
Article
ARHGAP12 and ARHGAP2
9 exert distinct regulatory
effects on switching between two cell morphological
states through GSK-3 activity
Graphical abstract
Highlights
d Inhibition of GSK-3 with BIO deregulates ARHGAP

transcription in glioma cells

d ARHGAP12 and ARHGAP29 deregulation affects cell

plasticity by targeting of Src kinases

d Cell plasticity, characterized by morphological changes,

alters cell migration and invasion

d The ARHGAPs are of biological and clinical relevance in

tumor recurrence
Cheng et al., 2025, Cell Reports 44, 115361
March 25, 2025 ª 2025 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.celrep.2025.115361
Authors

Vinton W.T. Cheng,

Philippa Vaughn-Beaucaire,

Gary C. Shaw, ..., Susan C. Short,

Sean E. Lawler, AnkeBr€uning-Richardson

Correspondence
a.bruning-richardson@hud.ac.uk

In brief

Cheng et al. describe a signaling pathway

that promotes cellular plasticity (a switch

between a mesenchymal-like or ameboid

cell morphology) in glioma cells via

glycogen synthase kinase 3 (GSK-3)

activity with a downstream effect on Src

kinase signaling via RhoGTPase

activating protein activity, including

ARHGAP12 and ARHGAP29.
ll

mailto:a.bruning-richardson@hud.ac.uk
https://doi.org/10.1016/j.celrep.2025.115361
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2025.115361&domain=pdf


OPEN ACCESS

ll
Article

ARHGAP12 and ARHGAP29 exert distinct regulatory
effects on switching between two cell morphological
states through GSK-3 activity
Vinton W.T. Cheng,1,2 Philippa Vaughn-Beaucaire,3 Gary C. Shaw,1 Malte Kriegs,4 Alastair Droop,5 George Psakis,3

Michel Mittelbronn,6,7,8,9,10 Matt Humphries,11 Filomena Esteves,1 Josie Hayes,12 Julia V. Cockle,13 Sabine Knipp,3,14

Arndt Rohwedder,14,15 Azzam Ismail,16 Ola Rominiyi,17 Spencer J. Collis,18 Georgia Mavria,1 James Samarasekara,19

John E. Ladbury,15 Sophie Ketchen,1,15 Ruth Morton,1 Sarah Fagan,3 Daniel Tams,1 Katie Myers,20

Connor McGarrity-Cottrell,20 Mark Dunning,20 Marjorie Boissinot,1 George Michalopoulos,3 Sally Prior,3 Yun Wah Lam,3

Ewan E. Morrison,1 Susan C. Short,1 Sean E. Lawler,21 and Anke Br€uning-Richardson3,22,*
1Leeds Institute of Medical Research, Wellcome Trust Brenner Building, University of Leeds, Leeds LS9 7TF, UK
2Institute of Cancer and Genomic Sciences, University of Birmingham, Birmingham B15 2TT, UK
3School of Applied Sciences, Joseph Priestley Building, University of Huddersfield, Huddersfield HD1 3DH, UK
4Department of Radiobiology & Radiation Oncology and UCCH Kinomics Core Facility, Hubertus Wald Tumorzentrum – University Cancer

Center Hamburg (UCCH), University Medical Center Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany
5Wellcome Trust Genome Campus, Wellcome Trust Institute, Hinxton CB10 1RQ, UK
6Luxembourg Centre of Neuropathology, Luxembourg Institute of Health, L-3555 Dudelange, Luxembourg
7National Center of Pathology (NCP), Laboratoire National de Santé (LNS), L-3555 Dudelange, Luxembourg
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SUMMARY
Cancer cells undergo morphological changes and phenotype switching to promote invasion into healthy tis-
sues. Manipulating the transitional morphological states in cancer cells to prevent tumor dissemination may
enhance survival and improve treatment response. We describe two members of the RhoGTPase activating
protein (ARHGAP) family, ARHGAP12 and ARHGAP29, as regulators of transitional morphological states in
glioma via Src kinase signaling events, leading to morphological changes that correspond to phenotype
switching. Moreover, we establish a link between glycogen synthase kinase 3 (GSK-3) inhibition and b-cat-
enin translocation in altering transcription of ARHGAP12 and ARHGAP29. Silencing ARHGAP12 causes loss
of N-cadherin and adoption of mesenchymal morphology, a characteristic feature of aggressive cellular
behavior. In patients with glioblastoma (GBM), we identify a link between ARHGAP12 and ARHGAP29 co-ex-
pression and recurrence after treatment. Consequently, we propose that further investigation of how
ARHGAPs regulate transitional morphological events to drive cancer dissemination is warranted.
INTRODUCTION

The ability of cancer cells to alter cell morphology or display

phenotypic switching is a crucial cellularmechanism that is aber-
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rantly hijacked in cancer cells to mobilize and invade away from

the tumor mass. In malignant brain tumors, a similar process,

called glial-mesenchymal transition, is believed to occur, with

distinct morphological transitional states in cancer cells driven
arch 25, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Figure 1. Inhibition with the GSK-3 inhibitor BIO targets actin cytoskeleton arrangements, inducing functional and morphological changes

(A) Actin localization in U251 glioma cells treated with a GSK-3 inhibitor showed three distinct patterns: stress fibers, cortical fibers, and unspecified perinuclear

labeling (‘‘other’’). Scale bar: 10 mm.

(B) Conversely, a marker of focal adhesions was localized to either the cell surface or the whole cell body or was diffusely distributed with no discernible labeling.

Scale bar: 10 mm.

(legend continued on next page)
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by morphological plasticity.1 This tendency to infiltrate into the

surrounding brain parenchyma is a major contributor to the

dismal prognosis associated with themost aggressivemalignant

brain tumor, glioblastoma (GBM), with greater than 90% of

patients experiencing relapse within 5 years despite maximal

multimodal therapy.2

Regulators of associated morphological plasticity and their

mode of action are therefore of increasing interest to target can-

cer dissemination. Recently, utilizing small-molecule inhibitors of

migratory signaling pathways to target cell migration/invasion in

human GBM, we have reported that GBM cells undergo distinct

morphological changes following exposure to these inhibitors.3,4

Since cell morphology is a distinct characteristic of an epithelial/

mesenchymal switch in invasive cancer cells, these initial obser-

vations encouraged us to explore a potential link with cellular

plasticity and transitional morphological states inmigratory cells.

In particular, we had ascertained that 6-bromo-indirubin-

30-oxime (BIO), a synthetic derivative of the chemical compound

indirubin, inhibits cell migration concomitant with distinct

morphological changes associated with invasion in the affected

cells.3,5 BIO has been shown to exert its activity through inhibi-

tion of glycogen synthase kinase 3 (GSK-3), though the precise

mode of action downstream of GSK-3 signaling has not been es-

tablished.6,7 Of note, Vijay et al. reported a relationship between

GSK-3 activity and epithelial-mesenchymal transition (EMT) in

epithelial-derived, triple-negative breast cancer. Furthermore,

they showed that inhibition of GSK-3 using BIO led to the

inhibition of EMT, although the precise mechanisms were not

elucidated.8

It is known that downstream targets of GSK-3 include the

RhoGTPases RhoA andRac1, which are crucial for cell migration

through their effects on cell contractility and the actin cytoskel-

eton.9–11 These RhoGTPases are, in turn, negatively regulated

by the activity of the RhoGTPase activating proteins

(ARHGAPs), which catalyze the hydrolysis of guanosine triphos-

phate (GTP) to guanosine diphosphate (GDP), thereby convert-

ing the active GTP-bound form of GTPases to the inactive

GDP-bound form.12 Thus, ARHGAPs function as molecular

switches that permit swift changes in the cytoskeletal structure

in response to external stimuli. It follows that the ARHGAPs regu-

late Rac1 or RhoA to promote specific cytoskeletal arrange-

ments to also allow the cells to undergo morphological switches

from one phenotype to another and adopt a particular mode of

migration. Recent gene expression analyses conducted by our

group on cancer cell lines treated with GSK-3 inhibitors suggest

dysregulation of specific members of the ARHGAP family.13 To

date, a direct interaction between the ARHGAPs and morpho-
(C and D) Actin (C) and focal adhesion (D) phenotypes were scored for untreated

BIO. Addition of the GSK-3 inhibitor BIO reduces cell speed and persistent directio

green) denote the migratory paths of 3 different cells within 2D culture. Images

Student’s t test, *p < 0.05, ***p < 0.0001. Scale bar: 50 mm.

(G) After treatment with BIO, migrating U87 cells demonstrated loss of protrus

rounded single cells (white arrowheads) compared to untreated cells (white arrow

cellular protrusions; however, these were decreased in number and length post

(H) The observed phenotypes were scored for both U87 and U251 cell-generated

Fisher’s exact test, ***p < 0.0001; U251 cell analysis: Student’s t test, *p < 0.05.

Data represent 3 independent experiments and are presented as mean ± SEM.
logical switching to promote cell migration and invasion through

GSK-3 signaling has not been described.

In this study, we show that ARHGAP expression is altered by

GSK-3 signaling, leading to distinct cellular morphological char-

acteristics and, in turn, disrupting cell migration. Moreover, we

show that GSK-3 regulates ARHGAP expression through b-cat-

enin signaling and via an as yet unreported effect on Src kinase

downstream signaling rather than acting directly on the

RhoGTPases. Finally, we show that ARGAP12 and 29 co-

expression is associated with reduced survival in patients with

GBM. Consequently, our data provide support for the concept

that BIO, through direct action of GSK-3 inhibition on ARHGAP

activity, exerts morphological changes and links ARHGAP

activity to clinical outcomes in GBM.

RESULTS

GSK-3 inhibition profoundly alters cell morphology and
inhibits GBM cell migration in vitro

We have shown previously that the chemical inhibition of GSK3

by BIO led to a decrease in glioma invasion by blocking migra-

tory phenotypes.5 Here, we investigated the effect of BIO on

cytoskeletal rearrangement and morphological changes in the

GBM cell lines U251 and U87, both well-established in vitro

models for tumor growth and angiogenesis14 and invasive

growth patterns.5,15 Immunocytochemistry of U251 and U87

cells, with or without BIO, revealed distinct distribution patterns

of actin filaments (Figure 1A) and focal adhesions (Figure 1B).

Two main actin filament localizations were observed, either

associated with the cell cortex or present as stress fibers. We

also classified cells as ‘‘other,’’ where only diffuse peri-nuclear

phalloidin labeling and no discernible actin filament localization

was seen (Figure 1A). Focal adhesions were classified according

to cell surface, cell body, or diffuse localization (Figure 1B).

Treatment with BIO resulted in a significant change in the overall

actin distribution in both U251 and U87 cells, characterized by

the re-localization or loss of cortical actin or stress fibers (Fig-

ure 1C) (Fisher’s exact test, p < 0.0001, U87 and U251). There

was a significant shift in the distribution of focal adhesions

from the baseline phenotypes, from cortical or whole body asso-

ciated to a diffuse labeling with no discernible localization in the

U251 cells (Fisher’s exact test, p < 0.0001) (Figure 1D), mirroring

the results seen after GSK-3 inhibition with BIO. However, U87

cells showed no significant redistribution of focal adhesions after

BIO treatment (p = 0.6506) (Figure 1D).

