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Abstract

ABSTRACT

RHOA is a small GTPase with an important role in key cellular processes. RHOA
expression levels and/or activity are altered in multiple cancers, but interestingly,
recurrent and tissue-specific hotspot mutations have been recently identified in diffuse
gastric cancer (DGC), head and neck squamous cell carcinoma (HNSCC), Burkitt
lymphoma, adult T-cell leukemia/lymphoma and angioimmunoblastic T-cell lymphoma,
suggesting a distinctive and tumor-dependent role of each mutant protein. In this
work, seven recurrent RHOA mutations have been functionally characterized. Our
results indicate that some RHOA mutants display lower protein stability and a
predominant nuclear localization compared to the wild-type (wt) RHOA. Moreover, the
evaluation of the effects of mutant RHOA overexpression on the cytoskeleton
organization showed a general reduction in the formation of actin filaments, and a
higher cell adhesion capacity. Finally, we observed a reduced NFkB and serum
response factor signaling in most of the hotspot RHOA mutants studied.

To dissect the molecular mechanisms deregulated due to RHOA mutations, we
investigated the protein interactome. Binding of the different RHOA mutants to
Rhotekin effector protein trough a pull-down assay was dependent on RHOA protein
levels. A yeast-two-hybrid system approach between RHOA forms and the most
common RHOA effector proteins, evidenced that all the studied DGC mutants were
unable to bind to PKN1, whereas the HNSCC hotspot mutant RHOA E40Q failed to bind
to NET1 and kinectin.

HNSCC is a very heterogeneous group of cancers. The lack of survival improvement and
personalized treatments has promoted active research into the molecular mechanisms
of HNSCC. RHOA is mutated only in around of 1.5% of the HNSCC cases, but
interestingly, more than 60% of these mutations occur in E40Q, suggesting a possible
active role in the tumorigenic process. Immunohistochemical analysis of RHOA
expression in HNSCC tissue microarray indicated that RHOA expression is associated
with shorter survival outcomes in patients with larynx tumors. To study the role of wt
RHOA in HNSCC, we engineered isogenic cell line systems downregulated for RHOA
through the directed targeting of RHOA by shRNA (RHOA KD) and by CRISPR/Cas9
technology (RHOA KO). Results showed an impairment of cell growth in vitro and in
vivo, as well as a decrease of the migration potential in vitro, both in tongue and
larynx-derived tumor cell lines. These results confirm that RHOA acts as an oncogene
in HNSCC. Next, the role of E40Q hotspot mutation was evaluated in doxycycline-
inducible RHOA overexpressing cell systems. Surprisingly, RHOA wt or E40Q
overexpression in pharynx cells reduced cell growth in vitro. Hence, we decided to re-
introduce RHOA wt or E40Q in tongue and larynx cell lines RHOA KD and RHOA KO cell
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systems. Intriguingly, the reintroduction of RHOA wt and E40Q did not affect cell
growth and migration capabilities of the cells.

Altogether, the unprecedented tumor-type-dependent complexity in the mutational
landscape of RHOA and our results indicate that the different RHOA hotspot mutations
exhibit different oncogenic roles. Furthermore, specifically in HNSCC we demonstrate
that RHOA provides a growth advantage for the cancer cells supporting a possible
oncogenic role of RHOA in this tumor type.



Resumen

RESUMEN

RHOA es una proteina GTPasa con un papel relevante en importantes procesos
celulares. Los niveles de expresion de RHOA y/o su actividad se encuentran alterados
en muchos tipos de cancer, pero curiosamente, se han encontrado mutaciones
recurrentes y especificas de tumor en cancer gastrico de tipo difuso (CGD), carcinoma
de células escamosas de cabeza y cuello (CCECC), linfoma de Burkitt, leucemia/linfoma
T del adulto y linfoma T angioinmunoblastico, sugiriendo un papel distinto vy
dependiente de tumor para cada proteina mutante. En este trabajo hemos
caracterizado a nivel funcional siete de las mutaciones recurrentes en RHOA. Nuestros
resultados indican que, algunos de los mutantes exhiben una disminucién en la
estabilidad de la proteina y una localizacién predominante en el nucleo en
comparacion con la proteina RHOA nativa. Ademas, la evaluacion de los efectos de la
sobreexpresion de las formas de RHOA mutadas en la organizacion del citoesqueleto
mostré una reduccidon general en la formacidn de filamentos de actina, y una mayor
capacidad de adhesién a sustrato. Finalmente, la mayoria de los mutantes estudiados
mostraron una seializacién dependiente de las vias NFkB y del factor de respuesta
sérica reducida.

Para conocer los mecanismos moleculares desregulados por las mutaciones de RHOA,
se evalud su interactoma. La capacidad de unién de las diferentes proteinas mutantes
de RHOA a Rhotekina resulté ser dependiente de su estabilidad proteica. Ademas, la
evaluacidn de la interaccidn entre las diferentes proteinas RHOA y sus efectores mas
comunes mediante un sistema de doble hibrido en levadura, demostré la incapacidad
de todos los mutantes de DGC estudiados de unir a PKN1. Sin embargo, el mutante de
CCECC RHOA E40Q resulto deficiente en la unidn a NET1 y kinectina.

El CCECC es un grupo muy heterogéneo de canceres. Las carencias en la mejora de la
supervivencia y en los tratamientos personalizados han promovido la investigacién
activa de los mecanismos moleculares asociados su desarrollo. Aunque RHOA estd
mutado sélo en el 1,5% de los pacientes de CCECC, mas del 60% de estas mutaciones
ocurren en E40Q, lo que sugiere un papel determinante en el proceso de
carcinogénesis. La evaluacién inmunohistoquimica de los niveles de RHOA en muestras
de tejido de CCECC indicd que la expresién de RHOA se asocia con una peor
supervivencia en pacientes con tumores de laringe especificamente. Para estudiar el
papel de RHOA nativa en CCECC, se generaron lineas celulares isogénicas
deplecionadas de RHOA mediante ARN de interferencia (RHOA KD) e inactivacion
genética mediante la tecnologia CRISPR/Cas9 (RHOA KO). Los resultados mostraron
una ralentizacién del crecimiento celular in vitro e in vivo, asi como una disminucién
del potencial de migracién in vitro en lineas celulares tumorales derivadas de lengua y
laringe. Estos resultados confirman que RHOA actia como un oncogén en CCECC.
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Resum

Seguidamente, se evalud el papel de la mutacién E40Q en sistemas celulares de
sobreexpresion de RHOA de manera inducible con doxiciclina. Sorprendentemente, la
sobreexpresion de RHOA nativa o E40Q en células de faringe redujo el crecimiento
celular in vitro. Por consiguiente, decidimos reintroducir RHOA nativa o E40Q en los
sistemas celulares de lengua y laringe RHOA KD y RHOA KO generados previamente.
Curiosamente, la reintroduccién de RHOA nativa y E40Q no afectd el crecimiento
celular ni las capacidades de migracion de las células.

En conjunto, la complejidad del patrén mutacional de RHOA sin precedentes,
especifico del tipo de tumor, y nuestros resultados muestran que los distintos
mutantes de RHOA presentan diferentes papeles oncogénicos. Ademas, demostramos
gue RHOA en CCECC proporciona una ventaja de crecimiento para las células
tumorales que apoyan el posible papel oncogénico en este tipo tumoral.
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RESUM

RHOA és una proteina GTPasa amb un paper rellevant en importants processos
cel-lulars. Els nivells d'expressié de RHOA i/o la seva activitat es troben alterats en
molts tipus de cancer, pero curiosament s'han trobat mutacions recurrents i
especifiques de tumor en cancer gastric de tipus difus (CGD), carcinoma de cél-lules
escamoses de cap i coll (CCECC), limfoma de Burkitt, leucémia/limfoma T de I'adult i
limfoma T angioimmunoblastic, suggerint un paper diferent y depenent de tumor per
cada proteina mutant. En aquest treball hem caracteritzat a nivell funcional set de les
mutacions recurrents en RHOA. Els nostres resultats indiquen que, alguns dels mutants
exhibeixen una disminucié en l'estabilitat de la proteina i una localitzacié predominant
al nucli en comparacié amb la proteina RHOA nativa. A més, I'avaluacié dels efectes de
la sobreexpressié de les formes de RHOA mutades en |'organitzacié del citoesquelet va
mostrar una reduccié general en la formacié de filaments d'actina i una major
capacitat d'adhesid a substrat. Finalment, la majoria dels mutants estudiats mostraren
una senyalitzacié depenent de les vies NFkB i del factor de resposta sérica reduida.

Per coneixer els mecanismes moleculars desregulats per les mutacions de RHOA,
s’avalua l'interactoma. La capacitat d'unié de les diferents proteines mutants de RHOA
a Rhotekina resulta ser depenent de la seva estabilitat proteica. A més, I'avaluacié de
la interaccié entre les diferents proteines RHOA i els seus efectors més comuns
mitjangant un sistema de doble hibrid en llevat, demostra la incapacitat de tots els
mutants de DGC estudiants d’unir PKN1. Tanmateix, el mutant de CCECC RHOA E40Q
resulta deficient en la unié a NET1 y kinectina.

El CCECC és un grup molt heterogeni de cancers. Les mancances en la millora de la
supervivencia i en els tractaments personalitzats han promogut la investigacié activa
dels mecanismes moleculars associats al seu desenvolupament. Encara que RHOA esta
mutat en només |'1,5% dels pacients de CCECC, més del 60% d'aguestes mutacions
succeeixen a E40Q, el que suggereix un paper determinant en el procés de
carcinogenesi. L'avaluacié immunohistoquimica dels nivells de RHOA en mostres de
teixit de CCECC va indicar que I'expressi6 de RHOA s'associa amb una pitjor
supervivencia en pacients amb tumors de laringe especificament. Per estudiar el paper
de RHOA nativa a CCECC, es van generar linies cel-lulars isogéniques deplecionades de
RHOA mitjangcant ARN d'interferencia (RHOA KD) i inactivacid genética mitjancant la
tecnologia CRISPR/Cas9 (RHOA KO). Els resultats van mostrar un alentiment del
creixement cel-lular in vitro i in vivo, aixi com una disminucié del potencial de migracié
in vitro en linies cel-lulars tumorals derivades de llengua i laringe. Aquests resultats
confirmen que RHOA actua com un oncogen a CCECC. Seguidament, es va avaluar el
paper de la mutacid E40Q en sistemes cel-lulars de sobreexpressi6 de RHOA de
manera induible amb doxiciclina. Sorprenentment, la sobreexpressié de RHOA nativa o
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E40Q en cel-lules de faringe va reduir el creixement cel-lular in vitro. Per tant, vam
decidir reintroducir RHOA nativa o E40Q en els sistemes cel-lulars de llengua i laringe
RHOA KD i RHOA KO generats previament. Curiosament, la reintroduccié de RHOA
nativa i E40Q no va afectar el creixement cel-lular ni les capacitats de migracié de les
cél-lules.

En conjunt, la complexitat del patré mutacional de RHOA sense precedents, especific
del tipus de tumor, i els nostres resultats, mostren que els diferents mutants de RHOA
presenten diferents papers oncogenics. A més, demostrem que RHOA a CCECC
proporciona un avantatge de creixement per a les cel-lules tumorals que donen suport
al possible paper oncogenic en aquest tipus tumoral.
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ABSTRACT

RHOA is a small GTPase with an important role as a molecular switch in key cellular
processes, such as the regulation of cytoskeletal dynamics, transcription, cell cycle
progression and cell transformation. RHOA expression levels and/or activity are altered
in a wide variety of cancers, but interestingly, recurrent and tissue-specific hotspot
mutations in RHOA have been recently identified in diffuse gastric cancer (DGC), head
& neck squamous cell carcinoma (HNSCC), Burkitt lymphoma (BL), adult T-cell
leukemia/lymphoma (ATLL) and angioimmunoblastic T-cell lymphoma (AITL),
suggesting a distinctive role of each mutant in the carcinogenesis of each tumor type.
To determine the impact of the most abundant RHOA mutations in the protein
function, we conducted a systematic functional characterization. The specific
mutations addressed in our study are the following: C16R (ATLL); G17V (AITL), R5Q (BL
and DGC); G17E, L57V, Y42C (DGC); and E40Q, (HNSCC).

Our results reveal that RHOA G17 mutants display lower protein stability and
predominant nuclear localization compared to RHOA wild type. Furthermore,
cytoskeleton rearrangement, one of the principal functions of Rho GTPases, was
studied determining the ability of cells to form actin filaments (F actin), and cell
adhesion properties under centrifugation forces. Our data indicates a widespread
reduced ability of forming F actin and a higher adhesion capability for the RHOA
mutants tested. Moreover, decreased NFkB and serum response factor (SRF) activation
was observed for some of the hotspot RHOA mutants when interrogated in luciferase
reporter assays.

Finally, to dissect the molecular mechanisms deregulated as consequence of RHOA
mutations, the interactome of RHOA hotspot mutants was evaluated through two
different approaches. First a Rhotekin pull-down assay evidenced clear differences in
the binding capacity of the mutants to Rhotekin, which was associated with the
protein stability of the different RHOA forms. Moreover, the binding of RHOA mutants
found in DGC (R5Q, G17E, L57V and Y42C) and HNSCC (E40Q) solid tumors to known
RHOA interactors was investigated using a yeast-two-hybrid. Interestingly, all the DGC
mutants assessed were unable to bind to the RHOA effector PKN1, whereas RHOA
E40Q mutant (HNSCC) failed to bind to the guanidine nucleotide exchange factor NET1
and the kinectin effector protein.

According to our results, the unprecedented tumor-type-dependent complexity in the
mutational landscape of RHOA leads to functional differences across mutants that may
drive oncogenic programs through alternative but convergent signaling pathways.
Therefore, the pathways deregulated as consequence of RHOA mutations could
constitute new and exciting therapeutic targets for cancer treatment.
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INTRODUCTION

1. General aspects of cancer

Cancer is considered a group of diseases caused by genetic and epigenetic alterations
that affect cell replication and cell death, producing an imbalance between these two
processes.

Depending on the organ and the cell of origin, tumors are classified into four major
groups (Figure 1):

1) Carcinomas: originate from the cells that line the outer or inner surface of
organs, which are known as epithelial cells. There are three major types of carcinomas
according to the biological functions associated with epithelia.

- Adenocarcinoma: this is the neoplasia of an epithelial tissue that has glandular origin,
glandular characteristics, or both. Most of the epithelia in the body contain glandular
specialized cells that secrete substances into the ducts or cavities. This is the reason
why carcinomas account for approximately 70-80% of all cancers. Common types of
adenocarcinomas include breast cancer, colorectal cancer, lung cancer, stomach
cancer, pancreatic cancer and prostate cancer.

- Basal cell carcinoma: it affects basal cells in the lower part of the epidermis, and
therefore occurs predominantly in the skin. Basal cell carcinomas tend to grow slowly,
and rarely spread to another part of the body.

- Squamous cell carcinoma: it is also known as epidermoid carcinoma and arises in the
outer layer of the epidermis. These tumors arise from cells forming the protective
layers of the body or to seal cavities. Common types of squamous cell carcinomas
cause skin, lung, head and neck, esophageal, cervical or bladder cancer.

2) Sarcomas: originate from the connective or supportive tissue, such as bone, fat,
cartilage or muscle. Sarcomas constitute only about 1 % of the diagnosed tumors and
thus are considered rare tumors.

3) Neural or brain tumors: are formed by tumor cells of neuronal origin or
contained within the brain. There are more than 120 different types of brain tumors,
lesions and cysts, which are differentiated according to the cell of origin and the
anatomical location. Malignant tumors of the brain are rare, accounting for
approximately 2% of all cancers in adults.
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Hematopoietic tumors: are derived from cells of the immune system. These

tumors affect the blood, bone marrow, lymph, and lymphatic system. Common types
of hematopoietic tumors include lymphomas, myelomas and leukemias.

NORMAL BENIGN MALIGNANT
CELLS/TISSUES LESIONS LESIONS
Lining epithelium Papilloma Carcinoma
Glands and lobules Adenoma Adenocarcinoma
Epithelial tissue
Dense connective tissue Fibroma Fibrosarcoma
Cartilague Chondroma Chondrosarcoma
Bone Osteoma Osteosarcoma
Smooth muscle Leiomyoma Leiomyosarcoma
GonTaciveaale) Skeletal muscle Rhabdomyoma Rhabdomyosarcoma

1®1o

Neuroblastoma

Brain cells Neurofibroma Glioblastoma
Meningeal cells Meningioma Astrocytoma
Nervous tissue Meningial carcinoma
Blood . Leukemia
Myelodysplasia
Bone marrow Lymphoma

Chapter |

Figure 1. Classification of benign and malignant lesions according to the cell and tissue of origin.

Prostate, lung and colorectal cancers account for almost one-half (48%) of all incident
cases in men, and breast cancer, lung cancer and CRC account for 51% of all new
diagnoses in women. The greatest number of deaths are from cancers of the lung,
prostate, and colorectal in men; and of the lung, breast, and colorectal in women
(Figure 2)*.

Most cancers are preceded by cellular changes that are abnormal but not yet
malignant. These precancerous or benign lesions consist of either hyperplastic or
dysplastic cells. Hyperplasia is an increase in the number of cells in a particular tissue
or organ, and as consequence is the result of the deregulation of processes controlling
cell division. Dysplasia is defined as an abnormal change in the size, shape, or
organization of cells or tissues. The main difference among both is that hyperplasia
occurs in response to stimuli and thus, reverses when the stimuli disappear. Benign
lesions are often encapsulated, localized and indolent, and the cells within the lesion
highly resemble to the cells of origin. When these cells acquire molecular alterations
leading to loss of normal cell architecture and unbalanced cell proliferation,
premalignant lesions turn into malignant or fully blown tumors. The cells within
malignant tumors are atypical of their tissue or cell of origin, lose the ability to perform
their usual functions, and differently to those in the benign lesions, invade and destroy
the surrounding tissue. Malignant tumors tend to spread from the primary tumor site
to distant sites. This process of invasion is named metastasis. There are two main
pathways leading to distant dissemination: hematogenous, when cells spread from the
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site of origin to a secondary organ or tissue by means of the bloodstream; and
lymphatic, when distant homing occurs through the lymphatic system.

Estimated New Cases

Males Females

Prostate 268,490 2% Breast 287,850 3%

Lung & bronchus 17,910 12% Lung & bronchus 118,830 13%

Colon & rectum 80,690 8% Colon & rectum 70,340 8%

Urinary bladder 61,700 6% Uterine corpus 65,950 T%
Melanoma of the skin 57,180 6% Melanoma of the skin 42,600 5%
Kidney & renal pelvis 50,290 5% Mon-Hodgkin lymphoma 36,350 45,
MNon-Hodgkin lymphoma 44120 4% Thyroid 31,940 3%
Oral cavity & pharynx 38,700 4% Pancreas 29,240 3%
Leukemia 35,810 4% Kidney & renal pelvis 28,710 3%

Pancreas 32,970 3% Leukemia 24,840 3%

All Sites 983,160 100% All Sites 934,870 100%

Estimated Deaths

Lung & bronchus 68,820 21% Lung & bronchus 61,360 21%

Prostate 34,500 11% Breast 43,250 15%

Colon & rectum 28,400 9% Colon & rectum 24,180 8%

Pancreas 25,970 8% Pancreas 23,860 8%

Liver & intrahepatic bile duct 20,420 6% Ovary 12,810 4%
Leukemia 14,020 4% Uterine corpus 12,550 4%

Esophagus 13,250 4%, Liver & intrahepatic bile duct 10,100 4%

Urinary bladder 12,120 A% Leukemia 9,980 30p
Mon-Hodgkin lymphoma 11,700 4% Mon-Hodgkin lymphoma 8,550 3%
Brain & other nervous system 10,710 3% Brain & other nervous system 7,570 3%
All Sites 322,090 100% All Sites 287,270 100%

Figure 2. Incidence and mortality of the most common cancers. The ten most common cancers for men
and women are depicted according to incidence and mortality (total number cases and percentage).
Cancer cases shown correspond to the North America population/year?.

The grade and the stage are important features of tumors. Tumor grade is the
description of a tumor according to the examination of cells and tumor architecture
under a microscope. Grade is a good predictor of proliferation and invasion. If the
morphology of tumor cells and the organization of the tumor’s tissue are similar to
those of normal cells and tissue, the tumor is considered well-differentiated. Contrary,
tumors containing abnormal cells leading to aberrant tissue structures are considered
undifferentiated or poorly differentiated. The firsts tend to grow and disseminate at
slower rates than the seconds?.

The factors used to determine tumor grade vary between different types of cancer.
However, in general tumors are graded with a numerical value ranging from 1 to 4,
indicating the degree of abnormality. In Grade 1 tumors (well differentiated or low
grade), the tumor cells and the organization of the tumor tissue appear close to
normal. As mentioned, these tumors display a low proliferation rate and rarely spread
to distant organs. Grade 2 tumors (moderately differentiated or intermediate grade),
cells and tissue have already lost some features from the normal healthy tissue. In
contrast, the cells and tissue of Grade 3 (poorly differentiated) and Grade 4
(undifferentiated) tumors neither cells, nor tissues look like normal. Grade 3 and Grade
4 are also known as high grade tumors and tend to grow and spread much more
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rapidly than low or intermediate grade malignancies. Cells that divide rapidly and have
poor or no resemblance to normal cells are also known as anaplastic cells (Figure 3).

@g e @ GRADE 1 @@ GRADE 2
I

WELL DIFFERENTIATED CAMLER CEWLS DIFFERENTIFED CANCER CELLS

(mu SIMLAR To couis In TE MER) mnlu DRAORNAL BT STRL RESEMGE
Cous e ARTA)

& GRADE 3 @Q GRADE 4

PeoRL] DIFFERENTIATED CANCLER CEWLS
UNDIFFERENTIATED CANLER CELL!
L0 NOTHING LKE WeemAL COUS,

(vr1 AswmRmaL, oMLY SHME SoME
W)

Figure 3. Classification of tumor lesions according to the grade of differentiation. (Modified from:
https://www.mypathologyreport.ca/definition-differentiated/).

While a grade describes the appearance of cancer cells and tissue, the cancer’s stage
refers to the extent of a tumor, specifically how large the primary tumor is, and how
far the cancer has spread in the patient’s body?. Stage has strong implications for
cancer treatment.

There are several different staging systems. Some have been created for specific tumor
types, while others can be used to describe several types of cancer. Most of the staging
classifications include information about the size of the tumor, whether the cancer has
spread to nearby lymph nodes, and whether the cancer has spread to a different part
of the body. The most informative staging classifications also include information
regarding where the tumor is located in the body, the cell type of origin and the tumor
grade.

Traditionally, the stage has also been categorized with a numerical value ranging from
0 to IV. In stage 0 abnormal cells are present in the tissue but have not yet spread to
nearby areas. Stage 0 is also named carcinoma in situ. In tumors in stage |, stage Il and
stage lll, malignant cells have already spread. The higher the number, the larger the
tumor and the more it has spread into nearby tissues, including the nearby lymph
nodes. Stage I-ll tumors are often described as localized tumors in which cancer cells
are fairly limited to site of origin, while stage II-lll are called either locally advanced or
regional tumors since cancer cells have already spread to nearby tissues and lymph
nodes. Finally, in stage IV the cancer has spread and colonized distant tissues and
organs. These tumors are often referred to as advanced or distant tumors (Figure 4).

The current standard for cancer staging is the TMN system. The T stands for Tumor and
refers to the size and extent of the primary tumor. The N stands for Node and refers to
the number of nearby lymph nodes in which tumor cells have already homed. And the
M stands for Metastasis and refers to whether the cancer has spread from the primary
tumor to other parts of the body. A numerical value is given to each letter. The higher
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the number, the higher the progression of the tumor, lymph nodes and metastasis.
Tumor and lymph node values range from 1 to 4, while metastasis is only categorized
as 0 if cancer has not spread to other parts of the body, and 1 if distant metastasis are
already present (Figure 4).

Cancers are always referred to by the stage they were given at the time of diagnosis,
even if they progress or relapse.

Stage 0 Stage | Stagelll Stage Il Stage IV

+ Carcinoma in + Localized « Early Locally « Late Locally * Metastasized

situ - Early advanced Advanced
form

Primary@umordT)2

X Primary tumour cannot be evaluated
TO No evidence of primary tumour
Tis Carcinoma in situ (CIS; abnormal cells are present but have not

spread to neighboring tissue; although not cancer, CIS may become
cancer and is sometimes called preinvasive cancer)

T1,T2,T3, T4 Size and/or extent of the primary tumour

NX Regional lymph nodes cannot be evaluated

NO No regional lymph node involvement

NI, N2, N3 Involvement of regional lymph nodes (number of lymph nodes
and/or extent of spread)

MX Distant metastasis cannot be evaluated

MO No distant metastasis

M1 Distant metastasis is present

Figure 4. Classification of tumor lesions according to the stage. Upper panel shows the traditional stage
classification and lower panel depicts the current stage classification based on the TNM system.

Tumorigenesis begins in somatic cells that acquire a driver mutation and that
progressively gain new mutations that enhance distinctive and complementary
functional capabilities. There are eight hallmarks that allow tumor cells to growth,
survive and disseminate: sustained proliferative signaling, insensitivity to growth
suppression signals, resistance to cell death, replicative immortality, enhanced
angiogenesis, activation of invasion and metastasis programs, and very recently also
phenotypic plasticity and disrupted differentiation> 4. Additional enabling
characteristics that facilitate the acquisition of hallmark capabilities have been
proposed, such as genome instability and high mutation rate accumulation, induction
of tumor promoting inflammation, reprogramming of cellular energetics, activation of
immune evasion mechanisms, non-mutational epigenetic reprogramming, induction of
pro-tumorogenic senescence and polymorphic microbiomes (Figure 5)3°



Introduction Chapter |

Genetic alterations normally occur in genes that can be classified in three categories
according to its role in the tumorigenic process: oncogenes, tumor suppressor genes
and DNA damage-repair genes. Oncogenes encode for proteins with the ability to
transform cells in culture. Mutations and genomic rearrangements such as gene
amplification in oncogenes lead to gain of function and thus to the induction of
carcinogenesis. Contrary, tumor suppressor genes encode for proteins that act in
safeguard mechanisms and thus inhibit aberrant cell proliferation or promote cell
death. Mutations or deletions in tumor suppressor genes lead to loss of function
sustaining increased proliferation or inhibition of cell death. Most tumor suppressor
genes require inactivation of both alleles, in contrast to oncogenes, which can lead to a
functional effect with only one of the two gene copies altered. In tumor suppressor
genes, frequently, the first alteration occurs in one allele in the germline while a
somatic mutation that inactivates the second allele occurs during cell division. This
theory is called the “two-hit hypothesis”®. DNA damage-associated genes prevent the
tumorigenesis preventing the accumulation of genetic alterations. This is the case of
mismatch repair genes (MMR), base-excision repair (BER) genes and nucleotide-
excision repair (NER) genes. Mutations in this group of factors produce an
accumulation of aberrant mutations that can deregulate some of the hallmarks listed
before’.

Sustaining Evading
proliferative signaling growth suppressors

Nonmutational
epigenetic reprogramming

Unlocking
phenotypic plasticity

Deregulating
cellular
metabolism

Avoiding immune
destruction

Resisting cell Enabling
death replicative
immortality
msgi';i‘:;’“z Tumor-promoting
4 \ inflammation
mutation
Polymorphic
Senescent cells microbiomes
Inducing or accessing Activating invasion &
vasculature metastasis

Figure 5. Hallmarks of cancer and enabling characteristics. Normal cells evolve progressively into a
neoplastic state by acquiring a succession of hallmarks capabilities and enabling characteristics>.
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2. Signaling pathways in cancer and contribution of
small GTPases

The molecular alterations occurring sequentially in tumor cells lead to a full
reprogramming of the signaling to enable and sustain cells to divide indefinitely,
spread to different parts of the body, and acquire hallmark capabilities and enabling
characteristics listed before. The principal molecular pathways underlying
tumorigenesis are well known and shared by different tumor types. These pathways
include the MAPK, PI3K, NF-kB, Wnt, TGF-$3, JAK/STAT and Notch signaling pathways
(Figure 6). Small GTPases, which are the focus of the current thesis, strongly influence
MAPK and PI3K signaling.

p13W Rt

Hormonal

(3' Call Adhesion [—Cadmﬁn
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Cytokines 110 35 P 0110 p8s
Growth Factors K
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MAPK/ERK. Degradation

Smad4.
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EGF-Receptor | MAPK/ERK - \’
HER/ neu / gp130¢ [

Smad7

Smad2 :

II NICD Smadt Smad3
Smad4 4
Smad2

JAK-STAT

e DNA-Binding Factors
Cytokines + Growth
Factors
EGF,PDGF,LIF

Figure 6. Principal signaling pathways driving tumorigenesis. Schematic representation of the seven
most important signaling pathways in cancer onset and progression: JAK/STAT (orange), Notch, MAPK
(blue), PI3K (green), NFkB (red), Wnt (yellow), TGF-B (purple). All ligands are colored in red and
transcription factors are colored in white. Factors that exert an inhibitory effect onto a particular
pathway are framed with a black line. Lines with arrowheads indicate activation and lines with a block
sign indicate inhibition®.

MAPK pathway
The mitogen-activated protein kinase (MAPK) pathway plays a central role in
promoting cell proliferation, survival, adhesion and migration. The pathway is
triggered by tyrosine kinase receptors such as growth factor and cytokine receptors,
and to a lesser extent by some extracellular matrix molecules and changes in focal
adhesion®. Upon ligand-induced receptor activation, phosphorylated residues act as
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binding sites for proteins that contain Src homology 2 (SH2) or phosphotyrosine-
binding (PTB) domains. These proteins in turn, recruit small GTPase proteins from the
Ras or Rho family to the plasma membrane, that upon activation will ultimately
stimulate and activate a three-tier serine/threonine kinase module in which a MAPK is
activated upon phosphorylation by a mitogen-activated protein kinase kinase
(MAPKK), which in turn is activated when phosphorylated by a MAPKKK (Figure 7). To
date six distinct groups of MAPKs have been characterized in mammals; extracellular
signal-regulated kinase (ERK)1/2, ERK3/4, ERK5, ERK7/8, Jun N-terminal kinase
(JNK)1/2/3 and the p38 isoforms a/B/y(ERK6)/61°. Activated MAPK phosphorylate and
activate a plethora of substrates and translocate to the nucleus to activate the Jun/Fos
transcription factor.

Because of its central role in cell proliferation, the MAPK signaling cascade is
deregulated in a broad spectrum of human tumors. Most of these alterations occur in
RAS and RAF proteins, and result in a pathway activated regardless of the extracellular
signals (constitute activation). The final output is the acquisition of a hyperproliferative
state. Alterations in the pathway occur by gene amplifications at the level of receptor
tyrosine kinases, and gain-of-function mutations in the GTPases and MAPKs.
Overactivation of receptor tyrosine kinases has been found in a variety of human
cancers such as lung, breast, gastric cancer, esophageal, glioblastoma, and thyroid
cancer. In turn, RAS mutations are found in approximately 45% and 90% of colorectal
and pancreatic cancers, and BRAF mutations in almost 65% of melanoma?®.
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Figure 7. MAPK signaling pathway. The MAPK pathways mediate intracellular signaling triggered by
extracellular stimuli such as growth factors and cytokines as well as by intracellular stimuli such as
oxidative and endoplasmic reticulum stress. The MAPK signaling is hierarchically organized in a set of
three serine/threonine kinase components: a MAPK kinase kinase (MAPKKK), a MAPK kinase (MAPKK),
and a MAPK. MAPKKKs phosphorylate and activate MAPKKs, which then phosphorylate and activate
MAPKs. The principal MAPK and their role within cells are shown.
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PI3K pathway
The phosphatidylinositol 3-kinase (PI3K) pathway is critical in many aspects of cell
growth, cell survival, cell metabolism and cytoskeletal rearrangements.

PI3Ks are a family of heterodimeric lipid kinases, which are grouped into class | (A and
B), Il and lll according to the primary structure, regulation, and in vitro lipid substrate
specificity. Class | PI3Ks are predominant in mammalian cells. Class IA subgroup is
mainly activated by receptor tyrosine kinases and consists of a p110 catalytic subunit
(p110a, PIK3CA; p110B, PIK3CB; p1106, PIK3CD) and one p85 regulatory subunit (p85a,
p55a, p50a, PIK3R1; p85B, PIK3R2; p55y, PIK3R3). Accordingly, there is a strong
crosstalk between MAPK and PI3K signaling pathways. Class IB subgroup is activated by
G protein-coupled receptors and are composed of a catalytic subunit (p110y, PIK3CG)
and regulatory subunit (p101, PIK3R5; p87, PIK3R6). Class Il PI3Ks comprises PI3K-C2a
(PIK3C2A), B (PIK3C2B) and y (PIK3C2G). And finally, the single class Ill PI3K described
to date is hVPS34 (PIK3C3)12.

Both, regulatory and catalytic subunits of PI3Ks need to be activated to be fully active.
Active small GTPase proteins bind directly to p110 subunits, acting synergistically with
the input from receptor tyrosine kinases and G-coupled receptors to optimally activate
lipid kinase activity (Figure 8)'3. Upon activation, PIK3 catalytic subunits promote the
conversion of  phosphatidylinositol ~ 4,5-bisphosphate  (PI(4,5)P2/PIP2) to
phosphatidylinositol 3,4,5-triphosphate (PIP(3,4,5)P3/PIP3). The major downstream
mediators of PIP3 in cells are Protein kinase B (PKB), also known as AKT, and
Phophoinositide Kinase 1 (PDK1). AKT regulates vital downstream effector molecules,
such as mTOR, FOXO, GSK3-beta, and many other effectors through a phosphorylation
cascade reaction to control cell growth, proliferation, survival, glucose metabolism,
genome stability, and neovascularization'*. Importantly, AKT directly activates MDM2,
a negative regulator of p53 tumor suppressor. p53 is known as the guardian of the
genome as tightly controls DNA damage surveillance. To so, p53 regulates the
progression of cells through the cell cycle, activates DNA repair proteins and triggers
an apoptotic response if the damage within a given cell proves to be irreparable®>.
Activated AKT inhibits apoptosis mediators such as BAD and pro-caspase 9, directly and
indirectly through PAK1 and c-RAF, respectively®®. Interestingly, AKT inhibits Glycogen
Synthase Kinase-3 (GSK-3), a negative regulator of Wnt signaling; and PDK1
phosphorylates Inhibitor of Nuclear Factor Kappa B (IKK[3), a negative regulator of NF-
kB signaling®. Accordingly, PI3K further stimulates cell proliferation by activation of the
NF-kB and Wnt signaling pathways that as described before, are essential in the onset
and progression of tumorogenesis.

PI3K/AKT pathway is negatively regulated by phosphatase and tensin homolog deleted
on chromosome 10 (PTEN). As a lipid phosphatase, PTEN directly suppresses the
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activation of PI3K/AKT pathway converting the PIP3 generated by PI3K back to PIP2Y/
(Figure 8).

Deregulated PI3K signaling occurs in multiple cancer types. Activating mutations or
gene amplification in PI3K, and inactivating mutations or gene loss in PTEN has been
found in breast, colorectal, lung, melanoma, head and neck, glioblastoma, stomach
and endometrial cancer'® °. In turn, AKT overexpression or overactivation is common
in breast, ovarian and thyroid cancer?®.
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Figure 8. PI3K signaling pathway. PI3K pathway is activated by various receptor tyrosine kinases (RTKs)
and G protein coupled receptors (GPCRs). PI3K proteins are recruited to the plasma membrane, leading
to phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate phosphatidylinositol
3,4,5-trisphosphate (PIP3). PIP3 recruits to the membrane the series of effectors triggering a plethora of
cell funcions. PTEN lipid phosphatase converts PIP3 back into PIP2 and thus antagonizes the role of PI3K.
Modified from?.

3. RHO GTPases

The RAS (Rat sarcoma virus) superfamily is a protein superfamily of small GTPases. This
superfamily consists of over 100 members that are divided into families and
subfamilies according to their structure, sequence and function. The five main families
are RAS, RHO, RAN, RAB and ARF GTPases. Members of the RAS family are highly
involved in cell proliferation processes, RAN into the nuclear transport of proteins, RAB
into membrane trafficking and ARF into vesicular transport. RHO GTPases, which are
the focus of the current thesis, differ from other RAS-like GTPases by the presence of a
Rho-specific insert domain. RHO family of GTPases includes both classical and non-
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classical proteins. RHOA, RhoB, RhoC, Cdc42, Racl and Rac2 proteins are the principal
classical Rho GTPases and contribute to the orchestration of the cytoskeletal
rearrangement, cell morphology and cell motility and also participate in the activation
of specific transcriptional pathways 2% 22. Deregulation of these processes trigger the
development of different diseases, including cancer.

Structure
Classical RHO proteins display between 190 and 250 residues (20-30 kDa) and are
made-up of various domains: an effector domain, two separate guanosine phosphate
binding regions and a hypervariable region containing a CAAX box motif (Figure 9). The
N-terminus region contains the effector domain and switch 1 and switch 2 regions,
which oscillate between a GTP- and GDP-bound conformation.
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Figure 9. Domain organization of the Rho small GTPases. RHOA, RhoB, RhoC, Racl, Rac2, Rac3, RhogG,
RhoD, RhoF, Cdc42, TCL and TC10 are the canonical Rho small GTPases and they all share a very similar
protein structure. The other members are atypical Rho proteins. RhoBTB (1 and 2) have the most
divergent protein organization. Each domain or region is differently coloured?.

The binding of RHO protein to downstream targets occurs when the GTPases are
bound to GTP. Accordingly, the residues essential for the GDP-GTP binding are highly
conserved among RHO family members. Specifically, Gly14, Thr19, Phe30 and GIn93
are required for GTP binding and hydrolysis. Modification of Gly14 to Val (G14V) and
GIn63 to Leu (Q63L) result in activation of GTPase activity; alteration of Phe30 to Leu
(F30L) increases the cycling of the GTPase, whereas mutation of Thrl9 (T19N)
inactivates RHO and is used as a dominant negative form (Figure 10). The
hypervariable region in the C-terminus displays the highest diversity between
individual RHO family members and contains sites for palmitoylation and a polybasic
region influencing plasma membrane association. Specifically, for RHOA, the protein of
study in this work, the C-terminus region is essential for correct localization of the
protein. RHOA is post-translationally modified by prenylation in a conserved C-terminal
cysteine, leading to methylation and proteolytic removal of the last three amino acids.
The prenyl group (geranylgeranyl) anchors the GTPase into the plasma membrane. This
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modification is essential for protein stability, cell growth, transformation, and
cytoskeletal organization?* 2,

Activity regulation
Like the classic monomeric RAS GTPases, Rho GTPases act as molecular switches by
cycling between an active (GTP-bound) and an inactive (GDP-bound) conformation.
This cycle is tightly regulated. Rho proteins are activated by incorporation of GTP,
which is catalyzed by guanine nucleotide exchange factors (GEFs); and inactivation
occurs through GTP hydrolysis. Small GTPases exhibit a very weak GTP hydrolysis and
thus, this process is assisted by GTPase activating proteins (GAPs) (Figure 11). GEFs and
GAPs proteins interact differentially with Rho family members adding an additional
layer of regulation of GTPase proteins. GEFs and GAPs are themselves regulated by
protein-protein interactions, post-translational modifications and subcellular

localization.
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Figure 10. Structure of Rho GTPases. The structure of RHOA is depicted at different levels. The upper
panel illustrates the domains of the protein (coloured boxes), regulatory amino acid residues (top) and
frequently mutated residues in both solid and hematologic tumors (bottom). The secondary protein
structure is also shown. The lower panels illustrate the tridimensional structure of GDP-bound RHOA
(left) and the chemical structure of guanosine phosphates (GTP and GPD) (right). In both cases the
magnesium ion required for GDP/GTP binding is shown. The residues found mutated in human cancers
are shown. Residues involved exclusively in GTP (green background) or GDP (red background) binding
have been highlighted. Ub: ubiquitinated residue, P: phosphorylated residue, Pr: prenylated residue.

Inactive GDP-bound Rho GTPases reside in the cytosol complexed with guanine
nucleotide dissociation inhibitors (GDIs). GEFs cannot act directly on this complex to
promote interconversion of GDP into GTP. The dissociation of Rho GTPases from GDl is
executed by GDI displacement factors (GDFs). These proteins are also important for
efficient ubiquitination of RHO proteins, which leads them to proteosomal degradation
(Figure 11). Once Rho GTPases are GTP-bound, they are generally associated with the
plasma membrane through its prenyl group 2°.
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Figure 11. Rho GTPase cycle and its regulation. Rho GTPases cycle between an inactive GDP-bound
form and an active GTP-bound form. Activation of Rho GTPases occurs by stimulation with a guanine
exchange factor (GEF) that causes the release of GDP and the binding of GTP. In the GTP-bound form,
Rho proteins interact with effector molecules initiating a downstream response. To exert their activity,
Rho proteins require to be attached to membranes. As soon as the activated GTPase has initiated the
cellular response, a GTPase activating protein (GAP), hydrolyzes GTP into GDP turning back Rho proteins
to their GDP-bound state. This completes the cycle and terminates the signal transduction. Guanine
dissociation inhibitor (GDI) proteins regulate Rho GTPases activity maintaining Rho proteins in the
cytoplasm in an active form (bound to GDP), rather than associated to the plasma membrane. In turn,
GDI displacement factors (GDF) catalyzes the dissociation of GDIs from Rho GTPases leading to ubiquitin
targeting and degradation.

Rho GTPases undergo a series of post-translational modifications including
phosphorylation, ubiquitination and AMPylation, which lead to changes in their
function 2’ (Figure 10). For instance, it is well established that protein kinase A (PKA)
phosphorylates RHOA Ser188 and increases its affinity towards GDI, resulting in RHOA
inactivation 28, Also, Tyr42 phosphorylation of RHOA is crucial for its activation in
response to reactive oxygen species and promote to cell proliferation and
tumorigenesis »°

Moreover, RHOA expression is tightly regulated. The Myc-Skp2-Miz p300
transcriptional complex binds to the RHOA promoter triggering its expression.
Deficiency of this complex impairs RHOA expression, cell migration, invasion and
metastasis in breast cancer cells. Also, overexpression of Myc-Skp2-Mizl complex is
observed in metastatic human cancers along with increased RHOA expression 39,
However, other studies have shown that RHOA activation is closely linked to increased
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c-Myc expression through NF-kB activation or increased B-catening levels 2% 3%, c-Myc
expression is also dependent on RHOA, since overexpression of RHOA Q63L in
fibroblasts induces increased expression of c-Myc 2. But concomitant expression of c-
Myc and RHOA Q63L decreased stress fiber formation, showing a negative feed-back
loop that blocks the signaling of RHOA associated to the upregulation of Cdc42 and
Pakl and the repression of certain integrins 2% 33, HIF-1 binds to and activates directly
the transcription of RHOA, and simultaneously elicits the expression of proteins
activating MLC and FAK, leading to increased motility of breast cancer cells 34. Alike,
P53 has also been involved in RHOA regulation, specifically modulating negatively its
activation 3>37, RHOA in turn regulates p53, promoting the stabilization of tumor-
associated mutant p53 38, Other transcription factors such as STAT6 and NFkB have
been described as regulators of RHOA transcription 39,

RHOA is regulated also at the posttranslational level. While the cytosolic and inactive
forms of RHOA are degraded through the proteasome, the membrane-associated and
active pool of RHOA is degraded through the autophagy pathway*% 4,

Cellular functions
Although Rho molecules were initially shown to have a role in cytoskeletal
remodelling, it is now known that Rho GTPases are involved in several other cellular
processes such as membrane trafficking and transcriptional activation.

