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Summary

Nowadays, cancer is the second cause of human mortality and most deaths are caused
by metastasis. While several hypotheses have been postulated to explain its progression,
solid mechanisms and valid targets have not been found yet. Clear Cell Renal Cell
Carcinoma (RCC) is the most frequent RCC and represents on average over 90% of all

kidney malignancies in adults of both sexes.

In this study, we tackle this problem with a xenograft murine model (PDOX) developed
from a human biopsy of a patient who had a clear cell RCC (ccRCC) with a ganglionar
metastasis. The first implanted mouse spontaneously generated metastasis in the lung.
Perpetuation of both the metastatic and the primary tumors in different mice leads to
the generation of two tumor mouse models with strong differences in their metastatic
potential. Previous work from our group had sequenced the high and low metastatic
variants of this PDOX model, both at DNA and RNA levels to find markers and therapeutic
targets related to metastasis. One of the most promising candidates was Coagulation
Factor Il Thrombin Receptor (F2R), a receptor involved in the coagulation pathway which
is highly overexpressed in the metastatic tumors of this model. Through in vitro and in
vivo validations, the aim of this thesis is to find the relationship between F2R and

metastatic potential.

We have validated the possible implication of F2R in the aggressiveness of the primary
tumor without affecting its growth (proliferation). Besides, an interesting interaction
between F2R and integrins has been evaluated. Furthermore, we described a possible
role of F2R in the later steps of the metastatic cascade. Despite having overexpression
of many genes of the coagulation pathway, none alteration of blood hemostasis was
founded in our models, suggesting that the coagulation factors are implicated in tumor
malignization. Clinical validation demonstrated that overexpression of coagulation-

related genes and F2R-interactors are related to a poor prognosis of ccRCC patients.

To sum up, this study opens new insights of the pathways involved in metastasis, and
together with the mechanisms of invasion and resistance to current therapies, we could

allow establishing new therapies for treating metastasis.
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Resumen

Hoy en dia, el cancer es la segunda causa de mortalidad en el ser humano y la mayoria
de las muertes son producidas por la metdstasis. Aunque se han postulado varias
hipdtesis para explicar su progresion, aun no se han encontrado mecanismos sélidos ni
dianas validas. El carcinoma renal de célula clara (CRcc) es el mds frecuente de los
carcinomas renales ya que representa mas del 90% de todas las neoplasias renales en
adultos de ambos sexos.

En este estudio, abordamos este problema con un modelo murino de xenoinjerto (Ren-
PDOX) desarrollado a partir de una biopsia humana de un paciente que desarrollé un
CRcc con wuna metastasis ganglionar. El primer ratéon implantado generd
espontaneamente una metastasis en el pulmon. La perpetuacion de los tumores
metastasicos y primarios en diferentes ratones nos llevé a la generacion de dos modelos
de ratén con tumores con diferencias en su potencial metastdsico. Estudios previos de
nuestro grupo secuenciaron las variantes de con bajo y alto nivel metastatico de este
modelo PDOX, tanto a nivel de ADN como de ARN para encontrar marcadores y dianas
terapéuticas relacionadas con la metastasis. Uno de los candidatos mas prometedores
fue el Receptor de la Trombina (F2R), un receptor implicado en la via de la coagulacion
gue esta altamente sobreexpresado en los tumores metastasicos de este modelo.
Mediante validaciones in vitro y in vivo, el objetivo de esta tesis es encontrar la relacion
entre el F2R y el potencial metastasico.

Hemos validado la posible implicacion de F2R en la agresividad del tumor primario sin
afectar a su crecimiento (proliferacion). Ademadas, se ha evaluado una interesante
interaccion entre F2R y diferentes integrinas. Por otro lado, hemos descrito un posible
papel de F2R en los ultimos pasos de la cascada metastasica. A pesar de tener una
sobreexpresion de muchos genes de la via de la coagulacién, no se encontrd ninguna
alteracion de la homeostasis sanguinea en nuestros modelos, lo que sugiere que los
factores de coagulacién estan implicados en la malignizacién tumoral sin afectacion de
la coagulacion sanguinea. Por otro lado, la validacidon clinica demostréo que Ia
sobreexpresion de los genes relacionados con la coagulacion y los interactores F2R estan
relacionados con un mal prondstico de los pacientes con CRcc.

En resumen, este estudio abre nuevas perspectivas sobre las vias implicadas en la
metastasis, y junto con los mecanismos de invasidn y resistencia a las terapias actuales
podria permitir establecer nuevas terapias para tratar la metastasis.
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Introduction

1. CANCER

Cancer consists of a neoplasm, which is an alteration of cell proliferation and very often
also of cell differentiation that is expressed by an abnormal mass of tissue named tumor.
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 Cancer Organization, 2022).
Given these adverse statistics, it has never been more important to understand and fight

cancer.

In the year 2000, Douglas Hanahan proposed six hallmarks of cancer that comprise six
biological capabilities acquired during the multistep development of human tumors. The
hallmarks constitute an organizing principle for rationalizing the complexities of
neoplastic diseases. They include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis,

and activating invasion and metastasis (Hanahan & Weinberg, 2000).

In 2011 two new emerging hallmarks (Deregulating cellular energetics and avoiding
immune destruction) and two enabling characteristics (Genome instability and mutation
and Tumor-promoting inflammation) were added (Hanahan & Weinberg, 2011b). Finally, in
2022 it was proposed to include new emerging hallmarks and enabling characteristics
that include unlocking phenotypic plasticity, nonmutational epigenetic reprogramming,

polymorphic microbiomes, and senescent cells (Figure 1) (Hanahan, 2022).
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Figure 1. Hallmarks of cancer. Left, Hallmarks of cancer and enable capabilities until 2011. Right,
new additional proposed emerging hallmarks in 2022. Image has been obtained from (Hanahan,
2022).

Taking all these hallmarks into account, the metastatic spread of cancer cells to distant
parts of the body represents the major cause of cancer-related deaths, being one of the
most life-threatening pathologic events. Concretely, it is estimated that more than 90%
of deaths are a consequence of metastases and not due to the primary tumor (Chaffer &

Weinberg, 2011b).

2. METASTASIS

Metastasis is the process of spreading to a nearby or distant secondary site and the
establishment of macroscopic secondary foci. The metastatic cascade is a series of
stochastic events that collectively lead to the formation of overt metastases in a distant
organ. It involves different steps: invasion, intravasation, dissemination in the circulation
and survival, extravasation, and finally, colonization (Figure 2) (Fares et al., 2020; Obenauf

& Massagué, 2015)
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Figure 2. Metastatic cascade. The five key steps of the metastatic cascade include primary tumor
invasion, intravasation, survival in circulation, extravasation, and colonization. Image has been
obtained from (Fares et al., 2020).

2.1 Local invasion

Metastasis originates in the primary tumor invasive front, where cancer cells migrate
into the surrounding tumor-associated stroma and, later, into the normal tissue
parenchyma. For most solid tumors, the metastatic cascade begins with cancer cells
breaching the underlying basement membrane (BM). To achieve this movement, cellular
motility is altered by cytoskeleton reorganization and the secretion of extracellular
matrix (ECM) remodelers, mainly proteases (Gupta & Massagué, 2006; Kessenbrock et al.,
2010). This process which requires proteolytic activity is driven/supported by integrins
that upregulate the expression of matrix metalloproteinases and thereby facilitate

protease activation at the ECM interface (Munshi & Stack, 2006) (Figure 3).

30



Introduction

Integrins are a family of 24 transmembrane heterodimers generated from a combination
of 18a integrin and 8P integrin subunits. As the principal receptors for ECM molecules,
integrins are critical in regulating cell motility in normal physiological processes, such as
development and wound healing, and during cancer dissemination. While some integrins
bind to only specific ECM ligands (for example, a5B1 integrin to fibronectin), others
exhibit a broader ligand-binding repertoire overlapping with other integrin heterodimers
(for example, avB3 integrin binds to fibronectin, vitronectin, fibrinogen, and

thrombospondin, etc... (Humphries et al., 2006).

Integrin-controlled cell migration is largely mediated by signalling pathways involving
members of the focal adhesion kinase (FAK)-SRC family kinase(M. Li et al., 2021). In
addition, integrin ligation can also activate other signalling pathways such as the
activation of mitogen-activated protein kinase (MAPK)/extracellular regulated kinase
(ERK) pathway, phosphatidylinositol 3-kinase (P13K)/protein kinase B (AKT) pathway, and
stress-activated MAP kinases (SAPKs) or nuclear factor-kB (NF-kB) signalling, amongst
others (Spoerri et al., 2020)

During cell invasion and migration, cells project lamellipodia that attach to the ECM,
allowing them to pull themselves forward. Extension of lamellipodia is induced by actin
polymerization and reorganization and is facilitated by a localized decrease in membrane

tension. (Raucher & Sheetz, 2000)

During the entire process of cancer invasion, cancer cells are in close contact with other
tumor-associated stroma that includes endothelial cells, pericytes, immune cells, and
Cancer-associated Fibroblasts (CAFs). CAFs can contribute to cancer progression via
several integrin-linked mechanisms and trigger invasiveness by generating pro-migratory
tracks through the stromal ECM, by depositing fibronectin, by regulating fibronectin
alignment, or by physically pulling cancer cells out of the primary tumor (Attieh & Vignjevic,

2016; Erdogan et al., 2017).
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Figure 3. Schematic representation of local invasion by the tumor. Local invasion of the primary
tumor into the surrounding parenchyma is driven by integrins and proteases and starts with the
degradation of the BM and the subsequent invasion of normal stroma which is composed of ECM
and a variety of cells, such as Fibroblasts, immune cells, pericytes or endothelial cells.

2.2 Intravasation

Intravasation is a key step in cancer metastasis during which tumor cells penetrate the
vessel wall and enter the circulation, thereby becoming circulating tumor cells (CTCs)
and potential metastatic seeds. Intravasation of tumor cells is an essential step in
metastasis. Some of these cells can form metastatic tumors, depending on the number

CTCs (Zavyalova et al., 2019)

To intravasate, metastatic cells undergo an epithelial-to-mesenchymal transition (EMT).
The loss of epithelial features, like adhesion or polarization, followed by a gain of
invasiveness greatly contributes to metastasis. In this regard, the downregulation of
epithelial protein E-cadherin is a well-established prognostic marker for metastasis

(Beavon, 2000).
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In addition, this process is backed by the formation of new vessels created from pre-
existing ones; a process called angiogenesis. Angiogenesis not only supports tumor
growth by providing nutrients and oxygen, but it also contributes to the dissemination
of tumor cells (Ronca et al., 2017; Sherwood et al., 2010). One of the major factors
involved in the formation of new vessels is the Vascular Endothelial Growth Factor
(VEGF). The tumor vasculature is a physical barrier for cancer cells and to facilitate its
penetration, they can secrete several factors that increase vascular permeability,
thereby allowing their entry into the circulation (Figure 4) (Carmeliet, 2005; Moserle &

Casanovas, 2013).

Tumour cells

Figure 4. Schematic representation of intravasation. During tumor growth, new capillaries sprout
from the pre-existing vessels, forming a new capillary network. This process is known as
angiogenesis. The creation of these new leaky vessels together with the factors secreted by cancer
cells increases the vascular permeability and facilitates the entrance of cancer invasive cells into the
bloodstream.

2.3 Dissemination and survival in the circulation

Once CTCs enter the bloodstream or lymphatic system, they find themselves in a hostile

environment, which results in massive cell death during the transition through vessels.

On the one hand, CTCs encounter mechanical and environmental stress, such as shear
stress. Because cell adhesion to ECM transmits cell survival signals, upon detachment,
normal cells promote anoikis, a particular apoptotic death due to loss or inappropriate

cell adhesion (Frisch & Francis, 1994). Integrins can regulate cell viability through their
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interaction with the ECM, sensing mechanical forces arising from contacts and

converting them into intracellular signals (Giancotti, 2000).

On the other hand, they can be attacked by natural killer cells of the immune system.
CTCs can circulate as single cells or clusters of cells, with clusters appearing to have
increased metastatic potential and a shorter half-life in the circulation (6—10 min for
clusters vs. 25—-30 min for single cells). Those clusters of cells can contain stromal cells
and immune components from the original microenvironment that increase survival
(Aceto et al., 2014; M. Yu et al., 2013). Neutrophils participate in cluster formation and
suppress leukocyte activation, which increases the chances of CTC survival (Leach et al.,

2019).

Furthermore, it has been described that also platelets are a key component of these
clusters. In homeostasis, platelets are activated during thrombus formation. This
activation is mainly caused by thrombin, a protease that binds to the G protein-linked
protease-activated receptors (PARs family) present on their surface. Its activation
triggers a reorganization of the platelet cytoskeleton with a subsequent increase of
adhesion molecules — such as integrins- distributed on their surface. Consequently,
platelets can form a coating shield around cancer cells, together with fibrinogen and
fibrin molecules that prevent CTCs clearance from Natural Killer cells (Strilic & Offermanns,
2017), but also provide the structure needed to bear the physical stresses of circulation

(Figure 5) (L. ). Gay & Felding-Habermann, 2011).

It is stunning how CTCs overcome these perils, by taking advantage of components of
blood coagulation. Many authors have demonstrated a significant correlation between
the incidence of thromboembolic events and a worse prognosis of neoplastic disease,
supporting the idea that the activation of the blood coagulation system contributes to

tumor aggressiveness and vice versa.

It is worth noting that the lower survival rate observed in cancer patients displaying a
thrombophilic profile is not necessarily related to the thrombotic event itself, but

probably to tumors with more aggressive behavior, suggesting a possible implication of
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the hemostatic system on fundamental aspects of cancer pathogenesis such as
angiogenesis, metastasis, and the modulation of innate immune responses (Degen &

Palumbo, 2012; Lima & Monteiro, 2013).
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Figure 5. Schematic representation of tumor cell survival in the circulation. Many factors of the
coagulation pathway are affecting CTCs survival. Platelets, once they are activated, form
heteroaggregates with tumor cells, shielding them against the immune system. Platelet activation
also triggers PARs activation in tumor cells, leading to thrombin activation, which then binds PARs
on their surface and reactivates the pathway in a feedback loop. Integrins are also involved in these
interactions. This figure has been adapted from (L. J. Gay & Felding-Habermann, 2011)

2.4 Arrest at a distant organ site and extravasation

After reaching the secondary site, metastatic cells are arrested in the microvasculature
of the host organ prior to extravasation. To overcome this critical step, multiple factors
must occur. Adhesion and interaction between CTCs and the host stroma facilitate
microvasculature trapping. For example, the permeability and integrity of the vascular
endothelium determine the rate of extravasation in many organs. Bone or liver
extravasation is facilitated by the intrinsic permeability of its capillaries. In other organs

like lungs, cancer cells must acquire new features to cross the vessel wall (composed of
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endothelial cells, basement membrane, and tissue-specific cells) and enter the
parenchyma. Several mechanisms involving platelet-released ATP, inflammatory
mediators, and cancer cell-secreted growth factors and proteases have been implicated

in the regulation of capillary wall permeability (Lambert et al., 2017).

Moreover, Integrins are implicated in extravasation as well. These cell-ECM contacts
combined with protein tyrosine kinase-induced signalling are important regulators of
vessel integrity(Holash et al., 1999). One mechanism involved in this process is a31
integrin-mediated cancer cell adhesion to subendothelial laminin, which is crucial for
transendothelial migration. B1 integrin is also a prerequisite for tumor cells to fully clear

the endothelial layer and invade the basement membrane.

The presence of fibronectin patches on endothelial cells promotes cancer cell adhesion
to the vessel wall in a talin 1-dependent manner. Furthermore, as it was commented in
the previous section, features of the blood clotting cascade can promote integrin-
mediated cancer cell invasive protrusion and extravasation, such as local recruitment of

plasma fibronectin to trigger avp3 integrin activation (Figure 6) (Hamidi & Ivaska, 2018).
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Figure 6. Mechanism of arrest at a distant organ site and extravasation. Multiple integrins and
coagulation-related factors are implicated in the process of arrest at a distant organ site and
extravasation. The image has been adapted from (Hamidi & lvaska, 2018).

2.5 Initial survival and micrometastasis formation

Once metastatic cells extravasate and settle into the secondary site as Disseminated
Tumor Cells (DTCs), they must adapt to the new foreign tissue. Organ-specific extrinsic
factors, including ECM, stroma, cytokines, and growth factors, compromise the survival
and growth of DTCs (Peinado et al., 2017). Several secreted tumor-derived factors from
the primary tumor and bone marrow-derived cells signal the formation of the Pre-
Metastatic Niche (PMN), in which the tumor cells colonize and grow (Peinado et al.,

2011). Mature monocytes and macrophages can secrete factors such as matrix-
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degrading enzymes that induce a more permissive local microenvironment allowing the
growth of DTCs (Hiratsuka et al., 2006). Besides, exosomes have been described to play

a vital role in forming the PMN as well (Peinado et al., 2012).

Metastasis is known to be an extremely inefficient process and only a few cells escaping
from the primary tumor successfully form secondary tumors. Interestingly, in vivo video
microscopy and cell-fate analysis have shown that early steps in the metastatic cascade
are completed very efficiently. By contrast, later steps in the process are inefficient
(Chambers et al., 2002a). Therefore, it is important to understand what is happening to
cancer cells between their entry into the circulation and the formation of metastasis. As
mentioned in Section 2.3, some cells die in the circulation due to hemodynamic forces
or due to the action of the immune system, however, some authors also described that
more than 80% of melanoma cells injected through the tail vein can survive initial arrest
in the microcirculation and extravasate (Luzzi et al., 1998). For that reason, they
suggested that metastatic inefficiency is caused by the events that occurred after the

extravasation.

To overcome these obstacles, metastatic cells use cell-autonomous traits that facilitate
homing and survival by altering the SRC-AKT tyrosine kinase signalling pathway (X. H. F.
Zhang et al., 2009). Furthermore, DTCs can enter a state of dormancy, which occurs in
metastatic cancer clusters when the rate of cellular proliferation within the cluster is
equal to the rate of apoptosis. In this state, the tumor cluster does not expand into
micrometastasis. This balance is achieved through suppressive gene signalling, restricted
angiogenesis, and/or an active immune microenvironment (Gomis & Gawrzak, 2017). A
major problem is that these dormant cancer cells can be present even after radical
removal of the primary tumor and are thought to be responsible for late relapses

(Giancotti, 2013)
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2.6 Metastatic colonization

The last step in the metastatic cascade is the overgrowth of micromestastases into full-

grown symptomatic lesions that are clinically detectable.

Once metastatic cells reach new foreign tissue, they require signals to further grow.
Signalling pathways that have been identified to be implicated in metastatic colonization
are the PI3K/AKT, MAPK, and HIF signalling pathways. Metastatic cells may achieve
stimulation of these pathways by expressing autocrine pathway activators or recruiting
stromal cells that secrete them (Massagué & Obenauf, 2016). Furthermore, cancer cells
could get vital support through contact with stromal cells. For instance, breast cancer
cells that infiltrate the lungs express the membrane protein VCAM-1, which then
contacts ad-integrins on stromal monocytes and macrophages and consequently
activates PI3K/AKT signalling (Lu et al., 2011). Another way how cancer cells can increase
the activity of pro-metastatic pathways is by increasing epigenetic alterations that
expand the range of a pathway’s gene responses. For example, VHL-mutant renal cell
carcinoma cells gain metastatic activity in multiple organs by modifying DNA methylation
and histone acetylation that expand the range of HIF (hypoxia-inducible factor) target

genes, the dominant oncogenic pathway in these cells (Vanharanta et al., 2012)

Additionally, to stimulate the growth of micrometastasis into macrometastais, an
angiogenesis switch is necessary. Some authors provide evidence for the presence of
pre-angiogenic micrometastasis which shows a balance between proliferation and
division. When these pre-angiogenic micrometastases acquire the ability to become
vascularized, the dormant state ceases and tumor growth is initiated (Chambers et al.,

2002b).

Besides, as mentioned in Section 2.2, EMT contributes to the early steps of the
metastatic cascade. A reversion of EMT occurs in DTCs into a more epithelial-like
phenotype through a process called mesenchymal-to-epithelial transition (MET), crucial

for the formation of macrometastases. This process explains why carcinoma-derived
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metastases show epithelial characteristics and resemble, to a certain extent, the primary

tumor (Brabletz, 2012).

2.7 Metastatic treatment

The increasing knowledge about the biology of metastasis provides opportunities to
improve the clinical outcomes of cancer patients. Evaluating the biological differences
between micro- and macrometastases, targeting the vulnerabilities of metastatic cancer
cells, and exploiting the properties of metastatic tumor microenvironments provide a

basis for present and future treatments of metastasis (Ganesh & Massagué, 2021)

What treatment is administered is decided depending on the stage of the disease. More
precisely, there are advanced stages, where metastasis may be clinically manageable by
systemic therapy, but is typically incurable. On the other hand, there are early-stage
patients where no metastasis is apparent but micrometastasis is assumed to be present.
Therapy might be administered either before surgery (neoadjuvant therapy) or after
surgery (adjuvant therapy) and is applied to high-risk early-stage cancer, in which a
visible tumor is localized at the originating organ and can be completely surgically
removed. In most cancers, adjuvant and/or neoadjuvant therapy substantially reduces
recurrence and prolongs overall survival for subsets of patients with stage Il or stage llI
cancer, demonstrating the feasibility of eliminating disseminated tumor cells or their

metastasis-initiating capacity (Ganesh & Massagué, 2021).

There are many strategies to follow up treatment by either targeting metastatic cancer

cells, the metastatic microenvironment, or by treating specific organ metastasis.

Metastatic cancer cells of both, micrometastatic and macrometastatic diseases are
currently treated with three broad systemic approaches: chemotherapy, targeted
therapy, and immunotherapy. Targeting the metastatic microenvironment on the other
hand became feasible only recently due to advances in immunotherapy (Binnewies et
al., 2018). One example worth mentioning is the antibody Bevacizumab, which aims at
inhibiting the tumor’s neovasculature by targeting the vascular endothelial growth factor

(VEGF) (Sherwood et al., 1971). However, even though this therapy has shown some
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efficacy in metastatic cancers, it failed to show substantial results in RCC, as dormant
micrometastasis does not require angiogenesis for proliferation (lheanacho &

Vaishampayan, 2020).

Finally, another interesting therapy that has been shown to improve survival is regional
therapy, which focuses on organ-specific treatment and is mostly used in those cancers

that only metastasize at a single organ (Ganesh & Massagué, 2021).

Future directions to treat metastatic cancers are needed to decrease the mortality of
cancer patients. Targeting the plasticity of metastatic cells, and the mechanisms that
regulate the induction of dormancy or targeting the microbiome environment could be

promising targets and deserve further study.

3. COAGULATION PATHWAY

The coagulation pathway is a cascade of events that leads to hemostasis, preventing
bleeding or hemorrhage. It is composed of two paths; the intrinsic and extrinsic
pathways that originated separately but finally converged at a specific point, leading to
fibrin activation that ultimately stabilizes the platelet plug with a fibrin mesh. The
intrinsic pathway consists of factors |, Il, IX, X, XI, and XII. The extrinsic pathway on the
other hand consists of factors |, Il, VII, and X. Finally, the common pathway consists of
factors |, Il, V, VIII, X (Figure 7). Many of these factors are activated into serine proteases
that act as a catalyst by cleaving other downstream factors of the coagulation pathway
leading to even more serine proteases that ultimately activate fibrinogen (Chaudhry et

al., 2021).
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Figure 7. Coagulation cascade representation. Intrinsic and extrinsic pathway factors convert into
the common pathway that cross-links fibrin clots. As a result, platelets are formed. The image has
been obtained from Wikipedia.

3.1 Coagulation pathway and cancer

Cancer represents a highly prothrombotic state. Thrombosis is one of the most common
comorbidities associated with cancer. Indeed, cancer-associated thromboembolism is
the second leading cause of death for cancer patients, second only to cancer itself.
Moreover, it has been discovered that there is a bidirectional relationship between the
activity of coagulation-related factors and cancer, whereby the activation of the
pathological hemostatic system associated with cancer not only promote
thromboembolism but also drives the progression of the malignancy (Sharma et al.,

2019).

Tissue Factor (TF) - the primary initiator of the hemostatic cascade- has been described

to participate in the very early steps of oncogenesis in many different cancer types.
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Several studies describe how the expression of TF in newly transformed cells can result
in oncogenic mutations in different cancer types such as gliomas, colorectal carcinoma,

breast cancer, or Pancreatic ductal adenocarcinoma (J. L. Yu et al., 2004).

TF initiates the extrinsic pathway by binding activated factor Vlla that in turn activates
factor Xa. The complex TF/fVlla/fXa can activate the Proteinase-Activated-Receptor
family (PARs). The activation of PAR-2 has been linked to tumor cell proliferation and

EMT (L. Sun et al., 2018).

Another major factor of the coagulation cascade is thrombin due to its central role as a
hemostatic protease. Thrombin has over a dozen of substrates, the PAR-1 receptor being
one of them. PAR-1 activation has been linked to a mechanistic interplay between

thrombin and tumorigenesis and tumor growth (Adams et al., 2015).

