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Stiffening of the brain extracellular matrix (ECM) in glioblastoma promotes

tumor progression. Previously, we discovered that protein kinase R

(PKR)-like endoplasmic reticulum kinase (PERK) plays a role in glioblas-

toma stem cell (GSC) adaptation to matrix stiffness through

PERK/FLNA-dependent F-actin remodeling. Here, we examined the involve-

ment of PERK in detecting stiffness changes via focal adhesion complex

(FAC) formation. Compared to control GSCs, PERK-deficient GSCs show

decreased vinculin and tensin expression, while talin and integrin-b1 remain

constant. Furthermore, vimentin was also reduced while tubulin increased,

and a stiffness-dependent increase of the differentiation marker GFAP

expression was absent in PERK-deficient GSCs. In conclusion, our study

reveals a novel role for PERK in FAC formation during matrix stiffening,

which is likely linked to its regulation of F-actin remodeling.

Keywords: extracellular matrix; focal adhesion complex; glioblastoma;

mechanical stress; unfolded protein response

Glioblastoma is the most aggressive adult brain tumor

with a high mortality rate [1]. Despite multimodal treat-

ment with surgery, chemotherapy, and radiotherapy, the

median overall survival rates remain <2 years. Glioblas-

tomas originate most often within the cerebral cortex

and have a high propensity to invade other parts of the

brain. This invasive nature hampers surgical resection,

and together with inherent therapy resistance of glioblas-

toma cells, leads to frequent tumor recurrence and rapid

disease progression [2,3]. Tumor heterogeneity is consid-

ered to be the main cause of therapy resistance in

glioblastoma, in which cancer stem cells (CSCs) are

thought to play an important role [4,5]. Glioblastoma

stem cells (GSCs) have been identified as highly malig-

nant cells that drive tumor growth and progression [6].

These cells possess self-renewal capabilities, exhibit a

strong capacity for tumor initiation, and demonstrate

high plasticity, which contributes to their aggressive

nature. GSCs and cellular plasticity are strongly regu-

lated by the tumor microenvironment (TME) [7].

Recently, it has been recognized that in addition to

biological cues, physical abnormalities also contribute
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to aggressive tumor behavior such as rapid prolifera-

tion, metastasis, and therapy resistance [8,9]. Among

the physical traits of cancer [10], stiffness is known as

a major accelerator of glioblastoma tumor formation

and progression [11,12]. Normal soft brain extracellu-

lar matrix (ECM) with stiffness of around 1 KPa,

undergoes stiffening, reaching approximately 40 kPa

due to the overexpression of ECM components [13],

particularly hyaluronic acid (HA) and proteoglycans

[11,14–16]. These alterations lead to changes in the

physicochemical and mechanical properties of

the brain tissue, triggering multiscale cellular adapta-

tions in glioblastoma cells through mechanotransduc-

tion signaling pathways [10,13,17,18].

The focal adhesion complex (FAC) serves as a cen-

tral hub for cellular mechanosensing. These dynamic

protein complexes enable the connection between the

cytoskeleton of cells and the ECM [19–21]. Focal

adhesions (FAs) are in a state of constant flux, with

proteins continuously associating and dissociating to

transmit signals throughout the cell, impacting various

processes ranging from cell motility to the cell cycle

[22,23]. FAs act as sensors capable of detecting

changes in the structure and properties of the ECM,

thereby initiating adaptive cellular responses. The

interaction between FAs and ECM primarily involves

Integrins [24–26]. Integrins bind to extracellular pro-

teins via short amino acid sequences, such as the RGD

motif [27]. FAs can disassemble or mature into larger

and stable FACs by recruiting additional proteins such

as talin, paxillin, vinculin, and tensin that further pro-

mote integrin clustering and establish links between

the FAC and the actin cytoskeleton [18,28–30]. The

recruitment of these components to FAs occurs in an

ordered and sequential manner, leading to the forma-

tion of mature and stationary ECM interacting FACs

that actively transmit signals [21,26,31].

