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Downregulation of the Rho GTPase pathway abrogates
resistance to ionizing radiation in wild-type p53 glioblastoma
by suppressing DNA repair mechanisms
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Glioblastoma (GBM), the most common aggressive brain tumor, is characterized by rapid cellular infiltration and is routinely treated
with ionizing radiation (IR), but therapeutic resistance inevitably recurs. The actin cytoskeleton of glioblastoma cells provides their
high invasiveness, but it remains unclear whether Rho GTPases modulate DNA damage repair and therapeutic sensitivity. Here, we
irradiated glioblastoma cells with different p53 status and explored the effects of Rho pathway inhibition to elucidate how actin
cytoskeleton disruption affects the DNA damage response and repair pathways. p53-wild-type and p53-mutant cells were
subjected to Rho GTPase pathway modulation by treatment with C3 toxin; knockdown of mDia-1, PFN1 and MYPT1; or treatment
with F-actin polymerization inhibitors. Rho inhibition increased the sensitivity of glioma cells to IR by increasing the number of DNA
double-strand breaks and delaying DNA repair by nonhomologous end-joining in p53-wild-type cells. p53 knockdown reversed this
phenotype by reducing p21 expression and Rho signaling activity, whereas reactivation of p53 in p53-mutant cells by treatment
with PRIMA-1 reversed these effects. The interdependence between p53 and Rho is based on nuclear p53 translocation facilitated
by G-actin and enhanced by IR. Isolated IR-resistant p53-wild-type cells showed an altered morphology and increased stress fiber
formation: inhibition of Rho or actin polymerization decreased cell viability in a p53-dependent manner and reversed the resistance
phenotype. p53 silencing reversed the Rho inhibition-induced sensitization of IR-resistant cells. Rho inhibition also impaired the
repair of IR-damaged DNA in 3D spheroid models. Rho GTPase activity and actin cytoskeleton dynamics are sensitive targets for the
reversal of acquired resistance in GBM tumors with wild-type p53.
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INTRODUCTION
Among primary brain tumors, glioblastoma (GBM, WHO grade IV
astrocytoma) remains the most common (accounting for 14.5% of
all brain tumors and 57.7% of gliomas) and most malignant, with a
dismal prognosis characterized by an average survival time of
15months and a patient survival rate of <10% in the five years
after diagnosis [1, 2]. GBM is among the solid tumors with the
greatest resistance to radiotherapy, which directly contributes to
its poor prognosis, since the majority of patients experience tumor
recurrence within 2 years [3, 4]. Several mechanisms are involved
in GBM radioresistance, including DNA damage and repair [5, 6],
which is involved mainly by activating DNA damage response
(DDR) signaling and inducing double strand break (DSB) repair by
both homologous recombination (HR) and nonhomologous end
joining (NHEJ) [7].
Another well-described factor for the acquisition of radio-

resistance in GBM is the tumor suppressor p53, which is central to
the network controlling cell proliferation, survival, and genome
integrity. p53 is one of the most frequently mutated genes in
human cancers (40% to 50% of GBMs have p53 mutations), and
unlike most tumor suppressors, p53 is rarely deleted in GBM, since
its alterations are mostly missense mutations in the DNA binding

domain, leading to inhibition of its transcription factor activity
[7, 8]. In fact, mutant p53 proteins are highly expressed in GBM,
and the lack of p53-mediated apoptosis is crucial for GBM
resistance, since the failure of p53 to induce p21 expression
promotes radioresistance in GBM cells [7]. Thus, interest in
elucidating the mechanism that drives GBM radioresistance has
increased, with special focus on the different processes that
modulate DNA damage signaling and repair in the search for
novel targets for GBM radiosensitization [9].
The Rho GTPase pathway is well known for regulating cell

proliferation and differentiation, actin cytoskeleton dynamics and
cell motility. This pathway is commonly deregulated in GBM, since
an increase in the activity of RhoA, as well as the other members
of the Rho GTPase family, or overexpression of guanine exchange
factors (GEFs) promotes the migration and invasion of these cells.
The high invasiveness of GBM is one of the major obstacles to
clinical therapy, as these cells are intrinsically more resistant
to current therapies [10]. All typical Rho GTPases have been shown
to act in the early stages of DNA damage recognition, mainly
through regulation of DDR pathways [11–15], and are also
activated in response to genotoxic stressors [16, 17]. Therefore,
higher Rho GTPase activity seems to be necessary for DDR
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signaling and efficient repair of DSBs, among other types of DNA
lesions [11, 13, 15–18]. The relationship between Rho and the p53
pathway has been pointed out in recent years and is purported to
exert effects mainly via regulation of the cell cycle [19–22], gene
expression [23–25] and cell migration [26, 27]; however, the
mechanism and interdependence of these pathways in DNA repair
and tumor resistance have not yet been sufficiently explored and
demonstrated.
In this study, we investigated the contributions of the Rho

pathway and actin cytoskeleton dynamics in the acquisition of
ionizing radiation (IR) resistance in GBM and their potential
interdependence with the p53 status in terms of its association
with DNA damage response and repair pathways. We generated
IR-resistant cells through continuous cycles of IR exposure and
analyzed changes in the Rho and DDR pathways during radio-
resistance acquisition. Our findings demonstrate the mechanism
by which inhibition of Rho GTPases and actin polymerization
promote efficient sensitization of GBM cells expressing wild-type
p53 to treatment with IR, and they suggest these pathways as
targets for the reversal of acquired radioresistance in GBM tumors,
with the advantage of simultaneously addressing the high
invasiveness of GBM cells.

MATERIALS AND METHODS
Bioinformatics analysis
The gene expression in the patient tumor sample set and survival analysis
data obtained by the Kaplan‒Meier method were obtained from the
GEPIA2 platform (http://gepia2.cancer-pku.cn) using the TCGA database for
GBM and LGG data and the GTEx database for normal tissue data. The
gene expression profiles of GBM cells were obtained from the Cancer Cell
Line Encyclopedia (CCLE) transcriptome database via the EMBL Cell
Expression Atlas platform (https://www.ebi.ac.uk/gxa/home).

GBM cell lines and culture conditions
The GBM cell lines U87-MG, A172 and U343-MG (p53- wild-type) and T98G,
U138-MG and U251-MG (p53- mutated) were obtained from American
Type Culture Collection (ATCC) and kindly provided by Prof. Dr. Carlos
Frederico Martins Menck (ICB-USP), Prof. Dr. Mari Cleide Sogayar (IQUSP e
FMUSP) and Prof. Dr. Elza Tiemi Sakamoto Hojo (FFCLRP-USP). All cells were
cultured in DMEM supplemented with 10% FBS, 25 μg/mL ampicillin and
100 μg/mL streptomycin at 37 °C and 5% CO2 for up to a maximum of
4 weeks and were monitored by frequent genotypic and phenotypic
characterization in addition to testing for mycoplasma contamination, thus
ensuring the quality of the model.

