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SH2B3, Transcribed by STAT1,
Promotes Glioblastoma Progression
Through Transducing IL-6/gp130
Signaling to Activate STAT3 Signaling

Shan Cai, Jian-xiang Lu, Yan-pei Wang, Chao-jia Shi, Tian Yuan and Xiang-peng Wang*

Department of Neurosurgery, First Affiliated Hospital of Kunming Medical University, Kunming, China

Glioblastoma (GBM) is the most common and aggressive brain tumor in adults. The
aberrant activation of STAT3 commonly occurs in GBM and is a key player in GBM
tumorigenesis. Yet, the aberrant activation of STAT3 signaling is not fully understood.
Here, we report that SH2B adaptor protein 3 (SH2B3) is highly expressed in GBM and
preferentially expressed in GBM stem cells (GSCs). Moreover, SH2B3 high expression
predicts worse survival of GBM patients. Targeting SH2B3 considerably impairs GBM
cell proliferation, migration, and GSCs’ self-renewal in vitro as well as xenograft tumors
growth in vivo. Additionally, we provide evidence suggesting that STAT1 directly binds
to the promoter of SH2B3 and activates SH2B3 expression in the transcriptional level.
Functionally, SH2B3 facilitates GBM progression via physically interacting with gp130
and acting as an adaptor protein to transduce IL-6/gp130/STATS signaling. Together,
our work firstly uncovers that the STAT1/SH2B3/gp130/STAT3 signaling axis plays
critical roles in promoting GBM progression and provides insight into new prognosis
marker and therapeutic target in GBM.
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INTRODUCTION

Glioblastoma (WHO grade IV) is the most common and malignant brain tumor in adults (Brennan
etal., 2014). Although treated with radical regimens, including surgical resection, and radiotherapy
with concomitant or adjuvant temozolomide (TMZ) chemotherapy, the median survival of GBM
patients is only 15 months (Stupp et al., 2005), and the 5-year survival rate is only 5.5% (Ostrom
etal., 2019). Glioma stem cells (GSCs) are subpopulation glioma cells that reside at the hierarchical
apex, which was considered to account for glioma initiation, malignant progression, therapeutic
resistance, and tumor recurrence (Bao et al., 2006a,b; Chen et al., 2012). Thus, strategies to
specifically deplete GSCs may be translated into new promising therapies, which are urgently
needed. TMZ is an oral alkylating agent that is commonly used to treat GBM and astrocytoma
(Batchelor, 2000; Yung et al., 2005; Van Meir et al., 2010). However, at least 50% of GBM patients
who received TMZ treatment eventually develop resistance to TMZ, highlighting an urgent need
to understand the molecular mechanism underlying TMZ resistance of GBM. Numerous studies
reported that various genes play important roles in promoting TMZ resistance of GBM, and
targeting those key regulators sensitizes GBM to TMZ (Kohsaka et al., 2012; Li et al., 2017; Liao
et al,, 2017; Kim et al., 2018). Thus, elaborating the underlying mechanisms of TMZ resistance in
GBM patients may provide new insights into GBM patients’ therapy.
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The aberrant activation of STAT3 is essential for maintaining
the tumorigenic potential of GSCs (Guryanova et al., 2011).
STATS3 activation is a key signaling event that is both required
for malignant and normal cells’ physiological functions (Yu et al.,
2009; Guryanova et al., 2011). The canonical STAT3 signaling is
stimulated by the interleukin-6 (IL-6) cytokine family, followed
by the dimerization of the IL-6 receptor glycoprotein 130 (gp130)
and then phosphorylated and activated by Janus family kinases
(JAKs) (Yu et al, 2009). Activated JAKs phosphorylate and
activate STAT3 via inducing its nuclear translocation to promote
transcription of target genes (Chen et al., 2015). Thus, identifying
the underlying molecular mechanisms of the aberrant activation
of STAT3 in GSCs may accelerate the progression of therapeutics
by selectively deleting GSCs.

SRC homology domain is an evolutionarily conserved domain
in the non-catalytic part of the receptor tyrosine kinases,
which was well established and played crucial roles in signaling
transduction and various biological processes (Lin et al., 2020).
SH2B3 was first identified in T cells and originally characterized
as LNK. Subsequently, SH2B3 was identified as a signal
transduction regulator that was implicated in modulating various
cytokine signaling cascades (Blass et al., 2016). As a member
of the family of SH2B adaptor proteins, SH2B3 harbors several
functional domains, including the SRC homology 2 (SH2)
domain that is essential for its binding with target proteins
and the pleckstrin homology (PH) domain that recognizes
phosphoinositides and is translocated to the cell membrane.
Recent advancement has shown that the dysregulation of SH2B3
was associated with multiple diseases, including atherosclerosis
and thrombosis (Wang et al., 2016), hypertension (Rudemiller
et al., 2015), and cancer (Devalliere and Charreau, 2011;
Maslah et al., 2017). SH2B3 was shown to bind to and negatively
regulate several crucial signaling pathways, such as Janus kinases
and other tyrosine kinases regulating cytokine receptors. SH2B3
was extensively studied in malignant hematopoietic diseases and
functions as a tumor suppressor gene in leukemogenesis (Gery
and Koeftler, 2013; Perez-Garcia et al., 2013; Cheng et al., 2016;
Sinclair et al., 2019). In contrast to hematologic malignancies,
SH2B3 was reported to activate the JAK/STAT3 and ERK1/2
pathways to promote the progression of triple-negative breast
cancer (Lv et al., 2020) and act as a positive signal transduction
regulator in ovarian cancers (Ding et al., 2015). Another study
identified SH2B3 as a colon cancer susceptibility gene (Raskin
et al., 2017). However, the biological functions of SH2B3 in
GBM initiation and development remain elusive. Based on this
background, we wanted to investigate the functional roles of
SH2B3 in GBM tumorigenesis.

