines [97]. 

MSCs secretion of IL-6 has also been suggested to modulate the CSC content 

of breast cancer [98]. 

 

 

 

Figure 4. Interactions in the tumor microenvironment. The assembly and collective contributions 
of the assorted cell types constituting the tumor microenvironment are orchestrated and 
maintained by reciprocal heterotypic signaling interactions (only few of them are represented). 
Hanahan & Weinberg, 2011. 
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2.3 The Epithelial-to-mesenchymal transition (EMT) program 

 A developmental regulatory program, known as epithelial-to-

mesenchymal transition (EMT), has become prominently implicated in the 

acquisition of an invasive phenotype by transformed epithelial cells, as well as 

enhanced apoptosis resistance and dissemination [53], [99]–[101]. The EMT 

program is involved in various steps of embryonic morphogenesis and wound 

healing but it is also recapitulated in some pathological situations such as 

cancer or fibrosis. The EMT program can be activated transiently or stably (and 

to different degrees) by tumor cells during the course of invasion and 

metastasis. A set of miRNAs [102], [103], and transcription factors, such as 

members of the SNAI, TWIST and ZEB families, (reviewed in [104]) (Figure 5), 

have been shown to orchestrate the EMT program and related migratory 

processes during embryogenesis; in fact, most of them were initially identified 

by developmental genetics [94]. 

 
 

 

 

 

 

 

 

 These transcriptional regulators are expressed in several combinations in 

a number of malignant tumor types, and have been shown in experimental 

Figure 5. E-cadherin transcriptional repressors. SNAIs, ZEBs, E47, and KLF8 directly repress E-
cadherin  transcription  whereas  TWIST,  Goosecoid,  TCF4,  and  FOXC2  are  indirect  E-
cadherin repressors. SNAI1 activates the expression of the ZEB genes by different mechanisms, 
including the induction of a natural antisense transcript for ZEB2 (NAT). The miR-200 family and 
in some cases also miR-205, represses the transcription of ZEB genes preventing EMT. A loop of 
miRNAs and ZEB crossregulation plus the cooperation of several EMT inducers reinforces the 
control of the EMT process. There is evidence that indicates that SNAI1 may also repress the 
expression of the miR-200 family. Whether miRNAs can also control SNAI1 expression awaits 
further investigation. EMT, epithelial-to-mesenchymal transition; MET, mesenchymal-to-epithelial 
transition. Thiery et al., 2009. 
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models of carcinoma formation to be important for promoting local invasion; 

furthermore, some have been found to promote metastasis when ectopically 

overexpressed [94], [105], [106]. The phenotypic traits of cells that have 

undergone EMT include loss of adherens junctions and conversion from a 

polygonal/epithelial to a fibroblastic morphology, expression of ECM-degrading 

enzymes, increased motility and/or resistance to apoptosis. However, the main 

molecular trait common to EMT transcription factors or inducers is that they can 

directly repress E-cadherin gene expression, thereby promoting increase in cell 

motility and invasiveness [107]. Evidence from developmental genetics 

indicates that microenvironmental signals received from neighboring cells in the 

embryo are involved in triggering expression of these transcription factors in 

those cells destined to undergo an EMT [108]; in parallel, increasing evidence 

indicates that interactions of cancer cells with adjacent tumor-associated 

stromal cells can induce the expression of the malignant cell phenotypes that 

are known to be mediated by one or more of these transcriptional regulators 

[109], [110]. Moreover, cancer cells at the invasive margins of certain 

carcinomas can be seen to have undergone an EMT, suggesting that these 

cancer cells are subject to microenvironmental cues distinct from those received 

by cancer cells located at the cores of these lesions [111]. Although the 

evidence is still incomplete, it would appear that EMT-inducing transcription 

factors are able to orchestrate most steps of the invasion-metastasis cascade 

except the final step of colonization. However, little is known about the several 

manifestations and temporal stability of the mesenchymal state produced by an 

EMT. In addition, it remains to be determined whether invasive carcinoma cells 

necessarily acquire their capability through activation of parts of the EMT 

program, or whether alternative regulatory programs can also enable this 

capability.  

 The fact that microenvironmental signals can induce an invasive growth 

capability implies that this process may be reversible. In other words, those 

tumor cells that have spread and abandoned the primary tumor focus to 

secondary or metastatic sites may no longer be exposed to factors from 

activated stroma-EMT or invasion-inducing cues so that they may revert in a 

noninvasive phenotype. Thus, carcinoma cells that have undergone an EMT 

during initial invasion and metastatic dissemination may pass through the 
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reverse process, termed the mesenchymal-to-epithelial transition (MET), since 

metastasis of epithelial tumors display an epithelial cytology, not mesenchymal 

[112]. Moreover, the fact that cancer cells routinely pass through a complete 

EMT program is probably rather simplistic and it is likely that cancer cells may 

undergo a partial EMT program, thus showing mixed mesenchymal and 

epithelial properties. 

  

 

 

 

 

 

 
 The EMT program regulates a particular type of invasiveness that has 

been termed mesenchymal. In addition, distinct modes of invasion have been 

identified and implicated in cancer cell invasion [113], [114] (Figure 6). For 

instance, collective invasion involves bulges of cancer cells advancing into 

adjacent tissues and is characteristic of, for example, squamous cell 

carcinomas. Less clear is the prevalence of an amoeboid form of invasion [115], 

[116], in which individual cancer cells show morphological plasticity, enabling 

them to slip through existing interstices in the ECM rather than forming a path,  

as occurs in both the mesenchymal and collective forms of invasion. It is 

currently unresolved whether cancer cells in the collective and amoeboid forms 

Figure 6. Plasticity   of   invasion   mechanisms. (A) Migrating  cells  transition  from  an  initial 
nondestructive dissemination to migration that involves small and large-scale tissue remodeling. 
The pre-existing space available to invading cells governs the caliber of individual and 
multicellular invasion and becomes widened by pericellular proteolysis. (B) EMT of a stable 
epithelium facilitates single‐cell detachment. (C & D) Invasion programs display plasticity, or 
adaptability, including transition from collective cell migration to individual cell migration and 
mesenchymal-to-amoeboid transition. Friedl & Alexander, 2011. 
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of invasion use components of the EMT program or whether entirely different 

cell programs are responsible for alternating these invasion modes. Another 

emerging concept, noted above, involves the facilitation of cancer cell invasion 

by inflammatory cells that assemble at the boundaries of tumors, producing 

extracellular matrix-degrading enzymes and other factors that enable invasive 

growth [117]–[119]; these functions may obviate the need by cancer cells to 

produce these proteins through activation of EMT programs. Thus, cancer cells 

may secrete the chemoattractants that recruit proinvasive inflammatory cells 

rather than producing the matrix-degrading enzymes themselves. 

2.4 Regulation of local invasion and EMT by the tumor microenvironment 

 It is increasingly apparent that crosstalk between cancer cells and cells of 

the tumor stroma can promote tumor invasion, growth and metastasis [118]–

[120]. More examples of interactions that can lead to the acquisition of an 

invasive phenotype in tumor cells (in addition to some commented above), can 

be the secretion of CCL5 from MSCs present in the tumor stroma in response to 

signals released by cancer cells, that in turn, stimulates their invasive behavior 

[121] or TAMs located at the tumor periphery that stimulate invasion of tumor 

cells by supplying matrix-degrading enzymes such as MMPs and cysteine 

cathepsin proteases [117], [119], [122], [123]. Moreover, in one model system, 

the invasion-promoting macrophages are activated by IL-4 produced by the 

cancer cells [124]. Another example is provided by a model of metastatic breast 

cancer, in which TAMs supply EGF to breast cancer cells, while the cancer cells 

stimulate the macrophages with colony stimulating factor 1 (CSF-1); as a result 

of this reciprocal interaction, intravasation into the circulatory system and 

metastatic dissemination of the cancer cells is achieved [118], [125]. 

 To sum up, the acquisition of an invasive or EMT phenotype  in tumor 

cells can be triggered by a number of factors secreted by tumor-stromal cells, 

including among others, VEGF, HGF, EGF (via tyrosine kinase receptors or 

RTKs) or TGF-β (via TGF-β family receptors) [104]. The pathways known to be 

involved in EMT induction are depicted in Figure 7. 

 A critical hallmark of solid tumors is low oxygen tension, because the 

vasculature cannot sustain the demands of the cancer cells after a certain 

tumor mass is attained. Hypoxia may play a dual role in tumorigenesis; 
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insufficient oxygen levels limits tumor cell division while simultaneously selects 

more malignant cells and induces cell adaptations that allow a more invasive 

behavior. Hypoxia-inducible factor 1 (HIF-1) can control the expression of 

specific EMT inducers (SNAI1, TCF3, ZEB1, and ZEB2) likely by direct binding 

of HIF‐1α to the HIF-responsive elements on the SNAI1 and ZEB2 promoters, 

or indirectly by upregulating TGF‐β or β1-integrin [126], [127]. SNAI1 and 

TWIST1 collaborate with other EMT transcription factors induced by hypoxia 

and also with lysil oxidase-like 2 (LOXL2), which clinically correlates with 

hypoxia, playing an important role in EMT induction [128]. Other EMT-related 

pathways induced by HIF-1α are the activation of Wnt/β-catenin signaling, the 

activation of urokinase-type plasminogen activator (uP), its receptor (uPAR), 

MMP2 or MMP9 [129]. Thus, hypoxia can engage an EMT program to 

eventually transform cells into malignancy, invasion and dissemination of the 

tumor. 

 

 
 
 

 

 

 

 Specific interactions that may promote metastasis within the tumor 

microenvironment as well as the establishment of a metastatic niche in distant 

organs will be discussed below.   

Figure 7. Overview of signaling pathways involved in EMT. TGF-β can activate the expression of EMT inducers such 
as SNAI1 or ZEB1 through SMAD transcription factors (not depicted) and activate the PI3K–AKT, ERK MAPK, p38 
MAPK and JUN N-terminal kinase (JNK) pathways. The MAPK signaling cascade represents a major pathway 
activated by RTKs in response to growth factors. Once activated, ERK1 and ERK2 MAPK can facilitate EMT by 
increasing the expression of EMT transcription factors (e.g. SNAI1 and 2) and regulators of cell motility and invasion 
(Rho-like GTPases). Wnt and integrins signaling promotes EMT by inhibiting glycogen synthase kinase-3β (GSK3β) 
to stabilize SNAI1 and β-catenin, which translocates to the nucleus and engages a gene expression program that 
favors EMT. In Hedgehog (HH) signaling, glioma 1 (GLI1) can induce SNAI1 expression, and the intracellular 
domain of Notch (Notch-IC) can activate SNAI2 expression. Inflammation can induce the expression of SNAI1 via 
STAT3. Hypoxia can activate the expression of EMT inducers via HIF-1α. EMT responses can be increased through 
crosstalk and cooperation between distinct pathways. Lamouille et al., 2014. 
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2.5 Interactions between subpopulations of tumor cells 

 Undeniably, the intense research focused on elucidating how interactions 

between tumor cells and their microenvironment play key roles in tumorigenesis 

and tumor progression, has greatly increased our knowledge of these 

processes and provided new therapeutic approaches. However, comparatively, 

little is known about the biological significance of the heterogeneity within 

neoplastic cells and interactions among cancer cells subpopulations in the 

aforementioned processes. Recently, we and others have reported that distinct 

tumor subpopulations displaying specialized phenotypes, can interact and 

cooperate to boost tumor progression and metastasis [130], [131]. 

 In recent years, whether EMT and CSC correspond to mutually exclusive 

or overlapping gene programs has been matter of debate [132]. Many labs have 

reported that EMT-undergoing cells show enriched CSC functions compared to 

cells not undergoing EMT [52], [54]–[56]. Nevertheless, these studies have 

been performed using cell lines harboring highly heterogeneous populations 

and rely on the use of biomarkers that may not allow the isolation or 

identification of pure populations of CSCs. In contrast, our study was based on 

different clones of prostate and bladder cancer cell lines obtained by their 

enhanced metastatic potential after serial transplantation in mice and isolated 

by limiting dilution cloning. After phenotypic characterization of such cell lines, 

we have demonstrated that the CSC phenotype displayed by metastatic clones 

is associated with an epithelial program, and that it can be abrogated by the 

strong EMT induced by overexpression of Snai1; thus concluding that these 

programs are mutually exclusive in our cell models. In turn, non-metastatic 

clones displayed traits of having undergone a complete EMT; in in vitro assays 

(among others), they showed a high capacity to invade, in striking distinction 

from their metastatic-epithelial counterparts. In addition to demonstrating that 

these clones can coexist in the parental cell line of origin, when metastatic 

epithelial clones and non-metastatic mesenchymal-like clones were differentially 

labeled and ortothopically co-injected into mice, the metastatic spread of the 

epithelial clones was potentiated by the presence of the mesenchymal cell line, 

and only epithelial-CSC clones were found in metastatic sites. Based on these
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observations, we have hypothesized that given their specialized and 

complementary phenotypes, different subpopulations within a tumor can 

cooperate for a successful tumor progression. Then in these cell models, we 

have found evidence that neoplastic cells displaying a strong EMT phenotype 

are responsible for local invasion while cells displaying epithelial-CSC traits 

drive the metastatic colonization of distant organs. 

3. IDENTIFYING THE CELL OF ORIGIN OF CANCER  

 The identification of the oncogenic alterations that underlie the malignant 

transformation of cells that lead to the acquisition of different hallmarks of 

cancer [133] as well as the cells in which they accumulate, are under intense 

and continuous study. 

 Lineage tracing experiments in mice models with conditional expression 

of a reporter gene (β-galactosidase or fluorescent protein/s) in identified adult 

multipotent/unipotent stem cells or their committed progeny, have allowed to 

understand the cellular hierarchy of normal tissues [134]. By combining lineage 

tracing approach with conditional expression of oncogenes, or deletion of tumor 

suppressor genes through targeted activation of Cre recombinase expression in 

different epithelial populations (including adult stem cells in several tissues), it 

has been possible to track the cellular origin in mice of some of the most 

frequent solid tumors in humans (Figure 8).  

 

Figure 8. Genetic approach to determine the cellular 
origin of epithelial cancers. (A) Mice co-express a 
conditional oncogene or tumor suppressor and CRE 
recombinase, under the control of a specific cell- lineage 
promoter. After administration of a drug that induces 
nuclear translocation of CRE (e.g tamoxifen in the case 
of CREER) or spontaneously in the case of a non-
inducible CRE, CRE recombinase excises the stop 
cassette preceding an oncogene or essential exon in a 
tumor suppressor gene, inducing the activation of the 
oncogenic program in one of the cell lineages of a given 
tissue. (B) Being A, B or C different cell lines of a given 
tissue, the oncogene is only expressed specifically in 
only one cell lineage (leading to tumor formation in this 
case, in type C cells). Blanpain, 2014. 
 
 

A 
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3.1 Skin squamous cell carcinoma has distinct cells of origin 

 The interfollicular epidermis (IFE) forms the skin barrier and epidermal 

appendages (hair follicles, sebaceous and sweat glands). Lineage tracing 

experiments in homeostasis have revealed that different compartments of the 

epidermis are maintained by their own resident stem cell, defined by the 

expression of different markers including different types of keratins (Figure 9).  

 Squamous cell carcinoma (SCC) is the second most frequent skin cancer 

after basal cell carcinoma and is also the predominant cancer in locations such 

as the oral cavity, head, neck and oesophagus [135]. The most used mouse 

model for skin SCC is a multistage, chemically-induced carcinogenesis model 

[136], [137], in which benign tumors (papillomas) first appear and later some 

progress to invasive SCC. This model selects cells with an activate Ras 

pathway [138]; in most papillomas, the most common mutation affects the HRas 

gene although mutations in KRas have been also reported in mouse and human 

skin SCC. SCC often shows signs of squamous differentiation, suggesting that 

they may derive from cells undergoing this process, such as IFE cells [139]. 

However, when these cells are removed by dermoabrasion, followed by repair 

of the epidermis by hair follicle stem cells, tumor formation decreases but does 

not disappear, indicating that different cell lineages, including IFE progenitors 

and bulge stem cells bearing oncogenic forms of Ras, can form papillomas that 

may develop into SCC [140]–[144]. These studies have also highlight that the 

expression of differentiation markers can also be misleading in extrapolating the 

cellular origin of papillomas.  

 

Figure 9. Multiple cells of origin in skin squamous cancer. 
Schematic representation of the different epidermal stem cells 
and their lineages. Typical molecular markers of each cell type 
are indicated. (SC, stem cell, K, Keratins). Blanpain, 2014. 
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3.2 Different progenitors can give rise to medulloblastoma  

 These tumors form in the cerebellum and constitute a heterogeneous 

disease which can be classified into distinct histological subgroups that show 

different clinical prognoses [145]. These subgroups arise from distinct types of 

progenitors and from the activation of different oncogenic pathways [146]–[151]. 

 The first subtype (30% of cases) displays a marked Hedgehog (HH) 

pathway activation signature and possesses a good-intermediate prognosis. It 

arises from mutations that constitutively activate HH signaling (Smoothened 

(Smo) and Patched (Ptch) gain of function or Sufu loss of function) [145]. Smo2 

or Ptch1 induced-expression in brain stem cells (using glial fibrilar acid protein 

(GFAP)-Cre) or Gli-Cre (and others) in cerebral granule neuronal precursors 

(CGNPs), produce a similar type of medulloblastoma [146], [147]. The effect of 

constitutive HH activation is tumorigenic only in these stem or progenitor cells, 

as no tumors are formed in terminal differentiated cells, such as astrocytes, 

oligondendrocytes or non-granular neurons expressing GFAP [146], [147]. 

 The second subtype (10% of cases) shows Wnt pathway activation and 

has good prognosis. Conditional expression of β-catenin in CGNPs does not 

display tumorigenic effect, but it induces hyperproliferation and 

medulloblastoma formation when expressed in dorsal brain stem progenitors 

when p53 was also deleted [148]. 

 The third group (25% of cases) shows a Myc signature and has poor 

prognosis [145]. Forced c-Myc expression in p53 deficient CGNPs transplanted 

in the cerebellar cortex of immunodeficient mice gives rise to medulloblastomas 

that molecularly resemble the Myc subgroup [149], [150].  

 Collectively, these data indicate that although both HH and Myc subtypes 

are formed from CGNPs, other oncogenic stimuli are capable of inducing 

different medulloblastoma classes in these cells. 

 The last medulloblastoma subtype presents similar histological traits to 

the Wnt subtype but has worse prognosis [145]. 
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3.3 Luminal origin of basal-like breast and prostate cancers 

3.3.1 Breast cancer 

 Breast cancer is the most frequent malignant tumor type in women. It is a 

heterogeneous disease and is classified into distinct immunohistological and 

molecular subclasses presenting distinct clinical prognoses [152]. To date, it is 

unknown whether this heterogeneity is related to the different cellular origins of 

its distinct subtypes. The mammary gland is constituted by basal and luminal 

cells that include ductal and alveolar cells [134], [153]. Recent work indicates 

that epithelial expansion occurring in a variety of physiological contexts (e.g. 

puberty, pregnancy or lactancy) is sustained by unipotent basal and luminal 

stem cells [154]. However, using lineage tracing labeling, the same study 

showed that unipotent basal cells transplanted into the cleared mammary fat 

pad of immunodeficient mice is able to repopulate the gland including basal and 

luminal lineages, demonstrating that in these conditions, the restricted 

differentiation potential of basal stem cells could be expanded.   

 The diverse cellular origin of breast cancer could explain its observed 

heterogeneity; this is basal-like tumors originating from basal stem cells and 

luminal tumors from luminal stem cells. Nonetheless, this proposal may be too 

simplistic. Women with BRCA1 mutations normally develop basal-like breast 

cancer [155], although conditional deletion of Brca1 and p53 in both basal and 

luminal cells using K14-Cre mice (K14 marks embryonic progenitors and all 

adult mammary epithelium) induce preferentially basal-like adenocarcinomas 

[156]. Other experiments comparing tumors from Brca1fl/fl p53fl/+ mice using 

specific Cre transgenes (Blg-Cre for luminal progenitor and K14-Cre targeting 

all mammary epithelium), found that Brca1/p53 deletion using Blg-Cre led to 

basal-like breast cancer, indicating that luminal progenitors can initiate this type 

of cancer [157]. In addition, it was found that carriers for Brca1 mutation show 

an expansion of luminal progenitor cells and that these cells express high levels 

of basal markers [158] and importantly, that human basal-like breast cancers 

present a molecular signature more similar to luminal progenitors than that of 

mature luminal cells and myoepithelial lineage, which include basal stem cells 

[159]. All these observations suggest that tumor differentiation should not be 

used to deduce the cellular origin of a cancer [143], [160]. Eventually, the 

 21 
   
 



Introduction 

generation of new CREER mice with more specific markers of basal and luminal 

stem cells at distinct stages of development, could clarify the cellular origin of 

other types of breast cancers, including the very common ER+ luminal subtype. 

3.3.2 Prostate cancer 

 Prostate cancer is the second most frequent cancer in men [135]. Some 

of the known genetic abnormalities occurring in this cancer include PTEN and 

TP53 deletions, downregulation of NKX3.1 and gene translocations, such as 

TMPRSS2-ERG [161]. The prostate epithelium is formed by three distinct 

lineages, including basal, luminal and neuroendocrine cells [161]. 

 Recent lineage tracing approaches of basal or luminal progenitors after 

androgen-mediated prostate regeneration after castration have indicated that 

regeneration can be mediated by basal and luminal unipotent progenitors [162]–

[164], suggesting in one study, the existence in the latter of a multipotent rare 

population [162]. However, there is evidence that both lineages can initiate 

prostate cancer. Transplantation experiments have shown that basal cells 

carrying oncogenic mutations can induce cancer formation [165]–[167], and 

experiments using conditional deletion of Pten in mice expressing Cre (under 

control of probasin or PSA promoter, which is preferentially expressed in 

luminal cells), also lead to prostate cancer formation [168]–[170]. Other 

experiments in castration-resistant luminal cells with deleted Pten and 

expressing Nkx3.1, also induce cancer formation [162]. 

 Recent studies using lineage tracing approaches have compared the 

frequency and timing of prostate tumor initiation in Pten deletion in both basal 

(using K14-CREER) and luminal progenitors (using K8-CREER) [164]. The 

results showed that luminal progenitors give rise to prostate tumors in all the 

animals in two months, while basal cells produce hyperplasia of the gland only 

in few mice that progress in some cases to cancer in six to eight months, and 

thus suggesting that basal cells are more resistant to oncogenic transformation 

than luminal cells.  

3.4 Stem cell origin of intestinal cancers 

 The small and large intestines form the gut. Both present a similar 

anatomical and proliferative unit called crypt of Lieberkühn. The main difference 
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in their structures is that in the small intestine, the crypts have protrusions to the 

lumen of the digestive tract (villi), while in the large intestine (colon and rectum), 

these protrusions are not present and the crypts are longer than those in the 

small intestine. The composition and abundance of differentiated cells are also 

different [171].  

 In both small and large intestine, multipotent stem cells have been 

identified, characterized by the expression of the seven-transmembrane protein 

Lgr5, a putative member of the G protein-coupled receptor family. These cells 

reside at the bottom of the crypts (at positions +1 to +3 from the crypt base), 

and generate progenitors (transient amplifying cells, located higher up along the 

crypt) that in turn, give rise to the rest of the differentiated cells in the intestinal 

epithelium [20]. In the small intestine, a second stem cell population has also 

been identified expressing high levels of Bmi1, mTERT or Hopx [172]–[174], 

and located at position +4. These cells are in equilibrium with Lgr5+ stem cells 

and are able to replace them upon removal [175]. It is unknown whether these 

cells are different populations of stem cells or derive from the Lgr5+ 

subpopulation [176], [177] (Figure 10 left). 

 

 Cancer of the digestive tract occurs preferentially in colon and rectum, 

perhaps due to anatomical and physiological differences with the small intestine 

Figure 10. Cells of origin in 
intestinal cancers. Schematic 
representation of the intestinal 
crypt with their stem cell 
populations, transient amplifying 
(TA) cells and the different 
epithelial lineages. Constitutive 
activation of the Wnt/β-catenin 
signaling in intestinal basal 
columnar stem cell via Apc 
deletion or in +4 intestinal stem 
cell (ISC) via stabilized β-catenin 
expression, leads to intestinal 
adenoma within a month, while 
Apc deletion in TA cells only 
induces microadenoma in the 
same period of time. 
Blanpain, 2014. 
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(pH, different rate of epithelium turnover or presence of bacteria). However, 

most of the knowledge of crypt homeostasis and tumorigenesis comes from 

studies in small intestine crypts in mice.  

 Colorectal cancer (CRC) represents the third most common cancer in 

men and the second in women [178]. Mutations known to lead to CRC affect 

oncogenes such as KRAS and β-catenin (CTNNB1), and (or) tumor suppressor 

genes (TP53 or adenomatous polyposis coli, APC) [179]; among them, the most 

frequently found mutations in CRC involve APC deletion or stabilized β-catenin 

expression that lead to a constitutive activation of the Wnt pathway [180]. 

 In mouse models, the stem cell origin of intestinal cancer has been 

demonstrated through lineage tracing experiments in basal columnar stem cells 

in which Apc deletion was forced using a Lgr5 or prominin-CREER system or 

through the constitutive activation of the Wnt pathway in +4 Bmi1+ intestinal 

stem cells, which leads to adenoma formation. In contrast, deletion of Apc in 

committed progenitors or transient amplifying cells only produced slow growing 

benign tumors (Figure 10 right) [172], [181], [182].  

3.5 Tracking the cell of origin in other types of cancers and implications of 
the technique 

 In addition to the examples described above, similar approaches have 

allowed to identify the cell/s endowed with intrinsic tumorigenic potential in other 

mouse models of human cancers. For example, as described above for 

squamous cell carcinoma, interfollicular epidermis and bulge stem cells have 

the potential to form basal cell carcinomas (the most frequent skin cancer in 

humans), dependent on the constitutive activation of Hedgehog signaling [183], 

[184]. In small cell lung cancers (SCLC), where p53 and Rb mutations are the 

key features in most cases, it has been demonstrated that cancer mainly arises 

from neuroendocrine-lineage alveolar type II cells [185]. Another example is 

bladder cancer, where it has been shown that basal stem cells constitutively 

expressing Hedgehog signaling can initiate the disease [186].  

 However, in almost all cases, the fact that oncogenes (or deletions in 

tumor suppressors) induced the transformation of only certain types of cells, 

which did not necessarily correlate with their proliferation potential, indicates 

that epigenetic or transcriptional status of target cells is relevant for tumor 
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initiation. Preventing tumor initiation or blocking tumor progression could rely on 

the study of the underlying mechanisms of sensitiveness or resistance to 

oncogenic stimuli in different types of cells. 

 As noted above, lineage tracing experiments have highlighted that tumor 

differentiation does not necessarily reflect their cellular origin; for instance, 

basal-like breast cancer potentially originates from luminal cells that normally do 

not express markers observed in tumors. In addition, this approach also allows 

the isolation of tumor-initiating cells at different time points and thus the 

characterization of the relevant molecular events associated to each step of 

tumor progression, or marking individual tumor cells for evaluating their 

contribution to tumor growth or recurrence. Representative examples of the 

latter are recent studies that have demonstrated that a small subset of cells 

displaying a CSC phenotype promote tumor growth in glioblastoma, benign skin 

and intestine tumors [187]–[189], or are responsible for relapse after 

chemotherapy in a glioblastoma mouse model [190]. Therefore, lineage tracing 

approaches have also greatly reinforced the foundations of the CSC hypothesis. 

 

4. METASTASIS: DISSECTING A MULTI-STEP PROCESS 

 There is a growing body of evidence that suggests that metastasis, which 

accounts for the vast majority of cancer-related deaths, develops when distant 

organs are seeded with CSCs that arise from a primary tumor (called metastatic 

cancer stem cells or mCSCs) [191].  

 Metastasis, however, is a complex process that implies that tumor cells 

must overcome a number of physiological barriers. It involves invasion of 

surrounding tissue and intravasation of cancer cells from the primary focus, 

dissemination and survival through the circulation, extravasation in homing 

organ/s, survival on arrival, dormancy or latency, reactivation, colonization and 

capacity to grow a new tumor (Figure 11).  
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4.1 Definition and origin of mCSCs 

 A mCSC can be defined as any disseminating or circulating tumor cell 

(CTC) that is able to grow a macroscopic tumor in a distant organ. Regarding 

their origin, there are different possibilities; these cells may already exist in the 

primary tumor or may be originated by microenvironmental cues in other 

populations of non-CSCs within the primary tumor (due to phenotypic plasticity), 

or even from CTCs that acquire the competence to initiate tumor grow after a 

period of latency.   

 Evidence for the intrinsic existence of mCSCs in primary tumors derive 

from studies demonstrating the CSC-unified model of cell heterogeneity due to 

hierarchical organization in tumors (discussed above), supported by recent 

lineage tracing experiments in mouse models of brain, colon, and skin cancers 

[181], [188]–[190]. The capacity to self-renew and produce short-lived progeny 

in primary tumors (including transient amplifying and more differentiated cells), 

suggests that mCSCs may be in origin CSCs that resume their regenerative 

potential in metastatic sites. Additional evidence comes from studies showing a 

Figure 11. Overview of the metastatic process. Metastasis can be split into different phases, one 
phase of physical translocation from the primary tumor to a distant organ, and a second phase 
related to colonization of the distant organ and growing a new tumor. (A) The first step involves 
local invasion of the surrounding tissue, by means for instance, of the acquisition of an invasive 
phenotype (e.g. EMT phenotype). (B) Tumor cells reach the circulation and intravasate. (C) Most 
disseminating or circulating tumor cells (CTC) die but some present anchorage-independent 
survival properties (mCSCs). (D) At distant organs, CTCs extravasate and invade the foreign 
tissue. (E) Cancer cells must be capable of evading the immune system response. As single cells 
or as clusters, they may follow a period of dormancy or latency. (F) After reactivation, mCSC must 
be able to adapt to the new microenvironment and proliferate, forming a new macroscopic tumor. 
The process can then be repeated. Chaffer & Weinberg, 2011. 
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correlation between high levels of expression of adult stem cell markers in 

primary tumors and poor prognosis or metastatic recurrence [45], [46], [192], 

also from studies of isolation of CTCs expressing stem cell markers in the blood 

of breast cancer patients that form metastases when inoculated into mice [193], 

or from studies of clonal analysis in human colorectal samples that have 

demonstrated that metastases arise from tumor cells in the primary focus that 

show self-renewal capacity, quiescence and resistance to chemotherapy [194], 

[195]. 

