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ABSTRACT 

 

Multiple studies have highlighted the role of ZEB1 as a critical regulator of tumor 

progression through the regulation of different hallmarks of cancer beyond the 

induction of EMT. The results presented in this dissertation indicate that ZEB1 regulates 

intestinal tumor formation from its earliest stages, and report ZEB1 as an important 

driver of colitis and inflammation-induced colorectal cancer.  

We found that ZEB1 expression in epithelial cells from intestinal adenomas increases 

adenoma formation and decreases life span in the ApcMin/+ mouse model, which is 

supported by decreased senescence and apoptosis in ApcMin/+/Zeb1+/+ mice when 

compared to ApcMin/+/Zeb1+/- counterparts. ZEB1 is both a target and a mediator of the 

Wnt signaling pathway. Here we provide two new mechanisms by which ZEB1 

modulates the Wnt pathway through the regulation of AXIN2 and DACT2 expression. 

Besides, we found that ZEB1 promotes lipid accumulation in adenomas and colorectal 

cancer cell lines through the repression of the ATGL/PPAR/PGC-1 axis, which is critical 

for the degradation of lipid droplets.  

In addition, we show that ZEB1 is upregulated in the epithelial cells of ulcerative colitis 

patients and of mouse models of colitis, where its expression promotes intestinal 

inflammation and inflammatory tumorigenesis. ZEB1 exerts these functions, at least in 

part, through the increase of DNA damage and the inhibition of the MPG glycosylase, 

which is involved in DNA damage repair. Moreover, ZEB1 expression in CRC cells 

stimulates the production of ROS and IL1-β by macrophages which, in turn, reduce MPG 

expression in CRC cells. 

Altogether, these results establish ZEB1 as an important regulator of adenoma 

formation and as a mediator of inflammation and inflammation-driven carcinogenesis, 

and set ZEB1 as a potential therapeutic target in colorectal carcinoma.  
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RESUM 

 

Múltiples estudis han destacat el paper de ZEB1 com a regulador essencial de la 

progressió tumoral a través de la regulació de varis dels trets distintius del càncer més 

enllà de la inducció de la transició epiteli-mesènquima (EMT). Els resultats presentats en 

aquesta tesi indiquen que ZEB1 regula la formació de tumors intestinals des de les fases 

més inicials, i descriuen ZEB1 com un important inductor de colitis i de càncer de colon 

induït per inflamació.  

Hem trobat que l’expressió de ZEB1 en cèl·lules epitelials d’adenomes intestinals 

augmenta la formació d’adenomes i redueix la supervivència en el model de ratolí 

ApcMin/+. A més, en comparació amb els ratolins ApcMin/+/Zeb1+/+, els ratolins 

ApcMin/+/Zeb1+/- presenten més senescència i apoptosi. ZEB1 és tant una diana com un 

mediador de la via de senyalització Wnt. Els nostres resultats proporcionen dos nous 

mecanismes pels quals ZEB1 interacciona amb la via Wnt a través de la regulació de 

l’expressió d’AXIN2 i DACT2. Addicionalment, hem observat que ZEB1 promou 

l’acumulació de lípids a través de la repressió de l’eix ATGL/PPAR/PGC-1, el qual té 

un paper crític en la degradació de les vesícules lipídiques.  

En paral·lel, hem demostrat que ZEB1 es troba sobreexpressat en cèl·lules epitelials de 

pacients de colitis ulcerativa i en models murins de colitis, on la seva expressió promou 

la inflamació intestinal i la tumorogènesi derivada de la inflamació. ZEB1 exerceix 

aquestes funcions, al menys en part, a través de l’augment de les lesions en l’ADN i la 

inhibició de MPG, una glicosilasa implicada en la reparació de les lesions en l’ADN. A 

més, l’expressió de ZEB1 en les cèl·lules de càncer de colon estimula la producció 

d’espècies reactives d’oxigen (ROS) i IL-1β per part dels macròfags que, a la vegada, 

redueix els nivells de MPG en les cèl·lules de càncer de colon.  

En conjunt, aquests resultats estableixen ZEB1 com un element regulador de la formació 

d’adenomes intestinals, així com un mediador de la inflamació i la carcinogènesi 

derivada de la inflamació, i confirmen ZEB1 com a potencial diana terapèutica en càncer 

colorectal.  
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INTRODUCTION 

 

Cancer is an important cause of morbidity and mortality worldwide which, according to 

the World Health Organization, is expected to rank as the leading cause of death and 

the single most important barrier to increasing life expectancy in the 21st century, with 

approximately 18.1 million new cancer cases each year and 9.6 million cancer deaths 

worldwide (Bray et al., 2018).  

1. Hallmarks of cancer cells 

Cancer is a multistep disease driven by interconnected cellular events between 

epithelial cells and the host microenvironment (Chaffer and Weinberg, 2015), which 

lead to malignant cell transformation and, eventually, endow cells with the ability to 

evade an anti-tumor immune response and then proliferate, migrate, invade adjacent 

tissues and, ultimately, metastasize to distant organs. Tumor development proceeds 

through a succession of genetic, epigenetic, transcriptional and post-transcriptional 

modifications, which confer growth advantage and result in the progressive conversion 

of normal cells into cancer cells (Chaffer and Weinberg, 2015; Amaro et al., 2016).  

Although the processes leading to tumorigenesis may vary between cancer types from 

a different origin, the cellular and molecular steps required for tumor progression and 

metastasis are quite similar for all cancer cells (Bogenrieder and Herlyn, 2003; Liotta and 

Kohn, 2003). The molecular mechanisms that promote invasive growth and metastasis 

are also found in embryonic development and, to a lesser extent, in adult tissue 

homeostasis and repair processes (Dvorak, 1986; Bogenrieder and Herlyn, 2003). 

Hanahan and Weinberg proposed that a number of cancer-associated characteristics are 

tied to the operations of a small group of regulatory circuits, and postulated eight 

specific capabilities that are shared in common by most types of human tumors, which 

are: sustained proliferative signaling, evasion of growth suppressors, activation of 

invasion and metastasis, replicative immortality, angiogenesis induction, resistance to 

cell death, energy metabolism reprogramming, and evasion of immune destruction 
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(Hanahan and Weinberg, 2000, 2011). Moreover, they also described two additional 

enabling characteristics that are crucial to the acquisition of the aforementioned traits: 

genomic instability and tumor-promoting inflammation (Hanahan and Weinberg, 2011) 

(Figure 1). Genomic instability permits the succession of alterations in the genome of 

neoplastic cells, with certain mutant genotypes conferring a selective advantage on cell 

subpopulations, enabling their outgrowth and eventual dominance in the tissue 

microenvironment (Cahill et al., 1999; Sieber et al., 2003). On another note, most 

tumors are densely infiltrated by immune cells that attempt to eradicate tumor cells 

but, paradoxically, the resulting inflammation contributes to multiple hallmark traits by 

supplying a wide range of factors that promote cell survival, proliferation, matrix 

remodeling and angiogenesis (Grivennikov et al., 2010; Qian and Pollard, 2010). 

Altogether, these make a total of ten hallmarks common to most types of cancer. 

Figure 1. The Hallmarks of Cancer. Schematic representation of the ten hallmarks and enabling traits of 

cancer as proposed by Hanahan and Weinberg. Adapted with permission from Hanahan and Weinberg, 

2011. 
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2. Colorectal cancer 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer with 

approximately 1.9 million new annually diagnosed cases, accounting for 10.2% of the 

total cancer cases. It is also the second cause of cancer-related death worldwide, which 

represents nearly a million deaths worldwide annually (9.2% of total cancer deaths) 

(Bray et al., 2018). Therefore, it is crucial to identify and characterize new diagnostic, 

prognostic and predictive biomarkers in order to improve patient’s clinical management 

(Carethers and Jung, 2015).  

CRC is a complex disease that develops as a consequence of both genetic and 

environmental risk factors, and it is traditionally divided into sporadic and familial 

(hereditary) cases. Sporadic CRC, which develops due to somatic mutations, accounts 

for about 90-95% of all CRCs, whereas the remaining 5-10% is an inherited form of the 

disease (de la Chapelle, 2004; Jasperson et al., 2010).  

 

2.1. Molecular pathogenesis of CRC 

Colorectal tumors arise as a result of the mutational activation of oncogenes, coupled 

with the mutational inactivation of tumor suppressor genes. Although fewer changes 

are sufficient for benign tumorigenesis, mutations in several genes are required for the 

formation of a malignant tumor (Fearon and Vogelstein, 1990; Tan and Yeoh, 2015). The 

total accumulation of genetic alterations that lead to tumor formation is responsible for 

determining the tumor properties. However, these changes often occur according to a 

common temporal sequence (Fearon and Vogelstein, 1990; Tomasetti and Vogelstein, 

2015).  

CRC often develops over a long period of time, and dysplastic adenomas are the most 

common form of premalignant precursor intestinal lesions (Jass, 2007). Benign tumors 

are localized lesions that project above the surrounding mucosa, commonly termed 

adenomatous polyps or adenomas, which are characterized by dysplastic morphology 

and alterations in the epithelium (Fearon, 2011). 



INTRODUCTION   

 28 

While Familial Adenomatous Polyposis (FAP) patients present APC germline mutations 

in 100% of the cases (Jasperson et al., 2010), somatic mutations in APC gene are an early 

event that occurs in more than 70% of sporadic adenomas (Kinzler and Vogelstein, 1996; 

Brenner et al., 2014). Biallelic inactivation of this gene is required to promote tumor 

development (Fearon, 2011), leading to APC loss of function that, in turn, triggers the 

activation of the Wnt signaling pathway (Nishisho et al., 1991). After this initial step, the 

colonic epithelium acquires a dysplastic morphology that evolves into larger adenomas 

with the accumulation of additional hits. APC mutations are often followed by activating 

mutations in the Ser/Thr kinases KRAS or BRAF, which are found in 30-50% and 15% of 

sporadic CRC, respectively, resulting in constitutive activation of downstream ERK 

signaling (Davies et al., 2002; Fearon, 2011). Further genetic alterations in TGF- 

pathway components coincide with the transition from adenoma with low-grade 

dysplasia to adenoma with high-grade dysplasia (Grady et al., 1998; Calon et al., 2012). 

Finally, loss-of-function mutations in p53, which are found in up to 70% of CRCs, are 

relatively late events in the development of colorectal tumors and are considered an 

important determinant of progression from adenoma to malignant carcinoma (Baker et 

al., 1990). This multistep genetic model of colorectal carcinogenesis is represented in 

Figure 2.  

Although conventional adenoma is considered the precursor lesion of most CRCs, the 

so-called serrated pathway, a heterogeneous condition characterized by the presence 

of serrated lesions throughout the colon, has been proposed as an alternative 

mechanism of carcinogenesis that is involved in up to 30% of all CRCs (de Sousa E Melo 

et al., 2013; Carballal et al., 2016).  

All these genetic alterations are promoted by the chromosomal instability (CIN) 

observed in up to 65% of sporadic CRC, which results in an accelerated rate of new 

mutations (Loeb et al., 2003; Pino and Chung, 2010). Additionally, microsatellite 

instability (MSI) caused by the loss of DNA mismatch repair activity results in a 

hypermutable phenotype in about 15% of all CRCs (Boland and Goel, 2010) (Figure 2).   

 



  Colorectal cancer 

 29 

 

2.2. Hereditary CRC  

There are several classes of hereditary CRC, although the most studied ones are the 

Lynch syndrome (also known as hereditary non-polyposis colorectal cancer; HNPCC) and 

the Familial Adenomatous Polyposis (FAP) (Valle et al., 2019).  

Lynch syndrome is characterized by presenting proximal colorectal tumors that tend to 

exhibit MSI and harbor mutations in the mismatch-repair genes, have diploid DNA and 

generally behave less aggressively (Lynch and de la Chapelle, 1999, 2003). HNPCC 

presents an autosomal dominant inheritance pattern and is characterized by CRC 

development at around 45 years of age. Histologically, HNPCCs are often poorly 

differentiated, mucinous, and have a large number of infiltrating lymphocytes 

(Jasperson et al., 2010). Although it presents a better prognosis than sporadic CRC, there 

is an increased risk in developing malignancy at extracolonic organs (endometrium, 

ovary, stomach, pancreas) (Barrow et al., 2009).  

Conversely, FAP, which represents the classical paradigm for hereditary CRC, is 

characterized by hundreds to thousands of polyps distributed throughout the colon and 

present CIN. Tumors developed by FAP patients are prone to harbor mutations in APC, 

Figure 2. Pathogenesis of adenoma-carcinoma progression in CRC. Representative model of the 

progression from an early adenoma to a late colorectal carcinoma, along with the most common 

genetic alterations of each step. Adapted with permission from fightcolorectalcancer.org. 
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TP53, and KRAS, and behave more aggressively, following the process that accounts for 

most sporadic CRCs (Lynch and de la Chapelle, 1999). This syndrome is characterized by 

the development of colorectal adenomas during adolescence that will develop CRC if 

untreated. It is caused by germline mutations in APC that, upon the occurrence of a 

second hit according to Knudson’s two-hit hypothesis, will lead to FAP development. 

Although only two hits are necessary for the initiation of tumorigenesis, only one or few 

adenomas progress to cancer, indicating that several additional mutations are needed 

(Fearon and Vogelstein, 1990; Kinzler and Vogelstein, 1996). Only 25% of FAP cases are 

caused by de novo mutations (Jasperson et al., 2010).  

In addition to these two main groups of hereditary forms of CRC, there are other 

additional hereditary syndromes and genetic variants that associate with an increased 

risk for CRC and other malignancies (eg, hamartomatous polyposis) (Abulí et al., 2016). 

However, these are rare and with a low reported frequency. 

 

2.3. Clinical and molecular classifications of CRC 

Tumors can be classified according to different parameters: histological, clinical, 

molecular, etc. Clinical CRC classification is performed according to the Tumor, Nodes, 

and Metastasis (TNM) general staging system used for solid malignancies. Although it 

was initially developed to predict cancer prognosis, its function has expanded and it is 

also used to determine treatment and entry into clinical trials (Quirke et al., 2007). 

Tumors are staged according to three different parameters: size and invasion depth of 

the primary tumor (T), affectation of lymph nodes (N), and the presence of metastasis 

(M). Even though the TNM system helps to describe cancer staging in great detail, TNM 

combinations are grouped into five generic stages, where stage 0 corresponds to the 

presence of abnormal cells that have not spread to nearby tissues (adenoma). In stages 

I, II and III, carcinoma is present and the higher the number, the larger and more invasive 

the cancer is. Finally, stage IV indicates dissemination to distant parts of the body (Sobin 

et al., 1988; Quirke et al., 2007; Sobin and Compton, 2010; Brierley et al., 2017).  

More recently, the development of high throughput techniques of gene expression 

profile allowed the classification of CRC by their molecular signature. Thus, an early 
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study from Sadanandam and colleagues associated the worst prognosis to a stem-like 

subtype, which accounted for strong Wnt signaling and presented ZEB1 as a signature 

gene biomarker (Sadanandam et al., 2013). Subsequent studies identified other 

molecular subtypes that have recently led to the establishment of four consensus 

molecular subtypes, each of them with distinguishing features (Figure 3): CMS1 (MSI 

immune), which presents a strong immune activation; CMS2 (Canonical), with marked 

Wnt signaling activation; CMS3 (Metabolic), which presents metabolic dysregulation; 

and CMS4 (Mesenchymal), with strong TGF- activation, stromal invasion and 

angiogenesis, which presents worse relapse-free and overall survival (Guinney et al., 

2015; Dienstmann et al., 2017).   

 

2.4. Inflammation-driven CRC 

Chronic inflammation is one of the hallmarks of cancer (Hanahan and Weinberg, 2011). 

Considered as a risk factor for some types of cancers, many tumors arise following 

prolonged inflammation or display characteristics of chronic inflammation throughout 

their progression (Shalapour and Karin, 2015; Greten and Grivennikov, 2019). CRC has 

long been known as one of the best examples of a tumor tightly associated with chronic 

inflammation, which can be present from the earliest stages of tumor onset (Lasry et al., 

Figure 3. Molecular classification of CRC. CIMP, CpG island methylator phenotype; MSI, microsatellite 

instability; SCNA, somatic copy number alterations. Adapted with permission from Guinney et al, 2015. 
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2016). In fact, both the CMS1-MSI immune and the CMS4-Mesenchymal subtypes from 

the consensus molecular classification of CRC are associated with an inflammatory gene 

signature profile (Dienstmann et al., 2017). Although sporadic and hereditary cases of 

CRC are rarely preceded by chronic inflammation, they can be prevented or delayed by 

treatment with anti-inflammatory drugs, which indicates the involvement of 

inflammatory processes in the tumor onset (Labayle et al., 1991; Burn et al., 2011).  

Inflammation is not only a cause but also a consequence of cancer. Genetic alterations 

that cause tumorigenesis are also associated with the expression of inflammation-

related programs and induce immunosuppression of the tumor microenvironment 

(Mantovani et al., 2008; Colotta et al., 2009; Kortlever et al., 2017; Greten and 

Grivennikov, 2019). Inflammatory reactions are often linked to microbial responses. The 

intestinal tract hosts microbial communities that communicate with the mucosal 

immune system. Therefore, any substantial shift in the bacterial population can have a 

considerable effect on inflammatory responses and contribute to tumor development 

(Manichanh et al., 2012; Greten and Grivennikov, 2019). In sporadic CRC, the loss of APC 

is accompanied by decreased MUC2 production, which results in defects in the epithelial 

barrier. Commensal enteric bacteria are therefore capable of invading adenomatous 

lesions and induce the upregulation of pro-inflammatory cytokines by activation of 

nearby macrophages and subsequent stimulation of Th17 cells and innate lymphoid cells 

which, in turn, directly stimulate the proliferation and growth of aberrant crypt foci 

(ACF) lesions into adenocarcinomas (Figure 4) (Grivennikov et al., 2010; Wang, K. et al., 

2014; Greten and Grivennikov, 2019).  

Efforts are being dedicated to address the link between pre-existing inflammation and 

subsequent tumor development, but also to understand the inflammatory reaction in 

the tumor microenvironment, which to some extent is detected in nearly all solid 

malignancies (Shalapour and Karin, 2015). 
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Figure 4. Inflammation and tumor initiation. Injury, tissue disruption or infection lead to the activation 

of inflammatory responses that can drive to stem cell proliferation and re-differentiation, leading to 

epithelial restoration. However, activation of stem cells that already harbor oncogenic mutations leads 

to excessive proliferation and no functional restoration, contributing to tumor formation and 

progression. Adapted with permission from Greten and Grivennikov, 2019. 
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2.4.1. Inflammatory Bowel Disease and CRC 

Patients with inflammatory bowel disease (IBD), particularly ulcerative colitis (UC), are 

at a higher risk of developing CRC, which is directly correlated with the cumulative 

chronic inflammatory burden (Rutter et al., 2004; Choi et al., 2017; Baker et al., 2018).  

IBD is characterized by a prolonged inflammatory response to luminal bacteria or to 

sustained mucosal danger signals (DAMPs). Although genetic factors underlying IBD are 

not fully portrayed, genome-wide association studies have determined around 100 

different risk loci for IBD, 30 of which are common to Crohn’s disease and UC, defining 

IBD as the result from an inappropriate and continuing inflammatory response to 

commensal microbes in a genetically susceptible host (Khor et al., 2011).  

UC is characterized by inflammation limited to the colon, whereas Crohn’s disease 

involves any part of the gastrointestinal tract in a non-continuous fashion and, unlike 

UC, is commonly associated with complications such as abscesses or fistulas. 

Histologically, UC presents superficial inflammatory changes limited to the mucosa and 

submucosa, while Crohn’s disease patients display thickened submucosa, transmural 

inflammation and non-necrotizing granulomas (Gillen et al., 1994; Khor et al., 2011).  

Colitis-associated CRC does not progress into CRC following the same multistep 

pathogenesis observed in sporadic CRC. Instead, it is thought to arise from flat dysplasia 

with undifferentiated margins in a field of concomitant inflammation, which makes 

endoscopic detection and resection challenging (Choi et al., 2017). At a molecular level, 

TP53 mutations are typically an early event that can be present even in non-neoplastic 

mucosa, whereas APC and KRAS mutations are less prevalent than in sporadic CRC 

(Baker et al., 2018). IBD-associated chronic inflammation induces production of 

mutagenic reactive oxygen and nitrogen species (ROS and RNS, respectively), which 

induce oxidative DNA damage and the activation of transcription factors such as NF-k 

and STAT3, which accelerate APC loss and, in parallel, activate genes that promote the 

survival of intestinal epithelial cells and expose them to growth-promoting inflammatory 

cytokines (Terzic et al., 2010; Shaked et al., 2012).  
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3. EMT and the ZEB family of transcription factors 

3.1. Cellular plasticity and epithelial-to-mesenchymal transition (EMT) 

The EMT is a cellular program that provides cells with cellular plasticity to transiently 

shift between differentiation states (Nieto et al., 2016; Dongre and Weinberg, 2019). 

When activated, cells progressively lose their epithelial appearance in monolayer 

cultures to adopt a more spindle-shaped morphology, which can be reverted back to an 

epithelial state in the reverse process, also known as mesenchymal-to-epithelial 

transition (MET). Although being a crucial cell plasticity program during embryonic 

development and in adult tissue homeostasis, when the EMT process is aberrantly 

activated it can have pathogenic effects not only in cancer but also in other diseases 

such as fibrosis (Nieto et al., 2016). During embryonic development, cells undergo a 

complete EMT transition. In contrast, cancer cells activate a partial EMT program to shift 

between transient cellular states that help them to acquire the required properties to 

adapt to the microenvironment and promote tumor progression (Krebs et al., 2017). 

This reversible process is represented in Figure 5.   

