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Resumo

O cancro colorretal continua a ser considerado um grave problema de saude, sendo o
terceiro mais comum e a segunda causa de morte por cancro. A eficicia das solu¢cbes
terapéuticas € limitada pela resisténcia aos farmacos. Evidéncias recentes mostraram que
existe uma subpopulacéo de células que tem a capacidade de se autorrenovar - Células
Estaminais de Cancro (CECs) — e é capaz de iniciar e suster a tumorigénese. As CECs
possuem propriedades que as tornam clinicamente relevantes, uma vez que Ssao
responsaveis pela falha das terapias dirigidas ao cancro e pela sua recidiva. No cancro
colorretal, o fator de transcricdo (FT) SOX2 é expresso em cerca de 20% dos tumores e
esta associado a um nivel mais baixo de sobrevivéncia dos doentes e a uma pior resposta
a quimioterapia. Sugerimos que o0 SOX2 é um dos FTs envolvido na reprogramacao de
CECs e, por isso, tem sido usado como um ponto de partida para a identificacdo do sistema
de sinalizacdo e de regulacdo transcricional critico para as CECs intestinais.
Implementdmos uma estratégia analoga a proposta por Tang et al. (2015) para separar
células de cancro com base na atividade dos FTs SOX2 e OCT4. Para tal, fizemos a
transducdo da linha de cancro do célon SW480 com um lentivirus que contém um
plasmideo na qual uma proteina verde florescente (GFP) esta sob o controlo de um
promotor que inclui locais de ligacdo para o0 SOX2 e o0 OCT4 (SOREG6) e separamos as
células por Fluorescence-Activated Cell Sorting (FACS) de acordo com a expressao da
GFP. Foram estabelecidas duas subpopula¢ges, uma muito enriquecida em células que
expressam GFP e que exibe caracteristicas de CECs - com resisténcia significativamente
aumentada a farmacos quimioterapicos e uma maior capacidade para formar colonosferas
- e outra muito escassa em células que expressam GFP. Surpreendentemente, o0 OCT4
ndo € expresso nas duas subpopulagbes enquanto que a expressdo de SOX2 é
comparavel entre estas. Assim, tentamos identificar outros FTs que estivessem
diferencialmente expressos nas nossas subpopulacdes e que, sendo capazes de se ligar
aos locais de ligacdo do SOX2 ou diretamente a proteina SOX2, poderiam ser usados para
explicar as diferencas fenotipicas encontradas nas células SORE6+ e SOREG6-. Através de
PCR em tempo real, a expressdo de SOX18, STAT3, OCT1l e HMGAL revelou-se
significativamente aumentada nas células SORE6+, quando comparadas com as SORE6-
. Adicionalmente, depois da co-imunoprecipitacdo e da analise por espetrometria de
massa, 0 HMGAL1 é uma das proteinas que interage com o SOX2 e que se revelou
aumentada nas células SORE6+ versus SORE6-. O fator de transcricdo HMGAL tem sido
constantemente associado na literatura a caracteristicas de CECs e é, portanto, um bom
candidato para ajudar a perceber as diferencas fenotipicas observadas no nosso modelo.

Outros estudos sdo, agora, necessarios para a elucidacdo do papel do HMGAL na
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reprogramacao das CECs colorretais, bem como na interagcdo com o SOX2 e respetiva

regulacéo.

Palavras chave: Cancro colorrectal, Células estaminais de cancro, SOX2, Fatores de

transcricdo, Co-imunoprecipitacdo, Espectrometria de massa, HMGAL.
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Summary

Colorectal cancer (CRC) remains a serious health concern, being the third most
common and the second leading cause of cancer related deaths. The efficacy of therapeutic
solutions is limited due to drug resistance. Emerging evidence has shown that a
subpopulation of self-renewing cells - Cancer Stem Cells (CSCs) - is capable of initiating
and sustaining tumorigenesis. CSCs possess properties that make them clinically relevant
since they are responsible for cancer therapy failure and disease recurrence. In CRC, SOX2
transcription factor (TF) is expressed in about 20% of the tumors and is associated with
worse patient survival and worse response to chemotherapy. We suggest that SOX2 is one
of the TFs involved in CSCs reprogramming so it has been used as a starting point to
identify critical signaling and transcriptional regulatory network in intestinal CSCs. We have
implemented a strategy proposed by Tang et al. (2015) to sort cancer cells based on the
activity of SOX2/0OCT4 transcription factors. For that, we transduced SW480 colon cancer
cell line with a lentivirus containing a Green Fluorescent Protein (GFP) under the control of
a promoter containing SOX2/0OCT4-responsive elements (SOREG6) and sorted the cells by
Fluorescence-Activated Cell Sorting (FACS), according to GFP expression. We have
established two sub-populations, one that is highly enriched in GFP-expressing cells and
exhibits features of CSCs - with both significantly increased resistance to chemotherapeutic
drugs and higher capacity to form colonospheres - and the other one highly depleted in
GFP-expressing cells. Surprisingly, OCT4 is not expressed in both cell sub-populations
whilst the expression of SOX2 is comparable between them. Therefore, we tried to identify
the TFs that can also bind to SOX2 binding sites or directly to SOX2 protein that could be
expressed differently in our subpopulations and could be used to explain the phenotypical
differences between SORE6+ and SORESG6- cells. By real-time PCR, SOX18, STAT3, OCT1
and HMGAL expression was seen significantly increased in SOREG6+ cells, when compared
to SOREG6-. Additionally, after co-immunoprecipitation and mass spectrometry analysis,
HMGA1 was one of the SOX2-interacting proteins that appeared increased in SORE6+
versus SOREG6- cells. HMGA1 has been consistently linked to CSC features in the literature
and it is therefore a good candidate to help explaining the different phenotypes observed in
our model. Further studies are how necessary to elucidate the role of HMGAL in colorectal

CSCs reprogramming and in SOX2 interaction and regulation.

Keywords: Colorectal cancer, Cancer Stem Cells, SOX2, Transcription factors,

Co-immunoprecipitation, Mass-spectrometry, HMGAL.
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Chapter 1| Introduction






1| Colorectal cancer

1.1 | Epidemiology

Colorectal cancer (CRC) incidence and mortality considerably differ around the
world. In 2018, The International Agency for Research on Cancer estimated that this cancer
was the 3" most commonly diagnosed and the 2™ most deadly cancer globally (figure 1a)
and is predicted to increase to 2.5 million new cases worldwide in 2035 (1-3). Africa and
South-Central Asia exhibit the lowest incidence rates, contrastingly to North America,
Australia, New Zealand and Europe which have the highest incidence (figure 1b). These
differences stem from a combination of various factors, such as lifestyle, genetics and life
expectancy (3, 4).
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Figure 1| Colorectal cancer epidemiology. a | Estimated incidence and mortality rates in 2018, worldwide, for
both sexes at all ages (ordered by mortality). b| Rates of CRC estimated incidence worldwide (2018).
GLOBOCAN 2018, ASR- Age-Standardized Rate (cases per 100.000 persons per year).



Age-standardization identifies men as more likely to be affected by CRC than
women, with an approximately 1.4 fold difference in incidence and nearly 1.5 fold difference

for mortality (3).

CRC incidence is associated to both hereditary and environmental risk factors, with
males presenting a higher vulnerability and exposure to environmental risk factors including
dietary fat intake, visceral fat, diets including red and processed meats, smoking and,
among others, alcohol ingestion. The risk of CRC is also increased when other diseases

are present such as ulcerative colitis and Crohn’s disease (5-9).

CRC development and death rates tend to rise promptly after the age of 50, for both
sexes, with this age group representing approximately 90% of cases and deaths. However,
there is an heterogeneous population of patients with CRC under 50 years of age - Early
Onset Colorectal Cancer (EOCRC), which might be lost if they are not screened before that
age (4). EOCRC may have distinct molecular characteristics when compared to older onset
CRC and tends to reveal at a more advanced stage. Family history is primarily considered
for risk stratification, being an important approach for the identification and early screening
of individuals under 50 years (10-12). Despite family history of CRC, hereditary cancer
syndromes and Inflammatory Bowel Disease (IBD) predispose individuals to EOCRC (13),

the majority of these cases occur sporadically among individuals at average risk (14).

1.2 | Aetiology

The majority of CRC cases arise sporadically (60-65%) as somatic genetic and
epigenetic alterations are acquired, mostly because of variable risk factors, whereas
approximately 25% have a CRC family history (first-degree relatives with invasive CRC or
colorectal adenomas and familial clustering) without any evident genetic cancer syndrome
(4, 15, 16). Genetic susceptibility to CRC includes hereditary cancer syndromes comprising
around 5% of CRC cases, as hereditary nonpolyposis colorectal cancer (ie, Lynch

syndrome) or familial adenomatous polyposis (FAP) (4) (figure 2).
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Figure 2| Percentage of CRC cases related to sporadic and hereditary factors. Adapted from (4)

The most common hereditary syndrome is Lynch syndrome, which accounts for 1-
4% of all colon cancers and it is linked to germline mutations in MLH1, MSH2, MSH6, PMS1
and PMS2 DNA mismatch repair genes. FAP, the second most common, makes up to 1%
of CRC cases and is usually triggered by mutations in the tumor suppressor gene,
adenomatous polyposis coli (APC), which modulates the Wnt/3-Catenin signaling pathway
4, 8,9, 17).

Globally, colorectal cancers arise through three different carcinogenic pathways: the
traditional adenoma to carcinoma pathway, the inflammatory pathway and the serrated
pathway (4). The adenoma-carcinoma sequence is the standard pathway that is responsible
for the majority of CRC cases (18). This sequence comprises the progressive accumulation
of both epigenetic and genetic modifications which drive normal cells to transform from
small to large adenoma and, lastly, to cancer (figure 3). Inactivation of APC leads to an
overactive Wnt/B-catenin signalling pathway, causing adenoma development and
dysregulated cell proliferation (19). Subsequent mutations in KRAS oncogene result in
adenoma growth. Further, inactivating the TP53 tumor suppressor gene also leads to CRC
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development (20).

Figure 3| Diagram representing the adenoma to carcinoma sequence. This illustration was created in
BioRender website.
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In contrast to adenoma-carcinoma sequence, in the inflammatory pathway, TP53
mutations occur earlier, with APC mutations appearing frequently and later in the
carcinogenesis process (21). The serrated pathway (mainly sessile serrated adenoma)
consists in the modification of normal cells into hyperplastic polyps, to sessile serrated
adenoma then, lastly, to CRC. Mutations in the BRAF oncogene leads to uncontrolled cell
proliferation and contribute to the development of hyperplastic polyps with constitutive
activation of the MAPK pathway (22, 23).

Three principal genetic and epigenetic mechanisms account for sporadic CRC:
chromosomal instability (CIN), Microsatellite instability (MSI) and CpG Island methylator
phenotype (CIMP) (24-26). CIN is an adenoma-carcinoma sequence model suggesting that
oncogenes activation and mutations inactivating tumor suppressor genes (TSGs) induce
CRC (4, 27, 28). MSI is comprised of alterations in repetitive DNA length in which
certain DNA motifs are repeated several times - microsatellites - resulting from mutations in
some DNA mismatch repair genes (29). CpG Island methylator phenotype is a form of
epigenetic modification that involves CpG islands hypermethylation in the promoter of TSGs
(i.,e. MINTZ1, MINT2, MINT3 and MLH1,) silencing gene expression (30, 31). CIMP promotes
subsequent progression into sessile serrated adenoma and CRC (22, 23).

