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Abstract

Glioblastoma (GBM) is the most frequent and aggressive primary tumor in the central nervous system. Previously, the
secretion of CXCL12 in the brain subventricular zones has been shown to attract GBM cells and protect against irradiation.
However, the exact molecular mechanism behind this radioprotection is still unknown. Here, we demonstrate that CXCL12
modulates the phosphorylation of MAP kinases and their regulator, the nuclear MAP kinase phosphatase 1 (MKP1). We
further show that MKP1 is able to decrease GBM cell death and promote DNA repair after irradiation by regulating major
apoptotic players, such as Jun-N-terminal kinase, and by stabilizing the DNA repair protein RAD51. Increases in MKP1 levels
caused by different corticoid treatments should be reexamined for GBM patients, particularly during their radiotherapy
sessions, in order to prevent or to delay the relapses of this tumor.

Introduction

Glioblastoma (GBM), a grade IV glioma (WHO), is one of the
deadliest primary brain tumors in the central nervous system
due to its aggressiveness, its high clinical, intra- and intercel-
lular and molecular heterogeneity and its characteristic sys-
tematic relapses (1). In comparison with other solid tumors in
the brain, GBM is largely disseminated in the brain parenchyma,
which renders complete surgical resection complicated nay im-
possible. In addition, the concomitant radio-chemotherapy after
surgery confers a slight rise in overall survival but cannot avoid
patients' systematic relapses (2). Those relapses are caused ei-
ther by cells left behind after surgery, or by cells resistant to
these combined therapies. As some of these cells able to regrow
tumors share common properties with neural stem cells (3),
they have been named glioblastoma-initiating cells (GICs) (4). We

have demonstrated previously that some GBM cells are able to
migrate specifically from the tumor mass to the subventricular
zone (SVZ) due to (i) an elevated production of the chemokine
CXCL12 in this brain region, and (ii) the overexpression of the
CXCR4 receptors by migrating GBM cells (5). We have also shown
that the majority of GBM cells present in the SVZ are GICs,
as they have a higher propensity to develop new tumors (3).
Multiple therapeutic strategies have been created (6) to target
them specifically, without any significant success. Finally, we
have shown that GBM cells within the SVZ are radioprotected
in this neurogenic niche due to high local CXCL12 concentra-
tions (7). In parallel, numerous clinical publications have re-
cently pointed out the impact of GBM contact to human SVZ
in patient survival (8), in GBM recurrences (9,10), suggesting an
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Abbreviations:

ERK extracellular signal-regulated kinase

GBM glioblastoma

GIC glioblastoma-initiating cell

JNK Jun-N-terminal kinase

MAPK mitogen-activated protein kinase

MCL1 myeloid cell leukemia 1

MKP1 MAP kinase phosphatase 1

mRNA messenger RNA

PARP1 poly (ADP-ribose) polymerase 1

Rembrandt Repository of Molecular Brain
Neoplasia Data

Svz subventricular zone

TCGA The Cancer Genome Atlas

WT wild-type

SVZ-induced radioprotection of GBM cells (11). At present, the
impact of SVZ-specific irradiation is under investigation in order
to evaluate its benefit to patients' survival (10,12,13).

The role of the chemokine CXCL12, produced in the SVZ by
endothelial cells and astrocytes, could thus play a role in pa-
tient relapse, either by stimulating GBM cells to escape from the
tumor mass and invade the brain tissue toward the SVZ, or by
stimulating GBM cells' radioresistance. However, the molecular
mechanism behind the CXCL12-dependant radioprotection of
GBM cells remains elusive.

In this study, we highlight the role of the MAP kinase phos-
phatase 1 (MKP1) in GBM radioprotection. MKP1, which is en-
coded by DUSP1, is a dual specificity phosphatase able to
dephosphorylate tyrosine or serine/threonine amino acids.
MKP1 is known to be overexpressed in breast, lung or prostate
cancer (14) and to modulate the control of immunity in macro-
phages cells (15). In GBM, its exact role remains unclear, but
MKP1 seems to increase GBM resistance against current ther-
apies (16) and promote GIC differentiation (17,18). We demon-
strate here that the activation of CXCR4 receptor by CXCL12
causes an increase in the phosphorylation of MKP1, which
stabilizes the protein. Phosphorylated MKP1 protects GBM cells
against death after irradiation by lowering apoptosis through
the inactivation of the mitogen-activated protein kinase Jun-N-
terminal kinase (MAPK JNK) and the stabilization of myeloid cell
leukemia 1 (MCL1). Furthermore, MKP1 also promotes enhanced
DNA repair by promoting the recruitment and stabilization of
DNA repair protein RAD51 at DNA breaks.

