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Abstract

Several chronic inflammatory liver diseases, e.g. chronic hepatitis B or C viral infection and
steatohepatitis, have been shown to predispose to the development of hepatocellular carcinoma
(HCC). In patients with chronic liver disease, interleukin-6 (IL-6) serum levels are elevated and
increase even more when HCC develops. However, the impact and regulatory mechanisms of I1L-6
signaling during hepatocarcinogenesis are still poorly defined. Here, we could show that gene
expression profiling of patients with chromosome 8p loss correlated with increased 1L-6 signaling.
In addition, the chromosome 8p tumor suppressor genes SH2D4A (Src homology 2 domain
containing 4A) and SORBS3 (Sorbin and Src homology 3 domain containing 3) together exerted
greater inhibition of cell growth and clonogenicity compared to a single gene. Overexpression of
SH2D4A and SORBS3 in HCC cells led to decreased IL-6 target gene expression and reduced
Signal Transducer and Activator of Transcription 3 (STAT3) signaling. /n situand in vitro co-
immunoprecipitation assays revealed that SH2D4A directly interacts with STAT3 thereby retaining
STAT3 in the cytoplasm and inhibiting STAT3 transcriptional activity. On the other hand, SORBS3
co-activated estrogen receptor a (ERa) signaling leading indirectly to repression of STAT3
signaling. In human HCC tissues, SH2D4A was positively associated with infiltrating regulatory
and cytotoxic T cell populations suggesting distinct immunophenotypes in HCC subgroups with
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chromosome 8p loss. Thus, the genetically linked tumor suppressors SH2D4A and SORBS3
functionally cooperate to inhibit STAT3 signaling in HCC.

Conclusion—The chromosome 8p tumor suppressor genes SORBS3 and SH2D4A are
physically and functionally linked and provide a molecular mechanism of inhibiting STAT3-
mediated IL-6 signaling in HCC cells.
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Hepatocellular carcinoma (HCC) is the most common type of liver cancer, which is the
second-leading cause of cancer-related mortality worldwide (1). In contrast to the decreasing
overall cancer-related death rate, liver cancer incidence and mortality rates have been
projected to increase until 2030 due to demographic shifts (2). Underlying liver diseases
such as chronic infection with hepatitis B (HBV) and C viruses (HCV) and other
inflammatory liver diseases such as alcoholic and non-alcoholic steatohepatitis contribute to
the development of HCC, making HCC a paradigm for inflammation and virus-induced
cancer (3, 4). It has been shown that tumor cells grow in a complex microenvironment of
tumorous and non-tumorous cells, cellular components, and secreted small molecules (3, 5,
6). Tumor cells are not only effective in escaping from immune mediated eradication but
they can also induce tumor promoting factors in the tumor microenvironment (7). This
interplay of tumor cells with components of their microenvironment can activate several
molecular pathways, some of which may enhance tumor progression, leading to metastasis
and poor outcome (8, 9). Therefore, better understanding of the principles underlying tumor
development and tumor-microenvironment interaction is critical to devise novel treatment
modalities. Multiple studies in HCC and other cancer types have demonstrated the critical
involvement of inflammation, especially of interleukin-6 (IL-6) signaling during
tumorigenesis and metastasis (3, 7, 10). High serum IL-6 levels have been found to be
associated with rapid progression from chronic viral hepatitis to HCC in HBV- and HCV-
positive patients (11, 12). In addition, IL-6 has been shown to be involved in gender
disparity of liver cancer (13, 14). Ablation of IL-6 expression leads to lower HCC incidence
in DEN-induced hepatocarcinogenesis in male mice, whereas, female mice are protected by
estrogen-mediated inhibition of IL-6 secretion (14). However, it is still unclear how IL-6
signal transduction is modulated during hepatocarcinogenesis.

Like other solid tumors, HCC is heterogeneous in terms of its clinical presentation and
genomic and transcriptomic patterns due to genomic instability (4, 15, 16). Most tumors,
including HCC, harbor a large number of genomic aberrations, but only few genes are likely
to drive tumor development and progression. In addition, numerous recurrent hemizygous
deletions, such as the deletion of large genomic regions on chromosome 8p, suggest a
selective advantage of loss of multiple tumor suppressor genes (TSGs) over loss of a single
gene to these tumor cells (17, 18). Furthermore, a genetic screen of TSGs revealed that
inactivation of multiple chromosome 8p TSGs increases tumor development in a mouse
model (18). Thus, these results suggest that the aberrant expression of multiple oncogenes
and TSGs might have a stronger tumorigenic effect compared to a single gene. Therefore,
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loss of multiple TSGs, which are physically linked by their genomic location, may result in
their functional cooperation.

Using an integrative genomic approach, we have addressed the functional impact of
chromosome 8p loss, which is observed in 45% of HCC patients and associated with poor
outcome (19). Integration of gene expression and somatic copy number profiles led to the
identification of a 10-gene signature associated with chromosome 8p that predicted the
outcome in two independent HCC cohorts (19). This gene signature contained six potential
TSGs on chromosome 8p, the bona fide TSG DLC1 (Deleted in Liver Cancer 1) and two
novel TSGs, namely SH2D4A (Src Homology 2 Domain Containing 4A) and SORBS3
(Sorbin and Src Homology 3 Domain Containing 3, encoding the protein Vinexin) (19).

