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The aim of this study is to clarify the clinical implica-
tion and functional role of structure specific recognition
protein 1 (SSRP1) in hepatocellular carcinoma (HCC)
and explore the underlying mechanism of aberrant high
expression of SSRP1 in cancers. In the present investiga-
tion, we validated that SSRP1 was upregulated in HCC
samples. We also demonstrated that its upregulation was
associated with several clinicopathologic features such
as higher serum AFP level, larger tumor size, and higher
T stage of HCC patients; and its high expression indi-
cated shorter overall survival and faster recurrence. To
investigate the role of SSRP1 in HCC progression, both
loss- and gain-function models were established. We
demonstrated that SSPRT modulated both proliferation
and metastasis of HCC cells in vitro and vivo. Further-
more, we demonstrated that SSRP1-modulated apopto-
sis process and its knockdown increased the sensitivity of
HCC cells to doxorubicin, 5-Fluorouracil, and cisplatin.
We also identified microRNA-497 (miR-497) as a post-
transcriptional regulator of SSRP1. Ectopic expression of
miR-497 inhibited 3’-untranslated-region—-coupled lucif-
erase activity and suppressed endogenous SSRP1 expres-
sion at both messenger RNA and protein levels. For the
first time, we proved that SSRP1 upregulation contrib-
uted to HCC development and the tumor-suppressive
miR-497 served as its negative regulator.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is a major health problem
worldwide, especially in East Asia including China, Korea, and

Japan.! The mechanism of HCC is highly heterogeneous and
complicated that is accompanied by various genetic abnormali-
ties. Even though many potential therapeutic targets and diagnos-
tic biomarkers of this disease have been discovered, its detailed
mechanism is still obscure. It is well believed that the elucidation
of molecular mechanisms underlying HCC tumorigenesis and
progression is important for the development of novel treatments.

Structure-specific recognition protein 1 (SSRP1), a subunit
of the facilitates chromatin transcription (FACT) complex, is
involved in transcriptional regulation, DNA damage repair, and
cell cycle regulation.*™* It is reported that high SSRP1 expression is
associated with stem or less-differentiated cells, while low SSRP1
levels are seen in more differentiated cells.” What’s more, SSRP1
expression is upregulated in multiple cancers such as lung can-
cer, colon cancer, breast cancer, pancreatic cancer, and strongly
associated with adverse clinicopathological features and worse
overall survival in these diseases.® In vitro, knockdown of SSRP1
decreases cell growth of non-small-cell lung cancer’; in vivo,
FACT expression level is found to be increased during tumori-
genesis of mammary carcinoma in transgenic mice expressing
the Her2/neu protooncogene, and the inhibition of FACT blocks
tumor onset, delays tumor progression, and prolongs survival of
mice in a dose-dependent manner.?

The discoveries above indicate that SSRP1 may have roles as
diagnostic biomarker and anticancer target in aforementioned
cancers. However, to date, no studies have focused on the clini-
copathologic significance and functional role of SSRP1 in HCC.
Furthermore, although SSRP1 has been shown to be an onco-
gene in many human cancers, previous studies only focused
on its role in stimulating proliferation via promoting cell cycle
progress, promoting malignant transformation via inhibiting dif-
ferentiation, its function in metastasis and chemotherapeutical
resistance has rarely been addressed. Another issue remains to be
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solved is the high expression mechanism of SSRP1 in cancer tis-
sues. MicroRNAs are a class of short noncoding RNA sequences
containing 19-22 nucleotides. Various aberrantly expressed miR-
NAs play crucial roles in malignant transformation by regulat-
ing downstream oncogenes and tumor suppressors.” We made a
hypothesis that the aberrant expression of SSRP1 is partially due
to upstream dysregulation of microRNAs.

In the current study, we presented the first evidence that
the expression pattern of SSRP1 in human HCC and its clini-
cal significance. We demonstrated SSRP1 modulates not only
proliferation, but also metastasis and chemosensitivity of HCC.
We also demonstrated the negative regulation on SSRP1 level by
microRNA-497(miR-497). In conclusion, we identified SSRP1 as
an important oncogene in HCC, and aberrant SSRP1 upregula-
tion was partly attributed to the underexpression of miR-497.

RESULTS

SSRP1 is upregulated in HCC on both mRNA and
protein levels

Firstly, we observed SSRP1 expression on mRNA level in the
large cohorts of HCC patients available from two independent
GEO datasets GSE14520 (ref. 10) and GSE22058.!! As shown
(Figure 1a), SSRP1 expression was significantly upregulated in
these two different HCC cohorts. We also examined the expression
levels of SSRP1 in 73 HCC and corresponding noncancerous liver
tissues using immunohistochemical staining (Supplementary
Data). SSRP1 was expressed in both nucleus and cytoplasm
(Figure 1b,c), which was consistent with previous reports.>®
Our results indicated that SSRP1 was upregulated in the major-
ity of (83.6%, 61/73) of HCC patients. SSRP1 expressions of 10
randomly selected HCC tissues paired with adjacent noncancer-
ous liver tissues were investigated by quantitative real-time PCR
(qRT-PCR). From this, all 10 HCC tissues exhibited significantly
upregulation of SSRP1 in HCC (Figure 1d). Additionally, expres-
sion of SSRP1 was investigated by western blot in different HCC
cell lines, namely HepG2, SMMC7721, Huh7, Bel7402, PLC, LM3,
97L, 97H and the normal liver cell line L02. In accord with the
results from tissues, significantly higher expression of SSRP1 was
detected in most hepatocellular carcinoma cells, compared with
L02 cells (Figure 1e). These findings evidently demonstrated that
SSRP1 was upregulated in HCC on both mRNA and protein level,
implying the importance of it in HCC pathogenesis.

