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transgenic mice than in non-transgenic mice, but was
not significantly different. These results suggested that
additive HCV-induced ROS production was unlikely to
be the cause of the significantly increased ROS produc-
tion after ovariectomy in the transgenic mice. The other
possibility is HCV-associated attenuation of antioxidant
potential against ovariectomy-induced oxidative stress.
In this respect, OVX transgenic mice had a lower ratio of
BAP to dROM than OVX non-transgenic mice and the
expression of SOD2 and GPx1 in the liver was not
increased. These results suggest that HCV protein attenu-
ated antioxidant potential against ovariectomy-induced
oxidative stress.

Proliferator-activated receptor-y co-activator-1o. is
required for the induction of many ROS-detoxifying
enzymes upon oxidative stress.”® SIRT3 has been shown
to function as a downstream target gene of PGC-1a and
mediate the PGC-lo-dependent induction of ROS-
detoxifying enzymes.” Additionally, AMPK, which is a
crucial cellular energy sensor, regulates PGC-1a activity
through both modulation of PGC-le transcription
and phosphorylation of the PGC-1a. protein.?®*” Thus,
AMPK/PGC-10a signaling is one of the important path-
ways that protect cells from oxidative stress through the
induction of several key ROS-detoxifying enzymes.
Recent evidence indicating that HCV replication inhibits
AMPK activity? prompted us to investigate whether the
antioxidant potential against ovariectomy-induced oxi-
dative stress in FL-N/35 transgenic mice was attenuated
through inhibition of this signaling pathway. As
expected, upon ovariectomy, AMPK was activated in
non-transgenic mice, but not in transgenic mice. This, in
turn, led to the lower expression of PGC-la in the
nuclear fraction of the liver in OVX transgenic mice than
in OVX non-transgenic mice, resulting in the absence of
significant induction of SIRT3 in the mitochondrial frac-
tion of the liver in the OVX transgenic mice. Thus, ROS
production in the liver in OVX transgenic mice was
increased by attenuation of the antioxidant potential
through inhibition of AMPK/PGC-1a. signaling.
However, it remains unknown why the expression
of PGC-1a in the nuclear fraction was significantly
increased in OVX transgenic mice regardless of the lack
of activation of AMPK. Various kinases other than
AMPK and post-translational modifications other
than phosphorylation have been shown to regulate
PGC-1o expression.® Therefore further investigations
are required to clarify this issue.

Of particular concern is the relevance of the present
results to HCC development in patients with HCV-
associated chronic liver diseases. A recent study from

© 2013 The Japan Society of Hepatology

434

Hepatology Research 2013

Japan demonstrated a higher proportion of females,
especially among elderly patients with HCV-related
HCC, suggesting that the sex disparity in HCC develop-
ment becomes less distinct as the patient’s age at HCC
diagnosis increases.® In general, ROS production creates
a pro-carcinogenic environment under which chromo-
somal damage is likely to occur. The present findings
that OVX transgenic mice have increased hepatic ROS
production compared with that in OVX non-transgenic
mice may indicate one of the mechanisms by which
women with HCV infection are at high risk for HCC
development when some period has passed after meno-
pause, even though we need to clinically ascertain the
increased hepatic oxidative stress in HCV-infected
menopausal women with HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the common cancers
in the world. It is well-known to be associated with the chronic
infection of Hepatitis B (HBV) and Hepatitis C (HCV) viruses. In
Japan, nearly 70% of HCC patients are infected with HCV [1].
The annual rate of developing HCC among patients with HCV-
related liver cirrhosis in Japan is estimated to be about 4-8 percent
[2]- Recent analyses have identified various genetic factors that are
related with viral induced liver diseases [3—5]. In our previous two-
stage genome-wide association study (GWAS) using a total
number of 1,394 cases and 5,486 controls, a SNP rs2596542
located on chromosome 6p21.33 was shown to be significantly
associated with HCV-induced HCC (P=4.21x10""° and
OR=1.39) [6]. This SNP is located within the class I major
histocompatibility complex (MHC) region and is at about 4.8 kb
upstream of MHC class I polypeptide-related sequence A (MICA) gene.
We also identified that the risk A allele of SNP rs2596542 was
strongly associated with the low expression of soluble MICA
(sMICA) in the serum of HCV-related HCC patients [6].

PLOS ONE | www.plosone.org

MICA is a membrane protein which is up-regulated in various
tumor cells and also induced in response to various cellular stresses
such as infection, hypoxia, and heat shock [7]. It is an important
component of the innate immune response, as MICA can bind to
the NKG2D receptor and subsequently activate natural killer
(NK) cells, CD8+ cells, and y8 T cells [8,9]. Moreover, membrane
MICA can be shed by metalloproteinases, including MMP9,
ADAMI10, and ADAMI17, and secreted into serum as a soluble
form [10,11]. Since these metalloproteinases are often activated in
HCC, the expressions of both membrane-bound MICA and
sMICA are increased [12,13]. SNP rs2596542 was found to be
associated with the progression from chronic hepatitis C (CHC) to
HCC and also with serum sMICA level. Hence, both rs2596542
and sMICA would be possible prognostic biomarkers for CHC
patients. However, their underlying molecular mechanisms were
not fully elucidated so far.

We hypothesize that MICA variations could affect sSMICA level
by either one or both of the following two possible mechanisms: (1)
the genetic variation(s) in the coding region affecting the protein
stability and (2) the transcriptional regulation. Previously, variable
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numbers of tandem repeats (VNTRSs) in exon 5 of MICA were
identified to affect MICA subcellular localization and serum
MICA level [14]. The exon 5 of MICA encodes the transmem-
brane domain and the insertion of an extra G nucleotide in the
domain would result in a premature stop codon that would
generate MICA protein without a transmembrane domain and
subsequently affect sSMICA level [14]. However, our previous
results indicated that MICA VNTR was not significantly
associated with the sMICA level or HCC risk [6]. Therefore, in
the current study, we have tried to investigate whether the MICA
variations would affect the MIC4 transcription in the liver cancer
cells. Through the functional analysis of genetic variations in the
MICA promoter region, we here report a causative SNP rs2596538
that increases the binding affinity of the transcription factor
Specificity Protein 1 (SP1) and the risk of progression of the
disease.

Materials and Methods

Samples and genotyping

DNA samples for direct sequencing (50 HCV-related HCC
cases), imputation analysis (721 HCV-related HCC cases and
5,486 HCV-negative controls), and serum samples for sMICA
ELISA (246 HCV-related HCC) were obtained from BioBank
Japan [15,16]. Genotyping of SNPs from 1,394 HCC patients and
measurement of SMICA expression by ELISA were performed in
the previous study [6]. Genotyping of SNP rs2596542 in 1,043
CHC was performed previously in RIKEN using Illumina
HumanHap610-Quad BeadChip [17]. Al CHC subjects had
abnormal levels of serum alanine transaminase for more than 6
months and were positive for both HCV antibody and serum
HCV RNA. The SNP 1525963542 in liver cirrhosis samples without
hepatocellular carcinoma from BioBank Japan (n=420) and the
University of Tokyo (n=166) were genotyped using Illumina
HumanHap610-Quad BeadChip or invader assay [18]. All
subjects were either subjected to liver biopsy or diagnosed by
non-invasive methods including hepatic imaging, biochemical
data, and the presence/absence of clinical manifestations of portal
hypertension [18]. The samples used in the current project were
listed in Table SI. Case samples with HBV co-infection were
excluded from this study. The subjects with cancers, chronic
hepatitis B, diabetes or tuberculosis were excluded from non-HCV
controls. All subjects were Japanese origin and provided written
informed consent. This research project was approved by the
ethical committees of the University of Tokyo and RIKEN.

Imputation study

The imputation study was performed by using a hidden Markov
model programmed in MACH [19] and haplotype information
from 1000 genomes database [20]. The imputation results were
confirmed by direct DNA sequencing in 50 randomly selected
samples.

