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Figure 4. Association between the soluble MICA levels and SNP rs2596538 genotype. The samples were classified into 3 groups according
to rs2596538 genotype. The sMICA levels measured by ELISA are indicated in y-axis. The numbers of samples and the proportion of sMICA positive
subjects from each group are shown in x-axis. The percentage of the positive sMICA expression in each group are AA=10%, AG =39%, and GG =42%.

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-HGV
individuals and CHC 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 MIC4 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
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was associated with an elevated expression of MT1-MMP, MMP?2,
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 paor prognosis for HBV-
induced HCC. On the other hand, HCV infection was not
associated with metalloproteinases activation, although the
expression of SMICA 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 MICB
promoter region was found to be associated with MICB
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 MICA 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 7° value. The LD was determined by direct DNA
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sequencing of MICA promoter region from 50 randomly selected
HCV-HCC patients.

(TIF)

Table SI Characteristics of samples and methods used
in this study.

DOCX)

Table S2 The sequences of each oligo used in the EMSA
and ChIP assay.
DOCX)
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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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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 cells 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 (qQRT-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-SALL4 (encoding SALL4A),
pCMV6-SALL4-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

IHC 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 IHC 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 SP1 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, SPT and NFYA, through Akt and Myb signaling pathways
(Fig. 1B). As a recent study indicated that SALL4 is a direct target
of the Wnt 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 gRT-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
gRT-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 gRT-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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Fig. 2. SALL4 expression in human primary HCCs and cell lines. (A) Representative images of SALL4-positive and -negative HCC immunostaining (scale bar, 100 pm). (B)
Gene expression of SALL4 in SALL4-positive (n = 13) and -negative HCCs (n = 14) as shown by IHC (mean + SD). (C) Double color IHC analysis of HCC stained with anti-SALL4
and anti-EpCAM or anti-CK19 antibodies (scale bar, 100 pm). (D) Kaplan-Meier survival analysis with Log-rank, Recurrence-free survival of SALL4-positive (n = 43) and -
negative (n=101) HCCs was analyzed. (E) SALL4 expression in EpCAM* (Hep3B, HuH7, and HuH1) and EpCAM~ (SK-Hep-1, HLE, and HLF) HCC cell lines evaluated by qRT-
PCR. (F) SALL4 expression in EpCAM™ and EpCAM ™ HCC cell lines evaluated by Western blotting. (G) IHC analysis of SALL4 expression in subcutaneous tumors obtained from
EpCAM"* (HuH7 and Hep3B) HCC cell lines xenografted in NOD/SCID mice, (H) Spheroid formation capacity of sorted EpCAM* and EpCAM™ cells obtained from a primary
HCC. Number of spheroids obtained from 2000 sorted cells is indicated (n = 3, mean + SD). Gene expression of SALL4 in sorted EpCAM* and EpCAM ™ cells obtained from a

primary HCC (n = 3, mean # SD). (This figure appears in colour on the web.)

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 IHC
analysis (Fig. 2C). Evaluation of the survival outcome of these sur-
gically resected HCC cases by Kaplan-Meier 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 gRT-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)

130

319

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 SALL4. 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 + C/other) 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

-1 33 68

-1V 7 15 0.24
Tumor size (<3 cm/>3 cm) 17/26 57/44 0.071
EpCAM (positive/negative) 27/16 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
(pPCMV6-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 (D44, 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 gRT-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 HuH7 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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Fig. 3. Effect of SALL4 overexpression. (A) Western blots of cell lysates with
anti-SALL4 antibodies. HuH1 cells were transfected with pCMV7 or pCMV6-SALL4
and incubated for 72 h. (B) IF analysis of HuH1 cells transfected with pCMV7 or
pCMV6-SALL4 and incubated for 72 h. (C) qRT-PCR analysis of KRT19, EPCAM,
(D44, and ALB in HuH1 cells transfected with pCMV7 or pCMV6-SALL4 and
incubated for 48 h. (D) IF analysis of HuH1 cells transfected with pCMV7 or
pCMV6-SALL4, incubated for 72h and stained with anti-CK19 antibodies,
evaluated by the confocal laser scanning microscopy. (E) Spheroid formation
assay of HuH1 cells transfected with pCMV7 or pCMV6-SALL4. Number of
spheroids obtained from 2000 cells is indicated (n = 3, mean + SD), (F) Invasion
assay of HuH1 cells transfected with pCMV7 or pCMV6-SALL4 (n = 3, mean + SD).
(This figure appears in colour on the web.)