Drugs and treatments
Cells were subjected to Rho inhibition by transient transfection of a vector
containing the C3 toxin coding sequence, as previously described [15], or
gene silencing by transfection of siRNAs specific for mDia1, PFN1, MYPT1
or p53 (MISSION® esiRNA, Invitrogen) using Lipofectamine 3000 (Invitro-
gen) according to the manufacturer’s protocol. Rho activity was also
modulated by 48 h of starvation in serum-free medium prior to activation
with medium containing 30% FBS. F-actin disruption was performed by
treatment with cytochalasin D (Sigma–Aldrich) diluted directly in the
medium at the desired concentration and for the desired time of exposure.
The activity of mutant p53 was restored by treatment with the agent
PRIMA-1 (Sigma–Aldrich), diluted directly in the medium to the indicated
concentration, for 24 h. The efficiency of p53 reactivation was determined
by measuring p21 expression and transfection of a luciferase reporter gene
fused to a p53-responsive promoter [28]. To simulate radiotherapy, GBM
cells were exposed to gamma ionizing radiation as previously described
[16] at the Nuclear and Energy Research Institute (IPEN, SP, Brazil).

Rho activity assay and immunoblotting
Rho activity was measured by a pulldown assay, as previously described
[16]. Briefly, cellular protein extracts (DTT-free) were incubated with
glutathione-Sepharose beads bound to the RBD-GST fusion protein. After
the wash steps and recovery by centrifugation, the proportion of Rho-GTP
bound to RBD-GST was quantified by immunoblotting as described [15]
here in brief: specific amounts of protein extracts (quantified by the

Bradford method) were denatured with the Laemmli protocol, separated
by SDS‒PAGE and transferred to a nitrocellulose membrane (Millipore).
After blocking with 5% low-fat milk/TBS-T for 30min, the membranes were
incubated with specific primary and secondary antibodies under the
optimized incubation conditions described in the Supplementary data.
Band density quantification was performed in ImageJ.

Survival analysis by a soft agar colony formation assay
For the clonogenic assays [15], pretreated cells were mixed with 0.3%
agarose/medium at a low cellular density and rapidly plated in 48-well
plates precoated with a thin layer of 0.6% agarose/medium. Complete
medium was added on top of the layer after agarose solidification and
replaced every 2 days until the emergence of visible colonies, which were
then photographed and counted.

Alkaline comet assay
The comet assay for the detection of DNA fragmentation was performed as
previously described [16, 29]. In summary, cells were collected at several
time points after IR exposure, mixed with 0.5% low-melting point agarose
and scattered onto glass slides covered with a thin layer of normal agarose.
Then, the cells were lysed and deproteinated, and the DNA was denatured
and subjected to single-cell electrophoresis. Slides were then placed in
neutralization buffer (Tris, pH 7.4) and fixed with pure ethanol. DNA was
stained with SYBR Green II (Invitrogen), and the comet assay data were
analyzed using Comet Assay IV software (Instem).

Analysis of γH2AX(Ser139), 53BP1, phospho-ATM (Ser1981)
and phospho-NBS1 (Ser343) foci
Immunofluorescence assays were performed as described before with
adaptations [13]. In brief, cells were seeded on round glass coverslips and
treated as desired. Then, the cells were fixed with 4% PFA for 10min and
permeabilized with 0,5% Triton X-100 for 5min on ice. The samples were
blocked with 10% FBS/3% albumin in PBS for 30min prior to antibody
incubation, as described in the Supplementary data. Image acquisition was
performed with a Zeiss Axio Observer 7 microscope using a 40x objective,
and quantification of foci was performed with the Tissue Gnostics system [30].

NHEJ repair assay
The rate of NHEJ repair was quantified using U87-MG and T98G cells
expressing the EJ5-GFP reporter, as described previously [29]. Briefly, cells
stably expressing the reporter gene were obtained by transfection with
Lipofectamine 3000 followed by selection and clone isolation with 5 μg/mL
puromycin. For the NHEJ assay, the clones were transfected with the I-SceI
expression vector or empty vector, and 72 h after transfection, the
percentage of GFP-positive cells was determined by the Thermo Fisher
Countess II FL automated cell counter.

p53 localization analysis
The p53 localization analysis was performed with the TissueGnostics system
as previously described [30] with modifications. For this assay, cells were
plated in black 96-well microplates with a transparent bottom suitable for
microscopy and subjected to immunofluorescence staining as previously
described. Images were acquired with a 20x objective, and DAPI images were
used to generate the nuclear mask, while the p53 outline staining was used
as the cytoplasmic mask for an individual cell. Using both masks, the p53
intensity in each mask was measured, and the percentages of nuclear and
cytoplasmic p53 were calculated for each of 2000 cells/condition.

Generation and characterization of IR-resistant U87-MG GBM
cells
To generate U87-MG IR-resistant cells, cells were divided into groups of
cells in small culture bottles and subjected to different radiation exposure
regimens. After each irradiation treatment, the cells were washed 3 times
with PBS and returned to culture in standard medium. All cells were
monitored daily regarding viability, confluence and sterility. Finally, IR-
resistant cells were stored at −80 °C for at least 2 weeks before further
resistance assays. To verify the resistance phenotype, cells were subjected
to an MTT viability assay, where the dose‒response curves were
constructed and the LD50 values obtained in the presence and absence
of Rho inhibition and/or p53 knockdown. Finally, immunoblotting and
immunofluorescence staining for F-actin structures (Supplementary Data)
were performed to complete the cell characterization.
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Statistical analysis
All experiments were performed with at least three independent biological
replicates of two to six technical replicates each. The exact numbers of
biological replicates (N) are noted in the figure legends, and each replicate is
shown in each graph as an individual dot. Outliers were identified using the

ROUT method with Q= 1%. Comparisons between treatments were
performed by two-way ANOVA with Tukey’s or Sidak’s post hoc test for
multiple comparisons or by one-way ANOVA for two-group comparisons using
GraphPad Prism 9 software. Differences were considered statistically
significant and denoted as (∗) when 0.05≥ p> 0.001, (∗∗) when
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0.01≥ p> 0.001, (∗∗∗) when 0.001≥ p≥ 0.0001, and (****) when p< 0.0001.
Statistical analysis was performed between control and RhoA LoF cells under
the same treatment conditions.