High expression level of SSRP1 accumulates more
copy number variations and mutation counts

Genetic alterations resulting from dysfunctional DNA damage
repair, such as somatic copy number alteration and mutations, are
recognized as common features of human cancers, and the pri-
mary cause of cancer development including HCC was initially
attributed to genetic alterations.'”> HCC is characterized by a wide
spectrum of genomic alterations, some of which might be resulted
from defects in homologous recombination (HR)." It is reported
that overexpression of the SSRP1 markedly reduced Rad51
expression, the crucial factor in HR.> We made a hypothesis that
persistent downregulation of HR function by the high expres-
sion of SSRP1 could disrupt DNA repair and result in genetic
instability in HCC. By analyzing the data of TCGA database,'*"
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we demonstrated that greater fraction of copy number altered
genome and higher p53 and RB1 mutation frequencies were
detected in HCC patients with higher SSRP1 expression than in
those with lower SSRP1 expression (Supplementary Figure S1),
suggesting that upregulation of SSRP1 may promote HCC pro-
gression via accumulating of extra copies of DNA and gene muta-
tions in HCC cells.

The expression levels of SSRP1 in HCC patients
correlates with several clinicopathologic
characteristics and HCC patients’ survival

In order to confirm the correlation between the expression level
of SSRP1 and clinicopathologic factors in HCC, we downloaded
the clinical information from GSE14520 and analyzed them sta-
tistically. Then the samples pooled in the dataset were classified
into two groups according to the expression level of SSRP1 in
tumor tissue and ? test was used. As shown (Table 1), SSRP1
expression was closely associated with higher AFP (P = 0.013),
tumor size (P = 0.029), AJCC T stage (P = 0.026), BCLC stage
(P = 0.032), and CLIP stage (P = 0.028). The results indicated
that high expression of SSRP1 hinted faster carcinoma enlarg-
ing and spreading, more severe liver damage, and worse physi-
cal conditions. Current analysis also revealed that higher SSRP1
expression significantly correlated with high predicted risk metas-
tasis gene signature (P < 0.0001), which strongly indicated that
SSRP1 could influence the expression profile of metastasis-related
gene. Additionally, we also use our immunohistochemical results
to analyze the correlation between SSRP1 protein expression
and tissue differentiation status of HCC. We demonstrated that
higher SSRP1 expression is significantly associated with poorer
differentiation of cancer tissue (Supplementary Table S1),
which is consistent with previous report,” implying its poten-
tial role as an anti-HCC target. Importantly, Kaplan-Meier sur-
vival analysis showed HCC patients with tumors displaying high
SSRP1 expression levels had significantly shorter overall survival
(OS) (P < 0.001, hazard ratio = 2.048, 95% CI = 1.365-3.072,
Figure 2a) and recurrence-free survival (RFS) (P = 0.013, haz-
ard ratio = 1.754, 95% CI = 1.247-2.468, Figure 2b) compared
to those with high SSRP1 expression tumors. Similar results were
obtained in another independent cohort (TCGA cohort), showing
patients with higher SSRP1 expression suffered from shorter OS
and RFS (Supplementary Figure S2). These results strongly sug-
gested that SSRP1 functioned as an oncogene in HCC and could
represent a potential new prognostic factor for HCC after curative
hepatectomy. Interestingly, as another subunit of FACT complex,
the expression of SPT16 was not significantly associated with the
prognosis of HCC patients (Supplementary Figure S3), implying
that during the process FACT taking part in HCC progression, the
dominator is SSRP1 but not SPT16.

SSRP1 modulates HCC cell proliferation in vitro and

in vivo

Then SSRP1 was subjected to GSEA'® using the mRNA expres-
sion profiling data from GSE14520, in order to identify biological
process potentially modulated by SSRP1. GSEA analysis of GO
terms demonstrated a lot of gene sets were significantly enriched
by SSRP1. As shown, there were enriched expression of gene sets
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Figure 1 The expression of SSRP1 is increased in hepatocellular carcinoma (HCC) tissue. (a) SSRP1 expression level in HCC tissue and adjacent/
normal tissue in two independent cohorts (GSE14520 and GSE22058). (b) The expression of SSRP1 was upregulated in 83.6% of HCC patients
examined by immunohistochemical staining. (c) Representative photographs of staining of SSRP1 protein in a pair of HCC and adjacent tissues. (d)
Lysates from paired tissues of HCC and adjacent tissue were analyzed by real-time PCR for the detection of SSRP1. (e) Western blotting analysis of
SSRP1 expression in immortalized normal liver LO2 cell and 8 HCC cell lines. B-actin was used as loading control.

involved in cell cycle and mitosis (Figure 3a). Sustaining mito-
genic signaling and abnormal process of cell cycle are crucial for
tumor growth and enlarging,'? so our bioinformatic results gave a
possible explanation of why high expression of SSRP1 was associ-
ated with unfavorable clinicopathological characteristics of HCC
such as tumor size and T stage (Table 1).

Given the findings above, to validate the biological role of
SSRP1 in proliferation of HCC, SSRP1 was depleted using two
siRNAs in HepG2, LM3 and 97H cells, which exhibit a higher
expression of SSRP1. Additionally, SSRP1 was also stably over-
expressed by lentivirus-mediated packed pLV-SSRP1 vector in
the SMMC7721 cell line, which exhibits a relatively lower level
of SSRP1 expression. The knockdown and ectopic expression
of SSRP1 in cells were affirmed by western blot (Figure 3b and
Supplementary Figure S4a).

