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ABSTRACT: Many pathogenic viruses, such as the
influenza virus and the Human Immunodeficiency
Virus (HIV)-1, are a threat to humans, thus leading
to thousands of deaths annually. The development of
antiviral drugs is urgent, and it is an essential strategy
for the suppression of these infectious diseases.
However, regardless of the rapid emergence of many
infectious diseases, the development of novel anti-
viral drugs has been slow, except for the case of the
AIDS. In addition, several viruses can easily mutate
and escape the inhibitory activity of anti-viral drugs.
It was already well-established that HIV escapes
from anti-viral drug effects because of the lack of
proofreading activity in its reverse transcriptase. It
is known that the influenza virus, which is resistant
to Tamiflu, is already spread all over the world.
Viruses utilize the host cell environment and cellular
factors to propagate. Therefore, the development
of novel drugs which inhibit viral protein-host
protein interactions or cellular functions appear to
be good candidates. The influenza virus is unigue in
replicating in host nuclei, and we therefore focused
on the nuclear export processes for the development
of anti-influenza viral drugs. We previously reported
that leptomycin B (LMB), which inhibited the nuclear
export processes via the nuclear export signal (NES)
inhibited the nuclear export of influenza viral RNP
(VRNP), and resulted in the inhibition of influenza
viral propagation. We herein examined novel
CRML1 inhibitors, valtrate from Valerianae Radix,
and 1'-acetoxychavicol acetate (ACA) from Alpinia
galanga as potent inhibitors for the influenza virus
replication.
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1. Introduction

Nuclear pore complexes (NPCs) mediate the bi-
directional transport of molecules between the cytoplasm
and the nucleus. The NPC forms a channel that is
approximately 9 nm in diameter. Small molecules with a
molecular mass of less than 40 kDa can diffuse through
this channel. However, larger molecules are transported
through this channel by energy-dependent mechanisms.
In the nuclear import processes, the proteins that are
selectively transported to the nucleus have a sequence
called the nuclear localization signal (NLS). The cellular
factor importin-alpha, which complexes with importin-
beta, binds to the NLS and passes through the NPC
into the nucleus (1). In the nuclear export processes,
proteins are selectively exported from the nucleus to the
cytoplasm when they contain a leucine-rich consensus
sequence called the nuclear export signal (NES) (2).
The NES binds to the nuclear export factor CRM1, and
nuclear export occurs under the regulation of the Ran
protein (3); for a review, see (4). The NES was identified
in various proteins such as HIV-1 Rev (5), protein kinase
A inhibitor (2), MKKG6 (an activator of p38 MAPK) (6),
p53 (7).

The influenza virus binds to sialic acids on the
cell surface through hemagglutinin (HA) and it is
incorporated into the cell via endocytosis. The viral
ribonucleoprotein complex (VRNP) is released into the
cytoplasm by M2 protein ion channel activity. In contrast
to many other RNA viruses, replication of the influenza
virus occurs in the nucleus (8). The vRNP consists of
viral RNA, NP and the viral RNA polymerases PA,
PB1, and PB2, and each vRNP protein contains an NLS.
Therefore, the viral RNP is transported into the nucleus
by the NLS-mediated nuclear import pathway. In the
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nucleus, early transcription from vRNP occurs and
viral mRNAs are exported from the nucleus. Newly-
synthesized viral early proteins NP, PB1, PB2, and PA
are imported into the nucleus via their NLS, and complex
with newly-synthesized viral RNA. The late transcription
occurs from progeny vVRNP, and the viral late proteins
M1, M2, HA, NA, and NS2 are synthesized thereafter. It
has been reported that M1 and NS2 are important for the
nuclear export of the progeny vRNP. M1 binds to both
vRNP and NS2, but only NS2 have an NES. However
the function of M1 for the nuclear export of vVRNP is not
yet completely understood, since M1 does not contain an
NES. The nuclear export of VRNP is hypothesized to be
mediated as the VRNP-M1-NS2-CRM1 complex (9,10).
However, other reports have suggested that NS2 is not
essential for the nuclear export of VRNP, since NS2
does not colocalize with RNP (11). Recently, we have
identified that the host heat shock protein Hsc70 can bind
to M1 and mediates the nuclear export of vVRNP (12,13).
Hsc70 has an NES signal (14) and processes the nuclear
export of importin and transportin (15). Therefore, either
NS2, Hsc70, or both may mediate the nuclear export of
VRNP. These findings suggest that the inhibition of the
influenza viral RNP nuclear export by a specific nuclear
export inhibitor is effective for reducing the influenza
virus production (13).

