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Purpose: The aim of this study was to investigate the effects of gain-of-function (GOF)
E76K-mutant Src homology-2 domain containing protein tyrosine phosphatase-2 (SHP2) on
the biological behaviors of glioblastoma (GBM) cells, and explore the molecular mechan-
isms of GBM progression.

Methods: Firstly, a negative control vector and vectors overexpressing SHP2 and E76K-
mutant SHP2 were transduced into GBM cells (U87 and A172) using a lentivirus. The effect
of GOF-mutant SHP2 on proliferation was measured using the MTT assay, flow cytometry,
colony formation assay, and soft agar assay. Moreover, the migration and invasion of GBM
cells were determined through the transwell assay. Related proteins of the extracellular
signal-regulated kinase/cAMP response element binding protein (ERK/CREB) pathway
were detected by Western blotting analysis. A xenograft model was established to confirm
the tumor-promoting effect of GOF-mutant SHP2 in vivo. Finally, ERK was inhibited using a
mitogen-activated protein kinase/ERK kinase inhibitor (U0126) to further explore the mole-
cular mechanism of GOF-mutant SHP2 affecting GBM cells.

Results: After transduction, the expression of SHP2 in the SHP2-mutant and SHP2-over-
expression groups was higher than that observed in the control and normal groups. Our data
indicated that GOF-mutant SHP2 enhanced the abilities of GBM cells for proliferation,
migration, and invasion in vitro, and promoted tumor growth in vivo. Mechanistically, the
ERK/CREB pathway was activated, and the levels of relevant proteins were increased in the
SHP2-mutant group. Furthermore, following inhibition of ERK in the GOF-SHP2 mutant
group, the activation of CREB was also depressed, and the malignant biological behaviors
were weakened accordingly.

Conclusion: The GOF-mutant SHP2 promoted GBM cell proliferation, metastasis, and
tumor growth through the ERK/CREB pathway, providing a promising target for the treat-
ment of GBM.
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Introduction

Glioblastoma (GBM) is the most common type of malignant brain tumor. It is
associated with rapid growth, low survival, and high mortality rates, particularly in
patients for whom tumor removal was incomplete.' Despite significant efforts over
the last several decades to improve combined therapies for GBM, its prognosis
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remains poor.” Therefore, the molecular mechanisms
underlying the progression of GBM must be investigated
to develop new treatment methods.

Src homology-2 (SH2) domain containing protein tyrosine
phosphatase (PTP) 2 (SHP2), coded by the PTP non-receptor
type 11 (PTPN11) gene, is a widely occurring non-receptor
PTP. It is composed of two N-terminal SH2 regions, a PTP
region, and a C-terminal region.> SHP2 is auto-inhibited, as
the N-terminal SH2 region binds intramolecularly to the phos-
phatase region, and becomes catalytically sensitized when
interacting with a phosphate tyrosine.* Accumulating evidence
indicated that SHP2 promotes cell survival and proliferation
through various signaling pathways, such as the RAS/extra-
cellular signal-regulated kinase (RAS/ERK) and Janus kinase/
signal transducer and activator of transcription (JAK/STAT),
induced by cytokines, growth factors, and hormones.’
Dominant-negative SHP2 mutants disrupt Xenopus gastrula-
tion and impair fibroblast growth factor-induced ERK activa-
tion, mesoderm induction, and elongation in ectodermal
explants.>® Homozygous SHP2—/— mice (deletion of exon 3
of SHP2) expire in the uterus at mid-gestation due to the lack
of ERK activation.’