As expected (Figure 3c), markedly, HepG2, LM3, and 97H
cells displayed a lower cell proliferation rate than control cells
after SSRP1 knockdown. Correspondingly, SMMC7721 cells
showed a significantly higher cell growth rate after ectopic
expression of SSRP1 than that observed in the controls with the
empty vector (Supplementary Figure S4b). Whats more, cell
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proliferation was also measured using a plate colony formation
assay. Compared with the control cells, SSRP1 knockdown in
HepG2, 97H, and LM3 cells led to markedly decreased colony
formation ability (Figure 3d). Consistent with these observations,
SSRP1-overexpressing SMMC7721 cells displayed significantly
increased colony formation (Supplementary Figure S4c). To
verify the positive role of SSRP1 in HCC progression in vivo, we
performed xenograft tumor assays using SMMC7721 cells stably
transfected by SSRP1-overexpression lentiviruses. We found that
SSRP1 overexpression significantly promoted xenograft tumor
growth in nude mice (Figure 3e,f). Collectively, these findings
indicate that SSRP1 is closely associated with the proliferation of
HCC cell.

Downregulation of SSRP1 promotes cell cycle arrest
and causes apoptosis in HCC cells

Enhancing cell cycle progression and inhibiting apoptosis are two
crucial causes of sustaining proliferation. To explore the poten-
tial cause of SSRP1 in regulating proliferation of HCC cells, we
examined the cell cycle in HCC cells through flow cytometry.
After treatment with si-SSRP1 or control siRNA for 48 hours,
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SSRP1 knockdown led to a significant accumulation of cells
at the GO/G1-phase and a significant decrease in cells in the S/
G2/M-phase in HepG2, 97H, and LM3 cells (Figure 4a), whereas
overexpression of SSRP1 promoted the cell cycle progression of
SMMC7721 cells (Supplementary Figure S4d). We then detected
the effects of SSRP1 on apoptosis under normal condition or oxi-
dative stress. In both conditions, overexpression of SSRP1 sig-
nificantly decreased the number of apoptotic cells in SMMC7721
(Supplementary Figure S4e), whereas SSRP1 loss of function
significantly increased the numbers of apoptotic cells in HepG2,
97H and LM3 cells (Figure 4b, Supplementary Figure S5a,b).
Collectively, these results reveal that SSRP1 modulates both cell
cycle and apoptosis in HCC cells.

SSRP1 modulates cell migration and invasion of HCC
cells in vitro and in vivo

The role of SSRP1 in promoting HCC cell proliferation is in
agreement with the previous reports in breast cancer and non-
small-cell lung cancer.®” In addition to cell proliferation, our clini-
copathological analysis also revealed that higher SSRP1 expression
was dramatically associated with a gene expression signature of
higher metastasis potential (P < 0.001, Table 1), and the role of
SSRP1 in cancer metastasis has not been well characterized. We
examined whether SSRP1 was a critical molecular having impact
on cell migration and invasion by transwell assays. As shown,
knockdown of SSRPI suppressed the migration and invasion
rates of HepG2, 97H, and LM3 cells (Figure 5a,b) whereas forced
expression of SSRP1 had the opposite effect on SMMC7721 cells
(Supplementary Figure S4f,g). To further substantiate the result,
wound healing assay was also employed to evaluate the impact
of SSRP1 on cell movement. In line with our previous observa-
tions, SSRP1 overexpression increased while SSRP1 knockdown
inhibited the mobility of HCC cells (Figure 5c, Supplementary
Figure S4h). These results demonstrated that overexpression of
SSRP1 enhanced cell migration and invasion while suppression of
SSRP1 reduced cell migration and invasion.

Colonization at a distant site is the last key step in the meta-
static cascade.”” Having observed that SSRP1 modulates HCC
cells migration and invasion in vitro, to determine if SSRP1 would
stimulate distant colonization of HCC cells, a tail vein injection
model was used to imitate the pathophysiological process. Two
weeks after injection, mice were killed by cervical decapitation,
and lung colonization was quantified by pathological examina-
tion. In accordance with this observation in vitro study, in SSRP1
overexpression group, 8 of 10 mice showed severe lung metastasis,
whose incidence is significantly higher than that in the empty vec-
tor group (1/10) (P = 0.003, Figure 5d,e). These results suggest
that upregulation of SSRP1 may have important consequences in
metastasis of HCC.

Knockdown of SSRP1 reduces the sensitivity of
hepatocellular carcinoma cells to chemotherapeutic
drugs

After exploring the role of SSRP1 in HCC cell growth and metas-
tasis, we therefore sought to determine if SSRP1 has the poten-
tial to be applied in clinical HCC treatment. Chemotherapy is an
important tool in the treatment of HCC. However, for HCC, drug
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Table 1 Correlation between the SSRP1 expression and the
clinicopathologic features of hepatocellular carcinoma (GSE14520)

SSRP1
Number expression Chi-square
Characteristics of patients High  Low value P value
Age
<55 166 85 81 0.31 0.580
>55 76 36 40
Gender
Male 211 107 104 0.33 0.564
Female 31 14 17
AFP, ng/ml
<200 128 55 73 6.15 0.013
>200 110 65 45
ALT, U/l
<50 142 68 74 0.61 0.433
>50 100 53 47
Cirrhosis
Yes 223 112 111 0.06 0.811
No 19 9 10
Tumor size, d/cm
<5 153 68 85 4.79 0.029
>5 88 52 36
Tumor number
Solitary 190 91 99 1.57 0.211
Multiple 52 30 22
AJCC T stage
T1 96 38 58 7.27 0.026
T2 78 39 39
T3 51 32 19
BCLC stage
0 20 9 11 6.87 0.032
A 152 66 86
B/C 53 34 19
CLIP stage
0 98 38 60 7.13 0.028
1 79 42 37
2,3,4,5 48 29 19
PRMS classification
High 121 76 45 15.88 <0.001
Low 121 45 76