While various proteins contribute to the construc-

tion of FACs, not all of them are directly involved in

mechanotransduction. There is a specific subcomplex

within FACs that plays a direct role in cell–ECM
binding dynamics, force transmission, and the active

signaling of mechanical stress, leading to cellular adap-

tations. This subcomplex includes tensin, vinculin,

talin, and integrin-b1. These proteins work together to

mediate the dynamic interactions between the cell and

the ECM, transmit forces, and initiate signaling path-

ways in response to mechanical stress [20,23,32,33].

The first step of FAC formation is the binding of talin

with integrins, known as the backbone of FACs [30].

Subsequently, vinculin and tensin are recruited to rein-

force FAC protein assembly [22,34]. Notably, vinculin

plays a significant role in the maturation of FACs by

binding to actin filaments. Once the connection

between FACs and the actin cytoskeleton is estab-

lished, signal transduction is activated, initiating cyto-

skeleton remodeling as part of the cellular adaptive

response to mechanical stress. Although cytoskeleton

remodeling and cellular adaptation to matrix stiffness

are mostly regulated by the F-actin network, microtu-

bules (tubulin) and intermediate filaments such as

vimentin also play a role. Both vimentin and tubulin

interact with FACs and can mediate

mechano-adaptive responses that involve interactions

with F-actin and filamin-A (FLNA).

Recently, we reported that the endoplasmic reticu-

lum (ER) stress and unfolded protein response (UPR)

sensor PKR-like ER kinase (PERK) mediates an adap-

tive cellular response in GSCs toward increasing sub-

strate/ECM stiffness mimicked by stiffness tunable

hydrogels [35]. PERK is known to have both a kinase

function and a protein scaffold function by which it

regulates a number of cellular processes that have been

related either to restoring proteostasis or to regulating

F-actin remodeling in order to facilitate ER–cell mem-

brane interaction for maintaining calcium homeostasis

[36,37]. The latter involves PERK–FLNA interactions,

FLNA being a regulator of F-actin remodeling, a

mechanism which we recently identified to be involved

in stiffness-dependent increases in F-actin polymeriza-

tion in GSCs, which was associated with cell elonga-

tion and increased cell proliferation and migration

[35,36]. However, the potential involvement of PERK

in sensing alterations in ECM stiffening by GSCs

remains unknown.

Here, we examined if PERK is connected to FAC

formation and thus in sensing and mediating cellular

responses to alterations in ECM stiffness. Human

blood plasma/alginate hydrogels with tunable stiffness

were used to mimic brain ECM stiffening in glioblas-

toma [35]. The expression of different components of

the FAC in patient-derived GSCs was studied in rela-

tion to substrate stiffness. In addition to the actin

cytoskeleton, also the involvement of microtubules

(tubulin) and the intermediate filaments (vimentin) was

investigated for sensing capabilities and adapting to

mechanical stress. We found PERK to be required for

FAC maturation in particular for the recruitment of

vinculin and tensin. Stiffness-dependent increases in

vimentin expression were also affected by PERK.

In the absence of PERK, at lower matrix stiffness

ranges, tubulin expression increased, suggesting a com-

pensatory mechanism for impaired F-actin remodeling

and cellular adaptation to mechanical stress.
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Materials and methods

Preparation of stiffness tunable hydrogel

Human blood plasma (HBP)/alginate hydrogels were gener-

ated as described earlier [35]. In brief, three different concen-

trations of alginate (0.2, 0.9, and 1.8 w/v %) were mixed

with HBP for generating hydrogels with different stiffnesses

of 1, 12, and 35 kPa, respectively. HBP was diluted 1:1 by

adding neurobasal medium (NBM) with 2% B27 supple-

ment, 20 ng⋅mL�1 bFGF, 20 ng⋅mL�1 EGF, and 1%

L-glutamine and FBS 10% (all purchased from Sigma-

Aldrich, Darmstadt, Germany). The hydrogel stiffness was

checked using a rheometer as described before [35].