RESULTS
Targeting the Rho pathway and actin polymerization
potentiates the effects of ionizing radiation on gliomas
A premise of our work is that upregulation of the Rho pathway is
associated with high-grade glioma and poor prognosis. There-
fore, to target key components of the Rho circuitry by using
different strategies (in red, Fig. 1A), we purposely mined
databases of gene expression (GTEx and TCGA) comparing
glioblastoma and low-grade glioma (LGG) tumors with normal
tissues (Fig. 1B) and found that the RHOA, RHOC, DIAPH1, PFN1
and CFL1 genes were more highly expressed in GBM, while
RHOB and MYPT1 were more highly expressed in LGG.
Considering that the TP53 gene is the main gene responsible
for the phenotypic differences between GBM and LGG tissues
versus normal tissues (Fig. 1B), we mined this gene set in a cell
line database (CCLE), comparing one p53-wild-type GBM cell line
(U87-MG) with three p53-mutated GBM cell lines (T98G, U138-
MG, U251-MG) and found that these five Rho pathway genes are
expressed at similar levels in p53-proficient and p53-deficient
GBM cells (Fig. 1C). However, the expression levels of each of the
corresponding proteins differed among these four cell lines (Fig.
1D and S1A), and the T98G cell line was chosen and used
hereafter as the p53-deficient model due to its higher protein
levels of mutant p53 and phospho-p53 (Ser15) and lower p21
expression, in addition to its high expression and activity of
RhoA and RhoB GTPases (Fig. 1D and S1B–D). Concurrently, the
p53- wild-type cell model (U87-MG) exhibited a normal p21/p53
protein expression ratio at baseline and contained high levels of
RhoA-GTP and RhoB-GTP (Fig. S1B–D). Kaplan‒Meier survival
analyses of patients with GBM based on RhoA, RhoB, RhoC,
DIAPH1, PFN1, and MYPT1 gene expression (Fig. 1E) suggested
that high expression of RHOA, RHOC, DIAPH1 and PFN1, low
expression of RHOB and MYPT1, or both may be markers of poor
prognosis in GBM patients. The effects of IR on the reduction in
GBM cell survival, as investigated in U87-MG and T98G cells,
showed higher resistance of p53-deficient cells to IR, with an ID50

approximately twice that found in wild-type p53 cells (Fig. S1E).
The impact of Rho pathway modulation under the effects of IR
was quantified in clonogenic survival assays of U87-MG and
T98G cells by three different strategies (Fig. 1A): (1) inhibition of
RhoA/B/C with C3 toxin (Fig. 1F, S2A–C); (2) knockdown of
DIAPH1, PFN1, and MYPT1 (Fig. 1G–I and S2D–F); and (3)
inhibition of actin polymerization with cytochalasin D (Fig. 1J
and S2G). Overall, the results indicated that downregulation of
the Rho pathway at these different levels reduced the survival of
only p53-wild-type cells (Fig. 1F–H, J), while Rho pathway

activation (through MYPT1 knockdown) promoted cell survival in
response to 5 Gy of IR (Fig. 1I).

Downregulation of the Rho pathway increases DNA damage in
a p53-dependent manner
Upregulated expression or overactivation of Rho pathway
components plays essential roles in the malignant phenotype of
GBM and resistance to IR, presumably driving the activation of
DNA damage response and repair mechanisms. Thus, DNA strand
break repair kinetics in U87-MG and T98G cells were analyzed by
alkaline comet assays for up to 4 h after IR treatment (Fig. 2).
Inhibition of Rho activity with C3 toxin caused accumulation of
DNA damage in U87-MG cells (Fig. 2A, C), in contrast to the normal
recovery of T98G cells (Fig. 2B, C). Similar results were obtained
after knockdown of DIAPH1 (Fig. 2D, E, J) or PFN1 (Fig. 2F, G, J) in
these cells. Conversely, MYPT1 knockdown led to higher resistance
of both cell lines to IR, as indicated by the low levels of DNA
fragmentation (Fig. 2H, I, J). The resistance phenotype of T98G
cells to combined treatment with Rho pathway downregulation
and IR was also observed after blockade of actin polymerization
with cytochalasin D (Fig. 2K–M), which promoted DNA fragmenta-
tion persisting for up to 4 h only in U87-MG cells.

The formation of γH2AX(Ser139) foci is modulated by the Rho
pathway in the wild-type p53 background
The formation of γH2AX foci in response to 5 Gy IR exposure, as
an indicator of early DNA damage response (DDR) signaling, was
strongly prevented by Rho inhibition in U87-MG cells (Fig. 3A, B),
while it was weakly attenuated in the p53-mutated background
(Fig. 3C, D). Similarly, DIAPH1 knockdown caused a decrease in
γH2AX foci formation after IR in U87-MG cells (Fig. 3E, F) but not
in T98G cells (Fig. 3G, H). In contrast, after MYPT1 knockdown, a
high number of γH2AX foci per nucleus was maintained only in
U87-MG cells, with the p53-wild-type background (Fig. 3E–H).
However, cytochalasin D treatment diminished the number of
γH2AX foci after IR in U87-MG cells (Fig. 3I, J) but not in T98G cells
(Fig. 3K, L).

Modulation of Rho activity affects the NHEJ pathway in a p53-
dependent manner and the HR pathway in a p53-independent
manner
Quantification of NHEJ activity was performed by transfecting cells
with a GFP reporter gene whose expression is dependent on the
repair of a DSB in the vector mediated by the restriction enzyme
I-Scel; if repair occurs by any type of NHEJ pathway, GFP is
expressed, and the repair activity can be quantified by determin-
ing the number of GFP-positive cells (Fig. 4A). Under conditions of
Rho inhibition, this functional assay showed that NHEJ repair was
highly impaired in U87-MG cells (Fig. 4B) but not in T98G cells
(Fig. 4C). These effects were reproduced by knockdown of DIAPH1
and reversed by knockdown of MYPT1 only in U87-MG cells