In addition, both cell lines displayed two distinct patterns

of cell migration. In a 2D environment, U251 cells exhibited
control cells (n = 3 technical repeats/150 cells per repeat) after treatment with

nality for both (E) U87 and (F) U251 glioma cells. Colored lines (red, yellow, and

depict outlines of migratory paths of individual cells during live-cell imaging.

ions and elongated cells concomitant with an increase in the appearance of

heads) in a 3D environment. In contrast, migrating U251 cells maintained long

treatment with BIO (white arrowheads). Scale bar: 200 mm.

spheroids (n = at least 30/group with three individual repeats). U87 cell analysis:

Cell Reports 44, 115361, March 25, 2025 3
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classical mesenchymal migration, characterized by extensive

lamellipodium formationwith a pronouncedcell rear and front (Fig-

ure S1Aii). Meanwhile, U87 cells demonstrated a looser attach-

ment to the supporting matrix while adopting a distinctly pointed

‘‘push and pull’’ phenotype with a poorly defined migration

front (Figure S1Ai). When cultured as tumor spheroids in a

collagen-based 3D matrix, both cell lines formed chain-like

protrusions/extensions of migrating cells away from the central

mass. At the extremities of the cell extensions, isolatedcellswould

break away and adopt an elongated morphology (Figures S1B

and S1C), which was particularly pronounced in U251 cells

(Figures S1B and S1C). To examine the impact of GSK-3 inhibition

on glioma cell invasion capacity, we first measured their migration

velocity andpersistent directionality16 ona2Dsurface. In theU251

and U87 cells, mean cell velocities were measured as 0.6 mm/min

and 0.7 mm/min, and directed migration was measured as

0.27 mm/min and 0.25 mm/min, respectively (Figures 1E and 1F).

Forbothcell lines, thesevalueswereconsistentwithmesenchymal

migratory activity, as reported previously,17 in terms of velocity

(%1 mm/min) and the presence of filopodium-like protrusions

(Table S1). Treatment with BIO was associated with a significant

reduction in velocity (U251 = 0.2 mm/min, U87 = 0.3 mm/min) and

persistent directionality (U251 = 0.05 mm/min, U87 = 0.16 mm/

min) in both cell lines within 24 h compared to the untreated state

(Student’s t test; U87, p = 0.0413; and U251, p < 0.0001)

(Figures 1E and 1F). Moreover, BIO-treated U87 cells adopted a

rounded morphology, displaying loss of lamellipodia and front-

rearpolarity (FigureS1Aiii),whereasU251cellswerecharacterized

by a mixed phenotype of thin/elongated or rounded cells (Fig-

ure S1Aiv; Table S1). Live-cell imagingwith cell tracker dyes (actin

and a-tubulin) confirmed a change in cytoskeletal arrangement in

U251 cells (Figure S1). The observed changes in cell morphology

and migration were abolished following drug withdrawal.18

As reported previously, U87 and U251 cells migrated effi-

ciently into type 1 collagen, which was significantly reduced

following GSK-3 inhibition.19 We routinely use this model, as

it has been shown to mimic the GBM microenvironment; for

example, a most recent work by Wang et al. showed that

collagen alpha-2(I) chain, a chain of type I collagen, is secreted

by glioma cells to allow invasion of these cells into the normal

brain parenchyma, and they suggest this collagen as a target

to suppress invasion.20 In our 3D assay, BIO treatment in

U87 cells reduced the length and number of chain-like protru-

sions, with a greater number of detached, rounded migrating

cells (Figure 1G, arrowheads). U251 cells also adopted short-

ened chain-like protrusions (Figure 1G) that contained a

mixture of rounded and elongated morphologies (Figure S1;

Table S1). These changes were confirmed by immunocyto-

chemistry; in U87 cells, there was an apparent loss of exten-

sions with an increase in single rounded cells (two-way

ANOVA, p < 0.0001), whereas in U251 cells, we noted a

decrease in the number of extensions (Student’s t test,

p = 0.0149; Figures 1G and 1H).

Taken together, BIO treatment in GBM cells led to profound

changes in cell morphology and migration kinetics both in 2D

monolayer culture and in cells disseminating from 3D spheroids.

These changes were accompanied by significant intracellular

redistribution of actin filaments.
4 Cell Reports 44, 115361, March 25, 2025
ARHGAP12 and ARHGAP29 expression and cellular
morphology change in response to disrupted GSK3
function
To investigate the molecular basis of these changes, we conduct-

ed a genome-wide transcriptomic study on BIO-treated U251

cells as compared to a vehicle-treated control.18 We identified

five ARHGAP genes among the differentially expressed genes in

response to BIO (ARHGPA4[, ARHGAP12[, ARHGAP22Y,

ARHGAP25[, and ARHGAP29Y). As proof of principle of a role

of ARHGAPs in BIO-mediated phenotype switching, we focused

on two ARHGAP members, ARHGAP12 and ARHGAP29,

which regulate Rac1 and RhoA, respectively.21–23 In our screen,

ARHGAP12 was found to be upregulated (2.22-fold change) and

ARHGAP29 to be downregulated (3.13-fold change) by BIO treat-

ment (Table S2). From these data, we hypothesized that

ARHGAP12 would inhibit switching to a migratory state to pro-

mote cell migration, while ARHGAP29 would promote switching

via targetingRhoGTPase activity. To confirm the clinical relevance

of these twoproteins, publicly available TheCancerGenomeAtlas

Program (TCGA) data revealed that ARHGAP12 and ARHGAP29

are both expressed in GBM and a wide diversity of GBM cell lines,

including both cell lines used in this study (Figure S2).

To establish a link between GSK-3 signaling and the

ARHGAPs, we first investigated ARHGAP12 and ARHGAP29

protein localization and expression levels in both 2D monolayer

cells and 3D spheroids before and after GSK-3 inhibition in

the GBM cell lines (Figure 2). By 2D immunofluorescence,

ARHGAP12 was localized to the cytoplasm of U251 cells, as re-

ported previously.24 GSK-3 inhibition significantly increased the

expression of ARHGAP12 (mean fold change = 7.6, post hoc

Bonferroni test, p < 0.05) in U251 cells (Figures 2A and 2B),

consistent with our transcriptomics data. Strong labeling of

ARHGAP29 was detected in both the nuclear and cytoplasmic

compartments of U251 cells, with loss of cytoplasmic staining

after GSK-3 inhibition (Figure 2C). BIO treatment also induced

ARHGAP12 expression and reduced ARHGAP29 expression

(Figure S3) in a patient-derived cell line, GCGR-E17, indicating

that the observed effects of BIO on the expression of these

two ARHGAPs were not unique to U251 cells but likely a general

phenomenon in GBM. In addition, we obtained transcriptomics

data of matched core versus edge patient-derived GBM sam-

ples, which indicated pronounced association of ARHGAP29

with the edge of the tumor samples and ARHGAP12 with the

core (Figure S4), suggesting specific roles of the ARHGAPs

within tumor cell populations. In 3D matrix-embedded BIO-

treated tumor spheroids, we also observed diffuse cytoplasmic

ARHGAP12 staining in the spheroid core and migrating cells at

the periphery, which becamemore pronounced compared to tu-

mor spheroids exposed to vehicle only (Figure 2D, arrows). By

contrast, ARHGAP29 was expressed strongly in core-associ-

ated and migratory cells, while BIO-treated spheroids had

reduced ARHGAP29 protein expression in both cell populations

(Figure 2D).

Transient silencing of ARHGAP12 and ARHGAP29 gene

expression confirmed their opposing roles in modulating cell

morphology, with ARHGAP29 promoting an elongated, mesen-

chymal phenotype and ARHGAP12 a rounded, ameboid pheno-

type (Figures S5A–S5C). These specific morphological changes



Figure 2. Gene expression analysis un-

covers dysregulation of members of the

ARHGAP gene family in U251 cells, and sta-

ble silencing of ARHGAP12 and ARHGAP29

in U251 cells exerts distinct cytoskeletal re-

arrangements

(A and B) Representative immunofluorescence

images of ARHGAP12 and ARHGAP29 expres-

sion, untreated and after exposure to the GSK-3

inhibitor BIO (A), with quantification by total fluo-

rescence (B). Student’s t test, *p < 0.05. Scale bar:

10 mm. Data presented as mean ± SEM.

(C) Measurement of cellular localization showed

loss of nuclear expression of both ARHGAP12 and

ARHGAP29 following exposure to BIO.

(D) Representative bright-field micrographs of

collagen-embedded U251 spheroids immuno-

stained for either ARHGAP12 or ARHGAP29

(brown) and counterstained with hematoxylin.

Cytoplasmic labeling of ARHGAP12 in the spheroid

core becamemore pronounced after BIO treatment

(black arrowheads). For ARHGAP29, cytoplasmic

andmembranous labeling was noted, especially on

the spheroid periphery and on migratory cells,

which was reduced after treatment with BIO (red

arrowheads). Scale bar: 50 mm. Data presented as

median.

(E) Stable gene silencing of ARHGAP12 (A12 kd)

and ARHGAP29 (A29 kd) in U251 cells was

confirmed by western blot.

(F) Representative immunofluorescence of U251

cells with stable ARHGAP12 and ARHGAP29 kd

showing morphological changes and cytoskeletal

rearrangement in U251 cells in 2D monolayers.

Scale bar: 100 mm.

(G) Time-lapse microscopy of U251 cells with kd of

the 2 different ARHGAPs showed distinct cellular

morphological characteristics compared to control

cells. Scale bar: 200 mm.

(H) In 3D spheroid assays, over 72 h, shorter cell

protrusions consisting of rounded cells for the

ARHGAP29 kd and protrusions consisting of in-

terconnected, elongated cells became evident.

Scale bar: 100 mm.

(I) 3D invasion assays highlight cellular features and

morphological changes of migrating cells after

ARHGHAP29 and ARHGAP12 kd. Scale bar:

200 mm.
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were also observed following the stable gene knockdown (kd) by

shRNA (Figure 2E). In 2D monolayer culture of U251 cells,

ARHGAP12 kd cells were morphologically different from control

cells; they were larger in size with pronounced stress fibers and

loss of cortical actin (Figure 2F). The increase of actin fibers in

ARHGAP12 kd cells is consistent with the observed reduction

of cortical actin and stress fibers after BIO treatment (Figure 1C),
Cell
which upregulated ARHGAP12 expres-

sion. In contrast, ARHGAP29 kd cells

appeared to be similar in size to the

control and rounder than both wild-type

and ARHGAP12 kd cells (Figure 2F;

Table S2), with more pronounced
cortical, ‘‘pointy’’ actin localization. It is not clear why

ARHGAP29 kd did not mimic the actin distribution after BIO

treatment. It is possible that the effect of ARHGAP29 on actin

distribution is highly sensitive to the precise expression level of

this gene.

With live-cell imaging and by immunofluorescence,

ARHGAP29 kd cells were observed to maintain close proximity
Reports 44, 115361, March 25, 2025 5



Figure 3. Stable silencing of ARHGAP12 or

ARHGAP29 induces changes in the number

of appendages emanating from spheroids

and distance traveled away from spheroids

by individual migratory cells

Using Cloudbuster software,26 ARHGAP12 and

ARHGAP29 kd cell spheroids were analyzed at

time point 0 and at 48 h.

(A) In U87 cells, ARHGAP29 kd spheroids showed

reduced length of protrusions in comparison to

ARHGAP12 (one-way ANOVA, p = 0.0002) but no

difference in the number of extensions after 48 h

(one-way ANOVA, p > 0.05).

(B) For U251, a similar effect was seen after

ARHGAP12 kd in the length of cellular protrusions

compared to ARHGAP29 kd (p = 0.0016) after

48 h. Data presented as median, interquartile

range.

(C) Representative reconstructed spheroids and

migratory cells treated with a non-target control,

ARHGAP29 kd, or ARHGAP12 kd. Insets high-

light a selected region of an individual spheroid

with visible extensions and individual cells

(white arrowheads) with (left to right) a non-target

(NT) control spheroid, ARHGAP29 kd, and

ARHGAP12 kd.
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with other cells, tending to form cellular ‘‘clumps,’’ while wild-

type and ARHGAP12 kd cells appeared to be more dispersed

(Figure 2H). In a 3D environment, migrating ARHGAP29 kd cells

disseminated from spheroids were also rounder than the coun-

terparts in wild-type and ARHGAP12 kd spheroids (Figures 2G

and 2H; Table S3). These phenotypes are reminiscent of BIO-

treated cells, suggesting that ARHGAP29 may play a role in

mediating the BIO-induced changes in cell migration kinetics.

