
����������
�������

Citation: Seker-Polat, F.; Pinarbasi

Degirmenci, N.; Solaroglu, I.;

Bagci-Onder, T. Tumor Cell

Infiltration into the Brain in

Glioblastoma: From Mechanisms to

Clinical Perspectives. Cancers 2022,

14, 443. https://doi.org/10.3390/

cancers14020443

Academic Editor: Daniela Lötsch

Received: 24 December 2021

Accepted: 4 January 2022

Published: 17 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Tumor Cell Infiltration into the Brain in Glioblastoma: From
Mechanisms to Clinical Perspectives
Fidan Seker-Polat 1,2,†, Nareg Pinarbasi Degirmenci 1,2,† , Ihsan Solaroglu 2,3,4 and Tugba Bagci-Onder 1,2,*

1 Brain Cancer Research and Therapy Laboratory, Koç University School of Medicine, Istanbul 34450, Turkey;
fseker14@ku.edu.tr (F.S.-P.); npinarbasi18@ku.edu.tr (N.P.D.)

2 Koç University Research Center for Translational Medicine, Istanbul 34450, Turkey; isolaroglu@ku.edu.tr
3 Department of Neurosurgery, Koç University School of Medicine, Istanbul 34450, Turkey
4 Department of Basic Sciences, Loma Linda University, Loma Linda, CA 92354, USA
* Correspondence: tuonder@ku.edu.tr
† These authors contributed equally to this work.

Simple Summary: The estimated survival time for glioblastoma patients is extremely low; only
about 5% of patients survive five years post diagnosis. The standard of care for glioblastoma patients
involves surgery, radiation therapy, and chemotherapy with temozolomide. However, due to the
extremely invasive capability of glioblastoma cells, tumors develop very diffusely, integrating into
the healthy brain tissue. Indeed, the separation of healthy brain tissue and the tumor boundaries,
by standard surgical microscopy, is very challenging. Therefore, the maximum safe removal of the
tumor mass is difficult, leaving some tumor cells behind. Therefore, understanding the molecular
mechanisms of tumor cell infiltration and developing anti-invasive approaches are of the utmost
priority. Here, we provide a review of the characteristics and molecular mechanisms of glioblastoma
invasion, and include a perspective of clinical applications.

Abstract: Glioblastoma is the most common and malignant primary brain tumor, defined by its highly
aggressive nature. Despite the advances in diagnostic and surgical techniques, and the development
of novel therapies in the last decade, the prognosis for glioblastoma is still extremely poor. One major
factor for the failure of existing therapeutic approaches is the highly invasive nature of glioblastomas.
The extreme infiltrating capacity of tumor cells into the brain parenchyma makes complete surgical
removal difficult; glioblastomas almost inevitably recur in a more therapy-resistant state, sometimes
at distant sites in the brain. Therefore, there are major efforts to understand the molecular mechanisms
underpinning glioblastoma invasion; however, there is no approved therapy directed against the
invasive phenotype as of now. Here, we review the major molecular mechanisms of glioblastoma cell
invasion, including the routes followed by glioblastoma cells, the interaction of tumor cells within
the brain environment and the extracellular matrix components, and the roles of tumor cell adhesion
and extracellular matrix remodeling. We also include a perspective of high-throughput approaches
utilized to discover novel players for invasion and clinical targeting of invasive glioblastoma cells.

Keywords: glioblastoma; invasion; dispersal; therapeutics; high-throughput screening

1. Introduction

Glioblastoma is the most common and malignant primary brain tumor [1]. Despite
the advances in diagnosis and treatment, life expectancy still remains at approximately
12–18 months [2]. Invasion ability towards the surrounding tissue is a determinant for
malignant tumor progression [3]. The high mortality of glioblastoma patients is partly
attributed to the tumors’ therapy-resistant nature, as well as to the extremely invasive
behavior of tumor cells. Extensive tumor cell infiltration (dispersal) from the primary
tumor site into healthy adjacent tissue results in rapid and almost inevitable recurrence.
Nearly all patients with glioblastoma, within a 2-year period from the time of primary
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surgery, experience tumor regrowth. Maximal safe tumor resection is important in terms
of decreasing the tumor burden before radiotherapy and chemotherapy, and in reducing
the risk of recurrence. However, the fact that healthy brain tissue and the boundaries of
the tumor cannot be separated, either by eye or by standard surgical microcopy, makes the
maximum safe removal difficult. Taking healthy tissue near the tumor environment during
the removal of tumors located in functional areas of the brain or adjacent to the brain poses
a risk for neurological sequelae.

The current treatment for glioblastoma patients is the maximal safe tumor resection
followed by the Stupp protocol, which is radiotherapy combined with concurrent daily
temozolomide, followed by adjuvant temozolomide treatment [4]. However, the invasive
nature of glioblastoma cells limits the therapeutic efficacy. The distant invasion of tumor
cells to the brain parenchyma, and their infiltration and cooperation with healthy tissue, are
major obstacles limiting complete tumor resection. Indeed, in glioblastomas, tumor borders
are diffuse, and individual cells that have infiltrated into the healthy parenchyma are not
detectable [5]. Therefore, the infiltrative cells that escape from surgery can recolonize
and cause therapy-resistant recurrent tumor growth. Due to the diffuse nature of these
tumors, radiotherapy applications can prove very challenging [6–8]. Figure 1 depicts
the MRI scans of a glioblastoma patient before surgery, right after the surgical removal
of tissue, and 18 months following surgery. Despite quite successful tumor resection
and combined radiotherapy and chemotherapy, the tumor recurred in the contralateral
hemisphere because of invasive cells infiltrating into the brain parenchyma, serving as an
example and a testament to a huge clinical problem.
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Despite the realization that the invasive nature of glioblastoma cells has drastic re-
sults for therapy resistance, high recurrence rates, and poor survival rates, there is no di-
rected therapy to prevent this invasive behavior [5]. Therefore, understanding the mech-
anisms of glioblastoma cell invasiveness is of the utmost priority to develop successful 
therapeutic approaches. Here, we review the characteristics and molecular mechanisms 
of glioblastoma cell invasion. We also include a perspective on high-throughput ap-
proaches for invasion studies and clinical targeting of invasive cells. 

  

Figure 1. Post gadolinium contrast administration, T1-weighted axial images. (A) Preoperative,
heterogeneous irregular enhancement, associated with the left frontal-lobe glioblastoma (arrow).
(B) Postoperative (at 1 month) axial weighted image. On postoperative image, there is no residual
enhancement. Arrow shows operation cavity. (C) Postoperative (at 18 months) axial weighted
image shows recurrence of the tumor (white arrow) on contralateral hemisphere, associated with
peripheral edema.