3.2 Coagulation pathway and metastasis

During the last years, multiple lines of evidence emerged that point to a substantial role

of the hemostatic system in favouring metastasis.

Regarding the early steps of the metastatic cascade, TF -apart from favouring
tumorigenesis- has been suggested to promote metastasis by supporting the expression
of adhesions molecules and promoting cell motility through PAR-1 activation (Shi et al.,
2004b). Furthermore, TF is triggering signalling through non-proteolytic interaction with
a6B1 and avB3 integrins, which results in the activation of PI3K/Akt, MAPK, and FAK
signalling pathways that ultimately support tumor angiogenesis (van den Berg et al.,
2009). Besides, the activation of PAR-1 and PAR-2 induces the activation of PI3K/AKT
signalling pathways to establish a5B1integrin-mediated adhesion(Spoerri et al., 2020).
All these interplays with integrins are promoting the escape of cancer cells from the

primary tumor.

Considering the pivotal role of platelets in facilitating metastasis as described in the
previous section 2.3, it also seems that platelets can modulate functions of the immune

system, such as inhibiting the anti-tumor immunity (Jenne & Kubes, 2015). Furthermore,
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Platelet-derived growth factors have also been proposed to upregulate endothelial
expression of adhesion molecules and alter endothelial permeability, thereby facilitating
the adhesion and extravasation of metastatic tumor cells (Chiang et al., 2016; Labelle et
al., 2011). Besides, thrombus formation is thought to support tumor cell extravasation
by recruiting fibronectin and thereby facilitating the attachment of CTCs to blood vessels

(Malik et al., 2010)

In addition, procoagulant thrombin has been described to target Factor Xl and
fibrin(ogen), which are implicated in metastasis. Distinct functions such as thrombus
stabilization have been proposed for FXIIl and fibrin(ogen). FXII has also been described
to play a role in directing macrophages. Given the importance of macrophages in
metastasis, FXIl could impact the metastatic potential (Muszbek et al., 2011).
Fibrin(ogen) can also interact with immune cells such as macrophages and neutrophils
that are associated with the formation of metastatic foci (Griesmann et al., 2017; Quail &

Joyce, 2013; Spiegel et al., 2016).

4. RENAL CELL CARCINOMA (RCC)

According to the American Cancer Society, RCC cancer is among the 10 most common
cancers in both sexes (Key Statistics About Kidney Cancer, 2022). Every year, nearly
430,000 new cases are diagnosed, and more than 150,000 deaths are reported.
Approximately 1.8 percent of men and women will be diagnosed with kidney and renal

pelvis cancer at some point during their lifetime.

Most RCC patients are already affected by the metastatic disease at the time of
diagnosis. Specifically, data from one of the most important studies of metastasis
distribution in RCC from the National Inpatient Sample (NIS) reported that the most
common sites of metastasis are the lungs (45%), followed by bones (30%), lymph nodes
(22%) and liver (20%). In a low incidence, adrenal and brain metastases were also found

(9% each) (Bianchi et al., 2012).

RCC consists of more than 10 subtypes of Renal Cancers: Clear cell RCC, Papillary RCC,

Chromophobe RCC, Multilocular cystic renal neoplasm of low malignant potential,
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Collecting duct carcinoma, Renal medullary carcinoma, amongst others... the three first
being the most common subtypes accounting for 85% of all renal malignancies. Each
subtype of RCC varies widely in its genetic, pathologic, and clinical characteristics (Dudani

et al., 2021).

4.1 Clear cell Renal Cell Carcinoma (ccRCC)

83% of RCC cases are represented by ccRCC, the most common subtype of this disease.
It is believed that cells responsible for ccRCC originate from renal proximal epithelial
cells, but the exact origin and differentiation process are still unknown (Tun et al., 2010).
Histologically, ccRCC is characterized by showing clear cell morphology due to the
accumulation of lipid and glycogen inside the cytoplasm, as shown in Figure 8 (Tun et al.,

2010).

Figure 8. RCC tumor. A) Kidney with a tumor of a human patient. B) H&E staining of a ccRCC tumor
(20X). Tumor cells present a clear phenotype, and the tumor has a delicate vascular network.

One of the most important genetic events in the development of ccRCC is the
inactivation of the tumor suppressor gene von Hippel-Lindau (VHL). The VHL gene
expresses a ubiquitin-ligase protein involved in the degradation of Hypoxia-Inducible
Factor 1la (HIF1-a) and HIF2-a through oxygen and iron sensing mechanisms. Notably,
tumors associated with the inactivation of this gene often present a high level of
vascularization and an overproduction of mRNAs responsive to hypoxia and different

angiogenic factors (Linehan et al., 2010).
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4.2 Histopathological classification of RCC

Over the years, many different systems have been proposed to classify RCC. The most

used one was the Fuhrman Grading System (FGS) proposed in 1982, classifying tumors

depending on the nuclear size, shape, and nucleolar prominence of their cells. This

classification uses four grades and correlates them with patient prognosis. The higher

the grade the worse the prognosis (Fuhrman et al., 1982). However, this grading method

did not include chromophobe RCC and the new subtypes of RC. In 2016, the WHO

following the International Society of Urological Pathology (ISUP) proposed another

grading system valid for most RCC subtypes (Table 1). However, it has not yet been

validated for tumors with only a few reported cases (Moch et al., 2016).

WHO/ISUP grading system for RCC
Grade Description
Grade
Nucleoli absent or inconspicuous and basophilic at 40X
1
Grade
Nucleoli are not prominent at 10X but visible and eosinophilic at 40X
2
Grade
Nucleoli conspicuous and eosinophilic at 10X
3
Grade Extreme nuclear pleomorphism, multinucleated cells, rhabdoid or
4 sarcomatoid differentiation

Table 1. Nuclear grade classification of RCC. Table adapted from (Moch et al., 2016).
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4.3 Clinical classification of RCC

To describe the anatomic extension of RCC and the progression of the disease, it is
classified into stages using the tumor-node-metastasis (TNM) system (Table 2). Initiated
by the American Joint Committee on Cancer (AJCC), TNM is now the most common

staging system to classify solid tumors and is based on three principal tumor features:

T N M

The size and extent of the | The extension to adjacent The extension to distant

main tumor lymph nodes organs

Table 2. Tumor-node-metastasis staging system

Another evaluation system divides RCC progression into four stages (Table 3) (Amin et
al., 2017). One unresolved problem of RCC is that there are no screening methods to
detect renal cancer in the early stages. For that reason, most patients tend to progress
to metastatic disease at the time of diagnosis, and one-third of patients who undergo
surgical resection will have a recurrence (Cairns, 2011). When the tumor is localized in
the kidney the 5-year relative survival rate of patients is about 93%. However, as the
tumor progresses, the survival rate of patients is drastically reduced to 14% when the
cancer has metastasized (“National Cancer Institute,” 2022). This critical data poses
metastasis as one of the most relevant processes to study in RCC, to find possible

therapies or predictive biomarkers.
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5-YEAR
SCHEMATIC
STAGE DESCRIPTION SURVIVAL
REPRESENTATION
RATE
Stage | Tumoris only in the kidney and it is smaller than
93%
| 7cm.
Stage
Tumor is still limited to the kidney but is larger 71%
1
than 7cm.
Stage .
Tumor has spread from the kidney to the 53%
n surrounding tissue or nearby lymph nodes
Gerota's
fascia
To other organs 4
~ on
It is the last and the most advanced stage of the ‘ ) o
Stage disease. The tumor has invaded the Gerota’s
14%
v fascia and cancer has spread to the lymph

system or distant organs.

Lymph
nodes

Table 1. Stages of RCC. RCC is classified into stages | to IV depending on the progression and the
extension of the disease. Images are extracted and adapted from(“New Health Advisor”, 2018). 5-
year rate survival data has been extracted from the National Cancer Data Base (NCDB) (American
Cancer Society, 2018)
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4.4 RCC treatment

Surgery is the first treatment of choice in RCC, as only by re-sectioning the tumor mass
it is possible to entirely cure the disease. The surgery is comprised of partial or radical
nephrectomy (Hsieh et al., 2017b). As described previously in section 3.3, many patients
experience recurrence or might already be affected by metastasis at diagnosis, requiring

additional systemic treatment.

Anti-angiogenic therapies are commonly used in RCC patients with advanced stages of
the disease. The previous section 4.1 describes how numerous RCC patients had an
inactivated VHL gene that led to an upregulation of pro-angiogenic factors such as VEGF.
For that reason, targeting VEGF receptor and its ligands is considered a potential
therapeutic intervention for RCC patients (Rini, 2007). Several agents such as
Bevacizumab, Sorafenib, Sunitinib, and Pazopanib are used in mRCC patients as a 1st line

treatment (de Falco, 2014)

Another strategy to treat RCC patients is mTOR inhibitors. mTOR is a highly conserved
serine/threonine kinase from the PI3K-related kinase family/AKT and plays a crucial role
in the regulation of cell growth, proliferation, and metabolism. Temsirolimus is
administered to RCC patients in an advanced stage of the disease and Everolimus is
administered as a second-line treatment for RCC patients when sorafenib and/or

sunitinib therapy fails (Pontes et al., 2022; Voss et al., 2011)

Finally, immunotherapy is another way to treat RCC patients. 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-
1 ligand (PDL-1). Other antibodies target the programmed cell death protein-1 (PD-1)

such as Nivolumab and Pembrolizumab (Hsieh et al., 2017b).

Figure 9 sums up approved treatments against metastatic RCC (mRCC) that appeared

over time. Despite the enormous progress therapeutic strategies have seen, there is still
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great variability in treatment response. This is due to the heterogeneity between tumors

and even between different parts of the same tumor (Hsieh et al., 2018).
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Figure 9. Treatment evolution of metastatic Renal Cell Carcinoma over time. First treatments were
based on immunotherapy. Since 2005 new drugs appeared to enhance the treatment and the
survival of patients. Finally, the golden age was characterized by the discovery of some monoclonal
antibodies. Nevertheless, new drugs are being investigated to overcome the limitations of existing
therapies. Figure extracted from (Hsieh et al., 2017).

5. PREVIOUS DATA

5.1 Spontaneous generation of two variants of a ccRCC patient-derived
orthoxenograft mouse model

Previous work in the laboratory, performed by Mar Martinez-Lozano, consisted of
developing a patient-derived orthoxenograft (PDOX) murine model based on a human
biopsy, that originated from a patient who suffered from ccRCC and ganglionic
metastasis at the time of diagnosis (pT3a pN1). The tumor had a Fuhrman 4-grade and
was implanted into the kidney of an athymic mouse (orthotopic) (Figure 10A) and then
further passaged, which led to an orthoxenograft line named Ren 50. Later on, the
patient also developed lung metastasis, and consistent with this diagnosis we also found
a spontaneous macrometastasis in the lungs of a euthanized orthotopic mouse (Figure
10B). This spontaneous macrometastasis was also implanted into another animal,
generating a different line named Ren 50M. This procedure was repeated several times
to generate two different orthoxenograft groups of tumors with shared mouse and
patient origins (Figure 10C). However, Ren 50M line has been generated from a natural

selection of cells with the capacity to metastasize in vivo.
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Figure 10. PDOX mouse model of ccRCC. Tumor implantation of a RCC piece of tumor into an athymic
mouse. A, left) A skin incision was performed on the kidney’s space and the organ was externally
visible. A, right) The piece of tumor was implanted into the kidney of the orthotopic mouse. B) The
orthotopic mouse presented both, micrometastases and macrometastases in the lung. Pictures of
H&E staining (4X) of lung metastases from the orthotopic mouse. C) Graphic representation of Ren
50 and Ren 50M mouse orthoxenograft tumor line models. Figure has been adapted from Dra.
Mariona Bartroli thesis.

5.2 Metastatic potential of Ren 50 and Ren 50M tumors

After different rounds of tumor implantations of Ren 50 and Ren 50M lines, the
metastatic capacity of both lines was evaluated. Ren 50 tumors presented a very low
metastatic potential and the type of lesions identified were only micrometastasis. Ren
50M, on the other hand, developed ccRCC tumors and lung metastases at a higher
frequency. Furthermore, we found both macro and micrometastasis lesions within the
lungs (Figure 11). Altogether, these results demonstrated a clear difference in metastatic
capacity between Ren 50 and Ren 50M tumors, even though both came from the same

orthotopic animal and the same cancer patient.

51



Introduction

A

Ren 50 Ren 50M
12
S Em Metastatics
Bl Non-metastatics
Ren 50 Ren 50M

T x 3 \

- ‘. -
o\ 1

Gk 5

WA 77

K3

3 Single lesions
@l Multilesions

Figure 11. Ren 50M tumors presented higher metastatic incidences and multiple lesions compared
to Ren 50 tumors. A) Schematic representation of the percentage of metastasis analyzed after 25-
40 days. On the left, Ren 50 mice % of metastasis, and on the right, Ren 50M mice % of metastasis.
Results show a statistically significant difference between both groups by Chi-square test. B) Pictures
at 4x of H&E staining of a micrometastasis from a Ren 50 lung and micro and macrometastasis from
a Ren 50M lung with the radial representation of the percentage of single lesions or multilesions
present in the lungs. Results showed a statistically significant difference between both groups by Chi-
square test. Figure has been adapted from Dra. Mariona Bartroli thesis.

5.3 RNA sequencing and gene set enrichment analysis of Ren 50 and Ren

50M tumors

Whole RNA sequencing was performed to detect mRNA expression differences between

groups. Four Ren 50 and four Ren 50M tumors were analyzed by this technique, resulting
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in a long list of differentially expressed genes, presenting both downregulations and

upregulations.

The expression profiles were subjected to a gene set enrichment analysis (GSEA) to

analyze whether any gene signature was upregulated or downregulated in our samples.

GSEA is a computational method that determines which set of genes shows statistically
significant differences in gene expression levels. Gene sets are available at Molecular
Signatures Database (MSigDB) and GSEA was run according to default parameters:
collapses each probe set into a single gene vector (identified by its HUGO gene symbol),
permutation number= 1000, and permutation type= “gene-sets”. Calculation of the FDR
was used to correct for multiple comparisons and gene set sizes(Subramanian et al.,
2005). RNA sequencing results were compared to all gene sets available (From C1 to C7).
Remarkably, results from the GSEA showed an upregulation of genes related to
hemostatic regulation within the signature “Regulation of body fluid levels” (from the
C5-Biological Process data set) in the metastatic Ren 50M tumors compared to non-

metastatic Ren 50 tumors (Figure 12).
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Figure 12. Results from GSEA revealed that Ren 50M samples highly correlated with the Regulation
of body fluid levels signature. A) Regulation of blood fluid levels enrichment plots. In red: enriched
genes in our four samples, which positively correlated with the signature. In blue: genes which
expression was negatively correlated. B) Heat map of gene expression of genes from the Regulation
of body fluid levels signature in Ren 50 and Ren 50M. “MET” samples corresponded to four tumors
of Ren 50M and “NOMET” samples corresponded to four tumors of Ren 50. Figure has been

extracted from Dra. Mariona Bartroli thesis.

5.4 Coagulation pathway-related genes

Among all the genes of the Regulation of body fluid levels signature, twelve genes are

implicated in the blood coagulation pathway (Figure 13).
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SE
GENE_Symbol Description & _A cors Fold Change P Value EDR Mean Ren
Enrichment 50

Solute Carrier Family 22 (organic

SLC22A2 \ YES 1322.4672 | 9.39E-93 | 1.356-89 0.0347 45.9164
cation transporter), member 2
lation factor XIll, A
F13A1 B e e YES 639.2797 | 1.04E-40 | 2.21E-38 0.6037 | 385.9226
polypeptide
HNF4 Hepatocyte Nuclear Factor 4, alpha YES 287.6259 2.29E-91 8.48E-46 0.0447 12.8683
F2R Fosguiation faetor I hrombin YES 76.9164 5.916-82 | 5.88E-79 19530 | 150.2202
Receptor
GNAQ Gigrng Hoceotkie Bindiog Protel YES 16.9633 8.43E53 | 2.87E-50 3.4701 58.8640
(G protein), q polypeptide
Integrin, Beta 3 (platelet
17683 YES 12.9162 249628 | 3.15E-26 1.0127 13.0808

glycoprotein llla, antigen CD61)

Serpin Peptidase Inhibitor, clade E
SERPINE1 (nexin, plasminogen activator YES 8.7405 3.04E-49 9.92E-47 64.8592 566.9026
inhibitor type 1), member 1= PAI1)

Coagulation Factor Il (thrombin)

F2RL2 S YES 8.4343 1.98E-10 5.92E-09 0.2238 1.8877
Receptor-like 2
Tissue Factor Pathway Inhibitor
TFPI (lipoprotein-associated coagulation YES 3.6902 1.11E-14 5.39E-13 28.4133 104.8516
inhibitor)
L3MBTL4 I(3)mbt-like 4 (Drosophila) YES 2.6331 1.07E-06 1.75E-05 2.8373 7.4710
SLC22A4 SORILSSRHIEEERE] =2 (O g YES 1.8178 0.0068 0.0384 1.5504 2.8183
cation transporter), member 4
HPS4 Hermansky-Pudlak Syndrome 4 YES 1.6589 0.0001 0.0016 342.4818 568.1597

Figure 13. Twelve genes from the Regulation of body fluid levels signature of GSEA were enriched
in our data set. F2R was one of the genes with a high fold change and also high gene expression
levels in Ren 50M tumors. Table of selected gene sets enriched in samples from Ren 50M (n=4)
compared to Ren 50 (n=4) tumors. Fold Change was obtained by comparing their expression levels
(cpm). p-value and FDR represent the value of a test for statistical significance. Figure has been
extracted from Dra. Mariona Bartroli thesis.

During the passages of the tumor, we observed that Ren 50M animals normally featured
reddish skin. In contrast, no alteration in skin color was observed in mice from the Ren
50 line (Figure 14A). However, we did not find any difference in the hematocrit analysis
that we performed using animals from both groups (data not shown). However, by
performing a microscopic analysis of the H&E tumor staining, we found some differences
in the vascular phenotype between both lines. We also performed IHC analyses using
the endothelial marker CD31 and the results show that Ren 50 tumors have long and thin
vessels, whereas Ren 50M normally are characterized by dilated vessels with big lumens

(Figure 14B)

The alteration of blood vessel shape could be associated with the increase in metastasis.

For that reason, we decided to perform more analysis to determine its possible
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correlation. We decided to group the animals regardless of the Ren line, based on two
parameters: the vascular and the metastatic phenotype. We classified the tumors with
long and thin vessels as Phenotype 1 and the others with dilated vessels as Phenotype 2.
Using this classification, we realized that Ren 50 tumors show both phenotypes, whereas
almost all tumors from the Ren 50M line only show phenotype 2 (Figure 14C). Besides,
phenotype 1 could be associated with the non-metastatic animals and almost all

metastatic animals presented phenotype 2 (Figure 14D).
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Figure 14. Ren 50M tumors presented reddish skin and differences in the tumor vasculature A)
Picture of mice from Ren 50 (on the left) and Ren 50M (on the right). B) IHC against CD31 endothelial
marker was performed. From left to right, two pictures of Ren 50 tumors and two of Ren 50M (20X)
with their respective quantification of lumen vessels’ area from 27 tumors of Ren 50 and 12 tumors
of Ren 50M. Results were statistically significant by the Mann-Whitney test. C) Quantification of mice
classification regarding their Ren line and vascular phenotype. Results were statistically significant
by Chi-square test, ****p value <0.0001. D) Quantification of mice classification regarding their
vascular and metastatic phenotype. Results were statistically significant by Chi-square test, **p
value<0.01. Quantifications were performed considering 112 mice in total. Figure has been adapted
from Dra. Mariona Bartroli thesis.
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5.5 Coagulation Factor Il Thrombin Receptor (F2R)

After careful evaluation of the data, Dra. Susana Aguilar and Dra. Mariona Bartroli
decided to focus on one of the top-ranked genes that presented a clear overexpression
in Ren 50M in comparison with Ren 50: Coagulation Factor 2 Thrombin Receptor (F2R or
PAR1). Being a membrane receptor with known ligands and inhibitors, F2R represents
an ideal candidate, whose activity can be easily modulated to study its implication in

metastasis.

Protease-activated receptor 1 (PAR1), also named Coagulation Factor Thrombin
Receptor 2 (F2R), is a member of the PAR family and is composed of a sequence of 425
amino acids and a molecular mass of 68-80 kDa with a reduction to a 36-40 kDa by

deglycosylation (Soto et al., 2015; Soto & Trejo, 2010).

Homeostasis of blood coagulation is partially regulated by protease-activated receptor
(PAR)-signaling (Isermann, 2017). Protease-activated receptors (PARs) are the largest
family of signaling receptors expressed in mammalian cells. This family consists of seven-
transmembrane G-protein coupled receptors (GPCRs) localized at cell surfaces that are
activated uniquely by the cleavage of their extracellular N-terminus at a specific site,

allowing the internal ligand to autoactivate (Alberelli & de Candia, 2014)

Four members of this family have been described: PAR1, PAR2, PAR3, and PARA4.
Depending on the receptor, they can be activated by different serine proteases or matrix
metalloproteases. Thrombin is the major activator of PAR 1/3/4, whereas PAR2 is

activated by trypsin-like enzymes as well as coagulation factors Vlla and Xa (S. Coughlin,

2005; Flaumenhaft & de Ceunynck, 2017)

The activation of these receptors affects signaling events involved in different cellular
processes, such as proliferation, migration, invasion, or the production of chemotactic
and proangiogenic factors, regulating both, physiological and pathological processes in

multiple organs (Han et al., 2011).
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F2R is activated by thrombin, which cleaves its amino-terminal exodomain between
residues Arg 41 and Ser 42 (LDPR41/42SFLLRN) irreversibly. Cleavage of the N-terminal
segment reveals a tethered ligand that associates with a shallow binding site on the
extracellular face of the receptor. Ligation of the binding site induces a conformation
change in the receptor that is transmitted to cognate G-proteins which in turn initiate
transmembrane signaling (Flaumenhaft & de Ceunynck, 2017). GPCRs interact with
heterotrimeric G proteins composed of a, B, and y subunits that are bound to GDP in the
resting state. Agonist binding triggers a conformational change in the receptor, which
catalyzes the dissociation of GDP from the a subunit followed by GTP-binding to Ga and
the dissociation of Ga from Gy subunits. The GB and Gy subunits function as a dimer to
activate several signaling molecules, including phospholipases, ion channels, and lipid

kinases (Dorsam & Gutkind, 2007) (Figure 15).
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Figure 15. Schematic representation of thrombin-mediated F2R activation. After F2R cleavage by
thrombin, a new amino-terminus domain binds to the body of PAR1 itself, triggering signaling G-
proteins. The image has been adapted from (Alberelli & de Candia, 2014).

Apart from its role in homeostasis by controlling blood coagulation (Isermann, 2017),

F2Ris involved in cancer through different mechanisms (Wojtukiewicz et al., 2015a).

On the one hand, it is involved in the early steps of the metastatic cascade, since its
interaction with integrins has been demonstrated to enhance the invasive phenotype of
tumor cells (Cohen Even-Ram et al., 2001). On the other hand, it plays an interesting role
in the systemic circulation of tumor cells. It acts on the surface of tumor cells and

platelets by increasing procoagulant activity and by enabling their cohesion to form
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heteroaggregates, thus helping tumor cell extravasation and preventing NK-mediated

elimination (L. Gay & Felding-Habermann, 2011a; Palumbo, 2008).

Furthermore, PAR1 has been described to be overexpressed and plays different roles in
breast cancer (Herndndez et al., 2009), melanoma (Tellez & Bar-Eli, 2003) CRC (Darmoul et
al., 2003), and HCC (Kaufmann et al., 2007). Considering that, together with the
increased expression in Ren 50M tumors, we decided to focus on this receptor, trying to

find new roles of F2R in metastasis.

5.6 Expression of F2R in Ren 50 and Ren 50M tumors

First of all, we decided to confirm the robust differences found in RNA sequencing by
Tagman® assay (qRT-PCR) in tumors throughout different passages. The newly obtained
results confirmed that RNA expression of our receptor in Ren 50 tumors is indeed very
low. RNA levels in Ren 50M tumors are higher (Figure 16A). We could hence confirm that
despite performing different passages, RNA expression is maintained in both, Ren 50 and

Ren 50M tumors.

Next, we also validated these observations at the protein level. Results of western blot
analysis (Figure 16B) and immunohistochemistry (Figure 16C) show almost no expression
of F2R proteins in Ren 50 tumors and their metastasis. In contrast, Ren 50M tumors and

metastasis -from different passages- show much higher protein expression levels.

We then hypothesized that the few and small metastases in Ren 50 mice were probably
generated by mechanisms that involved other genes than the Ren 50M driving ones. As
previously observed, the incidence and size of metastases between both groups differ
considerably. Moreover, there is a strong association between the expression of our
candidate and Ren 50M tumors and their metastases. Altogether, these results

prompted us to further study F2R and its important role in the metastatic process.
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Figure 16. Ren 50M tumors and metastasis showed higher levels of F2R expression in comparison
to Ren 50. A) Results were obtained from a Tagman® assay of six tumors of Ren 50 and Ren 50M.
RNA quantification of F2R was normalized with HPRT1 and measured by 22-ACT. B) Western Blot
analysis of F2R protein expression in Ren 50 and Ren 50M tumors. C) F2R protein detection by IHC
of Ren 50 and Ren 50M tumors. Images were taken at 20X. Figure has been adapted from Dra.
Mariona Bartroli thesis.