Rho GTPases and cytoskeleton organization

Cells receive extracellular stimuli form soluble molecules (growth factors, cytokines
and hormones) that interact with cell-surface receptors; from adhesive interactions
with the extracellular matrix; and from cell-cell adhesions. All these stimuli act to
generate changes in the actin cytoskeleton®?. The actin cytoskeleton is composed not
only by actin filaments, but specialized actin-binding proteins, as well. Its most
characteristic feature is the reversibility: polymerization of globular actin monomers
(G-actin) into filaments (F-actin) and the opposite phenomenon, occur constantly and
simultaneously in living cells. Actin polymerization in eukaryotic cells occurs through
the coordinated activity of filament severing and capping proteins and the two major
actin polymerization factors ARP2/3 and Formin“3. Filamentous actin organizes into
four different structures®:

o Filopodia: finger-like protrusions that contain a tight bundle of long actin
filaments in the direction of the protrusion. They are found primarily in motile
cells and neurons.

e Lamellipodia: thin protrusive actin sheets at the edges of motile cells.
Membrane ruffles result from lamellipodia, specifically upon lifting off the
substrate and folding backward.
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e Stress fibers: bundles of actin filaments traversing the cell. Stress fibers
establish strong interactions with extracellular matrix component through focal
adhesions. These are the regions where the cell adheres most tightly to the
substrate. Focal adhesions include structural proteins such as a-actinin,
vinculin, and talin and signaling and kinases, such as the focal adhesion kinase
(FAK).

The direct evidence for the participation of Rho proteins in cytoskeleton dynamics was
obtained from microinjection experiments using the constitutive active form of RHOA
(G14V). Specifically, overexpression of this mutant form of RHOA in fibroblasts resulted
in the induction of stress fibers and the appearance of focal adhesions*. As described
below, the identification of the downstream Rho signaling mediators linked the role of
these small GTPase to both, the formation (actin polymerization) and the organization
(filament bundling) of actin filaments??.

Rho GTPases in membrane trafficking

The transport of vesicles is essential for the biogenesis and maintenance of organelles
integrity and for the trafficking of proteins, lipids and other mediators within the cell,
as well as between neighbouring cells and the extracellular environment. Secretion,
endocytosis and phagocytosis require the transport of intracellular vesicles. Multiple
studies have demonstrated the importance of endosomal pool of Rho GTPases for
actin-based endocytic uptake and vesicle movement?®. For instance, constitutive active
Rho mutants have been shown to inhibit the formation of clathrin-coated vesicles and
affect the receptor-mediated endocytosis*’. This is remarkable considering that
termination of cell signaling initiated at the cell surface by transmembrane and GPI-
linked receptors is often mediated by endocytosis.

Cytoskeleton rearrangement is intimately linked to vesicle trafficking. Actin filaments
facilitate membrane deformation, formation of vesicles and contribute to vesicle
movement and targeting within cells*. The biochemical mechanisms that integrate
these two cellular processes at the level of Rho GTPases are not fully understood, but
it has been hypothesized that the effects of Rho GTPases on phospholipid metabolism
might explain the coordinated control of membrane flow and cytoskeletal
organization. Polyphosphoinositides are implicated in the regulation of vesicular traffic
in a variety of systems, and the pool of membrane phospholipids within cells are
modulated by Rho GTPases considering the crosstalk with PI3K pathway described
before®.

Normal temporal and spatial regulation of vesicular transport events is crucial not only
to maintain cell homeostasis, but for cell proliferation and apoptosis, as well**.
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Rho GTPases in gene expression

Rho GTPases regulate several signal transduction pathways that lead to alterations in
gene expression. In the cytosol, activated Rho GTPases induce transcriptional changes,
both dependent and independent of filamentous actin®®. Rho proteins regulate the
activity of several transcription regulators such as serum response factor (SRF)/MAL,
AP-1, NF-kB, YAP/TAZ, B-catenin, STAT3/5 and hypoxia inducible factor (HIF)-1a°t. Of
note, most of these transcription factors are strongly directly or indirectly related with
the main cell signaling pathways governing tumorigenesis at the level of proliferation,
migration and invasion of cancer cells (Figure 6).

Effector molecules

GTP-bound small RHO GTPases are able to perform their function through the
interaction with a huge variety of effector proteins, including serine/threonine kinases,
tyrosine kinases, lipid kinases, lipases, oxidases and scaffold proteins, among others
(Table 1). Most of these effector proteins display a close inactive conformation, and an
open actin conformation. RHO GTPases promote the transition from the inactive to the
active state>?.

Most effectors identified display a kinase activity, and many of them actively
participate in the cytoskeletal organization, specifically the actin cytoskeleton. The
ability of these small GTPases to orchestrate cytoskeleton dynamics was discovered in
the early 90s. But as RHO GTPases do not exhibit any domain that could directly
interact with the cytoskeleton components, it was rapidly hypothesized that scaffold
effector molecules might bridge Rho proteins with actin cytoskeleton. This led to the
cloning of multiple Rho effectors, including Rhotekin, Rhophilin, PKN, Citron, ROCK and
mDIA>3,
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Upstream GTPase . . . Actin
Effect Main biol | funct
ector RHO RAC cDCaz2 ain biological function related
RAC/CDC42 targets

Non-kinases

WASP + Cytoskeletal regulation via the Arp2/3 complex +
coPa . G-protein coupled r.eceptor of the visual .

transdruction pathway

IQGAP1/2 + + GAP, cytoskeletal regulation (cell-cell contact) +
P140Sra-1 N Component of the WAVE regulatory complex, .

actin polymerization.
Porinin mitochondrial outer membrane
POR1 + . . +
permeability, membrane ruffling

Multidomain scaffold protein, apoptosis, calcium

POSH +
homeostasis, membrane trafficking
pg7PHOX + Superoxide-generating NADPH oxidase activator
activity
IMSES5 N . Actin cytoskeleton reorganization at the plasma .
membrane

Protein kinases

P120ACK(pyK1) + Cadherin trafficking
IACK-2 + + Clathrin-mediated endocytosis
PAK-family + Regulation of actin and microtubule networks +
MRCKo,8 + Cell contraction and F-actin turnover +
MLK2, 3 N . Mltogen-actlvat.ed Protem kinase kinase kinase,
activation JNK pathway
MEKK1, 4 . N . Mltogen-actlvat.ed Protem kinase kinase kinase,
activation JNK pathway
7055 N N Rllbosor:nal prote}n, regulat.e cellgrowth by
inducing protein synthesis components
Lipid kinases

Cell growth, proliferation, differentiation,
PI3K + + » . . . +
motility, survival and intracellular trafficking

RHO TARGETS

Non-kinases

Rhophilin + Turn over of F-actin stuctures +

Rhotekin . Cytoskeleton reorgani%ation, cell diff?ren'tiation, .
cell cycle progression, and cell migration

DIAPH1, 2 + + Formin, F-actin polymerization +

kinectin + + + Kinesin-driven vesicle motility

MBS + Myosin Phosphatease

Protein kinases

ROCK + Cytoskeleton regulation (cell shape, motility) +

Citron + + + Cytokinesis control +

PKN1 + Cell cycle progression, actin cytoskeleton +

PKN2 + + regulation, transcription activation +

Lipid kinases

P1-4-P5K + + Type | lipid kinase, actin organization +

PLD + + + Protein trafficking, exocytosis, and vesicle coat

recruitment
Table 1. Main effectors of Rho GTPases. Adapted from Aspenstrém 1999°*; Bishop and Hall 20002,

Briefly, effectors of Cdc42 and Racl mediate cell-cell adhesion and cell polarization
through actin polymerization and cell protusions, stabilization and capture of
microtubules, and mediate the arrangement of the cytoskeleton and organelles such
as the Golgi apparatus, the nucleus and the centrosomes. Processes that are regulated
downstream of active RHOA signaling include the formation of actin stress fibers and
focal adhesion complexes, transcription, cell transformation, cell cycle progression and
cell migration. For example, the RHO-associated coiled-coil-containing protein kinases
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(ROCKI/II) are RHOA effector kinases related with cell adhesion and migration through
the regulation of acto-myosin-mediated contractility, inducing stress fiber formation
and assembly of focal contacts. RHOA binding to the formin mammalian diaphanous 2
(mDIA2/DIAPH2) initiate the assembly of protein complexes required for actin
polymerization. In turn, PKN family of proteins are serine/threonine kinases with a

potential role in transcription regulation®% >4,

It is known that effectors use distinct residues within the switch | and Il regions of Rho
proteins as major docking/recognition sites?? (Figure 10). A comparison of the RHOA-
GDP and RHOA-GTP crystal structures reveals that the binding of GTP generates
conformational changes that are restricted to the switch | and switch Il regions. Hence,
effectors must use these regions to discriminate between inactive and active Rho
forms, though they also interact with other regions of the GTPase>? >°. The interaction
between the downstream effectors with Rho GTPases causes a conformational change
from an auto-inhibitory state to a fully active conformation 2. However, for certain
effectors, the change at the structural level is not sufficient for the full activation and
the cooperation of other signals are needed. For example, PKN proteins need not only
RHOA binding, but lipid association and auto-phosphorylation as well to be fully
activated °% 7,

The final result of small GTPases binding to their effectors is the generation of a wide
variety of signals that promote, among other responses, cytoskeletal rearrangements,
regulation of cell morphology and motility along with transcription regulation.

4. RHOA GTPase in cancer

Both typical and atypical RHO GTPases contribute to cancer progression. In a few
cancers, RHO GTPases are mutated, but in most cancers their expression levels and/or
activity is altered. This is consistent with the role of RHO GTPases as signal transducers
in the signaling pathways that regulate proliferation, survival, death and cell migration.
Deregulation of RHOA appears to be involved in almost all stages of tumor progression
and mutated at considerable high rates in certain types of malignancies. However, the
way in which RHOA contributes to the tumor context is not simple since both tumor
promoting and tumor suppressor roles have been attributed to the same protein. We
have compiled bellow a systematic review of what is known about RHOA protein in the
different tumor contexts in which it has been studied.

RHOA as oncogene
RHOA was postulated as an oncogene in 1989, due to the ability of amplified RHOA to
induce tumorigenesis in fibroblasts 8. Upon this first study, many others followed
explaining the pro-tumorigenic role of RHOA. The overexpression of the wild type form
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(WT) of RHOA or the G14V mutant (constitutive active form of RHOA) was sufficient to
confer anchorage- and serum-independent growth in vitro; and when cells were
injected subcutaneously into nude mice were able to induce tumors >* %, Interestingly,
cells carrying the mutated version of RHOA were more efficient in inducing cellular
transformation. Later in time, this effect was attributed to the ability of RHOA to
regulate cell cycle progression, promoting G1-S transition by increasing CyclinD1 levels
and reducing the expression of p21cipl and p27kip1 cell cycle inhibitors 1. Early data
also evidenced an active role of RHOA in cell survival. RHOA increased apoptosis of
erythroleukemic K562 cells through the production of ceramide and FasL ©2.

Next, most of studies concentrated on the role of RHOA as a regulator of the actin
cytoskeleton and consequently, cell polarity, locomotion and cell shape through actin
63, RHOA and other Rho GTPases are strongly involved in angiogenesis, a physiological
process indispensable for tumor formation in vivo. Specifically, RHOA was shown to
play an important role in supporting the formation of new vessels leading to regulating
proliferation, survival and migration of the endothelial cells 4.

Simultaneously to the description of the molecular pathways triggered by RHOA and
the impact on cell fate, different tumor types were interrogated for the expression of
this GTPase. High expression of RHOA was found in a plethora of tumor malignancies
supporting the role of RHOA as an oncogene %>7°,

Digestive tract cancer

RHOA transcripts levels were determined by quantitative real-time polymerase chain
reaction (QRT-PCR) in colorectal cancer (CRC) patient samples and were found to
correlate positively and significantly with the tumour grade’. And in an independent
study, patients with higher RHOA expression had a significant poorer 5-year survival
rate ’2. RHOA was found upregulated and associated to a TGFB signature in liver
metastasis from CRC patients 73. When investigated using human cell lines and patient-
derived colorectal cancer samples, RHOA was found highly expressed in CRC cell lines,
especially those derived from metastasic sites, and in vitro downregulation strongly
impaired migration and invasion 72,

RHOA has been described to also have an important role in gastric cancer. The mRNA
and protein expression levels of RHOA in tumors from gastric cancer patients and cell
lines were significantly higher than in the adjacent non-tumorous tissues and non-
tumoral cell lines % 74, Furthermore, RHOA downregulation in gastric cells lines
suppressed cell growth and increased chemosensitivity to chemotherapeutic agents’.
In addition, differences have been found between distinct types of gastric cancer,
specifically between diffuse-type (DGC) and intestinal-type (IGC) gastric cancer. In
patients with the DGC, high RHOA activity was associated with significant worse overall
survival 7>, The same association was not observed in IGC patients.
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Fewer studies have been done in oesophageal squamous cell carcinoma (ESCC), but it
has been demonstrated that patients with RHOA overexpression show a poorer
prognosis compared. Additionally, RHOA expression was found to correlate with tumor
differentiation status and ESCC progression ’®,

RHOA oncogenic role is not limited to squamous carcinomas. In hepatocellular
carcinoma (HCC), RHOA overexpression correlates with venous invasion, cell
differentiation, tumor progression and metastasis. Besides, higher expression indicates
a poor prognosis in HCC patients 77 78, In pancreatic cancer, the cancer with worst
prognosis worldwide, RHOA role seems to be restricted to motility and invasion
promotion 7°. In this regard, a very interesting study inducing p53-null pancreatic
ductal adenocarcinomas in mice showed high RHOA activity in the invasive front of the
tumors &. The capability of pancreatic cancer to metastasize to the liver was attributed
to RHOA activity and mediated by the sequestration of RhoGDIs proteins 8.

Lung cancer

RHOA has been studied in the respiratory tract. In vitro experiments have shown that
the downregulation of RHOA in SPCA1 lung cancer cell line prevent proliferation and
invasion 8. In the clinical setting, ERK/RHOA/FAK network has been found deregulated
in high-grade lung tumors carrying mutant KRAS and CDKN2A, which are associated
with an aggressive and therapy-resistant phenotype .

HNSCC, melanoma and sarcoma

Elevated levels of RHOA have been found in head and neck squamous cancer (HNSCC)
tumor cells compared with normal cells ¢” 8, Downregulation of RHOA cell lines
derived from tongue tumors reduces cell migration, invasion and proliferation in vitro,
and tumor growth and lymph node invasion in orthotopic xenografts in mice,
indicating and oncogenic role of RHOA in this tumor type 8. Most of the studies
conducted in HNSCC are in tongue tumors or cell lines, but poor information is
available regarding the role of RHOA in the other anatomical regions such as in larynx
or pharynx tumors.

In melanoma, pharmacological inhibition of RHOA, assessed by the reduction of RHOA-
GTP (active form of RHOA), leds to the reduction of stress fibers, lamellipodia
protrusions and suppression cell motility and tumor growth in vitro 887,

RHOA has been involved in the progression of sarcoma cells. Specifically, using two
amoeboid sarcoma cell lines overexpressing RHOA G14V and RHOA T19N formes, it was
shown that ability of these cells to invade and metastasise in vitro and in vivo is
dependent of RHOA activity .
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Urinary system cancer

RHOA has been demonstrated to contribute to the progression of cancers of the
urinary system. RHOA expression is higher in pelvic, ureteric and bladder cancer tissues
and metastatic lymph nodes compared with non-tumor tissues; and importantly, high
RHOA level in these tumor contexts correlates with tumor stage and a reduced patient
survival 8%,

Cancer of the female and male genital tract

Vulvar squamous cell carcinoma (VSCC) is the fourth most common cancer of the
female genital tract. It was shown that RHOA expression is higher in VSCC tissue than
normal skin. Moreover, the downregulation of RHOA in VSCC cells results in G1 arrest,
low proliferation and low migration °1. In ovarian tumors, RHOA expression was also
significantly upregulated in tumors compared to normal tissue % %2, RHOA expression
in the metastasic omentum was even higher and positively correlated with stage and
degree of differentiation 2. In vitro studies revealed that overexpression of RHOA in
ovarian cancer cells did not change their proliferation rate but increased their
invasiveness features. Consistently, mice injected in the abdominal cavity with cells
overexpressing RHOA exhibited increased peritoneal invasion and the number of
lesions were higher than the control mice °. Conversely, RHOA downregulation
reduced tumor cell viability, migration, invasion and adhesion abilities in vitro, and
tumor formation in the abdominal cavity in vivo, further confirming the oncogenic role
of RHOA in ovarian cancer %4,

Male genital tract cancer has been also related with RHOA. The constitutive active
RHOA Q63L form in a murine prostate tumor cell line promotes its proliferation
compared to wild-type RHOA and RHOA T19N dominant negative. This effect was
attributed to the enhanced development of stress fibers and cell cycle progression °°.
The later was shown to be mediated by RHOA signaling through PKCzeta %°. In tumor
testis, RHOA and some of its effector proteins were shown to present higher
expression in primary tumors than in non-tumor testis. And specifically for RHOA, the
levels of expression of the protein correlated with tumor stage .

Breast cancer

RHOA act as an oncogene in breast cancer according to numerous and varied data. In
vitro, RHOA has been shown to promote preneoplasic transformation of human
mammary epithelial cells (hMEC) %2. Specifically, exogenous overexpression of RHOA
wt and RHOA G14V is able to induce to immortalization and preneoplasic
transformation of primary epithelial cells. As expected, RHOA T19N dominant negative
did not retained this ability, whereas RHOA T37A which is unable to bind to many well-
known effector proteins, i.e. ROCK, PKN, mbDial/2, surprisingly, led to epithelial
immortalization. In vitro downregulation of RHOA in MDA-MB-231 breast cancer cells
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inhibited cell proliferation and invasion; and intratumoral injection of an anti-RHOA
siRNA in breast xenograft tumors, reduced tumor growth and angiogenesis®®. Same
effects were observed in vivo when the anti-RHOA siRNA was encapsulated in
nanoparticles and administered intravenously into mice 1%,

At the patient level, RHOA protein, but not mRNA, was increased in breast tumors
when compared to paired normal tissue. Moreover, the amount of RHOA protein
correlated with the histological grade 6> 1% and also tumor size %,

RHOA as tumor suppressor
Despite the substantial experimental evidence that RHOA can function as an
oncogene, a significant number of studies point out to an opposite role, as tumor
suppressor gene.

Digestive system cancer

Using expression microarray experiments in Dukes’C colorectal cancer samples (that
includes samples in which the cancer has spread to at least one lymph node in the area
close to the bowel), RHOA was among the genes with lower expression levels in
tumors from patients with poor prognosis compared with the ones with a good
prognosis. Furthermore, analyzing survival curves upon determining RHOA protein
levels by immunostaining in an independent set of samples, it was found that patients
with patients with low levels of RHOA displayed worse overall and disease-free survival
102 |t has been nicely shown that RHOA inactivation promotes cancer progression and
metastasis through Wnt/B-catenin pathway. In addition, using genetically modified or
chemically-induced animal models of intestinal tumorigenesis, it was shown that
targeted inactivation of RHOA in the intestine led to shorter survival of animals and
higher tumor burden. Moreover, loss of RHOA led to increased development of lung
metastasis 193

In the regulation of tumorigenesis, the crosstalk between RAS and RHOA has been
largely studied in in vitro systems. Most of the studies suggest that RHOA enhances
RAS-driven transformation. However, in a study done in vivo in zebrafish, RHOA T19N
increased KRAS G12V-mediated liver growth, HCC development and cancer mortality,
whereas RHOA G14V suppressed KRAS G12V-mediated liver growth, suggesting that
active RHOA could have an inhibitory role in KRAS oncogenic signaling, inhibiting AKT
activation and cyclin D1 expression 104,

Immunohistochemical and clinical data analysis of samples from patients with
pancreatic ductal adenocarcinoma (PDCA) showed a longer overall survival when the
levels of RHOA were higher. In addition, RHOA expression together with tumor size
and tumor stage resulted in a more reliable prediction of patient surivivall®,
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Lung cancer

In lung cancer, the role of RHOA in K-Ras-driven tumorigenesis in vivo seems to be of a
tumor suppressor gene, because i) RHOA is not necessary for the normal lung function
in mice, ii) K-Ras®'?P-induced adenomas can be formed in the absence of RHOA, and iii)
an increase in the number of adenomas is found in a conditional RHOA knock-out
mouse of sporadic lung tumor model 16,

Breast cancer

Using a triple negative breast cancer (TNBC) mouse model, it has been demonstrated
that reduced RHOA expression increases the colonization of lymph nodes and lung
metastasis %7, This tumor suppressive role of RHOA was suggested indirectly in
previous studies, in which specific RhoGAPs where shown to be upregulated in basal-
like breast cancer (BLBC) and TNBC 108 109,

Melanoma

The first work to demonstrate the clinical relevance of RHOA in skin melanoma
described that the increased RHOA expression in primary tumors was associated with
thin tumors, high infiltration of lymphocytes and lack of disease recurrence. Disease-
free survival and overall survival of patients with high expression of RHOA within
lesions were significantly prolonged °. Previously, in vitro work with melanoma cell
lines showed that pharmacological treatment with agents, such us histone deacetylase
inhibitors (HDACi) or BRAF targeted therapies, this last already approved for melanoma
treatment, led to a pro-invasive effect mediated by a decrease in RHOA signaling 1%
112 'In addition, loss of RHOA in keratinocytes in vitro and in vivo promotes tumor
formation and invasion. Interestingly, in these model, the decrease in RHOA reduced
RhoB degradation in autophagosomes, increased cell membrane localization and
signaling, indicating a compensatory effect at the level of global Rho signaling in
keratinocytes 113,

Brain tumors

Malignant brain and central nervous system (CNS) tumors are the 3™ most common
cause of cancer mortality 4. In a study with glioma cells, overactivation of RHOA
through oligodendrocyte lineage transcription factor 2 (OLIG2), led to decreased cell
motility 11>, Migration, and also anchorage- independent growth, was reduced in a
likewise manner in an independent study with glioblastoma cell lines 116,

In the clinical setting, the expression of RHOA in astrocytic tumors showed an inverse
correlation with grade %7,
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Urinary system cancer

One of the first studies examining the expression of RHOA in normal kidney and renal
cell carcinoma (RCC), revealed that RHOA expression was lower in tumors compared to
normal tissue, although there was no correlation with the differentiation grade or TNM
stage '8, Moreover, in a recent study, using serological identification of recombinant
cDNA expression cloning (SEREX) and RCC cell line models, it was shown that a
RhoGAP1 was upregulated and increased the proliferation and invasion of cells
through inhibition of RHOA-ROCK signaling *°.

RHOA mutations in cancer

Rho GTPases were rarely reported to be mutated in cancer, until recently, when
revolutionized sequencing technologies enabled unbiased analyses of cancer genomes
and revealed frequent mutations in RHOA and related molecules in a wide variety of
cancers. Some old studies tried to approach the mutational status of this protein, but
failed not only due to the reduced number of samples tested, but to the low
penetrance of RHOA mutations in the tumor types evaluated. For instance, in a study
done with colorectal adenocarcinomas and breast cancer samples there were found no
mutations in RHOA coding sequence %9, Several groups identified RHOA mutations
simultaneously in 2014, with the comprehensive molecular evaluation of large cohorts
of primary gastric adenocarcinomas 21, At the same time, other groups found frequent
RHOA mutations, specifically at the G17V position, in angioimmunoblastic T cell
lymphoma (AITL) and peripheral T cell lymphomas (PTCL)'?224, Additional hotspot
RHOA mutations were found in other tumor types (Figure 12). The role of these
mutations along the tumor progression process, and their molecular characterization
have been deeply studied by some groups. In this section we summarize information
known to date about RHOA mutations in different tumor types.
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Figure 12. Distribution of RHOA mutations in human malignancies. Pattern of RHOA mutation in AITL,
ATL, and GCB lymphomas (Germinal center B-cell lymphomas), as well as diffuse-type gastric (TCGA),
oesophageal (ICGC and Broad), bladder (TCGA, BGIl, and DFARBER_MSKCC), colorectal (TCGA and
Genentech), and head and neck (TCGA and Broad) cancers*?>.

Diffuse-type gastric cancer (DGC)

Gastric cancer is the third leading cause of cancer mortality worldwide and despite
having a high heterogeneity, two subtypes well distinguished had been established and
used to build Lauren classification of gastric adenocarcinomas: i) intestinal gastric
cancer (IGC) and ii) diffuse gastric cancer (DGC). Poorly-differentiated or diffuse type
gastric cancer (DGC) accounts for 30% of cases. From the histopathological point of
view, a lack of intercellular adhesion, often observed with scattered signet-ring cell
morphology, predisposes to a diffuse invasion growth pattern throughout the stroma
126 1n 2014, The Cancer Genome Atlas (TCGA) proposed a molecular classification for
gastric cancer based of four subtypes: Epstein-Barr virus positive tumors, microsatellite
unstable tumors, genomically stable tumors, and chromosomally instable tumors. DGC
are included mostly in the genomically stable tumors, in which a very high proportion
of RHOA mutations or fusions involving RHO-family GTPAse-activating proteins are
observed. RHOA mutations were found in approximately 15% of the genomically stable
tumors. The mutations found clustered in two independent but adjacent regions
involved in the interaction of RHOA with some effectors, such as ROCK 7. This result
was in concordance with a pair of studies published the same year describing for the
first time novel recurrent mutations in RHOA in DGC patients 2% 12°, Using whole-
exome sequencing and targeted deep sequencing, RHOA mutation was observed in
around 20% of the DGC cases analyzed 28 12°, Hotspot mutations in Tyr42 (effector-
binding region), Arg5, Glyl7 (GDP/GTP-binding region) and Lys57 residues were
identified. Among all, Y42C was the most recurrent mutation. Interestingly, the
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prevalence of RHOA hotspot mutants was skewed towards R5Q/W in Asiatic DGC 39,
Furthermore, RHOA mutations occur at a significantly higher proportion in late-onset
DGC patients (LODGC) compared with those with an early-onset (EODGC) 1'%,
Intestinal-type adenocarcinomas with anastomosis glands, a rare histological subtype
characterized by irregularly interconnected, also display a high RHOA mutation rate
(around 50%). The more prevalent RHOA mutation in this type of tumors is G17E 131,

Sample from peritoneal carcinomatosis, one of the major causes of death in advanced
GC, have been analyzed by whole-exome sequencing. Several components of the Rho-
ROCK signaling pathway accumulate mutations, and interestingly, 1 of the 7 malignant
ascites from DGC patients, exhibited a RHOA L57V mutation absent in the primary
tumor, suggesting a role of RHOA mutations in the promotion of DGC metastasis *32. In
concordance with these results, it has been described that RHOA mutations are more
recurrent in N3 tumors compared to NO tumors 133,

The first clinicopathlogical study with RHOA-mutant gastric cancer showed that most
advanced tumors with RHOA mutations exhibited Borrmann type 3 lesions (81%). The
Borrmann classification system divides gastric carcinomas into 4 different types
according on macroscopic pathological assessments: polypoid carcinoma (type ),
fungating carcinoma (type Il), ulcerated carcinoma (type lll), and diffusely infiltrative
carcinoma (type IV )34 So, RHOA mutation was linked with the development of
ulcerated tumors. Moreover, although no associations were found between RHOA
mutation presence and survival outcomes, RHOA-mutated tumors showed a
predominant poorer cohesive histology, compared with RHOA wt tumors®3>,

There are some studies about the molecular characterization and biological function of
RHOA mutations found in DGC. RHOA effector-loop mutants (in codons F39, E40 and
Y42) were tested for the binding capacity to downstream signaling effectors, stress
fiber formation and activation of the serum response factor (SRF) pathway. It was
shown that RHOA Y42C, the most recurrent mutation in DGC, impairs the binding to
PKN but not to ROCK, mDIA2, Rhophilin, Kinectin, Citron and NET1. Assays in NIH3T3
cells revealed that RHOA Y42C maintains stress fiber formation and SRF activation 3¢,

The modulation of Y42S and G17E mutations expression in OE19 gastric cancer cells,
BT474 breast cancer cells and SW948 colon cancer cells evidenced a role of these
mutations in the promotion of cell proliferation. In a Rho binding domain assay,
association of RHOA Y42C and L57V mutants to GTP was found to be lower than in WT
and G14V forms using HEK293 cells *?°. Further, RHOA G17E and Y42C/S mutations
decreased stress fiber formation and intracellular adhesion in MKN74 cells, both key
features in migrating cells; and in contrast with other reports 3% 137 overexpression of
RHOA WT or G14V decreased migration capability, whereas overexpression of T19N
led to its increase 38, The effect of RHOA R5W mutation, the most prevalent mutation
in EODGC tumors, was assessed ectopically overexpressing it in 293FT cells. RHOA R5W
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resulted in a decreased protein activation (GTP-bound levels) compared to RHOA WT.
A decreased SRF activity and stress fiber formation were also observed with R5W.
Downregulation of RHOA activity in DGC cells produced equivalent effects to
overexpression of R5W mutation, i.e. increased B-catenin reporter activity and
impaired aggregation of the cells 39, Interestingly, the effects of RHOA mutations seem
to be mediated through ROCK inactivation. All these results would suggest that, in
general, DGC RHOA mutants are oncogenes with a loss-of function activity. However,
some discrepancies can be found in the literature. As an example, NIH3T3 cells
expressing RHOA Y42C stimulated stress fiber formation, similarly to the constitutive
active RHOA forms G14V and Q63L'3%. Moreover, increased GAP-stimulated GTP
hydrolysis activity, higher ROCK affinity and reduced Rhotekin binding were found in
RHOA Y42C expressing cells 13°. According to these studies, Y42C behaves as a gain-of-
function mutation. Again, differences in the tumor context might influence the role of
the mutations.

RHOA mutations RHOA Y42C/S are predominant in DGC. This has led to a deeper
evaluation of this specific mutation in gastric tumor development. RHOA Y42C/S
mutations have been studied in mice through the establishment of orthotopic gastric
cancer tumors. MKN74 gastric cancer cells line grafted in the stomach of mice
promoted poorly cohesive tumors both when wild-type for RHOA or mutant.
However, RHOA mutant tumors contained smaller tumor nests, defined as clustered
tumor cells surrounded by tumour stroma. This fact suggested that more factors apart
from the presence of RHOA mutation are involved in this DGC histology. A deeper
analysis indicated an higher number of blood vessel formation, and enhanced
macrophage infiltration into the Y42 mutant tumors 4,

c-Met, is a tyrosine kinase receptor with an important role in promoting carcinogenic
growth, angiogenesis, migration and invasion in gastric cancer!*’. This kinase
phosphorylates RHOA at Tyr42 that, as result, undergoes to proteosome-mediated
protein degradation. It has been observed that the proliferation and motility in gastric
cancer cells induced by RHOA Y42C can be reduced by c-Met inhibitors, but not in cells
expressing RHOA wt. So, c-Met inhibitors could be a good strategy against RHOA Y42C
but not for RHOA wt tumors 42, In addition, it has been demonstrated that the RHOA
activation, through Y42C mutation, synergizes with the tumor suppressor Cdhl (E-
cadherin) to stimulate signaling networks that mediate transformation in vivo
(peritoneal spread and ascites). Moreover, it was demonstrated that RHOA Y42C
activates PI3K and YAP/TAZ pathways, suggesting that these could be the potential
signaling pathways that enhance the survival and tumorigenicity of gastric tumor cells
in this mutational context®3°,
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Mutations in other solid tumors: HNSCC, lung, breast, pancreas and colon

A large-scale genomic analysis across 21 tumor types, 4,000 human tumors, and their
matched normal-tissue counterparts, aiming at identifying new somatic point
mutations, identified six in HNSCC and 1 breast cancer tumor carrying mutations in the
effector domain of RHOA. The predominant mutation was E40Q !*3. ROCK1, the
principal effector of RHOA, is often amplified in HNSCC, suggesting that RHOA E40Q
could increase ROCK1 activation 144,

Data from public repositories shows that although in lung cancer RHOA is deleted in
some cancers, in others the most frequent RHOA mutation is E47K.

RHOA mutations represent around 6 % of all cases in bladder cancer, being also E47K
the predominant hotspot mutation.

In colon R5Q, C16S, A61V and L69P RHOA mutants have been identified in patient
tumors. As data of interest, malignant pleural mesothelioma (MPM), an aggressive
cancer relatively rare and linked to inhaling asbestos, presents RHOA mutations in
three different codons (E32K, Y66N and A161V) %°. However, the molecular
characterization of these mutations in all these different tumor contexts has not been
studied yet.

Burkitt lymphoma

Burkitt lymphoma is the most common subtype of B-Cell non-Hodgkin’s lymphoma
(NHL) in pediatric and adolescent patients 4, IG-MYC translocation characterizes this
lymphoma, but this genetic event is not sufficient for the malignant transformation of
cells. When whole-genome sequencing was conducted on IG-MYC positive pediatric BL
some genes were found to be recurrently mutated, and RHOA was among them #’. To
study thoroughly RHOA in this cancer type, a big cohort of pediatric patients with
mature aggressive B-cell lymphoma was analyzed. In 5 out of the 78 BL patients
analyzed (6.41%) there was a RHOA mutation, being R5Q the most common %8, It has
been hypothesized that this alteration might favour binding to GEFs '%°. Indeed, this
mutation was shown to decrease RHOA activity and to promote cancer progression.
Moreover, analyzing SRF activity and stress fiber formation in HEK293 and MDCK cell
lines, it was discovered that R5Q mutation impaired RHOA function compared with
RHOA WT. In addition, mutations in Gal3 protein, an upstream regulator of RHOA,
have been found in BL patients. This information suggests that R5Q mutation in BL
might act as a loss-of-function mutation and that Gal3/RHOA axis in B cells is an
important tumor suppressor 1°°,
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Adult T-cell Leukemia/lymphoma (ATLL)

Adult T-cell leukemia/lymphoma (ATLL) is a subtype of peripheral T-cell lymphoma
(PTCLs) caused by human T-lymphotropic virus type 1 (HTLV-1). This virus immortalizes
T cells upon the infection, that occurs normally during the infancy and that has a
latency period of 30 to 50 years. A cohort of 203 ATLL patients was subjected to
targeted-deep sequencing to identify genetic changes involved in the development of
this cancer. Approximately 15% of the patients harboured a RHOA mutation.
Mutations concentrated in the GTP-binding pocket, with mutational hostpots at C16,
G17 and A161 residues, being C16R substitution the most frequent alteration. Kinetics
experiments revealed that C16R and A161P mutants function as fast-cycling mutants,
showing an increased GDP/GTP exchange rate *>1. Contrary, G17V form was described
as a dominant-negative mutation due to its incapability to bind to GTP 122 123,152 The
biological effect of mutations found in ATLL patients was evaluated in HEK293 and
NIH3T3 cells, obtaining a decreased activation of SRF and reduced stress fiber
formation for G17V mutant, and the opposite results for C16R and A161V/P mutants.
Altogether, RHOA mutants in ATLL exhibit a tumor promotion role when acting either
as loss-of-function or gain-of-function. This counterintuitive effect is explained by the
presence of the different mutations in different cellular contexts in ATLL. Specifically,
C16R and A161P/V mutations occur predominantly in T-regulatory cells, whereas G17V
mutations occur in memory T-cells 1°2,

Angioimmunoblastic T-cell lymphoma (AITL)

Angioimmunoblastic T-cell lymphoma (AITL) is a common subtype of T cell lymphoma
with poor prognosis. The molecular mechanisms behind this kind of lymphoma were
unknown until recently. Using exome and transcriptome analysis of a large cohort of
samples from lymphoma patients revealed that RHOA G17V mutation was found in a
high percentage in patients with T cell lymphomas (53.3-70.8% in AITL and 17.2-18% in
PTCL-NOS) 122 123,132 Kyt absent in B cell lymphomas. G17V alteration occurs in the
GTP-binding region of RHOA and impacts negatively on the GTPase resembling a
dominant-negative form 1?3, This observation was in good concordance with the
crystallographic structures of GDP- and GTP-bound RHOA G14V %3 154 They oxygen
atom in the main chain of G17 of RHOA WT should interact with the guanine base of
GDP/GTP via water molecule, but when G17 is replaced by a valine, its voluminous side
chain is predicted to impair GTP/GDP binding *>. When expressed in NIH3T3 cells,
Rhotekin pull down assay showed the lower activation of the G17V mutant compared
with the WT form. A161E, which is other mutation found in AITL showed as well an
impaired binding capacity to GTP. The same results were observed upon analysis of
SRF-dependent transcriptional activity and stress fiber formation, since both were
diminished upon G17V mutation 2. Similarly, in Hela cells with RHOA G17V and T19N
impaired the formation of stress fibers, while RHOA WT and RHOA Q63L boosted
cytoskeleton reorganization. Additionally, Q63L overexpression in HEK293 cells
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promoted round cell morphology, compared with the elongated morphology of the
rest of the mutants tested (WT, G17V and T19N) %22, G17V overexpression in Jurkat T
cells enhanced cell proliferating and invasion compared to RHOA WT and G14V 123,152,

Some groups have suggested that G17V locks RHOA GTPase in an inactive
conformation. Indeed, G17A and G17A mutant interact with GEF with high affinity, but
is resistant to GEF-induced GTP loading activation °¢. Interestingly, G17V mutation
creates a binding site for Vavl GEF protein. Binding of RHOA G17V to Vavl increases

phosphorylation at Tyr174 and consequently T-cell receptor (TCR) signaling 7.

The biological relevance of RHOA G17V mutation in PTCL tumor has also been
investigated. RHOA-G17V expression correlated with PD-1, nuclear pERK, p52, p38
PI3K and KRAS, NF-kB and RAC1 1?4,

According to all the data summarized here, it is impossible to define which is the role
of RHOA in cancer, because it varies from one tumor type to another. Furthermore,
RHOA is involved in a great deal of signaling pathways, both oncogenic and tumor-
suppressive. Interestingly, the different hotspot mutational profile in different cancers
shows not only an exquisite tumor-type specificity, but selectivity as well, as each of
the hotspot mutations activates or suppresses unique pathways to ultimately promote
carcinogenesis.
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AIMS OF THE STUDY

The small GTPase RHOA has been widely described as an oncogene, displaying a key
role in the carcinogenic process of several tumor types. Nevertheless, results from our
group have shown that RHOA could act in a context-dependent manner, because it
was found to have a tumor suppressive role in colon cancer 19 and in diffuse-gastric
cancer (DGC). Recently, the use of high-throughput sequencing technologies has
revealed that RHOA is frequently mutated in different liquid and solid tumor types,
such as Burkitt lymphoma (BL), adult T-cell leukemia/lymphoma (ATLL),
angioimmunoblastic T-cell lymphoma (AITL), diffuse gastric cancer (DGC) and head &
neck squamous cell carcinoma (HNSCC)!2> 127, 151, 138 " |ntriguingly, these mutations are
distributed along the RHOA coding sequence in a hotspot pattern; but, even more, the
identity of the hotspot mutations in each tumor type is differential, suggesting a
distinctive role of each mutant in the different tumor contexts.

Therefore, the specific aims of this thesis are:

1. Toinvestigate the protein expression levels and the stability of the different RHOA
mutants, as well as their cellular localization.

2. To investigate the functional relevance of the different RHOA mutations in the
cytoskeletal dynamics through the study of F actin formation and adhesion
properties.

3. To study the ability of RHOA mutants to activate the serum response factor (SRF)
and NFkB signaling.

4. To evaluate the binding ability of RHOA hotspot mutants through two different
assays:
a. A Rhotekin pull-down assay.
b. A yeast-two-hybrid approach to evaluate the binding capacity of DGC and
HNSCC RHOA hotspot mutants to known effectors and regulators.
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MATERIALS AND METHODS

The functional characterization of the RHOA hotspot mutations (C16R, G17V, R5Q,
G17E, L57V, Y42C and E40Q) in comparison with the wild-type RHOA (RHOA WT), and
the constitutive-active and dominant-negative control mutants, RHOA G14V and RHOA
T19N, respectively, was approached systematically.

Cell lines
HEK293T (human embryonic kidney cells) and COS1 (green monkey kidney fibroblast-
like cell line) cell lines were used to perform all the experiments. Both cell lines were
maintained on Dubelco’s Modified Eagle’s Medium (DMEM; SIGMA) containing 10%
fetal bovine serum (Sigma) under a 37°C and 5% CO2 atmosphere. Cells were routinely
tested for mycoplasma contamination using PCR Mycoplasma Detection Set (TaKaRa
Bio, Inc. Kusatzu, Japan).

Plasmids

pINDUCER20-GFP-RHOA for RHOA expression in mammalian cells: lentiviral
pINDUCER20 vector was used to transiently transfect cell lines, leading to inducible
GFP-RHOA overexpression systems. This plasmid is a tet-on system, in which the rtTA
(reverse tetracycline-controlled transactivator) protein binds the operator TRE
(tetracycline response element) only if bound to tetracyclines. So, the culture of cells in
the presence of doxycycline (dox) initiates the transcription of the inducible cassette,
in this case the green fluorescent protein (GFP) alone of fused to the N-terminal end of
RHOA open reading frame (Figurel3). The different pINDUCER20-GFP-RHOA vectors
(one for each mutant tested) were created using Gateway technology and pDONR221
encoding GFP-RHOA as donor. RHOA mutant forms in pDONOR221 were generated
using QuikChange mutagenesis kit (Agilent Technologies Inc.) according to
manufacturer’s specifications and transferred to pINDUCER20 using LR Clonase (Life
technologies, USA).

pINDUCER20 GFP-RHOA

Figure 13. pINDUCER20-GFP-RHOA plasmids. LTR: Long terminal repeat; Psi: Retroviral Psi packaging
element; RRE: Rev Response Element; TRE2: Tetracycline response element; GFP: Green fluorescent
protein; Ubc: Ubiquitin C promoter; rtTA3: Reverse tetracycline-controlled transactivator; IRES: internal
ribosome entry site; Neo: Neomycin resistance gene.
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The presence of the desired mutations in the pDONR221-GFP-RHOA
constructions and the transfer to pINDUCER20 destination vector was confirmed
through Sanger sequencing (Macrogen Inc) using the primers detailed in Table 2.

