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Conclusions and perspectives

The journey of this thesis included (1) the introduction of physical traits of cancer, high-
lighting brain extracellular matrix (ECM) stiffening phenomena; (2) the development of 
stiffness tunable hydrogels for investigating the Glioblastoma multiforme (GBM) cells 
adaptive response in presence of mechanical stress; (3) identification of novel functions 
for protein kinase R-like endoplasmic reticulum kinase (PERK) in regulating mechano-
sensing and cellular adaptation of GBM cells to matrix stiffness, and (4) the introduction 
of a new class of gel-like materials with high potential for fabrication of in vitro tissue 
like models. In this chapter I discuss what questions were answered in the thesis and 
what are the limits and blind spots of the field. This chapter elaborates more on the 
importance of understanding the physical traits of cancer and its potential to push the 
boundaries towards development of new therapeutics. Also biomimetic approaches to 
reconstruct the brain tissue microenvironment are briefly discussed and suggestions are 
provided for future development. Moreover, in light of the observations on the role of 
PERK in mechanotransduction, its potential for future studies is highlighted.

Incorporating physics into cancer: lessons from 
mechanotransduction under stress

During GBM tumor progression, ECM stiffening phenomena are at play within the tumor 
microenvironment (TME) which, at later stages, expand to the whole brain tissue [1]. 
ECM stiffening is the outcome of overexpression of chemical components in the ECM, 
in particular hyaluronic acid (HA), which gradually alters the structure, microenviron-
ment, mechanics, and physicochemical composition of the ECM [2], [3]. As a result, me-
chanical stress is generated within the brain tissue, which is known to trigger multiscale 
reprogramming of cancer cells that also includes glioblastoma cells [4]. Upon sensing 
mechanical stress, malignant cells adapt to maintain a homeostatic state [5], [6]. Upon 
adaptation, GBM cells become more invasive and proliferative, which directly drives the 
tumor progression and malignancy. This is extensively reviewed in chapter 2 [1].

Sensing and adaptation to mechanical stress is associated with a series of complex signal-
ing pathways from the ECM to the cytoskeleton and nucleus, known as mechanotrans-
duction [7], [8]. Mechanosensing begins with the formation of focal adhesion complexes 
at the cell membrane [9]–[11]. In chapter 4, it is reported that the focal adhesion complex 
consisting of integrin, talin, vinculin, and tensin plays a key role in mechanosensing in 
GBM stem cells (GSCs). By mimicking the brain ECM stiffening using in vitro models, it 
was observed in chapter 4 that the expression of the focal adhesion proteins mentioned 
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above was increased with matrix stiffening, which suggests that high matrix stiffness 
stimulates the formation of mature focal adhesion complexes. In chapter 3, we followed 
the adaption of the GSCs to matrix stiffening. It was observed that high matrix stiffness 
stimulates F-Actin and Filamin-A (FLNA) expression and F-Actin network formation. In 
addition, it triggers cytoskeleton remodeling, cell elongation, high proliferation and 
migration [12]. We conclude that with the presence of mature focal adhesion complexes 
bound to the F-Actin network and cytoskeleton proteins, intense signal transmission 
from the ECM to the cytoskeleton is at play in a bidirectional manner, which leads to 
cellular adaptation and reprograms the GSCs towards invasive cells.

The findings in this thesis, together with other findings from literature, suggest that 
physical traits of cancer play a significant role in GBM rapid progression [4]. This means 
that to suppress GBM, tumor cells should be desensitized to physical traits of cancer 
such as matrix stiffness. There are already some approaches and drugs to block sensing 
the physical cues of the matrix in GBM cells, which are briefly discussed in chapter 2 
[1], but in chapter 3 we identified the UPR sensor PERK as a novel target for developing 
functional therapeutics [12].

PERK: a potential key for the development of functional 
therapeutics for GBM

In this thesis, direct evidence is provided that PERK strongly mediates the maturation 
of the focal adhesion complex and mediates the adaptation to stiffness through inter-
action with FLNA, F-Actin, vimentin, and tubulin. It should be emphasized that these 
observations were made at low stiffness ranges that mimic the situation of normal brain 
and GBM, and that at higher matrix stiffness other mechanisms appeared to regulate 
F-Actin remodeling. One of the aspects that might give PERK such an important role is 
its ability to mediate F-Actin polymerization through FLNA, which was previously dem-
onstrated [12], [13]. F-Actin, with a dominant presence in the cytoskeleton, plays an im-
portant role in numerous cellular signaling pathways and orchestrates crosstalk among 
many signal transmission mechanisms [14], [15]. It is directly involved in the formation 
and maturation of the focal adhesion complexes [16], [17], cytoskeleton remodeling 
mechanisms, cell proliferation, cell migration, cell-ECM, and cell-cell interactions [14], 
[15], [18]. F-Actin links membrane receptors to cytoskeleton proteins and even connects 
with lamin-A and YAP in the nucleus of the cell [19]–[21]. Thus, PERK showing such a 
decisive role in mechanotransduction is perhaps not surprising considering its close 
relation with F-Actin remodeling through FLNA. PERK itself is well studied in the UPR 
signaling pathways and ER stress context [12], [22], [23], which adds several more roles 
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to its function. It is also interesting to investigate the effect of mechanical stress on the 
endoplasmic reticulum itself, especially to monitor its translocation within the cytosol 
as the matrix gets stiffer. PERK might also be connected to YAP, where it mediates nuclei 
deformation.