Despite the realization that the invasive nature of glioblastoma cells has drastic results
for therapy resistance, high recurrence rates, and poor survival rates, there is no directed
therapy to prevent this invasive behavior [5]. Therefore, understanding the mechanisms of
glioblastoma cell invasiveness is of the utmost priority to develop successful therapeutic
approaches. Here, we review the characteristics and molecular mechanisms of glioblastoma
cell invasion. We also include a perspective on high-throughput approaches for invasion
studies and clinical targeting of invasive cells.



Cancers 2022, 14, 443 3 of 24

2. Routes of Glioblastoma Cell Invasion

Invasive glioblastoma cells diffusely infiltrate into normal brain tissue, which limits the
therapeutic options and increases recurrence rates by inducing the formation of secondary
tumors. To interpret the mechanisms facilitating the glioblastoma’s invasive behavior,
molecular mechanisms of tumor cell migration, migration routes, and accumulation sites of
tumors cells in the brain need to be better understood. The preferred or avoided anatomical
structures may affect the growth and invasion pattern of glioma tumors, giving rise to
defined anatomical subtypes, such as the optic pathway or limbic gliomas [9–11].

The invading cells tend to follow roadmaps that already exist in the brain. They co-opt
and move along certain anatomical structures, such as perivascular space and white-matter
tracts, and they can reach to distant sites in the brain parenchyma or the leptomeningeal
space [12] (Figure 2). More specifically, invasive glioblastoma cells have a preference to
move along myelinated fiber tracts, such as the corpus callosum and the internal capsule,
meninges, ventricular lining, and basement membrane of blood vessels, subependymal
space–perivascular regions, and glia limitans externa [13].
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Figure 2. Routes of glioblastoma cell invasion. Glioblastoma cells generally invade using tracts
in parenchyma, white-matter tracts, and leptomeningeal and perivascular spaces. Among these,
perivascular space and white-matter tracts are the most preferred routes for glioblastoma invasion.
Perivascular space attracts the tumor cells with the presence of blood vessels, which provide oxygen
and nutrients. White-matter tracts are composed of myelinated axons, and tumor cells exploit these
structures to reach distant locations in the brain. Parenchymal cells facilitate glioblastoma invasion
by secreting several factors. Figure generated at Biorender.com, combined with representative MRI
images from our clinic.

Since the vasculature and white-matter tracts are the primary structural components
of the brain, these structures are the most preferred routes for glioblastoma cell invasion.
The perivascular space surrounds blood vessels, including arteries, arterioles, and veins.
Invasive tumor cells infiltrate the perivascular space to reach into the vessels, which provide
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oxygen and nutrients. Indeed, several studies have shown the significance of blood vessels
as routes for invasive glioma cells [14]. Most importantly, it has been shown that over
85% of glioma cells move into contact with blood vessels when injected into the brain [15].
Furthermore, chemoattractants produced by endothelial cells can facilitate the recruitment
of both invasive glioma cells and glioma stems cells to the perivascular space around blood
vessels [15,16]. Invasion into the perivascular space disrupts the blood–brain barrier by
separating the astrocyte end feet from the blood vessels [17].

The other primary invasion route, white-matter tracts, is composed of myelinated
axons. The corpus callosum is the largest source of tracts, through which the tumor cells
successfully invade and reach several distant brain locations [13]. Indeed, the invasive
glioblastoma cells can exploit the connective utility of the corpus callosum or the anterior
commissure, and can spread from one hemisphere to the other. Glioblastoma cells have
been shown to enrich optic and pontine–white-matter structures, despite their distance
from the primary site [18,19]. Indeed, these sites are well known to also harbor diffuse
pediatric gliomas [20]. Cell movement along white-matter tracts is partly mediated by
several axonal guidance molecules, such as proteins belonging to the slit, semaphorin, and
netrin families [21].

Glioblastoma cells invade the brain parenchyma in small groups, and they interact
with their environment in doing so [22]. There are a variety of cell types in the brain mi-
croenvironment, such as astrocytes, reactive astrocytes, oligodendrocytes, glial progenitors,
microglia, glial progenitors, neural progenitors, neurons, neural stem cells, and vascular en-
dothelium. In addition to the autocrine signals expressed by the tumor cells, all of these cell
types secrete diverse ligands and mitogens that induce invasiveness in glioblastomas. The
interactions between these cell types and the resulting changes in the microenvironment
have important roles in glioma progression and invasion [23]. For example, higher invasion
was observed when glioblastoma cells expressed EGFR and responded to EGF secretion
from microglia [24]. Besides the important tumor cell–stromal cell interactions, the physical
environment that the tumor cells encounter constitutes a major component in their invasive
behavior. For example, the tumor cells disseminate passively within the perivascular space
by the flow of cerebrospinal fluid and actively move along the ventricular lining, using
cell-surface receptors [25,26].

The invasion of tumor cells also depends on the crosstalk between the invading cells
and cues from the microenvironment. Hypoxia is one of the microenvironmental features
affecting the invasive properties of glioblastoma cells. While tumors are growing rapidly,
the need for an oxygen supply increases. Lack of oxygen causes intravascular thrombosis,
hemorrhage, and eventually necrosis of the tumor tissue. To evade the hypoxic environment
and to reach oxygen, tumor cells migrate away from the hypoxic area, produce angiogenic
factors to induce blood vessel formation, and adopt anaerobic glycolysis [27].

3. Modes of Glioblastoma Invasion

Tumor cells may have different invasion mechanisms, depending on their association
with other cells. They may migrate as individual cells or move together collectively. The
extracellular matrix (ECM) composition, mechanical properties, such as stiffness or porosity,
and topography are the factors that affect the migration and invasion properties of these
cells [28]. At a single-cell level, invasion may be categorized as mesenchymal or amoeboid.
While the amoeboid mode of invasion is based on the propulsive movement without
proteolytic ECM remodeling, the mesenchymal mode involves focal interactions with
ECM and movement in a traction-dependent manner, due to cytoskeletal contractility [29].
Due to the focal cell–ECM interactions, ECM-degrading proteolytic enzymes are recruited.
These enzymes remodel ECM and generate a path for the invading cells [30,31].

Glioblastoma cells display unique invasion features, as they invade locally inside the
brain, instead of generating distant organ metastasis. Glioblastoma cells generally invade
as single cells and they exhibit the mesenchymal mode of invasion, or so-called saltatory
migration [32]. During invasion, tumor cells generate a strong adhesion force at the focal
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contacts on ECM by concentrating integrins. At the same time, they produce proteolytic
enzymes such as matrix metalloproteinases (MMPs) to degrade the local ECM components
by pulling and contracting the actin cytoskeleton to propel themselves toward the newly
generated invasion path [5] (Figure 3).
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In 3D collagen gels, a “leader” glioblastoma cell reorganizes the collagen and creates
a track for invasive glioblastoma cells to follow [33]. These cells generate leading pseu-
dopodia, which are short-lived, actin-rich membrane protrusions, and filopodia, which
are long-lived, finger-like protrusions [34]. Generation of these extensions that explore the
environment is thought to be the mechanism in vivo to move along the white-matter tracts
and blood vessels. Formation of these protrusions is followed by the formation of focal
adhesions at the front edge and dissolution of these adhesions at the rear edge of the cells
to detach from these adhesions [35]. Dynamic regulation of attachment, protrusion, detach-
ment, and readhesion is critical for controlling the cell movement. Strikingly, glioblastoma
cells have been shown to generate an interconnected network in the brain and facilitate
their infiltration using tumor microtubes, similar to their movement along other structures
in the brain [36].