1. RHOA expression

HEK293T and COS1 cells were transiently transfected with the different pINDUCER20-
GFP-RHOA constructs. Specifically, 2 million of cells were seeded on 10-cm plates to
achieve about 60% confluence on the following day. Twenty-four hours after seeding,
cells were transfected with 7 ug of the corresponding lentiviral vector (pINDUCER20-
GFP-RHOA). PEI (1 mg/mL) was used in a 4:1 ratio to DNA in the transfection. Six-hour
post-transfection, cell medium was renewed and supplemented with doxycycline at 1
ug/ml (Sigma-Aldrich). Forty-eight hours post-induction cells were harvested for
analysis of RHOA expression at protein, mRNA and/or DNA level.

RHOA protein expression

Protein extracts were obtained using Small GTPase lysis buffer (25 mM Hepes pH 7.5,
150 mM NaCl, 5 mM MgClI2, 1% NP-40, 1mM DTT, 10% Glycerol) supplemented with
protease inhibitors (Complete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche).
Cell pellets were resuspended in the lysis buffer and incubated on ice for 5 minutes.
Then, the lysate was centrifuged for 10 min, at 12,000 rpm and 4°C, and the
supernatant was transferred into a new microtube and stored at -80°C until used.
Total protein concentration was determined using a BCA™ Protein Assay Kit (Thermo
Scientific). Briefly, 2 ul of the test sample diluted in distilled water (final volume 25 pl)
were mixed with 200 ul of BCA reagent mixture in a 96 well-plate. A series of bovine
serum albumin (BSA) protein standards diluted in distilled water was run alongside
with the protein lysates to establish a protein standard curve. The plate was incubated
in the dark at 37 2C for 30 minutes prior to absorbance measurement at 595 nm in a
plate reader (SunriseTM model, TECAN Group Ltd.). Protein concentrations were
inferred using the BSA standard curve.

Western blot (WB): Gel electrophoresis: Separation of proteins was performed by one-

dimensional SDS-PAGE (Sodium dodecyl sulfate - polyacrylamide gel electrophoresis)
assay as follows. Proteins were thawed on ice and 30 pg of protein were mixed with
Laemlli buffer 4X (250 mM Tris pH 6.8, 4.2% SDS, 20% Glycerol, 0.008% bromophenol
blue, 10% 2-mercaptoethanol) and denatured at 952C for 5 min. Then, proteins were
separated by SDS-PAGE electrophoresis in polyacrylamide gels (4% acrylamide stacking
gel; 10% acrylamide separating gel). The electrophoresis chamber was filled with
running buffer (0.25 M Tris, 1.92 M Glycine and 34.6 mM SDS) and the current was set
to 120V, allowing the proteins to run and separate until the loading dye went out from
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the gel. Protein transfer to filters: Proteins were electrophoretically transferred from
the gel to polyvinylidene fluoride (PVDF; Amersham — GE Healthcare Life Sciences)
filters. For this, the membrane and gel were set up in a “sandwich configuration”
together with filter papers and sponges in the following order: sponge, Whatman filter,
gel, membrane, Whatman filter and sponge. The transfer was carried out in a tank
containing ice-cold transfer buffer (0.23 M Tris and 1.92 M Glycine). The proteins were
allowed to transfer for 90-120 min at 110 V and 42°C. Blocking and antibody blotting:
The membrane with the transferred proteins was blocked with 5% skim milk or BSA in
PBS-0.1% Tween, according to the antibody manufacturer’s specifications, for 1 hour
at room temperature in order to prevent unspecific binding of the antibodies. Next,

the membrane was incubated overnight at 42C with primary antibodies diluted in fresh
blocking buffer (Table 2). The following day, membranes were washed 3 times for 10
min with PBS-0.1% Tween under agitation to remove unbound primary antibodies.
Membranes were then incubated with secondary antibodies conjugated with
horseradish peroxidase (Anti-mouse 1:5,000; Anti-rabbit 1:5,000; Table 2) for 1 h at
room temperature and washed again with PBS-0.1% Tween 3 times for 10 min.
Detection: Finally, proteins were detected using ‘Enhanced chemiluminescence
system’ kit (ECL — GE Healthcare) and blue-light sensitive autoradiography films (AGFA
(CP-BU)) or ChemiDoc XRS+ system (Bio-Rad). Specifically, membranes were incubated
with 1:1 mixture of detection reagent A and reagent B (which contain a light-emitting
non-radioactive substrate for horseradish peroxidase) for 1 min. When
autoradiography was used, AGFA films were placed on the top of membranes in a dark
room to detect the chemiluminescent signal, followed by an automated film
development (Curix 60 — AGFA healthcare). When digital chemiluminescence was
used, ChemiDoc system and Image Lab software were programmed to acquire images
at the desired time points. Quantification of band intensity was performed using
Imagel) program (NIH-National Institutes of Health).

Table 2. Antibodies used in this study.

. Application
Antibody Source Reference (dilution)

RhoA (67B9) Cell Signaling 2117 moR::Ct::'nal (1:\1/\’/0300)
Vinculin Sigma-Aldrich V4505 m:)\:llf):ls;:]al (1:\1/\’/0800)
e Poda7 Goat (1:10,000)
" ramanoglobuling/ime | ok 0217 Goat (1:5,000

WB: Western blot

Flow cytometry analysis: GFP expression in HEK293T and COS1 cells overexpressing
GFP-RHOA (wt or mutants) or GFP alone was analyzed by flow cytometry using
FACScalibur instrument and Cell Quest Software (Becton-Dickinson). Propidium iodide
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(P1, Sigma-Aldrich) staining (40 pug/ml) was used for exclusion of dead cells in the
analysis.

RHOA mRNA expression

RNA extraction and quantitative real-time PCR (qPCR). Total RNA from cells was
extracted with TRIZOL® reagent (Invitrogen) according to the instructions of the
manufacturer. Retrotranscription was performed using 1 pg of total RNA and High
Capacity cDNA Reverse Transcription kit (Applied Biosystems) following the vendor’s
guidelines. Relative mRNA levels for every RHOA mutant were assessed by Real Time
Polymerase Chain reaction (RT-PCR) using SYBR Green Master Mix (Applied
Biosystems). Transcript normalization was conducted by assessing 18S rRNA (Tagman
Fast Advanced Master Mix, Applied Biosystems). RT-PCR reactions were run under
standard conditions in a 7500 Fast Real-Time PCR System (Applied Biosystem). RHOA
and neomycin resistance cassette contained in the pINDUCER20 vector were amplified
using the primers described in Table 2. Relative RHOA and Neomycin resistant gene
expression levels were determined with the AACT method using 18S as a housekeeping
standard control, as previously described 192,

DNA extraction and genomic qPCR: DNAzol® reagent (Invitrogen) was used to extract
DNA from HEK293T and COS1 cells according to manufacturer’s instructions. Then,
genomic qPCR was performed to calculate the number of GFP-RHOA transgene copies
present into the transfected cells using SYBR Green Master Mix (Applied Biosystems).
The normalization control was performed with GAPDH. qPCR reactions were run under
standard conditions in a 7500 Fast Real-Time PCR System (Applied Biosystem).
Genomic GFP-RHOA and GAPDH DNA levels were amplified using the primers
described in Table 3. GAPDH species sensitive primers were used for HEK293T (human)
and COS1 (monkey) cells. Eventually, GFP-RHOA DNA relative levels were quantified
following the AACT method using GAPDH as a housekeeping standard control, as
previously described 192,
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Table 3. Oligos used in this study.

Primer name

Materials and Methods

Sequence (5’ to 3’)

Application

RHOA G14V (F)

ggtgattgttggtgatgtagcectgtggaaagacat

RHOA G14V (R)

atgtctttccacaggctacatcaccaacaatcacc

RHOA T19N (F)

ggtgatggagcctgtggaaagaactge ttgc tcatagte

RHOA T19N (R)

gactatgagcaagcagttctttccacaggctccatcacc

RHOA C16R (F) caagcatgtctttccacgggctccatcaccaacaa
RHOA C16R (R) ttgttggtgatggagcccgtggaaagacatgettg
RHOA G17V (F) ggtgatggagcctgtgtaaagacatgettgetc
RHOA G17V (R) gagcaagcatgtctttacacaggctccatcacc
RHOA R5Q (F) caatcaccagtttcttctggatggcagccatgaat
RHOA R5Q (R) attcatggctgccatccagaagaaactggtgattg
RHOA G17E (F) gagcaagcatgtcttttcacaggctccatcacc
RHOA G17E (R) ggtgatggagcctgtgaaaagacatgetigetc
RHOA L57V (F) ctgtgtcccacacagccaactctacctgetttcca
RHOA L57V (R) tggaaagcaggtagagttggctgtgtgggacacag
RHOA Y42C (F) gatatctgccacacagttctcaaacactgtgggcac
RHOA Y42C (R) gtgcccacagtgtttgagaactgtgtggcagatatc

RHOA E40Q (F)

gccacatagttctgaaacactgtgggcacatacacc

RHOA E40Q (R)

ggtgtatgtgcccacagtgtttcagaactatgtggc

Site-directed
mutagenesis

pDONR221 (F) gtaaaacgacggccag Sequencing
INDUCER20 (R) ggacgtcgtatgggtatt

RHOA gPCR (F) ctcatagtcttcagcaaggaccagtt

RHOA qPCR (R) atcattccgaagatccttcttatt

Neomycin qPCR (F) cgttggctacccgtgatatt

INeomycin qPCR (R) ctcgtcaagaaggcgatagaag gPCR (RNA)

18s human qPCR (F) agtccctgecctttgtacaca

18s human qPCR (R) gatccgagggcctcactaaac

18STagman Probe FAM-6cgcccgtcgctactaccgattgg0D-TAMRA

IGFP- RHOA genomic qPCR (F) acatggtcctgctggagttc

IGFP- RHOA genomic qPCR (F) acctctgggaactggtcctt

IGAPDH human - genomic gPCR (F) acacccactcctccaccttt qPCR (DNA)

IGAPDH human - genomic gPCR (R) ctgagccagccaccagag

IGAPDH monkey - genomic qPCR (F) acacccactcttccaccttc

IGAPDH monkey - genomic qPCR (R) ctgagccagtcaccagag

(F): forward; (R): reverse

RHOA protein stability

Protein half-life of the different GFP-RHOA forms used in this study was evaluated in
HEK293T cells as follows. First, cells seeded on the previous day on 10-cm plates were
transiently transfected with 7 pg of the corresponding pINDUCER20-GFP-RHOA
lentiviral plasmid and polyethylenimine reagent. Six hours post-transfection, cells were
exposed to 1 pg/ml dox to promote the expression of GFP-RHOA. Forty-eight hours
after, cells were harvested with trypsin and washed three times with sterile PBS by
centrifugation for doxycycline withdrawal. Then 2.5x10° cells were seeded onto 6 well-
plates. Finally, cells were harvested at different time points (0, 6 and 24 hours) for
evaluating GFP fluorescence. Paraformaldehide (PFA) fixation was used to preserve
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cells fluorescence along the time-course assay before analyzing GFP expression by
cytometry as described above. Specifically, cells were trypsinized, PBS washed
incubated with 4% PFA solution at room temperature and orbital rotation. Then, cells
were pelleted by centrifugation and washed once with PBS. Finally, fixed cells were
resuspended in PBS and stored at 4°C until collection of all the samples in the time
course and analyzed by cytometry. FlowJo X software was used for data analysis and
plotting of the results. Median fluorescent intensity was the parameter used to
determine differences in protein half-life using GraphPad Prism (phase decay non-
linear regression).

2. RHOA subcellular localization

To address the subcellular localization of the different RHOA hotspot mutants,
HEK293T cells were transiently transfected with the different GFP-RHOA lentiviral
constructs, as described before. The determination of the subcellular localization of
GFP-RHOA was determined using two different approaches (Figure 14):

Co-localization studies in fluorescent confocal microscopy: HEK293T cells seeded at low
confluence on glass coverslips (2x10% cells in 24 well-plates) were transiently
transfected with 0.5 pug of pINDUCER20-GFP-RHOA constructs and polyethylenimine
reagent. GFP-RHOA expression was induced with 1 pug/ml dox for 48 hours. Then, cells
were stained. For that, coverslips were fixed in 4% PFA (Sigma-Aldrich), permeabilized
with 0.1% Triton X-100 and stained with Rhodamin-phalloidin (0.1 uM; Cytoskeleton)
for 30 min into a dark humid chamber. Later, upon three PBS washes, coverslips were
stained for 1 min with 0.1 uM of 4',6- diamidino-2-fenilindol (DAPI, ThermoFisher).
Finally, coverslips were mounted with ProLong® Gold antifade reagent (Life
technologies). Protein localization was scored using images taken under a confocal
fluorescence microscopy (60X, Olympus FV1000 spectral confocal microscope). At least
20 transfected cells (green)/mutant were scored in each of the three independent
experiments conducted. Nuclear localization percentage was obtained using the
Imagel plugin JACoP to quantify the overlap of the blue (nuclei) and green (GFP-RHOA)
signals. Mander’s Overlap Coefficient was used to plot the results.

GFP nuclear signal of isolated nuclei through flow cytometry analysis: transiently
transfected HEK293T cells were treated with 1 pg/ml dox for forty-eight hours to
induce GFP-RHOA overexpression. Then, cells were trypsinized and divided in two
samples upon a PBS wash. Half of cells were kept on PBS until analysis and the other
half were processed for nuclei isolation as follows. Cells were centrifuged at 1,500 rpm
for 10 min at 49C and resuspended in 3 ml of ice-cold hypotonic buffer N (10 mM
Hepes pH 7.5, 2 mM MgCl,, 25 mM KCIl, 250 mM Sucrose), supplemented with
protease inhibitors cocktail (Complete™, Mini, EDTA-free Protease Inhibitor Cocktail,
Roche). Cells were centrifuged and resuspended again in 15 volumes of supplemented
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ice-cold hypotonic buffer N and incubated on ice for 40 minutes. Next, cells were
homogenized with a glass Dounce pestle B on ice (20 strokes). Once cells were lysed,
125 ul of sucrose solution per ml of lysate was added and mixture was homogenized
by inversion 5 times. Later, cells were centrifuged at 1,000 rpm in 15 ml conical tubes
for 10 min at 42C in swinging bucket rotor; and the supernatant was decanted. The
pellet (isolated nuclei) was resuspended in 5 ml of ice-cold buffer N. Finally, after
repeating the previous centrifugation step, supernatant was decanted again, and
nuclei were resuspended in PBS. Both, whole cells and nuclei were analyzed using a
FACScalibur instrument and Cell Quest Software (Becton-Dickinson). The relative mean
fluorescent intensity (MFI) of nuclear GFP was calculated by normalizing data with the
MFI of the whole cells.

Co-localization analysis Nuclear GFP signal analysis

HEK293T cells transfected with
different GFP-RhoA forms

HEK293T cells transfected with
different GFP-RhoA forms

Nuclei isolation
Cell debris

.
>

Co-localization analysis:

Manders' coefficient Cytometry

analysis

Figure 14. Assessment of RHOA subcellular localization. GFP-RHOA subcellular localization in
transiently transfected HEK293T cells was assessed through two different approaches: Co-localization in
confocal microscopy analysis, measuring the overlap between blue (nucleus) and green (GFP-RHOA
forms) signals (left); and quantification of the relative nuclear GFP signal through cytometry analysis.
Created in BioRender.com

67



Materials & Methods Chapter |

3. Analysis of RHOA cytoskeleton regulation

Two different assays were performed to characterize the cytoskeleton rearrangements
dependent on the different RHOA mutants: F actin formation and cell adhesion
properties.

F actin formation: COS1 cells were used for these experiments. Visualization of F actin
under the microscope was enhanced in COS1 cells over HEK293T cells. Thereby, 2x10*
cells were seeded on poly-L-lysine coated glass coverslips in 24 well-plates. The day
after, cells were transfected with 0.5 pg of the different pINDUCER20-GFP-RHOA forms
and polyethylenimine reagent. Upon 48 h of treatment with 1 pg/ml of doxycycline to
induce RHOA expression, cells were fixed and stained as previously described in ‘RHOA
subcellular localization” section. Images (60X) were acquired using confocal
fluorescence microscopy (Olympus FV1000 spectral confocal microscope). The
intensity in the red channel (phalloidin, F actin) was scored in at least 20 transfected
cells (green)/coverslip using Imagel software. Data from three independent
experiments was averaged.

Cell adhesion assay: HEK293T cells were used to study the adhesion properties of the
cells after being transient transfected with pINDUCER20 lentiviral vectors expressing
the different GFP-RHOA mutants. Cells were seeded in 10-cm plates and transfected as
described above. Upon 48 h of treatment with 1 ug/ml of doxycycline to allow the
expression of GFP-RHOA, GFP signal was observed under an inverted microscopy
(Nikon ECLIPSE Ts2R coupled to a Nikon INTENSILIGHT C-HGFI fluorescence
illuminator); and pictures at 10X were taken to evidence differences in cell morphology
and confluence. Next, cells were used to assess cell adhesion under centrifuge forces.
Briefly, 1x10° cells were seeded in two independent 96 well-plates (12 wells/RHOA
form), after being harvested from the original 10-cm plate with accutase (Corning).
One plate served as control and the other was subjected to centrifugation after 20 min
of incubation at 372C/5% CO: to allow cell re-attachment. For plate centrifugation, the
plate lid was discarded and substituted by and adhesive sealing tape, and the plate
was centrifuged upside down at 1,500 rpm for 5 min to remove loosely adherent the
cells. At this point, both plates, control and assayed, were fixed and stained as follows.
First, medium from wells was carefully aspirated and cells that remained attached
were fixed for 20 min at RT adding 100 ul of the fixation solution (75% methanol, 25%
glacial acetic acid). Next, wells were washed thrice with 100 ul of water and stained
with 1% (w/v) crystal violet (Fisher Scientific) in 25% methanol solution for 1 h at RT.
Three additional washes with water were performed. Finally, the dye was solubilized
with 100 pl of 10% (v/v) acetic acid solution and placed on a shaker at 150 rpm for 5
min at RT. Absorbance at 570 nm was measured using a microplate reader (Epoch —
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BioTek Instruments). OD was used to calculate the relative percentage of attached and
detached cells over the control plate.

4. Analysis of the RHOA-dependent SRF and NFkB
transcriptional regulation

The activation of serum response factor (SRF) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) signaling by the different RHOA hotspot mutants
was studied using luciferase reporter assays.

The luciferase reporter plasmid for SRF activity, namely pGL4.34[luc2P/SRF-RE/Hygro],
was obtained from Addgene. Its homologue for NFkB, pGL4.32[luc2P/NF-kB-RE/Hygro],
was a kind gift from Dr. Sayds (Vall Hebron Institute of Research). Both reporter
plasmids contain five tandem copies of SRF and NFkB response elements, respectively,
upstream of a minimal SV40 promoter driving firefly luciferase gene expression. pRL-
SV40 expressing Renilla luciferase, obtained from Promega, was used to normalize
luciferase signal according to cell viability and transfection efficiency.

3x10* HEK293T cells were seeded 24 hours prior to transfection in 96 well-plate (6
replicates per RHOA variant). The day after, cells were transfected with 10 ng of Renilla
luciferase plasmid, 40 ng of the SRF-luciferase or NFkB-luciferase plasmid and 150 ng
of each one of the pINDUCER20 plasmids expressing GFP-RHOA variants. PEIl (1 mg/mL)
was used in a 4:1 ratio to DNA in the transfection. After 7 hours, cells were treated for
48 hours with 1 pg/ml of doxycycline to induce GFP-RHOA expression. Then, cells were
lysed for 20 minutes at room temperature with Passive Lysis Buffer (25 mM Tris-
phosphate pH 7.8, 2 mM DTT, 2 mM 1,2 diaminocylohexane- N,N,N,N -tetraacetic acid,
10% glycerol, 1% Triton X-100). Firefly and Renilla luciferase activity were measured
using a non-commercial Dual luciferase assay. 15 pl of A reactive (25 mM glycylglycine,
15 mM KPO4 pH 8.0, 4 mM 25 EGTA, 2 mM ATP, 1 mM DTT, 15 mM MgS04, 0.1 mM
CoA, 75 uM luciferin, final pH adjusted to 8.0) were used to measure firefly luciferase
activity; and 15 pl of B+C reactive (B: 1.1 M NaCl, 2.2 mM Na EDTA, 0.22 M KPO4 pH
5.1, 0.44 mg/mL BSA, 1.3 mM NaN3; C: 1.43 uM coelenterazine Promega, final pH
adjusted to 5.0) were used to measure Renilla activity with a FB-12 tube luminometer
(Berthold). Promoter activity (luciferase relative levels) was calculated dividing the
luciferase relative light units (RLU) for SRF or NFkB by the renilla RLU in the same
sample.
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5. RHOA known interactome analysis

Differences in the binding capacity of the different RHOA mutants were assessed
through two different approaches. A Rhotekin pull-down assay was used to evaluate
the binding to the known effector Rhotekin, whereas a Yeast-Two-Hybrid assay was
performed to screen RHOA interaction with ROCK, DIAPH/mDIA, PKN1 and Kinectin
effector proteins, and NET1 RhoGEF protein.

RHOA binding capacity to Rhotekin through a pull-down assay
Pull-down assay was selected to compare the ability of RHOA mutants expressed in
HEK293T to bind Rhotekin. Specifically, the assay uses the Rho binding domain (RBD)
of the Rho effector protein, Rhotekin.

GST-Rhotekin-RBD purification: pGEX-Rhotekin-GST was transformed by heat-shock
into BL21 E. coli. Transformed cells were grown in 250 mL of liquid LB medium (1%
Tryptone, 0.5% yeast extract, 1% NaCl) supplemented with 100 pug/mL ampicillin at 37
2C, 250 rpm, until ODggo reached 0.5. Rhotekin-GST expression was induced with 0.5
mM IPTG at 30 °C until reaching ODeoo = 1 (3 h approximately). Then, bacteria were
harvested by centrifugation at 4,000 xg, 20 min, and resuspended in 10 mL of buffer A
[50 mM Tris-HCIl pH 7.5, 1% Triton X-100, 150 mM NaCl, 5 mM MgCI2, 1 mM 1,4-
Dithiothreitol (DTT), 0.1 pg/mL aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF),
200 pg/mL lysozyme (USB, Chicken egg white)] and incubated for 20 min on ice. The
cells were disrupted by sonication on ice with a Fisher Sonic Dismembrator Model 100
(30 seconds constant duty cycle, output 4 and 1 min on ice, 4 cycles). Cell debris and
high molecular weight DNA were removed by centrifugation, at 10,000 xg for 30
minutes and the supernatant was recovered. 200 pL of Glutathione sepharose beads
slurry (GSH-sepharose) were equilibrated by washing them twice with 400 uL of buffer
A without lysozyme, and resuspended in 200 puL complete buffer A. Then, the already
equilibrated glutathione sepharose beads were added to the bacterial lysate and
incubated in rotation for 2 h at 4 2C. Next, the beads were centrifuged at 300 xg for 2
min at 4 2C, the supernatant was discarded, and the beads were washed with 400 pL
buffer B (50mM Tris pH 7.5, 0.5% triton X-100, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT)
3 times. Finally, the beads were resuspended in 300 pL buffer C (50 mM Tris HCI pH
7.2, 150 mM NaCl, 5 mM MgCI2, 1 mM DTT, 10% glycerol) and protein concentration
was quantified using BCA™ Protein Assay Kit (Thermo Scientific), as described before.

Rhotekin Pull-down: 20 ug of recombinant GST-Rhotekin-RBD beads were incubated
for 2 h at 4 2C in constant orbital rotation with and 0.3 mg of fresh protein lysate
obtained from HEK293T cells transiently transfected with the different pINDUCER20-
GFP-RHOA vectors and cultured in the presence of doxycycline for 48 h. The beads
were then pelleted by centrifugation, the supernatant discarded, and the beads were
washed thrice with 1 mL of protein extraction buffer. Finally, the beads were
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resuspended in 2x Laemmli buffer and incubated at 95 °C for 5 minutes. Finally, the
proteins were resolved by 10% SDS-PAGE, transferred to PVDF filters and probed with
anti-RHOA antibody (Table 2) to detect active (pulldown) and total (INPUT) GTPases by
Western blot. Band intensity was analyzed using Imagel software. Relative active-
RHOA levels were obtained normalizing the band intensity from the pull-down with
vinculin housekeeping protein in the INPUT.

Analysis of RHOA binding to known effectors and regulatory proteins
through a Yeast-Two-Hybrid Assay

Yeast two-Hybrid (Y2H) assay is a molecular biology approach used to discover and
measure the strength of direct protein—protein interactions. Proteins of interest are
fused to the DNA-binding domain (BD) or activation domain (AD) of GAL4 transcription
factor, henceforth named as ‘bait’ and ‘prey’, respectively. If the hybrid proteins bind
to each other, the BD and AD are brought together within the cell nucleus and lead the
expression of specific reporter genes **° (Figure 15).

We conducted MATCHMAKER Two-Hybrid system 2 (CLONTECH®) according to the
manufacturer’s specifications to screen the interaction of RHOA wild type and the
most common RHOA mutants in diffuse gastric cancer (DGC) and head & neck
squamous cell cancer (HNSCC), with bona fide RHOA effectors and interacting
molecules.

Bait constructions containing the DGC mutant forms of RHOA (R5Q, L57V, Y42C or
G17E) and HNSCC mutant RHOA E40Q were generated. Specifically, RHOA open
reading frame contained in the pDONR221 vector was PCR amplified and cloned in
frame with the yeast GAL4 transcription factor DNA-binding domain into the vector,
that allows yeast to grow efficiently in leucin (Leu)-deficient substrates. pGTB9 RHOA
construct was subjected to site-directed mutagenesis using QuikChange mutagenesis
kit (Agilent Technologies Inc.) to introduce the desired mutations in RHOA. The DNA
oligos used for mutagenesis are shown in Table 3.

pGAD424 prey DNA constructs encoded a fusion protein consisting on the GAL4
activation domain fused to well known RHOA effector proteins (ROCK1, DIAPH2, PKN1
and Kinetin) or the guanine nucleotide exchange factor (GEF) NET1. This vector confers
efficient growth of yeast in tryptophan (Trp)-deficient substrates. All these
constructions were a kind gift from Dr. Erik Sahai (Tumor Cell Biology Laboratory,
Francis Crick Institute, London, UK). The pGTB9-RHOA wild type or RHOA mutants and
pGAD424 constructs were co-transformed into the Saccharomyces cerevisiae yeast
strain GC-1945. Following bait-prey mating, the culture was plated onto primary
selection Synthetic Defined media lacking leucine and tryptophan (SD/-Leu, -Trp),
allowing yeast growth only if efficiently transformed with pGTB9 and pGAD424
constructions.
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Yeast were grown until colonies were visible (5-7 days). To assess the interaction
between bait/prey proteins and the strength of the interaction, two colonies for each
transformation were inoculated into SD/-Leu, -Trp medium and grown until reaching
an ODeoo of 0.5. Serial dilutions of yeast cultures were performed (10, 102 and 103)
and plated onto SD/-Leu, -Trp, -His supplemented or not with 3-amino-1,2,4 triazole
(3-AT) at 1, and 5 mM. 3-AT is a competitive inhibitor of the product encoded by the
HIS3 reporter gene, which is only expressed upon direct binding of bait and prey
proteins. Accordingly, 3-AT is used to score the strength of the interaction. Plates were
incubated at 30 °C until colonies were visible (Figure 15).

Summarizing, the presence of growth in mediums lacking leucine, tryptophan and
histidine (SD/LTH) indicates a positive direct interaction between bait and prey
proteins. And the ability to grow with increasing concentrations of 3-AT illustrates the
strength of the interaction. The presence/absence of interactions and their strength
was scored as follows: ‘+++" when robust growth was observed with 0 mM, 1 mM and
5 mM of 3-AT; ‘++’ when robust growth was observed with 0 mM and 1 mM of 3-AT;
‘+’ when robust growth was observed only in the absence of 3-AT; and ‘= when no
growth was observed, regardless of 3-AT.
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Figure 15. Yeast-Two-Hybrid spot assay: fundaments and workflow. (A) The coding sequence of RHOA
was fused to the GAL4-DNA BD (bait) and the coding sequence of the known RHOA interactor/regulator
proteins was fused to the GAL4-AD (prey). Only if bait and prey interact, the activity of the transcription
factor is reconstituted, and leading the transcription of an autotrophic reporter gene (HIS, histidine), and
the yeast to growth in mediums lacking histidine (SD/LTH). Recombinant vectors were co-transformed
into Saccharomyces cerevisiae yeast strain GC-1945 (B). The Y2H assay workflow is represented: after
transformation with bait and prey constructions, yeast were grown into plates lacking leucine and
tryptophan (SD/LT). Then, two colonies were culture in liquid SD/LT medium, serially diluted and
spotted (10 pl) in plates lacking leucine and tryptophan (SD/LT); leucine, tryptophan and histidine
(SD/LTH); and SD/LTH containing 3-amino-1,2,4 triazole (3-AT) at 1 mM and 5 mM. AD: activation
domain; DBD: DNA binding domain; HIS: histidine; LEU: leucine; TRP: tryptophan; SD: Synthetic Defined
media.

Statistical analysis. Student’s test was used to determine statistical difference between
groups. GraphPad Prism 8 was used to analyze data. A p value <0.05 was considered
significant. *<0.05; **<0.01; ***<0.001; ****<0.0001.
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RESULTS

RHOA GTPase has been widely investigated due to its role as an oncogene in the
process of malignant transformation of cells®® 79, However, our laboratory described
that this protein acts as tumour suppressor in colorectal cancer'®? 103, suyggesting that
the role of this GTPase could be context-dependent.

The use of high-throughput sequencing platforms has revolutionized the molecular
characterization of tumours. Exome sequencing of large cohorts of patients samples
evidence frequent RHOA mutations in a wide variety of human cancers, both solid
cancers, i.e. diffuse-gastric cancer (DGC) and head & neck cancer (HNSCC); and
haematological malignancies, such as Burkitt lymphoma (BL), adult T-cell
lymphoma/leukaemia (ATLL) and angioimmunoblastic T-cell lymphoma(AITL)*!. RHOA
mutations are not randomly distributed along the coding sequence of the gene, but
instead are enriched in specific and recurrent hotspots which, interestingly, are
different for each tumour type (FIGURE?). This suggests that, although all these
mutations are likely oncogenic, must have different biological effects into the cells
affected. Intrigued by this observation, we aimed to characterize the most
predominant RHOA mutations in human tumours to identify the distinctive functional
and biological properties contributing to tumorigenesis. Accordingly, in this chapter we
summarize the work conducted to functionally characterize the following RHOA
mutations: C16R (ATLL); G17V (AITL), R5Q (BL and DGC); G17E, L57V, Y42C (DGC); and
E40Q (HNSCC). Two additional RHOA mutants were included in our study: G14V and
T19N. These mutations are not found in tumours but constitute excellent models for
comparison purposes. Specifically, G14V and T19N have been widely characterized as
constitutive-active and dominant-negative forms of RHOA, respectively.

1. Protein expression of RHOA hotspot mutants

To dissect the effect of the different RHOA mutations in the cell signalling pathways
and cellular processes controlled by RHOA, we first selected the cellular model in
which performing the experiments. Considering the diversity of tumour contexts in
which RHOA is mutated, the number of mutants to be compared and the cellular
processes to be explored, we selected HEK293T cell line. HEK293T cell line is a well-
known and widely used derivative of the HEK293 parental cell line (human embryonic
kidney cells), obtained by transduction with the SV40 large T antigen (SV40 T) to
achieve cell immortalization. HEK293T cells are easily maintained in conventional cell
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culture conditions, display a reliable and consistent cell growth, and exhibit high
transfection rates with exogenous DNA and high protein synthesis. Accordingly,
HEK293T was an excellent model to transduce with mammalian expressing vectors
encoding the wild-type (wt) or mutant forms of human RHOA fused to the fluorescent
protein GFP at the N-terminal end (GFP-RHOA), or GFP alone as a control. We selected
pINDUCER20tetracycline-inducible vector (doxycycline) to overexpress the different
GFP-RHOA forms within cells. The use of an inducible system was motivated to avoid
cell death events, since it has been reported that RHOA overexpression at high levels
promotes apoptosis in fibroblastic-like cells®% 160 161 |n this way, we could manipulate
not only the time in which transgene expression would be switched on, but also the
expression levels of GFP-RHOA proteins.

First, protein levels of the different RHOA forms were interrogated. Upon transient
transfection of HEK293T with the vectors containing GFP-RHOA wt or mutants, and48
hours of induction with 1 pg/mL of doxycycline (Dox), the levels of exogenous RHOA
were assessed by Western blot. We observed a consistent and significant decrease in
the levels of G17mutantscompared to RHOA wt (Figure 16 A-B). Equivalent results
were obtained when the mean fluorescence intensity of GFP was analysed
throughflow cytometry (Figure 16 C). Importantly, all HEK293T cells exhibited a similar
proportion of GFP positive cells, ruling out a reduced cell transfection efficiency of
RHOA G17 mutants (Figure 16 D).
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Figure 16 Protein expression of GFP-RHOA wt and GPF-RHOA mutants in HEK293T cells. GFP-RHOA
levels after treatment with 1 ug/mL Dox for forty-eight hours in transiently transfected HEK293T cells
were assessed by Western blot analysis(A-B) and flow cytometry (C-D). The intensity of the bands was
quantified with Image) to obtain RHOA protein levels normalised to the vinculin protein (B). Flow
cytometry analysis to determine the mean fluorescence intensity (MFI) of GFP positive cells(C) and the
percentage of GFP-positive cells (D). The average of three independent experiments (+ SEM) in panels B-
D is shown. *Student’s t-test p<0.05, ** p<0.001; comparing each condition to GFP-RHOA wt.

We wondered whether the differences in the expression of RHOA G17 mutants were
specific of the HEK293T cellular system chosen to overexpress this GTPase, or
alternatively was a widespread phenomenon. COS1 is an African green monkey kidney
fibroblast-like cell line also very suitable for transfection and protein production. These
cells were subjected to the same transient transfection and analyses described before.
Interestingly, the reduced protein levels in G17 mutants observed in HEK293T cells was
also reproduced in the COS1 cell line system (Figure 17).
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Figure 17. Protein expression of GFP-RHOA wt and GFP-RHOA mutants in COS1 cells. GFP-RHOA levels
after treatment with 1 ug/mL Dox for forty-eight hours in transiently transfected COS1 cells were
assessed by Western blot analysis(A-B) and flow cytometry (C-D). The intensity of the bands was
quantified with Image) to obtain RHOA protein levels normalised to the vinculin protein (B).Flow
cytometry analysis to determine the mean fluorescence intensity (MFI) of GFP positive cells (C) and the
percentage of GFP-positive cells (D). The average of three independent experiments (+ SEM) is shown.

Next, we wondered whether the differential protein expression observed for RHOA
G17 mutants occurred in the cellular tumour context in which these mutations are
found. To this aim, the GFP-RHOA G17E mutant occurring in DGC was transfected into
MKN45 cell line (diffuse gastric type cancer cell line), and the GFP-RHOA G17V mutant,
which constitutes the hotspot mutation in AITL, was transfected into Jurkat cells
(immortalized T lymphocytes). Cytometry analysis interrogating GFP fluorescence as a
surrogate marker of RHOA protein levels showed significantly lower mean fluorescent
intensity of GFP of both G17V mutants compared to RHOA wt (Figure 18 A-B). Thus,
G17 mutants showed reduced RHOA expression regardless of cellular context.
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Figure 18. Protein expression of GFP-RHOA G17E and G17V in MKN45 and Jurkat cells. GFP Mean
Fluorescence Intensity (MFI) after treatment with 1 pg/mL Dox for forty-eight hours upon transient
transfection of GFP-RHOA G17E in MKN45 (A) and GFP-RHOA G17V in Jurkat cells (B). The average of
three independent experiments (£ SEM) is shown. *Student’s t-test p<0.05.

Altogether, the results obtained suggested the existence of post-transcriptional and/or
post-translational mechanisms regulating the expression of RHOA G17 mutant forms.
To gain a greater insight into the regulation of RHOA expression, HEK293T cells
transiently transfected with vectors encoding for GFP alone or GFP-RHOA wt/mutants
were further analysed. Quantitative real-time PCR (qPCR) on total DNA was conducted
to determine the number of GFP-RHOA transgene copies present in HEK293T cells
(Figure 19 A). As no differences were observed at the DNA level, we then explored
post-transcriptional events in the HEK293T cell line system. Reverse-transcription
guantitative PCRs (RT-qPCR) on total RNA was conducted to assess the transcript levels
of GFP-RHOA (Figure 19 B) and the neomycin 3'-glycosylphosphotransferase as a
control (Figure 19 C). Both transgenes are encoded in the same expression vector used
to transfect HEK293T cells. No significant differences were observed at the RNA level
between the different RHOA mutant forms. Pearson’s correlation analysis
demonstrated lack of association between GPF-RHOA protein levels (from Western
blot analysis) and DNA or RNA levels of GFP-RHOA (from gPCRs) (Figure 19 D-E).
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Figure 19. GFP-RHOA mutants DNA and RNA levels in HEK293T cells. GFP-RHOA DNA levels were
assessed by quantitative real-time PCR (qPCR) upon transient transfection of cells with the indicated
plasmids and transcript induction with 1 ug/mL Dox for forty-eight hours (A). GFP-RHOA and Neomycin,
the resistance gene, mRNA expression levels were assessed through reverse-transcription quantitative
PCRs (RT-qPCR) under the same conditions (B-C). GFP-RHOA protein levels were correlated with GFP-
RHOA DNA levels (D) and with GFP-RHOA RNA levels (E). The average of three independent experiments
(x SEM) is shown. *Student’s t-test p<0.05; comparing each condition to GFP-RHOA wt.

The same experimental approach was carried out in COS1 cells, yielding equivalent
results regarding the expression of RHOA G17 mutants (Figure 20). A significant
reduction at the mRNA level, compared with RHOA wt, for both, GFP-RHOA and the
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neomycin resistant cassette, was observed in COS1 when transfecting cells with Y42C
mutant. However, this lower expression did not have an impact at the protein level
(Figure 20 A-B).

Collectively, these results point out to a post-translational regulation of RHOA G17
mutant forms in the cell line systems used in the study.
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Figure 20. GFP-RHOA mutants DNA and RNA levels in COS1 cells. GFP-RHOA DNA levels were assessed
by quantitative real-time PCR (qPCR) upon transient transfection of cells with the indicated plasmids and
transcript induction with 1 ug/mL Dox for forty-eight hours (A). GFP-RHOA and Neomycin mRNA levels
were assessed through reverse-transcription quantitative PCRs (RT-gPCR) under the same conditions (B-
C).GFP-RHOA protein levels were correlated with GFP-RHOA DNA levels (D)and with GFP-RHOA RNA
levels (E). The average of three independent experiments (+ SEM) is shown. *Student’s t-test p<0.05,
**%*p<0.0001; comparing each condition versus GFP-RHOA wt.
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Proteins regulate nearly every cellular event. The protein pool within cells is tightly
controlled from synthesis to degradation. Determining the stability of a protein is one
of the first steps towards understanding their cellular turnover and abundance. Protein
half-life, defined as the time required to reduce by 50% the protein level at the
beginning of a chase, is an important feature of protein homeostasis (proteostasis).
HEK293T cells were transiently transfected with GFP-RHOA wt and G17E/V mutants.
After 48 hours of doxycycline induction, cells were trypsinized and subjected to
extensive wash cycles for elimination of doxycycline and interruption of transcript
production. Cells were parafolmaldehyde-fixed at different time points (0, 6 and 24
hours) and median fluorescence intensity of GFP was determined by flow cytometry.
Results indicated that GFP-RHOA G17 mutants exhibit a reduced half-life compared
with GFP-RHOA wt (Figure 21 A). GFP signal in cells transfected with RHOA G17
mutants was significantly reduced (over 50%) at the six-hour time point, whilst the
fluorescence of RHOA wtcells levels were almost unaffected under the same
experimental conditions (Figure 21 B). According to these results, RHOA G17E and
G17V mutations might affect RHOA protein stability, decreasing the amount of RHOA
protein present into a given cell.
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Figure 21. Half-life determination of RHOA G17E and G17V proteins in HEK293T cells. Median
fluorescence intensity of transiently transfected HEK293T cells with GFP-RHOA was determined by
cytometry analysis. RHOA half-life was calculated using GraphPad Prism (phase decay non-linear
regression). Protein half-life time of the GFP-RHOA tested is indicated in the figure (A). Differences in
the percentage of RHOA decay at time point 6 were investigated by unpaired, two-tail Student’s t test
(B). p values are indicated for statistically different means: *<0.05; *** <0.001. The average of three
independent experiments (+ SEM) is shown.
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2. Protein localization of RHOA hotspot mutants

Subcellular localization strongly influences protein function by controlling access to
and availability of all types of molecular interaction partners. Thus, knowledge of
protein localization plays a significant role in characterizing the cellular function of
proteins.

RHOA localizes mainly in the cytosol and is translocated to the inner leaflet of the
plasmatic membrane when activated 62165, However RHOA has been found into the
nucleus as well'®® 87 Little is known about the role of RHOA into the nucleus.
However, this GTPase has been involved in the DNA damage response (DDR) upon
genotoxic stress to contribute to the cell cycle arrest. p38 MAPK and the ROCK RHOA
effector protein, seem to mediate the cell arrest required for DNA repair, and as
consequence cell survivall®,

To investigate differences in the cytoplasmic and nuclear localization of the different
RHOA mutants in the study, HEK293T cells were transiently transfected with the
vectors expressing GFP-RHOA wt or RHOA mutant forms and analysed using two
different experimental approaches: confocal microscopy and flow cytometry.

To determine the amount of RHOA present in the nucleus using the first approach,
HEK293T cells transiently transfected with GFP-RHOA wt and mutants were seeded on
glass coverslips, fixed, permeabilized and stained with DAPI (blue) and Rhodamine-
phalloidin(red) for nuclei and F-actin visualization, respectively. Confocal images were
taken and co-localization of GFP-RHOA and DAPI was calculated. The Imagel plugin
JACoP was used to calculate the Mander’s Overlap Coefficient. This coefficient is based
on the Pearson’s correlation of the fraction of co-localizing objects in each component
of a confocal dual-colour images %°. Results vary from 0 to 1, being 0 non-overlapping
images and 1, 100% co-localization between the channels tested.

