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Summary

The arrival of antiangiogenic therapies represented a huge advance in the treatment of
different tumors, such as renal carcinoma. However, despite initial good results, some
tumors were able to develop different mechanisms to adapt to the new conditions and
continue growing. Thus, resistance to the antiangiogenic drugs appeared. Moreover,
preclinical studies showed that some tumors increased their invasive and metastatic
capacity after the therapy. Different murine orthoxenografts models, derived from
patients with renal carcinoma, were developed to characterize the response to the
antiangiogenic treatment. Both drugs used, DC101 and Bevacizumab, produced a
reduction of the tumor growth and its volume, as well as a reduction of the number of
vessels. However, when tumor invasion was evaluated, it could be observed that not all
tumor models responded equally. While some tumors showed a higher metastatic
capacity and an increase in invasiveness and aggressiveness after the treatment, others

did not show any alteration of their characteristics.

To study the mechanisms involved in the increase of tumor malignization, different
assays comparing the gene expression of non-invasive and pro-invasive tumors after the
antiangiogenic treatment were developed. These analyses generated a list of candidate

genes that could be responsible for the invasive process, with CD44 among them.

In this thesis, we have studied the role of CD44 in the tumor invasion and migration
processes using in vitro and in vivo models of renal carcinoma. We have explored the
signaling pathway that could be induced due to the CD44 activation. The Src signaling
route was possibly shown to be involved in the invasive process of cancer cells. The
mechanism responsible for CD44 activation has also been investigated. Between
different candidates, Serglycin appeared as a possible ligand and inducer of CD44. Thus,
this thesis opens different study ways to determine the molecules responsible for tumor
invasion after antiangiogenic treatment and develop new different strategies to

overcome the resistance.
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Resum

L’aparicié de les terapies antiangiogeniques va suposar un gran aveng en el tractament
de diferents tipus de tumors, com és el cas del carcinoma renal. Tot i els bons resultats
que presentaven inicialment, els tumors han estat capacos de desenvolupar diferents
mecanismes per tal d’adaptar-se a les noves condicions i continuar creixent. D’aquesta
manera, a la llarga acaba apareixent resisténcia als farmacs antiangiogenics. A més,
estudis pre-clinics han demostrat que alguns tumors presenten un increment de la seva

capacitat invasiva i metastatica després de la terapia.

Diferents models murins d’ortoxenoempelts derivats de pacients amb carcinoma renal
es van desenvolupar per caracteritzar la resposta al tractament antiangiogeénic. Ambdds
farmacs utilitzats, DC101 i Bevacizumab, van produir una reduccié del creixement i del
volum tumoral, aixi com una reduccié en el nombre de vasos sanguinis. Tot i aixi, en el
moment d’avaluar la invasié tumoral, es va veure que no tots els models responien de la
mateixa manera. Mentre uns tumors mostraven un caracter més invasiu i agressiu
després del tractament juntament amb un increment de la capacitat metastatica, un

altre grup de tumors no presentava cap alteracioé de les seves caracteristiques.

Per estudiar el mecanisme implicat en aquest increment de la malignitzacié tumoral, es
van dur a terme diferents assajos per comparar |'expressié genica dels tumors pro-
invasius abans i després del tractament. Aquests analisis van generar un llistat de gens

candidats a ser responsables del procés invasiu, d’entre els quals s’hi trobava CD44.

En aquesta tesi s’ha estudiat el paper de CD44 en el procés d’invasié i migracié tumoral
utilitzant models in vitro i in vivo de carcinoma renal. S’ha estudiat la via de senyalitzacié
induida per I'activacié de CD44 i s’ha vist que la via de Src podria estar involucrada en el
procés invasiu de les cel-lules cancerigenes. També s’ha intentat dilucidar el mecanisme
responsable de I’activacio de CD44. D’entre diferents candidats, la Serglicina ha aparegut
com a possible lligand i inductor de CD44. Aixi doncs, amb aquesta tesi diferents fronts
d’estudi s’han obert per determinar els responsables de la invasié tumoral després del

tractament antiangiogenic i desenvolupar noves estratégies per combatre-la.
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Introduction

1. CANCER

Every year, 14 million new cases of cancer are detected globally and 9.6 million people
die from the disease. In Europe, more than 3.7 million new cases of cancer are diagnosed
annually and it is responsible for 1.9 million deaths. Cancer is the second leading cause
of death and morbidity after cardiovascular diseases (“World Health Organization,”
2020). Given these adverse statistics, it has never been more important to understand

and fight against cancer.

Cancer is described as a set of diseases with a common characteristic: the uncontrolled
growth of cells. Under normal physiological conditions, cells grow and divide. This
generates new cells that will replace the oldest ones when they die or become damaged

(“Instituto Nacional del Cancer,” 2020).

During cancer progression, this balance is disturbed and becomes out of control. New
unnecessary cells are generated while the oldest cells do not die. This instability leads to
the formation of an abnormal cellular mass and eventually a tumor mass (“Instituto

Nacional del Cancer,” 2020).

The genetic modification of cells is the main cause of cancer. These alterations can be
inherited genetically or can appear due to errors during cellular division processes or
DNA damage caused by environmental exposure (Pearson & Van Der Luijt, 1998). Each
type of cancer from each individual patient presents unique genetic changes,

complicating their treatment (Pearson & Van Der Luijt, 1998).

Genetic changes that contribute at the onset of cancer normally affect three principal
types of genes: proto-oncogenes, tumor suppressor genes, and DNA repair genes. These
genes are implicated in the regulation of cell growth and division, and in the DNA damage

repair that could occur in some cells (Pearson & Van Der Luijt, 1998).

Epigenetic alterations can also activate the oncogenes and/or inhibit the tumor
suppressor genes, increasing the cell proliferation ratio and reducing the apoptosis of

malignant cells (Baeriswyl & Christofori, 2009).
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Moreover, cancer cells can detach from the mass of origin and migrate to distal organs
through the circulatory or lymphatic system. In the new organ, these cells can proliferate
and generate a new tumor with the same molecular features of the primary tumor. This
process is known as metastasis and is the main cause of death in patients suffering from

cancer (“Instituto Nacional del Cancer,” 2020).

1.1 RENAL CELL CARCINOMA

According to the National Cancer Institute (NCI), renal cancer is the eighth most common

type of cancer (“National Cancer Institute,” 2020).

When the tumor is localized in the kidney and detected at the initial stages of the
disease, the 5-years relative survival rate of patients is about 74,8%. However, as the
tumor progresses, the survival rate of patients is drastically reduced (“National Cancer

Institute,” 2020).

Renal cell carcinoma (RCC) includes a heterogeneous group of cancers, which have
different molecular and genetic alterations from the epithelial cells of the renal tubules
(Capitanio & Montorsi, 2016; Hsieh, Le, Cao, Cheng, & Creighton, 2018). Although it can
be a sporadic or hereditary disease, in both cases there is a common structural alteration

of chromosome 3, specifically in its short arm (Capitanio & Montorsi, 2016).

Patients suffering from RCC normally present flank pain, hematuria, and a palpable
abdominal mass. Other symptoms such as fatigue, weight loss, and anemia can also
appear. All these manifestations are useful for tumor detection (Cohen & McGovern,

2005).

The incidence of RCC increases with age and men are at higher risk than women of
developing the disease (Hsieh et al., 2017). Other risk factors associated with RCC include
smoking, obesity, and hypertension (Cohen & McGovern, 2005). Chronic kidney disease,
hemodialysis, kidney transplantation, acquired kidney cystic disease, and diabetes

mellitus are other medical conditions associated with RCC (Hsieh et al., 2017).
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The initial tumor mass is usually localized in the kidney. However, due to blood flow, cells
can migrate and colonize other distal organs, leading to metastasis. The most frequent
sites where metastasis occurs are lungs, bones, and brain. In some cases, the adrenal
glands, contralateral kidney, and liver can also be affected. At the moment of diagnosis,
more than 17% of patients show metastasis, which compromises their prognostic

(Capitanio & Montorsi, 2016).

1.2 CLASSIFICATION OF RENAL CELL CARCINOMA

RCC comprises of more than 10 subtypes of renal cancers (Table 1). The World Health
Organization (WHO) classifies the different subtypes of renal cancer according to their
cytology, architectural, immunohistochemical, cytogenetic, and molecular features

(Hsieh et al., 2018).

Subtypes of Renal Cell Carcinoma

Clear cell renal cell carcinoma

Multilocular cystic renal neoplasm of low malignant potential

Papillary renal cell carcinoma

Hereditary leiomyomatosis and renal cell carcinoma associated renal cell carcinoma

Chromophobe renal cell carcinoma

Collecting duct carcinoma

Renal medullary carcinoma

MIT family translocation renal cell carcinomas

Succinate dehydrogenase deficient renal cell carcinoma

Mucinous tubular and spindle cell carcinoma

Tubulocystic renal cell carcinoma

Acquired cystic disease-associated renal cell carcinoma

Clear cell papillary renal cell carcinoma
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Unclassified renal cell carcinoma

Papillary adenoma

Oncocytoma

Table 1. WHO Classification of RCC. Table adapted from Moch, Cubilla, Humphrey, Reuter, & Ulbright,
2016.

The most common subtypes of RCC are clear cell renal cell carcinoma, papillary renal cell
carcinoma, and chromophobe renal cell carcinoma. These three pathologies represent

85-90% of all renal malignancies (Capitanio & Montorsi, 2016).

1.2.1 Clear cell Renal Cell Carcinoma (ccRCC)

83% of RCC cases are represented by ccRCC, the most common subtype of the disease.
It is believed that cells responsible for the ccRCC originate from the renal proximal
epithelial cells, but the origin and differentiation process that occurs is still unknown (Tun

et al.,, 2010).

Histologically, ccRCC is characterized as showing clear cell morphology due to the
accumulation of lipid and glycogen inside the cytoplasm of cells, as shown in Figure 1
(Tun et al., 2010). Tipically, this type of tumor is highly vascularized (Hsieh et al., 2018).
ccRCC cells are different from the normal epithelial cells of the kidney. These malignant
cells have lost the differentiation capacity required to adopt the necessary functions for
the proper functioning of the kidney. Histologically, it can be observed by a lack of the

tubular architecture typical from the epithelial cells (Tun et al., 2010).
A)

Figure 1. clear cell Renal Cell Carcinoma (ccRCC). A) Picture of a human kidney with a tumor. B) Image
of Hematoxylin-Eosin staining of a ccRCC tumor at 20X.
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The most important biological alterations in ccRCC are: the loss of renal function; the
downregulation of various metabolic pathways, which alters normal renal function; and

the activation of immune pathways (Tun et al., 2010).

This type of cancer is also characterized by presenting particular genomic mutations. The
von Hippel-Lindau (VHL) gene is a tumor suppressor gene that presents somatic or
epigenetic mutations in more than 80% of ccRCC cases (Capitanio & Montorsi, 2016).
VHL gene codifies for VHL protein, responsible for inhibiting the hypoxia-inducible gene
(HIF). HIF protein is activated under low oxygen stress conditions, promoting the
activation of its target, responsible for regulating encoding proteins involved in
angiogenesis, cell growth, glucose uptake, and acid-base balance. In the absence of VHL
protein, HIF proteins accumulate. Consequently, these processes are uncontrolled and
the proliferation of epithelial cells is favored (Cohen & McGovern, 2005; Arjumand &
Sultana, 2012). For that reason, mutations in the VHL gene contributes to tumorigenesis,

even under normoxic conditions (Linehan & Zbar, 2004).

1.3 HISTOLOGICAL CLASSIFICATION OF RCC

Over the years, various different systems have been proposed to classify RCC. The most
frequently used was the Fuhrman Grading System (FGS) proposed in 1982. This system
classified tumors depending on the nuclear size, shape and nucleolar prominence of
their cells. However, this grading method did not take into account the chromophobe
RCC and the new subtypes of renal carcinomas. For that reason, in 2016 WHO in
accordance with the International Society of Urological Pathology (ISUP), proposed
another grading system valid for the majority of renal cell carcinoma subtypes (Table 2).
However, it has not yet been validated for tumors with few reported cases (Moch et al.,

2016).
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WHO/ISUP grading system for RCC

Grade Description
Grade . . . -
1 Nucleoli absent or inconspicuous and basophilic at 40X
Grade : : - : "
5 Nucleoli not prominent at 10X but visible and eosinophilic at 40X
Grade . . . .
3 Nucleoli conspicuous and eosinophilic at 10X
Grade Extreme nuclear pleomorphism, multinucleated cells, rhabdoid or sarcomatoid
4 differentiation

Table 2. Nuclear grade classification of Renal Cell Carcinoma. Table adapted from Moch et al., 2016.
1.4 CLINICAL CLASSIFICATION OF RCC

In the clinics, RCC is classified in different stages depending on the results obtained
during a physical exam, biopsy and imaging test or -if surgery takes place- by examining

the tissue removed (“American Cancer Society,” 2020).

The most common staging system to classify solid tumors (including RCC) is the American
Joint Committee on Cancer (AJCC) TNM system. It is based on the information of three

principal tumor features:

- Tfrom tumor—> the size and extent of the main tumor.
- N from nodes—> the extension to adjacent lymph nodes.

- M from metastases—> the extension to distant organs.

Each letter is provided with a number indicating the progression of the disease. The
higher is the indicator value, the more advanced is the disease (“American Cancer

Society,” 2020).

Classification of RCC is important for the prognosis and treatment of the disease. There

are four different stages based on the tumor size, the extent of the invasion into the
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kidney, the involvement of lymphatic nodes, and the distant metastasis (“American

Cancer Society,” 2020) (Table 3).

Stage Description Schematic representation
Tumor is found only in the kidney and is
Stage |
7cm or smaller
<7cm
Tumor is found only in the kidney and is
Stage Il
larger than 7cm
Tumor has spread from the kidney to
Stage lll | the surrounding tissue or nearby lymph
nodes
Gerota's
fascia
To other organs 4
Tumor has spread outside the kidney to
Stage IV multiple lymph nodes and/or other
organs

Table 3. Stages of Renal Cell Carcinoma (RCC). RCC tumors are classified in four different stages
depending on the progression and extension of the disease. Images are adapted from “New Health
Advisor,” 2020.
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1.5 RCCTREATMENT

Surgery is the fold treatment of choice in RCC. This is because it is only in re-sectioning
the tumor mass that it is possible to cure the disease completely. The surgery is
comprised of a partial or radical nephrectomy (Hsieh et al., 2018; Ljungberg et al., 2007).
However, this procedure can only be executed when the tumor is localized, locally
advanced, or has limited metastasized (Grimm, Wolff, Zastrow, Frohner, & Wirth, 2010).
Tumors bigger than 7cm and those presenting local invasion have more potential to
become malignant and invade other organs through the vascular system (Rini, Campbell,
& Escudier, 2009). Approximately 30% of patients will present metastasis at the time of
diagnosis and another 30% of the cases previously subjected to surgery will eventually

develop metastasis (Hsieh et al., 2018).

The concern around metastatic renal cell carcinoma (mMRCC) means that different
therapeutic strategies are required to beat the disease. These therapeutic strategies are
divided according to the chemical features of the compounds and the targets they are

guided to. The different treatments against mRCC are explained in section 2.

2. ANGIOGENESIS

Tumors, like other tissues and organs, need the support of nutrients and oxygen to feed
their cells. Once the tumor mass reaches a critical size, the normal vasculature of the
organism is not enough to feed all their cells. The apoptosis and necrosis processes are
initiated, which leads to a reduction of tumor growth. However, they can overcome the
situation and continue proliferating. Tumors are able to take advantage of pre-existing
blood vessels and generate new ones, which are responsible for the uptake of oxygen
and nutrients necessary to feed their cells. This process is known as tumor angiogenesis
(Baeriswyl & Christofori, 2009; Bergers & Benjamin, 2003). Moreover, these new blood
vessels not only contribute to tumor growth and maintenance, but also provide tumor
cells with an escape route to colonize other organs and give rise to metastasis (Baeriswyl

& Christofori, 2009).
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Angiogenesis is a balanced process between the expression of pro-angiogenic and anti-
angiogenic factors. When this balance is in favor of pro-angiogenic factors, the
“angiogenic switch” occurs (Bergers & Benjamin, 2003). The “angiogenic switch” refers
to the transition from pre-vascular hyperplasia to highly vascularized and progressively
outgrowing tumors (Baeriswyl & Christofori, 2009). This process can happen during
different stages of tumor progression; it depends on the expression of different pro-
angiogenic factors, such as the tumor type and its environment (Bergers & Benjamin,
2003). Figure 2 shows the different pro- and anti-angiogenic factors involved in the

angiogenic switch.

VEGFs
FGFs
W A2 TGFB
OO 1 e MMPs
| ‘ ":7\ Angiopoietins
) / \ o) -
& 4 Anti-ahgiogenic % { )
ToY el o % factors :
Thrombospondin-1 Pro-angiogenic
Endostatin factors
Angiostatin J— :]_\:'?n
Canstatin [ \\_)%:—% >
Tumstatin S =

Figure 2. Representation of the angiogenic switch. Image representing the different anti- and pro-
angiogenic factors involved in the regulation of the angiogenesis process. When the balance bends to the
pro-angiogenic factors, the angiogenic switch happens producing an increase in the vascularization,
growth and metastatic potential of tumor cells.

Angiogenesis is required during physiological events such as the recovery of damaged
tissue or pregnancy. Blood vessels created during these conditions are mature and
quickly became stable, finding the equilibrium between the pro- and anti-angiogenic
secreted factors. In tumors, this balance does not exist. Blood vessels fail to mature but
instead continue to grow at an uncontrolled rate. These new blood vessels have irregular
shapes, increased permeability, vessel dilatation, abnormal spacing and decreased or
abnormal pericyte coverage. Moreover, they show mixed features of venules, arterioles

and capillaries (Bergers & Benjamin, 2003; Carmeliet, 2000; Ellis & Hicklin, 2008).
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There are different pro-angiogenic factors that can contribute to tumor angiogenesis.
The most important one is VEGFA (commonly called VEGF (Vascular Endothelial Growth
Factor)), which belongs to a gene family that includes PLGF (Placental Growth Factor),
VEGFB, VEGFC and VEGFD (Baeriswyl & Christofori, 2009; Ferrara, Gerber, & LeCouter,
2003).

VEGF expression is induced during physiopathological events due to the lack of oxygen
production. The main hypoxia response mediator factor and consequently the most
studied is HIF-1. Accumulation of this factor, in particular of HIF-1a, stimulates the
transcription of VEGF among other growth factors. This process, as explained in Section
1.2.1, is characteristic of pathologies where the VHL gene is mutated and consequently
unable to degrade HIF-1a, such as ccRCC (Baeriswyl & Christofori, 2009; lyer et al., 1998;
Semenza, 2007).

However, VEGF expression can also be upregulated by other factors like TGF-a and -3
(Transforming Growth Factor), EGF (Endothelial Growth Factor) or IGF-1 (Insulin-like

Growth Factor) (Ferrara et al., 2003).

VEGFR-1 and VEGFR-2 are the main receptors of VEGF. VEGFR-3 also exists, but it is not
the receptor for VEGF (Ferrara et al., 2003).

Other important factors that contribute to angiogenesis are FGF-1 (Fibroblast Growth
Factor) and -2 and PDGF-B (Platelet Derived Growth Factor) and -C. These factors induce
proliferation and migration of endothelial cells (Baeriswyl & Christofori, 2009).
Angiopoietin-2 also helps the angiogenic process avoiding the maturation of blood

vessels, so they can continue growing (Baeriswyl & Christofori, 2009).

The discovery of the role of angiogenesis in RCC and the subsequent emergence of

antiangiogenic therapies was a turning point in the treatment of this type of cancer.
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2.1 ANTIANGIOGENIC THERAPIES

Tumor reliance on angiogenesis and the contribution of the stroma to its growth were
big steps to develop new therapeutic strategies. These therapies aimed at targeting the
cells that support the tumor, rather than the cells belonging to the tumor mass (Jiménez

Valerio & Casanovas, 2013; De Falco, 2014).

This has led to the production of different antiangiogenic drugs, which target the
endothelial cells that contribute to tumor development. Recently, there have been
found to be some drugs that target other cell types from the microenvironment of the
tumor, such as pericytes, which cover the blood vessels and contribute to their

maturation and stability (Jiménez Valerio & Casanovas, 2013).

Antiangiogenic drugs can be classified into two groups depending on their mechanism

of action: drugs with a direct effect and drugs with an indirect effect.

On the one hand, direct drugs affect the proliferation and migration of endothelial cells
avoiding those effects. Moreover, they also prevent cell death in response to the
expression of different proangiogenic proteins. On the other hand, drugs with an indirect
effect prevent the expression or block the activity of proteins that contribute to the

activation of angiogenesis (Al-Husein, Abdalla, Trepte, DeRemer, & Somanath, 2012).

There are antiangiogenic drugs with different targets. As previously described, VEGF is
the main factor involved in the angiogenic process. For that reason, VEGF and its
receptor (VEGFR) are the most interesting targets for tumor treatment. Bevacizumab is
an example of a human monoclonal antibody against VEGF ligand. It inhibits the
activation of its receptors expressed in endothelial cells surface (Rini et al., 2009;
Harshman & Srinivas, 2010). This drug was the first to show clinical benefits on the

treatment of mRCC (Harshman & Srinivas, 2010; Jiménez Valerio & Casanovas, 2013).

Furthermore, there are inhibitors of multiple tyrosine kinase receptors, which includes
VEGFR. Sorafenib and Sunitinib are two drugs targeting this kind of receptors that show

the best antiangiogenic activity. This is why they became the most used in the clinic
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(Jiménez Valerio & Casanovas, 2013). Sorafenib is a small molecule inhibitor of multiple
kinases. It mainly inhibits the Raf family non-receptor kinase, but can also act by blocking
the activation of VEGFR2 (VEGF receptor 2), VEGFR3, Flt-3, c-KIT, B-RAF and PDGFR
(PDGF receptor) (Rini et al., 2009; Larkin & Eisen, 2006). Sunitinib is another tyrosine
kinase inhibitor with antitumor effects. This small molecule targets VEGFR1 and 2, FIt-1

and 3, PDGFR, c-KIT and RET kinase 1 (Rizzo & Porta, 2017; Ljungberg et al., 2007).

Other approved inhibitors of tyrosine kinases that are used as first and second-line
treatments for mRCC include: Pazopanib, Azitinib, Lenvatinib, and Cabozantinib (Hsieh

etal., 2017).

FGF, PDGF and ECGF and their respective receptors FGFR, PDGFR and ECGFR are also
important targets to inhibit in order to achieve a reduction of the antiangiogenic activity
of tumors. These growth factors are important for the functionality of organs and the
normal vasculature. It was seen that genetic alterations of them (or their receptors)
enhance tumor growth. For that, inhibitors of multiple tyrosine kinase receptors are

more effective than those with a unique target (De Falco, 2014).

The superfamily of semaphorins is also reported to be involved in angiogenesis and
tumor progression. Not only do semaphorins control different processes such as
proliferation, survival, adhesion, and invasion of tumor cells, but they can also be
implicated in migration and survival of endothelial cells, contributing to tumor
dissemination. Inhibitors of some of these glycoproteins are used as antiangiogenic

therapies (Al-Husein et al., 2012; De Falco, 2014).

Finally, there are growth factors that promote angiogenesis, stabilizing and helping the
new blood vessel to form from pre-existing ones. They also take part in the vascular
maturation. These factors are angiopoietins. Angiopoietin-2 cooperates with VEGF,
stimulating angiogenesis and tumor progression. This means that antibodies capable of
neutralizing it also came out as a good therapy (Jiménez Valerio & Casanovas, 2013; Al-

Husein et al., 2012).
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Despite their involvement in angiogenesis, targeting drugs against semaphorins and

angiopoietins are not the most common antiangiogenic therapies. Table 4 shows a

summary of the antiangiogenic drugs most commonly used in the clinic and their main

indications.
Drug Inhibitor type Indication
Bevacizumab | Monoclonal antibody — Metastatic colorectal cancer (15t/2" line)
. targeting VEGFA or
(Avastin) geting — Non-small cell line cancer (1% line)
VEGF
— Recurrent glioblastoma (1%t line)
— Metastatic renal cell carcinoma (1%t line)
— Wet age-related macular degeneration (off-label)
Sorafenib Tyrosine kinase — Metastatic renal cell carcinoma (1%t line)
inhibitor targetin
(Nexavar) geting — Unresectable hepatocellular carcinoma (1%t line)
VEGFRs, PDGFRs,
FGFR1, KIT, RAF
Sunitinib Tyrosine kinase — Metastatic renal cell carcinoma (1%t line)
inhibitor targetin
(Sutent) geting — Gastrointestinal stromal tumor (2"¢ line)
VEGFRs, PDGFRs, KIT,
FLT3 — Unresectable pancreatic neuroendocrine tumors
(1%t line)
Pazopanib Tyrosine kinase — Metastatic renal cell carcinoma (1%t line)
. inhibitor targetin
(Votrient) geting — Advanced soft tissue sarcoma (2" line)
VEGFRs, PDGFRs, KIT
Cabozantinib Tyrosine kinase — Progressive medullary thyroid cancer (1%t line)

(Cometriq)

inhibitor targeting
VEGFRs, RET, MET

Table 4. List of the most common antiangiogenic drugs used in the clinic. Antiangiogenic drugs that are
usually used in the clinic describing their targets and their main indications. Table adapted from De Falco,

2014.
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2.2 OTHER THERAPIES

Although antiangiogenic therapies are the gold treatment in the clinics to beat RCC,

there are new therapeutic strategies currently being explored.

2.2.1 Immunotherapy

Some cytokines such as Interleukine-2 (IL-2) and Interferon-alpha (INF-a.) were the first
standard treatment for mRCC patients. However, both therapeutic agents only benefit a
defined group of patients. Moreover, their administration can produce toxic side effects

(Ljungberg et al., 2007).

Later, a new generation of immunotherapeutic drugs called T cell immune checkpoint
inhibitors came out. Some examples are Avelumab and Atezolizumab, two antibodies
against the cell death protein-1ligand (PDL-1). Other antibodies against the programmed
cell death protein-1 (PD-1) such as Nivolumab and Pembrolizumab were also discovered

(Hsieh et al., 2017).