SHP2 was the first reported oncogenic tyrosine
phosphatase.® Most of its gain-of-function (GOF) mutations
are missense mutation and affect the N-SH2 or PTP domain
residues involved in basal auto-inhibition.” Somatic muta-
tions of SHP2 have been identified and associated with
higher proliferation rate in Noonan syndrome (~50%), juve-
nile myelomonocytic leukemia (~35%), and other
leukocythaemias.'®'" Although GOF mutations in SHP2
occur at low frequency in certain solid tumors, including
GBM, lung cancer, colon cancer, and melanoma, GOF
SHP2 appears to play an important pathogenic role in con-
tributing to the occurrence, progression, and metastasis of
these diseases.'>'> A recent study found that inhibition of
SHP2 phosphatase activity reduced the proliferation
of acute myeloid leukemia cells through downregulation
of phosphorylated STAT5.'* Sun et al demonstrated that
inhibition of SHP2 promoted irradiation-induced radiosen-
sitivity in glioma.'> In gallbladder cancer, SHP2 can be
used as a marker of diagnosis and poor prognosis.'®
Nevertheless, some studies have demonstrated the tumor-
suppressing role of SHP2. Bard-Chapeau et al showed that
SHP2 suppresses hepatocellular carcinoma development
via downregulation of inflammatory signaling.'” In addi-
tion, SHP2 inhibits the growth of esophageal squamous cell
cancer cells through dephosphorylation of STAT3.'®

Overall, it is generally recognized that SHP2 plays dual
roles in specific solid tumors.

Based on data from The Cancer Genome Atlas, ~2%
of patients with GBM harbor PTPNI11
and nearly all of these mutations were identified as
activating.'> SHP2F7K Jocated in the N-SH2 domain is
the most frequently mutated residue in juvenile myelo-

mutations,

monocytic leukemia, and was also found in glioma in the
Catalog of Somatic Mutations in Cancer databank. On the
other hand, SHP2"7®* exhibits markedly high phospha-
tase activity compared with other GOF SHP2 variants,
such as SHP29%%Y and SHP2P%'V.!° However, the effects
of GOF E76K-mutant (E76K-MT) SHP2 on the biologi-
cal behaviors of GBM cells in vitro and in vivo, and the
potential molecular mechanisms involved in this process
have not been fully elucidated.>® Therefore, it is crucial
to understand the role and mechanism of GOF-MT SHP2
in the development of GBM. Since established U87 and
A172 cell lines were isolated from patients with GBM,
they are suitable for being used as a representative to
study biological behaviors and molecular mechanisms of
GBM progression.

In this study, we found that GOF-MT SHP2 signifi-
cantly promoted the proliferation, migration, and invasion
of GBM cells, and accelerated tumor growth in a xenograft
model. Furthermore, our results proved that GOF-MT
SHP2 promotes the malignant behaviors of GBM cells
through the ERK/cAMP response element binding protein
(ERK/CREB) signaling pathway.

Materials And Methods
Cell Culture And Lentivirus (LV)

Transduction
The human GBM cell lines A172 and U87 were purchased
from the Chinese Academy of Sciences (Shanghai, China)
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA)
in an incubator at 37°C with 5% carbon dioxide. A recom-
binant LV-negative control (LV-NC) vector, and vectors
overexpressing SHP2 (LV-SHP2) and E76K MT SHP2
(LV-E76K MT-SHP2) were obtained from GenePharma
(Shanghai, China). Virus solution and polybrene (Sigma—
Aldrich, St Louis, MO, USA) were added into complete
medium for gene transduction in A172 and U87 cells.
Following transduction for 48 h, stable cell lines were
treatment

subjected to with 2 pg/mL puromycin
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(MedChem Express, Monmouth Junction, NJ, USA) for 14
days. U0126 (MedChem Express), a mitogen-activated pro-
tein kinase/ERK kinase inhibitor, was dissolved in dimethyl
sulphoxide (DMSO) (Sigma—Aldrich), and added into the
cell culture at a concentration of 10 pmol/l. In the control
group, only DMSO was added.

