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Enviroxime is an antipicornavirus compound that targets host phosphatidylinositol 4-kinase III beta (PI4KB) activity for its
antipicornavirus activity. To date, several antipoliovirus (PV) compounds similar to enviroxime that are associated with a com-
mon resistance mutation in viral protein 3A (a G5318A [3A-Ala70Thr] mutation in PV) have been identified. Most of these com-
pounds have a direct inhibitory effect on PI4KB activity, as well as enviroxime (designated major enviroxime-like compounds).

However, one of the compounds, AN-12-H5, showed no inhibitory effect on PI4KB and was considered to belong to another
group of enviroxime-like compounds (designated minor enviroxime-like compounds). In the present study, we performed a
small interfering RNA (siRNA) sensitization assay targeting PI4KB-related genes and identified oxysterol-binding protein
(OSBP) as a target of minor enviroxime-like compounds. Knockdown of OSBP and OSBP2 increased the anti-PV activities of
AN-12-H5 and a newly identified minor enviroxime-like compound, T-00127-HEV2, and also to T-00127-HEV1 to a minor ex-
tent, in the cells. A ligand of OSBP, 25-hydroxycholesterol (25-HC), acted as a minor enviroxime-like compound. Minor envi-
roxime-like compounds induced relocalization of OSBP to the Golgi apparatus in cells. Treatment of the cells with major or mi-
nor enviroxime-like compounds suppressed the expression of genes (HMGCS1 and SQLE) in the SREBP/SCAP regulatory
pathway and diminished endogenous phosphatidylinositol 4-phosphate (PI4P) at the Golgi apparatus. Our results suggested
that minor enviroxime-like compounds are phenotypically identical to 25-HC and that major and minor enviroxime-like com-
pounds suppress the production and/or accumulation of PI4P in PV-infected cells by targeting PI4KB and OSBP family I activi-

ties, respectively.

Poliovirus (PV) is a small nonenveloped virus with a single-
stranded positive genomic RNA of about 7,500 nucleotides
(nt) belonging to Human enterovirus species C in the genus Entero-
virus, family Picornaviridae. PV is the causative agent of poliomy-
elitis, which is caused by the destruction of motor neurons by
direct infection of cells by PV (1, 2). With established live attenu-
ated oral PV vaccine (OPV) and inactivated PV vaccine (IPV) for
PV (3, 4), the global eradication program for poliomyelitis has
been continued by the Global Polio Eradication Initiative (GPEI)
of the World Health Organization (WHO) since 1988. Currently,
indigenous wild PVs are restricted to three countries where they
are endemic, with drastic reduction of the number of cases due to
wild PV (650 cases in 2011 and 193 cases as of November 2012). In
the eradication program for poliomyelitis, antivirals for PV are
anticipated to have roles in the posteradication era of PV in the
control of a circulating vaccine-derived PV (cVDPV), along with
IPV; for treatment of patients chronically infected with PV; and
for persons exposed to PV (5, 6). However, there is currently no
antiviral available for PV infection.

Compounds with anti-PV activity can be classified into capsid-
binding inhibitors, replication inhibitors, and encapsidation in-
hibitors in terms of the target stages in PV infection. Capsid-bind-
ing inhibitors target hydrophobic pockets on the virion and
inhibit the uncoating process by stabilizing the virion or the at-
tachment process by inducing the conformational change of the
virion (7, 8). Replication inhibitors could be classified into direct-
acting antivirals and host-targeting antivirals. Viral proteins 2A,
2C, 3C, and 3D have been identified as the targets of direct-acting
antivirals, including elastase inhibitors (9), guanidine hydrochlo-
ride (GuHCIl) and related compounds (10-13), rupintrivir
(AG7088) (14, 15), and gliotoxin (16), respectively. As host pro-
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teins, e[F4A, GBFI1, and phosphatidylinositol 4-kinase III beta
(PI4KB) have been identified as the targets of the host-targeting
antivirals hippuristanol, brefeldin A, PIK93, and enviroxime (17—
23). Hippuristanol, a natural product of the coral Isis hippuis,
suppresses initiation of translation by inhibiting RNA binding of
elF4A and delayed the expression of viral proteins in PV replica-
tion for 2 h (17). Brefeldin A blocks membrane traffic between the
cis- and trans-Golgi compartments by targeting a cellular guanine
nucleotide exchange factor, GBF1, and inhibits PV replication,
but not encephalomyocarditis virus (EMCV) replication (18, 19,
24, 25). PIK93 is considered to suppress the interaction of the
phosphatidylinositol 4-phosphate (P14P) produced with viral 3D
polymerase on the reorganized membrane vesicle by inhibiting
PI4KB (20). Enviroxime, which inhibits positive-strand RNA syn-
thesis by preventing normal formation of the replication complex
(21, 26), was recently identified as a nonspecific PI4KB inhibitor,
aswell as PIK93 (20, 22, 23). Direct interaction of enviroxime with
viral protein 3A or 3AB was not detected (27); however, the inhib-
itory effect was antagonized by a resistant mutation in the 3A-
encoding region (G5318A [3A-Ala70Thr] mutation) (26).