Figure 5. Cellular plasticity and EMT. Representation of EMT as a program that endows cells with 

plasticity to acquire properties such as stemness, resistance, and motility, which are required for tumor 

progression. Adapted with permission from Dongre and Weinberg, 2019. 
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In a normal epithelial tissue, cells are distributed and positioned along with an apical-

basal polarity and are kept together by adherens junctions, which are formed by the 

homophilic union of E-cadherin molecules, to maintain the structural integrity of the 

epithelia (Gumbiner, 1996). Loss of E-cadherin expression is critical for epithelial cells to 

acquire a more dedifferentiated and invasive phenotype that allows the disruption of 

tissue integrity and local invasion, both essential steps in the malignancy of carcinomas 

(Birchmeier and Behrens, 1994; Perl et al., 1998; Onder et al., 2008). E-cadherin 

inactivation can be caused by both genetic alterations and epigenetic mechanisms 

(Hirohashi, 1998; Strathdee, 2002). However, transcriptional repression is considered 

the fundamental mechanism for the dynamic silencing of E-cadherin during tumor 

progression (Ye and Weinberg, 2015; Dongre and Weinberg, 2019). Several transcription 

factors have been described to regulate E-cadherin expression: E47 and KLF8 factors 

bind to and repress E-cadherin promoter (Wang et al., 2007; Nieto et al., 2016), whereas 

factors such as Goosecoid, E2.2, and FoxC2 repress E-cadherin transcription indirectly 

(Yang and Weinberg, 2008; Sobrado et al., 2009). However, the main transcriptional 

regulators of E-cadherin expression are the so-called EMT-inducing Transcription 

Factors (EMT-TFs), which involve the Snail and the ZEB families of Zinc-finger 

transcription factors, and the Twist family of basic/helix-loop-helix (bHLH) factors 

(Figure 6) (Stemmler et al., 2019). The ZEB family of transcription factors will be 

discussed in the following section. 
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The Snail family of EMT-TFs encompasses Snai1 (also known as Snail), Snai2 (Slug) and 

Snai3 (Smuc). Snail family members share similar organization (Dongre and Weinberg, 

2019; Stemmler et al., 2019), and repress E-cadherin by direct binding to E-box elements 

(5’-CANNTG) found in the proximal promoter region (Figure 6A) (Batlle et al., 2000; Cano 

et al., 2000; de Craene et al., 2005). Snail proteins contribute to the loss of epithelial 

characteristics, as well as to the acquisition of migratory properties through the 

activation of genes that regulate cell migration (Barrallo-Gimeno and Nieto, 2005; Wu 

Figure 6. Schematic representation of the protein structures of EMT-TFs. DNA-binding domains are 

represented in blue. Snail proteins (A) and TWIST1 (B) only have one DNA-binding unit, whereas ZEB 

proteins (C) have two separate zinc-finger (ZnF) clusters. The homology between family members and 

specific domains is shown as percentages. aa, amino acids; bHLH, basic helix–loop–helix; CID, CtBP 

interaction domain; NES, nuclear export sequence; SID, Smad interaction domain; SNAG, Snail co-

repressor binding domain. Adapted with permission from Stemmler et al, 2019. 
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et al., 2009), and they can either act individually or cooperate with other EMT-TFs 

(Larriba et al., 2009; Stemmler et al., 2019). In addition to their tumor-promoting 

functions in tumor cells, Snail expression is also involved in the activation of cancer-

associated fibroblasts, which contribute to tumor cell invasion and metastasis (Alba-

Castellón et al., 2016; Sala et al., 2019).  

The Twist family comprises two members, TWIST1 and TWIST2 (also known as Dermo-

1), which homo- or heterodimerize with other bHLH molecules in order to bind to E-box 

sequences and either activate or repress transcription (Figure 6B) (Puisieux et al., 2014; 

Stemmler et al., 2019). While they have been described to interact with Polycomb group 

proteins EZH2 and BMI1 to repress E-cadherin transcription (Yang et al., 2010), they can 

also act as activators of mesenchymal proteins such as N-cadherin (Alexander et al., 

2006). Twist factors are upregulated during tumor progression and play an essential role 

in both tumor metastasis (Kang and Massagué, 2004; Yang et al., 2004) and 

chemotherapy resistance (Wang et al., 2004).  

 

3.2. The ZEB family of transcription factors 

The ZEB family of transcription factors in mammalians encompasses two different 

members: ZEB1 (also known, inter alia, as ZEB, EF1 or TCF8) and ZEB2 (SIP1). ZEB factors 

present the strongest inverse correlation with E-cadherin expression among the three 

families of EMT-TF described (Reinhold et al., 2010), which can be partially explained by 

the fact that ZEB1 can act as a downstream effector of Snail and Twist proteins (Taube 

et al., 2010). Snail increases the transcriptional activity of ZEB1, while ZEB2 expression 

remains unaltered (Guaita et al., 2002). Moreover, Snail can also promote ZEB1 

expression through the stabilization of TWIST1 protein levels, which in turn enhances 

ZEB1 expression by binding to its promoter (Taube et al., 2010).  

ZEB1 and ZEB2 present similar structural organization, with approximately 44% of 

shared homology (Stemmler et al., 2019) (Figure 6C). They both present two zinc finger 

clusters (ZnF) located at N-terminal and C-terminal ends, which are responsible for 

binding to the regulatory regions of target genes containing E-box DNA-binding 
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sequences 5’-CANNT(G) (Sekido et al., 1994; Verschueren et al., 1999). Although there 

is a high degree of identity within ZnFs between ZEB1 and ZEB2, regions outside the ZnFs 

are considerably less conserved (Figure 6C).  

The structural complexity of ZEB factors includes PXDLS motifs designated as CtBP 

interaction domain (CID) (Figure 6C), where CtBP cofactors can bind and, together with 

histone-modifying enzymes, act as co-repressors (Stemmler et al., 2019). ZEB proteins 

also mediate TGF- signaling through cooperation with activated Smad transcription 

factors, which bind to the Smad Interaction Domain (SID) (Figure 6C) (Postigo, 2003). 

Other cofactors can bind to the N-terminal region depending on the cellular context. For 

instance, ZEB1 binds the SWI/SNF chromatin-remodeling co-repressor protein BRG1 to 

repress E-cadherin (Sánchez-Tilló et al., 2010).  

Despite most research has focused on ZEB factors as transcriptional repressors, their 

ability to activate transcription has also been reported. p300 and P/CAF, histone 

deacetylases that loosen chromatin structure, can also bind to N-terminal regions of 

ZEB1 (Stemmler et al., 2019) and induce a number of target genes of the TGF- signaling 

pathway (Postigo et al., 2003) and Vitamin D Receptor (VDR) gene expression (Peña et 

al., 2006). In the case of the Wnt signaling pathway, ZEB1 also acts as an activator upon 

binding to TCF4 (Sánchez-Tilló et al., 2015), while it also has been reported to cooperate 

with the co-activator of the Hippo signaling pathway YAP1 to promote a common target 

gene set (Lehmann et al., 2016).  

Although highly related, ZEB1 and ZEB2 can play opposing roles and present inverse 

expression patterns in development, tissue homeostasis and tumor biology: loss of ZEB2 

in melanoma correlates with reduced patient survival, whereas ZEB1 expression in 

melanoma is associated with poor clinical outcome. Additionally, ZEB1 cooperates with 

TWIST1 to promote tumor progression, while ZEB2 cooperates with Slug with tumor-

suppressive effects (Caramel et al., 2013). These different functions of ZEB1 and ZEB2 

are partially explained by their differential regulation by TGF- and BMP: whereas they 

induce binding of ZEB1 to a p300/SMAD transcriptional activator complex, it recruits 

CtBP to ZEB2 in the same model system (Gheldof et al., 2012; Stemmler et al., 2019). 
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The protein structure of ZEB factors, as well as the multiple co-activators and co-

repressors that can bind to and interact with them, reflects that the regulation of ZEB1 

and ZEB2 expression and function depends on the activation of several cellular signaling 

pathways, the relevance of which depends on the tissue and cell context (Stemmler et 

al., 2019). For instance, TGF-/BMP, COX2, estrogens, Notch, Wnt, Ras-MAPK, hypoxia 

(HIF) and NF-k signaling pathways induce these transcription factors (Stemmler et al., 

2019).  

Besides these signaling pathways, ZEB1 and ZEB2 mRNA transcripts are both targeted 

and inhibited by the miR-200 family of microRNAs, which play a key role in maintaining 

epithelial features of cells (Gregory et al., 2008). The miR-200 family encompasses miR-

200a, miR-200b, miR-200c, miR-141 and miR-429, which can be divided into two 

subgroups – subgroup I: miR-141 and miR-200a; subgroup II: miR-200b, miR-200c and 

miR-429 – according to their target gene sites, which are present in the 3’ UTR of both 

ZEB1 and ZEB2 sequences (Figure 7, left) (Brabletz and Brabletz, 2010). Besides having 

opposite functions, ZEB factors also transcriptionally repress miR-200 expression by 

binding to E-box regions found near the Transcription Start Site (TSS) (Figure 7, right), 

altogether establishing a feedback loop between ZEB factors and miR-200 family 

members that tightly regulates the differentiation state of cells (Bracken et al., 2008; 

Burk et al., 2008; Liu et al., 2013). 
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3.3. Pleiotropic roles of ZEB1 in tumor progression 

Multiple studies have identified ZEB1 as a critical factor for tumor progression beyond 

the induction of EMT and, in fact, it is involved in some of the cancer hallmarks proposed 

by Hanahan and Weinberg that were discussed in the first section of this chapter 

(Hanahan and Weinberg, 2011; Caramel et al., 2017).  

ZEB1 has the ability to repress the cyclin-dependent kinase inhibitors CDKN1A and 

INK4B, thereby allowing G1-S cell cycle progression which, together with the 

upregulation of hTERT, endows cells with replicative immortality and sustained 

proliferative signaling (Liu et al., 2008; Yu et al., 2018). ZEB1 also increases cell survival 

by both inhibiting senescence through the repression of macroH2A1 and through the 

activation of anti-apoptotic (MCL1, BCL2) and repression of pro-apoptotic (BAX, NOXA, 

PUMA) genes (Sánchez-Tilló et al., 2014; de Barrios et al., 2017). It has also been 

described that ZEB1 stimulates angiogenesis by upregulating VEGF (Inuzuka et al., 2009; 

Liu et al., 2016). ZEB1 promotes the expression of the stemness-associated factors BMI1, 

Figure 7. The ZEB/miR-200 family feedback loop. ZEB factors transcriptionally repress the miR-200 family 

members located in two clusters by binding to highly conserved recognition sequences in their 

promoters. miR-200 family members inhibit expression of ZEB at the post-transcriptional level by binding 

to highly conserved target sites in their 3ʹ UTRs. Adapted with permission from Brabletz and Brabletz, 

2010. 



INTRODUCTION   

 42 

SOX2, and KLF4 through inhibition of the expression of stemness-repressing miRNAs 

including miR-200 family (Wellner et al., 2009), and it has been described to induce 

radioresistance and chemoresistance to targeted therapies and immunotherapy (Zhang 

et al., 2014; Shibue and Weinberg, 2017). ZEB1 regulates the key protein cascade of the 

plasminogen activation system by inducing uPA and repressing PAI-1, and cooperates 

with Wnt signaling pathway to promote the expression of the matrix glycoprotein 

LAMC2 and the matrix metalloproteinase MT1-MMP, thus promoting matrix remodeling 

and tumor invasiveness (Sánchez-Tilló et al., 2011; Sánchez-Tilló et al., 2013; Sánchez-

Tilló et al., 2015). 

In summary, a number of studies have highlighted the intrinsic oncogenic functions of 

ZEB1 that impact tumorigenesis from its earliest stages, integrating microenvironmental 

signals and being a central switch that determines cell fate through the regulation of 

miRNAs and multiple signaling pathways, allowing cells to adapt to the multiple 

constraints encountered over the course of tumor development. 

 

 

4. Wnt signaling pathway in colorectal adenoma to carcinoma 

progression 

4.1. Canonical Wnt signaling pathway 

Wnt proteins are growth stimulatory factors that have the ability to give shape to 

growing tissues and act as directional factors that instruct new cells to become allocated 

to generate organized structures (Nusse and Clevers, 2017). Wnt signals are transduced 

to the non-canonical pathway for control of tissue polarity and cell motility (Huang and 

Niehrs, 2014), whereas the canonical pathway acts as a molecular cascade involved in 

the regulation of multiple physiologic processes such as embryonic development and 

adult tissue homeostasis through the determination of cell fate (Nusse and Clevers, 

2017). However, perturbations in Wnt signaling promote both human degenerative 

diseases and cancer (Logan and Nusse, 2004). 
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The key switch in the canonical Wnt pathway is the cytoplasmic protein -catenin, 

whose stability is controlled by the destruction complex as represented in Figure 8. 

Under homeostatic conditions, the tumor suppressor protein Axin acts as a scaffold, 

interacting with -catenin, Dishevelled (Dvl), the constitutively active serine-threonine 

kinases CK1/ and GSK3/, and the tumor suppressor protein APC (Nusse and 

Clevers, 2017). When Frizzled/LDL-related receptor protein (Frz/LRP) receptor 

complexes are not engaged by ligands, Ser/Thr kinases phosphorylate Axin-bound -

catenin, which is further ubiquitinated by the E3 ubiquitin ligase -TrCP leading to 

proteasomal degradation of -catenin (Figure 8, left) (Liu et al., 2002; Clevers and Nusse, 

2012).  

On the contrary, when Wnt ligands are secreted by neighbor cells to the extracellular 

medium and bind Frz/LRP receptor complexes, Dvl and Axin are recruited to the Frz and 

LRP receptors, respectively, recruiting the destruction complex to the cell membrane. 

This leads to LRP receptor inhibition of GSK-3, therefore promoting -catenin 

stabilization, its accumulation in the cytoplasm and its translocation to the nucleus, 

where it interacts with LEF/TCF constitutive transcription factors and modulates the 

transcription of Wnt target genes (Figure 8, center) (Anastas and Moon, 2013; Nusse and 

Clevers, 2017).  

In the absence of Wnt signaling and stabilization of -catenin, LEF/TCF transcription 

factors actively repress transcription through their interaction with Groucho, a 

transcriptional co-repressor that recruits histone deacetylases (HDACs) to induce 

repression (Eastman and Grosschedl, 1999). Conversely, upon Wnt signaling, -catenin 

translocation to the nucleus displaces Groucho from LEF/TCF factor to activate the 

transcription of Wnt signaling programs (Daniels and Weis, 2005). Wnt signaling is 

regulated at different levels by a range of effectors, which can function as agonists or 

antagonists. Remarkably, some of these Wnt signaling activators or antagonists are part 

of Wnt target genes, therefore promoting an autonomous feedback loop on the 

pathway (Cruciat and Niehrs, 2013).   
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4.2. Wnt signaling and ZEB1 in CRC 

Mutations in APC gene result in disruption of the -catenin destruction complex and -

catenin translocation into the nucleus, ultimately leading to the onset of early colon 

adenomas (Walther et al., 2009) (Figure 8, right). Although it is clear from studies on 

colorectal cancer that APC is essential for the function of the -catenin destruction 

complex, its specific molecular activity has only partially been resolved (Nusse and 

Clevers, 2017). It should be noted that APC is not the only member of the destruction 

complex that can be altered in CRC. For instance, mutations in AXIN2 cause colorectal 

cancer with defective mismatch repair by activating -catenin/TCF signaling (Liu et al., 

2000). Additionally, -catenin itself can also present activating mutations that 

functionally alter its phosphorylation sites (Morin et al., 1997). Interestingly, the 

inactivation of proteins that do not belong to the canonical Wnt pathway such as the 

Figure 8. Activation of the Wnt canonical signaling pathway. Left: in the absence of a Wnt signal, -

catenin is targeted by the so-called “destruction complex”. Center: binding of Wnt to its receptors induces 

the stabilization of -catenin by degradation of the destruction complex, subsequently binding TCF in the 

nucleus and upregulating Wnt target genes. Right: mutations in APC disrupt the destruction complex, 

leading to activation of the pathway. Adapted with permission from Nusse and Clevers, 2017. 
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small GTPase RHOA can also cause nuclear -catenin accumulation and increased 

TCF4/-catenin activity (Rodrigues et al., 2014).  

The aberrant activation of the Wnt signaling pathway and the resulting induction of the 

transcription of Wnt target genes is not homogeneous along the distinct areas of a CRC. 

Central areas present an epithelial growth pattern characterized by adherent polarized 

tumor cells and membranous and cytoplasmic -catenin (Brabletz et al., 1998; Brabletz 

et al., 2001; Hlubek et al., 2007). In contrast, tumor cells at the invasive front present 

loss of plasma membrane-associated E-cadherin and nuclear accumulation of -catenin, 

resulting in the expression of the Wnt target genes required for cell dedifferentiation 

and dissemination (Sánchez-Tilló et al., 2015). Finally, the expression of cytoplasmic and 

membranous -catenin and E-cadherin is recovered in the central differentiated areas 

of the metastasis (Brabletz et al., 2001). 

ZEB1 expression pattern in CRC correlates with that of Wnt signaling activity: it is not 

expressed in the tumor center of CRC, whereas it is expressed at the invasive front 

(Sánchez-Tilló et al., 2010). Additionally, BRG1 recruitment by ZEB1 to repress E-

cadherin is only found in nuclear -catenin-positive cells at the invasive front of CRC 

(Sánchez-Tilló et al., 2010). ZEB1 is not expressed in the epithelium of hereditary forms 

of CRC that carry wild-type APC and where -catenin is excluded from the nucleus as in 

the HNPCC (Sánchez-Tilló et al., 2011). However, in a FAP model of genetically inherited 

CRC, nuclear -catenin correlates with ZEB1. Interestingly, ZEB1 transcription is 

activated by -catenin/TCF4 binding to its promoter, which is necessary for the 

expression of Wnt target genes that regulate CRC invasiveness like MT1-MMP, LAMC2 

and uPA (Sánchez-Tilló et al., 2011; Sánchez-Tilló et al., 2013). Moreover, Wnt signaling 

switches ZEB1 from a repressor that binds CtBP/BRG1 co-repressors to an activator by 

promoting its interaction with p300 (Sánchez-Tilló et al., 2015). Altogether, these data 

set the Wnt signaling pathway as a critical element for ZEB1-induced CRC progression, 

and ZEB1 as a pivotal factor for the regulation of Wnt target genes. 
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5. Lipid metabolism and cancer 

Cancer cells need to adapt their metabolism in order to fulfill the biosynthetic demands 

that follow the rapid growth of the primary tumor and the colonization of distant organs. 

Therefore, tumor cells present high metabolic plasticity to react to environmental 

changes, which is considered a hallmark of cancer (Hanahan and Weinberg, 2011; 

Lehuédé et al., 2016).  

The best characterized metabolic phenotype observed in tumor cells is the Warburg 

effect, where tumor cells shift from ATP generation through oxidative phosphorylation 

to ATP generation through glycolysis even under normal oxygen concentrations (aerobic 

glycolysis) (Warburg, 1956), therefore converting glucose into lactate rather than 

metabolizing it in the mitochondria. The acquisition of this metabolic phenotype 

requires the alteration of the main pathways involved in metabolic regulation, such as 

the Wnt, the PI3K, the mTOR and the AMPK pathways (Elstrom et al., 2004; Guertin and 

Sabatini, 2007; Shackelford and Shaw, 2009; Pate et al., 2014).  

Besides, metabolic adaptation in tumors extends beyond the Warburg effect. Fatty acids 

are the major building blocks for the synthesis of triacylglycerides, which are mainly 

used for energy storage. However, lipids also play relevant roles in signaling, functioning 

as second messengers. Since many types of cancer cells require an additional supply of 

lipids for proliferation and survival, fatty acid synthesis pathways are the major pathway 

exploited by cancer cells for the acquisition of lipids (Menendez and Lupu, 2007). 

Nevertheless, different studies have also highlighted the scavenging for extracellular 

lipids as an adaptive mechanism for cancer cells to maintain viability (Boroughs and 

DeBerardinis, 2015). In addition, it has been suggested that certain types of tissues can 

regulate both lipogenic and lipolytic pathways to acquire lipids which, in turn, promote 

cancer cell proliferation and survival, supporting the idea that lipid metabolism in cancer 

depends on the cell type and, importantly, the microenvironment (Nomura et al., 2010; 

Kuemmerle et al., 2011; Zaidi et al., 2013).  

Adipose triglyceride lipase (ATGL, also known as PNPLA2 or desnutrin) is a key enzyme 

in the regulation of energy homeostasis, and therefore its transcription and activity are 
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tightly regulated by different factors according to the energetic requirements of the cell 

(Lass et al., 2006; Yang et al., 2010). ATGL localizes in triglyceride-rich intracellular lipid 

droplets (LD), where it initiates the hydrolysis of triglycerides to release diacylglycerol 

and long-chain fatty acids in several tissues (Eichmann et al., 2012). Recent studies have 

proposed a tumor suppressor function of ATGL, although its precise role in cancer 

pathogenesis is still controversial (Vegliante et al., 2018). 

In line with the role of ATGL in regulating energy metabolism, any modulation of ATGL 

activity affects PPAR activation either directly or indirectly (Schreiber et al., 2019). 

Peroxisome proliferator-activated receptors (PPARs) are a group of three fatty acid 

sensitive transcription factors (PPAR, PPAR, and PPAR). Although they are encoded 

by different genes, PPAR isoforms have a high degree of structural homology. However, 

they have different tissue distribution patterns and modulate specific responses after 

activation (Daynes and Jones, 2002). Considered as master regulators of adipogenesis, 

PPARs serve as sensors of dietary fats, translating nutritional stimuli into changes in gene 

expression (Saez et al., 1998). PPARs bind as heterodimers with a retinoid X receptor 

(RXR) and, upon agonist binding, they interact with co-factors to increase the rate of 

transcription of their target genes (Berger and Moller, 2002). In the gastrointestinal 

tract, PPAR has been identified as a regulator of intestinal cell growth and 

differentiation, and its ligands have been characterized as anti-proliferative and pro-

apoptotic agents (Sarraf et al., 1998; Gupta et al., 2003; McAlpine et al., 2006). 