In the present study, we analyzed the molecular mechanisms underlying SH2D4A and
SORBS3 tumor suppressive function. We were able to show that SH2D4A and SORBS3
represent two tumor suppressor genes that cooperate to inhibit IL-6 mediated STAT3 (Signal
Transducer and Activator of Transcription 3) signaling in hepatocarcinogenesis. In addition,
SH2DA4A expression levels are associated with tumor infiltrating T lymphocyte populations.
Thus, these data demonstrate a link between the tumor’s genotype and the tumor-
microenvironment in distinct HCC subgroups suggesting a benefit of combined genotype-
and immunophenotype-specific therapies.

Experimental Procedures

Tissue microarray (TMA) and human subjects

The tissue microarray contained two representative areas (core diameter: 0.6 mm) of 127
HCCs. Cases were surgically resected between 2006 and 2011 at the University Hospital of
Heidelberg and histologically classified according to established criteria by two experienced
pathologists (P.S., N.W). The study was approved by the institutional ethics committee
(application no. 206/05) of the Medical Faculty of Heidelberg University and supported by
the tissue bank of the National Center for Tumor Diseases (NCT, Heidelberg, Germany).

Gene expression analysis and human subjects

Our study used a published Affymetrix U133A2.0 gene expression data set derived from 247
HCC patients as described previously (Gene Expression Omnibus accession number
GSE14520) (20). Patient samples of this data set were obtained with informed consent from
patients at the Liver Cancer Institute (LCI) and Zhongshan Hospital (Fudan University,
Shanghai, China).

Statistical analysis

If not otherwise indicated, Student's t-test (two-tailed) was used for statistical analysis of
comparative data between different groups. A value of p < 0.05 was considered to be
statistically significant. Data are presented as mean + SD (standard deviation) or mean +
SEM (standard error of the mean). Statistical analyses were performed using GraphPad
Prism 6 for Windows software.

Additional experimental procedures are included in the Supplemental Information.
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SORBS3 and SH2D4A reduce proliferation and colony formation of HCC cells

Due to the genomic co-localization of SORBS3 and SH2D4A on chromosome 8p and their
frequent co-deletion in human HCCs, we sought to test if SORBS3 and SH2D4A
functionally interact in their tumor suppressive activity. Both SORBS3 and SH2D4A are
adaptor proteins that appear to lack enzymatic activity. SH2D4A contains one SH2 (Src
Homology 2) domain that might allow for binding of SH2D4A to phosphorylated tyrosine
residues (Figure S1A). In the human embryonic kidney cell line HEK, it has been
demonstrated that SH2D4A inhibits cell proliferation (21). SORBS3 on the other hand has
one SoHo (Sorbin-homology) and three SH3 (Src Homology 3) domains which suggests a
role in the cytoskeleton or the modulation of kinase activity (Figure S1A). Further, it has
been shown that SORBS3 protein may be expressed in two different isoforms, SORBS3a
and SORBS3, of which only SORBS3a contains the SoHo domain ((22) and Figure S1A).
SORBS3p has been shown to inhibit cell spreading, migration and anchorage-independent
growth in the prostate carcinoma line LNCaP (23). However, the role of combined loss of
SORBS3 and SH2D4A has not yet been characterized in HCC.

Western blot and semi-quantitative real-time RT-PCR analysis of SORBS3a, SORBS3p and
SH2D4A showed that SORBS3a and SORBS3 are expressed at varying levels in HCC cell
lines and SV40 large T antigen transformed normal liver THLE-2 cells (Figure S1B). In
addition, mRNA levels of SORBS3 and SH2D4A positively correlated across different cell
lines (Figure S1C and D). To test the functional interaction of SORBS3 and SH2D4A, we
compared the activity of the two isoforms of SORBS3, SORBS3a and SORBS3, alone or
together with SH2D4A. Proliferation assays in the HepG2 cell line expressing low levels of
endogenous SORBS3 and SH2D4A showed that transient overexpression of SORBS3a or
SH2D4A alone was able to significantly reduce cell proliferation (p < 0.001; Figure 1A).
Similarly, the shorter isoform SORBS3p was also able to significantly inhibit cell
proliferation (p < 0.001; Figure 1B). Interestingly, overexpression of SH2D4A together with
SORBS3a or SORBS3p demonstrated collaborative effects of these two TSGs resulting in
significantly decreased proliferation compared to a single TSG (p < 0.001; Figure 1A and
B). Similar results were obtained in the HuH1 cell line for SORBS3a and SH2D4A,
whereas, the effect of SORBS3p was cell line dependent (Figure S2A and B). The analysis
of clonogenic cell growth showed that SORBS3a, SORBS3p or SH2D4A alone reduced the
clonogenic potential of HCC cells and that SORBS3a and SORBS3 similarly collaborated
with SH2D4A to diminish colony formation in HepG2 and HuH1 cells (Figures 1C and
S2C). Thus, the chromosome 8p TSGs SH2D4A and SORBS3 appear to functionally
collaborate to inhibit cell proliferation and clonogenic tumor cell growth in HCC cells.

