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YAP/TAZ cytoskeletal remodelling is driven by
mechanotactic and electrotactic cues†

Bernadette Basilico,‡a Maddalena Grieco, ‡b Stefania D’Amone,c

Ilaria Elena Palamà, c Clotilde Lauro,a Pamela Mozetic,c Alberto Rainer, d

Simone de Panfilis,e Valeria de Turris, e Giuseppe Giglicf and Barbara Cortese *b

Cells respond dynamically to multiple cues in complex microenvironments, which influence their

behaviour, function, and molecular pathways. Despite recent advances, understanding cell interactions

in such environments remains challenging. While biophysical cues are recognized for interacting with

mechano-transduction proteins like YAP/TAZ, their role under glioblastoma electrotaxis is unclear. Our

study investigates the functional role of mechano-transduction proteins under a physiological electric

field (EF) with different rigidities. EF exposure highlights rigidity-dependent responses involving focal

adhesion, cytoskeletal remodelling and YAP/TAZ coactivators relocation, showing to induce a shuttling

in a rigidity-dependent manner. Further inhibition of PI3K/Akt and pharmacologically disrupting YAP/

TAZ-TEAD interaction was shown to induce marked cytoskeletal remodelling under EFs. Our work

characterises the therapeutic opportunities and limitations of EFs and uncovers the intricate interplay of

physical cues and molecular signalling pathways in glioblastoma, offering potential insights for the

development of therapeutic interventions in the future.

Introduction

Cells respond to various stimuli from the extracellular micro-
environment, ranging from physical cues and constraints in
forces and mechanics to chemical and electrical cues.1–3 Yes-
associated protein (YAP) and its transcriptional coactivator
with PDZ-binding motif (TAZ, also called WWTR1), are well-
renowned transcriptional coactivator effectors that connect
cellular mechanics and signalling cascades underlying gene
expression, cell proliferation, and differentiation.4 YAP locali-
sation is crucial for its function and becomes transcriptionally
active when it is nuclear.5,6 From a canonical biochemical point
of view, YAP is regulated by the Hippo signalling pathway.7

Core components of the Hippo pathway, such as MST1/2 and
LATS1/2, promote YAP phosphorylation at serine 127 (Ser127),
leading to its cytoplasmic sequestration and inhibition of
coactivation with TAZ. Moreover, AKT-mediated phosphoryla-
tion of YAP at Ser127 facilitates its binding to 14-3-3, thereby
retaining it in the cytoplasm. YAP/TAZ activity is also regulated
by various upstream factors, including changes in the cytoske-
letal tension, and cell shape.8,9 From a mechanical perspective,
in a neoplastic setting, alterations in the microenvironment can
induce aberrant mechanical signals that impact YAP/TAZ activ-
ity, primarily mediated by the tension and organisation of the
F-actin cytoskeleton through Rho family small GTPases.6,10

Actin polymerisation induced by F-actin nucleator overexpres-
sion correlates with YAP/TAZ activation.11 Myosin contractility
and actin-severing and -capping proteins respectively enhance
and reduce YAP nuclear localisation,6,12 while force-induced
unfolding of talin promotes YAP nuclear translocation.13,14

Despite these findings, the specific contributions of these
molecular elements and the precise mechanisms by which
mechanical signals regulate YAP is far from understood.

Aberrant YAP localisation has been linked to glioblastoma
(GBM) tumorigenesis.4,15 GBMs prominent infiltrative beha-
viour has prompted focus of research into arresting or slowing
its motility, to facilitate more successful localised treatment.
GBM migration is a tightly regulated process involving dynamic
cytoskeletal rearrangements mainly engaging focal adhesion
kinases (FAK) and integrins16 while recruiting arrays of
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intracellular proteins, (i.e., PXN, paxillin and VCL, vinculin).17

In addition, the GBMs invasive behaviour is closely linked to its
ability to perceive and respond to various cues within the
extracellular microenvironment.18,19 Integral to the GBM
microenvironment is the interaction with the synaptic and
electrical activity of neural circuits which have been shown to
generate small physiological electric fields (EF). EFs in the
range of 0.1 V cm�1 are predicted to arise in the developing
amphibian brain regions,20 while EFs up to 2 V cm�1 have been
measured in the injured cornea.21 EFs also have been shown to
occur physiologically due to ionic and voltage gradients, which
are established through the spatial distribution of ion chan-
nels, pumps, and leaks.22 EF Studies reported on GBM
have primarily focused on the mechanistic aspects of electro-
taxis, with relatively few investigations into its broader implica-
tions. The influence of the EF (from 1–5 V m�1) on the
migration direction, migration rate, and orientation showed
to be closely related to EF strength, species, cell types, or
microenvironments.3,22 For example, neural lineage and GBM
cells prefer to migrate from anode to cathode,23,24 whereas
hiPSCs25 and chicken Schwann cells report an anodic response
to EFs.26 However, research on the electrotaxis of GBM remains
limited and the underlying mechanisms driving this EF
response were not explored further. The occurrence that sub-
strate or plating conditions can significantly alter the electro-
tactic response underscores the need for more comprehensive
studies.

Herein, we investigated the application of low field-strength
direct current, a regime in which electrotaxis occurs, to evaluate
GBM cells’ response within substrates of different stiffnesses
showing that the electrotactic directional response of cells can
be regulated in a rigidity-dependent manner. Exanimation of
various aspects of cell behaviour, such as viability, morphology,
adhesion, motility, and mitochondrial dynamics related to the
mechanosensitive proteins, identified the contribution of the
EF in regulating YAP/TAZ localisation and activation by the
modulation of actin stress fibre assembly. Exploration of genes
linked to the cytoskeleton, extracellular matrix, and focal
adhesions (FAs) reveals that the EF plays a pivotal role in
hindering TEAD expression, overriding the mechanotactic
effects. The results of this research will lead to an increased
understanding of how electric fields interact with mechanical
signalling, offering potential insights for the development of
GBM therapeutic interventions in the future.

Results
Electric and mechanotactic cues regulate cytoskeletal and
FA remodelling

To examine the overriding effects of the mechanotactic and
electric cues, we cultured GBM cell lines (U251-MG and GL15)
onto custom galvanotaxis chips with different substrate stiff-
ness, using Petri dishes (referred herein to as stiff, with a
Young’s Modulus of 2.28–3.28 GPa19,27) and PDMS with a
crosslinking ratio of 50 : 1 of 5–10 kPa,18,19,28 obtained as

previously described1,18,19 (referred to as soft). First, we inves-
tigated whether the variation of rigidity and/or exposure to an
EF of 200 mV mm�1 affected either cell morphology which was
quantified at the beginning and at the end of each experiment
(i.e., after 3 h of EF exposure) to verify the influence of EF on
each cell. A substantial change in the whole cell morphology in
response to a change of substrate rigidity was observed (in Fig.
S1A and B, ESI†). The area of both cell lines was smaller on soft
substrates compared to stiff. However, after EF stimulation,
both cell lines cultivated on soft substrates reported an
increased whole cell area (Fig. S1A and B, ESI†). Moreover, we
observed that exposure to an EF of the cells on soft substrates
led to an increased circularity (Fig. S1C and D, ESI†). Of note,
the change of morphology and shape of cells cultivated on stiff
substrates was cell line dependent. Viability, assessed through
a live/dead assay (Fig. S1E and F, ESI†) showed no changes
regardless of the rigidities of the substrates and either with or
without exposure to an EF.

