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features of nontumorous liver tissues (Supp. Info.

Table 1).

Downregulation of MAPK7 Inhibits the Growth
of HCC Cells

To investigate the effects of MAPK7 overex-
pression on HCC cells, we knocked down its
expression using RNAIL In SNU449 cells treated
with siRNA rtargeting MAPK7, we observed a
decrease in MAPK7 mRNA and ERKS protein
levels relative to that observed for cells receiving
a control siRNA or transfection agent alone (Figs.
5A and 5B). The siRNA-mediated downregula-
tion of MAPK7 suppressed the growth of SNU449
cells at all cime points assaved over a 72-hr period
(Fig. 5C). These findings suggest that ERKS pro-
motes the growth of HCC cells.

ERKS is Phosphorylated During the G2/M
Phases of the Cell Cycle

To help elucidate the underlying mechanism
by which ERKS regulates cellular proliferation
we investigated the role of ERKS in cell cycle
progression. SNU449 cells were synchronized at
G1/S, early S, or M phases of the cell cycle using
a double-thymidine, aphidicolin, or nocodazole
block, respectively. We determined the levels of
total ERKS and phosphorylated (active) form of
ERKS5. Immunoblotting did not show a difference
in the level of total ERK5 among the three
phases of the cell cycle (Fig. 6A). To detect
phosphorylated ERKS, total ERKS was immuno-
precipitated from cell lysates using an anti-ERKS
antibody and then analyzed by immunoblotting
using an anti-phospho-ERKS5 antibody. Phospho-
rylated ERKS5 was more abundant in cells
synchronized at the M phase than in asynchro-
nous cells (Fig. 6B).

We next synchronized SNU449 cells at the G1/
S boundary using a double-thymidine block and
then released the cells from the block. Using
flow cytometry, we confirmed the synchrony of
the cell cycle and monitored its progression after
removal of thymidine (Fig. 6C). There was no
difference in the level of total ERKS during pro-
gression of the cell cycle (Fig. 6D). Expression of
phosphorylated ERK was maximal 9 hr after
release from the block (Fig. 6E), a time when a
large proportion of cells were in the G2/M phase
(Fig. 6C). Taken together, these observations
indicate that ERKS is phosphorylated during the
G2/M phases of the cell cycle.
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Figure 5. Growth inhibition of SNU449 cells by knockdown of
MAPK7. A: Relative expression levels of MAPK7 mRNA as determined
by realtime quantitative RT-PCR. SNU449 cells were treated with
siRNA targeting MAPK7, negative control siRNA, or the transfection
agent alone (Lipofectamine), and harvested 48 hr after transfection.
Untreated cells were maintaned under 1dentical experimental condi-
tions. Results are presented as a ratio between the expression level
of MAPK7 and that of a reference gene (GAPDH) to correct for varia-
tion in the amount of RNA. Relative expression levels were normal-
1zed such that the ratio in untreated cells 1s |. B: Levels of ERKS and
B-actin, an mnternal control, determined by immunoblotting. C: Cell
growth was assayed by counting the viable cells at the indicated times
after transfection. Each assay was performed in triplicate. Values are
represented as the mean + SD. Differences were analyzed by
ANOVA (*P < 0.01).

ERK5 Regulates Entry into Mitosis

Our results indicating that ERKS is activated
during the G2/M phases in SNU449 cells sug-
gested that ERKS may be involved in G2/M pro-
gression. T'o examine whether ERKS5 plays a role
in mitotic entry, we knocked down MAPK7
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Figure 6. ERKS5 is phosphorylated during the G2/M phases of the
cell cycle. (A) Immunoblot analysis to detect protein levels of total
ERKS and B-actin, an internal control, in SNU449 cells that were
synchronized at the GI/S, early S, or'M phases using a double-thymi-
dine, aphidicolin, or nocodazole block, respectively, or were
untreated and used as an asynchronous (ASY) population. (B) Levels
of phosphorylated ERKS5 (p-ERKS). ERK5 was immunoprecipitated
(IP) from lysates of SNU449 cells that were synchronized at the M
phase (M) or from asynchronous cells (ASY). The samples were split
and analyzed by immunoblotting (IB) for p-ERKS and total ERKS.
Normal rabbit immunoglobulin (normal IgG) was used as a negative
control for immunoprecipitation. (C) Flow cytometric analysis.
SNU449 cells were synchronized to the G1/S boundary using a dou-
ble-thymidine block. Synchronized cells were released from the block
and harvested at the indicated time paints. The X-axis indicates DNA
content and the Yaxis indicates the number of cells. (D) Time course
of changes in the level of total ERK5 after release from the double-
thymidine block. The level of B-actin was used as an internal control.
(E) Time course of changes in the level of p-ERKS after release from
the double-thymidine block. ERKS was immunoprecipitated from

M

fysates of SNU449 cells harvested at the indicated times after release
from the double-thymidine block. The samples were split and ana-
lyzed by immunoblotting for p-ERKS5 and total ERKS. SNU449 cells,
synchronized at the M phase with nocodazole, were also examined as
described in (A) and (B). Normal rabbit IgG was used as a negative
control for immunoprecipitation. (F) Representative images of mitotic
cells in an SNU449 cell population that was transfected with MAPK7-
or control-siRNA, SNU449 cells were treated with siRNA targeting
MAPK7, negative control siRNA, or the transfection agent alone (Lip-
ofectamine). Untreated cell were maintained under identical condi-
tions. These cells were synchronized at the GI/S boundary using a
double-thymidine block. The synchronized cells were released from
the block and stained with anti-phospho-histone H3 9 hr after
release, a time corresponding to the G2/M phase as shown in (C).
Mitotic cells were identified by positive staining for phospho-histone
H3 (green). Nuclear DNA was stained with propidium iodide (red).
(G) The mitotic index was scored as described in Materials and
Methods section. Data are presented as means = SD (ANOVA; #P <
0.05).
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expression using RINAi and assessed its effect on
mitosis. SNU449 cells were transfected with
siRNA targeting MAPK7 and synchronized at the
G1/S-phase boundary by a double-thymidine
block. The synchronized cells were released from
the block and harvested 9 hr after release, a time
which corresponds to the G2/M phase (Fig. 6C).
Finally, harvested cells were stained with anti-
phospho-histone H3 antibody, which specifically
detects mitotic cells (Fig. 6F). Compared with a
control siRNA or transfection agent alone, trans-
fection of MAPK7 siRNA significantly reduced
the mitotic index (Fig. 6G). These findings sug-
gest that ERKS regulates mitotic entry in the
HCC cells.

DISCUSSION

High-density SNP arrays are powerful tools for
high-resolution -analysis of DNA copy number
aberrations in cancers. In the present study, using
the Affymetrix GeneChip 100K and 250K SNP
arrays we detected a novel amplification in HCC
cells at 17p11. We were able to narrow the ampli-
fication to a 750-kb region. Notably, the amplifi-
cation might have been missed using
conventional analyses such as CGH. Amplifica-
tion at 17p11.2-p12 has been detected in high-
grade osteosarcoma using CGGH (Forus et al,
1995; Tarkkanen et al., 1995). The group of van
Dartel et al., (2002) established 17p11.2-p12
amplification profiles by semi-quantitative PCR
using 15 microsatellite markers and seven candi-
date genes to assay amplification in this tumor
type. They found that most of the tumors had
complex amplification profiles, suggesting that
multiple amplification targets, including MAPK7,
might be present in region 17p11.2-p12. In con-
trast, we were able to define a smaller common
region of amplification at 17p11 in two HCC cells
and to determine the expression status of all
genes in the amplicon. Three of the seven genes
in the amplicon; EPN2, EPPBY, and MAPK7,
were always overexpressed in cells that showed
amplification in the 17p11 region. Thus, we con-
sidered these three genes as candidate targets for
amplification. The function of EPPBY (B9 pro-
tein) is not known, and the protein encoded by
EPN2 (epsin 2) is similar to epsin 1, which plays
a purtative role in clathrin-mediated endocytosis
(Rosenthal et al., 1999). Therefore, we focused
on MAPK7 as a target for the amplification.