Cell culture

Human liver cancer cell lines HLE and HepG2 were purchased
from JHSF (Osaka, Japan) and ATCC. These cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal
bovine serum. Cells were cultured at 37°C with 5% CO.,.

EMSA

HLE cells were grown in 15 cm culture plate until they reached
95% confluency. The plate was then sealed with parafilm and
immersed in a water bath at 42.5°C for 1.5 hours [21]. Nuclear
extracts from these cells were prepared according to the standard

PLOS ONE | www.plosone.org
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protocol [22]. EMSA was carried out using DIG Gel Shift Kit, 2™
Generation (Roche) according to the manufacturer’s instructions.
The sequences of the 12 probes were listed in the Table S2. In
brief, 30 fmol of labeled probes were hybridized with 5 pug nuclear
extract for 15 minutes at room temperature. The mixtures were
then loaded into a 6% TBE gel, separated by electrophoresis at
4°C and transferred onto a nylon membrane. The membrane was
then hybridized with anti-digoxigenin-AP antibody and developed
by CSPD solution. For competition study, nuclear extracts were
incubated with non-labeled oligonucleotides first before adding
labeled probe. For supershift assay, SP1 antibody (SC-59X, Santa
Cruz Biotechnology) was added into the nuclear extract and
incubated on ice for 30 minutes first before adding labeled probe.
The mixtures were then separated by electrophoresis using 4%
TBE gel. All EMSAs were repeated twice for reconfirmation of the
results.

ChiP

The HLE cells (G allele homozygote) and HepG2 cells
(heterozygote) were used in the ChIP assay. The plasmid
pCAGGS-SP1 was transfected into both cells by using FuGENE6
Transfection Reagent (Roche). The ChIP assays were carried out
using Chromatin Immunoprecipitation Assay Kit (Millipore)
according to the manufacturer’s protocol. In brief, the cells were
treated with formaldehyde to crosslink DNA-protein complexes at
48 hours post-transfection. DNA-protein complexes were then
sheared by sonication and immunoprecipitated by rabbit poly-
clonal anti-SP1 antibody (SC-59X, Santa Cruz Biotechnology).
The resulting DNAs were analyzed by PCR (Table S2). In order to
determine the binding specificity of SP1 to the SNP rs2596538
allele, the PCR products from HepG2 cells were further sub-
cloned into pCR 2.1 vector and sequenced to assess G to A ratio in
both input DNA and immunoprecipitant.

Dual luciferase reporter assay

Three copies of 31 bp DNA fragments equivalent to the EMSA
oligonucleotides of SNP 152596538 were cloned into pGL3-
promoter vector (Promega). The plasmids were co-transfected with
pCAGGS-SP1 and pRL-TK plasmids (Promega) into HLE cells
by FuGENEG Transfection Reagent (Roche). The pCAGGS-SP1
plasmid provided the expression of transcription factor SP1, and
pRL-TK plasmid served as internal control for transfection
efficiency [23]. The cells were lysed at 48 hours post-transfection,
and relative luciferase activities were measured by Dual Luciferase
Assay System (Toyo B-Net).

Western blotting

Cancer cell lysates were prepared by using pre-chilled RIPA
buffer, and 25 pg of each lysate was loaded into the gel and
separated by SDS-PAGE. Western blotting was performed
according to the standard protocol. Rabbit anti-MICA antibody
(ab63709, abcam: 1/1000) and rabbit anti-SP1 antibody (17-601,
Upstate Biotechnology: 1/500) were used in the experiment.

Statistical analysis

The case-control association was analyzed by Student’s #test
and Fisher’s exact test as appropriate. The association of allele
dependent sMICA expression was studied by Kruskal-Wallis test
using R statistical environment version 2.8.1. The LD and
coefficients (D’ and %) were calculated by Haploview version 4.2

[24].
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Table 1. Association of rs2596542 with the progression from  Susceptibility. We quantified this CNV by real-time PCR in 375
CHC to LC and HCC. HCV-related HCC patients and 350 HCV-negative controls. As

shown in Table S3, we found no difference in the copy numbers
between HCC cases and controls, indicating that this CNV is

Control unlikely to be causative genetic variation for the risk of HCC.
Case MAF  MAF P OR 95% C.l.

Direct sequencing of 5' flanking region of MICA
We then focused on the variations in the 5’ flanking region of

HCC vs LC 0.4012 03797 020296 1.094  095-1.26 - ! HE n
the MICA gene which may be associated with its promoter activity.

MAF, minor allele frequency; OR, odds ratio for minor allele. C.l., confidence We had conducted direct DNA sequencing of the 5-kb promoter

interval. SNP 152596542 was analyzed in 1,043 chronic hepatitis C (CHC), 586 region which included the marker SNP rs2596542 using genomic

liver cirrhosis without hepatocellular carcinoma (LC) and 1,394 HCV-induce DNAs of 50 HCC subiects and identified 11 SNPs showine stron

hepaticellular carcinoma patients (HCC). “calculated by Armitage trend test. - . o d N ~ g S

doi10.1371/journal.pone.0061279.1001 lmkag,)e dlsequlhb.rmm with the marker SNP rs2596542 (D’>0.953
and r>0.832) (Fig. S1, Table 2).

Results

Allele specific binding of nuclear protein to genomic
Analyses of SNP rs2596542 in HCV-infected patients at region including SNP rs2596538
different disease stages To investigate whether these genetic variations would affect the
Since the development of HCC consists of multiple steps, we binding affinity of some transcription factors, we had conducted
investigated the role of SNP rs2596542 with disease progression. the electrophoretic mobility shift assay (EMSA) using the nuclear
SNP rs2596542 was genotyped in patients at three different extract of HLE human hepatocellular carcinoma cells. Since
disease categories of CHC (chronic hepatitis C) without liver MICA is a stress-inducible protein [21], we first treated the cells
cirrhosis (LC) or HCC, LC without HCC, and HCC. The with heat shock treatment at 42°C for 90 minutes and confirmed
statistical analysis indicated that SNP rs2596542 was significantly significant induction of MICA expression as shown in Fig. la.
associated with disease progression from CHC to LC with P-value Then we performed EMSA using 24 labeled-oligonucleotides
0f 0.048 and odds ratio of 1.17 (Table 1). The risk allele frequency corresponding to each allele of the 12 candidates’ SNPs. The
among HCC patients (40.1%) was higher than that among LC results of EMSA demonstrated that an oligonucleotide corre-
patients (38.0%), but the association was not statistically significant sponding to a G allele of SNP rs2596538 exhibited stronger
(P-value of 0.203 and odds ratio of 1.09). These results suggested binding affinity to a nuclear protein(s) than that to an A allele
the involvement of MICA with both liver fibrosis and hepatocel- (Fig. 1b). We then confirmed the specific binding of nuclear
lular carcinogenesis. proteins to the G allele by competitor assay using non-labeled
oligonucleotides (Fig. 1c). The self (G allele) oligonucleotides
HCV-HCC risk is not associated with MICA copy number  inhibited the formation of DNA-protein complex in a dose-

variation dependent manner, but the non-self (A allele) oligonucleotides
A previous report has indicated the deletion of the entire MICA showed no inhibition effect. Taken together, some nuclear
locus in 3.2% of Japanese population [25] and this deletion was protein(s) in hepatocellular carcinoma cells would interact with a

shown to be associated with the risk of nasopharyngeal carcinoma DNA fragment including the G allele of SNP rs2596538.
(NPC), especially in male [26]. To identify the functional SNP that
may affect MICA mRNA expression, we analyzed the relation
between the MICA copy number variation (CNV) and the HCC

Table 2. Linkage disequilibrium between 11 candidate SNPs and SNP rs2596542.