In spite of having distinct characteristics, these mechanisms are not mutually
exclusive (32). Remarkably, CIMP and MSI are associated as CIMP is a mechanism that
induces high levels of MSI by the inactivation of DNA mismatch repair genes (30, 33) and
about 70% of MSI-high CRC cases correspond to CIMP-high (32). During colorectal
tumorigenesis, the molecular phenotypes referred are accumulated with CIN being
observed in approximately 85%, CIMP-positive in 20% and MSI-high status in 15% of
sporadic CRC (34).

1.3 | Diagnosis and Staging

Despite sustained advances in diagnostic and treatment, CRC undoubtedly
contributes to numerous cancer-related deaths, remaining one of the most frequently
diagnosed cancers (1). Considering that most of CRC cases take place sporadically, they
are characterized by a sequence of carcinogenic events involving the progressive
accumulation of acquired mutations, lasting 10 to 15 years on average (18, 35, 36). This
long evolution interval would allow for early diagnostic, detection and removal of adenomas

which could reduce CRC incidence and mortality (11, 36-38).



Despite the possibility of early diagnosis, CRC cases are identified at stage 1V, about
20 to 25%, being characterized by distant metastasis and having less than 10% 5-year
survival rate. Nevertheless, when surgical resection is possible, the 5-year survival rate

increases to 90% for patients which present early localized disease (39, 40).

The American Joint Committee on Cancer (AJCC) Tumor Node Metastasis (TNM)
staging classification is commonly used in CRC staging, providing valuable prognostic
information and guiding CRC treatment (9, 41) (table I). In a CRC patient, T (extent of the
tumor), N (spread to nearby lymph nodes) and M (spread to distant metastasis) are often
settled by the examination of the resected tissue straight after resective surgery, whilst in
clinical staging pre-surgical imaging tests, physical exams and biopsies are considered.
This information is assembled to determine an overall stage of the tumor (American Cancer
Society, 2018).

Table | | CRC TNM Staging Classification. Data from AJCC Cancer Staging Manual, Eighth Edition.

X The primary tumor cannot be assessed
TO There is no evidence of primary tumor

Carcinoma in situ, intramucosal carcinoma (involvement of lamina propria

Tis with no extension through muscularis mucosae)
5 T1 Tumor invades the submucosa (through the muscularis mucosa but not
c into the muscularis propria)
|3 T2 Tumor invades the muscularis propria
T3 Tumor invades through the muscularis propria into pericolorectal tissues
Tumor invades through the visceral peritoneum (including gross
T4a  perforation of the bowel through tumor and continuous invasion of tumor
through areas of inflammation to the surface of the visceral peritoneum)
T4b  Tumor directly invades or adheres to adjacent organs or structures
NXx Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
Nla One regional lymph node is positive
g N1b  Two or three regional lymph nodes are positive
§ No regional lymph nodes are positive, but there are tumor deposits in the
N1c  subserosa, mesentery, or  nonperitonealized pericolic  or
perirectal/mesorectal tissues.
N2a  Four to six regional lymph nodes are positive
N2b  Seven or more regional lymph nodes are positive
MO No distant metastasis by imaging, etc.; no evidence of tumor in distant
g sites or organs
8 Mla Metastasis to one site or organ
0
S M1b  Metastasis to two or more sites or organs
[} . . . e . .
S M1c Metastasis to the peritoneal surface is identified alone or with other site or

organ metastases




The most recent AJCC system (January 2018) also combines the pathologic stage
determined by examining the tissue removed during a surgery (surgical staging) towards a

more precise diagnosis (9, 41).

Colonoscopy is considered the current gold standard screening strategy to diagnose
CRC lesions. The guidelines recommend regular screening to those aged more than 45
years with a CRC average risk (11). However, colonoscopies have low patient adherence,
not only because the procedure is expensive and invasive but also because it carries risks,
namely colonic perforation, hemorrhage, and cardiorespiratory complications. (40). Guaiac
Fecal Occult Blood Test (gFOBT), comprised of the hemoglobin peroxidase activity
detection is a simple, economical and the most commonly non-invasive CRC screening
method used, nevertheless, gFOBT may cause high rates of both false negative and
positive results beyond low selectivity and sensitivity rates in the detection of colon polyps.
(36, 42).

Therefore, non-invasive, cost-effective, accurate and easily measurable alternative
screening tests are necessary in the detection of CRC. Clinical application of biomarkers in
CRC should be explored, both for early detection and prognostic stratification, therapy
selection and surveillance (43-45). Carcinoembryonic antigen (CEA), a glycoprotein found
in 1965 and expressed in embryonic tissue and colorectal malignancies, accounts to be the
most widely used prognostic biomarker in CRC clinical practice. Its high levels indicate
cancer progression and possibly cancer recurrence after surgery. However, high CEA levels
are not accurate, as they can be found in different inflammatory conditions and
malignancies, namely IBD, liver disease and pancreatitis (46, 47). Predictive biomarkers
are beneficial to the decision-making process for adjuvant and neoadjuvant therapy
approaches, importantly optimizing the managing and follow-up of CRC patients, with
proteomics representing a powerful strategy for personalized approaches (43, 48).
Moreover, the identification of dysregulated proteins and its validation as disease biomarker
candidates are often based in quantitative mass spectrometry techniques (49). Mass
spectrometry capacity in the detection of low-abundance elements turns this tool effective

for the exploration of possible biomarkers (48).

1.4 | Treatment

The mail goal of CRC treatment is to remove completely the tumor and its
metastases, which involves surgical intervention (50). Despite all the programs established
for prevention of CRC, approximately 25% of CRC cases are diagnosed at an advanced

stage with metastases (4, 11, 51). When lesions are unable to be resected, the objective is



to reduce the tumor size as much as possible and inhibit its spread and growth, being radio
and chemotherapy the common approaches for these patients, as neoadjuvant or adjuvant
treatment (52-54).

Chemotherapy includes not only single-agent therapy, which is based on 5-
fluorouracil (5-FU) used in patients at low risk of deterioration and with poor performance,
but also combination approaches including one or various drugs like oxaliplatin (OX),
irinotecan (IRI) and capecitabine (CAP). Combined therapies such as FOLFOX (5-FU+OX),
FOXFIRI (5-FU+IRI), CAPOX (CAP+0OX), and CAPIRI (CAP+IRI) persist for first-line
treatment (55, 56). The determination of MSI, BRAF and KRAS status has turned to be
essential in determining a therapeutic strategy, mainly in patients with metastatic disease
(48).

In early stage disease or even in stage lll patients who present lymph-node
metastases, surgery is the mainstay treatment. Adjuvant chemotherapy helps patients with
tumors in stage Il and those with high-risk stage Il cancer to achieve a better survival. In
metastatic CRC, few patients benefit from surgical resection of metastases, as most of them
present with metastases which are more advanced and, consequently, unresectable (56,
57). One of the greatest concerns in CRC postoperative follow-up is detecting recurrence.
Subsequently to curative purpose surgery, 30 to 40% of these patients exhibit distant
metastasis or locoregional recurrence (58). CEA remains the most commonly established
protein biomarker in the clinic and is capable of determining prognosis. Patients with both
postoperative CEA increment had the worst CRC prognosis (59). New prognostic
biomarkers should, therefore, be identified, validated and translated for nodal status,

distance metastasis, and post-surgical recurrence prediction (46, 47).

2 | Cancer Stem Cells (CSCs)

2.1] Origin

Due to a self-renewal ability, Cancer Stem Cells (CSCs) are cells with the capacity
to originate, by symmetric divisions, daughter cells that maintain a stem cell phenotype and,
by asymmetric divisions, more differentiated daughter cells which have the capacity to
induce different types of cancer cells inside the tumor (60, 61). The CSC model suggests
that the tumor parenchymal cells are hierarchically organized and hypothesizes the

existence of a subpopulation of tumor cells which exhibit stem-like characteristics and have



self-renewal ability, initiating and sustaining tumorigenesis, metastasis, cancer relapse and
resistance to chemotherapy and radiotherapy (figure 4) (62-66). The bulk of the tumor is
composed by a more differentiated, phenotypically diverse although non-tumorigenic

offspring (66).

[ Normal cells ) . ) Self-renewal

[ Assimetric
divisions |

\’\ Tumor

Figure 4| Schematic representation of the cancer stem cell model. CSC (Cancer Stem Cell). This illustration
was created in BioRender website.

Although the CSC model enlightens the heterogeneity of cancer, in what concerns
to the hierarchical structure and progression, the origin of CSCs is still uncertain and divisive
(67, 68). Evidence suggests that the tumor type influences how CSCs may be derived from
adult stem cells, mutated adult progenitor cells, or progenitor and differentiated cells that,

through dedifferentiation, acquired stem-like characteristics. These cells can be
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reprogrammed to regain self-renewal ability, less differentiated characteristics and a
malignant phenotype derived from accumulating extra genetic or epigenetic mutations,
therefore resulting in CSCs (figure 5) (69-71).

A. Stem cells B. Progenitor cell C. Differentiated cells
Normal cells
1 Mutagenesis j Mutagenesis 1 Mutagenesis
> z &
Mutated cells

Cancer Stem Cell

Cancer cells

Figure 5 |Schematic representation of cancer stem cells origin. This illustration was created in BioRender
website.

2.2| Evidence

CSCs, otherwise branded tumor initiating cells, have been explored for the possible
origin, biomarkers, mechanism and possible therapeutic strategies for their targeting (60,
72). The first in vivo evidence of CSCs presence in solid tumors was observed in 2003 in
immunocompromised mice after the transplantation of human breast cancer cells and it was
identified as CD44*CD24"°" cells (73). Regardless, in 2002, CSCs had been already
registered in vitro through the detection of sphere-forming cells from human brain gliomas
(74). Throughout the years, CSCs populations were found in other solid tumors including

brain, melanoma, liver, lung, breast, pancreas, ovarian, and colon (73, 75-81).

On one side, CSCs are commonly identified through combinations of cell-surface
markers, important for the isolation of CSCs from solid and hematological tumors through
fluorescence-activated cell sorting (FACS) analysis. On the other side, this isolation can be
made through the conjugation of antibodies with magnetic beads (MACS). With FACS the
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purity of isolation is generally higher yet with MACS a higher cell survival is observed (64,
82).

2.3| Identification using cell-surface markers

Various cell surface markers namely CD24 molecule (CD24), CD44 molecule
(CD44), prominin 1 (CD133), CD200 molecule (CD200), Thy-1 cell surface antigen (THY1),
epithelial cell adhesion molecule (EpCAM) and ATP-binding cassette BS (ABCB5) have
been used in the identification of CSC enriched populations (73, 75, 81, 83). The cell surface
markers used to isolate CSCs might vary between cancer types depending on their
phenotypes and properties (71). Notably, it is still difficult to monitor CSCs in the tumor in
situ. Moreover, this approach is limited by the inability of its usage for the assessment of
CSC behavior in real-time and at a single cell instead of at a population level. This restricts
the use of preclinical models, in which direct observation of CSCs and monitorization of
single cells behavior in time and space, would lead to a novel look into CSCs properties

and therapeutic response (66).

