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Abstract: The RBP sorbin and SH3 domain-containing 2 (SORBS2) has been reported to be a tumor suppressor
and is dysregulated in several cancer types. Nonetheless, the exact function and mechanism of action of SORBS2
in hepatocellular carcinoma (HCC) remain unclear. In this study, we found that expression levels of SORBS2 were
significantly lower in HCC tissues than that in normal tissue samples, and underexpression of SORBS2 was as-
sociated with lower overall survival tates of patients with HCC. In HCC cell lines, SORBS2 overexpression inhibited
cell migration, invasion, and epithelial-mesenchymal transition, whereas SORBS2 inhibition yielded the opposite
results. In vivo metastasis assays confirmed that overexpression of SORBS2 markedly inhibited HCC metastasis.
Mechanistically, SORBS2 exerted tumor-suppressive effects on HCC by inhibiting the c-Abl/ERK signaling pathway.
Furthermore, MEF2D, which binds to the promoter of SORBS2, was identified as an upstream regulator of SORBS2
and reduced SORBS2 expression. Our data suggest that SORBS2, downregulated by MEF2D, suppresses HCC me-
tastasis through the c-Abl/ERK signaling pathway and has the potential to serve as a novel prognostic marker or

therapeutic target in HCC.
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Introduction

Hepatocellular carcinoma (HCC) originates
from hepatocytes and accounts for approxi-
mately 80% of liver cancer cases. Moreover,
HCC is the third most common cause of can-
cer-related deaths in the world. Approximately
1% of deaths every year are associated with
HCC [1]. Marked progress in HCC treatment
has been made in recent years owing to the
combination of surgical resection and chemo-
therapy [1]. Nonetheless, HCC recurrence and
metastasis are common after primary treat-
ment and are the primary causes of HCC-
related deaths [2, 3]. Thus, the molecular
mechanism regulating the HCC initiation, pro-
gression, and metastasis needs to be further
explored to develop effective therapies.

SORBS2 (sorbin and SH3 domain-containing 2,
also known as ArgBP2) is located in the 4935

region of the human genome. At the cellular
level, SORBS2 is localized at actin stress fibers,
focal adhesions, and the apical junction com-
plex in association with Z0O-1, occludin, E-
cadherin, and perijunctional actin. It partici-
pates in the regulation of actin dynamics, signal
transduction, and cytoskeleton establishment
[4, 5]. Decreased SORBS2 expression enhanc-
es cell migration by inducing pseudopodia
elongation and the detachment of actin from
focal adhesions [6]. Reconstitution of SORBS2
expression in cervical cancer cell lines signifi-
cantly inhibits cell proliferation, colony forma-
tion, and anchorage-independent growth, indi-
cating that SORBS2 plays a role as a tumor
suppressor in cervical carcinogenesis [7].
SORBS2 expression is repressed during pan-
creatic oncogenic transformation, and the
tumor-suppressing function of SORBS2 in pan-
creatic cancer occurs through the regulation of
cell adhesion and migration, and at least partly
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Table 1. Correlative analysis of SORBS2 levels with

clinicopathological features

SORBS2 in HCC progression. Neverthe-
less, the expression levels and biological

roles of SORBS2 in HCC remain unclear.

In this study, we found that SORBS2

) SORBS2 expression .
Variable - - - P-value
High expression Low expression
All cases 44 58
Age (years)
> 60 9 11 1.000
<60 35 47
Gender
Male 43 47 0.011
Female 1 11
HBs antigen
Positive 39 54 0.494
Negative 5 4
Liver function
Child A 39 53 1.000
Child B 5 5
AFP (ug/L)
> 20 26 40 0.403
<20 18 18
Tumor size (cm)
>5 21 25 0.691
<5 23 33
Stage
-1 37 37 0.026
-1V 7 21
Tumor number
Single 36 47 1.000
Multiple 8 11
Differentiation
-1 3 1 0.313
-1V 41 57
Satellite nodules
Present 38 48 0.785
Absent 6 10
Recurrence
Present 27 27 0.164
Absent 17 31

