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FIG. 6. Effect of suppression of endogenous nucleolin on cell proliferation. The plasmid pGL3 control, encoding the luciferase gene under the
control of the CMV promoter/enhancer. was cotransfected with 2 wM of si-Mix, si-GFP, si-Nue, si-HCV. or no siRNA [si(~)] using DMRIE-C
reagent, and luciferase activity was measured 48 and 72 k after transfection. The error bars indicate the standard deviations of the results from

at least three independent experiments.

We found that recombinant C-terminal nucleolin proteins
can bind NS3B and inhibit its RARp aclivity in a dose-depen-
dent manner {20), suggesting that nucleclin may affect HCV
replication by interacting with NS3B. The direct interaction of
nucleolin with HCV NS5B in vivo and in vitro was shown to
require two critical stretches of NS5B. Here, we showed that
within one of these regions, aa 208 to 214, the W208 residue
was critical for both binding of nuclealin and HCV replication.
Transient down-regulation of endegenous nucleolin by siRNA
considerably inkibited HCV replication in Huh7 cells. These
results strongly indicate that nucleolin has an important role in
HCV replication through its direct interaction with NS5B.

Our finding of an important positive role for nucleolin in
HCV replication is apparently inconsistent with previous find-
ings of an inhibitory role for nucleolin. It was previously re-
ported that purified C-terminal nucleolin proteins inhibited
the RdRp activity of NS3B in vitro. The latter result, however,
may have been due to the use of recombant truncated nucleolin
proteins, because recombinant full-length nueleolin was not avail-
able (70). Taken together, however, these results indicate that
N-terminal nucleolin may be important for the positive function
of nucieolin in HCV replication, although the NS53B-binding re-
gion is within the RGG domain and RNA-binding domain 4 is at
the C terminus.

Transfection of the mutant replicon containing NS3B W208A,
which could not bind nucleolin, fed to almost no HCV yeplication.
By contrast, the suppression of nucleolin by sIRNA moderately
inhibited HCV replication, a result also observed with the trap-

sient assay using luciferase reporter replicon and G418-resistant
colony formation. While HCV replication was completely inhib-
ited by MA/W208A, replication was only partially inhibited by
si-Nue, indicating that si-Nuc can transiently suppress, but cannot
eliminate, expression of endogenous nucleolin. Recently, nucleo-
lin was reported to inhibit cell cycle progression afler heat
shock and genotoxic stress by increasing complex formation
with human replication protein A (26). Whea pGL3 control or
pCl-Neo was cotransfected with si-Nue, the luciferase activity
or the number of G418-resistant colonies was not reduced,
strongly suggesting that the moderate inhibition of nucleolin
expression did not have severe cytotoxic effects on siRNA-
transfected cells. More efficient suppression of nucleolin may
result in more severe inhibition of HCV RNA replication. It is
therefore important 1o determine whether nucleolin is dispens-
able in mammalian cells as it is in Saccharomyces pombe {17)
and Saccharonyces cerevisiae (31), since nucleolin may consti-
tute a putative therapeutic target to inhibit HCV replication.

Using a clustered alanine substitution mutant library (CM)
of NS3B, we previously showed that two stretches of NS5B
amine acids, aa 208 to 214 and 300 to 506, were critical for
nucleclin binding. According to the crystal models of NS5B.
the former stretch is in the palm and the latter stretch is in the
bottem of the thumb domain. We focused on identifying res-
idues in aa 208 to 214 that are essential for nucieolin binding
and HCV replication, as the CM mutant of az 500 to 306 was
defective in RdARp activity in vitro and HCV replication in vivo
(36, 48, 49). We found that the W208 residue was critical for

2002 *£Z Yo U0 SOSeasky SRoI0ajU| JO SINIISU| [RUOlEN 18 Bro"Wwse Al woly popeojumod



VoL 80, 2006

both nucleolin binding and HCV replication. This residue is
exposed to solvent at the edge of the palm and is not close to
the catalytic pocket.

Nucleolin may stabilize monomeric NSSB, making it ready
for oligomerization to NS5B, or it may facilitate the formation
of a complex between NS5B and template RNA. In both cases,
a substoichiometric amount of nucleolin may be required tran-
siently at a step prior to the catalytic RARp reaction of NS5B.
Efforts to determine the contribution of amino acid residues
500 to 508 to nucleolin binding and HCV replication in vivo
are ongeing and may reveal further correlations. We found
that another mutant replicon, MA/K211A, reduced the num-
ber of G418-resistant colonies compared with the wild type and
the other mutants. Because K2i1A of NS5Bt is close 1o the
pocket of catalytic activity and did not affect binding to nucleo-
lin, K211 may contribute to the structural integrity of the
pocket or the heat-stable property of RdRp as reported pre-
viously (36).

Efficient HCV replication and infection in tissue-cultured
cells by using fuli-length HCV RNA replicons have been re-
ported previously (32, 63, 72). HCV reptication occurs in dif-
ferentiated subcellular fractions and involves dynamic com-
plexes of structural proteins, nonstructural proteins, and HCV
RNA demarcated by membrane structures. It is therefore of
great interest to determine whether nucleolin is involved in
such HCV-replicating intermediates in compartmented subcel-
tular structures,
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DNA methyltransferases Dnmt1, Damt3a and Dame3b cooperatively regulate cytosine methylation
in CpG dinucleotides in mammalian genomes, providing an epigenetic basis for gene silencing
and maintenance of genome integrity, Proper CpG methylation is required for the normal growth
of various sonatic cell types, indicating its essential role in the basic cellular function of mammalian
cells. Previous studies using Damt1™™ or Dumit3a™ " Dumt3b™™ ES cells, however, have shown that
undifferentiated embryonic stem (ES) cells can tolerate hypomethylation for their proliferation.
In an attempt (o investigate the effects of the complete loss of CpG DNA methyltransferase function,
we established mouse ES cells lacking all three of these enzymes by gene targeting. Despite the
absence of CpG methylation, as demonstrated by genome-wide methylation analysis, these triple
knockout {TKO) ES cells grew robustly and maintained their undifferentiated characteristics.
TKO ES cells retained pericentromeric heterochromatin domains niarked with methylation at
Lys9 of histone H3 and heterochromatin protein-1, and maintained their normal chromosome
numbers. Our results indicate that ES cells can maintain stem cell properties and chromosomal
stability in the absence of CpG methylation and CpG DNA methyltransferases.

CpG DNA methyluansferases, Dnmel, Dnme3a and

Introduction Domt3b, coordinately regulate CpG methylaton in

Vertebrate genomes are methylated on cytosines at levels
much higher than those of other cukaryotic organisms, and
are almost exclusively methylated at CpG dinucleotides
(Bird 2002). CpG methylation plays an important role in
epigenctic gene silencing and maintenance of genome
stability, and is involved in 2 broad range of physiological
and pathological processes in mamumals, including embryo-
genesis, genome imprinting and tumorigenesis (Jones &
Baylin 2002; Li 2002; Robertson 2005). In mice, three
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the genome (L4 ¢f al. 1992; Okano o af. 1999). Reduc-
tion of CpG methylation by inactivating these enzymes
or related molecules in various mamimakian cells results in
growth defects, cell death, activation of retrotransposons
and genome instability (Walsh et al. 1998; Xu ef al. 1999;
Jackson-Grushy ef al. 2001; Rhee ef af. 2002; Eden et al.
2003; Gauder er al. 2003; Bourc’his & Bestor 2004;
Dodge ef al. 2005; Hata ef al. 2006), indicating that CpG
methylation plays a fundamental vole in basic cellular func-
dons of mammalian cells. Unlike differentiated somatic
cells, undifterentiated ES cells can tolerate hypomethylation
caused by inactivation of Dnmtl or inactivation of both
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Dnmt3a and Dnmt3b for their proliferation (Lei ef al.
1996; Chen ef al. 2003; Jackson et al. 2004), indicating
that gene silencing and chromatin structures are regulated
differently in ES cells.

