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ABSTRACT

Role of C3G in glioblastoma dissemination, tumourigenesis and
cell signalling

Introduction

GBMs (glioblastomas), or grade IV astrocytomas/gliomas, are the most frequent
and aggressive brain tumours, whose diagnosis and treatment is still inefficient. RTKs
(receptor tyrosine-kinases), mainly EGFR, and their downstream pathways are
altered in almost 90% GBMs. RTKs, are relevant for the regulation of GBM
tumourigenesis and dissemination and for GSCs (GBM stem cells), a GBM
subpopulation that display stem-like and GBM-initiating properties. Dissemination is
also linked to GBM aggressiveness. EMT (epithelial-mesenchymal transition)-like
processes would facilitate the acquisition of a more mesenchymal and invasive
phenotype. Both, stemness and disseminative capacity have been associated to GBM
recurrence and therapy resistance.

C3G, encoded by RAPGEF1 gene, is a GEF (quanine-exchange factor) for small
GTPases, mainly Rap1. It participates in diverse signalling hubs through GEF-
dependent and -independent mechanisms. Consequently, C3G plays diverse
functions during the embryonic development and in adult cells, such as regulation of
death/survival balance, cytoskeleton organization, adhesion and migration. In cancer,
C3G plays a different role depending on tumour stage and cell context. For example,
C3G is upregulated in primary HCCs (hepatocellular carcinomas), promoting
proliferation, while its downregulation increases metastasis initiation. C3G is highly
expressed in brain and it regulates neural precursors’ proliferation, migration and
differentiation. However, almost nothing is known about the role played by C3G in
GBM.

Aims

The main objective of this research project is to analyse the role played by C3G in
GBM dissemination and tumourigenesis, identifying the mechanisms involved and the
crosstalk between C3G and different cell signalling pathways.

To achieve this, we propose three specific aims:

- To determine whether C3G expression is altered in GBM tumours from
patients and human GBM cell lines compared to healthy brain, as well as to
identify if C3G levels correlate with GBM molecular subtypes or aggressiveness
markers.

- To analyse the function of C3G in GBM cells by in vitro and in vivo
approaches, characterizing its role in the regulation of adhesion,



ABSTRACT

migration/invasion, tumourigenesis, GSC-like phenotype and glucose
metabolism.
- To identify the molecular mechanisms involved in the actions of C3G in GBM
and the interplay between C3G and cell signalling pathways associated to GBM
progression.

Results

First, we found that RAPGEF1 mRNA levels in patients’ GBM samples and C3G
protein levels in human GBM cell lines were downregulated as compared to their
corresponding healthy controls. Second, using U87 cell line and two patient-derived
cell lines (12912D and HCO1D), we downregulated C3G levels by gene silencing.
Additionally, C3G was depleted by CRISPR/Cas9 technology and transiently
overexpressed C3G. We detected that C3G down-regulation enhanced
migration/invasion of GBM cells (U87, 12912D and HCO1D) using transwells and
wound healing assays. As determined by western blot, gelatin zymography and RT-
gPCR, this was accompanied by upregulation of mesenchymal markers such as
Vimentin, MMP2 activity and TWIST1 and ZEB2 mRNA levels. Importantly, C3G
overexpression decreased invasion and promoted adhesion. C3G-induced adhesion
was independent of its GEF-activity, while inhibition of invasion depends on C3G GEF
activity, as revealed by overexpressing a C3G mutant lacking CDC25H domain or
Rap1A-wt/V12 proteins. Moreover, C3G-silenced GBM cells generated more foci in in
vitro anchorage-dependent and independent growth assays (except in HCO1D cells)
and larger tumours in in vivo xenograft and CAM assays, even though proliferation
was decreased. Tumours originated by C3G-silenced cells in CAM assays presented
higher levels of a-SMA and MECAS32, pointing to an enrichment in stroma and blood
vessels. C3G downregulation also favours the acquisition of stemness properties and
an anaerobic glycolytic metabolism.

We also found that p38a/B MAPK inhibition decreases invasiveness and promotes
adhesion in GBM through C3G-independent mechanisms. Moreover, C3G silencing
promotes ERKs hyperactivation, whose inhibition decreased C3G knock-down-
induced invasiveness and foci formation capacity. On the other hand, C3G silencing
reduces EGFR signalling and functional effects (on invasion) by decreasing cell
surface EGFR (detected by flow cytometry) through inhibition of recycling, as
demonstrated by monensin treatment. According to results from an anti-phospho-
RTKs array, C3G downregulation also regulate the activation of multiple RTKs,
upregulating the phosphorylation of several RTKs, highlighting FGFR1. FGF-2, likely
acting through FGFR1 promotes invasion in C3G-silenced GBM cells through ERKs
hyperactivation.
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Conclusions

1.

RAPGEF1 mRNA levels are decreased in patient GBM samples compared to
healthy brain. Similarly, C3G protein levels are reduced in GBM cell lines
compared to astrocytes.

C3G silencing reduces adhesion, while enhances migration and invasion of U87,
12012D and HCO1D cells, by promoting the acquisition of a pro-mesenchymal
phenotype. C3G depletion in U87 cells using CRISPR/Cas9 technology induces a
pro-migratory phenotype, mimicking the effect observed by gene silencing.
Transient overexpression of C3G favours adhesion and decreases invasion. Its
effect on invasiveness is dependent on C3G GEF catalytic domain, CDC25H.
Overexpression of a constitutively active Rap1AV12 mutant decreases C3G
knock-down-induced invasion.

In U87 and 12912D GBM cells, C3G silencing promotes in vitro foci formation and
the generation of larger tumours in in vivo heterotopic xenografts and in ovo CAM
inoculation assays with less cell density and proliferation.

In HCO1D GBM cells, C3G knock-down decreases foci formation and reduces cell
density, generating multiple scattered cells and very small colonies

p38a/f MAPK inhibition with SB203580 promotes adhesion and inhibits invasion
through a mechanism not dependent on C3G levels.

C3G downregulation induces ERKs hyperactivation in U87 and 12d12D cells.
C3G silencing-associated high motility and foci formation is impaired by ERKs
inhibition with PD98059 in GBM cells. In contrast, PD98059 treatment only
decreases proliferation in non-silenced cells.

10. C3G knock-down decreases EGFR activation and downstream signalling, as well

as EGF-induced invasiveness by impairing EGFR localization at the plasma
membrane through inhibition of its recycling. Contrary, C3G downregulation
upregulates the activation of FGFR1 and other RTKs.

11. FGF-2, likely acting through FGFR1, promotes invasion via ERKs upregulation.
12. C3G silencing promotes the acquisition of GSC-like properties.
13. C3G knock-down promotes the use of glucose through anaerobic glycolysis by

increasing the activity of the last steps of the pathway, including LDH activity and
lactate release.
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Papel de C3G en la diseminacion, tumorigénesis y senalizacion
celular del glioblastoma

Introduccion

Los GBMs (glioblastomas), o astrocitomas/gliomas de grado IV, son los tumores
cerebrales mas frecuentes y agresivos, cuyo diagnéstico y tratamiento es ineficaz.
Los RTKs (receptores tirosina-quinasa), principalmente EGFR, y sus vias de
sefializacion estan alteradas en casi el 90% de los GBMs. Los RTKs regulan la
tumorigénesis, diseminacion, y a las células madre de GBM (GSCs), una
subpoblacion con capacidad de auto-renovacion e iniciacién tumoral. La
diseminacién esta asociada a su agresividad. La transicién epitelio-mesénquima
facilitaria la adquisicion de un fenotipo mesenquimal e invasivo. Tanto la capacidad
progenitora como invasiva, se asocian a recurrencias y resistencia a terapia.

C3G, proteina codificada por el gen RAPGEF1, es un factor activador del
intercambio de nucledtidos de guanina (GEF) de proteinas G monoméricas,
principalmente, Rap1. Mediante mecanismos dependientes e independientes de su
actividad GEF, C3G regula multiples funciones celulares durante el desarrollo
embrionario y en adultos. Por ejemplo, el balance muerte/supervivencia, la
organizacién del citoesqueleto, la adhesién y migracion. En cancer, C3G juega un
papel diferente dependiendo del estadio y contexto tumoral. Por ejemplo, en
hepatocarcinoma, C3G esta sobre-expresado, promoviendo proliferaciéon, mientras
que su disminucién favorece la metastasis. C3G esta sobre-expresado en cerebro,
regulando proliferacién, migraciéon y diferenciacion de precursores neurales. Sin
embargo, su papel en GBM es desconocido.

Objetivos

El objetivo principal de este proyecto es analizar el papel de C3G en la
diseminacién y tumorigénesis del GBM, identificando los mecanismos implicados y
las posibles interacciones de C3G con otras vias de senalizacion.

Para conseguirlo, se plantean tres objetivos especificos:

- Determinar si la expresién de C3G esta alterada en tumores de pacientes de
GBM vy lineas celulares en comparacion con cerebro sano, estableciendo si los
niveles de C3G se correlacionan con subtipos de GBM o indicadores de
agresividad.

- Analizar in vitro e in vivo la funcién de C3G en adhesion, migracién/invasion,
tumorigénesis, fenotipo GSC y metabolismo glucidico en las células de GBM.
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- Identificar los mecanismos moleculares implicados en las acciones de C3G
en GBM vy las vias de sefalizacion asociadas a su progresion.

Resultados

Inicialmente, encontramos una bajada en los niveles de ARNm y proteina C3G en
tumores y lineas celulares de GBM, comparando con sus controles sanos.
Posteriormente, utilizando la linea celular U87 y dos lineas derivadas de pacientes de
GBM (12012D y HCO1D), se disminuyeron los niveles de C3G mediante
silenciamiento génico. En células U87, también se uso la tecnologia CRISPR/Cas9
para reducir totalmente los niveles de C3G, asi como se sobre-expres6 C3G
transitoriamente. La bajada en los niveles de C3G aumentaba la migracion/invasion
de las células de glioblastoma utilizando transwells y ensayos de cierre de herida.
Mediante western blot, zimografia y RT-qPCR se vio que estos cambios se
asociaban al aumento de marcadores mesenquimales (Vimentina), actividad MMP2 y
ARNm de TWIST1 y ZEB2. La sobreexpresion de C3G promovid la adhesion vy
disminuyo la invasién, siendo esto ultimo dependiente de su actividad GEF, como se
demuestra al sobreexpresar el mutante de C3G sin dominio CDC25H o Rap1A-
wt/V12. Ademas, las células de GBM con silenciamiento de C3G generaron mas
focos en ensayos de crecimiento dependiente e independiente de anclaje (excepto
en HCO1D) y tumores de mayor tamafio en xenotransplantes e in ovo, aunque la
proliferacion celular disminuia. Estos tumores presentaban mas células estromales y
vasos sanguineos, de acuerdo con los niveles de a-SMA y MECA32,
respectivamente. Los niveles bajos de C3G favorecian la adquisicion de propiedades
progenitoras y un metabolismo glucolitico anaerobio.

La inhibicién de p38a/f MAPK disminuia la invasividad y aumentaba la
adhesividad independientemente de C3G. El silenciamiento de C3G inducia una
hiper-activacion de las ERKs, cuya inhibicion impedia el aumento de invasion y
formacién de focos. Por otro lado, el silenciamiento de C3G atenud la sefalizacion
del EGFR vy sus efectos sobre la invasion, disminuyendo sus niveles en la superficie
celular (detectado por citometria) mediante la inhibicion de su reciclaje, demostrado
mediante tratamiento con monensina. Sin embargo, segun los resultados de un array
anti-fosfo-RTKs, el silenciamiento de C3G también regulaba la activacion de otros
RTKs, incrementado la fosforilacion de varios RTKs como FGFR1. ElI FGF-2
probablemente via FGFR1 promovia la invasién a través de la hiper-activacion de las
ERKs.

Conclusiones

1. Los niveles del ARNm de RAPGEF1 estan disminuidos en muestras de GBM de
pacientes comparado con cerebro sano, asi como los niveles proteicos de C3G en
lineas celulares de GBM en comparacién con astrocitos.
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2. El silenciamiento de C3G reduce la adhesion y aumenta la migracién/invasién de
células U87, 12012D y HCO1D, promoviendo la adquisicion de un fenotipo pro-
mesenquimal. La pérdida de C3G en células U87 usando tecnologia
CRISPR/Cas9 induce un fenotipo pro-migratorio, semejante al inducido por
silenciamiento.

3. La sobreexpresion transitoria de C3G promueve adhesion y disminuye la invasion,
siendo esto ultimo dependiente de su actividad GEF.

4. La sobreexpresion del mutante Rap1AV12, constitutivamente activo, disminuye la
invasion inducida por el silenciamiento de C3G.

5. El silenciamiento de C3G en células U87 y 12d12D promueve la formacién de
focos y genera tumores de mayor tamafo en xenotransplantes y ensayos de
inoculacion in ovo, teniendo dichos tumores una menor densidad celular y
proliferacion.

6. En las células HCO1D, el silenciamiento de C3G disminuye la formacién de focos,

generando células dispersas y colonias pequefas.

7. La inhibicion de p38a/f MAPK con SB203580 promueve adhesién e inhibe la
invasion, independientemente de C3G.

8. El silenciamiento de C3G induce una hiper-activacion de ERKs en células U87 y

12912D.

La alta capacidad de invadir y formar focos de células con silenciamiento de C3G
se impide al inhibir las ERKs con PD98059. Sin embargo, el PD98059 sdlo
disminuye la proliferacién de células no silenciadas.

10. El silenciamiento de C3G disminuye la activacion y sefalizacion de EGFR, asi
como la invasioén inducida por EGF, impidiendo la localizacion de EGFR en la
membrana plasmatica mediante la inhibicidn de su reciclaje. Por el contrario, otros
RTKs se sobreactivan.

11. El FGF-2, probablemente via FGFR1, promueve la invasion incrementando la -
activacion de ERKs.

12. El silenciamiento de C3G promueve la adquisicion de propiedades de tipo GSC.

13. El silenciamiento de C3G promueve el uso de glucosa mediante glucolisis
anaerobia, incrementando la actividad de sus ultimas etapas, incluyendo la
actividad de LDH vy liberacion de lactato.

©
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ABBREVIATIONS

12912D
2-HG
293T
a-KG
a-SMA
ADAM(T)
AIR
ALDO
ANLS
ATCC
ATP
BBB
BCA
BSA
C3G
C3G-ACat
C3G-FL
CAM
Cas9'-NTC
CBR
CDC25H
CIE
CME
CML
CNB
CNS
CoA
CSCs
CST
C-terminal
Ct
CTCs
DAG
DAPI
DMEM
DTCs
EA

ECM
e.g.
EGF(R)
elF3b
ELDA
EMT
ENM
ENO
ENU
ERK

EV
F-actin
FAD
FAK

12912 patient-derived cells with differentiated phenotype
2-hydroxyglutarate

HEK (human embryonic kidney) 293T cells
a-ketoglutarate

a-Smooth muscle actin

A desintegrin and metalloproteinase (with thrombospondin motifs)
Autoinhibitory region

Aldolase

Astrocyte to neuron lactate shuttle

American Type Culture Collection (cell line repository)
Adenosine tri-phosphate

Blood-brain barrier

Bicinchoninic acid (protein quantification method)
Bovine serum albumin

Crk SH3-domain-binding guanine-nucleotide-releasing factor
C3G mutant lacking CDC25H domain

C3G full-length

Chicken chorioallantoic membrane cell inoculation assay
Cas9" non-targeting lentiguide-puro cells

CDC25H binding region

CDC25 homology

Clathrin independent endocytosis
Clathrin-mediated endocytosis

Chronic myeloid leukaemia

Cyclic nucleotide binding domains

Central nervous system

Coenzyme A

Cancer stem cells

Cell Signalling Technology (commercial trademark)
Carboxi-terminal end (protein structure)

Cycle threshold

Circulating tumour cells

Diacilglicerol

4',6-diamidino-2-phenylindole

Dulbecco’s modified Eagles Medium

Disseminated tumour cells

Enzymatic activity

Extracellular matrix

For example

Epidermal growth factor (receptor)

Eukaryotic translation initiation factor 3b

Extreme limiting dilution assays

Epithelial to mesenchymal transition

Extra-neural metastasis

Enolase

Ethyl-nitrosourea

Extracellular signal-regulated kinases

Empty vector

Filamentous actin

Flavin adenine dinucleotide

Focal adhesion kinase
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ABBREVIATIONS

FBS
FBPase
FGF(R)
FH
G6PDH
GAP
GAPDH
GBM
gDNA
GEF
GF
GFAP
GIC
GLS
GLUD
GLUT
GO

GS
GSC
HAs
hC3G
HCC
HCO1D
HDR
HIF

HK
HRP
IDH
IGF(R)
IL

InsR

IT

JNK
KO
LDH
LG

LIF
MAPK
MAPKK
MAPKKK
MCS
MCT
MDK
MEF
MET
HGF
MGMT
miRNA
MLC(K)
MMP
MOI
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Fetal bovine serum
Fructose-1,6-biphosphatase
Fibroblast growth factor (receptor)
Fumarate hydratase or fumarase
Glucose-6-phosphate dehydrogenase
GTPase-activating protein
Glyceraldehyde-3-phosphate dehydrogenase
Glioblastoma

Genomic DNA

Guanine-nucleotide exchange factor
Growth factor

Glial fibrillary acidic protein
Glioblastoma initiating cell
Glutaminase

Glutamate dehydrogenase

Glucose transporter

Gene ontology

Glutamine synthase

Glioblastoma stem cell

Human Astrocytes

Human C3G

Hepatocellular carcinoma

HCO1 patient-derived cells with differentiated phenotype
Homology-Directed Repair
Hypoxia-inducible factor
Hexokinase

Horseradish peroxidase

Isocitrate dehydrogenase
Insulin-like growth factor (receptor)
Interleukin

Insulin receptor

Inhibitory region

Jun N-terminal kinase

Knock-out

Lactate dehydrogenase
pLentiGuide-puro
Leukaemia-inhibitory factor
Mitogen-activated protein kinase
MAPK kinase

MAPKK kinase

Multi-cloning site

Monocarboxylate transporter
Midkine

Mouse embryonic fibroblasts
Mesenchymal to epithelial transition
Hepatic growth factor
Oﬁ-methylguanine methyltransferase
micro-RNA

Myosin-light chain (kinase)

Matrix metalloproteinase

Multiplicity of infection



ABBREVIATIONS

MTB transition
Mw
NBDG
NGS
NHEJ
NOS

ns

NCS

NTC
N-terminal
0.D.

PBS

PCR
PDCs
PDGF(R)
PDH complex
PDK

PDX

PEI

PEP

PFA

PFK
PI3K

PK

PNS

pRb
PMSF
PPP

Rap
ROCK
ROS
RSEM
RTK

RQ

SCB
SDH
sgRNA
SH2 domain
SH3 domain
shC3G
shNTC
SNP
TCA
TCGA
TGF-B(R)
TIMP
T™™Z
TTBS
TyrK
us7

V12

Multi-to-bipolar transition

Molecular weight
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose
Normal goat serum

Non-homologous DNA end joining

Not otherwise specified (glioblastoma classification context)
Statistically not significant p value

Neural stem cell

Non-targeting control

Amino-terminal end (protein structure)
Optic density

Dulbecco’s phosphate buffered saline solution
Polymerase chain reaction
Patient-derived cells

Platelet-derived growth factor (receptor)
Pyruvate dehydrogenase complex
Pyruvate dehydrogenase complex kinase
Patient-derived xenograft
Poly-ethyl-enimine

Phospho-enol pyruvate
Paraformaldehyde

Phosphofructokinase
Phosphatidylinositol 3 kinase

Pyruvate kinase

Peripheral nervous system

Protein of retinoblastoma
Phenylmethylsulfonyl fluoride
Pentose-phosphate pathway

Ras-related protein

Rho-associated serine/threonine kinase
Reactive oxygen species

RNA-Seq by Expectation Maximization
Receptor tyrosine kinase

Relative quantity

Santa Cruz Biotechnology (commercial trademark)
Succinate dehydrogenase

Single guide RNA

Src Homology 2 domain

Src Homology 3 domain

Short-hairpin RNA (shRNA) stable C3G-silenced cells
Short-hairpin RNA (shRNA) NTC cells
Single nucleotide polymorphism
Tricarboxylix acid cycle (or Krebs’ cycle)
The Cancer Genome Atlas program
Transforming growth factor-f3 (receptor)
Tissue inhibitor of metalloproteinase
Temozolomide

Tween Tris-buffered saline solution
Tyrosine kinase

U87-MG cell line

Rap1A mutant, constitutively active
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VEGF(R) Vascular endothelial growth factor (receptor)
vs. Versus
WHO World Health Organization
wt  Wildtype
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INTRODUCTION

1. Cancer, central nervous system and glioblastoma

Cancer is nowadays understood as a generic term that includes a large group of
genetic diseases characterized by the abnormal growth of cells beyond their usual
boundaries with potential ability to disseminate through their adjoining tissues and/or
spread to other organs (metastasis) (WHO webpage, 2020). Tumourigenesis in
humans is considered a multistep process with progressive genetic and non-genetic
(e.g. epigenetic) alterations that drive the gradual transformation of normal human
cells into highly malignant derivatives with certain growth and disseminative
advantages (Hanahan & Weinberg, 2000) (Hanahan & Weinberg, 2011).

Worldwide, all cancer-related diseases were responsible for more than 17 million
new diagnoses and almost 10 million deaths in 2018 (WHQO) webpage, 2020) (World
Cancer Research Fund webpage, 2020) (Figure ). In general, men have higher
cancer incidence and worse long-term prognosis. Lung cancer has the highest
incidence index in men (15.5% of new diagnoses with around 1 million deaths in both
genders/sexes in 2018), followed by prostate cancer (14.5% of new cases). In
women, breast cancer presents the highest incidence (25.4% of new diagnoses),
although its mortality has decreased in recent years. Unfortunately, all this is
conditioned by health systems quality and country incomes (World Cancer Research
Fund webpage, 2020).

Cancer type: Cancer type: |
Lung Lung |
Breast Colorectal : :
Colorectal | Stomach | |
Prostate | T T | [ Liver [ | [
Stomach _:_|: : Breast ::] : :

0 05 1 15 2 0 05 1 15 2
Incidence (million people) Mortality (million people)
(worldwide, both sexes) (worldwide, both sexes)

Figure | — Cancer incidence and mortality worldwide (2019). Data extracted from WHO webpage
(2020) and World Cancer Research Fund webpage (2020).

Inherited genetic alterations as well as environmental factors and mutagens (e.g.
radiation, chemicals and viruses) promote cancer onset and development through
multi-stage genetic and epigenetic alterations. Hence, multi-omics analyses have
revealed changes in expression and methylation patterns, point mutations and copy
number alterations of genes in cancer. In spite of its molecular diversity, six main
categories of essential functional alterations were described as hallmarks of cancer
that allow the acquisition of a growth advantage to tumour cells: growth self-
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sufficiency (or sustained proliferation), evasion of growth suppression, cell death
inhibition, limitless replicative potential (immortality), sustained angiogenesis and
tissue spreading capacity (invasiveness and metastasis) (Hanahan & Weinberg,
2000). More recently, two more hallmarks were added: metabolism reprogramming
(and deregulated energetics) and immune system regulation (Figure Il) (Hanahan &
Weinberg, 2011). Tumourigenesis promotes these mechanisms through progressive
genome instability tolerance and the inflammation activated during tumour onset and
growth seems to accelerate the progression from a benign neoplasia to a malignant
lesion.

(GF+RTKs)
Lactate

MMPs
S

GF+RTKs Integrins Stemness

S ps3

Telomerase
Single cell

GF+RTKs

Warburg effect

Chemokines
Cytokines

Wnt

Stemness

Biosynthesis GF+RTKs

Figure Il — Hallmarks of cancer and mechanisms involved. Eight functional alterations (growth self-
sufficiency, insensitivity to growth suppression, cell death evasion, limitless replicative potential,
sustained angiogenesis, tissue spreading capacity, metabolism reprogramming and immune evasion)
have been described as essential for tumour growth. Importantly, all of them are promoted and
influenced by cellular and extracellular processes (mainly, inflammation, cancer-associated genomic
instability, the appearance of tumour subpopulations and the interaction with stromal cells and ECM
components). Finally, each of these eight mentioned alterations is governed by varied signalling
pathways, tightly regulated in non-tumour cells. Figure adapted from Hanahan & Weinberg, 2000 and
Hanahan & Weinberg, 2011. ECM: extracellular matrix; GF: growth factors; RTKs: receptor tyrosine-
kinases; MMPs: matrix metalloproteinases.

Although tumours are quite diverse (Campbell et al., 2020), some pathways are
frequently altered (Figure II). These alterations are usually found in signalling
pathways tightly regulated in non-tumour cells, which are exploited by cancer cells as
a consequence of diverse loss/gain of function genetic alterations. Traditionally,
pathways involved in tumour cell proliferation and survival have been the most
studied. In non-tumour cells proliferation is tightly regulated by pRb and p53, although
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both can be inactivated by diverse mechanisms in cancer cells (Burkhart, 2008)
(Joerger & Fersht, 2016). Mitogens and pro-proliferative pathways, such as
Ras/ERKs or PI3K/Akt, can also be overactivated in tumours, promoting growth, self-
sufficiency and cell death inhibition (Hanahan & Weinberg, 2011). For example, RAS
genes are mutated in approximately 25% of human cancers (Hobbs; Der; and
Rossman, 2016). There are more factors that affect additional pathways that control
the mentioned hallmarks (Hanahan & Weinberg, 2011). For example, Myc-mediated
proliferative and anti-differentiation pathways, brake on telomere shortening through
telomerase reactivation or TGF-$ shift from cell cycle inhibitor to EMT (epithelial to
mesenchymal transition) inducer function. Importantly, microenvironmental elements
and stromal cells are also involved in cancer (Figure Il). Unluckily, different factors
reduce the potential use of these pathways as therapeutic targets such as redundant
mechanisms for similar functions, unexpected negative feedback loops and cancer
cell plasticity.

1.1. Central nervous system

Through nerve impulses, the nervous system controls a wide range of signals from
individual's surrounding and body in order to adjust to them. From the anatomical
point of view, nervous system can be divided into CNS (central nervous system),
consisting of brain and spinal cord, and PNS (peripheral nervous system), which
connects CNS with the organs and the limbs, transmitting information from/to CNS
(Brodal, 2006). The cells that comprise the nervous system derive from
neuroepithelial cells located in the ectoderm, displaying a NSC (neural stem cell)
phenotype. During the first weeks of human embryonic development, these cells
proliferate, leading to neural plate formation and, later on, this structure invaginates to
generate the neural tube (Brodal, 2006). Further proliferation of these neuroepithelial
cells in the neural tube is responsible for the generation of brain and spinal cord
precursor structures.

Through asymmetric divisions, neuroepithelial cells give rise to the main cell types
from CNS: neurons and glial cells (astrocytes, oligodendrocytes, ependymal cells and
microglia) (Figure Ill) (Brodal, 2006). Depending on cell fate, neurogenesis or
gliogenesis programs can be activated, leading to different cell populations, which
coexist and cooperate to carry out the different nervous system functions. Nervous
system is built up by neurons (nerve cells), diverse glial cells, mainly, astrocytes,
oligodendrocytes in CNS and resident immune-like microglial cells. Neurons are
composed by a cell body, where the nucleus is located, multiple dendrites and
generally a single axon, with nerve terminals to form synaptic contacts. Neurons are
connected into complex neural networks, accompanied by glial cells. Glial cells are
essential for proper synaptic functioning. Astrocytes have extensions in all directions
and possess a large surface suited for molecule exchange and capillary contact. They
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act as neuronal homeostasis regulators and synapse controllers. Oligodendrocytes
cover axons with a myelin sheath to accelerate impulse conduction. This cylinder
structure is formed by numerous layers of cell membrane generated when
oligodendrocytes wrap themselves around the axon.

Ependymal [

Mural cell
Endothelial cell
Astrocytes feet

Figure Il — Central nervous system (CNS) and brain: cell types and organization. In brain, different
cell types (mainly, neurons, astrocytes, microglia and oligodendrocytes) coexist and interact with in order
to coordinate signalling and metabolism, improving the synaptic functioning. Importantly, in brain, blood-
brain barrier (BBB) regulates homeostasis and it is formed by endothelial and mural cells and
interconnected with brain parenchyma through the astrocytes feet.

Blood vessels that vascularize the CNS have unique properties in order to tightly
regulate the exchange of ions, nutrients and cells between blood and brain, precisely
controlling CNS homeostasis (Daneman, 2015). CNS capillary structure forms the
BBB (blood-brain barrier), which is compromised by endothelial cells covered by
mural cells (mainly, pericytes), astrocyte foot processes and several basement
membranes. Pericytes extend long cellular processes along the abluminal surface of
the endothelium that can often span several endothelial bodies. During development,
CNS pericytes are formed by differentiation of neural crest progenitors, although
extra-CNS pericytes derive from mesoderm. Pericytes play important roles in
angiogenesis, ECM (extracellular matrix) regulation and immune cell infiltration. They
also regulate blood flow in response to neural activity. Importantly, astrocytes act as
the cellular link between neurons and BBB, controlling pericytes contraction/dilation
and, consequently, capillary diameter, blood flow and molecule exchange.
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1.2. CNS tumours and glioblastoma generalities

As almost any other tissue, CNS is also subjected to develop tumours. Indeed, in
2019, around 300.000 tumours located in the CNS were diagnosed worldwide (ranked
as the 17" cancer in incidence rate) and approximately 250.000 deaths were reported
to be caused by them (ranked as the 12™ cancer in mortality rate) (WHO webpage,
2020) (World Cancer Research Fund webpage, 2020). Following the general
tendency in cancer, men have higher incidence of primary CNS tumours and
secondary brain metastases (excluding sex-specific cancers), as well as worse
prognosis compared to women (Sun et al., 2015). Several reasons have been
suggested, such as sexual dimorphism in cancer-associated pathways or stromal
differences. Understanding sex-related molecular mechanisms could improve
personalized treatment and it could uncover hidden protective elements present in
women.

In 2007, WHO classification of CNS primary tumours was established, based on
histological grading (microscopic evaluation of tumour morphology) (Figure IV) (Louis
et al., 2007). This scale defined grades | to IV as follows:

(i) Grade I: lesions with low proliferative potential and the possibility of cure by
surgical resection.

(ii) Grade ll: infiltrative neoplasms with low proliferative activity, but high level of
recurrence and tendency to progress to higher grades of malignancy.

(iii) Grade llI: lesions with histological evidence of malignancy, including nuclear
atypia and brisk mitotic activity.

(iv) Grade 1V: cytological malignant, mitotically active, necrosis-prone
neoplasms, typically associated with rapid evolution, widespread infiltration
in surrounding tissue and fatal outcome.

Other parameters (e.g. patient age, tumour location or genetic alterations) were
taken into consideration for prognosis evaluation, but not for tumour definition. In this
classification, gliomas were defined as neuroepithelial tumours that can be sub-
organized depending on their cell type of origin: astrocytes (leading to astrocytomas),
oligodendrocytes (oligodendrogliomas), and mixed astrocytic and oligodendrocytic
(oligoastrocytomas), among others (Figure 1V) (Louis et al., 2007).

In 2016, WHO classification of CNS tumours included molecular parameters, in
addition to histology. Hence, gliomas were grouped according to their IDH (isocitrate
dehydrogenase) mutation status, independently of their astrocytic or oligodendroglial
origin (Figure 1V) (Box 1) (Louis et al., 2016). Importantly, in the absence of proper
genetic evaluation or alterations not matching the standard mutations, NOS (not
otherwise specified) category was also included. 2007 WHO definition into I-IV grades
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was also retained as complementary. Nowadays, 2016 WHO classification of CNS
tumours is used in clinic and we will use it as a reference when necessary in this

work.

BOX 1 — IDH mutations in glioblastoma

IDH-1, -2 and -3 isoforms catalyse the oxidative decarboxylation of
isocitrate leading to a-KG (a-ketoglutarate) in TCA (tricarboxylic acid)
cycle (Turner & Adamson, 2011). Whereas IDH-1 localizes within the
cytoplasm, mitochondrial IDH-2 and IDH-3 isoforms generate NAD(P)H for
oxidative phosphorylation and ATP production. IDH-1 and IDH-2 isoforms
can reverse their catalysed reaction, using or generating NAD(P)H,
according to cell needs. In astrocytes, this affects glucose and
glutamate/glutamine metabolism and anti-oxidant reactions. Mutations in
IDH-1 and [IDH-2 are usually detected in secondary GBMs
(glioblastomas); particularly, R132H mutation in IDH-1 (leading to arginine
replacement by histidine at residue 132 from the protein) is found in up to
90% of these GBM patients. Mutations decrease isocitrate binding to the
enzyme, promoting abnormal a-KG conversion to 2-HG (2-hydroxy-
glutarate) (considered an oncometabolite) coupled to NAD(P)H
consumption. a-KG alters metabolism (e.g. glycolytic enzymes), protein
stabilization/degradation (e.g. prolyl-hydroxylases) and epigenetic
regulation. For example, a-KG is an essential co-factor for certain histone-
and DNA-demethylases, while 2-HG is a competitive inhibitor.
Thus, IDH1/2 mutations result in hypermethylated histones and DNA,
which in turn alters gene expression and drives cancer progression.
Hence, low levels of a-KG lead to malignant progression through different
mechanisms. An example is the upregulation HIF1a via prolyl-
hydroxylases inactivation, which induces survival, metabolism
reprogramming, invasion and angiogenesis. Moreover, IDH mutations are
associated to a better glucose sensing adaptation, differentiation
blockage, increased ROS (reactive oxygen species) or higher mutagenic
rate, among others.

GBMs (glioblastomas) are grade IV astrocytomas/gliomas which are not only the
most frequent brain tumours (4 new diagnosis per 100.000 population), but also the
most aggressive ones (Ostrom et al., 2014). This is due to GBM intrinsic properties
(such as high mitotic activity, low differentiation grade, high cell heterogeneity and
infiltrative capacity with vascular hyperplasia) and the lack of effective treatments.
Indeed, median survival rate of GBM patients is around 12-14 months and less than
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10% patients show 5-year-survival (Ostrom et al., 2014). Recent data point out that
females have a lower incidence and slightly better prognosis than males (Tian et al.,
2018). Signs and symptoms associated to GBM depend on tumour location and size,
since they are caused by pressure and impairment of nervous structures. Although
they vary during malignant progression, several can be highlighted: headaches
combined with nausea and vomiting, seizures, memory loss, behavioural changes,
depression or focal neurologic deficits.
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Figure IV — Gliomas classification and glioblastoma subtypes. From 2016, gliomas classification is
focussed on IDH status, although other factors such as the neuroepithelial origin of the tumour and
histological evaluation from previous classification system are also considered. Glioblastomas (GBMs),
also known as grade |V astrocytomas, can be sub-classified into primary or secondary GBMs depending
on their IDH status, progression and mutational profile.

Before CNS tumours classification reorganization by OMS in 2016, GBMs were
subclassified as primary (almost 90%), generated de novo in elderly patients, or
secondary (around 5-10%), resulting from grade Il/lll astrocytomas malignant
progression (Figure 1V) (Ohgaki & Kleihues, 2013). Nowadays, GBMs are defined as
grade |V gliomas (astrocytic and oligodendroglial tumours) with three novel sub-types:
GBM-IDH-wildtype (almost 90% of cases), GBM-IDH-mutant (around 10%) and GBM-
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NOS (rare diagnosis) (Louis et al., 2016). Interestingly, the majority of primary GBMs
do not present mutations in IDH gene, while progression from grade lll to grade IV
astrocytoma during secondary GBM formation has been linked to /IDH mutations. The

incidence ratio, diagnosis age, molecular alterations and prognosis also indicate that
GBM-IDH-wildtype and GBM-IDH-mutant entities denoted by WHO, mostly coincide
with previously described primary and secondary GBMs, respectively.

1.2.1 Molecular alterations and signatures of glioblastoma

In spite of GBM intra- and inter-patient heterogeneity, certain alterations are
directly associated to this tumour, leading to the definition of diverse molecular
signatures. RTKs (receptor tyrosine-kinases) and their downstream pathways are
altered in almost 90% GBMs. The most commonly altered RTK in GBM is EGFR
(mutated or amplified in 50-60% of cases), followed by PDGFRa (amplified in 13%
cases), ErbB2 (mutated in 8% of cases), Met (amplified in 2-4% cases) and FGFR1
(amplified in 3.2% cases) (Figure V) (TCGA, 2008). Importantly, a truncated
constitutively-active mutant EGFR variant (EGFRUVIII) is frequently expressed in GBM,
resulting in cell proliferation and survival, but not necessarily worse prognosis (J. R.
D. Pearson & Regad, 2017). Moreover, RTK ligands (growth factors) are usually
upregulated (e.g. FGFs) and non-mutated RTKs can be over-activated, such as
VEGFR, which drives angiogenesis in growing GBMs (J. R. D. Pearson & Regad,
2017). Intracellular signalling pathways activated by growth factors through RTKs and
other signals are usually altered in GBM, too (TCGA, 2008). For example, Ras is only
mutated in 2% cases, but it is over-activated when NF1 (a Ras GAP) is mutated o
deleted (18% cases). PI3K is also mutated in 15% cases and PTEN is inactivated or
deleted in 36% cases. All these alterations are known to contribute to progression,
dissemination and therapy resistance (J. R. D. Pearson & Regad, 2017). Alterations
resulting in p53 pathway inactivation (including CDKN2A deletion, MDM2
amplification or p53 mutations) affect around 85% of patients and pRb is the third
most altered pathway in GBM (78% of GBM patients) (TCGA, 2008) (J. R. D. Pearson
& Regad, 2017). Interestingly, p53 and pRb sexual dimorphism affects GBM growth.
Hence, upon p53 loss, NF1-deficient astrocytes display ten-fold higher tumourigenic
potential, when derived from males as compared to females, although these
differences disappear when pRb is also deleted (Sun et al., 2015).

Some of these alterations have been associated to GBM subtypes, too (Ohgaki &
Kleihues, 2013). Besides IDH-wildtype status, primary GBMs are characterized by
EGFR amplification, CDKN2A and pRb deletions, chromosome-10 loss and mutations
in PTEN. Secondary GBMs present p53 mutations, important for progression from
grade Il to grade lll astrocytomas, in addition to pRb promoter methylation, IDH
mutation or PDGFR amplification, all involved in the last steps of progression from
grade lll astrocytoma (Figure 1V).
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Figure V — Most predominant molecular alterations in glioblastoma (GBM) samples. Receptor
tyrosine kinases (RTKs) (mainly EGFR), diverse RTK-activated signalling pathways, p53 pathway and
pRb pathway are susceptible of being altered in GBM, being responsible for the aggressive
characteristics of these tumours. Adapted from J. R. D. Pearson & Regad, 2017.

Integrated multidimensional genomic studies, including genome-wide DNA copy
number correlations, sequence-based mutation detections and expression analyses,
have allowed a sub-classification of GBMs into four robust molecular signatures:
classical, mesenchymal, proneural and neural (Verhaak et al., 2010).

- Classical subtype constellates the most common aberrations detected in GBM,
such as chromosome-7 amplification paired with chromosome-10 loss, EGFR
amplification and EGFRVIII expression, p53 mutation and CDKN2A deletion.
Moreover, neural stem markers (mainly, Nestin), Notch and Shh pathways are
also upregulated.

- Mesenchymal subtype is characterized by NF1 alteration and PTEN mutations,
in addition to overexpression of mesenchymal markers (e.g. CHI3LI), Met,
astrocytic markers (e.g. CD44, MERTK) and inflammation-related genes that
lead to large necrotic areas in these tumours.

- Proneural subtype displays PDGFRa upregulation, IDH mutations and p53 loss,
all of which have been previously associated with secondary and IDH-mutant
GBMs. These tumours express oligodendrocyte (e.g. NKX2-2, OLIG2) and
proneural development (e.g. SOX, DCX, DLL3, ASCL1 or TCF4) genes.
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- Neural subtype is the most similar to normal brain, although malignant
transformation is unequivocal at histological level. Neuronal markers are
upregulated in these samples (e.g. NEFL, GABRA1, SYT1 or SLC12A5).

Importantly, recurrences do not seem to involve class changes and the standard
treatment used for GBM increases survival in classical, mesenchymal and neural
subtypes, but not in proneural one. To finish with, mesenchymal subtype exhibits the
most consistent disparity in male:female rates, followed by proneural and neural,
while classical subtype occurs equally in both sexes (Sun et al., 2015).

All these complex subclassifications and molecular studies have widely tried to
improve GBM patient clinical outcomes, but, unluckily, heterogeneity and plasticity are
still tough issues to deal with in this pathology.

1.2.2 Diagnosis and treatment of glioblastoma

Currently, gliomas can be detected and diagnosed at an advanced stage using
neuroimaging methods such as magnetic resonance imaging upon the appearance of
neurological alterations. Initially, tumour advance is masked by brain adaptive
mechanisms, leading to the absent of clinical manifestations, even when histological
signs would be clear (Silantyev et al., 2019). New diagnosis tools are required to
cover GBM heterogeneity and its infiltrative capacity and to be able to detect all
tumour-associated subpopulations, patient-specific characteristics and infiltrated
masses outside the main focus (Agarwal et al., 2016). Not only tumour tissue that is
collected by invasive and risky methods, but also biological fluids could be used for
GBM early diagnosis, such as cerebrospinal fluid, peripheral blood or urine. They can
be collected by minimally invasive methods and they summarize tumour
heterogeneity. Indeed, diverse biomarkers from different types of samples have been
proposed, such as proteins, genetic alterations in circulating DNA, oncometabolites,
CTCs (circulating tumour cells), extracellular vesicles or miRNAs (micro RNAS),
among others, but they need to be further studied (Silantyev et al., 2019).

Regarding GBM treatment, the median survival after diagnosis is 12.1 months for
patients undergoing resection followed by radiotherapy (Stupp et al., 2005). It is
important to point out that resection is not innocuous, since it can couple neurological
problems due to the rapid change in tumour-brain interactions and destabilization of
brain adaptive responses. Resection plus radiotherapy as therapeutic strategy turned
out to be insufficient and/or inefficient for patients in the long term due to inaccurate
resection in disseminative tumours, high relapse rate and/or tumour resistance over
time (Silantyev et al., 2019). Consequently, in spite of treatment, a two-year survival
rate was observed in 10.4% of patients some years ago (Stupp et al., 2005).
Nowadays, the first-line treatment, not only includes surgical resection of the main
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tumour mass followed by adjuvant radiotherapy, but also chemotherapeutic treatment
with TMZ (temozolomide), an alkylating agent (Stupp et al., 2005). This novel first-line
approach has increased median survival up to 14.6 months and a two-year-survival
rate rose up to 26.5% of patients. Nevertheless, TMZ did not report any benefit in
proneural GBM subtype (Verhaak et al., 2010).

Great efforts are being made to improve GBM treatment at different levels, such
as developing novel surgery techniques. For example, neuroendoscopy or
fluorescence-guided resections, or introducing changes in therapy administration that
can allow better distribution into the tumour without affecting healthy areas (Van Meir
et al., 2010). Regarding molecular approaches, it is important to highlight:

- MGMT (Os-methylguanine methyltransferase) inhibitors in order to avoid
resistance to alkylating agents such as TMZ. This resistance is common in
GBM patients, because of DNA repairing enzymes, mainly MGMT, are
upregulated in these tumours (Hegi et al., 2008).

- RTK inhibitors, acting mainly on VEGFR and EGFR, but also on Met, FGFR
or PDGFR (Van Meir et al., 2010) (J. R. D. Pearson & Regad, 2017).

(i) The most relevant anti-VEGFR therapy tested in GBM is
Bevarizumab, a monoclonal antibody that binds VEGF, preventing its
binding to VEGFR. It is used to impair increased vascularization,
commonly found in GBMs. Although initial results indicated that it
increased recurrent patient survival, later studies proved the generation of
resistance by upregulating other pro-angiogenic signals such as FGF,
PDGF or chemokines and increased invasiveness (Van Meir et al., 2010).

(ii)  Multiple strategies have been used to impair EGFR activation in GBM
(J. R. D. Pearson & Regad, 2017). Erlotinib, a small-molecule inhibitor,
slightly increases survival in combination with TMZ, but it has no effect as
monotherapy. Other EGFR inhibitors, also acting on other RTKs do not
further increase clinical benefits, such as Gefitinib (anti-EGFR plus anti-
VEGFR inhibitor) or Lapatinib (anti-EGFR plus anti-HER2/ErbB2
inhibitors). Finally, Cetuximab was tested in recurrent patients. It is an
antibody against EGFR extracellular domain, which acts as an antagonist
that prevents ligand binding. However, their benefits were minimal,
partially due to problems to cross the BBB.

- Intracellular pathways inhibitors. For example, those using targets from
mTOR or Ras pathways (Van Meir et al., 2010) (J. R. D. Pearson & Regad,
2017).

- Histone deacetylases inhibitors for a transcriptional-wide regulation (Van Meir
et al., 2010) (J. R. D. Pearson & Regad, 2017).
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Tumour adaptation to these molecular therapies leads to multi-target drugs or
administration of multiple drugs, as well as BBB modulation to increase drug entry
into the tumour, since BBB is disrupted in tumour core, but not necessarily in its
periphery, where active drug efflux transport should be impaired.

1.3. Cell populations in glioblastoma and their interactions

1.3.1. Glioblastoma origin and glioblastoma stem cells

As mentioned above, GBM molecular subdivision reveals insights into GBM origin
(Verhaak et al., 2010). Hence, proneural signature is enriched in oligodendrocytic
markers, while classical GBMs display an enhanced astrocytic profile. Neural subtype
expresses oligodendrocytic and astrocytic markers, although they are defined by a
strong upregulation of neuron-associated genes. To finish with, mesenchymal GBMs
are characterized by high inflammation and, consequently, they have an astroglial-like
signature with upregulation of microglial markers. These potential linage
reminiscences could be the result of diverse differentiation paths from a common
original precursor, for example, NSCs (hierarchical model). They could also indicate
the presence of multiple GBM-initiating populations in brain with diverse stem-like
properties (stochastic model) (Lathia et al., 2015).

In general, CSCs (cancer stem cells) are defined as a small subpopulation of
cancer cells with stem and initiating capability, which is considered to be responsible
for tumour onset and therapy resistance. These cells have a stem-like phenotype with
auto-renewal capacity and stem markers expression, such as OCT4, NANOG, SOX2
or CD44. In addition, they can differentiate into non-stem tumour cells and stromal
cells to support tumour progression (Clarke et al., 2006). Their origin is controversial
and several hypotheses have been suggested, such as the oncogenic transformation
of tissue-specific adult stem cells and/or stem-like capacity associated to malignancy.
These CSCs are resistant to classical chemotherapeutical agents and they undergo
quiescence, although they can be later reactivated, originating recurrences in cured
patients (Clarke et al., 2006).

As key mediators of tumour origin and onset, CSCs present in GBM, known as
GSCs (GBM stem cells) or GICs (GBM-initiating cells), have also been studied. GSCs
resemble NSCs in multiple properties, including self-renewal, ability to differentiate,
although partially compromised, and in vitro formation of neurospheres upon non-
adherent and serum-free culture conditions. In addition, GSCs are also capable of
initiating tumourigenesis. They express specific markers and maintain basal
proliferation and anti-apoptotic mechanisms without decreasing their stem-like
phenotype (Liebelt et al., 2016). As mentioned for CSCs, in general, the origin of
GSCs is also controversial. On one hand, the majority of studies suggest that GSCs
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could appear when cancer driver mutations occur in NSCs (Y.Wang et al., 2009), a
hypothesis supported by the higher tumour formation in brain areas surrounding the
subventricular zone, where adult NSCs are located (Liebelt et al., 2016). On the other
hand, other studies point out that non-stem tumour populations can generate GSCs
during tumourigenesis (J.Wang et al., 2008), and neuronal/astrocytic dedifferentiation
promotes pro-oncogenic mechanisms that induce gliomas (Friedmann-Morvinski et
al., 2012).

Absence of proper dedifferentiation/differentiation  signatures hinders
distinguishing GSCs from NSCs or from GSC progeny. Thus, GSCs markers are
common to NSCs: transcription factors (e.g. SOX-2, Olig2, NANOG, Mushashi or
Bmi), the intermediate filament protein Nestin, or surface markers such as CD133,
CD44, integrin a6 or L1CAM. All of them have been detected in partially stem-like
tumour populations and/or stem cells-derived progeny (Lathia et al., 2015). The
signalling pathways that govern GSC phenotype, mainly Notch, Shh, BMPs, Wnt,
STAT3, NFkB or RTKs, such as EGFR, FGFR, Alk and Eph, are not specific for these
cells and they are involved in multiple steps of both physiological and pathological
processes, as described above (Liebelt et al., 2016). Moreover, their activation is
coordinated through genetic/epigenetic changes combined with microenvironmental
and metabolic factors, mainly hypoxia, so that, GSCs location within the tumour mass
correlates with the hypoxic gradient.

Data indicate that GSC population is enriched upon anti-tumour treatment and it
has been involved in tumour relapse (J. Chen et al., 2012) (Palanichamy et al., 2018).
Diverse mechanisms explain why GSCs can survive therapy and mediate relapses
(Lathia et al., 2015) (Liebelt et al., 2016), highlighting:

(i) Relative quiescent or slow cycling phenotype combined with anti-apoptotic
action.

(if) Alteration of DNA damage response machinery and MGMT upregulation.

(iii) Drug uptake/efflux modification by upregulation of ABC transporters.

(iv) Lineage plasticity and heterogeneity, mediating tumour adaptation.