Cell culture

GG16 cells were isolated from glioblastoma surgical samples

in our lab as previously described [38]. The primary leftover

material was obtained following approval by and in compli-

ance with the ethical guidelines of the Institutional Review

Board of the UMCG, which includes informed consent from

patients, in accordance with the guidelines set by the Decla-

ration of Helsinki. Genetically modified variants GG16-WT

control(ctr) and GG16-PERK-KO were described before

[39]. Cells were cultured as GSC-enriched neurospheres in

NBM with 2% B27 supplement, 20 ng⋅mL�1 bFGF,

20 ng⋅mL�1 EGF, and 1% L-glutamine (all purchased from

Sigma-Aldrich, Darmstadt, Germany). When indicated cells

were treated with the chemical PERK inhibitor GSK2606414

(GSK414) (5107; TOCRIS, Bristol, UK) at 1 lM or latrun-

culin B (F-actin inhibitor) (Sigma Aldrich, Darmstadt,

Germany) at 5 lM in culture medium. Cells were maintained

in an incubator with 5% CO2 at 37 °C. For 2D cell culture

on hydrogels, first, 10 lL of the gels with different stiffnesses

was added into the wells of a l-slide angiogenesis chip

(81 506; Ibidi GmbH, Graefelfing, Germany) and after neu-

rosphere dissociation with accutase (Merck, Darmstadt,

Germany), 5000 cells in 20 lL NBM+ were seeded on top of

each hydrogel. After 6 h in an incubator at 37 °C to allow

cell adhesion, 30 lL NBM+ was added to each well, and cell

culturing was prolonged for 7 days for further analyses.

Cells were regularly tested, at least once per 2 years, for

mycoplasma and authenticated by short tandem repeat

(STR) profiling.

Immunofluorescent staining and microscopy

For immunofluorescent (IF) staining, cells on hydrogels

were subsequently washed three times with PBS for 5 min,

fixed with 4% paraformaldehyde (PFA) solution in PBS

for 30 min, washed three times with PBS, and permeabi-

lized with 0.5% Triton-9100 in PBS for 15 min. After

washing three times with PBS, cells were incubated with

blocking solution (1% BSA and 3% goat serum in

19-PBS) for 30 min at room temperature. Following three

PBS washing steps, cells were incubated with the indicated

antibodies diluted in a 1% BSA in PBS solution overnight

at 4 °C. Antibodies/staining used were, beta-tubulin

monoclonal antibody (22 833; Thermo Fischer Scientific,

Waltham, MA, USA) at 1 lg⋅mL�1 dilution, CoraLite�488-

conjugated vimentin monoclonal antibody (60 330; Protein-

Tech, Manchester, UK) at 1:250 dilution, Alexa-fluorTM-

Phalloidin (Alexa-594; Thermo Fischer Scientific) at 1:40

dilution, GFAP monoclonal antibody (ASTRO6) (12 023;

Thermo Fischer Scientific) at 1:200 dilution, recombinant

anti-vinculin antibody (EPR8185) (129 002; Abcam, Cam-

bridge, UK) at 1:600 dilution, talin monoclonal antibody

(TA205) (28 133; Thermo Fischer Scientific) at 5 lg⋅mL�1

dilution, tensin 1 polyclonal antibody (116 023; Thermo

Fischer Scientific) at 1:200 dilution, and recombinant Alexa

Fluor� 647 anti-integrin beta 1 antibody (EPR16895)

(225 270; Abcam) at 1:100 dilution. Secondary antibody

incubation was performed using either goat anti-

rabbit/mouse IgG Alexa Fluor 488, or 594 secondary anti-

bodies (Thermo Fischer Scientific) at 1:500 dilution in PBS.

Finally, after three times washing with PBS, cells were

mounted with mounting medium with DAPITM (50 011; Ibidi

GmbH, Germany). Microscopic samples were kept at 4 °C
until further analyses using the Leica SP8x (Leica Microsys-

tems Co., Wetzlar, Germany) laser scanning confocal micro-

scope. Images were obtained using the 639 oil immersion

lens and intensity of the laser, gain, and saturation were kept

the same for all the samples to generate comparable data. A

scanning depth of 10 lm was used during microscopy to

image both cells on top of the gels as well of cells penetrat-

ing the gels to ensure accurate imaging.