Several lines of evidence implicate ERKS,
which is encoded by MAPK7, in tumorigenesis

Genes, Chromosomes & Cancer DOI 10.1002/gcc

(Wang and Tournier, 2006): (a) the ERKS path-
way is activated by Ras (English et al., 1999),
ErbB (Esparis-Ogando et al,, 2002; Yuste et al,
2005), Src (Sun et al, 2003), Cot (Chiariello
et al., 2000), Ber-Abl (Buschbeck et al., 2005), in-
sulin-like growth factor-1I (Linnerth et al., 2005),
and interleukin-6 (Carvajal-Vergara et al., 2005);
{b) ERKS is involved in the control of breast can-
cer cell proliferation (Esparis-Ogando et al,
2002); (¢) ERKS mediates a survival signal that
confers chemoresistance to breast cancer (Weldon
et al., 2002); (d) insulin-like growth factor-1I pro-
motes cell survival via the ERKS pathway in lung
cancer cells (Linnerch et al., 2005); (e) the level
of ERKS5 contributes to the survival of Ber/Abl-
positive leukemic cells (Buschbeck et al.,, 2005);
(fy ERKS regulates cell proliferation and antia-
poptotic responses in multiple myeloma (Carva-
jal-Vergara et al., 2005); and (g) an elevated level
of MEKS, a specific activator of ERKS, is associ-
ated with metastasis and a poor prognosis in pros-
tate cancer {(Mehta et al., 2003).

The present study is the first to show the sta-
tus of amplification and expression of MAPK7 and
its functional role in HCC. We found that
MAPK7 is amplified in 35 of 66 HCC tumors
(53%). However, we could not determine the
copy number of MAPK7 in the nontumorous
counterparts of the samples assayed because
these samples were not available. Therefore, we
cannot exclude the possibility that copy number
polymorphism might influence the results of copy
number analysis. We studied the expression of
ERKS using immunohistochemical analysis in pri-
mary HCCs and their surrounding nontumorous
liver tissues. In nontumorous liver tissues, ERK5
was weakly expressed in the cyroplasm of non-
neoplastic hepatocytes. Intriguingly, it was more
strongly expressed in bile duects, bile ductules,
and a few small hepatocytes. In HCC tumor tis-
sues, ERK5 was expressed in the cytoplasm of
tumor cells. The level of ERKS was elevated in
11 of 43 HCC tumors compared with their non-
tumorous counterparts. However, we did not
observe a significant link between the level of
ERKS and any clinicopathological parameters. A
recent report showed chat, in prostate cancer, an
increase in ERKS5 cytoplasmic signals correlates
with advanced disease and that strong nuclear
ERKS localization correlates with poor survival
{(McCracken et al., 2008).

We examined the functional roles of ERKS
in HCC cells using RNAi. Downregulation of
MAPK7 by siRNA suppressed the growth of
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SNU449 cells, which had the greatest amplifica-
tion and overexpression of MAPK7 of all of the
cell lines tested. These findings suggest that
increased levels of ERKS enhance the growth of
HCC cells. Moreover, our results indicate that
ERKS is phosphorylated during the G2/M phases
of the cell cycle and that it regulates entry into
mitosis, which may explain how it promotes the
growth of HCC cells.

Conflicting results have been reported by dif-
ferent investigators regarding the role of ERKS in
cell cycle progression. Some investigators have
reported that ERKS regulates the G1/S transition:
expression of a dominant-negative form of ERKS
prevents cells from entering the S-phase of the
cell cycle (Kato et al,, 1998), and ERKS can drive
cyclin D1 expression (Mulloy et al, 2003). In
contrast, Cude et al., (2007) and Girio et al,
(2007) recently reported that ERKS is activated
at the G2/M phases and is required for mitotic
entry, findings that agree with our results.

Few molecules have been identified as direct
downstream targets of ERKS. The transcriptional
factors of the monocyte enhancer factor 2 family
are among the best characterized substrates of
ERKS. Phosphorylation of monocyte enhancer
factor 2C by ERKS enhances its transcriptional
activity and subsequently leads to an increase in
c-Jun gene expression (Kato et al., 1997; Wang
and Tournier, 2006). A more complete identifica-
tion of components downstream of ERKS will be
necessary to fully understand the role of ERKS in
carcinogenesis.

In summary, using high-density SNP arrays, we
identified MAPK7 as a probable target for the
amplification events at 17pll in HCGs. Our
results suggest that the ERKS5 protein product of
the MAPK7 gene plays a role in proliferation of
HCC cells by regulating mitotic entry and may
therefore be an optimal target for the develop-
ment of novel therapies for this widespread type
of cancer.

REFERENCES

Aden DP, Fogel A. Plotkin S. Damjanov I, Knowles BB. 1979.
Controlled synthesis of HBsAg 1n a differentuated human liver
carcinoma-denved cell line. Nature 282:615-616.

Alexander JJ, Bev EM, Geddes EW, Lecatsas G. 1976. Establish-
ment of a continuously growing cell line from pnmary carcr-
noma of the liver. S Afr Med J 50:2124-2128.

Bignell GR. Huang J. Greshock J, Watt S, Butler A, West S, Gn-
gorova M, Jones KW, Wer W, Stratton MR, Futreal PA, Weber
B. Shapero MH. Wooster R. 2004. High-resolution analysis of
DNA copy number using oligonucleotde microarravs. Genome
Res 14:287-295.

Buschbeck M. Hofbauer S, Di Croce L. Kenn G, Ullnch A. 2005.
Abl-kinase-sensitive levels of ERKS and 1ts mntnnsic basal activ-
itv contribute to leukaemia cell survival. EMBO Rep 6:63-69.

Carvajal-Vergara X, Tabera S, Montero JC, Esparis-Ogando A,
Lépez-Pérez R, Mateo G, Gutiérrez N, Parmo-Cabafias M,
Temxadé J, San Miguel JF. Pandiella A. 2005, Multifunctional
role of ErkS in multiple mveloma. Blood 105:4492—4499.

Chianello M. Marmissen MJ, Gutkind JS. 2000. Muluple mito-
gen-activated protein kinase signaling pathways connect the cot
oncoprotein to the e-jun promoter and to cellular transforma-
tion. Mol Cell Biol 20:1747-1758.

Collins C, Rommens JM, Kowbel D. Godfrev T, Tanner M.
Hwang SI, Polikoff D, Nenet G. Cochran ], Mvambo K, Jay
KE. Froula ], Cloutier T. Kuo WL, Yaswen P. Dairkee S. Gio-
vanola J, Hutchinson GB, Iscla J, Kalliomerm OP, Palazzolo M,
Martin C, Encsson C. Pinkel D, Albertson D, L1 WB, Gray JW
1998. Positional clomng of ZNF217 and NABC1: Genes ampli-
fied at 20q13.2 and overexpressed 1n breast carcinoma. Proc
Natl Acad Sci USA 95:8703-8708.

Cude K, Wang Y, Chor HJ, Hsuan SL, Zhang H, Wang CY. Xia
Z. 2007 Regulation of the G2-M cell cycle progression by the
ERKS-NFkappaB signaling pathway. J Cell Biol 177:253-264.

Di Fiore PP. Pierce JH. Kraus MH, Segatto O. King CR. Aaron-
son SA. 1987. erbB-2 1s a potent oncogene when overexpressed
m NIH/3T3 cells. Science 237:178-182.

Di X. Matsuzaki H, Webster TA, Hubbell E, Lz G, Dong S. Bar-
tell D, Huang ], Chiles R. Yang G, Shen MM, Kulp D, Ken-
nedy GC, Me1 R. Jones KW, Cawley S. 2005. Dynamic model
based algonthms for screening and genotyping over 100 K SNPs
on oligonucleotide microarrays. Bioinformatics 21:1958-1963.

Dor I, Namba M, Sato J. 1975, Establishment and some biological
charactenstics of human hepatoma cell lines, Gann 66:385-392.
El-Serag HB. 2002, Hepatocellular carcinoma: An epidemiologic

view. J Clin Gastroenterol 35:572-S78.

English JM, Pearson G, Hockenberry T, Shivakumar L. White
MA. Cobb MH. 1999. Contribution of the ERKS/MEKS path-
way t© Ras/Raf signaling and growth control. J Biol Chem
274:31588--1592.

Espans-Ogando A. Diaz-Rodnguez E, Montero JC. Yuste L.
Crespo P, Pandiella A. 2002, E1kS parucipates i neuregulin
signal transduction and 1s consututively active mn breast cancer
cells overexpressing ErbB2. Mol Cell Biol 22:270-285.

Forus A, Weghws DO, Smeets D, Fodstad O. Myklebost O,
Geurts van Kessel A. 1995, Comparative genomuc hybndization
analvsis of human sarcomas. II. Identification of novel ampli-
cons at 6p and 17p m osteosarcomas. Genes Chromosomes Can-
cer 14:15-21.