expression was significantly lower in HCC
tissues compared with normal tissues,
and the underexpression of SORBS2 was
associated with shorter overall survival of
HCC patients. Functional assays showed
that SORBS2 inhibited HCC cell migra-
tion, invasion, and epithelial-mesenchy-
mal transition (EMT) in vitro, and attenu-
ated metastasis in vivo. Furthermore,
SORBS2 expression was repressed by
myocyte enhancer factor 2D (MEF2D),
which promotes HCC cell migration and
invasiveness. The biological functions of
SORBS2 in HCC were found to be mediat-
ed by inhibition of the c-Abl/ERK signaling
pathway. These results suggest that
SORBS2, when not downregulated by
MEF2D, functions as a metastasis
suppressor in HCC through c-Abl-ERK
signaling.

Materials and methods
Clinical samples and cell lines

Twelve fresh HCC tissue samples and
matched normal tissue samples were
collected from the Qingpu Branch of
Zhongshan Hospital (Fudan University,
Shanghai, China). Tissue samples were
stored at -80°C for RNA isolation and pro-
tein extraction. Paraffin-embedded patho-
logical samples from 102 patients with
HCC and matched normal tissue samples
were obtained from this hospital between
2012 and 2016. The clinical parameters
are shown in Table 1. The protocols used

“P < 0.05 by x? test.

via by controlling the formation of the WAVE/
PTP-PEST/c-Abl signaling complex [8]. In addi-
tion, decreased SORBS2 levels are seen in gas-
tric and breast cancers [9-11]. More recently,
Zhao et al. reported that SORBS2 suppresses
metastatic colonization of ovarian cancer by
stabilizing the tumor-suppressive immunomod-
ulatory transcripts of WFDC1 or IL-17D [12].
These findings point to the involvement of
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in this study were approved by the
Institutional Review Board of Qingpu
Branch of Zhongshan Hospital, Fudan
University (Shanghai, China), and written in-
formed consent was obtained from each
patient. The normal human hepatic cell line
LO2 and five HCC cell lines Huh7, PLC, HepG2,
SMMC-7721, and HCCLM3 were purchased
from the Cell Resource Center, Chinese Ac-
ademy of Science Committee (Shanghai,
China). These cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with
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10% fetal bovine serum (FBS; GIBCO, Grand
Island, USA), 100 U/mL penicillin, and 100 g/
mL streptomycin in a humidified incubator
containing 5% (v/v) of CO,, at 37°C.

Western blotting

RIPA buffer (Sigma-Aldrich Chemie, Steinheim,
Germany) containing a protease inhibitor was
used to lyse tissues and cells. The protein
amounts were determined using the BCA
Protein Assay Kit (Pierce, Rockford, USA).
Lysates were separated by SDS-PAGE and
transferred onto polyvinylidene difluoride
membranes (Merck-Millipore, Darmstadt, Ger-
many). The membranes were blocked with 10%
bovine serum albumin (BSA) and incubated
with primary antibodies against SORBS2
(Abcam, #ab73444, Cambridge, USA), E-
cadherin (Proteintech, #20874, Wuhan, China),
Vimentin (Proteintech, #10366), Snail (Pr-
oteintech, #13099), c-Abl (Cell Signaling
Technology [CST], #2862, USA), Slug (CST,
#9585), phospho-(p-)ERK1/2 (CST, #4370),
ERK1/2 (CST, #4695), MEF2D (CST, #56830),
and [-actin (Proteintech, #60008) at 4°C
overnight. The membranes were then incubat-
ed with a horseradish peroxidase (HRP)-
conjugated secondary antibody at room tem-
perature for 1 h. Signals were detected after a
chemiluminescent reaction with an HRP sub-
strate (Merck Millipore).

