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Hepatitis B virus X protein-induced SH2 domain-containing
5 (SH2D5) expression promotes hepatoma cell growth via an

SH2D5-transketolase interaction
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Hepatitis B virus X protein (HBx) critically contributes to the
development of hepatocellular carcinoma (HCC). However, the
mechanisms by which HBx promotes HCC remain unclear. In
the present study, using a combination of gene expression pro-
filing and immunohistochemistry, we found higher levels of
SH2 domain- containing 5 (SH2D5) in liver tissue from HBV-
associated HCC (HBV-HCC) patients than in adjacent nontu-
mor tissues. Moreover, HBV infection elevated SH2D5 levels,
and we observed that HBx plays an important role in SH2D5
induction. We also found that HBx triggers SH2D5 expression
through the NF-kB and c-Jun kinase pathways. Employing
SH2D5 overexpression or knockdown, we further demonstrate
that SH2D5 promotes HCC cell proliferation both in vitro and in
vivo. While investigating the mechanism of SH2D5-mediated
stimulation of HCC cell proliferation, we noted that HBV
induces SH2D5 binding to transketolase (TKT), a pentose phos-
phate pathway enzyme, thereby promoting an interaction
between and signal transducer and activator of transcription 3
(STAT3). Furthermore, HBx stimulated STAT3 phosphor-
ylation at Tyr-705 and promoted the activity and downstream
signaling pathway of STAT3 via the SH2D5-TKT interaction.
Taken together, our results suggest that SH2D5 is an HBV-in-
duced protein capable of binding to TKT, leading to induction
of HCC cell proliferation.

Hepatocellular carcinoma (HCC),> a common aggressive
carcinoma of the liver, is the fifth most common cancer in the
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world and the second leading cause of cancer deaths (1, 2). The
5-year survival rate of HCC patients is less than 10% (3, 4).
Chronic hepatitis B virus (HBV) infection has been confirmed
as a major risk factor in the development of HCC (5). HBV is a
noncytopathic and partially double-stranded DNA virus with
four open reading frames (C, P, S, and X) in the genome, result-
ing in expression of the seven HBV proteins via use of varying
in-frame start codons (6, 7). Among these, HBV X protein
(HBx) participates in the establishment and development of
HCC as a multifunctional regulation factor (8). Studies showed
that HBx did not directly bind the target motifs of downstream-
regulated genes; however, it exhibited co-transcription factor
activity through interaction with nuclear transcriptional fac-
tors (9). As a result, many host factors were induced during
HBYV infection. Although co-transcription factor functions of
HBx have been described, it remains obscure as to how HBx
alters regulated proteins, post-translational modifications, and
signaling networks.

Over the past decade, several studies have demonstrated that
the pathogenesis of HCC was closely linked with chronic
inflammation and the level of interleukin-6 (IL-6) (10). IL-6 first
binds to the IL-6 receptor, initiating signaling cascades that lead
to the activation of signal transducer and activator of transcrip-
tion 3 (STAT3) (11). STATS3 activation has been implicated in
abnormal oncogenic processes, including initiation, prolifera-
tion, angiogenesis, and progression in HCC (12). To be acti-
vated, STAT3 requires phosphorylation for its homodimeriza-
tion, nuclear translocation, and transcriptional activity (13).
Many proteins are involved in the regulation of STAT3 phos-
phorylation, and transketolase (TKT) is one of most important
regulators of STAT3 phosphorylation in HCC (14). TKT is an
enzyme in the pentose phosphate pathway, catalyzing the con-
version of sedoheptulose 7-phosphate and Dp-glyceraldehyde
3-phosphate to p-ribose 5-phosphate and p-xylulose 5-phos-
phate (15). Because of its activity regarding the production of
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NADPH to counteract oxidative stress, TKT is needed for
tumor growth (16). Several studies demonstrated that TKT
expression was tightly regulated by oxidative stress sensor
pathways in cancers (17). In particular, genetic knockdown or
pharmacological inhibition of TKT in ovarian and other cancer
cells disturbed redox homeostasis and sensitized cancer cells to
existing targeted therapy (18, 19). Consistent with this notion, a
study showed that TKT bound to STAT3 and regulated STAT3
phosphorylation in HCC (20). However, little is known about
the role of TKT in HBV-associated HCC (HBV-HCC).

Src homology 2 domain- containing protein 5 (SH2D5) is a
mammalian-specific, uncharacterized adaptor-like protein that
is highly enriched in brain at the transcriptional level (21). In
the present study, we demonstrated that SH2D5 played an
important role in the proliferation of HCC cells mediated by
HBx. We further demonstrate that HBV-induced SH2D5 inter-
acted with TKT, leading to activation of STAT3. In addition, we
provide evidence that SH2D5 may have therapeutic benefits in
the treatment of HBV-HCC.

Results
SH2D5 expression was elevated in HBV-HCC patients

To determine the molecular mechanisms of HBV-HCC
development, we performed microarray analysis to identify
genes that may play important roles in HBV-HCC development
in cancer tissues (n = 4) and in adjacent nontumor tissues
(ANT) (n = 4). We found that 11 gene expression levels were
altered in HBV-HCC liver tissues compared with ANT (Table
S1). We chose SH2D5 for further study.

