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Abstract We recently demonstrated that interleukin-6 (IL-
6)- and vascular endothelial growth factor (VEGF)-induced
osteosarcoma (OS) cell proliferation and migration are
parallel to significant increased expression of SH3GL1 and
the phosphorylation level of P130°*, The expression level
of SH3GL1 was widely upregulated in human OS tissues,
and their overexpression was significantly correlated with
more aggressive clinicopathological features. Conversely,
depletion of SH3GL1 by adenovirus shRNA abrogates
P130*® phosphorylation and IL-6- and VEGF-induced OS
cell proliferation and migration. To further pinpoint the
mechanism how SH3GL1 was responsible for cell prolif-
eration and migration, we deleted SH3GL1 in vitro and
in vivo. In vitro, depletion of SH3GLI1 abrogates P130°*
phosphorylation and IL-6- and VEGF-induced OS cell
proliferation and migration. SH3GL1 knockdown caused
cell cycle arrest in Go/G; phase via downregulation of
cyclin D1, caused activation of p27*'"", and attenuated the
activation of p-Rb. Interestingly, SH3GL1 knockdown also
markedly attenuated the phosphorylation level of Akt/
GSK-3B/FAK. In vivo, depletion of SH3GL1 by shRNA
inhibited the tumor tissue growth and the expression of
p-P130°®. Collectively, our results strongly suggest that
SH3GL1 is a novel target for anti-osteosarcoma.
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Introduction

Osteosarcoma (OS) is a familiar malignancy which takes
over approximately 35% of all bone malignancies currently
[1]. Extensive studies about osteosarcoma have been made
recently, but the understanding cellular mechanisms remain
incomplete. Although, the therapeutic receptors expres-
sions have been successfully employed in the treatment of
estrogen receptor-positive osteosarcoma, osteosarcoma still
remains an incurable disease. So, identification of novel
targets and practical targets for the clinically more
aggressive forms of osteosarcoma are urgently needed. For
this idea, a series of molecules have been identified,
including MicroRNA-34c [2], Cyr61 [3], and Orphan
receptor tyrosine kinase (ROR2) [4] which are involved in
tumorigenesis and progression of osteosarcoma.

SH3GL1 is a member of a unique SH3 family, which
expresses ubiquitously mammalian tissues. SH3GL1 as a
membrane-binding protein which is essential for clathrin-
mediated endocytosis [5-7]. During clathrin-mediated
endocytosis, SH3GL1 together with dynamin, CIN85 and
amphiphysin facilitates to shape endocytic vesicle and
endosomes. Some investigations showed that SH3GLBI
was a Bax-binding protein [8—13] and interacts with Beclin
1 through UVRAG to regulate cells autophagy and
tumorigenesis [11]. Besides, SH3GLB1 was required for
the maintenance of mitochondrial morphology [12]. Other
studies showed that SH3GL1 was a fusion partner to the
mixed lineage leukemia (MLL) gene [14]. The two binding
partners’ fusion resulted from chromosome translocation
and leukemia [15]. And, SH3GLI1 plays an important role
in tumorigenesis [16, 17], development and invasion
[8-10]; however, the direct evidences of SH3GL1 in
osteosarcoma have not been well clarified.
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Based on other investigations about the functions of
SH3GL1, and in the study, we further clarify the mecha-
nisms of which deficiency of SH3GL1 mediates its anti-
proliferative and anti-migration effects in OS cells.
Specifically, we investigated the effects of SH3GL1 dele-
tion on cell-cycle progression and migration.

Materials and methods
Reagents

Antibody targeting SH3GL1, Cyclin D1, p27 and GAPDH
were purchased from Santa Cruz Biotech (Santa Cruz, CA).
Antibodies targeting P130*, phospho-P130°**, Akt, phos-
pho-Akt, GSK-3p and phospho-GSK-3 were purchased
from Cell Signaling Technology (Beverly, MA). Inter-
lukin-6 (IL-6) and vascular endothelial growth factor
(VEGF) were purchased from Sigma (Sigma-Aldrich,
USA). Cell Counting Assay Kit-8 (CCK-8) was purchased
from Dojindo Molecular Technologies (Japan). Fetal
bovine serum (FBS) and MEM medium were purchased
from Gibco (Gibco, USA). DAPI was purchased from
Ladder Molecular Biomedical Research Center (Guangz-
hou, China).