Fujise K. Nagamor: S. Hasumura S, Homma S, Sujino H. Mat-
suura T, Shimizu K, Niiya M. Kameda H, Fujita K. 1990. Inte-
gration of hepatitis B virus DNA mto cells of six established
human hepatocellular carcinoma cell lines. Hepatogastroenterol-
ogy 37-457-460.

Garaude ], Chermi S, Kamuinski S. Delepine E, Chable-Bessia C.
Benkirane M. Borges ], Pandiella A, Ifiiguez MA, Fresno M,
Hipskind RA, Villalba M. 2006. ERKS activates NF-kappaB 1n
leukemic T cells and 1s essential for therr growth m vivo. J
Immunol 177:7607-7617

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger AJ, Ram-
aswamy S. Beroukhim R. Milner DA, Granter SR, Du ], Lee G,
Wagner SN, L1 C, Golub TR, Rimm DL, Meverson ML,
Fisher DE, Sellers WR. 2005. Integratve genomic analyses
identify MITF as a lineage survival oncogene amplified m ma-
lignant melanoma, Nature 436:117-122.

Gino A, Montero JC, Pandiella A, Chatterjee S. 2007 ErkS 1s acti-
vated and acts as a survival factor n mutosts. Cell Signal
19:1964-1972.

Hayash1 M, Lee JD. 2004. Role of the BMKI/ERKS signaling
pathway: Lessons from knockout mice. ] Mol Med 82:800-808.

Hirchashi S. Shimosato Y. Kameva T, Koide T, Mukojima T,
Taguch: Y, Kagevama K. 1979, Production of -fetoprotein and
normal serum protemns by xenotransplanted human hepatomas
i relation to their growth and morphology. Cancer Res 39%:
1819-1828.

Huh N, Utakeji T 1981. Production of HBs-anugen by two new
human hepatoma cell lines and 1ts enhancement by dexametha-
sone. Gann 72:178-179.

Kallioniem: A. Kalliomemi OP, Sudar D, Rutovitz D, Gray W,
Waldman F. Pinkel D. 1992. Comparative genomic hvbndiza-
tion for molecular cvtogenetic analysis of solid tumors. Science
258:818-821.

Genes, Chromosomes & Cancer DOI 10.1002/gcc

- 315 -



120 ZEN ET AL.

Kato Y. Kravchenko VV, Tapping RI, Han ], Ulevitch R], Lee
JD. 1997 BMKI/ERKS regulates serum-induced early gene
expression through transenption factor MEF2C. EMBO ]
16:7054-70066.

Kato Y. Tapping RI, Huang S. Watson MH, Ulevitch R}, Lee JD.
1998. Bmk1/EskS 1s required for cell proliferation induced by
epidermal growth factor. Nature 395:713-716,

Kennedy GC, Matsuzaki H, Dong S, Liu WM, Huang J, Lm G,
Su X, Cao M. Chen W, Zhang ], Liu W, Yang G. Di X, Ryder
T. He Z. Surt: U, Phillips MS, Boyce-Jacine MT, Fodor SP,
Jones KW. 2003. Large-scale genotyping of complex DNA. Nat
Biotechnol 21:1233-1237.

Knowles BB. Howe CC., Aden DP 1980. Human hepatocellular
carcinoma cell lines secrete the major plasma protems and hepa-
titis B surface antigen. Science 209:97-499.

Linnerth NM. Baldwin M, Campbeil C, Brown M, McGowan H,
Moorehead RA. 2005. IGF-II induces CREB phosphorylation
and cell survival i human lung cancer cells. Oncogene
24:7310-7319.

Lattle CD, Nau MM, Camey DN, Gazdar AF. Minna JD. 1983
Amplification and expression of the ¢-myc oncogene n human
lung cancer cell lines. Nature 306:194-196.

Marsuzaki H. Dong S. Lo1 H. Di X. Liu G, Hubbell E, Law ],
Bemtsen T, Chadha M. Hut H. Yang G, Kennedy GC. Webster
TA. Cawley S. Walsh PS, Jones KW, Fodor SP. Mex R. 2004a.
Genotyping over 100,000 SNPs on a pair of oligonucleotide
arrays. Nat Methods 1:109-111.

Matsuzaki H, Lor H, Dong S. Tsat YY. Fang ], Law ]J. Di X, Lau
WM, Yang G. L G, Huang ], Kennedy GC, Ryder TB, Mar-
cus GA, Walsh PS. Shniver MD, Puck JM. Jones KW, Me1 R.
2004b. Parallel genotyping of over 10,000 SNPs using a one-
primer assay on a ligh-density oligonucleotide array. Genome
Res 14:414-425.

McCracken SR. Ramsay A, Heer R. Mathers ME, Jenkms BL.
Edwards J, Robson CN, Marquez R. Cohen P, Leung HY.
2008, Aberrant expression of extracellular signal-regulated ki-
nase S m human prostate cancer. Oncogene 27:2978-2988.

Mehta PB, Jenkins BL, McCarthy L, Thilak L, Rebson CN. Neal
DE. Leung HY. 2003. MEKS overexpression 1s associated with
metastatic prostate cancer, and stimulates proliferation, MMP-9
expression and mvasion. Oncogene 22:1381-1389.

Me: R, Galipeau PC, Prass C, Berno A, Ghandour G, Patil N,
Wolff RK, Chee MS, Reid BJ, Lockhart DJ. 2000. Genome-
wide detection of allelic imbalance using human SNPs and
high-density DNA arrays. Genome Res 10:1126-1137

Minamiya Y. Matsuzaki I. Sageshima M, Saito H. Taguchi K,
Nakagawa T, Ogawa ]J. 2004. Expression of ussue factor mRNA
and nvasion of blood vessels by tumor cells i non-small cell
lung cancer. Surg Today 34:1-5.

Mulloy R. Salinas S, Philips A, Hipskind RA. 2003. Activation of
cyclin D1 expression by the ERKS cascade. Oncogene 22:5387—
5398.

Nakabayastu H. Taketa K, Miyano K, Yamane T. Sato ]J. 1982,
Growth of human hepatoma cells lines with differentiated func-
tions 1 chemically defined medium. Cancer Res 42:3858-3863.

Nannya Y, Sanada M, Nakazak: K, Hosova N, Wang L. Hangaishi
A, Kurokawa M. Chiba S, Bailey DK, Kennedy GC. Ogawa S.
2005. A robust algonithm for copy number detection using high-
density oligonucleotide single nucleotide polymorphism geno-
typing arrays. Cancer Res 65:6071-6079.

Nishimoto 8, Nishida E. 2006. MAPK signalling: ERKS versus
ERK1/2. EMBO Rep 7:782-786.

Okamoto H. Yasu1 K, Zhao C, Arii S. Inazawa J. 2003. PTK2 and
EIF3S3 genes may be amplification targets at 8q23-q24 and are
associated with large hepatocellular carcinomas. Hepatology
38:1242-1249.

Park ]JG. Lee JH. Kang MS. Park K], Jeon YM, Lee H], Kwon
HS. Park HS. Yeo KS. Lee KU, Kim ST, Chung JK. Hwang Y},

Genes, Chromosomes & Cancer DOI 10.1002/gcc

Lee HS, Kim CY, Lee YL, Chen TR, Hay R], Song SY, Kim
WH, Kim CW, Kim YL 1995. Charactenization of cell lines
established from human hepatocellular carcmnoma. Int ] Cancer
62:276-282.

Rosenthal JA, Chen H. Slepnev VI, Pellegnm L. Saleimi AE, Di
Fiore PP, De Camilli P 1999. The epsins define a family of
protems that nteract with components of the clathrin coat and
contamn a new protein module. | Biol Chem 274:33959-33965.

Sun W, Wer X, Kesavan K, Garnngton TP, Fan R, Me1 ], Ander-
son SM. Gelfand EW, Johnson GL. 2003. MEK kinase 2 and
the adaptor protein Lad regulate extracellular signal-regulated
kinase 5 activation by epidermal growth factor via Src. Mol Cell
Biol 23:2298-2308.

Tarkkanen M. Karhu R, Kalliomem: A, Elomaa I, Kivioja AH,
Nevalamen J, Bohling T, Karaharju E. Hyvunen E. Knuutila S,
Kallioniemi OP. 1995. Gamns and losses of DNA sequences
osteosarcomas by comparative genomic hybndization. Cancer
Res 55:1334-1338.

van Dartel M, Cornelissen PW, Redeker S. Tarkkanen M, Knuu-
tila S, Hogendoorn PC, Westerveld A, Gomes [. Bras ], Hulse-
bos TJ. 2002. Amplification of 17p11.2 approximately pl2.
mcluding PMP22, TOP3A. and MAPKY7. 1n high-grade osteosar-
coma. Cancer Genet Cytogenet 139:91-96,

Wang X, Tournier C. 2006. Regulation of cellular functiens by
the ERKS signalling pathway. Cell Signal 18:753-760.