In a large-scale screening for antienterovirus compounds,
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most of the noncytotoxic compounds with potent antiviral activ-
ity are capsid-binding inhibitors or enviroxime-like compounds,
which was defined as compounds that associate with a common
resistance mutation in the 3A-encoding region (G5318A [3A-
Ala70Thr] mutation) with little structural similarity to envi-
roxime (22, 26). As a candidate compound of capsid-binding in-
hibitors, the effectiveness of V-073 (previously designated SCH
48973) on in vitro PV infection and in a mouse infection model
has been intensively analyzed in terms of the resistant mutation,
pathogenicity of resistant mutants, and effects on immunization
with IPV (28-32). To date, several enviroxime-like compounds
have been identified, including TTP-8307 (33), some cellular pro-
tein kinase inhibitors (GW5074 and Flt3 inhibitor IT) (34, 35), and
a bifunctional antienterovirus compound, AN-12-H5, which tar-
gets the replication process of PV and enterovirus 71 (EV71) and
also an early stage of EV71 infection (36).

Enviroxime-like compounds can be classified into at least 2
different groups; the majority of identified enviroxime-like com-
pounds are PI4KB inhibitors (e.g., enviroxime, PIK93, GW5074,
and T-00127-HEV1 {3-(3,4-dimethoxyphenyl)-2,5-dimethyl-N-
[2-(4-morpholinyl)ethyl] pyrazolo [1,5-a]pyrimidin-7-amine},
designated major enviroxime-like compounds here), and the mi-
nority are non-PI4KB inhibitors (e.g., AN-12-H5, designated mi-
nor enviroxime-like compounds). Recently, itraconazole was
identified as another minor enviroxime-like compound (37). The
characteristic properties of minor enviroxime-like compounds
are (i) weak resistance of a PV mutant with a G5318A mutation
compared to that observed for the major group (around 5-fold
increase of PV replication versus >50-fold increase of PV replica-
tion) and (ii) anti-hepatitis C virus (HCV) activity (22, 36). This
suggested a common replication pathway inhibited by minor en-
viroxime-like compounds in enterovirus and HCV, possibly re-
lated to PI4P production, which depends on different P14 ki-
nases: PI4KB in enterovirus and PI4KA in HCV replication (20,
22, 38, 39).

In the present study, we searched for the target of minor envi-
roxime-like compounds by a small interfering RNA (siRNA) sen-
sitization assay (22) targeting PI4KB-related genes with AN-12-
H5, T-00127-HEV1 (a specific PI4KB inhibitor), and a newly
identified minor enviroxime-like compound, T-00127-HEV2
{(3B,17B)-16,16-dimethyl-3-[(tetrahydro-2H-pyran-2-yl)oxy] -
androst-5-en-17-ol}, as probe compounds. We identified mem-
bers of oxysterol-binding protein (OSBP) family I as targets of
AN-12-H5 and T-00127-HEV2. We found that a high-affinity li-
gand of OSBP, 25-hydroxycholesterol (25-HC), acted as a minor
enviroxime-like compound. Our results suggested that major and
minor enviroxime-like compounds suppress the production
and/or accumulation of PI4P in PV-infected cells by targeting
PI4KB and OSBP activities, respectively.

MATERIALS AND METHODS

Cells, viruses, and chemical library. RD cells (a human rhabdomyosar-
coma cell line) and HEK293 cells (human embryonic kidney cells) were
cultured as monolayers in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum (FCS). RD cells were used for
titration of viruses and pseudoviruses and for screening of anti-PV com-
pounds. HEK293 cells were used for siRNA screening to identify cellular
targets of antienterovirus compounds. The Huh7.5.1 cell line was a kind
gift from Frank Chisari (Scripps Research Institute). Huh7.5.1 cells were
used for analysis of the inhibitory effects of anti-PV compounds on HCV
replication. PV pseudoviruses (TE-PV-Fluc mc) (40), which encapsidated
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luciferase-encoding PV replicons with capsid proteins derived from
PV1(Mahoney), were used for screening of anti-PV compounds.
PV1(Mahoney) was used to analyze the inhibitory effects of the identified
compounds on PV infection. PV pseudovirus mutants that have known
drug resistance mutations, including G5318A (enviroxime and GW5074
resistance; 3A-Ala70Thr) (26, 35), U4614A (GuHCI resistance; 2C-
Phel64Tyr) (41), and G4361A and C5190U (brefeldin A resistance; 2C-
Val80Ile and 3A-Ala27Val) (42), were used for characterization of identi-
fied antienterovirus compounds. The expression vector for a fusion
protein, CERT-enhanced green fluorescent protein (EGFP), was a kind
gift from Kentaro Hanada (Department of Biochemistry and Cell Biology,
National Institute of Infectious Diseases, Japan) (43).