Post-manslational modifications of specific amino acid
residues of histones are also important for chromatin
dynamics and epigenetic gene regulation (Jenuwein
& Allis 2001). Functional relationships between CpG
methylation and histone modification have been demon-
strated in several species (Tamaru & Selker 2001;Jackson
et al. 2002; Lehnertz et al. 2003; Tarig et al. 2003; Vire
et al. 2006). Biochemical analyses have also shown that
methyl-CpG-binding proteins interact with either histone
deacetylases or histone methyltransferases (Jones e al.
1998; Nan ef al. 1998; Ng e al. 1999; Wade ef al. 1999;
Zhang et al. 1999; Fujita ef al. 2003; Sarraf & Stancheva
20043, further supporting the mechanistic links between
these epigenetic mechanisms. Interestingly, a previous
study using Dnmit1™™ and Dumit3a™ Damt3b™ ES cells
showed that ES cells with a reduced level of CpG
methyladon maintin proper localization of the repres-
sive chromatin markers histone H3 methylated at lysine
9 (H3K9) and heterochromatin protein-1 (HP1) at
pericentromeric heterochromatin (Lehnertz ef al, 2003),
indicating that CpG methylaton may contribute little to
the regulation of higher-order chromadin structures in
ES cells. That scody, however, remains inconclusive
because the mutant BS cells had residual CpG methyla-
ton and functional CpG methyltransferase activicy.

In this study, we address whether mouse ES cells can
survive in the absence of epigenetic regulation by CpG
methylation, and if so, whether higher-order chromatin
structures can be maintained in these cells. We established
ES cells deficient for all three CpG methyltransferases,
Dnmtl, Dnmt3a and Dnmt3b. We show that ES cells
without CpG methylation maintain stem cell properties,
proliferationt ability, heterochromatic domains marked
with H3K9 trimethylation, and euploidy.

Resulis

Establishment of Dnmtl/Pnmit3a/Dmmtib triple
knockout ES cells

We investigated the effects of the complete loss of CpG
DINA methylrransferase funcdon by inactivating Dume!
via two rounds of gene targeting in Dnmt3a™ Dt 35
ES cells {Fig. 1A). This procedure yielded five independent
clones of viable TKO Dwat?™ Dumt3a™” Dmnt 3657~ ES
cells. We confirmed the accuracy of the gene targeting
in these five cell Yines by Southern blotting analysis
(Fig. 1B and data not shown). Three of the five TRO

806  Genesto Cells (2006) 11, 805-814

cell lines were characterized in detail by Western
blotting and RT-PCR analyses, showing the loss of
gene produces (Fig. 1B-D}, and we used these for further
studies.

Absence of CpG methylation in ' TEO ES cells

We evaluated the status of penome-wide CpG methylation
in the TKO cells by several independent methods. We
first examified CpG miethylation of repetitive sequences
by Southern hybridization using methylation-sensitive
restriction enzymies. The methylaton of two widely
dispersed retroelement sequences, C-type endogenous
retrovirus and inwracisternal-A particles (FAP), was much
lower in TEO cells as compared with Dyt cells o
Dot % Dumt3a™ Dt 357 clones (Fig. 2A). In TKO
cells, the digest patterns for CpG methylation-sensitive
Hpall and its CpG methylation-insensitive isoschizomer
Mspl were indistinguishable, suggesting that CpG
methylation in TKO cells was below the detection limit
(Fig- 2A). Analysis of minor satellice repeats ar centtomeric
regions and major satellite repeats at pericentromeric
regions showed similarly reduced CpG methylation
states in TKO cells (Fig. 2A).

We next examined the profiles and amounts of CpG
methylation in TKO cells using bisulfice sequencing
analysis, which can determine the exact sites of methyl-
cytosine {Clark et al. 1994). Pericentromeric major sacellite
repeats, rerroelement repeats, and the single-copy Imprinted
genes Surpn and fgf2r all showed extensive loss of CpG
methylation (Fig. 2B). We also sequenced random frag-
ments of bisulfite-treated genontic DNA via shotgun
sequencing and compared the sequences to the mouse
genome {Table 1 and <hup://www.dbsb.org/>). Two
experiments using TKO celis showed that almost all
methylcytosines were lost in 786 Cp(G sites over about
75 kb (Table 1). We detected 2 very small amount of
methyicytosine-signals both at CpG sites (0.4%6) and
non-CpG sites (0.1-0.4%4), possibly reflecting residual
methylcytosines in the genome of TKO cells resulting
fromn mechanisms other than methylation by Dnmt1/
Dnmit3a/ Dame3b. Such low levels, however, are nearly
equivalent to the low frequency of experimental erross,
including nucleotide misincorporation by Tag poly-
memse or incomplete bisulfite conversion. These data
suggest that both CpG and non-CpG methylation in the
TKO cells were below the limit of accurscy in our
experimental procedures.

We then investigated the loss of CpG methylation at
the cellular level by focusing on two cellular responses,
localization of a methyl-CpG-binding protein and silencing
of retroelements. To visualize the eyrological distribution

© 2006 The Authors
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analysis of the mutant cefl lines with anti-Diunt1, anti-Dnmt3a or anti-Dhiime3bh. Anti-tubulin was used as a control for equal prorein
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of CpG methyltion in ES cells, we intoduced and
expressed green Huorcscent protein fused to the
methyl-CpG binding domain of MBD1 (GFP-MBD,
Fujita et al. 1999). In interphase nucled of wild-type and
Dumt1™" ES cells, GFP-MBD mainly localized to peri-
‘centronteric heterochromatin regions that were densely
stained by 4',6"-diamino-2-phenylindole (DAPI). In
contrast, GFP-MBD distribution was diffuse in TKO
cell nuclei, and its localization was not restricted to

© 2006 The Authors

pericentromeric heterochromartin {Fig. 2C), i agreement
with our ohservation of extensive loss of CpG methylation
at pericentromeric regions in these cells (Fig. 2A,B). We
also examined the expression of two retroelements,
[AP and TINE1, which are normally silenced and are
de-repressed in severely hypomethylated embryos or
germ cells (Walsh ef al. 1998; Bourc'his & Bestor 2004;
[aza et ol. 2006). Consistent with the CpG methylation
status of these retroclements (Fig. 2B), wanscripts of
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Figure 2 Extensive loss of CpG methylation in TKC celis, (A) DNA methylation of reputitive sequences as determined by Southern
analysis of TKO cells. Genomic DINA was digested with CpG methylation—sensitive Hpall (Hp} and Madl (Ma) or CpG methylation—
insensitive Adspt (M) and analyzed with probes against the following: C-type endogenous retravirus, intmeisternal-A particle
retroelements (IAP}, centromeric repeats (minor satellites), and pericentromeric repeats {major sacellites). Clone 11 was a non-targeted
clone during the second round of targeting of Dumt1, which rerained an intact Dumt1 allele and underwent the same number of passages
as TKO ceils. (8) DNA methylation analysis of repetitive sequences (pericentromeric major satellite repeats, IAP and LINE1; left) and
imprinted genes (Surpn and Igf2r: right) by bisulfite sequencing analysis. The percentages of methyleytosine signal out of total CpG sites
analyzed in the sequenced clones are indicated. n.d,, not detected. (C) Localization of GEP-MBD in interphase auclei of ES cells. DNA
was visualized by DAPI (D) Northern blot analysis of poly(A)* RNA from the various ES cell lines using IAP and LINE1 probes. I and
IAL, full-length transcripts and variant truncated transeripts of type I LAP; I1, type 11 TAR

IAP were elevated in both the TKO and the Diunr1™~ ES
cells, whereas transcripes of LINE1 were elevated mainly
in TRO cells (Fig, 2ID). These data are consistent with ~ Despite the absence of CpG methylation, TKO cells
the absence of CpG methylation in the TKO cells. retained the morphaological fearares of undifferentiated

Maintenance of stem cell properties in TKO ES cells

808 Genes o Cells (2006) 11, 805-814 © 2006 The Authors
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Table 1 Random bisulfite sequencing snalysis. Random fragments of bisulfite-treated genomic DINA from the ES cell lines were
sequenced, and the methylation status of each cytosine was determined by alignment with the mouse genome. Methylation status of
clones that mapped to multiple loci in the mouse genome was based on the highest probability alignment with the genomic sequence.