Western Blotting

Total protein from the different cell groups were collected in
radioimmunoprecipitation assay buffer supplemented with
protease and phosphatase inhibitors (Sigma—Aldrich). The
protein samples (~15 pg) were electrophoresed in a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel, and
subsequently transferred onto polyvinylidene difluoride mem-
branes. Non-fat milk (5%) was used to block the membranes at
room temperature, followed by incubation with primary anti-
bodies against SHP2, phosphorylated ERK (p-ERK), ERK,
p-CREB, CREB, cyclin D1, matrix metallopeptidase
9 (MMP9: 1:1,000; Cell Signaling Technology, Danvers,
MA, USA), proliferating cell nuclear antigen (PCNA:
1:1,000; Elabscience Biotechnology, Wuhan, China), cyclin
El, cyclin A (1:1,000; Abcam, Cambridge, UK), and B-actin
(1:5,000; Abcam) at 4°C overnight. Finally, the polyvinyli-
dene difluoride membranes were incubated with a horseradish
peroxidase-conjugated IgG secondary antibody (1:5,000; GE
Healthcare, Little Chalfont, UK). Signals were detected
through (GE  Healthcare).
Quantification of protein bands was performed using the
Image] 1.51 software (National Institutes of Health,
Bethesda, MD, USA). The levels of B-actin were used to
ensure equal loading of proteins. Each experiment was per-

electrochemiluminescence

formed in triplicate.

MTT Assay

A172 and U87 cells were seeded in a 96-well plate at a
density of 4,000 cells/well to test cell viability. After growth
for 24, 48, and 72 h, MTT solution (1 mg/mL) (50 pl) was
added into each well for 4 h. Subsequently, DMSO (150 pl)
was used to terminate the reaction, and the optical density
was determined at 490 nm using a multi-well plate reader
(Thermo Fisher Scientific, Waltham, MA, USA). Each
experiment was performed in triplicate.

Cell Cycle Analysis

The cellular DNA content was measured using flow cytome-
try (FCM) to determine the cell cycle distribution. According
to the protocol provided by the manufacturer of the reagent
(Beyotime, Shanghai, China), glioma cells, grown to

70-80% confluence in 60-mm plates, were collected after
two washes with phosphate-buffered saline (PBS), fixed in
75% cold ethanol overnight. After fixation, cells were
washed with cold PBS and stained with 50 pg/mL propidium
iodide in the presence of 20 pg/mL RNase A at 37 °C for 30
min in darkness. The FACSAria IIT (BD Biosciences, San
Jose, CA, USA) was used to analyze the samples. The cell
cycle distribution was analyzed using the ModFit LT soft-
ware (BD Biosciences). Each experiment was performed in

triplicate.

Colony Formation And Soft Agar Assay

In the plate-colony experiment, cells (100 cells/well) were
incubated in six-well plates containing complete DMEM
supplemented with 10% FBS. After 2 weeks, the colonies
were fixed with 4% paraformaldehyde for 15 min and
stained with 0.1% crystal violet solution for 30 min.
Colonies containing >50 cells were counted under a micro-
scope. For the soft agar assay, ~2,000 cells/well were
cultured in six-well plates containing DMEM supplemen-
ted with 10% FBS and 0.35% agar in the upper layer and
0.5% agar in the bottom layer. After culturing in agar for
2 weeks, visible cell colonies (size: >1 mm) were imaged
and counted at x100 magnification under an Axio
Observer.Al microscope (Zeiss, Jena, Germany). Each

experiment was performed in triplicate.

Cell Migration And Invasion Assay

Cell migration and invasion were measured using trans-
parent polyethylene terephthalate membranes (8-um pore
size; BD Biosciences). For the migration test, 4x10* GBM
cells were placed in the upper chambers of a Transwell
plate. For the invasion test, 4x10* cells were placed in the
upper chambers of a Transwell plate with a 1 mg/mL
matrigel-coated membrane. Cells in the upper Transwell
chambers were cultured in serum-free medium, while
medium with 20% serum was added to the lower chambers
as a chemoattractant. After culture for 24 h, the cells
remaining in the upper chambers were removed using
cotton-tipped swabs, whereas those that had migrated/
invaded to the underside of the chamber membranes
were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet. More than 5 randomly selected micro-
scopic fields were analyzed to count the number of migrat-
ing/invading cells. Each experiment was performed in

triplicate.
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Tumorigenicity Assay In Vivo

