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Abstract: The biology and physics underlying glioblastoma is not yet completely understood, resulting in
the limited efficacy of current clinical therapy. Recent studies have indicated the importance of mechanical
stress on the development and malignancy of cancer. Various types of mechanical stress activate adaptive
tumor cell responses that include alterations in the extracellular matrix (ECM) which have an impact on
tumor malignancy. In this review, we describe and discuss the current knowledge of the effects of ECM
alterations and mechanical stress on GBM aggressiveness. Gradual changes in the brain ECM have been
connected to the biological and physical alterations of GBM cells. For example, increased expression of
several ECM components such as glycosaminoglycans (GAGs), hyaluronic acid (HA), proteoglycans and
fibrous proteins result in stiffening of the brain ECM, which alters inter- and intracellular signaling activity.
Several mechanosensing signaling pathways have been identified that orchestrate adaptive responses, such
as Hippo/YAP, CD44, and actin skeleton signaling, which remodel the cytoskeleton and affect cellular
properties such as cell–cell/ECM interactions, growth, and migration/invasion of GBM cells. In vitro,
hydrogels are used as a model to mimic the stiffening of the brain ECM and reconstruct its mechanics,
which we also discuss. Overall, we provide an overview of the tumor microenvironmental landscape of
GBM with a focus on ECM stiffening and its associated adaptive cellular signaling pathways and their
possible therapeutic exploitation.

Keywords: physics of cancer; glioblastoma multiforme; extracellular matrix stiffening; tumor mi-
croenvironment; mechanical stress; adaptive cellular signaling

1. Introduction: Glioblastoma

Glioblastoma multiforme (GBM) is the most aggressive and malignant type of brain tu-
mor [1]. A combination of surgery, chemotherapy, and radiotherapy result in a median survival
of around 16 months due to the failure to remove the whole tumor and therapy resistance
leading to a deadly tumor relapse [2]. Moreover, there are still many blind spots regarding the
characteristics and properties of GBM cells and their tumor microenvironment (TME), which
drives tumor progression. There is a great need to develop better treatments for GBM. However,
many new drugs and treatment strategies that have activity in other tumor types fail in GBM,
and therefore a better fundamental understanding of the biology driving GBM is needed.

GBM occurs most often in the cerebral hemispheres, especially in the frontal and temporal
lobes of the brain, where it expands very fast. Being a semi-solid and highly heterogeneous tumor,
GBM has several unique physiochemical, mechanical, and biological features [3,4]. Recent studies
showed that the extracellular matrix (ECM) of the brain and its alterations around the GBM tumor
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niche are directly linked to the rapid progression of GBM [4,5]. In fact, upon genetic mutation–
driven GBM tumor formation, changes simultaneously occur in the TME, including in the
ECM [6]. These local alterations within the TME later expand to the tissues of the full [7,8]. This
series of gradual changes biologically alter GBM cells and their properties involving reciprocal
ECM–GBM cell interactions [8]. Whether a cancer promoting TME is the outcome of abnormal
cell mutation or the other way around is debatable, but it is clear that they coevolve during
tumorigenesis [8,9]. For the ECM, in the initial stages of GBM, local ECM alterations occur that
expand across the brain, and in later stages these alterations also facilitate tumor invasion [10,11].
The ECM alterations in GBM mostly comprise altered expression levels of several components.
These result in increased tissue stiffness that can affect rapid biological and physiological changes
in the cellular activities that stimulate tumor development and progression [12–14]. A stiffening
of the ECM is one of the mechanical components that impact cancer progression in the field of
cancer physics [15–17].

2. Physics of Cancer

Cancer is initiated by genetic modifications, but develops by altering its physical context [18].
Through a process known as mechanotransduction, cells sense their microenvironment and
adapt to it by modifying their cellular and extracellular structures [19]. There is increasing
recognition that mechanical forces play a crucial role in many of the hallmarks of cancer [15].
However, the cellular and extracellular changes by which tumor cells adapt to mechanical forces
are often overlooked and incompletely understood, as is the potential involvement of specific
oncogenes. Recently, the physical traits of cancer, which consist of solid stress, stiffness, fluid
pressure, and microarchitecture were reviewed (Figure 1) [20]. The multidisciplinary field of the
physics of cancer studies how mechanical and chemical cues orchestrate the adaptive response
of (cancer) cells to ECM alterations and, generally, tissue alterations [21]. Better knowledge of
such mechanisms may open new doors to develop novel therapeutics for cancer.
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Figure 1. Physical traits of cancer. Solid stress, stiffness, fluid pressure, and microarchitecture are the
four distinct physical cues which extensively drive GBM tumor progression. Among others, Extracel-
lular matrix (ECM) stiffening directly links with the glioblastoma (GBM) stem cells invasiveness and
motility. Figure is adapted from [15,20,22,23].
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3. Multiscale Alterations of the Brain ECM during GBM Progression: Turning Soft
into Stiff

Cells are embedded within an ECM, a gel-like substance that serves as a matrix to
which cells adhere to and support cell viability and proliferation [24]. The ECM of the
brain is primarily made up of (i) polysaccharides such as glycosaminoglycans (GAGs);
(ii) proteoglycans; (iii) fibrous proteins (glycoproteins) such as collagen, elastin, fibronectin,
and laminin; and (iv) many types of growth factors [25].