MATERIALS AND METHODS

Cell Lines

Human glioblastoma (GBM) cell lines (U87, U251, and T98G)
used in this study were all purchased from ATCC (Manassas,
United States) and then maintained in Dulbecco’s Modified
Eagles Medium (DMEM) (Life Technologies). The DMEM

culture medium was supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics. The cells were all cultured under the
condition of 95% O, 5% CO,, and 37°C.

Lentivirus Production and Transduction
Short hairpin RNA (shRNA) directly targets human SH2B
adaptor protein 3 (SH2B3), or scrambled oligonucleotides were
ligated into the pLKO.1 vector. HEK293T cells were used
to co-transfect with psPAX2 and pMD2.G and the indicated
lentiviral vectors using Lipofectamine 3000 (Life Technologies
Corporation, United States). After 48 h of transfection, lentiviral
particles in the supernatant were collected and filtered by
0.22 pm filter membrane. Indicated cells were then infected
with lentivirus, and stable cell lines were selected with
1 pg/ml puromycin for 2 weeks. The sequences of shRNA
oligonucleotides are listed in Table 1.

Immunohistochemistry
Immunohistochemistry (IHC) analysis of mouse xenograft
tumor tissues was performed in accordance with the standard

TABLE 1 | Primer sequences used in this study.

Sequences of PCR primers used in this study

Gene Sequence

B-Actin-F 5 -GGGAAATCGTGCGTGACATTAAG-3
B-Actin-R 5 -TGTGTTGGCGTACAGGTCTTTG-3'
SH2B3-F 5 -TTGAGATGCCTGACAACCTTTAC-3
SH2B3-R 5-GCTCTAGGGCTGAGGGAATATG-3'
Gli1-F 5-AGCGTGAGCCTGAATCTGTG-3
Gli1-R 5-CAGCATGTACTGGGCTTTGAA-3'
Gli3-F 5-GAAGTGCTCCACTCGAACAGA-3
Gli3-R 5 -GTGGCTGCATAGTGATTGCG-3'
CCND1-F 5-GCTGCGAAGTGGAAACCATC-3
CCND1-R 5-CCTCCTTCTGCACACATTTGAA-3
TCF4-F 5-CAAGCACTGCCGACTACAATA-3
TCF4-R 5'-CCAGGCTGATTCATCCCACTG-3
HEY1-F 5-AGGGCTACAGCCTGTGCCCAG-3'
HEY1-R 5-AGGGCTACAGCCTGTGCCCAG-3’
HEY3-F 5-GTTCGGCTCTAGGTTCCATGT-3'
HEY3-R 5'-CGTCGGCGCTTCTCAATTATTC-3'
STAT3-F 5-CAGCAGCTTGACACACGGTA-3'
STAT3-R 5 -AAACACCAAAGTGGCATGTGA-3
SOCS3-F 5'-CCTGCGCCTCAAGACCTTC-3'
SOCS3-R 5-GTCACTGCGCTCCAGTAGAA-3
shRNA Sequence

sh-STAT1 5 -GAACCAACTGTCTTGGCATTC-3'
sh-SH2B3 5-GCTCAGAAGGACATGGGATTC-3
sh-gp130 5-TACAGAACTGTACAACTCGTG-3

Sequence for Ch-IP primers
Potential binding site 1-F
Potential binding site 1-R
Potential binding site 2-F
Potential binding site 2-R

5'-CCTCACAACCCTCCATGGCAC-3
5'-CAAAGGAACAGCATGTGCAAA-3
5'-TGGAGCCAAGCCTCGAGCTAA-3
5-GGGGCCACCTCGAGTCTTCCC-3'
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protocol. Briefly, paraffin-embedded tissues were cut into 4-
pm thick sections. The sections were followed by antigen
retrieval after being de-paraffinized and rehydrated through
a descending alcohol series. The sections were incubated
with antibodies against Ki67 and p-STAT3 overnight at
4°C after blocking with 1% bovine serum albumin (BSA)
for 25 min at room temperature. Then, the sections were
incubated with secondary antibody conjugates with horseradish
peroxidase (HRP) for 30 min at 37°C and examined by using
diaminobenzidine detection.