The cytotoxic T lymphocyte-associated protein 4 (CTLA4) became another target to treat
mRCC. Antibodies such as Ipilimumab, responsible for lymphocyte T activation through
blocking CTLA4 are other immunotherapeutic strategies that have recently appeared

(Hsieh et al., 2017; Motzer et al., 2019).

2.2.2 Targeted therapies

As previously explained, antiangiogenic drugs are the main targeted therapies.
Nevertheless, understanding the molecular biology of RCC and other tumor types,
allowed the mTOR pathway inhibitors (indicated for breast cancer) such as Temsirolimus
and Everolimus to also be suitable for the treatment of some mRCC (Ljungberg et al.,

2007; Rini et al., 2009).

2.2.3 Combined therapies

The previously described treatments have not always been effective. This is why

recently, a combination of different strategies have been studied in order to improve the

40



Introduction

progression-free survival (PFS) and the overall survival (OS) of the patients (Hsieh et al.,

2017).

In Figure 3 there is a representation of the different treatments approved to treat

metastatic renal cell carcinoma that appeared over time.
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Figure 3. Treatment evolution of metastatic renal cell carcinoma over time. First treatments were
basically immunotherapy. Since 2005 some new drugs appeared enhancing the treatment and the
survival of patients. Finally, the golden age was characterized by the discovery of some monoclonal
antibodies important for the cancer therapy. Nevertheless, new drugs are being investigated to overcome
the limitations of the existing therapies. Figure extracted from Hsieh et al., 2017.

Despite the big effort of existing therapeutic strategies to treat mRCC, there still exists a
great variability in treatment response. This is due to the heterogeneity that exists
between tumors and even between different parts of the same tumor (Hsieh et al.,

2018).

Election of the treatment will depend on the existing benefit-risk ratio of the different
therapies for each tumor and individual patient. Selected drugs will provide the major
benefit and minimize the side effects. The purpose of the treatment is always to increase

the likelihood of patient survival and maximize their quality of life (Rini et al., 2009).
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2.3 RESISTANCE TO ANTIANGIOGENIC THERAPIES

Drug resistance or resistance to therapy is commonly described as the progression of the
disease according to RECIST criteria (Response Evaluation Criteria in Solid Tumors)

despite treatment (Bielecka, Czarnecka, Solarek, Kornakiewicz, & Szczylik, 2013).

Tumors are sensitive to treatment when their survival depends on the signaling pathway
targeted by that drug. Resistance to the therapy appears when tumors can grow
independently from the activity of the pathway targeted by the therapy. This occurs due
to some genetic alterations that inhibit the interaction between the drug and its target.
Furthermore, sometimes the activation of other signaling pathways or the expression of
some proteins that compensate the effect produced by the therapy are responsible for

the resistance (Bielecka et al., 2013).

When antiangiogenic therapies were first established, they were considered so
innovative and it was widely believed tumors would not show resistance to them.
Afterall, these drugs do not target the genetically unstable tumor cells, but instead affect
the endothelial cells responsible for the sustenance of the tumors. However, after pre-
clinical studies, it was observed that tumors can become resistant to those therapies as

well (Moserle, Jiménez-Valerio, & Casanovas, 2014).

There are two different types of resistance to antiangiogenic treatment: intrinsic

resistance and acquired resistance (Jiménez Valerio & Casanovas, 2013).
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2.3.1 Intrinsic Resistance

Intrinsic resistance is the failure of a tumor to respond to the therapy from the beginning
of the treatment. In these cases, the tumors continue to grow normally and never
respond to the therapy (Jiménez Valerio & Casanovas, 2013). Figure 4 shows a

representation of the intrinsic resistance.

No response

Figure 4. Representation of the intrinsic resistance. This type of resistance is a pre-existing condition
characterized by the lack of a response to the antiangiogenic treatment. Tumors grow and progress as if
they were not treated. Figure adapted from Bergers & Hanahan, 2008.

This type of resistance has been observed in tumors that, during their development and
due to some microenvironment factors, displayed evasive mechanisms of resistance that
were already activated. No type of response to the treatment is observed. There is no
reduction of tumor growth, not even of its volume. Neither benefits of patient survival
nor an improvement of their quality of life are noticed after the treatment (Bergers &

Hanahan, 2008).

Intrinsic resistance to antiangiogenic treatment in ccRCC is not so common, but it can
occur (Bielecka et al., 2013). It can be due to the dysregulation of the HIF pathway. HIF
is usually activated in RCC and some genes codifying for pro-angiogenic factors
controlled by this pathway are expressed, producing the reduction of the antiangiogenic

therapy efficacy (Bergers & Hanahan, 2008; Jiménez Valerio & Casanovas, 2013).

Furthermore, some tumors have mechanisms independent of angiogenesis to maintain

their growth. These mechanisms include: the co-option of pre-existing vessels;
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vasculogenic mimicry; mosaic vessels; and the mobilization of latent vessels (Jiménez

Valerio & Casanovas, 2013).

2.3.2 Acquired Resistance

The main difference between intrinsic resistance and acquired resistance is that the
latter develops progressively, whereas for the former, tumors are resistant from the very

beginning (Jiménez Valerio & Casanovas, 2013).

Acquired resistance has been described in mRCC after long term therapy with VEGFR
inhibitors (Moserle et al., 2014).

Tumors showing acquired resistance, respond to the therapy at first, but after an initial
period of effectiveness, they adapt to the treatment, overcome its effects and continue
growing. Acquired resistance to antiangiogenic therapies is characterized as indirect and
evasive. The activation of alternative mechanisms switches on angiogenesis processes,
despite the treatment. Nevertheless, these mechanisms are reversible once therapy is
discontinued (Jiménez Valerio & Casanovas, 2013; Bielecka et al., 2013). Figure 5 shows

a representation of the acquired resistance.

Response

Relapse

Figure 5. Representation of the acquired resistance. This type of resistance is characterized by an initial
phase of response to the antiangiogenic treatment showing a reduction of the tumor grow, but after that
period tumors relapse and regrows. Figure adapted from Bergers & Hanahan, 2008.
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There are believed to be four different adaptive mechanisms that lead to tumors
becoming resistant to antiangiogenic therapies. These mechanisms are: activation of
alternative pro-angiogenic signaling pathways inside the tumor; recruitment of
proangiogenic cells derived from the bone marrow; increase of the pericyte coverage of
tumor vasculature to enhance its integrity; and activation and improvement of invasive
and metastatic processes to reach the vasculature of normal tissue with no dependence

of neovascularization processes (Bergers & Hanahan, 2008; Bielecka et al., 2013).

2.4 STRATEGIES TO OVERCOME ANTIANGIOGENIC RESISTANCE

Different clinical strategies have been investigated and are still being investigated to

overcome resistance to antiangiogenic therapies.

The first suggestion to overcome resistance was to use a combination of drugs. This
includes the combination of several targeting-drugs against different signaling pathways
implicated in the angiogenic process, such as VEGF and FGF. There is also the possibility
of using a unique drug with different targets (Moserle et al., 2014; Casanovas, Hicklin,

Bergers, & Hanahan, 2005).

The combination of drugs to avoid the resistance induced by the hypoxia produced in
the tumor has also been studied. Therefore, the usage of antiangiogenic drugs together
with inhibitors of HIF-1 -which is the main responsible for tumor hypoxia- is another

treatment strategy (Moserle et al., 2014).

As previously described, resistance to antiangiogenic treatment, in particular to acquired
resistance, is reversible. Once treatment has stopped and time has elapsed, tumors can
become sensitive to that treatment again. This observation led to thought about
sequential treatments. The idea arose to use an antiangiogenic drug followed by the
treatment with a non-antiangiogenic drug or chemotherapy. This would let the tumor
re-sensitized and respond to the third treatment with another antiangiogenic drug

(Moserle et al., 2014; Casanovas et al., 2005).
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Combining different drugs or changing treatment once signals of resistance appear have
shown benefits and improved the RCC treatment. These considerations have also helped
to delay the emergence of resistance. Nevertheless, in some groups of patients, those

therapies still fail (Moserle et al., 2014).

3. TUMOR MALIGNIZATION: INCREASE AGGRESSIVENESS AFTER
ANTIANGIOGENIC THERAPY

As antiangiogenic therapies target blood vessels that nourish tumors, it was thought that
these therapies would not only affect tumor volume and growth, but they would also
produce a reduction of metastasis. Nevertheless, different studies have demonstrated
that long-term treatment with antiangiogenic drugs produces an alteration of the
tumor’s nature. It not only causes the emergence of resistance, but makes tumors more
invasive, and leads to an increase of lymphatic and hematologic metastasis (Moserle et

al., 2014).

In some studies, using animal models, the increase of the invasion process after one
week of antiangiogenic treatment was observed. However, this effect was even more
notable when the treatment was maintained for four weeks. Moreover, the more
aggressive the antiangiogenic therapy, the more intense the induced invasion (Paez-

Ribes et al., 2009).

It was observed that these tumors, which initially were encapsulated or showed
micrometastases, were able to break the capsule and invade the acinar tissue
surrounding them. There was seen to be an increase in their metastatic capacity and the

lesions produced were bigger (Paez-Ribes et al., 2009).

It was also noticed that the metastatic lesions showed hypoxia markers, suggesting the
role of hypoxia in the tumor malignization process. However, it was observed that other
mechanisms alternative to hypoxia could be involved in increased aggressiveness of

tumors in response to antiangiogenic treatment (Moserle et al., 2014).
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3.1 METASTATIC PROCESS

Metastasis is a multistep process through which cancerous cells, in groups or
individually, disseminate from the primary tumor to a secondary organ or tissue

(Deryugina & Quigley, 2006).

In order to reach the metastatic organ, tumor cells have to escape from the primary
tumor, migrate through the surrounding tissue until the bloodstream, circulate inside it,
arrive at a second organ, extravasate, and establish the metastatic locus in the new organ

(process represented in Figure 6) (Deryugina & Quigley, 2006).

Primary tumor formation Local invasion Intravasation

Arrest at a
Extravasation distant organ site Survival in the circulation

Se— ot ___ TTHTE

l Clinically detectable

Micrometastasis 3 < macroscopic metastases
formation Metastatic colonization .

“

Figure 6. Representation of the metastasis cascade. To metastasize, tumor cells have to leave the
primary tumor, survive in the circulation and finally colonize a second distant organ. Image adapted from
Valastyan & Weinberg, 2011.

To carry out all those steps, cells have to suffer different genetic and epigenetic
alterations and collaborate with other non-neoplastic cells from the stroma that help

them to produce metastasis (Valastyan & Weinberg, 2011).
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The first step to initialize metastasis is local invasion. In this process, tumor cells have to
leave the primary tumor, invade the surrounding stroma, and consequently break the
basement membrane (BM). The normal architecture of the epithelial tissue acts as a
barrier that cells need to overcome to proceed with metastasis (Valastyan & Weinberg,

2011).

Then, cells have to be able to reach the bloodstream or lymphatic circulation to
disseminate. This process is known as intravasation. Molecular changes have to be
produced ease the crossing of cancerous cells through pericytes and endothelial cells
that form the blood vessels. The neoangiogenesis process is also stimulated, which
consists of the formation of new blood vessels in the local microenvironment to favor

intravasation (Valastyan & Weinberg, 2011; Reymond, D’Agua, & Ridley, 2013).

Once tumor cells are in the circulation (called then Circulating Tumor Cells or CTC), they
have to survive to disseminate. Inside the bloodstream, cells overcome different
stressful situations such as exposure to apoptosis, the damage produced by the
hemodynamic forces in the circulation and the attack of the immune cells. For this
reason, tumor cells cooperate with platelets that cover and protect them (Valastyan &

Weinberg, 2011).

Afterwards, cells reach the organ of metastasis from the bloodstream, and the
extravasation process has to be developed. Cells can eventually form a microcolony able
to break the walls of the vessels and reach the new organ. They can also seep through
endothelial cells and pericytes as in the intravasation process. To overcome the barriers
and reach the destiny organ, primary tumors can secrete different factors that will arrive
before tumor cells to the metastatic loci increasing vascular permeability to assist the

extravasation process (Reymond et al., 2013).

Once cells have extravasated, they have to survive in the microenvironmental conditions
of the metastatic loci, which tend to be quite different from the primary tumor. During
the adaptation to the new metastatic organ, cancer cells set the “pre-metastatic niche”

in order to get used to the new stromal cells, the components of the extracellular matrix
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(ECM) and the growth factor and cytokines (Valastyan & Weinberg, 2011; Reymond et
al., 2013). Primary tumors can secret different growth factors at different possible
metastatic locus. In response to these factors, tumor-associated cells such as
hematopoietic progenitor cells and macrophages assemble to form the pre-metastatic
niche, which will help the arrival of tumor cells through adhesion and invasion processes

(Fidler, 2003).

The last step of metastasis is the colonization. It is known that not all tumor cells that
reach a distal organ will produce metastasis. Moreover, it seems that most cells that
produce metastasis could stay for weeks or even months forming microcolonies in a
dormancy state until the moment they receive a stimulus that activate them (Valastyan

& Weinberg, 2011).

It was observed that there exists biologic heterogeneity among cells of a single
metastasis (intralesional heterogeneity) and among different metastasis (intralesional
heterogeneity). These genetic and phenotypic variations of the cells are responsible for
the different tumor growth, evolution, and target organ of metastasis. Nevertheless,
metastasis is not only characterized by tumor cells features, but also by their

microenvironment (Fidler, 2003).

There are some aspects and processes that are essential for metastasis. One of these is
the endothelial to mesenchymal transition (EMT). During this process, epithelial cells
lose polarity and cell-cell contact, and an intense modification of its cytoskeleton is
produced. Thus, tumor cells lose epithelial cell features and adopt characteristics of the

mesenchymal cells, improving migration processes (Kang & Massagué, 2004).

A group of pleiotropically acting transcription factors (TFs) carry out the EMT process,
commonly knowns as EMT-TFs. Some of these TFs are Slug, Snail, Twist, ZEB1, and ZEB2.
EMT-TFs plays an important role in primary tumor growth and they are also important
in invasion, dissemination, metastasis, and colonization of distal organs (Valastyan &

Weinberg, 2011; Brabletz, Kalluri, Nieto, & Weinberg, 2018).
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Nevertheless, once tumor cells reach the metastatic loci, in order to generate the
secondary tumor, they must show epithelial cells characteristics. Therefore,
mesenchymal to endothelial transition (MET) is produced, reversing the effects of EMT.
EMT-MET are reversible processes that allows cells to express endothelial or

mesenchymal features according to their situation (Brabletz, 2012).

3.2 ROLE OF EXTRACELLULAR MATRIX IN TUMOR MALIGNIZATION

The extracellular matrix (ECM) is an important component of the local
microenvironment of the tumor. It is formed by a complex network of macromolecules
that have different physic, biochemical, and biomechanical properties. During cancer
development, this matrix is deregulated and disorganized affecting to the progression of

the disease (Lu, Weaver, & Werb, 2012).

During normal development and tissue function of an organ, some mechanisms are
responsible for the regulation of production, degradation and remodeling processes of
ECM. When there is a disequilibrium of those processes, ECM is disorganized and

consequently, there is an abnormal homeostasis and organ function (Lu et al., 2012).

ECM plays an important role in cancer among other diseases. It determines the behavior
of the cells. Moreover, the deregulation of ECM compromises the physical barrier
function of the basement membrane and promotes EMT, making tumor cell invasion
easier (Lu et al., 2012). Some responsible agents for the alteration of ECM are stromal
cells, including cancer-associated fibroblasts (CAFs) and immune cells. But there are also
other cell types involved in this transformation, such as epithelial cells and mesenchymal

stem cells (MSCs) (Psaila & Lyden, 2009).

Modifications of the ECM especially affects its biochemical properties. They potentiate
the oncogenic effects of the different growth factors and modify the behavior of cells.
Moreover, there is a change in the matrix architecture, that allows the differentiation of

ECM from the normal stromal tissue (Lu et al., 2012).
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To reiterate and earlier point, tumor cells have to survive, grow and invade. Thus, they
lose their differentiation status and polarity, disrupt tissue integrity and corrupt stromal
cells to grow and survive away from the primary tumor. Furthermore, some components
of the ECM help them to evade the apoptotic process (Lu et al., 2012; Psaila & Lyden,
2009).

ECM also has an important role in tumor angiogenesis. Some fragments of the matrix
collaborate with pro- or anti-angiogenic factors to determine the formation of vascular
branches. The most important enzyme contributing to this process are matrix
metalloproteinases (MMP), which degrade the vessel basement membrane improving

cell invasion (Lu et al., 2012; Deryugina & Quigley, 2006).

The activity of ECM proteases is normally under very strict control, but cancerous cells
can use some mechanisms to alter them and take advantage of their proteolytic
properties on the basement membrane and interstitial extracellular matrices (Gupta &

Massagué, 2006).

ECM not only has an important role in the primary tumor but it is also important in the
pre-metastatic niche, contributing to hematopoietic progenitor cells recruitment (Lu et

al., 2012; Psaila & Lyden, 2009).

4. PREVIOUS RESULTS

4.1 TUMOR MALIGNIZATION AFTER ANTIANGIOGENIC THERAPIES

As discussed in Section 2.1, antiangiogenic treatment emerged as a useful innovative
strategy for the treatment of different types of tumor, such as Renal Cell Carcinoma.
Thanks to this therapy it was possible to achieve an improvement of the PFS of the
patients, defined as the period of time that a patient lives with a disease, but without
progression (while it is being treated or after the treatment). It also demonstrated an
increase in the objective response rate (ORR), defined as the percentage of patients with
a tumor that is reduced or disappeard after the treatment (Rini et al., 2008; Motzer et

al., 2009).
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Despite the improvement in the treatment and the survival rate of cancer patients,
tumors were able to overcome the therapy and continue to grow. Moreover, preclinical
studies performed using murine models of different tumor types such as pancreatic
neuroendocrine or glioblastoma, showed that, after treatment, tumors became more

aggressive increasing their invasive capacity (Paez-Ribes et al., 2009).

These results made us question whether renal tumors treated with antiangiogenic drugs
would respond similarly. For this reason, a primary test using the ccRCC murine model
7860- was performed. A tumor piece derived from a patient with this tumor type was
implanted orthotopically in the kidney of mice. Once grown, animals were divided into
different treatment groups. One group was treated with DC101 (murine anti-VEGFR2),
another group was treated with Bevacizumab (human anti-VEGF) and the third group did
not receive any treatment (used as a control). All antiangiogenic treated mice showed a
significant decrease in tumor growth, as expected. However, it also demonstrated an
increase in the invasion and metastasis comparing both treatment groups with the

control one. Obtained results (Figure 7) were similar to those previously observed with

other tumor models.
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Figure 7. Effect of antiangiogenic therapy on tumor progression, invasiveness and metastatization in
7860- orthoxenograft tumor model. A) Evaluation of the antiangiogenic effect after 14 days of treatment
through tumor progression during treatment and tumor weight at sacrifice. B) Representation of the
invasive front of 7860- control and treated tumors. The graphic shows the quantification of the invasion.
Mann Whitney test p<0,05*. C) Evaluation of the incidence of lung micrometastasis. Mann Whitney test
p<0,05*. Image adapted from Moserle, L. et al. in preparation.
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To get closer to the clinics and to validate this issue, different mice tumor models from
renal tumor pieces derived from different patients were generated. Hence, it was
possible to generate a set of primary tumor lines known as Ren-PDOX. They were able
to recreate the same features as the original tumor pieces and they also maintained the
metastatic properties. Another trait of the Ren-PDOX was that, when tumor pieces were

implanted, human stroma was replaced by murine stromal components.

Once the Ren-PDOX lines were generated, four of them were selected to test and
validate the effect of the antiangiogenic treatment. These lines were Renl13, Ren86,

Ren50, and Ren28.

Mice implanted with these tumor models were treated with the two antiangiogenic

drugs mentioned above, DC101 and Bevacizumab.

4.1.1 Efficacy of the antiangiogenic treatment

All animals treated with the antiangiogenic drugs showed a decrease in tumor growth

noticed by palpation and loss of tumor weight as represented in Figure 8.
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Figure 8. Effects of antiangiogenic drugs in REN-PDOX tumor models. Representation of tumor
progression (A) and tumor weight at sacrifice (B) in control and tumors treated with DC101 and
Bevacizumab. Mann Whitney test p<0,05* p<0,01**. Image adapted from Moserle, L. et al. in
preparation.
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In addition, the number of blood vessels were analyzed. These were shown to be
decreased in treated groups. The necrotic area of treated tumors, regarding the control

ones, was also expanded.

A survival comparison between antiangiogenic treated and non-treated animals was
performed, and in this case, not all mice models exhibited the same results. While Ren28
and Ren50 tumors treated with antiangiogenics showed an increase in survival

compared with the untreated tumors, Ren13 and Ren86 did not show any differences.

These results suggested that, in all likelihood, tumor lines would not all respond equally

to the antiangiogenic treatment.

4.1.2 Increase invasiveness after antiangiogenic treatment

Once the efficiency of the antiangiogenic treatment was evaluated, changes in the
invasion process after the therapy were studied. This was done by evaluating the
infiltration of tumor cells into the normal renal parenchyma. Two different responses to
the antianiogenics were found. On the one hand, Ren50 and Ren28 tumors did not show
any differences in their invasive ability. On the other hand, Ren13 and Ren86 tumors
treated with DC101 or Bevacizumab showed an increase in the local invasion compared

with the control tumors.

Furthermore, it was also evaluated the metastatic capacity of tumors. According to the
obtained results of the invasion, tumors that became more invasive after treatment also

showed an increase in their metastatic ability.
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Figure 9 represents the different responses of the tumor models at antiangiogenic

treatment.
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Figure 9. Effect of antiangiogenic therapies on the local invasion of Ren-PDOX. Images of the invasive
front of controls and treated samples of Ren13, Ren86, Ren28 and Ren50 tumors. Quantification of the
invasion is represented in the graphics. Mann Whitney test p<0,05* p<0,01**. Image adapted from
Moserle, L et al. in preparation.

These results confirmed the suspicion that not all tumors, although of the same type,

would show the same response to the therapy.

4.2 PRO-INVASIVE CANDIDATES AFTER ANTIANGIOGENIC TREATMENT

In order to discover the mechanisms involved in the different responses to the
antiangiogenic treatment, a whole-genome RNA sequencing (RNAseq) was developed.
This analysis compared the gene expression of three samples of Ren13 tumors treated
with DC101 and three non-treated Ren13 tumor samples. In this way, it was possible to
evaluate the genes that were differentially expressed due to the antiangiogenic
treatment. Moreover, this analysis let us to distinguish the stroma from the tumor, since

stroma was codified by murine transcripts while tumor by human transcripts.

Next, from the 62 candidate genes obtained through the RNAseq, the 44 genes that were
more upregulated and the 12 that were more downregulated, shown in Figure 10, were
selected. These selected genes were validated through TLDA (TagMan Low Density

Analysis). This analysis consists on a high-throughput quantitative RT-PCR with high
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sensitivity, specificity, reproducibility, robustness and efficiency. Moreover, it dids not

require the validation of data (Kodani et al., 2011).
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Figure 10. Whole-genome RNA sequencing. Representation of the 44 genes upregulated (in red) and the
12 genes downregulated (in blue) obtained from the RNAseq assay comparing three samples of Ren13
tumors treated with the antiangiogenic drug DC101 (DC1, DC2 and DC3 samples) with three samples of
Ren13 non-treated tumors (C1, C2 and C3).

Once analyzed, a correlation between the results obtained of the RNAseq and the TLDA
was performed. This correlation reduced the number of candidates from 62 to 27 genes.
However, these genes were only validated in one tumor model, Ren13. Hence, it was
decided to check its expression in two other pro-invasive tumor models, Ren86 and
Ren13M (a high invasive tumor line becoming from the implantation of the brain
metastasis of the Ren13 patient into the kidney of a mouse to generate the primary line).
Validation was carried out through TLDA and the number of candidates was reduced to

13 genes.
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Then, through the cBioportal and the GEO profile platforms, the expression of the
candidate genes was analyzed in different renal cancer patients to determine if they
were overexpressed and which were associated with patients’ survival. These analyses
allowed for reducing the candidates from 13 to 9. Through literature research, two genes
were discarded and finally, the seven remaining candidates were EPDR1, ABLIMS3,

LHFPL2, PDCH1, INHBE, SDC1, and CD44.

Each of these genes was validated at the protein level through Western Blot and

Immunohistochemistry analyses in Ren13, Ren13M, and Ren86 tumors.

Results obtained from the gene expression, the correlations made through TLDA assays,
and the protein validation performed in the three pro-invasive tumor models, as well as
the information obtained from the bibliography, suggested that CD44 could be a possible
gene involved in the malignization and invasiveness process of tumors after the

antiangiogenic treatment.

4.2.1 Implication of CD44 in tumor invasion

As explained in Section 4.2, CD44 arose from a set of in silico analyses using Renl3,
Ren13M and Ren86 tumor samples, which were tumor models that demonstrate pro-

invasive features after the antiangiogenic treatment.

Evidence of the implication of this gene in the malignization process was first obtained
when the gene expression of CD44 was compared between Ren13/Ren13M control and
antiangiogenic treated tumor samples, as shown in Figure 11. As represented, samples
of tumors treated with the antiangiogenic drug (DC101) showed higher expression of

CD44 than the untreated or control tumor samples.
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Figure 11. Immunohistochemistry evaluation of CD44 expression. A) Representative images of the CD44
immunohistochemistry performed in Ren13 and Ren13M tumor samples treated with DC101 and non-
treated. Images were taken at 20X. B) Quantification of the CD44 positive area relative to the control.
Black dots represent Ren13 tumor samples and red dots represent Ren13M tumor samples.

Moreover, the relative expression of CD44 in the three tumor models obtained by TLDA

correlated with the invasion produced by each tumor (Figure 12).
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Figure 12. Correlation of CD44 expression with invasion. Correlation of CD44 expression obtained
through TLDA analysis with tumor invasion determined as depth/weight. Correlation was performed in
three pro-invasive tumor models. Black dots represent Ren13 tumor samples, red dots represent Ren13M
tumor samples and green dots represent Ren86. Spearman correlation p=0,0458*
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4.2.2 CD44

CD44 is a transmembrane glycoprotein encoded on the short arm of chromosome 11
(Negi et al., 2012). It is expressed on the surface of different mammalian cell types such
as endothelial and epithelial cells, fibroblasts, keratinocytes and leukocytes among
others (Basakran, 2015; Jordan, Racine, Hennig, & Lokeshwar, 2015). Together with
integrins and cadherins, CD44 belongs to the cell adhesion molecules family of CAMs
(Orian-Rousseau, 2010). There exist more than 20 different isoforms of CD44 due to an
RNA alternative splicing process (Basakran, 2015). These are called variant isoforms

(CD44v).

