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Immunosuppressants have impacts on the develop-
ment of polyomavirus-associated nephropathy. We
previously demonstrated that cyclosporin A (CsA) sup-
pressed polyomavirus BK (BKV) replication. The role
of cyclophilin A (CypA) and nuclear factor of acti-
vated T cells (NFAT) in CsA-imposed suppression of
BKV replication was determined in this study. Results
demonstrated that knockdown of CypA but not CypB
significantly reduced BKV large T antigen (TAg) ex-
pression and BKV titer. Overexpression of CypA re-
versed CypA siRNA-induced inhibition in BKV TAg ex-
pression. In addition, CypA overexpression attenuated
the suppressive effect of CsA on TAg expression, sug-
gesting CypA implicated in CsA-mediated anti-BKV ef-
fect. Knockdown of NFATc3 abrogated TAg expression,
while overexpression of NFATc3 promoted TAg expres-
sion and augmented BKV promoter activity. NFATc3
binding to the BKV promoter was verified by chro-
matin immunoprecipitation assay and electrophoretic
mobility shift assay. Renal histology also displayed an
increase in NFATc3 expression in tubulointerstitium
of BKV-associated nephropathy. Furthermore, overex-
pression of NFATc3 rescued CsA-mediated inhibition of
BKV load and TAg expression. A CsA analog, NIM811,
which cannot block NFAT functionality, failed to sup-
press TAg expression. In conclusion, CypA and NFAT
are indispensable in BKV replication. CsA inhibits BKV
replication through CypA and NFAT, which may be po-
tential targets of anti-BKV treatment.
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Introduction

Polyomavirus BK (BKV) reactivation in renal transplant pa-
tients is a critical problem (1,2). It has been reported that
5-10% of the subjects develop polyomavirus-associated
nephropathy (PVAN) (3) and up to 50% of the patients
with PVAN eventually lose their allograft within 2-3 years
(4). Tacrolimus and mycophenolate are associated with a
higher incidence of PVAN compared with other immuno-
suppressants (5, 6). Cyclosporin A (CsA), a calcineurin in-
hibitor, has been commonly used for the prevention of
allograft rejection after organ transplantation due to its se-
lective function in inhibiting T cell immunity. In addition
to immunosuppression, CsA can also inhibit replication of
various viruses, including human immunodeficiency virus
(HIV) type |, vaccinia virus, herpes simplex virus, hepati-
tis C virurs (HCV) and cytomegalovirus (CMV) (7-12). It
has been reported that CsA can inhibit BKV replication in
green monkey kidney cells (Vero EB cells) (13). Similarly, we
previously demonstrated that CsA suppressed BKV repli-
cation and its noncoding control region (NCCR) promoter
activity in cultured human renal proximal tubular cells (14).
Nevertheless, the mechanisms by which CsA inhibits BKV
replication remain elusive.

Cyclophilin A (CypA) was isolated as a CsA-specific bind-
ing protein by Handschumacher et al. in 1984 (15). To date,
seven major cyclophilin (Cyp) members including CypA,
CypB, CypC, CypD, CypE, Cypd0 and CypNK have been
identified in humans (16). CsA binds to cyclophilins to form
a complex and subsequently inhibits phosphatase activity
that is required for calcineurin activation. Through inhibi-
tion of calcineurin activation, CsA induces phosphorylation
of nuclear factor of activated T cells (NFAT), which pre-
vents translocation of NFAT from the cytoplasm into the
nucleus, thereby blocking NFAT activity {17,18). Five NFAT
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family members have been identified to date. Of these,
NFATc1 (NFAT2), NFATc2 (NFAT1), NFATc3 (NFAT4) and
NFATc4 (NFAT3) are dephosphorylated and activated by
calcineurin, while they are phosphorylated and inactivated
by CsA (19,20).

Cyp and NFAT, two CsA mediators, have been shown to
play important roles in CsA-induced suppression of dif-
ferent viral replication. For example, CsA inhibits mouse
CMV and HCV replications via a CypA-dependent path-
way (11,21). In addition, NFAT can enhance HIV-1 replica-
tion in primary human CD4 T cells (22). In this study, we
demonstrated that CypA and NFATc3 are essential for CsA-
mediated suppression of BKV replication. This study may
provide a new therapeutic target for the treatment of BKV
infection.

Materials and Methods

Materials and cell culture

Mouse anti-SV40 TAg antibody, which can also recognize BKV TAg, was
purchased from Calbiochem (La Jolla, CA, USA). Anti-BKV VP1 antibody
was the gift of Abnova Co. (Taipei, Taiwan). Antiflag antibody and CsA were
purchased from Sigma (Sigma Chemical Company Ltd., Poole, UK). CypA,
CypB and NFATc3 siRNA were obtained from Dharmacon Inc. (Lafayette,
CO, USA). Goat anti-NFATc3 antibody was purchased from R&D Systems
(Minneapolis, MN, USA) and rabbit anti-NFATc4 antibodies were purchased
from Santa Cruz Biotech, Inc. (Santa Cruz, CA, USA).

Immortalized human renal proximal tubular cells, HK-2, were cultured as
described previously (23).

Flag-epitope (DYKDDDDK) cDNA was attached to the full-length coding
sequences of CypA, CypB, NFATc3 and NFATc4, which are obtained by
gPCR from human genomic DNA using the standard technique (24).

Real-time quantitative polymerase chain reaction (QPCR)

gPCR was performed as described previously (25). Briefly, total RNA was
isolated from cells and reverse-transcribed to DNA. gPCR was performed
according to the manufacturer’s instructions using an ABI-Prism 7700 with
SYBR Green | (PE-Applied Biosystems, Cheshire, UK, Britain). Primers
used to assay BKV TAg and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) transcript levels (BKV TAg: 5-CTGTCCCTAAAACCCTGCAA-3 and
5- GCCTTTCCTTCCATTCAACA -3; GAPDH: 5-TTCCAGGAGCGAGATCCCT-3
and 3-CACCCATGACGAACATGGG-b) were constructed to be compatible
with a single reverse transcription-PCR thermal profile (95°C for 10 min,
40 cycles of 95°C for 30 s and 60°C for 1 min). Experimental results are
presented as the transcript level of the analyzed genes relative to GAPDH
transcript level.

To determine viral load, BKV and cellular DNA were extracted from cell lysate
using a OIAamp® DNA Mini Kit (Qiagen, Hilden, Germany). gPCR was
performed as described above. The BKV DNA was normalized by analyzing
samples in parallel by the guantitative PCR for the cellular tubulin 2A
DNA using the commercial primers and probes (Hs00742533_s1*, probe:
GTCCTCAAGCATGGTCTTTCTACTT, Applied Biosystems).

Gene silencing by short interfering RNA (siRNA)
RNA interference was used to reduce CypA, CypB and NFATc3 expressions.
Briefly, 0.5-1.5 pg of siRNA against CypA, CypB, NFATc3 or control siRNA
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was diluted in the serum-free medium to give a final volume of 100 uL. Sub-
sequently, RNAiFect| transfection reagent was mixed with diluted siRNA at
ratio from 6:1 to 3:1. Foliowing incubation for 15 min at room temperature,
the mixture was added to the culture medium.