Additionally, PGC-1 (Peroxisome proliferator-activated receptor gamma coactivator 1), 

which is a strong PPAR and PPAR co-activator, is significantly decreased in CRC 

(Feilchenfeldt et al., 2004). In contrast, PPAR upregulation in colon cancer cells has 

been associated to aberrant Wnt signaling, and PPAR activation has been linked to 

increased number of colonic polyps in APCMin/+ mice (Saez et al., 1998; Jansson et al., 

2005), indicating some controversy in the literature regarding the role of PPAR and its 

classification as either a tumor suppressor or an oncogene. As for PPAR and PPAR 

receptors, their relevance in CRC has not been deeply studied. PPAR expression is 

decreased in colonic tubular adenomas when compared to healthy controls, whereas 

PPAR expression has been associated with COX-2 expression and poor prognosis in CRC 

(Wichmann-Matthiessen et al., 2009; Yoshinaga et al., 2011).  



INTRODUCTION   

 48 

ZEB1 has been involved in lipid metabolism (Zhao et al., 2019). It has been identified as 

a central transcriptional component of fat cell differentiation, operating at the 

crossroads of several pathways underlying adipogenesis by forming a complex with 

C/EBP and regulating PPAR (Gubelmann et al., 2014). Additionally, ZEB1 regulates the 

uptake, accumulation, and mobilization of lipids, and regulates epithelial cell adhesion 

by remodeling the plasma membrane through the modulation of glycosphingolipid 

metabolism (Mathow et al., 2015; Viswanathan et al., 2017). However, the precise role 

of ZEB1 in regulating lipid metabolism and accumulation in cancer cells remains poorly 

understood, a caveat that was addressed in this Ph.D. project. 

 

6. DNA damage and cancer progression 

Inflammatory cytokines, ROS, and RNS released by neutrophils and macrophages both 

induce DNA alterations in epithelial cells and inhibit their repair (Jaiswal et al., 2000; 

Colotta et al., 2009; Roos et al., 2016). In addition to damaging DNA directly through 

base oxidation and deamination, ROS and RNS can generate—indirectly via lipid 

peroxidation—aldehydes that induce mutagenic etheno-base (ε-base) adducts (Roos et 

al., 2016). 

Base modifications can be repaired by the O6-methylguanine-DNA-methyltransferase 

enzyme (MGMT) and the enzymes of the base excision repair (BER) system (Fu et al., 

2012; Bauer et al., 2015). The first step in the BER system involves the recognition and 

excision of damaged bases by a group of DNA glycosylases, including N-Methyl-Purine 

Glycosylase (MPG) [also known as N-alkyladenine glycosylase (AAG)], 8-oxoguanine-

DNA glycosylase (OGG1), MutY DNA glycosylase (MUTYH), and endonuclease VIII-like 1 

(NEIL1) (Fu et al., 2012; Roos et al., 2016). Loss-of-function mutations in humans or 

targeted deletions in mice of some of these enzymes of the BER system result in greater 

susceptibility to DNA damage, inflammation and spontaneous and/or induced 

tumorigenesis. For instance, compared to wild-type counterparts, Mpg-/- mice 

accumulate more DNA lesions in their colonic mucosa upon chemically-induced colitis 

(Meira et al., 2008). Mpg-/-, Ogg1-/-, and Mutyh-/- mice all exhibit enhanced 
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tumorigenesis in experimental models of inflammatory CRC (Sakamoto et al., 2007; Liao 

et al., 2008; Meira et al., 2008; Calvo et al., 2012). 

Efficient DNA repair requires tight regulation and balance of all BER components 

(Glassner et al., 1998; Fu et al., 2012; Christmann and Kaina, 2013; Roos et al., 2016). 

Thus, mice lacking some BER glycosylases paradoxically confer increased resistance to 

certain alkylating agents (Meira et al., 2008; Fu et al., 2012) while their overexpression 

induces frameshift mutations and microsatellite instability, and associates with poorer 

prognosis in several cancers (Glassner et al., 1998; Hofseth et al., 2003; Bauer et al., 

2015). The colonic mucosa of UC patients and of experimental mouse models of colitis 

exhibit an array of DNA base lesions including 7,8-dihydro-8-oxo-2’-deoxyguanosine (8-

oxo-dG) and A, C, G adducts (Tardieu et al., 1998; Nair et al., 2006; Meira et al., 2008; 

Calvo et al., 2013; Pereira et al., 2016). Additionally, alterations in the gut microbiota 

have been involved in the pathogenesis of UC and inflammatory CRC through DNA 

damage-dependent and -independent mechanisms (Irrazábal et al., 2014).  

Although inflammatory mediators upregulate ZEB1 expression in cancer cell lines 

(Dohadwala et al., 2006; Katsura et al., 2017), its role and mechanism of action in 

inflammation-induced cancer are not fully understood.  

 

 

 

 

  



 

 

  



 

 51 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RATIONALE AND 
OBJECTIVES 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
  



 

 53 

RATIONALE AND OBJECTIVES 

 

The ultimate aim of this dissertation is to characterize new potential mechanisms that 

regulate oncogenic transformation in colorectal carcinoma.  

 

The specific objectives of this dissertation are: 

1. To identify new roles and targets of the transcription factor ZEB1 as a mediator of 

Wnt-induced intestinal adenoma formation.  

2. To characterize ZEB1’s mechanism of action as a transcriptional regulator in 

inflammation and inflammation-induced carcinomas.  

 
To address these goals, a wide number of reagents have been used, namely, human 

samples of adenomas, colitis and CRC, CRC cell lines whose expression for different 

genes has been manipulated by overexpression or RNA interference, and transgenic 

mouse models (ApcMin/+, Zeb1+/- and Mpg-/-); which were examined for different 

functional assays, tumor formation, gene expression (RNA sequencing), and microbiota 

composition. 
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METHODOLOGY 

 

Mice strains and husbandry 

ApcMin/+ mice (C57BL/6J background with a point mutation c.2549T>A (p.Leu850*)) (The 

Jackson Laboratory, Bar Harbour, ME, USA), were crossed with Zeb1+/- mice (Takagi et 

al., 1998) to generate an offspring harboring the Min mutation and either both or one 

Zeb1 allele (ApcMin/+/Zeb1 wild-type, hereafter referred to as ApcMin/+/Zeb1+/+, or 

ApcMin/+/Zeb1+/-, respectively). The number of adenomas was assessed in 3-month-old 

mice by two independent researchers. Survival curves were obtained from the daily 

monitoring of ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice, which died naturally or were 

sacrificed when moribund at a human ethical endpoint.  

Mpg-/- mice obtained from Dr. Leona Samson (MIT, Cambridge, MA, USA) were crossed 

with Zeb1+/+ or Zeb1+/- mice, and the resulting Mpg+/-/Zeb1+/+ or Mpg+/-/Zeb1+/- progeny 

was then crossed again to finally obtain Mpg-/-/Zeb1+/+ and Mpg-/-/Zeb1+/- mice. Mice 

from all the different genotypes were subjected to protocols to induce colitis or 

inflammatory CRC. 

The use of mouse models followed the guidelines established by the Research Ethics 

Committee at the University of Barcelona School of Medicine and was approved under 

references UB/301/16 and UB/302/16. 

Chemical model of experimental colitis in mice 

Mice of the different genotypes were subjected to a protocol of chemically-induced 

acute colitis as described elsewhere (Neufert et al., 2007). Briefly, 3-month-old mice 

were exposed to Dextran Sodium Sulfate (DSS, mw 40-50K) (Affymetrix/USB™, Thermo 

Fisher Scientific, Waltham, MA, USA) diluted at 3% in drinking water and administered 

for seven days, after which mice were sacrificed and colon was extracted for length 

measuring and further analysis. 
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Chemical model of experimental inflammatory CRC in mice 

Chemically-induced CRCs in mice were generated as described (Neufert et al., 2007). In 

order to assess inflammation-induced tumor formation, 4-month-old mice were 

injected intraperitoneally with 10 mg/kg of the chemical agent Azoxymethane (AOM) 

(Sigma-Aldrich, St. Louis, MO, USA). After seven days, mice were subjected to three 

consecutive cycles, each of them consisting of a week of treatment with 1.5% DSS in 

drinking water, followed by two weeks with plain drinking water. Afterward, mice 

reaching the end of the protocol were euthanized, and their colon was extracted for 

further analysis.  

The number of tumors was assessed by two independent researchers. Investigators 

were not blinded to the group allocation when assessing the outcome of animal studies.  

Human samples 

Human colon samples from healthy donors, FAP and sporadic adenomas patients and 

UC patients were obtained from colonic biopsies collected during routine endoscopy 

from patients and healthy donors recruited by the Departments of Gastroenterology at 

Hospital Clínic (Barcelona, Spain) and Hospital Clínico San Carlos (Madrid, Spain). 

Healthy controls were subjects undergoing colonoscopy for mild gastrointestinal 

symptoms or screening for CRC but none of these controls presented colonic lesions. 

Tissue samples destined for RNA analyses were preserved in RNAlater™ RNA 

Stabilization Reagent (Fisher Scientific, Thermo Fisher Scientific), whereas samples 

destined for immunostaining analyses were formalin-fixed and paraffin-embedded. All 

human samples were obtained with the informed consent of patients, in conformity 

with the principles of the Helsinki Declaration, and their use was approved by the local 

Clinical Ethics Research Committee at the Hospital Clinic of Barcelona under reference 

HCB/2018/0157. 
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Cell lines and cell culture 

SW480 and HCT116 CRC cell lines were obtained from the Cancer Cell Line Repository 

at the Barcelona Biomedical Research Park (Barcelona, Spain), which conducts quality 

controls for authentication and mycoplasma contamination. Additionally, cells were 

regularly tested for mycoplasma infection with e-Myco™ Plus Mycoplasma PCR 

Detection Kit (iNtRON Biotechnology, Incheon, South Korea). SW480 and HCT116 cells 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza, Basel, 

Switzerland), supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 U/ml 

penicillin and 100 μg/ml streptomycin (Lonza).  

In selected experiments, SW480 and/or HCT116 CRC cells were treated for different 

periods with either 100 g/ml of cycloheximide (CHX) (Sigma-Aldrich), 20-40 ng/ml of 

human recombinant IL-1 (either from CellGenix GmbH, Freiburg, Germany; or 

ImmunoTools GmbH, Friesoythe, Germany with similar results), or 2 mM hydrogen 

peroxide (H2O2) (Acros Organics, Thermo Fisher Scientific).  

The collection of CRC cells conditioned medium (CM) was performed as follows: 106 cells 

of the corresponding cell line were cultured in DMEM for 24 h. The supernatant was 

collected and spun at 1600 rpm for 8 min, and either used for further experiments or 

kept at -20ºC.  

Immunohistochemistry 

Paraffinized tissues were sectioned at 4 µm thick. For immunohistochemistry, formalin-

fixed, paraffin-embedded (FFPE) human or mice colon samples were xylene 

deparaffinized and rehydrated in a battery of ethanol:H2O dilutions, followed by antigen 

retrieval with 10 mM sodium citrate pH 6.0 and blocking of endogenous peroxidase 

activity with 3% H2O2 in methanol during 15 min. After blocking with 5% serum (Jackson 

Immunoresearch Europe Ltd., Cambridgeshire, England, UK), 0.5% Tween-20®, 4% 

bovine serum albumin (BSA) in PBS, slides were incubated with the corresponding 

primary antibody in blocking buffer overnight at 4ºC and then with the secondary 

antibody at 37ºC during 1 h. The primary and secondary antibodies used in 
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immunoblotting are listed in Table 1. Staining was developed with 3,3’-

diaminobenzidine (DAB) chromogen kit (Vector Labs, Burlingame, CA, USA). After 

counterstaining with Gill’s Hematoxylin (Sigma-Aldrich), slides were dehydrated and 

mounted with Di-N-butylPhthalate Mountant for histology (DPX; Sigma-Aldrich).  

Hematoxylin and eosin (H&E) staining was performed by incubating hydrated tissues in 

hematoxylin for 3 min, followed by EtOH/LiCl staining and washing with ethanol. 

Pictures were obtained on a bright-field Olympus BX41TF microscope and Cell Sens 

software (Olympus America Inc., Melville, NY, USA). 

Western Blot 

Cells were washed with ice-cold PBS, and harvested and lysed with 

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2mM 

EDTA, 1% NP-40, 0.5% deoxycholic sodium acid, 0.5% SDS) containing protease 

inhibitors (1 mg/ml leupeptin, 1 mg/ml pepstatin, 1 mg/ml apoptin, 100 mM PSMF), 

followed by sonication in a Sonics Vibra-Cell™ CV188 (Misonix Inc., Farmingdale, NY, 

USA) for 10 sec pulses at 25% power and centrifugation to keep the supernatant. Protein 

levels were quantified by using the DC™ Protein Assay kit (Bio-Rad, CA, USA), samples 

were boiled at 95ºC for 5 min after the addition of WB loading Buffer (0.25 M Tris pH 

6.8, 1.2% SDS, 0.06% bromophenol blue, 45% glycerol plus 1% DTT added fresh), and 

loaded onto 10% polyacrylamide gels. Gels were then transferred onto polyvinylidene 

difluoride (PVDF) membranes (Immobilon-P; Merck Millipore, Germany) which had 

been previously activated with methanol. Membranes were then blocked for non-

specific binding with non-fat diet milk 5% (PanReac-AppliChem, Barcelona, Spain) and 

immunoblotted overnight at 4ºC with the corresponding primary antibodies (Table 1). 

Membranes were then incubated with the corresponding HRP-conjugated secondary 

antibodies (Table 1), and the reaction was developed with the Clarity™ ECL Western 

blotting substrate (Bio-Rad). 

Antibodies 

Antibodies used in the different experiments are listed below.  
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Primary antibodies Source Clone (Catalog Number) 

Chromatin Immunoprecipitation 

ZEB1 Santa Cruz Biotechnology C-20 (sc-10570)  

ZEB1 Santa Cruz Biotechnology E-20 (sc-10572) 

Fluorescence Associated Cell Sorting (FACS) 

F4/80 APC eBioscience BM8 (17-4801) 

8-hydroxyguanosine Santa Cruz Biotechnology 15A4 (sc-66036) 

Immunohistochemistry / Immunofluorescence 

8-hydroxyguanosine Santa Cruz Biotechnology 15A4 (sc-66036) 

β-catenin Sigma-Aldrich C2206 

β-catenin Cell Signaling Technology D2U8Y (19807) 

ATGL OriGene Technologies TA305683 

CD45 Santa Cruz Biotechnology 35-Z6 (sc-1178) 

DACT2 OriGene Technologies TA306668 

MPG Proteintech 11481-2-AP 

PCNA Santa Cruz Biotechnology F-2 (sc-25280) 

ZEB1 Santa Cruz Biotechnology H-102 (sc-25388) 

Western Blot 

-tubulin Sigma-Aldrich T6074 

β-catenin Sigma-Aldrich C2206 

GAPDH Cell Signaling Technology 14C10 (2118) 

MPG Proteintech 11481-2-AP 

ZEB1 Santa Cruz Biotechnology H-102 (sc-25388) 

ZEB1 Sigma-Aldrich HPA027524 

Secondary antibodies Source Catalog Number 

Alexa Fluor 488 Donkey 

anti-Mouse IgG 
Jackson Immunoresearch 715-545-150 

HRP Donkey anti-Mouse Jackson ImmunoResearch 715-035-151 

HRP Goat anti-Rabbit Jackson ImmunoResearch 111-035-144 

HRP Donkey anti-Rat Jackson ImmunoResearch 712-035-153 

Normal goat serum Jackson ImmunoResearch 005-000-121 

 

Table 1. Primary and secondary antibodies used. 
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Transient RNA interference of ZEB1 in CRC cell lines 

For transient knockdown, 100-200 nM of siRNA oligonucleotides were transfected into 

SW480 cells with Lipofectamine RNAiMAX (Life Technologies, Carlsbad, CA, USA). After 

48 h, cells were collected and processed for protein or mRNA analyses. The sequences 

of the siRNA oligonucleotides used in the study are described in Table 2.  

 

Gene target Upstream sequence Source 

siCtrl GGUUACGAACUAAGCUAUA  de Barrios et al., 2017 

siZEB1-A UGAUCAGCCUCAAUCUGCA  Eger et al., 2005 

siZEB1-B AACUGAACCUGUGGAUUA  Lacher et al., 2011 

 

Table 2. siRNA oligonucleotides.  

 

 

Stable RNA interference and cDNA overexpression of ZEB1 in CRC cell lines 

SW480 cell line was stably infected with lentiviral particles encoding either control 

shRNA (SW480-shCtrl) or a specific shRNA against ZEB1 (SW480-shZEB1) followed by 

selection in puromycin-containing media (10 mg/ml). shZEB1 consisted of a pool of three 

shRNAs purchased from Santa Cruz Biotechnology (Dallas, TX, USA) (sc-38643-V). 

Lentiviral particles for control shRNA were also obtained from Santa Cruz Biotechnology 

(sc-108080-V).  

HCT116 cells were stably transfected with pcDNA5™-FRT/TO/ZEB1 to generate HCT116-

ZEB1 cells or with the empty pcDNA5™-FRT/TO/Eco (Invitrogen, Thermo Fisher 

Scientific) with Lipofectamine 3000 (Thermo Fisher Scientific). After 30 days-selection, 

hygromycin (0.5 mg/ml) (Gibco, Thermo Fisher Scientific) resistant clones were then 

pooled and tested for ZEB1 expression.  

RNA extraction & quantitative real-time PCR 

Total RNA from human and mouse colonic/intestinal samples was extracted adding 

TRIzol reagent (Life Technologies) to the previously mechanically-disaggregated tissue, 

whereas RNA from SW480 and HCT116 cells was extracted adding TRIzol reagent (Life 
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Technologies) directly to the cells. After obtaining a homogeneous sample, chloroform 

was added to separate the homogenate in three different phases, being the RNA on the 

aqueous one. After precipitating and washing the RNA with isopropanol and ethanol 

respectively, RNA was resuspended and quantified using NanoDrop™ (Thermo Fisher 

Scientific), and then retrotranscribed with the High-Capacity cDNA Reverse 

Transcription Kit (Life Technologies). mRNA levels were determined by qRT-PCR 

Chromo4® (Bio-Rad) or LightCycler® 96 (Roche, Basel, Switzerland) using SYBR 

green/ROX (GoTaq; Promega, Madison, WI, USA). Relative gene expression was 

calculated by the ΔΔCT method using Opticon Monitor 3.1.32 or LightCycler® 96 1.1 

software and normalizing values relative to GAPDH housekeeping gene. Primers used 

are listed below in Table 3. 

 

qRT-PCR oligonucleotides 

Targeted 

gene 
Forward 5’ → 3’ Reverse 5’ → 3’ Source 

Human genes 

ACTB CCCAGCACAATGAAGATCAA  GATCCACACGGAGTACTTG  Bar et al., 

2007 

COL1A2 CTGTTGGTAACGCTGGTCCT  TCCTCTGGCACCAGTAGCAC  Own design 

GAPDH TGCACCACCAACTGCTTAGC  GGCATGGACTGTGGTCATGAG  Dohadwala et 

al., 2006 

MPG CTTCTGCATGAACATCTCCAGC  AGGGTGCTGCGAAGCTGACGC  Song et al., 

2012 

PNPLA2 GTGTCAGACGGCGAGAATG TGGAGGGAGGGAGGGATG Inoue et al., 

2011 

PPARA CAATGCACTGGAACTGGATG CTGGAAAAGGTGTGGCTGAT Own design 

PPARG GACCACTCCCACTCCTTTGA GATGCAGGCTCCACTTTGAT Own design 

PGC1A GCTACGAGGAATATCAGCACG

A 

TCACACGGCGCTCTTCAA Own design 

SIRT1 TGTTATTGGGTCTTCCCTCAA AAATGCAGATGAGGCAAAGG Own design 

REG4 TGCTCCTGGATGGTTTTACC TATCGGCTGGCTTCTCTGAT Own design 

ZEB1 AGCAGTGAAAGAGAAGGGAAT

GC 

GGTCCTCTTCAGGTGCCTCAG Sánchez-Tilló 

et al., 2011 
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Mouse genes 

Actb GGCTGTAATCCCCTCCATCG CCAGTTGGTAACAATGCCATGT  Liu et al., 

2008 

Axin2 GAGTGGACGTGTGCCGACCTC

A 

GGTGGCTGGTGCAAAGACATA

G 

Own design 

Bbc3 CGACCTCAACGCGCAGTACGA AGGCACCTAGTTGGGCTCCAT Wang et al., 

2009 

Ccl2 GGGATCATCTTGCTGGTGAA  AGGTCCCTGTCATGCTTCTG Aurora et al., 

2014 

Cd82 TTCGCAACTACACTGCCAAT CAGGAGCATGGGTAAGTGGT Own design 

Ctnnb1 CTTGGAATGAGACTGCAGATCT

TG 

CACCAGAGTGAAAAGAACGGT

AGCT 

Sánchez-Tilló 

et al., 2015 

Dact2 GCCCACAGCTCACAGAAGAT TGCAGCATCAGTACCAGCTC Own design 

Dkk1 GATATCCCAGAAGAACCACACT

GACT 

GGACCAGAAGTGTCTTGCACAA de Barrios et 

al., 2017 

Gapdh CGACTTCAACAGCAACTCCCAC

TCTTCC  

TGGGTGGTCCAGGGTTTCTTAC

TCCTT  

Freitas et al., 

2012 

Id2 GGAGCTGAACTCGGAGTCTGA

A 

GATCGTCGGCTGGAACACA Tokuriki et al., 

2009 

Il1b TGACGTTCCCATTAGACAACTG  CCGTCTTTCATTACACAGGACA  Arnold et al., 

2007 

Mpg CGGATATCATGAGGTCGGCC  AGAATGGTCCTCTGGGCTG  Own design 

Pnpla2 AACACCAGCATCCAGTTCAA GGTTCAGTAGGCCATTCCTC Chakrabarti 

and Kandror, 

2009 

Ppara GACGCTTGTGGCCAAGAT GTGATAAAGCCATTGCCGT Huang et al., 

2018 

Pparg CACCAGTGTGAATTACAGCAAA

TC 

AGCTGATTCCGAAGTTGGTG Gubelmann 

et al., 2014 

Pgc1a TTGCTAGCGGTTCTCACAGA TAAGACCGCTGCATTCATTG Own design 

Sirt1 GACGCTGTGGCAGATTGTTA GGAATCCCACAGGAGACAGA Own design 

Tnf TTTCGATTCCGCTATGTGTG  CCACCACGCTCTTCTGTCTAC  Inokuchi et 

al., 2010 

Zeb1 AACTGCTGGCAAGACAAC TTGCTGCAGAAATTCTTCCA 

 

de Barrios et 

al., 2017 

 

Table 3. Primers used in qRT-PCR amplification of coding mRNAs. 
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RNA sequencing and data analysis 

RNA sequencing was performed by the Centro Nacional de Análisis Genómico (CNAG). 