Material and methods

Cell culture

Human U87MG (certified by Bio-Synthesis, Lewisville, TX), GB138 and MD1
(wild-type (WT) p53, IDH non-mutated and O-6-methylguanine-DNA-
methyltransferase non-methylated) cells were cultivated as described pre-
viously (3,19). Prior to CXCL12 addition (12.5 or 100 nM), U0126 (10 pM) or
before irradiation, the cells were serum starved for 12 h. The characteriza-
tion of all cell culture was performed and can be found in Supplementary
Material and Methods, available at Carcinogenesis Online.

Lentiviral vectors

U87MG and MD1 cells were transduced following an established protocol
and can be found in Supplementary Material and Methods, available at
Carcinogenesis Online.

Phosphoproteome analysis

U87MG cells were stimulated for 1 h with 0 or 12.5 nM human recom-
binant CXCL12 (n = 3) (Peprotech®, London, UK), collected and analyzed

by the posttranslational modifications scan direct for phosphorylation:
Multipathway Reagent V2.0 (Cell Signaling Technology®, Leiden, the
Netherlands). The significant relative fold change was established at +2.5
(P value < 0.05).

Human tissue samples and immunohistochemistry

Human tissue samples and immunohistochemistry staining were pro-
vided and performed by the Bio-bank and the Histology platforms of the
GIGA Institute (University of Liege). Frozen tissues were fixed with acetone
(15 min at 4°C) and blocked with 3% H,O, (15 min). The primary Anti-
MKP1lantibody (goat polyclonal 1:100, ab1351; Abcam) was incubated 1 h
at room temperature and revealed with diaminobenzidene. Nuclei were
colored with hematoxylin. The experiments were undertaken with the
understanding and the written consent of each subject. The study meth-
odologies conformed to the standards set by the Declaration of Helsinki
and were approved by CHU Liege ethics committee.

Immunofluorescence microscopy

Immunofluorescence experiments were performed as described previ-
ously (5) and all antibodies as well as the microscope and the softwares
used can be found in Supplementary Material and Methods, available at
Carcinogenesis Online. Primary antibodies were diluted and incubated over-
night in a 1% donkey serum and 0.3% triton X-100 phosphate-buffered sa-
line solution. Cells were then washed three times in phosphate-buffered
saline, incubated 1 h at room temperature with secondary antibodies and
counterstained a Hoechst dye (Thermo Fischer Scientific®).

Western blot

Western blots (WBs) were performed as described previously (7) and all
antibodies used can be found in Supplementary Material and Methods,
available at Carcinogenesis Online. These primary antibodies were incu-
bated overnight at 4°C. Secondary antibodies were incubated for 1 h at
room temperature. All WB quantifications performed to compare different
conditions were always present on the same gel/blot.

Comet assay

The comet assays were performed using OxiSelect™ Comet Assay kit (Cell
Biolabs®). The complete protocol can be found in Supplementary Material
and Methods, available at Carcinogenesis Online.

Clinical databases

Clinical data and messenger RNA (mRNA) expression level data were
obtained from the Repository of Molecular Brain Neoplasia Data
(Rembrandt, http://www.betastasis.com/glioma/rembrandt/) and The
Cancer Genome Atlas (TCGA) Portal (https://portal.gdc.cancer.gov/). From
the Rembrandt database (n = 524), DUSP1 mRNA expression levels (from
Affymetrix HG-U133 v2.0 Plus) were obtained from cohorts of GBM (n = 214),
astrocytomas (n = 145), oligodendrogliomas (n = 66) and non-tumoral tis-
sues (n = 21). From the TCGA database, a cohort of 438 primary GBM pa-
tients with complete data was extracted. DUSP1 mRNA expression levels
were extracted from Affymetrix HT HG-U133A, Affymetrix Human Exon 1
ST and custom-designed Agilent feature Gene Expression Microarrays, ac-
cording to standard methodology protocol (20). The Kaplan-Meier curves
were based on Rembrandt database and were obtained by dividing pa-
tients in two groups following their high or low DUSP1 mRNA expression
levels in the tumor sample.

Proliferation assays

GBM cells were plated at a density of 500 cells per well in a 6-well
plate (Corning®), stimulated for 1 h with 100 nM CXCL12 (Peprotech®)
and irradiated by the Gammacell® 40 Extractor with 0, 5 or 10 Gy (Best
Theratronics®, Ottawa, Canada). The complete protocol can be found in
Supplementary Material and Methods, available at Carcinogenesis Online.

