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1 | INTRODUCTION

Gliomas are the most common primary tumors in the central nervous
system (CNS). Glioblastoma (GBM), the most malignant type of gli-
oma, is characterized by necrosis, endothelial proliferation, and ag-

gressive invasiveness. The major cause of the high lethality observed

Gliomas are the most common central nervous system tumors. They show malignant
characteristics indicating rapid proliferation and a high invasive capacity and are as-
sociated with a poor prognosis. In our previous study, p68 was overexpressed in gli-
oma cells and correlated with both the degree of glioma differentiation and poor
overall survival. Downregulating pé8 significantly suppressed proliferation in glioma
cells. Moreover, we found that the p68 gene promoted glioma cell growth by activat-
ing the nuclear factor-«kB signaling pathway by a downstream molecular mechanism
that remains incompletely understood. In this study, we found that dual specificity
phosphatase 5 (DUSP5) is a downstream target of p68, using microarray analysis, and
that p68 negatively regulates DUSP5. Upregulating DUSP5 in stably expressing cell
lines (U87 and LN-229) suppressed proliferation, invasion, and migration in glioma
cells in vitro, consistent with the downregulation of p68. Furthermore, upregulating
DUSPS5 inhibited ERK phosphorylation, whereas downregulating DUSP5 rescued the
level of ERK phosphorylation, indicating that DUSP5 might negatively regulate ERK
signaling. Additionally, we show that DUSP5 levels were lower in high-grade glioma
than in low-grade glioma. These results suggest that the p68-induced negative regu-
lation of DUSP5 promoted invasion by glioma cells and mediated the activation of the

ERK signaling pathway.

KEYWORDS
DUSP5, glioma, invasion, migration, p68/DDX5

in malignant glioma is diffuse invasion into healthy brain paren-
chyma, which precludes complete surgical resection.! These invad-
ing cells are extremely resistant to radiation and chemotherapy and
are not currently treatable by any available anti-invasive therapies.
Although many key signaling pathways have been found to facilitate

glial tumorigenesis, the mechanisms by which glioma cells infiltrate
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surrounding normal brain tissue remain unclear.?® Therefore, in-
creasing our understanding of the molecular mechanisms underly-
ing the invasive behavior of glioma is essential for developing novel
therapeutic approaches to treat aggressive glioma invasiveness.

P68 (also known as DDX5) is considered a member of the pro-
totypic DEAD-box family of RNA helicases.*® Because it is an ATP-
dependent RNA helicase, p68 can manipulate RNA structures,
including pre-mRNA, rRNA, and microRNA.61 P68 could also act
as a transcriptional coactivator of several cancer-associated tran-
scription factors, such as p53 tumor suppressor,11 [3-catenin,12
and the androgen receptor,® which plays an essential role in cell
proliferation, oncogenesis, and early stage organ development.**
Indeed, p68 is aberrantly expressed or modified in different types
of tumors, including breast, prostate, and colon cancer.®¥1>1¢ Oyr
previous results showed that pé8 protein levels were significantly
higher in high-grade glioma and that a high expression level of p68
was associated with poor survival in glioma patients. Moreover, we
found that p68 induced glioma tumor growth by binding to nuclear
factor-kB (NF-kB) p50, indicating that pé8 plays a significant role in
gliomagenesis.” However, the downstream molecular mechanism
by which p68 regulates the invasive behavior of glioma remains
unclear.

In mammalian cells, dual specificity phosphatases (DUSPs, also
known as mitogen-activated protein kinase phosphatases) include 16
catalytically active enzymatic family members. Dual specificity phos-
phatase 5 (DUSP5) is a growth factor-inducible phosphatase that pos-
sesses a functional nuclear localization signal that targets and anchors
ERK1 and ERK2 to the nucleus.'®? It plays an essential role in cellular
proliferation and differentiation by negatively regulating members of
the MAPK superfamily (MAPK/ERK, SAPK/JNK, and p38).° Because
DUSP5 performs such comprehensive functions, studies aimed at ex-
ploring the role of DUSP5 in glioma are of great interest.