Tissues and patients

80 paired tumor tissues and adjacent normal tissues were
collected from patients with osteosarcoma who underwent
surgical resection at Department of Orthopaedics of Tianjin
Hospital from 2013 to 2015. The study was approved by
the Ethics Committee of Tianjin Hospital (Tianjin, China).
The clinicopathologic characteristics of all the patients
including age, gender, focus type, tumor size, grade, T
stage, lung metastasis, and histological type were collected
from their medical records.

Cell culture

Osteosarcoma cell lines MG-63 and K7M2-WT were
purchased from the American Tissue Culture Collection
(ATCC, USA). Cells were cultured in MEM medium
supplemented with 10% fetal bovine serum (FBS,
HyClone, USA), 5 U/ml heparin, 100 U/ml penicillin, and
100 U/ml streptomycin in a humidified atmosphere of 5%
CO, at 37 °C.

Infection of cells with SH3GL1 shRNA
SH3GL1-Human, 4 unique 29mer shRNA constructs in

adenovirus vector (Gene ID = 6455) were purchased from
OriGene Technologies Inc. The shRNA constructs were

designed against multiple splice variants at SH3GL1 gene
locus (GenBank No. NM_001199943,
NM_001199944 NM_003025 and XM_050099). To
knockdown of SH3GLI1, cells were transfection with the
adenovirus vector combined with SH3GL1 shRNA (20
MOI). Briefly, the cells were cultured in medium without
serum and antibiotics, then added SH3GL1 shRNA vector
to the cells in quiescent state and swirled gently to ensure
uniform distribution. After incubation for 8 h at 37 °C,
cells were transferred into fresh medium with 10% FBS
and cultured for 48 h. The expression of SH3GLI1 protein
was detected by western blot analysis, and the cells were
used for the following study.

Cell viability assay

Cell proliferation was determined using Cell Counting
Assay Kit-8 (Dojindo Molecular Technologies, Japan)
incorporation as previously described [18], and according
to the manufacturer’s instructions. Briefly, the experiment
was performed after a cell synchronization, 100 pL of
already processed cells were plated on 96-well plates at a
density of 1 x 10° cells/ml for 48 h, the media contain
different concentrations of IL-6 and VEGF, respectively.
The quiescent cells were incubated with 10 pL of CCK-8
for 2 h, and then measured the absorbance at 450 nm using
a microplate reader (Bio-Tek, Winooski, VT, USA).

Cell cycle analysis

Cell cycle status was evaluated by flow cytometry as
described previously [19]. Cells were plated in 60-mm
dishes with 10% FBS for 24 h, then resuspended with
PBS three times and switched into serum-free MEM
medium containing 2 mg/ml of BSA for 2 h, and then
the cells were transfected with the recombinant Ad-
SH3GL1 shRNA, 48 h later, the cells were collected and
fixed with ice-cold 75% alcohol for 24 h at 4 °C, and
then treated for cell cycle analysis using propidium
iodide-staining method, and DNA content was analyzed
by flow cytometry.

Transwell assay

Briefly, cells were cultured in MEM medium with 0.1%
BSA for 12 h, and washed with PBS twice. Then cells were
resuspended in MEM medium with 0.1% BSA. 1 x 10°
cells and the same amount of control cells was plated in the
upper chamber, and the lower chamber contained MEM
medium with 0.1% BSA. Cells were allowed to migrate for
8 h in a humidified atmosphere of 5% CO, at 37 °C. The
cells migrated into the lower chamber were fixed with 4%
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paraformaldehyde, stained with 0.5% crystal violet solu-
tion, and then observed under inverted microscope.