Adenomas from the small intestine of ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 3-month old 

male mice (3 and 2 for each genotype, respectively) were isolated and their RNA was 

extracted using a combined protocol between Trizol Reagent (Ambion, Life 

Technologies) and RNeasy Mini kit (Qiagen, Hilden, Germany) purification columns 

following manufacturer’s instructions. RNA was quantified and its quality (RNA Integrity 

Numbers ≥ 8.5) was assessed on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA). 

A fraction of the mRNA samples was retrotranscribed as described above to examine 

Zeb1 expression. At least 2 µg of RNA of each sample was required for the preparation 

of libraries in triplicate.  

The libraries from mouse total RNA were prepared using the TruSeq®Stranded mRNA LT 

Sample Prep Kit (Illumina, San Diego, CA, USA) according to manufacturer’s protocol. 

Briefly, 0.5 µg of total RNA was used for poly-A based mRNA enrichment with oligo-dT 

magnetic beads. The mRNA was then fragmented (resulting RNA fragment size was 80-

250 nt, with the major peak at 130 nt) and the first-strand cDNA synthesis was 

performed by random hexamers and reverse transcriptase. The second-strand cDNA 

synthesis was performed in the presence of dUTP instead of dTTP to achieve the strand 

specificity. The blunt-ended double-stranded cDNA was 3´-adenylated and Illumina 

indexed adapters were ligated. The ligation product was enriched with 15 PCR cycles 

and the final library was validated on an Agilent 2100 Bioanalyzer with the DNA 7500 

assay. Libraries were sequenced on HiSeq2000 (Illumina) in paired-end mode with a read 

length of 2x76 bp using TruSeq SBS Kit v3-HS (Illumina). Over 20 million paired-end reads 

were generated for each sample in a fraction of a sequencing flowcell lane, following 

the manufacturer’s protocol. Image analysis, base calling and quality scoring of the run 

were processed using the manufacturer’s software Real-Time Analysis (RTA 1.13.48) and 

followed by generation of FASTQ sequence files by CASAVA. Reads were mapped against 

the mouse reference genome (GRCm38) with STAR (Dobin et al., 2013) using the 

ENCODE parameters for long RNA.  
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Gene quantification was performed with RSEM (Li and Dewey, 2011) with default 

options and Gencode version 11 mouse annotation. Normalization and differential 

expression analysis were done with edgeR (Robinson et al., 2010) with default options. 

GO analyses were performed with the beta version of DAVID database 

(http://david.ncifcrf.gov/). 

Apoptosis and proliferation assays 

Apoptosis in the small intestine of ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice was 

assessed by TUNEL assay (Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End 

Labeling) using In Situ Cell Death Detection kit (Sigma-Aldrich) according to 

manufacturer’s instructions. Briefly, after deparaffination, rehydration and antigen 

retrieval with 10 mM sodium citrate, slides were incubated with 50 µl of TUNEL reaction 

mixture (50 µl of Enzyme solution per 450 µl of Label solution) for 60 min at 37ºC in the 

dark, followed by signal conversion with 50 µl of Converter-AP reagent for 30 min at 

37ºC. Finally, slides were incubated with the substrate solution (Fast Red tablets 

dissolved in 0.1 M Tris-HCl) prior to counterstaining with hematoxylin. Slides were 

mounted with Aquatex® (Merck Millipore), and pictures were obtained on a bright-field 

Olympus BX41TF microscope and Cell Sens software.  

Assessment of cell proliferation was performed through a regular 

immunohistochemistry staining with an anti-PCNA antibody.  

In both cases, 5-6 crypts per mice were assessed, and 5 mice per genotype were 

analysed.  

Assessment of cell senescence 

Small intestine sections were embedded in OCT solution (Optimal Cutting Temperature 

compound) (Tissue-Tek®, Sakura-Finetek, Torrance, CA) and stored at -80ºC. Tissue 

sections were performed in a Leica Cryostat (CM 1950) and fixed before being processed 

for senescence-associated -galactosidase (SA -gal) staining using a commercial kit 

(Cell Signaling Technology, MA, USA) following manufacturer’s instructions. Briefly, 
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tissue sections were fixed in acetone for 20 min at 4ºC prior to incubation with -

galactosidase staining solution overnight at 37ºC in CO2-free conditions. Nuclei were 

counterstained by incubation with Fast Nuclear Red Solution (Sigma-Aldrich) for 5 min 

at room temperature, and slides were dehydrated and mounted with DPX. 10 fields per 

tissue section were analyzed and a representative field is shown in each case. 

Assessment of neutral lipid content 

Assessment of lipid content in mice tissue was assessed by Oil Red O (C26H24N4O, ORO) 

staining, a fat-soluble diazol dye that stains neutral lipids and cholesteryl esters but not 

biological membranes, as previously described (Mehlem et al., 2013). In brief, small 

intestine sections were embedded in OCT solution and stored at -80ºC. Colonic sections 

of 12-µm thickness were performed in a Leica Cryostat (CM 1950) and, in order to avoid 

detachment of sections during staining, sections were dried for 10 min at RT before 

freezing them. Prior to staining, sections that have been stored at -80ºC were allowed 

to equilibrate for 10 min at RT. Sections were then incubated for 20 min at RT with ORO 

working solution, which consisted of a mixture of 1.5 parts of ORO stock solution to one 

part of distilled water that was let to stand for 10 min at 4ºC and then filtered through 

a 45-µm filter to remove precipitates. Sections were then rinsed under running tap 

water for 20 min before mounting with Aquatex® (Merck Millipore).  Pictures were 

obtained on a bright-field Olympus BX41TF microscope and Cell Sens software, and 

quantification was performed with ImageJ software (NIH, Bethesda, MD, USA).  

Assessment of lipid content in cell lines was performed by Bodipy® 493/503 (4,4-

Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) staining, which stains 

neutral lipids. Briefly, 105 cells were seeded onto 24-well plates (Fisherbrand, Fisher 

Scientific, Thermo Fisher Scientific), fixed with 4% paraformaldehyde (PFA) (Fluka, 

Honeywell, Seelze, Germany) for 1 h, followed by a 30 min incubation with 1 µg/ml of 

Bodipy diluted in PBS. Cells were counterstained with NucBlue™ Stain (Hoechst 33342) 

(Invitrogen, Thermo Fisher Scientific). Pictures were obtained on a Zeiss Axiovert 200 

inverted microscope (Zeiss, Berkochen, Germany), and images were processed with 

ImageJ software.  
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Assessment of microRNA expression 

Total RNA from mouse colonic samples was preserved in RNAlater® Stabilization 

Reagent and extracted using TRIzol. To amplify microRNAs, 2.5 µg of total RNA were first 

polyadenylated before retrotranscription with the poly(A) tailing kit (Applied 

Biosystems, Thermo Fisher Scientific) in a final volume of 20 µl.  

The polyadenylated RNA (5 µl) was then retrotranscribed with the High-Capacity cDNA 

Reverse Transcription kit (Life Technologies), using 0.5 µg of a universal primer and a 

microRNA-specific primer (Table 4). microRNA levels were determined by qRT-PCR using 

SYBRGreen GoTaq® qPCR Master Mix (Promega) in a Chromo4® real-time PCR machine 

(Bio-Rad) using a universal primer and a microRNA-specific primer (Table 4). Relative 

gene expression was calculated by the ΔΔCT method using Opticon Monitor 3.1.32 

software, using Rnu6b as reference gene (Table 4). 

 

microRNAs oligonucleotides 

Mouse microRNA 
gene 

Forward 5’ → 3’ Source 

Universal miR GCGAGCACAGAATTAATACGAC Shi and Chiang, 2005 

miR-200a TAACACTGTCTGGTAACGATGT  Liu et al., 2013 

miR-200b TAATACTGCCTGGTAATGATGA  Liu et al., 2013 

miR-200c TAATACTGCCGGGTAATGATGGA  Liu et al., 2013 

Rnu6b TAATACTGCCTGGTAATGATGA  Peña et al., 2011 
 

Table 4. Primers used in qRT-PCR amplification of microRNAs. 

 

Analysis of gene expression array data 

Expression of ZEB1, SNAI1, TWIST1, COL1A2, REG4, and IL1B in the colonic mucosa of 13 

healthy individuals, 15 active (outbreak) UC patients, and 8 inactive (remission) UC 

patients was analyzed from the gene expression array GSE38713 (Planell et al., 2013). 

Expression of miR-200a, miR-200b, and miR-200c in the colonic mucosa of 10 healthy 

individuals, 10 active (outbreak) UC patients, and 7 inactive (remission) UC patients was 

analyzed from the gene expression array GSE48957 (Van der Goten et al., 2014). 



  METHODOLOGY 

 69 

Gene expression heat maps were generated using MetaboAnalyst online application 

www.metaboanalyst.ca/faces/Secure/analysis/HeatmapView.xhtml. 

Gut microbiota determination 

Determination of gut microbiota was performed in collaboration with the group of Dr. 

Rosa del Campo (Dept. of Microbiology, Hospital Ramón y Cajal Health Research 

Institute). Intestinal mucosa samples were flushed with PBS and frozen down at -80ºC. 

Once all samples had been collected, fecal and mucosa specimens were first slowly 

defrosted at 4ºC for 24 h to prevent DNA degradation and then thawed at room 

temperature. Total DNA from 0.3-0.5 g aliquots of each sample was obtained using the 

QIAamp DNA Mini Kit (Qiagen).  

DNA samples were analyzed for massive 16S rDNA V3-V4 amplicon sequencing on the 

Mi-Seq Illumina platform at Fundació per al Foment de la Investigació Sanitària i 

Biomèdica de la Comunitat Valenciana (FISABIO, Valencia, Spain) using the forward and 

reverse primers described in Table 5. Taxonomic affiliations were assigned using the 

Ribosomal Database Project (RDP) (https://rdp.cme.msu.edu/) classifier. Reads with an 

RDP score below 0.8 were assigned to the upper taxonomic rank, leaving the last rank 

as unidentified. The quantitative data of the reads were homogenized using their 

relative percentage from the total reads of each sample to facilitate the comparison 

between samples, and statistical analysis was performed using R statistical software 

(www.r-project.org) and several open-source libraries. The Galaxy Huttenhower 

Platform (http://huttenhower.sph.harvard.edu/galaxy) was used in order to calculate 

LefSe (LDA Effect Size) algorithm and to obtain cladograms in which significant 

differences among sample groups in microbial taxa were represented.  

 

Sequencing 
primers 

Sequence 5’ → 3’ Source 

Forward 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGG

GNGGCWGCAG 

Quast et al., 

2013 

Reverse 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTAC

HVGGGTATCTAATCC 

Quast et al., 

2013 
 

Table 5. Oligonucleotides for massive 16S rDNA V3-V4 amplicon sequencing. 
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Cell immunofluorescence 

For the determination of 8-oxo-dG by epifluorescence microscopy, 105 of SW480-shCtrl 

and SW480-shZEB1 cells were seeded onto 24-well plates and incubated for 30 min in 

the presence or absence of 40 ng/ml of human recombinant IL-1 or 2 mM of H2O2. 

After washing, cells were fixed for 30 min with 4% PFA and permeabilized for 30 min 

with 0.25% Triton X-100 (Acros Organics, Thermo Fisher Scientific) in PBS, followed by 

blocking with 1% bovine albumin serum in PBS with 0.05% Tween-20® (Sigma-Aldrich) 

(PBS-T). Cells were then incubated with 8-oxo-dG antibody (1:60 dilution) (Table 1) for 

3 h, followed by 1 h with a secondary antibody conjugated to Alexa Fluor® 488 (1:400) 

(Table 1). Cells were counterstained with NucBlue™ Stain (Hoechst 33342).  

Immunofluorescence staining was evaluated in a Zeiss Axiovert 200 inverted microscope 

and images were processed with ImageJ software. Quantification was carried out from 

at least five independent experiments. For each experiment, nuclear quantification was 

performed of 10 cells for each field, and at least 10 fields for each condition were 

analyzed.  

Assessment of cell protein expression by Fluorescence-Activated Cell Sorting (FACS) 

SW480-shCtrl and SW480-shZEB1 cells (5·105 cells per condition) either treated with IL-

1β or H2O2 as described above were first fixed for 20 min with 100 µl of PFA 4% in ice, 

washed in PBS, and permeabilized for 20 min at room temperature with 100 µl of 0.1% 

Triton X-100 plus 2% of FBS in PBS. Cells were then washed, incubated for 40 min at 

room temperature with 8-oxo-dG antibody (1:200 dilution in permeabilization buffer), 

washed again, and incubated for 30 min at 4ºC with an anti-mouse secondary antibody 

conjugated to Alexa Fluor® 488 (1:400 dilution in permeabilization buffer). Cells were 

washed again, and immunofluorescence was assessed in a BD FACSCanto™ II analyzer 

(BD Biosciences, San Jose, CA, USA).  
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Chromatin Immunoprecipitation Assays 

Chromatin immunoprecipitation (ChIP) assays were performed using the EpiQuick ChIP 

kit (Epigentek, Farmingdale, NY, USA) as per manufacturer’s instructions. Briefly, SW480 

CRC cells were either untreated or incubated for 24h with 40ng/ml of human 

recombinant IL-1 (ImmunoTools). Cells were then incubated for 30 min with 1% 

formaldehyde solution (Electron Microscopy Sciences, Hatfield, PA, USA) at room 

temperature followed by incubation with 1.25 mM glycine. Lysates were sonicated in an 

Ultrasonic Liquid Processor (Misonix Inc.) using the following settings: 50% power, 

during 7 min (on for 10 s, off for 15 s on ice).  

Goat anti-mouse/human ZEB1 antibody (clone C-20 or E-20) (4 µg) or its corresponding 

normal goat IgG (Table 1) were used to immunoprecipitate DNA. Identification of DNA 

binding sequences for ZEB1 in the MPG and GAPDH promoters and design of primers for 

qRT-PCR was conducted using 17.0 MacVector software (MacVector Inc, Apex, NC, USA) 

(Table 6). In all qRT-PCRs, values shown represent relative binding in relation to input 

and are the average of at least four independent ChIP experiments.  

 

Promoter Region Forward 5’ → 3’ Reverse 5’ → 3’ 

MPG promoter 

(-300/-126 bp) 

Region with ZEB1 

binding sites (ZBS) 

(-237, -177, -147, 

-141) 

AGGCGGGGGCGGACAGCTCATTGG 

 

GGGGCGGGCCACGTGGAGGTGGAT 

 

MPG promoter 

(-685/-517 bp) 

Region with no 

binding sites for 

ZEB1 (NBS) 

CGAGCTCCCTTCAGCATCCCTGGG 

 

GGGGAGTCCTTATCCAGGAAGTGG 

 

 

Table 6. Oligonucleotides used for Chromatin Immunoprecipitation assays. 
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Isolation and activation of primary macrophages  

Primary mouse peritoneal macrophages were obtained from 6-8 week-old C57BL/6 

wild-type mice that were euthanized, and the peritoneal cavity was washed twice with 

6 ml of ice-cold PBS supplemented with 3% FBS. Cells from the peritoneal lavage were 

centrifuged at 400 × g for 10 min at 4°C, and erythrocytes were osmotically lysed with 

red blood cell lysis buffer (Sigma-Aldrich), followed by a wash with PBS. Peritoneal 

macrophages were plated on 6-well plates and cultured for 24 h with 2 ml of the 

corresponding CM for the assessment of IL-1β expression by qRT-PCR.  

Determination of ROS production by macrophages 

ROS production was determined by two independent methods (fluorescence and 

chemoluminescence). For ROS determination by FACS, we used 6-carboxy-2’,7’-

dichlorodihydrofluorescein diacetate, (CH2-DCFDA) (C400, Thermo Fisher Scientific), a 

non-fluorescent probe that is converted to green-fluorescent upon intracellular 

oxidation by ROS. Peritoneal cells (6·105) were cultured on ultra-low attachment 6-well 

plates (Costar®, Corning, New York, NY, USA) with the corresponding CM for 24 h. Cells 

were then incubated for 30 min at 37ºC with 5 mM CH2-DFCDA. The CH2-DCFDA mean 

fluorescence intensity of macrophages was assessed in a BD FACSCanto™ II analyzer. 

Second, ROS production was also quantified by luminescence using 8-Amino-5-chloro-

2,3-dihydro-7-phenyl-pyrido{3,4-d} pyridazine sodium salt (Luminol L-012) (Tocris 

Bioscience, Bristol, England, UK), a chemoluminescent probe that emits light in response 

to ROS. Briefly, 1·105 peritoneal cells that had been cultured with the different types of 

CM were then incubated for 20 min at 37ºC with 100 mM of L-012. The luminescence 

signal (Relative Luciferase Units, RLU) was measured in a Modulus II GloMax® Multi 

Detection System microplate reader (Promega).  

Statistical analysis 

GraphPad Prism® software version 5.0 (GraphPad Software, La Jolla, CA, USA) was used 

for all statistical analyses. Quantitative data are expressed as means ± standard 

deviation or standard error of the mean for in vitro and in vivo experiments, respectively 
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(SD or SEM, represented as error bars). Mann–Whitney test (non-parametric, two-sided) 

was used for pairwise comparisons among groups at each time point.  

Kaplan-Meyer curves and the corresponding statistical analysis were performed with 

Stata software (StataCorp LLC, College Station, TX, USA).  

Statistical significance was set at a p<0.05 (*), p<0.01 (**) and p<0.001 (***). 
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RESULTS 

 

Chapter I: ZEB1 promotes Wnt-induced intestinal adenoma 

formation 

ZEB1 induces the formation of intestinal adenomas in mice with constitutively active 

Wnt signaling 

As ZEB1 is a direct target of and mediates the Wnt signaling pathway (Sánchez-Tilló et 

al., 2011), we hypothesized that ZEB1 could be involved in the formation of intestinal 

adenomas. As a dedifferentiation marker, ZEB1 is not expressed by epithelial cells in 

healthy human or wild-type mice intestine, and its expression is restricted to scattered 

cells in the stroma (Figure 9). ZEB1 has only been described within the intestinal 

epithelial compartment in dedifferentiated malignant cells in CRCs (Sánchez-Tilló et al., 

2011; Sánchez-Tilló et al., 2012). 

Figure 9. ZEB1 is not expressed by epithelial cells in healthy intestine. ZEB1 expression in the colon of 
healthy human or the intestine of wild-type mice is restricted to surrounding stromal cells. Scale bars 

represent 25 m. 
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 The ApcMin/+ mouse model is an appropriate tool for the study of the formation of 

adenomas, as it resembles the phenotype observed in the FAP syndrome (Su et al., 

1992). Zeb1 homozygous deletion is perinatally lethal, so we used a heterozygous mouse 

model (Zeb1+/-) that exhibits a partial reduction of Zeb1 expression (Takagi et al., 1998) 

to generate ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice after being crossed with ApcMin/+ 

mice.  

In order to corroborate the depletion of Zeb1 in the newly produced mice, their mRNA 

levels were measured by real-time PCR (Figure 10A). Zeb1 partial deletion involved the 

downregulation of Zeb1 in both Apc+/+ and ApcMin/+ genotypes. Moreover, since Zeb1 is 

a target of the Wnt pathway we observed ApcMin/+ mice presented higher levels of Zeb1 

when compared to Apc+/+ littermates. We also measured the total levels of Ctnnb1, 

which encodes for β-catenin, as a marker of active Wnt signaling when it translocates to 

the nucleus. The total amount of Ctnnb1 increased upon Apc mutation. Interestingly, 

Zeb1 deletion impaired this effect and, therefore, ApcMin/+/Zeb1+/- mice only presented 

a partial Ctnnb1 induction when compared to Apc+/+/Zeb1+/- and ApcMin/+/Zeb1+/+, 

respectively. 