Recent efforts have been directed towards understanding the heterogeneity within
tumors, focusing on the differences between cores and edges of glioblastomas. For example,
in a recent mouse model established with regionally derived glioblastoma cells, it was
demonstrated that cells from the edge formed highly invasive tumors, and cells from
the cores formed more confined tumors with therapy resistance. Additionally, it was
uncovered that the core and edge cells exhibited a paracrine crosstalk through soluble
factors to maintain their phenotypes [37]. With the advanced imaging technologies, such
as high resolution intravital microscopy of orthotopic mouse brain tumors, it has now
been demonstrated that tumor cell dynamics vary at different locations [38]. In the study
by Alieva et al., various behaviors of tumor edges have been defined, such as slow but
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directed motility, or fast but less directed motility. Taken together, better understanding of
the routes, patterns, and modes of glioblastoma invasion will provide clues for designing
more effective surgical and therapeutic interventions.

4. Molecular Mechanisms of Glioblastoma Cell Invasion
4.1. Role of Extracellular Matrix in Invasion

Tumor cell invasion is regulated by biophysical and biochemical stimuli received from
the complex ECM networks [39]. Glioblastoma cells infiltrate into brain tissue by interacting
with various brain microenvironment components. Regulation of attachment–detachment
and dynamic remodeling of ECM are major drivers of cell invasion [5,40].

Healthy brain ECM mainly consists of non-protein-bound, space-filling hyaluronic
acid, and different types of proteoglycans and glycoproteins, which organize the extracel-
lular space [41]. The vascular and subpial basement membranes contain ECM proteins,
collagen IV, laminin, fibronectin, and vitronectin. The basement membranes of glia limitans
externa and subependymal space consist of collagen I, III, IV, fibronectin, laminin, and
several proteoglycans [42]. In addition to parenchymal cells forming the ECM, the tumor
cells greatly contribute to the ECM composition by generating and secreting their own
molecules. For example, cultured glioblastoma cells can generate basement membrane
components, such as Laminin [43], Vitronectin [44], Fibronectin [45,46], Tenascin C, Colla-
gen I [45,47], Collagen IV [45,48], or Collagen VI [49]. While ECM composition is tightly
controlled in physiological conditions, the loss of this control can contribute to invasion
and metastasis. Similarly, the ability of cells to adhere to ECM and the proteolytic cleavage
of ECM also change during tumor cell invasion [50,51].

Glioblastoma dissemination routes, such as myelinated axon fibers, and vascular
basement membrane and externa contain a specific ECM composition, including fibrous
proteins, such as Collagens, Fibronectin, Laminins, and Vitronectin [41,52]. Accordingly,
Vitronectin, Fibronectin, and Tenascin C expression is correlated with increasing invasive-
ness [53] and a higher glioma grade [54,55]. ECM proteins, such as Hyaluronan, Tenascin
C, Osteopontin, SPARC, and Laminin expression, are upregulated at the invasive edge
of glioblastomas [43]; Vitronectin is expressed at the margins of gliomas and surrounds
invaded tumor cells [54,56]; and Laminin is highly expressed at the borders between the
tumor and normal brain tissue [57,58]. Taken together, the ECM composition is a critical
contributing factor for glioblastoma invasion.

4.2. Role of Adhesion Proteins in Invasion: Attachment to and Detachment from ECM

Cells need to regulate their ECM interactions to coordinate their movement. In the
case of tumor cell invasion, cells first detach from ECM, and invading cells reattach to
ECM to retain a directional movement. Indeed, local detachment of tumor cells from the
primary tumor and their interaction with the adjacent parenchymal tissues facilitate distant
movement [39]. Tumor cell adhesion is enhanced in the ECM-rich regions of the brain,
further supporting that ECM interactions and increased adhesion facilitate glioblastoma
invasion [32]. The adhesive properties of tumor cells are significant determinants of their
invasive potential, and many adhesion-related proteins have been proposed as potential
targets to inhibit invasion [59].

Cells first need to detach from the tumor mass to invade. In this stage of invasion,
cell adhesion molecules CD44, the neural cell adhesion molecule (NCAM), and cadherin
proteins have been shown to have significant roles. CD44 is a transmembrane glycoprotein
and an adhesion molecule interacting with hyaluronic acid. Since hyaluronic acid is a
significant portion of the brain ECM, CD44 expression has a significant role in physiological
and pathological cases [60]. While a variant of CD44 expression is detected in metastatic
tumors [61], the cleaved CD44 is detected in 60% of gliomas [62], and its expression
correlates with the glioma grade [63,64].
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NCAM is a glycoprotein in the immunoglobulin receptor superfamily, and its role in
ECM degradation has been previously shown [65]. In the case of glioblastoma invasion,
NCAM acts as a paracrine inhibitor by interacting with the cell surface receptor and other
NCAM-expressing cells. NCAM ectopic overexpression has been shown to decrease glioma
cell motility [66].

Besides these, cadherins, which are calcium-dependent, transmembrane, cell-adhesion
molecules and mediate cell-to-cell adhesion, have been shown to play important roles in
glioblastoma invasion. E and N cadherins bind to β-catenins and, in turn, β-catenins bind
to α-catenins, acting as bridges to bind the cadherin complex to the actin cytoskeleton. The
switch from E-cadherin to N-cadherin has been associated with cell motility and a transition
to a more invasive phenotype [67]. In glioblastoma, it has been shown that instability and
disorganization of cadherin-mediated junctions increase invasion [68].

For the invading cells to reattach to ECM, the proteins Tenascin-C and Integrins have
key roles. Tenascin-C is an ECM protein that induces filopodia formation, is overexpressed
in gliomas [44,69], and is produced by the tumor cells [44]. Integrins are the most important
class of adhesion molecules interacting with ECM proteins and other cell surface adhesion
molecules, such as ICAM-1, ICAM-2, and VCAM-1. By facilitating these interactions,
Integrins have a central role as bridges between extracellular contacts with the intracellular
cytoskeleton [70]. Cells can only move from one site to another by forming and break-
ing Integrin-mediated ECM interactions [71]. In accordance with their important roles,
various Integrin family members are upregulated in glioma cells [72–74]. In addition to
promoting cell adhesion and migration, Integrins also have a role in intracellular signaling
by transducing and coordinating the extracellular signals. Focal adhesion kinase (FAK),
which is activated by Integrin-mediated ECM-adhesion and several growth factors, co-
ordinates cytoskeleton rearrangement by recruiting cytoskeletal proteins and activating
Rho GTPases [75]. Integrin clusters aggregate together with cytoskeletal proteins, such as
vinculin and FAK, to generate adhesion complexes [76]. FAK is overexpressed in many
types of cancers, including gliomas [77], and is known to promote cell migration [78]; its
expression correlates with increased invasiveness and recurrence [79]. Glioblastoma cells
have increased FAK expression at their invasive edges [80].

