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AdlLacZ L

Figure 4. «-Actin—positive cells in DMN-treated livers. Rats were treated with either an adenovirus or saline as described in the legend to
Figure 3 and then subjected to DMN for 3 consecutive days. One day after the last DMN injection (the fourth day), livers were examined
by immunohistostaining against a-actin (original magnification, 200}, Rats never treated with adenovirus or DMN were also analyzed
(shown as intact). Similar histology was seen in all 4 rats in each group.

Ad7ND-infected livers compared with intact livers (sub-  maintained in the Ad7ND-treated or AdTB-TR~treated

jected ro no injection of either saline or adenovirus and  groups (Table 1).

no DMN trearment; Figure 3B and C). After a 3-week DMN treacment, we analyzed liver
Next, after a 3-day DMN treatment, we examined  histology both by Masson trichrome staining and by

livers for a-actin—positive cells (a marker of activated  immunohistostaining against a-actin. In accordance with
HSC). They were readily detectable, not only in AdLacZ-  the data on hydroxyproline content (Figure 3), both
or saline-treated, but also in AdTB-TR—treated livers. In ~ Ad7ND-treated and AdTR-TR—treated livers showed a
contrast, we could see none in the Ad7ND-treated livers  fibrotic area that was markedly smaller than that seen in

(Figure 4).

Inhibition of Macrophage Infiltration or of ns.
Transforming Growth Factor § Signaling ns. —
Markedly Suppresses Liver Fibrogenesis ns. e m&_ﬁ
and Preserves Liver Function 12007 I

~

After a 3-week DMN treatment, the hydroxypro-
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line content of livers was measured as a quantitative
evaluation of fibrosis (Figure 3). The hydroxyproline 600
contents in the livers of both AdLacZ- and saline-treaced
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rats were approximately 3-fold higher than in iatact 300

livers, as previously observed. ' '~ In contrast, in the
Ad7ND-treated and AdTR-TR—treated livers, the hy- 0
droxyproline content remained close to the level seen in

Intact. saline AdLacZ Ad7ND AdTl"TR
3

intact livers.

droxyproline sonte
with aither adenovirus or saline as described in the legend 6
; - 2 and then subjectad to a 3week DMN treatment. Hydroxypro-
line content of livers is shown as mean = 30. Three samples from
each of 4 rats were analyzed for each group. n.s.. statisticaily not
significant. Rats never treated with adenovirus or DMN were aisc
Sancrion. However, these values were preserved or betrer analyzed (shown as intact).

Afrer the DMN treatment, the serum levels of aspar-
rate aminotransterase, alanine aminetransterase, and total
bilirubin were all incrensed, and both the body and liver

weights were decreased, probably because of liver dys-
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Table 1. Serum Hepatobiliary Parameters and Body and Liver Weights

Total bilirubin AST ALT Body weight Liver weight
Variable (mg/mL) (1U/mL) (1U/mL) (&) [#2))

Intact 0.2+0.1 68 + 16 40 £ 9 350 + 20 3.5x0.1
AdLacZ 0.2x01 71 +11 39+7 340 = 20 3.6+ 0.1
Saline + DMN 0.7x0.6 495 £ 103 245 *+ 88 290 = 20 2.4+ 0.4
AdLacZ + DMN 0.8+ 0.7 525 + 149 232 £ 97 290 = 30 2.3*+0.5
Ad7ND + DMN 0.3+ 0.1 134 = 167 69 *+ 79 350 + 102 3.4 +0.1°
AdTB — TR + DMN 0.4 x0.12 222 + 847 69 *+ 257 350 = 102 3.5=*0.18

NOTE. Rats were given a single infusion of saline, AdLacZ, Ad7ND, or AdTE-TR via the tail vein. Seven days later, a 3-week DMN treatment was
given to some rats (shown as +DMN). After a 3-week DMN treatment, bined was collected, and body and liver weights were measured. Serum
total bilirubin, AST, and ALT and body and liver weights are shown as mean -+ SE (n = 4). Rats never subjected to adenovirus infection or treated

with DMN were also measured (shown as Intact).
AST, aspartate aminotransferase; ALT, alanine aminotransferase.
2P < .05 vs. AdlacZ + DMN.

the AdLac?Z- and saline-injected rats, and C-aCTin—posi-
tive cells were almost undetectable (Figure 6).

In the AdTB-TR—treated livers, a-actin—positive cells
3-day DMN
treatment (Figure 4). We assumed that activated HSC
disappeared through apoptosis under conditions in which

were readily detectable after the initial

the action of TGF-B was suppressed. We therefore per-
formed TUNEL staining on the fourth day after starting
DMN treatment. TUNEL-positive cells were increased
in the AdTB-TR-treated livers; however, no such apop-
totic cells were observed in the AdLacZ- or saline-in-
jected livers (Figure 7A). Immunohistostaining against
a-actin confirmed that the TUNEL-positive cells in the
AdTB-TR~treated livers (Figure 7A) were indeed «-
actin positive (Figure 7B).

Discussion

Inflammation induces infiltration by leukocytes
and monocytes/macrophages into inflamed tissues.' Tis-

Adi_acZ
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w-actin

Figure 8, Histology of livers after a 3week DMN treatment. Rats were Ireated as described in the legend to
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sue remodeling or fibrosis then follows the inflammation.
MCP-1, one of the CC chemokines, attracts monocytes/
macrophages bearing CCR2." * In this study, the roles of
such macrophages in injury-induced liver fibrogenesis
were (nvestigated by overexpressing a mutated MCP-1
(7ND), which is reported to suppress the actions of
MCP-1.1523 In the Ad7ND-treated rats, DMN-
induced infilcration by macrophages and lymphocytes into

25

injured livers was markedly suppressed (Figure 3), the
activation of HSC was eliminated (Figure -i), and liver
hibrogenesis was greatly prevented (Figures 5 and 6). The
cellular infiltration and activation of HSC observed im-
mediately after infliction of the injury were similar be-
tween the AdTB-TR—treated livers and the conerols (sa-
line-infused or AdLacZ-infected racs; Figures 3 and ).
Our study shows that infilcrated macrophages are critical
for HSC activation and subsequent fibrogenesis and,
importantly, that TGF-B is not an activating factor for

HSC. It is suggested that che infilcrated macrophages

AdTp-TR

0

urz 5, Liver sections were
histologically examined with the aid of Masson trichrome staining (MT) or by immunohistostaining against «-actin (original magnification, 100%).
Simitar histology was seen in all 4 rats in each group.
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Saline

may themselves secrete an activating factor or factors for
HSC.