Weldon CB. Scandurro AB. Rolfe KW, Clayton JL, Elliott S, But-
ler NN, Melnik LI, Alam J, McLachlan JA, Jaffe BM. Beckman
BS. Burow ME. 2002. Identification of mutogen-activated pro-
tem kinase kinase as a chemoresistant pathway m MCF-7 cells
by using gene expression microarray. Surgery 132:293-301.

Wong KK, Tsang YT, Shen J, Cheng RS. Chang YM, Man TK,
Lau CC. 2004. Allelic imbalance analysis by high-density sin-
gle-nucleotide polymorphic allele (SNP) array with whole ge-
nome amplified DNA. Nucleic Acids Res 32:¢69.

Yasut K, Arii S, Zhao C. Imoto I, Ueda M, Naga1 H. Emi M, Ina-
zawa J. 2002, TFDP1, CUL4A, and CDC16 1dentified as targets
for amplification at 13g34 1n hepatocellular carcinomas. Hepato-
logy 35:1476-1484.

Yasu1 K. Imoto I, Fukuda Y, Pimkhaokham A, Yang ZQ, Naruto
T, Shimada Y, Nakamura Y, Inazawa ]J. 2001. Identification of
target genes withmn an amplicon at 14q12-q13 n esophageal
squamous cell carcinoma. Genes Chromosomes Cancer 32:112—
118.

Yokor S, Yasui K. lizasa T, Imoto L Fujisawa T, Inazawa J. 2003.
TERC 1dentified as a probable target within the 3926 amplicon
that 1s detected frequently 1n non-small cell lung cancers. Clin
Cancer Res 9:4705-4713.

Yokot S, Yasur K, Saito-Ohara F. Koshikawa K, lizasa T, Fujisawa
T. Terasak: T, Horii A, Takahashi T. Hirohashi S, Inazawa ].
2002. A novel target gene, SKP2, within the Sp13 amplicon that
1s frequently detected m small cell lung cancers. Am ] Pathol
161:207-216.

Yuste L. Montero JC. Espans-Ogando A, Pandiella A. 2005. Act-
vation of ErbB2 by overexpression or by transmembrane neure-
gulin results 1 differennial signaling and sensivity  to
herceptin. Cancer Res 65:6801-6810.

Zhao X, La C. Paez JG. Chin K, Jinne PA, Chen TH. Girard L,
Minna ], Chnstiani D, Leo C, Gray JW, Sellers WR, Meverson
M. 2004. An integrated view of copy number and allelic altera-
tions m the cancer genome using single nucleotude polvmor-
phism arrays. Cancer Res 64:3060-3071.

Zhao X. Weirr BA, LaFramboise T. Lin M. Beroukhim R. Garr-
away L. Behesht ], Lee JC. Naoki K. Richards WG. Sugar-
baker D. Chen F. Rubin MA, Jinne PA, Girard L. Minna J,
Chnstiam D, La G, Sellerss WR, Meverson M. 2005. Homozy-
gous deletions and chromosome amplifications 1 human lung
carcinomas revealed bv single nucleotide polymorphism array
analysis. Cancer Res 65:5561-5570.

- 316 -



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,' Ryuhei Nishino,!
Hajime Sunakozaka,! Yoshio Sakai,! Katsuhisa Horimoto,? and Shuichi Kaneko!

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
HCYV 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 are important
mediators of HBV and HCV infection as well as liver disease progression, and therefore
could be potential therapeutic target molecules. (HEraATOLOGY 2009549:1098-1112.)

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

Abbreviations: cDNA. complementary DNA; CH, chronic hepatitss: CH-B,
chronic hepatitis B: CH-C, chrome hepatins C. HBV. heparitis B virus: HCC,
hepatocellular carcinoma; HCC-B, hepatitis B-related hepatocellular carcinoma;
HCC-C. hepatitis C-velated hepatocellular carcinoma: HCV, hepanitis C virus;

miRNA, wicroRNA: RTD-PCR, real-time detection polymerase chain reaction:
SVM. support vector machine.
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as well as cellular death 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 (Exportin-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 target
messenger RNA in a sequence-dependent manner and
induces degradation of the target messenger RNA and
translational inhibition. One miRNA regulates the ex-
pression of multiple target genes; bioinformatics analyses
have suggested that the expression of more than 30% of
human genes is regulated by miRNAs.*”
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Table 1. Characteristics of Patients Used for Analysis of miRNA ahd Microarray Samples

Histology Background Histological Tumor -
Patient of Liver Grade of Size TNM HCV-RNA HBV-DNA
No. Virus Age Sex ALT Activity Fibrosis HCC (mm) Staging (KIU/mL) (LEG/mL)
1 HBY 57 M 16 2 4 Moderate 20 1l - 3.4
2 HBV 51 M 57 1 2 Moderate 48 i - <26
3 HBV 61 M 17 1 4 Well 16 it - <37
4 HBV 47 M 19 i 4 Moderate 15 | - < 3.7
5 HBV 72 M 19 1 1 Well 25 I - NA
6 HBV 73 M 62 1 3 Moderate 45 1] - 5.7
7 HBV 42 M 36 1 4 Moderate 18 | - <37
8 HBV 63 M 13 1 2 Moderate 15 1 - 2.8
9 HBV 68 F 54 1 2 Well 56 I - 4.1
10 HBV 70 M 13 0 2 Well 40 I - <37
11 HBV 58 M 29 i 4 Moderate 35 IVA* - 3.3
12 HBV 72 M 22 1 4 Moderate 18 | - 6
13 HCV 66 F 33 2 4 Well 25 I 423 -
14 HCV 67 M 89 1 4 Well 30 It > 850 -
15 HCV 64 M 31 1 4 Moderate 75 1] <5(+) —~
16 HCV 68 M 30 0 4 Well 23 Il > 850 -
17 HCV 46 M 98 2 3 Moderate 20 | > 850 -
18 HCV 68 F 32 2 4 Moderate 25 il <b5(+) -
19 HCV 66 F 46 2 4 Well 25 i > 850 -
20 HCV 47 M 246 1 3 Moderate 20 | 262 -
21 HCV 75 M 27 1 3 Moderate 19 1 85.1 -
22 HCV 17 M 21 0 1 Moderate 20 Il <5(~) -
23 HCV 66 M 46 2 2 Well 60 Il 50.3 -
24 HCV 65 M 89 1 1 Poorly 25 1] 850 -
25 HCV 53 M 54 0 1 Moderate 28 i <5(-) -
26 HCV 75 F 212 1 4 Well 19 | 580 -
27 - 51 F 18 0 0 - - - - -
28 - 78 F 13 0 [¢] - - - - -
29 - 75 M 20 0 0 - - - - -
30 - 34 M 12 0 0 - - — - —
31 - 64 M 30 ] 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); HBY DNA was assayed via transcription-mediated amplification (LEG/mL).
Abbreviations; ALT. alanine aminotransferase; F female; HBV, hepatitis B wvirus: HCC. hepatocellular carcinoma; HCV, hepatitis C virus: M, male; TNM,

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

Infection of the human liver with hepatitis 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 completely
different; however, the viruses infect the liver and cause
CH, which is not distinguished by histological examina-
tion or clinical manifestations. We previously reported
that gene expression profiles in chronic hepatitis B
(CH-B) and chronic hepatitis C (CH-C) are different.
Proapoptotic and DNA repair responses were predomi-
nant in CH-B, and inflammatory and antiapoptotic phe-
notypes were predominant in CH-C. However, factors

inducing these differences in gene expression remain to be
elucidated.”!

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 HBV or HCV infection as well as the progres-
sion of liver disease.

Patients and Methods

Patients. The study subjects included 12 patients
with CH-B complicated by HCC and 14 patients with
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Fig. 1. (A) miRNA-specific RTD-PCR using sheet haipin pnmers. (B) miRNA amplification curves by RTD-PCR.