Data are presented as number.
AJCC, American Joint Committee on Cancer; BCLC, Barcelona Clinic Liver Cancer;
CLIP, Cancer Liver Italian Program; PRMS, predicted risk metastasis signature.

resistance often makes chemotherapy unsatisfactory.’® The nega-
tive effect of SSRP1 on HCC cells’ apoptotic status prompted us
to make a hypothesis that it may also contribute to the drug resis-
tance of HCC cells. We downloaded the pharmacological data set
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Figure 2 High expression of SSRP1 is associated with poor prognosis of hepatocellular carcinoma (HCC). (a) High SSRPT mRNA levels reduce
overall survival of HCC patients in dataset GSE14520. (b) High SSRPT mRNA levels reduce recurrence-free survival of HCC patients in dataset

GSE14520.

from the NCI website (http://dtp.nci.nih.gov), where the -logGI50
of thousands small molecules and natural products, as well as
mRNA expression microarray data were available for 58 human
tumor cell lines. Then we conducted a pharmacologic data analy-
sis as previously described.” Intriguingly, higher SSRP1 mRNA
level is associated with a significantly higher mean GI, | (the drug
concentration for 50% growth inhibition) for 1,449 compounds,
as compared to 134+254 compounds expected by random per-
mutation (P = 0.007; Figure 6a).

We then examined the expressions of apoptosis-related pro-
teins 48 hours post-knockdown of SSRP1 in HepG2, 97H, and
LM3 cells by western blot. As shown (Figure 6b), si-SSRP1 trans-
fection induced the cleavage of caspase-9, 3 and PARP and the
release of mitochondrial cytochrome c into the cytosol in all the
three cell lines. These results reveal that SSRP1 exerts an inhibi-
tory effect on mitochondrial apoptotic pathway.

Prompted by these results, we assayed the chemosensitivity to
the three most common chemotherapy drugs, doxorubicin, cispla-
tin and 5-fluorouracil, to compare SSRP1 knockdown groups and
the according control groups. The results showed that the IC_s
of all the chemotherapy drugs were remarkably decreased by the
knockdown of SSRP1 in all the three HCC cell lines (Figure 6b).
These data collectively indicated that SSRP1 contributed to reduc-
ing the sensitivity of HCC cells to chemotherapeutic drugs.

Identification of SSRP1 as a novel target for miR-497
Another issue remained to be solved, in not only HCC but also
other cancers, is the high expression mechanism of SSRP1 in
cancer tissues. Amplification of genes is an important mecha-
nism of overexpression.'”? To gain further insight, we have inves-
tigated whether SSRP1 locus is amplified in human cancers using
TCGA data available on cBioPortal. However, we found that the
incidence of homozygous gain of SSRP1 locus was quite low
(Supplementary Figure $6). In addition to genomic gain, miR-
NAs contribute importantly to gene expression regulation. It
would be interesting to determine whether or not SSRP1 expres-
sion could be regulated by a specific miRNA in HCC.

Three databases, including TargetScan, miRanda, and miR-
walk were searched computationally for potential microRNAs
that are complementary to the 3>-UTR of SSRP1. To reduce false

Molecular Therapy vol. 24 no. 5 may 2016

positives, candidates were only considered if they were predicted
by all the three methods. One candidate identified by this approach
was miR-497, which has two complementary sites to 3’-UTR of
SSRP1 (located at 158~178 and 268~287 respectively, Figure 7a).
It has been proved that miR-497 is downregulated in HCC,*** and
we also validated this by analyzing the GEO datasets GSE21362
(ref. 22) (Figure 7b). So, we supposed that the overexpression of
SSRP1 was partially attributed to the downregulation of miR-497.
After transfection with miR-497, we observed that the SSRP1 was
reduced on both mRNA and protein levels in HepG2 and LM3
cells (Figure 7c,d). Then wild-type or mutant (MUT1, MUT2,
and MUT1 and 2) 3’-UTR constructs of SSRP1 were cloned into a
psi-CHECK?2 vector, respectively, and cotransfected with miR-497
mimics in HEK293 cells. It was also found that miR-497 was able
to suppress reporter gene activity of SSRP1 in HEK293T cells,
whereas MUT?2 plasmid, but not MUT1 showed no change in
the reporter gene activity (Figure 7e). These data suggested that
SSRP1 was a direct target of miR-497 and the effective binding site
is the second one (268~287) but not the first one (158~178). A
negative correlation between miR-497 and the SSRP1 expression
levels phenomenon was also seen in HCC samples (Figure 7f;
P =0.0025, R = —0.6383). These data support the idea that SSRP1
expression is negatively regulated by miR-497 in HCC.

DISCUSSION

Our results strongly proved that SSRP1 promote HCC progres-
sion, which is similar with the previous studies in other cancer
types such as NSCLC, colon cancer and breast cancer.*” Our data
showed knockdown of SSRP1 inhibited cell cycle process and pro-
moted apoptosis in HCC cells in vitro, which may result in slower
cancer cell proliferation. However, the underlying mechanism
still remains unclear, and here several possible explanations are
proposed.