Western blot analysis

Western blot analysis was performed as described previ-
ously [19]. Briefly, cells were collected, rinsed with ice-
cold PBS, lysis buffer (P0013, Beyotime, Jiangsu, China),
and 1% protease inhibitor (cocktail: CalbioChem, Darm-
stadt, Germany) for 30 min. The protein was collected by
centrifugation at 12,000xg for 12 min at 4 °C. Protein
concentration was determined by BCA assay (Beyotime,
Jiangsu, China). Equal amounts of total protein (40 pg)
were separated by 8-12% SDS-PAGE and transferred to
PVDF membranes (Immobilon-P, Millipore). The mem-
branes were blocked at room temperature for 45 min in 5%
non-fat milk (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1%
Tween 20, 5% non-fat milk), incubated 2 h at room tem-
perature initially with primary antibodies, and then with the
appropriate secondary peroxidase-conjugated antibodies.
Blots were developing with enhanced chemiluminescence
substrates (Beyotime, Jiangsu, China) and then were
visualized by exposure to Kodak X-ray film. Integrated
optical density of target bands was accurately determined
by the Image-J gel analysis system. SH3GLI1, f-actin,
cyclin D1, Akt and phospho-Akt (Ser473), P27, Rb and
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Fig. 1 SH3GL1 expression in human osteosarcoma tissues. a,
b Representative immunohistochemistry images (x400) and statisti-
cal analysis of SH3GLI1 expression in human osteosarcoma tissues.
Data represent mean + SD (n = 80), *p < 0.05 vs. adjacent normal
tissue
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Table 1 Association between SH3GL1 expression and clinico-
pathologic characteristics

Characteristics n SH3GLI1 expression ;(2 value p value
Negative  Positive

Age (years) 0.06 0.954
<25 50 8 42
>25 30 5 25

Gender 0.02 0.978
Male 42 7 34
Female 38 6 32

Focus type 0.07 0.944
Unifocal 56 9 47
Multifocal 24 4 20

Tumor size (cm) 8.18 <0.001*
<10 44 12 32
>10 36 1 33

Grade 3.92 0.035*
Low 32 2 30
High 48 11 37

T Stage 6.42 0.032*
T1-T2 38 2 36
T3-T4 42 11 31

Lung metastasis 13.36 <0.001*
Yes 43 13 30
No 37 0 37

Histological type 0.36 0.875
Osteoblastic 33 5 28
Chondroblastic 24 3 21
Fibroblastic 27 5 22

* Significant correlation

phospho-Rb, P130°*, phospho-P130°*, GSK-3B and

phospho-GSK-3f were tested in this study.
Immunoprecipitation

The potential interaction between SH3GL1 and P130°*
were confirmed by co-immunoprecipitation in OS cells.
Cell lysates were centrifuged at 12,000xg for 15 min at
4 °C. Protein concentrations were determined by BCA
protein assay, with bovine serum albumin (BSA) as the
standard. Then samples containing 150 pg of protein were
incubated with limiting amounts of anti-P130°** (1:50,
Santa Cruz) at 4 °C overnight and then co-incubated with
protein A/G agarose beads for 4 h at 4 °C. Screw cap was
removed and the column was placed into a new tube. Beads
were washed with PBS and resuspended in radio-im-
munoprecipitation assay for western blot analysis using
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«Fig. 2 SH3GLI expression parallels with OS cell proliferation. a—
d Dose effect of VEGF or IL-6 treatment for 48 h on the expression
of SH3GL1 and cell viability in MG-63 cells. Data represent
mean £ SD (n = 4), *p < 0.05 vs. ctrl. e-h Dose effect of VEGF
or IL-6 treatment for 24 h on the expression of SH3GL1 and cell
viability in K7M2-WT cells. Data represent mean £ SD (n = 4),
*p < 0.05 vs. ctrl. i, j Knockdown of SH3GL1 reduces the IL-6- and
VEGF-induced cell viability in MG-63 cells. Data represent
mean = SD (n =4), *p <0.05 vs. ctrl; #p < 0.05 wvs. ctrl,;
&p < 0.05 vs. VEGF only. k, 1 Knockdown of SH3GL1 reduces the
IL-6- and VEGF-induced cell viability in K7M2-WT cells. Data
represent mean + SD (n = 4), *p < 0.05 vs. ctrl; #p < 0.05 vs. ctrl;
4p < 0.05 vs. IL-6 only

anti-SH3GL1 antibody. The IgG antibody was used as the
internal control.