Confocal observation of HEK293T transfected with GFP-RHOA wt and some GFP-RHOA
mutant vectors, such as G17E, evidenced clear differences in the proportion of nuclear
RHOA protein (Figure 22 A). Mander’s coefficient for the different RHOA forms
confirmed the visual observation, since a higher proportion of nuclear RHOA protein
was obtained for GFP-RHOA G17 mutants compared to GFP-RHOA wt (Figure 22 B).
Flow cytometry-assisted analysis further supported these results. Nuclei from HEK293T
expressing GFP-RHOA wt/mutants were isolated, and GFP mean fluorescence intensity
was analyzed separately and compared to whole cell GFP intensity (Figure 22 C).
Results from this approach confirmed the predominant localization of RHOA G17
mutants into the cell nucleus. Furthermore, the expression of the constitutive-active
form RHOA G14V revealed a significant increase in nuclear localization by the
cytometry analysis, suggesting that activation of RHOA could foster nuclear
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translocation. Pearson’s correlation analysis revealed a strong association between the
results obtained from both, confocal microscopy and flow cytometry (Figure 22 D;
Pearson’s r=0.41 and P=0.02).
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Figure 22. RHOA wt and mutants’ nuclear localization in HEK293T cells. Cells were transiently
transfected with GFP-RHOA wt or mutant forms and cultured in the presence of 1 pug/mL of Dox for
forty-eight hours. Cells seeded on glass coverslips were stained for F-actin (Phalloidin, red) and nuclei
(DAPI, blue) and three representative confocal images of different fields were taken after staining for
each GFP-RHOA form. Representative confocal images of HEK293T cells expressing GFP-RHOA wt and
G17E forms are shown (A). The average Manders’ overlap coefficient was determined for green (GFP)
and blue (DAPI) co-localization using ImageJ JaCoP plugin (B). Alternatively, mean fluorescence intensity
of whole cell and isolated nuclei were analysed through cytometry analysis. The percentage of GFP
nuclear signal is represented (C). The average of three independent experiments (+ SEM) is shown (B-C).
Correlation of GFP nuclear signal in B and C (D). *Student’s t-test p<0.05; comparing each condition to
GFP-RHOA wt. Scale bars:50 um.

These results clearly demonstrate that some RHOA mutantsdisplay enhanced nuclear
localization. This could provide novel insights in the deregulation of cellular functions
key for the carcinogenic process in which RHOA actively participates, and more
importantly, explain the selection of certain hotspot RHOA mutations in specific tumor
types. Nevertheless, additional experiments and analysis are needed to fully elucidate
the role of RHOA and the mutant forms into the nucleus.

3. Cytoskeleton regulation of RHOA hotspot mutants

During the oncogenic process, tumour cells undergo a series of changes associated
with cytoskeletal rearrangements, as well as alterations in cell-cell and cell-matrix
adhesion, allowing cells to detach from the bulk tumour, invade into the surrounding
tissues and, ultimately, metastasize to distant organs'’°.

Cytoskeleton organization is one of the best-known functions of the Rho family of
small GTPases. Different Rho members are involved in the formation of different
cytoskeletal structures. For instance, Cdc42 activation is required for cytoskeletal
changes associated to filopodia formation in fibroblasts, whereas the activation of Rac
is needed for lamellipodia formation and membrane ruffling; and the activation of
RHOA is essential for the formation of stress fibers and focal adhesions’!173,
Specifically, RHOA orchestrates the formation of F-actin filaments leading to changes in

cell morphology and adhesion through binding to ROCK and mDIA effector proteins 174.

To study the assembly of F-actin, COS1 cells were transiently transfected with the
constructs encoding GFP-RHOA wt/mutants, exposed to doxycycline for protein
expression and stained with phalloidin to visualize F-actin filaments. As reported
previously 138, overexpression of RHOA wt and the constitutive-active form RHOA G14V
increased F-actin formation within cells (Figure 23 A-B). Conversely, RHOA T19N, the
dominant-negative form of the GTPase impaired F-actin formation (Figure 23 B).
Interestingly, all the additional RHOA forms tested but C16R showed a significant
downregulation in the F-actin formation.
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Figure 23 RHOA hotspot mutants downregulate F-actin formation in COS1 cells. Cells were transiently
transfected with GFP-RHOA wt or the indicated RHOA mutant forms and cultured in the presence of 1
pg/mL of Dox for forty-eight hours. Cells seeded on glass coverslips were fixed and stained with
Rhodamine-phalloidin to monitor F-actin formation and DAPI to visualize nuclei. Representative confocal
images of COS1 cells expressing GFP-RHOA wt, GFP-RHOA G14V and control GFP are shown (A).
Quantitation of F-actin formation of GFP expressing cells determining phalloidin intensity in individual
cells with Imagel) (20 GFP* cells per condition and experimental replicate) (B). The average of three
independent experiments (+ SEM) is shown. *Student’s t-test p<0.05, **p<0.01, ***p<0.001; comparing
each condition to RHOA wt. # Student’s t-test p<0.01, when compared GFP-RHOA wt with GFP. Scale
bars: 50 um.
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Cell adhesion to the extracellular matrix strongly influences cellular morphology and
migration, among others cell functions'’> 176, We wondered if the differences in the F-
actin assembly exhibited by some of the RHOA mutants studied (Figure 22) led to
changes in cell adhesion. Indeed, both the morphology and adhesion of HEK293T was
noted different depending on the GFP-RHOA form used for overexpression when cells
were visual inspected through a microscope. While RHOA wt and the constitutive-
active RHOA G14V form promoted cell roundness compared with parental cells,
moderate cell detachment from cell culture plates and lower cell confluence was
observed in most mutants, as RHOA G17V, maintained the HEK293T fibroblastic-like
morphology and displaying higher cell confluence (Figure 24 A).

Most cellular adhesion assays measure the relative ability of adherent cells to remain
attached to the surface after a specific time of incubation and washing of non-
adherent cells. But this kind of assay lacks sensitivity and reproducibility. This
limitation can be solved using specific and well-calibrated detachment forces, such as
centrifugation'”’.

For this assay, transiently transfected HEK293T cells with expressing GFP-RHOA wt or
RHOA mutants and Dox induction for 48 hours were used. The number of cells for each
RHOA form that remained attached to the plate after 48 hours of ectopic RHOA
expression induction is shown as reference of attachment capability. Obtained results
demonstrated a significant increase of most of RHOA mutants’ adhesion capability,
except for C16R and L57V forms when compared with RHOA wt (Figure 24 B). Then, to
preserve the adhesion proteins present in the membrane of the cells already
expressing RHOA wt/mutants, accutase was used instead of trypsin for the
detachment of the cells. This enzymatic mixture is considered less damaging and
performs exceptionally well in detaching cells while maintaining intact most cell
surface proteins. The same number of cells was plated for each RHOA protein and,
upon 15 minutes in culture to allow cell attachment, cells were subjected to a
centrifugal detachment force. Results were obtained after fixing and staining with
crystal violet the cells that remained attached (Figure 24 C). Interestingly, the
constitutive-active RHOA G14V form showed a significant reduction in the adhesion
capability to the substrate, whereas most of the mutants exhibited the opposite effect,
higher attachment ability (Figure 24 C).

Cytoskeletal arrangement alterations are important traits for tumor progression, as are
directly related with migration and invasion promotion. Therefore, the differences
observed in F-actin formation and adhesion, provide remarkable information about
the involvement of specific RHOA mutants in the tumor aggressiveness process.
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Figure 24. HEK293T cell morphology and adhesion upon expression of GFP-RHOA wt and GPF-RHOA
mutants. HEK293T cells were transiently transfected with vectors expressing GFP-RHOA wt or RHOA
mutants. Upon forty-eight hours of induction with 1 ug/mL of Dox, cells were imaged with an inverted
microscope (A, left: phase contrast, right: fluorescence) and were counted as reference of cell
attachment (B, number of cells). Then, cells were subjected to adhesion assay through a centrifugation
approach?”’. Percentage of detached cells after analysis of adhesion assay (15 min cell adhesion, 100 g
centrifugation for 5 min) is shown (C). Data are mean * SEM of three independent experiments.
*Student’s t-test p<0.05, **p<0.01, ***p<0.001; comparing each condition versus RHOA wt. Scale bars:
200 um. Arrow heads indicate roundness morphology (non-adherent phenotype).
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4. Transcriptional regulation of SRF and NFkB by RHOA
hotspot mutants

Among the wide variety of the cell functions regulated by small GTPases,
transcriptional activity is of great importance. There are several transcription factors
whose activity is regulated by RHOA, for example serum response factor (SRF) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB).

Serum response factor (SRF) is involved in the transduction of mechanical signals from
the cytoplasmic actin and the extracellular environment to the cell nucleus. Several
studies have shown a correlation between elevated levels of SRF and human cancer 7%
181 SRF activity is controlled through its association with two families of regulatory
cofactors. The first is the ternary complex factor (TCF) family of Ets proteins (SAP-1,
Elk-1 and Net), which are controlled by phosphorylation of their C-terminal activation
domains by MAP kinases. And the second are the members of the myocardin related
transcription (MRTF) family (MRTF-A/MAL/MKL1, MRTF-B/MKL2 and myocardin) which
are regulated through Rho GTPase signalling. MRTFs when bound to globular actin (G-
actin) remain inactive in the cytoplasm. Rho GTPases promote the incorporation of G-
actin into fibrous actin (F-actin), leading to free MRTFs, which can then shuttle into the
nucleus to bind and activate SRF 26 182,

In turn, the NFkB pathway is a conserved signalling cascade extensively implicated in
cancer development and progression. NFkB control the expression of genes mediating
tumour cell proliferation, survival and angiogenesis, such as TNFA, IL6 and BCL2 123,
RHOA participates in regulating the ubiquitylation and degradation of phosphorylated
IkB, facilitating NFkB translocation and engagement of transcriptional programs.

Considering the role of RHOA in the signalling of SRF and NFkB transcription factors,
the capability of the different RHOA mutants to activate both transcription factors was
investigated.

RHOA-dependent SRF and NFkB transcriptional activity was measured co-transfecting
GFP-RHOA expressing vectors with a reporter assay containing serum or NFkB
response elements binding sites upstream of a firefly luciferase reporter gene. A wild-
type Renilla luciferase control reporter vector was used for transfection efficiency
normalization.

As expected, overexpression of wt and constitutive active GFP-RHOA G14V increased
the activity of both, SRF and NFkB reporter systems 136 (Figure 25 A-B). SRF luciferase
relative levels of all GFP-RHOA mutants tested, except GFP-RHOA C16R, significantly
decreased when compared with GFP-RHOA wt (Figure 25 A). Similarly, NFkB
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transcriptional activity was decreased when all RHOA mutated forms were expressed
(Figure 25 B).

Importantly, a significant correlation was observed between F-actin formation and SRF
activity (Pearson’s r=0.92 and p<0.0001, Figure 25 C), further confirming the
downregulation of the RHOA-actin-SRF pathway upon RHOA mutation in the hotspots
tested.
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Figure 25. Effects of GFP-RHOA mutants on SRF and NFkB transcriptional activity. HEK293T cells were
seeded in 96-well plates and transiently co-transfected with GFP-RHOA expressing vectors and a
luciferase expression vector driven by a SRF responsive element (pGL4.34[luc2P/SRF-RE/Hygro) (A), or
NFkB (2xNFkB-LUC) (B) that drive the transcription of a firefly luciferase reporter gene. A vector
constitutively expressing Renilla (pRL-SV40) was used for transfection efficiency normalization.
Luciferase and Renilla activity were measured forty-eight hours after transfection and induction of GFP-
RHOA with 1pg/mL Dox. The average fold differences in luciferase activity of three independent
experiments run in quintuplicate are shown (xSEM). *Student’s t-test p<0.05, **p<0.01, ***p<0.001;
comparing each condition versus RHOA wt.# Student’s t-test p<0.05, #p<0.01 when compared GFP-
RHOA wt with GFP.F-actin staining intensity in Figure 7 B, were correlated with SRF activity (C).
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5. RHOA hotspot mutant interactome

Mutations within a protein can affect its interactome. To study the impact of the
hotspot RHOA mutations in the binding capability to known RHOA effectors, a
Rhotekin pull-down and a yeast two-hybrid assays were performed.

Rhotekin binding capacity of RHOA hotspot mutants
RHOA GTPase acts as a molecular switch cycling between an active GTP-bound, and an
inactive GDP-bound state. In the GTP-bound state, RHOA interacts with effector or
target molecules to initiate downstream responses. The return of the proteins to the
GDP-bound state completes the cycle and terminates signal transduction?®.

As depicted in Figure 12, RHOA mutations under study are distributed in a hotspot
pattern along the coding the sequence, and some of them occur in the GDP/GTP
binding region or close to it, whereas others are allocated in the effector binding
domains. Hence, we hypothesized that certain mutations could impact on the GTP
binding and subsequently RHOA activation and others to the effector binding domain,
affecting to the downstream signaling.

Rhotekin pull-down assay is a common approach used in research to determine the
proportion of GTP-bound GTPase, and consequently, its activity. Since we do not know
to what extent RHOA hotspot mutations could be affecting GDP/GTP or effector
binding domains, we used this assay to study the Rhotekin binding capacity. This pull
down uses as bait the Rho binding domain (RBD) of the Rho effector protein Rhotekin,
which recognizes the GTP-bound active form of RHOA, but not the inactive (GDP-
bound form). Protein lysates from HEK293T cells transiently transfected with GFP-
RHOA wt and the different RHOA mutants were subjected to Western blot analysis
after pulling-down active RHOA with Rhotekin-RBD beads (Figure 26 A). The band
intensity was quantified with ImageJ and used to calculate the active RHOA levels
normalised to vinculin control protein (Figure 26 B). The assay revealed no differences
in the Rhotekin-bound levels between the different RHOA forms studied, except for
G17E and G17V mutants. However, this result must be interpreted with caution since
the lower activity may be due to the reduced expression of these mutants.
Unexpectedly, the constitutive-active RHOA G14Vformwasnot found to be more active
than RHOA wt. The dominant-negative RHOA T19N mutant showed a significant
reduction in its Rhotekin binding ability.
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Figure 26. Rhotekin binding of RHOA wt and mutants in HEK293T.Cells were transiently transfected
with GFP-RHOA wt or mutant forms, cultured in the presence of 1 ug/mL of Dox for forty-eight hours.
Cell lysates were obtained and subjected to pull-down with RBD Rhotekin beads and analysed by
Western blot (A). Active RHOA levels in the Western blot were quantified, normalised both to vinculin
control protein and RHOA wt (B). The average of three independent experiments (x SEM) is shown.
*Student’s t-test p<0.05, **p<0.01; comparing each condition to GFP-RHOA wt.

Yeast two-hybrid screening of effectors binding to wild type and DGC
and HNSCC hotspot RHOA mutants

This approach is a powerful method to identify and map direct protein-protein
interactions 184, The principle is based on the reconstitution of the activity of
Gal4transcription factor to enable the proliferation of yeast under aminoacid
restrictive growth conditions and the expression of reporter genes. To this aim, fusions
proteins (‘hybrids’) are constructed. Specifically, one protein of interest is fused to the
Gal4 DNA Binding Domain (BD), and the other to the Gal4activation Domain (AD). The
protein fused to the BD is referred to as the ‘bait’, and the protein fused to the AD as
the ‘prey’. Yeast cells are co-transfected with hybrids and plated in aminoacid deprived
growth mediums. Yeasts incorporating bait and prey hybrids grow in leucin (LEU) and
tryptophan (TRP) deficient substrates, respectively. If bait and prey interact, Gal4 BD
and AD are brought together within the cell nucleus and lead the expression of
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additional autotrophic factors such as histidine (HIS) allowing further selection and
growth of the yeast transformants. Contrary, in the absence of interaction between
the bait and the prey proteins, Gal4 BD and AD stay apart and the HIS autotrophic
reporter gene is not expressed and, therefore yeast are unable to grow in HIS-deficient
medium. The strength of the interaction between bait and prey proteins can be
determined if 3-amino-1,2,4-triazole (3-AT) is incorporated to the solid substrates. 3-
AT is a competitive inhibitor of the product of the HIS reporter gene. The stronger the
interaction between the bait and the prey proteins, the higher the ability of yeast to
grow in the presence of 3-AT (Figure 15).

For the generation of bait proteins (RHOA mutants), first G14V and 190S mutations
were introduced in the coding sequence of RHOA. These mutations allow RHOA
protein to be active and impair membrane-anchorage and facilitate nuclear shuttling
of the bait proteins, respectively’®®. The RHOA bait protein carrying these two
mutations (G14V and 190S) is hereafter referred to as RHOA wt. Next, R5Q, G17E, L57V,
Y42C orE40Q mutations were individually introduced into RHOA sequence. Prey
constructs encoded for the best-characterized RHOA binding, effector and regulatory
proteins, i.e. ROCK, DIAPH/mDIA, PKN1, Kinectin and NET1. Yeast cells were co-
transfected with RHOA and RHOA-interacting proteins and plated onto growth
mediums deprived of leucine, tryptophan and histidine, and containing increasing
concentrations of 3-AT (OmM, 1mM and 5mM). The presence/absence of interactions
and their strength was scored as follows: ‘+++ when robust growth was observed with
O0mM, 1ImMand 5mMof 3-AT; ‘“++" when robust growth was observed with OmM and
1mMof 3-AT; ‘+’ when robust growth was observed only in the absence of 3-AT; and '
when no growth was observed, regardless of 3-AT (Figure 27).
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Figure 27. Yeast-Two-Hybrid assay for testing protein-protein interactions between RHOA wild type

and RHOA mutants to different binders. A yeast two-hybrid system was performed to evaluate the
interaction of the most frequent RHOA mutations in DGC and HNSCC to the well-known RHOA
bindersPKN1, ROCK, DIAPH2, NET1 and Kinectin. After co-transfection of yeast with bait and prey
expressing vectors, cells were plated onto primary selection Synthetic Defined (SD) media lacking amino
acids Leu and Trp (LT-). Upon growth, two independent colonies were dissolved in sterile water and then
diluted from 1 to 1073 (green triangle, from the left to the right), and seeded onto primary selection
Synthetic Defined (SD) media lacking amino acids Leu, Trp, His (LTH-). To measure the strength of the
interactions, three different 3-amino-1,2,4-triazole(3-AT) concentrations were added to the growth
plates (purple triangle; 0, 1 and 5 mM, from the top to the bottom, respectively).Interactions were
classified as follows: +++Robust growth inOmM, 1mM and 5mM3-AT; ++ Robust growth inOmM and
1mM 3-AT; + Robust growth only in the absence of 3-AT;- No growth with or without 3-
AT.Representative images for the co-transfection and growth of RHOA wt-ROCK (+++), RHOA G17E-
DIAPH (++), RHOA Y42C-NET1(+) and RHOA G17E-PKN1 (-) are shown.

As expected, RHOA strongly interacted with all the selected binding molecules (Table
4). Among the diffuse gastric cancer RHOA hotspot mutants, RHOA R5Q retained the
ability to interact with all the binding proteins tested. Contrary, RHOA G17E was least
able to bind the interacting proteins tested, as no binding was detected with ROCK,
PKN1 and Kinectin. RHOA L57V and Y42C mutations only abrogated the interaction
with PKN1 (Table 4).

Interestingly, the RHOAE40Q hotspot mutation found in head and neck cancer, unlike
the diffuse gastric cancer RHOA hotpot mutants, retained a moderatePKN1 interaction.
Moreover, ROCK and DIAPH interactions were unaffected. Also, contrary to the DCG
mutants, RHOA E40Q lost its binding capacity to the GEF protein NET1, and Kinectin
effector protein (Table 4).
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Collectively, these results demonstrate that different RHOA mutations affect
differentially to the binding of RHOA to key effectors and/or regulators of the GTPase
activity. Further assays and analysis should be performed toto investigate the
biological effect of these mutations in the loss of interaction with specific effectors.

Table 4. Interaction of RHOA mutants with canonical binders in the yeast two hybrid assay.

+++ - +++ +++

ROCK +++

DIAPH +++ +++ ++ +++ +++ +++
PKN1 ++ ++ - - - ++
Kinectin +++ +++ - +++ +++ -
NET1 ++ ++ ++ ++ + -

+++: Robust growth at OmM, 1mM and 5mM 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of
the product of the HIS3 gene. ++: Robust growth atOmM and 1mM 3-AT. + Robust growth only in the
absence of 3-AT. -: No growth, with or without 3-AT.
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ABSTRACT

Head & neck cancer squamous cell carcinoma (HNSCC) is the seventh most common
type of cancer. It comprises a heterogeneous collection of malignancies of the upper
aerodigestive tract, salivary glands and thyroid. Approximately 950,000 cases arise
every year worldwide, but only 40-50% of patients with HNSCC survive after 5 years of
the diagnosis. Tobacco consumption, alcohol consumption and HPV infection are the
main risk factors involved in the development of HNSCC. Despite targeted drugs have
been approved for the treatment of HNSCC patients, the survival has not markedly
improved because patients frequently recur. The limited information available on the
molecular carcinogenesis of HNSCC, and the genetic and biological heterogeneity of
the disease has hindered the development of new and more effective therapies.

RHOA is one of the most extensively investigated member of the Rho GTPase family. It
has long been involved in the malignant transformation of cells, as well as in tumor
invasion and metastasis. The use of highthrough put sequencing platforms have
revealed frequent RHOA mutations distributed as hotspots in a wide variety of human
cancers, including angio-immunoblastic  T-cell Ilymphoma, adult T-cell
leukemia/lymphoma, diffuse-type gastric cancer and HNSCC, among others. Only
around of 1.5% of HNSCC patients display RHOA mutations, but surprisingly, when
present more than 60% of the cases occur in codon E40Q. Therefore, the selection of
this specific mutation in HNSCC tumors predicts a key role in the tumorigenic process.
In order to study the impact of RHOA E40Q in HNSCC, first we studied and
characterized the role of RHOA wild-type (wt) in this particular tumor type. Using
tissue microarray data of paired tumor and normal surrounding tissue, we observed
that RHOA expression is reduced in tumors compared to normal epithelial cells.
Moreover, our data using tissue microarrays for big cohorts of HNSCC samples derived
from different anatomical regions (oral cavity, oropharynx and larynx) indicates that
RHOA protein expression is not associated globally with the survival outcomes of the
disease. However, RHOA expression is associated with shorter overall survival in
patients with tumors allocated specifically in the larynx. This association was further
validated using data from the The Cancer Genome Atlas (TCGA).

To study the possible role of RHOA in HNSCC cancer, we engineered isogenic cell line
systems with doxycycline-inducible RHOA overexpression, and constitutive
downregulation with shRNAs against RHOA (shRHOA). Surprisingly, although the
downregulation significantly impaired cell growth and colony formation ability in cells
derived from tongue tumors, the same phenotype was observed upon RHOA was
overexpressed. Strikingly, doxycycline-inducible overexpression of RHOA in the RHOA
knock-down (shRHOA) cells exhibited equivalent results.
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In larynx-derived tumor cells, we were able to show for the first time that RHOA
depletion by CRISPR/Cas9 (RHOA knock-out, KO) impairs cell growth, colony formation
and migration. Reintroduction of RHOA wt or RHOA E40Q expression in these cell line
systems did not modify the tumorigenic behavior of cells.

Collectively, our results indicate that RHOA provides a significant growth advantage to
HNSCC cancer cells, indicating a possible oncogenic role of RHOA in this tumor type.
However, the controversial and unexpected results obtained when RHOA was
exogenously expressed will need further analysis.
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INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the most common malignancy
developed in the head and neck region. It emerges principally from the mucosal
epithelium of the upper aerodigestive tract, i.e., oral cavity, nasopharynx, oropharynx,
hypopharynx, larynx, paranasal sinuses and salivary glands (Figure 28). Among all,
cancer in the oral cavity and oropharynx are the most prevalent. From the histological
point of view, squamous cell carcinoma is the most common tumor type and accounts
for approximately 90% of all malignancies >, Despite most cancers originate in the
squamous cells that line the mucosal surfaces of the head and neck, the disease is
highly heterogeneous. Heterogeneity accounts for anatomical location, aetiology and
molecular features driving HNSCC tumorigenesis.

Nasopharynx o\

_ J - Hard palate
Soft palate — Alveolar ridge
Base of tongue N[ Buccal mucosa

Oropharynx i Oral

Pharyngeal wall P cavity
Li | tonsil Oral tongue

L ngtattons! Floor of mouth

Salivary glands
Hypopharynx Ve

Larynx

Figure 28. Anatomical sites of HNSCC development. Head and neck squamous cell carcinoma (HNSCC) emerges
from the mucosal epithelium of the oral cavity (lips, buccal mucosa, hard palate, alveolar ridge, oral tongue and
floor of mouth), nasopharynx, oropharynx (tonsils, base of tongue, soft palate and posterior pharyngeal wall),
hypopharynx and larynx. Created with BioRender.

1. Epidemiology

HNSCC represents the sixth most common cancer worldwide, with 931,931 estimated
new cases and 467,125 estimated deaths only in 2020 (GLOBOCAN) '8, Risk factors
associated to the development of HNSCC include age, tobacco consumption, alcohol
consumption, environmental pollution and infection with the human papillomavirus
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(HPV) and Epstein-Barr virus (EVB) viral agents. The relative prevalence of these risk
factors explains the geographical distribution of HNSCC (Figure 29). Tobacco and
alcohol consumptions are the highest risk factors and are distributed globally at the
geographical level. Contrary, other extremely prevalent risk factors are highly
restricted to certain geographical regions. This is the case of India, in which oral cavity
malignancies represents the first most common cancer in men and the fourth in
women, and is directly associated with the consumption of areca nut, the seed of
the areca palm (Areca catechu). Gender is also associated with the development of
HNSCC. Men are at 2-4-fold higher risk than women of developing HNSCC. This
difference is in turn strongly influenced by sex differences in risk-taking behaviours.

Risk factors also determine the anatomical site where primary tumors develop. For
instance, HPV-associated HNSCCs arise primarily in the palatine and lingual tonsils of
the oropharynx; while tobacco-associated HNSCCs arise primarily in the oral cavity,
hypopharynx and larynx.

It is well accepted to classify oropharyngeal HNSCCs into HPV-negative (HPV-ve) and
HPV-positive (HPV+ve), as tumors between these two subgroups are clearly different
regarding prognosis and socioeconomic and molecular profiles 8. (HPV)-associated
oropharyngeal cancer cases are caused predominantly by HPV type 16. These cases are
worryingly increasing among younger people, particularly in the Western world 128
Generally, the prognosis for HPV+ve patients is more favorable because of the higher
fitness and the higher response rate to treatment of patients compared to HPV-ve
patients, who are often physically compromised by chronic tobacco and alcohol
consumption 189,

ASR (World) per 100 000

291
5.7-9.1
4.0-5.7

2.9-40 - Not applicable
<29 No data

Figure 29. Worldwide age-standardized incidence of HNSCC in 2020. Estimated age-standardized
incidence rates (ASR) worldwide are shown. Data from GLOBOCAN, 2020 %%, Map was generated using
the GLOBOCAN website mapping tool, by grouping ‘lip, oral cavity’, ‘nasopharynx’, ‘oropharynx’,
‘hypopharynx’ and ‘larynx’ cancer cases.
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2. Histopathology

The head and neck lining epithelium is stratified in a multilayer fashion in which the
topmost layer is made up of flattened and scale-like epithelial cells, and the deeper
layer display cuboidal or columnar cells (Figure 30). Typically, three layers of cells with
different differentiation status are distinguished: a single basal layer containing stem
cells, 2-3 layers of proliferative and intermediate basaloid cells, and a layer towards
the surface heavily keratinized. The thickness and keratinization degree of the outer
layer highly depends on the exposure to mastication forces.

The epithelium is delimited by a lamina propia that regulates the differentiation and
migration of epithelial cells, and at the same time acts as a barrier to stromal invasion
in the tumorigenic process. Interestingly, the tonsil epithelium is highly specialized and
formed by a reticulated squamous epithelium that is interrupted by non-epithelial
cells, including lymphocytes and antigen-presenting cells that constitute the first line
of defense against external insults. The loss of structural integrity of this tissue, due to
an incomplete basal cell layer and porous basement membrane, causes the exposure
of the basement membrane to viral particles. This fact explains why oropharynx
tumors are highly associated with HPV infection'*.
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Figure 30. Histology of the buccal oral mucosa. Histological (left) and schematic (right) images of the

buccal oral mucosa. Scale bar= 100 pm*°*,

In the carcinogenic process, before cancer cells accumulate in tissues, the cells
undergo a series of abnormal changes called dysplasia. In head & neck cancer,
squamous dysplasia refers to the abnormal cellular organization, nuclear enlargement,
pleiomorphism and increased mitotic activity in the epithelium, but in the absence of
invasion of the subepithelial connective tissue. These alterations are graded according
to the severity of the atypia, which corresponds to the extension of affected
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epithelium: mild atypia, moderate atypia and dysplasia/carcinoma in situ. If tumor
progresses, then it breaks the basement membrane and infiltrates the sub-epithelial
connective tissue and finally, invades the muscle, bone and facial skin.

Regarding head & neck cancer histopathology, the most common and prototypic
HNSCC is the moderately differentiated tumor, histologically characterized by nests of
squamous cells with pink cytoplasm, intracellular bridges and keratin pearl formation
in a background of stromal fibrosis. Nevertheless, other HNSCC subtypes comprise
spindle-cell variant (proliferation of non-cohesive spindle cells; resembles a sarcoma),
verrucous carcinoma (exophytic mass with papillary surface and thickened epithelium;
no potential to metastasize), papillary variant (exophytic papillary growth), and
basaloid variant (basaloid morphology and aggressive behavior) 1%,

Pathogenesis of HNSCC

Most HNSCCs originate from the mucosal epithelial cells that line in the oral cavity,
pharynx and larynx. Histologically, the progression towards an invasive HNSCC is a
stepwise process that initiates with an epithelial cell hyperplasia, followed by
dysplasia, carcinoma in situ and, ultimately, an invasive carcinoma. Specific molecular
events associate to each of these steps. Of note, HNSCC formation is driven by the
inactivation of tumor suppressor genes rather than the activation of oncogenes.
Inactivation of CDKN2A and TP53 are essential in the early stages of HNSCC, while
PTEN loss occurs at later stages (Figure 31).

*Aneuploid
*CCDN1 amplification

«CDKN2A inactivation «TP53 inactivation *11q, 13q,14q and *PTEN inactivation
*9p LOH «3pand 17p LOH 18q|LOH *6p, 8, 4q and 10q LOH

*EGFR
*PTEN

°mt PI3K

*CND1-CDK4 or CDN1-CDK6
*Rb

*TGFB
*SMAD4

‘Patch’ ‘Field’ Carcinoma Invasive
Normal Hyperplasia Dysplasia in situ carcinoma

Figure 31 Molecular carcinogenesis in HNSCC. Model of the chronologic genetic events occurring during
the HNSCC carcinogenic process. Global alterations are indicated in grey boxes, tumour-suppressive
pathways are shown in the red boxes, and oncogenic pathways are depicted in the green box.
Histopathology images are reprinted from 12,

HNSCC lacks a cytological or gross precursor lesion. Oral leukoplaquia, a white lesion in
the mucosa of the oral cavity, is the most frequent precursor lesion known to date.
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However, it shows a very low prevalence (ranging from 0.1% to 0.5%) when
considering all HNSCCs 193 %4, The presence and number of cancer-associated genetic
events in these lesions serves for their classification into low and high-risk
leukoplaquias 193 195 196,

Leukoplaquia precursor lesions are clearly visible by eye, but other changes in the
mucosa already predicting malignancy may go unnoticed. There has been a great effort
to investigate whether there is a link between dysplasic changes in the mucosa
surrounding the tumors, henceforth named as ‘field’ %7, that remain in the patient
after tumor excision, and local recurrence and multiple primary tumors. One of the
first changes described in the fields was the loss of heterozygosity at chromosome
level. Specifically, 3p, 9p and 17p occur in these dysplasic areas, whereas changes at
chromosomes 11q, 4q and 8 are related with carcinomas °. Relevant tumor
suppressor genes and oncogenes are found in specific genetically altered chromosomal
regions, including p16 in 9p21, p53 in 17p13, and cyclin D1 in 11g13.

The clonal relationship between the genetic profile of carcinomas and their
surrounding fields strongly supports the hypothesis that the fields precede the
development of invasive carcinoma. The studies that have tried to elucidate the entity
preceding the ‘field’ have reported p53-positive focal patches in tumor-adjacent areas.
Then, a more complete model for HNSCC development is the patch-field-tumor-
metastasis model 1%°.

3. Molecular heterogeneity of HNSCC

More than 90% of head and neck cancers are squamous cell carcinomas. This high
percentage could give us the wrong impression of HNSCC as a relatively homogeneous
disease when compared to other tumor types. HNSCC is a very heterogeneous cancer
that hinders accurate prognosis, treatment and the identification of the key cancer
genes involved in the onset and progression of this tumor type.

As described before, HNSCC can be stratified in several histological subtypes. But RNA
and DNA profiling studies have evidenced a high diversity and heterogeneity of this
disease also at the molecular level.

Several laboratories have addressed the molecular classification of HNSCC. Chung et al.
defined up to four different HNSCC subgroups with different clinical outcomes?%,
Group 1 is characterized by high expression of TGFa, activation of EGFR pathway and
association with poor prognosis. Group 2 shows a clear mesenchymal cell signature
with high fibroblast expression-based features. Group 3 is defined by tumors with
normal tonsil epithelium and positives for cytokeratin 15. And finally, Group 4 contains
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tumors showing expression patterns very similar to the ones observed upon exposure
to tobacco smoke and exhibiting high transcript levels for antioxidants and
detoxification enzymes.

Walter et al. defined also four groups based on gene-expression, namely basal (Group
1), mesenchymal (Group 2), atypical (Group 3) and classical (Group 4)%°%. Although
other studies have reported five?°? and even six molecular subtypes using metanalysis
of gene-expression data-sets in public repositories?®®, most studies converge in the
existence of four molecular subgroups.

The Atlas Cancer Genome consortium refined the molecular classification of HNSCC
using a comprehensive multi-platform analysis including copy number alterations,
somatic mutations, gene expression and DNA promoter methylation in a high number
of HNSCC tumor samples 2%, Interestingly, the list of frequently mutated genes in
HNSCC is dominated by tumor suppressors, including TP53, CDKN2A, FAT1, NOTCH1,
KMT2D, NSD1 and TGFBR2. PIK3CA is the single oncogene recurrently mutated in
HNSCC. So, in contrast to many other solid tumors that are frequently driven by
mutations in RAS, BRAF, EGFR, HER2, B-catenin, among others, HNSCC seems to be
driven main by loss of tumor suppressors, for which unfortunately, either no therapies
have been developed, or those that exist are ineffective. Results from TCGA evidenced
a widespread prevalence of loss-of-function mutations in TP53 and CDKN2A in HPV-ve
tumors, and the presence of point mutations in TRAF3, PIK3CA and E2F1 in HPV+ve
HNSCC tumors.

From the therapeutic point of view, PI3K pathway and cyclin-dependent kinases (CDKs)
4/6 are the most promising actionable targets in HNSCC defined by TCGA (Figure 32).
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Figure 32. Candidate therapeutic targets and driver oncogenic events in HNSCC according to TCGA.
The genes listed reflect somatic alterations and changes in protein expression identified and have been
proposed as putative therapeutic targets in HNSCC tumors. The frequency of genetic alterations is
shown. TSG, tumour supressor gene?%*,
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Alternative studies have classified HNSCC tumors based on the risk of patient
recurrence. Patients with high and low risk of recurrence were differentiated using
gene expression profiling. Specifically, tumors with high-risk of relapse display a strong
signature of genes related to epithelial to mesenchymal transition (EMT) and

activation of NF-kB signaling?®.

Nevertheless, the most outstanding classification of HNSCC tumors is based on HPV
infection status. Indeed, there is a strong consensus in the field to consider HPV+ve

206 Seminal studies have

HNSCC tumors a specific subgroup within HNSCCs
demonstrated that the different aetiology of HPV+ve and HPV-ve tumors strongly

influences the differences found at the genetic level in HNSCC tumors (Figure 33)%%4.
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Figure 33 Deregulated signalling pathways in HNSCC. Landscape of pathways, gene products and
cellular functions altered in HNSCC. The frequency (%) of genetic alterations in HPV-ve and HPV+ve
tumors is depicted. Genetic alterations include homozygous deletions, focal amplifications and somatic
mutations?%

HPV+ve HNSCC
Human papillomavirus (HPV) is a circular double-stranded DNA virus. It is the most
common sexually transmitted infection worldwide and also, one of the most powerful
human carcinogens of viral origin. Interestingly, about 5% of all cancer cases are
associated with HPV infection. All cervical and most anal cancers are attributed to
malignant cell transformation by HPV infection. Other cancers such as vagina, penis,

vulva, and oropharynx tumors also display high incidence of HPV infection?%’.

HPV virus encodes for two oncogenes, namely E6 and E7, that are able to inactivate
p53 and retinoblastoma (RB), respectively, leading to aberrant cell cycle regulation in
infected cells (Figure 34). This is considered the triggering event of HPV-mediated
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carcinogenesis. Although there are more than 100 different HPV subtypes, two of
them, HPV-16 and HPV-18, cause the majority of HPV-related cancers. HPV-16 is
predominant in HNSCC, especially in oropharyngeal tumors (>90%). Curiously, HPV
infection is associated with a better prognosis in HNSCC 2%,

At the molecular level, HPV+ve tumors are typically TP53 wild-type. The presence and
type of mutations within TP53 display an intrinsic prognostic value, since TP53
truncating mutations are associated with reduced patient survival outcomes?®.
Indeed, it is difficult to determine whether the better prognosis of HPV-positive tumors
is due to HPV infection or TP53 wild-type status.
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Figure 34. Deregulation of the cell cycle by HPV. The cell cycle is tightly regulated by complexes of
cyclins and cyclin-dependent kinases (CDKs). To guarantee the integrity of cells along cell cycle, cells
encounter G1 checkpoint (red lightning) that is controlled by retinoblastoma pocket proteins (Rb). These
proteins bind and inactivate E2F transcription factors, which induce the expression of S phase genes. In
response to mitogenic signals, the cyclin D1-CDK4/6 and cyclin E-CDK2 complexes are activated. These
complexes phosphorylate Rb pocket proteins leading to the release and activation of E2Fs and,
subsequently, the transition of cells into S phase. The interplay between cyclins, CDKs and their
regulatory proteins determines the transition along the checkpoint. A second important cell cycle
checkpoint occurs in the G2 phase (yellow lightning). Cells encounter this checkpoint upon completion
of DNA replication and serves for the repair of errors occurring during the process. p53 is a key protein
in the response to replication errors and DNA damage. DNA-damage sensors, including ataxia-
telangiectasia (ATM) and ataxia-telangiectasia and Rad3-related (ATR), phosphorylate the checkpoint
kinases CHK1 and CHK2, leading to increased p53 activity by phosphorylation of various downstream
molecules, including p53 itself. p53 induces the expression of p21, which inhibits several cyclin—CDK
complexes leading to interruption of the cell cycle for DNA repair. The human papillomavirus (HPV)
genome contains various early and late open reading frames and encodes two viral oncoproteins,
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namely E6 and E7. E6 protein binds p53 and targets the protein for degradation, whereas the E7 protein
binds to and inactivates Rb proteins, promoting cells to resume the cell cycle and block p53-mediated
apoptosis. Both events allow the virus to actively replicate into infected cells. Viral infection and
replication in the intermediate and superficial layers of the epithelium poses no risk of malignization of
the whole tissue. As a consequence of the rapid turnover of the epithelium in the head and neck region
(3-6 days), infected cells are shed and eliminated by the immune system. However, if viral infection
reaches the stem cells in the basal layer the whole tissue becomes transformed, as these cells fuel tissue
homeostasis and regeneration %, Created with BioRender.com.

HPV-ve HNSCC

Tobacco consumption is the primary risk factor for the development of HPV-ve HNSCC
tumors. Chemicals contained within tobacco, such as polycyclic aromatic hydrocarbons
and nitrosamines, are well known carcinogens. During the detoxifying and excretion
processes of these compounds, highly reactive metabolites with the ability to form
covalent DNA adducts are generated. If not repaired, these adducts led to mutations
and other genetic abnormalities. The accumulation of alterations in key tumor
suppressor genes (TP53 and CDKN2A) or deregulation of cell signaling pathways such
as PISK-AKT-mTOR and RAS-MAPK are associated with the onset and progression of
HPV-ve HNSCC %2,

4. Hallmarks of HNSCC

In 2000, Hanahan and Weinberg compiled the first collection of cancer-related
phenotypes 4. This collection included six hallmarks of cancer, namely limitless
replicative potential, self-sufficiency in growth signals, insensitivity to growth
suppressor signals, ability to evade apoptosis, sustained angiogenesis and tissue
invasion and metastasis. Along time, additional hallmarks and enabling characteristics
such as genome instability and mutation, deregulation of cellular metabolism, tumor
promoting inflammation, immune evasion, phenotypic plasticity and disrupted
differentiation, non-mutational epigenetic reprogramming, cellular senescence and
polymorphic microbiomes have been incorporated % >. The most important molecular
and cellular processes underlying the hallmarks of cancer in HNSCC are summarized
below.

Limitless replicative potential
The regulation of the cell cycle is often lost in cancer. p53 and Rb pathways are the
main tumor-suppressor pathways controlling cell responses to potentially oncogenic
stimuli and cell cycle transition in HNSCC. As described before, both, p53 and Rb
proteins are frequently mutated or alternatively, inactivated by HPV-16 E6 and E7
oncogenes in HPV+ve tumors.

113



Introduction Chapter Il

TP53 mutations occur in 60% of HNSCC cases. Specifically for HPV-ve tumors, TP53 is
the most commonly mutated tumor suppressor gene (75% to 85%) 294 210, 211 HNSCC
tumors arising in the larynx and hypopharynx display higher TP53 mutation rates
compared to oropharynx and oral cavity tumors 22, Indeed, it has been shown that
overexpression of a dominant-negative mutant form of p53 (p53R72H) together with
TERT (telomerase reverse transcriptase) and a cyclinD1/cyclin-dependent kinase 4
(CDK4) mutant is sufficient to trigger immortalization of keratinocytes in vitro '3 214,
An independent study has shown that the lifespan of keratinocytes can be extended in
vitro inactivating p53, either with a short hairpin RNA (shRNA) against p53, by
expressing the p53Rf172" mutant or by transducing cells with the E6 HPV oncoprotein
215 All these effects were dependent on TERT overexpression.

Similarly, the p16'N*A—cyclinD1-CDK4—RB and p16'N**A—cyclinD1-CDK6—RB axis are
altered in the vast majority of HNSCC. p16'™** js the protein encoded by CDKN2A
gene, which is frequently inactivated in this tumor type either by homozygous
deletion, or chromosomal loss in combination with mutation or promoter methylation
216 In turn, CCND1, the gene that encodes cyclinD1, is amplified in around 80% of the
HPV-ve HNSCC 27,

The cellular phenotype associated with alterations in the p53 and Rb pathways is cell
immortalization. This event coincides with the onset of the carcinogenesis process.
Indeed, the loss of chromosome 9p21 (CDKN2A) and the inactivating TP53 mutations
are already present in most HNSCC premalignant lesions 1. If 60% of HNSCCs display
inactivating TP53 mutations, and about 20% of the tumors are positive for HPV
infection which in turn leads to efficient inactivation of TP53 protein, then, only 20% of
tumors harbor a functional p53 2!, The progression of these tumors has been
hypothesized to be p53-independent, or alternatively driven by genes other than p53

but within the same pathway 2%°.