No. of methylcytosines/togal no. of sites

Nao. of Total

clones (bp) CpG CpA CpC CpT
Wild-type 119 16327 1127136 (82%%) 7/1117 Y779 6/1142
Drumit3a™ 3 63 8541 11772 (1596) 3/661 5/415 3/588
Dumt1™™ 112 15450 26/143 (18%) 8/1106 2/765 1/1057
TKO (#19) 383 57404 *2 /559 (0.4%) 874125 1172725 5/4G11
THO #121) 127 17448 *1/227 (0.4%) 371296 41009 171201

*Three cytosines at CpG sites renyiined unconverted ro weacit after the bisulfize reaction in the TKO celks, and two of the three cytosines
were derived from clones that contained more than three unconverted cytosines at non-CpG sites. In these cases, alt unconverted cytosines
were clustered within a 20-bp palindsomic sequence, indicating the possibility of incomplete conversion by the bisulfite reaction.

A B 3 '\f@’

2 '3’\\@6\

Dmtt £ + =~ = = = H~ TKO
Dnmida + - + - - - -
Dnmtsb = - - = +HAT-R’T

Days of co-culture
wiTKO 0 2 5 8 11 14

Figure 3 Maintenance of undifferentiated features in TKO cells. (A) Phase-contrast microscopic images (top) and alkaline phosphatase
staining (bottom) of wild-type (wt) ang TKO cells, (B) RT-PCR. analysis of four representative andiflerentiated ES cell markers, O,
Rext, Fgfd and Nanog. No signal was observed in the negative control lacking reverse transcriptase {IRT). (C) Growth competition in a
mixture of we and TRO cells under culture conditions that maintain the wodifferentiated state (undiff, top} or promote differentiation
{dif¥, botsom). Changes in the fraction of wild-type and TKO cells in the cell population at the indicated days were determined by
Southern analysis using the Dimr3b probe.

ES cells and swined positive for alkaline phosphatse  wild-type and TKO cells were coculrured, and the change

activity, indicative of a pluripotent, undifferentiated state
{Fig. 3A). TKO cells also expressed four other typical
markers of undifferendated cells {Oct4, Reex1, Fgf4 and
Nanog) at the same or higher levels than wild-type ES
cells (Fig. 3B). Growth curve experiments suggest that
proliferation of undifferentated TKO cells was comparable
to, although slightly slower than, that of wild-type ES cells
{Supplementary Fig. S1). We also estimated the growth
rate of TKO cells by growth competition analysis, in which

© 2006 The Auvthors

in the fraction of wild-type and TKO cells in the cell
population during the culture period was determined by
Southern hybridization. The growth of undifferentiated
TRO cells was comparable to that of wild-type cells, wherens
their growth was delayed upon differentiadon by formation
of embryoid bodies (Fig. 3C), consistent with previous
findings vsing Dt 77~ ES cells (Lei ef al. 1996). These
results suggest that CpG methylation is not essential for
the self-renewal of ES cells in an undifferentated state.

Genes to Cells (2006) 11, 805-814
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Figure 4 Maintenance of global chromatin strucrure in TKQ cells, {(A) Western blot amabysis of global histone acerylation and
methylation levels. H3Ac, acetylaed histone H3; H4Ac, acetylated histone H4; H4K5Ae, HIK8Ac, H4K12Ac and H4K16Ac,
acetylation at Lys5, LysS, Lysi2, or Lysté of histone H4, respectively; H3K4diMe and H3K9diMe, dimethylation at Lys4 or Lys9 of
histone H3, respectively; H3K4eriMe and H3KStriMe, aimethylation at Lys4 or Lys9 of histone H3, respectively; H4, histone H4.
Anti-histone H4 was used as a loading control. (B) Immuncfluorescence analysis of interphase chromatin from wild-type (wi) and TKO
cells using antibodies against trimethylated H3K9, wimethylated H3K4, FP1-f and HP1-y. DNA was visualized with DAPL. Merped
images represent ovetlays of immunofinorescence signal {green ot red) and DAPI {blue) as indicated, “Low ™ and “high” indicate low and

high magnification, respectively.

Maintenance of global chromatin structures in TKO
ES cells

We next examined whether the absence of CpG meth-
ylation affects the post-translational modification of
histone termini in ES cells. We assessed global histone
acetylation and methylation by Western blotting using
modification- and site-specific antibodies against histones
H3 and H4. Acerylation at lysines of histones H3 and H4
and myeshyladon at Lys4 of histone H3 (H3K4) are generally

810  Genesto Cells (2006) 11, 805-814

associated with wanscriptdonally active chromatin, wheress
methylation at Lys9 of histone H3 (H3K9) is associated
with transcriptionally repressed chromatin, Overall, the
amounts of histone acetylation and methylaton in TKO
cells at most sites detected by the antibodies were similar
to those in wild-type celis ([Tig, 4A). We did not detecta
significant increase in the acetylation of histone IH4 at
Lys5 in TKO cells, which was observed in D34
Dinint36™ ES cells of high passage numbers (Jackson
et al. 2004),

© 2606 The Authors
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We also investigated whether the absence of CpG
methylation affects higher-order chromatin structure in
ES cells. Trimethylation of H3K9 and co-localization of
HP1 are characteristic features of pericentromeric hetero-
chromatin, whereas methylation of H3K4 is normally
absent in this region (Lehnertz et al. 2003; Maison &
Almourni 2004). Immuncfluorescence analysis of TKO
cells showed that the focal staining patterns of tri-
methylated H3K9 and HP1 overlapped with DAP1-dense
heterochromatin regions, similar to the results for
wild-type cells (Fig. 4B). The diffuse speckled patterns
of trimethylated HI3K4 found in TKO cell nuclei were
also indistinguishable fiom those of wild-type cells (Fig. 4B).
We did not observe a redistribution of FI3K4 methylation
to pericentromeric heteroclomatin in TRO cells, as
observed in hypomethylated mouse fibroblasts deficient
for Lsir (Yan ¢f o 2003), 2 member of the SNF/helicise
farily involved in the control of global CpG methyltion.
Furthermore, analysis of metaphase chromosomes showed
that TKO cells retained normal chromosomal number
and banding patterns (Supplementury Fig, S2 and data not
shown), indicating that condensation and segregation
of chromosomes during mitosis oceur properly in the
absence of CpG nicthylation in BES cells.

Discussion

We have established the first mammalian cells deficient
for the three known CpG DNA micthyltrans(erases; CpG
methylation is apparently absent in these cells, Our results
provide direct genetic evidence it CpG methylation is
dispensable for ES cell growth fn an undilferentiated
staie, as suggested previously (Let ef al. 1996; Chen of al.
2003; Jackson ef al. 2004). This stands in clear contrast
cases involving other cell types. Loss of Dumt1 in mouse
embryonic fibroblasts leads to growth arrest associated
with increased expression of p2114f1 /Cipt and p57Kip2,
and psi-dependent cell death (Jackson-Grusby ef al.
2001); moreover, the loss of both DNMTT and DNAMT3B
in human colon cancer celt lines causes growth impair-
ment that is dependent on re-expression of p16INK44
{Rhee er al. 2002; Bachman ¢ al. 2003). The unique cell
cycle regulation of mouse ES cells (Hong & Stambrook
2004) may explain the robust growth and viability of our
TKO cells.