Antiviral drugs are one of the most important
strategies for the treatment of infected patients, but
some viruses, especially RNA viruses, easily mutate
and become resistant to drugs designed for viral gene
products. It is well known that the influenza virus,
which is resistant to amantadine (the inhibition of
viral M2 protein) or Tamiflu (a viral neuraminidase
inhibitor), is already spreading throughout the world.
The same problems are prevalent in HIV treatment,
and a recent multi-drug combination therapy protocol,
termed HAART therapy, is essential to treat patients
with HIV. Novel drugs that target cellular proteins may
avoid such problems. Inhibitors that regulate the nuclear
export system appear to be a good candidate for HIV
therapy. We recently demonstrated that leptomycin B
(LMB) treatment inhibits the nuclear export of influenza
viral vRNP and results in reduced viral production
(13). However, LMB and its derivatives are highly
hydrophobic, and are therefore unsuitable for clinical
treatment purposes. Previously we reported a new class of
nuclear export inhibitors, valtrate and 1'-acetoxychavicol
acetate (ACA) (Figure 1) which were isolated from
Valerianae Radix, the roots of Valeriana fauriei (16) and
the roots of Alpinia galanga (17), respectively. These
compounds covalently bind to the CRM1, and inhibit the
nuclear export of HIV-1 Rev containing NES (16,17).
Since valtrate and ACA possess moderate hydrophobicity
which is suitable for chemotherapeutic application, we
herein examined whether valtrate and ACA can inhibit
the nuclear export of influenza viral RNP complex and
reduce viral production.

2. Materials and Methods
2.1. Cells, virus, chemicals and antibody

Madin-Darby canine kidney (MDCK) cells were
grown in Eagle's Minimum Essential Medium (MEM)
supplemented with 5% fetal bovine serum (FBS) at
37°C in 5% CO,. HeLa cells were grown in MEM
supplemented with 10% FBS at 37°C in 5% CO.,.
Influenza virus A/WSN/33(HIN1) was propagated in
10-day-old embryonated eggs as described previously
(12) and titrated by the plaque assay as described
below. LMB was purchased from Enzo Life Sciences
International, Inc. (PA, USA) and was dissolved in
EtOH at a concentration of 10 pg/mL. The solution
was stored at —20°C. ClogPs of valtrate, ACA, and
LMB were calculated using the computer software
program (version 4.0, Bio Byte Corporation, CA,
USA). An anti-NP mouse mAD that specifically
binds to VRNP was kindly supplied by Dr. Fumitaka
Momose (Kitazato University) (18).