A total of 24 BALB/c mice were purchased from the
Model Animal Research Center of Nanjing University
(Nanjing, China) and randomly assigned to four groups
(n=6 per group). Normal, LV-NC, LV-SHP2, and LV-E76K
MT-SHP2 U87 cells (1x10°) were suspended in 0.1 mL
PBS and injected into the right armpit of nude mice. The
mice were maintained under specific pathogen-free condi-
tions at the Core Facility Centre for Life Sciences of the
University of Science and Technology of China (Hefei,
China). All the animal tests were processed in accordance
with the guide for the care and use of laboratory animals
Research Ethics
Committee of the University of Science and Technology

and approved by the Institutional

of China. The nude mice were sacrificed at 4 weeks
following inoculation, according to the volume of the
growing tumor [(length x width?)/2] measured using
Vernier calipers twice per week. The tumor tissues were
preserved in 10% neutral buffered formalin for further

experiments.

Hematoxylin And Eosin (H&E) Staining
And Immunohistochemistry (IHC) Assay

The paraffin blocks of the xenografts were cut into 5-pm
slices. For H&E staining, the slides were dewaxed and
dyed with hematoxylin for 10 min, placed in hydrochloric
acid alcohol differentiation solution, and subsequently
stained with eosin for 1 min. For the IHC assay, endogen-
ous peroxidase activity was blocked using 0.35% hydro-
gen peroxide in PBS. Subsequently, antigens were
retrieved by microwaving, and non-specific binding was
blocked with 5% bovine serum albumin. The prepared
tissue slices were incubated with anti-SHP2 and anti-p-
ERK (1:200; Cell Signaling Technology), anti-p-CREB
(1:800; Cell Signaling Technology), and anti-Ki-67
(1:200; ZSBIO, Beijing, China) antibodies overnight at
4°C. Signals were detected using a DAB Detection kit
(ZSBIO) and images were captured under an Axio
Observer.A1 microscope (Zeiss). For Ki-67 and p-CREB
nuclear staining, the “count small-cells” function of the
Image-Pro Plus version 6.0 software (Media Cybernetics,
Rockville, MD, USA) was used to count the positive cells.
For p-ERK staining, the integrated optical density was
measured using the “measure stain” function. At least six
random fields in each section were measured and three

sections were selected from each xenograft.

Statistical Analysis

The GraphPad Prism 6 software (GraphPad, La Jolla, CA,
USA) was employed to analyze the experimental data. All
data were obtained from at least three independent experi-
ments and presented as the mean + standard error of mean
(SEM). One-way analysis of variance and Student’s #-test
were used to compare differences between the groups. A
P<0.05 denoted statistically significant differences.

Results
Overexpression Of SHP2 By The
Recombinant LVs In GBM Cells

A172 and U87 cells were transduced with recombinant
LVs (LV-NC, LV-SHP2, and LV-E76K MT-SHP2) to
determine the effects of GOF-MT SHP2 on GBM cells.
The expression levels of SHP2 in the different groups were
measured. As expected, we found that the levels of SHP2
were elevated in cells infected with LV-SHP2 and LV-MT-
SHP2, compared with those reported in the normal or LV-
NC groups (Figure 1A and B).

GOF-MT SHP2 Promotes The
Proliferation Of GBM Cells

The effect of transduction on the proliferation of A172 and
U87 cells was evaluated. Growth curves produced follow-
ing the MTT assays revealed that GOF-MT SHP2 signifi-
cantly increased the viability of A172 and US87 cells
compared with SHP2-overexpression and control
(Figure 2A and B). Subsequently, FCM was used to assess
the cell cycle distribution. The analysis showed that LV-
MT-SHP2 resulted in a notable increase in the S phase
population and a decrease in the GO/G1 population in both
A172 and U87 cells (Figure 2C and D). Additionally, the
colony formation and soft agar assays suggested that the
density-independent (Figure 2E and F) and anchorage-inde-
pendent (Figure 2G and H) growth capacity was markedly
enhanced in A172 and US87 cells following transduction

with LV-MT-SHP2.

