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Palladin Regulates Invasion in Glioblastoma Multiforme

Through Rho GTPases

Mohammad Farran

ABSTRACT

Glioblastoma multiforme (GBM), is one of the most fatal types of human cancers. GBM
tumors exhibit significant heterogeneity and can arise through two distinct routes,
forming what is known as primary glioblastoma and secondary glioblastoma. Palladin is
a fairly recent protein that plays an important role in regulating actin and has been
implicated in numerous cellular processes like adhesion, motility, invasion, and
metastasis. Changes in palladin expression have also been observed in invasive tumors
like breast and pancreatic cancer. In this study, we showed that palladin regulates the
invasion of glioblastoma cells by affecting invadopodia formation. We also highlighted
cross talks between palladin and Rho GTPases like Cdc42 and Racl that are also
implicated in GBM invasion. This paper offers interesting insights into the role of
palladin and Rho GTPases in the complex networks that drive the formation of

invadopodia in glioblastoma multiforme, leading to invasion and subsequent metastasis.

Keywords: Glioblastoma, Palladin, Cell invasion, Invadopodia, Rho GTPases, Cdc42,

RhoC, Racl
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Chapter 1

Literature Review

1.1 Cancer

1.1.1 Cancer overview

Cancer might be the most infamous disease of the 21st century. Cancer incidents
have been increasing remarkably with time due to our ever-changing lifestyles and
climate. Till present day, cancer is the second leading cause of death worldwide with
1,762,450 estimated new cases in 2019 in the USA alone. (Siegel et al., 2019) But what
is this disease and what makes it this deadly?

Cancer, briefly, is uncontrolled cell division and proliferation. It has the potential
to develop in almost any organ or structure in the body and fails to stop growing. Cancer
cells also have the ability to metastasize from one location to another furthermore making
it more dangerous and harder to cure. (Ps & Bj, 2016) The most important aspect of cancer
is that it can overcome the body’s immune response generated against it and that’s why
immunocompromised people are at higher risk of developing this disease. (Ps & Bj, 2016)
1.1.2 Development and Classification of Cancer

Our normal body cells regenerate through a tightly controlled cycle called cell
division. Cancer arises when cells bypass the regulated cell division leading to
uncontrolled cell growth and multiplication eventually forming a lump of tissue, called a

tumor. (What Is Cancer?, 2007) Note that not all tumors are cancerous though. The



currently accepted distinction between non-cancerous, or benign, tumors and cancerous,
or malignant, tumors is that malignant tumors have the ability to spread across the body
and form new secondary tumors through a process called metastasis. Benign tumors on
the other hand are not metastatic and even cannot regrow upon removal. (What Is Cancer?,
2007)

Cancer, essentially, is a genetic disease and different groups of genes play a role
in carcinogenesis. First, there are the proto-oncogenes that are key regulators of normal
cell division; mutations that affect their function will increase cell growth and
multiplication which is a critical step in the development of cancer. (Kontomanolis et al.,
2020) Tumor-suppressor genes come in second. These genes, when active, prevent cancer
cells from proliferating and thus protect the tissue from abnormal growth, or neoplasia.
Similar to proto-oncogenes, when tumor-suppressor genes acquire mutations that affect
their activity, they release the suppression on uncontrolled cell division leading to cancer.
(Kontomanolis et al., 2020) DNA-repair genes also play a role in carcinogenesis. The role
of these genes is to repair DNA damage across our genome which makes them key
elements in cancer development since cancer cells are known to exhibit significant
chromosomal mutations and aberrations. (Ronen & Glickman, 2001)

Tissues undergo numerous non-cancerous changes before they develop into full-
blown cancer. A tissue can develop hyperplasia when its cells divide more than usual
causing a build-up, but the normal cell morphology and tissue organization are
maintained. (Evolution of a Cancer, n.d.) Tissues can also acquire a more Serious
transformation called dysplasia. In addition to the cellular build-up that is seen in
hyperplasia, in dysplasia, the cell morphology and tissues organization also appear to be

abnormal. (What Is Cancer?, 2007) After dysplasia, tissues could develop into a

2



carcinoma in situ which is arguably considered a cancer but the abnormal cells are still
constricted within their layer of origin and have not yet invaded the underlying tissue.

(Evolution of a Cancer, n.d.; What Is Cancer?, 2007)

Carcinoma
Normal ———— Hyperplasia —— Dysplasia ——  jnsitu 2 — Cancer

********** i
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[.].]
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Figure 1. Stages of Cancer Development. (Created with BioRender.com )

1.1.3 Hallmarks of Cancer

In an attempt to describe cancer as a collection of characteristics, Hanahan et al
developed the famous six hallmarks of cancer that promote the progression of cells from
normal to neoplastic states and that are namely: “Sustaining Proliferative Signaling,
Evading Growth Suppressors, Resisting Cell Death, Enabling Replicative Immortality,
Inducing Angiogenesis, and Activating Invasion and Metastasis.” (Hanahan & Weinberg,
2000)

In the following decade, the field of cancer research witnessed significant progress
in cancer characterization and conceptualization. This drove Hanahan et al to refine their

original list of the six hallmarks of cancer by adding two additional global hallmarks



which are: Energy Metabolism Reprogramming and the Evasion of Immune Destruction.
(Hanahan & Weinberg, 2011)

Given the complexity and heterogeneity of cancer, the “Hallmarks of Cancer”
offera valuable reference through which we can generalize the definition of cancer to help

us better understand its development and to fine-tune the way we therapeutically target it.

Avoiding Tumor-
immune promoting
destruction inflammation
i ‘ Genome
Deregljlullatlng .\ 9‘. instability &
camie o @58 |
energetics Q ¥ W mutation

Sustained l—» Y &> | & Enablin
proliferative ]]]]]IU]I (- g @ — & replicative
signaling (- . immortality
o % 48 -
tece 0.@®)
‘ < B .13
Evading .
growth Resisting
Suppressors cell death

Inducing Activating
angiogenesis invasion and
metastasis

Figure 2. The Hallmarks of Cancer. (Created with BioRender.com )

1.2 Glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most frequent tumor of the central
nervous system and the most malignant. First recorded back in 1800, it is now graded by

the World Health Organization as a grade IV CNS tumor and described as one of the



most fatal cancers as it has a very poor prognosis and a bad overall survival rate.

(Stoyanov et al., 2018; Tykocki & Eltayeb, 2018)

After extensive research concerning Glioblastoma, the “multiforme” aspect of it
became very clear as GBM tumors exhibit significant heterogeneity involving diverse
unique subclones, each with its own genetic and epigenetic profile that can affect the
overall survival of the patient and how the tumor responds to therapy. (Stoyanov et al.,

2018)

Not only that, but it has also been shown that GBM can arise through two
distinct routes, forming what is known as primary glioblastoma and secondary
glioblastoma. Primary glioblastoma is the most common type of GBM, and it arises
when a specific triggering mutation affects a neural stem cell precursor forming a GBM
stem cell that gives rise and sustains a GBM tumor without a prior established neoplasia.
(Ohgaki & Kleihues, 2013) Secondary glioblastoma, on the other hand, forms as a series
of aggregated mutations affecting initial less malignant astrocytomas, leading to the
formation of GBM tumors with distinctive isocitrate dehydrogenase 1 (IDH1) mutations.
Genetic screening for these IDH1 mutations allows the early distinction between
primary and secondary glioblastomas, which is important since these two types of
glioblastomas differ in multiple aspects like localization, the extent of necrosis, patient

age group, and prognosis. (Ohgaki & Kleihues, 2013)

Due to its unique tissue composition and the presence of the blood-brain barrier,
the brain offers a unique favorable microenvironment for glioblastoma which as a result

rarely metastasizes out of the brain. Not only that, but this microenvironment encourages



other tumors in the body to metastasize into the brain, mainly breast and lung cancers,

and melanoma. (Lah et al., 2020)

The standard of care for glioblastoma multiforme is surgical excision of the
tumor followed by chemoradiotherapy; this approach, however, is proving futile in
significantly improving the progression-free and overall survival of patients. Thus,
scientists are shifting their focus to the field of targeted therapeutics whereby therapy is

stratified according to each tumor’s unique molecular biomarkers and genetic/epigenetic

profile, as well as targeting the tumor microenvironment. (Le Rhun et al., 2019)

1.3 Cell invasion

Cancer cell invasion is a key process in metastasis as it allows cancer cells to
penetrate neighboring tissue and even migrate to the blood (in a process called
intravasation) where they circulate and can act as seeds to form secondary tumors at
distant sites in the body. (Gerashchenko et al., 2019) This process is of the utmost
importance to scientists and is a significant therapeutic target that, if inhibited, can
decrease the severity of cancer and lead to a better prognosis. In the case of
Glioblastoma, the tumor rarely ever metastasizes outside of the brain but greatly invades
and damages the local tissue. This happens when glioblastoma cells start disseminating
from the tumor into the perivascular spaces that surround the vasculature of the brain to
sustain tumor growth. This process is called “Vessel Co-option” whereby the tumor cells
utilize pre-existing blood vessels instead of forming new ones. In some rare cases, the
tumor cells can breach the blood-brain barrier and reach circulation to metastasize.