Xenograft formation and in vivo research

BALB/c nude mice (Male, 4 weeks old) were purchased
from Vital River Laboratories (Beijing, China).
1.5 x 10’ K7M2-WT cells suspended in 1 ml of
antibiotic-free PBS were injected subcutaneously into
the neck of the mice. After 5-6 days, there was an
obvious tumor at the injection site. When the tumors
reached a size of 50 mm®, mice were randomly divided
into three groups: the treatment group (injected with 100
MOI Ad-SH3GL1 shRNA vector via tail vein route
every 3 days), the control group (injected with an equal
volume of Ad-lacz via the same route at the same time),
and the normal group (injected with an equal volume of
PBS via the same route at the same time). There are six
mice in each group. Every time before injection we
measured the tumor dimensions with digital vernier
caliper [the tumor size = n/6 x length x (width)z]. All
the animal experiments were approved by Tianjin
Hospital (Tianjin, China) Committee for Animal
Research and performed in compliance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (issued by the Ministry of Science
and Technology of China, Beijing).

Immunofluorescence staining

The xenograft-formed tumor tissues were isolated from
tumor-bearing mice, sliced into 8 uM and then incubated
with antibodies of SH3GL1 (1:200, Santa Cruz, CA, USA)
and p-P130°* (1:200, CST, Beverly, MA, USA). Cell
nucleuses were stained with DAPI. The fluorescence ima-
ges were detected using a fluorescent microscope (IX71,
Olympus, Japan) and the fluorescence integrated density
was examined using Image J Software.

@ Springer

Immunohistochemistry

The expression levels of SH3GL1 in paraffin sections were
analyzed by immunohistochemical staining SP method.
The human tumor tissue sections and human adjacent
normal tissue sections were deparaffinized at 60 °C for
5 min, and then rehydrated through graded alcohol.
Endogenous peroxidase activity was blocked by incubation
in 3% hydrogen peroxide for 5 min. The sections were
immunostained with SH3GL1 antibody (1:100, Santa Cruz,
CA, USA) for 2 h at room temperature, then the sections
were incubated with horseradish peroxidase-conjugated
secondary antibody (1:100, Ladder Molecular Biomedical
Research Center, Guangzhou, China) for 1 h. The sections
were observed under a light microscope (Olympus, Tokyo,
Japan).

Statistical analysis

All statistical analyses were performed using the SPSS 13.0
software (SPSS Inc., Chicago, IL, USA). Measurement
data were represented as mean £ SD, and determined
using Student’s ¢ test or ANOVA test. The correlation
between SH3GL1 expression and clinicopathological
characteristics was assessed by the Pearson x> test. The
p values less than 0.05 was considered significant.

Results

Upregulation of SH3GL1 correlates with more
aggressive clinicopathological features in OS

SH3GL1 expression in human tumor tissues and adjacent
normal tissues was analyzed by immunohistochemistry.
The data showed that SH3GL1 expression levels were
significantly higher in the primary OS tumor tissues than in
the adjacent normal tissues. Representative results are
shown in Fig. 1. Then, 80 paired tissues were used to
investigate the association between SH3GL1 expression
and clinicopathological features. As shown in Table 1,
SH3GL1 expression levels were concurrently highly rela-
ted to bigger tumor size, lung metastasis, high grade and
advanced T stage; however, there was no significant
association between SH3GL1 expression with age, gender,
focus type, and histological type.

SH3GL1 expression parallels with rate of OS cells
proliferation

We first examined whether SH3GL1 expression correlated
with the rate of cell proliferation. MG-63 cells were
stimulated with various concentrations (5, 10, 20 ng/ml) of
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Fig. 3 SH3GL1 knockdown arrests cell cycle in Go/G; phase. a,
b Representative images and statistical analysis of cell cycle
distribution of MG-63 cells after SH3GL1 knockdown. a Stimulated
by IL-6. b Stimulated by VEGF. Data represent mean £ SD (n = 4),