 On the other hand, the generation of mCSCs may be based on regaining 

tumor-initiating capacity through phenotypic plasticity. As discussed above, an 

assortment of molecules secreted by tumor-stromal cells (certain cytokines, or 

growth factors) can enhance CSC features in both CSCs and non-CSCs. EMT 

induction by microenvironmental cues can provide the migratory and invasive 

phenotype that enable tumor cells to clear a path and surpass local barriers. As 

also discussed above, while some studies have demonstrated that EMT is a 

program not compatible with CSC phenotype [130] and interferes with initiation 

of metastatic outgrowth [196]–[198], there are studies that have found that EMT 

provides a gain in stem-like features [8], [53], [199], [200]. Indeed, there is 

evidence that CSCs exist in both epithelial and mesenchymal states [201]. 

Histopathological observations suggest that, if mCSCs undergo an EMT at the 

tumor primary sites, they must reacquire an epithelial phenotype through MET 

at metastatic sites in order to initiate tumor growth (discussed below).  

4.2 Sources of metastatic traits 

 Regardless of their origin, there is evidence that the CSC phenotype 

requires additional traits to fully display metastasis-initiating potential. However, 

a number of studies indicate that, during tumor initiation and progression, 

mutations or epigenetic modifications affect mainly key genes controlling 

proliferation, survival or self-renewal, which are known collectively as tumor 

drivers [202], rather than in metastasis genes [48], [203]; a concept referred to 

genes that confer advantages to tumor cells for overcoming one or more 

barriers to progress through the metastatic cascade (Figure 12). 

 In contrast, mutations in epigenetic regulators or in metabolic pathways 

that support their function could underlie the acquisition of metastatic 
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capabilities in tumor cells probably due to their pleiotropic effects on 

transcriptomic output  [204], thereby producing imbalances in processes such 

as cell growth, invasiveness or self-renewal. One example is provided by renal 

adenocarcinoma driven by the Von Hippel-Lindau (VHL)-HIF2α pathway, where 

alterations in the methylation status of histone H3K27 enhance the expression 

of CXCR4 and CYTIP, which are HIF2α target genes and are not required for 

tumor initiation but enhance metastasis [205]. Another example is provided by 

non-small cell lung carcinoma, where probably due to epigenetic suppression of 

the expression of certain differentiation factors (Nkx2-1, GATA6, and HOPX), 

potentiates metastasis [206], [207]. Finally, there is also evidence for induction 

of metastatic traits by alterations in mRNA processing, non-coding RNAs or in 

the translational machinery [208]–[212]. 

  

 

 

  

 
4.3 Metastatic selection in primary tumors 

 Several studies have identified metastasis-promoting genes among gene 

expression signatures in primary tumors that predict relapse, suggesting that 

acquisition of these traits by tumor cells takes place before dissemination from 

Figure 12. Examples of putative classes of metastasis genes. In addition to the tumor-initiating events 
that produce an incipient carcinoma (only some examples are listed), metastasis requires functionally 
distinct classes of genes that provide metastasis initiation, progression and virulence functions. These 
functions might collectively endow circulating cancer cells with the competence to infiltrate, survive in 
latency and colonize distant organs. ANGPTL4, angiopoietin-like 4;DARC, Duffy antigen chemokine 
receptor; EREG, epiregulin; GM-CSF, granulocyte–macrophage colony stimulating factor; GPR56, G 
protein-coupled receptor 56; ID1, inhibitor of differentiation 1; KISS1, kisspeptin 1; PTGS2, 
prostaglandin G/H synthase 2; PTHRP, parathyroid hormone-related protein. Nguyen et al., 2009. 
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the primary focus [205], [206], [209], [213]–[219]. Within the primary focus, 

tumor cells located at the invasive front are more likely to be selected for their 

metastatic traits, given their direct exposure to microenvironmental cues 

(including hypoxia, immune surveillance and cytokines secreted by the reactive 

stroma). This selection may be not only for general metastasis-supporting traits 

but also for organ-specific traits; for instance, recent studies in breast cancer 

metastatic to the bone have shown that stromal CAFs in breast tumors secrete 

CXCL12/SDF1 and IGF1, which select for Src-hyperactive cancer clones that 

present a highly activated PI3K-AKT survival pathway; once in the bone 

marrow, these clones demonstrate to possess a high chance of survival by 

responding to local sources of these factors [220].  

 Other studies have proposed that tumor cells that leave early the primary 

focus could evolve in parallel after a period of latency in a distant organ and be 

responsible for metastatic relapse [221]. However, large-scale genome 

sequencing studies have shown that primary tumors and their metastases are 

highly similar, indicating that most of the genetic alterations for establishing 

metastases occur in the primary focus [48]. 

4.4 Metastasis: patterns and probabilities  

 The type of cancer determines the tropism for certain organs and the 

latency period between diagnosis and relapse [222], [223]. Some cancers can 

relapse in multiple organs such as bones, lungs, liver or brain (e.g. breast or 

lung cancer) or mainly in one organ (e.g. prostate cancer in bone). In turn, the 

latency period of metastasis can be long (e.g. melanoma, prostate cancer and 

luminal breast cancer) or relatively short (e.g. lung and basal breast cancer).  

 A number of studies have focused on the variables affecting the 

accomplishment of the metastatic process. Indeed, dissemination of cancer 

cells is affected by circulation patterns (as it is manifest in colorectal cancers, 

whose metastases occur primarily in the liver via mesenteric circulation), or by 

cancer cell-autonomous functions (e.g. invadipodia formation), paracrine 

factors, proteases, recruitment of stromal components and interactions with 

platelets. Although these mediators of tumor cell dissemination have not been 

studied in the context of CSCs, it is known that their expression in primary 

tumors predict their metastatic recurrence, thus presumably affecting the 
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dissemination of the mCSCs. The organ tropism of these cells depends not only 

on the probability of reaching these distant organs but also on their overall 

survival. It is thought that this probability is very low due to the cellular 

composition, vascularity, immune surveillance and inflammatory status of the 

infiltrated tissues, that largely differ from organ to organ and from those present 

in the primary tumor. Experimental evidence and clinical observation indicate 

that CTCs suffer a dramatic reduction in viability upon infiltrating distant tissues 

[224]–[226], that mostly tumor cells undergo apoptosis within two days after 

intravenous injection into mice [227], or more specifically that only a small 

fraction of melanoma cells are able to form liver metastases when injected 

intraportally [228], [229]. In fact, CTCs are more capable of reinfiltrating the 

tumor of origin than metastatic sites (known as tumor self-seeding) [230].  

 Little is known of the mechanisms underlying the death of cancer cells 

upon infiltrating distant organs, but it is likely that these mechanisms are related 

to the lack of a supportive stroma or elimination by the innate immune system 

[224]–[226], [231], which is present in all organs, being especially acute in the 

brain [232]–[234]. A recent work in models of brain metastases from breast and 

lung cancers has demonstrated that tumor cells extravasating from brain 

capillaries, face reactive astrocytes that generate plasmin that cleaves 

membrane bound FasL and induce Fas-mediated apoptosis in cancer cells; in 

turn, a small fraction of cells (about 1%), are able to override this mechanism by 

producing serpin inhibitors of plasmin generation [235]. 

4.5 Metastatic niches  

 As it occurs with cancer cells in the primary tumor, finding supportive 

sites or niches is thought to be crucial for survival and fitness of CTCs and for 

establishing metastases in distant organs. Three distinct sources of metastatic 

niches are possible; mCSCs may usurp native stem cells in distant organs, 

niche functions might be provided by stromal cells not belonging to stem cell 

niches, or mCSCs may produce stem cells niches components themselves 

(Figure 13). 

 In general terms, stem cell niches provide developmental and self-

renewal signals, including Wnt, Notch, TGF-β family components, 

CXCL12/SDF1, and Hedgehog signals [57]–[60], and in fact, gene expression 
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profiles of both metastatic samples and adult stem cells show activation of 

these pathways [236]. For example, in the bone marrow, mesenchymal stem 

cells generate CXCL12/SDF1 for hematopoetic stem cells, and their receptor 

CXCR4 is often found overexpressed in bone metastatic cells [237], [238]. 

While the metastatic lesion grows, mCSCs recruit stromal cells (including 

TAMs, myeloid precursors and mesenchymal cells), and a paracrine loop is 

established that eventually provides survival and self-renewal cues, thereby 

resembling the primary tumor niche [88], [119], [214], [239]. 

 
 

 Blood capillaries (constituting the perivascular niche) have been shown 

to be a location where CTCs are bound to initiate metastatic outgrowth in a 

variety of cancer cells, including glioma, melanoma, breast and lung cancer 

cells [232], [240]–[242]. Recent studies have demonstrated that brain 

metastasis-initiating cells express the adhesion molecule L1CAM that is used to 

stretch and surround the perivascular basal lamina [235]. This adhesion 

molecule is also expressed in other types of cancers and is associated with 

poor prognosis [243], [244], suggesting that expression of L1CAM may be 

relevant to initiate metastasis in other organs through this mechanism. 

 Perivascular niches are thought to support mCSCs by providing 

attachment, oxygen, nutrients and paracrine factors from the recruited 

endothelium [245], as has been shown in colorectal cancer, where expression 

of Jagged1 from endothelial cells promotes a CSC phenotype in tumor cells 

[246]. In addition, endothelial cells express ECM components that promote 

metastatic functions in tissue culture [247].  

Figure 13. Three possible 
sources of metastatic 
niche support. mCSCs can 
find stem cell niche 
support by occupying 
native stem cell niches 
(including perivascular 
sites), by recruiting stromal 
cells that produce stem 
cell niche-like components 
or by producing niche 
components themselves. 
Oskarsson et al., 2014. 
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 Furthermore, it is also known that primary tumors can influence the 

microenvironment of distant organs (particularly the lung) through systemic 

secretion of a battery of cytokines to establish a premetastatic niche [248], as it 

has been shown in mouse models of breast, lung, stomach and intestinal 

tumors, which secrete systemic inflammatory cytokines and ECM-remodeling 

enzymes that facilitate the initiation of metastasis by CTCs in the lung 

parenchyma [248], [249]. 

 In addition to the interactions between cancer cells and tumor-stromal 

cells, interactions between neoplastic cells and ECM components also seem to 

play an important role in the homeostasis of both primary tumor and metastatic 

niche. Some components of the ECM that have been shown to be relevant in 

the metastatic niche in mouse models are tenascin C (TNC) and periostin.  

 TNC is a glycoprotein present in stem cell niches that supports their 

functions by regulating Notch and Wnt signaling (Figure 14). In xenotransplants, 

it has been demonstrated that cells expressing high levels of TNC are more 

likely to invade and grow metastasis in the lung [250].  

 Periostin is also present in stem cells niches and promotes the initiation 

of lung metastasis in breast cancer cells in mice [251]. In response to TGF-β 

secreted by cancer cells, myofibrobalsts of the niche produce periostin, which 

binds Wnt stromal ligands and stimulates this signaling pathway in tumor cells. 

Like TNC, periostin enhances Wnt and Notch signaling (Figure 14), which in 

mCSCs facilitates the colonization of distant organs. Both proteins are known to 

bind to each other and to cell surface integrins [252].  

 Other ECM components such as the glycosaminoglycan hyaluronan, the 

glycoprotein osteopontin (both interact with CD44 in cancer cells), or 

hyaluronan synthase-2 (HAS2), have been shown to inhibit apoptosis in breast 

cancer cells during lung colonization, as well as to enhance aggressiveness of 

glioma cells in the perivascular niche, or to induce metastasis in mouse models 

of breast cancer, respectively [253]–[255].  

 As discussed above, most CTCs die when they infiltrate a distant tissue. 

The survival of tumor cells upon arrival to a distant organ depends on the 

balance of lethal inputs from the reactive stroma and upregulation of 

mechanisms that engage cell survival and evasion of apoptosis. The PI3K-AKT 

pathway plays an important role in engaging cell survival in CTCs and several 
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mechanisms can amplify its effects. Src kinase activity amplifies PI3K-AKT 

signaling in response of breast cancer cells to stromal CXCL12/SDF1 and IGF1 

in the bone marrow (Figure 14) [256]. The endothelial adhesion molecule 

VCAM1 also amplifies PI3K-AKT signaling in breast cancer cells upon 

interaction with α4-integrins on pulmonary macrophages in the lung [257]. In 

fact, Src activity in human breast tumor samples has been associated with bone 

relapse and VCAM1 expression with lung recurrence [216], [256], [257].  

 Other interactions and pathways can enhance metastatic abilities in 

CTCs. Some examples are the interactions between EGFR and Met with ECM 

binding integrins that promote colonization in model systems [258], the role of 

NF-κB signaling in metastasis of colon, lung and breast cancers in mouse 

models [259]–[261], or the  JAK-STAT signaling in mediating metastasis in 

melanoma, breast and pancreatic carcinomas [262]–[265]. It has also been 

described that upon infiltration of mCSCs in liver or lungs, mCSCs generate 

TGF-β that induce IL11 production in resident fibroblasts; IL11 then activates 

prosurvival signaling via GP130/STAT3 in tumor cells that promote metastasis 

initiation in these organs (Figure 14) [214]. 

 

Figure 14. Pathway amplifiers and 
paracrine loops for mCSCs support. 
Metastatic dissemination is mediated by 
gene products (in red) that are expressed 
by tumor cells to amplify their own 
responsiveness to prosurvival signals. 
These activating cues include RTKs growth 
factor ligands (GF), chemokines (e.g. 
CXCL12), Wnt or Notch ligands. Amplifiers 
include adhesion receptors like VCAM1-
Ezrin complex that is engaged by tumor 
leukocyte integrins; Src that amplifies 
PI3K-AKT activation by CXCR4 (or 
IGF1R); the ECM components TNC and 
periostin that enhance Wnt and/or Notch 
pathways and are secreted by tumor cells 
or myofibrobalsts; the collagen crosslinking 
enzymes LOX and PLOD2 that stiffen the 
ECM for integrins or FAK-mediated 
amplification of RTK signaling. Several 
cytokines secreted by cancer cells (bottom, 
red) promote stromal cells recruitment. 
Stromal cells provide additional support by 
producing activators of AKT, MAPK, and 
STAT3 in incipient metastatic lesions. 
mCSCs-derived BMP inhibitors like Coco, 
protect self-renewal by inhibiting Smad1 
signaling. Oskarsson et al., 2014. 
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 As important as survival cues, maintaining the self-renewal capacity of 

cancer cells is a key feature provided by the metastatic niche. It is known that 

Notch and Wnt signaling promote self-renewal in several stem cell niches, 

including the bone marrow and the gut crypts [57], [59], and presumably have 

the same role in metastatic niches. ECM components like TNC or periostin 

(among others mechanisms) may act as amplifiers for the ability of mCSC to 

respond to relative low levels of Wnt and Notch ligands secreted by stromal 

tumor cells.  

4.6 Reversing EMT  

 As commented above, if mCSCs have undergone an EMT at the primary 

tumor, they must revert to an epithelial phenotype (via MET) as supported by 

the epithelial cytology displayed by carcinoma metastases.  

 Evidence for this has been found in a model of squamous cell carcinoma, 

where expression of the EMT master regulator Twist, enhanced cancer cell 

dissemination but their metastases required the downregulation of this 

transcription factor and reacquisition of an epithelial phenotype [198]. In another 

study, expression of the EMT inducer Prrx-1 promoted dissemination of breast 

cancer cells but metastatic colonization was facilitated upon MET induced by 

loss of Prrx-1 expression [196]. Id1 is a transcription factor that meditates 

metastatic colonization of breast cancer cells [266], and acts downstream of 

TGF-β to downregulate Twist expression and mediate MET in basal breast 

cancer cells that invade the lung [197]. Strikingly, TGF-β signaling promotes 

EMT in the primary tumor and dissemination of cancer cells [267]; the duality in 

its functions may rely on microenvironmental cues but these are unknown. 

4.7 Entering and exiting dormancy 

 Clinical evidence indicates that metastasis can remain latent years after 

removal of a tumor. However, the nature of most mice models limits the study of 

the determinants that may induce latency in CTCs in distant organs and the 

mechanisms that lead to an exit from this state. For this reason, the role of the 

above described pathways and interactions between stromal cells and cancer 

cells are largely unclear before, during and after passage of mCSCs through a 

period of quiescence.  
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 The majority of CTCs detected in bone marrow are in a dormant state 

[268]. It is thought that latency may be a defense mechanism of tumor cells 

under adverse conditions [269], [270]. The few available models have 

demonstrated the implication of several cues and pathways in the balance 

between latency and active proliferation of tumor cells. p38 and ERK MAPKs 

seem to control the switch of CTCs between these two states [271]. In addition, 

BMP signaling has been proposed to promote latency in breast cancer cells in 

the lung parenchyma by suppressing self-renewal and inducing differentiation, 

with subsequent metastatic colonization being triggered by Coco, an inhibitor of 

BMP signaling (Figure 14) [272].  

 It is likely that in locations other than bone marrow and resembling what 

occurs in adult stem cells, CTCs may be constantly entering and leaving the 

latency state and evolving during active periods to eventually awake their 

potential of initiating a metastasis in a distant organ. 

4.8 Engaging colonization  

 There are few models available that have described the molecular 

mechanisms underlying the overt metastatic colonization of a given organ by 

cancer cells. Perhaps the best characterized example is the osteolytic bone 

metastasis occurring in advanced breast cancer. After secretion of a battery of 

molecules by mCSCs (including IL11, TNF-α, parathyroid hormone-related 

protein (PTHrP), MMP1, VCAM1 and Jagged1), osteoclasts differentiate and 

activate, and start to resorb bone matrix clearing the path for tumor growth.  

Moreover, osteolysis provides matrix-stored factors such as TGF-β (and other 

growth factors), that in turn stimulates the production of more osteoclast-

activating molecules by cancer cells, and establishing a positive feedback loop 

that potentiates the destruction of the tissue and tumor expansion [273]. 

Evidence from experimental models suggests that the acquisition of the ability 

to stimulate osteoclast activation occurs after dormancy of mCSCs for months, 

followed by reactivation and formation of micrometastases in the bone marrow 

[274]. One interpretation could be that organ colonization may involve the 

acquisition of a final set of metastatic traits by the progeny of mCSCs that 

originally arrived and survived in the metastatic host tissue. 
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5. PLURIPOTENCY GENES AS ONCOGENES  

5.1 Overview of the transcriptional regulatory circuitry controlling 
pluripotency in embryonic stem cells (ESCs) 

 ESCs derived from the inner cell mass of the blastocyst-stage embryos 

give rise to the three germ layers and eventually to all differentiated cells of an 

organism. In contrast to adult stem cells, ESCs do not need a niche to maintain 

their undifferentiated open state but do need to be protected from differentiating 

agents.  

 In ESCs, the intricate interplay between transcription factors and their 

targets on the genomic template serves as building blocks for the transcriptional 

network that governs self-renewal and pluripotency. At the core of this complex 

network is the transcription factor trio, OCT4, SOX2 and NANOG, which 

constitute the ESC transcriptional core, with feedforward and feedback loops of 

regulation (Figure 15A) [275]. Regulatory mechanisms such as autoregulatory 

and feedforward loops support the ESC transcriptional framework and act as 

homeostatic control for ESC maintenance. In addition, genome‐wide studies 

have further revealed additional players involved in pluripotency and the 

interconnectivity within the complex ESC transcriptional circuitry in concert with 

epigenetic regulators (such as members of the Polycomb complex) that 

maintain the homeostasis of ESCs [275]. 

 OCT4 (or POU5F1), a   key octamer   transcription   factor   in   ESCs,   

is downregulated upon differentiation and cells tend to lose their self-renewing 

state. For instance, in ESCs, OCT4 acts repressing the differentiation specific-

lineage gene CDX2. Thus, it is crucial for ESCs to maintain  OCT4  at  the  

appropriate  levels  in  order  to  maintain  the  pluripotency, because increased 

or decreased levels may lead to differentiation [276]. 

 SOX2, a SRY (Sex determining region-Y)-related transcription factor, a 

high mobility group box (HMGB) DNA-binding domain, can preserve ESCs 

stability maintaining OCT4 expression at correct levels. In addition, OCT4 is a 

partner of heterodimerization with SOX2 and OCT4/SOX2 dimers regulate 

many ESC-specific genes, including themselves. The cis-regulatory element to 

which SOX2/OCT4 complex binds consist of neighboring sox (5'-CATTGTA-3') 

and oct (5'‐ATGCAAAT-3') elements [277]. 
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 NANOG is a homeodomain transcription factor and functions as a dimer. 

Its loss of dimerization may compromise the preservation of self-renewal and 

pluripotency of ESCs. Moreover, dimerization of NANOG is crucial for its 

interaction with other pluripotency related proteins [278]. NANOG is essential 

for the establishment of pluripotency but is dispensable for its maintenance, 

provided that SOX2 and OCT4 are expressed. 

  

 

 

 

 

 Other factors relevant for ESCs and pluripotency have been identified.  

KLF4 is a zinc-finger transcription factor with a defined role in maintaining self-

renewal and thus contributing to the pluripotency and self-renewing framework 

in ESCs [279]. KLF4 also plays important roles in the autoregulatory network of 

pluripotency in ESCs because it acts upstream of OCT4 and SOX2, and share 

common downstream targets, such as NANOG, and also occupies the c-MYC 

promoter. 

 MYC can support ESCs through functions distinct from those of the 

mentioned core genes, including positive cell proliferation regulation, negative 

regulation of differentiation, and regulation of chromosomal accessibility [280]. 

 KLF2, KLF5 and KLF9 play roles in pluripotency [279]. RONIN, another 

zinc-finger protein, can rescue the phenotype of OCT4 by repressing 

differentiation genes. RIF1, TCL1,  TRIM28,  CHD1, HDAC2  and  others,  also  

Figure 15. ESC transcriptional regulatory networks. (A) Regulatory circuit with four somatic 
regulatory factors and Nanog. Modified from Kim et al. 2008. (B) Transcriptional core and 
interplay with other positive or negative ESC-regulating factors. Factors located in the white 
region are associated with pluripotency and self-renewal, whereas factors located within the grey 
region are associated with differentiation. Modified from Heng & Huck-Hui, 2010. 
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interact  and  contribute  to  the pluripotent state of ESCs [275]. In general 

terms, the co-occupancy of many different transcription factors on gene 

promoters determines their state of activation or repression. Genes bound by 

more than four factors are generally transcriptionally active, whereas those 

bound by fewer transcription factors can be repressed [280].  

 The balance between upstream signaling pathways regulating the 

expression of these factors and other regulators, controls the maintenance of 

the pluripotent state and self-renewal of ESCs (Figure 15B). These signaling 

pathways include leukemia inhibitory factor (LIF)-STAT, PI3K-AKT and MAPK 

pathways, TGF-β, BMP/SMAD or Wnt/β-catenin signaling [280]–[287]. 

 Strikingly, the paradigmatic irreversibility of stem cell differentiation was 

challenged by virtue of the successful transformation of fully differentiated adult 

cells into ESCs analogs through the action of a few ESC-transcription factors. In 

2006, Yamanaka and colleagues were able to reprogram adult mouse 

fibroblasts into induced pluripotent stem cells (iPSCs) similar to ESCs, by 

introducing the transcription factors Sox2, Myc, Klf4 and Oct4 [288]. One year 

later, human neonate-fibroblasts were reprogrammed using the same or slightly 

modified combination of genes (OCT4, SOX2, NANOG and LIN28), although in 

that report, reprogramming was not applied in adult human fibroblast [289]. 

Later, adult mouse and human fibroblasts were successfully reprogrammed into 

iPSC state through the introduction of only 3 exogenous factors (SOX2, OCT4, 

KLF4) [290], even though the study provided evidence that endogenous MYC 

expression was required for such transformation, suggesting that MYC is still an 

indispensable factor for induced pluripotency. Thus, SOX2, MYC, KLF4 and 

OCT4 are considered the four core reprogramming factors for iPSCs. More 

recently, it has been reported that the epithelial phenotype, and more 

specifically, E-cadherin expression, is required for reprogramming of fibroblasts 

into an induced pluripotent state [291]. 

5.2 CSCs transcriptional gene networks: linking stemness, prognosis and 
therapy 

 Modern techniques in stem cell biology in the postgenomic era have led 

to dramatic advances in our understanding of the molecular underpinnings of 

both ESCs and cancer. Detailed gene expression maps have now shown the 
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diversity and distinctiveness in gene expression programs associated with 

stemness in embryonic and adult stem cells. These maps have further revealed 

a shared transcriptional program in ESCs and CSCs. Yet, the inability to define 

a consensus stemness signature in a gene-by-gene analysis may suggest that 

different types of stem cells utilize distinct mechanisms to achieve self-renewal 

and pluripotency. Alternatively, the failure to identify a robust signature may be 

due to technical variations in stem cell isolation, degrees of cell purity including 

contamination from neighbor populations, microarray platforms, or statistical 

analysis methods. 

 Indeed, it has been shown that embryonic and adult stem cells can be 

distinguished into two predominant groups based on their gene expression, and 

surprisingly, CSCs may demonstrate gene expression programs more similar to 

ESCs than adult stem cells [292]. In one study, an ESC-like gene module was 

identified based on genes whose promoters are occupied by regulatory proteins 

conferring pluripotency such as OCT4, NANOG and Polycomb. Based on the 

motif module map method [293], the c-MYC binding motif was predicted to be 

the top driver of the ESC module and it was shown to be sufficient to force 

activation of an ESC-like gene expression program in adult epithelial cells and 

moreover, capable of reprogramming them into human epithelial CSCs and 

thus, endow them with pathological self-renewal and tumor initiating capacity 

[292]. 

 The  ESC-like module  is  defined  by  335  genes  and  contains  many 

transcriptional regulators, in particular, several associated with pluripotency, 

including SOX2, c-MYC, DNMT1, CBX3, HDAC1 and YY1. OCT4 and NANOG 

are not in the ESC-like module because they are specifically expressed in 

ESCs.  This implies that part of the transcriptional program mediated by these 

key ESC regulators, can be regulated in other stem cells by alternative 

mechanisms. The ESC‐like module is activated in many different human 

epithelial cancers, including breast, liver, gastric, prostate and lung cancers. 

The ESC-like transcriptional program is associated with aggressiveness and 

activated in diverse human epithelial cancers and  strongly predicts metastasis  

and death, particularly in lung and breast cancers, and thus it is clinically 

relevant [292]. 

 An independent analysis of embryonic stem cell gene signatures by Ben- 
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Porath and colleagues also observed increased expression of ESC signatures 

in clinically aggressive epithelial cancers, such as glioblastoma and bladder 

cancers [294]. Histologically, poorly differentiated tumors show preferential 

overexpression of genes normally enriched in ESCs, combined with repression 

of Polycomb regulated genes. Likewise, activation of targets of NANOG, OCT4, 

SOX2 and c-MYC are more frequently overexpressed in poorly differentiated 

and aggressive tumors than in well-differentiated and less aggressive tumors 

[294]. 

 Recently, stemness signatures have been inferred from adult stem cells 

in solid tissues including the intestine and breast, and have demonstrated to be 

highly predictive of CSC content and patient outcome [45], [46]. Strong 

evidence is emerging to support a link between stemness and therapy 

resistance in glioblastoma, colon cancer, breast cancer, and numerous other 

tumors, where studies show that CSCs are more resistant to therapy compared 

to non-CSCs [295]–[300]. Indeed, CSCs display a number of biological 

properties that distinguish them from the remainder of tumor cells; not only 

resistance to treatment [38], [295], [301] but also evasion of cell death [302], 

[303] and dormancy [195]. Collectively, these studies highlight the relationship 

between genetics and CSC properties that drive clinical parameters such as 

therapy response and eventually overall survival. The emerging evidence 

linking stemness to prognosis and therapy failure suggests that therapeutic 

targeting of determinants of stemness might lead to eliminate CSCs and 

prevent recurrence.  

 Although the mechanisms that regulate cancer stemness still remain 

largely unknown, several regulators including the Polycomb protein Bmi-1 have 

been strongly linked to self-renewal and have been involved in the maintenance 

of stem cells in several tissues [304]–[306]. A recent work has found that human 

colorectal CSCs properties rely on BMI-1. Downregulation of this protein inhibits 

the self-renewal capacity of colorectal CSCs, resulting in a dramatic reduction of 

their tumorigenic potential [307]. Moreover, treatment of primary colorectal 

cancer xenografts with an inhibitor of BMI-1 led to colorectal CSC reduction with 

long-term and irreversible impairment of tumor growth. 

 Additional examples are studies from two groups that have found that 

Sox2-expressing cells act as the founding population that generate tumor 
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growth, and give rise to differentiated heterogeneous cell progenies in different 

cancer types. In the first study, rare quiescent Sox2+ cells were demonstrated to 

be responsible for propagating sonic Hedgehog (SHH) subgroup of 

medulloblastoma using a Ptch1+/- mouse model and lineage tracing approach 

[308]. These cells generated a rapidly cycling progeny (doublecortin+ (DCX+) 

progenitors) that in turn, generated short-lived differentiated cells (Neuronal 

nuclei-positive or NeuN+). Exposure to anti-mitotic chemotherapy (cytarabine) or 

SHH inhibitor (vismodegib), resulted in residual tumors that were enriched for 

Sox2+ cells, indicating their role in tumor relapse. Targeting Sox2+ cells with 

mithramycin abrogated tumor growth (Figure 16 left). 

 In the second study using Sox2-GFP knock-in mice, it was demonstrated 

that Sox2-GFP+ cells drive the formation of squamous cell carcinoma (SCC), 

and that its expression is epigenetically activated during tumor initiation. 

Transplantation of these cells in immunodeficient mice at limiting dilution 

numbers, resulted in tumors that could be serially transplanted. In contrast, 

conditional deletion of Sox2 in SCC from the epidermis triggered tumor 

regression, indicating that rather than being a bystander stemness marker, 

Sox2 is critical for tumor initiating ability in skin SCCs (Figure 16 right) [309].  

 
  

Figure 16. Sox2 expression 
underlies CSC function. In 
two distinct mouse cancer 
models, Sox2+ cells initiate 
tumor growth and spawn 
differentiated cell lineages 
that recapitulate primary 
tumor composition. In 
medulloblastoma, Sox2+ cells 
are quiescent and in lineage 
tracing experiments, were 
found to be chemotherapy-
resistant, thus promoting 
tumor recurrence. Conditional 
deletion of Sox2 from the 
epidermis in SCC triggers 
tumor regression, as Sox2+ 
cells are responsible for 
tumor initiation and growth. 
Tumor propagation by the 
founder cells appears to 
recapitulate embryonic and 
stem cell differentiation 
programs that operate within 
normal tissues. Tam & Huck-
Hui, 2014. 
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 Other recent study using lineage tracing approaches and GFP-reporters, 

has identified a quiescent population in primary brain tumors expressing the 

nuclear receptor tailless (tlx), capable of self-renewing and generating all 

lineages of tumor cells. Targeting Tlx+ cells led to loss of self-renewal, induction 

of cell-cycle arrest, cell death and neural differentiation [187]. 