2.4] Colorectal CSCs

In what concerns CRC, various cell surface-markers such as CD44, Integrin alpha-
6 (CD49f ), CD133, CD200 and their combinations (i.e. CD44 with EpCAM, CD44 with
CD133, CD133 with CD166 antigen (CD166), Leucine-rich repeat-containing G-protein
coupled receptor 5 (Lgr5) with EpCAM and finally, Lgr5 with EpCAM and CD44) have been
used as targets in CSCs identification and isolation (81, 83-92) (table ).

Furthermore, ALDH1 (aldehyde dehydrogenase 1), an intracellular protein, is used
as a CSC marker in many types of cancer such as liver, leukemia, breast, lung, pancreas
and colon, among others (84, 85). ALDH1 high expression has been associated with poor
differentiation, cancer relapse and metastasis acting as a mediator of drug resistance in
colorectal CSCs. Also, in rectal cancer, preoperative radio-chemotherapy induced ALDH1

expression (86, 87).
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Table Il | CSCs surface-markers for CRC

CSCs
cell-surface Condition in CRC References
markers
Expression significantly correlated with poor overall survival and a
CD44 higher expression associated with poor differentiation, lymph node and (88, 89)
distant metastasis
CD44 in
combination Better strategy when compared to CD44 in combination with CD133 (83)
with EpCAM
CD44 in Enriched in chemoresistant cells and colonospheres allowing CSCs
combination isolation from cell lines and primary tumors. Improvement in discrimination (89)
with CD133 between low and high-risk cases
Expression associated with CRC cell differentiation and tumor size and
CD133 correlated with a significantly worse survival and poorer clinical response (89)
to 5-FU-based chemotherapy
CD133in
combination Better stratification of CRC risk when compared to CD133 alone (83)
with CD166
CDA49f Expression associated with tumor cell invasion and metastasis in colon (90)
cancer
CD166 Expression correlated with pathogenesis, being an early event in colon (91)
carcinogenesis and is also used to copurify CSCs
CD200 CSC marker in colon cancer (92)
s Expression related to tumorigenesis, 5-FU resistance and CRC (93, 94)
9 recurrence. In stage 1V, high expression is associated with poor prognosis ’
Lgr5in
combination (95)
with EpCAM
Lgr5in Improve CSCs identification
combination
with EpCAM (%6)
and CD44

Moreover, some Transcription Factors (TFs) that are overexpressed in stem cells
contribute to CSCs self-renewal characteristics and are therefore related with patient
prognosis, being a powerful tool in CSCs study and identification (97-99). Together with the
development of reporter systems that have the ability to actively monitor certain intracellular
markers, they appear a more efficient way to study CSCs than the use of cell-surface
markers (66, 85, 100).
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3| Transcription factors

3.1| SOX2 and OCT4

SOX2 (Sex determining region Y-box 2), OCT4 (octamer-binding transcription factor
4) and NANOG (Homeobox protein NANOG) are considered the master transcriptional
regulators that maintain a stem cell phenotype in Embryonic Stem Cells (ESCs). These
three genes are involved in the promotion of stemness by the upregulation of genes
implicated in self-renewal and pluripotency whilst suppressing genes involved in cell
differentiation (101). Moreover, abnormal expression of SOX2, OCT4 and KLF4 (Kruppel
like factor 4) transcription factors in differentiated somatic cells is enough to induce stem-
like characteristics and pluripotency, suggesting that the reactivation of stem cell TFs could

be a competent mechanism for these cells to acquire the capacity to self-renew (66, 102).

SOX2 is a member of the SOX family of TFs, characterized by a transcriptional
activation domain and a High Mobility Group (HMG) domain with DNA binding ability. It is
encoded by the SOX2 gene that is located in chromosome 3q (3926.33). SOX2 plays an
important role in pluripotency, cell fate determination and, during development, in cell
differentiation in normal tissues such as the lung, esophagus and trachea foregut-derived
epithelia. SOX2 is also crucial for the maintenance of ESCs (103-108). In 2006, Takahashi
and Yamanaka demonstrated a role for SOX2 in stemness by the introduction of a set of
TFs (SOX2 along with OCT3/4, c-Myc and KLF4) in mouse embryonic fibroblasts that were

able to reprogram into induced pluripotent stem (iPS) cells (109).

SOX2 expression is found in adult immature cells of several self-renewing epithelial
tissues and it has been detected in cells from numerous malignant tissues, some of which
effectively rely on SOX2 for their tumor-initiating ability (110, 111). Anomalous expression
of SOX2 has been increasingly associated with a CSC phenotype and reported in various
types of cancer from different tumor tissues, namely skin, prostate, lung, central nervous
system, gastric and colorectal. At the clinical level, in several epithelial cancers, SOX2 has
been demonstrated to act as an oncogene and as a powerful marker of poor prognosis
(112-120).

In CRC, SOX2 has been associated to cell migration, invasion and metastasis and
it was suggested as a regulator of epithelial-mesenchymal transition (EMT). SOX2 de novo
expression has been related to more invasive and poorly differentiated tumors (121, 122).
In 2018, Takeda et al. have shown that SOX2* cells exhibit asymmetric cell division and a
higher expression of CSC markers and acquire chemoresistance to 5-FU and oxaliplatin,

concluding that colon cancer cells with SOX2 expression behave like CSCs and are
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therefore associated with disease recurrence and with poor overall survival and prognosis
(115, 122).

OCT4, a homeodomain transcription factor that belongs to the Pit-Oct-Unc family, is
expressed in ESCs where it maintains stem-cell characteristics and is also involved in
proliferation and differentiation of adult stem cells (123, 124). Ectopic expression of OCT4
in the intestinal epithelium and epidermis blocks differentiation and leads to progenitor cells
uncontrolled proliferation (125). OCT4 expression is related with more aggressive and
metastatic tumors and it was associated with poor overall prognosis in tumors such as
melanoma, medulloblastoma, acute myeloid leukemia, hepatocellular carcinoma,
esophageal squamous cell carcinoma, bladder, prostate, glioma, ovarian, gastric and
colorectal (126-136).

In CRC, OCT4 expression has been reported in cells undergoing EMT, a crucial step
in tumor progression and metastasis which maintains stem cell-like properties and its
knockdown inhibited cell migration and invasion (135). OCT4 can directly reprogram adult
stem cells to iPS cells and it has also been pinpointed in colorectal CSCs as a prognostic
marker (97, 114, 135, 137).

In 2015, Tang et al. developed a stem cell lentiviral-based reporter system in which
six tandem repeats of a composite SOX2/0CT4 response element were used to drive the
expression of a Green Fluorescent Protein (GFP) reporter. These authors have shown that
in more malignant breast cancer cell lines, the mRNA levels of SOX2 and OCT4 were
higher, and the SORE6-GFP reporter was capable of identifying a marginal population of
cells - CSCs - with higher expression of these TFs, with expected self-renewal and tumor-
initiating ability and also higher resistance to chemotherapeutics (66). This reporter system
made the direct observation of CSCs plasticity possible, allowing other investigators to use
it in other types of cancer (116). In 2020, with the use of SORE6-GFP reporter system, our
group was able to isolate gastric CSCs from two gastric cancer cell lines (Kato 1ll and AGS)
(116).

3.2| SOX family

The mammalian SOX (SRY related HMG-box) family of TFs comprises 20 proteins
and is defined by at least a 50% sequence homology to the SRY HMG-box domain by which
they mediate the binding to DNA consensus motifs (138-140). SOX TFs affect diverse tissue
systems and processes as they are greatly implicated in developmental disorders and in

various types of cancer (107, 140-145).
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SOX proteins are important transcriptional regulators which control cell fate
decisions and which have the capacity of instructing maintenance, induction or inhibition of
cellular states (107, 140). Overexpression of SOX factors can promote pluripotent stem cells
differentiation into multiple types of cells and can drive the direct reprogramming of somatic
cells. This can be observed when additional TFs are present, reflecting the prevalent
interdependency of SOX factors in what concerns to partnerships with tissue-specific
transcription factors. Nevertheless, in some cases the overexpression of a SOX factor alone
can drive the transcriptional cascades required to completely reprogram somatic cell fate
(108, 146-153).

In what concerns clinical decisions, SOX family proteins can be valuable prognostic
markers (154). Some transcription factors belonging to the SOX family are upregulated in

CRC and their expression have been associated with poor prognosis (155,170)

SOX4 (SRY-Box Transcription Factor 4) is crucial to lymphocyte differentiation and
endocardial development and its overexpression in different types of cancer is correlated
with angiogenesis and resistance to chemotherapy (155-157). SOX4 expression has been
described as significantly increased in CRC resected tissues and highly expressed in CRC
cell lines. Its depletion inhibited colon cancer cells migration, invasion and colony formation
(namely in SW480 colon cancer cell line) and reversed the EMT process. SOX4
overexpression contributed to CRC development and progression and was correlated with

tumor metastasis (158).

SOX8 (SRY-Box Transcription Factor 8) has been suggested as being involved in
organ development, tissue specification, stem cell homeostasis and cancer development,
being a regulator of cell proliferation through the Wnt/B-catenin signalling pathway. In CRC,
SOX8 overexpression was described to be clearly associated with invasion and used to

predict poor prognosis (159).

In the gastrointestinal tract, SOX9 (SRY-Box Transcription Factor 9) has been
described to be associated with cell fate and, during embryonic development and adulthood,
with maintenance of stem cells (160-162). In CRC, SOX9 oncogenic activity has been
implicated in tumor proliferation and progression mostly due to the regulation of a CSC pool.
High expression of SOX9 was associated with a worst 5-year survival rate and therefore

with a poor prognosis (163-165).

SOX12 (SRY-Box Transcription Factor 12) has been associated with a more
aggressive CRC phenotype and its overexpression related to CRC cell proliferation,

invasion, migration and metastasis (in SW480 cell line), being therefore associated with
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malignhant progression, disease recurrence and poor patient outcome and prognosis (166,
167).

A significantly higher SOX13 (SRY-Box Transcription Factor 13) expression has
been found in CRC tissues compared to normal tissues and its overexpression was
correlated with EMT progression, invasion, proliferation, metastasis and therefore
tumorigenesis. It was also associated with aggressive clinicopathological features and with
poor prognosis (168).

In CRC tissues and cell lines, SOX18 (SRY-Box Transcription Factor 18) expression
has been significantly increased and correlated with invasion, lymph node and distant
metastasis demonstrating its role in tumor progression. SOX18 was associated with poor

prognosis in these patients (169).

