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closely related o SHs; they are small and similar in
size,2830 and both express CYP3A1 and 2E1 ar a low
level.2832 At 3 weeks posttransplantation, the CFPHs
were small in size, had a large nucleus-to-cytoplasm ratio,
and expressed #CD44, but not #CK19. At 10 wecks, the
cells became bigger, assumed a morphology similar to that
of PH-derived cells, and lost their expression of #CD44,
The expression of #CYP3A4 was quite low (0.15-fold)
among CFPHs compared with that of PHs (dara not
shown). In addition, the distribution of ACYP3A4-ex-
pressing CFPHs in the pericentral zone was unique: more
than two-thirds of CFPHs did not express CYP3A4. In
the case of the A-PH-chimeric mice, all PHs in the peri-
central zone expressed CYP3A4 (data not shown).

Presently, we lack experimental data to explain the ex-
pression of ACYP3A4 in CFPH-chimeric liver, but
CFPHs may require some specific environmental fac-
tor(s) for differentiation, which might be absent from
mouse liver. Alternatively, some factors that specifically
inhibic the differentiation of CFPHs might be present
there. CK7-positive h-hepatic progenitor cells are present
in the livers of uPA/SCID mice transplanted with /-post-
natal liver-derived PHs,6 and these small cells are strongly
immunoreactive to pan-cytokeratin with scant cyrto-
plasm. The CFPHs were morphologically similar to these
cells at 3 weeks posttransplantation, although we were
unable to detect CK7-positive cells in either the PH- or
CFPH-transplanted chimeric livers, However, CFPHs
were HCK7-, HCK19-, and #KCD44-positive, at least until
1 day posttransplantation (data not shown).

We reported previously that uPA/SCID livers were
nearly completely replaced with young donor PHs at 10
weceks posttransplantation.5 In contrast, the Rls of our
CFPH-chimeric mice were <30% at 9 to 10 weeks.
CFPHs were rare in the host liver at 3 weeks posttrans-
plantation, whereas several PHs were observed. The lower
RlIs of the CFPHs mighr be artributable to their lower
engraftment efficiency.

In conclusion, A-hepatocytes in immunodeficient,
and liver-injured mice are useful for the study of viral
hepatitis. Repopulated A-hepatocytes are susceptible to
infection with HBV6# and HCV.46 Additionally, A-
hepatocyte—chimeric mice are usually produced by
transplanting fresh®7 or cryopreserved hepatocytes, 5
but sources of A-hepatocytes are limited. Several stud-
ies have reported on liver repopulation by in vitro—
propagated cells from adult and fetal livers, such as
immortalized mouse hepatic stem cells,?® rat SHPCs, 3
immortalized h-hepatocytes transfected with full-
length HBV,35 and fetal A-epithelial/hepatic progeni-
tor cells.?637 However, the Rls in these studies were
extremely low (less than a few percent). In the present
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study, we were able to produce CFPH-chimeric mice
with Rls as high as 27%. Thus, CFPHs could be an
alternative to A-hepatocytes as a source of hepatocyres
for transplantation. Morecover, the CFPH-chimeric
mice were susceptible to infection with HBV, even
though their serum AALB levels were extremely low
(102-10% ng/mL). CFPH-chimeric mice will be useful
for studying A~-HBV and for characterizing A-hepatic
progenitor cells.
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Differential MicroRNA Expression Between Hepatitis B

and Hepatitis C Leading Disease Progression to

Hepatocellular Carcinoma

Shunsuke Ura,' Masao Honda,'* Taro Yamashita,' Teruyuki Ueda,' Hajime Takatori,' Rvuhei Nishino,"

Hajime Sunakozaka,' Yoshio Sakai,' Katsuhisa Horimoto,* and Shuichi Kaneko!
j

MicroRNA (miRNA) plays an important role in the pathology of various diseases, including
infection and cancer. Using real-time polymerase chain reaction, we measured the expression
of 188 miRNAs in liver tissues obtained from 12 patients with hepatitis B virus (HBV)-
related hepatocellular carcinoma (HCC) and 14 patients with hepatitis C virus (HCV)-
related HCC, including background liver tissues and normal liver tissues obtained from nine
patients. Global gene expression in the same tissues was analyzed via complementary DNA
microarray to examine whether the differentially expressed miRNAs could regulate their
target genes. Detailed analysis of the differentially expressed miRNA revealed two types of
miRNA, one associated with HBV and HCV infections (n = 19), the other with the stage of
liver disease (n = 31). Pathway analysis of targeted genes using infection-associated miRNAs
revealed that the pathways related to cell death, DNA damage, recombination, and signal
transduction were activated in HBV-infected liver, and those related to immune response,
antigen presentation, cell cycle, proteasome, and lipid metabolism were activated in HCV-
infected liver. The differences in the expression of infection-associated miRNAs in the liver
correlated significantly with those observed in Huh7.5 cells in which infectious HBV or
HCV clones replicated. Out of the 31 miRNAs associated with disease state, 17 were down-
regulated in HCC, which up-regulated cancer-associated pathways such as cell cycle, adhe-
sion, proteolysis, transcription, and translation; 6 miRNAs were up-regulated in HCC,
which down-regulated anti-tumor immune response. Conclusion: miRNAs arc important
mediators of HBV and HCV infection as well as liver disease progression, and therefore

could be potential therapeutic target molecules. (HerAToLOGY 2009:49:000-000.)

Abbreviations: cDNA, complementary DNA: CH, chronic hepatitiss CH-B,
chronic bepatitis B; CH-C, chromie hepatits C: HBV, heparitic B virus: HCC,
heparrocellular carcimoma: HCC-B, bepasitis B-relared heparocellular carcinoma;
HOC-C, hepatitis Corelated hepatocellular carcinoma; HCV, heparitis C wvirns:
WiRNA, micraRNA; RTD-PCR. real-time detection polymerase chain reaction;
SVM, wupport vector machine,
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icroRNA (miRNA) is an endogenous, small, sin-
gle-strand, noncording RNA consisting of 20 to
25 bases and regulates gene expression of various
cell types. It plays an important role in various biological
processes, including organ development and differentiation
as well as cellular dearh and proliferation, and is also involved
in various diseases such as infection and cancer.'
miRNAs are produced as follows. A primary miRNA
with a hairpin loop structure is cleaved into a precursor
miRNA and transported out of the nuclei with a carrier
protein (Exporrin-5). The precursor miRNA is then pro-
cessed by Dicer and converted into an active single-strand
RNA in the cytoplasm. The miRNA binds to a rarger
messenger RNA in a sequence-dependent manner and
induces degradation of the rarger messenger RNA and
translational inhibition. One miRNA regulates the ex-
pression of multiple target genes; bioinformarics analyses
have suggested thar the expression of more than 30% of
human genes is regulated by miRNAs,*"
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Infection of the human liver with heparitis B virus
(HBV) and hepatitis C virus (HCV) induces the develop-
ment of chronic hepatitis (CH), cirrhosis, and in some
instances hepatocellular carcinoma (HCC).* The virolog-
ical features of these two distinct viruses are complerely
different; however, the viruses infect the liver and cause
CH, which is not distinguished by histological examina-
tion or clinical manifestations. We previously reporred
that gene expression profiles in chronic heparitis B
(CH-B) and chronic heparitis C (CH-C) are different.
Proapoprotic and DNA repair responses were predomi-
nant in CH-B, and inflammatory and antiapoprotic phe-
notypes were predominanrt in CH-C. However, factors
inducing these differences in gene expression remain to be
elucidared.™ "

We examined miRNA expression in liver tissue with
HBV-related liver disease (CH-B and HCC-B) and
HCV-related liver disease (CH-C and HCC-C) and in
normal liver tissue via real-time detection polymerase
chain reaction (RTD-PCR). We also performed global
analysis of messenger RNA expression in these tissues us-
ing complementary DNA (cDNA) microarray. These
analyses allowed us to find characteristic miRNAs associ-
ated with HBY or HCV infection as well as the progres-

sion of liver disease,

Materials and Methods

Patients. The study subjects included 12 patients
with CH-B complicated by HCC and 14 patients with
CH-C complicated by HCC. Gene expression analysis
was approved by the ethics committee of the Graduate
School of Medicine, Kanazawa University Hospiral, Ja-
pan, berween 1999 and 2004. In addition, nine normal
liver tissue samples obrained during surgery for metastatic
liver cancer were used as control samples. Surgically re-
moved liver tissues were stored in liquid nitrogen until
analysis. Histological classification of HCC and histolog-
ical evaluation of hepatitis in noncancerous regions for
each patient are shown in Table 1. HCV viremia in two
patients with CH-C was persistently cleared by interferon
therapy before HCC development. There were no signif-
icant differences in the histological findings of HCC and
noncancerous regions, as well as in sex, age, and hepatic
function berween the HBV and HCV infection groups.