Fig. 1 Targeting components of the Rho pathway reduces the viability of glioma cells. A Inhibition nodes in the Rho-mediated signaling
circuit used in this work. Created with BioRender.com. B Differential expression of Rho pathway genes in GBM and LGG (low-grade glioma)
tumor tissues compared to normal tissue: RHOA, RHOC, DIAPH1, and PFN1 are more highly expressed in high-grade gliomas, while RHOB and
MYPT1 expression is lower in these tumors. Data were acquired with the GEPIA2 platform from the GTEx and TCGA databases. C mRNA
expression data obtained from the EMBL-EBI Expression Atlas using the Cancer Cell Line Encyclopedia (CCLE) for Rho pathway components
show similar expression profiles in GBM cell lines with wild-type p53 (U87-MG) and mutant p53 (T98G, U138-MG, U251-MG), while their
protein expression levels are substantially different (D). The immunoblots are representative of at least three independent experiments. The
replicate blots are available in the Original Data File. E Survival analysis indicates high expression of RHOA, RHOC, DIAPH1, and PFN1 and low
expression of RHOB and MYPT1 as markers of poor prognosis in GBM patients. Data were obtained from the TCGA database using the GEPIA2
platform. Clonogenic survival assay of U87-MG and T98G cells with Rho pathway modulation induced by C3 toxin treatment (F) or knockdown
of DIAPH1 (G), PFN1 (H), or MYPT1 (I) and subsequent treatment with IR. Inhibition of the Rho pathway decreases the survival of only wild-type
p53 cells, whereas Rho pathway activation by MYPT1 knockdown increases cell survival in response to IR. J Treatment with the F-actin
polymerization inhibitor cytochalasin D (CytoD) decreases cell survival in response to IR in U87-MG cells but not in T98G cells. The graphs
show the mean ± SD of six independent experiments, with the averages of individual biological replicate dots from two colony wells, as
analyzed by two-way ANOVA with Tukey’s multiple comparison test.
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Fig. 2 Downregulation of the Rho pathway reduces the repair of DNA damage caused by IR in wild-type p53 glioma cells. Comet assays of
U87-MG (A) and T98G (B) cells with Rho inhibition induced by C3 toxin treatment and IR-induced DNA damage; DNA repair is impaired by C3 toxin
treatment in wild-type p53 cells but not in mutant p53 cells. Comet assays of GBM cells exposed to IR after knockdown of DIAPH1 (D, U87-MG and
E, T98G) or PFN1 (F, U87-MG and G, T98G) indicate decreased DNA repair and persistent DNA fragmentation for up to 4 h after IR stress, but only in
U87-MG cells. Conversely, MYPT1 knockdown (H, U87-MG and I) leads to higher resistance to IR in both cell lines, as indicated by the decreased DNA
fragmentation after IR. Comet assays of U87-MG (K) and T98G (L) cells subjected to inhibition of F-actin polymerization with CytoD treatment show
increased DNA fragmentation after IR stress only in wild-type p53 cells and not in T98G cells. Representative images of comet tail relative to the 1-h
time point after IR (C, J, andM). The graphs show the mean ± SD of three or four independent experiments, with the averages of individual biological
replicate dots from the analysis of DNA fragmentation in 100 independent nuclei by two-way ANOVA with Sidak’s multiple comparison test.
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(Fig. 4D), while these changes did not occur in p53-deficient cells
(Fig. 4E). In corroboration of the finding that NHEJ pathway
function depends on Rho activity, Rho inhibition reduced the
number of 53BP1 foci per nucleus in U87-MG cells (Fig. 4F, G)
compared to T98G cells (Fig. 4H, I), again suggesting that 53BP1

recruitment to DNA damage sites is Rho-dependent only in p53-
wild-type cells. DSB repair activity through the HR pathway was
quantified by transfecting cells with an inactive GFP reporter gene,
which is repaired by the HR machinery using a 3' inactive
fragment of GFP (iGFP) located downstream of the reporter gene,
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Fig. 3 Rho inhibition reduces γH2AX foci formation in response to IR stress in a p53-dependent manner. A–D After 5 Gy IR exposure, in
U87-MG cells and T98G cells (respectively, A, C quantification of foci per nucleus; B, D representative immunofluorescence panel) previously
subjected to C3 toxin treatment, DNA damage signaling through H2AX phosphorylation at the damage site is prevented by Rho inhibition,
with a stronger effect in wild-type p53 cells. E–H Similar to C3 toxin treatment, knockdown of DIAPH1 decreases the formation of γH2AX foci
in U87-MG cells, whereas MYPT1 silencing increases DNA damage signaling through H2AX phosphorylation, again observed only in wild-type
p53 cells (respectively, E, G quantification of foci per nucleus; F, H representative immunofluorescence panel). I–L In U87-MG and T98G cells
treated with Cyto D followed by 5 Gy IR exposure (I, K quantification of foci per nucleus; J, L representative immunofluorescence panel),
F-actin depolymerization at the final stages of the Rho pathway causes a reduction in γH2AX foci formation only in U87-MG cells.
Immunofluorescence images were acquired with a 63x objective; the scale bars indicate 10 µM. The graphs show the mean ± SD of three or
four independent experiments, with the averages of individual replicate dots from the number of foci in 100 individual nuclei, as analyzed by
two-way ANOVA with Sidak’s multiple comparison test.

Fig. 4 The nonhomologous end-joining (NHEJ) repair pathway is targeted by Rho inhibition in wild-type p53 cells. A Schematic drawing
of the EJ5-GFP vector used for quantification of DSB repair by NHEJ, created with BioRender.com. The vector contains the GFP gene truncated
by a puromycin resistance gene, which is flanked by two I-SceI restriction sites. I-SceI expression promotes the generation of two breaks in the
vector, and if repair occurs by any NHEJ pathway, GFP is expressed, and repair activity can be quantified by determining the number of GFP-
positive cells. B, C NHEJ assays show that Rho inhibition by C3 toxin treatment strongly decreases repair in U87-MG cells (B) but not in T98G
cells (C). Similarly, DIAPH1 knockdown (D) also decreases the NHEJ repair capacity, while MYPT1 knockdown enhances the NHEJ repair
capacity (E). F–I 53BP1 foci formation in response to IR stress was analyzed in U87-MG (F, G) and T98G (H, I) cells with Rho inhibition induced
by C3 toxin treatment. The kinetics of 53BP1 recruitment to DNA damage sites are slowed by Rho inhibition only in wild-type p53 cells
(F, H quantification of foci per nucleus; G, I representative immunofluorescence panel). Immunofluorescence images were acquired with a 63x
objective; the scale bars indicate 10 µM. The graphs show the mean ± SD of three or four independent experiments, with the averages of
individual replicate dots from the GFP signal of 2000 cells, as analyzed by one-way ANOVA in NHEJ assays, or the number of foci in 100
individual nuclei, as analyzed by two-way ANOVA with Sidak’s multiple comparison test in the 53BP1 foci assay.
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as a template (Fig. S3A). In the presence of Rho inhibition or
knockdown of DIAPH1, HR repair was impaired in T98G cells,
whereas MYPT1 knockdown enhanced HR repair, as determined
by the increase in the number of GFP-positive cells (Fig. S3B).
Unlike the NHEJ pathway, the HR pathway was affected by
modulation of the Rho pathway only in p53-mutant cells, since no

viable DR-GFP U87-MG clones were isolated. Analysis of pBRCA1
foci in response to IR as an early indicator of HR showed that
treatment with C3 toxin almost completely abolished both the
recruitment of pBRAC1 to DSB sites and the phosphorylation of
BRCA1 (Ser1524) in U87-MG cells but not in T98G cells (Fig. S3C).
Furthermore, analysis of Rad51 protein expression as a late
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indicator of HR repair showed that Rho inhibition increased Rad51
expression up to 6 h after IR treatment in both cell lines, that is,
independent of the p53 status (Fig. S3D).