(i) GAGs are sugar molecules linked together by amino acids, which makes them re-
peating disaccharide units in which one is an amino sugar. Examples of GAGs
include keratin sulfate, heparin sulfate, dermatin sulfate, and the most important
one, hyaluronan or hyaluronic acid (HA) (non-sulfated). These sugars carry negative
charges through a sulfate (SO3

−) or carboxyl group (COO−). These negative charges
make GAGs the most anionic molecules in mammalian cells [26]. GAGs are capable
of high water retention due to their negative charges. The function of GAGs is mainly
to regulate activity of secreted proteins and to immobilize secreted molecules close to
where they are secreted to provide a reservoir of proteins for later use. They also play
a role in tissue repair processes, including angiogenesis. Moreover, GAGs protect pro-
teins from proteolytic degradation and alter or concentrate proteins for presentation
to cell surface receptors [12,25,26].

(ii) Proteoglycans are proteins that are heavily glycosylated. The basic proteoglycan
unit consists of a core protein with one or more covalently attached GAG chains [27].
The chains are long, linear carbohydrate polymers that are negatively charged under
physiological conditions due to the presence of sulfate and uronic acid groups. Proteo-
glycans are a major component of the ECM, i.e., the filler substance between the cells
in an organism [28]. They form large complexes, both to other proteoglycans, such as
hyaluronan, and to fibrous matrix proteins, such as collagen. They are also involved
in binding cations such as sodium, potassium, and calcium, as well as water, but
also regulate the movement of molecules through the matrix [25,28]. Evidence also
shows they can affect the activity and stability of proteins and signaling molecules
within the matrix [29]. The individual functions of proteoglycans can be attributed
to either the protein core or the attached GAG chain. The most common type of
proteoglycans within the brain ECM are aggrecan, brevican, glypican-1, versican, and
tenascin-C [8,25].

(iii) Glycoproteins provide structure and adhesive functions for the cells [12,25,30]. They
have direct or indirect links with most of the intercellular and intracellular signaling
pathways [10]. Collagen is one of the most important fibrous proteins, consisting
of covalently intermolecular and intramolecular cross-linked helices. These helices
are composed of hydroxyproline and hydroxylysine [31]. It is reported that collagen
directly affects the ECM structure [8]. While fibrillar collagens are the most abundant
proteins in the body and are highly expressed in the interstitial matrix of several
organs, the normal adult brain contains very limited amounts of collagen, accounting
for its soft consistency. The major form of collagen in the brain is collagen IV, which is
present in the basement membrane surrounding the vascular endothelial cells. Colla-
gen IV levels are upregulated in gliomas and localized to the basement membrane
lining the vessel walls in astrocytomas of all grades, including GBM. Whether fibrillar
collagens are present in gliomas is more contentious, and it has been reported that
GBMs do not express intratumoral fibrillar collagen. The identity of the collagen
producing cells is still unresolved but glioma cells can synthesize their own com-
plement of ECM, including collagens I and IV [32]. During GBM progression, the
collagen content of the brain does not increase rapidly and is reported to be tenfold
lower compared to the GAGs. Therefore, collagen does not contribute to the ECM
stiffening and generation of mechanical stress in GBM. However, aligned collagen
fibers increase the presence of confined spaces within the brain and could fuel the
migratory tendency of glioblastoma stem cells (GSCs) [33]. Elastin, another fibrous
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protein within the brain ECM, is a highly hydrophobic elastic protein secreted and
organized in fibers and sheets and provides protection against tensile forces [34].
Fibronectin helps cells to attach to the matrix by first attaching to cells through its
multiple binding domains via the RGD sequence [35,36].

(iv) A wide variety of growth factors present within the ECM also continuously affect
cell behavior by promoting cell adhesion, growth, proliferation, and differentiation
during nervous system development. For instance, epidermal growth factor (EGF)
is a polypeptide that acts as a signaling molecule in initiating mitosis and promotes
rapid cell growth. Cytokine vascular endothelial growth factor (VEGF) controls
brain angiogenesis and vascular network formation within the brain ECM. Fibroblast
growth factors (FGF) regulate embryonic development, organogenesis, and tissue
differentiation. Brain-derived growth factor (BDNF) serve as a survival factor during
early ECM development [37].