 Collectively, these studies point to the need for targeting predicted 

components of the self-renewal machinery. However, due to the fact that 

stemness-associated factors are likely shared between adult stem cells and 

CSCs, successful elimination of CSCs will require understanding the differences 

between them in order to minimize the impact of therapies on adult stem cell 

functions. 

5.3 Oncogenic functions of SOX2: additional experimental evidence 

 Given the relevance of the SOX2 transcription factor in this thesis, it will 

be next discussed its importance in tumorigenesis, tumor progression and 

resistance to therapy, based on experimental data in several models.  

 First, recurrent amplification of the SOX2 gene (3q26.3 gene locus) has 

been found in several cancer types including glioblastoma, small-cell lung 

cancer (SCLC) and several forms of squamous cell carcinoma (SCC) [310]–

[315]. Recent works on SOX2 have studied the co-amplification of this 

transcription factor with other genes; in lung squamous cell carcinoma (LSCC), 

PRKC1 is co-amplified with SOX2 and cooperate to engage tumorigenesis via 

activation of HH signaling [316]; in another study in non-small cell lung cancer 

(NSCLC), FISH analysis from 447 tissue samples showed that SOX2 

amplification is associated with an increased gene copy number of the FGFR1 

and PI3KCA genes [317]. 

  A number of studies have related SOX2 activity with several hallmarks of 

cancer. Thus, it has been shown to promote cell proliferation (in breast, 

pancreatic and prostate cancer cells) [318]–[320], evasion of apoptotic signals 

(in prostate, gastric cancer cells and NSCLC cells) [320]–[322], and engaging 

invasion, migration and metastasis (in glioma, breast, prostate and ovarian 

cancer cells) [311], [323], [324].  

 SOX2 has been found to be involved in the regulation of cell proliferation 

in many cell models of different tumor types. In pancreatic cancer cells, SOX2 
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knock down induced cell cycle arrest, but not apoptosis, through transcriptional 

induction of p21Cip1 and p27Kip1, while overexpression promoted cell proliferation 

via cyclinD3 expression [319]. Similar results were obtained in gastric cancer 

cells models; decreased endogenous SOX2 transcriptional activity by 

introduction of a DNA-binding competitive truncated SOX2 protein, led to a 

decrease of cell proliferation by upregulation of p21Cip1 and downregulation of 

an isoform of p63 (Δp63) [321]. In LSCC, SOX2 silencing impaired cell 

proliferation through upregulation of BMP4 [325]. Nevertheless, the role of 

SOX2 in cell proliferation has been controversial in colon and gastric cancer 

[321], [325], [326], indicating that SOX2 functions may depend on cellular 

context. 

 SOX2 has also been associated with evasion from apoptotic signals. In 

prostate cancer cells, in in vitro and also in in vivo xenograft experiments, it was 

shown that DU145 cells overexpressing SOX2 are more resistant to apoptosis 

by decreasing store-operated Ca2+ entry via inhibition of calcium release-

activated calcium modulator 1 (ORAI1) expression (Figure 17) [320]. In 

contrast, SOX2 silencing in NSCLC cell lines increased apoptosis [322]. In 

gastric cell lines, after 48 h of inhibition of SOX2, caspase 3/7 assay revealed a 

two-fold increase of apoptotic cells compared to control levels [321].  

 Some studies have indicated the role of SOX2 as a novel regulator of cell 

invasion, migration and metastasis. In colorectal cancer cells, SOX2 expression 

has been involved in cellular migration and invasion in vitro, through regulation 

of MMP2 [327]. Likewise, this invasive phenotype was also observed in glioma 

cells, where siRNA downregulation of SOX2 produced a decrease in these 

properties, while overexpression of  SOX2 in  U87-MG cells promoted migratory 

and invasive properties [311]. 

 In addition to the recent studies in medulloblastoma and SCC discussed 

above, evidence for SOX2 function in self-renewal maintenance has been 

provided in other cancer types, including breast, ovarian and prostate cancers, 

glioma, osteosarcoma, lung adenocarcinoma and NSCLC [311], [328]–[334]. 

For instance, in prostate CSCs, activation of EGFR signaling associated with 

SOX2 upregulation, produced an increase of their capacity to grow spheroids in 

vitro [330]. In NSCLC cells, siRNA-mediated knock down of SOX2 led to a 

dramatic reduction in spheroid formation, and similar results were obtained 
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upon inhibition of EGFR or Src kinase, that effectively diminished SOX2 levels 

in these cells by reduction of AKT signaling (Figure 17) [331]. Studies in 

melanoma cells have demonstrated that ectopic expression of SOX2 was 

sufficient to enhance their self-renewal capacity. Moreover, in this system it was 

shown by chromatin immunoprecipitation (ChIP) that HH signaling regulates 

SOX2 expression through GLI1 and GLI2, since these transcription factors were 

found associated with the proximal promoter region of the SOX2 gene in 

primary melanoma cells (Figure 17) [335]. 

 

 In addition, other works studying Hedgehog acyltransferase (HHAT) in 

LSCC, have found that not only PRKCI and SOX2 are co-amplified and 

cooperate but also that SOX2 is phosphorylated by Protein Kinase Cι  (PKCι). 

Phosphorylated SOX2 is then recruited and required for HHAT and thus 

promote the maintenance of a CSC phenotype in these cells [316]. 

 Finally, since ATP binding cassette (ABC) transporters cause efflux of 

molecules across the cell membrane by using ATP and are highly expressed in 

both normal and CSCs [336], SOX2 function has also been related to therapy 

resistance in several cell models by putative regulation of members of the family 

Figure 17. Possible influence of 
SOX2 on oncogenic-related 
processes. SOX2 seems to be 
an important regulator of cellular 
processes related to cancer. 
Some of these processes may 
include (but are not limited to) 
Wnt/β-catenin signaling, EMT 
and JAK/STAT3 signaling. In 
most cases, SOX2 functions 
downstream in the nucleus. 
SOX2 activity leads to further 
downstream effects and finally 
alters cellular properties such as 
cell proliferation, survival, 
invasion and/or metastasis. 
Weina & Utikal 2014. 
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of ABC transporters. For instance, upon reduction of CSC population by SOX2 

knock down, sensitivity to tamoxifen was restored in breast cancer cells [337]. 

In another study using glioma cell lines, it was demonstrated that inhibitor of 

differentiation 4 (ID4) promotes a CSC phenotype and drug resistance through 

inhibition of miR-9, a known negative regulator of SOX2. Subsequent increase 

of SOX2 levels resulted in drug resistance through induction of the ABC 

transporters ABCC3 and ABCC6 [338].  

6. MOLECULAR BASIS OF COLORECTAL CANCER (CRC) 

 Next, as the bulk of the work in this thesis has been performed with 

colorectal cancer cell models, a brief discussion is presented about the etiology 

and the most relevant molecular events and deregulated pathways that drive 

CRC progression.  

6.1 Etiology of CRC 

 As discussed above, the WHO estimates that CRC is the third most 

common cancer in men and the second in women, with more than 1,350,000 

new cases in both sexes and almost 700,000 related-deaths worldwide in 2012 

[178]. The etiological factors and genetic mechanisms underlying CRC 

development seem to be rather heterogeneous. Known factors that contribute to 

CRC development include dietary and lifestyle factors and inherited somatic 

mutations. Among the most relevant dietary and lifestyle risk factors identified, 

there are a diet rich in unsaturated fats and red meat, elevated energy intake, 

excessive alcohol consumption, and reduced physical activity [339]. In contrast, 

nonsteroidal anti-inflammatory drugs, estrogens, calcium, and perhaps some 

statins, protect against CRC [340].   

 In the past decades, significant work has been undertaken towards 

identifying the gene alterations that underlie the inherited predisposition to CRC, 

as well as the somatic alterations that lead to sporadic CRC [11]. These 

molecular alterations are basically related to increased or novel functions of 

oncogenes and loss-of-function of tumor suppressor genes. The former can 

result from specific point mutations or rearrangements that modify the gene 

structure and function, or from chromosome rearrangements that disrupt 

regulated gene expression. Currently, only somatic oncogene mutations have 
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been recurrently described in CRCs. In turn, tumor suppressor gene inactivation 

is a consequence of localized mutations, complete loss of the gene, or 

epigenetic alterations that alter gene expression. Likewise, most of tumor 

suppressor gene alterations in CRC are also somatic.  

 A relatively small but significant fraction of CRCs (15-30%), display a 

major hereditary component and about a quarter of these familial cases present 

a highly penetrant cancer syndrome that predisposes to CRC [341]. Most of 

these cases are attributable to the hereditary nonpolyposis colorectal cancer 

(HNPCC) syndromes, or are associated with familial adenomatous polyposis 

(FAP) and closely related variant syndromes (Table 1). 

 

 

 Despite representing a small fraction of all CRC cases, the study of the 

molecular basis of these types of cancers has been crucial for understanding 

the factors and mechanisms that underlie sporadic CRC development. In either 

case, CRC follows the so-called adenoma-carcinoma sequence [11]; it begins 

as a benign adenomatous polyp that develops into a high-grade advanced 

adenoma that eventually progresses to an invasive carcinoma. Invasive 

carcinoma that remains confined within the colon anatomical structure is 

curable and classified as tumor-node-metastasis stages I and II. If untreated, it 

reaches the regional lymph nodes (stage III), and eventually metastasize to 

distant sites (primarily to the liver) being assigned stage IV [342]. Stages I and II 

Table 1. Genetics of inherited CRC syndromes. Fearon, 2011. 
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are curable by surgical removal of affected regions while about 75% of cases of 

stage III are curable with surgery and adjuvant chemotherapy [343]. Stage IV is 

usually considered incurable.  

6.2 Genomic instability in CRC 

6.2.1 Chromosomal instability 

 Chromosomal instability is the most common type of genomic instability 

in CRC. It produces a number of changes in chromosomal copy number and 

structure [344], and may lead to the physical loss of a wild type copy of a tumor 

suppressor gene, such as APC, TP53, SMAD3 or SMAD4. It has also been 

reported that there are several rare inactivating mutations of genes involved in 

chromosomal stability during replication [345]. In contrast to other cancer types, 

recurrent amplification, gene copy number gains or gene rearrangements are 

not frequently involved as CRC drivers [346]. Nevertheless, some genes that 

are found in altered copy number include MYC, HER2 or insulin growth factor 2 

(IGF2). Recently, a new recurrent gene rearrangement has been described in 

CRC involving NAV2 and TCFL7L1 (chromosome 11 and 2, respectively) [347]. 

6.2.2 DNA-repair defects 

 A subset of CRC patients present inactivation of genes involved in 

mismatch-repair genes, most frequently MLH1 and MSH2. The inactivation can 

be inherited (e.g. in HNPCC) or acquired, as it is found in cancers with 

methylation-associated silencing of these mismatch-repair genes. In HNPCC 

patients, germ-line mutations in addition to subsequent somatic mutations in 

MLH1 and MSH2, lead to a high lifetime risk of development of CRC, with CRC 

evident by the age of 45 years on average [348]–[350]. Other germ-line 

mutations in mismatch-repair genes (e.g. MSH6), attenuates the predisposition 

to familial cancer [351]–[353]. In contrast, somatic inactivation of mismatch-

repair genes occur in about 15% of patient with non-familial CRC, and within 

this group of patients, it has been reported that loss of mismatch-repair 

response is caused by biallelic methylation of the MLH1 promoter [354]–[356].  

 Usually, the loss of mismatch-repair response is tightly related to 

microsatellite instability. Microsatellite instability is produced by the inability to 
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repair strand slippage within repetitive DNA sequences elements that modify 

the size of mono or dinucleotide repeats (the so-called microsatellites), which 

are spread throughout the genome. CRCs characterized by mismatch-repair 

deficiency mainly arise in the proximal colon and they are associated with older 

age and female sex [357]. In these cases, there is a high incidence of 

inactivation of tumor suppressor genes such as TGFBR2 or BCL2-associated X 

protein (BAX), that harbor functional regions containing microsatellites. 

 Germ-line mutations in the base-excision repair gene mutY homologue 

(MYH), can also lead to CRC [352], [358]. Patients carrying two inactive germ-

line MYH alleles develop a polyposis phenotype, with a risk of CRC of 100% by 

the age of 60 years [352].  

 Aberrant DNA methylation pattern in CpG islands in certain genes is 

another mechanism that leads to gene inactivation and CRC. It has been 

reported that somatic epigenetic silencing represses the expression of MLH1 in 

sporadic CRC with microsatellite instability [359].  

 It has also been observed that among the loci that can undergo aberrant 

methylation in CRC, there is a subset that appears to be aberrantly methylated 

as a group, and it is known as the CpG island methylator phenotype (CIMP) 

[359]. While the molecular mechanism underlying this phenotype is poorly 

understood, CIMP is observed in about 15% of CRCs and present in almost all 

cases with aberrant methylation of MLH1 [359]–[361]. An intermediate level of 

aberrant methylation in CIMP may define a subtype (CIMP2), which is thought 

to account for 30% of CIMP cases [362], [363].  

6.3 Mutational inactivation of tumor-suppressor genes and associated 
deregulation of signaling pathways in CRC 

6.3.1 Overview of the Wnt pathway. APC and Wnt/β-catenin signaling 

deregulation 

 Wnt proteins are secreted glycoproteins that interact with seven-pass 

transmembrane receptors of the Frizzled (Fzd) family and/or single-pass 

transmembrane co-receptors, such as lipoprotein receptor-related protein 5/6 

(Lrp5/6), Ror2, and Ryk [364], [365]. The interaction between Wnt ligands and 

their receptors leads to the activation of several intracellular signaling cascades 
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in which crosstalk exists or act independently from each other. Depending on 

the activated pathway, Wnt signaling can regulate a variety of diverse 

processes, including cell proliferation, differentiation, migration, polarity and 

asymmetric cell division [366]. Wnt pathways can be classified in two distinct 

groups, namely, canonical and noncanonical Wnt signaling (Figure 18). 

Canonical Wnt signaling is often referred to as the Wnt/β-catenin pathway, and 

it involves β-catenin-dependent transcriptional activation. In contrast, 

noncanonical Wnt pathways, including the Wnt/Ca2+ and Wnt/JNK (c-Jun N-

terminal kinase) pathways, are β-catenin-independent and usually trigger a 

variety of different intracellular signaling cascades [365], [367]–[369]. Re- 

 
 

 

 

 

 

 

 

  

Figure 18. Overview of the Wnt signaling pathways. The illustration shows simplified canonical and 
noncanonical Wnt signaling pathways. In the absence of Wnt ligands, β-catenin is targeted by a destructive 
complex that phosphorylates it for degradation. This complex is composed of the core proteins Axin, CK1α, 
APC, and GSK3β. Like β-catenin. YAP/TAZ (regulated by the Hippo pathway) can also associate with this 
complex, which mediates recruitment of the β-TrCP E3 ubiquitin ligase, which in turn promotes the 
ubiquination of phosphorylated β-catenin for its degradation. Binding of Wnt ligands to Fzd and LRP5/6 
activates the cytosolic protein Dvl, leading to the inhibition of the complex. Accumulation of stabilized β-
catenin in the presence of TCF/LEF transcription factors results in their translocation into the nucleus to 
activate Wnt-responsive genes. This activation can be suppressed by TAK1-NLK, which is activated through 
noncanonical Wnt pathways. Also shown here are the Wnt/Ca2+ and Wnt/JNK pathways, both of which are β-
catenin-independent. Binding of Wnt isoforms to either Fzd or other tyrosine kinase-like receptors (e.g. Ror2) 
can trigger multiple signaling cascades. Some of them result in activation of small GTPases Rho, Rac, and 
Cdc42, which regulate cytoskeleton rearrangement and planar cell polarity (PCP); some cascades trigger 
transcriptional events by activating transcription factors (e.g. NFAT or AP-1). Lien & Fuchs, 2014. 
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markably, canonical and noncanonical signaling are generally antagonistic or 

mutually exclusive.   

 Playing a central role in the canonical Wnt signaling pathway is the 

inhibition of glycogen synthase kinase 3β (GSK3β), which, when active, 

phosphorylates the N-terminus of any free-cytoplasmic β-catenin that does not 

take part in cell-cell adhesion [370], [371]. GSK3β forms a complex with Axin, a 

kinase for β-catenin called casein kinase 1α (CK1α) and adenomatous 

polyposis coli (APC) [372]–[374]; this so-called β-catenin destructive complex is 

also formed by the β-transducin repeat-containing protein (β-TrCP) E3 ligase, 

which promotes the ubiquitination of phosphorylated β-catenin and targets it for 

proteasomal degradation (Figure 18). Upon the interaction of canonical Wnt 

ligands to its receptors, the complex formed by Fzd and co-receptor LRP5/6, 

the Dishevelled (Dvl) protein is recruited, the destruction complex is inhibited, 

and β-catenin is stabilized in the cytoplasm [364], [375], [376]. 

 In CRC, constitutive activation of the canonical Wnt signaling is regarded 

as a major initiating event and is due mainly to APC inactivation, which in turn, 

is the most common mutation in CRC. As described above, APC mutations give 

rise to familial adenomatous polyposis (FAP), an inherited disease in which 

almost 100% of carriers develop CRC by the age of 40 years. In sporadic CRC, 

mutations or deletions that inactivate both alleles of APC are present in a high 

percentage of patients (70-80% of cases) [377]. Mutations that provide 

resistance to degradation of β-catenin by the destruction complex also lead to 

constitutive Wnt/β-catenin signaling and form a small subset of CRC cases (5%) 

with wild-type APC [180], [377], [378]. In addition to these mutations, recently 

other mutations that may contribute to enhanced Wnt/β-catenin signaling have 

been described in CRC, such as loss-of-function mutations in AXIN1, AXIN2, 

SOX9 or FAM123B (negative regulators of Wnt/β-catenin signaling), oncogenic 

mutation of CDK8 or  overexpression of the Wnt receptor gene FZD10 [347].  

 An intriguing intersection is the pathway involving the YAP/TAZ 

transcriptional regulators, which govern cell contact-regulated proliferation and 

organ size [379]. YAP/TAZ can be regulated by mechanosensing, a feature that 

leads to block the inhibitory kinase Hippo, and allows YAP/TAZ to translocate 

into the nucleus and function as transcriptional cofactors for the TEAD family of 
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DNA-binding proteins [374], [380]–[383]. Hippo signaling can also regulate β-

catenin, and reciprocally, YAP/TAZ can inhibit Wnt/β-catenin signaling [380]–

[382]. Interestingly, Wnt signaling can also induce YAP/TAZ stabilization and 

nuclear translocation in a manner independent of Hippo signaling. 

Unexpectedly, YAP/TAZ turns out to be essential for the recruitment of β-TrCP 

into β-catenin’s destruction complex, which is active in the absence of Wnts 

(Figure 18). Upon Wnt stimulation, YAP/TAZ is released from the destruction 

complex, and this in turn promotes β-catenin stabilization and activation as well 

as YAP nuclear translocation [384].  

 Although β-catenin itself lacks a DNA-binding domain, it can directly 

promote gene expression upon nuclear translocation and interaction with 

transcriptional cofactors [385]. The activation of canonical Wnt signaling can be 

blocked by extracellular proteins, such as Dickkopf (DKK), secreted Frizzled-

related protein (SFRP), and Wnt inhibitory factor (WIF); all of them inhibit Wnt 

ligand-receptor interactions (Figure 18) [386]–[388].  

 Wnt/β-catenin signaling directs cell fate and proliferation in a variety of 

cell types [366], [389]. The core of the pathway depends on the stability of β-

catenin, a protein that plays a dual role in intercellular junction formation and 

transcriptional regulation [385], [390], [391]. β-catenin was first characterized as 

an adherens junction protein, which through its Armadillo repeats, binds to the 

core transmembrane adhesion protein E-cadherin and through its N-terminal 

domain, associates with α-catenin, a protein that binds actin and other actin 

regulators. In addition, stabilized cytoplasmic β-catenin can translocate into the 

nucleus where it binds to members of the TCF/LEF family of DNA-binding 

proteins and activate the expression of target genes [385], [392]–[396]. Similar 

to other high-mobility group (HMG) box-containing proteins, TCF/LEF proteins 

possess minimal transcriptional activity on their own and affect transcription by 

recruiting various binding cofactors, which in turn recruit chromatin modifiers to 

suppress or activate their target genes (Figure 19). The mammalian TCF/LEF 

family includes LEF1, TCF1, TCF3, and TCF4 proteins. In vitro studies with 

recombinant proteins revealed that these monomers recognize a core 

consensus sequence, the TCF/LEF DNA-binding motif [397], [398]. Like E-

cadherin, TCF/LEFs contain a domain that can interact with Armadillo repeats, 
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which serve as the platform for β-catenin binding [399], [400]. β-catenin binds to 

TCF/LEFs through its Armadillo repeats and then uses the C-terminus to 

interact with other cofactors, including BCL9, the Drosophila Pygopus (Pygo) 

and chromatin modifiers such as CBP/p300 and BRG1, which ensure the 

efficient transcription of its target genes (Figure 19) [400]–[402]. In contrast, the 

ability of TCF/LEFs to repress genes has been attributed to transducin-like 

enhancer of split (TLE) proteins, which are mammalian homologs of the 

Drosophila Groucho transcriptional co-repressor [403]. Although TLE proteins 

are not exclusive of the Wnt pathway, they regulate canonical Wnt transcription 

by binding to TCF/LEF family members and act as adapters to recruit negative 

chromatin modifiers (Figure 19) [404]–[406]. It is known that in the absence of 

Wnt signaling, TCFs interact with a TLE tetramer [405]. In turn, this complex 

has been shown to recruit histone deacetylases (HDACs) to form a specialized 

repressive chromatin structure that prevents the inappropriate activation of TCF 

target genes (Figure 19) [406], [407]. 

  

 In APC or β-catenin mutant CRC cells, the abnormal stabilized β-catenin 

levels lead to inappropriate activation of TCF4 target genes [378], [394], [408]. 

The Wnt/TCF4-driven genetic program in colon cancer was first determined in 

2002 [409], and consists of a core of about 80 TCF4 target genes (e.g. c-MYC, 

cyclinD1, CD44, c-MYB, BMP4, EphB2, EphB3 or claudin1 genes). 

Figure 19. Transcriptional regulation of canonical Wnt 
pathway. The graph describes transcriptional activation or 
repression complex of TCF/LEF on Wnt target genes. In the 
activation mode, β-catenin interacts with a member of the 
TCF/LEF family of DNA-binding proteins. This conformation 
is thought to recruit histone modifiers CBP/p300 and BRG1 
to promote an active chromatin structure for its target 
genes. Recruitment of BCL9 and Pygo enhance β-catenin 
transactivator activity, although the mechanism is not 
entirely known. Conversely, when nuclear β-catenin is 
absent, TCF3 and/or TCF4 proteins interact with 
transcriptional repressor Groucho/TLEs and in turn recruit 
histone deacetylase (HDAC) to yield an inactive chromatin 
state for the target genes. Another repressor, CtBP, has 
also been reported to interact with TCF4 for gene silencing. 
In general, whether TCF/LEF proteins act to activate or 
repress genes is determined by their binding partners and 
is dependent on cell context. Modified from Lien & Fuchs, 
2014. 
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Interestingly, one of these TCF4 target genes is LGR5, which is differentially 

expressed in multipotent stem cells located at the bottom of the crypt [20], [410], 

although lineage tracing experiments have also demonstrate its expression in 

stem cells of other organs or tissues, including the stomach, pancreas, liver, 

kidney and mammary gland [411]–[416]. 

In intestinal stem cells, LGR5 is co-expressed with its close homologs 

LGR6 and LGR4, although the latter is also found in all other crypt cells [417]. 

These receptors belong to a subgroup of LGR receptors within the superfamily 

of Rhodopsin GPCRs, and are characterized by seven transmembrane domains 

connected by a hinge region with a large extracellular domain composed of 

seventeen leucin-rich repeat units. Their cognate ligands are the R-spondins 

(Rspo), known agonists of the Wnt pathway that are members of a family of 

proteins characterized by the presence of thrombospondin repeats. All four R-

spondins have been found to bind with high affinity to the three LGRs. In intact 

cells, this interaction leads to increased phosphorylation of LRP5/6 and 

stabilization of β-catenin but does not appear to involve G-protein signaling 

[417], [418]. The proposed model by which LGRs-Rspo interaction enhances 

canonical Wnt signaling is by tethering and promoting the membrane clearance 

of two negative regulators of Fzd-LPR5/6 complexes; the Wnt target genes 

RNF43 and ZNFR3 (Figure 20). These proteins are single-pass transmembrane 

Figure 20. Proposed model for R-
spondin (Rspo), LGR4/5/6, and 
ZNRF3/RNF43 interactions in the 
modulation of Wnt/β-catenin 
signaling. (Left graph) In the 
presence of Wnt ligand and the 
absence of Rspo, the 
transmembrane E3 ubiquitin ligase 
proteins RNF43 or ZNFR3 
ubiquitinate Fzd-LRP5/6 co-
receptor proteins, resulting in 
internalization and lysosomal 
degradation of the Fzd-LRP 
complex. In the presence of Rspo 
(right graph), RNF43/ZNFR3 
proteins and LGRs are brought into 
a complex by Rspo, and the LGR-
Rspo-RNF43/ZNFR3 complex is 
then targeted for lysosomal 
degradation in an E3 ligase-
dependent manner. This potentiates 
Wnt/β-catenin signaling by reducing 
Fzd and LRP turnover. Fearon & 
Spence, 2012. 
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E3 ligases related to GRAIL (RNF128), and are expressed in LGR5+-intestinal 

stem cells and enriched in CRC [419], [420]. In the absence of R-spondins, it is 

thought that RNF43 and ZNFR3 mediate multiubiquitination of Fzd receptors, 

resulting in the rapid endocytosis of Wnt receptors and their destruction in 

lysosomes [419], [420]. Since RNF43 and ZNRF3 are encoded by Wnt target 

genes, they are presumed to function as negative feedback regulators of 

canonical Wnt signaling (Figure 20). 

 In contrast to the widely studied canonical Wnt signaling, the knowledge 

of noncanonical Wnt pathways mainly comes from their ability to interfere with 

Wnt/β-catenin signaling. Depending on the cellular mediators, the noncanonical 

Wnt pathways are subdivided into two general groups: the Wnt/Ca2+ and JNK 

pathways (Figure 18). In the Wnt/Ca2+ pathway, the interaction of noncanonical 

Wnt ligands and receptors recruits Dvl and G proteins and leads to the 

activation of phospholipase C (PLC), thereby triggering intracellular calcium 

release. Induced calcium ion flux activates second messengers such as protein 

kinase C (PKC), calcium-calmodulin-dependent kinase II (CamKII), or the 

calcium-dependent phosphatase calcineurin (CaN) [367], [421]–[424]. An 

example of how noncanonical Wnt pathways antagonize canonical Wnt 

pathways can be illustrated by the signaling mediated by intracellular kinases 

proteins TGFβ-activated kinase 1 (TAK1)-activated and Nemo-like kinase 

(NLK), which are involved in the repression of activated Wnt/β-catenin signaling 

by blocking β-catenin-induced transcriptional activity [425]. In addition, CamKII 

can also antagonize the Wnt/β-catenin pathway [425], while activated CaN can 

dephosphorylate nuclear factor of activated T-cell (NFAT) transcription factors, 

which can then enter the nucleus and activate their target genes [426], [427]. In 

parallel, PKC members can activate the small GTPase Cdc42, which can in turn 

activate the planar cell polarity (PCP) pathway (Figure 18). 

PCP can also be co-regulated by Rho and Rac GTPases, which are 

activated in Wnt/JNK noncanonical signaling. In contrast to calcium-regulated 

noncanonical signaling, Wnt/JNK signaling uses Ror2-dependent circuitry to 

activate downstream effectors of the activating protein-1 (AP-1) family of 

transcription factors [368], [369]. In intestinal homeostasis and cancer 

development, JNK/AP-1 has been shown to interplay with the Wnt/β-catenin 
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pathway through an interaction between c-JUN and TCF4 [428]. Genome-wide 

chromatin immunoprecipitation (ChIP) analyses for β-catenin in human colon 

cancer cells further reveal that β-catenin-enriched regions contain both AP-1 

and TCF4 consensus motifs [429], highlighting the crosstalk between the Wnt 

pathways. 

6.3.2 TGF-β tumor-suppressor pathway 

 Another important step in CRC progression is the mutational inactivation 

of TGF-β signaling and therefore the loss of its growth inhibitory effects (Figure 

21). In about 30% of CRCs, somatic mutations inactivate TGFBR2 [430], [431]. 

In almost all cases of CRC with mismatch-repair defects, TGFBR2 is inactivated 

by a distinctive frameshift mutation in a polyadenine tract [432]. In about 50% of 

CRC cases with normal mismatch-repair function, missense mutations affecting 

the kinase domain of TGFBR2 and inactivating mutations or deletions in 

chromosome 18q (70% of CRC cases), affect downstream components such as 

SMAD transcription factor members (SMAD2-4), leading to TGF-β signaling 

abrogation [346], [430], [432], [433]. Mutations that lead to inactivation of TGF-β 

pathway overlap with the transition from adenoma to high-grade dysplasia or 

carcinoma [434].  

 

 

 

 

Figure 21. Overview of the main molecular events that drive CRC progression. In the 
progression of CRC, genetic alterations target the genes that are identified at the top of the 
graph. The microsatellite instability (MSI) pathway is initiated by mismatch-repair (MMR) 
gene mutation or by aberrant MLH1 methylation and is further associated with downstream 
mutations in TGFBR2 and BAX. Aberrant MLH1 methylation and BRAF mutation are each 
associated with the serrated adenoma pathway. A recent mechanism involving TGF-β-
driven program in stromal cells (production of IL11) is important for metastasis initiation 
(activation of GP130/STAT3 signaling in cancer cells). Modified from Markowitz & 
Bertagnolli, 2009. 
 
 
 

 55 
   
 



Introduction 

  Paradoxically, despite this inactivation is displayed in most CRC cases, 

there is an elevated production of TGF-β in tumor cells. In advanced CRC, it 

has been demonstrated that tumor stromal cells, mainly CAFs, secrete IL11 in 

response to TGF-β. It has been established that a crosstalk between tumor cells 

and CAFs takes place, by which cancer cells activate GP130/STAT3 signaling 

in response to IL11, which in turn confers tumor cells with a survival advantage 

and promote organ colonization in mice [214]. This is one of the known 

mechanisms involved in promoting metastasis in CRC (Figure 21). 