Colony Formation Assays

U251 and U87 expressing with or without SH2B3 shRNA
cells were seeded to 6-well plates at a density of 3,000
cells per well. The cells were cultured for 2 weeks to form
the colonies. The colonies were stained with 0.05% crystal
violet (HBK Pharmaceutical Technology Co., China) for
30 min. After carefully washing with phosphate-buffered
saline (PBS), the colonies imaged, and colonies
larger than 50 cells were counted. The experiment was
performed in triplicate.

were

BrdU Incorporation Assay

Single cells were seeded to 48-well plates at a density of 40,000
cells per well. After culturing for 24 h, the cells were treated
with 100 wM 5-bromo-2’-deoxyuridine (BrdU). Then, the cells
were fixed and incubated with primary antibody against BrdU
antibody (5292; Cell Signaling Technology). At least five random
fields were examined for BrdU positive cells.

Dual-Luciferase Assay

Indicated cells were seeded into 12-well plates and transfected
with pGL4 luciferase vector (Addgene) containing with or
without the promoter of SH2B3. Transfection efficiency was
quantified by co-transfection with Renilla luciferase reporter.
The activities of firefly luciferase and Renilla luciferase in
each well were examined by a dual-luciferase reporter assay
system (Promega). The ratios between the luciferase reporter
and Renilla control were determined 48 h after transfection.
The relative luciferase activity of the SH2B3 promoter—
luciferase activities was further normalized to that in the
cells transfected with the firefly luciferase vector control
under the same treating conditions. The SH2B3 promoter
activity was also normalized by co-transfection with the Renilla
luciferase reporter.

Western Blot

Glioblastoma cells were washed in PBS and lysed with ice-
cold RIPA buffer (Beyotime, P0013B, China) containing protease
inhibitor (Beyotime, P1010, China). The same quality protein
was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene
difluoride membrane. After blocking with 5% milk, membranes
were immunoblotted with specific antibodies according to
standard protocols. Antibodies used in this study were shown
below. SH2B3 was purchased from Abcam (ab154848). STAT3

(12640), p-STAT3 (9145), STAT1 (14994), and Ki67 (9449) were
all purchased from Cell Signaling Technology.

Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (Ch-IP) assay was performed
in both U87 and U251 cell lines using a Ch-IP kit (Millipore,
United States) according to the manufacturer’s instructions.
Briefly, after cross-linking, the cells were lysed and sonicated (15 s
for five times). Sonicated lysates were centrifuged at 15,000 rpm
at 4°C for 15 min, and the cleared chromatin (100 pg) was
immunoprecipitated with 5 pg of anti-STAT1 antibody and
incubated overnight at 4°C with rotation. Quantitative PCR was
performed for the detection of the bind site. The primer sequence
used in this assay is listed in Table 1.

Quantitative RT-PCR

Total RNA was extracted with the RNeasy kit (QIAGEN) and
reversely transcribed to cDNA with PrimeScript RT Master Mix
(Takara Bio Inc.). Real-time PCR was performed on a cycler
(Applied Biosystems) using SYBR green master mix (Takara Bio
Inc.). The sequences of primers used in this study are listed in
Table 1.

Apoptotic Analysis by Flow Cytometry

Annexin V-FITC and propidium iodide (PI) staining was
performed for flow cytometry according to the manufacturer’s
guidelines (BD). In brief, GBM cells were transduced with SH2B3
shRNA or control shRNA treated with 50 WM for 48 h. Then, all
cells were collected and resuspended with 100 .l of binding buffer
and incubated with 5 1 PT and 5 pl annexin V-FITC staining for
30 min in the dark at room temperature. Flow cytometric analysis
was immediately performed using a flow cytometer (LSR II; BD).

Cell Proliferation Assay

U251 and U87 expressing with or without SH2B3 shRNA cells
were seeded to 12-well plates at a density of 20,000 cells per
well. The number of cells was counted at indicated times and
normalized on day 0.

Transwell Assay

Cell migration ability was assessed by using 8-pm transwell
inserts (Corning, United States). Briefly, a total of 3,000 U251
and U87 expressing with or without SH2B3 shRNA cells were
resuspended in 100 pl serum-free culture medium and seeded
into the upper chambers, and the lower compartment was filled
with 600 pl medium containing 10% FBS. After culturing for
24 h at 37°C, non-migrating cells on the upper chambers were
removed by using a cotton swab, and the cells adhering to the
bottom side of inserts were fixed with 4% paraformaldehyde
(PFA) for 25 min, followed by staining with 0.1% crystal
violet for 60 min. After rinsing with PBS, migrating cells were
imaged by a microscope and counted. The experiments were
performed in triplicate.

Immunofluorescence Staining
Briefly, 4% PFA was used to fix human surgical glioma specimens
overnight. Samples were blocked with 10% normal donkey serum
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supplemented with 0.2% Triton X-100 in PBS for 30 min at
room temperature and then incubated with primary antibodies
overnight at 4°C, followed by incubation with appropriate
secondary fluorescently labeled antibodies (Invitrogen) for 2 h
at room temperature. Nuclei were counterstained with Hoechst.
Two GBM patients’ clinical specimens were used in this study.