RNA extraction and quantitative reverse-tran-
scription PCR (qRT-PCR)

Total mRNA from tissues and cell lines was
isolated using TRIzol Reagent (Life Technolog-
ies, Carlsbad, USA). The PrimeScript RT Reag-
ent Kit (TaKaRa, Dalian, China) was used to
synthesize cDNA. The mRNA expression levels
of SORBS2, E-cadherin, Vimentin, Slug and
Snail were determined using SYBR Premix Ex
Taq (TaKaRa) and gene-specific primers. The
primers used were as follows: SORBS2: for-
ward 5-CAACCCACCCTACAGTGCTCA-3’, rever-
se 5-TCCTTGGCTCAGACCGAAAT-3’; E-cadhe-
rin: forward 5-GAGTGCCAACTGGACCATTC-3’,
reverse 5-ACCCACCTCTAAGGCCATCT-3’; Vim-
entin: forward 5’-AGATGGCCCTTGACATTGAG-3,
reverse 5'-CCAGAGGGAGTGAATCCAGA-3’; Slug:
forward 5-GACCCTGGTTGCTTCAAGGA-3’, rev-
erse 5-TGTTGCAGTGAGGGCAAGAA-3’; Snail:
forward 5’-CACTATGCCGCGCTCTTTC-3’, reverse
5-GGTCGTAGGGCTGCTGGAA-3’; and MEF2D:
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forward 5-CGTGCTATGTGACTGCGAGAT-3’, rev-
erse 5-GCGTCGGTACTTGTCCTCC-3'. The mR-
NA expression level of GAPDH was used for nor-
malization. Relative expression levels of target
genes were analyzed using the 222°T method.
All of the reactions were run in triplicate.

Immunohistochemistry (IHC)

The 5-um-thick paraffin-embedded tissue slic-
es were first subjected to deparaffinization
and hydration, and the endogenous peroxidase
activity was then quenched in 3% H,0, in meth-
anol. Next, the tissue sections were blocked
with 10% BSA at room temperature for 60 min,
followed by incubation with primary antibodies
at 4°C overnight. HRP-conjugated secondary
antibodies were incubated with the tissue
slides after three washes in PBS. The signals in
the tissue sections were visualized with the
DAB chromogen (Dako, Glostrup, Denmark).
Quantitative analysis of the immunostained
images was performed after color segmenta-
tion on the basis of fixed threshold values of
hue, saturation, and intensity.

Lentivirus infection and oligonucleotide trans-
fection

The cDNA sequences of SORBS2 (GenBank
accession number NM_021069.4) and MEF2D
(GenBank accession number NM_005920.3)
were cloned into the lentiviral vector pCDH-
CMV-MCS-EF1-coGFP (System Biosciences,
USA) to generate pCDH-CMV-SORBS2 and
pCDH-CMV-MEF2D vectors, respectively. Short
hairpin RNAs (shRNAs) targeting SORBS2 and
MEF2D were obtained from Hanbio (Shanghai,
China), and their DNA sequences were inser-
ted into the lentiviral vector pLKO.1 to knock
down SORBS2 and MEF2D. Lentiviruses were
produced in HEK293T cells, and then purified,
concentrated, and titered. Successfully infect-
ed cells were selected with puromycin. The
small interfering RNA (siRNA) that targeted
c-Abl (5-GGAAGAGUUCUUGAAAGAATT-3’) was
designed as described elsewhere [13]. Target
cells were transfected with c-Abl siRNA or the
negative control using Lipofectamine 2000.
Cells were collected 48 h after transfection.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay

Cell proliferation was evaluated by the MTT
assay. Briefly, cells were seeded (2 x 108 cells/
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well) in 96-well plates. Next, 100 pL of sterile
MTT dye (0.5 mg/mL, Sigma) was added into
each well followed by incubation at 37°C for 4
h. Three parallel wells were set up for each
group. The supernatants were discarded, and
150 pL of dimethyl sulfoxide was added into
each well. The absorbance of each well was
measured at 490 nm on a microplate reader.

Migration and invasion assays

A Transwell system (24-well plates, a polycar-
bonate membrane with 8 um pore size) was
employed to perform the cell migration assay.
Cells were seeded (5 x 10* cells/well) into the
upper chamber of plates with serum-free medi-
um, while the medium with 10% FBS was ad-
ded into the lower chamber. After incubation for
48 h, cells remaining in the upper chamber
were scraped out, fixed in methanol, and
stained with 0.1% crystal violet solution. Five
random visual fields were selected to count the
cells that migrated to the lower side. For the
cell invasion assay, 10° cells were seeded into
each upper chamber that was coated with
Matrigel (BD Biosciences, Bedford, USA). The
cell invasion assay then followed the same pro-
tocol as the migration assay. The average val-
ues of the results of three independent experi-
ments were recorded.