Luciferase assay

The NCCR of the BKV and BKV TAg were constructed as described pre-
viously (14). The BKV NCCR in early and late orientation was used in
this study. Luciferase assays utilized the Dual-Luciferase Report Assay
(Promega, Madison, WI, USA) applied according to the manufacturer’s
recommendations. Luciferase activity was measured using a luminometer
(MLX micro titer plate luminometer, Dynex Lid., Chantilly, VA, USA) and ex-
amined on duplicates of each sample. Experimental results were presented
as firefly luciferase activity normalized to Renilla luciferase activity.

Western blot analysis

Total cellular protein extraction was performed as described previously (26).
Protein samples mixed with reducing SDS sample buffer were resoived on
a 10% SDS-PAGE and then electroblotted. Nonspecific binding was blocked
with a 5% nonfat milk solution. The membrane was then incubated with
primary antibody overnight at 4°C followed by incubation with a horseradish
peroxidase (HRP) conjugated secondary antibody. Proteins were visualized
using enhanced chemiluminescence (Amersham Biosciences, Amersham,
UK). Protein bands of Western blot analysis were quantified using Quantity
One software (BioRad). The density of each protein band was normalized
with that of tubulin.

Chromatin immunoprecipitation

DNA was cross-linked with 1% formaldehyde at 37°C for 10 min and cells
were then resuspended in a SDS lysis buffer. Cell lysate was sonicated and
supernatants were diluted 10-fold in a ChlIP diluation buffer and precleared
with salmon sperm DNA/protein A agarose 50% slurry (Millipore, Billerica,
MA, USA). Following brief centrifugation, the supernatant fraction was im-
munoprecipitated with rabbit anti-NFATc3 or anti-NFATc4 overnight. After
the addition of protein A agarose slurry, samples were incubated for 1 h at
4°C. Pellet agarose was washed once with wash buffer | (Millipore, Billerica,
USA) and buffer Il {(Millipore, Billerica, MA, USA). DNA was eluted in 1%
SDS, 0.1 M NaHCO3 at room temperature for 1 h. Following proteinase K di-
gestion, DNA was recovered with phenol/chloroform extraction and ethanol
precipitation. After the addition of glycogen, DNA was amplified by gPCR
using SYBR Green Master Mix as described above. Primers were designed
for the BKV NCCR as follows: forward 5'-GCAAAAATTGCAAAAGAATAGG-
3’ and reverse 5-TTCCAGTCCAGGTTTTACCAA-3'.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was employed for the analy-
sis of NCCR DNA binding ability by the purified recombinant NFATc3 and
NFATc4 protein. Briefly, the pGEX vector for expression in BL21 (DE3)
Escherichia coli (Merck) was used to produce the GSTtagged recombi-
nant proteins. Proteins were overexpressed through induction with 0.2
mM Isopropy! B-D-1-thiogalactopyranoside (IPTG) at 16°C for 10 h. Both of
the recombinant NFATc3 and NFATc4 were purified through affinity chro-
matography. For NFAT-DNA binding followed by EMSA, essentially a 20 pl
reaction comprised of purified protein, 32p-labelled double-stranded DNA
(BKV NCCR) and 125 pg/uL poly dI-dC buffered in 12 mM HEPES pH 7.8,
75 mM KCI, 1 mM EDTA, 4 mM GTP and 12.5% glycerol was incubated at
room temperature for 1 h. The protein~DNA mixtures were subsequently
loaded onto a 6% DNA Retardation Gel {Invitrogen) alongside “no protein”
and “no DNA" controls, and migrated in a 0.5 x TBE running buffer for
1.5 h. Competition experiments were performed with 100-fold excess of
the respective unlabelled probes.
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Viral progeny

Viral progeny is measured as described by Moriyama et al. (27). Briefly,
infected cells were extracted and lysates were undiluted or diluted to 1:
10 or 1:100 and then seeded on cells in 8-well chamber slides for 72 h.
Cells were then fixed with 3% paraformaldehyde and permeabilized with
0.2% Triton in PBS. Subsequently, cells were incubated with the mouse
anti-SV40 TAg antibody overnight and then incubated with FITC-conjugated
antibody at for 1 h. Slides were finally mounted using the Vectashield mount-
ing medium (Vector Laboratories) containing 4',6'-diamidino-2-phenylindole
(dapi) (Molecular Probes, California, USA) to stain nuclei. The fluorescence-
forming unit was calculated according to the protocol (27).

Immunohistochemistry

Under permission of the ethics committee of our hospital, residual renal
biopsy specimens obtained from 2 PVAN patients were analyzed for de-
position of NFATc3 and TAg expressions. Normal tissue away from the
edge of renal cell carcinoma (RCC) obtained from one RCC patient under
going nephrectomy was used as a negative control. Kidney specimens
were fixed with 4% paraformaldehyde and embedded in paraffin. Fol-
lowing deparaffinization, sections were then immersed in 3% Hz0; in
methanol and blocked with 5% bovine albumin/PBS for 20 min. Follow-
ing incubation with anti-NFATC3 or anti-SV40 TAg for 1 h, sections were
treated with relevant biotin-conjugated antibodies and the NFATc3 or TAg
immunostaining was then displayed using a Vectastain ABC kit (Vector
Laboratories).

Statistical analysis

All the data were presented as means £ SEM. Statistical analysis was
performed using the unpaired Student’s t-test. A value of p<0.05 was con-
sidered to represent a significant difference.

Results

Inhibition of CypA but not CypB expression reduced
BKV replication

To determine whether CypA is required in BKV (TU strain)
replication, endogenous CypA expression was knocked
down by gene silencing. Inhibition of CypA expression by
CypA siRNA was confirmed by Western blot analysis which
showed a significant decrease in CypA protein expression
(Figure 1A). Blockade of CypA expression led to a reduc-
tion in BKV TAg expression (Figure 1A). Similarly, inhibition
of CypA expression resulted in a decrease in the level of
TAg transcripts as determined by gPCR (Figure 1B).