Taken together, attachment to and detachment from ECM through regulated interac-
tions with Integrins constitute a critical component of the glioblastoma invasion mechanism.

4.3. Role of Proteinases in Invasion: Remodeling of ECM

Invasive tumor cells disrupt and remodel ECM components to generate a path to move
and penetrate adjacent normal brain tissue. In addition to opening space for movement,
active degradation also liberates growth factors and matrix proteins trapped in ECM,
promoting invasion further [81]. Since proteolytic degradation of ECM is crucial for
invasion, glioblastoma cells depend on proteinases and/or proteinase activators, such as
matrix metalloproteinases (MMP), the plasminogen activator (PA) system, and cathepsins.

MMPs: MMP activity is shown to be significant for invasion because MMP-2, MMP-9,
and MT-MMPs can together degrade almost all types of ECM; they are specifically activated
in tumor tissues, and their activation correlates with a poor prognosis and invasion [82].
MMP2 activity is highly increased in glioblastoma tumors, compared to normal brain tissue,
and expression levels correlate with malignant progression [83,84]. MMP9 expression is
generally detected at tumor margins and at the endothelial proliferation sites, which relates
its expression with angiogenesis and invasion [85]. Inhibition of MMP2 or MMP9 activity,
or downregulation of MMP2 and MMP9 protein levels, have been reported to decrease
invasion in cell lines and mice models [83,84].

Similarly, the ADAM family contains metalloproteinase domains homologous to
MMPs. ADAM12m and ADAMTS-5 are overexpressed in glioblastoma [86,87].
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Plasminogen Activator System: The PA system is a key player in ECM remodeling.
Active plasmin generated by this system degrades ECM directly or indirectly via the
activation of MMPs [88], and facilitates cell migration and invasion in the context of cancer.
This focal proteolysis carried out by the PA system reorganizes ECM; changes cell–ECM
interactions via Integrin receptors, and releases mitogenic and motogenic molecules from
the matrix [89]. The central tumor-promoting role of plasminogen activator inhibitor-1
(PAI-1, also known as SERPINE1), which is a member of the PA system in cell migration,
cancer invasion, and tumor vascularization, has been shown in several cancer types [90]. In
glioblastoma, overexpression of PAI-1 has been shown to correlate with a poor prognosis
and reduced survival [91], and PAI-1 plasma level is a predictive marker of the glioma
grade [92].

Cathepsins: Cathepsin is lysosomal acid hydrolase, which has a role in protein degra-
dation in lysosomes. In the context of cell migration, it has been shown to participate in
localized degradation of ECM proteins by activating MMPs and uPA [93–95]. Cathepsin B
is overexpressed during glioma cell migration and its expression correlates with the glioma
grade [96]. Together, proteinases and their ECM degradation activities are major players in
glioblastoma invasion.

4.4. Cytoskeletal Changes during Invasion

Cytoskeleton rearrangement is crucial for the movement of the cells. During their
movement, tumor cells become polarized with leading and trailing edges, and they generate
protrusions that facilitate their movement. For cells to move forward, the cytoskeleton
should be rearranged with assembly, disassembly, and organization. To this end, a large
degree of actin polymerization followed by depolymerization is needed. While these
rearrangements generate protrusions from the cells to facilitate cell movement, microtubules
and intermediate filaments maintain the cell structure and hold the organelles in place
during this movement [97]. Protrusion formation and actin polymerization is carried out by
the Arp2/3 complex; an Arp2/3 complex-activating, nucleation-promoting factor; a barbed-
end capping protein; and cofilin and profilin to bind actin monomers [98]. Lamellipodia and
filopodia are actin membrane protrusions that drive cell migration. Rac1 and Cdc42 regulate
their formation through several targets, including Pac1, and increase cell motility [99]. In
the case of glioblastoma invasion, protrusions from the cell body called podosomes and
invadopodia are crucial. These structures release high amounts of matrix-degradation
enzymes and form the leading structure for invasion [100]. Invadopodia and podosome
formation depend on the activity of cortactin, which is an actin-binding protein, and
is induced by WASP/N-WASP activity [101]. In glioma cells, RhoA and Rac are the
main molecules that regulate the cytoskeletal rearrangements that facilitate migration and
invasion of the cells [102].

4.5. Role of Other Motility Factors in Invasion

Motility factors, which operate through autocrine and/or paracrine signaling, have sig-
nificant roles for invasion. In the context of glioblastoma, invasion, scatter factor/hepatocyte
growth factor (SF/HGF), and epidermal growth factor receptor (EGFR) act on cell motility.
SF/HGF and its receptor c-Met, which is a proto-oncogene product and has tyrosine kinase
activity, promote cell motility in glioblastoma [103]. EGFR amplification and overexpression
are two of the most frequently seen genetic alterations in glioblastoma [104]. Amplification
of EGFRvIII, the constitutively active, truncated form of EGFR, is associated with a poor
prognosis, since EGFR signaling enhances proliferation, migration, and invasion of glioblas-
toma cells [105,106]. Recently, microenvironment-related effects of the release of soluble
ligands were described. For example, EGFR ligand amphiregulin from glioma-associated
microglia stimulated glioma invasion [107].

There are other classes of molecules involved in glioblastoma invasion, such as secreted
proteins such as the insulin-like growth-factor-binding protein family (IGFBPs), cysteine-
rich 61/connective tissue growth factor/nephroblastoma overexpressed (CCN) family
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(Cyr61), angiopoietin 2 (Ang2), YKL40, and autotaxin (ATX)/lysophospholipase D. There
are also membrane-type proteins, such as Fn14/TWEAK, EphB2/ephrin-B3, and CD155,
associated with invasion. Especially, Ephrins and Ephrin receptors have an important role
in bidirectional signaling in glioblastoma invasion. Ephrins mediate cell-to-cell signaling
and control tissue organization, and the Ephrin pathway is overactivated in invasive
glioblastoma cells [34]. Overactivation of Ephrin pathway elements, especially EphA2
and EphA3, has been associated with invasiveness and poor patient outcomes [34,68].
It was recently shown that TGFβ is associated with microtube formation and invasion
in glioma cells through SMAD and Tsp1 signaling, as microtube formation is one of the
drivers of invasion [108]. The Rho family of GTPases from the Ras superfamily, Rho-A,
Rac1, and Cdc42, are responsible for the spatial regulation of glioblastoma invasion. They
control actin-mediated cytoskeleton rearrangements that facilitate cell movement [109].
In glioblastoma, the increased activity of Rac1, Cdc42, RhoA, and RhoG is associated
with the invasiveness of tumor cells [110–112]. Pleckstrin homology domain-interacting
proteins (PHIP) have previously been shown to be potential targets for pancreatic and
several other different cancer types; a very recent study showed that PHIP also acted on
the focal adhesion complex and drove glioblastoma invasion [113]. TRIM28, which is a
transcription factor involved in gene regulation, is also involved in the proliferation of
tumor cells. Recently, in the study by Turnsek et al., TRIM28 was found to be enriched in
the tumor core, and was associated with glioma cell invasion in a zebrafish model [114].
Additionally, recent studies showed that chemokine receptor type 4 (CXCR4) and C-X-C
motif chemokine ligand 12 (CXCL12) promoted glioma cells to acquire more invasive
phenotypes [115,116]. Together, the evergrowing list of molecules with functional roles in
invasion is extensive; targeting these molecules or pathways for clinical translation is a
priority in glioblastoma research.