Animals and intrasplenic injection

The animal experiment was approved by the
Animal Research Committee of Fudan Uni-
versity (Shanghai, China). Nude mice were kept
ona 12 hlight/12 h dark cycle at 21-24°Cin an
animal room. The mice were subdivided into
groups randomly (n = 6). For intrasplenic in-
jection, 5 x 10° lentivirus-infected HCC cells in
20 pL of PBS were injected into the spleen of
nude mice. Three weeks later, the mice were
euthanized to extract the liver. The number of
tumors on the liver surface was determined,
and liver tissues were fixed for hematoxylin and
eosin (HE) staining.

Chromatin immunoprecipitation (ChIP) assay

This assay was performed on Huh7 cells as pre-
viously described [14]. Briefly, cells were har-
vested and then fixed with 1% formaldehyde.
Lysates were sonicated and subjected to
chromatin immunoprecipitation with the anti-
MEF2D antibody. The primers specific for the
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detection of MREs-containing regions are as
follows: region 1: forward 5-TGGTGAAACCCC-
GTCTCTAC-3’, reverse 5-TGCTCTGAATCCTATT-
TTGA-3’; region 2: forward 5-GGTGAAAGTGT-
TCTCAAATCATCCA-3’, reverse 5-AAATACACAC-
AACACACATAGGCAC-3..

Reporter vector construction and luciferase
reporter assay

Two fragments of the SORBS2 promoter
sequence were amplified and named Luc-2000
and Luc-1000. They were then inserted into the
pGL-enhancer firefly luciferase vector (Promega,
Madison, USA). These plasmids were co-trans-
fected with the pRL-SV40 Renilla luciferase
plasmid into cells. After 48 h, the cells were
harvested and lysed, and luciferase activity
was measured with a Dual-Luciferase Reporter
Assay System.

Statistical analysis

Experimental data were presented as the
means + SD of three independent experiments,
and analyzed in GraphPad Prism 5 software by
Student’s t-test when comparing only two
groups or one-way analysis of variance when
more than two groups were compared. Overall
survival of HCC patients was evaluated by the
log-rank (Mantel-Cox) test; P < 0.05 indicated a
statistically significant difference.

Results

SORBS2 is downregulated in HCC and serves
as a prognostic factor in patients with HCC

To determine the clinical significance of
SORBS2 in HCC, we first analyzed multiple
microarray datasets in the oncomine database.
As depicted in Figure 1A, SORBS2 mRNA levels
were significantly lower in HCC tissues than
that in matched normal liver tissues [15, 16].
The underexpression of SORBS2 was strongly
associated with lower survival rates of patients
with HCC (Figure 1B). To verify these results, we
performed western blotting and gRT-PCR
assays on 12 pairs of human HCCs and normal
tissues. Eight of the 12 HCC tissues showed
lower amounts of SORBS2 as compared with
their respective normal tissues (Figure 1C).
gRT-PCR also revealed the downregulation of
SORBS2 mRNA in HCC tissues (Figure 1D).
Consistently, the SORBS2 protein level was sig-
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Figure 1. SORBS2 expression is related to HCC progression. A. Analysis based on the oncomine database indi-
cates that SORBS2 mRNA expression was significantly lower in HCC tissue samples compared with normal tissue
samples. Data were pooled from two published studies on HCC gene expression [15, 16]. B. Relationship between
SORBS2 mRNA expression and the overall survival rates of patients with HCC in the TCGA database. C. SORBS2
protein expression was examined in 12 paired tumor (T) samples and normal (N) tissues. D. qRT-PCR analysis of
SORBS2 mRNA expression in 12 paired tumor (T) and normal (N) tissues. E. Western blotting analysis of SORBS2 ex-
pression in five HCC cell lines and LO2 cells. F. IHC staining of clinical tissue samples with an anti-SORBS2 antibody
(samples from 102 patients with HCC). Representative clinical samples of HCC stages |, Il, and Il are presented
(Left). Scale bar, 50 ym. Quantitative analysis of SORBS2 staining revealed a significantly lower staining intensity in
HCC samples compared with normal tissue samples (Right). The integrated optical density (I0D) at the same level
(x 20) from three sections per sample was measured using Image-ProPlus 6.0 software. G. Low intensity of SORBS2
immunostaining was strongly associated with poor survival rates of patients with HCC (n = 44 in the SORBS2 high-
expression group, n = 58 in the SORBS2 low-expression group). **P < 0.01.