A diverse subset of 59,200 compounds from a chemical library of the
University of Tokyo was used for screening. The purity of compounds was
determined by liquid chromatography-mass spectrometry (LC-MS)
based on the signal of evaporative light-scattering detection (ELSD). The
purity of T-00127-HEV2 was >99%. T-00127-HEV1 was supplied by
Pharmeks Ltd. (Moscow, Russia) (purity, >99%). 25-HC was purchased
from Sigma-Aldrich Co. LLC (purity, =98%). Enviroxime (purity,
>99%) was a kind gift from Masanobu Agoh (Nagasaki Prefectural Insti-
tute for Environmental Research and Public Health, Japan).

siRNA libraries targeting human genes related to PI4KB, OSBP, and
PI4P binding proteins were purchased from Thermo Fisher Scientific,
Inc., as a form of siGenome Smart pools, which contain 4 sets of different
siRNAs for each mRNA and silence target mRNA expression by at least
75%. As control siRNAs, siGenome nontargeting siRNAs numbers 1 and
2 were used in each experiment.

Screening of anti-PV compounds. Screening of anti-PV compounds
was performed as previously described (22). Briefly, 5 pl of compound
solution (60 wM; final concentration, 10 wM) and 5 pl of PV pseudovirus
solution (800 infectious units [IU]) were added to RD cells (5.0 X 10> cells
per well in 20 pl medium) in 384-well plates (catalog no. 781080; Greiner
Bio-One), and the luciferase activity of the infected cells was measured at
7 h postinfection (p.i.) with a Steady-Glo Luciferase Assay System (Pro-
mega). PV pseudovirus infection was calculated as a percentage of the
luciferase activity of the infected cells, where the luciferase activity in the
infected cells in the absence of compounds was taken as 100%. The cutoff
value of the inhibitory effects of candidate compounds was set to <10% of
PV pseudovirus infection in the treated cells. The cytotoxicity of com-
pounds was evaluated from the viability of compound-treated cells by
using a Cell Titer-Glo Luminescent Cell Viability Assay kit (Promega).
The cutoff value of screening for candidate compounds was set to >90%
of the viability of treated cells compared to that of mock-treated cells. For
candidate compounds, the anti-PV activity and cytotoxicity were further
evaluated by determination of the 50% effective concentration (EC;)
based on PV pseudovirus infection and the 50% cytotoxic concentration
(CCsy), respectively.

The inhibitory effects of enviroxime-like compounds on HCV repli-
cation were analyzed by using an HCV replicon (replicon clone pSGR-
JFH-LucNeo-4) in Huh7.5.1 cells as previously described (22, 44).

siRNA transfection. An RNA duplex of each siRNA (final concentra-
tion, 20 nM) was transfected into HEK293 cells (5.0 X 10° cells in 100 wl
medium per well) in 96-well plates by using Lipofectamine RNAIMAX
transfection reagent (Invitrogen) according to the manufacturer’s in-
structions. The transfection efficiency of siRNA in the cells was evaluated
by the efficiency of incorporation of fluorescence-labeled siRNA (siGlo
control siRNAs) in the transfected cells at 24 h posttransfection (p.t.) and
by the efficiency of cell death in the cells transfected with siGenome Tox
Transfection Control at 72 h p.t. (cells transfected with this control re-
agent die by apoptosis). siRNA-transfected cells were used for experi-
ments at 72 h p.t.

TISS assay. A target identification by siRNA sensitization (TISS) assay
was performed as previously described (22). Briefly, siRNA-transfected
cells were inoculated with 800 IU PV pseudovirus at 72 h p.t. in the pres-
ence of suboptimal concentrations of anti-PV compounds selected
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FIG 1 (A) Characterization of T-00127-HEV2. (Top) Structure of T-00127-HEV2. (Bottom) Inhibitory effect of T-00127-HEV2 on PV pseudovirus and
viability of RD cells. PV pseudovirus infection (luciferase assay), viability of cells, or PV1(Mahoney) infection (number of copies of the viral genome at 7 h p.i.
in RD cells) in the absence of compounds was taken as 100%. T-00127-HEV2 showed precipitation above 50 M. (B) Specificity of resistance mutations to
T-00127-HEV2. RD cells were infected with PV pseudovirus mutants that have resistance mutations to GuHCI (U4614A), brefeldin A (G4361A plus C5190U),
and enviroxime (G5318A) in the presence of antienterovirus compounds: T-00127-HEV1 (3.1 uM), AN-12-H5 (25 pM), and T-00127-HEV2 (6.3 uM). Relative
PV pseudovirus infection is shown, where parental PV pseudovirus infection in the presence of each compound was taken as 1. n = 3. (C) Inhibitory effects of
enviroxime-like compounds on in vitro activity of PI4KB and PI4KA. In vitro kinase activities were analyzed in the presence of each compound (1 pM) and ATP
(10 pM). (D) HCV replicon replication in the presence of enviroxime-like compounds. HCV replicon replication in the absence of compounds was taken as
100%. The error bars indicate standard deviations.