(Guyon et al., 2021)
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Figure 3. Glioblastoma Invasion. (Source: Guyon, 2021)

1.3.1 Invadopodia

Cancer cells are dynamic by nature which allows them to form a wide array of
cellular protrusions that facilitate their migration and invasion; these structures are namely
filopodia, lamellipodia, podosomes, and finally invadopodia, which are the focus of this
paper. (Alblazi & Siar, 2015) While lamellipodia and filopodia are structural protrusions
that aid in commanding the directionality of migrating cells, podosomes and invadopodia
play a more catalytic role in cell invasion. Still, there are many differences between
podosomes and invadopodia, which are mainly that podosomes can be present in normal

cells and are short-lived and non-protrusive while invadopodia are long-lived protrusive

structures that are exclusive to migrating cancer cells. (Eddy et al., 2017)

As mentioned before, invadopodia are long-lived stable protrusions that can last
hours with a length of up to 2um and a diameter ranging from 0.05 to 0.8um. Composition
wise, the most important feature of invadopodia is an F-actin rich core and a matrix-

degradingability that proteolyzes the ECM. (Alblazi & Siar, 2015) There is so much more



that goes into the structure and function of invadopodia, these include molecules like:
actin regulatory proteins such as WASP and Arp2/3 along with upstream regulators like
Cdc42 and cofilin, protein adhesion molecules like Bl integrins, membrane signaling
proteins like focal adhesion kinase, and matrix degradation enzymes such as MMPs.
(Augoff et al., 2020) Relevant to this paper are also TKS4 and TKS5 which are
scaffolding proteins that are substrates of the SRC tyrosine kinase and are necessary for
invadopodia formation and function. Both TKS proteins are key elements in mediating

metastasis and can serve as markers for invadopodia in cancer cells. (Kudlik et al., 2020)

1.3.2 Invadopodia assembly

Invadopodia assemble in a series of three discrete yet complex stages which are:
precursor core initiation, core stabilization, and invadopodia maturation. Invadopodia
formation can be initiated by many events, such as stimulation from growth factors and

signals from the ECM. (Eddy et al., 2017)

The initiation process involves the recruitment of WASP and cofilin to an actin-
cortactin complex which drives actin polymerization and invadopodia protrusion. The
activation of an Arp2/3 complex is also necessary for actin nucleation during the initiation
phase. (Augoffet al., 2020) This leads to the formation of a precursor core that is however
still unstable and thus needs stabilization. During the stabilization phase, TKS5 anchors
the precursor core to the plasma membrane by binding to P1(3,4)P2 while Lamellipodin
recruits a Mena-Arg-SHIP2 complex that produces more PI(3,4)P2 for TKS5 to bind to.
This allows TKS5 to anchor the precursor core more steadily to the plasma membrane,

thereby stabilizing it. (Eddy et al., 2017) At last, invadopodia maturation happens when



the stable core drives actin polymerization allowing the protrusion to elongate more.
Mature invadopodia can now recruit proteolytic proteins like MMPs which lead to ECM

degradation and subsequent cancer cell invasion and metastasis. (Augoff et al., 2020)

1.4 The Rho Family of small GTPases

1.4.1 Overview

The family of Rho GTPases encompasses 20 low molecular weight proteins that
can be classified into 8 subfamilies, and which are part of the Ras superfamily of proteins.
Rho GTPases are highly conserved among all eukaryotic cells and, by far, Rho, Rac, and

Cdc42 are the best studied proteins out of the Rho GTPases family. (Hall, 2012)

The Rho family of GTPases have been shown to be key components of a wide
variety of cellular processes like cytoskeletal rearrangement, cell adhesion and spreading,
cell migration, morphogenesis, cell cycle, gene expression... among many others.
Accordingly, abnormal changes in Rho GTPase function are implicated in diseases like

cancer and inflammation. (Hodge & Ridley, 2016)

Rho GTPases can also be classified into two categories, typical and atypical,
depending on their mode of regulation and activity. Typical Rho GTPases like Rho,
RhoF/RhoD, Cdc42, and Rac function as molecular switches as they alternate between a
GDP-bound inactive form and a GTP-bound active form. Atypical Rho GTPases, like
RhoBTB, are mostly bound to GTP and thus their activity is regulated by mechanisms

other than molecular switching like post-translational modifications. (Haga & Ridley,

2016)



RhoV RhoU
(Chp)  (Wrch-1)

RhoBTB1

RhoQ
(TC10)

Cdc42 RhoBTB2

Rac2

Rac1
Rac3

RhoG

DA (RhoE
Rnd2

Figure 4. Human Rho Family of GTPases. (Source: Ridley, 2013)

1.4.2 Rho GTPases as molecular switches

As mentioned earlier, most Rho GTPases function as molecular switches
alternating betweenactive and inactive states by binding GTP and GDP, respectively. This
switching is mediated by 3 groups of regulators which are: GTPase-activating proteins
(GAPs), guanine exchange factors (GEFs), and guanine dissociation inhibitors (GDIs).

(Hodge & Ridley, 2016)

The GEFs are considered the activators of typical Rho GTPases and they work by
facilitating the release of the GDP molecule from the inactive GDP-bound GTPase and
replacing it with a GTP molecule, thus shifting the GTPase into an active GTP-bound
form. On the other hand, GAPs function as Rho GTPase inhibitors. GAPs work by

catalyzing the hydrolysis of the GTP molecule in the active GTP-bound GTPases by

10



activating their intrinsic GTPase activity and shifting them into inactive GDP-bound
states. GDIsalso control the molecular switching by binding the inactive GDP-bound Rho
GTPases, sequestering them in the cytosol, and preventing them from reaching the plasma
membrane which is the site of their activation by GEFs and where they perform their

function. (Haga & Ridley, 2016)

Note that the Rho GTPase GAPs, GEFs, and GDIs are themselves also regulated
by multiple mechanisms which further highlights the complexity of the Rho GTPase
signaling network. This also justifies how often this network is altered and mutated in
diseases like cancer that rely on the multiple processes that Rho GTPases are involved in

to facilitate invasion and metastasis. (Hodge & Ridley, 2016)

1.4.3 Upstream signaling of Rho GTPases

Rho GTPases have been shown to be activated by numerous extracellular stimuli
that affect the receptors present on the cell’s plasma membrane. Mainly, these
extracellular stimuli regulate Rho GTPase activity inside the cells through 3 main types
of receptors that are: G-protein coupled receptors (GPCRs), Receptor Tyrosine Kinases

(RTKSs), and Integrins. (Hanna & EI-Sibai, 2013; Kjgller & Hall, 1999)

GPCRs were the first to be identified as receptors involved in Rho GTPase
activation. Lysophosphatidic acid (LPA) is a ligand that when bound to GPCRs, activates
them, and subsequently leads to the activation of Rho through the Ga subunit-mediated
activation of Rho GEF. Rac and Cdc42 have also been shown to be activated by GPCRs
through receptor agonists like Bombesin and Bradykinin, respectively. (Kjgller & Hall,

1999)

11



Receptor Tyrosine Kinases also play a very important role in the activation of Rho
GTPases, mainly through the PI3K pathway. Activation of RTKs by growth factors like
EGF and PDGF leads to an activation cascade whereby PI3K activates Rho and Rac
through the activation of their GEFs. Note that the mentioned PI13K-mediated activation
of the GEFs is less of a direct catalytic activation and more of a regulation of the

intracellular localization of the GEFs through their PH domain. (Hanna & EI-Sibai, 2013)