5.7 F2R expression in RCC cell lines and tumors

Previous work in the group was dedicated to the generation of a stable primary cell line
derived from Ren 50M tumors, but without any success. For that reason, we decided to
search for an in vitro model that could mimic the properties of Ren 50M tumor cells. We,
therefore, analyzed F2R expression in different RCC cell lines by performing Tagman®
assays and were able to detect some cell lines with a distinct F2R expression. The highest
levels were expressed by RCC4- and SN12C cells (Figure 17A). Furthermore, F2R
expression was evaluated in SN12C by Inmunocitofluorescence (Figure 17B). Besides,
tumors were generated and F2R was analyzed by IHC (Figure 17C). Based on previous
studies in our group that could observe a high aggressiveness and an elevated metastatic

capacity in vivo (data not shown), SN12C cells were chosen to evaluate our candidate.
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Figure 17. RCC4- and SN12C cell lines showed higher expression of F2R at RNA and protein levels.
A) Results were obtained from a Tagman® assay of different RCC cell lines. RNA quantification of F2R
was normalized with HPRT1 and measured by 2”-ACT. B) Immunocytofluorescence of F2R in SN12C
cells. Representative pictures at 10X are shown. C) F2R IHC of SN12C tumors. Cells were injected into
the kidney of mice and then tumors were perpetuated. Grey line represents the tumor-kidney
contact. Picture was taken at 10X. Figure has been adapted from Dra. Mariona Bartroli thesis.

5.8 Effects of F2R inhibition in in vivo models of SN12C

As many studies assign a role of PAR receptors in the different metastatic steps, we
decided to study whether we could see any effect in metastasis when inhibiting F2R. For
that reason, we inoculated SN12C cells through the tail vein, forcing the process of
generating metastasis. Then, mice were orally treated with a control vehicle or
vorapaxar, a competent selective F2R inhibitor already approved in patients for the
antithrombotic treatment of coronary and peripheral vascular disease (Chackalamannil

et al., 2008).
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Results showed that F2R inhibition did not affect the number of affected lobes (Figure
18A). However, a clear decreasing tendency in the total metastatic area and density was

observed in animals treated with vorapaxar (Figure 18B).
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Figure 18. F2R inhibition did not affect the number of affected lung lobes but showed a reduction
in the total metastasis area density. 10° SN12C cells were injected through the tail vein. Mice were
divided into two groups and were orally treated with vehicle (n=7) or vorapaxar (n=7) at a dose of
20mg/kg/day since the day after injection. Analyses were performed using vimentin
immunohistochemistry. A) Affected lung lobes were quantified depending on the presence of
lesions. B) Quantification of the total metastasis area density. To quantify, the total metastasis area
was normalized by the total lung area quantified for each animal per group. Figure has been
extracted from Dra. Mariona Bartroli thesis.

To confirm the possible implication of F2R in metastasis, we generated SN12C tumors in
the kidney. After that, two groups were orally treated with vehicle or vorapaxar. First, to
study if F2R was affecting tumor growth, tumor volume was monitored during the entire
treatment by palpation. Results show that tumors have the same growth rate regardless

of F2R inhibition (Figure 18).
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Then, we decided to study whether F2R inhibition was affecting tumor invasiveness. For
that reason, we qualitatively classified tumors regarding their invasive phenotype. We
confirmed that vorapaxar treatment tends to reduce the invasive capacity of tumors
compared to controls (Figure 19B). Then, we characterized tumor invasion by quantifying
tumor invasive fronts (Figure 19C). Results did not show a clear and significant difference
between both groups. However, the vorapaxar-treated group show a downward trend

in tumor invasion compared to mice treated with vehicle (Figure 19D).
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Figure 19. F2R inhibition did not affect tumor growth but is affecting the invasive capacity of
tumors. A) Tumor volume was monitored by palpation and treatment started when tumors reached
1000mm?3. 6 mice were treated with vehicle and 5 mice with vorapaxar at a dose of 20mg/kg/day.
Measurements were taken during 17-19 days. B) H&E staining was microscopically classified into
three groups, regarding their invasive phenotype. 5 tumors from each group were analyzed C)
Vimentin immunohistochemistry was performed to quantify invasive fronts of 5 control tumors and
5 vorapaxar-treated tumors. Pictures were taken at 0.57X and the invasive front was drawn and
quantified. T: Tumor. K: Kidney. D) Tumor invasion depth quantification. Results were not statistically
significant but a clear tendency on reduced invasion was observed. Figure has been adapted from
Dra. Mariona Bartroli thesis.

We next investigated if F2R inhibition has any effect on the metastatic capacity of SN12C
tumors. For that reason, we performed a more thorough metastatic study analyzing lung

metastases from treated and untreated mice.
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We started analyzing the affected lung lobes, but no differences could be observed
(Figure 20A). However, we realized that the lesions were more frequent and bigger in
controls compared to vorapaxar-treated mice (Figure 20B and Figure 20C). This data
confirms that F2R inhibition results in a clear reduction of total metastatic area and

density (Figure 20D).
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Figure 20. F2R inhibition leads to a reduction of the metastatic capacity of SN12C tumors. A) Tumor
cells were detected and quantification of affected lung lobes was analyzed. B) Foci size was
calculated by quantifying all metastatic areas normalized by the number of foci present in each lung
C) Number of lung colonies in each lung was determined. D) Total metastatic area density was
determined by quantifying the total metastatic area normalized by the total lung area of each lung.
Pictures of metastases were taken at 10X pictures of the lungs at 0.57X. Figure has been adapted
from Dra. Mariona Bartroli thesis.

In summary, our results demonstrate that F2R inhibition causes a decrease in metastasis
in SN12C tumors and a downward trend in tumor invasion, which represent two of the
hallmarks of cancer (Hanahan & Weinberg, 2011). For that reason, we decided to put the
focus of this thesis on the study of the mechanism through which F2R is contributing to

tumor aggressiveness.
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Hypothesis

Taking the interesting interplay between the coagulation factors described in the
literature, and taking into account that we found an overexpression of different
coagulation-related genes in a metastatic RCC, we hypothesize that Coagulation Factor
Il Thrombin Receptor (F2R) is contributing to tumor malignization and metastasis. For
that reason, we wanted to evaluate the implication of F2R on metastasis, to ultimately
find prognostic factors and new therapeutic targets to block this insidious event in

advanced RCC patients.
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Objectives

To confirm the global hypothesis, we will start focusing on the mechanism of how F2R is
contributing to metastasis by using PDOX animal models of RCC and in vitro cell culture
systems for Loss-of-Function and Gain-of-Function. Finally, we will end up with a clinical

validation of the obtained results. Therefore, the specific objectives are:

1. To validate our candidate F2R both in vitro and in vivo by Gain-of-Function and
Loss-of-Function studies in cells and tumors.

2. To elucidate the molecular mechanism by which the coagulation factor F2R is
contributing to tumor malignization and metastasis.

3. Clinical validation by a selection of markers that could be useful as prognostic
factors to detect metastatic potential, and also identify therapeutic targets that

could allow the inhibition of this process.
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1. INVITRO

1.1 Cell culture

1.1.1 Cell line maintenance

Renal cell lines (RCC4, RenCa, and 786-0) were maintained with RPMI Medium 1640
(Gibco, #31870-025) and SN12C cells were maintained with Dulbecco’s Modified Eagle
Medium (DMEM) (Lonza, #BE12614F), both supplemented with 50U/ml of penicillin,
50ug/ml of streptomycin sulfate, 2mM of L-glutamine, 10mM of HEPES, 1% of Non-
essential aminoacids and 10% of fetal bovine serum (FBS) (all from Gibco), which was
previously inactivated by heating at 55° for 30min. All cells were maintained at 37°C in

humidified conditions with 5% CO,.

1.1.2 Cell lines

All cell lines used in this thesis have human kidney tissue origin and are outlined in Table
4. pVHL-deficient 7860 cell line was kindly provided by B. Jimenez (Instituto de
Investigaciones Biomédicas CSIC-UAM, Madrid, Spain). The rest of them were kindly
supplied by F. Setién from the cell culture facility of the Programa d’Epigeneética i Biologia

del Cancer (PEBC).

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

Table 4. List of cell lines derived from human tissue used
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1.1.3 Mycoplasma test

All cell lines were routinely tested from mycoplasma contamination by PCR using the

following oligonucleotides:

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

Table 5. Oligonucleotides are used for the detection of mycoplasma contamination.
As a template for the PCR, media from cells incubated in overconfluence and absence

of antibiotics for at least 5 days had been collected. All tests were negative.

1.1.4 Cell counting

Trypan blue (Sigma) dying exclusion test by manual counting method was used to

determine cell concentrations.

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

a fresh full medium.

For cell counting, cells were diluted 1:1 in trypan blue, and then, they were counted using
a Neubauer chamber. To calculate the number of cells per ml, the following formula was

used:

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

1.1.5 Cell freezing and cryopreservation

Adherent cells were detached with trypsin-EDTA and centrifuge for 5 min at 250G. Then,
cells were resuspended in a cold freezing medium (90%FBS and 10%DMSO from Sigma)

in a % dilution of a p100 plate.
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Cell suspension was distributed in cryotubes at 1ml/tube and placed in a cell freezing
container at -802C for 24h minimum. Then, 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 379C. Then, cells were diluted in a pre-warmed medium (1/10) and
trespassed into a Falcon tube. Cells were centrifuged and pellets were resuspended in a
fresh medium. Finally, they were plated onto a p100 plate to have a high confluence and

recover.

1.1.6 3D culture generation

3D cultures of tumoroids were derived from 2D primary cell cultures. Firstly, primary
cells from a confluent p100 plate were detached manually with DMEM. Cells were
passed through a cell strainer of 40 um, and grouped cells were mixed with 50ul of
Matrigel® (Corning), thawed O/N in ice, and immediately seeded as a drop. Matrigel®
drops were incubated at 372C for 30min until Matrigel® solidification. Cells cultured
inside the Matrigel® grew as groups of cells called tumoroids for approximately 4 days

until to get the appropriate tumoroid size.

1.1.7 Cell line treatment

For nutrient deprivation, cells were incubated in media with 0,5% of FBS 24 hours
previously to start the experiments. It was also maintained the nutrient deprivation

during the whole experiment.
F2R expression was downregulated through doxycycline induction at 2,5 pg/ml (Sigma).

For evaluating F2R inhibition, SN12C cells were treated with different doses of SCH 79797
(Dihydrochloride) (Axon Medchem). This non-peptide is a selective F2R antagonist based
on the natural alkaloid himbacine. Also, vorapaxar was used at different doses.
vorapaxar -with its commercial name Zontivity — is a FDA-approved drug indicated for
the reduction of atherothrombotic events in adult patients as it is a potent inhibitor of

F2R.
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For evaluating F2R activation, thrombin (Merck, T6884-100UN) was used at 1 U/mL. Also,

TFLR-NH2 (Abcam) was used as F2R activator and acts as a PAR1 selective agonist.

For evaluating PI3K/AKT signaling pathway inhibition, we used the following inhibitors:
Perifosine (AKT inhibitor) and Gallein (GBy inhibitor):

Inhibitor Reference | Manufacturer Concentration
Perifosine KRX-0401 Selleckchem 5uM
Gallein CAS2103642 MERCK 10uM

Table 6. Inhibitors used for PI3K/AKT signaling pathway inhibitors in vitro assays

1.2 Molecular analysis

1.2.1 RNA detection

1.2.1.1 RNA extraction from cells

Adherent cells were washed with PBS (0.15 M NaCl, 0.9 mM Na2HPO4, and 0.1mM
KH2PO4), and then 1ml of PBS was added to the plate. Cells were detached carefully with
a cell scrapper and cell suspension was transferred to 1.5ml Eppendorf. Cells were
centrifuged for 5min at 250G and the pellet was directly stored at -802C until the day of
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.

1.2.1.2 Getting cDNA from RNA

Firstly, 2ug of RNA were diluted in sterile water to a total volume of 20ul and incubated
for 10min at 652C. Then, it was used the High Capacity cDNA Reverse Transcription kit

(Applied Biosystems) to prepare the retrotranscription mix: 1ul of RNAse inhibitor, 3pul
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of RT buffer, 3ul of random primers, 1,2 pl of ddNTPs, 1ul of reverse transcriptase and
0,8ul 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
6529C, 2h at 372C, 5 min at 852C, and == 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-qPCR) analyses were
performed using Tagman® Technology (Applied Biosystems). First, 25ng of cDNA
obtained from different cell lines were loaded into each well of the plate mixed with 5pl
of TagMan® Universal PCR Master Mix (Applied Biosystems), 0.5ul of the Tagman® Probe
of interest (Table 7) and ddH20 to a final volume of 10ul. The 384-well plate was read at
Lightcycler 480. Results were visualized and analyzed using software RQ Manager 1.2.1

and SDS 2.4 (Applied Biosystems).

Gene Specie Dye-Label Reference

F2R Human FAM™-MGB Hs0101692588
HPRT1 | Human FAM™-MGB Hs02800695
GAPDH | Human FAM™-MGB Hs99999905

Table 7. Specific probes used in Tagman® analyses.
The cycle threshold (Ct) obtained for each gene was normalized against the same value
of the housekeeping gene, GAPDH, or HPRT1. Then, RNA expression for each gene was

calculated using the next formula:

Z—ACt — 2—(Ctgene A—Ct housekeeping gene)
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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. First, they
were washed with PBS and then, 400ul of RIPA lysis buffer (0.1%SDS, 1%NP-40,
0.5%sodium deoxycholate, 50mM NeF, 5mM EDTA, 40mM B-glycerolphosphate, 200uM
sodium orthovanadate, 100uM phenylmethylsulfonyl fluoride, 1uM pepstatin A, 1ug/ml
leupeptin, 4ug/ml aprotinin in PBS, pH 7.4) were added to the plate. The plate was kept
on ice for 5min. After this, cells were scraped using a cell scraper (Sarstedt) and the lysate
was transferred into a 1.5ml Eppendorf. It was incubated on ice for 5min and incubated
in rotation for 30-40min at 42C. Finally, the lysate was centrifuged at 14000rpm for

15min at 42C, and supernatants were stored at -202C to titer them.

1.2.2.2 Quantification of protein extracts

The colorimetric PierceTM 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 were loaded into 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 for 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.

To prepare protein lysates for Western Blot, samples were prepared at 1ug/ul in loading
buffer (Laemmli buffer: 300mM Tris-HCl pH 6,8, 600mM DTT, 12% SDS, 0,6%
bromophenol blue, 60% glycerol) and boiled at 952C during 5min. Finally, they were

stored until used at -20¢°C.
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1.2.2.3 Protein analysis by western blotting

To further evaluate and compare protein expression values, western blotting from cell
samples was performed. To start, it was prepared sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE) for protein separation using 1,5mm glass plates (Bio-
rad). They were composed of mixing dH20, acrylamide-bisacrylamide, Tris-HCI 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 the acrylamide percentage ranged

from 7,5 to 12% depending on the molecular weight of the proteins of interest.

Once gels were prepared, 30 pg of protein lysates and a molecular weight marker (Page
RulerTM prestained, Thermo Scientific) were loaded into the wells of SDS-PAGE gel. The
gels were submerged into the running buffer (25mM Tris, 192mM glycine, 0.1% SDS) and
proteins migrated at a constant voltage of 100V. Then, acrylamide gels were transferred
to a PVDF membrane (Immobilon-P, Merck Millipore) at 100V and 49C for 120min.
Membranes were blocked to prevent unspecific bindings of the antibody with 5%
skimmed milk (Nestle®) or 5% BSA in TTBS (Tris 50mM, NaCl 150mM, Tween 20 0.1%)
for 1h at room temperature (RT) in agitation. After, membranes were incubated with
appropriate dilutions of primary antibodies (see Table 8) in TTBS 1% skimmed milk or

TTBS 5% BSA overnight (O/N) at 42C.

The next day, membranes were washed in TTBS four times for 10min each and they were
incubated with 1:3000 anti-rabbit IgG or 1:3000 anti-mouse IgG horseradish peroxidase
(HRP) linked antibodies (GE Healthcare) in TTBS 1% skimmed milk for 1h at RT. Finally,
blots were washed in TTBS four times for 10min each and developed with Amersham
ECL SelectTM Western Blotting Detection Reagent (GE Healthcare Life Sciences)
according to the manufacturer’s instructions. Chemiluminescent signals on blots were
detected with ChemiDoc Touch (Bio-Rad) and analyzed with Image Lab Software (Bio-
Rad).
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Dilution
Antigen Antibody Specie | Dilution Manufacturer
Buffer
Vimentin 180052, Clone V9 Mouse 1/1000 1% milk Invitrogen
Actin A5441 Mouse 1/2000 1% milk Sigma-Aldrich
Vinculin V9131, Clone hVIN-1 | Mouse 1/2000 1% milk Sigma-Aldrich
F2R Ab32611 Rabbit 1/1500 1% milk Abcam
Integrin B1 9699 Rabbit 1/1000 1% milk Cell Signaling
Integrin a3 SC-374242, Clone A-3 | Mouse 1/500 1% milk Santa Cruz
Integrin a5 Ab150361, [EPR7854] | Rabbit 1/1000 1% milk Abcam
Fibronectin Ab2413 Rabbit 1/1000 1% milk Abcam
p-AKT 9271 Rabbit 1/1000 5% milk Cell Signalling
Phospho-FAK
44-625G, Clone 141-9 | Rabbit 1/500 5% BSA Thermo
(Tyr397)
Phospho-Src
2101S Rabbit 1/1000 1% milk Cell Signaling
(Tyrd1e)
Phospho-Erk
9101S Rabbit 1/1000 1% milk Cell Signaling

(Thr202/Tyr204)

Table 8. Primary antibodies used for Western Blot detections

1.2.2.4 Protein detection by immunofluorescence

Aiming to detect protein levels and localization through immunocytofluorescence, glass

coverslips were sterilized and deposited onto 24-well plates. Then, cells were seeded in

those wells and after a minimum of 48h, they were washed with PBS and fixed for 5min

with 4% paraformaldehyde (PFA). The fixation process maintains cells in their current

state and preserves the preparation by chemical reagents over an extended period.

After fixation, cells were washed twice with PBS and permeabilized for 15min with TPBS

(PBS, Triton 0.1%). The permeabilization process allows antibodies to access intracellular

structures to detect intracellular antigens.

Then, glass coverslips were transferred to a humidity chamber and blocked with 20%

goat serum in PBS for 30min at RT to avoid unspecific bindings of primary antibodies.
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Cells were incubated with primary antibodies with appropriate dilutions in 20% goat

serum (see Table 9) for 1h at RT.

Afterward, coverslips were washed thrice with PBS and incubated with Alexa Fluor
Secondary Antibodies diluted 1/200 and DAPI (Sigma) diluted 1/3000 for 1h at RT. Finally,
they were mounted on slides using FluoromountTM Aqueous Mounting Medium (Sigma)
to be suitable for microscopy. Cells were visualized with Zeiss Axio Observer Z1+
Apotome inverted fluorescent microscope and Confocal Leica SP5 microscope. Images

were analyzed using Image J software.

Antigen Antibody Specie | Dilution Manufacturer
F2R Ab32611 Rabbit 1/200 Abcam
Integrin B1 RB9010-PO Rabbit 1/500 Thermo
Integrin o3 HPA008572 Rabbit 1/100 Sigma
Integrin a5 Ab105361 Rabbit 1/100 Abcam

Table 9. Primary antibodies used for protein detection by immunocytofluorescence of 2D
cultures.

1.2.2.5 Phalloidin staining

Phalloidin is a highly selective bicyclic peptide used for staining actin filaments (also
known as F-actin). To perform phalloidin staining cells were washed with warmed PBS.
Next, cells were fixed with 4% PFA in PBS and left for 10 minutes at room temperature.
Then, cells were washed with PBS and we placed each coverslip with cells in a glass petri
dish and dehydrated with a solution of acetone permeabilized with 0,1% TTBS for 5
minutes. After that, cells were washed twice with PBS and proceeded stained with
phalloidin. Fluorescent Phalloidin-TRITC conjugate solution was diluted at 1:10 in PBS for
40 minutes at room temperature. Finally, cells were washed several times with PBS to

remove unbound phalloidin conjugate and stained with DAPI (Sigma).
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1.2.3 Doxycycline inducible shRNA system

To inducible downregulate F2R expression in cells, SMARTvector Inducible Lentiviral

shF2R vector (V3SH7669-228480128, Horizon) was used (Figure 21).

mCMV .
PGK SMARTchoice
hEF1a promoters
TRE3G + i
-
5'LTR Y RRE tGFP PuroR 1.8 Tet-On 3G g'///4:{=% 3'SIN LTR

or \ /
Gl® SMARTvector
universal scaffold

Figure 21. SMARTvector Inducible Lentiviral shRNA.

SMARTvector Inducible Lentiviral shRNA vectors utilize the Tet-On 3G bipartite induction
system. This tightly regulated system consists of an inducible RNA polymerase Il
promoter, which has been optimized for both minimal basal expression and potent
activation upon induction (Loew et al., 2010). In the presence of doxycycline, the TRE3G
promoter is bound and activated by the constitutively expressed Tet-On 3G
transactivator protein, which is also encoded within the Inducible shRNA vector.
Together, the Tet-On 3G protein and TRE3G promoter permit tight regulation of the

shRNA expression.

1.2.3.1 Lentiviral infections

Firstly, SN12C primary cells were seeded to reach 70-75% confluence at the time of

infection. According to the supplier’s instructions.

Cells were transduced at a low MOI of 0.3 TU/well in a 6 well-plate with Polybrene 8
pug/mL in DMEM 10% FBS medium. The following morning, the medium was replaced by
a 10% FBS full medium. 48h after infection, 2ug/ml of puromycin (Sigma) were added to

cell cultures to select effectively infected cells.
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Finally, the inducible shRNA system was validated by 2,5 pug/ml doxycycline induction for
48h. Red fluorescent cells were checked using an inverted microscope Leica DMiL LED

and shRNA efficiency was analyzed by western blot and RT-qPCR.

shRNA Targeted sequence Specie CLONE

shF2R AACCGGTCAATGCTTATGA Human | V3SH7665-228480128

Table 10. Targeted sequence of F2R that has been used to perform shF2R

1.3 Invitro 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. To generate a precise scratch, 2-well culture inserts (Ibdi®) 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 in Section 1.1.4. A determined number
of cells (depending on their size) were plated inside both compartments of the insert in

a final volume of 70pl. 500l of the 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 was removed and replaced by a fresh medium. Pictures of
the scratch were taken at 0, 3, 6, 9, 12, and 24 hours or 0, 12, 15, 18, 21, and 24 hours
depending on the experiment. Two pictures of each well were taken using an inverted
microscope (Leica DMil). Opened area was automatically quantified using T-Scratch

software.

Control and experimental groups were performed in parallel in triplicates.
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1.3.1.2 Transwell migration assay

To assess directional migration, transwell migration assays were performed. Cells were
placed in 6.5mm inserts with an 8um polycarbonate membrane of the Costar Transwell®
Permeable Supports (Corning). The number of cells and the containing factors of both
media were determined for each experiment depending on which parameters were to
be evaluated. The chamber was incubated for 24h at 372C in a humidified atmosphere
with 5% CO,. First of all, the membrane was wiped with a cotton swab to remove non-
migrated cells on the upper part of the chamber and was fixed for 2 minutes with
methanol. Then, it was washed with PBS and stained with hematoxylin (0.1%
Hematoxylin, Merck Millipore, in ethanol 96%) for 90 seconds. Finally, it was removed

from the insert using a blade and mounted with sterile water on a slide.

Pictures of 5/11 representative fields of all the membranes were visualized using the
Nikon Eclipse 80i microscope and images were taken at 20X magnification with a Nikon
DS-Ril digital camera using NIS-Elements BR 3.2 (64-bit) Software. Finally, they were

analyzed with Image J Software.

All control and experimental groups were performed in parallel in duplicates or
triplicates. Migrated stained cells were manually counted using Image J Software and are

represented as the total number of migrated cells/field for each condition.

1.3.2 Invasion assays

1.3.2.1 Transwell invasion assays

To determine the invasive capacity of cells, a transwell Matrigel® invasion assay was
performed. Inserts of the Corning® Bi2Coat™ 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 the transwell migration assay. Control and experimental groups were performed in

parallel in duplicates.
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1.3.2.2 3D invasion assays

To quantify the invasion of SN12C tumoroids the invasive area was quantified concerning
the central core nucleus of the tumoroid. A ratio between the size of the core nucleus

from the tumoroid and the area from the invasive tumoroid is represented.