6.4 Activation of oncogene pathways in CRC 

6.4.1 RAS, BRAF and MAPK pathway 

 Mutations in oncogenes RAS and BRAF activate the MAPK signaling 

pathway in about 40% and 10% of CRC patients (respectively) [435], [436], and 

contribute to enhance cell proliferation and survival. PI3K signaling is also 

regulated by RAS proteins. 

 The RAS small-G proteins act as molecular switches downstream of 

growth factor receptors. Its three members, KRAS, HRAS, and NRAS, are 

common targets of somatic mutations in a number of human cancers [435]. In 

CRC, RAS mutations affect mainly the KRAS gene and only a small subset of 

patients present activating mutations in NRAS [431]. In adenomatous polyps, 

the frequency of KRAS mutations positively correlates with the size and degree 

of dysplasia of the lesion, indicating that KRAS mutations contribute to 

colorectal adenoma development but are not required for adenoma initiation 

(Figure 21) [11]. Mutations and copy number alterations affecting members of 

the receptor tyrosine kinase family EGFR (e.g. EGFR, HER2 and HER3) are 

uncommon in CRC (about 5% of cases) [346], [347].  

 BRAF protein kinase is directly activated by RAS proteins and further 

activates the MAPK signaling cascade. Mutations in BRAF are found in 5-10% 

of CRC patients [437]. In contrast to RAS mutations, BRAF mutations are 

detectable even in small polyps [360], and more commonly in hyperplastic 

polyps, serrated adenomas and proximal colon cancers, particularly in those 

that display a CIMP phenotype [361]. 
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6.4.2 Phosphatidylinositol 3-kinase (PI3K)/AKT signaling axis 

 Phosphatidylinositol-3,4,5-triphosphate (PIP3) is a key second 

messenger that regulates several cellular processes (e.g. cell growth, 

proliferation and/or survival). Formation of PIP3 from phosphatidylinositol- 4,5-

biphosphate (PIP2) at the cell membrane depends on the activity of the class I 

PI3Ks that are activated by upstream RTKs [438]. Somatic mutations in the 

PIK3CA gene which encodes the catalytic subunit (p110α) of PI3K class I or in 

the regulatory subunit (p85α), lead to aberrant activation of PI3K and are found 

in about 30% of CRCs (Figure 21) [439]. A less frequent somatic mutation in 

CRC (about 10% of cases), is the loss of PTEN protein phosphatase that 

mediates dephosphorylation of PIP3 to PIP2. Loss of PTEN is found in both 

KRAS mutant and wild-type tumors. Similar to PIK3CA activating mutations, 

PTEN inactivation may act to enhance KRAS downstream effects through 

activation of AKT by PIP3 [440]. In turn, AKT acts on downstream antiapoptotic 

factors and the mTOR pathway, which integrates nutrient availability with cell 

growth. Other less frequent mutations involved in abnormal activation of 

PI3K/AKT signaling axis include amplifications of insulin receptor substrate 2 

(IRS2), insulin growth factor 2 (IGF2) and co-amplification of downstream 

effectors such as AKT itself and PAK4 [347], [440]. 
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Messier object 20, The Trifid Nebula 

 The Trifid Nebula is an H II region located in the constellation of Sagittarius at 
about 5,000 light-years away from Earth. It was discovered by Charles Messier on 
June 5th of 1764. Its name means 'divided into three lobes'. The object is an unusual 
combination of an open cluster of stars; an emission nebula (the lower, red portion), 
a reflection nebula (the upper, blue portion) and a dark nebula (the apparent 'gaps' 
within the emission nebula that cause the trifurcated appearance). The close-up 
images show a dense cloud of dust and gas, which is a stellar nursery full of embryonic 
stars, located 8 light-years away from the nebula's central star… 
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Objectives 

 
1. Explore the possible correlation of SOX2 expression with drug 
resistance in cell lines derived from distinct tumor types. 
 
 
2. Phenotypic characterization, study of cell signaling involved and impact 
on self-renewal and tumorigenicity due to modulation of SOX2 levels in a 
colorectal cancer cell model of divergent tumor aggressiveness. 
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Messier object 1, The Crab Nebula 

 The Crab Nebula (catalog designations M1 and NGC1952) is a supernova 
remnant and pulsar wind nebula in the constellation of Taurus. It is located at 
the Perseus Arm of the Milky Way at about 6,300 light-years away from Earth. 
Corresponding to a bright supernova recorded by Chinese and Arab astronomers in 
July 5th of 1054 that was observable around 22 months even in daylight, the nebula 
was rediscovered in 1731 by John Bevis and soon Charles Messier adopted it as the 
first celestial noncometary object of his catalog. It has a diameter of 11 light-years and 
expands at a rate of about 1,500 km/s. At the center of the nebula lies the Crab Pulsar 
(PSR0531+121), a neutron star 28–30 km across with a spin rate of 30.2 times per 
second, which emits pulses of radiation… 
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Material and Methods 

Cell lines 

All cell lines in this study were originally obtained from the ATCC 

(Manassas, Virginia, USA) and grown at 37°C in a 5% CO2 atmosphere and 

humidity to saturation in complete RMPI 1640 or DMEM media (as indicated in 

Table 1), supplemented with 1x non-essential aminoacids, 2 mM L-glutamine, 

100 U/mL penicillin, 100 µg/mL streptomycin, 1 mM sodium pyruvate and 10% 

fetal bovine serum (FBS). Supplements, medium and FBS were purchased from 

PAA (Cölbe, Germany). 

 
Table 1. Cell lines used in this study 

Name Origin (human) Culture 
medium 

HeLa Cervical Adenocarcinoma  DMEM  

HEK293T Transfromed embrionyc cells from kidney DMEM  

Phoenix HEK293T transfected to express Moloney Murine 
Leukemia viral packaging proteins DMEM 

PC-3 Prostate adenocarcinoma, grade IV, derived from bone 
metastasis RPMI  

PC-3/Mc Bone metastasis of prostate adenocarcinoma. Clone 
selected in vivo for its high metastatic potential RPMI  

PC-3/S Bone metastasis of prostate adenocarcinoma. Clone 
isolated from parental cell line PC-3 by limiting dilution RPMI   

DU-145 Prostate adenocarcinoma isolated from brain metastasis DMEM  

MCF-7 Breast adenocarcinoma isolated from pleural metastasis DMEM  

MCF10CA1A Mammary gland from fybrocistic disease DMEM  

MCF10CA1H Mammary gland from fybrocistic disease DMEM  

MDA-MB-231 Breast adenocarcinoma isolated from pleural metastasis DMEM  

MDA-MB-468 Breast adenocarcinoma isolated from pleural metastasis DMEM  

T-47D Breast adenocarcinoma  isolated from pleural metastasis DMEM 

HT29-M6 Colorectal adenocarcinoma DMEM  

HCT116 40.16 Colorectal adenocarcinoma, clone of HCT 116 with 
p21+/+ & p53+/+  

DMEM 

HCT116 379.2 Colorectal adenocarcinoma, clone of HCT 116 p21+/+ & 
p53-/-  

DMEM 

HCT116 clone 4 Colorectal adenocarcinoma, clone of HCT 116 p53+/+ & 
p21-/-  

DMEM 

SW620 Colorectal adenocarcinoma (Dukes' type C) isolated from 
lymph node metastasis 

RPMI 

SW480 Colorectal adenocarcinoma (Dukes' type B) RPMI   
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CAPAN-1 Pancreatic adenocarcinoma isolated from liver metastasis DMEM  

PANC-1 Invasive pancreatic adenocarcinoma. Metastasis in 
peripancreatic lymph node. 

DMEM  

 
SK-N-SH Neuroblastoma, isolated from bone marrow metastasis DMEM  

 
U87-MG Glioblastoma (astrocytoma), grade IV DMEM  

HAL-8 Lung adenocarcinoma RPMI   

HAL-24 Lung adenocarcinoma RPMI   
 

Cell proliferation analysis and treatments 

  Cell proliferation assays were performed in 96-well plates (Corning) by 

seeding 5x103 cells/well on day 0 in complete medium. Cell numbers were 

determined daily for up to 6 days. To assess cell proliferation or viability, the 

MTT colorimetric assay (Sigma-Aldrich) was used. This assay is based on the 

capacity of NAD(P)H-dependent cellular oxidoreductase enzymes for reducing 

the tetrazolium dye MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] to its insoluble compound formazan, which has a purple color. 

Absorbance was measured at 570 nm in a microplate spectrophotometer 

(Biotek Instruments). Cell numbers were extrapolated from standard curves 

drawn from MTT absorbance values for known numbers of cells, processed in 

parallel for each cell line tested. All conditions were assayed in sextuplicates. 

 For cell viability assays, cells were seeded, allowed to attach, and one of 

the following drugs was added to the wells: 5-fluorouracil, cisplatin, doxorubicin 

and etoposide (all from Sigma-Aldrich), at the indicated concentrations. 

Absorbance was measured after 72 h of drug treatment, following the described 

protocol used for assessing cell proliferation. 

Cell cycle analysis 

For standard cell cycle analysis, cells (2x105) were seeded in 6-well 

plates (triplicates) and allowed to attach and grow for 48 h under standard 

culture conditions, detached with Trypsin-EDTA-1%BSA, washed twice and 

resuspended in PBS, then fixed by dropwise addition of cold 70% ethanol and 

kept at -20ºC for 1 hour. Subsequently, the cell suspension was washed in 

PBS-1%BSA-EDTA and incubated with RNase A (200 µg/mL, Sigma-Aldrich) 

and propidium iodide (40 µg/mL, Sigma-Aldrich) in an orbital shaker at 225 
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r.p.m and RT during 2 h. Cell DNA content was quantified by flow cytometry in a 

CouLter XL cytometer (Beckman) and cell cycle analysis performed with the 

Multicycle program coupled to the flow cytometer equipment. 

To analyze cell cycle profiles after cell cycle synchronization, cells were 

seeded and allowed to attach overnight. The double thymidine protocol was 

used for blocking cells in G1/S. Briefly, cells were incubated for 16 h in 

complete medium supplemented with 2 mM thymidine (Sigma-Aldrich), the 

medium was removed and cells were washed with fresh medium and re-

incubated with fresh medium supplemented with 24 µM deoxycytidine (Sigma-

Aldrich). After 9 h, the medium was removed and replaced with fresh medium 

supplemented with 2 mM thymidine. Cells were released from the G1/S block 

by removing the thymidine-supplemented medium, washing with fresh medium 

and replacing it with fresh medium supplementing with 24 µM deoxycytidine. 

Samples were collected and analyzed for their cell cycle profiles at 1 h intervals 

for a total of 11 h. To block cells in mitosis, 24 h after plating in standard culture 

conditions, cells were treated with 0.2 µg/mL nocodazole (Sigma-Aldrich) in 

complete medium for 16 h. Subsequently, the cells were collected and analyzed 

for their cell cycle profiles as described above. 

Spheroid growth assay 

 Cells (5x103 cells/mL) were seeded  in 6 or 24-well ultralow-attachment 

plates (Corning), in a mixture of 0.22 µm-filtered HAM F-12: DMEM (1:1) 

medium (PAA) supplemented with 1x non-essential aminoacids, 2 mM L-

glutamine, 100 U/mL penicillin, 100 µg/mL strepromycin, 1x B-27 supplement 

and 20 ng/mL  bFGF (Invitrogen, Life Technologies), 20 ng/mL EGF (Sigma-

Aldrich), 50 µg/mL insulin (Sigma-Aldrich) and 0.2 % methyl cellulose (Sigma-

Aldrich), and allowed to grow for 5-7 days. For serial transfer experiments, 

spheroids were collected and resuspended in PBS, centrifuged at 600 r.p.m. for 

5 min, and the medium replaced. Subsequently, cells were reseeded as 

described above and allowed to grow for 5-7 days. At the end of the culture 

period, the plates were scanned (HP scanjet G4010) at 2,500 dpi and the 

spheroid area measured with the ImageJ software. All experimental conditions 

were done in triplicate. 
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In vitro invasiveness assay 

 Invasiveness assays were performed in 24 or 96-well Boyden chambers 

(Transwell, Corning) with 8-µm pore diameter membranes. 24 h before seeding 

the cells, a layer of Matrigel growth factors reduced (BD Biosciences, Clontech) 

diluted to 410 µg/mL in PBS was added onto the membrane and allowed to 

polymerize overnight at 37 ºC. Cells were serum-starved 24 h before the assay, 

detached and resuspended with RMPI 1640, 1%BSA, 0.5% FBS and then 

seeded onto the upper chamber of Matrigel-coated Transwell membranes 

(6.5x104 cells or 1.5x105 cells in each 96 or 24-well Transwell insert, 

respectively). Lower chambers were filled with growth medium with 0.5% or 

10% FBS. After 24 h, cells that had migrated to the lower side of the membrane 

and to the bottom of the well were collected by detachment with trypsin-EDTA. 

Collected cells were washed with PBS and propidium iodide added (40 µg/mL). 

Both living and dead invading cells were scored by means of flow cytometry in a 

CouLter XL cytometer (Beckman). Each experimental condition was done in 

quadruplicate. 

In vitro cell migration assay 

 Cell migration assays were performed in 96-well Transwell inserts with 8-

µm pore diameter membranes. Cells were serum-starved 24 h before the 

assay, detached and resuspended in RMPI 1640, 1%BSA, 0.5% FBS and then 

seeded onto the upper chambers of the Transwell inserts (6.5x104 cells). Lower 

chambers were filled with growth medium containing 10% FBS. After 24 h, cells 

that had migrated to the bottom chambers and the lower side of the membranes 

were collected by detachment with trypsin-EDTA. Collected cells were washed 

with PBS and propidium iodide was added (40 µg/mL). Both living and dead 

migrating cells were scored by means of flow cytometry in a CouLter XL 

cytometer (Beckman). Each experiment was done in quadruplicate. 

Transient transfections and luciferase reporter assays 

 For β-catenin/TCF/LEF transcriptional activity determination, we 

performed a reporter assay based on constructs expressing firefly luciferase 

under the control of three copies of the optimal TCF motif CCTTTGATC 

repeated in tandem (TOPFlash) or three copies in tandem of the mutant motif 
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CCTTTGGCC (FOPFlash) [378]. These plasmids and pRL-TK were a gift from 

Dr. Rosanna Paciucci (VHIR, Barcelona). In addition, for assessing levels of 

p27 transcription, construct pGL3-p27PF, expressing firefly luciferase under the 

control of 2.8 kb of the p27 promoter [441],  was used. This construct was kindly 

provided by Dr. Toshiyuki Sakai (KPUM, Kyoto, Japan) (see Table 3). In both 

determinations, transfections were performed using Metafectene (Biosintex) or 

XtremeGene9 (Roche) as vehicles in a 3:1 ratio (µL vehicle: µg DNA) according 

to the manufacturer’s instructions. Cells (2x105) were seeded in 6-well plates 

and allowed to attach. To determine β-catenin/TCF transcriptional activity, cells 

were co-transfected overnight with 2 μg of the β-catenin TOPflash or FOPflash 

reporter constructs together with 0.2 μg of plasmid pRL-TK for the constitutive 

expression of Renilla luciferase. To determine p27 transcriptional activity, the 

same amount of DNA was co-transfected overnight with pGL3-p27PF or pGL3-

basic plasmids, together with pRL-TK. After 24 h, cell lysates were processed 

for the Dual luciferase assay (Promega) and measured in an OrionII Microplate 

Luminometer (Berthold Detection Systems). In both series of determinations, 

Renilla luciferase activity was used as a transcription efficiency control and to 

normalize firefly luciferase activities. In the β-catenin/TCF transcription activity 

determinations, Renilla-normalized values for FOPflash (mutant β-catenin/TCF 

binding sites) firefly luciferase values were subtracted from normalized 

TOPflash (wild-type β-catenin/TCF sites) values to yield β-catenin/TCF-specific 

signals. All experiments were performed in triplicates at least 3 times. 

Measurement of intracellular ROS Levels 

 Quantification of intracellular ROS levels was performed by adapting the 

protocol described in [442]. Briefly, 1.5x105 cells were seeded in 6-well plates 

and allowed to grow for 48 h until reaching 70-80% confluence in standard 

culture conditions. At this point, cells were washed twice with PBS and 

afterwards, prewarmed (37 ºC) incubation buffer containing 5.5 mM glucose in 

PBS with 5 µM 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA, Sigma-

Aldrich) was added to the wells for 15 min and the plates were returned to the 

incubator. Subsequently, the incubation buffer was removed and replaced with 

complete medium and cells were incubated again for 15 min at 37 ºC. Finally, 

cells were rinsed with PBS, trypsinized, and resuspended with PBS containing 
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H2DCFDA (50 µM) and propidium iodide (20 µg/mL). Samples were covered 

with aluminium foil and the green fluorescence intensity of oxidized H2DCFDA 

in living cells (gate of 5x103 cells), reflecting ROS generation, was analyzed by 

FACS using a Cytomics FC500 instrument (Beckamn Coulter). As a positive 

control, pretreatment for 5 min with 10.1 µM H2O2 was done and processed in 

parallel. Each condition was assayed in triplicate. 

Determination of apoptosis by flow cytometry  

 Cells (1.5x105) were seeded in each of 6-well plates in triplicate in 

complete medium. After 48h, cells were trypsinized and resuspended in a buffer 

containing annexin V-Alexa fluor 488 and propidium iodide for 15 min at room 

temperature (Annexin V Conjugates for Apoptosis Detection kit, Molecular 

Probes) following the manufacturer’s instructions. After incubation, shifts in 

fluorescence intensity of dead or permeabilized cells with propidium iodide and 

apoptotic cells labeled with annexin V-Alexa fluor 488 were analyzed and 

quantified by flow cytometry and compared to fluorescence levels in control 

conditions (Gallios instrument, Beckman Coulter).  

Immunoblotting 

 Cell lysates were prepared in 80 mM Tris-HCl pH 6.8, 2% SDS buffer 

and sonicated (Branson digital sonicator) in two cycles of 20 s and 10% 

amplitude with a conic tip. Protein from the sonicated samples was quantified by 

the Lowry method (BioRad) and boiled in Laemmli buffer (60 mM Tris-Cl pH 6.8, 

2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromophenol blue). 

Samples (30 to 100 µg) were electrophoresed by SDS-PAGE and transferred to 

PVDF membranes (Immobilon-FL, Millipore). The efficiency of the 

electrophoretic transfer was monitored visually by complete transfer of pre-

stained protein molecular weight standards (BioRad) electrophoresed in parallel 

with the samples, and by Ponceau Red protein staining of the membranes after 

transfer. Membranes were washed briefly with PBS and blocked for 1 h in an 

orbital shaker at room temperature with either Odyssey blocking buffer (Li-COR 

Biosciencies) or PBS/5% powder skim milk/0.05% Tween-20 

(chemiluminescence blocking buffer) and incubated o/n at 4 ºC with primary 

antibodies diluted in blocking buffer (see Table 2). After incubations, 
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membranes were washed 3x with PBS (15 min) and incubated with secondary 

antibodies diluted in blocking buffer for 1 h. Membranes were washed 3x with 

PBS and reactions detected either by chemoluminescence or by fluorescence. 

In the case of chemoluminescence, the detection was done with 1/2000 dilution 

in blocking buffer of secondary antibodies conjugated with horseradish 

peroxidase (Pharmacia) and revealed with ECL (Amersham Life Sciences) 

substrate using X-ray films (Kodak) and the signal was quantified by scanning 

the film and analyzed with the imageJ software. In the case of fluorescence, the 

detection was done with 1/10000 dilution in blocking buffer of fluorescent dye-

conjugated secondary antibodies and the membranes were scanned with an 

Odyssey infrared imaging system (Li-COR Biosciences) and quantified with the 

software provided by the manufacturer. Sample loadings were normalized 

against actin, tubulin levels or Ponceau-S staining of the membrane. 

Table 2. Primary and secondary antibodies used in this study 

Primary antibodies 
protein source Brand / clone wb ICC 

SOX2 rabbit Cell Signalling Technologies 
D6D9 clone 1/500 1/50 

β-catenin mouse BD Transduction laboratories 
clone 14 1/500 1/50 

E-cadherin mouse BD Transduction laboratories 
clone 36 1/8000 1/500 

Fibronectin goat Sigma-Aldrich, polyclonal 1/500 - 

Cyclin A rabbit Santa Cruz Biotechnology 
H-432 clone 1/500 1/50 

Cyclin B1 mouse BD Transduction laboratories 
GNS-11 1/250 1/50 

Cyclin D1 mouse Santa Cruz Biotechnology 
DCS-6 clone 1/250 1/50 

Caspase 3 mouse Cell Signalling Technologies 
3G2 clone 1/500 - 

cleaved caspase 3 rabbit Cell Signalling Technologies 
5A1E clone 1/500 - 

P-H2AX rabbit Cell Signalling Technologies 
20E3 clone 1/1000 1/200 

P-H2AX mouse Upstate, clone JBW301 - 1/5000 

53BP1 mouse BD Transduction laboratories 
clone 19 - 1/5000 

p21 mouse BD Pharmingen 
SXM30 1/500 1/50 

p21 mouse Millipore EA10 clone 1/500 - 

p27 mouse BD Pharmingen 
clone 57 1/500 1/50 

Actin goat Santa Cruz Biotechnology 
clone I-19 1/2000 1/200 

tubulin mouse Sigma-Aldrich 
clone tub 2.1 1/2000 1/200 
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Secondary antibodies  
name source brand wb ICC 

mouse alexa 488 goat Invitrogen - 1/600 
rabbit alexa 488 goat Invitrogen - 1/600 
mouse alexa 555 goat Invitrogen - 1/600 
rabbit alexa 555 goat Invitrogen - 1/600 

anti mouse 
(odyssey 800) goat Li-COR 1/10000 - 

anti rabbit (odyssey 
700) goat Li-COR 1/10000 - 

anti goat (odyssey 
700) donkey Li-COR 1/10000 - 

anti-mouse HRP goat Pharmacia 1/2000 - 
anti-rabbit HRP goat Pharmacia 1/2000 - 
anti-goat-HRP donkey Pharmacia 1/2000 - 

 

Immunocytochemistry and nuclear fluorescent foci determinations 

 Sterile coverslips placed at the bottom of 24-well plates were seeded with 

8x104 cells, allowed to attach for 48 h, washed with PBS and fixed for 1 h with 

methanol at -20 ºC. After fixation, samples were rinsed with acetone, then 5 

times with PBS, blocked for 30 min with blocking buffer (5% normal goat serum, 

0.5% Triton X-100 in PBS) and incubated for 2 h at room temperature with 

primary antibodies (see Table 2). This step was followed by PBS washes and 1 

h incubation with appropriate Alexa-conjugated secondary antibodies 

(Invitrogen) (Table 2) and DAPI (1/5000, Sigma-Aldrich). After 3 washes with 

PBS, coverslips were mounted on slides with Mowiol 4-88, images captured 

with a Zeiss LSM780 confocal microscope and processed with Zen software 

(black edition 2011, Zeiss). For nuclear foci counting (53BP1 or P-H.2AX foci) 

as well as determination of levels of fluorescence (p21), the Volocity software 

(Perkin Elmer Corporation) was used. 

Production and transduction of retroviral particles 

 Construct pRetroSuper-shp21B and control plasmid pRetroSuper-puro 

were kindly provided by Dr. Javier León (IBBTEC-CSIC, Santander) and 

pMSVC-Flag-hSOX2 (human) was a gift from Dr. Ángel Raya (IBEC, 

Barcelona). Control plasmid pMSVC-empty was obtained from the latter after 

removing the Flag-hSOX2 insert by double digestion with EcoRI and ClaI, 

followed by Klenow filling and vector religation. The retrovirus packaging cell 

line Phoenix was co-transfected for 12 h with these DNAs and pVSV-G 

(Clontech) using Metafectene or XtremeGene-9 as vehicles. Supernatants were 
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collected during the following 48 h and filtered through 0.45 µm methylcellulose 

filters (Millipore). Target cells were infected using supernatants (or dilutions with 

fresh medium) supplemented with 4 µg/mL hexadimethrine bromide 

(polybrene), at 37 ºC for 24 h. Infected cells were allowed to recover in fresh 

medium for 24-48 h. If necessary, cells with integrated retroviral sequences 

were selected for 5 days in medium supplemented with 3 µg/mL puromycin 

(Biomol). 

Production and transduction of lentiviral particles 

 Table 3 lists the lentiviral constructs for stable gene silencing, 

overexpression or reporter plasmids used in this thesis.  The lentivirus 

packaging cell line HEK293T was co-transfected for 12 h with these DNAs 

together with pCMVdeltaR8.91 and pVSV-G using Metafectene or XtremeGene-

9 as vehicles. Supernatants were collected for the following 48 h and filtered 

through 0.45 µm methylcellulose filters. Target cells were infected and selected 

using supernatants as above. 

Table3. Plasmids used in this study 

 
Control plasmids 

backbone plasmid / 
Lenti/Retroviral vector 

(L/R) 

 
insert 

pLK.0-puro SHC002 TRC1/1.5 (L) CCGGCAACAAGATGAAGAGCACCAACTC 
GAGTTGGTGCTCTTCATCTTGTTGTTTTT 

pRetroSuper-puro pSuperRetro (R)  
--- 

pMSVC-empty pMSVC (R)  
--- 

Gene 
overexpression 

 
retroviral vector 

 
insert 

SOX2 pMSVC-flag-hSOX2 mature mRNA + flag (1kb)  

Gene 

 knock down 
 

Backbone plasmid + 
Lenti/Retroviral vector 
(L/R) 

 
TRC Clone / ID 

 
Target sequence 

SOX2 

 
 

pLK.0 (L) 

TRCN0000003252 GAAGAAGGATAAGTACACGCT 

TRCN0000003253 CTGCCGAGAATCCATGTATAT 

TRCN0000010772 CAGCTCGCAGACCTACATGAA 

 
 

LGR5 
 

 
 

pLK.0 (L) 
 

TRCN0000011585 CCATCCAATTTGTTGGGAGAT 

TRCN0000011586 CCATAGCAGTTCTGGCACTTA 

TRCN0000011587 CCGTCTGCAATCAGTTACCTA 
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LGR5 

 
pLK.0 (L) TRCN0000011588 CTTACATTTATCAGTCCTGAA 

TRCN0000011589 GCTCTACTGCAATTTGGACAA 

CDKN1B 
(p27) 

 
 
 
 

pLK.0 (L) 

TRCN0000039928 GTAGGATAAGTGAAATGGATA 

TRCN0000039929 CCGACGATTCTTCTACTCAAA 

TRCN0000039930 GCGCAAGTGGAATTTCGATTT 

TRCN0000039931 CCTCAGAAGACGTCAAACGTA 

TRCN0000039932 CAGCGCAAGTGGAATTTCGAT 
 
 

CTNNB1 
(β-catenin) 

 
 
 

pLK.0 (L) 

TRCN0000003843 AGGTGCTATCTGTCTGCTCTA 

TRCN0000003844 CGCATGGAAGAAATAGTTGAA 

TRCN0000003845 GCTTGGAATGAGACTGCTGAT 

TRCN0000003846 CCTTTAGCTGTATTGTCTGAA 

CDKN1A 

(p21) 

pRetroSuper-puro (R) shp21B AACACCTCCTCATGTACAT 

Reporter 
plasmids 

Stable/transient 
expression 

 
Insert and / or reporter gene/s 

pCMV-GFP/luc Stable (lentiviral 
vector) 

 
GFP & firefly luciferase (for in vivo experiments) 

pL-SIN-EF1α-eGFP Stable (lentiviral 
vector) 

 
EF1α promoter / enhanced GFP 

pL-SIN-EOS-C3+-eIP 
 

Stable (lentiviral 
vector) 

Early Transposon promoter and OCT-4 
and SOX2 enhancers (3 repetitions in tandem) /  

enhanced GFP 

pGL3-basic Transient 
expression 

 
firefly luciferase 

pGL3-p27PF Transient 
expression 

 
p27 promoter (2.8 Kb) / firefly luciferase 

FOPflash Transient 
expression 

 
mutated TCF binding site / firefly luciferase 

TOPflash Transient 
expression 

 
TCF binding site / firefly luciferase 

pTK-Renilla Transient 
expression 

 
renilla luciferase 

 

RNA isolation and Reverse transcription  

 Cells were lysed when confluence reached approximately 70-80% and 

RNA was isolated with TRIzol (Invitrogen), Rneasy Kit (Qiagen) or High Pure 

RNA Isolation Kit (Roche), with an optional genomic DNA removal step with 

DNase (Qiagen or Roche, respectively). Total RNA quality assessment was 

determined using a nanodrop instrument (Thermo Scientific). Retro-transcription 

to cDNA was performed with 1 µg of total RNA with the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems) using a bench thermocycler 

(Biorad), following manufacturer’s instructions. 
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Real time-quantitative PCR (RT-qPCR) 

 Quantitative PCR assays were performed in a LightCycler 480 instrument 

(Roche Diagnostics) and analyzed with the LightCycler 480 Software release 

1.5.0. Either gene-specific TaqMan assays (for RNA18S1 and SOX2) (Life 

technologies-Gene expression assays, refs.Hs99999901_s1 for RNA18S1 and 

Hs01053049_s1 for SOX2) or the Universal Probe Library system (UPL, Roche) 

were used (Table 4), following the specific running conditions recommended in 

each case. In the case of the UPL system, primer design was performed using 

the Universal Probe Library Assay Design Center (Roche website) selecting all 

the isoforms available for each gene assayed. The amplification levels of 18S 

rRNA (18S ribosomal RNA) or HMBS (hydroxymethylbilane synthase) were 

used as an internal reference to estimate the relative levels of specific 

transcripts, and relative quantification was determined by the ∆∆Cp method. All 

determinations were done in triplicate. 