CH-C complicated by HCC. Gene expression analysis
was approved by the ethics committee of the Graduate
School of Medicine, Kanazawa University Hospital, Ja-
pan, between 1999 and 2004. In addition, nine normal
liver tissue samples obtained 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 containing 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
MicroRNA Assays Human Panel Early Access kit (Ap-
plied Biosystems, Foster City, CA). cDNA was prepared
via reverse transcription using 10 ng each of the isolated
total RNA and 3 pL 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 uL
of nuclease-free water, 10 uL of TagMan 2 X Universal
PCR Master Mix (No AmpErase UNG; Applied Biosys-
tems), and 2 uL of TagMan MicroRNA Assay Mix,

which was included in the kit, was prepared for each sam-
ple on a 384-well plate; 1.33 uL 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 quantitated.

Analysis of RTD-PCR Data. The measured 188
miRNAs included RNUGB, which is commonly used asa
control for miRNA. B-Actin and glyceraldehyde 3-phos-
phate dehydrogenase were also measured simultaneously
for correcting RNA amount. The mean Ct values and
standard deviations of each miRNA were calculated from
expression data of all patients obtained by RTD-PCR.
miRNA with the lowest expression variation was used as
the internal control. Ct values of each miRNA were then
corrected by the Ct value of the internal control to yield
—ACt values defined as relative miRINA expression levels
and used for analyses. Statistical analyses and hierarchical
cluster analyses of expression data were performed using
BRB ArrayTools (http:/linus.nci.nih.gov/BRB-Array-
Tools.html). Relative miRNA expression levels were fur-
ther normalized using the median over the all patients 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 incorporating genes differentially expressed at a uni-
variate parametric significance level of P = 0.01. The
prediction rate was estimated via cross-validation and the
bootstrap method for small sample data.’ (It is worth
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- 320 -




HEPATOLOGY. April 2009

URA ET AL.

1102

Cluster 1

HCV

HBV

+—Normal—s

HCC-B

HCC-C

CH-C

Cluster 2

HCV

HBV

<«—Normal—

BL-0-00HM
8L O-Q0HW
€L-D DOHM
G1-D-DOHt
FE-0-Q0HM
91-0-0QHM

HCC-C

CH-C

HCC-B

CH-B

—

5p
miR-27a

hsa-miR-324-5p

hsa-miR-124b
hsa-miR-20

hsa-miR-34c
hsa-miR-142
hsa-miR-23a
hsa
hsa-miR-133b
hsa-miR-134
hsa-miR-105
hsa-miR-182*
hsa-miR-151
hsa-miR-211
hsa-miR-180
hsa-miR-193
hsa-miR-194
hsa-miR-191
hsa-miR-340

hsa-let-7a

ap]
-
Y]
R o
[72]
=
O

HCV

CH-C

HBV

<+ CH-B =t 4o HCC-B

~<«—Normail—s

.;ﬁu *.ﬁ

© 5.0 Y u'sol © &
OrrNOODNONIRIRRT ON OB @
—OBONNNOONNDDNOINNNNDOD
NP RN QI 7 vrwr < ¥y o G ve 0 (R D O
reerrrrroerrrrrerrrerre
EEEEEEEECEEEEEEEEEEEEEE
AN OINCIRNOCTORTOO VDI D D
DHBEVROBVLLLBLLLOBLOLOULDBWOG
R R R R R R e e e e e B2 2

5.3

-16.1

Log-ratios

Fig. 3. Cluster 1. Eight miRNAs specifically differentiated node 1 classification. Cluster 2: Nineteen miRNAs specifically differentiated node 2

three miRNAs differentiated CH-B and HCC-B as well as CH-C and HCC-C.

classification. Cluster 3: Twenty-

- 321 -




HEPATOLOGY, Vol. 49, No. 4. 2009

URA ET AL. 1103

Differential miRNA] —> ITarget gene prediction I—) [Evaluaﬁon of traget gene expressionl -—)[ Pathway analysis

Fig. 4. Analysis of miRNA expres-
sion data. Target genes of miRNAs
were predicted using  MIRANDA
Pro3.0; candidate target genes spot-
ted on microarray were identified;
number of genes that actually exhibit
significant (P < 0.05) changes in ex-
pression among the genes was deter-
mined; and signal pathways 1nvolving
genes regulated by the miRNAs that
had exhibited differential expression
between each group were analyzed
using MetaCore (Table 4).

@ H<

hsa-miR-105

N

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. cDNA 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.”1?
Quantitative assessment of the signals on the slides was
performed by scanning on the ScanArray 5000 (General
Scanning, Watertown, MA) followed by image analysis
using GenePix Pro 4.1 (Axon Instruments, Union City,
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 data analysis, we

Table 2-1. Class Prediction

Prediction No. of
No. Class (%) Predictors P Value
1 HBV versus HCV 87 32 <0.001
2 N versus CH (B+C) 91 26 0.007
3 CH (B+C) versus HCC (B+C) 92 34 0.003

Class prediction algorithm was used for the classification of two groups of
patients. Feature selection was based on the unwanate significance level (al-
pha = 0.01). The support vector machine classifier was used for class prediction.

Abbreviations; CH. nontumor lesion of HCC; HCC. hepatoceliular carcinoma; N.
normal.

miRBase

Sequences

SETBP1
RBM17
B2M
PRG1
HLA-DPB1
HLA-A
ANUBL1
MAP3K8
LRRC18
PLAU
IL-17RC oo
CDK9 -

—.

In house liver chip 0

used the standard pairwise class comparison and predic-
tion tool in BRB ArrayTools.

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

Pathway Analysis. Of the candidate miRNA rtarget
genes, those showing a significant (P < 0.01) expression
difference between N, CH-B, HCC-B, CH-C, and
HCC-C samples were analyzed for pathways involving
these genes using MetaCore software suite (GeneGo, St.
Joseph, MI). Significance probability was calculated using

Table 2-2 Binary Tree Classification

Group 1 Group 2 No. of Misclassification
Node Class Class Predictors Rate (%)
1 HCC-B. HCC-C. CH-B, CH-C N 20 49
2 HCC-B. CH-B HCC-C, CH-C 19 13.5
3 HCC-B CH-B 15 29.2
4 HCC-C CH-C 14 179

Binary tree classification algorithm was used for the classification of each
category of patients. Feature selection was based on the unwanate significance
level (alpha = 0.01). The support vector machine classifier was used for class
prediction. There were four nodes in the classfication tree.

Abbreviations: CH-B, non-tumor lesion of HCC-B: CH-C, nontumor lesion of
HCC-C: HCC-B, hepatitis B virus-related hepatoceliuiar carcinoma; HCC-C. hepa-
titis C virus-related hepatocellular carcinoma: N. normal
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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)

No. of Significant Hotelling
Parametric Genes/Predicted Test Differentially Expressed Target
miRNA P Value Ratlo* Target Genest P Valuet Genes§ Pathway of Regulated Genes§
hsa-miR-219 7.3E-05 0.28 25/109 2 59E-04  Glypican-3. ERPB, PLK2. HIRA, HMG2  Regulatory T cell differentiation
ACOX1 Fatty acid beta-oxidation
NF-X1 MHC class Il biosynthetic process
hsa-miR-320 9.8E-05 0.50 26/88 3.50E-06 Vimentin, ALP (N-acetyltransferase- Protein kinase cascade
like), SEC61 beta, G-protein
alpha-i2. Flamin A
Raci. RhoG Organelle organization and biogenesis
Vinexin beta, Profilin |. Ca-ATPase3 Actin cytoskeleton organization and biogenests
hsa-miR-154 2.TE-04 0.15 22/70 5.40E-06 OTR. NET1(TSPAN1), NAP1. Vimentin.  Regulation of apoptosis
PDIA3, cytochrome P-450
reductase
DIX2 Morphogenesis
GUAC. ACAT1 Branched chain family amino acid catabolic
process
hsa-miR-29¢ 1.8E-03 0.55 53/133 1.00E-06  FBXO07, ASPP1. HSPA4, Cathepsin 0.  Cell-substrate adhesion
PDF, COL4A1. HSPA4, TIP30,
CXADR
NS1-BP. ALP (N-acetyltransferase- Transcription, DNA-dependent
like), ACTR10, Beclin 1
SMADS, LTBR(TNFRSF3), ENPP7 Apoptosis
hsa-miR-338 5.2E-03 0.46 30/101 3.60E-06 D3, GATA-4. NFIA, FR-beta. CREST. Developmental process
HYOU1
G3ST1. CAD. Immune effector process
FKBP12. 1ZIP, PDIA3, Schwannomin Immune system process
{NF2), CREST
hsa-miR-26a 6.3E-03 0.70 37/119 2.84E-05 LIG4, c-FLIP GADDAS beta, DAPKI. Response to stimuius
PRDX4. LRP130
Cyclin E, ZDHHC6. Tx1. ATG8 (GATE-  DNA replication nitiation
16), WASP Cls
COPG1 lon transport
hsa-miR-126 8.1E-03 0.65 277101 4.04E-03  ANP32B {apnil), HSPA4, RL, LIV-1 Regulation of cellular proten metabolic process
(SLC39A6), PTP-MEG2, CDOT.
DHPR
NFKBIA, NMI, MDH1. PDCD2 Response to stress
SMAD®, ATP6AP2, ANP32B (april), Apoptosis
NMI, HSPA4
hsa-miR-325 8.7E-03 0.20 18/63 2.03E-04 TRADD. CREST. NEDD8. annexin IV, Developmental process

GPX2. PDF, TNFAIP1
Glypican-3. D1, PC-TP,
SNRPB {Sm-B)

Multicellufar organismal development
RNA splicing

*Ratio of HCC-B. HCC-C. CH-B. and CH-C to normal.
+The number of stgnificant genes (P << 0.05) out of predicted target genes in which expression was evaluated i microarray.