We obtained snap-frozen or paraffin-embedded HCC tissues
and surrounding ANT tissues from 223 patients. This study
involved two independent cohorts of HCC patients. Cohorts 1
and 2 included 121 and 102 HCC patients, respectively. To
investigate whether SH2D5 could be an important factor in
determining the clinical outcomes of HBV-HCC patients, we
analyzed the SH2D5 expression in cohort 1. As determined by
real-time PCR assay, SH2D5 expression levels were higher in
HBV-HCC liver tissues than in ANT tissues, and patients with
high SH2D5 RNA levels had poor overall survival (Fig. 1, A and
B). Furthermore, expression levels of IL-6 were also higher in
HBV-HCC liver tissues than in their paired ANT tissues (Fig.
S1A). Interestingly, high levels of SH2D5 expression were cor-
related with high levels of IL-6 expression in HBV-HCC liver
tissues (Fig. S1B). In cohort 2, SH2D5 protein levels were deter-
mined by immunohistochemistry. HBV-HCC patients showed
higher levels of SH2D5 staining than did healthy individuals
(Fig. 1C). Similarly, patients with high SH2D5 protein levels had
poor overall survival (Fig. 1D). Subsequently, we analyzed the
correlation between SH2D5 expression and the clinical—-
virological characteristics of HBV-HCC patients. There were
positive correlations between SH2D5 expression and tumor
size, distant metastasis, microvascular invasion, malignant dif-
ferentiation, and tumor-node metastasis (TNM) stage in HBV-
HCC patients (Tables S2 and S3). Nevertheless, there were no
significant differences between SH2D5 expression and gender,
age, HBV DNA levels, alanine aminotransferase levels, and
a-fetoprotein levels (Tables S2 and S3). Furthermore, SH2D5
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Figure 1. SH2D5 is increased in HCC and is clinically relevant to patient
prognosis. A, real-time PCR assays of SH2D5 expression levels in HCC tissues
and their corresponding ANT. The lowest value of ANT was designated as 1.
SH2D5 data are expressed as fold induction (-fold) relative to the lowest value
of healthy individuals. Data represent means = S.E. B, Kaplan-Meier plots of
HCC patients stratified by SH2D5 RNA levels. The median level of SH2D5
expression in each panel was used as the cutoff, with log-rank test for signif-
icance. G, immunohistochemical staining of SH2D5 in HCC tissues and their
corresponding ANT. IgG was use as isotype control antibody. D, Kaplan-Meier
plots of HCC patients stratified by SH2D5 protein levels. The median level of
SH2D5 expression in each panel was used as the cutoff, with log-rank test for
significance. E, real-time PCR analysis of SH2D5 expression in human normal
hepatocytes and HCC cell lines. All experiments were repeated at least three
times. (**, p < 0.01).

expression levels were measured in several human HCC cell
lines with varying metastatic capabilities. Real-time PCR assays
showed that SH2D5 expression increased progressively from
normal liver cells to low-metastatic HCC cells, and finally to
highly-metastatic HCC cells (Fig. 1E). Chang liver is the refer-
ence sample for significance. Taken together, these data suggest
that SH2D5 contributes to progression of HBV-associated
hepatocarcinogenesis.

Transcriptional regulation of SH2D5 by HBV X protein

To test whether expression of SH2D5 was affected by HBV,
SH2D5 mRNA and protein expression levels in HepG2 cells
were compared with those of HepG2.2.15 HBV (genotype
D)-positive cells. Real-time PCR and Western blotting assays
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Figure 2. SH2D5 was induced by HBx at the transcriptional level. A, SH2D5 mRNA levels and protein levels in HepG2 and HepG2.2.15 cells (left panel) and
Huh?7 and Huh7.37 cells (right panel). B, HepG2 cells were transfected with vector control or pHBV-1.3 (genotype A-,-D) for 48 h prior to real-time PCR assays. C,
HepG2 cells were co-transfected with pSH2D5-Luc and the indicated plasmids with viral protein-coding sequences for 48 h prior to luciferase activity reporter
assays. D, HepG2 cells were transfected with the vector control or pCMV-HBx for 48 h prior to real-time PCR (upper panel) and Western blotting (lower panel)
analyses. E, Huh7 cells were transfected with vector control, pHBV-1.2, or pHBV-1.2 (AHBx), an HBx-deficient HBV mutant for 48 h. SH2D5 expression was
quantified prior to real-time PCR (upper panel) and Western blotting (lower panel) analyses. F, schematic diagram of individual SH2D5 promoter cis-regulatory
elements and SH2D5-truncated or site-specific mutants (left), and the results are from luciferase activity assays (right). Huh7 cells were transfected with the
indicated plasmids for 48 h prior to luciferase assays. G, experiments were performed similar to those in D, except c-Jun-specific siRNA (siRNA- c-Jun) was used.
H, Huh7 cells were transfected with indicated plasmids and treated with or without NF-«B inhibitor Bay11-7082 (left panel) or transfected with vector control,
pCMV-HBx, pCMV-NF-«B, or pCMV-NS1 of IAV (right panel) for 48 h, respectively. SH2D5 RNA levels were quantified by real-time PCR assays. |, experiments were
performed similar to those in H, except siRNA-c-Jun (left panel) or pPCMV-c-Jun (right panel) was used. J, Huh7 cells were transfected with vector control or
pCMV-HBx for 48 h. ChIP assays were performed with anti-NF-«B (left panel), anti-c-Jun (right panel), or IgG-conjugated agarose. Promoter sequences in the
input DNA and the DNA recovered from antibody-bound chromatin segments were detected using real-time PCR. Enrichment was determined relative to
input controls. In the real-time RT-PCR experiments, the control was designated 1. In the Western blotting experiments, intensities of bands were analyzed by
ImageJ and normalized to the corresponding controls. All experiments were repeated at least three times. Bar graphs present means = S.D., n = 3 (**, p <0.01).

showed that SH2D5 mRNA and protein expression levels were  also stimulated SH2D5 mRNA (Fig. 2B). To investigate which
higher in HepG2.2.15 cells than in HepG2 cells (Fig. 24, left viral protein played a role in SH2D5 regulation, HepG2 cells
panel). To make sure that this was not a cell-specific event, an  were co-transfected with each of the seven HBV gene-express-
additional pair of human hepatoma cells, HuH7 and HuH7.37 ing plasmids and pSH2D5-Luc. Luciferase activity reporter
(HuH7.37 cells contain an integrated HBV genotype B and sta-  assays indicated that HBx protein stimulated SH2D5 promoter
bly express HBV), were also tested for SH2D5 expression. Con-  activity, whereas the other HBV proteins had no significant
sistent with the results obtained with HepG2.2.15 cells, effect (Fig. 2C). Real-time PCR and Western blotting analyses
HuH?7.37 cells expressed higher levels of SH2D5 mRNA and also indicated that HBx increased SH2D5 mRNA and protein
protein (Fig. 24, right panel). Next, pHBV-1.3, a 1.3-fold over-  expression (Fig. 2D). To further investigate the influence of
length fragment of the HBV genome (genotype A-D) that HBx on SH2D5 expression, Huh7 cells were co-transfected
retains the ability to produce mature HBV virions, was then  with pHBV-1.2 or pHBV-1.2 (AHBx), an HBV mutant that does
transfected into HepG2 cells, and SH2D5 mRNA expression not express HBx. Real-time PCR and Western blotting analyses
levels were detected by real-time PCR assays. pHBV-1.3 (A-D) indicated that WT HBV activated SH2D5 mRNA and protein
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expression, whereas the HBV mutant did not induce SH2D5
mRNA or protein expression (Fig. 2E).