By contrast, the ARHGAP12 kd were elongated in 2D environ-

ments, or cells formed elongated chain-like extensions with sin-

gle cells breaking away from the tumor cell mass in 3D environ-

ments (Figures 2H and 2I). Interestingly, cells disseminated from

both ARHGAP12 kd and ARHGAP29 kd spheroids were signifi-

cantly larger than wild-type cells (Table S3). In summary, loss of

ARHGAP12 or ARHGAP29 expression led to distinct morpholog-

ical characteristics in glioma cells and opposing migratory

behavior, with inhibited invasion following ARHGAP29 kd.

Consistent with our findings in U251 cells, stable silencing of

the two ARHGAPs in U87 GBMcells (Figure S6A) induced similar

effects on cell shape and morphology (Figures S6B–S6E), with

only discernible effect on cell migration in 3D after ARHGAP29

kd (Figures S6F and S6G).

Next, we assessed the effect of kd on cellular morphology in

3D spheroids in detail using the Cloudbuster software,25 which

allows the 3D reconstruction and quantification of stacked bio-

logical images (Figure 3). We confirmed that ARHGAP29 kd
6 Cell Reports 44, 115361, March 25, 2025
negatively affected maximum and

average length extension from U251

spheroids, whereas ARHGAP12 kd ap-

peared to promote the initial establish-

ment of extensions, supporting the

increased cellular connectivity observed
in the spheroids (Figures 3A and 3B). U87 spheroid analysis

demonstrated a reduction in the maximum length of extension

forARHGAP29 kd and an increase in number and average length

of cellular extensions for ARHGAP12 kd (Figures 3A and 3B).

Interestingly, 3D reconstruction of both U251 (Figure 3C) and

U87 (data not shown) spheroids revealed a low cellular connec-

tivity in the disseminating protrusions of both ARHGAP12 and

ARHGAP29 kd, reminiscent of the increase of single dissemi-

nated cells in BIO-treated spheroids (Figures 1G and 1H).

In conclusion, both ARHGAP12 and ARHGAP29 kd had more

profound impacts on cell morphology, associated with pheno-

type switching and cellular plasticity, than on cell velocity or

cell invasion in 3D. This observation highlights the role of the

two ARHGAPs in promoting a shift in migratory phenotype as

part of eventual cell invasion, as evidenced by their effect on

tumor extension dynamics. Based on these findings, we

concluded that there are defined roles of ARHGAP12 and

ARHGAP29 in processes enabling morphological switching,

with an impact on cell invasion, regulated within a GSK-3

signaling network.

GSK-3 inhibition affects b-catenin-driven ARHGAP gene
transcription
GSK-3 controls b-catenin-driven transcriptional programs by tar-

geting b-catenin degradation. GSK-3 inhibition promotes the nu-

clear translocation of b-catenin, where it acts as transcription



Figure 4. ARHGAP transcription is regu-

lated in part by GSK-3 signaling via b-cate-

nin translocation

(A) Immunofluorescence labeling with various

markers (ARHGAP12, ARHGAP29, b-catenin, and

CD44) of U251 cells treated with the GSK-3 in-

hibitor BIO. ICG001 and inhibitor combination re-

veals that ARHGAP12 and ARHGAP29 protein

levels are altered after treatment with BIO and not

affected by treatment with ICG001 alone or the

combination treatment (n = 3/group). Scale bar:

200 mm.

(B and C) Significant differences (mean ± SEM) in

(B) CD44 expression and (C) b-catenin expression

in cell populations treated with the GSK-3 inhibitor

BIO, ICG001, or ICG001 in combination with the

GSK-3 inhibitor BIO were observed (n = 3). Data

presented as mean ± SEM.

(D) Representative images from time-lapse mi-

croscopy of U251 cells, showing changes in the

position of cells over a 24-h period in untreated,

BIO-treated, ICG001-treated, and combination

treatment groups. Scale bar: 200 mm

(E) Representative plots demonstrating the nega-

tive effect of the GSK inhibitor BIO on cell migra-

tion, with no effect of the inhibitor ICG001 and no

effect after combination treatment.

(F and G) Significant differences (mean ± SEM) in

(F) ARHGAP12 and (G) ARHGAP29 expression in

cell populations treated with the GSK-3 inhibitor

BIO, ICG001, or ICG001 in combination with the

GSK-3 inhibitor BIO were observed (n = 3). Data

presented as mean ± SEM.

Post hoc Dunnett’s test, *p < 0.05, **p < 0.01,

***p < 0.0001.
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factor regulating gene expression.26 Therefore, we interrogated

whether ARHGAP12 and ARHGAP29 expression was dependent

on b-catenin functions by chemical inhibition of b-catenin-

induced transcription (ICG001) in GBM cells. We confirmed that

ICG001 reversed the BIO-induced expression of CD44, a b-cat-

enin-regulated gene (Figures 4A and 4B), in U251 cells. ICG001

did not influence the increase of b-catenin expression (Figure 4A)

and nuclear translocation (Figure 4C) in BIO-treated cells, sug-
Cell
gesting that ICG001 suppressed b-cate-

nin gene expression regulation without

affecting the upstream mediation of

b-catenin expression by GSK-3. Live-

cell imaging of U251 cells revealed that,

after 24 h of treatment, the altered

morphological (Figure 4D) and migratory

characteristics (Figure 4E) induced by

BIO were abrogated with the addition of

ICG001 (Table S4). While inhibition of the

b-catenin pathway by ICG001 did not by

itself affect ARHGAP12 and ARHGAP29

protein expression in U251, it significantly

reduced the induction of ARHGAP12

expression by BIO (Figure 4F) and

reversed the BIO-induced inhibition of

ARHGAP29 expression (Figure 4G).
Consequently, we conclude that ARHGAP gene transcription is

regulated at least in part via the GSK-3/b-catenin signaling axis,

with subsequent effects on cell morphology.

Effect of ARHGAP12 and ARHGAP29 kd on cellular
signaling
To ascertain the role of the ARHGAPs in cellular signaling that re-

sulted in morphological switching, we assessed the effect of
Reports 44, 115361, March 25, 2025 7



Figure 5. Kinome profiling demonstrates reduced PTK activity and increased STK activity in U251 ARHGAP kd cells

(A) Heatmaps showing log2-transformed signal intensities for the phosphorylated peptides (n = 3). The signals were sorted from high (red) to low (blue) intensity/

phosphorylation.

(B and C) Two-group comparison of the wild type (NT) versus AGHGAP kd, depicted as a volcano plot (effect size < 0: lower phosphorylation in ARHGAP kd;

significance score > 1.3 indicates significant changes). A BIO-treatment control is also included.

(D) Column graphs of SFKs depicting Src kinase levels (Src, Fyn and Lyn) by western blot.

(E and F) Quantification of U251 cell morphology with the ImageJ surface and direction detector plugin. The average number of (E) large protrusions and

(F) filopodia detected in the control (scrambled) in comparison to siRNA-treated U251 cells targeting Fyn, Lyn, and Src is shown (n = 3 technical repeats), Post hoc

(legend continued on next page)
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GSK3 inhibition on RhoA and Rac1 phosphorylation in U251 and

U87 cells by a pull-down assay and G-LISA studies (Figure S7).

We decided to focus first on RhoA activation in U251 cells, as we

predicted an increase in RhoA phosphorylation after treatment

with BIO. The pull-down assay indicated an increase in active

RhoA; however, this result was not conclusive (Figure S7A).

Therefore, we also performed G-LISA assays, which have

proven high sensitivity and accuracy. Interestingly, while GSK in-

hibition by either BIO or AZD285827 did not induce significant

changes in RhoA phosphorylation in either GBM cell line, these

inhibitors dramatically increased Rac1 phosphorylation in U251

cells but reducedRac1phosphorylation inU87 cells (FigureS7B).

These data indicate the effect of GSK3 activity on the functions

of Ras GTPases. It is proposed that the observed effects on

RhoA phosphorylation in different GBM cell lines are due to the

combined effects of GSK3 inhibition on different ARHGAPs.

As ARHGAPs regulate the activity of the RhoGTPase family,

which, in turn, regulates kinase-dependent signaling path-

ways,28 we analyzed the effect of BIO treatment and

ARHGAP12 and ARHGAP29 kd on the activities of protein tyro-

sine kinases (PTKs) and serine/threonine kinases (STKs) in U251

and U87 cells using specific phosphopeptide microarrays

(Figures 5A, 5B, S8A, and S8B). Kd of both ARHGAPs reduced

phosphorylation of several PTK-specific peptides, demon-

strating impaired PTK activity (Figure S9), which was significant

in U87 cells. Although the top 5 list of kinases demonstrated

some heterogeneity, for each kd we observed reduced activity

of at least 2 members of the Src family of kinases (SFK) (Fig-

ure S9). Thus, these data indicate that kd of ARHGAP12 or

ARHGAP29 reduces SFK signaling. More heterogeneous effects

were seen for STK activity following ARHGAP kd in U251 cells

(Figures 5A and 5B). A dramatic activation of several STKs,

alongside a significant increase in phosphorylation of many

STK-specific peptides, was observed. The upstream kinase

analysis showed good overlap, indicating comparable effects

of ARHGAP12 and ARHGAP29 kd in U251 cells. Thus, despite

some heterogeneity, functional kinome profiling demonstrated

significant effects caused by ARHGAP kd involving several ki-

nases, supporting their role in maintaining signal transduction.

Western blot analysis after gene silencing indicated that

expression of the SFKs Src, Fyn, and Lyn changed in U251 cells

after ARHGAP12 and ARHGAP29 silencing (Figure 5D). Src

expression increased after each ARHGAP kd, whereas Fyn

and Lyn expression decreased. Interestingly, small interfering

RNA (siRNA) kd of Src in U251 cells led to a statistically signifi-

cant loss of actin-driven protrusions (p = 0.0294, post hoc Dun-

nett’s test), with a trend to increase in filopodia (p = 0.0537, post

hoc Dunnett’s test), but no significant reduction in the speed of

wound closure (Figures 5E–5G), indicative of changes in EMT-

like activity. We next analyzed the effect of the Src kinase inhib-

itor dasatinib on U87 and U251 cells. The effects of this inhibitor
Dunnett’s test, p < 0.05. (G) Quantification of relative wound closure after siRNA

repeats).

(H and I) Representative images of (H) actin relocalization after treatment with th

undefined ‘‘other’’ actin localization.

(J–L) b-catenin (J), Rho-family small GTPases (K), and EMT marker expression (L

experiments were analyzed for each antibody.
on actin distribution and localization have been reported previ-

ously.29 Following treatment, we observed a pronounced reloc-

alization of actin from stress fiber associated to cortical in both

U87 and U251 cells, with both cell lines also exhibiting extensive

filopodium formation on the cell surface (Figures 5H and 5I).

We also investigated b-catenin alongside vimentin (an EMT

marker), RhoA, and Rac1 as potential downstream targets of

ARHGAP activity and Src signaling. We observed a loss of

non-phosphorylated b-catenin in response to kd of both ARH-

GAPs and a reduction in total b-catenin in the ARHGAP29 kd,

indicating that perturbations of ARHGAP12 and ARHGAP29

levels can affect b-catenin expression and levels. These data

suggest, for the first time, an alternative mechanism by which

GSK3 regulates b-catenin activity by targeting ARHGAP expres-

sion. ARHGAP12 and ARHGAP29 kd also reduced the levels of

RhoA, Rac1 (Figures 5J and 5K), vimentin, and glial fibrillary

acidic protein (GFAP), while E-cadherin (a transitional state

marker) levels appeared to be the least affected (Figure 5L).

The marked reduction in GFAP levels, a tumor marker, associ-

ated with ARHGAP12 kd (Figure 5L) suggested the transition to

a more aggressive state, whereas loss of vimentin may indicate

a change to a more deformable morphology and invasive activ-

ity, as reported previously.30,31

Finally, functional kinome profiling after kd of ARHGAP12 in

U87 cells highlighted reduced phosphorylation of many pep-

tides; ARHGAP29 kd in U87 cells induced a significant reduction

only for some peptides (Figures S8A and S8B). Moreover, anal-

ysis revealed similarities in the affected kinases, since reduced

IKKE and Chk1 activity was predicted for kd of both ARHGAPs

(data not shown). Src expression decreased after both kd in

U87 cells, Fyn decreased after ARHGAP12 kd and increased af-

ter ARHGAP29 kd, and increased levels of Lyn were seen after

ARHGAP12 kd (Figure S8C). Changes in downstream targets

of ARHGAP activity were also observed (Figures S8D–S8F).