Several of the listed brain ECM components undergo overexpression during GBM
tumor progression, which is known to be the main cause of ECM stiffening. Figure 2 high-
lights the most important ECM components involved in ECM stiffening and demonstrates
the ECM compositional differences between a healthy ECM and the GBM brain’s ECM.
Particularly, the overexpression of HA, tenascin-C, fibronectin, and brevican within the
GBM ECM, coupled with increased expression of HA-related genes such as CD44 and
RHAMM, drive the stiffening phenomena.
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Figure 2. Overexpression of the brain extracellular matrix (ECM) components drastically alters its
composition, mechanics, and physiochemical properties. Increased expression of hyaluronic acid,
tenascin-C, fibronectin, and brevican, stiffens the ECM, which generates mechanical stress. Increased
expression of HA-related genes such as CD44, RHAMM, and HAS2, intensifies HA overexpression.
In addition, elevated presence of MMPs initiates matrix protein degradation, which weakens the
ECM opposing the stiffening phenomena. Figure adapted from [12,25,38,39].
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Many functions of the matrix also involve cell adhesion molecules (CAMs). CAMs
are integral cell membrane proteins that mediate cell–cell and cell–matrix adhesion [40].
Among all types of CAMs, integrins and cadherins are the most important ones that bind
directly to the ECM and cell cytoskeleton components, whereas integrins are the most
important for mediating cell–matrix adhesion [41]. Thus, many ECM components have an
effect on cell–cell and cell–ECM interactions, and as mentioned earlier, show GBM-localized
alterations in expression that can extend to surrounding tissue [38]. GBM massively changes
the ECM harmony within normal brain tissue, resulting in an abnormal ECM environment
that favors GBM progression and invasion, which is mediated by activation of specific
signaling pathways [42]. Therefore, cell–ECM interactions are closely monitored by cells
that in turn activate adaptive responses to balance such ECM alterations.

HA, glypican-1, brevican, neurocan, tenascin-C, and versican are all overexpressed
within the ECM of GBM with gradual tumor growth [38]. In fact, high HA expression is
one of the most important ECM alterations, with multifactorial functions, and is discussed
further below [43]. HA overexpression significantly alters the mechanics of the brain
tissue [44]. The increase in collagen expression promotes aligned microarchitecture within
the brain ECM structure [45]. Fibronectin expression also increases and promotes cell
adhesion properties [46]. Moreover, matrix metalloproteinase (MMPs) activity is facilitated
by an altered ECM of GBM, initiating ECM protein degradation, which weakens the
ECM’s mechanical properties that oppose the stiffening phenomena [47]. On the contrary,
the aggrecan concentration within the GBM ECM is decreased [29,38]. These massive
compositional alterations directly affect the physicochemical properties of the brain ECM
and initiate gradual ECM stiffening. Normal brain ECM has a stiffness of 0.2 to 1.2 kPa,
which increases up to 45 kPa during GBM tumor development [48,49]. Such a sharp increase
in matrix stiffness activates the mechanotransduction process in GBM cells [20,50,51].

The Multifunctional Role of Hyaluronic Acid in ECM Alterations

HA is a repeating disaccharide unit of N-acetylglucosamine and glucuronic acid [52].
The central nervous system (CNS), which includes the brain and spinal cord, contains a
high HA level [53]. The brain ECM is composed of 25% HA in mass, which gradually
increases during GBM tumor progression [53–55], making HA-enriched ECM the most
common feature of the GBM TME [38,56].

HA interacts with proteins and other GAGs via unique binding sites and various
linker proteins, forming a complex mesh [57]. HA directly participates in diverse biological
processes, including inflammation, angiogenesis, and tissue regeneration. HA affects
the proliferation and motility of GSCs as well as that of neural stem cells (NSCs) [57].
HA asserts its biological functions via several non-integrin cell surface receptors, which
include CD44 (HA interaction via amino-terminal HA-binding region of CD44), the receptor
for hyaluronan-mediated motility (RHAMM), lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE-1), intracellular adhesion molecule 1 (ICAM-1), and Toll-like receptors
(TLRs) 2 and 4 [56]. In the CNS, increased astrocytic expression of CD44 appears to be an
essential response to injury [57,58]. HA levels in the ECM are regulated by a balance of
HA degradation by hyaluronidases, receptor-mediated endocytosis of extracellular HA
(HYAL-1, HYAL-2 and HYAL-3), and direct deposition of new HA into the ECM by HA
synthases (HAS-1 and HAS-2) [56].

The HA content of the ECM is coupled to cellular morphological changes and F-Actin
expression, which results in facilitating cell movements. Increased HA expression leads to
ECM stiffening, which applies mechanical stress on GSCs and stimulates F-actin expression.
Additionally, increased expression of CD44, improves cell adhesion, which facilitates GSC
motility [12,57]. Figure 3 summarizes the multifunctional effect of HA on GBM cells.
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Figure 3. Impact of hyaluronic acid (HA) on GBM cells. HA, through increased expression of CD44
and RHAMM, coupled with active EGFR (dimerized), facilitates GBM cell motility, division, and
proliferation. Figure adapted from [44,57,59–61].