Quantitative RTD-PCR. Approximately 1 mg of
each liver tissue sample stored in liquid nitrogen was
ground with a homogenizer while still frozen, and total
RNA conraining miRNA was isolated according to the
protocol of the mirVana miRNA Isolation kit (Ambion,
Austin, TX) and stored at —80°C until analysis. miRNA
expression levels were quantitated using the TagMan

HEPATOLOCY. Month 2009

MicroRNA Assays Human Panel Early Access kit (Ap-
plied Biosystems. Foster Ciry, CA). cDNA was prepared
via reverse transcription using 10 ng each of the isolared
total RNA and 3 plL each of the reverse transcription
primers with specific loop structures. Reverse transcrip-
tion was performed using the TagMan MicroRNA Re-
verse Transcription kit (Applied Biosystems) according to
the manufacturer’s protocol. Then, a mixture of 6.67 plL
of nuclease-free water, 10 pl of TagMan 2 X Universal
PCR Master Mix (No AmpErase UNG; Applied Biosys-
tems), and 2 pl of TagMan MicroRNA Assay Mix,
which was included in the kit, was prepared for each sam-
ple on a 384-well plate; 1.33 pL of the reverse transcrip-
tion product was added to the mixture, and amplification
reaction was performed on an ABI PRISM 7900HT (Ap-
plied Biosystems). Expression levels of 188 miRNAs in
each sample were quanrtitated.

Analysis of RTD-PCR Data. The measured 188
miRNAs included RNUGB, which is commonly used as a
control for miRNA. B-Actin and glyceraldehyde 3-phos-
phate dehydrogenase were also measured simultaneously
for correcting RNA amount. The mean Cr values and
standard deviations of each miRNA were calculated from
expression dara of all patients obtained by RTD-PCR.
miRNA with the lowest expression variation was used as
the internal control. Cr values of each miRNA were then
corrected by the Cr value of the internal control to yield
— ACr values defined as relative miRNA expression levels
and used for analyses. Statistical analyses and hierarchical
cluster analyses of expression dara were performed using
BRB ArrayTools (hrtp:/linus.nci.nih.gov/BRB-Array-

Tools.heml). Relative miRNA expression levels were fur-

ther normalized using the median over the all parients so
that the normalized expression levels of each patient have
a median log ratio of 0. A class prediction method was
used for classifying two patient groups based on the su-
pervised learning method, and a binary tree classification
method was used for classifying three or more patient
groups with a statistical algorithm of the support vector
machine (SVM). Class prediction was performed using
SVM incorporaring genes differentially expressed ara uni-
variate parametric significance level of P = 0.01. The
prediction rate was estimated via cross-validation and the
bootstrap method for small sample dara.!! (It is worth
noting that the prediction rate may be likely an overesti-
mate of the true rate, given the weaknesses of cross-vali-
dation and bootstrapping methods in a strict sense.)
Microarray Analysis. <DNA microarray slides (Liver
chip 10k) were used as described.!” RNA isolation, am-
plification of antisense RNA, labeling, and hybridization
were performed according to the protocols described.” '
Quanrirative assessment of the signals on the slides was
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Table 1. Characteristics of Patients Used for Analysis of miRNA and Microarray Samples

Histology Background
of Liver

Histological ~ Tumaor

Patient Grade of Size THNM HCV-RNA HBV-DNA
No. Virus Age Sex ALT Activity Fibirosis HCC {mm) Staging (KIU/ mL} (LEG, mL}
1 HBY 57 M 16 2 4 Moderate 20 ] - 34
2 HBV 51 M 57 1 2 Moderate 48 1] - < 2.6
3 HBV 61 M 17 1 4 Well 16 ] - < 3.7
4 HBY 47 M 19 1 4 Moderate 15 ! - <37
5 HBV 72 M 19 1 1 Well 25 1l - NA
6 HBY 73 M 62 1 3 Moderate 45 1] - 57
7 HBY 42 M 36 1 d Moderate 18 I - < 3.7
8 HBV 63 M 13 1 2 Maderate 15 I - 28
9 HBV 68 F 54 1 2 Well 56 ] - 4.1
10 HBV 70 M 13 1] 2 Well 40 i - < 3.7
11 HBY 58 M 29 1 4 Moderate 35 IVA* - 33
12 HBV 72 M 22 1 4 Moderate 18 I - 6
13 HCV 66 F 33 2 4 Well 25 I 423 -
14 HCV 67 M 89 1 4 Well 30 ] =850 -
15 HCV 64 M 31 1 4 Moderate 75 1] <5(+) -
16 HCV 68 M 30 0 4 Well 23 I > 850
17 HCV 46 M 98 2 3 Moderale 20 | - 850 =
18 HCV 68 F 32 2 4 Moderate 25 m < 6(+) -
19 HCV 66 F 46 2 4 Well 25 ] = B50 -
20 HCV 47 M 246 1 3 Moderate 20 | 262 -
21 HCV is M 27 1 3 Moderate 19 I 85.1 =
2 HCV 17 M 21 0 1 Moderate 20 I <5{-) -
23 HCV 66 M 46 2 2 Well 60 l 50.3
24 HCV 65 M 89 1 1 Poorly 25 1] 850 -
25 HCV 53 M 54 0 1 Moderate 28 Il <5(—) -
26 HCV 75 F 212 1 4 well 19 | 580 -
27 - o1 F 18 0 0 = = e - -
B - 78 F 13 0 0 - - - - -
29 - i5 M 20 0 0 -~ = = — -
30 - 34 M 12 0 0 - - - - -
31 - B4 M 30 0 0 = = = = -
32 - 78 M 9 0 0 - - - - -
33 - 53 M 19 0 0 = — - - -
34 - 64 f 12 0 0 - = = = =
35 - 60 F 20 0 0 - - - - -

HCV RNA was assayed via Amplicor Monitor Test (KIU/mL); HBV DNA was

tumor-node—metastasis.
*Vascular invasion (+ ).

performed by scanning on the ScanArray 5000 (General
Scanning, Watertown, MA) followed by image analysis
using GenePix Pro 4.1 (Axon Instruments, Union Ciry,
CA) as described.!?

Preliminary Survey of Independency of Paired
Samples from the Same Patient. CH and HCC expres-
sion data were derived from the same patient. Before fur-
ther analysis, we examined whether the miRNA
expression of paired samples was similar or independent.
We compared differences in the expressions of paired and
nonpaired CH and HCC samples using the Dunnett
test (Supplementary Data). All possible tests performed
for data pairs represented no dependency due to the
paired data from the same patients. For dara analysis, we
used the standard pairwise class comparison and predic-
tion ool in BRB ArrayTools.

yed via transc
Abbreviations: ALT, alaning aminotransferase; F, female; HBV, hepatiis B virus: HCC, hepatocellular carcinoma; HCV. hepautis C

amplification (LEG/mL).
virus: M, male; TNM.

Identification of Candidate miRNA Target Genes.
Candidate rarget genes predicted ro be regulated by
miRNAs based on sequence comparison were selected us-
ing MIRANDA Pro3.0 (Sanger Insritute). Of the selected
genes, those represented on a microarray chip were then
examined for expression (Fig. 4). The number of genes
showing a significant (” <0.05) expression difference
among the candidate target genes represented on the chip
was statistically analyzed ro evaluare the significance of
expression regulation by miRNAs. Analysis of signifi-
cance was performed using Horelling T2 rest (BRB Ar-
rayTools).

Pathway Analysis. Of the candidate miRNA rarger
genes, those showing a significant (7 < 0.01) expression
difference berween N, CH-B, HCC-B, CH-C, and
HCC-C samples were analyzed for pathways involving
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Fig. 1. (A) miRNA-specific RTD-PCR using sheet haimin pAmers. (B) miRNA amplification curves by RTD-PCR.

these genes using MetaCore software suite (GeneGo, St.
Joseph, MI). Significance probabiliry was calculated using
the hypergeometrical distribution based on gene ontology
terms. Because one gene is frequently involved in multiple
pathways, all pathways corresponding to the genes with
significance probability were listed.

Verification of Regulation of Candidate Target
Genes by miRNAs. Small interfering RNAs (Ambion)
specific to 13 miRNAs (has-miR-17*, has-miR-20a. has-
miR-23a, has-miR-26a, has-miR-27a, has-miR-29c¢, has-
miR-30a, has-miR-92, has-miR-126, has-miR-139, has-
miR-187, has-miR-200a, and has-miR-223) showing
significant differences in expression were transfecred into
Huh7 cells using TransMessenger transfection reagent
(QIAGEN, Valencia, CA). and loss of function of each
miRNA was evaluated. Similarly, precursor miRNAs of
five miRNAs (has-miR-23a. has-miR-26a, has-miR-27a,
has-miR-92. and has-miR-200a) were also transfected
into Huh7 cells, and gain of function of each miRNA was
evaluated. The loss- and gain-of-function of miRNAs
were evaluared via RTD-PCR. In addition, different gene
expressions regulated by miRNAs were also evaluated via
RTD-PCR.

HBVIHCV Infection Model Using Cultured Cells.
The plasmid pHBV 1.2 coding the 1.2-fold length of the
HBV genome was transfected into Huh7.5 cells using
FugeneG transfection reagent (Roche Applied Science, In-
dianapolis, IN). HBeAg production in culture medium
was measured using Immunis HBeAg/Ab EIA (Institute
of Immunology Co., Ltd.. Tokyo, Japan).'* The amount
of HBV-DNA was measured via RTD-PCR (Supplemen-
tary Fig. 1A,B). JFH1-RNA was transfected into Huh7.5
cells using TransMessenger transfection reagent (QIA-

GEN) and the expression of the core protein was exam-
ined via immunofluorescence staining using anti-HCV
core antibody (Affinity BioReagent, CO).!!5 HCV-
RNA amount was also measured via RTD-PCR (Supple-
mentary Fig. 1A.B). JFHI/GND was used as a negarive
control. miRNA expression was quantitated by RTD-
PCR 48 hours after transfection.