SNP ID Relative position® A1 A1 frequency D’ Id

152428475

152428474 —4387 G

152844526 —3703 C 0.38 1 0.918

52523453 —3285 G 0.38 1 0.918

52523452 —2870 G 0.34 0.953 0.832

152844522 -2710 C 0.34 0.953 0.832

Note: Direct DNA sequence of 5-kb promoter region of MICA from 50 HCV-HCC subjects. D’ and r? were calculated by comparing the genotypes of these SNPs to the
marker SNP rs2596542 by Haploview. A1, minor allele; Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t002
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Figure 1. SNP rs2596538 affects the binding affinity of nuclear proteins. (A) Real-time quantitative PCR (upper) and Western blotting
(lower) of MICA before and after heat shock treatment in HLE cells. B2M and B-actin are served as internal and protein loading control. (B) EMSA using
31 bp labeled probes flanking each SNP located within the 4.8 kb region upstream of MICA transcription start site. A black arrow indicates the shifted
band specific to G allele of SNP rs2596538. (C) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled A or G allele of SNP 152596538 at different concentrations are used as competitors. Pointed arrow indicates shifted band. *P<0.05 by
Student’s t-test.

doi:10.1371/journal.pone.0061279.g001
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Figure 2. Binding of transcription factor SP1 to G allele of SNP rs2596538. (A) Multiple alignment of a GC box and DNA sequence of A or G
probe of SNP rs2596538 used in EMSA. (B) EMSA using the labeled G allele of SNP rs2596538 and nuclear extract from heat treated HLE cells. Non-
labeled consensus oligonucleotides of seven transcription factors are used as competitors. Pointed arrow indicates shifted band. (C) EMSA using the
labeled G allele of SNP rs2596538 and nuclear extract from heat shock treated HLE cells in the presence of anti-SP1 antibody or normal rabbit IgG.
Asterisks on the left side indicate the shifted (*) and super-shifted bands (**). Normal rabbit IgG serves as a negative control. (D) ChIP assay using
HepG2 and HLE cell lines were ectopically expressed with SP1 protein. DNA-protein complex was immunoprecipitated with anti-SP1 antibody
followed by PCR amplification using a primer pair flanking SNP rs2596538. DNAs precipitated without antibody are served as a negative control. PCR
primers flanking the 3’ UTR region of MICA are served as a negative control. (E) Genotype distribution at SNP rs2596538 in PCR fragment amplified
from the input genomic DNA and DNA-protein complex immunopurified from HepG2 cells by using anit-SP1 antibody. *P<<0.05 by Student’s t-test.

doi:10.1371/journal.pone.0061279.g002

SNP rs2596538 regulates the binding of SP1

Since in silico analysis identified a putative GC box in a
protective G allele but not in a risk A allele (Fig. 2a), the
transcription factor SP1 might preferentially bind to the G allele.
Base on this information, we further performed competitor assay
using non-labeled oligonucleotides (Table S2) and found that
among seven tested oligonucleotides, only SP1-consensus oligonu-
cleotides could effectively inhibit the binding of the nuclear
protein(s) to the labeled G allele (Fig. 2b). In addition, we identified
that the addition of anti-SP1 antibody caused a supershift of a
band corresponding to the DNA-protein complex while control
IgG did not cause the band shift (Fig. 2¢). This result clearly
indicated that the SP1 protein is very likely to be a component of
the DNA-protein complex.

Furthermore, we performed chromatin immunoprecipitation
(ChIP) assay to confirm the binding of SP1 to this genomic region
in vivo. We had used two cell lines with different genetic
backgrounds at SNP rs2596538 locus: HLE cells carrying the
only G allele, while HepG?2 cells harboring both A and G alleles.
After the introduction of SP1 expression vector (pCAGGS-SP1)
into these cell lines, the cell extracts were subjected to ChIP assay
using anti-SP1 antibody (Fig. 2d). Subsequent PCR experiments
indicated that SP1 bound to a genomic fragment containing the G
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allele of SNP rs2596538 in vivo, while 3° UTR region of MICA
(negative control) was not immunoprecipitated with anti-SP1
antibody. To further evaluate the binding ability of SP1 to each
allele in vivo, we sub-cloned the DNA fragment that amplified from
genomic DNA of HepG2 cells before and after immunoprecip-
itation by anti-SP1 antibody. The subsequent sequencing results
showed that 26 out of 29 tested clones contained the G allele,
demonstrating the preferential binding of SP1 to the G allele
(Fig. 2e).

SP1 over-expression preferentially up-regulates MICA
expression at G allele

To further investigate the physiological role of the interaction
between SP1 and this genomic region, we performed reporter
gene assay. Three copies of 31-bp DNA fragments flanking the
candidate functional SNP rs2596538 were subcloned into the
multiple cloning sites of the pGL3 promoter vector. The relative
luciferase activity of the plasmid including the G allele was
significantly higher than that including the A allele (Fig. 3a).
Furthermore, over-expression of SP1 in the cells could significantly
enhance the luciferase activity of the G-allele vector, while the
enhancement of the A-allele vector was relatively modest (Fig. 3a).
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Figure 3. Transcriptional regulation of MICA by SP1 through genomic region including SNP rs2596538. (A) Reporter assay using
constructs including 3 copies of 31 bp DNA fragment flanking SNP rs2596538. Reporter constructs are transfected into HLE cells with pRL-TK and
pCAGGS or pCAGGS-SP1 vector. The value of relative luciferase activity was calculated as the firefly luciferase intensity divided by the renilla luciferase
intensity. The data represent the mean = SD value of 4 independent studies. (*P<<0.05, Student’s t-test) (B) MICA expression in HLE cells after
transfection with pCAGGS or pCAGGS-SP1 vector. B-actin is served as a protein loading control.
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We also evaluated the effect of ectopically expressed SP1 on the
MICA expression in HLE cells. Western-blot analysis showed that
MICA protein expression was significantly increased after the SP1
over-expression (Fig. 3b). These results provided a strong evidence
that the G allele has higher transcriptional potential that can be
inducible by SP1.

Association of SNP rs2596538 with HCC risk and sMICA
level in HCV-induced HCC patients

To further investigate the role of SNP rs2596538 in human
carcinogenesis, we investigated the association of SNP rs2596538
with HCV-induced HCC in 721 HCV-HCC cases and 5,486
HCV-negative controls that had been genotyped using Ilumina
HumanHap610-Quad Genotyping BeadChip in our previous

Table 3. Association of SNP rs2596542 and SNP rs2596538
with HCV-induced HCC.

Relative
position® A1l OR

SNP ID P value

rs2596538 —2778 A 1.343 1.82x107

Note: Genotype data of 721 HCV-HCC cases and 5,486 HCV-negative controls
were imputed using 1000 genomes as reference. A1, risk allele; OR, odds ratio
for the risk allele calculated by considering the protective allele as a reference.
2Relative position to exon 1 of the MICA gene.
doi:10.1371/journal.pone.0061279.t003
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study [6]. We performed imputation analysis by using haplotype
data from 1000 genome database [20] and found that an A allele
of SNP rs2596538 was considered to be a risk allele for HCV-
related HCC (Table 3, odds ratio=1.343, P= 1.82x107%). The
functional SNP rs2596538 exhibited a stronger association with
the HCC risk than the marker SNP 152596542 (2.46 x107%). We
also analyzed the relationship between the SNP rs2596538 and the
sMICA level among 246 HCV-induced HCC patients and found a
significant association with the P-value of 0.00616 (Fig. 4). These
results were concordant with our functional analyses in which the
G allele exhibited a higher affinity to SP1 and revealed a higher
transcriptional activity.