Co-immunoprecipitation

The cells were harvested and lysed with RIPA buffer containing
protease inhibitors for 30 min at 4°C. Cell lysates were pre-
cleared by protein A/G beads (Santa Cruz Biotechnology) for
1 h incubation at 4°C. Pre-cleared protein A/G beads were
removed. Then, primary antibody was added for overnight
incubation at 4°C. New protein A/G beads were added for 2 h
incubation. Then, beads were collected by washing with ice-
cold PBS for four times. Finally, the bound protein was eluted
by boiling for 10 min, subjected to SDS-PAGE, and detected
by immunoblotting. SH2B3 (Abcam ab154848, 1:100), gp130
(sc-655, 1:100, Santa Cruz).

Wound Healing Assay

Indicated cells were seeded into six-well plates at a density of
600,000 cells per well, and the scratch was generated using a
200 pl pipette tip when the cells were grown to 80% confluence.
The wound closure was imaged under a microscope at 0 and 48 h
after being maintained in serum-free medium.

Tumor Sphere Formation and in vitro
Limiting Dilution Assay

For tumor sphere formation assay, single-cell suspensions were
seeded in 6-well ultra-low attachment plates (Corning Inc.,
Corning, United States) at a density of 10,000 cells per well using
serum-free DMEM/F12 (Hyclone) containing 20 ng/ml of basic
fibroblast growth factor (Miltenyi Biotec), 20 ng/ml of epidermal
growth factor (Miltenyi Biotec, Auburn, United States), and
2 mM L-glutamine (Mediatech Inc.). After culturing for 14 days,
the number of formed tumor spheres was counted and pictured
using a microscope. For in vitro limiting dilution assay,
dissociated single U87 and U251 cells were seeded in ultra-low
attachment 96-well plates at the density of 5, 10, 20, 50, 100, or
200 cells per well. After 14 days of culture without serum, spheres
formatted were counted in each well, and sphere formation
frequency was calculated using online in vitro limiting dilution
analysis'.

In vivo Tumor Growth Model

Xenograft tumor model was created through subcutaneous
injection with 1 x 10° U87 cells expressed with control shRNA
or SH2B3 shRNA to BALB/c nude mice. Tumor volume was
recorded twice a week. Six weeks later, mice were sacrificed, and
tumors derived from indicated cells were collected, weighed, and
pictured. All animal studies were approved by the Animal Ethics
Committee of Kunming Medical University.

'http://bioinf.wehi.edu.au/software/elda/

Bioinformatic Analysis

To comprehensively understand the expression pattern of
SH2B3 and its prognostic implications in gliomas, transcriptome
sequencing and their corresponding clinical data of TCGA,
CGGA, and Rembrandt data sets were downloaded from http:
//gliovis.bioinfo.cnio.es/.

Statistical Analyses

Each experiment was repeated at least three times. Unless
otherwise noted, data are presented as mean =+ SD and analyzed
by Student’s ¢-test (unpaired, two-tailed) using GraphPad Prism
6.0. Survival analysis was evaluated using the Kaplan-Meier
method and assessed using the log-rank test. p < 0.05 was
considered statistically significant.

RESULTS

Expression and Clinical Implications of
SH2B3

To elucidate the potential clinical significance of SH2B3 in
glioma, we first examined the message RNA expression pattern
of SH2B3 in TCGA data set and found that SH2B3 was
dramatically and highly expressed in GBM (WHO grade IV)
compared with glioma (WHO grades II and III) (Figure 1A).
Isocitrate dehydrogenase 1 (IDH1) mutational status has been
well recognized to be an important prognosis biomarker,
and patients with IDH1 mutant gliomas commonly have
a favorable prognosis compared with patients with wild-
type (WT) IDHI tumors (Noushmehr et al, 2010; Turcan
et al, 2012; Eckel-Passow et al, 2015). By comparing the
expression of SH2B3 in the IDHI WT and mutant groups,
we observed that SH2B3 is significantly highly expressed in
IDH1 WT gliomas (Figure 1B). Additionally, an elevated
expression of SH2B3 predicts poor survival of glioma patients
(Figure 1C), implying that SH2B3 has a potential to serve as a
prognostic marker of glioma. Consistently, we observed almost
exact patterns in CGGA (Figures 1D-F) and Rembrandt
(Figures 1G-I) data sets. Notably, Glioma-CpG island
methylator phenotype (G-CIMP) status is another potent
prognostic biomarker, and patients with G-CIMP frequently
have favorable prognosis (Baysan et al., 2012). By comparing
the expression of SH2B3 in the G-CIMP and non-G-CIMP
groups, we found that SH2B3 was highly expressed in the
non-G-CIMP group (Figure 1H), which is consistent with
the above findings. Together, these data strongly suggest
that SH2B3 has important clinical significance for GBM
patients’ prognosis.