Results

Expression of miRNA in Liver Tissue. A panel of
miRNA was successfully amplified from liver tissues via
RTD-PCR. The representative amplification profile of
miRNA as determined with RTD-PCR is shown in Fig.
1. To assess the reliability and reproducibility of this assay
system, we first measured RNUGB in duplicate from all
samples in different plates. The mean difference in Ct
values of RN UGB expression within the same samples was
0.08 = 0.05 (mean = standard deviation), indicating the
high reproducibility of this assay. All Ct values from each
reaction were collected. and Cr variation obrained by each
probe from all patients was calculared. Although RNUGB
was frequently used as the internal control, the standard
Cr variation was relatively high (Cr, 27 = 1.94), suggest-
ing thar the variances in its value depend on the state of
liver disease (N, CH and HCC). Therefore, we selected
has-miR-328 as the internal control with the smallest
standard deviation (Ct, 30 = 0.60). The relative expres-
sion ratio of individual miRNA to has-miR-328 was cal-
culated and applied to the following analysis using a BRB-
array tool.

Hierarchical cluster analysis revealed thar the expres-
sion profiles of the 188 miRNAs from each patient were
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Fig. 4. Analysis of miRNA expres-
sion data. Target genes of miRNAs
were predicted using  MIRANDA
Pro3.0; candidate target genes spot-
ted on microamay were identified;
number of genes that actually exhibit
significant (P < 0.05) changes in ex-
pressicn among the genes was oeter-
mined; and signal pathways involving
genes regulated by the miRNAs that
nad exhibited differential expression
between each group were analyzed
using MetaCore (Table 4).

@D<

N

roughly classified into normal liver, HBV-infected liver
(CH-B+HCC-B; HBV group), and HCV-infected liver
(CH-C+HCC-C; HCV group) (Fig. 2A). HCV viremia
in two partients with CH-C was persistently cleared by
interferon therapy before HCC development. The back-
ground liver of one of these patients was clustered in the
normal group and those of others in the HCV group.
Although these two parients were not clearly differenti-
ared from others, some miRNAs such as miR-194. miR-
211. and miR-340 that were down-regulated in the HCV
group were significantly up-regulated in two patients
(Fig. 3. cluster 2).

The present CH and HCC expression data were
obrained from the same patient; however, each sample
clustered irrespective of pairs in all bur owo parients.
miRNA expression profiling was therefore more de-
pendent on the disease condition than on the paired
condition, as also confirmed by the Dunnetr test.'* We
then attempted ro classify the expression profiles into
HBV and HCV groups using supervised learning
methods (Table 2-1). HBV and HCV groups were sig-
nificantly differenciated at an 87% accuracy (P <
0.001). The normal liver and CH (CH-B + CH-C)

Table 2-1. Class Prediction

Prediction No. of
Ne. Class %) Predictors P Value
1 HBY versus HCV B7 32 <0.001
2 N versus CH (B+C) a1 26 0.007
3 CH (8~-C) versus HCC (B8+C) 9z 34 0.003

Class prediction algodthm was used for the classificaton of two groups of
pabents. Feature selection was based on the unhanate significance level (al-
pha = 6.01). The suppor vector machine classifier was usad for class prediction

Apbraviations: CH, nontumor iesion of HCC: HCC, hepatoceliular carcinoma: N,
norma

G
@ L
>

vl I

in house liver chip '”

and CH and HCC (HCC-B + HCC-C) were also
significantly differentiated ar a 90% rare of accuracy.
These resulrs suggest thac different stages of liver dis-
ease (normal. CH, and HCC) can be differentiared
from each other based on the miRNA expression pro-
file, as well as HBY and HCV infection.

To examine the relationship among five categories
of groups. namely, N, CH-B, CH-C, HCC-B and
HCC-C, we attempted to differentiate the five groups
using a supervised learning algorithm (binary tree clas-
sification) used for classifying three or more groups.
SVM was used as a prediction method. Expression pro-
files were firse classified into groups N (normal) and
non-N (nen-normal) (CH-C., CH-B, HCC-C, and
HCC-B) (node 1) (P < 0.01). The non-N group was
then classified into HBV and HCV (node 2) (/7 <
0.01). The HBV group was further classified into
CH-B and HCC-B (node 3) (” < 0.01), and the HCV
group was further classified into CH-C and HCC-C
(node 4) (P < 0.01) (Fig. 2B, Table 2-2). Thus, the
findings support the notion that differences in miRNA

Table 2-2 Binary Tree Classification

Group 2 No. of  Misclassification
Node Group 1 Class Ciass Predictors Rate (%)
1 HCC-B, HCC-C. CH-B. CH-C N 20 49
2 HCCH. CH-B HCC-C. CH-C 19 135
3 HCCB CH-B8 15 292
4 HCCL CHC 12 178

Binary wee classfication algonthm was used for the Ciassificaton Of eacn
category of patients. Feature selection was based on the unnanate significance
level (aipha = 0.01), The support veclor maching classifier was used for class
prediction, There were four nodes in the classfication tree

Abbreviations: CH-8, non-wumot lesion of HCC-Bi CH-C, nomtumor lesion of
RCC-C: HCC-B. hepautis B winus-related hepatocellular carcinoma: HCC-C. hepa-

tis C virus-relgted nepatoceliyiar carcnoma; N. nomai
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Table 3-1. Representative miRNAs That Were Commonly Repressed in CH-B, CH-C, HCC-B, and HCC-C Compared with
Normal Liver (Cluster)

Mo. of Significant  Hotelling

Parametric Genes/Predicted Test Differentially Expressed Target
miRNA F Value Ratio* Target Genest F Valuet Genes§ Pathway of Regulated GenesY
hsa-miR-219 73605 028 25/109 2.59E-04 Glypican-3, ERPS, PLK2, HIRA, HMGZ  Regulatory T cell differentiation
ACOX1 Fatty acid beta-oudation
NF-X1 MHC class Il biosynthetic process
hsa-miR-320 9.8E-05 050 26/88 3.50E-06 , ALP (N-acety Protein kinase cascage
like), SECE1 beta, G-protein
alpha-i2, Filamin A
Racl, RhoG Organelle organization and Diog
Vinexin beta, Profilin |, Ca-ATPase3 Actin ¢ org n and Diog
hsa-miR-154 2.7E-04 015 22/70 5.40E-06 OTR. NET1({TSPAN1), NAP1, Vimentin.  Regulation of apoptosis
PDIA3, cytochrome P-450
reductase
DL Morphogenesis
GUAC, ACATI Branched chain family amino acid cataoolic
process
nsa-mik-29¢ 1.BE-03 0.55 53/133 1.00E-06 FBXO7, ASPP1, HSPA4, Cathepsin 0,  Cell-substrate aghesion
POF, COL4AL, HSPA4, TIP30.
CXADR
NS1-BP, ALP (N-acetyitransferase- Transcnption, DNA-dependent
like), ACTR10, Beciin 1
SMADE, LTBR{TNFRSF3), ENPPT Apoplosis
hsa-miR-338 5.2E-03 046 30/101 3.60E-06 ID3. GATA-4, NFIA, FR-beta, CREST, Developmental process
HYOU1
G3ST1. CAD. Immune effector process
FKBP12, LZIP, PDIA3, Schwannomin Immune system process
(NF2), CREST
hsa-miR-26a 6.36-03 070 37/119 2.64E-05 LIG4, c-FLIP, GADDAS beta, DAPKI, Response to stimulus
PRDX4, LRP130
Cychin E, ZDHHCE, Tal, ATGB (GATE-  DNA replication initiation
16). WASP, Cls
COPG1 lon transport
hsa-miR-126 B.1E-03  0.65 27/101 4,04E-03  ANP32B (apnl), HSPA4, RLI, LIV-1 Regulation of cellular protein metabolic process
(SLCIOAG), PTP-MEG2. CD9T,
DHPR
NFKBIA, NMI, MDH1, PDCD2 Response to stress
SMADG, ATPGAP2, ANP32B (april). Apoptoss
NMI, HSPA4
hsa-miR-325 8.7E-03 020 18/63 2,03E-04 TRADD, CREST, NEDDB. annexin IV, Developmental process

GPX2, PDF, TNFAIP1
Glypican-3, ID1, PC-TP,
SNRPB (Sm-B)

Multicellular organismal development
RANA splicing

*Ratio of HCC-B, HCC-C, CH-B, and CH-C to normal,

The number of significant genes (P < 0.05) out of predicted target genes in which expression was evaluated in microarray.

of diff

iStatistical of p

y expressed genes out of predicted target genes of miRNAs,

§Representative differentially expressed genes out of predicted target genes of miRNAs.

hway of differentially exp

nep B

expression between HBV and HCV are as distincr as
those berween CH and HCC.