Migration assays

Migration assays were performed as described previously (21) in 96-wells
chemotactic chamber with 10 pm pore at a density of 10° pores per mm?
(Neuro Probe Inc, Gaithersburg, MD). The complete protocol can be found
in Supplementary Material and Methods, available at Carcinogenesis Online.
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Statistical analyses

Quantitative data are expressed as mean = SD/+SEM and analyzed by
GraphPad Prism 7®. Student' t-test, two-way analysis of variance test and
Tukey and Bartlett's posttests were used to analyze a minimum of three
biological experiments (n = 3) and a P value of <0.05 was considered as
statistically significant.

Results

Regulation of MAPK following CXCL12 stimulation in
GBM cells

We demonstrated previously that both the migration of GBM
cells (5) and their radioresistance (5,7) are triggered by CXCL12,
but the exact molecular mechanisms behind these two dif-
ferent cellular responses is still unknown. To identify the spe-
cific pathways triggered, we performed a mass spectrometry
analysis on protein extracts of U87MG cells, stimulated for 1 h
by CXCL12 (12.5 nM) or not. We detected several proteins whose
phosphorylation level was significantly changed (21). Among
others, a higher phosphorylation profile of the MAPK extracel-
lular signal-regulated kinase (ERK) (fold change: 3.6), the phos-
phatase MKP1 (fold change: 5.4) and a lower phosphorylation
profile of the MAPK JNK (fold change: —15.2) were observed in
CXCL12-stimulated cells compared with unstimulated cells
(non-treated) (Figure 1A). The MAPK p38 phosphorylation profile
was not significantly lowered (fold change: -1.4). The effectors of
the MAP kinase pathway (Figure 1B) were thus modulated upon
the binding of the chemokine CXCL12 on its receptors.

These results were confirmed in WBs on protein extracts
of U87MG cells and three primary GBM cultures, GB138, MD1
and MDI18, in response to a CXCL12 stimulation (12 5 nM)
(Figure 1C-G and Supplementary Figure 1A and B, available at
Carcinogenesis Online). For the phosphatase MKP1 and kinase
ERK, phosphorylation increased after 15 min in all cell cultures.
Contrary to GB138 cells, where the phosphorylation peak of
MKP1 was reached after 30 min, in U87MG cells and in primary
MD1 and MD18 cells, MKP1's phosphorylation increased to its
maximum after 60 min. It is interesting to note here that the
increased phosphorylation of MKP1 is linked with an increase
of its total form. The phosphorylation profile of the MAPK JNK
was the same in all cultures with an increasing phosphoryl-
ation up until 30 min, followed by a significant decrease after
60 min. Regarding the MAPK p38, the phosphorylation profile
was largely unchanged until a slight but not significant decrease
after 60 min of CXCL12 stimulation.

CXCL12 is known to activate two different receptors, CXCR4
and CXCR7, which are expressed at different levels in GBM (21)
(Supplementary Figure 1C, available at Carcinogenesis Online). In
order to evaluate the potential effect of CXCR7, we pretreated
the three different GBM cell cultures with the specific inhibitor
of the CXCR4 receptor AMD3100 (22) prior to CXCL12 addition.
CXCR4 inhibition led to a lower phosphorylation profile of MKP1
in GB138 and MD1 cells, contrary to JNK, which showed a higher
phosphorylation profile in all GBM cell cultures (Supplementary
Figure 1D and E, available at Carcinogenesis Online). ERK phos-
phorylation was also increased after CXCL12 stimulation in
GB138 and in MD1 cells compared with unstimulated cells (non-
treated), but not in U87MG cells. MAPK p38 phosphorylation re-
mained unchanged (Supplementary Figure 1D and E, available
at Carcinogenesis Online). This suggests that the recruitment of
the phosphatase MKP1 and the inhibition one of its preferential
targets (23), JNK, are closely related to the activation of CXCR4
in GBM cells.
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Finally, we wanted to evaluate if the recruitment of the MAP
kinase ERK had an impact on the phosphorylation of other MAP
kinases. Indeed, serine phosphorylation of MKP1 after CXCL12
is generally believed to be under ERK control. Inhibition of the
ERK pathway via pretreatment with the inhibitor U0126 1 h prior
to CXCL12 stimulation decreased the phosphorylation of MKP1
(Supplementary Figure 1F, available at Carcinogenesis Online) in
U87MG and MD1 cells. In addition, an increased phosphoryl-
ation of JNK was also observed in these two cell types under the
same conditions. P38 phosphorylation was unchanged.