As FAs play crucial roles in mechano-transduction and
regulate processes such as spreading, proliferation, differentia-
tion, and motility and considering the association of electrically
induced morphological changes with actin cytoskeleton
reorganisation,29 it was questioned whether EF would affect
FAs formation using PXN-GFP expressed cells. Confocal ima-
ging (Fig. 1(A)) showed that the number of FAs and adhesion
area for U251-MG noticeably increased on soft substrates when
exposed to an EF (Fig. 1(B) and (C)). On the contrary, GL15 cells
exposed to an EF showed an increase in the number of FAs as
well as an increased adhesion area, on substrates of higher
rigidity (Fig. S2A–C, ESI†).

Quantitative PCR (RT-qPCR) analysis of the FA genes in
U251-MG cells revealed a rigidity dependence of PXN and FAK
which were downregulated on soft substrates upon EF exposure
(Fig. 1(G) and (H)). As different integrins are involved in
adhesion and migration we further investigated expression
levels of ITGAV on all substrates, observing a further decrease
in the expression levels regardless of stiffness, when applying
an EF, (Fig. 1(I)). This is consistent with FAK downregulation, as
FAK activation typically occurs upon integrin binding to the
extracellular matrix, initiating downstream signal transduction.
Also, the downregulation of VCL upon EF exposure only on soft
substrates was noted (Fig. S3A, ESI†). However, GL15 cells
didn’t report significant changes of the FA genes levels (Fig.
S3B, ESI†).

Overall, our data suggested that EF inhibited new FAK gene
expression, yielding a change of cytoskeletal tension through
regulation of FA formation and integrin signalling in a cell-
dependent manner.

Electric fields regulate cell motility in response to substrate
stiffness

As the decreased gene expression suggested a restrained turn-
over in actin filament rearrangements, intrinsic in cell migra-
tion, to further study the influence of the microenvironment
GBM cells electrotaxis, we tracked and analysed the motility of
cells in response to the different electro/mechano-stimuli.
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Exposure to an EF led to a decrease of cell motility, regardless of
substrate stiffness (Fig. 2(A) and Fig. S4A, ESI†) for both cell
lines. Moreover, consistent with previous reports,30 both cells
changed directionality in accordance to substrate stiffness,
showing a cathodic response on stiff substrates, whereas an
anodic directional response was observed on soft substrates
(Fig. 2(B) and Fig. S4B, ESI†).

As the phosphoinositide-3-kinase (PI3K)–Akt pathway has
been shown to act as key player in the regulation of GBM
motility31 and electrotactic responses,32–34 we used the inhibi-
tor (wortmannin) to investigate the interdependency of intra-
cellular signalling mechanisms on the mechano/electrotaxis of
the microenvironment. When we examined cell movement of
PI3K-inhibited U251-MG cells without EF exposure, we
observed a reduced path length (Fig. 2(C)) and cell migration
(Fig. 2(D)) by approximately 50% on stiff and about 20% on soft

substrates compared to untreated cells (100%). Upon EF expo-
sure, a further reduction in motility was observed only on soft
substrates, with no significant difference on stiff. Conversely,
GL15 cells solely treated with the PI3K inhibitor and in the
absence of an EF, showed a more pronounced decrease in path
length and motility on soft substrates compared to stiff. In
contrast, exposure to an EF further decreased motility on stiff
substrates (Fig. S4C and D, ESI†). These data indicate that the
effects of wortmannin on cell motility differ depending on cell
type as well as the substrate rigidity. Surprisingly, both cell
lines PI3K-inhibited reverted their migration direction from
cathode to anode on stiff substrates, indicating that PI3K
regulates the direction of migration under EF (Fig. 2(E) and
Fig. S4E, ESI†).

As the PI3K–Akt pathway contributes to FAs and stress fibre
formation mediated by actomyosin contractility,35 we checked

Fig. 1 Mechanotactic and electric cues compete in regulating morphology and FA formation. (A) Representative confocal analysis of U251 cells
expressing PXN-GFP (green) plated onto substrates of increasing stiffness with and without the effect of a 3 h EF treatment. Scale bar 20 mm. (B) and
(C) Bar graphs showing quantification of the number of FAs per cell (FA number) and (F) total FA area. (Control: n = 12 for stiff, n = 11 for soft substrates,
EF: n = 10 for stiff, n = 10 for soft substrates for 3 different technical replicates). (D)–(F) PXN, FAK, and ITGAV expression in U251-MG cells were validated
by qPCR. Values are expressed as means � S.E.M., for at least 3 different technical replicates. Significance was determined using two-way ANOVA
followed by Tukey’s multiple comparisons test with *p o 0.05, **p o 0.01, ***p o 0.005.
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mRNA expression levels of the genes involved in the regulation
of movement. Exposure of both PI3K-inhibited cell lines to an
EF, conveyed a tendency of the PXN expression to be down-
regulated, whereas FAK was upregulated (Fig. 2(F)–(G) and Fig.
S4F–G, ESI†). However, inhibition of PI3K highlighted a cell
type-dependent effect on ITGAV gene expression. Specifically,
ITGAV showed a tendency to be upregulated in U251-MG cells
(Fig. 2(H)) and downregulated in GL15 cells (Fig. S4H, ESI†),
regardless of substrate rigidity, suggesting that EF exposure
might trigger activation and recruitment of cell-type specific
alternative pathways in modulating migration.

These results suggested that the EF modulates the expres-
sion of cell adhesion proteins by activating the PI3K signalling
pathway necessary for triggering a cell-dependent transcrip-
tional feedback mechanism which modulates cytoskeletal ten-
sion and FA dynamics to enable anodic migration.

YAP localisation and phosphorylation are regulated by
exposure to an EF

As increasing evidence has identified the transcriptional coac-
tivators, YAP and TAZ, as cytoskeletal tension-activated regula-
tors of gene expression,6 we next determined whether the EF
could influence YAP/TAZ localisation in U251-MG and GL15
cells. Without EF exposure, cell lines displayed canonical YAP
localisation, showing to be nuclear on stiff substrates and
cytoplasmatic on soft.36 Interestingly, exposure to an EF

triggered YAP shuttling showing opposite effects with a higher
YAP distribution throughout the cytoplasm within cells on stiff
substrates, whereas it appeared predominantly localised to the
nuclei on soft (Fig. 3(A), (B) and Fig. S5A, B, ESI†). These results
reveal that the EF acts on the contractile stress of the cell on
both soft and stiff substrates, with YAP relocalisation. As YAP
localisation has been shown to be regulated by nuclear
compression,37 we then questioned if the electro/mechano-
stimuli impacted cell nuclei. We, thus, quantified the nuclear
volume using confocal Z-stacks for cells on the different
substrates and w/wo EF exposure. We observed an increase of
the nuclear volume for both cells on stiff substrates (Fig. 3(C)
and Fig. S5C, S6, S7, ESI†), whereas EF led to an inverse
relationship on soft substrates, showing an increased nuclear
volume for U251-MG and a decreased volume for GL15.