Our of 20 miRNAs thar differentiated node 1 classifica-
tion (Table 2-2), 12 also differentiated node 3 or node 4
classification. The remaining eight miRNAs specifically dif-
ferentated node 1 classification. They were down-regulated
in the HBV and HCV groups compared with the normal
group (Fig. 3, cluster 1). Nineteen miRNAs differentared
node 2 classification (Table 2-2) and the hierarchical cluster-
ing using these miRNAs clearly differentiated the HBV and

d genes out of predicted targel genes of mIRNAS,

HCV groups (Fig. 3. cluster 2). There were 15 and 14 miR-
NAs thar differentiated node 3 and 4 classifications, respec-
tively (Table 2-2). Hierarchical clustering using these
miRNAs revealed thar these miRNAs differentiated CH-B
and HCC-B as well as CH-C and HCC-C, respectively: 17
miRNAs were down-regulated in HCC, and six were up-
regulated in HCC (Fig. 3, cluster 3).

These results indicate that there were two rypes of
miRNAs— one associated with HBV and HCV infecrion
(cluster 2), the other associated with the stages of liver
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Table 4-1. Pathway Analysis of Targeted Genes by miRNAs
that Were Commonly Repressed in CH-B, CH-C, HCC-B, and
HCC-C Compared with Normal Liver (Cluster 1)

No. Pathway Name P Valus

Down-regulated miRNA in CH-B, HCC-B.CH-C and HCC-C (possibly
up-regulating target genes)
1 Cell adhesion_Platelet theli yiE interactions 1.11E-02
2 Cell cycle_S phase 2.18E-02
3 Protein folding_Protein folding nucieus 2.43E-02
4 Cell cycle_G1-S 3.07e-02
5 Development_Cartilage lop! 3.89¢e-02
6 Protein folding_Folding in nomal condition 3.89E-02
7 Proteolysts_Connective tissue degradation 3.99E-02
B Proteolysts_Proteolysts in cell cycle and apaptosis 4.31E-02
a Signal Transduction_BMP and GDF signaling 5.81€-02

10 Immune_Antigen presentation 6.05E-02

disease (clusters 1 and 2) that were irrelevant to the dif-
ferences in HBV and HCV infecrion.

Differential miRNAs and Their Candidate Target
Genes and Signaling Pathways. Differentially ex-
pressed miRNAs are shown in Table 3. In addition to the
expression ratios of miRNAs in each group, the number
of genes analyzed on the microarray predicted to be the
targer genes of miRNAs and that which actually showed
significant (P < 0.05) differences in expression are also
shown. Based on the frequencies and levels of expression
of differential genes. the significance of regularion of these
gene groups by miRNAs was evaluared using Hotelling
T2 test (BRB ArrayTools) (Table 3). The representative
candidate targer genes and their signaling pathways by
each miRNA were shown one by one (Table 3). The
signaling pathways regulared by all differential miRNAs
in each caregory of groups are shown in Table 4.

Eight miRNAs were down-regulated in the HBV and
HCV groups compared with the normal group (Table
3-1; Fig. 3, cluster 1). These miRNAs were associated
with an increased expression of genes relared to cell adhe-
sion, cell cycle, protein folding, and apoprosis (Tables
3-1, 4-1), and possibly with the common feature of CH
irrespective of the differences in HBV and HCV infec-
non.

Nineteen miRNAs clearly differentiated the HBV and
HCV groups (Fig. 3, cluster 2, Table 3-2). Thirteen
miRNAs exhibited a decreased expression in the HCV
group, and six showed a decreased expression in the HBV
group. miRNAs exhibiting a decreased expression in the
HCV group regulate genes related to immune response,
antigen presentation, cell cycle, proteasome, and lipid
metabolism. On the other hand, those exhibiting a de-
creased expression in the HBV group regulate genes re-
lated to cell death, DNA damage and recombination, and
transcription signals. These findings reflected the differ-

URA ET Al. 9

ences in the gene expression profile berween CH-B and
CH-C described (Tables 3-2, 4-2)."" Interestingly, al-
though these miRNAs were HBV and HCV infection-
specific, some of them were reported o be tumor-
associated miRNAs, suggesting the possible involvement
of infection-associated miRNAs in HCC development,

Twenty-three miRNAs clearly differentiated CH and
HCC thar were irrelevant to the differences in HBV and
HCV infection. Seventeen miRNAs were down-regulared
in HCC that up-regulated cancer-associated pathways
such as cell cycle, adhesion, proteolysis, transcriprion,
translation, and the Wnut signaling pathway (Tables 3-3,
4-3), Six miRNAs were up-regulated in HCC that down-
regulated all inflammation-mediated signaling pachways,
potentially reflecting impaired anticumor immune re-
sponse,

Relationship Between Expressions of Infection-As-
sociated miRNA in Liver and Cultured Cells Infected
with HBV and HCV. To darify whether the expression
of infection-associated miRNA is regulated by HBV and
HCV infection, we investigated the relationship between
changes in miRNA in liver tissues and those in miRNA in
Huh7.5 cells in which infectious HBV or HCV clones
replicated. To evaluate the replication of each clones in
Huh7.5 cells, we measured time-course changes in the
amounts of HBV-DNA and HCV-RNA in Huh7.5 cells
transfected with pHBV 1.2 and JFH1-RNA, respecrively,
by RTD-PCR (Supplementary Fig. 1A). The expression
of HBV proteins was examined by measuring the amount
of HBeAg released in culture medium (Supplementary
Fig. 1B). HCV protein expression was examined by eval-
uaring the core protein expression after 48 hours by fluo-
rescence immunostaining (Supplementary Fig. 1C).
RNA was extracted from the Huh7.5 cells 48 hours after
gene transfection, and miRNA expression pattern in the
cells was compared with those in liver tissues. We found a
strong correlation berween differences in miRNA expres-
sion berween liver tissues of the HBV and HCV groups,
and those in miRNA expression berween Huh7.5 cells
transfected with HBV and HCV clones (r = 0.73, P =
0.0006) (Fig. 5). These results revealed that differences in
the expression of infection-associated miRNA in the liver
between the HBV and HCV groups are explained by
changes in miRNA expression caused by HBV and HCV
infecrions.

Verification of Regulation of Candidate Target
Genes by miRNA. Small interfering RNAs (Ambion)
specific to 13 miRNAs (has-miR-17*, has-miR-20a, has-
miR-23a, has-miR-26a, has-miR-27a, has-miR-29¢, has-
miR-30a, has-miR-92, has-miR-126, has-miR-139, has-
miR-187. has-miR-200a, and has-miR-223) showing
significant differences in expression were transfected into
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Table 3-2. Differentially Expessed miRNA Between HCC-B, CH-B, and HCC-C, CH-C, and Their Representative
Target Genes (Cluster 2)

No. of Significant  Hotelling

Parametric Genes,/ Predicted Test
miRNA P Value Ratio* Target Genest P Valuet Differentially Expressed Target Genes§ Pathway of Regulated GonesY
hsa-miR-190 1.2E-05 2.06 21/68 447E-02  Chkl. C2od25, VRKZ, USP186, Regulation of cell cycle
STAFE5(gamma)
AP152, RNASE4 Mitotic cell cycle
PPP2R1B. ARHGAP1S, UBPY Negative regulabion of apoptosis
hsa-miR-134 2.3E-04 5.74 11/58 3.40E-06  VKDGC. SH28. MALS-1, DDB2 Mutticellular organismal process
BCRP1 Regulation of viral reproduction
DDB2 Lipid biosynthetic process
nsa-miR-151 2.8E-04 1.82 12/62 6.41E-01  RGS2. UFO. AKZ, USPT G-protein signaling
elF4G2, USPT Regulation of translation
SLC22AT Organic amon transpon
nsa-miR-193 5.0E-04 1.67 23/9% 9.30E-01 G-proten alpha-11. p130CAS, VAV-1. Cell motility
PDCD11
Colipase, ACSA Energy coupled proton transpon
DCOR Intracellular signaling cascade
hsa-mif-133b 1.76-03 242 20/97 3.69E-02 DDB2, Bel-3. Cystatin B Proteasomal protein catabolic
process
Rab-3, RAG1AP1, KCNHZ, DCOR Regulation of biclogical guality
AL1B1 Carbohydrate metabolic process
hsa-mif-324-5p  2.9E-03 1.51 27/121 1.90E-06  SKAPSS, VAV-1, DDB2, E2A, NIP1 Cellular developmental process
MEMO (CGI-27), Rab-3 Cellular structure morphogenesis
COPGL, GPX3, DAZZ Glutathione metabolic process
hsa-miR-182* 3.1E-03 223 28/123 < 1e-07  AMpha-endosulfine, HCCR-2. Thioredoxin-like Translation Initiation in response
2, TPT1, USPT 10 stress
DDB2, TPT1 Cellular developmental process
NP1 INK cascade
hsa-miR-105 4.6E-03 4.38 18/68 4.74E-05  Beta-2-microglobulin, HLA-B27 Antigen processing and
presentation
PIMT, IL-17RC Immune response
MHC ciass |, CDKA, ERG1, Desmocollin 3
hsa-miR-211 5.3E-03 25.61 10/56 2.00E-04  PSMDS, SLC26A6 Proteasomal protein catabolic
process
Nhsa-miR-20 5.7E-03 1.52 21/113 5.286-03  Noelin, SCAMOL, Thioredoxin-like 2, CCLS. Regulation of apoptosis
NALP3
Hic-5/ARASS, USP16. MAP4, Feroporin 1 Positive regulation of cellular
process
TOP3A, PLRP1 Oxygen transport
hsa-miR-191 6.7E-03 1.39 25/79 T.556-04  CDK9, GPS2, CLTA, LXR-alpha Nucleic acid metabolic process
ACSA Acetyl-CoA biosynthetic process
UGCGLY, SGPP1 Metal ion transport
hsa-miR-340 B.5E-03 1.48 17/81 3.73£-03  FKBP12, DCOR, Calcium ion transpon
Gelsalin, VAV-1, ARFB Actin cytoskeleton organization
and biogenesis
HXM3 Glucose catabolic process
hsa-miR-194 B.7E-03 1.67 13/74 580E-01  Cyclin B1, Serglycin M phase of mitotic cell cycle
PTE2 Acyl-CoA metabolic process
SLCTAR Carbohydrate utilization
hsa-mif-23a 1.96-04 0.46 14/97 < 1e-07  RGL2, MANR, MEK1 (MAP2K1), Caspase-3, Protein kinase cascade
AZGP1
FREK, Pyk2(FAKZ2), CSEIL Cellular developmental process
AZGP1 Defense response
hsa-miR-142-5p  4.9E-04 0.40 25/89 9.10E-06  Sinuind, PAI2, PSAT, RIL. CDC34, SPRY] Metabotropic glutamate receptor
E4BP4, DNAIC12, WWP1, PAIP1, PASK, rBAT  Regulation of gene expression
VCAM1, CaMK |, WWP1, FHL3 Cell-matrix adhesion
hsa-miR-34¢ 5.1E-04 0.20 31/129 7T.30E-06 Diacylglycerol kinase, zeta. PLC-delta 1, Manganese ion transport