Rho GTPase activity can also be regulated by integrin-mediated cell-ECM
interaction mainly through the activation of a downstream effector called the focal
adhesion kinase (FAK). FAK activates Rac by activating proteins that form complexes

between Rac and its GEFs, and inhibits RhoA by activating a RhoA GAP. (Hanna & El-

Sibai, 2013; Kjgller & Hall, 1999)

1.4.4 Downstream effectors of Rho GTPases

There are more than 100 downstream targets for Rho GTPases most of which are
kinases and adaptor and scaffolding proteins. Rho GTPases can bind up to 30 proteins
which highlights how each Rho GTPase is involved in many different signaling pathways

and not just a single one. (Kjoller & Hall, 1999)

Rho GTPases are involved in a wide array of functions among which is, most
importantly, the regulation of actin polymerization. After a series of independent
experiments, it became clear how each Rho GTPase performs a specific function that
involves actin polymerization through their downstream effectors. (Bishop & Hall, 2000)
Mainly, Rho is responsible for actomyosin formation and contractility, formation of stress

fibers, and focal adhesions through the action of its downstream effector ROCK. It’s also

12



involved in cytoskeletal remodeling through the ezrin—radixin—-moesin proteins.
Moreover, Rac and Cdc42 are responsible for lamellipodia and filopodia formation,

respectively, through a family of scaffolding proteins called WASP/SCAR/WAVE and

the downstream effector PAK. (Hanna & EI-Sibai, 2013)

Rho GTPases also play a big role in cell motility. As mentioned earlier, Rac and
Cdc42 are responsible for lamellipodia and filopodia formation through N-WASP and
Arp2/3 respectively. These structures aid in cell polarity, cell directionality, chemotaxis,

and subsequent cell motility. (Hanna & EI-Sibai, 2013)

Just like Rho GTPases can be activated through adhesions to the ECM, this
activation in turn plays a downstream role in adhesion formation. Active Rac activates
PAK which in turn forms focal complexes at the cell’s leading lamellipodium; these focal
complexes mature into focal adhesions which strengthen the cell-ECM adhesion and gives

the cells contractility. (Hanna & EI-Sibai, 2013)

Itis important to highlight again here that Rho GTPases donot function in discreet
separate downstream pathways and there is a lot of crosstalk that happens between the
different Rho GTPases. Rho GTPases can share the same downstream effector molecules
and can either function synergistically or antagonize each other just like we see with Rho

and Rac whereby whenever one of them is active, it inactivates the other. (Guilluy et al.,

2011)

1.4.5 Rho GTPases in cancer cell invasion and metastasis

For the longest time, Rho GTPases were thought not to be mutated in human
cancers but now, increasing evidence is proving otherwise. Constitutively active Rho

13



GTPases can transform normal fibroblasts; Not only that, but the Rho GTPases Rho A,
Racl, and Cdc42 are either mutated and/or overexpressed in numerous different types of
human tumors like melanomas, breast cancer, gastric cancer, liver cancer... etc. and this
disruption plays an important role in cancer invasion and metastasis. (Haga & Ridley,

2016; Sahai & Marshall, 2002)

RhoA controls cell migration and the actin cytoskeleton through the action of
ROCK1 and ROCK2 proteins. The depletion of RhoA in breast and prostate cancer cells
made the cells more elongated, increased lamellipodia formation, and enhanced the

invasiveness of the cells. (Ridley, 2013)

RhoC promotes the formation of invadopodiain cancer cells, which are proteolytic
actin rich protrusions that degrade the ECM. Accordingly, RhoC was proven to increase
the invasiveness of prostate and breast cancer cells through a specific downstream effector

called Formin-like Protein 3 (FMNL3). (Haga & Ridley, 2016; Ridley, 2013)

RhoB increases cell adhesion to the ECM through 1 focal adhesions,
subsequently preventing cell migration. This explains why RhoB tends to be
downregulated in cancer cells and how its overexpression decreases cancer cell migration

and invasion. (Haga & Ridley, 2016; Ridley, 2013)

Racl tends to be overexpressed in multiple tumor types like colorectal cancer,
breast cancer, and lung cancer. This is of particular importance since active Racl can

transform normal epithelial cells and activate the epithelial-to-mesenchymal transition

(EMT) which is a key process in cancer invasion and metastasis. (Haga & Ridley, 2016)
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Cdc42 has an important role in increasing cancer cell invasion in two ways:
increasing the formation of invadopodia and increasing the activation and production of

MMPs. Cdc42 activation also plays a role in EMT, amoeboid migration, and collective

cancer cell migration behind fibroblasts. (Stengel & Zheng, 2011)

1.5 Rho GTPases in glioblastoma

The Rho protein has multiple isofroms including RhoA, RhoB, RhoC, and RhoG,
each of which is regulated differently in glioblastoma and works through different
effectors. In accord with the previously mentioned roles of each isoform, RhoA and
RhoB expression decreases while RhoC tends to be over overexpressed in the high-

grade glioblastoma. (Al-Koussa et al., 2020)

ROCK and mDia are key effector proteins downstream of RhoA. The
knockdown of mDia and ROCK decreases glioblastoma cell migration and motility. The
inhibition of FAK, another RhoA effector, inhibits glioma cell migration. (Al-Koussa et
al., 2020; Kwiatkowska & Symons, 2020) Since active RhoB increases B1 integrins that
interact with the ECM, the depletion of RhoB in glioblastoma cells increases invasion
and motility. (Baldwin et al., 2008) Another study on glioblastoma cells showed that the
knockdown of RhoC significantly increased cell migration, leading to a migration rate

that is faster than what is seen with RhoA and RhoB knockdowns. (Tseliou et al., 2016)

Racl is overexpressed at the mRNA and protein levels and shows increased
activation in high-grade glioblastoma tumors. (Kwiatkowska & Symons, 2020) The
depletion of Racl and Rac3 leads to a significant decrease in glioblastoma cell invasion,

but only Racl knockdown inhibits cell motility too. (Chan et al., 2005, p. 3) RhoG is a
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Rho GTPase that belongs to the Rac subfamily and is responsible for cancer cell
invasion and migration. In glioblastoma cells, RhoG increases invadopodia formation

and its knockdown inhibits glioma cell invasion. (Kwiatkowska et al., 2012)

Cdc42 plays similar roles to Racl in GBM in terms of invasion and migration
due to shared domains, GEFs, and subcellular localization. (Al-Koussa et al., 2020) The
overexpression of Cdc42 increases the invasiveness of glioblastoma cells in vivo. Cdc42
also plays a role in a clinical radiotherapy complication in GBM termed “X-ray
promoted invasion” whereby the radiation conversely increases the invasiveness of the
tumor. (Okura etal., 2016, p. 42; Xiong et al., 2017) Interestingly, Cdc42 was found to
increase the formation of newly discovered invasive structures called flectopodia that

turn pericytes in the tumor microenvironment into tumor-promoting cells. (Caspani et

al., 2014)

1.6 Palladin

1.6.1 Structure and role

Palladin was first described by two independent research groups: the Otey lab in
the year 2000 and the Carpen lab in 2001. (Mykké&nen et al., 2001; Parast & Otey, 2000)
Palladin belongs to the family of myotilin-myopalladin-palladin proteins and is highly
conserved among vertebrates as well as present in many developing and mature tissues.
This protein family is characterized by the presence of multiple copies of an Ig-like
domain. Palladin has multiple isoforms originating from the PALLD gene; these isoforms
differ by tissue distribution and the copy number of the distinctive Ig-like domain in their

structure. (Beck et al., 2013; S. M. Goicoechea et al., 2008) Palladin also has proline-rich
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regions called PR1 and PR2 which bind to a wide array of proteins that regulate actin
dynamics and cytoskeletal rearrangement. (Najm & El-Sibai, 2014) Recently, there has
been increased interest in palladin in the context of cancer due to its involvement in many
pathways that affect the actin cytoskeleton, in addition to findings that showed the
expression of different palladin isoforms in HelLa cells and tumor-associated fibroblasts.