ARHGAP12 and ARHGAP29 regulate cellular phenotype
switching in vivo

To assess the role of ARHGAP activity on cellular events in vivo,

we used an orthotopic intracranial xenograft mouse model. U87

cells are known to induce rapid tumor formation in mice.32 We

postulated that the previously observed in vitro phenotypes after

ARHGAP kd would be more noticeable in this tumor type, where

tumors are induced that characteristically possess low infiltra-

tion activity and are characterized by clear, well-demarcated

tumor borders. We intracranially injected non-target control

U87 cells and cells harboring either stable ARHGAP12 or

ARHGAP29 kd and investigated the tumors that formed. All

tumors stained strongly for vimentin, confirming tumor malig-

nancy, although, in ARHGAP29 kd tumors, the vimentin staining

appeared to be less homogeneous compared to control and

ARHGAP12 kd (Figure 6A). Morphologically, ARHGAP29 kd
exposure targeting Fyn, Lyn, and Src; Error bars indicate SEM (n = 3 technical

e Src kinase inhibitor dasatinib, with (I) loss of stress fibers and an increase in

) after ARHGAP12 and ARHGAP29 kd. At least three independent western blot
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Figure 6. Intracranially injected ARHGAP12 and ARHGAP29 kd cells induce tumors with altered morphological features

(A–C) Representative mouse brain tissue sections of intracranial tumors from non-target control, ARHGAP12 kd, and ARHGAP29 kd cells with immunohisto-

chemical staining (brown) and corresponding column graphs for expression of the following cell markers: (A) vimentin; (B) cleaved caspase-3 (CC3), an apoptosis

marker; and (C) Ki67, expressed in proliferating cell nuclei. Black arrowheads indicate different morphological features of the tumor margin. Vimentin scale bar:

150 mm; CC3 and Ki67 scale bars: 75 mm. Data presented as mean ± SEM.

(D and E) Both (D) N-cadherin and (E) E-cadherin were strongly expressed on tumor cells in the control group, with a significant loss of N-cadherin expression in

ARHGAP12 kd tumors. Scale bar: 75 mm; post hoc Dunnett’s test. Data presented as median, interquartile range, and range.
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tumors were characterized by a smooth margin with few cellular

protrusions or single cells in the adjacent brain parenchyma, in

contrast to the margin of ARHGAP12 kd tumors, where long

extensions and single cells were observed (Figure 6A).
10 Cell Reports 44, 115361, March 25, 2025
Neither tumor cell proliferation (measured using Ki67 staining)

nor cell death (assessed by cleaved caspase-3 [CC3] staining)

were significantly affected by ARHGAP kd (Figures 6B and

6C). E-cadherin and N-cadherin, markers of transitional
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morphological states, were differentially expressed in the kd tu-

mors; both were highly expressed in control tumors, while

N-cadherin expression was reduced in the ARHGAP12 kd tu-

mors (post hoc Dunnett’s test, p = 0.0206) (Figures 6D and 6E).

Overall, there was cumulative evidence of a more aggressive,

invasive phenotype in the tumors with silenced ARHGAP12, with

evidence of increased morphological switching occurring in

these tumors.

ARHGAP12 and ARHGAP29 co-expression is associated
with disease recurrence after treatment
Given our in vitro and in vivo findings supporting the ARHGAPs

as key regulators of migrating cancer cell morphology in a bio-

logical context, we next examined the clinical relevance of

ARHGAP activity. We accessed publicly available data via Beta-

stasis,33 obtained from TCGA, and investigated protein expres-

sion and patient survival in all samples, stratified to four GBM

subtypes: proneural, neural, classical, and mesenchymal. There

was an association between high ARHGAP29 expression and

improved survival in the proneural group (p = 0.0492) (Fig-

ure S10A). Interestingly, for all GBM subtypes treated with

chemotherapy, there was also a positive association between

ARHGAP29 expression and survival (p = 0.0465). An associa-

tion between ARHGAP12 expression and survival was noted

in the proneural group (p = 0.0291) (Figure S10B). We further

validated the clinical relevance of ARHGAP expression through

a tissue microarray (TMA) of high-grade gliomas with associated

clinical outcomes. In the TMAs, we observed cytoplasmic

(ARHGAP12 and ARHGAP29) and cytoplasmic and membra-

nous (ARHGAP29) staining in tissues from high-grade gliomas.

We determined that ARHGAP12 and ARHGAP29 co-expression

was negatively associated with disease recurrence after treat-

ment (p = 0.0105) (Figures S10C and S10D). We also utilized

the NIH NCI GBM Bio Discovery Portal (Glioma-BioDP;

https://gbmbiodp.nci.nih.gov)34,35 to confirm a role of co-

expression and overall survival in GBM; we found a negative as-

sociation between ARHGAP12 and ARHGAP29 co-expression

and overall survival specifically in the proneural subgroup

(Figure S11).

DISCUSSION

Cancer cell migration and invasion are highly complex processes

involving the regulation of morphological changes. Regulators of

morphological switches associated with cancer cell motility are

of increasing interest to prevent recurrence of tumors to improve

patient outcome. At themicrostructural level, small RhoGTPases

directly regulate actin dynamics, facilitating cytoskeletal reorga-

nization toward either mesenchymal or ameboid migratory

phenotypes with distinct morphological features, including the

formation of elaborate lamellipodia or rounding with single filo-

podia and contractile rings.36 Although associated morpholog-

ical changes and cell migration have been well characterized in

epithelial-derived tumors, the mechanisms of equivalent

changes/switching and cell invasion in diffusely disseminating

tumors like GBM are less clear.

We report a signaling pathway downstream of GSK-3 activity

that regulates morphological changes in cancer cells to switch
from one epithelial-like phenotype to a mesenchymal-like

phenotype enabling cell migration. Our work uncovered an

important role in this pathway of RhoGTPase regulators, the

ARHGAPs, supporting the notion that different ARHGAPs have

specific roles (with some apparent redundancies) in mediating

cellular plasticity by regulating morphological switches from

epithelial-like (ameboid) to mesenchymal. The ARHGAPs repre-

sent a large family of over 60 genes that encode the Rho GTPase

activating proteins, which interact with RhoGTPases.37 Aberrant

signaling through RhoGTPases can drive carcinogenesis, and

specific genetic mutations have been reported.38–40 Evidence

from recent publications also highlights the role of ARHGAP ac-

tivity in cell proliferation and migration. A number of ARHGAP

genes have been shown to be deleted ormutated in different dis-

ease states, including cancer, demonstrating their biological

importance.41,42 Here, we uncovered a role of ARHGAPs in can-

cer invasion via promotion of morphological changes in a highly

infiltrative malignancy, GBM. Notably, a direct impact on disease

recurrence was found.

The roles of two ARHGAPs with opposing regulatory activity in

cell morphology were investigated. Recent publications indicate

the relevance of these molecules in dissemination or invasive

growth of solid tumors. ARHGAP29 has been implicated in the

dissemination of solid tumors, such as breast cancer43 and hepa-

tocellular carcinoma, under control of the Hippo signaling

pathway.42 Furthermore, ARHGAP29 has been found to be signif-

icantly elevated in circulating tumor cells in pancreatic cancer

mousemodels.44 IncreasedARHGAP29 expression is associated

with shortened survival in patients with gastric cancer.45 Most

recently, ARHGAP29 was found to be associated with invasion

inmesenchymal-transformed breast cancer cells.43 A direct inter-

action betweenYes-associated protein (YAP), under control of the

Hippopathway, andARHGAP29has been shown to cause F-actin

destabilization via suppression of the RhoA-LIMK-cofilin (LIMK,

LIM domain kinase 1) pathway.42 Intriguingly, we uncovered

ARHGAP29 regulation of members of the Src signaling pathway,

which, in turn, are known to activate the YAP/TAZ (TAZ,

transcriptional coactivator with PDZ-binding motif) axis.46 Thus,

our results suggest that there may also be specific relevance to

Hippo/YAP/TAZ signaling in infiltrative cancers, which warrants

further investigation.

ARHGAP12 has been identified as a transcriptional target of

hepatocyte growth factor (HGF) via tyrosine kinase receptor

signaling.21 In turn, HGF activates Rac1, an important promoter

of actin polymerization, whereas ARHGAP12 inactivates Rac1.

Overexpression of ARHGAP12 has been shown to cause loss

of cell scattering, invasion, and adhesion in response to HGF in

breast, prostate, thyroid, and lung cancer cell lines, which was

abrogated by ARHGAP12 gene silencing, suggesting that

activity downstream of HGF signaling is mediated by the tran-

scriptional regulation of ARHGAP12.21

We have also uncovered a signaling pathway involved in

ARHGAP activity. The role of STKs such as GSK-3 in cancer

progression is well established.47 Surprisingly, we did not find

evidence of ARHGAP activity on RhoGTPases directly impacting

morphological switching or cell migration. However, we

revealed novel, as yet unreported ARHGAP activity on Src kinase

signaling with downstream effects on cell morphology,
Cell Reports 44, 115361, March 25, 2025 11
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Figure 7. The ARHGAPs regulate glioma cell migration via a novel

GSK-3 signaling pathway
Targeting GSK-3 activity with a small-molecule inhibitor (1) prevents b-catenin

degradation by ubiquitination and (2) promotes b-catenin translocation to the

nucleus, where it acts as a transcription factor. Transcription of ARHGAP12

and prevention of transcription of ARHGAP29 lead to changes in Src

signaling and/or phosphorylation status of RhoA and Rac1 with (3) concomi-

tant adoption of a less aggressive, ameboid phenotype in migratory cells. The

phenotypic change in migrating cells may affect recurrence after surgery in

patients.
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potentially also involving RhoA and Rac1 via targeting of gene

expression driving morphological changes. The role of the un-

covered effects on PTKs after ARHGAP silencing needs to be

further investigated, but this was beyond the scope of this study.

Overall, based on the presented evidence, we propose a

signaling pathway involving GSK-3 signaling via b-catenin trans-

location leading to ARHGAP gene transcription and regulation of

kinase signaling such as Src (Figure 7). Interestingly, the overall

effects of ARHGAP targeting cell morphology were found to be

similar in both cell lines used in this study, despite their inherent

phenotypic differences in migratory activity and associated

morphological phenotype,48,49 as was the effect of targeting

GSK-3 activity. Intriguingly, the observed effects on cell exten-

sions and protrusions in our 3Dmigrationmodels are reminiscent

of recent findings by Venkataramani et al., who described in

great detail the presence of subpopulations of GBM cells form-

ing a functional tumor cell network by microtubes. They also

highlighted the presence of unconnected subpopulations of cells

that promote whole-brain colonization.50
12 Cell Reports 44, 115361, March 25, 2025
Our initial findings of ARHGAP activity and phenotypic effect

on glioma cells in vitro were mirrored by our in vivo studies,

and their importance was validated clinically in patient samples.

Intriguingly, the role of morphological switching remains to be

further elucidated in high-grade gliomas, as we noted loss of

N-cadherin, a driver of EMT in solid tumor types, but with an

apparent concomitant loss of tumor compactness within

ARHGAP12-silenced tumors. The role of N-cadherin in transi-

tional morphological changes in glioma is still debated; however,

N-cadherin downregulation is believed to lead to altered cell po-

larization and abnormal motile behavior.51 Other studies support

the importance ofmembers of the ARHGAP family in cellular pro-

cesses such as EMT. For example, ARHGAP4 has been demon-

strated to be a regulator of EMT-associated marker expression

as well as cell migration and focal adhesion/stress fiber force

generation.52 ARHGAP4-controlled EMT processes have also

been shown to be linked to activation of the FAK/Src (FAK,

focal adhesion kinase) signaling pathway, mirroring some of

the findings presented in our study.