To confirm the results observed at mRNA levels, tissue sections from ApcMin/+/Zeb1+/+ 

and ApcMin/+/Zeb1+/- mice were stained for ZEB1 and β-catenin by 

immunohistochemistry. An increased expression of ZEB1 in ApcMin/+/Zeb1+/+ mice 

correlated with a parallel higher nuclear expression of β-catenin, which was confined to 

the adenomatous regions with elevated Wnt activity (Figure 10B).  
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Figure 10. Characterization of ZEB1 and β-catenin levels in Apc+/+ and ApcMin/+ mice. (A) Zeb1 mediates 

the induction of β-catenin upon Apc mutation. mRNA levels for Zeb1 and Ctnnb1 were determined by 

qRT-PCR in intestinal samples from Apc+/+/Zeb1+/+, Apc+/+/Zeb1+/-, ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 

genotypes, using Actb as housekeeping gene (n=5). (B) Higher levels of ZEB1 correlate with the presence 

of nuclear β-catenin. Representative images of formalin-fixed paraffin-embedded (FFPE) intestine 

sections from ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice stained for ZEB1 or β-catenin. Scale bars 

represent 50 m. 
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Additionally, several well-known targets of the Wnt pathway such as Axin2, Dkk1 

(Dickkopf1), and Id2 were assessed in the same set of samples, where we confirmed all 

of them were increased in ApcMin/+ Wnt-active samples (Figure 11). While Zeb1 deletion 

decreased Dkk1 levels both in Apc+/+ and in ApcMin/+ mice, it only impaired Axin2 levels 

when the Wnt pathway was active. Moreover, the levels of Id2 remained unaltered upon 

Zeb1 downregulation. 

 

Taken together, these data indicate that while induction of AXIN2 and DKK1 by the Wnt 

pathway depends on the concomitant expression of ZEB1, ID2 activation is independent 

of it. Interestingly, despite being inhibitors of the Wnt signaling transduction cascade, 

both AXIN2 and DKK1 have been associated to an increased aggressiveness in CRC (Wu 

et al., 2012; de Barrios et al., 2017), indicating that ZEB1 is mediating CRC initiation and 

progression, at least in part, through the inhibition of these two Wnt target genes.  

The analysis of intestinal adenoma formation in ApcMin/+ mice indicated a significant 

decrease in the number of small intestine polyps that arose in ApcMin/+/Zeb1+/- mice, 

which only presented half of the tumors than those presented by ApcMin/+/Zeb1+/+ 

Figure 11. ZEB1 mediates the induction of some Wnt signaling targets upon Apc mutation. mRNA 

levels for Axin2, Dkk1, and Id2 were determined by qRT-PCR in intestinal samples from Apc+/+/Zeb1+/+, 

Apc+/+/Zeb1+/-, ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- genotypes, using Actb as housekeeping gene (n=5).  
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counterparts (Figure 12A). ApcMin/+ male mice present earlier mortality and higher tumor 

formation than females, as estrogens play a role in cancer prevention whereas 

testosterone promotes adenomagenesis (Javid et al., 2004; Cho et al., 2007; Amos-

Landgraf et al., 2014). However, a similar number of adenomas was found in male and 

female ApcMin/+/Zeb1+/+ mice (Figure 12A). The formation of colonic adenomas is less 

frequent than in the small intestine and does not occur in all ApcMin/+ mice (Yamada et 

al., 2002). Still, we observed that ApcMin/+/Zeb1+/- mice also presented a significantly 

lower number of polyps than their counterparts (Figure 12B). 

  

 

Since the size of intestinal adenomas positively correlates with the presence of 

increased nuclear β-catenin (Brabletz et al., 2000), we wondered whether Zeb1 

downregulation was affecting the size of the adenomas in ApcMin/+/Zeb1+/- mice. To this 

purpose, we classified the lesions observed into three groups depending on their size 

(below 2 mm, between 2 and 4 mm, and above 4 mm), where no differences were 

observed between adenoma size distribution in ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 

mice (Figure 13A and B). 

Figure 12. ZEB1 increases the number of adenomas in ApcMin/+ mice. Downregulation of Zeb1 reduces 

adenoma formation both in the small intestine (A) and in colon (B) in ApcMin/+ mice (n=12 and 11, 

respectively).  
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Downregulation of ZEB1 extended the life span of ApcMin/+ mice 

ApcMin/+ mice live no longer than 6-8 months due to the intestinal obstruction caused by 

the spontaneous formation of intestinal adenomas, bleeding and formation of 

adenomas in other organs (Su et al., 1992). Interestingly, the reduction of Zeb1 levels in 

ApcMin/+/Zeb1+/- mice involved an increase in their life span (Figure 14). In fact, Zeb1-

deficient ApcMin/+ mice lived an average of approximately a month more than their 

ApcMin/+/Zeb1+/+ counterparts. Therefore, we concluded that ZEB1 mediates the 

accelerated decease of ApcMin/+ mice and, more importantly, its partial knockdown is 

sufficient to delay it.  

 

 

Figure 13. ZEB1 deficiency does not affect the size of ApcMin/+ tumors. (A) The adenomas analyzed in 

Figure 12A were classified into three groups depending on the tumor size (< 2 mm, 2-4 mm and > 4 

mm). (B) Proportion of adenomas of each size in ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=12 and 

11, respectively). 
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ZEB1 promotes the formation of hyperplastic adenomas through the inhibition of cell 

senescence and apoptosis 

We then wondered whether the downregulation of ZEB1 had any effect on the 

histological pattern of adenomas. Histopathological analysis of FFPE samples stained 

with hematoxylin-eosin and corresponding to the small intestine revealed differences 

between genotypes (Figure 15). In the ApcMin/+/Zeb1+/+ group there were larger polypoid 

lesions showing high-grade dysplasia and foci of cribriform growth. None of the animals 

showed invasion underneath the muscularis mucosae and these cases could be 

regarded as intramucosal adenocarcinomas. On the other hand, ApcMin/+/Zeb1+/- mice 

presented a more diffuse mucosal change with smaller polypoid growths, revealing a 

mixed growth with areas of adenomatous change with low-grade dysplasia and foci of 

hyperplastic change with no dysplasia.   

 

Figure 14. ZEB1 deficiency expands ApcMin/+ mice life expectancy. ApcMin/+/Zeb1+/- mice present 

greater survival than their ApcMin/+/Zeb1+/+ counterparts. Kaplan-Meyer curve shows the overall survival 

of both genotypes (n = 37 and 20, respectively) combining males and females.  
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In order to evaluate potential cellular mechanisms that could be responsible for the 

changes in the total amount of intestinal and colon adenomas, as well as their distinct 

grades of dysplasia, we decided to test several cellular processes. First of all, we 

wondered whether intestinal cells proliferated at different rates between both 

genotypes. To this purpose, intestinal paraffin-embedded sections were stained for 

PCNA (Proliferating Cell Nuclear Antigen), a proxy of the proliferative state of the cell. 

Nevertheless, we found no significant differences in terms of proliferation between 

ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (Figure 16A and B). 

Figure 15. ZEB1 induces a higher grade of dysplasia in the adenomatous regions of ApcMin/+ mice. FFPE 

sections of ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5) were stained with H&E and the evaluation of 

the differences in their tissue patterns were provided by a clinical pathologist. A representative image of 

each genotype is shown. Scale bar represents 100 m. 
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Senescence was afterward evaluated by senescence-associated -galactosidase 

staining, where we observed ApcMin/+/Zeb1+/- presented higher levels of senescent cells 

than ApcMin/+/Zeb1+/+ counterparts (Figure 17). This effect is in concordance with 

previously published data about the role of ZEB1 inhibiting senescence in CRC and other 

cancer cell types ( Liu et al., 2014; de Barrios et al., 2017). 

Figure 16. The proliferation rate of intestinal cells in ApcMin/+ mice is not altered by ZEB1 deficiency. 

(A) FFPE sections of ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5) were stained for the proliferation 

marker PCNA and representative pictures are shown. Scale bar represents 25 m. (B) Quantification of 

(A) as the percentage of PCNA-positive cells.  
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Finally, the levels of apoptosis were determined by TUNEL (Terminal deoxynucleotidyl 

transferase (TdT) dUTP Nick-End Labeling) assay, which detects cells that undergo 

extensive DNA degradation during the late stages of apoptosis. Quantification of TUNEL-

positive cells revealed higher levels of apoptosis in ApcMin/+/Zeb1+/- mice when 

compared to ApcMin/+/Zeb1+/+ littermates (Figure 18A and B). It has previously been 

described the involvement of ZEB1 in the blockade of apoptosis entrance (Takeyama et 

al., 2010; Sánchez-Tilló et al., 2014) and, remarkably, the increase in the rate of cellular 

apoptosis has been associated to a decrease in the formation of intestinal adenomas in 

ApcMin/+ mice in relation to inflammatory processes (Li et al., 2014).  

All these data led us to conclude that, while the proliferation of intestinal epithelial cells 

is independent of ZEB1, a reduction of its expression causes an increase in senescence 

and apoptosis, and therefore these processes may be involved in the differences in 

tumor number, survival and histolopathology of ApcMin/+/Zeb1+/- mice.  

 

 

Figure 17. ZEB1 reduces the number of senescent cells in intestinal adenomas. Frozen sections of 

ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- intestine samples (n=5) were stained for SA -gal and counterstained 

with Fast Red. Scale bar represents 25 m.  
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ZEB1 represses pro-apoptotic genes in intestinal adenomas from ApcMin/+ mice 

In order to go in depth into the cellular processes involved in ZEB1-mediated increased 

adenoma formation, we aimed to investigate the differences in the gene expression 

profile between ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- adenomas. For this reason, we 

performed RNA sequencing (RNAseq) using mRNA samples from adenomas isolated 

from the small intestine of mice from both genotypes. We found several genes 

differentially expressed between the two groups as represented in the heatmap (Figure 

19), which were associated with different cellular pathways and processes as detailed in 

the Gene Ontology (GO) enrichment table (Table 7). 

Figure 18. ApcMin/+/Zeb1+/- mice display higher apoptosis than ApcMin/+/Zeb1+/+ mice. (A) TUNEL assay 

representative pictures of both ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5). Apoptotic cells are 

stained positively in red, while the non-apoptotic cells are counterstained with hematoxylin. Scale bar 

represents 25 m. (B) Quantification of apoptotic cells rate in (A). 5-6 crypts per mice were selected and 

the percentage of apoptotic cells in each crypt was quantified.  
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Interestingly, the complete heatmap of differentially expressed genes (Figure 19) and 

GO enrichment (Table 7) revealed that several genes involved in apoptosis induction 

(Bbc3, Cd82, Maf or Casp4) were upregulated in ApcMin/+/Zeb1+/- mice, which is in 

concordance with the results from TUNEL assay showed in Figure 18. BBC3 (Bcl2 binding 

component 3), a downstream target of p53 also known as PUMA, is a family member of 

the BH3-only pro-apoptotic subclass that cooperates with direct activator proteins to 

induce mitochondrial outer membrane permeabilization, and it also binds to anti-

apoptotic Bcl-2 family members to induce mitochondrial dysfunction and caspase 

activation, altogether leading to apoptosis (Nakano and Vousden, 2001; Yu et al., 2001; 

Ming et al., 2006).  For its part, CD82, also known as KAI1, is a tumor suppressor that 

induces apoptosis through reactive oxygen intermediates. MAF belongs to the AP1 

Figure 19. Heatmap of differentially expressed genes between intestinal adenomas from 

ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice. mRNA samples from 3 ApcMin/+/Zeb1+/+ and 2 ApcMin/+/Zeb1+/- 

males were extracted from an average of 12-15 adenomas and RNA sequencing was performed. Only 

differentially expressed genes with FDR < 0.1 are displayed. 
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family of transcription factors and has been associated with Bcl-2 antiapoptotic proteins 

downregulation in CD4 cells (Peng et al., 2009), while CASP4 is a caspase involved in Fas-

mediated apoptosis (Kamada et al., 1997). 

 

GO Category Identifier nº Count % p-val 

Ribosome biogenesis GO:0042254 4 5,0 0,0054 

Positive regulation of transcription from RNApol II 
promoter 

GO:0045944 11 13,8 0,0059 

Negative regulation of transcription from RNApol II 
promoter 

GO:0000122 9 11,2 0,0083 

Intrinsic apoptotic signaling pathway in response to 
endoplasmic reticulum stress 

GO:0070059 3 3,8 0,009 

Negative regulation of cell growth GO:0030308 4 5,0 0,014 

Response to cAMP GO:0051591 3 3,8 0,018 

Negative regulation of cell proliferation GO:0008285 6 7,5 0,018 

Response to mechanical stimulus GO:0009612 3 3,8 0,026 

Negative regulation of transcription, DNA-templated GO:0045892 7 8,8 0,028 

Positive regulation of neuron apoptotic processes GO:0043525 3 3,8 0,031 

Regulation of p38MAPK cascade GO:1900744 2 2,5 0,031 

Epithelial cell-cell adhesion GO:0090136 2 2,5 0,039 

RNA phosphodiester bond hydrolysis, endonucleolytic GO:0090502 2 2,5 0,034 

Synaptic vesicle priming GO:0016082 2 2,5 0,043 

Maturation of LSU-rRNA from tricistrionic rRNA 
transcript 

GO:0000463 2 2,5 0,047 

 

Table 7. Gene Ontology of genes differentially expressed between ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 

mice. Gene Ontology categories where p-val < 0.05 are represented. 

 

 

Due to their relevance in CRC progression (Lombardi et al., 1999; Ming et al., 2006), Bbc3 

and Cd82 were selected for further validation by real-time PCR in an independent series 

of intestinal adenoma samples. As expected, the expression of both genes was found 

upregulated in samples corresponding to ApcMin/+/Zeb1+/- adenomas (Figure 20).  
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ZEB1 activates the Wnt pathway through the repression of DACT2 

Besides apoptosis-related genes, further genes unrelated to apoptotic programs that 

were differentially expressed in ApcMin/+/Zeb1+/- when compared to ApcMin/+/Zeb1+/+ 

mice were selected for further validation by qRT-PCR considering previously reported 

functions during tumor progression. Among these genes, DACT2 (Dishevelled binding 

antagonist of β-catenin 2) appeared to be upregulated in ApcMin/+/Zeb1+/- samples. 

DACT2 is one of the Dact gene family members, which are important modulators of Wnt 

signaling pathway. DACT2 is considered a tumor suppressor, as it is typically silenced in 

CRC by promoter hypermethylation, which leads to inhibition of apoptosis and increased 

tumor proliferation both in vitro and in vivo, associating to a worse CRC survival (Wang 

et al., 2015). Analysis of RNAseq results and of independent ApcMin/+/Zeb1+/+ and 

ApcMin/+/Zeb1+/- samples confirmed ZEB1 is repressing Dact2 (Figure 21A). Additionally, 

staining of DACT2 in FFPE intestinal sections indicated ApcMin/+/Zeb1+/- mice presented 

higher levels of DACT2 (Figure 21B).   

Figure 20. ZEB1 represses pro-apoptotic genes during the formation of intestinal adenomas. mRNA 

levels of Bbc3 and Cd82 were determined by qRT-PCR in small intestine samples from both 

ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5).  
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The binding of Wnt to Frizzled receptors promotes Dvl (Dishevelled) recruitment to the 

membrane, which allows Axin and GSK3β to phosphorylate LRP5/6 (transmembrane 

low-density lipoprotein receptor-related protein), preventing the degradation of β-

catenin and allowing its translocation into the nucleus, where it acts as a coactivator for 

LEF/TCF families and activates Wnt responsive genes (Cheyette et al., 2002). DACT2 is 

reported to promote Dvl degradation in a lysosome-dependent pathway (Teran et al., 

2009), therefore permitting the formation of the β-catenin degradation complex and 

repressing the Wnt pathway. Since we have observed that ZEB1 represses DACT2, we 

Figure 21. ApcMin/+/Zeb1+/- mice present higher levels of DACT2. (A) mRNA levels of Dact2 were 

determined by qRT-PCR in adenomas from ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5), and levels 

were normalized by Actb. (B) Representative images of FFPE intestine sections from ApcMin/+/Zeb1+/+ and 

ApcMin/+/Zeb1+/- mice stained for DACT2. Scale bar represents 25 m. 
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wondered whether ZEB1 could be activating Wnt signaling pathway through the 

inhibition of DACT2. To this purpose, we used the CRC cell line SW480 transfected with 

either a shCtrl or with a shZEB1 to target ZEB1 expression, where we confirmed that 

SW480-shZEB1 cell line presented higher levels of DACT2 (Figure 22A). By treating 

SW480-shCtrl and SW480-shZEB1 cells with the protein synthesis inhibitor 

cycloheximide (CHX), we observed that while in SW480-shCtrl β-catenin levels 

significantly decreased between 8 and 24 h after protein synthesis inhibition, in SW480-

shZEB1 there was a significant decrease in β-catenin levels between 4 and 8 h (Figure 

22B), indicating that higher DACT2 levels in SW480-shZEB1 cells could be responsible for 

the increased degradation ratio of β-catenin. 

Figure 22. ZEB1 prevents β-catenin from degradation. (A) mRNA levels of ZEB1 and DACT2 in SW480-

shCtrl and SW480-shZEB1 cells (n=7). GAPDH was used as housekeeping gene for normalization. (B) 

Western Blot of SW480-shCtrl and SW480-shZEB1 treated at 0, 4, 8, and 24 h with cycloheximide (CHX, 

100 g/ml) and immunoblotted with antibodies against ZEB1 and β-catenin (n=3, representative image 

shown). GAPDH was used as a loading control.  
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Most of the patients suffering from FAP present germline mutations in the APC gene. 

Although sporadic adenomas do not have a hereditary component, the first step in the 

progression from a normal epithelium to a dysplastic aberrant crypt focus that will 

eventually give rise to the formation of an adenoma is usually the loss of APC (Fearon 

and Vogelstein, 1990). Therefore, independently on their hereditary or non-hereditary 

origin, the activation of the Wnt pathway is critical for the progression from adenoma 

to carcinoma. Consistent with previously published data, staining of FFPE intestinal 

sections revealed that β-catenin nuclear expression increased in sporadic adenomas and 

FAP samples (Figure 23A, upper row, and 23B, left). Accordingly, we observed that ZEB1 

was not expressed in the nuclei of epithelial cells of healthy intestine, whereas its 

nuclear expression was increased in epithelial cells from both sporadic adenoma and 

FAP sections, following the same pattern than β-catenin staining (Figure 23A, middle 

row, and 23B, middle). Finally, staining with DACT2 revealed that DACT2 expression was 

decreased in both sporadic adenomas and FAP samples when compared to healthy 

controls (Figure 23A, lower row, and B, right). However, DACT2 expression was 

significantly lower in FAP samples when compared to sporadic adenomas, indicating 

that although there is an activation of the Wnt pathway and an increase of the nuclear 

levels of β-catenin in both types of adenomas (Figure 23B, right), there are some 

differences between the mechanisms of activation of the pathway.  

Altogether, the results above uncover a new mechanism by which ZEB1 regulates the 

Wnt pathway.  
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Figure 23. DACT2 expression is decreased in sporadic adenomas and FAP patients. (A) Representative 

images of FFPE intestinal sections from healthy controls (n=22), sporadic adenomas (n=22) and FAP 

patients (n=20) stained for β-catenin, ZEB1 and DACT2. Scale bar represents 25 m. (B) Quantification of 

the percentage of β-catenin, ZEB1 and DACT2 positive cells. 

 



                                                               Chapter I: ZEB1 promotes Wnt-induced intestinal adenoma formation 

 95 

Lipid catabolism is enhanced in Zeb1-deficient mice through the regulation of ATGL 

Another gene that was differentially expressed in ApcMin/+/Zeb1+/- mice when compared 

to ApcMin/+/Zeb1+/+ counterparts was Pnpla2 (Patatin-like phospholipase domain 

containing 2), which encodes for ATGL (Adipose triglyceride lipase), a lipase that 

mediates fat catabolism by regulating lipid droplets degradation (Smirnova et al., 2006). 

These reservoirs tend to accumulate in colorectal cancer when compared to healthy 

tissue (Accioly et al., 2008), promoting the clonogenic potential of CRC stem cells 

(Tirinato et al., 2015). 

Due to the increasing interest in the regulation of lipid metabolism during cancer 

progression (Beloribi-Djefaflia et al., 2016; Pavlova and Thompson, 2016; Luo et al., 

2017), we investigated the potential regulation of ATGL by ZEB1 in adenomas. First of 

all, we confirmed that ApcMin/+/Zeb1+/- mice not only presented higher Pnpla2 at mRNA 

levels (Figure 24A), but this upregulation was also observed at a protein expression level, 

as corroborated by immunostaining of ATGL (Figure 24B). Additionally, we observed that 

ZEB1 does not repress Pnpla2 in Apc+/+/Zeb1+/+ and Apc+/+/Zeb1+/- mice (Figure 24A), 

indicating that ZEB1 requires active Wnt signaling to repress Pnpla2. 
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ATGL-mediated lipolysis has widely been described to be regulated by and at the same 

time to regulate the activity of PPARs (peroxisome proliferator-activated receptors). 

PPARγ heterodimerizes with RXR (Retinoid X Receptor) to bind ATGL promoter (Nielsen 

et al., 2008), and it also can interact with the transcription factor Sp1 to regulate ATGL 

Figure 24. ATGL is downregulated in ApcMin/+/Zeb1+/+ mice. (A) mRNA levels of Pnpla2 were determined 

by qRT-PCR in intestinal samples from Apc+/+/Zeb1+/+, Apc+/+/Zeb1+/-, ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 

mice (n=7-10), and levels were normalized by Actb. (B) Representative images of FFPE intestine sections 

from ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice stained for ATGL. Scale bar represents 25 m. 
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expression in preadipocytes (Roy et al., 2017). On the other hand, it has been described 

that ATGL mediates fat catabolism and lipophagy through the activation of PPARα 

(Haemmerle et al., 2011; Khan et al., 2015), suggesting a complex interconnection 

between ATGL and PPARs. For this reason, we decided to analyze whether PPARα and/or 

PPARγ could be mediating ATGL’s repression by ZEB1 or if, on the contrary, ZEB1 could 

be regulating PPARs expression through the repression of ATGL. We did not find 

significant differences in Pparg mRNA levels between ApcMin/+/Zeb1+/+ and 

ApcMin/+/Zeb1+/- mice (Figure 25A). However, we observed that ApcMin/+/Zeb1+/- mice 

presented higher levels of Ppara than their ApcMin/+/Zeb1+/+ counterparts (Figure 25B). 