 Table 4. Primers and UPL probes used for RT-qPCR 

GENE UPL PROBE primer OLIGONUCLEOTIDES 5'->3' 
RNA18S1 #40 FW ggagagggagcctgagaaac 

  
REV tcgggagtgggtaatttgc 

HMBS #26 FW tgtggtgggaaccagctc 

  
REV tgttgaggtttccccgaat 

SOX2 #19 FW atgggttcggtggtcaagt 

  
REV ggaggaagaggtaaccacagg 

LGR5 #60 FW cccttcattcagtgcagtgtt 

  
REV attctgatcagccagccatc 

CDKN1B #60 FW tttgacttgcatgaagagaagc 
(p27) 

 
REV agctgtctctgaaagggacatt 

CDKN1A 
(p21) 

#1 FW 
REV 

cctcccccttgtcctttc 
gtgggacaggcacctcag 

CDH1 #35 FW cccgggacaacgtttattac 

  
REV gctggctcaagtcaaagtcc 

CTNNB1 #8 FW tgttaaattcttggctattacgaca 
(β-catenin) 

 
REV ccaccactagccagtatgatga 

KLF4 #82 FW gccgctccattaccaaga 

  
REV tcttcccctctttggcttg 

MYC #34 FW caccagcagcgactctga 

  
REV gatccagactctgaccttttgc 

NANOG #69 FW atgcctcacacggagactgt 

  
REV agggctgtcctgaataagca 

POU5F1 

(OCT3/4) 

#52 FW 

REV 

gtgcctgcccttctaggaat 

ggcacaaactccaggttttct 
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KLF9 #76 FW ctccgaaaagaggcacaagt 

  
REV cgggagaactttttaaggcagt 

CD24 #66 FW atgggcagagcaatggtg 

  
REV gaataaatctgcgtgggtagga 

POU2F1 #21 FW acaatagcagcaaccccaat 

  
REV caagctgggagtatcaattcg 

DSP #49 FW gaatgtttggggtggatgag 

  
REV ctgaggccaggtccacac 

EPCAM #3 FW ccatgtgctggtgtgtgaa 

  
REV tgtgttttagttcaatgatgatcca 

SPARC #77 FW gtgcagaggaaaccgaagag 

  
REV tgtttgcagtggtggttctg 

FN1 #43 FW gaactatgatgccgaccagaa 

  
REV ggttgtgcagatttcctcgt 

VIM #16 FW aaagtgtggctgccaagaac 

  
REV agcctcagagaggtcagcaa 

ZEB1 #3 FW gggaggagcagtgaaagaga 

  
REV tttcttgcccttcctttctg 

TWIST2 #35 FW aattctgttgaaactggaccaag 

  
REV ggggaggggaaggaactc 

SNAI1 #11 FW gctgcaggactctaatccaga 

  
REV atctccggaggtgggatg 

SNAI2 #73 FW acagcgaactggacacacat 

  
REV gatggggctgtatgctcct 

ZNFR3 #72 FW gctcgagcaaggatccag 

  
REV caaggagaccacgacgaag 

RNF43 #22 FW gcaccaaagagcacaatgag 

  
REV gagttcgcttctgagcttgtc 

RNF128 #38 FW tacggaatgcaagagctcaa 

  
REV tgtttcagtgtgcgtagttgaa 

MDM2 #13 FW agctgtctctgaaagggacatt 

  
REV gctgaagcagaaccacttga 

MDM4 #2 FW ctgctcaccgcaacctct 

  
REV cagctatctgggaggctga 

NUP188 #18 FW tctgacctcgttggagctg 

  
REV cggccaatacttcacatgc 

BBC3 #1 FW aagagcaaatgagccaaacg 
(PUMA) 

 
REV caaacgagccccactctc 

PMAIP1 #11 FW ggagatgcctgggaagaag 
(NOXA) 

 
REV ccaaatctcctgagttgagtagc 

GADD45A #4 FW aaaaggaacaaaaattacaaagaacc 

  
REV ccaaactatggctgcacactt 

RRM2B #3 FW ttggtagtggacttgggaaatc 

  
REV aaagggaaatggtgggaaac 
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Material and Methods 

In vivo tumorigenic assays 

 SW620 cells were transduced with pCMV-GFP/luc for the constitutively 

expression of the firefly luciferase gene and GFP. GFP+ cells were selected by 

fluorescence activated cell sorting (FACS) and luciferase expression was 

assessed as described in luminometric reporter assays. These cells were then 

used for generating the control cell lines (transduced for expressing the pLK.0-

puro SHC002 plasmid containing a shRNA sequence that should not target any 

known mammalian gene) and the knock down cell lines (SOX2 or LGR5), after 

selection with puromycin (2 µg/mL) for 5 days. In vivo tumorigenic potential was 

assessed by intramuscular injection of the generated cell lines in hind legs of 

immunodeficient (SCID-NOD) mice and monitored by non-invasive 

bioluminescence. For this, mice were anesthetized with 100 mg/kg ketamine 

(Merial) and 3.3 mg/kg xilacine (Henry Schein). Previously, cells were detached 

from plates, washed and resuspended in medium without FBS at 1x104 cells/µL. 

Fifty µL (5x105 cells)  of cell suspension was injected in each hind limb of 6-

week old mice (2 injection sites per mouse). In vivo optical imaging of engrafted 

mice was performed after intraperitoneal injection with 150 mg/kg of D-luciferin 

(16.7 mg/mL in physiological serum) (Caliper Life Science). Tumor growth was 

monitored once or twice a week in vivo at real time in anesthetized mice and 

after intraperitoneal injection of D-luciferin. Mice were then placed in the 

detection chamber of an ORCA-2BT imaging system (Hamamatsu Photonics) 

provided with a C4742–98-LWG-MOD camera and a 512 x 512 pixel, charge-

coupled device (CCD) cooled at  -80 ºC at a distance of 200 mm from the 

camera objective (HFP-Schneider Xenon 0.95/25 mm). Imaging was performed 

routinely 5 min after substrate injection. Two images were generated from each 

mouse, one using a light source inside the chamber to register the animal 

position and a second one, in total darkness, during a 5 min period to acquire 

photons from the light emitting cells. To increase detection sensitivity the 

readout noise of the recorded signal was reduced by adding the light events 

recorded by arrays of 8 x 8 adjacent pixels (binning 8 x 8) in the camera CCD. 

Mice were monitored during a 4 week period at days 1, 7, 14, 21 and 28. 

Quantification and analysis of photons recorded in the areas of interest from 

images were carried out using the Hokawo Imaging Software (Hamamatsu 

Photonics). 
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Material and Methods 

Immunohistochemistry 

Two µm thick sections were obtained for immunohistochemistry from 

formalin-fixed and paraffin-embedded tissue blocks from immunodeficient 

mouse xenografts. Tissue sections were mounted on xylaned glass slides 

(DAKO, Glostrup, Denmark) and used for immunohistochemical staining using 

the Bond Polymer Refine Detection System (Leica, Wetzlar, Germany). 

Samples were deparaffinized, antigen retrieval performed at pH 6 for 20 

minutes and anti-β-catenin primary antibody incubated for 1 h.  Images were 

captured with an Olympus BX-51 microscope equipped with an Olympus DP70 

camera.  

Statistical analysis 

The statistical significance of the variations measured for data of both in 

vitro and in vivo assays are represented with * (p value < 0.05), ** (p value < 

0.01) or *** (p value < 0.001) after applying a two-tailed Student’s t-test or a 

repeated measures ANOVA analysis, respectively. Deviations are expressed as 

mean ± SEM, illustrated as error bars. 
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Messier object 16, The Eagle Nebula 

The Eagle Nebula is a young open cluster of stars in the constellation Serpens 
at about 7,000 light-years away from Earth. It contains several active star-forming gas 
and dust regions, including the famous "Pillars of Creation". The height of the tallest 
tower of gas and dust is about 9.5 light-years, the double of the distance from the Sun 
to Alpha-Centauri, the closest star to our solar system… 
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Results 

OBJECTIVE 1 
 
 
-Explore the potential correlation of SOX2 expression with drug resistance 
in cell lines derived from distinct tumor types. 
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Results. Obejctive 1 

1.1 Survey of SOX2 activity in cell lines from distinct tumor types 
displaying differential features of tumor aggressiveness 

With the purpose of identifying cell models in which SOX2 is differentially 

expressed and in which previously documented studies indicated differential 

features of tumor aggressiveness, we performed a screening in a number of cell 

lines derived from distinct tumor types. The cell lines selected for this survey 

focused on pairs from given tumor types in which one cell line had been 

reported to display aggressive traits (e.g. highly metastatic) while a second cell 

line or matching counterpart was known to display less aggressive traits (e.g. 

low or nonmetastatic). Additional non-paired cell lines were also included in this 

survey, including the U87-MG glioblastoma cell line, with known high SOX2 

expression and activity levels, or the widely used HeLa cervical cancer cell line. 

The method chosen to quantify SOX2 activity in these cells was based 

on lentiviral GFP reporter constructs under the transcriptional control of the 

SOX2/OCT3/4 enhancer [443]. The system includes the plasmid pL-SIN-EF1α-

eGFP that reflects the transcriptional activity of the ubiquitous EF1α and was 

used as positive control; while a second plasmid, pL-SIN-EOS-C3+-eIP, directs 

SOX2/OCT3/4-specific GFP expression since it carries in its promoter tandemly 

arranged SOX2/OCT3/4 dimer DNA binding motifs. The assay readout consists 

of flow cytometry quantifications of GFP intensity and proportion of GFP-

positive cells within the total cell population. It is important to remark that, 

originally, these plasmids were generated for improving the efficiency of 

detection and isolation of mouse and human induced pluripotent stem cells 

(iPS). 

The lentiviral particles carrying these two GFP reporter plasmids were 

generated in parallel, and, in a preliminary experiment, we determined the 

minimal volume of lentiviral particle supernatant necessary to transduce close to 

100% of cells, using for that purpose only the EF1α positive control GFP-

reporter vector and assuming that supernatants for both types of constructs 

contained similar concentrations of lentiviral particles. Thus, after separate 

transduction in each cell line with both GFP-reporter systems, we were able to  
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Figure 1. Screening in different cell lines of distinct tumor types for their high or low transcriptional activity 
and expression of SOX2. (A) Representative flow cytometry histograms for two cell lines (SW480 and 
SW620) analyzed and transduced with GFP-reporter plasmids reflecting EF1α and SOX2/OCT3/4 
transcription factor activity. (B) All cell lines were transduced with GFP-reporter plasmids and analyzed by 
flow cytometry. Total GFP-positive subpopulations for SOX2/OCT3/4 transcription factor activity were 
normalized for GFP-reporter transcriptional activity of EF1α, which was transduced and processed in 
parallel. (C) RT-qPCR analysis for SOX2 and OCT3/4 levels in selected pairs of cell lines. (D) Western 
blotting analysis to determine SOX2 protein levels in the indicated cell lines. (E) Graphical representation 
of SOX2 protein levels normalized to tubulin levels, corresponding to the same experiment shown in (D). 
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Results. Obejctive 1 

normalize the data (Figure 1A & B) and compare the SOX2/OCT3/4 

transcription factor activities of the different cell lines analyzed; for prostate 

cancer cell lines, the percentages of normalized GFP-positive cells lines 

reflecting SOX2/OCT3/4 transcription factor activities were 20.8% for PC-3, 

81.3% for PC-3/Mc, 18.4% for PC-3/S and 6.1% for DU-145. In breast cancer 

cell lines, the percentages were 26.2% for MCF-7, 45.9% for MCF10A, 44.8% 

for MCF10H, 24.5% for MDA-MB-231, 63.1% for MDA-MB-468 and 37.4% for 

T-47D. In colorectal cancer cell lines, 11.3% for HT29-M6, 65.3% for HCT116 

40.16, 57.2% for HCT116 379.2, 58.1% for SW620 and 18.2% for SW480, 

whereas in pancreatic cancer cell lines were 10.6% for CAPAN-1 and 77.6% for 

PANC-1. Cervical cancer, neuroblastoma and glioblastoma cell lines, HeLa, SK-

N-SH and U87-MG, displayed respectively 22.8%, 12.2% and 68.1% of GFP-

positive cells for SOX2/OCT3/4 transcription factor activity. Finally, lung cancer 

cells HAL-8 and HAL-24, showed 9.5% and 6.1% of GFP-positive cells, 

respectively (Figure 1B).  

 Among the cell lines tested, we preferentially chose pairs of cell lines 

belonging to the same tumor type and origin (if possible) displaying high vs. low 

SOX2/OCT3/4 transcription factor activities. Based on these criteria, the 

following pairs of cell lines were selected for further study because of previous 

evidence of differential features of tumor aggressiveness: PC-3/Mc vs. PC-3/S 

(prostate cancer, derived from the same parental cell line PC-3 [444]), SW620 

vs. SW480 (colorectal cancer, derived from the same patient [445]), and PANC-

1 vs. CAPAN-1 (pancreatic cancer [446], [447]). 

 The PC-3/Mc vs. PC-3/S pair was studied previously in our lab [130] as 

clonal populations derived from the parental PC-3 prostate cancer cell line that 

display very distinct phenotypes and transcriptional programs. PC-3/Mc cells 

are poorly autonomously invasive in vitro, but display a very high growth rate in 

vitro and in vivo and are potently metastatic. In contrast, PC-3/S cells are highly 

invasive in vitro, but grow slowly in vitro and in vivo and do not form 

metastases. These phenotypes correlated very well with the SOX2/OCT3/4 

transcriptional activities determined here, with PC-3/Mc cells containing 81.3% 

and PC-3/S cells 18.4% GFP-positive cells. These results are also in excellent 

agreement with our previous observations of differential SOX2 transcript and 

protein levels between these two PC-3 subpopulations [130]. This differential 
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Results. Objective 1 

expression was corroborated by real-time qPCR and Western blotting (Figure 

1C-E). Therefore, our results confirm that, in this dual-cell model, the more 

aggressive cells exhibit higher SOX2 transcriptional activity. 

 The SW620 vs. SW480 pair was originally isolated from the same patient 

suffering from a colon adenocarcinoma [445], SW620 from a lymph node 

metastasis and SW480 from the primary tumor. Similar to the prostate cancer 

cell model, SW480 is highly invasive and motile in vitro, but grow relatively slow 

when xenografted and is poorly metastatic in comparison to SW620, which is 

much less invasive in vitro but grow rapidly when xenografted in 

immunodeficient mice and is highly metastatic. In addition, both cell lines grow 

with a similar rate in vitro [448], [449]. This differential aggressiveness also 

correlated with the observed differential transcriptional activity of SOX/OCT3/4; 

SW620 showed 58.1% and SW480 18.2% of GFP-positive cells. As in the case 

of the prostate cancer pair model, it appears that the differences in the 

frequency of GFP-positive cells can be attributed to SOX2 rather than OCT3/4, 

because SOX2 but not POU5F1 (OCT3/4) transcript levels correlated with GFP-

positive cells (Figure 1C). At the protein level, SW620 expressed much higher 

levels of SOX2 than SW480 cells (Figure 1D-E). 

 In contrast to the other two cell line pairs, the PANC-1 vs. CAPAN-1 pair 

presents similar aggressiveness features but differential transcriptional activities 

of SOX/OCT3/4 (77.3% of positive cells for PANC-1 and 10.6% positive cells for 

CAPAN-1). CAPAN-1 was isolated from a liver metastasis of a patient with 

pancreatic adenocarcinoma [446], while PANC-1 was isolated from an invasive 

pancreatic adenocarcinoma in which a metastasis was found in one pancreatic 

lymph node [447]. Both cell lines display similar growth rates and invasiveness 

in vitro, although CAPAN-1 demonstrated to be slightly more tumorigenic when 

injected ortothopically in immunodeficient mice [450]. However, some studies 

have shown that despite presenting a similar metastatic potential, histologically, 

tumors formed in immunodeficient mice by PANC-1 are poorly differentiated as 

compared to those formed by CAPAN-1 [451]. As in the other prostate and 

colorectal pairs of cell lines, the differential activity of SOX/OCT3/4 correlated 

with the SOX2 expression at the transcript and protein levels (Figure 1C-E). 
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1.2 Experimental manipulation of SOX2 levels in selected pairs of cell 
lines 

 In order to address whether high levels of expression of SOX2 are 

associated with a gain in drug resistance (and vice versa), we proceeded to 

manipulate SOX2 levels in the selected cell line pairs. With that aim, we forced 

the overexpression of SOX2 by means of retroviral transduction in cell lines with 

relative low levels of SOX2 expression (PC-3/S, SW480 and CAPAN-1). The 

same retroviral construct employed in these experiments is used for the 

generation of induced pluripotent stem cells from adult cells [452]. The 

procedure was extremely efficient at inducing very high levels of SOX2 

expression in these cells (Figure 2A). 

 Conversely, we proceeded to knock down SOX2 in counterpart cell lines 

with relative high endogenous SOX2 expression levels (PC-3/Mc, SW620 and 

PANC-1) by means of shRNA, in which cells are transduced with lentiviral 

particles for the expression of mRNA-specific shRNAs against SOX2 and stable 

lentiviral integration is then selected by puromycin resistance. The resulting 

SOX2-specific knock down efficiencies varied from 60% in PC-3/Mc and PANC-

1 cells to 83% in SW620 cells (Figure 2B). 

 

 
 

 

 

 

 

Figure 2. Manipulation of SOX2 levels in selected pairs of cell lines. (A) Cell lines with low endogenous 
expression of SOX2 were transduced with retroviral particles for the overexpression of this transcription 
factor and analyzed by RT-qPCR. (B) Cell lines with high endogenous levels of SOX2 were transduced 
with lentiviral particles for the expression of shRNAs for specific knock down and analyzed by RT-qPCR. 
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1.3 Assessing the relationship between SOX2 expression levels and drug 
resistance 

 We next performed end-point cytotoxicity assays at 72 h of treatment 

with some of the most common chemotherapeutics agents used in clinical 

practice, such as cisplatin, 5-fluorouracil (5-FU), etoposide and doxorubicin.

 First, we studied the consequences on cytotoxic responses of repressing 

SOX2 in the relatively high endogenous SOX2-expressing cell line PC-3/Mc. As 

illustrated in Figure 3, control uninfected cells (left panels) showed relatively 

high resistance to cisplatin or 5-FU, with no or low effect on growth at the tested 

concentrations, a dose-dependent response to etoposide, and a high sensitivity 

to doxorubicin that affected cell viability at relatively low concentrations. 

 However, contrary to our hypothesis that high levels of SOX2 might 

confer enhanced drug resistance and thus its knock down might cause drug 

sensitization, we did not observed a diminished resistance to 5-FU, cisplatin, 

etoposide or doxorubicin in PC-3/Mc cells in which SOX2 had been knocked 

down (Figure 3, right panels). In fact, we did not observe significant differences 

in cytotoxicity at any of the concentrations and drugs tested between control 

knock down cells in comparison with treated cells, indicating that the mere fact 

of silencing SOX2 severely impaired not only the normal growth rate of PC-3/Mc 

cells under standard culturing conditions but also their viability. 
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In reciprocal experiments, we determined whether overexpression of 

SOX2 could confer drug resistance to PC-3/S cells, the other member of this 

first pair of cell lines selected for analysis, with relatively low endogenous 

expression levels of this transcription factor (Figure 4). For control PC-3/S cells  

Figure 3. Drug sensitivity in control and SOX2-knockdown PC-3/Mc prostate cancer cells. Dose-response 
viability was assayed in uninfected (left graphs) and SOX2 repressed cells (right graphs) in the presence 
of cisplatin, 5-fluorouracil (5-FU), etoposide and doxorubicin for 72 h at the indicated concentrations. 
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(left panels), cisplatin exerted a significant growth inhibitory effect only at high 

concentrations (100 µM), while 5-FU and etoposide showed a growth inhibitory 

effect in a clear dose-dependent fashion, and doxorubicin, similarly to the 

response observed for PC-3/Mc cells, had a very potent effect on growth and 

cell viability even at relatively low concentrations.  

 

 
Figure 4. Drug sensitivity in control and SOX2-overexpressing PC-3/S prostate cancer cells. Dose-
response viability was assayed for uninfected (left graphs) and SOX2-overexpressing (right graphs) cells 
were performed in the presence of cisplatin, 5-fluorouracil (5-FU), etoposide and doxorubicin for 72 h at 
the indicated concentrations. 
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 Strikingly, and again contrary to our expectations, overexpression of 

SOX2 in PC-3/S cells significantly reduced per se, almost abolishing, the growth 

of this cell line in vitro, and as a consequence, no enhanced drug resistance 

was observed to any compound tested as a consequence of SOX2 

overexpression (Figure 4, right panels). Moreover, in the case of doxorubicin, 

the effect on cell viability of the drug was significantly exacerbated relative to 

the control SOX2-overexpressing PC-3/S cells. 

 Given these unexpected results, we next extended the analysis to the 

pair of pancreatic cancer cell lines with differential SOX2 expression levels, in 

order to determine whether the observed effect of SOX2 manipulation over 

growth, cell viability and putative relationship with drug tolerance/sensitization, 

was specific to the selected prostate cancer cell model. Therefore, we 

proceeded to perform dose-response curves to 5-FU (Figure 5) in the CAPAN-1 

and PANC-1 pancreatic cancer cell lines. 

  

 
 

 

 

 

Figure 5. Drug sensitivity in pancreatic cancer cell lines with manipulated SOX2 levels. (A) PANC-1 cells, 
with relative high endogenous SOX2 levels, were knocked down for SOX2 and dose-response viability 
determined in control (left graph) and SOX2-knockdown (right graph) cells after exposure to 5-fluorouracil 
(5-FU) for 72 h at the indicated concentrations. (B) CAPAN-1 cells, with relative low endogenous SOX2 
expression, were transduced with retroviral vectors for the overexpression SOX2, and dose-response 
viability in control (left graph) and SOX2-overexpressing cells (right graph) was determined after exposure 
to 5-fluorouracil (5-FU) for 72 h at the indicated concentrations. 
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 Firstly, we determined the effect of 5-FU on the viability and growth of 

control cells and observed that both PANC-1 and CAPAN-1 diminished their 

growth in a dose-dependent manner in the presence of 5-FU (Figure 5A & B, 

left panels). In contrast, and similar to the results obtained for PC-3/Mc cells, 

knock down of SOX2 in PANC-1 cells led to a dramatic reduction in cell growth 

and viability, and as a result, no differential response to the drug was observed 

compared to untreated knock down cells (Figure 5A, right panel). 

 In a reciprocal experiment, overexpression of SOX2 in CAPAN-1 cells 

diminished per se the growth of this cell line and did not confer resistance to 5-

FU (Figure 5B, right panel), resembling the results obtained for the 

overexpression of SOX2 in PC-3/S cells. 

 We further extended this analysis to the colorectal cancer cell lines 

SW620 and SW480 (Figures 6 & 7). Unlike the effects observed for PC-3/M and 

PANC-1, knock down of SOX2 in SW620 cells slightly diminished the growth 

rate compared to control cells. In these conditions, nM and low µM 

concentrations had a similar effect in control and knock down cells while a 

certain degree of gain in drug resistance (rather than sensitization) was 

observed in all compounds at higher µM concentrations in SW620 SOX2 knock 

down cells compared to control uninfected cells (in terms of decrease of number 

of cells respect their untreated control condition). Remarkably, both control 

(Figure 6, left panels) and SOX2-knockdown SW620 cells (Figure 6, right 

panels), showed a clear dose-dependent growth inhibitory response to all 

drugs, particularly to etoposide and doxorubicin. 
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 Finally, we overexpressed SOX2 in SW480 cells and evaluated their drug 

sensitivity (Figure 7). Control SW480 cells were relatively resistant to cisplatin 

and showed cell growth inhibition at µM concentrations for 5-FU and etoposide, 

being more sensitive to doxorubicin (Figure 7, left panels). However, as 

observed previously for PC-3/S and CAPAN-1, the growth of SW480 cells was 

Figure 6. Drug sensitivity in control and SOX2-knockdown SW620 colorectal cancer cells. Dose-response 
viability in control (left graphs) and SOX2-knockdown (right graphs) cells was determined after exposure 
to cisplatin, 5-fluorouracil (5-FU), etoposide and doxorubicin for 72 h at the indicated concentrations. 
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affected in control SOX2-overexpressing cells compared to control uninfected 

cells, and drug treatments potentiated the growth inhibition induced by SOX2 

overexpression (Figure 7, right panels). 

  

 
 

 

 

 

Figure 7. Drug sensitivity in control and SOX2-overexpressing SW480 colorectal cancer cells. Dose-
response viability in control (left graphs) and SOX2-overexpressing (right graphs) cells was determined 
after exposure to cisplatin, 5-fluorouracil (5-FU), etoposide and doxorubicin for 72 h at the indicated 
concentrations. 
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1.4 SOX2 overexpression and hypothetical gain of drug resistance: a 
matter of fine-tuning SOX2 levels? 

 Because the forced overexpression of any gene may cause non-specific 

effects due to artifacts (including protein aggregation or mislocalization, or 

quenching or sequestering of other proteins), we wondered to what extent the 

loss of cell proliferation/viability observed in dose-response curves, was a 

specific effect exert by high levels of SOX2 or was otherwise related to non-

specific effects induced by the mere process of overexpressing an exogenous 

gene. To approach this issue, we used as a model the SW480 colorectal cancer 

cells, which express low endogenous levels of SOX2, and transduced them with 

different SOX2-retroviral loads (different dilutions of HEK293T supernatants 

containing active retroviral particles) once or several times. The effective 

expression of SOX2 achieved under these experimental conditions was 

assessed by determining SOX2 protein levels by means of Western blotting 

(Figure 8), since the retroviral vectors used bear no selection markers and virus 

titration was not readily determined. Subsequently, dose-response cytotoxicity 

analyses were performed after exposure to etoposide and doxorubicin (Figure 

9A & B, respectively). 

 

 
 

 

 

 

 

Figure 8. Different levels of SOX2 overexpression in SW480 cells. (A) Western blot showing different 
SOX2 protein levels in SW480 cells transduced with 1/100 and 1/10 dilutions of retrovirus supernatants 
(SN), and 1 or 2 sequential infections (in consecutive days) with undiluted retrovirus supernatants. 
Endogenous SOX2 level in SW620 is shown for comparison. (B) Histogram for quantification of SOX2 
levels normalized to tubulin protein levels, corresponding to (A). 
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Figure 9. Drug sensitivity in SW480 cells expressing different levels of retrovirally transduced SOX2. 
SW480 was transduced with 1/100 or 1/10 dilutions of retrovirus supernatants (SN) or with 1 or 2 
undiluted retrovirus supernatants (in two consecutive days). Dose-response viability in control and 
infected cells was determined after exposure of cells to etoposide (A) or doxorubicin (B) for 72 h at the 
indicated concentrations. 
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 The levels of exogenous SOX2 expression achieved by this approach 

ranged from significantly less to almost ten-fold SOX2 protein levels higher than 

the expression levels of endogenous SOX2 in SW620 cells, which express 

relatively high endogenous levels of this transcription factor (Figure 8B). One 

condition (transduction with 1/10 dilution of retrovirus supernatant) led to the 

expression of exogenous SOX2 in SW480 cells at a level range similar to that of 

the endogenous SOX2 protein levels expressed by SW620 cells (Figure 8B). 

However, even the lowest load of SOX2-expressing retroviruses caused a 

growth inhibition of SW480 cells, with a lineal response as a function of 

retroviral load (control conditions in all graphs of Figure 9A & B). Increasing 

concentrations of doxorubicin or etoposide had an additive effect to retroviral 

load in inhibiting the growth of SW480 cells.  

 From these observations, we can conclude that the overexpression of 

exogenous SOX2 does not confer drug resistance to the prostate, pancreas or 

colorectal cancer cells analyzed. On the contrary, it inhibits cell growth in all the 

cell lines tested and potentiates the growth inhibitory effect of several genotoxic 

drugs. Given these results, an outstanding issue is by what mechanisms 

SW620 cells tolerate relatively high endogenous levels of SOX2 while their 

counterpart SW480 cell line, is inhibited in its growth by high levels of 

exogenous SOX2. 
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OBJECTIVE 2 
 
 
-Phenotypic characterization, study of cell signaling involved and impact 
on self-renewal and tumorigenicity due to modulation of SOX2 levels in 
colorectal cancer cell models of divergent aggressiveness. 
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2.1 Phenotypic characterization of the retroviral transduction of SOX2 in 
SW480 and SW620 colorectal cancer cells 

 As an initial approach to better understand possible mechanisms that 

allow SW620 cells to express endogenous SOX2 at relatively high levels 

without suffering from the growth inhibitory consequences observed by 

experimental overexpression of SOX2, we decided to characterize in detail 

several phenotypic consequences of SOX2 overexpression in both SW620 and 

SW480 cells. Notably, we first realized that overexpression of exogenous SOX2 

by retroviral transduction caused in both cell lines remarkable morphological 

changes. Both cell types appeared to increase their cell size when compared to 

control cells, and in the case of SW480, some cells presented marked 

vacuolization (Figure 10A & B). No evident changes in morphology were 

observed in cells transduced with retroviral particles carrying an empty 

expression vector. In striking parallel to the dose-response growth inhibitory 

effects observed above for SW480, overexpression of SOX2 in SW620 also 

reduced their capacity to proliferate in vitro, proportional to the levels of 

exogenous SOX2 overexpression (Figure 10C). This suggests that expression 

of exogenous SOX2 in addition to endogenously expressed SOX2 might 

surpass a hypothetical limit of tolerance of SW620 cells to high SOX2 levels 

and, once this has occurred, adverse phenotypic effects are observed. 

Therefore, in order to observe unequivocal phenotypic effects of SOX2 

expression over such a hypothetical tolerance threshold, in subsequent 

experiments we decided to transduce both cell lines with undiluted retroviral 

supernatants. 

 We next determined whether exogenous SOX2 overexpression affected 

the capacity of SW620 and SW480 cells to grow under anchorage independent 

conditions (spheroid formation assay). This in vitro assay is an indicator of 

tumor cell self-renewal and is a good predictor of the tumorigenic potential of 

cells when xenografted in immunodeficient mice. We found that SOX2 

overexpression, but not the transduction of control retroviruses, significantly 

inhibited the capacity of both cell lines to form spheroids (Figure 10D & E). 

 The observed growth inhibition could be due to increased cell death or 

cell cycle inhibition. We used several approaches to test if overexpression of 
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SOX2 induced apoptosis in these colorectal cancer cell lines (Figure 11). The 

AnnexinV-Alexa 488/propidium iodide staining assay, measured by flow  cito- 

 

 

 

 

Figure 10. Consequences on cell growth properties of the transduction of SOX2 in SW480 and SW620 
cells. (A) Bright field images of control or SOX2-transduced SW480 and SW620 cells. (B) Western blot 
showing overexpression of SOX2 (flag/SOX2) in SW480 and SW620 cells transduced with undiluted 
SOX2 retrovirus supernatant once, and endogenous levels of control cells. (C) Growth curves for control 
and SW620 cells transduced with 1/20 dilution or undiluted SOX2 retrovirus supernatant (once or three 
times in three consecutive days, indicated as 1 SN or 3 SN, respectively). (D) Effect of SOX2 transduction 
on spheroid formation in SW480 cells vs. control and (E) SW620 cells vs. control. 
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metry, showed that transduction of SOX2 in both cell lines increased the 

percentage of apoptotic and necrotic cells relative to control levels (Fig. 11A & 

B). The reduction in cell viability caused by SOX2 overexpression was not equal 

in the two cell lines, with SW480 cells being markedly more affected by SOX2 

overexpression than SW620 cells (decrease of 25% vs. 10% in cell viability, 

respectively) possibly reflecting a greater tolerance of the latter to putative cell 

death engaged by increased SOX2 levels. 