3.3| Colorectal CSCs-related factors

KLF4 has been described with a higher expression in undifferentiated cells where it
is implicated in the cell cycle and pluripotency. KLF4 has also been described as necessary
for the self-renewal capacity maintenance (97, 170). In CRC, KLF4 role is still unclear. Some
studies had demonstrated that in colon CSCs KLF4 was overexpressed and its knockdown
had an impact in the stemness phenotype and decreased the cells malignancy. However,
other studies revealed that KLF4 loss of expression was related to stem-like characteristics
such as the formation of colonospheres, uncontrolled cell proliferation, cell growth arrest,

self-renewal and pluripotency (97, 170-172).

STAT3 (Signal Transducer and Activator of Transcription 3) plays a crucial role in
the regulation of several physiological functions, in inflammation and in tumor proliferation
and invasion. It has been described as highly expressed in colorectal CSCs. STAT3 is
considered a major oncogenic protein and an important therapeutic target for CRC, being

involved in angiogenesis and chemoradiotherapy resistance (173-177).

c-MYC (MYC Proto-Oncogene, bHLH Transcription Factor) has been reported in the
regulation of genes that are involved in self-renewal, growth, differentiation and metabolism,
which determines the epithelial stem cells characteristics in colon tissues. Although being
described as one of the most common activated oncogenes, its overexpression alone is not
capable of inducing normal cells transformation into tumor cells (178, 179). In CRC, c-MYC
upregulation has been found in approximately 70% of cases, being consistently

overexpressed in colon CSC and showing its role in self-renewal and chemoresistance
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maintenance. Also, despite several controversial results, high expression of c-MYChas

been correlated with an independent poor prognosis (180, 181).

GLI1 (GLI Family Zinc Finger 1) has been described as an essential TF that
maintains CRC stem like properties in cancer cells. Moreover, GLI1 knockdown
downregulated CD133/SOX9 expression and CRC cells clonogenic ability. GLI1 was
associated with metastatic spread of CRC cells and aggressiveness, therefore resulting in
a survival decrease, indicating this TF as a potential CSC marker in CRC (182, 183).

SALL4 (Spalt Like Transcription Factor 4) has been associated with ESCs self-
renewal and in pluripotency maintenance being silenced or downregulated in differentiated
cells. Moreover, SALL4 is involved in tumorigenesis and in tumor initiation and progression.
In CRC, SALL4 overexpression is related with tumor metastasis and with a poor prognosis

being essential in the maintenance of CSCs properties (184, 185).

B-Catenin (Catenin Beta 1), a transcription factor activated by the canonical Wnt
signaling has been involved in the regulation of epithelial stem cell self-renewal and
dysregulation of this pathway has been implicated in colon carcinogenesis, playing an
important role in regulating colonospheres maintenance and growth. Wnt/B-Catenin
activation could lead to the conversion of intestinal stem cells into CSCs. B-catenin high
nuclear levels in CRC tumors were related with a poor prognosis and it might be used as a
late phase CRC biomarker. Alone, B-catenin signaling has revealed necessary for the
maintenance of CSC features (186-189). Furthermore B-catenin and TCF4 (T-cell factor 4)
interaction has been implicated as a core component of the Wnt/B-Catenin pathway in CRC
cell growth (190).

TCF4 has been related as an important factor in regulating stemness and drug
resistance in CRC and its overexpression promoted stemness in colorectal CSCs,
correlating with the expression of CSC markers, as CD133, and the ability to form
tumorspheres. TCF4 has been described as an independent prognostic variable of poor
clinical outcome in CRC patients, thus suggesting TCF4 as a potential predictive marker in
colon cancer cases diagnosed at low stages and a possible target for CRC therapy (191-
193).

HMGA gene family comprises HMGAL1 (High-mobility group A1) and HMGA2 (High-
mobility group AT-Hook 2) that are much expressed through embryonic development, yet
in differentiated tissues have lower or undetectable levels (194-196). HMGAL1 aberrant
expression has been described in most poorly differentiated cancers (also in colon) and its
high levels were correlated in diverse tumors with poor outcomes (195, 197-199). Its

expression is related to CSCs characteristics. HMGA1 may induce SOX9 and requires the
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Whnt signaling to reprogram intestinal epithelial cells and to drive stem cell properties (196,
200-202). Moreover, in human ESCs, HMGAL is capable of inducing SOX2 (196).

HMGAZ2 has been associated with multiple biological processes as DNA repair, cell
cycle, apoptosis and EMT (203). In CRC, its high expression was associated to tumor
progression, poor response to therapy and therefore to a poor prognosis (204).
Furthermore, HMGA2 overexpression enhanced resistance to 5-FU chemotherapy
suggesting that the observed HMGA2-mediated chemoresistance was mediated through

the activation of the Wnt/B-catenin pathway (205).

3.4] CRC-related factors

FOXC2 (Forkhead box protein C2) has been associated with cell proliferation,
angiogenesis and metastasis in several tumors (206, 207). FOXC2 high expression has
been associated to CRC development and its downregulation to an increase in the apoptotic
rate of CRC cells suggesting FOXC2 as an effective therapeutic target (208).

TEAD2 (TEA Domain Transcription Factor 2) role in CRC is still not yet well defined
even though it was described as belonging to the intestinal stem cell signature predicting

disease relapse (209).

OCT1 (Octamer transcription factor 1), a homologous of the OCT4 TF, is required
to the maintenance of stem cells and to embryogenesis (210, 211). It has shown to play an
important role in CRC development, cell proliferation, migration, invasion, tumorigenesis
and induction of EMT. OCT1 overexpression was also associated with CRC distant

metastasis and it is therefore considered a promising target for CRC therapy (212, 213).

CNOT3 (CCR4-NOT Transcription Complex Subunit 3) overexpression was
associated to self-renewal and to more aggressive CRC cases, being related to poor clinical
outcome (214).

HOXA10 (Homeobox A10) has been implicated in cell proliferation, migration and
invasion of CRC cells. Its expression has been described as significantly increased in CRC
tumor tissues, being crucial in CRC development and indicating resistance to 5-FU.

HOXA10 may be used as a biomarker of poor prognosis (215).

MEIS2 (Meis Homeobox 2) transcription factor has been associated with EMT,
migration, invasion and metastasis in CRC and may be used as a CRC biomarker (195)
(216, 217). However, it seems that its downregulation is involved in stemness and in

resistance to oxaliplatin-based chemotherapy (196).
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3.5] SOX2-related factors

Complex gene networks that are required to attain the pluripotency and self-renewal
of ESCs are controlled by master transcriptional regulators such as SOX2, which associate
with co-repressors and co-activators to accurately control their target genes. These
interactions with co-factors provides SOX2 with a better functional flexibility, during
development. Furthermore, differences in the master regulator-protein complexes
composition clearly influence their target genes transcriptional activity and some studies
using proteomic analysis have determined several co-repressors and co-activators which
associate with SOX2. Moreover, some authors had determined that SOX2 uses distinct and
multiples domains to associate with its multiple partner proteins. These findings were tested
by mapping the SOX2 domains that were necessary to co-immunoprecipitate SOX2-
associated proteins. Together, these studies had provided novel insights about SOX2 ability
to associate with a wide range of nuclear proteins that control the transcription of genes
(218, 219).
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Chapter 2 | Hypothesis and Aims
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1.1 | Hypothesis

We hypothesize that cancer stem cells are controlled by a limited set of key

transcription factors whose expression can impose CSCs properties in cancer cells.

1.2 | Aims

The aims of this project were to isolate and characterize intestinal CSCs and to
identify the TFs and major signaling networks associated with a CSC phenotype and with
SOX2, in CRC.
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Chapter 3 | Materials and Methods
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1| Transcription factors selection

Besides performing a bibliographic search to identify TFs related to colorectal CSCs,
available gene expression datasets generated from colorectal primary tumors were
analyzed by our group. Tumor samples were separated based on SOX2 expression, into
SOX2-high and SOX2-low, and gene expression of TFs were compared between these
samples, in order to find SOX2-related TFs (table IlI).

Table 1l | Overview of the TFs identified as related to colorectal CSCs (bibliographic search) or as SOX2-
related in CRC (by data mining analysisy or as a SOX2 co-factor (Biogrid
https://thebiogrid.org/112540/table/homo-sapiens/sox2.html)

Gene Colon CSCs SO?(Z related cgfczit):(tzor
related in CRC (Biogrid)
SOX4 \ V
SOX8 \Y
SOX9 \%
KLF4 \% \%
STAT3 \%
c-MYC \% \%
GLI1 V
SALL4 \%
beta catenin \Y \Y Vv
TCF4 \% \%
HMGA1 \ \%
HMGA2 \%
FOXC2 V
OCT1 V \%
HOXA10 \%
MEIS2 \% \%
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2| SOREG6-GFP cellular model

In the present study, SW480 human colon cancer cell line (ATCC) that has been
previously transduced using lentiviral supernants with the SORE6-GFP reporter system by
our group, were used (66, 116). The lentiviral reporter construct - SORE6-GFP - has a
SOX2/0OCT4 response element from the proximal human NANOG promoter repeated six
times (SOREG6) and joined to a minimal cytomegalovirus (CMV) promoter to drive the

expression of a fluorescent protein reporter (GFP).

=

= =)
- mCMVp PURO -
5'LTR 3'LTR

Figure 6 | a]| SW480 cells were transduced with the SORE6-GFP reporter (SORES - six repeats of a composite
SOX2/0OCT4 response element) b| SW480 cells were transduced with an empty vector (without SORESG).

(b]

2.1 Cell culture

Cells were grown and maintained as a monolayer in Dulbecco’s minimal essential
media (DMEM) without phenol red (Gibco, Life Technologies) supplemented with 10% (v/v)
inactivated fetal bovine serum (FBS) (Biowest), 1% Sodium Pyruvate (Gibco, Life
Technologies) and 1% (v/v) antibiotics - 100 U/ml penicillin and 100 ug/ml streptomycin
(Thermo Fisher Scientific, Massachusetts, USA). They were maintained at 37°C in a
humidified 5% CO.incubator, under standard conditions.

When monolayers achieved approximately 80% confluence, trypsinization was
done. In order to detach adherent cells from a culture flask, culture medium was collected
and discarded, cells were washed with phosphate buffered saline (PBS) 1x (Grisp Research
solutions, Oporto, Portugal), 0.05% trypsin-EDTA (ThermoFisher Scientific) was added and
cells were incubated at 37°C in a 5% CO. humidified atmosphere until detachment. Trypsin-
EDTA was neutralized by the addiction of culture medium and a cell pellet was obtained by
centrifugation at 1200 rpm (revolutions per minute) for 5 min (minutes) at RT (room
temperature). Afterwards, culture medium was collected and discarded, the cell pellet was
re-suspended in complete media, transferred into a sterile tissue culture flask and incubated
at 37°C in a 5% CO; humidified atmosphere.

For cryopreservation, cell pellets were re-suspended in FBS containing 10% (v/v)

DMSO (dimethyl sulfoxide) (AppliChem, Barcelona, Spain), transferred into a cryovial and
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incubated at -80°C. To defrost cryopreserved cells, cryovials were gathered from -80°C and
cells were immediately re-suspended in pre-warmed (37°C) complete media and
centrifuged at 1200 rpm for 5 min at RT. Supernatant was collected and discarded, cell
pellets were re-suspended in complete media with 20% FBS, transferred into a sterile tissue
culture flasks and incubated at 37°C in a 5% CO, humidified atmosphere.