2.2. Isolation of valtrate and ACA

Isolation of valtrate: The crushed Valerianae Radix
(100 g, Tochimoto Tenkaido, Osaka, Japan) was
extracted with MeOH at room temperature for 6 h.
After filtration, the residue was further extracted
with MeOH under reflux for 3 h twice. The combined
filtrates were concentrated under reduced pressure
to give MeOH extract (13.2 g). The extract was
partitioned between EtOAc and H,O, and the EtOAc
layer was evaporated in vacuo to yield the EtOAc
extract (3.6 g). The extract was separated by SiO,
column chromatography (80 g) using n-hexane-EtOAc
(20:1 — 5:1 — 1:1) as eluents to provide the fraction
(97.2 mg) containing valtrate. The fraction was further
separated by normal-phase HPLC [column: Cosmosil
5SL 10 x 250 mm (Nacalai Tesque, Kyoto, Japan),
flow rate: 4.0 mL, mobile phase: n-hexane:EtOAc =
10:1, detection: 220 nm] to give a crude mixture of
valtrate. The mixture was finally purified by reverse-
phase HPLC [column: Cosmosil 5C18-AR-II 10 x 250
mm (Nacalai Tesque, Kyoto, Japan), flow rate: 3.0 mL,
mobile phase: MeOH:H,O = 4:1, detection: 220 nm]
to furnish valtrate (6.3 mg) (16). After the purified
valtrate was dissolved in DMSO at a concentration of
5 mg/mL, the solution was stored at —20°C.

Isolation of ACA: The dried and powdered roots
of A. galanga (22 g, Shinwa Bussan, Osaka, Japan)
were extracted with MeOH in the same manner in
the extraction of the crushed Valerianae Radix. The
combined filtrates were concentrated under reduced
pressure to give MeOH extract (2.1 g). The extract (210
mg) was separated by SiO, (Fuji Silysia Chemical,
Kasugai, Japan) column chromatography (6 g) using
n-hexane-EtOAc (20:1 — 10:1 — 1:1) as eluents to
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furnish 1'-acetoxychavicol acetate (31.7 mg, ACA) (17).
After the purified ACA was dissolved in DMSO at a
concentration of 10 mg/mL, the solution was stored at
—20°C.

2.3. Preparation of inhibitor solutions and virus
suspensions

The inhibitor solutions were prepared from the stock
solutions of valtrate, ACA, and LMB by dilution to the
indicated concentrations with the culture media just
prior to use. In the experiment of nuclear translocation
assay, the solutions were diluted with the culture
medium. The concentrations of DMSO and EtOH in
the culture media were 0.5% and 0.1%, respectively.
The virus suspensions were prepared from the titrated
virus sample by dilution to the indicated multiplicity of
infection (MOI) with 1% BSA in MEM just prior to use.

2.4. Indirect immunofluorescence

HeLa cells were seeded onto a 12-well plate at a
concentration of 5x10* cells per well with 1 mL
of MEM containing 10% FBS and were incubated
for 15 h. After washing with MEM twice, the cells
were infected with 200 pL of the influenza virus
suspension at a MOI of 3 at 37°C in 5% CO, for 1 h.
After the medium was removed, the cells were further
incubated with 0.5 mL of the inhibitor solutions for
9 h. The cells were fixed with 4% paraformaldehyde
in PBS for 10 min and were treated with a wash
buffer (0.1% NP-40 in PBS) for 20 min. The cells
were immersed in a blocking solution (1% skim milk
in PBS) for 1 h, and then were treated with anti-NP
mouse mAb in the blocking solution for 1 h. After
rinsing with the wash buffer for three times, the
cells were further treated with Alexa 546-conjugated
anti-mouse immunoglobulin (Ig) in the blocking
solution for 1 h. The cells were washed with the wash
buffer, and then location of NP was observed with
a fluorescence microscopy (Axiophot, Carl Zeiss,
Germany).

2.5. Evaluation of anti-influenza viral effects

MDCK cells were seeded onto a 96-well plate at a
concentration of 3x10* cells per well with 0.1 mL
of MEM containing 5% FBS and were incubated
for 15 h. After washing with MEM twice, the cells
were infected with 100 pL of the influenza virus
suspension at a MOI of 0.01 at 37°C in 5% CO, for 1
h. The medium was removed, and then the cells were
incubated with 200 uL of the inhibitor solutions. After
12 h or 24 h, an aliquot (5 pL) of each supernatant
was appropriately diluted and the resulting samples
were subjected to the plaque assay to evaluate anti-
influenza viral effects.