We have previously shown that anti—TGF-B interven-
tion inhibits liver fibrogenesis''>'* and its progression.'”
In this study, we found that suppression of infilcration by
macrophages and lymphocytes through overexpression of
7ND led to a powetful suppression of liver fibrogenesis
to a similar degree as blockade of TGF-f but that the
underlying mechanisms seem to be different. Activation
of HSC in the initial stage immediately after injury was
already eliminated in the Ad7ND-created livers (Figure 4).
Probably because HSC activation was inhibited, the sub-
sequent progress toward fibrosis was suppressed in the
Ad7ND-treated livers, thus supporting the idea that
activation of HSC is the initial and critical event chat
leads to liver fibrosis. 1t has been considered for a long
time that TGF-f is the HSC-activating tactor (or at least
one of the activating factors).'* However, our study
clearly shows for the first time that TGF-f is not the
HSC-activating tactor, because a substantial number of
activated HSC wege present in the AdTR-TR—rreared
1), indeed, the numbers of activared H3C

fivers (

i

were the same among saline-treated, AdLac7-treated,
and AJTR-TRe-created livs

Y7/ -
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Figure 7. Apoptosis of activated HSC. Rats were injected with saline,
AdLacZ, or AATR-TR and then treated with DMN on 3 consecutive
days. On the fourth day after starting DMN treatment, liver sections
were histologically examined by TUNEL staining (A) (original magnifi-
pation, 200x). Livers from AdTE-TR injection were examined by dou-
e staining (TUNEL staining and immunohistostaining against o-
actin: see Materials and Methods) (B) (original magnification, 400%),
TUNEL-positive cells are indicated by arrows. Similar histology was
seen in all 4 rats in each group.

that virtually all liver cells are infected with an adeno-
virus when one is administered to rats with intact liv-
ers,!! 1 so the possibility can be excluded that all of these
activated HSC were uninfected with AdT-TR. Al-
chough substantial numbers of activated HSC were seen
after a 3-day DMN treatment, most disappeared during
the next 2 weeks of DMN treacment (Figure 0). The
activated HSC are probably eliminated through apopto-
sis under conditions in which TGF-B signaling is inhib-
ited. Indeed, we showed that in the AdTB-TR-treated
livers, but not in the AdLacZ- or saline-injected ones,
activated HSC were in apoptosis (Fizure 7). Saile et al*
reported that HSC undergo CDY5-mediated spontaneous
apoptosis when they are activated, and TGFE-B inhibits
D935 -agonistic antibody-induced apoprosis of activated
FISC in culture. ™ On the basis of these reported findings
and our present study, it is likely that TGE-B is required
for the acrivated HSC to survive. Consequently, fibro-
genesis was markediy inhibited 1n the AdTR-TR—treated
livers despite activation of HSC in rhe initial srage after

injury. To judge from our fadings, anti-TGE-§ inter-

veation onght to be superior to anti—MCP-1 therapy tor

of whom al

rrenting liver circhosis patients, mos

-
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have some degree of fibrosis or injury. This issue is now
under further investigation in our laboratory.

Marra et al*® reported that MCP-1 enhances the mi-
gration of HSC in culture. Moreover, it has been reporced
that HSC themselves produce MCP-12230 and that
TGF-B induces the secretion of MCP-1.% Together with
our present study, it is likely that MCP-1 stimulates
liver fibrogenesis by 2 mechanisms: (1) MCP-1 induces
macrophage infiltration, and macrophages secrete an ac-
tivating factor(s) for HSC; (2) MCP-1 acts directly on
activated HSC to modulate their function. In favor of
this notion, it has been reported that in cultured skin
fibroblasts, MCP-1 increases the gene expressions of
(D procollagen and TGF-B°! and of matrix metallopro-
teinase 1 and 2 (and of their inhibitor, tissue inhibitor of
metalloproteinase 1)*? and that MCP-1 stimulates the
proliferation of cultured vascular smooth muscle cells.??
Collectively, these observations suggest that MCP-1 se-
creted from macrophages and from HSC themselves may
facilitate the production of TGF-B, as well as of marrix
metalloproteinases and their inhibitors, thereby enhanc-
ing inflammation and tissue remodeling (fibrogenesis).

We expressed 7ND in livers expecting that it would
inhibit MCP-1 as a dominant-negative mutant.' It has
been reported that a 75:1 molar ratio of 7ND/wild-type
MCP-1 is needed for a 50% inhibition of monocyte
chemotaxis in vitro.'¢ In our setting, the amount of 7ND
was substantially higher than that of rat MCP-1 in both
sera and livers for at least 2-2.5 weeks under DMN
treatment (Figure 2). We have not yet determined how
much 7ND is required to inhibit the actions of MCP-1
in vivo, specifically in the case of the DMN-injured rat
liver. Thus, it is not certain whether the actions of
MCP-1 were indeed inhibited in our experiments or
whether the observed inhibition of macrophage infilcra-
tion was indeed achieved via a suppression of MCP-1 by
7ND. We would like to add that numerous reports (13,
to our knowledge) have been published in which the
same 7/IND construct as that used in this study was
introduced (either by direct injection or by electropora-
tion with an expression plasmid) into various animal
models, and suppression of macrophage infiltration and
some biological effects were seen in every one of these
reports. In 3 of these 13 studies, both 7ND and endog-
enous MCP-1 proteins in serum were measured, and the
values obtained (7ND/MCP-1) were 220/71 pg/mL,
226/85 pg/mL,** and 124/92 pg/mL*5 (all in mice). We
detected a peak value of 528 & 182 pg/mL for 7ND and
62 * 12 pg/mlL for endogenous rat MCP-1. Both this
peak value for 7ND and the ratio between 7ND and
endogenous MCP-1 are the highest among the values
reported in the literature so far,
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In summary, we have shown that the macrophages
that infilerate into livers immediately afrer an initial
injury are critical both for HSC activation and for
the subsequent fibrogenesis, and we also showed that
TGF-3, which is required for activated HSC to survive,
1s not an activating factor for HSC (at least in this
sitnarion). Macrophages may themselves secrete an acti-
vating factor(s) for HSC.
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Abstract

Translation initiation of hepatitis C virus (IICV) occurs in an internal ribosome entry site (IRES)-dependent manner. We found that HCV
IRES-dependent protein synthesis is enhanced by PD98059, an inhibitor of the extracellular signal-regulated kinase (ERK) signaling
pathway, while cellular cap-dependent translation was relatively unaffected by the compound. Treatment of cells with PD98059 allowed for
robust HCV replication following cellular incubation with HCV-positive serum. Though the molecular mechanism underlying IRES
cnhancement remains elusive, PD98059 is a potent accelerator of IICV RNA replication.

© 2005 Elsevier Inc. All rights rescrved.

Keywords: HCV; IRES; ERK; Replication

Introduction

Hepatitis C virus (HCV), a member of the family
Flaviviridae, is an enveloped virus with a positive-, single-
stranded, 9.6-kb RNA genome (Murphy et al., 1995). The
virus is the major causative agent of non-A, non-B hepatitis
(Choo et al, 1989) and an estimated 170 million people
throughout the world are persistently infected. Although
acute phase HCV infection, in most cases, is asymptomatic,
the virus frequently establishes a persistent infection, which
is associated with serious clinical diseases such as chronic
hepatitis followed by liver ciithosis and hepatocellular
carcinoma (Goodman and Ishak, 1995).

Like other positive-stranded RNA viruses, the 5 -untrans-
lated region (UTR) of HCV RNA genome functions as an
internal ribosomal entry site (IRES) and mediates translation
initiation in a cap-independent manner (Tsukiyama-Kohara
et al,, 1992). Nearly the entire 5-UTR (340 nt) and a short
sequence of the coding region downstream of the initiator
AUG codon of the HCV genome serve as an IRES (Honda

* Corresponding author. Fax: +81 75 751 3998.
E-mail address: kshimoto@virus.kyoto-n.acjp (I{. Shimotohno).

0042-6822/% - sce front matter © 2005 Elscvier Inc. All rights reserved.
doi:10.1016/.virol.2005.06.015

et al,, 1996). Unlike encephalomyocarditis virus (EMCV) or
poliovirus, the 5" end of the HCV genome is modified by
neither cap structure nor VpG but bears a phosphate residue
(Takahashi et al., 2005).