Reduction of Dnmtl activity in mice has been shown
o induce mumors and chromosomal instability (Eden
ef al. 2003; Gauder ef of. 2003), and global hypomethyla-
tion in male germ celis results in melotic abnormality
(Bourc’his & Bestor 2004; Hata et ol. 2008). Further-
more, inactivation of Dnme3b in primary mouse embry-
onic fibroblast cells causes aneuploidy and chromosomal

€ 2006 The Authors
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brezks and fusions (Dodge e al. 2005). These results
suggest that proper CpG methylacion level is important
for chromosomal stability, at least i certain cell types. It
remains unknown why undifferentiated ES cells retain
chromosomal stability without CpG methylation and
CpG DNA methyliransferases. One possibility is that ES
cells maintain stable heterochromatin and chromosomes
by an epigenetic mechanism that is independent of CpG
methylation. Previous studies have shown that ES cells
have both unique global chromatin modifications and
heterochromatin arrangement. and that chromatin pro-
teins bind more loosely to chromatin in ES cells than in
differentiated cells, indicating the existence of specific
epigenetic regulatory mechanisms in ES cells {(Kimura
et al. 2004; Meshorer ¢f ul. 2006). The ahsence or reduc-
tion of such mechanisms may be attributed to the
chromosomal abnormality in differentiated cell types
with decreased levels of CpG methylation. Taken together,
these results suggest that the relatve contribution of CpG
methylation to both chromosonal stability and epige-
netic gene silencing varies in 2 cell type-specific manner.

Our results suggest that at least some functional
properties of heterochromatic domains are retined in
the abscnce of CpG methylation in ES cells. However,
it is possible that some unrecognized changes in hetero-
chromatin occur inTIO cells. Indeed, the redistribution
of the histone variant macrotI2A into pericentromeric
heterochromatin in hypomethylated Dumti™ ES cells
has recently been reported (Ma ef al. 2005), indicating
that CpG methylation modulates some properties of
heterochromatic domains. Although the apparent
contribution of CpG methylation to the steady-state
heterochromatin structure in ES cells may be small, it is
possible that CpG methylation might serve as 2 mark for
anchoring heterochromatin during dynamic chromatin
vemodeling or during multiple replication processes.
Further studies in this line are required for understanding
the exact role of CpG methylation in higher-order
chromatin structures.

The genomes of primordial germ cells and preimplan-
tation embryos are extensively hypomethylated during
normal embryogenesis (Hajkova er al, 2002; Li 2002),
and global reduction of CpG methylation is 2 common
feature of ncoplasia (Feinberg ef #f. 2006). The genera-
tion of these wiple methyltransferase-deficient ES cells
will be useful in studying the role of CpG methylation
in cell cype-specific epigenetic regulation during norniul
and pachological processes. These cells will be also usefnl
in investigating the function of chromatin modifications
and remodeling in the absence of CpG methylation and
endogenous CpG DNA methyluansferases in mammalian
cellular conditions,

Genes to Cells (2006) 11, 805-514 811
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Experimental procedures
ES cell culture

ES cells were maintained in Ghisgow modified Eagle medium
(Sigma) supplemented with 15% foetal bovine serurz, 0.1 mm
nonessendal amino acids (Invitrogen), 1 mm sodium pyruvate,
0.1 ma 2-mercaproethanol and 2000 U/mL of leukemia inliibi-
tory factor {LIF) and were grown on geliinized culture dishes
without feeder cclls. For growth curve experiments, 0.9 % 10° ES
cells were plated on gelatinized 10-cm culeure dishes on the firse
day. Then, ES cells were passnged every 2 days wirth - to 12-fold
dilution. For induction of differentiation by embryoid body
formation, BS cells were seeded on low cell-binding dishes
(Nunc) in medinm without EIE For growth competition anmalysis,
wild-type and TKO cells were mixed at 2 1 11 ratio and cultured
either as undifferentiated ES cefls or as embryoid bodies, as previ-
ously described (Lei et al. 1996). The change in cell population
berween wild-type and TRO cells was determined by Southern
analysis using the D3t probe, which disringuishes between
wild-type and TKO cells.

Generation of Dnmtl” Dnmt3a™ Dnme3b~"
ES cells

The following nucleotide positions of Dnand genomic DINA ail
refor to ACN73775.2. The Dunnd targeting vector, pTAQDY, was
constructed by subcloning the 3-kb 5 arm (e 66903-70025) and
the 4-kb 3" arm (nt 71625-76570) of Duant genomic DNA and
a splicing accepter—internal ribosomai enrry site—biasticidin resist-
ant gene cassette Banked by foxP sites (foxP-SAiresBlas-loxP) into
pBluescript B SI. The Duni? genomic fragments were amplified
by PCR from genomic DNA of ES cels (Supplementiry
Table S1). For targeting of the frst Dt allele, the Drmtl
targeting vecror was transfected in D3¢ Dume3b™" BS ceils
(Okano ef al. 1999) via electroporation, and tansfected cells were
selected with 5 nug/ml blasticidin. Drug-resistane clones were
screened by Southern hybridization using a 5 probe {nt 65650
66729) and 4 3" probe (nt 76647-77192} external to the targeting
construct (Fig. 1A). The targeting frequency was 14% (3/22). To
generate Diasticidin-sensitive ES cells, Cre recombinase was
transiently expressed in blasticidin-resistant Dot 7 Dt 3a"
D3 ES cells (clone 18) by lipofection of a circular Cre
expression plasmid. For targeting of the second wild-type Dnmel
allele, the same targeting vector was ransfected into blasticidin.
sensitive Dune?* Dunnt3d™ Dumt35™ ES cells {clone 67), and the
transtected cells were selected with 3.5 pg/ml blasticidin.
Turgeting frequency was 4% (5/113).

DNA methylaton analysis

For Southern analysis, genomic DNA was digested with the
CpG methylation-sensitive restriction enzymes Hpall or Macll
{Roche), blotted and hybridized witl: probes specitic for C-type
endogenons rerroviruses (pMOY), FAP, minor satellite repeats, or
major satellite repeats (Okano et al. 1999). For bisulfite sequencing
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amalysis of specific sequences, 2 Jig of genomic DNA digested
with HindlI was created with bisulfite followed by deaminacion
(Clark er al. 1994). Deaminated fragments were amplified with
primers for TAE, LINE1, major satellite repeats, lof2r or Snrpw
(Supplementary Table $1).We sequenced 15-30 clones for repetitive
sequences and 9-15 clones for single-copy genes. Bisulfite
sequencing of random genomic fragments was carried out as pre-
viously described (Ramsahoye ef al. 2000). The sequences were
aligned to the mouse genome sequence, NCBI Mouse Buiid
33 (YK and H.R.U., unpublished daa)., Sequenced clones
contining five non-CpG cytosines per sequenced clone that
remained unconverted to uracil by the bisulfite reaction were
excluded from the analysis. Overall, 80% of the sequenced clones
longer than 51 bp could be mapped to the mouse genome,
For localization of the methy)-CpG-binding protein, the GFD-
MBI {MBD+NLS) plasmid, which encodes an enhanced green
finorescent protein (EGFP) fused to the amino terminus of human
MBD1 cenining both 2 methyl-CpG-binding domain and 2
nuclear locatization signal (Fujita ef al. 1999; gift from M. Nakao),
was mansfected inco the 1S cells by Lipofectamine (Invitrogen).
Aficr 16 h of culrure, the ransfected cells were fived with 4%
paraformaldehyde and 0.5% [v/v} Triton X-100 in phosphate
buflered saline (PBS) and were smined with DAPL

RT-PCR and Northern blotting

RIMNA samples were isolated from subconfluent cells using
the Trizol RNA extraction reagent (Invitrogen). Primer sets for
Dat, Danut3a, Dunedh, Oct3/74, Rex, Nanog, Fof4 and Gapith
were used for RT-PCI (Supplementry Table $1). Poly(A) RINA
was prepared using the Poly(A) Tract purification system (Promega).
Poly(AY" RINA (1 M) was used for Northern analysis. The LINE1
probe was amplified by PCR. (Supplementary Table $1),