VEGF and various concentrations (10, 30, 100 ng/ml) of
IL-6 for 24 h, then cell viability was detected using CCK-8
kit and the expression of endogenous SH3GLI1 was
examined by western blot analysis. As shown in Fig. 2a—d,
after treatment with VEGF or IL-6 for 4 h, the cell pro-
liferation was significantly faster and parallel to a signifi-
cant increase in the endogenous SH3GL1 protein
expression. Given that VEGF and IL-6 affect SH3GL1
expression in MG-63 cells, we speculated that SH3GL1
may be involved in the proliferation of OS cells. To prove
this viewpoint, reproducibility of the experiments was
tested in K7M2-WT cells. We showed that those results
were reproducible, as shown in Fig. 2e-h. It may
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*p < 0.01 vs. ctrl. ¢, d Changes of G/S phase transition-regulating
proteins in MG-63 cells after being transfected with SH3GL1 shRNA.
Data represent mean £ SD (n = 4), *p < 0.01 vs. ctrl

demonstrate that SH3GL1 was a necessity for proliferation.
To further investigate the potential interaction between
SH3GL1 and proliferation, we determined the effects of
SH3GL1 knockdown on MG-63 cells proliferation. The
transfection efficiency was detected by western blot anal-
ysis. As shown in Fig. 2i, after transfection with the
recombinant adenovirus vector Ad-SH3GL1 shRNA for
48 h, the protein expression of SH3GL1 was decreased.
However, adenovirus empty vector transfection had no
significant effect on SH3GL1 expression. The effect of
SH3GL1 knockdown on cell proliferation was determined
using CCK-8 kit (Fig. 2j). Infection of SH3GL1 shRNA
could inhibit VEGF- and IL-6-induced cell growth to
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cells. a, b SH3GL1 knockdown attenuates the migration ability of
MG-63 cells detected by transwell assay. a Stimulated by IL-6.
B Stimulated by VEGF. Data represent mean = SD (n = 4),
*p < 0.01 vs. ctrl. ¢, d Representative western blot images and
Statistical analysis of SH3GL1 and phospho-P130°® in MG-63 cells

85.7 £ 7.2 and 929 =+ 8.2%, respectively (Fig. 2j, 1),
whereas the infection of adenovirus empty vector had no
significant effect on IL-6- and VEGF-induced cell growth.

SH3GL1 shRNA arrests cell cycle in Go/G; phase

To figure out the regulating effect of SH3GL1 on OS cell
proliferation, we investigate whether SH3GL1 knockdown
affects the cell cycle distribution of the highly malignant
OS cell line MG-63, and found that silencing of SH3GL1
increases the cell population in G¢/G; phase and decreases
the cell population in S phase and G,/M phase (Fig. 3a, b).
To pinpoint the molecular mechanisms by which SH3GL1
shRNA induced Gy/G; arrest, we analyzed cyclin DI,
p27%"", and p-Rb expression levels in the model. As shown
in (Fig. 3c, d), SH3GL1 shRNA treatment downregulated
the expression of cyclin D1 and the phosphorylation levels
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after transfected with SH3GL1 shRNA. Data represent mean £+ SD
(n=4), *p <0.01 vs. ctrl. e Co-immunoprecipitation of SH3GL1
with P130°*® from MG-63 cell lysates. Cell lysate was immunopre-
cipitated (IP) by anti-P130°* antibody (IP) or not (input), and
analyzed by western blot (WB) with anti-SH3GL1 antibody

of Rb but p27X™ expression was elevated in OS cell line
MG-63.

SH3GL1 is indispensable for cell migration

Cancer cell migration plays a key role in tumor invasion
and metastasis, thus we explored the effect of SH3GL1
knockdown on the migration of OS cell line MG-63. Our
data showed that SH3GLI1 knockdown attenuated the
migration ability of MG-63 cells (Fig. 4a, b).

Interaction between SH3GL1 and P130**

In Fig. 4c, d, western blot results showed that phospho-
P130°*® protein expression was significantly decreased in
SH3GL1 shRNA group, prompting that they have co-lo-
calization in cells. The interaction between endogenous
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SH3GL1 with P130°** in MG-63 cells was confirmed by
co-immunoprecipitation (Fig. 4e).

SH3GL1 shRNA attenuates Akt/GSK-3p/FAK
signaling

The phosphorylation of Akt is well known to regulate the
progression of cell cycle G1 to S in many types of cells
including OS cells [18]. Therefore, we investigated the
phosphorylation status of Akt after silencing SH3GL1 by
SH3GL1 shRNA. As shown in Fig. 5, SH3GL1 knock-
down significantly attenuated the phosphorylations of Akt,
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GSK-3B, and FAK, yet SH3GL1 shRNA transfection did
not significantly alter the protein expression levels of Akt,
GSK-3f, and FAK.