Molecular biological investigations of HCV have been
hampered for a long time because of the lack of cell culture

'system that efficiently supports HCV replication. However,

establishment of an HCV subgenomic replicon cell culture
system in 1999 (Lohmann et al., 1999) allowed for such
studies to be undertaken. The subgenomic replicon RNA is
composed of, in this order, the HCV 5-UTR containing an
IRES, neomycin phosphate transferase or luciferase gene,
HCV nonstructural (NS) proteins 3 through 5B directed by
an EMCV IRES and the HCV 3-UTR. As the replicon
RNA replicates autonomously in cultured cells, the system
provides a unique tool to analyze the molecular mechanisms
governing viral genome replication and protein synthesis.
Additionally, this system facilitates the screening of anti-
HCV compounds.

PDO8059 was identified as a potent inhibitor of
mitogenic-extracellular signal-regulated kinase (MEK)—
extracellular signal-regulated kinase (ERK) signaling path-
way and has been widely used as a specific mhibitor of the
pathway. The MEK—ERK pathway is elicited by broad
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range of growth factors or hormones and plays a crucial role
in various events including cell growth promotion, differ-
entiation, cell death and morphogenesis in eukaryotic cells
(reviewed in Robinson and Cobb, 1997).

In this study, we demonstrate that PD98059 enhances
HCV IRES-dependent translation. Because several lines of
evidence suggest that IRES-mediated translation regulates
replication in cultured cells (Lerat et al., 2000; He et al,
2003) and in vivo (Lott et al., 2001; Laporte et al., 2003;
Forton et al., 2004), we examined the effect of PD98059 on
viral replication. Although the RNA levels in replicon cells
were relatively unaffected, PD98059 increased viral RNA
levels in cultured cells infected with HCV-positive serum.
Our results provide insight into the mechanisms of HCV
[RES-dependent translation initiation and, in addition,
suggest a simple infection system in cultured cells that
supports HCV replication very efficiently.

Results

Enhancement of luciferase-replicon or HCV IRES by
PDI8059

We previously developed a highly efficient subgenomic
HCV replicon system (Murata et al., 2005). Briefly, we used
cured cells (curedMH 14) as a host cell line, and the adaptive
mutations were introduced into the subgenomic replicon
construct for efficient replication. The luciferase gene was
then placed under the control of the HCV IRES for rapid,
quantitative and sensitive detection (Fig. 1, LMHI4RNA).
We have used this system to screen for compounds that
inhibit HCV [RES-mediated translation. Treatment with
IFN-, IL-18, cyclosporin A (CsA) or TGF-p, all factors
known to repress HCV replication (Blight et al., 2000; Zhu
and Liu, 2003; Watashi et al., 2003; Murata et al., 2005),
reduced the observed luciferase activity (Fig. 2A), demon-
strating the effectiveness of this system. Conversely, the
compound PD98059 increased the luciferase activity by
348% compared to vehicle (DMSO)-treated control (Fig.
2A). The increase in luciferase activity induced by PD98059
was not apparent at 6 h after compound addition, but the
activity was significantly elevated by 12 h and remained
high for at least 3 days (Fig. 2B). Since PD98059 is an
inhibitor of the MEK~ERK pathway, we examined its
effects on ERK phosphorylation (Fig. 2C). PD98059 treat-
ment blocked ERK phosphorylation, but a clear band of
phospho-ERK was seen in DMSO-treated cells due to
growth factors present in the growth medium. Luciferase
activity increased in a dose-dependent manner following
PDO8059 treatment (Fig. 2D). Treatment with the inhibitor
at 30 uM slowed cell growth (Fig. 6B) but did not put cells
to death, while >30 uM of the chemical resulted in a high
degree of toxicity (not shown). We next wished to examine
whether PD98059 specifically affected HCV [RES-medi-
ated translation. Using a plasmid based di-cistronic vector

Core
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PRLIL-2 [E2ay) [#iuec]
di-cistronic vector HOV
IRES

Fig. 1. Constructs used in this study. Schematic representation of the HCV
RNA genome (HCV), G418-resistant subgenomic replicon (subgenomic
replicon), subgenomic luciferase-replicon (LMH14), mono-cistronic luci-
ferase expression vector with HCV IRES (IRES-luc), mono-cistronic renilla
luciferase cxpression vector with cap and polyA (cap-rhic-pA) or di-
cistronic plasmid-based vector construct. The ORFs are depicted as open
boxes.

(Fig. 1 pRLIL-2), we found that PD98059 increased the
ratio of IRES-dependent translation to cap-dependent trans-
lation (Fig. 3B, 247 and 278% at 30 and 10 UM,
respectively). Translation downstream of a mono-cistronic
mRNA was also enhanced, while cap-dependent translation
was not affected (Figs. 3C,D). These results suggest that the
positive response of the luciferase-replicon is primarily
explained by increased IRES activity. Similar results were
obtained when another inhibitor of the MEK—ERIC signal-
ing pathway, U0126, was used (Figs. 3E-H).

Effect of CGP57380 on HCV IRES

It has been known that either mitogen-activated protein
kinase (MAPK)-interacting protein kinase (MNK) or
eukaryotic initiation factor 4E (e[F4E)-binding protein
(4EBP) regulates translation initiation downstream of the
MEK ~ERK pathway (Raught and Gingras, 1999). We first
examined the involvement of MNK in the IRES activation
using CGP57380, a specific inhibitor of MNK (Knauf et al.,
2001). ERK interacts with and phosphorylates MNK in
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Fig. 2. Increased luciferase-replicon by PD98059 or U0126. (A) curedMI114 cells fransfecied with the luciferase-replicon RNA construct (LMH14) were
treated with DMSO (0.1%), IFN-a (100 IU/ml), IL-1p (10 ng/ml), cyclosporin A (CsA, 1 pg/ml), SB203580 (10 pM), dexamethazone (1 pM), PD98059 (10
uM), BMP-4 (10 ng/ml), TGE-p (2 ng/ml), TGF-a (1 ng/ml), cisplatin (I pg/ml) or MMS (methyl methanesulfonate; 0.1 mM). Three days later, cellular
luciferase activity was measured. (B) curedMH14 cclls transfected with the luciferase-replicon RNA construct were treated with DMSO (white circle),
PD98059 (10 pM, black box) or IFN-« (100 IU/ml). At the indicated times, cells were harvested for determination of luciferase activity. The activity of DMSO-
treated cells was set to 100%. (C) Western blotting analysis of phospho-ERK (upper pancl) and total ERK (middle panel) in cells trcated with or without
PD98059 (10 uM) for 10 h. CBB staining pattern of the same blot is used as a loading control (lower panel). (D,E) Dose-dependence of MEK ~ERK inhibitors
on the activity of the hiciferase-replicon. Cells transfected with the luciferase-replicon RNA construct were treated with varying concentrations of PD98059 (D)
or U0126 (E), and luciferase activity was subsequently determined. The Juciferase activity was shown with the SD value of three independent experiments.

response to growth or stress signals, respectively, and MNK
phosphorylates eIF4E (Raught and Gingras, 1999).

Cell treatment with 20 pM CGP57380 decreased the
luciferase-replicon to 34% (Fig. 4A) and the ratio of [RES-
dependent over cap-dependent value to 64% when di-
cistronic vector (Fig. 4B) was used. There was little to no
effect of lower inhibitor concentrations on translation (Figs.
4A,B,C). In order to verify the effectiveness of CGP57380,
we examined the activation of elF4E by blotting with an
anti-phospho-e[F4E antibody. Treatment with CGP57380
clearly eliminated eIF4E phosphorylation, and a partial
reduction in elF4E phosphorylation was seen following
treatment with PD98059, even though total eIF4E levels
were unchanged (Fig. 4D).