Cellular characterization and microscopic data

analysis

The vinculin, talin, tensin, integrin, tubulin, vimentin,

GFAP, and F-actin surface areas obtained by confocal

microscopic imaging were quantified with LAS-X software

(Leica Microscopy Co.) and ImageJ software to represent

their expression level. Each image was analyzed separately

while keeping all process conditions the same. Briefly, origi-

nal images were switched to 8-bit images. The dimension

was corrected in the scale section (set scale). The image was

improved by the ImageJ plugins facility to decrease back-

ground noise and blurriness of the image, while keeping the

color intensity/brightness the same. Using the image thresh-

old, the surface area was marked and measured in lm2 and

averages from three experiments were used for plotting the

data. The surface area was normalized to the cell number.

Cell morphology was evaluated by eye, counting the

number of rounded and elongated cells in each microscopic

image. In addition, cell shape was also analyzed with

LASX software (Leica Microsystem Co.). Briefly, for each

individual cell, the length (highest measured value) was
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divided by the width (lowest measured value) in which

measured ratios were more than 1.5 (≥1.5) representing

elongated cells and <1.5 (1.5 ≤ X ≥ 1) rounded cells.

Statistical analyses

Experiments were repeated at least three times unless other-

wise indicated. OriginLab (2020b) software was used to

plot the data and analyzed with the one-way ANOVA data

analyses tool. Data are presented as means with standard

deviations (SDs). A significant difference in statistics was

considered at P < 0.05.

Results

PERK mediates stiffness-dependent cellular

adaptation and differentiation of GSCs

We started by confirming the involvement of PERK in

stiffness-dependent cellular adaptation of GSCs using

the HBP/alginate hydrogels. GG16-WT and

GG16-PERK-KO cells were cultured on hydrogels

with stiffness of 1, 12, and 35 kPa. Figure 1A shows

stiffness-dependent F-actin polymerization in

GG16-WT cells, whereas this was not seen in the

PERK-deficient cells (Fig. 1B). F-actin polymerization

of GG16-WT cells increased up to about five times

from soft to the stiffest matrix, which was not seen in

PERK-KO cells that had overall very low levels of

F-actin expression with only minor detectable quanti-

ties at the stiffest hydrogels (Fig. 1C,E). These patterns

of F-actin polymerization correlated with a change in

cell morphology, from more round in soft—to more

elongated cells in the stiffer matrices, which depended

on the presence of PERK (Fig. 1D,F). Since cell elon-

gation often reflects GSC differentiation, we also

stained the cells for the astrocytic differentiation

marker glial fibrillary acidic protein (GFAP). Indeed,

GFAP expression showed a sharp stiffness-dependent

increase in GG16-WT cells, while GFAP in

PERK-KO cells was hardly detected at lower hydrogel

stiffness (Fig. 1A,B). Quantification of GFAP showed

a 6-fold increase of GFAP in GG16-WT cells cultured

in soft to stiffest hydrogel, whereas much lower levels

were seen in PERK-KO cells, although still an approx-

imate 2.5-fold increase was seen in the stiffest matrix.

In line with our previous findings, stiffness-

dependent GG16-WT cell adaptation (morphology,

F-actin polymerization) was hardly affected by expo-

sure to the PERK kinase activity inhibitor GSK414

(Fig. S1). Stiffness-dependent increases in GFAP

expression were also independent of PERK kinase

activity (Fig. S1). On the other hand, disruption of

F-actin polymerization by latrunculin B treatment also

impaired stiffness-dependent adaptation of GG16-WT

cells, and strongly reduced GFAP expression thus

mimicking the PERK-KO phenotype (Fig. S1). As

controls, stiffness-dependent increases of FLNA and

F-actin seen in WT cells were disrupted in PERK-

deficient cells (Figs S2 and S3), in agreement with our

earlier findings [35].

Taken together, stiffness-dependent adaptation of

GG16 cells also involves the induction of GFAP,

reflecting astrocytic differentiation, which is not

observed in PERK-deficient cells.