To count cells, a Neubauer chamber was used (Marienfeld Superior™ Counting
Chamber; Marienfeld, Lauda-Kdnigshofen, Germany). Trypan blue at 0.4% (ThermoFisher
Scientific) was used to distinguish viable from non-viable cells. This solution penetrates in
cells once the membrane is damaged and when observed under microscope, viable cells
exclude dye and dead cells internalize trypan blue. Cell suspension was diluted 1:1 in trypan
blue solution and 10 pl of cell mixture were placed in a Neubauer chamber. Cells were
counted under a Leica DMil inverted phase contrast microscope (Leica Microsystems,

Wetzlar, Germany) at 50x magnification.

2.2] SORE6-GFP Fluorescence-activated cell-sorting

By trypsinization, SW480 SOREG6-GFP cells were collected, washed with PBS and
resuspended in PBS containing 10% FBS. By using a FACS Aria Il Cell Sorter flow
cytometer (BD Bioscience, Franklin Lakes, NJ, USA) SW480 SORE6-GFP cells were sorted
into cells with and without GFP expression - SORE6+ and SOREBG- cells, respectively. They
were seeded in six-well plates at a density of 7.5x10* cells/ml for SOREG6- cells and 6.5x10*
cells/ml for SOREG6+ cells. Negative control cells transduced with an empty reporter (&) viral
supernatant were used for gating purposes. Data was analyzed by FlowJo software v10.0.7
(Oregon, USA).

2.3 | Knockdown and overexpression of SOX2

In order to silence SOX2 expression, 1.5x10° of SW480 SOREG6+ and SOREG6- cells
were seeded in each well of a 24-well plate and transiently transfected the next day by using
Lipofectamine 2000 1:1 (Thermo Fisher Scientific, Massachusetts, USA) with either a mix
of three small interfering RNAs (siRNAs) targeting SOX2 or a non-targeting scrambled
SiRNA used as a negative control (Thermo Fisher Scientific, Massachusetts, USA). The
siRNAs and the Lipofectamine were diluted in Opti-MEM medium (Thermo Fisher Scientific,
Massachusetts, USA) prior to the utilization.

For SOX2 overexpression, 3x10° SW480 SORE6+ and SORES6- cells were seeded
in each well of 6-well plates and transfected with 1 ug of a human SOX2 expression

vector containing two FLAG tags at the N-terminus or the corresponding empty vector
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(pcDNA3.1) in a ratio of 1:1.5 to Lipofectamine 2000 reagent, both previously diluted in
Opti-MEM medium, as recommended by the manufacturer (Thermo Fisher Scientific,
Massachusetts, USA).

Cells were incubated for 48h after which the efficiency of the SOX2
silencing/overexpression was evaluated by Real-Time PCR and Western Blot (WB).

3| Expression studies

3.1] Protein extraction, quantification and Western Blot

SW480 SOREG6+ and SOREG6-cells were washed with cold PBS and incubated on
ice for 30 min with cold RIPA buffer - 50 mM Tris-HCI pH=7.4, 150 mM NacCl, 2 mM EDTA,
1% NP-40, 0.1% SDS (Sigma-Aldrich, California, USA) supplemented with Complete
protease inhibitor cocktail (Roche Applied Science, Indianapolis, USA), 1 mM NasVO,and
1 mM PMSF. Cells were scrapped and the mixture was centrifuged at 4°C for 15min at
14000 rpm. The soluble proteins concentration was evaluated using Pierce BCA protein
Assay Kit (Thermo Fisher Scientific, Massachusetts, USA) according to the instructions of
the manufacturer. 30 ug of total protein extract were used for WB analysis.

Proteins were separated in a 10% sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Amersham, GE
Healthcare, UK) which was labelled with Ponceau Red (Sigma) to monitor the efficiency of
the transfer. Then, the membrane was incubated with the blocking solution for 1h and then
blotted overnight at 4°C with a primary antibody (conditions in table 1V) with gentle agitation.
The following day, the membrane was washed 3 times with TBS-1% Tween-20 to remove
the unbound primary antibody. Afterwards, the membrane was incubated for 1h at RT with
gentle agitation with a secondary antibody: anti-mouse IgG HRP-linked antibody (A4416,
1:4000; ThermoFisher Scientific) diluted in 5% non-fat milk in TBS-1% Tween-20 or anti-
rabbit 1IgG antibody (1:10000, Santa Cruz Biotechnology) diluted in TBS-T and washed 3
times with TBS-1% Tween-20.

The loading controls used were GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) and -actin (Actin, cytoplasmic 1). Membrane was first incubated overnight
at 4°C with gentle agitation with the primary antibody for GADPH or -actin, then, after 3
consecutive washes, it was incubated for 1h with the anti-mouse IgG HRP-linked secondary
antibody (A4416, 1:4000; ThermoFisher Scientific) diluted in 5% non-fat milk in TBS-1%

Tween-20.
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Table IV | Primary antibodies and conditions used in immunoblot procedure.

. . - Molecular _— Incubation
Protein Animal Origin weight (kDa) Dilution conditions
. Cell Signaling
ALDH1 Rabbit Technology 55
Life
CD44V6 Mouse technologies 100 | .
1:1000 3 <
CD49F Rabbit Sigma-Aldrich 125 = 2
S EX
Santa Cruz = Dc
GAPDH Mouse Biotechnology 37 % g;
Santa Cruz - S E
-acti - : O
B-actin Mouse Biotechnology 42-44 1:4000 X >
SOX2 Rabbit Cell marque 34 1:500
. Cell Signaling ) . 7
C-MYC Rabbit Technology 57 - 65 1:700 BSA 5%

After incubation the membrane was washed three times with TBS-T and protein
bands were visualized using GE Healthcare Amersham™ ECL™ Western Blotting
Detection Reagents (GE Healthcare, lllinois, USA) for the detection of chemiluminescence,
according to the instructions of the manufacturer. Detection was achieved in ChemiDocTM
XRS+ system (Bio-Rad Laboratories) and protein bands were evaluated using Image Lab

Software (Bio-Rad Laboratories).

3.2] RNA extraction and Real-time PCR

Cells from each well were lysed in 300uL of Lysis Buffer, containing 1:100 B-
mercaptoethanol, for approximately 30 min until cells were totally detached from the well.
Total RNA was extracted using the Purelink RNA Mini Kit (Thermo Fisher Scientific,
Massachusetts, USA) according to manufacturer instructions. This protocol includes a
PureLink DNase Treatment, in which DNA is removed from RNA, which remains bound to
a Spin Cartridge. After extraction, the purified RNA was stored at -80°C. RNA concentration
was measured using a Nano-Drop 1000 instrument (Thermo Fisher Scientific,
Massachusetts, USA). RNA (1pg) was reverse transcribed to cDNA using the SuperScript
IV (Thermo Fisher Scientific, Massachusetts, USA), according to the instructions of the
manufacturer. The genes were amplified with SYBR Green (Thermo Fisher Scientific,
Massachusetts, USA) using the primers detailed in table V. Real-time PCR was performed
in a fluorescence reader ABI Prism 7500. 4uL of cDNA diluted 1:10 in DEPC-treated water
were used as template for each real-time PCR with 10uL SYBR Green and 0.3uM of specific
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forward (F) and reverse (R) primers, in a final volume of 20uL. The following Real time-PCR
protocol has been applied, consisting in a denaturation step at 95 °C for 10 min, a 40-cycle
stage, including denaturation at 95 °C for 15s and annealing at 60°C for 1 min, and a melting
curve program (60-95°C) with continuous fluorescence measurement. The amount of
MRNA was determined using the threshold cycle (Ct) values and AACt method (220). The
levels of 18S and HPRT1 were used for normalization of target gene abundance and
relative mRNA levels were calculated. Reactions containing water instead of template were

included as negative controls. The results are expressed as means * SD using triplicates.

Table V | Primers used for real-time PCR

Gene Sequence
F 5 CGCGCGCTAGAGGTGAAATTC 3’
18S R 5 CATTCTTGGCAAATGCTTTCG 3
F 5" GCAGACTTTGCTTTCCTTGGTCAG 3
HPRT1 R 5 GTCTGGCTTATATCCAACACTTCGTG 3
OCT4 F 5" CTTCTCGCCCCCTCCAGGT 3’
R 5" GCTCACCCTGGGGTTCTATTT 3
F 5 GGAAAATACTGGAGACGAACGC 3’
SOX1 R 5 GCTTTCCGCTTCCTCCGTA 3’
F 5 AACGGCTCGCCCACCTACAGC 3
SOX2 R 5 AGTGGGAGGAAGAGGTAACC 3’
F 5 GGACTGTTGCCTTGTACCGA 3
SOX3 R 5" CAGCGATTCCCAGCCTACAA 3
SOX4 F 5 GACTTCGAGTTTGCTCCCCT 3'
R 5' TAACTCGCCTTCTTGCTGGG 3’
F 5 GCGCTTTGAGAATTTGGGGC 3’
SOX6é R 5 GCCATTCATTGCTTTACTTCCCT 3’
F 5" GGCCAAGGACGAGAGGAAAC 3’
SOX7 R 5" CCTTCCACGACTTTCCCAGC 3
F 5 AAGCTGTGGCGCTTGCT 3
SOX8 R 5 GCTGGTACTTGTAGTCGGGG 3’
F 5 CGGAGGAAGTCGGTGAAG 3
SOX9 R 5 CTGGGATTGCCCCGAGTGCT 3’
F 5" CTCTGGAGGCTGCTGAACGA 3’
SOX10 R 5 GGCCTTCCCGTTCTTCCG 3’
F 5' TACCTGTATCTCACCGGCGT 3’
SOX12 R 5 CTGGGACCGTTTGTTCCTGA 3
SOX13 F 5’ TTCCCTGCAAACCAGTGGAG 3,
R 5' GGCTTGGCTGTGAGGTTCAG 3
F 5" CCAAGGGCGAGTCCCGTAT 3
SOX17 R 5" CCACGACTTGCCCAGCATC 3’
F 5' CAAGATGCTGGGCAAAGCG 3
SOX18 R 5" GCGGCCGGTACTTGTAGTT 3
SOX21 F 5 G,?ATGTATAGGTGCCAGGTAGASB 3
R 5 AACCGCCTGCTTTCGAGTT 3
F 5" CAGAGGAGCCCAAGCCAAAG 3’
KLF4 R 5 TTTCTCACCTGTGTGGGTTCG 3’
STAT3 F 5 GAGGACTGAGCATCGAGCA 3 ‘
R 5 CATGTGATCTGACACCCTGAA 3
F 5 GCGACTCTGAGGAGGAACAAG 3
C-MYC R 5 TGGGCTGTGAGGAGGTTTG 3'
F 5 GAAGTCATACTCACGCCTCGAA 3
GLI1 R 5 CAGCCAGGGAGCTTACATACAT 3’
A F 5 CAATGGCTTGGAATGAGACTGC 3
p-catenm R 5 GGATCATCCTGGTGATATCCAAG 3’
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TCF4 F 5 TTTGGAAGAAGCGGCCAAGAGG 3’
R 5 TTGGGGAGGTAGGGGCTCGT 3
FOXC?2 F 5 CTACAGCTACATCGCGCTCATCA 3
R 5 ACTGGTAGATGCCGTTCAAGGTG 3’
MEIS2 F 5’ TCCAGCATCTCACACATCCG 3’
R 5 GAAAACCTGCTCGATTTGACTGG 3’
F 5 TTTGGGGTGTGCCCAGATG 3’
TEAD2 R 5 TCCTCACTGCCTTCCTCACT 3’
OCT1 F 5 CAAAATGGCGGACGGAGGA 3’
R 5 GTTCATTCTTGAGTCTGCTGCTG 3’
F 5 GGCTCACGAATACCATCGACA 3
CNOT3 , :
R 5 GCTTATCCTTGTCGCCCTTCT 3
F 5 CAGCACATCAACTCGGAGGA 3’
SALL4 R 5 TTCACTGGAGCACCCAGC 3
F 5 CCCTTCCGAGAGCAGCAAA 3’
HOXA10 R 5 TCTTCCGACCACTCTTTGCC &
F 5 GTGCCAACACCTAAGAGACCT 3
HMGAL R 5 TCTGCTGGTTTTCCGGCTC 3
F 5 CCCAAAGGCAGCAAAAACAA 3
HMGA2 R 5 GCCTCTTGGCCGTTTTTCTC 3