 
 

 
 
 
 
 

Figure 11. Effects on cell viability of the transduction of SOX2 in SW480 and SW620 cells. (A) Flow 
cytometry histograms reflecting apoptosis induced by SOX2 overexpression in SW480 and SW620 cells 
as compared to control cells, detected by the AnnexinV-Alexa 488 assay. (B) Graphs showing the viable, 
permeabilized for propidium iodide, necrotic (propidium iodide staining) and apoptotic subpopulations in 
SW480 and SW620 cells transduced with SOX2, relative to control levels. (C) Western blot for the 
detection of caspase 3 in SW480 and SW620 cells overexpressing SOX2 and control cells. (D) Graphic 
representation of cleaved caspase 3 protein levels normalized to tubulin, corresponding to the Western 
blot in (C). (E) RT-qPCR quantification for several transcripts involved in apoptotic pathways, in SW480 
and SW620 cells transduced with SOX2. Values are normalized to those of control cells. 
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 Consistent with the possible induction of apoptosis, both cell lines 

displayed sub G1 subpopulations in cell cycle profile determinations, upon 

forced expression of exogenous SOX2 (Figure 12A) that were proportional to 

the decline in the proportion of viable cells in apoptosis determination assay. 

However, neither cell line showed increased levels of the cleaved form of 

caspase 3 upon SOX2 overexpression, which in fact showed a diminished 

cleavage in SW620 cells with SOX2 overexpression as compared to control 

cells (Figure 11C & D). In addition, we assessed by RT-qPCR the expression 

levels of several known pro-apoptotic (NOXA, PUMA and BAX) and growth 

arrest-associated (GADD45A and RRM2B) genes. Of these, the only transcript 

that showed a significant upregulation in both cell lines in response to SOX2 

overexpression was NOXA. GADD45A and RRM2B were upregulated in 

SW620, but not in SW480 cells upon overexpression of SOX2 (Figure 11E). 

The latter results suggested that cell cycle dysregulation could be a 

prominent response that may explain the inhibition of growth as a result of 

SOX2 overexpression at least in SW620 cells. This was confirmed by cell cycle 

profiling (Figure 12), which provided another differential trait in the response of 

SW480 and SW620 cells to SOX2 overexpression, namely that SOX2 

overexpression caused a G2/M accumulation in SW480, but not in SW620, 

whereas SW620 cells, but not SW480 cells, displayed a significant G1/S arrest 

(Figure 12B). 

 To assess the robustness of the G1/S arrest observed in SW620 cells 

after SOX2 overexpression, we resorted to cell cycle analysis after blocking the 

cell cycle progression in G2/M by incubating the cells overnight with the mitotic 

poison nocodazole. The rationale behind these experiments is that cells that 

progress past G1 and S, even in conditions under which they undergo a short 

delay at these transitions, will all accumulate in G2/M (4n DNA content) in the 

presence of nocodazole. However, cells with a lasting block at G1/S or S are 

not expected to progress and accumulate in G2/M during overnight nocodazole 

treatment. This experimental approach provided unequivocal evidence that 

SOX2 overexpression produced a strong and lasting arrest at G1/S in SW620 

cells but not in SW480 cells (Figure 12C & D). 
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 Cell synchronization by double thymidine block followed by release and 

flow cytometry DNA content analysis further indicated that the overexpression 

of SOX2 in SW620 cells induced a slower passage through G1/S as compared 

to control cells (Figure 13A & B, shown as kinetics of G2/M entrance). 

Figure 12. Cell cycle effects caused by transduction of SOX2 in SW480 and SW620 cells (I). (A) Flow 
cytometry histograms corresponding to DNA contents of control and SOX2-transduced SW480 and 
SW620 cells and (B) graphical representantion of the distribution of cells in each phase of the cell cycle. 
(C) Histograms of DNA content in control and SOX2-transduced SW480 and SW620 cells after G2/M 
block with nocodazole and (D) graphical representation of the distribution of cells in each phase of the cell 
cycle. 
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 The G1/S arrest induced by SOX2 overexpression in SW620 cells was 

accompanied with a clear upregulation of the cyclin-dependent kinase inhibitors 

p27 and p21 (Figure 13C-E & Figure 14). These changes were not as evident in 

SW480 cells although evidence for p21 upregulation in these cells upon SOX2 

overexpression was observed by immunocytochemistry (Figure 14). 

  

Figure 13. Cell cycle effects caused by transduction of SOX2 in SW480 and SW620 cells (II). (A) 
Representative histograms showing cell cycle progression (at 0 and 6 h) in control vs. SOX2-transduced 
SW620 cells after G1/S double thymidine block and release and (B) graphical representation showing 
quantification of G2/M entry of SW620 cells (from 0 to 11 h after block release). (C) RT-qPCR gene 
expression analysis of selected cell cycle regulators. (D) Western blot for p27 in control and SOX2-
transduced SW480 and SW620 cells. (E) Normalization of p27 protein levels, corresponding to (D).  
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 Figure 14. Immunocytochemical changes in p21 expression caused by SOX2 transduction in SW480 and 

SW620 cells. (A) Immunocytochemistry for p21 in control SW480 and SW620 vs SOX2- overexpressing 
cells. (B) Quantification of fluorescence levels of p21 staining per cell. 
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2.2 Exploring the p53 and p21 dependence of SOX2-induced cell cycle 
phenotypes  

The above results suggested a link between the induction of a G1/S 

arrest by the expression of high SOX2 levels in SW620 cells and the 

upregulation of p27 and p21. While p27 is under complex transcriptional and 

translational regulation [453]–[457], p21 is a well-known p53 transcriptional 

target, although it can also be under p53-independent regulation [458], [459]. 

SW480 and SW620 cells lack functional p53 [460] and as a consequence, we 

do not expect the observed p21 upregulation to be dependent on p53. 

In order to determine if the G1/S arrest induced by SOX2 overexpression 

is dependent on p21, we transduced SOX2 into clonal variants of the HCT116 

colorectal cancer cell line that had been knocked out for p21 [461] and studied 

their cell cycle profiles compared to a parental cell line with a wild-type p21 

gene (Figures 15 & 16). In parallel, we also overexpressed SOX2 in a HCT116 

clone knocked out for p53 and its matched parent clone harboring wild-type 

p53, with the aim to assess SOX2-induced cell cycle effects in a different cell 

type and their p53 dependence or independence.  

 After retroviral transduction, exogenous SOX2 expression levels were 

verified by Western blotting (Figure 15A). Cell cycle analysis showed that SOX2 

overexpression induced a significant accumulation of cells in G1 in parental and 

p53 knockout cells, but not in p21 knockout cells (Figure 15B & C), suggesting 

that this SOX2-induced effect is p53-independent and p21-dependent in 

HCT116 cells. Next, SOX2-transduced cells were subjected to mitotic block with 

nocodazole to determine the proportion of cells with long-lasting G1/S arrest. 

Under these conditions, SOX2 overexpression caused a significant 

accumulation of cells in G1 in wild-type (parental), p21 KO and p53 KO variants, 

with no significant differences observed for this accumulation between the 

different HCT116 variant clones (Figure 16). These results suggest that 

transient G1 accumulation induced by high levels of SOX2 is p21-dependent 

but p53-independent, while long-lasting G1/S arrest is independent of both p21 

and p53. 
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Figure 15. Role of p53 and p21 in cell cycle blocks due to SOX2 overexpression in HCT116 colorectal 
cancer cell line variants (I). (A) Western blot showing SOX2 overexpression in parental, p53 KO or p21 
KO clones of the HCT116 cell line. (B) Cell cycle profiles in these variants in control or SOX2-transduced 
conditions. (C) Graphical representation of the distribution of cells in different phases of the cell cycle. 
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2.3 Assessing DNA damage response (DDR) upon SOX2 overexpression 

 The evidence provided above indicates that the cell cycle effects induced 

by overexpression of SOX2 in SW620 and HCT116 cells do not involve p53-

mediated responses. Reprogramming factors, including SOX2, induce DNA 

damage leading to cell cycle arrest and senescence during the generation of 

induced pluripotent cells [462]. Therefore, we next assessed whether 

overexpression of SOX2 in SW480 and SW620 cells caused DNA damage to 

an extent that might help to explain the increase in apoptosis preferentially 

observed in SW480 cells and the G1/S arrest observed in SW620 cells. DNA 

Figure 16. Role of p53 and p21 in cell cycle blocks due to SOX2 overexpression in HCT116 colorectal 
cancer cell line variants (II). (A) Flow cytometry histograms of DNA content in HCT116 variants after G2/M 
blockade with nocodazole in control vs SOX2-transduced conditions, and (E) graphical representation of 
cell distribution in different phases of the cell cycle. 
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damage was evaluated by means of immunofluorescent staining for two 

established DDR markers, phospho-H2AX and 53BP1. 

  

  

 
Figure 17. Immunocytochemical assessment of DNA damage induced by SOX2 overexpression in 
SW480 and SW620 cells (I). (A) Immunocytochemistry for the detection of P-H2AX, 53BP1 and SOX2 in 
control and SOX2-transduced SW480 and SW620 cells, and (B) graph showing quantification of 
percentage of cells with more than one 53BP1 or P-H2AX focus. 
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 Both cell lines showed a significant proportion of cells with P-H2AX and 

53BP1 staining (≥ 2 fluorescent foci/nucleus) under basal conditions, which 

might be a reflection of continued replicative and oncogenic stresses in these 

cells, as frequently observed in malignant cells [463]. Interestingly, SW620 

cells, but not SW480 cells, responded to exogenous SOX2 with a significant 

increase in the proportion of cells positive for P-H2AX and 53BP1 foci (Figure 

17B), thereby suggesting a link between DDR and the cell cycle phenotype 

observed in this cell line. 

 Attempting to discriminate whether the observed foci are related to 

replicative stress, we assessed the colocalization of P-H2AX or 53BP1 with 

nuclei positive for cyclin A, which marks mainly S and G2 phases of the cell 

cycle (Figure 18). Overexpression of SOX2 in SW620 cells was not associated 

with significant changes in the proportion of cyclin A-positive nuclei containing 

P-H2AX foci, which may argue against replicative stress being induced by 

SOX2 in these cells. On the other hand, overexpression of SOX2 in SW620 

cells resulted in diminished numbers of cyclin A-positive nuclei with 53BP1 foci 

(Figure 18B). Given that the recruitment of 53BP1 and downstream components 

of the repair machinery at DNA damage sites tends to occur outside of mitosis 

[464], we infer that the majority of the newly induced 53PB1 foci observed after 

SOX2 overexpression in SW620 cells occur in cells that are in the G1 phase of 

the cell cycle, which is consistent with the G1/S block described above. 

Together, these observations suggest that the expression of high levels of 

exogenous SOX2 in SW620 cells induces DNA damage outside of the S phase 

of the cell cycle, and thus it is unlikely to be related to replicative stress. 

 As described above, the overexpression of SOX2 in SW480 cells did not 

prompt an overall modulation of P-H2AX or 53BP1 foci (Figure 17). However, 

we observed that it caused a decrease in cyclin A-positive nuclei containing P-

H2AX foci and an increase in cyclin A-positive nuclei containing 53BP1 foci 

(Figure 18B). The interpretation of these observations is not straightforward, 

since P-H2AX participates in DDR cascades upstream of 53BP1 [465]. 
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Figure 18. Immunocytochemical assessment of DNA damage induced by SOX2 overexpression in 
SW480 and SW620 cells (II). (A) Immunocytochemical analysis to study the colocalization of cyclin A  and 
P-H2AX or 53BP1 in control or SOX2-transduced SW480 and SW620 cells, and (B) graphs showing 
quantification of the signal colocalization observed in (A). 
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2.4 SOX2 overexpression and induction of reactive oxygen species (ROS) 

 The above results indicated the occurrence of DNA damage as a result 

of exogenous SOX2 overexpression in SW620 cells, albeit possibly unrelated to 

replicative stress. We thus explored the induction of reactive oxygen species 

(ROS) as another potential mechanism that might help to explain the observed 

DNA damage and related phenotypes. It is well known that exacerbated 

oxidative stress can cause damage to lipids, proteins or DNA, and may lead to 

cell death. Although malignant cells can display higher rates of ROS generation 

than their normal counterparts, they are also endowed with compensatory 

mechanisms, including the upregulation of ROS scavenging molecules, which 

permit their survival against ROS insults [466]. Importantly, inducing oxidative 

stress and targeting antioxidant systems have been explored as therapeutic 

approaches in cancer. 

 Figure 19 illustrates ROS levels detected in SW480 and SW620 cells as 

the intracellular oxidation of the H2DCFDA fluorescent reporter quantified by 

flow cytometry. Interestingly, we observed that SW480 cells had higher basal  

 

  Figure 19. Assessment of ROS generation induced by SOX2 overexpression in SW480 and SW620.  
(A) Two parameter histogram displaying ROS generation (H2DCFDA-oxidized fluorescence) in viable cells 
(no propidium iodide staining) in control SW480 and SW620 in comparison with SOX2 overexpressing 
cells, obtained by flow cytometry. (B) Normalization of ROS levels in viable cells comparing basal levels in 
SW620 and SW480 control cells, and (C) comparison of ROS levels upon overexpression of SOX2 in both 
cells lines referred to control levels. 
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levels of ROS than SW620 cells (increase of 34%, Figure 19B), perhaps 

reflecting their different metabolic adaptations. Importantly, overexpression of 

SOX2 caused an increase in ROS levels in both cell lines, with a 36% of 

induction in SW480 cells and a 22% of induction in SW620 cells over cells 

transduced with control retroviruses (Figure 19). 

These observations may account for, at least partially, the induction of 

DNA damage in SW620 cells upon overexpression of SOX2. On the other hand, 

the link between increased ROS levels and apoptosis in SW480 cells in 

response to SOX2 overexpression is not immediately apparent. ROS induction 

in SW480 cells caused by high levels of SOX2 would not involve increased 

DNA damage, which is not observed in these cells, and thus other mechanisms 

(e.g. mitochondrial) should be invoked to explain the increased levels in 

apoptosis.  

2.5 Involvement of the CDK inhibitors p21 and p27 in the cell cycle 
phenotype induced by the overexpression of SOX2 in SW620 cells 

In preceding sections, we have described the long-lasting G1/S arrest of 

a significant proportion of SW620 cells caused by the overexpression of 

exogenous SOX2, which is accompanied with the upregulation of the CDK 

inhibitors p21 and p27, and the possible involvement of ROS accumulation and 

DNA damage as potential mechanisms that may underlie the observed 

phenotype. We next focused our study on further assessing the involvement of 

p21 and p27 in the G1/S arrest and reduction of self-renewal exerted by the 

overexpression of SOX2 in SW620 cells.  

Our preceding experiments with HCT116 cell variants had suggested a 

partial p21 dependence of the G1/S arrest induced by SOX2 overexpression, 

possibly limited to transient but not long-lasting accumulation of cells in G1. In 

order to determine more directly the role of p21 in the observed phenotypes in 

SW620 cells, we resorted to its knock down through the expression of a specific 

shRNA transduced by lentiviral particles (Figure 20). 
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 The shRNA used in these experiments caused a relatively modest knock 

down of p21 at the transcript level (decrease of 40% relative to control cells), 

but it demonstrated its efficiency in diminishing the observed upregulation 

induced by SOX2 overxpression (Figure 20A), as also confirmed by Western 

blotting (Figure 20C). Of interest, although both p21 knock down and control 

cells were transduced in parallel with SOX2 retroviral particles, SOX2 was 

expressed at consistently lower levels in p21 knock down cells (Figure 20B), 

Figure 20. Exploring the role of p21 in the G1/S arrest and inhibition of self-renewal induced by SOX2 
overexpression in SW620 cells. (A) RT-qPCR showing gene expression levels of p21 and SOX2 in 
SW620 cells knocked down for p21 (p21 KD) and/or transduced with SOX2 (SOX2 overexpression). (B) 
Western blot to assess p21 and flag/SOX2 protein levels in the generated cell lines. (C) Quantification of 
p21 protein levels, corresponding to (B). (D) Flow cytometry histograms showing DNA content profiles in 
the generated cell lines after cell cycle synchronization in G2/M with nocodazole. (E) Quantification and 
distribution in each phase of cell cycle, corresponding to (D). (F) Spheroid formation assay in control or 
p21 KD and/or SOX2-overexpressing SW620 cells. 
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possibly reflecting one or more levels of regulation of SOX2 by p21 [467]. After 

documenting concomitant p21 repression and SOX2 overexpression in SW620 

cells, we performed cell cycle analysis following cell synchronization with 

nocodazole in order to assess the induction of long-term G1/S arrest. We 

observed that overexpression of SOX2, but not knock down of p21 alone, 

caused a long-term G1/S arrest in a significant proportion of cells (Figure 20D). 

Knock down of p21 led to a decrease (approximately 15% of cells) in the G1/S 

arrest imposed by SOX2 overexpression (Figure 20D & E). Simultaneously, p21 

knock down was accompanied with an increase in cells blocked in G2/M (Figure 

20D & E). This suggests that knock down of p21 partially relieves the SOX2-

induced long-term G1/S arrest, thus improving this cell cycle transition in 

SW620 cells. 

 We next tested the effects of p21 knock down on the anchorage-

independent growth of SW620. Contrary to the lack of observable cell cycle 

effects in comparison with unmanipulated SW620 cells, and the partial recovery 

from the SOX2-induced arrest observed above, knock down of p21 alone 

inhibited the formation of spheroids and was unable to revert the strong 

suppression of spheroid growth caused by SOX2 overexpression (Figure 21F). 

Hence, these results suggest a dichotomous role for p21 in the phenotypes 

induced by the overexpression of exogenous SOX2 in SW620 cells: it is 

partially responsible for the G1/S cell cycle arrest but not for the inhibition of 

self-renewal.  

 The same approach was used to study the role of p27 in the phenotypes 

induced in SW620 cells by SOX2 overexpresion, with the addition of double 

knock down experiments for p21 and p27 (Figure 21A). As observed above for 

p21 knock down, single p27 or double p21 and p27 knock down did not alter the 

basal cell cycle profiles as compared to control cells (not shown) or in their 

arrest in G2/M upon nocodazole treatment (Figure 21B & C). A double p21 and 

p27 knock down partially relieved the G1/S arrest induced by SOX2 

overexpression, to the same extent, but not greater than, the relief exerted by 

knocking down p21 alone as observed above (Figure 20D & E). This suggests 

that p21, but not p27, plays a role in the long-term G1/S arrest induced by 

overexpression of SOX2 in SW620 cells. 

 114  
  
   



Results. Obejctive 2 

 
 

 

 

 

 

 When these cells were tested for spheroid formation under anchorage-

independent growth conditions, we observed that knock down of p27 caused a 

remarkable increase in the number of colonies as compared to control cells, 

although these spheroids were smaller in size. A double p21 and p27 knock 

down partially rescued the inhibition of spheroid formation caused by SOX2 

overexpression (Figure 21D). Therefore, these results suggest yet another 

dichotomous function for p27 in the phenotypes induced by the overexpression 

of SOX2 in SW620 cells, but in opposite roles observed for p21: p27 does not 

appear to be involved in the long-term G1/S arrest caused by SOX2 

Figure 21. Exploring the role of p21 and p27 in G1/S block and inhibition of self-renewal induced by SOX2 
overexpression in SW620 cells. (A) Western blot showing p27 and flag/SOX2 levels in control cells, p21 
and/or p27 repressed with or without SOX2 overexpression. (B) DNA content histograms of the generated 
cell lines obtained by flow cytometry, and (C) quantification and distribution in each phase of cell cycle. (D) 
Effect in spheroid formation in control and SW620 cells with p21 and/or p27 knock down, with or without 
SOX2 overexpression. 
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overexpression, but it is partially responsible for the observed  loss of self-

renewal. We would like to note that these two complementary roles of p21 and 

p27 in two phenotypic traits induced by SOX2 overexpression in SW620 cells, 

cell cycle arrest and inhibition of anchorage-independent growth, appear to only 

partially explain such effects and thus additional mechanisms are likely to exist 

that may help to provide a full mechanistic explanation of the observed effects. 

2.6 Effects of SOX2 silencing on cell cycle and self-renewal in SW620 cells 

 We showed above (Objective 1) that silencing of SOX2 expression in cell 

lines with relative high endogenous levels also impaired cell proliferation. We 

extend below our study to the effects of SOX2 silencing on relevant growth 

properties of the metastatic cell line SW620 (Figure 22).  

 Knock down of SOX2 in SW620 cells did not elicit major changes in cell 

morphology, which continued to show the typical rounded shape displayed in 

control cells, although cells tended to grow scattered without forming the 

compact clusters observed in control cells (Figure 22A). Interestingly, cell cycle 

profiles showed an accumulation of cells in G1 and G2/M in detriment of cells in 

S phase as compared to controls (Figure 22B & C). Moreover, cell cycle 

profiling after nocodazole treatment indicated the long-lasting nature of the G1 

arrest (Figure 22D & E). In addition, in both cell cycle profile determinations, a 

small sub G1 subpopulation was observed upon SOX2 silencing. 

 Consistent with the observed G1/S arrest, an upregulation of p21 and 

p27 transcripts, being particularly strong in the case of the latter, was observed 

in SW620 cells knocked down for SOX2 (Figure 22F & G), with an increased 

nuclear localization of p27 as visualized by immunofluorescence (Figure 22H). 

In addition, and also in agreement with the cell cycle profiles, cyclin D1 and B1 

were downregulated upon SOX2 knock down (Figure 22H). Finally, the ability of 

SW620 cells to form spheroids was almost completely abrogated when SOX2 

was silenced (Figure 22I). 
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  Figure 22. Characterization of growth effects of SOX2 knock down in SW620 cells. (A) Bright field images 

displaying control and knock down cells. (B) Flow cytometry histograms showing DNA content profiles of 
control and SOX2 knock down (SOX2 KD) SW620 cells, and (C) quantification and distribution in each phase 
of cell cycle of these cell lines. (D) Flow cytometry histograms showing DNA content profiles of control and 
SOX2 KD SW620 cells after G2/M synchronization with nocodazole, and (E) quantification and distribution in 
each phase of the cell cycle. (F) RT-qPCR showing SOX2, p21 and p27 gene expression levels in control 
and SOX2 KD SW620 cells. (G) Western blot comparing SOX2 and p27 protein levels in control vs. SOX2 
KD cells. (H) Immunocytochemistry for p27, cyclin D1 and cyclin B1 in control and knock down cells. (I) Effect 
in spheroid formation of the SOX2 knock down in SW620 cells. 
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2.7 Role of p27 in SW620 cell cycle and growth phenotypes caused by 
SOX2 knock down 

 We next followed a similar approach to that used above in order to 

address the possible involvement of p27 in the G1 arrest and inhibition of self-

renewal caused in SW620 cells by SOX2 knock down (Figure 23). To this end, 

we generated single and double knock down cells for p27 and SOX2 (Figure 

23A) and monitored relevant functional readouts. First, when cell cycle profiles 

were analyzed after G2/M nocodazole synchronization, we observed that up to 

15% of the cells that were arrested in G1 upon SOX2 knock down, were 

released from the arrest upon concomitant knock down of p27 (Figure 23B & 

C). 

Consistent with the emergence of sub G1 subpopulations upon SOX2 

knock down, a 20% decrease in cell viability was observed (Figure 23D & E), 

which was not reverted by a double p27 and SOX2 knock down. Similarly, p27 

knock down did not rescue the abrogation of self-renewal due to silencing of 

SOX2 in SW620 cells (Figure 23F). 

 We offer the following unifying interpretation for these apparently 

divergent sets of observations: On the one hand, SOX2 is absolutely required 

for the self-renewal properties of SW620 cells, as evidenced by the almost 

complete inhibition of spheroid growth as a consequence of SOX2 knock down, 

which is not rescued by p27 knock down. SOX2 is also required for a normal 

G1/S cell cycle transition through putative repression of p27 and p21, 

suggested by the upregulation of these two CDK inhibitors elicited by SOX2 

silencing. The G1/S block that follows SOX2 knock down is partially reverted by 

knock down of p27, which indicates that this arrest is partially mediated by this 

CDK inhibitor. Other laboratories have demonstrated a transcriptional 

repression of SOX2 by p21 and p27 [467], [468], which, together with our 

observations, may suggest the existence of a mutually repressive transcriptional 

loop between SOX2 and p21, and SOX2 and p27.  

 On the other hand, as shown above, the expression of high levels of 

exogenous SOX2 in SW620 cells leads to DNA damage and oxidative stress, 

known inducers of cell cycle arrest and apoptosis [469], [470]. Our evidences 

suggest that the observed G1/S arrest is mediated, at least in part, through p21, 
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Figure 23. Exploring the role of the CDK inhibitor p27 in the growth phenotypes induced in SW620 by 
SOX2 knock down. (A) Western blot comparing SOX2 and p27 protein levels in control SW620, p27 knock 
down, SOX2 knock down and double p27 & SOX2 knock down. (B) Flow cytometry histograms showing 
DNA content profiles of control, p27 and/or SOX2 knock down SW620 cells after G2/M synchronization 
with nocodazole, and (C) quantification and distribution in each phase of the cell cycle of these cell lines. 
(D) Flow cytometry determination of viable, apoptotic and necrotic cells, and (E) normalization referred to 
control cells of viable, permeabilized for propidium iodide, necrotic and apoptotic subpopulations. (F) 
Effect on spheroid formation in SW620 cells with p27 and/or SOX2 knock down as compared to control 
cells. 
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whose upregulation may be a consequence of the engagement of general p53-

independent stress-induced pathways [459] rather than a specific transcriptional 

activation by SOX2. The increased spheroid growth observed after p27 

silencing suggests that it functions as an inhibitor of self-renewal in SW620 

cells. The inability of its knock down to rescue the spheroid growth inhibition 

caused by SOX2 knock down may be attributed to the absolute requirement for 

SOX2 of this growth property in SW620 cells. 

2.8 Transcriptional regulation of p27 by SOX2 

 The foregoing considerations imply a direct or indirect transcriptional 

regulation of p27 by SOX2, as supported by transcript upregulation. This 

assumption was substantiated by means of experiments with a p27 promoter-

specific luciferase reporter system [441] that showed enhanced p27 

transcriptional activity both by SOX2 overexpression and by SOX2 knock down 

(Figure 24A & B). As control and normalizer of transfection efficiency, we co-

transfected a plasmid for the expression of the Renilla luciferase gene under a 

constitutive promoter. 

We next reasoned that, if endogenous SOX2 is a p27 transcriptional 

repressor, the transcriptional upregulation observed upon SOX2 knock down 

could be counteracted by reintroducing a SOX2 mRNA in cells that is not 

targeted by the shRNA used for knock down. The retroviral construct used for 

the transduction of exogenous SOX2 throughout this study is adequate for 

these complementation experiments, since it lacks the endogenous SOX2 

3’UTR sequences targeted by the shRNA used. However, because high levels 

of exogenous SOX2 also caused p27 upregulation, we first performed 

preliminary titration experiments aimed at finding the appropriate conditions to 

yield exogenous SOX2 levels sufficient to complement knock down, but below a 

putative threshold triggering p27 upregulation. 

Thus, we knocked down SOX2 in SW620 cells and subsequently 

transduced them with different dilutions of retrovirus supernatants (ranging from 

1/5 to 1/160). SOX2 and p27 transcript levels were assessed by RT-qPCR 

(Figure 24C), showing that transduction with the highest dilution of retroviral 

particles (1/160) restored SOX2 levels that approached those of control cells 
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and were thus considered to provide the desired complementation conditions. 

Cells were then transfected with the p27 promoter reporter construct, and firefly 

luciferase activity was measured and normalized to the co-transfected Renilla 

luciferase activity. The results show that the upregulation of p27 transcription 

induced by SOX2 knock down, was significantly blunted by restoration of SOX2 

levels with exogenous shRNA-resistant SOX2 (Figure 24E). This supports the 

conclusions that SOX2 is a p27 transcriptional repressor. Chromatin 

immunoprecipitation experiments are underway to determine whether SOX2 

directly associates with specific binding sites at regulatory regions of the p27 

gene. 

  

 
 

 

 

 

 

 

 

  

 

Figure 24. Exploring the induction of CDK inhibitor p27 in SW620 cells as a function of SOX2 levels. (A) 
Luminometric measures of p27 firefly luciferase reporter in control vs. SOX2 knock down SW620 cells, 
and (B) in control vs. SOX2 overexpressing SW620 cells. (C) RT-qPCR showing p27 (CDKN1B) and 
SOX2 gene expression levels normalized to control cells, in SW620 SOX2 knock down with or without 
overexpression of SOX2 transduced with different dilutions of retrovirus supernatants (SN). (D & E) 
Luminometric measures of p27 firefly luciferase reporter in control SW620 and in SOX2 knock down cells 
with or without overexpression of SOX2 performed with indicated dilutions of retrovirus supernatants. 
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2.9 Transcriptional profiling of SW620 SOX2 knock down cells 

 With the aim to extend our study and find candidates that could account 

for the G1/S arrest and loss of self-renewal in SW620 with SOX2 silenced, the 

expression levels of a selection of genes of potential interest were quantified by 

RT-qPCR (Figure 25). Among the genes analyzed, we assessed the levels of 

genes related to self-renewal, pluripotency, differentiation and stem cell markers 

(KLF4, NANOG, MYC, OCT3/4, POU2F1, CD24, KLF9 and LGR5), genes 

involved in Wnt signaling and nuclear pore complex (RNF128, RNF43, ZNRF3, 

NUP188), mesenchymal and epithelial markers (SPARC, VIM, FN1, DSP, β-

catenin [CTNNB1], CDH1 [epithelial cadherin] and EPCAM), as well as 

transcription factors that function as inducers of epithelial-to-mesenchymal 

transition (EMT) (TWIST2, SNAI1, SNAI2 and ZEB1).  