SH2B3 Is Preferentially Expressed in
GSCs and Is a Direct Transcriptional
Target Gene of STAT1

To further investigate the potential biological function of SH2B3
in GSCs’ self-renewal, we performed tumor spheres formation
assay, which is a widely used assay to assess tumor stem cell’s
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FIGURE 1 | SH2B3 expression is elevated in glioblastoma. (A) SH2B3 expression in different grades of gliomas in the TCGA data set. (B) SH2B3 expression in the
IDH1 WT and mutant groups was analyzed in the TCGA data set. (C) The correlation of SH2B3 expression and its corresponding glioma patient’s survival in the
TCGA data set were analyzed. Survival analysis was evaluated using the Kaplan—Meier method and assessed using the log-rank test. (D) SH2B3 expression in
different grades of gliomas in the CGGA data set. (E) SH2B3 expression in the IDH1 WT and mutant groups was analyzed in the CGGA data set. (F) The correlation
of SH2B3 expression and its corresponding glioma patient’s survival in the CGGA data set were analyzed. Survival analysis was evaluated using the Kaplan-Meier
method and assessed using the log-rank test. (G) SH2B3 expression in different grade gliomas in Rembrandt data set. (H) SH2B3 expression in the G-CIMP and
non-G-CIMP groups was analyzed in Rembrandt data set. (I) The correlation of SH2B3 expression and its corresponding glioma patient’s survival in Rembrandt data
set were analyzed. Survival analysis was evaluated using the Kaplan-Meier method and assessed using the log-rank test. *, **, and *** indicate p < 0.05, p < 0.01,
and p < 0.0001, respectively.

self-renewal ability, in various GBM cell lines. We observed that monolayer cells at both protein and mRNA levels (Figures 2A,B),
tumor spheres derived from U87, U251, and T98G cell lines implying that SH2B3 may play crucial roles in GSCs self-
were expressed higher in SH2B3 than in their corresponding renewal.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 April 2021 | Volume 9 | Article 606527


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Cai et al.

SH2B3 Is a Key Player in Glioma Progression

ot

B Cc
KDa
5 l 72
> N~
3
|72

U251

6-U87

T98G

44 U87

us7 |p
A
bp o\
200— el PBS?2
200— il f-2ctin

U251

200— i 55"
200— il BS2
200 — [ P-2ctin

Relative Luciferase activity ™

STAT1 expression

A
(v [ [y
0 m m
£ 3qus7 £ 57U251 T 25-T98G
) ek 7] 8
“g- - “g- 4 “g' 2.0
0 27 o o
= 5 3 5 1.5+
2 2 2
;'( . & 2 ;.-_ 1.0
Q (] 14 Q 0.5-
g g g
- - -
% 0- . S o0- % 0.0-
N [ 14 N
O (4 \2 (9 \2
% o R O g™ “‘oo° S
D E
™~ [ 33
m 0 >
% 1.5 U87 % 1.57U251 S
[T Y o g
<] [] o
S 1.0- S 1.0- ]
o - S - S
0 7] D
2 2 £
1 dekk 1 ke 3
% 0.5 % 0.5 3
Q
g g g
= = )
S 0.0- S 0.0- e
4 \‘o\ P:“\ 4 “o\ P,S‘\
Go'(\ g‘\%“ c’o“ 5“6“
H
c [ =
K] S
[7] 7]
(7] (7]
o o
g 3
Qo (]
s =
.s .s
(%) (%)
3 T 1 1 T 1

SH2B3 expression

SH2B3 expression

FIGURE 2 | SH2B3 is a direct transcriptional target gene of STAT1. (A,B) Both mRNA (A) and protein (B) levels of SH2B3 were increased in tumor spheres derived
from indicated cells compared with their corresponding monolayer cells. (C,D) Silencing of STAT1 decreased both SH2B3 protein (C) and mRNA (D) levels.

(E) Luciferase activity of vector containing SH2B3 promoter in response to depletion of STAT1. (F) Luciferase activity of vector containing SH2B3 promoter in
response to overexpression of STAT1. (G) STAT1 directly binds to SH2B3 promoter determined by Ch-IP assay. PBS means potential binding site. BP means base
pair. B-Actin promoter was used as a negative control. gDNA (genomic DNA) was used as a positive control. (H) STAT1T mRNA expression was positively correlated
with SH2B3 mRNA expression in the indicated data set. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.0001, respectively.