Discussion

Approximately 160 million people (2.35% of the worldwide
population) are estimated to have HCV infection [27]. Since HCV
carriers have an increased risk to develop liver cirrhosis and
subsequent HCC [28,29], the prediction of cancer risk is especially
important for CHC patients. In our previous study, we have
identified that SNP rs2596542 located in the upstream of MIC4
gene was significantly associated with the risk of HCC develop-
ment among CHGC patients as well as the serum level of sMICA
[6]. In this study, we found that the genetic variant at SNP
12596538 strongly affected the binding affinity of SP1. Over-
expression of SP1 remarkably induced MICA expression in cells
carrying the G allele that has a higher affinity to the SP1 binding.
These findings are concordant with higher serum sMICA level
among HCC patients with the G allele at SNP rs2596538. SP1 is a
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Figure 4. Association between the soluble MICA levels and SNP rs2596538 genotype. The samples were classified into 3 groups according
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Statistical significance was determined by Kruskal-Wallis test.
doi:10.1371/journal.pone.0061279.g004

ubiquitously expressed transcription factor which binds to the GC-
rich decanucleotide sequence (GC box) and activates the
transcription of various viral and cellular genes [30,31]. Phos-
phorylation of SP1 was shown to be induced by HCV core protein
and exhibited higher binding affinity to the promoter region of its
downstream targets [32]. From our previous study, we showed a
significant difference of sMICA expression between non-HCV
individuals and CHGC patients. This indicated that sMICA
expression was induced after HCV infection [6]. Hence, we here
propose the following hypothesis. After HCV infection, the virus
core protein enhances the SP1 phosphorylation in hepatocytes,
and the phosphorylated SP1 binds to the DNA segment
corresponding to the G allele of SNP rs2596538 and then induces
MICA expression. The membrane-bound MICA (mMICA) serves
as a ligand for NKG2D to activate the immune system and results
in the elimination of viral-infected cells by NK cells and CD8+ T
cells [8,9]. Eventually, HCV-infected individuals with higher
MICA level may cause stronger immune response to the infected
cells and hence result in a reduced risk for HCC progression.
Moreover, the mMICA is then shed by metalloproteinases that are
often over-expressed in cancer tissues and convert mMICA to
sMICA. This resulted in a significantly increase of sMICA level in
the serum of HCV infected patients.

In contrast to HCV-induced HCC, our group had previously
identified that higher sMICA level was associated with poor
prognosis in HBV-induced HCC patients [33]. Such an opposite
effect of MICA would be attributable to the difference in
downstream pathway between HBV and HCV. HBV virus
encodes hepatitis B virus X protein (HBx) that is pathogenic and
promotes tumor formation. It had been reported that HBx protein

PLOS ONE | www.plosone.org

was associated with an elevated expression of MT1-MMP, MMP2,
and MMP3 [34,35]. HBx was also shown to transactivate MMP9
through ERKs and PI-3K-AKT/PKB pathway and suppress
TIMP1 and TIMP3 activities [36,37]. The activation of
metalloproteinases would induce the shedding of mMICA into
sMICA, which promotes the tumor formation through the
inhibitory effect of SMICA on NK cells. This can explain why
high sMICA expression is a marker of poor prognosis for HBV-
induced HCC. On the other hand, HCV infection was not
associated with metalloproteinases activation, although the
expression of sSMICA was shown to be proportional to mMICA
level. Therefore individuals with high MICA expression are likely
to activate natural killer cells and CD8+ T cells to eliminate virus
infected cells.

SP1 was previously identified as a transcriptional regulator of
both MICA and MICB [7,9,38]. A polymorphism in the AZICB
promoter region was found to be associated with AMICB
transcription level [7]. To our knowledge, this is the first report
showing that MICA transcription is directly influenced by
functional variant. Moreover, this functional SNP is significantly
associated with HCV-induced HCC. Our findings provide an
insight that AfICA genetic variation is a promising prognostic
biomarker for CHC patients.

Supporting Information

Figure S1 Pairwise LD map between marker SNP and
11 candidates SNP. Black color boxes represent regions of high
pairwise /* value. The LD was determined by direct DNA
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sequencing of MICA promoter region from 50 randomly selected
HCV-HCC patients.
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Table S1 Characteristics of samples and methods used
in this study.
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Table S2 The sequences of each oligo used in the EMSA
and ChIP assay.
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Background & Aims: Recent evidence suggests that hepatocellu-
lar carcinoma can be classified into certain molecular subtypes
with distinct prognoses based on the stem/maturational status
of the tumor. We investigated the transcription program deregu-
lated in hepatocellular carcinomas with stem cell features.
Methods: Gene and protein expression profiles were obtained
from 238 (analyzed by microarray), 144 (analyzed by immuno-
histochemistry), and 61 (analyzed by qRT-PCR) hepatocellular
carcinoma cases. Activation/suppression of an identified tran-
scription factor was used to evaluate its role in cell lines. The rela-
tionship of the transcription factor and prognosis was statistically
examined.

Results: The transcription factor SALL4, known to regulate stem-
ness in embryonic and hematopoietic stem cells, was found to be
activated in a hepatocellular carcinoma subtype with stem cell
features. SALL4-positive hepatocellular carcinoma patients were
associated with high values of serum alpha fetoprotein, high fre-
quency of hepatitis B virus infection, and poor prognosis after
surgery compared with SALL4-negative patients. Activation of
SALL4 enhanced spheroid formation and invasion capacities,
key characteristics of cancer stem cells, and up-regulated the
hepatic stem cell markers KRT19, EPCAM, and CD44 in cell lines.
Knockdown of SALL4 resulted in the down-regulation of these
stem cell markers, together with attenuation of the invasion
capacity. The SALL4 expression status was associated with
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Chemosensitivity.
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histone deacetylase activity in cell lines, and the histone deace-
tylase inhibitor successfully suppressed proliferation of SALL4-
positive hepatocellular carcinoma cells.

Conclusions: SALL4 is a valuable biomarker and therapeutic tar-
get for the diagnosis and treatment of hepatocellular carcinoma
with stem cell features.

© 2013 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Cancer is a heterogeneous disease in terms of morphology and
clinical behavior. This heterogeneity has traditionally been
explained by the clonal evolution of cancer cells and the accumu-
lation of serial stochastic genetic/epigenetic changes [1]. The
alteration of the microenvironment by tumor stromal cells is also
considered to contribute to the development of the heteroge-
neous nature of the tumor through the activation of various sig-
naling pathways in cancer cells, including epithelial
mesenchymal transition programs [2].

Recent evidence suggests that a subset of tumor celis with
stem cell features, known as cancer stem cells (CSCs), are capable
of self-renewal and can give rise to relatively differentiated cells,
thereby forming heterogeneous tumor cell populations [3]. CSCs
were also found to generate tumors more efficiently in immuno-
deficient mice than non-cancer stem cells in various solid tumors
as well as hematological malignancies [4]. CSCs are also more
metastatic and chemo/radiation-resistant than non-CSCs and
are therefore considered to be a pivotal target for tumor eradica-
tion [5,6].

Hepatocellular carcinoma (HCC) is a leading cause of cancer
death worldwide [7]. Recently, we proposed a novel HCC classifi-
cation system based on the expression status of the hepatic stem/
progenitor markers epithelial cell adhesion molecule (EpCAM)
and alpha fetoprotein (AFP) [8]. EpCAM-positive (*) AFP™ HCC
(hepatic stem cell-like HCC; HpSC-HCC) is characterized by an
onset of disease at younger ages, activation of Wnt/B-catenin
signaling, a high frequency of portal vein invasion and poor
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prognosis after radical resection, compared with EpCAM™ AFP~
HCC (mature hepatocyte-like HCC; MH-HCC) [9]. EPCAM is a tar-
get gene of Wnt/B-catenin signaling, and EpCAM* HCC cells iso-
lated from primary HCC and cell lines show CSC features
including tumorigenicity, invasiveness, and resistance to fluoro-
uracil [9,10]. Thus, EpCAM appears to be a potentially useful mar-
ker for the isolation of liver CSCs in HpSC-HCC. However, key
transcriptional programs responsible for the maintenance of
EpCAM™ CSCs are still unclear.