Since YAP localisation is also determined by its phosphor-
ylation state, we investigated whether YAP phosphorylation
varied after EF exposure. Western blots showed that U251-MG
cells exposed to an EF reported enhanced p-YAPSer127 expres-
sion on all substrates, especially on stiff (Fig. 3(D)–(F)). In line
with this observation, we noted that YAP expression was
significantly reduced upon EF exposure on stiff (Fig. 3(F)).
Similarly, GL15 cells upon EF exposure showed YAP reduction
on stiff substrates (Fig. S5E and F, ESI†).

Our data suggested that the EF specifically affects the
activity and distribution of YAP/TAZ with changes of the nuclear

Fig. 2 The EF regulates cell migration overriding mechanotactic cues. (A) The EF influences cell motility leading to a reduced motility in U251-MG cells
on all substrates. (B) Individual U251-MG cell’s FMI distribution under EF exposure shows rigidity dependency under EF exposure with cells being cathodic
on stiff substrates and anodic on soft, (untreated: n = 79 for stiff, n = 83 for soft substrates; EF: n = 114 for stiff, n = 105 for soft substrates). (C)–(E)
Normalised motility values of U251-MG-PI3K-inhibited cells to untreated cells on their respective substrates, showing path length (C) and motility (D),
with (+) and without (�) an EF, and their FMI distribution under an EF (E) showing that PI3K-inhibited cells reverted their directionality on stiff substrates
from cathodic to anodic (PI3K treated cells without EF: n = 97 for stiff, n = 97 for soft substrates; PI3K treated cells with EF: n = 114 for stiff, n = 74 for soft
substrates). (F)–(H) Gene expression levels of PXN (F), FAK (G) and ITGAV (H) were determined using qPCR. Data are from at least three independent
experiments, two-way ANOVA followed by Tukey’s multiple comparisons test, ***p o 0.001, and unpaired two-tailed Mann–Whitney U test was run
between each pair of groups, *p o 0.05. Values are expressed as means � S.E.M.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 5
:3

8:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00891j


252 |  Mater. Adv., 2025, 6, 248–262 © 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 3 YAP nuclear shuttling is determined by EF and substrate rigidity. (A) Representative confocal images of U251-MG cells cultured on stiff and soft
substrates depicting YAP localisation with/without exposure to an EF of 2 V cm�1. Cells were stained with anti-YAP (green). Scale bar 25 mm.
(B) Quantification of the YAP nuclear/cytoplasmic ratio in response to substrate rigidity and exposure to an EF. (Untreated: n = 40 for stiff, n = 41 for soft
substrates, EF: n = 38 for stiff, n = 28 for soft substrates, from at least 3 technical replicates). (C) Quantification of nuclear volume of U251-MG cells on
substrates of different stiffness and w/wo EF (untreated: n = 63 for stiff, n = 64 for soft substrates, EF: n = 64 for stiff, n = 66 for soft substrates, from at
least 3 technical replicates). (D) Representative western blot membranes of YAP, TAZ, p-YAPSer127 and GAPDH protein expression of U251-MG cells with
(+) and without (�) an EF and with (+) and without (�) treatment with the PI3K inhibitor (Wortm = wortmannin), cultured on substrates of different rigidity.
(E)–(H) Bar graphs showing the protein quantification of p-YAPSer127 (E) and YAP (F) of protein expression in U251-MG cells untreated cells cultured on
different substrates and w/wo EF and p-YAPSer127 (G) and YAP (H) of protein expression in U251-MG wortmannin-treated cells. Data are normalised to
GAPDH expression from at least 3 technical replicates, p-values calculated with the unpaired two-tailed Mann–Whitney U test, *p o 0.05; **p o 0.01.
(I) RT-qPCR quantification of the canonical YAP target gene CTGF in U251-MG cells with and without PI3K-inhibition cultured on substrates of different
rigidity and w/wo exposure to an EF of 2 V cm�1. Gene expression levels were normalised to GAPDH in all RT-qPCR experiments from at least 3 technical
replicates. Three-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Data are expressed as means� S.E.M.
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volume, in glioma cell lines in vitro in a cell type-dependent manner
leading to changes in YAP mechanotransduction.

YAP/TAZ activity modulation by the EF is independent of the
PI3K pathway

Crosstalk between the Hippo and PI3K-TOR pathways has
identified YAP activation/dephosphorylation as a downstream
target of PI3K.38 Thus, we examined whether the observed
changes in YAP expression levels induced by an EF are PI3K-
dependent. Exposure to an EF was shown to increase p-
YAPSer127 expression within PI3K-inhibited cells (Fig. 3(D), (G)
and Fig. S5D, E, ESI†), especially on soft substrates and a
tendency to decrease YAP/TAZ protein expression (Fig. 3(D),
(H) and Fig. S5D, F, ESI†).

To investigate if the PI3K pathway modulated a feedback
loop via transcriptional targets of YAP, we checked CTGF mRNA
expression compared with control treatment, as determined by
RT-PCR. Without inhibition, the effect of the EF was a signifi-
cant downregulation of the CTGF levels in U251-MG cells.
However, under PI3K inhibition we observed a tendency to
increase mRNA levels of CTGF regardless of the substrate
rigidity and the presence of EF of both inhibited cell lines
(Fig. 3(I) and Fig. S5G, ESI†). Taken together, these results
suggest that the YAP/TEAD transcriptional activity is activated
through pathways dependent from the PI3K, independent from
EF, reinforcing the hypothesis that exposure to an EF increases
strain in the cell cytoskeletal structure.