To further investigate the transcriptional regulation of
SH2D5, we examined the SH2D5 promoter region for possible
consensus cis-elements. Three promoter truncations and two
binding-site mutants (NF-«B- and c-Jun—binding sites) were
generated from the full-length SH2D5 promoter plasmid. In
reporter assays, HBx expression stimulated expression of the
WT promoter and the two truncated mutants. However, muta-
tion of either NF-kB and c-Jun abolished HBx-stimulated pro-
moter activity (Fig. 2F). To determine whether SH2D5 expres-
sion was NF-kB- and c-Jun-dependent, we chose NF-kB and
c-Jun overexpression plasmid, an NF-«B inhibitor (Bay11), and
we designed two specific small-interfering RNAs (siRNAs) for
c-Jun (siRNA-c-Jun #1 and #2) and tested their efficacy (Fig.
2G). siRNA-c-Jun #2 was selected for the experiments
described below.

NEF-«B inhibitor decreased HBx-induced SH2D5 mRNA lev-
els, whereas NF-kB overexpression increased HBx-induced
SH2D5 levels (Fig. 2H). Influenza A virus (IAV) nonstructural
protein-1 (NS1) transfection was included as a negative control.
Similar results were obtained by using siRNA-c-Jun or c-Jun
overexpression plasmid (Fig. 2/). We further examined the
effect of the HBx on the association of NF-«B and c-Jun and
SH2D5 promoters. Results from chromatin immunoprecipita-
tion (ChIP) experiments confirmed that HBx increased NF-«B
and c-Jun binding to the SH2D5 promoter (Fig. 2/). Together,
these results demonstrated that NF-«kB and c-Jun signaling
pathways were involved in the up-regulation of SH2D5 expres-
sion in response to HBx.

SH2D5 promoted proliferation of hepatoma cells in vitro

First, we used cell proliferation assays to determine whether
SH2D5 affected cell viability. As shown in Fig. 34, SH2D5 over-
expression increased HBx-regulated proliferation rates of HCC
cells. TNFa treatment was included as a positive control for
comparison. To further verify the role SH2D5 in HCC cell via-
bility, we designed two siRNAs for SH2D5 (siRNA-SH2D5 #1
and #2) and tested their knockdown efficiency (Fig. 3B).
siRNA-SH2D5 #2 was selected for experiments described
below. The proliferation rates of HCC cells were inhibited by
siRNA-SH2D5 (Fig. 3C). Next, we examined the effect of
SH2D5 expression on the migration and invasion of HCC cells.
Overexpression of SH2D5 facilitated the HBx-induced migra-
tion and invasion of HCC cells (Fig. 3D). Conversely, knock-
down of SH2D5 resulted in the inhibition of HBx-induced cell
migration and invasion (Fig. 3E). All these results supported the
notion that SH2D5 promoted the proliferation of HCC cells.

SH2D5 promoted proliferation of hepatoma cells in vivo

We further investigated the proliferation enhancement
effect of SH2D5 in vivo. Results from the colony formation
assay indicated that overexpression of SH2D5 increased the
HBx-induced colony formation ability of HCC cells. Con-
versely, knockdown of SH2D5 decreased HBx-regulated HCC
cell colony formation (Fig. 4, A and B). We also examined the
effect of SH2D5 on the tumorigenicity of HCC cells in vivo.
SH2D5 knockdown cells and control cells were subcutaneously
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injected into nude mice. With no substantial effects on mouse
weight, the volume and the weight of the tumors were dramat-
ically lower in the SH2D5 knockdown mice than in control
mice (Fig. 4, C—E). Real-time PCR confirmed that expression
levels of SH2D5 were lower in tumor tissues of the SH2D5
knockdown group than in the control group (Fig. 4F). There-
fore, we concluded that SH2D5 promoted the proliferation of
hepatoma cells in vivo.

HBV promotes the interaction of SH2D5 and TKT and the
subsequent recruitment of STAT3

To explore the molecular mechanisms by which SH2D5
exerted its tumor-inductive effect on HCC cells, we used
immunoprecipitation coupled to MS to identify binding part-
ners for SH2D5. We found that TKT was a potential target of
SH2D5 (Fig. 5A). A previous report showed that TKT, a key
enzyme in the pentose phosphate pathway, might regulate
STAT3 phosphorylation by interacting with STAT3 (20). We
suspected that SH2D5 might regulate STAT3 phosphorylation
by interacting with TKT during HBV infection. To test this
hypothesis, TKT or STAT3 was fused in-frame with the GAL4
DNA-binding domain to create the plasmids pM-TKT and pM-
STATS3, respectively. The SH2D5 protein was fused in-frame
with the VP16 transactivation domain in the plasmid pVP16-
SH2D5. According to the results of a mammalian two-hybrid
analysis, TKT, but not STATS3, interacted with SH2D5 in mam-
malian cells (Fig. 5B). In vivo co-immunoprecipitation and
reverse co-immunoprecipitation experiments were performed
to further confirm the binding of the SH2D5 to TKT or STAT3.
As shown in Fig. 5, Cand D, the SH2D5 protein interacted with
TKT, but not with STAT3. We further performed endogenous
co-immunoprecipitation experiments, and the results indi-
cated that the SH2D5-TKT interaction increased upon trans-
fection with HBV 1.3 plasmid (Fig. 5E). Importantly, overex-
pression of SH2D5 promoted the HBV-induced TKT-STAT3
interaction, whereas SH2D5 knockdown suppressed the HBV-
induced TKT-STAT3 interaction (Fig. 5F). Similarly, exoge-
nous co-immunoprecipitation experiments showed that over-
expression of SH2D5 promoted TKT-STAT3 interaction,
whereas SH2D5 knockdown suppressed TKT-STATS3 interac-
tion (Fig. 5G). Collectively, these results indicated that HBV-
induced SH2D5 interacted with TKT and that association of
SH2D5 and TKT in a complex in turn recruited STAT3.