PERK is required for stiffness-dependent

increases of vinculin expression

To explore the effect of increasing matrix stiffness on

the expression of FAC core proteins known to be

involved in mechanotransduction, GG16-WT cells

were cultured on three increasing hydrogel stiffnesses

followed by staining for talin and vinculin expression

by IF microscopic analyses. Talin binds integrin com-

plexes to the actin cytoskeleton and vinculin regulates

mechanical signal transmission through this complex

upon cell–ECM interactions [32,40]. Vinculin also

reinforces the linkage of talin to integrins, thus initiat-

ing a positive feedback loop between the cytoskeleton

and FACs [33,41]. Both talin and vinculin showed a

trend for progressive increased expression upon

increasing matrix stiffness (Fig. 2A,C). Both proteins

showed a cytoplasmic/cell membrane localized punc-

tate pattern, which partially overlapped, and mostly at

the cell membrane. Quantification of expression indi-

cated that vinculin and talin expression increased from

the softest to the stiffest hydrogel by around 1.8- and

1.4-fold, respectively. Interestingly, in GG16-PERK-

KO cells, vinculin expression was much lower, around

6, 8, and almost 11 times lower than in GG16-WT

cells, in 1, 12, and 35 kPa hydrogels, respectively

(Fig. 2B,D). On the other hand, talin expression was

only somewhat reduced in PERK-KO versus

WT cells, and the stiffness-dependent increase in

expression was similar to WT cells. These data show

that, in the absence of PERK, vinculin expression is

strongly reduced while talin expression remains com-

parable to PERK-proficient cells upon increasing the

matrix stiffness.

To examine the involvement of the kinase function

of PERK on talin and vinculin expression, cells were

exposed to PERK kinase inhibitor GSK414. As shown

in Fig. 2E, GSK414 had no clear effect on both talin

and vinculin expression showing similar trends as seen

in untreated GG16-WT cells (Fig. 2C). It indicates
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that PERK kinase activity is not required for stiffness-

dependent expression of these FAC components. Next,

we examined if F-actin polymerization was involved in

the stiffness-dependent increase in vinculin expression.

Therefore, cells were exposed to latrunculin B, which

potently disrupted F-actin polymerization (see also

Figs S3 and S4). As quantified in Fig. 2F, latrunculin

B treatment sharply decreased vinculin expression

while talin expression showed a similar pattern as seen

in untreated GG16-WT. These results indicate that

F-actin remodeling is also required for stiffness-

dependent changes in vinculin expression.

Fig. 1. PERK regulates F-actin polymerization, cytoskeleton remodeling, and GSC differentiation. Confocal microscope images of (A) GG16-

WT and (B) GG16-PERK-KO cells cultured on increasing matrix stiffness, stained with F-actin and GFAP (differentiation marker). Expression

levels (surface area of staining signals) measured for (C) GG16-WT and (E) GG16-PERK-KO. Cell elongation measured for (D) GG16-WT and

(F) GG16-PERK-KO cells. Values are the mean � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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PERK is required for stiffness-dependent increase

of tensin expression

Next, the expression of the FAC compounds tensin

and integrin-b1 was examined. Integrins are known as

the hub of mechanosensing during cell–ECM
interactions and actively assist the cells to sense the

composition and mechanics of the ECM [21,23,42].

Upon complexation of integrins and talin, the

Fig. 2. Stiffness-dependent upregulation of vinculin requires the presence of PERK and F-actin remodeling. Confocal microscope images of

(A) GG16-WT and (B) GG16-PERK-KO cells cultured on hydrogels with increasing stiffness stained for talin and vinculin expression.

Quantified talin and vinculin expression levels are indicated for (C) GG16-WT, (D) GG16-PERK-KO, (E) GG16-WT treated with GSK414, and

(F) GG16-WT treated with latrunculin B. Values are the mean � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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recruitment of tensin reinforces the stability and matu-

ration of FACs. In addition, tensin stimulates the

assembly of additional FACs, promotes their matura-

tion, and facilitates cell migration [22,29,40,43]. Both

tensin and integrin-b1 showed punctuated expression

patterns with a trend for stiffness-dependent increases

in expression (Fig. 3A,C). In GG16 cells, tensin

expression levels increased around 1.8-fold and

integrin-b1 around 3-fold from soft to the stiffest

matrix and colocalization was seen particularly at the

Fig. 3. PERK and F-actin remodeling determine tensin expression in soft and stiffening matrices. Confocal microscope images of (A) GG16-