GSC study has led to novel therapeutic approaches based on disruption of their
paths and markers, inactivation of microenvironment-GSCs interactions or forced
differentiation of GSCs to decrease their stem-associated potential. For example, it is
known that MDK (midkine)-activated Alk signalling promotes cell death resistance and
the acquisition of a GSC phenotype by GBM cells via autophagy inhibition and SOX9
stabilization (Lépez-Valero et al., 2020). Indeed, Alk inhibitors (e.g. crizotinib or
lorlatinib) administrated with TMZ, the benchmark agent for GBM treatment, induce a
high decrease in tumour size in mice models, promoting apoptosis and reducing GSC
population in the tumour.
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1.3.2. Tumour microenvironment

Tumour microenvironment is defined as the different cells, signalling molecules,
ECM (extracellular matrix) components, metabolites and other elements, which
surround tumour cells. It is created and dominated by the tumour. Reductionist views
of tumours, considering that cancer relies on a homogeneous tumour mass, are
incomplete and far from the reality found in clinic. A change of paradigm beyond
reductionism is necessary, especially taking into account that research points to the
importance of tissue, microenvironment, ECM, carcinogenesis, cancer control and its
progression. Mutagenesis and tumour progression drive subclonal populations, which
are selected when carrying advantages in a particular context (intra-tumour
heterogeneity) (Hanahan & Weinberg, 2011). Regions demarcated by various
degrees of stemness/differentiation, proliferation, vascularity or inflammation, among
others, have been revealed by histopathological analysis of human tumours.
Moreover, new mutations may produce new adaptive traits for selection, and,
conversely, contextual changes may modify the selective pressure, favouring pre-
existing alterations.

ECM is the most important non-cellular component of tissues, which actively
provides support for cells via its dynamic remodeling. In cancer, this remodeling is
mediated by secretion of ECM components (collagen, laminin, proteoglycans and
fibronectin) and regulators, such as MMPs (matrix metalloproteinases), secreted by
cancer and stromal cells (Kessenbrock et al., 2010) (Walker et al., 2018). Cellular
integrins interact with ECM, promoting intracellular signals that also lead to ECM
rearrangement (synthesis, reorganization or degradation). Hence, ECM is involved in
biochemical forces against movement as well as migration/invasion tracking, ligand
presentation, cell-cell communication or signal reservoir for proliferation,
angiogenesis, inflammation or spreading, among others.

Cancer-associated fibroblasts and myofibroblasts (activated fibroblasts in
response to ILs or TGF-B) are tumour stromal cells directly implicated in ECM
secretion and signals production (Hanahan & Weinberg, 2011) (Walker et al., 2018).
These cells have some characteristics similar to tissue-associated fibroblasts (for
example, a-SMA expression), but, they can promote tumour growth, proliferation,
angiogenesis, metastasis and therapy resistance. For example, in HER2" breast
cancer, cancer-associated fibroblasts secrete FGF-5, which activates FGFR2 in
tumour cells leading to HER2 transactivation via c-Src and anti-HER2 therapy
resistance (Fernandez-Nogueira et al., 2020). Hence, anti-HER2 therapies should be
combined with FGFR inhibitors and a-SMA (a-smooth muscle actin), FGF5, FGFR2
or c-Src could be used as predictive markers.

30



INTRODUCTION

In the tumour microenvironment, several types of immune cells, stem cells and
nervous cells have also been detected. Immune cells recruited to the tumour stroma
lead to the activation of an inflammatory response that initially inhibits its malignant
growth. However, tumours can evade the immune response through different
mechanisms and the infiltrated inflammatory cells promote tumourigenesis by
inducing ECM remodelling and signal secretion (Hanahan & Weinberg, 2011).
Inflammation recruits mesenchymal stem cells from bone marrow and surrounding
tissues and activates their differentiation to mature mesenchymal cells, such as
cancer-associated fibroblasts, macrophages or endothelial cells (Guan & Chen,
2013). Mesenchymal stem cells have been involved in tumour stemness, migration,
angiogenesis, immunosuppression and treatment resistance through secretion of
different factors, such as TGF-B1, LIF (leukaemia-inhibitory factor), 1L10 or CXCL12,
among others. Moreover, infiltrated nerve cells are associated to cancer progression
and dissemination (Jobling et al., 2015). Nerve and cancer cells crosstalk is
reciprocal: nerve cells release neurotransmitters that stimulate cancer and stromal
cells, for example, through B-adrenergic receptors, while cancer cells secrete
neurotrophic factors, such as NGF, which promote neoneurogenesis.

Angiogenesis is a key element for tumour growth, not only for nutrients and
oxygen support, but also for toxins withdrawal. Even though early-stage tumours do
not usually have access to vasculature, tumour growth is accompanied by the
upregulation of pro-angiogenic genes promoted by oncogenes, such as Ras and Myc,
ECM remodelling and VEGF or FGF-1/2 release, among others (De Palma et al.,
2017) (Walker et al., 2018). For example, inflammatory cells activate angiogenesis by
increasing ECM-sequestered VEGF availability (Bergers et al., 2000). This continuous
activation results in unbalanced endothelial proliferation/apoptosis and aberrant
vasculature: convoluted and excessive vessel branching with enlarged vessels,
erratic blood flow and leakiness (De Palma et al., 2017). This vascular
hyperpermeability activates pro-platelets that secrete pro-agiogenic factors and
chemoattractants for immune cells. Pericytes, which bind to and stabilize the
vasculature, also play an important role in cancer. Their attachment to this aberrant
vasculature favours endothelial differentiation via Ang-1/Tie-2 axis (Raza et al., 2010).
Tumour-associated endothelial cells maintain the expression of endothelial markers,
such as Tie-2 and MECA-32, but also display new expression patterns and surface
molecules (De Palma et al., 2017).

GBM microenvironment includes stem cells niches, BBB and different cell types,
which comprises not only host brain populations, but also infiltrated hematopoietic
mesenchymal stem cells (Bi et al., 2020) (Klemm et al., 2020). Disturbances in BBB
function linked with GBM tumour core are often observed, while peripheral areas
present intact BBB and they support tumour spreading, and surgical resection does
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not affect them (Agarwal et al.,, 2016). In GBM, angiogenesis contributes to the
expansion and remodelling of the existing vasculature through universal mechanisms,
mainly branching mediated by vessel sprouting or splitting of vessel lumens from
interstitial tissue. In addition, GBM-specific mechanisms, such as vascular co-option
and vasculogenic mimicry are also involved (Liebelt et al., 2016). Remarkably, GBM
cells are able to transdifferentiate into endothelial-like and pericyte-like cells to
support tumour-associated vasculature. Indeed, certain GSC subpopulations express
endothelial markers, such as PECAM-1 (also known as CD31), Tie2, VEGFR-2, VE-
cadherin (also known as CD144) or VEGF and they can form tubular networks under
endothelial culture conditions (Liebelt et al., 2016). Interestingly, GBMs with EGFR
alterations can undergo an EMT-like process that allows the acquisition of a pericyte-
like phenotype, promoting angiogenesis and tumour growth (Gargini et al., 2019). The
microtubule-associated protein, Tau, inhibits EGFR signalling, except when EGFR is
constitutively activated, which correlates with lower expression of pericyte markers
and decreased Ang-2/Ang-1 ratio, usually associated to bad prognosis.

1.3.3. Metabolism reprograming

Metabolism is the set of cellular regulated sequential biochemical reactions in
charge of promoting proliferation, maintaining structures and adapting to
environmental changes. Thus, cancer cells modify and reprogram their metabolism in
response not only to a higher ATP need, but also to the increased demand of lipids,
nucleotides and aminoacids synthesis required for proliferation (Figure VI). This
adaptation also optimizes the use of resources available in their microenvironment, so
that, it affects both tumour cells and tumour-associated stroma.

In tumour microenvironment, hypoxia induces the stabilization of HIF transcription
factor, which is known to promote angiogenesis, survival, migration, tumour growth
and glycolysis (Tennant et al., 2009). Cancer cells are known to preferentially use the
anaerobic glycolytic metabolic pathway even in the presence of oxygen (Vander
Heiden et al., 2009) (Liberti & Locasale, 2016). This is known as Warburg effect and
there are multiple metabolic consequences derived from this adaptation in cancer
cells.

Warburg effect could be considered an inefficient adaptation because anaerobic
glycolysis has a low yield of ATP production, only 2 ATP per glucose molecule, while
TCA followed by mitochondrial oxidative phosphorylation (aerobic glycolysis) can
generate up to 36 molecules of ATP per glucose. However, anaerobic glycolysis has
a faster rate, so that the amount of ATP synthesized in a given period of time could be
comparable in both pathways (Liberti & Locasale, 2016). Importantly, some tumours
acquire a high glycolytic phenotype, enhancing their glucose uptake, but maintaining
an aerobic glycolytic rate similar to the surrounding normal tissue (Mathupala et al.,
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2010). This, together with other observations, indicates that mitochondria would not
be defective in cells displaying Warburg effect, although certain mitochondrial
enzymes can be downregulated such as PDH (pyruvate dehydrogenase), FH
(fumarate hydratase) or SDH (succinate dehydrogenase). The extra glucose intake is
diverted by tumours to biosynthetic pathways, such as fatty acid and nucleotide
synthesis, and NADH/NADPH generation to support their rapid proliferation (Vander
Heiden et al., 2009) (Mathupala et al., 2010). Finally, subpopulations of cancer cells
with complementary metabolic adaptations coexist within tumours. Hence, cells
undergoing Warburg effect secrete lactate, which is imported and used as an energy
source by other cells (Hoang-Minh et al., 2018) (Commander et al., 2020).
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Figure VI — Schematic representation of cancer metabolism focused on glycolysis and Warburg
effect, as well as their interactions with other routes. Cancer cells present an altered metabolism
due to the high demand of ATP and nutrients (lipids, nucleotides and aminoacids) and the need of
adaptation to novel microenvironmental conditions (e.g. via lactate secretion). ALDO: Aldolase; ENO:
Enolase; G: Glucose; Fru: fructose; P: phosphate; TCA: tricarboxylic acids; a-KG:a-ketoglutarate.
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In non-tumour cells, extracellular glucose enters into the cell via GLUTs (glucose
transporters), specific glucose transporters that mediate its transport through the
plasma membrane. Then, glucose is mainly metabolized by glycolysis, a multi-step
pathway that includes reactions catalysed by HK (hexokinase), G6PDH (glucose-6-
phosphate dehydrogenase), PFK (phospho-fructokinase), aldolase, enolase or PK
(pyruvate kinase), among others (Figure VI) (Burns & Manda, 2017). The majority of
these transporters and enzymes are upregulated in cancer in levels and/or activity,
such as HKII (a HK isoform with the highest affinity for glucose), GAPDH or PFK1
(Tennant et al.,, 2009). For example, PFK1/FBPase1 (fructose-1,6-biphosphatase)
activity depends on fructose-2,6-biphosphate, the product of the reaction catalysed by
PFK2/FBPase2. Thus, PFK2/FBPase2 expression is increased in several tumours,
leading to higher concentration of fructose-2,6-biphosphate. This increases PFK1
activity, while decreases FBPase1 activity, favouring tumour growth (Dayton et al.,
2016). Importantly, cancer-associated PK isoform, PKM2, plays a relevant role in
tumourigenesis. There are four PK isoforms encoded by two genes. The PKLR gene
encodes PKL (liver form) and PKR, and the PKM gene encodes PKM1 and PKM2
isoforms generated by alternative splicing. While PKM1 is a constitutively active
tetrameric enzyme, PKM2 is allosterically-regulated (Dayton et al., 2016). It requires
the binding of fructose-1,6-bisphosphate to form an active tetrameric complex that
favours glycolysis. In the absence of this molecule, PKM2 forms dimers with low
enzymatic activity that slow down glycolysis, allowing intermediates from glucose
metabolism to be derived to biosynthetic pathways such as PPP (pentose-phosphate
pathway) (Kowalik et al., 2017). In addition, PKM2 can play pro-tumourigenic roles in
the nucleus, where it acts as a protein kinase that phosphorylates different substrates,
such as transcription factors or histones, contributing to genetic and epigenetic
regulation of cancer cells (Dayton et al., 2016) (Zahra et al., 2020).

Pyruvate, the end-product of glycolysis, undergoes conversion to acetyl-CoA,
followed by mitochondrial TCA and oxidative phosphorylation under normoxia or to
lactate under anaerobic conditions via LDH (/lactate dehydrogenase). Pyruvate
mitochondrial processing is regulated by PDH complex (also named as PDC), formed
by PDHE1, PDHE2, PDHE3 and PDHX subunits, which catalyses the irreversible
mitochondrial conversion of pyruvate to acetyl-CoA (Burns & Manda, 2017). In cancer
cells, pyruvate, the end-product of glycolysis, undergoes conversion to lactate instead
of acetyl-CoA even under normoxia conditions. This can be regulated by PDH activity
inhibition as a consequence of PDHE1a subunit phosphorylation by PDK (PDH
kinase) enzymes or by genetic downregulation of PDH complex components
(Michelakis et al., 2010) (Woolbright et al., 2019) (Commander et al., 2020).
Therefore, pyruvate is converted into lactate by LDH. In particular, LDH-M isoform
encoded by LDHA gene, is upregulated in cancer cells favouring the generation of
lactate (Valvona et al., 2016). As a consequence, LDHA/LDHB ratio is increased and
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often used as an indicator of anaerobic glycolysis vs. oxidative phosphorylation.
Lactate is not a waste product of glycolysis. It contributes to tumour acidification,
creating a hostile environment for the action of immune cells involved in tumour
progression inhibition. Lactate also activates angiogenesis inducing VEGF secretion.
In addition, it can be metabolically used by surrounding cells through, for example,
Cori cycle or astrocyte-neuron lactate shuttle in specific tissues (Vander Heiden et al.,
2009). Lactate secretion is mediated by the lactate transporters, MCTs
(monocarboxylate transporters) that allow lactate exchange through plasma
membrane. They are also upregulated in cancer cells (e.g. MCT-4).

Glycolysis is not the only metabolic pathway dysregulated in cancer (Figure VI).
Glycolytic reprogramming has been linked to PPP activation in cancer cells and
G6PDH, its rate-limiting enzyme, is upregulated in tumours (Kowalik et al., 2017).
PPP is a key pathway that generates anabolic intermediates from glucose-6-
phosphate, such as ribose-5-phosphate for nucleotide synthesis and reducing power
(NADPH) by its oxidative branch (Burns & Manda, 2017). PPP also promotes TCA
slowdown or reversion, contributing to fatty acid synthesis, B-oxidation inhibition and
glutaminolysis activation. This last pathway is relevant in cancer due to the fact that
glutamine is involved in feeding TCA and in the synthesis of aminoacids and
nucleotides (Tennant et al., 2009). Glutamine is deaminated by GLS (glutaminase),
generating glutamate that can be converted into a-KG by GLUD (glutamate
dehydrogenase) enzyme. As a-KG can be used for fatty acids synthesis and NADPH
generation via TCA and acetyl-CoA production, glutamine and GLS are essential for
cancer cells (Villar et al., 2015). There are two GLS isoforms, GLS/GLS1/KGA (kidney
isoform) and GLS2/LGA (liver type) encoded by GLS and GLS2 genes, respectively
(Villar et al.,, 2015). GLS1 is ubiquitously expressed, inhibited by glutamate and
mainly responsible for the GLS activity of tumour cells. GLS2, mainly expressed in the
liver, cannot be inhibited by glutamate. In tumours, leucine entry into cells is favoured,
since it allosterically activates GLUD1, avoiding glutamate accumulation and GLS1
inhibition (Villar et al., 2015). Glutamine can be generated from glutamate by a
reaction catalysed by GS (glutamine synthase).

All these metabolic enzymes and transporters can be controlled at the level of
expression, activity and/or localization in cancer cells by different signals and
signalling pathways, such as PI3K/Akt/mTORC1, growth factors, ROS, aminoacids or
chromatin modifications (Vander Heiden et al., 2009) (Tennant et al., 2009) (Liberti &
Locasale, 2016). Moreover, these changes in metabolism affect not only to tumour
cells and CSCs, but also stromal cells and their microenvironment. Stromal cells need
to face the lack of glucose, glutamine and other nutrients, mainly consumed by
tumour cells, and the microenvironment acidification. This affects ECM remodelling,
angiogenesis (De Palma et al.,, 2017), invasion (Commander et al., 2020) or
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immunosuppression, among other tumour characteristics (Hanahan & Weinberg,
2011).

The understanding of GBM metabolic reprogramming is specially complicated,
mainly due to the particularities of CNS and brain metabolism. In normal brain, there
are complex metabolic interactions among astrocytes, neurons and BBB, such as
ANLS (astrocyte to neuron lactate shuttle) (Turner & Adamson, 2011) (Bi et al., 2020).
Astrocytes have direct access to vascular structures, and they display a more
anaerobic glycolytic metabolism, in agreement with the presence of LDH isoforms that
enhance lactate production and the overexpression of lactate transporters, MCT-1
and MCT-4, and the glucose transporter, GLUT-1. In contrast, neurons relay on highly
oxidative conversions of astrocytes-released lactate, controlled by LDH isoforms that
favour lactate to pyruvate conversion and MCT-2 and GLUT-3 upregulation.
Mitochondrial TCA works in astrocytes as a source of intermediates, for example, for
glutamine synthesis after glutamate uptake, or for anti-ROS response.

Many of the properties associated to GBMs depend on their metabolic
adaptations, which promote tumour invasion, microenvironment remodelling and
growth advantage over normal cells (Bi et al., 2020). The Warburg effect is evident in
GBM, although GBM cells are also oxidative (Strickland & Stoll, 2017). The
importance of GBM metabolism was highlighted by WHO classification in 2016, as
mentioned before, when IDH mutational status was incorporated as the primary factor
to sub-classify GBMs and other CNS tumours (Louis et al., 2016). The metabolic
consequences of IDH mutations have been widely studied (see Box 7 for additional
information), but this is not the only relevant metabolic core in this pathology. For
example, glutamine, an essential mediator of glutamate homeostasis in brain, also
plays a role in GBMs. As explained before, in GBM cells, GLS activity leads to
glutamate generation that enters TCA, contributing to anabolic metabolism. However,
glutaminolysis inhibition does not affect GBM proliferation, since half of glutamate
derived from glutamine does not enter TCA, but it is secreted. In contrast, in GBMs,
glutamine generated from glutamate and GS activity from tumour cells and
astrocytes, present in the microenvironment, has been associated to tumour
progression and poor prognosis (Tardito et al., 2015).

Furthermore, recent studies indicate that GBM subpopulations with different
metabolic profiles support each other and cooperate to globally address
dissemination and drug resistance (Hoang-Minh et al., 2018) (Commander et al.,
2020). Thus, these subpopulations can be differentiated into the same tumour
according to their specific functions, such as fast cycling cells vs. slow cycling cells, or
invasive cells vs. growing cells, or by using clinic-relevant markers, such as LDH,
GLUT, MCTs or glycolic enzymes isoforms, PDK/PDH expression or GLS levels,
among others (Valvona et al., 2016). For example, in GBMs, different populations of
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tumour cells can cooperate each other or with cells from the microenvironment (e.g.
astrocytes) in order to promote ANLS-like interactions (Turner & Adamson, 2011),
mimicking normal brain homeostasis.

1.4. Spreading and dissemination

Cancer cells can disseminate from primary foci and generate secondary ones, and
metastasis is the most common mechanism for this event. Metastasis increases
cancer-associated death as a consequence of the generation of secondary tumours in
vital organs. For example, about 70% of colorectal cancer patients develop
metastasis, being these metastases associated to a decreased in 5-year survival rate
(around 14%) compared to regional/localized tumours (70-90%) (NIH - National
Cancer Institute (Colorectal cancer) webpage, 2020). However, not all tumours
disseminate to distant organs. In particular, CNS tumours rarely generate ENMs
(extra-neural metastases). Nevertheless, they have a high capacity to infiltrate into
the surrounding areas and create secondary foci (Lun et al., 2011). Still, it remains
controversial if this should be considered metastasis. Most authors refer to it as
dissemination/spreading. Similarly, some other solid cancers, such as prostate (Datta
et al., 2010) or salivary gland (Bhattacharyya & Fried, 2002) tumours, also display
regional dissemination and nodal metastasis in surrounding tissues or lymphatic
nodes, in addition to the generation of distant metastasis.

However, both dissemination and metastases are usually inefficient. It is required
a high cell plasticity for local invasion and penetration, including attachment and
adhesion, as well as ECM degradation and migration, intravasation into nearby
vessels, transit of cells through the circulatory system (CTCs), extravasation into a
novel parenchyma, and adaptation plus seeding by forming small nodules (micro-
metastases), which grow leading to macroscopic tumours, reactivating all the
mentioned hallmarks to be adapted to the new niche pressure (Figure VII) (Hanahan
& Weinberg, 2011). This requires not only cell migration and invasion, but also cell
fate control, quiescence/dormancy vs. proliferation.

1.4.1. Cell adhesion

Cell adhesion is important for both embryonic and adult physiology and in
pathologies. In most cancers, cell-cell and cell-ECM interactions are mainly linked to
survival, proliferation and motility. Epithelial cells, tightly packed in tissues, form layers
with specific polarity and have different structures for cell adhesion, being of special
relevance tight junctions, adherens junctions and focal adhesions (Figure VII).

Tight junctions regulate the selective transit of ions and solutes, cell polarity and
signalling pathways via protein recruiting. Claudins, occludins and ZO-1/2/3 proteins
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are their main components and mediate their interaction with the cytoskeleton and
other proteins (Bhat et al., 2019). Cancer-associated disruption of tight junctions
yields malignant transformation, proliferation and spreading (Bhat et al., 2019). For
example, Claudin-1 overexpression has been linked to the repression of a pro-
invasive mesenchymal phenotype in gliomas and ZO-1 upregulation.
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Figure VIl — Cancer dissemination in primary tissue and/or metastasis to distant organs: role of
epithelial to mesenchymal transition (EMT). For dissemination, cancer cells need to acquire specific
features, such as invasive capacity, extracellular matrix degradative ability or adaptation to new
microenvironments. The EMT process is the set of cellular changes that allow the conversion of
epithelial cells to mesenchymal ones and, consequently, it plays a role in the disseminative process.
MMPs: matrix metalloproteinases; ECM: extracellular matrix; CSC: cancer stem cell.

Adherens junctions are formed by cadherins (calcium-dependent hemophilic
binding proteins). In particular, E-cadherin is the main coordinator of the epithelial
phenotype. It accumulates in adherens juctions, forming macro-protein complexes
that regulate actin cytoskeleton organization and cell polarity (Gloushankova et al.,
2017). Non-phosphorylated 3-catenin interacts with and stabilizes E-cadherin, while
its phosphorylation or E-cadherin downregulation lead to [B-catenin release
(Wijnhoven et al., 2000). Free excess [-catenin is usually degraded, but Wnt and
RTK pathways induce its nuclear translocation and B-catenin-mediated transcription.
In cancer, B-catenin activation is associated with invasiveness and proliferation
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(Wijnhoven et al., 2000). N-cadherin is the second most characterized cadherin in
tumour cells. It is expressed in mesenchymal cells, promoting migration and invasion,
for example, by interaction with RTKs (e.g. FGFR) (Gloushankova et al., 2017). The
potential roles of other cadherins (for example, VE-cadherin) in cancer need to be
further studied.

Finally, focal adhesions are integrin-containing, multi-protein structures that
contain talin, paxillin, VASP, vinculin or a-actinin, among other proteins, which form
mechanical links between intracellular actin bundles and the ECM (Nagano et al.,
2012) (Horton et al., 2015). Upon integrin activation, Src and FAK are recruited to
focal adhesions, which promote cytoskeletal rearrangements, adhesion/migration or
proliferation via small GTPases, such as Rho, Rac, Cdc42 or Rap (Nagano et al.,
2012). Deregulation of these proteins is linked to metastasis and decreased survival
in cancer (Zhang et al.,, 2019). During movement, focal adhesions undergo
progressive cycles of assembly-disassembly (Horton et al., 2015). The strength of
cell-ECM interactions is dependent on integrin expression, ECM composition and
density, and assembly-disassembly rate, which determines migration track and speed
(Friedl & Wolf, 2003) (Walker et al., 2018). Under low interaction conditions, focal
adhesions are immature and unstructured and migration is inhibited. Under high
interaction conditions, focal adhesions cannot be disassembled and migration is
impaired. Only under moderate interaction conditions, adhesion structures coordinate
with motility programs.

In GBM, it is important to point out that nervous tissues do not have an epithelial
organization and CNS tumours are considered disorganized and aberrant. In spite of
this, astrocytes are polarized cells expressing high levels of the mentioned adhesion
molecules and matrix receptors and they communicate through cell-cell junctions (Iser
et al., 2017).

1.4.2. Cell migration and invasion

Cell migration is the directed movement of cells in response to chemical and/or
mechanical signals, while cell invasiveness requires an extra ability of migratory cells
to navigate through the extracellular matrix within a tissue or to infiltrate neighboring
tissues (Figure VII). Mesenchymal motility entails directional and individual cell
movement, but amoeboid or collective movements should be considered, too (Fried|
& Wolf, 2003). In all cases, migration and invasion requires high plasticity and
coordinated regulation of diverse signalling pathways. The diversity in the
mechanisms promoting migration/invasion of cancer cells decreases effectiveness of
anti-metastasis treatments (Thiery et al., 2009) (Nieto et al., 2016).
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Focussing on mesenchymal migration/invasion, the most accepted model
determines five essential steps that implicate cytoskeleton reorganization, focal
adhesions dynamics and small GTPases pathways involvement (Friedl & Wolf, 2003).

(i) First, actin protrusions are generated in the leading edge of the migrating
cell, including lamellipodia, filopodia, pseudopodia, invadopodia and
podosomes. This cell polarization and elongation is induced by growth
factors, cytokines, chemokines and microenvironmental signals that
promote phosphatidyl-inositols generation via PI3K and PI45K, activation of
small GTPases, such as Rac, Ras, Cdc42 or Rho, among others that leads
to the regulation to several signalling cascades.

(ii) Second, cells interact with ECM, so that outside-in integrin signalling
induces the establishment of focal adhesions and signalling activation.

(iii) Then, surface proteases are recruited to these cell-ECM contacts and
cleave ECM components, as well as pro-MMPs to release active MMPs.
ECM degradation provides the space required for cell expansion and
displacement.

(iv) This is followed by myosin Il interaction with actin filaments and these
actomyosin fibers control contraction. Two kinases are mainly implicated in
this step: MLCK (myosin light chain kinase) and ROCK (Rho-associated
serine/threonine kinase). MLCK is a calcium-dependent kinase that
phosphorylates the MLC (myosin light chain), activating myosin Il and
actinomyosin contraction. This can be avoided by MLC phosphatases,
which are inhibited by ROCK-dependent phosphorylation via Rho.

(v) Finally, the trailing edge is detached by focal contacts disassembly and
integrins are internalized by endocytic vesicles.

This is retained in tumour cells, even though cancer alterations lead to an
increased pro-migratory capacity in the absence of sufficient stop signals. Hence,
deregulation of migratory mediators, such as Rac, Rho, ROCK, MLCK or MMPs, is
linked to progression and worse prognosis in different cancers (Friedl & Wolf, 2003)
(Horiuchi et al., 2003) (Wertheimer et al., 2012).

1.4.3. Matrix metalloproteinases

Proteolysis is a key step during both local migration and invasion. Among other
proteases, MMPs (matrix metalloproteinases) are highly relevant in cancer. They
belong to =zinc-protease family, as well as ADAMs (a desintegrin and
metalloproteinases) or ADAMTs (ADAMs with thrombospondin motifs), and share a
common general structure based on a pro-peptide, only present in the pro-MMP form,
the catalytic domain and a hemopexin-like C-terminal domain (Sternlicht & Werb,
2001). Pro-MMPs are enzymatically inactive due to the interaction of a cysteine

40



INTRODUCTION

residue from the pro-domain with the zinc ion situated in the catalytic site, but this pro-
domain is susceptible of proteolytic processing by other proteases, such as furin or
activated MMPs, leading to MMP activation. MMPs are regulated at different levels,
such as gene expression, cell-ECM interactions, compartmentalization, proteolytic
processing, specific inhibitors (TIMPs (tissue inhibitor of metalloproteinases)) in
response to GFs, cytokines or microenvironmental conditions (e.g. ROS) (Sternlicht &
Werb, 2001). MMPs can also carry out catalytic-independent functions.

Fluorogenic in vivo evaluation demonstrates that tumours have increased MMP
activity compared to healthy tissues and overexpression of several MMPs, including
MMP-3, -7, and -14, results in carcinogenesis (Kessenbrock et al., 2010). Moreover,
in several epithelial cancer models, MMP downregulation impairs tumour migration
and metastasis. MMPs mediate ECM cleavage for cell movement and contribute to
the release of pro-invasive/metastatic signals (e.g. TGF- or EGF) from ECM,
solubilisation and/or proteolytic activation (Friedl & Wolf, 2003). They also facilitate
the generation of other bioactive compounds upon ECM degradation (Kessenbrock et
al., 2010), promoting proliferation, survival or pro-inflammatory effects, too.
Importantly, MMPs are implicated in E-cadherin/B-catenin regulation. Infiltrating
stromal cells are the major source of MMPs in tumours, mainly inflammatory cells, but
also cancer-associated fibroblasts, bone marrow-derived stem cells and endothelial
cells (Kessenbrock et al., 2010). Inflammatory cells secrete MMPs that promote not
only invasiveness, but also angiogenesis (Bergers et al., 2000). In spite of this,
metastasis and tumourigenesis are not universally promoted by MMPs. For example,
MMP inhibitors do not impair migration of lymphoma or esophageal cells (Friedl &
Wolf, 2003) and MMP-8 secreted by neutrophils contributes to tumour suppression in
carcinogen-induced skin cancer (Balbin et al., 2003). Consequently, MMP inhibitors
have yielded inconsistent outcomes in cancer clinic, likely due to plasticity: loss of a
particular mechanism related to motility results in migratory scape through alternative
strategies (Friedl & Wolf, 2003) (Kessenbrock et al., 2010).

1.4.4. Epithelial to mesenchymal transition and similar
processes

EMT (epithelial to mesenchymal transition) process is the set of cellular events
that control the conversion of an epithelial cell into a mesenchymal one (Figure VII).
Epithelial cells form packed layers in different tissues and they are characterized by
apicobasal polarity and close cell-cell and cell-matrix contacts. Conversely,
mesenchymal cells display a fibroblastic-like phenotype with low cell-cell contacts,
absence of polarity and increased ability to migrate/invade. Thus, EMT involves a
morphogenetic program that includes adhesive structures rearrangement,
cytoskeleton reorganization and pro-migratory structures activation, among others,
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which is controlled transcriptionally by EMT-associated transcription factors (Thiery et
al., 2009) (Lamouille et al., 2014) (Nieto et al., 2016). EMT can be reversed by MET
(mesenchymal to epithelial transition), being both programmes essential for some
physiological processes and pathologies (Box 2).

BOX 2 - EMT in embryonic development, physiological

responses and non-tumourigenic pathologies

Complementary cycles of EMT/MET are crucial during embryonic
development for cell differentiation and three-dimensional organization of
organs (Thiery et al., 2009). Primary EMT occurs early during the
embryonic development: before implantation to give rise to the parietal
endoderm and immediately after implantation, during gastrulation, to
generate the mesoderm and for neural crest delamination from the dorsal
neural tube. Secondary EMT of early mesodermal cells, condensed into
transient epithelial structures (e.g. somites), generates mesenchymal
cells, which differentiate into specific cell types. Tertiary EMT takes place
in more specialized structures. For example, during the formation of the
cushion mesenchyme that will give rise to cardiac valves precursors.
Although all these EMT programs have features in common such as Snail
expression and E-cadherin down-regulation, they are modulated by
specific signals. For example, neural crest formation depends on the
coordinated action of complementary gradients of signals such as FGF,
Whnt, Notch, retinoic acid or BMP4 (Nieto et al., 2016).

Another important physiological function of EMT is tissue repair in
response to damage (Thiery et al., 2009).

The EMT process is implicated in pathologies, such as fibrosis (Thiery et
al., 2009). The excessive amount of extracellular matrix (e.g. collagen)
secreted by myofibroblasts in fibrosis can lead to organ failure. A
significant portion of these myofibroblasts arise through EMT. Hepatic
stellate cells and other hepatic cells undergoing EMT are key mediators of
liver fibrosis (Zeisberg et al., 2007) (Nieto et al., 2016).

EMT program dysregulation has been involved in cancer progression. In animal
models and cancer cell lines, it was early demonstrated that EMT promotes
invasiveness and metastasis (Pearson, 2019). Tumour EMT is conditioned by an
intricate counterbalance between the internal growth pressure exerted by the
expanding main tumour nest and the free edge of the tumour periphery. According to
this, attenuation of cell proliferation correlates with invasive capacity and EMT in
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certain cell contexts (Biddle et al., 2011) (Hosseini et al., 2016) (Hoang-Minh et al.,
2018). Moreover, analysis of tumour subpopulations has demonstrated that cells
undergoing EMT secrete signals to drive invasion in sibling epithelial populations,
through EMT-dependent and —independent mechanisms, and to modulate stromal
cells (Pearson, 2019). Importantly, in cancer, the mesenchymal state is associated to
a higher disseminative ability and metastasis, but colonization and secondary foci
growth requires EMT reversion through MET (Figure VII) (Tsai et al., 2012) (Stankic
et al., 2013).

Direct evidence of EMT in human cancers has been difficult to obtain and it
remains controversial for some authors. This difficulty is due to various reasons: (i)
EMT is a dynamic, transient process, usually located in some specific areas or
subpopulations of the tumour, (ii) lack of specific EMT-related signals, regulators and
markers for each cancer context, (iii) similarities between mesenchymal cells derived
from epithelial cancer cells and stromal cells such as cancer-associated fibroblasts,
and, (iv) the unexpected role of EMT in early stages of tumourigenesis, even before
detection of primary tumour (Nieto et al., 2016) (Pearson, 2019). Related to the latest,
breast cancer studies suggest that a subpopulation of cells disseminate to distant
tissues through EMT, even before the primary tumour is detectable, and they could be
responsible for up to 80% of later metastasis (Hosseini et al., 2016). In spite of this,
morphological evidence of EMT at invasive fronts of human tumours was obtained
and, more recently, EMT signatures have been developed to score prognosis and
drug sensitivity in cancer patients (Meng et al., 2014) (George et al., 2017).

EMT programme in cancer displays an inherent flexibility due to cell plasticity,
tumour clonal diversity and cell context variations. Moreover, EMT cannot be longer
considered a transition between two states. There are studies demonstrating the
existence of intermediate and reversible stages, partial transitions (Shamir et al.,
2016) and EMT-related processes, such as epithelial to ameboid transition,
endothelial to mesenchymal transition or epithelial-derived mesenchymal cells to
myofibroblasts transition (Friedl & Wolf, 2003) (Lamouille et al., 2014). All this
complexity impairs the clinical use of EMT for therapy (Thiery et al., 2009) (Nieto et
al., 2016).

Similar to other cancers, GBM high invasive capacity has been linked to EMT by
some authors, although GBM cells are not epithelial. In addition, there are similarities
between astrogliosis (abnormal expansion and activation of astrocytes in response to
damage) and EMT, such as the role of TGF-$ as an inducer of both processes and
common markers (e.g. MMPs, ECM components or Vimentin) (Iser et al., 2017). In
fact, the role of EMT in GBM dissemination is controversial due to two main reasons.
First, bioinformatic analyses determine that, in terms of epithelial vs. mesenchymal
phenotype, the majority of GBM tumour samples and cell lines have a pronounced
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mesenchymal phenotype (Tso et al., 2006) (Iser et al., 2017), although it can be
shifted toward a more mesenchymal one through an EMT-like process. Second, the
molecular changes that define EMT in other tissues and tumours, such as “cadherin
switch” do not necessarily occur in GBM upon EMT (Mikheeva et al., 2010) (Iser et
al., 2017). Consequently, different terms are used to describe EMT-related phenotypic
changes that specifically occur in GBM. The most relevant is “glial to mesenchymal
transition”, which correlates with the upregulation of mesenchymal markers
(equivalent to that observed upon EMT) and the additional downregulation of
astrocytic/glial markers, such as GFAP, Olig2 or PDGFR (Mahabir et al., 2013)
(Matias et al., 2017) (C. Chen & Wang, 2019). To underline the relevance of GBM
molecular subtypes (classical, mesenchymal, proneural and neural) and potential
phenotypic changes between them, the term“proneural to mesenchymal transition” is
also being considered of value (Fedele et al., 2019). All this points out that the EMT-
like process in GBM can be partial or incomplete, with a high heterogeneity and
plasticity and it can take place and be reverted many times along the malignant
dissemination (Nieto et al., 2016). Therefore, the “EMT-like” term is likely the most
suitable to be used in order to include all these dynamic data.

1.4.4.a. EMT-activating factors and signalling pathways

Several signals are involved in the regulation of EMT and EMT-like processes:
growth factors (e.g. FGF, HGF, PDGF, EGF and VEGF), hypoxia, Wnt, TGF-f,
chemokines (e.g. CXCL family), cytokines, Notch, Shh, BMPs and oestrogens (Thiery
et al., 2009) (Lamouille et al., 2014). These canonical signals are correlated with
enhanced migration/invasion in GBM (lIser et al., 2017). TGF-3 (Joseph et al., 2014),
CXCL12 and other chemokines (Gravina et al., 2017), and growth factors such as
EGF or FGF (X. Wang et al., 2017) (Gargini et al., 2019) (Kowalski-Chauvel et al.,
2019) are known to promote EMT in GBM cells. These EMT-inducing factors trigger
different signalling pathways, such as ERKs, p38 MAPKs, JNKs, NFkB, Smad, Notch
or Hh. They cooperate to promote specific EMT programs. For example, TGF-B
facilitates EGF- or FGF-induced EMT mediated by ERKSs in different cancer models
(Shirakihara et al., 2011) (Uttamsingh et al., 2008). In HCC (hepatocellular
carcinoma), cells undergo EMT in response to TGF-f when expressing CXCR4
chemokine receptor (Bertran et al., 2009). Time, spatial and tissue-specific regulation
of EMT is also controlled by epigenetic changes, alternative splicing mechanisms,
post-translational modifications and miRNAs (Thiery et al., 2009) (Lamouille et al.,
2014) (Nieto et al., 2016).

1.4.4.b. Transcription factors driving EMT

The key regulators of EMT and EMT-like processes are the transcription factors
that control this phenotypic transition at a transcriptional level, mainly Snail1, Slug (or
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Snail2), Zeb1/2 and Twist1/2, but also KLF8, FoxC2, Prrx1 and others (Peinado et al.,
2007). As they have distinct timing and expression profiles, their contribution depends
on cell/tissue type and availability of partners and regulators. For example, Zeb1 is
associated to colon cancer progression, whereas Zeb2 activates invasion in ovarian,
gastric and pancreatic tumours (Peinado et al., 2007). A switch from Snail2/Zeb2 to
Zeb1/Twist may underlie melanoma progression, too. Importantly, these transcription
factors are regulated by post-translational modifications (Nieto et al., 2016). For
example, Snail1l is susceptible of phosphorylation by GSK3(3, leading to its
degradation, but, complementary, GSK3p is regulated by EMT-activating signalling
pathways such as Wnt, PI3K/Akt or NFkB (Yadi Wu et al., 2009). There are also
increasing evidences of hierarchical expression control between them (Peinado et al.,
2007) (Thiery et al., 2009). For example, Zeb1 expression is usually expressed upon
Snail activation, although Zeb1 can be activated in tumours lacking Snail, too. In
addition, not all these transcription factors are equally potent in repressing the
epithelial phenotype and inducing mesenchymal properties, with Snail factors being
potent epithelial repressors, but weaker mesenchymal inducers. All these EMT-
associated transcription factors also play a role in GBM, highlighting Snail (Caja et al.,
2018), Zeb-1 (Joseph et al., 2014) (Siebzehnrubl et al., 2013), Zeb-2 (Feng et al.,
2019) and Twist-1 (Mikheeva et al., 2010) (Lamballe et al., 2016).

1.4.4.c. EMT markers and molecular changes

E-cadherin repression is a key EMT event, which is directly or indirectly controlled
by most EMT-mediating transcription factors, which leads to adherens junction
breakdown and 3-catenin release (Thiery et al., 2009) (Gloushankova et al., 2017). In
general, cell-cell and cell-matrix contacts are destabilized during EMT and proteins
from cell junctions are downregulated, as described in previous sections (7.3.7 and
1.3.2). Thus, E-cadherin, ZO-1/2/3, some cytokeratins, occludin, claudin and other
epithelial proteins, as well as B-catenin are repressed or re-localized upon EMT
(Lamouille et al., 2014). This is accompanied by activation of the expression of
mesenchymal markers. Specifically, E-cadherin downregulation is compensated by N-
cadherin upregulation (“cadherin switch”), which generates weaker cell-cell
interactions and promotes cell motility (Wheelock et al., 2008). It is important to point
out that E-cadherin expression is limited, not only in GBMs, as it is only present in
some epithelial and differentiated subsets of GBMs, but also in healthy brain, which
cannot be considered an epithelial tissue. Moreover, N-cadherin may not change its
expression upon EMT-like induction in GBM, although it can modify its cell distribution
(Siebzehnrubl et al., 2013). This is why EMT-like processes in GBM are independent
of the “cadherin switch”, although it is denoted as the main marker of EMT in other
cell types (Wheelock et al.,, 2008). EMT drives actin cytoskeleton reorganization,
leading the generation of lamellopodia or spike-like actin-rich projections and actin
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stress fibers formation. In addition, changes in intermediate filaments composition
involved in cell migration and intracellular vesicle trafficking are induced (Lamouille et
al., 2014). In particular, Vimentin upregulation is considered essential for EMT in
some cell contexts (lvaska, 2011). MMPs are also considered EMT positive markers
in cancer (Kessenbrock et al., 2010).

1.4.4.d. Relationship between EMT and stemness

Cells undergoing EMT are considered to be susceptible of acquiring stem-like
properties, in addition to therapy resistance (Thiery et al., 2009) (Lamouille et al.,
2014).

EMT/MET cycles are produced during embryonic development, as previously
described, and cells maintained in culture under stem conditions display EMT
markers and maintain pluripotency and stem cell markers. Defined CSCs isolated
from tumours express EMT markers (Mani et al., 2008), as well as, for example,
breast cancer CSCs (that grow as mammospheres) display epithelial phenotype
repression (Shipitsin et al., 2007). Consistent with this EMT-stemness relationship,
differentiated cancer cells may suffer a transition to pro-migratory CSCs, enabling
clonal expansion of certain oncogenic mutations, dissemination and later
differentiation through MET for colonization of secondary locations (Nieto et al.,
2016). However, a number of works have demonstrated that EMT is not necessarily
associated to the acquisition of stemness properties (Celia-Terrassa et al., 2012)
(Lamballe et al., 2016).

In GBM, EMT was also matched to the acquisition of GSC-like phenotype and/or
treatment resistance in the majority of studies (Mikheeva et al., 2010) (Siebzehnrubl
et al., 2013) (Meng et al., 2014) (Caja et al., 2018) (Kowalski-Chauvel et al., 2019).
However, EMT-stemness link cannot be considered universal in this tumour
(Lamballe et al., 2016).

1.4.5. Final steps of cancer dissemination and glioblastoma
spreading particularities

Invasive cells can disseminate to adjacent tissues or enter into surrounding
vessels (extravasation) leading to circulating tumour cells (CTCs). CTCs can interact
with non-tumour cells and platelets, and they display anti-shear and anti-immune
mechanisms (Dasgupta et al., 2017). A fraction of these CTCs is capable of entering
into distant sites (intravasation), where they can persist, generating DTCs
(disseminated tumour cells). DTCs may enter into a dormant state, characterized by a
reversible growth arrest (quiescence) with lack of clinical symptoms and treatment
resistance (Bragado et al., 2013) (Sosa et al., 2014). Different cancer types exhibit
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discrete tissue preferences for metastasis (organo-tropism) due to specific gene
expression, signal secretion patterns, stromal structure and accessibility (“seed and
soil” hypothesis) (Obenauf & Massagué, 2015). For example, cancer cells
metastasising in brain can favour pro-tumourigenic astrocytic populations, while
decreasing anti-tumourigenic ones (Priego et al., 2018).

GBM aggressiveness correlates with its infiltrative and disseminative capacity,
even being considered a “whole-brain disease”, because the tumour easily mixes
with normal tissue. Hence, surgical resection of tumour-bearing hemisphere does not
avoid recurrence and most GBMs easily spread to contralateral hemispheres
(Agarwal et al., 2016). Invasion is mainly performed along nerve tracts and meninges,
but also through cerebrospinal fluid and brain blood vessels (Van Meir et al., 2010).
Disseminative cells hide in brain tumour-distant areas, where they cannot be removed
by surgery, rather than in perivascular areas, as seen in brain metastatic cells, too.
These niches are characterized by BBB integrity, which interferes with treatment
delivery. A low proliferative rate, similar to that found in dormant phenotypes in other
tumours (Tong et al., 2018), and GSC-related properties have been associated to
these invasive GBM cells (Van Meir et al., 2010) (Agarwal et al, 2016).
Consequently, upon specific signals, these resistant cells can reactivate proliferation
and give rise to recurrent tumours.

Interestingly, GBM cells do not usually scape from brain parenchyma and ENMs
(extra-neural metastases) rate is very low (around 0.5%), generally occurring after
craniotomy/shunting (Lun et al.,, 2011). Brain environmental properties and BBB
function condition this event. Fast progression of primary neural locations and
patients’ premature deaths after diagnosis also compromise ENM growth and
detection. Importantly, CTCs in peripheral blood are detected in GBM and other
gliomas, and they have been proposed as potential clinical tools for tumour
monitoring (Gao et al., 2016).

1.5. Cell signalling pathways involved in glioblastoma

As seen above, cancer presents an altered signalling communication between and
within cells. Aberrations in signalling pathways are pleiotropic and complex, but RTKs,
MAPKSs and small GTPases, included Rap, are particularly relevant.

1.5.1 Receptor Tyrosine-kinases

Humans have 58 known RTKs (receptor tyrosine-kinases), classified into twenty
subfamilies: EGFR (or ErbB), IR, PDGFR, VEGFR, FGFR, PTK7, Trk, ROR, MuskK,
Met, Axl, Tie, Eph, Ret, Ryk, DDR, ROS, LMR, Alk and Styk (Figure VIII) (Lemmon &
Schlessinger, 2010).
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RTKs display a similar structure that includes a ligand-binding region in the
extracellular domain, a single transmembrane helix and a cytoplasmic region that
contains the tyrosine kinase domain and additional C-terminal regulatory regions.
RTKs intracellular regions allow their interaction with a wide array of proteins through
different protein-protein binding domains, leading to the activation of several signalling
pathways such as Ras/ERK, p38 MAPK, PI3K/Akt or JAKs/STATs, among others.
Thus, RTKs are essential signalling hubs for cells, both under physiological and
pathological conditions. Here, we will focus on two important RTK families in cancer
and, in particular, in GBM: EGFR and FGFR.

e i
LR R

Styk1l Ryk TrkA FGFR1 DDR1 PDGFRa MuskK Tyro3 ROR1 ALK EphAl-8 PTK7 Ret Tiel ErbB1

VEGFR1 LMTK1 Met Ros

TrkB FGFRZ DDR2 PDGFRp Mer RORZ LTK EphA10 Tiez ErbB2 IRR VEGFR2 LMTK2 Ren
TrkC FGFR3 CSF-1R Axl EphB1-4 ErbB3 IGF-1R VEGFR3 LMTK3
FGFR4 Kit EphB& ErbBa
FLT-3
Domains:
Gly-rich Ephrin receptor Tyrosine
matlf Cys-rich Cadherin HNigand binding Fibrenectin kinase Leueine-rich Ig-iike
motif domain i domain motif domain
D .V _d. . Um®ala®c0
- O . Discoidin MAM
LDLR3 EGF-like SAM Kringle Frizzied WIR domain domain

Figure VIII — Receptor tyrosine kinases (RTKs): subfamilies and domains. Twenty subfamilies of
RTKs have been described. They all display auto-kinase activity, leading to the recruitment and/or
activation of several downstream effectors. Adapted from Lemmon & Schlessinger, 2010. LDLR3: low-
density lipoprotein receptor repeat 3; SAM: sterile alpha motif.

1.5.1.a. EGFR subfamily

EGFR subfamily encompasses four RTK members: EGFR (also known as ErbB1
or Her1), ErbB2 (Her2 or Neu), ErbB3 (Her3) and ErbB4 (Her4) (Zahonero &
Sanchez-Gomez, 2014). EGFR is a transmembrane receptor for ligands from EGF
family, which includes EGF, TGF-a (transforming growth factor-a) and HB-EGF
(heparin-binding EGF). Ligand binding to the receptor induces its dimerization, auto-
phosphorylation at intracellular residues Y992, Y1045, Y1068, Y1148 and Y1173,

48



INTRODUCTION

leading to its activation. Then, adaptors and signalling molecules are recruited,
triggering the activation of several downstream signalling cascades, such as ERKs,
JNKs, p38 MAPKs, PI3K/Akt, JAKs/STATs, PLC/PKC or TyrKs (tyrosine kinases)
such as Src (Figure IX). In this way, several cellular functions are regulated through
the control of gene expression and the activity of different proteins.
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Figure IX — EGF/EGFR signalling: most relevant downstream pathways and functions. EGF
binding to its receptor induces EGFR dimerization, auto-phosphorylation at intracellular residues and
activation, promoting the recruiting of different signalling adaptors and macro-protein complexes. This
leads to the activation of several signalling cascades (indicated in different colours in the scheme), which
mediate a wide range of cellular functions (e.g. invasion/adhesion, proliferation or stemness), not only by
regulating protein activity, but also through transcriptional regulation. P: phosphorylated-tyrosine.

EGFR compartmentalization allows its controlled localization in specific plasma
membrane domains, such as lipid rafts, caveolae or clathrin-rich regions, as well as in
intracellular membranes, determining the receptor exposure to different signalling
platforms (signallosomes) (Tomas et al., 2014) (Zahonero & Sanchez-Gomez, 2014).
EGFR signalling can be regulated by endocytosis followed by either receptor
degradation or recycling. Upon ligand binding, plasma membrane EGFR is dimerized
and autophosphorylated, leading to the binding of different adaptors and signalling
molecules. In addition, E3 ubiquitin ligase Cbl is recruited by different EGFR-binding
proteins, such as Grb2, which enables receptor ubiquitination. Ubiquitinization is a
key post-translational modification involved in EGFR endocytosis, since ubiquitinated
residues allow the interaction of EGFR with endosome-forming proteins from both
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CME (clathrin-mediated endocytosis) and CIE (clathrin-independent endocytosis)
pathways (Tomas et al., 2014). CME is the major endocytic pathway in mammalian
cells and it occurs via the assembly and maturation of clathrin-coated pits that
concentrate cargo as they invaginate and pinch off to form clathrin-coated vesicles.
AP2 and dynamin are two key mediators of CME, while CIE pathways include
dynamin-dependent (e.g. caveolae endocytosis) and dynamin-independent (e.g.
macropinocytosis) mechanisms. CME is slower and favours cargo recycling to plasma
membrane. In contrast, CIE acts faster and induces cargo degradation. In general, in
the case of EGFR, strong stimuli, such as high ligand concentrations or potent
ligands, induce CIE and signal attenuation, while CME promotes signal prolongation.
Both mechanisms cooperate to maintain EGFR signal homeostasis (Tomas et al.,
2014). Cancer-associated trafficking defects result in EGFR mislocalization and
signalling deregulation. First, certain EGFR mutations are known to affect its
trafficking, such as EGFRvv, mainly inhibiting Cbl capacity to ubiquitinate it. Second,
trafficking controllers are regulated during tumourigenesis, such as Sprouty-2.
Cancer-induced Sprouty-2 downregulation promotes EGFR endocytosis via CME and
its recycling, prolonging its signal to induce cell proliferation and invasion. Finally,
EGFR endocytosis is also regulated by certain anti-cancer treatments, being EGFR
trafficking a novel target that could allow improvement of anti-EGFR treatments
efficacy and avoid resistance.