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) qQRT-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 stern 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 by 50% among males and by 29% in females [4]. These
changes in the incidence of HCC are largely due to increases
Globally, liver cancer is the fifth and seventh most common in HCV-associated malignancy. Similarly, while HBV infection

malignancy in men and women, respectively, and the third historically has been the major risk factor underlying
most deadly [1]. Most (85-95%) of these cancers are development of HCC in Asia, in Japan it has been supplanted
hepatocellular carcinoma (HCC) [2], and many are associated in recent decades by HCV infection [5].

with persistent intrahepatic infections with hepatitis C virus The exact mechanisms underlying HCV- and HBV-
(HCV) or hepatitis B virus (HBV) [2,3]. Although the total associated malignancy are unknown [6,7]. Chronic infections
cancer death rate decreased within the United States by over with either virus may result in cirrhosis, which alone is a major
1.5% between 2001-2007, deaths due to liver cancer increased risk factor for liver cancer [2]. However, there may also be
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virus-specific mechanisms at work. While immune-mediated
mechanisms are both necessary and sufficient for the
development of HBV-related cancer in murine models, liver
cancer arises in the absence of inflammation in HCV-
transgenic mice [8,8]. Moreover, some HCV proteins may
interact with host tumor suppressors and possibly impair
cellular responses to DNA damage [10]. If virus-specific
mechanisms of oncogenesis are important in the development
of HCC, it is reasonable to anticipate that the pathways leading
to HCV- and HBV-associated cancer might differ, possibly
leaving distinguishing genetic or epigenetic marks in the tumors
that arise. If so, understanding these differences would be
important for biomarker discovery, and potentially design of
preventative and therapeutic interventions.

Here, we describe a study that was aimed at determining
whether the abundance of microRNA-122 (miR-122) is different
in liver cancer arising in patients with chronic HCV infection
compared to cancers arising in the context of chronic HBV
infection. Mature microRNAs (miRNAs) are 20-23 nucleotides
in length and encoded either by microRNA genes or from within
conventional protein-cading genes. They act generally by
binding to specific sites within the 3’ untranslated region (3'
UTR) of cellular mRNAs, to which they recruit RNA-induced
silencing complexes (RISC) that repress translation and
destabilize the mRNA [11-13]. miR-122 is a liver-specific
miRNA that accounts for the majority of miRNAs in hepatocytes
[14]. It regulates a large number of genes within the liver [15],
and has several tumor suppressor-like properties [16,17].
Importantly, miR-122 is a crucial host factor for HCV
replication, binding to the 5" untranslated RNA segment of the
viral genome, physically stabilizing it, and promoting viral
protein expression [18-20].

Because of its liver-specific nature and tumor suppressor-like
qualities [16,17], it is of interest to know whether miR-122
expression is altered in liver cancers. Prior studies investigating
miR-122 expression in liver cancers have produced conflicting
results, particularly as related to the underlying viral causes of
cancer. Two early studies suggest that miR-122 abundance is
generally reduced in HCC [21,22]. However, Hou et al. [23]
reported that miR-122 expression was maintained in both HBV-
and HCV-associated cancer, while Varnholt et al. [24] reported
that miR-122 levels were increased significantly in HCV-
associated cancers when compared to non-cancerous tissue.
Coulouarn et al. [25] reported higher miR-122 expression levels
in HCV- versus HBV-associated cancers. To some extent,
these conflicting resulis may reflect different patient
populations, or possibly methodologic differences, not only in
the measurement of miR-122 abundance but alsc in how
miR-122 abundance was compared across tissue samples.

In an effort to resolve this controversy, we conducted a
comprehensive analysis of miR-122 expression in liver cancers
arising in a genetically homogenous group of Japanese
patients. Using a highly accurate, miR-122-specific quantitative
reverse-transcription, polymerase chain reaction (QRT-PCR)
assay, and paying particular attention to how miR-122
measurements are compared between tissue samples, we
show that miR-122 expression is significantly reduced in HBV-
associated HCC but not in most HCV-associated cancers. We
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also demonstrate that miR-122 abundance is reduced in non-
tumor HCV-infected liver in association with increased
expression of interferon (IFN)-stimulated genes (ISGs).

Materials and Methods

Ethics statement

Liver tissue was obtained from Japanese patients
undergoing surgical resection of liver cancer (primary or
metastatic) at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). All subjects provided written informed
consent for participation in the study, and tissue acquisition
procedures were approved by the ethics committee of
Kanazawa University under a protocol entitled "Gene
expression analysis of peripheral blood cells and liver in
patients with liver and gastrointestinal cancers". Archived liver
tissue and serum samples were collected prior to December
15, 2011 from chimpanzees housed and cared for at the
Southwest National Primate Research Center (SNPRC) of the
Texas Biomedical Research Institute in accordance with the
Guide for the Care and Use of Laboratory Animals. All
protocols were approved by the Institutional Animal Care and
Use Committee. SNPRC is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International and operates in accordance with the
NIH and U.S. Department of Agriculture guidelines and the
Animal Welfare Act.