Here, we use a microarray gene expression analysis to reveal
that the DUSP5 gene acts as a downstream target of p68. Both p68
knockdown and DUSP5 upregulation suppressed proliferation, in-
vasion, and migration in glioma cells in vitro. Moreover, we found
that upregulating DUSP5 impaired p68-induced glioma proliferation,
invasion, and migration. In addition, we found that DUSP5 could
negatively regulate ERK phosphorylation, indicating the potential
existence of a p68/DUSP5/ERK signaling-mediated mechanism in
glioma. These results suggest that p68 induces invasiveness in gli-
oma cells by negatively regulating DUSP5 and that DUSP5 acts as a

negative regulator of glioma cell motility and the ERK pathway.

2 | MATERIALS AND METHODS

2.1 | Cellline, cell culture, and cell transfection

Human glioma cells (lines U251, A172, Hs683, LN-229, and U87,
ATCC, Manassas, VA, USA) were cultured at 37°C in 5% CO, The OL
glioma cell line was generously provided by Professor Kazuyoshi Ikuta
(Microbiology Research Institute, Osaka University, Osaka, Japan). U87
and LN-229 cells were transiently transfected with DUSP5 plasmids

(Gene Pharma, Hai Shang, China) using Effectene (Qiagen, Valencia,
CA, USA) or with p68 siRNA (no. sc-37141; Santa Cruz Biotechnology,
Dallas, TX, USA) and/or DUSP5 siRNA (no. sc-60554; Santa Cruz
Biotechnology) using Lipofectamine 2000 (Invitrogen, Waltham, MA,
USA) as recommended by the manufacturer’s protocol.

2.2 | Reagents and chemicals

Rabbit anti-p68 antibodies (Santa Cruz Biotechnology), rabbit
anti-DUSP5 antibodies (Abcam, Cambridge, MA, USA), and rab-
bit anti-GAPDH antibodies (Abcam) were purchased for western
blot, immunofluorescent, or immunohistochemical assays. Alexa
Fluor-488 goat anti-rabbit IgG and DAPI and MTT assay reagents
were purchased from Invitrogen and DingGuo Biotech (Beijing,

China), respectively.

2.3 | Clinical samples and histology

Fresh centers of human diffuse astrocytoma and GBM samples were
obtained from patients undergoing no-chemotherapy or radiation
therapy and classified and characterized according to the 2016 WHO
CNS tumor classification. Tissue samples were obtained and immedi-
ately frozen in liquid nitrogen. All patients provided informed consent
for tissue samples to be used for scientific purposes, and this study
was approved by the ethics committee of Harbin Medical University
(Harbin, China).

2.4 | Quantitative real-time PCR

Total tissue RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Approximately 1 pg
RNA was used to synthesize cDNA. The gene expression levels of
p68 and DUSP5 were determined by quantitative real-time PCR
(QRT-PCR) and analyzed using LightCycler analysis software (Roche,
Basel, Switzerland), and GAPDH was used as the endogenous con-
trol.2! Quantitative RT-PCR was carried out with the following
primers: p68 sense (GenBank accession no. NM_001320595.1),
5'-TTTATGAAGCCAATTTCCCTGC-3'; and antisense, 5-CCACT
CCAACCATATCCAATCC-3’; and DUSP5 (NM_004419.3) sense,
5-CAATGAGGTAGTTGGTTGAAGTAG-3'; and antisense, 5-CTG
AGAAGAGGTGGAATGA-GA-3'.

2.5 | Gene expression profiling

The mRNA expression levels of genes of interest were analyzed in
U87 glioma cells after p68 knockdown in a Human Twin Chip Human
44 K (Genocheck, Ansan, Korea) microarray analysis. Total cell RNA
was isolated using TRIzol reagent after cells were transfected with p68
siRNA or an siRNA negative control (si-NC). Gene expression was nor-
malized and differential expression analyzed using GeneSpring GX 7.3
(Agilent Technology, Folsom, CA, USA). All microarray data have been
submitted to the Gene Expression Omnibus database (GEO accession
no. GSE103981).
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2.6 | Western blot analysis

Total U87 and LN-229 cell protein was extracted and lysed in RIPA
buffer (Thermo, Shanghai, China) PMSF (Beyotime, Beijing, China).
Lysates (15 pg) were then separated on 12.5% SDS-PAGE gels,
transferred to PVDF membranes (Millipore, Danvers, MA, USA),
blocked in 5% skim milk containing 0.05% Tween 20-TBS for 1 hour,
and then incubated with primary Abs at 4°C overnight. After the
membranes were incubated with anti-rabbit IgG-HRP secondary
Abs (1:5000; Santa Cruz Biotechnology), the resulting immunoreac-
tive complexes were visualized using SuperSignal West Pico chemi-
luminescent substrate (Thermo Fisher Scientific, Waltham, MA,
USA).