Additionally, analysis in Apc+/+/Zeb1+/+ and Apc+/+/Zeb1+/- mice revealed no differences 

of Ppara mRNA levels, whereas comparison between Apc+/+/Zeb1+/+ and ApcMin/+/Zeb1+/- 

showed a decrease of Ppara in the latter (Figure 25B), indicating that ZEB1 requires 

active Wnt signaling to repress Ppara.  

The regulation that ATGL exerts on lipid catabolism through PPARα is mediated by SIRT1, 

a critical metabolic sensor that directly binds to PPARα and facilitates its interaction with 

the transcriptional cofactor PGC-1α (Purushotham et al., 2009; Sathyanarayan et al., 

2017). Therefore, we also examined Pgc1a and Sirt1 mRNA levels in ApcMin/+ mice, where 

we found that in concordance with Ppara levels, Pgc1a was also increased in 

ApcMin/+/Zeb1+/- mice, whereas no differences in Sirt1 levels were found (Figure 25C and 

D). Moreover, ZEB1 also requires Wnt activity to regulate Pgc1a, since Apc+/+/Zeb1+/+ 

and Apc+/+/Zeb1+/- mice present no differences in Pgc1a mRNA levels (Figure 25D).  
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Figure 25. ZEB1 regulates Ppara and Pgc1a mRNA levels in ApcMin/+ mice. (A) mRNA levels of Pparg were 
determined by qRT-PCR in ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=6-8). (B) mRNA levels of Ppara 
were determined by qRT-PCR in Apc+/+/Zeb1+/+, Apc+/+/Zeb1+/-, ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice 
(n=6-7). (C) As in (A), but Sirt1 mRNA levels were analyzed (n=6-8). (D) As in (B), but Pgc1a mRNA levels 
were determined (n=7-8). Actb was used as a reference gene. 
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ATGL is involved in lipid droplet degradation and performs the first step of triglyceride 

hydrolysis, generating diglycerides and fatty acids (Zimmermann et al., 2004). The 

lysochrome Oil Red O (ORO) is a fat-soluble diazol dye that stains neutral lipids and 

cholesteryl esters but not biological membranes (Mehlem et al., 2013). ORO staining 

revealed higher levels of lipids in the intestine of ApcMin/+/Zeb1+/+ than in Zeb1-deficient 

counterparts (Figure 26), indicating that ZEB1 not only represses ATGL but that this 

repression is also functionally relevant in terms of lipid accumulation.  

 

 

ZEB1 is upregulated in human intestinal FAPs and inversely correlates with ATGL 

We then explored the regulation of ATGL by ZEB1 in SW480 and HCT116 cell lines. Both 

cell lines present constitutive Wnt signaling activity: SW480 cells present a truncated 

form of APC, while HCT116 cells have full-length APC but harbor a mutant version of the 

-catenin gene (CTNNB1), which results in the deletion of an aminoacid (Ser45) involved 

in -catenin downregulation through phosphorylation by the GSK-3 kinase (Morin et 

al., 1997). However, SW480 cells present higher accumulation of nuclear -catenin and 

enhanced Wnt activity than HCT116 cells (Sánchez-Tilló et al., 2011), which correlates 

with the former expressing higher levels of ZEB1 (Figure 27A). 

Modulation of ZEB1 expression in SW480 with two different siRNA sequences (siZEB1-A 

or siZEB1-B) (Figure 27B), or in SW480 that have been stably infected with lentiviral 

Figure 26. ApcMin/+/Zeb1+/+ mice present higher lipid accumulation than ApcMin/+/Zeb1+/- counterparts. 
Representative images of frozen intestine sections from ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice (n=5) 

stained with ORO. Scale bar represents 20 m. 
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particles encoding either control shRNA (SW480-shCtrl) or a specific shRNA against ZEB1 

(SW480-shZEB1) (Figure 27C) resulted in the upregulation of PNPLA2, resembling the 

results observed in mice. In addition, overexpression of ZEB1 in HCT116 cells that were 

stably transfected with pcDNA5™-FRT/TO/ZEB1 (HCT116-ZEB1) induced 

downregulation of PNPLA2 (Figure 27D), altogether confirming that ZEB1 may repress 

this key fat catabolism mediator.  

 

 

Figure 27. ZEB1 represses PNPLA2 in human CRC cells. (A) SW480 and HCT116 CRC cell lines were 

assessed for their ZEB1 mRNA levels (n=5). (B) mRNA levels of ZEB1 and PNPLA2 in SW480 previously 

transfected with a siRNA against ZEB1 (two different sequences, siZEB1-A and siZEB1-B) or with a scramble 

siRNA (siCtrl) (n=5). (C) mRNA levels of ZEB1 and PNPLA2 in SW480-shCtrl and SW480-shZEB1 (n=7 and 6, 

respectively). (D) mRNA levels of ZEB1 and PNPLA2 in HCT116-vector and HCT116-ZEB1 (n=7). GAPDH was 

used as housekeeping gene for normalization.  
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Besides, analysis of PPARA revealed increased levels in SW480-siZEB1 when compared 

to SW480-siCtrl cells (Figure 28A), while HCT116-ZEB1 cells presented lower levels of 

PPARA than HCT116-vector counterparts (Figure 28B). Moreover, SW480-shZEB1 cells 

presented higher levels of PGC1A than SW480-shCtrl cells (Figure 28A), whereas 

HCT116-ZEB1 cells presented lower levels of PGC1A than HCT116-vector cells (Figure 

28B), altogether being in concordance with the data obtained in ApcMin/+ mice and 

confirming that ZEB1 represses PPARA and PGC1A.  

 

 

In line with mRNA levels and the results obtained in mice samples, staining of SW480-

shCtrl and SW480-shZEB1 with Bodipy revealed that SW480-shZEB1 cells presented 

lower accumulation of lipid droplets than SW480-shCtrl cells. Accordingly, staining in 

HCT116 cells revealed that HCT116-ZEB1 cells accumulated higher levels of lipid droplets 

when compared to HCT116-vector cell line (Figure 29). 

Figure 28. ZEB1 represses PPARA and PGC1A in human CRC cells. (A) mRNA levels of PPARA and PGC1A 

in SW480-siCtrl and SW480-siZEB1 cells (n=6). (B) mRNA levels of PPARA and PGC1A in HCT116-vector 

and HCT116-ZEB1 cells (n=8). GAPDH was used as housekeeping gene for normalization. 
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Finally, we observed that ATGL was highly expressed in the normal epithelium and 

decreased in FAP patients (Figure 30), following an inverse pattern than nuclear β-

catenin and ZEB1 (Figure 23), whereas no significant changes were observed in sporadic 

adenomas (Figure 30). 

 

 

 

 

 

 

Figure 29. ZEB1 increases lipid accumulation in CRC cell lines. (A) Representative images of Bodipy 

staining in SW480-shCtrl and SW480-shZEB1 (n=5). (B) Representative images of Bodipy staining in 

HCT116-vector and HCT116-ZEB1 (n=5). Scale bar represents 25 μm.  
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Altogether, the above data set ZEB1 as an important transcription factor not only in 

carcinoma progression as it has widely been described but also as a critical regulator of 

adenoma formation. Experiments in cell line-based systems, in vivo models and human 

tissue samples have demonstrated that ZEB1 induces adenoma formation through the 

modulation of several cellular processes, such as inhibition of apoptosis and regulation 

of cellular lipid content. Moreover, the results above also uncover a new mechanism by 

which ZEB1 regulates the Wnt pathway. 

Figure 30. ATGL expression is decreased in FAP patients. (A) Representative images of FFPE intestinal 

sections from healthy controls (n=22), sporadic adenomas (n=22) and FAP patients (n=20) stained for 

ATGL. Scale bar represents 25 m. (B) Quantification of the percentage of ATGL positive cells.  
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Chapter II: ZEB1 promotes inflammation and inflammation-

driven carcinoma 

ZEB1 is induced in epithelial cells during intestinal inflammation 

Chronic inflammation is a risk factor for many types of cancers. CRC is one of the types 

of cancers where the link with inflammation has been more extensively studied.  

Patients with inflammatory bowel disease (IBD), particularly ulcerative colitis (UC), are 

at a higher risk of developing CRC, which is directly correlated with the cumulative 

chronic inflammatory burden (Rutter et al., 2004; Choi et al., 2017; Baker et al., 2018). 

Although inflammatory mediators upregulate ZEB1 expression in cancer cell lines 

(Dohadwala et al., 2006; Katsura et al., 2017), its role and mechanism of action in 

inflammation-induced cancer are not fully understood. 

In order to characterize the role of ZEB1 in intestinal inflammation, first of all, we 

examined its expression in a UC gene microarray (GSE38713) (Planell et al., 2013). Since 

ZEB1 can act downstream of Snail and Twist (Dave et al., 2011), they were also included 

in the analysis. Compared to healthy controls, ZEB1 was upregulated in active stages of 

UC and declined during remission periods, although it still remained above the levels 

found healthy colon (Figure 31A). This upregulation was validated by qRT-PCR in 

independent samples from UC patients (Figure 31B). As controls, we also examined IL-

1β (interleukin 1β) and COL1A2 (collagen type I α2 chain), whose expression increases 

during active UC and returns to basal levels in remission, and REG4 (regenerating family 

member 4), whose levels increase in active stages but remain elevated even after the 

inflammation has been resolved (Planell et al., 2013).  

Immunohistochemistry analysis of colitis samples in rats and humans found no 

expression of Twist while that of Snail is restricted to stromal cells (Hotz et al., 2010). 

The analysis of SNAI1 did not find a clear association with inflammation, whereas 

TWIST1 correlated with inflammation in fewer cases than ZEB1 (Figure 31A).  
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As ZEB1 is not expressed by intestinal epithelial cells in the healthy colon and its 

expression is restricted to scattered cells in the stroma (Figure 9) (Sánchez-Tilló et al., 

2011; Sánchez-Tilló et al., 2012), we wondered which cellular types accounted for the 

upregulation of ZEB1 in UC. Immunostaining revealed that while the number of ZEB1+ 

stromal cells slightly increased, ZEB1 was induced in most of the epithelial cells in the 

colonic mucosa of UC patients when compared to that in healthy donors (Figure 32). 

Next, we developed an experimental mouse model of colitis induced by DSS (Wirtz et 

al., 2007) to assess the expression of ZEB1 in the inflamed intestinal epithelium. 

Consistent with the results in human samples, Zeb1 mRNA was upregulated in the 

intestinal mucosa in response to DSS (Figure 33A). Again, immunohistochemistry 

revealed that ZEB1 was mainly induced in the epithelial compartment (Figure 33B and 

C). 

 

Figure 31. ZEB1 increases in active stages of UC and declines during remission. (A) Heat map of ZEB1, 

SNAI1, TWIST1, COL1A2, REG4, and IL1B expression in the colonic mucosa of 13 healthy individuals, 15 UC 

patients in active stage, and 8 UC patients in remission from the gene expression array GSE38713 (37). (B) 

ZEB1, COL1A2, and REG4 mRNA levels in colonic samples obtained from healthy individuals, and UC 

patients in active and remission stages were assessed by qRT-PCR with respect to ACTB (n=5).  
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Figure 33. ZEB1 is increased in a mouse model of colitis.  (A) Wild-type mice were either exposed to plain 

drink water or subjected to 3% DSS. At the end of the protocol, colon simples were assessed for Zeb1 

levels by qRT-PCR (n=5), using Actb as reference gene. (B) As in (A), colonic sections were stained for ZEB1. 

Scale bar represents 10 μm. (C) Quantification of ZEB1 in epithelial and stromal cells of colonic simples 

stained in (B). 

Figure 32. ZEB1 is expressed in epithelial cells of the colonic mucosa in UC patients. (A) Representative 

colonic samples from healthy donors and UC patients were stained for ZEB1. Scale bar represents 10 μm. 

(B) Quantification of ZEB1+ nuclei in epithelial and stromal cells of colonic samples from healthy donors 

and UC patients in (A). 
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Altogether, these data indicate that ZEB1 is induced in epithelial cells during human and 

mouse intestinal inflammation.    

 

ZEB1 promotes intestinal inflammation 

To investigate whether ZEB1 plays a pathogenic role in intestinal inflammation, wild-

type and Zeb1-heterozygous mice (Zeb1+/+ and Zeb1+/-, respectively) (Figure 34A) were 

treated with DSS to assess the severity of inflammation in both genotypes by 

macroscopic, histological and gene expression parameters. At a macroscopic level, 

intestinal inflammation is manifested by colon length shortening, ulceration, fecal 

bleeding, and loss of body weight. We found that wild-type (Zeb1+/+) mice presented 

higher colon shortening (Figure 34B and C), and body weight loss doubled those 

observed in Zeb1+/- littermates (Figure 34D), indicating that DSS-induced colitis was 

higher in Zeb1+/+ mice. 
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We then performed hematoxylin and eosin (H&E) staining in order to evaluate tissue 

structure. At the histological level, we observed that the intestinal mucosa of mice from 

both genotypes exhibited loss of the normal epithelial architecture. However, 

inflammation was less severe in Zeb1+/- mice, as the mucosa retained a higher number 

of colonic crypts, whereas most of the crypts in Zeb1+/+ mice had lost its typical glandular 

architecture (Figure 35).   

 

 

Figure 34. ZEB1 expression induces colon length shortening and body weight loss in DSS-treated mice. 

(A) Wild-type and Zeb1+/- mice were treated with 3% DSS and examined for their colonic expression of 

Zeb1 mRNA by qRT-PCR (n=6), using Actb as reference gene. (B) Representative pictures of the colon of 

wild-type and Zeb1+/- mice either exposed to drinking water or DSS. (C) Wild-type and Zeb1+/- mice 

subjected to DSS-induced colitis (n=16) were assessed for colon length shortening, using colon length of 

untreated mice as reference. (D) As in (C), but body weight loss was assessed.  
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An increase in CD45+ cells was observed in mice from both genotypes when subjected 

to the colitis protocol, indicating an increase in the inflammatory infiltrate. Still, the 

infiltration of immune cells was slightly higher in Zeb1 wild-type mice (Figure 36A). We 

next analyzed the expression of TNF-α, IL-1β, and CCL2, which are key mediators of the 

inflammatory response. Consequently, Zeb1+/- mice presented significantly lower levels 

of these pro-inflammatory cytokines (Figure 36B).  

 

 

 

 

 

Figure 35. Zeb1+/- mice retain a higher number of colonic crypts. H&E staining showed that, compared 

to DSS-treated Zeb1+/- counterparts, the intestine of Zeb1+/+ mice exhibited a greater loss of the normal 

epithelial architecture. A representative colon sample of each is shown. Scale bar: 100 μm. 
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Figure 36. DSS-treated Zeb1+/- mice present decreased inflammatory infiltrate and lower levels of 

inflammatory markers. (A) Colonic samples from Zeb1+/+ and Zeb1+/- mice exposed to plain water or to 

3% DSS were stained for CD45. Scale bar represents 100 μm. (B) Colon samples of mice from both 

genotypes treated with 3% DSS were assessed by qRT-PCR for the expression of the indicated pro-

inflammatory markers using Actb as reference gene (n=5).   
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ZEB1 represses and is repressed by microRNAs of the miR-200 family (Sánchez-Tilló et 

al., 2012; Dongre and Weinberg, 2019). For this reason, we decided to analyze miR-200 

family expression in a microRNA array of UC (GSE48957), where we found that miR-

200a, miR-200b, and miR-200c were downregulated during active stages of UC in a 

reverse pattern with respect to ZEB1 (Figure 31A, Figure 37A). Consequently, analysis of 

miRNAs in Zeb1+/+ and Zeb1+/- DSS-treated mice revealed higher levels of miR-200 

members in Zeb1-heterozygous mice (Figure 37B).  

These results indicate that ZEB1 promotes intestinal inflammation while its 

downregulation confers protection against it. 

 

 

 

 

Figure 37. miR-200 family members are repressed during the active phase of UC. (A) The expression of 

miR-200a, miR-200b and miR-200c decreases in active stages of UC and increases in the remission periods. 

Heat map of the expression of the three microRNAs in the colonic mucosa of 10 healthy individuals, 10 

active UC patients, and 7 remission patients from the gene expression array GSE48957. (B) Wild-type and 

Zeb1+/- mice were treated with 3% DSS and examined for their colonic expression of miR-200a/b/c by qRT-

PCR (n=6), using Rnu6b as reference gene.  
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ZEB1 promotes inflammation-associated CRC tumorigenesis 

The combination of the alkylating agent azoxymethane (AOM) with three cycles of DSS 

is a widely used experimental model of inflammatory CRC (Neufert et al., 2007; Wirtz et 

al., 2007) (Figure 38A). We carried out the AOM/DSS protocol in order to assess whether 

ZEB1 plays a role in inflammation-induced CRC. As previously mentioned, ZEB1 is 

expressed in stromal cells in normal healthy colon (Figure 33B, left), whereas its 

epithelial expression is only found in dedifferentiated malignant epithelial cells 

(Sánchez-Tilló et al., 2011; Sánchez-Tilló et al., 2012). Accordingly, we found that ZEB1 

was expressed in epithelial cells of dedifferentiated areas of inflammatory (AOM/DSS) 

CRC (Figure 38B).  

Figure 38. ZEB1 promotes AOM/DSS-induced inflammatory intestinal tumorigenesis.  (A) Scheme: 

Mouse model of intestinal tumorigenesis. Mice were subjected to AOM/DSS protocol to induce 

inflammatory CRC. (B) Expression of ZEB1 in colonic samples of wild-type mice subjected to AOM/DSS 

protocol was assessed by immunohistochemistry. Scale bar: 50 μm. (C) Wild-type and Zeb1+/- mice (n=12 

and n=13, respectively) were subjected to AOM/DSS and their colon were assessed for the total number 

of tumors. (D) As in (C), but colon length shortening was assessed. Both parameters were calculated with 

respect to untreated counterparts of the same genotype. 
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ZEB1 promotes tumor initiation and progression through the regulation of different 

hallmarks (Sánchez-Tilló et al., 2012). However, the mechanism of action of ZEB1 in 

inflammation-induced cancer has not been deeply studied. When Zeb1+/- mice were 

subjected to AOM/DSS protocol, they developed less number of tumors than wild-type 

counterparts (Figure 38C) and displayed a lower inflammatory component as assessed 

by colon length shortening (Figure 38D), indicating that ZEB1 has a relevant role in 

promoting tumorigenesis in the context of inflammation.  

 

Histological analysis demonstrated that colon tumors in Zeb1+/- mice retained better the 

glandular crypt architecture and displayed a more benign adenoma-like histology—e.g., 

with lower mitotic activity, and agreater preservation of cellular polarization and gland 

structure—than wild-type mice (Figure 39).  

 

 

 

 

 

Figure 39. Tumors generated by AOM/DSS in Zeb1+/- mice display a more differentiated phenotype. The 

tumors developed in both genotypes were stained for hematoxylin and eosin. The captures shown are 

representative of each genotype. Scale bar: 100 μm. 
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Moreover, in concordance with the results observed in DSS-treated mice, AOM/DSS-

treated Zeb1+/- mice presented less infiltration of immune cells (Figure 40A), and lower 

expression of inflammatory cytokines TNF-α and IL-1β (Figure 40B).  

 

 

Altogether, these data show that ZEB1 is not only required to drive tumorigenesis in the 

AOM/DSS model but also to maintain its inflammatory component. 

 

 

 

 

Figure 40. Zeb1+/- mice exhibit a lower inflammatory component in response to AOM/DSS. (A) Immune 

cell infiltration in the inflammatory-induced intestinal tumors developed by wild-type and Zeb1+/- mice 

following treatment with AOM/DSS. Colonic samples of mice from both genotypes were stained for CD45. 

Scale bars in left and right panels represent 25 μm and 5 μm, respectively. (B) At the end of the AOM/DSS 

protocol, colonic samples were assessed by qRT-PCR for Tnf and Il1b expression with respect to Gapdh as 

reference gene. Data are the mean of a least four mice for each genotype.  
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Similar gut microbiota profile between Zeb1+/+ and Zeb1+/- mice 

A substantial amount of research has confirmed that changes in gut microbiota are 

associated to pathogenesis of UC as a primary driver of inflammation in the colon and 

are linked to CRC development (Irrazábal et al., 2014; Ni et al., 2017). In order to 

examine whether the milder colitis and reduced progression towards inflammatory CRC 

observed in Zeb1+/- mice were related to changes in the gut microbiota, colonic mucosa 

and fecal samples from Zeb1+/+ and Zeb1+/- mice were subjected to next-generation 

sequencing to determine their microbiota distribution. Bioinformatic and Linear 

discriminant analysis Effect Size (LEfSe) analyses revealed very similar microbiota 

distribution in both genotypes at the phyla level (Figure 41A), with only minor variations 

at the family and genera level (Figure 41B). These slight differences are unlikely to be 

sufficient to explain the reduced susceptibility of Zeb1+/- mice to colitis and 

inflammatory associated CRC.  
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Figure 41. Microbiota profile in wild-type and Zeb1+/- mice. (A) Average relative abundance of the top 

phyla present in colonic mucosa and feces of nine wild-type and ten Zeb1+/- mice. (B) Compared to wild-

type counterparts, linear discriminant analysis effect size (LEfSe) analysis of the colonic mucosa of 

Zeb1+/- mice showed an increase in the density of the Barnesiella, Odoribacter, Clostridium XIVa, 

Parasutterella, Olsenella, Allobaculum, and Coriobacteriia genera. 
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ZEB1 increases DNA damage through the repression of the DNA glycosylase MPG 

during colitis and inflammatory CRC 

Reactive oxygen species (ROS) and inflammatory cytokines (IL-1, IL-6, TNF-, INF-) 

produced by immune cells induce DNA damage and inhibit DNA repair in the 

surrounding epithelial cells, contributing to their malignant transformation and tumor 

progression (Jaiswal et al., 2000; Roos et al., 2016). For this reason, we decided to 

investigate if there were any differences between DNA damage rate and/or DNA repair 

that could be responsible for the reduced tumorigenesis observed in AOM/DSS-treated 

Zeb1+/- mice.   