Human subjects and tissue samples

Paired samples of HCC and non-tumor liver tissue were
obtained from Japanese patients undergoing surgical resection
of HCC at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). Non-infected ‘normal liver tissue was
similarly collected from patients undergoing resection of
metastases of non-hepatic primary cancers. Patients were
categorized as HCV-infected by the presence of HCV RNA
(COBAS Ampli-Prep/COBAS TagMan System) and absence of
hepatitis B surface antigen (HBsAg) in serum or plasma at the
time of surgery, while HBV infection was defined by the
presence of HBsAg and absence of anti-HCV antibodies. HCC
was categorized according to the degree of cellular
differentiation, while fibrosis and inflammation in non-tumor
tissue from HBV- and HCV-infected patients were compared
after scoring each [26,27]. The IL28B genotype of study
subjects with HCV infection was defined at the rs8099917
locus as described previously [28].

Chimpanzee care and sample collection

We studied archived liver tissue and serum samples
collected prior to December 15, 2011 from chimpanzees
housed and cared for at the Southwest National Primate
Research Center (SNPRC) of the Texas Biomedical Research
Institute. At the time samples were obtained, animals
considered to be non-infected (‘normal’) were negative for HBV
and HCV markers; HBV infection was defined as the presence
of serum HBsAg, and HCV infection by the presence of HCV
RNA detectable in sera by RT-PCR.
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Small RNA quantitation in human samples

Human tissue samples were stored in liquid nitrogen until
processed for RNA extraction. Approximately 1 mg of tissue
was ground using a tissue homogenizer and total RNA isolated
using the mirVana miRNA isolation kit (Ambion). Liver RNA
samples were subsequently stored at -80°C or on dry ice
during shipment. The quality of the isolated RNA (RIN score)
was assessed using an Agilent 2100 Bioanalyzer (Agilent RNA
6000 Nano Kit, Agilent Technologies) [29]. Quantification of
miR-122, miR-191, Let-7a, miR-24, and the small nuclear RNA
(sNRNA) U6 was carried out by quantitative reverse-
transcription, polymerase chain reaction (qRT-PCR) in a two-
step process. RNA (12.5 ng) was reversed transcribed in a 10
ul reaction mix using reagents provided with the Universal
cDNA Synthesis kit (Exiqon) and the manufacturer's
recommended procedure. Quantitative PCR was carried out
subsequently with the SYBR Green Master Mix Kit (Exigon),
mixed locked-nucleic acid primer sets specific for each miRNA
or snRNA (Exigon), and the CFX96 PCR System (Bio-Rad).
Results are presented as relative copy number normalized to
total RNA. Alternatively, absolute miR-122 copy numbers were
estimated using serial dilutions of single-stranded synthetic
miR-122 (Dharmacon) as a standard.

miR-122 and HCV RNA quantitation in chimpanzee
samples

Total RNA was extracted from serum and liver using RNA
Bee (Leedo Medical Labs, Houston, TX), chloroform extraction
and isopropanol precipitation. Detection of miR-122 was
performed using primers and probes for miR-122 included in
the ABI TagMan assay (Cat No. 4373151) and the ABI TagMan
microRNA Reverse Transcription Kit (Cat No. 4366596). The
RT reaction was performed with 5 ng of total cell RNA, and the
PCR amplification was performed with one-tenth of the
resulting cDNA. The RT reaction was performed at 16°C for 30
min, followed by 42°C for 30 min, and 85°C for 5 min. The
TagMan Universal PCR Master Mix with no AmpErase UNG
was used for PCR amplification with reaction conditions of
95°C for 10 min followed by 40 cycles at 95°C for 15 sec and
60°C for 1 min. A standard curve was generated using a
synthetic RNA equivalent to mature miR-122. HCV viral RNA
levels in the serum and liver were determined using a real-time,
quantitative RT-PCR (TagMan) assay detecting sequences in
the viral 5 noncoding RNA using an ABI 7500 sequence
detector (PE Biosystems, Foster City, CA) as previously
described [30]. Synthetic HCV RNA was used to generate a
standard curve for determination of genome equivalents. The
forward primer was from nucleotide 149 to 167 (5-
tgcggaaccggtgagtaca-3'), the reverse primer was from
nucleotide 210 to 191 (5'-cgggtttatccaagaaagga-3’) and the
probe was from nucleotide 189 to 169 (5-
ccggtegtectggeaatteeg-3) in the 5 NCR of HCV.