Expression of MKP1 in GBM cells

Because MKP1 is highly phosphorylated in GBM cells in response
to a CXCL12 stimulation, alongside its overexpression in various
cancers (14) and its implication in multiple physiopathological
states including inflammation or obesity (24), we decided to
focus our attention on this phosphatase. We first checked its ex-
pression profile in the human databases Rembrandt and TCGA.
In the Rembrandt database, we identified higher expression
levels of MKP1 in GBM samples compared with non-tumoral
brain tissues, but this increase was not statistically significant
(P =00657) (Figure 2A). In order to confirm this increased expres-
sion of MKP1 in GBM tissues, we performed immunostainings
for this phosphatase on GBM samples obtained from the clinic
(Figure 2C, right panel), and brain tissues obtained from epileptic
patients (Figure 2C, left panel). Staining quantification showed
that the expression of MKP1 was significantly increased in GBM
samples compared with non-tumoral tissues (Figure 2D). By
comparing the different subtypes of GBM, based on Verhaak's
classification (20) in the TCGA database, we observed signifi-
cantly higher expression levels of MKP1 in the mesenchymal
subtype (P = 0.0001) (Figure 2B), a subtype associated with a poor
prognosis. Using data from the Rembrandt database on GBM pa-
tient survival and the expression of MKP1, we found that pa-
tients for whom MKP1 expression was downregulated had a
better significant survival compared with patients whose tu-
mors express this protein at high levels (Figure 2E).

The expression of the gene (Figure 2F) and its protein (Figure
2G) were then analyzed in different cultivated GBM cell cultures
by Reverse Transcriptase PCR and WB, respectively. MKP1 is clas-
sified as a nuclear phosphatase because of the nuclear localiza-
tion signal (25), which distinguishes it from the other member
of the MAP kinase phosphatases. As expected, immunostaining
of the protein confirmed that MKP1 is predominantly present in
the nuclei of the cells (Figure 2H).

Finally, given the importance of both CXCR4 and CXCR7
in GBM (26,27) and CXCR4 as marker of GIC (28), we cross-
referenced the expression of their respective genes with the
expression of MKP1 in the TCGA database. The results showed
a significant correlation (r = 0.5654) between the expression of
MKP1 and CXCR4 (Figure 2I) compared with CXCR7 (r = -0.1380)
(Figure 2J). This supports our data in which the inhibition of
CXCR4 in cells stimulated by CXCL12 was not followed by an in-
creased phosphorylation of MKP1 (Figure 1D and E).

As the expression profile of MKP1 in the primary culture
GB138 cells and its pathways are regulated differentially in re-
sponse to CXCL12 stimulation, we decided to focus our attention
on U87MG and MD1 cells.

Role of MKP1 inhibition on GBM cells migration

As mentioned previously, CXCL12 stimulates the GBM cell migra-
tion (5) and promotes their radioresistance (7). In order to study
the possible involvement of MKP1in GBM cell migration, different
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Figure 1. Activation of the MAPK pathway following CXCL12 treatment in GBM cells. (A) Bar graph presenting results of the phosphoproteome profile analysis of
various proteins of the MAPK pathway whose phosphorylation is modified in U87MG cells after 1 h of CXCL12 stimulation (12 5 nM) or not. The graph shows the phos-
phorylation fold change for MKP1, ERK, JNK and p38 in protein extracted from U87MG cells stimulated during 1 h with CXCL12 compared with unstimulated cells. (B)
Diagram presenting the different proteins of the MAP kinase pathway whose phosphorylation profile changes after CXCL12 docking on one of its receptor, CXCR4. (C)
WB analysis and quantification of P-MKP1 (D), P-ERK (E), P-JNK (F) and P-p38 (G) in proteins extracted from respectively U87MG, GB138 and MD1 cells non-treated (NT)
or stimulated for 5, 15, 30 and 60 min with CXCL12 (12 5 nM). Graphs are mean values + SEM and are representative of three independent experiments, *P <0.05, **P
<0.01, **P <0.001 (two-way analysis of variance).
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short-hairpin RNAs (shRNAs) targeting MKP1 expression were
tested in U87MG cells. We selected the sh1489 that showed a
depletion of MKP1 protein by 75% compared with the effect of
a scrambled shRNA (Figure 3A). sh1489 inhibition of MKP1 ex-
pression in primary culture cells GB138 and MD1 also produced
similar levels of MKP1 expression inhibition (Supplementary
Figure 2A and C, available at Carcinogenesis Online). In order to
evaluate the effects of the opposite situation, we transfected the
U87MG cells with an OverExpression (OE) plasmid (pGlIII) (Figure
3B). Transduction of the MKP1 plasmid for its overexpression in
primary cultures was also performed showing the similar re-
sults (Supplementary Figure 2B and D, available at Carcinogenesis
Online). A quantification of MKP1 expression between all con-
trol cells was performed in order to confirm that MKP1 expres-
sion remained stable (Figure 3C) (Supplementary Figure 2E and
F, available at Carcinogenesis Online).