ATP2C1. PAI2

MLK3(MAP3K11), MEK1(MAP2K1). CDC25C.

MRF-1. XPC
GNT-IV

Protein kinase cascade

Inflammatory cell apoptosis
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Table 3-2. Continued

No. of Significant Hotelling
Parametric Genes/Predicted Test
mIRNA P Value Ratia® Target Genest P Valued Dift y Exp d Target Genes§ Pathway of Regulated GenesY
hsa-miR-124b 8.6E-04 0.32 257120 7.106-05  E2F5. Rao51. Jaggedl Muscle development
MLK3(MAP3K11), RGS1 Intracellular signaling cascade
coLieal MAPKKK cascade
hsa-let-7a 1.DE-03 0.45 28/136 9.35E-04 RADS1C, CoAA, hASHI, Cockayne Response to DNA damage
syndrome B, Caspase-1. PPS stimulus
PLC-delta 1. MANR. ACADVL Fibroblast profiferation
HGF, NGF Cellular developmental process
hsa-miR-27a 3.9E-03 0.59 18/108 1.18E-02  COL16A1, RIL, RnoGDI gamma, ANP32B Cytoskeleton organization and
(april) biogenesis
VE-cadherin, NTH1, GATA-2, E4BP4 Response to extemal stimulus
RAD51C DNA recombination

*Ratio of HCC-8, CH-B, 10 HCC-C,CH-C.

tThe number of significant genes (p <0.05) out of predicted target genes in which expression was evaluated in microamay.
15taustical assesment of presence of differentially expressed genes out of predicted target genes of miRNAs.

ative d

§Rep:
$Rep h

y of diff

Huh7 cells to examine loss of function of the miRNAs,
Five miRNAs (has-miR-23a, has-miR-26a, has-miR-27a,
has-miR-92, and has-miR-200a) showed a decreased ex-
pression by more than 50%. Precursor miRNAs of these
miRNAs were also transfected into the cells o examine
the gain of function of the miRNAs (Supplementary Fig.
2). It was confirmed that the expressions of targer genes of
the five miRNAs (LIG4 [by has-miR-26a]; RGL2 [by

Table 4-2. Pathway Analysis of Targeted Genes by
Differentially Expressed miRNAs Between HBV-Related
Liver Disease (CH-B,HCC-B) and HCV Related Liver Disease

(CH-C,HCC-C Cluster 2)
No. Pathway Name P Value
Down-regulated miRNA in CH-C,HCC-C (possibly up-regulating
target genes)
1 Immune_Phagosome in antigen presentation 5.80E-D4
2 Muscle contraction 1.05E-03
3 Immune_Antigen presentation 5.75E-03
4 Cell cycle_Meiosis 1.49€-02
5 Reproduction_Male sex differentiation 2.06E-02
6 Cell adhesion_Platelel aggregation 2.77€-02
7 Transport_Synaptic vesicle exocylosis 3.56E-02
8 fi ation_Kallib Kinin system 3.73e-02
9 Inflammation_IgE signaling 4.10€-02
10 Development_Skeletal muscle development 5.026-02
Down-regulated miRNA in CH-B,HCC-B (possibly up-regulating
target genes)
1 Signal Transduction_Cholecystokinin signaling 1.15E-04
2 Infiammation_NK cell cytotoxicity 5.29E-03
3 Signal transduction_CREM path 5.31E-03
4 Reproduction_GnRH signaling y 7.80E-03
5 DNA damage_DBS repair 1.02E-02
6 Cell cycle_G2-M 1.63E-02
7 Development_Neuromuscular junction 2.07e-02
B Apoptosis_Apoptosi di by signals 2,42E-02
9 Reproduction_FSH-beta signaling pathway 2.92E-02
10 Cell adhesion_Amyloid proteins 3.81E.02

fierentially exp genes out of predicted target genes of miRNAs.
d genes out of predicted target genes of miRNAs,

has-miR-23a); Rad51C [by has-miR-27a]; KAP3,
CDC25B, KAP3, CDK2AP2, POLD, and CPSF4 [by
has-miR-200a]; and TUBGCP2, SNX15 and BCAT2
[by has-miR-92]) were increased by the suppression of the
miRNAs induced by small interfering RNAs and were
decreased by the overexpression of precursor miRNAs
(Supplementary Fig, 3).

Discussion

miRNA plays an important role in various discases
such as infecrion and cancer.' In this study, we examined
miRNA expression profiles in normal liver and HCC,
including nontumor lesions infected with HBV or HCV,
Although the expression profiles of miRNAs in HCC
have been reported,'®!® most of the studies were per-
formed using a microarray system. Because we thought
that miRNAs could not produce enough detection signals
owing to their short length, we applied a highly sensitive
and quantitative RTD-PCR method for miRNAs. More-
over. g|uba| gene expression in the same rissues was ana-
lyzed via <DNA microarray to examine whether the
differentially expressed miRNAs could regulate their tar-
get genes. Because the absolute standard of miRNA is not
available at present, and miRNA expression was com-
pared within the samples and genes analyzed in this study,
there might be possible errors when a larger number of
samples and genes were analyzed.

Using these systems, we found thar the expression pro-
file in miRNAs was clearly different according to HBV
and HCV infecrion for the first time. The differences were
confirmed by the nonsupervised learning method, hierar-
chical clustering (Fig. 2A), and supervised learning meth-
ods based on SVM at an 87% accuracy (P < 0,001)
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Table 3-3. Differentially Expessed miRNA Between CH and HCC and Their Representative Target Genes (Cluster 3)

No. of Significant Haotelling
Parametric Genes/ Predicted Tost
miRNA p-value Ratio* Target Genest F Valueg Differentially Expressed Target Genes§ Pathway of Regulated Genesy
hsa-miR-139 4.50E-06 042 19/106 2708-03  Cyclin B1, DHX15. MCM5, Histone H2A Mitotic cell cycie
RBCK1. SYHH Protein catabolic process
ILK. IGFBP7, SAFB. CTR9 Response to extemal stimulus
nsa-miR-30a-3p  2.50E-05 0.49 26/144 1.73E-02  GGH. Pinn, ZNF207. Annexn Vil Regulation of oxdoreductase activity
ILK. LTASH, ABCS0. GNPAT Cell-matrix adhesion
DLCL Morphogenesis
hsa-miR-130a T.00E-05 050 22/108 1.07E-02  SPHM, PPP2RSD, RHEB2, SPHM Mitotic cell eycle
MLK3{MAP3K11), Oubainl, TIMP4 Protein modification process
NRBP Cell differentiation
hsa-miR-223 3.40E-04 039 14/90 6.52E-03  Ephrin-Al, Midkine, FOPS Cell morphogenesis
Ki+) channel, subfamily J Notch signaling pathway
hsa-miR-187 355604 012 16/66 6.766-04  HFE2, Dtbain] Negative regulation of programmed
cell death
PRSS11, SUPTSH, RAG1APL Developmental process
PLOD3 Mitochondnal omithing transpon
hsa-miR-200a 6.86E-04 018 207141 2.15E:02  COC25B. KAP3, COK2AP2, CHKA Cell communication
POLD DNA replication
CPSF4 RNA splicing
hsa-miR-17-3p B.42E-04 058 287108 B.OBE-04  MLK3(MAP3K11), Tip60, ACBD6, DOC- Protein kinase cascade
1R, DAX1, RBCH!
WNTSA, 14-3-3 gamma, DHX15 BMP signaling pathway
HFE2, MCM5 DNA recombination
nhsa-miR-99a 117603 083 33/163 9.526:03  Calpain small subunit, Tt like 2,  Cy i
Survivin
IBP2, DNA-PK, KAP3, Intracellular signaling cascade
NFE2L1, PARP-1, HDAC11 Regulatory T cefl differentiation
nsa-miR-2000 157603 0.18 247147 2.726-02  HSPAT, HMG2. NRBP Reguiation of cell cycle
SNX17 Cell motility
Ephnn-Al Receptor protein signaling pathway
hsa-miR-1250 1.826-03 055 26/114 1.O3E-01  COL4A2, TIP30, HSP4T. MSP58 Cell adhesion
MLK3(MAP3K11), ERK2 (MAPK1), ERK1  Nuclear transiocation of MAPK
(MAPK3), PLOD3
Otubainl, SCNAA(SKMI) Ubiguitin-dependent protein
catabolic process
hsa-miR-30e 2.10e-03 065 24/151 4,30E-02  Cyclin B1, XTP3B, GAK. Annexin VI, Mitotic cell cycle
MICZ2, NRBP
M554 Protein localization
S100A10 Calgium ion transport
hsa-miR-199a* 4.26E-03 035 1yn 7.166-02  BUB3, Cyclin B1, LMNBR Mitotic cell cycle
PRAME Cardiac muscle cell differentiation
hsa-miR-122a 631603 051 11/80 1.01E-03  JAB1, APEX, Clathnn heavy chain Base-excision repair
PARN Translational initiation
DDAH2 Regulation of cellular respiration
hsa-miR-199a BT7E-03 035 18/94 3.56E-02  IL-13, MLK3{MAP3K11), CLK2, ACP33 Protein amino acid phosphorylation
PAFAH bela, SPA1. CLCNd Small GTPase mediated signal
transduction
hsa-miR-326 9.00€-03 057 297147 225601 Midkine, ENT1, (P3KA, PSMC5, ANCO-1  Reguiation of programmed cell
death
Thy-1. MCM6, Tip60. VILIP3 Celi-matrix adhesion
COMP, Cathepsin A Blood vessel deveiopment
hsa-miRt-92 9.60E-03 081 28/140 2.47E:02  TUBGCP2, Fibrillin 1, PIPKI gamma, Rho protein signal transduction
KAP3
SNX15, BCAT2 LDL receptor and BCAA metabolism
IGFBPT. FZD6. COPS6 A gnaling
pathway
hsa-miR-221 3.40E-06 334 16/67 350E-01  Lck, Kallistatin, Neuromodulin, LFA-3, immune response-activating signal