Collectively, the unlimited growth potential in HPV-ve HNSCC is attributed to TP53,
CCDN1 and CDKNZ2A alterations, while changes in TP53 and Rb family genes, such as
RB1, RBL1 and RBL2, account this phenotype in HPV+ve tumors.

Self-sufficiency in growth signals
Normal and healthy cells require growth factors, hormones and other molecules in the
extracellular media to engage growth and cell division. Nevertheless, cancer cells have
the ability to grow independently to external signals. Overactivation of signalling
pathways controlling cell growth is common in HNSCC.

EGFR pathway
EGFR is a tyrosine kinase receptor that belongs to the Erbb family. The activation of
Erbb receptors and, as consequence, the initiation of signaling cascades, occurs upon
the homo- or heterodimerization triggered by ligand binding. In squamous cells, EGFR
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downstream signaling is controlled by RAS-MAPK, PI3K-PTEN-AKT and phospholipase C
pathways 2°. Moreover, EGFR bound to its ligands is able to translocate to the nucleus
to act as a transcription factor and co-activate other transcription factors, such as STAT
(signal transducer and activator of transcription) proteins, or even induce the
expression of CCND1, that as described before, promotes progression through the G1-
Sin the cell cycle 221222,

Overexpression of EGFR protein in HNSCC has been reported and confirmed in several
studies 22> 224, This data is relevant from the clinical point of view, as HNSCC patients
with EGFR overexpression exhibit a better response to radiotherapy when a
concomitant combination with EGFR blocking antibodies is prescribed %2°. EGFR gene
amplification has been observed in approximately 10-30% of the patients with EGFR
overexpression 226227,

Overactivation of the EGFR pathway does not only occur as consequence of EGFR
overexpression. EGFR has multiple tyrosine phosphorylation sites (at least 13) that
mediate interaction with downstream effector proteins. Activating point mutation
occurring at these phosphorylation sites have been observed in HNSCC tumors 228,
Additionally, an oncogenic EGFR mutant form devoid of amino acids 6 to 273 in the
extracellular region (EGFRvIII) has been identified in the 42% of HNSCC cases. This
isoform is caused by an in-frame deletion of EGFR exons 2—7 and confers enhanced
proliferation and reduced response to anti-EGFR treatment 22°,

TGFB pathway

Transforming growth factor beta (TGFp) is a multifunctional cytokine belonging to the
transforming growth factor superfamily. TGFB binds to specific receptors in the cell
surface of cells resulting in the phosphorylation of receptor-regulated Smad2/3
proteins and association with Smad4. This complex translocates to the nucleus and
regulates the transcription of target genes involved in cell growth, differentiation,
migration, apoptosis and extracellular matrix production (Figure 35). TGFB acts as a
tumor suppressor or an oncogene depending on the context. On one hand, TGFp is
able to inhibit the growth of epithelial cells and promote apoptosis, whereas on the
other, induces the transcriptional reprogramming of epithelial to mesenchymal cells
(EMT) and, consequently boosts migration and invasion 230231,

There are several studies that link TGFB pathway with the HNSCC carginogenesis
process. An overall downregulation of TGFB receptors is often found in HNSCC tumors
232, 233 Also, a frequent loss of chromosome 18q, which encodes SMAD2, SMAD3,
SMAD4 and TGBRII (TGFB receptor IlI) genes, and mutations in SMAD2 and SMAD4
genes have been reported in HNSCC 234, Remarkably, the conditional knock-out of
SMAD4 in the oral mucosa of mice causes HNSCC 23,

RHOA and CDC42 are among the genes transcriptionally regulated by the canonical
TGFB pathway. RHOA is also a key player in the non-canonical (Smad-independent)
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TGFpB signaling (Figure 8). The activity of RHOA in epithelial cells is regulated by TGFB in
two different and opposing ways. During the early stimulation phase, TGFB induces
Smad-mediated expression of NET1, a RHOA-specific guanine exchange factor that
mediates RHOA activation 23, At later time points, TGFB promotes RHOA degradation
specifically at cellular protrusions that allow the disassembly of tight junctions, an
essential event in epithelial-mesenchymal transition 237,
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Figure 35. Canonical and non-canonical TGFp signaling pathways. In the canonical signaling pathway,
biologically active TGFB ligands binds to TGFBRIl, which in turn activates TGFBRIL. TGFBR
serine/threonine receptor complex promote phospholyration of Smad2/3 proteins which form a
complex with Smad4. Upon Smad4 phosphoration, the complex shuttles to the nucleus and initiates
several biological processes through transcriptional regulation of target genes. In the non-canonical
TGFpB signaling, the TGFB receptor complex engages a downstream signalnig though the mitogen-
activated protein kinases (MAPKs), phosphatidylinositide 3-kinase (PI3K), TNF receptor-associated factor
4/6 (TRAF4/6) and Rho family of small GTPases. These pathways promote transcriptional regulation,
either through direct interaction with the nuclear Smad protein complex or alternative downstream
proteins. Activation of the canonical and non-canonical TGFB signaling promotes epithelial to
mesenchymal transition (EMT), cell survival and proliferation. Created with BioRender.com.

Evading programmed cell-death
Apoptosis is a form of programmed cell death. Together with senescence, apoptosis
restricts the proliferation of cells if their DNA becomes damaged. Cancer cells bypass
this tumor suppressor mechanism in different ways.

PI3K-PTEN-AKT pathway
PI3K-PTEN-AKT is an important signaling pathway that regulates biological processes
such as apoptosis, metabolism and cell growth, among others.
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Class | PI3Ks catalyze the conversion of phosphatidylinositol (4,5)-bisphosphate
(PI(4,5)P2, PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3, PIP3).
PIP3 promotes the recruitment to cellular membranes of a variety of signaling
proteins, containing PX domains, pleckstrin homology domains (PH domains), FYVE
domains and other phosphoinositide-binding domains. One of these proteins is protein
kinase B (PKB/AKT). This is a very well-known protein activated as a result of its
translocation to the cell membrane, where it is then phosphorylated and activated by
phosphoinositide dependent kinase 1 (PDK1). The phosphorylation of AKT leads to the
activation of the TSC/mTOR pathway, which plays an important role in regulating cell
growth, survival and migration.

Phosphatase and tensin homolog (PTEN) is a dual protein/lipid phosphatase whose
main substrate is PIP3. PTEN specifically catalyzes the dephosphorylation of PIP3. This
dephosphorylation is important because it results in inhibition of the AKT signaling
pathway.

Class la PI3Ks are heterodimers coupled to receptor tyrosine kinases such as EGFR or
adaptor molecules that will be active upon receptor phosphorylation. The catalytic unit
of this receptor is encoded by PIK3CA, located in chromosome 3q26, which is often
amplified in HNSCC. Additionally, somatic activating mutations in the PIK3CA gene
have been described in about 10-20% of HNSCC patients 23% 23°, These mutations have
been shown to promote cell migration and invasion, both in vitro and in vivo.
Furthermore, inactivating mutations or homozygous deletions of PTEN gene have been
reported in about 10% of HNSCCs 240, PI3K and PTEN alterations, both ultimately
resulting in activation of AKT, are mutual exclusive not only in HNSCC but also in other
tumor types. Globally, the PI3K/AKT/mTOR pathway is upregulated in over 90% HNSCC

241 Hyperactivation of this pathway is associated

carcinomas, both, HPV+ve and HPV-ve
to resistance to radiotherapy and cytotoxic drugs 2*2. The use of inhibitors against PI3K,
AKT and mammalian target of rapamycin (mTOR) have shown remarkable effects
inhibiting tumor cell proliferation and sensitizing HNSCC tumor cell cultures and mouse
models of tumorigenesis to radiotherapy. Nevertheless, compensatory feedback

mechanisms are rapidly acquired limiting their therapeutic effect 243 244,

Phenotypic plasticity

Epithelial cells are highly differentiated cells. Acquisition of cellular differentiation
often results in an anti-proliferative phenotype. Differentiated cells originate from
immature cells undergoing programmed gene expression patterns for the acquisition
of highly specialized functions. Differentiated cells are terminally committed with a
functional phenotype, and thus restricted in plasticity. There is increasing evidence
that unlocking the normally restricted capability for phenotypic plasticity is a critical
component of cancer pathogenesis as it facilitates evasion from the state of terminal
differentiation 3.
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NOTCH1 belongs to the NOTCH family of receptors (NOTCH1-4), which regulate
essential cellular functions, including proliferation, differentiation, apoptosis and stem
cell renewal. After ligand binding, the y-secretase complex releases
the NOTCH intracellular domain (NICD), which translocates to the nucleus, resulting in
the transcriptional activation of NOTCH target genes, such as HES and HEY family of
transcriptional repressors 4. Comprehensive genomic analysis performed in HNSCC
revealed NOTCH1 gene as the second most mutated gene after TP53 2%, The vast
majority of NOTCH1 mutations are considered inactivating and associated with a worse
patient prognosis. However, certain HNSCC patients display activating NOTCH1
mutations, suggesting a bimodal role and signaling of this protein in HNSCC 24> 246,

Tissue invasion and metastasis

HNSCC tumors progress similarly to most of tumors, metastasizing first to lymph nodes
and to distant organs at later stages. Both, the number of lymph nodes affected and
the extranodal extension, known as the growth of cancer cells beyond the confines of
the capsule of a lymph node into adjacent tissues, predict distant metastasis and
survival in patients. Degradation of the extracellular matrix (ECM), epithelial-to-
mesenchymal transition (EMT) and detachment from bulk tumors are processes
required by tumor cells to obtain an invasive phenotype.

Degradation of ECM is one of the first steps in the metastatic process. Matrix
metalloproteinases (MMPs) have an integral role in degrading and remodeling ECM
and thus promoting cell invasion. High levels of MMP2, MMP9 and MMP13 in HNSCC
are associated with invasion, metastasis and poor patient prognosis 24724,
Furthermore, the CD44 HNSCC cancer stem cell marker, a cell surface receptor that
binds to and activates MMP9, co-localizes with MMP9 in the invasive front of HNSCC

tumors. CD44 levels of expression in HNSCC also correlate with metastasis 2% 251,

The epithelial-to-mesenchymal transition (EMT) is a process by which epithelial cells
lose their cell polarity and cell-cell adhesion, to become mesenchymal cells and gain
migratory and invasive properties. EMT-associated changes in E-cadherin
(downregulation) and vimentin (upregulation) correlated with increased metastasis in
HNSCC 252 253, TWIST, SNAIL and SLUG are the transcription factors mediating the
downregulation of E-cadherin during EMT process 2°*. Furthermore, hypoxic conditions
in the tumor microenvironment contribute to EMT, since the alpha subunit of the HIF1
transcription factor, induces vimentin, TWIST and SNAIL expression 2>% 253,

Detachment from the basement membrane and extracellular matrix components, and
survival under non-adherent conditions is also necessary to metastasize. In other
words, tumors cells need to acquire resistance to anoikis, the programmed cell death
that occurs in anchorage-dependent cells upon loss of cell adhesion. The cell survival in
non-adherent conditions is driven by RAS-MAPK, PI3K-AKT-mTOR and STAT3 signaling

pathways 9% 2%6,
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Sustained angiogenesis
Tumors need blood supply to support continuous growth. The formation of new
vessels is essential in the carcinogenic process. Solid tumors induce neo-angiogenesis
by producing pro-angiogenic factors. The vascular endothelial growth factor (VEGF) is a
well-known inducer of angiogenesis and several studies have associated the high
expression in HNSCC tumors with a worst patient prognosis 2°’. Interestingly, VEGF
expression is triggered under hypoxic conditions and thus dependent on HIF1a 2%,

Evasion of immune destruction
Tumor cells undergo a profound reprogramming to thrive in a chronically inflamed
microenvironment, evade immune recognition and suppress immune reactivity.

Immune cells in the HNSCC tumor microenvironment contain tumor-infiltrating
lymphocytes (including T cells, B cells and natural killer cells); and myeloid-derived cells
such macrophages, neutrophils, dendritic cells and myeloid-derived suppressor cells.
The extent and composition of the immune infiltrate varies according to the
anatomical region and HPV status. The identification of different immune phenotypes
has allowed a better classification of HNSCC tumors, providing a powerful tool to
predict patient’s response to treatment with immunocheckpoint inhibitors.

High levels of tumor-infiltrating lymphocytes are associated with a better patient
prognosis, although if immunosuppressed by inhibitory signals triggered by the
tumors, the prognostic value of the infiltrate is lost. HPV+ve tumors display increased
numbers of neoantigens as consequence of the viral infection, leading to a
concomitant increase in the immune infiltrate and better survival outcomes.

HNSCC tumors use different mechanisms to evade immune surveillance. HNSCC tumor
microenvironment is enriched in immunosuppressive growth factors and cytokines
that promote the recruitment or activity of myeloid-derived suppressor cells,
regulatory T cells and M2-skeweed macrophages. All these cells block the anti-tumour
activity of effector T cells (both, T helper and T cytotoxic) and NK cells. Moreover,
genetic and epigenetic alterations resulting in decreased levels of human leukocyte
antigen (HLA) or defects in the processing of tumor antigens, lead to decreased
immune recognition and cytolysis of tumour cells. In addition, HNSCC tumors, specially
late-stage tumors, exhibit upregulation of PD-L1, which attenuates the cytolytic activity
of T cells 1°2,
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5. Head and neck cancer treatment

The mainstay treatment of head and neck cancer patient is still nowadays radiation
and surgery. Head and neck cancers involve critical structures associated with
speaking, swallowing and appearance. Removal of part or all of these structures,
including the tongue, upper and lower jawbones, nose, larynx (voice box), salivary
glands, and skin of the face and neck, may result in difficulty in speaking and
swallowing, and disfigurement. Modern anesthesia, reconstruction surgery and
medical integral care have led to fewer surgery-associated deaths and an increase the
life quality of HNSCC patients. Nevertheless, the overall survival rate of the disease is
about 50% and has not improved significantly in the last 60 years ¥°. Consequently,
active research on the molecular mechanisms leading to the development of HNSCC,
and the identification of new therapeutic targets is crucial for improving patient
survival.

HNSCC treatment differs according to the stage of disease, anatomical site and surgical
accessibility. Generally, a multispecialty team decides the treatment for each HNSCC
patient, not only to reduce the risk of relapse with the use of surgery, radiotherapy
and chemotherapy, but to preserve patients’ life at the dental, nutritional, speech and
language and auditory level as well 18259,

Treatment in HPV-associated tumors
As described above, HPV infection has a causal role in the development of HNSCC,
especially in oropharynx tumors 2%, The epidemiology, pathophysiology and response
to treatment of HPV+ve tumors differ from HPV-ve HNSCC malignancies 88 261,

Patients with an HPV-associated HNSCC typically present a small primary lesion and
cervical lymphadenopathy. Despite the high frequency of spreading to the lymph
nodes, HPV+ve HNSCC patients display better prognosis and survival outcomes 262 263,
As consequence of the improved prognosis for this subgroup of patients, The American
Joint Committee on Cancer (AJCC) and the Union for International Cancer Control
(UICC) decided to include HPV status in the staging system for HNSCC (Table 5).
Nevertheless, this change resulted in the downstaging of more than 90% of HPV+ve
patients compared with previous staging systems, increasing the proportion of
patients in stage |. Patients with a prognostic stage | receiving therapy based
exclusively in radiotherapy or chemotherapy show inferior therapeutic benefit and
survival outcomes 8% 264 265 Accordingly, surgery is mandatory except for surgically
inaccessible tumors and/or patients with a very low performance.
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Table 5. HNSCC stages according to the TNM classification.

]
Stage HPV-Positive Oropharyngeal Cancer HPV-MNegative Oropharyngeal Cancer
Tumor Node Metastasis Tumor Node Metastasis
0 Tis NO Mo Tis NO MO
| TO, T, or T2 NQ or N1 MO T1 NO MO
1l T0, T1,0r T2 N2 MO T2 NO MO
T3 NO, N1, or N2 Mo
1 T0,T1, T2, T3, 0r T4 N3 Mo T, T2, 0r T3 N1 MO
T4 NO, N1, N2, or N3 MO
v Any T Any N M1
IVA T4a NO or N1 MO
T1,T2, T3, orT4a N2 MO
IVB Any T N3 MO
T4b Any N MO
IVC Any T Any N M1

HNSCC staging system by the American Joint Commission on Cancer and the Union for International
Cancer Control, 8th edition 2. Tis denotes tumor in situ.

Treatment in early-stage disease
It comprises patients in stage | or Il of the disease (approximately 30 to 40%). These
patients are cured with surgery or definitive radiotherapy alone. The choice depends
on the anatomical accessibility of tumor lesions. Seventy to 90% of early-stage patients
display long-term survival 267,

Treatment in locally-advanced disease

More than 60% of the HNSCC patients are diagnosed at stage Ill or IV disease, namely
tumors with marked local invasion, metastases to regional lymph nodes, both, and
eventually distant metastasis (stage V). These patients have higher risk of recurrence
and poor prognosis. The treatment for these patients is individualized and depends on
tumor size, tumor localization in the head and neck region, stage of disease (lll vs IV),
age and performance status of the patient. Resection surgery is the gold-standard
treatment for accessible tumors, such as those in the oral cavity. Adjuvant
radiotherapy or chemoradiotherapy are recommended depending on the assessment
of high-risk features. Contrary, when lesions cannot be surgically resected, or when the
surgery might lead to a drastic reduction in the wellness of the patient,
chemoradiotherapy becomes the first therapeutic option 268,

Definitive concurrent chemoradiotherapy
The standard adjuvant therapy for high-risk patients is the concurrent
chemoradiotherapy (CCRT). Three chemotherapeutic agents are approved for
combination therapy. Cisplatin is the chemotherapeutic agent used as first option, but
substituted by carboplatin, although with inferior therapeutic benefit, in patients with
reduced performance status due to its high toxicity 2%°. The third agent is Cetuximab, a
blocking antibody against epidermal growth factor receptor (EGFR). Cetuximab was
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approved as standard therapy in 2006 but displays limiting survival outcomes
compared to cisplatin??.

Recurrent or metastatic disease

Depending on initial therapy and extent of disease, recurrent HNSCC may occasionally
be treated surgery, radiation or a combination of both 27°. But all too often, recurrent
disease (like metastatic HNSCC) is incurable. Recurrent or metastatic disease occurs in
65% of patients with HNSCC. These patients have a fatal prognosis (6 to 9 months
survival in the absence of treatment). The administration of platinum-based agents,
taxanes, antifolates or Cetuximab is used for palliation therapy in recurrent and
metastatic patients 2’1. Radiotherapy is not recommended in these patients due to the
low performance and the painful and long-term side effects occurring at the
therapeutic doses.

Targeted therapies and immunocheckpoint inhibitors
Although, new-targeted therapies have been tested in the context of HNSCC none of
them has reach significant improvement over the standard care.

The fact that modulating the immune system could promote regression of solid tumors
has revolutionized the comprehension and treatment of cancer. Pembrolizumab and
nivolumab, monoclonal antibodies targeting PD-1, an inhibitory receptor on the
surface of cytotoxic effector T cells, showed improved response rates and patient
survival in the clinical trials in recurrent or metastatic HNSCC platinum-treated
patients. Accordingly, these agents were approved by the Food and Drug
Administration (FDA) in 2016 272274, and by The European Medicines Agency (EMA) in
2019 27> 276 pembrolizumab has been also approved for first-line treatment of
metastatic HNSCC patients as monotherapy or in combination with platinum and 5-
fluorouracil (5-FU) ?’7. Unfortunately, about 85 to 95% of patients with recurrent or
metastatic HNSCC relapse upon treatment with immunocheckpoint inhibitors or
display primary therapeutic resistance. Unresponsiveness to anti-PD-1 is usually
multifactorial, highly individualized, and evolves over time during treatment. Broadly,
the pathogenesis of acquired resistance to anti-PD-1 therapy includes loss of T cell
function, disruption of antigen presentation, and acquired resistance of interferon-
induced T cells 273,278,279,

6. RHO signaling in HNSCC

Several studies have reported associations between the levels of expression of
different small GTPases and HNSCC carcinogenesis. Some of these studies are
controversial. On the one hand, RHOA, Rac2 and Cdc42 are shown to be increased in
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dysplasic and fully malignant cell lines compared to normal keratinocytes. Indeed,
based on immunohistochemistry analysis, RHOA was appointed as a promising
biomarker for malignancy in HNSCC ©7- 282, But on the other hand, a study evaluating
the activity of small GTPases in HNSCC cell lines showed that whereas Racl was active
in most of them, RHOA and Cdc42 were active only in a subgroup 280 281,

It has been described that increased levels of PKCe in HNSCC, an isoform of the
PKC family of protein kinases, are associated with high disease recurrence and
decreased overall survival in patients. Interestingly, this protein promotes migration
and invasion in a RHOA and RhoC-dependent manner?% 282,

Elevated RhoC levels in patients are also associated with advanced-stage, lymph node
metastasis and aggressive tumor behavior 28, This is not surprising considering that
RhoC downregulation in HNSCC cell lines using lentiviral small hairpin RNAs (shRNAs)
resulted in diminished migration and invasion in vitro and in vivo ?84. Elevated RhoC
levels in HNSCC can be explained by reduced expression of miR-138. This microRNA
targeting RhoC is downregulated in HNSCC, and reported to have an important role in
EMT, cell migration and invasion 2%,

Racl has been also related with head and neck carcinomas, specifically in the cell
invasion processes mediated by the EGFR/Vav2/Racl signaling axis 2®'. High
expression, activity and nuclear localization of Racl has been associated with chemo-
radiotherapy resistance and, subsequently, with tumor recurrence in HNSCC 226287,

Rho downstream signaling proteins have also been linked to HNSCC. a-catulin is a
cytoskeletal protein that acts as scaffold protein for Lbc Rho guanine nucleotide
exchange factor (ARHGEF1) and supports serum response factor activation 2. The
overexpression of this protein in HNSCC results in faster proliferation, migration and
invasion, enhanced EMT and reduced apoptosis in vitro. Conversely, a-catulin when
downregulated leads to a decreased invasive and metastatic potential both in vitro and
in vivo %8, Moreover, its expression is higher in HNSCC patient samples than in normal

tissues 289

. Another Rho downstream signaling molecule associated with HNSCC
carcinogenesis is CD44. In HNSCC, CD44 physically associates in a multimolecular
complex with LARG, a RhoGEF, inducing RHOA signaling, ROCK activation and

subsequently tumor progression 290292,

Regarding RHOA, the focus of study of this doctoral thesis, it has been shown that its
expression is higher in HNSCC cells compared to normal cells 7 84 The role of RHOA
has been recently studied in tongue cancer cell lines and pointed out as an oncogene
in this tumor context. Specifically, the downregulation of RHOA in tongue tumor cells
reduces cell migration, invasion and proliferation in vitro; and tumor growth and lymph
node colonization in orthotopic xenografts in mice 8. However, there are not enough
studies to confirm the role of this GTPase in HNSCC tumorigenesis and, in addition,
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poor information is available regarding the function of RHOA in head and neck
anatomical regions such as larynx or pharynx.

Interestingly, the massive use of sequencing technologies has provided a huge amount
of information regarding the genetic alterations undergoing in tumors. The analysis of
somatic point mutations from large-scale genomic screenings across 21 tumor types
and more than 4,000 human cancers (and their matched normal-tissue samples) has
allowed the identification of genes significantly mutated in cancer that were previously
unnoticed. RHOA turned out to be one of these genes. When interrogating the
mutations occurring specifically in the effector domain of RHOA the prevalence was
low, but interestingly six out of the seven tumors identified occurred in the head and
neck region 2°2. RHOA E40Q mutation was markedly predominant. In an alternative
and similar study, a higher percentage of RHOA mutations was found (<5%). RHOA
mutations in human tumors were described at codons R5, E40 and Y42, but E40Q. As
observed before, the most frequent mutation in HNSCC 294,
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AIMS OF THE STUDY

RHOA has been widely described as an oncogene. However, recent results from our
group have shown that RHOA has a tumor suppressive role in colon cancer 1%and in
diffuse-gastric cancer (unpublished data). Head & neck cancer (HNSCC) groups very
heterogeneous tumors. The lack of improvement in the survival of patients and the
low rate of personalized treatments have promoted the active research into the
molecular mechanisms of HNSCC. Recently, it has been reported that RHOA is
frequently mutated in HNSCC. This is observed in specific types such as diffuse gastric
cancer, angio-immunoblastic T-cell lymphoma, adult T-cell leukemia/lymphoma and
Burkitt lymphoma. Interestingly, these mutations are distributed in hotspots and differ
from one tumor type to another. In HNSCC, RHOA is mutated only in around of 1.5% of
the cases, but more than 60% of these mutations involve E40Q. In this thesis we
focused to get a better understanding of the role of RHOA in HNSCC tumorigenesis,
and particularly to unveil whether RHOA E40Q mutation in HNSCC tumors exhibits a
relevant role in the carcinogenic process.

Therefore, the specific aims of this thesis are:
7. To evaluate the association between RHOA expression in primary tumors and
the clinicopathological features of HNSCC cancer patients.
8. To investigate in vitro and in vivo the role of RHOA in a) cell growth, b) colony
formation ability, c) migration and d) invasion potential of HNSCC cells

genetically modified for the downregulation of the protein.

9. To investigate in vitro the effects of the hotspot RHOA mutation observed in
HNSCC (RHOA-E40Q) in pharynx, tongue and larynx engineered cell systems.
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MATERIALS AND METHODS

1. Study of RHOA in HNSCC patient samples

Tissue microarray (TMA) analysis

Clinical samples: A total of 360 samples from primary tumors of HNSCC patients and
their respective clinical data were analyzed. Patients samples were obtained at
Hospital Univertitari Vall d’Hebron (HUVH) and Hospital Universitario Central de
Asturias (HUCA). Informed consent for genetic analysis of the tumor was obtained
from every patient, according to protocols approved by the ‘Human Investigations and
Ethical Committee’ in both institutions. All patients were diagnosed with a single
primary tumor, underwent surgically treated, and received no additional treatment
prior to surgery. All samples were formalin-fixed, paraffin-embedded, arrayed into a
tissue microarray (TMA) and used for immunohistochemical assessment of RHOA. For
tissue microarray preparation, areas containing a high proportion of tumor cells were
selected after histological examination of hematoxylin and eosin-stained tumor
sections. Triplicate 0.6mm cores from every sample were arrayed in a fresh paraffin
block using a Beecher Instrument tissue arrayer (Silver Spring, MD). Unstained four-um
sections from the tissue microarray were mounted on slides coated with Poly-L-lysine
solution (Sigma-Aldrich). For immunohistochemical analysis, the commercial NovoLink
polymer detection system (Novocastra Laboratories) was used according to the
instructions of the manufacturer. Finally, anti-RHOA rabbit monoclonal antibody was
used at 1:1000 dilution (2117 — Cell Signaling) for protein detection (Table 8).

RHOA expression levels were scored using a semiquantitative scale ranging from 0
(absence of RHOA immunostaining) to 3 (highest RHOA immunostaining). The
investigator was blinded for both, sample identity and patient clinical data; and the
average of signal of the three spots for every patient was calculated. Next, patients
were dichotomized as high or low RHOA according to the levels of protein expression
in the primary tumor. The cutoff value for patient dichotomization was determined
using X-tile tool 2%, Differences in survival outcomes were represented in Kaplan-
Meier plots as a function of tumor RHOA protein expression. The association of RHOA
protein expression levels with clinicopathological features other than survival was also
analyzed.

TCGA RNA sequencing data analysis
Clinical data and RHOA mRNA expression in primary tumors, expressed as mRNA z-
score, from 528 HNSCC patients were downloaded from ‘The Cancer Genome Atlas’
(TCGA) database: “Head and Neck Squamous Cell Carcinoma - TCGA, Firehouse Legacy”
study. Patients were dichotomized as high or low RHOA based on the mRNA
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expression of RHOA within tumors. Selection of the cutoff value was calculated
through X-tile software?®.

2. Study of RHOA in HNSCC cell lines

Human HNSCC cancer cell lines: A total of 12 HNSCC cancer cell lines were used: FaDu,
Detroit 562, 92VU040, 92VU041, 92VU078, 92VU08, 92VU094, 92VU120, SCC25,
JHUO29, JHUO11 and JHUO12 (Table 6). FaDu, Detroit 562 and SCC25 cell lines were
purchased from ATCC bank (https://www.atcc.org/). 92VU040, 92VU041, 92VUQ7S,
92VU08, 92VU094 and 92VU120 cell lines were kindly provided by Dr.
Martin Rooimans, Free University Medical Centre, Amsterdam, the Netherland; and
JHUO029, JHUO11 and JHUO12 by Dr. Mariana Brait, Johns Hopkins University School of
Medicine, Baltimore, Maryland, United States. All cell lines were maintained on
Roswell Park Memorial Institute (RPMI) 1640 Dubelco’s Modified Eagle’s Medium
(RPMI; Life technologies) containing 10% fetal bovine serum (Sigma) at 372C and 5%
CO2. All the cell lines were tested to be negative for mycoplasma contamination by
PCR Mycoplasma Detection Set (TaKaRa Bio, Inc. Kusatzu, Japan) every time before
use.

Table 6. General information of cell lines used in the study.

CellLine Primary site Rhol:\ ) HPY
mutation infection
FaDu Hypopharynx
Detroit 562 Nasopharynx*
92VU040 Oral cavity
(tongue)
Oral cavity
92vUuo041
(floor of mouth)
92VU078 Oral cavity
(tongue)
Oropharynx
92VU080
(base of the tongue)
92VU094 Oral cavity
(tongue)
92VU120 Oral cavity
(tongue)
SCC25 Oral cavity
(tongue)
JHUO029 Larynx A61V
JHUO11 Larynx
JHUO12 Larynx

*derived from pleural effusion. (-) no mutation or HPV infection

Lentiviral vectors: pLKO-shRHOA pLKO.1 Puro containing 3 different shRNAs against
RHOA TRCN0000047710, TRCNO0O0O0047711 and TRCNO0O00047712 hereafter named
sh10, sh11 and sh12, respectively) or a control shRNRA (hereafter named shNT) were
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obtained for Sigma-Aldrich. pLKO.1 Puro vectors were used to generate HNSCC cell
lines with stable downregulation of RHOA protein.

pINDUCER20 vector was used to generate HNSCC cell lines with inducible RHOA
overexpression. This plasmid is a Tet-on system, in which the rtTA (reverse
tetracycline-controlled transactivator) protein binds and activates the operator TRE
(tetracycline response element) only if bound by tetracyclines. Thus, doxycycline
initiates the transcription of the cassette, either the green fluorescent protein (GFP)
fused to the coding sequence of RHOA (wild-type, wt; or E40Q mutant), or RHOA alone
(again wt or E40Q mutant) flanked by the 5’ and 3’ UTRs (Figure 13). All pINDUCER20-
RHOA containing vectors were created by gateway LR recombination (Life
technologies) using either pDONOR221 (GFP-RHOA tagged proteins) or pENTR4
(RHOAVTRS) The mutant form RHOA E40Q was generated entry gateway vectors using
QuikChange mutagenesis kit (Agilent Technologies Inc.) according to manufacturer’s
specifications. The presence of the mutation was confirmed with Sanger sequencing.
The concentration of doxycycline (Dox) (Doxycycline hyclate — Sigma-Aldrich) used to
activate the expression of the transgenes in vitro, was determined experimentally by
exposing transiently transfected cells to increasing concentrations of doxycycline for
48 hours, and determination of protein levels by Western blot (WB).

Generation of isogenic HNSCC cell lines
RHOA downregulation: SCC25 were stably transduced with lentiviral vectors containing
short-hairpin  RNAs  (MISSION  shRNA  Vectors TRCN0000047710 (sh10),
TRCNO000047711 (sh11) and TRCNO000047712 (sh12); Sigma) as described before.
Subsequently, cells were selected with puromycin at 1 pg/ml. After antibiotic selection,
knockdown was confirmed by Western blot.

Knockout cell line model: For this purpose, CRISPR/Cas9 technology was used. A sgRNA
sequence targeting RHOA exon 3 was designed using CRISPR design tool
(http://crispr.mit.edu). The sgRNA was selected according to its on-target score and
low probability of off-targets. The predicted sequence (5° ATCAGTATAACATCGGTATC
3’) was cloned into pSpCas9(BB)-2A-GFP (pX458, Addgene #48138) following the
protocol described by Zhang’s Lab 2?6, SCC25 and JHUO12 cells were transfected with
pX458 vector using Human Keratinocyte Nucleofector™ Kit (Lonza) and The
Nucleofector™ 2b Device (Lonza). GFP positive cells (Cas9 expressing cells) were
sorted and seeded at low density 0.5 cells/well in a 96 well-plate to isolate individual
clones. Genomic DNA was obtained, and the region targeted by sgRNA interrogated by
Sanger Sequencing. RHOA knockout (KO) at the DNA level were further evaluated by
Western blot. RHOA KO clones at the protein level were expanded and used in the
experiments. Moreover, KO clones were mixed, when corresponded, to generate
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polyclonal knockout populations. Cells with low passage were used for all the
experiments.

RHOA overexpression: SCC25 and JHUOQ12 cells were stably transduced with
pINDUCER20-GFP-RHOA or pINDUCER20-GFP-RHOA-sh12-resistant (wt or E40Q
mutants), and the corresponding control vectors by lentiviral infection. Briefly: the first
day, TLA-HEK293T cells were plated in a 10-cm plate (3x10° cells/plate) to achieve
about 80% confluence on the following day. Twenty-four hours after seeding, TLA-
HEK293T cells were transfected with 10 ug of the corresponding lentiviral vector; and
3.5 pg and 2.75 ug of the viral packaging vectors pMD.G2 and psPAX2 respectively,
using PEl (4 pg PEI: 1 ug total DNA). The following day, around sixteen hours after
transfection, the media was replaced with 7 ml of 5% FBS DMEM media containing 5
mM sodium butyrate. From this point on, biosecurity level-2 conditions were applied.
On the fourth and fifth day, supernatants containing the viral particles were collected
and filtered with 0.45 um PVDF filters (Millipore).

The day before the infection, HNSCC cells were seeded in 6 well-plates to reach around
40% confluence on the following day. Target cell lines were infected for 10 hours with
the lentiviral particles in the presence of 4 ug/mL polybrene (Sigma-Aldrich). Finally,
medium was replaced by fresh complete RPMI medium, and the cells were grown for
seventy-two hours. Then, antibiotic-containing selective medium was added and
renewed every two days until selection finished. Stably transduced cells were selected
with G418 at the following concentrations: 0.7 mg/mL and 1 mg/ml for SCC25 and
JHUO12, respectively; Life Technologies. Antibiotic-resistant cells were sorted to enrich
the GFP-positive population upon culture with doxycycline. RHOA overexpression was
confirmed by Western blot.

Sequencing: RHOA mutations in HNSCC cell lines was determined by Sanger
sequencing of PCR-amplified genomic DNA. DNA from cell lines was extracted using
DNAzol® (Invitrogen) according to manufacturer’s instructions. PCR amplifications
were carried out with primers detailed in Table 7. Tag-polymerase (Bio-Taq — Ecogen)
was used for all the PCRs. Residual primers and nucleotides were removed from 4 ul of
PCR product by adding 2 pul of ExoSAP mix (0.1U Exonuclease |, Fermentas and 0.056 U
Shrimp Alkaline Phosphatase, Roche). Samples were then subjected to Sanger
Sequencing (Macrogen).
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Table 7. Sequences of the primers used in this study

Primer name Sequence (5’ to 3’) Application \
RHOA exon 2 (F) gaggtttatgccccatggtt
RHOA exon 2 (R) ctgaagaggcaaaaagctctaa
RHOA exon 3 (F) tgttttagaccgtctgccatt
RHOA exon 3 (R) tgcttttcagccacttgatg PCR amplification &
RHOA exon 4 (F) gcatttttctgaagccacaa sequencing
RHOA exon 4 (R) Qaacaacctggcctgtgaag
RHOA exon 5 (F) Accgacgagcaaaactgtct
RHOA exon 5 (R) tgaaaaaggccagtaatcataca
RHOA E40Q (F) gccacatagttctgaaacactgtgggcacatacacc Site-directed
RHOA E40Q (R) ggtgtatgtgcccacagtgtttcagaactatgtgge mutagenesis

(F): forward; (R): reverse

Western blot analysis: Cell protein extraction and gquantification: To obtain whole
protein cell lysates, cell cultures were washed with ice-cold PBS (Phosphate buffered
saline solution — Fisher Scientific) and harvested mechanically with a sterile rubber
scraper, using Small GTPase lysis buffer (25 mM Hepes pH 7.5, 150 mM NaCl, 5 mM
MgCl2, 1% NP-40, 1mM DTT, 10% Glycerol) supplemented with protease inhibitors
cocktail (Complete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche). Cell pellets
were transferred to Eppendorf microtubes and incubated on ice for 5 minutes.
Eventually, the lysate was centrifuged for 10 min, at 12000 rpm and 4°C, and the
protein lysate was transferred into a new microtube and stored at -80°C. Protein
concentration was quantified with BCA™ Protein Assay Kit (Thermo Scientific). Briefly,
2l of test sample diluted in distilled water (final volume 25 pl) were mixed with 200 pl
of BCA mixture in a 96 well-plate. A series of BSA protein standards diluted in distilled
water were prepared alongside with the protein lysates to establish a protein standard
curve. The plate was incubated in the dark at 372C for 30 minutes. Next, absorbance at
595 nm was determined on a plate reader (SunriseTM model, TECAN Group Ltd.).
Protein concentrations were determined by comparison to BSA in the standard curve.

Western blot (WB): Gel electrophoresis: Separation of proteins was performed by one-

dimensional SDS-PAGE (Sodium dodecyl sulfate - polyacrylamide gel electrophoresis)
assay as follows. Proteins were thawed on ice and thirty pg of protein, upon protein
concentration determination, were mixed with loading dye (Laemlli buffer 4X: 250 mM
Tris pH 6.8 (Sigma-Aldrich), 4.2% SDS (Sigma-Aldrich), 20% Glycerol (Sigma-Aldrich),
0.008% bromophenol blue (Sigma-Aldrich), 10% 2-mercaptoethanol (Sigma-Aldrich))
and denatured at 952C for 5 min. Then, proteins were separated by SDS-PAGE
electrophoresis in polyacrylamide gels (4% acrylamide stacking gel; 10% acrylamide
running gel; Acrylamide — Fisher Scientific). The electrophoresis chamber was filled
with running buffer (0.25 M Tris, 1.92 M Glycine (Fisher Scientific) and 34.6 mM SDS
(Sigma-Aldrich)) and the current was set to 120 V, allowing the proteins to run and
separate until the loading dye went out from the gel. Protein transfer to filters:

Proteins were electrophoretically transferred from the gel to a polyvinylidene fluoride
(PVDF; Amersham — GE Healthcare Life Sciences) membrane. For this, the membrane
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and gel were set up as a “sandwich configuration” together with filter papers and
sponges in the following order: sponge, Whatman filter (VWR), gel, membrane,
Whatman filter and sponge. The transfer was carried out in a tank containing ice-cold
transfer buffer (0.23 M Tris and 1.92 M Glycine). The proteins were allowed to transfer
for 90-120 min at 110 V and 49C. Blocking and blotting: The membrane with the
transferred proteins was blocked with 5% skim milk or BSA, according to antibody

manufacturer’s specifications in PBS-0.1% Tween (Sigma-Aldrich) for 1 hour at room
temperature in order to prevent unspecific binding of the antibodies. Next, the
membrane was incubated overnight at 42C with primary antibodies diluted in fresh
blockinf buffer (Table 8). The following day, membranes were washed 3 times for 10
min with PBS-0.1% Tween under agitation to remove unbound primary antibodies.
Membranes were then incubated with secondary antibodies conjugated with
horseradish peroxidase (Anti-mouse 1:5,000; Anti-rabbit 1:5,000; Table 8) for 1 h at
room temperature and washed again with PBS-0.1% Tween 3 times for 10 min.
Detection: Finally, proteins were detected using ‘Enhanced chemiluminescence
system’ kit (ECL — GE Healthcare) blue-light sensitive autoradiography films (AGFA (CP-
BU)) or ChemiDoc XRS+ system (Bio-Rad). Specifically, membranes were incubated
with 1:1 mixture of detection reagent A and reagent B (which contain a light-emitting
non-radioactive substrate for horseradish peroxidase) for 1 min. When
autoradiography was used, AGFA films were placed on the top of membranes in a dark
room to detect the chemiluminescent signal and followed by an automated film
development (Curix 60 — AGFA healthcare). When digital chemiluminescence was
used, ChemiDoc system and Image Lab software were programmed to acquire pictures
at the desired time points. Quantification of band intensity was performed using
Imagel) program (NIH-National Institutes of Health).
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Table 8. Antibodies used in the study.

. Application
Antibody Source Reference (dilution)
. . Rabbit,
RhoA (67B9) Cell Signaling 2117 WB & IHC (1:1,000)
monoclonal
R
GFP Hybridome | RCB2309 : JFP-J1 at, WB(1:10)
monoclonal
Vinculin Sigma-Aldrich V4505 Mouse, WB (1:1,000)
monoclonal
B-Tubulin Sigma-Aldrich T4026 Mouse, WB (1:10,000)
monoclonal
GAPDH Cusabio  |CSB-MA0000O71Mom|  Mouse WB (1:1,000)
monoclonal
PKN (49) Santa Cruz 5c-136037 Mouse, WB (1:1,000)
monoclonal
. . Rabbit,
PKN2 Atlas Antibodies HPA034861 WB (1:1,000)
polyclonal
Polyclonal Swine Anti-Mouse WB
Dak P0447
Immunoglobulins/HRP axo 0 Goat (1:10,000)
Polyclonal Swine Anti-Rabbit WB
Immunoglobulins/HRP Dako PO217 Goat (1:5,000)

WB: Western Blot; IHC: Immunohistochemistry. Antibodies for WB were diluted in ‘5% skim milk or BSA - PBS-0.1%
Tween’. Antibodies for IHC were diluted in PBS.

Flow cytometry analysis: GFP expression in HNSCC cell systems overexpressing GFP-
RHOA (wt or E40Q) or GFP alone was analyzed by flow cytometry using FACScalibur
instrument and Cell Quest Software (Becton-Dickinson). Propidium iodide (PI, Sigma-
Aldrich) staining (40 pug/ml) was used for exclusion of dead cells in the analysis. When
necessary, GFP expressing cells were enriched using a FACSAria sorter and FACSDiva
Software (Becton-Dickinson). FlowJo X software was used for data analysis and plot the
results.