3.3| Statistical analysis

Results were expressed as mean + SD. Statistical significance to assess significant
differences in expression levels between the SORE6+ and SOREG6- samples was
determined by unpaired two-tailed t test using GraphPad Prism 8.0 software (GraphPad
Software, La Jolla, CA, USA) and Microsoft Excel (Microsoft Corporation, 2018).
Differences were considered significant when P < 0.05.

4 | Cell Proliferation assay

SW480 SOREG6 GFP+ and GFP- cells were seeded in 24-well plates at a density of
1.5x10° cells/ml in DMEM (1X) without phenol red, supplemented with 10% FBS and 1%
Sodium Pyruvate. After 48h, cells were treated with BrdU (Roche) diluted 1:1000 in the
same medium, for 1 h at 37 °C. Cells were collected by trypsinization, pelleted, washed with
PBS and fixed in 1 ml of ice-cold methanol for 30 min. After washing with PBS, cells were
permeabilized with 1 ml of HCI 4M for 20 min at room temperature and washed with PBS.
After a blocking step in PBS containing 0.5% Tween-20 and 0.05% BSA for 10 min, cells
were incubated with a monoclonal mouse primary antibody anti-BrdU (Cell Signaling)
diluted 1:20 in the blocking solution, for 1h at RT. After washing again with PBS, cells were

incubated with the polyclonal rabbit anti-mouse secondary antibody labelled with FITC
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(Dako) diluted 1:150 during 30 min at room temperature and protected from light. After a
final washing step, the pellet was resuspended in 500 ul of PBS and the percentage of BrdU
labeled positive cells was evaluated using the BD Accuri C6 flow cytometer (BD

Biosciences). The data was analyzed using FlowJo software (Version 7.6.1).

5| Colonosphere forming assay

Coating of 6-wells plates with a hydrophobic surface (non-adherent conditions) was
performed by adding to each well 2ml of a sterile PolyHEMA solution, done by dissolving
129 of Poly (2-hydroxyethyl methacrylate) in 1 liter of 95% ethanol in a hot plate (< 50°C).
Afterwards the 6-well plates were left overnight at 54°C in an incubator without CO,.

The colonosphere medium was prepared by using 50ml of phenol red-free DMEM
medium was supplemented with 1ml of B27 supplement, 0.5ml of N2 supplement, 10ul of
hEGF (100ng/ul), 5 pl of bFGF (100ng/ul) and 500 ul of Penicillin/Streptomycin, afterwards
the medium was filtered through a 0,45 pum filter.

SW480 SORE6 GFP+ and GFP- cells were resuspended in 2ml of cold PBS and
passed through a 25 gauge needle using a syringe 3 times in order to separate cells into a
single cell suspension. Cell suspensions were plated at a density of 5000 cells/well
containing the colonosphere media and incubated in a 37°C humidified atmosphere and 5%
CO, for 5 days without replenishing the media. The colonosphere forming efficiency (CFE)
was assessed after 14 days by counting the number of colonospheres that appear with 2
100pm diameter.

6 | 5-FU resistance assay

24h after transfection done to down-regulate SOX2, SW480 SORE6+ and SORE®6-
cells were treated with a 5-FU dose - 56.9 pg/mL - corresponding to the previously
determined ICso for SW480. After 48h, cells were washed once with PBS 1x and then 50yl
of PrestoBlue Viability Reagent 1x (Invitrogen, California, USA), diluted in culture medium,
was added in the dark to each well with cells and to another three additional wells with no
cells, to use as background subtraction. The reaction was allowed to proceed for 45 min at

37°C in a CO: incubator. The fluorescence of all wells was read both at 560nm (excitation)

34



and 590nm (emission) for normalization. The results are expressed as means * SD of

representative triplicates.

7 | Co-immunoprecipitation and mass-spectrometry analysis

After being resuspended by vortexing, 50 pL of Dynabeads magnetic beads
(Invitrogen) were transferred to different tubes. The tubes were placed on the magnet and
supernatants were removed in order to separate the beads. The tubes were removed from
the magnet and 10 ug of the Flag (Abnova, PAB0900) antibody (Ab) diluted in 200 uL PBS
with Tween-20 were incubated with the beads for 10 min with rotation at RT. Then, the
tubes were placed on the magnet, the supernatants were discarded, the tubes were
removed from the magnet and the magnetic beads-Ab complex was resuspended in 200 pL
PBS with Tween-20 and washed by gentle pipetting. The tubes were placed on the magnet,
the supernatants were removed and the samples containing respectively 200ug of protein
extracted from SOREG+ or SOREG6- cells previously transfected with SOX2 expression
vector (as in 2.3) were added to the magnetic beads-Ab complex and gently pipetted. Then,
an incubation was performed overnight with rotation and at 4°C. In the next day, tubes were
placed on the magnet, the magnetic beads-Ab-antigen (Ag) complex was washed 3 times
by gentle pipetting with 200 uL of PBS and by removing the supernatant. The magnetic
beads-Ab-Ag complex was resuspended in 100 pL PBS and transferred to clean tubes to
avoid co-elution of proteins possibly bound to the tube walls. These samples were kept at -
80°C until mass spectrometry analysis.

The two samples, concerning SORE6+ and SOREG6-, were reduced, alkylated, and
later digested with trypsin. The mass spectra were obtained by LC-MS. Protein identification
was performed by Proteome Discoverer (Thermo Scientific) software and Uniprot protein
sequence database was used for Homo sapiens taxonomic selection as well as a mass
spectra database. It was also considered a database of contaminant proteins. Protein
guantification was performed using the LFQ - Label Free Quantification. This protocol was

performed by the i3S Proteomics platform.
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1| Isolation and characterization of SW480 SORE6 subpopulations

When SW480 cells transduced with SORE6-GFP were sorted using FACS
(fluorescent activated cell sorting) it was possible to distinguish two subpopulations:
SOREG6+ and SOREG- cells. The SOREG6+ cells subpopulation, corresponding to a total of
3.84% of the cells, is capable of activating GFP expression while the SOREG- cells
subpopulation, without GFP expression, corresponds to a higher percentage of cells
(76.7%) (figure 7).

SW480 SORE6-GFP

250K
200K =

150K =

SSC-H

100K

Figure 7 | FACS analysis with gate selection and cell sorting of two cell subpopulations, SORE6+ and

SORES®G- cells in SW480 SOREG-GFP cell line with further fluorescence images of the two subpopulations
sorted (ZOE Fluorescent Cell Imager, Bio-Rad). Scale bar =1

The two cell subpopulations, SORE6+ and SOREG-, were characterized for different
parameters such as SOX2 and OCT4 expression, cell proliferation capacity, ability to form

colonospheres, drug resistance after 5-FU treatment and expression of CSC markers.

1.1 | SOX2 and OCT4 expression

The expression of SOX2 and OCT4 was tested and evaluated in the SORE6+ and
SOREG- subpopulations. A very low expression of OCT4 was detected by real-time PCR,
corresponding to CTs (cycle threshold) = 33.5.
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In what concerns SOX2, and contrarily to what was expected, no difference was
found in its expression between SORE6+ and SORES6- cells, when evaluated by both WB
and real-time PCR in cells collected at different timepoints (14, 21, 25 days) after sorting.
The housekeeping control gene, 18S was used for target gene abundance normalization

and data was analyzed by the comparative method AACT (figure 8).
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Figure 8 | a| SOX2 expression by WB analysis in FACS-sorted SORE6+ and SOREG6- cells and (WT) wild-
type SW480 cell line. The internal control used was GAPDH. b| SOX2 relative mRNA expression by real-time
PCR analysis at different timepoints after sorting.

1.2 | Cell proliferation

Despite not observing differences in the expression of these TFs, between SORE6+
and SOREBG- cells, contrary to what was expected, cells were further characterized. The
proliferation of both subpopulations was evaluated through BrdU incorporation, used to
identify the actively dividing cells. The proliferation rate (% of Brdu positive cells) was similar
for SOREG6+ (47.9 + 3.9%), SOREG6- (49.4 + 5.7%) and the corresponding WT SW480 (48.4
* 3.0%) cell line (figure 9).
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Figure 9| Proliferation rate obtained by BrdU incorporation in SW480 WT, SORE6+ and SORE6- cells. NS:
not significant
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1.3| Colonosphere formation

Another important characteristic of normal stem cells and CSCs is the self-renewal
ability to proliferate and to form and develop sphere-like structures. Cells were grown in
serum-free medium under non-adherent conditions as only CSCs are capable of surviving
and proliferating in this environment. In these conditions, the SORE6+ cell subpopulation
was significantly enriched in cells that were capable of generating a higher number of
colonospheres (2.04+0.36 times more), when compared to the SOREG6- cell subpopulation
(figure 10).
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Figure 10 | Colonosphere-forming ability of SW480 SOREG6- and SOREG6+ cells. Spheres with only >100 pm
diameter were considered as colonospheres. Scale bar SORE 6- cells = 100um and SORE6+ cells = 64 pum.
The results are mean + SD of three independent experiments. Significant differences (**P < 0.01).