HBx regulated the phosphorylation of STAT3 and the
expression of downstream genes in the JAK-STAT3 pathway
through SH2D5 and TKT

To test the role of SH2D5 and TKT in HBx-regulated STAT3
signaling, we designed two siRNAs for TKT (siRNA-TKT#1
and #2) and tested their knockdown efficiency (Fig. S2).
siRNA-TKT #2 was selected for the experiments described
below. It has been shown that TKT enhanced STAT3-Y705
phosphorylation but suppressed STAT3-S727 phosphorylation
(20). We next examined the role of SH2D5 and TKT in HBx-
regulated STAT3 phosphorylation. As shown in Fig. 6, A and B,
HBx promoted STAT3-Y705 phosphorylation but reduced
STAT3-S727 phosphorylation. Overexpression SH2D5 or TKT
enhanced the effect of HBx on the phosphorylation of STAT3-
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Figure 3. SH2D5 promoted HCC cell proliferation, migration, and invasion in vitro. A, HepG2 cells were transfected with the indicated plasmids for 24 h
and treated with or without TNFa (50 ng/ml) for 48 h prior to cell proliferation (upper panel) and Western blotting assays (lower panel). B, Huh7 cells were
transfected with siRNA control or siRNA-SH2D5s for 48 h prior to real-time PCR (upper panel) and Western blotting (lower panel) analyses. C, experiments were
performed similar to those in A, except the indicated siRNA-SH2D5 #2 was used. D, HepG2 cells were transfected with the indicated plasmids and treated with
or without TNFa (50 ng/ml) for 24 h, after culture in a Transwell (upper panel) or invasion (lower panel) system for 24 h. E, experiments were performed similar
to those in D, except the indicated siRNA-SH2D5 #2 was used. In the real-time RT-PCR experiments, the control was designated 1. All experiments were
repeated at least three times. Bar graphs present means = S.D., n = 3 (**, p < 0.01).

Y705 and STAT3-S727, whereas SH2D5 or TKT knockdown
inhibited the effect of HBx on the phosphorylation of STAT3-
Y705 and STAT3-S727 (Fig. 6, A and B). To further explore the
role of SH2D5 and TKT on the activity of STAT3, we con-
structed STAT3-Luc that contained the STAT3 response ele-
ment. Luciferase activity assays indicated that SH2D5 and TKT
overexpression promoted HBx-induced STAT3 activation (Fig.
6C). Conversely, SH2D5 or TKT knockdown diminished HBx-
induced STATS3 activation (Fig. 6D). The mRNA levels of the
downstream genes in the JAK-STAT3 pathway were also
examined. Based on real-time PCR results, overexpression of
SH2D5 or TKT promoted HBx-induced expression of the
downstream genes in the JAK-STAT3 pathway, and con-
versely, SH2D5 and TKT knockdown inhibited HBx-induced
expression of the downstream genes in the JAK-STAT?3 path-
way (Fig. 6, E and F). Similar results were also obtained in Huh7
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cells (Fig. S3). We then constructed an SH2D5 or TKT knock-
out (SH2D5-KO or TKT-KO) cell line in HepG2 cells using the
CRISPR—Cas9 system (Fig. S4A4). We found that HBx promoted
the proliferation of HCC cells, the activity of STAT3, and the
expression of the JAK-STAT3 pathway downstream genes in
wildtype (WT) cells, without any effect in SH2D5-KO cells (Fig.
S4, Band C). Similar results were also obtained in TKT-KO cells
(Fig. S4, D and E).

Because TKT was specifically associated with SH2D5, and
both proteins were involved in HBx-regulated STAT3 activa-
tion, we examined whether TKT was involved in the regulation
of SH2D5-mediated signaling. Results from Western blotting
assays showed that TKT overexpression augmented the effect
of SH2D5 on the phosphorylation STAT3-Y705 and STAT3-
S727 (Fig. 6G). By contrast, TKT knockdown diminished the
effect of SH2D5 on the phosphorylation STAT3-Y705 and
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graphs present means *= S.D., n = 3 (**, p < 0.01).

STAT3-S727 (Fig. 6H). Similarly, reporter assays indicated that
overexpression of TKT increased SH2D5-induced STAT3 acti-
vation, whereas knockdown of TKT decreased SH2D5-induced
STATS3 activation (Fig. 6, I and J). The regulation of SH2D5 on
the mRNA levels of the downstream genes in the JAK-STAT3
pathway was also affected by TKT knockdown or overexpres-
sion (Fig. 6, Kand L). The role of TKT in the SH2D5-mediated
signaling was also investigated by using TKT-KO cells. Results
indicated that SH2D5 induced the proliferation of HCC cells,
the activity of STATS3, and the expression of the JAK-STAT3
pathway downstream genes in WT cells. Conversely, low levels
of the proliferation of HCC cells, the activity of STAT3, and the
expression of the JAK-STAT3 pathway downstream genes
were observed in TKT-KO cells when SH2D5 was overex-
pressed (Fig. S4, F and G). We next examined the roles of
SH2D5-TKT interaction on the viability of HCC cells. Overex-
pression of SH2D5 or TKT enhanced the effect of HBx on the
proliferation rates of HCC cells, whereas SH2D5 or TKT
knockdown inhibited the effect of HBx on the proliferation
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rates of HCC cells (Fig. 7, A and B). Similarly, overexpression of
TKT increased SH2D5-induced HCC cell proliferation rates,
and conversely, knockdown of TKT decreased SH2D5-induced
HCC cell proliferation rates (Fig. 7, C and D).