around their EC;,s, which resulted in 39 to 84% PV pseudovirus infec-  plasm to the Golgi apparatus was observed with a fluorescence micro-
tion. The cells were incubated at 37°C for 7 h, and then the luciferase  scope (BZ-8000; Keyence).

activity in the cells was measured with a Steady-Glo Luciferase Assay Sys- Quantitative real-time reverse transcription (RT)-PCR. RD cells in
tem (Promega). To evaluate the specific inhibitory effect of siRNA treat-  24-well plates were treated with compounds at 37°C for 6 h, and then the
ment on PV infection, the net PV pseudovirus infection, which isaratioof ~ total RNA was extracted from the treated cells by using a High Pure RNA
the PV pseudovirus infection in siRNA-transfected cells (%) to cell viabil-  Isolation Kit (Roche). The isolated total RNAs were reverse transcribed
ity (%), was determined for each siRNA treatment. The net PV pseudo-  using a Reverse Transcription System (Promega) with random hexamers.
virus infection in mock-transfected cells was 1. To evaluate the effect of  The relative expression levels of ACTB, GAPDH (glyceraldehyde-3-phos-
siRNA treatment on the sensitivity to each compound, normalized PV phate dehydrogenase), HMG-coenzyme A (CoA) synthase (HMGCS1),
pseudovirus infection, which is a ratio of PV pseudovirus infection in  and squalene epoxidase (SQLE) mRNAs were determined by real-time
siRNA-transfected cells in the presence of compounds (%) to PV pseudo- ~ PCR with primers and probes of the Solaris Human qPCR Gene Expres-
virus infection in siRNA-transfected cells in the absence of compounds  sion Assay (Thermo Fisher Scientific Inc.) and a Solaris qQPCR Gene Ex-
(%), was determined. The normalized PV pseudovirus infection in mock-  pression Low ROX Master Mix kit (Thermo Fisher Scientific Inc.) using
transfected cells was 1. The sensitization effect of each siRNA was analyzed ~ an Applied Biosystems 7500 Fast Real-Time PCR System. GAPDH mRNA
by a paired ¢ test with normalized PV pseudovirus infection in mock-  was used as the endogenous control, and the expression levels of ACTB,

transfected cells and siRNA-transfected cells. HMGCS], and SQLE mRNAs were normalized by the expression levels in
OSBP relocalization assay. HEK293 cells stably expressing an OSBP-  the mock-treated cells.
EGFP fusion protein were prepared as follows. Expression vectors for a Immunofluorescence microscopy. Cells were fixed with 3% parafor-

human OSBP-EGFP fusion were constructed with pLEGFP-N1 (BD Bio-  maldehyde for 10 min at room temperature and then permeabilized with
sciences Clontech). GP2-293 cells were cotransfected with OSBP-EGFP 20 wM digitonin in HBS (21 mM HEPES buffer [pH 7.4], 1.8 mM diso-
expression vector and pVSV-G (Clontech), and the cell culture superna-  dium hydrogen phosphate, 137 mM NaCl, 4.8 mM KCI) for 5 min as
tant of the transfected cells was collected at 72 h p.t. HEK293 cells were  previously described (45). The cells were stained by indirect immunoflu-
inoculated with the collected supernatant. HEK293 cells stably expressing  orescence with primary antibodies against PI4KB (rabbit antibody; Milli-
OSBP-EGFP fusion protein were colony purified and used for the assay.  pore) and PI4P (mouse IgM antibody; Echelon Biosciences), secondary
The cells were incubated in the absence or presence of the compounds at  antibodies (anti-rabbit IgG and anti-mouse IgM goat antibodies conju-
37°C for 1 h. Relocalization of OSBP-EGFP fusion protein from the cyto-  gated with Alexa Fluor 488 and 594 dyes, respectively; Molecular Probes),
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FIG 2 siRNA sensitization assay for enviroxime-like compounds targeting PI4KB binding proteins and PI4P binding proteins. (A and B) Normalized PV
pseudovirus infection in the presence of AN-12-H5 (1.6 and 0.78 pM) or T-00127-HEV1 (0.78 M) and net PV pseudovirus infection in siRNA-transfected
HEK293 cells targeting PI4KB binding proteins and PI4P binding proteins (A) or OSBP-related proteins (B). Normalized PV pseudovirus infection is the ratio
of PV pseudovirus infection in compound-treated and siRNA-transfected cells (percent) to PV pseudovirus infection in siRNA-transfected cells in the absence
of compounds (percent). Normalized PV pseudovirus infection in mock-transfected cells was taken as 1. n = 3. The error bars indicate standard deviations.

and Hoechst 33342 (Molecular Probes) for counterstaining of nuclei.
Samples were observed with a confocal scanning laser microscope
(FV1000; Olympus).