To assess whether CypA knockdown-mediated inhibition of
BKV replication could be rescued by reintroduction of CypA
into cells, endogenous CypA expression was suppressed
using CypA siRNA followed by CypA overexpression. Fol-
lowing inhibition of CypA expression, BKV TAg expression
was suppressed while BKV TAg expression was enhanced
after the reintroduction of CypA into cells (Figure 2A).
Similarly, the results of gPCR also confirmed that the rein-
troduction of CypA into cells led to an increase in the level
of TAg transcripts (Figure 2B) and viral load (Figure 2C).
To measure the infectious progeny, viral lysates were col-
lected at the end of the experiments and seeded on the
new cells for 72 h. The result confirmed that knockdown of
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Figure 1: Inhibition of CypA reduced BKV TAg expression. HK-
2 cells were transfected with siCypA at different concentrations
(12.5-100 nM) overnight. Cells were then infected with the BKV
(1.0 x 108 copies/mL) for further 72 h under serum-free condition.
Cells transfected with scramble siRNA as the control (100 nM).
Cell lysate was subjected to Western blot analysis to determine
BKV TAg expression (A) or gPCR to assess the levels of BKV TAg
transcripts (B). The density of each protein band (TAg: white bar,
VP1: black bar, CypA: gray bar) was normalized with that of tubulin
and the fold changes compared to the control were displayed in
the lower panel. One representative result of Western blot analysis
from three individual replicate experiments is shown. Results of
gPCR are expressed as the relative fold increase of TAg transcripts
over that of the control, which is arbitrarily set to one (¥p < 0.05).
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Figure 2: CypA knockdown-induced suppression of BKV TAg expression was rescued by reintroduction of CypA. Cells were
transfected with CypA siRNA (50 nM) or scramble siRNA (control) overnight and washed with medium followed by transfection with
different concentrations (1-3 pg/mL) of plasmids expressing flag-tagged CypA or an empty control vector. Cells were then infected with
the BKV (1.0 x 108 copies/mL) for further 72 h. Cell lysate was subjected to Western blot analysis to determine BKV TAg expression (4)
or gPCR to assess the levels of BKV TAg transcripts (B) and viral load. (C) The density of each protein band (TAg: white bar, Flag-tagged
CypA: black bar, endogenous CypA: gray bar) was normalized with that of tubulin and the fold changes compared to the control were
displayed in the lower panel. For unknown reasons, the flag-tagged CypA expression was unable to be detected by anti-CypA antibody.
Results of gPCR are expressed as the relative fold increase of TAg transcripts over that of the control, which is arbitrarily set to one. (*p
< 0.05 vs. control). (D) At the end of the experiments performed under the above condition, viral lysates were collected and seeded on
the new cells for 72 h. Intracellular viral load was then determined by counting the TAg immunostaining-positive cells (upper panel) to
calculate fluorescence-forming units (FFU) as described in the Materials and Methods section.
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Figure 3: Inhibition of CypA but not CypB reduced BKV TAg expression. Cells were transfected with siCypA or siCypB (50 nM)
overnight. Cells were then infected with the BKV (1.0 x 10° copies/mL) for further 72 h under serum-free condition. Cells transfected
with scramble siRNA as the control. Cell lysate was subjected to Western blot analysis to determine BKV TAg expression (A) or gPCR to
assess the levels of BKV TAg transcripts (B) and viral load (C). The density of each protein band (TAg: white bar, CypA: black bar, CypB:
gray bar) was normalized with that of tubulin and the fold changes compared to the control were displayed in the lower panel. Results of
gPCR are expressed as the relative fold increase of TAg transcripts over that of the control, which is arbitrarily set to one (¥p < 0.05).

CypA reduced BKV load and the reintroduction of exoge-
nous CypA restored this inhibition (Figure 2D).

In addition to CypA, it has been reported that CypB is also
required for viral replication (28, 29). To establish whether
CypB participates in BKV replication, endogenous CypB
expression was inhibited by CypB siRNA. Western blot
analysis showed that, in contrast to CypA, knockdown of
CypB slightly increased BKV TAg expression (Figure 3A).
Similarly, inhibition of CypB expression slightly enhanced
the level of TAg transcripts (Figure 3B) and viral load (Figure
3C). These results suggest an indispensable role of CypA
but not CypB in BKV replication.

2352

CypA overexpression attenuated CsA-mediated
suppression of BKV replication

To assess whether CypA is crucial in CsA-mediated
inhibition of BKV replication, cells were transfected
with the CypA-expressing plasmids followed by admin-
istration of CsA for 72 h. In accordance with our
previous study (14), administration of CsA {1 ug/mLbL)
resulted in a reduction in BKV TAg expression. Impor
tantly, overexpression of CypA significantly attenuated
CsA-mediated inhibition in BKV TAg expression com-
pared with transfection of the control vector (Figure 4).
At high CypA expression levels, CypA overexpres-
sion even surpassed the CsA-mediated inhibitory effect

American Journal of Transplantation 2012; 12: 2348-2362
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and led to a significant enhancement in BKV TAg
expression.

NFAT is crucial for BKV replication

Since NFAT is a major downstream transcription factor of
the cyclophilin/calcineurin complex (30), we therefore as-
sessed whether NFAT plays a role in BKV replication. Re-
sults demonstrated that NFATc3 and NFATc4 were promi-
nently expressed in HK-2 cells, whereas NFATc1 and
NFATc2 were weakly detected in cells (data not shown).
To clarify the effect of NFATc3 and NFATc4 on BKV repli-
cation, NFATc3 or NFATc4 was overexpressed overnight,
followed by addition of BKV to cells. The result demon-
strated that overexpression of NFATc3 enhanced BKV TAg
expression (Figure BA). Similarly, NFATc4 overexpression

American Journal of Transplantation 2012; 12: 2348-2362

also facilitated BKV TAg expression (Figure 5B). These re-
sults indicate that there is a stimulatory effect of NFATc3
and NFATc4 on BKV replication.

BKV NCCR is the main regulatory region of BKV replication.
To assess whether NFAT can regulate BKV NCCR, plas-
mids expressing NFATc3 or NFATc4 and the BKV NCCR
luciferase reporter in early or late orientation were co-
transfected in cells. NFATc3 or NFATc4 overexpression led
to an increase in promoter activity of the BKV NCCR lu-
ciferase reporter in early orientation, reaching a 2.9- or 3.4-
fold increase respectively when compared with that of the
mock transfection (Figure 5C). Similarly, the activity of the
late NCCR promoter reporter was increased 2.5- or 2.7-
fold, respectively, by NFATc3 or NFATc4 overexpression
(Figure 5D).
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Figure 5: NFAT overexpression enhanced BKV TAg and the BKV NCCR activity. (A and B) Cells were transfected with plasmids
expressing NFATc3 (A) or NFATc4 (B) overnight and then infected with the BKV (1.0 x 108 copies/mL) for further 72 h. Cell lysate was
subjected to Western blot analysis to determine BKV TAg expression. The density of each protein band (TAg: white bar, flag-tagged
NFATc3 or NFATc4: black bar; total NFATc3 or NFATc4: gray bar) was normalized with that of tubulin and the fold changes compared to the
control were displayed in the lower panel. (C and D) The NCCR firefly luciferase reporter vector {1 pg/mL) in early (C) or late orientation
(D), the Renilla luciferase vector (1 ug/mL), the plasmids expressing NFATc3 (3 ug/mL) (gray bar) or NFATc4 (3 ug/mL) (black bar) or the
control vector (white bar) were cotransfected into HK-2 cells overnight. Cells were grown under serum-free condition for further 48 h.
Luciferase assays were then performed on duplicate samples and the firefly luciferase activity was normalized to that of Renilla luciferase
activity. The results were obtained from four independent experiments (¥*p < 0.05).
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experiments (¥*p < 0.05). (C and D) Interaction of NFATc3, NFATc4 with BKV noncoding control region was assessed by EMSA. Binding
complexes were separated using 6% nondenaturing PAGE as described in the Materials and Methods section. Labeled double-stranded
oligonucleotides, NCCR, were mixed with purified recombinant NFATc3 (C) in the final concentration of 0, 2, 4, 8 pg/uL (lanes 3 and 6)
and recombinant NFATc4 in the final concentration of 0, 2, 4, 8, 10 ug/uL (D: lanes 1 and B). GST protein was used for a negative control
shown as ‘none’ (C: lanes 1 and 2). In the parallel experiments, NCCR oligonucleotides were mixed with 8 pg/uL of purified recombinant
NFATc3 or NFATc4 in the presence (C: lanes 9 and 10; D: lanes 10 and 11) or absence (C: lanes 7 and 8; D: lanes 6 and 9) of 100x

unlabeled NCCR oligonucleotides as competitors.

port the results of the ChIP assay, we performed EMSA by
in vitro mixture of recombinant NFATc3 or NFATc4 proteins
and ¥p-labelled double-stranded DNA (BKV NCCR) prior to
gel shift analysis. Results clearly demonstrated an increase
in binding of NFATc3- (Figure 6C) and NFATc4 (Figure 6D)
with BKV NCCR.