GOF-MT SHP2 Promotes The Abilities
Of GBM Cells For Migration And Invasion

Subsequently, we examined the metastatic ability of A172
and U87 GBM cells in vitro. Cell migration was tested
using a Transwell chamber system. We found that GOF-
MT SHP2 promoted the migration of GBM cells compared
with SHP2-overexpression and control (Figure 3A and B).
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SHP2 following transduction with LV-NC, LV-SHP2, and LV-E76K MT-SHP2 in A172 and U87 cells. B-actin was used to ensure equal loading. The data are presented as the
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Abbreviations: SHP2, Src homology-2 domain-containing protein-tyrosine phosphatase-2; WT, wild type; MT, mutant; LV, lentivirus; NC, negative control.

In the invasion assay, the cells transduced with LV-MT-
SHP2 exhibited a stronger invasive ability compared with
that observed in cells transduced with LV-SHP2 or control
(Figure 3C and D).

Regulatory Mechanism Of The Positive
Effects Of SHP2 GOF-Mutation

ERK plays an important role in intracellular signaling
pathways. Our results demonstrated that, following trans-
duction with LV-MT-SHP2, the phosphorylation of ERK
was markedly increased compared with that recorded after
transduction with LV-SHP2 or control. Interestingly, we
also found that, although the total expression of CREB
was not altered, the levels of p-CREB were distinctly
increased in the LV-MT-SHP2 group. Furthermore, we
examined the expression of related proteins (eg PCNA,
cyclin D1, cyclin E1, MMP9 and cyclin A), which are
associated with CREB regulation. We found that the
expression of these factors was significantly increased in
the LV-MT-SHP2 group (Figure 4A and B, Figure S1). All
these molecular results confirmed that transduction with
LV-MT-SHP2 accelerated the development of GBM com-
pared with LV-SHP2 or control.

GOF-MT SHP2 Promotes Tumor Growth

In Vivo

We used a tumor xenograft model to investigate the func-
tion of GOF-MT SHP2 in vivo. Tumor size was measured
twice a week. The mice were sacrificed 4 weeks post inocu-
lation. The tumors in the LV-MT-SHP2 group were notice-
ably larger compared with those observed in the LV-SHP2
or control groups (Figure SA and B). Analysis of continuous
measurement data for tumor size in the different groups
revealed that LV-MT-SHP2 markedly accelerated tumor
growth (Figure 5C). Consistently, the tumor weight was
also higher in the SHP2 MT group (Figure 5D).

IHC Analysis Of The Expression Of SHP2
And Related Proteins In Xenograft

Tissues

IHC was used to detect the levels of related proteins in
the tissues of xenograft tumors to investigate the potential
molecular mechanism underlying the effects of GOF-MT
SHP2 on GBM cells in vivo. The results indicated that
the expression of p-ERK and p-CREB was elevated in the
LV-MT-SHP2 group compared with that reported in the
LV-SHP2 or control groups. Furthermore, there was a
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Figure 2 GOF-MT SHP2 promotes the proliferation of glioblastoma cells. (A and B) The viability of normal, vector, WT-SHP2 and MT-SHP2 A172 and U87 cells
was determined using the MTT assay. (C and D) The cell cycle distribution was detected using flow cytometry. (E and F) A colony formation assay was performed
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Abbreviations: GOF, gain-of-function; SHP2, Src homology-2 domain-containing protein-tyrosine phosphatase-2; WT, wild type; MT, mutant; MTT, 3-(4,5-dimethyl-2-
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Figure 3 The SHP2 mutation enhances the migration and invasion of A172 and U87 cells. (A and B) A migration test was performed for normal, vector, WT-SHP2, and MT-
SHP2 A172 and U87 cells using a Transwell chamber with polycarbonate membrane in 24-well plates. (C and D) The invasion ability of cells in the different groups was
tested utilizing the Matrigel-coated Boyden chamber. Representative images are shown. The data are presented as the means = SEM (¥**P<0.001).

Abbreviations: SHP2, Src homology-2 domain-containing protein-tyrosine phosphatase-2; WT, wild type; MT, mutant.

markedly higher number of Ki-67-positive cells in the
LV-MT-SHP2 group, indicating enhanced proliferative
activity (Figure S5SE). These data demonstrated that
GOF-MT SHP2 conferred an increased tumor growth
ability, which was, at least partly, mediated by the
increased levels of p-ERK and p-CREB.