EGFR is over-activated in many cancers, including GBM (Zahonero & Sanchez-
Gobémez, 2014). This is not only a consequence of ERBB1 amplifications (found in
around 30-40% of GBM patients), but it is also induced by overexpression of ligands
and the receptor, alterations in downstream effectors and regulators, and mutations
(e.g. EGFRUVIII, a constitutively- active form of EGFR, or EGFRvv, an internalization-
deficient EGFR truncated form). As it occurs in other cancers (Cowden Dahl et al.,
2008) (Uttamsingh et al., 2008), EGFR upregulation has been associated to GBM
initiation, GSC phenotype maintenance, tumour growth, invasion/dissemination,
mainly through EMT induction, and chemo-/radio-therapy resistance (Zahonero &
Sanchez-Gomez, 2014) (X. Wang et al., 2017). However, EGFR role in cancer seems
to be more complex. This is why EGFR-targeted therapies had a promising potential
in cancer, and in particular, in GBM, but their benefits are irregular. EGFR mutation
status, ligand-independent activations, kinase-independent signalling mechanisms
and alterations in downstream effectors or compartmentalization of regulators (e.g.
Cbl, MIG-6 or Sprouty proteins) have been demonstrated to condition anti-EGFR
therapies (Zahonero & Sanchez-Gomez, 2014). Moreover, EGFR-targeted treatments
can also induce resistance due to RTK capacity to interact with and co-regulate other
RTKs, leading to high signalling plasticity and compensatory mechanisms via
alternative RTKs (Lemmon & Schlessinger, 2010) (P. A. Clark et al.,, 2012)
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(lzumchenko et al., 2014) (Zahonero & Sanchez-Gémez, 2014). Synergistic
approaches are being studied, although their clinical applications are complex.

1.5.1.b. FGFR family

Generally, in cancer, but particularly in GBM, the role of FGFRs has been widely
studied. There are four transmembrane FGFRs, FGFGR1, FGFR2, FGFR3 and
FGFR4, in addition to the soluble FGFRL1 (antagonist) (Jimenez-Pascual &
Siebzehnrubl, 2019). All of them have different splicing forms associated to specific
cell phenotypes, which differ in their intrinsic properties. For example, mesenchymal
cells up-regulate FGFR1(3, an isoform with a higher ligand sensitivity compared to
FGFR1a. In humans, 22 members of the FGF ligand family have been identified so
far. Their binding to FGFRs is regulated by ECM components, mainly heparin sulfate,
and co-receptors. Upon FGF-FGFR interaction, the receptor dimerizes being
activated by autophosphorylation. This triggers different signalling pathways, such as
Crk/Rac/JNK, FRS2/Grb2/SHP2/ERKs, FRS2/Grb2/Gab1/PI3K/Akt or PLC/PKC,
which activate proliferation, survival, cytoskeleton organization or migration, among
others (Figure X). FGFR internalization and degradation are also important for the
control of signal intensity and function, highlighting the role of Sprouty family proteins.

In GBM patients, somatic mutations, deletions or amplifications of FGFR genes
can be found in some cases, although alterations of their expression and activity are
more common. They mediate tumour onset and GSC phenotype, growth, migration,
therapy resistance, angiogenesis and stromal regulation, as in other cancers
(Watcharin Loilome, 2009) (Shirakihara et al., 2011) (Jimenez-Pascual &
Siebzehnrubl, 2019). Indeed, FGFRs are essential in CNS development, and GBM
cells employ these developmental mechanisms to their benefit. FGFR1 is highly
associated to GBM progression, since its expression correlates with tumour grading
(particularly, FGFR1p isoform), and it promotes dissemination, mainly in response to
FGF-2 (Watcharin Loilome, 2009). Non-canonical FGFR activation by interaction with
other RTKs such as EphA4 has been also demonstrated (Fukai et al., 2008).
Moreover, FGFR1 is preferentially found in GSCs, leading to SOX2, Olig2 and Zeb1
expression (Kowalski-Chauvel et al., 2019). In contrast, FGFR2 loss correlates with
bad prognosis and it is mainly caused by chromosome-10 deletion. Interestingly,
FGFR3 levels are 5-fold higher in invading GBM cells than in the tumour core, while
FGFR4 expression in GBM remains controversial (Jimenez-Pascual & Siebzehnrubl,
2019).
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Figure X — FGF/FGFR signalling: most relevant downstream pathways and functions. FGF binding
to its receptor, facilitated by diverse matrix components, induces FGFR dimerization, auto-
phosphorylation at intracellular residues and activation. Through protein recruitment and protein macro-
complexes formation, FGF/FGFR signalling induces the activation of several well-established cascades
(indicated in different colours in the scheme). They are responsible for the regulation of several functions
through modulating protein activity and/or transcription. ECM: extracellular matrix; P: phosphorylated-
tyrosine.

As mentioned before, different studies have demonstrated the existence of
complex interactions among RTKs in cancer cells. Thus, FGFR has been recently
pointed out as an effective target for anti-EGFR and anti-Met resistant GBMs (Day et
al., 2020).

1.5.2. MAPK superfamily

MAPK (mitogen-activated protein kinase) pathways are evolutionarily conserved
three-step kinase cascades (MAPKKK, MAPKK and MAPK), regulated by scaffold
proteins and phosphatases, which link extracellular signals to the machinery
controlling different cellular functions (Cargnello & Roux, 2011). This is conditioned by
cell type specifications, temporary and strength properties of each activating signal
and cascade localization within the cell (cytosol, plasma membrane, endomembranes
or even the nucleus).
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MAPKs are activated upon dual phosphorylation of threonine and tyrosine
residues in the activation loop by a MAP kinase kinase (MKK), which is activated
when phosphorylated by a MAPK kinase kinase (MKKK) (Cargnello & Roux, 2011). In
mammals, there are more than a dozen of MAPK genes codifying for different
MAPKs. Classical MAPKs are the best known subfamilies, which includes: ERKs
(ERK1/2), mainly activated by growth factors, and stress MAPKs that were initially
described as kinases activated mainly by stress. The latest comprise JNKs (c-Jun N-
terminal Kinases), JNK1/2/3, and p38 MAPKs with four isoforms: p38a, p38[3, p38y
and p38d (Cargnello & Roux, 2011).

1.5.2.a. ERKs

ERKs (ERK1/2) are ubiquitous serine/threonine MAPKs mainly activated by
growth factors via RTKs, although they are also activated by integrins, G-coupled
receptors, cytokines and other extracellular signals (Marampon et al., 2019). In a
simplified model, ligand binding to RTKs promotes Raf (a MAPKKK) activation by Ras
(via Grb2/SOS/Ras), which phosphorylates MEK1/2 (MAPKKSs) in Thr residues. Then,
MEK1/2 leads to ERKs dual phosphorylation, and active ERKs phosphorylate
numerous cytoplasmic and nuclear targets, including kinases, phosphatases,
transcription factors, pro-/anti-apoptotic factors or cytoskeletal proteins. ERKs are
over-activated in the majority of cancers due to alterations at different steps of the
pathway, such as RTK overexpression, Ras or Raf mutations or targets deregulation
(Marampon et al., 2019). ERK signalling has been classically associated to survival
and proliferation, although more recently it has also been linked to stemness
maintenance, migration, angiogenesis, hypoxia response or therapy resistance, too.
However, under certain conditions, ERKs activation is sustained, promoting anti-
tumour functions, such as differentiation or senescence. In GBM, ERKs over-
activation has been detected in both primary tumours (mainly in zones associated to
vasculature) and in disseminative cells surrounding the peri-tumour area (Lama et al.,
2007). Moreover, ERKs activation correlates with bad prognosis and therapy
resistance (Day et al., 2020). Although ERKSs inhibition decreases proliferation and
migration in in vitro assays (G. Guo et al., 2013), it induces null or moderate benefits
in clinic due to resistance elicited by different mechanisms. The sub-classification of
tumours based on their Ras mutational status may increase clinical results (Sullivan
et al., 2018).

1.5.2.b. p38 MAPKs

p38 MAPKSs are serine/threonine MAPKSs activated by dual phosphorylation in TGY
motif (Cuadrado & Nebreda, 2010) (Martinez-Limén et al., 2020). p38 MAPKs
subfamily comprises four isoforms: p38a and p383, which are ubiquitously-expressed,
and p38y and p38d, with a more restricted expression. They are strongly activated,
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not only by environmental stress signals (e.g. oxidative stress, cytokines or DNA
damaging agents), but also by mitogens. Each signal presents specific mechanisms
to activate a huge range of MAPKKKSs, highlighting ASK1, DLK1, TAK1, MLK3 or
MEKKS3/4, which are known to activate MKK6, MKK3 and MKK4 (MAPKKs) through
phosphorylation. Then, MAPKKs phosphorylate and activate p38s, which can
phosphorylate both cytoplasmic and nuclear proteins, leading to regulation of multiple
functions (Cuadrado & Nebreda, 2010). On one hand, p38a was first described as a
tumour suppressor, since its activation induces apoptosis in non-tumour and tumour
cells (Porras et al., 2004) (Bragado et al., 2007), as well as senescence and cell
differentiation. p38a positively regulates cell cycle inhibitors implicated in cancer such
as p53 or pRb and many chemotherapeutic agents require p38a activity to induce
apoptosis (Bragado et al.,, 2007). On the other hand, different studies have
demonstrated that p38a acts as a multitasking kinase that also promotes survival,
proliferation, migration and therapy resistance, among others (Martinez-Limén et al.,
2020). For example, p38a promotes tumour growth and migration/invasion in
coloncarcinoma (Arechederra et al.,, 2015) (Priego et al., 2016) and its inhibition
prevents breast and prostate cancer metastasis in bone marrow. The role of p38a in
response to stress and, in particular to ROS, would be responsible for p38a-induced
apoptosis and tumourigenesis prevention at early stages, while highly aggressive
cancer cells uncouple p38a activation from ROS sensing (Dolado et al., 2007).
Additionally, dormant DTCs depend on p38a upregulation, while their awakening
correlates with ERKs activation (Bragado et al., 2013) (Sosa et al., 2014). In GBM,
p38a upregulation correlates with dissemination and bad prognosis (Demuth et al.,
2007) and it has also been implicated in ROS-induced GSC differentiation (Sato et al.,
2014). In summary, several evidences indicate that p38a activity could impair tumour
onset, while more advanced tumours may benefit from its activation in order to grow,
interact with the stroma and metastasise. Ralimetinib is a promising p38 inhibitor
tested in clinical trials for ovarian cancer, GBM and metastatic breast cancer, in
combination with standardized therapies (Martinez-Limén et al., 2020).

1.5.3. Rap GTPases

Rap (Ras-related protein) subfamily belongs to Ras superfamily of small G
proteins and it includes two subtypes, Rap1 and Rap2 (with a 60% homology), and
five isoforms: Rap1A, Rap1B, Rap2A, Rap2B and Rap2C (Guo et al., 2016). As a
small GTPase, Rap activation is induced by a conformational change that allows GTP
binding, facilitating GDP release (Figure Xl). This is facilitated by GEFs (guanine-
nucleotide exchange factor) (e.g. C3G), while GAPs (GTPase-activating protein)
increase endogenous Rap GTPase activity, leading to the hydrolysis of bound GTP to
GDP. Thus, GEFs and GAPs specifically modulate Rap activation, signal duration and
localization in response to different stimuli (Figure XI). These regulators can
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discriminate between Rap subtypes and their expression pattern and their regulation
through distinct mechanisms such as cyclic nucleotides (e.g. cCAMP), protein-protein
interactions, phosphorylation or calcium are tightly controlled by different extracellular
signals.

The function of Rap proteins as tumour promoters or suppressors is controversial,
with different studies describing paradoxical results. This may be dependent on cell
type and/or activation insights and different Rap isoforms may lead to opposite
outcomes. For example, Rap1 promotes Hepatitis B virus-induced HCC growth, but it
inhibits other types of HCC, while Rap2B is upregulated in some HCC cells enhancing
proliferation and migration (Sequera et al., 2018). Rap1 activation has been
associated to tumour invasion in colon carcinoma (Priego et al., 2016) or prostate
cancer (Bailey et al., 2009). On the other hand, both blocking Rap1 activation and
expressing an active form of Rap1 reduce melanoma cells ability to metastasise in
lung (Freeman et al., 2010). In leukaemia cells, Rap1 promotes migration upon
CXCL12 stimulation only when it is properly translocated from endosomes to plasma
membrane (Pye et al., 2013). This demonstrates the importance of Rap1
activation/deactivation cycles and its intracellular localization for cell migration.
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Figure Xl — Rap: activation/inactivation cycles and their regulation by GEFs and GAPs. Activation
of Rap is induced by GTP binding and GDP release. This process is facilitated by guanine-exchange
factors (GEFs). Inactivation of these proteins is mediated by GTPase-activating factors (GAPs), which
increase Rap endogenous GTPase, promoting the hydrolysis of GTP to GDP. P: phosphate group.

Not much is known about the role of Rap in GBM onset or progression. Rap1 has
been involved in both GBM cell death (Moon et al., 2012) and proliferation (Sayyah et
al,, 2014). Rap1 also mediates PDGF-induced invasion via DOCK1 (Barrett et al.,
2014), while Rap2A inhibits migration and invasion by down-regulating Akt activity
(Lei Wang et al., 2014). Thus, the roles played by the different Rap family members in
GBM are not clear, so further studies should be performed to clarify it.
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2. C3G

C3G (Crk SH3-domain-binding guanine-nucleotide-releasing factor), also called
RapGEF1, GRF2 and DKFZ p781P1719, is a GEF for small GTPases from Ras
superfamily. It is ubiquitously expressed in mammalian cells and regulates important
cellular functions (Tanaka et al., 1994) (V. Radha et al., 2011) . In humans, C3G is
encoded by the RAPGEF1 gene, which is located at chromosome 9 (position 9q34.3)
and comprises 24 exons, spanning 163 kb (Takai et al., 1994).

BOX 3 — Crk beyond C3G: structure, signalling and function

Crk adaptor proteins (Crk and CrkL) are integral mediators of signal
transduction, acting as convergence points of tyrosine kinase pathways
and protein-protein interactions (Birge et al., 2009). CRK gene was
discovered as a viral transforming gene encoding v-Crk protein, and, later,
human CRK gene, encoding the alternative spliced Crkl and Crkll
isoforms, and CRKL gene were identified. Crk modular structure is
composed by a SH2 domain and SH3 domains (one in Crkl and two in
Crkll and CrkL, named as SH3N and SH3C) separated by a flexible linker
sequence containing a tyrosine residue that negatively regulates Crk
function as an adaptor protein when phosphorylated. c-Abl is the main
upstream kinase involved in Crkll phosphorylation. The lack of this
negative regulatory mechanism in Crkl has been associated to its
transforming capacity. When active, Crk proteins modulate multiple
effectors, such as p130Cas, C3G, SOS, RTKs or c-Abl through interaction
with them. The variety of Crk-interacting proteins, not only amplifies its
signal, but also controls its subcellular localization and promotes the
activation of specific signalling downstream pathways. Thus, Crk and CrkL
play essential roles in proliferation, cytoskeleton organization, cell
adhesion and migration, apoptosis or endocytosis of parasites.
Importantly, Crk is known to be overexpressed in multiple carcinomas
linked to an aggressive progression and increased motility, such as
ovarian cancer or GBM.

C3G was originally discovered as a Crk-binding protein (Box 3) with potential GEF
activity (Tanaka et al., 1994). C3G was first described as a 1077 residues protein with
a 121 kDa predicted molecular weight, although in vitro translation resulted in a 130-
140 kDa protein encoded by a nucleotide sequence containing a 3231 bp open-
reading frame (Tanaka et al., 1994). Importantly the CDC25H (CDC25 homology)
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domain was early detected in C3G protein (Tanaka et al., 1994) (Guo et al., 2016)
and its GEF activity was confirmed. This domain was originally identified in the yeast
CDC25 protein and it is conserved in Ras GEFs, such as SOS1/2 or Epac, being
responsible for their GEF activity. C3G displays higher GEF activity over Rap1A/B
proteins than over other members of Ras superfamily (T Gotoh et al., 1995). C3G
also activates R-Ras (Takaya Gotoh et al., 1997) (Ohba et al., 2000) (Sasi Kumar et
al.,, 2015), R-Ras2/TC21 (Ohba et al., 2000) or TC10 (Chiang et al., 2001), among
others (V. Radha et al., 2011). C3G does not appears to regulate Rap2 (Van Den
Berghe et al., 1997), H-Ras, K-Ras or R-Ras3/M-Ras (T Gotoh et al., 1995) (Van Den
Berghe et al., 1997) (Ohba et al., 2000).

Due to this ability to regulate small GTPases, which are important signalling hubs,
C3G has been implicated in different cellular functions, as it will be detailed below.
However, C3G can also exert effects through mechanisms independent of its GEF
activity (Guerrero et al., 1998) (Shivakrupa et al., 2003) (Guerrero et al., 2004) or
even can have an opposite effect to that of Rap1 (Gutiérrez-Uzquiza et al., 2010). The
contribution of the CDC25H region of C3G to its actions has been largely evaluated
by comparing the functional effect of the overexpression of full length C3G (C3G-FL)
and two deletion mutants of C3G: C3G-Cat that contains exclusively the catalytic
CDC25H region of C3G and C3G-ACat, lacking CDC25H region (Figure XII)
(Guerrero et al., 1998) (Shivakrupa et al., 2003). These studies revealed that C3G
GEF activity is not always necessary for its actions and some effects rely on its ability
to interact with other proteins (Shivakrupa et al., 2003) (Guerrero et al., 2004). Thus,
the knowledge of C3G structure is essential to understand its functions and signal
transduction mechanisms.

2.1. C3G modular structure and isoforms

As mentioned before, Ras GEFs have a modular structure with conserved
domains responsible for their GEF activity, such as CDC25H, and complementary
regions that allow their interaction with other proteins, such as proline rich domains
and with small regulatory molecules such as DAG (diacylglycerol) that interacts with
C1 domains or cyclic nucleotides with CNB (cyclic-nucleotide binding) domains (Guo
et al., 2016). This allows a specific response to different extracellular signals. In
particular, C3G structure can be divided into the following regions (Figure XIl):

(i) N-terminal region, which contains an E-cadherin binding domain (Hogan et
al., 2004), auto-inhibitory sequences (Ichiba et al., 1999) (V. Radha et al.,
2011) and the recently described novel GEF-activating domain (Carabias et
al., 2020).

(ii) Central region with several proline rich sequences, also named SH3-binding
domains, (P0-P4) that allow interaction of C3G with SH3 domains from
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other proteins such as Crk, p130Cas, Hck or c-Abl (Knudsen et al., 1994)
(Shivakrupa et al., 2003) (V. Radha et al., 2011). There is also a tyrosine
residue (Tyr504) susceptible of phosphorylation that regulates C3G
activation (Ichiba et al., 1999). The central region of C3G also contains a
region with an auto-inhibitory capacity, named AIR (autoinhibitory region)
(Carabias et al., 2020). It is divided into CBR (CDC25H binding region)-AlR,
located in P3 (residues 545-569), with the ability to interact with CDC25H
module from C-terminal region, and IT (inhibitory region)-AlIR, located in P4
(residues 570-646) and with the capacity to inhibit CDC25H activity.

(iif) C-terminal region, which is composed by the catalytic CDC25H domain and
the REM module that together are responsible for the GEF activity of C3G
(Tanaka et al., 1994) (Guo et al., 2016) (V. Radha et al., 2011).

C3G has been studied, both in humans and rodents, because its conservation
degree among mammalian species is very high, having a 86% homology between
Homo sapiens and Rattus novergicus, and 92% homology between Homo sapiens
and Mus muscules (V. Radha et al., 2011).
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Figure XIll — Structure of C3G: isoforms and constructs used for research. C3G domains from N-
terminal to C-terminal: E-cadherin-binding domain and REM-interacting region; SH3-binding proline-
riche domains (P0-P4) and autoinhibitory region (AIR); REM and CDC25H, both responsible for GEF
activity of C3G. Red pin indicates the most well-established residue susceptible of phosphorylation:
Tyr504. In isoforms with more aminoacids than isoform A, inserts are included in purple.
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Since its discovery, the existence of C3G isoforms was described (Tanaka et al.,
1994) (Guerrero et al., 1998). Two well-characterized isoforms that arise from C3G
alternative splicing has been confirmed in humans. They differ in their N-terminal
domain: 3 amino acids present in isoform A are replaced by 21 amino acids in isoform
B (Figure XlI) (V. Radha et al., 2011). They both generate polypeptides of around 140
kDa. Moreover, a CML (chronic myeloid leukaemia)-associated C3G isoform, known
as p87C3G, has also been reported (Gutiérrez-Berzal et al., 2006). p87-C3G is a
truncated isoform, whose sequence starts at Met306 residue, lacking the N-terminal
region and the two first proline-rich sequences from the central region (Figure XII), but
still able to interact with Brc-Abl oncogene through its third proline-rich sequence.
Recently, a new brain-specific C3G isoform has been found in mouse and human
tissues, but it remains undetectable in cell lines (Sriram et al., 2020). This isoform has
an insert of 138 aminoacids in SH3-binding region (after P4, the fifth proline-rich
sequence) due to alternative splicing, generating a polypeptide of 175 kDa. According
to different protein databases and proteomic analyses (Cheerathodi et al., 2015),
there are additional C3G isoforms that have not been characterized yet.

2.2. C3G regulation

C3G protein is ubiquitously expressed, but its levels vary in the different cell types
and tissues. Even though little is known about C3G regulation in mammalian cells, it
seems to be complex and context dependent.

At a transcriptional level, in silico analysis indicates that RAPGEF1 promoter
contains several binding sites for different transcription factors in the upstream and
intergenic regions (unpublished data from the group). Although experimental
validation is required for most of these sites, GATA-1 was demonstrated to induce
C3G expression in megakaryocytes, promoting their differentiation (Ortiz-Rivero et al.,
2018). Recent data also suggest that elF3b, a translation initiation factor, could
promote proliferation of CML cells through increasing C3G protein levels (Huang et
al., 2020).

Although C3G expression is considered ubiquitous, there are important tissue and
developmental specific differences. Hence, higher levels have been found in brain,
skeletal muscle, fetal heart, lung and placenta (Tanaka et al., 1994) (Guerrero et al.,
1998). According to databases, C3G expression is not directly affected by gender.
However, C3G levels are regulated during several differentiation processes, such as
neuroblastoma differentiation or monocytes differentiation to macrophages and in
some pathologies, including cancer (V. Radha et al., 2011). As mentioned before,
C3G transcripts are also regulated by alternative splicing, leading to different isoforms
of the protein (Gutiérrez-Berzal et al., 2006) (V. Radha et al., 2011).
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C3G does not present domains regulated by lipids, cyclic nucleotides or calcium,
typically found in other Ras/Rap GEFs (Guo et al., 2016), but several regulatory
sequences have been found. First, C3G GEF activity is negatively auto-regulated by a
sequence located in the N-terminal region; as a consequence, C3G mutants lacking
this sequence show a hyperactivation (Ichiba et al., 1999). However, a novel GEF
activating domain from this N-terminal region has recently been described. It interacts
with the REM module, but not with CDC25H, favouring C3G GEF activity (Carabias et
al., 2020). Hence, point mutations in the REM residues mediating this interaction and
C3G mutants lacking this N-terminal region, present decreased C3G-mediated Rap1
activation compared to wildtype C3G. In the central region of C3G there is also a
GEF-regulating domain, named AIR. AIR interacts with and inhibits CDC25H, but Crk
interaction with C3G breaks down this auto-inhibitory mechanism, facilitating the
activation of C3G GEF activity (Carabias et al., 2020). Second, C3G is regulated by
phosphorylation of, at least, Y504 residue by different upstream tyrosine kinases,
such as Src, Hck or c-Abl, leading to an increase in C3G GEF activity (Ichiba et al.,
1999) (Shivakrupa et al., 2003) (A. Mitra & Radha, 2010) (V. Radha et al., 2011). For
example, Src-mediated C3G phosphorylation promotes C3G activation through
alteration of the auto-inhibitory interaction between AIR and CDC25H domains
(Carabias et al., 2020). Other tyrosine and serine residues of C3G are susceptible of
being phosphorylated and they could be involved in its positive and/or negative
regulation (Utreras et al., 2013) (unpublished data from Guerrero’s laboratory).
Finally, PO-P4 sequences from C3G central region mediate the interaction of C3G
with proteins containing SH3 domains, such as p130Cas, Crk or c-Abl, leading to the
formation of different protein complexes depending on stimuli and cell context (Wu et
al.,, 2001) (Martin-Encabo et al., 2007) (Maia et al., 2013). For example, C3G is
implicated in the formation of complexes that transduce RTK-activated signals and,
therefore, C3G is regulated by growth factors (Lu et al., 2000) (Sakkab et al., 2000)
(Chiang et al., 2001) (Kao et al., 2001). Other molecules that activate C3G are
hormones (e.g. growth hormone), integrins, cytokines, chemokines or cadherins (V.
Radha et al., 2011).

Both, Y504 phosphorylation and protein interaction, among other mechanisms,
regulate C3G localization. C3G is usually located in the cytoplasm and its recruitment
to the membrane is considered an activation mechanism (Guerrero et al., 1998). For
example, Crk-C3G complex is preferentially located in the plasma membrane (Chiang
et al., 2001), where C3G displays higher GEF activity (Ichiba et al., 1999). C3G has
also been detected in cytoskeleton-related structures (V. Radha et al., 2004) (Martin-
Encabo et al., 2007) (Sasi Kumar et al., 2015), Golgi (V. Radha et al., 2004) (Mitra et
al., 2011) and, more recently, inside the nucleus (Shakyawar et al., 2017) (Shakyawar
et al.,, 2018) (Nayak and Radha, 2019). Moreover, changes in location alters C3G
access, not only to small GTPases and proteins containing SH3 domains, but also to
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kinases and phosphatases that can act on it (V. Radha et al., 2004) (Martin-Encabo
et al., 2007) (Mitra et al., 2011).

2.3. C3G physiological functions

According to its ubiquitous distribution within the organism, C3G regulates different
functions both during embryonic development and in the adult stage through GEF-
dependent and GEF-independent mechanisms (Figure XllIl) (V. Radha et al., 2011).

Cytoskeleton © Invasion:
Breast cancer, HCC,
Cell death/survival coloncarcinoma,...

& Tumorigenesis:
CML (p87-C3G), HCC,
coloncarcinoma,...

Embryonic development: ' / l RAPGEF1 expression
Implantation & vascular defects upon tumorigenesis.'.'

NSCLC, coloncarcinoma,
gastric cancer, HCC.,...

©/& Malignant

transformation
(v-Crk, H-Ras, Sis, Raf)

Differentiation:
Muscle, brain, megakariocytes...

Nuclear translocation:

mRNA alternative splicing,
histone modifications
& cell division
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= Reeiin =) GFs+RTKs

== E-cadherin/B-catenin e
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Figure XIlIl — C3G functions: role in physiology and cancer. Cell signalling mechanisms controlled
by C3G. C3G is essential during the embryonic development and it plays diverse roles in cells under
physiological conditions (e.g. cytoskeleton organization or cell-cell contacts promotion). lts role in
tumourigenesis depends on cancer type and stage, although it has been described as an inhibitor of
invasiveness and dissemination in several cancer types, such as breast cancer, hepatocellular
carcinoma (HCC) or coloncarcinoma. C3G actions are mediated by different cell signalling pathways,
whose activation/inactivation is controlled by C3G. CML: chronic myeloid leukemia; NSCLC: non-small
cell lung carcinoma; GFs: growth factors; RTKSs: tyrosine-kinase receptors.

C3G is essential for embryonic development, so that, C3G deficient (C3G-KO)
mice die before embryonic day 7.5 (E7.5) due to problems in early implantation with
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absence of typical fetal/placental structures likely caused by adhesion defects (Ohba
et al., 2001). C3G-KO MEFs (mouse embryonic fibroblasts) isolated from these mice
display Rap1-dependent impaired adhesion and accelerated migration. Moreover,
hypomorphic C3G¥" mice, expressing less than 5% of total C3G, were also
embryonic lethal, dying at E11.5-E14.5 due to defects in vascular supporting cells
(Voss et al., 2003), even though other alterations in nervous system were also
observed (Voss et al., 2006) (Voss et al., 2008) (Yip et al., 2012).

In the adult stage, C3G has also been involved in a wide range of cellular
functions such as cell death/survival balance, control of adhesion and migration,
proliferation and differentiation through interaction and/or regulation of different
targets.

A reciprocal regulation between actin cytoskeleton and C3G has been shown.
Hence, polymerized actin fibers enhance C3G effects and C3G regulates actin
remodelling (V. Radha et al., 2004). Moreover, some proteins that interact with C3G
are involved in the control of actin cytoskeleton, alone or in coordination with C3G,
such as Crk (Birge et al., 2009) or c-Abl (V. Radha et al., 2007). These protein-protein
interactions contribute to the regulation exerted by C3G on cell differentiation (V.
Radha et al.,, 2008) (Dayma & Radha, 2011) (Sasi Kumar et al., 2015), vesicular
trafficking (Chiang et al., 2001) or malignant transformation (Martin-Encabo et al.,
2007). Moreover, C3G is a key regulator of adherens junctions and cell-cell
interactions through regulation of the cytoskeleton, E-cadherin or Rap1 (Hogan et al.,
2004) (Fukuyama et al., 2005) (Asuri et al.,, 2008) (V. Radha et al., 2011). For
example, C3G can be located at focal adhesions, contributing to their stabilization
(Voss et al., 2003). All this leads to an important role of C3G in integrin signalling, cell
adhesion and migration under non-pathological cells. Hence, MEFs isolated from
C3G-KO or C3G%? mice show impaired adhesion, delayed spreading and
accelerated migration (Ohba et al., 2001) (Voss et al.,, 2003). Accordingly, C3G
knock-down in MEFs promotes migration and invasion through hyperactivation of
p38a MAPK (Priego et al., 2016) and C3G overexpression in NIH3T3 fibroblasts
increases adhesion (Guerrero et al.,, 2004). In some of these cases, Rap1
hyperactivation by other GEFs compensates C3G deficiency in vitro, but the tight
regulation of small GTPases and their regulators may be responsible for avoiding
these compensatory mechanisms in vivo (Ohba et al., 2001). C3G is also implicated
in Lyn-activated integrin signalling and adhesion via Rap1 during chemotaxis of
neutrophils (He et al., 2011). However, C3G cannot be considered a universal
negative regulator of cell motility. For example, it has been involved in IGF1-induced
cell migration (Guvakova et al., 2014) and in neuron migration during brain
development (Voss et al., 2008) (Yip et al., 2012) (Shah et al., 2016).
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C3G plays several cellular roles. It controls proliferation and survival/death
balance in normal cells, displaying different functions that depend on the context and
stimulus. Hence, in response to different stress stimuli, C3G knock-down in MEFs
promotes either cell survival or cell death through enhancing p38a MAPK activity,
independently of Rap1 (Gutiérrez-Uzquiza et al., 2010). C3G also promotes apoptosis
through a mechanism dependent on Hck kinase activity (Shivakrupa et al., 2003) or c-
Abl (A. Mitra & Radha, 2010). In injured cardiomyocytes, C3G silencing reduced
survival through Bax regulation and ERKSs inhibition (D. Yang et al., 2019).

C3G control of cell fate is important for some differentiation processes. For
example, in neural progenitors, C3G induces p21 expression, an inhibitor of
proliferation (V. Radha et al., 2008), so that, C3G-deficient mice present over-
proliferation of some neural precursor populations, impairing their differentiation (Voss
et al., 2006). In addition, C3G is involved in other steps of neural differentiation and
bipolar morphology acquisition (Voss et al., 2008) (Yip et al.,, 2012) (Shah et al.,
2016). C3G, upon its induction by GATA-1, also participates in mediating
megakaryocytic differentiation (Ortiz-Rivero et al.,, 2018). Moreover, C3G is
upregulated during skeletal muscle development, promoting myogenic differentiation
and proliferation, and impairing cell death (Sasi Kumar et al., 2015).

Recently, new functions of C3G have been uncovered. Unexpectedly, endogenous
C3G undergoes an exchange between cytoplasm and nucleus, which is involved in
histone modifications repression associated with euchromatin (Shakyawar et al.,
2017). Additionally, nuclear C3G binds to nuclear specs, regulating mRNA splicing
(Shakyawar et al., 2018). It can also bind to mother centriole to control cell division
(Nayak and Radha, 2019). All these new functions need to be further characterized in
different cell types, as well as their functional relevance.

2.4. C3G in cancer and other pathologies

C3G widespread expression and its multiple physiological functions suggest the
potential implication of C3G in different pathologies, such as cancer, although it needs
to be confirmed for some of them. For example, SNPs (single nucleotide
polymorphism) detected in the RAPGEF1 gene sequence are associated to Diabetes
type 2. C3G could also be involved in pathologies that arise upon chromosome-9
loss, where RAPGEF1 gene is located. In addition, different experimental models
indicate that C3G would be involved in glomerular nephritis and brain development
disorders (Voss et al., 2003) (V. Radha et al., 2011).

Cancer is the pathology in which C3G involvement has been more widely studied.
Nowadays, it is not possible to establish a common role for C3G in cancer, because it
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seems to play different roles depending on the specific primary alterations, tumour
stage and cell context, including microenvironment regulation (Figure XIll).

C3G is an important mediator of v-Crk-induced malignant transformation (V.
Radha et al., 2011). In contrast, it inhibits malignant transformation induced by H-Ras,
Sis, Raf or R-Ras oncogenes (Guerrero et al., 1998) (Guerrero et al., 2004) (Martin-
Encabo et al.,, 2007). Hence, C3G overexpression results in inhibition of H-Ras-
induced ERKs phosphorylation via phosphatase PP2A, p21 upregulation and cyclin A
suppression, leading to a reduced anchorage-independent growth (Guerrero et al.,
2004) (Martin-Encabo et al., 2007).

C3G can be upregulated or downregulated in tumours depending on tumour type
and stage. For example, C3G levels increase in non-small cell lung cancer (Hirata et
al., 2004). In addition, RAPGEF1 gene presents a somatic demethylation associated
to colon, gastric and ovarian cancers, which is usually associated to gene reactivation
in cancer (Samuelsson et al., 2011). However, C3G has been shown to play a dual
role in coloncarcinoma using in vitro and in vivo models (Priego et al., 2016). On one
hand, C3G, in collaboration with p38a MAPK, promotes tumour growth, possibly by
enhancing cell survival. On the other hand, C3G inhibits invasion, so that its down-
regulation leads to a pro-migratory/pro-invasive phenotype mediated by p38a MAPK
hyperactivation, characterized by MMP-2/9 upregulation, E-cadherin decrease and
Z0-1 internalization. In cervical squamous cell carcinoma, C3G downregulation was
initially linked to tumour growth (Okino et al., 2006), but later partially disproved
(Samuelsson et al., 2011). In HCC, the analysis of public databases indicates that
RAPGEF1 mRNA levels increase in primary HCC patient samples as compared to
healthy liver, and a high expression of RAPGEF1 gene is associated with a reduced
patient survival (Sequera et al., 2018). Moreover, C3G levels are increased in several
human HCC cell lines and in mouse models of HCC, favouring tumour growth through
the activation of survival and proliferation (Sequera et al.,, 2020). However, C3G
inhibits invasion, so that, low levels of C3G enhance migration/invasion of HCC cells,
facilitating cell dissemination and the generation of lung metastasis, although the
growth of lung secondary tumours is associated to C3G upregulation, suggesting that
C3G might be required for HCC proliferation and growth (Sequera et al., 2020). C3G
also inhibits migration in breast carcinoma cells (Dayma & Radha, 2011), while it
seems to promote metastatic spread of serous ovarian cancer via Rap1 (Che et al.,
2015). Importantly, p87C3G isoform is overexpressed in CML cell lines and patient
samples, being associated to CML development (Gutiérrez-Berzal et al., 2006). Bcr-
Abl oncoprotein interacts with p87C3G and treatment with the Ber-Abl kinase inhibitor,
Imatinib, reverses p87C3G upregulation. In relation to this, C3G downregulation
enhances Imatinib pro-apoptotic effect through the upregulation of p38 MAPK activity
(Maia et al., 2009). C3G also regulates adhesion in K562 CML cells via p38a MAPK
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regulation through the interaction with Bcr-Abl-containing complexes at focal
adhesions (Maia et al., 2013). Recently, two missense mutations in AIR region of
C3G have been found in non-Hodgkin’s lymphoma patients (Y554H and M555K) that
disrupt C3G auto-inhibitory mechanism, causing hyperactivation of Rap1 (Carabias et
al., 2020), which might lead to lymphoma progression.

C3G is not only important in cancer cells, but also in the tumour stroma. In
particular, C3G overexpression in platelets promotes angiogenesis and metastasis in
a syngeneic model of melanoma by increasing the release of pro-angiogenic and pro-
metastatic factors (Martin-Granado et al., 2017). This new function of platelet C3G in
cancer is different from its role in platelet clotting previously described (Gutiérrez-
Herrero et al., 2012).

Agonists and inhibitors of other GEFs have been tested in clinic, but C3G
pharmacological regulation seems to be more complex due to its ubiquitous
expression, its dual roles conditioned by cell context and its ability to display GEF-
dependent and —independent functions (V. Radha et al., 2011). In spite of this, C3G
cannot be totally discarded as a potential pharmacological target, although it is more
plausible its potential value as a new cancer biomarker in clinic.

2.5. C3G in cell signalling

All physio-pathological functions of C3G mentioned above are coordinated by
diverse complex signalling pathways, tightly regulated (Figure XIIl). Some of them are
more general, while others depend on cell context and microenvironment
characteristics. Unfortunately, most of these signalling pathways and the mechanisms
involved in their regulation have not been fully characterized yet.

Importantly, C3G is a mediator of RTK signal transduction. It has been involved in
a wide range of functions elicited by RTKs such as EGFR (Okada & Pessin, 1997) (Lu
et al., 2000) (Wu et al., 2001) (Kao et al., 2001), Met (Sakkab et al., 2000) (Sequera
et al.,, 2020), Trk and TrkB (Lu et al., 2000) (Wu et al., 2001) (Kao et al., 2001)
(Arévalo et al., 2006), FGFR (Lu et al., 2000), ALK (Schonherr et al., 2010), IGF1R
(Guvakova et al., 2014), PDGFR (Voss et al., 2003) (Takahashi et al., 2008) or IR
(Okada & Pessin, 1997) (Okada et al., 1998) (Chiang et al., 2001) pathways. In most
of them, C3G is a Crk-interacting protein that connects RTKs to small GTPases
activation and other signalling proteins. Depending on the stimuli and cell context,
C3G can form different macro-protein complexes containing diverse proteins,
including adaptors. Each complex can lead to the activation of specific pathways
and/or functions. For example, in PC12 cells (embryonic rat neural cell line isolated
from adrenal medulla), EGF, NGF and FGF-2 activate ERKs pathway, but the
mechanisms and their effects differ notably (Lu et al., 2000) (Kao et al., 2001). EGF
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promotes proliferation through transient activation of ERKs through SOS/Grb2/Ras
and Crk/C3G/Rap1 pathways. Rap1 signal is downregulated by the interaction of
EGFR with Crk/C3G/c-Cbl complex, promoting its ubiquitination, endocytosis and
degradation. In contrast, NGF promotes neural differentiation through the initial
activation of SOS/Grb2/Ras/ERKs pathway, followed by a sustained activation of
Crk/C3G/Rap1/ERKs pathway. In this case, c-Cbl does not interact with Crk/C3G and
Trk is not rapidly degraded. Finally, FGF-2 activates neural differentiation of PC12
cells inducing a sustained ERKs activation through a mechanism independent of C3G
and Rap1. Therefore, it is not only important C3G involvement in each pathway, but
also the proteins accompanying C3G in each case.

C3G is also important for Reelin/Dab1 pathway activation via Rap1. Hence, Reelin
stimulation leads to C3G activation, so that C3G deficiency impairs Reelin signal
transduction and function (Voss et al., 2008) (Yip et al., 2012). This pathway is
essential for nervous system development, which will be further explained below.

C3G reciprocally regulates diverse kinases implicated in cell signalling, although
some of the molecular mechanisms involved remain unclear. c-Abl is a SH3-
containing cytoplasmic kinase that interacts with and regulates C3G at different
levels, including phosphorylation, being both involved in common pathways (V. Radha
et al., 2007) (A. Mitra & Radha, 2010). C3G also downregulates p38a MAPK activity,
both under non-pathological (Gutiérrez-Uzquiza et al.,, 2010) and pathological
conditions (e. g. CML and coloncarcinoma) (Maia et al., 2009) (Maia et al., 2013)
(Priego et al., 2016). However, a direct interaction between C3G and p38 MAPK,
forming complexes with paxillin and FAK in focal adhesions, has only been
demonstrated in CML cells (Maia et al., 2013). Therefore, C3G/p38 MAPK
relationship might be indirect in most cases and the function of C3G/p38 MAPK axis
may depend on cell context and environment. Finally, different studies demonstrate
that C3G inhibits ERKs activation. For example, this occurs upon its activation by Ras
oncogene (Guerrero et al., 2004), likely through a mechanism dependent on PP2A
activation and its recruitment to MEK/ERKs (Martin-Encabo et al., 2007), or upon
stimulation with serum (Priego et al., 2016). In agreement with this, C3G knock-down
reverses the inhibitory effect of Imatinib on ERKs (Maia et al., 2009). However, C3G
promotes ERKs activation in injured cardiomyocytes (D. Yang et al., 2019). Thus,
C3G/ERKs relationship might depend on the context. New studies in different cell
types and with different stimuli are required to further characterize it.

As mentioned before, C3G interacts with E-cadherin through a specific domain
present in its N-terminal region, leading to C3G relocalization, Rap1 activation and B-
catenin degradation (Hogan et al., 2004) (Asuri et al., 2008) (V. Radha et al., 2011).
B-catenin regulation by C3G is important for cerebral cortex development (Voss et al.,
2006) and the enhanced migration observed in C3G-knock-down colon carcinoma
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cells is associated with a reduction in E-cadherin levels (Priego et al., 2016).
Moreover, a reciprocal negative regulation between C3G and f3-catenin has been
shown in highly invasive breast cancer cells (Dayma et al., 2012).

C3G is also a regulator of integrins, focal adhesions and filopodia, similarly to C3G
interacting proteins (e.g. p130Cas or Crk) (V. Radha et al., 2011). Thus, C3G
deficient cells lack integrin B1-positive focal adhesions, present a poor adhesion to
certain extracellular matrixes (e.g. laminin) and a reduced spreading (Voss et al.,
2003). Interestingly, the phenotype of C3G knock-out mice (Ohba et al., 2001) is
similar to that of integrin 1 null mutants, so that KO-C3G mice embryonic lethality
could be due to the absence of mature and stabilized focal adhesions.

C3G is also implicated in the regulation of phosphatases, so that C3G location
regulates the recruitment of some phosphatases to a particular compartment and the
substrate access. For example, the suppression of Ras-induced transformation by
C3G is dependent on PP2A recruitment to the subcortical actin cytoskeleton, which is
facilitated by its interaction with C3G, favouring ERKs dephosphorylation (Martin-
Encabo et al., 2007). However, little is known about the phosphatases involved in
C3G dephosphorylation. In the IMR-32 neuroblastoma cell line, C3G interacts with
TCA48, an alternative spliced isoform of tyrosine phosphatase TC-PTP, leading to C3G
dephosphorylation in the Golgi (Mitra et al., 2011), but no further data are available.

2.6. C3G in the nervous system and brain

Even though C3G expression is ubiquitous in humans, differences are found
among tissues. According to different studies (Tanaka et al. (1994), Radha et al.
(2011), Cheerathodi et al. (2015)) and ProteinAtlas database, C3G levels are higher
in fetal and adult brain compared to other tissues, both in humans and mice.
However, C3G expression in specific areas or regions of adult brain has not been
studied. Different databases (e.g. GTExPortal or BioGPS databases) point to slight
differences among areas, but results are neither coincident nor conclusive. On the
other hand, there is little information about C3G isoforms in the brain. In a Crk-binding
proteome analysis, different C3G proteins were identified in murine embryonic (E16.5)
brain as a result of RNA processing (Cheerathodi et al., 2015). Interestingly, by
comparing C3G protein isoforms from embryonic brain and liver, it was determined
that brain is more enriched in C3G isoforms that include the N-terminal region from
isoform A of C3G (E-cadherin binding domain), suggesting that C3G could be
involved in cell-cell and cell-matrix interactions in brain. Recently, a new brain-specific
C3G isoform generated by alternative splicing has been described (Sriram et al.,
2020). On the other hand, C3G in brain is susceptible of being regulated by different
miRNAs, depending on particular SNPs found in the RAPGEF1 sequence
(Ramachandran et al., 2016).
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C3G has been associated to important functions in the nervous system, mainly
during embryonic development (Figure XllI). C3th’9tembryos display abnormalities in
brain and nervous system development starting at E10.5 day. C3G is implicated in the
regulation of the neural precursor population in the cortex. Hence, C3G depletion
promotes proliferation via Akt/GSK3B/B-catenin axis deregulation and inhibits
differentiation-associated migration in this area (Voss et al., 2006). In addition, in
cortical neurons, C3G deficiency impairs precursors” migration and cortical plate
formation, as well as radial glial proper organization and attachment (Voss et al.,
2008). In sympathetic ganglionic neurons, it regulates their positioning. C3G is highly
expressed in the development of spinal cord, coordinating Reelin-promoted neural
precursor’s migration to the central channel (Yip et al., 2012). Moreover, conditional
C3G-KO mice confirmed the role of C3G in different steps of cortical structure
formation: migration of precursors from the ventricular zone for cortical plate
formation, multi- to bi-polar transition and axon specification (Shah et al., 2016).
Interestingly, recent studies point out that 140kDa C3G isoforms could be more
relevant in embryonic mouse brain, while brain-specific 175kDa C3G isoform could be
predominant in post-natal brain (Sriram et al., 2020). This work also describes
differences in C3G levels between brain cells: higher in NeuN-positive cells (neurons)
and lower in GFAP-positive cells (astrocytes), although this should be further
characterized.

Some of the above mentioned processes are regulated by Reelin pathway. Reelin
is a secreted glycoprotein essential for neurodevelopment that binds to ApoER2 and
VLDLR receptors, leading to Dab1 activation (Bock & May, 2016). Reelin/Dab1
pathway coordinates several steps of cerebral cortex development, such as
postmitotic arrangement of cortical precursors. Rap1 has been identified as one of the
main targets of Reelin/Dab1 pathway to control cadherin, integrin, cytoskeleton and
PI3K/Akt pathway. Rap1 activation is induced by Crk/C3G and, in fact, Crk-KO and
C3G" mice display the set of alterations present in Reelin-KO mice (Park & Curran,
2008) (Voss et al., 2008) (Yip et al., 2012) (Bock & May, 2016). Interestingly, C3G
deficiency did not alter Reelin levels, but blocked its signal transduction in vivo (Yip et
al., 2012) and in vitro in Reelin-stimulated primary neurons (Ballif et al., 2004).

C3G is also important for Reelin-independent neural differentiation processes. As
explained above, C3G participates in EGF-induced proliferation and NGF-promoted
differentiation of neural precursors (Lu et al., 2000) (Kao et al., 2001). The differences
between these pathways rely on the proteins interacting with C3G, which form
different complexes that regulate signal transduction downstream each RTK.
Moreover, Crk/C3G complex can modify Trk location in response to NGF during
differentiation. A complex containing Crk, C3G, SHP2 and Gab2 interacts with and
induces Trk translocation to EAAT1-positive early endosomes, where it colocalizes
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with Rap1 and ERKs (Wu et al., 2001). Complementary, C3G promotes neural
differentiation upon stimulation with BDNF (Arévalo et al., 2006), the monoclonal
antibody that activates Alk (denoted as mAb46), (Schonherr et al., 2010), forskolin (V.
Radha et al., 2008) (Mitra et al., 2011) or sildenafil (a phosphodiesterase-5 inhibitor)
(Dar et al., 2020).

Nevertheless, almost nothing is known about the role played by C3G in the
nervous system under pathological conditions, although its high expression suggests
an important role. For example, C3G and Rap1 are implicated in neuroblastoma cells
proliferation induced by Alk activation, a RTK commonly mutated in these tumours
(Schoénherr et al., 2010). However, C3G functions in neurodegenerative diseases or in
CNS tumours remain totally undetermined.

3. Models for glioblastoma research

In spite of the increasing efforts made in cancer research, tumours propel us to
develop dynamic and encloses-to-clinic models and GBM is not an exception. Its lack
of homogeneity and the existence of overlapping pathological entities make difficult to
set “perfect” models. On one hand, heterotopic and orthotopic inoculation of human
cancer cells in nude mice and genetically-engineered mice recapitulate hallmarks of
human GBMs and they would allow answering to questions related to GBM onset and
progression (Lenting et al., 2017). On the other hand, at present, there are few
carcinogen-induced GBM-like models: (i) GL261 model, generated by intracranial
inoculation of methylcholanthrene, inducing ependymoblastomas with GBM-like
characteristics, and (ii) ENU (ethyl-nitrosourea) model, induced by intravenously
injection of ENU in pregnant animals, leading to mutations in NSCs from the progeny
that generate diffuse astrocytomas (Lenting et al., 2017). Interestingly, it has been
demonstrated that in ovo CAM assays are suitable to recapitulate the most
characteristic features of human GBM onset and development (Hagedorn, 2005). In
CAM assays, cells are inoculated in the chorioallantoic membrane of chicken
embryos and they can be used to study tumour onset, dissemination/metastasis,
angiogenesis, tumour-stroma interactions or drug effectiveness.