To assess whether NFAT can bind to the BKV promoter,
cells were transfected with the plasmids expressing BKV
NCCR (Figure BA) or infected with BKV (Figure 6B) for
48 h and chromatin was then immunoprecipitated with
anti-NFATc3 or anti-NFATc4 antibody followed by gPCR to
quantify the binding of the viral promoter to NFATc3 or
NFATc4. Results of the ChlP assay demonstrated that the

levels of the BKV promoter DNA binding to NFAT¢3 and
NFATc4 were increased 2.1- and 1.9-fold, respectively, by
transfection with the plasmids expressing BKV NCCR or
increased 1.6- and 1.5-fold respectively by BKV infection
when compared to that of the DNA immunoprecipitated
with a nonspecific IgG antibody (Figures 6A and B). To sup-

American Journal of Transplantation 2012; 12: 2348-2362

To further verify the role of NFAT in BKV replication,
NFATc3 expression was suppressed by NFATc3 siRNA and
cells were then infected with BKV. Western blot analysis
showed that knockdown of NFATc3 expression reduced
BKV TAg expressions (Figure 7A). Similarly, knockdown of
NFATc3 by siRNA also reduced the promoter activity of
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Figure 7: Inhibition of NFATc3 reduced BKV TAg expression.
(A) Cells were transfected with NFATc3 siRNA at different con-
centrations (12.5-50 nM) overnight. Cells were then infected with
the BKV (1.0 x 108 copies/mL) for further 72 h under serum-
free condition. Cells were transfected with scramble siRNA as
the control (50 nM). Cell lysate was subjected to Western blot
analysis to determine BKV TAg expression. The density of each
protein band (TAg: white bar, NFATc3: black bar) was normalized
with that of tubulin and the fold changes compared to the control
were displayed in the lower panel. One representative result of
Western blot analysis from three individual replicate experiments
is shown. (B) Cells were transfected with NFATc3 siRNA at dif-
ferent concentrations (12.5-50 nM) or scramble siRNA overnight.
The NCCR firefly luciferase reporter plasmid and the Renilla lu-
ciferase plasmid were cotransfected into HK-2 cells for further 48
h. The firefly luciferase activity was normalized to that of Renilla
luciferase activity. The results were obtained from three indepen-
dent experiments (¥p <0.05 vs. the control).
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the BKV NCCR luciferase reporter (Figure 7B). These data
confirm that NFAT are essential for BKV replication.

CsA-mediated inhibition of BKV replication was
rescued by NFAT overexpression

CsA inhibits calcineurin activity and causes NFAT phos-
phorylation that inactivates NFATs and prevents subse-
quent nuclear translocation to trigger transcription of tar
get genes in immune cells (31). To appreciate whether
CsA can cause NFATc3 phosphorylation and then inactivate
NFATc3 in HK-2 cells, CsA was added to HK-2 cells for 24 h.
NIM811, a CsA derivative, which cannot inhibit calcineurin
activity and cause NFAT activation, was used as a control.
The results revealed that the administration of CsA led to
slow migration of NFAT¢3, indicating phosphorylation and
inactivation of NFATc3 activity by CsA (Figure 8A). In con-
trast, the addition of NIM811 did not result in slow migra-
tion of NFATc3, implying the lack of an inhibitory effect on
NFATc3 activity. Interestingly, while CsA suppressed BKY
TAg expression, NIM811 did not alter BKV TAg expression
(Figure 8A). This result suggests that NFATc3 activity is im-
plicated in CsA-mediated suppression of BKV replication.

To verify the crucial role of NFATc3 in CsA-imposed sup-
pression of BKV replication, NFATc3 was overexpressed
in the presence of CsA. Western blot analysis showed
that NFATc3 or NFATc4 overexpression diminished the
inhibitory effect of CsA on BKV TAg expressions, while
overexpression of the control vector did not reverse CsA-
mediated inhibition of BKV TAg expression (Figures 8B and
C) and viral load (Figure 8D). In addition, NFATc3 or NFATc4
overexpression even surpassed the CsA-induced reduction
in the BKV early promoter activity (Figure 8E). These results
suggest that NFAT is essential mediators in CsA-mediated
suppression of BKV replication.

NFAT expression is increased in PVAN

Since NFAT is crucial for BKV replication, NFATc3/NFATc4
expression in renal biopsy specimen obtained from two
patients with PVAN was assessed. Results of immuno-
histochemistry revealed that NFATc3/NFATc4 staining was
prominently increased in the cytoplasm and nuclei of renal
tubules and interstitial lymphocytes in the kidney of PVAN
(Figures 9B and F; NFATc4 staining: not shown) when com-
pared with that of the normal control (Figures 9A and E).
PVAN was confirmed as BKV TAg expression was detected
in the tubules (Figures 9D and G).

Discussion

In this study, we demonstrate the importance of cyclophilin
in regulation of both BKV early and late replication in HK-2
cells as knockdown of CypA-inhibited BKV LTag and VP1 ex-
pression. While CypA knockdown substantially suppressed
BKV LTag and VP1 expressions, knockdown of CypB did
not prominently affect BKV LTag and VP1 expression. Cy-
clophilins have been identified to play a crucial role in HIV

American Journal of Transplantation 2012; 12: 2348-2362
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Figure 8: The suppressive effect of CsA on BKV TAg expression was attenuated by overexpression of NFATs. (A) Cells were
infected with the BKV (1.0 x 108 copies/mL) in the presence or absence of CsA (0.5-2 pg/mL) or NIM811 (0.5-2 pug/mL) for 72 h. Cell
lysate was subjected to Western blot analysis to determine NFATc3 and BKV TAg expression. (B and C) Cells were transfected with
different concentrations (1-2 pg/mL) of plasmids expressing flag-tagged NFATc3 (B) or NFATc4 (C) or an empty control vector overnight.
Cells were then infected with the BKV (1.0 x 10° copies/mL) in the presence or absence of CsA (1 pg/mL) under serum-free condition
for 72 h. Cell lysate was subjected to Western blot analysis to determine BKV TAg expression or to qPCR for viral load (D). The density
of each protein band (TAg: white bar, VP1: black bar, Flag-NFATc3/c4: gray bar) was normalized with that of tubulin and the fold-changes
compared to the control were displayed in the lower panel. One experiment representative of three individual replicate experiments is
shown. (E) The NCCR early promoter firefly luciferase reporter (1 ug/mL), the Renilla luciferase vector (1 pg/mL), the plasmids expressing
NFATc3 (3 pg/mL) (gray bar) or NFATc4 (3 ng/mL) (black bar) or the control vector {white bar) were cotransfected into HK-2 cells overnight.
Cells were incubated in the presence or absence of CsA (1 ug/mL) for further 48 h. The firefly luciferase activity was normalized to that
of Renilla luciferase activity. The results were obtained from four independent experiments. (*p <0.05 vs. the control, ¥p<0.05 vs. the

CsA group).

activity. In addition, overexpression of either NFATc3 or
NFATc4 promoted BKV TAg expression and augmented
BKV NCCR early and late promoter activity. Furthermore,

and HCV replication (7,28,32-35). Watashi et al. have found
that inhibition of either CypA or CypB expression sup-
presses HCV replication (12,28). In contrast, Yang et al.

have recently revealed that knockdown of CypA, but not of
CypB and CypC expression reduces HCV replication (35).
Our study suggests that CypA is the principle cyclophilin
member for regulation of BKV replication in renal proximal
tubular cells.