U0 126 Reduces The Expression Of
P-ERK And P-CREB, And Significantly
Reduces The Proliferation And Migration
Of GOF-MT SHP2 GBM Cells

GOF-MT SHP2
increases the malignant behaviors of GBM cells by acti-
vating the ERK/CREB pathway. U0126 was added to the
cell culture medium and led to a significant reduction in
the expression of p-ERK and p-CREB in GBM cells
belonging to the GOF-MT SHP2 group (Figure 6A

We subsequently verified whether

and B). In addition, the MTT and plate-colony assays
revealed that the proliferation capacity was significantly
decreased in the GOF group (Figure 6C—F). Furthermore,
U0126 suppressed the migration ability in the GOF group
(Figure 6G and H). These data suggested that GOF-MT
SHP2 promoted the growth and migration of U87 and
A172 cells in a partially ERK/CREB-dependent manner.

Discussion
The PTP SHP2 is widely expressed in various types of cells,
and plays a key role in multiple signaling pathways induced

by cytokines S

and extracellular matrix proteins.
Approximately half of patients with the Noonan syndrome
harbor mutations in the PTPN11 gene, and these patients are
linked to an increased risk of developing leukemia.'®*
Previous studies have demonstrated that GOF-MT SHP2
promotes the development and progression of leukemia

through its phosphatase catalytic activity and effects on

OncoTargets and Therapy 2019:12

submit your manuscript

9441

Dove


http://www.dovepress.com
http://www.dovepress.com

Yang et al

Dove

normal vector WT-SHP2 MT-SHP2
A — | SHP2
— — — p-ERK
8 [ normal @@ WT-SHP2
—_— — e we | ERK - Y [ vector WM MT-SHP2
>
92
| - = s S p-CREB p= 6 --# _--'.7.
0o
D IR S <= | CREB & —tt— — e
g o oo
A172 S G S ds | pcNA X sy
S
—— cyclin D1 = 21
S
Q
- - - —— w— | cyclin E1 x
Y . -  E—— s — |MMP9 ° SHP2 p-ERK/IERK p-CREB/CREB PCNA cyclin D1 cyclin E1 MMP9
|— cmmmecs, v —| B-actin
B normal vector WT-SHP2 MT-SHP2
| — |SHP2
- Pl
8 [ normal @@ WT-SHP2
| —— — —— — | ERK ] £ vector WM MT-SHP2
> FTTY
2
|~ - - 0——.|p-CREB c 61 =
L2 . —
0 T =3
us7 — — — — | CREB g
= 4 1T
| - —— — |PCNA g ——
S
— —| cyclin D1 ‘g 2-
° .
- - === 1 cyclin E1 2
0 2 f F
e — s | MIMP9 SHP2 p-ERK/ERK p-CREB/CREB PCNA cyclinD1  cyclin E1 MMP9
- G csse—— e | (-actin

Figure 4 Regulatory mechanisms of GOF-MT SHP2 on cell malignancy. (A and B) Western blotting demonstrated the expression of SHP2, total ERK, p-ERK, total CREB,
p-CREB, and several related downstream proteins (ie PCNA, cyclin D1, cyclin EI, MMP9) in normal, vector, WT-SHP2 and MT-SHP2 A172 and U87 cells. NS: no significant.

The data are presented as the means * SEM (**P<0.01 and ***P<0.001).

Abbreviations: GOF, gain-of-function; SHP2, Src homology-2 domain-containing protein-tyrosine phosphatase-2; WT, wild-type; MT, mutant; ERK, extracellular signal-
regulated kinase; CREB, cAMP-response element-binding protein; MMP, matrix metallopeptidase; PCNA, proliferating cell nuclear antigen.

the bone marrow microenvironment.”*2® GOF-MTs have
also been identified in certain solid tumors, including GBM,
lung cancer, colon cancer, and melanoma. GOF-MT SHP2
promotes lung tumorigenesis in transgenic mice, and Src
family kinases may be involved in a positive feed-forward
loop with SHP2F7°% and Gabl.>” However, the role and
mechanism of activating-MT SHP2 in solid tumors warrant
further investigation.