nificantly downregulated in the four establi- rank test revealed that HCC patients with low
shed HCC cell lines relative to LO2. To further SORBS2 expression had low overall survival
analyze the correlation of SORBS2 expression rates (Figure 1G). These results suggest that
with HCC progression, we performed IHC analy- SORBS2 could be critically involved in HCC
sis on a tissue microarray that contained 102 development.

HCC tissues. In agreement with the above

observations, a strong positive expression of SORBS?2 inhibits the migration, invasiveness,
SORBS2 was observed in normal tissues, and EMT of HCC cells in vitro

whereas only negligible expression of SORBS2

was detected in HCCs (Figure 1F). SORBS2 To determine the biological role of SORBS2 in
downregulation was associated with patient HCC, we overexpressed SORBS2 in HCC cell
gender and tumor stage but not with other clini- lines SMMC-7721 and HCC-LM3, and con-
cal parameters (Table 1). Furthermore, the log- firmed the results through western blotting
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Figure 2. SORBS2 overexpression inhibits HCC cell migration, invasion, and EMT. (A) SMMC-7721 and HCC-LM3
cells were infected with SORBS2-overexpressing lentivirus or controllentivirus (indicated as “Vector”). SORBS2 pro-
tein expression was determined using western blotting. (B) Cell proliferation at different time points was assessed
by the MTT assay. Representative cell migration (C) and invasion (D) patterns of SMMC-7721 and HCC-LM3 cells, as
determined by Transwell migration and invasion assays. Scale bar, 100 uym. (E) mRNA levels of E-cadherin, vimen-
tin, Slug and Snail were determined by qRT-PCR. (F) Protein amounts of E-cadherin, Vimentin, Slug, and Snail were
evaluated by western blotting. B-actin protein levels served as an internal control. *P < 0.05, **P < 0.01.

(Figure 2A). We found that overexpression of
SORBS2 had no appatent influence on the pro-
liferation of SMMC-7721 and HCC-LM3 cells
(Figure 2B). In contrast, SORBS2 overexpres-
sion significantly inhibited cell migration and
invasion (Figure 2C and 2D). Furthermore,
SORBS2 overexpression increased E-cadherin
(epithelial marker) mRNA expression levels
and decreased mRNA expression levels of
Vimentin and Slug (mesenchymal marker) but
had no apparent influence on Snail mRNA lev-
els (Figure 2E). Similar effects were observed
on the protein levels of the molecular indicators
of SORBS2 (Figure 2F). SORBS2 was also
knocked down using shRNA in PLC and Huh7
cells, and the successful downregulation of
SORBS2 was verified by western blotting
(Figure 3A). Functional assays suggested that
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SORBS?2 inhibition significantly promoted cell
migration, invasion, and EMT (Figure 3B-E).
These results implied that SORBS2 negatively
regulated HCC cell migration, invasion and EMT
in vitro.

SORBS2 inhibits liver metastasis in vivo

In order to explore the biological function of
SORBS?2 in vivo, we performed an intrasplenic
injection of SMMC-7721 or HCC-LM3 cells over-
expressing SORBS2 into nude mice. As shown
in Figure 4A, SORBS2 overexpression inhibited
liver metastasis of HCC cells. HE staining
revealed the presence of smaller liver tumors
after SORBS2 overexpression as compared to
the controls (Figure 4B). Moreover, the number
of tumors on the liver surface significantly
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Figure 3. SORBS2 knockdown promoted HCC cell migration, invasion, and EMT. (A) PLC and Huh7 cells were infect-
ed with a lentivirus expressing SORBS2 shRNA (shSORBS2) or shCtrl (control shRNA). SORBS2 protein expression
was determined via western blotting. Migration (B) and invasiveness (C) of PLC and Huh7 cells are presented. The
SORBS2 knockdown significantly promoted the EMT in PLC and Huh7 cells as determined by the analysis of mMRNA
(D) and protein (E) levels of E-cadherin, Vimentin, Slug and Snail. *P < 0.05, **P < 0.01.