In terms of clinical relevance, we found an association be-

tween ARHGAP expression and survival in the pro-neural sub-

type of GBM, where ARHGAP12 expression was negatively

associated with survival and ARHGAP29 positively. This ap-

pears to contradict our suggestion of ARHGAP12 and

ARHGAP29 as inhibiting or promoting transition to a more

aggressive cellular state. The proneural GBM subtype is charac-

terized by better survival in comparison to the other subtypes,

with no significant difference in response to chemotherapy

and radiotherapy. IDH1 mutations are common in this type

and promote abnormal cell growth. It may be speculated that,

in these tumors, a prevention of transitioning to a more aggres-

sive, infiltrative state enhances their proliferation capacity, thus

negatively impacting survival. Co-expression of both ARHGAPs

in our sample set consisting of high-grade tumors was associ-

ated with reduced time to recurrence, highlighting the inherent

co-dependency of ARHGAP genes. Intriguingly, co-expression

of both genes was also found to be associated with reduced

overall survival in the pro-neural group, which may support

the theory of proneural-mesenchymal transition, where recur-

rence of proneural tumors after treatment indicates a pheno-

typic shift to a more aggressive, mesenchymal subtype.53 It

may be argued that overexpression of both ARHGAP12 and

ARHGAP29 will lead to the creation of a highly proliferative

and migratory cell population, as observed for HOXC6 overex-

pression in GBM by Yang et al., promoting concomitant tumor

dissemination and growth.54 Shimizu et al. also identified an as-

sociation of ARHGAP29 with progression-free survival in pros-

tate cancer and suggested ARHGAP29 as a prognostic

biomarker and therapeutic target, underlining the relevance of

the ARHGAPs in cancer progression.55 Overall, our data sup-

port the hypothesis that cell phenotypes, in terms of

morphology, reflect a balance between competing ARHGAP ac-

tivities in a given cell type.

Given this, our findings raise challengingquestions for thedevel-

opment of inhibitors specifically targeting regulators of phenotype

switching and their associated signaling pathways; the develop-

ment of such inhibitors must account for competing and co-

dependent effects of ARHGAPs and the overall net effect of
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combined ARHGAP function and potentially tumor-specific

ARHGAP gene signatures on cell morphology and cellular transi-

tional states.

Conclusion
We propose that a GSK-3-driven signaling network exists that

leads to differential ARHGAP expression and induction of

RhoGTPase-driven cytoskeletal arrangement activity involving

Src signaling cascades to promote phenotype switching in tu-

mors. Therefore, the ARHGAPs and their associated signaling

pathways demand closer examination as regulators of cellular

plasticity in cancer.

Limitations of the study
Ourmicroarray data uncovered an ARHGAP signature consisting

of five ARHGAPs that were dysregulated in a glioma cell line

following BIO treatment. In this study, we focused on

ARHGAP12 and ARHGAP29 and their role in glioma plasticity.

Follow-up work on the other three ARHGAPs (ARHGAP4,

ARHGAP22, and ARHGAP25) is ongoing. Furthermore, while

our PamGene analysis uncovered a wealth of information

regarding ARHGAP interactions with phosphotyrosine kinases

and STKs, we focused solely on the STKs. Given the apparent

concurrent effect of ARHGAP kd on phosphotyrosine kinases

and the observed differential activity between two different cell

lines, particularly in the cyclic AMP-dependent kinases, these

initial findings will be explored further in subsequent lines of in-

quiry. Finally, although kd of ARHGAP12 and ARHGAP29 by

both siRNA and shRNA yielded similar phenotypes, the levels of

kd in these experiments were not very high. Cell lines with null

ARHGAPmutations transfected with vectors that express induc-

ible levels of ARHGAPs will allow a more quantitative investiga-

tion of the effect of these ARHGAPs on GBM cells in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Ki67 (for IHC) Abcam Cat # ab15580; RRID:AB_443209

Rabbit anti-Cleaved Caspase 3 (CC3) (175)

(for IHC)

Cell Signaling Technologies Cat # 9661; RRID:AB_2341188

Rabbit anti-ARHGAP12 (for IHC) Novus Biologicals Cat # NBP1-91678; RRID:AB_11011344

Rabbit anti-ARHGAP29 (for IHC and

Western)

ATLAS antibodies Cat # HPA026534; RRID:AB_1844998

Monoclonal mouse anti-E-cadherin

(for IHC)

Abcam Cat # ab1416; RRID:AB_300946

Monoclonal mouse anti-N-cadherin

(for IHC)

Santa Cruz Cat # Sc-59987; RRID:AB_781744

Rabbit anti-Vimentin (for IHC) Abcam Cat # ab16700; RRID:AB_443435

Actin Cytoskeleton/Focal adhesion kit Merck Cat # FAK100

Rabbit anti-Fyn CST Cat # 4023; RRID:AB_10698604

Rabbit anti-Lyn CST Cat # 2732; RRID:AB_10698604

Monoclonal mouse anti-Src ThermoFisher Scientific Cat # AHO1152; RRID:AB_1500518

Rabbit anti-E-cadherin CST Cat # 3195; RRID:AB_2291471

Rabbit anti-N-cadherin CST Cat # 13116; RRID:AB_2687616

Rabbit anti-Vimentin CST Cat # 5741; RRID:AB_10695459

Monoclonal mouse anti-GFAP CST Cat # 3670; RRID:AB_561049

Rabbit anti-Beta-catenin CST Cat # 9561; RRID:AB_331729

Rabbit anti -Non pBeta-catenin CST Cat # 19807; RRID:AB_2650576

Rabbit anti-Actin ThermoFisher Scientific Cat # PA5-78715; RRID:AB_2745831

Rabbit anti-RhoA Abcam Cat # ab86297; RRID:AB_10675086

Rabbit anti-Rac1 Abcam Cat # ab155938

Biological samples

Human GBM; ‘TMA19’ Prof Michel Mittelbronn N/A

Chemicals, peptides, and recombinant proteins

6 BIO-indirubin Selleckchem Cat # S7198; CAS No. 667463-62-9

Dasatinib Selleckchem Cat # S1021; CAS No. 302962-49-8

Deposited data

Raw and analysed microarray data This paper https://www.ebi.ac.uk/biostudies/

arrayexpress/studies/E-MTAB-12775

deposited at BioStudies, EMBL-EBI

Experimental models: Cell lines

Human: U87 MG ATCC HTB-14

Human: U87 MG non target control This study N/A

Human: U87 MG ARHGAP12 kd (stable) This study N/A

Human: U87 MG ARHGAP29 kd (stable) This study N/A

Human: U251 MG ECACC 09063001

Human: U251 MG Non target control This study N/A

Human: U251 MG ARHGAP12 kd (stable) This study N/A

Human: U251 MG ARHGAP29 kd (stable) This study N/A

Experimental models: Organisms/strains

Mouse: Balb/c nude Charles River RRID:SCR_003792

(Continued on next page)
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Oligonucleotides

shRNA ARHGAP12;

ATAGTAATAGCAACGCCCT

Dharmacon Cat # V3LHS_342870

shRNA ARHGAP12;

TAGGTTGACAGTCTGACCT

Dharmacon Cat # V3LHS_342873

shRNA ARHGAP 12;

ATCACAATCTTTCTGTCCT

Dharmacon Cat # V3LHS_342874

shRNA ARHGAP29;

AAATGTTCCAAGGGAATTG

Dharmacon Cat # V2LHS_68659

shRNA ARHGAP29;

TTGGAACAAACAGTAGTAG

Dharmacon Cat # V2LHS_68660

shRNA ARHGAP29;

TATATCTGCACTGTTAGAG

Dharmacon Cat # V2LHS_68661

Recombinant DNA

psPAX2 Dr Chiara Galloni, University of Leeds N/A

pMD.2GH Dr Chiara Galloni, University of Leeds N/A

Software and algorithms

ImageJ Rueden et al.,56 https://imagej.nih.gov/ij/

MTrackJ Meyerlin et al.,57 N/A

Migration tool Ibidi Chemotaxis and Migration Tool | Free

Software | ibidi

Cloudbuster Rohwedder et al.,25 https://github.com/ARRohwedder/

Cloudbuster

QuPath Bankhead et al.,58 https://qupath.github.io/

Betastasis Betastasis https://www.betastasis.com

LIMMA LIMMA https://www.bioconductor.org

BioNavigator PamGene https//pamgene.com

Incucyte Woundmaker Tool Incucyte/Sartorius https://www.sartorius.com/download/

950332/incucyte-scratch-wound-cell-

migration-invasion-manual-en-840-1–data.

pdf

ImageScope Leica Biosystems Aperio ImageScope | Pathology Slide

Viewing Software

InkScape Inkscape https://inkscape.org
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
The established human glioma cell lines U87 (obtained from American Type Tissue Collection) and U251 (obtained from European

Collection of Authenticated Cell Culture) derived from GBM used in this study were grown in DMEM supplemented with 10% foetal

calf serum (FCS, Sigma, Dorset, UK; Cat # 7524) and penicillin/streptomycin in a CO2 incubator. Cell lines had been authenticated

inhouse by short tandem repeat (STR) profiling and were mycoplasma free.

The patient-derived GBM cell line E17 (classical GBM) was obtained from the CRUK Brain Tumour Centre of Excellence through

the Glioma Cellular Genetics Resource funded by Cancer Research UK viaMTA agreement (Steven Pollard, University of Edinburgh).

The cells had been extensively profiled at the CRUK Brain Tumour Centre56 and mycoplasma tested upon receipt at the University of

Huddersfield. The E17 cell line was cultured as advised by the CRUKBrain Centre in laminin coated T-25 flasks (Corning, UK) in com-

plete media constituted of DMEM/HAMS-F12 (Gibco, Paisley, UK, cat # 12634028), containing 1.45% glucose (Sigma Life Science,

Poole, UK; cat # G8644), 1%MEM NEAA (Minimum Essential Medium Non-Essential Amino Acids, Gibco, Paisley , UK cat # 11140-

03) 100x, 1% penicillin streptomycin, 0.16%BSA (Bovine Serum Albumin, Gibco, Paisley, UK; cat # 15260-03), 0.2%mercaptoetha-

nol (Gibco, Paisley, UK; cat # 31350-01), 1% B27 supplement and 0.5%N2 supplement (all Fisher Scientific, Loughborough, UK; cat

# 17504-04, # 17504-04). Before use, this was supplemented with mouse EGF and human FGF (both Peprotech, ThermoFisher Sci-

entific, Altrincham, UK; cat # 315-09, # 100-18b), to a final concentration of 10 ng/ml and laminin (Bio-Techne, Abingdon, UK;

cat # 3446-005) to a final concentration of 2 mg/ml.
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The primary, patient-derived GBM cell line CX18 Core 1 (Female; Late 50’s; left frontal GBM tumour) was obtained from Dr Ola

Rominiyi and Professor Spencer Collis (University of Sheffield, UK). The cells were cultured as previously described by these au-

thors57; briefly, GSC cultures were maintained in stem cell enriching conditions using ‘stem media’. This consisted of Adv DMEM

F12 medium (Gibco, Paisley, UK; cat # 12634028) supplemented with 1% B27 (Gibco, Paisley, UK; cat # 17504-044), 0.5% N2

(Gibco, Paisley, UK; cat # 17502-048), 4mg/ml heparin (Sigma, Poole, Dorset, UK; cat # H3393-10KU), 20ng/ml epidermal growth

factor (EGF) (Novus Biologicals, Cambridge, UK; cat # NBP2-34952), 20ng/ml fibroblast growth factor (FGF) (Peprotech,

ThermoFisher Scientific, Altrincham, UK; cat # 100-18b), 1% L-glutamine (Gibco, Paisley, UK; cat # 25030081), 1% penicillin-strep-

tomycin (Sigma, Poole, Dorset, UK; cat # P4333) and 0.1% amphotericin B (Gibco, Paisley, UK; cat # 15290026). Monolayer glioma

stell cell (GSC) cultures were seeded onto MatrigelTM-coated plastic tissue culture flasks or plasticware. Cells were passaged when

70-80% confluency from microscopic appearance was reached. Cell lines were propagated as adherent monolayers in flat sided

75cm2 tissue culture flasks containing 10ml complete stem media (GSC) in a humidified incubator at: 37�C, 5% CO2 and 21%

O2. Once primary, patient-derived cell lines had been successfully established, media was replaced every 2-3 days and cells

were routinely passaged roughly every 5-10 days, dependent on the cell line (typically splitting at a 1:5 ratio).