1Statistical assessment of presence of differentially expressed genes out of predicted target genes of miRNAs.

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

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. Anti-miRNA (Ambion) specific to 13
miRNAs (has-miR-17*, has-miR-20a, has-miR-23a, has-
miR-26a, has-miR-27a, has-miR-29¢c, 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 Huh7 cells
using TransMessenger transfection reagent (QIAGEN, Va-
lencia, CA), and loss of function of each miRNA was evalu-
ated. 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 evaluated via RTD-PCR. In
addition, different gene expressions regulated by miRNAs
were also evaluated via RTD-PCR.
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HBV/HCV 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
Fugene6 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). JEH1-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).}*1> HCV-
RNA amount was also measured via RTD-PCR (Supple-
mentary Fig. 1A,B). JEH1/GND was used as a negative
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 RNUGB 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 Ct variation obtained by each
probe from all patients was calculated. Although RNUGB
was frequently used as the internal control, the standard
Ct variation was relatively high (Ct, 27 * 1.94), suggest-
ing that 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 that the expres-
sion profiles of the 188 miRINAs from each patient were
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 patients 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 patients were not clearly differenti-
ated from others, some miRINAs such as miR-194, miR-
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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
obtained from the same patient; however, each sample
clustered irrespective of pairs in all but two patients.
miRNA expression profiling was therefore more de-
pendent on the disease condition than on the paired
condition, as also confirmed by the Dunnett test.!> We
then attempted to classify the expression profiles into
HBV and HCV groups using supervised learning
methods (Table 2-1). HBV and HCV groups were sig-
nificantly differentiated at an 87% accuracy (P <
0.001). The normal liver and CH (CH-B + CH-C)
and CH and HCC (HCC-B + HCC-C) were also
significantly differentiated at a 90% rate of accuracy.
These results suggest that different stages of liver dis-
ease (normal, CH, and HCC) can be differentiated
from each other based on the miRNA expression pro-
file, as well as HBV 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 first classified into groups N (normal) and
non-N {non-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) (P <
0.01). The HBV group was further classified into
CH-B and HCC-B (node 3) (2 < 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
expression between HBV and HCV are as distinct as
those between CH and HCC.

Out of 20 miRNAs that differentiated node 1 classifica-
tion (Table 2-2), 12 also differentiated node 3 or node 4
classification. The remaining eight miRNAs specifically dif-
ferentiated node 1 classification. They were down-regulated
in the HBV and HCV groups compared with the normal
group (Fig. 3, cluster 1). Nineteen miRNAs differentiated
node 2 classification (Table 2-2) and the hierarchical cluster-
ing using these miRNAs clearly differentiated the HBV and
HCV groups (Fig. 3, cluster 2). There were 15 and 14 miR-
NAs that differentiated node 3 and 4 classifications, respec-
tively (Table 2-2). Hierarchical clustering using these
miRNAs revealed that 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).
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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 Value} Differentially Expressed Target Genes§ Pathway of Regulated GenesY
hsa-miR-190 1.2E-05 2.06 21/68 4ATE-02  Chkl, C20rf25. VRK2. USP16. Regulation of cell cycle
STAF65(gamma)
AP1S2, RNASE4 Mitotic celt cycle
PPP2R1B. ARHGAP15, UBPY Negative regulation of apoptosts
hsa-miR-134 2.3E-04 5.74 11/58 3.40E-06  VKDGC. SH2B, MALS-1, DDB2 Multicellular organismal process
BCRP1 Regulation of viral reproduction
DDB2 Lipid biosynthetic process
hsa-miR-151 2.8E-04 1.82 12/62 6.41E-01  RGS2. UFO. AK2, USP7 G-protein signaling
elF4G2, USPT Regulation of translation
SLC22A7 Qrganic anion transport
hsa-miR-193 5.08-04 1.67 23/95 930F-01  G-protein alpha-11. p130CAS. VAV-1, Cell motility
PDCD11
Colipase. ACSA Energy coupled proton transport
DCOR Intracellular signaling cascade
hsa-miR-133b 1.7E-03 2.42 20/97 3.69E-02 DDB2. Bel-3. Cystatin B Proteasomal protein catabolic
process
Rab-3. RAG1AP1. KCNH2, DCOR Regulation of biological quality
AL1B1 Carbohydrate metabolic process
hsa-miR-324-5p  2.9E-03 1.51 277121 190E-06  SKAPS5, VAV-1, DDB2. E2A. NiP1 Celtutar developmental process
MEMO (CGI-27), Rab-3 Cellular structure morphogenesis
COPG1, GPX3. 0AZ2 Glutathione metabolic process
hsa-miR-182* 3.1€-03 2.23 28/123 < 1e-07  Alpha-endosulfine, HCCR-2. Thioredoxin-like Translation initiation i response
2. TPT1. USP7 to stress
DDB2. TPT1 Cellular developmental process
Jip-1 INK cascade
hsa-miR-105 4.6E-03 4.38 18/68 4.74E-05  Beta-2-microgiobulin, HLA-827 Antigen processing and
presentation
PIMT. IL-17RC Immune response
MHC class I, CDKS. ERG1, Desmocollin 3
hsa-miR-211 5.3E-03 25,61 10/56 2.00E-04 PSMDS, SLC26A6 Proteasomal protein catabolic
process
hsa-miR-20 5.76-03 1.52 27/113 5.28E-03  Noelin, SCAMOL. Thioredoxin-like 2, CCLS. Regulation of apoptosis
NALP3
Hic-5/ARABS, USP16. MAP4, Ferroportin 1 Positive regulation of cellular
process
TOP3A. PLRP1 Oxygen transport
hsa-miR-191 6.7£-03 1.39 25/79 7.55E-04  CDK9. GPS2, CLTA. LXR-alpha Nucleic acid metabolic process
ACSA Acetyl-CoA biosynthetic process
UGCGL1. SGPP1 Metal 1on transport
hsa-miR-340 8.6£-03 1.48 17/81 3.73t-03  FKBP12, DCOR, Calcium ion transport
Gelsolin, VAV-1. ARF6 Actin cytoskeleton organization
and biogenesis
HXK3 Glucose catabolic process
hsa-miR-194 8.7E-03 1.67 13/74 590E-01  Cyclin B1. Serglycin M phase of mitotic cell cycle
PTE2 Acyl-CoA metabolic process
SLCTAB Carbohydrate utilization
hsa-miR-23a 1.9€-04 0.46 14797 < 1e-07  RGL2, MANR, MEK1 (MAP2K1), Caspase-3. Protein kinase cascade
AZGP1
FRK. Pyk2(FAK2), CSE1L Cellular developmental process
AZGP1 Defense response
hsa-miR-142-5p  4.9E-04 0.40 25/89 9.10E-06  Sirtuin4, PAI2. PSAT. RIL. CDC34. SPRY1 Metabotropic glutamate receptor
E4BP4, DNAJC12, WWP1, PAIP1. PASK. rBAT  Regulation of gene expression
VCAM1. CaMK | WWP1. FHL3 Cell-matrix adhesion
hsa-miR-34¢ 6.1E-04 0.20 31/129 7.30E-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 Ratio* Target Genest P Vailuet Differentially Expressed Target Genes§ Pathway of Regulated Genes9
hsa-miR-124b 8.6E-04 0.32 25/120 7.10E-05 E2F5. Radb1. Jagged1 Muscle development
MLK3(MAP3K11), RGS1 Intraceliular signaling cascade
COL16A1 MAPKKK cascade
hsa-let-7a 1.0E-03 0.45 28/136 9.35E-04 RADS1C. CoAA, hASH1. Cockayne Response to DNA damage
syndrome B, Caspase-1, PP5 stimulus
PLC-delta 1. MANR, ACADVL Fibroblast proliferation
HGF NGF Cellular developmental process
hsa-miR-27a 3.9E-03 0.59 18/108 1.19£-02 COL16A1. RIL. RhoGDI gamma, ANP32B Cytoskeleton organization and
(april) biogeness
VE-cadhenn, NTH1, GATA-2. E4BP4 Response to external stimulus
RAD51C DNA recombination

*Ratio of HCC-B. CH-B, to HCC-C.CH-C.

tThe number of significant genes (p <0.05) out of predicted target genes in which expression was evaluated n microarray.
tStatistical assesment of presence of differentially expressed genes out of predicted target genes of miRNAs.
§Representative differentially expressed genes out of predicted target genes of miRNAs.