A SMMC-7721 HCC-LM3 B SMMC-7721
e S IR B
A
; ek
5
I _
= S
©
@
: >
(o]
(]
m
[
D
C 30- [ Vector
_ BB SORBS2 ~
g »
= om
< 20- o
g 5 3
3 *
5 101
S
7
7721 LM3

Figure 4. SORBS?2 inhibited liver metastasis. A total of 5 x 10° SMMC-7721 or HCC-LM3 cells infected with an empty
lentivirus (indicated as “Vector”) or SORBS2-expressing lentivirus were intrasplenically injected into nude mice.
Three weeks later, the mice were euthanized for liver extraction. A. Representative livers after intrasplenic injection.
B. Representative images of HE stained liver tissues after intrasplenic injection. Scale bar, 100 ym. C. Analysis of
tumor numbers on the liver surface. *P < 0.05.
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Figure 5. SORBS2 inhibits HCC cell migration, invasion, and EMT through the c-Abl-ERK signaling pathway. (A) The
protein amounts of SORBS2, c-Abl, p-ERK1/2, and ERK1/2 were determined by western blotting in SMMC-7721
and HCC-LM3 cells infected with the empty lentiviral vector (indicated as “Vector”) or the lentiviral vector expressing
SORBS2. (B) Western blotting analysis of the amounts of SORBS2, c-Abl, p-ERK1/2, and ERK1/2 in PLC and Huh7
cells infected with a lentivirus expressing shCtrl or shSORBS2. (C) PLC-shSORBS2 or Huh7-shSORBS2 cells were
transfected with negative control (NC) siRNA or si-c-Abl, or were treated with the MEK inhibitor U0126 (10 uM). Next,
the protein levels of c-Abl, p-ERK1/2, and ERK1/2 were evaluated. Cell migration (D) and invasion (E) were deter-
mined. Quantitative analysis showed significantly weaker cell migration and invasion after transfection with si-c-Abl
or treatment with U0126. (F) The protein levels of E-cadherin, vimentin, and Slug were determined in the indicated

cells. *P < 0.05, **P < 0.01.

decreased after SORBS2 overexpression
(Figure 4C). These results suggested that
SORBS2 serves as a metastasis suppressor in
HCC.

SORBS2 inhibits HCC cell migration, invasive-
ness, and EMT through the c-Abl-ERK signaling
pathway

SORBS2 has been known to negatively regulate
c-Abl function by promoting its degradation
[17]. In order to determine the mechanism of
how SORBS2 affects HCC metastasis, we first
measured c-Abl expression in HCC cell lines
after SORBS2 overexpression or knockdown.
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Western blotting analysis showed that SOR-
BS2 overexpression reduced the expression of
c-Abl (Figure 5A), whereas SORBS2 knock-
down enhanced c-Abl expression in HCC cells
(Figure 5B). Furthermore, we observed that
SORBS2 overexpression decreased ERK1/2
phosphorylation, whereas SORBS2 knockdown
increased ERK1/2 phosphorylation in HCC
cells compared to the control cells (Figure 5A
and 5B). Based on these results, we hypothe-
size that SORBS2 affects HCC metastasis by
regulating c-Abl-ERK signaling. This hypothesis
was tested in two ways, first by suppressing
c-Abl expression with siRNAs (si-c-Abl), and sec-
ond by reducing ERK1/2 phosphorylation with

Am J Cancer Res 2019;9(12):2706-2718
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Figure 6. SORBS2 is inversely related to MEF2D in HCC. A. A diagram of the promoter region of the SORBS2 gene
and putative MEF2D-binding sites. pGL3-enhancer reporter vectors with or without the putative MEF2D binding
sites are illustrated below. B. Western blotting analysis of MEF2D expression in four HCC cell lines. C. qRT-PCR
and western blotting analyses of SORBS2 and MEF2D expression in SMMC-7721 and HCC-LM3 cells with MEF2D
knockdown and in PLC or Huh7 cells with MEF2D overexpression. D. The relative luciferase activity of plasmids with
different versions of the SORBS2 promoter was detected in MEF2D knockdown HCC-LM3 cells and MEF2D-overex-
pressing Huh7 cells. E. The ChIP assay was performed to detect the binding of MEF2D to the SORBS2 promoter. The
IgG-treated and blank groups were regarded as negative controls, whereas the input fraction as a positive control.
F. MEF2D mRNA levels in 12 pairs of HCC tissue samples and normal tissue samples. G. Pearson analysis of the
correlation between SORBS2 and MEF2D mRNA levels in HCC tissue samples. *P < 0.05, **P < 0.01.