SH2B3 expression

To further explore the underlying mechanism of the elevated
expression of SH2B3 in GBM and GSCs, we examined the
potential transcription factors that may bind to the promoter of
SH2B3 in online database gene cards®. As SH2B3 was reported to
inhibit STAT1 signaling in melanoma (Bao et al., 2006b), to our
surprise, the result showed that STAT1 may be the transcription

Zhttps://www.genecards.org/

factor that binds to the promoter of SH2B3 and STAT1 is
dramatically highly expressed in GBM and promotes GBM cell
proliferation and migration as well as GSCs’ self-renewal (Hua
et al,, 2019; Zhao et al., 2020). To test this hypothesis, we
established cell lines that stably knock down STAT1 in U87 and
U251 cells. As shown in Figures 2C,D, both mRNA and protein
levels of SH2B3 were considerably decreased following silencing
of STAT1, implying that SH2B3 may be a transcriptional target
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gene of STAT1. We next explored that STAT1 activates SH2B3
expression whether through directly binding to SH2B3 promoter.
DNA fragments of SH2B3 promoter were inserted into a firefly
luciferase reporter plasmid and introduced into U87 and U251
cells expressing with or without STAT1 overexpressed plasmid.
As expected, luciferase expression from the forced expression of
STAT1 cells, but not the empty vector cells, was markedly induced
(Figure 2E). This STAT1-induced luciferase expression, however,
was greatly inhibited by knockdown of STAT1 (Figure 2F). Ch-
IP assay was performed to further confirm this observation. As
shown in Figure 2G, STAT1 directly binds to SH2B3 promoter
and activates SH2B3 expression. Consistently, we found that
STAT1 mRNA expression was significantly positively correlated
with SH2B3 mRNA in the three above-mentioned data sets
(Figure 2H). Taken together, these data strongly support that
SH2B3 was significantly increased in GSCs and STAT1 binds
to the promoter of SH2B3, thereby activating SH2B3 in the
transcriptional level.

SH2B3 Is Required for GBM Cell

Proliferation and Migration

To elucidate the potential functional roles of SH2B3 in glioma
initiation and development, we established cell lines that stably
knock down SH2B3 in U251 and U87 cell lines (Figure 3A),
which were frequently used in GBM study. Tumor spheres
formation assay was performed, and we found that tumor
spheres formation ability was dramatically repressed following
silencing of SH2B3 (Figures 3B,C), implying that SH2B3
is essential for GBM cell growth. In vitro limiting dilution
assay data further validate this observation. As shown in
Figure 3D, silencing of SH2B3 markedly suppressed GBM
cell tumor sphere formation ability. Consistently, we observed
that SH2B3 depletion cells have less BrdU positive cells as
determined by BrdU incorporation assay in U251 and U87
cells (Figures 3E,F). Cell proliferation rate was significantly
inhibited by depleting SH2B3 as determined by cell proliferation
and colony formation assay (Figures 3G-I). Next, we further
explore the biological function of SH2B3 in GBM infiltrative
characteristic, and we observed that cell migration ability was
significantly inhibited by SH2B3 knockdown as determined by
transwell and wound healing assay (Figures 3J-M). Collectively,
these results reveal that silencing of SH2B3 significantly impairs
GBM cell proliferation and migration in vitro.

Combination Silencing of SH2B3 With
TMZ-Induced Cell Death in vitro

Temozolomide is an oral alkylating agent that is routinely used
for GBM patients’ clinical treatment. However, at least 50% of
GBM patients eventually do not appear to response to TMZ.
Silencing of SH2B3 amplified TMZ-induced GBM cell repression
of U251 and U87 cells proliferation and led to a marked increase
of TMZ ICs (Figure 4A). In addition, 50 M TMZ treatment of
U87 and U251 cells expressing with or without SH2B3 shRNA
and SH2B3 silencing cells is significantly sensitive to TMZ
treatments (Figures 4B,C). Disrupting SH2B3 in U87 and U251

cells augments inhibition colony formation ability after different
concentrations of TMZ treatment (Figures 4D,E).

Knockdown of SH2B3 Augments TMZ
Sensitivity in vivo

To explore the biological function of SH2B3 on TMZ therapy
in vivo, we first established GBM xenograft tumors via injecting
U87 cells. Fourteen days after GBM cells implantation, the mice
were intraperitoneally injected with TMZ (60 mg/kg/day per
mouse) or dimethyl sulfoxide (DMSO, 0.3%) twice a week for
6 weeks, and the therapeutic value of SH2B3 inhibition on TMZ
therapy in vivo was evaluated. The mice receiving a combined
treatment demonstrated a much smaller tumor volume than the
control mice (Figures 5A-C). Additionally, the SH2B3 shRNA
mice showed decreased levels of Ki67 positive cells as shown
by IHC (Figures 5D,E). Overall, these data demonstrate that
silencing of SH2B3 serves as a potential therapeutic target to
augment the benefits of TMZ therapy.

Silencing of SH2B3 Inhibits STAT3
Signaling

To further determine the underlying molecular mechanism by
which SH2B3 regulates GSCs’ self-renewal, we assessed four
major self-renewal signaling pathways, including Hedgehog (Das
et al., 2013), Wnt/B-catenin (Nitta et al., 2013), Notch (Man
et al., 2018), and STAT3 (Shi et al., 2017) signaling pathways,
in which both of them are key regulators that have been
well established to regulate GSCs’ self-renewal. We found that
only STAT3 target genes, including STAT3 and SOCS3, were
remarkably decreased in U87 and U251 SH2B3-deficient cells
(Figure 6A). While we did not find any expression changes of
Hedgehog, Wnt/B-catenin and Notch signaling pathways were
affected following knockdown of SH2B3 (Figure 6A), suggesting
that SH2B3 promotes GBM tumorigenesis by activating the
STATS3 signaling pathways. In addition, the activated form of
STAT3, p-STAT3 (Y705), was considerably decreased in SH2B3-
deficient cells (Figure 6B). Consistently, we further examined
the expression pattern of SH2B3 and those STAT3 target genes,
and the results demonstrated that SH2B3 mRNA expression was
positively correlated with those STAT3 downstream genes in
TCGA, CGGA, and Rembrandt data sets (Figure 6C). Together,
these data reveal that silencing of SH2B3 inhibits the STAT3
signaling pathway.