As mentioned above, the cellular models used for in vitro GBM research have a
pronounced mesenchymal and stem-like phenotype under basal conditions (Iser et
al., 2017), similarly to what is found in patient-derived samples, PDXs (patient-derived
xenografts) and PDCs (patient-derived cells) (Tso et al., 2006). The most used GBM
and GBM-like established human cell lines are U87 and U251 cells, followed by
U118, T98G, LN18, LN229 and A172 cell lines (ATCC (glioblastoma cell lines)
webpage, 2020). U87 cell line has been widely used during the last years as a proper

69



INTRODUCTION

GBM-like model isolated from a male of undetermined age, displaying adherent
properties and tumourigenic capacity. These cells present cell cycle control
alterations (e.g. mutations in CDKN2A/C genes) and tumour suppressors’ inactivation
(mainly PTEN mutations) (ATCC (U87MG) webpage, 2020). Further genomic studies
also indicated a highly aberrant genomic structure and a huge range of alterations,
commonly found in GBM patients (M. J. Clark et al., 2010). However, experimental
reproducibility of U87 studies is affected by the large number of sub-clones available
worldwide and the alterations induced under serum culture conditions. In general, two
main controversies have been found in in vitro GBM models: lack of gender variability,
as among all previously mentioned cell lines, for instance, only LN229 cells derived
from a female patient, and the difficulties to maintain in culture IDH-mutant cells.

GSC-like culture as neurospheres has enriched GBM research and its approach to
clinic. Although not all GBM cells have a complete GSC phenotype, different studies
pointed out that neurospheres cultures have more similarities to patient tumours than
adherent cell cultures maintained in the presence of serum (Lee et al., 2006).
Moreover, new techniques have been developed to isolate GSC populations directly
from patients (Lépez-Valero et al., 2018) (Lépez-Valero et al., 2020) and to study
GSC-associated properties (Hu & Smyth, 2009).

Due to close relationship between mutagenesis and tumourigenesis,
CRISPR/Cas9 system is a promising tool for cancer research. It is based on the
specific design of a sgRNA against a gene target and sgRNA-dependent double-
strand DNA break by Cas9 enzyme, what is later repaired by diverse cell repair
mechanisms (non-homologous DNA end joining or homology-directed repair, mainly).
This leads to small deletions/insertions that deplete (knock-out) gene expression or to
specific mutations in the expressed genes (knock-in) (Kaushik et al., 2019).
CRISPR/Cas9 is used to uncover the function of single genes in different cancers as
well as to characterize tumour onset and progression (Kaushik et al., 2019) or to look
for new candidates implicated in drug resistance or dissemination using whole-
genome sgRNA libraries, for example, in GBM (Prolo et al., 2019).
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1. Function of C3G as a regulator of cell death/survival and
adhesion/migration in non-tumour and tumour cells. Crosstalk
with p38a MAPK.

For years, our group worked on the characterization of p38a MAPK role on cell
death and survival in different cell types and contexts (Porras et al., 2004) (Zuluaga et
al., 2007) (Bragado et al., 2007) (Gutiérrez-Uzquiza et al., 2012). Moreover, in
collaboration with Dr. Guerrero’s group, a crosstalk between p38a MAPK and C3G in
apoptosis was uncovered. Thus, in CML K562 cells, C3G down-regulation enhances
Imatinib-induced apoptosis through the up-regulation of p38a activity mediated by a
Rap1-dependent mechanism (Maia et al., 2009). In MEFs, C3G knock-down also
increases p38a activation, inducing either survival or cell death depending on the
stimuli, but through a Rap1-independent mechanism (Gutiérrez-Uzquiza et al., 2010).
Later on, it was found that the functional interaction between C3G and p38a MAPK
also plays a role controlling cell adhesion and migration. In CML K562 cell line, C3G
and p38a interact and collaborate to promote cell adhesion through a common
regulatory pathway, although they display antagonistic effects in the regulation of
focal adhesion proteins (Maia et al., 2013). It was also demonstrated that, in MEFs,
C3G inhibits cell migration and invasion via down-regulation of p38a activity, through
a mechanism not mediated by Rap1 (Priego et al., 2016). Similarly, in coloncarcinoma
HCT116 cells, C3G downregulation promotes migration and invasion, decreases
invasion and upregulates p38a MAPK via Rap1, likely activated by other GEFs as a
compensatory mechanism (Priego et al., 2016). Moreover, the inverse correlation
between C3G protein levels with the invasive capacity of different human
coloncarcinoma cell lines also supports the role of C3G as a negative regulator of
migration in coloncarcinoma.

2. Role of C3G in coloncarcinoma

The above referred previous data obtained in HCT116 coloncarcinoma cells led to
the study of C3G role at different levels. Both in vitro and in vivo studies revealed that
C3G promotes tumour growth through p38a MAPK-independent mechanisms, so that
silencing of both C3G and p38a has an additive effect decreasing tumour growth in
xenograft assays (Priego et al., 2016). The pro-tumourigenic action of C3G is most
likely dependent on an increased survival and adhesion, and it is not mediated by
Rap1. As mentioned above, C3G also has an inhibitory effect on migration and
invasion in HCT116 cells and its silencing provokes ZO-1 internalization, E-cadherin
loss and re-organization of F-actin (filamentous-actin) cytoskeleton (Priego et al.,
2016). Thus, C3G plays a dual role in coloncarcinoma actin through different
mechanisms.
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3. C3G function in HCC

More recently, our group has established a role for C3G in HCC progression,
uncovering the requirement of C3G to fully activate HGF/Met signalling. RAPGEF1
expression is higher in HCC samples compared to healthy livers according to
bioinformatic databases. C3G levels also increase in human cell lines and different
mouse models (Sequera et al., 2018) (Sequera et al., 2020). This high RAPGEF1
expression correlates with HCC progression and poor prognosis in patients.
Moreover, in HCC cells, C3G downregulation decreases in vitro and in vivo
tumourigenic capacity, while migratory and invasive properties are enhanced,
accompanied by upregulation of mesenchymal markers. On the other hand, in vivo
studies with mouse HCC cells overexpressing Met revealed that C3G downregulation
promotes the generation of lung metastasis, although C3G re-expression correlated
with the growth of these secondary tumours. Furthermore, a defective activation of
HGF/Met signalling upon C3G silencing was found in HCC cells, likely due to a
deficient formation of Met/C3G/Gab1complex in the absence of C3G (Sequera et al.,
2020).
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General aim:

The main objective of this research project is to analyse the role played by C3G
(encoded by RAPGEF1 gene) in glioblastoma (GBM) dissemination and
tumourigenesis, identifying the mechanisms involved and the crosstalk between C3G
and different cell signalling pathways.

Specific aims:

1.

To determine whether C3G expression is altered in GBM tumours from
patients and human GBM cell lines compared to healthy brain, as well as to
identify if C3G levels correlate with GBM molecular subtypes or
aggressiveness markers.

To analyse the function of C3G in GBM cells by in vitro and in vivo
approaches, characterizing its role in the regulation of adhesion,
migration/invasion, tumourigenesis, GSC-like phenotype and glucose
metabolism.

To identify the molecular mechanisms involved in the actions of C3G in GBM
and the interplay between C3G and cell signalling pathways associated to
GBM progression.
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MATERIALS AND METHODS

1. Cell culture, cell lines and gene expression
modifications

1.1. Cell lines

1.1.1. Glioblastoma cell lines

The following GBM cell lines were used:

(i) Human GBM U-87-MG (ATCC HTB-14TM) cell line (abbreviated as U87) was
purchased from ATCC (Manassas, Virginia, USA). This cell line derives from a
male GBM patient of unknown age and displays mutations related to cell cycle
control (CDKN2A and CDKN2C) and tumour suppressors’ inactivation (PTEN),
among others (American Type Culture Collection (ATCC) (U87MG) webpage,
consulted in June-2020, and COSMIC Cell Lines webpage, consulted in June-
2020).

(if) Non-commercial cell lines derived from GBM patients (PDCs) with a stem-like
phenotype, named 12912 and HCO1 cells. They were kindly supplied by Dr.
G. Velasco (Complutense University of Madrid, Spain) and cell isolation
protocol is detailed in Lépez-Valero et al., 2018. PDCs were differentiated in
vitro using DMEM (Dulbecco’s modified Eagles medium) supplemented with
10% FBS (fetal bovine serum) (later described) and adherent plates, as
previously described (Lopez-Valero et al., 2020), generating 12®12D and
HCO1D cell lines, respectively. Morphology was evaluated during the process
and differentiation was considered completed after 5 passages (coincident with
the lack of cell death after re-plating).

1.1.2. Non-tumourigenic human astrocytes

HAs (human astrocytes) were nicely provided by Dr. M. Valiente’s laboratory
(CNIO, Madrid, Spain) that originally purchased them from ScienCell (catalog #1800).
This cell line was isolated from human cerebral cortex and their astrocytic phenotype
was confirmed by detection of different astrocyte markers such as GFAP. Importantly,
HA cell line is a suitable healthy control for this study since it does not display
tumourigenic capacity (Bejarano et al., 2017).

1.1.3. HEK-293T cells

For virus production, viral particles titration and transfection testing, HEK (human
embryonic kidney)-293T (ATCC CRL-3216™, abbreviated as 293T) cell line was
used. This is a highly transfectable derivative of HEK-293 cell line that contains the
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SV40 T-antigen. This makes this cell line suitable to replicate vectors carrying SV40
replication region, generating high titers of retroviruses. These cells display an
epithelial morphology and adherent properties.

1.2. Cell culture conditions

1.2.1. Culture conditions and mycoplasma detection by PCR

u87, 12012D, HCO1D and 293T cells were grown at 37°C and 5% CO, in a
humidified atmosphere in DMEM medium (4.5 g/L glucose) (Lonza, #12-604F)
supplemented with FBS (10%) (Gibco, #10270106), streptomycin (10 ug/ml) (Sigma,
S9137), penicilin G (12 pg/ml) (Sigma, #13752) and amphotericin B (0.25 pg/ml)
(Sigma Aldrich, A2942-100ML). pH at 7.4 was maintained using Hepes (20 mM)
(Fisher Scientific, BP310-1). Puromycin and/or blasticidine-resistant cells were grown
in the presence of puromicyn (1 pg/ml) (Panreac, A2856) and/or blasticidine (10
pg/ml) (Sigma Aldrich, #15205). Both antibiotics were removed from cell media, at
least, 48h prior to experiments.

HAs were grown in astrocyte medium (ScienCell, #1801) supplemented with
antibiotics (ScienCell, #0503), FBS (ScienCell, #0010) and astrocyte growth
supplement (AGS) (ScienCell, #1852) at 37°C, 5% CO, in a humidified atmosphere.

Cells were trypsinized using Trypsin 0.25%-EDTA 0.02% (Hyclone, SH30042.02)
and splitted into new plates when they reached 90% confluence or for doing
experiments. Trypsin action was stopped with 10% FBS supplemented medium. The
cellular suspension was counted using a Neubauer chamber after Trypan blue
(Merck, #111732) staining to seed the required number of cells for each experiment.

The absence of mycoplasma in the cell cultures was checked periodically by PCR
(polymerase chain reaction) using medium from cells as sample and specific primers
for mycoplasma DNA amplification (forward primer: 5-
GTGGGGAGCAAACAGGATTAGA-3 reverse primer: 5-
GGCATGATGATTTGACGTCGT-3').

Cellular morphology was periodically evaluated in all cell lines using a phase-
contrast Eclipse TE300 Nikon Microscope coupled to a digital DS-U2 camera.

1.2.2. Cryopreservation and thawing of cells

For cryopreservation, cells were trypsinized, centrifuged (1.200 rpm/1157g, 5 min),
resuspended in 10% DMSO in FBS and transferred to a cryopreservation vial that
was progressively frozen: (i) at -20°C for 30 min, (ii) at -80°C for 24h and (iii) stored at
-170°C at the vapour phase of liquid nitrogen.
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Thawing of cells was performed by quickly immersing the vial in a 37°C water
bath. Cells were directly seeded in a plate with complete cell culture medium. In the
case of HAs, after quickly defrosting at 37°C, cells were centrifuged (800 rpm/770g, 5
min) and the cellular pellet was seeded in a gelatine-covered dish containing fresh
HA-complete medium.

1.2.3. Cell treatments

When indicated, cells were serum-starved using DMEM medium (4.5 g/L glucose,
with L-glutamine) (Lonza, #12604F) with Hepes, streptomycin, penicillin G and
amphotericin B without FBS (0%) for U87 cells and 0.5% FBS for 1212D and
HCO1D cells, for different time periods depending on the experiment.

In order to study cell signalling, cells at 70% confluence were serum-starved for
16h. Then, they were stimulated for different time periods with FBS or the indicated
growth factor (Table 1). Chemical inhibitors of cell signalling pathways were also used
for different experiments (Table 2). Factors and inhibitors included in Tables 1 and 2
were used for the cell signalling and functional assays explained below.

Table 1 — Stimulation factors used in signalling experiments and/or
functional assays

Stimulation factor concgrs\fration Reference
FBS 10% Gibco, #10270106
EGF 10 ng/ml R&D, #236-EG-200
FGF-2 50 ng/ml Preprotech, AF-100-18B
MDK 100 ng/ml Cellmid/LYRAMID

Table 2 — Chemical inhibitors used in signalling experiments and/or functional
assays

Chemical Target Use Reference
inhibitor 9 concentration
PD98059 MEK 20 uM Calbiochem, #513000
5 uM for p38a .
SB203580 p38a/B 10 uM for p38a/B Calbiochem, #559389
Sodium azide Cytochrome qxlldase 10 mM Panreac, A1430
(NaNs) (non-specific)
Infigratinib
(BGJ398) FGFR1 1uM NVP-BGJ398
Monensin Recycling 10 uM Sigma Aldrich, M5273
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1.3. Gene expression modification in glioblastoma cell lines

1.3.1. Permanent C3G gene silencing

C3G was stably knocked-down (shC3G) in U87, 12¥12D and HCO1D cells by
infection with Lentiviral Particles containing a mixture of human C3G shRNAs (SCB,
sc-29863-V) (Table 3). Additionally, shRNAs NTC (short-hairpin RNA non-targeting
control) lentiviral particles (SCB, sc-108080) were used to generate shNTC U87 cells
as a control.

Table 3 — shRNA sequences used for C3G knock-down using lentiviral particles (colour
legend: sense siRNA,; hairpin; antisense siRNA)

#1: sc-29863-VA (SCB)

Sequence (5’'2>3):
GATCCGTTCTCATCTCTCTTCCTTTTCAAGAGAAAGGAAGAGAGATGAGAACTTTTT

Targeted exon (RAPGEF1): Off-targets in human genome:
2 Chromosome 5 (non-coding region)

#2: sc-29863-VB (SCB)

Sequence (5'>3):
GATCCGCATTCGGGTGGTTGATAATTCAAGAGATTATCAACCACCCGAATGCTTTTT

Targeted exon (RAPGEFT1): Off-targets in human genome:
7 None

#3: sc-29863-VC (SCB)

Sequence (5°'2>3):
GATCCCCACTATGATCCCGACTATTTCAAGAGAATAGTCGGGATCATAGTGGTTTTT

Targeted exon (RAPGEF1): Off-targets in human genome:
10 None

Cells were seeded 24 h prior to the viral infection at a density that guaranteed 50-
60% confluence the next day. Then, the medium was replaced and cells were
incubated overnight with fresh medium containing 75.000 infectious units of lentiviral
particles and polybrene (10 ug/ml) (SCB, sc-134220) (MOI (multiplicity of infection)=5-
10). Next day, the medium was replaced by a fresh one and, after 48h, cells were
selected with puromycin (1 pg/ml) (Panreac, A2856), being concentration determined
by a previous dose curve in non-infected cells. Several clones were obtained and a
pool of them was used to perform the experiments. C3G silencing in stably knocked-
down cells was verified by western blot and/or immunofluorescence analysis using
anti-C3G antibody (Genosphere, custom-made against 4-245 aminoacids).
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1.3.2. C3G knock-out using CRISPR/Cas9

C3G was stably knocked-out (KO-C3G) in U87 cells by CRISPR/Cas9 technology
using the doble lentiviral system designed by Zhang laboratory (Figure XIV) (Shalem
et al., 2014). It uses two lentiviral vectors: lentiCas9-blast plasmid (Addgene, #52962,
PMID 25075903) and pLentiGuide-puro (carrying the sgRNAs (single guide RNA) of
interest) (Addgene, #52963, PMID 25075903). plLentiGuide-puro plasmid was
modified in our laboratory to generate viruses carrying sgRNA targeting human C3G
(hC3G) (pLentiguide-hC3G-KO-1/2/3/5) (for further details, see section 2.1.1.).

. FLAG Blast
psi+ Rre CPPT EFS SpCas9 P2A WPRE

lentiCas9-Blast

. RNA EF1a Puro
psi+ RRE ue 9 cPPT WPRE

pLentiGuide-Puro

Figure XIV — Schematic representation of CRISPR/Cas9 double-virus system, developed in Zhang’s
laboratory. Main elements of lentiCas9-Blast (upper) and plentiGuide-Puro (lower) plasmids are
represented. Lentiviral particles carrying lentiCas9-Blast plasmid induced the expression of CAS9 gene
(indicated as SpCas9) in U87 cells, generating U87+Cas9" cells. For that, blasticidine resistance (indicated
as Blast) was used. Then, U87-Cas9” cells were infected with lentiviruses with different plentiGuide-Puro
plasmids, which had incorporated the anti-RAPGEF1 sgRNAs designed. For pool selection, puromycin
resistance (indicated as Puro) was used. These plasmids present typical viral vector elements, such as:
Psi+ (RNA target site for packaging by nucleocapsid), RRE (Rev Response Element; sequence to which
the Rev protein binds), cPPT (central polypurine tract; recognition site for proviral DNA synthesis that
increases transduction efficiency and transgene expression) or WPRE (woodchuck hepatitis virus post-
transcriptional regulatory element; sequence that stimulates the expression of transgenes via increased
nuclear export). Adapted from Shalem et al., 2014.

LentiCas9-Blast lentiviral particles were generated in 293T cells (for further details,
see section 2.1.2.). U87 parental cells were first infected with these lentiviral particles
to induce the expression of Cas9, following the infection protocol previously
described. U87-Cas9" cells were selected with blasticidine (10 ug/ml) (Sigma Aldrich,
#15205), whose concentration was determined by a previous dose curve in non-
infected cells. CAS9 genetic integration in U87-Cas9" cells genome was checked by
gDNA (genomic DNA) isolation (using NK protocol, described in Table 4) and PCR
amplification with specific primers (forward primer: 5-CCAAAGAGGTGCTGGACG-3’;
reverse primer: 5-GCTCTTTCAATGAGGGTGGA-3’) (see Appendix 1). Cas9 protein
levels in U87-Cas9" cell pool were also verified by western blot using anti-Cas9
antibody (CST, #14697) (see Appendix 1).
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Second, U87-Cas9" cells were independently infected with four different lentiviral
particles containing sgRNAs targeting C3G: pLentiguide-hC3G-KO-1/2/3/5 plasmids
(see details in section 2.1.1). Infection and puromycin selection (1 ug/ml) protocols
were performed as previously described. Each pool of cells (U87-Cas9’-KO-C3G-
1/2/3/5) was expanded and gDNA was extracted using NK protocol (Table 4). Each
targeted region was amplified by PCR using specific primers (Table 5) and Sanger
sequencing was performed (in Genomics CAIl from Complutense University of Madrid,
Spain) to detect the genomic gaps generated by Cas9 action (see Appendix 1).
Positive gaps in more than 50% of the cells from the pool were only found in U87-
Cas9'-KO-C3G-3 sample, therefore, the other infected cell lines were discarded.
Single-cell cloning of U87-Cas9'-KO-C3G-3 cells was carried out in 96 multiwell
plates obtaining KO-C3G-# clones and C3G levels were checked by western blot
and/or immunofluorescence analysis using anti-C3G antibody (Genosphere, custom-
made anti 4-245 aminoacids) in each clone. Additionally, viral particles carrying non-
targeting pLentiGuide-puro-NTC (non-targeting control) were used to infect U87-
Cas9’ cells, generating U87-Cas9-NTC cells as a control.

Table 4 — Genomic DNA (gDNA) extraction from cells using NK protocol

Step Description Reagents

NK buffer composition: Tris-HCI (50 mM,
Cell pellet overnight incubation pH 8), EDTA (50 mM), SDS (1%) and

at 55°C with NK buffer Proteinase K (100 pg/ml; Qiagen,
#19131)

Incubation with RNAse A (30

min, at 37°C) RNAse A (50 pg/ml; Qiagen, #19101)

Protein precipitation with
ammonium acetate,
centrifugation, supernatant Ammonium acetate (Sigma, A1542)
collection, gDNA precipitation Isopropanol (Panreac, #141090.1211)
with isopropanol and
centrifugation

gDNA wash with Ethanol (70%),
4 dry and suspension in Nuclease- Ethanol (Panreac, #141086.1211)
free water
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Table 5 — Primers for PCR amplification of the targeted genomic regions in hC3G-KO
CRISPR/Cas9 experiments

Amplified tsa?Rel\:;:s
region of Forward primer (5'>3’) Reverse primer (5'>3’) tghis g
RAPGEF1 .
region
Exon 2 CCGCCCATGGAATGCTACG | GAACCATCGCTTCTTCCCAC zgsmﬁ:;
Exon 5 CACCCTTGTCACCGAGAAG | TTTGAAGGTCAGGAGCAAGC | sgRNA-5
Exon 7 TGACAGACCGCGAGGTAGA | ACAGCTCCAGAGTCAGCCT sgRNA-3

1.3.3. Overexpression of full-length C3G and C3G lacking the
GEF catalytic domain

For transient C3G overexpression in U87 parental cells, pCDNA3-C3G-FL
(carrying C3G-full length) and pCDNA3-C3G-ACat (carrying C3G lacking the GEF
catalytic domain) constructs were generated (see details in section 2.2.). pPCDNA3-EV
(empty vector) was used as a control.

For plasmid transfection, cells were seeded 24 h prior transfection at a density that
guaranteed 50-60% confluence next day (50000 cells/well in 6 multiwell plates). Then,
antibiotics were removed from the culture medium to increase transfection rate. Each
plasmid (2 pg) was independently diluted in Optimem medium (Life technologies,
#31985062) and mixed with Metafectene (T040, Biontex) (1:3 ratio). After 15-30 min
of incubation at room temperature, each transfection mix was transferred to the cells.
Experiments were carried out in the next 72h period. Transfection efficiency was
checked by western blot using anti-flag (F3785-2MG, Sigma Aldrich) and anti-C3G
(Genosphere, custom-made against 4-245 aminoacids) antibodies.

1.3.4. Transient overexpression of Rap1A

In collaboration with Dr. Rubio’s laboratory (University Hospital of Jena, Germany),
different transfections were performed to determine the role of Rap1A in GBM.
Rap1A-WT and Rap1AV12 (constitutively active Rap1A mutant) inserted in
pmCherry-C1 plasmid were transiently expressed in U87 parental and U87shC3G
cells. pmCherry-C1-EV was also transfected in U87 parental and U87shC3G cells as
a control. This constructs were previously described by (Augsten et al., 2006).

Cells were seeded 24 h prior transfection at a density that guaranteed 50-60%
confluence next day (50000 cells/well in 6 multiwell plates). Then, antibiotics were
removed from the culture medium to increase transfection rate. Each plasmid (2 pg)
was independently diluted in Optimem medium (Life technologies, #31985062) and
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mixed with PEI (polyethylenimine) (PolySciences, #23966) (1:3 ratio). After 15-30 min
of incubation at room temperature, each transfection mix was transferred to the cells.
Transfection rate was evaluated 24h later by quantification of mCherry” fluorescent
cells in the cell culture and rates lower than 30% were considered insufficient and
cells discarded. Transfection rate ranged between 40-60%. If transfection was
appropriate, culture medium was replaced by a fresh one and experiments were
carried out in the next 72h period. Transfection efficiency was also checked by
western blot using anti-mCherry antibody (custom made, kind gift of Dr. I. P. Prior
(Liverpool)).

2. Generation of plasmid constructs and viral particles

21. Plasmids and viruses for C3G knock-out using
CRISPR/Cas9 technology

2.1.1. sgRNA design and pLentiguide-Puro-C3G-knock-out
plasmids production

Different sgRNAs sequences (Table 6) were selected to knock-out human C3G
(hC3G-KO) in GBM cells. Each paired sgRNA was annealed by 5 min incubation at
95°C and slow cooling down at room temperature. sgRNA-1 and sgRNA-2 were
designed in our laboratory using CRISPR/Cas9 tool from Benchling software. sgRNA-
3, sgRNA-4 and sgRNA-5 sequences were designed based on similarity to
sequences previously described and validated (SCB, sc-401616). pLentiGuide-puro
plasmid (Addgene, #52963, PMID 25075903) was digested with BsmBI (Esp3l)
(Fisher Scientific, #10374280) and agarose-gel extracted (Qiagen, #28704) (see
Appendix 2). All sgRNAs were designed to contain BsmBl-compatible sites. Each
annealed sgRNA was independently incubated with purified digested pLentiGuide-
puro plasmid and Ligase T4 (ThermoScientific, ELO011) for 1h at room temperature.
XL-Gold UltraCompetent cells (Agilent, #200315) were transformed with each ligation
mix, following the manufacturer’s protocol. Bacteria were grown overnight in LB-agar
plates (bactotriptone 10g/L, yeast extract 5g/L, NaCl 10g/L and agarose 1.5%)
containing ampicillin (100 ug/ml) (Sigma Aldrich, A9518) at 37°C. Five colonies were
picked from each different plasmid transformation. Minipreps (Macherey-Nagel,
#22740588) followed by Sanger sequencing using hUG6F.LKO.1_5 primer (5-
GACTATCATATGCTTACCGT-3’) were used to determine the correct incorporation of
the inserts into each plasmid (see Appendix 2). At least, one positive plasmid was
obtained for each sgRNA pair (except for sgRNA-4), generating the corresponding
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pLentiGuide-puro-hC3G-KO-1/2/3/5 plasmids that were amplified and purified by
Midiprep (Macherey-Nagel, # 22740410).

Table 6 — Primers designed for sgRNA sequences cloning in pLentiGuide-puro
plasmids and human C3G-KO using CRISPR/Cas9

. '\ . ’ \ pLentiGuide-
sgRNA | Forward primer (5°23’) | Reverse primer (5°2>3’) puro-hC3G-KO-#

#1 CACCGTTCTCTTGA- AAACCTCACCCA- #1
-TTTTGGGTGAG -AAATCAAGAGAAC

# CACCGAAAGAAGGG- AAACCAGCTGGT- #
-AAAACCAGCTG -TTTCCCTTCTTTC

43 AAACCGGATGAAGA- CACCGGGCGCG- 43
-GGTCGCGCCC -ACCTCTTCATCCG

44 AAACGGCATTCGGG- CACCGTTATCAA- )
-TGGTTGATAAC -CCACCCGAATGCC

45 AAACGCGAATGAGG- CACCGCCTCGC- 45
-TTGGCGAGGC -CAACCTCATTCGC

2.1.2. Virus generation for CRISPR/Cas9 experiments

Both LentiCas9-Blast and pLentiGuide-puro-hC3G-KO-1/2/3/5 plasmid packaging
in lentiviral particles was carried out in 293T cells. For each plasmid, 4x10° 293T cells
were seeded into 10 cm tissue culture plates coated with gelatine (2%) (Sigma,
G9391) to reach a 40-50% confluence the next day. Then, antibiotics were removed

from the

culture medium to increase transfection rate. In order to generate the

mentioned lentiviral particles, three plasmids were co-transfected:

(i)

(i)

(iif)

Lentiviral packaging psPAX2 plasmid (Addgene, #12260) (2 pg) (common
for all lentiviral productions). This plasmid induces the expression of
lentiviral packaging genes GAG and POL.

Lentiviral enveloping pMD2-VSVg plasmid (Addgene, #12259) (1.5 pg)
(common for all lentiviral productions). This plasmid induces the expression
of lentiviral enveloping glycoprotein from VSV virus.

LentiCas9-Blast plasmid (2.5 pg) or one of the pLentiGuide-puro-hC3G-KO-
1/2/3/5 plasmids generated (2.5 pg each). This third plasmid included in the
mixture carries the sequence that will be inserted in the genome of the
infected cells and it specifically determines the lentivirus generated in each
plate. LentiCas9-Blast plasmid expresses human codon-optimized
Streptococcus pyogenes Cas9 protein and blasticidin resistance under EFS
promoter. pLentiGuide-puro- induces the expression of the specific sgRNA
inserted under U6 promoter and puromycin resistance under EF-1a
promoter.
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Each mixture of three plasmids was resuspended in Optimem medium and mixed
with PEI (1:3 ratio). After 15-30 min of incubation at room temperature, transfection
mixes were transferred to 293T cells. Next day, the media were replaced by fresh
standard media to remove the excess of plasmids and PEI. After 72h, each culture
medium was independently collected, centrifuged (2000 rpm/1930g, 5 min) and
passed through a 0.45 um-pore filter (Cultek, #15431231). Samples containing the
different lentiviruses were stored at -80°C.

Virus generation was always checked by dose-response virus titration curves.
293T cells were seeded in 6 multiwell plates at 30% confluence. Cells from different
wells were incubated overnight with fresh medium containing increasing volumes of
samples with the lentiviral particles (from 0 ul to 1000 ul) and polybrene (10 ug/ml).
After 48h, cells were treated for 7 days with blasticidine (10 pg/ml) (for lentiCas9-Blast
titration) or puromycin (1 pg/ml) (for pLentiGuide-puro-hC3G-KO-1/2/3/5 titration).
Finally, cells were washed with PBS (Dulbecco’s phosphate buffered saline solution;
Cultek, #91X0520), fixed and stained with violet crystal (0.2%) (Sigma Aldrich, C-
0775)- ethanol (2%) solution. Antibiotic-resistant coloured colonies were counted and
the number of lentiviral infectious units per ml in each sample was estimated. Only
viral productions over 10* viruses/ml were used.

2.2. Plasmids for C3G overexpression

2.2.1. RAPGEF1 cDNA subcloning into pCDNAS3 plasmid

For C3G overexpression in GBM cells, RAPGEF1 (C3G-encoding gene) cDNA
sequence was subcloned from PLTR2-C3G-FL (full length) plasmid (generated by
Guerrero et al., 1998) into pCDNA3 plasmid (described in Zhou et al., 2019) for C3G
transient overexpression.

PLTR2- C3G-FL plasmid contains a RAPGEF1 sequence obtained from human
placenta, identical to that identified by Tanaka et al., 1994 (considered RAPGEF1
consensus sequence and included in NCBI CCDS Database, Q13905-1) except for
the 5' end. PLTR2-C3G-FL sequence encoded M-S-G-K-I-E-K-A amino acid
sequence instead of the M-D-T sequence described by Tanaka, 1994.

RAPGEF1 sequence from PLTR2-C3G-FL plasmid was amplified using specific
primers designed in our laboratory (forward primer: 5-
CGCGGATCCGACACAGACTCTCAGCGTTCTC-3; reverse primer: 5-
CGCCTCGAGCTAGGTCTTCTCTTCCCGGTCTGTTTTTC-3). These primers were
designed to amplify RAPGEF1 consensus sequence and they included BamHI (5'-
GMGATCC-3’) and Xhol (5-CATCGAG-3’) restriction sequences (underlined),
necessary for its cloning into pPCDNAS3 plasmid. PCR ampilification was performed with
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High Fidelity Herculase Il Fusion DNA Polymerase kit (Agilent, #600675) using the
mentioned primers (1.25 ul each from 10 mM stocks), dNTPs (1.25 pl from 40 mM
stock solution) and PLTR2-C3G-FL plasmid (1.25 pul of 1.2 pg/ul stock solution). PCR
reaction was set up according to manufacturer’s instructions (1 — 2 min at 95°C; 2-
(X30 cycles) 20 sec at 95°C, 20 sec at 55°C and 90 sec at 72°C; 3- 3 min at 72°C).
PCR product was electrophoresed in an agarose (0.75%) gel in the presence of
GelRed (VWR, #41003) and visualized in a VWR Imager Chemi Premium
documentation system (see Appendix 3). The band of interest (3 kb) was extracted
from the gel using a kit (Qiagen, #28704) and the product correspondence with
RAPGEF1 cDNA was determined by Sanger sequencing (Genomics CAIl from
Complutense University of Madrid, Spain). Once validated, the PCR product was
digested with BamHI (ThermoFisher, FD0054) and Xhol (ThermoFisher, FD0694) by
overnight incubation at 37°C. In parallel, a modified version of pPCDNA3 plasmid was
digested with the same restriction enzymes (see Appendix 3). This modified version
contains the sequences of 2 tags (Flag and Strep) after the initiation codon (ATG) and
prior to the restriction enzyme site for BamHI. This modification has been made to
include these sequences in the N-Terminal region of the protein. Digested, purified
PCR product containing RAPGEF1 cDNA sequence was ligated to plasmid using
Ligase T4 protocol (ThermoScientific, EL0O011). XL-Gold UltraCompetent Cells
(Agilent, #200315) were transformed with the ligation mix, following the
manufacturer’s protocol. Bacteria grew overnight in LB-agar plates (bactotriptone
10g/L, yeast extract 5g/L, NaCl 10g/L and agarose 1.5%) containing ampicillin (100
pg/ml) (Sigma Aldrich, A9518) at 37°C. Five colonies were picked from each different
original plasmid and minipreps (Macherey-Nagel, #22740588) were performed.
Sanger sequencing was used to check the correct incorporation of RAPGEF1 in each
plasmid, using T7 primer (5- TAATACGACTCACTATAGGG-3’) (see Appendix 3).
Positive plasmids were obtained, generating the corresponding pCDNA-C3G-FL
plasmid that was amplified and purified by Midiprep (Macherey-Nagel, #22740410).
C3G-FL (130-140 kDa) expression was validated by western blot (C3G antibody;
Genosphere, custom-made against 4-245 aminoacids) by transfection of 293T cells
with Metafectene, following the protocol detailed in section 1.3.3. (see Appendix 3).

2.2.2. Mutagenesis to generate a pCDNA3-C3G construct
carrying a C3G mutant lacking the GEF catalytic domain

In order to obtain pCDNA3-C3G-ACat plasmid, a pCDNAS3 derivative carrying a
C3G mutant lacking the GEF catalytic domain (specifically, CDC25H region), in vitro
site-directed mutagenesis was performed over pCDNA3-C3G-FL plasmid. For this,
QuickChange Site-Directed Mutagenesis Kit (#200519, Agilent) was used, following
manufacturer’s instructions. PCR mix included primers designed to introduce
L815Stop mutation in pCDNA-C3G-FL plasmid (forward primer. 5'-
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AGGTGGCACACCTCTATAGCTTCTTCTGGTCCACCTTGTCC-3’; reverse primer:
5-GGACAAGGTGGACCAGAAGAAGCTATAGAGGTGTGCCA-CCT-3'), designed in
our laboratory using Agilent Quickchange online software. Mutagenesis protocol
included incubation with Dpnl to eliminate all non-mutated methylated plasmid after
PCR. Then, XL-Gold UltraCompetent Cells (Agilent, #200315) were transformed with
the mix, following the manufacturer’s protocol. Bacteria were grown overnight in LB-
agar plates (bactotriptone 10g/L, yeast extract 5g/L, NaCl 10g/L and agarose 1.5%)
containing ampicillin (100 pg/ml) (Sigma Aldrich, A9518) at 37°C. Five colonies were
picked and minipreps (Macherey-Nagel, #22740588) were performed. Sanger
sequencing was used to check the correct incorporation of L815Stop mutation in the
plasmid, using hC3G-695 primer (5- GGATCTGGGGACATCTTACTG-3) (see
Appendix 4). Positive plasmids were obtained, generating the corresponding pCDNA-
C3G-ACat plasmid that was amplified and purified by Midiprep (Macherey-Nagel,
#22740410). C3G-ACat (100-105 kDa) expression was validated by western blot
(C3G antibody; Genosphere, custom-made against 4-245 aminoacids) after
transfection of 293T cells with Metafectene, following the protocol detailed in section
1.3.3. (see Appendix 4).

Restriction maps of pCDNAS3-FFSS plasmids used in this thesis (pCDNAS3-EV,
pCDNA3-C3G-FL and pCDNA3-C3G-ACat) are shown in Appendix 5.

3. Analyses of public databases information from
glioblastoma patients

3.1. C3G expression analysis

C3G (RAPGEF1) mRNA expression in GBM patients was analysed using 171
samples from TCGA RNAseq studies, grouped into control (5 samples) and primary
GBM tumour (153 samples). Clinical data for the corresponding samples were
downloaded from FireBrowse database (consulted in June-2020). This allowed us to
divide samples according to patient sex/gender and age. Original data also included
13 recurrent tumours, but they were discarded due to lack of clinical information.
RAPGEF1 expression was normalized for each sample using different housekeeping
genes: GUSB, ACTB (B-actin) and UBC (Ubiquitin C). RNAseq data was expressed
as log2 RSEM (RNA-seq by Expectation Maximization). As far as data did not present
a normal distribution, Mann-Whitney statistical test was used to check significance
and p value for each analysis was included in the graph. Data were represented using
R/ggplot2 environment bioinformatic data analysis.
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3.2. Heatmap

Using data from the mentioned TCGA cohort, each sample was grouped in a
molecular GBM subtype according to the expression of markers defined in Verhaak et
al, 2010 and explained in the Introduction section. Then, C3G (RAPGEFT)
expression was also included in the analysis. All this information was represented as
a heatmap using R/pheatmap statistical-bioinformatic package.

4. Protein analysis by western blot

4.1. Protein extraction and quantification

Once culture medium was removed (or collected if necessary), cells were washed
with PBS, and usually lysed with IP™* buffer (Table 7, left panel), or RIPA™ buffer for
nuclear proteins (such as Cas9) (Table 7, right panel). Cells were maintained on ice
for 20 min, vortexing for 20 sec every 5 min. Then, lysates were centrifuged (13.000
rpm/15.000g, 10 min, 4°C) and the supernatant (containing the extracted proteins)
was collected and stored at -80°C. Protein concentration was measured either by
Bradford (for IP™* lysates) or BCA (bicinchoninic acid) method (for RIPA™ lysates). A
blank and a standard curve of known concentrations of BSA (bovine serum albumin)
(Panreac, A1391) was prepared. Then, Bradford reagent (Sigma Aldrich, B6916) was
added 5-10 min prior absorbance measurement at 595 nm. Alternatively, BCA
reagents (ThermoFisher, #10341664/ #10495944/ #10753505) were used. First,
reagents A and B were mixed in a 1:1 proportion and, then, reagent C was added in a
50:1 proportion. Absorbance was measured at 562 nm.

4.2. Protein electrophoresis

Protein electrophoresis conditions were specifically established according to the
proteins of interest in each case. First, either SDS-PAGE gels (Table 8A, upper panel)
or non-SDS-PAGE gels (Anderson gels) (Table 8B, lower panel) were used to
separate proteins depending on the required separation. Second, the target protein
size determined the concentration of acrylamide:bisacrylamide in the separation gel
(from 7.5% to 15%) (Table 8). Samples were prepared by adding Laemmli buffer 4X
(Tris-HCI 40 mM, pH 7.6; Glycerol 10%; SDS 1%; Bromophenol blue 0.002%, B-
mercaptoethanol 2 mM; DTT 0.1 mM). They were boiled 10 min at 95°C and loaded
into the gel, as well as a molecular weight marker (ThermoFisher, #11832124).
Electrophoresis was developed at 80-120V using the appropriate running buffer for
each gel (Table 8).
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4.3. Protein transfer and immunodetection

Electrophoresed proteins were transferred to nitrocellulose membranes
(Amersham, #15259794) activated with H,O using a semidry-transfer equipment
(Biorad, #170394). Whatmann papers, gel and membrane were previously soaked in
transfer buffer (Tris-HCI 50 mM, Glycine 400 mM, methanol 20% and SDS 0.1%).
Transfer was performed at 15V for different time periods depending on gel and
protein size (20-45 min/gel). Protein transfer was confirmed by staining with Ponceau
S (0.5%, diluted in Trichoroacetic acid 1%).

Table 7 — Lysis buffers for protein extraction

IP** buffer composition RIPA™ buffer composition
Tris-HCI pH 7.5 50 mM Tris-HCI pH 7.5 10 mM
NaCl 150 mM NaCl 150 mM
NP-40 1% NP-40 1%
EGTA 5 mM SDS 0.1%
EDTA 5mM Triton X-100 1 mM
PMSF 1mM Sodium deoxycholate 1%
Aprotinin 10 ug/ml EDTA 2mM
Leupeptin 10 ug/ml PMSF 1mM
NazVO4 1mM Aprotinin 10 ug/ml
NaF 20 mM Leupeptin 10 pg/mi
Na3zVO4 1 mM
NaF 20 mM

Phosphatase/protease-inhibitors references:
PMSF (phenyl-methyl-sulfonyl fluoride) 2 Sigma Aldrich, P-7626;
Aprotinin 2 Panreac, A2132; Leupeptin = Sigma Aldrich, L2884;
NasVO, =2 Sigma, S-6508; NaF - Sigma Aldrich, S-6776

After membrane washing with TTBS (Tween Tris-buffered saline solution) (Tris-
HCI 10 mM, pH 7.4; NaCl 150 mM; Tween 0.05%), it was blocked with 5% skimmed
milk or BSA in TTBS for 1h at room temperature. Primary antibodies were usually
prepared in 0.5% BSA or skimmed milk-TTBS solution (1:500-1:2500 dilution,
depending on antibody) (Table 9) and incubated overnight at 4°C. Next day,
membrane was washed with TTBS (3 washings, 10 min/each) and incubated with the
appropriate secondary antibody conjugated with HRP (horseradish peroxidase) (anti-
rabbit antibody (CST, #7074), anti-mouse antibody (CST, #7076) or anti-sheep
antibody (SCB, sc-2473)). Secondary antibodies were prepared in 1% BSA-TTBS or
0.5% milk -TTBS at 1:5000 dilution. After washing with TTBS (3 washings, 10
min/each), membrane was incubated with Enhancer-Chemiluminescent Luminol
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(ECL) solution (standard sensitivity: Thermo Fisher, #32106; high sensitivity: BioRad,
#170-5061) and protein signal was developed using X-Ray films (Thermo Fisher,
#34089) or digitally detected with VWR Imager Chemi Premium documentation
system. Signal intensity (proportional to protein quantity) was determined by
densitometric analysis of each band with ImageJ software and referred to the signal
of a housekeeping control (B-actin or a-tubulin). Data were represented as the fold-
increase of control sample in each experiment.

Table 8 —Protein electrophoresis: gel mixtures (final volume of each mix = 10
ml) and running buffers compositions

(A) SDS-PAGE GELS
Separating Separating Stacking
Reagent Reference gel 8% gel 15% gel
Acrylamide/
Bisacrylamide Panreac, A0951 2.65 ml 5mil 1.64 ml
mixture
H20 - 4.65 ml 2.3 ml 6.8 ml
Tris-HCI 1.5 M,
pH 8.8 Panreac, A1086 2.5 ml -
TnS'H%l; M. pH Panreac, A1086 1.26 ml
SDS 10% Panreac, A0951 100 pl 100 pl
Ammonium Fisher Scientific,
persulfate (10%) #10396503 100 i 100 i
Sigma Aldrich,
TEMED T9281 4 pl 10 pl
Running buffer: Tris-HCI 25 mM, pH 8.3; Glycine 200 mM; SDS 0.1%

(B) ANDERSON GELS
Separating Separating Stacking

Reagent Reference gel 7.5% gel 15% gel
Acrylamide 30% Panreac, A1090 2.52 ml 5.03 ml 1.66 ml
Bisacrylamide 1% Panreac, A1095 1.95 ml 0.87 ml 1.33 ml
H20 - 3.02 ml 1.59 ml 5.75 ml

Tris-HCI 1.5 M,
pH 8.8 Panreac, A1086 2.52 ml -

TrIS'H%I; M, pH Panreac, A1086 1.25 ml

Ammonium Fisher Scientific, 50 ul 50 ul

persulfate (10%) #10396503 H H

Sigma Aldrich,
TEMED T9281 5ul 10 pl
Running buffer: Tris-HCI 50 mM, pH 8.3; Glycine 400 mM; SDS 0.1%
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Table 9 — Primary antibodies for protein analysis by western blot (Ww: Molecular
weight) (ref: reference)

Mw A Mw A
Target Ref# (kDa) Dilution Target Ref# (kDa) Dilution
C3G SCB,
(1-300 sc- | 130 | 1:1000 R | sy, | 130 | 1500
aminoacids) 15359 (Tyr )
Genos-
ot phere. || 130 | 1:500 EGFR | ST | 130 | 1:1000
aminoacids) C:qsa:j)g"
Vimentin | #55051 | 57 | 1:1000 p38"F;'_APK CST. | 38 | 1:5000
3 ’ (Thr180/ #9211 ’
Tyr182)
BD, SCB
E-cadherin | #61018 130 1:1000 p38aMAPK #921 1 38 1:1000
2
P-ERKs
Cas9 #5343(;57 140 1:1000 (Thr202/ #%?2;1 42/44 | 1:1000
Tyr204)
. CST, . CST, .
B-actin #3700 45 1:2500 ERKs #9102 42/44 | 1:1000
. CST, . P-Akt CST, .
a-Tubulin #0146 55 1:2500 (Ser473) #9271 60 1:1000
Custom . CST, i
mCherry made 25 1:1000 Akt #9272 60 1:1000
Sigma
Aldrich, . P-MK2 CST, .
Flag Fazes. | - | 1:1000 (Thr334) | #3007 | 7° | 1:500
2MG
CST, Dako,
Cas9 #1469 140 1:1000 GFAP 20334 50 1:1000
7 29-2

5. Analysis of Tyrosine Kinase Receptors
phosphorylation profile using an array
To evaluate the activation state (phosphorylation) of several RTKs, a Human

Phospho-RTK Array Kit (R&D, #ARY001B) was used, following the manufacturer’s
protocol.
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Cell culture conditions were previously established by checking several RTKs and
downstream effectors phosphorylation (e.g. EGFR and Gab1) by western blot in a
time-course analysis upon treatment of serum-starved cells with 10% serum for Oh,
4h or 24h.

For the analysis with the P-RTKs array, parental U87and U87shC3G cells (60-
70% confluence) were serum-starved overnight and treated with 10% FBS for 4h.
Then, culture medium was removed and cells were washed with cold PBS, keeping
plates and samples on ice. Lysates were prepared as previously described, but using
Lysis Buffer 17°": Lysis buffer 17 (supplied with the kit) supplemented with aprotinin
(10 pg/ml) and leupeptin (10 ug/ml). Protein concentration was determined by
Bradford and BCA methods, both detailed above.

Membranes were activated and blocked using Array Buffer 2 from kit for 1h at
room temperature. Then, membranes were incubated overnight at 4°C with cell
lysates, previously prepared (300 ug proteins diluted in Array Buffer 1 up to 1.5 ml of
final volume per membrane). Next day, membranes were washed and incubated with
anti-phospho-Tyrosine-HRP detection antibody from kit for 2h at room temperature.
Then, after washing, membranes were incubated with Chemi Reagent from kit and
the result was visualized using VWR Imager Chemi Premium documentation system.
Signal intensity for each spot was determined by densitometric analysis using ImageJ
software. To confirm that membranes were incubated with the same amount of
protein sample, the intensity of positive control spots included in the array was
determined and no differences were found.

6. Proteome-wide analysis

Proteome-wide analysis was carried out in the Proteomics Scientific and Technical
Service from IACS (Zaragoza, Spain) in collaboration with Dr. M2 Angeles Alava.

Cells were seeded and grown in 10 cm plates until 80% confluence. Then, they
were serum-starved for 24h. Cells were washed twice with PBS and lysed with Urea
(6M)- SDS (0.1%) solution. To increase cell fragmentation, lysates were sonicated (4
cycles of 30 sec followed by 10 sec rest per cycle), maintained on ice for 1h
(vortexing 20 sec every 10 min) and finally, 30 min at room temperature. Then, they
were centrifuged at 13.000 rpm/15.000g for 20 min and supernatants were collected.
Proteins were quantified by Lowry method using a standard curve of known
concentrations of BSA (Panreac, A1391) and three solutions: (A) Na,CO; (2%) -
NaOH (0.1 M), (B1) CuSO, - 5H,0 (1%) and (B,) Sodium and potassium tartrate (2%).
They were mixed in 50:0.5:0.5 proportion at the time of use and added to each
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sample. Then, Folin C reagent was added. After 30 min incubation (in a darkness
chamber at room temperature), absorbance was measured at 580 nm. Samples were
stored at -80°C until proteomic analysis.

The differential expression of proteins in parental vs. C3G-silenced U87 cells were
analyzed by DIGE (differential in-gel electrophoresis). To do it, proteins were
separated by two-dimension electrophoresis (2D). Protein spots of interest were
excised, stained with coomasie blue followed by fluorescent and non-fluorescent
scanning. Then, the selected spots were submitted to enzymatic digestion and they
were analyzed by mass spectrometry (MALDITOF y TOF/TOF), followed by the
identification of proteins isolated by mass spectrometry LC-ESI-MS/MS in the
proteomic facility at Zaragoza University (Spain).

Data obtained after proteomic-wide analysis were processed through several
bioinformatic GO analyses. When detected, keratins were considered sample
contaminants and they were not taken into account for further analyses. The detected
deregulated proteins were divided into two subgroups according to their
overrepresention in U87 parental or U87shC3G cells. Using the uniprot ID number for
each of them, several enrichment analyses of GO (Gene Ontology) terms were
carried out by using Panther software (consulted in December 2019), Cancertool
software (consulted in December 2019) and DAVID software (consulted in December
2019) software. In particular, we analysed GOBP (GO biological processes), GOCC
(GO cellular component), GOMF (GO molecular function), Reactome (only in
Cancertool software) and KEGG Pathway (only in DAVID software). They all were
used under default settings. Statistically significant GOs were represented and
compared taking into account their adjusted p value.