YRepresentative pathway of differentially expressed genes out of predicted target genes of miRNAs.

These results indicate that there were two types of
miRNAs— one associated with HBV and HCV infection
(cluster 2), the other associated with the stages of liver
disease (clusters 1 and 2) that were irrelevant to the dif-
ferences in HBV and HCV infection.

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
target 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 regulation of these
gene groups by miRNAs was evaluated using Hotelling
T2 test (BRB ArrayTools) (Table 3). The representative
candidate target genes and their signaling pathways by
each miRNA were shown one by one (Table 3). The
signaling pathways regulated by all differential miRNAs
in each category 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 related to cell adhe-
sion, cell cycle, protein folding, and apoptosis (Tables
3-1, 4-1), and possibly with the common feature of CH
irrespective of the differences in HBV and HCV infec-
tion.

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
HCYV 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-
ences in the gene expression profile between CH-B and
CH-C described (Tables 3-2, 4-2).1° Interestingly, al-
though these miRNAs were HBV and HCV infection—
specific, some of them were reported to be tumor-
associated miRNAs, suggesting the possible involvement
of infection-associated miRNAs in HCC development.

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

Relationship Between Expressions of Infection-As-
sociated miRNA in Liver and Cultured Cells Infected
with HBV and HCV. To clarify 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 pHBV1.2 and JFH1-RNA, respectively,
by RTD-PCR (Supplementary Fig. 1A). The expression
of HBV proteins was examined by measuring the amount
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Table 3-3. Differentially Expessed miRNA Between CH and HCC and Their Representative Target Genes (Cluster 3)

No. of Significant Hotelling
Parametric Genes/Predicted Test
miRNA p-value Ratio* Target Genest P Valuet Differentially Expressed Target Genes§ Pathway of Regulated GenesY
hsa-miR-139 450E-06 042 19/106 2.70E-03  Cyclin B1, DHX15. MCMb, Histone H2A Mitotic cell cycle
RBCK1. SYHH Protein catabolic process
LK. IGFBP7 SAFB. CTRO Response to external stimulus
hsa-miR-30a-3p  2.50E-05  0.49 26/144 1.73E-02  GGH. Pinn. ZNF207 Annexin Vil Regulation of oxidoreductase activity
ILK. LTA4H. ABC50. GNPAT Cell-matrix adhesion
DLC1 Morphogenesis
hsa-miR-130a 7.00E-05 0.50 22/108 1.07E-02  SPHM. PPP2R5D. RHEB2, SPHM Mitotic cell cycle
MLK3(MAP3K11), Otubaini, TIMP4 Protein modification process
NRBP Cell differentiation
hsa-miR-223 3.40£-04 039 14/90 6.52E-03  Ephnn-Al. Midkime, FDPS Cell morphogenesis
K(+) channel, subfamily J Notch signaling pathway
hsa-miR-187 3.55€-04 0.12 16/66 6.76E-04  HFE2. Otubaini Negative regulation of programmed
cell death
PRSS11. SUPTSH. RAG1AP1 Developmental process
PLOD3 Mitochoendnal ornithine transport
hsa-miR-200a 6.86E-04 0.18 20/141 2.15E-02  CDC25B, KAP3, CDK2AP2, CHKA Cell communication
POLD DNA replication
CPSF4 RNA splicing
hsa-miR-17-3p 8.42E-04  0.58 28/108 8.98E-04  MLK3(MAP3K11), Tip60, ACBDS. DOC- Protein kinase cascade
1R. DAX1. RBCK1
WNT5A, 14-3-3 gamma, DHX15 BMP signaling pathway
. HFE2. MCM5 DNA recombination
hsa-miR-99a 1.176-03  0.53 33/163 9.52E-03  Calpain small subunit. Thoredoxin-like 2, Cytokinests
Suvivin
1BP2, DNA-PK. KAP3. Intracellular signaling cascade
NFE2L1, PARP-1, HDAC11 Regulatory T cell differentiation
hsa-miR-200b 1.676-03 0.18 24/147 2.72E-02  HSP47 HMG2, NRBP Regulation of cell cycle
SNX17 Cell motility
Ephrin-A1l Receptor protein signaling pathway
hsa-miR-125b 1.826-03 055 26/114 1.036-01  COL4A2. TIP30. HSPAT MSPS8 Cell adhesion
MLK3(MAP3K11), ERK2 (MAPK1), ERK1 Nuclear translocation of MAPK
(MAPK3), PLOD3
Otubain1, SCN4A(SkM1) Ubiquitin-dependent protein
‘ catabolic process
hsa-miR-30e 2.10E-03  0.65 24/151 4.30E-02  Cyclin B1, XTP3B. GAK. Annexin VII. Mitotic cell cycle
MIC2, NRBP
MSS4 Protein localization
S100A10 Calcium 100 transport
hsa-miR-199a* 4.26E-03 035 11/71 7.166-02  BUB3, Cyclin B1. LMNBR Mitotic cell cycle
PRAME Cardiac muscle cell differentiation
hsa-miR-122a 631E-03 051 11/80 1.016-03  JAB1. APEX. Clathnn heavy cham Base-excision repair
PARN Translational initiation
DDAH2 Regulation of cellular respiration
hsa-miR-199a 8.77E€-03 035 18/94 3.56E-02  IL-13. MLK3(MAP3K11), CLK2, ACP33 Protein amino acid phosphorylation
PAFAH beta, SPA1. CLCN4 Small GTPase mediated signal
transduction
hsa-miR-326 9.008:03 057 29/147 2.256-01  Midkine, ENT1. IP3KA. PSMCE. ANCO-1 Regulation of programmed cell
death
Thy-1. MCM6. Tip60. VILIP3 Cell-matnx adhesion
COMP, Cathepsin A Blood vessel development
hsa-miR-92 9.60E-03 081 28/140 2.47E-02  TUBGCP2, Fbrillin 1, PIPKI gamma. Rho protein signal transduction
KAP3
SNX15, BCAT2 LDL receptor and BCAA metabolism
IGFBPT7. FZD6. COPS6 Adenosine receptor signaling
pathway
hsa-miR-221 3.40E-06 334 16/67 3.69E-01  Lek, Kallistatin, Neuromodulin. LFA-3. Immune response-activating signal

PA24A, AZGP1, MSH2
KYNU. PMCA3

transduction
DNA repair
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No. of Significant Hotelling

Parametric Genes/Pradicted Test P Differentially Expressed Target
miRNA p-value Ratio* Target Genest Value} Genes§ Pathway of Regulated Genesy
hsa-miR-222 6.650E-06 2.23 18/85 1.69E-02  Thrombospondin 1, Lck. MSH2. ATF-2, Cell motility
CITED2. Kallistatin
PGAR Triacylglycerol metabolic process
KYNU DNA replication
hsa-miR-301 5.22E-05 1.96 14/71 1.16E-01 Beta-2-microglobulin, PPCKM, PRC, Antigen processing and presentation
Fra-1. PPCKM, ACAT2
BMPR18, ARMER. EHM2, RBBP8 Meiotic recombination
Neuromodulin, LDIR Cell motility
hsa-miR-21 7.67£-03 1.57 19/81 1.86E-04 Btk, Fra-1. MSH2. Collectnn, Regulation of T cell proiiferation
Adipophilin
RNASE4. AGXT2L1 Peptidyl-tyrosine phosphorylation
SARDH Natural killer cell activation during
immune response
hsa-miR-183 2.46E-02 3.51 13/86 3.36E-01 Hdj-2. PEMT. Lek. MKP-5, Cell differentiation
Chondromodulin-l. ABCA8
IL-16, MTRR. SerRS Methionine biosynthetic process
hsa-miR-98 5.22E-02 1.32 24/130 2.95E-04  ACAA2, LTBADH. ACADVL, DECR. S14 Fatty acid metabolic process

protein,

Rapsyn. Kallistatin, ENPEP, Beta Multicellular organismal process
crystallin B1

CYP4F8 Prostaglandin metabolic process

*Ratio of HCC to CH.