Antibodies, Western blotting and
immunofleorescence analysis

The following antibodies were used: anti-Dnmei (sc-207¢1) and
anti-[acetyl-Lys5]144 {5c8659-R) from Santa Cruz Biotechno-
logy; anti-Danw3a (IMG-268) and anti-Dnmi3b (IMG-184) from
TMGENEX; ant-0t-tubulin (CP06) fimn Oncogene; anti-acetylated
histone H3 (Lys3, Lys14; 06-599), anti-acetylated histone H4
(Lys5, LysS, Lyst2, Lys16; 06—866), anti-[icetyl-Lys8]i-4 (17-211),
anti-faceryl-Lys12]H4 (17-211), anti-faceryl-Lys16]H4 (06-762
ang 07-329), anti-|dimethyl-Lys4|H3 (07~030), anti-[dimethyl-
Lys9iH3 (07-212) and anti-histone H3 (06-755) from Upstate;
anti-[acetyl-Lys16]H4 (1b1762), anti-frimethyl-Eys4]H3 (1b8580)
and anti-{trimethyl-Lys9]H3 (ab8898) from Abcam; and anri-
HP1B (IMOD 1A9) and anti-HP1Y (2MOD 1G6) from
EUROMEDEX, Alexa 488- and Alexa 546-conjugated secondary
antibodics were purchased from Molecular Probes. A polyclonal
antibody for Dnmrei was raised against 2 modified linear peptide,
CRESASAAVRAKEEAATRD, corresponding to the carboxy
terminus of mouse Dnmtl. For Western blot analysis, whole-cell
extracts wete prepared by sonication in SDS-PAGE sample buffer,
fractionated or: an 8% SDS-PAGE gel and blotted wsing standard
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procedures. Histones from ES cell nuclei were extracted with
0.2 mol/L H,S0,, precipitated with richloroacetic acid (final con-
centration 25%), fracionared on an 18% SDS-PAGE gel and blotted
in 10 mm CAPS (pH 11.0)/20% methanel. Indirect immunofluo-
rescence staining was performed essentially as described (Lehnertz
et al. 2003), with some madifications as follows. Wild-type and
knockout ES cells were cultured in 35-nun glass-bottom dishes
(MatTek) precoated with 0.2% gelatin in PBS. The cells were fixed
with 2% formaldebyde in PBS, permeabilized with 0.1% sodium
citrate containing 0,196 [v/v] Triton X-100 followed by incuba-
tion in blocking buffer (PBS, 2.5% BSA, 0.1% [v/v] Tveen-20,
10% fesal bovine serumy). Primary antibodies {diluted in blocking
buffer) were added 1o fixed cells. After washing with PBS, 0.25%
BSA, 0.1% [v/v] Tween-20, cells were re-fixed with 2% formal-
dehyde in PBS and then incubated with secondary antibody. After
several washes with PBS, 0.1% [v/v] Tveen-20, the stained cells
were processed sequentially wich 2094, 40%, 60% and 80% [v/v]
glycerol in PBS containing 2.5% 1,4-diaxzobicyclo-(2,2,2)-octne
(DABCO) for mownting. The 20% and 40% glycerol contained
0.5 ug/mI DAPL Finally, cells were mounted in 90% glycerol
in digtilled water for microscopic observation. Fluorescence
microscope images were acquired using a DeltaVision microscope
system {Applied Precision). Threc-dimensional optical section
images were taken at 0.5-Um focus intervals and computationally
processed using SoffWoRx software (Applied Precision).
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Recently, a production system for infectious particles of hepatitis C virns (HCV) utilizing the genotype 2a JFH1
steain has been developed. This strain has a high capacity for replication in the celis. Cyclosporine (CsA) has a
suppressive effect on HCV replication. In this report, we characterize the anti-HCV eflect of CsA. We observe that
the presence of viral structural proteins does not influence the anti-EHCV activity of CsA. Among HCYV strains, the
replication of genotype Ib replicons was strongly suppressed by treatment with CsA. In contrast, JFHI replication
was less sensitive to CsA and its analog, NIMS11. Replication of JI'HI did not require the cellular replication
cofactor, cyclophilin B (CyPB). CyPB stimulated the RNA binding activity of NS5B in the genotype 1b replicon but
not the genotype 2a JFH1 strain. These findings provide an insight into the mechanisms of diversity governing
virus-cell interactions and in the sensitivity of these strains to antiviral agents.

Hepatitis Cvirus (HCV), a member of the Flaviviridae family,
has a positive-strand RNA genome (1, 26). The genome en-
codes a large precursor polyprotein, which is cleaved by host
and viral proteases to generate at least 10 functional wviral
proteins: core, envelope 1 (E1), E2, p7, nonstructural protein
2 (NS2), NS3, NS4A, NS4B, NSSA, and NS5B (6, 8). NS3B is
an RNA-dependent RNA polymerase that is crucial for vira
genome replication (1, 26). There is genetic heterogeneity
within the HCV genome. Currently, these differences are clas-
sified into six genotypes that are further segregated into a
series of subtypes (4, 23). In Japan, genotype 1b is predomi-
nant; roughly 65% of cases of HCV-related chronic hepatitis
involve genotype 1b. By comparison, genotype 2a is present in
17% of these patients (13, 23).

Sustained infection of HCV is the major cause of chronic
liver diseases such as chronic hepatitis, liver cirrhosis, and
hepatoceilular carcinoma (16). Rarely, HCV causes fulminant
hepatitis (13). The predominant treatment for HCV-infected
patients is interferon (1FN) or polyethylene giycol-conjugated
IFN alone or in combination with ribavirin (19, 20). However,
alternative anti-HCV therapies are needed because virus is
not climinated in about half of the treated patients (19, 20).
Lohmann et al. have developed the HCV subgeromic replicon
system, in which an HCV subgenomic replicon autonomously
replicates in Huh-7 cells (HCV replicon cells) (18}. This replicon
comprises the HCV 5’ untranslated region (3'UTR) containing
an internal ribosomal entry site (IRES), the neomycin phospho-
transferase gene, the encephalomyocarditis virus (EMCV) TRES,
the coding region for HCV NS3 through NS5B. and the HCV
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3'"UTR (subgenomic replicon), but it lacks the coding region for
the core and envelope proteins, as well as p7 and NS2 (Fig. 1).
Subsequently, a genome-length (full-genome} replicon has been
developed. This construct contains a full-genome length of HCV,
including the coding regions for the core protein through NS2
(Fig. 1) (5, 10). We can evaluate HCV replication using these
subgenomic or genome-length replicon systems. Previously, we
established HCV subgenomic replicon cells carrying HCV ge-
notype 1b NN strain (15, 29}, We demonstrated that an im-
munosuppressant, cyclosporine (CsA), has anti-HCV activity
in these cells (29). In addition, we determined the molecular
mechanism of the anti-HCV effect of CsA on this replicon;
cyclophilin B (CyPB), one of the cellular targets of CsA, is a
cellular replication cofactor of the HCV genome (31). CyPB
interacts with NS5B to promote its RNA binding activity (for
a detailed description, see reference 31). CsA is suggested to
suppress HCV genome replication by inhibiting the functional
association of CyPB with NS5B. Another group also reported
anti-HCV function of CsA using a subgenomic replicon of
other genotype Ib strain, HCV-N (22). In this study, we dem-
onstrate that CsA also has a strong anti-HCV activity in other
available genotype 1b replicons carrying the Conl and O
strains (12, 18).