PA24A, AZGP1, MSH2
KYNU, PMCA3

transduction
DNA repair
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Table 3-3. Continued
No. of Significant  Hatelling
Parametric Genes,/ Predicted Test P Differentially Expressed Target
miRNA povalue Ratio* Target Genest Valuet Genes§ Pathway of Regulated GenesY
hsa-miR-222 6.50E-06 223 18/85 1.59€-02 Thrombospondin 1, Lck, MSH2, ATF-2. Cell motility
CITED2, Kaliistatin
PGAR Triacylglycerol metabolic process
KYNU DNA replication
nsa-miR-301 5.22€-05 1.96 14/71 1.16E-01  Beta-2-microgiobulin, PPCKM, PRC. Antigen processing and presentation
Fra-1, PPCKM, ACTATZ
BMPR1B. ARMER, EHM2. RBBPS Meiotic recombination
Neuromodulin, LDLR Cell motility
hsa-miR-21 T.67E-03 157 19/81 1.86E-04 Btk, Fra-1. MSH2, Collectrin, Regulation of T cell proliferation
Adipophilin
RNASE4, AGKT2LL Peptidyl-tyrosiné phosphorylation
SARDH Natural killer cell activation dunng
immune response
hsa-miR-183 2.4BE-02 3.51 13/86 3.36E-01 Hdj-2, PEMT, Lek, MEP-5, Cell differentiation
Chondromodulin-, ABCAS
IL-16, MTRR, SerRS Methioning biosynthetic process
hsa-miR-98 5.22€-02 132 247130 2.85E-04  ACAA2. LTB4DH, ACADVL, DECR, 514 Fatty acid metabolic process
[protein,
Rapsyn, Kallistatin, ENPEP, Beta Multicellular organismal process
crystallin B1
CYPAFS Prostaglandin metabolic process

*Ratio of HCC ta CH

1The number of significant genes (P<0.05) out of predicted target genes in which expression was evaluated in microanay

genes out of predicted target genes of miRNAs,

{5tatistical of p of diff y
§Rep tative di ially genes out of predicted target genes of miANAs.
YRep t y of dift y genes out of predicted target genes of miRNAs.

Table 4-3. The Pathway Analysis of Targeted Genes by
Differentially Expressed miRNAs Between CH and HCC

(Cluster 3)

No. Pathway Name P Value

Down-regulated miIRNA In HCC (possibly

up-regulating target genes)
| Cytoskeleton_Spindle microtubules 2.15€.03
2 T ption_Cl modificati 5.27E-03
3 Prateolysis_Ubiquitin-prot | protecly 6.43E-03
4 Cell adhesion_Cell-matrix interactions 7.30E-03
5 Cell cycle_Meiosis 7.83E-03
6 DNA damage_Checkpoint 1.69€-02
7 Reproduction_Progesteroné signaling 1.94E-02
8 Apoptosis_Apoptotic mitochondria 3.14£.02
9 Translation_Regulation of Initiation 4.22€-02
10 Signal transduction_WNT signaling 4,26€.02

Up-regulated miIRNA In HCC (possibly

down-regulating target genes)
1 Inflammation_IgE signaling 1.05E-02
2 Inflammation_Kallikrein-kinin system 2.46E-02
3 Inflammation_Innate inflammatory response 2.51E-02
4 Infl ion_t gnaling 4,25E-02
5 Inflammation_Neutrophil activation 4.55E-02
[ Chemotaxis 4.68E-02
T Inftammation_IL-12,15.18 signaling 5.16E-02
8 Infl _NK cell cy 7.25€-02
a Cell cycle_GO-G1 7.53E-02
10 Inflammation_Complement system 7.72E-02

(Table 2-1). As similarly described, the expression profile
in miRNAs was significantly different according ro the
progression of liver disease (normal, CH, and HCC) in
this study. The present CH and HCC expression data
were derived from the same patient, and some microarray
analyscs Suggt&tl:d thar (he noncancerous |iVEI tissue can
predict the prognosis of HCC.!'"* We examined whether
the miRNA expression of paired samples was similar or
independent using the Dunnett test'? (Supplementary
Dara). Our data indicared thar miRNA expression profil-
ing was more dependent on the disease condition than on
the paired condition, although the issue of paired samples
should be taken into account carefully.

Binary tree prediction analysis and detailed assessment
of hierarchical clustering revealed two types of differential
miRNAs, one associated with HBV and HCV infection,
the other associated with the stages of liver disease that
were irrelevant to the differences in HBV and HCV in-
fection. We found that differences in miRNA expression
berween liver tissues with HBY and HCV (HBV/HCV)
were strongly correlated with those in miRNA berween
cultured cell models of HBV and HCV infection (HBV/
HCV) (r = 0.73 P = 0.0006) (Fig. 5). Thus, there exist
HBV- and HCV-infection—specific miRNAs thar poten-
tially regulate viral replication and host gene signaling
pathways in hepatocytes.
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HBV/HCV lbﬂilz
Tissue Huh7.5
hsa-miR-20 061 0.38
hsa-miR-23a =112 13
hsa-miR-278 0.75 -1.51
hsa-miR-34c -229 ND. w
hsa-miR-105 213 ND. ~
hsa-miR-124b 163 1054 é
hsa-miR-133b 128 -364 T
hsa-miR-134 252 063 s
hsa-miR-142-5p 134 -4.39 E
hsa-miR-151 0.88 029
hsa-miR-182* 116 037 §
hsa-miR-190 1.04 132 -
hsa-miR-181 048 1.16 >
hsa-miR-183 0.74 -0.03 i
hsa-miR-194 074 0.76 o
hsa-miR-211 468 5.26 -
hsa-miR-324-5p 059 116 | ® R=0.73, p=0.0006
hsa-miR-340 057 168 . © R=0.02, p=0.82
hsa-let-7a 114 451 12 a - ; ; ) i
2 -1 0 1 2 3 4 5
HBV/HCYV in liver tissue (log2)

Fig. 5. Corelation between differences In miRNA expression between liver tissues Infected with HBV and HCV and those in miRNA expression
between cultured cell models of HBV and HCV infections. A total of 140 of 188 miRNAs were confirmed to be expressed in Huh7.5 cells. There was
a significant comelation of infection-associated miRNA (closed lozenge) in vitro and in vivo (r = 0.73, P = 0.0006), but none for the other 121

miRNAs (open lozenge) (r = 0.02, P = 0.82).

The pathway analysis of rargered genes by miRNAs
revealed that 13 miRNAs exhibiting a decreased expres-
sion in the HCV group regulate genes related to immune
response, antigen presentation, cell cycle, proteasome,
and lipid metabolism. Six miRNAs showing a decreased
expression in the HBV group regulare genes related ro cell
death, DNA damage and recombination, and transcrip-
tion signals. These findings reflected differences in the
gene expression profile between CH-B and CH-C as de-
scribed.'” Many of the miRNAs were down-regulated in
the HCV group rather than in the HBV group. It has
been reported that human endogenous miRNAs may be
involved in defense mechanisms, mainly against RNA vi-
ruses.”! On the other hand, it is suggested that endoge-
nous miRNAs may be consumed and reduced by defense
mechanisms, especially those against RNA viruses.