We first addressed the question of whether if MKP1
downregulation had an impact on the phosphorylation of other
MAP kinases. By stimulating shMKP1-transfected U87MG and
MD1 cells with the chemokine CXCL12, we were able to con-
clude that the phosphatase was only targeting the MAP kinase
JNK, as its phosphorylation increased after 1 h of stimulation
(Figure 3D). The profile of the other MAP kinases remained un-
changed and the profiles obtained in the control cells (sheGFP)
(Supplementary Figure 2G, available at Carcinogenesis Online) re-
produced the profiles obtained previously (Figure 1).

Knowing that the chemokine CXCL12 is known to be respon-
sible for GBM cells enhanced migration (5), we performed a mi-
gration assay based on the modified Boyden chambers assay. We
could not see any differences in the migration profile when cells
were depleted for MKP1 after 16 h of CXCL12 stimulation, which
was added in the bottom chambers (Figure 3E and F).

Role of MKP1 on GBM cells survival after irradiation

Previous studies have shown that the environment of the
SVZ can radioprotect human GBM cells via, at least partly,
the chemokine CXCL12 (7). As MKP1 has already been im-
plicated in radioprotection in other cancers (29,30), we per-
formed clonogenic assays using GBM cells invalidated for or
overexpressing MKP1 and stimulated (or not) with CXCL12
(100 nM) for 1 h before irradiation. The cells were then irradiated
with 0, 5 and 10 Gy (Figure 4A). The survival fraction of shMKP1
cells (calculated from the numbers of colonies formed 2 weeks
after irradiation) was significantly lower than the survival frac-
tion observed with GBM cells with a basal or a stimulated ex-
pression of MKP1 without any exogenous CXCL12 stimulation
(Figure 4A, left panels). Surprisingly, the addition of chemokine
CXCL12 (100 nM) in the medium was not followed by dramatic
changes in the survival profile of the cells (Figure 4A, right
panels). Nevertheless, after a stimulation by CXCL12, MKP1 de-
pletion still diminished the survival of all GBM cells after a 10
Gy irradiation. However, by comparing results obtained with or
without CXCL12 addition, a significant survival increase was
observed in U87MG and MD1 cells showing at least a basal ex-
pression of MKP1 whereas the chemokine did not increase the
GBM cells survival when MKP1 expression had been invalidated
(Figure 4B). Taken together, these results highlight the role of
MKP1 in GBM cells survival after irradiation, which was boosted
by the addition of CXCL12, a chemokine shown previously to be
able to recruit MKP1 (Figure 1).

In order to confirm these results, comet assays were per-
formed to assess the possible effect of MKP1 depletion on
DNA strand breaks repair. The analysis of comet tails revealed
that shMKP1 cells had a significant higher percentage of DNA

in the tail (close to 40%) compared with cells with a basal or
higher MKP1 expression (Figure 4C and D). The addition of the
chemokine CXCL12 did not show any effect on the percentage
of DNA in the tail, indicating that the chemokine did not have,
in this time frame, a positive effect upon DNA strand break re-
pair in any of the tested GBM cells. However, the positive effect
of MKP1 on DNA strand break repair was still observed when
CXCL12 has been added previously.

The comet assay highlighted here the major role of MKP1 as
a modulator of DNA strand breaks repair in GBM cells and thus
possibly increasing their capacity for survival after irradiation.

Time course of markers of DNA strand breaks in
GBM cells after irradiation upon MKP1 inhibition

We then tried to elucidate the exact mechanism(s) behind the
involvement of MKP1 in DNA strand repair in GBM cells. For this
purpose, we quantified the number of DNA double strand breaks
at time intervals up to 24 h after 10 Gy irradiation in GBM cells.
This was done by counting the number of phosphorylated H2AX
foci (or yYH2AX), which specifically marks DNA damage such as
strand breaks. Interestingly, in all GBM cell cultures, the deple-
tion of MKP1 significantly increased the number of foci per nu-
clei before the irradiation (non-irradiated conditions) (Figure
S5A and B). After irradiation, a significantly higher number of
vYH2AX foci per cell nuclei were observed in U87MG and MD1
cells (Figure 5A and B). These results could suggest that the ab-
sence of MKP1, or reduced MKP1 activity, in U87MG or MD1 cells
is linked to higher number of DNA double strand breaks in the
presence or absence of irradiation. 24 h after irradiation, the
number of YH2AX foci per cell nuclei decreased when MKP1 is
absent. However, a lower number of cells were counted in this
particular condition, suggesting that a reduced number of cells
survived the DNA strand breaks. It is interesting to notice that
in those two cell types, CXCL12 is able to increase cell survival
(Figure 4B).