IL-6 is the most important STAT3 activator that promotes
tumor cell proliferation, survival, invasion, and angiogenesis.
We also tested the effects of SH2D5 and TKT on the IL-6 -
STAT3 signaling pathway in HCC cells. Results from luciferase
activity assays indicated that SH2D5 or TKT overexpression
promoted IL-6-induced STAT3 activation (Fig. 84). Con-
versely, SH2D5 and TKT knockdown diminished IL-6-—
induced STAT3 activation (Fig. 8B). Similarly, overexpression
of SH2D5 or TKT promoted IL-6 —induced expression of the
downstream genes in the JAK-STAT3 pathway. Conversely,
SH2D5 and TKT knockdown inhibited IL-6 —induced expres-
sion of the downstream genes in the JAK-STAT3 pathway (Fig.
8, C and D). Taken together, these findings indicated that
SH2D5 and TKT were involved in HBx-regulated activation of
STATS3.

Discussion

HBYV infection is one of the leading causes of HCC world-
wide. HBx participates in the establishment and development
of HCC as a multifunctional regulation factor. However, the
underlying molecular mechanisms remain obscure. In the pres-
ent study, we identified SH2D5, a previously uncharacterized
adaptor-like protein, as a tumor regulator in HBV-HCC.

SH2D5 is a recently evolved, uncharacterized adaptor-like
protein, containing an N-terminal PTB domain and a C-termi-
nal SH2-like domain (21). To the best of our knowledge, only
one study reported the function of SH2D5. They found that
SH2D5 regulated Rac1-GTP levels by binding to the breakpoint
cluster region protein (22). In the present study, for the first
time, we identified the role of SH2D5 in HBV-HCC. We
observed that SH2D5 was frequently increased in HBV-HCC
tissues relative to levels in ANT tissues. In addition, clinical
evidence showed that SH2D5 overexpression correlated with
tumor size, distant metastasis, microvascular invasion, malig-
nant differentiation, and TNM stage. Furthermore, Kaplan-
Meier analysis showed that patients with HBV-HCC who had
high SH2D5 expression had worse prognoses than did those
with low SH2D5 expression. These clinical data strongly sug-
gested that SH2D5 may contribute to the progression of HBV-
HCC. Upon investigating the mechanisms behind this event,
we found that SH2D5 interacted with TKT, and this association
positively regulated the STAT3-mediated signaling pathway.
TKT is a ubiquitous enzyme that catalyzes the reversible trans-
fer of two-carbon ketol units between ketose and aldose phos-
phates, governing carbon flow through the nonoxidative
branch of the pentose phosphate pathway (23). A question is
raised whether SH2D5 also controlled the glycolysis of HCC
cells. When considering this question, studies exploring this
question would be of great help in further clarifying the role of
SH2D5 in HBV infection.

The role of STAT3 phosphorylation in HCC is intriguing.
There is a phosphorylation site on the Tyr-705 residue, func-
tioning in the activation of STAT3 (24). There is another phos-
phorylation site on the Ser-727 residue that is thought to
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Figure 5. HBV promotes the interaction of SH2D5 and TKT, and the subsequent recruitment of STAT3. A, HepG2 cells were transfected with vector control
or FLAG-SH2D5 for 48 h. Cells were lysed and were immunopurified with anti-FLAG affinity columns and eluted with FLAG peptide. The eluates were resolved
by SDS-PAGE and silver-stained. The differential protein bands were retrieved and analyzed by MS. B, determination of SH2D5 and TKT interaction in 293T cells
by mammalian two-hybrid analysis. 293T cells were co-transfected with control plasmids, pG5-luc (a luciferase reporter plasmid), pVP16-SH2D5, pM-TKT (/eft
panel), or pM-STAT3 (right panel). Interaction between proteins was monitored by luciferase activity, which was measured 48 h after transfection. C, 293T cells
were transfected with FLAG-tagged TKT (FLAG-TKT) and Myc-tagged SH2D5 (Myc-SH2D5). Forty eight hours post-transfection, co-immunoprecipitation (/P)
and immunoblot (/B) analyses were performed with the indicated antibodies. D, experiments were performed similar to those in C, except FLAG-STAT3 was
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noblot analyses were performed with the indicated antibodies. F, experiments were performed similar to those in E, except SH2D5 plasmid (left panel) or
si-SH2D5 (right panel) was used. G, 293T cells were transfected with the indicated plasmids or siRNAs. Forty eight hours post-transfection, co-immunoprecipi-
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enhance transcriptional activity of the protein (25, 26). Ser-727 Y705 phosphorylation have been confirmed in various can-
is an equally important but less studied phosphorylation siteon  cer types; the role of STAT3-S727 phosphorylation in cancer
STATS3 (25, 26). Similarly, the oncogenic effects of STAT3- is not well defined. A previous study showed that TKT reg-
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Figure 6. Effect of SH2D5 and TKT on HBx regulated phosphorylation and downstream signaling of STAT3. A, HepG2 cells were transfected with the
indicated plasmids for 24 h prior to Western blotting analyses. B, experiments were performed similar to those in A, except the indicated siRNA-TKT was used.
G, HepG2 cells were transfected with the indicated plasmids for 36 h prior to luciferase activity assays. D, experiments were performed similar to those in C,
except the indicated siRNA-TKT was used. £, HepG2 cells transfected with the indicated plasmids for 36 h prior to real-time PCR analyses. F, experiments were
performed similar to those in E, except the indicated siRNA-TKT was used. G and H, experiments were performed similar to those in A and B, except without HBx
plasmid. / and J, experiments were performed similar to those in C and D, except without HBx plasmid. K and L, experiments were performed similar to those
in E and F, except without HBx plasmid. All experiments were repeated at least three times. Bar graphs present means = S.D., n = 3 (**, p < 0.01; *, p < 0.05).

ulated STAT3-Y705 and STAT3-S727 phosphorylation in STAT3-S727 phosphorylation in HCC cells (20). However,
prostate cancer cells. Another recent report suggested that therole of HBV in TKT-regulated STAT3-Y705 and STAT3-
TKT enhanced STAT3-Y705 phosphorylation and inhibited S727 phosphorylation has not been reported. We showed
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Figure 7. Verification of the interaction of SH2D5 and TKT in HCC cells
proliferation. A, HepG2 cells were transfected with vector control, pCMV-
HBx, pCMV-TKT, or pCMV-SH2D5 for 3 days prior to cell proliferation assays. B,
HepG2 cells were transfected with vector control, pCMV-HBX, or indicated
siRNAs for 3 days prior to cell proliferation assays. C, HepG2 cells were trans-
fected with vector control, pCMV-TKT, or pCMV-SH2D5 for 3 days prior to cell
proliferation assays. D, HepG2 cells were transfected with vector control,
pCMV-SH2DS5, siRNA control, or siRNA-TKT for 3 days prior to cell proliferation
assays. All experiments were repeated at least three times for consistent
results. Bar graphs present means = S.D., n = 3 (**, p < 0.01; *, p < 0.05).