SORBS3 and SH2D4A expression lead to decreased IL-6 signaling

To identify pathways that may be repressed by SORBS3 and SH2D4A, we compared the
gene expression profiles of patients with SORBS3 and SH2D4A gene expression classified
as good prognosis group by the chromosome 8p-associated gene signature to patients with
downregulation of SORBS3 and SH2D4A gene expression classified as poor prognosis
group (19). Therefore, we used the previously published Affymetrix microarray data for
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class comparison of the good and poor outcome groups and pathway analysis (19). We
found that the classical IL-6 target genes TTR, SPINKZ1, and CRP (24) are differentially
expressed in HCC patients with good versus poor prognosis. SPINK1 and CRP were more
than two-fold upregulated in HCC patients with loss of chromosome 8p signature and poor
prognosis (Figure 2A and Supplemental Table S1). TTR which is repressed by IL-6
signaling showed the opposite effect by significant downregulation in the poor prognosis
group. These data suggest that expression of the chromosome 8p signature, including
SORBS3 and SH2D4A,, is associated with IL-6 signaling which is increased in the poor
outcome group.

To test whether SORBS3a and SH2D4A were directly involved in the inhibition of IL-6
signaling of patients with good outcome, we expressed these two proteins in HCC cell lines
and found that both, SORBS3a and SH2D4A, decreased the expression of SPINK1 and
CRP, which are activated by IL-6 signaling, and increased TTR expression, which is
repressed by IL-6 signaling (Figure 2B, Figure S3A). Consistently, knockdown of SORBS3
and SH2D4A led to the opposite effect (Figure 2C, Figure S3B). Thus, SORBS3 and
SH2DA4A expression led to a phenotype consistent with inhibition of endogenous gene
expression of IL-6 target genes and recapitulated the phenotype found in human HCC gene
expression profiles.

Since IL-6 binding to its receptor leads to activation of Janus Kinases (JAK) 1 and 2 that
phosphorylate and activate STAT3, we sought to examine whether SORBS3 and SH2D4A
could inhibit IL-6 target gene expression by inhibition of STAT3 signaling (25). Therefore,
we used a luciferase reporter construct containing five copies of the sis-inducible element
(SIE; STAT3 binding site) in the two cell lines HepG2 and HuH1 which contain low levels
of SORBS3 and SH2D4A. In the presence of IL-6, endogenous STAT3 transcriptional
activity was 10- to 14-fold increased, whereas, the reconstitution of SORBS3a or SH2D4A
significantly reduced the STAT3 activity in both HCC cell lines (Figure 2D and E). This
effect was further increased through co-expression of SORBS3a and SH2D4A showing
collaborative effects of both proteins (Figure 2D and E). It has been shown previously that
IL-6 stimulation leads to STAT3 phosphorylation at Tyrosine 705 (Y705) and Serine 727
(S727) which have been suggested to be required for dimerization and maximal
transcriptional activity of STAT3 (26, 27). Thus, we co-transfected wild type STAT3
(STAT3wt), STAT3 S727A, or STAT3 Y705F and found that inhibition of STAT3 activity by
SH2D4A and SORBS3 was independent of STAT3 S727 phosphorylation (Figure 2E).
Taken together, these results suggest that both SORBS3 and SH2D4A act together to inhibit
IL-6 target gene expression through inhibition of STAT3 functional activity.

SH2DA4A directly interacts with STAT3 and inhibits its translocation to the nucleus

To dissect the molecular mechanisms underlying inhibition of STAT3 signaling by SH2D4A
and SORBS3, we performed co-immunoprecipitation (co-1P) and /n situ proximity ligation
assays (PLA) and found that SH2D4A directly bound to STAT3 protein. To further
characterize the interaction of SH2D4A and STAT3, wild type STAT3 (STAT3wt),
constitutively active STAT3 (STAT3-CA, double mutant STAT3 C661A and C663N), mutant
STAT3 Y705F, STAT3 S727A, and the inactive double mutant STAT3 Y705F and S727A
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(STAT3 YF/SA) were compared for their binding to SH2D4A. We found that STAT3 YF/SA
exhibited the strongest binding affinity to SH2D4A, whereas, STAT3wt, STAT3-CA and
single phospho-STAT3 mutants showed weaker binding (Figure 3A). Interestingly, SH2D4A
binding affinity might be strongest for unphosphorylated, inactive STAT3. In addition, we
also tested whether SORBS3 directly interacts with STAT3. In co-IP experiments we
observed binding of SORBS3a but not SORBS3p to STAT3 (Figure 3B). Next, we
performed PLA, also named /n-cel/ co-1P, in HLF cells and observed distinct signals
suggesting a direct interaction of SH2D4A and STAT3 /n situ. Quantification of dots per
cell, each displaying a protein-protein interaction, revealed significantly higher signal
numbers in the transfected cells compared to the controls (Figure 3C). SORBS3a and
SORBS3p also showed direct interaction with STAT3, however, the binding was
significantly less for SORBS3p compared to SORBS3a. Thus, these data indicate that
SH2D4A and SORBS3 directly interact with STAT3 protein /in vitro and in situ.