1.3.3 DeadEnd™ Colorimetric TUNEL System

The DeadEnd™ Colorimetric TUNEL System provides the reagents to perform terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) of fragmented
nuclear DNA to assess apoptosis in situ at the single-cell level in tissue sections or
cultured cells. For making this stain slides were immersed in 4% paraformaldehyde for
25 minutes. Next, slides were immersed in 0.2% TPBS for 5 minutes. Then slides were
washed twice in PBS, 5 minutes each time, and equilibrated with 100ul Equilibration
Buffer for 15 minutes. After that, 100ul of TdT reaction mix was added to the cells on the
slides for 60 minutes at 37°Cin a humidified chamber. Afterward, plastic Coverslips were
removed and the slides were immersed in 2X SSC for 15 minutes. Then, slides were
washed three times in PBS, 5 minutes each time, and the next slides were immersed in
0.3% hydrogen peroxide for 14 minutes at room temperature. Then, slides were washed
three times in PBS, 5 minutes each time and 100ul Streptavidin HRP (diluted 1:500 in
PBS) were added for 30 minutes at room temperature. Then, slides were washed three
times in PBS, 5 minutes each time, and 100ul DAB Solution (prepare immediately before
use by adding 100ul DAB 10X Chromogen to 900ul DAB Substrate 1X Buffer) was added.
We developed until a light brown background appeared. Finally, slides were immersed

several times in deionized water and mounted slides with Floromount.

1.3.4 DNA synthesis-based cell proliferation assay (Click-it EdU)

In this assay, the modified thymidine analog EdU (5-ethynyl-2'-deoxyuridine, a
nucleoside analog of thymidine) is efficiently incorporated into newly synthesized DNA.
Firstly, we plated the cells on coverslips and incubate overnight. Then, 10 uL of 10 mM
EdU stock solution were diluted in 5 mL of prewarmed tissue culture medium to make a

20 uM EdU labeling solution. After that, half of the medium was removed from the cells
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and replaced with an equal volume of EdU labeling solution (final concentration of
10 uM). Cells were incubated under appropriate growth conditions and treatments for 2
hours and then proceeded to fix the cells with PFA4% for 10 minutes and permeabilized
for 10 minutes with 0,5% TPBS. After that, a 1X Click-iT® EdU buffer additive was made
by diluting the 10X solution created above 1:10 in deionized water. Then, the Click-iT®
reaction cocktail was prepared according to the specifications of the kit and incubated
for 30 minutes protected from light. After that, the reaction cocktail was removed and
washed each well once with PBS and mounted with Floromount+DAPI. Images were

taken with Zeiss Axio Observer Z1+Apotome inverted fluorescent microscope

1.3.5 Platelet Aggregation assays

Platelet aggregation assay was analyzed by multiplate® analyzer to detect if SN12C cell
line can secrete factors that are stimulating the activation of platelets, and consequently,
their aggregation. SN12C was seeded and maintained since it was over-confluence for
48 hours. After that, the supernatant was collected and centrifugated at 250G. Finally,
these supernatants were incubated with whole human blood and with an agonist
activator of F2R (TRAP) inside the Multiplate analyzer cuvette. Platelet aggregation was

measured for 6 minutes.

Besides, it was performed in the same experiment but with the presence of SN12C cells
in contact with platelets. Different amounts of SN12C cells (1250, 2500, 10000, and
20000 cells) were co-cultured with platelets to check the platelet aggregation capacity

of cells.

2. INVIVO

2.1 Animals and conditions

All animal studies were performed at the IDIBELL Animal Core Facility (AAALAC unit 1155)
and approved by the Ethics Committee for Animal Experimentation from the Biomedical

Research Institute of Bellvitge (IDIBELL) and the Generalitat de Catalunya. They were
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performed following the European directives on ethical usage of rodents for animal

research (approval DARP #4899).

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

experiments were performed inside a vertical laminar flow cabinet.

2.2 Patient-derived orthoxenograft mouse model from RCC human biopsy

To obtain our orthoxenograft mouse model, a small fresh piece of tissue from a biopsy
of a patient who had ccRCC (chronologically named Ren 50) was obtained from the
Bellvitge Hospital under the local ethics committee’s approved protocols (CEIC approvals

ref. PR322/11).

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

sacrificed when their survival was compromised.

2.3 Cell lines mouse models

Besides orthoxenograft mouse models, cell line tumor models were also used to perform

in vivo experiments.

2.3.1 Kidney tumors

To establish SN12C human cancer cells as kidney tumors in athymic mice, 108 cells were
directly injected into the right kidney of the animals using a 0.5ml needle (BD Micro-
Fine). Once injected, tumor cells grew in the kidney, generating a palpable tumor in
approximately 20-30 days. Then, tumors were perpetuated into successive passages and
sacrificed as it was performed with the orthoxenograft model to obtain an experimental

cohort.
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2.3.2 Intravenous - Tail vein injection

To determine if F2R was involved in the last steps of the metastatic process, human cell
lines were injected via the tail vein. 10° cells were resuspended in 100 pl of medium w/o
FBS and other supplementary factors and were injected using a 1ml needle (Novico
Medica) into the mice tail vein. Animals were sacrificed when symptoms of metastasis

could be detected.

2.4 Tumor and organ collection

Tumors and other organs from sacrificed mice were collected to further analysis.
Tumors, that grew attached to the kidney were divided into 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 -809C 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 -802C 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 Blood collection and coagulation analysis

To collect the blood from mice for fibrinogen and blood coagulation parameters analysis,
mice were previously anesthetized with Isofluran and by a heart tap the blood was
collected and mixed in a blood collection tube with citrate diluted 1:10. Subsequently,
the blood was centrifuged at 5000 rpm and plasma was carefully collected for fibrinogen
analysis. This analysis was performed in Servei d’"Hematologia Clinica Veterinaria from

UAB.

2.6 Paraffin inclusion

Tissues were fixed in formaldehyde at 4% O/N and rinsed in PBS. Then, tissue samples
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% and 1.5h in absolute ethanol thrice) and finally
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submerged into xylene for 1.5h. Then, tissue cassettes were left in liquid paraffin at 652C

O/N. Next day, tissues were embedded in paraffin inside a block sharp and dried at 37°C.

2.7 Determination of tumor burden

Tumor size (mm2) was measured at the time of sacrifice using a caliper. Tumor weight

(g) was determined with a balance.

2.8 Evaluation of tumor local invasiveness

Paraffin-embedded samples were stained with hematoxylin and eosin (H&E) and used
for the invasion quantification because only formaldehyde-fixed and paraffin-embedded

tissues preserve their morphology and allow studying the architecture of the tissue.

Paraffin-embedded blocks were cut into 3-5um thick sections using a microtome and
deposited into poly-L-lysine pretreated slides. Sections were deparaffinized by
subjecting them to a battery of 4 xylenes (10min each), 3 absolute ethanols, 3 96%
ethanols, 1 70% ethanols, and 1 50% ethanol (5min each). Finally, sections were

rehydrated by submerging them in dH20.

Then, they were stained with H&E. Slides were submerged for 10min in hematoxylin and
rinsed in tap water to eliminate the excess liquid. Afterward, in some cases, they were
submerged in HCl 1% until the tissue color shifted to red and then in ammonia water
solution (200ml of dH20 with 1ml of ammonia 30%) until it turned back into blue.
Sections were finally counterstained in eosin (2.5 g of eosin in 1L of ethanol 50%) for

10min.

Finally, slides were covered with coverslips and mounted using DPX (Merck). Tissues
were visualized using the Zeiss Axio Observer Z1+ Apotome inverted fluorescent
microscope and images were taken with a Nikon DS-Ril digital camera using NIS-
Elements BR 3.2 (64-bit) Software. To quantify tumor invasion, it was evaluated the
widest extension of tumor protrusions into the kidney parenchyma for each image

(depth) by calculating the average for each tumor. Pictures were taken using the Fluo
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Stereo Leica Macrofluo Lupa (0.57X magnification) and invasion was quantified using the

Image J Software.

2.9 Metastasis determination

The presence of metastases in the lungs and the liver or diaphragm, as in other parts of
the mice, was determined at the moment of sacrifice and was annotated as

macrometastases.

Furthermore, aiming to detect micrometastases, H&E staining of slides from paraffin-
included organ blocks was analyzed. Aiming to perform further analysis of 50mm deeper
sections was also analyzed. Thanks to the automation of the Zeiss Axio Observer Z1+
Apotome inverted fluorescent microscope, a general picture (created by many different

pictures at 10X) of the whole lung parenchyma was obtained in a few minutes.

Firstly, the incidence of metastasis was determined by scoring for presence or absence
in each animal and counting the number of lesions. Also, the number of affected lobes
was taken into account. In addition, all metastasis area density was calculated and

normalized by total lung area using Image J software and expressed as a percentage.

2.10 Animal treatment

2.10.1 Vorapaxar treatment

The administration of vorapaxar (SCH 530348) (BOC Sciences) to inhibit F2R in vivo was

started when tumor volume determined by palpation reached 1000mm?.

First, mice were randomized into two groups. Control group was treated with a vehicle
solution, composed of 0.9% Benzyl alcohol (Merck Millipore) diluted in NaCl 0.9%
(Braun). The rest of the animals were treated with a vorapaxar dose of 20mg/kg/day

diluted in the vehicle solution used in controls.

Vorapaxar is a synthetic tricyclic 3-phenylpyridine that orthosterically inhibits F2R. As the

in vitro inhibitor SCH 79797, is based on the natural alkaloid himbacine. This drug has
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been demonstrated to be well absorbed in rats at a dosage of 10mg/kg/day and in
monkeys at 1mg/kg/day. In addition, it has been approved by FDA for human

administration of 2.5mg/day (Chackalamannil et al., 2008; Flaumenhaft & de Ceunynck, 2017).

After taking into account the above-mentioned doses and applying conversion of
different animal models using the following formula (Km values based on data from FDA

Draft Guidelines), we decided to use a dose of 20mg/kg/day in the mouse.
Mouse dose (mg/kg) = Rat dose (mg/kg) * (rat Km/mouse Km) = 10mg/kg/day*(6/3) = 20mg/kg/day

Both groups were treated orally daily and tumor growth was followed by palpation twice
a week. Animals were finally sacrificed 19 days after treatment and tumors and organs

were collected, processed, and analyzed, as mentioned in the aforementioned sections.

2.10.2 Doxycycline administration

Animals were also treated with doxycycline (400mg/200mL of drinking water) to induce

the shRNA system and downregulate F2R protein expression.

2.11 Molecular analysis

2.11.1 RNA detection

2.11.1.1 RNA extraction of tumor samples and cDNA obtention

RNA was obtained from tumor pieces stored at -802C at the time to sacrifice. Pieces were
mechanically homogenized with RLT buffer from the RNeasy Plus Kit (Qiagen) in a glass
homogenizer on ice. RNA extraction, quantification, and cDNA conversion were

performed using the same procedure explained for cells (see section 1.2.1.1).

2.11.1.2 Real-time quantitative PCR

The analysis of RNA levels in tumors was performed by RT-qPCR using the TagMan®
system. The protocol used and the quantification procedure are described in section

1.2.1.1.
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2.11.1.3 RNA-seq

Samples were sequenced at Centro Nacional de Analisis Gendmico (CNAG-CRG,
Barcelona, Spain). RNAseq reads were aligned to the human (GRCh38/hg38) and mouse
(GRCmM38/mm10) reference genomes using STAR (version 2.5.1b) and GSNAP (version
2015-06-23), respectively, with ENCODE parameters for long RNA (Dobin et al., 2013).
Transcripts were quantified using RSEM (version 1.2.28) and read counts were used as
input for DESeq?2 (version 1.10.1) (Love et al., 2014). The cut-off for considering a gene

significantly up-sampled or down-sampled was false discovery rate (FDR) < 5%.

2.11.2 Protein detection

2.11.2.1 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 are explained in Section 1.2.2.1.

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.

2.11.2.2 Immunohistochemistry in paraffinized sections

To determine the expression and localization of proteins in tumors, paraffin-embedded
blocks were cut into 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
dH20. 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 for 5min with dH,0. Endogenous peroxidase

activity was blocked by incubating tumor slides for 10min with 6% H,0,. This process
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was repeated twice. Then, samples were washed with dH,0 for 5min. Next, they were
submerged for 10min in PBS-T to permeabilize cell membranes. Afterward, unspecific
bindings were blocked by incubating tumor samples with 20% goat serum in PBS for 1h
at RT in a humidity chamber. Then, a primary antibody with appropriate dilution was

added to slides O/N at 49C (see Table 11).

Antigen Antibody Specie | Dilution | Manufacturer
Vimentin 180052 Clone V9 Mouse 1/200 Invitrogen
Fibronectin Ab2413 Rabbit 1/150 Abcam
F2R Sc-13503 (ATAP2) Mouse 1/200 Santa Cruz
Integrin B1 RB9010-PO Rabbit 1/500 Thermo
Integrin a3 SC-374242, Clone A-3 Mouse 1/100 Santa Cruz
Integrina5 | Ab150361, [EPR7854] Rabbit 1/100 Abcam
Ki67 RM-9106S1, SP6 Rabbit 1/200 Thermo

Table 11. Primary antibodies used for protein detection by immunohistochemistry

On the second day, tumor slides were tempered for 20-30min at RT and then washed
with TPBS for 10min twice. Then, they were incubated with secondary anti-mouse or
anti-rabbit Envision+-System-HRP antibodies (DAKO) for 1h at RT in the humidity

chamber.

Tumor slides were firstly washed with TPBS 10min thrice and then developed with the
chromogenic substrate DAB+ (EnVisionTM Kit, DAKO), from the 30s to 10min, depending
on the antibody and tissue sample, until a brown precipitate appeared. Finally, the slides

were rinsed in tap water to stop the reaction.

To observe the cells, sections were counterstained with hematoxylin and rinsed in tap
water to eliminate the excess liquid. Then, they were dehydrated by submerging them
in a battery of 1 70% ethanol, 3 96% ethanol, 3 absolute ethanol (5min), and 4 xylene

(10min). Finally, slides were covered with coverslips and mounted using DPX (Merck).
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Tissues were visualized using the Nikon Eclipse 80i microscope and images were taken
with a Nikon DS-Ril digital camera using NIS-Elements BR 3.2 (64-bit) software. Then,

they were analyzed with Imagel software.

2.11.2.3 Hematoxylin-Eosin staining in paraffin sections

To visualize the phenotype and to quantify the invasive front of tumors, hematoxylin-
eosin (HE) staining was performed in paraffin sections. Firstly, slides were deparaffinized
and rehydrated as explained in section 2.11.2.2. Then, tumor sections were submerged
in hematoxylin 0.1% (Merck) in ethanol 96% for 10 minutes and rinsed in tap water to
remove the excess. Slides were later submerged in HCl 1% for a few seconds and
ammonia water solution (200ml of dH20 and 1ml of ammonia 30%) until tissue turned
blue. Finally, sections were counterstained with eosin (2.5g of eosin in 1L of ethanol 50%)
for 2 minutes and mounted using DPX (Merck). Stained tumors were visualized in a Nikon
eclipse 80i microscope and images were taken with a Nikon DS-Ril digital camera using

NIS-Elements BR 3.2 (64-bit) software.

2.11.2.4 Martius Scarlet Blue staining (MSB)

This kit (Martius Scarlet Blue, RRSK2-100, Atom Scientific) is used to demonstrate Fibrin
by selective staining of Red Cells, Fibrin, and collagen. Fibrin is stained in red, Collagen/
Elastic Fibres/Basement Membrane in blue, and finally, erythrocytes in yellow. Firstly,
we prepared fresh Weigert hematoxylin by mixing equal volumes of solutions A & B as
required. Next, we dewaxed sections, dehydrated them through alcohol, and rinsed
them in tap water. Afterward, we stained nuclei with Weigerts Iron hematoxylin for 10
minutes and immediately washed them quickly in water, and differentiate them in 1%
acid alcohol solution leaving the nuclei slightly overstained. Next, we proceeded to wash
well in running tap water and then blue in Scotts tap water. Then, we rinsed in 95%
alcohol and stained with Martius yellow solution for 5 minutes. Later, we washed quickly
in running tap water and stained with a crystal scarlet solution for 5 minutes and we
washed in tap water. After that, we were treated with a phosphotungstic acid solution

for 10 minutes and washed in running tap water. Finally, we stained with aniline blue

97



Materials and methods

solution for 5 minutes, washed in tap water, and proceeded to dehydrate, clear, and
mounted with DPX. Stained tumors were visualized in Nikon eclipse 80i microscope and
images were taken with a Nikon DS-Ril digital camera using NIS-Elements BR 3.2 (64-bit)

software.

3. CLINICAL VALIDATION: IN SILICO ANALYSES

3.1 TCGA analyses

Clinical data were obtained from The Cancer Genome Atlas (TCGA) and analyses were
performed in collaboration with Luis Palomero and Roderic Espin from PreCURE (ICO-

IDIBELL, Barcelona)

TCGA is a project that has generated multidimensional genomics data from multiple
cancer types from which we selected samples from 18 solid tumors (Ma et al., 2018). We
studied the expression of F2R in the TCGA from the main histological subtypes of RCC.
Then, the analysis was focused on the TCGA from ccRCC patients (TCGA-KIRC) and the
analysis of correlations between F2R expression levels and its interactors (data available

in cBioPortal software)(Cerami et al., 2012)

4. STATISTICAL ANALYSIS

Graphs and statistic tests were performed using GraphPad Prism v6 software (GraphPad

Software, Inc. USA).

Results are represented as mean * SD. For most cases, due to the small sample size and
the lack of normal distribution, a suitable non-parametric test was used. For continuous
variables, the Mann-Whitney test or t-test was used for unpaired analyses. For
contingency analyses, Chi-squared or Fisher’s exact test was used to compare two
categorical paired samples. For correlation analyses, Spearman's non-parametric
correlation test was calculated. The statistical significance was defined as a p-value lower

than 0.05 (*p<0.05, **p<0.01, ***p<0.001).
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5. FIGURE DESIGN

Graphics elements from Servier Medical Art or Biorendes according to a Creative
Commons Attribution 3.0 Unporter License guidelines 3.0 were used in figures designed
by the author of this thesis. Simplification and color changes were made to the original

cartoons. https://creativecommons.org/licenses/by/3.0/ .
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1. ROLE OF F2R IN PRIMARY TUMOR CELLS

As it has been described in the previous results section, preliminary results suggest the
possible implication of F2R on metastasis. For that reason, we decided to perform deep

studies of this receptor.

1.1 Loss of function studies

To know how F2R is contributing to metastasis different tests with specific inhibitors of
the receptor - vorapaxar and SCH79797 — were performed. Furthermore, we made a F2R

knockdown of SN12C cell line to confirm the results from the inhibitors.

1.1.1 vorapaxar inhibitor is not affecting SN12C cells

As it was mentioned in the previous results section, promising results with vorapaxar
inhibitor were obtained in in vivo experiments of SN12C-generated tumors. As we saw a
clear decrease in metastasis after treating the tumors with vorapaxar, we wanted to test
the effects of this drug in vitro. One of the hallmarks of malignancy is the acquisition of
migrative or invading capacity of the cells, helping them to invade healthy tissue and to
arrive at vessels to colonize the metastatic organ. For that reason, a transwell migration
assay was performed at different doses of vorapaxar. No effects on cell migration were

observed (Figure 22)
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Figure 22. Vorapaxar did not show any effect on migration. The effects of cell migration after
inhibiting F2R with vorapaxar at 125, 250, and 500 nM were studied through Transwell Migration
assay®. A) Representative images (20X) of transwell membranes hematoxylin stained from cells
treated with vehicle and vorapaxar. B) Quantification of migrating cells through Transwell migration
membranes. Error bars represent S.D. 1 independent replicate. wells/condition n=3.

As we had a clear effect in vivo but no effects were observed in vitro, we moved to check
if, after the administration of the drug, we had a decrease in the activation of AKT
signaling pathway. As it is not a receptor that is activated by phosphorylation and its
activation can be detected by western blot, we had to use the AKT pathway as a read-

out for activation or inhibition of F2R. Results showed that no effect on the inhibition of

p-AKT was observed (Figure 23).
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Figure 23. F2R inhibition with vorapaxar did not affect the PI3K/AKT signalling pathway. Western
Blot for p-AKT in SN12C cell line after vorapaxar inhibitor at 1 uM

p-AKT
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1.1.2 Vorapaxar inhibitor in Ren 50M tumors did not show any effect on

metastasis

Once it was checked that vorapaxar was causing a reduction of total metastasis area in
SN12C tumors and after solving the problems we had with the growth of Ren 50M
tumors, we performed the experiment with vorapaxar and Ren 50M tumors. We had
analyzed metastasis incidence (Figure 24A), total lung area (Figure 24B), affected lung
lobes (Figure 24C), and total metastasis area density (Figure 24D). Results did not show

any difference in the metastatic incidence, affected lobes, and total metastasis area.
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Figure 24. vorapaxar inhibition in Ren 50M tumors did not affect metastasis. Different parameters
related to metastasis were analyzed in Vehicle mice (n=4) and vorapaxar-treated mice (n=4). A)
Metastasis incidence was analyzed macroscopically once mice were euthanized. B) Total lung area
was quantified to check that all areas analyzed were comparable. C) Number of lung lobes with
lesions was quantified. D) Total metastasis area density was determined by quantifying the total
metastatic area normalized by the total lung area of each lung. Images from lungs were taken with
Zeiss Axio Observer Z1+ Apotome inverted microscope at 4X and a mosaic was created with all
pictures.
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To conclude, no effects of vorapaxar in vitro were found, together with the unexpected
results from the Ren 50M tumors, we cannot reproduce the interesting findings from in

vivo experiments of SN12C tumors.

Considering that, we wanted to check a different F2R inhibitors available in the market.

1.1.3 SCH 79797 inhibitor caused toxicity in RCC cell lines in an
independent-F2R mechanism

We chose SCH 79797 because it is a selective non-peptide F2R antagonist used by other
groups (di Serio et al., 2007). As it was described that this inhibitor could be causing
toxicity at higher doses, we treated our SN12C cell line with different doses, and
mortality was checked and quantified with Tunnel Assay. Results showed that at 400nM

cells started to die (Figure 25).
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Figure 25. SCH79797 inhibitor caused toxicity in SN12C cell line at higher doses. Cell death was
analyzed through Tunnel Assay® technology after doses of 200, 400, and 1600 nM. A) Representative
images (10X) from SN12C cultured in vitro pre and post SCH 79797 administration. Furthermore,
representative images after Tunnel Assay are shown. Brown cells were those cells that are dead. B)
Total death cells were quantified and divided by total cells. Data is represented in %. Error bars
represent S.D, wells/condition n=5. Mann Whitney test, p<0.005***)

To check if this mortality is dependent or not on F2R, different RCC with different F2R
expression were analyzed. SN12C and RCC4 had higher F2R expression compared with

7860 no F2R expression was detected. After treating with different doses of those cell
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lines, we concluded that mortality was not due to F2R inhibition because all cell lines

started to die after higher doses of SCH 79797 inhibitor (Figure 26).
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Figure 26. F2R inhibition with SCH79797 inhibitor caused toxicity in RCC cell lines. Cell death
phenotype was analyzed in SN12C, RCC4, and 7860 after 24 hours of SCH79797 incubation at 150,
300, 600, and 1200 nM.

1.1.4 SCH 79797 inhibitor is affecting migration and invasion of SN12C cell
line

Then, as we had validated which doses did not cause toxicity, we moved to analyze the

effect on migration and invasion after inhibiting F2R. For this purpose, we performed

Transwell migration assays after lower doses of SCH 79797. Results showed a clear

tendency to reduce cell migration after the inhibition of F2R (Figure 27)
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Figure 27. F2R inhibition with SHC79797 affected the cell migration capacity of SN12C cells. The
effects of cell migration after inhibiting F2R with SCH79797 at 200, 300, and 400 nM were studied
through Transwell migration assay®. A) Representative images (20X) of transwell membranes
hematoxylin stained from cells treated with vehicle and SCH 79797. B) Quantification of migrating
cells through Transwell migration membranes. Error bars represent S.D. 1 Independent replicate

wells/condition n=3.

Furthermore, we generated spheroids from SN12C cell line and embedded them into
Matrigel to analyze the invasiveness of these spheroids after SCH 79797 treatment.
Results showed that there was a clear decrease in the invasiveness of SN12C spheroids

after 48 and 72 hours of treatment (Figure 28).
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Figure 28. SCH79797 inhibitor showed a clear decrease in the invasive capacity of SN12C spheroids.
SN12C cell line were seeded and embedded in Matrigel and after some days, spheroids were
generated. Once they were generated, we administrate SCH 79797 inhibitor at different doses (150,
300, and 600 nM) and at different time points (24, 48, and 72 hours). A) Representative images of
different spheroids after different doses and time points. B) Quantification of the invasive area of
SN12C spheroids. Error bars represent S.D, Mann Whitney test, p<0.01**)

Considering the possible off-target effects of this drug despite using lower doses, we
decided to generate a genetic knockdown of F2R. With that, we ensured that we were

affecting only F2R and no other off-targets.