1The number of significant genes (P<<0.05) out of predicted target genes in which expression was evaluated in microarray.
1Statistical assesment of presence of differentially expressed genes out of predicted target genes of miRNAs.
§Représentative differentially expressed genes out of predicted target genes of miRNAs.

YRepresentative pathway of differentially expressed genes out of predicted target genes of miRNAs.

of HBeAg released in culture medium (Supplementary
Fig. 1B). HCV protein expression was examined by eval-
uating 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 between differences in miRNA expres-
sion between liver tissues of the HBV and HCV groups,
and those in miRNA expression between Huh7.5 cells
transfected with HBV and HCV clones ( = 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
infections.

Verification of Regulation of Candidate Target
Genes by miRNA. Anti-miRNAs (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 transfected into 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 expression by

more than 50%. Precursor miRNAs of these miRNAs
were also transfected into the cells to examine the gain of
function of the miRNAs (Supplementary Fig. 2). It was
confirmed that the expressions of target genes of the five
miRNAs (LIG4 [by has-miR-26a]; RGL2 [by 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 anti-miRNAs and were decreased by
the overexpression of precursor miRNAs (Supplementary

Fig. 3).

Discussion

miRNA plays an important role in various diseases
such asinfection 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, global gene expression in the same tissues was ana-
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Table 4-3. The Pathway Analysis of Targeted Genes by
Differentially Expressed miRNAs Between CH and HCC

HCC-C Compared with Normal Liver (Cluster 1) (Cluster 3)
No. Pathway Name P Value No. Pathway Name P Value
Down-regulated miRNA i CH-B,HCC-B.CH-C and HCC-C (possibly Down-regulated miRNA in HCC (possibly
up-regulating target genes) up-regulating target genes)
1 Cell adhesion_Platelet-endothelium-leukocyte interactions 1.11E-02 1 Cytoskeleton_Spindle microtubules 2.15E-03
2 Cell cycle_S phase 2.18E-02 2 Transcription_Chromatin modification 5.27£-03
3 Protein folding_Protemn folding nucleus 2.43E-02 3 Proteolysis_Ubiquitin-proteasomal proteolysis 6.43E-03
4 Cell cycle_G1-S 3.07E-02 4 Cell adheston_Cell-matnx interactions 7.30E-03
5 Development_Cartilage development 3.80E-02 5 Cell cycle_Meiosts 7.83E-03
6 Protein folding_Folding 1n normal condition 3.80E-02 6 DNA damage_Checkpoint 1.69€-02
7 Proteolysis_Connective tissue degradation 3.99E-02 7 Reproduction_Progesterone signaling 1.94E-02
8 Proteolysis_Proteolysis in cell cycle and apoptosis 431E-02 8 Apoptosis_Apoptotic mitochondrta 3.14E-02
9 Signal Transduction_BMP and GDF signaling 5.81E-02 9 Translation_Regulation of initiation 4.22E-02
10 Immune_Antigen presentation 6.05E-02 10 Signal transduction_WNT signaling 4.26E-02
Up-regulated miRNA 1in HCC (possibly
down-regulating target genes)

. , . 1 Inflammation_IgE signaling 1.05E-02
lyzed via cDNA microarray to examine whether the » Inflammation_Kallikrein-kinin system 2.46E-02
differentially expressed miRNAs could regulate their tar- 3 Inflammation_Innate inflammatory response 251E-02
get genes. Because the absolute standard of miRNA isnot  * Inflammation_Histamine signaling 4.25€-02

. . . 5 Inflammation_Neutrophil activation 4 55E-02
available at present, and miRNA expression was com- g Chemotaxis 4.68E-02
pared within the samples and genes analyzed in thisstudy, 7 Inflammation_IL-12.15.18 signaling 5.16€-02
there might be possible errors when a larger number of 8 Inflammation_NK cell cytotoxicity 7.258-02

9 Cell cycle_G0-G1 7.53E-02
samp les and genes were analyZed. 10 inflammation_Complement system 7.72E-02

Using these systems, we found that the expression pro-
file in miRNAs was clearly different according to HBV
and HCV infection for the first time. The differences were
confirmed by the nonsupervised learning method, hierar-

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-04
2 Muscle contraction 1.06E-03
3 tmmune_Antigen presentation 5.75E-03
4 Ceil cycle_Meiosis 1.49E-02
5 Reproduction_Male sex differentiation 2.06E-02
6 Cell adhesion_Platelet aggregation 2.77€-02
7 Transport_Synaptic vesicle exocytosts 3.66E-02
8 Inflammation_Kallikrein-kinin system 3.73E-02
9 Inflammation_IgE signaling 4,10E-02
10 Development_Skeletal muscle development 5.02E-02
Down-regulated miRNA 1n CH-B,HCC-B (possibly up-regulating
target genes)
1 Signal Transduction_Cholecystokinin signaling 1.15E-04
2 Inflammation_NK cell cytotoxicity 5.28E-03
3 Signal transduction_CREM pathway 5.31E-03
4 Reproduction_GnRH signaling pathway 7.80E-03
5 DNA damage_DBS repayr 1.02E-02
6 Celf cycle_G2-M 1.63E-02
7 Development_Neuromuscular junction 2.07E-02
8 Apoptosis_Apoptosis mediated by external signals 2.42E-02
9 Reproduction_FSH-beta signaling pathway 2.92E-02
10 Cell adheston_Amyloid proteins 3.81E-02

chical dlustering (Fig. 2A), and supervised learning meth-
ods based on SVM at an 87% accuracy (P < 0.001)
(Table 2-1). As similarly described, the expression profile
in miRNAs was significantly different according to 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
analyses suggested that the noncancerous liver tissue can
predict the prognosis of HCC.1%2® We examined whether
the miRNA expression of paired samples was similar or
independent using the Dunnett test!? (Supplementary
Data). Our data indicated that 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
miRINAs, 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
between liver tissues with HBV and HCV (HBV/HCV)
were strongly correlated with those in miRNA between
cultured cell models of HBV and HCV infection (HBV/
HCV) (» = 0.73 P = 0.0006) (Fig. 5). Thus, there exist
HBV- and HCV-infection—specific miRNAs that poten-
tially regulate viral replication and host gene signaling
pathways in hepatocytes.
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+ R=0.73, p=0.0006
¢ R=0.02. p=0.82

log2
HBV/HCV (g 1)2
Tissue Huh7.5
hsa-miR-20 0.61 0.36
hsa-miR-23a -1.12 -1.3 8t
hsa-miR-27a -0.75 -1.51
hsa-miR-34c -2.28 N.D. 7o)
hsa-miR-105 2.13 N.D. oLl
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hsa-miR-133b 1.28 -3.64 =
hsa-miR-134 2.52 -0.63 =
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hsa-miR-182* 116 037 s
hsa-miR-190 1.04 1.32 = 4l
hsa-miR-191 0.48 1.16 2
hsa-miR-193 0.74 -0.03 I
hsa-miR-194 0.74 0.76
hsa-miR-211 4.68 5.26 8t
hsa-miR-324-5p  0.59 1.16 |
hsa-miR-340 0.57 1.68 .
hsa-let-7a -1.14 -4,51 12
2
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HBV/HCYV in liver tissue (log2)

Fig. 5. Correlation between differences m 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 correlation of infection-associated miRNA {closed lozenge) in vitro and in vivo (r = 0.73, P = 0.00086), but none for the other 121

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

The pathway analysis of targeted 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 regulate genes related to 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.19 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.2! 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 pivotal roles in the occurrence
of cancer. For example, has-let-7a regulates ras and c-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 to 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 hematopoietic-specific
miRNAs such as has-miR-142-5p were up-regulated in
the HCV group. Therefore, these miRNAs were not only
HBYV 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 that were irrel-
evant to the differences in HBV and HCV infections.
Seventeen miRINAs 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.

In conclusion, we showed that miRNAs are important
mediators of HBV and HCV infections as well as liver
disease progression. Further studies are needed to enable
more detailed mechanistic analysis of the miRNAs iden-
tified here and to evaluate the usefulness of miRNAs as
diagnostic/prognostic markers and potential therapeutic
target molecules.
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