These data, combined with accumulating evidence
(Scheper and Proud, 2002), suggest that e[F4E phosphor-
ylation does not play a positive role in cap-dependent
translation, and, moreover, it may limit cap-dependent

translation in cultured cells, although the physiological
significance of eIF4E phosphorylation remains controver-
sial. Nevertheless, drug-induced reduction in elF4E phos-
phorylation did not enhance IRES-dependent transiation
compared to cap-dependent translation.

Effect of 4EBP on HCV IRES

An additional key translation regulator downstream of
the MEK-ERK pathway is the elF4E-binding protein
4EBP. When elF4E is bound by 4EBP, ribosomes are not
recruited to the cap structure and translation is blocked.
Among the three isoforms, 4EBP1 is the best characterized.
The binding of 4EBP1 with elF4E is controlled by the
phosphorylation state of 4EBPI, where the hypo/basal-
phosphorylated form of 4EBP1 interacts tightly with eIF4E,
but upon hyper-phosphorylation, 4EBP1 binding to elF4E is
inhibited (Gingras et al., 200!). mTOR has been reported to
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Fig. 3. Increased HCV IRES by PD98059 or U0126. Dose-dependence of MEK —ERK inhibitors on the activity of the di-cistronic pRLIL-2 vector (A,B,EF)
and mono-cistronic expression vectors (C,D,G,H). (A,E) Cells transfected with di-cistronic pRLIL-2 were incubated with varying concentrations of PD98059
(A) or U0126 (B), and huciferase activity was subsequently determined. IRES-dependent firefly luciferase activity is shown in white, and cap-dependent renilla
luciferase activity is in black. (B,F) The results in panels (A) and (E) are shown as the ratio of IRES-dependent over cap-dependent value, respectively. (C,Q5)
Cells transfected with mono-cistronic IRES-luc (white bar) and cap-rluc-pA (black bar) werc incubated with varying concentrations of PD98059 (C) or U0126

(G), and luciferase activity was subsequently determined. (D,H) The results in

panels (C) and (G) are shown as the ratio of IRES-dependent over cap-dependent

value, respectively. The luciferase activity was shown with the SD value of three independent experiments.

phosphorylate 4EBP1 (Gingras et al., 1999), and, recently,
Herbert et al. (2002) proposed that ERK is involved in the
hyper-phosphorylation of 4EBPI.

We investigated a possible role for 4EBP1 in the
observed IRES activation by PD98059. Exogenous expres-
sion of wild type or dominant active form of 4EBP1 (T40A,
Mothe-Satney et al., 2000) elevated the luciferase-replicon
to 420 and 325% of control levels, respectively, and
PD98059 treatment enhanced these effects (Fig. SA). A
mutant form of 4EBP1 unable to interact with e[FAE (mBD,
Mader et al., 1995), however, did not affect the luciferase-
replicon activity (Fig. 4A). Luciferase expression driven by
a di-cistronic vector resulted in a similar trend (Fig. 5C).

A B

140
120
100
80
&0
40
20

Q 20 7 2 @
s T =
& CGP57380 o

20 7 2
CGP57380

Both the wild type and mBD forms of 4EBP1 were hyper-
phosphorylated (Fig. 5D). In the cell line used, Huh-7,
endogenous 4EBP1 was not detected (Fig. 5D, vec). The
expression levels of wild-type and T46A were reduced
compared to mBD, likely as a result of the auto-suppression
of cap-dependent translation by the wild type or T46A
4EBPI.

We next tried to eliminate endogenous 4EBP. Knock-
down of 4EBP was confirmed following individual siRNA
(Fig. 6A) or all siRNAs treatment (Fig. 6B). Among the
different 4EBP isoforms, knock-down of 4EBP2 led to the
strongest reduction in the luciferase-replicon (Figs. 6C,D)
and the [RES/cap-translation in the di-cistronic vector (Figs.
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Fig. 4. Effect of CGP57380 on luciferase-replicon or HCV IRES. (A) Cells transfected with the luciferase-replicon RNA construct were treated with
CGP57380 (uM). Three days after transfection, cells were harvested for determination of luciferase activity. The activity of DMSO-treated cells was set to
100%. (B) Cells transfected with di-cistronic pRLIL-2 were incubated with CGP57380, and luciferase activity was subsequently determined. IRES-dependent
firefly luciferase activity is shown in white, and cap-dependent renilla luciferase activity is in black. (C) The results in pancl (B) arc shown as the ratio of JRES-
dependent over cap-dependent value. The luciferase activity was shown with the SD value of three independent experiments. (D) Western blotting was
performed to examine the phosphorylation of eIF4E (upper panel) and total eIF4E (middle panel) in cells treated with or without CGP57380 (20 pM). CBB

staining pattern of the same blot is used as a loading control.
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Fig. 5. Effect of exogenous cxpression of 4EBP on luciferase-replicon or HCV IRES. (A) Cells were transfected with the luciferase-replicon RNA construct
together with empty vector (vec), vector for 4EBPL, 4EBP 1 T46A or 4EBP1mBD. 4EBP1T46A is a dominant-active form of 4EBP1, and 4EBP1mBD lacks the
ability to bind with eIF4E. Cells were harvested for determination of luciferase activity after 3 days incubation with PD98059 (10 1M). White and black bars
indicate absence and presence of PD98059, respectively. The data are normalized by cotransfection with the pRL-TK. (B) Cells were cotransfected with di-
cistronic pRLIL-2 together with empty vector (vec), vector for 4EBP1, 4EBP1T46A or 4EBP1mBD. Luciferase activity was subsequently determined. IRES-
dependent firefly luciferase activity is shown in white, and cap-dependent renilla luciferase aétivity is in black. (C) The results in panel (B) are shown as the
ratio of IRES-dependent over cap-dependent value. White and black bars indicate absence and presence of PD98059, respectively. The luciferase activity was
shown with the 8D value of three independent experiments. (D) Western blotting was performed to examine the expression and phosphorylation statc of 4EBP
in cells using anti-4EBP antibody. CBB staining pattern of the same blot is used as a loading control.

6G,H). Huh-7 cells express higher levels of 4EBP2
compared to the other isoforms, and we hypothesize that
this may account for the observed effect.

The above results suggest that 4EBP proteins, partic-
ularly 4EBP?2 in this cell line, play an important role in HCV
IRES-mediated translation. However, no evidence impli-
cated 4EBP in the ERK-mediated modification of IRES
activity because, even in the presence of the mBD mutant or
the elimination of 4EBP isoforms, PD98059-mediated
activation of IRES-dependent translation still occurred.

Effect of PD98059 on G418-resistant subgenomic replicon

Since IRES-mediated translation can regulate RNA
replication in cultured HCV replicon cells (He et al.,
2003), we tested the effect of PD98059 on G418-resistant
replicon RNA replication. When monitored by either real-
time RT-PCR (Fig. 7A) or Northern blotting (Fig. 7C),
replicon RNA was increased up to 210% of vehicle-treated
control by the administration with 30 pM of PD98059 for
24 h. The replicon RNA levels decreased at 48 h or later
probably because of the cell growth suppression (Fig. 7B).
Additionally, PD98059 induced the production of viral
protein NS5A (Fig. 7D). Although replicon RNA levels can
fluctuate and are not the most stringent test, as Zhu and Liu
(2003) also observed, the observed up-regulation of HCV
replicon RNA and a viral protein at 24 h strongly suggests
an effect of PD98059.