We demonstrated that knockdown of NFATc3 abrogated
BKV TAg expression and reduced the BKV early promoter

American Journal of Transplantation 2012; 12: 2348-2362

NFATc3 and NFATc4 binding to the BKV promoter was veri-
fied by the ChIP assay and EMSA. Our results substantiate
a critical role of NFAT for BKV TU strain replication. Interest-
ingly, Jordan et al. recently discovered three NFAT binding
sites on the promoter of the BKV Dunlop strain (36). They
demonstrate that overexpression of NFATc3 or NFATc4 in
Vero cells augments the viral promoter activity. Mutational
analysis reveals that these binding sites are essential for
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Figure 8: Continued

regulation of BKV transcription. The essential role of NFAT
in viral replication has been reported in other viruses. Ro-
manchikova et al. showed that NFATc1 and NFATc2 bind-
ing to HIV LTR enhanced HIV replication (37). Manley et
al. have shown that NFATc3 is indispensable in JC virus
(JCV) infection in glial cells as inhibition of NFATc3 by a
NFAT peptide inhibitor reduced JCV promoter activity (38).
In this study, renal histology of PVAN displayed an increase
of NFATc3/c4 expression in renal tubules and lymphocytes.
We speculate that increased NFATc3 expression in renal
tubules may augment BKV replication and enhance the de-
velopment of PVAN.
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Previously we have shown that CsA can suppress BKV
replication as the addition of CsA to the BKV-infected cells
reduces BKV LTag expression (14). In this study, we fur
ther demonstrated that overexpression of CypA attenu-
ated the suppressive effect of CsA on BKV TAg expression,
which suggests anti-BKV effect of CsA requires inhibition
of CypA activity. Several studies have demonstrated the
essential role of cyclophilins in CsA-imposed inhibition of
viral replication. Nakagawa et al. show that inhibition of
HCV replication by CsA is through blockade of the activi-
ties of cyclophilins including CypA, CypB and CypC (29).
Yang et al. also identified that CypA plays an essential

American Journal of Transplantation 2012; 12: 2348-2362
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Figure 9: NFATc¢3 expression is in-
creased in PVAN. NFATc3 expression
(B and F brown staining) and BKV
TAg expression (D and G, dark brown
staining) in the renal biopsy specimen
obtained from PVAN patients were as-
sessed by immunohistochemistry de-
scribed in the Materials and Methods
section. A negative control of the same
specimen was performed using only
the secondary antibody with omission
of the primary antibody (anti-NFATc3)
(C). Normal tissues cut from resid-
ual kidney specimen obtained from a
nephrectomized patient with renal cell
carcinoma were used as the control
and stained for NFATc3 expression (A
and E). Magnification: ABCD 400x,
EFG 1000x.

role in CsA-resistant HCV infection (35). CypA is also a
critical mediator in CsA-associated suppression of HIV,
as the inhibitory effect of CsA on HIV replication results
from CsA-induced disruption of the interaction between
HIV Gag polyprotein and CypA (7). In accordance with
these findings from other viruses, our results also suggest
that CypA is critical for CsA-mediated suppression of BKV
replication.

In this study, CsA, which caused phosphorylation of NFAT

and inhibited NFAT activation, similar to the finding in
COS-7 cells (39), suppressed BKV replication. In contrast,

American Journal of Transplantation 2012; 12: 2348-2362

Cyclosporine Inhibits BKV via CypA and NFAT

NIM811, which did not affect phosphorylation of NFAT and
block NFAT functionality, failed to suppress BKV replica-
tion. Importantly, the overexpression of NFATc3 or NFATc4
attenuated the CsA-mediated inhibitory effect on BKV TAg
expression. Moreover, NFATc3 or NFATc4 overexpression
even surpassed the CsA-imposed reduction in the BKV
early promoter activity. These findings indicate that NFAT
is essential for the CsA-associated anti-BKV effect. It has
been documented that CsA substantially interferes with
the transcriptional activity of HIV mediated by NFAT in hu-
man CD4 T cells (22). Manely et al. report that CsA sup-
presses human polyomavirus JC (JCV) replication through
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Figure 10: Schematic summary de-
picts a proposed mechanism of the
inhibitory effect of CsA on BKV
replication. NFATc3/c4, the calcineurin
downstream mediator, can bind to the
BKV NCCR to promoter viral repli-
cation. Administration of CsA blocks
endogenous CypA/CaN function and
leads to inhibition of dephosphorylation
of NFAT, thus inhibiting NFAT function-
ality and preventing NFAT-mediated en-
hancement of BKV replication; CaN =
calcineurin; CsA = cyclosporin; CypA =
cyclophilin A; NFAT= nuclear factor of

blockade of NFAT4 activation (38). They identify a NFAT
binding site as an enhancer in the early region of the JCV
promoter, which is also conserved in the BKV promoter
(38). In contrast, Jordan et al. identify three NFAT bind-
ing sites (GGAAA) in the triplicate P regions of the BKV
Dunlop promoter and two of these are potential repres-
sors (36). The BKV archetype strain also has three NFAT
binding sites in the P Q and R regions. Compared to the
BKV archetype stain, the BKV TU strain has the rearranged
NCCR containing the intact P- and Q-regions followed by
a partial depletion of the R region and a duplication of
a partial P-Q-R region (40). However, we also find three
NFAT binding sites in the B Q and R regions of the BKV
TU promoter. Interestingly, despite the rearrangement of
BKV NCCR, BKV archetype, Dunlop and TU strains all have
three NFAT binding sites. Just which NFAT binding sites are
the main regulatory sites in CsA-mediated suppression of
BKV replication requires further elucidation.

The proposed mechanism regarding how CsA suppresses
BKV replication is summarized in Figure 10. CypA is re-
quired in CsA-imposed inhibition of BKV replication since
CypA overexpression can rescue this inhibitory response.
In addition, NFATc3/c4, the calcineurin downstream media-
tor, can bind to the BKV NCCR to promoter viral replication.
CsA, which blocks calcineurin activity, causes inhibition
of dephosphorylation of NFAT, thus inhibiting NFAT func-
tionality and preventing NFAT-mediated enhancement of
BKV replication. Nevertheless, unlike CsA, knockdown of
the CypA expression did not affect dephosphorylation
of NFATc3 and the binding of NFATc3 to the BKV NCCR
was not altered by administration of CypA siRNA (data
not shown), suggesting an NFAT-independent role of CypA
in BKV replication. Whether CsA also affects the CypA-
dependent but NFAT-independent pathway (dash line in
Figure 10) to regulate BKV replication requires further
elucidation.
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activated T cells.

Several studies have demonstrated that tacrolimus, my-
cophenolic acid or steroids substantially increases the risk
of BKV replication when compared with CsA (41-44) but
it is the net immunosuppressive status of the host that
determines the development of PVAN. Although CsA can
suppress BKV replication in the in vitro culture, the rational-
ity of shifting to CsA-based immunosuppressants in renal
transplant patients with PVAN still remains controversial
due to side effects including nephrotoxicity and develop-
ment of renal fibrosis (45). Since calcineurin/cyclophilin has
functional diversity in regulating cell bio-functions and de-
phophorylates not only NFAT but also many intracellular
proteins (17), CsA therefore blocks NFAT functionality as
well as other important cell biological activities (46). Spe-
cific therapeutic agents targeting against CypA and NFAT
may provide new potential anti-BKV treatment.