To better understand the role of HA in GBM, in vitro models have been developed
using hydrogels to investigate the adaptive GSC responses. Cha et al. [43,56] used HA–
collagen-based hydrogels with varying HA contents to investigate the effect of HA-enriched
matrices on GBM cells. Using spheroids formed with GBM cells, they observed higher cell
proliferation by increasing the HA level within the gel matrix. In addition, they showed
an enhanced migratory state of GBM cells within gels with a higher HA content. This
showed that overexpression of HA within the brain ECM facilitates GBM cell motility
and proliferation [62]. Chen et al. [44] investigated the effect of HA’s molecular weight
(Mw) on the activation of HA-related receptors on cells in GBM and its role in GBM cell
malignancy. Since hyaluronidase enzymes (HYAL-1 and HYAL-2) secretion from GBM cells
increases within the altered ECM, upon HA degradation, short and long-chain HA are both
present within the ECM, which results in a variation in HA’s Mw. This change regulated the
HA-related cell receptors, especially CD44. It has been reported that GBM cells cultured in
hydrogels containing 500 kDa matrix-immobilized HA, with controlled physical properties,
showed less invasive potential than those in hydrogels containing matrix-immobilized 10 or
60 kDa HA. This increased malignancy seems to be related to different interrelated factors:
cell-secreted HA, matrix degradation, and cell–matrix signaling. Erickson et al. [63] used an
HA-based hydrogel to culture GBM cells in 3D. By developing a complex polyelectrolyte
scaffold based on HA and different concentrations of chitosan, they were able to mimic the
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matrix stiffening in GBM and showed how a high level of matrix stiffness advances GBM
cell proliferation. They also showed that the increase in matrix stiffness, induced by HA,
stimulates the expression of MMPs, hyaluronidases, and CD44 from GBM cells. It shows
that, along with HA overexpression and its influence on CD44, matrix rigidity intensifies
such signaling as well. Lou et al. [64] showed that an HA-enriched matrix promotes cell
spreading and activates F-actin polymerization. These results highlight that HA is involved
in cell elongation and morphological alteration. Zamboni et al. reported that HA increases
cell viability and, upon its overexpression, develops matrix adhesion properties through
stimulating CD44 expression and integrin-mediated adhesion [65].

4. Mechanics of the Brain and GBM Cells

The brain is surrounded by the skull as a solid barrier, and, upon GBM development,
the size of the brain increases gradually as the tumor grows, leading to increasing intracra-
nial pressure (ICP) [66]. ICP, which is around 17–19 mmHg at rest, rises to 25 mmHg in
the later stages of GBM, initiating direct mechanical stresses and solid forces from the
brain tissue to the skull and vice versa [20,67]. It is reported that the water content of the
brain during GBM progression slightly increases, [68,69] which is known as one of the
associated outcomes of the ECM alterations [70,71] and leads to cerebral edema (brain
swelling) [69,72,73]. Recent studies via magnetic resonance (MR) elastography of the brain
during GBM progression confirm the mentioned trends [74,75]. Cerebral edema, together
with ECM stiffening, can also raise the inner pressure of the brain, leading to rearrangement
of the ECM microarchitecture [20]. GBM is constituted not only by highly proliferative
malignant astrocytoma cells but also by immune cells, both residing in and infiltrating
stromal cells, vascular endothelial cells, and pericytes, which all create separate niches
within the tumor. All these cells are able to interact with each other within the ECM.
Although intratumor heterogeneity as a concept is often restricted to the varying presence
of the different genetic alterations present in the different tumor cells, the true heterogeneity
probably far exceeds this level as many intratumoral niches can be defined based on the
relative composition of contributing cell (sub-) types and ECM substances. In these niches,
different tumor cell types (proliferating, infiltrating, CSC like) and different noncancerous
cells (microglia, macrophages, dendritic cells (DCs), lymphocytes) dynamically reshape
different parts of the tumor, and it is not clear which are the key cell types in malignant
progression and ECM alteration [76]. Microscopically, this results in different microenviron-
ments within the tumor, varying from solid tumor cores with densely packed proliferating
tumor cells, to necrotic and perinecrotic areas, perivascular areas around vessels with
endothelial proliferation, and hypoxic and perihypoxic regions, while all of these regions
are ruled by the microclimates of cells and molecules [76]. While all of these cell types
hold specific functions, it is mainly CSCs that orchestrate the ECM stiffening phenomena
through direct intracellular interactions with the ECM’s overexpressed components, such
as GAGs and proteoglycans [76]. Therefore, in the context of the physics of cancer, GSCs
are of prime interest to be studied; while studying other cell types could contribute to the
understanding drug resistance in GBM, such factors are outside the scope of this review.