PDY805 promotes HCV multiplication in a model of HCV
infection

To examine the effects of PD98059 on HCV replication,
we infected curedMHI4 (Fig. 8A), Huh-7 (B), OUMS-29
H-11 (C) or PH5CHS (D) cells with HCV-positive serum for
1 day and incubated cells with either PD98059 or vehicle.

curedMH 14 had been prepared by curing an HCV replicon
cell line of replicon RNA (Murata et al., 2005). QUMS-29/
H-11 is a human hepatocyte cell line, in which SV40 large T
antigen and hepatocyte nuclear factor 4 (HNF4) had been
infroduced by stable transfection ([noue et al., 2001), and
PH5CHS is a human hepatocyte line that hat had been
immortalized with SV40 large T antigen ([keda et al., 1998).
HCYV replication efficiency is highly dependent on the
cell culture conditions, and poor infectivity can lead to little
or no replication. However, HCV infectivity was dramati-
cally improved by the addition of 30 uM PD98059 (Fig. 8).
With 30 uM PD98059, virus RNA levels on day 5 were 162,
113 and 146% of the levels of day 1, whereas they were 0,
33 and 0% in curedMHI14, OUMS-29 H-11 and PH5CHS
cells treated with DMSO, respectively. Thus, HCV repli-
cation was increased by 100-fold or more in curedMH 14
and PH5CHS cells on the fifth day. Huh-7 cells were not as
permissive for viral infection under these conditions.

Discussion

In this study, we found that the addition of PD98059, an
inhibitor of the MEK~ERK pathway, enhanced HCV IRES-
dependent translation and HCV replication in cultured cells.

Multiple cellular factors bind directly to the HCV IRES
including elF3 (Sizova et al., 1998), the 40S ribosome (Otto
et al., 2002), polypyrimidine tract-binding protein (PTB, Ali
and Siddiqui, 1995), La autoantigen (Ali and Siddiqui,
1997) and heterogeneous nuclear ribonucleoprotein L
(hnRNP L, Hahm et al., [998). Some of these molecules
may play a role in the PD98059-mediated activation of
HCV IRES-dependent translation.

Several reports have suggested that translation driven by
the HCV IRES (Honda et al., 2000), as well as other IRESes
(Pyronnet et al.,, 2000; Cornelis et al., 2000), is highest in
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Fig. 6. Effect of RNAI knock-down of 4EBPs on luciferase-replicon or HCV IRES. (A) Cells were transfected with control siRNA (si cont) or sidEBPL, 2 or 3,
independently. Total RNA was collected to cxamine the levels of relevant 4EBP RNA by RT-PCR. (B) Cells were transfected with control sIRNA (si cont) or
si4EBP1, 2 and 3, altogether. Total RNA was collected to examine the levels of every isoform of 4EBP RNA by RT-PCR. (C,D) Cells were cotransfected with
LMH14 luciferase-replicon RNA construct and various siRNAs, independently (C) or together (D). Luciferase activity was determined after 3 days incubation
with or without 10 uM PD98059. White and black bars indicate absence and presence of PD98059, respectively. The data are normalized by cotransfection
with the pRL-TK. (E,F) Cells were cotransfected with di-cistronic pRLIL-2 together with various siRNAs, independently (E) or together (F). Luciferase activity
was subscquently determined. IRES-dependent firefly luciferase activity is shown in whife, and cap-dependent renilla Tuciferase activity is in black. (G,H) The
results in panels (E) and (F) are shown as the ratio of IRES-dependent over cap-dependent value, White and black bars indicate absence and presence of
PD98059, respectively. The luciferase activity was shown with the SD valie of three independent experiments.

the mitotic phase (G2/M) and relatively lower in other In addition to ERK signaling, p38 MAPK and JNK
phases of the cell cycle. Since the MEK-ERK signaling signaling pathways are also involved in translation regu-
pathway is largely suppressed in the G2 phase (Tamemoto lation. Cellular stress negatively affects cap-dependent
et al, 1992), MEK-ERK signaling may also be a key protein synthesis (Patel et al., 2002), while EMCV (Hirasawa
regulator of this phenomenon. et al., 2003) or c-myc (Subkhankulova et al., 2001) IRES-
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Fig. 7. Effect of PD98059 on G418-resistant subgenomic replicon. (A)
MH14, a G418-resistant subgenomic replicon cell line, was treated with
DMSO (white circle), 30 uM PD98059 (X), 10 uM PDI8059 (black box) or
100 TU/m! IFN-a (white triangle) for 1, 3, 5 or 7 days. Following the
extraction of total RNA, the quantity of HCV replicon RNA was determined
by real-time RT-PCR analysis. (B) In parallel with the experiments in Fig.
SA, cells were treated with DMSO (white circle), 30 pM PD98059 (X),
10 pM PD98059 (black box) or 100 IU/m! IFN-a (white triangle). Cell
numbers were counted at the indicated time points. (C) Total RNA of cells
treated for 1 day was also subjected 1o Northern blot analysis (upper panel).
The ethidium bromide staining of ribosomal RNA is shown as an internal
control (lower panel). (D) Total protein of cells treated for 1 day was
harvested to cxamine the amount of NSSA (upper panel). CBB staining
pattem of the same blot is shown as a loading control (lower panel).

dependent translation is elevated by these signals. There-
fore, these signaling pathways may also affect HCV IRES-
dependent translation.

A cell culture system supporting HCV replication has
not existed for some time. When immortalized hepatocyte
cell lines are infected with HCV, viral replication
efficiency is not high despite high replication rates in
patients. Many researchers have attempted to solve this
problem. lkeda et al. (1998) demonstrated that incubation
of cells at lower temperature helps virus replication.
Aizaki et al. (2003) used a three-dimensional hepatocyte
culturing system. Others varied the bovine serum levels,
vitamins, lipids or amino acid composition or the pH of
the culture medium. We observed that freshly thawed
cells with lower viability supported replication better than
rapidly growing cells. We now propose a simple infection
system that supports highly efficient HCV replication in
cultured cells by adding PD98059 in the medium.

Cells isolated from human liver are cultured in
conditions that substantially differ from the in vivo

environment and are often immortalized by oncogene
expression. Consequently, many signaling pathways are
likely aberrantly regulated in vitro. Among these path-
ways, it seems likely that ERK signaling is responsible
for regulating HCV replication in cultured cells, and
PD98059 may help mimic the in vivo environment and
facilitate HCV replication by enhancing IRES-dependent
translation. »

Although treatment with PD98059 increased the
replication of viral RNA in various cell lines when
infected with HCV-positive serum (Fig. 8), replicon
RNA levels were not increased under similar conditions
(Fig. 7). The RNA copy number may explain these
differences. PD98059 may not enhance the replication of
replicon RNA because, in these systems, viral RNA and
proteins are abundant even in the absence of the inhibitor.
In cells infected with patient serum, highly efficient IRES-
dependent translation may be essential for viral replication
due to the low copy number of viral RNA per cell.

Mutations of serine residues within NS5A that affect
the protein hyper-phosphorylation enhance replication of
the virus replicon (Blight et al., 2000), and inhibitors of
NS5A kinase(s) activate replication (Neddermann et al.,
2004). Since the CMGC group of serine—threonine
kinases has been implicated in the phosphorylation of
NS5A (Reed et al, 1997), PD98059 might affect the
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Fig. 8. Increased HCV multiplication by PD9805 in cells infected with
HCV-positive serum. curedMI114 (A), Huh-7 (B), OUMS-29 T-11 (C) or
PHSCHS8 (D) cells were infected or mock-infected (white triangle) with
HCV-positive serum for 1 day. After cxtensive washing with PBS, the cells
were cultured with fresh medium supplemented with DMSO (white circle),
30 pM PD98059 (X), 10 uM PD98059 (black box). At the indicated times,
total RNA was extracted, and the quantity of HCV RNA was determined by
real-time RT-PCR analysis.
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phosphorylation of the NS5A protein and thereby elevate
replication. When we treated cells with PD98059,
however, the levels of hyper-phosphorylated NS5A were
not affected (not shown). This suggests that PD98059
activates viral replication through the enhancement of
IRES-mediated translation but not through a reduction m
phosphorylation state of NS5A.