Statistical analysis. The results of experiments are shown as averages
with standard deviations. A one-tailed ¢ test was performed with data
obtained from 3 or 4 independent experiments, as indicated. P values of
less than 0.05 were considered significant differences and are indicated by
asterisks.

RESULTS

Identification of a novel minor enviroxime-like compound,
T-00127-HEV2. Previously, to identify potent anti-PV com-
pounds that target conserved factors required for enterovirus rep-
lication, we performed a screening of 72,000 compounds and
identified T-00127-HEV 1, which is a major enviroxime-like com-
pound and a specific PI4KB inhibitor (22). In the present study,
we performed additional screening with 59,200 compounds and
identified 3 compounds that meet the following criteria: (i) no
apparent cytotoxicity in cells after 2 days of treatment with 10 uM
compound (>90% viability with no morphological changes in the
cells), (ii) targeting of the replication step (>90% inhibitory effect
after the uncoating step), and (iii) inhibition of PV infection (in-
hibition of cytopathic effect [CPE]). Consistent with our previous
results, all three identified compounds are enviroxime-like com-
pounds, and 2 of them are PI4KB inhibitors (data not shown).
One of the compounds, which was designated T-00127-HEV2,
showed a potent inhibitory effect on PV pseudovirus infection
with low cytotoxicity (ECs, 0.66 wM; CCs, >50 M) and also on
PV1(Mahoney) infection (Fig. 1). Partial resistance of a PV mu-
tant with enviroxime-resistant mutation, no inhibitory effect on
PI4KB activity, and anti-HCV activity were also observed for
T-00127-HEV2. In contrast, T-00127-HEV1 did not show any
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anti-HCV activity, as observed in our previous report (22). Mod-
erate anti-HCV activity was observed for enviroxime at high con-
centrations, consistent with a recent report (23), possibly due to
its nonspecific anti-PI4KA activity. These results suggested that
T-00127-HEV2 is a novel minor enviroxime-like compound,
along with AN-12-H5 (22, 36).

OSBP is a target of minor enviroxime-like compounds for its
anti-PV activity. To identify the target of minor enviroxime-like
compounds, we performed an siRNA sensitization (TISS) assay
with a minor enviroxime-like compound, AN-12-H5, and also
with a major enviroxime-like compound, T-00127-HEV1, as a
control. First, we performed a TISS assay with an siRNA library
that targets membrane-trafficking genes (140 genes) but could not
identify genes that showed enhanced sensitivity to AN-12-H5 (see
Table 1 in the supplemental material). Next, we analyzed PI4KB-
related genes (genes for PI4KB binding proteins and PI4P binding
proteins) (Fig. 2A). Knockdown of PI4KB caused enhanced sen-
sitivity to T-00127-HEV1, but not to AN-12-HS5, as previously
observed (22). In this subset of genes, we finally found that knock-
down of OSBP drastically enhanced the sensitivity of the cells to
AN-12-H5, and also to T-00127-HEV1, although to a minor ex-
tent. Next, we analyzed the effect of knockdown of all the mem-
bers of the human OSBP family on sensitivity to AN-12-H5 (Fig.
2B). Interestingly, among the 6 families of OSBP-related genes
(46), only the knockdown of members of OSBP family I (OSBP
and OSBP2) enhanced sensitivity to AN-12-H5, and also to
T-00127-HEV1 to a minor extent. This suggested that OSBP fam-
ily I'is a target of enviroxime-like compounds in a PI4KB-related
pathway in PV replication.

An OSBP ligand, 25-HC, acts as a minor enviroxime-like
compound. We examined the effect of a high-affinity ligand of
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FIG 3 (A) Characterization of 25-HC. (Top) Structure of 25-HC. (Bottom) Inhibitory effect of 25-HC on PV pseudovirus and viability of RD cells. PV
pseudovirus infection or viability of the cells in the absence of compounds was taken as 100%. 25-HC showed precipitation above 13 WM. (Right) Specificity of
resistance mutations to 25-HC. RD cells were infected with PV pseudovirus mutants that have resistance mutations to GuHCI (U4614A), brefeldin A (G4361A
plus C5190U), and enviroxime (G5318A) in the presence of 25-HC (25 and 50 uM). Relative PV pseudovirus infection is shown, where parental PV pseudovirus
infection in the presence of 25-HC was taken as 1. n = 3. (B) siRNA sensitization assay for enviroxime-like compounds. HEK293 cells were transfected with
siRNA targeting PI4KB or OSBP or with nontargeting siRNAs (nontargeting siRNAs 1 and 2), and the sensitization effect was analyzed in the presence of
enviroxime-like compounds (T-00127-HEV1 [0.78 wM], enviroxime [0.16 wM], AN-12-H5 [1.6 uM], T-00127-HEV2 [0.78 wM], and 25-HC [3.1 pM]) and
with GuHCI (125 wM) as a control compound. Normalized PV pseudovirus infection is shown, with Pvalues. n = 4. The error bars indicate standard deviations.