The DNA damage response pathway is sensitive to Rho
inhibition in the p53-wild-type background
Changes in classical protein markers acting early or late in the DDR
pathway in response to IR stress were assessed (Fig. 5).
Recruitment and phosphorylation of NBS1 (Ser343) at the sites
of IR-induced DSBs were impaired by C3 toxin treatment in U87-
MG cells (Fig. 5A, C) but remained robust in T98G cells (Fig. 5B, C).
These results were consistent with the ATM activity detected in
the p53-deficient background in comparison to the p53-wild-type
background (Fig. 5D–F). The formation of pATM (Ser1981) foci
showed that Rho inhibition prevented IR-induced ATM phosphor-
ylation in U87-MG cells (Fig. 5D, F), with no such effect in T98G
cells (Fig. 5E, F). The ATM activity also reflected IR-induced p53
(Ser15) phosphorylation in U87-MG and T98G cells (Fig. 5G–I): in
p53-wild-type cells, Rho inhibition prevented p53 phosphoryla-
tion, while p53-mutant cells exhibited high levels of phospho-p53
(Ser15) that were further increased by treatment with C3 toxin. On
the other hand, the kinetic profile of Chk2 (Thr68) phosphorylation
in response to IR differed markedly between these cell lines
(Fig. 5J, S4A): Rho inhibition promoted an increase in Chk2 (Thr68)
phosphorylation in U87-MG cells after IR stress but had no such
effect on T98G cells. This unexpected IR-induced Chk2 activation
seems to be dependent on p53 transcriptional activity but
independent of Rho activity and possibly caused by the higher
basal level of phospho-p53 (Ser15) in T98G cells, which can
modulate the phospho-Chk2 (Thr68) level [31]. The schematic
summary showing the modulation of DDR and DSB repair
mechanisms in GBM cells with different p53 status (wild-type
versus mutated) in the presence or absence of an active Rho
pathway confirms that attenuation of Rho pathway activity
decreases DDR signaling and, thereafter, DSB repair in wild-type
p53 cells (Fig. S4B). All phenotypes found in U87-MG cells were
reversed in the mutant p53 background, except for HR repair,
which was impaired by Rho downregulation in T98G cells.

The modulation of p53 expression/activity affects the Rho-
dependent DDR and repair pathways
As proof of concept, the interdependence between the Rho and
p53 pathways was evaluated (Fig. 6). The maximum efficiency of
p53 knockdown occurred 72 h after siRNA transfection in U87-MG
cells: p53 protein expression was reduced by 90%, which in turn
decreased p21 expression by 50% and the phospho-CFL1 (Ser3)
protein level by 20% (Fig. 6A and S5A). The IR dose-dependent
reduction in the viability of U87-MG cells was enhanced by Rho
inhibition, but viability was significantly restored by p53 knock-
down and independent of C3 toxin treatment (Fig. S5B). Comet
assays of U87MG cells with IR-induced DNA damage showed that
p53 knockdown did not interfere with DSB repair, while Rho
inhibition increased this damage (Fig. 6B, C) in the presence of

wild-type p53, although this effect was abolished by p53
knockdown. In confirmation of these results, p53 knockdown in
p53-mutant cells increased DNA damage independent of Rho
activity (Fig. S5C). The ability of U87-MG cells to repair IR-induced
damage is correlated with their capacity to sense the rapid
increase in DSB sites and directly linked to Rho inhibition and p53
knockdown. The blockade of H2AX phosphorylation and/or γH2AX
foci formation at damage sites promoted by C3 toxin treatment
was largely prevented by previous p53 knockdown (Fig. 6D, E).
Furthermore, p53 knockdown elicited reductions in RhoA and
RhoB activity without affecting their protein levels (Fig. 6F and
S5D), which caused disruption of the stress fiber network
(Fig. S5E), suggesting interdependence between the Rho and
p53 pathways. In addition, similar data were obtained in two
different p53-wild-type GBM cell lines (A172 and U343-MG), where
Rho inhibition also increased sensitivity to IR and impaired IR-
induced DNA break repair (Fig. S5F, G). To exclude the possible
Rho specificity of T98G cells, we carried out analysis of the
mutation profiles of the three GBM cell lines (T98G, U138-MG, and
U251-MG) with mutant p53 chosen for this work. The Venn
diagram shows that among the hundreds of mutations present in
these cells, only one was common to all cell lines: TP53 gene
mutation (Fig. 6G). These mutant cells exhibit loss-of-function
(LoF) of p53 since they harbor point mutations in the DNA-binding
domain (DBD), leading to the loss of canonical transcriptional
activity, although U138-MG and U251-MG cells harbor the same
missense mutation (R175H) in the p53 protein, unlike T98G cells
(M237I). However, similar to that of T98G cells, the survival of
U138-MG and U251-MG cells in response to IR was not affected by
Rho inhibition (Fig. 6H) or the repair of IR-induced DSBs (Fig. 6I, J).
To restore the phenotype of p53mutant cells to a p53-wild-type
phenotype, p53 transcriptional activation assays were performed
in U138-MG and U251-MG cells treated with PRIMA-1. A promoter
activated by wild-type p53 fused to a luciferase reporter gene was
transiently transfected into both cell lines, and the cells were
subsequently treated with 50 μM PRIMA-1 for 24 h, which was able
to restore the transcriptional capacity of p53 in U138-MG cells but
not in U251-MG cells (Fig. 6K) or in T98G cells [32]. Considering
this finding, we performed comet assays in U138-MG cells
subjected to IR-induced DNA damage after p53 reactivation with
PRIMA-1 and/or Rho inhibition (Fig. 6L, M). Restoration of p53
activity by PRIMA-1 sensitized U138-MG cells to Rho inhibition in
response to IR and resulted in a wild-type phenotype in p53-
mutant cells. Consistent with these results, PRIMA-1 treatment did
not change the p53 protein level; however, interestingly, it
elevated the p21 and pCFL1 levels (Fig. S5H). Overall, these results
are consistent with those previously found after Rho pathway
inhibition in U87-MG cells.