Multiplication of influenza virus (Pleschka et al., 2001),
borna disease virus (Planz et al., 2001), coxsackievirus
(Luo et al., 2002), visna virus (Barber et al., 2002), human
immunodeficiency virus (Montes et al., 2000), vaccinia
virus (de Magalhaes et al., 2001), Epstein—Barr virus (Gao
et al,, 2001), cytomegalovirus (Rodems and Spector, 1998)
and human herpesvirus-8 (Akula et al., 2004) are promoted
by MEK-ERK signaling pathway activation. Activation of
this pathway results in efficient cell cycle promotion, high
cellular or viral gene production and increased availability
of biomaterials, such as nucleotides or amino acids. Many
of these viruses, therefore, likely exploit the cellular
environment created through the activation of the MEK ~
ERK pathway. Interestingly, replication of the hepatitis B
virus (HBV) is negatively regulated by the MAPK
signaling pathway (Zheng et al, 2003). Because both
HBV and HCV infect the same target organ, it is possible
that both viruses have evolved similar means to exploit
host signaling pathways. Much research is needed to
identify the factors conferring organ specificity to HCYV,
however.

Materials and methods
Cell culture, antibodies and reagents

Huh-7 or curedMH14 cells (Murata et al., 2005) were
maintained in Dulbecco’s modified Eagle medium (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine
serum, 100 units/ml nonessential amino acids (Invitrogen,
Carlsbad, CA) and 100 pg/ml penicillin and streptomycin
sulfate (Invitrogen, Carlsbad, CA). MH14 replicon cells
(Miyanari et al., 2003) were cultured in the same medium
with 300 pg/ml G418 (Geneticin, Invitrogen, Carlsbad, CA).
OUMS-29/H-11 cells (Inoue et al., 2001, Fukaya et al., 2001)
were maintained in ASF-104 medium (Ajinoﬁ]oto, Tokyo,
Japan) with 100 pg/ml penicillin and streptomycin sulfate
(Invitrogen, Carlsbad, CA), and PH5CHS cells were cultured
as described (Ikeda et al., 1998).

Rabbit anti-ERK, rabbit anti-phospho-ERK, rabbit anti-
elF4E and mouse anti-phospho-elF4E antibodies were
purchased from Cell Signaling Technology (Beverly, MA).
Rabbit anti-4EBP antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Horseradish-peroxidase-linked
goat antibodies to mouse or rabbit IgG were from
Amersham Biosciences (Piscataway, NJ). PD98059 and
other inhibitors were obtained commercially from Calbio-
chem-Novabiochem (San Diego, CA).

Plasmid construction

The pLMH14, used to synthesize the luciferase-replicon
LMH14 RNA and mono-cistronic [IRES-luc RNA, has been
described previously (Murata et al., 2005). The di-cistronic
plasmid vector, pRLIL-2, was based on the pRL-CMV
Vector (Promega, Madison, WI) and contains HCV IRES
sequence (complete 5’ -UTR sequence and initial part of the
Core gene) plus the firefly luciferase sequence obtained
from pGL2 Vector (Promega, Madison, WI).

The human 4EBP1 gene was cloned by RT-PCR into
the mammalian expression vector pcDNA3 (Invitrogen,
Carlsbad, CA) to obtain pcDNA4EBP. Primers used to
clone the gene were 5 -cggaaticgatgtcegggggeageagetge-3'
and 5 -ctgactcgagttaaatgtccatctcaaactgtg-3’. To generate
pcDNS4EBPT46A and pcDNA4EBPmBD plasmids,
mutations were inserted into pcDNA4EBP by PCR-based
site-directed mutagenesis using the primers 5'-ctggtacc-
tcccggggeggtgctgaagagegte-3’ for T46A and 5'-gaggtac-
caggatcatctatgaccggaaattcgcggcggagtgtcggaactc-S’ for
mBD. Bold letters in the primers denote the substituted
nucleotides.

RNA synthesis in vitro

In order to synthesize the LMHI14 luciferase-replicon
RNA or mono-cistronic [RES-luc RNA, pLMHI4 was
digested with XbaT or Kpnl, respectively, and subjected to in
vitro transcription using a MEGAscript T7 kit (Ambion,
Austin, TX) according to the manufacturer’s instructions.
Following DNase treatment, RNA was purified by lithium
chloride precipitation. For production of mono-cistronic
cap-rluc-pA RNA, the pRL-TK Vector (Promega, Madison,
WI) was cut with Xbal and transcribed in vitro using
mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX)
for capping. Poly(A) Tailing Kit (Ambion, Austin, TX) was
then used for polyadenylation of the RNA.

Luciferase assay

Lipofection with RNA was performed using DMRIE-C
reagent ([nvitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Plasmid DNA, including
PRLIL-2, was transfected into cells using FuGENES reagent
(Roche, Indianapolis, IN). Luciferase activity was measured
using a Dual-Luciferase Reporter Assay System (Promega,
Madison, WI). Assays were performed in triplicate; standard
deviations are denoted by bars in the figures.

Real-time RT-PCR analysis

Total RNA was extracted from cells using Sepasol
RNAI super reagent (Nacalai Tesque, Kyoto, Japan)
according to the manufacturer’s protocol. The 5'-UTR of
HCV genomic RNA was quantified with the ABI PRISM
7700 sequence detector (Applied Biosystems, Foster City,
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CA) as described (Watashi et al., 2003) using the 5'-
CGGGAGAGCCATAGTGG-Y (forward) and 5-AGTAC-
CACAAGGCCTTTCG-3' (reverse) primers and the fluo-
rogenic probe 5-CTGCGGAACCGGTGAGTACAC-3'.
As an internal control, ribosomal RNA was quantified
using TagMan ribosomal RNA control reagents (Applied
Biosystems, Foster City, CA).

Northern and Western blot analysis

Total RNA was extracted from cells using Sepasol RNAI
super reagent (Nacalai Tesque, Kyoto, Japan). Northem or
Western blot analysis was performed as described previ-
ously (Kishine et al., 2002). The 1.5-kb EcoRI fragment of
pNNRZ2 was used as the probe, which corresponds to the
C-terminal half of the NS5A gene and N-terminal half of the
NS5B gene.

In vitro HCV infection

The in vitro HCV infection experiment was carried out as
described previously (Watashi et al., 2003). In short, cells
were infected with the serum which was prepared from an
HCV-positive blood donor. At 24 h post-inoculation, the
cells were washed three times with PBS and maintained
with fresh medium with DMSO or PD98059 until the
extraction of the RNA sample.