Firstly, a hallmark of cancer cell is sustaining proliferative
signaling, accompanying enhancing DNA replication.' SSRP1 is
a crucial regulator for maintaining the normal process of DNA
replication for that FACT associates with the MCM helicase,
promoting the DNA unwinding activity of the MCM helicase
on nucleosomal template,”** and disruption of the FACT-MCM
complex triggers delayed DNA replication initiation. For example,
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Figure 3 SSRP1 modulates proliferation of hepatocellular carcinoma (HCC) cells in vitro and in vivo. (a) GSEA analysis of GO terms showed SSRP1
might regulate gene sets associated with cell cycle checkpoint (left), cell cycle progress (middle), and mitosis process (right). (b) Knockdown of SSRP1
in HepG2 (left), LM3 (middle), and 97H (right) cell lines by siRNAs targeting SSRP1 was confirmed by western blotting; B-actin was used as a loading
control. (c) Effect of SSRP1 knockdown on the proliferation on HepG2 (left), LM3 (middle), and 97H (right) cells was determined by CCK-8 assay.
(d) Effect of SSRP1 knockdown on colony numbers was determined by colony formation assay in HepG2 (left), LM3 (middle), and 97H (right) cells.
(e) Tumors were dissected and each tumor in two groups was exhibited. (f) Representative data showed that overexpression of SSRP1 significantly
promoted tumor growth in nude mice xenograft model (n = 6). *, **, *** represents P < 0.05, P < 0.01, P < 0.001 respectively.

in chicken (Gallus gallus) DT40 cells, SSRP1 knockdown inhibited
cell growth and caused a delay in S-phase cell cycle progression
due to the inhibition of replication fork progression.”? Secondly,
SSRP1 colocalizes with the spindle and midbody microtubules,
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facilitating tubulin polymerization and microtubules bundling; so
its knockdown will result in disorganized spindle structures and
block mitosis.”® Furthermore, FACT, a large heterodimeric com-
plex consisting of SSRP1 and SPT16, is categorized as a histone
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and 97H (right) cells. (b) After Annexin V-FITC/PI staining of the indicated cells after treatment without or with H,O, (Tmmol) for 12 hours, effects of
SSRP1 knockdown on HepG2 cells apoptosis were determined by FACS analysis (upper), and quantitative analysis of apoptotic cell numbers is shown
(bottom). Each bar represents the mean + SD of three independent tests. **, *** represents P < 0.01 and P < 0.001 respectively.

chaperone crucial for nucleosome reorganization during tran-
scription.”® FACT interacts with DNA-binding surfaces of H2A/
H2B dimers, decreasing the lifetime of nonproductive RNA poly-
merase II -nucleosome complexes and facilitating the formation
of productive complexes containing nucleosomal DNA partially
uncoiled from the histone octamer during transcription.® High
expression level of SSRP1 may activate the transcription of some
crucial downstream oncogenes, in turn promotes the progres-
sion of cancers. Additionally, it is reported that FACT modulates
NEF-xB and p53 pathways,”** both of which are dysregulated in
nearly all tumors and considered as driver genes of cancers. We
make a hypothesis that high expression SSRP1 will activate NF-xB
pathway but suppress p53 pathway in HCC, which remains to be
verified. Lastly, in this work, we also observed that there is a corre-
lation between SSRP1 levels and DNA instability, including extra
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copies of DNA and mutations in specific genes such as TP53 and
RB1 (Supplementary Figure S1). As previous studies reported,
SSRP1 is involved in the regulation of DNA damage response
and repair process; deficiency of SSRP1 might result in aberrant
homologous recombination.’ So, it is reasonable to speculate that
SSRP1 dysregulation may take part in the formation of instability
of cancer genome, promoting HCC progression via accumulating
of extra copies of DNA and gene mutations in cells. Whether this
assumption is true and which genes are affected remain to be vali-
dated by further experiments.

In our work, we demonstrated SSRP1 modulates not only pro-
liferation, but also motility, migration, invasion, and chemosensi-
tivity of HCC. More than 90% of HCC-related deaths are resulted
from metastasis.”** Emergence of metastasis reflects not only the
ability of cancer cells to overcome hurdles during the multistep
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Figure 5 SSRP1 modulates migration, invasion and metastasis ability in hepatocellular carcinoma cells in vitro and in vivo. (a) Cell migration
was assessed by transwell assay in HepG2 (left), LM3 (middle), and 97H (right) cells after the cells were transfected with SSRP1 siRNA for 48 hours.
The cells which migrated into the bottom surface of the filters were stained. (b) Cell invasion was assessed by transwell assay with matrigel in HepG2
(left), LM3 (middle), and 97H (right) cells after the cells were transfected with SSRP1 siRNA for 48 hours. The cells which invaded into the bottom
surface of the filters were stained. The bars represent the mean values of six independent tests (mean + SD). *, **, *** represents P < 0.05, P < 0.01,
P < 0.001 respectively. (¢) Movement ability was detected by scratch wound healing assays in HepG2 (left), 97H (middle), and LM3 (right) cells
after the cells were transfected with SSRP1 siRNA for 48 hours. (d) Representative photographs showing the colonization of SMMC77215%" and
SMMC7721veer cells in the lung of recipient mice. (e) Incidence and severity of lung metastasis in pulmonary metastasis model with SMMC772755%1
and SMMC7721vecr cells.
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Figure 7 miR-497 posttranscriptionally regulated SSRP1 expression by directly targeting its 3’ UTR. (a) The target sites of miR-497 in 3'-UTR
of SSRP1 are shown as a schematic representation. (b) miR-497 expression level in hepatocellular carcinoma (HCC) tissue and adjacent/normal
tissue from the mRNA microarray data obtained from GSE21362. (c) Western blotting assays showed the expression of SSRP1 protein in HepG2
and LM3 cells transfected with miR-497. (d) Real-time quantitive PCR showed the expression of SSRPT mRNA in HepG2 and LM3 cells transfected
with miR-497. (e) Wild-type or mutant 3’-UTR constructs of SSRP1 were cloned into a psi-CHECK2 vector, respectively, and cotransfected with
miR-497 mimics in HEK293 cells. Renilla luciferase activities were normalized to firefly luciferase activities. All assays were performed in triplicates and
repeated at least three times. (f) An inverse correlation was found between miR-497 expression and SSRP1 in HCC samples (Spearman’s correlation,
P =0.0025, R=-0.6383). Data are given as the mean * SD of three independent experiments; **P < 0.01, ***P < 0.001.
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process of metastasis but also the capability to survive chemother-
apeutics and other physiological stresses. Additionally, although
chemotherapy is important in combined treatment of hepato-
cellular carcinoma, its effect is unsatisfactory as HCC cells from
advanced cancer with vital metastasis often develop resistance
to chemotherapeutic drugs.”® Therefore, elucidation of a driver
gene of HCC metastasis and chemoresistance is helpful for the
improvement of HCC treatment. Our results indicated that SSRP1
is an important target for blocking metastasis and reversing drug
resistance in HCC. We propose that quantification of SSRP1 in
liver biopsy could be used in combination with pathologic exami-
nation to predict biological behaviors of the HCC. The molecular-
pathologic diagnosis will be helpful in personalized treatment
optimization.