Moreover, CD44 and its isoforms are subjected to some post-translational modifications
such as massive N-linked and O-linked glycosylation and glycosaminoglycan (GAG)
attachments. These modifications are responsible for the different protein size, that can
vary from 85-90KDa until 200KDa or more (Wang et al., 2005; Naor, Nedvetzki, Golan,
Melnik, & Faitelson, 2002). The smallest isoform and the most commonly expressed is
the standard (CD44s), also called hematopoietic (CD44H). All isoforms contain a constant
region, a transmembrane domain, and a cytoplasmic domain (Basakran, 2015; Orian-
Rousseau, 2010). Figure 13 represents the structure of the CD44 receptor and its

isoforms.
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Figure 13. Representation of CD44 and its isoforms. Structural representation of CD44 with its different
regions and modifications, including the variant insertion region. Image adapted from Misra et al., 2015.

The principal ligand of CD44 is Hyaluronic Acid or Hyaluronan (HA), but it can also bind
to other components of the extracellular matrix such as fibronectin, collagens type | and
IV, laminin and osteopontin (OPN). These bindings are produced through the
extracellular region of CD44. By the transmembrane region, some members of the
galectin family can also bind to CD44. Through the intracellular region it can interact with
Ankyrin and Ezrin-Radixin-Moesin (ERM) protein families (Hertweck, Erdfelder, &
Kreuzer, 2011).

Despite the interaction of CD44 with a huge variety of the extracellular matrix
components, their principal activities are due to its interaction with Hyaluronic Acid.
Furthermore, all CD44 isoforms can bind to this ligand, as they have the specific binding

site for Hyaluronan (S. J. Wang & Bourguignon, 2011).

CDA44 is responsible for cell signaling and for regulating different biological processes
between cells. Its involvement in the hematogenic spread of tumor cells has also been
described. Its role as an adhesion molecule in the cell-cell and cell-extracellular matrix
interactions mediates the lymphocyte homing, hemopoiesis and cell migration (Fujisaki

et al.,, 1999; Orian-Rousseau, 2010). Besides, CD44 activation can modify the bio-
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environment of fast proliferating cells facilitating its detachment from the substrate

(Negi et al., 2012).

Some CD44 isoforms are implicated in different diseases such as cancer, inflammatory
alterations, autoimmune and vascular diseases and infections produced by pathogens
(Basakran, 2015; Jordan, Racine, Hennig, & Lokeshwar, 2015). Also described is their
role in signaling and metastatic processes of some types of tumors, as ovarian, colon and
breast cancer among others (Zou et al., 2013; Draffin, McFarlane, Hill, Johnston, &
Waugh, 2004; Fujisaki et al., 1999). Additional functions assigned to CD44 activation are
induction of cell motility, activation of cell survival responses and promotion of cell

adhesion (Draffin, McFarlane, Hill, Johnston, & Waugh, 2004; Naor et al., 2002).

Moreover, CD44 has been associated with resistance to some chemotherapeutic agents

in some tumor types, as is the case of some renal carcinomas (Mikami et al., 2015).

In cancer, the overexpression of CD44 does not always correlates with a bad prognostic
and an increase of tumor aggressiveness. In some tumor types such as neuroblastoma
and prostate cancer, the lack of CD44 correlates with tumor aggressiveness (Orian-

Rousseau, 2010).

It has also been observed that CD44 plays a role as a negative regulator of angiogenesis.
CD44 constrains the proliferation of the endothelial cells, thus, in the absence of CD44,
there is an increase of the angiogenic response (Pink, Skolnaja, Paell, & Valkna, 2016;

Zou, Yi, Song, Wei, & Zhao, 2014).
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Hypothesis and objectives

Previous results aforementioned demonstrated that not all tumors respond equally to
antioangiogenic therapy. While some tumors such as Ren50 and Ren86 didn’t show
changes in their invasive and metastatic behavior after antiangiogenic treatment, other
tumors like Ren13 and Ren86 showed an increase in their invasive and metastatic
capacities. In order to determine the mechanisms involved in the tumor malignization,
some assays comparing the gene expression of the pro-invasive tumors before and after
the antiangiogenic treatment were performed. CD44, among others, emerged as one of

the most differentially expressed genes.

Hence, we hypothesized that CD44 activation contributes to the malignization process
inducing an increase in the migration and invasion capacity of tumor cells after the

antiangiogenic treatment.
To demonstrate this hypothesis, we proposed the following objectives:

1. Investigate and determine the role of CD44 in tumor cell migration and invasion
in vitro using different renal cell carcinoma models.

2. Elucidate the mechanisms through which CD44 is capable of increasing the
invasive behavior of tumor cells after the antiangiogenic treatment using in vitro
systems. Upstream and downstream regulators of CD44-dependent invasiveness
will be identified.

3. Validate the functional and mechanistic results obtained in vitro performing in
vivo experiments using clear cell renal cell carcinoma mouse models.

4. Validate the importance of CD44 expression in the survival of patients suffering

from renal carcinoma.
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Materials and methods

1. INVITRO

1.1 CELL CULTURE

1.1.1 Cell Lines

In this thesis, different cell lines with human kidney origin were used and are summarized

in Table 5. pVHL-deficient 7860- was provided by B. Jiménez (Instituto de Investigaciones

Biomédicas CSIC-UAM, Madrid, Spain). HEK293FT, used for the lentiviral production, was

supplied by R. Alemany group (ProCure, ICO-IDIBELL, Barcelona, Spain). Reminder cells

were provided by F. Setién from the cell culture facility of the Programa d’Epigenetica i

Biologia del Cancer (PEBC).

Cell line Disease Medium
RCC4- Renal Cell Carcinoma RPMI 1640
SN12C Renal Cell Carcinoma DMEM
7860- Renal Cell Adenocarcinoma RPMI 1640
ACHN Renal Cell Adenocarcinoma DMEM

HEK293FT Human Embryonic Kidney DMEM

Table 5. List of cell lines derived from human tissue used.

1.1.2 Primary Cell Lines

Two different primary cell lines derived from Ren-PDOX were generated. They are

summarized in Table 6.

Primary cell line Tumor origin Medium
Ren13 E101/16 B1DC RPMI 1640
Ren86 E42/15 D2 RPMI 1640

Table 6. List of primary cell lines derived from PDOX.
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To generate the primary cells, fresh tumor pieces from mice were disrupted with a scalpel
and tweezers with 5ml of RPMI medium in a plate. Depending on tumor firmness, some

were incubated with 200 U/ml of Collagenase IV (Sigma) at 372C during 10min.

Then, it was filtered using a 70um cell strainer (Falcon) to obtain single cell suspension.
The suspension was centrifuged at 250G during 5min. If there were presence of
erythrocytes in the pellet, cells were incubated for 1min with 2ml of ACK (Lonza) and

centrifuged 5min at 250G.

At last, cells were resuspended in their culture media and seeded in a 6-well plate. Once

grown, primary cells were amplified and cryopreserved.

1.1.3 Cell Line Maintenance

Two different media shown in Table 7 were used to maintain renal cell cultures. Both
medias were supplemented with 10% of fetal bovine serum (FBS) (Gibco) previously
inactivated during 30min at 552C. 50U/ml of penicillin, 2mM of L-glutamine, 50ug/ml of
streptomycin sulfate, 1% of pyruvate, 1% of non-essential aminoacids and 10mM of
HEPES (all from Gibco) was added to both media. 10ng/ml of EGF (ReproTech) and 1x
Insulin (Lilly) was also added to the primary media. Cells were maintained at 372C under

humidified conditions with 5% CO..

Medium Reference Manufacturer

RPMI Medium 1640 #31870-025 Gibco (Thermo Fisher Scientific)

Dulbecco’s Modified Eagle
H#BE12614F Lonza
Medium (DMEM)

Table 7. Mediums used for cell culture.
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1.1.4 Mycoplasma Test

Cells were routinely tested from mycoplasma contamination through PCR using the

oligonucleotides described in Table 8.

Oligonucleotide Sequence
MICO-1 5 - GGCGAATGGGTGAGTAACACG - 3’
MICO-2 5" — CGGATAACGCTTGCGACTATG - 3’

Table 8. Oligonucleotides used for the detection of mycoplasma contamination.

As a template for the PCR, it was used the media from cell incubated in overconfluence
in absence of antibiotics for 5 days at least. If there was contamination a treatment with

Plasmocin™ at 25ug/ml for 2 weeks was performed and then cells were tested again.

1.1.5 Cell Counting

A manual counting method using trypan blue (Sigma) dying exclusion test was used to

determine cell concentration.

Cells adhere to the plate were detached by incubation with pre-warmed trypsin-EDTA
(Gibco) at 372C for 5min. Then, using fresh medium supplemented with FBS trypsin was
inactivated. Cells were centrifuged during 5min at 250G and resuspended with fresh full

medium.

For the counting, cells were diluted in trypan blue (1:1) and manually counted using a
Neubauer chamber. The number of cells per ml was calculated using the following

formula:
Concentration (cells/ml) = Mean viable cells per quadrant X Dilution factor x 10*

1.1.6 Cell Freezing and Cryopreservation

Cells were trypsinized and centrifuged as previously described, then resuspended in cold

freezing medium (90% FBS and 10% DMSO from Sigma) in a % dilution of a p100 plate.
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The suspension of cells was distributed in cryotubes at 1ml/tube and placed in a cell
freezing container filled with 2-propanol at -809C for at least 24h. After that, cryotubes

were stored in a liquid nitrogen tank.

To defrost cells, cryotubes containing cells were quickly transported into dry ice to a
warm bath at 372C. Then, cells were diluted in pre-warmed medium (1/10) and
trespassed to a Falcon tube. Cells were centrifuged and pellets were resuspended in fresh
medium. Finally, they were plated onto a p100 plate to have a high confluence and

recover.

1.1.7 Cell Line Treatment

CD44 downregulation was produced through doxycycline induction at 2,5ug/ml (Sigma).

Ren13 primary cells were treated with different inhibitors described in Table 9, and also

with different fragments of Hyaluronic Acid described in Table 10.

Inhibitor Activity Reference Manufacturer Concentration
Bosutinib Src inhibitor B-1788 LC Laboratories 0,1uM / 1uM
Ruxolitinib JAK inhibitor R-6600 LC Laboratories 0,2uM / 2uM
Perifosine AKT inhibitor P-6522 LC Laboratories 2uM / 5uM
Hyaluronidase HA degradation H3631 Sigma-Aldrich 20U/mL
IM-7 CD44 blocking antibody | 14-0441-82 Invitrogen 5uM / 10uM

Table 9. Inhibitors used for in vitro assays.
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Hyaluronan Molecular .
oligosaccharide | weight (g/mol) Manufacturer Concentration
HA4AN 776,2 Contipro group 10 uM
HAGAN 1155,3 Contipro group 10 uM
HA8AN 1534,5 Contipro group 10 uM
HA10AN 1913,6 Contipro group 10 uM
HA12AN 2292,7 Contipro group 10 uM
HA14/N 2671,8 Contipro group 10 uM
HA16AN 3050,9 Contipro group 10 uM
HA18AN 3430,0 Contipro group 10 uM

Table 10. Hyaluronic Acid oligosaccharides used for in vitro assays.

1.2 MOLECULAR ANALYSIS

1.2.1 RNA Detection

1.2.1.1 RNA Extraction from Cells

Cells were washed with PBS (0,15M NaCl, 0,9mM Na;HPO4 and 0,1mM KH,PQO,) and
trypsinized for 5min at 372C. Then, trypsin was inactivated with FBS supplemented fresh
medium. Cells were centrifuged during 5min at 250G. The pellet was washed with PBS,
centrifuged and stored at -802C until the day of the RNA extraction. RNA was extracted

using the RNeasy Plus kit (Qiagen) following the manufacturer’s instructions.

Once RNA was extracted it was quantified using the spectrophotometer NanoDrop
TM1000 (Thermo Scientific). The quality of the RNA was validated by loading 500ng of
RNA in a 1% agarose gel using 1kb Plus DNA ladder (Invitrogen) as a molecular weight

marker.
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1.2.1.2 Getting cDNA from RNA

First, 2ug of each sample of RNA was diluted in sterile water to reach a total volume of
20ul. The solution was placed into a microcentrifuge tube and incubated at 652C for

10min.

Then, it was used the High Capacity cDNA Reverse Transcription kit (Applied Biosystems)
to prepare the retrotranscription mix: 1ul of RNAse inhibitor, 3ul of RT buffer, 3ul of
random primers, 1,2 ul of ddNTPs, 1ul of reverse transcriptase and 0,8l of sterile water.
10ul of the mix was added to each sample previously warmed. Then, the reserve
transcription was performed under the following conditions: 10min at 652C, 2h at 372C,

5 min at 852C and o= at 42C. cDNA obtained was stored at -202C until use.

1.2.1.3 Real-Time Quantitative PCR

To detect RNA expression, Real-Time quantitative PCR (RT-gPCR) analyses were
performed using TagMan® Technology (Applied Biosystems). First, 25ng of cDNA from
the different cells was added into each well of a 384-well plate (Roche) and mixed with
S5ul of TagMan® Universal PCR Master Mix (Applied Biosystems), 0,5 ul of the TagMan®
probe of interest (Table 11) and ddH:0 to a final volume of 10 ul. Once mixed, the plate
was read with LightCycler®480Il (Roche). Obtained results were analyzed using the RQ

Manager 1.2.1 and SDS 2.4 (Applied Biosystems) software.

Gene Specie Dye-Label Reference
GAPDH Human FAM™-MGB Hs99999905
CD44 Human FAM™-MGB Hs00153304
Serglycin Human FAM™-MGB Hs01004159

Table 11. Specific probes used in TaMan® analyses.
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The cycle threshold (Ct) obtained for each gene was normalized against the same value
of the housekeeping gene, GAPDH. Then, RNA expression for each gene was calculated

using next formula:

Z—ACt — 2—(Ct gene A—Ct housekeeping gene)

1.2.2 Protein Detection

1.2.2.1 Preparation of Protein Lysates from Cell Culture

When cells seeded in a p100 plate reached 90-100% confluence were lysed. They were
first washed with PBS and then 150 pl of RIPA lyses buffer was added to the plate. The
RIPA lyses buffer contains: 0,1%SDS, 1%NP-40, 0,5%sodium deoxycholate, 50mM NaF,
5mM EDTA, 40mM [-glycerolphosphate, 200uM sodium orthovanadate, 100uM
phenylmethylsulfonyl fluoride, 1uM pepstatin A, 1ug/ml leupeptin, 4ug/ml aprotinin in
PBS at a pH 7,4. The plate was incubated with the lysis buffer during 30min in rotation at
4°C. Then, cells were scraped using a scraper cell (Sarstedt) and the lysate was
transferred into a 1,5ml Eppendorf. Lysates were centrifuged during 20min at 4°C.

Finally, supernatants were collected and stored at -202C.

1.2.2.2 Quantification of Protein Extracts

The colorimetric Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used for

quantifying protein lysates.

First, it was performed a standard curve ranging from 0 to 2mg/ml diluting bovine serum

albumin (BSA). Samples of interest were diluted too at 1:10 or 1:5.

Then, 10 ul of the standard curve and the samples of interest was loaded in a 96-well
plate. 200ul of BCA Working Reagent (50:1, Reagent A:B) was added to each well and
carefully mixed. The plate was incubated during 30min at 372C. The absorbance was
measured at 560nm wavelength by spectrophotometry (Power Wave XS, BIO-TEK) using
the KCJr Win Software. Protein concentration was calculated by extrapolation in the

standard curve.
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To prepare protein lysates for Western Blot, samples were prepared at 1ug/ul in loading
buffer (Laemmli buffer: 300mM Tris-HCI pH 6,8, 600mM DTT, 12% SDS, 0,6%
bromophenol blue, 60% glycerol) and boiled at 95°C during 5min. Finally, they were

stored until use at -202C.

1.2.2.3 Protein Analysis by Western Blotting

To validate and compare proteins expression values of different samples, Western Blot

was performed.

To start, it was prepared sodium dodecyl suphate-polacrylamide gels (SDS-PAGE) for
protein separation using 1,5mm glass plates (Bio-rad). They were composed mixing
dH,0, acrylamide-bisacrylamide, Tris-HCIl 1,5M pH 6,8 or 8,8, APS and TEMED. Gels had
two parts: the stacking gel that had a fixed percentage of acrylamide and the resolving
gel which acrylamide percentage ranged from 7,5 to 12% depending on the molecular

weight of the proteins of interest.

Then, 40ug of lysate and a molecular weight marker (Page Ruler™ prestained, Thermo
Scientific) were loaded into the gels and submerged into the running buffer (25mM Tris,
192mM glycine, 0,1% SDS). Protein migration was carried out at a constant voltage of
120V. Next, gels were transferred to a nitrocellulose membrane (Immobilon-P, Merck
Millipore) at 100V and 4°C for 90-120min. Membranes were incubated with 5% of
skimmed milk (Nestle®) in TBS-T (Tris 50mM, NaCl 150mM, Tween 20 0,1%) during 1h at
room temperature (RT) under agitation to avoid unspecific antibody binding. After that,
membranes were incubated with the primary antibodies of interest diluted appropriately

(Table 12) in TBS-T 1% skimmed milk overnight (O/N) at 42C in agitation.

After incubation, membranes were washed three times with TBS-T during 10min, and
subsequently incubated with 1:5000 anti-rabbit IgG or 1:5000 anti-mouse IgG
horseradish peroxidase (HRP) linked antibodies (GE Healthcare) diluted in TBS-T 1%

skimmed milk at RT during 1h.
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Then, membranes were washed three times with TBS-T for 10min and one last wash with
TBS for 10min. Blots were developed with Amersham ECL Select™ Western Blotting
Detection Reagent (GE Healthcare Life Sciences) following the manufacturer’s
instructions. Chemiluminescent signal was detected with ChemiDoc Touch (Bio-Rad) and

subsequently analyzed using Image Lab Software (Bio-Rad).

Antigen Antibody Specie Dilution Manufacturer
CD44 156-3C11 Mouse 1:1000 Cell Signaling
Actin A5441 Mouse 1:1000 Sigma-Aldrich
Vinculin V9131, Clone hVIN-1 Mouse 1:1000 Sigma-Aldrich
Tubulin T6074 Mouse 1:1000 Sigma-Aldrich
Phospho-Src (Tyr530) Sc-166860 Mouse 1:500 Santa Cruz
Src 21237 Rabbit 1:1000 Cell Signaling
Phospho-FAK (Tyr397) Sc-81493 Mouse 1:500 Santa Cruz
FAK 3285 Rabbit 1:1000 Cell Signaling
Phospho-Stat3 (Tyr705) Sc-8059 Mouse 1:500 Santa Cruz
Stat3 Sc-8019 Mouse 1:500 Santa Cruz
Serglycin HPA000759 Rabbit 1:250 Sigma-Aldrich
Phospho-ERK . . .
(Thr202/Tyr204) 9101S Rabbit 1:1000 Cell Signaling
ERK 9102 Mouse 1:1000 Cell Signaling

Table 12. Primary antibodies used for Western Blot.

1.2.2.4 Protein Detection by Immunocytofluorescence

To detect proteins and determine their localization, Immunocytofluorescence assays

were developed.
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Glass coverslips were sterilized with UV during 2h. Then, they were put into a 24-well
plate using sterilized tweezers. Cells were seeded on the coverslips until reach a
confluence between 80-90%. Afterwards, cells were washed with PBS and fixed with 4%

paraformaldehyide (PFA) during S5min.

Once fixed, cells were washed three times with PBS. Then, and in order to avoid
unspecific binding of the primary antibody, they were blocked during 30min at RT with
20% goat serum in PBS. Cells were incubated with the primary antibody with appropriate

dilutions in 20% goat serum (see Table 13) for 1h at RT.

Antigen Antibody Specie Dilution Manufacturer
CD44 156-3C11 Mouse 1:100 Cell Signaling
Serglycin HPA000759 Rabbit 1:50 Sigma-Aldrich

Table 13. Primary antibodies used for protein detection by Immunocytofluorescence.

Afterward, coverslips were washed with PBS three times and incubated with secondary
antibodies diluted 1/200 (see Table 14). Finally, they were incubated with DAPI (Sigma)
diluted 1/3000 during 5min at RT to stain the nucleus of cells. At the end, using

Fluoromount™ Aquerous Mounting Medium (Sigma), coverslips were mounted on

slides.
Secondary Antibody Host Fluorochrome Manufacturer
Anti-Mouse Goat Alexa Fluor 488 Invitrogen
Anti-Rabbit Goat Alexa Fluor 647 Invitrogen

Table 14. Secondary antibodies used for protein detection by Immunocytofluorescence.

Cells could be visualized using Nikon Eclipse 80i microscope. Images were taken with the

Confocal Leica SP5 was used to take the pictures.
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We also used this technique to detect the presence of Hyaluronic Acid on our cell
cultures. During this assay and as a specificity control, some cells were treated with
Hyaluronidase (Sigma #H3631) (an enzyme responsible for Hyaluronic Acid degradation)
at 20U/mL during 1h at 372C. After the incubation, cells were washed three times with
PBS. Then, coverslips were incubated with hyaluronan-binding protein (HABP) at

2,5ug/mL (Amsbio #AMS.HKD-BC41) in BSA 0,1% for 1h at RT (as the primary antibody).

After that, cells were washed three times with PBS and incubated with Streptavidin A488
diluted 1:200 (Life Technologies #s37354) in PBS for 1h at RT. Then coverslips were
incubated with DAPI and mounted on slides as previously described. Images were taken
with Nikon DS-Ril digital camera using NIS-elements BR 3.2 (64-bit) software and

subsequently analyzed using Image J Software.

1.2.2.5 Protein Detection by Flow Cytometry

Flow Cytometry assay was used to determine the efficiency of CD44 downregulation.

Cells were washed with PBS, detached through trypsinization, centrifuged and
resuspended in 1ml of FACS buffer (PBS with 5% FBS). Then, they were counted as
explained in Section 1.1.5. 200.000 cells were added in a well of a 96-well rounded

bottom plate.

After that, they were centrifuged for 5min at 1.600rpm at 42C and subsequently washed
twice with 200ul of FACs buffer. They were incubated with 50ul of anti-CD44 APC
antibody (BD Pharmingen #559942) diluted 1:50 in FACs buffer. Incubation was
performed on ice during 30min and protected from the light. Then, cells were washed
twice with FACs buffer and finally resuspended in 200ul of FACs buffer. Gallios cytometer
(Beckman Coulter) was used to detect fluorescence and data obtained was processed

using Kaluza Analysis Software.
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1.2.3 Inducible Downregulation System

1.2.3.1 Doxycycline Inducible shRNA System

To study the effect of CD44, we decided to downregulate its expression in cells using the
Inducible Dharmacon™ pTRIPZ™ Lentiviral short hairpin RNA (shRNA) (GE Healthcare)
system (Figure 14). Glycerol stocks of E. Coli containing lentiviral plasmid for doxycycline
induced CD44 downregulation (RHS4740-EG960, Dharmacon, GE Healthcare) and

resistant to Ampicillin® were kept at -80°C until use.

TRE ﬂ uBC
RRE —I—-@-'ﬁ ffj}[‘rtmz - IRES -@ WPRE
N o 1

é shRNA

pTRIPZ o

AmpR puUC ori SV40 ori

Figure 14. Inducible Dharmacon™ pTRIPZ™ Lentiviral shRNA plasmid.

1.2.3.2 Plasmid Amplification

E. Coli was thawed on ice for 10min. 10ul of the bacteria suspension was added to 5ml
of low-salt Lysogeny Broth (LB) (10g Tryptone, 5g NaCl and 5g Yeast Extract in 1L of H,0)

supplemented with 100ug/ml of Carbenicillin® (Sigma) (Ampicillin® analog).

Bacteria were cultured in 15ml bacterial culture tube over day (O/D) at 372C under
shaking conditions. Then, they were diluted in 250ml of low-salt LB supplemented with
Carbenicillin® (1:500) in an Erlenmeyer cell culture flask and incubated O/N with shaking

at 379C.

1.2.3.3 Large Scale DNA Preparations

DNA maxi-preparations using Endofree Plasmid Maxi Kit from Qiagen was used to isolate

large amounts of plasmidic DNA from E. Coli bacteria culture. It was developed following
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manufacturer’s instructions. DNA concentration was measured by NanoDrop TM1000

(Thermo Scientific).

1.2.3.4 Lentiviral Production

HEK293FT cells were transfected to produce doxycycline induced CD44 shRNA

lentiviruses. They were seeded in a p250 plate until reach a confluence of 60-80%.

First, HEK293FT medium was changed 1h before transfection for 18ml of fresh media.
Transfection mixture was prepared by mixing 50ug of plasmid DNA, 37,5ug of pPAX2
packaging vector, 6,25 ug of pMD2-G envelop vector and 400ul of polyethylenimine (PEl)
(Polysciences) in 1600ul of 150mM NaCl and incubated during 15min. Then, final volume
of 2ml of transfection mixture was added drop by drop to HEK293FT culture while the

plate was softly shaking for a homogeneous distribution.

Next day, medium from HEK293FT transfected cells was removed and they were
incubated with 2% FBS medium for 48h at 379C. After two days, it was collected the
supernatants with lentiviruses and centrifuged during 10min at 2500rpm. They were
filtered using a 0,45um PES filter (TRP). Then, supernatant and full medium were mixed
1:1 to a final concentration of 10% FBS and 4ug/ml of Polybrene® (Sigma-Aldrich). The

remaining supernatant was frozen at -802C.

1.2.3.5 Lentiviral Infections

Ren13, SN12C and 7860- cells were seeded until reach a confluence between 70-75% at
the time of infection. To infect cells with the lentiviruses previously generated, medium
of cells was replaced by the mixture described in Section 1.2.3.4 and incubated O/N at

37°C.