(S. M. Goicoechea et al., 2008)

The main role of palladin is to bind F-actin and crosslink the actin filaments to
form actin bundles through its actin-binding Ig-like domain Ig3. (Beck et al., 2013)
Palladin also acts as a cytoskeletal molecular scaffold as it binds toa wide array of actin-
binding proteins that regulate actin dynamics. Palladin binds an actin cross-linking protein
called a-actinin which is a key regulator of cell adhesions, whether they are cell-cell or
cell-ECM interactions. a-actinin was also shown to be upregulated in metastatic cancer
cells. (S. M. Goicoechea et al., 2008) Palladin also binds an actin-associated scaffold
called ezrin which was shown to play a role in cancer cell metastasis. (Curto &
McClatchey, 2004) Moreover, palladin controls the cytoskeletal rearrangements

downstream of Src that are involved in podosome formation. (M. Ronty et al., 2007)

Increasing evidence is highlighting the role of palladin in cell motility due to the
effect it has on the actin cytoskeleton and subsequently the cell motility and contractility.
Studieson cultured fibroblasts show that the knockdown of palladin produces a wide array
of defects in actin dynamics, cellular adhesion to the ECM, integrin stability, and cell
motility. (Liu et al., 2007) The knockdown of palladin in fibroblasts also leads to cell

rounding due to the loss of focal adhesions and actin stress fibers. (Parast & Otey, 2000)
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Palladin was also shown to localize to focal adhesions in osteoblasts to mediate their

adhesion and migration. (Lai et al., 2006)

Common palladin Isoforms Palladin family members
PALL D gene Myopalladin
\ =3 Palladin
other isoforms
alternative splicing
% Myotilin
=S¢ e G SR G =TT T
90 kDa 200 kD
. -IgC2 Immunoglubulin C2 type domain

- «PR1 Prodine-rich region 1
. -PR2 Proline-rich region 2

140 kDa

Figure 5. Palladin Isoforms and Family Members. (Source: Najm & El-Sibai, 2014)

1.6.2 Palladin in cancer

Since the role of palladin in regulating the actin cytoskeleton as well as cell
adhesion and motility has been established by now, one can suspect palladin to be
involved in cancer cell invasion and metastasis as well. Gene expression analysis
conducted by Ryu et al showed that the gene coding for palladin is present in a cluster of
genes that is responsible for pancreatic and colorectal cancer invasion. (Ryu et al., 2001)
Moreover, Wang et al conducted microarray analysis on human breast cancer tumors and
showed that palladin is overexpressed up to 3-fold in the migrating invasive cells. (Wang

et al., 2004)

Palladin was of extreme interest during the studies concerning “Family X, which
is a family that suffered from strangely high incidence of pancreatic cancer. A palladin
mutation was present exclusively in the family members with pancreatic cancer and

palladin was highly expressed in the sporadic pancreatic tumors. (Pogue-Geile et al.,

2006)
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As mentioned before, palladin promotes the formation of podosomes which are
invasive structures in cancer cells. The depletion of palladin in invasive breast cancer cells
attenuated the formation of podosomes and decreased the invasion of these cells. (S. M.
Goicoechea et al., 2009) Palladin is also highly expressed in cancer-associated fibroblasts
(CAFs) that surround many aggressive tumors like pancreatic and breast cancer, thereby
activating them to promote tumor invasiveness. (M. J. Ronty et al., 2006) In addition,
some palladin binding proteins like Eps8 and ezrin are highly expressed in invasive tumors
like pancreatic and breast cancer as well as metastatic tumor cells. (Akisawa et al., 1999;

Welsch et al., 2007)

1.7 Palladin crosstalk with Rho GTPases

Since Palladin and Rho GTPases appear to be involved in the same processes
within the cell like actin cytoskeleton rearrangement, cell adhesion, and cell motility, it is

speculated that there must be crosstalk between the two to perform these functions.

In a study performed by Brentnall et al, palladin overexpression activated human
dermal fibroblasts, transforming them into myofibroblasts which are more invasive and
contractile. This process is probably mediated by Rho signaling since the level of RhoA
almost doubled in the palladin-overexpressing cells. (Brentnall et al.,, 2012) The
knockdown of palladin in mouse embryonic fibroblasts prevented stress fiber formation
which is also a phenotype that we see when Rho signaling is inhibited. Palladin
knockdown also increases the phosphorylation of cofilin, which is a downstream effector
of Rho. (Liu et al., 2007) Moreover, Rho signaling appears to affect the subcellular
localization of palladin since palladin has been shown to relocate to the nucleus upon the

inhibition of Rho by cAMP. (Niedenberger et al., 2014)
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Palladin also seems to affect Rac activation and signaling. As previously
mentioned, palladin increases podosome formation through binding the protein Eps8 that
is known to regulate the Rac activity within the cell. Goicoechea et al performed a study
which showed that the activation of Rac significantly decreased in HeLa cells where

palladin was knocked down. (S. Goicoechea et al., 2006, p. 8)

Now that palladin was shown to affect Rac activation, and since Racl and Cdc42
tend to have similar roles and upstream regulators as well as regulate similar pathways in
cells, palladin might affect Cdc42 regulation after all. Cdc42 is known to increase
invadopodia formation in CAFs upon PMA treatment; Accordingly, the knockdown of

palladin in CAFs reduced the activity of Cdc42 by more than 60% as well as reduced

invadopodia formation. (S. Goicoechea et al., 2014)

1.8 Purpose of this study

The aim of this study is to investigate the role of palladin in the invasion of
Glioblastoma multiforme (GBM) through invadopodia formation. Also, based on
sufficient data that suggest crosstalk between palladin and Rho GTPases in cellular
processes like cell invasion, motility, and adhesion in different types of cells, we sought
to investigate how palladin and Rho GTPases can work together to promote GBM
invasion through invadopodia. This was done mainly through analyzing the localization
of TKS4 and TKS5 which are invadopodia markers, as well as studying the expression
and activation of Rho GTPases like Cdc42 and Racl in GBM cell lines upon changing

palladin expression.
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Chapter 2

Materials and Methods

2.1 Cell culture

Cell Culture. Human glioblastoma cell line SNB-19was purchased from the American
Type Culture Collection (Manassas, VA, USA). The cells were cultured in DMEM
(Dulbecco’s Modified Eagle’s Medium) supplemented with 10% FBS and 100 U
penicillin/streptomycin and were maintained under standard cell culture conditions at

37°C and 5% CO 2 in a humid environment.
2.2 Antibodiesand reagents Cell culture

The following primary antibodies were used in this study: Rabbit polyclonal antibody
against B-Actin, goat polyclonal antibody against palladin, mouse monoclonal antibody
against Racl, and rabbit polyclonal antibodies against TKS4 were purchased from Abcam
(Abcam Inc., Cambridge, UK). Rabbit polyclonal antibodies against TKS55 were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz Biotechnology,
Dallas, Texas). Anti-rabbit, anti-goat, and anti-mouse HRP-conjugated secondary
antibodies were obtained from Promega (Promega Co., Wisconsin). To stain for the actin

cytoskeleton in cells, Rhodamine-phalloidin was purchased from (Invitrogen).

2.3 Cell transfection with SIRNA

Flexi Tubes siRNA for palladin oligos 1 and 7, Cdc42 oligo 4 and 7, and RhoC oligos

1 and 5 were obtained from Qiagen (Qiagen, USA). The cells were transfected with the

21



siRNA at 23 final concentration of 10 nM using Hiperfect (Qiagen, USA) as indicated by
the manufacturing group. Control cells were transfected with sSiRNA sequences targeting
GL2 Luciferase (Qiagen, USA). After 72 hours, protein expression levels in total cell
lysates were examined by western blotting using the appropriate antibodies or the effect

of the corresponding knockdown was assayed.

