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Abstract

The mucosa of our gastrointestinal tract forms a barrier that separates the gut
lumen from the surrounding tissues. Perturbation of the barrier function characterizes
inflammatory bowel diseases, which constitute a risk factor for colon cancer
development, because an inflammatory microenvironment is a tumor-promoting
condition that provides survival signals to which cancer cells respond with changes in
their gene expression. One key regulatory mechanism is alternative splicing. One
example is RAC1IB, a RACI alternative splicing variant, that the host laboratory
previously identified in a subset of BRAF-mutated colorectal tumors, and was found
increased in samples from inflammatory bowel disease or following experimentally-
induced acute colitis in a mouse model.

The main goal of this work was to generate co-culture models to understand
whether colorectal cancer cells respond to a pro-inflammatory microenvironment with
changes in alternative splicing of RACIB.

For this, culture conditions for polarized 2D and 3D models were established as
physiologically more relevant colon cell models. Caco-2 colorectal cancer cells were
grown as polarized cells on porous membranes and then co-cultured with stromal cells:
fibroblasts, monocytes and macrophages. RAC1B expression was analyzed in Caco-2 by
gRT-PCR, Western blot and confocal fluorescence microscopy. Co-culture experiments
revealed that the presence of fibroblasts and/or M1 macrophages induced a transient
increase in RACI1B protein levels in the colorectal cells, accompanied by a loss of
epithelial organization. Through the use of a human inflammation array, we were able to
identify three cytokines in co-culture media that associated with increased RAC1B: IL-
1B, IL-6 and IL-8. In addition, the analysis of cytokine-stimulated signaling pathways
allowed to identify the phosphorylation of ERK 1/2 and STAT3 as a major response to
the external signals.

Overall, our data present evidence that a pro-inflammatory environment triggers
an increase in RAC1B expression in colon epithelial cells. Since RAC1B was shown to
sustain tumor cell survival and promote escape form oncogene-induced senescence, the
data further strengthen the causal connection between inflammatory conditions and the

development of colorectal cancer, and may indicate RAC1B as a potential biomarker.

Keywords: Colorectal cancer, RACIB, Inflammatory microenvironment, Cytokines,
Signaling pathways
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Resumo

A mucosa do trato gastrointestinal ¢ responsavel pela formagdo de uma barreira
que separa o lumen intestinal dos tecidos circundantes. A perturbagdo da sua funcao de
barreira, caracteristica de doengas inflamatorias intestinais, constitui um fator de risco
para o desenvolvimento do cancro colo-rectal. A altera¢do da flora intestinal e a forte
presenca de células com um elevado indice proliferativo nas criptas intestinais, também
sdo aspetos que tornam a mucosa mais vulneravel a progressao tumoral.

Um microambiente inflamatério ¢ uma condi¢do promotora do desenvolvimento
tumoral, que fornece sinais de sobrevivéncia aos quais as células respondem com
alteragdes na sua expressao génica. Um dos mecanismos chave que permite as células
esta regulacdo € o splicing alternativo. Um exemplo desta alteracdo, em resposta ao
ambiente extracelular, ¢ a variante de splicing alternativo do gene RACI, RACI1B, que
foi anteriormente identificada no laboratério de acolhimento, como estando aumentada
num subtipo de tumores do colon, caracterizados pela presenca de mutacdo no gene
BRAF, designada por via serreada. Além disso, esta variante foi também encontrada
aumentada em amostras de pacientes com doenga inflamatoria do intestino e também
apds a indugdo experimental de colite aguda em modelos de ratinhos transgénicos.
Contudo, sabe-se que o aumento de RAC1B ndo esta associado com mutagdes no seu
gene, pelo que ainda ¢ fundamental compreender o que desencadeia o seu splicing
alternativo.

Posto isto, o principal objetivo deste trabalho foi desenvolver modelos de co-
cultura para estudar como as células do colon respondem a um microambiente pro-
inflamatorio, através da andlise do splicing alternativo de RAC1B.

O modelo celular Caco-2, que proveio de um adenocarcinoma de coélon humano,
foi o escolhido para satisfazer o proposito deste trabalho, pela sua capacidade de formar
uma camada epitelial com organizacdo polarizada quando exposto a condigdes
especificas de cultura. Sendo assim, estas células foram crescidas em filtros membranares
porosos, que permitem a diferenciagdo e polarizagao celular, avaliada pela monotorizagao
da resisténcia elétrica trans-epitelial e, em seguida, co-cultivadas com diferentes células
do estroma (fibroblastos, monocitos e macrofagos), mimetizando o microambiente
circundante do tumor. A expressdao de RACI1B nas células Caco-2 foi analisada por qRT-

PCR, Western blot e microscopia confocal de fluorescéncia. As células foram também



cultivadas em condi¢des de formar esferoides, num plano 3D, com a formacdo de um
limen interior.

Os resultados obtidos na co-cultura com células polarizadas revelaram que a
presenga de fibroblastos e/ou macréfagos M1 induzia um aumento transitorio dos niveis
de proteina RACIB nas células Caco-2, acompanhado pela perda progressiva da
organizacao epitelial obtida pela polarizacdo celular.

A comparacao dos resultados com outros modelos celulares nao-polarizados
permitiu perceber a importancia que estes modelos 2D e 3D polarizados tém no estudo
do cancro colorretal, nomeadamente como modelos fisiologicamente mais relevantes no
estudo da camada epitelial do intestino no contexto do cancro. Contudo, as culturas 3D
desenvolvidas em Matrigel, apesar da sua enorme relevancia, mostraram algumas
desvantagens técnicas, uma vez que sao de dificil manutencao e ndo permitem a analise
em separado dos diferentes tipos celulares que compdem as co-culturas.

Para determinar os sinais extracelulares provenientes das co-culturas, o seu meio
condicionado foi analisado usando um array de anticorpos de citocinas, que permitiu
identificar quatro citocinas com um possivel papel no aumento da expressao da proteina
RACI1B: GM-CSF, IL-1B, IL-6 e IL-8, todas estas citocinas associadas a quadros pro-
inflamatorios. A adi¢do individual destas citocinas purificadas as células Caco-2
polarizadas demonstrou que IL-18, IL-6 e IL-8 levam a um aumento de RACIB.
Enquanto que o bloqueio da citocina IL-6, por adi¢dao de anticorpos especificos, leva a
uma diminuicdo da quantidade de proteina RACIB nas células Caco-2, tanto quando
estdo em co-cultura com células do estroma, como em ensaios com a adi¢ao de citocina
purificada. Contudo, a adicdo de combinagdes de citocinas em simultdneo ndo mostrou
ter um papel aditivo no aumento de RAC1B.

Os resultados identificaram também uma relagdo da citocina MIP-2a com o
aumento de RACI1B, que apesar de ndo ser uma citocina presente no array, ja tinha sido
previamente descrita como estando associada & acumula¢do de RAC1B em modelos de
ratinhos transgénicos.

Por outro lado, a anélise de vias de sinalizagdo estimuladas pelas citocinas da co-
cultura, permitiu identificar a fosforilagdo de ERK 1/2 e STAT3 como tendo um papel
fundamental na resposta a estimulos externos pelas células Caco-2, fazendo a ponte entre
o microambiente préd-inflamatério e a maquinaria molecular que controla a variante
RACIB. A utilizagao de um inibidor da cinase MEK, que integra a via de sinalizagcdo

ERK 1/2 e que se encontra imediatamente a montante da ativagdo da cinase ERK, leva
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ndo s6 a uma diminui¢do da fosforilagdo de ERK, como a uma diminui¢do da expressao
de RACIB.

A analise do array de fosforilagdo permitiu ainda identificar outras alteragdes no
padrdo de fosforilagao de proteinas, na condicdo em que RACI1B se encontra aumentado,
que ainda requerem uma validagdo futura.

Por fim, a anélise de amostras parafinadas de pacientes com doenca inflamatoéria
do intestino, por qRT-PCR, permitiu correlacionar a sobre-expressao de RAC1B com a
progressao do estadio da doenga e a sua severidade. Por seu lado, as amostras controlo,
ou seja apenas de mucosa intestinal sem sinais de doenga, apresentaram uma expressao
de RACI1B normal. Todavia, este estudo teve acesso a um numero reduzido de amostras,
pelo que ¢é necessario aumentar a quantidade de amostras analisadas para consolidar a
associagao observada.

No geral, os nossos resultados sugerem que o ambiente pro-inflamatério presente
no intestino leva a um aumento da expressdao de RAC1B nas células epiteliais do colon.
Uma vez que, ja foi demonstrado que RACIB tem a capacidade de sustentar a
sobrevivéncia e promover a evasao a senescéncia que ¢ induzida por oncogenes, estes
dados fortalecem ainda mais a conexdo causal entre doengas inflamatorias e o
desenvolvimento de cancro colorretal, o que pode indicar RAC1B como um potencial
biomarcador ou como um novo alvo terapéutico no tratamento de tumores do colon do

subtipo da via serreada.

Palavras-chave: Cancro colorretal, RAC1B, Microambiente inflamatorio, Citocinas,

Vias de sinaliza¢do
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In the human body, the complex physiological processes need to be coordinated
at cellular level. Circulating cytokines, hormones, and growth factors control aspects such
as cell proliferation, differentiation, metabolism, angiogenesis, apoptosis, and
senescence. Cells respond to such signals from their environment through sensors at the
cell surface, receptor proteins that propagate their activation to intracellular proteins via
sequential protein kinase signaling, including in the nucleus, where transcription factors
become activated resulting in changes in gene expression and subsequent biological
response by the cell.

Tumor cells develop several well-defined features that cause dysregulation of
cellular signal transduction pathways, leading to increased cell proliferation, resistance to
apoptosis, metabolic changes, genetic instability, induction of angiogenesis and increased
migratory capacity. This dysregulation involves genetic mutations in the tumor cells but
also a complex interplay and exchange of signals with surrounding non-neoplastic cells

and the extracellular matrix (ECM), designated as the tumor microenvironment (TME).

1.1 Cancer

Cancer is the second leading cause of mortality worldwide and manifests as a
variety of tissue-specific diseases and this variability is a major challenge for its specific
diagnosis and treatment (Ferlay et al. 2019). In a general way, cancer is a disease of
uncontrolled proliferation whereby cells have escaped the normal growth control
mechanisms and gained the ability to divide indefinitely. It is a multi-step process that
requires the acquisition of mutations in key regulatory genes, which arise as a
consequence of genome damage. So, cancer is much more than a simple genetic disease
(Bertram 2001; Hassanpour and Dehghani 2017; Korgaonkar and Yadav 2019).

Hanahan and Weinberg (2000, 2011), proposed a classification of ten key aspects
of cancer pathophysiology, designated hallmarks of cancer, that incorporates eight
distinct functional capabilities and two enabling facilitators (see Figure 1.1): sustaining
proliferative signaling, evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, activating invasion and metastasis,
deregulating cellular energetics and metabolism, avoiding immune destruction, genome
instability and tumor-promoting immune cell infiltration (inflammation) (Hanahan and
Weinberg 2000, 2011).
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Figure 1.1 - The biological hallmarks of cancer. The scheme illustrates typical characteristics that manifest in
malignant disease - the hallmarks of cancer, comprising eight distinct and complementary functional capabilities and

two facilitators (in black italics) of their acquisition. Adapted from Hanahan and Weinberg, 2011.

In a simplified view of solid tumors, these alterations typically promote
progression from an initially benign group of proliferating cells (hyperplasia) to a mass
of cells with abnormal morphology, appearance and cellular organization. After a tumor
expands, the cells at the tumor core lose access to oxygen and nutrients, often inducing
the growth of new blood vessels (angiogenesis), which restore access to nutrients and
oxygen. Subsequently, tumor cells can develop the ability to invade by leaving the tissue
of origin, enter the circulation, and seed new tumors at other locations and different
organs (metastasis). However, this simplified view of solid tumors does not apply to all,
as there are tumors, such as diffuse type gastric cancer and some breast tumors, that
typically show an infiltrative and poorly cohesive appearance, due to loss of expression
of adhesion molecules, so at a very early stage in their development they start to
disseminate metastases (lyer et al. 2020).

Metastasis is the defining feature of malignancy and the principal cause of cancer
lethality (Kalluri 2016; Suhail et al. 2019).

Investigation of cancer biology has provided a prosperity of knowledge on cancer
initiation and propagation and has enabled the development of new and more specific

treatment strategies against cancer.
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1.2 Cancer cell signaling

Cancer is a disease in which cells have acquired the ability to divide and grow
uncontrollably, usually through genetic alterations in specific genes involved in signaling
pathways that control key processes associated with tumorigenesis and classified by the
above cancer hallmarks (Garraway and Lander 2013; Vogelstein et al. 2013). Cell
proliferation and differentiation are regulated by a number of hormones, growth factors
and cytokines. These molecules interact with cellular receptors and communicate with
the nucleus of the cell through a network of intracellular signaling pathways. The majority
of these molecules are protein kinases, although other signaling proteins are involved in
metabolic pathways, protein transport and protein degradation (Adjei and Hidalgo 2005).

In cancer cells, oncogenic mutations in the affected genes can originate their
overexpression or production of mutated proteins whose activity is dysregulated.
Alternatively, deletions and other mutations can inactivate critical negative regulators of
signaling that normally function as tumor suppressors. Definitely, one of the most
commonly mutated genes in cancer is the tumor suppressor p53 (Sever and Brugge 2015).

Signal transduction defines the precise series of molecular events that occur to
convert an external stimulus into a cellular response. Individual tumors typically have
multiple functional alterations affecting more than a single pathway.

There is considerable variation in the genes and pathways altered across different
tumor types and individual tumor samples; however, the most frequently affected proteins
and signaling pathways conferring tumor-promoting properties are growth factor receptor
tyrosine kinases (RTKs), for example the epidermal growth factor receptor (EGFR), small
GTPases (e.g., RAS), serine/threonine kinases [e.g., protein kinase B (AKT)],
cytoplasmic tyrosine kinases [e.g., proto-oncogene tyrosine-protein kinase Src (SRC)],
lipid kinases [e.g., phosphoinositide 3-kinases (PI3Ks)], as well as nuclear receptors (e.g.,
the estrogen receptor). Components of developmental signaling pathways, such as WNT,
Hedgehog and NOTCH can also be affected. Downstream nuclear targets of signaling
pathways such as transcription factors [e.g., MYC and nuclear factor-kappa B (NF-kB)]
or cell cycle effectors (e.g., cyclins) can also be disturbed (a simplified scheme of
pathways in Figure 1.2) (Vogelstein and Kinzler 2004; Sever and Brugge 2015; Sanchez-
Vega et al. 2018; Samadani et al. 2018; Harvey 2019).
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Figure 1.2 - Simplified scheme of intracellular signal transduction pathways often deregulated in cancer. Ligand
binds to the extracellular domain of membrane receptors, which are then phosphorylated, leading to activation of
cytoplasmic second messengers, which sequentially activate transcription factors in the nucleus (e.g., PI3K,
phosphoinositide-3-kinase; MEK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase, also
known as MAP kinase; BAD, pro-apoptotic protein of the Bcl-2 family; SRC; p70S6 kinase, 40S ribosomal protein S6
kinase; STAT, signal transducer and activator of transcription; AKT, RAC-alpha serine/threonine-protein kinase or

protein kinase B; mTOR, mammalian target of rapamycin (adapted from (Adjei and Hidalgo 2005).

The RAS pathway is the most common target for mutations in cancer. Overall, up
to 30% of all human tumors harbor mutations in the 3 canonical RAS genes [Kirsten rat
sarcoma viral oncogene homolog (KRAS), Harvey murine sarcoma virus oncogene
(HRAS) and neuroblastoma RAS viral oncogene homolog (NRAS)] (Forbes et al. 2010).
Remarkably, oncogenic KRAS mutations are being detected in 25-30% of all screened
solid tumor samples. Members of the RAS family are crucial for the connection between
signal-activated receptors and downstream effector pathways involving most cell
functions, such us cell cycle progression, cell growth and survival, migration, cytoskeletal

changes and senescence.
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In tumor cells, activation of mutated RAS can induce several intracellular
signaling pathways, including the RAF/MEK/ERK kinase cascade, the PI3K-AKT
pathway and the Rho-family GTPases (RHOA, RAC1, CDC42, ARF6) (Raftopoulou and
Hall 2004; Downward 2009).

The hyperactivation of RAS-ERK can lead to excessive proliferation in cells. One
important target of the RAS-ERK pathway is the transcription factor MYC, which is
phosphorylated by ERK. MYC stimulates cell proliferation by inducing numerous genes
that promote cell proliferation, including those encoding G1/S cyclins, CDKs and the
E2F-family transcription factors that drive the cell cycle (Duronio and Xiong 2013), and
same time by repressing expression of various cell cycle inhibitors (Sever and Brugge
2015). MYC pathway alterations are most common in breast and ovarian cancer (Schaub
et al. 2018).

Another example is aberrations in the PI3K pathway with activating events in
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) [less
commonly in phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta
(PIK3CB)] and inactivating events in phosphatase and tensin homolog (PTEN) or
phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1). PI3K activation is present in a
range of solid tumors and hematological cancers, such as head and neck cancer, breast
cancer, gastrointestinal, leukemia and gynecological tumors (Sanchez-Vega et al. 2018).
Aberrant activation of PI3K signaling contributes to most hallmarks of cancer, including
increased cell proliferation, metabolic changes, cell survival and motility. Moreover,
PI3K pathway promotes tumor metastasis via activation of matrix metalloproteinases
which degrade the ECM (Jiang and Liu 2009).

PI3K-AKT regulates cell growth during cell cycle progression by controlling
mammalian target of rapamycin complex 1 (mTORCI), which promotes increased
protein synthesis (Vara et al. 2004; Yang et al. 2019). AKT also phosphorylates the
glycogen synthase kinase 3 beta (GSK3), inhibiting its catalytic activity, that causes
stabilization of important cell cycle regulators, such us cyclin D and MYC.
Phosphorylation and consequent inhibition of GSK3 by AKT may, in certain contexts,
lead to stabilization and nuclear translocation of B-catenin and induction of (3-catenin
targets.

The strongest co-occurrence among pathways was found between alterations of
the PI3K and the nuclear factor erythroid 2-related factor (NRF2) pathways. Here, gain

of function mutations and amplifications of the NRF2 gene significantly co-occurred with
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PIK3CA amplification (Zimta et al. 2019). Another example of intersection of pathways
is the inactivation of tumor-suppressive Hippo pathway by RAS-ERK and PI3K-AKT
pathways. The Hippo pathway plays a critical role in regulating inhibition of proliferation
(Harvey and Hariharan 2012), and disruption of this pathway, which suppresses the
transcriptional co-activator yes-associated protein (YAP), is emerging as a key tumor
suppressor pathway in many cancers (Harvey et al. 2013; Lin ef al. 2018).

These abnormal signaling pathways, which are specific to neoplastic cells,
represent potential selective targets for new anticancer therapies, including ligands
(typically growth factors), cellular receptors, intracellular pathway components or second
messengers, and nuclear transcription factors (Adjei and Hidalgo 2005).

Genetic analysis of tumors revealed patterns of mutual exclusivity between
alterations affecting the same pathways indicating that once one occurred and is selected,
a second alteration will only happen if it provides a further selective advantage instead of
functional redundancy (Etemadmoghadam et al. 2013; Mina et al. 2017). Co-occurrence
of altered pathways in many tumor samples, on the other hand, indicate functional
synergies and, importantly, may reflect resistance to therapy when targeting only one

alteration (Nissan et al. 2014).

1.3 Colorectal cancer (CRC)

Worldwide, cancer of the colon and rectum corresponds to the fourth most
common incidence (behind lung, breast and prostate cancer) and the second cause of
cancer mortality in both sexes, while in Europe it reaches the second highest incidence,
according to the new global cancer data — GLOBOCAN 2018 (Ferlay et al. 2019).

Colorectal cancer accounts for approximately 10% of all annually diagnosed
cancers and cancer-related deaths worldwide (Dekker et al. 2019). CRC incidence
continues to rise especially in low and middle income countries (Jordan 2018).

The initial paradigmatic model for CRC tumorigenesis was based on the loss of
the tumor suppressor gene adenomatous polyposis coli (APC) and stepwise accumulation
of mutations in critical genes including KRAS, deleted in colorectal carcinoma (DCC) and
tumor protein p53 (TP53) (Fearon and Vogelstein 1990). However, subsequent
pathological or molecular analyses have discovered the existence of several CRC
subtypes instead of one uniform disease. First, sporadic CRC tumors were classified into

two main groups.
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One group (with approximately 70% of the cases) developed tumors mostly in the
distal colon, that appeared to follow an adenoma-carcinoma sequence involving somatic
mutations in the APC and TP53 tumor suppressor genes or in the oncogene KRAS. These
type of tumors usually exhibit chromosomal abnormalities (CIN), and derive from
adenomatous polyps (Jordan 2018).

The second major group of sporadic CRC included about 15% of patients and
occurred preferentially in the proximal colon, presenting a high rate of sequence
mutations, called the microsatellite instability phenotype (MSI), but a stable chromosome
number. This phenotype develops following the somatic silencing, by DNA methylation
of the promoter of the human mutL homolog 1 (MLH1) gene that encodes a protein
required for a functional DNA mismatch repair system. The majority of these tumors
derive from precursor polyps with a serrated morphology, called serrated adenoma, and
present activating mutations in the oncogene v-raf murine sarcoma viral oncogene
homolog B (BRAF) (Bettington et al. 2013; Matos and Jordan 2018).

Subsequent studies have shown further heterogeneity within these two groups of
tumors. For example, about 8% of sporadic cases have a mutation in BRAF but are not
MSI. Another 10% have mutation in KRAS but occur in the proximal colon and derive
from a type of serrated polyp called traditional serrated adenoma. In addition, many
adenomatous-derived polyps in the distal colon lead to carcinomas with CIN, but without
the presence of mutated KRAS (Jass 2007; Jordan 2018).

Morphological classification is sometimes difficult to achieve and contributes to
different frequency values for different types of CRC described in the literature. More
recently, a variety of studies based on whole-genome gene expression profiling were
published and resulted together in the definition of at least four consensus molecular
subgroups (CMS) for CRC: CMSI (MSI Immune), CMS2 (Canonical), CMS3
(Metabolic), and CMS4 (Mesenchymal) (Guinney et al. 2015). A resume of the most

relevant characteristics of each CMS is given in Table 1.1 (Jordan 2018).

Table 1.1 - Relevant characteristics of each consensus molecular subgroups (CMSs). Comparison of the
pathological, molecular and genomic features that distinguish the four CMS of colorectal tumors defined by gene
expression-based clustering. CIMP, CpG island methylator phenotype; -H, high; -L, low; MSI, microsatellite
instability; MSS, microsatellite stability; CIN, chromosomal instability (Jordan 2018).
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_ CcMS1 CMS2 CMS3 CMS4
14% 37%

13% 23%

proximal distal proximal or distal distal
Precursor polyp sessile serrated adenomatous SerTaac o adenomatous
adenomatous
DNA sequence
stability MSI MSS MSS or MSI MSS
DNA methylation CIMP-H no CIMP CIMP-L no CIMP
S stable CIN stable or CIN CIN

number

BRAF APC, TP53 KRAS

immune metabolic TGF-B,
T
m activation P deregulation mesenchymal

1.4 Serrated pathway in CRC

The tumors of this pathway display a typical morphology with a serrated folding
of the crypt epithelium that likely results from increased epithelial mass. They can form
in all segments of the colon, however, serrated carcinomas grow mostly in the proximal
colon (Snover 2011; Sanz-Garcia et al. 2017; De Palma et al. 2019).

There are three major molecular features that distinguish the serrated pathway:
mitogen-activated protein kinase (MAPK) pathway activation, CpG island methylator
phenotype (CIMP) and microsatellite instability (MSI).