OSBP, 25-HC (K, [dissociation constant] = 8 nM) (47), on PV
pseudovirus infection. We found that 25-HC suppressed PV pseu-
dovirus infection (ECsg, 2.8 pM; CCsy, >13 uM), and an envi-
roxime-resistant mutant showed a weak resistant phenotype typ-
ical of minor enviroxime-like compounds, as observed for
T-00127-HEV?2 (a 2.6- to 4.8-fold increase of PV replication with
the enviroxime-resistant mutation) (Fig. 3A). Next, we examined
the effect of knockdown of PI4KB and OSBP on sensitivity to
T-00127-HEV2 and 25-HC (Fig. 3B). The sensitivity of the cells
transfected with siRNA targeting PI4KB to T-00127-HEV2 and
25-HC was slightly enhanced, but the effects were weaker than
that to T-00127-HEV1. In contrast, enhanced sensitivities of the
cells transfected with siRNA targeting OSBP to T-00127-HEV2
and 25-HC were significantly stronger than that to T-00127-
HEV1 and similar to that to AN-12-H5. These results suggested
that an OSBP ligand, 25-HC, also acts as a minor enviroxime-like
compound.

Minor enviroxime-like compounds are phenotypically iden-
tical to 25-HC. We compared the properties of AN-12-H5 and
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T-00127-HEV2 with those of 25-HC. Treatment with 25-HC
causes relocalization of OSBP from the cytoplasm to the Golgi
apparatus in cells (48). Interestingly, AN-12-H5 and T-00127-
HEV2, but not T-00127-HEV1 and GuHCI, caused profound
relocalization of OSBP much more clearly even than 25-HC (Fig.
4A). Relocalization of OSBP could be observed as early as 15 min
after addition of the compounds. To evaluate the specificity of the
effects of minor enviroxime-like compounds on OSBP, we also
tested the effects of compounds on the relocalization of another
lipid transfer protein, CERT, which has functional protein do-
main topology similar to that of OSBP (i.e., a PI4P binding pleck-
strin homology [PH] domain, a FFAT motif, and a lipid binding
domain) (49). In contrast to OSBP, we could not observe apparent
relocalization of CERT to the Golgi apparatus in the compound-
treated cells after 1 h of treatment. Next, we analyzed an effect of
enviroxime-like compounds on the expression of genes in the
SREBP/SCAP regulatory pathway, which modulates expression of
genes related to cholesterol synthesis and uptake in response to
cellular cholesterol levels and certain sterols (50). Expression of
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FIG 4 Effects of minor enviroxime-like compounds on OSBP relocalization and gene expression in the SREBP/SCAP regulatory pathway. (A) Effects of
enviroxime-like compounds on relocalization of OSBP. HEK293 cells expressing OSBP-EGFP or CERT-EGFP were treated with 10 uM T-00127-HEV1,
AN-12-H5, T-00127-HEV2, or 25-HC or with 2 mM GuHCl for 1 h. Scale bars, 20 pum. (B) Effects of enviroxime-like compounds on expression of HMGCS1 and
SQLE mRNAs. RD cells were treated with 10 uM T-00127-HEV1, AN-12-H5, T-00127-HEV2, or 25-HC or with 2 mM GuHCI for 6 h. Total RNA was collected
from the treated cells and subjected to quantitative real-time RT-PCR. Relative expression levels of ACTB, HMGCS]1, and SQLE mRNAs normalized by GAPDH
mRNA are shown. n = 3. (C) Evaluation of the effective period for addition of enviroxime-like compounds in PV infection. Enviroxime-like compounds (20
M) and GuHCI (2 mM) were added to RD cells at the indicated times (—3 h to 6 h p.i.). PV pseudovirus was added at 0 h p.i., and the luciferase activity was
measured at 7 h p.i. PV pseudovirus infection in the absence of compounds was taken as 100%. The times of drug addition, where significant suppression of PV

pseudovirus infection was observed (P < 0.01), are indicated by lines. n = 3. The error bars indicate standard deviations.