WT and (B) GG16-PERK-KO cells cultured on increasing stiff matrices and stained for tensin and integrin-b1. Tensin and integrin-b1

expression levels (surface area of staining signals) were measured for (C) GG16-WT, (D) GG16-PERK-KO, (E) GG16-WT treated with

GSK414, and (F) GG16-WT treated with latrunculin B. Values are the mean � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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cell membrane region (Fig. 3C). In contrast, in PERK-

KO cells, tensin expression was hardly detected

whereas integrin-b1 expression was comparable to

GG16-WT cells (Fig. 3B,D). Together these findings

indicate that PERK regulates the increase of tensin

expression upon matrix stiffening while PERK has no

effect on integrin-b1 expression.

Next, the involvement of PERK kinase activity on

tensin expression was examined. GSK414 treatment of

GG16-WT cells did not have a clear effect on tensin or

integrin-b1 expression (Fig. 3E). At 1 and 12 kPa

hydrogels, tensin and integrin-b1 showed somewhat

lower expression levels in GSK414 exposed cells com-

pared to untreated cells, yet expression increased sharply

at 35 kPa under both conditions. Inhibition of F-actin

polymerization by latrunculin B generated a similar phe-

notype as seen in the PERK-deficient cells (Fig. 3F;

Fig. S5). These results indicate that F-actin polymeriza-

tion has particularly an impact on tensin expression.

Loss of PERK reduces vimentin expression,

increases tubulin expression, and induces an

F-actin/tubulin switch

FACs are not only connected to the F-actin network

but also components such as integrins, talin, and vin-

culin can directly interact with tubulin and vimentin,

facilitating force propagation and mechanical signal

transduction via microtubule and intermediate filament

networks. To examine the possible involvement of

tubulin and vimentin in stiffness adaptation, GG16

cells were cultured on different hydrogels. As shown in

Fig. 4A,B, GG16-WT and PERK-KO cells showed

opposite tubulin and vimentin expression patterns.

GG16-WT cells showed high expression of vimentin,

which further elevated (around 2-fold) with increasing

matrix stiffness, while tubulin expression was very low

(Fig. 4C). In contrast, PERK-deficient cells had high

tubulin expression levels that peaked at 12 kPa stiff-

ness and dropped at 35 kPa, whereas vimentin expres-

sion was very low and increased only at the stiffest

matrix (Fig. 4D).

The exposure of GSK414 did not affect tubulin and

vimentin expression in GG16-WT cells grown on the

different matrices when compared to untreated cells

(Fig. 4C,E). Interestingly, latrunculin-B-treated GG16-

WT cells showed a similar expression pattern as seen

in PERK-KO cells, with reduced vimentin expression

and strongly increased tubulin expression that also

showed a peak at 12 kDa (Fig. 4D,F; Fig. S6).

The finding that inhibition of F-actin polymerization

reduced vimentin expression while tubulin expression

increased sharply suggested that the tubulin network

may compensate for the loss of the actin network. To

examine this further, we compared F-actin and tubulin

expression in GG16-WT and PERK-KO cells.

Figure 5A and B shows opposite trends for F-actin and

tubulin expression in the presence and absence of

PERK. GG16-WT cells showed stiffness-dependent

increases in F-actin polymerization and a low expres-

sion of tubulin that only slightly increases at the stiffest

matrix (Fig. 5C). In contrast, PERK-deficient cells

showed strongly impaired F-actin polymerization, while

tubulin expression is already high in the soft matrix and

peaking at the 12 kPa matrix (Fig. 5D). Around 12–14
times higher tubulin levels are detected in PERK-KO

compared to PERK-WT cells. Interestingly, in PERK-

deficient cells, tubulin expression decreased in the stiff-

est matrix, while F-actin levels increased (Fig. 5D), sug-

gesting that when the F-actin network is present, there

is less requirement for the tubulin network.

Discussion

The current study identified a novel function for

PERK in regulating the maturation of FACs in GSCs

during the adaptation to an increasing matrix stiffness.