1.1.5 F2R decreased expression was confirmed in SN12C cell line

We decided to perform a F2R knockdown in SN12C cell lines as its cell line had a higher
expression of F2R as was shown in the previous results section. The shRNA of F2R is
expressed after doxycycline administration, having the highest decrease in protein and
RNA levels after 48 hours of doxycycline (Figure 29). This knocked-down was checked by
Western Blot (Figure 29A), RT-PCR (Figure 29B), and Inmunocitofluorescence (ICF)
(Figure 29C).
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Figure 29. F2R knockdown was confirmed in SN12C cell line. doxycycline-inducible F2R knock-down
was performed in SN12C cell line. A) Western Blot of F2R protein after 48 hours of Doxycycline
administration. B) qRT-PCR was performed after 48 hours of doxycycline administration to check the
decrease of F2R RNA levels. Fold change between -DOX cells and +DOX cells is represented. C)
Inmunocitofluorescence of F2R in SN12C cell line after 48 hours of doxycycline administration. Cells
after doxycycline became red.

1.1.6 PI3K/AKT signaling pathway was affected after F2R knocked down
expression

As was previously mentioned, one of the signalling pathways implicated after the
stimulation of F2R is PI3K/AKT. For that reason, we wanted to confirm if the decrease in
the expression of F2R had any effect on the activation of PI3K/AKT signalling pathway.
Results confirmed that there were no differences in shNS SN12C cell line (Figure 30A),
but there was a clear decrease in AKT activation in those shF2R cells that were

administrated with doxycycline (Figure 30B)
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Figure 30. WB analysis revealed that there was a clear reduction in p-AKT level when F2R was
decreased in SN12C shF2R cell line. PI3K/AKT signalling pathway was analyzed and quantified in
SN12C shF2R and shNS cell line. A) p-AKT in shNS SN12C cell line analyzed by Western Blot. B) p-AKT
in shF2R SN12C cell line through Western Blot.

1.1.7 SN12C F2R knocked down tumors presented a clear reduction of F2R

Once we have confirmed that there is a decrease in F2R in SN12C cell line, we proceeded
to generate tumors to see the effect on metastasis due to a decrease in F2R expression.
After tumor implantation, we waited until tumors arrived at a volume of 1000mm?

before the administration of doxycycline to mice.

Firstly, we moved to check the decrease of the expression of F2R in these generated

tumors. We confirmed this decrease by IHC (Figure 31A) and by gRT-PCR (Figure 31B).
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Figure 31. F2R protein and RNA levels were diminished in SN12C shF2R tumors. A)
Inmunohistochemical analysis of shF2R and shNS tumors from mice administrated or not with
doxycycline. B) F2R mRNA levels were analyzed by gRT-PCR in shF2R and shNS administrated or not
with doxycycline. Error bars represent S.D, n=5 animals/group.

1.1.8 F2R decreased expression in primary tumors was not affecting the
tumor growth

Primary tumors were monitored during the whole experiment (Figure 32A) and after
mice sacrifice, tumor weight was quantified. We concluded that no effects on primary

tumor growth were found (Figure 32B).
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Figure 32. F2R knocked down did not affect tumor growth. A) Tumor volume was evaluated by
palpation and doxycycline administration started when it measured 800mm3. Measurements were
registered during the experiment (21 days). Tumor weight was also evaluated after mice were
euthanized. Error bars represent S.D, n=10 animals/group. Mann Whitney test, p>0.05 ns)

Moreover, we confirmed also that SN12C shF2R cells did not affect cell proliferation in
vitro after decreasing F2R expression (Figure 33).
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Figure 33. F2R decreased expression did not affect proliferation. EdU Staining Proliferation Kit was
used to analyze cell proliferation. A) Representative images of SN12C shF2R and shNS administrated
with or without doxycycline in vitro. Green nuclei are proliferative cells. B) Total proliferating cells
were quantified and divided by total cells. Data is represented in %. Error bars represent S.D. 2
independent replicates. wells/condition n=5. Mann Whitney test, p>0.05 ns)
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1.1.9 SN12CF2R knocked down primary tumor invasiveness was decreased

We next decided to test whether F2R inhibition was affecting tumor invasion (Figure
34A). We characterized tumor invasion by quantifying tumor invasive fronts. Results
showed a clear decrease in tumor invasion in those animals who had the reduction of

F2R protein levels (Figure 34B).
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Figure 34. Tumor invasiveness quantification in SN12C shF2R tumors. To quantify tumor
invasiveness, Hematoxylin/Eosin staining was performed to distinguish between Kidney and Tumor.
A) Representative SN12C shNS and shF2R tumors with or without the administration of doxycycline.
Pictures were taken at 0,57X and the invasive front was drawn and quantified. B) Tumor invasion
depth quantification. Each group of animals n=3 in shNS and n=10 in shF2R. Mann Whitney test,
p<0.05 *)

Having this interesting result, we decided to perform migration assays with SN12C shF2R
to check if we had the same effects of less invasiveness in vitro. We checked by Wound
Healing assay (Figura 35A) and by Transwell migration technique (Figura 35B) and we
had a clear decrease in migrative capacity of SN12C knocked down cells by wound
healing. However, a slightly decreased tendency by transwell was observed after

decreasing F2R expression.
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Figure 35. F2R knocked down SN12C cell line showed less migative capacity. A) Wound healing of
SN12C shF2R cell line after 18 hours of assay. Cells were previously administrated with doxycycline
for 24 hours. Error bars represent S.D. 3 independent replicates. Wells/condition n=3/4. Mann
Whitney test, p<0.01 **, p<0.005*** B) Transwell migration assay of SN12C shF2R cell line after 24
hours of assay. Cells were previously administrated with doxycycline for 24 hours. Error bars
represent S.D. 1 independent replicate. Wells/condition n=3.

Furthermore, we supposed that if we had a decrease in cell migration of SN12C cells, we
should have actin cytoskeleton remodeling. For that reason, we performed with SN12C
shF2R cells a phalloidin staining. Results confirmed that after decreasing F2R expression,

we had less organized actin filaments in the invasive front of cells (Figure 36).
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Figure 36. Actin cytoskeleton was remodeled after F2R decreased expression. Cells were 48 hours
previously administrated with doxycycline and then phalloidin staining was performed.
Representative pictures were taken from both groups at 40X.

1.1.10 F2R decreased expression in tumors was affecting metastasis

Considering all these results, we decided to study deeply whether F2R knockdown had
any effect on the metastatic capacity of shF2R knocked down tumors. For this purpose,
we performed a more thorough metastatic study analyzing lung metastasis from shNS

and shF2R SN12C tumors induced or not with doxycycline.

For that reason, we analyzed the total area of the lungs (Figure 37A), number of affected
lung lobes (Figure 37B), number of foci lesions (Figure 37C), and how bigger were the
lesions (Figure 37D). No differences were found but in those shF2R tumors administrated

with doxycycline, a tendency for reduction of the number of affected lobes was found.
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Figure 37. F2R knocked down did not show clear differences in metastatic parameters analyzed
except for the affected lung lobes. Different parameters related to metastasis were analyzed in shNS
(n=5) and shF2R (n=10) tumors. A) Total lung area was quantified to check that all areas analyzed
were comparable. B) Number of lung lobes with lesions was quantified. C) Number of foci lesions
quantified per mouse. D) The size of each lesion was quantified by dividing the total metastasis area
by the number of foci lesions. Images from lungs were taken with Zeiss Axio Observer Z1+ Apotome
inverted microscope at 4X and a mosaic was created with all pictures to quantify. Mann Whitney
test, p>0.05 ns.

However, analyzing total metastasis area relativized by total lung area, results showed a

tendency on reduction of total metastasis (Figure 38).
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Figure 38. F2R knocked down in tumors showed a tendency on decreasing metastasis. Total
metastasis area density was determined by quantifying the total metastatic area normalized by the
total lung area of each lung. Images from lungs were taken with Zeiss Axio Observer Z1+ Apotome
inverted microscope at 4X and a mosaic was created with all pictures to quantify. Mann Whitney
test, p>0.05 ns.
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Considering all these experiments, a possible implication of F2R in the
migration/invasion of tumors and cells has been validated. This could be associated with

the decreased tendency of reducing metastasis without affecting primary tumor growth.

1.2 Gain of function studies

Having those interesting results inhibiting F2R or decreasing its expression, we decided
to analyze what would be happening if we activate that receptor. For that reason, we
tested Thrombin as the main-gold activator of F2R (Heuberger & Schuepbach, 2019a) and

the activating TFLLR-NH2 peptide (Gieseler et al., 2013).

1.2.1 Thrombin is increasing SN12C cell migration and invasion

We started using the main-gold activator of F2R to check if its activation we were having
an increase in cell migration capacity of SN12C cells. To acquire this goal, we performed
a transwell migration assay and wound healing assay. Results showed a slightly increased
tendency on cell migration with both techniques after thrombin activation. However

clear differences were observed in wound healing technique (Figure 39).
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Figure 39. F2R activation through thrombin increased cell migration in SN12C cell line. A) The
effects of cell migration at 10% FBS after activating F2R with Thrombin at 1U/mL were studied
through Transwell Migration assay®. Up. Representative images (20X) of transwell membranes
hematoxylin stained from cells treated with vehicle and Thrombin. Down. Quantification of migrating
cells through Transwell migration membranes. Error bars represent S.D, 1 independent replicate.
Each replication n=3 wells/condition. 10 pictures for each well/condition were quantified. Mann
Whitney test, p>0.05, ns. B) The effects of cell migration at 0,5% FBS after activating F2R with
Thrombin at 1U/mL were studied through a wound healing assay. Up. Representative images (10X)
after the first time point and after 24 hours of assay. Down. Quantification of % of wound opened
area. Error bars represent S.D. 2 independent replicate. Each replication n=3 wells/condition. Mann
Whitney test, p<0.05%)

Furthermore, we also decided to perform a transwell invasion assay. Tranwell invasion
assay is the same experiment as Transwell migration but with a coat of Matrigel that
mimics the extracellular matrix present in tumors. In addition, as there were no higher
differences in transwell migration assay, we decided to decrease the amount of FBS from
10% to 0,5% 24 hours before starting the experiment and during the next 24 hours of
the transwell invasion experiment. Taking that into account, differences in cell migration

should be a consequence of the activation of the receptor and not of the presence of a
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higher number of factors in the FBS. Results clearly showed an increase in the cell

invasion capacity of SN12C cells after F2R activation (Figure 40)
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Figure 40. F2R activation through thrombin showed an increase in cell invasion capacity on SN12C
cell line. The effects of cell invasion (at 0,5% FBS 24 hours before starting the assay) after activating
F2R with thrombin were studied through Transwell Invasion assay®. A) Representative images (20X)
of Transwell invasion membranes hematoxylin stained from cells treated with vehicle and thrombin.
B) Quantification of invading cells through Transwell invasion membranes. Error bars represent S.D,
2 independent replicates. Each replication n=3 wells/condition. 5 pictures for each well/condition
were quantified. t-test, p<0.05*)

Considering this interesting results, we also wanted to validate with a different activator

of F2R available in the market.

1.2.2 TFLLRN-NH; peptide increased cell migration and invasion in SN12C

cell line.

TFLLRN-NH2 synthetic peptide had the sequence that mimics the tethered ligand that
can activate PAR signaling without the need for receptor proteolysis (Gieseler et al.,
2013) We decided to use this specific peptide as it was one of the most used by many

other groups, and it’s activating only F2R receptor and no other PAR receptors.

We started checking if after the activation of F2R we had any effect on increasing cell

migration. For this purpose, we performed a transwell migration assay technique.
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Results confirmed that there is an increased tendency on cell migration after the

activation with the peptide (Figure 41).
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Figure 41. F2R activation through TFLLR-NH2 peptide showed a slightly increased tendency on cell
migration capacity in SN12C cell line. The effects of cell migration at 10% FBS after activating F2R
with TFLLR-NH2 at 1.5, 3, and 5 uM were studied through Transwell Migration assay®. A)
Representative images (20X) of transwell membranes hematoxylin stained from cells treated with
vehicle and TFLLR-NH2. B) Quantification of migrating cells through Transwell migration membranes.
Error bars represent S.D. 1 independent replicate. Each replication n=3 wells/condition. 10 pictures
were quantified per well/condition.

As there were not many differences, we decided to decrease the amount of FBS from
10% to 0,5% 24 hours before starting the experiment and during the next 24 hours of
the transwell migration experiment. Taking that into account, and as we explained
before, differences on cell migration should be a consequence of the activation of the
receptor and not of the presence of higher number of factors in the FBS. Results clarify
that there was an increase on the cell migration capacity of cells when we activated F2R

(Figure 42).
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Figure 42. F2R activation through TFLLR-NH2 peptide showed an increase on cell migration capacity
on SN12C cell line after pre-nutrient deprivation in Transwell migration technique. The effects of
cell migration (at 0,5% FBS 24 hours before starting the assay) after activating F2R with TFLLR-NH2
at 1.5, 3, and 5 uM were studied through Transwell Migration assay®. A) Representative images (20X)
of Transwell membranes hematoxylin stained from cells treated with vehicle and TFLLR-NH2. B)
Quantification of migrating cells through Transwell migration membranes. Error bars represent S.D.

3 independent replicates. Each replication n=3 wells/condition. 10 pictures were quantified per
well/condition. Mann Whitney test, p<0.05 *, p<0.01**)

We also wanted to confirm this cell migration increase by other technique. For that
reason, we performed a Wound Healing assay with the same conditions of decrease of
FBS before starting the experiment and during the whole Wound Healing. We can

confirm the same results as Transwell migration: cells migrated faster after the activation

of F2R (Figure 43).

121



Results

CONTROL

Oh

12h

% CTRL migration speed
pixel/hour
& 8 :

oo‘é:)' o@’ & «9‘

Figure 43. F2R activation through TFLLR-NH2 peptide showed an increase on cell migration capacity
on SN12C cell line after pre-nutrient deprivation in Wound healing assay. The effects of cell
migration (at 0,5% FBS 24 hours before starting the assay) after activating F2R with TFLLR-NH2 at
1.5, 3, and 6 uM were studied through Wound healing. A) Representative images after the first time
point and after 12 hours of assay. B) Quantification of migration speed. Error bars represent S.D, 3
independent replicates. Each replication n=2 wells/condition. Mann Whitney test, p<0,005***)

After confirming the implication of F2R on cell migration, we wondered to check if we
were affecting cell invasion capacity of SN12C cell line. We performed a Transwell
invasion. The maximum differences on migration assays were shown at 6 uM, so we
selected this dose to perform the invasion analysis. Results confirmed that after the

activation of F2R, we had a clear increase in the invasiveness of SN12C cells (Figure 44)
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Figure 44. F2R activation through TFLLR-NH2 peptide showed an increase on cell invasive capacity
on SN12C cell line. The effects of cell invasion (at 0,5% FBS 24 hours before starting the assay) after
activating F2R with TFLLR-NH2 at 6 uM were studied through Transwell Invasion assay®. A)
Representative images (20X) of Transwell invasion membranes hematoxylin stained from cells
treated with vehicle and TFLLR-NH2. B) Quantification of invading cells through Transwell invasion
membranes. Error bars represent S.D, 2 independent replicates. Each replication n=3
wells/condition. 5 pictures for each well/condition were quantified. Mann Whitney test p<0.05**)

Furthermore, this increase on cell migration and invasion should be associated with actin
cytoskeleton remodeling. For that reason, we performed a phalloidin staining and we
confirmed that after F2R activation, more invasive front and cytoskeleton remodeling

occurred (Figure 45).
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Figure 45. Actin cytoskeleton after F2R activation through TFLLRN-NH2 was remodeled. After 24
hours of TFLLR-NH2 administration, phalloidin staining was performed. Representative pictures were
taken from both groups at 20X.

1.2.3 TFLLRN-NH; peptide increased cell migration in RCC4 and Renca cell

lines

To further confirm that after F2R activation we had an increase on cell migration
capacity, we wanted to validate it in different cell lines. First, we decided to test RCC4
cell line. As it was mentioned before, this cell line has higher levels of F2R. We performed
a Transwell migration assay, and we confirmed that there was an increase in cell

migration after administrating the activating peptide (Figure 46).
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Figure 46. F2R activation through TFLLR-NH2 peptide showed an increase on cell migration in RCC4
cell line after pre-nutrient deprivation. The effects of cell migration (at 0,5% FBS 24 hours before
starting the assay) after activating F2R with TFLLR-NH2 at 1.5, 3, and 5 uM were studied through
Transwell Migration assay®. A) Representative images (20X) of Transwell membranes hematoxylin
stained from cells treated with vehicle and TFLLR-NH2. B) Quantification of migrating cells through
Transwell migration membranes. Error bars represent S.D, 2 independent replicates. Each replication
n=3 wells/condition. 5 pictures for each well/condition were quantified. Mann Whitney test
p<0.05*%)

We also confirmed this result with RenCa cell line. This cell line was derived from a tumor
that arose spontaneously as a renal cortical adenocarcinoma in mice. Due to its higher
aggressiveness in generating metastasis (data not shown), we decided to test TFLLR-NH2
peptide. Results showed a tendency to increase on cell migration after F2R activation

(Figure 47).
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Figure 47. F2R activation through TFLLR-NH2 peptide showed a tendency to increase the migrative
capacity of RenCa cell line after pre-nutrient deprivation. The effects of cell migration (at 0,5% FBS
24 hours before starting the assay) after activating F2R with TFLLR-NH2 at 1.5, 3, and 5 uM were
studied through Transwell Migration assay®. A) Representative images (20X) of Transwell
membranes hematoxylin stained from cells treated with vehicle and TFLLR-NH2. B) Quantification of
migrating cells through Transwell migration membranes. Error bars represent S.D. 1 independent
replicate. Each replication n=3 wells/condition. 10 pictures were quantified per well/condition.

Overall, we concluded that the activation of F2R is activating mechanism responsible for
increasing migration and invasion of different RCC cell lines. Besides, all these results are
in concordance with those presented in the loss of function studies: F2R seemed to be
implicated in the acquisition of higher aggressive traits such as an increase in migration

and invasion capacity of RCC cells.

1.2.4 PI3K/AKT and FAK signalling pathways were activated after F2R

stimulation

Once it was confirmed the effect on cell migration and invasion that provokes the
activation of F2R, we wanted to know the specific molecular mechanism by which its
activates cell motility. For that reason, we tested different doses of activating peptide at

different time points. Results showed a clear activation of p-AKT after 30 minutes of
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activating peptide treatment. No more signalling pathways were activated after F2R

activation (Figure 48).
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Figure 48. p-AKT signaling pathway was activated after TFLLR-NH2 peptide in SN12C cell line. Cells
were previously deprived of 24 hours with 0,5% FBS before administrating TFLLR-NH2 peptide. After
that, we incubated the peptide for 15, 30, 60, and 120 minutes at 6 uM. A) Westerns blot of p-AKT,
p-SRC, and p-ERK relativized by Vinculin. B) Quantification of the intensity of bands relativized by
Vinculin. Error bars represent S.D, wells/condition n=2/3.

Also, we wanted to test FAK signaling pathway because the regulation of cell migration
by integrin signaling through FAK is well established in many cell types which contribute
to the pathogenesis of cancer and other diseases (zhao & Guan, 2011). For this purpose,
we analyzed the activation of FAK signalling pathway at different time points of F2R
activation with higher doses of TFLLRN-NH2 peptide (Figure 49A), but also, we analyzed
at long-term different doses of activating peptide (Figure 49B). Results showed that

there is a clear activation of FAK signalling pathway after F2R activation.
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Figure 49. p-FAK signaling pathway was activated after TFLLR-NH2 peptide in SN12C cell line. A)
Cells were previously deprived of 24 hours with 0,5% FBS before administrating TFLLR-NH2 peptide.
After that, we incubated the peptide for 15, 30, 60, and 120 minutes at 6 uM. Westerns blot of p-
FAK and its quantification relativized by Vinculin. B) Cells were previously deprived of 24 hours with
0,5% FBS before administrating TFLLR-NH2 peptide. After that, we incubated the peptide for 60
minutes at 1.5, 3, and 6 uM. Westerns blot of p-FAK and its quantification relativized by Vinculin.
Error bars represent S.D, wells/condition n=2/3.

Furthermore, we checked p-FAK and PI3K/AKT signalling pathway after thrombin
activation. Results confirmed the activation of both signaling pathways as it happened

with the peptide (Figure 50).
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Figure 50. p-FAK and p-AKT were activated after thrombin treatment in SN12C cell line. Cells were
previously deprived of 24 hours with 0,5% FBS before administrating thrombin. After that, we
incubated the thrombin for 30 minutes at 1U/mL. Western blot of p-FAK and p-AKT with the
housekeeping actin control is represented.
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1.2.5 FAK s signalling pathway was activated in Ren 50M

Considering the interesting pathways activated after F2R activation in SN12C cell line,
we wondered to know if the same signalling pathways were activated in Ren 50M models
in comparison with Ren 50. Despite the fact of not having higher differences in PI3K/AKT

signaling pathway activation, clear differences were observed in FAK pathway (Figure

51).
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Figure 51. p-FAK and p-AKT were activated in Ren 50M tumors. Western blot of p-FAK and p-AKT

with the housekeeping actin control is represented and quantified. Error bars represent S.D,
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Considering all this data, we hypothesize that the activation of F2R through PI3K/AKT
signaling pathway is implicated in the activation of integrins (FAK) that permits the
remodeling of the actin cytoskeleton that is causing the increase of the cell migration

and invasion of RCC cell lines and the higher aggressiveness of Ren 50M tumors (Figure

52).
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Figure 52. Hypothesis of the possible interplay between F2R and integrins. Schematic
representation of how the activation of F2R is activating PI3K/AKT signalling pathway. This pathway
seemed to be recruiting protein adaptors which could be affecting Integrin conformational changes
of its structure that could be finally affecting cytoskeleton remodeling and activating migration on
cells

1.2.6 AKT inhibition with perifosine is affecting SN12C cell migration

Once we had confirmed the possible implication of this signaling pathway on cell
migration as it has been described in the literature, we wanted to test if the inhibition of
this pathway implies a reduction in cell migration. To acquire this objective, we tested a
specific AKT inhibitor -Perifosine — and we checked by Transwell migration the possible
effects on cell migration. Results showed that after Perifosine treatment there was a

decreasing tendency in cell migration compared with peptide treatment (Figure 53).
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Figure 53. Effects of Perifosine on cell migration (Transwell Migration) in SN12C cell line. The effects
of cell migration (at 0,5% FBS 24 hours before starting the assay) after inhibiting AKT with Perifosine,
activation with TFLLR-NH2 peptide at 6 uM, and both treatments were studied through Transwell
Migration assay®. A) Representative images (20X) of Transwell membranes hematoxylin stained from
cells treated with vehicle, Perifosine, TFLLR-NH2, and both treatments. B) Quantification of migrating
cells through Transwell migration membranes. Error bars represent S.D. 1 independent replicate.
n=3 wells/condition. 10 pictures were quantified per well/condition.

Also, we wanted to validate with the same conditions but by Wound Healing technique.
Results showed clear differences if we compared the TFLLR-NH2 condition with
Perifosine treatment. But also, cells treated with the peptide and Perifosine had a clear

decrease in cell migration capacity despite the activator treatment (Figure 54).
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Figure 54. Effects of Perifosine on cell migration (Wound Healing) in SN12C cell line. The effects of
cell migration (at 0,5% FBS 24 hours before starting the assay) after inhibiting AKT with Perifosine 5
KM, activation with TFLLR-NH2 peptide at 6 uM, and both treatments were studied through Wound
Healing assay. A) Representative images after the first time point and after 24 hours of assay. B)
Quantification of migration speed. Error bars represent S.D. 1 independent replicate. n=3
Wells/condition. Mann Whitney test, p<0.05*, p<0.01 **)

Finally, to validate that we had a clear inhibition of the phosphorylation of AKT, we
checked by Western blot. Results confirmed a strong decrease in AKT phosphorylation
after 30 minutes of Perifosine treatment. Also, we confirmed that in the combination

treatment with Peptide and Perifosine, we also had a clear decrease in p-AKT (Figure 55).
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Figure 55. p-AKT protein level analysis after Perifosine inhibitor. Cells were previously nutrient-
deprived at 0,5% FBS and cells were treated with Perifosine 5 uM, TFLLR-NH2 peptide 6 uM, and
both treatments for 30 minutes. A) Western blot analysis of p-AKT and housekeeping Vinculin gene.
B) Westerns blot of p-FAK and its quantification relativized by Vinculin. Error bars represent S.D,
wells/condition n=2/3.

1.2.7 Gy inhibition with gallein is decreasing SN12C cell migration

To further confirm the implication of PI3K/AKT signaling pathway on cell migration, we
also wanted to inhibit the GBy subunit of F2R. For that reason, we tested Gallein

inhibitor as a potent selective GBy inhibitor.