2.6. Plaque assay

MDCK cells were seeded onto a 6-well plate at a
concentration of 2x10° cells per well with 2 mL of
MEM containing 5% FBS and were incubated for 15
h. The medium was removed, and then the cells were
infected with 400 pL of virus suspension at 37°C in 5%
CO, for 1 h. After the medium was removed, the cells
were overlaid with 4 mL of agarose solution [MEM
containing 0.8% agarose, 0.1% BSA and 1% 100
x Vitamin solution (Lifetechnologies Japan, Tokyo,
Japan)] and were incubated for 3 days. To visualize
the plaques, the cells were fixed in AcOH:EtOH (1:1)
for 1 h, and then were stained with 0.5% Amido black
10B solution (Nacalai Tesque) for 3 h. After washing
with water and air-drying, the number of plaques was
visibly counted. The viral titer was determined as
PFU (plaque forming unit)/mL.

2.7. Determination of CCs, and IC;, values of VRNP-
export inhibitors

MDCK cells were seeded onto a 96-well plate at a
concentration of 3x10* cells per well with 0.1 mL of
MEM containing 5% FBS and were incubated for 15
h. In the case of the determination of CCs,values (50%
cell toxicity concentrations of samples), the medium
was removed, and then the cells were incubated with
200 pL of the inhibitor solutions for 12 h. After the
medium was removed, the cells were treated with
0.5% crystal violet in 70% EtOH for 5 min. After
washing with water and air-drying, the absorbance
was measured at 560 nm with an Infinite M200 Tecan
plate reader (Wako Pure Chemical Industries, Osaka,
Japan) to evaluate cell toxicity. In the case of the
determination of IC, values, (50% virus inhibitory
concentrations of samples), successive viral infection
and inhibitor treatment for 12 h were conducted in the
same manner in the experiment of evaluation of anti-
influenza viral effects. After an aliquot (5 uL) of each
supernatant was appropriately diluted, the resulting
samples were subjected to the plaque assay to
evaluate anti-influenza viral effects. The CCy, and the
ICs, values were calculated from the dose-response
curves using the Graph Pad Prism software program
(Prism version 5.01, Graph Pad Software, Inc., CA,
USA).

3. Results

3.1. Valtrate and ACA inhibit the nuclear export of
VRNP

We established a cell line that stably expressed the
GFP protein conjugated with an NES signal (GES5
cells) (19). The GESS5 cells were treated with a series
of inhibitors (Figure 1) for 9 h, and the nuclear
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Figure 1. Chemical structures of valtrate (1), ACA (2), and LMB (3).
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Figure 2. Effect of vVRNP-export inhibitors on the nuclear accumulation of influenza viral NP. HeLa cells infected with the
influenza virus A/WSN/33 strain were incubated with valtrate (1.5 pg/mL, 3.6 uM), ACA (3 pg/mL, 12.8 uM), or LMB (10 ng/mL,
18.5 nM) for 9 h. The influenza viral NP was detected by an indirect immunofluorescence technique. The localization of NP and the
location of cells was respectively observed as fluorescence (anti-NP) and phase contrast (phase) with the fluorescence microscopy.

localization of GFP-NES was observed with the
fluorescence microscopy. The minimum inhibitory
concentrations (MIC) of valtrate, ACA, and LMB
were 1 pg/mL (2.4 uM), 3 pg/mL (12.8 uM), and 0.3
ng/mL (0.6 nM), respectively (data not shown). To
monitor whether valtrate and ACA can inhibit the
nuclear export of VRNP, indirect immunofluorescence
experiment was performed (Figure 2). HeLa cells
were infected with the influenza virus for 1 h. Nuclear
export inhibitors were added into the culture plate
then incubated for another 9 h. After fixation, the
cells were incubated with an anti-NP mAb. NP is a
viral protein and is one of the major components of
the VRNP. The mAb used in the current study was
developed by Momose et al. (18) and recognizes
the conformational epitope of the NP; therefore,
it preferentially interacts with the vVRNP complex
rather than the NP alone. In the influenza virus-
infected cells, NP localized in the nucleus and in the
cytoplasm, and its accumulation in the nucleus was
not observed. However, in the presence of LMB, NP
drastically accumulated in the nucleus, as has been
previously reported (20), since viral NS2 or host
factor Hsc70 which possesses an NES is known to
associate with vRNP. When the cells were treated
with valtrate or ACA, the nuclear accumulation of
NP was also clearly observed. These results show
that valtrate and ACA efficiently suppress the nuclear
export of influenza viral vRNP.