2.7 | Immunofluorescence

Transfected cells were fixed in 4% paraformaldehyde, permeabi-
lized, blocked with 2% BSA and 3% goat serum for 30 minutes,
incubated with primary Abs diluted in blocking buffer and second-
ary Abs for 1 hour, and then incubated with goat anti-rabbit Abs
(1:100; Alexa Fluor) or goat anti-mouse Abs (1:100; Invitrogen) for
1 hour. Finally, the sections were washed with TBS with Tween-20
and mounted with mounting medium containing DAPI in prepa-
ration for fluorescence. Images were captured using Biorevo
BZ-9000 fluorescence microscopy (Keyence, Osaka, Japan) and in-
verted LSM510 confocal laser microscopy (Carl Zeiss, Oberkochen,

Germany).

2.8 | Immunohistochemical staining

Human brain tumor tissue sections (5-pm thick) were dewaxed,
quenched with 3% H,0, in methanol for 30 minutes, incubated with
pre-immune IgG or Abs in PBS containing 1% BSA at 48°C overnight,
and then incubated with HRP-conjugated Abs and processed with
an ImmunoPure Metal Enhanced Diaminobenzidine Substrate Kit
(Pierce Biotechnology, Waltham, MA, USA).

2.9 | Cell proliferation assay

In the MTT assays, transfected cells were seeded in 96-well plates
at a density of 2000 cells/well, cultured at 37°C in 5% CO, for
48 hours, treated with 20 uL MTT at 37°C for 4 hours, stopped with
100 mL DMSO, and analyzed at 570 nm by a multiwell plate reader.

2.10 | Wound-healing assay

Transfected cells were seeded in 6-well plates (1 x 10° cells/
well), washed with serum-free medium, and then incubated
with serum-free DMEM at 37°C for 8 hours. Each sample was
captured, and relative cell mobility was calculated by the fol-
lowing formula: relative mobility = (1 - distance between the
edges of invaded scratches/distance between the edges of initial
scratches) x 100%.
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2.11 | Transwell assay

Transfected cells were suspended in serum-free medium at a density
of 1 x 10° cells/mL. Subsequently, 200 pL of a cell suspension and
800 pL DMEM media supplemented with 30% FBS were added to
the upper chambers of Transwell chambers (Corning Life Sciences,
New York, NY, USA) that were pretreated with Matrigel (BD
Biosciences, San Jose, CA, USA) and incubated at 37°C for 8 hours.
Then the cells on the lower surface of the membrane were fixed in
4% paraformaldehyde (Sinopharm, Shanghai, China) for 20 minutes,
stained with 0.5% crystal violet (Amresco, Solon, OH, USA), and
subsequently captured and counted under a light microscope (AE31;
Motic, Xiamen, China) at 200x magnification.

2.12 | Statistical analysis

Statistical comparisons of the results obtained between 2 differ-
ent groups were analyzed by Student’s t test using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA). The data are
presented as the mean + SD, and P < .05 was considered statistically

significant.

3 | RESULTS

3.1 | Expression of pé8 in glioma cell lines and
tissues

The mRNA expression level of p68 was significantly different
among these 6 glioma cell lines. P68 was expressed at higher levels
in LN-229 and U87 cells than in U251, A172, Hs683, and OL cells
(Figure 1A). An approximately 68-kDa single band representing
p68 was clearly detected in all cell lines but was most strongly de-
tected in LN-229 and U87 glioma cells (Figure 1B), consistent with
the gRT-PCR analysis. To assess the efficiency of the p68 siRNA
for knocking down pé8 in glioma cell lines, we selected the LN-
229 and U87 cell lines because they expressed the highest levels
of p68.