In conclusion, this study demonstrates an essential role of
CypA and NFATc3 in BKV replication. CsA suppresses BKV
replication through inhibition of CypA and NFAT functional-
ities.
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Identification of Novel N-(Morpholine-4-Carbonyloxy) Amidine
Compounds as Potent Inhibitors against Hepatitis C Virus Replication

Akiko Kusano-Kitazume,® Naoya Sakamoto,>P Yukiko Okuno,© Yuko Sekine-Osajima,® Mina Nakagawa,*® Sei Kakinuma,*®

Kei Kiyohashi,® Sayuri Nitta,® Miyako Murakawa, Seishin Azuma,® Yuki Nishimura-Sakurai,®> Masatoshi Hagiwara,© and
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To identify novel compounds that possess antiviral activity against hepatitis C virus (HCV), we screened a library of small mole-
cules with various amounts of structural diversity using an HCV replicon-expressing cell line and performed additional valida-
tions using the HCV-JFH1 infectious-virus cell culture. Of 4,004 chemical compounds, we identified 4 novel compounds that
suppressed HCV replication with 50% effective concentrations of ranging from 0.36 to 4.81 uM. N'-(Morpholine-4-
carbonyloxy)-2-(naphthalen-1-yl) acetimidamide (MCNA) was the most potent and also produced a small synergistic effect
when used in combination with alpha interferon. Structure-activity relationship (SAR) analyses revealed 4 derivative com-
pounds with antiviral activity. Further SAR analyses revealed that the N-(morpholine-4-carbonyloxy) amidine moiety was a key
structural element for antiviral activity. Treatment of cells with MCNA activated nuclear factor kB and downstream gene expres-
sion. In conclusion, N-(morpholine-4-carbonyloxy) amidine and other related morpholine compounds specifically suppressed

HCV replication and may have potential as novel chemotherapeutic agents.

H epatitis C virus (HCV) is a major human pathogen. It is as-
sociated with persistent liver infection, which leads to the
development of chronic hepatitis, liver cirrhosis, and hepatocel-
lular carcinoma (13). Treatment with pegylated interferon (IFN)
and ribavirin is associated with significant side effects and is effec-
tive in only half the patients infected with HCV genotype 1 (6).
More effective and more tolerable therapeutics are under devel-
opment, and direct-acting antiviral agents (DAAs) for HCV infec-
tion are currently in advanced clinical trials. In combination with
IFN and ribavirin, the HCV protease inhibitors telaprevir and
boceprevir have recently been approved for treatment of genotype
1 HCV infection in the United States, Canada, Europe, and Asian
countries (11, 12, 22). Although these two drugs can achieve
higher sustained virologic response rates than IFN and ribavirin,
their effects could be compromised by the emergence of highly
prevalent drug-resistant mutants (25). Thus, it is crucial to use
several different classes of DAAs in combination to improve effi-
cacy and reduce viral breakthrough.

The HCV subgenomic replicon system has been widely used to
screen compound libraries for inhibitors of viral replication, using
reporter activity as a surrogate marker for HCV replication. We
previously reported the successful adaptation of the Huh7/Rep-
Feo replicon cell line to a high-throughput screening assay system
(28). This approach contributed to the discovery of antiviral com-
pounds, such as hydroxyl-methyl-glutaryl coenzyme A reductase
inhibitors (10) and epoxide compounds (20). In our present
study, we used the Huh7/Rep-Feo replicon cell line to screen a
library of small molecules with various amounts of structural di-
versity to identify novel compounds possessing antiviral activity
against HCV. We showed that the screening hit compounds in-
hibited HCV replication in an HCV genotype 2a (JFH-1)
infectious-virus cell culture (29). The most potent compound was
N'-(morpholine-4-carbonyloxy)-2-(naphthalen-1-yl) acetimid-
amide (MCNA). Structure-activity relationship (SAR) analyses
revealed that the N-(morpholine-4-carbonyloxy) amidine moiety
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was a key structural element for antiviral activity. We also inves-
tigated the possible mechanisms of action of these compounds
and showed that MCNA likely inhibited HCV replication through
activation of the nuclear factor kB (NF-kB) pathway.

MATERIALS AND METHODS

Reagents and chemicals. Recombinant human alpha 2b interferon (IFN-
a2b) was obtained from Schering-Plough (Kenilworth, NJ), the NS3/4A
protease inhibitor BILN 2061 from Boehringer Ingelheim (Ingelheim,
Germany), beta-mercaptoethanol from Wako (Osaka, Japan), and re-
combinant human tumor necrosis factor alpha (TNF-a) from Sigma (St.
Louis, MO). The library of chemicals that were screened was provided by
the Chemical Biology Screening Center at Tokyo Medical and Dental
University. Information about the library is available at http://bsmdb.tmd
.ac.jp. The important features of the library were the abundance of phar-
macophores and the great diversity. Lipinski’s rule of five was used to
evaluate drug similarity (15). The purity of each chemical from the library
was greater than 90%. For SAR analyses, 27 compounds were purchased
from Assinex (Moscow, Russia), ChemBridge (San Diego, CA), ChemDiv
(San Diego, CA), Enamine (Kiev, Ukraine), Maybridge (Cambridge,
United Kingdom), Ramidus AB (Lund, Sweden), SALOR (5t. Louis, MO),
Scientific Exchange (Center Ossipee, NH), or Vitas-M (Moscow, Russia).
The chemicals were all prepared at concentrations of 10 mM in dimethyl
sulfoxide (Sigma) and stored at —20°C until they were used.

Cell lines and cell culture maintenance, Huh7 and Huh7.5.1 cell lines
(32) were maintained in Dulbecco’s modified Eagle’s medium (Sigma)
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supplemented with 10% fetal bovine serum and incubated at 37°C under
5% CO,. The maintenance medium for the HCV replicon-harboring cell
line, Huh7/Rep-Feo, was supplemented with 500 pg/ml of G418 (Nacalai
Tesque, Kyoto, Japan).

HCYV replicon construction and cell culture. An HCV subgenomic
replicon plasmid that contained Rep-Feo, pHC1bneo/delS (Rep-Feo-1b),
was derived from the HCV-N strain. RNA was synthesized from pRep-Feo
and transfected into Huh?7 cells. After culture in the presence of G418, a
cell line that stably expressed the replicon was established (28, 31).

Cell-based screening of antiviral activity. Huh7/Rep-Feo cells were
seeded at a density of 4,000 cells/well in 100 pl of medium in 96-well plates
and incubated for 24 h. Test compound solutions, 10 mM in 100% di-
methyl sulfoxide (DMSO), were added to the wells; for primary screening,
the final concentration was 5 uM. The assay plates were incubated as
described above for another 48 h, and luciferase activity was measured
with aluminometer (Perkin-Elmer) using the Bright-Glo Luciferase assay
system (Promega) following the manufacturer’s instructions. Assays were
performed in triplicate, and the results were expressed as means and stan-
dard deviations (SD) as percentages of the controls. Compounds were
considered hits if they inhibited >50% of the mean control luciferase
activities. Compounds were considered cytotoxic if they reduced cell via-
bility below 70% of the control in dimethylthiazol carboxymethoxy-
phenyl sulfophenyl tetrazolium (MTS) assays and were discarded. The hit
compounds were then validated by secondary screening, which deter-
mined the antiviral activities of each compound serially diluted at concen-
trations ranging from 0.1 uM to 30 uM under Huh7/Rep-Feo cells cul-
tured in an identical manner to the primary screen. Compounds
inhibiting replication with a 50% effective concentration (EC,) of <5
1M and a selectivity index (SI) of =5 were selected for further analysis.