Therefore, we looked for a difference in the presence of DNA
repair proteins in these two cell types in the presence and ab-
sence of MKP1 expression. The immunolabeling of RAD51, a
protein implicated in homologous repair of DNA double strand
breaks and cell cycle changes in GBM stem cells during S/G,
phase of the cell cycle (31), revealed that cells invalidated for
MKP1 expression recruited RADS51 at the break with a significant
delay at 8 and 12 h after the irradiation irrespective of the GBM
cell type (Figure 5C and D).

Role of MKP1 in apoptotic GBM cell death after
irradiation

MKP1 is thus involved not just in the double strand break re-
pair mechanism but also in GBM cell survival. To elucidate the
potential connections between these cellular activities, we ana-
lyzed the evolving response of several molecular targets which
are already known to interact with or could be a substrate of
MKP1, specifically after irradiation, which could play a role in
DNA strand breaks repair and/or in cell survival.

First, we looked for the expression of MKP1 itself by WB with
or without irradiation. It was observed that MKP1 expression
was significantly increased in response to irradiation, mainly at
6 and 8 h in all WT GBM cell types (Figure 6A and B). In GBM cells
invalidated for MKP1 (shMKP1), only a faint increase in MKP1
expression 4 h after irradiation was observed.

As a potential target of MKP1 phosphatase, we investigated
the phosphorylation profile of the MAP kinase JNK. As expected,
its phosphorylation was significantly increased after irradiation
in all shMKP1 GBM cells compared with WT cells (Figure 6A and
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Figure 3. Evaluation of a possible MKP1 role in GBM cells migration and its modulation on other MAPK in response to CXCL12. (A) WB analysis of MKP1 expression in
U87MG cells after transfection by different shRNA with the most efficient one (sh1489) decreasing the expression of MKP1 by 75% comparing with the MKP1 expression
by cells transfected with a sShRNA targeting enhanced green fluorescent protein (eGFP). (B) U87MG cells were also transfected with an expression plasmid allowing a
MKP1 overexpression (U87MG pGIII MKP1). (C) Comparison of MKP1 expression by WB between all the control cells. (D) Analysis of ERK, JNK and p38 phosphorylation
profiles by WB with extracts from U87MG and MD1 cells (shMKP1) treated with the CXCL12 (12.5 nM) or not (control) during 1 h. (E) Boyden's chamber migration assays
using U87MG and MD1 cells (WT and shMKP1) treated with the CXCL12 (500 nM) or not (control) during 16 h. (scale bar = 20 pm). (F) Cell counting in the migration as-
says. For an easier understanding, the cells depleted for MKP1 will be called ‘shMKP1' and the cells with a basal expression of MKP1 will be called ‘WT'. Graphs are mean
values + SEM and are representative of three independent experiments, *P <0.01, **P <0.001 (two-way analysis of variance).
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B). As JNK is more associated with modulating cell survival than
DNA repair, the profile of one of its targets in cell survival, the
poly (ADP-ribose) polymerase 1 (PARP1), was investigated. PARP1
is known to play a major role in DNA repair via the stabiliza-
tion of breast cancer type 1 (BRCA1) which recruits RAD51 to
the break (32). Although the total amount of PARP1 increased
with time after irradiation in WT cells (but with differences in
the timing between various GBM cell types), its level was signifi-
cantly decreased in shMKP1 cells (Figure 6A and B).

MCL1 has been shown to play a role in the inhibition of
GBM cell apoptosis (33) by controlling cytochrome C release
from mitochondria (34). It can also increase GBM cell sur-
vival after bortezomib treatment (35). As recently highlighted,
MCL1 is tightly regulated by MKP1 under stress conditions
(Jagannathan,V. The Phosphatase MKP1 as a Target to Enhance
Replicative Stress and Apoptosis in Tumor Cells. Ph.D. Thesis, unpub-
lished work) and participates in DNA repair (36). We found that
the total amount of MCL1 was not decreased by irradiation in
WT cells (Figure 6A and B), but was significantly increased in
U87MG cells in those conditions. The total form of MCL1 was
significantly decreased in shMKP1 cells for all GBM cell types
(Figure 6A and B), and moreover, the presence of a cleaved form
of MCL1 (c-MCL1) (28 kD) was also observed to be stabilized after
the irradiation in WT cells(Figure 6A and B), contrary to shMKP1
cells where this spliced form was absent.

Finally, we checked the cleavage of the caspase-3.In WT cells,
caspase-3 was slightly cleaved compared with shMKP1 cells
where its cleavage was significantly higher (Figure 6A and B).