SIRNA

Sequences of siRNAs (Invitrogen, Carlsbad, CA) were
as follows: 5'-aactcacctgtgaccaaaaca-3’ for 4EBPI1, 5'-
aagactccaaagtagaagtaa-3’ for 4EBP2 and 5 -aagctggagtg-
caagaactca-3’ for 4EBP3. Before using, the siRNAs were
dissolved in RNase-free water, denatured once at 98 °C for
1 min and annealed at 37 °C for 1 h. For electroporation of
SIRNA, 4 x 10° cells and 0.8 ug siRNA were suspended in
400 pl of OPTI-MEM (Invitrogen, Carlsbad, CA) and
pulsed at 250 V and 950 pF using GenePulser (Bio Rad,
Hercules, CA) at 4 °C. To evaluate the silencing effects of
siRNAs, RT-PCR was performed using One-Step RT-PCR
Kit (TaKaRa, Ohtsu, Japan) according to the manufacturer’s
instruction. Primer sequences used were as follows: 4EBPI,
5'-cggaattcgatglcegggggeageagetge-3’ and 5 -ctgactcgagt-
taaatgtccatctcaaactgtg-3’, 4EBP2, 5 -cggaattcatgtcctegt-
cageeggcag-3’ and 5'-ctgactegagtcagatgtccatetcgaac-3,
4EBP3, 5 -cggaattcatgtcaacgtccactagetg-3’ and 5'-ctgacte-
gagttagatgtccatttcaaattg-3’, GAPDH, 5'-tttctcgagatggg-
gaaggtgaaggtcg-3’ and 5 -ccggaattctggagggatetcgetectg-3'.
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Abstract

Primary biliary cirrhosis (PBC) is one of the most important autoimmune liver diseases but the etiology and pathogenesis remain unknown.
In this study, we analyzed differential mRNA expression in the liver of a patient with PBC using suppression subtractive hybridization to
identify overexpressed genes. Overexpression of mRNA transcripts from mitochondrial DNA was observed in the PBC liver, compared to
normal liver. To explore the mechanism of increased mitochondrial transcription, we investigated the mRNA levels of nuclear DNA-encoded
regulator molecules of mitochondrial gene expression in 60 liver biopsy samples from various diseases, including PBC, using competitive
RT-PCR. Tncreased expression of mitochondrial transcriptional factor A (mtTFA) and mitochondrial nuclear respiratory factor 1 (NRF-1)
mRNA was demonstrated in PBC liver compared to other liver diseases, while NRF-1 coactivator 1, PGC-1 was suppressed. Mitochondrial
DNA-encoded mRNA molecules are overexpressed in the PBC liver, and this is associated with up-regulation of mitochondrial transcription
factor mtTFA and its transactivator NRF-1. Further studies are needed to focus on the relevance of this perturbation of mitochondrial gene

expression in the pathogenesis of PBC.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Suppression subtractive hybridization; Transcriptional factor; Reactive oxygen species

1. Introduction

Primary biliary cirrhosis (PBC) is a progressive autoim-
mune liver disease and currently, liver transplantation is the
only lifesaving therapy for advanced disease [1]. While its
etiologies remain unclear, they are thought to be due to
immune-mediated or environmental [2], PBC is character-
ized by chronic progressive inflammatory destruction of in-

* Corresponding author. Tel.; +81 3 5803 5877; fax: +81 3 5803 0268.
E-mail dddress: enomoto@yamanashi.ac.jp (N. Enomoto).

1386-6346/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/j.hepres.2004.09.007

terlobular bile ducts. Anti-mitochondrial antibodies (AMA)
are positive in most patients [3], and as a result of extensive
investigations, their targets have been shown to be compo-
nents of mitochondrial proteins, such as the E2 subunit of
pyruvate decarboxylase (PDH-E2) [4,5]. However, the patho-
genetic roles of the mitochondria themselves, as well as the
autoimmune reaction directed to mitochondrial proteins, re-
main unknown.

Recently, several methods for comprehensive analysis of
sene expression were developed and applied to a variety
of diseases, e.g., serial analysis of gene expression (SAGE)
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[6], differential display (DD) | 71, suppression subtractive hy-
bridization (SSH) [8], and cDNA microarray analysis [9].
Among them, SSH can be performed with a small amount of
clinical sample and allows us to use needle biopsy materials,
circumventing the need for large mass of sample, such as sur-
gically resected liver tissue. Thus, SSH is a suitable method
to analyze gene expression profiles of liver diseases for which
surgically resected livers or explants prior to transplantation
usually are unavailable. Using SSH, we and other groups
have successfully identified characteristic gene expression
profiles in hepatocellular carcinoma [10], chronic hepatitis C
[11], and autoimmune hepatitis [12].

In the present study, we took advantage of SSH to ana-
lyze the gene expression profile of a PBC liver and found
over-expressed genes encoded by mitochondrial DNA. The
expression of mitochondrial genes is regulated by molecules
encoded by nuclear DNA, in particular, mitochondrial tran-
scription factor A (mtTFA), which is known to princi-
pally promote mitochondrial replication and transcription
[13,14], nuclear respiratory factor-1 (NRF-1) [15] that binds
to and activates the mtTFA promoter [16], and the NRF-
1 coactivator, PGC-1 [17], which is involved in thermo-
genesis or glucogenesis induced by increased energy de-
mands from external stimuli, such as cold or fasting, re-
spectively. To date, little is known about the expression of
these mitochondria regulatory genes in human liver dis-
eases, including PBC. Thus, we examined the expression
of these molecules controlling mitochondrial biogenesis in
various liver diseases, in order to define the mechanism of
mitochondrial gene up-regulation, found in PBC liver by
SSH.

2. Methods

2.1. SSH for screening of overexpressed genes in PBC
liver

The patient was a 53-year-old female without a history
of viral hepatitis, excess ethanol intake, or administration of
hepatotoxic drugs. Her laboratory data showed an elevated
serum alkaline phosphatase value and a strongly positive test
for anti-mitochondrial antibodies. Histological diagnosis of
a liver biopsy specimen was PBC at Scheuer’s stage 11. The
liver biopsy sample of about 3-mm long with a net weight
of ~50mg) was used for SSH analysis. As a control, his-
tologically normal liver tissue (more than 5cm from the tu-
mor) was obtained at surgery from a patient with metastatic
liver cancer. Written informed consent was obtained from
each patient for liver biopsy and the study protocol, which
conformed to the ethical guidelines of the 1995 Declaration
of Helsinki, and for which institutional approval also was
obtained.

RNA was extracted by the acid—guanidium—phenol—
chloroform method. Briefly, 150 pl of serum was mixed with
700 pl of ISOGEN (Wako Pure Chemical Industries, Osaka,

Japan), and the aqueous phase was collected with 140 pl of
chloroform, The RNA was precipitated with isopropanol, and
the pellet was washed with ethanol, and finally dissolved
in 10 p! of double distitled water at a final concentration
of 1 pg/pl. Subsequently, double-strand full-length cDNA
was synthesized using a SMART" PCR cDNA synthesis
kit (CLONTECH, Tokyo, Japan), according to the manufac-
turer’s instruction. -

SSH was performed using a PCR-Select " cDNA subtrac-
tion kit (CLONTECH, Tokyo, Japan) according to the man-
ufacturer’s instructions. Briefly, after two different adaptors
were ligated to Rsal-digested SMART " ¢DNA from the pa-
tient (tester), 2.5 ng of each adaptor-ligated SMART "™ cDNA
was hybridized with 1.5 g of Rsal-digested SMART "
cDNA from the normal liver (driver). In this process, cDNA
sequences specific to the tester were enriched.