In this study, we aimed to clarify the transcriptional programs
deregulated in HpSC-HCC using a gene expression profiling
approach. We found that the SALL4 gene encoding Sal-like 4 (Dro-
sophila) (SALL4), a zinc finger transcriptional activator and verte-
brate orthologue of the Drosophila gene spalt (sal) [11], was up-
regulated in HpSC-HCC. In adults, SALL4 is known to be expressed
in hematopoietic stem cells and their malignancies, but its role in
HCC has not yet been fully elucidated [12-14]. We therefore
investigated the role of SALL4 in the regulation and maintenance
of EpCAM* HCC.

Materials and methods
Clinical HCC specimens

A total of 144 HCC tissues and adjacent non-cancerous liver tissues were obtained
from patients who underwent hepatectomy for HCC treatment from 2002 to 2010
at Kanazawa University Hospital, Kanazawa, Japan. These samples were formalin-
fixed and paraffin-embedded, and used for immunohistochemistry (IHC). A fur-
ther 61 HCC samples were obtained from patients who underwent hepatectomy
from 2008 to 2011; these were freshly snap-frozen in liquid nitrogen and used for
RNA analysis. Of these 61 HCCs, 8 and 36 cases were defined as HpSC-HCC and
MH-HCC, respectively, according to previously described criteria [8].

27 HCC cases were included in both the IHC cohort (n = 144) and quantitative
reverse transcription-polymerase chain reaction (QRT-PCR) cohort (n=61), and
SALL4 gene and protein expression were compared between these cases. An addi-
tional fresh HpSC-HCC sample was obtained from a surgically resected specimen
and immediately used for preparation of a single-cell suspension. All experimen-
tal and tissue acquisition procedures were approved by the Ethics Committee and
the Institutional Review Board of Kanazawa University Hospital. All patients pro-
vided written informed consent.

Microarray analysis

Detailed information on microarray analysis is available in the Supplementary
Materials and methods.

Cell culture and reagents

Human liver cancer cell lines HuH1, HuH7, HLE, and HLF were obtained from the
Japanese Collection of Research Bioresources (JCRB), and Hep3B and SK-Hep-1
were obtained from the American Type Culture Collection (ATCC). Single-cell sus-
pensions of primary HCC tissue were prepared as described previously [15].
Detailed information is available in the Supplementary Materials and methods.
The histone deacetylase (HDAC) inhibitor suberic bis-hydroxamic acid (SBHA)
and suberoylanilide hydroxamic acid (SAHA) were obtained from Cayman Chem-
ical (Ann Arbor, MI). Plasmid constructs pCMV6-SALL4A (encoding SALL4A),
pCMV6E-SALLA-GFP, and 29mer shRNA constructs against human SALL4 (No.
7412) were obtained from OriGene Technologies, Inc. (Rockville, MD). These con-
structs were transfected using Lipofectamine 2000 (Life Technologies, Carlsbad,
CA) according to the manufacturer’s protocol.

Western blotting

Whole cell lysates were prepared using RIPA lysis buffer. Nuclear and cytoplasmic
proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology Inc., Rockford, IL). Mouse monoclonal antibody

to human Sall4 clone 6E3 (Abnova, Walnut, CA), rabbit polyclonal antibodies to
human Lamin B1 (Cell Signaling Technology Inc., Danvers, MA), and mouse mono-
clonal anti-B-actin antibody (Sigma-Aldrich, St. Louis, MO) were used. Immune
complexes were visualized by enhanced chemiluminescence (Amersham Biosci-
ences Corp., Piscataway, NJ) as described previously [15,16].

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)

Detailed information on gRT-PCR is available in the Supplementary Materials and
methods.

IHC and immunofluorescence (IF) analyses

[HC was performed using an Envision+ kit (Dako, Carpinteria, CA) according to the
manufacturer’s instructions. Anti-SALL4 monoclonal antibody 6E3 (Abnova, Wal-
nut, CA), anti-EpCAM monoclonal antibody VU-1D9 (Oncogene Research Prod-
ucts, San Diego, CA), and anti-CK19 monoclonal antibody RCK108 (Dako Japan,
Tokyo, Japan) were used for detecting SALL4, EpCAM, and CK19, respectively.
Anti-Sall4 rabbit polyclonal antibodies (ab29112) (Abnova) and vector red (Vec-
tor Laboratories Inc., Burlingame, CA) were used for double color [HC analysis.
Samples with >5% positive staining in a given area were considered to be positive
for a particular antibody. For IF analyses, Alexa 488 fluorescein isothiocyanate
(FITC)-conjugated anti-mouse immunoglobulin G (IgG) (Life Technologies) was
used as a secondary antibody.

Cell proliferation, spheroid formation, invasion, and HDAC activity assay

Detailed information on this topic is available in the Supplementary Materials
and methods.

Statistical analyses

Student’s t tests were performed with GraphPad Prism software 5.0 (GraphPad
Software, San Diego, CA) to compare various test groups assayed by cell prolifer-
ation assays and qRT-PCR analysis. Spearman’s correlation analysis and Kaplan-
Meier survival analysis were also performed with GraphPad Prism software 5.0
(GraphPad Software).

Results
Activation of SALL4 in HpSC-HCC

To elucidate the transcriptional programs deregulated in HpSC-
HCC, we performed class-comparison analyses and identified
793 genes showing significant differences in differential expres-
sion between HpSC-HCC (n=60) and MH-HCC (n=96)
(p <0.001), as previously described [9]. Of them, 455 genes were
specifically up-regulated in HpSC-HCC, and we performed tran-
scription factor analysis using this gene set to identify their tran-
scriptional regulators by MetaCore software. We identified four
transcription factor genes, SALL4, NFYA, TP53, and SP1, that were
potentially activated in HpSC-HCC (Fig. 1A). Involvement of
TP53 and SPI1 in the stemness of HCC has previously been
described [17,18], but the roles of SALL4 and NFYA were unclear.

We investigated the interaction networks affected by SALL4
and NFYA using the MetaCore dataset. We showed that SALL4
might be a regulator of Akt signaling (SP1), Wnt signaling
(TCF7L2), and epigenetic modification (JARID2, DMRT1, DNMT3B)
[19], and could potentially regulate two other transcriptional reg-
ulators, SP1 and NFYA, through Akt and Myb signaling pathways
(Fig. 1B). As a recent study indicated that SALL4 is a direct target
of the Whnt signaling pathway [20], which is dominantly activated
in HpSC-HCC [9], we focused on the expression of SALL4 in HpSC-
HCC, and confirmed its up-regulation in HpSC-HCC compared
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Fig. 1. Transcription factors potentially activated in HpSC-HCC. (A) Transcription factor analysis. Transcription factors regulating genes up-regulated in HpSC-HCC are
listed with their p values and z-scores as calculated by MetaCore software. (B) Interaction network analysis. Seven genes (ABL1, DMRT1, DNMT3B, JARID2, NFYA, SP1, and
TCF712, indicated in orange) shown to be up-regulated in HpSC-HCC were identified as potential target genes regulated by SALL4 (indicated in red). (C) SALL4 gene
expression evaluated by microarray analysis. Tumor/non-tumor (T/N) ratios of microarray data in HpSC-HCC (n =60) and MH-HCC (n = 96). (D) SALL4 gene expression
evaluated by qRT-PCR. Gene expression of SALL4 in HpSC-HCC (n = 8) and MH-HCC (n = 36) samples. (E) Scatter plot analysis. Gene expression levels of EPCAM (upper panel)
and AFP (lower panel) were positively correlated with those of SALL4 in microarray data (n =238, T/N ratios), as shown by Spearman’s correlation coefficients. (F) Scatter
plot analysis. Gene expression levels of EPCAM (upper panel) and AFP (lower panel) were positively correlated with those of SALL4 in qRT-PCR data (n = 61), as shown by

Spearman'’s correlation coefficients. (This figure appears in colour on the web.)