To confirm all the results obtained and the specific link be-
tween MKP1 and JNK, we decided to rescue MKP1 expression
in shMKP1 cell by overexpression of MKP1 in all GBM cultures
used (Supplementary Figure 3A and B, available at Carcinogenesis
Online). MKP1 rescue in shMKP1-U87MG line and -GB138
and -MD1 primary cultures stimulated for 1 h with CXCL12
(12 5 nM) significantly decreased the phosphorylation of JNK
(Supplementary Figure 3C, available at Carcinogenesis Online). In
addition, this rescue of MKP1 in shMKP1-U87MG and -MD1 cells
significantly decreased JNK phosphorylation and increased the
expression PARP1 and MCL1 as well as its cleaved form c-MCL1
8 h after irradiation (10 Gy) (Supplementary Figure 3D and E,
available at Carcinogenesis Online).

Discussion

At present, an increasing number of observations point out the
role of the SVZ in tumor relapses. Several clinical studies have
reported that tumors contacting the SVZ correlate with lower
patient survival rate (8,9). We have shown previously that GBM
cells which migrate to this specific environment in a CXCL12-
dependent manner are mainly GIC (5,7) GICs are increasingly
believed to be responsible for, or at least to actively play a role
in, tumors relapses (3). The phosphoproteome and WB analyses
of U87MG cells stimulated for 1 h by CXCL12 identified a higher
phosphorylation of the MAP kinase ERK and the nuclear phos-
phatase MKP1 in contrast to a lower phosphorylation profile of
the MAP kinase JNK. Those results were confirmed using a GBM
cell culture derived from a GBM resection piece obtained in the
neurosurgical department of our academic hospital. In addition,
the inhibition of ERK MAP kinase with U0126 enabled us to con-
clude that MKP1 becomes stabilized by ERK after CXCL12 stimu-
lation, but also that MKP1 can dephosphorylate the MAP kinase
JNK in GBM cells. A similar conclusion was reached when we
showed that CXCL12 stimulation of shMKP1 cells increased JNK
phosphorylation.
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The main purpose of this study is to further clarify the role
of MKP1 in GBM. The fact that this nuclear dual specificity phos-
phatase is overexpressed in GBM cells with a mesenchymal
profile, one of the most aggressive subtypes (37), could be con-
sidered as a clue to its importance in GBM. In addition, patients
harboring a tumor where MKP1 is expressed at higher levels
have lower survival rate. However, in GBM stem cells, MKP1 has
been reported to be downregulated (18), whereas its role, as an
overexpressed pro-oncogenic protein, has already been high-
lighted in other solid tumors (14). Even if MKP1, with a lower
basal expression, does not seems to be of major importance in
GBM stem cells, the upregulation of this protein under stressful
conditions in GBM cells could be significant. Indeed, as recently
published by Stanzani et al. (38), irradiation of GBM stem cells
promotes short-term expression of pro-inflammatory genes and
a proneural to mesenchymal subtype switch.

As MKP1 is phosphorylated in GBM cells in response to a
CXCL12 stimulation, and as CXCL12 is involved in GBM cell mi-
gration to the SVZ (5), we address the possible role of the phos-
phatase in the migratory response of GBM cells. However, our
results clearly demonstrate the absence of this phosphatase re-
cruitment in the migratory response of GBM cells to a CXCL12
stimulation. As another role of CXCL12 is the promotion of GBM
cells radioresistance (7), we performed clonogenic and comet
assays using cells invalidated or overexpressing MKP1. These re-
sults further clarified the role of MKP1 in GBM radioresistance.
Indeed, the survival of the cells 2 weeks after irradiation as
measured with the clonogenic assay was clearly increased when
MKP1 was present (WT cells) or overexpressed (OEMKP1 cells)
compared with cells depleted for MKP1. However, the addition
of CXCL12 only had positive effects on U87MG and MD1 cell
survival showing a basal (or stimulated, upon CXCL12 addition)
MKP1 expression. shMKP1 or OEMKP1 cells, with lower levels of
MKP1 expression, did not exhibit increases in cell survival after
irradiation. These results indicate that MKP1 is important in
GBM cell survival after irradiation, an important role which is
exacerbated upon the addition of the chemokine CXCL12. These
results were corroborated by comet assays showing a signifi-
cant decrease of DNA strand breaks after irradiation in MKP1-
expressing cells, regardless of GBM cell types. These results
clearly demonstrated that MKP1 does play a role in GBM cells
radioprotection by decreasing strand breaks induced by irradi-
ation and, therefore, influences GBM cell survival.