7. Fluorescence analysis in cells

7.1. Immunofluoresce staining

Cells were seeded on gelatine (2%)-coated (Sigma Aldrich, G9391) glass
coverslips in 24 multiwell plates and grown as indicated for each experiment up to
50%-70% confluence. Then, cells were washed twice with PBS and fixed with 4%
PFA (paraformaldehyde) (Sigma Aldrich, #158127) (20 min, at room temperature).
Cells were permeabilized using 0.5% Triton X-100 in PBS for 10 min and blocked by
incubation with 3% BSA - 1.5% NGS (normal goat serum)-PBS solution for 1h at
room temperature. For nuclear staining (e.g. Ki67), permeabilization solution
additionally contained 0.1% SDS. Then, coverslips were incubated overnight with the
primary antibody diluted in 3% BSA - 1.5% NGS-PBS (Table 10) at 4°C. They were
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washed with PBS and incubated with secondary antibody diluted in BSA 3%- NGS
1.5%-PBS (Table 10) for 2h at room temperature. Nuclei were stained with DAPI
(4',6-diamidino-2-phenylindole) (Panreac, #A4099) (1:1000 dilution). After washing
with PBS, coverslips were mounted using mowiol reagent (Thermofisher, P36930)
and visualized in either a Nikon Eclipse TE300 epifluorescence microscope or a Leica
TCS-SL confocal microscope (Microscopy and Flow Cytometry CAl, Complutense
University of Madrid, Spain). For localization analysis and quantification, ImageJ
software was used. Fluorescence intensity was usually represented by the Integrity
Density (ID) parameter (fluorescence intensity mean value multiplied by the
percentage of positive area for each image) referred to DAPI staining (total positive
area).

Table 10 — Antibodies used for protein analysis by
immunofluorescence in cells

Primary antibodies

Target Reference # Dilution
C3G (4-245 Genosphere, custom .
) - 1:100
aminoacids) made
Ki67 Abcam, ab15580 1:200
Z0-1 Invitrogen, 617300 1:50
B-catenin BD, #610154 1:100

Secondary antibodies

Isotype WE\T;T:;Z?h Reference # Dilution
oot | sssom | g | s
Comant | sssom | | oo
Comant | dgsom || 00
Comant | dsmom | D | oo

7.2. F-actin cytoskeleton staining

For F-actin staining, the same fixation and permeabilization protocol was used.
Then, coverslips were incubated with rhodamine-conjugated phalloidin (1:500 dilution)
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(Sigma Aldrich, P1951) for 1h at room temperature. Nuclei were stained with DAPI
(Panreac, #A4099) (1:1000 dilution).

7.3. Evaluation of EGF-induced EGFR trafficking by
fluorescence microscopy

EGF-mediated EGFR endocytosis was evaluated by in situ fluorescence
microscopy in living cells at different time points in Dr. |. Rubio’s laboratory (Jena,
Germany). Cells were seeded on gelatine (2%)-coated glass culture dishes and cells
grown until 70-80% confluence. Then, they were incubated with binding-medium
(phenol red free DMEM medium supplemented with BSA (0.1%) and HEPES (20mM))
for 30 min and stimulated with Alexa Fluor 488-labelled EGF (50 ng/ml) (Invitrogen,
E13345) directly in the heating plate placed in LSM microscope at 37°C. Images were
taken at different time points (0-15 min after stimulation) to visualize EGF-EGFR
interaction and EGF-mediated EGFR endocytosis. Fluorescence intensity was
measured in all images with ImagedJ Software and represented by the Integrity
Density (ID) parameter.

8. Flow cytometry analysis of EGFR localized on the
plasma membrane

The levels of EGFR on plasma membrane were determined by flow cytometry in
non-permeabilized cells maintained in 10% or 0% FBS-DMEM medium. When
indicated, serum starved cells were treated with EGF (10 ng/ml) for 2h to induce a
long term EGF-mediated EGFR endocytosis as a control. To analyse EGFR recycling,
cells were treated with the inhibitor of recycling monensin (10 pM) (Nishimura et al.,
2015) (Nishimura & Itoh, 2019) for 1h, in the absence or presence of EGF. Then, cells
were scrapped using PBS and centrifuged at 1500 rpm/1445g for 5 min. The pellet
was resuspended in PBS and incubated with EGFR affibody conjugated with FITC
(Abcam #ab81872) (1:200 dilution) for 30 min. FITC intensity was analysed in an
Accuri BD FACS Flow Cytometer (Jena, Germany).

9. Analysis of mRNA levels

9.1. RNA extraction and quantification

Total RNA was extracted from cells using NucleoSpin RNA kit (Macherey-Nagel,
22740955) following the manufacturer instructions including DNAse treatment to
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prevent DNA contamination. Total RNA was eluted with nuclease-free water and
stored at -80°C until use. For RNA quantification, absorbance at 260 nm (A,s) was
measured in a spectrophotometer taking into account that RNA at 40 ug/ml
concentration displays 1 unit of Axs. RNA purity was considered acceptable when
AogolAggo ratio = 1.7-2.

9.2. cDNA synthesis

Reverse transcription was performed using SuperScript Ill RT kit (Invitrogen,
#18080-040) following the manufacturer’s indications and using 1-3 yg RNA. First,
RNA was denaturated by incubation at 95°C for 5 min in the presence of Oligo(dT)
(0.5 mM) and dNTPs (10 mM each). Then, samples were incubated at 50°C for 1h
with RNase Inhibitor (Promega, N2115), DTT (5 mM) and SuperScript Il (retro-
transcriptase) (200 U) in cDNA synthesis buffer. Reaction was stopped inactivating
the enzyme by incubation at 70°C for 15 min. Synthetized cDNA was stored at -20°C
until its use.

9.3. Real time PCR and data analysis

The cDNAs of interest were specifically amplified by quantitative PCR (qPCR)
using specific primers (Table 11) and SYBR Green (Roche, #04 913 914 001) to
monitor amplified DNA. Primers amplification efficiency was previously determined
and ranged between 85%-115%. During the exponential amplification phase, a signal
threshold is established over the background fluorescence. The Ct (cycle threshold)
value for each target gene is determined as the fractional number of cycles required
to reach this threshold. Then, Ct values are used to calculate changes in gene
expression as a relative fold change between an experimental and the control
sample, which is finally represented by RQ (relative quantity) factor. First, sample Ct
is normalized with housekeeping gene Ct (GUSB), obtaining ACt value (ACtsampie =
Ctsample —Cthousekeeping): Then, ACt for each sample is referred to ACt value of the
control sample, and AACt value is calculated (AACtgampie = ACtsample = ACtcontror @nd, as
a consequence, AACty o = 0). Finally, the RQ value is determined by formula
RQuampie = 2744 ™) (and RQeontrol = 1)-

Sample in triplicate were used, and negative controls: RT- (RNA sample) and non-
sample control (water). The reaction was performed in a 7900 Fast Real Time System
(Life Technologies) from Genomics CAl at Complutense University of Madrid, Spain.

Some gPCRs were performed using the Tagman method. Specific Tagman probes
(Table 12) for each gene with a reporter fluorescent dye at 5'-end and a quencher dye
at 3'-end were used. Signal emission is due to DNA polymerase exonuclease activity
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over the fluorescent dye at 5-end. Data analysis and experiments were similarly
performed, but ACTB gene was used as housekeeping.

Table 11 — Specific primers designed for RT-gPCR using SYBR Green method

T;;'ggt Forward primer (5’'>3’) Reverse primer (5°2>3’) Eﬁig’z)e)ncy
TWIST1 CAAAGAAACAGGGCGTGGGG CAGAGGTGTGAGGATGGTGCC 106.7
ZEB2 AATGCACAGAGTGTGGCAAGGC ATCTGGCGTTCCAGGGACTCAT 108.5
GAPDH ATGTTCGTCATGGGTGTGAA GGTGCTAAGCAGTTGGTGGT 90
MCT1 TGCGTGGGTACTGGAACAAG TGCAGGTCAAATCCAAATATCGTT 92.6
PDHK1 CTTCTCAGGACACCATCCGT AACCATGTTCTTCTAGGCCTTTCAT 92.8
PKM GGCTCATCAAGGGCAGCG AGATCTTGCTGCCCACTTCC 110
GUSB ATCACCGTCACCACCAGCGT GTCCCATTCGCCACGACTTTG 107

Table 12 — Reference number (Hs) of Tagman probes used in RT-qPCR

assays
Target gene Hs Target gene Hs

DLAT Hs00898876_m1 MCT4 Hs00358829_m1
DLD Hs00164401_m1 PDHA1 Hs01049345_ g1
GLUT1 Hs00892681_m1 PDHAB Hs00168650_m1
GLUT3 Hs00359840_m1 PDHX Hs00185790_m1
LDHB Hs00929956_m1 ACTB Hs01060665_g1
SDHA Hs00188166_m1 SDHB Hs00268117_m1

SDHC Hs01698067_s1

10. Adhesion, migration, invasion and cell cycle
evaluation
10.1. Adhesion assay

For adhesion evaluation, 30000 trypsinized cells were seeded per well in 12
multiwell plates (uncoated or coated with Matrigel (5 ug/cmz; Corning, #356234)) in
medium containing FBS (10%). They were maintained at 37°C and 5% CO, for 15
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min or 30 min. When indicated, SB203580 was added during the experiment to inhibit
p38(a) MAPK pathway (following indications included in Table 2). Then, adhered cells
were fixed and stained with violet crystal (0.2%)-ethanol (2%) or DAPI (1:1000 in
0.5% Triton X100-3% BSA in PBS) for 20 min at room temperature. Excess of
staining solutions was removed with water or PBS, respectively. Stained cells were
quantified using ImageJ software.

10.2. Wound healing assay

Confluent cells in 60 cm plate were treated with Mitomycin C (6.25 pg/ml) (DNA
alkylating agent) (Sigma Aldrich, M0503) for 30 min to inhibit cell proliferation. Then, a
straight scratch was performed, cells were washed with PBS and fresh FBS-free cell
culture medium was added. Cells were maintained in culture (in the absence of FBS)
and migration was monitored at different time points (Oh, 6h and 24h) using a phase-
contrast Eclipse TE300 Nikon microscope to take images of the scratch. When
indicated, PD98059 was added during the experiment to inhibit ERKs pathway
(following indications in included Table 2). After 48h, the scratch was totally closed by
cells of all the analysed cell lines. The percentage of wound healing closure was
measured by processing images using TScratch software, referring data to Oh time
value.

10.3. Invasion assay

Invasive capacity was analysed using 8 um-pore transwells (Falcon, #353097)
coated with Matrigel (333 pg/cm2) (Corning, #356234) (Figure XV). 25000 cells were
seeded in the upper chamber in serum-free medium. When indicated, 10% FBS
medium was added into the lower chamber to act as chemoattractant.

Medium £ stimulus/

inhibitor (without FBS) \ Signal gradients: Non-invading
GBMcellsseeded | B ‘e®0 o 24h cells (removed)
intranswell 1| e '. "' | | — > i V|
e » @ [ &
Matrigel layer —— SORSSE_— aliiitity

\ S0 Yeg* 0\ Invading cells

Medium + FBS — T " \ (fixed, stained

(chemoattractant) & quantified)

Figure XV — Invasion assay through Matrigel. Cells are seeded in the upper chamber of the transwells in
the absence or presence of exogenous stimuli. In the lower chamber, medium supplemented with 10%
serum (FBS, fetal bovine serum) is added for some experiments to act as chemoattractant. After 24h,
invasive cells are fixed, stained and quantified.

To evaluate invasion in response to a specific ligand stimulation, cells in the upper
chamber were treated with EGF, MDK or FGF-2 (as indicated in Table 1) or
maintained untreated and no serum was added into the lower chamber. To inhibit
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MEK/ERKs and p38 MAPK, cells in the upper chamber were treated with PD98059 or
SB203580, respectively (according to Table 2 indications). When indicated, 10%
FBS-medium was added into the lower chamber to act as chemoattractant.

In all cases, cells were maintained 24h at 37°C and 5% CO.,. Then, cells from the
lower chamber were fixed with 4% PFA for 20 min, washed twice with PBS and
stained with violet crystal (0.2%) or DAPI (1:1000 in 0.5% Triton X100-3%BSA in
PBS) for 20 min at room temperature. Then, they were counted using a phase-
contrast Eclipse TE300 Nikon microscope coupled to a digital camera and ImageJ
software.

10.4. Analysis of the activity of secreted MMP2 by gelatine
zimography

Both MMP2 (gelatinase A) and MMP9 (gelatinase B) activities were determined by
gelatin-zymography, although MMP9 activity in GBM cells was very low to be
determined. Confluent cells were serum-starved for 24h. Cell culture medium was
collected and analysed by electrophoresis in 8% SDS-PAGE gel (Table 8A)
containing gelatine (0.1%) (Sigma, G9391), under non-reducing conditions. To
normalize the volume of medium loaded, the amount of total proteins in cell extract
was quantified and mediums were loaded according to that quantification. Samples
were prepared in B-mercaptoethanol-free and DTT-free Laemmli buffer 4X (Tris-HCI
40 mM, pH 7.6; Glycerol 10%; SDS 1%; Bromophenol blue 0.002%) and they were
not boiled. Electrophoreses were carried out at constant voltage (80 V). Next, gels
were washed with Triton X-100 (2.5%) for 30 min and incubated overnight in
Substrate buffer (Tris 50 mM pH 7.5, NaCl 0.2M, CaCl, 5 mM, Triton X-100 1%, NaN;
0.02%) at 37°C. MMP2 enzymatic activity was proportional to gelatine degradation in
the gel, which was visualized by gel staining with Coomassie Brilliant Blue (BioRad,
161-0400) as clear bands over dark background. Band intensity was determined
using ImageJ software and data were referred to control sample in each experiment.

10.5. Cell cycle analysis by flow cytometry

To study proliferation and apoptosis, cell cycle analysis was carried out by flow
cytometry in attached and non-attached cells. Cells were maintained attached (80%
confluence) or detached (in suspension under soft shaking to prevent adhesion) for 6
h, in either complete or serum-free medium. Then, cells in suspension were
centrifuged, washed with PBS and the pellet was fixed. On the other hand, attached
cells were trypsinized, pelleted by centrifugation, washed with PBS and fixed.

Cell pellet fixation was performed with cold ethanol (70%) for 1 min. Fixed cells
were centrifuged (2000 rpm/1930g, 5 min), washed and resuspended in PBS.
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Samples were incubated with RNase (0.1 pg/ml) (Qiagen, #19101) at 37°C for 30 min
to eliminate RNA. To stain DNA, propidium iodine (50 ng/ul) (Panreac, A2261) was
added 5 min before cell cycle analysis at the cytometer. Cells with DNA content less
than 2N were considered apoptotic. Cells with DNA content higher than 2N were
considered proliferative: 4N for G,/M phase of cell cycle and in between 4N and 2N
for S phase of cell cycle. DNA content and cell populations were analysed using
MODFIT mathematical model by Microscopy and Flow Cytometry CAl (Complutense
University of Madrid, Spain).

11. In vitro analysis of tumourigenic capacity

11.1. Anchorage-dependent growth assay

To assess anchorage-dependent growth, 300 cells were seeded in a 6 cm plate
with complete DMEM medium and were grown for 21 days at 37°C and 5% CO..
When indicated, plates were additionally treated with PD98059 every 3 days
according to Table 2. Then, cell culture medium was removed, cells washed with PBS
twice and foci were stained with violet crystal (0.2%)-ethanol (2%) solution for 15 min
at room temperature. Excess of staining was washed with water and the number of
foci was quantified macroscopically. Finally, cell organization into each focus was
evaluated and quantified (number of cells per focus) using a phase-contrast Eclipse
TE300 Nikon Microscope and Image J software.

11.2. Anchorage-independent growth assay

Anchorage-independent growth capacity was measured in soft-agar-cultures. First,
a layer of agar (0.5% for U87 cells or 0.75% for PDCs) (Sigma Aldrich, A9414) diluted
in complete DMEM medium was added per well in a 24multiwell plate. Then, cells
(3.000 per well for U87 cell line and 6.000 per well for PDCs) were seeded in a new
layer of agar (0.35%) diluted in complete DMEM medium. Cells were incubated for 14
days at 37°C and 5% CO,, adding fresh complete medium every 3 days. When
indicated, cells were additionally treated with PD98059 every 3 days according to
Table 2. Foci formation capacity was quantified by quantification of the total number
of foci per field and foci diameter using a phase-contrast Eclipse TE300 Nikon
microscope coupled to a digital camera and ImageJ software. Isolated cells were not
considered foci and they were not quantified. For the quantification of the number of
cells per focus, foci were stained with DAPI (1:1000 in 0.5% Triton X100, 0.1% SDS,
3% BSA, 1.5% NGS, PBS solution) (Panreac, A4099) and each fluorescent nucleus
was counted as a cell in a manual way using ImageJ software.
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12. In vivo tumour growth assays and sample analysis

12.1. Tumour xenograft assays in mice

All mice experiments were carried out in compliance with the institution’s
guidelines. For in vivo tumour growth evaluation, parental U87 and U87shC3G cells
were used. Cells resuspended in PBS (1x10° cells in 100 ul) were subcutaneously
injected into both flanks of seven-week old female nude mice (Envigo, #6903F) (4
animals for parental U87 cells and 5 animals for U87shC3G cells). PBS was injected
in one control animal as a vehicle control. Tumour size was monitored twice a week.
On day 15 after inoculation, mice were sacrificed and tumours excised, weighed and
measured. Tumour area (A) (mmz) was calculated by the formula A=1*(D/2)*(d/2) and
tumour volume (V) (mm3) by V=(4/3)*r*(D/2)*(D/2)*(d/2).

12.2. In ovo assay by cell inoculation into chicken embryo
chorioallantoic membrane

The chicken chorioallantoic membrane (CAM) assays were performed as
previously described (Figure XVI) (Hagedorn, 2005) (Fernandez-Nogueira et al.,
2020). Briefly, we used premium specific pathogen-free, fertile, 9-day-incubated
embryo chicken eggs (supplied by Gibert farmers and Santa Isabel farmers). Cells
(1x10° for U87/U87shC3G or 2x10° for 12d12D/12d12DshC3G cells) diluted in PBS-
Matrigel solution (1:1 ratio) were inoculated per egg in chicken embryo CAMs under
sterile conditions. Then, chicken embryos were incubated at 37°C for 7 days. Finally,
tumours were excised, weighed, measured and fixed in 4%PFA (overnight at 4°C in
rotation) to be paraffin-embedded and analysed by immunostaining. Tumour volume
was calculated with the above mentioned formula.
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Figure XVI — In ovo tumour growth assays (CAM assays). GBM cells were inoculated in the
chorioallantoic membrane (CAM) of 9-day-incubated chicken embryos. After 7 days, tumours were
extracted, measured and fixed.
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12.3. Tumours processing and analysis

12.3.1. Tissue paraffin-embedding and slide preparation

Fixed tumours were washed twice with PBS, dehydrate and embedded in paraffin
(Merck, #1.07157) following the protocol described in Table 13. Paraffin blocks
containing tumour samples were stored at 4°C until its use. They were cut in 8 ym
sections using a microtome, placed on slides and incubated overnight at 37°C. Prior
to immunofluorescence staining, slides were dewaxed and rehydrated following the
protocol described in Table 14.

Table 13 — Tumour paraffin-embedding protocol

Step -
Stage repeats Reagent Time (each) Temperature
1 Ethanol 30% 20 min 4°C
1 Ethanol 50% 20 min 4°C
1 ] 1 Ethanol 70% 20 min 4°C
Dehydration 1 Ethanol 90% Overnight 4°C
3 Ethanol 100% 20 min Room
temperature
2 Clearing 3 Xylene (Panreac, 15 min Room
with xylene #251769.2711) temperature
. Paraffin-xylene . o
3 Paraff!n- 3 (1:1 ratio) 30 min 62°C
embedding ]
3 Paraffin 1h 62°C
(i) Place tissues in the molds with fresh paraffin (at 62°C)
. (i) Place plastic cassettes on the top of tissue-containing molds (at
4 Paraffin- 62°C)
blocking (iii) Remove air bubbles
(iv) Harden overnight at room temperature and demold carefully

12.3.2. Immunofluorescence staining of paraffin sections

After antigen retrieval and washing, samples were permeabilized by incubation
with 0.5% Triton X-100-PBS for 5 min, washed with PBS and blocked with 3%BSA-
1.5%NGS-PBS solution for 30 min at room temperature. Then, they were washed
with PBS and incubated overnight with the primary antibody at 4°C in a humid box.
Primary antibodies were prepared in blocking solution (Table 15). Next day, slides
were washed with PBS, treated with 0.01% Tween- PBS for 5 min and incubated for
1h with the secondary antibody (Table 15) and DAPI (1:1000) (Panreac, A4099) in
blocking solution. Finally, slides were washed with PBS and water, and mounted with
mowiol (Thermofisher, P36930). Fluorescent staining was visualized in a Nikon
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Eclipse TE300 epifluorescence microscope coupled to a digital camera and for
immunoflorescence quantification, ImageJ software was used. Integrity Density (ID)
referred to DAPI staining (positive total area) was determined.

Table 14 — Protocol for immunofluorescence staining of paraffin

sections
Stage Step Reagent Time (each)
repeats
1 Wax removal Incubation at 55°C for 30-45 min
2 Xylene 5 min
2 Ethanol 100% 5 min
2 1 Ethanol 90% 3 min
Re-hydration 1 Ethanol 80% 3 min
1 Ethanol 70% 3 min
2 Water 3 min
3 Antigen Heat slides in Citrate buffer (10 mM, pH 6) using a
g microwave (800 W, 12 min) and let them cool down at
retrieval
room temperature
. 1 Water 5 min
4 Washing
1 PBS 5 min

12.3.2. Hematoxylin-eosine staining of paraffin sections

Hematoxylin/eosin staining of CAM tumour-paraffin sections was performed as
follows. After deparaffinization, sections were rehydrated by successive washes with
limonene/xylene (3 min, twice), ethanol 100% (3 min, twice), ethanol 95% (3 min),
ethanol 70% (3 min) and water (3 min). Then, sections were incubated with
hematoxylin (Carazzi's Hematoxylin (Panreac #255298.1610)) for 17 min, washed
with water (3 min, twice), incubated with eosin (eosin Yellowish (1%), (Panreac
#251301.1611)) for 9 min and washed with water (3 min, twice). After this, sections
were dehydrated by successive washes with ethanol 70% (3 min), ethanol 95% (3
min), ethanol 100% (3 min, twice) and limonene/xylene (3 min, twice). Then, they
were mounted using Eukitt (Fluka).
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Table 15 - Antibodies for protein analysis by

immunofluorescence in tumour sample

Primary antibodies
Target Reference # Dilution
C3G (4-245 Genosphere, custom
. . 1:50
aminoacids) made
Cleaved- CST, #9661 1:100
Caspase 3
Ki67 CST, #9449 1:100
Vimentin BD, #550513 1:100
aSMA Dako, M0851 1:100
Pharmingen, _
MECA32 4550563 1:50
PKM?2 CST, #3198S 1:100
Nestin Abcam, ab105389 1:100
GFAP Dako, Z033429-2 1:200
NeuN Merck, MAB377 1:200
Secondary antibodies
Emission R
Isotype wavelength Reference # Dilution
Goat anti- Invitrogen, .
rabbit 555 nm A32732 1:200
Goat anti- Invitrogen, .
mouse 555 nm A32727 1:200
Goat anti- Invitrogen, .
rabbit 488 nm A32731 1:200
Goat anti- Invitrogen, .
mouse 488 nm A32723 1:200

13. Analysis of cell metabolism

13.1. Enzymatic activity analysis

EA (enzymatic activity) assays were adapted from Teslaa & Teitell, 2014. All
enzymatic activities are expressed as U/ug of protein (specific enzymatic activity)
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being proteins measured by BCA method. All reactions were coupled to NAD(P)H
changes which were analysed spectrophotometrically by quantification of absorbance
at 340 nm per min (AA/min). This corresponded to the speed of the reaction (slope of
the linear part of reaction curve). Then, using Lambert-Beer equation, A = £*C*,
where Eyape)n= 6.22*10° cm™M™" and 1=1 cm, it is calculated the concentration units
per minute (U).

In all experiments, cells were seeded in 6 multiwell plates (500.000 cells per well)
and next day, cell culture medium was replaced by a fresh one supplemented or not
with 10%FBS. In some experiments, cells were additionally treated with sodium azide
as indicated in Table 4. Cells maintained 24h in culture were washed twice with PBS
and then protein was extracted with Standard enzymatic activity buffer (SEA buffer;
Tris-HCI 50 mM pH 7.5, NaCl 150 mM, NP40 1%, EDTA 1 mM, DTT 1mM, aprotinin
10 pg/ml, leupeptin 10 pg/ml, NazgVO, 1 mM y NaF 20 mM), except when the use of
other buffer is indicated.

0
GﬁPDH
OH 0
OH ATP OH NADP* OH
OH ADP OH NADPH)+ H* OH
Glucose Glucose-6-phosphate 6-phosphoglucono-lactone
LDH
(o} b el ]
Phosphate o
NADH
Pyruvate Lactate
C D
NADH \ \ ) ¥
0 NAD 0
Pyruvate Lactate Lactate NADH Pyruvate

+H*

Figure XVII — In vitro reactions used to measure enzymatic activities or metabolites: hexokinase
(HK) (A), pyruvate kinase (PK) (B), lactate dehydrogenase (LDH) (C) and lactate (D). The
enzyme/metabolite measured is indicated in red. Reagents (including exogenous enzymes)
supplemented in the reaction mix are indicated in green. Molecules used for spectrophotometric
measurement are surrounded by a blue square.
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13.1.1. Hexokinase

For HK activity determination, glucose conversion to glucose-6-phosphate was
coupled to the reaction catalysed by G6PDH (glucose-6-phosphate conversion to 6-
phosphoglucono-lactone, consuming NADP+ that leads to NADPH production)
(Figure XVIIA). For the reaction, 5 pg of proteins extracted using SEA buffer were
diluted in 250 pl HK reaction buffer (Tris-HCI 50 mM pH 7.5, MgCl, 10 mM, ATP 0.6
mM (Sigma Aldrich, A2383), glucose 100 mM (Panreac, A3730), NADP* 0.2 mM
(Sigma Aldrich, N0505) and G6PDH 0.1 U/ml (Sigma Aldrich, G4134)). Absorbance at
340 nm was determined for up to 20 min (one measurement per minute) at 37°C.

13.1.2. Piruvate kinase

For PK activity determination, PEP (phospho-enol pyruvate) conversion to
pyruvate in the presence of ATP was coupled to the reaction catalysed by LDH
(pyruvate conversion to lactate and NADH consumption) (Figure XVIIB). For the
reaction, 1 ug of proteins extracted using the SEA buffer was diluted in 250 yl PK
reaction buffer (Tris-HCI 50 mM pH 7.5, KCI 100 mM, MgCl, 5mM, ADP 0.6 mM
(Sigma Aldrich, A2754), PEP 0.5 mM (Sigma Aldrich, #860077), NADH 0.5 mM
(Sigma Aldrich, N7004), FBP 10 uM (Sigma Aldrich, F6803) and LDH 10 U/ml (Sigma
Aldrich, #59747)). Absorbance at 340 nm was determined for up to 20 min (one
measurement per 30 sec) at 37°C.

13.1.3. Lactate dehydrogenase

For LDH activity determination, NADH consumption during pyruvate conversion to
lactate was measured (Figure XVIIC). Protein samples were extracted using
phosphate-Triton lysis buffer (K;HPO,4 0.1 M pH 7.4 and Triton X-100 0.5%). For the
reaction, 25 pl of protein extract was diluted in 75 pl of phosphate-Triton buffer. Then,
pyruvate (20 mM) (Sigma Aldrich, P8574) and NADH (0.5 mg/ml) (Sigma Aldrich,
N7004) were added. Absorbance at 340 nm was determined for up to 20 min (one
measurement per minute) at 37°C.

13.2. Glucose uptake assay

Cells were seeded in 6 multiwell plates (500.000 cells per well) and next day cell
culture media were replaced by glucose-free DMEM medium (Gibco, #11966025),
supplemented or not with 10%FBS, as indicated. Cells were incubated 1h under
these conditions. Then, NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yllamino)-2-
deoxyglucose) a fluorescent glucose analogue (excitation peak at 465-490 nm and
emission peak at 535-550 nm) (Thermo Fisher, N13195) was added to cell medium at
different concentrations (0-100 pM). After 1h incubation, culture medium was
collected and stored, and cells were scrapped using PBS. Then, they were

111



MATERIALS AND METHODS

centrifuged at 1200 rpm/1157g for 5 min, washed and resuspended in PBS. Cells
were maintained on ice and propidium iodide (50 ng/ul) (Panreac, A2261) was added
5 min before their analysis in the cytometer (Microscopy and Flow Cytometry CAl
(Complutense University of Madrid, Spain)).

13.3. Quantification of lactate in the culture medium

Cells were seeded in 6 multiwell plates (50000 cells per well) in complete DMEM
medium and grew for 3 days. Then, cell culture medium was replaced by fresh
medium supplemented or not with 10% FBS, as indicated. At different time points, cell
culture medium was collected.

Lactate present in the culture medium was determined by spectrophotometry
using the reaction catalysed by exogenous LDH (lactate conversion to pyruvate
coupled to NAD" reduction) (Figure XVIID). A standard curve of known lactate
concentrations (0-4 mM) (Fluka, 69775) in serum-free medium was used to
extrapolate data from cell samples. The reaction was prepared by adding cell culture
medium sample (16 pl) to a buffer solution containing hydrazine (0.335 mM), glycine
(0.42 mM) and NAD" (1.6 mM) up to 260 ul. The mixture absorbance at 340 nm was
used as the blank (A;). Then, exogenous LDH (2U per well) (Roche, #10127876001)
was added and samples were incubated at 25°C for 1h. Absorbance at 340 nm was
measured again (A,). Absorbance change due to LDH action was calculated as AA =
A,-A; and interpolated in lactate curve. Since FBS contains lactate, for media
supplemented with FBS, an additional control with 10% FBS-DMEM, in the absence
of cells, was included. To obtain the amount of lactate produced and released by
these cells, the concentration of this control was subtracted.

Total proteins from cells was extracted for each sample using phosphate-Triton
buffer and quantified by BCA method to refer the amount of lactate in cell culture
medium to total protein.

14. Evaluation of stemness

14.1. Stem-like cell culture

Stem-like GBM spheres cultures were generated by maintaining GBM cells in a
stem/GSC phenotype-promoting cell culture medium (Table 16) as previously
described (Lee et al., 2006) (Lopez-Valero et al., 2018) (Lopez-Valero et al., 2020).
For this, differentiated parental U87 and U87shC3G cells were diluted in stem-
promoting sphere medium (106 cells in 10 ml), seeded in non-adherent 10 cm dishes
(Cultek, #351029) and maintained in the incubator for 24h. Cells in suspension were
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collected (passage 0 (p+0)), centrifuged and re-seeded in a new non-adherent dish.
Attached cells were discarded. Cells in suspension were maintained in the sphere
medium and, approximately every 10 days, when sphere diameter reached 50-150
um, they were subcultured (p+1, p+2, p+3...). Spheres present in the culture medium
were disaggregated with trypsin (dilution 1:3), centrifuged at 1.200 rpm/1157g,
counted and re-plated as individual cells (5x105 cells per plate) in new non-adherent
cell culture dishes. Standard protocols determine that stem-like phenotype is stable
from passage (indicated as p+) 2-3.

Table 16 - Stem-promoting sphere culture medium composition

Reagent Reference conclz:tar:ation
Dl\/!EM:H?m‘s. F12 DMEM - Lonza, #12-604F 1X (commercial)
medium (1:1 mixture) Ham’s F12 - Lonza, #12-615F
Streptomycin Sigma, S9137 10 pg/ml
Penicillin G Sigma, #13752 12 pg/ml
HEPES Fisher Scientific, BP310-1 20 mM
EGF R&D, #236-EG-200 20 ng/ml
FGF-2 Preprotech, AF-100-18B 20 ng/ml
Sodium heparin Sigma Aldrich, H3149-25KU 2 pg/mi
B27 Gibco, #17504-044 1X (commercial)
LIF Millipore, LIF1010 1 pg/mi

Since FBS and DMSO can interfere with stemness and promote GSC (GBM stem
cell) differentiation, sphere cryopreservation was performed with STEM-
CELLBANKER product (Zenoaq), following manufacturer's indications for
cryopreservation as well as thawing.

14.2. Analysis of stemness properties

To evaluate stemness properties, the number of spheres and their size were
analysed in every passage. For that, in every GSC-like culture, images were taken at
every passage using a phase-contrast Eclipse TE300 Nikon Microscope coupled to a
digital DS-U2 camera. Then, the number of spheres and their diameter was measured
using ImageJ software. These parameters are not specific for stemness and can be
influenced by other factors. Hence, the expression levels of different stem-cell
markers and ELDAs (extreme limiting dilution assays) are also required.
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14.3. Extreme limiting dilution assays

To evaluate self-renewal capacity of stem-like cultured cells, ELDAs (extreme
limiting dilution assays) were performed at different culture passages. Spheres were
disaggregated with diluted trypsin and individual cells were counted. Then, they were
seeded in 96 multiwell plates at different cell densities: from 10 to 100 cells per well.
In all wells, complete cell culture medium was added. Two weeks later, sphere
formation capacity was evaluated using a phase-contrast Nikon Eclipse TE300
microscope. All seeded wells were evaluated according to the following criteria: (i)
Negative well: total absence of spheres; (ii) Positive well: appearance of at least one
sphere, independently of its size. No differences were established among wells
depending on the number of spheres found.

These data were processed using ELDA software taking into account all
considerations previously described (Hu & Smyth, 2009). Data were visualized by a
dose-response graph (number of cells seeded per well in axis X vs. logarithm of the
fraction of negative wells in axis Y), where slope of the continuous line is proportional
to the self-renewal capacity of the cells. If the slope is higher, cells have more stem-
like phenotype and higher GBM-initiating capacity. Discontinuous lines indicate the
95% confidence interval, also calculated by ELDA software.

15. Statistical analysis

Data were represented as the mean values of, at least, 3 independent
experiments £ S.E.M. All statistical analyses were carried out with GraphPad Prism
Software version 6.01. Unpaired Student's t-test was used to compare two
experimental groups under normal distribution of the data. To compare more than two
groups, ANOVA analysis was performed. One-way ANOVA was used for one variable
and two-way ANOVA for two variables, followed by either Tukey or Bonferroni test.
Statistical significance was considered when p value <0.05 (*p<0.05, **p<0.01 and ***
p<0.001)
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RESULTS

1. C3G is downregulated in glioblastoma samples,
independently of patient gender and age

As mentioned in the introduction, GBMs (glioblastomas) are a great challenge in
clinic due to their aggressive phenotype (with high proliferation, disseminative
capacity and plasticity) and the lack of effective treatments. Although it is known that
C3G regulates invasion and growth in other tumours (e.g. coloncarcinoma or HCC),
and it controls different functions in brain, the role of C3G in GBM remains unknown.

Therefore, we first studied the expression of RAPGEF1 gene (encoding C3G) in
human GBM samples (166 samples) compared to healthy brain (5 samples) from
RNAseq cohort obtained from TCGA database. RAPGEF1 mRNA expression was
normalized with GUSB (Figure 1A), ACTB (Figure 1B) and UBC (Figure 1C). In all
cases, it was significantly downregulated in GBM samples compared to healthy brain.
Moreover, RAPGEF1 downregulation was not dependent on patient sex/gender
(Figure 2A) or age (Figure 2B), suggesting that C3G may play a role on GBM onset
and/or development.
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Figure 1 — RAPGEF1 mRNA expression is down-regulated in GBM samples compared to non-
tumour controls. RAPGEF1 (gene encoding C3G) mRNA levels in healthy brain (control) (5 samples) and
GBM samples from patients (153 samples) obtained from TCGA database normalized to GUSB (A), ACTB
(B-actin) (B) and UBC (Ubiquitin C) (C). p value for each comparison is shown (Mann-Whitney statistical

test).

Integrated multidimensional genomic studies have allowed GBM subclassification
into four molecular signatures: classical, mesenchymal, proneural and neural
(Verhaak et al., 2010). Using expression data available from RNAseq-TCGA cohort,
GBM samples were clustered according to the expression of GBM molecular subtype
markers and RAPGEF1 expression was analysed in each subtype (Figure 3).
Although the results were not statistically significant, GBM samples with high
RAPGEF1 expression preferentially clustered as proneural GBMs, while classical and
mesenchymal GBMs presented low RAPGEF1 expression. These data would be

117



RESULTS

important in clinic. Hence, C3G levels could be used as predictors of GBM subtypes,
patient outcome and tumour response to treatment, among others.
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Figure 2 — RAPGEF1 mRNA levels downregulation in GBM tumours from patients is not sex/gender-
or age-dependent. Clinical data for RNAseq TCGA cohort were downloaded from FIREBROWSE and
C3G (RAPGEF1) expression, normalized to GUSB, was analysed in GBM samples according to patient
sex/gender (5 samples in control, 52 in female and 92 in male) (A) and diagnosis age (5 samples in
control, and 9, 12, 35, 48, 35, 16 and 2, respectively in mentioned age groups) (B). p value for each
comparison is shown (Mann-Whitney statistical test).

Unluckily, the correlation between RAPGEF1 expression and patient survival using
Kaplan-Meier test did not reveal any significant change due to the low therapeutic
window and life expectancy of GBM patients upon diagnosis (not shown). New
analyses are also required to study the role of mutations in C3G function in GBM
onset and/or progression.

To further confirm C3G downregulation in GBM, C3G protein levels were
determined by western blot in a panel of human GBM cell lines compared to non-
tumourigenic glial cells from brain (human astrocytes). C3G levels were decreased in
all GBM cell lines analysed (U87, U118, T98, U251 and A172 cells) compared to
GFAP (glial fibrillary acidic protein)" HAs (human astrocytes) (Figure 4). Moreover, it
was found an inverse correlation between C3G and Vimentin, a mesenchymal marker
widely associated with GBM aggressiveness (Lin et al., 2016) (Zhao et al., 2018)
(Nowicki et al., 2019). Indeed, Vimentin was absent in HAs while upregulated in all
GBM cell lines analysed. Interestingly, GBM cell lines presenting lower levels of C3G
(U87, U118, U251 and A172) had also higher GFAP levels than HAs and the opposite
occurs in GBM cells with higher levels of C3G (T98), suggesting an inverse
correlation between C3G and GFAP that should be further confirmed.

Therefore, C3G downregulation in GBM samples and cell lines suggests a
promising role for this protein in GBM onset and/or progression. Hence, further
studies were performed to establish the role played by C3G in this tumour, as well as
the mechanisms involved.
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Figure 3 — RAPGEF1 downregulation appears to be associated to classical and mesenchymal
GBM molecular signatures. Heatmap representation of TCGA cohort expression data from GBM
samples (horizontally) clustered by expression of genes associated to GBM molecular signatures
(Verhaak et al., 2010) (vertically). C3G (RAPGEF1) expression is included at the bottom line (NONE

category).
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Figure 4 — C3G is downregulated in GBM cell lines compared to GFAP* human astrocytes. Inverse
correlation between C3G and Vimentin levels. Western blot analysis of C3G, GFAP and Vimentin
protein levels in HAs (human astrocytes) and the indicated GBM cell lines, normalized to B-actin.
Densitometric quantification of C3G/B-actin, GFAP/B-actin and Vimentin/B-actin ratios are shown.

119



RESULTS

2. C3G inhibits invasion of glioblastoma cells through
induction of an epithelial to mesenchymal-like process

2.1. C3G regulates glioblastoma cell morphology and F-actin
organization

2.1.1. C3G silencing increases the number of migratory
structures, while decreases cell-cell contacts in GBM cells

Taking into account that C3G levels are decreased in GBM compared to healthy
brain and astrocytes, next step was to analyse the repercussions of this
downregulation on tumour onset and/or development. To do it, we used several in
vitro GBM cell models, as well as different approaches to modify C3G expression.

First, we started by using U87 cells, a well-established GBM cell line previously
employed in multiple studies. We permanently silenced C3G in U87 cells using a
mixture of shRNAs specifically designed against human RAPGEF1 mRNA (shC3G).
C3G downregulation was verified by western blot, which showed a decrease of
approximately 60-70% both in the presence or absence of serum (Figure 5A, upper-
left panel). Complementary, C3G silencing was also demonstrated by
immunofluorescence staining (Figure 5A, lower panel). U87 non-targeting shRNA
(shNTC) cells were also generated as a control, which have similar C3G levels to
those detected in parental U87 cells (Figure 5A, upper-right panel). Regarding cell
morphology, U87shC3G cells adopted a striking phenotype with fewer cell to cell
contacts (Figure 5B, upper panel). These changes were more pronounced in the
presence of serum. Importantly, at similar confluence, parental U87 cells were
organized as a monolayer, although irregular, while U87shC3G accumulated in some
places, extended long cell protrusions to another cells and left empty gaps along the
plates. No qualitative differences in cell morphology and organization were observed
between parental and shNTC U87 cells (Figure 5B, lower panel). The lack of cell-cell
contacts was also evidenced by immunofluorescence analysis of (3-catenin, which
interacts to cadherins forming adherens junctions, and ZO-1 (a tight junction marker)
(Figure 5C). This clearly showed a higher presence of (3-catenin in cell-cell contacts in
parental than in C3G-silenced U87 cells. A similar tendency was observed in ZO-1
staining, although to a lesser extent.

Next, we analysed F-actin (filamentous-actin) organization by staining with
rhodamine-conjugated phalloidin. As observed in Figure 6A, parental U87 cells
display some lamellipodia and F-actin accumulation around cells, close to the plasma
membrane. In contrast, in U87shC3G cells, F-actin was more disorganized, being
highly present in cell extensions. Hence, the number of migratory structures,

120



RESULTS

quantified following criteria described by Jeong et al. (2008), was significantly higher
in U87shC3G than in parental cells (Figure 6B).
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Figure 5 - C3G silencing promotes changes in cell morphology and decreases the presence of 8-
catenin- and ZO-1 in cell-cell contacts. (A-upper panel). Western blot analysis of C3G normalized to
B-actin to demonstrate C3G silencing (left) and the lack of effect of shNTC (right) in U87 cells, in the
presence (+) and absence (-) of serum (FBS) for 24h. Densitometric quantification of C3G/B-actin ratio
are shown. (A-lower panel) Qualitative immunofluorescence analysis of C3G (red) in parental and C3G-
silenced U87 cells. Nuclei were stained with DAPI (blue). Scale bars: 50 ym. (B) Phase-contrast
microscopy images of parental U87, U87shNTC and U87shC3G cells maintained either in the presence
(+) or absence (-) of serum (FBS) for 24h. Scale bars: 50 pm. (C) Representative images of 3-catenin
(red) and ZO-1 (green) staining analysed by confocal microscopy. Nuclei were stained with DAPI (blue).
An amplification of cells inside the square is also shown. Scale bars: 25 pm.
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Figure 6 — C3G knock-down induces the reorganization of actin cytoskeleton of U87 cells,
increasing the number of pro-migratory structures. (A) Fluorescence microscopy images of
rodhamine-labelled phalloidin staining (red) in parental and C3G-silenced U87 cells, maintained as
indicated (+/- FBS for 24h). Nuclei were stained with DAPI (blue). An amplification of cells inside the
square is also shown. Scale bars: 50 ym. (B) Histograms showing the quantification of the number of
cells presenting migratory structures (following criteria determined by Jeong et al. (2008)), expresses as
the fold increase mean value + S.E.M. (at least, n=3). *p value <0.05, versus parental cells.

Next, in an attempt to approach to clinics we analysed the effect of C3G silencing
in two non-commercial PDCs (patient-derived cells), named 12912(D) and HCO1(D)
cells. These PDCs were initially isolated from different patient tumours and
maintained as neurospheres, favouring the maintenance of their GSC-like phenotype
(12012 and HCO1 cells) (Lopez-Valero et al., 2018). The tumourigenic capacity and
GSC-like phenotype of these cell lines were previously studied by Dr. G. Velasco’s
group (Lépez-Valero et al., 2018) (Lopez-Valero et al., 2020). We induced the in vitro
differentiation of these cells in presence of serum, generating 12®12D and HCO1D
cell lines (Figure 7A). This differentiation process was required for a number of
studies carried out in 2D cultures. Total serum deprivation induced cell death in both
differentiated cell lines, so that, when required, it was performed by maintaining them
in the presence of 0.5% serum.

Efficient C3G knock-down was obtained using the above described shRNAs,
generating 12012DshC3G (Figure 7B, left) and HCO1DshC3G (Figure 7B, right)
cells. Parental 12912D cells displayed an epithelial-like morphology, generating well-
structured monolayers in culture, while 12012DshC3G cells presented reduced cell-
cell contacts and increased neurite-like extensions (Figure 7C). Similarly,
morphological changes were observed in HCO1D cells upon C3G silencing, such as
loss of cell-cell contacts, although to a lesser extent than in U87 or 12d12D cells
(Figure 7D). As shown for U87 cells, C3G silencing in PDCs induced F-actin
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reorganization. F-actin was present at focal adhesions in parental 12012D cells,
while in 12012DshC3G cells formed stress fibers and filopodia-like extensions
(Figure 7E). According to this, more pro-migratory structures were detected in C3G-
silenced than in parental 12912D cells (Figure 7F). In HCO1DshC3G cells, actin was
also disorganized and forming migratory structures, in contrast to HCO1D parental
cells (Figure 7G).
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Figure 7 — GSC-like patient-derived cells can be differentiated in vitro using serum. C3G
downregulation induces changes in the morphology and F-actin cytoskeleton organization in the
differentiated cells. (A) Phase-contrast microscopy images of 12®12(D) and HCO1(D) cells maintained
either under GSC-promoting culture conditions, or in the presence of serum (+FBS) to induce
differentiation, or in the total (-FBS) or partial absence of serum (0.5% FBS) for 24h. Scale bars: 50 pm.
(B) Western blot analysis of C3G normalized to -actin to demonstrate C3G silencing in 12912D (/eft)
and HCO1D (right) cells, in the presence of serum. Densitometric quantification of C3G/B-actin ratio is
shown. (C-D) Phase-contrast microscopy images of parental and C3G-silenced 12®12D (C) and HCO1D
(D) cells maintained in the presence of serum. Scale bars: 50 pm. (E and G) Fluorescence microscopy
images of rodhamine-labelled phalloidin staining (red) in parental and C3G-silenced 12®12D (E) and
HCO1D (G) cells. Nuclei were stained with DAPI (blue). An amplification of cells inside the square is also
shown. Scale bars: 50 ym. (F) Histograms showing the quantification of the number of 12912D cells
presenting migratory structures (following criteria determined by Jeong et al. (2008)), expressed as the
fold increase of mean value + S.E.M. (at least, n=3). *p value <0.05, versus parental cells.
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2.1.2. C3G knock-out in U87 cells mimics the changes
induced by C3G silencing in cell morphology

In order to verify the results generated by gene silencing, C3G was stably
knocked-out (KO-C3G) in U87 cells by using CRISPR/Cas9 technology. In particular,
we employed a system based on that designed by Zhang laboratory (Shalem, 2014)
with two lentiviral vectors: lentiCas9-blast plasmid, for Cas9 expression, and
LentiGuide-hC3G-KO plasmids, carrying the anti-C3G sgRNAs. Although we
generated diverse Lentiguide-hC3G-KO plasmids against different RAPGEF1 gene
regions, Cas9-mediated genome alteration was considered sufficient only for
Lentiguide-hC3G-KO-3 constructs. Thus, these cells were single-cell cloned and C3G
levels were checked by western blot in different clones (Figure 8A, upper panel). C3G
knock-out was detected in two of them (KO-C3G-#1 and KO-C3G-#2 cells) and
further confirmed by immunofluorescence (Figure 8B). On the other hand, U87-Cas9"
were infected with lentiviral particles carrying LentiGuide-puro-Non-Targeting
plasmids, generating U87 Cas9-NTC cells as a control. In these cells, C3G levels
were similar to those observed in parental U87 cells (Figure 8A).
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Figure 8 — Effect of C3G knock-out, generated by CRISPR/Cas9 technology, in the morphology of
U87 cells. (A) Western blot analysis of C3G normalized to B-actin to check C3G depletion in C3G-KO
clones of U87 cells, in the presence of serum. Densitometric quantification of C3G/B-actin ratio is shown.
“x” indicates discarded clones. (B) Qualitative immunofluorescence analysis of C3G (red) and DAPI (cell
nuclei, blue) in parental and C3G-silenced U87 cells. Scale bars: 50 um. (C) Phase-contrast microscopy
images of parental, Cas9-NTC and KO-C3G-#1/2 U87 cells, maintained in the presence of serum. Scale
bars: 50 ym.

Interestingly, it was detected an accentuated morphological change upon C3G
deletion in U87 cells. Hence, cells adopted a striking phenotype in the presence of
serum (Figure 8C), resembling that of U87shC3G cells. Thus, KO-C3G-#1 and KO-
C3G-#2 cells did not cover the plates as a monolayer even at high confluence, cell-
cell contacts were decreased and they presented an increased number of cell
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extensions. As expected, no differences in cell morphology were observed between
parental and Cas9-NTC U87 cells (Figure 8C).