 This analysis corroborated once more the upregulation of p21 and, more 

significantly, p27, upon SOX2 knock down in SW620 cells (Figure 25). Of 

additional interest, we found an association of upregulation of EMT inducers 

(TWIST2 and ZEB1) and mesenchymal markers (SPARC, VIM, FN1) with 

downregulation of epithelial markers (epithelial cadherin, EPCAM), suggesting 

that knock down of SOX2 provokes an EMT in SW620 cells. This is in 

agreement with our own observation in a different cell model [130] in which 

SOX2 sustains an epithelial gene program. Of the self-renewal genes analyzed, 

MYC and NANOG were moderately downregulated but KLF4 was strongly 

upregulated in SW620 SOX2 knock down cells. Remarkably, the intestinal stem 

cell marker LGR5 was profoundly downregulated in SOX2-silenced cells as 

compared to control cells. The latter observation caught our attention, because 

it suggests that SOX2 regulates the expression of LGR5, a seven-

transmembrane protein that plays a prominent role in conferring stem cell 

properties in a variety of epithelial tissues and in particular, colon and intestinal 

epithelium [20], [177], [471]. 
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2.10 Assessing the involvement of LGR5 in phenotypic traits induced by 
SOX2 silencing in SW620 cells 

 Due to the unexpected strong downregulation of LGR5 observed when 

SOX2 was silenced in SW620 cells, we next silenced LGR5 expression in order 

to determine its potential role in the phenotypes observed in SW620 cells upon 

SOX2 knock down (Figure 26). Morphologically, most LGR5-silenced SW620 

cells displayed a polygonal and flattened shape in clear contrast with the typical 

rounded shape observed in control cells (Figure 26A).  

 Next, we determined the impact of LGR5 knock down on the spheroid 

formation potential and cell cycle profile of SW620 cells. Notably, 

downregulation of LGR5 caused a significant inhibition of spheroid growth of 

SW620 cells without inducing a G1/S cell arrest (Figure 26B-D). This indicates a 

dissociation between these two phenotypic traits and a selective role for LGR5 

in sustaining the self-renewal potential of these cells. 

Figure 25. Transcriptional analysis of selected genes in SOX2 knock down SW620 cells. 
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2.11 Transcriptional profiling of SW620 LGR5 knock down cells 

 To gain further insight into the phenotype observed upon knock down of 

LGR5 in SW620 cells, we performed a RT-qPCR transcriptional profiling similar 

to the one described above for SOX2 knock down (Figure 27). Unexpectedly, 

rather than being downregulated, several of the genes related to pluripotency 

and self-renewal in stem cells showed an increase of expression levels (KLF4, 

CD24 and SOX2), thus suggesting that other molecular mechanisms not 

reflected in this analysis must override these upregulations in order to explain 

the loss of spheroid growth observed upon LGR5 knock down of SW620 cells. 

In the case of known or putative regulators of LGR5 and Wnt signaling [419], 

[472], they were either downregulated (RNF128, RNF43) or upregulated 

(ZNRF3) upon LGR5 knock down. Finally, as observed for SOX2 knock down, 

there was a tendency to downregulation of several of the epithelial markers 

Figure 26. Studying the potential implication of LGR5 in phenotypic traits observed in SW620 SOX2 
knock down cells. (A) Bright field images showing control and LGR5 knock down SW620 cells. (B) Effect 
of LGR5 knock down on spheroid formation of SW620 cells. (C) Flow cytometry histograms showing DNA 
content profiles in control and LGR5 knock down SW620 cells, and (D) quantification and distribution in 
each phase of the cell cycle. 
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assessed (DSP, CDH1, EPCAM) concomitant with an upregulation of 

mesenchymal markers (SPARC, VIM, FN1), which suggests the induction of an 

EMT. In agreement with this possibility, a decrease in E-cadherin and increase 

in fibronectin protein levels upon LGR knock down were certified by Western 

blotting (Figure 27B). However, none of the EMT-inducing transcription factors 

determined in this validation showed a significant increase in their transcript 

levels upon LGR5 knock down. 

 Because of the described regulation exerted by LGR5 of the Wnt 

signaling [472], levels of β-catenin protein levels were assessed by Western 

blotting, but no significant changes were detected in LGR5 knock  down cells. In 

contrast, cyclin D1, a known β-catenin transcriptional target, increased its levels 

relative to control cells (Figure 27B). The latter result is unlikely to be explained 

by an increased growth rate, because SW620 cells knocked down for LGR5 

proliferate at the same rate than control cells (not shown) but are less efficient 

in growing spheroids. 

 

 

 

 

 

Figure 27. Transcriptional analysis of selected genes in LGR5  knock down SW620 cells and protein 
levels of selected proteins. (A) RT-qPCR for determining expression levels of selected genes (the 
same genes determined in SOX2 knock down SW620 cells) in LGR5 knock down SW620 cells 
normalized to control levels. (B) Western blot comparing SOX2, β-catenin, E-cadherin, fibronectin and 
cyclin D1 in control and LGR5 knock down SW620 cells.  
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2.12 Analysis of EMT induction in SW620 cells silenced for LGR5 

 The above results prompted us to further investigate whether silencing of 

LGR5 in SW620 cells was indeed engaging an EMT program. To this end, we 

performed immunofluorescence analysis to determine the localization of E-

cadherin together with β-catenin and SOX2 in control and LGR5 knock down 

cells (Figure 28A). We found that cells knocked down for LGR5 showed a 

significant loss of membrane localization of E-cadherin, concomitant with a gain 

in nuclear localization of β-catenin. SOX2 staining did not vary noticeably 

between control and knock down cells.  

 

 

 

 

 

Figure 28. Assessing epithelial-to-mesenchymal transition (EMT) in SW620 cells knocked down for 
LGR5. (A) Immunocytochemistry in control and LGR5 knock down SW620 cells for β-catenin, E-cadherin 
and SOX2. (B) Invasiveness assay in control and LGR5 knock down SW620 cells. Cells resuspended in 
medium containing 0.5% FBS were seeded in the upper chamber of Transwell-Matrigel inserts and 
allowed to migrate to the lower chamber containing medium with 10% FBS. After 24 h, all cells in the 
bottom chamber were collected and counted. The assay was performed in triplicate. (C) Migration assay 
in control and LGR5 knock down SW620 cells. Cells resuspended in medium containin 0.5% FBS were 
seeded in the upper chamber of a Transwell insert (without Matrigel) and allowed to migrate to the lower 
chamber containing 10% FBS gradient. After 24 h, cells in the bottom chamber were collected and 
counted. This assay was performed in triplicate. 
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 Since EMT confers to cells a gain of motility and invasion [53], [100], 

[101], we next assessed these traits in LGR5 knock down cells in vitro (Figure 

28B & C). Under the assayed conditions (10% FBS gradient), SW620 cells 

silenced for LGR5 significantly increased their motility in comparison with 

control cells, although they failed to show a gain of invasiveness through 

Matrigel. Taken together, these results suggest that repression of LGR5 in 

these cells may engage a partial EMT program. 

2.13 Enhanced β-catenin activity in SW620 cells silenced for LGR5 

 In striking contrast to other studies that have demonstrated the role of 

some members of the LGR family as enhancers of the Wnt signaling upon 

interaction with their ligands (namely R-spondins) [417], [472], [473], the 

preceding observations in which silencing of LGR5 in SW620 cells promoted 

the nuclear localization of β-catenin without an increase of protein levels, 

suggest that LGR5 inhibits Wnt/β-catenin signaling in SW620 cells under 

standard growth conditions in the absence of cognate ligands. Consequently, 

we next assessed the functionality of this increased nuclear localization of β-

catenin in terms of TCF/LEF transcriptional factor activity. 

 The β-catenin transcriptional activity was determined by means of the 

TOPFlash/FOPFlash system [378], in which the transcription of a firefly 

luciferase reporter gene is driven by tandemly repeated TCF/LEF binding sites 

(TOPFlash) and background transcription is established by transfection in 

parallel cultures of a construct in which the same binding sites are mutated to 

prevent specific β-catenin/TCF/LEF binding (FOPFlash). The resulting 

transfection efficiencies and firefly luciferase activities were normalized to 

Renilla luciferase activities of cells co-transfected with a reporter construct for 

the constitutive expression of the Renilla luciferase gene, and thus yielding 

levels of specific β-catenin/TCF/LEF transcriptional activity. These experiments 

showed that the β-catenin/TCF/LEF transcriptional activity was enhanced 2.5-

fold in LGR5-silenced SW620 cells compared to control cells (Figure 29A). In 

addition, these results are in agreement with the gain of β-catenin nuclear 

translocation observed above and confirm that silencing of LGR5 induces β-

catenin/TCF/LEF transcriptional activity in SW620 cells. 
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Figure 29. Assessing EMT phenotype: TCF/LEF transcription factor activity in SW620 cells silenced for 
LGR5 and SOX2. (A) Luminometric measures reflecting TCF/LEF transcription factor activity (firefly 
luciferase reporter construct) performed in control and LGR5 knock down SW620 cells. (B) Western blot 
for E-cadherin and β-catenin in control and SOX2 knock down SW620 cells. (C) Graphs illustrating 
normalized protein levels corresponding to (B). (D) Immunocytochemistry for SOX2, β-catenin and E-
cadherin in control and SOX2 knock down SW620 cells and (E), luminometric measures reflecting 
TCF/LEF transcription factor activity in these cells. 
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 Because the preceding results suggested that the expression of LGR5 is 

regulated by SOX2, we analyzed β-catenin/TCF/LEF transcriptional activity in 

SW620 cells in which SOX2 had been silenced. Similarly to the LGR5-silenced 

cells, SOX2-silenced SW620 cells did not show significant changes in β-catenin 

protein levels compared to control cells, while presenting decreased levels of E-

cadherin (Figure 29B & C). In spite of its unchanged total protein levels, 

immunofluorescence analysis showed a gain in nuclear localization of β-catenin 

in SOX2 knock down cells while E-cadherin staining was less intense but mainly 

associated with membrane localization (Figure 29D). Consistent with the 

observed nuclear translocation of β-catenin, SOX2-silenced SW620 cells 

showed a significant increase in β-catenin/TCF/LEF transcriptional activity 

(Figure 29E). 

 Taken together, these results indicate a relationship between SOX2, 

LGR5 and the Wnt/β-catenin signaling axis that control the epithelial-

mesenchymal phenotypic switches and self-renewal properties of SW620 cells. 

2.14 LGR5 as regulator of growth and inhibitor of β−catenin signaling in 

SW480 cells 

 As described in preceding sections, the metastatic SW620 cells express 

SOX2 at significantly higher levels than non-metastatic SW480 cells. SW620 

cells also express LGR5 at 5-fold higher levels than SW480, consistent with a 

positive regulation of LGR5 by SOX2. In spite of this differential expression, 

SW480 cells expressed significant basal levels of LGR5 and thus we decided to 

study its relevance for the growth properties of these cells and its relationship 

with β-catenin/TCF/LEF transcriptional activity (Figure 30).  

 Upon LGR5 silencing, a significant proportion of SW480 cells displayed a 

flattened appearance that was not observed in control cells (Figure 30A). 

Similarly to the results obtained with SW620 cells, silencing of LGR5 in SW480 

cells caused a significant reduction in their ability to grow spheroids (Figure 

30B), in the absence of significant effects on cell cycle profile (Figure 30C & D). 

In apparent contrast to the observed reduction of spheroid formation, LGR5 

silencing of SW480 cells caused an upregulation of several regulators of stem 

cell pluripotency and self-renewal genes (KLF4, MYC, NANOG, OCT3/4 and 
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SOX2) together with increased expression of the differentiation factor KLF9 

(Figure 30E). Concomitantly, the mesenchymal markers VIM and FN1 were 

upregulated, as well as all the EMT inducers TWIST2, SNAI1, SNAI2 and 

ZEB1. In contrast, E-cadherin was not downregulated. 

 Interestingly, knock down of LGR5 in SW480 cells was accompanied with 

a downregulation of β-catenin transcript and protein levels while putative and 

known negative regulators of Wnt signaling were upregulated (RNF128, RNF43 

and ZNRF3) (Figure 30E & F). In contrast, silencing of LGR5 resulted in a clear 

nuclear translocation of β-catenin (Figure 30G) and a strong increase in β-

catenin/TCF/LEF transcriptional activity (Figure 30H). 

 These results, together with the increased β-catenin transcriptional 

activity induced by LGR5 knock down in SW620 cells, suggests that LGR5, in 

the absence of cognate ligands activation, functions as an inhibitor of β-catenin 

nuclear translocation and transcriptional activity. They also suggest that this 

activity of LGR5 is independent of modulation of β-catenin stability, e.g. through 

changes in membrane localization or expression levels of the inhibitory E3 

ligases ZNFRF3 or RNF43 [472], [474]. Finally, they show that these colorectal 

cancer cells are absolutely dependent on LGR5 and SOX2 for anchorage-

independent growth even in the presence of high levels of β-catenin activity. An 

additional unexpected corollary to these observations is that β-catenin nuclear 

localization and transcriptional activity can be dissociated from protein levels 

and efficient anchorage-independent growth. 

 The above observations are in sharp contrast to observations by many 

laboratories showing a strong correlation between β-catenin activity and/or 

levels and the ability to form spheroids in anchorage-independent conditions in 

colorectal cancer cells [475]–[478]. In order to study the β-catenin dependence 

of the spheroid-forming ability in SW480 and SW620 cells, we proceeded to 

knock down β-catenin (Figure 31A & B). After confirming the effective knock 

down of β-catenin at the transcript and protein levels, which did not significantly 

alter E-cadherin or SOX2 levels (Figure 31A & B), we observed a strong 

inhibition of the capacity of both cell lines in forming spheroids in anchorage-

independent growth conditions (Figure 31C & D). These results indicate that the 

expression of β-catenin is indeed required for the spheroid forming potential of 

SW620 and SW480 cells. 
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Figure 31. Role of β catenin in spheroid formation in SW480 and SW620 cells. (A) RT-qPCR assessment 
of β-catenin (CTNNB1) knock down efficiency in SW480 and SW620 cells, normalized to control levels. 
(B) Western blot  for β-catenin, E-cadherin, SOX2 and tubulin in control and β-catenin knock down SW480 
and SW620 cells. (C & D) Effect of β-catenin knock down on spheroid formation in SW480 and SW620 
cells. 

Figure 30. Phenotypic characterization of LGR5 knock down in SW480 cells: Assessment of EMT and 
activation of β-catenin signaling. (A) Bright field images of control and LGR5 knock down SW480 cells. (B) 
Spheroid formation in control and LGR5 knock down SW480 cells. (C) Flow cytometry histograms 
showing DNA content profiles of control and LGR5 knock down SW480 cells. (D) Quantification and 
distribution in each phase of cell cycle of the experiment shown in (C). (E) Quantification by RT-qPCR of 
the expression of selected genes in control and LGR5 knock down SW480 cells, normalized to control 
levels. (F) Western blot for SOX2, E-cadherin and β-catenin in control and LGR5 knock down SW480 
cells. (G) Immunocytochemistry for the same proteins as analyzed in (F). (H) Luminometric measures 
reflecting TCF/LEF transcription factor activity performed in control and LGR5 knock down SW480 cells. 

          

 

 

 

 

 One possible conclusion from these observations is that the 

transcriptional β-catenin activity may not be required for spheroid growth 

potential of SW620 and SW480 cells, and that the maintenance of anchorage-

independent growth properties may rely, for instance, on membrane-associated 

functions of β-catenin, perhaps through the regulation of E-cadherin and the 

dynamics of cortical  cytoskeleton [479], [480]. Alternatively,  canonical  Wnt 
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signaling through β-catenin/TCF/LEF transcriptional activity, may enable these 

cells to display an optimal self-renewal capacity but only within an appropriate 

range of expression levels or activity. Expression or activity of β-catenin at 

levels beyond these limits (upper and lower thresholds) may affect the self-

renewal potential of these cells. The latter model would fit with our observations 

of loss of self-renewal properties (spheroid growth) in SW620 cells both under 

conditions of low β-catenin levels (through β-catenin knock down) and high β-

catenin activity (associated with LGR5 or SOX2 knock down). 

2.15 LGR5 and SOX2 are required for the in vivo tumorigenic potential of 
SW620 cells 

 The in vitro spheroid growth assay is a surrogate test for assessing the 

self-renewal potential of tumor cells and also a good predictor of the 

tumorigenic and/or metastatic potentials of these cells in immunodeficient mice 

[25], [33], [52]. In spite of the strong inhibition of spheroid growth caused by the 

repression of SOX2 or LGR5 in SW620 cells, which would predict reduced 

tumor growth in vivo, and their associated upregulation of β-catenin/TCF/LEF 

transcriptional activity, we tested the consequences of these manipulations on 

the tumorigenic potential of SW620 cells. 

 Control and SOX2 or LGR5 knock down cells were modified in order to 

stably integrate in their genomes the firefly luciferase gene under the 

transcriptional control of a constitutive promoter. Subsequently, these cells were 

xenografted into SCID-NOD mice (intramuscular injection in their hind legs) and 

tumor growth was monitored in real time by bioluminescence (Figure 32A & C). 

Knock down of either SOX2 or LGR5 caused a dramatic reduction in the rate of 

tumor growth of SW620 cells as compared to control cells (Figure 32B & D, 

respectively), reflecting a good correlation between loss of self-renewal 

observed in in vitro spheroid formation assays and the in vivo tumorigenic 

assay.  

 To confirm our observations in functional experiments performed in vitro, 

immunohistochemical staining was performed to determine the intensity and 

subcellular localization of β-catenin in samples of tumors grown in mice of 

control and LGR5 knock down SW620 cells (Figure 32E). In agreement with the 
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results obtained in functional assays, SW620 control cells displayed membrane 

bound and diffuse cytoplasmic/nucleus β-catenin stain while in LGR5 knock 

down cells, β-catenin largely lost its membrane localization and was 

preferentially localized in nucleus and with stronger signal than in control cells. 

 

 
Figure 32. Strong reduction of tumorigenicity in xenografted SOX2 and LGR5 knock down SW620 cells. 
(A) Control SW620 and SOX2-repressed cells were transduced for stably express firefly luciferase gene 
and injected i.m. in hind legs of mice. Monitoring of growing tumors was done after injection of luciferin at 
indicated days and (B) photon counts were quantified. (C) Procedure described above was done for 
assessing tumorigenicity of control SW620 and LGR5-silenced cells, and (D) photon counts were 
quantified. (E)  β−catenin staining was performed in tumor samples of control and LGR5-repressed 
SW620 cells (x100 and x400 magnification). 
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Messier object 13, The Great Globular Cluster in Hercules 

 M13, also designated NGC6205 and known as the Great Globular Cluster in 
Hercules, is a globular cluster of about 300,000 stars in the constellation named after 
the Greek mythological hero. M13 was discovered by Edmond Halley in 1714, and 
catalogued by Charles Messier on June 1st of 1764. This globular cluster is about 145 
light-years in diameter. The brightest star is the variable star V11 with an apparent 
magnitude of 11.95. M13 is 25,100 light-years away from Earth…On November 16th of 
1974, at a ceremony to mark the remodeling of the Arecibo radio telescope in Puerto 
Rico, Carl Sagan and other scientists broadcast a message aimed at the location of 
this globular cluster containing information about… 
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Discussion 

Exploration of SOX2 as a determinant of traits of tumor cell 
aggressiveness: drug resistance 

 The rationale for studying the relationship between SOX2 expression and 

drug resistance is supported by previous studies in our lab that have 

demonstrated that expression of SOX2 is tightly associated with an epithelial-

CSC phenotype in prostate and bladder cancer cell models [130], by other 

recent works that have showed in mice models that a quiescent or slow 

proliferative subpopulation of tumor cells that express Sox2 is responsible for 

tumor initiation in SCC [309], and responsible for relapse after chemotherapy in 

a subtype of medulloblastoma [308], as well as by other studies that have found 

that repression of SOX2 in breast cancer models can restore sensitivity to 

chemotherapeutic agents [337], or that upregulation of SOX2 is associated in 

turn, with drug resistance by upregulation of members of the ABC family of 

transporters in glioma cell lines [338].  

 In the first part of this work, we have intended to demonstrate a 

hypothetical relationship between SOX2 expression and drug resistance 

carrying out a survey on a panel of 22 cancer cell lines from 8 different tumor 

types, with the aim to identify pairs of cell lines derived from the same tumor 

type and displaying differential aggressiveness traits (based on the literature or 

our own previous observations), such as metastatic vs. nonmetastatic 

phenotype or by histological traits such as tumor differentiation grade, and 

correlation with SOX2 expression. Eventually, we chose the prostate cancer 

pair PC-3/Mc vs. PC-3/S (metastatic with relatively high transcriptional activity 

of SOX2/OCT3/4 vs. nonmetastatic and with relatively low SOX2/OCT3/4 

transcriptional activity, respectively), the colorectal cancer pair SW620 vs. 

SW480 (same pattern as the prostate cancer pair), and the pancreatic cancer 

pair PANC-1 vs. CAPAN-1 (both metastatic; PANC-1 generating poorly 

differentiated tumors and displaying relatively high SOX2/OCT3/4 transcriptional 

activity than CAPAN-1, which forms well-differentiated tumors). 

 For the initial screening, we transduced all cell lines with enhanced-GFP 

(eGFP) reporter plasmids for SOX2/OCT3/4 transcriptional activity, generated 

by others for improving the efficiency of detection and isolation of iPS, and used 

flow cytometry as readout of transcriptional activity. It is important to remark 
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here that in all cases, the cells presented a Gaussian distribution comprising 

negative, low, mid and a tail of high intensity of GFP-positive cells, with no 

peaks revealing subpopulations for the latter (illustrated in Figure 1A for 

SW620). Likewise, since the reporter plasmid had no selectable markers, the 

cells were transduced for the reporters under conditions intended to achieve 

100% of efficiency on the basis of extrapolation of results in parallel 

transduction experiments with the same backbone vectors carrying a GFP 

reporter plasmid for the transcriptional activity of the constitutive expressed 

gene EF1α. Because this methodology can introduce some bias (although all 

viruses were produced in parallel), the results obtained in this first screening 

were validated by other complementary means (e.g. transcript or protein levels 

of SOX2 and/or OCT3/4). In this regard, the higher percentages of GFP-positive 

cells for SOX2/OCT3/4 transcriptional activity (81% in PC-3/Mc or 77% in 

PANC-1 cells) did not show a linear correlation with SOX2 protein levels (whose 

levels were significantly higher in SW620 [results figure 1D]), perhaps reflecting 

some of the complex post-translational modifications to which SOX2 is 

subjected (including acetylation, methylation, phosphorylation or sumoylation of 

key residues) that regulate its functionality [481]–[484]. One more example of 

lack of correlation of relatively high SOX2/OCT3/4 transcriptional activity and 

SOX2 protein level is the case of colorectal cancer cell lines HCT116 40.16 and 

variant 379.2, whose percentages of GFP-positive cells were 65% and 57%, 

respectively, and showed undetectable SOX2 protein levels (results figure 15A). 

It is known that some pluripotency factors such as NANOG show fluctuations in 

their expression in ESC or neuronal progenitors while others, such as SOX2 or 

OCT3/4 show a more steady expression pattern [485]–[487]. Although it is 

unknown to what extent these expression patterns are applicable to cancer cell 

models, one possible explanation for these discordant results in HCT116 clones 

may be the existence of certain post-translational modifications in SOX2 in 

these cell lines that may impair its detection by Western blot with the antibody 

used in this study, and that presumably would not reduce its binding and 

transcriptional activity together with OCT3/4. 

 In order to assess a hypothetical relationship between SOX2 expression 

and drug resistance, we stably repressed the expression of this transcription 

factor by means of transduction of lentiviral particles for the expression of 
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shRNAs specifically targeting SOX2 mRNA in cell lines with relatively high 

endogenous levels (PC-3/Mc, PANC-1 and SW620), and overexpressed SOX2 

in cell lines with relatively low endogenous levels by means of transduction of 

retroviral particles carrying the mature mRNA of the human SOX2 gene tagged 

with Flag. Next, and within the same week of transduction, cells were seeded 

and end-point cytotoxicity assays at 72 h were performed with drugs belonging 

to different families of chemotherapeutic agents, and cell proliferation/viability 

was determined by the MTT method.  

 Several points merit discussion in these experiments. First, a factor that 

may distort the values obtained by this procedure is the dependence of the MTT 

method in the capacity of NADPH-dependent cellular oxidoreductase enzymes 

to reduce the MTT dye. This may be considered as a potential confounding 

factor, since experiments performed as part of objective 2 show, that, at least in 

CRC cells, overexpression of SOX2 increases the production of ROS, known 

activators of NADPH oxidases [488]. This effect may also explain why PC-3/S 

control cells show higher proliferation ratios than PC-3/Mc control cells at 72 h, 

since we know from previous studies that PC-3/Mc proliferate significantly more 

rapidly than PC-3/S cells in vitro (evaluations by means of luciferase reporter 

activity) but metabolic studies carried out by collaborators have demonstrated 

that PC-3/S cells produce more NADPH than PC-3/Mc cells (unpublished data). 

To what extent this fact may affect MTT values for the rest of cell lines and in 

the case of SOX2 knock down conditions is unknown, but perhaps 

determinations of cell proliferation/viability by other means could have reduced 

this possible source of bias (e.g. luminometric measures of crystal violet 

staining and solubilization or by constitutive luciferase reporter activity). 

Assuming this source of bias, MTT determinations do not show a general 

pattern of enhanced resistance in control cells with relatively high endogenous 

SOX2 expressing cells vs. their low relative endogenous SOX2 expression 

counterparts, since similar values of loss of viability to the different compounds 

and concentrations were observed.  

 A number of studies have demonstrated that SOX2 silencing significantly 

reduces the proliferative potential in vitro in a number of cell lines, including 

breast, pancreas, lung, gastric and colorectal cancer cells [318], [319], [321], 

[325], [326], while evidence of enhanced proliferation upon SOX2 
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overexpression  (4-fold increase in SOX2 protein level in respect of control 

cells) has been shown in the DU145 prostate cancer cell line  [320]. However, in 

vitro studies linking downregulation or overexpression of SOX2 with loss or gain 

of drug resistance do not abound. One recent work that used SW480 cells has 

demonstrated that resistance to 5-FU is acquired when cells are simultaneously 

transduced for the expression of OCT3/4, KLF4 and SOX2 but not for each of 

these factors separately [489]. A second study has related these processes in 

breast cancer cell models [337]. In this paper, tamoxifen-resistant MCF-7 cells 

were obtained after culturing cells in the presence of low micromolar doses of 

tamoxifen during 6 months under standard culturing conditions. After phenotypic 

characterization, it was found that resistant cells proliferated at the same rate as 

parental cells but displayed traits of breast CSCs (enriched proportion of breast 

CSC markers CD44high/CD24-/low, diminished expression of estrogen receptor, 

enhanced spheroid formation and tumorigenic potential), and 30-fold increased 

expression of SOX2 relative to parental cells. Upon knock down of SOX2 in 

these tamoxifen resistant cells, the authors showed that sensitivity to the drug 

was restored. Conversely, overexpression of SOX2 in MCF-7 parental cells 

provided resistance to tamoxifen. However, neither experiment showed how 

these manipulations of SOX2 levels affected cell proliferation or viability per se. 

Rather, cell viability was expressed in terms of relative cell viability; namely, 

normalizing the values of cells after treatment with different concentrations of 

the drug to their respective untreated controls in end-point experiments. Had we 

represented our data using this approach, the apparent result would have been 

that SOX2 knock down or overexpression in most cases leads to a gain in drug 

resistance for all compounds and concentrations relative to control cells. 

Instead, we have chosen to represent our data in terms of ratios of cell numbers 

referred to cells seeded at time 0 for each condition, thus highlighting the fact 

that manipulation of SOX2 levels impairs the cell viability/proliferation in the cell 

lines tested. Furthermore, we have found in the SW480 cell line that increasing 

levels of SOX2 correlates with a reduction in cell viability, even at protein levels 

similar to those displayed endogenously by their counterpart cell line SW620 

(Results Figures 8 & 9). Taken together, we conclude that rather than conferring 

drug resistance or sensitivity, manipulations of SOX2 levels in these cells lines 
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have profound effects in cell viability/proliferation at least in these short-term 

experiments. 

Exploration of SOX2 as a determinant of traits of tumor cell 
aggressiveness: Focus on the SW620 colorectal cancer cell model 

In view of the results and conclusions of Objective 1, we decided to 

further explore some of the molecular mechanisms that may lead to the marked 

loss of proliferation/viability upon knock down of SOX2 in cells with relatively 

high endogenous levels or upon overexpression in cells with relatively low 

endogenous levels of the transcription factor. For this purpose, we focused the 

study in the SW620-SW480 CRC cell pair because of their shared origin and 

the good correlation between aggressiveness and SOX2 expression.  

The first question that we addressed was the study of the mechanisms 

that allow SW620 cells to express and tolerate high levels of endogenous SOX2 

in comparison to SW480, in which cell growth is inhibited upon expression of 

exogenous SOX2 even at relative low levels. For this approach, we 

characterized the phenotype of both CRC cell lines upon overexpression of 

SOX2 in relatively short-term experiments. First, we observed that, similarly to 

what we had observed for SW480 cells, SW620 cells were inhibited in their 

proliferation as a function of the levels of exogenous SOX2 expression. One 

possible interpretation that may account for these unexpected results is that 

SOX2 is already expressed in these cells at levels that may represent a near-

maximally tolerated dose that, if surpassed by expressing exogenous SOX2, it 

results in adverse phenotypic effects. Consistent with this notion, subsequent 

transduction experiments were standardized in order to achieve exogenous 

SOX2 expression levels above of this hypothetical threshold of tolerance, in an 

attempt to observe unequivocal phenotypic effects. 

The phenotypic characterization of these cells revealed common traits in 

both cell lines after exogenous SOX2 expression, such as dramatic reduction of 

self-renewal potential in vitro (diminished spheroid formation), but also 

remarkable differential phenotypic traits between them. The most relevant 

findings are that transduction of SOX2 leads to a significantly higher loss of 

viable cells (necrotic and apoptotic) in SW480 cells than in SW620 cells, and 
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that the latter present a significant percentage of cells with a long-term G1/S 

arrest, as shown by flow cytometry analysis of cells blocked in G2/M with 

nocodazole. The latter effect was accompanied with a significant upregulation of 

the cyclin-dependent kinase inhibitors p21 and p27 that was not observed in 

SOX2-transduced SW480 cells.  