with MH-HCC as evaluated by microarray data (Fig. 1C). We val-
idated this using an independent HCC cohort evaluated by qRT-
PCR (Fig. 1D). We further examined the expression of SALL4,
EPCAM, and AFP using microarray data of 238 HCC cases
(Fig. 1E) and qRT-PCR data of 61 HCC cases (Fig. 1F). For the
tumor/non-tumor ratios, we identified a weak positive correla-
tion between SALL4 and EPCAM (r = 0.31, p <0.0001) and between
SALL4 and AFP (r = 0.31, p = 0.0003) in the microarray cohort. We
further evaluated expression of these genes in HCC tissues by
gqRT-PCR, and we validated the strong positive correlation
between SALL4 and EPCAM (r=0.70, p <0.0001) and between
SALL4 and AFP (r = 0.66, p <0.0001) in the independent cohort.
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Next we performed IHC analysis of 144 HCC cases surgically
resected at Kanazawa University Hospital. We first confirmed
the nuclear accumulation of SALL4 stained by an anti-human
SALL4 antibody (Fig. 2A). We further confirmed the concordance
of SALL4 protein expression evaluated by IHC, and SALL4 gene
expression evaluated by qRT-PCR using the same samples
(Fig. 2B). We detected the nuclear expression of SALL4 in 43 of
144 HCC cases (Table 1). After evaluating the clinicopathological
characteristics of SALL4-positive and -negative HCC cases, we
identified that SALL4-positive HCCs were associated with a signif-
icantly high frequency of hepatitis B virus (HBV) infection and
significantly high serum AFP values. We further identified that
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SALL4-positive HCCs were associated with expression of the
hepatic stem cell markers EpCAM and CK19. Co-expression of
SALL4, EpCAM, and CK19 was confirmed by double color THC
analysis (Fig. 2C). Evaluation of the survival outcome of these sur-
gically resected HCC cases by Kaplan-Meijer survival analysis
indicated that SALL4-positive HCCs were associated with signifi-
cantly lower recurrence-free survival outcomes within one year
compared with SALL4-negative HCCs (p = 0.0049) (Fig. 2D).
Because SALL4 expression was positively correlated with
EpCAM and AFP expression in primary HCC cases, we evaluated
the expression of SALL4 in EpCAM" AFP* and EpCAM~ AFP~
HCC cell lines. Consistent with the primary HCC data, two of three
EpCAM® AFP* HCC cell lines (Hep3B and HuH7) abundantly
expressed SALL4, as shown by qRT-PCR (Fig. 2E) and Western
blotting (Fig. 2F). We identified the expression of two isoforms
of SALL4 proteins with molecular weights of 165 kDa (SALL4A)

and 115 kDa (SALL4B), and SALL4B was found to be the dominant
endogenous isoform in HCC cell lines. All EpCAM™ AFP™ HCC cell
lines (SK-Hep-1, HLE, and HLF) and one EpCAM* AFP* cell line
(HuH1) did not express SALLA. Nuclear accumulation of SALL4
in Hep3B and HuH?7 cells was confirmed by IHC using subcutane-
ous tumors developed in xenotransplanted NOD/SCID mice
(Fig. 2G). We further evaluated the expression of EPCAM and
SALL4 using single cell suspensions derived from a surgically
resected primary HCC. EpCAM™ and EpCAM™ cells were separated
by magnetic beads, and we revealed a strong spheroid formation
capacity of sorted EpCAM" cells compared with EpCAM™ cells
(Fig. 2H, left panel). Interestingly, when comparing the expres-
sion of SALL4 in these sorted cells, we identified a high expression
of SALL4 in sorted EpCAM" cells compared with EpCAM™ cells
(Fig. 2H, right panel), indicating that SALL4 is activated in
EpCAM" liver CSCs.
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Table 1. Clinicopathological characteristics of SALL4-positive and -negative HCC cases used for IHC analyses.

Parameters SALL4-positive SALL4-negative p value*
(n=43) (n=101)

Age (yr, mean + SE) 60.8+1.8 64.6+1.0 0.13
Sex (male/female) 27116 70/18 0.06
Etiology (HBV/HCV/B + Clother) 21/14/0/8 20/63/3/15 0.0014
Liver cirrhosis (yes/no) 21/22 61/40 0.27
AFP (ng/ml, mean * SE) 13,701 £ 9292 175.5+55.0 <0.0001
Histological grade**

-1 3 18

111 33 68

H-1Iv 7 15 0.24
Tumor size (<3 cm/>3 cm) 17/26 57/44 0.071
EpCAM (positive/negative) 27116 29/72 0.0002
CK19 (positive/negative) 12/31 12/89 0.027

*“Mann-Whitney U-test or %2 test.
**Edmondson-Steiner.

SALL4 regulates stemness of HpSC-HCC

To explore the role of SALL4 in HpSC-HCC, we evaluated the effect
of its overexpression in HuH1 cells which showed little expres-
sion of SALL4 irrespective of EpCAM™ and AFP" HpSC-HCC pheno-
type. We transfected plasmid constructs encoding SALL4
(pCMV6-SALL4) or control (pCMV7), and we similarly identified
the expression of two isoforms by using this construct (Fig. 3A).
Evaluation of the subcellular localization of GFP-tagged SALL4
(pCMV6-SALL4-GFP) showed that it could be detected in both
the cytoplasm and nucleus (Fig. 3B). We observed strong up-reg-
ulation of the hepatic stem cell marker KRT19, modest up-regula-
tion of EPCAM and CD44, and down-regulation of the mature
hepatocyte marker ALB in HuH1 cells transfected with pCMV6-
SALL4 compared with the control (Fig. 3C). Up-regulation of
CK19 by SALL4 overexpression was also confirmed at the protein
level by IF analysis (Fig. 3D). Phenotypically, SALL4 overexpres-
sion in HuH1 cells resulted in the significant activation of spher-
oid formation and invasion capacities with activation of SNAII,
which induces epithelial-mesenchymal transition, compared
with the control (Fig. 3E and F, Supplementary Fig. 1A).

We further investigated the effect of SALL4 knockdown in
HuH7 cells, which intrinsically expressed high levels of SALL4.
Expression of SALL4 was decreased to 50% in HuH7 cells transfec-
ted with SALL4 sh-RNA compared with the control when evalu-
ated by qRT-PCR (Fig. 4A). However, the reduction of SALL4
protein was more evident when evaluated by Western blotting,
suggesting that this sh-RNA construct might work at the transla-
tional as well as the transcriptional level (Fig. 4B). Knock down of
SALL4 resulted in a compromised invasion capacity and spheroid
formation capacity with decreased expression of EPCAM and
(D44 in HuH?7 cells (Fig. 4C and D, Supplementary Fig. 1B and C).

SALL4 and HDAC activity in HpSC-HCC

The above data suggested that SALL4 is a good target and bio-
marker for the diagnosis and treatment of HpSC-HCCs. However,
it is difficult to directly target SALL4 as no studies have investi-
gated the inhibition of its transcription using chemical or other
approaches [21]. We therefore re-investigated the interaction
networks associated with SALL4, and found that SALL4 activation

appeared to induce epigenetic modification (Fig. 1B). In particu-
lar, a recent study suggested that SALL4 forms a nucleosome
remodeling and deacetylase (NuRD) complex with HDACs and
potentially regulates HDAC activity [22]. We therefore confirmed
that SALL4 knock down resulted in the reduced activity of total
HDAC in HuH7 cells (Fig. 4E). We also evaluated the effect of
the overexpression of SALL4 in HuH1 and HLE cells, which do
not express SALL4 endogenously, and SALL4 overexpression was
found to result in a modest increase of HDAC activity and mild
enhancement of chemosensitivity to an HDAC inhibitor SBHA in
both cell lines (Supplementary Fig. 2A and B). We further inves-
tigated HDAC activity in two SALL4-positive (Hep3B, HuH7) and
two SALL4-negative (HLE, HLF) HCC cell lines. Interestingly, high
HDAC activities were detected in SALL4-positive compared with
SALL4-negative HCC cell lines (Fig. 4F). The HDAC inhibitor SBHA
was found to inhibit proliferation of SALL4-positive HCC cell lines
at a concentration of 10 pM. By contrast, SBHA had little effect on
the proliferation of SALL4-negative HCC cell lines at this concen-
tration (Fig. 4G). SBHA treatment suppressed the expression of
SALL4 gene/protein expression in SALL4-positive HuH7 and
Hep3B cell lines (Supplementary Fig. 3A and B). We further inves-
tigated the effect of SAHA, an additional HDAC inhibitor, in these
HCC cell lines, and SAHA was found to more efficiently suppress
the cell proliferation of SALL4-positive cell lines compared with
SALL4-negative cell lines (Supplementary Fig. 3C).