2.4 \Western blot

Whole cell lysates were obtained by scraping the cells with Laemmli Sample Buffer
(LSB) consisting of 4% SDS, 20% glycerol, 10% [ mercaptoethanol, 0.004%
bromophenol blue and 0.125M Tris HCL (pH 6.8). SDS-PAGE was carried out under
standard conditions and proteins were blotted onto a PVDF membrane. The membranes
were then blocked with 5% Bovine Serum Albumin for 1 hour and then incubated
overnight at 4°C with either primary antibody against palladin (Abcam, 1:1000 dilution),
or against Racl (Abcam 1:1000), or against actin (Abcam, 1:2500). After the incubation
with the primary antibody, the membranes were washed with PBS — 0.5% Tween20 and
incubated with secondary antibody at a concentration of 1:2500 for 1 hour at room
temperature. The membranes were then washed, and the bands visualized by treating the
membranes with Western blotting electrochemiluminescent reagent (ECL) (GE
Healthcare). The levels of protein expression were compared by densitometry using the

ImageJ software.
2.5 Gelatin Invadopodia Assay
QCM Gelatin Invadopodia Assay (Green) kit from Sigma-Aldrich was used to

measure the invasion ability of SNB-19 cells. Briefly, cells were treated with sSIRNA

against palladin, plated on fluorescently labeled gelatin (matrix), and incubated at 37 °C
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and 5% CO2 for 24 hours. Then cells were visualized on a 63x objective lens of the Zeiss
Observer Z1 microscope. The area devoid of fluorescence and intensity of the signal was

analyzed using Image J software.
2.6 Immunostaining

Cells were plated on cover slips and treated with palladin oligo 1 for 72 hours. Cells
were fixed with 4% paraformaldehyde for 10 minutes, and permeabilized with 0.5%
Triton-X 100 for 15 minutes on ice. For blocking, cells were incubated with 1% BSA in
PBS for 1 hour. Samples were stained with primary antibodies for 24 hours and with
fluorophore-conjugated secondary antibodies for 1 hour. Fluorescent images were taken

using a 63X objective lens on Zeiss Observer Z1 microscope.

2.7 Forster Resonance energy transfer (FRET)

SNB-19 cells were transfected with 2.5 ug of the Cdc42 Fluorescence resonance
energy transfer (FRET)-based Biosensor plasmid using FuGene HD Transfection Reagent
(Promega Co., Wisconsin). FRET images were obtained with an automated using a 63X
objective lens on Zeiss Observer Z1 microscope supplemented with a computer-driven
Roper cooled CCD camera and operated by Zen software (Zeiss, Oberkochen, Germany).
A CFP/YFP FRET filter cube was used: YFP wasimaged withexciter S500/20 and emitter
S535/30 (YFP/acceptor image), CFP was imaged with exciter S430/25 and emitter

S470/30 (CFP/donor image) or S535/30 (FRET image).
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2.8 Quantification of FRET images

The FRET image sequences that were obtained consisted of a CFP image, YFP image
and FRET image. To analyze the obtained images, ImageJ software was used. (National
Institutes of Health, MA, USA). Images were background corrected and the 25 YFP
images were thresholded to generate a binary mask with values of 1 within the cell and 0
for the background. This was used to remove the background from ratio calculations, by
multiplying CFP and FRET images by the mask. The increase in FRET signal due to
activation was detected by dividing the FRET image (CFP excitation- YFP emission) by
the donor image (CFP excitation- CFP emission). FRET signals were quantified by
averaging the mean FRET ratio in all the cell area and values were then normalized to

control cells (untreated) and expressed as fold change.
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Chapter 3

Results

3.1 Palladin expression and knockdown in glioblastoma

Before diving into studying the role of palladin in invadopodia formation in GBM
cells, we had to make sure that palladin is indeed expressed in these cells to begin with.
Therefore, we performed western blots to verify palladin protein expression in two
glioblastoma cell lines, U87 and SNB-19. We detected palladin expression in both cell
lines through protein bands that resolved at ~90 KDa. Then, to establish a standard
knockdown protocol to manipulate palladin expression for upcoming experiments, we
used siRNA oligo 1 and oligo 7 targeted against palladin. Both oligos showed significant

palladin knockdown.
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Figure 6. Palladin expression and knockdown in glioblastoma. A. Western blot for
palladin expression in glioblastoma cell lines SNB-19 and U87 (normalized against actin).
B. Western blot for palladin expression following knockdown with oligo 1 or oligo 7 in
SNB-19 (normalized against actin). C. The average intensity rate was quantified using
ImageJ. Data are the mean = SEM. * indicates that the values are significant with p<0.05.

3.2 Palladin knockdown increases invasion on gelatin matrix

After establishing a successful palladin knockdown protocol, we sought to test the
role of palladin on the invasion of SNB-19 cells. We depleted palladin in SNB-19 cells
using oligo 1 and performed a gelatin invadopodia assay by plating the cells on a
fluorescently labeled gelatin (matrix) and incubating them at 37 °C and 5% CO?2 for 24
hours. The cells were then imaged with 63X objective to assess invasion based on area
and intensity of fluorescence. The palladin knockdown significantly increased the
invasion of the SNB-19 cells which is detected through a decrease in gelatin fluorescence
intensity (an indication of gelatin degradation). Some cells were also more elongated and
formed multiple protrusions where invasion was concentrated. Note that the average
measured area between the luciferase and palladin knockdown groups was almost the
same, verifying that the change in the gelatin fluorescence intensity observed between the
two groups was indeed due to the palladin knockdown and not due to difference in the

measured area.
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A Gelatin Invasion Assay
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Figure 7. Palladin knockdown increases invasion on gelatin matrix. A. Representative
images for gelatin degradation following treatment with luciferase sSiRNA (upper panel)
and palladin knockdown (lower panel) B. Average measured area of invasion. ns indicates
that difference in measured area was nonsignificant C. Average measured intensity from
cells. Data are the mean £ SEM. * indicates that the values are significant with p<0.05.

3.3 Palladin knockdown increases invadopodia as seen by TKS4/5

staining

Now, we wanted to verify that the observed palladin knockdown-mediated
increase in SNB-19cell invasion was in fact dueto increased invadopodia formation. This
was done by immunostaining against TKS4 and TKS5 which are invadopodia markers.
Upon palladin knockdown, the expression of TKS4 significantly increased and that of
TKS5 almost doubled, indicating that palladin most likely controls SNB-19 cell invasion

through the formation of invadopodia.
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Figure 8. Palladin knockdown increases invadopodia as seen by TKS4/5 staining. A.
Representative micrographs of SNB-19 cells transfected with luciferase siRNA (upper
panel) palladin oligo 1 (lower panel) that were fixed and immunostained with antibodies
against TKS4 as well as vinculin and Rhodamine phalloidin. Cells were imaged using a
63x objective B. Representative micrographs of SNB-19 cells transfected with luciferase
SiRNA (upper panel) palladin oligo 1 (lower panel) that were fixed and immunostained
with antibodies against TKS5 as well as vinculin and Rhodamine phalloidin. Cells were
imaged using a 63x objective C. The average number of invadopodia was quantitated
using image J. Dataare the mean + SEM. * indicates that the values are significant with

p<0.05.

3.4 Theeffectof Cdc42 and RhoC deprivation oninvadopodia formation

Cdc42 and RhoC, among other Rho GTPases, have been shown to be implicated
in invadopodia formation based on previous findings from our lab. Accordingly, we
sought to investigate the crosstalk between palladin and the mentioned Rho GTPases by
comparing knockdown phenotypes. Based on immunostaining analysis, the knockdown
of both Cdc42 and RhoC significantly decreased the levels of TKS4 and TKS5 which is

indicative of decreased invadopodia formation and opposite to what we saw with the
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palladin knockdown. This shows that palladin, Cdc42, and RhoC affect invadopodia

formation in SNB-19 cells.
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Figure 9. The effect of Cdc42 and RhoC deprivation on invadopodia formation. A.
Representative micrographs of SNB-19 cells transfected with luciferase SIRNA (upper
panel), Cdc42 oligo 4 (middle panel), and RhoC oligo 5 (lower panel) that were fixed and
immunostained with antibodies against TKS4 as well as vinculin and Rhodamine
phalloidin. Cells were imaged using a 63x objective B. Representative micrographs of
SNB-19 cells transfected with luciferase siRNA (upper panel), Cdc42 oligo 4 (middle
panel), and RhoC oligo 5 (lower panel) that were fixed and immunostained with antibodies
against TKS5 as well as vinculin and Rhodamine phalloidin. Cells were imaged using a
63X objective C. The average number of invadopodia was quantitated using image J. Data
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are the mean + SEM. * indicates that the values are significant with p<0.05. ** indicates
that the values are significant with p<0.005.