Interestingly, the cellular adaptation of GSCs was

accompanied by stiffness-dependent induction of dif-

ferentiation that required an increase in F-actin poly-

merization. Particularly, the expression of vinculin and

tensin were regulated by PERK, whereas talin and

integrin-B1 expression were not affected by PERK. In

PERK-deficient cells, reduced vinculin and tensin

levels could be linked with a disrupted F-actin poly-

merization, since similar changes in expression were

seen in WT cells treated with an F-actin inhibitor.

Furthermore, vimentin and tubulin expression were

increased at lower matrix stiffnesses in PERK-deficient

cells compared to WT cells, suggestive of compensa-

tory activity of the tubulin network. Overall, our find-

ings indicate that the previously identified

PERK/FLNA pathway is also involved in regulating

force transmission from the ECM to the actin cyto-

skeleton via FACs at matrix stiffnesses that are repre-

sentative of normal brain and glioblastoma.

Our finding that the adaptation of GSCs to increas-

ing matrix stiffness is also accompanied by increased

expression of the differentiation marker GFAP, which

is not observed in PERK-deficient cells, links PERK

function via F-actin remodeling to GSC differentia-

tion. This finding is in line with our previous work,

showing that PERK-deficient GSCs compared to

WT cells display aberrant differentiation that is char-

acterized by diminished cell adhesion, higher levels of

SOX2, and lower levels of GFAP [39]. It should be
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noted that the previous studies were performed on reg-

ular cell culture plastics (high stiffness), indicating that

PERK regulates differentiation of GSCs at a broad

stiffness range. The found stiffness-dependent

induction of differentiation of GSCs is in accordance

with previous studies reporting that stem cell differen-

tiation is regulated by ECM stiffness, such as in mes-

enchymal—and muscle stem cells [44,45].

Fig. 4. Loss of PERK results in reduced vimentin and increased tubulin expression. Confocal microscope images of (A) GG16-WT and (B)

GG16-PERK-KO cells cultured on increasing stiff matrices stained for tubulin and vimentin. Tubulin and vimentin expression levels (surface

area of staining signals) measured for (C) GG16-WT, (D) GG16-PERK-KO, (E) GG16-WT treated with GSK414, and (F) GG16-WT treated with

latrunculin B. Values are the mean � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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The mechanisms by which cells interact with the

ECM and trigger mechanotransduction pathways,

leading to cellular adaptations such as changes in

shape, migration, and differentiation, are complex and

not yet fully understood. The FAC is a main inducer

of mechanotransduction and its activity is strongly

Fig. 5. In the absence of PERK opposite tubulin and F-actin expression levels are seen upon increasing matrix stiffness suggesting a F-

actin/tubulin compensatory mechanism. Confocal microscope images of (A) GG16-WT and (B) GG16-PERK-KO cells cultured on stiffening

matrices stained for F-actin and tubulin. Expression levels (surface area of staining signals) measured for (C) GG16-WT and (D) GG16-PERK-

KO cells. Values are the mean � SD. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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influenced by matrix stiffening leading to adaptive

responses and cytoskeleton remodeling [46,47]. Various

models have been proposed to explain how FACs con-

vert changes in substrate stiffness into intracellular

biochemical signals [31,48–50]. A central theme is that

ECM stiffening is transmitted via integrins, which

dynamically interact with the actin cytoskeleton

through adaptor proteins. Integrin–ECM interactions

induce conformational changes and clustering of integ-

rins, facilitating the recruitment of adaptor proteins

such as talin, vinculin, and tensin. This process acti-

vates intracellular signaling pathways, including FAK

(focal adhesion kinase) and Src family kinases. In our

study, integrin-b1 and talin expression could be

detected at low stiffness conditions and expression

increased upon matrix stiffening, their interaction

representing an early stage of mechanotransduction.

Talin links the integrins to the actin cytoskeleton,

stimulates integrin-ECM interactions, and forms the

backbone of FAC formation [22]. Absence of PERK

did not influence integrin-b1 and talin expression and

likely the formation of the integrin-b1/talin complex.