5. Role of Ion Channels in Glioma Invasion

Tumor invasion is orchestrated not only by ECM modifications and cytoskeletal
changes, but also in the regulation of ion channels. The activity of ion channels is crucial for
cell homeostasis, resting membrane potential, regulation of cell volume in cellular physiol-
ogy and proliferation, survival, and regulation of gene expression in cancer cells [117]. To
protrude, glioma cells modify their ionic equilibrium, and adjust their volume to navigate
the confined space. This ionic equilibrium is facilitated by the flux of various ions by ion
channels and release of cytoplasmic water, ultimately causing the shrinkage of glioma
cells. These volumetric adjustments are facilitated by differentiated ion channel activity
on both the leading edge and the trailing edge of a protruding glioma cell [118]. The Ca2+

activated K+ channel KCa1.1 (KCNMA1) and Na+ K+ Cl− cotransporter NKCC1 are known
ion channels positioned on the migrating edge of glioma cells to facilitate migration via ion
flux [118,119]. In addition, on the trailing edge of migrating glioma cells, the well-studied
Ca2+ activated K+ channel KCa3.1 (KCCN4) and the voltage-gated Cl− channel 3 CLC3
regulates the flux of K+ and Cl− ions, causing a change in the cell volume [120,121]. In
line with their mentioned roles, such ion channels facilitating migration are predominantly
expressed in glioblastoma. In contrast, expression of Kir4.1, an inward rectifier K+ chan-
nel, is negatively correlated with the invasive behavior of glioma, as inhibition of Kir4.1
increases the migration capacity of glioma cells [122]. The ion channels’ roles in invasion
are not confined to their effects on volumetric regulation. For example, the flux of ions
such as Ca2+ and Cl− results in activation of downstream signaling pathways, such as the
NF-KB pathway (TMEM16A), Ca2+-dependent pathways, and STAT3 and Notch signal-
ing pathways via the transient receptor potential (TRP) family member TRP-melastatin
7 (TRPM7) [123–125]. Accordingly, it has been shown that pharmacological inhibition of
TRPM7 reduces the invasion capacity of U87 cells [126]. Lastly, it has been reported that
acid-sensing ion channels are also overexpressed in glioma cells, which produces acidosis
as the tumor cells migrate [127].
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6. Epithelial-to-Mesenchymal Transition and Invasion

Epithelial-to-mesenchymal transition (EMT) is a process during which an epithelial
cell undergoes substantial transcriptional, biochemical, and structural changes, resulting in
the adoption of a mesenchymal cell phenotype [128]. Accordingly, cells that have acquired
mesenchymal characteristics are more migratory, exhibit more resistance to apoptosis, and
they produce pro-invasive factors that facilitate invasion in the neighboring tissue. There-
fore, EMT has an important role in cancer progression by controlling the transcriptional
programs operating during the transition between tumor growth and metastasis. This
transition brings along the changes in the gene expression and functional behavior, which
affect the motility phenotype. Roughly, cell–cell and cell–ECM interactions are changed
and established, the cytoskeleton is reorganized, and transcription of the genes that support
the invasive mesenchymal phenotype is activated [129]. While epithelial cells are anchored
to the basement membrane with tight interactions, the attachments to ECM with focal
adhesion molecules loosen when the cells undergo mesenchymal transition [130]. In the
context of cancer, EMT is linked to enhanced motility, chemoresistance, and stem cell-like
properties [131]. Proliferative tumors generally exhibit epithelial-like morphology with
tight cell junctions and E-cadherin overexpression on the cell membrane. When these
cells undergo EMT, the cells become more fibroblast-like, tight junctions disappear, and
E-cadherin expression is majorly lost. The cells that undergo EMT degrade the ECM and
become more invasive. With this increased invasiveness, they can enter circulation (intrava-
sation) easily and survivors can leave the blood or lymphatic vessels (extravasation). After
extravasation, the cells reverse the EMT program and undergo mesenchymal-to-epithelial
transition (MET) [132]. This is a strategy for cancer cells to metastasize and generate
secondary tumors in distant areas [27].

While EMT is a known driver of invasion and metastasis in mainly carcinomas, EMT-
like processes have been described to participate in the progression of gliomas, as well [133].
Invasive gliomas share common molecular features with metastatic epithelial cancers [134].
ZEB1 transcription factor, which is a key regulator of EMT, is also a driver of glioblastoma
invasion [135]. Overexpression of Decorin, a member of the small leucine-rich proteogly-
cans (SLRPs), is associated with a decreased EMT-like phenotype and suppressed invasion
ability in glioma cells [136]. Twist overexpression has been shown to promote glioma
invasion [137]. Silencing of Snail in glioma cells has been shown to reduce invasion [138],
and Slug expression has been shown to correlate with histological grade and increased
invasiveness [139]. Recently, it was demonstrated that prolyl-4-hydroxylase subunit 2
(P4HA2), which is involved in collagen biogenesis, was one of the key players in the tumor
microenvironment, and that P4HA2 promoted EMT, cell proliferation, and invasion in
glioblastoma [140,141]. Other factors, such as TGFβ, TNFα, IL6, HGF, EGF, and PDGF are
also regulators and inducers of EMT and are all implicated in glioblastomas [27,142,143].

7. Unbiased, High-Throughput Experimental Approaches to Study
Glioblastoma Invasion

As mentioned, the aggressive and invasive nature of the glioblastoma cells are among
the main reasons for therapy resistance, high recurrence, and eventually a poor prognosis.
With this notion, several studies employed high-throughput strategies to identify and study
novel molecules implicated in glioblastoma invasion (Table 1).