In vitro cell growth

Cell counting: Cells (RHOA wt or E40Q; fused or not to GFP and the corresponding
negative controls) were treated or not with the corresponding doxycycline
concentration (see ‘Results’ section) for forty-eight hours to induce transgene
overexpression. Next, cells were seeded in triplicates in 24 well-plates with medium
containing or not doxycycline, accordingly (SCC25: 3x10% JHUO012: 5x10%). For direct
cell counting, cells were trypsinized and stained with trypan blue (Serva). Viable cells
were counted using a Neubauer hemocytometer at different time points. The average
number of cells of three independent experiments run in triplicates is shown.

Sulforhodamine B (SRB) staining: SRB dye stains cell protein, so the absorbance
measurement at 595 nm was used as a surrogate marker of cell density 2%’. Cells
(RHOA wt or E40Q; fused or not to GFP, and the corresponding negative controls) were
treated or not with the corresponding doxycycline concentration (see ‘Results’ section)
for forty-eight hours to induce transgene overexpression. Next, cells were seeded in 96
well-plates (6 replicates per cell line and condition) with medium containing or not
doxycycline, accordingly (; SCC25: 3x10% JHUO012: 5x10%). At the indicated days (see
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‘Results’ section) cells were fixed with 50 pL of 50% trichloroacetic acid (w/v) (TCA —
Fisher Scientific) for 1 h at room temperature (RT), washed with tap water and air-
dried. Then, plates were stained with 50 uL of 0.4% (w/v) sulforhodamine B (SRB —
Sigma-Aldrich) in 1% acetic acid (VWR) for 30 min at RT, washed with 1% acetic acid to
remove excess of SRB and air-dried. Finally, SRB dye was solubilized with 200 pL of 10
mM Tris buffer (pH 10) (Fisher Scientific) and absorbance at 595 nm was determined
using a microplate reader (Epoch — BioTek Instruments). Absorbance was plotted
versus time and used to assess the proliferation of each cell system tested. The
averaged absorbance of three independent experiments is shown.

Clonogenicity assay
Cells were seeded in 6 well-plates in triplicate (SCC25: 1.0x103; JHUO012: 1.0x103) and
allowed to attach and grow as individual colonies. Medium was renewed every week.
Once colonies were visible, cells were fixed with methanol-acetic acid solution (3:1 v/v)
(Methanol — Fisher scientific; Acetic acid — VWR) for 5 min and stained with 1% crystal
violet in methanol (Crystal violet — Fisher Scientific) for 10 min. Dye excess was
removed by extensive wash of plates with tap water. The number of macroscopically
visible colonies was scored manually and/or using Imagel software (NIH-National
Institutes of Health) on scanned images of plates. Three independent experiments
were carried out in triplicate.

Migration (Wound-healing assay)

SCC25 and JHUO012 KO RHOA cells in which RHOA wt or E40Q was reintroduced (fused
or not to GFP) and the corresponding controls, were treated for forty-eigth hours with
or without doxycycline at the appropriate concentration to induce the expression of
transgenes. Cells (4x10°) were seeded in triplicates onto 6 well-plates in the presence
of two different concentrations of doxycycline (10 and 100 ng/ml) or the absence of
the antibiotic. Cells achieved about 90% confluence on the following day. The cell
monolayer was then scratched with a sterile micropipette tip, washed with PBS to
eliminated scratched floating cells and feed with RPMI-1% FBS medium. The area free
of cells was allowed to repopulate the wound by cell migration. The area that
remained clear of cells after 4, 8, and 12 hours was quantified using ImagelJ software
(NIH-National Institutes of Health) and compared with the scratched area at time zero.
The averages of three independent experiments in triplicate are shown.

Matrigel invasion assay
The ability of cells to invade through matrigel-coated filters was determined using a 24
well-plate Boyden chamber (Beckton Dickinson; 8 um pore size). SCC25 KO RHOA cells
in which RHOA wt or E40Q was reintroduced (fused to GFP) and the corresponding GFP
control, were treated for forty-eight hours with or without doxycycline at the
appropriate concentration to induce the expression of transgenes. Then, 10° cells were
resuspended in 100 pL of RPMI-1% FBS in 50% of Matrigel (Corning) and seeded onto
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the membrane of Boyden Chambers. The Matrigel was allowed to solidify at 372C for
20 min. Then, the upper compartment of the transwell was filled with 100 pL of RPMI-
1% FBS and the lower compartment with 600 pL of RPMI-10% FBS, containing or not
doxycycline, generating an FBS-based chemoattraction. Cells were allowed to invade
for 48 h and the invading cells were fixed with cold 100% methanol (Fisher Scientific)
for 5 min and stained with 1% crystal violet in methanol (Crystal violet — Fisher
Scientific) for 10 minutes. Excess of crystal violet was washed out with distilled water.
The non-invading cells were removed from the upper part of the chamber with cotton
swabs. The total number of invading cells was scored after imaging filters with an
inverted microscope (Eclipse TE2000-S — Nikon) at 20X magnification. The number of
colonies in three independent microscope fields was scored (Figure 36). The averages
of three independent experiments in duplicate are shown.

HNSCC cells
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Figure 36. Matrigel invasion assay workflow. (1) HNSCC cells in a 1:1 medium (1% FBS): Matrigel were
seeded into the upper part of the Boyden chamber. (2) After Matrigel solidification, medium was added
to both upper and lower part of the chamber creating an FBS gradient (top and bottom compartments
at 1% and 10%, respectively). (3) Cells were incubated for 48 hours. (5) Upon staining of the cells in the
chamber with crystal violet, invading cells were imaged with an inverted microscope and quantified.
Created in BioRender.com

In vivo cell growth in subcutaneous xenografts
10 NOD/SCID (Charles River Laboratories) 7-16 weeks old female mice were
subcutaneously injected with 1x10% SCC25 shNT and SCC25 shRHOA cells into left and
right flanks. Specifically, cells were resuspended in 100 uL of cold PBS: Matrigel (1:1)
and injected in the rear flanks of mice under mild anesthesia. The tumor size was
measured twice per week for a total of 10 weeks. Tumor volume was calculated based
on tumor dimensions, measured using calipers, and expressed in cubic millimeters
according to the formula: V = 0.5a x b 2, where ‘@’ and ‘b’ are the long and short
diameters of the tumor, respectively. At the end of the experiment, animals were
euthanized, and the tumors were surgically excised and weighted. Finally, xenograft
tumor samples were formalin-fixed (10% neutral buffered formalin — DiaPath), and

139



Materials & Methods Chapter Il

paraffin-embedded (Klinipath) for immunohistochemical analysis. The average tumor
size and tumor volume are shown.

Study of RHOA interactome by shotgun proteomics

To characterize the effectors proteins and regulators binding to RHOA wt and RHOA
E40Q in HNSCC in an unbiased and high-throughput manner we conducted liquid
chromatography coupled to mass spectrometry (LC-MS) studies, which has been
successfully used before for the identification of GAPs and GEFs associated GTPase
proteins °6, Recombinant RHOA wt and RHOA E40Q fused to GST was produced in
bacteria cells, purified and used in a pull-down assay with protein cell lysates from a
broad collection of HNSCC (Table 6). RHOA-bound proteins were analyzed by LC-MS.
The full procedure is described as follows.

pGEX-4T-RHOA WT/E40Q vector generation: RHOA open reading frame coupled to
EcoRl and BamHI restriction sites was cloned into pGEX-4T vector leading to the
expression of a GST-RHOA fusion protein under the control of an inducible lactose
promoter. Isopropyl B-D-1-thiogalactopyranoside (IPTG) lactose analog was used for
transgene expression. pGEX-4T-RHOA WT construction was used to introduce RHOA
E40Q mutation with QuikChange mutagenesis kit (Agilent Technologies Inc.) according
to manufacturer’s specifications. All plasmids were confirmed by Sanger sequencing.

Expression and purification of GST-fusion proteins: The control empty vector pGEX-4T-
GST and pGEX-4T-GST-RHOA constructs (wt and E40Q) were transformed by heat-sock
into E. coli BL21. Transformed cells were grown in 250 ml of liquid LB medium
(1%Tryptone, 0.5%yeast extract, 1%NaCl) supplemented with 100 pg/mL ampicillin at
379C, 250 rpm, until ODggo reached 0.5. The GST, GST-RHOA wt and GST-RHOA E40Q
expression was induced with 0.5 mM IPTG at 302C until ODego = 1 (3h approximately).
Then, bacteria were harvested by centrifugation at 4000 xg, 20 min, and resuspended
in 10 mL of buffer A [50 mM Tris-HCI pH 7.5, 1% Triton X-100, 150 mM NacCl, 5 mM
MgCl2, 1 mM 1,4-Dithiothreitol (DTT), 0.1 pg/mL aprotinin, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 200 pg/mL lysozyme (USB, Chicken egg white)]
and incubated for 20 min on ice. The cells were disrupted by sonication on ice with a
Fisher Sonic Dismembrator Model 100 (30 seconds constant duty cycle, output 4 and 1
min on ice, 4 cycles). Cell debris and high molecular weight DNA were removed by
centrifugation, at 10,000 xg for 30 minutes and the supernatant was recovered. 200 plL
of Glutathione sepharose beads (GSH-sepharose) were equilibrated washing them
twice with 400 pL of buffer A without lysozyme and finally resuspended in 200 plL
complete buffer A. Then, 100 uL of already equilibrated glutathione sepharose beads
was added to the bacterial lysates and incubated in rotation for 2 h at 42C. Next, the
beads were centrifuged at 300 xg for 2 min at 42C, the supernatant was discarded, and
the beads were washed with 400 plL buffer B (50mM Tris pH 7.5, 0.5% triton X-100,
150mM NaCl, 5mM MgCl2, 1mM DTT) 3 times. Finally, the beads were resuspended in
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300 pL buffer C (50mM Tris HCI pH 7.2, 150mM NaCl, 5mM MgCl2, 1ImM DTT, 10%
glycerol) and protein concentration was quantified using BCA™ Protein Assay Kit
(Thermo Scientific), as described before.

Pull-down: 20 pg of recombinant GST, GST-RHOA wt and GST-RHOA E40Q were
incubated for 3 h at 49C in constant rotation with 2 mg of freshly isolated protein
lysate for 10 HNSCC cell lines. Specifically, equivalent amounts of total protein lysate
from FaDu, Detroit562, 92VU040, 92VU041, 92VU078, 92VU080, 92VU094, 92VU120,
JHUO029 and SCC25 HNSCC cells were mixed. The beads were centrifuged centrifuged at
300 xg for 2 min at 42C, the supernatant was discarded, and the beads were washed
with at 1 mL of protein extraction buffer. Finally, the beads were resuspended in 100
pL of 50 uM Tris pH 7.5 and 10 uM DTT as reducing agent. The eluate was processed
for Liquid Chromatography/Mass Spectrometric analysis (LC-MS) as was described
before 2°8,

LC-MS: Sample preparation and trypsin digestion: Protein eluates were concentrated
and buffer exchanged to 6 M Urea 50mM ammonium bicarbonate (AB) using 0.5 mL
3KDa cut-off Amicon Ultra ultrafiltration devices (Merck-Millipore). Total protein
content was quantified using RCDC kit (Bio-Rad). Eight pg of protein were reduced with
DTT to a final concentration of 10 mM, for 1 h at RT, and then alkylated with 20 mM of
iodoacetamide (IAA) for 30 min at RT in the dark. Carbamidomethylation reaction was
guenched by addition of N-acetyl-L-cysteine to final concentration of 35 mM followed
by incubation for 15 min at RT in the dark. Samples were diluted with 50 mM AB to a
final concentration of 1 M Urea, and then modified porcine trypsin (Promega Gold)
was added in a ratio of 1:20 (w/w), and the mixture was incubated overnight at 37°C.
The reaction was stopped with formic acid (FA) to a final concentration of 0.5%, and
the digest was kept at -202C until further analysis. Liquid chromatography-Mass 100
spectrometry analysis (LC-MS): Tryptic peptides from RPHP-LC fractions were analyzed
on a LTQ Velos-Orbitrap mass spectrometer (ThermoFisher Scientific, Bremen,
Germany) coupled to a nano-HPLC system (Proxeon Biosystems, Thermo Fisher
Scientific, Bremen). Instrument control was performed using Xcalibur software
package, version 2.2.0 (Thermo Fisher Scientific, Bremen, Germany). Peptide mixtures
were initially concentrated on an EASY-column, 2 cm long, 100 pum internal diameter
(id), and packed with ReproSil C18, 5 um particle size (Proxeon, Thermo Fisher
Scientific), and subsequently chromatographed on an EASY-column, 75 um id, 10 cm
long, and packed with ReproSil-Pur C18-AQ, 3 um particle size (Proxeon, Thermo Fisher
Scientific). An ACN gradient (5- 35% ACN/0.1% formic acid in water, in 120 min, flow
rate of 300 nL/min) was used to elute the peptides through a stainless steel nanobore
emitter (Proxeon, Thermo Fisher Scientific) onto the nano spray ionization source of
the LTQ Velos Orbitrap mass spectrometer. MS/MS fragmentation spectra (200 ms,
100- 2800 m/z) of 20 of the most intense ions, as detected from a 500 ms MS survey
scan (300-1500 m/z), were acquired using a dynamic exclusion time of 20 s for

141



Materials & Methods Chapter Il

precursor selection and excluding single charged ions. Precursor scans were acquired
in the Orbitrap analyzer at a mass resolution of 30,000. MS/MS spectra were acquired
at the LTQ Velos analyzer using normalized collision energy of 35%. An intensity
threshold of 1,000 counts was set for precursor selection. Orbitrap measurements
were performed enabling the lock mass option (m/z 445.120024) for survey scans to
improve mass accuracy. Peptide mapping and protein identification: LC-MS/MS data
were analyzed using the Proteome Discoverer software (Thermo Fisher Scientific) to
generate mgf files. Processed runs were loaded to ProteinScape software (Bruker
Daltonics, Bremen, Germany) and peptides were identified using Mascot (Matrix
Science, London UK) to search the SwissProt 20160108 database, restricting taxonomy
to human proteins (20171 sequences). MS/MS spectra were searched with a precursor
mass tolerance of 10 ppm, fragment tolerance of 0.8 Da, trypsin specificity with a
maximum of 2 missed cleavages, cysteine carbamidomethylation set as fixed
modification and methionine oxidation as variable modification. Significance threshold
for the identifications was set to p<0.05 for the probability-based Mascot score,
minimum ions score of 20, and the identification results were filtered to 1% FDR at
peptide level, based on searches against a Decoy database (Figure 37). The total
number of spectra identified for a protein has used as a quantitative measure of
protein abundance. LC-MS analysis was carried out at the Proteomics Core Facility, Vall
d’Hebron Institut of Oncology (VHIO).

Analysis of spectral count data: To identify and remove backgrouond contaminant
proteins and in specific interactors, CRAPome (Contaminant Repository for Affinity
Purification Mass Spectrometry Data) database was used (crapome.org). This database
aggregates negative controls from multiple MS studies and is a valuable tool to identify
common contaminants across multiple experiments and eliminate them from data
analysis. CRAPome tool calculates SAINT (Significance Analysis of INTeractome) Fold
change (FC-A and FC-B) scores to determine both, enrichment and specificity. Proteins
with SAINT score lower than 0.9 and FC-A and FC-B lower than 3.5 and 2.5,
respectively, were excluded. Proteins binding to GST alone were used for further
filtering and refinement of the results.
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RESULTS

An association between RHOA expression levels and tumorigenesis has been widely
studied in different tumor types. Positive correlations between RHOA expression and
cancer development and progression had been found in gastric cancer®,
hepatocellular carcinoma’®, urinary tract tumors® and breast cancer®. But in 2005, we
reported for colorectal cancer, that lower RHOA expression in patient tumors
associated with poor prognosis'®?, suggesting that the role of RHOA in cancer might be
context-dependent.

More recently, in 2014, recurrent hotspot RHOA mutations were identified using high
throughput genome sequencing, both in hematological malignancies and solid tumor
types?> 2% Specifically for head and neck squamous cell carcinoma (HNSCC), RHOA is
mutated in approximately 2% of the patients. This is a low percentage compared to
other tumor types in which RHOA accumulates mutations, but interestingly E40Q
substitutions present in more than 60% of the tumors of this subset of patients,
suggesting that RHOA E40Q might elicit a relevant role in the HNSCC tumorigenesis.

That was the reason why we found interesting to know which is the role of RHOA and
its hotspot mutant E40Q in this tumor type.

1. Role of RHOA in HNSCC tumors

First, we investigated the role of wild type RHOA in human HNSCC. For this purpose,
the study was addressed using both, tumor samples and clinical data from HNSCC
patients and HNSCC cell lines.

Study of RHOA in HNSCC patient samples

RHOA expression and patient survival:

Two tissue microarrays (TMA), containing triplicate tumor samples from a total of 360
HNSCC patients, were used to investigate possible associations between RHOA tumor
protein expression and clinicopathological features, as well as patient survival. The first
TMA contained95 larynx tumor specimens from patients diagnosed and treated at
Hospital Univertari Vall d’Hebron (HUVH) in Barcelona. The second TMA contained 271
surgical tissue specimens from patients diagnosed with HNSCC arising in the
oropharynx, hypopharynx and larynx at Hospital Universitario Central de Asturias
(HUCA). All samples were retrospectively collected in accordance with the Institutional
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Ethics Committee of the HUVH and HUCA. Informed consent was obtained from all the
patients. All patients were surgically treated, displayed a single primary tumor and
received no chemotherapeutic treatment prior to surgery (neoadjuvant treatment).

RHOA protein expression in tumor samples was determined by immunohistochemistry
using a commercially available monoclonal antibody that specifically recognizes RHOA.
The specificity of the antibody on formalin-fixed, paraffin-embedded samples was
verified by immunostaining in MKNA45 diffuse gastric cancer cells which express RHOA
at high levels, and a RHOA CRISPR/Cas9 knockout engineered cell system grown
subcutaneously in immunodeficient NOD SCID mice (Figure 38 A). The relative
intensity of RHOA immunostaining in each sample of the tissue microarrays was
assessed by an experienced pathologists using a semiquantitative scale ranging from 0
(no staining) to 3 (high staining) and blinded from the clinical data of the patients
(Figure 38 B).

To interrogate differences in patient survival dependent on RHOA protein expression,
tumors were dichotomized into high and low RHOA expression. X-Tile software was
used to identify the cutoff staining level maximizing the differences in survival between
patients with high and low RHOA expression within the tumor. This software is a tool
for the assessment of biological relationships between a biomarker and a clinical
outcome?®>, We evaluated disease-specific (DSS) and disease-free survival (DFS) as
clinical survival outcomes. The first refers to the period between the date of diagnosis
of the patient, until the date of the last follow up (when the patient is alive) or the date
death (when the patient is deceased). Only cancer-associated deaths are considered.
Disease-free survival measures the time from surgery until disease relapse, or the last
follow up.

Survival analyses were performed using a cutoff RHOA staining value of 1.08 to assort
HNSCC patient samples (Figure 38 C-D). Therefore, patient samples with staining
values of 1.08 or lower were considered as low RHOA tumors (280 of 360 tumors,
77.7%), and those displaying a staining intensity higher than 1.08 were considered as
high RHOA (80 of 360 tumors, 22.3%). No differences neither in disease-specific nor
disease-free survival were found (Log-rank test p=0.89 and p=0.71, respectively; Figure
38 C-D). Hence, RHOA expression is not a good prognostic biomarker for HNSCC
patient survival.
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Figure 38. Survival of HNSCC patients with low and high tumor RHOA protein expression. (A)
Validation of the antibody specificity against RHOA by immunostaining in formalin-fixed, paraffin-
embedded MKN45 parental and RHOA KO cells grown as subcutaneous xenografts in NOD/SCID
immunodeficient mice. (B) Expression of RHOA was assessed by immunohistochemistry in a cohort of
360HNSCC tumor samples. Representative images of the different RHOA staining scores are shown: 0:
no staining; 1: low staining; 2: moderate staining; 3: high staining. Higher magnification images of the
boxed regions are shown. (C-D) Kaplan-Meier plots showing C) disease-specific and D) disease-free
survival of the 360HNSCC cancer patients, as a function of RHOA levels. Cutoff value: 1.08. n: number of
patients. Log-rank test p values (P) are shown. Scale bar: 100 pm.

Associations between RHOA expression and other clinicopathological variables, such as
sex, age of diagnostic, degree of differentiation, tumor stage, tobacco and alcohol
consumption, among others, were also explored (Table 9).
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Table 9 Clinicopathological features of the 360 HNSCC patients in the TMAs.

Chapter Il

Total High RHOA  Low RHOA pvalue |
Sex, n (%)
Female 9 4 (5.0) 5(1.8) 0.11°
Male 351 76(95.0) 275(98.2)
Age at diagnosis (years), meantSD| 58.1+10.0 57.3+10.3 58.3+9.9 0.52°
Degree of diffirentiation, n (%)
Good 161 30(38.5) 131 (47.6)
Moderate 119 17 (21.8) 102 (37.1) 0.00001°
Poor 73 31(39.7) 42 (15.3)
Mean follow up (years), meanSD 40+4.4 39+4.2 40+45 0.46°
Five-year survival
Alive 58 11(19.0) 47 (22.2) 0728
Dead 212 47 (81.0) 165 (77.8)
Adjuvant treatment, n (%)
Yes 248 60(77.9) 188(70.4) 0.25°
No 96 17(22.1) 79(29.6)
Stages, n (%)
1 14 3(3.8) 11(4.0)
2 31 7(8.7) 24 (8.6) 0.76°
3 62 17(21.3) 45(16.2)
4 251 53(66.2) 198(71.2)
1,2,3 107 27 (37.8) 80(28.8) 0.41°
4 251 53(66.2) 198(71.2)
Recidiva, n (%)
Yes 227 48 (60.0) 179 (63.9) 0512
No 133 32(40.0) 101(36.1)
Distant metastasis, n (%)
Yes 129 33(41.2) 96 (34.3) 0.29°
No 231 47 (58.3 184 (65.7)
Tobacco consumption, n (%)
>50 PA 117 26(36.6) 91 (34.7) 0.78°
<50 PA 216 45 (63.4) 171 (65.3)
Alcohol consumption, n (%)
Yes 291 62(91.2) 229(90.2) L
No 31 6(8.8) 25(9.8)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.

Interestingly, RHOA expression was associated with the degree of tumor
differentiation (grade) (Fisher test = 10°). Specifically, tumors classified as ‘poorly
differentiated’ exhibited higher levels of RHOA expression (Figure 39 A). Interestingly,
disease-specific survival (DSS) and disease-free survival (DFS) outcomes of poorly
differentiated tumor patients were significantly reduced when compared with ‘good
differentiated” and ‘moderate differentiated’ tumor patients (Figure 39 B-C). No
significant associations were observed between RHOA protein expression and the rest

of the clinicopathological variables studied.
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Figure 39. RHOA tumor expression and survival outcomes according to the grade of differentiation of
primary HNSCC tumors. The levels of RHOA immunostaining in tissue microarrays containing triplicate
tumor samples from 360 patients with head and neck squamous cell carcinoma (HNSCC) were quantified
blinded from the clinical patient data. (A)The histogram shows the average intensity (+SEM) of RHOA
immunostaining in HNSCC tumors according to the degree of differentiation (grade). (B-C) The average
of the disease-specific (DSS)B) and disease-free (DFS)C) survival outcomes expressed in years was
calculated for HNSCC tumours according the degree of differentiation (grade). *Student’s t-test p<0.05;
**p<0.01; ****p<0.0001. G1: well differentiated, G2: moderately differentiated, G3: poorly
differentiated.

It is well known that HNSCC is a very heterogeneous cancer type that comprises
different organs (Figure 28). The TMAs used in this study contained tumor tissues from
oropharynx (n=182), hypopharynx (n=49) and larynx(n=129). We wondered whether
RHOA expression level was similar in all tumor sites or conversely the tumor location
strongly influenced RHOA expression. RHOA protein expression was found to be
significantly higher in hypopharynx and larynx compared with oropharynx (Figure 40
A). Hence, we decided to reanalyze patient survival separately for tumor location at
the time of diagnosis. Tumors were classified as oropharynx, hypopharynx and larynx
location and analyzed separately. RHOA tumor protein expression was dichotomized in
two groups (high and low RHOA) as previously described (Figure 40 B-D).

No associations between RHOA protein levels and survival were found in oropharynx
and hypopharynx head and neck patients (Figure 40 B-C). However, a significant
association between RHOA levels and disease-specific survival was observed in larynx
tumor patients (cutoff value 1.08; Logrank test p=0.02; Figure 40 D, left). Consistently,
a clear trend and close to statistical significance, was also observed between RHOA
levels and with disease-free survivalin this cohort of patients (cutoff value 1.08;
Logrank test p=0.06; Figure 40 D, right).
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Figure 40. Survival of oropharynx, hypopharynx and larynx tumor patients with low and high RHOA
protein expression. (A) RHOA tumor protein expression in patients affected by head and neck tumors in
different anatomical regions. Average (+SEM) of RHOA protein immunostaining levels (score) in
oropharynx (OP), hypopharynx (HP) and larynx (L) cancer patients. n: number of samples.**Student’s t-
test p<0.01, *** p<0.001.(B-D)Kaplan-Meier plots showing disease-specific and disease-free survival of
182 oropharynx (B), 49 hypopharynx (C) and 135 larynx (D) cancer patients, as a function of RHOA
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We also repeated the association analysis between RHOA protein expression and the
main clinicopathological features. RHOA expression was associated with the degree of
tumor differentiation (grade) in oropharynx (Fisher test = 0.01, Supplementary Table
1, Supplementary Figure 1) and hypopharynx (Fisher test= 0.01, Supplementary
Table2, Supplementary Figure 2) tumors, whereas this association was not observed in
larynx (Fisher test= 0.1, Table 10). No other associations were observed between
RHOA protein expression and the clinicopathological variables studied.
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Table 10.Clinicopathological features of the 135 larynx cancer patients in the HUCA/HUVH cohort and

associations with RHOA protein expression.

Total High RHOA Low RHOA p value
Sex, n (%)
Female 3 2(5.9) 1(1.1) 0.172
Male 132 32(94.1) 94 (98.9)
Age at diagnosis (years), meantSD| 59.3+10.2 56.5+9.4 60.3+10.4 0.93°
Degree of diffirentiation, n (%)
Good 66 15(46.9) 51(56.7)
Moderate 39 9(28.1) 30(33.3) 0.1°
Poor 17 8(25.0) 9(10.0)
Mean follow up (years), meanSD 15+1.9 1114 16+2.0 0.86°
Five-year survival
Alive 60 12(37.5) 48 (57.1) 0.062
Dead 56 20(62.5) 36(42.9)
Adjuvant treatment, n (%)
Yes 82 23(74.2) 59(71.1) 0.81°
No 32 8(25.8) 24 (28.9)
Stages, n (%)
1 11 2(5.9) 9(9.7)
2 16 6(17.6) 10(10.8)
0.60°
3 29 9(26.5) 20(21.5)
4 71 17(50.0) 54 (58.0)
1,23 56 17(50.0) 39(42.0) 0.40°
4 71 17 (50.0) 54 (58.0)
Recidiva, n (%)
Yes 49 16 (47.1) 33(34.7) 0.22°
No 80 18(52.9) 62 (65.3)
Distant metastasis, n (%)
Yes 16 6(17.6) 10(10.5) 0.36°
No 113 28(82.4) 85 (89.5)
Tobacco consumption, n (%)
>50 PA 23 8(29.6) 15(19.2) 0.282
<50 PA 82 19(70.4) 63 (80.8)
Alcohol consumption, n (%)
Yes 72 20(83.3) 52(74.3) 0.42°
No 22 4(16.7) 18(25.7)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.

Collectively, RHOA protein expression in HNSCC as a single disease does not associate

with patient survival but could constitute a good marker for tumor differentiation

grade. However, if patient survival is analyzed stratifying patients according to

anatomical localization of the tumors (oropharynx, hypopharynx or larynx), there is a

significant association between RHOA expression and the survival of patients with

larynx cancer. Strikingly, the RHOA association found with the degree of differentiation

in oropharynx and hypopharynx tumors was not observed in larynx tumors.
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To confirm the associations regarding patient survival and clinicopathological features
in the TMAs from the HUCA/HUVH, we conducted additional analysis using the data
available at The Cancer Genome Atlas (TCGA). Specifically, we used the cohort of
patient samples from “Head and Neck Squamous Cell Carcinoma - TCGA, Firehose
Legacy” dataset, which contains mRNA expression levels obtained through RNA
sequencing for 528 HNSCC patients. RNA levels in the dataset are expressed as z-
scores. This value computes the relative expression of an individual gene and tumor to
the gene's expression distribution in a reference population. That reference population
is either all diploid tumors for the target gene or, when available, normal adjacent
tissue. In the HNSCC Legacy dataset z-score is defined as the number of standard
deviations by which a given transcript in a given sample is above or below the mean of
expression across all tumor samples in the dataset. Specifically, for RHOA a positive z-
score in a tumor sample indicates RHOA expression above the average of all tumor
samples, whereas a negative z-score indicates lower expression compared to the
mean.

To investigate survival differences associated with the expression of RHOA mRNA
within the tumor, patients were divided into two groups (low and high RHOA
expression) as described above using X-Tile software. Patients with RHOA mRNA z-
score expression bellow-1.800 were classified in the low RHOA mRNA group, whereas
patients with z-score higher than -1.800, were classified in the high RHOA mRNA

group.
When the association of RHOA expression with survival (both, disease-specific and

disease-free types) was studied considering all patients in the TCGA dataset, no
significant differences were obtained between high and low RHOA groups (Figure 51).
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Figure 41. Survival of HNSCC patients as a function of RHOA mRNA expression. Kaplan-Meier plots
showing A) disease-specific and B) disease-free survival of 518 and 392 HNSCC cancer patients,
respectively, as a function of RHOA tumor mRNA expression (RNA-sequencing, z-score). Cutoff value: -
1.800. n: number of patients. Log-rank test p values (P) are shown.
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No significant associations were found either between RHOA transcript expression and
patient/tumor clinicopathological features. Only patient sex showed a significant
association, specifically, tumors from female patients displayed high levels of RHOA
(Table 11).

Table 11. Clinicopathological features of 520 HNSCC cancer patients from TCGA and association with

RHOA transcript expression.

Total High RHOA Low RHOA p value
Sex, n (%)
Female 136 106 (30.7) 30(17.1) 0.001°
Male 384 239(69.3) 145 (82.9) :
Age at diagnosis (years), meantSD| 60.9+11,9 60.9+12.9 60.8+9.6 0.97°
Degree of diffirentiation, n (%)
Good 62 42(12.8) 20(11.7)
Moderate 304 195 (59.6) 109 (63.4) 0.67°
Poor 132 90(27.5) 42 (24.6)
Mean follow up (years), meantSD| 2.52+2.38 2.51+2.54 2.53+2.02 0.61°
Five-year survival
Alive 265 165 (53.7) 100 (63.3) 0,06°
Dead 200 142 (46.3) 58(36.7)
Adjuvant treatment, n (%)
Yes 120 83 (66.4) 37(64.9) 0.87°
No 62 42(33.6) 20(35.1)
Stages, n (%)
1 27 19 (6.5) 8(5.3)
2 71 52(17.6) 19 (12.7) 053
3 81 52(17.6) 29(19.3)
4 266 172 (58.3) 94 (62.7)
1,2,3 179 123 (41.7) 56(37.3) 0.41°
4 266 172(58.3) 94 (62.7) '
Recidiva, n (%)
Yes 48 36(27.7) 12(19.7) 0.28°
No 143 94 (72.3) 49(80.3)
Distant metastasis, n (%)
Yes 6 3(0.9) 3(0.6) 0.40°
No 489 328(99.1) 161 (99.4)
Tobacco consumption, n (%)
>50PA 105 61(32.6) 44.(40.4) 0210
<50 PA 191 126 (67.4) 65 (59.6) '
Alcohol consumption, n (%)
Yes 166 107 (75.4) 59 (75.6) 12
No 54 35 (24.6) 19 (24.4)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.

We also analyzed TCGA data stratifying HNSCC patients according to the anatomical
location of the tumor. This time fourth anatomical regions were defined: oral cavity
(OC), oropharynx (OP), hypopharynx (HP) and larynx (L). The oral cavity group was
formed by tumors occurring at the oral tongue, floor mouth, hard palate, buccal
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mucosa, alveolar ridge, lips and oral cavity as generic label. The oropharynx tumors
contained malignancies arising in the base of tongue, tonsils and oropharynx.
Hypopharynx and larynx groups were not further subdivided. As observed for RHOA
protein, RHOA mRNA expression was dependent on the anatomical location.
Significant differences in expression were observed when comparing oral cavity and
oropharynx tumors with larynx tumors, which turned out to display the highest RHOA
transcript levels (Figure 42 A).

We conducted correlation studies to identify association of RHOA mRNA levels with
patient survival in all the different HNSCC anatomical locations except for hypopharynx
tumors. The small number of tumors in this location (n= 10) prevented a reliable
analysis. Patients exhibiting tumors in oral cavity (OC), oropharynx (OP) and larynx
were dichotomized into two groups: low and high RHOA mRNA using the z-score cutoff
used before for the entire cohort of HNSCC samples (-1.800). The results in patient
survival obtained with RHOA mRNA mimicked the results with RHOA protein levels in
the TMA (Figure 42 B-D). Briefly, high RHOA mRNA levels in larynx patients were
associated with lower disease-specific and disease-free survival (Figure 42 D), whereas
no associations in the survival outcomes studied were found for OC and OP tumor
patients (Figure 42 B-C).
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Figure 42. Survival of oral cavity, oropharynx and larynx cancer patients from the TCGA with low and
high RHOA mRNA levels. (A) RHOA mRNA levels in different head and neck localizations. Average
(xtSEM) of RHOA mRNA expression (z-score values) in oral cavity (OC), oropharynx (OP), hypopharynx
(HP) and larynx (L) samples. n: number of samples. ***Student’s t-test p<0.001, ****p<0.0001. (B-D)
Kaplan-Meier plots showing disease-specific and disease-free survival of 315 oral cavity (B), 79
oropharynx (C) and 116 larynx (D) cancer patients, as a function of RHOA mRNA levels. Cutoff value: -
1.800. n: number of patients. Log-rank test p values (P) are shown.
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Potential associations between RHOA transcript expression and clinicopathological
features were evaluated individually for each anatomical region. The higher RHOA
MRNA expression in female patients observed when analyzing the entire cohort of
HNSCC patients was maintained in oral cavity tumors but lost in oropharynx and larynx
tumor samples (Supplementary Table 3-4 and Table 12). No additional associations
were found. The correlation of RHOA levels with tumor differentiation evidenced when
analyzing RHOA protein expression in the HUCA/HUVH TMAs, was not observed when
addressing the same analysis at the mRNA level in TCGA dataset. RHOA protein
expression in the HUCA/HUVH cohort was assessed exclusively in the epithelial
compartment of the tumors, while RNA sequencing data was generated using bulk
tumors, which additionally to epithelial cells can contain activated fibroblasts,
endothelial cells and immune cells infiltrate. Considering that RHOA is a ubiquitous
protein, the mixed cellular composition in the RNA sequencing might influence some
of the results obtained.

Collectively, our analyses indicate that RHOA expression is a prognosis factor in HNSCC
patients affected by larynx tumors. Specifically, high expression of the GTPase
associate with poor disease-specific and disease-free survival. And also, reinforce the
idea that the role of RHOA in the oncogenic process is highly dependent on the tumor
context.
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Table 12. Clinicopathological features of 116 larynx cancer patients from TCGA and association with

RHOA transcript expression.

Total High RHOA Low RHOA p value
Sex, n (%)
Female 20 12 (60) 8(40) 0.62°
Male 96 49 (51.04) 47 (48.96) '
Age at diagnosis (years), meantSD| 60.93+11.94 | 60.30+12.24 | 61.91+11.44 0.67"
Degree of diffirentiation, n (%)
Good 8 5(62.50) 3(37.50)
Moderate 71 37(52.11) 34(47.89) 0.772
Poor 33 16 (48.48) 17(51.52)
Mean follow up (years), meanSD| 2.49+2.35 2.46%2.26 2.57+2.50 0.42°
Five-year survival
Alive 57 22(42.3) 35(76.1) 0,001°
Dead 41 30(57.7) 11(23.9)
Adjuvant treatment, n (%)
Yes 27 15 (55.56) 12 (44.44) 13
No 4 2(50.00) 2(50.00)
Stages, n (%)
1 2 0(0.00) 2 (100.00)
2 9 6(66.67) 3(33.33) NA
3 14 7 (50.00) 7 (50.00)
4 74 40 (54.05) 34(45.95)
1,2,3 25 13(52.00) 10 (48.00) 0.83°
4 74 40 (54.05) 34 (45.95) '
Recidiva, n (%)
Yes 3 3(100.00) 0(0.00) 0.22°
No 28 13 (46.43) 15 (53.57)
Distant metastasis, n (%)
Yes 1 0 1(6.7) 0.36°
No 40 26 (100) 14 (93.3)
Tobacco consumption, n (%)
>50 PA 107 54(50.47) 53(49.53) 0.21
<50 PA 6 5(83.33) 1(16.67) '
Alcohol consumption, n (%)
Yes 38 15(83.3) 23(85.2) 13
No 7 3(16.7) 4(14.8)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test; N.A.: not applicable.

Study of the role of RHOA in the oncogenic process of HNSCC

using cell lines
As shown in the previous section, RHOA protein expression levels are associated with
HNSCC patient survival, specifically in larynx-affected cancer patients; and also with
cell differentiation, which has a profound impact on tumor progression and has very
recently incorporated as an emerging enabling cancer characteristic in the hallmarks of
cancer3. To investigate the role of RHOA in HNSCC, we generated isogenic cell line
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downregulating this GTPase to further address a functional characterization of this
GTPase in vitro and in vivo.

Generation of isogenic HNSCC cell systems downregulating RHOA expression. We
engineered two independent HNSCC cell line systems in which we downregulate or
eliminate RHOA expression. The first consisted in a constitute RHOA knockdown (KD)
using pLKO lentiviral vectors for the expression of shRNAs against RHOA (Sigma
Mission clones TRCN0O000047710 (sh10), TRCN0O000047711 (sh1l) and
TRCN0000047712 (sh12)). The second was based on RHOA knocked-out using a
CRISPR/Cas9 approach.

To select the cell line models for the modulation of RHOA expression, first the genomic
sequence of RHOA was analyzed in a panel of 12 HNSCC cell lines available. RHOA DNA
was analyzed through Sanger capillary electrophoresis sequencing to determine RHOA
mutational status. Only JHUO029 larynx cell line was shown to have a RHOA mutation
(change A61V) (data not shown). Next, the expression of RHOA protein was assessed
by Western blotting and moderate differences were found among the HNSCC cell lines
tested (Figure 43).
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Figure 43. RHOA expression in HNSCC cell lines. (A) RHOA protein expression was assessed by Western
blot in a panel of 12 HNSCC cell lines. Vinculin expression is shown as loading control. HP: hypopharynx,
T: tongue; L: larynx. B) The intensity of RHOA signaling A) was quantified using Image) and normalized to
the vinculin protein.

Based on RHOA expression results, SCC25 and JHUO12cells lines isolated from oral
cavity (tongue) and larynx cancers, respectively, and with moderate levels of RHOA
protein expression, were selected for the downregulation of RHOA.

Constitutive overexpression of three independent shRNAs targeting RHOA was used to
generate SCC25 RHOA downregulation (RHOA KD) cell systems. After lentiviral
transduction and puromycin selection, RHOA downregulation was confirmed by
western blot (Figure 43 A).
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As an alternative approach, the wild type RHOA in SCC25 and JHUO12 cells was
knocked out using a CRISPR/Cas9 approach. We co-transfected these cell lines with
vectors containing a gRNA targeting RHOA exon 3 and the Cas9 endonuclease fused to
the GFP fluorescent reporter protein. GFP-positive cells were then sorted, seeded at
low density, and allowed to grow as individual clones.

A total of 35 single cell clones for the SCC25 cell sand 60 clones for the JHU012 cells
were picked, amplified and analyzed by Sanger sequencing. Low genome editing rate
was achieved in both cell line models, with only two clones for SCC25 (clones KO4 and
KO31) (5.7%) and five clones for JHU012 (8.3%; clones KO1, KO39, KO40, KO57 and
KO87) displaying RHOA mutations after gRNA targeting of exon 3 (Figure 44 B). Both
SCC25 clones (KO4 and KO31), and KO39 and KO40JHUO012 clones showed RHOA
frameshift mutations, whereas KO1, KO57 and KO87 JHUO012 clones displayed
truncating mutations. These last 3 clones were chosen to characterize the RHOA
expression loss in JHUO12 cells in further analysis. The absence of RHOA protein
expression in the clones bearing frameshift and truncating mutations in the RHOA
coding sequence was confirmed by Western blot (Figure 44 C-D).
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Figure 44.Validation of SCC25RHOA KD, and SCC25 and JHUO012 isogenic cell line models with targeted
inactivation of RHOA by CRISPR/Cas9 technology. (A) Western blot showing the levels of RHOA
expression after stable RHOA downregulation (RHOA KD) with targeting shRNAs (sh10, sh11 and sh12) in
the tongue cancer cell line SCC25.Tubulin was used as loading control. Par.: parental cell line, shNT: non-

Tubulin

targeting shRNA. (B) Four-colour DNA chromatogram showing the results of RHOA exon3 sequencing in
a parental cell line (WT) and two mutant clones (MUT). A representative example of a point mutation
(black arrow) and a frameshift mutation (dashed rectangle) is shown. sgRNA (purple rectangle) and PAM
sequences (green line) are indicated in the figure. C) RHOA protein expression in SCC25 parental (Par.), a
wild type clon (WT1) and RHOA knockout clones (KO4 and KO31). Tubulin levels are shown as a loading
control. C) RHOA protein expression in JHUO12 parental (Par.), a pool of three RHOA WT clones
(PolyWT) and RHOA knockout (RHOA KO) clones (KO1, KO39, KO40, KO57 and KO87). Tubulin and
vinculin levels are shown as a loading control.
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RHOA downregulation reduced HNSCC cell growth and migration in vitro and in vivo.
Unlimited proliferation is one of the most important abilities acquired by tumoral cells
in the first steps of carcinogenesis. Indeed, the sustained proliferative signaling is one
of the eight hallmarks of cancer established by Hanahan and Weinberg®. Therefore, the
engineered cell line systems were used to study the possible role of RHOA on the
growth of HNSCC cells in vitro.

Cell growth in SCC25 RHOA KD cell systems was determined by directly counting the
number of cells over time, and by sulforhodamine B (SRB) staining of cellular protein
content as a surrogate marker of cell density. Despite not reaching statistical
significance, RHOA downregulation led to a reproducible reduction in cell growth
(Figure 45 A-B). This trend was specially observed with the sh12 targeting RHOA.