The Brain ECM under Tension: A Look into the Brain ECM Microarchitecture

The stiffening of the brain ECM exerts a high load of mechanical stress, which alters
GBM cell behavior through a series of mechanoresponsive, adaptive cellular signaling
pathways [77]. In fact, GBM cells sense the matrix stiffening as a type of applied mechanical
stress, which is why ECM stiffening phenomena is most often read as mechanical stress [78].
In GBM, ECM alterations lead to its stiffening. As the ECM stiffens, along with an increased
expression of its fibrous proteins, its structure reforms by adopting an aligned microar-
chitecture and creating confined spaces (Figure 4) [78–80]. Confined spaces enhance the
migratory state of the GBM cells, where increased stiffness directly mediates the motility
and invasion of GBM cells [81].
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(ECM) alterations, as its stiffens, the brain tissue structure adopts confined spaces and reshapes
its microarchitecture, generating compression and applying mechanical stresses to GSCs. Figure
adapted from [73,78,80–83].

Mechanical stress is initiated by matrix stiffening, and, upon its initiation, it can
propagate throughout the brain ECM and fuel the stiffening (its source), while solid stress
is initiated by tumor growth (size increase), i.e., reflection forces from the skull to the tissue
and brain swelling (cerebral edema) [18,20]. With respect to the physical traits of cancer,
both types of mentioned stresses are present within the ECM of GBM. Nia et al. [84], with
a novel approach, showed the effect of solid stress (localized applied force) on a mouse
brain with an engineered in vivo compression setup. The setup directly applied solid
stress to the cortex and cerebellum parts of the mouse brain, and the resulting alterations
were investigated via advanced imaging techniques. This setup was used to mimic the
tumor growth over time and study its impacts on the brain ECM. They reported how
chronic compression results in cellular responses, quantified via histological and molecular
techniques. They reported that in response to compression, there are fewer perfused
vessels, astrocytes become activated (GFAP), loss of neuronal network formation occurs,
gene expression of TNF-α increases, and there is chromatin condensation and the activation
of calcium ion channels [85,86].

5. Mechanobiology of GBM Cells: Adaptive Cellular Signaling Pathways

As the ECM stiffens, the associated mechanical changes are recognized by mechanosen-
sors in the cell that transmit forces via chemical signals [87,88]. To mend the balance
between internal and external rigidities, the cell activates adaptive/responsive signaling
pathways that increase contractility and henceforth reinforce the cytoskeleton [87].

As the ECM stiffens, a sharp increase in focal adhesion assembly comes first, fol-
lowed by advanced cell proliferation [89,90]. Additionally, the increasing basement mem-
brane stiffness leads to malignant transformation. Applying mechanical stress to inte-
grins induces Rho signaling, which activates g-actin polymerization, leading to F-actin
filament assembly [91].

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif
(TAZ) localize to the nucleus in GSCs cultured on a stiff substrate, while they remain in the
cytoplasm when cells are cultured on a soft matrix. YAP and TAZ promote proliferation
as it localizes within the nucleus, and, at elevated levels, it can result in neoplasia [92].
ECM stiffening with the generation of mechanical stresses in the ECM propagates along
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cytoskeletal filaments and reaches the nucleus, affecting gene expression and the integrity
of the genome. Nuclear distortion, including spindle and chromosome rearrangement,
occurs due to the reorganization of cytoskeletal filaments induced by mechanical tugging
on the cell. Nuclear deformation induced by the stiffening of the ECM may promote gene
regulation changes by physically revealing or concealing transcription factor binding sites
or through the regulation of key mechanotransducers [19,87].

Stiffness can also directly mediate the activity of transcription factors in cancer cells.
For example, stiff substratum drives NFκB activation in lung adenocarcinoma cells through
actomyosin contractility [87,93]. The effects of ECM stiffening on the nucleus go beyond the
regulation of transcription factors. Integrin activation and focal adhesion assembly cause
dissociation of protein–protein structures in nuclear Cajal bodies (CB). CBs are involved in
RNA processing and splicing and telomere maintenance. Integrin-mediated activation of
β-catenin and Myc induces expression of the microRNA miR-18a, which downregulates
the tumor suppressor phosphatase and tensin homolog (PTEN). The specific changes in
gene expression, signaling pathways, and nuclear morphology that occur in response to
mechanical cues from the ECM affect overall cell behavior [88,94–96]. Thus, the function of
ECM goes beyond just being a scaffold to maintain tissue structure and also plays a role in
regulating cell proliferation, differentiation, and migration.