Depletion of SH3GL1 by shRNA inhibited the tumor
tissue growth in vivo

To study whether SH3GL1 knockdown is effective in
inhibiting growth of osteosarcoma in vivo, we established
the xenograft model of osteosarcoma in nude mice. 6 days
later, the nude mice were treated with 100 MOI Ad-shRNA
vector and the expression of SH3GL1 was significantly
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Fig. 6 Depletion of SH3GL1 by Ad-shRNA inhibited the tumor
tissue growth in vivo. a Representative images of tumors at day 30 in
control, Ad-lacz, and Ad-shRNA group. b Changes of tumor size after
the first time of systemic dosage with Ad-shRNA vector. ¢ Changes of
mice body weight during the dosage. d, e Effect of Ad-shRNA on the

decreased in the treated group, suggesting that the recom-
binant adenovirus vector Ad-SH3GL1 shRNA was effec-
tive in vivo (Fig. 6d, e, **p < 0.01 vs. ctrl). As it is shown
in Fig. 6a, b, injection with 100 MOI shRNA could sup-
press the tumor growth remarkably on >15 days of treat-
ment (*p < 0.05, n = 6). During the course of treatment,
no significant changes were observed in mice body weight
among all groups (Fig. 6¢), which suggests that at the
treatment dosage there was no significant toxicity to mice.
In line with our research in vitro, the phosphorylation of
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expression of SH3GLI in tumor tissue. Data represent mean £+ SD
(n = 6), *p < 0.01 vs. ctrl. f, g Depletion of SH3GL1 abrogates the
phosphorylation of P130°“ in vivo. Data represent mean £ SD
(n = 6), *p < 0.01 vs. ctrl

p130°® was abrogated with the depletion of SH3GLI
(Fig. 6f, g).

Discussion

Several reports have indicated that SH3GL1 may be
involved in malignant biological behavior of tumor cells
[16, 17]. In this study, we found that the expression level of
SH3GL1 was widely upregulated in human OS tissues, and
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their overexpression was significantly correlated with more
aggressive clinicopathological features. However, the
direct evidence of the molecular mechanisms of SH3GL1
for regulation of cell growth in OS cells has not been well
understood. In the present study, we found that knockdown
of SH3GL1 arrested cell cycle in Gy/G; phase in MG-63
cells and K7M2-WT cells. To explore the molecular
mechanisms, we analyzed the expression of proteins reg-
ulating the cell cycle progression at this phase. Our results
showed that knockdown of SH3GL1 decreased the
expression of cyclin D1. Moreover, we examined the
effects of SH3GL1 knockdown on the activation of p27%'"
and p-Rb. The two cyclin-dependent kinase inhibitors have
been reported to arrest cell cycle in G1/S transition by
reversibly inhibiting several cyclin—-CDK complexes
[18-22]. Our results revealed that SH3GL1 knockdown
caused the activation of p27KIP, and attenuated the acti-
vation of p-Rb. All these results provided the direct evi-
dence that SH3GL1 is indispensable for cell proliferation.
Akt/GSK-3B/FAK signaling pathway has been demon-
strated to be involved in cell survival and apoptosis
[17, 22, 23]. In this study, we found that SH3GL1 knock-
down significantly attenuated the phosphorylations of Akt,
GSK-3f and FAK in MG-63 cells.

In summary, attenuation of SH3GL1 expression effec-
tively suppressed the phosphorylation activation of Akt/
GSK-3B/FAK signaling pathway, this inactivation leads to
the downregulation of cyclin DI, caused activation of
p27KIP, attenuated the activation of p-Rb, and arrests cell
cycle in Go/G; phase, thus regulating cell proliferation.
Besides, migration of cancer cells plays a key role in tumor
invasion and metastasis. In this study, we observed that
SH3GL1 knockdown markedly impaired the migration of
OS cells. Results in vitro and in vivo both showed that
SH3GL1 shRNA treatment inhibited the phosphorylation
of p130°*. As is known to all, p130°* is the key molecule
in integrin-mediated intracellular signaling processes
[24-28]. Our results hint that SH3GL1 contributes to OS
cell adhesion and tumor metastasis.

In short, all these findings contribute to our further
understanding of the role SH3GL1 played in osteosarcoma.
Moreover, SH3GLI1 is a novel target for anti-OS.
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