The primary, patient-derived GSCs were used at low passage following recent generation from freshly resected brain tumor tissue

therefore cell authentication using STR profiling has not been performed at this stage. Baseline whole exome sequencing character-

isation for the cell line was generated which will be made publicly available in due course (manuscript in preparation). In addition, this

cell line is planned to undergo baseline STR profiling later this year following modest dedicated funding to develop Sheffield Living

Biobank as a research resource being recently secured.

The cell line was routinely tested for mycoplasma infection (typically each month whilst being cultured) and was not passaged

beyond 15-20 times after thawing in order to avoid phenotypic drift.

In vivo experiments
12week-old female nudeBalb/cmice (bred in-house from an origin stock supplied byCharles River) weremaintained in groups of five

littermates in individually ventilated cages. The groups were assigned randomly. Cages contained sawdust, paper bedding and envi-

ronmental enrichment. Micewere housed at 20 ± 2�Cunder a 12-hour light/12-hour dark photoperiod. They received standard rodent

pelleted chow ad libitum (Special Diets Services, Witham, UK).

For orthotopic intracranial injections, animals were stereotactically injected (2.5 mm from the midline, 2.5 mm anterior from

bregma, 3 mm deep) with 2 ml 1x105 cells each consisting per animal group of shRNA ARHGAP12, shRNA ARHGAP29 and shRNA

non-target control U87 cells.

Surgery was performed under inhaled isoflurane using aseptic technique. Post-operatively, mice were monitored daily for signs of

sickness, pain, or weight loss. Micewere sacrificed once symptoms of tumour formation were evident. Animals were sacrificed under

terminal anaesthesia with transcardial perfusion of saline, followed by 4% paraformaldehyde fixative.

Animal brains were harvested, post-fixed ex vivo and cryopreserved in preparation for immunohistochemistry.

The work was licensed by the UK Home Office (P67C4EBE4) and complied with the guiding principles for the care and use of

laboratory animals. Ethical approval was granted by University of Leeds Animal Welfare and Ethics Review Body and the UK

Home Office (Animals [Scientific Procedures] Act 1986) and conducted in accordance with the University of Leeds Policy on the

Use of Animals in Scientific Research and the ARRIVE Guidelines.

GBM tissue microarray (TMA)
We used an in-house ‘TMA19’ consisting of 60 number of cases of GBM and the following clinical data, date of birth, day of surgery,

age, survival, sex, WHO grade, type of tumour (primary/secondary), recurrence, sample site, tumour infiltration, Karnofsky-score,

tumour localisation, presence of oedema, full resection, radiation, chemotherapy, steroid treatment, MIB-index, p53, pHH3, IDH1,

ATRX, MGMT status, 1p (LOH) and Chr 19 presence. The TMA section was gifted by Professor Michel Mittelbronn and had been

part of a wider study as described by Michelbronn et al.59

METHOD DETAILS

Main reagents
The GSK-3 inhibitor bromoindirubin-3-oxime (BIO) (Selleckchem, Ely, UK; cat # S7198) in DMSO was prepared as predetermined

working dilutions (5 mM) in the appropriate culture medium. The multi-targeted Src kinase inhibitor Dasatinib (Selleckchem, Ely,

UK; cat # S1021) in DMSO was also prepared as predetermined working dilution (10 mM) in the appropriate culture medium.

The following antibodies were used for immunocytochemistry studies and immunohistochemistry, Ki67 (1:5000, Abcam, Cam-

bridge, UK; Cat # ab15580), Cleaved Caspase 3 (CC3) (1:100, Cell Signaling Technologies, New England, UK; Cat # D175),

ARHGAP12 (1:200, Novus Biologicals, Cambridge, UK; Cat # NBP1-91678), ARHGAP29 (1:100, ATLAS Antibodies, Cambridge,

UK; Cat # HPA026534), E-cadherin (1:100, Abcam, Cambridge, UK; Cat # ab1416), N-cadherin (1:100, Santa Cruz Biotechnology,

Heidelberg, Germany; Cat # Sc-59987), Vimentin (1:200, Abcam, Cambridge, UK; Cat # ab16700), Actin Cytoskeleton/Focal adhe-

sion kit (1:500, Merck, Feltham, UK; Cat # FAK100).
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Live cell imaging
Cells were seeded at subconfluence in Ibidi imaging dishes (Ibidi, Graefeling, Germany; Cat # 80146) in CO2 independent medium

(ThermoFisher Scientific, Altrincham, UK; Cat # 18045088) supplemented with 10% FCS and essential minerals with or without the

inhibitor or after transient/stable kd. They were imaged over 24 -72-hour periods at 3 min intervals on a BioStation IM imaging system

(Nikon, Surbiton, UK). Movies were generated from AVI files and used for data analyses with ImageJ60 and the MtrackJ plugin.61 At

least 50 cells/condition were used for analysis of velocity and displacement. Rose plots were generated with the Ibidi Migration Tool

(Chemotaxis andMigration Tool | Free Software | ibidi). All experiments were repeated 3 times. For imaging with the IncuCyte system

(Essen BioScience, Newark, UK) cells were maintained in medium complemented with 10% FCS and with the GSK-3 inhibitor BIO

(5 mM) (Selleckchem, Ely, UK; # S7198) in flat bottom 96well plates (Nunc, Altrincham, UK; Cat # Z688665). Data was generated using

IncuCyte software and ImageJ.

For 3Dmigration, U87 and U251 spheroids were generated in 96 well low adherence plates (Sigma, Poole, Dorset, UK; Cat # 7007),

as previously reported.19 Briefly, 1x103 cells/well were allowed to incubate in the low adherence plates for 72 hours. After spheroid

formation, the original growth mediumwas replaced with a collagenmatrix consisting of rat tail collagen type I (Sigma, Poole, Dorset,

UK; Cat # CLS354236), and 5x growth mediumwhich was then semi-polymerised by the addition of 1 M NaOH. Growth mediumwas

added (containing inhibitor or no inhibitor depending on the experimental set-up) at a collagen:medium 1:1 ratio. After implantation

into the collagen matrix, cell protrusions/single cells were allowed to migrate into the collagen for 72 hours. Imaging of the spheroids

was achieved at 24h timepoints with the EVOS imaging system (ThermoFisher, Altrincham, UK).

Immunofluorescence assays
For immunofluorescence assays cells were seeded at subconfluence; for inhibitor assays they were treated for between 8 and

72 hours with the appropriate inhibitor. Cells were fixed with 4% paraformaldehyde, followed by permeabilization with 0.05%

Triton-X-100 (Sigma, Poole, Dorset, UK; Cat # 9002-93-1). After 3 washes in PBS they were blocked with 0.05% Marvel skimmed

milk powder solution for 5 min. The block was removed, and primary antibody solution was added. All antibodies were prepared

in the blocking solution and spun for 5 min at > 10,000g in a microcentrifuge prior to use. All incubations were carried out in a humid-

ified incubation chamber; PBS was used for 3 washes (5 minutes/wash) between incubations. After incubation with the primary an-

tibodies for 1 h and 3 washes (5 minutes/wash) with PBS the cells were incubated with the secondary antibodies in blocking solution

and 4’,6-Diamidino 2-Phenylindole (DAPI) (Molecular Probes, ThermoFisher, Altrincham, UK; Cat # D1306) was used as a marker of

DNA. All slides were mounted in Fluoromount G (Southern Biotech, Birmingham AL, USA; Cat # 0100-01) after a final set of 3 washes

with PBS.

For immunofluorescence assays of spheroids the method described by Cheng et al.19 was followed. Spheroids maintained in the

original collagen insert were washed 3 times with PBS. They were fixed with 4% paraformaldehyde for 30 min at room temperature

followed by permeabilisation with 0.05%Triton-X100 (Sigma, Poole, Dorset; Cat # 9002-93-1) for 15min. After another 3 washes with

PBS, they were blocked with 0.05% Marvel skimmed milk powder. The antibody solutions were added in the same blocking buffer

after centrifugation for 5 min at > 10,000g. They were incubated for 2 h at room temperature. Another 3 washes with PBS were fol-

lowed by incubation with the secondary antibodies for 1 h. DAPI was added as described above. After incubation with the secondary

antibody, the collagen plugs were washed 3 times with PBS and then carefully lifted out of the 96 well plates and placed onto glass

slides. Drops of Fluoromount G (Southern Biotech, Birmingham, AL 35209, USA; Cat # 0100-01) were added to the collagen plugs

and cover slips were added.

Bioinformatics
A Betastasis (http://www.betastasis.com) search was carried out utilising the Cancer cell line encyclopaedia and the gene expres-

sion bar plot function (Sample group: Central Nervous system) (Affymetrix HG U133 Plus 2.0). According to the website, raw Affyme-

trix CEL files were converted to a single value for each probeset using RMA and quantile normalization. The probeset used was

ENTREZG v15 from the BrainArray project.

Microarray analysis
Samples from U251 cells treated for 24 hours with BIO (5 mM), prepared and extracted according to Agilent instructions, were run on

Agilent SurePrint G3 Human Gene Expression 8x60K v2 arrays. 6 arrays were used on each slide (using 2 dyes). The slides were pro-

cessed and analysed in house (Leeds MRCMedical Bioinformatics Centre). Microarray data were processed in R using the LIMMA62

package as follows: First, per-array correction was performed using a normal and exponential convolution method (‘‘normexp’’)63,64

followed by LOESS normalisation of the multiple subarrays on each chip. Multiple arrays were normalised using quantile normalisa-

tion across the average intensity values (‘‘Aquantile’’).58

Differential gene analysis was also performed using LIMMA (samples were normalised against cell line, treatment, and time point).

Results were computed using a 2-colour linear model followed by empirical Bayesmoderation of the standard errors. Multiple testing

correction was performed using Benjamini & Hochberg False Discovery Rate (FDR) adjustment. An FDR threshold of 0.001 was

applied to select only highly significant genes.
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ARHGAP12 siRNA
U251 or U87 cells were transfected with either 50nM or 100nM siRNA. The transfection mix consisted of siRNA incubated with

RNAiMAX Lipofectamine (1/200) (ThermoFisher Scientific, Altrincham, UK; Cat # 13778030) and OPTI-MEMTM (Thermofisher Scien-

tific, Altrincham, UK; Cat # 51985034) for 10 min at room temperature. The siRNA used were ONTARGETplus SMARTpool

ARHGAP12 (94134) (ThermoFisher Scientific Dharmacon, Lafayette, Colorado, USA). After complex formation, the mix was added

to corresponding wells and then cells added and gently pipette mixed. For live cell imaging, Ibidi dishes (Ibidi, Geafeling, Germany;

Cat # 80146) were used; 100 ml of siRNA mix and 500 ml cell suspension (5000 cells/condition) were added to the individual dish seg-

ments. For RNA isolation 6 well dishes were used (ThermoFisher Scientific, Altrincham, UK; Cat # 150239); to each well 500 ml siRNA

mix and 2ml cell suspension (300,000 cells/well) were added.

For 3D invasion assays, low adherence 96 well plates (Sigma, Poole, Dorset, UK; Cat # 7007) were used to generate spheroids.

During aggregate/spheroid formation 20 ml siRNA mix and 80 ml cell suspension (1000 cells/well) were added. The spheroids were

allowed to form over 72 h.