an inhibitor (U0126), in SORBS2 knockdown
HCC cells (PLC-shSORBS2 and Huh7-shSORBS2
cell lines) (Figure 5C). As illustrated in Figure
5D and 5E, cell migration and invasion signifi-
cantly decreased after downregulation of c-Abl
and inhibitory treatment using UO0126. In
addition, the expression level of E-cadherin
increased, while Vimentin and Slug expression
levels decreased after both c-Abl and p-ERK1/2
downregulation (Figure 5F). Taken together,
these results imply that SORBS2 inhibits HCC
cell migration, invasion, and EMT through the
c-Abl-ERK signaling pathway.

SORBS?2 is transcriptionally regulated by
MEF2D in human HCC

In silico analysis was performed using the JAS-
PAR and PROMO databases to determine pos-
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sible upstream transcription factors associated
with the downregulation of SORBS2 in HCC.
MEF2D was predicted to be an upstream regu-
lator of SORBS2 (Figure 6A) and selected for
further study because of its positive roles in
cancer cell proliferation and invasion [14, 18].
As presented in Figure 6B, MEF2D showed rela-
tively low expression in Huh7 cells and relative-
ly high expression in HCC-LM3 cells; this oppo-
site to the SORBS2 expression pattern in these
cell lines (Figure 1E), indicating an antagonistic
relation between SORBS2 and MEF2D. In vitro
experiments showed that the downregulation
of MEF2D (shMEF2D) in SMMC-7721 and HCC-
LM3 cells increased SORBS2 expression both
at the mRNA and protein levels, whereas the
upregulation of MEF2D inhibited SORBS2
expression in both PLC and Huh7 cells (Figure
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Figure 7. MEF2D promotes the migration, invasiveness, and EMT of HCC cells. SMMC-7721 and HCC-LM3 cells were
infected with a lentivirus expressing shCtrl or shMEF2D. Cell migration (A) and invasion (B) are shown. Quantitative
analysis revealed significantly weaker cell migration and invasion after the MEF2D knockdown. Scale bar, 100 ym.
(C) The mRNA levels of E-cadherin, Vimentin and Slug. (D) Protein amounts of E-cadherin, Vimentin and Slug. *P <

0.05, **P < 0.01.

6C). Luciferase assay confirmed the anta-
gonistic relationship between SORBS2 and
MEF2D because the luciferase activity of
SORBS2 (Luc-2000) increased after MEF2D
downregulation and decreased after MEF2D
upregulation; there was no difference in the
luciferase activity after downregulation or
upregulation of MEF2D when Luc-1000 was
used (Figure 6D). A ChIP assay was also con-
ducted to determine the interaction bet-
ween SORBS2 and MEF2D. As expected, DNA
fragments of the two SORBS2 promoter re-
gions were enriched by the anti-MEF2D anti-
body (Figure 6E). In 12 pairs of HCC and
normal tissue samples, it was found that the
MRNA expression of MEF2D was much higher
in HCC tissues than that in normal tissues
(Figure 6F). A negative correlation was observed
between SORBS2 and MEF2D mRNA levels in
HCC tissues (Figure 6G). Additionally, we deter-
mined the effects of MEF2D on the migration
and invasion of HCC cells. As depicted in
Figure 7, downregulation of MEF2D inhibited
the migration, invasiveness, and EMT of both
SMMC-7721 and HCC-LM3 cells. Taken to-
gether, these results suggest that MEF2D
mediates the suppression of SORBS2 during
HCC metastasis.
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Discussion