Two early tumor-initiating events are mutations in either the KRAS or BRAF genes
that both stimulate proliferation downstream of the EGFR and along the same MAPK
pathway. These mutations revealed to be alternative genetic events (Sandmeier et al.
2009; Bettington et al. 2013; Matos et al. 2016).

Another tumor phenotype is genome-wide DNA hypermethylation at or around
the CpG islands present in the majority of human gene promoters, called CpG island
methylator phenotype.

Two distinct CIMP phenotypes have been recognized in the serrated pathway:
CIMP-high (CIMP-H) was defined by methylation in the majority of five selected CIMP
marker gene promoters and is a characteristic feature of sporadic tumors with BRAF
mutation and a high level of microsatellite instability (MSI-H). By contrast, a CIMP-low
(CIMP-L) phenotype shows methylation in only few markers and is associated with
KRAS mutation and either microsatellite stability (MSS) or low level of microsatellite
instability (MSI-L) status.
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Altogether, the serrated pathway is best characterized by the association between
the MAPK activation and CIMP phenotypes, where MAPK activation can be via gene
mutation in BRAF or KRAS and CIMP can be high or low, with patient prognosis varying
with these features (Matos et al., 2016; Matos and Jordan, 2018). The best prognosis is
observed in patients with tumors of the MSI-H- CIMP-H- mutant BRAF subtype and this
is attributed to the high infiltration with immune cells that are believed to recognize neo-
antigens resulting from the genome-wide mutational effect of the MSI-H phenotype
(Jordan 2018).

1.5 Colorectal cancer cell models

Epithelial tissues are composed of cell sheets with strong intercellular bonds to
form physical barriers that line the cavities of major organs (lung, skin, intestine, etc.)
and protect them from external physical, chemical, and microbial insults (Torras et al.
2018).

The entire intestinal epithelium is exposed to mechanical attrition and requires
constant renewal. The intestinal epithelium (scheme of Figure 1.3) is organized into
millions of crypt—villus units, where adult stem cells continuously generate replacement
cells at the crypt bottom, which first pass through a highly proliferative zone and then
differentiate on their way to the epithelium surface into enterocytes or colonocytes
(Gehart and Clevers 2019). The WNT pathway is tightly linked with stem cell
maintenance, differentiation and, upon deregulation, cancer in the intestinal epithelium.
WNT ligands bind to the Frizzled-LRP5-LRP6 receptor complex, which inhibits
continuous destruction of B-catenin by the cytoplasmic APC destruction complex. The
resulting accumulation of B-catenin leads to its translocation to the nucleus, where it binds
T cell factors (TCFs) and directly regulates gene expression (Nusse and Clevers 2017).

WNT signaling has emerged as a key effector in both normal intestinal stem cell
homeostasis and in disease (Czerwinski et al. 2018; Flanagan et al. 2018).

In the colon, this proliferative environment is susceptible to malignant
transformation and most of the available cell line models were derived from human tumor

samples.
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Figure 1.3 - Intestinal structure. The intestinal epithelium is organized into crypts and villi. One villus is surrounded
by multiple crypts. The crypt generates a continuous stream of new cells that differentiate and migrate upwards towards
the villus. Crypt base columnar (CBC) cells divide continuously, acting as intestinal stem cells and sit at position +1 to
+3 at the bottom of the crypt wedged between Paneth cells, which protect and nurture stem cells. The proliferation is
related with WNT signaling, whose gradient decreases along the crypt to villus. Above the stem cell zone, in the transit
amplifying zone, lineage-committed progenitor cells divide rapidly to fuel the rapid intestinal cell turnover. Fully
mature epithelial cells emerge from the crypt and move up towards the villus tip. Finally, cells undergo apoptosis close

to the villus tip and are rapidly replaced by advancing cells (adapted from Gehart and Clevers, 2019).

For many research applications, intestinal cells are cultivated as two-dimensional
(2D) flat monolayers on plastic surfaces. This allows rapid growth under relatively cost-
effective conditions, and the cells can be easily handled, manipulated or transfected, and
harvested for analysis. However, when grown on plastic surface, many of the functionally
important epithelial cell properties are not developed and may thus yield results of limited
physiological relevance. For example, the undifferentiated state of cells without tight
junctions that is observed in monolayer cell cultures does not exist in the tissue (Pereira
et al. 2016). In addition, the lack of signals contributed by other stroma cell types may
affect the morphological organization or response of intestinal cells (Dolznig et al. 2011)
or render sensitive tumor cell lines resistant to targeted drugs (Straussman et al. 2012;
Wilson et al. 2012).

A significant improvement in physiological relevance of the 2D cell models is
achieved upon their growth on microporous membrane inserts that allow free access of

ions and nutrients to either the apical or the basolateral sides of the cell monolayer. These
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conditions induce full cell polarization. This is a process requiring several days to weeks
and implies a striking functional separation between the apical and basolateral plasma
membrane domains. As a result, an apical domain (corresponding to the intestinal lumen)
generates a multitude of actin bundle-supported microvilli forming the morphological
structure known as brush border that confers massively increase in the apical cell surface
and guarantee the uptake of luminal nutrients through cell surface enzymes and transport
proteins. In addition, a basolateral membrane domain establishes cell-cell adhesion
complexes and ECM interactions, and exposes receptors to growth factors or hormones.
Cell polarization also implies differential sorting of proteins to each membrane domain,
including specific sets of ion channels, receptors, and solute transporters.

The experimental limitations and disadvantages of growing an epithelial cell
monolayer on filter membranes are first the long period required for establishment of a
fully polarized organization (10—14 days) before experiments can be performed. Second,
the required transwell filter inserts represent additional costs, and the cell number is
limited. These systems appear thus to reach an interface between 2D and three-
dimensional (3D) growth conditions.

3D cultures are nowadays frequently used for studying the biology of epithelial
tissues, since they better represent the 3D organization and functional properties of cells
within tissues (Shamir and Ewald 2014; Kawai et al. 2020), when compared to 2D
monolayer cells. There is no doubt that immortalized colorectal tumor cell lines grown in
2D culture have contributed tremendously to the knowledge about the molecular
pathways involved in malignant cell transformation, but they cannot represent adequate
model systems for complex tumor biology (Hickman et al. 2014) and drug development
(Hay et al. 2014). At the cellular level, 3D means that the cell is exposed to stimuli on all
sides and this factor influences the cell signaling. One example of this change is in the
cytoskeleton, because in a 3D environment, it is usually not uniform in shape and
composition and interferes with signaling gradients (Rubashkin et al. 2014).

Presently, there are several 3D culture methods, including the scaffold-free
platforms for spheroid growth and the scaffold-based models (hydrogels or solid
biomaterials) (Burdett et al. 2010; Achilli et al. 2012; Knight and Przyborski 2015;
Pereira et al. 2016).
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1.5.1. Caco-2 cells

Caco-2 cells are the most widely used cellular cancer model over the last 30 years.
Cells grow into a confluent culture and undergo differentiation with several
morphological and functional characteristics of small intestine enterocytes, although cells
were initially obtained from a human colorectal adenocarcinoma (Sambuy et al. 2005).
When grown on filter membranes, these cells have the ability to form a confluent cell
layer with a polarized organization, in particular, the sealing of the lateral intercellular
space through tight junctions (TJ) (Suzuki 2013). The integrity of the Caco-2 monolayer
can be measured as transepithelial electrical resistance (TEER) and is a useful tool in the
assessment of drug permeability, transport mechanism, and gene regulation of
transporters and enzymes (Sun et al. 2008).

Caco-2 cells also have the ability, under specific and favorable culture conditions,
to form polarized spheroids or cysts with a central lumen in a 3D context.

Caco-2 are well-characterized and show a MSS phenotype and harbor mutations
in the tumor-suppressing proteins APC, p53, and SMAD family member 4 (SMAD4) but
not in the oncogenes KRAS, BRAF, or PIK3CA (Bosscher and Hill 2004; Forbes et al.
2010; Ahmed et al. 2013; Pereira et al. 2016)

The parental Caco-2 cell line has revealed some morphological heterogeneity and
a mosaic expression pattern of intestinal marker enzymes during the cellular
differentiation process. Alternatively, a proportion of the cells may retain stem-cell like
properties or phenotypic plasticity and diverge in their features during differentiation.
Interestingly, Caco-2 cells cultured under continuous flow conditions can form a crypt-
villus organization and also differentiate into other cell types, such as goblet and

enteroendocrine cells (Kim and Ingber 2013; Sakharov et al. 2019).

1.5.2.  Other cell line models

HT29 is a colorectal adenocarcinoma cell line with epithelial morphology but does
not form a fully differentiated cell layer. They contain a small proportion of goblet cells
with mucin secretion and carry a mutation in the BRAF oncogene. One useful selected
clone, designated HT29-MTX, displays the properties of mucus-secreting goblet cells,
the second major cell type of the intestinal epithelium. Consequently, for many research

purposes the co-culture of Caco-2/HT29-MTX is used as a model that mimics the human
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intestinal epithelium better than the simple Caco-2 monolayers (Chen et al. 2010), for
example, the study of the mucus role in the transport of drugs through the intestinal tract
(Béduneau et al. 2014; Lozoya-Agullo et al. 2017) or the effect of food-borne
nanomaterial additives on the epithelium (Verhoeckx et al. 2015).

SW480 are colorectal adenocarcinoma cells with more mesenchymal phenotype
and a high proliferation rate, which do not form a polarized monolayer. They are mostly
used for research on WNT-related oncogenic signaling pathways or assays validating
anti-cancer drugs with nanomaterials (Freeman et al. 2012; Abbott Chalew and Schwab
2013; Hirsch et al. 2014; Elimrani et al. 2015; Buhrmann et al. 2015; Matsuda et al.
2016).

T84 cells were derived from a lung metastasis of a colon carcinoma and can
spontaneously differentiate in culture forming apical microvilli and tight junctions (Lee
et al. 2006; Hurley et al. 2016).

Properties and main applications of some cell lines are summarized in Table 1.2,
but there are many other colon cancer-derived cell lines that serve as models for specific
genetic alterations found in CRC and are grown as standard monolayer cultures (Ahmed
et al. 2013; Mouradov et al. 2014; Pereira et al. 2016).

Table 1.2 - Summary of properties of the some of the most commonly used colorectal-derived cell lines (adapted
from Pereira et al., 2016).

Cell line gl;/(laﬁéasted Origin Main characteristics Main applications
Functional characteristics Ekl)ectrophysmdlogyl;q
of small intestine absorptive and pathogen-
APC, TP53, Colorectal ) defensive properties of
Caco-2 . enterocytes; can . . D
SMADA4 adenocarcinoma differentiate into a the intestinal barrier;
. innate immune response;
polarized monolayer -
drug resistance
Do not form polarized Research on WNT and
APC, TP53, Duke’s type B monolaver: hFiJ h other oncogenic signaling
SW480 KRAS, colorectal 0’ayer, nig . pathways; drug
. proliferation rate; more .  trsini
PIK3CA adenocarcinoma resistance; toxicity of
mesenchymal phenotype :
nanoparticles
Differentiate into a
polarized monolayer; Electrophysiology;
Tsa APC, KRAS, Lung metastasis mixed differentiation into pathogen- epithelium
PIK3CA of colon carcinoma  both, chloride-secreting interactions; barrier

enterocytes and mucin-
secreting goblet- like cells

function
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KRAS,

Cancer research; study of

DLD-1 PIK3CA, Colorectal_ Epithelial characteristics polar solvents on cell
adenocarcinoma L
TP53 characteristics
Goblet-like cells with
CTNNBL Duke’s type B secretion of mucins Mucin expression studies;
LS174T ’ colorectal MUC2, MUC5A/C and cancer research; drug
KRAS . ' .
adenocarcinoma MUCS; do not form resistance
polarized monolayer
APC, TP53,  Colorectal Epithelial morpholqu; Absor_ptlon, tr_ansport, and
HT29 BRAF adenocarcinoma grow as a nonpolarized, secretion studies; drug
undifferentiated multilayer  resistance
Display mucus producing
goblet-cell properties; do
not form polarized Effect of food-borne
monolayer; HT29-MTX nanomaterial additives on
HT29- APC, TP53, g?fg;ﬁgi:rté%%nrga co-cultured with Caco-2 the epithelium;
MTX BRAF . generate a confluent cell bioavailability of drugs in
derived HT29 cells )
layer model covered by a the presence of mucus;
protective mucus layer at drug resistance
the expense of reduced
barrier function
Metabolic characteristics
Cytogenetic l ?f norlmal Imgcosa, with Interaction with microbial
changes; lack Immortalized ow glycolytic rate and pathogens; control cells
NCM460 ’ normal pentose phosphate > .
CDKN2A . . for studying oncogenic
. colonocytes synthesis but high Lo
expression signaling pathways

tricarboxylic acid cycle
activity

1.6 Tumor microenvironment (TME)

In healthy tissue, the supporting connective tissue or stroma functions as an

important barrier against tumorigenesis; however, the presence of transformed tumor

cells initiates crucial changes that can convert this microenvironment into one that

supports cancer progression.

Interactions between malignant and non-transformed cells define the TME and

are nowadays recognized as being of vital importance in the tumorigenic process.

Intercellular communication is driven by a complex and dynamic network of cytokines,

chemokines, growth factors, and inflammatory and matrix remodeling enzymes, which

all respond to perturbations to the physical and chemical properties of the tissue (Balkwill

et al. 2012). Cells within the TME are highly plastic, continuously changing their

phenotypic and functional characteristics (Greten and Grivennikov 2019).
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Besides these soluble factors, TME consists of ECM as well as cellular players,
such as fibroblasts and cancer-associated fibroblasts (CAFs), neuroendocrine cells,
adipose cells, immune-inflammatory cells such as myeloid-derived suppressor cells
(MDSCs), mast cells, monocytes, neutrophils, CD8" and CD4" T cells, dendritic cells
(DCs), natural killer (NK) cells and tumor-associated macrophages (TAMs), and the
blood vessel with their endothelial cells (ECs) and a lymphatic vascular networks. This
TME can provide a complex functional support to potentiate cancer progression and
metastasis (Li, Fan ef al. 2007; Chen et al. 2015; Wang et al. 2017). Cancer arises from
mutations accumulating within cancer cells, but both disease progression and responses
to therapy are strongly modulated by surrounding non-transformed cells of TME (Figure
1.4) (Balkwill et al. 2012).

Indeed, over the past decade, solid tumors have increasingly been recognized as
organs that consist not only of cancer cells but also a variety of morphologically distinct
cells. In a simplified way, these TME components can be classified into three main
groups: cells of haematopoietic origin, cells of mesenchymal origin and non-cellular

components (Pattabiraman and Weinberg 2014).

Figure 1.4 - A schematic and simplified view of the tumor microenvironment. The tumor microenvironment
consists of complex cellular and molecular constituents. The cellular constituents consist of immune cells of
hematopoietic origin and stromal cells of non-hematopoietic origin. The immune cell compartment comprises tumor-
infiltrating lymphocytes of T, B, and natural killer cells and tumor-associated myeloid populations of dendritic cells
and macrophages. The stromal compartment consists of cancer-associated fibroblasts and endothelial cells of the

lymphatic and blood vasculature.
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1.6.1. Cancer cells

Cancer cells are at the basis of the disease: they initiate tumor formation and drive
tumor progression forward, carrying the oncogenic and tumor suppressor mutations that
define cancer as a genetic disease. Traditionally, the cancer cells within tumors have been
portrayed as cell populations of clonal origin, but in the course of tumor progression,
hyperproliferation combined with increased genetic instability spawn distinct clonal
subpopulations (Melo et al. 2013). Reflecting such clonal heterogeneity, many human
tumors are histopathologically diverse, containing regions demarcated by various degrees
of differentiation, proliferation, vascularity, inflammation and invasiveness. Tumor
heterogeneity may be responsible for tumor progression, metastasis, resistance to therapy,
and relapse (Almendro et al. 2013; Melo et al. 2013).

In recent years, the evidence was emerging of the existence of a new dimension
of intratumor heterogeneity and a hitherto-unappreciated subclass of neoplastic cells
within tumors, termed cancer stem cells (CSCs). CSCs share similar properties with
normal stem cells, including the ability to self-renew and differentiation that give rise to
heterogeneous, differentiated cancer cells making up the bulk of the tumor. Due to this
similarity, CSCs are commonly characterized by the expression of surface markers
associated with stem cells, such as CD133, CD44, CD90 (Beck and Blanpain 2013).

CSCs reside in particular TME niches that play an important role in regulating
their proliferation, renewal, differentiation, and stemness. CSC regulation by their niche
operates through cell-cell interaction, secreted factors, cell-matrix interaction, and the
biophysical properties of the niche, such as hypoxia. CSCs may also be inherently
resistant to medical therapy and contribute to tumor relapse (Clevers 2011; Marjanovic
et al. 2013; Nassar and Blanpain 2016).

1.6.2.  Cells of mesenchymal origin
1.6.2.1 Cancer-associated fibroblasts (CAFs)

Fibroblasts are non-epithelial, non-immune cells with a likely mesenchymal
lineage origin, and are part of the diverse connective tissue components (Tarin and Croft
1970; Desmouliere ef al. 2014). Fibroblasts in normal tissues are generally single cells
present in the interstitial space or occasionally near a capillary, without any association

with a basement membrane but embedded within fibrillar ECM of the interstitium.
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Without question, fibroblasts are the most versatile and extensively studied cells in vitro
owing to their ease of isolation and culture. Tissue-resident fibroblasts are usually
quiescent and become activated in a wound healing response, regulating the proliferation
and differentiation of epithelial tissues (Kalluri 2016).

After activation by the presence of tumor cells, fibroblasts are known as CAFs or
myofibroblasts. These cells have a significant impact on cancer progression through
synthesis and remodeling of the ECM and direct stimulation of cancer cell proliferation
via the secretion of growth factors, recruitment of inflammatory cells, induction of
angiogenesis and immune suppressive cytokines. CAFS also influence mesenchymal-
epithelial cell interactions, tumor mechanics, drug access and therapy responses (Kalluri
and Zeisberg 2006; Kalluri 2016; Wang ef al. 2017; Sahai et al. 2020).

CAFs can derive from multiple resident precursors, such as ECs, smooth muscle
cells and myoepithelial cells, or mesenchymal stem cells (Balkwill et al. 2012). It has
been postulated that about 40% of CAFs are formed from endothelial cells (Kalluri and
Zeisberg 2006).

Targeting CAFs, by altering their numbers, subtype or functionality, is being
explored as an avenue to improve cancer therapies. However, research in this area faces
numerous challenges because CAFs can have both pro-tumorigenic and anti-tumorigenic
effects (Sahai et al. 2020). Various studies suggest that under certain stimuli, CAFs can
acquire a pro-inflammatory signature characterized by the expression of
immunomodulatory molecules [e.g., transforming growth factor beta (TGF-B) or
programmed death ligand 1/2 (PD-L1/L2)], as well as chemokines that promote
recruitment of immunosuppressive myeloid cells (Bhowmick 2004; Giraldo ef al. 2019).

Many patient studies have documented how either CAF number or CAF function
is linked to outcome (Calon et al. 2015; Franco-Barraza ef al. 2017), and thus being able
to target CAFs would represent an appealing addition to the suite of anticancer therapies.
Further targeting mechanisms, such as TGF-f signaling, that activate CAFs or emanate
from CAFs to modulate the tumor phenotype are being intensively explored in CRC
(Tauriello et al. 2018). More recently, there has been a growing appreciation of the ability

of CAFs to modulate the immune response.
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1.6.2.2 Endothelial cells (ECs)

The vascular endothelium is a versatile structure that separates the circulating
blood from tissues. Moreover, apart from regulation and maintenance of blood fluidity, it
plays multifunctional roles in the delivery of water and nutrients, maintenance of
metabolic homeostasis, trafficking of immune cells, activation of innate and acquired
immune responses, as well as angiogenesis (Hida et al. 2018; Birbrair 2020).

In the initial stage, in order to survive and proliferate, tumor cells take oxygen and
nutrients by diffusion. The environment in which it develops undergoes hypoxia and
acidification as a result of excess metabolic products. When tumor volume exceeds 1-2
mm?>, the tumor must become angiogenic and recruit their vasculature to grow. Cancer
cells, together with host/niche cells, stimulate the development of new blood vessels,
using various mechanisms of tumor angiogenesis (Dome et al. 2007), which are targeted
by many new cancer therapies since solid tumors require blood vessels for growth.

Tumor cells play a crucial role in initiation and regulation of cancer angiogenesis
(Birbrair 2020), since blood vessels are formed by ECs recruited from the surrounding
tissue as tumor endothelial cells (TECs). Many soluble factors present in the TME, such
as vascular endothelial growth factors (VEGFs), fibroblast growth factors (FGFs),
platelet-derived growth factors (PDGFs) and chemokines stimulate ECs and their
associated pericytes during the neovascularization that is needed for cancer growth.
Hypoxia-inducible factor-1 alpha (HIF-1a) is the main factor that initiates sprouting.
When a quiescent blood vessel senses an angiogenic signal from malignant or
inflammatory cells, or owing to hypoxic conditions in the TME, new vessels sprout from
the existing vasculature (Carmeliet and Jain 2011). The tumor vasculature, in contrast to
well-differentiated normal vessels, is abnormal in almost every aspect of its structure and

function (Jain 2005).

1.6.3.  Cells of hematopoietic origin
1.6.3.1 Tumor-associated macrophages (TAMS)
Macrophages are tissue sentinels that maintain tissue integrity by
eliminating/repairing damaged cells and matrices (Italiani and Boraschi 2014).

Despite the initial hypothesis that macrophages are involved in antitumor

immunity, there is now abundant evidence from human and experimental mouse cancer
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models that their activities in the majority of cases are pro-tumorigenic and enhance
tumor progression to malignancy (Qian and Pollard 2010; Balkwill et al. 2012).

The tumor promoting functions of macrophages at the primary site include
supporting tumor-associated angiogenesis, promotion of tumor cell invasion, migration
and intravasation, as well as suppression of antitumor immune responses. Excellent
examples of these functions are displayed by the macrophage-derived osteoclasts that
remodel bone for metastatic cell colonization and for macrophages in mammary tumor
development (Lin et al. 2001).

There is pre-clinical and clinical evidence that an abundance of TAMs in the TME
is associated with poor prognosis for breast cancer (Leek et al. 1996; Volodko et al. 1998;
Lee et al. 2006) and for lung cancer (Koukourakis et al. 1998). Additionally, gene array
studies in follicular lymphoma demonstrate that the expression of genes that are
associated with a strong ‘macrophage’ signature confer a poor prognosis, independent of
other clinical variables (Dave et al. 2004; Balkwill et al. 2012). However there are
examples of TAMs correlated with good prognosis in cancer (Bingle et al. 2002).

In the literature, there are several terms and definitions to describe the macrophage
activation and polarization. One of the most used nomenclatures, introduced in 2000,
divides macrophages in M1 and M2 (Mills et al. 2000). M1 or classical macrophages,
activated with lipopolysaccharide (LPS) and/or interferon gamma (INF-y), have a pro-
inflammatory phenotype with pathogen-killing abilities, whereas M2 or alternative
macrophages, activated with interleukin (IL)-4, promote cell proliferation and tissue
repair and can also promote tumor growth (Orecchioni ef al. 2019). In this linear view of
classification, M1 macrophages represent one extreme and M2 macrophages represent
the other (Mosser and Edwards 2008). However, the M2 designation has rapidly
expanded to include essentially all other types of macrophages, with dramatic differences
in their biochemistry and physiology, arising the class of regulatory macrophages.
Nevertheless, currently the definition of macrophage populations continues to be defined
by the different expression of marker proteins (Edwards et al. 2006; Részer 2015).