In immunohistochemistry specimens obtained in diffuse as-
trocytoma and GBM, p68 was predominantly immunolocalized
in cell nuclei in malignant GBM, whereas only faint staining
was detected in neoplastic astrocytes in diffuse astrocytoma
(Figure 1C). The density of p68-positive cells was significantly
higher in GBM than in diffuse astrocytoma when random micro-
scopic fields were analyzed at the same magnification (Figure 1C,

left panels).

3.2 | DUSP5 acts downstream of p68

To gain a global view of the signaling pathways engaged by the p68
gene in glioma cell lines, we undertook a microarray analysis to ver-
ify the gene profiling results obtained after p68 silencing (Figure 2).
Whole-genome expression profiling of U87 cells transfected with
p68 siRNA revealed that DUSP5 was expressed at 2-fold or higher



WANG ET AL.

SEEWARSE Cancer Science

~—

[
o
1

(©)

8
o
1

N
(=]
1

Relative p68 mRNA expression level &
o
o
1

U251 A172 Hs683 OL LN-229 U87

—_
o

) kDa
PEB [ — s -t N | 68

]

APDH
3.0

2.0 1

1.0

va

ngo

0.0 -

Relative p68 protein expression level

U251 A172 Hs683 OL LN-229 U87

FIGURE 1 Expression of p68 in various glioma cells and immunolocalization of pé8 in diffuse astrocytoma and glioblastoma. A,
Relative mRNA expression levels of the p68 gene (68 mMRNA:GAPDH mRNA ratios) in U251, A172, Hs683, OL, LN-229, and U87 glioma
cell lines were calculated by quantitative real-time PCR. B, Western blot analysis showing the p68 protein in glioma cell lines. Histogram
of relative p68 protein expression with relative ratios shown as percentages of the p68/GAPDH band. Bars represent SD; *P < .05.

C, Immunolocalization of p68 in diffuse astrocytoma (DA; upper panels) and glioblastoma (GBM; lower panels) tissues. Note that p68
immunolocalizes to neoplastic astrocytes (right panels, arrowheads). Strong staining was detected in GBM tissues (lower panels), whereas

faint staining was observed in DA tissues (upper panels)

levels in U87 cells transfected with p68 siRNA than in those trans-
fected with an si-NC, suggesting that DUSP5 acts downstream of
p68 (Figure 2D).

To further verify this result, we downregulated the p68 gene
in both U87 and LN-229 cells and found that the DUSP5 mRNA
was expressed at high levels in both U87 and LN-229 cells follow-
ing treatment with p68 siRNA (Figure 3A) and that DUSP5 pro-
tein levels were higher in cells transfected with the p68 siRNA
than in cells transfected with the siRNA control and si-NC groups
(Figure 3B). As expected, immunofluorescence analysis showed
that immunofluorescent staining for DUSP5 was increased after
p68 was silenced and that pé8 colocalized with DUSP5 at the
subcellular level (Figure 3C). To evaluate the expression of the
DUSP5 protein in human glioma tissues, we used immunohisto-
chemical analysis with a DUSP5 Ab to detect the protein in tissue
samples obtained from patients with diffuse astrocytoma and
GBM. The results showed that DUSP5 immunolocalized in more
neoplastic astrocyte nuclei in diffuse astrocytoma than in GBM
(Figure 3D). These results indicated that DUSP5, as a downstream
target of pé68, potentially negatively regulates the malignancy
grade in gliomas.

3.3 | Knockdown of p68 suppresses proliferation,
invasion, and migration in glioma cells

Next, to investigate whether p68 affects the biological behaviors
of U87 and LN-229 cells, we undertook a p68 knockdown func-
tion assay. First, proliferation assays were carried out to assess the
effects of p68 knockdown on glioma proliferation. Knockdown of
p68 effectively suppressed proliferation in U87 cells (mean + SD,
0.55 + 0.03; P < .05) compared to the results obtained in the control
and si-NC groups (0.92 £ 0.001; 0.93 £ 0.01). Similar results were
obtained in LN-229 cells; proliferation was significantly lower in cells
treated with the p68 siRNA (0.45 + 0.02; P < .05) than in the control-
and si-NC-treated groups (0.96 + 0.01 and 0.95 + 0.01, respectively;
Figure 4A).