8-Oxo-2’-deoxyguanosine (8-oxo-dG) is a well-established marker of oxidative DNA 

damage. It is also a mutagenic base and, therefore, increased levels of 8-oxo-dG may 

contribute to gene instability and tumor promotion (Shibutani et al., 1991). 8-oxo-dG is 

found not only in the nucleus but also in the cytoplasm (Kim et al., 2006; Moktar et al., 

2011). First of all, we treated SW480-shCtrl and SW480-shZEB1 cells with H2O2 in order 

to induce oxidative stress and assessed DNA damage by their expression of 8-oxo-dG by 

immunofluorescence. Immunocytochemistry revealed that there were no differences in 

8-oxo-dG levels between SW480-shCtrl and SW480-shZEB1 cells on basal conditions. 

H2O2 stimuli increased 8-oxo-dG levels in SW480-shCtrl but, interestingly, 8-oxo-dG 

levels in H2O2-treated SW480-shZEB1 cells were significantly lower when compared to 

shCtrl cells (Figure 42). 
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Similar results were observed when SW480 cells were treated with the pro-

inflammatory cytokine IL-1 and 8-oxo-dG levels were assessed both by 

immunocytochemistry (Figure 43A and B) and by FACS (Figure 43C, D and E). However, 

when compared to SW480-shCtrl cells, ZEB1 depletion completely abrogated 8-oxo-dG 

induction by IL-1 (Figure 43B and C).  

 

 

 

Figure 42. ZEB1 increases 8-oxo-dG levels upon DNA damage induction with H2O2. (A) SW480-shCtrl and 

SW480-shZEB1 cells were either untreated or treated for 30 min with 2 mM of H2O2 and assessed by 

immunofluorescence for 8-oxo-dG and counterstained with NucBlue™ (Hoechst 33342) for nuclear 

staining. Representative captures from five independent experiments. Scale bar: 25 μm. (B) Quantification 

of the nuclear mean fluorescence intensity for 8-oxo-dG in (A).  
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Figure 43. ZEB1 increases 8-oxo-dG levels upon IL-1-mediated DNA damage. (A) SW480-shCtrl and 

SW480-shZEB1 cells were either untreated or treated for 30 min with 40 ng/ml of human recombinant 

IL-1 and assessed by immunofluorescence for 8-oxo-dG and counterstained with NucBlue™ (Hoechst 

33342) for nuclear staining. Representative captures from five independent experiments. Scale bar: 25 

μm. (B) Quantification of the nuclear mean fluorescence intensity for 8-oxo-dG in (A). (C) As in (A) but 8-

oxo-dG expression was assessed by FACS. Individual and mean values for the relative MFI are showed 

(n≥7). (D) and (E) Representative plots of (C). The condition “Secondary Ab” was included as control. 

 



                                                   Chapter II: ZEB1 promotes inflammation and inflammation-driven carcinoma 

 121 

Additionally, we also examined whether the in vivo downregulation of ZEB1 had any 

effect in 8-oxo-dG expression. In concordance with the cell line-based experiments, it 

was found that tumors developed by Zeb1+/- mice treated with AOM/DSS exhibited 

lower levels of 8-oxo-dG than those formed in wild-type mice (Figure 44).  

 

Altogether, we can extract the following conclusions from the above data: first, ZEB1 

expression in CRC cells promotes DNA damage in cell line-based systems and in vivo 

while its knockdown reduces it and, secondly, the DNA damage induced by these DNA 

damage promoting stimuli is mediated, at least in part, through ZEB1. 

To avoid the accumulation of toxic/mutagenic intermediates and abnormal base 

removal, DNA repair requires a precise transcriptional and post-transcriptional 

regulation of the different proteins involved (Jackson and Bartek, 2009; Fu et al., 2012). 

Repair of base alterations by the BER system is initiated by DNA glycosylases, including 

MPG (Fu et al., 2012). MPG is responsible for the removal of N-alkylpurines induced in 

DNA by alkylating agents, but it can also recognize and act on oxidized guanine 

derivatives like 8-oxo-dG (Bessho et al., 1993).  

Figure 44. ZEB1 promotes 8-oxo-dG lesions in inflammatory intestinal tumors. The intestinal tumors 

developed in AOM/DSS-treated wild-type and Zeb1+/- mice were examined for 8-oxo-dG. Scale bar 

represents 50 μm.   
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We examined whether modulation of ZEB1 expression in CRC cell lines affected MPG 

expression. To this purpose, we made use again of SW480 and HCT116 CRC cells (Figure 

27A). Transient knockdown with specific siRNAs against ZEB1 in SW480 cells resulted in 

the upregulation of MPG, both at mRNA (Figure 45A) and protein levels (Figure 45B). 

Conversely, overexpression of ZEB1 in HCT116 cells (HCT116-ZEB1 cells) downregulated 

MPG expression (Figure 45C).  

 

Figure 45. ZEB1 represses MPG expression. (A) Knockdown of ZEB1 in CRC cells upregulates the 

expression of MPG mRNA. SW480-siCtrl and SW480-siZEB1 were assessed for MPG mRNA expression by 

qRT-PCR using GAPDH as reference gene (n=6). (B) Cell lysates from SW480-siCtrl and SW480-siZEB1 were 

blotted for MPG, and ZEB1 along with α-tubulin as loading control. (C) Overexpression of ZEB1 in CRC cells 

downregulates MPG mRNA levels. ZEB1 and MPG mRNA expression was assessed by qRT-PCR in HCT116-

vect and HCT116-ZEB1 cells using GAPDH as reference gene (n=6).  
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Inflammation not only induces DNA damage, but it can also inhibit the transcription of 

genes involved in the DNA repair machinery (Roos et al., 2016). Considering that ZEB1 is 

induced by inflammatory cytokines, including IL-1 (Li et al., 2012), we examined 

whether MPG expression was modulated following IL-1 treatment. In concordance 

with previous siRNA experiments in SW480 CRC cells, it was found that SW480-shZEB1 

cells expressed higher levels of MPG than SW480-shCtrl and, consistently, IL-1 

downregulated the steady-state levels of MPG in SW480-shCtrl but not in SW-shZEB1 

cells (Figure 46).  

 

ZEB1 represses transcription by direct binding to E-box-like sequences in the regulatory 

regions of its target genes (Genetta et al., 1994). Interestingly, analysis of the activity of 

serial deletions of the MPG promoter indicates the presence of several negative 

regulatory regions (Grombacher and Kaina, 1996; Cerda et al., 1999), suggesting that it 

is under transcriptional repression by a still undefined factor. Examination of the human 

Figure 46. IL-1 downregulates MPG expression in a ZEB1-dependent manner. SW480-shCtrl and 

SW480-shZEB1 cells were treated for 48 h with 40 ng/ml of human recombinant IL-1 and MPG mRNA 

levels were determined by qRT-PCR with GAPDH as reference gene (n=7).  
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MPG promoter revealed several high-affinity consensus sites for ZEB1 (Figure 47A, upper 

panel). Using a chromatin immunoprecipitation (ChIP) assay, we found that an antibody 

against ZEB1, but not its corresponding matched species IgG control, 

immunoprecipitated a region of the MPG promoter containing several ZEB1 binding 

sites (ZBS), but not a region lacking consensus binding sites for ZEB1 (NBS) (Figure 47A, 

lower panel). Moreover, we also found that IL-1 increased ZEB1 binding to the MPG 

promoter (Figure 47A, lower panel, and Figure 47B). Collectively, the above data suggest 

that MPG is under transcriptional repression by ZEB1.  

We next explored whether ZEB1 regulates MPG in mice subjected to experimental colitis 

or inflammatory CRC. In consonance with our previous data, DSS-induced colitis Zeb1+/- 

mice expressed higher levels of MPG than their wild-type counterparts (Figure 48A). 

Likewise, the colorectal tumors developed by Zeb1+/- mice in response to AOM/DSS 

presented higher levels of MPG than those formed in Zeb1+/+ mice (Figure 48B). 

Altogether, the above results suggest that ZEB1 inhibits MPG during DSS-induced colitis 

and AOM/DSS-induced inflammatory CRC development.  
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Figure 47. ZEB1 binds to the MPG promoter. (A) Upper panel: scheme of 1.1 kb of the human MPG 

promoter. Consensus binding sites for ZEB1 are represented by vertical red lines.  The regions of the MPG 

promoter between -300/-126 bp (containing four ZEB1 consensus binding sites, referred as ZBS) and 

between -685/-517 bp (with no ZEB1 binding sites, referred as NBS) are labeled with horizontal blue lines. 

Lower panel: Chromatin immunoprecipitation (ChIP) analysis of ZEB1 binding to the ZBS and NBS regions 

of the MPG promoter. qRT-PCR amplification of both regions following immunoprecipitation of DNA from 

SW480 CRC cells—untreated or treated with 40 ng/ml of IL-1 for 24 h—either without antibody, with 

an antibody against ZEB1 or goat IgG serum control. Data shown are representative of four independent 

experiments.  (B) Relative binding of ZEB1 to the ZBS region in SW480 either untreated or treated with 

40 ng/ml of IL-1 for 24 h. 
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Figure 48. ZEB1 inhibits MPG expression in colitis and inflammatory CRC. (A) The colon of DSS-treated 

wild-type and Zeb1+/- mice were assessed for MPG expression by immunohistochemistry. Left panel: A 

representative picture of five mice for each genotype is shown. Scale bar: 100 μm. Right panel: 

Quantification of MPG+ cells in representative pictures as in the left panel. (B) The colonic tumors of 

AOM/DSS-treated wild-type and Zeb1+/- mice were assessed for MPG expression by 

immunohistochemistry. Left panel: A representative picture of five mice for each genotype is shown. 

Scale bar: 50 μm. Right panel: Quantification of MPG+ cells in representative pictures as in the left panel.  
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ZEB1 depends on MPG inhibition to promote colitis and inflammatory CRC 

Compared to wild-type counterparts, Mpg-/- mice display enhanced colitis in response 

to DSS and develop more polyps that scored for a higher grade of dysplasia following 

treatment with AOM/DSS (Meira et al., 2008). In order to investigate whether the role 

of ZEB1 in colitis and inflammatory CRC promotion is mediated by MPG, wild-type and 

Zeb1+/- mice were crossed with Mpg-/- mice, and the resulting progeny was subjected to 

DSS and AOM/DSS protocols (Figure 49A).  

Figure 49. ZEB1 promotes colitis through the inhibition of MPG. (A) Wild-type and Zeb1+/- mice were 

crossed with Mpg-/- mice and subjected to DSS-induced colitis. (B) Deletion of Mpg in the Zeb1+/- mouse 

reverted its reduced DSS-induced colitis to similar levels than in mice with full levels of Zeb1. Mice of the 

six genotypes were treated with DSS and shortening of their colon length was assessed with respect to 

untreated counterparts of the same genotype. The number of mice examined were n=18 for Zeb1+/+ / 

Mpg+/+, n=17 for Zeb1+/-/Mpg+/+, n=6 for Zeb1+/+/Mpg+/-, n=8 for Zeb1+/-/Mpg+/-, n=8 for Zeb1+/+/Mpg-/-, 

n=6 for Zeb1+/-/Mpg-/-.  
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Importantly, ablation of either one or both Mpg alleles (Mpg+/- or Mpg-/-, respectively) 

in the background of the Zeb1+/- mouse (Zeb1+/-/Mpg+/- and Zeb1+/-/Mpg-/- mice, 

respectively) was sufficient to revert its reduced response to DSS-induced colitis, as 

assessed by colon length shortening, to similar levels than in mice with full levels of Zeb1 

(Zeb1+/+/Mpg+/- and Zeb1+/+/Mpg-/- mice, respectively) (Figure 49B). 

We also examined the effect of Mpg deletion in the inflammatory tumorigenesis of wild-

type and Zeb1+/- mice following treatment with AOM/DSS. Consistent with the results 

obtained in DSS-induced colitis, the deletion of one or both Mpg alleles in Zeb1+/- mice 

increased the number of tumors when compared to Zeb1+/- mice that present the two 

copies of Mpg (Figure 50A). Moreover, the deletion of one or both Mpg alleles resulted 

in no differences in tumor number formation between Zeb1+/+ and Zeb1+/- mice (Figure 

50A). However, it is important to notice that Mpg deletion increased the number of 

tumors formed in both Zeb1+/+ and Zeb1+/- mice when compared to Zeb1+/+/Mpg+/+ mice 

(Figure 50A), suggesting that although MPG is acting downstream of ZEB1, there must 

be additional factors involved in the regulation of MPG expression and/or activity.   

We also assessed colon length at the end of the protocol and, as expected, Mpg deletion 

in Zeb1+/- mice increased colon length shortening in response to AOM/DSS and brought 

them up to similar levels than those found in Zeb1+/+ Mpg-deficient mice which, in turn, 

where also similar to the ones in wild-type mice (Figure 50B). 
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In addition, Mpg deletion in the background of Zeb1+/- mice also reverted the more 

differentiated histological pattern of tumors in these mice as described in Figure 39. 

Thus, the tumors formed in Zeb1+/-/Mpg+/- and Zeb1+/-/Mpg-/- mice displayed a less 

differentiated gland architecture that resembled that of tumors developed in mice 

where both alleles of Zeb1 are intact (Figure 51).  

Altogether, these results suggest that the effect of ZEB1 promoting colitis and 

inflammatory-induced tumorigenesis is mediated, at least in part, by its repressor effect 

on MPG expression.  

 

 

 

Figure 50. ZEB1 promotes inflammatory CRC through the inhibition of MPG. (A) Mice of the six 

genotypes were treated with AOM/DSS and assessed for the number of colonic tumors. (B) Colon 

shortening in each mouse was quantified with respect to untreated counterparts of the same genotype. 

The number of mice examined were as follows: n=14 for Zeb1+/+/Mpg+/+, n=15 for Zeb1+/-/Mpg+/+, n=10 

for Zeb1+/+/Mpg+/-, n=6 for Zeb1+/-/Mpg+/-, n=4 for Zeb1+/+/Mpg-/-, n=7 for Zeb1+/-/Mpg-/-.  
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ZEB1 expression in CRC cells elicits higher production of ROS and IL-1β by macrophages 

Epithelial and stromal cells in the intestinal mucosa influence each other during 

homeostasis and in disease. Intestinal epithelial cells release soluble factors that play 

key immunoregulatory roles to limit inflammation and to maintain the tolerogenic state 

of mucosal immune cells against pathogens and the gut microbiota (Peterson and Artis, 

2014). We investigated whether the expression of ZEB1 in CRC cells can modulate the 

inflammatory and ROS response of macrophages. To that effect, macrophages isolated 

from wild-type mice were incubated with the conditioned medium (CM) collected from 

Figure 51. Deletion of both Mpg alleles in the background of the Zeb1+/- mouse reverted the histology 

of its AOM/DSS-induced tumors toward the more dedifferentiated pattern found in AOM/DSS-treated 

mice with wild-type levels of Zeb1. Representative samples of the tumors formed in the six genotypes 

were stained for H&E. Scale bar: 50 μm. 
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SW480-shCtrl or SW480-shZEB1 cells (Figure 52A). ROS production by macrophages was 

assessed by both FACS and luminescence approaches, using either fluorescent [6-

carboxy-2',7'-dichlorodihydrofluorescein diacetate, (carboxy-H2-DCFDA)] or 

chemoluminescent [8-Amino-5-chloro-2,3-dihydro-7-phenyl-pyrido{3,4-d} pyridazine 

sodium salt, (L012)] probes, respectively. We found that macrophages incubated with 

CM from SW480-shZEB1 cells released lower levels of ROS than macrophages incubated 

with CM from SW480-shCtrl cells (Figure 52B, C, and D).  

 

 

Figure 52. ZEB1 expression in SW480 cells elicits higher ROS production by macrophages. (A) Scheme of 

the experiment. (B) Macrophage production of ROS following their culture with CM from SW480-shCtrl 

and SW480-shZEB1 cells was assessed by FACS analysis of CH2-DCFDA fluorescence. A representative 

FACS plot is shown. (C) Quantification of the CH2-DCFDA mean fluorescence intensity in macrophages 

from six mice. (D) As in (C) but ROS production was determined by the luminescence (Relative Luciferase 

Units, RLU) emitted by the L-012 probe. 
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Conversely, the incubation of macrophages with the CM from HCT116 cells that 

overexpressed ZEB1 (HCT116-ZEB1 cells) resulted in higher production of ROS when 

compared to macrophages that were cultured in the presence of CM from HCT116 cells 

that harbor the empty expression vector (HCT116-vector cells) (Figure 53). These results 

indicate that ZEB1 expression in epithelial cells stimulates ROS production by 

macrophages.  

 

 

Figure 53. ZEB1 overexpression in HCT116 cells elicits higher ROS production by macrophages. (A) 

Scheme of the experiment. (B) Macrophage production of ROS following their culture with CM from 

HCT116-ZEB1 and HCT116-vector cells was assessed by FACS analysis of CH2-DCFDA fluorescence. A 

representative FACS plot is shown. (C) Quantification of the CH2-DCFDA mean fluorescence intensity in 

macrophages from six mice.  
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Parallel results were observed with regard to IL-1β. The CM from SW480-shZEB1 cells 

triggered lower production of Il1b in macrophages than that from SW480-shCtrl cells 

(Figure 54A), while the CM from HCT116-ZEB1 cells induced higher macrophage 

production of Il1b than the CM from HCT116-vector cells (Figure 54B).  

Altogether, the above data suggest that ZEB1 expression in inflamed or malignant 

epithelial cells would induce higher ROS and inflammatory cytokine production by 

mucosal immune cells, thus reinforcing the positive feedback loop between both cell 

types. 
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Figure 54. ZEB1 expression in CRC cells elicits higher IL-1β by macrophages. (A) Macrophage production 

of IL-1β following their culture with CM from SW480-shCtrl and SW480-shZEB1 cells was assessed by 

mRNA quantification by qRT-PCR, using GAPDH as reference gene (n4). (B) Macrophage production of 

IL-1β following their culture with CM from HCT116-vector and HCT116-ZEB1 cells was assessed by mRNA 

quantification by qRT-PCR, using GAPDH as reference gene (n4).  
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DISCUSSION 

 

ZEB factors promote tumor progression through mechanisms beyond their original role 

inducing invasiveness and metastasis (Sánchez-Tilló et al., 2011; Dongre and Weinberg, 

2019). The results presented in this dissertation indicate that ZEB1 fosters intestinal 

tumor formation from its earliest stages, and report ZEB1 as an important driver of 

colitis and inflammation-induced CRC.  

ZEB1 promotes Wnt-induced intestinal adenoma formation 

The first chapter of this dissertation shows that ZEB1 expression increases adenoma 

formation and reduces the life span in the ApcMin/+ mouse model, through a mechanism 

that involves a reduction in intestinal cell senescence and apoptosis. We also uncovered 

two new mechanisms by which ZEB1 activates Wnt signaling and characterized ZEB1 as 

a promoter of lipid accumulation through the repression of the ATGL/PPAR/PGC-1 

axis (Figure 55). 

Figure 55. Representation of the proposed mechanism by which ZEB1 promotes adenomagenesis. ZEB1 

inhibits apoptosis through the repression of pro-apoptotic genes, modulates the expression of AXIN2 and 

DACT2, which regulate the stabilization and degradation of -catenin; and represses ATGL, which 

contributes to the expression and activation of PPAR and PGC-1 and, altogether, regulate the 

inflammatory response and the expression of antioxidant enzymes. 
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We show here that ZEB1, which is not expressed in the epithelium of normal colon or in 

differentiated areas of CRC, is induced in the epithelial cells of intestinal adenomas from 

mouse models (ApcMin/+) and from human patients with either FAP syndrome or sporadic 

adenomas harboring nuclear accumulation of -catenin. Since the -catenin/TCF4 

complex binds to the ZEB1 promoter to activate its transcription (Sánchez-Tilló et al., 

2011), ApcMin/+ mice presented higher levels of Zeb1 than wild-type counterparts.  

Besides E-cadherin, ZEB1 represses a number of genes involved in epithelial cell 

differentiation, which is critical for tumor cells to acquire a more dedifferentiated 

phenotype such as cell polarity (Crumbs3, PATJ), tight junctions and gap junctions genes 

(occludin, claudin-7, Shroom) (Birchmeier and Behrens, 1994; Aigner et al., 2007; 

Stemmler et al., 2019). The deletion of a single Zeb1 allele is sufficient to reduce the 

tumor load and to provide a more differentiated histological pattern (Liu et al., 2014; de 

Barrios et al., 2017). Thus, we found that the deletion of Zeb1 not only reduced the 

number of tumors formed in ApcMin/+ mice but also resulted in more differentiated 

adenomas with hyperplastic changes with no or low dysplasia and a prolonged life span 

in ApcMin/+ mice. Accordingly, increased ZEB1 expression correlates with poor clinical 

outcome and survival in epithelial, hematological and neurological malignancies 

(Spaderna et al., 2006; Sánchez-Tilló et al., 2014; Zhang et al., 2014; de Barrios et al., 

2017).  