The role of macrophages in cancer has been controversial and many aspects
remain unresolved, so macrophages can have opposing roles depending on their
phenotype (Klimp et al. 2002).

While classically activated macrophages would act anti-tumorigenic in later tumor
stages, they have the potential to contribute to the earliest stages of neoplasia (Swann et

al. 2008), primarily because the free radicals that they produce can lead to DNA damage
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and cause mutations in surrounding cells that can promote transformation. However, as
tumors progress and grow, the TME markedly influences TAMs. These macrophages
change their physiology and take on a phenotype that is more closely to regulatory
macrophages of M2-class.

Many observations indicate that TAM express several M2-associated pro-tumoral
functions, including promotion of angiogenesis, matrix remodeling and suppression of
adaptive immunity. The pro-tumoral role of TAM in cancer is further supported by
clinical studies that found long-term use of non-steroidal anti-inflammatory drugs reduces

the risk of several cancers (Mantovani et al. 2006).

1.6.3.2 T lymphocytes

There are many different T cell populations within the TME that infiltrate the
tumor areas at the invasive tumor margin and in draining lymphoid organs. Cytotoxic
CD8" memory T cells, which are normally antigen ‘experienced’ and capable of killing
tumor cells, and CD4" T helper 1 cells, which are characterized by the production of the
cytokines IL-2 and IFN-y, are strongly associated with a good prognosis in a lot of cancer
types, such as: melanoma (Clark et al. 1989; Mackensen et al. 1993; Clemente et al.
1996), breast cancer (Marrogi et al. 1997; Teschendorff et al. 2010; Mahmoud et al. 2011,
Fridman et al. 2012), colorectal cancer (Jass 1986; Baier et al. 1998; Galon et al. 2006;
Camus et al. 2009; Pages et al. 2009; Mlecnik et al. 2011; Dahlin et al. 2011), lung
carcinoma (Ito ef al. 2005; Kawai et al. 2008; Dieu-Nosjean et al. 2008) and renal cancer
(Nakano et al. 2001). In these last two types there is also contradictory evidence
associating the presence of the CD8" lymphocytes with a poor prognosis (Nakano ef al.
2001; Wakabayashi et al. 2003).

Another type of T cells, such as TH2 or TH17 and immunosuppressive regulatory
T cell (Treg) are generally thought to promote tumor growth and correlate with worse
prognosis in many types of cancer (Curiel et al. 2004; Hiraoka et al. 2006; Bates et al.
2006). Tregs can also be tumor suppressive, their presence in Hodgkin’s lymphoma
correlates with a good prognosis, presumably through a direct suppression of tumor cell
growth (Tzankov et al. 2008; Koreishi et al. 2010).

Regulatory pathways that limit the immune response to cancer are becoming
increasingly well characterized and targets for immunotherapy. One good example is

Cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4), which is an immune
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checkpoint molecule that down-regulates pathways of T-cell activation (Junttila and de
Sauvage 2013). CTLA-4 directed immunotherapy is used in a range of solid tumors, such
as melanoma (Hodi et al. 2010). Another example is programmed cell death protein 1
(PD-1) and PD-LI, since these proteins play a key role in physiological immune
homeostasis. PD-1 signaling negatively regulates T cell-mediated immune responses and
serves as a mechanism for tumors to evade an antigen-specific T cell immunologic
response, so that cancer cells evade the immune system. The development and application
of immune checkpoint inhibitors that block PD-1/PD-L1 interaction result in very durable
responses and prolong survival in patients with a wide range of cancers. There are a lot
of different Food and Drug Administration (FDA) approved drugs for this
immunotherapy (Akinleye and Rasool 2019).

1.6.3.3 B lymphocytes

B cells can be found at the invasive margin of tumors, but are more common in
lymphoid structures adjacent to the TME and are associated with good prognosis in some
breast and ovarian cancers (Coronella ef al. 2001; Milne et al. 2009); however, in mouse
models, in which B cells inhibit tumor-specific cytotoxic T cell responses (Qin et al.
1998), the role of B cells is tumor-promoting (Visser et al. 2005; Andreu et al. 2010).

B lymphocytes affect other immune cells in the surrounding lymphoid tissue
(Schioppa et al. 2011), as well as modulate the activity of myeloid cells (Andreu et al.
2010).

1.6.3.4 Other immune cells

NK cells and natural killer T (NKT) cells (which share the characteristics of both
T and natural killer cells) also infiltrate the tumor stroma, but are not found in contact
with tumor cells. For many cancers, such as colorectal, gastric, lung, renal and liver, they
appear to predict a good prognosis (Cui et al. 1997; Kawano et al. 1999; Smyth et al.
2000; Terabe et al. 2000; Tachibana 2005).

DCs have important functions in antigen processing and presentation. The DCs
that are found in the TME are thought to be defective, that is, they cannot adequately

stimulate an immune response to tumor-associated antigens, maybe due to the hypoxic
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and inflammatory conditions in the TME that inhibit their activation (Meredith et al.
2012).

The immune cell populations infiltrating human tumors are highly complex and
due to their synergistic or opposing effects it is difficult to predict their activity. They
may influence tumors differently depending on their histological and molecular type,
their stage, the microenvironment of the organ in which they grow, or the nature of the

primary tumor or its metastases (Junttila and de Sauvage 2013).

1.6.4.  Non-cellular components
1.6.4.1 The extracellular matrix (ECM)

The ECM provides structure and support for the cellular components in the
extracellular space of tissues and organs, but also contains cell-secreted growth factors
that can be released during remodeling and contribute to paracrine cellular signaling. The
ECM is comprised of highly organized interactions of fibrous molecules, proteoglycans,
glycoproteins, glycosaminoglycans, and other macromolecules. It is a dynamic structure
that is constantly remodeled by cells to control tissue homeostasis and is composed of
around 300 proteins, in mammals (Bonnans et al. 2014; Valkenburg et al. 2018).

Although long viewed as a stable structure that plays a mainly supportive role in
maintaining tissue morphology, the ECM is an essential part of the milieu of a cell that is
surprisingly dynamic and versatile, and influences fundamental key aspects of cell
biology (Hynes 2009). ECM composition ranges from soft and compliant to stiff and rigid
and determine how a cell senses and perceives external forces (Paszek et al. 2005; Lopez
et al. 2008; Gehler et al. 2009) and thus provides a major environmental cue that
determines cell comportment and contributes to development and disease (Lu ez al. 2012).

Components of the ECM constantly interact with epithelial cells by serving as
ligands for cell receptors such as integrins or growth factors, thereby transmitting signals
that regulate adhesion, migration, proliferation, apoptosis, survival or differentiation.
Disruption to such control mechanisms deregulates and disorganizes the ECM, leading to
abnormal behaviors of cells residing in the niche and ultimately failure of organ
homeostasis and function (Lu ef al. 2012). Indeed, abnormal ECM dynamics are one of
the most ostensible clinical outcomes in diseases, such as fibrosis and cancer (Cox and

Erler 2011) and are considered a hallmark of cancer (Lu et al. 2012).
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Tumor-derived ECM is biochemically distinct in its composition compared with
normal ECM. Furthermore, reports have demonstrated that the tumor stroma is typically
stiffer than normal stroma, for example in breast cancer (Kass ef al. 2007; Levental et al.
2009). Consistent with these changes, expression of many ECM remodeling enzymes is
often deregulated in human cancers, for example: heparanases, sulfatases, cysteine
cathepsins, urokinases and many matrix metalloproteinases (MMPs) are frequently
overexpressed in different cancers (Ilan et al. 2006; Kessenbrock et al. 2010).

In addition, there is evidence that ECM is involved in angiogenesis and metastasis
(Lu et al. 2012), and growing evidence suggests that the ECM is an essential non-cellular
component of the adult stem cell niche. For example, ECM receptors allow stem cells to
anchor to the special local niche environment where stem cell properties can be
maintained. Such an anchorage physically constrains stem cells to make direct contact
with niche cells, which produce paracrine signaling molecules that are essential for
maintaining stem cell properties (Li and Xie 2005). Moreover, anchorage allows stem
cells to maintain cell polarity, orient their mitotic spindles, and undergo asymmetric cell

division (Lu et al. 2012).

1.7 Inflammation and tumor development

Under normal conditions, acute inflammation is a desirable, strictly regulated
response to infection and tissue damage. Normal inflammation is usually associated with
tissue healing processes and self-limiting because the production of pro-inflammatory
cytokines is followed by the production of anti-inflammatory cytokines. The
dysregulation of this controlled process can lead to pathogenesis, as is the case with
neoplastic transformation (Chen et al. 2015; Wang et al. 2017).

A persistent or chronic inflammatory environment is considered today to be a risk
factor for cancer development because cells infiltrating the TME provide tumor-
supporting molecules such as cytokines and growth factors, cell survival signals,
angiogenic factors and other carcinogenesis mediators (Hanahan and Weinberg 2011;
Landskron et al. 2014). Numerous studies provide evidence that chronic inflammation
increases the risk of cancer, promotes tumor progression, and supports metastatic spread
(Kawanishi et al. 2006; Mantovani et al. 2008; Feagins et al. 2009; Aggarwal and Gehlot
2009; Murata et al. 2012).
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Chronic inflammation is linked to cancer development in a number of organs.
Around 15%-20% of all cancer cases are preceded by infection, chronic inflammation,
or auto-immunity at the same tissue or organ site (Mantovani et al. 2008; Grivennikov et
al. 2010).

Patients with inflammatory bowel diseases (IBDs), such as ulcerative colitis and
Crohn’s diseases, stimulated by both genetic and environmental factors are at increased
risk of developing colorectal cancer (Eaden et al. 2001; Rutter et al. 2004; Canavan et al.
2006; Jess et al. 2006; Fakhoury et al. 2014). A number of other examples are: purely
environmental-related inflammation caused by asbestos, smoking, and silica-associated
with lung cancer (Vainio and Boffetta 1994), chronic gastritis caused by bacteria such as
Helicobacter pylori associated with gastric cancer (Yoshida et al. 2014), Escherichia coli
infection of the prostate correlated with prostate cancer (Krieger et al. 2000), a viral
infection with hepatitis virus B/C associated with hepatocellular carcinoma (El-Serag
2012), or human papilloma virus linked with many different cancers, such as cervical and
anogenital cancers, head and neck squamous cell carcinoma, esophageal carcinoma, and
even ophthalmologic and breast cancers (Voronov et al. 2003; Cohen 2017; Araldi ef al.
2018), Barrett’s esophagitis associated with esophageal cancer (Lekakos et al. 2011),
liver fluke and primary sclerosing cholangitis correlated with cholangiocarcinoma
(Zabron et al. 2013), UV irradiation-associated skin inflammation related with melanoma
(Singh et al. 1995), endometriosis linked with endometrial carcinoma (Bats et al. 2008),
and gall bladder stone-associated chronic cholecystitis associated with gall bladder
carcinoma (Fox et al. 1998; Levin 1999).

One mechanism whereby inflammation may contribute to the development of
cancer is through the production of reactive oxygen and nitrogen species that can cause
oxidative damage to DNA, proteins, and lipids. Cancer-related inflammation (CRI)
requires the presence and activation of inflammatory cells such as macrophages and
granulocytes in the tumor microenvironment, formation of inflammatory mediators by
tumor and stromal cells, tumor remodeling, and angiogenesis (Kundu and Surh 2008;
Colotta et al. 2009). Some cytokines, together with different chemokines and growth
factors, are thought to contribute to CRI by altering the adaptive immunity, responses to
hormones, angiogenesis, tumor growth and progression, invasion and metastasis.

In the panoply of molecular players involved in cancer-related inflammation, one
can identify prime drivers, which include transcription factors such as NF-xB and signal

transducer and activator of transcription 3 (STAT3) and primary inflammatory cytokines,
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such as interleukin 1 beta (IL-1p), IL-6 and tumor necrosis factor alpha (TNF-a) (Colotta
et al. 2009).

A number of studies provided unequivocal evidence that NF-kB is involved in
tumor initiation and progression in tissues in which CRI typically occurs, such as the
gastrointestinal tract and the liver (Greten et al. 2004; Maeda et al. 2005). Specific
inactivation of NF-kB in tumor-infiltrating leukocytes, by a strategy targeting the
inhibitor of nuclear factor kappa-B kinase subunit beta (IKKp), inhibited colitis-
associated cancer, thus providing unequivocal genetic evidence for the role of NF-kB and
inflammatory cells in intestinal carcinogenesis (Greten ef al. 2004). Meylan et al.
demonstrated that inhibition of the NF-xB pathway in lung tumors resulted in
significantly reduced tumor growth (Meylan et al. 2009).

IL-1 family is one of the prominent tumorigenic inflammatory cytokines, and
novel IL-1 blockers have been developed for cancer therapy (Litmanovich et al. 2018).
Elevated levels of IL-1 have been identified in several human tumor entities such as
melanoma, head and neck, colon, lung, and breast cancer (Chen et al. 1999; Gemma et
al. 2001; Elaraj 2006). Overall, patients harboring IL-1-positive tumors have markedly
worse prognoses (Lewis et al. 2006). IL-1 induces expression of metastatic genes such as
MMP and stimulates nearby cells to produce angiogenic proteins and growth factors such
as VEGF, interleukin 8 (IL-8), IL-6, TNF-a and TGF-f (Barille and Harousseau 1997,
Akagi et al. 1999; Konishi et al. 2005). Also, Voronov and colleagues (2003) have
determined the necessity of IL-1 in tumor growth, metastasis and angiogenesis.

A major effector molecule of NF-xB activation and also linked to STAT3
signaling is IL-6, a multifunctional cytokine with growth-promoting and anti-apoptotic
activity in intestinal context (Bollrath ez al. 2009). The link between IL-6 and cancer was
described in multiple myeloma (Annunziata et al. 2007; Keats et al. 2008) and in liver
carcinogenesis (Naugler ef al. 2007).

Associated with an inflammatory TME are also bacterial extracellular vesicles
(BEVs). With recent technology, their potential involvement in carcinogenesis has been
proposed as new future research area. Indeed, microbial dysbiosis is one of major
contributing factor in oncogenesis and tumor progression for a number of gastro-
intestinal-tract-related malignancies, including gastric, colorectal, liver, and pancreatic
cancer, and might even influence the treatment response to chemotherapy and

immunotherapy (Peek and Blaser 2002; Mima ef al. 2016; Gopalakrishnan et al. 2018;
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Riquelme et al. 2019; Aykut et al. 2019). There are already some studies, such as the
work of Poore and colaborators, that exposed the possibility of using microbial-based
liquid biopsies for early detection of certain cancers (Poore et al. 2020). This potential
microbiome-based oncology diagnostic tool warrants further exploration (Chronopoulos
and Kalluri 2020).

The growing understanding of the complex interplay between the tumor and the
TME has emphasized the impact of an inflammatory microenvironment in cancer
development (Gupta et al. 2008; Feagins et al. 2009).

1.8 Alternative splicing (AS)

Alternative splicing (AS) is a mechanism by which a single gene can give rise to
multiple transcript products enhancing the gene expression diversity (Nilsen and
Graveley 2010; Roy et al. 2013). The first example of AS was discovered 40 years ago
in immunoglobulin genes (Alt et al. 1980; Early et al. 1980).

AS can occur in approximately 94% of human genes (Wang et al. 2008; Pan et al.
2008), and it represents a major source of the human transcriptome diversity (Sette et al.
2013). The splicing reaction that assembles a mature eukaryotic messenger RNA
(mRNA) from the much longer primary transcript, or pre-mRNA, provides a uniquely
versatile means of genetic regulation. Alterations in splice site choice can result in
different effects on the mRNA, and two main outcomes need to be distinguished: 1) the
alternative transcript is translated into a protein product with altered functional properties,
or 2) the alternative transcript generates a pre-mature stop codon and gets degraded, thus
downregulating the levels of functional mMRNA produced from a given gene.

In the pre-mRNA, the borders of exons and introns are delineated by highly
conserved signal sequences, the 5’ splice site at the upstream end of the intron and the 3’
splice site at the downstream end. AS involves changes in the choice of splice sites by the
splicing apparatus and in the definition of introns. Subsequently, introns are excised and
exons ligated by the spliceosome, a sophisticated ribonucleoprotein machine comprising
five small nuclear RNAs (snRNAs; U1, U2, U4, U5 and U6 snRNA) and approximately
200 proteins (Wahl et al. 2009; Desterro et al. 2020).

Most exons are constitutive; they are always spliced and included in the final
MRNA but in a typical multiexon pre-mRNA, the splicing pattern can be altered in many

ways. Currently, eight main types of AS were described, as schematized in Figure 1.5.
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An exon that is sometimes included and sometimes excluded from the mRNA is called a
cassette exon. In certain cases, multiple cassette exons are mutually exclusive and
producing mRNAs that always include only one of several possible exon choices. Exons
can also be scrambled leading to a change in their order. Moreover, exons can be
shortened by choosing one of two possible splice sites. The 5’-terminal exons of an
MRNA can be switched through AS and define the use of alternative promoters, that
primarily affect transcriptional control. Similarly, the 3’-terminal exons can be switched
by AS providing alternative polyadenylation sites, which has consequences for mRNA
stability due to different availability of microRNA (miRNA) target sequences. Finally,
some important regulatory events are controlled by the failure to remove an intron, a
splicing pattern called intron retention (Chen and Weiss 2015).

Of these, the cassette-type alternative exon accounts for approximately one-third
of all AS events. The alternative 5’ or 3’ splice sites commonly occur together, forming
approximately 25% of all AS events and are proficient enough to bring changes in the
coding sequence in as little as one codon. All AS events summarized may occur in the
translated as well as the untranslated regions of the transcripts (Black 2003; Li, Lee et al.
2007; Frankiw et al. 2019).
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Figure 1.5 - Common mechanisms of alternative splicing. Alternative splicing can occur through a number of
different patterns and give rise to different mature transcripts (right). Exons and final transcripts are illustrated as boxes
while lines represent introns. Constitutively expressed exons are depicted in light grey, and alternatively spliced exons
are depicted in dark grey. Retained introns occur when they are not recognized during splicing, so that the intervening
intron (black) is included in the final transcript (adapted Chen and Weiss, 2015).

1.9 AS and cancer

Changes in AS patterns are observed in normal development, tissue-specific
differentiation, and in response to physiological stimuli, but also in diseases. Tumor-
related aberrant patterns feature variants that contribute to multiple aspects of tumor
establishment and progression, or to resistance to therapeutic treatments (Ghigna et al.
2008; David and Manley 2010; Biamonti et al. 2012)

Aberrant profiles observed in tumors mostly reflect the selection of endogenous
AS variants with different functional properties that allow the malignant progression of
initiated tumor cells. Mainly, the selected functions relate to sustained proliferation,
evasion of apoptosis, metabolic adaptation, or angiogenesis (Pagliarini et al. 2015;
Gongalves et al. 2017).

For example, escape from cell death is critical for tumorigenesis. One of the
alternatively spliced genes modulating apoptosis is B-cell lymphoma 2 (BCL2). This gene
owns an alternative 5’ splice site after exon 2 that produces either long or short isoforms
that are translated into the BCL-xL and BCL-xS proteins, respectively. BCL-xS promotes
apoptosis whereas BCL-xL has anti-apoptotic effects, and cancers show predominant
expression of the BCL-xL isoform (Chen and Weiss 2015).

Metabolic pathways are also frequently altered in cancer, leading to a shift from
oxidative phosphorylation to aerobic glycolysis (Warburg effect) (Liberti and Locasale
2016; Burns and Manda 2017) and this is partly driven by AS of the pyruvate kinase M
(PKM) gene. Exons 9 and 10 are mutually exclusive, giving rise to PKM1 (exon 9) or
PKM2 (exon 10). PKM2 is expressed widely in cancer and replacement of PKM2 with
PKMI1 reverses the Warburg effect and increases oxidative phosphorylation (Chen and
Weiss 2015). PKM1 and PKM2 differ by 22 amino acids (Noguchi and Inoue 1986),
which confer crucial differences between PKM1- and PKM2-mediated catalysis and
cellular metabolism: PKM1 exists as a tetramer with high substrate affinity and its main
biological function is to provide pyruvate for the generation of adenosine triphosphate

(ATP) via oxidative phosphorylation. In contrast, PKM2 can switch to the less active
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dimeric form that leads to accumulation of several glycolytic intermediates, which can be
used as building blocks for the biosynthesis of amino acids, lipids and nucleotides.
Nowadays, further non-canonical roles of PKM2 were recognized, such as regulating
gene transcription through its nuclear translocation and protein kinase activity (Yang and
Lu 2015).

Genome-wide studies have long revealed the existence of cancer-specific splicing
patterns (Klinck ez al. 2008; Venables et al. 2009; Bemmo et al. 2010; Menon and Omenn
2011; Misquitta-Ali et al. 2011; Chen and Weiss 2015). For example, the splicing profile
of ATP binding cassette subfamily C member 1 (ABCCI1), mouse double minute 2
homolog (MDM?2), and fibronectin transcripts has been used to distinguish normal ovary
from epithelial ovarian cancer (Klinck et al. 2008), whereas altered splicing of mediator
complex subunit 24 (MED24), melanotransferrin (MFI2), serrate RNA effector molecule
(SRRT), CD44 molecule (CD44) and dual specificity protein kinase (CLK1) has been
associated with metastatic phenotype in breast cancer and poor prognosis in patients
(Bemmo et al. 2010). Notably, splicing of protein ENAH actin regulator (h(MENA) an
actin regulatory protein may improve the early diagnosis of breast cancer and clinical
decision (Di Modugno et al. 2012), whereas the balance between splicing variants of
Krueppel-like factor 6 (KLF6) and caspase-9 (CASPY9) genes could be useful to predict
the susceptibility of cancer cells to chemotherapy (Sangodkar ef al. 2009; Shultz et al.
2010). Thus, for diagnostic purposes, changes in splicing patterns can be used as markers
of the cell linked with disease (Roy et al. 2013).

1. 10 The Rho family of small GTPases

GTPases are proteins that cycle between two conformational states, an inactive
guanosine diphosphate (GDP)-bound form and an active guanosine triphosphate (GTP)-
bound form. Examples are the heterotrimeric G proteins that operate downstream of G-
protein coupled receptors, and the small GTPases (~ 21 kDa) of the Ras superfamily. The
Rho family of small GTPases belongs to this superfamily and consists of at least 20
members (Figure 1.6). The best studied Rho GTPases are Ras homolog family member
A (RHOA), Ras-related C3 botulinum toxin substrate 1 (RAC1) and cell division cycle
42 (CDC42), highly conserved across eukaryotic species (Boureux et al. 2007; Vega and
Ridley 2008; Wittinghofer 2014; Cardama et al. 2018).
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Figure 1.6 - Phylogenetic tree of the mammalian RAS superfamily of small GTPases. The 20 Rho family members
are grouped into 8 subfamilies (adapted from Vega and Ridley, 2008).

RACL1 is ubiquitously expressed and acts as a binary switch by cycling between
the inactive GDP-bound form and the active GTP-bound conformation (Jaffe and Hall
2005). The exchange of GDP with GTP induces a conformational change that allows it
to activate specific signaling pathways. (Etienne-Manneville and Hall 2002; Cherfils and
Zeghouf 2013; Hodge and Ridley 2016; Song et al. 2019)

The conformational changes are particularly evident in two short and flexible loop
structures designated as the switch 1 (RACL1 residues 30-38) and switch 1l (RAC1
residues 60-76) regions (Alfred Wittinghofer, 2014; Lam and Hordijk, 2013,
Wennerberg, 2005). In the GTP-bound conformation, these regions provide a binding
domain for both regulatory and effector proteins and also orientate amino acid residue 61

required to catalyze the hydrolysis of GTP.
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Figure 1.7 - RAC regulators of nucleotide cycling, between the GTP- and GDP-bound forms. The shift to the GTP-
bound form is achieved by nucleotide exchange, whereas the change to the GDP-bound form is accomplished by GTP
hydrolysis. In orange, factors that stimulate RAC conversion to the GTP-bound “on” form (GEF). In red, factors that
stimulate RAC conversion to the GDP-bound “off” form (GAP and GDI). Once in the “on,” GTP-bound state, RAC

transmits the signal through interaction with specific downstream effectors (adapted from Segev, 2001).