Mariani et al. used human glioblastoma tumor specimens and separated the cells
residing in the core and the invasive rim by laser capture microdissection. When mRNA
expression profiles of these cells were compared, they identified that the P311 gene was
upregulated in invasive cells, and this gene had a potential role in glioma invasion [144].
Hoelzinger et al. conducted a microarray analysis of the cells from patient tumor cores and
the cells that invaded the white matter, using laser-capture microdissection. Besides several
other genes, they found that ATX and BCLW were upregulated in invasive cells [145]. De-
muth et al. utilized a three-dimensional invasion system, where glioma cell-line spheroids
invaded collagen. With microarray analysis, expression profiles of core and rim cells were
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determined, and they reported that MKK3 and its downstream effector p38 were drivers
of glioma invasion [146]. Again, Demuth et al. conducted a microarray screen to identify
gene signatures in stationary and migratory populations. In this study, both cell lines and
primary cultures were used; and migratory cells were separated from stationary cells using
a radial migration assay. With the analysis of differentially expressed genes, they found
22 gene signatures, classifying glioblastoma cultures based on migration rate [147]. Re-
cently, Krieger et al. conducted a single-cell RNA sequencing analysis and identified gene
expression changes induced by the interaction between tumor cells and normal brain cells
with a different experimental approach. They analyzed the changes in the transcriptional
program of glioblastoma cells before and after coculture with iPSC-derived human cerebral
organoids, which function as a scaffold for glioblastoma cell invasion [148].

Table 1. Molecules identified as having a role in glioblastoma invasion by unbiased, high-throughput
approaches.

Approach Gene/Protein Identified Reference

Differential expression analysis of tumor
cells from tumor core and the invasive rim by

laser-capture microdissection
P311 [144]

Microarray analysis of the cells from tumor
cores and the cells that invaded White matter

using laser-capture microdissection
ATX and BCLW [145]

Microarray analysis of core and rim cells
using cell-line spheroids invading collagen MKK3 and p38 [146]

Microarray analysis of cell lines and primary
cultures with radial migration assay CTGF [147]

RNA sequencing of motile and nonmotile
cells using a spheroid dispersal model SERPINE1 [149]

Differential expression analysis of long
noncoding RNAs in glioma tissues,
compared to normal brain tissues

NEAT1 [150]

miRNA profiling of slow-growing, diffusely
infiltrating glioma and noninvasive primitive

neural tumors
miRNA-449a [151]

Functional screen with monoclonal antibody
library generated against primary

glioblastoma cells
Itga7 [152]

Analysis of enriched proteins on the cell
membranes with different invasive capacities Itga5, CD97 and Anxa1 [153]

Analysis of proteins in cell lines with
different invasive capacities Cathepsin D [154]

Functional proteomics approach with
fluorophore-assisted light inactivation

Neuropilin-1 and
Semaphorin3A [155]

Functional proteomics approach with
fluorophore-assisted light inactivation CD155/PVR [156]

Analysis of proteins from glioblastoma
sections by microdissecting cells from
invasive border and proliferative core

ELMO1 and Dock180 [157]

Proteomics analysis of xenograft models
generated by serial transplantation of human

glioblastoma specimens into rat brains
PDI [158]
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Another expression-profiling analysis was conducted by Zhou et al. to investigate
differential expression of long noncoding RNAs in glioma tissues, compared to normal brain
tissues. With this analysis, they found that lncRNA NEAT1 inhibited glioma invasion by
suppressing the expression of miR132, which regulates SOX2 expression [150]. In addition,
He et al. identified long noncoding RNA SLC8A1-AS1 as a regulator of glioma cell invasion
through the Wnt-β-catenin pathway [159]. Li et al. conducted an miRNA screen in two
distinct types of brain tumors; slow-growing, diffusely infiltrating glioma and noninvasive
primitive neural tumors, and identified miRNA-449a as a suppressor of migration [151].
Another study by Diao et al. showed the role of miR-129-5p in glioma progression and
invasion [160]. Xu et al. demonstrated lnc-NLC1-C associated with the low invasion and
migration abilities of glioma cells through regulation of PRDX-3 expression [161]. Lin et al.
showed that upregulation of the RNA-binding motif protein 8A (RBM8A) is associated
with a poor prognosis in glioblastoma, and its pro-oncogenic function is facilitated through
the Notch/STAT3 pathway [162].

Using an unbiased–functional proteomics approach called fluorophore-assisted light
inactivation (FALI), Bagci et al. identified Neuropilin-1 and its ligand Semaphorin3A
as mediators of glioblastoma invasion [155]. Previously, with a similar approach, Sloan
et al. showed the role of CD155 as a mediator of glioma cell migration [156]. Goplen
et al. obtained two different glioblastoma tumor types by serial transplantation of human
glioblastoma biopsies into rat brains. While the tumors were very invasive at first trans-
plantation, they switched to a less invasive phenotype by a transplantation series. They
analyzed these two types of xenografts with a global proteomics approach and found that
PDI was a significant player in glioma cell invasion [158]. Jarzynka et al. used glioblastoma
sections to separately microdissect cells from the invasive border and the proliferative core
to extract proteins from these populations. With this study, they identified ELMO1 and
Dock180 levels were higher in invading cells [157]. Formolo et al. analyzed the secretome
profiles of glioblastoma cell lines and demonstrated a correlation between secreted proteins
and the invasive behavior of the cells [163]. Pei et al. used two different cell lines with
different invasive properties and analyzed the proteins that may contribute to this behavior.
They found that Cathepsin D might have a role in glioma cell invasion [154]. Duthika et al.
compared the invasiveness of glioblastoma cell lines based on their invadopodia formation,
and analyzed the enriched proteins on the membranes of these different cell lines. Among
the proteins correlated with cell invasiveness, Itga5, CD97, and Anxa1, had prognostic
values that could be used as therapeutic targets [153]. With a different approach, Haas
et al. conducted a screen for a monoclonal antibody library generated against primary
glioblastoma cells. This screen identified Itga7 as a functional marker of glioblastoma stem
cells and the roles of Itga7 in tumor growth and invasion were validated with functional
experiments [152]. Recently, Yong et al. showed that fibrinogen could be a mediator for
brain tumor-initiating cells (BTICs), which may be a target for therapy to reduce BTIC
tumorigenicity [164].

Recently, we analyzed the dynamic changes in the transcriptome of motile and
nonmotile glioblastoma cells in an unbiased manner [149]. Consistent with the former
studies, we identified a large number of differentially expressed genes, most of which
were upregulated during dispersal, revealing the dynamic and adaptable transcriptome
of moving cells. We showed that SERPINE1 gene expression is dramatically induced
in cells on the move. Furthermore, we showed that SERPINE1 acts as a modulator
of glioblastoma cell dispersal by regulating cell–substrate adhesion and directional
movement of the cells (Figure 4).
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Figure 4. Effect of SERPINE1 on glioblastoma cell invasion. Transcriptome profiling of motile
and nonmotile glioblastoma cells identified SERPINE1 as a regulator of glioblastoma cell motility.
Inhibition or knock-down of SERPINE1 reduces glioblastoma cell invasion by regulating cell adhesion
and directional persistence of the cells. As a result, SERPINE1 inhibition has the potential to reduce
tumor progression in vivo. Figure generated at Biorender.com (adapted from Seker, F., et al. [149]).