Although the expressions of these HBV- and HCV-
infection—specific miRNAs were irrelevant to the differ-
ences in CH and HCC (Fig. 3, cluster 2), some of them
have been reported to play pivoral roles in the occurrence
of cancer. For example, has-let-7a regulates ras and e-myc
genes,”? and has-miR-34 is involved in the p53 tumor
suppressor pathway.” These miRNAs were down-regu-
lated in the HBV group, possibly participating in a more
aggressive and malignant phenotype in HCC-B rather
than in HCC-C. High expression of has-miR-191 was
shown rto be significantly associated with the worse sur-
vival in acute myeloid leukemia,’ and has-miR-191 was

overexpressed in the HBV group compared with the
HCV group. On the other hand, has-miR-133b, which
was reported to be down-regulated in squamous cell car-
cinoma,?® was repressed in the HCV group compared
with the HBV group. Some hemartopoietic-specific
miRNAs such as has-miR-142-5p were up-regulated in
the HCV group. Therefore, these miRNAs were not only
HBV and HCV infection-associated but also tumor-as-
sociated. These findings indicate different mechanisms
of development of HCC infected with HBV and HCV
(Fig. 6).

Following HCC development, common changes in
miRNA expression between HCC-B and HCC-C ap-
peared (Fig. 3, cluster 3). The 23 miRNAs mentioned
above clearly differentiated CH and HCC thar were irrel-
evant to the differences in HBV and HCV infections.
Seventeen miRNAs were down-regulated in HCC, which
up-regulated cancer-associated pathways. Six miRNAs
were up-regulated in HCC that down-regulated all in-
flammation-mediated signaling pathways, potentially re-
flecting impaired antitumor immune response in HCC.
These results suggest that common signaling pathways are
involved in HCC development from CH, and that HBV-
and HCV-specific miRNAs participate in generating
HCC-specific miRNA expressions (Fig. 6), Therefore,
these miRNAs might be good candidates for molecular
targeting to prevent HCC occurrence, because they reg-
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Fig. 6. Infection-associated and HCC-specific miRNAs and liver dis-
ease progression.

ulate a common signaling pathway underlying HCC-B
and HCC-C development. B
In conclusion, we showed that miRNAs are important
mediators of HBV and HCV infections as well as liver
discase progression. Further studies are needed to enable i
more detailed mechanistic analysis of the miRNAs iden-
tified here and to evaluare the uscfulness of miRNAs as
diagnostic/prognostic markers and potential therapeutic 18
targer molecules.
Acknowledgement:  The authors thank Mikiko Naka- '™
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EpCAM-Positive Hepatocellular Carcinoma Cells Are Tumor-Initiating
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Background & Aims: Cancer progression/metastases
and embryonic development share many properties
including cellular plasticity, dynamic cell motiliry,
and integral interaction with the microenvironment.
We hypothesized that the heterogeneous nature of
hepatocellular carcinoma (HCC), in part, may be ow-
ing to the presence of hepatic cancer cells with stem/
progenitor features. Methods: Gene expression pro-
filing and immunohistochemistry analyses were used
to analyze 235 tumor specimens derived from 2 re-
cently identified HCC subtypes (EpCAM* a-fetopro-
tein [AFP*] HCC and EpCAM~ AFP- HCC). These
subtypes differed in their expression of AFP, a mol-
ecule produced in the developing embryo, and
EpCAM, a cell surface hepatic stem cell marker. Flu-
orescence-activated cell sorting was used to isolate
EpCAM™* HCC cells, which were tested for heparic
stem/progenitor cell properties. Resulls: Gene ex-
pression and pathway analyses revealed thar the
EpCAM* AFP* HCC subtype had features of hepatic
stem/progenitor cells. Indeed, the fluorescence-acti-
vated cell sorting-isolated EpCAM* HCC cells dis-
played hepatic cancer stem cell-like traits including
the abilities to self-renew and differentiate. More-
over, these cells were capable of initiating highly in-
vasive HCC in nonobese diabetic, severe combined
immunodeficient mice. Activation of Wnt/B-catenin
signaling enriched the EpCAM"' cell population,
whereas RNA interference-based blockage of EpCAM,
a Wnt/p-catenin signaling target, attenuated the ac-
tivities of these cells. Conclusions: Taken together,
our results suggest that HCC growth and invasiveness
is dictated by a subset of EpCAM* cells, opening a
new avenue for HCC cancer cell eradication by tar-
geting Wnt/B-catenin signaling components such as
EpCAM.

Tumcrs originate from normal cells as a resulc of
accumulated genetic/epigenetic changes. Although
considered monoclonal in origin, tumor cells are hetero-
geneous in their morphology, clinical behavior, and mo-

Japan

lecular profiles.!? Tumor cell heterogeneity has been ex-
plained previously by the clonal evolution model;
however, recent evidence has suggested that heterogene-
ity may be owing to derivation from endogenous stem/
progenitor cells* or de-differentiation of a transformed
cell.s This hypothesis supports an early proposal that
cancers represent “blocked ontogeny”™ and a derivartive
thar cancers are transformed stem cells.” This renaissance
of stem cells as targets of malignant transformation has
led to realizations about the similarities berween cancer
cells and normal stem cells in their capacity to self-renew,
produce heterogeneous progenies, and limitlessly divide.®
The cancer stem cell (CSC) (or tumor-initiating cell)
concept is that a subset of cancer cells bear stem cell
features that are indispensable for a tumor. Accumular-
ing evidence suggests the involvement of CSCs in the
perpetuation of various cancers including leukemia,
breast cancer, brain cancer, prostate cancer, and colon
cancer.”** Experimentally, putative CSCs have been
isolated using cell surface markers specific for normal
stem cells, Stem cell-like features of CSC have been
confirmed by functional in vitro clonogenicity and in vivo
tumorigenicity assays. For example, leukemia-initiating cells
in nonobese diabetic, severe combined immunodeficient
(NOD/SCID) mice are CD34**CD38".!' Breast cancer
CSCs are CD447CD24 /¥ cells, whereas tumor-initiating
cells of the brain, colon, and prostate are CD133*.10.12.3
CSCs are considered more metastatic and drug-/radiation-
resistant than non-CSCs in the tumor, and are responsi-
ble for cancer relapse. These findings warrant the devel-
opment of treatment strategies that can specifically
eradicare CSCs,'*4!*

Abbreviations used in this paper: AFP, afetop BIO, &b
Indirubin-3'-oxime; CSC, cancer stem cell; FACS, fluorescence-acti-
vated cell sorting; 5FU, S-fluorouracil; HpSC, hepatic stem cell; IF,
Immunofiuorescence; IHC, immunohistochemistry; MACS, magnetic-
activated cell sorting; MeBIO, 1-methyl-BIO; MH, mature hepatocyte;
PCNA, proliferating cell nuclear antigen; siRNA, small interfering RNA.

© 2009 by the AGA Institute
0016-5085/09/$36.00
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Hepatocellular carcinoma (HCC) is the chird leading
cause of cancer death worldwide.'® Although the cellular
origin of HCC is unclear,’”'¥ HCC has heterogeneous
pathoiogies and genetic/genomic profiles,'"” suggesting
that HCC can initiate in different cell lineages. The liver
is considered as a maturational lineage system similar to
thar in the bone marrow.?! Experimental evidence indi-
cates that certain forms of hepartic stem cells (HpSCs),
present in human livers of all donor ages, are multipotent
and can give rise to hepatoblasts,??** which are, in turn,
bipotent progenitor cells that can progress eicher into
hepatocytic or biliary lineages.”’** a-fetoprotein (AFP) is
one of the earliest markers detected in the liver bud
specified from the ventral foregutr,**#¢ but its expression
has been found only in hepatoblasts and to a lesser extent
in committed hepatocytic progenitors, not in later lin-
eages or in normal human HpSC.#* Recent studies also
have indicated that EpCAM is a biomarker for HpSC
because it is expressed in HpSCs and hepatoblasts.?#-#*

We recently identified a novel HCC classification sys-
tem based on EpCAM and AFP status.?” Gene expression
profiles revealed that EpCAM* AFP" HCC (referred to as
HpSC-HCC) has progeniror features with poor prognosis,
whereas EpCAM ™~ AFP~ HCC (referred to as mature hep-
atocyte-like. HCC;, MH-HCC) have adult hepatocyte fea-
tures with good prognosis. Wnr/B-catenin signaling, a
critical player for maincaining embryonic stem cells,?® is
activated in EpCAM* AFP" HCC, and EpCAM is a direct
transcriptional rtarget of Wnt/B-catenin signaling.?®
Moreover, EpCAM* AFP* HCC cells are more sensitive to
B-catenin inhibitors than EpCAM ™~ HCC cells in vitro.*?
Interestingly, a heterogeneous expression of EpCAM and
AFP was observed in clinical tissues, a feature thatr may be
atrributed to the presence of a subset of CSCs. In this
study, we have confirmed that EpCAM* HCC cells are
highly invasive and tumorigenic, and have activated Wnrt/
B-catenin signaling. We also show a crucial role of
EpCAM in the maintenance of hepatic CSCs. Our data
shed new light on the pathogenesis of HCC and may
open new avenues for therapeutic interventions for tar-
geting hepartic CSCs.