The results of invasion and migration assays also indicated
that p68 knockdown significantly suppressed the invasiveness
and migratory capacity of U87 cells (2.07 £ 0.06 and 45.50 + 3.37,
respectively; P<.01) compared to results obtained in control-
transfected cells (1.00 £ 0.03 and 1.00 + 0.11 and 100.00 + 2.57 and
95.32 + 3.65, respectively). The invasiveness and migratory capac-
ity of LN-229 cells were also suppressed by p68 siRNA (1.64 + 0.06
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FIGURE 2 Differentially expressed
genes in U87 cells transfected with p68
siRNA. A, p68 mRNA levels detected

by quantitative real-time PCR after p68
knockdown. B, Histogram of relative
p68 protein expression levels after p68
downregulation with relative ratios
shown as percentages of the p68/
GAPDH band. C, Hierarchical clustering
heat map of genes in a microarray
analysis (red, upregulated genes vs
green, downregulated genes). D, mRNA
profiling and statistical analysis of U87
cells transfected with p68 siRNA and the
siRNA negative control (si-NC). Error bars
represent SD, *P < .05
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FIGURE 3 Expression of dual specificity phosphatase 5 (DUSP5) in glioma cells after p68 knockdown and immunolocalization of DUSP
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and 46.78 + 2.68, respectively; P < .05) compared to the results ob-
tained in the control and si-NC groups (1.00 + 0.02 and 1.01 + 0.08,
respectively), whereas there was no detectable effect in the control
and negative transfection groups (100.00 + 4.64 and 95.32 + 3.65,
respectively; Figure 4B,C). These results indicate that p68 knock-
down suppressed proliferation, invasion and migration in glioma
cells in vitro.

3.4 | DUSP5 suppresses proliferation,
invasiveness, and migration in glioma cells

We next investigated whether DUSP5 overexpression regulates
cell proliferation, migration, and invasion in U87 and LN-229 cells
transfected with DUSP5 plasmids, both of which showed rela-
tively lower expression levels of DUSP5 (Figure 3B). These high
mRNA and protein levels of DUSP5 were validated by gRT-PCR
and immunoblotting, whereas transfection with a control plasmid
vector or an empty plasmid vector had no effect on DUSP mRNA
and protein levels (Figure 5A,B). To further evaluate the subcel-
lular localization of DUSP5, we undertook an immunofluores-
cence analysis of U87 and LN-229 cells transfected with DUSP5.
Immunofluorescence staining results showed that, in these cells,
DUSP5 was expressed at higher levels and mainly localized in the
nuclear membrane and cytoplasm compared to the results ob-
served in the control plasmid vector- or empty plasmid vector-
treated groups (Figure 5C). The cytological localization of DUSP5
was consistent with the membrane-anchored behavior associated
with a nuclear protein.

In cell proliferation assays, proliferation was significantly lower
in DUSP5-overexpressing U87 and LN-229 cells (mean+SD,
0.63 £ 0.003 and 0.64 + 0.02, respectively; P <.05) than in the
control groups (0.97 £0.01 and 0.96 £ 0.01, respectively; and
0.97 £ 0.005 and 0.95 + 0.004; respectively, Figure 5D). The ef-
fects of DUSP upregulation on cell invasion were next tested,
and the results showed that the rate of cell invasion in monolayer
cell surfaces was also significantly lower in U87 and LN-229 cells
transfected with a DUSP plasmid (1.96 + 0.05 and 1.60 + 0.05, re-
spectively; P <.05) than in control-transfected cells (1.00 + 0.03
and 1.03 + 0.04, respectively and; 1.00 + 0.02 and 1.03 + 0.06, re-
spectively; Figure 5E). Similarly, migration assays indicated that the
rate of migration was significantly lower in U87 and LN-229 cells
in which DUSP was upregulated (41.06 + 3.04 and 52.00 + 2.36,
respectively; P <.05) than in those transfected with the con-
trol vector (100.00 +4.13 and 97.35 + 3.97, respectively; and
100.00 + 5.94 and 94.49 + 2.36, respectively; Figure 5F). A normal
DUSP5-activated level of glioma cell motility was rescued in glioma

cells cotransfected with both a DUSP5 vector and DUSP5 siRNA
but not in those treated with the DUSP5 vector alone. These data
confirmed that DUSPS5 suppresses proliferation, invasion, and mi-
gration in U87 and LN-229 cells and suggest that DUSP5 affects
glioma chemotactic behavior in vitro.