All of these exploratory studies were conducted using different screen methods,
techniques, and cell/tissue types, but ultimately with similar purposes. Even though these
studies provide an essential insight for molecular mechanisms behind the movement of
cancer cells, they are all limited in several aspects. First, several reports repeatedly showed
that the cell lines hardly mimicked the in vivo conditions. The findings obtained with
cell-line studies would be poorly applicable in in vivo conditions, since cell movement and
cancer cell invasion highly depend on the cues from the native microenvironment [165].
To get a snapshot of the physiological conditions, the use of tissue samples would be a
better solution. However, in the case of invasive glioblastoma, the tumor border is unclear,
and the tumor is very infiltrative in nature. As a result, the separation of the tumor and
healthy tissue, and the collection of samples prove challenging and remain limited by
the anatomy and neurological function of the brain. To overcome this issue in the clinic,
fluorescent-guided surgeries were performed to achieve the gross resection of tumors [166].
Moreover, by using Raman scattering histology, the intraoperative detection of residual
tumor cells is now possible in a rapid and label-free manner [167]. Another limitation is the
methods and techniques used in the studies. Conducting screens by using limited libraries
restricts novel findings. To this end, conducting unbiased, genome-wide screens will open
new ways for discovering novel molecular players of glioblastoma invasion. Adding to
the complexity of glioblastomas, it is now well established that tumors display intratumor
heterogeneity. Therefore, new advanced approaches to decipher the molecular mechanisms
at a single-cell resolution level would be extremely informative in the future. For example,
seminal works by Castro et al., or Patel et al. investigating the transcriptomic landscape of
glioblastoma tumors at a single-cell level, provide insight about tumor heterogeneity and
emphasize the prognostic value of such high-resolution approaches [168,169].

8. Clinical Targeting of Glioblastoma: Is There an Anti-Invasion/Anti-Migration Treatment?

Standard of care: The conventional care for glioblastoma involves tumor resection
followed by radiation therapy and chemotherapy with TMZ [4]. TMZ (Temodar; FDA
approval: 1997) is a DNA-alkylating agent that delivers a methyl group on specific sites
of purine bases of DNA at the O6 and N7 positions of guanine and the N position of
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adenine [170]. O6 methylguanine is the main cause of TMZ toxicity, causing mismatches
and, ultimately, DNA double-strand breaks, cell-cycle arrest at the G2/M phase, and
apoptosis [171–173]. The differential response of patients to TMZ therapy and radiotherapy
is linked to the activity of O6-methylguanidine DNA methyltransferase (MGMT), which is
a DNA-repair enzyme and is regulated by promoter methylation. Patients whose tumor
cells have a methylated MGMT promoter have a better response to TMZ treatment and
have better overall survival. This makes MGMT promoter methylation both a predictive
factor for TMZ response and a prognostic factor for survival [174]. Other than TMZ, two
other FDA-approved oncology drugs are used for glioblastoma treatment: biodegradable
carmustine and BCNU wafers (Gliadel; FDA approval: 1995). Even though these standard
therapies increase the median overall survival time of patients, the tumors recur in nearly
all cases [27]. Bevacizumab, which is an antiangiogenic agent by its ability to inhibit VEGF,
has also been approved for use in glioblastoma patients (Avastin; FDA approval: 2009 for
recurrent glioblastoma). However, trials have shown that treatment with Bevacizumab
prolongs progression-free survival, but does not have any significant effect on overall
survival [175].

A very important treatment approach for glioblastoma is radiation therapy. Currently,
the European Organization of Research and Treatment of Cancer recommends a single-
phase radiation therapy technique with a unique gross tumor volume, which comprises the
T1 contrast enhancement region plus a margin of 20 to 30 mm, with a total dose of 60 Gy in
30 fractions [176]. During the radiation therapy, attention must be paid to ensure that the
dose to critical structures (such as the brain stem, optic chiasm, optic nerves) is kept within
acceptable limits [177]. However, a better understanding of glioblastoma migration and
invasion patterns, and the ability to model the tumor distribution for each patient could
allow for tailored radiation therapy maps in the future. For this reason, comprehending the
aggressive and complex nature of glioblastoma invasion is an urgent unmet need [178].

Even though chemotherapy approaches seem to be useful at first treatment, tumor
cells may acquire characteristics and may no longer respond to therapies [179]. To this
end, the use of combinatorial chemotherapy approaches to overcome chemoresistance is
an emerging and promising approach. Similarly, several innovations in radiotherapy are
focused on increasing radiosensitization [180–182]. If successful anti-invasive strategies
can be developed, their application together with chemo- or radiotherapy may halt the
progression of glioblastomas and, ultimately, prevent recurrence.

Immune Modulators: Immune checkpoint inhibitors, especially the ones targeting PD-1
and CTLA-4, are currently being examined in clinical trials for glioblastoma. CAR-T cell
applications, constructed based on patients’ tumor antigen profiles, are other immunother-
apy approaches in clinical trials. Dendritic cell therapy is another personalized medicine
application, which aims to target multiple glioblastoma antigens by using tumor lysates,
RNA, peptides, and products of cancer stem cells. Vaccination with neoantigens derived
from tumor-specific protein-coding mutations is another immunological strategy. The
Gliovac vaccine is a promising treatment option in clinical trials [183]. Virotherapy uses
genetically engineered oncolytic viruses to target glioblastoma [184].

Targeted delivery approaches: Current research in glioblastoma has evolved from focusing
on only the therapeutic efficacy of new candidate drugs, to considering their delivery
methods also. For example, even though a therapeutic drug can show efficacy in vitro,
delivery of this drug to the tumor site through the blood–brain barrier (BBB) is among the
biggest challenges in glioblastoma [185]. To this end, several drug-delivery methods are
being developed with the help of the biomaterial sciences. Conjugated drugs, liposomes,
monoclonal antibody-conjugated nanoparticles, nanotubes, and several other strategies
are in development for efficient BBB penetration and specific recognition and targeting of
glioblastoma tumors [186,187]. Another strategy is to use neural stem cells (NSCs) loaded
with engineered viruses to increase targeted efficiency [178]. Similarly, NSCs secreting
proapoptotic ligands that travel to the tumor site and deliver on-site therapies is a promising
and emerging targeted approach [188].
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Tumor-treating fields: Tumor-treating fields (TTFs) are a new and noninvasive treatment
option currently approved and applied in the glioblastoma [189–191]. The treatment is
delivered by electrodes attached to the scalp of the patient, which generate alternative
electric fields that target the tumor [192,193]. The working mechanism of the TTFs is to
lead the cancer cells to apoptosis by interfering with the mitotic spindle formation during
cell division and damaging the cell structure [194]. While TTFs affect the cell division, the
nondividing cells remain undisturbed, which makes TTFs a cancer-specific application [195].
The combination of TTFs with the conventional chemotherapy and radiotherapy has proven
to be highly efficacious without severe side effects [192,196,197]. Since TTFs are a regional
therapy with the delivery of the electric fields to a limited location, this option has been a
promising one for glioma treatment, considering the diffuse infiltrative, but almost never
metastasizing, nature of gliomas [198]. Even the parameters of TTF application should be
optimized for each glioma subtype. The combination of TTFs with the standard therapy is
a promising option for both newly diagnosed and recurrent glioma patients.