Our experiments demonstrated that LV-MT-SHP2
promoted the proliferation of GBM cells compared

with LV-SHP2 and control. The results of the FCM
analysis indicated that the PTPNI1l mutation was
implicated in disrupting the G1-to-S phase transition,
which is crucial for the control of cell proliferation.?®
Dysregulation of the cell cycle and abnormal expres-
sion of pro-survival and -proliferation proteins are
essential factors in the regulation of SHP2-activating
’  Additional

strated that the abilities for migration and invasion

mutations.? functional studies demon-

were significantly elevated in the LV-MT-SHP2 group,
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Figure 5 GOF-MT SHP2 promotes glioblastoma tumor growth; immunohistochemical staining of tumor specimens. (A and B) Normal, control, WT-SHP2, and MT-SHP2
U87 cells were hypodermically injected into nude mice (n=6 per group). At 4 weeks post injection, the mice were sacrificed, and solid tumors were dissected and
imaged. (C and D) After the injection, the tumor size and weight were measured twice per week. (E) H&E staining and IHC assay for SHP2, Ki-67, p-ERK, and p-CREB
in tumor tissues obtained from normal, control, WT-SHP2, and MT-SHP2 mice. Images were captured from random fields of view at a magnification of %400, Scale bar:
50 um; representative images are shown. The data are presented as the means * SEM (***P<0.001).

Abbreviations: GOF, gain-of-function; SHP2, Src homology-2 domain-containing protein-tyrosine phosphatase-2; WT, wild type; MT, mutant, IHC, immunohistochemistry;
H&E, hematoxylin and eosin; CREB, cAMP-response element-binding protein; ERK, extracellular signal-regulated kinase.
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Figure 6 U0126 partially diminishes the effects of GOF-SHP2 on glioblastoma cells. (A and B) WT-SHP2 and MT-SHP2 U87 and A172 cells were treated with U0126 (10
pmol/l) or DMSO for 24 h. Western blotting analysis was used to measure the levels of p-ERK, ERK, p-CREB, and CREB. B-actin was used as a loading control. (C and
D) The MTT assay was employed to test the viability of glioblastoma cells in the WT-SHP2 and MT-SHP2 groups in the presence of U0126 or DMSO. (E and F) The
cloning experiment was used to test the proliferation ability of cells. The WT-SHP2 and MT-SHP2 groups were treated with U0I126 or DMSO twice per week for 2
weeks. (G and H) The migration ability of cells was measured using the Transwell chamber assay in the presence of U026 or DMSO. The data are presented as the

means + SEM (*P<0.05 and ***P<0.001).

Abbreviations: GOF, gain-of-function; CREB, cAMP-response element-binding protein; ERK, extracellular signal-regulated kinase; SHP2, Src homology-2 domain-containing
protein-tyrosine phosphatase-2; WT, wild type; MT, mutant; DMSO, dimethyl sulphoxide; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide.

suggesting that the SHP2 mutation is associated with
the invasion and poor prognosis of GBM. Zhang et al
showed that dominant-active SHP2 promoting epithe-
lial-to-mesenchymal transition may be involved in
prostate cancer metastasis.>’ As the first reported onco-
genic tyrosine phosphatase, SHP2 may play a role in

signal transmission

in phosphatase-dependent

and

-independent manners.’' * The critical role of SHP2
is to promote the activation of the RAS/ERK signaling
pathway, a classic signaling cascade involved in var-
ious cellular processes, including proliferation, survi-
val, differentiation, migration, or metabolism.” Apart
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from the RAS/ERK pathway, SHP2 also promotes the
phosphatidylinositol 3 kinase/protein kinase B (PI3K/
AKT), JAK/STAT,
nuclear factor-kB pathways.>* Goodwin et al have
demonstrated that the PI3K-AKT and RAS-ERK path-
ways work together to promote granulocyte-macro-