2.1.3. Full-length C3G or a C3G mutant lacking CDC25H
domain are efficiently overexpressed in U87 cells, not
modifying their morphology

Once we had used two different approaches to downregulate C3G that lead to
similar changes in morphology and cytoskeleton organization, we decided to
upregulate C3G levels as a complementary approach. Thus, we induced a transient
overexpression of C3G in U87 cells using pCDNA3 constructs generated in our
laboratory. We used pCDNA3-C3G-FL to overexpress C3G full length protein and
pCDNA3-C3G-ACat for overexpressing a C3G mutant protein lacking the CDC25H
region and, consequently, unable to act as a GEF, as previously demonstrated by
Guerrero et al. (1998)). Overexpression of both proteins in parallel allowed us to study
the involvement of GEF activity of C3G in its functions. pCDNAS3-EV (pCDNA3 empty
vector) was also transfected as a control. Transfection efficiency was checked by
western blot, using anti-C3G (Figure 9A, upper panel) and anti-Flag (anti-
DYKDDDDK) (Figure 9A, lower panel) antibodies. As expected, C3G-ACat protein
presented a lower molecular weight (around 105 kDa) than C3G-FL and endogenous
C3G proteins (around 140 kDa). Importantly, C3G-FL and C3G-ACat overexpression
levels were equivalent and comparable. Morphology evaluation did not reveal clear
changes upon C3G-FL and C3G-ACat overexpression under our research conditions
(Figure 9B).
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Figure 9 — Effect on cell morphology of overexpression of C3G full-length or a C3G mutant
lacking the CDC25H domain) in U87 cells using pCDNA plasmids. (A) Western blot analysis of C3G
(high exposure, upper; low exposure, lower) and Flag normalized to B-actin to check C3G-FL (~140 kDa)
and C3G-ACat (~105 kDa) overexpression in U87 cells, in the presence of serum. Densitometric
quantification of C3G/B-actin ratio is shown. (B) Phase-contrast microscopy images of U87 cells
untransfected or transfected with pCDNA3-EV, -C3G-FL or —C3G-ACat constructs, maintained in the
presence of serum. Scale bars: 50 pm.
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Collectively, all these findings indicate that C3G controls GBM cell morphology,
cytoskeleton organization and cell-cell contacts, suggesting that it could also play a
role in migration/invasion and adhesion in these cells.

2.2. C3G negatively regulates the migratory and invasive
capacity of glioblastoma cells, while promotes their adhesion

Previous data showed that C3G downregulation promoted migration and invasion
of coloncarcinoma (Priego et al., 2016) and HCC (hepatocellular carcinoma) cells
(Sequera et al., 2020) and that C3G overexpression inhibited migration of breast
carcinoma cells (Dayma & Radha, 2011), being the increased invasiveness usually
associated to a lower adhesion capacity. GBMs present a high invasive capacity,
which is essential for the aggressive dissemination of these cancer cells to the
surrounding tissue, correlating with patient worse prognosis. Importantly, the
mentioned changes observed in GBM cells morphology and actin cytoskeleton
organization upon C3G downregulation could be compatible with increased cell
motility. Hence, we decided to assess the role played by C3G in migration, invasion
and adhesion of GBM cells using in vitro functional assays.

2.21. C3G downregulation promotes cell invasion and
migration of glioblastoma cells

First, invasion was evaluated in vitro using Matrigel-coated transwells and serum
as chemoattractant. Invasiveness of C3G-silenced cells was highly increased as
compared to their corresponding parental in U87 (Figure 10A), 12012D (Figure 10B)
and HCO1D (Figure 10C) cells. As described in the introduction, MMPs (matrix
metalloproteinases) are essential for matrix degradation during invasion and cancer
dissemination. Gelatin zymography assays showed that secreted MMP-2 activity was
higher in U87shC3G than in parental U87 cells, in agreement with their pro-invasive
phenotype (Figure 10D). Similarly, lack of C3G in the two U87-KO-C3G clones
increased more than twice their invasive capacity as compared to that of C3G-
expressing U87 cells (Figure 11), while U87shNTC (Figure 10A) and U87-Cas9-NTC
(Figure 11) cells did not alter the invasive capacity. Importantly, basal invasion in the
absence of chemoattractant was not detected in any case under our experimental
conditions.

We also analysed migration in GBM 12®12D cells using wound-healing assays. In
U87 and HCO1D cells, this analysis was not reliable due to the cell organization
displayed by U87shC3G cells, with empty gaps along the plates, and the high
sensitivity of HCO1D cells to Mitomycin C treatment. 12912DshC3G cells showed a
higher wound closure at 24h than parental 12912D cells (Figure 12), confirming that
C3G acts as a repressor of cell motility in GBM cells.
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Figure 10 — C3G-knock-down enhances invasion of GBM cells and increased secreted MMP-2
activity in U87 cells. Non-silenced or C3G-silenced (shC3G) U87, 12912D and HCO1D cells, as well
as U87shNTC cells used as a control, have been used. (A-C) Invasion through Matrigel of U87 (A),
12912D (B) and HCO1D (C) cells in the absence of chemoattractant (0%) or using serum as
chemoattractant (10%). Representative images of invading cells (upper panel) and histograms showing
the mean value * S.E.M. of the number of invading cells when using serum as chemoattractant (at least,
n=3) (lower panel). Scale bars: 100 um. (D) MMP-2 activity of U87 cells: representative zymogram (left)
and histogram showing the fold increase of MMP-2 activity (mean value + S.E.M., at least n=3) (right). *p
value <0.05, **p value <0.01, versus parental cells or as indicated.

Based on these data, C3G downregulation promotes invasion and migration in
GBM cell lines, as demonstrated through gene silencing and gene knock-out using
CRISPR/Cas9 technology.
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Figure 11 — C3G knock-out in U87 cells promotes invasion. Invasion through Matrigel of parental,
Cas9-NTC and KO-C3G-#1/2 clones of U87 cells using serum as chemoattractant. Representative
images of invading cells (left) and histograms showing the mean value + S.E.M. of the number of
invading cells (at least, n=3) (right). Scale bars: 100 ym. *p value <0.05, **p value <0.01, as indicated.
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Figure 12 — C3G downregulation promotes migration in 12®12D cells. Wound healing assay in
serum-starved non-silenced and C3G-silenced 12®12D cells. Representative phase contrast microscopy
images at Oh and 24h of migration (left) and histogram representing the mean value of wound closure
percentage + S.E.M. at 6h and 24h (at least, n=3) (right). Scale bars: 100 ym. **p value <0.01, as
indicated.

2.2.2. Effect of C3G and Rap1A overexpression on U87
invasiveness

Invasion was also evaluated in U87 cells transiently overexpressing C3G (Figure
13). In agreement with the above referred results, C3G-FL overexpression resulted in
decreased invasion. Interestingly, C3G-ACat overexpression had no effect on
invasion compared to control cells, suggesting that the GEF activity of C3G was
involved in C3G-induced invasion inhibition in GBM cells. U87 cells transfected with
the empty vector and parental cells presented a similar higher invasiveness.

To further understand if GEF activity of C3G was implicated in the regulation of
GBM invasiveness, the role of Rap1A, the main C3G target, was also studied in U87
cells. Rap proteins have been described both as tumour promoters or suppressors
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and it has been widely established that their activation/deactivation cycles and their
intracellular localization played a key role in their regulation and function. Previous
studies determined that different Rap isoforms could play different roles on GBM
onset, growth and dissemination and each Rap isoform can act differently depending
on cell context (Moon et al., 2012) (Barrett et al., 2014) (Sayyah et al., 2014) (Lei
Wang et al., 2014).
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Figure 13 — C3G overexpression in U87 cells decreases invasion through a mechanism
dependent on its GEF capacity. Invasion through Matrigel of U87 cells, untransfected or transfected
with pCDNAS3-EV, -C3G-FL or —C3G-ACat constructs, using serum as chemoattractant. Representative
images of invading cells (left) and histograms showing the mean value + S.E.M. of the number of
invading cells (at least, n=3) (right). Scale bars: 100 pm.

There are five Rap isoforms, Rap1A, Rap1B, Rap2A, Rap2B and Rap2C (Guo et
al., 2016), but C3G preferentially acts on Rap1A (T Gotoh et al., 1995). However, we
were unable to detect significant changes in Rap1A activation (Rap1A-GTP levels)
between parental and C3G-silenced U87 cells (not shown), probably due to the low
levels of endogenous Rap1A present in U87 cells. Therefore, we studied the effect of
the transient overexpression of Rap1Awt and a constitutively active mutant,
Rap1AV12, using pmCherry-C1 constructs in parental and C3G-silenced U87 cells.
As a control, cells were also transfected with the corresponding empty vector
(pmCherry-C1-EV). As seen in Figure 14A, transfection efficiency was confirmed by
western blot, detecting mCherry-EV (28.8 kDa) and mCherry-Rap1Awt/V12 (28.8 kDa
plus 22 kDa, 50.8 kDa in total) bands (underlined in Figure 14A quantification). In
non-transfected and Rap1Awt/VV12 transfected cells, an unspecific band was found at
around 30 kDa in anti-mCherry western blot. Thus, transfection efficiency was also
confirmed by fluorescence microscopy mCherry detection (Figure 14B). Importantly,
Rap1Awt and Rap1AV12 overexpression levels were equivalent in both, C3G-
silenced and parental cells.
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Figure 14 — mCherry-Rap1Awt and mCherry-Rap1AV12 were efficiently overexpressed in parental
U87 and U87shC3G. (A) Western blot analysis of mCherry normalized to B-actin to check Rap1Awt/\V12
(~50 kDa) overexpression by comparison of untransfected and transfected parental and C3G-silenced
U87 cells with EV (empty vector) (~30 kDa). Densitometric quantification of mCherry/B-actin ratio is
shown. (B) EV or Rap1Awt/V12 transfection efficiency confirmation through mCherry (red) fluorescence
qualitative analysis. Scale bars: 100 pm.

We also evaluated the role of Rap1A on invasion (Figure 15). Rap1Awt had no
significant effect on invasiveness of either parental or C3G-silenced U87 cells.
Rap1AV12 overexpression did not either alter the invasive capacity of parental U87
cells. In contrast, the enhanced invasiveness of C3G-knock-down U87 cells was
significantly reduced by Rap1AV12 overexpression.
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Figure 15 — Rap1AV12, but not Rap1Awt, decreases invasion of U87shC3G cells. Parental and
C3G-silenced U87 cells, untransfected or transfected with pmCherry-EV/Rap1Awt/Rap1Av12 constructs
were used in invasion through Matrigel assays, using serum as chemoattractant. Representative images
of nuclei (stained with DAPI) of invading cells (left). Histograms showing the mean value + S.E.M. of
invading cells expressed as the fold increase of the value of cells transfected with EV (empty vector) (at
least, n=3) (right). Scale bars: 100 um. *p value <0.05, ***p value <0.001, as indicated.

Therefore, the role of C3G as an inhibitor of invasiveness in GBM cells might be
dependent on its GEF activity, being Rap1A a potential mediator. However, we
cannot exclude that other small G proteins might be implicated, specifically in GBM
cell context.
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223. C3G downregulation decreases adhesion of
glioblastoma cells

Next, we studied C3G function in the regulation of adhesion of U87, 12%12D and
HCO1D cells. As shown in Figure 16A, C3G knock-down decreased adhesion of U87
cells and PDCs to uncoated culture plates at different time points (mainly, at 30 min).
C3G downregulation displayed a similar effect on adhesion of U87 cells to Matrigel-
coated plates (Figure 16B).
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Figure 16 — C3G silencing reduces cell adhesion of GBM cells. Non-silenced or C3G-silenced
(shC3G) cells have been used. (A-B) Adhesion analyses at 15 or 30 min in the absence of ECM for U87,
12912D and HCO1D cells (A) or on Matrigel-coated plates for U87 cells. (B) Phase contrast microscopy
images of adhered cells stained with crystal violet (left) and histograms showing mean value + S.E.M. of
the percentage of adhered cells referred to non-silenced cells at 15 min (at least, n=3) (right). Scale bars:
100 pm. *p value <0.05, **p value <0.01, ***p value <0.001, as indicated.

As expected, C3G depletion in U87 cells (C3G-KO) also impaired adhesion to
uncoated plates at 15 min and 30 min, confirming the results obtained by gene
silencing (Figure 17). U87-Cas9-NTC cells did not display differences in
adhesiveness as compared to U87 parental cells.
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Figure 17 — C3G knock-out decreases adhesion in U87 cells. Adhesion analysis at 15 or 30 min of
parental, Cas9-NTC and KO-C3G-#1/2 clones of U87 cells in the absence of ECM. Phase contrast
microscopy representative images of adhered cells stained with crystal violet (left) and histogram
showing the mean value + S.E.M. of the percentage of adhered cells referred to parental cells at 15 min
(at least, n=3) (right). Scale bars: 100 ym. *p value <0.05, **p value <0.01, ***p value <0.001, versus
parental cells or as indicated.

These experiments indicate that C3G knock-down or knock-out reduces adhesion.
This is in agreement with the changes in actin cytoskeleton previously observed and
the pro-invasive phenotype acquired by GBM cells upon C3G downregulation.

2.2.4. C3G overexpression promotes adhesion of U87 cells,
independently of its GEF activity

Next, we studied whether the effect of C3G on adhesion of GBM cells was
dependent on its GEF activity by comparing the adhesiveness of U87 cells
overexpressing C3G-FL or C3G-ACat (Figure 18). Overexpression of C3G-FL or
C3G-ACat promoted adhesion to uncoated plates, while the empty vector had no
effect. This is agreement with the results obtained by C3G downregulation. In
addition, these data suggest that its GEF activity is not required for C3G-mediated
adhesion in U87 cells. C3G-ACat mutant overexpression promoted adhesion in a
similar way to C3G-FL. Transfection of U87 cells with pCDNA3 empty vector did not
alter its adhesive capacity compared to parental cells.

We also determined the effect of Rap1Awt and Rap1AV12 overexpression on
adhesion (Figure 19). Although Rap1AV12 overexpression promoted adhesion of
U87shC3G cells at short times (15 min), either Rap1Awt or Rap1AV12
overexpression had no effect on adhesion of parental U87 or U87shC3G cells at 1h.
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Figure 18 — Overexpression of C3G full length or a mutant lacking its catalytic domain promotes
adhesion of U87 cells. Adhesion at 15 or 30 min of untransfected and pCDNA3-EV/-FL/-ACat U87 cells
in the absence of ECM. Representative phase contrast microscopy images of adhered cells stained with
crystal violet (left) and histogram showing mean value + S.E.M. of the percentage of adhered cells
referred to untransfected cells at 15 min (at least, n=3) (right). Scale bars: 100 um. *p value <0.05, **p
value <0.01, ***p value <0.001, versus parental cells or as indicated.
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Figure 19 — Neither Rap1Awt nor Rap1AV12 overexpression induce major changes in U87 cell
adhesiveness. Parental and C3G-silenced U87 cells, untransfected or transfected with pmCherry-
EV/Rap1Awt/Rap1Av12 constructs, were used. (A) Adhesion at 15 min or 1h in the absence of ECM.
Representative phase contrast microscopy images of adhered cells stained with DAPI (upper) and
histograms showing mean value + S.E.M. of the percentage of adhered cells referred to cells transfected
with EV (empty vector) at 15 min (at least, n=3) (lower). Scale bars: 100 um. *p value <0.05, **p value
<0.01, as indicated.
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Taken together, all data shown in this section indicates that C3G downregulation
promotes migration and invasion, while C3G induces cell adhesion. Nevertheless, the
mechanisms by which C3G controls these different functions might be different, since
its GEF activity is likely implicated in its capacity to inhibit invasion, while it might not
be involved in the action of C3G on adhesion of GBM cells.

2.3. C3G downregulation enhances the invasive capacity of
glioblastoma cells by promoting the acquisition of a more
mesenchymal phenotype

As explained in the Introduction section, the role of EMT (epithelial to
mesenchymal transition) in GBM remains controversial. GBM cells are not epithelial
and usually display pro-mesenchymal phenotypes. Hence, canonical EMT-associated
changes at molecular level are rarely observed in GBM tumours, such as the cadherin
switch. Nevertheless, EMT-like processes have been demonstrated to be relevant for
GBM tumourigenesis and dissemination. Thus, we analysed the effect of C3G
downregulation on the levels of EMT markers in order to obtain further insights into
the mechanisms by which C3G regulates invasion in GBM.

Parental U87 cells present an intermediate phenotype, expressing both epithelial
and mesenchymal markers (Lamballe et al.,, 2016). We found that C3G silencing
increased Vimentin protein levels, a well-established mesenchymal marker, upon
serum starvation (Figure 20A). Similarly, Vimentin levels were also higher in
HCO1DshC3G cells than in parental HCO1D cells (Figure 20B). 12®12D cells display
a more epithelial-like phenotype. Hence, we observed that E-cadherin, the epithelial
marker, was downregulated upon C3G knock-down in 12912D cells, and Vimentin
was upregulated (Figure 20C).

These results suggested that C3G may act as an inhibitor of the EMT-like process
in GBM cells, reducing their invasiveness, while promoting their adhesiveness. Due to
the key role of EMT-associated transcription factors, we evaluated if C3G controlled
their mRNA expression in U87 cells. Interestingly, TWIST1 (Figure 20D) expression
was 2-fold higher in U87shC3G cells than in parental cells, both in the presence or
absence of serum. ZEB2 (Figure 20E) was also upregulated in C3G-silenced cells,
but to a lesser extent.

This demonstrates that C3G downregulation in human GBM cells correlates with
an accentuated mesenchymal phenotype, enhanced invasiveness and reduced
adhesion likely associated to an EMT-like process.
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Figure 20 — C3G downregulation induces EMT-like-associated changes in GBM cells. Non-silenced
or C3G-silenced (shC3G) cells have been used. (A-C) Western blot analyses of Vimentin and E-cadherin
levels normalized to B-actin in U87 (A), 12#12D (B) and HCO1D (C) cells, in the presence (+) or
absence (-) of serum (FBS) (representative images; at least, n=3). (D-E) TWIST1 (D) and ZEB2 (E)
mRNA levels in U87 cells maintained either in the presence (+) or absence (-) (6h) of serum (FBS).
Histograms represent RQ mean value * S.E.M. referred to parental cells maintained in the presence of
10% serum (at least, n=3). *p value <0.05, as indicated.

3. C3G downregulation in glioblastoma cells alters in
vitro tumourigenic properties and reduces proliferation

The role of C3G in tumourigenesis has been already studied in some cancer
types, highlighting coloncarcinoma and HCC. In order to determine the function of
C3G in the tumourigenic capacity of human GBM cells, we first performed anchorage-
dependent growth assays using all GBM cells previously described. The number of
foci was increased upon C3G downregulation in U87 (Figure 21A) and 12012D
(Figure 21B) cells, while U87shNTC control cells did not presented differences as
compared to parental U87cells. However, we found a significant decrease in the
number of cells per focus in U87shC3G cells (Figure 21A, right panel). In contrast,
HCO1DshC3G cells presented fewer and smaller foci as compared to those from
parental HCO1D cells (Figure 21C). Nevertheless, a microscopic analysis allowed us
to detect increased independent, scattered cells along the plate in C3G-silenced
compared to parental HCO1D cells.
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Figure 21 — C3G downregulation promotes foci formation in anchorage-dependent growth assays
in U87 and 12®12D cells, but not in HCO1D cells. Non-silenced or C3G-silenced (shC3G) cells, as
well as U87shNTC cells as a control, have been used. (A-C) Anchorage-dependent growth assays in
U87 (A), 12912D (B) and HCO1D (C) cells. Representative images of a macroscopic view of foci (upper
images) and an individual focus (lower-left images). Histograms show the mean value + S.E.M. of the
total foci number and, for U87 cells, number of cells per focus (at least, n=3). Scale bars: 100 pm. *p
value <0.05, **p value <0.01, versus parental cells or as indicated.

To further characterize the role of C3G in GBM tumourigenesis, we also performed
anchorage-independent growth assays. We measured the ability of GBM cells to form
foci in soft-agar and we found that U87shC3G (Figure 22A) and 12912DshC3G
(Figure 22C) cells formed more foci than their respective parental cells. As a control,
U87shNTC cells were used, but they did not show differences as compared to
parental U87 cells. In contrast, HCO1DshC3G cells formed fewer foci than parental
HCO1D cells (Figure 22C) and these C3G-silenced cells also showed a more
scattered phenotype with multiple independent cells and small colonies, formed by
less than 5 cells, along the plate. In general, foci formed by C3G-silenced cells
contained fewer and more disseminated cells and cell-cell interactions were reduced,
leading to a scattered phenotype (Figure 22B in detail, plus lower panels from Figures
22C and 22D). This reduced cell density of C3G-silenced GBM cells is likely a
consequence of the increased cell scattering facilitated by their higher motility.
However, foci diameter remained unchanged.

Proliferation is also important to control cell density within the foci. Parental U87
cells showed higher proliferation than U87shC3G cells, as determined by flow
cytometry cell cycle analysis (Figure 23A), both under adherent and non-adherent
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conditions. However, no differences were found in apoptosis (data not shown). These
proliferation data were confirmed by Ki67 staining. Hence, the number of Ki67-
positive (Ki67") cells was significantly higher in parental than in C3G silenced U87
cells (Figure 23B).
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Figure 22 — C3G knock-down increases the number of foci in anchorage-independent growth
assays in U87 and 12d12D cells, but not in HCO1D cells. Non-silenced or C3G-silenced (shC3G)
cells have been used, as well as U87shNTC cells as a control. (A, C and D) Anchorage-independent
growth assays in U87 (A), 12912D (B) and HCO1D (C) cells. Representative images of foci (left (in A) or
upper (in C and D) images) and zoom of individual foci organization (lower images in 12®12D and
HCO1D cells). Histograms (right (in A) or lower (in C and D) panels) showing the mean value + S.E.M. of
the foci number per field (at least, n=3). Scale bars: 100 ym. (B) Zoom of individual foci organization of
non-stained U87 cells (upper images) and DAPI stained nuclei (lower images). Histogram representing
the mean value + S.E.M. of the number of cells per focus (at least, n=3). **p value <0.01, ***p value
<0.001, versus parental cells or as indicated.

Taking together, all the results indicate that C3G downregulation in GBM cells
promotes foci formation, while reduces cell density and modifies foci morphology. The
decreased proliferation would explain the lower number of cells per focus. The
increased foci formation could be a consequence of cell scattering, which is also
observed in C3G-silenced HCO1D cells, even though they formed fewer foci.
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Figure 23 — C3G silencing is associated to decreased proliferation. (A) Cell cycle analysis by
cytometry of C3G-silenced as compared to non-silenced U87 cells, maintained in the presence of serum
under adherent or non-adherent conditions (6h). Histogram represents the percentage of cells in S and
G,/M phases of the cell cycle + S.E.M. (at least, n=3). (B) Ki67 (red) staining in C3G-silenced and
parental U87 cells maintained in the presence of serum and under adherent conditions. Nuclei were
stained with DAPI (blue). Representative microscope images (/eft) and histogram showing the mean
value = S.E.M. of the percentage of Ki67 positive cells (at least, n=3) (right). Scale bars: 50 ym. *p value
<0.05, **p value <0.01, versus parental cells or as indicated.

4. Effect of C3G downregulation on in vivo glioblastoma
tumour growth

As seen in the previous sections, in vitro assays revealed that C3G regulates the
tumourigenic properties of GBM cells by controlling invasiveness, adhesion, foci
formation capacity and proliferation. Therefore, to further characterize the role of C3G
in GBM tumourigenesis, we analysed in vivo tumour growth by performing xenograft
assays in nude mice. C3G knock-down and non-silenced U87 cells were injected into
the flanks of nude mice and tumour size was monitored along the time. We found that
tumours generated by U87shC3G cells showed a significant increased area (Figure
24A) and volume (Figure 24B) at experiment end point (10 days).

To further understand the role played by C3G and to characterize the intrinsic
differences of GBM tumours generated by non-silenced and C3G-silenced GBM cells,
we performed in ovo CAM (chicken chorioallantoic membrane) inoculation assays.
This model is useful to study primary tumour growth, the presence of stromal cells
and tumour angiogenesis. This model has been previously validated for human
gliomas (Hagedorn, 2005). In agreement with xenograft results, C3G-silenced U87
and 12912D cells generated larger tumours than non-silenced cells (Figures 24C and
24D, respectively). Moreover, the histological analysis of CAM-derived tumours
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formed by non-silenced and C3G-silenced U87 cells, discarded the presence of
necrotic areas in tumour cores (Figure 25A).
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Figure 24 — C3G downregulation in glioblastoma (GBM) cells induces the formation of larger
tumours in mice xenografts and CAM assays. Non-silenced and C3G-silenced cells were used. (A-B)
Xenograft assay using U87 cells. Graphic showing the mean value of tumour area along the time (0-15
days) + S.E.M. (two independent experiments, each: 5 mice and 2 flanks per mouse) (A) and histogram
representing the mean value of tumour volume = S.E.M. at the end-point (15 days) (B). (C-D) CAM
assays using U87 (C) and 12912D (D) cells. Representative tumours at the end point (7 days) (upper).
Histograms represent the mean value of the tumour volume + S.E.M. (3 independent experiments, total

number of chick embryos 13) at the end point (lower). *p value <0.05, **p value <0.01, versus parental
cells.
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Figure 25 — CAM-derived tumours formed by non-silenced and C3G-silenced U87 cells do not
present necrotic areas in the tumour core independently of C3G levels. Hematoxylin/eosin staining
of sections from CAM-derived tumours formed by non-silenced and C3G silenced U87 cells. Phase
contrast microscopy images: general view, where the tumour (T) and the CAM tissue (C) can be
visualized (upper-left panels); magnification of the rectangle area (upper-right panels) or tumour core
(lower panels). Scale bars: 50 pm.
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Figure 26 — Tumours formed by C3G-silenced cells show a more mesenchymal phenotype and a
higher presence of stroma and blood cells, but a lower proliferation rate. (A-F)
Immunofluorescence microscopy analysis in tumours generated by U87 cells without or with C3G
silencing in CAM assays. The following staining was performed: C3G (red) (A), cleaved Caspase 3
(cCasp3) (green) (B), Ki67 (red), (C), Vimentin (green) (D), a-Smooth muscle actin (a-SMA) (red) (E) and
MECAS32 (green) (F). In all, cell nuclei were stained with DAPI (blue). Representative images (left panels)
and graphs (right panels) showing fluorescence intensity normalized to DAPI-positive area (Integrated
Density, ID) or total area mean values + S.E.M. Several sections per tumour, from a total of 3 staining
reactions were used . Scale bars: 100 ym. **p value <0.01, versus parental cells.

Next, we evaluated some of the characteristics of the tumours using tumour
sections. First, we confirmed that C3G downregulation was maintained in U87shC3G-
derived tumours (Figure 26A). In agreement with in vitro experiments, C3G knock-
down had no effect on apoptosis (measured by cleaved caspase-3 staining; Figure
26B), while it reduced proliferation (measured by Ki67 staining; Figure 26C) and up-
regulated the levels of the mesenchymal marker, Vimentin (Figure 26D). Moreover,
we evaluated the impact of C3G on tumour stroma regulation. Interestingly, we also
found that tumours generated by U87shC3G cells presented increased staining for a-
SMA (a-smooth muscle actin), a marker of activated fibroblasts or myofibroblasts
(Figure 26E). Tumours formed by U87shC3G cells also showed a higher density of
blood vessels, detected by the marker MECA-32, (Figure 26F). This suggests that
tumours generated by GBM cells with low levels of C3G might facilitate their
enrichment in stroma and blood vessels, leading to larger tumours. Of course, GBM
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stroma strongly differs from CAM-derived tumours stroma and more studies should be
carried out to confirm this.

These results indicate that C3G downregulation alters in vivo GBM growth,
validating the in vitro results. Hence, low levels of C3G induce a more mesenchymal
phenotype in GBM tumours accompanied by downregulation of proliferation and
increased stroma presence.

5. Regulation of cell signalling by C3G: implication in the
regulation of p38a MAPK, ERKs and receptor tyrosine-
kinases

As explained in the introduction and group background sections, C3G regulates
diverse cell signal transduction pathways in different cell types. It regulates a wide
range of proteins, such as Rap1 (and other small GTPases), phosphatases, integrins,
RTKs (receptor tyrosine-kinases) or MAPKs (p38a MAPK and ERKSs) (Gutiérrez-
Uzquiza et al.,, 2010) (V. Radha et al.,, 2011) (Priego et al., 2016). In particular,
published data from our group showed that C3G downregulation enhances p38a
MAPK and ERKs activation in MEFs and coloncarcinoma cells (Gutiérrez-Uzquiza et
al., 2010) (Priego et al., 2016). Based on this, we analysed the effect of C3G silencing
on cell signalling and its function in C3G-induced effects on GBM.
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Figure 27 — Effect of C3G knock-down on different signalling pathways in GBM cells in response
to serum. (A-B) Representative images of western blot analysis of phosphorylated (P) p38 MAPK, ERKs
and Akt levels normalized to B-actin in U87/U87shC3G cells (A) and 12612D/12®12DshC3G cells (B).
Serum -deprived cells were maintained untreated (-) or treated for 10 min with 10% serum (FBS).
Densitometric analysis of P-protein/B-actin ratio is included, expressed as the fold increase of the value
of untreated parental cells.

We first measured the activation of different cell signalling pathways upon serum
stimulation at 10 min. In stimulated cells, we detected lower levels of P-p38 MAPK,
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higher levels of P-ERKs and similar levels of P-Akt in U87shC3G as compared to
parental cells (Figure 27A). However, in 12012D cells, C3G knock-down increased
the phosphorylation levels of p38 MAPK, ERKs and Akt induced by serum (Figure
27B). In addition, C3G silencing in U87 and 12®12D cells seems to slightly increase
basal levels of P-p38 MAPK, P-ERKs and P-Akt (Ser473) (Figure 27A and 27B).

Therefore, C3G controls the activation of different signalling pathways in GBM in
response to serum, but this seems not be homogenous for all cell lines and could be
time and/or growth factor-dependent. Therefore, a more detailed study is required.

5.1. Role of p38 MAPK in C3G-mediated effects on adhesion
and migration of glioblastoma cells

C3G-p38a MAPK crosstalk has been previously reported in other cell types,
uncovering important signalling mechanisms regulating different cell funtions. Hence,
we decided to study it in GBM. p38 MAPK activation upon serum stimulation in GBM
cell lines did not reveal any homogeneous result in U87 and 12912D cells,
demonstrating a non-universal role (as activator or inhibitor) of C3G on p38 MAPK
activity in GBM (Figure 27). Nevertheless, we further studied this crosstalk being
aware of its relevance in other cell types, uncovering new regulatory signalling
mechanisms for GBM cells. For example, as previously explained, we demonstrated
that C3G negatively controls p38a MAPK activity in HCT116 coloncarcinoma cells,
being this interplay between both proteins the mechanism responsible for the pro-
invasive phenotype of HCT116 cells induced by C3G silencing (Priego et al., 2016).
Moreover, p38a MAPK has also been involved in the upregulation of migration and
dissemination of GBM (Demuth et al., 2007), among other cancer types (Martinez-
Limon et al., 2020).

Taking into account all this, we evaluated the potential contribution of p38 MAPK
to the effects of C3G in GBM cells. To do it, parental and C3G-silenced U87 cells
were treated with the p38a/f MAPK inhibitor, SB203580. The dose used (5 puM)
predominantly inhibits p38a isoform, although we cannot discard effects over p38§.
As shown in Figure 28A, SB203580 prevented serum-induced phosphorylation of
MK2, confirming p38 inhibition. SB203580 treatment also reduced invasiveness of
parental and U87shC3G cells (Figure 28B). On the other hand, p38 MAPK inhibition
significantly increased adhesion (Figure 28C) at different time points in both parental
U87 cells (at 15 min) and U87shC3G cells (at 30 min). However, since C3G silenced
cells have a reduced adhesion, the effect of SB203580 treatment was stronger, at
least, at 30 min.

These results indicate that p38a/f MAPK promotes GBM invasion, as previously
shown by other groups (Demuth et al., 2007), being this effect independent of C3G
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levels. This might explain why C3G downregulation did not induce the same changes
in p38 MAPK activation in U87 and 12912D cells (Figure 27).
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Figure 28 — p38a/B inhibition decreases invasion and enhances adhesion, independently of C3G
levels in U87 cells. U87/U87shC3G cells, either in the presence or absence of SB203580 (5 pM), as
indicated, were used. (A) Western blot analysis of phosphorylated (P) MK2 levels normalized to a-
tubulin. Serum -deprived cells were maintained untreated (-) or treated (+) with 10% serum (FBS) for 10
min. Densitometric analysis of P-MK2/ a-tubulin ratio is included, expressed as the fold increase of the
value of untreated parental cells. (B) Invasion through Matrigel in the presence of 10% serum as
chemoattractant. Representative images of invading cells (upper panels) and histogram (lower panel)
showing the mean value + S.E.M. of the number of invading cells (at least, n=3). Scale bars: 100 um. (C)
Adhesion analysis at 15 or 30 min in the absence of ECM. Representative phase contrast microscopy
images of adhered cells stained with crystal violet (/eft) and histogram showing the mean value + S.E.M.
of the percentage of adhered cells referred to non-silenced cells at 15 min (at least, n=3) (right). Scale
bars: 100 pm. *p value <0.05, **p value <0.01, versus parental cells or as indicated.

5.2. ERKs upregulation induced by C3G silencing promotes
invasion and foci formation in glioblastoma cells

Previous published data showed that C3G inhibits ERKs activation (Guerrero et
al., 2004) (Martin-Encabo et al., 2007) (Maia et al., 2009) (Priego et al., 2016).
However, the functional relevance of C3G-ERKSs crosstalk in cancer cells has not
been characterized. As seen in Figure 27, ERKs phosphorylation was upregulated in
C3G silenced U87 and 12912D cells under basal conditions and in response to
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serum, as compared to parental cells. Importantly, both cell lines display a similar
behaviour in all functions analysed, so that the implication of ERKs in C3G-regulated
functions may be relevant.

To assess whether C3G effects were mediated by ERKs, we inhibited MEK/ERKs
pathway with using a selective MEK inhibitor, PD98059, in U87 cells. PD98059
treatment decreased P-ERKSs levels in parental and U87shC3G cells (Figure 29A).
Next, we evaluated if ERKs inhibition differently controlled U87 invasiveness and foci
formation depending on C3G levels.
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Figure 29 — ERKSs inhibition by PD98059 treatment decreased invasiveness of U87shC3G cells.
U87/U87shC3G cells maintained either in the presence or absence of PD98059 (20 pM), as indicated,
were used. (A) Western blot images of phosphorylated (P) ERKs levels normalized to ERKs and a-
tubulin. Serum -deprived cells were maintained untreated (-) or treated (+) with 10% serum (FBS) for 10
min. Densitometric analysis of P-ERKs/ERKs and P-ERKs/a-tubulin ratios are included, expressed as the
fold increase of the value of untreated parental cells. (B) Invasion through Matrigel in the presence of
chemoattractant (10% serum). Representative images of invading cells (left panel) and histogram (right
panel) showing the mean value + S.E.M. of the number of invading cells (at least, n=3). Scale bars: 100
um. *p value <0.05, **p value <0.01, versus parental cells or as indicated.

PD98059 treatment significantly reduced invasion of U87shC3G cells to the levels
of parental cells (Figure 29B). In addition, migration of C3G-silenced 12912D cells
decreased upon treatment with PD98059, while having no effect on parental 1212D
cells (Figure 30A).

The effect of C3G downregulation on anchorage-dependent (Figure 31A) and -
independent (Figure 31B) foci formation was also prevented by ERKSs inhibition. In all
these functional assays, U87 parental cells were not affected by PD98059 treatment.

144



RESULTS

Interestingly, cell proliferation in non-silenced U87 cells was reduced by PD98059,
while remained unchanged in U87shC3G cells (Figure 31C). This was further
confirmed by Ki67 staining (Figure 31D). These data indicate that ERKs inhibition
decreases proliferation in non-silenced GBM cells, but not in C3G-silenced cells.
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Figure 30 — ERKSs inhibition with PD98059 decreases the migratory capacity of C3G-silenced
12912D cells. 12912D/12912DshC3G cells maintained, either in the presence or absence of PD98059
(20 pM), as indicated, were used. Wound healing assay in serum-starved cells. Representative phase
contrast microscopy images at Oh and 24h of migration (left panels) and histogram (right panel)
representing the mean value of wound closure percentage + S.E.M. at 6h and 24h (at least, n=3). Scale
bars: 100 pm. *p value <0.05, **p value <0.01, as indicated.

Altogether, these results indicate the existence of a C3G-mediated ERKs negative
regulation in GBM with repercussions on invasiveness and tumourigenesis. Thus,
C3G downregulation promotes ERKs activation, which promote increased
invasiveness and foci formation capacity in anchorage-dependent and —independent
growth assays.

5.3. C3G differentially regulates tyrosine-kinase receptors

Signalling by RTKs is broadly implicated in driving GBM onset and development.
As mentioned in the introduction, EGFR mutations, amplification and/or
overexpression of the gene are frequent in tumours from GBM patients (TCGA, 2008)
(J. R. D. Pearson & Regad, 2017). In fact, due to EGFR importance in GBM, a
number of strategies to treat GBM patients has been based on the impairment of
EGFR activation in these tumours (J. R. D. Pearson & Regad, 2017), although their
benefits in patients have been quite limited. This can be explained by the fact that
EGFR activation and function are governed by a complex network of signalling
regulators and mediators. Hence, when EGFR is inhibited, other RTKs display
compensatory mechanisms (Lemmon & Schlessinger, 2010) (P. A. Clark et al., 2012)
(lIzumchenko et al., 2014) (Zahonero & Sanchez-Gémez, 2014) (Day et al., 2020).
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Figure 31 — Inhibition of ERKs activity with PD98059 decreases foci formation capacity of C3G-
silenced U87 cells and proliferation in parental cells. U87/U87shC3G cells, maintained either in the
presence or absence of PD98059 (20 uM), as indicated, were used. (A-B) Anchorage-dependent (A) and
—independent (B) growth assays. Representative images of foci (upper panels) and histograms (lower
panels) showing the mean value + S.E.M. of the total foci number (at least, n=3). Scale bars: 100 pm. (C)
Cytometric cell cycle analysis of adhered cells. Histogram represents the percentage of cells in S and
G,/M phases of cell cycle + S.E.M. (at least, n=3). (B) Ki67 staining (red) of cells maintained in the
presence of serum and under adherent conditions. Nuclei were stained with DAPI (blue). Representative
microscope images (left panel) and histogram (right panel) showing the mean value + S.E.M. of the
percentage of Ki67 positive cells (at least, n=3). Scale bars: 50 ym. *p value <0.05, **p value <0.01, ***p
value <0.001, versus parental cells or as indicated.

On the other hand, C3G has been widely linked to RTK-elicited functions (Okada
et al.,, 1998) (Lu et al., 2000) (Sakkab et al., 2000) (Chiang et al., 2001) (Kao et al.,
2001) (Voss et al., 2003) (Takahashi et al., 2008) (Schdénherr et al., 2010) (Guvakova
et al., 2014) (Sequera et al., 2020). Taking into account all this and the observed
effect of C3G downregulation on cell signalling in response to serum in GBM cells,
C3G might play a relevant function regulating RTKs in GBM cells.
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5.3.1. C3G facilitates the activation of EGFR signalling by
favouring its membrane localization

Based on the relevance of EGFR alterations and/or overexpression in GBM
patient tumours (J. R. D. Pearson & Regad, 2017), we analysed if C3G regulated
EGFR signalling in U87 cells upon EGF stimulation. C3G silencing reduced ligand-
induced EGFR phosphorylation, but not total EGFR levels (Figure 32A). In addition,
p38 MAPK, ERKs and Akt phosphorylation levels decreased in response to EGF in
C3G-silenced U87 cells (Figure 32A). These results indicate that EGF/EGFR
signalling is defective in GBM cells when C3G is downregulated.
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Figure 32 — C3G downregulation attenuates EGFR signalling and EGF-induced invasion. U87 and
U87shC3G cells were used. (A) Western blot analysis of phosphorylated (P) and total levels of EGFR,
Akt, ERKs and p38 MAPK proteins normalized to B-actin. Densitometric quantification of proteins/B-actin
ratio expressed as the fold increase of the value of untreated cells (n=3). Serum-starved cells (for 16h)
were stimulated with EGF (10 ng/ml) for 5-60 min or maintained untreated. (B) Invasion through Matrigel
in response to EGF. Cells seeded in the upper chamber of transwells were maintained in the absence of
serum and treated with EGF, when indicated. Representative microscopy images of invading cells (left)
and histogram showing the mean value + S.E.M. of the total number of invading cells (n=3) (right). Scale
bars: 100 um. **p value <0.01, ***p value <0.001, versus parental cells or as indicated.
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Next, we studied the functional consequences of the defective EGF/EGFR
signalling in GBM cells. We observed a significant decrease in EGF-induced invasion
upon C3G silencing in the absence of chemoattractant (Figure 32B).

C3G controls the exocytosis of angiogenic factors by platelets and interacts with
VAMP7 (Martin-Granado et al., 2017) and it has been previously involved in vesicle
trafficking (Chiang et al., 2001). Therefore, we studied if the alterations in EGFR
signalling and functionality could be a consequence of changes in its endocytosis
and/or recycling. We performed in situ EGF-induced EGFR endocytosis visualization
assays using EGF labelled with Alexa Fluor 488. We detected a reduction in ligand-
induced EGFR internalization in C3G knock-down cells (Figure 33A).

This suggested that C3G is involved in EGF-induced EGFR endocytosis and/or
recycling. Therefore, we measured the amount of EGFR in the plasma membrane of
U87 cells based on C3G levels, knowing that the total amount of EGFR in the cell
remained unchanged (Figure 32A). Using flow cytometry as a complementary
approach, we found that EGFR levels on cell surface were higher in parental U87
than in U87shC3G cells, both in the presence and absence of serum (Figure 33B). As
a positive control of EGFR endocytosis, serum-deprived cells were treated with EGF
for 2h. In parental U87 cells, the presence of EGFR in the membrane was highly
reduced upon EGF treatment (Figure 33C), according to the rapid internalization
observed by microscopy (Figure 33A). However, in U87shC3G cells, the low levels of
EGFR at cell surface remained unchanged in response to EGF (Figure 33C). This
also confirms the results observed by microscopy (Figure 33A). Moreover, inhibition
of recycling by monensin (Nishimura et al., 2015) (Nishimura & Itoh, 2019) treatment
significantly reduced EGFR levels at cell surface in non-silenced cells, while it had no
effect on C3G-silenced cells (Figure 33D). These findings indicate that C3G would be
required for EGFR membrane localization in GBM cells, mainly by favouring receptor
recycling.

Taken together, these data indicate that C3G promotes EGFR plasma membrane
localization, facilitating its activation by EGF and the subsequent activation of
downstream signalling pathways. This leads to functional cellular effects such as
invasion promotion. In U87shC3G cells, a high amount of EGFR remains internalized
and therefore, unable to be activated by EGF, which results in a defective functional
response.
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Figure 33 — EGFR endocytosis and plasma membrane localization are decreased in C3G-silenced
U87 cells due to its reduced recycling. U87 and U87shC3G cells were used. (A) Representative
fluorescence microscopy images of EGFR endocytosis induced by EGF labeled with Alexa 488 (EGF-
A488, green) at different time points (left panel) and graph (right panel) represents fluorescence
integrated density (ID) mean values + S.E.M. (n=5-6). Scale bars: 50 um. (B-D) Flow cytometric analysis
of cell surface EGFR levels. Cells were maintained in medium supplemented with 10% serum (+ FBS)
(B) or without serum (- FBS) (B,C,D). In C and D, cells were treated with EGF for 2h to induce
endocytosis or maintained untreated. Additionally, in D, cells were maintained untreated or treated with
monensin (10 pM) for 1h. Histograms show the percentage of cells presenting EGFR in the membrane
(mean value + S.E.M. (at least, n=3). *p value <0.05, **p value <0.01, ***p value <0.001, versus parental
cells or as indicated.

5.3.2. C3G downregulation enhances the activation of several
tyrosine kinase receptors in GBM cells. Effect on FGFR1
regulation and functionality

Although invasion was enhanced in U87shC3G cells using serum as
chemoattractant, EGF driven invasion was decreased. Therefore, we evaluated the
differential phosphorylation of RTKs using a proteome profiler human phospho-RTK
array, searching for potential mediators of the increased invasion induced by C3G
downregulation in response to serum.
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In response to stimulation with serum (4h), the phospho-RTK array analysis
revealed multiple changes induced by C3G knock-down in U87 cells (Figures 34A
and 34B, more detailed in Appendix 6) and confirmed EGFR downregulation in
U87shC3G cells as compared to parental cells. Other RTKs such as FGFRS3, c-RET,
ROR1 and MUSK also presented significant a lower phosphorylation in U87shC3G
cells than in parental cells. Importantly, we found a significant upregulation in the
phosphorylation of FGFR1, ErbB2, Eph family members (e.g. EphA6, EphB1, EphB2
and EphB4) and Tie-1/2. Several of these RTKs have been associated with cell
migration and invasiveness. On the other hand, other RTKs presented the same
activation status, independently of C3G levels, such as erbB4, FGFR4, Alk or RYK.
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Figure 34 — C3G levels regulate the activation of diverse receptor tyrosine kinases in GBM cells.
(A) Heatmap represents the relative phosphorylation levels of 27 RTKs present in the proteome profiler
human phospho-RTK array. For each receptor, the mean value of the densitometric quantification of
values of C3G-silenced cells as compared to parental cells, normalized to array positive controls (n=2).
(B) Representative images of the membranes, where most relevant RTK spots are indicated.

Taking into account the relevance of FGFR1 in GBM (Watcharin Loilome, 2009)
(Shirakihara et al., 2011) (Jimenez-Pascual & Siebzehnrubl, 2019), we evaluated the
effect of its ligand, FGF-2, on invasion. U87shC3G cells stimulated with FGF-2
showed higher invasiveness than parental cells (Figure 35A). To further characterize
the implication of FGFR1 signalling in the pro-invasive capacity of U87shC3G cells,
we performed invasion assays using serum as chemoattractant in the presence of
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Infigratinib, a FGFR1 inhibitor that can also act on FGFR2 and FGFR3, although to a
lesser extent. We found that Infigratinib prevented invasion of C3G silenced U87
cells, while it had no effect on parental cells (Figure 35B). This confirms that FGFR1
over-activation is involved in the pro-invasive properties of GBM cells with C3G
downregulation. To further validate the results obtained in the array and the invasive
capacity of GBM cells upon activation of other RTKs, we measured midkine (MDK)-
induced invasiveness. MDK acts as a ligand for Alk, an important RTK for GBM
(Lépez-Valero et al.,, 2020). According to the results derived from the array, its
activation is independent of C3G levels. As expected, MDK-promoted invasion in both
parental and C3G knock-down U87 cells regardless of C3G levels (Figure 36).
Therefore, these results validate data from the array and demonstrate their functional
relevance in GBM cells, at least, in terms of invasion.
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Figure 35 — Overactivation of FGFR1 upon C3G silencing plays a key role in the pro-invasive
phenotype of C3G-silenced U87 cells. (A) FGF-2-induced invasion. Cells seeded in the upper
chamber of transwells were maintained in the absence of serum and treated with FGF-2, when indicated.
Representative phase contrast microscopy images of invading cells (left panels) and histogram (right
panel) showing the mean value + S.E.M. of the total number of invading cells (n=3). (B) Effect of
Infigratinib (Infig) on invasion using serum (10%) as chemoattractant. Representative phase contrast
microscopy images of invading cells (/eft panels) and histogram showing the mean value + S.E.M. of the
total number of invading cells (n=3) (right panels). Scale bars: 100 pm. **p value <0.01, ***p value
<0.001, versus parental cells or as indicated.
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Figure 36 — MDK-mediated Alk activation does not mediate C3G silencing-associated pro-invasive
effect observed in U87 cells. Cells seeded in the upper chamber of transwells were maintained in the
absence of serum and treated with MDK when indicated. Representative images of invading cells (left
panels) and histogram (right panel) showing the mean value + S.E.M. of the total number of invading
cells (n=3). Scale bars: 100 um. ***p value <0.001, versus parental cells or as indicated.

Altogether, these results indicate that C3G differentially regulates the activation
and functionality of selected RTKs in GBM cells, decreasing EGFR activation, while
increasing the activation of FGFR1 and other RTKs. This results in an overall
enhanced invasiveness in GBM cells with C3G downregulation, in part mediated by
FGFR1.

5.3.3. ERKs overactivation promoted by C3G silencing in U87
cells is responsible for FGF-2-induced invasiveness

As previously shown, C3G silencing up-regulated P-ERKs levels in U87 and
12012D cells in response to serum (Figure 27). Moreover, we demonstrated that
ERKs were involved in C3G knock-down-induced increased invasion (Figures 29 and
30) and foci formation (Figure 31).

On the other hand, FGF2-induced invasion was enhanced in U87shC3G cells.
Therefore, we measured ERKs activation in response to FGF-2 in non-silenced and
C3G silenced U87 cells. We also found increased P-ERKs levels when C3G was
downregulated (Figure 37A), and ERKSs inhibition by PD98059 prevented FGF-2-
induced invasion (Figure 37B). Therefore, the increased FGFR1 activation upon C3G
downregulation in GBM cells might enhance invasion by upregulating ERKs
activation.
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Figure 37 — FGF-2 induced ERKs upregulation mediates its pro-invasive effect on U87shC3G
cells. U87 and U87shC3G cells were used. (A) Representative western blot analysis of phosphorylated
(P) ERKs normalized to a-tubulin. Densitometric quantification of P-ERKs/a-tubulin ratio expressed as
the fold increase of the value of untreated cells. Serum-starved cells (for 16h) were stimulated with FGF-
2 (50 ng/ml) for 2-10 min or maintained untreated. (B) Invasion through Matrigel in response to FGF-2.
Cells seeded in the upper chamber of transwells were maintained in the absence of serum and
stimulated with FGF-2, and untreated or treated with PD09859. Representative phase contrast
microscopy images of invading cells (/eft panels) and histogram (right panel) showing the mean value *
S.E.M. of the total number of invading cells (n=3). Scale bars: 100 ym. ***p value <0.001, as indicated.

Taking altogether these results about C3G-mediated RTK regulation, we can
conclude that C3G levels condition the activation status of different RTKs in GBM
and, consequently, their functionality (e.g. their capacity to promote invasiveness).
Specifically, in U87 cells, we have demonstrated that high levels of C3G allow EGFR
activation and signalling, promoting invasion. In contrast, low levels of C3G provoke
attenuation of EGFR activation by decreasing its presence in the plasma membrane
and the overactivation of FGFR1. This upregulation of FGFR1 activity is in part
responsible for the enhanced pro-invasive phenotype of U87shC3G cells through a
mechanism dependent on ERKs activation.

6. C3G negatively regulates glioblastoma stem cell-
associated properties

6.1. C3G knock-down increases sphere formation capacity in
glioblastoma cells

As explained in the Introduction section, available treatments for GBM patients do
not efficiently increase their survival. Among other reasons, GSCs may be
responsible for resistance to treatment and can lead to tumour relapse in patients who
initially respond to therapy (Liebelt et al., 2016). GSCs are also considered to be
responsible for tumour initiation. Therefore, it is essential to characterize the
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mechanisms governing GSCs appearance and their regulation to improve GBM
patient outcomes. It is well-established that GSCs display self-renewal capacity and
are able to form spheres in vitro under non-adherent and stem-cell promoting culture

conditions.