 To better understand to what extent these cell cycle regulators are 

involved in phenotypic traits induced by the transduction of SOX2 in SW620 

cells, experiments combining SOX2 overexpression and p21 or double p21 and 

p27 knock down, were performed. The results of these experiments suggest the 

existence of dissociated functions of these proteins and their roles in phenotypic 

traits associated with SOX2 transduction. Thus, knock down of p21 but not p27 

partially relieved the lasting G1/S arrest in SOX2-transduced SW620 cells, while 

repression of p27 in double knock down in these cells (but not in p21 knock 

down), partially restored the ability of SW620 cells to form spheres under 

anchorage independent conditions. These results indicate that additional 

mechanisms other than p21 and p27-mediated cell cycle arrest and inhibition of 

self-renewal must participate and account for the observed phenotypic effects of 

SOX2 transduction in these cells.  

 In additional set of experiments, we attempted to determine whether 

these CRC cell lines were subjected to different forms of stress upon SOX2 

transduction, such as induction of ROS or DNA damage (reflecting oncogenic 

and/or replicative stress), may account for the observed different responses of 

these cells to SOX2 transduction. A summary of these experiments is that 

SW620, but not SW480 cells, respond to SOX2 transduction with an induction 

of ROS and DNA damage response. The latter may not be related to replicative 

stress (no increase of colocalization of DDR markers with cyclin A) in SW620 

cells. These differential responses may partially explain the lasting cell arrest in 

G1 observed in SW620 cells, given the known effects of increased ROS levels 

and DNA damage on triggering cell cycle checkpoints [469], [490]. In the case 

of SW480 cells, SOX2 transduction induced increased ROS levels without 

evidence of increased DDR, although we have observed an increased 

colocalization of 53BP1 foci with cyclin A, suggesting that, in these cells, SOX2 

transduction may cause replicative stress. Why increased levels of ROS would 

lead to DNA damage in SW620 cells but not in SW480 cells, may be explained 
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by differential activity of antioxidant systems (e.g. superoxide dismutase, 

catalase, thioredoxin or glutathione) [466]. Nevertheless, this still leaves 

unexplained the mechanisms by which SOX2 overexpression induces higher 

mortality in SW480 cells than in SW620 cells.   

 Our results stand in apparent contrast to other studies [319] in which 

overexpression of SOX2 enhances the ability of HeLa and pancreatic cancer 

cells to form spheroids under anchorage-independent conditions and, 

particularly in HeLa cells, drives a faster progression through the S phase [319]. 

In contrast, other studies have highlighted that SOX2 overexpression can 

promote cellular senescence (with upregulation of p53, p21 and p16 and 

increased senescence-associated β-galactosidase activity) and autophagy in 

CRC cancer cells through upregulation of ATG10 [491]. The latter study shows 

that SOX2 overexpression in HCT116 cells and other cell lines is associated 

with vacuolization and lysosomal activation. In addition, and supporting our 

observations, the same study shows that SOX2 overexpression in HCT116 cells 

causes an accumulation of cells in the G1 phase of the cell cycle and of a sub 

G1 subpopulation, together with a reduction in the proliferation potential and in 

the ability to grow spheroids. 

 Although we have not addressed autophagy and cellular senescence in 

the CRC cell model used in our study upon SOX2 overexpression, we did 

observe the induction of a marked vacuolization in SW480 cells caused by 

SOX2 transduction. It might be worth exploring whether transduction of SOX2 in 

SW480 cells (but not SW620 cells) may induce autophagy and thus account for 

the observed loss of viability and increased apoptosis, since these pathways 

can be linked depending on the cellular context [492]. Additionally it may explain 

why in our experiments, the increased proportion of apoptotic and necrotic cells 

occurs without increased levels of cleaved caspase 3 [493]. Conversely, we do 

not have a mechanistic explanation for the decreased levels of cleaved caspase 

3 observed in association with SOX2 transduction in SW620 cells, although this 

may reflect protective anti-apoptotic mechanisms differentially expressed in 

these cells. In this regard, a similar pattern has been reported in ovarian cancer 

cells overexpressing SOX2 under treatments known to trigger the intrinsic and 

extrinsic apoptosis pathways (e.g. staurosporine, chemotherapeutic agents or 

death ligand TRAIL treatment) [334].  
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 We have also addressed the mechanistic basis underlying the loss of 

proliferation/viability upon SOX2 knock down, as well as other growth properties 

in the metastatic cell line SW620. We have found that knock down of SOX2 

causes a dramatic reduction in their in vitro self-renewal capacity and 

tumorigenicity in vivo, as well as a lasting cell cycle arrest in G1, with 

downregulation of cyclin D1 and cyclin B1, and upregulation of p21 and p27. 

These observations are in agreement with other studies in cells from other 

tumor types. In breast cancer cell models, knock down of SOX2 led to a 

decrease of spheroid formation and cell cycle arrest, with downregulation of 

cyclin D1 [494] and loss of tumorigenicity in xenografts models [318]. Similar 

results have been observed in gastric and melanoma cancer cells lines, in 

which in addition, loss of viability and proliferation was related to cells 

undergoing apoptosis upon SOX2 knock down [321], with upregulation of pro-

apoptotic or cell cycle-related proteins such as NOXA or GADD45A [335]. 

Interestingly, another study in pancreatic cancer cell models reported that 

growth inhibition and cell cycle arrest following SOX2 knock down was 

mediated through the upregulation of p21 and p27; moreover, chromatin 

immunoprecipitation (ChIP) experiments in that model showed that SOX2 was 

associated with the promoter regions of these genes where it may function as a 

negative transcriptional regulator [319]. Furthermore, given that other studies in 

ESC and adult neural stem cells have demonstrated that both p21 and p27 can 

exert a negative transcriptional regulation of SOX2 [467], [468], it is possible 

that these proteins may act in a mutually repressive transcriptional loop. In our 

study, we show evidence that SOX2 may function as a negative transcriptional 

regulator of p27 in SW620 cells, as indicated by complementation experiments 

combining SOX2 knock down with transduction of different levels of siRNA-

resistant SOX2 and luciferase reporters for p27 transcriptional activity. We are 

currently carrying out chromatin immunoprecipitation experiments to validate 

whether SOX2 is indeed associated with the promoter regions of the p21 and 

p27 genes in SW620 cells.  

 In contrast to SOX2 overexpression experiments, we have demonstrated 

that the cell cycle arrest observed in these cells upon SOX2 repression (but not 

loss of viability or spheroid formation) is partially dependent on p27, as 

indicated in double knock down of p27 and SOX2 experiments. These divergent 
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observations may be interpreted, on one hand, by the tight dependence on 

SOX2 for the self-renewal potential in SW620 cells, which is almost completely 

abolished upon SOX repression, and in a putative SOX2-mediated repression 

of p27 (and likely p21) required for normal G1/S cell cycle transition. On the 

other hand, increased DNA damage and ROS production by SOX2 

overexpression may lead remarkably to cell cycle arrest in SW620 cells; in this 

scenario, upregulation of p21 (and other unknown mechanisms) would be 

mediating the G1/S cell cycle arrest observed through p53-independent stress-

induced pathways rather than by specific transcriptional activation by SOX2. 

Finally, the increase of spheroid formation upon p27 knock down indicates that 

it acts as an inhibitor of self-renewal; its inability to restore the self-renewal 

caused by SOX2 knock down may reflect the absolute dependence on SOX2 

for this growth property in SW620 cells.  

Evidence for a SOX2-LGR5-β-catenin axis 

  Because of the strong downregulation of transcript levels of the colon 

stem cell marker LGR5 upon SOX2 knock down, we investigated a putative role 

of this protein in the phenotype observed in SOX2 knock down cells and 

whether SOX2 acts in this system as a positive transcriptional regulator of 

LGR5 (analysis to be complemented by ChIP). For this, we knocked down 

LGR5 in SW620 cells and analyzed several resulting growth properties. We 

have found that LGR5 knock down did not affect the cell cycle profile, 

proliferation rate or cell viability of SW620 cells. However, and resembling some 

phenotypic traits observed in SOX2 knock down cells, both self-renewal 

potential in vitro and ability to grow tumors in xenograft experiments was 

significantly reduced, indicating a selective role of LGR5 in these properties. 

This implies that the regulation of cell cycle progression and survival in SW620 

cells are distinct properties under the control of SOX2, but not LGR5. Similar 

effects on phenotypic traits have been reported upon LGR5 knock down in 

glioma cells expressing high levels of LGR5 (U87-MG), with the difference that 

cell cycle progression and proliferation were also impaired [495]. 

 Because of the acquisition of a more mesenchymal-like morphology in a 

subset of cells, we also studied whether LGR5 knock down was promoting an 
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EMT program in SW620 cells. Functionally, we observed an increase in the 

motility of these cells upon LGR5 knock down, but not of invasive properties in 

vitro. Moreover, although some of the EMT inducers analyzed by RT-qPCR 

were not significantly upregulated, decreased levels of epithelial markers 

(desmoplakin, E-cadherin) concomitant with an upregulation of mesenchymal 

markers (fibronectin, vimentin) were observed. In the case of E-cadherin and 

fibronectin, these results were further validated by Western blotting and/or 

immunocytochemistry. Taken together, these results suggest that knock down 

of LGR5 in these cells may engage a partial EMT program. 

  Unexpectedly, we observed an increased nuclear localization of β-

catenin in SW620 cells upon LGR5 knock down in the absence of altered 

protein levels, suggesting an activation of the Wnt/β-catenin signaling pathway. 

The latter possibility was confirmed by the finding of a 2.5-fold increase of the β-

catenin/TCF/LEF luciferase reporter activity induced by LGR5 knock down. In 

addition, we have found that in tumors grown in mice, β-catenin staining was 

more intense and was preferentially localized in the nucleus of LGR5 knock 

down tumor cells than in control tumor cells. As a result of these observations, 

we conclude that in the absence of LGR5 cognate ligands, namely R-spondins, 

LGR5 attenuates Wnt/β-catenin signaling in SW620 cells. Likewise, although 

SW480 cells express SOX2 and LGR5 at significantly lower levels than SW620 

cells, similar results were obtained upon knock down of LGR5 in SW480 cell 

line: namely, significant reduction in spheroid formation (despite upregulation of 

most of the genes analyzed involved in self-renewal in ES cells) without 

affecting proliferation or cell viability, acquisition of a flatter morphology (without 

loss of E-cadherin), and remarkably, gain in nuclear localization of β-catenin 

(with downregulation of β-catenin transcript and protein levels) coupled to a 

significant (5.5-fold) increase of β-catenin/TCF/LEF transcriptional activity.

 In spite of the fact that the proposed initial function of LGR5 (and its 

homologs LGR4 and LGR6) upon binding to its cognate ligands R-spondins, is 

to enhance canonical (β-catenin) Wnt signaling by arresting and mediating the 

clearance in cytoplasmic membrane of RNF43 and ZNFR3, known negative 

regulators of the Frizzled/LRP receptors [472], recent studies have highlighted 

that this model may be too simplistic. Particularly, it has been proposed that R-

 146  
  
   



Discussion 

spondin 2 (RSPO2), frequently downregulated in CRC cells, may function as a 

tumor suppressor by negatively regulating Wnt/β-catenin signaling through an 

LGR5-dependent feedback mechanism [496]; in the model proposed in this 

study and in CRC cells that do not express LGR5, RSPO2 could directly bind to 

the Frizzled/LRP receptors and stimulate canonical Wnt pathway and in turn, 

induce the expression of LGR5 (a Wnt target gene). RSPO2 may selectively 

bind to LGR5 in the cell membrane (or in cells that already display high levels of 

expression). This interaction would promote the membrane stabilization and 

function of ZNFR3, which leads to polyubiquitination of Frizzled receptor and 

internalization of Frizzled/LRP receptor complex and subsequent attenuation of 

canonical Wnt signaling. This model opens new insights into the regulation of 

LGR5 and Wnt signaling; for instance, as we have observed in our model, 

LGR5 (or other members of this family of receptors) could interact with and 

promote, the negative regulatory function of RNF43 and/or ZNFR3 in the 

absence of R-spondins, thus acting as default attenuators of canonical Wnt 

signaling. 

 Other studies in which LGR5 levels have been manipulated in CRC cell 

models, have obtained results that are partially discordant with ours. For 

instance, Burgess and colleagues, using two LIM colorectal cancer variants (β-

catenin mutated), have reported that LGR5 knock down does not affect cell 

proliferation but promotes invasiveness and motility in vitro, together with 

increase in spheroid and colony formation that correlates in turn with a gain of 

capacity to form tumors in vivo. The opposite behavior is found upon LGR5 

overexpression, and in consequence they conclude that LGR5 acts as a 

negative regulator of tumorigenesis in CRC cells [497]. However, this 

conclusion does not fit with other evidence that demonstrate that the fraction of 

CRC cells (derived from mouse and human samples or human CRC cells) that 

are capable to grow spheroids are enriched in CSC traits (e.g. increase 

tumorigenicity and metastatic potential) and expression of colon CSC such as 

Musashi-1, CD44, EpCAM or CD133, and importantly, LGR5 [88], [477], [498], 

[499]. In contrast, the cell lines in the Burgess study are per se barely capable 

of growing spheroids or forming tumors in vivo (at least one of the cell lines 

used). The intrinsic differences in the model selected may explain the 

discordant results between their results and those obtained in our cell model 
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(e.g. β-catenin vs. APC mutated, respectively).  In spite of these differences, 

and in agreement with our study, the transcriptomic profiles of the cells studied 

by Burgess and colleagues upon LGR5 silencing are consistent with an 

enhanced canonical Wnt signaling (while overexpression of LGR5 has the 

reverse effect), and engagement of an EMT program. Other recent studies in 

colorectal cancer cells (HT29 and DLD1) have shown that downregulation of 

miR-363 promotes the upregulation of GATA6 that, in turn, acts as a direct 

positive transcriptional regulator of LGR5 [500]. In these models, and in 

agreement with our results, both knock down of GATA6 (with subsequent 

downregulation of LGR5) or LGR5, suppresses the in vitro self-renewal and in 

vivo tumorigenic potential of these cells, without affecting their in vitro 

proliferation rates. 

Next, we explored the consequences of SOX2 knock down in SW620 

cells that may phenocopy, at least partially, LGR5 knock down. First, we 

assessed EMT markers, and found a transcriptional upregulation of several 

EMT inducers (TWIST1, ZEB1) and mesenchymal markers (SPARC, vimentin 

and fibronectin), concomitant with a downregulation of epithelial markers such 

as E-cadherin and EpCAM. In the case of E-cadherin, the downregulation was 

confirmed by decreased protein levels and membrane-associated staining by 

immunocytochemistry. Importantly, and mirroring the results obtained in LGR5 

knock down cells, we observed a significant gain in nuclear localization of β-

catenin that was translated into a 3.5-fold increase in β-catenin/TCF/LEF 

transcriptional activity, in the absence of alterations in β-catenin protein levels. 

Taken together, these results suggest the existence of a functional 

relationship between SOX2, LGR5 and the Wnt/β-catenin signaling axis that 

controls the epithelial-mesenchymal phenotypic switches and self-renewal 

properties of SW620 cells. However, we do not rule out that this relationship 

may be specific to our cell model and tightly related to LGR5 expression levels. 

In other cancer cell models (ovarian and glioblastoma), SOX2 has been inferred 

to be an inducer of EMT phenotypes (e.g. enhanced motility, invasiveness, 

expression of MMPs and mesenchymal markers) in cells with low or 

undetectable endogenous SOX2 levels [324][501]. Likewise, it has been shown 

that SOX2 binds and promotes the transcription of the EMT master regulator 
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SNAI1 in pancreatic cells [319]. Additional studies have found that 

overexpression of SOX2 leads to upregulation of Wnt signaling (prostate and 

breast cancer models) [323], [337], with the demonstration of a direct positive 

transcriptional regulation of the β-catenin gene exerted by SOX2 (MCF-7 cells) 

[323]. Thus, it is possible that in our model, loss of LGR5 (by direct knock down 

or indirectly by SOX2 knock down) engages an EMT program (partial EMT 

program), as other aforementioned studies in LGR5 knock down CRC cells 

have demonstrated [497]. 

 Nevertheless, the reciprocal regulation between SOX2 and β-catenin 

seems to be complex and dependent on cellular context. For instance, in a 

subset of MCF-7 breast cancer cells, it has been reported that β-catenin binds 

to SOX2 and reduces its DNA binding affinity, which results in an inhibition of 

SOX2 transcriptional activity and expression of target genes [502]; interestingly, 

the authors reasoned that this interaction would be dependent on post-

transcriptional modifications in β-catenin and possibly also in SOX2, on the 

basis of preliminary and unpublished data. In another study, Sox2 was found to 

inhibit the Wnt/β-catenin pathway in mouse osteoblasts [503], while in two other 

studies, β-catenin was reported to suppress the expression of Sox2 in mouse 

osteosarcoma cells and in early distal lung endoderm development [329], [504]. 

Remarkably, in our study we have found that knock down of LGR5 caused a 

2.5-fold increase of β-catenin/TCF/LEF transcriptional activity in SW620 cells 

and a 5.5-fold increase in SW480 cells. On the other hand, knock down of 

SOX2 in SW620 cells induced a 3.5-fold increase in β-catenin/TCF/LEF 

transcriptional activity, supporting a negative regulation of β-catenin by SOX2 in 

these cells. We speculate that the significant higher levels of endogenous SOX2 

expressed by SW620 cells as compared to SW480 cells may partially explain 

the more subdued increment of β-catenin/TCF/LEF activity observed in the 

former cells in response to LGR5 knock down. 

CRC is generally characterized by a constitutively activated Wnt-β-

catenin pathway mediated in the most cases, by mutations in β-catenin 

(CTNNB1) or APC genes. Therefore, the observation of increased activation of 

this pathway in cells bearing such mutations may seem to be contradictory. 

However, rather than a constitutive pathway activation to its maximal levels, it 

 149 
   
 



Discussion 

appears that CRC cells present a lower threshold to Wnt signaling activation. 

Recent studies have demonstrated that, in the case of CRC cells with truncated 

APC (which applies for SW620 and SW480 cells), this regulatory protein is still 

capable of binding to β-catenin (with an efficiency that is inversely proportional 

to the length of deletion) and form a less effective but still active, β-catenin 

destruction complex [505]. This leaves sufficient room for further Wnt/β-catenin 

activation, and indeed CRC cells respond to exogenous Wnt ligands and 

actively produce them to stimulate Wnt signaling in an autocrine fashion, 

dependent on the expression of the Wnt-secretion regulatory protein GPR177 

[505]. As a matter of fact, immunohistochemical studies have revealed that 

colon carcinomas harboring APC mutations do not express nuclear β-catenin 

homogeneously [110], [111]. Likewise, the aforementioned studies that 

characterize the fraction of CRC cells that form spheroids and conclude that are 

enriched in colon CSCs, also show that these cells display higher β-

catenin/TCF/LEF transcriptional activity. This finding may seem contradictory 

with our results that higher canonical Wnt signaling is linked with loss of self-

renewal potential. However, in these studies, LGR5 is also highly expressed in 

putative isolated colon CSCs, while in our study, genetic manipulations lead to 

dramatic reduction of its levels. Therefore, this may also indicate that loss of 

LGR5 engages other unknown mechanisms that impair the self-renewal 

potential of our cells independently of the activation of canonical Wnt pathway.  

 Wnt/β-catenin signaling has been implicated in the maintenance of both 

mouse and human ESCs in vitro [285], [506]–[512]. Wnt signaling has also 

been reported to promote the acquisition of a pluripotent state during 

reprogramming of somatic cells to induced pluripotent stem cells [513], [514]. 

Many studies have shown that activating Wnt/β-catenin signaling promotes self-

renewal of mouse ESCs [285], [506], [509]–[512], whereas reciprocal loss-of-

function studies indicate that β-catenin is required for multilineage differentiation 

but is dispensable for self-renewal [512], [515], [516]. The role of Wnt/β-catenin 

signaling in hESCs is less clear due to contradictory results among published 

studies. Sato et al. have found that activation of the Wnt/β-catenin pathway with 

either Wnt3A or a GSK3β inhibitor, preserves the self-renewal of hESCs under 

feeder-free conditions [285]. Conversely, others have reported that presence of 
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Wnt3A or GSK3β inhibitors leads to differentiation of hESCs towards primitive 

streak and definitive endoderm lineages [517], [518]. Another study has found 

that another GSK3β inhibitor promotes undifferentiated cellular morphology and 

maintains expression of pluripotency markers in short-term assays, but is not 

sufficient to expand undifferentiated hESCs over multiple passages [519]. It has 

also been shown that Wnt3A and Wnt1 transiently stimulate proliferation and/or 

increased clonal survival of hESCs, but fail to maintain other functional 

attributes of pluripotency over several passages [520]–[522]. In addition, a 

recent work has found that Wnt/β-catenin signaling is not active during hESC 

self-renewal by using a sensitive reporter system [523]; moreover, inhibition of 

the pathway over several passages did not impair hESC maintenance while 

activation led to loss of self-renewal and induction of mesoderm lineage genes. 

The authors concluded that Wnt/β-catenin signaling is linked to differentiation 

rather than self-renewal in hESCs. 

Therefore, whether Wnt/β-catenin signaling maintains hESCs in an 

undifferentiated and self-renewing state, or whether it promotes differentiation, 

remains controversial. One possible explanation is that Wnt/β-catenin may 

function specifically in asymmetric cell divisions rather than in self-renewal per 

se. In order to maintain a balance of dividing and differentiating cells within a 

tissue, progenitor cells divide asymmetrically, giving rise to one progenitor and 

one cell committed to differentiation [524], [525]. C. elegans embryos show 

early signs of Wnt/β-catenin-dependent asymmetric cell divisions, which 

distinguish and specify the fates of early progenitors [526]–[528]. More recently, 

it has been shown that if Wnt3a is added to one side of a murine ES cell, β-

catenin will asymmetrically distribute to its two daughter nuclei [529]. These 

findings suggest that polarized canonical Wnt signaling might be important in 

promoting asymmetric cell divisions, providing a possible explanation for how 

Wnts may function in both stem cells´ self-renewal and promoting 

differentiation. Furthermore, since many stem and progenitor cells can divide 

both asymmetrically and symmetrically [530], [531] and because this can shift to 

primarily symmetric divisions in cancers [188], [532], it is likely that when Wnt 

signaling is unpolarized or too high, symmetrical divisions can arise, which may 

include driving both daughters to differentiate.  
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 The signaling that governs the multipotency of stem cells that reside 

within the intestinal crypt has been extensively studied. These intestinal stem 

cells (ISCs) are responsible for generating the villus, enteroendocrine, goblet 

and Paneth cells; the latter are considered as niche cells for ISCs and are the 

main source of Wnt signaling in the crypt [533], [534]. The importance of Wnt/β-

catenin signaling in the maintenance of the adult murine intestine was first 

demonstrated by the loss of intestinal crypts that arises from either β-catenin 

deficiency or ectopic expression of the Wnt inhibitor DKK1 [535], [536]. This 

corroborated earlier studies showing that failure to express TCF4 also led to a 

failure to maintain ISCs and intestinal crypts [537]. Moreover, ISCs can 

generate minigut organoid cultures that can be long-term maintained in vitro as 

long as R-spondin 1 is present to stimulate canonical Wnt signaling [538]. In 

contrast, BMP signaling antagonizes Wnt signaling through the PTEN tumor-

suppressor protein in the mouse small intestine and, therefore, restricts 

proliferation [539], [540]. As a matter of fact, high levels of Wnt receptors 

expression are observed at the top of the human colonic crypt [541]. Optimal 

maintenance of ISCs in vitro is also achieved by inhibiting BMP signaling [538], 

[542]. In addition, the Notch receptor, its ligand Delta1 and associated Hes 

transcription factors, are all expressed mainly at the base of small intestinal 

crypts [543]. Notch signaling seems to be relevant in maintaining the 

proliferative compartment of intestinal crypts and in determining lineage 

commitment. The proliferative small intestinal crypt cells of mice injected 

intraperitoneally with γ-secretase (which inhibits the activated Notch receptor) 

rapidly transform into postmitotic goblet cells [544]. All these observations 

indicate that these pathways may represent opposing forces in the maintenance 

of active stem cells and are subjected to a particular tight regulation in ISCs.  

 Additionally, ISCs exist in two distinct states based in part on their 

sensitivity to Wnt signaling; the more quiescent stem cells (the so-called crypt 

+4 ISCs) are in a more Wnt-restricted microenvironment, while the active stem 

cells (0 to +3 ISCs) display a reduced threshold for activation to canonical Wnt 

stimulation [172], [175], [410], [545], [546]. In both cases, Wnt/β-catenin activity 

is associated with proliferation and cell fate determination and, as discussed 

above, these two features might be inseparable if Wnt/β-catenin signaling turns 
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out to function in these tissues at least in part to promote asymmetric cell 

divisions. Moreover, very high levels of Wnt signaling in the intestine are 

associated with terminal differentiation, represented by the Paneth cell [547], 

[548].  

 The above examples illustrate that it is plausible that activation of 

canonical Wnt signaling as a result of SOX2 and LGR5 repression in SW620 

cells, and LGR5 knock down in SW480 cell line, may lead to such imbalance in 

the pathways regulating their self-renewal potential and differentiation (e.g. 

Notch or BMP signaling) that this property is compromised. Genome-wide 

transcriptomic profiles of SOX2 and LGR5 knock down SW620 cells may shed 

some light on this matter (ongoing work). 

 We have also demonstrated by β-catenin knock down in both SW480 

and SW620 cells, that presumable reduction of Wnt/β-catenin signaling and/or 

loss of a structural function of β-catenin also leads to the loss of self-renewal 

potential of these cells. Following the same reasoning, one possible 

interpretation may be that these cells require certain levels of canonical Wnt 

signaling and β-catenin activity for optimal self-renewal; once the threshold of 

tolerance are surpassed (upper and lower thresholds), this property is affected. 

Therefore, it is likely that this may be related to promotion by Wnt signaling of 

symmetrical divisions in putative CSCs contained in SW620 and SW480 cells 

that preferentially give rise to two daughter cells fated to differentiation rather 

than two CSCs, with the consequent overall loss of self-renewal. However, in 

the case of SOX2, SW620 cells may be so dependent on its transcriptional 

program that its repression directly causes the loss of self-renewal properties 

among other growth capabilities. 
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Messier object 33, The Triangulum Galaxy 

 The Triangulum Galaxy is a spiral galaxy located approximately 3 million light-
years away from our galaxy in the constellation Triangulum. With a diameter of about 
50,000 light-years, is the third-largest member of the Local Group of galaxies, which 
includes the Milky Way, the Andromeda Galaxy and about 44 other smaller galaxies. 
Triangulum may be home to 40 billion stars, compared to 400 billion for the Milky Way, 
and 1 trillion (1,000 billion) stars for Andromeda… 
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Conclusions 

1. End-point experiments with short-term (72 h) exposure to drugs and MTT

assays, show that differential SOX2 expression is not associated with the 

intrinsic drug resistance capacity displayed by cancer cell lines of prostate (PC-

3/Mc and PC-3/S), pancreas (PANC-1 and CAPAN-1) and colorectal (SW620 

and SW480) origins. 

2. Modulation of SOX2 levels, either through shRNA-mediated knock down or

through overexpression by exogenous transduction impairs, per se, the cell 

proliferation and/or viability of prostate, pancreas and colorectal cancer cell 

lines. 

3. The colorectal cancer cell lines SW620 and SW480 display differential growth

and viability responses to exogenous SOX2 overexpression. The major 

phenotypes observed in SW480 cells are a significant increase in apoptosis and 

necrotic cells with reduction of their self-renewal capacity, concomitant to a 

significant increase in ROS levels. The major phenotypes observed in SW620 

cells are a reduction in cell proliferation with relatively lasting G1 arrest, 

elevation of cyclin-dependent kinase inhibitors p21 and p27, loss of self-renewal 

potential and increase in ROS levels and DNA damage response. The cell cycle 

arrest induced by overexpression of exogenous SOX2 in SW620 cells is 

partially mediated by p21 while loss of self-renewal is partially mediated by p27.  

4. SW620 cells are highly dependent on SOX2 for the maintenance of their

growth properties. Silencing of SOX2 in SW620 cells induces apoptosis and a 

lasting cell cycle arrest in G1 with upregulation of p21 and p27. The cell cycle 

arrest induced by SOX2 repression in SW620 cells is partially mediated by p27. 

SOX2 knock down in this cell line also causes a dramatic loss of self-renewal in 

vitro and a significant reduction in the ability to grow tumors in vivo.  

5. Silencing of SOX2 in SW620 cells leads to a strong downregulation of the

colon stem cell marker LGR5, gain in nuclear localization of β-catenin and 

increase of β-catenin/TCF/LEF transcriptional activity. Knock down of SOX2 in 

SW620 cells seems to engage a partial epithelial-to-mesenchymal transition 

program. Similar effects are observed in SW620 and SW480 cells upon knock 
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down of LGR5. In these cell lines, LGR5 seems to act as a negative regulator of 

the canonical Wnt signaling in the absence of their cognate ligands (R-

spondins). In addition, repression of LGR5 in SW620 and SW480 cells also 

impairs their self-renewal ability, and in the case of SW620 cells, it also 

significantly diminishes their tumorigenic potential in vivo.  

6. Silencing of β-catenin inhibits the self-renewal potential of SW620 and

SW480 cells, as measured by anchorage-independent spheroid formation 

assays. As a result of our previous finding that upregulation of β-catenin activity 

induced by knock down of LGR5 (and SOX2 in the case of SW620 cells) is 

associated with loss of their self-renewal rate, we propose that Wnt/β-catenin 

signaling enable these cells to display an optimal self-renewal capacity but only 

within an appropriate range of activity. Expression or activity of β-catenin at 

levels beyond this range (upper and lower thresholds) may impair the self-

renewal potential of these cells. 

158 



Bibliography 

159 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Messier object 51, The Whirlpool Galaxy 

 The Whirlpool Galaxy is an interacting grand-design spiral galaxy with 2 active 
galactic nucleus located at the constellation Canes Venatici. It is about 23 million light-
years away from the Milky Way. The very pronounced spiral structure of the Whirlpool 
Galaxy is believed to be the result of the close interaction with its companion 
galaxy NGC5195; the last collision of these two gravitationally bound galaxies, has 
been estimated to occur about 500 to 600 million years ago… 
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Messier object 104, The Sombrero Galaxy 

The Sombrero Galaxy belongs to our Local Group of galaxies. This neighboring 
giant elliptical galaxy in the constellation of Virgo is located 28 million light-years away 
from our galaxy. It has a bright nucleus, an unusually large central bulge, and a 
prominent dust lane in its inclined disk. Sombrero is the closest galaxy to the Milky Way 
that presents an active galactic nucleus or quasar, or in other words, presents an active 
central supermassive black hole that emits vast amounts of radiation in the whole 
range of the electromagnetic spectrum… 
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