Anti-invasive approaches: Clearly, most therapeutics applied in the clinics for glioblas-
toma patients are directed towards halting tumor cell proliferation and inducing tumor
cell death. Despite the fact that the invasive nature of glioblastoma cells has drastic results
on therapy resistance and very high recurrence rates, there is no directed anti-invasion
therapy approved for glioblastoma [5], except for ongoing clinical trials. Moreover, studies
showed that current therapeutic strategies, such as Bevacizumab treatment, may further
increase the invasiveness of the cells [199]. In some cases, resection has been shown to
increase tumor malignancy through a stem cell repopulation effect. While chemotherapy
causes further variations and mutations, low-dose radiation may increase the invasiveness
of glioma cells [200,201].

The above-mentioned invasion pathways and signaling networks offer druggable tar-
gets, such as TGFβR1, Ephrin receptors, FAK, ROCK, CK2, AKT, JAK, NF-κB, STAT3, and
EZH2. Among these, using inhibitors of TGFβR1, Ephrin receptors, FAK, ROCK, and CK2
would more specifically target invasive glioblastoma cells, sparing normal cells. The TGFβ
inhibitor Galunisertib is in clinical development and is being tested against glioblastoma
(clinicaltrials.gov identifier: NCT01682187 and NCT01582269) [202]. In a recently com-
pleted clinical trial (NCT01220271), it was demonstrated that a combination treatment of
Galunisertib with temozolomide-based radiochemotherapy (TMZ/RTX) does not produce
a significant difference in terms of efficacy, safety, or pharmacokinetic variables compared
to radiochemotherapy alone [203]. For Ephrin receptors, a Phase I study is investigating
KB004, a monoclonal antibody targeting EphA3 in glioblastoma (NCT03374943). FAK
inhibitors have not been tested in glioma yet, but Phase II trials are ongoing for Defactinib
and GSK2256098 (NCT01951690 and NCT02523014) [13]. Other than these trials, studies
targeting glutamate signaling and ion receptors are ongoing [204]. A phase II clinical trial
on recurrent glioblastoma patients showed a significant increase in the overall survival,
although with more adverse effects (NCT01480479) [205]. Onartuzumab is a humanized
monoclonal anti-MET pathway drug, and it has been in phase II clinical trials for recurrent
glioblastoma patients. Even though the results showed no significant benefit, molecular
analyses revealed that patients with a high expression of HGF or patients with unmethy-
lated MGMT promoter were more likely to benefit from an Onartuzumab and Bevacizumab
combination, leading to improved survival [206].

In addition to these ongoing trials, other elements linked to invasion have already
been tested. The targeting of MMPs to reduce glioblastoma invasion evoked severe normal
tissue side effects in patients and did not improve patient survival when combined with
temozolomide [206]. The targeting of Integrins was more promising, but unfortunately,
the patients with newly diagnosed glioblastoma and methylated MGMT promoter did
not benefit from treatment [207]. Even though the targeting of proteases restricted the
dissemination of tumors inside the brain, this approach did not improve overall patient
survival [206].
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9. Concluding Remarks

Given the aggressive characteristic of glioblastoma, the invasive glioblastoma cells are
found already disseminated and embedded into the brain at the time of diagnosis. Despite
tumor removal, these cells can recolonize and cause a recurrence of the tumor by resisting
the conventional therapy approaches. Considering that conventional therapy approaches
have a very limited effect on invasive glioma cells or cause adverse effects on healthy cells,
understanding the mechanisms of glioblastoma cell invasiveness is important to develop
effective therapeutic approaches. To this end, studies identifying druggable targets of
glioblastoma invasion have a great potential to offer new approaches.

Therapeutics targeting invasion mechanisms would be useful to eradicate the popula-
tion left behind after surgical removal and would make the tumors more manageable in the
clinic, especially with complementary therapies that target other features of glioblastoma.
However, considering that highly invasive cells have already disseminated to locations
other than the primary tumor area and formed tumor seeds in secondary locations, pre-
venting only the invasion may not eradicate these cells and may not change the patient’s
survival considerably. To this end, anti-invasive therapies should be combined with other
treatments. Offering such combinations would ultimately result in more manageable
tumors and provide opportunities for better a prognosis for glioblastoma patients.

Author Contributions: Manuscript draft, F.S.-P. and N.P.D.; image generation, N.P.D.; editing and
interpretation, I.S. and T.B.-O.; approved final manuscript, all authors. All authors have read and
agreed to the published version of the manuscript.

Funding: Financial support was obtained from The Scientific and Technological Research Council of
Turkey (TUBITAK) 1002-315S161 and 1001-119S362 Grants.

Acknowledgments: The authors gratefully acknowledge the use of the services and facilities of the
Koç University Research Center for Translational Medicine (KUTTAM), funded by the Presidency of
Turkey, Presidency of Strategy and Budget.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ramirez, Y.P.; Weatherbee, J.L.; Wheelhouse, R.T.; Ross, A.H. Glioblastoma multiforme therapy and mechanisms of resistance.

Pharmaceuticals 2013, 6, 1475–1506. [CrossRef]
2. Verhaak, R.G.W.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.;

et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef] [PubMed]

3. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
4. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;

Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef]

5. Cha, J.; Kang, S.G.; Kim, P. Strategies of Mesenchymal Invasion of Patient-derived Brain Tumors: Microenvironmental Adaptation.
Sci. Rep. 2016, 6, 24912. [CrossRef]

6. Keime-Guibert, F.; Chinot, O.; Taillandier, L.; Cartalat-Carel, S.; Frenay, M.; Kantor, G.; Guillamo, J.S.; Jadaud, E.; Colin, P.;
Bondiau, P.Y.; et al. Radiotherapy for glioblastoma in the elderly. N. Engl. J. Med. 2007, 356, 1527–1535. [CrossRef]

7. Lang, F.F.; Gilbert, M.R. Diffusely infiltrative low-grade gliomas in adults. J. Clin. Oncol. 2006, 24, 1236–1245. [CrossRef] [PubMed]
8. Laperriere, N.; Zuraw, L.; Cairncross, G. Radiotherapy for newly diagnosed malignant glioma in adults: A systematic review.

Radiother. Oncol. 2002, 64, 259–273. [CrossRef]
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