MTS assay. To evaluate cell viability, MTS assays were performed
using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega) according to the manufacturer’s directions.

Calculation of the EC5g, CCsg, and SI. The EC; indicates the concen-
tration of test compound that inhibits replicon-based luciferase activity by
50%. The 50% cytotoxic concentration (CCs,) indicates the concentra-
tion that inhibits cell viability by 50%. The EC;, and CCs, values were
calculated using probit regression analysis (2, 26). The selectivity index
was calculated by dividing the CCy, by the EC.

Reporter and expression plasmids. The plasmid pClneo-Rluc-IRES-
Fluc was constructed to analyze the HCV internal ribosome entry site
(IRES)-mediated translation efficiency (19). The plasmid expressed a bi-
cistronic mRNA containing the Renilla luciferase gene translated in a cap-
dependent manner, and firefly luciferase was translated by HCV-IRES-
mediated initiation. The plasmid pISRE-TA-Luc (Invitrogen, Carlsbad,
CA) expressed the firefly luciferase reporter gene under the control of the
interferon stimulation response element (ISRE). The plasmid pNF-«kB-
TA-Luc (Clontech Laboratories, Franklin Lakes, NJ) expressed the firefly
luciferase reporter gene under the control of NF-kB. The plasmid pRL-
CMV (Promega, Madison, WI), which expressed the Renilla luciferase
gene under the control of the cytomegalovirus early promoter/enhancer,
was used as a control for the transfection efficiency of pISRE-TA-Luc and
pNF-kB-TA-Luc (8).

Western blot analysis. Fifteen micrograms of total cell lysates was
separated using NuPage 4-to-12% Bis-Tris gels (Invitrogen) and blotted
onto polyvinylidene difluoride membranes. Each membrane was incu-
bated with primary antibodies followed by a peroxidase-labeled anti-IgG
antibody and visualized by chemiluminescence reaction using the ECL
Western Blotting Analysis System (Amersham Biosciences, Buckingham-
shire, United Kingdom). The primary antibodies were anti-NS5A
(BioDesign, Saco, ME), anti-HCV core (kindly provided by T. Wakita),
anti-phospho-p65 (Ser536) (93H1; Cell Signaling Technology, Beverly,
MA), anti-IkBa (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-
B-actin (Sigma) antibodies.

HCV-JFH1 virus cell culture. HCV-JFH1 RNA transcribed in vitro
was transfected into Huh7.5.1 cells. The transfected cells were subcultured
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TABLE 1 Effects of the leading hit compounds on HCV replication®

Compound ECs (uM) CCsp (uM) SI

1 0.36 (0.22-0.58) 45.2 (35.9-56.9) 126

2 0.86 (0.73-1.02) =100 >116
3 0.94 (0.76-1.06) 25.3(19.8-32.3) 26.9
4 4.81(3.79-6.12) 27.1(17.1-58.0) 5.64

@ The ECs, and CCs, values are reported, with 95% confidence intervals in parentheses,
from a representative experiment performed in triplicate.

every 3 to 5 days. The culture supernatant was subsequently transferred
onto Huh7.5.1 cells.

Real-time RT-PCR analysis. The protocols and primers for real-time
RT-PCR analysis of HCV RNA have been described previously (17).
Briefly, total cellular RNA was isolated using an RNeasy Minikit (Qiagen,
Valencia, CA), reverse transcribed, and subjected to real-time RT-PCR
analysis. Expression of mRNA was quantified using the TagMan Univer-
sal PCR Master Mix (Applied Biosystems, Foster City, CA) and the ABI
7500 real-time PCR system (Applied Biosystems).

Analyses of drug synergism. The effects on HCV replication of anti-
viral hit compounds plus IFN-a or BILN 2061 were analyzed according to
classical isobologram analyses (24, 28). Dose-inhibition curves for IFN or
BILN 2061 and the test compounds were drawn, with the 2 drugs (IFN or
BILN 2061 and each test compound) used alone or in combination. For
each drug combination, the concentrations of IFN or BILN 2061 and test
compound that inhibited HCV replication by 50% (EC,,s) were plotted
against the fractional concentration of IFN or BILN 2061 and the com-
pound on the x and y axes, respectively. A theoretical line of additivity was
drawn between plots of the EC,s obtained for either drug used alone. The
combined effects of the 2 drugs were considered to be additive, synergistic,
or antagonistic if the plots of the combined drugs were located on, below,
or above the line of additivity, respectively.

Statistical analyses. Statistical analyses were performed using Welch’s
t test. P values of less than 0.01 were considered statistically significant.

RESULTS

Screening results. To identify novel regulators of HCV replica-
tion, 4,004 chemical compounds were screened using the Huh7/
Rep-Feo replicon assay system. The primary screens identified 117
compounds that inhibited =50% of replicon luciferase activity at
5 uM. Of the 117 compounds, 74 were cytotoxic and could not be
further evaluated. In the secondary screen, nontoxic primary hits
were evaluated by determining the antiviral activities of serial di-
lutions at concentrations ranging from 0.1 uM to 30 uM. This
screen identified 19 compounds with EC,4s of less than 5 uM and
CCs values 5-fold greater than the EC;, values. The effect of each
secondary hit on HCV-NS5A protein expression was examined
using Western blot analysis. Of the 19 compounds, 4 compounds,
designated 1, 2, 3, and 4, suppressed HCV subgenomic replica-
tion, with ECsos ranging from 0.36 to 4.81 uM and SIs ranging
from 5.64 to more than 100 (Table 1 and Fig. 1A and B; see Table
S1 in the supplemental material). By Western blot analysis, com-
pounds 1, 2, and 3 decreased HCV-NS5A protein levels at concen-
trations of 5 uM after incubation for 48 h (Fig. 1C). Compared
with compounds 1, 2, and 3, the effect of compound 4 on HCV-
NS5A protein expression was not remarkable at a concentration of
5 uM, similar to the results from the luciferase assay shown in Fig.
1B. The effects of the compounds on the HCV replicon were fur-
ther validated in the JFH-1 cell culture. As shown in Fig. 1D, com-
pounds 1, 2, 3, and 4 significantly inhibited intracellular RNA
replication of HCV-JFH1. Although compound 4 was negative by
Western blot analysis, it decreased HCV replication in the other
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Morpholine Compounds Suppress HCV Replication
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FIG 1 Effects of 4 screening hit compounds on HCV replication. (A) Chemical structures of hit compounds. (B) Huh7/Rep-Feo cells were treated with the
indicated concentration of each compound for 48 h. Luciferase activities representing HCV replication are shown as percentages of the DMSO-treated control
luciferase activity (solid circles). Cell viability is shown as a percentage of control viability (open squares). Each point represents the mean of triplicate data points,
with the standard deviations represented as error bars. (C) Huh7/Rep-Feo cells were treated with DMSO or compounds 1 through 4 at 5 uM for 48 h, and
Western blotting was performed using anti-HCV NS5A and anti- B-actin antibodies. Densitometry of NS5A protein was performed, and the results are indicated
as percentages of the DMSO-treated control. The assay was repeated three times, and a representative result is shown. (D) Huh7.5.1 cells were transfected with
HCV-JFH1 RNA and cultured in the presence of the indicated compounds at 3 uM or 10 pM. At 72 h after transfection, the cellular expression levels of
HCV-RNA were quantified by real-time RT-PCR. The bars indicate means and SD. (E) Time-dependent reduction of luciferase activities in Huh7/Rep-Feo cells
induced by compound 1. Luciferase activities are shown as percentages of the DMSO-treated control luciferase activity. The bars indicate means and SD. (F)
Time-dependent reduction of cellular expression levels of HCV-RNA in HCV-JFH1-transfected cells induced by compound 1. HCV RNA levels are shown as
percentages of the DMSO-treated control HCV-RNA level. The bars indicate means and SD. The asterisks indicate P values of less than 0.01.

assays, including the replicon and HCV-JFHI1 virus assays. Thus,
we concluded that compound 4 was an antiviral hit. These results
indicated that the 4 compounds identified by cell-based screening
suppressed subgenomic HCV replication and HCV replication in
an HCV-based cell culture.