Recently, Wakita and colleagues reported that a replicon of
HCV genotype 2a JFH-1 strain, which was isolated from a case
of type-C fulminant hepatitis, has a much stronger ievel of
replication activity than genotype 1b replicons in Huh-7 cells
(13. 27). A production system of infectious viral particles was
recently established with this high-replication-competent strain
(17. 27, 34). This viral strain may acquire a growth advantage
compared with many other strains, aithough the underlying
mechanism is unknown. In this study, we described a charac-
teristic difference in Lthe replication of JFH1 compared to that
of genotype 1b replicons,

Here, we report that JFH1 replication is less sensitive to
CsA than genotype 1b strains, although the interaction of
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FIG. i. Schematic representation of the constructs of HCV subgenomic and genome-length replicon RNA. On the feft, the constructs of each
replicon RNA are shown. HCV strains, as well as genotypes from which the replicon RNA sequences are derived, are indicated in the second
column. The names of replicon ceil clones established with eack: replicon RNA are in the third cofumn. The sensitivity to CsA of each replicon
RNA revealed in this study is sumunarized in the fourth column. The replicon RNAs comprise the HCV 5°UTR, including HCV IRES, the
neomycin phosphotransferase gene {(Neo"), EMCV IRES, or HCV IRES, the coding region for HCV proteins N83 to NS5B (subgenomic) or core
to NS5B (genome length or fulf genome), and HCV 3'UTR. MH-14 (NN/1b/SG). #50-1 (NN/1b/SG). MH14#W31 (NN/1b/SG), SNI (Conl/1b/
SG). sO (ONb/SG), IFH1#4-1 (JFHI1/20/SG), and JFH1#2-3 (JFH1/2a3/SG) cells carry subgenomic replicons. while NNC#2 (NN/1b/FL),
SN1A#2 (Conl/1b/FL), and SNC#7 (Conl/1b/FL) cells have genome-length replicons. NNC#2 (NN/Ib/FL) and SNC#7 (Conl/1b/FL) cells

contain the replicon RNA without EMCV IRES.

CyPB with NS5B is observed with this replicon. However,
genome replication and RNA binding activity of NS5B are
independent of CyPB. We have exploited a chemical com-
pound to demonstrate how strain diversity can be generated by
underlying differences in the mechanisms of the virus-cell in-
teraction. These findings provide imporiant insight into the
mechanisms thal mediate the efficacy of antiviral agents.

MATERIALS AND METHODS

Celt culture. Huh-7 cells were culiured in Dulbecco’s modified Eagle medium
{Invitrogen) with 109 fetal bovine serum, nonessential amino acids (Invitrogen),
and L-glutamine {Invitrogen), MH-14, #50-1, MH14#W31, SN, 50 {formerly
named 1B2R1), JFH1#4-1, and JFH1#2-3 cells {12, 13, 15, 18, 29}, carrying
subgenomic replicons, and NNC#2, SNIA#FZ, and SNC#7 cells, carrying full-
genome replicons, were cultured in the above medium supplemented with 300-
to 500-gfml G418 (Invitrogen). In the assay measuring the response 1o CsA.
NIM8H, or PSCS33 {Fig. 2, 3, and 4), we sceded small numbers of each replicon
cells (7 % 10% to 15 X 10 cells/12-well plate) and treated with cach drug. Culture
medinm wis changed every 3 days (CsaA, NIMST L, or PSCE33 was supplemented
in the fresh medium for the treatment groups). We did not perform any passages
in the assay period. At day 7. the cells were 70 1o 90% confluent. A schematic
representation of the constructs of HCV replicon RNAS, the name of HCV
strains from which the replicon RNA sequences are derived, and the name
of replicon cell clones used in this study are summarized in Fig. 1. Since many
replicon clones were used in this study, we list 'strainsgenolypeflenatl of the
seplicon construct™ in parcntheses after the names of cach cell clene in Resulis
and in the figure legends 1o avoid confusion between names: for example, MH-14
[NNABSGY, IFHI#4-1 (JFH12a/8G). and SN1A#EZ (Conl/1yFL) eelis. The
designations $G and FL indicale subgenomic and (ull-genome replicons. respec-
tively.

Establishment of replicon cells. MH-14, #50-1. s JFHT#4-1. and JFF{#3-3
cells were described previously (12, 13, 13, 29). The replicon RNAs were pro-
duced using a MEGAscript T7 kit (Ambion) from pMHI4, pSN1, pNNC,
pSN1A, and pSNC plasmids for the establishment of the ME14#W31, SNI,

NNC#2Z SNIA#2, and SNC#7 replicon cells. respectively. For the establish-
ment of MH14#W3 1, we transfected RNA into the Huh-7 cell strain which was
identical 1o the parental cells of FFH1#4-1 and JFH1#2-3. Euch replicon RNA
was transfecied into Huh-7 cells, following the selection with the medium in the
presence of 500- to 1,000-pg/m] G418 for around 4 weeks. The resuitamt cefi
colonies were isoluted and expanded. The HCV RNA Liters in cell clones car-
rving JEH] replicons were not significantly dilerent from: those in established
cell ctones carrving genotype b replicons.

Plasmid construction. pSN, the sequence of which is derived from [377NS3-3
(18), was prepared essentinlly as deseribed previously (150, pSNIA was zener-
ated by inserting the region from the core w NS2 of pMILE (13) into the
upstream coding region for N53 in pSNI. Fo obtain pSNC, the EMCV IRES of
pSNIA was replaced by the HCV IRES, pNNC was produced by inserting the
coding region from NS3 to NS3B of pMILE into pSNC.

Real-time reverse transcription-PCR (RT-PCR) analysis. The 3'UTR of HCV
genome RNA was quantificd using the ABT PRISM 7700 seguence detector
(Applied Biosystems) as described previcusly (29).

Twmnueitoblot analysis, Emmunoblot snalysis was perfermed us described pre-
viously (30). The primury untibodies used in this study were snti-core, anti-E2
(kindly provided by M. Kohara, Tokvo Metropolitan institute of Medical Sci-
cnee), anti-NS3, ami-NS5A (a generous ¢ift from A. Takamizawa, Osiaka Uni-
versity), anti-NS3B (NS5B-6; kinclly provided by 1. Fukuya, Osaka University).
anli-CyPA (Upstate Cell Signaling). anti-CyPB (Afliniy BioReagenis), and anti-
tubulin (Oacogene).

Fmmumaprecipilation assay and RNA-protein binding precipitation assay.
Immunoprecipilation and RNA-protein binding precipitation were performed as
deseribed previousiv (30, 31).

RNA interference technique. The condition of small interfering RNA (siIRNA)
used i this study was described previously (31). Tronsfeclion was performed
pring sibentFect { Bio-Rad). accardirg 1o the manulfaciurer™s protocel,

Isolation of replication complex. The HCV replicatian complex was isolated
from cells by treatment with 30-pesmi digitonin at 27°C for 5 min. fellowing
treatment with 8.3-pg/mi protweinase K at 37°C for 5 min as described previ-
ausiy (31).