c-Jun N-terminal kinase, and

phage colony-stimulating factor hypersensitivity of
MT SHP2-expressing cells.>> Recent research found
that GBM tumors exhibit significantly higher levels of
phosphorylated SHP2 compared with low-grade glio-

mas and their normal counterparts.*®

The dysregulation
of SHP2 in GBM has potently stronger proliferation
and transformation ability.®” Sturla et al described the
ability of SHP2 to suppress cellular senescence in the
GBM cell lines.'? In addition, SHP2 also plays an
important role in glioma radiosensitivity."> However,
the underlying molecular mechanism through which
the GOF-MT SHP2 is involved in the regulation of
GBM progression remains unclear and must be
elucidated.

Of note, a genomic analysis using data from The Cancer
Genome Atlas has revealed that PTPNI11 is connected with
different mutated genes in GBM, as a member of the six major
concatenated genes.*® Therefore, treatments targeting SHP2
may be more effective against GBM. It has been reported that
abnormal expression of SHP2 leads to deregulation of ERK
hyper-activation.***° We measured the levels of total ERK and
p-ERK in normal, LV-NC, LV-SHP2, and LV-MT-SHP?2 cells,
and found that the activation of ERK was significantly higher
in the GOF-MT SHP2 group. Furthermore, CREB (a general
transcriptional activator) is associated with accelerated pro-
gression of numerous cancers, including GBM, leukemia,
non-small-cell lung cancer, and pancreatic cancer.*’** The
cAMP-responsive elements of the promoters of several genes
are found in the CREB-binding site, including genes that are
involved in proliferation or associated with metastasis.*>*” We
hypothesized that the activating role of GOF-MT SHP2 in
intracellular molecular signaling pathways is related to the
function of CREB in GBM. Our results revealed that the levels
of p-CREB were indeed increased following the stimulation of
GBM cells with GOF-MT SHP2. These findings suggested
that the upregulation of p-ERK and p-CREB may be respon-
sible for the malignant biological behaviors of LV-MT-SHP2
cells. Further studies demonstrated that the expression of
PCNA, cyclin D1, cyclin E1, and MMP9, which is directly
or indirectly modulated by CREB, was elevated.***’
Furthermore, we found that U0126, a selective inhibitor

of ERKI1/2 phosphorylation, markedly reduced the

expression of p-ERK and p-CREB in GBM cells belonging
to the GOF-MT group. Our data showed that the proliferation
and migration abilities of cells were also diminished.
Collectively, these findings indicated that GOF-MT SHP2
may promote the malignant behaviors of GBM cells by
activating the ERK/CREB signaling pathway. However, the
detailed mechanisms underlying the regulation of GBM
growth and metastasis by GOF-MT SHP2 require further
investigation. Consistent with the aforementioned findings,
the growth rate and weight of xenograft tumors in the LV-
MT-SHP2 group were significantly higher compared with
those reported in the LV-SHP2 or control groups in vivo.
IHC staining of solid tumors obtained from nude mice
revealed high numbers of Ki-67-positive cells in the GOF-
MT SHP2 group. Moreover, the protein levels of p-ERK and
p-CREB in the GOF-MT SHP2 group were also upregulated
compared with those measured in the LV-SHP2 or control
groups.

Our study demonstrated that E76K-MT SHP2 promoted
the proliferation and metastasis of GBM cells, and the in-
vivo results revealed that MT SHP2 markedly promoted
xenograft tumor growth. Moreover, the activating pathway
of ERK/CREB was associated with the malignant behaviors
of GBM cells, and related downstream proteins were notably
upregulated. Therefore, these findings provide novel insights
into the mechanism of action of GOF-MT SHP2.

Conclusion

Collectively, the results of this study revealed that GOF-
MT SHP2 promotes the proliferation, metastasis, and
growth of GBM cells. According to our data, these effects
were associated with the ERK/CREB pathway, indicating
that SHP2 may be a promising therapeutic target for the
treatment of GBM.
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