Taking this into account, we evaluated whether C3G could be acting as a regulator
of a GSC like phenotype in U87 cells. For that, we maintained parental and C3G
silenced U87 cells under culture conditions that promoted a GSC phenotype using a
medium containing EGF, FGF-2, B27 factors and LIF (leukaemia-inhibitory factor),
among others. The sphere-forming capacity (number of spheres and their size) of
these cells was analysed along the different subculture passages. As seen in Figure
38A, both, parental and U87shC3G cells showed sphere-forming capacity from p+1.
Nevertheless, C3G-silenced cells generate more spheres from p+2 (Figure 38B),
which indicates they could display an accentuated GSC-like phenotype. Sphere
diameter was not affected by C3G knock-down (Figure 38C).
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Figure 38 — C3G downregulation increases the capacity of U87 cells to form GSC-like spheres.
U87 and U87shC3G cells were maintained under culture conditions promoting GSC phenotype. (A)
Phase-contrast microscopy images of GSC-like spheres along the passages (p+). Scale bars: 100 ym.
(B-C) Histograms showing number of spheres per field (B) or sphere diameter (C) measured with ImageJ
software along culture passages + S.E.M. (n=3). *p value <0.05, as indicated.

To further investigate the potential function of C3G as a regulator of the GSC-
phenotype and auto-renewal capacity of GBM cells, we performed ELDAs (extreme
limiting dilution assays) in U87 cells. These results are visualized by dose-response
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graphs representing the number of cells seeded per well (axis X) vs. the logarithm of
the fraction of negative wells (non-responding cells) (axis Y). Consequently, the line
slope, represented by a continuous line, is directly proportional to the auto-renewal
capacity of cells. Discontinuous lines indicate the 95% confidence intervals and dots
represent the values for each cell number.
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Figure 39 — C3G-silenced U87 cells present a higher GSC-associated sphere-forming capacity in
ELDAs. U87 and U87shC3G cells were maintained under conditions promoting GSC phenotype. (A-C)
ELDA results along culture passage: p+1 (A), p+3 (B) or p+6 (C). Statistical analyses: Appendix 7.

Using this method, we compared self-renewal capacity of parental and C3G-
silenced U87 cells along passages under stem-promoting culture conditions, at p+1
(Figure 39A), p+3 (Figure 39B) and p+6 (Figure 39C). According to the results, C3G
downregulation did not affect stemness at the very beginning (p+1), but it clearly
increased auto-renewal capacity at p+3 and on. In agreement with this, we observed
that, along the passages, from p+1 to p+6, U87shC3G-derived spheres increased
their auto-renewal capacity (p value=0.0017) in a greater proportion than parental
U87-derived spheres (p value=0.0204) (Figure 40). Moreover, ELDAs results are in
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agreement with the increased sphere-forming capacity found in U87shC3G cells,
previously shown in Figure 38B. Data derived from ELDAs and their statistical
analyses are shown in Appendix 7.
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Figure 40 — C3G-silenced U87 cells present a higher GSC-associated sphere-forming capacity in
ELDAs. U87 and U87shC3G cells were maintained GSC-promoting conditions. (A-B) ELDA results in
U87 (A) and U87shC3G (B) cells, comparing p+1 and p+6. Statistical analyses: Appendix 7.

6.2. C3G downregulation increases Nestin and Glial fibrillary
acidic protein levels, while decreases NeuN, in tumours

The signals governing the GSC-like phenotype in GBM such as BMPs, EGF, FGF
or Eph are not specific of stem cell populations. They also control functions in
differentiated cells of these tumours. A standard GSC-promoting cell culture medium
is supplemented with EGF and FGF-2, whose signalling capacity is conditioned by
C3G levels in differentiated GBM cells, as previously shown. Moreover, GSC-like
phenotype is directly regulated by cell organization within tumours and their
microenvironment. Therefore, we analysed the levels of Nestin by
immunofluorescence in CAM-derived tumours generated by parental and C3G
silenced U87 cells. Nestin is an intermediate filament protein, which is upregulated in
stem-like populations (NSCs and GSCs). As seen in Figure 41A, Nestin is
upregulated in tumours derived from C3G silenced cells, indicating that these tumours
display a more accentuated GSC-like phenotype. This in vivo result is in agreement
with our previous in vitro sphere-forming and ELDAs data. Taking into account the
relevance of GFAP as an astrocytic marker, we also evaluated its expression in CAM-
derived tumours (Figure 41B). Interestingly, tumours formed by U87shC3G presented
a higher GFAP staining than those generated by parental U87 cells. On the other
hand, the neural marker, NeuN, was slightly downregulated in CAM-tumours
generated by C3G-silenced U87 cells (Figure 41C).
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Figure 41 — Nestin and GFAP increase in CAM-derived tumours generated by C3G knock-down
U87 cells, while NeuN decreases. (A-C) Immunofluorescence microscopy analysis in tumours
generated by U87 cells without or with C3G silencing in CAM assays. Nestin (red) (A), GFAP (red) (B)
and NeuN (red) (C) were detected using antibodies against these proteins. Representative images
(upper panels) and graphs (lower panels) representing the mean values + S.E.M. of integrated Density
(ID) or total stained area (several sections per tumour, from a total of 3 staining reactions). Scale bars:
100 pm. *p value <0.05, **p value <0.01, as indicated.

Altogether these results may indicate that C3G may play an important role in the
control of the acquisition of stemness properties by GBM cells. Hence, C3G
downregulation might favour a GSC-like phenotype. However, a further
characterization of the expression of CSC/GSC (cancer/GBM stem cells)-associated
markers is necessary to confirm this idea. In addition, the mechanisms implicated
need to be uncovered. Nevertheless, these preliminary data represent an important
step, since C3G had never been implicated in CSC regulation before, nor in GBMs,
neither in other tumours.

7. C3G downregulation induces changes in the
proteomic profile of glioblastoma cells

As previously shown, C3G silencing in GBM cells induced multiple functional
effects accompanied by changes in the expression of some proteins and the
activation of different signalling pathways. Nevertheless, it would be expected the
existence of changes in the expression of more proteins than those previously
analysed, which might have specific functions. Hence, to gain further insights into
novel functions of C3G in GBM cells, we performed a hypothesis-free proteome-wide
analysis. To do it, we compared the proteomic profile of parental and C3G knock-
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down U87 cells. Samples were prepared following IACS Proteomics Scientific and
Technical Service’s indications, which were in charge of performing the proteomic
determinations.

To analyse the data, we first classified the proteins in two groups according to
whether they were overrepresented in parental U87 (Appendix 8A) or U87shC3G
cells (Appendix 8B). Then, all these proteins (columns 1 and 2) were ranked from
higher to lower score (column 3) taking into account the number of matched peptides
(column 4) and the fold change between parental and C3G-silenced cells (column 5)
in each case. As shown in the Appendix 8 tables, only proteins with statistically
significant changes were considered (column 6). All keratins were discarded, since
they were considered contaminants.

In order to determine the potential biological relevance of these changes in the
proteomic-wide profile of GBM cells, we performed several enrichment analyses to
determine which GO (gene ontology) terms were modulated by C3G levels. To do it,
we used the list of proteins overrepresented in C3G-silenced U87 cells (Appendix 8B)
due to the increased number of proteins detected (70, vs. 46 proteins
overrepresented in U87 parental cells) and their slightly higher median fold change
value (1.45, vs. 1.3 for proteins overrepresented in parental U87 cells). Three online
software were used for GO terms enrichment analyses: Panther (Figure 42) (2019),
Cancertool (Figure 43) (2019) and DAVID (Figure 44) (2019). Statistically significant
GOs were represented and compared according to their p value. We analysed GOBP
(GO biological processes), GOCC (GO cellular component), GOMFE (GO molecular
function), Reactome (only in Cancertool software) and KEGG Pathway (only in DAVID
software). Only statistically significant GOs (p value<0.05 and, consequently, -
log10(adjusted p value)>1.3) were represented and compared. Additionally, Panther
software displayed “fold enrichment” values, which are indicated in Figure 42.

First, it is important to highlight that these proteome-wide analyses revealed data
related to our previous results and data from the group. For example, GOCC analysis
from Cancertool software indicated an enrichment of “Extracellular vesicular
exosome” and “Vesicle” GO terms. Moreover, Reactome analysis from Cancertool
software also pointed to the enrichment in FGFR signalling-related GO terms (e.g.
“FGFR2 ligand binding and activation” and “FGFR3b ligand binding and activation”) in
C3G-silenced cells. These data are in agreement with results shown in previous
sections, which demonstrated that C3G regulates RTKs signalling in GBM cells. On
one side, C3G was required for EGFR recycling and signalling, while attenuated
FGFR1 signalling.
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Interestingly, diverse metabolism-associated GO terms were detected. In
particular, GO terms related to glycolysis were upregulated upon C3G downregulation
in GOBP from Panther software (e.g. “Glycolytic process through glucose-6-
phosphate”, “Canonical glycolysis”, “Glucose catabolic process to pyruvate” or even
“Cellular response to decrease oxygen”) (Figure 42), in GOBP and GOMF from
Cancertool software (e.g. “Fructose-1,6-biphosphate metabolic process” or “Fructose-
1,6-biphosphate aldolase activity”) (Figure 43), and in GOPB and KEGG PATHWAY
from DAVID software (e.g. “Canonical glycolysis”, “Glycolytic process” or
“Glycolysis/Gluconeogenesis”) (Figure 44).

These coincidences among the diverse used software add validity to our results
and suggest that C3G may act as a regulator of cancer cell metabolism. This potential
function of C3G had never been considered before, neither for GBM, nor for other
tumours.
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Figure 44 — GO terms enrichment analysis by DAVID software of proteins overrepresented in
C3G-silenced GBM cells. (A) GOBP (gene ontology biological processes) and (B) KEGG Pathway
terms determined by DAVID software (2019) using the list of IDs overrepresented in U87shC3G
compared to parental U87cells according to a proteome-wide analysis.
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8. C3G inhibits the acquisition of a pro-glycolytic
phenotype in U87 cells

8.1. C3G downregulation promotes the expression and/or
activity of enzymes and transporters involved in glycolysis and
lactate released

Taking into account the potential role of C3G in GBM metabolism revealed by the
proteomic-wide assay detailed above, we decided to further characterize the
glycolytic status of parental and U87shC3G cells.
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Figure 45 — C3G silencing increases the mRNA levels of enzymes and transporters involved in
the final steps of glycolysis. (A-G) GLUT1 (A), GLUT3 (B), GAPDH (C), PKM (D), MCT1 (E) and
MCT4 (F) mRNA levels in U87-/+shC3G cells maintained either in the presence (+) and/or absence (-)
(24h) of serum (FBS). Histograms represent RQ mean value * S.E.M. referred to parental cells (at least,
n=3). *p value <0.05, ***p value <0.001, versus parental cells.

We first analysed the mRNA expression of several transporters and enzymes
relevant for glycolysis by RT-qPCR (Figure 45). We observed that GAPDH, PKM,
MCT1 and MCT4 genes displayed a tendency (statistically significant or not
depending on cell culture conditions) to increase its expression in U87shC3G cells as
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compared to non-silenced cells. Nevertheless, GLUTT and GLUT3 mRNA levels
remained unaltered. These results were consistent with data derived from the
proteomic analysis, indicating an enhancement of a glycolytic-like phenotype in GBM
cells when C3G is downregulated. Hence, we decided to study glycolysis at a
functional level.

First, we evaluated the glucose uptake capacity of U87 cells using a glucose
analogue with fluorescent properties, NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose). Under our experimental conditions, C3G downregulation
did not alter glucose uptake capacity of U87 cells, independently of the presence or
absence of serum, as shown in Figures 46A and 46B, respectively. NBDG is
internalized in cells by GLUTs (glucose transporters), as glucose does. As seen
above, GLUT1 and GLUT3 mRNA levels were not regulated by C3G in GBM cells,
supporting glucose uptake data. After internalization, glucose is phosphorylated by
HK (hexokinase) and so it does NBDG, in order to avoid their release. Thus, we
determined HK activity in parental and U87shC3G cell lysates (Figure 46C),
observing that it was not affected by C3G downregulation.
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Figure 46 — C3G silencing do not affect either glucose uptake or HK activity in U87 cells. U87 cells
without or with C3G silencing were used. (A-B) NBDG (0-100 uM) dose-response uptake assays of cells
maintained in the presence (+) (A) or absence (-) (B) of serum (FBS). Representation of the percentage
of positive cells mean value £ S.E.M. (n=3). (C) HK activity analysis in cells maintained in a medium
supplemented with serum (+FBS); histogram represents the fold increase mean values referred to
parental cells + S.E.M. (n=3).

Once having discarded functional changes at the first steps of glycolysis, we
studied the effect of C3G silencing in the final steps of the anaerobic branch of
glycolysis: lactate release (Figures 47A and 47B) and LDH (lactate dehydrogenase)
activity (Figures 47C and 47D). We measured the amount of lactate in cell culture
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media from serum-deprived parental and C3G-silenced U87 cells at different time
points (Oh, 6h, 18h, 24h and 48h). We observed that lactate release was upregulated
in C3G-silenced cells at 48h, while it remained unchanged and at a lower level in
parental U87 cells (Figure 47A). Lactate release and accumulation in cell culture
medium was also higher in the presence of serum in C3G knock-down U87 cells
(Figure 47B). These results are in agreement with the increased mRNA levels of the
lactate transporters, MCT1 and MCT4, detected in U87shC3G cells and previously
shown.

Intracellular lactate, which is released to the medium by MCTs (monocarboxylate
transporters), is generated from pyruvate in a reaction catalysed by LDH enzyme.
This reaction is considered the last step of anaerobic glycolysis, opposed to the
aerobic branch of glycolysis, in which pyruvate is used to feed the mitochondrial TCA
(tricarboxylic acids) cycle and respiratory chain. Hence, we determined LDH
enzymatic activity in parental and U87shC3G cell lysates (Figure 47C). LDH activity
was increased in C3G-silenced cells, both when cells are maintained in the presence
or absence of serum. We also determined LDH activity in the presence of azide that
inhibits Cytochrome C oxidase, an enzyme from the mitochondrial respiratory chain
(Bolanos, 2016). Parental U87 cells treated with azide displayed a higher LDH activity
when compared to untreated cells, while only a slight tendency to increase (not
statistically significant) was observed in U87shC3G (Figure 47D). Importantly, LDH
activity in all cell culture media, a well-established indicator of cell death due to
plasma membrane breakdown, whose variation could be affecting our results, was
also measured. It was not altered by either C3G downregulation, or azide treatment.
Moreover, we detected a tendency to decrease LDHB mRNA levels in U87shC3G
cells as compared to parental cells (Figure 47E). LDHB gene encodes LDH-B
subunits, which are responsible for LDH oxidative function by catalysing the
conversion of lactate to pyruvate, which is susceptible of entering TCA cycle.

To further characterize if C3G levels condition the catabolism of glucose in GBM
cells through anaerobic (via lactate) or mitochondrial (via TCA cycle and respiratory
chain) pathways, we measured mRNA levels of some SDH (succinate
dehydrogenase) subunits by RT-qPCR (Figure 48). SDH complex, also known as
Complex Il of mitochondrial respiratory chain, is formed by four subunits: SDHA
(which catalyses the oxidation of succinate to fumarate coupled to FAD (flavin
adenine dinucleotide) reduction to FADH,), SDHB (which transports the electrons
from FADH, to heme group), SDHC and SDHD (that interact with heme group).
Although C3G levels did not regulate SDHA mRNA levels (Figure 48A), the
expression of SDHB and SDHC mRNAs (Figures 48B and 48C) was significantly
downregulated in C3G-silenced U87 cells. This suggests that the mitochondrial
respiratory activity of U87 cells would be reduced when C3G is downregulated.
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Figure 47 — Increased lactate release and LDH activity in C3G-silenced U87 cells. (A-B) Lactate
levels were determined in culture media from non-silenced and C3G-silenced U87 cells maintained in the
absence (-) (A) or presence (+) (B) of serum (FBS) for the specified time. Graphs represent the fold
increase value referred to parental cells (serum-starved for Oh in case of A) + S.E.M. (n=3). (C-D)
Analysis of LDH activity of U87-/+shC3G cells maintained in medium without (-FBS) (C) or with serum
(+FBS) (C, D). When indicated, cells were treated with azide (10 mM) (NaNs;). Histograms represent the
fold increase mean values referred to untreated parental cells + S.E.M. (n=3). (E) LDHB mRNA levels in
U87-/+shC3G cells maintained in the presence of serum (FBS). Histograms represent RQ mean value +
S.E.M. referred to parental cells (at least, n=3). *p value <0.05, ***p value <0.001, versus parental cells
or as indicated.

Therefore, we have confirmed by functional assays that C3G knock-down in GBM
cells is associated with an upregulation of glycolysis, directing glucose to its use by
anaerobic glycolysis. We have not detected alterations in glucose uptake, indicating
that changes upon C3G silencing occur in the final steps of glycolysis. Additionally,
we have validated our bioinformatic GO terms analyses.
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Figure 48 — SDHB and SDHC mRNA levels are downregulated upon C3G knock-down in GBM
cells. (A-C) SDHA (A), SDHB (B) and SDHC (C) mRNA levels in U87-/+shC3G cells maintained in the
presence of serum (FBS). Histograms represent RQ mean value + S.E.M. referred to parental cells (at
least, n=3). *p value <0.05, versus parental cells.

8.2. C3G silencing increases Pyruvate kinase activity and the
levels of PKM2 isoform in glioblastoma

To further understand this novel role of C3G as a negative regulator of glycolysis
in GBM cells, we analysed if C3G controlled other key steps of glycolysis. The
reaction catalysed by PK (pyruvate kinase) is a highly-regulated, irreversible step
from the glycolytic pathway. In addition, PKM2 isoform has been associated to tumour
formation and progression. According to the proteomic-wide analysis performed in
U87 cells, PKM protein levels were increased in U87shC3G cells as compared to
parental cells (Appendix 8B). PKM mRNA levels were also upregulated in C3G-
silenced cells (Figure 45E). Thus, we further characterized the regulation of this
glycolytic enzyme by C3G.

PK activity is essential for glycolysis and constitutes a rate-limiting step. As it can
be seen in Figure 49A, PK activity was increased in U87shC3G cells as compared to
parental cells. Taking into account that PK activity analysis was performed in the
presence of the PKM2 allosteric modulator, fructose-1,6-bifosfate (Fru-1,6-P2), it is
likely that PKM2 isoform may be increased in C3G-silenced cells. Hence, we
determined PKM2 protein levels in CAM-derived tumours. We found an upregulation
of PKM2 in CAM-derived tumours generated by C3G knock-down U87 cells as
compared to parental cells (Figure 49B). Moreover, it was discarded a predominant
nuclear localization of PKM2, independently of C3G levels.
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Figure 49 — C3G downregulation in GBM cells leads to an enhanced PK activity and higher levels
of PKM2 isoform in CAM-derived tumours. (A) Analysis of PK activity of U87-/+shC3G cells
maintained in medium containing serum (+ FBS). Histogram represents the fold increase mean values
referred to parental cells + S.E.M. (n=3). (B) Immunofluorescence microscopy analysis in tumours
generated by U87 cells without or with C3G silencing in CAM assays: PKM2 (red) and DAPI (blue).
Representative images (upper panels) and graphs (lower panels) representing Integrated Density (ID)
values + S.E.M. (several sections per tumour, from a total of 3 stainings). Scale bars: 100 ym. **p value
<0.01, ***p value <0.001, as indicated.

These data support a function for C3G as a regulator of PK activity and/or the
expression of PKM2 isoform. However, further studies are required to fully establish
its function in the control of PKM expression and activity, as well as the mechanisms
involved and its functional relevance.

8.3. C3G regulates the expression of mRNAs coding for
proteins from Pyruvate dehydrogenase complex and Pyruvate
dehydrogenase kinase 1

As mentioned above and explained in the Introduction section, pyruvate, the end-
product of glycolysis, can be metabolized by LDH or by mitochondrial TCA. In this last
case, pyruvate is converted into acetyl-coA by an irreversible reaction catalysed in the
mitochondria by PDH (pyruvate dehydrogenase) complex. In cancer cells, anaerobic
processing of pyruvate is favoured by PDH complex downregulation via PDK
(pyruvate dehydrogenase kinase)-dependent phosphorylation and/or downregulation
of the expression of PDH components.
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Figure 50 — C3G silencing modifies the mRNA levels of two components of PDH/PDK regulatory
axis. (A-F) PDHA1 (A), PDHAB (B), DLAT (C), DLD (D), PDHX (E) and PDK1 (F) mRNA levels of U87-
/+shC3G cells maintained in the presence of serum (FBS). Histograms represent RQ mean value +
S.E.M. referred to parental cells (at least, n=3). *p value <0.05, **p value <0.01, versus parental cells.

Hence, we wondered if the upregulation of LDH activity in U87shC3G cells as
compared to parental U87 cells was associated to a downregulation of PDH levels.
We analysed the mRNA levels of several PDH complex components by RT-qPCR
(Figure 50A-E). We did not find changes upon C3G silencing in the mRNA levels of
PDHA1 (that encodes PDHE1a subunit), PDHAB (that encodes PDHE1B subunit),
DLAT (that encodes PDHE2 subunit) or DLD (that encodes PDHE3 subunit) under
our experimental conditions. However, PDHX mRNA levels (encoding PDHX subunit)
were downregulated in C3G-silenced cells. Interestingly, the absence of PDHX
subunit (also called PDHE3-binding protein) is associated with decreased PDH
activity and alterations in mitochondrial metabolism.

We also analysed PDK1 mRNA levels, since PDK1-mediated PDHE1a
phosphorylation inhibits PDH complex activity. In agreement with the above referred
results, PDK1 mRNA levels increased in C3G knock-down U87 cells (Figure 50F).

These data indicate that C3G may act as a regulator of PDH/PDK1 axis
expression in GBM cells and, consequently, C3G downregulation would reduce
pyruvate processing via mitochondrial TCA and respiratory chain in these tumours,
even under normoxia.
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DISCUSSION

1. C3G expression is downregulated in glioblastoma,
associated to a mesenchymal phenotype

C3G, encoded by RAPGEF1 gene, is an important regulator of brain development
and homeostasis. C3G expression is higher in fetal and adult brain compared to other
tissues (Tanaka et al., 1994) (V. Radha et al., 2011) (Cheerathodi et al., 2015)
(ProteinAtlas database) and brain-specific isoforms of C3G have been also described
(Cheerathodi et al., 2015) (Sriram et al., 2020). C3G regulates differentiation and
migration of various neural populations (Voss et al., 2006) (Voss et al., 2008) (Yip et
al., 2012) (Shah et al., 2016), being involved not only in Reelin pathway (Ballif et al.,
2004) (Park & Curran, 2008) (Voss et al., 2008) (Yip et al., 2012) (Bock & May, 2016),
but also in EGFR, Trk and other RTKs signal transduction (Lu et al., 2000) (Kao et al.,
2001) (Wu et al., 2001). Despite its relevance, almost nothing is known about the role
of C3G in the nervous system under pathological conditions. Moreover, C3G
regulates relevant processes involved in tumour progression, including proliferation,
apoptosis, adhesion, invasion and angiogenesis, although its function in cancer
appears to depend on tumour stage and cell context (Okino et al., 2006) (Martin-
Encabo et al., 2007) (Maia et al., 2009) (Gutiérrez-Uzquiza et al., 2010) (Dayma &
Radha, 2011) (Maia et al., 2013) (Priego et al., 2016) (Martin-Granado et al., 2017)
(Sequera et al., 2018) (Carabias et al., 2020) (Sequera et al., 2020). Taking into
account the relevance of C3G in the brain, we hypothesized it could play a role in
GBM, which remained undetermined before the initiation of this work. Indeed, Crk, its
main interacting protein, is overexpressed in GBM and associated to aggressive
progression (Birge et al., 2009). In this work, we uncover a previously unknown
function of C3G in human GBM dissemination, tumourigenesis and cell signalling.

First, public databases revealed that RAPGEF1 mRNA levels are decreased in
GBM patients as compared to healthy brain tissue (Figure 1), being independent of
patient sex/gender and age (Figure 2). In contrast, we did not find major changes in
the mutational status of C3G in GBM using data from COSMIC and cBioportal
webpage. Lack of information in TCGA database prevented us to analyse the
correlation between C3G levels and IDH mutational status, a novel molecular entity
included by WHO in 2016 to classify GBMs (Louis et al., 2016). Nevertheless, our
data suggest that C3G levels could be down-regulated during GBM onset and/or
progression and it could have a potential value in clinic. Moreover, we analysed the
association between C3G expression and GBM molecular subtypes defined
according to markers for classical, proneural, neural or mesenchymal described by
Verhaak et al. (2010). This showed that samples with low RAPGEF1 mRNA levels are
linked to classical and mesenchymal subtypes (Figure 3). Altogether these data
indicate that, although, in general, RAPGEF1 expression is decreased in GBMs, there
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are differences in expression based on the molecular subtype. Thus, C3G would
control GBM phenotype, so that C3G downregulation would be associated to the
acquisition of a mesenchymal GBM phenotype and a potential enhanced
disseminative capacity. Unfortunately, using TCGA information, we did not detect any
association between RAPGEF1 mRNA levels and overall survival of GBM patients
using Kaplan-Meier test. Probably, this is due to the very low survival of GBM patients
upon diagnosis. In fact, it is rare to observe changes in overall survival, even for well-
established genes controlling these tumours. Actually, nowadays first-line treatment
(surgical resection followed by adjuvant radiotherapy and treatment with TMZ) is
considered effective although it only increases median survival in around 2-3 months.

In agreement with the reduced RAPGEF1 mRNA levels in samples from GBM
patients, C3G protein levels are also downregulated in all GBM cell lines analysed
(U87, U118, T98, U251 and A172 cells) as compared to non-tumourigenic HAs
(Bejarano et al., 2017) (Figure 4). All tested cell lines come from male GBM patients.
Although data from TCGA indicate that sex/gender does not affect RAPGEF1 mRNA
levels in GBM patients, further studies should be performed to be able to extrapolate
our results to female GBM patients. We have not detected, either in HAs or in GBM
cell lines, the novel brain-specific C3G isoform of 175 kDa (Sriram et al., 2020). This
is in agreement with their results since they indicate that it is undetectable in cell lines.
According to them, this isoform is mainly expressed in postnatal and adult brain by
NeuN" cells (neurons), but not by GFAP cells (astrocytes) (Sriram et al., 2020), while
140 kDa isoform seems to be expressed by embryonic precursors. Here, we show
that HAs and GBM cell lines (GFAP" cells) express the 140 kDa C3G isoform.
However, GBM cell lines expressing lower C3G protein levels (U87, U251 and A172
cells) present higher levels of GFAP. Importantly, in agreement with patient data, C3G
downregulation in GBM cells is accompanied by Vimentin upregulation, a well-
established mesenchymal marker associated to poor prognosis in GBM (lvaska,
2011) (Lin et al., 2016) (Zhao et al., 2018) (Nowicki et al., 2019).

Therefore, according to patient data and GBM cell lines, C3G downregulation is
associated to an enhanced expression of mesenchymal markers. This indicates that
C3G may be a potential regulator of GBM onset, tumourigenesis and/or
dissemination.
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2. C3G as a regulator of glioblastoma migration, invasion
and adhesion

Regarding motility, the results derived from this study (summarized in Figure D1)
demonstrate that C3G downregulation/depletion in GBM promotes the acquisition of
an enhanced mesenchymal phenotype with increased migratory/invasive capacity
and decreased adhesion. This has been demonstrated in a well-established GBM cell
line (U87) and in several non-commercial PDCs (12®12D and HCO1D cells) using
gene silencing and CRISPR/Cas9 technology approaches. This is also supported by
overexpression data, which show that C3G inhibits invasion and enhances adhesion
of GBM cells. These results are in agreement with the increased migratory properties
of C3G-deficient MEFs (Gutiérrez-Uzquiza et al., 2010), C3G-silenced
coloncarcinoma (Priego et al., 2016) and HCC cells (Sequera et al., 2020), as well as
with the inhibitory effect of C3G overexpression on breast carcinoma cells migration
(Dayma & Radha, 2011). However, in HCC, even though C3G downregulation
promotes cell dissemination, the growth of these secondary foci is associated to a
secondary upregulation of C3G (Sequera et al., 2020). Moreover, in healthy brain,
C3G depletion also inhibits differentiation-associated migration of neural precursors in
some brain areas during development (Voss et al., 2006), impairing cortical plate
formation and a proper organization and attachment of radial glia (Voss et al., 2008).

Interestingly, c-Abl silencing leads to changes in the pro-invasive capacity of GBM
cells, similar to those induced by C3G downregulation (Lamballe et al., 2016). Taking
into account that c-Abl can regulate and interact with both C3G and Crk (V. Radha et
al., 2007) (Birge et al., 2009) (A. Mitra & Radha, 2010) (V. Radha et al., 2011), c-
Abl/Crk/C3G axis might be operating in GBM cells, playing a negative role in the
control of the acquisition of a mesenchymal/pro-invasive phenotype.

The pro-migratory effect of C3G downregulation in GBM is associated to the
decrease in cell-cell contacts determined by the reduction of ZO-1 and B-catenin in
cell periphery. ZO-1/2/3 proteins, occludins and claudins, are the main components of
tight junctions (Bhat et al., 2019) and B-catenin, through its interaction with E-
cadherin, forms part of adherens junctions (Wijnhoven et al., 2000). Cell to cell
contacts destabilization followed by B-catenin and/or ZO-1 internalization has also
been observed upon C3G downregulation in other cell types. For example, a
reciprocal negative regulation between C3G and B-catenin was described in highly
invasive breast cancer cells (Dayma et al., 2012). Our group has also described that
C3G silencing induces the loss of ZO-1-rich cell-cell contacts in coloncarcinoma cells
(Priego et al., 2016) and B-catenin internalization in HCC cells (Sequera et al., 2020).
B-catenin internalization could be also occurring in C3G-silenced 12d12D cells as a
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consequence of the decrease in E-cadherin levels as in coloncarcinoma cells (Priego
et al., 2016). Although the decrease in E-cadherin levels has only been observed in
12012D cells due to its epithelial-like phenotype, this mechanism might be acting in
other GBM cells. This includes U87 cells, in which E-cadherin is expressed according
to the scientific literature (Lamballe et al., 2016), even though we did not detect it. It is
known that internalized B-catenin is translocated to the nucleus, where it regulates the
expression of pro-metastatic genes, among other genes (Wijnhoven et al., 2000). This
mechanism potentially promoted by C3G silencing needs to be further studied in GBM
cells.

C3G
Structured
cytoskeleton Pro-mesenchymal  Vimentin
morphology ®°
E-cadherin e ° [
B-catenin - ) . Pro-migratory
zo-1 K [ ] .ﬁ cytoskeleton
; - MMPs
ECM ECM ' ‘ ‘
4EGF/EGFR - - - - & Invasion 4 FGF-2/FGFR1 +° ERKs =P ° Invasion
p38a/B MAPK /' p38a/p MAPK
Invasion/Migration
Adhesion

Figure D1 — C3G downregulation in GBM cells induces functional and molecular changes
associated to a pro-mesenchymal phenotype. According to our data, C3G silencing/depletion
promotes invasion and migration, while decreases adhesion. These functional changes are accompanied
by molecular alterations, such as cytoskeleton reorganization, Vimentin upregulation, MMP-2
overactivation and increased TWIST1 and ZEB2 mRNA levels, among others. EGF/EGFR signalling is
defective in C3G-silenced GBM cells, but FGF-2/FGFR1-dependent ERKs overactivation likely
contributes to enhance invasiveness upon C3G knockdown. p38a/ promotes invasion in GBM cells,
independently of C3G levels. ECM: Extracellular matrix; MMP: matrix metalloproteinase.

In GBM cells with C3G downregulation, the enhanced migration/invasion might be
a consequence of an EMT-like process that promotes the acquisition of a more
mesenchymal phenotype. This is supported by increased Vimentin levels, MMP2
activity, and TWIST1 and ZEB2 mRNA levels and accompanied by actin
reorganization. A similar effect is patent in coloncarcinoma cells, in which C3G
silencing also induced actin cytoskeleton reorganization, MMP-2 hyperactivation, E-
cadherin down-regulation and ZO-1 internalization (Priego et al., 2016). Nevertheless,
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the role of EMT in GBM is controversial due to brain plasticity, its non-epithelial
characteristics, similarities with astrogliosis and the pro-mesenchymal profile of most
GBMs (Tso et al., 2006) (Iser et al., 2017). Despite this, it is accepted that GBM cells
can acquire a more mesenchymal phenotype with increased Vimentin levels,
associated to invasiveness and poor prognosis (Lin et al., 2016) (Zhao et al., 2018)
(Nowicki et al., 2019). This suggests that C3G expression could be used in clinic as a
prognosis marker. Moreover, in GBM, changes specifically associated to “glial to
mesenchymal transition” (Mahabir et al., 2013) (Matias et al., 2017) (C. Chen &
Wang, 2019) or “proneural to mesenchymal transition” (Fedele et al., 2019) have
been described, too. As we will discuss in following sections, we could discard that
C3G silencing promotes a “glial to mesenchymal transition”, while a “proneural to
mesenchymal transition” might potentially explain the observed changes in a wider
manner.

C3G is a GEF for several G proteins from Ras superfamily, mainly Rap1, but it can
also act through GEF-independent mechanisms (Guerrero et al., 1998) (Shivakrupa
et al., 2003) (Guerrero et al., 2004) (Gutiérrez-Uzquiza et al., 2010). The role of Rap
proteins in GBM is unclear, being different family members associated to diverse,
even opposite, functions. For example, Rap1 would control cell death, proliferation
and invasion (Moon et al., 2012) (Barrett et al., 2014) (Sayyah et al., 2014), while
Rap2A appears to inhibit migration and invasion (Lei Wang et al., 2014). Rap activity
is controlled by GEFs and GAPs. Epac2, one of the most predominant RapGEFs in
brain, has been recently proposed as a negative regulator of gliomas invasion and
MMP-2 activity (Jiang et al., 2019), similarly to that observed for C3G. This suggests
that Rap regulators might play a relevant role in GBM through its GEF activity,
additionally suggesting that C3G and Epac2 could collaborate to inhibit GBM
dissemination acting through Rap. Using complementary strategies based on
overexpression of full length C3G (C3G-FL), a C3G mutant lacking CDC25H catalytic
region (C3G-ACat) (Guerrero et al., 1998) or Rap1A (wildtype or V12 mutant), we
have studied the potential contribution of GEF activity of C3G to the regulation of
invasion and adhesion. Overexpression of C3G-FL, but not C3G-ACat, decreases
invasion in U87 cells, suggesting that its GEF activity would be necessary to
negatively control invasion. In agreement with this, the overexpression of the
constitutively active Rap1A mutant, Rap1AV12, decreases C3G silencing-induced
invasiveness, although it has no effect in non-silenced cells. Therefore, the role of
C3G as an inhibitor of invasiveness in GBM cells might be dependent on its GEF
activity, being Rap1A a potential mediator. However, this remains to be further
characterized, since published studies indicate that Rap1 mediates PDGF-induced
invasion in GBM via DOCK1 regulation (Barrett et al., 2014) and other small G
proteins from Ras superfamily could contribute to mediate C3G effects, too.
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In contrast, regulation of adhesion by C3G appears to be independent of its GEF
activity in GBM, based on the increased adhesiveness induced by both C3G-FL and
C3G-ACat overexpression in non-silenced U87 cells. This is in agreement with the
lack of effect of either Rap1Awt or Rap1AV12 overexpression on adhesion at 1h.
However, the increased adhesion observed at 15min in U87shC3G cells upon
Rap1AV12 overexpression is not consistent with these results. Therefore, new
complementary studies are required to fully understand whether C3G-induced
adhesion of GBM cells is GEF-dependent or independent, and, in case it is GEF-
dependent, which small G proteins are the mediators.

As previously mentioned, p38a plays a dual role in cancer, having a pro-
migratory/invasive effect (Arechederra et al., 2015) (Priego et al.,, 2016). In
coloncarcinoma cells and in MEFs, C3G downregulation leads to p38a MAPK
hyperactivation, which is responsible for the enhanced migration and invasion (Priego
et al.,, 2016). C3G also decreases p38a MAPK activation in other cell types and
contexts both under non-pathological (Gutiérrez-Uzquiza et al., 2010) and
pathological conditions (e. g. in CML (Maia et al., 2009) (Maia et al., 2013)). However,
according to our results, C3G does not play a homogeneous activating or inhibiting
effect on p38 MAPK activity in all GBM cell lines used. In C3G-silenced U87 cells, a
slight downregulation of p-p38 MAPK levels is produced (Figure 27A) in response to
serum or EGF stimulation. In contrast, in 12912D cells, serum-induced p38
phosphorylation increases upon C3G downregulation. Independently of the regulation
of p38 by C3G, p38a/f MAPK inhibition with SB203580 impairs invasion and
enhances adhesion in U87 cells in both non-silenced and C3G-silenced cells. This is
in agreement with previous studies indicating that p38a upregulation in GBM
correlates with dissemination and bad prognosis (Demuth et al., 2007). Therefore,
further studies are required to understand C3G-mediated p38 regulation in this
tumour and its potential relationship with specific molecular alterations of GBM cells.

3. C3G differentially regulates receptor tyrosine-kinases
signalling in glioblastoma, conditioning ERKs activation
and invasiveness

RTKs are essential signalling hubs controlling cancer onset and progression, as
well as widely-studied therapeutic targets (Lemmon & Schlessinger, 2010). In almost

90% GBMs, RTKs and their downstream pathways are altered, being EGFR the most
predominantly altered, followed by PDGFRa, ErbB2, Met and FGFR1 (TCGA, 2008).
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Unfortunately, the prognostic value of EGFR in GBM depends on patient age or the
mutational pattern of the tumour (Zahonero & Sanchez-Gémez, 2014). C3G is known
to participate in the regulation of different RTKs such as EGFR (Okada & Pessin,
1997) (Lu et al., 2000) (Kao et al., 2001) (Wu et al., 2001), Met (Sakkab et al., 2000)
(Sequera et al., 2020), FGFR (Lu et al., 2000), or Alk (Schénherr et al., 2010). In most
of them, C3G acts as a Crk-interacting protein that connects RTKs with small
GTPases activation and other downstream signalling proteins.

Our data point out that C3G downregulation induces ERKs hyperactivation in U87
and 12912D cells and ERKs inhibition with PD98059 decreases C3G silencing-
associated invasiveness. Similarly, C3G-mediated ERKs down-regulation was
previously described in different tumours (Carmen Guerrero et al., 2004) (Martin-
Encabo et al., 2007) (Maia et al., 2009) (Priego et al., 2016). However, further studies
are necessary to characterize this regulatory relationship between C3G and ERKs in
GBM. By itself, this C3G/ERKs regulation in GBMs is already interesting, but
interpreted together with the results related to RTKs regulation, will become even
more powerful.

Our data unveil a novel function of C3G controlling the signalling elicited by RTKs,
which represent the most commonly altered molecules in GBMs (TCGA, 2008).
According to the presented results, C3G acts as a key mediator of EGFR signalling in
GBM. C3G down-regulation in GBM cells reduces the amount of EGFR at the cell
surface. This reflects defects in receptor recycling which would explain the defecits in
EGFR signalling and in its pro-invasive effect. This may represent an opposite
phenotype of that found in GBM cells expressing EGFRvv, an internalization-deficient
EGFR truncated form (Zahonero & Sanchez-Gémez, 2014). However, the precise
mechanisms involved in C3G-mediated proper EGFR recycling and membrane
localization need to be characterized in detail. C3G controls exocytosis of angiogenic
factors in platelets and interacts with VAMP7 (Martin-Granado et al., 2017), which is
involved in the secretory pathway that regulates EGFR localization in membrane
microdomains, endocytosis and signalling (Danglot et al., 2010). Multiple SNAREs,
alone or in collaboration with others, also control cell trafficking in general and,
particularly, EGFR transport to membrane (Wiliams & Coppolino, 2014).
Consequently, C3G might favour EGFR membrane localization and recycling, acting
through VAMP proteins. However, other mechanisms might contribute to the defective
EGF/EGFR signalling, such as the reduced formation of EGFR-Crk-C3G complexes
(Kao et al., 2001) or the regulation of actin cytoskeleton and/or microtubules
organization (van Bergen en Henegouwen et al., 1992).

As indicated in Figure D1, we show here that EGF-induced invasion is higher in
the presence of C3G (Figure 32B), in agreement with a correct activation of
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EGF/EGFR pathway. However, in invasion assays using serum as chemoattractant,
GBM cells with low levels of C3G showed an enhanced invasiveness and migration
(Figures 10A-C, 11 and 12). Therefore, other signals and receptors might be
responsible for this increased motility.

According to the results derived from the anti-phospho-RTKs array, an increased
phosphorylation of several, but not all RTKs, was observed in C3G-silenced GBM
cells. This indicates that C3G seems to differentially regulate signals mediated by
distinct RTKs, being likely that some of these RTKs might contribute to increase
invasion in C3G-silenced GBM cells. For example, we observed a strong upregulation
of FGFR1 phosphorylation, a relevant RTK in GBM (Watcharin Loilome, 2009)
(Shirakihara et al., 2011) (Jimenez-Pascual & Siebzehnrubl, 2019). In addition, FGF-2
treatment induced a stronger pro-invasive effect on C3G-silenced GBM cells and the
enhanced invasiveness of these cells when using serum as chemoattractant is
impaired by Infigratinib, a FGFR inhibitor acting predominantly over FGFR1. This is in
agreement with FGFR1-induced expression of EMT-associated genes in GBM
(Gouazé-Andersson et al.,, 2018). Moreover, in C3G-silenced U87 cells, FGF-2
promotes ERKs overactivation and the FGF-2/FGFR1/ERKs axis seems to be
responsible for C3G knock-down-associated enhanced invasiveness (as shown in
Figure D1), as ERKs or FGFR1 inhibition prevents this effect.

Our data also revealed increased phosphorylation of ErbB2, Tie-1/2 and several
Eph family members (e.g. EphA6, EphB1, EphB2 or EphB4) upon C3G silencing.
EphB2 has been linked to migration and invasion of GBM and GSCs (Nakada et al.,
2004) (Wang et al., 2012), and ErbB2 facilitates migration and contributes to anti-
EGFR resistance (Wang et al., 2013). Interestingly, EphB4 activation favours FGFR
signalling in GBM (Jimenez-Pascual & Siebzehnrubl, 2019). Tie-1/2 phosphorylation
is also upregulated in C3G-silenced GBM cells, which suggests that C3G down-
regulation might facilitate a pro-endothelial transdifferentiation. GBM cells are able to
transdifferentiate into endothelial-like and pericyte-like cells to support tumour-
associated vasculature (Liebelt et al., 2016) (Gargini et al., 2019). In fact, some GSC
subpopulations express endothelial markers (e.g. Tie2) and they can form tubular
networks under endothelial culture conditions (Liebelt et al., 2016). Interestingly,
GBMs with EGFR alterations can undergo an EMT-like process, by which they
acquire a pericyte-like phenotype, promoting angiogenesis and tumour growth
(Gargini et al., 2019). This transdifferentiation has also been linked to therapy
resistance (Soda et al., 2011) (Deshors et al., 2019).

Moreover, we detected lower phosphorylation levels upon C3G silencing, not only
for EGFR, but also for FGFR3, MCSFR, cRet, ROR1, MusK or DDR1/2. Further
studies should be performed to study the relevance of the downregulation of all these
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RTKs in GBM onset and/or progression. Importantly, not all analysed RTKs present
changes in their activation status based on C3G levels. ErbB4, FGFR4, Alk or RYK
did not vary. Taking into account the relevance of MDK/Alk axis in GBM and GSCs
(Lopez-Valero et al.,, 2020) and that C3G regulates Alk in neuroblastoma cells
(Schoénherr et al., 2010), we have confirmed this result from a functional point of view.
Validating the anti-phospho-RTK array result, MDK treatment induced invasion to a
similar extent in both parental and C3G-silenced U87 cells. In spite of that, we cannot
discard that MDK/Alk axis may be affected by C3G levels in other GBM cell contexts,
such as GSCs.

C3G-dependent RTK signalling plasticity may be relevant for anti-EGFR therapy
(e.g. erlotinib) resistance (TCGA, 2008) (J. R. D. Pearson & Regad, 2017). For
example, cancer cells with impaired EGFR signalling or resistant to anti-EGFR
treatment switch to a tumour-specific FGFR (Izumchenko et al., 2014) or ErbB2
(Berezowska et al., 2010) (Clark et al., 2012) upregulation, similarly to that observed
in C3G-silenced GBM cells. Treatment approaches based on inhibitors cocktails
acting against several RTKs decrease tumour resistance, although they are difficult to
implement in clinic. For example, combination of anti-EGFR therapy plus Met
inhibitors does not impair resistance in GBM patients due to FGFR autocrine
activation, which maintains ERKs upregulation in the absence of EGFR or Met
signalling (Day et al., 2020). This partially resembles that observed in C3G-silenced
U87 cells. According to Day et al. (2020), Sprouty-2 may be responsible for GBM
resistance upon co-treatment with EGFR and Met inhibitors. Interestingly, GBM
patients’ TCGA data processed by UCSC Xena online software (UCSC Xena
webpage, 2020) show an inverse correlation between RAPGEF1 and SPRY2
(encoding Sprouty-2) mRNA levels. This raises the possibility that Sprouty-2 could be
involved in the C3G-dependent regulation of EGFR trafficking and signalling, although
other mechanisms might contribute, too.

Even though the role of C3G in RTKs regulation should be further characterized,
C3G might be useful to discriminate GBM patients susceptible to respond to specific
RTK inhibition protocols. Hence, GBM patients with a low C3G expression might not
respond to anti-EGFR therapies, while other inhibitors (e.g. FGFR1 inhibitors) may
display higher efficacy in these tumours.
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4. C3G down-regulation alters the tumourigenic
properties of glioblastoma cells

According to our results (summarized in Figure D2), C3G-silenced GBM U87 and
12012D cells form bigger tumors in xenograft and CAM assays, even though
proliferation is decreased both in vitro and in vivo. This correlates with the higher
number of foci with less cells/focus formed by C3G knock-down GBM cells in
anchorage-dependent and -independent growth assays (Figures 21 and 22).
Therefore, this lower cell density might be caused by the loss of cell-cell interactions
and the higher mobility of GBM cells upon C3G down-regulation, which would lead to
increased number of foci and larger tumours. Hence, lower C3G levels would favour
cell escape from primary focus, dispersion and potential generation of secondary foci
in vitro. A similar behaviour is expected to occur in vivo to explain why tumours
present a higher size. Similarly, Hoang-Minh et al. (2018) described that slow-cycling
GBM cells show a higher infiltration into brain parenchyma than fast-cycling GBM
cells, which generate non-infiltrated tumour masses.

Moreover, tumours originated by C3G-silenced cells in CAM assays present
higher levels of a-SMA and MECAS32, pointing to an enrichment in stroma and blood
vessels, most likely by infiltration of host-niche cells. Previous studies indicate that
C3G overexpression in platelets promotes secretion of pro-angiogenic factors (Martin-
Granado et al., 2017), although it remains unknown if C3G does so in tumour and/or
stromal cells in GBM context. Results obtained in GBM tumours support its potential
relevance and it should be further studied. Independently of the mechanism, C3G
silencing enhanced stroma infiliration and angiogenesis, likely contributing to increase
the size of tumours. This, in addition to the increased disseminative capacity of GBM
cells with lower levels of C3G, indicates that C3G downregulation would be globally
linked to a higher aggressiveness (Agarwal et al., 2016) (Velasquez et al., 2019).

The generation of larger GBM tumours upon C3G downregulation is surprising
when compared to coloncarcinoma (Priego et al., 2016) and HCC (Sequera et al.,
2020). In both cases, C3G downregulation reduces in vivo tumour size, although C3G
silencing reduces cell density within foci in a similar way than in GBM. The latest is
explained by the fact that C3G promotes proliferation in GBM, coloncarcinoma and
HCC tumors (Sequera et al., 2020) (Priego et al., 2016). Moreover, in HCC cells, C3G
silencing leads to an increased number of foci in in vitro anchorage-independent
growth assays, even though in vivo and in vitro proliferation is reduced (Sequera et
al., 2020). All this resembles the results obtained in GBM.
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Although in vivo heterotopic xenograft and CAM assays properly reproduce GBM
onset and growth (Hagedorn, 2005) (Lépez-Valero et al., 2018) (Lopez-Valero et al.,
2020), the effect of brain tumour microenvironment requires additional complementary
assays. Taken into account its relevance (Bi et al., 2020) (Klemm et al., 2020), the
function of C3G in GBM should be further characterized by in vivo orthotopic
xenograft assays. These experiments would also allow us to evaluate the effect of
GBM cells with or without C3G silencing on the functionality of CNS in mice (e.g.
motor and/or behavioural tests depending on inoculation area), as well as their
survival. These results would help to further characterize the role of C3G in GBM.
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Figure D2 — C3G downregulation increases foci formation in in vitro assays and tumour size in in
vivo assays, although tumour cell density and proliferation are decreased. C3G silencing increases
foci formation and tumour size accompanied by lower proliferation (denoted by Ki67 staining). The
increased scattering, decreased cell-cell contacts and increased stromal infiltration and angiogenesis
would contribute to tumour enlargement. Hence, tumours formed by C3G-silenced cells present higher
presence of myofibroblasts (a-SMA+ stromal cells) and blood vessels (MECA32+ cells). Low levels of
C3G in GBM also correlate with prompted GSC-like phenotype (e.g. increased Nestin staining). GSC-like
phenotype (e.g. increased Nestin staining). a-SMA: a-smooth muscle actin; GSC: glioblastoma stem cell.