To check the effects of Gallein on cell migration, we performed a Wound healing assay
with different treatments of activating peptide, Gallein inhibitor, and a combination of
both treatments. Results showed the same results of Perifosine inhibitor: there was a
clear decrease in cell migration if we compare TFLLRN-NH2 treatment with Gallein

inhibitor or both treatments (Figure 56).
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Figure 56. Effects of Gallein on cell migration (Wound Healing) in SN12C cell line. The effects of cell
migration (at 0,5% FBS 24 hours before starting the assay) after inhibiting GBy subunit with Gallein
10 puM, activation with TFLLR-NH2 peptide at 6 uM, and both treatments were studied through
Wound Healing assay. A) Representative images after the first time point and after 24 hours of assay.
B) Quantification of % of the open wound. Error bars represent S.D. 1 independent replicate. n=3
Wells/condition. Mann Whitney test, p<0.005 ***)

Finally, we also checked that after Gallein treatment, we had a reduction of AKT
phosphorylation by Western Blot. Results showed a slight decrease of p-AKT after Gallein
alone or in combination with TFLLR-NH2 in comparison with the clear phosphorylation

of AKT after peptide treatment (Figure 57).
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Figure 57. p-AKT protein level analysis after Gallein inhibitor. Cells were previously nutrient-
deprived at 0,5% FBS and cells were treated with Gallein 10 uM, TFLLR-NH2 peptide 6 uM, and both
treatments for 30 minutes. A) Western blot analysis of p-AKT and housekeeping Vinculin gene. B)
Westerns blot of p-FAK and its quantification relativized by Vinculin. Error bars represent S.D,
wells/condition n=2/3.

Overall, the inhibition of the different proteins of the PI3K/AKT signalling pathway
affected the migration capacity of SN12C cells. Having analyzed and demonstrated the
possible implication of F2R in the acquisition of higher migration and invasion capacity

of SN12C cells we decided to study the possible interplay between F2R and integrins.

1.3 Integrins family analysis

One of the main players that facilitates cell migration is integrins. For that reason, we
moved to our PDOX models to compare which integrins are overexpressed in metastatic
tumors (Ren50M) in comparison with non-metastatic tumors (Ren50). We analyzed the
expression levels of different integrins from the RNA sequencing. Criteria for selecting
candidates were both the presence of a high fold change between Ren 50 and Ren 50M
tumors and high expression levels in Ren 50M, ensuring detection of these genes at the
protein level. Following these parameters, we chose Integrin a3 and Integrin a5 (Table

12A) which are making dimers with Integrin f1 (Table 12B).
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A
o SUBUNIT INTEGRINS B
55’:':’; Description | Fold Change | PValue FDR MeanRenﬁo- B SUBUNIT INTEGRINS
ITGA4 Integrin a4 | 309,703015 | 2,969E-09 7,55E-08 0,19896407 | 61,6197726 Gene
- Deseription | Fold Change PValue FDR Mean Ren50

ITGAX | Integrin aX | 8,20420384 | 4,4285E-11 | 1,42E-09 | 0,27106963 | 2,24830677 Symbol

ITGA11 | Integrin a11 | 8,27874054 | 1,8808E-09 | 4,97E-08 | 0,23155778 | 1,91700681 TGB2 | IntegrinP2 | 410790994 | 773884ES9 | 341E56 | 3,78732496 | 155,579899
ITGA3 | Integrin a3 | 4,93947182 | 1,2961EF-24 | 1,41396E-22 | 50,0114852 | 247,030322 ITGB3 | Integrin B3 | 129162191 | 24856-28 | 3,156-26 | 101274256 | 13,0808048

ITGB4 | Integrin B4 | 11,7900268 | 4,9237E-30 6,63E-28 2,53167606 | 29,8485286
ITGBS | Integrin 5 | 152585321 | 0,00291029 | 0,018932969 | 217,391252 | 331,70714
ITGB1 | Integrin f1 | 1,34227748 | 0,02815583 | 0,116516829 | 567,257891 | 761417494
ITGB8 | Integrin B8 | 1,31786336 | 0,13628041 | 0,342003907 | 86,0544978 | 113,408069

ITGAS | Integrin a5 | 1,71427768 | 0,0004466 | 0,003898499 | 111,539817 | 191,210219
ITGA6 | Integrin a6 | 1,16568871 | 0,37949555 | 0,591299125 | 202,306604 | 235,826525
ITGAV Integrin Av | 1,16512929 | 0,26507061 | 0,488113886 | 485,750227 | 565,961817
ITGAE Integrin AE | 1,0207957 |0,89482528 | 0,940605162 | 23,1833623 | 23,6654765

Table 12. Selected integrins subunits a and B overexpressed in Ren 50M tumors. Table of selected
genes regarding their fold change when comparing Ren 50 and Ren 50M tumors. Fold change (FC)
was obtained by comparing their expression levels (cpm). P-value and FDR represent the value of a
test for statistical significance. A) a subunit integrins analysis. B) B subunit integrins analysis.

1.3.1 Integrin a3 was expressed in patient biopsy

Once we had selected that these integrins could be helping cancer cells to escape from
the primary tumor to colonize new organs, we wanted to analyze its expression in the
biopsy from the patient to confirm that this integrin was expressed before PDOX
generation. For that reason, we analyzed Integrin a3 by IHC. Results confirmed its

expression in the patient (Figure 58).

Figure 58. Patient biopsy presented higher levels of Integrin a3. Immunohistochemistry of Integrin
a3 in the biopsy from the patient. Representative images (20X) are represented.
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1.3.2 Integrin a5 was expressed in patient biopsy

Furthermore, it was analyzed the integrin a5 and as happened with the integrin a3,

higher levels of integrin a5 were observed (Figure 59).

Figure 59. Patient biopsy presented higher levels of Integrin a5. Inmunohistochemistry of Integrin
a5 in the biopsy from the patient. Representative images (20X) are represented.

1.3.3 Integrin a3, a5, and B1 were overexpressed in Ren 50M tumors

Next, we analyzed integrin a3 in Ren 50 and Ren 50M tumors. Results showed an
increased level of this integrin by WB (Figure 60A), IHC (Figure 60B), and by RNA-
sequencing (Figure 60C).
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Figure 60. Integrin a3 analysis in PDOX models. A) Western blot of Integrin a3 protein levels in Ren
50 and Ren 50M tumors relativized by its B-actin. B) Inmunihistochemistry of Integrin a3 in Ren 50
and Ren 50M tumors. C) Results from RNA-seq analysis of Integrin a3. In Y-axis it is expressed as
Counts per million (CPM). Error bars represent S.D, n=3. Mann Whitney test, p<0.001 ***)
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Then, we moved to analyze Integrin a5 in our PDOX models. Results confirmed clear
differences in expression levels of this integrin between Ren 50 and Ren 50M by WB

(Figure 61A), IHC (Figure 61B), and RNA-sequencing (Figure 61C).
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Figure 61. Integrin a5 analysis in PDOX models. A) Western blot of Integrin a5 protein levels in Ren
50 and Ren 50M tumors relativized by its B-actin. B) Inmunihistochemistry of Integrin a5 in Ren 50
and Ren 50M tumors. C) Results from RNA-seq analysis of Integrin 5. In Y-axis it is expressed as
Counts per million (CPM). Error bars represent S.D, n=3. Mann Whitney test, p<0.001 ***)

As it has been described in the literature, the principal B-subunit integrin with which a3
and a5 dimerize is integrin B1. To confirm results from RNA-seq previously shown in
Table 12B, we proceeded to analyze by WB total Integrin B1 but also the activated form
from Integrin B1. Results showed that there are no higher differences comparing Ren 50
and Ren 50M by Western Blot (Figure 62A). However, clear differences were observed

by IHC (Figure 62B) and by RNA-seq (Figure 62C).
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Figure 62. Integrin B1 analysis in PDOX models. A) Western blot of total Integrin B1 and activated
protein levels in Ren 50 and Ren 50M tumors relativized by its B-actin. B) Inmunihistochemistry of
Integrin B1 in Ren 50 and Ren 50M tumors. C) Results from RNA-seq analysis of Integrin B1. In Y-axis
it is expressed as Counts per million (CPM). Error bars represent S.D, n=3. Mann Whitney test, p<0.05

*)
1.3.4 Fibronectin was overexpressed in Ren 50M tumors

Once we have analyzed integrins expression, we wanted to check if these tumors had
the expression of the ligand from these integrins. As it has been described in the
literature, there are many ligands that integrins a331 and a5B1 can be attached, but the

most important one is Fibronectin.
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For that reason, we moved to analyze its expression in our PDOX models. Results showed
that there were clear differences in Fibronectin deposition in Ren50M tumors checked

by WB (Figure 63A) and by IHC (Figure 63B).
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Figure 63. Fibronectin analysis in PDOX models. A) Western blot of fibronectin protein levels in Ren
50 and Ren 50M tumors relativized by its B-actin. B) Inmunihistochemistry of fibronectin in Ren 50
and Ren 50M tumors.

1.3.5 Integrin a3 was overexpressed in SN12C tumors

Once we validated the presence of these integrins and ligands in our PDOX model, we
moved to analyze the same integrins in SN12C in vivo tumors to know if the higher
aggressiveness of SN12C tumors is due to the same integrins and ligands as Ren50M
tumors. For that reason, we checked the expression of Integrin a3 by IHC (Figure 64A),
WB (Figure 64B), and by ICF (Figure 64C). Results showed a huge increase in these
integrins if we compared them with human PDOX models. Also, thanks to ICF analysis
we confirmed that integrin a3 is making dimer with integrin B1 as they are co-expressed

in the cellular membrane.
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Figure 64. Integrin a3 analysis in SN12C tumors. A) Immunohistochemistry of Integrin a3 protein
levels in SN12C tumors. B) Western blot of Integrin a3 protein levels in SN12C tumors relativized by
its B-actin. C) Inmunocitofluorescence of Integrin a3 (red) and integrin B1 (green) and DAPI (blue).

1.3.6 Integrin a5 was slightly expressed in SN12C tumors

We next moved to analyze integrin a5 in SN12C tumors. Results showed that by IHC
(Figure 65A) we have higher expression in the invasive front of the tumor but not much
expression outside the invasive front. For that reason, by WB (Figure 65B) we did not see
clear differences if we compare with PDOX models. And finally, thanks to ICF analysis
(Figure 65C) we confirmed that integrin a3 is making dimer with integrin 1 as we saw

co-expression of both integrins in the invasive front of in vitro cultured SN12C.
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Figure 65. Integrin a5 analysis in SN12C tumors. A) Immunohistochemistry of Integrin a5 protein
levels in SN12C tumors. B) Western blot of Integrin a5 protein levels in SN12C tumors relativized by
its B-actin. C) Inmunocitofluorescence of Integrin a5 (red) and integrin B1 (green) and DAPI (blue).

1.3.7 Fibronectin was slightly expressed in SN12C tumors

Finally, we moved to study fibronectin expression of SN12C tumors. As similar occurred
with integrin a5, we detected by IHC (Figure 66A) higher expression in the invasive front
of tumors and slightly expression in the rest of tumor parenchyma. However, not much

expression was identified by WB (Figure 66B).
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Figure 66. Fibronectin analysis in SN12C tumors. A) Immunohistochemistry of Fibronectin protein
levels in SN12C tumors. B) Western blot of Fibronectin protein levels in SN12C tumors relativized by
its B-actin.

Considering all these experiments, we confirmed the presence of the different integrins
and their ligand in Ren 50M and SN12C tumors that could be responsible for the higher

aggressive phenotypes of both tumor types.
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2. ROLE OF F2R IN CIRCULATING TUMOR CELLS (CTC) AND
DISSEMINATED TUMOR CELLS (DTC)

Many effects of F2R in tumor cells are known and how it is affecting the primary tumors.
But once cells escape from the primary tumor and are inside blood vessels, the effects
of this coagulative protein receptor in circulating and disseminated tumor cells are not
well described. Due to this lack of information, we studied what is happening with this

receptor in CTCs and DTCs.

2.1 Early F2R knockdown in SN12C circulating tumor cells (CTC)

To know if the presence of F2R is conferring new abilities to CTC to facilitate the
colonization of distant organs, we decided to inoculate SN12C knocked down cells
through the tail vein. Immediately, the next day after tumor cell inoculation, we

administrate doxycycline to mice to decrease F2R expression.

2.1.1 Metastasis from shF2R inoculated SN12C cells presented a clear

decrease in F2R expression

After 1 month of doxycycline administration, we decided to sacrifice the mice, and
metastasis was analyzed to check the expression of F2R. Metastasis from shNS -DOX
(Figure 67A), shNS +DOX (Figure 67B), shF2R -DOX (Figure 67C) presented higher levels
of F2R expression, and metastasis from shF2R +DOX (Figure 67D) showed a clear

decrease of F2R expression.
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Figure 67. F2R expression analysis in metastasis from SN12C shF2R inoculated cells through the tail
vein. Cells were inoculated through the tail vein and after 24 hours, doxycycline was administrated
to mice for 1 month. Immunohistochemical analysis of F2R in metastasis from shNS -DOX (A), shNS
+DOX (B), shF2R -DOX (C) and shF2R +DOX (D). n=5 mice were analyzed in shNS and n=10 mice were
analyzed in shF2R mice.

Once it was confirmed the decrease of F2R expression when doxycycline was
administered in SN12C shF2R inoculated mice, we moved on to analyze different

parameters related to metastasis.

2.1.2 F2R knocked down SN12C cells presented less capacity to form

metastatic lesions in the lung

Results showed that there were no differences in the affected lung lobes (Figure 68A).
Moreover, there were significant differences in the number of foci lesions if we compare
shNS +DOX with shF2R +DOX (Figure 68B). Unexpectedly, doxycycline treatment was
increasing metastasis so for that reason we decided to compare those groups who
received doxycycline treatment but differences in the F2R expression. We also analyzed
the size of metastatic lesions by dividing the total metastatic area by the number of foci
lesions and we did not find any difference comparing shNS +DOX with shF2R +DOX
(Figure 68C). Furthermore, we categorize each lesion into small, medium, or large, and

no differences appeared (Figure 68D).
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Figure 68. SN12C shF2R mice administered with doxycycline presented less number of metastatic
lesions but no differences in terms of size were presented. Different parameters related to
metastasis were analyzed in shNS (n=5) and shF2R (n=10) inoculated mice. A) Number of lung lobes
with lesions was quantified. B) Number of foci lesions quantified per mouse. C) The size of each lesion
was quantified by dividing the total metastasis area by the number of foci lesions. D) Lesions were
classified as Small, Medium, and Large depending on their size. Mann Whitney test, p<0,05*. Images
from lungs were taken with Zeiss Axio Observer Z1+ Apotome inverted microscope at 4X and a
mosaic was created with all pictures to quantify.

2.1.3 F2R knocked down SN12C cells metastatic lesions presented same
proliferative rate as those with higher F2R expression
To confirm that there were no differences in the size of metastatic lesions, we decided

to analyze the cell proliferation of different foci lesions. Results confirmed that there

were no differences in the size of lesions (Figure 69)
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Figure 69. Proliferation analysis of metastasis lesions from mice inoculated with SN12C shF2R
through the tail vein. Proliferation was analyzed by Inmunohistrochemistry of the Ki67 proliferative
marker. A) Representative images from each group of tumors at 10X. B) Quantification of total
proliferative cells vs total cells. Results are represented in % of proliferative cells. Error bars represent
S.D, n=5 different lesions and n=3 mice analyzed per group. Mann Whitney test, p>0.05 ns)

2.1.4 F2R knocked down SN12C cells presented less metastatic capacity

Finally, we analyzed the total metastasis area relativized by the total lung area analyzed
and we clear confirmed that if we compare animals who received doxycycline treatment,

in those who had F2R reduction, we had a clear decrease in total metastasis (Figure 70)
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Figure 70. Metastasis area density quantification of metastatic lesions from mice inoculated with
SN12C shF2R through the tail vein. Total metastasis area density was determined by quantifying the
total metastatic area normalized by the total lung area of each lung. Images from lungs were taken
with Zeiss Axio Observer Z1+ Apotome inverted microscope at 4X and a mosaic was created with all
pictures to quantify. Mann Whitney test, p<0,05*.
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2.1.5 F2R knocked down SN12C cells showed less activation of de PI3K/AKT
signalling pathway

As it was described in the previous results section about the possible relation between
F2R and PI3K/AKT signalling pathway and as we confirmed that knocked-down cells had
clear inactivation of AKT, we wanted to evaluate the activation of the AKT signalling
pathway by IHC in the metastatic lesions. Results confirmed that both groups of animals
- shNS not administrated (Figure 71A) or administrated with doxycycline (Figure 71B)-
and shF2R -DOX (Figure 71C) presented higher levels of p-AKT compared with shF2R mice

administrated with doxycycline (Figure 71D) that no activation of AKT was detected.

A : shF2R - DOX

Figure 71. p-AKT expression analysis in metastasis from SN12C shF2R inoculated cells through the
tail vein. Cells were inoculated through the tail vein and after 24 hours, doxycycline was
administrated to mice for 1 month. Immunohistochemical analysis of p-AKT in metastasis from shNS
-DOX (A), shNS +DOX (B), shF2R -DOX (C), and shF2R +DOX (D). n=5 mice were analyzed in shNS and
n=10 mice were analyzed in shF2R mice.

Considering all these interesting results we can conclude the possible implication of F2R
on metastasis. Concretely, F2R could be implicated in the latest steps of the metastatic
cascade, when cells needed to extravasate from lug capillaries and colonize lung
parenchyma. To acquire this objective, PI3K/AKT signaling pathway could be playing an

interesting role in DTCs survival.
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2.2 F2R previously knocked down SN12C cells as inoculated CTCs

Considering the previous results from the early F2R knockdown expression and the
decrease in the number of metastatic lesions, we decided to inoculate SN12C cells
previously treated with doxycycline to inject cells without F2R expression. Then, after 5
days we sacrificed mice to analyze if the absence of F2R was affecting the colonization
of SN12C cells. This will help to establish the reason for the decrease in the number of

foci lesions in SN12C shF2R +DOX group compared with SN12C shNS +DOX group.

2.2.1 F2R previously knocked down SN12C cells tend to present less
capacity to form metastatic lesions in the lung

We decided to quantify the number of micrometastatic lesions in different groups of
inoculated shRNA SN12C cells, and the results showed that we also had an increase of
metastatic lesions in the shNS +DOX group. We found an unexpected effect of
doxycycline that was inducing metastasis in our model. As we did previously, we
compared the group of shNS +DOX with shF2R +DOX, and we found a decrease in the

metastatic colonization of those cells that had less F2R expression (Figure 72).
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Figure 72. Lower levels of F2R tend to be associated with less metastatic colonization. Cells were
inoculated through the tail vein previously pre-treated with doxycycline and were administrated to
mice for 5 days. A) Inmunohistochemical analysis of human vimentin in metastasis from shNS -DOX,
shNS +DOX, shF2R -DOX, and shF2R +DOX. n was as minimum 3 mice analyzed per each group.

2.3 Late F2R knockdown in SN12C circulating tumor cells

Having these interesting results into account that confirmed the possible relation
between F2R and metastasis when cells are directly into the bloodstream, we wanted to
evaluate if knocking down the receptor after 30 days of inoculation into mice had the
same effect. As we were decreasing F2R expression after many days of cells injection, it
is supposed that we were not affecting either survival in circulation or extravasation from
the vasculature to secondary tissue; we supposed that we are affecting the process of

colonization and stabilization of metastatic lesions at secondary sites.
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2.3.1 F2R knocked down SN12C DTC had less capacity to grow in the lungs

After 2 months of the experiment, we euthanized animals, and many parameters related
to metastasis were analyzed. Results showed analyzing lung affected lobes, that there
were fewer affected lobes in those animals inoculated with SN12C shF2R administrated
with doxycycline (Figure 73A). However, there were no significant differences in the
number of foci lesions if we compare shF2R groups of animals administrated or not with
doxycycline, but clear decrease tendencies are shown (Figure 73B). Moreover, we did
not find statistical differences in the size of these lesions comparing shF2R -DOX with
shF2R +DOX, but lesions tend to be smaller (Figure 73C). For that reason, after
performing the categorical classification of lesions, we found that shF2R +DOX mice

presented more small lesions than shF2R -DOX mice (Figure 73D).
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Figure 73. SN12C shF2R mice administered with doxycycline presented a tendency to decrease the
number and the size of lung lesions. Different parameters related to metastasis were analyzed in
shNS (n=5) and shF2R (n=10) inoculated mice. A) Number of lung lobes with lesions was quantified.
B) Number of foci lesions quantified per mouse. C) The size of each lesion was quantified by dividing
the total metastasis area by the number of foci lesions. D) Lesions were classified as Small, Medium,
and Large depending on their size. Mann Whitney test, p<0,05*. Images from lungs were taken with
Zeiss Axio Observer Z1+ Apotome inverted microscope at 4X and a mosaic was created with all
pictures to quantify.
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Then, we decided to analyze the proliferation of different metastatic lesions as we found
differences in the size when we decrease F2R expression. Results confirmed that there

was a decrease in the proliferation of those lesions with less F2R expression (Figure 74).
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Figure 74. Proliferation analysis of metastatic lesions revealed a lower proliferative rate in knocked
down F2R metastatic lesions. Proliferation was analyzed by Inmunohistrochemistry of Ki67
proliferative marker. A) Representative images from each group of tumors at 10X. B) Quantification
of total proliferative cells vs total cells. Results are represented in % of proliferative cells. Error bars
represent S.D, n=5 different lesions and n=5 mice analyzed per each group. Mann Whitney test,
p<0.005 **)

Finally, we analyzed the total metastasis area relativized by the total lung area analyzed
and we clearly confirmed that after decreasing F2R expression, we had a clear reduction

of metastatic area density (Figure 75).
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Figure 75. Metastasis area density was decreased in mice inoculated with SN12C shF2R (late
doxycycline administration) through the tail vein. Total metastasis area density was determined by
quantifying the total metastatic area normalized by the total lung area of each lung. Images from
lungs were taken with Zeiss Axio Observer Z1+ Apotome inverted microscope at 4X and a mosaic was
created with all pictures to quantify. Mann Whitney test, p<0,05*.

Altogether, we confirmed that F2R is contributing to the metastatic process in the later
steps of the metastatic process. F2R could be necessary for cancer cells to grow once

they have colonized lung parenchyma.

2.4 Coagulation-related factors analysis

As it was described in the Hypothesis and Objectives section, the main purpose of this
thesis is to evaluate what is happening with the coagulation factors and their pathway
to metastasis. It has been described that cancer represents a highly prothrombotic state,
and one of the main important factors in the regulation of blood hemostasis is platelets.
When they become activated, many events occur to activate the regulation of
hemostasis. For that reason, we wanted to analyze what was happening with platelets
when we co-culture with RCC cell line trying to mimic what is happening with CTC and

its interactions with platelets.
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2.4.1 F2R was not inducing platelet activation and aggregation

Considering all this data, and the interesting results that we obtained in the different in
vivo experiments performed, we tried to elaborate a possible hypothesis that could
explain this decrease in metastasis after inhibiting or decreasing F2R expression. We
hypothesize that SN12C or cells from Ren 50M tumors, as they have higher expression
of F2R, once they are in the bloodstream, can secrete one or several factors that induce
platelet activation and aggregation. Thus, platelets secrete thrombin and other factors
that cleavage Fibrinogen into fibrin, facilitating the formation of a shield between
platelets and cancer cells that prevents Natural Killer clearance causing an increase in

CTC survival and facilitating its colonization (Figure 76).

NK cells

Figure 76. Hypothesis of the possible mechanism by which F2R is affecting CTC. CTC as they have
higher expression of F2R, once they are in the bloodstream, they can secrete one or several factors
that induce platelet activation and aggregation. Thus, platelets secrete thrombin and other factors
that cleavage Fibrinogen into fibrin, facilitating the formation of a shield between platelets and
cancer cells that prevents Natural Killer clearance.
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To further develop this hypothesis, we performed an experimental approach between
SN12C WT cells, SN12 shRNA cells, and platelets. All these experiments were performed
in Multiplate Analyzer™ in collaboration with Dr. José Luis Ferreiro from Hospital
Universitari de Bellvitge. We firstly analyzed if SN12C WT secreted media could induce
platelet aggregation of human healthy platelets. Results confirmed that SN12C was not
able to induce platelet aggregation (Figure 77A). Furthermore, we wanted to test in
SN12C shF2R cells but also, no differences were observed despite decreasing F2R
expression(Figure 77B). Besides, we tested the same experiments but incubated with
SN12C WT cells to check if this platelet aggregation could be induced by the presence of
cells. After testing with different numbers of cells, we concluded that no differences

were observed (Figure 77B)
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Figure 77. Platelet aggregation did not show alterations when we incubate with cells or
supernatants. A) Platelet aggregation analysis of control media and SN12C supernatant media of
SN12C cells. B) Platelet aggregation analysis of the different shNS and shF2R supernatants media
after Doxyxycline administration. C) Platelet aggregation analysis of a different number of cells, 1250,
2500, 10000, and 20000. Results were represented showing Area Under the Curve parameters
measured in arbitrary units of the Multiplate Analyzer™. Error bars represent S.D, Wells/condition
n=minimum of 2. Mann Whitney test, p>0.05 ns

We can conclude with these results that the secreted factors of SN12C cells or the
presence of that cells did not affect the platelet aggregation. For that reason, seemed
that no effects of the blood hemostasis are happening due to the presence of CTC in

contact with the blood.
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Nevertheless, we wanted to evaluate different parameters related to blood clotting to

see if blood hemostasis is affected due to the presence of Ren 50M tumors or SN12C

tumors.