Rho activity regulates p53 wild-type localization and
transcriptional activity through G-actin availability
In U87-MG cells, either inhibition of Rho activity by C3 toxin
treatment or F-actin polymerization using cytochalasin D induced

Fig. 5 Inhibition of the Rho pathway attenuates DDR signaling and thereafter suppresses DSB repair in wild-type p53 cells. A–C
Phosphorylation of NBS1 (Ser343) is blocked by Rho inhibition in U87-MG cells in response to IR stress (A), and in T98G cells, C3 toxin
treatment does not prevent NBS1 phosphorylation but maintains it at a high level, even 2 h after IR (B). Representative panels show pNBS1 in
green, NBS1 in red and DAPI in blue (C). D–F pATM (Ser1981) foci formation in response to IR stress in U87-MG (D) and T98G cells (E) under
Rho inhibition prevents IR-induced ATM phosphorylation in U87-MG cells, while in T98G cells, Rho inhibition leads to persistent
phosphorylation of ATM 2 h after IR. Representative panels show pATM in green and DAPI in blue (F). G–I IR-induced p53 phosphorylation
(Ser15) was inhibited by C3 toxin treatment in U87-MG cells (G) but not in mutant p53 cells (T98G), where p53 shows high levels of
phosphorylation under stress-free conditions, which seem unaffected by Rho inhibition (H). Representative panels show p-p53 (Ser15) in red
and DAPI in blue (I). Immunofluorescence images were acquired with a 63x objective; the scale bars indicate 10 µM. The graphs show the
mean ± SD of three independent experiments for NBS1 and p53 phosphorylation analysis or eight for ATM phosphorylation analysis, with the
averages of individual replicate dots from the number of foci in 100 individual nuclei, as analyzed by two-way ANOVA with Sidak’s multiple
comparison test. J Rho inhibition increases the phosphorylation of Chk2 (Thr68) in response to IR over time in U87-MG cells (left panel) but
not in T98G cells, in which Chk2 phosphorylation remains unaffected (right panel) by C3 toxin treatment. The immunoblots are representative
of three independent experiments. The replicate blots are available in the Original Data File.
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p21 protein expression, whereas the p53 level remained unchanged
(Fig. 7A and S6A). Both inhibitory treatments increased p53
transcriptional activity despite IR stress exposure (Fig. 7B, C),
suggesting the nuclear localization of p53 associated with low actin
polymerization. To investigate this correlation, we used another

strategy to modulate Rho pathway activity through the starvation of
U87-MG cells in serum-free medium (SFM) with subsequent addition
of high levels of serum (Fig. S6B). Starvation in SFM for 48 h
decreased RhoA and RhoB activity, as well as CFL1 phosphorylation,
while stimulation with a 30% FBS pulse for 30min strongly increased
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these levels (Fig. 7D and S6C). Using the same strategy, we
monitored p53 localization in U87-MG cells for up to 6 h after the
30% FBS pulse, quantifying the percentage of nuclear p53 by
staining nuclei with DAPI and using high-throughput acquisition
software (Fig. 7E, F). In exponentially growing cells, p53 was almost
equally distributed in the cytoplasm and nucleus, while after FBS
starvation, p53 localization was mostly nuclear. Immediately and for
up to 30min after the 30% FBS pulse, p53 localization was mostly
cytoplasmic, but p53 gradually accumulated in the nucleus after that
point, with a 1:1 nuclear:cytoplasmic ratio observed ~6 h after FBS
stimulation (Fig. 7E, F). More importantly, the preferential cytoplas-
mic localization of p53 resulted in low levels of p21 protein
expression (Fig. 7G and S6D). As p53 entered the nucleus, the levels
of p21 increased, consistent with the augmented activity of the Rho
pathway, as determined by the phosphorylation of CFL1 (Fig. 7G
and S6E). Our results confirm those previously proposed by others
[33] that the higher Rho activity is, the greater the polymerization of
F-actin and the cytoplasmic retention of p53, while in contrast, the
potent and rapid inhibition of actin polymerization by cytochalasin
D promoted rapid nuclear translocation of p53, correlated with the
availability of cytoplasmic G-actin (Fig. 7H, I). These findings indicate
that Rho activity regulates the localization and transcriptional
activity of p53, as monitored by the pCFL1 and p21 levels,
respectively (Fig. 7J and S6E). The percentage of nuclear p53 in
U87-MG cells after IR stress was also examined, since actin
polymerization and nuclear p53 localization are triggered by DNA
damage [33]. Therefore, we downregulated the Rho pathway by C3
toxin treatment, cytochalasin D treatment, or serum starvation with
or without subsequent FBS stimulation. IR induced p53 translocation
to the nucleus, which was strongly enhanced by inhibition of Rho
activity or actin polymerization; however, this effect was strongly
mitigated through activation of the Rho pathway (Fig. 7K).

IR-resistant U87-MG cells show increased viability and
expression/activity of Rho, p53, DDR, NHEJ and HRR pathway
components, a resistance phenotype reversed by Rho
inhibition in a manner dependent on wild-type p53
The interdependence between the Rho and p53 pathways versus
the sensitivity/resistance of gliomas to IR was tested. As proof of
concept, we established a protocol for the generation of IR-
resistant clones, as follows: U87-MG cells were seeded and grown
to 70% confluence in several culture bottles, and each bottle was
subjected to cycles of different doses of IR to obtain resistant
clones. The clone named IR R-1 was first exposed to once-weekly

cycles of 2 Gy IR for 4 weeks. Then, for 3 weeks, the cells were
subjected to two cycles of 2 Gy IR per week. Next, the cells were
exposed to two cycles of 5 Gy IR per week for 2 weeks. Finally, the
cells were irradiated with 10 Gy weekly for 2 weeks, reaching the
final cumulative IR dose of 60 Gy (Fig. 8A). In comparison to U87-
MG cells, which naturally exhibit IR resistance, IR R-1 clones
exposed to increasing doses of IR displayed higher resistance in
viability assays, as evidenced by the increase in the ID50 from 8 Gy
to 34 Gy (Fig. 8B). IR R-1 cells exhibited markedly distinct F-actin
structures, increased stress fiber formation and actin protrusions
compared to U87-MG cells, which is suggestive of increased Rho
pathway activity (Fig. 8C). Immunoblotting and pulldown assays
confirmed the increased expression/activity of Rho pathway
components (RhoA, pCFL1 and PFN1) in IR R-1 clones in
comparison to U87-MG cells (Fig. 8D and S7A). More importantly,
IR R-1 clones exhibited higher basal levels of DNA damage and
repair proteins in the p53 (low p21 expression), DDR (γH2AX and
pChk2), NHEJ (Ku80), and HRR (Rad51) pathways than did U87-MG
cells (Fig. 8E and S7B). Next, we showed that Rho inhibition by C3
toxin (Fig. 8F and S7C) or cytochalasin D (Fig. S7D) treatment in IR
R-1 clones reversed IR resistance to the level observed in U87-MG
cells. The viability of U87-MG and IR R-1 cells after IR stress and
under Rho inhibition is linked to the formation of γH2AX foci: IR-
resistant clones showed more γH2AX foci under stress-free
conditions than did U87-MG cells, but this DNA damage sensitivity
was rapidly reversed after IR and was still decreased by C3 toxin
treatment in parental cells but not in IR R-1 clones (Fig. 8G and
S7E). Finally, cell viability assays performed in U87-MG and IR R-1
clones with Rho inhibition associated with or independent of p53
knockdown showed that IR R-1 clones maintained their resistance
to IR even in the setting of p53 knockdown when compared to
U87-MG cells; however, Rho pathway inhibition with C3 toxin
reversed the IR-R-1 clones’ resistance to IR, and this effect was
abolished by p53 knockdown (Fig. 8H), again confirming the
interdependence between the Rho and p53 pathways in
mediating glioblastoma resistance traits.
A 3D spheroid model of U87-MG cells (Fig. S8A, B) was used to