the genes in the SREBP/SCAP regulatory pathway, such as the
HMGCS1 and SQLE genes, was immediately suppressed by
25-HC treatment (51). We found that treatment with T-00127-
HEV1, AN-12-H5, and T-00127-HEV2, but not GuHCI, sup-
pressed the expression levels of HMGCS1 and SQLE mRNAs, as
well as 25-HC (Fig. 4B). Next, we analyzed the effective periods of
the compounds for their anti-PV activity by a time-of-addition
experiment in PV pseudovirus infection (Fig. 4C). Significant in-
hibitory effects of minor enviroxime-like compounds could be
observed when added —3 to 5 h p.i. (for 25-HC) or —3 to 6 h
p.i.(for T-00127-HEV2 and AN-12-H5). Addition of minor envi-
roxime-like compounds before PV infection (3 to 1 h preinfec-
tion) did not enhance its inhibitory effects compared to addition
at 0 h p.i. This suggested that minor enviroxime-like compounds
were indistinguishable from 25-HC in terms of their in vivo phe-
notypes and also that PI4KB is involved in the expression of genes
in the SREBP/SCAP regulatory pathway.

Major and minor enviroxime-like compounds reduce accu-
mulation of PI4P at the Golgi apparatus. We analyzed the effects
of enviroxime-like compounds on PI4P production at the Golgi
apparatus (Fig. 5). Treatment with T-00127-HEV1 enhanced
PI4KB localization at the Golgi apparatus and diminished PI4P,
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consistent with a recent report on major enviroxime-like com-
pounds (52). Interestingly, enhancement of PI4KB localization at
the Golgi apparatus was not observed in cells treated with minor
enviroxime-like compounds, but significant reduction of PI4P at
the Golgi apparatus was observed. This suggested that major and
minor enviroxime-like compounds inhibit PI4P production
and/or accumulation at the Golgi apparatus by targeting PI4KB
and OSBP, respectively.

DISCUSSION

To identify further antiviral candidate compounds for PV, we per-
formed a high-throughput screening with a large-scale chemical
library (59,200 compounds) and identified a novel minor envi-
roxime-like compound, T-00127-HEV2 (Fig. 1). Consistent with
our previous observations (22), all 3 candidate compounds iden-
tified, which showed potent anti-PV activity with low cytotoxicity,
were enviroxime-like compounds, 2 major and 1 minor. T-00127-
HEV2 was the 3rd minor enviroxime-like compound, following
AN-12-H5 and itraconazole (36, 37). Conserved properties of mi-
nor enviroxime-like compounds (i.e., weak resistance to a PV mu-
tant with a G5318A mutation and anti-HCV activity) suggested a
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FIG 5 Effects of enviroxime-like compounds on PI4P accumulation at the
Golgi apparatus. Indirect immunofluorescence of PI4KB and PI4P in RD cells
treated with 10 wuM T-00127-HEV1, AN-12-H5, T-00127-HEV?2, 25-HC, or 2
mM GuHCl overnight is shown. Blue, nuclear (staining with Hoechst 33342);
green, PI4KB; red, PI4P. Scale bars, 10 wm. The white arrows indicate some of
the colocalized sites, and the cyan arrows indicate some of the noncolocalized
sites.

common specific pathway or targets in their antiviral activities,
possibly related to PI4KB activity or PI4P produced.

By using minor and major enviroxime-like compounds, we
performed an siRNA sensitization assay targeting membrane-traf-
ficking genes and PI4KB-related genes to identify the targets of
minor enviroxime-like compounds (Fig. 2). Knockdown of mem-
bers of the OSBP family did not significantly suppress PV replica-
tion in HEK293 cells (net PV pseudovirus infection of 0.7 to 3.3);
however, knockdown of OSBP and OSBP2, family I of OSBP-
related genes (46), increased sensitivity to minor enviroxime-like
compounds. OSBP was originally identified as a high-affinity re-
ceptor for oxysterol, including 25-HC (53), and members of the
OSBP family are involved in sterol signaling and/or sterol trans-
port between cellular organelles (reviewed in reference 54). Con-
sistent with the anti-HCV activity of 25-HC, inhibitory effects of
OSBP knockdown on HCV replication and virus particle release
from the infected cells have been reported (55, 56). It is interesting
that only members of OSBP family I, among the 6 families of
OSBP-related genes (46), act as targets of minor enviroxime-like
compounds, despite potential functional redundancy of the mem-
bers of this gene family (57).

Next, we analyzed the anti-PV activity of a high-affinity
ligand of OSBP, 25-HC. 25-HC is known as an inhibitor of
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HCV replication, and its inhibitory effect on the transcription
of genes in the SREBP/SCAP pathway has been suggested as the
mechanism of its inhibitory effect on HCV replication (58, 59).
The mechanism of the inhibitory effect of 25-HC is different
from that of a cholesterol-depleting agent, methyl-B-cyclodex-
trin (MBCD), which directly disrupted the membranous web
of the HCV replication complex (60). We found that 25-HC
suppressed PV pseudovirus replication, and in fact, 25-HC acts
as a minor enviroxime-like compound (Fig. 3). This suggested
that minor enviroxime-like compounds might be defined as
25-HC-like compounds.