ARHGAP29 siRNA
Reverse transfection was performed using RNAiMAX lipofectamine (Invitrogen, Life Technologies, Altrincham, UK; Cat # 13778-075),

OPTI-MEM� I Reduced Serum Medium (GibcoTM, Invitrogen corporation, Altrincham, UK; Cat # 31985). 50mM or 100mM of siRNA

against ARHGAP29 using 4 individual siRNA sequenceswere included (HorizonDiscovery, Lafayette, Colorado, USA; ON-Targetplus

siRNA; Cat # 9411). U251 cells well seeded at 2x105 cells per well in 6-well plates. For each siRNA concentration, one plate was har-

vested for RNA and one plate for protein lysates 72h post transfection.

Real Time PCR
RNAwas isolated and purified using the Qiagen RNA easy mini kit protocol (Qiagen, Manchester, UK; Cat # 74104). For reverse tran-

scription, the Applied Biosystems highcapacity reverse transcription cDNA kit (Applied Biosystems, Warrington, UK; Cat # 4368814)

was used according to manufacturers’ instructions. 50ng corresponding cDNA per well was added to each well of an Applied Bio-

systemsTM MicroAmpTM Optical 96-Well Reaction Plate (Applied Biosystems, Warrington, UK; Cat # N8010560). Samples were

measured in triplicate with 3 technical repeats per condition. 10 ml of Taqman Mastermix and 1 ml of ARHGAP12 or ARJHGAP29

target primer probe sets or 18S endogenous control primer probe set probe (1 ml) were used. Samples were run on the Applied Bio-

systems 7500 real time PCR analyser and Relative quantification (RQ) (=2-DDϹtRQ) values measured using the analyser software

(Applied Biosystems, Warrington, UK) were normalised to control samples.

Small hairpin RNA
Gene silencing shRNA of ARHGAP12 and ARHGAP29was achieved by insertion of shRNA via GIPZ lentiviral transduction. Three sepa-

rate constructs targeting ARHGAP12 (V3LHS_342870, V3LHS_342873, V3LHS_342874) and ARHGAP29 (V2LHS_68659,

V2LHS_68660, V2LHS_68661) were obtained from Dharmacon. Reaction mixes containing the ARHGAP plasmids, pPAX2 and

pMD.2GH vector, OPTI-MEM (Gibco, Altrincham, UK; Cat # 51985-026) and Lipofectamine 2000 (Thermofisher, Altrincham, UK;

Cat # 11668019) were set up and used to transfect Lenti-X cells seeded at 4x106/10 cm2 petri-dishes coated with fibronectin (Sigma,

Poole,Dorset, UK; Cat # F0895-5MG) 24h prior to transfection. The cellswere incubated, andmediumchanged after 24 h.Over the next

2 days supernatants were harvested and filtered with a 0.45 mMfilter (Millipore Sigma, Poole, Dorset, UK; Cat # SLHA02510) and stored

at 4�C until further use. U251 or U87 were plated in 6 well dishes in duplicate at 1x105/2ml to reach approximately 70% confluence by

the following day. For transduction, the supernatants were added to the 6 well dishes (2ml/well) and the cells were allowed to incubate

for 24h. Cells were viewed by immunofluorescence microscopy to assess transduction efficiency as detected by green fluorescence.

Cells were then reseeded in tissue culture flasks in the presence of puromycin (10 mg/ml) (Sigma, Poole, Dorset, UK; Cat # P8833) as

selection medium. As a control we also concluded a non-target construct. Kd efficiency was confirmed by immunofluorescence and

western blotting. All cells were then used for initial live cell imaging and invasion assays to assess the effect on cell migration. The con-

structs eliciting the greatest effect on cell migration were used in all further studies. The same shRNA construct was used to silence

ARHGAP29 in bothU87 andU251 (V2LHS-68659), abbreviated to ‘59’ in this study,whilst two different shRNAconstructswere required

to silence ARHGAP12 in U87 (V3LHS-432870), abbreviated to ‘70’ and U251 (V3LHS-342874), abbreviated to 74.

Phenotypic analysis for ARHGAP shRNA kd
For phenotypic analysis, ARHGAP kd cells and non-target control cells (both U87 andU251) were plated at subconfluence, incubated

for 24 hours at 37�C and then fixed with 4% PFA. The cells were stained with Phalloidin 594 and DAPI as previously described. For

analysis of phenotype, i.e. localisation of the actin cytoskeleton, at least 200 cells/condition were scored. The experiment was

repeated three times.

Pulldown assay
For the pulldown analysis, a pulldown kit by ThermoScientifc (Active Rho Pull-Down and Detection kit; ThermoFisher, UK; Cat #

16116) was used following manufacturer’s instructions. To prepare lysates for the assay, U251 cells were plated at subconfluence

and incubated for 24 hours at 37�C with Bio-indirubin (5 mM) or DMSO only (0.05%). Lysates were then prepared as per
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manufacturer’s instruction. The provided negative and positive controls were also used in this assay. A Biorad minigel system was

used to run lysates on a 4-12% gradient gel; proteins were transferred with a Biorad Trans-Blot Turbo transfer system and the west-

ern blotting was carried out following manufacturer’s instructions.

Rac1/RhoA G-LISA
Rac1/RhoA activation was measured using the Rac1/RhoA G-LISA activation assay (Cytoskeleton inc, Denver, CO 80223, USA; Cat #

BK124) as per the manufacturer’s instructions. U87 and U251 at subconfluent level were treated with BIO and allowed to grow for 24h.

The cells were lysed and RhoA1 or Rac1 activity was measured colorimetrically at 490 nm. Cell lysates were used in triplicates.

Functional kinome profiling
Functional kinase activity profiling has been described previously.65 Here we used a PamStation�12 (located at the UCCH Kinomics

Core Facility, UKE, Hamburg, Germany) according to the manufacturer’s instructions (PamGene International, ’s-Hertogenbosch,

The Netherlands). In brief, for profiling serine-/threonine kinases and tyrosine kinases, STKPamChip� and PTK-PamChip� arrays

were used, respectively. Each array contains 140 individual labelled-site(s) that are peptide sequences derived from substrates

for serine/threonine kinases or tyrosine kinases. Whole cell lysates were prepared using M-PER Mammalian Extraction Buffer con-

taining Halt Phosphatase Inhibitor and EDTA-free Halt Protease Inhibitor Cocktail (Pierce, Waltham, Massachusetts, USA; Cat #

78440). For STK arrays 1 mg, for PTK arrays 5 mg of protein and 400 mMATP were loaded. Sequence-specific peptide tyrosine phos-

phorylation was detected by the fluorescein–labelled antibody PY20 (Exalpha, Maynard, MA, USA; Cat # X1017S) and a CCD camera

using the Evolve software (PamGene International, ’s-Hertogenbosch, The Netherlands). Serine-threonine phosphorylation was de-

tected in two steps, first with anti-phospho-Ser/Thr antibodies during the reaction followed by detection with secondary antibody

(polyclonal swine anti-rabbit Immunoglobulin/FITC, PamGene International). After quality control the final signal intensities were

log2-transformed and were used for further data analysis using the BioNavigator software version 5.1 (PamGene International,

‘s-Hertogenbosch, The Netherlands).

SDS-PAGE and western blotting
Adherent sub-confluent to confluent cell cultures were harvested on ice as follows: Cells were washed three times with ice cold Dul-

becco’s phosphate buffered saline (PBS, 137 mM NaCL, 2.7 mM KCL und 12 mM phosphate, pH 7.4) and collected in ice cold PBS

with a cell scraper, transferred to a 2 ml centrifugation tube and pelleted for 5 min at 650 x g at 4�C. Cell pellets were either directly

processed or stored at �80�C for later use.

Pelleted cells were resuspended in 200 ml Tris-Triton lysis buffer (20 mM Tris-HCl, pH 8, with 137 mM NaCl, 1% TritonX100, 2 mM

EDTA, 10%Glycerol), supplemented with Pierce Protease Inhibitor cocktail (ThermoFisher Scientific, Altrincham, UK; Cat # A32963)

by vortexing. The cell suspension was rotated end-over-end for 30 min at 4�C and syringed by 10 – 20 strokes through a 0.8 mm

hypodermic needle. Cell lysateswere centrifugated at > 10,000 x g for 10min at 4�Cand the resulting cleared lysates were transferred

to a pre-cooled 1.5 ml centrifugation tube and stored at �80�C if not immediately used.

Protein concentrations of cleared cell lysates were determined spectrophotometrically following standard Bradford protein assay

protocol and equal amounts of protein were diluted with 2 x SDS sample buffer (2 x Laemmli buffer, 100 mM Tris-HCl, pH 6.8, 20 %

Glycerol, 4%SDS, 0.4%Bromophenol blue, supplementedwith 2%SDS and 10% b-mercaptoethanol or 1mMDTT prior to use) and

boiled for 5min at 95�C. Proteins were separated on 7.5%or 4 - 20%PAGE (MiniProtean TGXTM pre-cast gels, BioRad,Watford, UK;

Cat # 4561023; Cat # 4561094) in Tris/Glycine buffer (25 mM Tris, 192 mM glycine) with 0.1 % SDS and transferred to a PVDF mem-

brane (BioRad, Watford, UK; Cat # 1620177) by wet electroblotting (90 min at 250 mA) in Tris/Glycine buffer with 20% methanol.

For immunodetection PVDFmembranes were briefly washedwith PBS and blocked in PBS-Tween 0.05%with 5%non-fat drymilk

(Morrisons, Bradford UK) (anti-ARHGAP 12 and anti-ARHGAP 29), or 3% BSA (all other antibodies) for 30 min at room temperature

with light agitation, followed by primary antibody incubation at 4�C overnight with primary antibodies diluted in 2% blocking solution.

Used primary antibodies were obtained from Atlas Antibodies (ARHGAP12, Cat # HPA000412; ARHGAP29, Cat # HPA026534), Cell

Signaling Technologies (Fyn, Cat # 4023; Lyn, Cat # 2732; E-cadherin, Cat # 3195; N-cadherin, Cat # 13116; Vimentin, Cat # 5741;

GFAP, Cat # 3670, beta-catenin, Cat # 9561, Non-Phospho (P) - beta-catenin, Cat # 19807), ThermoFisher (pan-Actin, Cat # PA5-

78715; cSrc, Cat # AHO1152), Abcam (RhoA, Cat # ab86297; Rac1, Cat # ab155938) and incubated at recommendedmanufacturer’s

dilutions. After primary antibody incubation membranes were washed with PBS-Tween 0.05%, and incubated with respective sec-

ondary HRP-conjugated antibodies (ThermoFisher Scientific, Altrincham, UK; Cat # 1620177; Cat # 31460) in 2% blocking solution

for 90 min at room temperature. Membranes were carefully washed with PBS-Tween 0.05% and PBS. Chemoluminescence was

detectedwith ECLClarity (BioRad,Watford, UK; Cat # 1705060) on X-ray film and additionally imagedwith aG-Box imager (Syngene,

Cambridge; UK).

Src kinase siRNA studies
SiRNA transfections were carried out according to manufacturer’s recommendation. Briefly, U251 cells were transfected with 3ml

Lipofectamine (ThermoFisher Scientific, Watford; Cat # L3000001), 4ml 2nM siRNA in 1.5 ml DMEM, containing 1% FCS (Sigmal,

Poole, Dorset, UK; Cat # F7524) each. For determination of average number of large protrusions detected in control (scrambled)

versus siRNA treated U251 cells (siFyn, Santa Cruz, Wembley, UK; Cat # SC-29321; siLyn, Cat # SC-29393; siSrc,
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Origene,Wembley, UK; Cat # SR321884) cells were grown in 1% FCS containing DMEM overnight and fixed with 1% PFA at room

temperature. Cells were stained with 3-hexanoyl-NBD cholesterol (Cayman Chemicals, Cambridge, UK; Cat # 13221) for 10 min on

ice, washed twicewith cold PBS and embedded inMowiol 4-88 (SigmaAldrich, Poole, UK; Cat # 81381) on a glass slide. Imageswere

recorded using Leica LSM 700 with 60x magnification oil immersion. The ImageJ plugin has been described before.4

Quantification of relative wound closure speed
Data were derived from the Incucyte (Sartorius, Epsom, UK) wound healing assay for siRNA treated U251 cells, grown overnight in

DMEMwith 1%FCS. Cells were seeded in flat-bottom 96-well plates to reach confluence beforemeasurement and the assaywas set

up using the Incucyte Woundmaker Tool (Sartorius, Epsom, UK; Cat # BA-04858). Quantification of wound closure was based on the

generated bright field images.