3.5 Palladin deprivation leads to a decrease in Cdc42 activity

Since now we know that palladin and RhoC are both involved in invadopodia
formation, we want to check whether palladin affects Cdc42 activation. We knocked
down palladin in SNB-19 cells and transfected them with a Cdc42 single chain
optimized FRET biosensor. Image analysis based on FRET/CFP rationing showed that

the knockdown of palladin decreased the activation of Cdc42 by almost 25%.
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Figure 10. Palladin deprivation leads to a decrease in Cdc42 activity. A.
Representative images of SNB-19 cells transfected with siRNA for palladin and Cdc42
FRET biosensor and fixed. Cells were imaged on the FRET channel and raw FRET images
were ratioed to CFP image for normalization. B. The average intensity rate was quantified
using Imagel. Data are the mean + SEM. ** indicates that the values are significant with

p<0.005.
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3.6 Novel role for palladin in the expression of Racl

Moving further away from investigating the activation and more into the
expression of Rho GTPases, we wanted to see if palladin affects the expression of Racl
especially that no previous studies have been done concerning this. Accordingly, we
knocked down palladin in SNB-19 cells and performed a western blot to determine the
expression levels of Racl. Indeed, the palladin-depleted SNB-19 cells showed a

significant decrease in Racl expression.
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Figure 11. Novel role for palladin in the expression of Racl. A. Western blot Racl
expression normalized against actin following palladin knockdown. B. The average
intensity rate was quantified using ImageJ. Data are the mean £ SEM. * indicates that the
values are significant with p<0.05.
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Chapter 4

Discussion

Palladin is a protein that has recently been gaining the interest of many scientists,
especially in the context of cancer and metastasis. Ever since it was discovered and
characterized, palladin has proved to be a key regulator of actin dynamics within the cell,
in addition to its role in the formation of invasive structures like podosomes. (S. M.
Goicoechea et al., 2009) Palladin expression has also been implicated in many invasive
cancers like breast and pancreatic cancer. (Pogue-Geile et al., 2006) Nevertheless, little
studies were done to investigate the role of palladin in Glioblastoma multiforme, and no
studies were conducted to link palladin to invadopodia formation in this type of cancer.
Our lab has produced valuable findings concerning the role of Rho GTPases in
invadopodia formation and glioblastoma; Therefore, in this paper we were able to fit
palladin, Rho GTPases, and invadopodia into a context that is the first to be established in

glioblastoma, using SNB-19 cell lines.

In this study, we performed a western blot to verify the expression of palladin in
SNB-19 cells. Then we performed a gelatin invasion assay to study the effect of palladin
on SNB-19 cell invasion; the results showed that the knockdown of palladin increases
gelatin degradation, verifying that palladin is involved in glioblastoma cell invasion and
that its depletion increases this invasion. Now, in an attempt to uncover the mechanism
by which palladin affects glioblastoma invasion, we assessed the molecular markers of

invadopodia TKS4 and TKS5 using immunostaining experiments. The knockdown of
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palladin increased TKS4 and TKS5 in SNB-19 cells, suggesting that palladin controls
invasion through invadopodia formation. To verify this statement, further studies should

be done to analyze other invadopodia-associated molecules like WASP, Arp2/3, and

cofilin upon palladin depletion. (Eddy et al., 2017)

Based on previous data that highlighted the important role of Rho GTPases in
cellular processes like cytoskeletal rearrangement and cell invasion (Haga & Ridley,
2016), we sought to determine the role of RhoC and Cdc42 in invadopodia formation in
GBM cells. Immunostaining experiments showed a decrease in TKS4 and TKS5 upon the
knockdown of RhoC and Cdc42 in SNB-19 cells which is a phenotype that is opposite to

what we saw with the palladin knockdown.

Palladin was previously shown to be involved in Cdc42 activation in PMA-
stimulated CAFs. (S. Goicoechea et al., 2014) To see if this is the case in glioblastoma
cells, we performed FRET experiments using a Cdc42 biosensor to assess its activity
following palladin knockdown. Indeed, the depletion of palladin in SNB-19 cells
decreased the activation of Cdc42. However, since the palladin knockdown and Cdc42
knockdown showed opposing phenotypes on TKS4 and TKS5, we speculate that palladin

regulates invadopodia formation in a pathway other than that of Cdc42.

Previous studies have also shown that palladin affects the activation of Racl (S.
Goicoechea et al., 2006). Here, we wanted to take a different route and check if palladin
affects Racl expression. We performed a western blot and whereby the knockdown of

palladin decreased the expression of Racl. This is interesting because it shows that not
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only can palladin regulate Rho GTPases at the activation level, but it can also regulate

their expression.

A limitation of this study is that it only looks at the relationship of palladin with
Cdc42 and Racl out of all the Rho GTPases. Future studies are needed to investigate a
relationship between palladin and other Rho GTPases like RhoC and RhoA which have
been implicated in invadopodia formation and cancer invasion. Also, such studies could
focus on the effect of palladin on both the activation and the expression of the Rho
GTPases. StarD13 is a tumor suppressor that has recently been shown by our lab to
regulate invadopodia (Al Haddad et al., 2020) so it would be interesting to check if there
is a crosstalk between palladin and StarD13 that affects invadopodia formation in GBM

cells.

a-actinin is one of the main binding partners of palladin that is overexpressed in
metastatic cancer cells (S. M. Goicoechea et al., 2008) and recent studies showed that
dynamin and o-actinin promote pancreatic cancer invasion by stabilizing invadopodia
(Burton et al., 2020). Therefore, it would be interesting to see if palladin is involved in the
dynamin-a-actinin signaling pathway that regulates invadopodia in glioblastoma cells.
Eps8 is another palladin-binding protein that is overexpressed in metastatic cancer cells
and that has recently been shown to promote the 3-dimensional invasion of glioblastoma
cells (Cattaneo et al., 2012). Again, further studies can focus on revealing previously

unknown interactions between palladin and Eps8 that play a role in GBM cell invasion.
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Chapter S

Conclusion

The results of this study show that palladin negatively regulates cell invasion, as
the depletion of palladin in SNB-19 glioblastoma cells increased invasion and
invadopodia formation. In the context of Rho GTPases, we demonstrated that palladin
positively regulates Cdc42 activation and Racl expression. These findings provide
valuable insights concerning the regulation of invadopodia at the molecular level. Future
studies could focus on the relationship between palladin and other Rho GTPases in GBM
in terms of activation and expression. Also, these studies can focus on other palladin-
binding proteins that regulate actin dynamics and have been implicated in other cancers.
This would further characterize the role of palladin in the signaling networks that

modulate cancer invasion and metastasis.

35



References

Akisawa, N., Nishimori, I., lwamura, T., Onishi, S., & Hollingsworth, M. A. (1999).
High levels of ezrin expressed by human pancreatic adenocarcinoma cell lines
with high metastatic potential. Biochemical and Biophysical Research
Communications, 258(2), 395-400. https://doi.org/10.1006/bbrc.1999.0653

Al Haddad, M., EI-Rif, R., Hanna, S., Jaafar, L., Dennaoui, R., Abdellatef, S., Miskolci,
V., Cox, D., Hodgson, L., & El-Sibai, M. (2020). Differential regulation of rho
GTPases during lung adenocarcinoma migration and invasion reveals a novel
role of the tumor suppressor StarD13 in invadopodia regulation. Cell
Communication and Signaling, 18(1), 144. https://doi.org/10.1186/512964-020-
00635-5

Alblazi, K. M. O., & Siar, C. H. (2015). Cellular protrusions--lamellipodia, filopodia,
invadopodia and podosomes--and their roles in progression of orofacial tumours:
Current understanding. Asian Pacific Journal of Cancer Prevention: APJCP,
16(6), 2187-2191. https://doi.org/10.7314/apjcp.2015.16.6.2187

Al-Koussa, H., Atat, O. E., Jaafar, L., Tashjian, H., & El-Sibai, M. (2020). The Role of
Rho GTPases in Motility and Invasion of Glioblastoma Cells. Analytical Cellular
Pathology (Amsterdam), 2020, 9274016. https://doi.org/10.1155/2020/9274016

Augoff, K., Hryniewicz-Jankowska, A., & Tabola, R. (2020). Invadopodia: Clearing the
way for cancer cell invasion. Annals of Translational Medicine, 8(14), 902.
https://doi.org/10.21037/atm.2020.02.157

Baldwin, R. M., Parolin, D. a. E., & Lorimer, 1. a. J. (2008). Regulation of glioblastoma
cell invasion by PKC iota and RhoB. Oncogene, 27(25), 3587-3595.
https://doi.org/10.1038/sj.onc.1211027

Beck, M. R., Dixon, R. D. S., Goicoechea, S. M., Murphy, G. S., Brungardt, J. G.,
Beam, M. T., Srinath, P., Patel, J., Mohiuddin, J., Otey, C. A., & Campbell, S. L.
(2013). STRUCTURE AND FUNCTION OF PALLADIN’S ACTIN BINDING
DOMAIN. Journal of Molecular Biology, 425(18), 3325-3337.
https://doi.org/10.1016/).jmb.2013.06.016

Bishop, A. L., & Hall, A. (2000). Rho GTPases and their effector proteins. The
Biochemical Journal, 348 Pt 2, 241-255.