Affymetrix array analysis

Human RNA samples were subjected to high-density
oligonucleotide microarray analysis as described previously
[28]. In brief, cDNA amplified using the WT-Ovation Pico RNA
Amplification System (NuGen, San Carlos, CA, USA) was used
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for fragmentation and biotin labeling with the FL-Ovation cDNA
Biotin Module V2 (NuGen). Biotin-labeled cDNA suspended in
hybridization cocktail (NuGen) was hybridized to Affymetrix
U133 Plus 2.0 GeneChips, followed by labeling with
streptavidin-phycoerythrin. Probe hybridization was determined
using a GeneChip Scanner 3000 (Affymetrix) and analyzed
using GeneChip Operating Software 1.4 (Affymetrix).

Statistical analysis

Statistical analyses were carried out using Prism V software
(Graphpad Software, Inc). The paired t test was used for
comparison of results arising from groups of paired tissue
specimens (HCC versus non-tumor tissue), while the unpaired t
test or Mann-Whitney test was used for comparisons between
groups of unrelated tissues (e.g., HBV versus HCV infection).
Nonparametric analysis of the correlation between miR-122
and I1SG expression levels was done by the Spearman method.
Other statistical tests were as described in the text.

Resullts

miR-122 abundance in HCV- versus HBV-associated
liver cancer

We measured miR-122 abundance in paired tumor and non-
tumor tissues collected from 26 patients undergoing surgical
resection of HCC: 16 with concomitant chronic HCV infection,
and 10 infected with HBV. The age, gender, histological
classification of HCC, and fibrosis score of non-tumor tissues
are shown in Figure 1 (see also Table 1). Subjects infected
with HCV (predominantly genotype 1b) were approximately one
decade older than those with HBV infection (66.6 + 8.0 s.d.
versus 54.3 + 9.1 s.d. years, p=0.001, Figure 1A), consistent
with previous studies indicating that HCC is generally
diagnosed at an earlier age in HBV-infected Japanese patients
[31]. There were no significant differences in the histological
classification of HCC or scores for fibrosis or inflammatory
activity in non-tumor tissues between the two groups (Figure
1B and C, and Table 1). There were more females among
those with HCV infection (10 male and 6 female) than HBV (9
male and 1 female), but this difference did not achieve
statistical significance (Chi square test with Yate’s correction).

gRT-PCR revealed significant differences in the abundance
of miR-122 in both tumor and non-tumor tissue samples when
the HBV- and HCV-infected groups were compared (Figure 2).
miR-122 abundance (miR-122 copy number per ug total RNA)
was significantly lower in HCC tissue from HBV-infected versus
HCV-infected subjects (p=0.009 by two-sided t test). In
contrast, the miR-122 abundance in non-tumor tissue from
HBV-infected patients was significantly greater than that in the
HCV-infected patients (p=0.0005 by two-sided t test). The
mean miR-122 abundance in HCC tissue was less than half
that in non-tumor tissue in HBV-infected patients (p=0.003 by
two-sided, paired t test). Strikingly, this relationship was
reversed in the HCV-infected patients, in whom miR-122
abundance in HCC tissue was almost twice that in the non-
tumor tissue (p=0.008 by two-sided paired t test). There was no
significant difference in the abundance of miR-122 in the non-
tumor tissue from HBV-infected patients and HCV-associated
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Figure 1. Age, histological classification of tumors, and scoring of non-tumor tissue for inflammation and fibrosis. (A)
Age of subjects from whom HBV- and HCV-associated HCC and paired non-tumor samples were obtained. (B) Histological
classification of tumors: W = well differentiated, M = moderately differentiated, P = poorly differentiated. (C) Individual scores for
fibrosis and inflammatory activity in non-tumor tissue. Bars represent mean values. See also Table 1.

doi: 10.1371/journal.pone.0076867.g0G1

HCC. miR-122 abundance varied quite widely in liver tissue
collected from non-infected individuals undergoing resection of
metastatic tumors. Despite this, miR-122 abundance was
significantly less in HBV-associated cancer tissue and non-
tumor HCV-infected tissue than in the non-infected tissues
(p=0.016 and 0.013, respectively).