2.4.2 F2R higher expression was not affecting the formation of blood clots

As was described in Section 3 of the introduction, the coagulation pathway is composed
of two paths: the intrinsic and the extrinsic pathway. There are different tests that
measure alterations of each pathway. Concretely, Prothrombin time measures if there is
any alteration of the coagulation factors of the intrinsic pathway. In contrast,
Thromboplastin partial activated time measures alterations of the coagulation factors of
the extrinsic pathway. We decided to measure both parameters in Ren 50M and SN12C
tumors. Results showed that there were no differences in Prothrombin time (Figure 78A)

nor thromboplastin partial activated time (Figure 78B).
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Figure 78. Blood coagulation alterations were not observed in Ren 50M and SN12C tumors. A)
Prothrombin time analysis in Ren 50M tumors and different shNS and shF2R tumors compared with
control mice. B) Thromboplastin Partial activated time in Ren 50M tumors and different shNS and
shF2R tumors compared with control mice. These results were obtained in collaboration with Servei
d’Hematologia Clinica Veterinaria from UAB. Error bars represent S.D, Wells/condition n=minimum

of 3.

Considering all the coagulation-related analyses we concluded that no alterations in the

blood coagulation were observed. However, trying to evaluate the hypothesis presented
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in Figure 76, we wanted to analyze what is occurring with fibrin and fibrinogen due to its

possible implication in metastasis.

It is known that fibrin and fibrinogen are the main players in the coagulation cascade.
For that reason, we performed different experiments to detect the presence of these
factors. As we had hypothesized that Fibrin/Fibrinogen could be playing an important
role in favoring metastasis, we wanted to analyze its presence in the blood of PDOX

models but also in the SN12C shF2R generated tumors.

2.4.3 Ren 50M and SN12C tumors presented higher levels of Fibrinogen

Fibrinogen levels analysis were obtained by analyzing plasma from a different group of
mice that had Ren 50M tumors or SN12C shRNA tumors. This analysis was performed in
Servei d’Hematologia Clinica Veterinaria from UAB. Results showed that Ren50M
presented higher levels of fibrinogen compared with the atimic control group and other
renal tumors. Besides, if we removed the tumor (nephrectomy, Ren 50M cure), levels of
fibrinogen were recovered (Figure 79). Furthermore, analyzing SN12C shRNA tumors we

obtained higher levels of fibrinogen.
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Figure 79. Fibrinogen levels in different PDOX models. Plasma from atimic mice (control), Ren 50M
tumors, Ren 50M after tumor nephrectomy (Ren 50M cure), other PDOX renal models, and SN12C
shRNA tumors were analyzed to check fibrinogen levels. Error bars represent S.D,

Fibrinogen (mg/dL)
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2.4.4 Fibrin expression was detected in Ren 50M metastatic lesions

Furthermore, to check the levels of fibrin in PDOX models, we performed Martius Scarlet
Blue (MSB) staining technique that is used for fibrin visualization. Results showed that in
normal tissue, Ren 50 presented higher levels of fibrin compared with Ren 50M (Figure
80A). However, more fibrin deposits in the tumor and metastasis (Figure 80B) from Ren

50M were found compared with Ren 50.
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Figure 80. Fibrin detection in Ren50 and Ren50M tumors. MSB staining was performed to analyze
fibrin (in red) levels in our PDOX renal models. Also, MSB stained collagen (blue) and erythrocytes
(yellow). A) Representative images from normal Kidney (left) and tumors (right) in Ren 50 and
Ren50M of MSB staining. B) Representative images from metastasis in lungs from MSB staining.

Altogether with these results, we can conclude that fibrinogen and fibrin could be
contributing to cancer cells metastasize through different mechanisms, so further

studies are needed to know more about their role in metastasis.
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3. VALIDATION OF F2R AND ITS INTERACTORS IN PATIENTS

In collaboration with Carlota Rubio-Pérez, from Nuria Lépez-Bigas laboratory in the
Institut de Recerca Biomedica (IRB) and Roderic Espin from IDIBELL institute, we further
studied the relationship between our main candidate F2R and its downstream

interactors described and clinical data from The Cancer Genome Atlas (TCGA).

3.1 F2R s expressed in many cancer types being RCC the most
overexpressed

We first wanted to analyze whether RNA expression of F2R could be associated with any
RCC subtype. Analyzing data from TCGA, results showed that F2R presented higher
expression in ccRCC (KIRC) compared to the other most common RCC histological

subtypes, chromophobe (KICH) and papillary (KIRP) (Figure 81).

F2R
14
12
10 ’
J
8 Pval: 1.60e-242
FC:2.99
6 —
=} o o
w0 [eo] ~
@ N w
ey T T
c = o
o o O
) e x
¥ X =

Figure 81. F2R expression is higher in ccRCC than in the other two main RCC subtypes. Boxplots
represent the expression of F2R in different RCC subtypes: KICH, KIRP, and KIRC. Each green dot
represents an individual patient. Expression values are expressed in log2 RSEM (a normalization
measure of RNA seq counts) and statistically significant differences were found using the Mann-
Whitney test when comparing KIRC expression to the other subtypes. P-value and FC are represented
inside the plot.
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Next, we decided to check whether the expression distribution of F2R is different across
all 18 TCGA other cancer types, not only focusing on RCC. Results showed that patients
with ccRCC (KIRC) are those who have the highest expression of F2R (Figure 82).
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Figure 82. ccRCC is the highest cancer type with the highest expression of F2R. Boxplots represent
the distribution of expression of F2R across 18 TCGA solid types of cancer. Expression values are
expressed in log2 FPKM-UQ (RNA-Seg-based expression normalization method).

3.2 Different F2R interactors are overexpressed in RCC patients

Furthermore, it was analyzed the expression of the different F2R interactors previously
described: Integrin a3 (Figure 83A), Integrin a5 (Figure 83B), Integrin B1 (Figure 83C),

and Fibronectin (Figure 83D). In the case of Integrin a5, ccRCC was cancer with the
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highest expression of these integrins. Besides, Integrin B1 was also clearly expressed in

ccRCC being the 2nd tumor with the highest expression.
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Figure 83. ccRCC is the highest cancer type with the highest expression of integrin a5 and integrin
B1. Boxplots represent the distribution of expression of integrin a5 (B) and integrin 1 (C) across 18
TCGA solid types of cancer. It was also checked the expression of integrin a3 (A) and fibronectin (D).
Expression values are expressed in log2 FPKM-UQ (RNA-Seg-based expression normalization
method)

3.3 Overexpression of coagulation-related genes in patients tends to worse
prognosis

Furthermore, we analyzed if the overexpression of F2R has an impact on the prognosis

of ccRCC patients. To do so, we ranked the patients according to the expression of F2R

160



Results

and we compared the prognosis of the percentage 85 patients to the rest. Results
showed that the overexpression of F2R is not influencing on survival of ccRCC patients

(Figure 84A).

Besides, we decided to further check this parameter when considering all genes obtained
in GSEA analysis with a positive enrichment core directly involved in the coagulation
pathway (TFPi, SERPINE 1, F2R, F13A1, and ITGB3). Results did not show statistically
significant differences. Nevertheless, we could observe a tendency for worse survival in

patients when tumors present an overexpression of coagulation-involved genes (Figure
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Figure 84. ccRCC patients with overexpression of F2R do not present worse survival rates. However,
patients with overexpression of genes involved in the coagulation pathway tend to present worse
survival. A) Kaplan-Meier plot of overall survival in 538 ccRCC patients (from TCGA). Patients were
divided into two groups regarding their RNA expression levels. Blue line represents patients whose
expression is below percentile 85. Orange line represents patients whose expression is above
percentile 85. Data were analyzed by Log-rank test. B) Kaplan-Meier plot of overall survival in 498
ccRCC patients (from TCGA). Patients were divided into two groups regarding the gene set involved
in coagulation (TFPi, SERPINE 1, F2R, F13A1, and ITGB3) RNA expression. Red line represents patients
whose expression is above percentile 85. Green line represents patients whose expression is below
percentile 85. Data were analyzed by Log-rank test.
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3.4 F2R interactors are associated with a worse prognosis in RCC patients

Furthermore, seeking to obtain more insights on the consequences of overexpression of
the different integrins analyzed during this thesis in the clinical setting, we wanted to
investigate whether its overexpression has an impact on the prognosis of ccRCC patients.
To do so, we ranked the patients according to the expression of integrin a3, integrin a5,

and fibronectin and we compared the prognosis of the percentage 85 patients to the

rest.

Results confirmed that ccRCC patients who have an overexpression of integrin a3 (Figure
85A), integrin a5 (Figure 85B), or fibronectin (Figure 85C) have a worse prognosis

compared with those who have lower expression levels.

A ITGA3 above percentile 85 (n=81) #ITGA3 below percentile 85 (n=457)
=y
9 7
2 .
[<] C FN1 above percentile 85 (n=81)  #FN1 below percentile 85 (n=457)
a
2
<
=
a 2.
logrank test p-value = 0.0066 E
S
e
B
H o 200 3000 ©
2
B ITGA5 above percentile 85 (n=81) #TGA5 below percentile 85 (n=457) g
Ao
logrank test p-value = 0.0097
ol
3 i
©
Kol
[<]
Q
©
>
2
=
v 0.
logrank test p-value = 0.0041

Figure 85. Integrin a3, Integrin a5, and Fibronectin are negative prognostic factors in patients with
ccRCC. Kaplan-Meier plot of overall survival in 538 ccRCC patients (from TCGA). Patients were divided
into two groups regarding their Integrin a3 (A), Integrin a5 (B), and Fibro RNA expression levels. Blue
line represents patients whose expression is below percentile 85. Orange line represents patients

whose expression is above percentile 85.
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3.5 Correlation between F2R and its downstream effectors

It was also interesting to analyze the possible correlation between F2R with the different
interactors in ccRCC patients. In the case of integrin a3 (Figure 86A) no correlation was
observed, butin integrin a5 (Figure 86B), integrin B1 (Figure 86C), and fibronectin (Figure

86C) a strong correlation was observed.

A F2R vs. ITGA3 B F2R vs. ITGA5
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Figure 86. F2R expression positively correlates with integrin a5, integrin 1, and fibronectin in
patients with ccRCC. Association studies between F2R and Integrin a3 (A), integrin a5 (B), integrin
B1 (C), and fibronectin (D). Spearman's rank correlation coefficient is represented with the p-value.

Overall, these data from the clinics support that F2R and its interactors could be
considered an interesting target for metastatic RCC, but also for other cancer types
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1. METASTASIS IN REN 50 AND REN 50M

Metastasis is the hallmark of cancer that is responsible for the major part of cancer-
related deaths worldwide. It accounts the 90% of cancer deaths in patients(Chaffer &
Weinberg, 2011a). But nowadays, the mechanisms of the metastatic process remain poorly
understood. For that reason, establishing the biological mechanisms of the metastatic
process has become an attractive target for metastatic patients to improve patients
overall survival (Fares et al., 2020). Approximately, one-third of patients with RCC
present metastasis at the time of diagnosis, and the overall survival at five years of those
patients is 8% (Gong et al., 2016). Considering this dramatic data, the principal objective
of this thesis is to identify new biological mechanisms that could explain the metastatic

process trying to detect new therapeutic target opportunities.

RCC has become one of the most cancer types that have higher intratumor heterogeneity
and clonal evolution (Gerlinger et al., 2014; Saeed et al., 2019). This clonal heterogeneity
helps cancer progression and malignization developing advantage traits to a group of
cells conferring them the ability to generate metastasis. Moreover, this variability of
different types of cancer cells could be associated with different drug responsiveness

from one patient to another (Crusz et al., 2016).

Functional studies based on model systems that try to recapitulate genetic and
phenotypic patterns of patients' profiles are useful for identifying new biomarkers and
therapeutic targets. For that reason, patient-derived xenografts have become an
effective model in the last years as they can reproduce the histology, the metastatacic
capacity, and different treatment responses (Lum et al., 2012). The main problem of
PDOX models is that researchers implant only a piece of the tumor, so we are “selecting”

and discarting different clones present in the tumor (Alizadeh et al., 2015).

In our PDOX model of Ren 50 and Ren 50M occurs something similar. The Ren 50 patient
had many clones in their RCC tumor, and when we implanted them into our orthotopic
mouse, a selection of these clones was made. Through different passages of primary RCC

growth on mice, we randomly selected different polyclonal cells with lower metastatic
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capacity. However, in the orthotopic mouse a polyclonal group of cells having a higher
expression of the coagulation factor genes scape and made the macrometastasis in the

lung, which gave rise to the Ren 50M tumors.

During the exhaustive analysis of the two variants generated, we decided to stop the
growth of both tumor lines for a while. Once we had analyzed both variants and
confirmed the differences at the gene expression level, we were unable to re-grow the
tumors when we descryopreserved this tumor. When we solved the cryopreservation
problems and obtained tumor growth, we were unable to reproduce the levels of
metastasis common to Ren 50M. Therefore, we decided to implant the tumors by
disgregation and injecting the disgregated tumor cells directly into the kidney, instead of

implanting pieces as we had previously done.

Having this new way of generating Ren 50M tumors, we managed to recapitulate the
incidence of metastasis that we had at the origin of the project. It should be noted that
this intrarenal injection facilitates greater dissemination of cells throughout the renal
parenchyma and, therefore, a greater facility for generating metastasis. When analyzing
the primary tumors generated in this way, the growth was not as homogeneous and

localized as it was when the piece was implanted in the renal capsule.

By generating the primary tumors in this new way, we wanted to validate that we
maintained the gene expression of our candidate. Indeed, there was no change in F2R
expression or tumor histology. However, we could not reproduce the same metastasis
inhibition results with vorapaxar that we obtained with SN12C tumors. It should also be
noted that the number of mice in this experiment was low (n=5) and perhaps, we started
treatment with the drug very late. As a reference to starting the vorapaxar treatment,
we used the same times as the experiment of the SN12C tumors. However, as the growth
was more disseminated and not so localized, the treatments were performed at a more
advanced stage of cancer due to the problems of measuring the primary tumor by
palpation. Further studies with vorapaxar in Ren 50M PDOX model are needed to

confirm that F2R inhibition is affecting the metastatic capacity in these tumors.

167



Discussion

2. ROLE OF F2R IN PRIMARY TUMORS

F2R has been described to regulate multiple processes such as survival, proliferation,
cytokine/growth factor secretion, and motility (Wojtukiewicz et al., 2015a). This is why
this receptor may be playing a fundamental role in the establishment of cancer having
described in more than 30 reviews the possible interplay between F2R and
tumorogenesis (Bar-Shavit, Maoz, Kancharla, Jaber, et al., 2016; Remiker & Palumbo, 2018; Ruf &

Mueller, 2006; Sharma et al., 2019; Wojtukiewicz et al., 2015b)

The vast majority of authors suggest that F2R promotes tumor growth. However, others
have argued that overexpression of the receptor limits tumor progression in different
contexts (Adams et al., 2018; Queiroz et al., 2014). In our case, focusing specifically on
RCC, with the results shown we conclude that F2R is favoring tumor malignancy,

contributing to the metastatic process.

Previous results from the in vivo experiment from the tumor model generated from the
SN12C cell line and the treatment with vorapaxar showed that pharmacological
inhibition with this drug reduces metastasis in mice. One of the mechanisms that may
explain the reduction of metastasis could be associated with the effect on primary tumor
growth. However, we demonstrate that after vorapaxar treatment we did not see any
effect on the tumor growth. It has been described that in Ovarian cancer, the inhibition
with vorapaxar reduces cell proliferation, but no evidence in vivo experiments have been

demonstrated (Chanakira et al., 2017).

Few studies have been conducted with vorapaxar to analyze its effects on cancer.
However, other types of inhibitors have been used to inhibit F2R. In vitro, it has been
validated that inhibition of F2R by an allosteric antagonist correlates with decreased cell
growth in a model of cervical adenocarcinoma (Burns & Thevenin, 2015). The use of
pepducins has been proposed to inhibit F2R due to their antagonistic power. In a breast
cancer model, it has been described that after inhibition of F2R with pepducins, there is
also no effect on the growth of the primary tumor, with a clear reduction in metastasis

(E. Yang et al., 2009), as we have demonstrated with vorapaxar. These results, therefore,
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suggest that we can link the decrease in metastasis to other mechanisms independent

of tumor proliferation and growth.

As shown in results, we have validated an effect on the invasiveness of tumors when F2R
has been inhibited. Although we are working in a mouse model when using vorapaxar,
we know that the effects we are going to obtain are associated due to the inhibition of
F2R mainly presented in tumor cells(C. Zhang et al., 2012). As it has been described the
important role of platelets in metastasis, we confirmed that murine platelet F2R is not
being affected by the inhibition of vorapaxar, as murine platelets lack this receptor and
are activated by other receptors of the PAR family. (S. R. Coughlin, 2000; Heuberger &

Schuepbach, 2019a).

To validate more specifically which is the mechanism by which vorapaxar is inhibiting
this invasiveness, we wanted to validate it through in vitro studies. These studies showed
that there was no effect on the migratory capacity of cells, but neither was it affecting
the inhibition of the AKT signaling pathway. Considering these results and coupled with
the limited in vitro data found in the literature, we were unable to establish the
mechanism by which vorapaxar was affecting the invasiveness capacity of the SN12C in

vivo tumors.

One of the possible explanations for the ineffectiveness of vorapaxar in vitro could be
associated that it is a pro-drug that must be metabolized in the liver. However, studies
have shown that vorapaxar is already able to inhibit F2R with high potency without
needing to be metabolized or activated in the liver (Fala, 2015; Hawes et al., 2015).

Further studies are needed to try to demonstrate why vorapaxar has no effect in vitro.

Despite this, vorapaxar is a new PAR1 antagonist recently approved in the US for the
reduction of thrombotic cardiovascular events in patients with a history of myocardial
infarction or peripheral arterial disease (brand name Zontivity)(Fala, 2015). Several
clinical trials are ongoing with this drug, but none are focused on cancer and metastasis.

(Flaumenhaft & de Ceunynck, 2017). Therefore, after validation of metastasis reduction in
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other cancer models, this drug could be proposed for use in the clinic as a preventive

treatment in patients with elevated F2R levels.

One of the negative aspects to use drug inhibitors is the possibility of affecting unknown
off-targets that can be affecting our cell viability or unmasking real effects. This is what
happened with the SCH 79797 inhibitor. This, despite showing very interesting results in
terms of migration and invasion of cells and spheroids in vitro, as demonstrated in a
melanoma model (Silini et al., 2010), had some drug-associated toxicity leading to cell

death, as other groups have described. (di Serio et al., 2007).

For that reason, and after the surprising results of metastasis reduction with vorapaxar,
we decided to perform genetic inhibition of F2R. As with vorapaxar, the growth of the
primary tumor in the kidney was not affected after the decrease in F2R expression.
However, in a glioma model, a decrease in primary tumor growth has been described in
those tumors in which F2R was downregulated (Gao et al., 2020). Considering that, it
seems that depending on the origin of the primary tumor, tumor growth may or may not

be affected.

In addition, and corroborating with the data obtained in the vorapaxar in vivo
experiment, the decrease of F2R expression in tumors also led to a clear decrease in the
invasive capacity of tumors, which was also confirmed by migration and invasion studies
performed in vitro and as other groups have shown (Cisowski et al., 2011; Gao et al.,
2020; Silini et al., 2010). However, despite not having statistically significant differences
in terms of lung metastatic area density reduction, a clear downward trend is seen after
decreasing F2R expression. These differences could be bigger since, as we showed in
vitro, the reduction in F2R expression is around 60%, but the remaining 40% may be

masking a bigger reduction of metastasis.

One of the positive aspects of performing this reduction at the genetic level gives us
specificity, as we are only acting at the level of F2R in the tumor cell. However, if we
compare the study of inhibition with vorapaxar and that of the genetic reduction of F2R,

despite tendencies going in the same direction, the effects of pharmacological inhibition
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are greater. This can be explained by the remaining F2R expression, but also by the fact
that with pharmacological inhibition we could be inhibiting F2R in other cells of the
tumor stroma and not only in the tumor cell. This opens a new opportunity to study the

involvement of F2R in tumor stromal cells and how it is affecting malignancy.

Considering the clear implication that F2R may have in tumor malignancy described in
different studies in different tumor types, little has been described specifically about the
relationship between F2R and tumor malignancy in RCC. That is why all the therapeutic
approaches we have made through pharmacological inhibitions and decrease in gene
expression of F2R open up a new horizon to what is the role of this receptor in a tumor

that has not been described deeply.

Moving to the molecular mechanism of how F2R is contributing to metastasis, it is
interesting to know more about the receptor and its mechanisms of activation. As it has
been previously described, F2R is a seven-transmembrane G-protein—coupled receptor
that belongs to a family of receptors whose defining feature is irreversible proteolytic
activation. G proteins are composed of three subunits, Ga, GB, and Gy which are located
in the inner part of the plasma membrane. Upon ligand binding, the signal is transmitted
through conformational changes, which consequently result in the activation of a
specific signaling pathway (Bar-Shavit, Maoz, Kancharla, Nag, et al., 2016). Following
proteolytic cleavage or induction of agonist peptides, a tethered ligand that interacts
with a shallow binding site varies depending on the activator, so the engaged signaling
pathways vary between tissues and cell lines. So, depending on the tethered ligand we
have the activation of a specific signaling pathway will occur (Heuberger & Schuepbach,

2019b; Vu et al., 1991).

We have confirmed that in our model that the PI3K/AKT signalling pathway is inactivated
when the downregulation of F2R expression takes place, consistent with other authors
have shown in a breast cancer model (Kancharla et al., 2015; Zecchin et al., 2020). In
addition, pharmacological inhibition by pepducins also showed a clear effect on the

inactivation of this signalling pathway (E. Yang et al., 2009)
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Another factor that leads us to suspect that this signaling pathway is playing an
important role in the most aggressive tumors was obtained through exhaustive RNA-seq
analysis where we compared expression levels of non-aggressive tumors (Ren 50) versus
aggressive tumors (Ren 50M). In Ren 50M, one of the genes that is overexpressed more
than 600-fold compared to Ren 50 tumors is G Protein Subunit Gamma 4. The gamma
subunit of GPCRs has been described as one of the activators of the PI3K/AKT pathway
(Steinhoff et al., 2005). Even though GPCRs emerge as oncogenes that regulate cancer-
associated signaling networks, their role in tumor biology is not clearly understood.
Furthermore, large-scale genome studies of multiple human tumors have uncovered

overexpression of GPCRs in cancer (Feigin, 2013).

As we are working with the Thrombin receptor, it has been described that could be
activated by different ligands. In our case, F2R is activated by different proteases, being
Thrombin its main activator. Other potential activators described are Tissue Factor,
Trypsin, and MMPs. (Heuberger & Schuepbach, 2019b; X. Liu et al., 2017). In our case, we have
validated that thrombin is activating PI3K/AKT signaling pathways in our SN12C model,
as described in breast cancer (E. Yang et al., 2009) In addition, we have validated how
there is an increase in the invasive capacity of tumor cells in vitro, as published by other
authors in other models of breast cancer and melanoma. (Boire et al., 2005; Shi et al.,

2004c¢).

In addition, we have used and developed the activating peptide TFLLRN-NH2. This
peptide contains the amino acids required for F2R activation following proteolytic
activation by thrombin. This peptide is a specific F2R agonist that selectively activates
F2R without activating other receptors of the F2R family (Hollenberg et al., 1997). As we
have validated with thrombin, the activating peptide also activates the PI3K/AKT

pathway as well as the invasive and migratory capacity of SN12C.

It was also validated that the activation by the TFLLRN peptide affected the migration of
other RCC cell lines such as RCC4 that expressed similar levels of F2R like SN12C.
Furthermore, we also validate this increase of the migration capacity in a very aggressive

mouse renal adenocarcinoma cell line -called Renca- that expressed lower levels of F2R.
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Despite that, a slight tendency of increasing cell migration was found. We could conclude
that also in a mouse cell model, the activation of F2R is also having similar results of

increasing cell migration.

Other activating peptides, such as SFLLRN, can induce activation of the PI3K/AKT
pathway, but it has been discovered that this peptide could be affecting the activation
of other receptors of F2R family (Hollenberg et al., 1997; E. Yang et al., 2009). In the last
years, it has been described the PAR-PAR interactions in different cell types- Concretely,
cooperative signaling between F2R (PAR1) and PAR2 was observed in carcinoma cells,
suggesting a possible dimerization in carcinogenesis (Lin & Trejo, 2013; McEachron et al.,
2010; Shi et al., 2004a). In addition, Shi et al describe that thrombin stimulates the motility
of metastatic tumor cells by a mechanism that requires not only the activation of PAR1
but also the simultaneous activation of PAR2 (Shi et al., 2004a). Considering that, further
studies of PAR family interactions and cooperations are needed to validate our models,

as we also found that F2RL2 -also called PAR3- is also overexpressed in Ren 50M tumors.