YAP inhibition reduces GBM motility and is dependent on
substrate rigidity

Since the nuclear YAP/TAZ binds to the TEAD family of tran-
scription factors to activate the expression of pro-proliferative
and survival-enhancing gene programs, we assessed the effect
of EF exposure on the YAP/TAZ-TEAD transcriptional activation.
We pharmacologically inhibited the YAP/TAZ-TEAD axis by
treating cells with SuperTdu (ST) and Verteporfin (VP), and
analysed cell responses with and without EF application. ST is a
polypeptide which mimics the function of a previously identi-
fied YAP antagonist (VGLL4) to disrupt the YAP-TEAD inter-
action. VP, instead, is a porphyrinic photosensitizer which
binds to the conserved TEAD interaction domain in YAP,
disrupting YAP-TEAD binding, and inducing YAP/TAZ protein
degradation without light activation.39 Thus, exposure of VP-
treated cells to light was minimized and the motility of cells
was analysed only under ST treatment to explore its potential
role in cell invasiveness (Fig. 4(A)–(C)). Without EF exposure, we
observed reduced migration trajectories in both ST-inhibited
cell lines, more specifically only on stiff substrates, with
decreased path length (Fig. 4(A)) and speed (Fig. 4(B)) of
U251-MG cells (B60%) cultured on stiff, and no effect on soft
substrates. Conversely, EF exposure showed no further influ-
ence on the invasiveness parameters on stiff for U251MG
(Fig. 4(A) and (B)), while it decreased them (B80%) on soft.
Moreover, directional movement of U251-MG cells under an EF,
remained cathodic on stiff, and anodic on soft (Fig. 4(C)). GL15
behaved similarly (Fig. S8A and B, ESI†) but upon EF, GL15

acquired an anodic behaviour regardless of rigidity (Fig. S8C,
ESI†). This suggested that the effect of ST was rigidity- and cell-
dependent.

Next, we examined the protein expression profiles of YAP
and TAZ following the disruption of YAP-TEAD interaction.
Western blot analysis of U251-MG inhibited cells showed that
the effect of an EF was to increase the expression of p-YAPSer127

of inhibited cells (Fig. 4(D), (E) and Fig. S8D, E, ESI†). YAP and
TAZ levels were decreased considerably under VP treatment
with respect to ST (Fig. 4(D), (F), (G) and Fig. S8D, F, ESI†)
especially on soft substrates.

mRNA levels of ST-treated U251-MG cells (Fig. 4(H)), without
EF exposure, showed a reduction in the target genes CYR61 and
CTGF genes on soft substrates. Exposure to an EF of ST-treated
cells appeared to not affect inhibited U251-MG cells on stiff, but
slightly affected those on soft, with a tendency to increase
CTGF, FAK and ITGAV expression. VP treatment decreased
CTGF, VCL and ITGAV gene levels without EF exposure regard-
less of the rigidity of the substrate (Fig. S8H, ESI†). Exposure to
an EF, did not affect VP treated cells significantly. No signifi-
cant variations were observed in GL15-inhibited cells (Fig. S8H,
ESI†). These data indicate that the EF was not able to rescue
YAP/TAZ transcriptional activity.

Electrotaxis overrides mechanotactic effects on cell
mitochondria

Accumulating evidence suggests a potential correlation
between YAP and mitochondrial structure, reporting an
increased expression of YAP1 associated with decreased frag-
mentation of mitochondria40 and an increase in mitochondrial
fusion.41 To investigate whether the presence of an EF could
alter mitochondrial organisation and functions, we examined
the spatial arrangement of the mitochondrial structure,
quantifying individual and network size, fragment length and
mitochondrial footprint of mitochcondria as previously
described1,42 (Fig. 5(A)–(F)) Our analyses revealed EF exposure
induced a more fragmented mitochondrial network of U251-
MG cells (Fig. 5(B) and (C)) on softer substrates, and a struc-
tural change characterized by a decreased length of branching
network and individual fragments (Fig. 5(D) and (E)) regardless
the rigidity. In contrast, GL15 cells exhibited a longer length of
branching network and fragments under the influence of an
EF, suggesting a more fused and branched mitochondrial
structure (Fig. S9A–E, ESI†). Further analysis of the overall
mitochondrial organisation/structure highlighted stiffness-
dependent changes in the mitochondrial footprint when cells
were subjected to the EF. Specifically, on stiff substrates, EF
reduced the size of the mitochondrial footprint, whereas it
increased on soft for both cell lines (Fig. 5(F) and Fig. S9F,
ESI†).

Considering the close connection between the morphology
of mitochondrial networks and the mitochondrial membrane
potential (MMP), we analysed the effect of the EF on the
MMP of cells cultured on substrates with different rigidities.
We observed that on stiff, the EF induced the depolarisation
of the mitochondrial membrane in U251-MG cells, whereas
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on soft substrates, the MMP increased upon EF application
(Fig. 5(G)). In contrast, GL15 cells showed the opposite
outcome, with the EF triggering mitochondrial depolarisation
on soft substrates and an increased MMP on stiff (Fig. S9G,
ESI†).

Overall, these results suggest that EF plays a regulatory role
in both YAP and mitochondrial dysfunction, influencing
changes in mitochondrial membrane potential and fragmenta-
tion. Importantly, these effects are also cell-type dependent.

Discussion

Different studies have examined how the EF application can
affect a variety of cellular processes, including migration,
proliferation, and directionality.3,43 It’s worth noting that the
differing migration directions—cathodic, for example for kera-
tinocytes, and anodic, for example for fibroblasts— are well-
documented behaviours and several hypotheses have been
proposed to explain the directional choice of these cells,

Fig. 4 YAP–TEAD interaction is required for GBM motility. (A)–(C) Motility parameters of U251-MG cells treated with ST. Data are normalised to their
respective untreated cells, seeded on substrates of different rigidity and subjected to an EF of 2 V cm�1. Bar graphs showing the quantification of (A) path
length, (B) instantaneous speed and (C) directionality of migration. Inhibited cells without EF: n = 75 for stiff, n = 67 for soft substrates; EF: n = 58 for stiff,
n = 75 for soft substrates; from at least 3 different technical replicates, two-way ANOVA followed by Tukey’s multiple comparisons test, *p o 0.05, **p o
0.01, ***p o 0.001, and unpaired two-tailed Mann–Whitney U test, **p o 0.01. (D) Representative western blot membranes of the indicated proteins
after inhibition of U251-MG cells with ST and VP, and w/wo an EF. (E)–(G) Normalised quantification of protein levels, specifically p-YAPSer127 (E), YAP (F)
and TAZ (G) compared to untreated cells on their respective substrates. Data are normalised to GAPDH expression from at least 3 technical replicates,
two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons, *p o 0.05, **p o 0.01, ***p o 0.001. Data are expressed as means �
S.E.M. (H) Heatmap visualisation of RT-qPCR analysis of mRNA levels of CYR61, CTGF, PXN, FAK, VCL and ITGAV expression in TEAD-inhibited U251-MG
cells with (+) and without (�) EF. Relative quantification of each gene expression level was normalised according to the GAPDH gene expression.
Columns represent treatments with (+) and without (�) EF and, of untreated (�), ST-inhibited (+) and VP-inhibited (+) U251-MG cells. Green represents
downregulation, and red represents upregulation. Colour intensity represents the mRNA expression values. Rows, mRNA of the genes.
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including calcium signalling pathways, PI3K, transforming
growth factor-b3 (TGF-b3), Golgi polarization, and integrin
expression.44–46 However, a clear consensus on the underlying
mechanisms remains elusive. Although a few findings have
provided insights into the molecular mechanism responsible
for the modulation of galvanotaxis in the presence of different
migration cues, related to FAs,47 matrix stiffness48 and the
surface charge of the substrate,49 we show for the first time
the interrelation between YAP/TAZ along with their correlation
with direct EFs (Fig. 6).