The ability of a single cell to form a colony is also an important feature of
tumorigenesis. This capacity to sustain long-term proliferation was tested in the
engineered SCC25 RHOA KD cells growing on a solid substrate and resulted in a
significant colony formation reduction on solid substrate compared with the
corresponding non targeting control (Figure 45 C).
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Figure 45. Effects of RHOA expression downregulation through shRNA in cell growth and colony

formation ability ofSCC25 tongue cancer cells. (A-B) The effects of RHOA downregulation with shRNAs

targeting RHOA -sh10, sh1l and sh12- or the corresponding non-targeting control on the growth of

SCC25 tongue cancer cells was assessed by cell counting (A) and SRB staining (B). (C) Changes in the

colony formation ability on solid substrate. ns: no significant; *Student’s t-test p<0.05, comparing versus

shNT.
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The effect of RHOA downregulation in tumor growth was also investigated in vivo.
SCC25 cells stably expressingsh12 against RHOA (shRHOA) or the control non-targeted
RNA (shNT)were subcutaneously injected in the rear flanks of immunodeficient
NOD/SCID mice. A noticeable decrease in growth was observed for RHOA-deficient
tumors compared to RHOA shNT tumors, when monitoring the volume of the formed
tumors along time (Figure 46 A). However, the differences did not reach statistical
significance. No significant differences were found either when the weight of tumors
was analyzed at endpoint (Figure 46 B).
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Figure 46. Effect of RHOA downregulation in the growth of SCC25 tongue cancer cells in vivo. (A-B)
Effects of RHOA downregulation on the growth of SCC25 shRHOA and the corresponding controls
shRNA, by measuring tumor volume overtime upon injecting the cells subcutaneously in NOD/SCID
animals A) and by determining tumor weigh at the endpoint (B). The averages of tumor volume and
tumor weigh (xSEM) are shown. n indicates number of animals per group.

To further confirm the results obtained with SCC25 RHOA KD cells, namely, a potential
oncogenic role of RHOA in HNSCC, the functional characterization of this GTPase was
approached as well with the generated RHOA KO cell systems in SCC25 and JHUQ12
cells through CRISPR/Cas9 technology. The growth of SCC25 KO4 and KO31 clones
were assessed by direct cell counting to confirm the phenotype observed in our
engineered cell line systems in which RHOA was downregulated using shRNAs.
Accordingly, RHOA KO clones exhibited a marked and significant reduction in cell
growth compared with parental cells, thus confirming and extending the results
obtained with the shRNA approach (Figure 47).
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Figure 47. Effect of knocking out RHOA on the growth of SCC25 cells. The effect of knocking out RHOA
on cell growth was assessed in SCC25 cells by direct cell counting. Averaged number of cells (£SEM) of
three independent experiments is represented. *Student’s t-test p<0.05.

The functional role of RHOA have not been previously investigated in larynx cancer
cells. Therefore, we not only studied cell growth (through cell count and SRB staining)
and colony formation ability on solid substrate for JHUO12 RHOA KO cells, but also
extended the study to possible changes in their motility using a wound healing assay.
Three RHOA KO clones (KO1, KO57 and KO87) and three RHOA WT clones (WT15,
WT18 and WT25) were pooled together to generate polyKO and polyWT cell line
systems. JHUO12 polyKO showed a significant reduction in cell growth compared to
JHUO12 polyWT when growth was assessed through direct cell counting, but not when
assessed with SRB staining (Figure 48 A). Colony formation ability and migration of
JHUO12 cells were also impaired when RHOA was knocked out (Figure 48 B-D).
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Figure 48. Effect of RHOA KO in cell growth, colony formation on solid substrate and cell migration in
JHUO012 larynx tumor cells. (A) The growth of JHU012 RHOA KO cells was assessed by direct cell
counting and SRB staining. A pool of three RHOA KO clones (KO1, KO57 and KO87 clones, PolyKO) was
compared to a pool of three RHOA WT clones (KO15, KO18 and WT25, PolyWT). (B) Colony formation
ability of cells on solid substrate (data represent a representative experiment performed in duplicate of
three independent experiments), and (C) cell motility measured by wound-healing of JHU012 PolyKO
and PolyWT cell systems. (D) Representative pictures of cells at 0- and 12-hour time-point in the wound-
healing are shown. The mean (*SEM) of three independent experiments carried out in triplicates is
shown. *Student’s t-test p<0.05.
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The results obtained by RHOA downregulation through shRNAs and targeted
inactivation though CRISPR/Cas9 in SCC25 cells, are consistent with an oncogenic
function in tongue cancer, and this is in good agreement with previous studies3®,
Moreover, the results obtained by knocking out RHOA in JHUO12 cells demonstrate for
the first time that RHOA might act also as an oncogene in the tumorigenic process in
larynx tumors.

2. RHOA mutations in HNSCC:

As mentioned above, recurrent RHOA mutations are observed in HNSCC, but the
biological significance of these mutations has not been investigated. Here, we first
analysed the genetic data available at public repositories, and then engineered
isogenic cell line systems with RHOA manipulations to directly investigate the
functional role of E40Q mutations.

RHOA mutation profile in HNSCC patient tumors
RHOA mutation profile was studied using a cohort of 827 Stage HNSCC patients
available at The Cancer Genome Atlas (TCGA) program. Patient samples were collected
from 5 different studies30%:210.211,302 (Taple 13).

Table 13. Studies used to evaluate the mutational profile of RHOA in HNSCC

Number of

Study Reference
cases
Head and Neck Squamous Cell Carcinoma (TCGA, 530 Broad GDAC Firehose
Firehose Legacy) 20160128 run
Recurrent and Metastatic Head & Neck Cancer 151 301
(MSKCC, JAMA Oncol. 2016)

Head and Neck Squamous Cell Carcinoma (Johns 12 210
Hopkins, Science 2011)

Head and Neck Squamous Cells Carcinoma 74 211
(Broad, Science 2011)

Oral Squamous Cell Carcinoma
. 40 302
(MD, Anderson, Cancer Discov. 2013)

Twelve mutations affecting RHOA were identified in these studies, representing a
1.57% mutation rate in the full cohort of 825 HNSCC patients included in this study.
Among the 12 mutations identified, 11 mutations were missense and 1 was a
truncating mutation (Figure 49).

Mutations at codon 40 of RHOA (E40Q) comprised the 45.5% of missense RHOA
mutations (5 out of the 11 missense mutations). Regarding the anatomical location of
the primary tumors containing RHOA E40Q mutations, we observed that this change
was predominant in the oral cavity (4 out of 5 RHOA E40Q mutant tumors), although
also detected in larynx malignancies (1 out of 5 RHOA E40Q mutant tumors). No
hypopharynx tumors containing E40Q RHOA hotspot mutation were found (Figure 49).
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Figure 49. RHOA E40Q mutation in HNSCC patients from TCGA. RHOA was mutated in almost 2% of
HNSCC patients investigated from TCGA?%% 211,301,302 RHOA E40Q mutation represents more than 45% of
these mutations. RHOA mutation mapper and details of the HNSCC patients with RHOA E40Q mutation
are shown.

The role of RHOA E40Q in HNSCC cell lines
As shown before, RHOA is expressed at different levels in the different anatomical
locations classified as HNSCC (Figure 40 and 42). Moreover, the mutation data in
patient samples indicated that RHOA E40Q mutations are not restricted to a specific
head and neck region. Hence, we decided to investigate the role of RHOA E40Q in vitro
using the RHOA KO cell systems generated with SCC25 and JHUO12 cell lines, which
were derived from tongue and larynx tumors, respectively.

SCC25 KO4 (SCC25 RHOA KO) and JHU012 KO1(JHUO12 RHOA KO) clones were stably
transduced were stably transduced with lentiviral particles containing a pINDUCER20
vector expressing human wild-type RHOA or the hotspot mutant RHOA E40Q fused to
GFP in the N-terminal end (GFP-RHOA wt and GFP-RHOA E40Q, respectively), or the
corresponding empty vector control (GFP). After neomycin selection and FACS/sorting
for enrichment in GFP-positive cells, cell lines were analyzed by flow cytometry. GFP-
positive cells ranged between 84.7% and 95.3 % upon induction for 48 h of the
corresponding transgenes (Figure 50 A-B). In addition, doxycycline-dependent
expression of RHOA was assessed by Western blot using several concentrations of the
antibiotic. Because supraphysiological expression of a small GTPase can indirectly
affect the stability of other GTPases through the competition for binding to GDP-



Chapter Il Results

dissociation inhibitor such as GDI13%% 3% doxycycline concentration was adjusted in
order to re-express RHOA (GFP-RHOA wt or GFP-RHOA E40Q) at levels close to the
physiological ones in the parental SCC25 and JHUO12 cells. A moderate expression of
GFP-RHOA was observed upon 48 hours of induction at concentrations of doxycycline
in the ng/ml range in both HNSCC cell line models (Figure 50 C). We selected two
different concentrations of doxycycline to conduct the subsequent functional analysis:
one concentration leading to a physiological RHOA protein expression (10 ng/mL Dox)
and thus able to avoid a misbalance between Rho GTPases and the engagement of the
crosstalk described above; and another one leading to RHOA protein titers higher than
the endogenous (100 ng/mL Dox).
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Figure 50. RHOA WT or E40Q mutant reintroduction in HNSCC RHOA KO cell lines. (A-B) Flow
cytometry analysis of SCC25 A) and JHUO12 B) engineered cell lines. The percentage of GFP-positive cells
is indicated. (C) Western blot showing GFP alone and/or GFP-RHOA wt/E40Q expression after
48htreatment with increasing concentrations of doxycycline (ng/mL). Vinculin levels are shown as
loading control. GFP in SSC25 (upper left panel) was detected using an antibody against GFP. GFP-RHOA
was detected in the rest of panels using an antibody against RHOA.

Differences in cell growth, migration and invasion were assessed in the SCC25 newly
engineered cell line systems. Cell growth was assessed as described previously,
through direct cell counting and SRB staining. Reintroduction of GFP-RHOA wt would
be expected to rescue the growth reduction caused by knocking out RHOA. However,
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no differences were found when GFP-RHOA wt or GFP-RHOA E40Q expression were re-
expressed, at physiological or supra-physiological levels (Figure 51 A).

The formation of distant metastasis is the main cause of cancer death. Changes in the
actin cytoskeleton assembly are essential in the migration and invasion of tumor cells,
and Rho GTPases are well known for orchestrating cytoskeletal rearrangements and
thus contribute to the metastatic process!’''’4, Next, the effect of RHOA
reintroduction on the capacity of SCC25 cells to migrate/invade was assessed. The
migration and invasion capacity of theSCC25 RHOA KO isogenic models in which GFP-
RHOA wt or GFP-RHOAE40Q were reintroduced was studied using a wound-healing
assay and a Boyden chamber Matrigel invasion assay, respectively. In the wound
healing assay, the motility of the cells is evaluated by their capacity to close a wound
made on a confluent monolayer of cells. In the Boyden chamber Matrigel invasion
assay, the invasive capacity of the cells is measured by their capacity to degrade and
migrate through a complex extracellular matrix, mimicking the basement membrane
components, in response to chemo-attractants. The motility of SCC25 RHOA KO cells
was not affected upon GFP-RHOA wt or GFP-RHOA E40Q doxycycline-induced
overexpression (Figure 51 B). Likewise, no differences were detected in the Matrigel
transwell invasion capacity of SCC25 RHOA KO cells after reintroduction of wild type or
E40Q RHOA (Figure 51 C).
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Figure 51. Effect of GFP-RHOA wt and GFP-RHOA E40Q reintroduction in the SCC25 RHOA KO cell line
model. (A) Cell growth of SCC25 RHOA KO with doxycycline-inducible (10 and 100 ng/ml) overexpression
of GFP-RHOA wt or E40Q measured by direct cell counting and SRB staining approaches. (B) Motility of
cells in (A) measured by wound-healing assay. (C) Invasion capacity of cells in (A) measured as the
number of cells reaching the lower chamber in a Matrigel transwell invasion assay. Cells overexpressing
GFP in a doxycycline-dependent manner were used as control in all the assays. The mean (+SEM) of
three independent experiments carried out in triplicates is shown.

We also assessed cell growth in the JHU012 RHOA KO isogenic models in which GFP-
RHOA wt or GFP-RHOAE40Q was reintroduced. Similarly, to the results observed in
SCC25 cells, no differences were found in the number of cells or SRB staining upon
GFP-RHOA wt or E40Q doxycycline-dependent expression (Figure 52). Accordingly,
these intriguing results observed in tongue and larynx HNSCC cell lines were not cell
type dependent.
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Figure 52. Effects of RHOA wt and RHOA E40Q reintroduction in JHU012 RHOA KO cell model. Cell
growth of JHUO012 cancer cells RHOA KO after induction of GFP-RHOA wt or E40Q overexpression (10
and 100 ng/ml Dox) and using GFP overexpression as control, measured through cell counting and SRB
staining approaches. Overexpression of GFP was used as control in every assay. The mean (+SEM) of
three independent experiments carried out in triplicates is shown.

We were highly intrigued by the fact that RHOA re-expression in RHOA-deficient
models was unable to restore the cellular features altered by the later.

Analysis of the human genome with high-throughput technologies has revealed that
only about 1.5% of the genetic material encodes for proteins. Indeed, most genomic
DNA participates in the regulation of gene expression at the transcriptional or post-
transcriptional level. In eukaryotic cells, mature mRNAs contain untranslated regions in
the 3’ and 5’ end of the coding region (3’-UTRand 5’-UTR, respectively). UTRs are
instrumental in the post-transcriptional regulation of gene expression, being highly
involved in the transport of mRNAs out of the nucleus, the subcellular localization and
stability, and in the control of the translation efficiency3%>. The lentiviral vectors used
for the reintroduction of GFP-RHOA wt and GFP-RHOA E40Q in the SCC25 and JHU012
HNSCC RHOA KO cell line systems, contained exclusively the RHOA protein coding
sequencing, namely open reading frame. We wondered whether the inability of
exogenous GFP-RHOA to restore RHOA-deficiency could be related to the lack of
regulatory sequences such as UTRs in the new source of RHOA within cells. In addition,
it has been reported that GFP and other tags, such as His-tag might affect the
bioactivity of the protein to which it is bound3% 307, Although GFP did not impair RHOA
function in other cell line models such as colorectal or gastric cancer, but we could not
rule out that key binding or catalytic sites in HNSCC would be masked by fusion and
folding of GFP reporter fluorescent protein. Accordingly, we build a pINDUCER20
lentiviral vector containing RHOA wt and RHOA E40Q lacking GFP tag in the coding
sequencing and containing the full length 5’- and 3’-URTs.
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We generated SCC25 RHOA polyKO and JHUO12 RHOA polyKO cell systems by pooling
together the clones KO4 and KO31 for SCC25; and clones KO1, KO57 and KO87, for
JHUO12. Next, RHOA polyKO cell line systems were stably transduced with the newly
generated constructs encoding RHOA wt or RHOA E40Q (henceforth called RHOA
wtU™s and RHOA E40QU™s). After neomycin selection and forty-eight hours of
induction with doxycycline, the expression of RHOA was assessed by Western blot to
confirm efficient transgene expression. Results showed that RHOA wtV™ and RHOA
E40QV™s were expressed in both SCC25 and JHUO12 RHOA polyKO (Figure 53 A).

Then, changes in growth and cell migration were investigated in SCC25 and JHU012
after RHOA reintroduction. Reintroduction of RHOA wtV™ or RHOA E40QUTRs
expression in the SCC25 and JHUO12 with targeted inactivation of RHOA is cause
statistically significant changes in growth or cell motility (Figure 53 B-C).
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Figure 53. Functional analysis of the reintroduction of RHOA wt'™® and RHOA E40Q"™: in SCC25 and
JHUO012 RHOA polyKO cell line models. (A) Western blot showing RHOA wt'TR¢/E40QV™ expression
upon cell culture of cells with 1pg/ml Dox for forty-eight hours. Tubulin levels are shown as a loading
control. Par: parental. (B) Cell growth by direct cell counting of RHOA polyKO cells after induction of
RHOA wtU™®s or E40QY™s overexpression (1ug/ml Dox). (C) Motility of RHOA polyKO cells after induction
of RHOA wtV™s or E40QY™s overexpression (1ug /ml Dox) measured by wound-healing assay. Cells
transduced with an empty-vector (EV) were used as control. The mean (+SEM) of three independent
experiments carried out in triplicate is shown. * Student’s t-test p<0.05.
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3. Characterization of the interactome of RHOA wt and
RHOA E40Q in HNSCC cell lines

RHOA is an important molecular switch that acts through binding and activating
several downstream effectors >2. Interestingly, when RHOA is mutated in this tumor
type, most of the mutations, around 60% of them, are E40Q % (Figure 49). However,
the effects of this mutation have not been studied in detail. In ‘Chapter I’ of this
thesis, it has been demonstrated through a Yeast-Two-Hybrid (Y2H) approach that
RHOA E40Q fails to bind to kinectin, a microtubule-associated protein required for the
transport of the cellular organelles and vesicles, and NET1, a RHOA-specific guanine
exchange factor (GEF) that mediates RHOA activation by Smad-mediated transcription.
Therefore, the interactome of RHOA wt and RHOA E40Q in HNSCC cell lines was
investigated here more in detail using an unbiased method.

Shotgun proteomics refers to the use of bottom-up proteomic techniques in
identifying proteins using a combination of high-performance liquid chromatography
combined with mass spectrometry (LC/MS). To assess this, a pulldown assay was
coupled to (LC/MS) analysis. RHOA wt or the RHOA E40Q mutant were produced in
bacteria as a fusion protein with GST. These proteins were purified and used as ‘bait’
to identify binding proteins in a protein lysate obtained from mixing equal amounts of
total protein extracted from 10 HNSCC cell lines (FaDu, Detroit562, 92VU040,
92VU041, 92VU078, 92VU080, 92VU094, 92VU120, JHU029 and SCC25), used here as a
protein lysate representative of human HNSCC tumors. RHOA and interacting proteins
were pulled down with glutathione sepharose beads; and binding proteins were eluted
and identified using LC/MS after being previously digested (Figure 37).

As expected, RHOA wt was found to bind to proteins that are known RHOA interactors,
including some effectors (DIAPH1, RTKN, PKN1, PKN3) and regulators of RHOA activity
(data not shown). Interestingly, there were some notable absences on the list of
known RHOA binders, such as ROCK which are among the best known RHOA effectors.
This issue might be due to these proteins not being expressed at significant levels in
HNSCC cell lines, or the many settings and parameters used in LC/MS to detect the
interactome. Further analysis needs to be done to address this question.

The Contaminant Repository for Affinity Purification (CRAPome)3®® was used to find
only the bona fide interactors, binding proteins that did not pass stringent filtering
criteria (Saint score greater than 0.9 and FC-A and FC-B, greater than 3.5 and 2.5,
respectively; see ‘Materials and Methods’ section) were excluded. Moreover, it was
determined that the fold change between the spectral counts obtained from the
LC/MS between GST-RHOA wt and GST-RHOA E40Q (FC GST-RHOA wt vs GST-RHOA
E40Q) had to be higher than 4. Finally, proteins that appeared in a >5% in the
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CRAPome repository were considered as contaminants and eliminated for further
analysis.

Importantly, after this filtering, 8 proteins binding to RHOA wt, but not to RHOA E40Q,
were identified (Table 14).

Table 14. RHOA interacting proteins identified by MS analysis.

GST-RhoAwt GST-RhoAE40Q FC (#Spec. Counts)

Rezsen Biotein #SpecCounts #Spec Counts GST-RhoAwt vs GST-RhoA E40Q (s
PKN1_HUMAN Serine/threonine-protein kinase N1 12 NA 0.73%
PKN2_HUMAN Serine/threonine-protein kinase N2 74 8 9,25 2.92%
PKN3_HUMAN Serine/threonine-protein kinase N3 5 NA 3.89%

RIPOR1_HUMAN Rho family-interacting cell polarization regulator 1 10 2 5 0.001%
ARHG2_HUMAN Rho guanine nucleotide exchange factor 2 9 NA 4.62%
ARHGB_HUMAN Rho guanine nucleotide exchange factor 11 4 NA 1.22%
ARHGC_HUMAN Rho guanine nucleotide exchange factor 12 3 NA 0.49%
PGAP1_HUMAN GPl inositol-deacylase 8 NA 0%
GRN_HUMAN Progranulin 2 NA 2.19%
PURB_HUMAN Transcriptional activator protein Pur-beta 3 NA 5.60%

#: number; vs: versus; FC (#Spec Counts): Fold change of the Spectral counts; CRAPome (%): percentage
of presence in CRAPome repository; NA: not applicable.

Interestingly, PKN family proteins PKN1, PKN2 and PKN3 were in this short list,
suggesting that inactivation of PKN signalling may be involved in the biological role of
this hotspot RHOA mutation. To validate this observation, the levels of PKN1 and PKN2
in the protein lysate pulled down with GST-RHOA wt or GST-RHOA E40Q beads, were
assessed by Western blot. In good agreement with the LC/MS results, it was observed
robust biding of RHOA wt to PKN1 and PKN2, whereas no binding was detected to the
recurrent E40Q RHOA mutant (Figure 54).

In addition, two proteins were found that do not bind to RHOA wt but bind to RHOA
E40Q, following the same criteria described above. There were progranulin and the
transcriptional activator protein Pur-beta (green-coloured, Table 14).
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Figure 54. PKN1, PKN2 and RHOA pull down in HNSCC cells. PKN1 and PKN2 binding to RHOA wt and
the lack of interaction with the RHOA E40Q mutant was confirmed by Western blot using the lysate
from 10 HNSCC cell lines (FaDu, Detroit562, 92VU040, 92VU041, 92VU078, 92VU080, 92vVU094,
92VU120, JHU029 and SCC25). RHOA antibody was used as a positive control.
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DISCUSSION

Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths
in 2020%%, In other words, one in six deaths is caused by cancer. A correct cancer
diagnosis is essential for an appropriate and effective treatment. Each cancer type, an
even in every different stage of the disease, requires a specific treatment aiming to
maximize the cure rate.

Cancer is a multistep process that arises over the course of several years, resulting
from the accumulation and selection of successive genetic and epigenetic changes that
lead to the gain-of-function of oncogenes, and to the loss-of-function of tumor
suppressor genes. Genomic profiling for cancer precision medicine has been a very
useful tool to find discreet driver mutations that are associated with therapeutic
targets, or with a diagnostic or prognostic value. The identification of driving changes
and the way they participate or orchestrate the tumorigenic process facilitates the
development of targeted therapies to improve survival outcomes of cancer patients.

Over the past decade, our laboratory has been focused in studying the role of RHOA
GTPase in cancer. Although RHOA was vastly described as an oncogene, we could
convincingly demonstrate a tumor suppressor role in colorectal canceri®® 103,
Furthermore, recent studies in our laboratory provide clear evidence of the tumor
suppressor role of RHOA in diffuse type gastric cancer (unpublished data). Specifically,
the downregulation or deletion of RHOA results in increased proliferation and invasion
of diffuse cancer cells, both in vitro and in vivo. Interestingly, the opposite effect was
observed when the wild type or the constitutively active (G14V) form of RHOA were
overexpressed in diffuse gastric cancer cell lines with low endogenous levels of RHOA
protein. Thereby, it is now realized that the role of RHOA in tumorigenesis is highly
determined by the context, acting as an oncogene or tumor suppressor depending on
the tumor context.

RHOA is a small GTPase protein participating in important cellular functions, such as
cytoskeletal rearrangement and transcriptional regulation related with cell growth,
survival, migration and invasion?% 22, RHOA acts as a switch protein cycling between an
active (when bound to GTP) and inactive (when bound to GDP) forms. This cycle and
consequently its activity, is highly regulated by guanine nucleotide exchange factors
(GEFs) and GTPase activating proteins (GAPs) that promote RHOA activation and
inactivation, respectively. Furthermore, guanine nucleotide dissociation inhibitors
(GDIs) sequester GDP-RHOA in the cytosol supporting protein inactivation and
preventing degradation. Contrary, the active GTP-RHOA form is generally associated to
the plasma membrane where binds and activates different effector proteins, such as
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Rho-associated coiled coil protein kinase (ROCK), Diaphanous Homologue 1 (DIAPH)
and Protein Kinase N (PKN), among others>% >,

Recently, with the extensive use of sequencing technologies, it has been found that
RHOA is mutated in a large list of cancer types'?> 2%, Interestingly, the distribution of
the mutations along RHOA coding sequence is not arbitrary, but in a clear hotspot
pattern mimicking the mutational pattern observed in oncogenes. Our group has
focused on the study of the hotspot mutations found in three liquid tumors: adult T-
cell lymphoma/leukemia (ATLL), angioimmunoblastic T-cell lymphoma (AITL) and
Burkitt lymphoma (BL); and two solid tumors: diffuse-gastric cancer (DGC) and head
and neck squamous cell carcinoma (HNSCC). According to The Cancer Genome Atlas
(TCGA), the frequency of RHOA mutations in tumors ranges from about 2% to over
50%. But, surprisingly, RHOA hotspot mutations are different among tumor types:
C16R (ATLL); G17V (AITL); R5Q (BL and DGC); G17E, L57V, Y42C (DGC); and E40Q
(HNSCC) (Figure 55). The selection of these specific mutations in particular tumor types
suggest distinctive roles of each mutant in the carcinogenic process of each tumor

type.

Liquid tumors

A Adult T-Cell Leukemia/Lymphome (ATLL)
RHOA C16R
* * 012,24% (95/776) patients have RhoA mutated
028,42% (27/95) of RhoA mutations are C16R

]

Solid tumors

D Diffuse Gastric Cancer (DGC)
RHOA Ya2c
] 020,44% (28/137) patients have RHOA mutated

. oHotspot mutations: R5Q, G17E, L57V and Y42C
2 . 028,57% (8/28) of RhoA mutations are Y42C

B Angioimmunoblastic T-Cell Lymphoma (AITL)
RHOA G17vV

052,57% (235/447) patients have RhoA mutated
§ 086,38% (203/235) of RhoA mutations are G17V E Head & Neck Squamous Cell Cancer (HNSCC)
B RHOA E40Q

[ ©1,59% (24/1510) patients have RhoA mutated

062,50% (15/24) of RhoA mutations are E40Q

Burkitt Lymphoma (BL)
RHOA R5Q

09,42% (21/223) patients have RhoA mutated 0 100 !
042,86% (9/21) of RhoA mutations are R5Q

L R ]
Figure 55 RHOA mutation mapper in different tumor types. Summary of RHOA mutations found in
adult T-cell leukemia/lymphoma??> 3% (A), angioimmunoblastic T-cell lymphoma!>? 309312 (B), Burkitt

lymphoma?#® 30 (C), diffuse type gastric cancer'?® 313 (D) and head & neck squamous cell cancer'?> 210
211,301,302 (E), Ras: RAS gene. Data was plotted using ‘Mutation Mapper’ in chioportal.org.

In DGC, published data shows that 14%-24% of tumors display RHOA mutations?®
123 The analysis of the localization of these mutations indicates that there are four
clear mutation hotspots (Tyr42, Arg5, Glyl7 and Leu57); being Y42C the most frequent
missense substitution. To investigate the role of RHOA mutations in gastric
tumorigenesis we engineered a transgenic mouse model expressing RHOA Y42C
conditionally in the gastric mucosa. RHOA Y42C mutation accelerated the oncogenic
process initiated by N-methyl-N-nitrosourea (MNU) in the gastric epithelium, as

184



Discussion

evidenced by an increased number of tumors compared to control littermates
(unpublished data). RHOA seems to have a dual role in the gastric cancer context, as a
tumor suppressor in the wild-type form, and as an oncogene in the Y42C mutant form.

The peculiar and intriguing context-dependent role and the puzzling mutational profile
exhibited by RHOA have promoted the study of the role of these mutations in their
respective tumor-contexts. Results from these studies indicate that these hotspot
mutations are affecting some, but not all RHOA functions. Otherwise, RHOA would be
overexpressed or silenced, as it happens in other tumor types. As an example, our
group has recently found that the RHOA Y42C mutation frequently found in diffuse
gastric tumors specifically interferes with the biding of the downstream effector PKN,
while largely preserving the binding capacity of RHOA to other effectors (unpublished
data). This leads to the specific inactivation of PKN signaling, which we have shown to
have strong tumor suppressor activity (unpublished data). Alternatively, some of these
RHOA hotspot mutations could be neomorphic, thus leading tonew functions. The
study of the RHOA G17V mutation in AITL led to the finding that this mutant creates a
binding site to the GEF VAV1 promoting the carcinogenic process in this tumor type®’.
Therefore, we hypothesize that these mutations must be conferring an oncogenic
potential through the targeted overactivation of RHOA oncogenic functions, the
targeted inactivation of tumor-suppressive RHOA functions while preserving others
that would be oncogenic, and/or by the acquisition of new oncogenic activities.

To elucidate possible differences in the signaling pathways modified by these tissue-
specific RHOA recurrent mutations, we decided to study in a single cell context the
functional characterization of RHOA wt and the following RHOA mutations: C16R,
G17V, R5Q, G17E, L57V, Y42C and E40Q.

1. Functional characterization of RHOA hotspot mutants

The functional characterization of the different RHOA mutants was approached
through the transient transfection of the fibroblastic-like HEK293T and COS1 cell lines
with the different RHOA mutants fused to the green fluorescent protein (GFP) in its N-
terminal end. The use of these cell line models guaranteed a reliable an efficient
transfection rate. Moreover, the use of a fluorescent tag (GFP) fused to our protein of
interest allowed the tracking, specifically the assessment of the transfection efficiency
and the monitorization of the subcellular localization of the different RHOA mutants
into the cells.

In addition to the pathogenic hotspot mutants listed before, two further RHOA
mutants were included: G14V and T19N. These mutations are not found recurrently in
tumors but constitute excellent models for comparison purposes. G14V and T19N
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mutants have been widely characterized as constitutive-active and dominant-negative
RHOA forms, respectively314 315,

RHOA G17 mutants exhibit a lower protein stability

RHOA expression and activity are tightly regulated. At the transcriptional level, the
Myc-Skp2-Miz1-p300 transcriptional complex and other transcription factors such as
HIF-1, NFkB and STAT6 binds to the RHOA promoter for expressing RHOA>!. Moreover,
it is well-known that RHOA activity is highly regulated by GEFs and GAPs that promotes
the activation or inactivation of this GTPase, respectively. However, the activity of
RHOA can be modified also at posttranslational level by the phosphorylation,
ubiquitination and AMPylation of this protein. In addition, the stability of RHOA
protein is regulated. On the one hand, it is known that the cytosolic and inactive RHOA
forms are degraded through the proteosome. This process is prevented by the binding
of inactive RHOA to GDIs3%3, On the other hand, the membrane-associated and active
RHOA is degraded through autophagy pathway*% 4%,

We first interrogated if the mutations in RHOA affected the protein levels. Significantly
lower protein levels of RHOA with G17 mutations (G17E and G17V) were evidenced
through two different approaches (Western blot and cytometry analysis). To rule out a
possible technical artifact, the transfection material, new plasmid preparations and
even new mutagenesis reactions were prepared and tested. However, although a
similar transfection efficacy between GFP-RHOA mutants tested was obtained, the
result showing reduced protein expression was maintained. To finally discard a
possible technical artifact, the determination of GFP-RHOA transgene copy number (on
total DNA) and transcript levels (on total RNA) was carried out. However, no
differences were found between RHOA mutants at this level, and correlation analysis
demonstrated no association between DNA copies/RNA transcript levels and GFP-
RHOA protein levels. Moreover, these differences in the protein expression levels of
G17 RHOA mutants were observed in two different cell lines, HEK293T and COS1, and
thus, the result obtained did not seem context-dependent.

To further support this, we decided to check the levels of RHOA wt and RHOA G17
mutants in the specific cellular context where these mutations are normally found
(G17E in gastric cells, and G17V in lymphoid cells). Similarly to the results obtained
with the fibroblastic lines, G17 mutants displayed a decrease in protein levels
compared to the wild-type form of RHOA. These results are consistent with some
reports identified upon an exhaustive survey of the literature available on RHOA
mutants in which a decrease in RHOA G17V protein levels was observed when
compared to RHOA wild-type in a Jurkat overexpression model'>” 316, Thereby our
results suggested a posttranscriptional and/or posttranslational deregulation
mechanisms in the expression of G17E/V mutant forms.
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Then, we decide to focus our attention into the study of the biology of RHOA G17E and
RHOA G17V forms. The posttranslational regulation of exogenous RHOA proteins was
addressed evaluating GFP-RHOA protein half-life. Results showed a clear decrease in
the stability of RHOA protein when mutated in codon G17 compared to wild-type
RHOA, a fact that could explain the reduction of RHOA G17E and RHOA G17V protein
levels. RHOA G17E mutation is characteristic of DGC, whereas G17V is the hotspot
RHOA mutation found inAITL. Therefore, it is unlikely that the oncogenic role of RHOA
G17 mutations drives tumorigenesis solely through reducing RHOA expression, as then
RHOA G17E and G17V mutations would be observed in both, DGC and AITL tumors and
not specifically selected in different tumor types.

RHOA G17 mutants tend to localize into the nucleus
The subcellular localization of a protein is directly linked with its function. Specifically,
it determines the accessibility of this protein to interact with specific partners that
could modulate its activity or participate in a signal transduction pathway within the
cell.

RHOA localizes mainly in the cytosol and plasma membrane. The localization in these
two compartments is determined by the activity state of the GTPase, since GDP-bound
RHOA remains into the cytosol and GTP-bound RHOA is found anchored to the plasma
membrane to carry out its function. Nevertheless, some studies have demonstrated
that RHOA also localizes into the nucleus'®>'®5, We found interesting to investigate
how the different hotspot RHOA mutations could affect its subcellular localization. To
obtain robust results, two different approaches were used: co-localization of DAPI
(nuclear staining) and GFP (GFP-RHOA) through confocal microscopy, and flow
cytometry analysis of isolated nuclei. Results demonstrate that theG17E mutant has a
significantly increased nuclear localization compared to wild type RHOA and other
hotspot RHOA mutants investigated. Moreover, RHOA G17V and the constitutive-
active RHOA G14V forms exhibited a clear trend to localize into the nucleus.

Little is known about the role of RHOA in the nucleus, but as this GTPase has been
involved in the DNA damage response (DDR) promoting cell cycle arrest and cell
survival, and we hypothesized that nuclear shuttling might be required to undertake
these particular functions. According to the literature, nuclear RHOA localization is
tightly regulated through its binding to GDP Dissociation Inhibitor 1 (GDI1). Specifically,
binding of GDI1 to RHOA inhibits its translocation to the nucleus®® 304, Furthermore,
the nuclear activity of RHOA in DDR seems to be dependent on ataxia telangiectasia-
mutated (ATM) and flap structure-specific endonuclease 1 (FEN1) proteins. Reactive
oxygen species (ROS) may also promote the activation of the nuclear form of this
GTPase. Interestingly, Rho-specific GEFs Netl and Ect2 also participate in DDR. Indeed,
Netl has a key role in the activation of nuclear RHOA. Downstream of this GTPase, it
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seems that cell cycle arrest is driven by mitogen-activated protein kinases (MAPK),
especially p38 and ROCK?'®8,

Interestingly, the lower protein stability found and the higher nuclear localization of
G17 RHOA mutants could be related to the results obtained by Dubash et al'®®, GDIs
(guanine nucleotide dissociation inhibitor) are Rho regulators with three important
functions: i) inhibition of nucleotide dissociation, ii) inhibition of GTP hydrolysis, and iii)
protein release from the plasma membrane3®*. Moreover, GDIs have been involved in
the stabilization of GTPases preventing its degradation through the proteasome3%, In
this study, authors showed how GDIs maintain RHOA sequestered in the cytosol of the
cells, restricting the translocation of this protein to the nucleus. Then, one of the
possible hypotheses that would be interesting to test is whether RHOA G17 mutants
have lost the GDI capacity binding. If so, this could contribute to a decrease in protein
stability and increased nuclear localization. Moreover, it could be evaluated if RHOA
G17 mutants drive AITL and DGC tumors by mediating DNA damage response (DDR),
thus promoting cell cycle arrest and cell survival, as these are the main reported roles
of RHOA wt into the nucleus'®®,

RHOA hotspot mutants display reduced cytoskeletal dynamics

The metastatic capacity of cancer cells is directly related with the ability to detach
from the bulk tumor mass, as well as migrate and invade to both, neighboring and
distant tissues. Tumor cell plasticity is thus required for efficient tumor spreading.
RHOA is well known to regulate the formation of filamentous actin (F-actin), triggering
morphology and adhesion changes, through the activation of ROCK and mDia effectors
proteins, and as a result, promoting tumor progression. mDia is a formin, a protein
that nucleates and polymerizes long actin filaments. ROCK is a kinase that
phosphorylates MLCP (myosin-light-chain phosphatase) and the non-muscle myosin Il
light chain (MLC), leading to the inactivation and activation of these proteins,
respectively. These events promote the accumulation of activated myosin motor
proteins, which bind to the actin filaments polymerized by mDia, to create actomyosin
bundles. In addition, ROCK phosphorylates and activates LIM-kinase. LIM-kinase will in
turn phosphorylate and inactivate cofilin, which prevents the breakdown and recycling
of actin filaments, maintaining the integrity of cytoskeletal structures'’# 317,318 (Figure
56).
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Figure 56. Signaling from RHOA to the cytoskeleton. Direct activating signals are presented by arrows.

Inhibitory signals are depicted as truncated arrows. LIMK:LIM kinase; MLPC: Myosin light-

chain phosphatase; MLC: myosin light chain3?°,

COS1 cells transiently transfected with the different RHOA forms and F-actin staining
(phalloidin) were used to characterize the cytoskeletal dynamics. Overexpression of
RHOA wt and the constitutive-active form of RHOA promoted the increase of F-actin
formation, as previously reported!3¢, However, a general impairment of F-actin
formation was observed when overexpressing the different RHOA mutants under
study. The RHOA C16R protein present in ATLL, was the only mutant maintaining a
RHOA wild-type-like activity on cytoskeleton dynamics.

In our transiently transfected HEK293T cell line models, overexpression of RHOA wt
and the constitutive-active RHOA G14V form promoted a change in morphology
noticeable at the macroscopic level. This change towards cell roundness was indeed
previously reported?’® 320, Contrary, the overexpression of the rest of the mutants did
not affect the normal fibroblastic-like morphology of HEK293T cells. The acquisition of
a roundness morphology and the consequent detachment from the substrate are well
known signs of resistance to anoikis, the apoptosis program activated when cells lose
their attachment to the substrate or to surrounding cells3?!. We reasoned that the
morphological phenotype could underline the aggressiveness capacity of cells.

In multicellular organisms, it is important that the cells are able to adhere to the
extracellular matrix proteins and to surrounding cells. However, for cancer cells to
metastasize and colonize other organs and tissues, the opposite scenario is needed.
Similarly, to the results observed in the F-actin formation assay, all the mutants
interrogated, except RHOA C16R (ATLL) and RHOA L57V (DGC), downregulated the
detachment capacity. Unfortunately, significant differences were found only in one of
the two approaches used to measure the adhesion capability, number of cells attached
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to the substrate, while results obtained through the cell adhesion under well-
calibrated detachment forces were not significant. Further studies are required to
investigate in detail the differences in adhesive properties observed, such as
characterizing the plasma membrane proteins possibly regulated by RHOA that are
involved in cell-to-cell and/or cell-to-matrix adhesion.

Collectively, RHOA hotspot mutants, except RHOA C16R, did not exhibit the
upregulation of cytoskeletal rearrangement expected for an oncogene with a strong
impact in cellular migration and invasion, compared to RHOA wt. Therefore, the
oncogenic process in ATTL tumors, driven by a RHOA C16R mutation, could be related
with this overactivation of the cytoskeletal dynamics. Nevertheless, migration and
invasion assays must be performed in the specific tumor context where these
mutations are found to truly describe the impact of the mutations in the establishment
of distant tumors.

RHOA hotspot mutations downregulate SRF and NFkB signaling
As described before, RHOA activity is highly regulated by several proteins, such as
GEFs, GAPs and GDlIs, posttranslational modifications and through transcriptional
factors. Interestingly, RHOA, in turn, is able to regulate the transcriptional activity of
certain transcription factors, such as SRF and NFkB, through signaling cascades
modulated by different RHOA effectors®?.

The activity of the transcription factor SRF is regulated directly by the cytoskeletal
rearrangements occurring within cells that, as described before, are tightly
orchestrated by RHOA. Specifically, activated RHOA promotes F-actin formation, by the
incorporation of globular actin (G-actin) into actin filaments. This leads to the release
of SRF cofactors retained in the cytoplasm by G-actin (such as myocardin-related
transcription factors; MRTFs), and its translocation form the cytoplasm into the
nucleus, where they can bind and activate the transcription factor SRF. This
transcription factor then activates the transcription of genes strongly related to the
cytoskeletal dynamics, such as actin and gelsolin, among others. The expression of
these target genes stimulates cytoplasmic actin polymerization (Figure 57).
Interestingly, SRF activity has been related with the carcinogenic process®® 181 so the
regulation of this transcription factor by the different RHOA hotspot mutants resulted
interesting for us.
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Figure 57 Cytoskeletal dynamics and SRF signaling. Cytoskeletal actin microfilaments dynamics is
triggered by the activation of different membrane receptors such as G protein-coupled receptors
(GPCRs), integrins, transforming growth factor-B receptors (TGFRs) and E-cadherins, among others.
Integrins and E-cadherins are structural mediators of focal adhesions and adherent junctions,
respectively. All these receptors modulate the activity of Rho GTPases through Rho guanine nucleotide
exchange factors (GEFs). Effectors of Rho GTPases, including Rho-associated kinases (ROCKs) and
formins (such as Diaphanous-related formins; mDIA/DIAPH), orchestrate actin polymerization by
incorporating globular actin (G-actin) into the filamentous actin (F-actin). High levels of free G-actin
retain the serum response factor (SRF) cofactor proteins, i.e., myocardin-related transcription factors
(MRTFs) in the cytoplasm. Incorporation of G-actin into the F-actin filaments releases MRTFs, prompting
their shuttling into the nucleus to interact with the transcription factor SRF. This triggers expression of a
subset of SRF target genes, namely cytoskeletal genes. Furthermore, nuclear MRTF can be complexed
with nuclear G-actin, which inhibits MRTF-mediated stimulation of SRF-dependent transcription,
promoting MRTF nuclear export. Created with BioRender.com.