MSCs cultured on polyacrylamide gels that mimic the brain, muscle, and bone tissue
stiffness differentiate into neuronal-like cells, myoblasts, and osteoblasts, respectively,
highlighting the importance of ECM stiffness in regulating cell type [97]. Biochemical
and mechanical signaling regulate the quiescence of MSCs in the bone marrow. In the
same line, by using soluble factors to induce the differentiation of adult neural stem cells,
their ultimate fate is significantly influenced by the surrounding microenvironment’s
stiffness [87]. Stiff microenvironments can also stimulate signaling through integrin-linked
kinase (ILK), leading to cancer stem cell (CSC) –like gene expression [37].

Changes in cell behavior stimulated by an increase in stiffness can also affect later
stage tumors by initiating EMT or further enhancing proliferation. Similarly, stiffness
drives the switch in TGF-β from a tumor suppressor to an EMT inducer [8,87]. Altogether,
these studies highlight the importance of mechanical cues from the ECM in modulating
cell behavior.

GBM shows that there is a robust cell–ECM interaction at play due to extensive ECM
compositional alterations, stiffening, and mechanical stresses [20,98]. Here, the process and
mechanism of how GBM cells sense this restructures ECM is defined through a couple of
mechanosensors and their signaling pathways. With a focus on the effect of matrix stiffening
on the adaptive response of GBM cells, the most important hubs in mechanotransduction
are described in the following sections.

5.1. F-Actin

Actin filaments are the most abundant component of the cell cytosol. Together with
tubulin, they help the cell to maintain its structure and move within the matrix [99].
Actin filaments play a key role in numerous signaling pathways as they are connected to
many other compartments within the cells and are essential in local motion [100]. The
actin legs developed from the cytoskeleton, which facilitate movement, are filopodia.
Actin expansion appears in two different types, lamellipodia and filopodia. Filopodia
extends the cytoskeleton domain to the surrounding ECM, forcing cells to move forward,
and lamellipodia reforms actin expansion towards the cell body itself, which generates
a drag flow force that facilitates cell movement [101]. F-actin is known as the hub of
mechanotransduction in GBM [50,91,102,103] and is drastically affected by mechanical
stress [20]. F-actin can sense the matrix rigidity through integrins connected to focal
adhesion sites, where stiffness can intervene to mediate its polymerization (Figure 5).
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5.2. Focal Adhesion

It is known that the first hallmark of increased ECM stiffness is the stimulation of
focal adhesion complex formation in GBM cells [90,104]. Focal adhesion sites are rich
in integrin adhesion receptors and play a crucial role in bidirectional transmembrane
communication [105]. Focal adhesions are the mechanical linkages to the ECM, which
directs the crosstalk of many signaling proteins at the integrin sites [106]. Inside the cell,
integrin binds to the cytoskeleton via adapter proteins such as talin, α-actinin, filamin,
vinculin, and tensin [94]. In parallel, focal adhesion kinase (FAK) associates with this
integrin-adapter protein–cytoskeleton complex to form the basis of the focal adhesion [107].
The dynamic assembly and disassembly of focal adhesions play a central role in cell
migration. During migration, both the composition and the morphology of the focal
adhesion continuously reorganize. As the cell progresses along a particular path, focal
adhesion sites move closer and closer to the cell’s trailing edge [108]. The assembly of
nascent focal adhesions is highly dependent on the process of retrograde actin flow [109].
This phenomenon in cell migration occurs where actin filaments polymerize at the leading
edge and flow back towards the cell body. This provides the source of traction required for
migration and advanced cell movements [102]. The focal adhesion acts as a molecular clutch
when it deploys to the ECM and impedes the actin’s retrograde movement, thus generating
the pulling (traction) force at the adhesion site, guiding the cell to move forward [110,111].

5.3. YAP

YAP (yes-associated protein) is a protein that acts as a transcriptional regulator by acti-
vating the transcription of genes involved in cell proliferation and suppressing apoptotic
genes. YAP is inhibited in the Hippo signaling pathway, which controls tumor suppres-
sion [112]. Additionally, YAP is regulated by mechanical cues such as extracellular matrix
(ECM) rigidity, strain, shear stress, and related processes on cytoskeletal integrity [20,92].
YAP localization is strongly mediated by mechanical cues. These mechanically induced
localization phenomena are thought to result from nuclear flattening–induced pore size
change, mechanosensitive nuclear membrane ion channels, mechanical protein stability, or
a wide range of additional factors. The nuclear softening phenotype of cancer cells would
promote nuclear flattening in response to a force, causing YAP localization, which could ex-
plain its overexpression and promoted proliferation in oncogenic cells [113,114]. Similarly,
the opposite effect of nuclear stiffening, due to various stimuli such as an overexpression of
lamin-A, has been shown to decrease nuclear YAP localization [115,116].