The transition between the active and inactive states of RAC1 occurs at the plasma
membrane following appropriate cellular signals. This is tightly controlled and spatially
regulated by guanine nucleotide exchange factors (GEFs), which promote exchange of
GDP for GTP, by GTPase activating proteins (GAPs), which enhance the intrinsic
GTPase activity, and by Rho guanine dissociation inhibitors (Rho-GDIs), which bind to
and remove RAC1 from the plasma membrane, keeping it inactive in the cytoplasm and
blocking its activation by GEFs (Figure 1.7). External stimuli, such as activation of
growth factor receptors or engagement of cell adhesion molecules, determine the activity
of GEFs, GAPs and GDIs and thus the activation status of RAC1 (Bernards, 2003).

Rho GTPases have traditionally been described as the main regulators of actin
cytoskeleton reorganization, in particular the formation of stress fibers, lamellipodia or
filopodia (Hall 1998). RAC1 mainly affects endocytosis and trafficking, cell cycle

progression, adhesion and migration, with the latter involving control of lamellipodia
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formation and membrane ruffles after stimulation by extracellular ligands such as
epidermal growth factor (EGF), PDGF or insulin (Bustelo et al. 2007; Bosco et al. 2009;
Cardama et al. 2018).

One important effector that interacts directly with GTP-RACL is the p21-activated
kinase (PAK) (Manser et al. 1994). PAKs are a highly conserved group of
serine/threonine Kinases represented, in mammals, by six isoforms (PAK1 to PAK®6). The
binding of active RAC1 to an N-terminal Cdc42/Rac interactive binding motif (CRIB)
leads to phosphorylation and activation of PAK. Activated PAKs can phosphorylate
multiple substrates or interact with other proteins to modulate a range of biological
activities, including the regulation of cytoskeletal dynamics and cell motility, stimulation
of cell proliferation, pro- and anti-apoptotic signals and regulation of gene expression
(Zhao and Manser 2012).

In addition, active RAC1 activates the WASP family member WAVE and adapter
proteins, such as non-catalytic region of tyrosine kinase (NCK), which promote the
assembly of a meshwork of actin filaments at the cell periphery to produce lamellipodia
and membrane ruffles (Hall 1998; Eden et al. 2002).

Activated RACL1 also stimulates transcription factors and gene expression, for
example through the activation of the c-Jun N-terminal kinase (JNK) cascade (Coso et al.
1995), or the transcription factor NF-xB (Perona et al. 1997). The pathway that links
RAC1 to NF-«xB involves the production of reactive oxygen species (ROS) and occurs in
epithelial cells via direct interaction between GTP-RAC1 and the NADPH-dependent
oxidase NOX1 complex (Sulciner et al. 1996; Joneson and Bar-Sagi 1998; Park et al.
2004; Cheng et al. 2006). RAC1-stimulated NF-xB leads to increased cyclin D1
expression and subsequent cell cycle progression (Guttridge et al. 1999; Hinz et al. 1999;
Joyce et al. 1999; Klein and Assoian 2008), independent of the ERK or JNK kinase
cascade (Lamarche et al. 1996).

In contrast to the ubiquitously expressed RAC1, two other family members, RAC2
and RAC3 have tissue-specific expression patterns, and cannot encode an alternative

splicing isoform, designated RAC1B.

1.11 RACI1B

As referred above, the RAC1 gene encodes a second isoform, designated RAC1B,

through an alternative cassette-exon splicing event. At the molecular level, RAC1B is
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translated into protein and results from the inclusion of a 57 base pair (bp) long alternative
exon 3b, located between exons 3 and 4 of RAC1 gene. Exon 3b provides an in-frame
insertion of 19 new amino acids between codons 75 and 76 of RAC1B, immediately
behind the switch Il region (Figure 1.8) (Jordan et al. 1999).
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Figure 1.8 - Diagram of the RAC1 gene and the encoded proteins and alternative transcripts. 1, 2, 3, 3b, 4, 5, 6,

represent exons; a.a. amino acids (adapted from Silva et al. 2016).

The AS event that generates RACIB was found to be regulated by two
antagonistic serine/arginine-rich (SR) splicing factors that bind directly to exon 3b
sequences: SR splicing factor 1 (SRSF1) enhanced, while SRSF3 suppressed inclusion of
exon 3b (Gongalves et al. 2014).

RAC1B was shown to be a highly activated variant. The analysis of the total
endogenous level of RAC1B protein versus the activated GTP-bound fraction revealed
that, although present in small amounts in cells, the amount of active RAC1B is
surprisingly high, and exceeds the amount of active RAC1. Thus, RAC1B was found to
be predominantly in the signaling-competent GTP-bound conformation in cells
(Schnelzer et al. 2000; Matos et al. 2003; Fiegen et al. 2004; Radisky et al. 2005), so that
small changes in its expression level yield significant cellular responses.

The high activation level of RACI1B is due to several differences that originate
from the extra 19 amino acids. First, RACIB is unable to interact with Rho-GDI and
consequently to cycle between the plasma membrane and the cytoplasm, which leaves it
persistently associated with membranes, in a favored position to become activated (Matos
et al. 2003). Additionally, RAC1B shows impaired intrinsic GTPase activity in vitro
(Schnelzer et al. 2000), yet maintaining GAP responsiveness in vivo (Matos et al. 2003)
and in vitro (Fiegen et al. 2004; Singh et al. 2004). Finally, it also revealed an increased
intrinsic nucleotide exchange rate (GDP to GTP) in vitro (Schnelzer et al. 2000).
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Also, in RACIB, the already flexible switch 2 region is followed by the 19
additional amino acids, which may allow a different pattern of effector protein
association. RACIB binds less effectively to proteins that act as signal pathway inhibitors
and more effectively to proteins that can promote loss of epithelial cell structure and
increased cell proliferation, for example p120-catenin (Orlichenko et al. 2010).

Interestingly, RAC1B was found to fail to activate several classical RACI
pathways, as the formation of lamellipodia, the activation of the protein kinase PAK, or
the stimulation of JNK pathway. However, RAC1B retained the ability to stimulate the
classical NF-kB pathway. So, RAC1B seems to be selective in downstream signaling

properties, with a preferential to cell survival stimulation (Matos et al. 2003).

1. 12 RACI1B and cancer

RAC1B expression was predominantly identified in skin and epithelial tissues
from the intestinal tract and in breast tissues but is normally less abundant than RAC1.
Curiously, RAC1B was found overexpressed in colorectal (Jordan et al. 1999; Matos et
al. 2000), breast (Schnelzer et al. 2000), lung (Stallings-Mann et al. 2012; Zhou et al.
2013), pancreas (Ungefroren et al. 2018) and thyroid tumors (Silva et al. 2013).

Initial studies found that RACI1B increased G1/S progression, survival and
transformation of NIH3T3 fibroblasts (Singh et al. 2004; Matos and Jordan 2005, 2006),
promoted epithelial-mesenchymal (EMT) transition of mouse mammary epithelial cells
(Radisky et al. 2005), and contributed to further activate WNT signaling in HCT116
colorectal cells (Esufali et al. 2007). However, the molecular details of how the

overexpression of RAC1B can promote the progression of tumors remain unclear.

1.12.1. RACI1B and CRC

RACIB is overexpressed in some colorectal tumors (Matos and Jordan 2008).
More detailed analysis revealed that about 80% of BRAF-V600E-positive (the most
common BRAF mutation), but not the KRAS-mutated, colorectal tumors overexpress
RACIB (Jordan et al. 1999; Matos et al. 2008). This indicates that RAC1B is
overrepresented in the CMSL1 group of colorectal cancer (i.e., with recurring MSI and
BRAF-mutation), representing about 15% of the sporadic CRC cases. CMSI1 is

characterized by a gene expression profile associated with a diffuse immune infiltrate,
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strong activation of immune evasion pathways, defective DNA mismatch repair,
overexpression of proteins involved in DNA damage repair, and hypermethylation.
Patients with CMS1 tumors have initially good prognosis, but very poor survival after
relapse CRC tumors (Guinney et al. 2015).

On the basis of this association, a separate genetic pathway to CRC was proposed,
which becomes initiated by a BRAF-V600E mutation but later selects for overexpression
of hyperactive RAC1B, allowing further tumor progression through activation of the
transcription factor NF-kB. RAC1B signaling has a direct role in maintaining the viability
of CRC cells, particularly regarding the prevention of apoptosis, by activating the NF-kB
pathway (Matos and Jordan 2008) without stimulating other classic RACI1 signaling
targets including JNK (Matos et al. 2003; Fiegen et al. 2004).

Furthermore, colorectal tumor cells expressing BRAF-V600E and RAC1B were
highly sensitive to combined depletion of both transcripts, leading to massive cell death
(Matos and Jordan 2008; Matos et al. 2008). Thus, RAC1B overexpression and BRAF-
V600E functionally cooperate to sustain tumor cell survival. This cooperation
complements the observation that BRAF-V600E revealed a 50-fold lower oncogenic
potential than mutant KRAS protein in cell transformation assays using fibroblasts
(Davies et al. 2002; Wan et al. 2004), being dependent on additional genetic changes.

In a study of 153 spanish CRC patients treated with first-line FOLFOX/ XELOX
therapy, RAC1B overexpression was detected in 40% of the BRAF mutated tumors, and
RACI1B overexpression constituted a marker of poor prognosis (Alonso-Espinaco ef al.
2014).

Activating mutations in the BRAF gene have been clearly found to induce
oncogene-induced senescence (OIS) response, which leads to growth arrest following an
initial proliferative phase, both in melanoma (Michaloglou et al. 2005; Dhomen et al.
2009) and colon cancer (Carragher et al. 2010). Unclear remains, how senescent cells
eventually escape from the growth arrest state and progress to more malignant tumor cells
(Collado et al. 2005; Michaloglou et al. 2005; Carragher et al. 2010; Kriegl ef al. 2011).
At least in colorectal cancer cells with BRAF-V600E, evidence exists that the
overexpression of RAC1B can contribute to this escape from OIS, although the presence
of the mutation was not sufficient to induce RAC1B (Henriques et al. 2015).

Colon inflammation can be a trigger for increased RAC1B expression. This was
observed during experimentally induced acute colitis in mice but also in surgical samples
from patients with inflammatory diseases of the colon (Matos et al. 2013), which is a
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known risk factor for CRC development (O’Connor et al., 2010; Ullman and Itzkowitz,

2011a). The underlying signaling cascades remain to be determined.

1.12.2. RACI1B and other tumors

RACIB is expressed in normal thyroid tissue and overexpressed in papillary
thyroid carcinomas (PTCs): 59% of classical variant and in 25% of follicular variant.
RACI1B overexpression showed a striking association with both BRAF-V600E mutation
and poor clinical outcome. This suggests an association and synergy of RAC1B with
BRAF-V600E to sustain the proliferation and survival of thyroid cancer cells, such as
documented for colorectal cancer cells (Silva ef al. 2013). Moreover, NF-kB activation
has been implicated as one of the molecular mechanisms associated with the pro-
tumorigenic advantage of RAC1B overexpression in thyroid carcinomas (Faria et al.
2017).

In follicular thyroid carcinomas (FTCs), RAC1B was found to be overexpressed
in 33% of carcinomas. RAC1B overexpression was significantly associated with both the
presence of distant metastases and poorer clinical outcome. Furthermore, the lack of
RACI1B overexpression in follicular adenomas reveals its potential as a molecular marker
for preoperative differential diagnosis of thyroid follicular lesions (Faria et al. 2016).

High expression levels of RAC1 was reported in neoplastic breast tissue of ductal
carcinoma in-sifu, primary breast cancer and lymph node metastases, while low levels in
benign breast tissue. However, there was no differences in RAC1B expression levels
between benign and malignant breast tissue (Schnelzer et al. 2000). In contrast, a
transgenic breast cancer mouse model revealed RAC1B to promote EMT following
transgenic activation of matrix metalloproteinase 3 (MMP3) (Radisky et al. 2005), a
finding confirmed in lung epithelial cells (Stallings-Mann et al. 2012). In pancreatic
adenocarcinoma (PDAC), MMP3-mediated RACIB expression increased cellular
invasiveness and tumorigenic potential (Mehner et al. 2014, 2015).

MMPs are upregulated in almost all types of human cancer and associated with
poor survival (Egeblad and Werb 2002).

In conflict with a role as an EMT inducer, RAC1B was found as a negative
regulator of TGF-B1 and its induction of cell cycle inhibitor p21 in breast cancer cells,
which supports proliferative effects of RAC1B through cell cycle progression (Melzer et
al. 2017). In pancreatic cancer cells, RAC1B also blocks growth inhibition by TGF-1, a
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paradigmatic induced of EMT (Witte et al. 2017), so RAC1B was described as a protector
against EMT (Zinn et al. 2019). RACI1B overexpression was identified in the ductal
epithelial cells of stage 11l PDAC tumors and, in addition, in chronic pancreatitis tissues,
in which the levels of RAC1B protein even exceeded those in PDAC (Ungefroren et al.
2018).

In non-small cell lung cancer (NSCLC), either RAC1 and RAC1B were found to
be significantly increased compare to healthy controls, independent of the cancer stage
and RACI1 and RACIB protein were postulated to be a diagnostic serum marker for
NSCLC (Sahu ef al. 2016). In a lung cancer mouse model, RACI1B was apparently
required for KRAS-driven tumorigenesis (Zhou et al. 2013) and, thus, opposite to what
was observed in colon.

Knockdown of RACIB significantly impaired cell migration and invasion
capacities of multipotent neural crest cells and metastatic melanomas (Wu et al. 2018).
In hepatocellular carcinoma (HCC), Rho GTPase activating protein 1 1A (ARHGAP11A)
promoted a malignant phenotype by facilitating cell proliferation, EMT, invasion and
migration in a RAC1B-dependet manner. This Rho-GAP increases total RAC1B protein
levels and RACI1B activity in HCC cell lines, although the precise mechanism of this
regulation remains to be determined (Dai ef al. 2018).

RACIB might exert protective or malignant effects depending of context. In a
transgenic mouse model, increased expression of RAC1B alone was not tumorigenic and
contributed to intestinal homeostasis and tissue repair after injury; however, in the pro-
tumoral context of the Apc™" mouse, or dysregulation in the crosstalk between epithelial
intestinal, stromal, and immune cells, RAC1B might promote neoplastic transformation
(Kotelevets et al. 2018).

Therapeutic targeting of RACI1B to inhibit its expression or to downregulate its
activity or shifting the endogenous RAC1B/RAC1 balance toward RAC1 could represent

a promising approach in several types of tumors (Melzer ef al. 2019). Unclear remains

how the overexpression of RAC1B is triggered.

1. 13 Objectives

As a brief rationale, RAC1B, a RAC1 alternative splicing variant, that the host
laboratory previously identified, is overexpressed in a subset of BRAF-mutated colorectal

tumors. Evidence exists that the overexpression of RACIB can contribute to the escape
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of tumor cells from oncogene-induced senescence caused by BRAF mutation, although
the presence of the mutation alone was not sufficient to induce RAC1B overexpression.
Moreover, it is known that the increase in RAC1B is not associated with mutations in the
RACI gene. RAC1B expression was also found increased in samples from inflammatory
bowel disease patients or following experimentally-induced acute colitis in a mouse
model, suggesting inflammation as a possible trigger for its alternative splicing.
Therefore, the main objective of the present work was to understand how tumor
cells respond to a pro-inflammatory microenvironment with changes in the alternative
splicing of RAC1B, representative of plasticity in their gene expression. For this, the work
described in this thesis had the following tasks:
- Implement co-cultures of colorectal and stromal cell types and determine the
conditions that lead to increased RAC1B expression in colorectal cells;
- ldentify the secreted cytokines affecting RAC1B expression in colorectal
cells;
- Analyze cytokine-stimulated signaling pathways to understand which are

involved in the regulation of RAC1B overexpression.

Through these tasks, this PhD project was expected to identify how the pro-
inflammatory microenvironment can alter the transcriptome of colorectal cells through
the modulation of alternative splicing, which may indicate new therapeutic targets in

colorectal cancer.
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2.1. Cell culture

Caco-2, THP-1, NCM460 and HT29 cells were maintained in Roswell Park
Memorial Institute 1640 Medium (RPMI), while DLD-1 and T84 colorectal cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) or DMEM/nutrient mixture F-
12 (DMEM/F-12), respectively, all supplemented with 10% (v/v) of heat inactivated fetal
bovine serum (FBS) (all reagents from Gibco). NIH3T3 cells were maintained in DMEM
supplemented with 10% (v/v) of heat inactivated newborn calf serum (NBCS) (Gibco).

CTS5.3 cancer-associated fibroblasts (gift from O. Wever, Ghent, Belgium) were
grown in DMEM supplemented with 10% (v/v) FBS, 2.5 pg/mL puromycin (Invitrogen)
and 100 U/ml penicillin/streptomycin (PEN/STREP, Gibco).

Cells were maintained at 37°C with 5% CO., and regularly checked for absence
of mycoplasm infection by PCR amplification of a 16S ribossomal DNA fragment
[primers forward (F) 5° ACTCCTACGGGAGGCAGCAGTA 3’ and reverse (R) 5’
TGCACCATCTGTCACTCTGTTAACCTC 3’] from lysates of cells harvested from the

culture medium.

2.2. THP-1 differentiation

THP-1 monocyte cells were differentiated with 50 ng/mL phorbol-12-myristate
13-acetate (PMA) (Sigma-Aldrich) for 24 h, to obtain a MO macrophage morphology.
Cell differentiation was verified by evaluating cell adhesion and spreading under an
optical microscope. After this, the MO cells were refed for 24 h with fresh medium
containing either 10 ng/mL LPS (Sigma) and 10 ng/mL INF-y (Gibco), or 10 ng/mL IL-
4 (R&D systems) to differentiate into M1 and M2 macrophages, respectively. The scheme
of THP-1 differentiation is shown in Figure 2.1.

THP-1 differentiation was evaluated by PCR amplification of marker genes (see
section 2.6) (Chanput et al. 2013; Littlefield 2014; Genin et al. 2015; Wheeler et al. 2018;
Li et al. 2018).
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Figure 2.1 — Scheme of THP-1 differentiation into M0, M1- and M2-like macrophages.

2.3. Cell polarization and co-culture assays

For cell polarization, Caco-2 cells were grown on porous (1 um) transwell PET
filter inserts (24-well size, 6.4 mm diameter and 0.3 cm? area, Corning) in RPMI medium
supplemented with 5% (v/v) FBS for 10—15 days, until they reached a TEER of 1000 to
1200 Q, as measured with a chopstick electrode STX2 (World Precision Instruments).

T84 cells were polarized in DMEM/F12 medium supplemented with 5% (v/v)
FBS for 10-15 days, until they reached a TEER of 1500 to 2000 Q.

For co-culture assays, epithelial and stromal cells were first grown in 24-well
plates for 24 h, then the filters with polarized Caco-2 or T84 cells, or filters with non-
polarized cells were added. The co-cultures were maintained during different time periods
(24 h,48h, 72 h, 96 h or 120 h).

The conditioned basolateral media from co-cultures were recovered, frozen at

-80°C and then analyzed with a human inflammatory antibody array (see section 2.10).

2.4. Cell treatments

For treatment with purified cytokines, polarized Caco-2 cells were incubated in
basolateral side, for 48 h, with either the control vehicle phosphate-buffered saline (PBS,
Gibco) + 0.01% bovine serum albumin (BSA, Sigma-Aldrich) or with 1 ng/mL, 10 ng/mL
or 100 ng/mL of the following cytokines: IL-1B, IL-6, IL-8, IL-11, granulocyte-

macrophage colony-stimulating factor (GM-CSF) or macrophage inflammatory protein
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2-alpha (MIP-2a) (R&D Systems). The cytokine stock solutions were prepared at least
1000-fold in PBS + 0.01% BSA and stored at -20°C.

For cytokine neutralization, polarized Caco-2 with purified IL-6 at 10 ng/mL or
co-cultures of polarized Caco-2 with Caco-2 or with CT5.3 and M1 were incubated in
basolateral side, for 48 h, with the vehicle PBS or with polyclonal goat anti-human IL-6
antibody (R&D Systems) at a final concentration of 500 ng/mL and 1000 ng/mL. The
stock solutions were prepared at least 1000-fold in PBS and stored at -20°C.

For drug treatments, polarized Caco-2 cells from co-culture with Caco-2 or CTS5.3
and M1 were incubated in apical side, for 24 h, with the vehicle dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) or with the MEK inhibitor AZD6244 (Selumetinib; APExBio)
at a final concentration of 10 uM. The stock solutions were prepared at least 1000-fold in

DMSO and stored at -20°C.

2.5. 3D spheroids in Matrigel

Caco-2 cell maintained in 2D cell cultures as described in section 2.1, were
cultured between passages 5 and 20 in 8-well glass chamber slides (Ibidi) coated with
Matrigel (Corning) at 1.5 x 10° cells per well. Cells were cultured in RPMI with 10%
FBS containing 2% of Matrigel at 37°C in 5% CO, and medium was changed every 2
days. The cells formed 3D clusters by day 5 or 7 and subsequently started forming a cyst-

like structure with a central hollow lumen.

2.6. Western blot (WB) procedures

Cells were lysed in 50 ul of lysis buffer [SO mM Tris/HCI (pH 7.5), 2 mM MgCl,,
100 mM NaCl, 10% (v/v) glycerol, 1% (v/v) NP40] and total proteins from co-culture
assays were separated in 10 or 12% (w/v) SDS-PAGE gels. For subsequent phospho-
array analysis, lysates of cells were separated on 10% (w/v) SDS-PAGE with 1% (v/v)
glycerol gels and run at 4°C. Following electrophoresis, proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad). WB membranes were blocked
in 5% (w/v) milk powder in TBS with 0.5% (v/v) Triton X-100 and specific proteins
probed using the indicated primary antibodies (Table 2.1) overnight (o/n), followed by
three wash steps and incubation with a secondary peroxidase-conjugated antibody (Bio-

Rad). Protein bands were visualized by chemiluminescence on X-rays films and
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qguantified on digitalized images by densitometric analysis with ImageJ software
(National Institutes of Health — NIH).

Table 2.1 - Table of antibodies used in WB assays and/or immunofluorescence assays.

Primary antibody

Clone; Catalog

Brand/Supplier

Secondary antibody

Number
mouse anti-p-actin AC-15 Sigma-Aldrich
mouse anti-f-catenin 14; 610154 BD Transgjuctlon
Laboratories
mouse anti-E-cadherin 36; 610181 EDbTra}[nSQUCtlon Goat anti-mouse IgG
aboratories horseradish ~ peroxidase
O ERK 12 (HRP) conjugate (#170-
mouse anti-p- U ; 6516; Bio-Rad)
(Thr202/ Tyr204) M8159 Sigma-Aldrich
mouse anti-a-tubulin B-5-1-2; T5168 Sigma-Aldrich
mouse anti-RAC1 23A8; #05-389 Merk Millipore
rabbit anti-AKT #9272 Cell Signaling
Technology
rabbit anti-p-AKT (S473) | #9271 Cell Signaling
Technology
rabbit anti-ERK 1/2 M5670 Sigma-Aldrich
. . . Cell Signaling
rabbit anti-GSK3f3 27C10; #9315 Technology
. . . Cell Signaling . .
rabbit anti-p-GSK3p (S9) | D3A4; #9322 Technology Goat anti-rabbit IgG HRP
conjugate  (#170-6515;
. . . . Bio-Rad
rabbit anti-p-STAT3 D3A7 Cell Signaling I )
(Y705) Technology
rabbit anti-p-STAT3 Cell Signaling
(S727) #9134 Technology
rabbit anti-STAT3 #30835 Cell Signaling
Technology
rabbit anti-RAC1B #09-271 Merk Millipore

rabbit anti-ZO-1

H-300; sc-10804

Santa Cruz Biotechnology

2.7.