Upon activation by IL-6, STAT3 is phosphorylated by JAK1 or JAK?2, forms dimers, and
translocates to the nucleus where it acts as a transcription factor and an oncogene in HCC
(25, 28). Interestingly, overexpression of SORBS3 and SH2D4A in HepG2 cells showed no
effect on the phosphorylation of JAK1, JAK2 and STAT3 upon IL-6 stimulation (Figure S4).
Next, we asked the question whether SH2D4A binding to STAT3 may lead to the retention
of STAT3 in the cytoplasm. Confocal imaging of PLA showed that the STAT3-SH2D4A
complexes were predominantly localized to the cytoplasm (Figure 4A). The SH2D4A-
STAT3 interaction was not altered when the cells were treated with 1L-6 (Figure S5). To
further analyze STAT3 localization, we also performed nuclear and cytoplasmic
fractionation of control cells that do not express endogenous SH2D4A and SH2D4A-
transfected HEK293T cells. Western blotting of the cytoplasmic and nuclear fractions
revealed that expression of SH2D4A significantly reduced total STAT3 and at Y705
phosphorylated STAT3 in the nucleus and cytoplasm (Figure 4B and C). In addition, we
performed blue native polyacrylamide gel electrophoresis (BN-PAGE) under non-denaturing
conditions to analyze the formation of STAT3 dimers in the presence and absence of
SH2DA4A. Consistent with previous studies, GFP-tagged STAT3 preformed dimers in the
absence of IL-6 (29, 30) and upon IL-6 stimulation STAT3 dimerization significantly
increased (Figure 4D). Expression of SH2D4A reduced the amount of STAT3 dimer
formation after IL-6 stimulation to preformed STAT3-dimer level which was not further
decreased by SH2D4A (Figure 4D). Thus, SH2D4A directly binds to STAT3 protein in the
cytoplasm leading to cytoplasmic retention and inhibition of IL-6 stimulation-driven
dimerization of STAT3.

In recent studies the STAT family member STAT1 has also been shown to play a critical role
in liver tumorigenesis (31). Therefore, we performed co-IP experiments to test if SORBS3
and SH2D4A also could bind to STAT1. Similarly to STAT3, we observed binding of
SH2D4A and SORBS3a. but not SORBS3p to STAT1 (Figure S6A and B). Next we sought
to test if STAT1 activity is affected by SH2D4A or SORBS3 binding. Therefore, we applied
luciferase assays using a reporter construct containing 4x interferon-gamma activated sites
(GAS elements). However, we could not observe any activation of this reporter upon IL-6
stimulation, and SORBS3 and SH2D4A did not have any effect on STAT1-luciferase
reporter activity (Figure S6C). As a control, we stimulated the cells with interferon-y
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(IFN+y) and found that luciferase activity was induced more than 14-fold. In contrast to
STAT3, SH2D4A and SORBS3a but not SORBS3p increased STAT1 activity (Figure S6D).
Thus, we were able to show that SH2D4A and SORBS3a both interact with STAT1 and can
increase IFNy/STAT 1signaling. These results are consistent with previous reports
suggesting that STAT1 mostly triggers anti-proliferative and pro-apoptotic responses,
whereas, STAT3 promotes cell survival and motility and is considered as an oncogene (31).

SORBS3a but not SORBS3 directly interacts with ERa

Next, we aimed to elucidate the functional role of SORBS3 in the inhibition of IL-6
signaling. It has been shown previously in COS-7 cells that SORBS3a binds to ERa and
modulates ERa function through phosphorylation (32). In addition, ERa signaling inhibits
STAT3 through direct binding /n vitroand in vivoin breast cancer cells (33). Thus, we
analyzed whether SORBS3 functions as a co-activator of ERa signaling to inhibit STAT3 in
HCC cells. First, we performed co-1P experiments and found that SORBS3a but not
SORBS3p directly bound to ERa in vitro (Figure 5A). These results were confirmed by
PLA which showed that SORBS3a directly interacts with ERa /1 situ (Figure 5B and C).
To functionally validate the enhancement of ERa activity by SORBS3, we performed
luciferase reporter assays. Using a reporter construct containing tandem estrogen response
elements (ERE), we confirmed that SORBS3a increased ERa signaling 3.2-fold in the
presence of p-estradiol (p < 0.0001; Figure 5D). In contrast, SORBS3p and SH2D4A only
slightly elevated ERa signaling by two-fold (Figure 5D). Taken together, these results show
that rather SORBS3a than SORBS3p or SH2D4A enhances ERa signaling which might in
turn inhibit STAT3 signaling.