Src kinase inhibitor studies
U251 cells were plated at subconfluence and incubated for 24 hours at 37�C with Dasatinib (10 mM) (Selleckchem, Ely, UK; Cat #

S1021) or DMSO only (0.05%). After incubation cells were fixed with 4% PFA as previously stated and stained with DAPI and Alexa

Fluor Phalloidin-594 (Molecular Probes, ThermoFisher, Altrincham, UK; Cat # D1306 and cat # A12381). The cells were imaged by

confocal microscopy and images averaging at least in total 200 cells/condition were analysed for the different phenotypes, ie, cells

with cortical actin/stress fibres/‘other’. The experiment was repeated three times.

Immunohistochemistry
Further details for the immunohistochemistry of the spheroids, mouse brain tissue and tissue microarrays, along with the analysis is

outlined in the supplemental information.

Survival analysis of patient data
Dichotomisation of data was achieved by generating received operator characteristic (ROC) curves to obtain relevant cutoffs66 for

low and high protein expressors. Disease-free survival (DFS; from initial diagnosis to the diagnosis of local or distant recurrence)

and overall survival (OS; from initial diagnosis to death) associations were analysed by Kaplan–Meier plots (log rank test). Hazard

ratios (HR) were determined by Cox regression. Patient follow up data was available for at least 2 years and was last updated in

MONTH YEAR and survival periods calculated. Patients were censored from the study at the last date they were known to be alive.

Variables were entered in univariate and multivariate analysis (Cox proportional hazards regression model) in IBM SPSS Statis-

tics (v25).

Immunohistochemistry spheroids
The protocol for generating sections from glioma spheroids was previously described19; spheroids were immunostained with

ARHGAP12 and ARHGAP29 antibodies. Both antibodies were optimised for use on glioma spheroid sections. Briefly, after comple-

tion of the experiment, spheroids were washed three times in PBS whilst still maintained within their collagen plugs in the low-adher-

encewell plates. They were then fixed in 4%PFA for 24 h at 21�C coveredwith foil prior to tissue processing and paraffin wax embed-

ding. After wax embedding, specimens were sectioned into 5 mm thin slices through the diameter of the spheroid core. Sections were

used for staining with the antibodies.

In vivo mouse brain tissue
Brain cryosections were stained for Vimentin (for tumor identification/marker of aggressiveness), Ki67 (proliferation marker), Cleaved

Caspase 3 (CC3) (apoptosis marker), E-cadherin and N-cadherin. The IHC protocol as previously described was followed.54 Briefly,

antigen retrieval was completed using Access Revelation (MenaPath) retrieval buffer (A.Menarini Diagnostics, Wokingham, UK; Cat #

MP-607). Optimisation of antibodies was performed using reference tissue before staining experimental tissue. All antibodies were

diluted in antibody diluent reagent solution (Invitrogen, Altrincham, UK; Cat # 00–3218) and incubated at room temperature for 1 h. All

staining using rabbit antibodies (Ki67, 1:5000; Cleaved caspase 3 (CC3), 1:100; ARHGAP12, 1:200; ARHGAP29, 1:100; Vimentin,

1:200) was performed using ImmPRESS HRP Anti-Rabbit IgG kit (VECTOR laboratories, UK; Cat # MP-7401) as per the manufac-

turer’s instructions. The staining using mouse antibodies (E-cadherin, 1:100; N-cadherin, 1:100) was performed using M.O.M

ImmPRESS peroxidase polymer Kit (VECTOR laboratories, Orton Southgate, UK; Cat # MP-2400). The chromogen substrate

used was 3, 3’diaminobenzidine (ImmPACT DAB Peroxidase Substrate Kit by VECTOR laboratories, Orton Southgate, UK; Cat #

SK-4100). Cell nuclei were counterstained using Mayer’s haematoxylin followed by differentiation in lithium carbonate.

Histological analysis
The stained slides were scanned with an Aperio CS2 scanning system (Leica Biosystems). The images were analyzed both manually

and automatically using QuPath (https://qupath.github.io).67 All the positively stained cells were counted using QuPath (version

0.1.2). A region of interest (ROI) was manually defined in each histological whole slide image, ensuring any artifacts were excluded.

The ROI was the GBM tumor mass defined by using the vimentin-stained slides for reference. Positive cell detection thresholds and

other parameters for cell detection and classification were adjustedmanually for each staining type and then applied uniformly across
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all samples in the cancer cohort. All automation scripts were validated by a Neuropathologist (AI) to confirm accurate detection of the

tumors.

Surface roundness/smoothness of vimentin-stained tumors
Vimentin-stained slices were processed first as the intensity and homogeneity of the staining aided the definition of the borders be-

tween tumor sites and normal brain tissue. Initially, the negative pen tool of ImageScope (Leica Biosystems) was used to manually

trace the smoothest/roundest area, <0.1 mm2 from the tumor’s defined border. Tracing of the tumor surface, for each vimentin-

stained tumor slice, was repeated at least in triplicate, each time with deletion of the previous tracing event, to generate adequate

technical replicates for statistical testing. Subsequently, tumor surfaces were traced precisely so that roughness, indentations, pro-

trusions, and potential hypoxic breakages were represented in the recorded trace, and surface area readouts were collected at least

in triplicate again. Differences between the roughly smoothest and detailed uneven surface areas for each tumor site were expressed

as a percentage of deviation from smoothness/roundness.

To measure the length of the ‘‘smooth’’ and the ‘‘non-smooth’’ tumor perimeter, 8-10x magnified screenshots of individual brain

slices from ImageScope, were saved and imported into ImageJ.56 For determination of the ‘smooth’ tumor perimeter, images were

converted to greyscale (8-bit) and a Gaussian blur (3–5 px area according to the processed tumor) was applied to aid border detec-

tion though threshold adjustment of the black and white channels.

A hollow black object was generated, and its surface was calculated, by selecting the ‘‘analyze particle’’ option from the analysis

menu, once the scale of the object was set to reflect its actual dimensions. Similarly, the same process was used for the automated

calculation of the ‘‘nonsmooth’’ tumor perimeter, except that the blurring step was omitted or used at 2 px if needed. In addition to

particle surface area, particle analysis revealed value and position of centroids which used to define tumor epicentres. Comparisons

between the defined surface areas (smooth versus non-smooth) were again used to define deviations from roundness/smoothness,

similar to the manual approach, thus generating an additional set of data for technical replicate tests.

ImageJ generated particles were saved as bmp files and further processed through Inkscape (https://inkscape.org) for the gen-

eration of high-quality tumor cartoons. Firstly, bmp images were automatically traced to generate appropriate vector graphics.

The vectors were individually colored and shaded, and their centroids were used to align the overlay images.

Quantification of cell detachments from tumor mass
Cell detachments within tumorswere assessed in 3 zones, namely core, periphery (including thosewith <0.1mmdistance from tumor

border) and outside, using ImageJ. Detached cells and/or detached clusters from tumor mass were manually counted and their dis-

tances from the tumor center were measured and recorded. All selected distances were sent to the ROI manager for individual pro-

cessing and for the generation of radial overlays. Radial overlays were saved as bmp images and further processed in Inkscape to

generate vector graphics. A basic image of concentric circles with different radii (ranging from 0.25–3.00 mm) was generated in Ink-

scape and used to further align the outline vector graphic of the tumor and the radial overlay of the detachments from its centroid. To

complete the display of these radial graphs, clockwise and counterclockwise angle directions were included. Numbers of cell de-

tachments were normalised to tumor surface area.

Analysis of single migratory cells and cell protrusions
For analysis of single migratory cells and cell protrusions brain slices labeled with the Vimentin antibody were utilised. QuPath soft-

ware was employed to identify Vimentin-positive tumor cells in the surrounding brain parenchyma or directly adjacent to tumor tissue.

Highlighted cells or cell groupings were measured for length, perimeter, and size. Cell roundness was established using the QuPath

analysis application; the resultant ‘roundness’ index allowed determination of a rounded cell morphology with 1 equal to a perfect

circle.

TMA
Immunohistochemistry staining using mouse antibodies

For staining, the TMA slides were dewaxed in 4 sequential xylene baths for 5 min each followed by rehydration through sequential

washes in descending concentrations of ethanol, before a final rinse in running tap water.

Rehydrated tissues underwent heat-induced antigen retrieval using a pressure cooker system, whilst bathed in a citrate buffer

(pH6). After antigen retrieval, the slides were first subjected to endogenous hydrogen peroxidase blocking with Bloxall (Vector Lab-

oratories, Orton Southgate, UK; Cat # SP-6000) for 10 min. After a wash with Tris-buffered solution Tween (TBST) for 5 min, protein

blocking was performed with 1/10 casein (Vector Laboratories, Orton Southgate, UK; Cat # SP-5020) for 20 min. Immediately after

blocking without washing the slide the primary antibodies were added at and incubated for 1h at room temperature. The slides were

then washed twice with TBST for 5 min each, and then stained with ImmPRESS Exel staining Kit Peroxidase anti mouse (Vector Lab-

oratories; Orton Southgate, UK; Cat # MP-7602) or anti-rabbit polymer (Menapath, A. Menarini Diagnostics, Wokingham, UK; cat #

MP-XCP- P0100) following themanufacturer’s instructions. Slides were washed 2xwith TBS for 5min each, followed by staining with

3, 3’diaminobenzidine (DAB) Chromogen substrate (ImmPACT) (Vector Laboratories, Orton Southgate, UK; Cat # ImmPACT
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SK-4105). Cell nuclei were counterstained (blue) with Mayer’s haematoxylin for 30 s. Slides were washed under a fast-flowing tap for

1 min before immersing in Scott ‘s Tap Water for 1 min and a final rinse in tap water for 1 min. The sections were dehydrated and

mounted with a glass coverslip.

TMA analysis

For TMA analysis cores were scored manually for presence of protein, protein expression levels and protein location. Protein pres-

ence was quantified as the proportion of cells positively stained (brown color) compared to non-stained cells, categorised as: no

stain = 0%, 1–25%= 1; 26–50%= 2; 51–75%= 3 and 76–100%= 4. Protein expression was semi-quantitatively measured according

to staining intensity and categorised as follows: no staining = 0, weak = 1, medium = 2, and strong = 3. The staining levels from both

scores were combined to give a maximum overall score of 7.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
All results are reported as mean ± SD, unless otherwise stated. Statistical analysis was performed using GraphPad Prism (v.5.0;

GraphPad Software, San Diego). Pairwise differences in mean were compared using a two-tailed Student’s t-test. Mean differences

in groups of 3 or more populations were compared using a one-way analysis of variance (ANOVA) and pairwise comparisons were

made using a post-hoc Dunnett’s test. For non-normal data, overall differences were analyzed by Kruskal-Wallis test, with pairwise

comparisons of medians made using Mann-Whitney U tests. For categorical data, differences were compared using a Fisher’s exact

test. Survival datawas displayed as Kaplan-Meier plots and differences in survival were compared using a log rank test. Hazard ratios

were determined by Cox regression and variables were entered in univariate andmultivariate analysis. Functional kinomics data were

analyzed using BioNavigator software version 5.1 (PamGene International, ‘s-Hertogenbosch, The 759 Netherlands). Statistical sig-

nificance was set at p < 0.05 for all tests. Statistical details of experiments can be found in the figure legends and associated result

sections.
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