3.5 | DUSP5 impairs p68-induced proliferation,
invasion, and migration and negatively regulates
ERK signaling

To gain further insight into the potential role of the DUSP5 gene
in the malignant behavior of human gliomas, we undertook pro-
liferation, invasion, and migration assays in cells transfected with
p68 siRNA and/or DUSP5 siRNA. The mRNA and protein levels
of DUSP5 were assessed by qRT-PCR and immunostaining in cells
cotransfected with p68 siRNA and DUSP5 siRNA (Figure 6A,B). A
chemotactic functional analysis revealed that, in U87 and LN-229
cells, DUSP5 knockdown resulted in a higher rate of cell motil-
ity than was observed in the control-transfected cells (Figure 5).
Cotransfection with p68 siRNA and DUSP5 siRNA (mean +SD,
0.83 +£0.008 and 0.88 +0.005, respectively; P <.05; Figure 6C)
rescued the proliferation-inhibiting effect of p68 siRNA in U87 and
LN-229 cells, suggesting that DUSP5 acts in part by impairing p68-
induced proliferation in glioma cells.

Similar findings were observed in an invasion and migration
assay. As shown in Figure 6D, the rate of scratch-stimulated cell
invasion on the bottom of the well was higher in U87 and LN-229
cells treated with p68 siRNA (1.87 £ 0.06 and 1.93 + 0.14, respec-
tively; P <.05) than in control-transfected cells (1.00 + 0.02 and
1.01 + 0.08, respectively; Figure 6D), whereas U87 and LN-229 cells
cotransfected with p68 siRNA and DUSP5 siRNA had lower rates
of invasion (1.20 £ 0.09 and 1.17 £ 0.11, respectively; P <.05). We
found a similar result in migration assays carried out in cells cotrans-
fected with p68 siRNA and DUSP5 siRNA (Figure 6E). Collectively,
these functional assays indicate that DUSP5 impairs p68-induced
motility in glioma cells.

In these experiments, we attempted to identify which down-
stream signaling pathway is involved in the regulation of DUSP5.
As shown in Figure S1, overexpressing DUSP5 inhibited the level
of phosphorylation of ERK, whereas silencing DUSP5 increased the
forced phosphorylation of ERK. To further evaluate the effects of
DUSP5 on ERK signaling, we cotransfected cells with the DUSP5
vector and DUSP5 siRNA and confirmed that the effect on p-ERK
signaling that was induced by upregulating DUSP5 was rescued in
comparison with the results obtained from overexpressing DUSP5

alone.

FIGURE 4 Analysis of cell proliferation, invasion, and migration in glioma cell lines transfected with p68 siRNA. U87 and LN-229 cells
were transfected with control, siRNA negative control (si-NC), or p68 siRNA. A, MTT assay of U87 and LN-229 cell proliferation. Scale
bar = 50 um. OD, optical density. B, Wound healing assay of the invasive capacity of U87 and LN-229 cells and quantitative histogram
analysis. Left panels, micrographs of invaded cells; right panels, relative quantitative analysis of the scratch width of invaded cells. Scale
bar = 50 pm. C, Transwell assay of U87 and LN-229 cell migration and quantitative analysis. Bars represent SD; *P < .05
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FIGURE 5 Analysis of cell proliferation, invasion, and migration in glioma cell lines overexpressing dual specificity phosphatase 5
(DUSP5). A, Relative mRNA expression of DUSP5 in U87 and LN-229 glioma cell lines transfected with control plasmid vector (Control),
empty plasmid vector (NC), DUSP5 plasmid vector (DUSP5), or DUSP5 siRNA (si-DUSP5). B, Protein expression of DUSP5 in U87 and LN-
229 cells transfected with DUSP5 or cotransfected with DUSP5 and si-DUSP5. Histogram showing the relative DUSP5 protein expression
level with relative ratios shown as percentages of the DUSP5/GAPDH band. C, Immunofluorescence staining showing the cellular
localization and transfection rates of DUSP5 or DUSP5 and si-DUSP5. Scale bar = 50 pm. D, MTT assay of cell growth in U87 and LN-229
cells transfected with DUSP5 or cotransfected with DUSP5 and si-DUSP5. OD, optical density. E, Wound healing assay of cellular invasive
capacity in U87 and LN-229 cells overexpressing DUSP5 or in which DUSP5 overexpression was abolished. Upper panels, micrographs