Taken together, our data suggest a pivotal role for the tran-
scription factor SALL4 in regulating the stemness of HpSC-HCC.
SALL4 was detected in HpSC-HCCs with poor prognosis, and inac-
tivation of SALL4 resulted in a reduced invasion/spheroid forma-
tion capacity and decreased expression of hepatic stem cell
markers. The HDAC inhibitors inhibited proliferation of SALL4-
positive HCC cell lines with a reduction of SALL4 gene/protein
expression, suggesting their potential in the treatment of
SALL4-positive HpSC-HCC.

Discussion

Stemness traits in cancer cells are currently of great interest
because they may explain the clinical outcome of patients
according to the malignant nature of their tumor. Recently, we
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proposed an HCC classification system based on the stem/matu-
ration status of the tumor by EpCAM and AFP expression status
[8]. These HCC subtypes showed distinct gene expression pat-
terns with features resembling particular stages of liver lineages.
Among them, HpSC-HCC was characterized by a highly invasive
nature, chemoresistance to fluorouracil, and poor prognosis after
radical resection, warranting the development of a novel thera-
peutic approach against this HCC subtype [9].

In this study, we showed that the transcription factor SALL4
was activated in HpSC-HCC and that SALL4 might regulate HCC
stemness, as characterized by the activation of EpCAM, CK19,
and CD44 with highly tumorigenic and invasive natures. Further-
more, we identified that SALL4-positive HCC cell lines tended to
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Fig. 4. Effect of SALL4 knockdown and HDAC activity. (A) qRT-PCR analysis of
SALL4 in HuH7 cells transfected with control or SALL4 sh-RNAs (n = 3, mean * SD).
(B) Western blots of lysates obtained from HuH7 cells transfected with control or
SALL4 sh-RNAs with anti-SALL4 antibodies. (C) qRT-PCR analysis of EPCAM and
(D44 in HuH7 cells transfected with control or SALL4 sh-RNAs (n = 3, mean + SD).
(D) Invasion assay of HuH7 cells transfected with control or SALL4 sh-RNAs (n =3,
mean * SD). (E) HDAC activity of nuclear extracts obtained from HuH7 cells
transfected with control or SALL4 sh-RNAs. (F) HDAC activity of nuclear extracts
obtained from each cell line. HDAC activity was measured in duplicate and
average amounts of deacetylated products are indicated (upper panel). Lamin B
included in the nuclear extracts loaded for HDAC activity assays was measured by
Western blotting (lower panel). (G) Cell proliferation assay of HCC cell lines, Each
cell line was treated with control DMSO or 10 uM SBHA and cultured for 72 h
(n=4, mean = SD).

show high HDAC activity and chemosensitivity to the HDAC
inhibitors SBHA and SAHA. This study reveals for the first time
the utility of SBHA for the treatment of HCC with stem cell
features.

SALL4 is a zinc finger transcription factor originally cloned
based on sequence homology to Drosophila sal [11]. SALL4 muta-
tions are associated with the Okihiro syndrome, a human disease
involving multiple organ defects [23,24]. SALL4 plays a funda-
mental role in the maintenance of embryonic stem cells, poten-
tially through interaction with Oct4, Sox2, and Nanog [25-30].
Furthermore, knockdown of SALL4 significantly reduces the effi-
ciency of induced pluripotent stem cell generation [31]. SALL4
is also expressed in hematopoietic stem cells and leukemia cells,
where it regulates their maintenance [14,32]. SALL4 is known to
encode two isoforms (SALL4A and SALL4B), and a recent study
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suggested the important role of SALL4B on maintaining the stem-
ness of embryonic stem cells [25]. Interestingly, our data indi-
cated that SALL4B is also a dominant form in HpSC-HCC cell
lines. It is unclear how SALL4 isoform expression is regulated in
cancer, and future studies are required to explore the mecha-
nisms of SALL4 isoform regulation.

In the liver, SALL4 is expressed in fetal hepatic stem/progen-
itors but not in adult hepatocytes, and a mouse study demon-
strated that inhibition of SALL4 in hepatic stem/progenitors
contributes to their differentiation [33]. Interestingly, recent
studies indicated that AFP-producing gastric cancer expresses
SALL4, suggesting that SALL4 might play a role in the hepatoid
differentiation of gastric cancer [34]. Consistently, our data indi-
cated a positive correlation between SALL4, AFP, and EPCAM
expression in two independent HCC cohorts. Strikingly, SALL4
was recently shown to be expressed in a subset of human liver
cancers with poor prognoses, while modification of SALL4
expression resulted in the alteration of cell proliferation
in vitro and tumor growth in vivo, consistent with our current
study [35]. A recent study reported the expression of SALL4 in
46% of HCC cases, which is almost comparable to our present
study [36]. Furthermore, a very recent study of two indepen-
dent large cohorts demonstrated that SALL4 is a marker for a
progenitor subclass of HCC with an aggressive phenotype [37].
It is still unclear how SALL4 expression is regulated and which
target genes are directly activated by SALL4 binding. Future
studies using next generation sequencing are required to fully
understand the mechanisms of SALL4 regulation of HCC
stemness.

In this study, we demonstrated that SALL4-positive HCC cell
lines have high HDAC activity and chemosensitivity against the
HDAC inhibitors SBHA and SAHA compared with SALL4-negative
HCC cell lines. SALL4 was recently found to directly connect with
the epigenetic modulator NuRD complex [22], thereby possibly
affecting the histone modification associated with stemness.
The NuRD complex is a multiunit chromatin remodeling complex
containing chromodomain-helicase-DNA-binding proteins and
HDACs that regulate histone deacetylation [38]. Its role in cancer
is still controversial, while its function in HCC has not yet been
determined.

Our data suggest that SALL4 plays a role in controlling HDAC
activity and contributing to the maintenance of HCC with stem
cell features, Consistently, HDAC inhibitors might be useful for
the eradication of SALL4-positive HCC cells through their inhibi-
tory effects on histone deacetylation by NuRD [39]. Encourag-
ingly, a recent study demonstrated the utility of a SALL4-
binding peptide to inhibit its binding to phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) through interaction
with HDAC, thereby targeting leukemia cells [21]. Further studies
are required to understand the relationship between SALL4, the
NuRD complex, and the maintenance of stemness in HCC.
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Introduction infections in adulthood develop into chronic hepatitis with viral
. . . persistence.
The hepatitis B virus (HBV) is one of the most common causes The frequency of HBV infection which develops into chronic

of cl‘)ronic hepatitis B (CHB), liver cirrht?sis and hepatocellular hepatitis depends on the age at which the person is infected [1,2].
carcinoma (HCC). Globally more Fhan 2 billion people have bec'n However, the factors determining HBV persistence or clearance
infected with HBV and 378 million are suffering from chronic  pe 104 clearly understood [4—6]. Risk factors for viral persistence
hepatitis. Over 600,000 people die each year because of HBV i . de the following: virological factors (viral load, genotype, viral
infection. In high prevalence areas such as the central Asian gene mutations and co-infection with another virus), host factors
rep.ublics, Southeast Asia, Sul?-Saharan Africa and .the Amazon (age at infection, gender, immune status and genetic variability)
basin over 8% of the population may be HBV carriers [1]. The 344 extrinsic factors (e.g- alcohol consumption and chemotherapy)
main route of HBV infection is vertical transmission from mother [7]. Whether viral infection results in acute or chronic infection
to infant and horizontal transmission between children, whereby also depends on cellular immune responses influenced by human
90% will develop chronic hepatitis as infants or in early childhood leukocyte antigen (HIA) class T and II molecules which must
and never clear the virus [1-3]. In contrast, 15% of HBV present the viral antigens to CD8+ T cells and CD4+ T cells,

respectively [8]. The genes encoding HLA are the most
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polymorphic in the human genome, presumably in order to be
able to respond to all potential foreign antigens [9].