Next day, medium was replaced by full fresh medium with 10% FBS. After 48h of the
infection, it was added 5ug/ml of puromycin (Sigma) to the cell cultures in order to
effectively select infected cells. As a control for antibiotic efficiency, non-infected cells

were cultured and treated in parallel in the same way.
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Validation of inducible shRNA system was performed treating cells for 48h with 2,5ug/ul
of doxycycline. Red fluorescence of cells was confirmed through the inverted Leica DMIL

LED microscope. CD44 silencing efficiency was checked at protein and RNA level.

1.3 IN VITRO ASSAYS

1.3.1 Migration Assays

1.3.1.1 Wound Healing Assay

Wound Healing assay was performed to determine the migration capacity of cells under
different conditions. In order to generate a precise scratch, 2-well culture inserts (1bdi®)
with a cell-free gap in the middle were used. They were stacked into wells of a 12-well

plate.

Cells were washed, detached with trypsin, centrifuged and resuspended in 1ml of fresh
medium. Then, they were counted as explained on section 1.1.5. A determined number
of cells (depending on their size) were plated inside both compartments of the insert in

a final volume of 70ul. 500ul of medium was added around the insert.

After 24h inserts were removed with sterile tweezers leaving a gap between both wells
of the insert. Medium of cells were removed and replaced by fresh medium. Pictures of
the scratch were taken at 0, 3, 6, 9, 12 and 24 hours depending on cells. Three pictures
of each well were taken using an invert microscope (Leica DMil). Opened area was

manually quantified using Image J Software.

Control and experimental groups were performed in parallel in triplicates.

1.3.1.2 Transwell Migration Assay

To determine the directional migration capacity of cells, it was performed a transwell
migration assay. 6,5mm inserts with an 8um polycarbonate membrane of Costar
Transwell® Permeable Supports (Corning) were used. 2h before the experiment

membranes of the inserts were balanced incubating them with medium at 372C in a
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humidified atmosphere with 5% CO.. Then, cells were washed, detached from the plate
using trypsin and centrifuged. The number of cells placed under the insert was
determined for each experiment and cell line. Once seeded, the chamber was incubated

during 24h at 372C in a 5%C0O; humidified atmosphere.

Next day, using a cotton swab, membranes were wiped to remove non-migrated cells
remaining on the upper part of the chamber. Cells were then fixed with methanol during
2min. After fixation, they were washed with PBS and stained with hematoxylin (0,1%
Hematoxylin, Merck Millipore, in ethanol 96%) for 1min. At least, the inserts were

removed using a blade and mounted on a slide with a drop of sterile water.

Membranes were observed using the Nikon Eclipse 80i microscope and 12 representative
pictures of each membrane were taken with a Nikon DS-Ril digital camera using NIS-
Elements BR 3.2 (64-bit) Software. Migrated stained cell were analyzed counting them

manually using Image J Software.

Control and experimental groups were performed in parallel in duplicates.

1.3.2 Invasion Assays

In order to determine the invasive capacity of cells, transwell Matrigel® invasion assay
was performed. Inserts of the Corning® BioCoat™ Matrigel® Invasion Chamber with an

8um polycarbonate membrane were used for the experiment.

The protocol followed to develop the experiment and to take the images was the same

as in transwell migration assay (Section 1.3.1.2)

Control and experimental groups were performed in parallel in duplicates.

2. INVIVO

2.1 ANIMALS AND CONDITIONS

All animal studies were approved by the Ethics Committee for Animal Experimentations

from the Biomedical Research Institute of Bellvitge (IDIBELL) and the Generalitat de
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Catalunya. They were developed at the IDIBELL Animal Core Facility (AAALAC unit 1155)
following the European directives on ethical usage of rodents for animal research

(approval DARP #4899).

In this project, all mice used were male athymic nude mice (Harlan Laboratories). They
were individually maintained in ventilated cages on constant temperature (20-252C) in
SPF (Specific Pathogen Free) conditions and sterility. Animals were under an artificial
circadian cycle (12h light/dark) and received ad libitum standard diet and water.

Experiments were performed inside a cabinet with vertical laminar flow.

2.2 PATIENT-DERIVED ORTHOXENOGRAFT MOUSE MODEL FROM RCC
HUMAN BIOPSY

Orthoxenograft mouse model Ren13 was generated through implantation of a small
fresh piece of tissue from a biopsy of a ccRCC patient in the right kidney of a mouse.
Resected tissue was obtained from the Hospital de Bellvitge (Barcelona, Spain) under

local ethics committee’s approved protocols (CEIC approval ref. PR322/11).

Primary tumor line was maintained throughout several passages by orthotopically
implantation of a tumor piece into de kidney of another mouse. Mice were normally

sacrificed when their survival was compromised.

2.3 CELL LINES MOUSE MODELS

Besides orthoxenograft mouse models, cell lines tumor models were also used to

perform in vivo experiments.

2.3.1 Kidney Tumors

To develop kidney tumors from SN12C and 7860- human cancer cell lines, 10° cells were
directly injected into the right kidney of athymic nude mice through a 0,5ml needle (BD
Micro-Fine). After 20-30 days of the injection, tumor cells grew in the kidney generating
a perceptible tumor. Tumors were perpetuated through successive passages and animals

were sacrificed when their survival was compromised.
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2.4 TUMOR AND ORGAN COLLECTION

Tumor and other organs from sacrificed mice were collected to further analyses. Tumors,
that grew attached to the kidney were divided in two parts. One part of the tumor was
fixed using formaldehyde 4% O/N to be included in a cassette for paraffin embedding.
The other piece of the tumor was included in OCT (Tissue-TEK® Sakura) and stored at -
802C for further frozen tissue analyses. Some small pieces of the periphery and some
pieces from the center of the tumor were frozen directly in cryotubes and maintained at
-809C in order to extract protein or RNA. Lungs, spleen, liver, diaphragm and
contralateral kidney were also collected and fixed in formaldehyde 4% to be included in

paraffin.

2.5 PARAFFIN INCLUSION

Formaldehyde 4% fixed tissues were rinsed with PBS to eliminate the fixative agent.
Then, samples underwent a dehydration process. They were incubated through a battery
of alcohols of crescent graduation: 1h in ethanol 70%, 1h in 96% twice and O/N in a new
96%, 1,5h in absolute ethanol thrice and finally submerged into xylene during 1,5h. Tissue
samples were then submerged into liquid paraffin at 652C O/N. The next day, they were

embedded in paraffin inside a block sharp and dried at 42C.

2.6 DETERMINATION OF TUMOR BURDEN

Tumor size (mm?) was measured at the time of sacrifice using a caliper. Tumor weight (g)
was determined with a balance and tumor volume (mm?3) was measured calculating the

PBS volume displaced inside a Falcon tube.

2.7 ANIMAL TREATMENT

During in vivo experiments mice were treated with 1mg/dose/mouse of DC101, an anti-
mouse VEGFR2 blocking antibody. This antibody was collected from hybridoma culture
(ATCC, Manassas, USA), purified and concentrated. Then, it was tested at Leitat (Parc

Cientific de Barcelona, Barcelona, Spain) for endotoxin content.
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Animals were also treated with doxycycline (400mg/200mL of drinking water) to induce

the shRNA system and downregulate CD44 protein expression.

Once tumors grew and were palpable, animals were randomized in four different groups:
control, DC101, doxycycline and DC101 plus doxycycline. DC101 was administered
intraperitoneally twice a week while doxycycline was dissolved in the drinking water of

animals and was changed every week.

In order to study tumor local invasion, the duration of the experiment was calculated

based on the median of control lifespan.

2.8 EVALUATION OF TUMOR LOCAL INVASIVENESS

Tumor local invasion was evaluated by image analyses. Vimentin stained sections were
used to take 4X images of the tumor-kidney interface through all the invasive front. Then,
it was evaluated the widest extension of tumor protrusions into the kidney parenchyma
for each image (depth) through calculating the average for each tumor. As there was
found a positive correlation between depth and tumor weight in untreated tumors,
invasion, determined as depth, was normalized for tumor weight (depth/weight). To
compare different experiments, it was calculated the fold-invasion (A invasion) that
consisted in normalize the invasion of each animal to the average invasion of control

groups for each experiment.

2.9 MOLECULAR ANALYSIS

2.9.1 Protein Detection

2.9.1.1 Protein Extraction of Tumor Samples and Quantification.

Tumor pieces stored at -802C were used for protein extraction. Using RIPA buffer and a

glass homogenizer small tumor pieces were mechanically disrupted on ice.

RIPA buffer composition and the protocol used were explained in Section 1.2.2.1.
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The colorimetric Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used to quantify

protein lysates obtained from tumor pieces as explained in Section 1.2.2.2.

2.9.1.2 Protein Analysis by Western Blotting

Western Blot assay was used to analyze and compare protein levels of tumor tissues.
Preparation of samples and development of the experiments were performed as
explained in Section 1.2.2.3. Antibodies and concentrations used for protein detection

were also described in that section.

2.9.1.3 Immunohistochemistry in Paraffin-Embedded Sections

To determine the expression and localization of proteins in tumors, paraffin-embedded
blocks were cut in 3-5um thick sections. They were deparaffinized by incubation in a
battery of 4 xylenes (10min each), 3 absolute ethanol, 3 96% ethanol, 1 70% ethanol and

1 50% ethanol (5min each). Then, sections were rehydrated through submersion in dH.0.

After that, it was necessary to retrieve the antigens masked during the fixation process.
To do that, slides were submerged in a sodium citrate solution (0,38mg/ml) at pH6 under
heating conditions for 15min. Then, samples were cooled down inside the citrate solution

for 20-30min and washed during 5min with dH0.

Endogenous peroxidase activity was blocked incubating tumor slides during 10min with
6% H,0,. This process was repeated twice. Then, samples were washed with dH,0 for
5min. Next, they were submerged during 10min in PBS-T in order to permeabilize cell

membranes.

Afterwards, to reduce unspecific binding of the primary antibodies, samples were
blocked incubating them with 20% of goat serum in PBS for 1h at RT in a humidity
chamber. Next step, was to add the appropriate dilution of the primary antibody (Table
15) to the slides and incubate them O/N at 42C.

The following day, slides were tempered for 20-30min at RT. Then, they were washed

with PBS-T three times during 10min each wash. After that, samples were incubated with
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the pertinent secondary antibody (anti-mouse or anti-rabbit Envision*-System-HRP

(DAKQ)) for 1h at RT in the humidity chamber.

Antigen Antibody Specie Dilution Manufacturer
CD44 156-3C11 Mouse 1:200 Cell Signaling

Vimentin 180052 Clone V9 Mouse 1:200 Invitrogen
PCNA Sc-56 Mouse 1:100 Santa Cruz
HA-BP H3631 ABC system 1:100 Sigma
Cb31 Ab28364 Rabbit 1:50 Abcam

Serglycin HPA000759 Rabbit 1:100 Sigma-Aldrich

Table 15. Primary antibodies used for protein detection by Immunohistochemistry.

In the case of using the HA-BP to detect Hyaluronic Acid, it was used the ABC system
(Vecstatin Elite #PK-6100), which has to be prepared 30min before its usage (for each mL
of PBS is necessary 1 drop of reactive A and 1 drop of reactive B). Incubation time is the

same as for the previous secondary antibodies.

After incubation, tumor slides were washed three times during 10min with PBS-T. Then
they were developed using the chromogenic substrate DAB+ (EnVision™ Kit, Dako) from
30s to 1min, until a brown precipitate appeared. Incubation time depended on the
antibody and tissue sample. Reaction was stopped by submerging the slides in tap water

for 10min.

Slides were counterstained with Hematoxylin in order to observe the cells and then they
were rinsed in tap water to eliminate the liquid excess. Finally, they were dehydrated
submerging them in a battery of 1 70% ethanol, 3 96% ethanol, 3 absolute ethanol (5min
each) and 4 xylenes (10min each). Slides were covered using coverslips and DPX

mounting medium (Merck).
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Nikon Eclipse 80i microscope was used to visualize tissue staining and Nikon DS-Ril
digital camera using NIS-Elements BR 3.2 (64-bit) software was used to take the images

that were subsequently analyzed with Image J Software.

2.9.1.4 Immunofluorescence in Paraffin-Embedded Sections

To determine the presence and compare the expression of a protein it was performed

Immunofluorescence assay of paraffin-embedded tumor sections.

Paraffin-embedded blocks were cut in 5um-thick sections and incubated at 652C O/N to

achieve an optimal deparaffination.

Next day, slides were incubated during 15min with pre-heated xylene at 652C. Then, they
were deparaffinized submerging the slides in a battery of xylenes and alcohols (see
Section 2.9.1.3) and rehydrated with dH.O. Antigen retrieval, endogenous peroxidase
deactivation, permeabilization and blocking processes were also developed as in Section
2.9.1.3. After that, slides were incubated O/N at 42C with the primary antibody CD31
diluted 1:50 (Abcam #Ab28364).

The next day, slides were first tempered during 30min at RT. Then, they were rinsed with
PBS three times during 5min each. Then, it was applied the secondary antibody Anti-
rabbit Alexa Fluor 488 (Invitrogen) diluted 1:200 in 5% goat serum during 1h at RT. After
incubation, slides were washed with PSB-T for 5min once and twice with PBS. The, they
were incubated with DAPI (1:3000) during 10min and mounted in coverslips using

Fluoromount® Aqueous Mounting Media (Sigma).

Fluorescence was visualized using Nikon eclipse 80i microscope and images were taken
with Nikon DS-Ril digital camera using NIS-Elements BR 3.2 (64-bit) Software and
subsequently processed with Image J Software. Quantification were manually

performed.
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2.9.1.5 Hematoxylin-Eosin Staining in Paraffin Sections

To quantify the invasive front of tumors, it was performed a Hematoxylin-Eosin (HE)
staining in paraffin-embedded sections. Deparaffinization and rehydration of the slides
were developed as explain in Section 2.9.1.3. Slides were submerged in Hematoxylin
0,1% (Merck) in ethanol 96% during 10min. Then, they were rinsed in tap water in order
to remove the excess. After that, slides were submerged for few seconds in HCl 1% and
in ammonia water solution (200ml of dH,0 and 1ml of ammonia 30%) until color tissue
veered to blue. To finish, tumor sections were counterstained with Eosin (2,5g of eosin
in 1L of ethanol 50%) during 2min and mounted using DPX (Merck). Nikon eclipse 80i
microscope was used to visualize stained tumor tissue and images of them were taken

using Nikon DS-Ri1l digital camera using NIS-Elements BR 3.2 (64-bit) Software.

3. CLINICAL VALIDATION: IN SILICO ANALYSES

3.1 TCGA ANALYSES

Clinical data was extracted from The Cancer Genome Atlas (TCGA). This platform is a
project that has generated multidimensional genomics data from 33 types of cancer and
20 thousand patient tumor samples through transcriptome profiling, exome sequencing,
copy number alterations profiling and DNA methylation analyses among other

techniques (TCGA research network, 2020).

In this thesis, the expression of candidate gene and related pathways were analyzed in
the TCGA across the main histological subtype of RCC (TCGA, 2013). We focused the
analysis in patients suffering from ccRCC (KIRC-TCGA) and investigated if the
overexpression of our candidates correlated between them and the influence in the

survival of those patients.

3.2 DATA FROM SUNITINIB-TREATED PATIENTS

From the Gene Expression Omnibus (GEO reference GSE65615) (Stewart et al., 2015) we
obtained clinical gene expression data from clear cell renal cell carcinoma Sunitinib-

treated patients. This dataset has information about 23 samples of untreated metastatic
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ccRCC patients and 23 samples of Sunitinib pre-treated (18 weeks) metastatic ccRCC
patients. Some pieces of different parts from each tumor were studied to determine the
intratumor heterogeneity, generating 47 samples of untreated patients and 75 samples
of Sunitinib-treated patients. Due to the heterogeneity in the different parts of the same
tumor, we decided to analyze each sample as an independent tumor. The expression of

candidate genes was compared among untreated and Sunitinib-treated samples.

4. STATISTICAL ANALYSIS

GraphPad Prism v8 Software (GraphPad software, Inc. USA) was used to perform all

graphs and statistic tests of this thesis.

The majority of the experiments lacked normal distribution of data due to the small
sample size, for that reason it was suitable to use a non-parametric test. Continuous
variables were analyzed using Mann-Whitney test or t test. Spearman test (non-
parametric) or Pearson test (parametric) were used for correlation analyses. The
statistical significance was defined as a p value lower than 0.05 (*p<0.05, **p<0.01,

*%%0<0.001, ****p<0.0001).

5. FIGURE DESIGN

Graphics elements from Servier Medical Art according to a Creative Commons
Attribution 3.0 Unporter License guidelines were used in figures designed by the author

of this thesis. Figure panels were designed using the Adobe InDesign CS5 software.
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Results

1. CD44 AS A PRO-INVASIVE CANDIDATE

Section 4 of the Introduction described some evidence that selects CD44 as a candidate
responsible for the increased invasion of tumor cells after antiangiogenic treatment.
Moreover, CD44 is a widely-known protein. Its involvement in the migration, invasion,
and metastatic processes has been described in some tumor types other than renal

carcinoma.

All of this evidence led us to consider studying the role of CD44 in the migration and

invasion processes using different cell and animal models of renal cell carcinoma.

1.1 EXPRESSION OF CD44 IN DIFFERENT CELL LINES AND PRIMARY CELLS AND
TUMORS

The first step in studying the role of CD44 was to select the most suitable tumor and cell

models to work with.

The RNA sequencing and subsequent analysis of where CD44 came from were developed
using the Ren13 model. This model was generated from a tumor piece of a patient with

renal cancer.

Figure 15 shows the CD44 expression of different Ren13 tumor pieces and cells. The
presence of the protein was maintained in cell cultures and also in tumors generated

from these cells, although not always at the same expression levels.
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Figure 15. Western Blot of CD44. Expression of CD44 protein analyzed in Renl3 primary cells and
different Ren13 tumors originated from the primary cells.
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Although we had a good model to develop our study, we decided to select other cells
separate to Ren13 to determine the role of CD44 in the invasion process. Figure 16 shows

the Western Bot analysis of CD44 expression of the different cells we assessed.

Tubulin - — — e

Figure 16. Western Blot screening of different cell lines and their respective tumors. The expression of
CD44 from different cell lines and also of their respective tumors was check. Tubulin expression was used
as housekeeping.

Among the different tested cells, SN12C and 7860- were two cell lines that distinctly
expressed the CD44 protein. They were also very well-known and studied in our research
group. Moreover, tumors generated from these cell lines also expressed CD44 protein.
Bearing this analysis in mind, we decided to study the role of CD44 in three different

models: Ren13, 7860-, and SN12C.

1.2 CD44 DOWNREGULATION

An interesting way to study the role of a protein is to reduce its expression and evaluate
the consequences produced at different levels. To do so, we decided to genetically
modify SN12C, 7860-, and Ren13 cells through an shRNA system as explained in Section
1.2.3 of materials and methods. This is a tet-on/tet-off system that allows for the
reduction of CD44 expression when cells are in the presence of doxycycline. Once

doxycycline is removed from the medium, CD44 expression is restored.

One piece of evidence that determines the proper functioning of the shRNA system is
that, when doxycycline is administered to the cells, they exhibit red fluorescence, as

represented in Figure 17.
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Figure 17. Doxycycline induction of shRNAs system in 7860- cells. From top to the bottom, bright field
and red channel (RFP) images of 7860- shNS and 7860- shCD44 cells after doxycycline treatment (2,5uM
for 48h). Pictures were taken at 20X.

Doxycycline activated the shRNA in the targeted (sh-CD44) and non-targeted (shNS) cells,
which is why both cell types expressed RFP. Nevertheless, the silencing of the protein

was only produced in the shRNA-CD44 cells.

1.2.1 Validation of shRNAs Functioning

Once the activation of the shRNA system was verified, we wanted to check the reduction
of CD44 expression at the protein and RNA levels. We also wanted to determine which
SshRNA (shCD44-1 or shCD44-2) produced the highest silencing and to confirm that
doxycycline did not affect the non-silencing or control cells (shNS). Thus, we performed

a Western Blot of the different cell lines treated and non-treated with doxycycline.
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As Figure 18 shows, doxycycline did not affect the control cells (shNS), as CD44

expression was maintained in the different cell lines.

SN12C Renl13 7860-
shNS shl sh2 shNS shl sh2 shNS shl sh2
DOX == + - + - + = + -+ = + . + - + - -
CD44 - - et W [ N 3
Actin S —— o — — L —-—

Figure 18. Western Blot of CD44 expression in different cells. Western Blot was developed to check the
reduction of the CD44 protein expression in shCD44-1 and shCD44-2 of the three selected cell lines
(SN12C, Ren13, and 7860-) when they were treated with doxycycline. shNS cells were used as controls.
Actin expression was used as housekeeping. Cells were treated with 2,5uM of doxycycline during 48h.

Regarding the other shRNAs (shCD44-1 and shCD44-2), in all cell lines, a reduction of the
CD44 expression after doxycycline treatment could be observed, demonstrating the
activation and proper functioning of the silencing system. Nevertheless, in the case of
SN12C and Ren13 cells, it seemed that the shCD44-1 produced higher silencing than
shCD44-2. Conversely, in the case of 7860- cells, CD44 silencing was greater in the

shCD44-2 cells.

Despite these results, we wanted to check the silencing efficiency at the RNA level. To do
so, we performed a real-time PCR (explained in Section 1.2.1.3 of materials and methods)

of the different cell models induced and non-induced with doxycycline.
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Evaluation of the different shRNAs efficacy through Tagman assay demonstrated that
doxycycline treatment produced a reduction of CD44 transcription (Figure 19). These
data also proved that doxycycline didn’t affect the shNS cells, as there were no changes

in CD44 expression after administration of the drug.
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Figure 19. RNA levels of human CD44 in different cells. TagMan assay was developed to check the CD44
protein reduction when shCD44-1 and shCD44-2 cells of the three selected cell lines (SN12C (A), Ren13
(B), and 7860- (C)) were treated with doxycycline. shNS cells were used as controls. GAPDH expression
was determined as housekeeping. Cells were treated with 2,5uM of doxycycline during 48h.

To ensure the silencing system was working correctly, we decided to make one last
validation assay. The different cells were subjected to a Flow Cytometry analysis

(described in Section 1.2.2.5 of materials and methods). The results of the test are

represented in Figure 20.
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Figure 20. Flow Cytometry analysis of CD44 expression. CD44 protein expression of both shRNAs of SN12C (A),
Ren13 (B), and 7860- (C) cells were checked by Flow Cytometry. Control cells (-Dox) were non-treated while
doxycycline-treated cells (+Dox) were treated with 2,5uM of doxycycline during 48h.

Through Flow Cytometry assay, we were finally able to verify that shCD44-1 produced a
notable CD44 silencing effect in SN12C and Ren13 cells, while shCD44-2 produced a
higher downregulation of CD44 in 7860- cells.

For that, considering the results of the different experiments performed to verify the
efficacy of shRNAs silencing, we decided to use shCD44-1 for SN12C and Ren13 cells, and
shCD44-2 for 7860- cells. In both situations, the selected shRNAs produced a higher
silencing of the protein target. Furthermore, shNS cells from all three cell lines were used

as controls in all the following experiments.
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1.3 FUNCTIONAL VALIDATION OF CD44 DOWNREGULATION IN VITRO

Once cells were selected, we decided to study the functional role of CD44. Our main
interest was especially its role in migration and invasion processes. For that, we began to

study the effect of CD44 silencing in these two processes in vitro.

To study the migration course, we developed Wound Healing and transwell migration
assays, as explained in Section 1.3.1 of materials and methods. To determine the effect
in the invasion process, we performed transwell invasion assays, detailed in Section 1.3.2

of materials and methods.

1.3.1 Effects of CD44 Knockdown on Cell Migration

SN12C Cells

To determine the role of CD44 in the migration properties of SN12C cells, a Wound
Healing assay was performed. Through this experiment, we compared the migration

velocity of cells treated and non-treated with doxycycline.

According to our hypothesis, the silencing of CD44 expression should produce a
reduction in cell migration. As doxycycline was used to induce the downregulation of
CD44, we expected to observe a migration decrease of the SN12C shCD44-1 cells treated

with doxycycline compared to the other groups.
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Migration process of SN12C cells was followed up until 24h. Figure 21 summarizes the
results of the experiment.
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Figure 21. CD44 knockdown did not affect the migration capacity of SN12C cells. Results of Wound
Healing assay developed in SN12C cells. Cells were treated with 2,5uM of doxycycline during 48h. 75000
cells were seeded in each well of the insert 24h before the experiment. Three images of each well were
taken at 10X every 3h. A) Images of the wounds of SN12C shNS and SN12C shCD44-1 cells treated and
non-treated with doxycycline at time 0 and after 24h of the experiment. B) Quantification of migration
velocity of cells expressed in pixels/h. No differences could be observed between any of the groups.

Represented images, as well as the chart, show that the reduction of CD44 expression
did not affect the migration capacity of SN12C cells. In order to confirm these results, we
decided to perform another migration assay, but this time using the transwell migration
technique (results are represented in Figure 22). This experiment measures the

directional migration of cells as they are forced to migrate vertically, whereas in the

Wound Healing assay there is no directionality.
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Figure 22. CD44 knockdown did not affect the migration capacity of SN12C cells. Transwell migration
assay of SN12C cells. Cells were treated with 2,5uM of doxycycline during 48h. 50000 cells were seedec
in each transwell. The assay was performed for 24h. Twelve images of each well were taken at 20X anc
counted manually. A) Representative images of SN12C shNS and SN12C shCD44-1 cells treated and non-
treated with doxycycline after 24h of the migration assay. B) Quantification of migrated cells per field.
No differences were observed between any of the groups.

Initially, there seemed to be a slight tendency of migration decrease when cells were
treated with doxycycline. Nevertheless, as in the previous assay, no statistically
significant differences could be observed in the migration ability of cells once CD44
expression was reduced. Both migration assay results suggested CD44 was not involved

in the migration process of SN12C cells. However, its role in the invasion process was still

undetermined.