of invaded cells; lower panels, relative quantitative analysis of scratch width of invaded cells shown in upper panels. Scale bar, 50 um. F,
Transwell assay of U87 and LN-229 cells transfected with DUSP5 or/and si-DUSP5. Upper panels, micrographs of migrated cells; lower
panels, relative quantitative analysis of migrated cells. Bars represent SD; *P < .05, **P < .05 vs adjacent control

4 | DISCUSSION usually indicating a poorer prognosis.?>?* Glioblastomas (WHO

grade V) are the most malignant tumors in the spectrum of diffuse

Gliomas are the most common type of primary brain tumors in
adults, in which they account for approximately 80% of all malig-
nant CNS tumors and are associated with substantial morbidity and
mortality.22 Gliomas are classified into WHO grades I-1V according

to differences in morphological characteristics, with a higher grade

astrocytomas; they have the highest recurrence rate and the worst
prognosis, in addition to a high risk of radioresistance and chemore-
sistance.?” Thus, it is important to investigate the detailed mecha-
nisms underlying growth and invasion in gliomas. In our study, we

show that p68is highly expressed in both glioma cells and tissues and
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FIGURE 6 Analysis of cell proliferation, invasion, and migration in glioma cell lines cotransfected with p68 and dual specificity
phosphatase 5 (DUSP5) siRNA. A, Relative mRNA expression of DUSP5 in U87 and LN-229 glioma cell lines transfected with siRNA control
(control), siRNA negative control (si-NC), or p68 siRNA (si-P68) and/or DUSP5 siRNA (si-DUSP5). B, Protein expression of DUSP5 in U87
and LN-229 cells cotransfected with si-P68 and si-DUSP5. Histogram of relative p68 or DUSP5 protein expression levels with relative ratios
shown as a percentage of the p68/GAPDH or DUSP5/GAPDH band. C, MTT assay of cellular growth in U87 and LN-229 cells cotransfected
with the siRNAs mentioned above. OD, optical density. D, Wound healing assay of cellular invasive capacity in U87 and LN-229 cells
cotransfected with the siRNAs mentioned above. Left panels, micrographs of invaded cells; right panels, relative quantitative analysis of
scratch width in invaded cells shown in left panels. Scale bar = 50 pm. E, Transwell assay of U87 and LN-229 cells cotransfected with the
siRNAs mentioned above. Left panels, micrographs of migrated cells; right panels, relative quantitative analysis of migrated cells shown in
left panels. Experiments were repeated three times independently. Bars represent SD; *P < .05, **P < .05 vs adjacent control

that silencing p68 suppressed proliferation, invasion, and migration
in glioma cells. Using microarray gene expression profiling, we iden-
tified a novel target of p68, DUSP5. Following p68 knockdown, both
the mRNA and the protein level of DUSP5 were increased, and p68
colocalized with DUSP5 in glioma cells. Moreover, DUSP5 expres-
sion was lower in high-grade glioma tissues than in low-grade glioma
tissues. We also found that aberrant expression of DUSP5 efficiently
suppressed growth and invasion in glioma cells and negatively regu-
lated the downstream ERK pathway. Additionally, we downregulated
DUSP5 using DUSP5 siRNA and p68 siRNA and found that the ca-
pacity of the cells to grow and invade was stronger in cotransfected
cells thanin cells treated with p68 knockdown alone. Taken together,
these results indicate that p68 negatively regulates DUSP5 to pro-
mote proliferation, invasion, and migration in glioma cells. Our previ-
ous study showed that p68 combined with nuclear factor-xB p50 to

promote glioma proliferation. These studies emphasize the notion

that p68 plays a chemotactic role in gliomagenesis, and we predict a
novel therapeutic target, DUSP5, for glioma therapy.'”