Accumulated evidence has shed light on the importance
of miRNAs on regulation of gene expression networks, further
involved in multiple signaling pathways. miRNAs can exert
positive or negative control over the expression of oncogenes or
tumor-suppressor genes to affect tumor growth. Downregulation
of miR-497 and its tumor-suppressive role have been reported
in multiple cancers, such as lung, breast, cervical, head-and-
neck, prostate cancer, and ovarian cancer.”** Increasing evi-
dence indicates that miR-497 negatively regulates numerous
well-characterized oncogenic proteins, such as CCNDIL,*
IGF-1R,*** mTOR,* BCL-2,** CDC25A, CDK®6, and CDK4.”
In HCC, miR-497 is also downregulated and showed significant
growth-suppressive activities.'”?° Most cells of adult tissues do not
have detectable protein level of SSRP1 while SSRP1 represented
a high expression level in undifferentiated or cancerous tissues,
however the mechanisms of upregulation of SSRP1 in cancer have
yet to be elucidated. Our work showed SSRP1 is a novel direct
target of miR-497 and there is a negative correlation between
miR-497 and the SSRP1 expression. Intriguingly, a recent research
showed that miR-497 decreases cisplatin resistance in ovarian
cancer cells.* Our results demonstrate that SSRP1 is also involved
in chemosensitivity of cancer cells, highlighting the potential role
of miR-497 downregulation for cancer cells to develop a chemore-
sistance phenotype. Considering the underexpression of miR-497
is general in many cancers, it may be a good explanation for the
upregulation of SSRP1 in cancers.

NEF-xB activation will promote the expression of miR-497 and
miR-497 exhibits an inhibitory activity through the cognate site
in the 3>-UTR of IKKP gene, a crucial activator in the canoni-
cal pathway of NF-xB.” Intriguingly, overexpression of SSRP1 is
involved in the abnormal sustaining activation of NF-«xB signal-
ing,” and herein we demonstrate that it is targeted by miR-497.
These suggest that in normal tissues, SSRP1, miR-497, IKKf, and
NEF-xB form double negative-feedback loops to maintain homeo-
stasis. It is reported that the downexpression of miR-497 is due to

Table 2 The siRNAs used in the study.
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its hypermethylated promoter region in HCC,*® suggesting that
aberrant DNA methylation may disrupts the feedback and lead to
excessive activation of NF-xB signaling cascade in cancers, lend-
ing additional support for a link between miR-497 deregulation
and tumourigenesis.

In summary, our data not only have enriched the knowledge of
HCC carcinogenesis, but also provide new insight into the func-
tion of SSRP1. In addition, we demonstrated SSRP1 is novel target
of miR-497, which partially explains the aberrant high expres-
sion of SSRP1 in cancers. This observation further suggests the
possible interplay between miRNA and abnormal DNA damage
repair process during the course of liver carcinogenesis. Further
in-depth exploration of the molecular mechanisms of SSRP1 in
promoting the proliferation, metastasis, and drug resistance of
HCC will be needed to clarify in detail.

MATERIALS AND METHODS

Cell culture, culture conditions, and antibodies. HepG2, Bel-7402,
SMMC7721, Huh7, PLC/PRF-5, LM3, 97L, 97H HCC cells, and L02
human liver cells were grown and routinely maintained in Dulbecco’s
modified Eagle medium (DMEM; Gibco, Carlsbad, CA) supplemented
with 10% FBS, 100U/ml penicillin, and 100 mg/ml streptomycin. Cells
were incubated at 37 °C in 5% CO, and 95% humidified air. Anti-SSRP1,
cytochrome C, Caspase 3, PARP antibodies were purchased from Abcam
(Cambridge, UK); anti-Caspase 9 and B-actin antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX). Anti-rabbit and anti-mouse
HRP-conjugated secondary antibodies were obtained from Promega
Biotechnology (Dallas, TX).