SH2DA4A expression is associated with tumor infiltrating cells in human HCC tumor tissues

Immune cell infiltrations play an important role in the progression of many solid tumor
entities. In addition, there is a close crosstalk including multiple feedback mechanisms
between immune cells and tumor cell signaling (31). Specifically, T cell infiltration is
induced by STAT3 inhibition in tumor cells (34). Thus, we analyzed if chromosome 8p
tumor suppressor genes were associated with alterations of the tumor microenvironment.
First, we compared the expression of T cell markers in gene expression profiles of HCCs
with (good outcome) or without (poor outcome) chromosome 8p gene signature. We found
that FOXP3 exhibited significantly lower expression in HCC patients with poor outcome
(Figure 6A). Other T cell markers including CD3E, CD3G, CD8A, CD8B, and CD4 did not
show differential expression, while CD3D was slightly upregulated on mRNA level (Figure
S7). In addition, FOXP3 expression was positively correlated with SH2D4A expression in
patients with poor but not good outcome (Figure S7B and C). Therefore, we sought to
visually characterize the immune cell infiltrates in human HCCs by immunohistochemical
staining of tumor tissues using different T cell markers. Consistently with the gene
expression analysis, we found the number of FOXP3-positive regulatory T cells to
significantly correlate with increased SH2D4A expression in HCC cells (Figure 6B and C).
Also, CD3-, CD4- and CD8-positive T cell infiltrations were higher in HCC tumors with
high SH2D4A expression (Figure 6D—F). In contrast, CD68-positive macrophages,
NASDCL-positive granulocytes and CD20-positive B cells did not show differential
infiltration patterns in HCC patient groups with distinct SH2D4A expression levels (Figure
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S8). Thus, high SH2D4A expression in HCC tumor cells is associated with tumor infiltration
of FOXP3-positive regulatory T cells and CD8-positive cytotoxic T cells.

Discussion

It is well established that the tumor microenvironment can influence tumor growth and
disease progression mainly through secretion of cytokines, chemokines, growth factors and
reactive oxygen and nitrogen species. However, it is still unclear which role genomic
changes that are specific to tumor cells are playing in the crosstalk between tumor cells and
the tumor microenvironment. Many studies in HCC and other solid tumors have
demonstrated an oncogenic mechanism of activated IL-6/STAT3 signaling (31, 35). In line
with these findings, hepatocyte-specific STAT3 knockout mice are resistant to liver
tumorigenesis induced by diethyl-nitrosamine (DEN) which leads to minimal chronic liver
inflammation and fibrosis (28). Furthermare, high levels of phosphorylated STAT3 protein
correlate with poor outcome in HCC patients (36). However, recent studies in prostate
cancer and KRAS mutant lung tumors suggest that STAT3 may also act as a tumor
suppressor challenging the current discussion on therapeutic benefit or risk of IL-6/STAT3
inhibition (37, 38). In the chronic carbon tetrachloride (CCI4)-induced liver fibrosis mouse
model, STAT3 also exhibits hepatoprotective functions by prevention of hepatic damage and
fibrosis ultimately leading to reduced liver tumor formation (28). Thus, STAT3’s function is
tightly regulated and depends on cell type and cellular microenvironment.

In this study, we demonstrate that the chromosome 8p tumor suppressor genes SH2D4A and
SORBS3 cooperate to inhibit HCC tumor cell growth and proliferation. This finding is in
concordance with the finding that loss of chromosome 8p is frequent in HCC but no focal
deletions exist on chromosome 8p and that consequently SORBS3 and SH2D4A are
typically co-deleted in HCC (18, 19). Interestingly, our data revealed that both genes are
associated with repression of IL-6 signaling in HCC tumor tissues. Functional studies
showed that both genes synergize to inhibit IL-6 mediated STAT3 signaling. SH2D4A
directly binds to STAT3 protein in the cytoplasm, leading to reduced levels of STAT3 in the
nucleus and inhibition of STAT3-dimerization upon IL-6 stimulation. However, STAT3 and
phospho-STAT3 protein levels in whole cell lysates were not altered upon SH2D4A or
SORBS3 expression. It has been shown previously that STAT3 protein is found in lipid rafts
and in the early endosomal fraction of Hep3B cells (39, 40). In contrast, the fractionation
method applied in our study does not isolate proteins in endoplasmic vesicles nor proteins
bound to the cell membrane. Therefore, we assume that the observed differences in STAT3
and phospho-STAT3 protein levels in the cytoplasmic and nuclear fractions could be due to a
shift of STAT3 protein localization upon SH2D4A expression. The inhibition of 1L-6
signaling by SH2D4A may provide a potential mechanism of tumor suppression in chronic
liver injury and inflammation. Loss of SH2D4A during tumorigenesis might enhance 1L-6/
STAT3 signaling in the subgroup of HCC patients with loss of chromosome 8p gene
signature and poor prognosis. Monoclonal antibodies specifically binding IL-6 (siltuximab)
or IL-6R (tocilizumab) have been shown to be well tolerated and effective in reducing
STAT3 phosphorylation and expression of 1L-6 target genes in patients (41). Thus, inhibition
of IL-6 or IL-6R might be a therapeutic option for HCC patients with chromosome 8p loss.
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A recent study demonstrated that gp130 signaling in the liver and intestine led to activation
of the YAP pathway independent of STAT3 (42). Supporting our observations of SH2D4A
and SORBS3 inhibition of STAT3, we did not detect any effect on YAP phosphorylation and
target gene expression in HCC cells (Figure S9). However, we found that SORBS3 binds
and activates ERa which has been shown to inhibit IL-6/STAT3 signaling. Epidemiological
studies in HCC-high risk patient groups have observed a gender bias with a two- to three-
fold increased incidence in male versus female patients suggesting a protective effect of
estrogen in patients with underlying chronic liver disease (43). Furthermore, the inhibition of
IL-6/STAT3 signaling by estrogen/ERa signaling has also been functionally demonstrated /n
vivo. Estradiol treatment of male mice reduced liver injury in IL-6-treated mice suggesting
that estrogen/ERa signaling may also attenuate signaling downstream of I1L-6 (14). In breast
cancer cells ERa signaling efficiently inhibits IL-6/STAT3 signaling by direct protein-
protein interaction of ERa and STAT3 leading to repression of STAT3 transcriptional
activity (33). In multiple myeloma on the other hand, ERa signaling leads to activation of
P1AS3 expression which binds to and inhibits STAT3 signaling (44). A recent study in HCC
cell lines and tumor tissues suggested that ERa could repress STAT3 activity by increased
expression of protein tyrosine phosphatase receptor type O (PTPRO) (45). PTPRO
dephosphorylated STAT3 at Y705 and S727 resulting in diminished STAT3 signaling. These
studies suggest that the inhibitory function of ERa signaling on STAT3 is common in
multiple tumor entities. However, the molecular mechanisms leading to reduced STAT3
transcriptional activity may be diverse. We found that SORBS3 repressed STAT3
transcriptional activity and functioned as a co-activator of ERa signaling in HCC cells.
Thus, co-activation of ERa signaling by SORBS3 may enhance the inhibitory effect of ERa
on STAT3 in hepatocytes during chronic inflammatory liver disease.