Total

RNA extraction from formalin-fixed paraffin-
embedded (FFPE) blocks
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A total of 32 blocks of FFPE tissue from patients with inflammatory bowel disease
were obtained from the archives of the biobank of Centro Hospitalar Universitario de S.
Jodo, Porto. RNA extraction was performed with Rneasy FFPE (Qiagen). For this, the
samples were first deparaffinized by addition of 1.0 mL xylene (Invitrogen), followed by
centrifugation for 2 min at maximum speed. Next, the supernatant was discarded, and the
pellet was washed twice with 1.0 mL absolute ethanol, followed by incubation for 10 min
at 37°C. The proteins were degraded with 150 puL digestion buffer and 10 puL proteinase
K, followed by incubation for 15 min at 56°C and for 15 min at 80°C. Subsequently, RNA
was isolated by adding 720 pL of buffer containing absolute ethanol, along with passage
through a purification column. The column was then washed twice with a buffer from the
kit, and Dnase treatment was performed, followed by two additional washings. Finally,
RNA was eluted in 30 pL of Rnase-free water from the kit at room temperature, according
to the manufacturer’s instructions.

RNA was reverse transcribed to complementary DNA (cDNA) using random

primers (Invitrogen) and Ready-to-Go You-Prime Beads (GE Healthcare).

2.8. Semi-quantitative reverse transcribed-PCR (RT-PCR)

Total RNA was extracted from THP-1, M1 and M2 cells with the RNA isolation
kit (Macharey-Nagel) and reverse transcribed using random primers (Invitrogen) and
Ready-to-Go You-Prime Beads (GE Healthcare). Amplification reactions were
performed using Go Taq G2 Flexi DNA polymerase (Promega). The primers forward (F)
and reverse (R) and amplification conditions for each gene were summarized in Table
2.2. All reactions included an initial denaturation step of 5 min at 94°C and a final
extension step of 10 min at 72°C. To allow a semi-quantitative analysis of transcript
levels, all amplification conditions were experimentally optimized to correspond to the
linear amplification phase, using serial dilutions of control cDNAs. The products were
separated on 2% agarose gels containing ethidium bromide and band intensities were
quantified on digitalized images using ImageJ software (NIH) followed by normalization
to GAPDH expression levels. Each PCR was repeated at least 3 times from independent

experiments.

Table 2.2 - Table of primers for RT-PCR used for characterization of macrophage phenotype. (F - forward, R-

reverse).
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) ) Annealing
Transcript Sequence primer
temperature

F: 5> CCACAGACCTTCCAGGAGAATG 3’
IL-1B 66°C
R: 5" GTGCAGTTCAGTGATCGTACAGG 3’

F: 5 CTCTTCTGCCTGCTGCACTTTG 3°
TNF-a 68°C
R: 5> ATGGGCTACAGGCTTGTCACTC 3’

F: 5> GAAAGCAGTTAGCAAGGAAAGGTC 3’
M1 markers CXCL10 66°C
R: 5> ATGTAGGGAAGTGATGGGAGAGG 3’

F: 5 TGGTGGTGGCTCTCCTTGTC 3’
CCR7 66°C
R: 5 TGTGGTGTTGTCTCCGATGTAATC 3’

F: 5> ACTACACGAGGTTCCAGCTCC 3’
CXCL16 64°C
R: 5" CTTTGTCCGAGGACAGTGATC 3’

F: 5> GTCGCTCATCCCGTCAGTCATC 3’
CD163 68°C
R:5° GCCGCTGTCTCTGTCTTCGC 3’

F: 5 TACCCCTGCTCCTGGTTTTT 3’
CD206 68°C
R: 5" CAGCGCTTGTGATCTTCATT 3’

M2 markers

F: 5> CGGGACTACCTGGGACCTC 3’
CCL17 66°C
R: 5 CCTCACTGTGGCTCTTCTTCG 3’

F: 5> GAGAACTGTTATGGGGCTAT 3’
CD36 60°C
R: 5 TTCAACTGGAGAGGCAAAGG 3°

F: 5> GTCTCCTCTGACTTCAACAGCG 3’
Control GAPDH 66°C
R: 5> ACCACCCTGTTGCTGTAGCCAA 3’

2.9. Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from Caco-2 cells with the RNA isolation kit
(Macherey-Nagel) or from blocks of FFPE tissue and reverse transcribed
using random primers (Invitrogen) and Ready-to-Go You- Prime Beads
(GE Healthcare). Real-time quantitative RT-PCR (gQRT-PCR) was performed on
an ABI Prism 7000 Sequence Detection System. Primers were designed using the ABI
Primer Express software that amplified amplicons specific for endogenous
RACIB (78 bp) (F: 5’ GGGCAAAGACAAGCCGATTG 3 and
R: 5 CGGACATTTTCAAATGATGCAGG 3’) or total RACI transcripts
[(RACI+RACIB; 75 bp) (F: 55 CCTGCATCATTTGAAAATGTCCG 3’ and
R: 5 CCCACTAGGATGATGGGAGTGT 37)]. Each cDNA sample was diluted 5-fold
to guarantee accurate pipetting and 5 puL added to 300 nmol/L primers and SYBR Green

Master Mix (Applied Biosystems). The cycling conditions comprised 10 min polymerase
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activation at 95°C and 40 cycles at 95°C for 15 sec and 60°C for 30 sec. For
standardization, all samples were analyzed against Caco-2 cDNA as a reference sample
using the 7000 SDS 1.1 RQ Software (Applied Biosystems), using the comparative Ct
method (AACt). Each amplification was performed in triplicate reactions and the PCR
repeated at least 3 times from independent experiments.

2.10. Cytokine array procedure

Cytokine array, namely human inflammation antibody array C3 (AAH-INF-3-8;
RayBiotech Inc.) consisted of 40 human antibodies against inflammatory factors spotted
in duplicate onto a semiquantitative membrane (Table 2.3) (Lin et al. 2003; Mahlknecht
et al. 2012; Drolia et al. 2019).

The membranes were blocked with blocking buffer and processed according to
the instructions of the manufacturer. One milliliter of conditioned basolateral medium
from co-cultures was added to each membrane in separate wells of an 8-well incubation
tray. The membranes were shaken overnight at 4°C and washed in the incubation tray.
One milliliter of a 1:500 dilution of biotinylated antibody cocktail was added to each
membrane, and the mixture was incubated on a shaker, overnight at 4°C. Following the
washing steps, the membranes were incubated with 2 mL of 1x streptavidin-conjugated
peroxidase for 2 h at room temperature. Following a thorough wash, the membranes were
exposed to a peroxidase substrate (detection buffer mixture) for 1 min in the dark, before
exposure to X-ray films. Membranes were placed side-by-side in a plastic protective
folder, sealed and exposed for times ranging from 5 sec to 5 min. X-rays films were
digitalized, and images analyzed with ImageJ software (NIH).

The 6 positive-control spots (POS) were used for normalization of signal
intensities between arrays, the 6 negative-control spots (NEG) to measure the non-
specific baseline signal, and blank spots (BLANK) to measure the background signal.

For each spot, the remaining density gray level was obtained by subtracting the
background gray levels from the total raw density gray level values. Then, the mean value
was calculated from the duplicates of each spot. The relative fold-difference in each
cytokine signal was then determined by dividing the mean value from the co-culture

condition through the mean value from the control culture condition.

Table 2.3 - List of cytokines analyzed in the human inflammation antibody array.

48



Materials and Methods

Eotaxin-1 (CCL11) IL-7 M-CSF

Eotaxin-2 (MPIF-2/ccL24) | I8 (CXCLE) MIG (CXCLO)

GCSE IL-10 MIP-1a (CCL3)

GM-CSF IL-11 MIP-1pB (CCL4)

ICAM-1 (CD54) IL-12 p40 MIP-1A (CCL15)

IFN-y IL-12 p70 RANTES (CCL5)

1-309 (TCA-3/CCL1) IL-13 TGF-B1

IL-1a (IL-1 F1) IL-15 TNF-a

IL-1p (IL-1 F2) IL-16 TNF-B (TNFSF1B)

L2 IL-17a TNF RI (TNFRSF1A)

IL-3 IP-10 (CXCL10) TNF RII (TNFRSF1B)

IL-4 MCP-1 (CCL2) PDGF-BB

IL-6 MCP-2 (CCLS8) TIMP-2

IL-6 RI

2.11. Proteome profiler human phospho-kinase antibody array

procedure

Proteome profiler human phospho-kinase antibody array (ARYO003B; R&D

Systems, Bio-techne) was utilized according to the manufacturer’s protocol. It

simultaneously detects the phosphorylation status of 43 human kinases plus the total

amounts of the signaling-related proteins HSP60 and B-catenin (Table 2.4). All antibodies

are spotted in duplicate on nitrocellulose membranes.

Table 2.4 - List of proteins analyzed in the human phospho-kinase antibody array. S corresponds to the amino

acid serine, T corresponds to threonine and Y to tyrosine.

AKT 1/2/3 S473 Fgr Y412

AKT 1/2/3 T308 Fyn Y420

AMPKal T183 GSK3a/p S21/S9

AMPKo2 T172 Hek Y411

c-Jun S63 HSP27 S78/582

Chk-2 T68 HSP60

CREB S133 INK 1/2/3
T183/Y185,T221/Y223

p38a T180/Y182 Src Y419

P53 S15 STAT2 Y689
P53 S392 STAT3 S727
P53 S46 STAT3 Y705
P70 S6 Kinase T389 | STAT5a Y694
P70 S6 Kinase STAT5a/b
T421/S424 Y694/Y699
PDGF R Y751 STAT5b Y699
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EGFR Y1086 Lck Y394 PLC-y1 Y783 STAT6 Y641
eNOS S1177 Lyn Y397 PRASA40 T246 TOR S2448
ERK 1/2 MSK 1/2 S376/S360 PYK2 Y402 WNK1 T60
T202/Y204,T185/Y187 | P27 T198 RSK 1/2/3 Yes Y426
FAK Y397 S380/S386/S377 [-catenin

Caco-2 cells from 24 h and 48 h co-cultures were lysed using the provided lysis
buffer. The lysates were incubated overnight with the array membranes, and then washed
to remove any unbound proteins. Further incubation was performed with a cocktail of
biotinylated detection antibodies for 2 h at room temperature. The membranes were then
incubated with streptavidin-HRP for 30 min. After a final wash, the cellular proteins
bound to the antibodies on the membrane were detected by chemiluminescence for 1 min.
Membranes were placed side-by-side in a plastic protective folder and sealed.
Chemiluminescent signals were captured on X-ray films within exposure times ranging
from 1 to 10 min. X-rays films were digitalized, and images analyzed with ImageJ
software (NIH).

To compare different membranes, the values were normalized to those of the
positive controls on each membrane, and the protein expression levels were then

quantified.

2.12. Confocal immunofluorescence microscopy

Cells were grown on PET transwell filters or in Matrigel, washed twice in PBS,
immediately fixed with 4% (v/v) formaldehyde in PBS for 20 min at room temperature,
and subsequently permeabilized with 0.5% (v/v) Triton X-100 in PBS for 30 min at room
temperature. Cells were then labeled for 2 h with antibodies (see Table 2.1) against
RAC1B (1:250), -actin (1:200), E-cadherin (1:200) or ZO-1 (1:250), washed 3x in PBS-
T (PBS + 0.01% Tx-100) for 5 min with gentle shaking, followed by 30 min incubation
with a 1:250 dilution of mouse or rabbit Alexa Fluor 488 or mouse Alexa Fluor 546
(Invitrogen) and phalloidin-TRITC (Sigma-Aldrich). Cells were washed 3x in PBS,
briefly stained with 1.25 pg/mL 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI,
Sigma-Aldrich), washed again, post-fixed with 4% (v/v) formaldehyde in PBS for 10 min
at room temperature. Then cover slips were mounted on glass slides in VectaShield
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(Vector Laboratories) and sealed with nail polish. The 405 nm, 488 nm and 532 nm laser
lines of a Leica TCS-SPE confocal microscope were used to acquire one Airy thick XZ,
and Z-stacks of XY images from, respectively, polarized monolayers in transwell filters
and spheroids cultured in Matrigel. Recorded images were processed with Leica in-built
software and assembled in figures with Adobe Photoshop software.

2.13. Statistical analysis

Data were analyzed using Welsh test or one-way ANOVA test followed by a
Dunnett post-test, with P < 0.05 accepted as the statistical significance level. Shown data

reflect the mean £ SEM from at least 3 independent experiments.
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3.1. RACI1B and RAC1 protein levels in different cell models

Previous work had shown that some colorectal cells express the RACI1B splice
variant, besides the canonical RACI1 protein (Matos et al. 2003). In order to assess their
RACI1B and RACI1 protein levels by Western blot, we compared a normal mucosa cell
line, NCM460, and four colorectal cancer cell lines with different features and origins
(Figure 3.1).

We determined that HT29 cells expressed the highest levels of RAC1B protein,
followed by T84 and Caco-2 cells, while DLD-1 and NCM460 showed the lowest levels
of RAC1B expression. RAC1B can be detected either together with conventional RACI,
using an anti-RAC1 antibody, or independently, using a RAC1B-specific antibody, which
increases the sensitivity of detection allowing a better estimation of RACIB, although

both methods gave proportional results (Figure 3.1).
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Figure 3.1 - Expression of RAC1B and RACL1 in colorectal cell lines. Proteins were analyzed by SDS-PAGE and
WB and the indicated proteins detected in the whole-cell lysates. Tubulin is used as loading control.

On the other hand, analyzing the level of expression of RACIB and RACI in
stromal cell types, such as THP-1 monocytes and mouse NIH3T3 or human CT5.3
fibroblasts, revealed no expression of RAC1B neither in monocytes nor in fibroblasts, not

even with the RAC1B-specific antibody (Figure 3.2).
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Figure 3.2 - Expression of RAC1B and RACL in stromal cell lines. Proteins were analyzed by SDS-PAGE and WB
and the indicated proteins detected in the whole-cell lysates. Tubulin is used as loading control.

3.2. Implementation of cellular and co-culture conditions to

identify stimuli that lead to an increase in RAC1B

A significant improvement in physiological relevance of the 2D cell models is
achieved upon their growth on microporous membrane inserts that allow free access of
ions and nutrients to either the apical or the basolateral sides of the cell monolayer. These
conditions induce full cell polarization and require several days to weeks and Caco-2 cells
have this capacity to form polarized layer (Pereira et al. 2016). As a result, an apical
domain (corresponding to the intestinal lumen) generates microvilli and the lateral
intercellular space is sealed through tight junctions so that differential sorting of proteins
to each membrane domain can occur, including specific sets of ion channels, receptors,
and solute transporters (Nelson 2003; Saaf et al. 2007; Mellman and Nelson 2008).

In order to validate our study model, Caco-2 colorectal cells, which express
endogenous RAC1B (Figure 3.1), were seeded on filter inserts for monolayer formation
and cell polarization was monitored by measurement of transepithelial electrical
resistance (TEER) during 17 days (Figure 3.3).
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Figure 3.3 - Polarization of Caco-2 cells. Caco-2 cells were seeded on filter inserts for monolayer formation and cell
polarization. (A) Polarization was monitored by TEER measurement with a Chopstick Electrode STX2, during 17 days.
Data are expressed as mean £ SEM from 5 independent experiments (B) Cell polarization and RAC1B localization
were analyzed by confocal immunofluorescence microscopy at day 14 of culture. Merge is the colored overlay of three
confocal immunofluorescence XZ images, which detected cell nuclei in blue (DAPI), the localization of endogenous
RAC1B protein in green (polyclonal anti-RAC1B antibody), followed by anti-rabbit Alexa488 and the actin filament
marker phalloidin in red.

As shown in Figure 3.3A, TEER of Caco-2 epithelial cells increased over the days
in culture and reached the reference value described for Caco-2 (400 to 600 Q.cm?)
between the 11" and the 17" day of culture, yet, on day 14 a stabilization in resistance
was observed. Usually, monolayers with TEER values of over 1000 Q.cm? are considered
as tight, with values of 300-400 Q.cm? as intermediate, and as leaky with values of 50—
100 Q.cm? (Pereira et al. 2016). However, TEER values ranging from 62 to 1290 Q.cm?
have been reported for Caco-2 cells and also depend on cell line variants and culture
conditions (Mathias et al. 2010; Srinivasan et al. 2015; Pereira et al. 2016).

In order to confirm the polarization of cells at day 14 of culture, we used confocal
microscopy to visualize the epithelial organization. Staining for actin revealed a strong
microvilli signal on the apical side, while RAC1B staining localized mostly to the
basolateral side of polarized Caco-2 cells (Figure 3.3B).

With the aim to understand whether the expression of RAC1B differed between
non-polarized and polarized cells, WB analysis was performed with specific antibodies
for RAC1B and RACL. As we can perceive in Figure 3.4A, there were no major changes
in these proteins. On the other hand, when comparing E-cadherin levels between the two
models, a great increase in its expression was detected in polarized cells, as expected by
increased formation of adherens junctions.

By confocal microscopy, we confirmed the localization of E-cadherin at the

basolateral membrane of the polarized epithelium (Figure 3.4B).
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Figure 3.4 - Comparison of RAC1B, RAC1 and E-cadherin expression in non-polarized and polarized Caco-2
cells. (A) Proteins were analyzed by SDS-PAGE and WB and the indicated proteins detected in the whole-cell lysates.
Tubulin is used as loading control. (B) Cell organization and E-cadherin localization were analyzed by confocal
immunofluorescence microscopy at day 14 of culture of polarized cells. Shown is a representative XZ image by
merging of three confocal immunofluorescence images, which detected cell nuclei in blue (DAPI), the localization of
E-cadherin protein in green (monoclonal anti-E-cadherin antibody), followed by anti-mouse Alexa488, and the actin

filament marker phalloidin in red.

An inflammatory TME has an important role in tumor promotion and Matos et al.
(2013) described that colon inflammation can generate increased RAC1B expression in
acute colitis mouse models and also in surgical samples from patients with inflammatory
bowel diseases. These data suggested that stroma-derived signals can induce changes in
the generation or stability of the alternative spliced RAC1B variant.

In order to test the hypothesis that microenvironmental stimuli could be a trigger
for changes in the abundance of the splice variant RAC1B in tumor cells, filter inserts
with polarized Caco-2 cell monolayers were placed into culture dishes pre-seeded with
either Caco-2 (control), NIH3T3 fibroblasts or undifferentiated THP-1 monocytes, to
understand whether these co-culture conditions would influence RAC1B abundance. Cell
types are physically separated by the filter’s porous membrane, which allows only free
medium exchange, so that colorectal cells can unambiguously be analyzed for changes in
RAC1B expression.

Following co-culture times of 0 h, 24 h, 48 h, 72 h, and 96 h, the TEER of the
upper polarized Caco-2 layer was determined and then cells were lysed to compare total
RAC1B protein levels by WB. As revealed in Figure 3.5A, co-culture with NIH3T3
fibroblasts led to an increase in RAC1B, after 24 h, which became statistically significant

after 48 h, when compared to the control condition Caco-2 with Caco-2. On the other
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hand, Caco-2 cells co-cultured with THP-1 monocytes exhibited a behavior similar to the
control condition, allowing to conclude that undifferentiated monocytes do not promote

any increase in the RAC1B variant.
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Figure 3.5 - RAC1B levels and changes in polarization of Caco-2 cells under co-culture with stromal cells. Filter
inserts with fully polarized Caco-2 monolayers were placed into pre-seeded 24-well plates with Caco-2 (control),
NIH3T3 fibroblasts, or THP-1 monocytes. The Caco-2 cells were exposed to different times of co-culture: 0 h, 24 h,
48 h, 72 h, and 96 h. (A) RACL1B protein levels in lysates from polarized Caco-2 cells were analyzed by SDS-PAGE
and WB techniques after different co-cultures times. (B) Changes in the polarization state were assessed by the
differences between final and initial TEER measurement of Caco-2 after different co-culture times. The data represent
the mean + SEM of 3 independent experiments. Statistical analysis was carried out with Welsh test. * significantly

different from the corresponding control (Caco-2 + Caco-2) with P < 0.05.

When comparing the initial and final TEER for each type of co-culture and time,
it became evident that the increase in RAC1B was associated with a decrease in TEER
(Figure 3.5B).

To better understand the decrease in TEER observed in co-culture with
fibroblasts, we analyzed these three co-culture conditions by confocal microscopy. As
shown in Figure 3.6, the fibroblast co-culture led to a disorganization of the Caco-2
epithelial layer consistent with a loss in differentiation and polarization that manifested
in the observed decrease in TEER (Figure 3.5B)

58



Results

A

o . -
Phalloidin DAPI

.=

o . -
Phalloidin DAPI

C —

o . -
Phalloidin > DAPI

Figure 3.6 - Morphology of polarized Caco-2 cell layers after 48 h of co-culture with stromal cells. Cell polarization

and RAC1B expression and localization were analyzed by confocal immunofluorescence microscopy. Merge is the
colored overlay of three confocal immunofluorescence XZ images, which detected cell nuclei in blue (DAPI), the
localization of endogenous RAC1B protein in green (polyclonal anti-RAC1B antibody), followed by anti-rabbit
Alexa488, and actin (phalloidin) in red. Co-culture of Caco-2 with Caco-2 (control) (A), with NIH3T3 (B) or with
THP-1 (C).

3.3. Differentiation of monocytes in macrophages

Macrophages are immune cells known for their phagocytic capacity and most
tissues contain the mononuclear phagocytic system, a population of long-lived tissue-
resident macrophages. In addition, monocytes from the bloodstream can differentiate into
macrophages in response to inflammatory conditions (Ginhoux and Jung 2014; Prenen
and Mazzone 2019). Different macrophage population have been recognized. The most
broad classification divides macrophages in two functionally distinct subtypes: M1
macrophages secrete pro-inflammatory mediators and are activated in vitro by IFN-y and
LPS; M2 macrophages, on the other hand, secrete anti-inflammatory cytokines, are
activated in vitro by IL-4 and are involved in processes like wound healing and tissue
repair (Sica and Mantovani 2012; Italiani and Boraschi 2014). Notably, while the M1 and
M2 designation has been traditionally used to classify macrophages, these phenotypes are
nowadays considered part of a wider spectrum, revealing intrinsic plasticity and cross-

regulation (Mantovani et al. 2004).
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To clarify whether macrophages could influence RAC1B splicing in Caco-2 cells,
we proceeded by differentiating human THP-1 monocytes into macrophages prior to their
use in co-culture experiments similar to those described above. For this, we used a two-
step process. First, an incubation with 50 ng/mL of PMA during 24 h, after which the
cells became adherent (designated as MO macrophages). Second, the MO cells were
placed for 24 h in fresh medium containing either 10 ng/mL LPS and 10 ng/mL INF-y, or
10 ng/mL IL-4 to differentiate into M1 and M2 macrophages, respectively (as depicted
in Figure 2.1 of Chapter 2).

As shown in Figure 3.7, MO (Figure 3.7A), M1 (Figure 3.7B) and M2 (Figure
3.7C) macrophage cells are adherent, in contrast to monocytes, and differ from each other
in morphology when analyzed by optical microscopy, since MO0 has a round shape, M1
shows a more spread out shape and M2 has physical characteristics closer to MO.