SH2B3 Activates STAT3 Signaling by
Physically Interacting With gp130

To further elucidate the underlying molecular mechanism by
which SH2B3 activates STAT3 signaling, as gp130 is a well-
established IL-6 receptor subunit (Shi et al., 2017), thus we
hypothesized that SH2B3 may function as an adaptor protein
and bind to gp130 to transduce IL-6/gp130 signaling. To test
this hypothesis, we examined the potential binding probability
between SH2B3 and gp130 using co-immunoprecipitation assay,
and the results showed that SH2B3 physically and directly
interacts with gp130 (Figure 6D). Furthermore, gp130 binds
to SH2B3 as well (Figure 6E). This result was further
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FIGURE 3 | SH2B3 is required for GSCs’ self-renewal and GBM cell proliferation and migration. (A) Expression pattern of SH2B3 in indicated control or shSH2B3
cells. (B) Tumor spheres formation ability was inhibited by depleting SH2B3, and representative images of tumor spheres from indicated cells were shown. Scale
bar = 500 pm. (C) Quantification data for panel (B). (D) Indicated derived cell tumor spheres formation ability was repressed by depleting SH2B3 as determined by
in vitro limiting dilution assay, and the quantification data were shown. (E) Immunofluorescence staining of BrdU positive cells in indicated cells and representative
images were shown. Red dye represents proliferating cells. Scale bar = 100 wm. (F) Quantification data for panel (E). (G) The cell proliferation rate of indicated cells
expressing with or without SH2B3 shRNA. (H) Colony formation ability was inhibited by depleting SH2B3, and representative images of colonies derived from
indicated cells were shown. (I) Quantification data for panel (H). (J) Migration ability of indicated cells expressing with or without SH2B3 shRNA and representative
images of migrated cells were shown. Scale bar = 100 um. (K) Quantification data for panel (J). (L) Indicated cells migration ability was inhibited by silencing of
SH2B3 as assessed by wound healing assay, and representative images were shown. (M) Quantification data were shown. Control or shRNA means indicated cells
expressing control shRNA or SH2B3 shRNA, respectively. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.0001, respectively.
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FIGURE 4 | SH2B3 promotes TMZ-induced cellular apoptosis in vitro. (A) U87 (left panel) and U251 (right panel) cells expressing with or without SH2B3 shRNA

SH2B3 shRNA were treated with 50 pM TMZ for 48 h, and living cells were assessed by fluorescence-activated cell sorting (FACS), and representative images were
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control or shRNA cells. Scale bar = 1 cm. (B) Weight of indicated tumors. (C) The volume of indicated tumors. (D) Immunohistochemistry staining with tumors
derived from U87 control or SH2B3 shRNA cells using Ki67 antibody and representative images were shown. Scale bar = 100 um. (E) Quantification data for panel
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confirmed by co-immunofluorescence staining. As shown in
Figures 6F,G, SH2B3 co-localized with gp130. To further
explore the underlying mechanisms by which SH2B3 activates
STATS3 signaling, we stably knock down gp130 using lentivirus-
mediated approaches in U87 and U251 cells. We found

that p-STAT3 was considerably attenuated following silencing
of gpl130, which is consistent with a previous report (Shi
et al, 2017; Figure 6H). On the other hand, we did not
find any expression changes of SH2B3 following silencing of
gp130 (Figure 6H), implying that SH2B3 functions as an
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adaptor protein to activate STAT3 signaling by transducing IL-
6/gp130 signaling.

SH2B3 Promotes GBM Progression in a
STAT3-Dependent Manner

To examine whether the restored activity of STAT3 could
compromise the suppressive effect of knocking down SH2B3,
we introduced a Flag-tagged constitutively activated STAT3
(STAT3-C) into U251 and U87 cells expressing SH2B3 shRNA
(Figure 7A). As expected, the forced expression of STAT3-C
rescued U251 and U87 cells growth impaired by silencing of
SH2B3 (Figures 7B-D). Tumor sphere formation (Figures 7E,F)
and colony formation ability (Figure 7G) that impaired by
disruption of SH2B3 were rescued by ectopia expression of
STAT3-C, indicating that STAT3-C compromised the suppressive
effect of silencing of SH2B3 on GSC maintenance. Collectively,
these data demonstrate that SH2B3 suppressed GBM progression
dependent on STAT?3 signaling.