YAP activation is very important in GBM cells’ adaptive response to the ECM stiff-
ening [20]. YAP is activated within the cell cytosol when cells sense a soft ECM, while
relocating to the nucleus as the ECM stiffens [115]. As F-actin polymerization sharply
increases with ECM stiffening, overexpressed F-actin compresses the nucleus [117], which
stimulates YAP translocation [20,92]. As the matrix stiffens, YAP localizes around the
nucleus membrane, which is reported to be connected with lamin-A distribution [116]. It is
understood that F-actin expression regulates lamin-A distribution, activates YAP within
the nucleus, and dictates its localization around the nucleus membrane. Direct evidence
showed that YAP localization remodels as cells navigate through confined spaces [118].
On top of a stiff matrix, yet at rest from solid forces, YAP is distributed on the nucleus.
Once cells enter through confined channels and sense the solid force, YAP moves beyond
the nucleus membrane and enters into cytosol. This translocation helps the cells adapt
themselves to the microenvironment to survive. Interestingly, it is reported that GBM cells
soften upon navigating through confined spaces, showing that the mechanical stress and
solid force soften GBM cells [118,119]. Figure 5 demonstrates the most important players in
mechanotransduction signaling and their metro-system connection.
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Figure 5. Mechanotransduction in GBM cells. Extracellular matrix (ECM) stiffening applies mechani-
cal stress to GBM cells which activates focal adhesion complex formation. Focal adhesion complexes
transmit the mechanical stress to cytoskeleton and initiate the CSK remodeling, where F-actin poly-
merization is highlighted as the hub which orchestrates a metro-system connection between several
adaptive cellular signaling pathways [19,20,101,103,120–122].

Upon activation of several mechanosensors, the establishment of associated signaling
pathways and mediation of cell components, cell cytoskeleton remodeling rises as the
hallmark of the adaptive response of GBM cells to ECM compositional alterations, stiffening,
and applied mechanical stresses [20,101,120,123]. The remodeling of the cytoskeleton is
at play in favor of the invasiveness of GBM and facilitates the migratory state. Within
normal ECM, cells are mostly rounded, leading to a healthy cell division. However, with
ECM stiffening, cell elongation significantly increases. Elongated cells have expanded
cytoskeletons with stretched morphology, which helps them to move, propagate, and
proliferate quickly, interrupting default apoptosis and cell division [124].

6. Current Bioengineered Strategies: In Vitro Tumor Microenvironment (TME) Models

In vitro bioengineered strategies significantly improved the understanding of the role
of mechanical cues and ECM alterations on GBM progression. Numerous hydrogels have
been developed to mimic brain ECM properties to perform 3D cell studies where cells can
sense the stiffness difference of the gel substrate and start to adapt to it [125]. With the
rising field of the physics of cancer, where the focus is mainly on the effect of ECM on cells,
routine cell culture platforms such as cell culture plates and flasks cannot be considered
as relevant anymore as the experimental setup. Therefore, mimicking the native TME is
vital. Hydrogels, a 3D network, provide mechanical properties similar to tissues [126].
Their chemical and mechanical properties are tunable by optimizing their formulation
and incorporating different additives [127]. Polymeric gels are a key to developing cell-
friendly scaffolds where most of the properties are tunable. Although numerous gels
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have been developed in recent years, they still lack the ability to mimic the native TME
by fully recapitulating its chemical composition and related mechanics. Most of the gels
can only mimic some aspects of the ECM, depending on the research question, or not all.
Recently, patient-specific materials have emerged into the field, making it possible to push
the boundaries and become closer to native brain ECM [127,128]. We provide the five most
common, highly biocompatible, and easily tunable materials to develop gels for GBM cell
studies, along with the references of the respected studies for further details that go beyond
the scope of the this review (Table 1).

Table 1. The five widely used materials as hydrogels to mimic the glioblastoma tumor microenviron-
ment for cell studies. Advantages and limitations of each material are highlighted.

Material Advantages Disadvantages

Hyaluronic Acid (HA)
[44,62,129–132]

- Easily tunable in properties with playing
with HA molecular weight (Mw)

- Mimicking ECM stiffening with varying the
HA concentration or density of crosslinking

- Mimicking the HA over-excess within the
brain to study HA-related cell
signaling pathways

- Complex chemistry for crosslinking
(chemical modifications such as
methacrylation is required)

- Low cell adhesion properties
- High degradation over time
- Unstable structure

Collagen
[16,39,43,64,104,126,133–135]

- Easy gelation with thermal crosslinking
- Easily tunable properties with chemical

modification (methacrylation)
- Mimicking ECM stiffening in a wide range
- Stable structure with low degradation

(Suitable for long time cell culture)
- Fully transparent (high resolution imaging)
- Close mimic of tissue mechanics

- Aligned nano-topography from its
fibrous structure might promote cell
migration as a false readout

- Poor mimic of native brain
chemical composition

Gelatin–Methacrylate (GelMa)
[44,62,115,136–141]