Tumor infiltrating T lymphocytes are present in multiple tumor entities in various quantities
and their presence is associated with better outcome possibly explained by immune
surveillance of tumor growth. High levels of CD8-positive T cells in the tumor, but not in the
distant normal tissue of HCC patients, have been found to be an independent predictor of
good prognosis (46). Although most tumor cells are believed to express antigens that can be
recognized by CD8-positive T cells, the antitumor effect of CD8-positive cytotoxic T cells is
limited and exhausts over time (47). A mouse model of NRas®12V-induced senescent
hepatocytes demonstrated that CD4 T cell-mediated immune clearance of pre-malignant
senescent cells is crucial to suppress liver cancer development (48). Therefore, both CD8-
positive cytotoxic and CD4-positive regulatory T cells are required for immune surveillance
and it is conceivable that efficient activation of cytotoxic and regulatory T cells may improve
immunotherapy of HCC. In the present study, we found in gene expression microarray data
that the chromosome 8p 10-gene signature including SH2D4A is associated with altered
FOXP3 gene expression (figure 6A). To analyze whether these differences originate from
infiltrating FOXP3-positive T cells, we chose to use immunohistochemical analysis on
formalin-fixed paraffin-embedded (FFPE) tissue. Since FFPE tissue is not anymore available
for the Affymetrix cohort, we used the 127 HCC patient cohort from Heidelberg and could
confirm that high levels of SH2D4A protein are associated with high numbers of FOXP3-
positive T cells. Hence, we found in both cohorts an association of SH2D4A expression and
FOXP3 expression. The utilization of two independent cohorts might bare intrinsic
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confounders. However, in our previous study we showed that the prognostic value of the
chromosome 8p 10-gene signature is independent of etiology and clinical staging in HCC
(19).

Taken together, in this study we showed that SH2D4A and SORBS3 are not only physically
linked on chromosome 8p but also functionally interact to inhibit STAT3 transcriptional
activity in HCC. In addition, we found a correlation of low SH2D4A protein expression with
decreased infiltration of CD4-, CD8- and FOXP3-positive T cells in human HCC tissues.
This suggests a decrease of immune surveillance in patients with low expression of the
chromosome 8p gene SH2D4A. In conclusion, the combination of genotype-specific HCC
therapy combined with immunotherapy may aid in the development of more effective HCC
treatment modalities.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SH2D4A and SORBS3 cooper ate to inhibit tumor cell proliferation and colony
formation

(A) Cell proliferation assay showing the relative viable cell number of HepG2 cells
transiently transfected with empty vector control, SORBS3a, SH2D4A alone or together as
indicated. (B) Cell proliferation assay showing the relative cell number of HepG2 cells
transiently transfected with empty vector control, SORBS3p, SH2D4A alone or together.
Data represent mean £ SEM normalized to transfection control at each time point of three
independent experiments. * p < 0.05 of two-tailed Mann-Whitney U test of control vs.
overexpression groups. (C) Representative images of colony formation assay of HepG2 cells
transfected with empty vector control, SORBS3a, SORBS3p, SH2D4A alone or together as
indicated (left panels). The right panel shows the statistical representation of the number of
colonies in three replicates. One out of three independent experiments is shown. Data
represent mean = SD; * p < 0.05 of two-sided Mann-Whitney U test.
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Figure 2. Chromosome 8p tumor suppressor genes SH2D4A and SORBS3 cooper ate to inhibit
IL-6 signaling