here that HBx increased STAT3-Y705 phosphorylation but
decreased STAT3-S727 phosphorylation via SH2D5 and
TKT. Further experiments showed that SH2D5 increased
STAT3-Y705 phosphorylation but decreased STAT3-S727
phosphorylation by interacting with TKT. Our data also sup-
ported previous findings that TKT enhanced STAT3-Y705
phosphorylation and inhibited STAT3-S727 phosphoryla-
tion in HCC cells. Furthermore, we identified a previously-
unknown mechanism in which HBx regulated STAT3-Y705
and STAT3-S727 phosphorylation by promoting SH2D5 and
TKT interaction. However, numerous studies have shown
other pathways of STAT3 activation. For example, STAT3 is
also activated by IL-22 and TGF« in HCC cells (27). Inhibi-
tion of negative regulators SHP1/2 and SOCS proteins by
NF-«B- and methylation-dependent mechanisms further
augments STAT3 activity (28). STAT3 promotes hepatocel-
lular carcinoma cell survival and proliferation via direct reg-
ulation of target genes and via establishment of an epigenetic
circuit that amplifies IL-6 signaling through miRNA-in-
duced down-regulation of HNF4a (29). Moreover, sphingo-
sine signaling through SphK1, S1P, S1PR1, and JAK2 con-
tributes to persistent STAT3 activation in tumor cells and
cells of the tumor microenvironment (30). Further studies
are needed to verify whether SH2D5 participates in those
pathways of STAT3 activation.

We propose a working model of the role of the SH2D5-TKT
complex in an HBV-induced proliferation of HCC cells (Fig. 9).
In this model, HBV infection strongly induces SH2D5 expres-
sion through the NF-«B and c-Jun pathways. The enhanced
SH2D5 recruits TKT, which in turn recruits and activates
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STAT3. These complex signals for translocation of STAT3
from the cytoplasm to the nucleus and the subsequent produc-
tion of downstream genes leads to HCC. Although more studies
are needed to understand the intricate regulatory mechanisms
of SH2D5 for HBV-HCC, our findings reveal a previously unde-
scribed role for HBx in regulating SH2D5-mediated hepatocar-
cinogenesis and may provide a potential target for the treat-
ment of HCC in the future.

Experimental procedures
Ethics statement

The collection of human HCC liver tissue was conducted
according to the principles of the Declaration of Helsinki and
was approved by the Institutional Review Board of Renmin
Hospital of Wuhan University in accordance with guidelines
for the protection of human subjects. All study participants
provided written informed consent for the collection of sam-
ples and subsequent analyses.

Samples and cases

HBV-HCC samples and adjacent nontumor tissues (located
>3 cm away from the tumor) were collected from 223 patients
undergoing surgery at the Renmin Hospital of Wuhan Univer-
sity from February 2012 to February 2018. The preoperative
clinical diagnosis of HCC met the diagnostic criteria of the
American Association for the Study of Liver Diseases (31).
Briefly, the inclusion criteria were as follows: 1) distinctive
pathological diagnosis; 2) absence of pre-operative anti-cancer
treatment and distant metastases; 3) curative liver resection;
and 4) complete clinicopathological and follow-up data. Grad-
ing of differentiation status was performed according to the
method of Edmondson and Steiner (37). The pTNM classifica-
tion for HCC was based on the American Joint Committee on
Cancer/International Union Against Cancer staging system
(2002, 6th Ed.). In addition, 121 paired tumor liver tissues and
their peripheral nontumor tissues after surgical resection were cut
into two parts. One part was fixed in buffered formalin and embed-
ded in paraffin using standard methods. Immunohistochemistry
results were reviewed by two expert pathologists to verify the his-
tological diagnosis. The other part was immediately snap-frozen in
liquid nitrogen and stored in liquid nitrogen and subsequently
used to detect mRNA levels of SH2D5. The characteristics of
patients are described in Tables S2 and S3.

Immunohistochemistry of formalin-fixed paraffin-embed-
ded samples was performed as described previously (7). Briefly,
the formalin-fixed paraffin sections were deparaffinized, rehy-
drated, and pretreated with 3% H,O, for 20 min. The antibody-
binding epitopes of the antigens were retrieved by microwave
treatment, and the sections were then preincubated with 10%
goat serum to block nonspecific binding. The specimens were
incubated with the primary antibodies for 1 h at room temper-
ature, and IgG was used as isotype control. Sections were then
incubated with anti-rabbit or anti-mouse secondary antibody
and streptavidin-horseradish peroxidase. DAB was used as a
chromogen, and hematoxylin was used for counterstaining.

Follow-up data were summarized at the end of December,
2017, with a median follow-up of 60 months. Patients were
checked every 2—3 months during the first 2 years and every
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3—6 months thereafter. All follow-up examinations were per-
formed by physicians who were unaware of the study. A com-
puted tomography and/or MRI examination was performed
every 3— 6 months together with a chest radiographic examina-
tion. The diagnostic criteria for HCC recurrence were the same
as for preoperative criteria. Overall survival was considered the
primary end point. Overall survival was calculated from the
date of resection to the date of death or the last follow-up.