Differently from U87 and 12912D cells, C3G silencing in HCO1D cells does not
increase foci formation, although it promotes the appearance of solitary cells and
small colonies that cannot be quantified as foci according to our criteria. This supports
the idea that cell scattering plays a key role in foci formation upon C3G silencing,
leading to foci with a decreased cell density, as it occurs in all cases: GBM (U87,
12912D and HCO1D), coloncarcinoma (Priego et al., 2016) and HCC cells (Sequera
et al., 2020). In HCO1DshC3G cells, the reduction in the number of cells within the
foci would be extreme. Primary genetic alterations of HCO1D (e.g. mutations in RTKs,
p53 or pRb) could also alter foci formation capacity as compared to U87 and 12912D
cells. On the other hand, we cannot discard that the low number of foci formed by
HCO1DshC3G cells could be a consequence of non-optimal experimental conditions
for these cells, such as insufficient time. Moreover, it is pending the analysis of the
effect of C3G silencing on its tumorigenic potential using in vivo models.
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It is important to mention that the effect of C3G silencing resembles the pro-
invasive action of c-Abl down-regulation or inhibition, but not its in vitro and in vivo
anti-tumourigenic effect (Lamballe et al., 2016). However, both c-Abl and C3G
downregulation decrease proliferation of GBM cells. These distinct effects of both
signalling molecules could reflect the differential impact of c-Abl vs. C3G on the
expression and/or activity of individual RTKs.

Mechanistically, the hyperactivation of ERKs induced by C3G downregulation in
GBM cells would be responsible for the increased foci formation capacity, as
demonstrated by the impaired foci formation upon treatment of U87shC3G cells with
PD98059. However, ERKSs inhibition only decreases proliferation in parental U87
cells, but not in U87shC3G cells. ERKs are usually involved in proliferation, although
they can also mediate other cellular functions depending on the magnitude and
duration of its activation, and its sub-cellular localization. Hence, ERKs can induce
survival, invasiveness or differentiation, among others. For example, in neural
precursors, ERKs are activated by EGF in a transient manner, promoting proliferation,
while NGF-induced sustained ERKs activation leads to differentiation (Lu et al., 2000)
(Kao et al., 2001). In GBM, there are data indicating that ERKs activation is slightly
higher in peripheral areas, which suggests that it is mediating tumour dissemination
and invasion (Lama et al., 2007). This idea is also supported by the data presented
here, showing that ERKs inhibition decreases invasiveness of U87shC3G cells. In
addition, our results indicate that foci formation is also impaired by ERKs inhibition,
while proliferation remains unaltered. These data support the idea that the enhanced
cell scattering would be responsible for the formation of new secondary foci by C3G-
silenced GBM cells.

5. C3G downregulation favours the acquisition of
glioblastoma stem cell-like properties

GSCs (glioblastoma stem cells) are defined as a small subpopulation of cancer
cells with glioblastoma-initiating, stem and auto-renewal capacities (Liebelt et al.,
2016). They also express neural and stem-associated markers and they can
differentiate into non-stem tumour cells or stromal cells, such as endothelial-like and
pericyte-like cells (Liebelt et al., 2016). Due to all this, they are directly responsible for
therapy inefficiency and resistance, as well as for tumour relapse in apparently cured
patients (J. Chen et al., 2012) (Palanichamy et al., 2018). These cells survive anti-
GBM treatments due to their low proliferative capacity and their high plasticity, which
allows a rapid switching of different signalling pathways (e.g. Notch, BMPs or RTKs
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as EGFR, FGFR, Alk or Eph) to better adapt to the microenvironment conditions
(Liebelt et al., 2016).

Taking into account the effects of C3G downregulation on GBM dissemination and
growth, as well as the pro-mesenchymal and slow-cycling phenotype of these cells,
we could expect that reduced C3G levels would facilitate the acquisition of a GSC-like
phenotype. Our results revealed that C3G silencing in U87 cells increases the
formation of spheres in cell cultures promoting a GSC-like phenotype and enhances
self-renewal capacity according to ELDAs assays. These ELDAs assays better
reproduce the conditions to evaluate stemness and auto-renewal capacity, because
cells are isolated and only the absence or presence of spheres is quantified.
Therefore, C3G down-regulation might induce stemness in GBM cells associated to a
pro-mesenchymal phenotype. This relationship between EMT-like processes and the
acquisition of a GSC phenotype by GBM cells has been previously observed
(Mikheeva et al., 2010) (Siebzehnrubl et al., 2013) (Caja et al., 2018) (Kowalski-
Chauvel et al., 2019), although it cannot be considered universal (Lamballe et al.,
2016). Further experiments are necessary to establish the molecular mechanisms
underlying the acquisition of both pro-mesenchymal and pro-GSC phenotypes upon
C3G silencing. For example, C3G-mediated regulation of (3-catenin or RTKs, among
others, may be involved, modifying the expression of transcription factors regulating
both processes.

Upon C3G silencing, we observed in CAM-derived tumours increased levels of
Nestin (GSC marker), accompanied by the NeuN (neural marker) downregulation.
This also indicates that C3G-silenced cells present an enhanced undifferentiated
phenotype. High levels of Nestin are usually associated to classical GBM molecular
subtype, which is also linked to C3G downregulation, as previously described.
However, U87shC3G-derived tumours also present higher levels of GFAP (astrocytic
marker), suggesting that this GSC-like phenotype may be partial. Nevertheless, this
upregulation of GFAP upon C3G silencing in GBM should not be surprising. As seen
in Figure 3 and previously discussed, C3G downregulation in GBM is linked to
classical and mesenchymal molecular subtypes which are enriched in astrocytic and
astro-glial markers, respectively (Verhaak et al., 2010). Moreover, this strong inverse
correlation between GFAP and C3G in CAM-derived tumours (Figure 41B) also
agrees with previous results indicating that GBM cell lines with low C3G levels (U87,
U251 and A172) present higher levels of GFAP (Figure 4). Additionally, NeuN
downregulation accompanied by GFAP upregulation upon C3G silencing also agrees
with the tendencies observed in healthy brain by Sriram et al. (2020). Therefore, the
role of C3G controlling neural precursors and GSCs, as well as their differentiation
lineages, could share common mechanisms that need to be further characterized. It
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would be also important to determine why C3G downregulation is unable to induce a
fully GSC-like phenotype in GBM.

Partial GSC-like phenotypes have been previously observed in GBM. For
example, some GSC populations have the capacity to differentiate into endothelial-
like cells (Liebelt et al., 2016), particularly those presenting EGFR impairment
(Gargini et al.,, 2019). As explained, C3G downregulation in GBM cells attenuates
EGFR signalling, promotes a GSC-like phenotype and upregulates Tie-1/2 activation.
Taking all this into account, U87shC3G cells might have the capacity to form tubular
vessel networks under endothelial culture conditions, but it needs to be analysed.

Although all these results about the role played by C3G in the regulation of the
GSC-like phenotype are promising, they are still very preliminary. Other GSC-
associated markers and signalling pathways should be evaluated in GBM cells and
CAM-derived tumours. Based on the different regulation of EGFR and FGFR1 by
C3G and taking into account that they promote GSC-like growth, it would be
interesting to test whether C3G-induced RTK regulation contributes to the acquisition
of a GSC-like phenotype. Furthermore, the results derived from GBM studies show
the opportunity of analysing the effect of C3G in CSCs from other cancers in which
C3G is already known to regulate several processes (e.g. coloncarcinoma or HCC)
and other non-tumour stem-like populations.

6. C3G silencing promotes a metabolism reprogramming
in glioblastoma cells, increasing their glycolytic capacity

The proteome-wide analysis performed using parental and C3G knock-down U87
cells confirmed C3G functions previously described in GBM or other cell types, but it
also uncovered novel roles. Although these data should be experimentally confirmed,
the results are interesting. We have identified 70 proteins upregulated by C3G
silencing and 46 in parental cells, being related to actin and glycolysis those reaching
the highest scores (Appendix 8). Surprisingly, Crk seems to be upregulated in cells
presenting low levels of C3G, but only one peptide has been detected and it remains
undetermined if this overrepresentation of Crk is playing any role in C3G-silenced
GBM cells. Moreover, NFH protein (main component of neurofilaments in neurons) is
increased in non-silenced U87 cells, in agreement with its more pro-neural phenotype
as compared to C3G silenced cells. Additionally, the translation initiation factors,
elF4H and elF3G, are upregulated in parental cells. In CML, another translation
initiation factor, elF3b, increases C3G levels and promotes proliferation (Huang et al.,
2020). elF3b might be acting through C3G since p87C3G is associated to CML
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progression, too (Gutiérrez-Berzal et al., 2006). As elF3b is also overexpressed in
GBM and its knock-down inhibits proliferation (Liang et al., 2012), it may play a similar
role in this tumour. Similarly, based on the correlation between elF4H and elF3G and
C3G protein levels in GBM cells, they can have an analogous function to that of elF3b
in CML.

In addition to the above results, we have performed GO terms analyses to identify
additional pathways altered upon C3G silencing. It is important to highlight that GO
terms analyses point to the regulation of proteins and functions previously studied,
supporting our results. For example, the Reactome analysis from Cancertool software
showed the enrichment in FGFR signalling-related GO terms (e.g. “FGFR2 ligand
binding and activation” and “FGFR3b ligand binding and activation”) in C3G-silenced
cells. In addition, GOCC analysis from Cancertool software indicates an enrichment of
“Vesicle” GO terms in C3G-silenced GBM cells, which could be linked to the altered
EGFR recycling, being also in agreement with previous data from platelets (Martin-
Granado et al., 2017). Moreover, the enrichment in “Extracellular vesicular exosome”
and “Extracellular organelle” could be also related to the role of C3G regulating
secretion, as observed in platelets (Martin-Granado et al., 2017). However, not all
uncovered functions for C3G in GBM are represented in these GO terms. This could
be due to the culture conditions chosen or the extraction method employed.

The proteome-wide analysis uncovered a novel role of C3G as a regulator of the
metabolism of GBM cells. Almost all software and analyses carried out (Figures 42-
44) point to a regulation of GBM metabolism by C3G, being glycolysis the main
pathway affected. Then, this has been confirmed by different techniques: RT-qPCR,
enzymatic activity evaluation and immunofluorescence staining of CAM-derived
tumours, which have also allowed determining the impact of C3G silencing on
anaerobic glycolysis in GBM (data are summarized in Figure D3).

Our results indicate that C3G silencing mainly regulates the final steps of
glycolysis, while glucose uptake and HK activity remain unaltered. Aldolase is the first
glycolytic enzyme upregulated in C3G-silenced U87 cells, but we have also detected
increased expression and/or activity of GAPDH, PGK-1, enolase, PK, LDH and
MCTs, in parallel with an increased lactate production and release. In addition, mMRNA
levels of some components of mitochondrial SDH and PDH complexes are
decreased, being PDK1 expression upregulated. Altogether, these findings indicate
that C3G silencing favours glucose catabolism through increasing anaerobic
glycolysis, which resembles the Warburg effect, widely associated to cancer (Vander
Heiden et al., 2009) (Tennant et al., 2009) (Liberti & Locasale, 2016). However, the
effect of C3G regulation on the mitochondria and the respiratory chain activity needs
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to be characterized, as well as the mechanisms operating and their impact on in vivo
GBM tumour growth.

Glucose

GLUTs =

PPE Glucose

NADPH = HKIl
3 G6PDH — v

f’e PFK-2/FBPase-2 ‘
¢ Fru-2,6-p2% » Fru-6-P

p N— © PFK-1 H FBPase-1

¢ Fru-1,6-P2
» (4 ALDOA) (4 ALDOC) ALDO |

: TIM |
Nucleotide 'GAPDH |
1
1

Glycolysis 4 Lactate
A McTs

Lactate

4 LoH

biosynthesis (‘.‘PGK1) PGK
" (4} ENOA) ENO liold
fPKM2<—>1‘PKI o5
PKM) v synthesis

\ Pyruvate

@ :'IJJT(” ('PDH):/ 0\-\0\ f o
\ =~ ppH 2 v o Gin

\ Acetyl-CoA ,s 6\
' Oxaloacetate \ “ “‘\

17 = Citrate Glu
IDH

[
Succinyl-CoA % A

. _aKG

\
Yo «—e-

Figure D3 — C3G downregulation promotes a metabolic switching in GBM cells, characterized by
the upregulation of the final steps of anaerobic glycolysis, resembling Warburg effect. This
scheme is based on data from the proteome-wide screening (green arrows), RT-qPCR (blue arrows),
enzymatic activity and uptake/release assays (purple arrows), and protein staining in CAM-derived
tumours (orange arrow). “1” symbol indicates positive regulation and “|” symbol indicates negative
regulation, in C3G-silenced compared to parental cells; “=” symbol indicates lack of changes. ALDO:
Aldolase; ENO: Enolase; G: Glucose; Fru: fructose; P: phosphate; TCA: tricarboxylic acids; a-KG:a-
ketoglutarate.

It is important to mention that although the changes in the enzymatic activity of
LDH and PK induced by C3G silencing are not very high, they look meaningful. LDH
activity is increased in non-silenced cells upon azide treatment, an inhibitor of
mitochondrial respiration (Bolafos, 2016), in a similar extent to that observed in C3G-
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silenced cells. This suggests that mitochondrial activity is decreased upon C3G
knock-down, favouring LDH activation. However, these data should be confirmed
under other experimental conditions and by complementary techniques.

PDH complex is considered the gatekeeper of TCA cycle (Burns & Manda, 2017)
and PDK inhibits PDH function. Thus, the decrease in the levels of PDHX mRNA
levels induced by C3G knock-down, together with the PDK7 transcriptional
upregulation may lead to a reduced PDH and TCA activity as it occurs in other
tumours under conditions that enhance Warburg effect (Michelakis et al., 2010)
(Woolbright et al., 2019) (Commander et al., 2020).

PKM2 levels are increased in CAM-derived tumours generated by C3G-silenced
cells. Importantly, PKM2 dimers and tetramers differ in their pro-glycolytic or pro-
oxidative function. PKM2 dimers are considered less glycolytic and they can play non-
glycolytic functions in the nucleus. However, in the presence of fructose-1,6-bifosfato,
the allosteric activator of PKM2, tetramers are formed increasing glycolysis (Dayton et
al., 2016) (Kowalik et al., 2017) (Zahra et al., 2020).Taking into account that several
GO terms indicate that fructose-1,6-bifosfato metabolism is enhanced in C3G-
silenced cells, we can hypothesize that C3G downregulation might facilitate the
existence of the tetrameric PKM2 form, increasing PK activity and contributing to
glycolysis.

The increased lactate release in C3G-silenced cells might contribute to favour the
infiliration of stromal cells into the tumours, in agreement with the increase presence
of MECA-32 and a-SMA positive cells in CAM-derived tumours (Figure 26). It has
been widely demonstrated that microenvironment acidification due to the increased
release of lactate by cancer cells induces changes in the stroma, promoting
angiogenesis (De Palma et al., 2017) and immunosuppression, among other effects
(Hanahan & Weinberg, 2011) (Bi et al., 2020). Moreover, both, Warburg effect and
lactate release, have also been associated to pro-invasive phenotypes and EMT in
different cancer types (Commander et al., 2020). For example, in breast and prostate
cancer cells, it has been revealed that this switching to glycolytic metabolism is
necessary to promote motility and cytoskeleton reorganization (Shiraishi et al., 2014).
Additionally, in breast cancer cells, Twist-1 upregulation induces glucose metabolism
reprogramming, characterized by increased lactate release, upregulation of glycolytic
mediators and decreased mitochondrial mass (Yang et al., 2015). Both studies agree
with data presented here, showing that C3G down-regulation enhances invasiveness
through the induction of an EMT-like process associated to increased TWIST1
expression. This correlation between mesenchymal and glycolytic phenotypes might
suggest that C3G could reprogram cell metabolism as a secondary or parallel effect
of its action on EMT-like processes in GBM. Independently of the mechanism, the
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functional consequences of C3G downregulation in GBMs would be the same.
However, it needs to be determined whether C3G regulates GSC-like cell
metabolism, too.

It is also important to consider the regulatory mechanisms based on cell-cell
crosstalk that regulate metabolism specifically in brain. For example, ANLS (astrocyte
to neuron lactate shuttle) maintains brain homeostasis thanks to the metabolic
cooperation between astrocytes, which preferentially use glucose via anaerobic
glycolysis, and neurons, which metabolize lactate released by astrocytes via
mitochondrial oxidative pathways (Turner & Adamson, 2011). This explains why
astrocytes predominantly express LDH-A isoform, GLUT-1 and MCT-1/4 but
downregulate mitochondrial mediators, while neurons present higher levels of LDH-B
isoform, GLUT-3 and MCT-2 (Bolafos, 2016). Recent studies point to a metabolic
crosstalk between GBM subpopulations with different metabolic profiles, mimicking
ANLS and other interactions physiologically present in brain (Valvona et al., 2016)
(Hoang-Minh et al., 2018) (Bi et al., 2020) (Commander et al., 2020). Regarding this,
on the one hand, GBM cells with low levels of C3G present an enhanced
mesenchymal phenotype, increased GFAP expression and a glycolytic phenotype
characterized by higher LDH activity (associated to low mRNA levels of LDHB, the
pro-oxidative LDH isoform) and MCT-1/4 expression. On the other hand, GBM cells
with higher levels of C3G show a correlation with proneural molecular subtype and
present slightly higher levels of NeuN and increased mRNA levels of various
components of PDH and SDH complexes. Hence, it would be interesting to determine
the potential existence of subpopulations of cells within the GBMs expressing different
levels of C3G and whether this subpopulations are able to establish metabolic
cooperations to promote tumour progression and dissemination.

According to ANLS, mitochondrial TCA works in astrocytes as a source of
intermediates (e.g. glutamate) and, in GBM, multiple metabolic pathways are known
to be altered (e.g. IDH mutation, lack of glutaminolysis inhibition or enhanced GLS
activity). Thus, the role of C3G in the regulation of these pathways might play a
relevant function and it should be further studied.

7. General discussion

In the first part of this study, we have uncovered a downregulation of RAPGEF1
mRNA levels in GBM tumours from patients and a decrease in C3G protein levels in a
panel of human GBM cell lines. Moreover, this RAPGEF1 downregulation is
associated to classical and mesenchymal GBM molecular subtypes, while GBM
tumours with higher RAPGEF1 levels are included in the proneural subtype (Verhaak
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et al.,, 2010). This is also supported by in vitro and in vivo assays performed with
C3G-silenced GBM cells, both standard cell lines (U87) and patient-derived (12912D
and HCO1D) cell lines. C3G downregulation enhances invasiveness and a pro-
mesenchymal phenotype, while inhibits adhesion of these GBM cells. Moreover, the
use of different experimental approaches, as C3G silencing, C3G knock-out by
CRISPR/Cas9 technology and transient C3G overexpression, strengthens the results
presented here. It is noticeable the role of C3G as a negative regulator of
invasiveness of GBM cells, which seems to be a common effect of C3G in several
cancer types (Dayma & Radha, 2011) (Priego et al., 2016) (Sequera et al., 2020) and
in cells from the nervous system (Voss et al., 2006) (Voss et al., 2008). Although GEF
activity of C3G may be involved in the inhibition of invasiveness in GBM cells, a more
detailed analysis is necessary to clarify this issue.

We have shown that C3G knock-down induces an EMT-like process in GBM cells
responsible for their enhanced migratory capacity, mimicking the features of the
“proneural to mesenchymal transition” described by Fedele et al. (2019), in which
Zeb-2 plays an essential role. However, the participation of EMT-like processes in
GBM dissemination need to be further characterized. Due to the upregulation of
astrocytic markers (e.g. GFAP or MTC-1/4) in C3G-silenced cells, we can discard that
a “glial to mesenchymal transition” (Mahabir et al., 2013) (Matias et al., 2017) (C.
Chen & Wang, 2019) could be taking place. All this should be further studied due to
the promising nature of data presented here.

However, the function of C3G in GBM tumourigenesis is more complex. C3G
downregulation leads to the generation of bigger tumours even though proliferation is
reduced. This differs from other tumours such as coloncarcinoma or HCC, in which
C3G downregulation reduces tumour size (Priego et al., 2016) (Sequera et al., 2020).
The decreased cell-cell contacts and the increased migratory and invasive capacity of
C3G-silenced GBM cells, which favour dispersion, would account for the increased
tumour size. In addition, the infiltration of endothelial cells and activated fibroblasts
into the tumours would contribute. This could be favoured by the glycolytic phenotype
displayed by GBM cells with low levels of C3G. All this should be confirmed under
experimental conditions enabling a more physiological context, such as orthotopic
xenograft assays.

Results shown also uncover a complex regulation of cell signalling pathways by
C3G in GBM cells, where RTKs and ERKs are key players. Although p38 MAPK
promotes invasion of GBM cells as described by other authors (Demuth et al., 2007),
C3G does not appear to regulate p38 activation in the same way than in other cell
types, in which it inhibits p38 activity (Maia et al., 2009) (Gutiérrez-Uzquiza et al.,
2010) (Maia et al., 2013) (Priego et al., 2016). Thus, p38 does not mediate the effect
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of C3G downregulation on invasion. In contrast, the upregulation of ERKs activity
induced by C3G silencing is responsible for the main functional effects of C3G
downregulation. Hence, the high ERKs activation mediate migration and invasion of
C3G knock-down GBM cells. Moreover, the upregulation of the activation of several
RTKs in C3G-silenced cells, such as FGFR1 seems to play a key role in promoting
invasion through ERKs activation. This has been demonstrated here for FGF-
2/FGFR1 pathway, but other RTKs could have a similar effect contributing to GBM
cell dissemination. However, we have also uncovered that C3G regulates other RTKs
in a different way. Hence, C3G is required for a full EGFR activation, downstream
signalling and functionality in GBM cells. This agrees with previous published data
showing the participation of C3G in the signalling elicited by EGFR, among other
RTKs, in other cell contexts (Okada & Pessin, 1997) (Lu et al., 2000) (Wu et al., 2001)
(Kao et al., 2001). Mechanistically, C3G knock-down impairs EGFR signalling by
reducing cell surface EGFR through inhibition of its recycling. This represents a new
mechanism used for C3G to regulate EGFR signalling, which might be a more
general mechanism involved in the control of the trafficking of other proteins. Further
studies are required to clarify the mechanisms by which C3G regulates EGFR
recycling and its clinical repercussion, for example, in anti-EGFR therapy resistance.
In addition, it would be important to characterize the function of C3G in cell trafficking.

The novel functions of C3G as a negative regulator of stemness and glycolytic
metabolism in GBM cells open new perspectives, not only for GBM, but also for other
tumours. It is promising the induction of a GSC-like phenotype and self-renewal
capacity, as well as the increased glycolytic use of glucose, by C3G downregulation in
GBM cells. This last might be also important to establish a crosstalk between tumour
cell subpopulations and tumour-microenvironment (Liebelt et al., 2016) (Valvona et
al., 2016) (Hoang-Minh et al., 2018) (Bi et al., 2020) (Commander et al., 2020).
However, new studies are required to fully understand these roles of C3G and the
mechanisms involved.

In conclusion, we have demonstrated for the first time that C3G is downregulated
in GBMs, contributing to enhance the disseminative properties of these tumours.
Moreover, low levels of C3G also promote the generation of larger tumours even
though proliferation is reduced. The enhanced migratory and invasive capacity,
accompanied by the infiltration of stromal cells and vessels growth might facilitate
tumour enlargement. The promoted glycolytic phenotype induced by C3G
downregulation might also favour the increased presence of stromal -cells.
Furthermore, the defective EGFR signalling might contribute to the resistance to anti-
EGFR therapy in patients with low levels of C3G. In contrast, other RTKs and ERKs
might represent alternative therapeutic targets in these patients based on the
upregulation of their activities. Future studies would allow further characterizing C3G
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function in RTKs regulation, which may be also of value for designing novel and
personalized therapeutic approaches. In addition, the enhanced GSC-like phenotype
induced by C3G downregulation could contribute to generate therapy resistance.
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Figure D4 — Graphical abstract showing major discoveries about the function of C3G in
glioblastoma. C3G levels are high in healthy brain, decreasing in GBM samples from patients and
human cell lines. C3G downregulation promotes foci formation, tumour enlargement and activates cell
scattering, while decreases cell density and proliferation. It also increases stromal infiltration and
angiogenesis within the tumours, and upregulates GSC-like properties and anaerobic glucose
metabolism. C3G knock-down enhances migration/invasion of GBM cells through mechanisms that
depend on ERKs overactivation. In particular, FGF-2/FGFR1/ERKs cascade contributes to mediate this
enhanced invasion. In contrast, EGFR activity is downregulated in GBM cells with lower levels of C3G,
due to its reduced presence at the cell surface as a consequence of EGFR recycling inhibition.
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All the above referred effects of C3G downregulation (summarized in Figure D4)
suggest that C3G levels may be used in clinic. A novel prognostic GBM signature
could be generated to evaluate progression and to select an effective therapy, which
would include the quantification of C3G and Vimentin levels, ERKs activation and/or
the evaluation of the switching from EGFR to FGFR signalling, among others.
Nowadays, the use of C3G as a target for GBM treatment remains discouraged.
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RAPGEF1 mRNA levels are decreased in GBM samples from patients compared
to healthy brains. Additionally, high RAPGEF1 mRNA levels correlate with
proneural GBM molecular subtype, while low RAPGEF1 levels are associated to
classical and mesenchymal subtypes.

C3G protein levels are downregulated in human GBM cell lines compared to
human astrocytes, being C3G expression inversely correlated to Vimentin and
GFAP protein levels.

C3G silencing reduces adhesion, while enhances migration and invasion of U87,
12912D and HCO1D cells, by promoting the acquisition of a pro-mesenchymal
phenotype.

C3G depletion using CRISPR/Cas9 technology induces a pro-migratory
phenotype, decreases adhesion and increases invasion, mimicking the effect
observed upon C3G gene silencing.

Transient overexpression of C3G favours adhesion and decreases invasion. Its
effect on invasiveness is dependent on C3G GEF catalytic domain, CDC25H.
Overexpression of the constitutively active Rap1AV12 mutant decreases C3G
knock-down- induced invasion, having no major effects on adhesion.

In U87 and 12912D GBM cells, C3G silencing promotes in vitro foci formation
and the generation of larger tumours in in vivo heterotopic xenografts and in ovo
CAM assays. However, foci and tumours generated by C3G-silenced cells
present lower cell density and less proliferation.

CAM-derived tumours generated by C3G-silenced U87 cells present a higher
infiltration of myofibroblasts (identified by a-SMA staining) and blood vessels
(identified by MECA32 staining).

In HCO1D GBM cells, C3G knock-down decreases foci formation and reduces
cell density, generating multiple scattered cells and very small colonies.

p38a/B MAPK inhibition with SB203580 promotes adhesion and inhibits invasion
through a mechanism not dependent on C3G levels.

C3G downregulation induces ERKs hyperactivation in U87 and 12d12D cells.
C3G silencing-associated high motility is impaired by ERKs inhibition with
PD98059 in U87 and 12d12D cells.

In U87 cells, the higher foci formation induced by C3G silencing is significantly
reduced by ERKSs inhibition with PD98059, while PD98059 treatment only
decreases proliferation in non-silenced cells.

C3G knock-down decreases EGFR activation and downstream signalling, as well
as EGF-induced invasiveness by impairing EGFR localization at the plasma
membrane through inhibition of its recycling.

C3G downregulation differentially regulates multiple RTKs, upregulating the
phosphorylation of FGFR1 and other RTKs.

FGF-2, likely acting through FGFR1, promotes invasion via ERKs upregulation.
C3G silencing promotes the acquisition GSC-like properties.
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18. C3G knock-down promotes the use of glucose through anaerobic glycolysis by
increasing the activity of the last steps of the pathway, including LDH activity and
lactate release.

CONCLUDING REMARKS

C3G levels decrease in GBM, the most aggressive tumour of the CNS due to its
malignant nature and the lack of effective treatments. This C3G downregulation
induces a more mesenchymal phenotype and enhanced invasiveness of GBM cells.
Although proliferation is decreased by C3G silencing, it promotes in vitro foci
formation and in vivo tumour enlargement, facilitated by cell scattering. ERKs
hyperactivation is responsible for this phenotype. Furthermore, C3G downregulation
reduces cell surface EGFR by inhibiting its recycling, leading to attenuated EGFR
signalling and functionality. Conversely, the phosphorylation of other RTKs is
upregulated upon C3G silencing. The increased activity of FGFRA1, likely activated by
FGF-2, contributes to enhance invasion of GBM cells with C3G downregulation
through a mechanism mediated by ERKs overactivation.

Moving to the clinic, these mechanisms may contribute to define a novel GBM
signature associated to tumour progression and dissemination. It would include C3G
downregulation associated to Vimentin levels and FGFR1/ERKs activity upregulation,
among others. In addition, assessing C3G levels may discriminate, among GBM
patients, those likely responding to different RTK inhibition protocols. Hence, GBM
patients with tumours presenting low C3G expression might not respond to anti-EGFR
therapies.
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10.

11.

12.

13.

Los niveles del ARNm de RAPGEF1 estan disminuidos en muestras de GBM de
pacientes comparado con cerebro sano. Ademas, mayores niveles de C3G se
correlacionan con el subtipo molecular proneural de GBM, mientras que bajos
niveles estan asociados a los subtipos clasico y mesenquimal.

Los niveles proteicos de C3G disminuyen en las lineas celulares humanas de
GBM en comparacion con los astrocitos humanos, estando la expresion de C3G
inversamente relacionada con los niveles proteicos de Vimentina y GFAP.

El silenciamiento de C3G reduce la adhesion y aumenta la migracion/invasion
de células U87, 12912D y HCO1D, promoviendo la adquisicion de un fenotipo
pro-mesenquimal.

La deplecién de C3G mediante tecnologia CRISPR/Cas9 induce un fenotipo pro-
migratorio, disminuye la adhesion y aumenta la invasion, semejante al efecto
inducido por silenciamiento génico de C3G.

La sobreexpresion transitoria de C3G favorece la adhesion y disminuye la
invasion, siendo este ultimo efecto dependiente del dominio catalitico GEF de
C3G, CDC25H.

La sobreexpresion del mutante constitutivamente activo Rap1AV12 disminuye la
invasion inducida por el silenciamiento de C3G, no teniendo efecto sobre la
adhesion.

El silenciamiento de C3G en las células de GBM U87 y 12012D promueve la
formacién de focos in vitro y la generacién de tumores de mayor tamafio in vivo
en xenotransplantes heterotépicos y en ensayos CAM in ovo. Sin embargo,
tanto los focos como los tumores generados por las células con silenciamiento
de C3G tienen una menor densidad celular y proliferacion.

Los tumores generados en los ensayos CAM por las células U87 con
silenciamiento de C3G presentan una mayor infiltracion de miofibroblastos
(identificados mediante tinciéon de a-SMA) y vasos sanguineos (identificados
mediante tincion de MECA32).

En las células de GBM HCO1D, el silenciamiento de C3G disminuye la
formacién de focos y reduce la densidad celular, generando gran cantidad de
células dispersas y colonias muy pequenas.

La inhibicion de p38a/f MAPK con SB203580 promueve adhesién e inhibe la
invasion a través de un mecanismo independiente de C3G.

El silenciamiento de C3G induce una hiper-activacion de las ERKs en las células
U7y 12012D.

La alta motilidad de las células U87 y 12d12D asociada al silenciamiento de
C3G se reprime al inhibir a las ERKs con PD98059.

En las células U87, la alta capacidad de formacion de focos inducida por el
silenciamiento de C3G se reduce significativamente al inhibir a las ERKs con
PD98059, mientras que la proliferacion sélo disminuye en células no silenciadas
tratadas con PD98059.
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14. El silenciamiento de C3G disminuye la activacion y sefalizacion del EGFR, asi
como la invasion inducida por EGF, impidiendo la localizacién del EGFR en la
membrana plasmatica mediante la inhibicion de su reciclaje.

15. El silenciamiento de C3G regula de manera diferencial la activacion de multiples
RTKs, aumentando la activacion de FGFR1 y otros RTKs.

16. El FGF-2 actuando probablemente a través de FGFR1 promueve la invasion
incrementando la activacion de las ERKs.

17. El silenciamiento de C3G promueve la adquisicion de propiedades de tipo GSC.

18. El silenciamiento de C3G promueve el uso de glucosa mediante glucolisis
anaerobia, incrementando la actividad de sus ultimas etapas, incluyendo la
actividad de LDH vy liberacion de lactato.

CONCLUSIONES FINALES

Los niveles de C3G disminuyen en el GBM, considerado el tumor mas agresivo
del sistema nervioso central por su malignidad y la falta de tratamientos efectivos.
Esta disminucion de C3G induce un fenotipo mas mesenquimal y aumenta la
invasividad de las células de GBM. Aunque el silenciamiento de C3G disminuye la
proliferacion, promueve la formacién de focos in vitro y el aumento de tamafio de los
tumores in vivo, ambos facilitados por la alta capacidad de dispersion de estas
células. La hiper-activacion de las ERKs es responsable de este fenotipo. Ademas, la
disminuciéon de la expresion de C3G también reduce los niveles del EGFR en la
superficie celular mediante la inhibicion de su reciclaje, dando lugar a una atenuacion
de la sefializacion y funcionalidad del EGFR. Por el contrario, la fosforilacion de otros
RTKs aumenta por efecto del silenciamiento de C3G. El aumento de la actividad del
FGFR1, probablemente activado por el FGF-2, contribuye a aumentar la capacidad
invasiva de las células de GBM niveles bajos de C3G a través de un mecanismo
mediado por la sobre-activacion de las ERKs.

Respecto a su relevancia clinica, cabe destacar que estos mecanismos podrian
contribuir a definir una nueva firma asociada a la progresion tumoral y diseminacion
del GBM. Esta deberia incluir la regulacién negativa de C3G asociada al incremento
de los niveles de Vimentina y el aumento de la actividad de FGFR1/ERKs, entre
otros. Ademas, la determinacién de los niveles de C3G en pacientes de GBM podria
ayudar a discriminar aquellos con potencial para responder a distintas terapias
basadas en la inhibicion de RTKs. De esta manera, los pacientes con tumores que
presenten baja expresién de C3G, no responderian a tratamientos anti-EGFR.
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APPENDIXES

APPENDIX 1 — C3G knock-out using CRISPR/Cas9 technology:

Generation of U87-Cas9” cells and alteration in genomic DNA in
LG3 pool of cells

CAS9 PCR

us7

B us7 C us7
—_— Mw

+ Cas9 — +Cas9 (kDa) - +LG3

(pool)

250 bp = Cas9 9 1 -130 RAPGEF1 = = 250 bp
B.actin A— - 35 (ex7)

GAPDH PCR +

D
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+

+

= 250 bp

PAM sequence (NGG)

) | “‘
[l { _ |
(P ! | Dl
I k A ’ ‘ ‘ 1) AluA ’ Y «/Av l;““‘ A&‘)‘“\A&‘”M "A \ q \ i)l. ol

B Guanine (G) [l cytosine (C) [l Thymidine (T) [l Adenine () [} Undetermined

(A-B) Parental U87 cells were infected with lentiCas9-Blast lentiviral particles, generating U87-Cas9"
pool of cells. CAS9 gene incorporation in genomic DNA was detected by PCR using specific primers
(250 bp fragment) and GAPDH as a control (A) and Cas9 protein expression was checked by western
blot analysis using B-actin as a loading control (B). (C) PCR amplification of genomic region targeted by
pLentiguide-hC3G-KO-3 plasmid from exon 7 (ex7) of RAPGEF1 gene (250 bp), using GAPDH as a
control. (D) Sanger sequencing of the amplified sequence from RAPGEF1 gene (exon 7) and detection
of genomic alterations generated by Cas9 action guided by sgRNA-3, inserted in pLentiguide-hC3G-KO-

3 construct.
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APPENDIX 2 - C3G knock-out using CRISPR/Cas9 technology:
Generation of pLentiguide-hC3G-KO-#1/2/3/5 constructs

A B = Bsmbl cut site  ggmp) restriction site

10 kbp == 2
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BsmBl - + ]
digestion a
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b e \\/\« m
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M w% R
| \} \ \, “m \ }H\»\
l W T

B Guanine (G) [ cytosine (C) [l Thymidine (T) [l Adenine (A) [l Undetermined

(A) pLentiGuide-puro plasmid (from Addgene) was digested with BsmBI and the corresponding fragment
(around 8kb, marked in the figure by a blue square) was gel-extracted. (B) Sanger sequencing of
pLentiGuide-puro and pLentiGuide-puro-#1/2/3/5 constructs to detect the incorporation of the
corresponding sgRNA in each.
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APPENDIX 3 — C3G full-length (FL) overexpression: Generation of
PCDNA3-C3G-FL construct and overexpression in 293T cells

A
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&

(56 plasmid

(Zhou et al., 2019)

TCTATBGATTATAAAGATGATGATGATAAARGETCGGCCGCCAGETGEAGCCACCCTCAG

Flag-tag: DYKDDDDK Strep-tag: WSHPQFEK

AAGEGAGGAGTAAGCAECEEAGELAGCGEAGEAGGAAGLT GEAGLCACCLGLAG
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Sequence alignment
(Clustal Omega
Software)

(A) Amplification of RAPGEF1 sequence (around 3kb, marked in the figure by a blue square) from
PLTR2-C3G-FL plasmid by PCR using specific primers. (B) Digestion of modified pCDNA3 plasmid
(generated by Zhou et al., 2019) with BamHI and Xhol, generating the fragment of interest (around 6kb,
marked in the figure by a blue square). (C) Sequence alignment using Clustal Omega Software
comparing RAPGEF1 sequence and that inserted in pCDNA3-C3G-FL. Sequence from pCDNA3-C3G-
FL plasmid was determined by Sanger sequencing. Flag-tag (orange) and Strep-tag (purple) included in
pCDNAS3 are also indicated. (D) Western blot analysis of C3G and Flag, normalized to a-Tubulin, in 293T
cells transfected with pCDNA3-EV or pCDNA3-C3G-FL (around 140 kDa) constructs. Densitometric
quantification of C3G/a-Tubulin ratio is expressed as the fold increase of cells transfected with pPCDNA3-

EV plasmid.
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APPENDIX 4 — Overexpression of a C3G mutant lacking CDC25H
domain (C3G-ACat): Generation of pPCDNA3-C3G-ACat construct
and overexpression in 293T cells

A Mutation L815Stop insertion:

RAPGEF1 cDNA sequence in

cct acaa t accagaagaagctlctcd tgtgccacctcca
99 ggtgg 9 g g ggtatg PCDNA3-C3G-FL plasmid
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Frrrrerrrererrrrrrrrrrnd frorrrrerrrel
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RAPGEF1 cDNA sequence in
PCDNA3-C3G-FL plasmid
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TAG (primers) = Stop
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(A) Site-directed mutagenesis scheme generated by Quickchange Agilent software. This shows the
original sequence present in pCDNA-C3G-FL plasmid and the specific primers designed to insert
L815Stop mutation (purple square), in order to obtain pCDNA3-ACat plasmid to overexpress a C3G
mutant lacking CDC25H domain (ACat). (B) Sanger sequencing demonstrating the mutation
incorporation (purple square). (C) Western blot analysis of C3G and Flag, normalized to a-Tubulin, in
293T cells transfected with pCDNA3-EV or pCDNA3-C3G-ACat (around 105 kDa) constructs.
Endogenous C3G (140 kDa) is also detected. Densitometric quantification of C3G/a-Tubulin ratio is
expressed as the fold increase of cells transfected with pCDNA3-EV plasmid.
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APPENDIX 5 - Restriction maps of pCDNA3-FFSS plasmids:
pPCDNAS3-EV, pCDNA3-C3G-FL and pCDNA3-C3G-ACat
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(A-C) Restriction maps of pCDNA-EV (also named pCDNA-MCS empty) (A), pPCDNA3-C3G-FL (B) and
pCDNA3-C3G-ACat (C) plasmids, indicating the most relevant sites for restriction enzymes, F1 origin of
replication (purple), elements for Ampicillin resistance in bacteria (AmpR) (promoter and gene), T7
promoter and flag-flag-strep-strep (FFSS) tag sequence (green). BamHI and Xhol sites are highlighted
(red) because they are essential for the cloning protocol designed. In B and C, inserted RAPGEF1 cDNA
sequence is also indicated. Additionally, in C, L815Stop mutation (STOP) and the non-expressed fragment
are shown (orange). MCS: Multi-cloning site.
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APPENDIX 6 — Phosphorylation of RTKs using a proteome profiler
human phospho-RTK array
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APPENDIX 7 - Summary of ELDAs statistics, indicating the
statistical significance by comparison (chiq or x* and p value)
between the analysed groups and figure references to which they
correspond

Figure Group 1 Group 2 X2 DF | pvalue
39A (3517) U8(7;r1c)3e 00103 | 1 (()ng
398 (gfg) USZ;PQ(,:)SG 25.4 1 4.6(%1) o7
39C (gfg) uszsfé:)sc; 236 1 1,1(%1) 0¢
40A (;’317) (gfg) 538 | 1 0.(()3)04
408 U8(7psr10)3ca us(7psré:)3e 9.85 1 0'89)17

DF: Degree of Freedom

*p value <0.05, **p value <0.01, ***p value <0.001

ns: not significant (p value >0.05)
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APPENDIX 8A — Results from proteome-wide analysis: proteins
over-represented in parental U87 cells compared to U87shC3G
cells

ID Protein name Score Matches Fold | p
(gene) (peptides) change( )| value
ACTB Actin, cytoplasmic 1 228 24 1.3 >
ACTB Actin, cytoplasmic 1 177 15 1.2 >
ACTA Actin, aortic smooth 175 14 13 »
muscle
POTEE POTE ankyrin domain 109 9 13 x
family member E
Activator of 90 kDa heat
AHSA1 shock protein ATPase 100 6 1.2 >
homolog 1
POTEE POT_E ankyrin domain 89 6 12 »
family member E
RSSA 408 ribosomal protein SA 89 6 1.2 >
ACTBL Beta-actin-like protein 2 79 6 1.3 >
CATD Cathepsin D 79 6 1.3 >
Eukaryotic translation .
IFaH initiation factor 4H 62 3 15
ACTBL Beta-actin-like protein 2 51 8 1.2 >
TADBP ATQR DNA-binding protein 46 1 13 »
PGK1 Phosphoglycerate kinase 1 44 3 1.3 >
TBCA Xubulm-spemflc chaperone 43 3 13 »
COTL1 Coactosin-like protein 41 1 1.3 *
EFTU Elpngatlon _factor Tu, 41 2 13 »
mitochondrial
Eukaryotic translation -
EIF3G initiation factor 3 subunit G 41 3 13
NEH Neuroflla!ment heavy 38 3 15 .
polypeptide
Arf-GAP with SH3 domain,
Asap2 | ANKrepeatandPH 37 1 13 **
domain-containing protein
2
GLP2R Glucagon-like peptide 2 37 3 12 o
receptor
ENOA Alpha-enolase 36 2 1.3 >
Mediator of RNA
MED16 polymerase |l transcription 36 1 1.3 >
subunit 16
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CXCL5 C-X-C motif chemokine 5 35 1 1.5 *
CENPF Centromere protein F 34 1 1.3 >
PEX1 Peroxisome biogenesis 31 3 15 *
factor 1
Biorientation of
BD1L1 chromosomes in cell 29 3 15 *

division protein 1-like 1

Biorientation of
BD1L1 chromosomes in cell 28 3 1.2 **
division protein 1-like 1

Cathepsin D OS=Homo

CATD . 28 2 1.2 >
sapiens

02735 Olfactory receptor 2T35 28 2 1.3 >
Eukaryotic translation

4ET initiation factor 4E 27 1 1.5 *
transporter
Delta-1-pyrroline-5-

AL4pa1 | carboxylate 27 1 15 *
dehydrogenase,
mitochondrial

HCD2 3-hydroxyacyl-CoA 26 4 15 .
dehydrogenase type-2
Signal-induced

SIL3 proliferation-associated 1- 26 1 1.5 *
like protein 3

SOX5 Transcription factor SOX-5 26 1 15 *
Sodium/potassium-

AT1A4 transporting ATPase 22 2 1.2 >
subunit alpha-4

PTPRQ Phosphatidylinositol 20 1 192 -

phosphatase PTPRQ

RHBT3 Rho-r_elgted BTB_ domain- 20 1 13 »
containing protein 3

Mesoderm induction early

MIER1 . 17 1 1.5 *
response protein 1

ocTC Peroxisomal carnitine O- 16 1 192 -
octanoyltransferase

RBM46 Probgble RNA-binding 16 1 12 »
protein 46
Glutaredoxin-like protein »

YD286 C50r163 16 1 1.2

AGRF5 Adhesion G protein- 14 1 12 x
coupled receptor F5
Putative RNA-binding »

LC7L2 protein Luc7-like 2 14 ! 1.2

LIPB1 Liprin-beta-1 14 1 1.2 **
Succinate dehydrogenase

SDHF2 assembly factor 2, 14 1 1.2 **
mitochondrial

VATD V-type proton ATPase 14 1 192 o

subunit D
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(*) Fold change: levels detected in parental U87 cells vs. levels in U87shC3G.

APPENDIX 8B — Results from proteome-wide analysis: proteins
over-represented in U87shC3G cells compared to parental U87
cells

ID . Matches Fold p
Protein name Score . *
(gene) (peptides) | change value

LMNA Prelamin-A/C 213 22 1.4 *

PCBP1 Poly(rC)-binding protein 1 192 14 1.3 *

sTip1 | Stress-induced- 171 19 1.4 .
phosphoprotein 1

ALDOA Fructose-bisphosphate 147 9 13 *
aldolase A

CAPG Macrophage-capping 132 7 1.4 *
protein

TPIS Triosephosphate 126 7 1.2 o
isomerase

ACTB Actin, cytoplasmic 1 125 7 1.3 *

PGK1 Phosphoglycerate kinase 1 110 20 1.3 *

POTEE POTE ankyrin domain 83 4 13 .
family member E

POTEI POT_E ankyrin domain 74 3 13 .
family member |

ALDOA Fructose-bisphosphate 64 3 14 N
aldolase A

GALK1 Galactokinase 54 1 1.4 *
26S protease regulatory N

PRS10 subunit 10B 46 4 1.3

AIFM1 Apoptoss-mdycmg factor 43 2 14 .
1, mitochondrial
Arf-GAP with SH3 domain,

AsAp2 | ANKrepeatandPH 42 2 2.1 **
domain-containing protein
2

HNRDL I-.Ieterogeneous'nuclgar 42 5 14 .
ribonucleoprotein D-like

HNRPD Heterogeneous_nuclear 42 2 14 .
ribonucleoprotein DO

cc1gy | Colled-coil domain- 41 1 13 *
containing protein 181
Transcriptional repressor N

CTCFL CTCEL 41 1 1.3

ENOA Alpha-enolase 41 1 1.3 *
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ISK5 Serine protease inhibitor 41 1 13 .
Kazal-type 5

PERI Peripherin 41 1 1.3 *

KPYM Pyruvate kinase PKM 40 3 1.4 *

HSPB1 Heat shock protein beta-1 37 3 1.2 >
Sushi, nidogen and EGF-

SNED1 like domain-containing 37 1 21 >
protein 1
Ankyrin repeat and MYND

ANKY?2 domain-containing protein 36 2 1.4 *
2

MAK16 Protein MAK16 homolog 36 2 1.4 *

AIFM1 Apoptosis-indgcing factor 35 1 13 *
1, mitochondrial

ALDOA Fructose-bisphosphate 35 5 13 N
aldolase A

FMN1 Formin-1 35 1 1.3 *

MA7D3 MAP? domain-containing 34 5 13 .
protein 3
Beta-actin-like protein 2

ACTBL OS=Homo sapiens 33 3 1.3 *
GN=ACTBL2 PE=1 SV=2

QRIC2 Glutamine-rich protein 2 33 1 21 >

ERI1 3'-5' exoribonuclease 1 31 1 14 *

ccpce | Coiled-coil domain- 30 1 14 .
containing protein 6
26S proteasome non-

PSD13 ATPase regulatory subunit 30 1 1.4 *
13
Cytochrome b-c1 complex .

QCR2 subunit 2, mitochondrial 30 2 1.3

CRK Adapter molecule crk 29 1 21 >

PPR36 Protein phosphat.ase 1 29 1 21 x
regulatory subunit 36

RGSL R_egulgtor of G-.pro.tem 29 1 13 *
signalling protein-like

RGSL Regulgtor of G-.pro.teln 29 1 14 .
signalling protein-like
Transitional endoplasmic .

TERA reticulum ATPase 29 ! 14

ALDOC Fructose-bisphosphate 28 2 13 *
aldolase C

APOP1 Apoptogenl'c protein 1, 28 1 13 *
mitochondrial

ENOA Alpha-enolase 28 3 1.3 *

RADS50 DNA repair protein RAD50 28 2 1.3 *

FANCB Fancpni anemia group B 27 1 13 .
protein
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SPIN3 Spindlin-3 27 1.3 *

DOCK6 Dedigator of cytokinesis 24 12 *x
protein 6

ARI4B AT-rlc_hllnteractl\_/e domain- 23 13 *
containing protein 4B
Probable ATP-dependent *

DDX53 RNA helicase DDX53 23 13

FACR1 Fatty acyl-CoA reductase 1 23 1.3 *

GSTP1 Slutathione S-transferase 23 2.1 .

NSF Vesicle-fusing ATPase 23 1.3 *

PLXC1 Plexin-C1 23 1.3 *

RFIP3 Rab1_1 family-interacting 23 12 .
protein 3

RFIP3 Rab1'1 family-interacting 23 13 .
protein 3

RFIP3 Rab1_1 family-interacting 21 21 -
protein 3
Serine/threonine-protein .

RIOK3 kinase RIO3 21 1.2
Sodium/potassium-

AT1A4 transporting ATPase 20 1.4 *
subunit alpha-4

CTRO C_|tron Rho-interacting 20 13 *
kinase

ERO1A ERO1-like protein alpha 20 1.3 *
Calcium/calmodulin-

KCC4 dependent protein kinase 20 21 >
type IV

Z518B Zinc finger protein 518B 20 21 >
Galactosylgalactosylxylosyl

B3GA2 protein 3-beta- 19 21 >
glucuronosyltransferase 2

DEN1C DENI_\I domain-containing 19 13 *
protein 1C

CO6A3 Collagen alpha-3(VI) chain 18 1.4 *
Junctional protein

JCAD associated with coronary 17 1.2 >
artery disease
Coiled-coil domain- -

C102A containing protein 102A O 16 1.2

MINT Msx2-interacting protein 16 14 *
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(*) Fold change: levels detected in U87shC3G cells vs. levels in parental U87 cells.
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