Materials and Methods

Clinical Specimens

HCC samples were obrained with informed con-
sent from patients who underwent radical resection at
the Liver Cancer Institute of Fudan University, Eastern
Hepatobiliary Surgery Institure, and rhe Liver Disease
Center of Kanazawa University Hospital, and the study
was approved by the institutional review boards of the
respective institutes. The microarray data from clinical
specimens are available publicly (GEO accession number,
GSES975).2” Array data from a rotal of 156 HCC cases
(155 hepatitis B virus [HBV]-positive) corresponding to 2
subrypes of HCC (ie, HpSC-HCC and MH-HCC), were

WNT SIGNALING AND HEPATIC CANCER STEM CELLS 1013

used ro search for HpSC-HCC-associated genes (Supple-
mentary Table 1; see supplementary material online at
www gastrojournal.org). A total of 79 formalin-fixed and
paraffin-embedded HCC samples were used for immuno-
histochemiscry (THC) analyses (Supplementary Table 2; see
supplementary material online at www.gastrojournal.
org), 56 of which also were used in a recent study.’® The
classification of HpSC-HCC and MH-HCC was based on
previously described criteria ¥

Cell Cultures and Sorting

Human liver cancer cell lines (HuH1 and HuH?7)
were derived from Health Science Research Resources
Bank (JCRB0199 and JCRB0403, respectively) and rou-
tinely cultured as previously described.’! Normal human
MHs, provided by the University of Pittsburgh through
Liver Tissue Cell Distriburion System, were cultured as
previously described.’> Human HpSCs were isolated from
fetal livers and cultured in Kubota and Reid's** medium
as previously described. Wnrl0OB conditioned medium
was prepared as described.** Embryonic stem cell culture
medium was prepared using Knockout Dulbecco’s mod-
ified Eagle medium supplemented with 18% of Serum
Replacement (Invitrogen, Carlsbad, CA). The pTOP-
FLASH and pFOP-FLASH luciferase constructs were de-
scribed previously.?? BIO and MeBIO were generous gifts
from Ali Brivanlou (The Rockefeller University, New
York, NY). For isolating single cell-derived colonies to
determine whether heterogeneity is an intrinsic property
of EpCAM* cells, HuH1 and HuH7 cells were resus-
pended and plated as a single cell per well in 96-well
plates. A roral of 192 single cells were plated successfully.
The clones that grew well were selected 2 weeks after
seeding and used for immunofluorescence (IF) analysis.
The 5-fluorouracil (5-FU) stock (2 mg/mL; Sigma, St
Louis, MO), was prepared in distilled water. Fluores-
cence-activated cell sorting (FACS) and magnetic-acti-
vated cell sorting (MACS) analyses were used to isolate
EpCAM™ HCC cells (Supplementary marerials; see sup-
plementary Materials and Methods online at www.
gastrojournal.org).

Clonogenicity, Spheroid Formation,

Invasion, Qungm Reverse

Transcription—Polymerase Chain Reaction,

and THC Assays

For colony formarion assays, 2000 EpCAM* or
EpCAM -~ cells were seeded in 6-well plates after FACS.
After 10 days of culture, cells were fixed by 100% meth-
anol and srained with merhylene blue. For spheroid
assays, single-cell suspensions of 1000 EpCAM* or
EpCAM™ cells were seeded in 6-well Ultra-Low Artach-
ment Microplates (Corning, Corning, NY) after FACS.
The number of spheroids was measured 14 days after
seeding. Invasion assays were performed using BD Bio-
Coat Martrigel Matrix Cell Culture Inserts and Control
Inserts (BD Biosciences, San Jose, CA) essentially as pre-
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viously described.’* Reverse transcription-polymerase
chain reaction and IHC assays are described in derail in
the supplementary materials (see supplementary material
online at www.gastrojournal.org).

Tumorigenicity in NOD/SCID Mice

Six-week-old NOD/SCID mice (NOD/NCrCRI-
Prkdc=?) were purchased from Charles River (Charles
River Laboratories, Inc, Wilmington, MA). The protocol
was approved by the National Cancer Institute-Bethesda
Animal Care and Use Committee. Cells were suspended
in 200 L of Dulbecco’s modified Eagle medium and
Martrigel (1:1), and a subcutaneous injection was per-
formed. The size and incidence of subcutaneous tumors
were recorded. For histologic evaluation, tumors were
formalin-fixed, paraffin-embedded or embedded directly
in OCT compound (Sakura Finerek, Torrance, CA) and
stored at —80°C.

RNA Interference

A small interfering RNA (siRNA) specific ro
TACSTDI (5103019667) and a control siRNA (1022076)
were designed and synthesized by Qiagen (Qiagen, Va-
lencia, CA). Transfection was performed using Lipo-
fectamine 2000 (Invitrogen), according to the manufac-
turer’s instructions. A total of 200 nmol/L of siRNA
duplex was used for each transfection.

Statistical Analyses

The class comparison and gene clustering analyses
were performed as previously described.* The canonic
pathway analysis was performed using Ingenuity Path-
ways Analysis (v5.5; Ingenuity Systems, Redwood Ciry,
CA). The association of HCC subrypes and clinico-
pathologic characreristics was examined using either the
Mann-Whitney U test or the chi-square test. Student ¢
tests were used to compare various test groups assayed by
colony formation, spheroid formation, or invasion as-
says. The Kaplan-Meier survival analysis was performed
to compare patient survival or tumorigenicity.

Results

A Poor ic HCC Subtype With
Molecular Features of HpSC

We re-evaluated the gene expression profiles that
were uniquely associated with 2 recently identified prog-
nostic subtypes of HCC (ie, HpSC-HCC and MH-HCC),
using a publicly available microarray dataset of 156 HCC
cases (GEO accession number: GSES975). Sixty cases
were defined as HpSC-HCC with a poor prognosis and 96
cases were defined as MH-HCC with a good prognosis,
based on EpCAM and AFP status.”” A class-comparison
analysis with univariate ¢ tests and a global permutation
test (1000X) yielded 793 genes that were expressed dif-
ferentially berween HpSC-HCC and MH-HCC (P < .001).
Hierarchical cluster analyses revealed 2 main gene clus-
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ters that were up-regulated (cluster A; 455 genes) or
down-regulated (cluster B; 338 genes) in HpSC-HCC
(Figure 14). Pathway analysis indicated that the enriched
genes in cluster A were associated significantly with
known stem cell signaling pathways such as transform-
ing growth factor-B, Wnt/B-catenin, PI3K/Akt, and inte-
grin (P < .01) (Figure 1B). In contrast, genes in cluster B
were associated significantly with marture hepatocyte
functions such as xenobiotic metabolism, complement
system, and coagulation system (P < .01). Noticeably,
known HpSC markers such as KRT19 (CK19), TACSTDI
(EpCAM), AFP, DKK1, DLK1, and PROM1 (CD133) were
up-regulated significantly in HpSC-HCC, whereas known
liver maturation markers such as UGT2B7 and CYP3A4
were expressed more abundancly in MH-HCC (Figure 1C
and Supplementary Tables 3 and 4; see supplementary
material online at www.gastrojournal.org). Kaplan-Meier
survival analysis revealed that HpSC-HCC patients had a
significantly shorter survival than MH-HCC patients
(P = .036) (Figure 1D). Consistencly, HpSC-HCC patients
had a high frequency of macroscopic and microscopic
portal vein invasion (Figure 1E).

However, IHC analyses of an additional 79 HCC cases
revealed that among 24 HpSC-HCC cases, EpCAM stain-
ing was very heterogeneous with a mixture of EpCAM"*
and EpCAM~ tumor cells in each tumor (Figure 1F, left
panel). Noticeably, many of the EpCAM* tumor cells were
located at the invasion border zomes and often were
disseminated at the invasive front (black arrows). IF anal-
ysis revealed that HCC cells located at the invasive front
co-expressed EpCAM, CK19, and AFP (Figure 1F, right
panels). Noriceably, HpSC-HCC patients were signifi-
cantly younger than MH-HCC patients (Supplementary
Tables | and 2; see supplementary material online at
www.gastrojournal.org). Enrichment of EpCAM® AFP”
tumor cells at the tumor-invasive front suggested their
involvement in HCC invasion and mertastasis.

Isolation and Characterization of EpCAM™*

Cells in HCC

The results described earlier suggest thar HpSC-
HCC may be organized in a hierarchical fashion in which
EpCAM* tumor cells act as stem-like cells with an ability
to differentiare into EpCAM~ tumor cells. To rtest this
hypothesis, we first evaluated the expression pattern of 7
hepatic stem/maturation markers (EpCAM, CDI133,
CD90, CK19, Vimentin, Hep-Parl, and B-catenin) in 6
HCC cell lines (Figure 24). All 3 AFP* cell lines (HuH1,
HuH7, and Hep3B) expressed EpCAM, CD133, and
cytoplasmic/nuclear B-catenin, whereas the other 3 AFP-
cell lines (SK-Hep-1, HLE, and HLF) did not, consistent
with the microarray data. Interestingly, AFP* cell lines
had no CD90* cell population, which recently was iden-
tified as hepatic CSCs,** whereas AFP~ cell lines had such
a population. Consistent with the IF dara, FACS analysis
showed that AFP* cell lines had a subpopulation of
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