36



Brentnall, T. A., Lai, L. A., Coleman, J., Bronner, M. P., Pan, S., & Chen, R. (2012).
Arousal of Cancer-Associated Stroma: Overexpression of Palladin Activates
Fibroblasts to Promote Tumor Invasion. PLoS ONE, 7(1), e30219.
https://doi.org/10.1371/journal.pone.0030219

Burton, K. M., Cao, H., Chen, J., Qiang, L., Krueger, E. W., Johnson, K. M., Bamlet, W.
R., Zhang, L., McNiven, M. A., & Razidlo, G. L. (2020). Dynamin 2 interacts
with a-actinin 4 to drive tumor cell invasion. Molecular Biology of the Cell,
31(6), 439-451. https://doi.org/10.1091/mbc.E19-07-0395

Caspani, E. M., Crossley, P. H., Redondo-Garcia, C., & Martinez, S. (2014).
Glioblastoma: A pathogenic crosstalk between tumor cells and pericytes. PloS
One, 9(7), €101402. https://doi.org/10.1371/journal.pone.0101402

Cattaneo, M. G., Cappellini, E., & Vicentini, L. M. (2012). Silencing of Eps8 blocks
migration and invasion in human glioblastoma cell lines. Experimental Cell
Research, 318(15), 1901-1912. https://doi.org/10.1016/j.yexcr.2012.05.010

Chan, A. Y., Coniglio, S. J., Chuang, Y., Michaelson, D., Knaus, U. G., Philips, M. R.,
& Symons, M. (2005). Roles of the Racl and Rac3 GTPases in human tumor cell
invasion. Oncogene, 24(53), 7821-7829. https://doi.org/10.1038/sj.0nc.1208909

Curto, M., & McClatchey, A. 1. (2004). Ezrin...a metastatic detERMinant? Cancer Cell,
5(2), 113-114. https://doi.org/10.1016/s1535-6108(04)00031-5

Eddy, R.J., Weidmann, M., Sharma, V. P., & Condeelis, J. S. (2017). Tumor cell
invadopodia: Invasive protrusions that orchestrate metastasis. Trends in Cell
Biology, 27(8), 595-607. https://doi.org/10.1016/j.tcb.2017.03.003

Evolution of a Cancer. (n.d.). Retrieved June 29, 2021, from
https://sphweb.bumc.bu.edu/otlt/mph-
modules/ph/ph709_cancer/ph709_cancer5.html

Gerashchenko, T. S., Novikov, N. M., Krakhmal, N. V., Zolotaryova, S. Y., Zavyalova,
M. V., Cherdyntseva, N. V., Denisov, E. V., & Perelmuter, V. M. (2019).
Markers of Cancer Cell Invasion: Are They Good Enough? Journal of Clinical
Medicine, 8(8), E1092. https://doi.org/10.3390/jcm8081092

Goicoechea, S., Arneman, D., Disanza, A., Garcia-Mata, R., Scita, G., & Otey, C. A.
(2006). Palladin binds to Eps8 and enhances the formation of dorsal ruffles and

37



podosomes in vascular smooth muscle cells. Journal of Cell Science, 119(16),
3316-3324. https://doi.org/10.1242/jcs.03076

Goicoechea, S., Garcia-Mata, R., Staub, J., Valdivia, A., Sharek, L., McCulloch, C.,
Hwang, R., Urrutia, R., Yeh, J., Kim, H., & Otey, C. (2014). Palladin promotes
invasion of pancreatic cancer cells by enhancing invadopodia formation in
cancer-associated fibroblasts. Oncogene, 33(10), 1265-1273.
https://doi.org/10.1038/onc.2013.68

Goicoechea, S. M., Arneman, D., & Otey, C. A. (2008). The role of palladin in actin
organization and cell motility. European Journal of Cell Biology, 87(8-9), 517—
525. https://doi.org/10.1016/}.ejcb.2008.01.010

Goicoechea, S. M., Bednarski, B., Garcia-Mata, R., Prentice-Dunn, H., Kim, H. J., &
Otey, C. A.(2009). Palladin contributes to invasive motility in human breast
cancer cells. Oncogene, 28(4), 587-598. https://doi.org/10.1038/onc.2008.408

Guilluy, C., Garcia-Mata, R., & Burridge, K. (2011). Rho protein crosstalk: Another
social network? Trends in Cell Biology, 21(12), 718-726.
https://doi.org/10.1016/j.tcb.2011.08.002

Guyon, J., Chapouly, C., Andrique, L., Bikfalvi, A., & Daubon, T. (2021). The Normal
and Brain Tumor Vasculature: Morphological and Functional Characteristics and
Therapeutic Targeting. Frontiers in Physiology, 0.
https://doi.org/10.3389/fphys.2021.622615

Haga, R.B., & Ridley, A. J. (2016). Rho GTPases: Regulation and roles in cancer cell
biology. Small GTPases, 7(4), 207-221.
https://doi.org/10.1080/21541248.2016.1232583

Hall, A. (2012). Rho family GTPases. Biochemical Society Transactions, 40(6), 1378—
1382. https://doi.org/10.1042/BST20120103

Hanahan, D., & Weinberg, R. A. (2000). The Hallmarks of Cancer. Cell, 100(1), 57-70.
https://d0i.org/10.1016/S0092-8674(00)81683-9

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of Cancer: The Next Generation.
Cell, 144(5), 646-674. https://doi.org/10.1016/j.cell.2011.02.013

38



Hanna, S., & EI-Sibai, M. (2013). Signaling networks of Rho GTPases in cell motility.
Cellular Signalling, 25(10), 1955-1961.
https://doi.org/10.1016/j.cellsig.2013.04.009

Hodge, R. G., & Ridley, A. J. (2016). Regulating Rho GTPases and their regulators.
Nature Reviews Molecular Cell Biology, 17(8), 496-510.
https://doi.org/10.1038/nrm.2016.67

Kjaller, L., & Hall, A. (1999). Signaling to Rho GTPases. Experimental Cell Research,
253(1), 166-179. https://doi.org/10.1006/excr.1999.4674

Kontomanolis, E. N., Koutras, A., Syllaios, A., Schizas, D., Mastoraki, A., Garmpis, N.,
Diakosavvas, M., Angelou, K., Tsatsaris, G., Pagkalos, A., Ntounis, T., &
Fasoulakis, Z. (2020). Role of Oncogenes and Tumor-suppressor Genes in
Carcinogenesis: A Review. Anticancer Research, 40(11), 6009-6015.
https://doi.org/10.21873/anticanres.14622

Kudlik, G., Takécs, T., Radnai, L., Kurilla, A., Szeder, B., Koprivanacz, K., Mer6, B. L.,
Buday, L., & Vas, V. (2020). Advances in Understanding TKS4 and TKS5:
Molecular Scaffolds Regulating Cellular Processes from Podosome and
Invadopodium Formation to Differentiation and Tissue Homeostasis.
International Journal of Molecular Sciences, 21(21), E8117.
https://doi.org/10.3390/ijms21218117

Kwiatkowska, A., Didier, S., Fortin, S., Chuang, Y., White, T., Berens, M. E., Rushing,
E., Eschbacher, J., Tran, N. L., Chan, A., & Symons, M. (2012). The small
GTPase RhoG mediates glioblastoma cell invasion. Molecular Cancer, 11, 65.
https://doi.org/10.1186/1476-4598-11-65

Kwiatkowska, A., & Symons, M. (2020). Signaling Determinants of Glioma Cell
Invasion. In J. Baranska (Ed.), Glioma Signaling (pp. 129-149). Springer
International Publishing. https://doi.org/10.1007/978-3-030-30651-9 7

Lah, T. T., Novak, M., & Breznik, B. (2020). Brain malignancies: Glioblastoma and
brain metastases. Seminars in Cancer Biology, 60, 262-273.
https://doi.org/10.1016/j.semcancer.2019.10.010