1.4| 5-FU resistance

CSCs are known to be more resistant to chemotherapeutic drugs leading to
significant clinical implications as tumor recurrence and 5-FU is still considered the gold
standard of CRC first-line treatment (221). SORE6-GFP cell subpopulations were treated
with 5-FU and the cell viability was assessed. SOREG6+ cells have shown a significantly
higher viability and, therefore, more resistance to 5-FU treatment, when compared to
SORES®G- cells and the respective WT SW480 cell line (figure 11).
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Figure 11 | 5-FU treatment and subsequent cell viability assessment using Presto blue in SW480 WT,
SOREG6- and SOREG6+ cells. The results are mean + SD of three independent experiments. Significant
differences (*P < 0.05).
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S0OX2 knockdown was performed by transient transfection with SOX2 siRNA versus
a non-targeting scrambled siRNA as a negative control. After SOX2 knockdown, cells were
incubated with 5-FU and there was a decrease in the SORE6+ (0.65 + 0.12) and SORE®6-
(0.68 + 0.17) cells viability ratio (considering the viability of the same cells transfected with
scrambled siRNA as 1), therefore suggesting that SOX2 has a role in therapy resistance,

although being expressed in the two subpopulations (figure 12).
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Figure 12 | 5-FU treatment and subsequent cell viability assessment using Presto blue, after SOX2
knockdown in SW480 WT, SORE6- and SOREG6+ cells. The results are mean + SD of three independent
experiments. Significant differences (*P < 0.05; **P < 0.01).

1.5 | Cancer stem cell markers expression

WB technigue was performed to evaluate the expression of certain CSC surface
markers such as CD44v6 and CD49f, used as targets in CSCs identification and isolation
and proven in the literature to be expressed in SW480 cell line (222, 223). Both CD44v6
and CD49f CSC surface markers were expressed in the two subpopulations and no

difference between the expression in SORE6+ and SOREG- cells was found (figure 13).
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Figure 13 | WB analysis of CSC surface markers CD44v6 and CD49f on sorted SW480 cell subpopulations.
The internal control used was GAPDH.
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Other CSC markers such as ALDH1 have been already reported with a low
expression and c-MYC was described to be expressed in SW480 cell line (224, 225). WB
was performed and no expression of ALDH1 was found in both subpopulations, but it was
expressed in the chosen positive control (A549 lung carcinoma cell line) concluding that
ALDH1 is not expressed in our SW480 cell subpopulations. In what concerns to c-MYC, it
was expressed in SORE6+ and SORE®6- cells but no difference was found between its

expression in the two subpopulations (figure 14).
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Figure 14 | WB analysis of CSC markers ALDH1 and c-MYC on sorted SW480 cell subpopulations. The
internal control used was GAPDH.

In summary, it was possible to conclude that none of these CSC markers were

enriched in the SORE6+ subpopulation from SW480 colon cancer cell line.

2| Transcription factors expression analysis

Since both SORE6+ and SOREG6- have similar levels of SOX2 expression but
SOREG6+ reveals activation of GFP and characteristics of a CSC phenotype, we
hypothesized that other transcription factors could be expressed in SOREG6+, that can bind
to the SOX2 binding site in SORES6 or directly to SOX2 protein and activate GFP expression.
This assumption could help to explain the differences previously observed in the SOREG6+
versus the SOREG6- cells, such as increased ability in colonospheres formation and 5-FU

resistance.

2.1] SOX family

The expression of TFs of the SOX family such as SOX1, SOX3, SOX4, SOX®6,
SOX7, SOX8, SOX9, SOX10, SOX12, SOX13, SOX17 and SOX18 was evaluated by real-
time PCR in SORE6+ and SOREG6- cells collected at different timepoints (14, 21, 25 days)
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after the sorting. The housekeeping control gene, 18S was used for target gene abundance

normalization and data was analyzed by the comparative method AACT.

SOX1, SOX3, SOX6, SOX7, SOX10, SOX17 and SOX21 were not expressed in
SORE6+ and SORES6- cells (amplification occurred at later cycles - CTs = 30 - and the
melting curves were not satisfactory). No significant differences were found in the
expression of SOX4, SOX8, SOX9, SOX12, and SOX13 between the SORE6+ and SOREG-
cells. However, SOX18 relative mMRNA expression was significantly higher in SORE6+ cells
when compared to SOREG- cells but only for cells collected 25 days after sorting (1.180 *
0.006; P=0.015) (figure 15).
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Figure 15 | SOX4, SOX8, SOX9, SOX12, SOX13 and SOX18 relative mRNA expression of SORE6+ and
SORESBG- cells by real-time PCR analysis at different timepoints after cells sorting. Significant differences (*P <
0.05).

2.2] Colorectal CSCs-related

The expression of some TFs described to be associated with CSCs such as the
KLF4, STAT3, c-MYC, GLI1, SALL4, B-catenin, TCF4, HMGA1 and HMGAZ2 was evaluated
by real time PCR in SORE6+ and SOREG6- cells collected at different timepoints (14, 21, 25
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days) after the sorting. The housekeeping control genes, 18S and HPRT1 were used for
target gene abundance normalization and data was analyzed by the comparative method
AACT.

SALL4 was tested but it was not expressed in SORE6+ and SORE6- cells (CTs =
35.0). Between the SORE6+ and SOREG- cells no significant differences were found in the
expression of KLF4, c-MYC, GLI1, B-catenin, TCF4, and HMGA2. However, STAT3 and
HMGA1 mRNA expression was significantly higher in SORE6+ cells when compared to
SORESB- cells, only for cells collected 25 days (1.177 + 0.004; P=0.010) and 14 days after
sorting (1.307 + 0.036; P=0.053), respectively (figure 16).
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Figure 16 | KLF4, c-MYC, GLI1, B-catenin, TCF4, HMGA2, STAT3 and HMGAL relative mRNA expression
of SOREG6+ and SOREG6- cells by real-time PCR analysis at different timepoints after cells sorting. Significant
differences (*P < 0.05; ** P < 0.01).
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2.3| Colorectal cancer - related

Numerous transcription factors have been described to be expressed in CRC
namely FOXC2, TEAD2, OCT1, CNOT3, HOXA10 and MEIS2. The expression of these
TFs was also evaluated by real-time PCR in SORE6+ and SORES6- cells collected at
different timepoints (14, 21, 25 days) after the sorting. The housekeeping control genes,
18S and HPRT1 were used for target gene abundance normalization and data was
analyzed by the comparative method AACT.

Between the SORE6+ and SORES6- cells no significant differences were found in the
expression of FOXC2, TEAD2, CNOT3, HOXA10 and MEIS2. However, OCT1 relative
MRNA expression was significantly higher in SORE6+ cells when compared to SORE6-
cells only for cells collected 25 days after sorting (1.182 + 0.016; P=0.041) (figurel7).
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Figure 17 | FOXC2, TEAD2, CNOT3, HOXA10, MEIS2 and OCT1 relative mRNA expression of SORE6+ and
SORE®- cells by real-time PCR analysis in different timepoints after cells sorting. Significant differences (*P <
0.05).
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3| SOX2 co-immunoprecipitation and mass-spectrometry

Co-immunoprecipitation was done in protein samples from SORE6+ and SOREG6-
cells previously transfected with a SOX2 expression vector (figure 18) and by using a FLAG
antibody. WB was performed to ensure the up-regulation of SOX2 in the two cell
subpopulations. Its expression was found in both SORE6+ and SOREG6- subpopulations
transfected with the SOX2 vector and not in those transfected with the corresponding

empty vector (pcDNA3.1). Also, SOX2 expression was found in the positive control (AGS

SOX2

gastric cancer cell line).

pcDNA SORE 6+
pSOX2 SORE 6+
pcDNA SORE 6-
pSOX2 SORE 6-

AGS

[34 KDa] - k] SOX2

[37 KDa] D e ———— N ¢\ 24 0] ;|

Figure 18 | WB analysis of transfection with an expression vector for SOX2 (pSOX2) and with an empty
vector (pcDNA) on sorted SORE6+ and SOREBG- cell subpopulations. The internal control used was GAPDH.

The subsequent mass spectrometry analysis was performed by the i3S Proteomics
platform. From all the possible SOX2 interacting proteins obtained, we discarded the ones
appearing with unique peptides < 2. Proteins were considered as significantly more present
in SORE6+ cells when their abundance in SOREG+ cells in relation to SOREG6- cells was 2
2 such as KRT1, KRT2, KRT9, KRT10, KRT14, HRNR, RPL10A, LDHA and DCD - (table
VI) - and in the other hand when it was < 0.5 such as IMPDH1, IMPDH2, PARP1 and
S100A9 - (table VII) - both comparisons with an adjusted P-value < 0.05. The only exception

considered was HMGAL1 protein for which the observed P-value was 0.106.
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Table VI | SOX2-associated proteins with an abundance 2 2 in SORE6+ in relation to SORE6- cells.

SOREG+to  “on=re ' . sum
Gene Protein SORES6- - Unique  Coverage -,
abundance Peptides (%)
abundance . Score
adjusted P
Keratin, type Il
KRT1 cytoskeletal 1 9.541 < 0.001 33 65 407.046
Keratin, type |
KRT9 cytoskeletal 9 14.220 <0.001 27 58 299.522
Keratin, type |
KRT10 cytoskeletal 10 10.641 < 0.001 28 58 293.729
Keratin, type Il
KRT2 cytoskeletal 2 8.875 <0.001 25 66 284.520
epidermal
R s SEL ERE 7.355 <0.001 5 42 109.932
cytoskeletal 14
HRNR Hornerin 2.824 0.002 4 6 43.792
Sl U lbesalnE] 2332 0.021 4 26 28.925
protein L10a
L-lactate
LDHA dehydrogenase 2.593 0.005 3 16 27.450
A chain
DCD Dermcidin 2.175 0.045 3 20 16.698
HMGA1  High mobility 1.987 0.106 5 37 45781
group Al

Table VII | SOX2-associated proteins with an abundance < 0.5 in SOREG6+ in relation to SORE6- cells.

SORE6+to SOREG6 +/- Unique  Coverage Sum
Gene Protein SORE6-  abundance | t?des %) g PEP
abundance adjusted P P 0 Score
Inosine-5'-
monophosphate
IMPDH2 dehydrogenase 0.465 0.012 19 53 170.499
2
Inosine-5'-
monophosphate
IMPDH1 dehydrogenase 0.524 0.046 8 32 37.914
1
Poly
PARP1 (ADP-ribose) 0.519 0.042 9 11 34.760
polymerase 1
§100A9  "rotein S100- 0.206 0.001 3 31 21.375

A9
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3.1 HMGA1 as a CSC marker

Our previous results have shown that HMGAL1 mRNA expression was significantly
higher in SORE6+ cells when compared to SOREG6- cells, but only for cells collected 14
days after sorting. By co-immunoprecipitation, HMGAL presented a relative abundance of
1.987 in SOREG6+ in relation to SOREB6- cells showing that this protein was approximately
two times more expressed in SORE6+ cells than in SOREB6- cells, although this difference
was hot statistically significant (P = 0.106).

We performed a WB to see if HMGAL was already more expressed in SOREG+,
when compared to SOREG6- cells and in fact it was shown to be only expressed in the

SORE-+ cells subpopulation (figure 19).
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Figure 19 | WB analysis of HMGAL1 on sorted SW480 SOREG6 cell subpopulations. In this WB the internal
control used was f-actin.
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Chapter 5| Discussion and conclusion
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CRC is the third most frequent and the second major cause of death-related to
cancer in the world (1, 2). CRC cancer incidence is directly related not only to environmental
but also to hereditary factors with up nearly 65% of CRC cases occurring sporadically.
Predictive biomarkers are remarkably needed in the decision-making process for therapy
approaches and optimization of CRC patients management and follow up, with mass
spectrometry representing an effective tool in biomarkers identification (43, 48, 59). Despite
all the therapeutic approaches that are presently available, their efficacy remains limited as

a consequence of drug resistance.