Patients and immunohistochemical staining. The data of mRNA or
miRNA expression profile (GSE14520,"° GSE22058,"" and GSE21362%)
are available from the NCBI, GEO database. Our study was approved by
the ethics review board of The Second People’s Hospital of Guangdong
Province (Approval number: 2015-KYLL-023). All HCC samples and
paired non-neoplastic tissues used in immunohistochemical and real-
time PCR were retrieved from the Department of Pathology, Zhongnan
Hospital of Wuhan University, China. Before used, all cases were diagnosed
by two certificated pathologists without discrepancy. The paraffin-embed-
ded tissues were first stained with hematoxylin and eosin (HE) for his-
tological examination. Subsequently, deparaffinized sections were treated
with 3% H,O, and subjected to antigen retrieval by citric acid (pH 6.0).
After overnight incubated with primary antibody (anti-SSRP1 antibody,
1:200) at 4 °C, sections were incubated for 15 minutes at room temperature
with horseradish peroxidase-labeled polymer conjugated with secondary
antibody (MaxVision Kits) and incubated for 1 minute with diaminoben-
zidine. The sections were then lightly counterstained with hematoxylin.
The sections without primary antibody were served as negative controls.
Expression level of SSRP1 was ascertained according to the average score
of two pathologists’ evaluations.

Transient transfection and establishment of stable expressing cells. siR-
NAs were designed and purchased commercially (Genepharma, Suzhou,
China) as shown in Table 2.

siRNA sense(5'-3') antisense(5'-3')

si-SSRP1-1 GCCAUGUCUACAAGUAUGATT UCAUACUUGUAGACAUGGCTT
si-SSRP1-2 CCCAGAAUGGUGUUGUCAAATT UUUGACAACACAUUCUGGGTT
si-SSRP1-3 GGCACUCAGUAUACCUUCATT UGAAGGUAUACUGAGUGCCTT
Control siRNA UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
912 www.moleculartherapy.org vol. 24 no. 5 may 2016
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Cells were transiently transfected with siRNA or vectors using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and were harvested for
the analysis of efficiency of knockdown or overexpression 48 hours post-
transfection. After validated, the procedure above was repeated for harvesting
the cells for assays. For establishment of stable SSRP1-overexpressing cells,
overexpressing plasmid was constructed by Inovogen, China; then the
plasmid was packed by a lentivirus system (Inovogen, Beijing, China). After
removing the medium of the cells, the lentiviral supernatant was added (with
6 ug/ml polybrene). After 24 hours, the supernatant was removed and cells
were selected for 4 weeks using DMEM with 10 pg/ml puromycin (Sigma-
Aldrich, St Louis, MO).

Western blot. Cells were lysed in lysis buffer containing 50 mmol/l Tris,
pH 8.0, 150 mmol/l NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mmol/l NaF, 1 mmol/l Na, VO,. Then samples were equally loaded
on 10% SDS-PAGE, electrophoresed, and transferred onto nitrocellulose
membrane (Millipore, Billerica, MA). After blocking with 5% non-fat milk
in Tris-buffered saline with Tween 20 (TBST), the membranes were incu-
bated with the primary antibodies overnight at 4 °C. After the overnight
incubation with the primary antibodies, membranes were washed and
incubated with horseradish peroxidase (HRP)-labeled secondary antibody
in TBST for 1 hour. Then the signals were detected by chemiluminescence
phototope-HRP kit (Pierce Biotechnology, Rockford, IL) according to
manufacturer’s instructions. 3-actin was used as a loading control.

RNA isolation and real-time PCR analysis. Total RNA was isolated
from cell lines or tissues with TRIzol reagents (Invitrogen) according
to the manufacturer’s instructions. RT-PCR was performed to quantify
mature miRNA expression with the NCode miRNA qRT-PCR analysis
(Invitrogen), or mRNA expression with SYBR Green PCR Master Mix
(TaKaRa, Ohtsu, Japan). U6 snRNA was used for miR-497 normalization
and [B-actin was used for SSRP1 normalization. Expression of transcripts
was assessed using the primers shown in Table 3.

Cell proliferation assay. Cells from each group were plated onto 96-well
plates containing complete medium on day 0 and allowed to attach over-
night. Then, the growth curves of cells, covering a total of four days of
culturing, were plotted with the Cell Counting Kit-8 method. In brief, 10 ul
Cell Counting Kit-8 (Dojindo, Japan) was added to each well and cultured
at 37 °C and 5% CO, for 1 hour. Then the absorbance was measured with
the multifunctional microplate reader at 490nm. The growth curve was
constructed with time as abscissa and absorbance as ordinate. Experiments
were performed in triplicate.

Plate colony formation assay. Cells at a log phase of growth were tryp-
sinized, harvested, resuspended and seeded in six-well plates (1,000 cells/
well). Then the cells were cultured for 2 weeks (The medium was changed
on the day 7). After that, the cells were washed with PBS for twice, fixed
with 4% paraformaldehyde for 20 minutes, and then stained with 0.1%
crystal violet for 30 minutes. After these, the colonies were carefully

Table 3 The primers used in the study.

Primer Sequence(5’-3")
miR-497-F CAGCAGCACACTGTGGTTTGTA
miR-497-R Uni-miR qPCR primer

U6 snRNA-F CTCGCTTCGGCAGCACA

U6 snRNA-R AACGCTTCACGAATTTGCGT
SSRP1-F GGATTGAAAGAGGGCATGAA
SSRPI-R AGAGGCGTTGCTGTCAAACT
-actin-F CATTAAGGAGAAGCTGTGCT
B-actin-R GTTGAAGGTAGTTTCGTGGA
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washed with PBS until the background was clear. The colony formation
rate = (number of colonies/number of incubating cells) x 100%.

Cell-cycle analysis. Cells at alog phase of growth were harvested with 0.25%
trypsin and washed twice with PBS. After centrifugation, cells were fixed
in 100% ice-cold methanol overnight at —20 °C. Then the fixed cells were
stained with 50 mg/ml propidium iodide (PI) in PBS and 1 mg/ml RNAase
in PBS for 30 minutes. In each experiment, 10,000 cells were analyzed using
BD FACSAria (BD Biosciences, San José, CA). Experiments were per-
formed in triplicate.