Moreover, prior studies are mainly based on electrotactic
chambers on Petri or glass substrates. Here we show a sig-
nificant difference between stiff (Petri) and soft substrates,
highlighting the importance of the cell–substrate interface,
rather than considering substrate compliance alone.

In general cells on soft substrates have YAP mostly localised
in the cytoplasm, whereas cells on stiff substrates mediate YAP
nuclear translocation, as we observed. Yet, exposure to an EF,
caused an increase of dephosphorylation of the YAP protein,
regardless of the stiffness, with the disruption of the YAP/TEAD
interaction and the transcriptional dysregulation. While we
observed that exposure to EFs was shown to reduce the cell
area on stiff substrates and to increase it on soft substrates, it
appeared, also, to increase the circularity of cells, with an
elevation of FAs under EF, especially on soft substrates

(Fig. 1). This phenomenon is likely associated with the matura-
tion of newly formed focal contacts anchored to the substrate.
These mature focal contacts impede cell retraction and facil-
itate the decoupling of YAP activation from cell spreading. We
also detected that exposure to an EF caused YAP to translocate
from the cytoplasm to the nucleus on soft substrates, whereas,
on stiffer substrates, we noted a marked cytoplasmic redistri-
bution of nuclear YAP (Fig. 2). Our results align with previous
findings investigating YAP localisation in relation to nuclear
compression induced by cell strain energy or extracellular
forces. Nuclear flattening caused by external mechanical forces
augmented increased nuclear entry of YAP.13,37 Moreover, the
external stimuli were shown to induce a matrix remodelling
involving dephosphorylation of the YAP/TAZ and shuttling
from the cytoplasm to the nucleus.6 Phosphorylated YAP
located in the cytoplasm was shown to interact with the
cytoskeleton, counteracting its entry into the nucleus and
gradually getting degraded in the cytoplasm.50 We hypothesise
that the change in protein location we observed under EF was
attributed to the remodelling of the cytoskeleton, suggesting
that this translocation was mediated by forces transmitted to
the nucleus.

Furthermore, YAP/TAZ has been shown to transcriptionally
regulate the architecture of the actin cytoskeleton, facilitating
persistent cell motility. Previous studies showed that

Fig. 5 Mitochondria are affected by mechanotactic and electrotactic cues. (A) Representative mitochondrial skeletonised structures, obtained from
U251-MG cells cultured on substrates of different rigidity w/wo 3 h of EF (2 V cm�1). Scale bar 25 mm. (B)–(F) Bar graphs showing the quantification of (B)
number of individuals, (C) number of networks, (D) mean summed branch lengths, (E) mean network branches and (F) mitochondrial footprint (control:
n = 26 for stiff, n = 29 for soft substrates, EF: n = 10 for stiff, n = 29 for soft substrates for at least 10 different confocal acquisitions). (G) Analysis of
mitochondrial membrane potential using JC-1 staining. Cells were exposed to EF on substrates of different rigidity and fluorescence transition from red
to green was evaluated (control: n = 114 for stiff, n = 131 for soft substrates, EF: n = 133 for stiff, n = 176 for soft substrates). Data are from at least 3
independent experiments, two-way ANOVA followed by Tukey’s multiple comparisons test, *p o 0.05, **p o 0.01, ***p o 0.001. Values are expressed as
means � S.E.M.
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knockdown of YAP decreases proliferation and migration in
human GBM cell lines in vitro.51 This effect may be linked to
YAP’s regulatory role in actin cytoskeletal dynamics, achieved
through its impact on the transcription of the Rho GTPase-
activating protein (Rho-GAP).52 This regulation is characterized
by an increase in stress fibres and FA maturation.53 Our results
corroborate these findings, as we observed that the migration
behaviour of GBM cells upon EF exposure was decreased
regardless of the stiffness, with a decreased YAP/TAZ protein
expression.

Low-frequency EFs were shown to activate YAP and asso-
ciated pathways, potentially by changing the cell membrane
environment or cytoskeletal organization.54–56 For example, Jia
and co-workers investigated YAP/TAZ expression of macro-
phages using alternating current (AC) EFs.54 They observed a
higher YAP/TAZ expression under the effect of the EF, suggest-
ing that AC-EFs might promote M2 polarisation in macro-
phages by activating YAP/TAZ-mediated signalling pathways.
Abasi and his group reported an increased YAP nuclear locali-
sation in HUVEC cells due to the application of pulsed electric

fields, which mimic mechanical forces like shear stress.55 This
nuclear partitioning indicated YAP activation, which influenced
cellular responses like proliferation and tight junction for-
mation and was similar to the behaviour observed under
mechanical stresses, such as those involving substrate stiffness
or fluid shear. Colciago56 reported the use of electromagnetic
fields showing a YAP relocation from nuclear to the cytoplas-
matic and its downregulation, consistent with our findings.
Since EFs are also linked to cytoskeletal reorganization and the
regulation of actin dynamics, they create conditions that rein-
force YAP’s active, growth-promoting role in the nucleus. Thus,
EFs can mimic mechanical stresses like shear stress or sub-
strate stiffness, activating YAP by altering cellular localization.
Key components in the formation of FAs and protruding
lamellipodia, typically involved in the adhesion/migration pro-
cess, are FAK and PXN, while VCL is a cytoskeletal scaffold
protein which plays an essential role in the regulation of FAs
assembly and disassembly57 and ITGAV is necessary for the
maturation of focal adhesions.14 We observed a reduced expres-
sion of target transcription genes such as ITGAV, PXN and FAK

Fig. 6 Model depicting the effect of mechanotactic and electrotactic cues on YAP/TAZ function. Without exposure to EFs, the canonical YAP/TAZ
pathway shows that YAP/TAZ are activated by enhanced substrate stiffness and translocate to the nucleus. Upon exposure to EFs, the Hippo signalling
pathway is activated, TEAD transcription is inhibited and a nuclear/cytoplasm shuttling of YAP/TAZ is observed with promotion of dephosphorylation
phosphorylation at Ser127. Grey mechanistic elements, dotted lines and circles, serve to suggest possible connections and represent mechanisms which
may interfere in the scenario of YAP/TAZ regulation.
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expression, upon exposure to an EF. Downregulation of FAK
and PXN, which are typically implicated in FA formation,
suggests that EF regulates FA formation through an alternative
pathway that bridges integrin clustering. Thus, the EF may aid
in decreasing subsequent substrate stiffness potentially
through the regulation of FAs and CTGF reduction. Besides
YAP, TAZ has also been identified as a significant oncogenic
factor. Our data show that exposure to EFs could block YAP and
TAZ-mediated transcription activation with downregulation of
YAP-dependent gene expression levels, such as CTGF and
Cyr61. TEAD inhibition markedly suppresses cell migration,
as we observed under EF exposure. Follow-up studies would
provide information as to whether YAP/TAZ inactivation
induces expression of a subset of genes which can lead to
AKT activation and cell survival or may be due to non-specific
effects.