To account for potential differences in degradation of the
RNA or efficiency of reverse transcription between tissue
samples, we assessed the abundance of several other small
RNAs against which we could normalize the abundance of
miR-122. U6, a noncoding snRNA component of the
spliceosome, is commonly used to narmalize mMiIRNA
abundance. However, we observed substantial differences in
U6 abundance in these tissues, suggesting that U6 would be a
poor normalizer (Figure 3A). Substantially less variation was
observed in the abundance of the miRNAs, miR-24 or Let-7a
(Figure 3B and C), for which the standard deviation of the
critical threshold [25] in the PCR assay was 0.79 and 1.27,
respectively, compared to 1.34 for U6. Notably, we observed
no difference in the abundance of Let-7a in HBV-associated
cancer and non-tumor tissues (p=0.52 by two-sided, paired t
test), despite a prior report suggesting that Let-7a expression is
regulated by the HBx protein and increased in abundance in
HBV-associated HCC [32]. In addition, although miR-24
negatively regulates the expression of hepatocyte nuclear
factor 4-alpha (HNF4-alpha) and thus might be up-regulated in
some liver cancers [33], we did not observe this. A strong
positive correlation was evident between the abundance of
miR-24 and Let-7a (Figure 3E, Spearman r.=0.7959, p<0.001
by two-tailed t test), suggesting that these miRNAs might
belong to a common regulatory network and that either could
be used to normalize miR-122 abundance. In contrast, there
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was no correlation between miR-24 and either U6 or miR-122
abundance (Figure 3D and F), which indicates that U6 and
miR-122 are regulated independently of miR-24. Importantly,
when the miR-122 abundance was normalized to miR-24
levels, miR-122 expression remained significantly depressed in
HBV-associated HCC when compared either with paired non-
tumor tissue, or HCC tissue from HCV-infected subjects
(p<0.001 and p=0.002, respectively, Figure 2B). In replicate
assays, the abundance of miR-122 in non-tumor HCV-infected
tissue also remained significantly lower than either non-infected
or HBV-infected liver tissues (Figure 2B). Similar associations
were found when miR-122 abundance was hormalized to
Let-7a (data not shown).

To assess further the possibility of bias in these results due
to differences in the quality of the RNA samples, we compared
the RNA integrity number (RIN) [29] of each sample with the
abundance of each of the small RNAs detected. Interestingly,
while the quantity of U6 snRNA detected correlated positively
with the RIN score (Spearman r, = 0.5216, two-tailed p =
0.0001) (Figure S1A in Supporting Information), this was not
the case with miR-24 or Let-7a (r, = -0.124 and -0.045,
respectively). RIN scores also did not vary significantly
between tumor and non-tumor tissue-derived RNA samples, or
RNA from HBV- vs. HCV-infected tissue. Thus, although the
quality of the RNA samples was generally high (mean RIN =
8.0 £ 0.17 s.e.m.), it was an important factor in determining the
abundance of U6 but not either of these miRNAs. These data
suggest that U6 is less stable than the miRNAs and provide
additional support for the use of miR-24 (or Let-7a) as a
standard against which to normalize miR-122 abundance (see
Discussion). Nonetheless, when miR-122 results were
normalized to U6 abundance, the correlations described above
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Table 1. Characteristics of Study Subjects.

HCV (n = 18) HBV (n=10) Non-infected (n=9)

e

Gender (M/F) 10M/6F SM/1F 5M/4F

Fibrosis Stage n (%) n (%) n (%)

1 1(6) 0(0) 0(0)

3 4(25) 2(20) 0(0)

Inflammation n (%) n (%) n (%)

1 ’ ' 9 (56) 7 (70) 0(0)

3 O?d) 0(0) 0@

HCC Histologic Differentiation n (%) n (%)

Moderate-Well 2(13) 0(0)

n/a = “not applicable”; n.d.
doi: 10.1371/journal.pone.0076867.t001

between miR-122 abundance, in both tumor and non-tumor number/mg RNA (Figure 2C) vs. p=0.033 when normalized to
tissues, and the type of virus infection remained strongly miR-24 (Figure 2D). Thus differences in miR-122 abundance in
statistically significant (Figure S1B in Supporting Information).  HCC associated with HBV vs. HCV infection are independent

The mean miR-122 abundance was substantially lower in HBV-  of the degree of histologic differentiation of the cancer.
associated HCC tissue than in HBV-infected non-tumor tissue Collectively, these results provide strong evidence that
(p = 0.003 by paired t-test), while this relationship was reversed ;iR 122 expression is reduced in HCC associated with HBV
in HCV-infected liver (p = 0.001). miR-122 abundance was also infection, but not in most HCV-associated liver cancers.

significantly lower in non-tumor tissue from HCV-infected
subjects than HBV-infected subjects (p < 0.001).