Relocalization of OSBP from the cytoplasm to the Golgi appa-
ratus and transcriptional inhibition of the SREBP/SCAP pathway
have been known as characteristic properties of 25-HC. We found
that treatment with minor enviroxime-like compounds causes re-
localization of OSBP, but not of another lipid transfer protein,
CERT (49), in the treated cells, as well as 25-HC (Fig. 4A), sug-
gesting specificity of the effects of minor enviroxime-like com-
pounds on OSBP. Minor enviroxime-like compounds also sup-
pressed transcription of the HMGCS1 and SQLE genes, which are
genes in the SREBP/SCAP regulatory pathway (Fig. 4B). We also
found that treatment with a major enviroxime-like compound, a
PI4KB-specific inhibitor, T-00127-HEV1 (22), also suppressed
transcription of HMGCS1 and SQLE genes, suggesting a func-
tional link between PI4KB activity and the SREBP/SCAP tran-
scriptional-regulatory pathway. An inhibitory effect of a minor
enviroxime-like compound could be observed when added even 5
h p.i., and pretreatment of the cells before PV infection did not
enhance its inhibitory effect (Fig. 4C). PV1(Mahoney) infection
was not severely impaired by actinomycin D treatment, consistent
with a previous report (61), and at most 50% reduction of the
infection could be observed in the presence of 20 to 0.15 pM
actinomycin D (M. Arita, unpublished data). This suggested that
the inhibitory effect of minor enviroxime-like compounds on PV
replication does not depend on transcriptional activation or sup-
pression during infection, but rather, occurs in a direct manner.

Interestingly, knockdown of OSBP also increased sensitivity to
a major enviroxime-like compound, although to a minor extent
compared with that observed for minor enviroxime-like com-
pounds (Fig. 3B). Some of the minor enviroxime-like compounds
(T-00127-HEV2 and 25-HC, but not AN-12-H5) also showed in-
creased inhibitory effects on PV infection in PI4KB knockdown
cells. This suggested that there is a functional link between PI4KB
and members of OSBP family I, consistent with the resistance
phenotype of PV with a G5318A mutation. The drastic resistant
phenotype conferred by a G5318A mutation on PI4KB inhibitors
might suggest direct involvement of viral proteins or a protein
complex with host proteins in the production of PI4P via PI4KB.
In HCV infection, NS5A has been identified as a PI4KA activator
(62, 63). In Aichi virus infection, a host protein, ACBD3, might
play the role of a PI4KB activator, along with viral proteins (45). In
enterovirus infection, corresponding viral proteins, possibly other
than 3A protein (52), remain to be identified. We found that treat-
ment of both major and minor enviroxime-like compounds re-
duced accumulation of PI4P at the Golgi apparatus (Fig. 5). PI4KB
is known as the main PI4P producer at the Golgi apparatus (52,
64). To our knowledge, direct interaction of OSBP with PI4KB has
not been reported. Actually, the relocalizations of PI4KB and
OSBP observed in compound-treated cells are different; T-00127-
HEV1 caused accumulation of PI4KB, but not of OSBP, at the
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Golgi apparatus (Fig. 4 and 5). Activation of PI4K2A by OSBP has
been observed (65), and an altered sterol environment produced
by OSBP has been proposed as a mechanism for this activation
(54). A yeast homologue of OSBP, Osh4p, directly activates P14P
phosphatase Saclp (66). Recently, direct binding of PI4P, which
competes with cholesterol binding to Osh4p and OSBP, has been
shown (67, 68), and Osh4p was even able to exchange sterol and
PI4P between membranes by itself (67). Considering that OSBP is
a host factor for HCV replication and HCV replication utilizes
PI4KA instead of PI4KB (38, 55), these observations suggest OSBP
family I activates some PI4 kinases with broad specificity and/or
helps in the accumulation of PI4P at the sites of viral RNA repli-
cation. The exact mechanism of OSBP activity on PI4P accumu-
lation at the Golgi apparatus has yet to be determined; our results
suggested that major and minor enviroxime-like compounds co-
operatively inhibit PI4P production and/or accumulation at the
Golgi apparatus by targeting PI4KB and members of OSBP family
I, respectively.

In summary, we identified the members of OSBP family I as
targets of minor enviroxime-like compounds and found that mi-
nor enviroxime-like compounds are phenotypically indistin-
guishable from 25-HC. Our results suggested that major and mi-
nor enviroxime-like compounds inhibit PI4P production and/or
accumulation at the Golgi apparatus in PV infection.
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