The PI3 kinase (PI3K)–Akt axis has been implicated
with the invasion ability of GBM cells, and it is known to be
tightly associated with the electrotactic response and
directionality.32–34 Studies in literature have demonstrated that
the PI3K–Akt signalling pathway is a downstream effector of
adhesive interactions critical for galvanotaxis,34 reporting an
induced asymmetric distribution of PIP3 and cytoskeletal pro-
teins. From our results, it appears that in response to an EF,
YAP and TAZ act to dissipate cytoskeletal tension through a cell-
intrinsic feedback mechanism, which is also dependent on
PI3K activation. Under exposure to an EF, the directionality of
movement was contingent on the stiffness of the substrate,
with a cathodic or anodic preference respectively on stiff and
soft substrates.48 Suppression of the PI3K activity led to an
increased cellular anodic response under EF, accompanied by
reduced cell motility, especially on soft substrates, consistent
with previous studies.34 Our findings further suggested the
PI3K/Akt pathway mediated the EF directionality, and cytoske-
leton rearrangement as we observed a tendency of PI3K-
inhibited cells to increase the expression of target genes, as
well as integrin and focal adhesion-related genes (i.e., FAK,
ITGAV) upon EF exposure.58

Reorganisation of the cytoskeletal network may regulate
mitochondrial structures. Different studies have reported a link
between the Hippo pathway and mitochondrial function.41

Overexpression of YAP has been reported to promote the
expression of genes that regulate mitochondrial fusion, leading
to fused mitochondria. Our study identifies YAP’s involvement
in regulating mitochondrial structure remodelling under expo-
sure to an EF. This implies that mitochondrial changes are
likely linked to the localisation of YAP in GBM cells and are cell-
and context-specific.

The YAP–TEAD complex controls the transcription of various
oncogenes to promote tumour cell proliferation, transforma-
tion, and invasion. We observed that both inhibitors ST and VP
disrupted the YAP–TEAD interaction and were not rescued
under EF. Specifically, we found that selective inhibition of
YAP/TAZ-TEAD interaction with VP increased cytoskeletal ten-
sion, suggesting either additional transcriptional targets or
potentially complementary roles for YAP and TAZ. While

further research is necessary to dissect potentially distinct co-
effector interactions or transcriptional targets of YAP and TAZ,
these data contribute to the emerging evidence of crosstalk
between transcriptional activity and cytoskeletal dynamics.

Together, our novel findings clarify a link between onco-
genic YAP and EFs, assigning an important role to EF in
regulating focal adhesion dynamics, and collectively show that
EFs regulate the nuclear translocation of YAP/TAZ, thus dictat-
ing their roles as transcriptional co-activators and highlighting
their potential application in electroceutical treatments for
regenerative medicine. We believe that understanding the
mechanisms of this transduction and the biochemical path-
ways involved will open up innovative approaches for treatment
and improve our knowledge of how external factors interact
with cancer biology.

Future work will adopt a more comprehensive approach,
utilising 3D substrates and sequencing methods to globally
assess gene expression under the influence of electrical
stimulation.

In summary, our study seeks to bridge the gap between
external physical cues and critical cancer signalling pathways,
offering insights that could lead to innovative treatment stra-
tegies and a deeper understanding of how environmental
factors impact glioblastoma.

Materials and methods
Cell cultures

Human glioma cell lines U251-MG and GL15 were grown in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS,
Gibco), 100 unit per ml penicillin G sodium and 100 mg ml�1

streptomycin sulfate at 37 1C in humidified air with 5% CO2.

Electrotaxis and electrotactic chambers

Electrotaxis experiments were carried out using a modified
customized device, devised with standard microfabrication
techniques. Standard 35 mm culture dishes (Falcon brand,
Corning Life Sciences) were used as the basis for the substrates.
In brief Sylgard 184 elastomer (PDMS, Dow Corning), was used
in a mixing ratio PDMS : heptane (50 : 1) : 1 to create soft sub-
strates. Once mixed, the PDMS was poured into 35 mm dia-
meter Petri dishes to create B2 mm thick films and cured at
65 1C overnight (12–24 hours) as previously described.1,18

Subsequently, a micro-channel of 170 mm high, 4 mm wide
and 15 mm long in PDMS (10 : 1) was bonded via oxygen plasma
treatment to Petri dishes and soft PDMS. Once assembled, all
substrates were washed with 70% ethanol and DI water and
sterilised with UV before seeding. GBM cells were seeded in the
central microchannel for 24 hours before use. In each experi-
ment, direct current was applied through (2%) agar-salt bridges
connecting with silver/silver chloride electrodes held in place
by stainless steel alligator clips into the two beakers containing
Steinberg’s solution (consisting 60 mM NaCl, 0.7 mM KCl and
0.3 mM Ca(NO3)2, 0.8 mM MgSO4 and 1.4 mM Tris base, pH
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7.4). The agar bridges were connected to a pooled medium on
either side of the channel. Cells were exposed to 2 V/cm direct
current EF for 3 hours.

Cell viability assay

Cell viability was measured using a commercially available live–
dead double staining kit (04511-1KT-F, Merck, St. Louis, MO,
USA). Briefly, the cells with or without EF treatment were
exposed to a 0.25 mM staining solution of calcein and propi-
dium iodide (PI). Following the viability staining protocol, the
constructs were imaged by an Olympus iX73 microscope
equipped with an X-Light V3 spinning disc head (Crest Optics),
an LDI laser illuminator (89 North), a Prime BSI sCMOS camera
(Photometrics). Images were acquired as a single stack with a
10x/NA 0.25 objective (Olympus). The captured images were
subsequently analysed using a built-in script in ImageJ, which
uses particle segmentation to pick out the live and dead cells,
respectively.

Morphological quantification

Whole cell area was obtained drawing a ROI around each cell
before and after EF exposure, to measure the effect of an EF on
the cells. To measure nuclear volume Z stacks of the single
GBM cells seeded on substrates of different stiffness and w/wo
exposure to an EF, nuclei were visualised by DAPI (40,60-
diamidino-phenylindole) staining, applied at 1 mg ml�1 directly
before the microscopic measurement using Ibidi m Dish
(35 mm). For each condition, z-stacks were acquired with a z-
step size of 0.1 mm using a ZEISS LSM980 confocal microscope
with PLN APO 40�/1.3 OIL DICIII immersion objective lens and
a pinhole of 1 AU. The 3D visualisation and quantification were
performed with Fiji software as briefly described. Nuclear
volume of the segmented cells were calculated using the 3D
Object Counter plugin (ImageJ)59 and quantified using 3D
Image Suite.60 Results are based upon the 3D Region of Interest
(ROI) Manager from 3D Image Suite.