3.2. Valtrate and ACA suppress the influenza virus
production

To determine whether valtrate and ACA affect influenza
virus production, MDCK cells were firstly infected with
the influenza virus A/WSN/33 for 1 h, then valtrate or
ACA were added into the plate (Figure 3). At 12 or 24
h after viral infection, the supernatants of the infected
cells were recovered and subjected to a plaque assay. In
the absence of VRNP-export inhibitors, the viral titer in
the supernatant were not significantly differed at 12 and
24 h. However, we observed that the viral titer in the
supernatant of cells treated with valtrate (< 10° PFU/mL),
ACA (4 x 10° PFU/mL), and LMB (< 10° PFU/mL),
was markedly reduced at 12 h. Twenty-four hours after
infection, similar results with the 12-h samples were
obtained, except the ACA treated cells.

The CCs, value of the VRNP-export inhibitors were
calculated by crystal violet staining method (Table 1).
The CC,, value of valtrate was 36 uM (15 pg/mL), and
the CCs, of ACA was 5.5 uM (1.3 pg/mL). Cytotoxicity,
as evaluated by the WST-1 assay, gave similar results
(data not shown). The ICs, was calculated by titrating
the viruses in the cell culture supernatant using the
plaque assay (Table 1). The IC;, of valtrate was 0.19 uM
(82 ng/mL), and the IC,;, of ACA was 2.0 uM (460 ng/
mL). The selective index of valtrate and ACA was found
to be 180 and 2.8, respectively. The selective index of
LMB was calculated to be greater than 16,000.
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Figure 3. Nuclear vVRNP-export inhibitors suppress the
influenza viral production. MDCK cells infected with the
influenza virus A/WSN/33 strain were treated with valtrate
(1.5 pg/mL, 3.6 uM), ACA (1.5 pg/mL, 6.4 uM), or LMB (15
ng/mL, 27.8 nM). After 12 or 24 h, the anti-influenza viral
effects were evaluated by the plaque assay. Samples treated
with 0.5% DMSO and 0.1% EtOH were used as the vehicle
controls. Asterisks indicate below the detection limit (< 107
PFU/mL). The results are represented by the mean + S.D.
obtained from the three independent experiments.

Table 1. Anti-influenza viral effects of nuclear export
inhibitors of vVRNP?

Compound CCso (uM)”  ICy, (uM)°  Selective index (SI)*
valtrate 36 0.19 180

ACA 5.5 2.0 2.8
leptomycin B >1.9 0.00012 > 16,000

* Evaluation after 12 h treatment.

® 50% Cytotoxic concentration.

©50% Virus growth inhibitory concentration.
¢ Selective index = CCyy/ICs,

4. Discussion

The present study demonstrated that a new class of
nuclear export inhibitors, valtrate and ACA, regulates
the nuclear export of influenza viral RNP (Figure 2)
and effectively suppresses virus production (Figure
3). The transcription and replication of the influenza
virus occurs in the nucleus, and the nuclear import and
the export of VRNP are important steps in the viral life
cycle. We previously reported that the nuclear export of
vRNP occurs from 6 to 9 h after viral infection (20) and
then viral production occurs approximately 12 h after
infection (12). Accumulated vRNP in the nucleus was
observed at 9 h after infection when valtrate or ACA was
present in the culture medium (Figure 2). These results
suggest that the vVRNP-export inhibitors are effective
during the influenza virus life cycle.