To exclude the possibility of bias due to the trend toward a
less differentiated histologic classification among HBV-
associated cancers (Figure 1B), we limited the comparison of
miR-122 abundance to those HCC tissues that were scored as ~ frequently reduced in abundance in non-tumor, HCV-infected
moderately differentiated and their corresponding paired non- liver tissue, but not in liver infected with HBV. To determine
tumor samples. While this reduced the number of subjects ~ Whether similar HCV-induced suppression of miR-122
available for analysis, miR-122 abundance remained  expression occurs in chimpanzees (Pan froglodytes), the only
significantly lower in HBV- versus HCV-associated cancer animal species other than humans that is permissive for HCV
tissue: p=0.007 when compared on the basis of miR-122 copy infection, we measured miR-122 abundance in liver tissues

Reduced miR-122 abundance is associated with
interferon responses in HCV-infected liver

The data shown in Figure 2 indicate that miR-122 is
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Figure 2. miR-122 expression in paired HCC and non-tumor liver tissue from patients with chronic HBV and HCV infection
and control, non-infected liver tissue. (A) miR-122 abundance quantified by qRT-PCR in paired tumor and non-tumor tissues
and non-infected (‘normal’) liver from patients undergoing resection of metastatic tumors, normalized to total RNA. (B) Relative
miR-122 abundance normalized to miR-24 abundance in the same tissues. (C) miR-122 abundance in HCC classified histologically
as “moderately differentiated”, paired non-tumor tissue from the same patients, and non-infected (‘normal’) liver. (D) miR-122
abundance in the subset of tissues shown in panel C, normalized to miR-24 abundance. The statistical significance of differences
between paired observations was estimated using the paired t test, while differences between non-paired observations were
analyzed by the Mann-Whitney test.

doi: 10.1371/journal.pone.0076867.g002

collected previously from 45 HCV-infected chimpanzees, and
compared this to that present in 10 HBV-infected animals, and
6 that were not infected with either virus. These results showed
that miR-122 expression was significantly reduced in HCV-
infected liver compared to both HBV-infected (p<0.0001) and
normal, non-infected (p=0.007) chimpanzee liver (Figure 4A). A
strong, negative correlation (Spearman r= -0.63, p<0.0001)
existed between hepatic miR-122 expression levels and HCV
RNA copy numbers in serum (Figure 4B). The mean miR-122

abundance was lower in HBV-infected liver than in uninfected
chimpanzee liver (Figure 4A), but the difference did not achieve
statistical significance (p=0.059 by two-tailed t test). Thus,
intra-hepatic miR-122 abundance is reduced in HCV-infected
chimpanzees as well as humans. This is consistent with earlier
studies that have found reduced intrahepatic expression of
miR-122 in patients with advanced chronic hepatitis C [34-36].

Sarasin-Filipowicz et al. [36] reported previously that
miR-122 levels were reduced in liver from HCV-infected
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Figure 3. Comparison of small RNAs as normalizers for assessing miR-122 abundance. Shown in the panels at the top are
the relative abundance of (A) U6 snRNA, (B) Let-7a, and (C) miR-24 miRNAs in paired tumor and non-tumor tissues from subjects
with HBV or HCV infection, normalized to total RNA. Bars represent median and quartiles for each group. Statistical comparisons
between groups were made with paired or unpaired t tests, and are shown only if p<.05. In the lower set of panels, (D) U8, (E)
Let-7a, and (F) miR-122 abundance are plotted as a function of miR-24 abundance. r, = Spearman rank-order correlation

coefficient.
doi: 10.1371/journal.pone.0076867.g003

patients who responded poorly to treatment with pegylated
IFN-a and ribavirin (Peg-IFN/RBV). Consistent with this, we
observed a negative correlation between miR-122 abundance
in non-tumor tissue from HCV-infected human subjects and the
GT versus TT genotype at the rs8099917 locus in the IL28B
gene (p=0.011, Figure 5A) that is predictive of a poor response
to Peg-IFN/RBV therapy [37]. HCV-infected patients with the
TT genotype are prone to a greater inflammatory response
than those with TG or GG [38]. Thus, differences in 1L28B
genotype may have contributed to a correlation we observed
between miR-122 abundance and A1 versus A2 Metavir
activity scores (Figure 5B, 6 of 7 subjects with an A2 Metavir
score had the TT genotype). Importantly, the association
between IL28B genotype and miR-122 abundance was
observed only in non-tumor liver from HCV-infected patients,
and not in paired HCC tissue (Figure 5A).