Figure 3.7 - Differentiation of THP-1 cells induces morphological alterations. (A) THP-1 cells after 24 h with 50
ng/mL of PMA, designated MO cells. (B) MO cells after 24 h with 10 ng/mL LPS and 10 ng/mL INF-y, designated M1
cells. (C) MO cells after 24 h with 10 ng/mL IL-4, designated M2 cells. Photographs were taken with a digital camera
coupled to a bright-field microscope with a 40x magnification.

THP-1 differentiation into macrophages was confirmed, as previously described
(Daigneault et al. 2010; Genin et al. 2015; Forrester et al. 2018), by amplification of
specific marker gene expression using semi-quantitative RT-PCR, with GAPDH as an
internal housekeeping gene control (Figure 3.8). Successful M1 subtype differentiation
was validated by detecting the expression of several classical M1 markers: IL-13, TNF-
a, CXCL10 and CXCLI16, which are pro-inflammatory cytokines, or of CCR7
expression, a membrane receptor. As expected, these markers were elevated in M1-

differentiated macrophages but not in THP-1 monocytes or M2-like cells (Figure 3.8A).

60



Results

Conversely, the expression of M2-specific markers: CD163, CCL17 and CD206,
was clearly increased in macrophages differentiated into the M2-subtype, when compared

with THP-1 monocytes or M1-differentiated cells (Figure 3.8B).
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Figure 3.8 - Expression of classical markers on THP-1 monocytes, M1 and M2 macrophage subsets.
Total RNA was isolated from monocytes and macrophages of each phenotype, reverse transcribed and amplified by
PCR with GAPDH as an internal standard. (A) M1 markers: expression of IL-13, TNF-a, CXCL10, CXCL16 and
CCRT7; (B) M2 markers: expression CD163, CCL17 and CD206. The data represent the mean + SEM of 3 independent
experiments. Statistical analysis was carried out with a one-way ANOVA test followed by a Dunnett post-test. *
significantly different from the corresponding control (THP-1), respectively, with P < 0.05, ** with P < 0.01 or ****
P < 0.0001.

Following the successful in vitro differentiation of macrophages into two subtypes
with distinct markers and characteristics, their effect on RAC1B expression in Caco-2

cells was studied in co-culture experiments.
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3.4. Co-culture with CAFs and macrophages increases RAC1B

expression

Our preliminary co-culture experiments showed that THP-1 monocytes did not
influence RACI1B splicing but NIH3T3 fibroblasts did. To further investigate the
contribution of stromal cells to RAC1B splicing, we repeated the co-culture experiments
now using specialized and physiologically more relevant cell types, namely,
immortalized CT5.3-hTERT colon cancer-associated fibroblasts (CAFs) (gift from O
Wever, Ghent University), and the above described macrophages (M0, M1 and M2)
differentiated from THP-1 monocytes.

As shown in Figure 3.9, an increase in RAC1B was observed after 48 h of co-
culture of Caco-2 with both types of fibroblasts, CT5.3 and NIH3T3, as well as with MO
and M1 macrophages. On the other hand, co-culture with M2 macrophages did not
translate into a RAC1B protein increase, similar to the co-culture with undifferentiated
monocytes (THP-1). Moreover, when we increased the complexity of the co-cultures and
combined fibroblasts and macrophages (triple co-cultures), the increase in RAC1B was
more significant, especially in cultures of polarized Caco-2 with CT5.3 and M1
macrophages.
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Figure 3.9 - Effect of different co-cultures on RAC1B protein levels in Caco-2 cells. Polarized Caco-2 cells were
co-cultured with the indicated stromal cells and lysed after 48 h of culture. Proteins were analyzed by SDS-PAGE and
WB, and the indicated proteins detected in the whole-cell lysates. The control of the assay corresponds to the co-culture
of Caco-2 with Caco-2 and the tubulin protein served as a loading control. Corresponding quantification of RAC1B
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levels in Caco-2 obtained from at least three independent biological replicate experiments. Band intensities were
measured, then normalized to tubulin levels, followed by normalization to total RAC1 levels. Then the RAC1B/RAC1
ratio was calculated (as both are derived from the same pre-mRNA transcript). Data are shown as fold-change of the
RAC1B/RACL ratio relative to control and represent means + SEM, of 5 independent experiments. Statistical analysis
was carried out with a one-way ANOVA test followed by a Dunnett post-test. * significantly different from the

corresponding control (Caco-2 + Caco-2), respectively, with P < 0.05 or ** with P < 0.01.

In short, the presence of CAFs and M1 macrophages most significantly increased
RAC1B protein levels in Caco-2 cells.

In parallel, the levels of the two transcripts of the RAC1 gene were evaluated by
qRT-PCR in RNA extracted from Caco-2 cells under the co-cultures conditions
mentioned above. The results of the qRT-PCR, in Figure 3.10, showed that the variations

in transcript expression levels were considerably more tenuous than at the protein level.
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Figure 3.10 - Effect of co-culture on RAC1B mRNA levels in Caco-2 cells. Polarized Caco-2 cells were co-cultured
with the indicated stromal cells and lysed after 48 h of culture. Total RNA was extracted, cDNA synthetized and RAC1
and RAC1B were amplified by qRT-PCR. Data are shown as fold-change of the RAC1B/RACL ratio relative to control
and represent means + SEM, of 4 independent experiments. Statistical analysis was carried out with a one-way ANOVA

test followed by a Dunnett post-test.

These results may mean that small variations in the levels of AS that give rise to
the RACI1B transcript result in more significant changes in the amount of the respective
protein present in the cells.

On the other hand, the time point of 48 h of co-culture chosen to visualize changes
in the amount of RACIB protein, may not be appropriate to detect changes in
RACI1B/RACI1 mRNA levels, which might occur before this time-point. To confirm this,
we analyzed two key co-culture conditions: Caco-2 + Caco-2 (control) and Caco-2 +
CT5.3 + M1, at 24 and 48 h, and compared the levels of the two transcripts in Caco-2 by
RT-PCR. In Figure 3.11 we observe that the culture of CAFs with M1-like macrophages
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induced an increase in the expression of mRNA levels of RACI1B as early as 24 h, while
at 48 h there is already a reversion of the mRNA levels of this variant. In other words, the
change in mRNA happens at 24 h and only translates into a change in protein expression

at 48 h.
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Figure 3.11 - Effect of triple co-culture on RAC1B mRNA levels in Caco-2 cells. Polarized Caco-2 cells were co-
cultured with the indicated stromal cells and lysed after 24 h and 48 h of culture. Total RNA was extracted, cDNA
synthetized and RAC1 and RAC1B were amplified by RT-PCR. Data are shown as fold-change of the RAC1B/RAC1
ratio relative to control and represent means + SEM, of 5 independent experiments. Statistical analysis was carried out
with a one-way ANOVA test followed by a Dunnett post-test.

3.5. Comparing co-culture conditions in a model of polarized
T84 cells

As a second model of polarized colon cells, we used T84 cells, which also have
the ability to form a layer of polarized cells when grown on filters and have been
frequently used, similar to Caco-2, as a model for studying a tight and polarized
enterocyte cell layer (Pereira et al. 2016). These cells are originally from a lung metastasis
of a colon carcinoma, having a mutation in the KRAS and PIK3CA oncogenes, so with
different genetic characteristics from Caco-2 cells (Donato et al. 2011; Pereira et al. 2016;
Devriese et al. 2017).

In order to validate the T84 cell model, the cells were seeded on filter inserts for
monolayer formation and cell polarization was monitored by measurement of TEER
during 12 days.

As shown in Figure 3.12, the TEER of T84 cells was increasing over the days in

culture, and between 6 and 12 days of culture the resistance reached the reference value
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for T84 (400 to 600 Q.cm?). Thus, the polarization of T84 cells is faster than that of Caco-
2.
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Figure 3.12 - Polarization of T84 cells. T84 cells were seeded on filter inserts for monolayer formation and cell
polarization was monitored for 12 days by TEER measurement with a chopstick electrode STX2. Compilation of data

from five independent experiments.

Using fully polarized T84 cells we compared the effect on RAC1B of the four
most significant co-culture conditions identified with Caco-2 cells: T84 with T84
(control), T84 with CT5.3, T84 with CT5.3 plus M1, and T84 with CT5.3 plus M2. As
shown in Figure 3.13, there is a slight increase in RAC1B protein in T84 cells in all three
co-culture conditions after 48 h of co-culture, when compared to the control condition,
reaching statistical significance in both triple co-cultures of stromal cells (T84 + CT5.3 +

M1, or + M2).
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Figure 3.13 - Effect of co-culture on RAC1B protein levels in T84 cells. Polarized T84 cells were incubated with
stromal cells and lysed after 48 h of culture. Proteins were analyzed by SDS-PAGE and WB and the indicated proteins
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detected in the whole-cell lysates. The control of the assay corresponds to the co-culture of T84 with T84 and the
tubulin protein served as a loading control. Corresponding quantification of RAC1B levels in T84 obtained from at
least three independent biological replicate experiments. Band intensities were measured, then normalized to tubulin
levels, followed by normalization to total RAC1 levels. Then the RAC1B/RACLI ratio was calculated (as both are
derived from the same pre-mRNA transcript). Data are shown as fold-change of the RAC1B/RACL ratio relative to
control and represent means + SEM, of 5 independent experiments. Statistical analysis was carried out with a one-way
ANOVA test followed by a Dunnett post-test. * significantly different from the corresponding control (T84 + T84)
with P < 0.05.

Unlike Caco-2 cells, and consistent with a less pronounced increase in RAC1B
levels, polarized T84 cells maintained their TEER values unchanged, regardless of the
type of co-culture to which they were subjected. This was also observable by confocal
microscopy after immunofluorescent staining of epithelial markers. Figure 3.14 shows
that although T84 monolayers are less organized than those established by Caco-2 cells,
no loss in ZO-1 signal between the different co-culture conditions was apparent, and ZO-

1 localized at the apical-basolateral interface, supporting epithelial cell polarity.
A B C D

T84 + T84 T84 + CT5.3 T84 + CTS5.3 + M1 T84 + CT5.3 + M2

PRPN
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Figure 3.14 - Polarization of T84 cells after co-culture with stromal cells. Cell polarization was analyzed by confocal
immunofluorescence microscopy, after 48 h of co-culture. Representative images resulted from merge of the colored
overlay of three confocal immunofluorescence XZ images, which detected cell nuclei in blue (DAPI), actin in red
(polyclonal anti-B-actin antibody) and tight junctions in green (polyclonal anti-ZO-1 antibody), followed by anti-mouse
Alexa546 anti-rabbit Alexa488. (A) Co-culture of T84 + T84 (control), (B) T84 + CT5.3, (C) T84 + CT5.3 + M1 and
(D) T84 + CT5.3 + M2.

Although Caco-2 and T84 cells have different origins and characteristics, the

increase in RAC1B occurred in both cell lines under the same co-culture conditions.

3.6. Comparison with other non-polarized colorectal cell models

To confirm the importance of polarized cell models in the study of
microenvironmental contribution of stromal cells, we decided to study other colorectal
cell line models available in the laboratory, namely, DLD-1, NCM460 and HT29.

In this case, the cells were grown on filter inserts with the same methodology of

co-cultures, however, DLD-1, NCM460 and HT29 do not have the capacity to polarize.
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Thus, to complement the analysis, we also included non-polarized Caco-2 and T84 cell
monolayers in the assay.

As shown in Figure 3.15, all three co-culture conditions increased the RAC1B
protein in non-polarized Caco-2 and NCM460 cells, in particular, the co-culture with
CT5.3 fibroblasts that reached statistical significance. DLD-1 cells responded only to the
co-culture with CT5.3 fibroblasts, while HT29 and non-polarized T84 cells shown no

significant variation in RACI1B expression in the three conditions.
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Figure 3.15 - Effect of co-culture on RAC1B protein levels in non-polarized colorectal cells. Colorectal cells were
co-cultured with different stromal cells and lysed after 48 h of culture. Proteins were analyzed by SDS-PAGE and WB
of the whole-cell lysates. The control of the assay corresponds to the co-culture of colorectal cells with each type of
colorectal cells and the tubulin protein served as a loading control. Band intensities were measured, then normalized to
tubulin levels, followed by normalization to total RACL1 levels. Then the RAC1B/RACL1 ratio was calculated (as both
are derived from the same pre-mRNA transcript). Data are shown as fold-change of the RAC1B/RACL ratio relative
to control and represent means + SEM of 3 independent experiments. Statistical analysis was carried out with a one-
way ANOVA test followed by a Dunnett post-test. * significantly different from the corresponding control,
respectively, with P < 0.05 or ** with P < 0.01.

Interestingly, the results with the non-polarized Caco-2 and T84 cells are, for the
most part, different from those obtained when these cells were polarized. This indicates
that the acquisition of the structural organization similar to that of an intact epithelium,
changes the response of cancer cells to microenvironmental cues, highlighting the

importance of using polarized cell models in these studies.

3.7. Implementation of culture conditions to form 3D Caco-2
spheroids
3D cultures are frequently used for studying the biological response of epithelial

tissues, since they better represent the 3D organization and functional properties of the

intestinal barrier (Shamir and Ewald 2014; Kawai et al. 2020).
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Caco-2 cells have the ability to form spheroids when grown under the right
conditions in the presence of Matrigel, a solubilized basement membrane preparation,
rich in ECM proteins, secreted by mouse sarcoma cells. These conditions were tested in
terms of the percentage of Matrigel and the time of spheroid formation.

Figure 3.16 shows the formation of Caco-2 spheroids with the development of an
internal and central lumen, surrounded by polarized cells with an apical surface. Adherens
junctions are basolateral and tight junctions are apical. The RACIB staining showed
preferential basolateral localization. In addition, in the internal lumen, there are cells in
some spheroids that are probably in the apoptotic/necrotic process, although no marker

has been used to confirm this state.

Figure 3.16 - Caco-2 cells spheroid formation and morphological characterization. Caco-2 cells were grown in
Matrigel for 5 to 7 days. (A-C) Cells stained with phalloidin-TRITC (red) to detect actin and with DAPI to label the
nuclei of cells (blue). (B) Cells additionally stained with mouse-anti-E-cadherin, followed by anti-mouse Alexa488, to
detect cell junctions (green). (C) Cells additionally stained with rabbit-anti-RAC1B, followed by anti-rabbit Alexa488

(green). Merge is the colored overlay of the shown individual confocal immunofluorescence images.

The implementation of this type of cultures in the laboratory also allows to design
co-culture experiments with stromal cells and will be a useful model for future studies,
however, these Matrigel-based cultures were not further pursued because the transcript

and protein contents of the different cell types cannot be analyzed separately.

3.8. Identification of secreted cytokines by co-cultured cells

In order to identify which cytokines were released by stromal cells and responsible
for the RAC1B increase in Caco-2 cells, we pooled the conditioned basolateral media
from co-cultures of Caco-2 with either CAFs CT5.3, M1 macrophages, or the triple co-
culture between Caco-2, CT5.3 and macrophages M1. These media were incubated with
human inflammation antibody arrays (AAH-INF-3-8; RayBiotech Inc.) consisting of 40
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antibodies against human inflammatory factors, as cytokines/chemokines, spotted in

duplicate onto a blotting membrane (Lin et al. 2003; Mahlknecht et al. 2012; Drolia et al.

2019).

The detected cytokines/chemokines spots using these arrays are shown in Figure

3.17.
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Figure 3.17 - Identification of cytokines in the media recovered after co-culture conditions. Representative picture
of human cytokine antibody array (AAH-INF-3-8, Raybiotech Inc.) showing the reactivity of pooled basolateral media
samples from co-cultures of polarized Caco-2 with the indicated stromal cells. Each antibody is present in duplicate.
Membranes were digitalized, and images analyzed with ImageJ software (NIH). Green boxes: positive control spots

(upper left corner and lower right corner). Red boxes: negative or blank control spots (upper left and lower right corner).

Subsequently, signal intensities of the array spots were analyzed on digital images
using ImageJ (NIH). First, values were corrected against non-specific background and
then equalized using as reference the positive spot intensities on each array, so that all
arrays from one experiment can be compared. Results were displayed as a “heatmap” of
arbitrary intensity units proportional to the abundance of each cytokine in the medium of

each co-culture condition (Figure 3.18).
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Figure 3.18 - Differential cytokine levels in media from co-culture conditions. The intensity of each spot,
corresponding to each of the 40 cytokines in the array was analyzed with ImageJ (NIH), equalized and compared
between the four Caco-2 co-cultures (Caco-2 + Caco-2 (control), Caco-2 + CT5.3, Caco-2 + M1 and Caco-2 + CT5.3

+ M1). The determined values (arbitrary units) are shown as a graph and as a “heatmap”, with signal intensity displayed

in a scale from white (low) to dark blue (high) color.

Subsequently, the ratio between the signal intensity of each spot and that observed
under control condition (Caco-2 + Caco-2) was determined. The results are summarized
in Figure 3.19.

Analysis of Figure 3.19 shows cytokine variations that correlate with RAC1B
expression among the various co-culture conditions and highlighted three candidates:
GM-CSF, IL-1p and IL-6. We considered IL-8 as a forth candidate because, although its
value in Caco-2 control was sufficiently high to lose significance after normalization,

Figure 3.18 had revealed a pattern of increment with co-culture complexity similar to that
of IL-6.
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Figure 3.19 - Relative difference in cytokine levels between control and co-culture conditions. The values shown
in Figure 3.18 for each cytokine in each condition (Caco-2 + CT5.3, Caco-2 + M1 and Caco-2 + CT5.3 + M1) were
normalized to its corresponding value in control (Caco-2 + Caco-2) co-culture. The normalized values (fold change
relative to control) are shown in graphical and “heatmap” forms, the latter with signal intensity displayed in a scale
from white (low) to dark red (high) color.

On the other hand, and despite not being represented in the array, we decided to
study the cytokine MIP-2a, which according to Kotelevets et al was increased and related
to the accumulation of RAC1B in transgenic mouse models (Kotelevets et al. 2018). IL-
11 was chosen as a control cytokine, since it was not detected in any of the co-culture
conditions.

To validate the effect of each of the candidate cytokines, they were individually
added as purified proteins at 1 ng/mL, 10 ng/mL or 100 ng/mL to the basolateral medium
of polarized Caco-2 cells grown on filters during 10 days. RAC1B protein levels were
evaluated by WB after 48 h of treatment (Figure 3.20). These experiments confirmed that
IL-1B (Figure 3.20A), IL-6 (Figure 3.20B), IL-8 (Fig. 3.20D) and MIP-2a. (Fig. 3.20E)
increased the expression of RAC1B protein in a dose-dependent manner. Interestingly,
GM-CSF, as well as the IL-11 control, caused no significant effect at any concentration

used (Figures 3.20C and F, respectively).
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Figure 3.20 - Effect of purified cytokines on RAC1B protein levels in Caco-2 cells. Polarized Caco-2 cells were
grown for 10 days, then incubated with recombinant cytokines (A) IL-18, (B) IL-6, (C) GM-CSF, (D) IL-8, (E) MIP-
2o or (F) IL-11. After 48 h of culture, cells were lysed and proteins analyzed by SDS-PAGE and WB with the indicated
proteins detected in the whole-cell lysates. The control of the assay corresponds to the addition of the cytokines’ solvent
(PBS + 0.01% BSA). Detection of the tubulin protein served as a loading control. Data are shown as fold change of
RAC1B/RACL ratio (as both are derived from the same pre-mRNA transcript) relative to control and represent means
+ SEM of 3 independent experiments. Statistical analysis was carried out with a Welsh test. * significantly different

from the corresponding control with P < 0.05 or ** with P < 0.01.

In order to understand if a combination of cytokines could have an additive or
synergistic effect on the RAC1B protein levels in Caco-2, we used several combinations
of cytokines, each at 10 ng/mL, the intermediate effective concentration observed in the
above dose-response experiments. As shown in Figure 3.21, combining two different
cytokines, as well as the combination of the three cytokines IL-1f3, IL-6 and IL-8, did not

seem to influence the expression of RAC1B, at least after 48 h of culture.
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Figure 3.21 - Effect of cytokine combinations on RAC1B protein levels in Caco-2 cells. Polarized Caco-2 cells were
incubated with combinations of purified cytokines, each at 10 ng/mL. After 48 h of culture, cells were lysed and proteins
analyzed by SDS-PAGE and WB, with the indicated proteins detected in the whole-cell lysates. The control of the
assay corresponds to the addition of the cytokines’ solvent (PBS +0.01% BSA). Detection of the tubulin protein served
as a loading control. Data are shown as fold change of RAC1B/RACL1 ratio (as both are derived from the same pre-
mRNA transcript) relative to control and represent means £ SEM of 3 independent experiments. Statistical analysis
was carried out with a one-way ANOVA test followed by a Dunnett post-test. * significantly different from the

corresponding control with P < 0.05.
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As a further validation step for the identified cytokines, neutralizing antibodies
were used to block their stimulating effect on RAC1B expression. For this, a neutralizing
anti-human IL-6 antibody was added to either the basolateral medium of polarized Caco-
2 containing recombinant IL-6, or to the basolateral medium of co-culture with CAFs and
M1 macrophages. We detected that the increase in RAC1B protein levels in Caco-2 cells,
that was observed both in triple co-culture and using purified IL-6, was completely
blocked by the addition of 500 or 1000 ng/mL of the anti-human IL-6 antibody (Figure
3.22).
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Figure 3.22 - Effect of IL-6 neutralization on RAC1B protein in Caco-2 cells. (A) Polarized Caco-2 cells were co-
cultured with the indicated control or CT5.3 and M1 stromal cells, and the indicated concentration of anti-human-1L-6
antibody. Cells were lysed after 48 h of culture, proteins analyzed by SDS-PAGE and WB with the indicated proteins
detected in the whole-cell lysates. The control of the assay corresponds to the co-culture of Caco-2 with Caco-2 with
antibody solvent (PBS) and the tubulin protein served as a loading control. (B) Polarized Caco-2 cells were incubated
with purified cytokine IL-6, at 10 ng/mL, and with the indicated concentration of anti-human-1L-6 antibody and lysed
after 48 h of culture. Proteins were analyzed by SDS-PAGE and WB, and the indicated proteins detected in the whole-
cell lysates. The control of the assay corresponds to the addition of the cytokine solvent (PBS + 0.01% BSA) and
antibody solvent (PBS). Detection of the tubulin protein served as a loading control. Data are shown as fold change of
RAC1B/RACLI ratio (as both are derived from the same pre-mRNA transcript) relative to control and represent means
+ SEM, of 3 independent experiments. Statistical analysis was carried out with a Welsh test. * significantly different

from the corresponding control with P < 0.05.
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Although the corresponding neutralization experiments for the other cytokines
could not yet be concluded, the results show clearly the causal relationship between the

array-identified cytokine IL-6 and the increase in RAC1B.

3.9. Co-culture-mediated signaling events involved in the

expression of RAC1B in Caco-2 cells

In order to identify which signaling events could be mediating the variation in
RACI1B levels induced in the Caco-2 cells by the different co-culture conditions, changes
in the phosphorylation profile of some key protein kinases were monitored with a
phospho-kinase antibody array.

The proteome profiler human phospho-kinase antibody array (ARY003B; R&D
Systems, Bio-techne) detects 45 proteins, namely the phosphorylation of 43 human
kinases and total amount of 2 other signaling proteins simultaneously, and specific
antibodies are spotted in duplicate on nitrocellulose membranes (Neelakantan et al. 2019;
Ferraro et al. 2019).

We used the total Caco-2 cell lysates of control (co-culture Caco-2 + Caco-2)
versus TME condition (co-culture Caco-2 + CT5.3 + M1). Cells were lysed both after 24
h of co-culture (to identify early protein phosphorylation events that regulate the splicing
event) and after 48 h of co-culture (to distinguish signaling events that may be caused by
the increase in the RAC1B protein, or that depend on extended co-culture time).