Ren13 Cells

Ren13 was the primary tumor model used during the RNA sequencing to define which
genes were implicated in the malignization process of tumors. CD44 was one of the
candidates that appeared to be overexpressed after the antiangiogenic treatment in this
tumor model. Then, considering the previous results, we expected to observe a decrease

in the migration ability of cells due to the CD44 silencing. Ren13 cells migrated faster
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than SN12C, for that the Wound Healing assay performed to determine differences

between untreated and doxycycline-treated groups was monitored for up to 9h.
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Figure 23. CD44 knockdown produced a reduction of the Ren13 cell migration. Results of the Wound
Healing assay developed in Ren13 cells. Cells were treated with 2,5uM of doxycycline during 48h. 15000
cells were seeded in each well of the insert 24h before the experiment. Three images of each well were
taken at 10X every 3h. A) Images of the wounds of Ren13 shNS and Ren13 shCD44-1 cells treated and
non-treated with doxycycline at time 0 and after 9h of the experiment. B) Quantification of migration
velocity of cells expressed in pixels/h. (B, Mann Whitney test p<0,0001****)

As represented in Figure 23, there was a statistically significant reduction of the
migration capacity of shCD44-1 cells when they were treated with doxycycline, which
was when CD44 was knocked down. However, shNS cells treated with doxycycline did
not exhibit any alteration in their migration capacity, meaning that observed results were

specifically due to the reduction of CD44 expression.
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To validate the results, we performed a transwell migration assay, as was done with the

SN12C cells.

The results of the experiment (Figure 24) confirmed the results obtained with the Wound
Healing assay. When Ren13 shCD44-1 cells were induced with doxycycline, and therefore
CD44 expression was reduced, there was a statistically significant reduction of the cell

migration. It also confirmed that doxycycline did not affect the shNS cells.
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Figure 24. CD44 knockdown produced a reduction of the migration in Ren13 cells. Transwell migration
assay of Ren13 cells. Cells were treated with 2,5uM of doxycycline during 48h. 10000 cells were seeded
in each transwell. The assay was performed for 24h. Twelve images of each well were taken at 20X and
counted manually. A) Representative images of Ren13 shNS and Ren13 shCD44-1 cells treated and non-
treated with doxycycline after 24h of the migration assay. B) Quantification of migrated cells per field. (B,
Mann Whitney p<0,01**)

In accordance with our hypothesis and the results of the RNA sequencing, both assays

suggested the role of CD44 in the migration process of the Ren13 tumor model.

7860- Cells

7860- cells were the last selected model to test. The migration ability of those cells was
similar to the Ren13 cell model, despite being primary cells. Subsequently, we expected

that the migration results obtained with 7860- cells would concur with the Ren13 model.
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In order to downregulate CD44 expression, cells were either induced or not with
doxycycline over 48h. 24h before the experiment, they were seeded in each well of the

insert. The next day, inserts were removed, and the migration process was monitored for

up to 9h.
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Figure 25. CD44 knockdown produced a slight reduction, but not statistically significant, of the
migration in 7860- cells. Results of the Wound Healing assay developed in 7860- cells. Cells were treated
with 2,5uM of doxycycline during 48h. 30000 cells were seeded in each well of the insert 24h before the
experiment. Three images of each well were taken at 10X every 3h. A) Images of the wounds of 7860-
shNS and 7860- shCD44-2 cells treated and non-treated with doxycycline at time 0 and after 9h of the
experiment. B) Quantification of migration velocity of cells expressed in pixels/h. (B, Mann Whitney test

p=0,1333)

The results of the experiment are represented in Figure 25. It appears that there was a
slight tendency of shCD44-2 cells to decrease their migration capacity after doxycycline

treatment, due to CD44 silencing. We could also confirm that doxycycline did not affect
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shNS cells and that the migration effect observed was specifically due to the reduction

of CD44 expression.

As with the other cell types, a transwell migration assay was performed to confirm the

results.
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Figure 26. CD44 knockdown produced a slight reduction of the 7860- cell migration. Transwell migration
assay of 7860- cells. Cells were treated with 2,5uM of doxycycline during 48h. 10000 cells were seeded
in each transwell. The assay was performed for 24h. Twelve images of each well were taken at 20X and
counted manually. A) Representative images of 7860- shNS and 7860- shCD44-2 cells treated and non-
treated with doxycycline after 24h of the migration assay. B) Quantification of migrated cells per field. (B,
Mann Whitney test p<0,05%*)

Figure 26 contains the results of the assay. As with the previous experiment, a reduction
of the shCD44-2 cell migration when they were treated with doxycycline could be
observed. Although this reduction was statistically significant, there was considerable

variability in the results.

Both migration assays suggested a role of CD44 in the migration process of 7860-, as

expected and demonstrated with Ren13 cell model.
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1.3.2 Effects of CD44 Knockdown on Cell Invasion

After studying the CD44 silencing in the migration course of the different cell lines, we
decided to determine its role in the invasion process. Subsequently, we performed

several transwell invasion experiments.
SN12C Cells

Despite the migration results obtained with the SN12C cells which were not in
accordance with what was expected, we decided to test the effect of silencing CD44 in
the invasion process of those cells. They were treated with doxycycline for 48h and then

the invasion transwell assay was performed.

Contrary to the slow migration capacity that SN12C cells showed previously, they proved
to be incredibly invasive. Nevertheless, when invaded cells were counted after 24h, no

statistical differences could be observed between the different groups (Figure 27).
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Figure 27. CD44 knockdown did not produce any changes in the invasion capacity of SN12C cells.
Transwell invasion assay of SN12C cells. Cells were treated with 2,5uM of doxycycline during 48h. 50000
cells were seeded in each transwell. The assay was performed for 24h. Twelve images of each well were
taken at 20X and counted manually. A) Representative images of SN12C shNS and SN12C shCD44-1 cells
treated and non-treated with doxycycline after 24h of the invasion assay. B) Quantification of invaded
cells per field. No differences between any of the groups were observed.
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Results obtained in the migration assays together with the invasion ones may suggest

that CD44 could not be involved in the malignization process of, at least, SN12C cells.

Ren13 Cells

Ren13 cells previously demonstrated an involvement of the CD44 protein in their
migration process. Subsequently, we also expected to observe a reduction of the invasion

capacity of cells when CD44 was silenced through doxycycline treatment.

When we studied the invasion ability of those cells after doxycycline induction, the
shCD44-1 treated cells were shown to be less invasive than the other groups, as
demonstrated in Figure 28. Furthermore, control cells (shNS) were not affected by the

treatment, suggesting that the results observed were due to the decrease of CD44

expression.
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Figure 28. CD44 knockdown produced a decrease in the invasion capacity of Ren13 cells. Transwell
invasion assay of Ren13 cells. Cells were treated with 2,5uM of doxycycline during 48h. 50000 cells were
seeded in each transwell. The assay was performed for 24h. Twelve images of each well were taken at
20X and counted manually. A) Representative images of Ren13 shNS and Ren13 shCD44-1 cells treated
and non-treated with doxycycline after 24h of the invasion assay. B) Quantification of invaded cells per
field. (B, Mann Whitney test p<0,01**)
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Invasion results were in accordance with the migration response to CD44
downregulation, suggesting the role of this protein in the migration and invasion

processes in the Ren13 model.
7860- Cells

As demonstrated with the other cell models, migration and invasion effects were in
accordance. Following on from this, and despite the variability in the migration response
after silencing CD44 in 7860- cells, we expected to observe a decrease on the invasion

process due to the downregulation of the protein.
The invasion assay performed with 7860- cells is represented in

Figure 29. Although there was a degree of variability in the results, there appears to be a

slight reduction of the invasion ability of cells when CD44 protein expression was
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Figure 29. Invasion transwell assay developed in 7860- cells. Cells were treated with 2,5uM of
doxycycline during 48h. 50000 cells were seeded in each transwell. Twelve images of each well were taken
at 20X and counted manually. A) Representative images of 7860- shNS and 7860- shCD44-2 treated and
non-treated with doxycycline after 24h of the invasion assay. B) Quantification of invaded cells per field.
(B, Mann Whitney test p=0,0503)
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Considering the migration and invasion assays developed in 7860- cells, we could suspect
the involvement of CD44 in both processes. Nevertheless, the results were not as

conclusive as in the Ren13 cell model.

Once we had evaluated the consequences of silencing CD44 in our three cell models in
vitro, we could establish that in Ren13 and 7860- cells CD44 protein plays an important
role in their migration and invasion properties. As observed when these cells were
treated with doxycycline to induce the shRNA, there was a decrease in CD44 expression
and consequently, the migration and invasion capacities of cells were reduced. However,
the downregulation of CD44 in SN12C cells did not produce any changes in these
processes, suggesting that in this tumor model CD44 could not be involved in the

malignization process.

1.4 DOWNREGULATION OF CD44 IN VIVO

While in vitro experiments were being performed, we started with the in vivo assays, as
the generation of tumors from genetically modified cells requires some time. Mice
models were developed as described in Section 2.3 of materials and methods.
Unfortunately, it was only possible to generate tumors from SN12C shCD44-1 cells and

7860- shCD44-2 cells, but not from Ren13 shCD44-1 cells.

In both cases, animals were divided into four groups depending on the treatment
(previously explained in Section 2.7 of materials and methods). Animals injected with
SN12C shCD44-1 cells were treated for three weeks, whereas animals injected with

7860- shCD44-2 tumors were treated for two weeks.

Once the experimental had finished, animals were sacrificed. Tumors, as well as other

organs, were collected for further analysis.

The first and most important thing to verify when the experiments had finished was the
proper functioning of shRNAs. We checked whether the tumors of mice treated with

doxycycline showed a decrease of CD44 expression. We developed a Western Blot of
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different fragments of each tumor. We also performed CD44 Immunohistochemistry of

tumor slides to verify the protein reduction and its location.

SN12C shCD44-1 Tumors

The principal objective of the in vivo experiments was to study the invasiveness role of
CDA44, but first it was necessary to validate the proper activation of the silencing system.
To verify that doxycycline treatment induced the shRNA and produced the decrease of
CD44 protein expression, several pieces of the tumor from each animal were lysate and
properly manipulated to perform a Western Blot assay. The results of the experiment are

collected in Figure 30.

As the graph indicates, doxycycline produced a decrease in CD44 expression both in
antiangiogenic-treated (+DC101) and non-treated (-DC101) groups, validating the in vitro

results previously shown.
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Figure 30. Expression of CD44 protein and its downregulation in tumors generated from SN12C shCD44-
1 cells. A) Western Blot of CD44 expression of different tumor pieces. The treatment of each tumor sample
is described with + or -. Doxycycline dose was 400mg/200ml of water and 1mg/dose of DC101. Actin
expression was determined as housekeeping. B) Quantification of CD44 expression of each tumor piece
normalized by the housekeeping. (B, Mann Whitney test p<0,01**)
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However, according to our hypothesis, the upregulation of CD44 expression observed in
the Ren13 tumor model was due to the antiangiogenic treatment. In the present exposed
tumor model (SN12C), the antiangiogenic treatment did not produce the expected

increase of CD44 expression (comparison between -Dox-DC101 group and -Dox +DC101

group).

This was more evidence that added to the in vitro experiments, questioning the role of

CD44 in the SN12C tumor model.

7860- shCD44-2 Tumors

Due to the impossibility of generating tumors from Ren13 cells, we evaluated the in vivo
effects of silencing CD44 in tumors generated from the 7860- shCD44-2 cells. As was
previously demonstrated, 7860- cells proved to respond in a similar way to Ren13 cells
when CD44 is silenced in vitro. Thus, we expected to confirm our hypothesis and observe

a reduction of the tumor invasion when the downregulation of CD44 was induced.

Figure 31 shows the results of the Immunohistochemistry and Western Blot of CD44

developed in 7860- shCD44-2 tumors.

Images of the Immunohistochemistry showed that tumors of animals treated with
doxycycline expressed less CD44 protein than the rest. Nevertheless, the loss of protein
expression was not absolute. Moreover, there was heterogeneity between the tumors
and even different regions of the same tumor; this is the reason why protein expression

can oscillate.

The Western Blot of tumor pieces of the mice exhibited a reduction of CD44 expression
in those animals that were treated with doxycycline in the antiangiogenic-treated
(+DC101) and non-treated (-DC101) groups. According to the Immunohistochemistry
results, the protein decrease was noteworthy rather than absolute in affecting the

migration and invasion features of tumor cells.
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In this tumor model, we could observe an increase in CD44 expression after DC101
treatment, supporting the previous results where antiangiogenic treatment induced the

upregulation of CD44 in the Ren13 tumor model.

Thus, 7860- model seemed to fit better than the SN12Cin our hypothesis and to replicate

the results observed with the Ren13 model.
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Figure 31. Expression of CD44 protein and its downregulation in tumors generated from 7860- shCD44-
2 cells. A) Representative images of CD44 Immunohistochemistry of different tumors. Pictures were taken
at 20X. B) Western Blot of CD44 expression of different tumor pieces. The treatment of each tumor sample
is described with + or -. Doxycycline dose was 400mg/200ml of water and 1mg/dose of DC101. Vinculin
expression was determined as housekeeping. At the bottom, it is represented the quantification of CD44
expression of each tumor piece normalized by the housekeeping. (B, Mann Whitney test p<0,05*)
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1.4.1 Tumor Characterization: Vessel Density and Cell Proliferation

Other important tumor characteristics we wanted to evaluate from the samples were

the vessel density and cell proliferation.

On the one hand, we expected to find differences in the number of blood vessels
between the groups. Apart from the doxycycline induction of shRNAs, some mice were
also treated with DC101, an antiangiogenic drug that targets the murine VEGFR2. Then,
if the treatment was successful, we would expect to observe a decrease in the number

of vessels of DC101-treated animal tumors.

On the other hand, no changes in cell proliferation of tumor cells were expected between
any of the different treatment groups, as antiangiogenic treatment affects the tumor

vasculature, not the tumor cells.

SN12C shCD44-1 Tumors

Determination of vessel density was used to evaluate the effectiveness of the
antiangiogenic drug, as its administration should produce a reduction in the number of
vessels. We also evaluated cell proliferation to determine that DC101 only affected the

vessels and not the tumor cells.

In SN12C shCD44-1 tumors, the vessel density was studied through Immunofluorescence
using the CD31 antibody. As shown in Figure 32 (A), tumors treated with the
antiangiogenic drug (+DC101) had fewer blood vessels, as was expected. Howeer, the
results were not statistically significant. In observing the non-antiangiogenic (-DC101)

treated tumors, no differences could be observed between the +Dox and -Dox groups.

Figure 32 (B) shows the results of the Immunohistochemistry developed to determine
the proliferation of tumor cells through PCNA staining. No differences could be observed

between any of the groups.
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Figure 32. Characterization of SN12C tumors through immunoassays. A) Immunofluorescence of blood
vessels using the CD31 antibody. Different images of each tumor were taken at 20X. Quantification of the
number of blood vessels was developed manually. B) Immunohistochemistry of proliferative cells using
the PCNA antibody. Different images of each tumor were taken at 20X. Quantification of the number of
proliferative cells was developed manually. No differences between any of the groups could be observed.

7860- shCD44-2 Tumors

The vessel density and the proliferation of tumor cells were also determined in the in

vivo assay performed with the 7860- shCD44-2 tumors.
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This time the number of vessles was determined through Immunohistochemistry using
the CD31 antibody. The results are shown in Figure 33 (A). As expected, antiangiogenic-
treated tumors (+DC101) showed fewer blood vessels than the non-treated groups (-

DC101), independent of the doxycycline treatment.
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Figure 33. Characterization of 7860- tumors through Immunohistochemistry. A) Immunohistochemistry
of blood vessels using the CD31 antibody. Different images of each tumor were taken at 20X.
Quantification of the number of blood vessels was developed manually. B) Immunohistochemistry of
proliferative cells using the PCNA antibody. Different images of each tumor were taken at 20X.
Quantification of the number of proliferative cells was developed manually. (A, Mann Whitney test
p<0,05* p<0,01**)
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There was an unexpected result in the non-antiangiogenic treated group (-DC101): the
tumors from animals that received doxycycline showed a decrease in the number of

vessels. This suggests CD44 plays a role in angiogenesis.

Figure 33 (B) shows the results of the Immunohistochemistry developed using the PCNA
antibody to determine cell proliferation. As can be observed in the quantification, there

were no changes in the proliferation of tumor cells between any of the treatment groups.

1.4.2 Effects of CD44 Downregulation on Tumor Invasion

Afterwards, we moved to study invasion, which was the main objective of the in vivo
experiments. First, Hematoxylin-Eosin staining was developed (as described in Section
2.9.1.5 of materials and methods) in order to distinguish the tumor from the normal renal
parenchyma. Next, we proceeded to measure the invasion of tumor cells into the normal

renal tissue. This method is described in Section 2.8 of materials and methods.

SN12C shCD44-1 Tumors

The in vitro results of the migration and invasion processes suggested CD44 was not
implicated in these processes in SN12C tumor cells, as its silencing did not produce any
changes. Thus, we did not have many expectations about the in vivo evaluation of the
CD44 involvement in the invasion process in this tumor model. However, given in vivo

and in vitro results do not always coincide, we decided to carry on with the assay.

Section (A) of Figure 34 shows an example of how the invasion measurement was
performed. Section (B) shows the quantification of the invasion expressed as

depth/tumor weight.

On the one hand, there was a slight tendency to increase the invasive potential of tumors
treated with the antiangiogenic drug, which is the -Dox +DC101 group. Nevertheless, the
number of samples was too low to confirm that. However, this result would confirm the

observations explained in the previous results: that the antiangiogenic treatment is
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responsible for the malignization process producing an increase of the invasive potential

of tumors.

On the other hand, according to our hypothesis, CD44 was implicated in the increase of
tumor invasion after antiangiogenic treatment. Hence, tumors of animals treated with
doxycycline should present a reduction of their invasive capacity, as we would be
blocking the mechanism through tumors become more aggressive. Unfortunately, the
silencing of CD44 expression did not have any effect on tumor invasion. These results
were in accordance with the in vitro analysis of SN12C cells, where CD44 knockdown did

not affect the migration and invasion processes too.

One of the main issues of SN12C tumors was the highly aggressive and metastatic
potential they showed from the beginning of the experiment. In some cases, tumors
destroyed completely the kidney, thwarting the study of the invasion and reducing the

number of samples.
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Figure 34. Determination of the invasion in tumors generated from SN12C shCD44-1 cells. A)
Representative images of Hematoxylin-Eosin staining used to distinguish the tumor from the kidney to
determine the invasion. B) Quantification of tumor invasion expressed as depth/tumor weight. No
invasion differences could be observed between any of the groups.
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7860- shCD44-2 Tumors

Using the same method as before, invasion of tumors generated from 7860- shCD44-2
cells were determined. This time, if the migration and invasion in vitro results obtained
with those cells were reproduced, we would be able to confirm our hypothesis of the
role of CD44 protein in the malignization process of some tumors. At the same time, we
would be demonstrating there are different types of tumors that differ in the
antiangiogenic response, as its post-treatment malignization is not performed through

the same mechanisms.

Figure 35 shows representative images of how the invasion was measured and also its

quantification expressed as depth/tumor weight.
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Figure 35. Determination of the invasion in tumors generated from 7860- shCD44-2 cells. A)
Representative images of Hematoxylin-Eosin staining used to distinguish the tumor from the kidney to
determine the invasion. B) Quantification of tumor invasion expressed as depth/tumor weight. (B,
Mann Whitney test p<0,05* p<0,01%*)
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In this case, the increase of invasion of those tumors treated with antiangiogenic was
statistically significant. It meant that the DC101 group was more aggressive than the

control group (-DC101).

Additionally, mice that received the double treatment (+Dox+DC101) showed a
significant reduction of the invasion compared to the group treated with the
antiangiogenic drug but not with doxycycline (-Dox+DC101). This result would confirm
the hypothesis that CD44 is involved in further invasion produced by the antiangiogenic
treatment. When tumors were treated with DC101, CD44 expression increased and
consequently, its invasive capacity increased too. However, when CD44 protein
expression was reduced through doxycycline treatment, antiangiogenic therapy was not
able to increase the tumor invasion, as the mechanism responsible for the malignization

was altered.

In summary, the role of CD44 in migration and invasion of renal cancer cells could be
demonstrated in vitro in Ren13 and 7860- models. However, in vivo, we could only
demonstrate the involvement of CD44 in tumor invasion after antiangiogenic treatment
using the 7860- shCD44-1 tumors, as it was impossible to generate tumors from Ren13

shCD44-1 cells.

Nevertheless, the role of CD44 in tumor invasion and migration using SN12C model could
not be determined. It seems probable that some other mechanisms are involved in the

malignization of this tumor model which are distinct from CD44.

2. MIGRATION AND INVASION MECHANISMS DOWNSTREAM CD44

Once we had demonstrated the involvement of CD44 in the increased invasion due to
the antiangiogenic treatment, we were interested in discovering which signaling
pathways downstream CD44 took part in that process. To do so, we carried out in depth
bibliographic research. Three different signaling pathways associated with CD44
appeared possibly to be implicated in the migration and invasion processes of cancer

cells. Those pathways were: Src, JAK/Stat, and AKT. Thus, we decided to inhibit the
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different pathways and study the consequences in the migration and invasion processes.
We were also interested in combining the inhibitors with the CD44 knockdown to

determine the link between them.

Selected inhibitors to develop the analysis were: Perifosine (AKT inhibitor), Ruxolitinib

(JAK inhibitor) and, Bosutinib (Src inhibitor).

2.1 MIGRATION EFFECT OF INHIBITING THE CANDIDATE PATHWAYS
DOWNSTREAM CD44

Initially, we performed some migration assays through Wound Healing using different
doses of each drug to determine their effect over the cells and choose the appropriate

dose to treat them.

To carry out these tests, we decided to use the Ren13 wild type (WT) primary cells, which
were the Renl3 cells without any genetic modification. Keeping in mind the results
obtained in the in vitro and in vivo assays, the SN12C model was discarded. There was no
evidence that CD44 played an important role in the invasion process in this tumor model.
However, in observing the in vivo results of the 7860- model, it seemed that CD44 could
be implicated in the invasion, although the outcome of in vitro experiments showed
some variability. Although it was not possible to generate tumors from Ren13 cells, the
in vitro results of these cells appeared to be similar to 7860- cells, and they were
statistically significant. Moreover, the initial experiments were developed with tumors
derived from this cell line. For that, we thought that Ren13 would be a good model for

the next experiments.

Perifosine

Perifosine is a selective AKT inhibitor with antiproliferative activity. It acts over the cell
membrane, concretely over the proliferating cells, and induces growth arrest and

apoptosis (Richardson, Eng, Kolesar, Hideshima, & Anderson, 2012).
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We tested the drug using the doses described in the literature to produce a high inhibitor

effect without damaging cells.

The results from the Wound Healing assay are described in Figure 36.

150+

100+

]
<

%To ctrl migration
speed pixels/h

Figure 36. Migration effects of Perifosine in Ren13 WT cells. Wound Healing assay of Ren13 WT cells
treated with Perifosine or DMSO. 15000 cells were seeded in each well of the insert. Three images of each
well were taken at 10X every 3h. From left to right, representative images of the wounds at time Oh and
24h. Quantification of the migration velocity expressed in pixels/h. DMSO at 0,1% was used as a control
treatment. Perifosine was used at 2uM and 5uM and administered to the cells at time 0 of the experiment.
(Mann Whitney test p<0,01%*)

The lower dose of Perifosine (2uM) did not have many effects on cell migration.
However, the higher dose (5uM) produced a decrease in the migration cell capacity.
Nevertheless, in most cases, it produced cell death, and the decrease in migration

observed was due to the mortality effect over the cells.
Ruxolitinib

Ruxolitinib is a selective inhibitor of JAK1 and JAK2 kinases with antineoplastic and

immunomodulatory activity (Plosker, 2015).

As with Perifosine, we developed some Wound Healing assays using the doses described

to produce a solid reduction of cell migration. The results are summarized in Figure 37.

124



Results

-
o
o

150 I—I
=2

%To ctrl migration
speed pixels/h
o
ot

Figure 37. Migration effects of Ruxolitinib in Ren13 WT cells. Wound Healing assay of Ren13 WT cells
treated with Ruxolitinib or DMSO. 15000 cells were seeded in each well of the insert. Three images of
each well were taken at 10X every 3h. From left to right, representative images of the wounds at time Oh
and 9h. Quantification of the migration velocity expressed in pixels/h. DMSO at 0,1% was used as a control
treatment. Ruxolitinib was used at 0,2uM and 2uM and administered to the cells at time O of the
experiment. (Mann Whitney p<0,05*)

The lower dose (0,2uM) produced a minimum reduction of cell migration, but there was
a huge variability in the results. This could explain the statistics. The 2uM dose did not

produce any alteration on cell migration. This time, no traces of mortality were observed.
Bosutinib

The last inhibitor tested was Bosutinib, a potent ATP-competitive inhibitor of the Src

tyrosine kinase (Boschelli, Arndt, & Gambacorti-Passerini, 2010).

The most common doses described were the ones we tested through the Wound Healing

assay. The results of the experiment are shown in Figure 38.

125



Results

» 0,1uM

T N D NS e [ 7 3 B

B | "“-95"'2,'/3"? S |
! U M ) / 7 i ) * ok

- (o \ LI, 4 )

1507 |

(2
o

%To ctrl migration
speed pixels/h
>
o
E’

Figure 38. Migration effects of Bosutinib in Ren13 WT cells. Wound Healing assay of Ren13 WT cells
treated with Bosutinib or DMSO. 15000 cells were seeded in each well of the insert. Three images of each
well were taken at 10X every 3h. From left to right, representative images of the wounds at time Oh and
12h. Quantification of the migration velocity. DMSO at 0,1% was used as a control treatment. Bosutinib
was used at 0,1uM and 1M and administered to the cells at time O of the experiment. (Mann Whitney
test p<0,001*** p<0,0001****)

The lower dose (0,1uM) produced a statistically significant reduction of cell migration
without damaging the cells. Moreover, the higher tested dose (11M) was too potent and

made cells completely immobile.

Bearing in mind the results of these three inhibitors, we decided to continue testing the
drugs which had led to better results, namely Ruxolitinib (the JAK inhibitor) and Bosutinib

(the Src inhibitor). We discarded Perifosine because of the toxicity produced in the cells.