Patients who are non-responsive to Peg-IFN/RBV, or who
have IL28B genotypes predictive of a poor response to Peg-
IFN/RBV therapy, are likely to have increased pre-treatment
intra-hepatic ISG transcript levels compared to those who
respond well to treatment [39-41]. We thus asked whether a

PLOS ONE | www.plosone.org

330

correlation existed between miR-122 abundance and levels of
selected ISG transcripts in HCV-infected non-tumor tissue
determined by Affymetrix 133U Plus 2.0 GeneChip assay. For
this analysis, we selected 1ISGs that were shown previously to
be correlated with treatment response [39] (Figure 5C). We
also included Mx1 and OAS1, both well-characterized 1SGs.
Overall, the Affymetrix signals for these genes showed a strong
trend toward negative correlations with miR-122 abundance.
Fourteen of 24 ISGs demonstrated a Spearman rank-order
coefficient, r,, = -0.300; this negative correlation was significant
(p<0.05) for 7 of the ISGs by one-tailed t test (Figure 3C).
These data are consistent with the notion that reduced
miR-122 abundance is associated with strong intrahepatic IFN-
mediated responses to the virus.

miR-191 abundance is increased in HBV-associated
HCC

Since Elyakim et al. [42] reported recently that miR-191 was
increased in HCC arising in a study population comprised
mostly of HBV-infected subjects, we also quantified miR-191
expression levels in the human tissue samples. We confirmed
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Figure 4. miR-122 expression in chimpanzee liver tissue. (A) Hepatic miR-122 abundance in liver biopsies from chimpanzees
infected with HBV or HCV, or not infected with either virus (‘normal’). Statistical significance was assessed by non-paired two-sided t
test. Bars represent mean values. (B) Liver miR-122 expression plotted against serum HCV RNA abundance from acutely HCV-
infected chimpanzees. r, = Spearman rank-order correlation coefficient.

doi: 10.1371/journal.pone.0076867.g004

miR-191 levels were modestly increased in HBV-associated
HCC compared to non-tumor HBV-infected tissue when
normalized to total RNA (p=0.049 by two-sided, paired t test,
Figure 6). This trend remained significant only by one-sided t
test when the miR-191 abundance was normalized to miR-24
abundance (p=0.045), and was absent when miR-191 levels
were normalized to U6 snRNA. miR-191 abundance in non-
tumor, HBV-infected tissue was similar to that in both tumor
and non-tumor liver from HCV-infected subjects (Figure 6).

Discussion/Conclusions

miR-122 is a critical regulator of hepatic gene expression
and an essential host factor for HCV replication [15,18,43]. It
also has important tumor suppressor properties [16,44], and
recent reports indicate that loss of its expression promotes
carcinogenesis in knockout mice [45,46]. While its abundance
is often reduced in HCC [21,22], two previous studies suggest
that miR-122 expression may be preserved in liver cancer
arising in patients with HCV infection [24,25]. We confirm this,
showing in a genetically and geographically homogeneous
population of patients, and normalizing results either to total
RNA or to levels of miR-24, that miR-122 abundance is
significantly reduced from normal in HBV-associated HCC but
not in liver cancer associated with HCV infection (Figure 2A
and B). This difference in miR-122 expression is independent
of the histologic classification of the tumors (Figure 2C and D),
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as well as the degree of fibrosis or inflammation in paired hon-
tumor tissue from the same patients. Conversely, we show that
miR-191 tends to be increased in abundance in HBV-
assaciated cancer, but not HCV-associated HCC (Figure 6).
These observations have important implications for the
pathogenetic mechanisms involved in viral carcinogenesis
within the liver. While HCC may arise as a result of factors
common to both HBV and HCV infection (such as chronic
inflammation, oxidative stress, and progressive fibrosis leading
to cirrhosis), distinctive molecular signatures associated with
HBV- versus HCV-associated cancer suggest there are
fundamental differences in the ways these two viruses cause
cancer.

Our study highlights the challenges inherent in comparing
miRNA abundance in different clinical samples. In addition to
potential differences in the proportion of cells present within a
biopsy that are of hepatocellular origin vs. derived from other
cell lineages, a constant concern is the quality of the RNA.
While our initial analysis, like many studies, compared miR-122
copy numbers based on the quantity of total RNA subjected to
RT-PCR, this approach can be biased by differences in the
quality of the RNA and degree of RNA degradation. Although
our RNA samples were of generally high quality (see Figure
S1A in Supporting Information), we determined miR-24, Let-7a,
and U6 snRNA copy numbers and evaluated each as a
standard against which miR-122 abundance could be
normalized to account for potential differences in RNA integrity
(Figure 3). Median miR-24 and Let-7a copy numbers did not
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Figure 5. miR-122 expression, IL28B genotype, Metavir scores and ISG transcript levels in HCV-infected human liver. (A)
miR-122 expression in HCC and paired non-tumor samples from subjects with HCV infection, grouped according to rs8099917
genotype (TT or GT). (B) miR-122 expression levels in non-tumor tissue from HCV-infected subjects categorized according to
Metavir score for (left) fibrosis and (right) inflammatory activity. (C) Correlation between miR-122 abundance and expression levels
of selected 1SGs determined by Affymetrix U133 Plus 2.0 Array analysis. With the exception of OAS1 and Mx1, intrahepatic
transcript levels of these ISGs have been shown previously to be predictive of Peg-IFN/RBV treatment outcome [31]. “r.”