Cell tracking

Cell migration was observed mounting the dishes onto an
Olympus IX73 inverted microscope, equipped with a QImaging
OptiMOS sCMOS camera (Crisel, QImaging, Surrey, BC,
Canada) with MetaVue program (Molecular Devices, Sunnyvale,
CA, USA) and a stage-mounted incubator with CO2 and tem-
perature control (H201; Okolab, Pozzuoli, Italy) using 10� (Plan
N, NA = 0.25, Ph1) or 20� (LUCPlan FLN, NA = 0.45, Ph2)
magnification. Cell migration was analysed to determine direct-
edness (cos y) path length and track speed by using ImageJ
Software (NIH, Bethesda, MA, USA) with MTrackJ. Briefly,
individual cell tracks from time-lapse microscopy were
recorded over 3 hours and set to a common origin for spatial
comparison. Results from a minimum of three separate experi-
ments with individual tracked cells were pooled for data
analysis. The trajectories and parameters such as track lengths,
displacement (Euclidean distance at each time point), cell
instantaneous speed, directionality (track length [the last posi-
tion minus the initial position] divided by the total

displacement of the cell), were plotted using Prism Software.
The forward migration index was calculated by dividing the
displacement along the DCEF vector by the total (x,y)-
displacement between the initial and final positions of the
cells yields the directedness. Anodal migration was considered
to have a negative directedness value, whereas cathodal direct-
edness was positive.

GBM cell infection with Paxillin-GFP

U251-MG and GL15 cells were seeded at a density of
10 000 cm�2 in complete medium to reach 40% confluence at
the time of infection. The medium was aspirated and changed
with DMEM containing viral particles at MOI of 20. Cells were
infected with GFP-Paxillin lentiviral particles (pLV[Exp]-Neo-
EF1A 4 hPXN3xGGGGS:EGFP, VectorBuilder, Chicago, IL,
USA) by using Polybrene (5 mg ml�1, Santa Cruz Biotechnology).
The day after infection, cells were washed several times with
PBS and complete medium was added. After selection by
neomycin resistance for 1 week, cells were expanded and used
for further experiments. FAs were calculated as previously
described.61 In brief, images acquired at the same magnifica-
tion and resolution were analysed with ImageJ where first a
subtracted background was applied with a sliding paraboloid
and rolling ball radius of 25 pixels. Subsequent enhancement
of images, using also CLAHE plug-in, images were binarized
using automatic THRESHOLD command and particles ana-
lysed (size = 0.30–15; circularity = 0.00–0.99).

Chemical inhibitors

Wortmannin (Merck, St. Louis, MO, USA), chemical grade
verteporfin (VP; Merck, St. Louis, MO, USA) and Supertdu (ST;
Merck, St. Louis, MO, USA) were used in cell culture. Stock
solutions of these compounds (10 mM) were prepared in
dimethylsulphoxide (DMSO) and stored at �20 1C. Cells treated
with VP were processed in the dark to limit related effects due
to exposure to light (no lights in the tissue culture hood, no
microscopy-light exposure of treated cells, and culture plates
and cell pellets were covered and protected from direct light
exposure). To assess the effects of kinase inhibitors on the
response of cells to electric fields and avoid that high dose or
prolonged PI3K inhibition could lead to cell cycle arrest and/or
apoptosis, cultures were treated with wortmannin reagent
immediately before EF exposure whereas ST and VP were
treated for 24 hours.

Measurement of mitochondrial mass and membrane potential

Mitochondrial mass localisation was obtained by loading cells
with MitoTracker Green FM MitoTracker Green FM (M7510
Thermofisher, 200 nM), for 30 min. After treatment, cells were
fixed and imaged under a laser scanning confocal microscope
(Nikon A1R+). To quantitatively assess cellular mitochondrial
networks, a semi-automated ImageJ plug-in Mitochondrial Net-
work Analysis (MiNA) toolset (available at https://github.com/
stuartlab) was used. In brief, images were processed to 8-bit
images on grayscale and subsequently by applying unsharp
mask, enhance local contrast CLAHE, and median filtering and
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skeletonised to identify and count/measure mitochondrial
morphology, such as mean length of branches, mean network
size (the mean number of branches per network), and mito-
chondrial footprints (mitochondrial coverage area). Subsequent
analysis through the MiNA macro plugin generated mitochon-
dria footprint, and branch length parameters.

Mitochondrial membrane potential (Dcm) was evaluated
with the potentiometric dye JC-1 (5,50,6,60-tetrachloro-1,10,3,30-
tetraethylbenzimidazolo-carbocyanine iodide; Carlo Erba) with
and without EF. Cells were seeded on the different substrates
and allowed to attach for 24 h. After 3 h of EF exposure, the
media was then replaced with fresh media containing JC-1
(5 mg ml�1) and cells were incubated for an additional 15 min at
37 1C in the dark. Following loading, cells were washed and
imaged immediately in PBS. Fluorescent images of JC-1 stain-
ing were acquired on the Olympus iX73 microscope equipped
with an X-Light V3 spinning disc head (Crest Optics), an LDI
laser illuminator (89 North), a Prime BSI sCMOS camera
(Photometrics) and a MetaMorph Software (Molecular Devices).
Images were acquired with a 20�/NA 0,45 objective (Olympus).
The fluorescence was measured from 5 random fields with
ImageJ Software (NIH, Bethesda, MD, USA). A region of interest
(ROI) around each cell along with background readings, was
drawn and the area, mean fluorescence and integrated density
were measured. Thus, the CTFC was calculated as integrated
density � (area of selected cell � mean fluorescence of back-
ground readings). The fraction of the red, attributed to a
potential-dependent aggregation, and the green, reflecting the
monomeric form of JC-1, fluorescence was calculated.

Immunofluorescence and quantification of YAP/TAZ

Immunofluorescence staining was performed by fixing cells
w/wo EF exposure in 4% paraformaldehyde in PBS for 15 min at
RT and permeabilised with 0.1% Triton X-100 for 5 min. Cells
were then labelled with primary antibodies and with DYE-Light-
conjugated secondary antibodies against goat IgG at a dilution
of 1 : 500 for 1 h at 37 1C. Nuclei were counterstained with
40,60-diamidino-2-phenylindole (Merck, St. Louis, MO, USA),
1 mg ml�1 in PBS 1� for 5 min. Subsequently, samples were
embedded in ProLong Gold antifade reagent (Thermo Fisher
Scientific) and visualised on either an Olympus confocal micro-
scopy system equipped with a 20� (UPlan FLN, NA 0.50), 40�
(UPlanFLN, NA 1.30, oil) and 60� (UPlanSApo, NA 1.35, oil)
with a resolution of 1024 � 1024 pixels or a Nikon confocal
microscopy system equipped with 20� (UPlanFLN, NA 1.30, oil)
and 60� (UPlanSApo, NA 1.35, oil) lenses.