2.2 DOUBLE INHIBITION OF CANDIDATE PATHWAYS AND CD44

Once we had determined the most effective inhibitors and the appropriate doses to treat
our cell cultures, we wanted to study the effect of a double inhibition using doxycycline
together with the inhibitors. Cells were treated over 48h with doxycycline to induce the
shRNA and consequently reduce the CD44 protein expression. Then, Bosutinib (the most
promising inhibitor) and Ruxolitinib were used. The drug combinations were tested
through the Wound Healing assay. This time Ren13 shNS and shCD44-1 cells were used

to develop the experiments.
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2.2.1 Ruxolitinib

The role of JAK/Stat signaling pathway on the migration process of different cancer cells
has been described by some authors. Primary test results using Ruxolitinib did not show
promising effects, in terms of inhibiting the migration process in our setting. However,
we still wanted to test wether doxycycline treatment together with the inhibitor could

produce any effect.

Figure 39 shows the results of the Wound Healing assay performed to study the effect of

the drug combination.

Focusing on the inhibitory effect, we could observe that, in control cells (shNS) and also
in targeted-cells (shCD44-1), Ruxolitinib treatment did not produce any change in the cell

migration. This confirms the results previously obtained.

It appears that the doxycycline treatment did not affect the shNS cells, whereas it
produced a decrease in shCD44-1 cell migration. This was also observed in previous

experiments. These results are detailed further in Section (C) of Figure 39.

While studying the double treatment of Ruxolitinib plus doxycycline, no changes were
shown in shNS cells. However, shCD44-1 revealed a decrease in their migration capacity,

but it was only due to the doxycycline treatment.
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Figure 39. Migration effects of Ruxolitinib and doxycycline in Ren13 cells. Wound Healing assay of Ren13
cells treated or non-treated with doxycycline and/or Ruxolitinib. 15000 cells were seeded in each well of
the insert. Cells were treated with 2,5uM of doxycycline during 48h and/or 2uM of Ruxolitinib at time Oh.
DMSO at 0,1% was used as a control treatment. Three images of each well were taken at 10X every 3h. A)
Images of the wounds of Ren13 shNS and Ren13 shCD44-1 at time 0 and after 12h of the experiment. B)
Quantification of migration velocity of cells to determine the double treatment effect. C) Quantification
of migration velocity of cells to determine the effect of doxycycline. (B Mann Whitney test p<0,01**)
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The lack of the inhibitor effect in the Wound Healing assay previously exposed could be
attributed to: the not involvement of the signaling pathway in the migration process; the
dosage being too low; or the bad state of the product. Thus, to confirm that Ruxolitinib
was inhibiting the JAK/Stat signaling pathway we decided to treat cells (Ren13 shCD44-
1) with the same dose used during the migration assay for different periods and evaluate
the state of the proteins implicated in the target pathway. Once samples were obtained,
we performed a Western Blot to check the inhibitor effect. The results of the assay are

summarized in Figure 40.
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Figure 40. Ruxolitinib inhibited the JAK/Stat signaling pathway. Western Blot of Ren13 shCD44-1 cells
(induced or not with 2,5uM doxycycline) treated with 2uM Ruxolitinib during 30’, 1h, 3h, or 6h. DMSO at
0,1% was used as a control treatment. Proteins determined in the experiment were pStat3 and tStat3. Actin
was determined as housekeeping.

As can be observed, all samples treated with 2uM of Ruxolitinib at every time points,
showed a reduction of the Stat3 phosphorylation. However, the expression levels of the

total protein were not affected.

These results confirmed that Ruxolitinib was inhibiting the JAK/Stat signaling pathway,
as pStat3 in the non-treated samples was expressed. Nevertheless, the lack of migration
inhibition may suggest that this pathway was not involved downstream CD44 either in

the migration process of our cell model.
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2.2.2 Bosutinib

Results obtained with the migration assays using Bosutinib in combination with

doxycycline are represented in Figure 41.

If we focus on Renl13 shNS cells, which were our control cells, Bosutinib at a dose of
0,1uM produced a decrease of the cell migration, as previously observed. If we focus on
the results after doxycycline treatment alone, control cells (shNS) were not affected. The
reduction of the migration produced in the Ren13 shNS cells was due to Bosutinib

treatment.

Analyzing results obtained with Ren13 shCD44-1 shows that Bosutinib treatment also
produced a statistically significant decrease in cell migration. Furthermore, there was a
notable reduction of migration due to CD44 silencing through doxycycline treatment,
confirming the doxycycline activity. The effect of the CD44 silencing is detailed in part (C)
of Figure 41. Finally, the double treatment, as with shNS cells, did not increase the
inhibitory potential of Bosutinib. The variability observed in both cases is due to the

experimental procedure.
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Figure 41. Migration effects of Bosutinib and Doxycycline in Ren13 cells. Wound Healing assay of Ren13
cells treated or non-treated with doxycycline and/or Bosutinib. 15000 cells were seeded in each well of
the insert. Cells were treated with 2,5uM of doxycycline during 48h and/or 0,1uM of Bosutinib at time
Oh. DMSO at 0,1% was used as a control treatment. Three images of each well were taken at 10X every
3h. A) Images of the wounds of Ren13 shNS and Ren13 shCD44-1 at time O and after 12h of the
experiment. B) Quantification of migration velocity of cells to determine the double treatment effect. C)
Quantification of migration velocity of cells to determine the effect of doxycycline. (B, C Mann Whitney
test p<0,0001**** p<0,05*)
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On the whole, these results confirmed the effect of Bosutinib over the migration activity
of the cells. Moreover, the lack of an additive effect when drugs were combined could
indicate that Src and CD44 are in the same signaling pathway. When an important node
of a pathway is strongly inhibited, although we try to inhibit another node, the observed

effects would be the same, as the pathway was already blocked.

However, the main interest of the project was focused on the role played by CD44 in
tumor invasion. For this, we needed to validate the observations during the migration
assays produced by Bosutinib treatment alone or in combination with CD44 silencing
through an invasion experiment. We performed a transwell invasion assay using the

Ren13 shCD44-1 cells.
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Figure 42. Invasion transwell assay to determine the effect of Bosutinib in Renl13 cells. A)
Representative images of Ren13 shCD44-1 treated and non-treated with doxycycline and treated or non-
treated with 0,1uM of Bosutinib, after 24h of the invasion assay. B) Quantification of invaded cells per
field. 50000 cells were seeded in each transwell. Twelve images of each well were taken at 20X and
counted manually. Cells were treated with 2,5uM of doxycycline during 48h. DMSO at 0,1% was used as
a control treatment. (B, Mann Whitney test p<0,01** p<0,05*)

On the one hand, Figure 42 shows that CD44 downregulation caused by doxycycline
treatment produced a reduction of the cell invasion, as previously observed. On the other
hand, it could be seen that Bosutinib treatment, without considering CD44 silencing,
produced a statistically significant reduction in the cell invasion. There also seemed to be

a higher reduction of cell invasion when cells were treated with both drugs together,
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rather than the ones only treated with Bosutinib. However, this tendency was due to the

experimental variability.

Although a reduction in the migration and invasion of cells when they were treated with
Bosutinib was observed, we wanted to determine if this effect was due to the inhibition
of the Src signaling pathway. Thus, as with Ruxolitinib, we checked the inhibition of Src

through Western Blot.

First, we wanted to check the effect of Bosutinib in the different cell lines without
inducing them with doxycycline. This time, we treated cells with three different doses of
the drug (0,1uM, 1uM, and 5uM) over two different periods of time: 5h and 24h. As
observed in Figure 43, Bosutinib treatment produced a reduction of the Src
phosphorylation dependent on the dose and treatment time without producing any
alteration of the total protein expression.
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Figure 43. Bosunitinb inhibited the Src signaling pathway. A) Western Blot of Ren13 shCD44-1 cells

treated with 0,1uM, 1uM, or 5uM of Bosutinib for 5h or 24h. B) Quantification of the Western Blot.
DMSO at 0,1% was used as a control treatment. Proteins determined in the experiment were pSrc and

tSrc. Vinculin was determined as housekeeping.

Furthermore, we also wanted to check if CD44 silencing produced any change in the Src
signaling pathway. Then, we tested whether Bosutinib treatment together with CD44
silencing would increase the inhibition effect. The results of the assay are collected in

Figure 44.

133



Results

A) Bosutinib B)

0,1uM 1uM 5uM
DMSO 5h 24h 5h 24h  5h 24h

S+ ¥ o + Y o o
N 0o S 0° 0o 0o S 0o o P
o
Vinculin | ——— ——— — &H
-~
: S
PFAK w0 s o s e o
. o
tFAK-‘—-P-—-—--—. - —
PSTC 7 e v i - ————
= gt gt ot Gt gt & o o ot ot
D S ——— DUG— PORSY o°o°o°,o,9 9 o°<>°o°o°o°
. DMSO Sh _ 24h _Sh __24h  5h _ 24h
Bosu 0,1uM Bosu 1uM Bosu 5uM

Figure 44. CD44 silencing did not affect the Src signaling pathway. A) Western Blot of Ren13 shCD44-1
cells (induced or not with 2,5uM doxycycline) treated with 0,1uM, 1uM, or 5uM of Bosutinib for 5h or
24h. B) Quantification of the Western Blot. DMSO at 0,1% was used as a control treatment. Proteins
determined in the experiment were pFAK, tFAK, pSrc, and tSrc. Vinculin was determined as
housekeeping.

As previously shown in Figure 43, Bosutinib treatment produced a reduction of the Src
phosphorylation, effect dependent on the dose and time, demonstrating the proper

activity of the inhibitor.

By focusing on the CD44 silencing effect over Src (Figure 44), we could verify that the
reduction of the CD44 expression did not produce any change in the phosphorylation of

Src, neither of the total protein expression.

We also wanted to check also whether there were changes in the phosphorylation of
FAK, as often, in this pathway, there is an autoregulation between FAK and Src proteins.
However, in our setting, no changes were observed in pFAK nor in the total protein levels

(Figure 44).

The Western Blot results together with the results obtained in the migration and invasion
assays suggest that it is possible that he Src pathway plays an important role downstream
CD44. Furthermore, it could be responsible for the effects observed in the migration and

invasion processes of renal carcinoma cells.
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3. UPSTREAM ACTIVATION OF CD44

We discovered that CD44 is responsible for the activation of certain signaling pathways
that affect the migration and invasion processes of cells. But who is responsible for CD44

induction?

We proposed to find which were the co-receptors, ligands, or modulators able to induce

CDA44 activation and consequently trigger the subsequent signaling.

3.1 HYALURONIC ACID

The first candidate we thought might be responsible for CD44 activation was Hyaluronic
Acid or Hyaluronan (HA). As previously explained, HA is the principal ligand of CD44. It
has been described that in different tumor types HA can activate the CD44 signaling and

promote migration and invasion of tumor cells.

Hyaluronic Acid is a glycosaminoglycan composed of the repetition of two disaccharides
linked via glycosidic bonds (represented in Figure 45). There are different lengths of HA,
and they are classified into two main groups: the low molecular weight fragments

(LMWHA) and the high molecular weight fragments (HMWHA).
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Figure 45. Representation of Hyaluronic Acid. Image of both disaccharides linked by the glycosidic bond
to set up the unit of Hyaluronic Acid. Image adapted from Garg, Quinn, Mascarenhas, & Hales, 2004.
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These HA fragments can also interact with its receptor. Interaction between the different
pieces of HA with CD44 can trigger its activation, but also its inhibition. Some research
groups have tried to classify the LMWHA and HMWHA into activators or inhibitors of the
receptor but, depending on the tissue and the tumor type, they can act in one way or

another.

With all this information in mind, we hypothesized that in our in vitro and in vivo models,
the interaction between HA and CD44 could be responsible for the activation of CD44
and consequently produce the changes previously observed in the migration and

invasion processes of the cells (Figure 46).
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Figure 46. Representation of the interaction between CD44 and Hyaluronic Acid.

3.1.1 Presence of HA in our Cell Models

First of all, we had to confirm the presence of Hyaluronic Acid in our cell models. To do

that, we performed an Immunocytofluorescence assay of Ren13 cell cultures.

Given that Hyaluronan is not a protein, we had to use a hyaluronan-binding protein (HA-
BP), which is a glycoprotein with a specific affinity toward HA. Subsequently, with

Immunocytofluorescence we could detect the glycoprotein bonded to Hyaluronic Acid.

Figure 47 shows the obtained results during the immunoassay. Cells under normal

culture conditions expressed Hyaluronic Acid in their cell membrane (Figure 47(A)). To
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ensure that the fluorescence signal we were detecting was Hyaluronic Acid and not
background noise, we used Hyaluronidase, an enzyme responsible for the polymer
degradation. As observed in Section (B) of Figure 47, Hyaluronidase treatment produced

the degradation of Hyaluronic Acid without affecting the integrity of the cells.

A)

Figure 47. Ren13 cell cultured in normal conditions expressed Hyaluronic Acid. Imnmunocytofluorescence
of Hyaluronic Acid performed in Renl3 cells (A) and after 1h of Hyaluronidase treatment at 372C (B).
30000 cells were seeded in each well 24h before the experiment. Hyaluronidase was used at 20U/mL.
Images were taken at 20X.

This assay allowed us to confirm the presence of Hyaluronan in Ren13 cell cultures.

3.1.2 Presence of HA in our Tumor Models

In addition, we wanted to know if, apart from cells, tumors also expressed Hyaluronic
Acid. We performed an Immunohistochemistry assay of the different tumors generated
from SN12C shCD44-1 cells and 7860- shCD44-2 cells. As before, we used Hyaluronidase

as a specificity control of the antibody.

SN12C shCD44-1 Tumors

An Immunohistochemistry of tissue samples was also performed using the hyaluronan-

binding protein. The results obtained with the assay using SN12C shCD44-1 tumor
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samples are shown in Figure 48. In Section (A) we can observe that there was a high
density of Hyaluronic Acid in the different samples without considering the treatment
administered to the animals (doxycycline and/or DC101). Section (B) displays the effect
of Hyaluronidase. Hyaluronan staining after Hyaluronidase treatment of the samples was
low, but it was still observable. This fact could be due to the fixation of samples and

subsequent embedding with paraffin that complicated the Hyaluronidase activity.
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Figure 48. Hyaluronic Acid was expressed in SN12C tumors. Immunohistochemistry of Hyaluronic Acid
developed in SN12C shCD44-1 tumor tissues (A) and after 2h of Hyaluronidase treatment at 372C (B).
Hyaluronidase was used at 20U/mL.

7860- shCD44-2 Tumors

The same immunoassay was performed to detect the presence of Hyaluronic Acid in
tumor tissues generated from 7860- shCD44-2 cells. Figure 49 shows the results. As in
the previous experiment, all the tumors expressed Hyaluronic Acid, regardless of the
treatment animals received (section (A) of Figure 49). Hyaluronidase treatment (Section
(B) of Figure 49) also produced the degradation of the polymer, but again results were
not as conclusive as the results obtained in vitro. There always remained some Hyaluronic

Acid.
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-Dox +DC101

Figure 49. Hyaluronic Acid was expressed in 7860- tumors. Immunohistochemistry of Hyaluronic Acid
developed in 7860- shCD44-2 tumor tissues (A) and after 2h of Hyaluronidase treatment at 372C (B).
Hyaluronidase was used at 20U/mL.

3.1.3 Effects of Hyaluronidase on Cell Migration

Once we had demonstrated there there was HA both in cell cultures and tumor tissue,

we considered what impact its lack or its degradation would have.

According to our hypothesis, the presence or absence of Hyaluronan or its fragments
would activate or inhibit CD44, having consequences in the migration process. Thus, the
Hyaluronidase treatment would produce the degradation of the polymer existing in our

cell culture and would disrupt the migration of the tumor cells.

Following on from this, we decided to treat cells with Hyaluronidase and develop a

migration assay to determine the effects of removing HA.
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We used the Ren13 WT cells to perform this assay because we did not want to

knockdown CD44, instead only reduce the interaction with its principal ligand by

removing it.
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Figure 50. Hyaluronidase did not affect the migration capacity of cells. Wound Healing assay of Ren13
WT cells treated and non-treated with Hyaluronidase. 15000 cells were seeded in each well of the insert.
Three images of each well were taken at 10X every 3h. Hyaluronidase was used at 20U/mL and
administered at time 0. A) Images of the wounds of Ren13 cells at time 0 and after 9h of the experiment.
B) Quantification of migration velocity of cells to determine the effect of the treatment. No differences
could be observed between the groups.

Results of the Wound Healing assay using Hyaluronidase are represented in Figure 50. As
can be observed in the images and through the quantification, removing Hyaluronic Acid

of the cells did not have any consequence in their migration capacity.

However, we wanted to test if the ligand degradation and the expression reduction of
the receptor (CD44) together would produce any alteration in the migration process. To
do so, we used Ren13 shCD44-1 cells either induced or not with doxycycline and treated
them with Hyaluronidase. Results of the Wound Healing assay are represented in Figure

51.
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Figure 51. Hyaluronidase in combination with doxycycline did not affect the migration capacity of cells.
Wound Healing assay of Ren13 shCD44-1 cells treated or non-treated with doxycycline and/or
Hyaluronidase. 15000 cells were seeded in each well of the insert. Cells were treated with 2,5uM of
doxycycline during 48h and/or 20U/mL of Hyaluronidase at time Oh. Three images of each well were taken
at 10X every 3h. A) Images of the wounds of Ren13 shCD44-1 cells treated and non-treated with
doxycycline and/or Hyaluronidase at time 0 and after 9h of the experiment. B) Quantification of migration

velocity of cells.

Both images and quantification show a decrease in cell migration when they were
treated with doxycycline, and consequently when CD44 is downregulated. However, due
to the small number of experimental samples, this difference was not statistically

significant. Treatment with Hyaluronidase, as previously observed, did not produce any

changes in cell migration.
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3.1.4 Migration Consequences of Blocking CD44 Through HA Binding Site

Another approach to determining if HA-CD44 interaction was responsible for migration
and invasion processes was to block their binding. We used a CD44 blocking antibody
able to attach to the hyaluronan binding site, thus avoiding the activity produced by the
ligand-receptor interaction. We treated cells with a blocking antibody (IM-7 Invitrogen

#14-0441-82) of CD44 and checked the effects produced in the migration ability of cells.

Given it was not necessary to downregulate CD44 expression, Ren13WT cells were used
for the experiment. Two different doses of the blocking antibody were tested: 5uM and

10uM. Results of the Wound Healing assay are represented in Figure 52.
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Figure 52. The CD44 blocking antibody IM-7 did not affect the migration capacity of cells. Wound Healing
assay of Ren13 WT cells treated and non-treated with the blocking antibody. 15000 cells were seeded in
each well of the insert. Cells were treated with 5uM or 10uM of IM7-antibody (Invitrogen #14-0441-82)
or Isotype 1gG (R&D Systems #MAGO003), used as a control, 30min before the time Oh. Three images of
each well were taken at 10X every 3h. A) Images of the wounds of Ren13 WT cells at time 0 and after 9h
of the experiment. B) Quantification of migration velocity of cells. No differences could be observed

between any of the groups.
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Quantification of the assay, as well as the images, did not show any alteration of the cell
migration. These results, together with the previous ones, provide enough evidence to

discard HA as an inducer or trigger of CD44.

3.1.5 Changes in CD44 Activity Using Different Fragments of HA

Before giving up the hypothesis based on Hyaluronic Acid, we decided to perform one
final test. As has been described, different fragments of Hyaluronan can also interact
with CD44 and produce the induction or inhibition of the receptor. Using this, we decided
to test the effect of some of them in our cell cultures. We used units between 4-18

disaccharides, considered as LMWHA.

Following the same dynamic as previously, a Wound Healing assay was developed using
Ren13 cells treated with the different Hyaluronan fragments. Figure 53 shows the results

obtained.
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Figure 53. Hyaluronan fragment did not produce changes in the migration capacity of cells. Wound
Healing assay of Ren13 WT cells treated with different fragments of Hyaluronan. 15000 cells were
seeded in each well of the insert. Three images of each well were taken at 10X every 3h. Hyaluronan
fragments were used at 10pM and administered at time 0. A) Images of the wounds of Ren13 WT cells
at time 0 and after 9h of the experiment. B) Quantification of migration velocity of cells to determine
the effect of the treatment. No differences could be observed between the groups.
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Despite quite a variability in the results, none of the different HA units produced
significant changes in the activity of cells. Neither induction nor inhibition of the

migration process could be observed.

Concurrently, we developed a Western Blot analysis of different proteins involved in the
signaling pathways that related to migration and invasion processes. This was in order to
determine if Hyaluronic Acid fragments produced changes in its expression and compare
them with the effects produced when CD44 is knocked-down. Figure 54 gathers the
results.
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Figure 54. Hyaluronic Acid fragments did not produce any changes in the protein expression. Western
Blot of Ren13 cells treated with different Hyaluronan fragments (10ptM) compared with cells treated or
not with doxycycline (2,5uM). Proteins determined in the experiment were pERK, tERK, pSrc, tSrc, pFAK,
and tFAK. All of them are involved in migration and invasion processes.

Treating cells with Hyaluronic Acid fragments of different molecular weight did not
produce any change in the expression of proteins involved in the migration process of
cells. In summary, the lack of HA did not produce any effect at either a functional and

protein level on our cells, but neither did its addition.

Even though HA is the main ligand of CD44, its signaling is not responsible for the

induction and activation of the protein.

144



Results

3.2 OTHERS CO-MODULATORS OF CD44

Once Hyaluronic Acid was discarded as the principal co-modulator of CD44, we
considered looking for other candidates that could be interacting and/or modulating

CD44.

We took advantage of the data obtained from the RNA sequencing performed at the
beginning of the project. In this experiment, the differential expression of a set of genes
was contrasted between antiangiogenic-treated (DC101) tumor samples and non-
treated tumor samples of Ren13 tumors. From this set of genes, we selected those whose

expression correlated with CD44 expression, obtaining a list of 127 genes.

To get closer to the clinics, we decided to verify the expression of these selected genes
in patients. We used RNA data from renal cancer patients obtained from the TCGA
database (data from 528 patients). From the 127 genes selected with the RNA
sequencing, 81 were highly expressed in these patients. Finally, we correlated the
patient’s expression of CD44 with the in silico selected genes (81 genes). Only three
candidates of the initial list showed to be expressed in patients and to correlate with
CD44. These candidates were CD82, CCL5, and Serglycin (SRGN). Figure 55 summarizes

the followed process.

RNA sequencing
Ren13 DC101-treated tumors vs Ren13 untreated tumors

\

127 genes correlated with CD44

7

TCGA dataset
81 genes highly expressed in patients with RCC

\

3 genes correlated with CD44 expression
in patients

Figure 55. Diagram of the process followed to find some other candidates able to bind or interact with
CD44. Data from the RNA sequencing performed at the beginning of the project and data from patients
of the TCGA dataset were used to find possible CD44 modulators.
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In Figure 56 is represented the correlation between the three candidate genes and CD44

expression in patients.
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Figure 56. Correlation between CD44 and the candidate genes. CD44 expression in patients correlated
with CD82 (A), CCL5 (B), and Serglycin (C). Data were obtained from the TCGA dataset. (Spearman
correlation test p<0,0001****),

3.2.1 CD82

CD82 also known as KAI-1 or HER-2 is a protein member of the tetraspanins family,
concretely of the TM4SF (transmembrane 4 superfamily) responsible for mediating
adhesion function between cells and between cells and the extracellular matrix (Wei et

al., 2014; Sun & Zhou, 2016).

Initially, CD82 was identified as a metastasis suppressor gene in prostate cancer (Wu et
al., 2015; Zhu et al., 2017). Its expression or overexpression inhibits the adhesion of
cancer cells to the extracellular matrix, and its silencing produces the opposite effect (Sun

& Zhou, 2016).

It has been described that CD82 plays an important role in cell fusion, adhesion,
migration, signaling, fertilization, differentiation, and invasion. Also, it was demonstrated
that CD82 expression limits the progression and metastasis of some types of tumors.
Moreover, it takes part in the regulation of tumor angiogenesis and reduces the

migration of endothelial cells by enhancing CD44 endocytosis (Wei et al., 2014).

Nevertheless, a direct interaction between CD82 and CD44 has not been demonstrated,
but a negative modulation. When CD44 is overexpressed, the expression of CD82 is

decreased, and vice versa (Wei et al., 2014).
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3.2.2 CCL5

C-C chemokine ligand five or CCL5 is also known as Regulated upon Activation, Normal
T-cell Expressed, and Secreted (RANTES). This chemokine is responsible for the
recruitment of leukocytes, macrophages, eosinophils, and basophils in inflammatory

sites (Aldinucci & Colombatti, 2014).

Their main receptors are CCR1, CCR3 and CCR5, but recently it come to light that CD44
can function as an auxiliary receptor for CCL5 by binding through its glycosaminoglycan

(GAG) chains (Roscic-Mrkic et al., 2003).

CCL5 principal role is to induce an appropriate immune response against tumors, but in
some types of cancer, it appears that this chemokine is associated with tumor
progression and metastasis (Aldinucci & Colombatti, 2014). Moreover, in some cases, as
in glioblastoma, CCL5 can regulate CD44 to increase and/or help the survival of tumor

cells (Pan, Smithson, Ma, Hambardzumyan, & Gutmann, 2017).

3.2.3 Serglycin (SRGN)

Serglycin is a glycoprotein that was originally identified as a secretory granule
proteoglycan with the function of promoting secretory granule storage in mast cells.
Later, its expression was found in other cell types such as hematopoietic and endothelial

cells among others (Zhang et al., 2017; Guo, Chiu, Wang, Li, & Chen, 2020).

Serglycin was described as a novel ligand for CD44 in different tumor types. It has been
observed that Serglycin can bind to CD44 near the extracellular hyaluronan binding

domain through its chondroitin sulfate motifs (Jing You Guo et al., 2020).

The glycoprotein is mainly distributed in the cell and the cell membrane, but it can also
be secreted. That secreted Serglycin can still interact with CD44 if it conserves the

chondroitin sulfate motifs (Guo et al., 2020; Zhang et al., 2017).

It has been described that interaction between CD44 and SRGN can promote the

migration and invasion processes in a set of cancer cells (J. Y. Guo et al., 2016).
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Some research groups have suggested different possible mechanisms of interaction and

regulation of the CD44-SRGN signaling. Some examples are represented in Figure 57.
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Figure 57. CD44-SRGN interaction and signaling. A, B, and C show three different mechanisms proposed
for different research groups where they describe the interaction between CD44 and SRGN, the signaling
pathways after their interaction, and how it is regulated. Image (A) adapted from Jing You Guo, Chiu,
Wang, Li, & Chen, 2020; image (B) adapted from J. Y. Guo et al., 2016, and image (C) adapted from Zhang
et al,, 2017.