S =
Spearman rank-order correlation coefficient. Filled symbols indicate a statistically significant negative correlation (p<0.05 by one-

sided t test).
doi: 10.137 1/journal.pone.0076867.g005

vary significantly between tumor and non-tumor tissue samples
from HBV- and HCV-infected subjects (one-way ANOVA),
suggesting that the expression of these miRNAs is relatively
constant in liver and that either could serve as a standard for
normalizing miR-122 abundance. In contrast, median U6 copy
numbers varied significantly between these tissue groups (p =
0.004 by one-way ANOVA with Kruskal-Wallis test) and, more
importantly, were strongly correlated negatively with the RIN
score, a measure of RNA integrity [29] (Figure S1A in
Supporting Information). There was no correlation between the
RIN score and miR-24 or Let-7a abundance, suggesting that
U6 snRNA may be less stable and more prone to degradation
than the miRNAs. This may be due to the greater length of U6
(106 nts vs. ~20-23 nts for miRNAS), or the absence of terminal
modifications that may influence the stability of miRNAs [47].
Consistent with this, Let-7a was found to have greater
biological stability and to be superior to U6 for normalization of
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miRNA abundance in previous studies of rat hepatocyte RNA
[48]. Nonetheless, even though these data argue against the
use of U6 as a standard for normalizing miR-122 copy
numbers, we found the abundance of miR-122 was significantly
reduced in HCC associated with HBV but not HCV infection,
and that miR-122 abundance was significantly depressed in
non-tumor tissue infected with HCV but not HBV, using any of
these small RNAs, including U6, to normalize the miR-122
results.

While it remains unclear exactly how miR-122 contributes to
the HCV lifecycle, it is known to promote viral replication
independently of its regulation of hepatic genes [49]. It binds to
two sites near the 5’ end of the viral genome [18], recruiting
argonaute 2 (EIF2C2) and physically stabilizing the RNA by
protecting it from 5 exonucleolytic Xrn1-mediated decay
[19,20]. However, miR-122 has other, positive effects on HCV
replication beyond its ability to physically stabilize the viral
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Relative abundance of miR-191 in paired HCC and non-tumor tissue from subjects with HBV or HCV

infection. Relative miR-191 abundance in paired tumor and non-tumor samples from HBV- and HCV-infected subjects normalized
to total RNA. Statistical significance was assessed in two-sided paired t tests for comparisons between tumor and non-tumor tissue,
or two-sided unpaired t test for comparison between infection groups.

doi: 10.1371/journal.pone.0076867.g006

genome [20,50]. It is essential for HCV replication, and its
therapeutic silencing with an antisense oligonuclectide has
potent antiviral effects [15,51]. No other RNA virus is known to
rely so completely on a cellular miRNA for its replication cycle.
Thus, the continued expression of miR-122 in HCV-associated
HCC could reflect close linkage between carcinogenesis and
HCYV replication and viral protein expression. We speculate that
miR-122 expression is preserved in HCV-associated HCC (in
contrast to HBV-associated cancer) because HCV-encoded
proteins help to drive a multi-stage process of carcinogenesis
within infected cells. This may result from the ability of the virus
to directly disable DNA damage responses or other celiular
tumor suppressor functions, and to contribute directly to
malignant conversion of hepatocytes as reviewed elsewhere
[10,52]. Early loss of miR-122 during the progression to cancer
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would eliminate virus replication, protecting the cell from further
effects of viral protein expression. In contrast, in HBV-infected
cells, a loss of miR-122 expression could both accelerate
tumorigenesis and enhance replication, as miR-122 appears to
restrict, rather than promote, HBV replication [53-56]. Although
speculative, this hypothesis raises the interesting possibility
that HCV-associated cancers arise within the small minority of
hepatocytes infected with the virus, and not the much larger
number of uninfected bystander cells [52,57].

Epigenetic mechanisms are likely to contribute to the
differential expression of miR-122 and miR-191 in HCC. The
miR-122 promoter is hyper-methylated in the HBV-associated
HCC-derived cell line, Hep3B [58]. It remains to be seen
whether differences exist in methylation of the promoter in vivo
in HBV- versus HCV-associated cancers, but bacterial artificial
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