Accumulating evidence now links SORBS2 with
carcinogenesis and tumor progression [3].
However, only a recent study by Zhao and col-
leagues addressed the clinical and prognostic
significance of SORBS2 levels in the tumors of
cancer patients, by proving that SORBS2 is sig-
nificantly downregulated in ovarian cancer and
its expression is closely associated with the
clinical outcomes of patients with ovarian can-
cer [12]. To broaden our knowledge regarding
the involvement of SORBS2 in HCC, we mea-
sured SORBS2 expression in HCC tissues and
cell lines. We found that SORBS2 expression
levels are significantly lower in patients with
HCC, and the underexpression of SORBS2 was
strongly associated with lower survival rates of
patients with HCC. We subsequently confirmed
that SORBS2 significantly suppressed HCC cell
invasion and metastasis both in vitro and in
vivo. These data were similar to the findings on
cervical, pancreatic, and gastric cancers, where
SORBS2 acted as a supposed tumor suppres-
sor gene involved in either carcinogenesis or
metastasis [7-9].

In the experiments to determine the mecha-
nism of SORBS2 action, we principally focused
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on understanding how SORBS2 suppresses
HCC metastasis since local invasion and
metastasis at distant sites are the cause of
90% of cancer-related deaths in humans [20].
Some studies indicate that the biological func-
tions of SORBS2 are partly mediated by inter-
actions with other proteins, such as c-Abl,
c-Cbl, PYK2, PKB, PAK1, and WAVE. Notably,
SORBS2 may cause ubiquitination-linked deg-
radation of c-Abl [4, 21]. c-Abl tyrosine kinase
has been reported to regulate the invasive
activity of aggressive breast cancer [22].
Similarly, c-Abl is activated in liver cells overex-
pressing CLD1 and is associated with the
CLD1-dependent acquisition of cellular inva-
sive capacity [23]. In the present study, we
demonstrated that SORBS2 reduces the
expression of c-Abl and phosphorylation of ERK
in HCC cells. Downregulation of c-Abl in HCC
cells or treatment with ERK inhibitor U0126
decreased cell migration, invasion, and EMT.
These results indicate that SORBS2 inhibits
cell migration, invasion, and EMT through the
c-Abl-ERK signaling pathway.

MEF2D is a transcription factor from the MEF2
family that has four members in mammals:
MEF2A, MEF2B, MEF2C, and MEF2D [14, 24].
B-cell development is blocked in mice deficient
in MEF2C and MEF2D; MEF2 transcription fac-
tors are activated by the pre-B-cell receptor
through phosphorylation by ERK5 mitogen-acti-
vated kinase. This indicates the crucial func-
tion of the MEF family in B-cell development
[25]. In colorectal cancer tissues, MEF2D
expression levels are positively associated with
CD31 microvascular density, and it promotes
tumor angiogenesis in vitro and in vivo with
enhanced proangiogenic cytokine levels [26]. A
similar study also showed that overexpressed
MEF2D in colorectal cancer enhances tumor
cell invasion and EMT by directly regulating
ZEB1 transcription [18]. The upregulation of
MEF2D has also been detected in HCC samples
and is associated with poor prognosis, and
silencing of MEF2D inhibits HCC tumorigenicity
in xenograft models by triggering G2-M arrest
of the cell cycle [14]. In the present study, we
found that MEF2D mRNA levels are much lower
in HCC tissue samples than in normal tissue
samples. MEF2D promotes migration, invasion,
and EMT of HCC cells. SORBS2 expression was
found to be repressed by MEF2D. Moreover,
there was a negative correlation between
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SORBS2 and MEF2D expression levels in the
HCC tissue samples. These results suggest
that MEF2D inhibits the SORBS2-mediated
suppression of HCC metastasis.

In conclusion, our study demonstrates that
SORBS2, which transcriptionally regulated by
MEF2D, inhibited HCC cell migration and inva-
sion in vitro and metastasis in vivo by regulat-
ing the c-Abl/ERK signaling pathway. Thus, our
study underscores the important role of
SORBS2 in HCC metastasis, and we believe
that our findings on the MEF2D/SORBS2/c-Abl/
ERK signaling axis will provide useful informa-
tion for the development of more promising and
effective therapies for HCC.
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