Recently, many genome-wide association studies (GWAS) have
been performed to seek associations between human genetic
variation and the outcome of HBV infection [10-15]. Studies in
the Japanese population showed that 11 single nucleotide
polymorphisms (SNPs) located within or around the HLA-DPAI
and HLA-DPBI loci are significantly associated with the occur-
rence of CHB. Of these 11 SNPs, the most strongly associated with
the outcome of HBV infection were rs9277535 and rs3128917 in
HLA-DPBI and rs3077 in HLA-DPAT [10].

Thereafter, GWAS studies in the Korean population confirmed
the presence of these host factors related to HBV outcome and
reported two new SNPs significantly associated with CHB within
the HIA region, namely rs1419881 and rs652888 in transcription
factor 19 (TCF19) and euchromatic histone-lysine methyltransfer-
ase 2 (FEHMT?2), respectively [16]. TCFI9 (or transcription factor
SC1) is a trans-activating factor that mainly influences the
transcription of genes required for late growth regulation at the
G1-S checkpoint and during S phase [17]. EHMT?2 is a histone
methyltransferase responsible for mono- and di-methylation of
H3K9 (lysine at 9% residue of histone subunit 3) in euchromatin
[18], which modifies the conformation of chromatin from its
tightly packed form, heterochromatin, and thus influences gene
repression or transcriptional silencing [19].

In the present study, we determined associations between the
SNPs of HLA-DPAI (rs3077), HLA-DPBI (rs9277378 and
rs3128917), TCF19 (rs1419881) and EHMT? (rs652888) in HBV
infected patients compared to those with resolved infections and
those who had never been infected.

Materials and Methods

Ethics Statement

This study was approved by the Institutional Review Board of
the Faculty of Medicine, University (Bangkok, Thailand) code
IRB.455/54. Written informed consent was obtained from each
patient and all samples were anonymized.

Sample Collection

All blood samples were negative for hepatitis C virus and
human immunodeficiency virus. Subjects were defined into 4
groups: 230 hepatitis B surface antigen (HBsAg)-positive HCC,
and 219 CHB who had been HBsAg-positive for at least 6 months
were recruited at the King Chulalongkorn Memorial Hospital,
whereas patients with resolved HBV and uninfected subjects were
from the Thai Red Cross Society and from the north-eastern part
of Thailand (age>40 vyears) which had been screened by
Immunoassay (Architect i2000SR, Abbott, USA)) for HBsAg,
antibody to hepatitis B surface antigen (anti-HBs) and antibody to
hepatitis B core protein (anti-HBc). Of these subjects, 113 were
negative for HBsAg but positive for anti-HBc and/or positive for
anti-HBs after resolution of infection, while 123 uninfected
subjects were all negative for HBsAg, anti-HBc and anti-HBs.
All samples in this study were collected from subjects who have
lived at the same area in Thailand, suggesting that the genetic
background would be balanced between a case and control.

Genotyping assays

DNA was extracted from peripheral blood mononuclear cell
using phenol-chloroform DNA extraction. The concentration of
DNA was determined by NanoDrop 2000c spectrophotometer
(Thermo Scientific, Wilmington, DE). We determined SNPs of
HILA-DPAI (rs3077), HLA-DPBI (rs9277378 and rs3128917), and
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the genes TCFI9 (rs1419881) and EHMTZ (rs652888) by
commercial TagMan PCR assays (Applied Biosystems, USA). In
this study we investigated HLA-DPBI (rs9277378) because this
SNP had a high level of linkage disequilibrium with rs9277535
(D' =1.00, R?=0.954) [20] and was clearly detectable by the
TagMan assay rather than rs9277533.

Statistical analyses

In this study, Hardy-Weinberg equilibrium was performed on
each SNP. The Chi-square test of independence and Odds Ratio
(OR) from two-by-two tables for comparisons between case and
control groups was performed using Microsoft Excel. Statistical
significance was defined by P<<0.05. The calculated of possibility
level was established using Chi-square contingency table analysis.

Results

Subjects were defined into 4 groups: group 1) HCC
(age =58.2%12 years, 190/230 (82.6%) male); group 2) CHB
(age =46.6+10 years, 144/219 (65.7%) male); group 3) those with
resolved HBV (age =48.2%+6 years, 83/113 (73.5%) male); and
group 4) HBV uninfected subjects (age =46.7£6 years, 73/123
(69.3%) male). The details are given in Table 1. To find the
genetic factor associated with chronicity of HBV infection,
however, the two groups (group 1 and 2) were combined
(designated “HBV carriers”). Indeed, according to the frequencies
of minor alleles of the SNPs in the HLA-DP, TCF19 and EHMT2
genes listed in Table 2, the frequencies of minor alleles of these 5
SNPs in HCC and CHB were similar (data shown in Table S1).
The composite HBV carriers group had a minor allele frequency
for rs3077 and 1s9277378 lower than in groups 3 and 4
(OR=0.57, 95% CI=0.42-0.78, p<<0.001 and OR =0.63, 95%
CI=0.47-0.85, p=0.008 for rs3077, OR =0.59, 95% CI=0.44—
0.81, p=0.001 and OR =0.56, 95% CI=0.42-0.75, p<<0.001 for
19277378, respectively). In contrast, the minor allele frequency
for rs1419881 in HBV carriers was similar to group 3 (OR =0.80,
95% CI=0.60-1.08, p=0.142) but lower than in group 4
(OR =0.64, 95% CI=0.48-0.85, p=0.002). Moreover, minor
allele frequency for rs3128917 and rs652888 in HBV carriers was
comparable to groups 3 and 4 (OR=1.14, 95% CI=0.85-1.53,
$=0.371 and OR=1.06, 95% CI=0.80-1.41, p=0.673 for
rs3128917; OR=1.14, 95% CI=0.84-1.55, p=0.400 and
OR=1.12, 95% CI=0.83-1.50, p=0.471 for rs652888, respec-
tively).

The results of Hardy-Weinberg equilibrium analysis of each
SNPs were shown in Table 3. All data were over 0.01 (p>0.01),
indicating that the frequencies did not deviate from Hardy-
Weinberg equilibrium. The genotype distribution in HBV carriers
compared to subjects with HBV resolution showed that both
rs3077 and rs9277378 were significantly associated with protective
effects against CHB in minor dominant model (OR =0.45, 95%
CI=0.30-0.69, p<<0.001 for rs3077 and OR=047, 95%
CI=0.31-0.72, p<0.001 for 1s9277378, are described in
Table 3), suggesting that major homozygous genotypes were risk
factors with the chronicity of HBV. The other SNPs rs3128917,
rs1419881 and rs652888 were not associated against HBV carrier
status (OR =1.22, 95% CI=0.76-1.97, p=0.413 for rs3128917,
OR=0.67, 95% CI=0.42-1.06, p=0.084 for rs1419881 and
OR =131, 95% CI=0.87-2.00, p=10.198 for rs652888, respec-
tively).

The genotype frequencies for 5 SNPs are shown in Table 3.
Comparing HBV carriers with uninfected subjects showed that
rs3077, rs9277378 and rs1419881 were all protectively associated
with chronic HBV infection (OR=0.63, 95% CI=0.42-0.95,
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