The CSC model hypothesizes the existence of a subpopulation of tumor cells with
stem-like characteristics and self-renewal ability. These cells are capable of initiating and
sustaining tumorigenesis, metastasis, cancer relapse and resistance to both chemotherapy
and radiotherapy (62-66). Moreover, TFs together with the development of reporter systems
that can actively monitor intracellular markers, represent an effective tool in CSCs
identification and study in a more efficient way than the use of cell-surface markers (66, 85,
97-100).

In our study we used a SOREG-GFP lentiviral-based reporter system to transduce
SW480 colon cancer cell line. This reporter system have allowed breast and gastric CSCs
direct visualization, depending on the expression of SOX2 and OCT4 (66). By using FACS
we were able to isolate and then characterize two subpopulations - SORE6+, which have
the SORE®6 activated and GFP expression, and SOREG6-, without GFP expression. A low
expression of OCT4 was detected in both subpopulations and, interestingly, no significant
differences were found between them in what concerns the expression of SOX2. Moreover,
when cell proliferation ability was evaluated no significant differences were found between
SOREG6+ and SOREG6- cells.

Some CSCs-related-features were then evaluated, such as the ability to proliferate
and generate large sphere-like structures - colonospheres - and the resistance to
chemotherapeutic drugs as 5-FU. SOREG6+ cells revealed more capable of forming a
significantly higher number of colonospheres and showed to be more resistant to 5-FU
treatment. With these results, similar to those obtained by Tang et al. and by our group in
gastric cancer cell lines, it is possible to hypothesize that SOREG6+ cells behave as cancer
stem cells, as compared to SOREB6- cells (66, 116). When SOX2 knockdown was performed
before 5-FU treatment, in both SORE6+ and SOREG6-, the viability in the two subpopulations

has decreased, supporting a crucial role for SOX2 in therapy resistance.

We had also evaluated the expression of CSCs surface markers. Both CD44v6 and

CD49f markers were expressed in the two subpopulations (as previously described for
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SwW480), with no differences found between SORE6+ and SOREG6- cells (222, 223). No
ALDH1 expression was detected in our cell subpopulations and these results are consistent
with those found in the literature, showing low expression of ALDH1 in SW480 (224). In
what concerns ¢c-MYC, no differences were seen when comparing SORE6+ and SOREG6-

cells, although being expressed, as already described for SW480 cell line (225).

Despite the interesting observations, SOX2 (or OCT4) differential expression could
not be used to explain the phenotypical differences between SORE6+ and SOREG6- cells,
therefore our subsequent approach consisted in verifying if other TFs that can also bind to
SOX2 binding site or directly to SOX2 protein could be expressed differently in our
subpopulations. In what concerns to SOX family of TFs we found a significantly higher
expression of SOX18 in SORE6+ cells when compared to SOREG6- cells but only for cells
collected 25 days after sorting. Indeed, SOX18 upregulation has already been found in CRC
tissues and cells lines and it was related with prognosis, but as far as we know there is no
report of its relation with CSCs (169). Also, HMGAL, STAT3 and OCT1 expression was
significantly higher in SORE6+ cells when compared to SOREG6- cells (only at one
timepoint), supporting the results found in the literature which described HMGA1 and
STAT3 as being highly expressed in CSCs from SW480 and other CRC cell lines (175, 226)
and OCT1 as being associated with bad prognosis in CRC (213).

By real-time PCR we obtained significant differences in the expression of four TFs
— SOX18, and HMGAL, STAT3 and OCT1- between the two subpopulations and these
have to be further studied. Meanwhile, we decided to develop another strategy - to
immunoprecipitate and analyse by mass spectrometry SOX2-interacting proteins in both
SOREG6+ and SOREG6- cells. As a first step, we had to express SOX2 in both cell lines, since
the endogenous levels of expression were not sufficient to allow this analysis and we have

used a flag antibody to co-immunoprecipitate proteins bound to SOX2.

Some proteins - KRT1, KRT2, KRT9, KRT10, KRT14, HRNR, RPL10A, LDHA and
DCD - appeared significantly increased in SORE6+, when compared to SOREG6- cells:

The role of cytoskeletal keratins - as KRT1, KRT2, KRT9, KRT10 and KRT14 - in
colon carcinogenesis and in colon CSCs is not yet established, however keratin activity has
been associated with cancer cell growth, metastasis and invasion. Moreover, some studies
have shown that the expression of keratins is important in the maintenance of CSCs
characteristics (227-230). Furthermore, KRT14, used as a CSC marker, was found in the

literature to be expressed in SOX2-positive CSCs in human bladder cancer (231).

HRNR (hornerin) is a member of the S100 protein family, that is involved in

pathological processes and whose expression has been found in some tumors, however its
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role in CRC and in CSCs is not yet described. In hepatocellular carcinoma HRNR was
associated with tumor progression and with a poor prognosis and in breast cancer it was

related to tumor development and malignant transformation (232, 233).

RPL10A encodes a ribosomal protein from 60S subunit and has been described to
be involved in cell proliferation, tumorigenesis and, therefore, in the development of cancer
(234). RPL10A has been described to be expressed in colorectal adenomas and CRC and,
in glioblastoma it was shown to interact with SOX2, together with other ribonucleoproteins,

which suggests an important function for SOX2 in post-transcriptional regulation (235, 236).

LDHA (Lactate dehydrogenase A) is an essential regulator of glycolysis and it has
been described to be highly expressed in SW480 colon cancer cell line and involved in CRC
cell proliferation. Moreover, by generating extracellular lactate, LDHA provides propitious
conditions for colorectal CSCs growth and invasion. Zhang et al. had found that LDHA
expression was significantly associated with OCT4 and that LDHA knockdown was capable

of decreasing OCT4 expression and, consequently, its tumorigenicity (237, 238).

DCD (Dermcidin) has been described to have a role in carcinogenesis in some types
of tumors as gastric cancer and to be significantly associated with lymph node metastasis,

tumor differentiation and poor prognosis.

Besides, the expression of other proteins - IMPDH1, IMPDH2, PARP1 and S100A9
- was significantly higher in SOREG6- cells:

Inosine-5'-monophosphate dehydrogenase (IMPDH) is an enzyme with two distinct
isoforms, IMPDH1 and IMPDHZ2, that share 84% similarity in their sequence of amino acids
(239). It catalyzes the oxidation of IMP to xanthosine monophosphate and determines the
guanine nucleotide pool and consequently DNA replication and cell proliferation. It binds to
chromatin and represses transcription expression of histone genes and a transcription
factor important for DNA replication (240). Whereas IMPDH1 is expressed in normal
lymphocytes and leukocytes and in small cell lung cancer, IMPDH2 has been related to
chemoresistance, differentiation and has been described to be upregulated in proliferating
cells and in tumor tissues including CRC (239, 241-243). Other studies had reported
IMPDH2 upregulation in some CRC cell lines such as SW480, being capable of promoting
invasion, proliferation and tumorigenicity of CRC cells. It is associated with EMT transition,
more aggressive features and poor prognosis (242). Nevertheless, IMPDH2 have already
been described as a SOX2-interactor in brain tumors, and this information is available in

BIOGRID biomedical interaction repository (244).
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PARP1 (poly(ADP-ribose) polymerase 1), a nucleosome binding protein that is
responsible for a DNA damage response, recruits some repair factors and leads to the
activation of effector proteins. Importantly, it has been described as a SOX2 interactor in
human glioblastoma and in mouse ESCs, stabilizes and facilitates SOX2 binding to
nucleosomal sites in the chromatin suggesting that PARP1 functions as a cofactor in SOX-
mediated activity (107, 219, 236). This information is also available in BIOGRID biomedical

interaction repository.

S100A9, an element of S100 calcium binding proteins, has been described to be
overexpressed in some types of cancers and as being involved in chemotherapy resistance
(245, 246). Also, it has been described in colon CSCs to regulate mTORC1, a kinase that
is activated in some cancers (247). Other study in glioma cells concluded that a higher

expression of S100A9 was associated with tumorigenesis and CSCs (248).

HMGAZ1 (high mobility group AT-hook 1) protein, appeared around two times more
co-immunoprecipitated with SOX2 in SORE6+ than in SOREB6- cells, but the difference was
not statistically significant (P=0.106). This TF appeared already associated with SOX2
expression when we did the data mining analysis and its mMRNA expression was significantly
higher in SOREG6+ cells when compared to SOREG6- cells. To investigate if the HMGA1
protein had higher levels in SORE6+ cells, we performed an WB and, in fact, it has shown
to be expressed only in the SORE6+ cells subpopulation. Puca et al. have shown a key role
for HMGAL in colon CSCs self-renewal sphere-forming capacity (226). D’Angelo et al.
reported that HMGAL protein led to 5-FU chemoresistance in colon and thyroid cancer
(249). The high expression of HMGAL was associated to CRC progression, mainly through
the Wnt signaling pathway (199, 202, 250). HMGAL enhanced the reprogramming of
somatic cells in order to induce stem cells, when added to reprogramming TFs such as
SOX2, OCT4, c-MYC and KLF4 (196, 226, 251). Also, HMGAL1 expression was related with
the expression of OCT4, SOX2, KLF4 and NANOG, and induced SOX2 expression (196,
201). These studies are in line with our results and suggest the HMGAL crucial role in the
maintenance of a CSC phenotype, proposing HMGA1 as a powerful tumor marker and a
propitious target for CSCs eradication therapies and for the management and treatment of

numerous types of cancers, including CRC.

Overall, we conclude that SORE6-GFP reporter is capable of detecting cells
with a CSC phenotype in SW480 colon cancer cell line, since SORE6+ cells have more
resistance to 5-FU chemotherapeutic drug and are capable of forming a larger number of
colonospheres. Co-immunoprecipitation and mass spectrometry analysis, revealed
different proteins co-precipitating with SOX2 in SORE6+ and SOREG6- and these

56



observations can justify the different phenotypes observed, despite similar expression of
SOX2. However, further studies are necessary to elucidate the role of HMGAL in colorectal
CSCs reprogramming and SOX2 interaction and regulation, in this model. The same is true
for some other interesting proteins that were shown to differentially co-precipitate with SOX2

and are undoubtedly CSCs-related.
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Chapter 6 | Future perspectives
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This study has revealed some promising factors, but important validations and
additional work should be performed to support and clarify the data obtained. Our future
perspectives consist in validating all the data obtained in both real-time PCR and co-
immunoprecipitation, by Western Blot, as we did for HMGAL. Moreover, and because we
are truly convinced of the role of HMGAL in CSCs, we intend to overexpress/down-regulate
HMGA1L in SORE6-/SOREG6+, respectively and evaluate differences in CSC phenotype,
namely drug resistance and formation of colonospheres. We would very much like to
investigate the role of HMGA1 as a SOX2-cofactor and in SOX2 regulation, namely by using
luciferase reporter assays. The same analysis should be performed in other CRC cell lines
that present a higher expression of SOX2, in order to better understand its role in CSC

reprogramming.
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