Previous works have characterized ZEB1 as an important regulator of tumor 

invasiveness in CRC (Dongre and Weinberg, 2019). ZEB1 activates the matrix 

metalloproteinase MT1-MMP and the glycoprotein LAMC2 at the basement membrane 

(Sánchez-Tilló et al., 2011), and the urokinase plasminogen activator (uPA), and 

represses its inhibitor PAI-1 in the peritumoral stroma (Sánchez-Tilló et al., 2014), thus 

promoting the remodeling of the extracellular matrix and therefore facilitating the 

migration of invading cancer cells through the tumor microenvironment. Although Wnt 

aberrant activation is considered an early oncogenic event in most CRCs (Su et al., 1992), 

additional genetic alterations are required for the progression from adenoma to 

carcinoma (Baker et al., 1990; Grady et al., 1998; Davies et al., 2002). Consequently, we 

did not observe any invasive areas neither in ApcMin/+/Zeb1+/+ nor ApcMin/+/Zeb1+/- mice.   
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ZEB1 activates several proliferation-associated genes such as MYC, MKI67 (Ki-67) and 

the Cyclin D1-coding gene CCND1 (Sánchez-Tilló et al., 2014), which is required for G1/S 

phase transition (Baldin et al., 1993; Sherr, 1993). CCND1 is also a target of the -

catenin/LEF-1 transcription complex and therefore it is expressed in ApcMin/+ mice 

independently of ZEB1 (Shtutman et al., 1999; Heinen et al., 2002), in line with the 

similar proliferation rates between ApcMin/+/Zeb1+/+ and ApcMin/+/Zeb1+/- mice. 

Cellular senescence is an irreversible state of cell arrest that can be triggered by multiple 

mechanisms with the objective of limiting excessive or aberrant cellular proliferation 

(Collado et al., 2007). As an effective tumor-suppressive mechanism, senescence is 

regulated by multiple pathways that are frequently aberrantly activated in cancer, such 

as the NF-kB or the p53 pathways (Xue et al., 2007; Abad et al., 2011; Chien et al., 2011). 

Likewise, apoptosis is another escape program bypassed by cancer cells to promote 

oncogenic transformation (Wong, 2011). Our results indicate that ZEB1 is inhibiting 

senescence, but also apoptosis through the repression of PUMA (BBC3) and KAI1 (CD82), 

essential mediators of p53-dependent and independent apoptotic pathways (Ono et al., 

1999; Jeffers et al., 2003). In mantle cell lymphoma, knockdown of ZEB1 increases the 

activity of caspases 3 and 7 and reduces the expression of anti-apoptotic genes MCL1, 

BCL2 and BIRC5 (Sánchez-Tilló et al., 2014), whereas miR-200c induces apoptosis in 

endothelial cells through the repression of ZEB1. ZEB1 also inhibits senescence and the 

formation of senescence-associated heterochromatin foci by activating a regulatory 

cascade involving mutant p53 and CtBP that ultimately represses macroH2A1 (Chang et 

al., 2011; Kim et al., 2011; de Barrios et al., 2017). 

ZEB1 is both a target and a mediator of the Wnt pathway (Sánchez-Tilló et al., 2011). 

Consequently, many of the genes activated by ZEB1 are also induced by the -

catenin/TCF transcription complex (e.g, vimentin, LAMC2, uPA) (Eger et al., 2005; Gilles 

et al., 2003; Sánchez-Tilló et al., 2015). We found that ZEB1 induces -catenin expression 

at mRNA levels but, importantly, it also promotes its nuclear translocation. RNA 

sequencing revealed the upregulation of DACT2 in ApcMin/+/Zeb1+/- adenomas when 

compared to ApcMin/+/Zeb1+/+ mice. DACT2 expression is frequently downregulated by 

promoter hypermethylation in CRC but also in other types of cancer (Zhang et al., 2013; 

Wang et al., 2015; Zhang et al., 2016). It regulates Wnt signaling activity by binding to 
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Dvl and stabilizing the Axin/APC/GSK-3 complex, therefore promoting degradation of -

catenin (Cheyette et al., 2002), as well as by interacting with the nuclear β-catenin–

TCF/LEF complex to disrupt the formation of the transcriptional complex and 

translocating β-catenin to the cell membrane (Wang et al., 2015). Therefore, ZEB1-

induced increase of nuclear -catenin may be mediated, at least in part, by its repression 

of DACT2. 

In addition, ZEB1 also modulates the Wnt pathway by activating the transcription of the 

Wnt antagonist DKK1, which is paradoxically induced by -catenin/TCF4 and 

overexpressed in some carcinomas (Menezes et al., 2012; de Barrios et al., 2017). In the 

same line, AXIN2, a repressor of the Wnt pathway and a known target of -catenin/TCF4 

in CRC (Jho et al., 2002), has been described as a tumor suppressor but also as a tumor 

promoter through the activation of Snail (Liu et al., 2000; Yook et al., 2006). Here we 

found that AXIN2 expression is regulated not only by -catenin/TCF4 but also by ZEB1, 

although the functional implications of this regulation remain to be elucidated. 

Altogether, this study has identified two potential new mechanisms by which ZEB1 

modulates the activity of the Wnt signaling pathway and adenoma formation, although 

the precise regulation of AXIN2 and DACT2 requires further study. Here we propose a 

model according to both our data and previous literature (Figure 55).  

We also show that ZEB1 represses the lipase ATGL, the transcription factor PPAR and 

the co-activator PGC-1, both in mouse and human. Although we have yet to confirm 

whether ZEB1 is binding directly to the ATGL promoter, Snail1, which binds similar DNA 

binding sites than ZEB1, has been reported to regulate lipolysis by direct binding and 

repression of the ATGL promoter in adipocytes (Sun et al., 2016).  

The ATGL/PPAR/PGC-1 axis has been previously described in heart and liver, but its 

relevance in cancer is poorly known. ATGL performs the first step of lipid droplet 

hydrolysis, thus generating diglycerides and fatty acids (Zimmermann et al., 2004), and 

therefore is involved in the generation of the lipid ligands required for PPAR activation, 

leading to increased expression of PPAR target genes such as PGC-1 which, in turn, is 

needed for PPAR biological activity (Haemmerle et al., 2011).  In addition, SIRT1 

deacetylase activity is positively regulated by ATGL and is required for the induction of 
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PPAR/PGC-1 target genes and oxidative metabolism in liver (Khan et al., 2015). 

Importantly, although ZEB1 did not regulate SIRT1 mRNA levels, ATGL has been reported 

to regulate SIRT1 enzymatic activity rather than its expression (Khan et al., 2015). The 

ZEB1-mediated repression of ATGL, PPAR and PGC-1 requires the Wnt signaling 

pathway to be active, since no differences were found in Apc+/+ mice irrespective of their 

Zeb1 wild-type or heterozygous genotype.  

Cancer cells contain considerably more lipid droplets than normal cells (Beloribi-

Djefaflia et al., 2016; Liu et al., 2017). Accordingly, we observed that ApcMin/+/Zeb1+/- 

mice and ZEB1-deficient cells presented lower accumulation of lipids, being consistent 

with their higher levels of ATGL. The precise role of ATGL in cancer remains poorly 

understood and controversial. In most of in vitro studies, ATGL depletion reduces 

proliferation and invasiveness (Zagani et al., 2015; Liu et al., 2018). In contrast, ATGL co-

activator CGI-58 acts as a tumor suppressor in CRC by inhibiting aerobic glycolysis and 

malignant transformation (Ou et al., 2014). Moreover, a tumor suppressor role for ATGL 

has been reported in mouse models and in human cancer. Lower ATGL levels have been 

described in lung adenocarcinoma and squamous cell carcinoma, pancreatic cancer, 

leiomyosarcoma, hepatocellular carcinoma and, according to the data presented on this 

dissertation, in FAPs (Vegliante et al., 2018).  

ATGL affects several cellular processes including inflammation and oxidative stress, 

which are frequently perturbed in malignant cells. ATGL participates in the proper 

inflammatory response of immune cells, and its deletion in neutrophils and 

macrophages impairs their inflammatory activity (Chandak et al., 2010; Schlager et al., 

2015). In contrast, ATGL restrains inflammatory response in non-immune cells. Skeletal 

muscle, heart and adipose tissue from ATGL knock-out mice exhibit increased levels of 

pro-inflammatory genes Tnfa, Il6, Il1b and Mcp1 (Lettieri-Barbato et al., 2014; Aquilano 

et al., 2016). Importantly, attenuation of the inflammatory response mediated by ATGL 

has been associated to the activation of PPAR, as treatment of ATGL KO mice with 

PPAR agonists reduced the inflammatory response (Jha et al., 2014). In addition, the 

ATGL-PPAR pathway reduces oxidative stress through the upregulation of PGC-1, 

which ultimately leads to the upregulation of the antioxidant enzymes and PPAR target 
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genes superoxide dismutase 2 (SOD2), -glutamylcysteine ligase (GCLC) and glutathione-

S-transferases (GSTs) (Obrowsky et al., 2013; Aquilano et al., 2016). Considering our 

observations and previous literature, here we propose a possible mechanism for the 

regulation exerted by ZEB1 in adenoma formation through the repression of the 

ATGL/PPAR/PGC-1 axis (Figure 55).  

Taken together, these data indicate a potential new role of ZEB1 in promoting adenoma 

formation and further tumor progression through the repression of the 

ATGL/PPAR/PGC-1 axis, which has multiple anti-inflammatory and antioxidant 

implications. Since there are no ATGL nor PGC-1 specific activators, the administration 

of the PPAR agonist Wy-14,643 both to cell lines that express ZEB1 and to 

ApcMin/+/Zeb1+/+ mice would be useful to show whether the phenotype observed in 

ZEB1-deficient cells and in ApcMin/+/Zeb1+/- mice is recapitulated, thus confirming the 

regulation by ZEB1 of the ATGL/PPAR/PGC-1 cascade and its relevance in adenoma 

formation and further tumor progression, altogether opening to new therapeutic 

approaches. 
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ZEB1 promotes inflammation and inflammation-driven cancer  

The second chapter of this dissertation describes that ZEB1 is upregulated in the 

epithelial cells of UC patients and of mouse models of colitis where its expression 

promotes intestinal inflammation and inflammatory tumorigenesis. ZEB1 exerts these 

functions, at least in part, through inhibition of the MPG DNA glycosylase (Figure 56). 

  

Downregulation of ZEB1, both in CRC cell lines and in vivo in Zeb1+/- mice treated with 

AOM/DSS, reduced DNA damage and upregulated MPG expression. Conversely, the 

deletion of Mpg in the background of the Zeb1+/- mouse reverted its lower inflammation 

and reduced tumor formation to the levels found in mice harboring both alleles of Zeb1. 

At the same time, ZEB1 expression in CRC cells stimulated the production of ROS and 

IL1-β by macrophages that, in turn, reduced MPG expression in CRC cells.  

MPG recognizes and excises a wide range of damaged bases, including methylated 

purines—e.g., 3-methyladenine (3meA), 7-methylguanine (7meG)—, deaminated 

purines (e.g., hypoxanthine), ε-based adducts (εA, 1,N2-εG), and although less 

efficiently than OGG1, also 8-oxo-dG (Bessho et al., 1993; Engelward et al., 1997; Meira 

et al., 2008; Fu et al., 2012). Although MPG also binds εC lesions it cannot remove them. 

Hydrolyzation of the glycosylic bond of the damaged base by MPG generates an abasic 

site that is subsequently processed by the apurinic-apyrimidinic endonuclease (APEX1) 

Figure 56. ZEB1 promotes colitis and inflammation-driven CRC through repression of MPG. ZEB1 is 

upregulated in inflamed intestinal epithelial cells, promoting intestinal inflammation and inflammatory 

tumorigenesis through the repression of MPG. In turn, ZEB1 expression in inflamed intestinal epithelial 

cells stimulates the production of ROS and IL-1 by macrophages.  
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to generate 3’-hydroxyl and 5’-deoxyribose termini. The latter is subsequently removed 

by the DNA polymerase β and the nick is eventually ligated to restore DNA integrity (Fu 

et al., 2012; Bauer et al., 2015). At every step of this repair process, the BER system 

generates intermediates whose accumulation can be more toxic and mutagenic than 

the original DNA base lesion and, as a result, upregulation of DNA glycosylases can 

paradoxically increase spontaneous mutagenesis and the sensitivity to alkylating agents 

(Glassner et al., 1998; Sobol et al., 2003). Thus, MPG and APEX1 expression are higher 

in areas of the colonic mucosa of UC patients displaying microsatellite instability, 

suggesting an adaptive response of the BER system to inflammation that can 

paradoxically contribute to tumorigenesis (Hofseth et al., 2003). Likewise, several BER 

genes, including some DNA glycosylases, are overexpressed in CRC and associated with 

poorer survival (Fu et al., 2012). 

Genetic ablation and overexpression of Mpg in mice illustrate the opposing effects 

arising from imbalances in the BER system (Fu et al., 2012). For instance, and compared 

to wild-type counterparts, the intestine of Mpg-/- mice displayed increased levels of -

base and oxidized base lesions in response to DSS and AOM/DSS as well as higher levels 

of intestinal inflammation and tumorigenesis (Meira et al., 2008; Calvo et al., 2012). On 

the other hand, the overexpression of Mpg in transgenic mice (Mpg-Tg) promotes the 

accumulation of toxic and mutagenic BER intermediates and increases the sensitivity of 

most tissues, particularly of hematopoietic tissues (bone marrow, thymus, spleen), to 

the cytotoxic effects of many alkylating agents from whom Mpg-/- mice are protected 

(Roth and Samson, 2002; Meira et al., 2009; Fu et al., 2012; Calvo et al., 2013). 

Nevertheless, this enhanced resistance of Mpg-/- mice to alkylation-induced cytotoxicity 

is not only dependent on the alkylating agent but also tissue-specific, as embryonic stem 

cells and mouse embryo fibroblasts from these mice are more sensitive to alkylating 

agents (Engelward et al., 1996; Engelward et al., 1997; Fu et al., 2012).  

Conversely, ZEB1 determines enhanced—rather than reduced—homologous 

recombination DNA repair and clearance of double-strand breaks (DSB) in radiotherapy-

resistant breast cancer cells (Zhang et al., 2014). Mechanistically, radiotherapy-resistant 

cells harbor hyperactivated ATM that stabilizes ZEB1 protein levels that, in turn, 

promotes the USP7-mediated stabilization of CHK1 in breast cancer cells (Zhang et al., 
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2014). In addition, ZEB1 binds and transcriptionally represses the promoters of DNA 

damage response (DDR)-related genes, namely, USP17L2/DUB3, CHD1L, and DUX4. 

Repression by ZEB1 of these three genes enhances chemotherapy resistance and 

reduces apoptosis in LoVo CRC cells (Wang et al., 2017). It remains to be determined 

whether ZEB1-mediated chemoresistance and/or radioresistance also involve its 

regulation of MPG. 

The above evidence highlights that an efficient and safe DNA base repair requires the 

expression of all the components of the BER system to be tightly regulated. Previous 

studies showed that the MPG promoter contains negative regulatory regions 

(Grombacher and Kaina, 1996; Cerda et al., 1999) and we showed here that MPG 

expression is inhibited by ZEB1. ZEB1 is a transcription factor particularly suitable for a 

fine-tuning regulation of MPG expression as it can function as either a transcriptional 

repressor or an activator in a tissue- and/or cell status-depending manner (Dongre and 

Weinberg, 2019; Stemmler et al., 2019).  

ZEB1 promotes tumor initiation and progression through the regulation of multiple 

hallmarks in cancer cells, inter alia, maintenance of their stemness, inhibition of 

apoptosis and senescence, and tumor invasiveness and metastasis (Wellner et al., 2009; 

Sánchez-Tilló et al., 2012; Chaffer et al., 2013; Sánchez-Tilló et al., 2014; Liu et al., 2014; 

de Barrios et al., 2017; Dongre and Weinberg, 2019). We found here that ZEB1 promotes 

colitis and inflammation-driven CRC by increasing the susceptibility of epithelial cells to 

DNA damage through inhibition of MPG. The fact that the deletion of one or both Mpg 

alleles completely reverted the reduced DSS-induced colitis and AOM/DSS-induced 

tumor formation found in Zeb1+/- mice suggests that most of ZEB1’s roles promoting 

these processes are mediated by MPG inhibition.  

Since the gastrointestinal tract is continuously exposed to antigenic stimuli, the 

activation of the mucosal immune system must be controlled under homeostatic 

conditions. Intestinal epithelial cells secrete cytokines and factors that contribute to 

maintaining immune cell tolerance against commensal bacteria (Peterson and Artis, 

2014). Central to the control of steady-state inflammation in the intestinal mucosa is 

also the balance between anti-inflammatory T regulatory (TReg) and pro-inflammatory 
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T helper 17 (Th17) responses (Zhou et al., 2008; Pandiyan et al., 2019).  This equilibrium 

is altered in UC patients, where TReg cells are primed to differentiate toward Th17 cells 

in the context of high levels of inflammatory cytokines, including IL-1β and IL6, produced 

by macrophages (Veldhoen et al., 2006; Koenen et al., 2008; Eastaff-Leung et al., 2010). 

Interestingly, ZEB1 is upregulated in lung cancer cell lines in response to IL17 as well as 

during the differentiation of naive CD4+ T cells into Th17 cells (Yosef et al., 2013; Gu et 

al., 2015). Conversely, ZEB1 knockdown reduces the expression of IL17 and other Th17 

cell-associated cytokines (Yosef et al., 2013). 

Damaged DNA is secreted extracellularly through different mechanisms and, for 

instance, increased levels of 8-oxo-dG are found in the urine of patients with diseases 

where a large part of the organism is under oxidative stress or with alterations in the 

DNA repair system (Poulsen et al., 2014). Extracellular oxidized DNA activates a pro-

inflammatory response in macrophages including a higher secretion IL-1β (Yoshida et 

al., 2011; Zhong et al., 2018). IL-1β is upregulated in the mucosa of UC patients and 

contributes to colitis, although its role in its progression towards inflammatory CRC 

remains unclear (Eastaff-Leung et al., 2010). We found here that the production of ROS 

and IL-1β by macrophages depended on the expression of ZEB1 by CRC cells. ZEB1 

would, therefore, amplify a positive loop between CRC cells and macrophages to 

promote inflammation, oxidative stress, and DNA damage, and inhibit DNA repair 

(Figure 56).  

Although UC patients have a higher risk of developing inflammatory CRC only 7.6% of 

UC patients progress towards CRC after 30 years (Rutter et al., 2004; Rutter et al., 2006). 

This risk is not related to disease duration but rather to the cumulative inflammatory 

burden (Choi et al., 2017; Greten and Grivennikov, 2019). ZEB1 is not expressed in 

healthy intestinal epithelial cells but we showed here that it is induced in the colonic 

epithelium of UC patients during inflammatory outbreaks and declines in the remission 

stage. Being ZEB1 expression associated with cancer initiation and poorer survival in 

CRC, the cumulative expression of ZEB1 during UC outbreaks over time may not only 

play a role in UC but it can also be a prognostic biomarker of the risk for the progression 

of UC toward CRC.  
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Taken together, the results presented in the second part of this dissertation provide 

evidence for a causal in vivo role for ZEB1 in colitis and inflammatory CRC, role that ZEB1 

may also play in other carcinomas where chronic inflammation has an important 

pathogenic role (e.g., pancreatic, hepatic, etc.). These results establish a new role and 

mechanism of action for ZEB1 and open new opportunities to interfere with its 

expression and function in inflammation-driven cancers.  

In sum, these results presented in this dissertation establish ZEB1 as an important 

inducer of adenoma formation and as a promoter of inflammation and inflammation-

driven carcinogenesis, and set ZEB1 as a potential therapeutic target in colorectal 

carcinoma.  
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CONCLUSIONS 

 

From the results presented in this dissertation, it can be concluded that:  

 

1. ZEB1 represses senescence and apoptosis during Wnt-induced intestinal adenoma 

formation.  

2. ZEB1 potentiates Wnt signaling in intestinal adenomas through the activation of 

AXIN2 and the repression of DACT2.  

3. ZEB1 induces accumulation of lipids in intestinal cells through Wnt-dependent 

repression of ATGL, PPAR and PGC-1.  

4.  ZEB1 is upregulated in the epithelial cells of UC patients and of mouse models of 

colitis, where its expression promotes intestinal inflammation and inflammation-

driven tumorigenesis.  

5. ZEB1 promotes colitis and inflammation-driven CRC through the induction of DNA 

damage and the inhibition of the DNA repair glycosylase MPG.  

6. ZEB1 expression in epithelial cells stimulates the production of ROS and IL1-β by 

macrophages that, in turn, reduce MPG expression in CRC cells.  
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APPENDIX I 

 

The data presented in Chapter II from results of this dissertation resulted in the 

publication of the following article:  

 

• De Barrios O.*, Sanchez-Moral L.*, Cortés M.*, Ninfali C., Profitós-Pelejà N., 

Martínez-Campanario MC., Siles L., del Campo R., Fernández-Aceñero MJ., Darling 

DS., Castells A., Maurel J., Salas A., Dean DC., Postigo A. ZEB1 promotes 

inflammation and progression towards inflammation-driven carcinoma through 

repression of the DNA repair glycosylase MPG in epithelial cells. Gut.  

 

Published Online First: 31 July 2019. doi: 10.1136/gutjnl-2018-317294 

* All three authors share first authorship. 
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APPENDIX II 

 

During my thesis period, I also contributed to additional projects on the role of ZEB1 in 

tumor progression.  

 

• de Barrios, O., Győrffy, B., Fernández-Aceñero, M.J., Sánchez-Tilló, E., Sanchez-

Moral, L., Siles, L., Esteve-Arenys, A., Roué, G., Casal, J.I., Darling, D.S., Castells, A., 

Postigo, A. (2017). ‘ZEB1-induced tumourigenesis requires senescence inhibition via 

activation of DKK1/mutant p53/Mdm2/CtBP and repression of macroH2A1.’ Gut, 

66(4): 666–682. 

 

• Cortés, M., Sanchez‐Moral, L., de Barrios, O., Fernández-Aceñero, M.J., Martínez-

Campanario, M., Esteve-Codina, A., Darling, D.S., Györffy, B., Lawrence, T., Dean, 

D.C., Postigo, A. (2017). ‘Tumor-associated macrophages (TAMs) depend on ZEB1 

for their cancer-promoting roles’. The EMBO Journal, 36(22): 3336–3355. 
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