(A) Expression of I1L-6 target genes SPINK1, CRP and TTR obtained by Affymetrix
microarray profiling in HCC tumor tissues of patients with (poor prognosis) or without
(good prognosis) expression of the chromosome 8p gene signature which is associated with
poor outcome. (B) Expression of IL-6 target genes SPINK1, CRP and TTR measured by
semi-quantitative RT-PCR in HuH7 cells upon lentivirus-mediated SORBS3, SH2D4A or
Control (eGFP) shRNA knockdown. (C) Expression of the I1L-6 target genes measured by
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semi-quantitative RT-PCR in Hep3B cells transfected with SORBS3, SH2D4A or empty
vector control, respectively. (D) Luciferase assay in HepG2 cells measuring endogenous
STAT3 transcriptional activity using STAT3 binding elements co-transfected with control
vector, SH2D4A or SORBS3a expression vector in the presence or absence of 20 ng/ml
IL-6 for 2 h. (E) Luciferase assay measuring STAT3 transcriptional activity of HuH1 cells
co-transfected with control vector, SH2D4A, SORBS3a, STAT3wt, STAT3 S727A and
STAT3 Y705F expression vectors in the presence or absence of 20 ng/ml I1L-6 for 2 h, as
indicated. Renilla luciferase was used as internal transfection control and for normalization.
Data were normalized to corresponding IL6 unstimulated cells (mean + SD; *p < 0.05).

Hepatology. Author manuscript; available in PMC 2017 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Ploeger et al.

Page 18

SH2D4A-Flag
HA-STAT3-CA  HA-STAT3wt HA-STAT3 YF/SA HA-STAT3 Y705F HA-STAT3 S727A
o 9 o 0 o 0 o 0 o 0
5 8 £ 5 & £ 5 &8 £ 5 8 £ 5 &8 £
Q 'S o [ Qo 1S Qo '8 Q. [
£ § 8 £ &§ 8 £ & 8 =£ & 8§ = & 8
— o = — — L] - STAT3
? e — — — -
— - = D - bt SH2D4A
— e i — - [
SORBS3a-Flag SORBS3B-Flag
+ HA-STAT3wt + HA-STAT3wt
o 9 o 0
5 o € 5 K s
o L o [T
g & 8 = § 8
- -t STAT3
.
— .t SORBS3
Control SH2D4A/STAT3 Control SORBS3a/STAT3  SORBS3B/STAT3

Scale bar: 5 ym

p =0.038
1024. 256 - b
= *k = *k
8 256 8 64 J
& 4 3 46
@ )
o 164 °
a e 4
N -
4
1 A————————————————
N 0y » <) Y
) )
& & & R K
© <« P ©
W o R
o & &
Qfl' be qg’
S J o
S S

Figure 3. SH2D4A and SORBS3a proteinsdirectly interact with STAT3
(A) HEK293T cells were transiently co-transfected with N-terminally HA-tagged STAT3-

CA, STAT3wt, STAT3 YF/SA, STAT3 Y705F or STAT3 S727A and C-terminally Flag-
tagged SH2D4A. After anti-Flag immunoprecipitation, samples were separated by SDS—
polyacrylamide gel electrophoresis and subjected to Western blot analysis with anti-HA and
anti-SH2D4A antibodies. One representative experiment out of three with similar outcome is
shown. (B) HEK293T cells were transiently co-transfected with N-terminally HA-tagged
STAT3wt and C-terminally Flag-tagged SORBS3a or SORBS3, respectively. Proteins
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were immunoprecipitated with anti-Flag antibodies and immunoblotted with anti-HA and
anti-SORBS3 antibodies. One representative experiment out of three with similar outcome is
shown. (C) Representative images of proximity ligation assays (PLA) of HLF control cells
or cells transiently transfected with SH2D4A, SORBS3a or SORBS3p and STAT3. PLA
signals are shown in red; cell nuclei were stained with DAPI in blue. Quantitative
representation of PLA dots per cell (log) by boxplots with median and 25th to 75th
percentile. Whiskers represent 5-95% confidence intervals. N=50 cells; P-values were
obtained by two-sided Mann-Whitney U test. ** p < 0.0001 vs. control.
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Figure 4. SH2D4A leadsto theretention of STAT3in the cytoplasm and blocks STAT3
dimerization