LMB has been reported to inhibit the CRM1-
mediated nuclear export system by binding to the Cys529
residue of CRM1 (21). Using a biotinylated LMB as a
probe, competition experiments using valtrate or ACA
showed that the addition of valtrate and ACA competed
with the binding of LMB to CRM1. Therefore, valtrate
or ACA inhibition of nuclear export appeared to act

through a similar mechanism as LMB (16,17). We also
reported that influenza virus production is significantly
decreased in the presence of LMB (13). The selective
index of LMB (12 h treatment) is good compared to that
of valtrate and ACA (Table 1). However, our preliminary
results show that longer time treatment of LMB show
significant cytotoxicity to the cells [CCs,: 110 ng/mL
(200 nM) at 48 h, 11 ng/mL (20 nM) at 72 h in MDCK
cells]. It was previously reported that LMB treatment
for 72 h resulted in the formation of polynuclear giant
cells (22). Therefore, prolonged treatment with LMB is
strongly toxic to cells. The cytotoxicity of valtrate and
ACA (valtrate: 4,000 ng/mL (9.5 uM) at 48 h and 4,100
ng/mL (9.8 uM) at 72 h; ACA: 780 ng/mL (3.3 uM) at
48 h, 850 ng/mL (3.6 uM) and at 72 h, respectively) was
not drastically altered. ClogP is a parameter correlated to
the permeability of drugs, and is therefore believed to be
an important index in predicting the biological activity
in animal models. Generally, clogP values larger than
+3 and less than —3 tend to significantly lose the in vivo
pharmacological efficacy, regardless of a good in vitro
biological score (23). The hydrophobicity of LMB is
very high (clogP = +6.9), and therefore the application
of LMB is not yet established. In contrast to LMB,
valtrate (clogP = +1.92) and ACA (clogP = +1.86) have
moderate hydrophobicity, and therefore may be clinically
applicable. Valtrate and ACA are isolated from medicinal
plants Valerianae Radix and A. galanga, respectively.
The former has been orally administered as a traditional
folk medicine in Japan and China, and the latter has been
used as a spice or ginger substitute for flavoring foods in
the Southeast Asia and as a traditional folk medicine by
oral administration in China and Thailand. Considering
the safety of these traditional uses, valtrate and ACA are
suitable as lead compounds for further development of
inhibitors for nuclear export of VRNP.

The anti-influenza drugs clinically available are
directed against viral proteins. Amantadine blocks the
ion-channel activity of the viral M2 protein, which is
required for viral entry and is effective only for the type
A influenza virus. Zanamivir and oseltamivir block the
receptor-destroying activity of the viral NA protein,
prevent viral budding form the cell surface and are
effective against type A and type B influenza viruses.
Currently, these drugs are approved and commercially
available in many countries. However, the influenza virus
easily changes its genomic sequence, and many mutated
drug-resistant viruses have been already reported; for
a review, see (24). It is essential to develop novel anti-
influenza virus drugs, especially agents that are effective
against resistant viruses. It has been reported that the
nuclear export of VRNP is mediated by the viral proteins
M1 and NS2 (9,25), and is inhibited by LMB treatment
(11,26). The nuclear export of VRNP is also mediated
by the cellular protein CRM1. Therefore, inhibitors that
affect this nuclear export system could be used as anti-
influenza agent. It has been reported that the replication
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of other viruses, such as HIV-1 and HSV-1, are also
inhibited by treatment with nuclear export inhibitors
(16,27). Specific cellular proteins essential for viral
propagation, such as CRM1, may therefore be a good
target for the development of novel drugs which can
suppress many viral diseases, including the influenza
virus, without inducing viral resistance.
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