P68 is an oncogene that is overexpressed in colorectal tumors,*® in
which downregulating p68 reduced proliferation and tumor formation
in nude mice.?® P68 is overexpressed in prostate tumors, in which it
promotes prostate tumorigenesis,13 and it is overexpressed in breast
tumors, in which it regulates target gene transcription and promotes
tumorigenesis.’® Our results verify that p68 is overexpressed in gli-
oma tumors, and we show that p68 knockdown inhibited growth and
invasiveness in glioma, suggesting that p68 plays an important role
in glioma therapy. Additional analyses of the functions of the down-
stream signaling pathways of p68 in glioma will be required to further
address this question. In our study, we show that a novel gene, DUSP5,
functions downstream of p68 and interacts with pé8 to regulate gli-
oma growth. DUSP5 interacts specifically with p68; however, the exact
binding site at which DUSP5 binds p68 was not identified.



WANG ET AL.

LRRWABS'E Cancer Science

The DUSP family comprises a group of tyrosine or serine/thre-
onine phosphatases that are involved in cancer progression and
resistance and could be regarded as a novel rational target.27 As a
vital member of the DUSP family, DUSP5 localizes solely in cellular
nuclei,?® possesses a functional nuclear localization signal, and has
been proposed to act as a nuclear anchor for ERK.Y? As a growth
factor-inducible phosphatase, DUSP5 is critical for both vascular
development and disease.?’ Previous studies showed that DUSP5
is a novel prognostic biomarker for advanced colorectal cancer
patients30 and that it can prevent progression in prostate cancer
patients.3! However, the precise role of DUSP5 in glioma remains
unclear. The results of our study show that DUSP5 expression is
associated with glioma differentiation and that DUSP5 expression
was lower in high-grade gliomas. Here, our findings also indicate
that DUSP5 might act as a tumor suppressor during progression in
glioma. To our knowledge, our study is the first to explore the mo-
lecular functions and roles underlying the clinicopathological effects
of DUSP5 in glioma.

In this study, we reveal that DUSP5 functions as a tumor
suppressor and inhibits tumor growth. As a member of the dual-
specificity phosphatase family that specifically inactivates ERK,%?
DUSP5 is a component in one of three branches of the MAPK cas-
cade that function in tumors. Abnormal MAPK signaling is closely
related to the development and progression of tumors.3? Moreover,
increasing evidence indicates that DUSP5 plays a key role in inhib-
iting tumor proliferation and growth.3! A recent study showed that
DUSP5 suppressed skin cancer by regulating nuclear ERK activa-
tion.®% In gastric cancer, DUSP5 inhibited tumor cell growth and
colony-forming ability by regulating the cell cycle transition from
G, to S phase that was induced by the dephosphorylation of nu-
clear ERK1/2.3* Furthermore, DUSP5 plays a critical role in tumor
metastasis progression by inhibiting vascular development. Bellou
et al.'s study showed that DUSP5 localizes to endothelial cell nuclei
and suppresses proliferation in endothelial cells by dephosphory-
lating vascular endothelial growth factor (VEGF)-phosphorylated
ERK1/2.3% Pramanik et al.'s study indicated that DUSP5 plays a key
role in embryonic vascular development and could be mutated in
human patients with vascular anomalies.?? DUSP5 also counter-
acted functions underlying the angioblast development-promoting
effects of a serine threonine kinase, Snrk-1. In our study, we found
that DUSP5 negatively regulated ERK expression and phosphor-
ylation, indicating a novel molecular mechanism involving p68/
DUSP5/ERK in glioma. In summary, p68/DUSP5 might participate
in various functions during tumorigenesis by negatively targeting
ERK signaling, which facilitates glial tumorigenesis. However, the
underlying molecular mechanism by which it exerts these effects
needs to be further explored.

Finally, the results of our study reveal that p68 might exert
inhibitory effects on the regulation of chemotactic cell invasion
and migration by negatively regulating DUSP5/ERK signaling.
Improving our understanding of the mechanisms by which p68
negatively regulates DUSP5 will expand our knowledge of the
molecular pathogenesis of glioma. Furthermore, the discoveries

presented here represent a new facet of the complex interactions
of the pé8 gene and its tumor-promoting functions and provide
novel insights into the potential roles of a p68/DUSP5/ERK signal-
ing pathway in carcinogenesis.
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