(A) Confocal imaging of proximity ligation assays (PLA) in HEK293T and HuH7 cells
transfected with SH2D4A and STAT3. PLA dots are shown in red; Cell nuclei were stained
with DAPI in blue; F-actin was stained with Phalloidin in green. (B) Western blot analysis of
nuclear and cytoplasmic extracts of HEK293T control or SH2D4A transfected cells with
indicated antibodies. A representative experiment out of four with similar outcome is shown.
(C) Quantitative analysis of pan-STAT3 and Y 705-phosphorylation-specific anti-pSTAT3
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antibody in four independent cell fractionation experiments. Data are presented as mean +
SD derived from four biological replicates normalized to cytoplasmic control fractions. * p <
0.05 of two-sided Mann-Whitney U test. (D) HEK293T cells were transfected with vector
control, GFP-STAT3 and SH2D4A-Flag, and treated with 20 ng/ml IL-6 or left untreated.
Protein lysates were analyzed by Blue native polyacrylamide gel electrophoresis (BN-
PAGE) followed by Western blotting with anti-STAT3 antibody. One out of three
independent experiments is shown. (E) Electrophoretic mobility shift assay (EMSA) of
nuclear extracts of HepG2 cells transfected with empty control vector or SH2D4A-Flag, and
stimulated with 20 ng/ml 1L-6 for 20 min. Protein lysates (1 ug, 2.5 pug and 5 pg) were
incubated with biotin end-labeled STAT1/STAT3 oligonucleotides (m67SIE) and separated
on a native polyacrylamide gel. The DNA-protein complexes were detected using
streptavidin-horseradish peroxidase conjugate and chemiluminescent substrate.
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Figure5. Direct interaction of SORBS3 with ERa

Control SORBS3a/
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(A) HEK293T cells were transiently co-transfected with SORBS3a-Flag (left) or
SORBS3p-Flag (right) together with ERa.. After anti-Flag immunoprecipitation, samples
were separated by SDS-PAGE and subjected to Western blot analysis with anti-ERa.-
reactive and anti-Flag antibodies. One representative experiment out of three with similar
outcome is shown. (B) Representative images of proximity ligation assays (PLA) in
HEK293T and in (C) HLF control cells or cells transfected with SORBS3a and ERa (left
panel). Quantitative representation of PLA dots per cell by boxplots with whiskers
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representing 5-95% confidence intervals (right panel). P-values were obtained by two-tailed
Mann-Whitney U test. (D) Luciferase assay analyzing ERa signaling activity using a 3x
ERE-luciferase reporter construct in HuUH7 cells expressing ERa and control vector,
SORBS3a, SORBS3p or SH2D4A, stimulated with or without 10 nM B-estradiol for 24 h,
as indicated. Data represent mean + SD of three independent biological experiments. Data
were normalized to Renilla and the stimulated transfection control. * p < 0.001; ** p <
0.0001 vs. B-estradiol stimulated control using two-tailed Mann-Whitney U test.

Hepatology. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ploeger et al.

A

Relative Expression

Cell Number (FOXP3 positive)

Cell Number (CD8 positive)

m Good prognosis
o Poor prognosis

SH2D4A FOXP3 gy
p <0.001 p =0.021
150 s 16 W‘"
s o J B
$ < .““é »
o 147 S Ban
Ny,
; 12 - D
50 = sosl
o 10
(4
0 8
D
256 - p<0.00 S 1024 - R N
Yy % 256 ¢ - "
A i
64 - A S ® m_‘:
LT e EEC
16 , mm  Aaa o 16 Cee ¥
% T ] v = . Ly ALLA v
| —ir - ]
41 % —ff—. AA E 1 o 4
A A {1 e
' < °
1 = E 0-25 T T T T
0 1 2 3 = 0 1 2 3
SH2D4A Expression Score SH2D4A Expression Score
F
p =0.002 = p =0.034
1024 21024 -
n A Yy = . A -
256 - A“AAA g 2564 on o
® o L] L A < C
64 ° 8 641 o0 L]
v
v =
16 ﬁ— 5 g Yy¥ E 16 - r 4A -
0o9 A v S (X my oA v
A A
41 7% '::F' danag S 4] o fmm a4
° ] A A = e - A
1 - r -y - ' s 1 g - T T
0 1 2 3 0 1 2 3
SH2D4A Expression Score SH2D4A Expression Score

Figure 6. SH2D4A expression isassociated with tumor infiltration of regulatory and cytotoxic T
cells

(A) Expression of SH2D4A and FOXP3 obtained by Affymetrix gene expression profiling
of HCC tumor tissues of patients in the poor or good prognosis patient subgroups. (B)
Representative images of FOXP3 and SH2D4A immunohistochemical staining in HCC
tumor tissues of a tissue microarray (TMA). Representative images are shown for four HCC
patients with different expression levels of SH2D4A (Score 0, 1, 2 or 3). (C) Quantitative
analysis of FOXP3-positive, (D) CD3-positive, (E) CD8-positive and (F) CD4-positive T
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cells in HCC patients groups without SH2D4A (Score 0), with low (Score 1), moderate
(Score 2) or high (Score 3) SH2D4A expression. Data represent mean + SEM; p-value
obtained by ANOVA analysis of variance.
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Figure 7. Schematic model of SH2D4A and SORBS3 mediated repression of STAT3 signaling
IL-6 binds to its receptor which is constituted by IL6R and gp130. Upon IL-6 binding

JAK1/2 and STATS3 are activated through phosphorylation, phosphorylated STAT3 forms
dimers, translocates to the nucleus and activates target gene expression. SH2D4A physically
binds STAT3 leading to retention of STAT3 in the cytoplasm and thus, inhibition of STAT3
signaling. SORBS3 might function indirectly through binding of ERa also leading to
inhibition of STAT3 signaling.
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