However, PERK strongly regulated the expression of

both vinculin and tensin upon matrix stiffening. Vincu-

lin is a main player in the maturation of the FAC,

binds to talin and actin, regulates the stability and

dynamics of FACs, and can activate signaling path-

ways [48–52]. Tensin also plays a significant role in the

maturation of FACs by reinforcing vinculin binding

and provides stability to the F-actin–FACs interac-

tions [21,22,48–50]. In agreement with their F-actin

binding activity, impairing F-actin polymerization in

the GSCs also reduced vinculin and tensin levels, but

not significantly of talin, thus resembling the PERK-

KO phenotype (Figs 2F, 3F). Of note, FLNA levels

also increased in a stiffness-dependent way and are

known to bind and stabilize the F-actin cytoskeleton,

and affect the anchoring of membrane proteins [53].

Fig. 6. Model of PERK-dependent regulation of focal adhesion complex formation. The maturation of the focal adhesion complex (FAC) and

force transmission from the ECM to the cytoskeleton is schematically depicted in the presence or absence of PERK. PERK could affect FAC

maturation indirectly via regulating F-actin remodeling via PERK/FLNA interactions and subsequent recruitment of tensin and vinculin, or

through an as yet unidentified mechanism by which PERK regulates tensin and vinculin expression and association with the FAC. GSCs still

sense and adapt to mechanical stress in the absence of PERK through the tubulin cytoskeleton that may provide a rescue mechanism for

impaired F-actin remodeling.
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PERK may, thus, regulate the formation of FACs

through FLNA and F-actin remodeling.

The intermediate filament protein, vimentin, was

expressed at high level in GSCs at all matrix stiffnesses

tested. Vimentin is known to bind integrins, talin, and

vinculin, and also interacts with F-actin and FLNA,

thus reinforcing the F-actin network to facilitate cyto-

skeleton remodeling [54–58]. However, vimentin expres-

sion was sharply decreased in PERK-deficient GSCs,

which could be associated with the inhibition of F-actin

polymerization. Previously, FLNA was shown to regu-

late vimentin expression and functioning [57], suggesting

that PERK may regulate vimentin via FLNA or indi-

rectly via impaired F-actin polymerization. The precise

mechanism by which PERK regulates these components

of FAC maturation remains to be elucidated as well as

the consequences for downstream signaling.

Furthermore, we unveiled a potential rescue mecha-

nism for F-actin network impairment in PERK-deficient

cells. In the absence of PERK, tubulin expression was

increased at the softest matrixes, while it was not detect-

able in WT cells (Fig. 5). Interestingly, inhibition of F-

actin remodeling by latrunculin B in WT cells also

resulted in the upregulation of tubulin expression, sug-

gesting that when F-actin remodeling is impaired the

tubulin network may provide some compensation. At

the highest matrix stiffness tested, in PERK-KO cells, F-

actin levels became weakly detectable, while tubulin levels

decreased somewhat, which suggests that when F-actin

levels increase the compensatory role of tubulin is less

needed. It should be noted that when cultured on regular

culture plastics with very high stiffness, F-actin can be

clearly detected in GSC PERK-KO cells, although still

showing differences with F-actin distribution in WT cells

(not shown). The proposed compensatory role of the

tubulin network appears to be most relevant at low stiff-

ness conditions. Clearly, the proposed compensatory role

of tubulin is currently speculative. The interplay between

the actin and tubulin networks is complex. Tubulin also

has binding sites to integrin complexes and talin and,

although tubulin also can interconnect to some extent

with F-actin and FLNA, it is largely functioning indepen-

dently [46,59–61]. In PERK-deficient cells, the tubulin

network may compensate for impaired F-actin remodel-

ing and connect to integrin/talin complexes. Figure 6

summarizes the main findings of the current study.

Conclusion

In conclusion, we found a new non-canonical function

of PERK in the regulation of FAC formation during

the physiological stiffening of the ECM in glioblas-

toma that was mimicked by stiffness tunable

hydrogels. PERK could indirectly regulate FAC for-

mation via FLNA/F-actin or perhaps in a more direct

way by regulating the expression of tensin and vincu-

lin. The precise molecular mechanism remains to be

elucidated as well as the possible targetability of

PERK, independent of its kinase function, for thera-

peutic purposes.
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