From the three suggested candidates, Serglycin showed the highest expression levels in
patients. The differential expression between antiangiogenic-treated and non-treated
tumors obtained from the RNA sequencing data, performed at the beginning of the
project, was also higher than in the other candidates. Moreover, a physical interaction
between both proteins was previously described. Thus, bearing these points in mind, we

decided to study Serglycin as a co-modulator of CD44.
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3.2.3.1 Serglycin Expression in Cells

Initially, we examined Serglycin expression in our cell cultures through Western Blot

assay.
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Figure 58. Expression of Serglycin in different cell models. Western Blot of Ren13, 7860-, and SN12C
cells (shNS and shCD44) to evaluate the expression of Serglycin. Tubulin was determined as
housekeeping.

As observed in Figure 58, our three cell models expressed Serglycin. SN12C cells were the
ones that expressed more protein, and Renl13 cells the ones that had less Serglycin

expression.

Furthermore, we also wanted to evaluate if CD44 could modulate the expression of
Serglycin. For that, we performed another Western Blot to compare the Serglycin
expression of the non-induced cells with the doxycycline-induced cells, where CD44

expression was decreased.
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Figure 59. Expression of Serglycin in different cell models where CD44 is downregulated. Western Blot
of Ren13, 7860-, and SN12C cells (shNS and shCD44) induced or not with doxycycline to determine the
expression of Serglycin. Cells were treated with 2,5uM of doxycycline during 48h. Tubulin was used as
housekeeping.
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In Figure 59, it can be observed that CD44 silencing by itself did not produce any
modification of Serglycin expression. In some cases, there seemed to exist different
intensities between the bands, but this variability was due to the Western Blot technical
difficulties and the antibody used to detect the protein. One interesting observation was
that SN12C cells showed to have high levels of protein compared with the rest of the

cells. Moreover, SN12C shCD44-1 cells expressed higher levels of Serglycin than the

control ones (shNS).

Apart from the Serglycin expression at the protein level, we also wanted to evaluate the
RNA levels present in cells when they were treated and non-treated with doxycycline.

The results of the Tagman assay performed with the different cell lines are represented

in Figure 60.
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Figure 60. RNA levels of human SRGN in different cells. TagMan assay was developed to check the
Serglycin (SRGN) expression in three different cell lines: SN12C (A), Ren13 (B), and 7860- (C), treated
(+Dox) and not (-Dox) with doxycycline. shNS cells were used as controls. GAPDH expression was
determined as housekeeping. Cells were treated with 2,5uM of doxycycline during 48h.

This assay confirmed the results previously observed with the Western Blot. The cells
that expressed more Serglycin were the SN12C cells, while Ren13 cells were the ones
with the lowest RNA levels. Curiously, SN12C shCD44-1 cells had higher levels of Serglycin
RNA than the control ones (shNS), without regarding the induction with doxycycline.
Conversely, in the other two cell models, RNA levels of Serglycin were quite similar

comparing the shNS and the shCD44 cells.
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It could also be observed that doxycycline treatment seemed only to affect the 7860-
shCD44-2 cells, as Serglycin RNA levels were lower than the non-induced cells (shCD44-
2 -Dox) and the control cells (shNS).

3.2.3.2 Serglycin Expression in Tumors

Once we had demonstrated that our cell cultures expressed Serglycin, we wanted to
check if tumors generated from these cells still expressed the protein. We performed

Immunohistochemistry to stain the Serglycin present in the tumor tissues (Figure 61).

Figure 61. Serglycin was expressed in tissue tumor samples. Immunohistochemistry of Serglycin
developed in SN12C shCD44-1 tumor tissues (A) and 7860- shCD44-2 tumor tissues (B).

Observing the images, we could determine that tumors generated from SN12C shCD44-
1 cells and also the ones generated from 7860- shCD44-2 cells displayed Serglycin
staining. However, there existed variability in Serglycin expression between the different
tumors. No pattern could be determined depending on the treatment administered to
the animals. The antiangiogenic drug DC101 and the doxycycline treatment did not

appear to modulate the protein expression.
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3.2.3.3 Determination of Serglycin Localization

Once the presence of Serglycin in our cell models and in the tumor tissues became
evident, we wanted to determine its localization and if both proteins co-localized,

allowing its interaction and signaling.

We performed an Immunocytofluorescence staining of Serglycin and CD44 at the same
time. The assay was developed in two different cell models, Ren13 shCD44-1 and 7860-

shCD44-2, as both cell types showed CD44 to have a role in migration and invasion,

hence, they were the most important models for our project.

Figure 62. Serglycin expression in induced and non-induced Renl13 shCD44-1 cells. Co-
Immunocytofluorescence of Serglycin and CD44 performed in Ren13 shCD44-1 cells non-treated with
doxycycline (A) and after 48h of doxycycline treatment (B). 30000 cells were seeded in each well 24h

before the experiment. Doxycycline was used at 2,5uM. Images were taken at 20X. Serglycin is
represented in green and CD44 in magenta. Nucleuses of cells were stained with DAPI (blue). After
doxycycline treatment cells expressed RFP, represented in red.

Figure 62 displays different images of the Immunocytofluorescence performed in non-
induced Ren13 shCD44-1 cells (Figure 62 (A)) and the same cells induced with doxycycline
(Figure 62 (B)). On the one hand, we could observe that doxycycline treatment produced
a reduction of the CD44 expression, which is a reduction of the magenta staining.
Moreover, we could validate the functioning of the shRNA system, as once treated with

doxycycline, cells expressed RFP, red fluorescence that can be observed in the image.
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On the other hand, if we focus on the Serglycin staining, as is represented in green
fluorescence, we could observe that doxycycline treatment, and therefore the decrease
of CD44 expression, also produced a reduction of Serglycin expression. This indicates that

a kind of regulation may exist between both proteins.

Nevertheless, if we focus on the localization of both proteins, they were not co-localized.

While CD44 protein was expressed at the cell membrane, Serglycin seemed to be in the

cytoplasm of the cells forming a kind of vesicles.

Figure 63. Serglycin expression in induced and non-induced 7860- shCD44-2 cells. Co-
Immunocytofluorescence of Serglycin and CD44 performed in 7860- shCD44-2 cells non-treated with
doxycycline (A) and after 48h of doxycycline treatment (B). 30000 cells were seeded in each well 24h

before the experiment. Doxycycline was used at 2,5uM. Images were taken at 20X. Serglycin is
represented in green and CD44 in magenta. Nucleuses of cells were stained with DAPI (blue). After
doxycycline treatment cells expressed RFP, represented in red.

In Figure 63 some images of 7860- shCD44-2 cells treated with doxycycline (Figure 63
(B)) and non-treated (Figure 63 (A)) are represented. This time, doxycycline induction of
cells did not produce much decrease in the CD44 expression (magenta staining). RFP
staining was nearly undetectable, assuming a failure in the doxycycline induction.

Furthermore, there were no big changes to Serglycin staining (green fluorescence) after
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the CD44 silencing. This could be due to the bad efficiency of doxycycline induction and

consequently the little CD44 silencing.

Focusing on the localization of both proteins, it could be confirmed that CD44 and

Serglycin were not co-localized in those cells too.

Nevertheless, the interaction or signaling between both proteins needs to be deeply
studied. These are only primary results that may indicate both proteins are expressed in
our cell cultures, but they are not localized in the same part of the cell. Moreover, the
regulation between the expression of both proteins is still not clear, and more

experiments should be performed.

4. IMPORTANCE OF CD44 EXPRESSION IN PATIENTS

Finally, we wanted to clinically validate the obtained results in patients. To do so, we first
determined the importance of CD44 expression in renal carcinoma patients. We
obtained data of 528 kidney renal cell carcinoma (KIRC) patients at different stages of the
disease from the TCGA dataset. As demonstrated in Figure 64, 418 of those patients had
higher expression of CD44 protein and their survival probability was lower than the

remaining 110 patients, whose CD44 expression levels were lower.
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Figure 64. Survival probability of kidney renal clear cell carcinoma patients over time depending on
the CD44 expression. Patients with high expression of CD44 (pink line) showed to have less survival
probability over time than those patients with lower expression of the protein (blue line). Image
adapted from “Protein Atlas,” 2020.
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Furthermore, the increase of CD44 expression after antiangiogenic treatment, which was
one of the bases of our project, was validated through different Ren-PDOX mouse
models. We decided to study an mRNA dataset of patients untreated and treated with
Sunitinib, one of the most used antiangiogenic drugs to treat renal cancer (GSE65615).
This study collects data from primary renal cancer tissue coming from a nephrectomy of
46 patients with metastatic clear cell renal cell carcinoma. From those patients, 23 were
not treated and the other 23 patients were treated with Sunitinib for 18 weeks before
the acquisition of the sample. Different regions of the tumor of each patient were
examined, so at the end, 47 untreated tumors samples and 75 Sunitinib-treated tumors

samples were obtained.

We analyzed if CD44 expression in those patients was altered due to the antiangiogenic
treatment (Figure 65). Although the results were not statistically conclusive, CD44
expression tended to be increased in those patients treated with Sunitinib. Those results
would be in accordance with the in silico results obtained at the beginning of the project
using the Renl13 tumor model, and would also support the hypothesis of the CD44

involvement as a predictor of malignization response after the antiangiogenic treatment.
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Figure 65. Expression of CD44 in untreated and Sunitinib-treated patients. Representation of the mRNA
levels represented as A.U. in untreated and Sunitinib-treated patients for CD44.

Once we had analyzed the expression of CD44 in these set of patients, we decided to
determine the importance of Serglycin. As observed in Figure 66, Serglycin, as well as

CD44, has been described as a bad prognostic marker in patients suffering from renal
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cancer. Thus, and considering it as a candidate able to interact and/or modulate CD44
activity, it was interesting to study if its expression could be altered due to the

antiangiogenic treatment.
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Figure 66. Survival probability of kidney renal clear cell carcinoma patients over time depending on the
Serglycin expression. Patients with high expression of Serglycin (pink line) showed to have less survival
probability over time than those patients with lower expression of the protein (blue line). Image adapted
from “Protein Atlas,” 2020.

As previously done with CD44, Figure 67 shows the expression of Serglycin in patients

treated with Sunitinib and untreated.

1)(1010—
> 9
< 9x10
S 8x10°7
a
g 7x10°-
b
> 6X109-
2
» 5x10%4
4x10°

1 1
Untreated Sunitinib

Figure 67. Expression of Serglycin in untreated and Sunitinib-treated patients. Representation of the
MRNA levels represented as A.U. in untreated and Sunitinib-treated patients for Serglycin.
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In this case, Sunitinib treatment did not affect the expression of Serglycin, as those
patients that were treated did not show higher levels of the protein than the untreated

patients.

Additionally, some researchers of our group have determined ALDH1A3 expression as a
marker of tumor response to antiangiogenic treatment. It was observed that those
tumors that had high levels of ALDH1A3 before the antiangiogenic treatment were the
ones that after the therapy presented changes in their invasive and metastatic behavior,
becoming more aggressive (Moserle, L. et al. in preparation). Subsequently, we decided
to use this response predictor factor and determine the expression of Serglycin by

grouping patients depending on their ALDH1A3 levels (Figure 68).
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Figure 68. Expression of Serglycin depending on ALDH1A3. Representation of Serglycin mRNA levels
represented as A.U. in patients with low and high expression levels of ALDH1A3. (Mann Whitney test
p<0,05%)

These results may suggest that the tumors of patients that have a higher expression of
ALDH1A3, and that consequently are considered as potentially aggressive after the

antiangiogenic treatment, also have a high expression of Serglycin.

Thus, it could be thought that Serglycin probably is not a marker of tumor response, as
no differences could be observed between treated and untreated patients. However, it
could be playing a modulator factor role, as those patients with potentially aggressive

tumors have higher Serglycin expression levels.
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Despite these are primary results, it was suggested that CD44 expression could be
important in renal cancer, as Serglycin expression. Moreover, some evidence of a link
between CD44 and Serglycin was found in tumors of patients, as a correlation between
them previously demonstrated. Nevertheless, it would be necessary to perform further
experiments and analyze data from more patients to determine the role of CD44 and

Serglycin alone and together in renal cell carcinoma patients.
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Discussion

1. ANTIANGIOGENIC TREATMENT AND TUMOR MALIGNIZATION

The first therapies used to treat renal cell carcinoma were based on cytokines, but only
between 5-27% of tumors responded to such treatment. Moreover, in most cases, the
adverse effects were extremely high due to their toxicity (Posadas, Limvorasak, & Figlin,
2017). For that, the discovery of angiogenesis and the antiangiogenic therapy
represented a milestone in renal cell carcinoma treatment. These drugs improved the
PFS and OS of patients suffering from this disease, apart from becoming a novelty in the

cancer treatment field (Posadas et al., 2017; Barata & Rini, 2017).

Nevertheless, some studies using antiangiogenics to treat other cancer types
demonstrated that, after an initial phase of drug response (characterized by a reduction
of tumor progression), some tumors were able to evade the antiangiogenic effect and
re-grow. Moreover, in some cases, an increase in their invasive and metastatic abilities

was reported after therapy (Paez-Ribes et al., 2009).

However, this fact was not observed in renal tumors. Therefore, some studies intended
to check whether this post-treatment malignancy occurred in renal cancer. First, 7860-

tumors, generated from an established renal cell carcinoma cell line, were used.

The generation of tumors from conventional cell lines is an easy, well-established
method to study drugs using in vivo models of cancer. But they are not the best approach
to mimic all the events of a patient’s tumor. Cell lines adapt to grow in vitro, and they
lose the biologic features from the original tumor, modifying some processes such as

migration and invasion (Hidalgo et al., 2014).

Therefore, in order to overcome this drawback, the Ren-PDOX models were generated,
using pieces of patients’ tumors and implanting them orthotopically into the kidney of a
mouse. Even though the difficulties the production of these models present, they are
able to maintain the principal features of the donor and do not lose them through
successive mouse-to-mouse passages in vivo (Hidalgo et al., 2014). Moreover, the

orthotopic implantation also allows to mimic the metastatic ability of the original
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patient, which cannot be achieved using the subcutaneous implantation of the tumors

(Hoffman, 2015).

Once the best model to study tumor malignization after antiangiogenic treatment in
renal cancer was determined, it could be demonstrated, as previously done in other
cancer types, that short antiangiogenic periods of treatment produced a reduction in the
volume and tumor progression. However, when treatment was maintained for a longer
period (four weeks), tumors re-grew and became more aggressive. This discovery was
an inflection point in renal cancer treatment, as the only therapy with good results in

this tumor type resulted not to be as promising as it initially seemed to be.

Nevertheless, the increase in tumor malignization was not observed in all types of renal
cancer. RCC is characterized to present a spatial heterogeneity that changes through
time and in response to the treatment (Posadas et al., 2017). Tumors of the same type
have shown to be heterogeneous between each other, and there is also heterogeneity
in the same tumor, complicating their treatment (Beksac et al., 2017). Due to that, not
all antiangiogenic treated Ren-PDOX responded equally. It was observed that some
tumors, such as Ren50 and Ren28, did not become more aggressive after the therapy, as
they preserved their characteristics; while other tumor models, such as Renl13 and
Ren86, turned into a more invasive and metastatic profile (Morsele, L. et al. in

preparation).

Testing the antiangiogenic drugs in different types of renal cancer allowed us to obtain
different responses, reinforcing the idea of tumor heterogeneity existing between

patients suffering from the same cancer.

Moreover, the divergence observed in such responses may indicate that different
mechanisms are activated depending on the tumor, and that antiangiogenic treatment
may produce the activation of different pathways that would, in turn, mediate the tumor
response. For that, Ren13 tumors treated with antiangiogenics (DC101) and Ren13

control tumors (non-treated) were subjected to massive RNA sequencing. This study was
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key to distinguish whether those genes that were altered during the treatment were

upregulated or downregulated.

Another important feature of the Ren-PDOX models is that once implanted, the human
tumor stroma is replaced by murine stroma. However, tumor cells are still human cells.
Therefore, during the RNA sequencing, it was possible to discern the human genes from
the murine ones, and consequently to identify genes codifying for stromal proteins

(murine) from the ones codifying for tumor proteins (human).

From this study, some different genes appeared to be involved in the post-treatment
malignization. However, it is important to keep in mind that the RNA sequencing was
conducted only on one tumor type, the Ren13 tumor model. For that, the different
candidates had to be evaluated through TLDA analysis in other Ren-PDOX pro-invasive
models such as Ren86. Moreover, it was necessary to check that obtained results from
the different analyses correlated both models, in order to select the best candidate

genes.

The GEO profile platform was also useful for the study of candidate genes in different
renal cancer patients. This way, the error produced by selecting one target in silico, using

one tumor type, was reduced.

This study together with an exhaustive literature research allowed us to select CD44 as
a gene candidate involved in the tumor malignization process after antiangiogenic

treatment in renal carcinoma.

2. STUDYING THE ROLE OF CD44 PROTEIN: SHRNA SYSTEM

There are different methods available to determine the role of a protein. On one hand,
we can opt to overexpress the protein of interest. This approach might be used when
the expression levels in the cells or tumors we are working with are very low or
undetectable. On the other hand, as in our case, when cells or tumors have high levels
of the target protein, we can choose different methods to reduce its expression or

completely remove the protein and determine the consequences.
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In our study, we decided to select from a cell set the ones that had higher levels of CD44

and which, once implanted into the kidney of a mouse, could still express the protein.

Then, we decided to use the inducible shRNA system to modify the tumor cells. Through
this technique, we can reduce the expression of a protein when cells are cultured in the

presence of doxycycline in the medium.

The generation of a transfected cell line through shRNA is a laborious process, but it has
proved to be advantageous in comparison with other methods that are not inducible

(Moore, Guthrie, Huand, & Taxman, 2010).

When a stable knockdown of a protein is produced, meaning that the protein expression
is reduced or removed permanently, some different compensatory mechanisms can be
activated and the role of the protein of interest can be modified or masked. In our
setting, as the system is inducible, the reduction of the protein expression is temporary,
avoiding these compensatory mechanisms and allowing a better study of the protein’s
role (Czauderna et al., 2003; Tilesi, Fradiani, Socci, Willems, & Ascenzioni, 2009; Rao,

Vorhies, Senzer, & Nemunaitis, 2009).

Moreover, using the inducible system, the same cells act as their own control when they
are not induced, reducing the experimental variability due to the usage of different cells
(Matsushita, Matsushita, Hirakawa, & Higashiyama, 2013). Nevertheless, sometimes the
reduction of the protein expression obtained using the shRNA method is less than the
one obtained through a constitutive silencing system. Furthermore, the inductor agent,

e.g. doxycycline in our setting, can influence the silencing efficiency (Tilesi et al., 2009).

We could always observe the downregulation of CD44 expression after doxycycline
treatment. However, despite using always the same dose and treatment time, the
efficiency of the silencing was not always identical. Over time and cell passages, a
reduction of the silencing strength could be observed. This variability could be due to
experimental conditions that cannot always be under control, and also due to the cell

conditions in the moment of the doxycycline treatment.
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It also has to be considered that doxycycline is an antibiotic derivative from the
tetracycline family that can affect cells (Matsushita et al., 2013). Therefore, it was
necessary to use control cells called shNS or non-silencing, which were transfected with
the same shRNA, but in this case, the short hairpin had no target. Then, when cells were
treated with doxycycline, no gene was downregulated. These controls are necessary to
guarantee that doxycycline only activated the shRNA and that it did not produce any

secondary effect on the cells.

In some cases, doxycycline can have effects by itself, regardless of the shRNA. For
example, Merentie et al., 2018 described the modulating effect of doxycycline on VEGF-
A expression in murine models and cell cultures of cardiomyocytes and endothelial cells.
It has also been described that doxycycline can have an antiapoptotic effect, induce
inflammatory responses, and inhibit the metalloproteinases responsible for the
degradation of the extracellular matrix (Koponen et al., 2003; Cerisano et al., 2014; Xie,

Nair, & Hermiston, 2008).

During the development of the different experiments shown in this thesis, no effects on
the migration and invasion processes of the cells, neither the expression of the studied

proteins, could be observed due to the doxycycline treatment.

In some cases, the response variations between the control cells (shNS) treated and non-
treated with doxycycline were due to the experimental variability. Moreover, these

differences were minimal, and they did not cause any statistically relevantly changes.

However, in order to reduce the possible secondary effects due to doxycycline treatment
before studying the role of CD44 in migration and invasion, we performed a dose-
response study over time. Thus, we were able to determine that 2,5uM was a highly
enough dose to induce the shRNA. Although it was a little bit higher than the
recommended dose (1-2uM) (Xie et al., 2008), induction time (48h) was sufficient to

produce a silencing effect without damaging the cells.
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3. ROLE OF CD44 IN TUMOR MIGRATION AND INVASION

The principal hypothesis of the project pointed to CD44 as one of the genes involved in
the invasion increase observed in renal carcinoma tumor cells after the antiangiogenic
treatment. CD44 appeared from a set of analyses using tumor samples treated and non-
treated with antiangiogenic drugs, and also from data of patients suffering from renal
carcinoma. Apart from the developed study, the amount of information existing about
the role of CD44 in other tumor types, made us opt to choose CD44 for further insight,

out of the other candidates.

It has been described that CD44 plays an important role in migration, adhesion, signaling
and cell division, regulating different biologic processes. Moreover, its implication in
cancer, inflammatory and autoimmune diseases has also been described (Basakran,

2015).

High levels of CD44 came out as a marker of metastasis and tumor malignization. It is
also used as an unfavorable prognosis marker in different cancer types such as ovarian,
breast, colon, gastric, prostate, and melanoma (Bourguignon, Zhu, Shao, & Chen, 2001;

So et al., 2013; Misra, Hascall, Markwald, & Ghatak, 2015).

Regarding renal cancer, CD44 expression and its correlation with invasion and tumor
malignization have been described in some lines of renal carcinoma. Although it has not
been demonstrated yet, CD44 is believed to play a pathogenic role in clear cell renal cell

carcinoma progression (Gilcrease et al., 1999; Gilcrease, Truong, & Brown, 1996).

A study using tissue samples of clear cell renal cell carcinoma patients demonstrated that
CDA44 expression positively correlated with the pathologic state of the tumor, metastasis,
and histological grade. Moreover, it was confirmed that patients with high levels of CD44
presented a worse prognosis, in comparison with those with lower expression levels. It
was also proved that the metastases of patients treated with Sunitinib (an antiangiogenic

drug) and also the primary tumor showed high levels of CD44 (Mikami et al., 2015).
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Other studies using ovarian cancer models demonstrated that reducing CD44 expression
in vivo (through an shRNA system) produced a notable impairment in tumor growth (Zou

et al., 2014).

All these data sustained our hypothesis of the CD44 involvement in the tumor

malignization process after antiangiogenic treatment in renal cell carcinoma.

CD44 is a quite complex target. Due to alternative RNA splicing processes, more than 20
different isoforms of the protein, called variants (CD44v), can be synthesized. Those
variants are characterized to show insertions of variable length exons at the proximal
plasma membrane external region (Karousou et al., 2017; Misra et al., 2011). The
smallest and simplest isoform, and also the most abundant, is the standard one, known

as CD44s or CD44H (hematopoietic) (Basakran, 2015).

Many studies confer the tumor malignization role to the different CD44 isoforms and not
to the standard one, as not all the isoforms can be found in all tumor types or stages of

the disease (Basakran, 2015; Karousou et al., 2017).

Some different isoforms of CD44 have been detected in clear cell renal cell carcinomas.
The main and most studied ones are CD44v5, v7, and v8 (Lucin, Matusan, Dordevié¢, &

Stipi¢, 2004).

During our research, we could verify that the isoform present in our Renl13 tumor
samples was the standard one (CD44s), as it was the only CD44 transcript detected in
the results of the RNA sequencing. Although the most common isoforms were not
detected, some research groups have described that in renal cancer, CD44s expression
correlates with the pathologic tumor stage as well as with the cell proliferation (Lucin et

al., 2004; Gilcrease et al., 1999) supporting our results.

The role of CD44 in migration and invasion processes has been described in other cancer
types such as ovarian, breast, and colon (Bourguignon et al., 2001; Gilcrease et al., 1999;
So et al., 2013). In metastatic renal cancer, CD44 is used as a marker of bad prognosis,

as a negative correlation has been demonstrated to exist between its expression and
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tumor progression (Rioux-Leclercq et al., 2001; Lim, Young, Paner, & Amin, 2008).
Nevertheless, not much is known about the involvement of CD44 in the migration and
invasion processes of renal cancer (Terpe et al., 1996). This was another reason why

CD44 seemed to be an interesting candidate to study.

As shown in the exposed results of this thesis, CD44 silencing through the shRNA system
produced changes in the migration and invasion processes of two cell models tested, the
Renl13 and the 7860-, but no changes could be observed in the SN12C cell model. These
results could be validated in vivo, except for the Ren13 model, that we were not able to

generate tumors from those cells.

The main difference between 7860- and SN12C models lied in their aggressiveness.
Tumors generated from the SN12C cells showed to be aggressive from the beginning,
even before starting the antiangiogenic treatment. When we studied their invasiveness,
tumors had completely destroyed the normal renal parenchyma, and it was impossible
to determine the presence of tumor cells’ infiltration into the kidney. Moreover, in most
cases, the percentage of necrotized tissue was too high. When we observed these
results, we decided to reduce the treatment period of the tumors generated from the
7860- cells from three weeks to two weeks, in order to reduce the difficulties in the

subsequent analysis.

However, SN12C did not show to reduce their invasiveness when CD44 expression was
silenced, an effect that could indeed be demonstrated with the 7860- tumors. This
result, which was also checked in vitro, could suggest that CD44 is not involved in the
migration and invasion processes of the SN12C cells and tumors, as no functional
changes were observed after the decrease of the protein’s expression. Possibly, in this
tumor model, some other mechanisms are responsible for these events. Otherwise,
7860- tumors were affected by the downregulation of CD44, as changes in migration
and invasion could be observed. Furthermore, some other studies using 7860- cells that
were resistant to Sunitinib, also demonstrated the involvement of CD44 in tumor

invasion (Mikami et al., 2015).
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Despite studying de role of CD44 in two different tumor models, it was not possible to
determine its role in Ren13 tumors, and this has been the main limitation of the project.
Ren13 cells were the ones used during the RNA sequencing where CD44 showed to be
upregulated after the antiangiogenic treatment. Hence, determining the role of CD44 in
the invasive process of those tumors would be highly informative, and some light has

still to be shed on this matter.