Purification of recombinant GST-fused CyPB protein. Glutathione S-1rans-
ferase (GST) and GST-fused CyPB {GST-CyPB) protein expression was induced
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FIG. 2. CsA suppressed the replication of HCV genome, imespective of the presence of the structural proteins. (A) Detection of HCV proteins
from NNC#2 (NN/1/FL) genome-length replicon. Core (1), E2 (b), NS3 (¢). NS3A {d), NS3B (). and tubulin {f) in Huh-7, NNC#2 (NN/1b/FL).
and MH-14 (NN/1b/3G) cells analyzed by immunoblot analysis are shown, (B) HCV RNA in Huh-7, NNC#2 (NN/Ib/FL}, and MH- 14 {NN/1b/5G)
celis quantified by real-time RT-PCR analysis. The data represent the means of three independent experiments. (C) CsA decreased the production
of HCV proteins in NNC#2 (NN/IB/FL), as well as in MH-14 {NN/1W/SG) cells. After treatment with 1-pg/ml CsA {+) for 5 days or without
treatment (—). total-cell lysates of NNC#2 (NN/Ib/FL} and MH-14 (NN/1b/SG) cells, together with Buh-7 ¢ells as a negative control, were
recovered 1o examine the production of HCV NS3A (top), NS3B (middle}, and tubulin as an internai contrel (bottom) by immunoblot analysis.
The same result was cbtained at day 7 after treatment. (D) The sensitivity 10 CsA of HCV genome-length replicon was almost the same as that
of the subgenomic replicon. HCV RNA was quantified by real-time RT-PCR analysis using total RNA from NNC#2 (NN/1B/FL), SNi1A#2
(Conl/IL/FL), and SNC#7 (Conl/Lb/FL) cells treated with various concentrations of CsA for 7 days. The relative amount of HCV RNA was
plotied against the concentration of CsA (in micrograms per mifliliter}. (E} Effect of CsA on cell proliferation. NNC#2 (NN/1b/FL) cells were
treated with various amount of CsA for 7 days. Cell numbers were counted, and cell numbers relative to those of cells without treatment were
plotted agzinst the concentration of CsA.

in transformed BL21 ¢ells (Amersham) with § mM isopropyl-B-thiogulacto- ity of CsA. using subgenomic I‘Cp“COilS (22, 29) HCV structural
py;:un:)e.ldu (IPTG). The cell ysate was incubated \Vi.ll.] g]ll?;llhi()I.levSQphzli’nR(: proteins, cspccially the core protein, have muitiple functions.
resin {Amersham} and washed extensively, The recombinant prolein was eluted These proteins int t with ellular factors and modu-
by ghutathione (pll 807 and subsequently dinlyzed. ese Pl(.) CINS mieract wi 1:11any ¢ u;r '0}“ & ¢ . u
In vitro RNA binding assay. In vitro-trunsiated **S-labeled NS3B proteins and late a variety of cellular functions (32). Potentially, these viral
poly(U)-Sepharose (Amersham) or protein G-Sepharose (Amersham) resin us proteins could diminish or circumvent the suppression of HCV
a negative contral were incubated in the presence of recombinant GS5T-CvIPB sename rep]ication v CsA. Core prolein and E2 l'eported]y
protein at 4°C for 1 h. After being washed. precipitates were fractionated by © ; Lo . . - _
SN - > - O . modulate the activity of TFN signaling (9, 25). To test this
sodium dodeeyl sulfate-polvacrylumide el electrophoresis and anulvzed by im- o A ) o = X
aging analvzer, posstbility, we established & full-genome HCV replicon system
with cells transfected with the NN sirain (NNC#2 celis [NN/
I5/FL]} (Fig. 1). HCV RNA and protein preductions were
confirmed by real-time RT-PCR and immunoblot analysis
CsA suppressed the replication of HCV full-genome repli- (Fig. 2A and B). In addition. we confirmed that this replication

con. We and another group have reported an anti-HCV activ- was not due to the integration of the replicon construct into the

RESULTS
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FIG. 3. Replication of a genotype 2a strain. JFH L was less sensitive to CsA. {A) Sensitivity to CsA of HCV genotype b and JFHI replicons.
SNI (Conl/10/$G), MH-14 {NN/1b/SG), sO {O/10/8G}, #30-1 (NN/1D/SG). JFH L#4-1 (JFH1/24/8G). and JFH1#2-3 (JFH1/20/5G) cells, carrving
HCV subgenomic replicon. were treated with 1-pg/mb CsA for 7 davs. HCV RNA titers were quantificd by real-time RT-PCR analysis. and the
relative amounts are shown. The bars represent the means of three independent experiments. White bars, no treatment: black bars, I-pgim) CsA.
The numbers above the black bars indicate fold difference of the titer with t-ug/ml CsA wreatment cumpued o no treatment. (B) Levels of NS3
and tubulin as an internal control in MH 14# W31 (NN/IW/SG) and JFH1#4-1 (JFH1/28/5G) cells without (=) or with (+) 1-pg/m) CsA treatment
for 5 days were detecied by immunaoblot analysis. (C) HCV RNA was quantified and plotted as described in the legend fo Fig. 20 with genotype
b replicon cells such as MH-14 (NNAWSG). #50-1 (NN/1W/SG), ME14#W3T (NN/1R/SG), SN1 (Conl/1/SG). and sO (O/10/SG) cells and
JFH1-carrying replicon cells such as JFH1#4-1 (JFH1/2a/8G) and JFH1#2-3 (JFH1/20/5G) cells. (D) Effect of CsA on cell proliferation, The
growth of MH-14 (NN/1/SG) and JEH1#4-1 (JFH1/2a/5G) cells were examined as described in the legend for Fig. 2E.
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FIG. 4. JFH1 replication was less sensitive to a CsA derivative, NIMB11. (A) MH14# W31 (NN/1b/SG) and JFH1#4-1 (JFH1/22/8G) cells
were treated with 0.5-pg/m] NIM811 for 7 days. HCV RNA titers were quantified as described in the legend 1o Fig. 3A. White bars, no
treatment; black bars, (.5-pg/mi NIM811. (B and C) HCV RNA in replicon ceils treated with various concentrations of NIM8I1 (B) or
PSC833 (C) for 7 days was quantified and plotted against the concentration of NIM811 (B} or PSC833 (C) (in micrograms per milliliter) as

described in the legend to Fig. 3C.

cellular genome (data not shown). Similarly, we generated
other full-genome replicon cells carrying sequences from the
Conl strain at the nonstructural coding region of the replicon
RNA (SN1A#2 [Conl/IW/FL]) and SNC#7 (Conl/1b/FL)
cells (Fig. 1). The replicon of SN1A#2 (Conl/1b/FL} cells
possessed the EMCV IRES upstream of the open reading
frame for HCV proteins, while that of SNC#7 (Conl/1b/FL)
celis contained the HCV IRES (Fig, 1). SNC#7 (Conl/I1b/FL)
cells exhibited almost the same response as thal of SNJA#?2
(Conl/Ib/FL) cells to CsA treatment (Fig. 2ID). Consistent
with a previous report (22), the EMCV JRES was not respon-
sible for the anti-HCV activity of CsA. We compared the
sensitivity to CsA of full-genome replicons with that of sub-
genomic replicons. CsA strongly decreased the production of
HCV proteins in both the full-genome replicon, NNC#2 (NN/
1b/FL) cells and the subgenomic replicon, MH-14 (NN/LB/SG}

cells (Fig. 2C). Real-time RT-PCR analysis also revealed a
dramatic reduction of the RNA level of full-genome replicons
in NNC#2 (NN/IL/FL), SN1A#2 (Conl/1b/FL), and SNC#7
(Conl/1B/FL) cells (Fig. 2D). The 50% inhibitory concentra-
tions (JCs,) of CsA in NNC#2 (NN/ID/FL), SN1A#2 (Conl/
Ib/FL), and SNC#7 {Conl/1b/FL) cells awere estimated to be
0.13, 0.19, and 0.24 wg/ml, respectively. The 90% inhibitory
concentrations (1C,,,) of CsA in these cells were 0.68, (.94, and
(.81 pg/ml, respectively. The CsA dose-response curves of
full-genome replicons and subgenomic replicons were similar
(i.e.. compare SN1A#2 or SNC#7 [Conl/1b/FL] versus SN1
[Conl/ib/SG], NNC#2 [NN/IL/FL] versus MH-14, #30-1, or
MHI4# W31 [NN/1b/SG]) (Fig. 3C). These results demon-
strate that CsA suppresses the replication of full-genome rep-
licons and subgenomic replicons to almost the same extent,
Since CsA concentrations of up to 3 pg/ml did not affect the
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FIG. 5. Interaction of HCV NS3B with CyPB in the JFH1 replicon. {A) Coimmunoprecipitation of endogenous CyPB with NS3B. Lysates from
MHI14#W31 (NN/15/SG), JFH1#4-1 (JFH1/2a/SG), and Huh-7 cells as a negative control were used for immunoprecipitation with normal mouse
immunoglobulin G (I1aG) or anti-NS5B antibody (NS5B), followed by immunoblot analysis with either anti-CyPB (top) or anti-NSSB antibodies
(bottom). 1P, antibodies used for immunoprecipitation. {B) The interaction of CyPB with NS5B in JFHI replicon was disrupted by CsA treatment.
Coimmunoprecipitation between CyPB and NSS5B was analyzed with MH14# W31 (NN/15/SG) or JFH1#4-1 (JFH1/24/SG) cells treated without
CsA (lanes | and 5) or with CsA (0.3 pg/ml in lanes 2 and 6, | wg/ml in lanes 3 and 7, and 3 wg/ml in lanes 4 and 8).

proliferation of any replicon cells (Fig. 2E and data not
shown), the effect of CsA on replication is not due to the
cytofoxic effect. In addition, we observed the reduction of
production of infectious viral particles in the presence of
3-ug/mi CsA (data not shown) using the viral production sys-
tem with full-genome JFH1 RNA (27).