Apoptosis analysis. Annexin V-FITC/PI staining was performed to inves-
tigate whether SSRP1 regulates the apoptosis of HCC cells. Cells in each
group were seeded into six-well plates. When cells of each group were at
a log phase of growth, the cells were harvested. In H,O,-induced groups,
H,0, (1 mmol) was added 12 hours before harvest. Then the cells were
stained with ApoScreen Annexin V Apoptosis Kit and PI according to the
manufacturer’s instructions for labeling of apoptotic cells. In each experi-
ment, 10,000 cells were analyzed using BD FACSAria (BD Biosciences).
Experiments were performed in triplicate.

In vitro migration and invasion assays. In the scratch wound healing
assay, cells were cultured in serum-free medium for 24 hours and wounded
with pipette tips. Then the medium was refreshed. The wound closing
procedure was observed 48 hours later and photographs were taken. Cell
migration assay was conducted using 8-mm pore size Transwell cham-
bers (Corning, Corning, NY). The lower chamber was filled with DMEM
containing 10% FBS. Cells were suspended in serum-free DMEM and
plated into the upper chamber. Then the chambers were cultivated in 5%
CO, at 37 °C for 48 hours. After that, the cells in the upper chamber were
removed with cotton swabs and the bottom surface of the polycarbonate
membranes was counted visually using 0.1% crystal violet dye and a light
microscope. The invasion assay was same except that matrigel (Clontech,
Madison, WI) was used in the transwell chambers (Corning). Cell migra-
tion and invasion were determined by counting six random fields under a
microscope and the data are presented as mean + standard deviation (SD).

Nude mice study. Both subcutaneous xenograft and lung metastasis
models were constructed. 4-week-old male BALB/C nude mice were
used. In subcutaneous xenograft study, 1x10° cells (SMMC7721¥" or
SMMC77215%1) were resuspended in 100 ml of phosphate-buffered saline
(PBS) and injected subcutaneously to the left or right side of nude mice
(n = 6). Tumor size was monitored every three days, and tumor volume
was calculated with the following formula: 1/2 length x width®. In pulmo-
nary metastasis study, 10 mice were enrolled in each group. 1x10° cells
(SMMC7721Ve<%r or SMMC7721%"*!) were injected into caudal vena. Two
weeks after caudal vena injection, mice were sacrificed by cervical decapi-
tation, and lung colonization was quantified by pathological examination.

Chemotherapeutic drugs sensitivity analysis by cell counting kit-8. HCC
cells (3 x 10° cells/well) were seeded in 96-well plates and treated with differ-
ent chemotherapeutics doxorubicin, 5-fluorouracil, and cisplatin in differ-
ent concentrations for 72 hours. Cell Counting Kit-8 (Dojindo, Japan) was
added into each well. After 1 hour incubation at 37 °C, the absorbance was
measured with the multifunctional microplate reader at 490 nm. The che-
motherapeutic drugs sensitivity was evaluated by IC_ | parameter (inhibi-
tory concentration of 50% cells). Experiments were performed in triplicate.

Luciferase assay. Cells were seeded into 12-well plates one day before trans-
fection. After 24 hours of plating, the cells were cotransfected with 200 ng
of psiCHECK-2 plasmids and 100 nmol/l of miR-497 (or NC microRNA).
After 48 hours, luciferase activities were measured with Dual-Luciferase
Reporter Assay system (Promega, Madison, WI). Renilla luciferase activity
was normalized to firefly luciferase activity.

Bioinformatics analysis. Gene expression profiles including GSE14520 and
GSE22058 were downloaded from the Gene Expression Omnibus (GEO) site
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andanalyzed.JAVA program for GSEA (http://www.broadinstitute.org/gsea)'?
was used to analyze the potential genes influenced by SSRP1 low expres-
sion. The data from GSE14520 was downloaded and divided into two groups
(high versus low) according to the expression of SSRP1 and MsigDB ¢5 (GO
gene sets, 1454 gene sets) was used. Gene sets with a false discovery rate
value < 0.25 and normal P < 0.05 after 1,000 permutations were regarded as
significantly enrichment. The mutation counts and fraction of copy number
altered genome data for each TCGA hepatocellular carcinoma individuals
were directly downloaded from the cBioPortal for Cancer Genomics (http://
cbioportal.org)."*"* The logGI50 of small molecules and natural products,
and the mRNA expression microarray data of human tumor cell lines were
downloaded from the NCI website (http://dtp.nci.nih.gov).

Statistical analysis. The correlation between gene expression and the clini-
copathologic features was analyzed by Chi-square test. Averaged replicates of
three independent experiments were used in cellular studies, and results were
statistically analyzed using the two-tailed, unpaired Student’s ¢-test. Results
were expressed as mean values with 95% confidence intervals. Error bars
represented standard error. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Higher SSRP1 expression is associated with larger somatic
copy number variation and more mutations in HCC patients.

Figure $2. High expression of SSRP1 is associated with poor prog-
nosis of HCC.

Figure $3. SPT16 is not associated with the prognosis of HCC
patients.

Figure S4. Overexpression of SSRPT promotes the malignant pheno-
type of SMMC7721 cells in vitro.

Figure $5. Knockdown of SSRP1 increases the apoptotic cells in LM3
(A) and 97H (B) cells with or without H,0, stimulation.

Figure $6. Cross-cancer summary of homozygous mutations and
copy number variations in all cancers available on cBioPortal.

Table $1. Correlation between the SSRP1 protein expression and dif-
ferentiation status in 73 HCC samples.
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