Lai, C.-F., Bai, S., Uthgenannt, B. A., Halstead, L. R., McLoughlin, P., Schafer, B. W.,
Chu, P.-H., Chen, J., Otey, C. A., Cao, X., & Cheng, S.-L. (2006). Four and half
lim protein 2 (FHL2) stimulates osteoblast differentiation. Journal of Bone and
Mineral Research: The Official Journal of the American Society for Bone and
Mineral Research, 21(1), 17-28. https://doi.org/10.1359/JBMR.050915

39



Le Rhun, E., Preusser, M., Roth, P., Reardon, D. A., van den Bent, M., Wen, P.,
Reifenberger, G., & Weller, M. (2019). Molecular targeted therapy of
glioblastoma. Cancer Treatment Reviews, 80, 101896.
https://doi.org/10.1016/j.ctrv.2019.101896

Liu, X.-S., Luo, H.-J,, Yang, H., Wang, L., Kong, H., Jin, Y .-E., Wang, F., Gu, M.-M.,
Chen, Z., Lu, Z.-Y., & Wang, Z.-G. (2007). Palladin regulates cell and
extracellular matrix interaction through maintaining normal actin cytoskeleton
architecture and stabilizing betal-integrin. Journal of Cellular Biochemistry,
100(5), 1288-1300. https://doi.org/10.1002/jcb.21126

Mykkénen, O. M., Grénholm, M., Rénty, M., Lalowski, M., Salmikangas, P., Suila, H.,
& Carpén, 0. (2001). Characterization of human palladin, a microfilament-
associated protein. Molecular Biology of the Cell, 12(10), 3060-3073.
https://doi.org/10.1091/mbc.12.10.3060

Najm, P., & EI-Sibai, M. (2014). Palladin regulation of the actin structures needed for
cancer invasion. Cell Adhesion & Migration, 8(1), 29-35.
https://doi.org/10.4161/cam.28024

Niedenberger, B. A., Chappell, V. A., Otey, C. A., & Geyer, C. B. (2014). Actin
dynamics regulate subcellular localization of the F-actin-binding protein PALLD
in mouse Sertoli cells. Reproduction, 148(4), 333-341.
https://doi.org/10.1530/REP-14-0147

Ohgaki, H., & Kleihues, P. (2013). The Definition of Primary and Secondary
Glioblastoma. Clinical Cancer Research, 19(4), 764—-772.

Okura, H., Golbourn, B. J., Shahzad, U., Agnihotri, S., Sabha, N., Krieger, J. R.,
Figueiredo, C. A., Chalil, A., Landon-Brace, N., Riemenschneider, A., Arai, H.,
Smith, C. A., Xu, S., Kaluz, S., Marcus, A. |., Van Meir, E. G., & Rutka, J. T.
(2016). A role for activated Cdc42 in glioblastoma multiforme invasion.
Oncotarget, 7(35), 56958-56975. https://doi.org/10.18632/oncotarget.10925

Parast, M. M., & Otey, C. A. (2000). Characterization of palladin, a novel protein
localized to stress fibers and cell adhesions. The Journal of Cell Biology, 150(3),
643-656. https://doi.org/10.1083/jcb.150.3.643

Pogue-Geile, K. L., Chen, R., Bronner, M. P., Crnogorac-Jurcevic, T., Moyes, K. W.,
Dowen, S., Otey, C. A,, Crispin, D. A., George, R. D., Whitcomb, D.C., &

40



Brentnall, T. A. (2006). Palladin mutation causes familial pancreatic cancer and
suggests a new cancer mechanism. PLoS Medicine, 3(12), e516.
https://doi.org/10.1371/journal.pmed.0030516

Ps, R., & Bj, S. (2016). Cancer and cure: A critical analysis. Indian Journal of Cancer,
53(3). https://doi.org/10.4103/0019-509X.200658

Ridley, A.J. (2013). RhoA, RhoB and RhoC have different roles in cancer cell
migration. Journal of Microscopy, 251(3), 242-249.
https://doi.org/10.1111/jmi.12025

Ronen, A., & Glickman, B. W. (2001). Human DNA repair genes. Environmental and
Molecular Mutagenesis, 37(3), 241-283. https://doi.org/10.1002/em.1033

Ronty, M. J., Leivonen, S.-K., Hinz, B., Rachlin, A., Otey, C. A., K&héri, V.-M., &
Carpén, O. M. (2006). Isoform-specific regulation of the actin-organizing protein
palladin during TGF-betal-induced myofibroblast differentiation. The Journal of
Investigative Dermatology, 126(11), 2387-2396.
https://doi.org/10.1038/sj.jid.5700427

Ronty, M., Taivainen, A., Heiska, L., Otey, C., Ehler, E., Song, W. K., & Carpen, O.
(2007). Palladin interacts with SH3 domains of SPIN90 and Src and is required
for Src-induced cytoskeletal remodeling. Experimental Cell Research, 313(12),
2575-2585. https://doi.org/10.1016/j.yexcr.2007.04.030

Ryu, B., Jones, J., Hollingsworth, M. A., Hruban, R. H., & Kern, S. E. (2001). Invasion-
specific genes in malignancy: Serial analysis of gene expression comparisons of
primary and passaged cancers. Cancer Research, 61(5), 1833-1838.

Sahali, E., & Marshall, C.J. (2002). RHO-GTPases and cancer. Nature Reviews. Cancer,
2(2), 133-142. https://doi.org/10.1038/nrc725

Siegel, R. L., Miller, K. D., & Jemal, A. (2019). Cancer statistics, 2019. CA: A Cancer
Journal for Clinicians, 69(1), 7-34. https://doi.org/10.3322/caac.21551

Stengel, K., & Zheng, Y. (2011). Cdc42 in oncogenic transformation, invasion, and
tumorigenesis. Cellular Signalling, 23(9), 1415-1423.
https://doi.org/10.1016/j.cellsig.2011.04.001

41



Stoyanov, G. S., Dzhenkov, D., Ghenev, P., lliev, B., Enchev, Y., & Tonchev, A. B.
(2018). Cell biology of glioblastoma multiforme: From basic science to diagnosis
and treatment. Medical Oncology, 35(3), 27. https://doi.org/10.1007/s12032-018-
1083-x

Tseliou, M., Al-Qahtani, A., Alarifi, S., Alkahtani, S. H., Stournaras, C., & Sourvinos,
G. (2016). The Role of RhoA, RhoB and RhoC GTPases in Cell Morphology,
Proliferation and Migration in Human Cytomegalovirus (HCMV) Infected
Glioblastoma Cells. Cellular Physiology and Biochemistry: International
Journal of Experimental Cellular Physiology, Biochemistry, and Pharmacology,
38(1), 94-109. https://doi.org/10.1159/000438612

Tykocki, T., & Eltayeb, M. (2018). Ten-year survival in glioblastoma. A systematic
review. Journal of Clinical Neuroscience: Official Journal of the Neurosurgical
Society of Australasia, 54, 7-13. https://doi.org/10.1016/}.jocn.2018.05.002

Wang, W., Goswami, S., Lapidus, K., Wells, A. L., Wyckoff, J. B., Sahai, E., Singer, R.
H., Segall, J. E., & Condeelis, J. S. (2004). Identification and testing of a gene
expression signature of invasive carcinoma cells within primary mammary
tumors. Cancer Research, 64(23), 8585-8594. https://doi.org/10.1158/0008-
5472.CAN-04-1136

Welsch, T., Endlich, K., Giese, T., Blchler, M. W., & Schmidt, J. (2007). Eps8 is
increased in pancreatic cancer and required for dynamic actin-based cell
protrusions and intercellular cytoskeletal organization. Cancer Letters, 255(2),
205-218. https://doi.org/10.1016/j.canlet.2007.04.008

What Is Cancer? - National Cancer Institute (nciglobal,ncienterprise). (2007, September
17). [CgvArticle]. https://www.cancer.gov/about-cancer/understanding/what-is-
cancer

Xiong, Y., Ji, W, Fei, Y., Zhao, Y., Wang, L., Wang, W., Han, M., Tan, C., Fei, X.,
Huang, Q., & Liang, Z. (2017). Cathepsin L is involved in X-ray-induced
invasion and migration of human glioma U251 cells. Cellular Signalling, 29,
181-191. https://doi.org/10.1016/j.cellsig.2016.10.012

42