The JFHI replicon was less sensitive to CsA than were
genotype 1b replicons. We compared the sensitivity of HCV
replication to CsA in severul subgenomic replicon cells. We
used MH-14 (NN/1b/SG) and #50-1 (NN/1b/SG) cells carrying
subgenomic replicons with HCV NN strain (15, 29), SNI
(Conl/1b/SG) cells carrying the Conl subgenomic replicon
(18), and sO (O/1b/SG) cells bearing the subgenomic O strain
(12) as genotype 1b replicon-containing cells. We also em-
ployed IFH1#4-1 (JFH1/2a/5G} and JFH1#2-3 (JFH1/2a/5G)
cell clones carrying the JFH1 subgenomic replicon (13). Treat-
ment of CsA (1 wg/ml; 7 days) drastically decreased HCV
RNA in all the subgenomic replicon cells carrying the HCV
genotype 1b strain. HCV RNA levels in SN1 (Conl/1b/SG),
MH-14 (NN/1b/SG), sO (O/1b/SG), and #350-1 (NN/1b/SG)
cells decreased to 1/134, 1/219, 1/128, and 1/295, respectively
(Fig. 3A). Genotype 1b replicon cells appeared highly sensitive
to CsA. In contrast, the cifect of CsA on HCV RNA levels in
replicon cells containing sequences from the JFHI strain was
limited to 1/5 to 1/7 (Fig. 3A). These results of the response to
CsA were reproduced in further additional cell clones,

The cellular characteristics of Huh-7 cell strains differ
among laboratories. To exclude the possibility that differences
between Huh-7 cell strains influence the sensitivity ta CsA, we
established genotype 1b replicon cells based on the identical
Huh-7 celi strain, which were used as parental cells of
JEH1#4-1 (JFH1/28/SG) and JFH1#2-3 (JFH1/24/8G) cells.
The response of the corresponding replicon cells, MH 14# W31
(NN/1B/SG), to CsA was almost the same as that of SNI
(Conl/1b/SG), MH-14 (NN/1b/SG}, sO (O/16/SG}. and #50-]
{NN/1b/SG) celis (Fig. 3C). Thus, the difference in sensitivity
of JFH1 and genotype 1b strains to CsA can be attributed to
the characteristic differences of the HCV strains, not w the
parental Huh-7 cell strain. In addition, the reduction of NS3
protein in JFH1#4-1 (JFH1/2a/SG) cells following lreatment

with CsA was less prominent than that in MH14#W31 (NN/
1%/SG) cells (Fig. 3B).

We examined the dose-response curve of HCV RNA against
the concentration of CsA (Fig. 3C). The effect of CsA in
genotype ib replicons plateaued at around 1 pg/mi, while in
the dose-response curve in JFHI1 replicon, the inhibition was
not yet saturated (Fig. 3C). As concentrations of CsA up to 3
pg/ml did not affect the proliferation rate of any replicon celis
(Fig. 3D and data not shown), the effect of CsA on replication
was not duc to the cytoloxic effect. The 1C, of CsA in MH-14
(NN/1b/SG), #50-1 (NN/1B/SG), MHI14#W31 (NN/1b/SG),
SN1 (Conl/1L/SG), sO (O/16/SG), JFH1#4-1 (JFH1/24/5G),
and JFH1#2-3 {JFH1/2a/8G) cells were estimated to be 0.13,
0.18, 0.16, 0.20, 0.25, 0.67, and 0.43 pg/ml, respectively. The
ICy, was 0.86. 0.82, 0.76, 0.88, 0.92, 2.77. and 2.39 pg/mli,
respectively. A similar dose-response curve in the JFHI repli-
con was oblained by a transient replication assay with the
luciferase reporier driven from a JFHI replicon construct
{data not shown) (14).

JFH1 replicon was less sensitive to a CsA derivative,
NIMB11. Analysis of several CsA derivatives has revealed that
the anti-HCV cflect of CsA on the genotype b replicon is
mediated by the inhibition of CyP (31}, We examined the
sensitivity of JFF1 replicon to CsA derivatives. CsA is known
1o have three major cellular rargets: CyP, calcineurin {CN)/
NF-AT, and P glycoprotein (P-gp) (28, 31). A CsA derivative,
NIMS8I], inhibits CyP and P-gp but not CN/NF-AT, while
another derivative, PSC833, inhibits P-gp bul neiiher CyP nor
CN/NF-AT (31). The decrease of HCV RNA in MH14#W31
(NN/1b/SG) cells with NIMS11 treatment (0.5 pg/ml; 7 days)
was more than an order of magnitude greater than that in
JEH1#4-1 (JFH1/2a/5G) cells (Fig. 4A). The slope of the
dose-response curve of NIMSiT treatment of the JFH1 repli-
con was gentler than that of genotype b (Fig. 4B}. The 1C;, of
NIMST1 in MHI4AW#31 (NN/16/SG) and JFHI#4-1 (JFHL/
2a/8G) cells were .17 and 0.30 pg/ml. respectively. The I1C,,
were 0.46 and (.93 pg/mi, respectively. In contrast, PSC833,
which does not inhibit CyP, did not alter HCV RNA level in
either genotype 1b or the JFH] replicon (Fig. 4C). Thus, a CyP
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FIG. 6. CyPB in HCV replication of genotype it and JFHI. (A) Expression level of endogenous CyPB protein {top) and tubulin as an internal
control {bottom) in MHI4#W31 (NN/1L/SG), SNT (Conif1/SG). »O {O/1/SG). JFH1#4-1 (JFH124/SG), and Huh-7 cells. (B) Knockdown of
endogenous CyP prowing. MTTTE4# W31 (NNAWSG) and JFHIT#4-1 (JTFH1/2a/5G) cells wure transtected with siRNA specific for CyPA (si-CyPA),
CyPB (si-CyP), a broad range of CyP subtypes [si-CyP(broad)]. or « randomized siRNA (si-control}. At 72 h postiranslection. CyPA (top). CyPB
(middle) and tubulin as an internal centrol (bortom) were derected in toral cell lysates of MHI4#FW31 (NNADSG) (lell) und IFH#4-]
(JFH1/2a/8G) (vight) cells by immuncblot analysis. (C) Depletion of CyPB did not gffect HCV replication of JFHI replicon. At 3 days
postiransfection, HCV RNA Liters in ME[14# W31 (NN/IB/SG) {left) and IFHI1#4-1 (JFH1/2a/5G) (right) cells were quantified by real-time
RT-PCR analysis, ne treatment, treatment with only the franstection reagent in the absence of siIRNA, (D} Effect of siRNA on cell proliferation.
Cell numbers of MHIAW#31 (NN/1B/SG) and JFH1#4-1 (JFH1/22/SG) cells treated with siRNA for 5 days were counted. Relative cell numbers

were indicated.
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