Hit compounds did not suppress HCV IRES-mediated trans-
lation. To determine whether the leading antiviral hits suppressed

March 2012 Volume 56 Number 3

HCV IRES-dependent translation, we used the Huh7 cell line that
had been stably transfected with pCIneo-Rluc IRES-Fluc. Treatment
of these cells with the test compounds did not result in significant
change in the internal luciferase activities at compound concentra-
tions that suppressed expression of the HCV replicon (Fig. 2), sug-
gesting that the effect of the hit compounds on HCV replication does
not involve suppression of IRES-mediated viral-protein synthesis.
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FIG 2 Hit compounds do not affect HCV IRES-mediated translation. The
bicistronic reporter plasmid pClneo-Rluc-IRES-Fluc was transfected into
Huh?7 cells. The cells were cultured in the presence of the indicated con-
centrations of compounds 1 through 4. After 6 h of treatment, luciferase
activities were measured, and the values were normalized against Renilla
luciferase activities. The assays were performed in triplicate. The bars in-
dicate means and SD.

Hit compounds do not activate interferon-stimulated gene
responses. To study whether the actions of the hit compounds
involved IFN-mediated antiviral signaling that would induce ex-
pression of an IFN-stimulated gene, an ISRE-luciferase reporter
plasmid, pISRE-TA-Luc, was transfected into Huh?7 cells, and the
transfected cells were cultured in the presence of the 4 compounds
at concentrations of 0, 3, or 10 uM. In contrast to interferon,
which elevated ISRE promoter activities significantly, the hit com-
pounds showed no effects on the ISRE-luciferase activities (Fig. 3).
These results indicated that the action of the hit compounds is
independent of interferon signaling.

Drug synergism with IFN-a or BILN 2061. To investigate
whether the hit compounds were synergistic with IFN-« or the
protease inhibitor BILN 2061, we used isobologram analyses (24,
28). HCV replicon cells were treated with a combination of IFN-a
or BILN 2061 and each hit compound at an ECsj, ratio of 1:0. 4:1,
3:2,2:3,1:4, or 0:1, and the dose-effect results were plotted (Fig. 4A
and C). The fractional EC,,s for IFN-a or BILN 2061 and each
compound were plotted on the x and y axes, respectively, to gen-
erate an isobologram. As shown in Fig, 4B, all plots of the frac-
tional EC5,s of compound 1 and IFN-« fell below the line of ad-
ditivity, while the plots were located closed to the line of additivity
for the treatments using IFN-a plus compound 2 or 3 and above
the line for the treatment using IFN-« plus compound 4. Those
results indicated that the anti-HCV effect of compound 1 was
synergistic with IFN-q, the anti-HCV effects of compounds 2 and
3 were additive, and the effect of compound 4 was antagonistic. In
the BILN 2061 combination study, the combination with com-
pound 2 was slightly synergistic, while the combination with com-
pound 1 or 3 was additive, and the combination with compound 4
was antagonistic (Fig. 4D).

SARs of compound 1 and similar compounds. We next con-
ducted SAR analyses for hit compound 1 by screening 69 com-
pounds with structures similar to that of compound 1 (see Table
S2 in the supplemental material). Out of those compounds, we
identified 4 structural analogues that suppressed subgenomic
HCV replication with EC;s ranging from 1.82 to 4,03 uM and SIs
of 6.01 through >43.7 (Table 2 and Fig. 5A and B). Similarly, the
4 compounds designated 5, 6, 7, and 8 substantially decreased
HCV-NS5A protein expression levels following treatment with
the compounds (Fig. 5C). Consistent with the replicon results, the
compounds significantly suppressed HCV-JFH1 mRNA in cell
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FIG 3 Hit compounds do not activate interferon-stimulated gene responses.
Plasmids pISRE-TA-Luc and pRL-CMV were cotransfected into Huh7 cells.
The transfected cells were cultured in the presence of the indicated concentra-
tions of the hit compounds. After 6 h of treatment, luciferase activities were
measured, and the values were normalized against Renilla luciferase activities.
As positive controls, cells were treated with IFN-« at a concentration of 0, 3, or
10 U/ml. The bars indicate means and SD. The asterisks indicate P values of less
than 0.01.

culture (Fig. 5D). Although the suppressive activities of the 4 com-
pounds were similar, the original compound 1 showed the greatest
anti-HCV activity. Therefore, we conducted SAR analyses of
the compound 1 N-(morpholine-4-carbonyloxy) amidine and
N-acyloxy-1-naphthalenacetamidine moieties. We screened 13
compounds containing N-(morpholine-4-carbonyloxy) amidine
and 11 with N-acyloxy-1-naphthalenacetamidine (Fig. 6A; see Ta-
ble S3 in the supplemental material). Intriguingly, 11 out of the
13 N-(morpholine-4-carbonyloxy) amidine compounds sup-
pressed the subgenomic HCV replicon without cytotoxicity ata
fixed concentration of 5 uM. In contrast, only 2 N-acyloxy-1-
naphthalenacetamidine compounds decreased HCV replica-
tion (Fig. 6B and C). We also conducted dose-dependent sup-
pression assays for HCV replicon. As shown in Table 3, 11 out
of 13 N-(morpholine-4-carbonyloxy) amidine compounds con-
sistently decreased subgenomic HCV replication, with ECss
ranging from 1.52 through 8.62 uM and SIs of 14.2 to >61.4. Of
these 11 compounds, compound 14 was the most potent, with an
EC,, of 1.63 uM and an SI of >61.4. The antiviral effect of com-
pound 14 against HCV-JFH]1 was identical to that of the original
compound 1. To identify the moiety conferring anti-HCV activ-
ity, we tested the morpholine-4-carboxyl moiety within the
N-(morpholine-4-carboynloxy) amidine structure (Fig. 6D). Three
compounds bearing the morpholine-4-carboxyl moiety were tested, and
none showed suppressive activity toward the HCV replicon. These re-
sults suggested that the entire N-(morpholine-4-carbonyloxy) amidine
moiety was important for efficient anti-HCV activity.

Effect of compound 1 on the NF-kB signaling pathway. NF-
kB, composed of homo- and heterodimeric complexes of Rel-like
domain-containing proteins, including p50 and p63, is a key reg-
ulator of innate and adaptive immune responses through tran-
scriptional activation of several antiviral proteins (9, 23). We per-
formed luciferase reporter assays, a p65 phosphorylation assay,
and an IkB-a degradation assay to assess the effect of compound 1
on NF-kB signaling in host cells. Intriguingly, treatment of both
Huh?7 cells and HCV replicon-expressing cells with compound 1
increased NF-«B reporter activity in a dose-dependent manner
(Fig. 7A and B). Consistently, treatment with compound 1 in-
creased phosphorylated NF-«B p65 in Huh?7 cells (Fig. 7C). Acti-
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