Cell culture

Human HCC cells (HepG2 and Huh7) were described
in a previous study (7). Human HCC cells (SMMC7721,
MHCC97L, MHCC97H, and HCCLM3) and immortalized
liver cell lines (Chang liver and HL-7702) were purchased from
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the China Center Type Culture Collection. SMMC7721 cells
are a low-metastatic HCC cell line. MHCC97L, MHCC97H,
and HCCLM3 cells are stepwise metastatic potential cell lines
with the same genetic background but with different lung met-
astatic potentials (32). All cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Gibco), 100 units/ml penicillin, and 100
pg/ml streptomycin sulfate. The HepG2.2.15 cell line, derived
from HepG2 cells and stably expressing HBV (subtype ayw), has
been described in a previous study (7). The Huh7.37 cell line,
derived from Huh?7 cells and also stably expressing HBV (sub-
type adw), was constructed as previously described (7).
SH2D5-KO and TKT-KO cells were produced using the
CRISPR—-Cas9 system. Briefly, lentiviruses were harvested from
the supernatants of HEK293 cells that were co-transfected with
package plasmids pSP and pMD, along with lentiCRISPRv2,
containing the target guide sequence of SH2D5 (5'-GGAGTT-
GCAGGCTTCGGATAA-3') and TKT (5'-TCACCGTG-
GAGGACCATTATT-3'). Cells were infected with the lentivi-
rus and screened with puromycin (0.9 ug/ml), and the surviving
monocolony was selected. The monocolony was cultured, and
SH2D5-KO or TKT-KO protein expression levels were deter-
mined. SH2D5-KO or TKT-KO cells were obtained by amplifi-
cation of the monocolony, which does not express SH2D5 or
TKT, and maintained with puromycin (0.9 ug/ml). All cell lines
were grown at 37 °C in an aerobic incubator with 5% CO.,.

Reagents and constructs

Antibodies (Abs) against human SH2D5 (ab170881), human
B-actin (ab8227), human glyceraldehyde-3-phosphate dehydro-
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genase (ab9484), human c-JUN (ab31419), human NF-«B
(ab19870), human TKT (ab112997), HA (ab9110), FLAG
(ab49763), and Myc (ab32072) were purchased from Abcam.
Abs against human STAT3 (9139), phospho-Stat3 (Tyr-705)
(9145), and phospho-Stat3 (Ser-727) (9134) were purchased
from Cell Signaling Technology. The siRNAs of SH2D5, TKT,
and c-Jun were purchased from Qiagen. TRIzol, Lipo-
fectamine-2000, and Enzyme MIX were purchased from Invit-
rogen (Basel, Switzerland). Unless specified otherwise, all bio-
chemical reagents were purchased from Sigma.

pHBV1.3 (genotype A, serotype adw2, HE974381), pHBV1.3
(genotype B, serotype adw, JN406371), pHBV1.3 (genotype C,
serotype adr, FJ899793), and pHBV1.3 (genotype D, serotype
ayw, U95551) were provided by Professor Shi Liu of the College
of Life Sciences at Wuhan University, China. The coding
regions and promoter of SH2D5 and the coding regions of TKT
and STAT3 were created in our laboratory for this study. All
constructs were confirmed by DNA sequencing (Sangon Bio-
tech, Shanghai, China).

Tumor formation in nude mice

Ten 6-week-old male BALB/c nude mice were divided into
two groups randomly. Each group was composed of five mice
that were injected with 2 X 10° control cells (siRNA-Ctrl) or
SH2D5 knockdown cells (siRNA-SH2D5). The tumor volume
was calculated by measuring the length and width of the tumor
(tumor volume = 1/2 length X width®) every week. After 5
weeks, the mice were sacrificed by anesthesia, and the tumors
were removed and weighed for further analysis. All animal
experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The protocol was approved by the institutional animal
care and use committee of Renmin Hospital of Wuhan
University.

Quantitative real-time RT-PCR

Quantitative real-time PCR was described previously (33).
Briefly, total RNA was extracted using TRIzol reagent, accord-
ing to the manufacturer’s protocol. cDNA was synthesized with
the Prime-Script RT reagent Kit (TaKaRa). Real-time PCR
analyses were performed using SYBR Premix Ex Taq (Applied
Biosystems). Primers are listed in Table S4. Real-time PCR was
performed using an ABI 7900 real-time PCR machine. The rel-
ative expression of each gene was calculated and normalized
using the 2—AACt method.

Western blot analysis

Western blotting analyses were described in a previous study
(34). Briefly, cells were harvested by low-speed centrifugation
and washed with PBS. Cells were lysed in RIPA Buffer (Cell
Signaling Technology, 9800), and protein concentrations were
determined by using BCA assays (Cell Signaling Technology,
7780). Forty micrograms of each protein sample were separated
by 12% SDS-PAGE and transferred to nitrocellulose mem-
branes (Bio-Rad). The membranes were blocked with 1X TBS
with Tween 20 (TBST) and 5% (w/v) nonfat milk for 1 h at room
temperature. Then, the membranes were incubated with pri-
mary antibodies overnight at 4 °C. Subsequently, membranes
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were incubated with horseradish peroxidase—linked secondary
antibodies (Jackson ImmunoResearch) for an additional 1 h.
Immunoreactive bands were visualized using an enhanced
chemiluminescence system (GE Healthcare).

Microarray experiments

HBV-HCC samples (# = 4) and their corresponding adjacent
liver tissues (n = 4) were used for microarray assays, performed
by KangChen, Inc. (Shanghai, China). Total RNA from each
sample was quantified using the NanoDrop ND-1000, and RNA
integrity was assessed using standard denaturing agarose gel
electrophoresis. For microarray analysis, the Agilent Array
platform was employed. Sample preparation and microarray
hybridization were performedbased on the manufacturer’sstan-
dard protocols. Briefly, 1 ug of total RNA from each sample was
amplified and transcribed into fluorescent cRNA following the
manufacturer’s Agilent’s Quick Amp labeling protocol (version
5.7, Agilent Technologies). The labeled cRNAs were hybridized
onto the Whole Human Genome Oligo Microarray (4 X 44K,
Agilent Technologies). After the slides were washed, the arrays
were scanned by the Agilent Scanner G2505B.