investigate the proposed molecular mechanism in this tumor-like
structure through two distinct approaches. In the first experiment,
preformed spheroids were treated with cytochalasin D and IR
(Fig. S8C). Depolymerization of the actin cytoskeleton strongly
increased the spheroid size in a dose-dependent manner, and this
effect was subtly reduced by IR, especially at high cytochalasin
concentrations (Fig. S8D, E). This size increase did not seem to be

Fig. 6 Modulation of p53 expression and activity interferes with the Rho pathway in GBM cells in response to IR. A At 72 h, p53
knockdown decreases p53 expression by 90%, p21 expression by 50% and phosphorylation of CFL1 (Ser3) by 20% in U87-MG cells. The
immunoblots are representative of three independent experiments. The replicate blots are available in the Original Data File. B Rho inhibition
by C3 toxin treatment increases IR-induced DNA damage in U87-MG cells, and this increase is reversed by p53 knockdown. Representative
panels showing time points in the comet assay relative to the 2 h time point after IR (C). The graphs show the mean ± SD of four independent
experiments, with the averages of the individual replicate dots from the DNA fragmentation results in 100 independent nuclei. D p53
knockdown prevents the blockade of H2AX phosphorylation after IR stress promoted by Rho inhibition in U87-MG cells. Representative
immunofluorescence panels showing γH2AX in red and DAPI in blue (E). Immunofluorescence images were acquired with a 63x objective; the
scale bars indicate 10 µM. The graphs show the mean ± SD of five independent experiments, with the averages of the individual replicate dots
from the number of γH2AX foci in 100 individual nuclei, as analyzed by two-way ANOVA with Sidak’s multiple comparison test. F In U87-MG
cells, p53 knockdown promotes a decrease in the activity of both RhoA and RhoB. G Analysis of the mutation profiles of three GBM cell lines
harboring mutant p53 shows that among the hundreds of existing mutations, the p53 gene mutation is the only one in common (Venn
diagram). These mutant cells harbor point mutations in the DNA-binding domain leading to loss of the canonical transcriptional activity of
p53, i.e., loss-of-function (LoF) mutations. H The survival of U138-MG and U251-MG cells in response to IR is not affected by C3 toxin
treatment. The graphs show the mean ± SD of four independent experiments, with the averages of individual biological replicate dots from
two colony wells, as analyzed by two-way ANOVA with Tukey’s multiple comparison test. Similar to the observations in T98G cells, Rho
inhibition in U138-MG (I) and U251-MG cells (J) exposed to IR stress does not affect DNA repair. K Treatment with 50 μM PRIMA-1 for 24 h
restores the transcriptional activity of p53 in U138-MG cells but not in U251-MG cells. L U138-MG cells, previously subjected to reactivation of
p53 activity by treatment with PRIMA-1, were treated with C3 toxin and subsequently exposed to IR stress. Reactivation of p53 sensitizes
U138-MG cells to Rho inhibition in response to IR, driving cells with the original mutant p53 status to acquire a phenotype similar to that of
wild-type p53 cells. Representative panels of the comet assay relative to U138-MG cells treated with PRIMA-1, C3 toxin and IR (M). The graphs
show the mean ± SD of four independent experiments, with averages of the individual replicate dots from the DNA fragmentation results in
100 independent nuclei, as analyzed by two-way ANOVA with Sidak’s multiple comparison test.
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caused by cell proliferation, growth, death, or viability (Fig. S8F, G)
and was more likely due to the weakening of the cell–matrix and/
or cell‒cell interactions in the spheroid model. An adapted comet
assay established in our laboratory to analyze DNA strand breaks
in spheroids proved the proposed mechanistic model, since

cytochalasin D treatment also maintained high levels of DNA
damage hours after irradiation of the spheroid model established
with p53-wild-type cells (Fig. S8H). Next, evaluation of de novo
spheroid formation (Fig. S8I, J) showed that pretreatment with
cytochalasin D produced looser spheroids, and this morphology
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was modulated by IR treatment, again in a dose-dependent
manner, as high doses of IR slightly decreased the size of de novo
spheroids. In the second approach, Rho pathway activity was
modulated in cells prior to spheroid formation (Fig. S8K);
intriguingly, all of the tested modulations promoted the enlarge-
ment of spheroids– except for transfection of siMYPT1, which
exhibited the opposite effect, consistent with Rho pathway
activation (Fig. S8L, M)—and was capable of maintaining high
levels of strand breaks at 2 h after IR, as measured by comet assays
(Fig. S8N). These data can greatly improve the clinical relevance of
the mechanism proposed here, thus opening prospective avenues
for new preclinical and clinical studies.

DISCUSSION
Several mechanisms of GBM radioresistance have been identified,
but these have not yet resulted in the development of effective
means to sensitize these tumors and increase the efficiency of
radiotherapy [7]. In this study, we propose a novel mechanism by
which the Rho pathway and actin cytoskeleton act cooperatively
with wild-type p53 in the repair of IR-induced DNA damage and
promote GBM resistance (Fig. 8I). Our data reveal that Rho
pathway activation enhances F-actin polymerization, which
decreases G-actin-dependent p53 nuclear translocation and
transcriptional activity, especially in the setting of genomic
instability caused by IR stress. Unpolymerized cytoplasmic
G-actin binds to p53 to promote its nuclear import and
transcriptional activity according to the demand for nuclear p53
in the cellular response to DNA damage processing [33–35].
Furthermore, the reduction in p53 transcriptional activity pro-
motes negative feedback that attenuates Rho activity, probably
through modulation of the expression of Rho GEFs and GAPs,
some of which are transcribed by p53, as well as the expression of
RhoA and RhoC themselves [23, 36, 37]. The Rho-specific GAPs
ARHGAP30 and ARHGAP11 were already shown to bind to wild-
type p53 and promote its stabilization and activation [38].
Modulation of p53 activity affects DNA repair signaling path-

ways, such as the DDR and NHEJ pathways, which contribute to
the acquisition of an IR-resistant phenotype. Our data extensively
show that the Rho pathway and F-actin dynamics act in response
to IR-induced stress in wild-type p53 GBM cells. Works from
different laboratories have demonstrated that high activity of Rho
GTPases, especially RhoA, is directly linked to high levels of DNA
damage signaling and repair [11, 13, 15–18], but only now have
we delineated the interdependency of Rho activity, actin
polymerization, and p53 localization and activation for proper