One of the other important aspects to assess is what is happening upstream to F2R in
tumors in vivo. As it is a receptor that is activated by multiple proteases, it would be
interesting to determine if in both SN12C tumors and Ren50M tumors there are any
factors that are potentially secreted by cancer cells acting at the tumor cell level to
activate its malignancy. For that reason, it would be interesting to analyze the secretome
of SN12C cells in vitro and analyze whether they can secrete proteases that can activate
the F2R present in them. Furthermore, in our in vivo kidney tumor tissues we could
analyze histologically the presence or absence of activators, as well as analyze whether

the secretion is present in the blood.

Considering this last premise, we hypothesize that this mechanism could be important
at the later stages of the metastatic cascade: colonization and growth in the metastatic
organ. If tumors with high levels of F2R can secrete factors that activate their F2R, a
higher activating survival pathway PI3K/AKT will be happening. Therefore, it will be an
advantage for these cells to survive in a hostile environment such as the lung thanks to

AKT activation.
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Regarding the studies performed with integrins and their possible implication on the
process of cellular migration and invasion, it has been described as a trait essential for
metastasis. Enhanced migration is key across the metastatic cascade and is involved in
the initial scattering of cells and migration from the primary tumor (W. G. Jiang et al.,
2015). This process is helped by the presence of integrins, essential for the attachment
of cancer cells to the different components of the ECM. Several integrins have been
linked to metastatic likelihood and cancer. Here we described 3 integrins that could be
implicated in the acquisition of malignancy of cancer cells: integrin a3, integrin a5, and

integrin B1.

According to the data obtained from de RNA-seq, the most overexpressed integrin in our
metastatic PDOX model Ren 50M was integrin a3. Besides, in SN12C tumors this
expression is higher than Ren 50M. It has been described that integrin a3 is dimerizing
with integrin B1. This pair of integrin is considered a promiscuous receptor, which
appears to recognize a variety of ECM proteins including, laminin-1, laminin-5, collagen,
and fibronectin among others. Expression of a3B1 integrin varies during tumor
progression. For example, primary melanomas express low levels of a3pf1, whereas
metastatic melanomas express high levels of this integrin (Natali et al., 1993). Besides, it
also has been described that Gliomas and glioblastomas are considered aggressive
tumors, they are characterized by an overexpression of a3B1 playing a major role in both

cell-matrix interactions and invasion (Fukushima et al., 1998).

The presence of this integrin not only has been related to the acquisition of malignancy.
It has been described to promote prosurvival and proliferative signals required for the
malignant growth of basal mammary epithelial cells, helping with the cancer initiation
and progression (Cagnet et al.,, 2013). Considering that, we can conclude that this
integrin is not also contributing to the scape of cancer cells from the primary tumor, it
could be also necessary to be present in the moment of colonization and growth in the
new metastatic organ. For that reason, targeting both pairs of integrins could be an
interesting approach to blocking cancer progression, as other groups demonstrate

(Melchiori et al., 1995; White et al., 2004).
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In our case, very little is described in the literature about integrin a3f1 and RCC, and
despite the fact of having described this higher expression in our models, more studies
on inhibiting these integrins in vitro and in vivo are needed to further confirm the

implication of this integrin in tumor malignization.

In the case of a5 integrin, there are more studies in the literature relating to its possible
involvement in malignancy and metastasis. In colon carcinoma and basal-like breast
cancer increased integrin a5 is associated with tumor progression and metastasis (Gong
et al., 1997; McFarlane et al., 2015). Besides, Murillo et al. showed that colon cancer cells
had a reduced cell attachment and an increase in apoptosis after inhibiting integrin

a5(Murillo et al., 2004).

Surprisingly, in RCC there also seems to be a clear involvement of integrin a5 in tumor
malignancy. Hase et al. have shown that the LOX-like protein (LOXL2) promotes tumor
progression by regulating integrin a5 levels in ccRCC. Furthermore, it has been described
the implication of integrin a5 in bone metastasis from RCC patients (Haber et al., 2015)
Besides, in a recently published paper, Breuksch et al described that integrin a5 triggers
the metastatic potential in RCC. They demonstrated that patients with RCC expressed a
significantly higher level of integrin a5 in tumors than in normal tissue. But also this
integrin expression correlated with tumor grade, the development of distant
metastases, and the reduction of survival. Finally, they demonstrate that the use of
blocking integrin a5 antibody is useful to decrease the migration and the adhesion of

RCC cancer cells (Breuksch et al., 2017).

Moving to our results, we showed that integrin a5 was overexpressed in Ren 50M and
not in Ren 50, but in SN12C tumors there was no higher expression. Despite this fact, the
higher expression of this integrin was located in the invasion front of these tumors. For
that reason, we conclude that despite having lower levels, it’s the one that is pushing the

tumor to invade normal tissue contributing to the malignization of SN12C tumors.

To further confirm the implication of this integrin in metastasis, further in vitro

experiments with the blocking antibody of integrin a5 will need. Furthermore, it will be
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interesting to test this treatment in our in vivo Ren 50M and SN12C tumors to see the
possible effects on metastasis. Nowadays, in the clinic exists a specific blocking antibody
integrin a5 called Volociximab that is under a clinical trial and showed promising results
in cancer treatment in rabbits with Vx2 tumors (Bhaskar et al., 2007, 2008). Besides,
more inhibitors of this integrin are appearing, for example, ATN-161, which showed a
reduction in tumor progression in breast and colon cancer (Khalili et al., 2006; Stoeltzing
et al., 2003). Furthermore, it was demonstrated in phase | of the study a stabilization of
the disease in one-third of all patients with solid tumors treated with ATN-161

(Cianfrocca et al., 2006).

Two common things share the alpha subunits integrins analyzed: the beta integrin which

is dimerizing, but also the ligand to which they are binding (Fibronectin).

On the one hand, the studies of integrin B1 revealed that there were higher levels in Ren
50M than in Ren 50, but changes were not as higher as with the other integrins despite
having statistical differences. As it is an integrin that is binding through many different
alpha subunits, this could be the reason for not having higher differences. Even though
it has been described its implication in many cancers such as gastric, breast, and lung

cancer (C. Hu et al,, 2017; X. Li et al., 2013; Williams & Coppolino, 2014).

On the other hand, we have the ligand of both integrins: the Fibronectin. Integrin a3p1
can bind to many other ECM components, but integrin a5B1 only binds to fibrinogen.
Fibrinogen has long been proposed to play an important role in the pathobiology of
cancer. However, the role of FN in tumorigenesis and malignization has been highly
controversial (Taylor et al., 1998; Topalovski & Brekken, 2016). Concretely, in RCC as it happens
in colorectal cancer, higher levels of plasma, serum, or urine fibrinogen expression could
be detected in later stages and metastatic renal cell carcinoma or colorectal cancer
patients and may clinically serve as excellent non-invasive prognostic biomarkers(Hegele
et al., 2004; Saito et al.,, 2008). In our Ren 50M tumors, we can observed higher
expression compared with Ren 50 and could be useful as a prognostic biomarker
analyzed in tumors, but we could check the presence of fibrinogen in plasma from Ren

50M tumors.
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Considering all the data regarding the overexpression of F2R and the different integrins
in the high aggressiveness in vivo tumors, we wondered to know a possible interplay
between all these factors. For that reason, we started analyzing the way of activation of
integrins. The integrin family of cell adhesion receptors mediates bi-directional signaling:
'inside-out' signaling activates the ligand-binding function of integrins and 'outside-in'
signaling mediates cellular responses induced by ligand binding to integrins leading to

cell spreading, retraction, migration, and proliferation (Shen et al., 2012).

Taking into account these two ways of integrins activation, we hypothesize possible
crosstalk between F2R and integrins a3B1 and a5B1 could be happening in our in vivo
Ren 50M and SN12C tumors. The activation of F2R leads to the activation of (PI3K)/AKT
signaling pathways. This pathway has been described that can activate integrins to adopt
a high-affinity conformation via the protein adaptors kindlin and talin. These protein
adaptors and many others that bind to the cytoplasmatic tails of integrins, it is formed a
complex called adhesome. All this complex is connected to the actomyosin cytoskeleton
driving an adhesion strengthening and the migration of cells (Robertson et al., 2015;

Spoerri et al., 2020; Sun et al., 2019).

All this hypothesis is supported by the in vitro experiments performed inhibiting at
different levels of the (PI3K)/AKT signaling pathway. Gallein inhibitor (a GBy inhibitor)
and Perifosine (an AKT inhibitor) showed the same inhibitory potential for cell migration.
So, by affecting this pathway, we could be affecting the invasive capacity of cancer cells
in tumors, but it depends on the tumor type because in some cases AKT inhibition
pathway could promote breast cancer metastasis(W. Li et al., 2018). However, many AKT
inhibitors are under different phases of clinical trials. Furthermore, and in the case of
Gallein, it has been described that inhibits the metastatic spread of tumor cells in
prostate cancer (Sanz et al., 2017). Considering all this information, further studies are

needed to validate the hypothesis of the possible crosstalk between F2R and integrins.

However, we could not validate in Ren 50M tumors an increase of the activation of AKT

as we were expected to have. In addition, AKT is considered an important HUB that is
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implicated in many different processes in tumors (R. Liu et al., 2020), so for that reason,

we could not have higher differences.

Another important signal that was a key point to analyze the possible implication of
integrins in the aggressiveness of tumors was the upregulation of the Focal Adhesion
Kinase (FAK) pathway that we found in Ren 50M tumors. Most integrins bind their
ligands via the arginine-glycine-aspartic acid (RDG) sequence and consequently recruit

different signaling kinases like the focal adhesion kinase (FAK) (Abbi & Guan, 2002).

3. ROLE OF F2R IN LATER STEPS OF THE METASTATIC CASCADE

One of the reasons why there are not many treatments to block metastasis is the lack of
models that recapitulate the complicated process of metastasis. Thus, to mimic the
metastatic process, current models consist of systemic injection of cancer cells.
However, these models have been criticized because these models do not recapitulate
the different stages of the metastatic cascade as they avoid the first steps such as the
growth of the primary tumor, and the invasion and intravasation of the tumor cells (Hart2
& Fidler, 1980). However, the fact that we can dissect the metastatic cascade in different
steps gives us the benefit of being able to know specifically in which part of the process

our receptor is involved.

As it has been previously described in the introduction, it is known that metastasis is an
extremely inefficient process because few cells scaping from the primary tumor
successfully can form secondary tumors. It has been described that early steps in the
metastatic cascade are completed very efficiently. By contrast, later steps in the process
are inefficient (Chambers et al., 2002). Considering that we decided to perform the in
vivo experiments avoiding the first steps of the metastatic cascade, we decided to

inoculate cells directly into the bloodstream.

On the one hand, the first in vivo was performed decreasing the expression of F2R just
the day after inoculating cells through the tail vein. If we consider that the decrease of
F2R after doxycycline administration occurs 48 hours after the doxycycline induction,

cells are inside the bloodstream with F2R for 72 hours, and after that, cells start to
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decrease F2R expression. Authors described that with this model of generating
metastasis cells are directly became trapped in the capillaries of the lungs shortly after
injection due to size restrictions imposed by mouse capillaries (Rashid et al., 2013; S.
Yang et al., 2009). Considering this information, with this in vivo experiment we were
affecting the step of extravasation and colonization into the lung and the implication of

F2R in that process.

Results from this experiment showed that there was an unexpected increase in
metastasis in those mice who were administered doxycycline. Very little is known about
the implication of doxycycline inducing metastasis. Nanda et al found a similar effect in
the combination with an inductor of colon cancer, not in the group of doxycycline alone
(Nanda et al., 2016). But the vast majority of studies published tend to produce the
contrary effect: decreasing tumor burden of metastasis (Addison et al., 2016;

Duivenvoorden et al., 2002).

Considering this increase in the doxycycline, we decided to compare the groups of
doxycycline administration. So, we selected the group of shNS +DOX as the group that
had higher levels of F2R, and the group shF2R +DOX as the group that had lower levels
of F2R, trying to compare if there was any effect on the capacity of extravasation and
colonization. We concluded that F2R is needed for SN12C to extravasate and colonize as
we saw that in the group with higher F2R more lesions were formed compared with the

group with less F2R expression.

Similar results were obtained when we performed the same experiment but instead of
using a genetic decreasing of the receptor, it was used pharmacological inhibition with

vorapaxar.

To validate that F2R could be implicated in CTC extravasation and colonization, we
decided to perform the experiment of inoculating SN12C shRNA cells but previously
treated with doxycycline to validate that F2R is implicated in that process. Then, we
sacrificed mice 5 days after cell inoculation to see if there were differences in the

formation of metastasis in the first days of metastasis formation. Results confirmed that
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doxycycline is also affecting the initial steps of metastatic colonization. However, clear

differences were observed if we compare those cells with decreased levels of F2R.

Considering all these in vivo experiments, we confirmed that F2R is playing an interesting
role at later steps of the metastatic cascade, concretely in the extravasation and

colonization step.

In addition and taking into account that the proliferation was not affected in the early
stages of metastasis formation (as we also demonstrated) we had a clear decrease in the
total metastasis area in knocked down F2R tumors. For that reason, we also hypothesize
and demonstrate in vitro and in vivo that the decrease of F2R provokes a decrease in the
activation of the survival-associated pathway PI3K-AKT. Thus, could be associated with
the higher capacity of those SN12C cells with higher F2R that can survive in hostile tissue
and growth to form metastatic lesions. This hypothesis is supported by many authors

that described a PI3K/AKT inhibitors as a valid therapeutic target in the treatment of

metastatic tumors (Hinz & Jicker, 2021; B. Li et al., 2017).
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Figure 87. Schematic representation of the effects of F2R in micrometastasis formation. The
presence of F2R is conferring pro-survival signals through AKT signaling pathway to DTC for growing
in lung parenchyma.

Furthermore, to extravasate and colonize, CTC needs to activate the mechanisms of cell

motility and invasion to colonize the new metastatic lung parenchyma. For that reason,
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it has been hypothesized that integrins could also be playing an important role in this
step of the metastatic cascade in addition to the implication of integrin in the primary

tumor invasion.

Concretely, it has been described that tumor cell integrin a3B1 is important to bind to
the deposits of laminin that are present in the pulmonary vasculature, helping CTC to
arrest and colonize lungs (Wang et al., 2004). In addition, the blood clotting cascade is
selectively involved in lung metastasis and associated with integrin activation. It has
been described that those aggregates of platelets, fibrin, and carcinoma cells support
local recruitment of plasma fibronectin, and Fibrin—fibronectin complexes induce avf33
integrin activation, triggering invasive protrusions and pro-invasive EMT signaling in the

cancer cells (Knowles et al., 2013; Malik et al., 2010)

In our studies checking the presence of coagulation-related factors in our aggressive
models, we saw the presence of fibrin in Ren 50M metastasis. Furthermore, fibrinogen
levels in plasma in Ren 50M tumors were higher than in control mice. Besides, after
nephrectomy, it was complete recovery of fibrinogen levels displaying a possible
important role of fibrinogen in tumor aggressiveness, as other group described (Sahni et
al., 2008; Simpson-Haidaris & Rybarczyk, 2001). We can conclude that having higher levels of
these coagulation factors could be helping for CTC to extravasate and colonize
metastatic organs (Knowles et al., 2013; Malik et al., 2010). So, we can describe these

factors as prognostic factors of tumor aggressiveness.

It was also fascinating to know that SN12C tumors also overexpressed fibrinogen in
plasma. SN12C tumors are independent tumors from Ren 50M. The only feature they
share is the presence of higher levels of F2R. Furthermore, we also concluded that the
overexpression of fibrinogen is not only related to the presence of F2R, as we saw no

differences in fibrinogen in different SN12C shRNA-generated tumors.

On the other hand, we performed the experiment in which the F2R gene knockdown was

performed one month after injection. This experiment was performed to assess whether
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F2R is involved in the growth of the lesions once the metastatic lesions had formed and
stabilized. The results show that there is no change in the number of lesions, as the
lesions have been growing for one month with no change in F2R levels, unlike the
experiment where the receptor expression was eliminated as soon as the cells were
injected. However, we did observe that the size of the lesions was smaller in those
animals with the decreased receptor. Having smaller lesions explained the decrease in
the total metastatic area density. With that, an interesting paradigm is opened, because
depending on the stage of the metastatic growth, we influence the growth of metastatic

lesions or not after decreasing F2R.

From all the in vivo experiments we can conclude the possible involvement of F2R in the
steps of extravasation and colonization, as well as once the lesions have been stabilized,

F2R is one of the factors necessary for the subsequent growth of these lesions.

It is also interesting to note that in the experiment in which we have primary tumor
growth, we are taking into account all the steps of the metastatic cascade. In that, the
processes of extravasation and formation of new lesions -which we were forced with the
tail-injected experiments- we also have. Therefore, with both experiments - the genetic
knockdown of F2R and the pharmacological inhibition with vorapaxar - we are affecting
the process of extravasation and colonization, but we could also are affecting the ability
of these cells to survive in the blood. Considering that, many authors have described the
important role that platelets and other factors present in the blood can play in protecting
CTCs from being eliminated by the immune system (Gay & Felding-Habermann, 2011; Strilic

& Offermanns, 2017).

Although it is a well-described mechanism, with the experiments of mixing the SN12C
supernatant or directly contacting the platelets with the cells, no difference was
observed in the ability of the tumor cells to induce platelet activation and/or
aggregation. So, we cannot associate that the decrease in metastasis is due to a decrease

in cell survival of CTC that escape from the primary tumor.
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4. CLINICAL RELEVANCE OF F2R AND RELATED FACTORS IN THE CLINICS

The risk that we took when we started this project was the lack of reproducibility as we
work with a biopsy from a patient. For that reason, putting our results in context with

other patients should be necessary.

Results obtained from the analysis of patients revealed that RCC is one of the cancers
with the highest expression of F2R, therefore, we can conclude that the patient's biopsy
through which this project has been generated, was not a specific case of high expression

of F2R.

One aspect to take into account is that despite being expressed in many cancer types,
we did not find evidence that it is an unfavorable prognostic factor of the disease in
patients with ccRCC. However, taking into consideration all RCC patients (regardless of
the histopathological classification discussed above) it does appear to be an unfavorable

prognostic factor for the disease (data not shown).

Due to the possible involvement of F2R in the different stages of the metastatic cascade
and due to its involvement in tumor malignancy described by other groups, F2R could be
an emerging anti-cancer drug target. However, its inhibitors are currently in clinical use
to treat acute coronary syndromes. With our findings, we propose the use of the already
FDA-approved drug vorapaxar as a novel anti-cancer drug for targeting metastasis.
Currently, there are many ongoing clinical trials using vorapaxar, but none of them is

focused on cancer metastasis (Flaumenhaft & de Ceunynck, 2017b).

However, very recently has been proposed the use of pepducins in breast, lung, and
ovarian cancer has. This peptide has been described as a modulator of GPCR signaling,
important for the downstream activating signaling pathways of F2R (Covic & Kuliopulos,

2018).

Besides, although during all the thesis we have focused on only one factor of the
coagulation cascade, many others were abnormally increased. That is why we decided

to perform the same survival study of the patients but separate those who had
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overexpression of the different factors that were mostly altered in the coagulation
cascade. These results showed that there was indeed a tendency for a worse prognosis

if the coagulation cascade genes were overexpressed.

As we previously highlighted, cancer is a highly prothrombotic state. Cancer-associated
thrombosis is associated with Venous Thromboembolism (VTE). Active cancer accounts
for 20% of the overall incidence of VTE (Heit et al., 2016). Concretely, in RCC patients
there is an increased risk of venous thromboembolism (VTE), with rates varying between
1.2% and 3.5% (Chew et al., 2006; Yokom et al., 2014). For that reason, was interesting
to find that in Ren 50M we have an increase of factors of the coagulation pathway that
could explain the higher risk of having this hipercoagulant state. The American College
of Chest Physician guidelines recommends anticoagulant thromboprophylaxis for
acutely ill hospitalized medical patients at increased risk of VTE (Yokom et al., 2014). For
that reason, our proposal of the usage of vorapaxar in those patients with a higher risk
of VTE could have a potential dual clinical benefit of attenuating cancer-associated
thrombosis which represents the second leading cause of death for cancer patients but

also decreasing the risk of generating metastasis.

However, in our model, there were no differences and no alteration in the formation of
clots in the blood analyzed from Ren 50M tumors. Furthermore, if we had had problems
with the blood coagulation of these animals, they would have died of thrombus and
coagulation problems, but this was not the case. Many animals have been euthanized
throughout the project, and the endpoint criteria were the welfare of the animal, which

was compromised by tumor growth and not by clotting problems.

One of the possible explanations that we can find for the fact that there were no
problems with the coagulation cascade despite the fact of having increased many
different factors of this pathway is due to the lack of the activators of this pathway. It is
worth remembering that the coagulation pathway is activated after a cascade of

activation of different proteases.
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Another possible explanation for not having this coagulation pathway activated is that
of the 12 factors of the coagulation cascade that were found to be overexpressed in Ren
50M tumors, many of them were activators of the coagulation cascade such as F2R,
FXIIIA, F2RL2, ITGB3... but many others were inhibitors of the coagulation cascade. This
was the case for Tissue Factor Pathway Inhibitor (TFPI) and Serpin Peptidase 1
(SERPINE1L). Therefore, a balance may be established between procoagulant factors and

factors that inhibit the pathway.

Finally, it is worth remembering that these factors are increased in tumor cells, but not
at the systemic level. It is certain that at the systemic level something is happening due
to the presence of the tumor since as we have shown, phenotypically the mice with the
Ren 50M tumors presented a reddish skin compared with mice with Ren 50 tumors, even

though no differences were found in different blood-related factors (data not shown).

We can therefore conclude that the tumor cells are benefiting from the expression of
the coagulation cascade factors to acquire more aggressive characteristics that favor
metastasis, but without altering the blood coagulation of the mice, as other groups have

been validated (L. Hu et al., 2009; X. Jiang et al., 2004; Kasthuri et al., 2009)

Besides, the results of patient survival associated with the overexpression of the
different integrins are very interesting. Both a3 and a5 integrins and their ligand
fibronectin are factors that, are overexpressed in patients with ccRCC, and are a negative
prognostic factor of the disease. They could therefore be used as biomarkers of tumor

malignancy.

In addition, the studies carried out on gene correlations were surprising as there is a
correlation between the expression of our F2R receptor and integrin a5, integrin 1, and
fibronectin. In other words, there is not only a correlation between F2R and the

activation of integrins but there is also a regulation at the genetic level.

Considering all the results obtained from the integrins, it seems to indicate that the a5p1
integrin could have special relevance in the development of RCC and could be used as a

possible biomarker of tumor aggressiveness. In addition, and as mentioned above, there
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are different blocking antibodies that are in the clinical trial phase and inhibitor drugs
that are in the process of being generated. Therefore, it might be interesting to test

different inhibitors in patients with high expression of this integrin.

As a conclusion, we suggested that F2R is playing an important role in the very early
stages of the metastatic cascade adding to the effects of the later steps of the cascade.
For that reason, F2R inhibition could be an interesting target to inhibit preventively to

avoid the escape of tumor cells from the primary tumor.

3. Extravasation and micrometastasis Lung metastasis
formation
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Figure 88. Schematic representation of the pleiotropic effects of F2R in the metastatic cascade. No
alteration was founded in proliferation on primary tumor. However, a possible interplay between
F2R and different integrins had been validated as potential inductors of tumor invasiveness.
Furthermore, and thanks to these integrins, the process of extravasation and micometastasis
formation could be enhanced together with the activation of the pro-survival AKT signaling pathway.
Finally, an effect on colonization and macrometastasis formation was observed when we decreased
F2R expression. Original figure created with BioRender.com
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10.

Coagulation factor Il Thrombin Receptor (F2R) is playing pleiotropic effects in the
metastatic cascade in Kidney tumors. Besides, the overexpression of different
coagulation pathway candidates related to F2R could be also enhancing tumor
malignization.

Loss of function studies directly implicates F2R in the invasive capacity of RCC
tumors.

Gain-of-Function studies by F2R activation implicate this molecule in the invasive
capacity of kidney cancer cells and tumors promoting their aggressiveness.
Integrin a3Bf1 and integrin a5B1 are plausible downstream effectors in RCC
primary tumor invasiveness mediated by F2R.

Mechanistically, F2R activation seems to be activating integrins a3f1 and a531
via PI3K/AKT signaling pathway to promote cell migration and a higher metastatic
capacity in kidney cancer cells.

F2R is also playing a promalignant important role in the extravasation and
colonization steps of the metastatic cascade and not only affects the primary
tumor.

Mechanistically, F2R produces an activation of PI3K/AKT signaling pathway that
is a key mediator of DTC survival in the metastatic site.

Despite RCC tumor models studied have an overexpression of many genes from
the coagulation pathway, no alteration on the blood hemostasis is observed,
possibly because upstream triggers of coagulation might not be activated.

In patients, F2R expression alone is not associated with poor prognosis in ccRCC
patients despite this is the cancer type with higher F2R expression. However,
overexpression of a coagulation pathway geneset is associated with poor
prognosis in ccRCC patients, which substantiates the clinical role of coagulation
candidates in RCC malignization.

Clinically, F2R-associated integrins and their ligands are associated with poor
prognosis in ccRCC patients suggesting a clinical confirmation of the malignization

mechanism of F2R.
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