Analysis of DNA damage through investigating the phos-
phorylation of H2AX histone has been used for many years.
Indeed, this protein is known to fix directly to DNA double
strand breaks and served as one of the first markers of this type
of DNA damage. We reported previously that CXCL12 decreases
the number of GBM cells positive for YH2AX 1 h after irradiation
(7). However, comet assays performed 24 h after irradiation do
not confirm a suspected radioprotective role of this chemokine.
Therefore, we measured the yH2AX response in two GBM cell
types for longer time periods. As we observed a difference in the
number of YH2AX positive cells, we decided to count the number
of foci per nuclei. The observation that all GBM cells depleted for
MKP1 show a higher number of YH2AX foci strongly highlights
the role of MKP1 in DNA strand break repair. This may be ex-
plained by the fact that the cells were cultivated in serum-free
conditions, a stress sufficient to activate cleavage of caspase-3
and modify their cell cycle leading to strand breaks not being
properly repaired without MKP1.

In irradiated U87MG and MD1 cells, the tendency for lower
levels of DNA strand breaks repair when MKP1 is absent is con-
firmed a few hours after irradiation. In the two GBM cell types
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(U87MG and MD1 cells), 24 h after irradiation, a lower number
of foci were observed when MKP1 was absent. One potential ex-
planation for this could be that the GBM cells unable to repair
their DNA strand breaks have already undergone cell death and
consequently, the mean number of foci per surviving cell is de-
creased. Alternatively, this could be explained by the fact that
the phosphorylation of H2AX is consequence of DNA strand
breaks but its dephosphorylation do not necessarily indicate
repair.

Therefore, we decided to quantify RAD51 protein expression.
RADS1 is implicated in homologous recombination repair and
was reported to be overexpressed in GBM (39). The labeling of
RAD51 in cell nuclei of all GBM cell types, in addition to cyclin
A immunolabeling ensuring that the counting was performed
on cell under S/G, phase of the cell cycle, shows that the absence
of MKP1 is responsible for a significant delay in the recruitment
of the protein 8 h after the irradiation whereas this delay is
less pronounced at 12 h. These observations were in agreement
with earlier hypothesis: in GBM, MKP1 does play a positive role
in DNA strand breaks repair, leading to consequences on cell
survival.

In addition to MKP1's role in DNA strand breaks repair in
GBM cells, we also wanted to address the possible involvement,
direct or indirect, of this nuclear phosphatase in cell survival
after irradiation. Therefore, we looked for modifications in the
levels of some proteins in response to irradiation when MKP1
is absent or decreased. These proteins have been selected
based on their role already demonstrated in this situation in
GBM cells or as they have been demonstrated previously to be
a substrate for MKP1. This approach appears to be reliable as
JNK, a classical MKP1 target, is indeed phosphorylated in ir-
radiated GBM cells depleted of MKP1 activity. The stabilization
or slight increase in either PARP1 or MCL1 in irradiated GBM
cells when MKP1 is present is original as the stabilization of
both proteins after irradiation has never been demonstrated
together. MKP1 has already been shown to be able to stabilize
PARP1 to mediate cisplatin resistance and to prevent cell death
(40). The classical PARP1 role after irradiation is to recruit DNA
repair proteins such as RAD51 and stabilizing it indirectly via
BRCAL1 at the site of the break (32). The decrease of PARP1 in
irradiated GBM cells depleted for MKP1 could thus explain the
delay of RAD51 observed in those cells. It was recently reported
that a co-immunoprecipitation of MCL1 and MKP1 in osteosar-
coma U20S cancer cell line had a major impact on cells survival
under stress conditions (Jagannathan,V. Thesis, unpublished
work). In addition, MCL1 and its short form ¢-MCL1 can also
help to repair double strand breaks by recruiting DNA repair
proteins (36) after irradiation and by blocking the cell cycle (41),
respectively. The cleaved form (c-MCL1) is generally known for
its inhibitory role against the longer form (MCL1), enhancing
apoptotic pathways (42). In this study, neither the long form of
MCL1 decreased when the ¢c-MCL1 increased in WT cells, nor
the survival decreased in those cells after irradiation. This in-
dicates that the c-MCL1 has an important role in the survival
of GBM cells after the irradiation. Besides, these forms, espe-
cially the cleaved form, decrease or disappear in irradiated GBM
cells invalidated for MKP1. This could be a consequence of JNK
activity in those cells as the phosphorylation on specific res-
idues of MCL1 due to this kinase is a prerequisite to its degrad-
ation (43). All these observed modifications in irradiated GBM
cells depleted for MKP1 could thus participate in the increased
cleavage of caspase-3 contrary to MKP1-expressing and irradi-
ated GBM cells. This suggests an indirect role of this nuclear
phosphatase to the GBM cells survival after irradiation.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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