2.2. Quuantitative competitive RT-PCR of the genes for
the mitochondrial regulatory system

We analyzed the mRNA expression of three genes: nuclear
respiratory factor-1 (NRF-1), mitochondrial transcription
factor A (mtTFA), and PPAR gamma coactivator 1{PGC-1)
in 60 liver biopsy samples from various liver diseases, which
were obtained before initiations of any medications. In all
cases, the histological stages of the lever were in the chronic
stage of cholangitis or hepatitis, and had not developed
cirrhosis. Quantification of hepatic gene expression was
performed by competitive RT-PCR. Because conventional
RT-PCR needs a relatively large amount of sample, we uti-
lized SMART cDNA reported to reflect the sample’s original
complexity and the relative abundance of the original RNA
sample [18]. Primer sequences for amplification and synthe-
sis of the competitors are as follows: NRF-1 sense primer,
5'-CATGCGTTGAGCTACTGACA-3’; NRF-1 antisense
primer, 5'-TATACGAGCAATTCAGGACT-3'; NRF-1 com-
petitor sense primer, 5'-CATGCGTTGAGCTACTGACA-
CTGCTGGACTCACCTGAGGA-3'. mtTFA sense primer,
5-TTTACCGAGGTGGTTTTCATCTGTC-3; mtTFA anti-
sense primer, 5-GATAACGAGTTTCGTCCTCTTTAGC-
3’; mtTFA competitor sense primer, 5'-TTTACCGAGGT-
GGTTTTCATCTGTCACAGAACTAATTAGAAGAATTGC-
3. PGC-1 sense primer, 5-CGGGCACCAGAATGC-
TAAAGTTTCC-3’;  PGC-1  antisense  primer, 5'-
AAGGCTGCATTTACAGTGCATAGCT-3/; PGC-1 com-
petitor sense primer, 5'-CGGGCACCAGAATGCTAAA-
GTTTCCCGGGCACCAGAATGCTAAAGTTTCCGTCC-
AAAATGTTGATCTTCCA-3'. PCR products were elec-
trophoresed on 2.5% agarose gels and stained by ethidium
bromide. Gel images were captured, and the intensity of
each band was analyzed by computer software (Diversity
Database, ver. 1.1, pdi, New York, NY) to calculate of
the signal ratio. The expression of each gene in PBC liver
was compared with that in other liver disease using the
Mann-Whitney U-test (version 4.5, Statview, Abacus,
Berkeley, CA).
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3. Result
3.1. Overexpressed genes in a PBC liver sample

Using SSH with PBC and normal liver, we obtained sev-
eral oligoclonal bands (Fig. 1A) and analyzed 100 clones
obtained from the PCR products (Table 1). These genes were
recognized as overexpressed in PBC liver. To confirm overex-
pression of these genes, we used semi-quantitative RT-PCR
for the expression of the mitochondrial cytochrome b subunit.
A PCR signal from the PBC liver was clearly seen after 12 cy-
cles of amplification, but that from the normal liver could be
seen only after 16 cycles (Fig. 1B). This result showed that the
target mRNA-was overexpressed by four cycles because the
expression levels of a house-keeping gene, glycelaldehyde-3
phosphate dehydrogenase, were similar between these two
samples (data not shown). It may be seen that mRNA tran-
scribed from mitochondrial DNA was more abundant in the
PBC liver than the normal liver. Thus, we subsequently pro-

Table 1

Sequence analysis of 106 clones isolated from subtracted PBC ¢cDNA
Name of the clones No.
Mitochondrial 128 rRNA® 13
Cytochrome b* 12
Mitochondrial IRNA (Val)* 6
Heat shock protein 90 3
Cytochrome ¢ oxidase (I1)* 2
HLA-DR alpha chain 2
Miscellaneous 62
Total 100

2 ¢DNA derived from mitochondrial DNA-encoded gencs.

ceeded to evaluate the expression of genes that control the
transcription and replication of mitochondrial DNA.

3.2. Analysis by quantitative competitive PCR of
expression of genes regulating mitochondrial
transcription in liver tissues

We analyzed the mRNA expression of three genes: NRF-
1, mtTFA, and PGC-1 in 60 liver biopsy samples from vari-
ous liver diseases. NRF-1 and mtTFA expression levels were
significantly higher in PBC liver than in other liver diseases
(Fig. 2A and B). In contrast, PGC-1 mRNA expression was
significantly suppressed in the PBC liver compared to that in
the other liver diseases (Fig. 2C).

4, Discussion

In our present study, following the results of subtraction
cloning that a variety of mitochondrial DNA-encoded genes
were overexpressed in the PBC liver, we demonstrated that
the expression of mtTFA, which are encoded by nuclear DNA
and directs mitochondrial transcription and replication, and
its transactivator NRF-1 was increased in the PBC liver com-
pared to other liver diseases, while that of the NRF-1 coacti-
vator PGC-1 was suppressed. These results indicate that the
mitochondrial transcriptional factors mtTFA and NRF-1 are
up-regulated in PBC liver, which may lead to the overexpres-
sion of mitochondrial genes.

Among 100 ¢DNA clones obtained from PBC cDNA sub-
tracted from normal liver cDNA, six genes, i.e., mitochon-
drial 12S rRNA, cytochorome b, mitochondrial tRNA-Val,
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Fig. 2. Expression levels of mRNA, which are related to mitochondrial regulatory genes in PBC and other liver diseases. Panel A: the expression levels of

NRF-1 mRNA; NRF-1 mRNA in the PBC liver are significantly higher than that in other liver discases (P=0.0015). Panel B: the expression levels of mUTFA
mRNA; m{TFA mRNA in the PBC liver is significantly higher than that in other liver diseases (P =0.031). Panel C: the expression levels of PGC-1 mRNA
PGC-1 mRNA is suppressed in the PBC liver, as it compared with other liver diseases (P=0.009). Due (o the usage of biopsied materiats, very small amounts
ol samples were available for cach experiment limitting the number of repeated assays. In some cascs, reproducible data for all of the three genes could not be

obtained, and the number of cases is not uniform for these three genes.

cytochrome ¢ oxidase, heat shock protein 90, and HLA-DR
were found repeatedly indicating that these transcripts were
abundant in the subtracted cDNA. Notably, the first four genes
are encoded by mitochondrial DNA, and increased expres-
sion of these genes was confirmed by semi-quantitative RT-
PCR. Heat shock proteins recently were found to be over-
expressed in the PBC liver using a ¢cDNA microarray and
immunohistochemistry [19,20], and enhanced expression of
the HLLA-DR molecule in PBC liver is well established | 21].
Thus, the result of SSH of PBC was not only consistent with
earlier works but also revealed the increased expression of
mitochondrial genes that previously was not appreciated.
Each human cell contains hundreds to thousands of mito-
chondria, carrying 2-10 copies of the 16 kb double-stranded
circular mitochondrial DNA, which encodes the 13 mRNAs,
2rRNAs, and 22 tRNAs, which are necessary for its function,
i.e., energy production by ATP synthesis [22]. Increase in the
number of mitochondria has been observed in a variety of
physiological states demanding energy, such as cell growth
and proliferation, aging, muscle contraction, and thermoge-

nesis in response to cold | 17]. Replication of mitochondrial
DNA and transcription of mtDNA-encoded genes are tightly
linked and result in mitochondrial proliferation or as it is
called biogenesis, because mtDNA replication needs RNA
transcripts as primers, and both are controlled by a single
nuclear DNA-expressed transcriptional factor, mtTFA which
binds to the mitochondrial promoter [14]. Moreover, expres-
sion of each mitochondrial gene is not regulated individu-
ally because large polycistronic transcripts are produced from
each strand and are processed to generate mature RNAs [14).
Therefore, the increase in transcription of the four mitochon-
drial RNAs observed in PBC seems to be a reflection of an
overall increase of pol ycistronic mtRNA transcription, rather
than through other mechanisms, such as decreased degrada-
tion of individual mitochondrial transcripts. In the previous
reports, electron microscopic observation of hepatocyte in
PBC liver showed increased mass of mitochondria 23,24}
confirming enhanced mitochondrial biogenesis.
Consequently, to determine the mechanism of the increase
of mitochondrial gene transcriptionin PBC, we have analyzed