However, analyzing the tumor samples of the in vivo experiment, we found an
unexpected result. Animals that were treated with doxycycline, i.e. to induce the shRNA,
showed a reduction in the number of blood vessels. This fact was only observed in
tumors generated from 7860- cells and not in the ones generated from the SN12C cells,
which proved to be another piece of evidence that both tumor models are regulated by

different mechanisms.

Some articles describe CD44 to be involved in the vascularization and angiogenesis
processes by inducing endothelial cell tubule formation (Tilesi et al., 2009). Moreover,
changes during angiogenesis have been noticed when CD44 expression levels are
partially or completely reduced in endothelial cells. For that, CD44 has been suggested
to be a target to modulate angiogenesis in some cancer types (Pink, Skolnaja, Paell, &

Valkna, 2016; Zou et al., 2014).

In light of the above, CD44 could be hypothesized to have a role in angiogenesis in some
renal carcinoma types. However, more experiments would have to be performed and
more evidence on the issue be provided before drawing any conclusions yet. In the case
that CD44 had an angiogenic role, it would be target worth considering in renal cancer.
Through CD44 downregulation we would be reducing the blood vessels and
consequently the oxygen and nutrient contribution to the tumor, and, at the same time,
we would be decreasing the invasive and migratory ability of cells, limiting the tumor

dissemination.
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4. CD44 DOWNSTREAM SIGNALING

One valuable item we aimed to comprehend about the CD44 biology was which
downstream signaling pathways could be involved in the migration and invasion
processes observed in our tumor models. Therefore, to find some evidence, we

performed an exhaustive bibliographic research.

CDA44 is a deeply studied protein in different processes, which is able to bind to some
components of the extracellular matrix just as to other ligands. For that, CD44 has been

showed to be involved in some signaling routes.

In breast cancer, the contribution of CD44 in some pathways has been observed to lead
to tumor growth induction, the survival of cancer cells, and the increase of cell migration
and invasion. Bourguignon, Singleton, Zhu, & Diedrich, 2003 described that the
interaction between RhoGEF and CD44 produced the activation of AKT/PI3K, responsible
for tumor malignization. CD44 signaling together with PI3K has also been described by
Abdraboh et al., 2011 as an inducer of the breast cancer cells invasiveness. However,
other authors studying the same cancer type reported the role of CD44 together with
Src as the main responsible for the modulation of migration and cell proliferation (Nam,
Oh, Lee, Yoo, & Shin, 2015). In ovarian cancer, Bourguignon et al., 2001 also described

the interaction between CD44 and Src related to cancer cell migration.

Park, Huh, Lee, & Kim, 2012 and Cho et al., 2012 identified CD44 as the leading controller
of the Wnt/AKT pathway in colon cancer, responsible for inducing cellular apoptosis. Lee
et al., 2017 put the downregulation of GSK-33 produced by CD44 forward as the cause
of the changes observed in cell proliferation and survival. Another important issue
determined in colon cancer was the interaction between CD44 and Stat3. This binding
unchained the JAK/Stat signaling and promoted the tumor malignization. This fact was

also detected in some breast cancer types by So et al., 2013.
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From all the possible pathways that were identified to be involved downstream of CD44,
AKT, Src, and JAK/Stat were the most frequently described in different cancer types, so

we decided to focus on those three.

The role of AKT/PI3K pathway had previously been described in renal cancer. Some
studies demonstrated that inhibition of its signaling produced a reduction of cell
proliferation, apoptosis, and invasion in cell cultures and mice models of renal carcinoma

(Fang et al., 2013; Hung et al., 2017).

In order to study the role of this signaling pathway in our cell cultures, we decided to use
Perifosine, an AKT inhibitor. As previously shown in the results of this thesis, on one
hand, the usage of low doses of the inhibitor did not produce any effect on cell migration.
On the other hand, when higher doses were tested, the reduction of the cell migration
observed was due to its toxicity. Thus, we decided set this study line aside and focus on

the other two candidates.

JAK/Stat signaling pathway was also described in renal cell carcinoma as a responsible
for promoting cell proliferation, metastasis, angiogenesis, and cell invasion and
migration in vivo and in vitro (Fang et al., 2013; Li et al., 2013; Wu, Miao, & Khan, 2007).
Moreover, the overexpression of some proteins involved in this signaling route has been
observed in renal cancer patients, as well as its correlation with a bad prognostic of the
disease (Lue et al., 2015; Tao et al., 2018). These proofs suggested that JAK/Stat could

be important in our tumor models.

Ruxolitinib was used as an inhibitor of the signaling produced by JAK/Stat to determine
the effect of its blockade on the migration process of our cell cultures. It is a small
molecule that serves as a JAK1/2 inhibitor and has been approved by the FDA to treat
myelofibrosis and polycythemia vera. It is also in phase Il of clinical trials for the
treatment of other malignancies such as chronic lymphocytic leukemia (Ding, Kloss,

Tuncali, Tran, & Loftus, 2020; Abikhair Burgo et al., 2018).
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It has been reported that Ruxolitinib can reduce the migration and invasion processes of
different cancer cells, such as breast, glioblastoma, and hepatocellular (Wilson et al.,

2013; Kim, Gautam, Kim, Kim, & Kang, 2019; Ding et al., 2020).

Contrarily to what was described, results of the Wound Healing experiments performed
using renal cancer cells did not show Ruxolitinib to have any effects on the migration

ability of cells.

Despite the lack of functional effect, we could demonstrate through Western Blot that
Ruxolitinib was indeed inhibiting the JAK/Stat pathway, as phosphorylation of Stat3
protein was reduced in treated cells. This event has also been described by other authors

as evidence of Ruxolitinib activity (Komar et al., 2017; Lue et al., 2015).

Therefore, JAK/Stat signaling pathway was also discarded to be involved as downstream

of CD44 and to affect the migration and invasion processes of our cell models.

The third candidate pathway to take part in these events was Src. It has been described
to have a role in cell morphology, adhesion, migration, invasion, proliferation,
differentiation, survival, growth, angiogenesis, and apoptosis in biologic and pathologic
processes of mammalian cells (Sen & Johnson, 2011; Bai et al., 2012). Src has also been
reported to be involved in malignant cell transformation, disease progression, and
metastatic spread of some solid tumors, such as prostate and breast cancer (Rusconi,
Piazza, Vagge, & Gambacorti-Passerini, 2014; Rabbani, Valentino, Arakelian, Ali, &
Boschelli, 2010). Moreover, the study of tumor samples of patients suffering from renal
carcinoma showed a correlation between high levels of Src protein expression and a

reduction of patients’ survival (Suwaki et al., 2012).

Furthermore, Bourguignon et al., 2001 described that in ovarian cancer there is a direct
interaction of the CD44 cytoplasmic tail with a specific region of Src, which is responsible

for the regulation of the tumorigenic process.

To study Src signaling, we used Bosutinib, a dual inhibitor of Src and BCR-Abl approved

for the treatment of chronic myeloid leukemia Ph+ and acute lymphoblastic leukemia
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(Rusconi et al., 2014; Isfort & Brimmendorf, 2018; Roskoski, 2015). It is also in clinical
trials for breast cancer and glioblastoma treatment (Rabbani et al., 2010; Roskoski,

2015).

Some studies described an inhibition of the proliferation, invasion, and migration of
breast and prostate cancer cells when they were treated with Bosutinib. The reduction
of the primary tumor growth and metastasis formation in the lungs, liver, and spleen

were also observed with Bosutinib treatment (Rabbani et al., 2010).

When we administered Bosutinib to our cell cultures, their migratory ability was notably
reduced, demonstrating the role of Src signaling in our cell models. Then, we decided to
verify if this pathway was associated with CD44. Thus, we performed an assay to
determine the migration effect on cells after treating them with Bosutinib together with

doxycycline, used to downregulate the CD44 expression.

The results of the assay did not show greater inhibition of the cells’ migration when we
treated them with both drugs, in comparison with when they were only treated with one
drug. It might indicate that CD44 and Src are involved in the same signaling pathway, as

the inhibition of two different nodes of the same pathway did not increase the effect.

Src downstream presence of CD44 has been described by some authors in breast cancer,
where separated inhibition of CD44 and Src produced changes in the cell migration.
Moreover, CD44 silencing through the shRNA system was described to bring about
changes in Src expression among other proteins that were involved in the pathway (Nam
et al., 2015; Ouhtit, Rizeq, Saleh, Rahman, & Zayed, 2018; Chen, Zhao, Karnad, &
Freeman, 2018).

As previously done with Ruxolitinib, we decided to verify that the migration effect
observed with Bosutinib treatment was due to the inhibition of Src and not because of
other side effects. Through Western Blot, we were able to check the reduction of the Src

phosphorylation after Bosutinib administration to the cells.
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One intriguing aspect of the assay was that despite using the same dose and timing of
the Wound Healing assay, no changes in the phosphorylation of Src were observed.
During migration assays, we used a Bosutinib dose that allowed us to observe changes
in the migration capacity of cells without completely inhibiting the process. As 1uM of
the drug produced a dramatic reduction of cell migration, we decided to treat cells with
0,1uM, a dose high enough to impair the process. However, when we checked the
phosphorylation of Src produced using the latter dose, the reduction of the
phosphorylation was imperceptible, and not many changes could be observed. For that,
we decided to use higher doses (1uM and 5uM) to verify that Bosutinib was truly

inhibiting the pathway.

1uM of Bosutinib has been described in breast, colon, prostate cancer to be enough to
reduce cell migration and invasion, and also to cause an observable reduction of the Src
phosphorylation, while maintaining total protein expression (Rabbani et al., 2010; Vultur
et al., 2008). However, Segrelles et al., 2018 described the need to use higher doses of
Bosutinib in order to obtain some effects in different types of head and neck squamous
cell carcinoma. Moreover, they also reported changes in the phosphorylation and total

expression levels of Src due to the treatment.

Regarding the modulating role that CD44 can exert over Src, in our cell cultures no
changes in Src phosphorylation could be detected in our cell cultures when CD44

expression was downregulated.

These results showed that not all cancer cells respond equally to Bosutinib treatment

and support the results obtained during our assays.

Furthermore, some authors have described the existence of a modulating effect
between Src and FAK, another protein involved in the signaling pathway (Rabbani et al.,

2010; Guarino, 2010).

Due to FAK dependence on Src, the reduction of Src phosphorylation after Bosutinib

treatment can alter FAK signaling too (Brunton et al., 2005). For example, in thyroid
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cancer, the decrease of both proteins phosphorylation was described to happen after
treating cells with Bosutinib (Kim et al., 2019). However, in other tumors such as breast
cancer, the inhibition of Src due to Bosutinib treatment does not affect FAK

phosphorylation (Vultur et al., 2008).

Therefore, we aimed to check, in our cell cultures, if Bosutinib treatment affected FAK

and/or its phosphorylation, but no changes in the protein expression were observed.

Thus, bearing the results obtained through migration assays and Western Blot in mind,
and considering the observations done by other authors in different cancers, we
hypothesized that it might be possible that the Src signaling pathway is involved
downstream of CD44, and consequently, it is responsible for effect on the migration and
invasion processes that take place in our experimental setting. Nevertheless, further

experiments need to be performed so as to validate and confirm our hypothesis.

5. CD44 UPSTREAM SIGNALING

Apart from the signaling pathways downstream of CD44, we also wanted to study its
upstream events. The main candidate described to regulate CD44 and also the most
studied one is Hyaluronic Acid (HA). Despite it has been described that CD44 can be
independent of this polysaccharide, in most cases its performance is developed through

HA interaction (Misra et al., 2015).

It is widely studied that Hyaluronic Acid is the main ligand of CD44, although it can also
interact with other ligands (Bourguignon et al., 2001). Interaction between CD44-HA has
been observed to produce conformational and post-transcriptional changes to the
receptor that can modify some pathways that regulate inflammation, wound-healing,
tumor growth, and metastasis (Karousou et al., 2017). Moreover, most studies
demonstrate that CD44 implication in the tumor invasion is due to its interaction with

HA (Basakran, 2015).

Hyaluronic Acid consists of repetitions of disaccharides, so its length and molecular

weight will depend on the number of bounded units of disaccharides. Thus, different
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fragments or units of Hyaluronan are classified into two groups: Low Molecular Weight
Hyaluronic Acid (LMWHA) and High Molecular Weight Hyaluronic Acid (HMWHA) (Misra
et al.,, 2015).

The effects produced by the CD44-HA signaling have been describe to depend on the
molecular weight of the polysaccharide (Sugahara et al., 2003). For example, in breast
cancer, anincrease in the tumor cell invasion and metastasis have been observed , which
are due to the signaling produced for the interaction of CD44 and high molecular weight
units of Hyaluronan (Basakran, 2015). However, other authors have reported that, also
in breast tumors, high molecular weight fragments of HA have an inhibitory effect over
the metastatic capacity of cells through CD44 signaling (Zhao et al., 2017). Thus, there is

no consensus about the effect of the different Hyaluronan fragments.

In our research, we studied the effect of the Low Molecular Weight Hyaluronan
fragments binding to CD44, but neither a reduction nor an increase in the migration of

cells was observed.

We did not test the effect of the High Molecular Weight fragments. Instead, we tried
two different approaches that would allow us to determine if HA played an important
role in our setting. These approaches, previously described by some authors, were the
usage of Hyaluronidase and the inhibition of the HA-CD44 binding through a blocking
antibody (Mikami et al., 2015).

When we demonstrated the presence of Hyaluronic Acid in our cell cultures, we thought
that maybe different fragments of this HA were bound to CD44, and for that, no changes
in the migration were observed when we added more Hyaluronan, as the binding sites
were already occupied. Then, we decided to eliminate the HA using Hyaluronidase and
determine if cell migration was altered due to the lack of Hyaluronan. No response could

be observed after treating cells with Hyaluronidase.
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The other option was to inhibit the interaction between CD44 and HA through a blocking
antibody that was able to bind to the same binding pocket than Hyaluronan. However,

no migration changes were observed either due to the binding inhibition.

These results together made us conclude that probably Hyaluronic Acid is not the main
inducer of CD44 activity in our setting. Intriguingly, although we know that HA is indeed
expressed in tumors and cells that were used to develop our research, it might not be

the main responsible for the migration processes of our tumor models.

Similarly to CD44 silencing, which has not the same effects on all tumors, maybe
Hyaluronic Acid has not either. For that, it would be interesting to check if HA plays a
relevant role in other renal carcinoma models, different from the Ren13 model, which

was the one we used during our research.

Once Hyaluronic Acid was discarded as the main inducer of CD44 activity, we decided to
look for other candidates. As previously explained in section 3.2 of the results chapter, a
set of correlation analyses using data from the RNAseq of the beginning of the project
were performed, and data from patients with renal cell carcinoma obtained from the
TCGA database were also taken into consideration for such analyses. Thus, we could

move closer to the clinical reality of patients.

From the analysis, three candidates came out as possible interactors and inducers of
CD44: CD82, CCL5, and Serglycin. Among them, Serglycin showed higher expression
levels in the tumors used during the RNAseq than the other candidates. Moreover, its
expression correlated with CD44 in the in silico study, and also in the samples of patients
obtained from the TCGA. For that and due to the information about the CD44-SRGN

interaction in cancer, we decided to study this candidate first.

The binding between Serglycin and CD44 had previously been described by Toyama-
Sorimachi et al.,, 1995 in endothelial cells. Later, the presence of Serglycin and its

interaction with CD44 were found in different cancer cells, such as non-small cell lung
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cancer and triple-negative breast cancer (Guo, Chiu, Wang, Li, & Chen, 2020; Zhang et
al., 2017; Korpetinou et al., 2013).

Despite Serglycin expression and its role together with CD44 have not been described in
renal carcinoma cells, high levels of the protein have been related to a bad prognostic in

patients suffering from renal carcinoma (“Protein Atlas,” 2020).

Different authors have reported that Serglycin can be secreted by some components of
the tumor microenvironment, such as CAFs (J. Y. Guo et al., 2016). Nevertheless, it can

also be secreted by the tumor cells (Karousou et al., 2017; Jing You Guo et al., 2020).

During the experiments to detect the expression of the protein in our cell cultures, we
tried to determine the presence of Serglycin in the cells’ supernatants, to check if, in our
experimental setting, the protein was secreted to the medium by cancer cells. After
some attempts, we could not detect Serglycin in the supernatant of the cells, which may
be indicative of two things: on one hand, the protein could have not been secreted to
the medium, and on the other hand, the levels of secreted protein could be so low that
it was impossible to detect them. For that, and to be sure of the presence of Serglycin in
the medium of cells, it would be appropriate to find other methods sensitive enough to
detect low levels of the protein, as by Western Blot we were not able to detect them.
Another option would be to more efficiently concentrate proteins present on the

supernatant of cells, and hence try to identify Serglycin.

Initially, Serglycin was described as a proteoglycan that was able to interact with
different inflammatory mediators, and consequently, to participate in the inflammatory
response. Later, it was described that it could also have a role in tumor progression and
metastasis, and that it could even be involved in the regulation of angiogenesis

(Karousou et al., 2017).

Some authors described that the role of Serglycin in tumor malignization was due to its
interaction with CD44 enabled through the GAG moieties, specifically through the

chondroitin sulfate residues. It was demonstrated that, in the absence of CD44 and/or
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the chondroitin sulfate residues, Serglycin was not able to induce any tumor

malignization processes (Jing You Guo et al., 2020; 2016).

In our study, the Serglycin regulation after CD44 silencing was difficult to observe by
Western Blot. However, the results of the Tagman assay showed that in the case of
7860- shCD44-2 cells, CD44 silencing produced a reduction of the SRGN RNA levels.
When 7860- shNS cells were analyzed, no changes in the SRGN expression were
observed after doxycycline treatment, demonstrating that this event was due to CD44

downregulation.

The other cells, Ren13 and SN12C, did not show any decrease in SRGN expression due to

CD44 silencing.

Through Immunocytofluorescece we could observe signs of Serglycin downregulation
due to CD44 silencing. This event was better observed in the assay developed in Ren13
cells than in 7860-, as doxycycline induction did not work properly when the experiment

was developed in this last cell line.

Nevertheless, and although this technique is not the best to determine the expression
dependency between two proteins, it provided information about the localization of

CD44 and Serglycin in our cell models.

Our hypothesis was based on a direct interaction between SRGN and CD44, for that, we
expected to observe the co-localization of both proteins in the cell membrane. However,
the staining performed combining the antibodies to detect both proteins at the same
time showed that they were localized in two different areas of cells. While CD44 was
expressed specifically on the cell membrane, Serglycin was found in the cytoplasm of
cells, in some occasions packaged in some kind of vesicles. The observation of these
vesicles had been previously described in tumor samples of lung adenocarcinoma
patients (Jing You Guo et al., 2020b) and in breast tumor cells (Korpetinou et al., 2013).
However, these results challenged our hypothesis about the direct interaction between

SRGN and CD44.
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An interesting experiment to be sure about the SRGN role in our models would be a
functional assay where Serglycin was inhibited. Then, we could determine the effects of
the protein in the migration and invasion processes of cells. Unfortunately, this approach

has not been developed yet.

6. RELEVANCE OF CD44 AND SERGLYCIN IN THE CLINICS

The alteration of CD44 expression has been described in tumor tissues of colorectal,
breast, gastric cancer, squamous carcinoma, non-small lung cancer, and malignant
melanoma compared with their respective healthy tissues (Gilcrease et al., 1999;

Gilcrease et al., 1996; X. P. Li, Zhang, Zheng, & Guo, 2015).

Moreover, a correlation between CD44 expression and a reduction of disease-free
survival and distant metastasis was discovered in breast cancer, giving a prognostic role
to CD44 (Bartakova et al., 2018; McFarlane et al., 2015). Furthermore, an association
between CD44 presence and poor overall survival was also established in pancreatic
cancer. It was observed that those patients with high CD44 expression showed a
significant reduction of the survival probability, compared to the ones with low or

absence CD44 levels (X. P. Li et al., 2015).

In different types of renal carcinoma, including clear cell carcinoma and chromophobe
carcinoma, the presence of CD44 and some of its isoforms was described. However, this
was not observed in papillary renal cancer, neither in the healthy renal tissue (Terpe et
al., 1996; Gilcrease et al., 1999). It was also reported that CD44 expression was higher in
those tumors of patients that developed metastasis than the ones that did not
metastasize. Moreover, the metastases of those patients expressed higher levels of
CDA44 than the primary tumor (Lim et al., 2008; Semeniuk-Wojtas, Stec, & Szczylik, 2016).
These observations are in accordance with the results obtained during the RNA
sequencing at the beginning of the project, where among different studied genes, CD44
was overexpressed in those tumors that, after the antiangiogenic treatment, became

more malignant.
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Our hypothesis about the CD44 involvement in the tumor invasion has been supported
by the observation of high protein expression in those tumors that showed renal
capsular invasion and/or metastasis, in comparison with the ones that were confined to

the kidney (Rioux-Leclercq et al., 2001).

Different authors have established a correlation between CD44 expression and Furhman
grade, tumor recurrence, and microvascular invasion, associating the role of an adverse

prognostic factor to CD44 in renal cell carcinoma (X. Li et al., 2015; Bamias et al., 2003).

In this thesis, we aimed to determine the importance of CD44 expression in tumors of
patients with renal cancer that were subjected to antiangiogenic treatment. We were
interested in demonstrating our hypothesis based on the observation of an increased
tumor invasion and aggressiveness after antiangiogenic treatment, where CD44 was put
forward as responsible for tumor malignization. These affirmations were demonstrated
by use of the 7860- in vivo model. We also wanted to validate them in tumor samples of
patients with renal cancer. However, as it was not possible for us to have access to them,
we used databases where the expression of some genes from different patients treated

or not with Sunitinib (antiangiogenic drug) was available.

Analyzing this data, we observed that antiangiogenic treated patients showed a
tendency to have higher levels of CD44 than untreated patients. Nonetheless, the results

were not statistically conclusive.

However, it is worth pointing out that data from treated and untreated tumors did not

belong to the same patient before and after the treatment.

As exposed at the beginning of the thesis and according to the rational basis of the
project, not all tumors responded equally to the antiangiogenic treatment. Some tumors
became more invasive after the therapy but some others did not. In the same way, some
tumors showed an increase in CD44 expression among other genes, and some others did
not change their genetic profile. Consequently, we speculate that the same sould be

happening in tumor samples of patients. While not all the analyzed Sunitinib treated-
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tumors were necessarily expected to show an increase in CD44 expression, some

untreated tumors could have high basal levels of the protein.

Moreover, we ascribed the increase of the CD44 expression to the antiangiogenic
treatment. That way, the best analysis to validate our hypothesis would be the
determination of CD44 expression in the same tumor patient before and after the
treatment, so as to demonstrate that the upregulation of the protein was due to

Sunitinib treatment.

Despite the lack of documentation about Serglycin expression in renal cancer patients,
as with CD44, we determined its expression in those tumor samples depending on the
antiangiogenic treatment. No differences were observed between untreated and
Sunitinib-treated patients. As has been commented on before, the ideal analysis would
be the determination of the protein in the same tumor samples before and after patients
received the Sunitinib treatment, but this information was unfortunately not in our

possession.

However, when patients were grouped depending on ALDH1A3 expression levels, we
could observe differences in Serglycin expression. As explained, ALDH1A3 was
discovered as a marker of tumor response, so that those tumors that showed high levels
of ALDH1A3 before the antiangiogenic treatment were the ones that, once treated,
became more aggressive and invasive. Then, the separation of patients in two groups
according to high or low ALDH1A3 levels allowed us to distinguish between patients with

potentially aggressive tumors and non-aggressive tumors after treatment.

Patients with high expression of ALDH1A3 in their tumors also presented high levels of
Serglycin, which linked Serglycin to tumor malignization. These results do not confirm
that Serglycin would be a marker of tumor response, but they do suggest Serglycin could

have a role as a modulator in those potentially aggressive tumors.

Finally, we were able to demonstrate the existence of a correlation between CD44 and

Serglycin expression in patients with renal cell carcinoma. This correlation, together with
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the ones exposed in this section, may suggest a possible modulation between Serglycin
and CD44. A direct interaction between both proteins was discarded due to the lack of
its co-localization. However, the expression of the proteins in vitro, in vivo, and in clinical
tumor samples, provides the basis for further research focused on the study of the

intricate signaling and relation between CD44 and Serglycin.
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Conclusions

10.

In vitro, CD44 protein is involved in the migration and invasion processes of the
kidney cancer primary tumor cells Ren13 and cell line 7860-, but not in the highly
aggressive SN12C tumor cell line.

The role of CD44 in tumor invasion has been demonstrated in vivo in tumors
generated from 7860- cells. Meanwhile, in tumors generated from metastatic
SN12C cells, CD44 does not have a role in the invasion process.

Ruxolitinib treatment inhibits the JAK/Stat signaling pathway by reducing the
phosphorylation of Stat3, but it does not affect the migration ability of Ren13
cells. Thus, JAK/Stat signaling does not seem to be involved in the migration and
invasion processes downstream of CD44.

CD44 downstream signaling implicates Src because a specific inhibitor of this
pathway, Bosutinib, produces a reduction of the migration and invasion
capacities of Ren13 cells.

Concomitant knockdown of CD44 together with Src does not increase the effects
observed in the migration and invasion processes, further confirming the
involvement of Src signaling pathway downstream of CD44.

Hyaluronic Acid, the main ligand of CD44, is present in our cell cultures and tumor
tissues, but it is not associated to CD44-mediated migration.

Expression of Serglycin, a novel CD44 modulator recently described, correlates
with CD44 in patient kidney cancer samples, but does not seem to be associated
with antiangiogenic response.

In the clinical setting, the expression of CD44 and Serglycin are independently
associated with bad prognosis in renal cancer patients.

Tumors of Sunitinib-treated patients tend to express higher levels of CD44 than
tumors of untreated patients, while no changes in the Serglycin expression is
observed between both groups.

Clinically, Serglycin is upregulated in a subgroup of kidney cancer patients with
highly aggressive tumors, suggesting a possible role as a bad prognosis biomarker

in renal cancer.
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