DDR signaling and DNA repair. We demonstrated that Rho
pathway inhibition strongly decreases p53-dependent activation
of DDR proteins, such as ATM, NBS1 and γH2AX. Regarding Chk2, a
recent study revealed that Chk2 interacts with MYPT1, promoting
its phosphorylation at Ser507 and chromosome maturation during
mitosis [39]. Rho inhibition promotes an increase in MYPT1
activity, which could directly affect Chk2 (Thr68) phosphorylation.
Considering the cell cycle-dependent processes, Chk2 can be
phosphorylated independently of ATM by DNA-PK during the G2/
M phase of the cell cycle [40]. To our knowledge, there is no report
relating Rho GTPases to DNA-PK activity; however, it is known that
ATM and DNA-PK reciprocally downregulate each other [41],
suggesting that Rho inhibition decreases ATM activation and
consequently increases DNA-PK activity, promoting wild-type p53-
dependent Chk2 phosphorylation.
The NHEJ pathway was also affected by Rho pathway inhibition

in wild-type p53 cells. These data are consistent with the DDR
analysis of 53BP1 foci formation and suggest that Rho, together
with p53, regulates DDR signaling, consequently affecting NHEJ
repair [42]. Regarding HR repair, the mechanism appears to be
independent of wild-type p53 and DDR signaling, since Rho
inhibition does not affect BRCA1 phosphorylation (an early marker
for HR repair) but increases Rad51 expression instead. This process
seems to occur in the late steps of DSB repair through different
processes, such as nuclear actin-mediated chromatin organization
and relocation [43, 44].
Although the remarkable mechanism revealed herein is not

active in p53-mutant cells, pharmacological p53 reactivation
restores the Rho inhibition-induced sensitivity of glioma cells to
IR. In fact, PRIMA-1 and PRIMA-1MET (or APR-246) have been tested
in several phase I/II clinical trials [45–47]. The safety and antitumor
roles of APR-246 were already investigated in a phase I/IIa clinical
trial of patients with leukemia, lymphoma or prostate cancer and
presented a favorable toxicity profile in patients with p53
mutation, while no clinical response was observed in patients
with wild-type p53, according to the predefined response criteria
[47, 48], which nicely corroborates the mechanism proposed here
and its relevance for future clinical approaches.
The most striking finding of this study is the possibility of

reversing the IR-resistant phenotype of GBM cells through
inhibition of either Rho pathway activity or F-actin polymerization,
or even both, to promote increased radiation sensitivity and
reduced repair of IR-damaged DNA with consequent accelerated
cell death and tumor regression. In addition to the increases in the
DDR and DNA repair, IR-resistant cells also display enhanced Rho
pathway activity and F-actin polymerization, showing that the Rho

Fig. 7 Attenuation of the Rho pathway interferes with the nuclear localization and transcriptional activity of p53. A Either Rho inhibition
by C3 toxin or F-actin depolymerization by CytoD increases p21 but not p53 expression in U87-MG cells and increases the transcriptional
activity of wild-type p53 (B and C, respectively) after IR stress. D Serum starvation decreases RhoA and RhoB activity, as well as
phosphorylation of CFL1 (Ser3), in U87-MG cells, while activation with 30% FBS strongly increases RhoA and RhoB activity and CFL1
phosphorylation. E The percentage of nuclear p53 in U87-MG cells is increased by serum starvation but subsequently diminished after Rho
activation induced by pulsing with 30% FBS for 30min. Data at all time points were collected after switching the 30% FBS medium to regular
10% FBS medium. Representative panel of immunofluorescence images used for quantitation of p53 localization after inhibition and
reactivation of the Rho pathway, showing DAPI in blue and p53 in green (F). G Rho inhibition through serum-free starvation increases nuclear
p53 levels, causing increased p21 expression, which is rapidly diminished by Rho activation induced by FBS addition. Following Rho
activation, which can be chased by increasing pCFL1 levels, the p53 level in the nucleus increases, promoting a gradual increase in p21
expression. H Inhibition of the Rho pathway by CytoD treatment promotes nuclear p53 localization in U87-MG cells, which returns to basal
conditions as F-actin polymerization reverses the CytoD effects over time. Representative panel of immunofluorescence images used for
quantitation of p53 localization after inhibition and reactivation of the Rho pathway, showing DAPI in blue and p53 in green (I). J Immunoblot
analysis showing that F-actin depolymerization by CytoD treatment promotes CFL1 phosphorylation and increases p21 expression, which are
due to p53 translocation to the nucleus, in U87-MG cells. K Rho inhibition by C3 toxin treatment, CytoD treatment or serum starvation induces
p53 translocation to the nucleus in U87-MG cells, which is enhanced by IR stress. Subsequent Rho activation with a pulse of 30% FBS for
30min reduces the percentage of nuclear p53, but nuclear translocation of p53 is stimulated after IR-promoted DNA damage. The
immunoblots are representative of three independent experiments. The replicate blots are available in the Original Data File.
Immunofluorescence images were acquired with a 20x objective in a high-throughput image acquisition system, and the scale bars
represent 10 µM. The graphs show the mean ± SD of three independent experiments, with the averages of individual replicate dots from at
least 2000 nuclei per condition, as analyzed in StrataQuest software by two-way ANOVA with Sidak’s multiple comparison test.

Y.T. Magalhaes et al.

13

Cell Death and Disease          (2023) 14:283 



pathway is a major player in the acquisition of resistance. As
outcomes, two regulatory aspects stand out: both enhanced
activity of RhoA, which is generally described as an oncogene, and
diminished RhoB activity, suggesting a tumor suppressor role
[49–51], are features of IR-resistant cells and intimately related to

the survival of GBM patients (Fig. 1F). These data can be used as
preliminary and initial evidence for the events that would occur in
recurrent tumors treated with a combination of radiation and
actin drugs. In conclusion, our data shed light on the Rho pathway
and actin cytoskeleton dynamics as promising targets for the
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reversal of acquired radioresistance in GBM tumors with a wild-
type p53 genotype.

DATA AVAILABILITY
The databases used in the bioinformatic analyses are available on online platforms, as
described in the Materials and Methods section. Uncropped images of the Western
blot membranes are available in the Original Data file. All other data are available
from the corresponding author.
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