The NFkB pathway is a conserved signaling cascade involved in different cellular
processes, such as inflammation and cell survival. Moreover, it is extensively involved
in cancer development and progression through controlling the expression of key
target genes, such as TNFA, IL6, VEGF or BCL2, that mediate cell proliferation, survival

183 In normal resting cells, cytosolic IkB (inhibitory kB) binds and

and angiogenesis
inhibits NFkB from translocating to the nucleus for transcription of target genes.
During activation of the canonical NFkB pathway, the NFkB transcription factor must

be released from the IkB proteins. IkB is phosphorylated by the IKK complex (Inhibitory
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kB kinase), consisting of IKK1, IKK2 and NEMO (NFkB essential modulator) and then
ubiquitinated and degraded by the proteasome. Degradation of IkB is the main
regulatory mechanism of the canonical NFkB pathway, and RHOA is reported to
regulate NFkB specifically acting on IkB>% 322,

Knowing that both transcription factors, SRF and NFkB, have been associated with the
carcinogenic process, we next evaluated the impact of the different RHOA mutations
on the activation of these signaling pathways. Results, using luciferase reporter assays,
demonstrated that all RHOA hotspot mutants, except RHOA C16R, significantly
downregulate SRF signaling when compared with RHOA wt. As expected, the
constitutive-active RHOA G14V and the dominant-negative RHOA T19N forms, up- and
down-regulated SRF activity, respectively. Because SRF signaling directly regulates
actin filaments, the transcriptional activity of SRF would be expected to correlate with
the cellular levels of F-actin. Indeed, the results obtained in the SRF luciferase assays
strongly correlated with the capacity of RHOA mutant forms to promote the formation
of F-actin. Thereby, there is a general downregulation of the RHOA-actin-SRF pathway
upon RHOA mutation, except for RHOA C16R, which does not affect this activity of
RHOA. Hence, unlike for other tumor types, in ATLL F-actin/SRF pathway
downregulation does not seem to be needed for the oncogenic activity. Contrastingly,
NFkB activation resulted inhibited when RHOA was mutated. Although RHOA G14V did
not change NFkB activation capacity, the dominant-negative RHOA T19N decreased it.
This general downregulation of NFkB in the presence of RHOA hotspot mutants reveals
that the deregulation of this signaling pathway could be relevant for the oncogenic
activities of these RHOA mutations.

Collectively, the results obtained are consistent with the reduction of SRF/NFKB
signaling contributing to the oncogenic process of DGC, BL, HNSCC and AITL.
Importantly, however, this is not the case for ATLL, since F-actin/SRF pathway resulted
unaffected by the RHOA C16R hotspot mutant.

RHOA mutations affect the binding to known interactors

As mentioned before, RHOA is an important molecular switch that acts through
binding and activation of several downstream effectors>2. RHOA needs to be bound to
GTP to acquire an active conformation allowing effector interaction. As shown in
Figure 12, RHOA mutations are allocated in different regions of the RHOA protein.
Some are in the GTP/GDP binding and other in the effector binding domain. We
reasoned that the different RHOA hotspot mutations found could affect either the
intrinsic GTPase activity or the binding ability to effectors and regulators. So, an
alternative way to evaluate how these RHOA hotspot mutations could drive
carcinogenesis was to investigate changes in the binding capacity to well-known RHOA
interacting proteins.
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The interactome of RHOA hotspot mutants was evaluated using two different
approaches. First, a pull-down assay was used to measure the interaction capacity of
the different RHOA forms to the effector protein Rhotekin. Furthermore, a yeast-two-
hybrid approach was used to investigate the binding capacity of the DGC (R5Q, G17E,
L57V and Y42C), BL (R5Q) and the HNSCC (E40Q) RHOA mutants to ROCK, DIAPH2,
PKN1 and Kinectin effector proteins, and the Rho activity regulator NET1.

The pull-down assay with a Rhotekin binding domain is a widely used approach to
measure indirectly the catalytic activity of Rho GTPases, due the fact that no primary
antibodies are available to detect the active form of this GTPase. Rhotekin is a scaffold
protein involved in physiological functions as cell growth and citokinesis3?3. Moreover,
it has been linked with cancer in several studies. There are reports describing the
abnormal expression of Rhotekin in cancer types, such as gastric3?*, colorectal®?® or
bladder3?® carcinomas. Indeed, in gastric cancer, it was demonstrated that the
overexpression of Rhotekin confers cell resistance to apoptosis through the activation
of NFkB signaling pathway3?’. To evaluate the binding to Rhotekin, protein lysates from
HEK293T cells with forced overexpression RHOA wt or the different RHOA hotspot
mutants were used. Results showed that the mutations in codon 17 of RHOA found in
DGC (G17E) and in AITL (G17V) significantly reduced the cellular levels RHOA-bound
Rhotekin. However, as these two mutants displayed lower RHOA expression levels in
all the cell line models tested, including HEK293T cells, at present we cannot
distinguish whether the reduction in Rhotekin is caused by a lower affinity to effector
caused by the mutation, or due to the reduced RHOA levels within the cells.

In addition, the interactome of RHOA and the frequent mutants found in DGC (R5Q,
G17E, L57V and Y42C), BL (R5Q) and HNSCC (E40Q) was characterized trough a yeast-
two-hybrid assay. This experiment allowed us to assess the presence and the strength
of the interaction of the different RHOA mutants to the RHOA effectors proteins that
are best characterized (ROCK3?8-331 DIAPH2332, PKN1333 334 and Kinectin33% 33°) and the
RhoGEF NET13%¢, We demonstrated the feasibility of this screening approach validating
the binding of RHOA wt to all the proteins tested.

The predominant RHOA hotspot mutant HNSCC, RHOA E40Q, showed a total lack of
binding to the kinectin effector protein and Netl GEF protein. Kinectin 1 (KTN1) is a
multifunctional protein that interacts with Kinesin and participates in multiple
processes of cellular dynamics such as organelle motility and focal adhesion growth of
cellular lamella33? 337. 338 The interaction of Kinectin and kinesin is one of the key
events in the cytoskeleton dynamics and essential for maintaining cell shape and
sustaining cell migration. Recently studies indicated that in cutaneous squamous cell
carcinoma, Kinectin promotes cell proliferation, associating this protein with tumor

progression33®

. In turn, Netl is a guanine exchange factor (GEF) for RHOA whose
function is to enhance its GTPase activity. This GEF has been related with the

carcinogenic processes. Specifically, it has been found up-regulated in gastric cancer,
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driving its aggressive phenotype by sustaining migration and invasion3’. Moreover,
Netl is essential for the formation of stress fibers. Its expression is induced after the
activation of TGFB signaling pathway. Netl, as RHOA GEF, activates this GTPase
promoting stress fiber formation?3®,

Regarding the performance of DGC RHOA mutants in the yeast-two-hybrid assay, we
could confirm that RHOA Y42C was unable to bind to PKN1, as previously reported*3®,
while retaining its binding capacity to almost all the other effector proteins tested
(ROCK, DIAPH2 and Kinectin). Interestingly, G17E and L57V mutants were also deficient
at binding PKN1. Moreover, it was interesting to observe global differences between
RHOA mutants. Namely, RHOA G17E lost the binding capacity to all the binders tested,
except mDIA and NET1; whereas, on the contrary, the DGC R5Q RHOA mutant did not
exhibit any change to the binding capacity to any of the tested interactors. This could
indicate how the different RHOA mutations found in DGC could have common and/or
different oncogenic roles in the DGC carcinogenic process.

Taken all together, these results demonstrate that the RHOA mutations described in
HNSCC and DGC solid tumors, lack the ability to bind to important effectors and/or
RHOA pathway regulators, predicting an impairment of downstream RHOA signaling.
Binding to PKN was lost in most DGC RHOA mutants, highlighting the possible RHOA
downstream effector involved in the carcinogenesis of this tumor type. Then, we
decided to further investigate the relevance role of PKN1 in DGC. PKN1 is a PKC-related
serine/threonine-protein kinase involved in processes such as regulation of actin
intermediate filaments, cell migration, tumor cell invasion and transcription
regulation340-342, The results obtained within the group convincingly demonstrate that
PKN1 negatively regulates the growth and the invasion capacity of diffuse type gastric
cancer cells (data not shown). We hypothesized that the tumor suppressive role of
RHOA in diffuse-gastric cancer could be driven, at least in part, by its downstream
effector PKN1. Therefore, RHOA mutations found in DGC could have an oncogenic role
through the inhibition of the binding to this tumor suppressive effector. Interestingly,
it has been recently reported that Y42C RHOA also contributes to DGC oncogenesis
through ROCK overactivation'®, indicating that at least some of these hotspot
mutations may have multiple oncogenic effects.

Overview and future perspectives
RHOA mutations are different between tumor types and are distributed in distinctive
hotspots: C16R (ATLL); G17V (AITL), R5Q (BL and DGC); G17E, L57V, Y42C (DGC); and
E40Q (HNSCC)!?>. We have hypothesized that these mutations have been selected
because of its oncogenic role in the carcinogenic process of the different tumor types.
These hotspot mutations must confer an oncogenic potential to RHOA by affecting
some, but not all of its functions, and the oncogenic functions of RHOA varies
depending of the different tumor types. Results from all the experiments discussed
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above, comparing the effects between the different RHOA mutants tested and RHOA
wt, are summarized in Table 15.

Table 15. Summary of the functional characterization studies and the interactome analysis for the
different RHOA hotspot mutants.

Tumor ) Cytoskeletal dynamycs Binding strength known interactors
RhoA mutant Protein| Nuclear NFkB
contextlsability| Localization| Factin Petachment SRE | octiyiey lop o eiin ROCKmDIAPKN]JKinectin NET1
Formation| capacity |activity|

[Constitutive-active (G14V) = Yes = = = N/A| N/A|N/A| N/A [N/A
Dominant-negative (T19N) - = No N/A | N/A| N/A| N/A |[N/A
IC16R ATLL = No = = = = N/A| N/A|N/A| N/A |N/A
IG17V AITL Yes N/A| N/A| N/A| N/A [N/A
R5Q BL, DGC = No = = = = = =
IG17E DGC Yes = =
L57V DGC = No = = = | = = =
y42¢C DGC = No = = | = = =
E40Q HNSCC = No = = = =

Up and downregulation of the different features studied is summarized in the table. Purple color
indicates downregulation. Green color indicates upregulation. Grey color indicates an equivalent
phenotype to the RHOA wt. N/A: non available. (-): not found in patient tumors.

Altogether, results point-out to RHOA hotspot mutations as loss-of-function or
inactivating mutations (predominantly purple colored in the table), except for ATLL
hotspot mutant RHOA C16R (predominantly grey colored in the table). BL, AITL, DGC
and HNSCC tumors could be driven by a downregulation of the cytoskeletal dynamics
and NFkB signaling by the different RHOA hotspot mutations. However, ATLL
oncogenic process seems not to be promoted by the cytoskeletal rearrangement
deregulation. Moreover, the nuclear localization of RHOA G17 mutants could be
important for the DGC and AITL tumorigenesis. In addition, interesting results have
been found through the study of the interactome of mutant RHOA. PKN1 is a tumor
suppressor in DGC and RHOA hotspot mutation found in DGC could drive this tumor
type in part by their inability to bind it. Further experiments to characterize and study
more in detail these findings must be performed. The study of the role and the
interactome of the different RHOA mutants in the specific tumor-context in which they
have been described would be extremely useful to identify new actionable targets for
further development of personalized cancer therapies.

2. RHOA in head & neck squamous cell carcinoma

Head & neck squamous cell carcinoma (HNSCC) is the seventh most common type of
cancer. It comprises a heterogeneous group of malignancies of the upper aerodigestive
tract, salivary glands and thyroid. It is estimated that approximately 950,000 cases will
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be diagnosed in 2022 worldwide, but only 40-50% of patients will survive upon 5 years
of the diagnostic!®. Tobacco and alcohol consumption, and HPV infection are the main
risk factors in HNSCC development. Interestingly, the etiology of the HNSCC tumors,
specifically the HPV status, conditions the specific anatomical region where the tumor
develops, the prognosis and the associated molecular alterations3*. The genetic
profile of HNSCC tumors revealed a strong skewing towards alteration of tumor
suppressor genes, such as TP53, CDKN2A, FAT1, NOTCH1, among others?®l. The most
common genetic abnormalities found in HNSCC differ from other solid tumors in the
sense that are frequently driven by mutations in oncogenes.

Head and neck cancer treatment is based on radiation and surgery, and has not
evolved substantially over the years. Consequently, patient survival has not improved
significantly in the last 60 years. To identify molecular biomarkers with prognostic or
predictable value, it is essential Ito identify and describe in detail molecular alterations
occurring and driving the HNSCC tumorigenic process. Changes in key cellular
functions, mainly cell cycle deregulation and cell death evasion, arising due to
alterations in the TP53 and PI3K pathway, respectively, are crucial for the onset and
development of HNSCC. But changes in cell growth (EGFR and TGFB) and
dedifferentiation (NOTCH1) pathways have also been shown to be important in the
progression of HNSCC?%*, Nevertheless, the limited information on the molecular
carcinogenesis of HNSCC, and the genetic and biological heterogeneity of the disease
has hindered the development of successful targeted therapies.

RHOA is one of the most extensively investigated member of the Rho GTPase family. It
has long been involved in the malignant transformation of cells, as well as in tumor
invasion and metastasis. Although there is little literature related with RHOA and
HNSCC, this GTPase seems to be expressed at higher levels in HNSCC cells compared
with healthy cells®> 28!, Moreover, there is a study reporting that RHOA
downregulation in tongue cancer cells reduces cell proliferation, migration and
invasion®. According to these data, RHOA is predicted to have an oncogenic role in
HNSCC tumors.

As mentioned in the previous section, high-throughput profiling of large number of
tumors has revealed frequent RHOA mutations distributed as hotspots in a wide
variety of liquid and solid human cancers, including HNSCC. RHOA is mutated in 1.5%
of HNSCC patients, but remarkably, E40Q represents more than 60% of the
mutations®®® 2°4, Therefore, the selection of this mutation in HNSCC tumors predicts a
determinant oncogenic role in the tumorigenic process.

RHOA evaluation as a biomarker in HNSCC
Biomarkers are defined as biological molecules found in blood, other body fluids, or
tissues that are a sign of a normal or abnormal process, condition or disease.
Biomarkers represent important tools for diagnosis, prognosis and/or treatment
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response. Regarding HNSCC, some biomarkers have been suggested to impact the
diagnosis and prognosis, but few of them have been validated. HPV DNA/p16 status,
used for the determination of HPV infection, and PD-L1 levels are examples of
validated diagnostic and prognostic/predictive biomarkers currently used in the clinic
for HNSCC cases3* (Table 16). However, to improve patient outcomes, better
understanding of the molecular pathogenesis of HNSCC is still necessary for the
development of prognostic biomarkers and therapeutic advances.

Table 16. Role of (bio)markers in HNSCC.

Marker Mechanism Prognostic role Predictive role Diagnostic role Limitations Validated
HPV Oncogenesis-driverin  Yes No (2 clinical trials negative, Yes (Cancer of unknown Lack of specificity, Yes
OSscC other trials still ongoing) primary presenting with  applicable only in OSCC
cervical LNs)
PET imaging - Yes (high pretreatment Yes (indication of residual  Yes (stage, treatment Appropriate interval Yes
Suv) disease for performing LN response) between treatment
dissection) completion and PET

unclear, not always
available

Tobacco Inflammation and Yes (inferior treatment No No Demographic parameter  Yes
tobacco outcomes)
carcinogen-induced
DNA damage

Immunoscore Quantification of CD3+ Yes (high number of No (being assessed for No Not always available Yes
and CD8+ TlLs in the TiLs improve survival)  response to
tumor core and the immunotherapy)

invasive margin of
resected tumors

PD-L1 Mediates the inhibition Yes (conflicting) Yes (response to No Technical issues in Yes
of T cell activity immunotherapy) measurement
Skeletal muscle mass  Abnormal body Yes (poor survival) Yes (wound complication,  No No
composition fistula after laryngectomy,
chemotherapy toxicity)
Next generation Oncogenesis drivers  Yes (TP53, NOTCH1, No No Cost, Not always avalaible No
sequencing CDKN2A mutations)

HPV, Human Papilloma Virus; LN: lymph node; OSCC: Oropharyngeal Squamous Cell Carcinoma; PD-L1: Programmed
Death-Cell; SUV: Standardized Uptake Value; TILs: Tumor Infiltrating Lymphocytes344.

The association of Rho GTPases and clinical data from HNSCC patients has been
evaluated in several studies. Elevated RhoC levels in patients is associated with a
metastatic phenotype?®3. Accordingly, the downregulation of RhoC in HNSCC cell lines
resulted in a reduction of migration and invasion HNSCC cells in vitro and in vivo?®4. On
the contrary, RhoB has been described as a tumor suppressor in HNSCC. Specifically,
RhoB expression was detected in normal epithelium, carcinomas in situ, and well-
differentiated tumors, but it becomes undetectable as tumors become invasive and
poorly differentiated®.

Here, the association of tumor RHOA protein and RHOA mRNA expression with clinical
variables was studied. Surprisingly, although RHOA expression was not a good
biomarker for survival prediction, it was for the first time significantly associated with
the degree of differentiation of the tumor. Specifically, poorly differentiated tumors
had higher levels of RHOA, compared to well and moderately differentiated ones. In
HNSCC, it has been demonstrated that tumor differentiation has prognosis value, as
poorly laryngeal differentiated tumors are associated with shorter survival
outcomes3*. According to this, poorly differentiated HNSCC tumor patients presented
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shorter survival outcomes than patients with good or moderately differentiated
tumors.

Due the fact that HNSCC comprises a heterogeneous group of tumors arising in
different head and neck anatomical regions, we decided to investigate whether RHOA
expression was dependent on the localization of the primary tumor. Significant
differences were found in the expression of RHOA when comparing oropharynx,
hypopharynx and larynx tumors. Therefore, we stratified the patients in the tissue
microarray according to the HNSCC anatomical subtype, and conducted new
association studies. RHOA levels were associated with the degree of tumor
differentiation in oropharynx and hypopharynx tumors, but not in larynx tumors.
Disease-specific and disease-free survival outcomes were associated with RHOA
protein levels exclusively in larynx tumor patients. Precisely, high RHOA protein in
tumors significantly associated with shorter survival.

To further confirm these associations, we used the data available in The Cancer
Genome Atlas (TCGA). Importantly, again, survival outcomes (disease-specific and
disease-free survival outcomes) were associated with RHOA mRNA levels exclusively in
larynx cancer patients, namely, higher RHOA levels predicted poor patient prognosis.
However, surprisingly, RHOA mRNA expression did not associate with tumor
differentiation degree, as shown before with RHOA protein analysis in TMAs.
Differently to immunohistochemical studies, transcriptomic high-throughput
expression data, such as microarray analysis, assess the levels of gene expression in
bulk tumors. Therefore, the varying amounts of ‘contaminating’ non-epithelial cells
could hinder the real association of a given gene expression in tumors with certain
clinicopathological features.

Collectively, here we have demonstrated for the first time that RHOA has a prognostic
value predicting survival and recurrence in larynx tumors. Moreover, RHOA could be
used as a novel biomarker to predict the aggressiveness of the tumor in oral and
pharynx tumors, as RHOA protein levels correlate with poorly differentiated tumors
and poorer survival as consequence. Further validation studies to confirm these
associations are required. Interestingly, the incorporation of this biomarker into the
clinics would allow tailored treatment based on the use of a more aggressive
treatmentfor patients with higher levels of RHOA to diminish the risk for recurrence
and improve patient survival. On the other hand, patients with low levels of RHOA
could benefit from a less intensive treatment. HNSCC treatment is mainly based on
radiotherapy. Patients with a better survival prognosis could receive lower or more
spaced radiotherapy doses, reducing the side effects of this treatment.

RHOA role in HNSCC cell lines

Historically, RHOA has been extensively associated with tumor prognosis in different
solid tumor types, such as gastric, hepatic, urinary or breast cancer® % 78 89 among
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others. However, our group has demonstrated that the role of RHOA in the
carcinogenic process is context-dependent, since RHOA acts as a tumor suppressor
gene in colorectal®? 103 and diffuse-gastric cancer. The role of RHOA has not been
widely studied in head and neck cancer. Downregulation of RHOA in tongue-derived
cancer cell lines demonstrated a reduction in cell growth, migration and invasion in
vitro and in vivo®®, but our data indicates that the role of RHOA may vary depending on
the location of the tumor and there are not studies reporting the effect of the
modulation of RHOA levels in malignant cell lines established from other head and
neck anatomical regions.

SCC25 and JHUO12 cell lines isolated from tongue and larynx cancers, respectively, and
with moderate expression of RHOA protein, were selected to downregulate RHOA by
two approaches, a targeted downregulation of RHOA through shRNAs and by
CRISPR/Cas9 editing. The downregulation of RHOA through shRNA (RHOA KD) carried
out in SCC25 cells impaired cell growth and colony formation capacity. This impairment
was not significant in cell proliferation assays, but the trend was robust. Furthermore,
lower tumor volume and weight were obtained when SCC25 RHOA KD cells were
grown as subcutaneous xenograft in mice compared to control SCC25 cells, although
this difference statistically significant. To confirm previous reported results indicating
that RHOA is an oncogene in tongue tumoral cells, we decided to generate cellular
system in which we completely eliminate the expression of RHOA. Knocking-out of
RHOA by CRISPR/Cas9in SCC25 cells, henceforth called RHOA KO, significantly impaired
cell growth of these tongue cancer cells. These results confirmed the trend for lower
growth observed in SCC25 RHOA KD cells. As the effect of modulating RHOA levels in
larynx cells was not addressed before, growth (cell proliferation and colony formation),
as well as migration (wound healing) assays were performed using newly engineered
JHUO12 RHOA KO clones. We demonstrated for the first time that the depletion of
RHOA in larynx tumor cells are consistent with the results obtained in tongue tumor
cells, i.e., a significant reduction in both, cell growth and migration.

Altogether, the results obtained from the downregulation of RHOA expression in
HNSCC cell lines demonstrate that RHOA has an oncogenic role in the HNSCC
carcinogenic process. These results reinforce the observations obtained from the
cohorts of HNSCC patients.

RHOA E40Q mutation in HNSCC cancer cells

The use of genome-wide sequencing technologies in cancer, has evidenced recently

that RHOA is frequently mutated in several liquid and solid tumor types'?®

, opening an
important new field of research. Curiously, the distribution of RHOA mutations across
its coding sequence is not random, as occurs in tumor suppressor genes such as TP53,
but mimics the mutational profile of a oncogenes, with clear mutational hotspots, such

as PI3KCA (Figure 58).
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Figure 58. Distribution of mutations inPI3KCA oncogene, TP53 tumor suppressor and RHOA along the
coding sequence. Figures represent the mutational profile of PI3KCA, TP53and RHOAin 825 HNSCC
patients from 5 different independent studies!?”> 210 2L 301 Figyre created with TCGA data in
cBioPortal.com.

Importantly, E40Q mutation has a predominant penetrance in HNSCC. Then, we
wondered if RHOA E40Q mutation could have an oncogenic role in HNSCC.

In order to study the effect of RHOA in HNSCC, we proceeded with the reintroduction
of RHOA wt or RHOA E40Q in RHOA KO tongue and larynx cell systems. For this
purpose, we used the doxycycline-inducible overexpression of wild-type RHOA or
RHOA E40Q mutant fused to GFP (GFP-RHOA wt and GFP-RHOA E40Q, respectively).
Doxycycline concentration was accurately adjusted to achieve two different levels of
exogenous RHOA: one close to the endogenous protein expression, and other
significantly higher trying to exacerbate any possible phenotype dependent of RHOA
expression. We decided to proceed in this way because it has been recently described
that the stability of Rho GTPases highly depends on GDI1, a guanosine dissociation
inhibitor that protects them from degradation. GDI1 levels are limited in the cells and
consequently, Rho members compete for the binding to RhoGDI1. The overexpression
of exogenous Rho GTPases displaces the endogenous pool of Rho proteins bound to
RhoGDI1, inducing their degradation and inactivation393 304,

Surprisingly, however, reintroduction of RHOA wt at the physiological levels did not
recover with none of the dox conditions tested, neither the parental cell growth, nor
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migration and invasion when tested in vitro. Only a trend towards decreased cell
growth was observed when using higher dox concentration. This result difficulted the
investigation of the role of the hotspot mutant RHOA E40Q, which showed the same
phenotype seen in cells expressing RHOA wt.

In an attempt to clarify the reason of our unexpected results, we moved forward trying
to discard possible artefactual issues that could explain why reintroduction of wt RHOA
did not recover the growth pattern of the parental cells, as routinely reported
extensively in similar ‘recue experiments’ in the literature. First, we could rule out the
hypothesis of a misbalance in the endogenous pool of Rho GTPases due to a
supraphysiologycal RHOA expression, as explained before, because we adjusted the
expression levels of RHOA to avoid this.

Therefore, we argued that in the experimental set up described abovewe are not
putting back into the cells the same that was taken out by the CRISPR/Cas9 technology
when RHOA KO cell systems were generated. Analysis of the human genome has
revealed that only about 1.5% of the genetic material codes for proteins. Most
genomic DNA participates in the regulation of gene expression at the transcriptional
and posttranscriptional level. In eukaryotic cells, mature mRNAs contain a 5
untranslated region (5’-UTR), a coding region made up of triplet codons and a 3’
untranslated region (3’-UTR). UTRs are relevant in the post-transcriptional regulation
of gene expression, being highly involved in the transport of mRNAs out of the nucleus,
the subcellular localization and stability, and in the control of the translation
efficiency3%. The lentiviral vectors used for the reintroduction of GFP-RHOA wt and
GFP-RHOA E40Q in the SCC25 and JHU012 HNSCC RHOA KO cell line systems contained
exclusively the RHOA protein coding sequence. Hence, we wondered whether the
inability of exogenous GFP-RHOA to restore RHOA-deficiency could be related to the
lack of these regulatory sequences. Also, it has been reported that GFP and other tags,
such as His-tag might affect the bioactivity of the protein to which it is bound30® 307,
GFP is fused to RHOA in its N-terminal end, which corresponds to the extreme closer to
E40Q mutation. Although this tag did not impair RHOA function in other cell line
models such as gastric cancer, we could not rule out that key binding or catalytic sites
in HNSCC could be masked by fusion and folding of GFP. Accordingly, we considered
introducing into RHOA KO cell systems RHOA wt or its mutant in HNSCC, RHOA E40Q,
lacking GFP tag in the coding sequencing and containing the full length 5’- and 3’-URTs.
Nevertheless, again we could not recover the parental features in cell growth and
migration in vitro assays.

Unfortunately, the role of RHOA E40Q could not be elucidated because, despite the
different approaches used, we could not archive the restoration of parental phenotype
upon the reintroduction of RHOA wt into RHOA-depleted cell systems. However, in the
experiments that were carried out, no differences were observed in cell growth when
RHOA wt or E40Q RHOA was reintroduced intro RHOA KO cells. There are multiple
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ways to study the role of a protein in a cellular system. The study of the interactome of
a protein in the specific tumor-context provides interesting clues of the cell signaling
networks and thus functional processes. Guided by the idea that RHOA hotspot
mutations affect to part of the functions of RHOA but not all, because otherwise they
would not naturally selected, we used an independent-unbiased method to identify
changes in the RHOA interactome caused by the recurrent RHOA E40Q mutation. So, a
pulldown assay coupled with liquid chromatography/mass spectrometry (LC/MS)
analysis was performed to compare RHOA wt and RHOA E40Q binders in a HNSCC
cellular context.

As expected, wild type RHOA was found to bind to multiple proteins that are known
RHOA interactors, effectors and regulators (data not shown). But surprisingly, there
were some notable absences in the interactome of RHOA such as ROCK, which is one
the best-known RHOA effectors. For an LC/MS system to detect a protein, it must
ionize well under the conditions used. This relies on many things, including the
concentration of the protein, the type of MS system used and/or the settings and
parameters used to run LC/MS. Therefore, the absence of ROCK protein binding could
be due to many factors. Interestingly, lack binding of RHOA to known interactors such
as ROCK under the conditions used, was also observed in our lab for other tumor types
such as DGC or AITL, indicating a possible technical issue (settings or parameters used)
rather than a biological one (protein concentration). Further investigations are needed
in this regard. Interestingly, however, we found some known effectors and regulators
that bind exclusively, or to much higher proportion (>4-fold) to wild type RHOA than to
RHOA E40Q (Table X). Among them, we found RIPOR protein 1 (RIPOR1). RIPOR (RHO
family interacting cell polarization regulators) family of proteins are emerging binders
of Rho protein involved in cell polarity. Riporl specifically regulates Golgi apparatus
reorientation during cell migration. The relocalization of Golgi-localized proteins from
the Golgi apparatus towards the leading edge of cells during directional cell migration,

is important for the efficient motility of the cells34®.

In the proteomic assay carried out, RHOA E40Q lost the binding capacity to the three
members of PKN family of proteins (PKN1, PKN2 and PKN 3). To confirm this finding,
we tested by Western blot the levels of PKN1 and PKN2 in a pull-down assay with GST-
RHOA wt and GST-RHOA E40Q beads in the very same cell lysates interrogated by shot-
gun proteomics. In good agreement with the LC/MS results, we observed a robust
biding of RHOA wt to PKN1 and PKN2, while no binding was detected to the recurrent
hotspot mutant RHOA E40Q.

PKN proteins, as described before, are PKC-related serine/threonine-protein kinases.
They are involved in key cell function such as migration, invasion and gene
transcriptional regulation340 342 347, 348 However, nothing is known about the role of
these family of proteins in HNSCC. According to the results obtained in our group,
PKN1 acts as a tumor suppressor in diffuse-gastric cancer cells, inhibiting cell growth
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and invasion. Therefore, RHOA E40Q could be acting as an oncogene in HNSCC
abrogating the activation of a putative tumor suppressor activity of PKN in HNSCC.

Interestingly, two proteins bound to RHOA E40Q mutant but not to the wild-type
RHOA were identified: Progranulin and the transcriptional activator protein Purf
(Table 15). Progranulin is a growth factor that has been related with the carcinogenic
process in different types of cancer, stimulating cell proliferation, migration, invasion
and angiogenesis, among other cancer-related features349. Interestingly, Progranulin
promotes in vitro and in vivo tumorigenesis of poorly tumorigenic epithelial cancer
cells 350, 351. No supporting literature was found connecting Purf and cancer. Purine-
rich element binding protein B is a nucleic acid-binding protein whose main
biochemical function is to form high affinity nucleoprotein complexes with single-
stranded DNA (ssDNA) or mRNA sequences containing repeats of the so-called PUR
element. It has been implicated in regulating gene expression both at the level of
transcription and translation. Previous reports have suggested a mechanistic
connection between PURB loss-of-function and aberrant leukocyte function. However,
in acute myelogenous leukemia, increased levels of Purf disrupt myeloid cell
homeostasis3>2.

So, analyzing RHOA E40Q interactome, through the yeast-two-hybrid assay and
shotgun proteomics, we can conclude that the RHOA interactome is deregulated when
RHOA is mutated in that specific codon. Interestingly, the consistent lack of binding of
RHOA E40Q to PKN family and Riporl proteins led us to reason that the RHOA
oncogenic role observed in head and neck cancer cells could be mediated by a
deregulation of downstream PKN and/or Riporlsignalings. Moreover, if the
impairment of NET1 and kinectin interactions with RHOA E40Q, found through yeast-
two-hybrid screening, and the acquisition of progranulin and Purf binding capacity,
found in the shotgun proteomics analysis, are confirmed in HNSCC cell lines, we could
address the relevance of these proteins into HNSCC carcinogenesis.

Overview and future perspectives
The lack of improvement in the survival rates, and the reduced number of personalized
treatments in head & neck squamous cell carcinoma (HNSCC) have promoted active
research into the molecular mechanisms leading to HNSCC. Interestingly, it has been
recently discovered the hotspot RHOA E40Q mutation in this tumor type, indicating
that deregulation of RHOA is important for the HNSCC carcinogenic process.

Here, we have demonstrated for the first time the interesting prognostic value of
RHOA as biomarker predicting poorer survival in larynx tumors and aggressiveness of
oral and pharynx tumors. According to this, we have confirmed that RHOA acts as an
oncogene in HNSCC cancer cells, since its depletion impairs cell growth and migration.
However, the results of our experiments were inconclusive with regards to the role of

RHOA E40Q mutant because the parental phenotype was not restored after the
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reintroduction of RHOA what physiological levels. Possible artifactual reasons,
as the presence of GFP or the lack of UTRs have been ruled out. Nevertheless, further
experiments should be performed to know if these results have a biological or
artefactual explanation. An alternative approach to study the role of RHOA E40Q
would be to specifically edit E40 in the endogenous RHOA of HNSCC cells. However,
despite this unexpected issue, we concentrated our efforts in studying the differential
interactome of RHOA wt and the hotspot mutant RHOA E40Q, which has revealed
important differences that require further investigation.
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CONCLUSIONS

The main conclusions of this thesis regarding the functional characterization of the
recurrent RHOA mutations in cancer, and the study of RHOA wt and RHOA E40Q in
head and neck tumors are:

1. RHOA hotspot mutants G17E and G17V display a lower protein stability and
have a strong tendency to localize into the cell nucleus, when compared with
wild-type RHOA.

2. RHOA hotspot mutations act as loss-of function or inactivating mutations in
the assays conducted:
a. RHOA hotspot mutants, except RHOA C16R, inhibit the F-actin-RHOA-
SRF signaling pathway and detachment cell capability, when compared
with wild-type RHOA.
b. RHOA hotspot mutants investigated inhibit NFkB signaling, when
compared with wild-type RHOA.

3. Hotspot RHOA mutations found in diffuse-gastric cancer affect specifically the
binding to the effector PKN, whereas RHOA E40Q mutation found in HNSCC
affect the binding to NET1 and kinectin.

4. The value of RHOA as a biomarker depends on the specific location of the head
and neck tumors studied.

a. RHOA is associated with the differentiation grade in oral and pharynx
cancers. High RHOA protein levels are associated with poorly
differentiated oral and pharynx tumors.

b. RHOA predicts survival in larynx cancer. High RHOA tumor expression is
associated with shorter disease-free and disease-specific survival in
patients with a larynx cancer.

5. RHOA inactivation results in reduced proliferation and migration capacity in
head and neck cancer cells.

6. RHOA E40Q fails to bind effector proteins of the PKN family and Riporl, among

other interactors; and acquires the capacity to bind to the growth factor
Progranulin and Purp.
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SUPPLEMENTARY RESULTS

Supplementary Table 1. Clinicopathological features of 182 oropharynx cancer patients and
association with RHOA protein expression.

Total High RHOA  Low RHOA pvalue |
Sex, n (%)
Female 5 2(6.9) 3(2) 0.18°
Male 177 27 (93.1) 150 (98)
Age at diagnosis (years), meantSD| 57,1+ 10,1 56,6 + 10,8 57,2+ 10 0.76°
Degree of diffirentiation, n (%)
Good 84 12 (41,4) 72 (47,1)
Moderate 63 6(20,7) 57 (37,2) 0.01°
Poor 35 11(37,9) 24 (15,7)
Mean follow up (years), meantSD| 2,8+ 3,1 3,6+4,3 2,6+2,8 0.92°
Five-year survival
Alive 51 11(37,9) 40(26,1) 0.26°
Dead 131 18(62,1) 113 (73,9)
Adjuvant treatment, n (%)
Yes 130 24 (82,8) 106 (69,3) 0.18°
No 52 5(17,2) 47 (30,7)
Stages, n (%)
1 2 1(3,4) 1(0,7)
2 13 1(3,4) 12(7,8) 0.49°
3 30 5(17,3) 25 (16,3)
4 137 22 (75,9) 115 (75,2)
1,23 45 7(24,1) 38 (24,8) 0.16°
4 137 22 (75,9) 115 (75,2)
Recidiva, n (%)
Yes 138 19 (65,5) 119 (77,8) 016°
No 44 10 (34,5) 34 (22,2)
Distant metastasis, n (%)
Yes 66 10(34,5) 56 (36,6) 12
No 116 19 (65,5) 97 (63,4)
Tobacco consumption, n (%)
>50 PA 78 14 (51,9) 64 (42,1) 12
<50 PA 101 13 (48,1) 88(57,9)
Alcohol consumption, n (%)
Yes 171 25(92.6) 146 (96.1) 0.35°
No 8 2(7.4) 6(3.9)
HPV status, n (%)
Positive 8 2(6.9) 6(3.9) 0.36°
Negative 174 27 (93.1) 147 (96.1)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.
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Supplementary Figure 1. RHOA tumor expression and grade of differentiation of primary
oropharynxtumors. The levels of RHOA immunostaining in tissue microarrays containing triplicate
tumor samples from 182 patients with oropharynx primary tumors were quantified blinded from the
clinical patient data. The histogram shows the average intensity (+SEM) of RHOA immunostaining in
tumors that are well (grade 1, G1), moderately (grade 2, G2) and poorly (grade 3, G3) differentiated. *
Student’s t-test p<0.05.
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Supplementary Table 2. Clinicopathological features of 49 hypopharynx cancer patients and

association with RHOA protein expression.

Total High RHOA Low RHOA p value
Sex, n (%)
Female 1 0 1(3.1) 1
Male 48 17 (100) 31(96.9)
IAge at diagnosis (years), meantSD| 58.3+9.0 60.1+11.4 57.4+7.0 0.62°
Degree of diffirentiation, n (%)
Good 11 3(17.6) 8(25.0)
Moderate 17 2(11.8) 15(46.9) 0.01°
Poor 21 12(70.6) 9(28.1)
Mean follow up (years), mean*SD 24+2.1 25+2.2 23%21 0.70°
Five-year survival
Alive 4 1(7.1) 3(10.3) 12
Dead 39 13(92.9) 26 (89.6)
Adjuvant treatment, n (%)
Yes 36 13(76.5) 23(71.9) .
No 13 4(23.5) 9(28.1)
Stages, n (%)
1 1 0 1(3.1)
2 2 0 2(6.2)
N.A.
3 3 3(17.6) 0
4 43 14 (82.4) 29(90.7)
1,2,3 5 3(17.6) 3(9.4) 0.40°
4 43 14 (82.4) 29(90,6)
Recidiva, n (%)
Yes 40 13(76.5) 27 (84.4) 0.70°
No 9 4(23.5) 5(15.6)
Distant metastasis, n (%)
Yes 36 13(76.5) 23(71.9) e
No 13 4(23.5) 9(28.1)
Tobacco consumption, n (%)
>50 PA 16 4(23.5) 12 (37.5) 036°
<50 PA 33 13(76.5) 20(62.5)
Alcohol consumption, n (%)
Yes 48 17 (100) 31(96.9) 13
No 1 0 1(3.1)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test; N.A.: not applicable
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Supplementary Figure 2.RHOA tumor expression and grade of differentiation of primary hypopharynx
tumors. The levels of RHOA immunostaining in tissue microarrays containing triplicate tumor samples
from 49 patients with hypopharynx primary tumors were quantified blinded from the clinical patient
data. The histogram shows the average intensity (+SEM) of RHOA immunostaining in tumors that are
well (grade 1, G1), moderately (grade 2, G2) and poorly (grade 3, G3) differentiated. * Student’s t-test
p<0.05; **p<0.01.
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Supplementary Table 3. Clinicopathological features of 315 oral cavity cancer patients from TCGA and

association with RHOA transcript expression.

Total High RHOA  Low RHOA pvalue |
Sex, n (%)
Female 102 84 (38.2) 18(19.0) 0.001°
Male 213 136 (61.8) 77 (81.0) :
Age at diagnosis (years), meantSD| 61.6+13.1 61.0+10.4 61.9+14.1 0.43°
Degree of diffirentiation, n (%)
Good 49 35(16.1) 14 (14.9)
Moderate 196 133(61.3) 63(67.0) 0.592
Poor 66 49 (22.6) 17 (18.1)
Mean follow up (years), meantSD| 2.5+2.4 25+27 2417 0.47°
Five-year survival
Alive 148 101(52.1) 47 (53.4) 0.9°
Dead 134 93(47.9) 41 (46.6)
Adjuvant treatment, n (%)
Yes 67 46 (59.7) 21(63.6) 0.83°
No 43 31(40.3) 12 (36.4)
Stages, n (%)
1 21 9(4.6) 12 (12.5)
2 53 40(20.4) 13 (13.5) 0.06°
3 56 39(19.9) 17 (17.7)
4 162 108 (55.1) 54 (56.3)
1,2,3 130 88(44.9) 42 (43.7)
0.90°
4 162 108 (55.1) 54 (56.3)
Recidiva, n (%)
Yes 92 65 (29.5) 27(28.4) 0.90°
No 223 155 (70.5) 68(71.6)
Distant etastasis, n (%)
Yes 2 1(0.5) 1(1.1) 0.50°
No 298 209 (99.5) 89(98.9)
Tobacco consumption, n (%)
>50 PA 55 34(30.9) 21(38.9) 0.387
<50 PA 109 76 (69.1) 33(61.1) '
Alcohol consumption, n (%)
Yes 96 65 (71.4) 31(73.8) 0.84°
No 37 26(28.6) 11(26.2)

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.
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Supplementary Table 4. Clinicopathological features of 79 oropharynx cancer patients from TCGA and
association with RHOA transcript expression.

Total High RHOA Low RHOA p value
Sex, n (%)
Female 11 7(12.1) 4(19.0) 0.47°
Male 68 51(87.9) 17 (81.0) :
Age at diagnosis (years), meantSD| 55.9+9.3 56.1+9.8 55.3+7.9 0.93°
Degree of diffirentiation, n (%)
Good 5 2(4.4) 3(15.8)
Moderate 31 20 (44.4) 10(52.6) 0.17°
Poor 29 23(51.2) 6(31.6)
Mean follow up (years), meanSD 22+16 2216 23+1.6 0.71°
Five-year survival
Alive 55 40(71.4) 15 (75.0) 1
Dead 21 16 (28.6) 5(25.0)
Adjuvant treatment, n (%)
Yes 23 18 (69.2) 5(62.5) 1
No 1 8(30.8) 3(37.5)
Stages, n (%)
1 5 4(6.9) 1(5.3)
2 10 5(8.6) 5(26.3) 0.24°
3 13 11(19.0) 2(10.5)
4 49 38(65.5) 11(57.9)
1,2,3 28 20(34.5) 8(42.1) 0.59°
4 49 38(65.5) 11(57.9) '
Recidiva, n (%)
Yes 19 15 (25.9) 4(19.0) 077
No 60 43(74.1) 17 (81.0)
Distant metastasis, n (%)
Yes 1 0 1(5.6) 0.24°
No 73 56 (100) 17 (94.4)
Tobacco consumption, n (%)
>50 PA 8 6(18.7) 2(14.3) 10
<50 PA 38 26(81.3) 12(85.7)
Alcohol consumption, n (%)
Yes 28 24 (80.0) 4(50.0) 0172
No 10 6(20.0) 4(50.0)
HPV status, n (%)
Positive 19 12(75.0) 7(87.5) 0.63°
Negative 5 4(25.0) 1(12.5) ]

3Fisher’s exact test; "Mann-Whitney test; ‘Chi-square test.
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