- Easily tunable in stiffness
- Close mimic of tissue mechanics.
- Transparent (high resolution imaging)
- Suitable to use as a bioink for bioprinting
- High stability with low degradation

- Complex chemistry for
gel preparation

- Not optimal crosslinking degree
- Poor mimic of native brain

chemical composition
- Not compatible with several

polymers and additives
- Presence of free ions

Brain Decellularized Tissue
(dECM)

[124,127,142–149]

- Close mimic of the brain chemical
composition with native properties

- High cell adhesion properties
- Compatible with many types of polymers to

tune the properties and stiffness
- Close mimic for tissue microarchitecture
- Suitable scaffold for drug screening purposes

- Complex chemistry for
gel preparation

- Decellularization process can
damage proteins (depending
on the procedure)

- Not transparent
(imaging challenges)

- High degradation

Human Blood Plasma
[39,43,127,150–154]

- High cell adhesion properties
- Compatible with many types of polymers to

tune the properties and stiffness
- Including growth factors and native tissue

components
- Suitable scaffold for drug screening

- Cannot mimic the mechanics
of the tissue

- Fast degradation
- Not transparent

(imaging challenges)
- Complex chemistry
- Heterogeneous crosslinking
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7. Future Therapeutics: From Understanding to Tackling

Because of its separation from the surrounding systems and the existence of the
blood–brain barrier (BBB), which impedes the movement of many immune cells and
chemotherapeutics, GBM imposes a big challenge for drug delivery [5,66]. Moreover,
for drug development, the complex genetic and molecular environment of glioblastoma
is an obstacle, which led to the lack of drug approval in the past decade. Maximum
surgical resection of the tumor with concomitant chemoradiation using the alkylating agent
temozolomide (TMZ) and accompanied by the adjuvant TMZ for a total of 6 months is the
highlight of glioblastoma treatment. The addition of the tumor treating field (TTF) to the
existing standard of care, which is a system worn by the patient on the scalp, is another
treatment modality that operates by providing alternating electrical fields that destroy
the microtubules in the mitotic spindle leading to the death of the tumor cell. However,
considering the poor compliance rates of its usage and high cost, it is not considered a
functional and suitable therapy for patients [155,156]. The present review highlighted the
effect of physical traits of cancer, specifically ECM stiffening, on GBM rapid progression. It
is understood that ECM alteration is one of the keys to drive tumor progression and GBM
cell invasiveness. Thus, new strategies to tackle the GBM growth are based on controlling
and limiting ECM alterations and their consequences. In vitro tumor models based on
hydrogels made it possible to test and screen many inhibitors. Koh et al. [124] used a
patient-specific hydrogel to test the HA related inhibitors. With encapsulating an MMPs
inhibitor (SB-3CT) and HAS inhibitor (4-MU) separately within the hydrogel, they showed
that inhibiting both MMPs and HA synthases genes (HAS) significantly suppressed GBM
cell motility and migration, while cell elongation was also decreased. Razinia et al. [157]
showed how stiffness-dependent GBM cell motility is uncoupled by deletion of CD44. By
inhibiting CD44, GBM cells are less sensitive to the ECM alterations, mostly HA expression,
and therefore the cell migration is limited largely. By driving cell transformation and gene
expression changes, stiffness can help confer a survival advantage to cancer cells. For
example, the morphology and proliferation of cancer cells can actually become insensitive
to ECM stiffness through regulation of caveolin-1 (Cav1), a scaffold protein essential
for integrin-mediated mechanotransduction [87]. Insensitivity to stiffness can enhance
cancer cells’ ability to thrive in vivo [158]. These findings show that restraining ECM
alterations results in a successful outcome to control GBM tumor progression, suggesting
that inhibitors are potential winners over drugs such as TMZ.

8. Conclusions

The physics of cancer renders new insight into GBM tumor development and progres-
sion. Drastic ECM alterations are the birthplace of most physical traits of cancer where ECM
stiffening and generation of mechanical stresses are marked as the most important physical
stimuli in cancer progression. As the ECM stiffens, it fuels tumor progression with the
acceleration of GBM cell’s proliferation, migration, and elongation. In fact, ECM stiffening
activates a cascade of events, including several intercellular and intracellular signaling
pathways as part of the mechanotransduction process to initiate the adaptive response of
cells to the altered TME and whole brain ECM at later stages. The principal and newly
discovered pathways involved in cell–ECM interactions are highlighted in this review.
Although most of these signaling pathways are not explored thoroughly, they offer a more
profound understanding of GBM cellular properties and characteristics. Hydrogels have
emerged into the field as reliable in vitro models for cell studies by recapitulating some
native properties of the brain’s ECM. By gaining a better understanding of these concepts,
future therapeutics can be developed to more effectively target GBM tumor invasiveness.
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