Polarized Caco-2 cell lysates were incubated with the phospho-kinase antibody
array membranes and the resulting spot intensities are shown in Figure 3.23 A for 24 h of
co-culture and in Figure 3.24A for 48 h of co-culture. Subsequently, pixel intensities of
each spot were analyzed on digital images of the different arrays using ImageJ (NIH).
The arbitrary values were corrected for non-specific background noise and normalized to
the intensity of positive spots present on each array. Results were displayed as “heatmaps”
comparing two proteome profile events: Caco-2 + Caco-2 (control) and co-culture Caco-

2+ CT5.3 + M1, each at 24 h (Figure 3.23B) and 48 h (Figure 3.24B).
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Figure 3.23 - Protein phosphorylation differences in Caco-2 cells following 24 h of co-culture conditions. (A)
Representative image of the proteome profiler human phospho-kinase antibody array (ARY003B; R&D Systems, Bio-
techne), showing the reactivity of pooled Caco-2 lysate samples from Caco-2 + Caco-2 (control) and Caco-2 + CT5.3
+ M1 (TME co-culture condition) co-cultures, at 24 h. Each antibody was present in duplicate. Images were digitalized
and analyzed with ImageJ software (NIH). Green boxes: positive control spots (upper left corner, upper right corner
and lower right corner). Red boxes: negative or blank control spots. (B) Signal intensity of the spots corresponding to
the each of the 45 proteins after analysis by ImageJ (NIH), normalization to positive control signals, and comparison
between the indicated co-cultures conditions. The relative signal intensities are shown as color “heatmap” with signal

intensity represented in a scale of white (low) to dark blue (high) color.
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Figure 3.24 Protein phosphorylation differences in Caco-2 cells following 48 h of co-culture conditions. (A)
Representative image of the proteome profiler human phospho-kinase antibody array (ARY003B; R&D Systems, Bio-
techne), showing the reactivity of pooled Caco-2 lysate samples from Caco-2 + Caco-2 (control) and Caco-2 + CT5.3
+ M1 (TME co-culture condition) co-cultures, at 48 h. Each antibody was present in duplicate. Images were digitalized
and analyzed with ImageJ software (NIH). Green boxes: positive control spots (upper left corner, upper right corner
and lower right corner). Red boxes: negative or blank control spots. (B) Signal intensity of the spots corresponding to
the each of the 45 proteins after analysis by ImageJ (NIH), normalization to positive control signals, and comparison
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between the indicated co-cultures conditions. The relative signal intensities are shown as color “heatmap” with signal

intensity represented in a scale of white (low) to dark blue (high) color.

Subsequently, the ratio between the signals from each spot of Caco-2 + CT5.3 +
M1 and that measured under control condition (Caco-2 + Caco-2) was calculated, for
each co-culture period, to identify which kinases were altered. Results are summarized in
Figure 3.25, which allows visualizing the phosphorylation events that are altered in Caco-
2 + CT5.3 + M1 co-cultures, both after 24 h (Figure 3.25A) and 48 h of co-culture (Figure
3.25B).
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Figure 3.25 - Differential protein phosphorylation or expression levels in Caco-2 cells following their co-culture
with CT5.3 and M1 stromal cells. Plotted are the fold change ratios between Caco-2 + CT5.3 + M1 and Caco-2 +
Caco-2 cultures after, respectively, (A) 24 h and (B) 48 h of co-culture. The bars in green correspond to increased and

red bars to reduced phosphorylation levels between co-culture and control conditions.

According to the above analysis, after 24 h of co-culture, we observed an increase
in the phosphorylation events of ERK1/2 T202/Y204,T185/Y187 and STAT3 S727,
while that of EGFR Y1086 and Lyn Y397 decreased.

On the other hand, after 48 h of co-culture, we mostly observed a decrease in

kinase phosphorylations, with the exception of a sustained STAT3 S727 phosphorylation
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increment. In addition to these, we identified a decrease in the phosphorylation of EGFR
Y1086, beyond that verified at 24 h, of p27 T198 and PDGF-R[3 Y751.

3.10. Validation of candidate phosphorylation events in Caco-2

polarized cells

To proceed with the validation of putative signaling differences indicated by array
analysis in response to the co-culture conditions, we prepared a pool of Caco-2 whole-
cell lysates after co-cultures and used specific antibodies to detect the candidate proteins

by WB (Figure 3.26).
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Figure 3.26 - Validation of selected kinases activated in Caco-2 cells by co-culture. Polarized Caco-2 cells were
incubated with the indicated co-culture condition Caco-2 + Caco-2 or Caco-2 + CT5.3 + M1. After 24 h or 48 h of
culture, cells were lysed, and proteins analyzed by SDS-PAGE and WB, with the indicated phosphorylated (p-) and
total proteins detected in the whole-cell lysates. The control of the assay corresponds to the co-culture of Caco-2 with
Caco-2 at each time-point and the tubulin protein served as a loading control.
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In addition to specific anti-phospho antibodies, we also detected total amounts of
proteins and other proteins such as B-catenin, tubulin (for loading control), RAC1 and
RACIB. In agreement with the data presented in this thesis, the amount of RAC1 did not
change under any condition or over time, whereas RAC1B increased in the condition
Caco-2 + CT5.3 + M1 in relation to the control. According to the results of the array, the
amount of P-catenin would decrease slightly after 48 h; however, using the specific
antibody, it was not possible to verify this decrease.

Furthermore, we tested the phosphorylation of ERK with a phospho-specific
antibody. While the total ERK protein levels did not fluctuate in the studied conditions,
the phosphorylation of ERK1/2 T202/Y204, T185/Y187 increased significantly at 24 h
and 48 h of triple co-culture. For 24 h the results are in agreement with the array data;
however, for 48 h the results do not fully comply.

Concerning the phosphorylation of STAT3 at S727, we observed an increase in
this phosphorylation in triple co-culture condition, both after 24 h and 48 h, confirming
the array result. With regard to the total amount of STAT3, a slight increase was observed
in the co-culture of Caco-2 with CT5.3 and M1, although to a lesser extent than for the
specific phosphorylation. Curiously, the use of antibody specific for the phosphorylation
of STAT3 at Y705 also demonstrated an increase in Caco-2 in triple co-culture, both at
24 h and 48 h, which is not in agreement with the results of the array, where no changes
in this phosphorylation site were detected.

In addition, we also validated the AKT pathway with the use of specific antibodies
for S473 AKT phosphorylation and S9 of GSK3f. According to the array, there are no
significant changes in the amount of phosphorylation of AKT, however, in the WB there
is a slight decrease in phosphorylation in the phosphorylation in TME co-culture
condition, at 48 h, whereas the total AKT protein is not affected. Regarding the AKT-
mediated inhibitory phosphorylation of GSK3p no alteration was observed in the
validation WB, which corresponds to the results obtained with the array.

From this analysis, phosphorylation of ERK is one of the key differences observed
in Caco-2 cells in co-culture with stromal cells. In order to determine whether this event
is causally related to the observed increase in RACLB, the co-culture experiment was
repeated in the presence of a specific MEK1/2 kinase inhibitor, called AZD6244 or
Selumetinib, which blocks the observed ERK phosphorylation As shown in Figure 3.27,
a dramatic decrease in the phosphorylation of ERK1/2 T202/Y 204 was observed after 24
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h of triple co-culture, accompanied by a significant decrease in RAC1B protein levels, to

values close to the control.
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Figure 3.27 - Effect of Selumetinib on RACL1B protein levels in Caco-2 cells. Polarized Caco-2 cells were co-

cultured with the indicated control or CT5.3 and M1 stromal cells, and with or without 10 uM of Selumetinib. Cells
were lysed after 24 h of culture, proteins analyzed by SDS-PAGE and WB, and the indicated proteins detected in the
whole-cell lysates. The control of the assay corresponds to the co-culture of Caco-2 with Caco-2 with addition of drug
solvent (DMSO) and the tubulin protein served as a loading control. Data are shown as fold change of RAC1B/RAC1
ratio (as both are derived from the same pre-mRNA transcript) relative to control and represent means + SEM 4

independent experiments. Statistical analysis was carried out with Welsh test.

Besides the above validation of the ERK pathway under the described co-culture
conditions, we were able to validate the phosphorylation of STAT3 at Y705, using the
neutralizing anti-IL-6 antibody. In addition to reducing the RACIB protein levels
previously shown in the Figure 3.22, the neutralizing antibody also reduced STAT3 Y705
phosphorylation in the Caco-2 cells, which demonstrates that this IL-6-induced pathway
closely correlates with the observed changes in alternative spliced RAC1B protein levels,

as can be observed in Figure 3.28.
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Figure 3.28 - Effect of neutralizing IL-6 on STAT3 Y705 phosphorylation in Caco-2 cells. Polarized Caco-2 cells
were co-cultured with stromal cells and with the indicated concentration of anti-human-1L-6 antibody and lysed after
48 h of culture. Proteins were analyzed by SDS-PAGE and WB, and the indicated proteins detected in the whole-cell
lysates. The control of the assay corresponds to the co-culture of Caco-2 with Caco-2 with antibody solvent (PBS) and
the tubulin protein served as a loading control. Data are shown as fold change of RAC1B/RACLI ratio (as both are
derived from the same pre-mRNA transcript) relative to control and represent means + SEM of 3 independent
experiments. Statistical analysis was carried out with Welsh test. * or ** significantly different from the corresponding

control, respectively, with P < 0.05 or P < 0.01.

Together, these data indicate that the pro-inflammatory co-culture conditions
stimulate two specific signaling pathways in polarized Caco-2 cells, ERK and STAT3,

and that these changes are related to increased expression of RAC1B.

3.11. RACI1B levels in the colon mucosa of IBD patients

IBD is a group of autoimmune diseases that are characterized by inflammation of

both the small and large intestine, in which elements of the digestive system are attacked
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by the body’s own immune system (Fakhoury et al. 2014). This inflammatory condition
encompasses two major forms, known as Crohn’s disease and ulcerative colitis with
increasing prevalence in the Portuguese population (Azevedo et al. 2010). Disease
etiology involves a sequence of events in which changes in TJ permeability and actin
cytoskeleton organization lead to a disturbed barrier function of the intestinal epithelial
cell layer and consequently allow access of bacteria into the mucosa, generating sustained
inflammation and tissue damage. With the use of Caco-2 polarized cells as an intestinal
barrier model, we observed that fibroblasts-stimulated increase in RAC1B showed signs
of epithelial barrier dedifferentiation (Figure 3.6). Besides that, previous work of our
laboratory described that colon inflammation can generate increased RAC1B expression
in acute colitis mouse models and also in surgical samples from patients with IBD (Matos
et al. 2013).

So, in order to evaluate in clinical samples from patients with IBD, whether
disease correlated with increased expression of RAC1B, we analyzed the levels of the
two RACI transcripts in 32 FFPE samples, using qRT-PCR technique.

The samples were categorized on a scale of 0 to 5, according to the stage of
development and characteristics of the disease. We had 6 control samples, that correspond
to 19%, 7 samples of stage 2 that make up 22%, 9 samples of stage 4 (28%) and 4 samples
of stage 5, that correspond to 12%. 19% of the samples were not categorized, due to the
fact that they are poorly characterized or badly identified (Figure 3.29). Samples, clinical

data and respective stages are summarized in Table 3.1.

Stage 5

12%; n.a
" 19%

Stage 4
ml;:; CTRL

19%

Stage 2
11%

Figure 3.29 - Distribution of FFPE samples of IBD patients. Samples were categorized on a scale of 0 (without

disease - control) to 5 (severe IBD) and n.a. correspond to samples without possibility of categorization.
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Table 3.1 - Clinical data of FFPE samples and stage of the diseases. Samples were categorized on a scale of 0

(without disease - control) to 5 (severe IBD), taking into account the clinical aspects of the samples. n.a. corresponds

to samples without possibility of categorization.

I Stage
Sample Clinical Data (010 5)
H17/5567 B1 | Fragment of colon without appreciable changes 0
H17/6303 Fragment of large intestine mucosa without appreciable changes 0
H17/880 Normal colon mucosa 0
H17/4633 Colorectal mucosa without appreciable changes 0
H17/7148 Colorectal mucosa without appreciable changes 0
H17/1099 Granulation tissue from ulcerated lesion n.a.
H17/1104 Fragments of colon mucosa, with slight inflammatory infiltrate. 2
Colorectal mucosa, which presents edema and inflammatory infiltrate, with
H17/6075 Lo ; . : o
epithelial erosion — IBD: ulcerative colitis
Colon mucosa with slight distortion of the architecture and inflammatory
H17/27 s . s . . . - . . 4
infiltrate with superficial erosion. Clinical diagnosis of ulcerative colitis
H17/1501 Ulcerative colitis 5
E17/1822 _Co_Ion mucosa with slight distortion of the architecture and inflammatory 4
infiltrate
E17/2084 ColorecFaI mucosa with inflammatory lesions, with ulceration and formation 4
of cryptic micro-abscesses
Chronic ileo-colitis lesions with ulceration - compatible with inflammatory
H17/196 . - - 4
disease, likely Crohn's disease
Chronic ileo-colitis lesions with ulceration - compatible with inflammatory
H17/197 . - L 4
disease, likely Crohn's disease
H17/3226 Rectal mucosa with inflammatory bowel disease 2
H16/30481 Mucosa w_|th defqrmatlon of ylllous architecture and marked inflammatory 5
process with erosion / ulceration
H17/4394 Fragment of large intestine mucosa without appreciable changes 0
H17/6399 Fragment of colon mucosa with abundant inflammatory infiltrate 2
H17/6400 Fragment of colon mucosa with abundant inflammatory infiltrate 2
H17/1633 Without clinical data n.a.
lleal mucosa with trans-mural inflammatory infiltrate (particularly
H98/5236 ! 2
exuberant in the sub-mucosa and sub-serosa)
Colon sample, with predominantly lymphoplasmacytic inflammatory
H99/10152 s : ; h . ; 4
infiltrate, with extensive areas of ulceration and fistulation
H17/8226 Without clinical data n.a.
H97/2655 Without clinical data n.a.
Mucosa with transmural mononucleated inflammatory infiltrate -
H89/4601 morphological aspects that in the appropriate clinical and laboratory context 5
are compatible with Crohn's disease
Mucosa with chronic transmural inflammatory lesions and granulation
H00/6249 : o . . . 2
tissue containing multinucleated giant foreign body cells
H04/5324 Mucosa with mononuclear inflammatory infiltrate 2
Mucosa with transmural inflammatory infiltrate, constituting lymphoid
H03/12465 aggregates 4
H17/5236 Without clinical data n.a.
H96/2032 Without clinical data n.a.
H01/9697 Mucosa with polymorphic inflammatory infiltrate that reaches up to the 5
muscle layer
H01/3381 Mucosa with chronic transmural inflammatory infiltrate, with lymphoid 4
aggregates
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The results of qRT-PCR are summarized in the graph of Figure 3.30 and show an
increase in RACIB expression with advanced disease stages. All control samples
presented a normal RACI1B level, whereas the majority of the IBD samples had increased
RACIB levels. Only one of the four samples from stage 5 of the disease showed the
normal RACIB level, while the others showed a level at least 2 times increased. Samples
from stage 2 showed an expression similar to the control group and stage 4 showed a
slight increase, albeit not statistically significant. When we group all the IBD samples,

we also see that there is a tendency for increased RAC1B expression.
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Figure 3.30 - RAC1B mRNA levels of IBD patient samples. Total RNA from paraffin-preserved samples was
extracted, cDNA synthetized and RAC1 and RAC1B were amplified by gqRT-PCR. The samples were grouped into
categories according to the stage of the disease and subsequently the level of RAC1B was compared with the level of
the control samples (mucosa without changes). IBD corresponds to all occurrences and IBD stage to those
corresponding to each category. Data are shown as fold-change of the RAC1B/RACL ratio relative to control and
represent means + SEM, of 3 independent experiments. Statistical analysis was carried out with a one-way ANOVA

test followed by a Dunnett post-test. ** significantly different from the corresponding control P < 0.01.

In short, the presence of increased RACIB appears to correlate with the
progression of inflammatory bowel disease and its severity. However, the small number
of samples did not allow to draw solid conclusions and in the future, it would be fruitful

to increase the number of patient samples.
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The mucosa of our gastrointestinal tract forms a barrier that separates the gut
lumen, containing ingested food, microorganisms and environmental toxins, from the
surrounding tissues (Zhang et al. 2015). The barrier function relies on a close dialogue
between epithelial and stromal immune cells. Thus, perturbation of the barrier function
in the colon underlies inflammatory bowel diseases, which constitute a risk factor for
colon cancer development (Baumgart and Carding 2007; Ullman and Itzkowitz 2011). In
addition, the requirement for adult stem cells to constantly renew the colon mucosa
epithelium, presents a proliferative microenvironment in the colon crypts that results in
increased vulnerability of the mucosa to the growth of malignant cells (Barker et al. 2009;
Clevers 2011, 2013; Gehart and Clevers 2019).

Previously, our lab found that inflammatory conditions in the colon mucosa led to
increased expression of an AS variant of the small GTPase RACI, designated RAC1B
(Matos et al. 2013). Variant RAC1B is also overexpressed in a subtype of colorectal
tumors, characterized by the presence of mutant BRAF and corresponding to up to 15%
of all sporadic CRCs (Matos et al. 2008, 2016). The studies further suggested that the
overexpression of RACIB is a subsequent genetic event in tumor-initiated colorectal
cells, allowing them to escape from oncogene-induced senescence (Henriques et al. 2015)
and continue the malignant progression. However, mutations in the RAC1 gene, that could
explain a shift from RACI to RACIB transcripts, have not been found, so the mechanism
involved in triggering RACI1B overexpression remained to be determined.

The process of tumor formation and progression is influenced by two factors,
namely genetic/epigenetic changes in the tumor cells and their mutual and dynamic
interaction with the TME (Arneth 2019; Baghban et al. 2020). Solid tumors have been
recognized as structures that consist of not only cancer cells but also a variety of
morphologically distinct cell types. Although tumor formation is initiated by an
oncogenic mutational event in a cell, further tumor-promoting stimuli are required for
malignant progression to proceed. A pro-inflammatory microenvironment has been

identified as one such stimulus (Coussens and Werb 2002; Bissell and Hines 2011).
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4.1. A model to study the response of colorectal cells to a pro-

inflammatory environment

The main objective of this work was to test the hypothesis that
microenvironmental stimuli could be a trigger for tumor cells to change AS, namely
RACIB. For this, we grew Caco-2 cells on a microporous filter membrane into a
polarized epithelial cell layer, as a model to implement co-cultures of colorectal and
stromal cell types and determine the conditions that lead to increased RAC1B expression
in colorectal cells, so to be able to respond to the first objective of this thesis.

Caco-2 cells were derived from an intermediate-stage human colorectal
adenocarcinoma (Sambuy et al. 2005), show both colonocyte and enterocyte
characteristics, and have a microsatellite-stable phenotype, mutations in the tumor-
suppressor proteins APC, p53, and SMAD4 (Djelloul et al. 1997; llyas et al. 1997; De
Bosscher ef al. 2004), but not in the proliferation-driving oncogenes KRAS, BRAF, or
PIK3CA (Forbes et al. 2010). Besides being a model for earlier stages of cell
transformation, Caco-2 cells have the ability to form a layer of polarized cells, when
grown on microporous membrane inserts, critical for these studies.

First, polarization has a profound impact on the wiring of the cell’s signal
transduction pathways. As described in a review by Weaver and colleagues (2014), the
intracellular localization of many signaling molecules differs between cells grown as a
flat monolayer on a stiff plastic matrix and cells differentiated into a polarized cell layer
(Rubashkin et al. 2014). In part, the type of cell-cell or cell-matrix adhesion complexes
assembled by the cell determines the connection to the intracellular cytoskeletal and
signaling machinery, approaching such polarized cell layers more to the physiological
situation of cells within an epithelium.

Second, it allowed co-culturing Caco-2 cells with stromal cell types without them
being in direct physical contact, due to the separating membrane. This way, a pure Caco-
2 extract could be obtained for analysis of RNA and protein, since the cells share only
soluble factors released into the medium.

Based on co-culture experiments of stromal cells and Caco-2, the results showed
that fibroblasts or CAFs and macrophages increased RAC1B protein expression, at 48 h.
The most significant increase was observed with the triple cultures containing CAFs and
M1-like macrophages. Besides RACI1B, these experimental conditions led to epithelial

disorganization and, consequently, to cellular depolarization, but whether this is caused
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by RACIB signaling remains to be determined. Loss of apical-basal polarity is one of the
hallmarks of epithelial cancers and it can occur both, in early stages of tumor progression,
for example, in some breast tumor types (Hinck and Nithke 2014), or in later stages with
the appearance of invasive migratory cells, as in CRC (Fleming et al. 2012).

Further support for the importance of using polarized Caco-2 cells was obtained
from the use of other colorectal cell lines grown without polarization, including Caco-2,
where a different response to co-culture with stromal cells was observed. As an alternative
model of polarized colon cells, we used T84 cells, which also have the ability to form a
layer of polarized cells (Donato et al. 2011; Pereira et al. 2016; Devriese et al. 2017).
With these cells, co-culture with CAFs and macrophages also led to an increase in
RACL1B, as verified with Caco-2 cells. The fact that the results obtained with other cell
lines and with non-polarized Caco-2 and T84 differed from those obtained with polarized
cells, underline the importance of using polarized cells as models closer to physiological
conditions.

The importance and growing value of 3D cell models led us to develop and
optimize Caco-2 spheroids, in which they self-organize around an internal and central
lumen, surrounded by polarized cells with apical surface. However, the manipulation of
Matrigel-based cultures have an associated degree of difficulty, since temperature
variations make the Matrigel more liquid, leading to the rupture of the spheroids. On the
other hand, Matrigel interferes with techniques such as WB, so it is necessary to use
products that allow it to be removed first from the culture. Although these models will
certainly be useful for future studies of the TME, the fact that cell types cannot be lysed
separately precluded their further use in our co-cultures assays.

Altogether, these results allowed us to conclude that the study of polarized Caco-
2 cells permitted identifying the effect of a pro-inflammatory stromal environment on the
expression of alternative spliced RAC1B. This is in agreement with the growing
understanding that a complex interplay exists between the developing tumor and the
TME. In particular, an inflammatory microenvironment triggers adaptive responses in the
tumor cells, which rely on the plasticity of gene expression, including the modulation of
AS. It has now been established that alternatively spliced isoforms can have oncogenic
potential and contribute to several cancer hallmarks, such as the cancer cell’s ability to
sustain proliferation, avoid apoptosis, invade and metastasize, as well as to manipulate
cellular energy metabolism and evade the immune system (Hanahan and Weinberg 2011;

Fouad and Aanei 2017; Silva et al. 2020). Several recent reviews have highlighted that
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such oncogenic AS variants, including RAC1B, may become important new biomarkers
for tumor progression or prognosis, or represent a novel type of therapeutic target for
pharmacological intervention (Lee and Abdel-Wahab 2016; Urbanski et al. 2018;
Desterro et al. 2020; Rahman et al. 2020; Bessa et al. 2020).

4.2. Molecular composition of the RACI1B-inducing pro-

inflammatory environment

The intestinal epithelium can be injured by inflammation and then undergoes a
wound healing process. Intestinal wound healing is dependent on the precise balance of
migration, proliferation, and differentiation of the epithelial cells adjacent to the wounded
area (lizuka 2011; Xue and Falcon 2019). These processes share similarities with cancer;
however, at the level of regulation, cancer cells lost control of multiple cellular, molecular
and biochemical processes that characterize each step of wound healing (Byun and
Gardner 2013).