Our findings, along with other studies in recent years, suggest that PERK could be a 
target to develop functional therapeutics. PERK deficient GSCs are less sensitive to 
mechanical stress and this impaired cellular adaptation may overall lead to reduced 
cellular plasticity. This can open new doors in understanding the role of PERK in cel-
lular plasticity and may stimulate further the development of PERK targeted drugs that 
should also include drugs that block the scaffold function of PERK. For this, the PERK 
domains required for FLNA binding should be further determined and examined for 
their role in mechanotransduction during cell-ECM interactions. Such studies could be 
conducted using in vitro models where physical traits of ECM matrix could be mimicked 
for better evaluation of drug/inhibitor efficacy. Currently, two chemical inhibitors 
GSK414 and AMG-PERK-44 have been tested in mouse models to target PERK kinase 
activity and promising results have been reported, showing that down regulation of 
PERK in GBM mouse models resulted in reduced tumor progression and cell invasion 
suppression. Such drugs/inhibitors could find a way to clinical studies in future where 
new therapeutics can be developed based on the novel PERK functions.

In vitro tissue-like models: strategies for reconstructing 
the brain tissue microenvironment

Tissue mechanics matters when studying cancer cells, especially GBM, as GSCs are strong-
ly affected by the physical traits of cancer [24]–[26]. It is essential to investigate GSCs cell 
and cell-ECM interaction within an environment recapitulating the brain tissue mechan-
ics and physicochemical composition. In recent years, hydrogels, 3D polymeric networks 
with high water contents, have been widely used as scaffolds for cell culture [27], [28]. 
Since hydrogels are easily tunable in mechanical properties and highly biocompatible, 
they gradually developed into complex tissue-like in vitro models to study the adaptive 
cellular response to different conditions. In this thesis, we introduced two different gels, 
one based on human blood plasma and alginate (chapter 3) and the other a product 
of complex coacervation between hyaluronic acid and chitosan (chapter 5). These gels 
showed high biocompatibility coupled with easily tunable mechanical properties. The 
gels introduced in chapters 3 and 5 provide many positive features, but still are not fully 
transparent and degrade too fast for long-term cell culture. Yet, there is a great potential 
for improvements of these two systems with optimizing the formulation and improving 
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the crosslinking and gel fabrication methods. For example, the fibronectin content of 
the human blood plasma-alginate gel could be tuned to prevent fast degradation of the 
gel, the concentration of the calcium chloride used for crosslinking could be optimized 
for more homogeneous crosslinking and finally the bilirubin within the blood plasma 
could be filtered to fabricate a transparent hydrogel. Also, the complex coacervate gel 
introduced in chapter 5, could be improved by using other types of natural or synthetic 
polymers to yield higher coacervation efficiently.

Nevertheless, there is still lots of room for improvement before a good mimic of the brain 
tissue structure and composition is obtained. To successfully mimic the brain tissue, key 
ECM components such as hyaluronic acid (HA), proteoglycans, collagen, fibronectin, 
and laminin should be present followed by an efficient crosslinking method to tune 
the mechanical properties of the matrix [29], [30]. However, such a matrix is difficult to 
make, as the interactions of these materials with each other are not fully understood 
and crosslinking and finetuning the mechanical properties will be a great challenge. 
Recently, several types of gels have been developed based on decellularized brain tissue 
to ensure a base material resected from the native environment [31]–[33]. In this case, 
there are significant challenges as well. The crosslinking of such material is complex, 
and it is reported that the gel has poor stability as it degrades fast. Also, such gels and 
many other types of gels are not fully transparent, making microscopy imaging a big 
challenge. The porosity of the gel is also very important for active nutrient supply to the 
cells through the culture medium and preventing the formation of hypoxic areas.

Moving beyond the boundaries: physics of cancer on a 
chip

In this thesis, GSCs cell-ECM interaction was only studied with a focus on matrix stiff-
ness. During GBM tumor progression, all physical traits of cancer stand united to actively 
reprogram the GBM tumor and tumor cells adaptive responses [4]. Thus, to better un-
derstand the role of physical traits of cancer on GBM tumor progression and associative 
cellular signaling pathways, it is crucial to combine physical traits of cancer within in vitro 
models. Especially in recent years there is a growing interest on the effect of compres-
sion on GSCs to understand how GSCs adapt to compression when navigating through 
confined spaces within the brain ECM [34]–[36]. Such a question asks for development 
of a platform where tissue stiffness is combined with compression. Due to the current 
limitations in hydrogel systems, organ-on-chip (OOC) technology has emerged, offering 
the possibility to combine different physical cues of tissues. OOC is a chip fabricated 
by photolithography or 3D printing using polycarbonate (PC), polydimethylsiloxane 
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(PDMS), or other suitable types of plastics [37], [38]. The chip enables the introduction 
of active flow of the culture medium, which resembles the shear flow. OOCs seems to 
be an excellent match to mimic all physical traits of cancer, at once, united within a 
chip. For example, special brain-on-chip models could be developed with an array of 
micro-pillars or micro-beads in the chip, to generate confined spaces where cells have 
to push through. The channels can be filled with hydrogels to mimic both the tissue stiff-
ness and chemical composition. Flow of cell culture medium through the channels can 
resemble the shear flow. Incorporating compression or confined spaces is crucial when 
studying physical traits of cancer and especially adaptive GBM cellular signaling. The 
effect of compression on cytoskeleton remodeling and adaptation to the matrix physi-
cal/mechanical traits is as important as stiffness and it might even play a bolder role in 
reprogramming the GBM cell feedback response and tumor progression [35], [39], [40]. 
For future developments and to better study the physical traits of cancer, brain-on-chip 
models would provide the best opportunity as stiffness, compression, architecture, and 
fluid pressure within the brain all at once could be mimicked within a chip coupled with 
performing cell culture underflow. Such an environment offers a close mimic to the 
actual condition and could open a new door to study the adaptive response of GSCs.
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