Silencing of SH2B3 Suppresses Tumor
Growth in Mouse Xenograft Model

Mouse xenograft model was employed to study the functional
role of SH2B3 in xenograft tumor growth. We observed that
knockdown of SH2B3 significantly suppressed mouse xenograft
tumor growth (Figures 8A-C). In addition, the tumors derived
from mice were further performed by IHC staining, and we found
that the nuclear localization of STAT3 from SH2B3 silencing cell-
derived tumors was significantly accumulated in the cytoplasm
and significantly reduced in Ki67 positive cells compared with
control cell-derived tumors (Figures 8D-F). Collectively, these

data reveal that SH2B3 inhibits mouse xenograft growth through
suppressing STAT?3 activation and nuclear localization.

DISCUSSION

Glioblastoma is the most common and aggressive brain tumor
in adults. GSCs have been found to be enriched in GBMs
after radiation and chemotherapy and contribute to therapeutic
resistance and tumor re-initiation (Bao et al., 2006a; Chen
et al, 2012). As STAT3 was frequently activated in GSCs and
its aberrant activation is crucial for GSCs self-renewal and
tumorigenic potential, targeting STAT3 signaling may potently
suppress GSCs and have therapeutic potential. However, since
STATS3 also plays essential roles in both normal cells and cancer
cells in various biological processes (Yu et al., 2009; Guryanova
et al, 2011), targeting STAT3 is not clinically achievable.
Targeting upstream signaling of the STAT3 signaling pathway
may provide new insight into addressing this problem. It is
therefore urgent to identify new regulators of STAT3 signaling as
promising clinical therapies.

Functions of SH2B3 were well recognized to negatively
regulate Jak/STAT signaling and suppress hematopoietic cell
growth (Seita et al., 2007; Simon et al., 2008; Balcerek et al.,
2010; Taba-yashi et al., 2010). On the other hand, SH2B3 was
reported to play paradoxical roles in solid tumor initiation and
progression. On the contrary, previous studies show that SH2B3
promotes Jak/STAT signaling in myeloproliferative neoplasms
(Oh etal., 2010) and promotes ovarian cancer (Ding et al., 2015),
breast cancer (Lv et al., 2020), and anaplastic thyroid carcinoma
(Zhong et al., 2020) progression. The biological function of
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FIGURE 9 | Working model. STAT1 directly binds to SH2B3 promoter and activates SH2B3 expression in the transcriptional level. SH2B3 functions as an adaptor
protein to physically bind to gp130 and activates the STATS signaling pathways, thereby facilitating glioblastoma progression in turn.
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SH2B3 in malignancy is affected by the context with tumor
types. So far, little is known about the functions of SH2B3
in GSCs’ self-renewal and glioma tumorigenesis. Given that
IDH1 mutation and epidermal growth factor receptor (EGFR)
amplification are mutually exclusive events in GBM, high EGFR
levels also correlate with patient survival. Since SH2B3 is
overexpressed in IDH1 W', we wonder if SH2B3 expression also
correlates with EGFR levels. Regrettably, we did not find whether
SH2B3 expression was significantly changed between EGFR WT
and mutant group, implying that SH2B3 expression was not
associated with the mutation status.

Here, we report that SH2B3 was significantly highly expressed
in GBM (WHO 1V) compared with glioma (WHO II and III)
and its high expression predicts worse clinical prognosis of
glioma patients. In addition, we provide evidence that STAT1
directly binds to SH2B3 promoter and activates its expression
in the transcriptional level (Figure 9), which in turn activates
STATS3, thereby facilitating glioma progression. SH2B3 had
been reported to regulate IL-7 receptor signaling in normal
and malignant B-progenitor cells (Cheng et al, 2016). In
the present study, we provide evidence that SH2B3 physically
and directly interacts with gp130, which is a subunit of IL-
6 receptor and functions as an adaptor protein to transduce
IL-6/gp130 signaling, thereby activating STAT3 signaling and
GBM tumorigenesis. Furthermore, we provide evidence that
the STAT1/SH2B3/gp130/STAT3 signaling axis is required for
GBM cell proliferation and GSCs self-renewal (Figure 9).
Silencing of SH2B3 remarkably repressed GBM cell growth
and tumor spheres as well as colony formation in vitro and
xenograft tumor growth in vivo (Figure 9). However, whether
the detailed molecular mechanisms of SH2B3 activate the STAT3
signaling pathway and promote GBM progression need our
further study. Silencing of SH2B3 combined with TMZ therapy
significantly augments TMZ suppression effect mediated by
TMZ alone. Our study first demonstrated that SH2B3 was an
upstream regulator of STAT3 and therapeutic drugs that directly
target SH2B3 may be achievable for their ability to specifically
decrease SH2B3/STAT3 signaling. However, up to date, there
are no clinical drugs documented to inhibit SH2B3 expression.
Thus, we will attempt to screen compounds that directly and
specifically target SH2B3 to translate into clinical therapies for
glioma patients.

SRC homology domain plays important roles in signaling
transduction and multiple diseases initiation and development
(Lin et al., 2020). The biological function of SH2B3 by which
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