The molecular connection between cancer and inflammation resides in cytokines
and chemokines, soluble factors released by immune cells to regulate their response, but
which also stimulate proliferation of most human neoplastic cell types, including
colorectal cells (Clevers 2004; Karin and Greten 2005; Terzi¢ et al. 2010; DiDonato et
al. 2012). These were primarily studied here, although we cannot exclude that additional
communication of Caco-2 cells with the co-cultured cells exist, such as the release of
exosomes or microvesicles which have a size range between 0.1 and 1.0 pm and could
pass the microporous membrane (Gyorgy et al. 2011).

Through the use of a human inflammation antibody array, we were able to identify
4 main cytokines associated with increased RACI1B protein expression in Caco-2 cells
after co-culture with CAFs and M1-like macrophages: IL-1p, IL-6, GM-CSF and IL-8,
all of which are typical pro-inflammatory cytokines.

IL-1B levels in the medium were slightly increased by CAFs alone, but then
increased over 50-fold in the triple co-culture. IL-1p has been identified as a key mediator
of inflammation-induced pathological changes, including IBD (Mahida et al. 1989;
Reimund et al. 1996; McAlindon et al. 1998; Reinecker et al. 2008; Voronov and Apte
2015). In Caco-2 cells, IL-1p promoted tight junction permeability (Al-Sadi et al. 2011,

2013) and in primary colon cancer cells or the HCT-116 colorectal cancer cell line, IL-
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1B induced hallmarks of CSCs, such as an up-regulation of stemness factor genes, EMT
and increased drug resistance (Li et al. 2012).

IL-1PB has been strongly implicated in the inflammatory response of immune cells
(Bent et al. 2018), for example by promoting the differentiation of monocytes to
conventional dendritic cells (Yoshimura 2003) and to M1-like macrophages (Schenk et
al. 2014). So, IL-1P is crucial to initiate acute inflammations. However, high levels of
innate cytokines, as apparent in chronic inflammation, may promote tumor development
by driving sustained NF-kB activation and MAPK activity. IL-1p is also a driver of auto-
inflammatory diseases (Kim and Choi 2015; Bent et al. 2018).

The key pro-tumorigenic role of IL-1P is related to its ability to induce the
production of other cytokines (Baker et al., 2019), including IL-6 production in breast
cancer cells, as well as additional cytokines and growth factors such as TGF-f3, TNF-a,
and EGF. Indeed, these cytokines and growth factors seem to potentiate the effect of IL-
1B on IL-6 expression (Oh et al. 2016). IL-1p further promotes tumor development by
influencing angiogenesis, by stimulating secretion of VEGF by malignant cells and blood
vessel density in tumors (Saijo et al. 2002; Voronov et al. 2003; Nakao et al. 2005).

In experimental studies, nucleotide-binding and oligomerization domain-like
receptor 3 (NLRP3) and IL-1p expression levels were correlated with the tumor size and
the metastatic status of the sentinel lymph node, in human oral squamous cell carcinoma
(Wang et al. 2018). Clinically, a correlation between high levels of IL-1B and bad
prognosis in cancer patients was observed. Therefore, IL-1 inhibition seems to target
key components of tumor development and in most cases results in reduced tumor
development (Bent et al. 2018).

On the other hand, divergent and conflicting data on the role of the IL-1p exist
(Baker et al. 2019). Allen and collaborators (2010), ascribed tumor-inhibiting effects to
IL-1pB in a murine model of colitis-associated cancer, with the increased tumor burden
correlating with attenuated levels of IL-1P and IL-18 at the tumor site, through inhibition
of the NLRP3 inflammasome (Allen et al. 2010).

Although conflicting effects in terms of tumor development have been observed,
IL-1pB within the TME generally promotes carcinogenesis, tumor growth, and metastasis
by different key mechanisms, such as driving chronic non-resolved inflammation,
endothelial cell activation, tumor angiogenesis, and the induction of immune-suppressive
cells. IL-1B blockers have already shown great efficacy and safety in the treatment of

several auto-immune diseases; however, the pleotropic nature of IL-1f and its role under
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homeostatic conditions, together with its crucial role in defense against infections, make
it difficult to predict the systemic and long-term effects of its blocking in cancer
treatment.

The highest signal intensity on the human inflammation array was seen for IL-6,
which increased in single co-cultures of Caco-2 with either CAFs or Ml-like
macrophages alone, but increased at least 10-fold more in the triple co-culture containing
both cell types. This mirrors our observation that RACIB levels in Caco-2 cells were
slightly increased in the presence of CAFs or M1-like macrophages alone, but induced to
highest levels in the triple co-culture. Activated stromal fibroblasts can enhance IL-6
production by colon cancer cells and anti-IL-6 receptor antibody showed greater anti-
tumor and anti-angiogenic activity in vivo (Nagasaki et al. 2014). So, the relationship
between IL-6 and stromal fibroblasts offers new approaches to cancer therapy.

IL-6 levels were significantly increased in patients with CRC and correlated with
tumor size and disease status (Chung and Chang 2003), and with metastasis and tumor
progression (Ueda et al. 1994; Komoda et al. 1998; Kinoshita et al. 1999). In addition,
an increase in serum IL-6 has been reported to be associated with poor prognosis in the
patients with gastric cancer (Wu et al. 1996; To et al. 2004), renal cell carcinoma (Blay
et al. 1992), prostate cancer (Nakashima et al. 2000), ovarian cancer (Plante et al. 1994),
and breast cancer (Bachelot ef al. 2003). Furthermore, IL-6 plays a crucial pathogenic
role in IBD and its levels in serum and intestinal mucosa of patients with IBD are
distinctly elevated and positively correlated with the severity of inflammation (Atreya
and Neurath 2005).

As described above, IL-6 production can be stimulated by the presence of IL-1f3
in breast cancer cells, and their EMT and stem-cell-like phenotypes were attenuated by
either anti-IL-6 or anti-IL-1f antibody treatment (Oh et al., 2016). The use of an IL-6
neutralizing antibody, showed that there is a decrease in the expression of RACIB,
showing that it could be a good target for study.

Another specific change in the array concerned GM-CSF, which occurred
specifically in the triple co-culture condition but not with CAFs and M1 alone. GM-CSF
is known to be involved in regulating macrophage polarization and may be a serum
prognostic factor for colorectal cancer patients (Demirci ef al. 2009; Nebiker et al. 2014).
Constitutive GM-CSF secretion has been found in a variety of tumor models, including
small-cell lung carcinomas, skin carcinoma, gliomas and head and neck squamous cell

carcinomas (Hong 2016). Consistently, gene expression arrays show that ~70% of human
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and murine colorectal cancers exhibit a consistent production and secretion of GM-CSF
(Urdinguio et al. 2013). However, upon validation with the addition of purified protein
to Caco-2 cells, GM-CSF had no effect on RAC1B levels.

Contrarily to what was referred above, GM-CSF production by tumor cells is at
the same time an independent favorable prognostic factor in CRC, inhibiting colorectal
cancer cell proliferation (Nebiker et al. 2014). Therefore, this double face of the GM-CSF
may explain the fact that, despite being identified in our co-culture medium, it does not
directly influence the expression of RAC1B.

We further considered IL-8 as a fourth candidate because it showed a pattern of
increment from simple to triple co-cultures similar to IL-6, although its relative increase
was low, due to a significant background secretion by Caco-2 cells in the control
condition. Of particular note, signaling by the IL-8 has been shown to promote malignant
progression of tumors (Waugh and Wilson 2008) and has been associated with
inflammatory pathways and gastric cancer (Lurje et al. 2010). It is widely known that IL-
8 acts as an autocrine growth factor for some colon carcinoma cell lines (Brew et al.
2000). Furthermore, a meta-analysis in CRC cases identified serum IL-8 as a promising
biomarker, which may become a clinically useful tool to identify high-risk patients (Jin
et al. 2014). In addition, data from population-based studies of colon cancer incidence
identified the association of single nucleotide polymorphisms (SNPs) in IL-8 with colon
cancer risk (Bondurant et al. 2013).

Besides these 4 cytokines that were identified through the cytokine array, we also
studied the effect of MIP-2a, because it was found increased in a transgenic RAC1B-
knock-in mice model (Kotelevets et al. 2018). Indeed, our results are in line with what
was seen in this animal model, since the addition of purified MIP-2a. led to an increase
in RAC1B in Caco-2 cells. Although the activity of this chemokine has mainly been
examined for immune cell recruitment, MIP-2a may also exhibit pro-tumorigenic activity
(Phinney et al. 2018). MIP-2a may induce colorectal tumor cell proliferation in a C-X-C
motif chemokine receptor 2 (CXCR2)-dependent manner (Kollmar et al. 2007) and also
promote melanoma growth and metastasis (Kwon et al. 2015).

A limitation of our approach is that all cells in our co-culture system share the
same surrounding medium, so that the observed changes in I1L-6, IL-8, GM-CSF, MIP-

2o and IL-1B cannot discriminate formally, which cell type was responsible for their
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secretion, including Caco-2 cells. This may also explain why the combined addition of 2

or more purified cytokine did not show any additive effects on RAC1B expression levels.

4.3. Relation of the pro-inflammatory effects perceived in co-

culture with those observed in patients with IBD

During the last years, the contribution of the immune system and inflammation to
cancer development, progression, and therapy has regained enormous interest. It is now
well known that inflammation predisposes to the development of cancer and promotes all
stages of tumorigenesis (Greten and Grivennikov 2019).

Inflammatory bowel disease, which includes Crohn’s disease and ulcerative
colitis, represents a group of chronic disorders characterized by inflammation of the
gastrointestinal tract (Sanchez-Mufioz et al. 2008; Fakhoury et al. 2014). Currently, the
pathogenesis of IBD is not completely understood, but it is known that cytokines are key
signals in the intestinal immune system, and are known to participate in the disruption of
the so-called normal state of controlled inflammation (Sanchez-Muiioz et al. 2008). The
presence of certain chemokines, cytokines, and myeloid cell subsets correlate with poor
prognosis in CRC (Tosolini et al. 2011; Mlecnik et al. 2016).

In fixed tissue sections obtained from patients with IBD, we observed a correlation
with poor prognosis/stage of disease and the presence of overexpressed RACIB.
Nevertheless, the number of samples was too small to draw statistically meaningful
conclusions.

T-helper (Th) cells are a subclass of lymphocytes that play a key role in IBD. Thl
cells mediate the production of pro-inflammatory cytokines, such as IFN-y, TNF-a, and
IL-2, which are part of cell-mediated immunity, whereas Th2 cells lead to production of
anti-inflammatory cytokines. There is a mutual interaction between Thl and Th2
lymphocytes. The administration of anti-inflammatory drugs reduce the extent of bowel
inflammation disease by attenuating the Thl response and enhancing Th2-mediated
activity (Rutgeerts and Geboes 2001; Fichtner-Feigl 2005).

TNF-a is a pro-inflammatory cytokine that plays a major role in the inflammation
caused by IBD, since clinical studies have demonstrated that serum TNF-a levels are
elevated in these patients. An increase in TNF-a induces cell proliferation and
differentiation, and leads to upregulation of adhesion molecules on endothelial cells

(Fakhoury et al. 2014). TNF-a also exerts its pro-inflammatory effect through cytokines
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such as INF-y, IL-1pB, and IL-6 (Florholmen and Fries 2011). So, TNF-a is the most
promising candidate predictor of this disease (Florholmen and Fries 2011; Velikova et al.
2016).

In the results of the human inflammation array, TNF-a does not appear to be
increased in the conditioned medium of our study model. This may be due to the fact that
TNF-a is mainly secreted by lymphocytes, which are not present in our co-cultures.
However, in the future, it would be necessary to assess its role in RAC1B production by
Caco-2 cells, either in purified form or by adding lymphocytes to the triple co-culture
condition.

Beyond this cytokine, IL-8 mRNA expression in the inflamed mucosa is shown
to be significantly higher than the level in non-inflamed mucosa of IBD patients or in the
normal mucosa of non-IBD patients (Matsuda et al. 2009) and there is also an
upregulation of IL-6 levels in IBD patients. Mucosal IL-6 levels were correlated with the
degree of clinical activity in Crohn’s disease and ulcerative colitis (Florholmen and Fries
2011).

Altogether, the cytokines that were identified in the RACIB-inducing pro-
inflammatory co-culture system have already been largely identified in the context of
inflammatory disease, further supporting the value of the developed Caco-2 co-culture
model system to study the connection between inflammation of the intestine, the increase

in RACIB and the progression to cancerous conditions.

4.4. Signaling response of colorectal cells to a pro-inflammatory

environment

Our data correlated the presence of 4 cytokines with the induction of RAC1B in
Caco-2 cells and thus, we hypothesized that these were recognized by Caco-2 cell
receptors and transformed into a signaling response. In order to identify signaling events
that could be mediating the variation in RAC1B levels induced by the CAF with M1 co-
culture, we analyzed Caco-2 cells for changes in the phosphorylation profile of some key
protein kinases and signaling molecules, after 24 h and 48 h of co-culture.

According to the proteome profiler human phospho-kinase antibody array
analysis, we identified several specific changes. First, STAT3 S727 phosphorylation
increased after 24 h and 48 h of co-culture. This constitutive activation of STAT3

pathway has already been described in other cancers, such as melanoma (Sakaguchi et al.
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2012) and chronic lymphocytic leukemia (Hazan-Halevy et al. 2010), where pS727 was
detected in almost all the cases while very few of the samples presented pY705 STAT3
(Dimri et al. 2017). In our study model, we observed both phosphorylations of STAT3.

STATS3 is a transcription factor and a crucial mediator of tumor cell progression
and tumor-associated immunosuppression (Wang and Sun 2014; Kitamura et al. 2017).
Hyperactivation of STAT3 has been reported in several types of tumors, including head-
and neck, brain, breast, liver, lung, kidney, pancreas, prostate, ovary cancer, and multiple
myeloma, as well as acute myeloid leukemia. Expression levels of activated STAT3 are
positively correlated with poor prognosis in these cancers (Lee et al. 2019).

In IBD, activation of STAT3 is mediated by the interaction of IL-6/soluble IL-6
receptor (sIL-6R) complexes and glycoprotein 130 (gp130) and enhances the expression
of anti-apoptotic factors such as BCL-2 and BCL-xL, which cause apoptotic resistance
and contribute to the perpetuation of chronic intestinal inflammation (Atreya and Neurath
2005; Luo and Zhang 2017). Collectively, it is suggested that IL-6 is a critical tumor
promoter in colitis-associated cancer and STAT3 is essential for the transduction of
tumor-promoting signals from IL-6 (Mager et al. 2016; Luo and Zhang 2017).

Targeting the IL-6/STAT3 signaling axis has already been shown to be beneficial
in the treatment of certain cancers in human patients, therefore, many protein inhibitors
of this pathway have been developed and tested as well as immunotherapy (Wang and
Sun 2014; Wang et al. 2016; Johnson et al. 2018; Lee et al. 2019). Grivennikov and
collaborators (2009) established the role of IL-6 and STAT3 signaling in pre-malignant
intestinal epithelial cells, since the signaling protects their apoptosis, during
inflammation-associated colon carcinogenesis. This created a rationale for the use of IL-
6 blockers and STAT3 inhibitors in the treatment and prevention of colitis-associated
cancer (Grivennikov et al. 2009).

In our results, the addition of anti-IL-6 antibody to the triple co-culture medium
neutralized the effect of IL-6 and led to a decrease of both, STAT3 Y705 phosphorylation
and RACI1B protein expression. Although further experiments are required to determine
whether STAT3 directly affects RAC1B levels, it is possible that a transcriptional effect
on, for example, an exon 3B-binding splicing factor such as SRSF1 could be involved.

Second, we observed an increase in ERK1/2 T202/Y204, T185/Y187, at 24 h of
co-culture. RAF/MEK/ERK signaling is a key pathway in the occurrence and
development of most human solid tumors (Guo et al. 2020). The RAF/MEK/ERK
pathway has attracted much attention in the search for new chemotherapeutic agents, due
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to both the high frequency of KRAS (40%) and BRAF (10%) mutations identified in colon
tumors (Downward 2003; Arrington et al. 2012; Yaeger and Saltz 2012). It is a major
pathway promoting proliferation by regulating cell cycle progression and apoptosis of
human colon cancer cells (Zhou et al. 2018; Ducreux et al. 2019). Moreover, constitutive
activation of ERK1/2 is frequently, though not invariably, observed in CRC cell lines and
primary human tumors derived from colon (Hoshino et al. 1999).

Selumetinib (AZD6244, ARRY-142886) is an oral, highly specific, allosteric
inhibitor of MEK1/2 that is currently undergoing clinical trials (Kirkwood et al. 2012;
Catalanotti et al. 2013; Cheng and Tian 2017) as an anti-tumor agent (Grasso et al. 2014).
It has shown to exert anti-proliferative and pro-apoptotic effects in various tumor cell
lines grown in culture or as xenografts (Davies et al. 2007). Binding of Selumetinib to
the inhibitor binding pocket of MEK1/2 prevents downstream phosphorylation of
ERK1/2 and, thus, inhibits the RAF/MEK/ERK signaling pathway.

In our results, the use of Selumetinib not only decreased the phosphorylation of
ERK1/2 but also prevented the co-culture induced increase in RAC1B, demonstrating
that the activation of the MEK/ERK pathway has an important and direct role in the
cytokine-mediated increase of AS variant RAC1B.

A BRAF-V600E mutation is frequently observed in melanoma and CRC and is
associated with a very poor prognosis. This mutation leads to constitutive BRAF kinase
phosphorylation of MEK and ERK kinases and sustained MAPK pathway signaling
(Davies et al. 2002). This pathway is one of the most attractive targets for the design of
small-molecule drugs, and currently many different BRAF inhibitors are on the market.
Because these inhibitors alone have led to tumor relapse due to the selection of resistant
cells, double and triple combinatorial therapeutic strategies that block several pathways
in parallel have made remarkable progress in this area (Pan ef al. 2018; Ducreux et al.
2019). Previous studies have suggested that BRAF-V600E alone is not sufficient to drive
an increase in RAC1B levels in NCM460 cells (Henriques ef al. 2015), however, in future
studies, the treatment of the described co-culture model with RAF or EGFR inhibitors
could help to further clarify the relation between ERK activation and RACIB expression.

Besides being a transcriptional stimulator, the activation of ERK was also shown
to affect AS through direct phosphorylation of splicing factors. For example, the inclusion
of exon v5 into the cell surface tumor marker CD44 enhances malignancy and
invasiveness of some tumors, and is regulated by KH domain containing, RNA binding,

signal transduction associated 1 (SAM68). ERK phosphorylates SAM68 in T-lymphoma
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(Weg-Remers 2001; Matter ef al. 2002) and colorectal cancer cells, and leads to binding
of p-SAM68 to the 3° UTR of the SRSF1 transcript (Valacca et al. 2010). Thus, ERK
activation results in an increased level of SRSF1 protein, which has been shown to
promote a switch in the splicing profile, for example, in case of the macrophage-
stimulating protein receptor (RON) and RACI1B (Gongalves et al. 2017). This presumable
increase in SRSF1 levels could also be studied in future studies using the described co-
culture model.

It has already been described that protein kinases SRSF protein kinase 1 (SRPK1)
and GSK3p act upstream of SRSF1, and are required for inclusion of RAC1 exon 3B
(Gongalves et al. 2009, 2014). GSK3 is part of the canonical WNT signaling pathway
but can also be regulated through an inhibitory phosphorylation at S9 by AKT. We
observed in our co-cultures a decrease of phosphorylated active AKT and no change in
the phosphorylation of S9 from GSK3p. Therefore, it seems unlikely that changes in
GSK3p activity can explain the increase in alternative splicing variant RAC1B. Similarly
to these alterations, the changes observed in P27, LYN, PDGFR and EGFR
phosphorylation could not be validated in the context of this thesis and require further
studies.

Surprisingly, changes in AS were described not only in tumor tissues but were
also found in cells from the TME (Brosseau et al. 2014). This has stimulated research
into antisense or decoy oligonucleotide technology to treat cancers with upregulated or
hyperactive splicing factors. However, one challenge behind this technology is that
several splicing factors with binding affinities for similar motifs might be sequestered;
therefore, a broader range of their downstream splicing targets could be affected and
result in compromised therapeutic efficiency (Rahman et al. 2020). Regarding the
development of AS-targeting drugs, existing small-molecule compounds do mostly
interfere with early spliceosome assembly or post-translational modification of SR
proteins, but lack specific and efficient antitumor activity. Thus, it will first be necessary
to establish in more detail how these drugs are connected with altered genotypes or
signaling pathways that characterize tumor phenotypes. A more specific therapeutic
approach would be to directly target the overexpression of tumor-related splice variants
with antisense oligonucleotide technology.

Overall, the results obtained in this thesis are summarized in Figure 4.1. They
suggest that a pro-inflammatory environment can lead to an increase in RAC1B

expression in colon epithelial cells, through the cytokine-mediated activation of signaling
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pathways, such as IL-6/STAT3 and MEK/ERK. Nevertheless, this does not exclude other
pathways to be affected in this microenvironment. Since RAC1B was shown to sustain
tumor cell survival and promote escape form OIS, the data further strengthen the causal
connection between inflammatory conditions and the development of CRC. They are in
line with recent progress in interpreting the crosstalk between signaling pathways in CRC
(Koveitypour ef al. 2019). Therefore, perceiving the connections between these pathways

may trigger development of novel therapeutic or preventive approaches against CRC.
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Figure 4.1 - Scheme summarizing the results obtained in this work. The polarized Caco-2 cells have a low RAC1B
protein expression and form a polarized epithelial cell layer. In the presence of co-cultured pro-inflammatory stromal
cells, mainly cancer-associated fibroblasts and M1-like macrophages, these release cytokines IL-1p, IL-6, IL-8 and
MIP-2q, to the conditioned co-culture medium. and induce the phosphorylation of ERK 1/2 and STAT3 in the Caco-2
cells. This is associated with an increase in the expression of the alternative spliced RAC1B variant and perturbation

of epithelial cell layer organization.

4.5. Future perspectives

The results obtained and explored in this thesis allowed for the first time the
establishment of a molecular connection between inflammation and the increase in
RACI1B. Following the identification of cytokines with a fundamental role in the increase
of this splicing variant expression, and also of the signaling pathways directly involved
in this context, new avenues for research have been opened to understand how the
alteration of the splicing pattern is connected to early stages of tumorigenesis. However,
it will be necessary to study the underlying signaling pathways in more detail, including
other changes in kinases not futher validated in this study. This knowledge can lead to
novel targeted therapy solutions for IBD and CRC patients.

Another future goal would be to establish a cause-effect relationship between
RACI1B expression and IBD by perceiving whether an experimental manipulation of
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RACIB levels in polarized Caco-2 cells might be sufficient to dissolve the integrity of
the intestinal barrier function, with implications for the understanding of IBD.

It has become increasingly clear that AS is tightly associated with human health
and disease, such as cancer, cardiovascular disease, diabetes or neurological diseases
(Kim et al. 2018). The emergence of advanced sequencing technologies at a genome level
has made it possible to identify aberrant splicing signatures in cancer, allowing the
establishment of AS patterns. Remarkably, these studies have contributed in a decisive
way to develop strategies towards cancer precision medicine (Bessa et al. 2020).
Therefore, future studies should apply this model of Caco-2 cells to determine whether
the pro-inflammatory condition affects genome-wide changes in the splicing profile,
using the RNA-sequencing technique. The results could take us to the discovery of new
biomarkers for early tumorigenic stages or provide novel therapeutic targets of CRC,
since it will permit to move our understanding from individual AS variants to the overall
pattern of splicing changes in tumors. Thus, AS signature profiles or patterns may

represent more meaningful biomarkers to understand the complexity of CRC.
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