Total YAP signal intensity was then determined, and YAP
nucleus/cytoplasm ratio was calculated using the following
eqn (1):

Pi
Nuc

.
ANuc

Pi
Cyto

.
ACyto

(1)

where
Pi

Nuc and
Pi

Cyto represent the sum of the intensity

values for the pixels in the nuclear and cytoplasmic region

respectively, and ANuc and ACyto are the area of the corres-
ponding nuclear and cytoplasmic regions.

Western blot

Cells treated were lysed in 100 ml/106 cells of RIPA buffer
(Thermo Scientific) with 1 mM Na3VO4, 1 mM PMSF, 1% NP-
40 and protease inhibitors added. Lysed samples were incu-
bated on ice for 30 min and centrifuged at 12 000 rpm for
15 min at 4 1C. Supernatants were collected and the protein
amount was quantified using a DC Protein Assay (BioRad,
California USA). In total, 20 mg of proteins for each sample,
added with Laemmli buffer (BioRad, California USA) supple-
mented with a reducing agent such as 2-mercaptoethanol, were
boiled for 5 min at 90 1C and loaded onto a 10% (w/v)
polyacrylamide SDS gels. Proteins were transferred onto nitro-
cellulose membranes using a Mini Trans-Blot Electrophoretic
Transfer Cell (BioRad, California USA). Membranes were
blocked with 5% Bovine serum albumin (BSA) (w/v) (Merck,
St. Louis, MO, USA) in tris-buffered saline (TBS)-Tween (0.1%
(v/v)) for 1 h, and then incubated at 4 1C overnight with the
rabbit polyclonal IgG anti Phospho-YAP (Ser127) (1 : 1000 Cell
Signaling) and the rabbit polyclonal IgG anti-YAP/TAZ (1 : 1000
Cell Signaling). After the washing steps with TBS-Tween (0.1%
(v/v)), membranes were incubated with Goat Anti-Rabbit IgG
(H + L)-HRP Conjugate (1 : 5000) (BioRad, California USA) for
1 hr at RT. The protein band intensity was identified
with Clarity Western ECL Substrate (BioRad, California USA)
using ChemiDoc (MolecularImagers ChemiDoctmod. MP
System—BioRad Laboratories) and densitometric analyses were
performed with ImageLab Software (Biorad) and normalised to
the corresponding GAPDH (Millipore Burlington, Massachu-
setts, Stati Uniti) controls.

RT-qPCR

Specific primer sequences belong to the company (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Chromosomal location
of the primers, amplicon lengths and design details are shown
in Table 1. Gene expression was quantified by quantitative
polymerase chain reaction (qPCR) on a CFX96 Connect RT-
PCR instrument (BioRad, California USA) in at least three
technical replicates per gene. Briefly, total RNA was extracted
from cells lysed in Trizol reagent (Invitrogen). The quality and
yield of RNAs were verified using NANODROP One (Thermo
Fisher Scientific). For RT-qPCR, reverse transcription reaction
was performed in a thermocycler using iScriptt cDNA Synth-
esis Kit (BioRad, California USA) under the following condi-
tions: priming, 25 1C, 5 min, reverse transcription, 46 1C,
20 min, RT inactivation, 95 1C, 1 min. The PCR protocol
consisted of 40 cycles at 95 1C, 500 and 60 1C, 3000. For quanti-
fication analysis, the comparative Threshold Cycle (Ct) method
was used. The Ct values from each gene were normalised to the
Ct value of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) used as a housekeeping gene, in the same cDNA
samples and was calculated by the equation 2�DCT.
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Statistical analysis

All experiments were conducted with a minimum of 3 indepen-
dent experiments. ANOVA followed by Tukey-HSD post hoc tests
were performed on all data sets. Error is reported in bar graphs
as the standard error of the mean unless otherwise noted.
Significance was indicated by *, **, or *** corresponding to
P o 0.05, 0.01, or 0.001.
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18 I. E. Palamà, S. D’Amone, P. Ratano, A. Donatelli, A. Liscio,
G. Antonacci, M. Testini, S. Di Angelantonio, D. Ragozzino
and B. Cortese, Cancers, 2019, 11(5), 643.

19 B. Cortese, G. Gigli and M. Riehle, Adv. Funct. Mater., 2009,
19, 2961–2968.

20 C. D. McCaig, A. M. Rajnicek, B. Song and M. Zhao, Physiol.
Rev., 2005, 85, 943–978.

21 R. Nuccitelli, Curr. Top. Dev. Biol., 2003, 58, 1–26.
22 C. D. McCaig, B. Song and A. M. Rajnicek, J. Cell Sci., 2009,

122, 4267–4276.
23 F. Li, T. Chen, S. Hu, J. Lin, R. Hu and H. Feng, PLoS One,

2013, 8, e61195.
24 K. I. Nakajima, K. Zhu, Y. H. Sun, B. Hegyi, Q. Zeng,

C. J. Murphy, J. V. Small, Y. Chen-Izu, Y. Izumiya,
J. M. Penninger and M. Zhao, Nat. Commun., 2015, 6, 8532.

25 J. Park, H. Yang, D. Woo, S. Jeon, H. Do, S. Huh, N. Kim,
J. Kim and K. Park, Biomaterials, 2012, 33, 7300–7308.

26 M. J. McKasson, L. Huang and K. R. Robinson, Exp. Neurol.,
2008, 211, 585–587.

27 S. Acevedo-Acevedo and W. C. Crone, J. Negat. Results
Biomed., 2015, 14, 22.

28 A. M. Smith, D. G. Inocencio, B. M. Pardi, A. Gopinath and
R. C. Andresen Eguiluz, ACS Appl. Polym. Mater., 2024, 6,
2405–2416.

29 I. Titushkin and M. Cho, Biophys. J., 2009, 96, 717–728.
30 Y. J. Huang, G. Hoffmann, B. Wheeler, P. Schiapparelli,

A. Quinones-Hinojosa and P. Searson, Sci. Rep., 2016,
6, 21583.

31 J. Langhans, L. Schneele, N. Trenkler, H. von Bandemer,
L. Nonnenmacher, G. Karpel-Massler, M. D. Siegelin, S. Zhou,
M. E. Halatsch, K. M. Debatin and M. A. Westhoff, Oncogenesis,
2017, 6, 398.

32 M. Zhao, B. Song, J. Pu, T. Wada, B. Reid, G. Tai, F. Wang,
A. Guo, P. Walczysko, Y. Gu, T. Sasaki, A. Suzuki, J. V.
Forrester, H. R. Bourne, P. N. Devreotes, C. D. McCaig and
J. M. Penninger, Nature, 2006, 442, 457–460.

33 A. Guo, B. Song, B. Reid, Y. Gu, J. V. Forrester, C. A. Jahoda
and M. Zhao, J. Invest. Dermatol., 2010, 130, 2320–2327.

34 L. Yao, Y. Li, J. Knapp and P. Smith, J. Cell. Physiol., 2015,
230, 1515–1524.
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