Histology and immunohistochemistry

Immunohistochemical analysis of SH2D5 expression was
performed as described previously (35). Immunohistochemical
staining was performed with the Dako Envision Plus System
(Dako, Carpinteria, CA) according to the manufacturer’s
instructions. Briefly, the formalin-fixed paraffin sections were
deparaffinized, rehydrated, and pretreated with 3% H,O, for 20
min. The antibody-binding epitopes of the antigens were
retrieved by microwave treatment, and the sections were then
preincubated with 10% goat serum to block nonspecific bind-
ing. Rabbit anti-SH2D5 (ab170881, Abcam, diluted at 1:100)
was used as the primary antibodies. IgG was used as negative
control. The specimens were incubated with the primary anti-
bodies for 1 h at room temperature, followed by the addition of
biotinylated anti-rabbit secondary antibody and streptavidin—
horseradish peroxidase. DAB was used as a chromogen, and
hematoxylin was used for counterstaining. Staining was scored
by two independent observers on the basis of both staining
intensity and the extent of SH2D5 expression across the sec-
tion. The final score of each sample (negative or positive) was
assessed by summarization of the results of the intensity and
extent of staining. Intensity of staining was scored as 0 (nega-
tive), 1 (weak), or 2 (strong). The extent of staining was based on
the percentage of positive tumor cells: 0 (negative), 1 (1-25%), 2
(26 -50%), 3 (51-75%), and 4 (76 —100%). Therefore, each case
was finally considered negative if the final score was 0 to 1 (—)
or 2 to 3 (%) and positive if the final score was 4 to 5 (+) or 6 to
7 (++), respectively.

Cell proliferation assay and colony formation assay

The Cell Counting Kit-8 (CCK-8, Dojindo Chemical Labora-
tory, Kumamoto, Japan) and colony formation assay were con-
ducted to determine the cell proliferation activity.

Approximately 5 X 10? cells per well were transferred to
96-well plates after transfection and were subjected to the
CCK-8 assay. After incubation at 37 °C for 1.5 h, the absorbance
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at 450 nm was measured following the addition of 10 ul of
CCK-8 solution. There were five replicates in each group, and
three independent experiments were performed.

For the colony formation assay, 500 —1000 cells were seeded
in 6-well plates overnight. The cells were transfected with
siRNA or plasmids for 24 h. The medium was removed and was
replaced with fresh medium. When the colonies were visible
without a microscope, cell colonies were fixed with 4% parafor-
maldehyde and were stained using 0.1% crystal violet. The
number of colonies was quantified by counting the colonies
with more than 50 cells.

Migration and invasion assays

Migration and invasion assays were performed with a modi-
fied Boyden chamber (Corning) containing Matrigel-coated
(invasion) or no Matrigel-coated (migration) membrane matrix
(BD Biosciences). Cells were plated in the upper chamber, and
the lower chamber contained medium with 10% FBS and were
incubated for 24 h. After fixation with 4% formaldehyde, cells
on the lower surface of the membranes were stained with crys-
tal violet and were observed under a microscope at X200 mag-
nification. The average number of cells was determined from
six representative fields.

Transfection and luciferase reporter gene assays

Cells were seeded on 24-well dishes and were transfected
using Lipofectamine 3000 (Invitrogen) for 24 h, after which
they were serum-starved for an additional 24 h prior to harvest.
A Renilla luciferase reporter vector pRL-TK was used as inter-
nal control. Luciferase assays were performed with a dual-spe-
cific luciferase assay kit (Promega, Madison, W1I). Firefly lucif-
erase activities were normalized to Renilla luciferase activities.

Chromatin immunoprecipitation (ChIP)

Formaldehyde was added to the culture medium to a final
concentration of 1%. The cells were then washed twice with
PBS, scraped, and lysed in lysis buffer (1% SDS, 10 mm Tris-HCl,
pH 8.0, 10% protease inhibitor mixture, 50 mg/ml each of apro-
tinin and leupeptin) for 10 min at 4 °C. The lysates were soni-
cated on ice, and the debris was removed by centrifugation at
12,000 rpm for 15 min at 4 °C. One-fourth of the supernatant
was used as the DNA input control. The remaining sample was
diluted 10-fold with dilution buffer (0.01% SDS, 1% Triton
X-100, 1 mm EDTA, 10 mm Tris-HCI, pH 8.0, and 150 mm
NaCl) followed by incubation with antibodies overnight at 4 °C.
Immunoprecipitated complexes were collected using protein
A/G-Sepharose. The pellets were washed for four times with
dialysis buffer containing 2 mm EDTA and 50 mm Tris-HCI, pH
8.0. After washing, the precipitates were incubated with elution
buffer (1% SDS and 0.1 M NaHCO,) at room temperature.
Supernatants were transferred to clean tubes, and RNase A was
added to destroy the bound RNA in the sample. Samples were
incubated at 65 °C for 5 h to reverse the formaldehyde cross-
links, and DNA was precipitated with ethanol and extracted
twice with phenol/chloroform. Finally, pellets were resus-
pended in TE buffer and subjected to PCR amplification. Prim-
ers used this study are listed in Table S5.
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Mammalian two-hybrid analysis

293T cells were transfected with the luciferase reporter plas-
mid pG5-luc (Promega), test plasmids, negative control plas-
mids, and positive control plasmids. Forty eight hours post-
transfection, cells were harvested, and luciferase activities were
assayed using the luciferase reporter assay system (Promega),
according to the manufacturer’s recommendations.

Co-immunoprecipitation

Co-immunoprecipitation analyses were performed as de-
scribed previously (36). Briefly, after treatment, cells were col-
lected and lysed using lysis buffer (20 mm Tris, pH 7, 0.5% (v/v)
Nonidet P-40, 25 mm NaCl, 3 mm EDTA, 3 mm EGTA, 2 mm
DTT, 0.5 mm phenylmethyl sulfonyl fluoride, 20 mm B-glycerol
phosphate, 1 mm sodium vanadate, and 1 mg/ml leupeptin).
Lysates were mixed and were precipitated with Abs or IgG
mixed with protein G-agarose beads by overnight incubation at
4 °C. Beads were washed three to five times with lysis buffer,
and bound proteins were separated by SDS-PAGE with subse-
quent immunoblotting analysis.

Statistical analysis

The data presented in this study were obtained from three
independent reproducible experiments. The results were pre-
sented as the means = S.D. Student’s ¢ test was performed for
statistical comparisons between two groups. One-way analysis
of variance was used to compare three or more groups. Kaplan-
Meier analysis was used for the survival analyses. A p value <
0.05 was considered significant and was indicated with an
asterisk.
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