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FIG 1 Establishment of DGAT1-silenced cell lines using DGAT1-TALEN or lentivirus vector shRNA DGAT1. (A) Huh-7.5 cells were transfected with plasmids
encoding a pair of DGAT1-targeting TALENS in combination with the reporter encoding H-2K*. After the magnetic sorting of cells with TALEN-driven mutations, we
analyzed 62 single-cell-derived colonies using the T7El assay. The region of the DGAT1 gene containing the TALEN target site was amplified by nested PCR and
visualized by agarose gel electrophoresis. Representative data from the T7E1 assay are presented here. Circled numbers indicate clones that were selected for DGATI gene
sequencing. (B) DNA sequences of the DGAT1-TALEN cell line. The sequence presented here is part of the DGATI gene of clone 13, one of the clones that are presented
in panel A. Zinc finger nuclease recognition sites are underlined, and deleted bases are indicated by dashes. TGA, the premature stop codon, is shaded in gray. Clone 13
has a shifted open reading frame (ORF) or premature stop codon in the DGATI gene. (C) DGAT1 mRNA levels were determined by real-time quantitative PCR in
DGAT1-silenced cell lines and standardized to B-actin mRNA levels (n = 3). N.D., not detected. (D) DGAT1 protein expression in DGAT1-silenced cell lines was
assessed by immunoblotting. (E) Intracellular lipid droplet staining was performed using the BODIPY lipid probe 493/503 in the control and DGAT1-silenced cell lines.

The scale bar represents 20 wm. The right panel represents flow cytometry analyses of the same cell lines.

cells (Fig. 2A). We also quantified intracellular HCV RNA copies
and unexpectedly discovered that the intracellular HCV RNA titer
was very low in the DGAT1-silenced cell lines (Fig. 2B). Following
inoculation of the DGAT1-silenced cell lines with a higher dose of
JFH-1, we detected no intracellular HCV core protein by flow
cytometry (Fig. 2C).

Next, we transfected the control and DGAT1-silenced cell lines
with JFH-1 RNA. As expected from the previous study (11) and
loss of intracellular lipid droplets in the DGAT1-silenced cell lines,
the production of infectious virions was severely impaired in the
DGAT1-silenced cell lines (Fig. 2D)). The intracellular HCV RNA
copy number was also lower in the DGAT1-silenced cell lines than
in the control cell line, with a difference of less than 1 log (Fig. 2E),
indicating that HCV RNA replication is slightly impaired in
DGAT1-silenced cells. However, this minor decrease is in contrast
to the enormous decrease that was observed in the HCVcc inocu-
lation study (Fig. 2B). This finding indicates that another factor is
the major cause of the very low intracellular HCV RNA levels in
HCVcc-inoculated, DGAT1-silenced cells.
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With the hypothesis that FICV entry is defective in DGAT1-
silenced cell lines, we evaluated HCV entry using HCVpp of var-
ious genotypes. No HCVpp entered the DGAT1-silenced cell lines
(Fig. 2F), whereas the control virus pseudoparticles with VSV-G
did enter these lines, indicating that HCV entry is impaired in the
absence of DGATI.

Claudin-1 expression is downregulated in DGAT1-silenced
cell lines. Because of the impaired HCV entry into DGAT1-si-
lenced cell lines, we investigated the expression of host proteins
participating in HCV entry, including tetraspanin CD81 (28), the
high-density lipoprotein receptor scavenger receptor class B type I
(SR-BI) (29), and two tight junction proteins, claudin-1 (CLDN1)
(390) and occludin (OCLN) (31). In the flow cytometric analysis,
the expression of CD81, SR-BI, and OCLN in DGAT1-silenced
cell lines was well preserved, but that of CLDN1 was markedly
diminished (Fig. 3A and B). We observed the downregulation of
CLDNT1 expression at the mRNA level by real-time quantitative
PCR (Fig. 3C). Immunoblotting confirmed the downregulation of
CLDN1 expression (Fig. 313). Notably, CLDN1 expression was
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FIG 2 HCV entry into DGAT1-silenced Huh-7.5 cell lines is impaired. (A and B) DGAT1-silenced cell lines were inoculated with JFH-1 HCVcc at a multiplicity
of infection (MOI) of 0.1. After 72 h, infectious HCV virions were quantified in culture supernatants by a colorimetric focus-forming assay (1%). The data are
presented as focus-forming units (FFU) per ml of culture supernatant (n = 3) (A). Intracellular HCV RNA levels were determined by real-time quantitative PCR
and standardized to B-actin mRNA levels (n = 3) (B). (C) DGAT1-silenced cell lines were inoculated with JFH-1 HCVcc atan MOI of 0.5. After 60 h, intracellular
HCV core proteins were detected by flow cytometry. Data are representative of two independent experiments. (D and E) DGAT1-silenced cell lines were
transfected with 5 pg in vitro-transcribed JFH1 RNA. After 72 h, infectious HCV virions were quantified in culture supernatants by a colorimetric focus-forming
assay (19). The data are presented as focus-forming units (FFU) per ml of culture supernatant (n = 3) (D). Intracellular HCV RNA levels were determined by
real-time quantitative PCR and standardized to B-actin mRNA levels (n = 3) (E). (F) HCV entry into DGAT]1-silenced cell lines was assessed using HCVpp
harboring E1 and E2 glycoproteins of various HCV genotypes. Virus pseudoparticles harboring the vesicular stomatitis virus G (VSV-G) envelope glycoprotein
were used as a positive control. HCVpp entry was determined by luciferase activity. Data are expressed as percentages of the shRNA-control cell line (n = 3). Bar
graphs represent means * SEM. *, P < 0.001 compared to the control. N.D., not detected.
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not downregulated by the silencing of DGAT2, the other DGAT
protein present in human hepatocytes (Fig. 3E). Immunofluores-
cence staining revealed that CLDN1 expression on the cell mem-
brane was lost in the DGAT1-silenced cells (Fig. 3F). Additionally,
asignificant proportion of OCLN was localized not only to the cell
membrane but also to the cytoplasm in these cells (Fig. 3F). We
further confirmed downregulation of CLDN1 at the mRNA and
protein levels under DGAT1-silencing conditions in another hep-
atoma cell line, HepG2, following DGATT1 silencing by lentivirus
shRNA transduction (Fig. 3G).

Forced expression of CLDN1 restores HCV entry to DGAT1-
silenced cell lines. To verify whether the downregulation of
CLDN1 expression led to HCV entry impairment, we transfected
DGAT1-silenced cell lines with the CLDNI gene and evaluated
HCV entry using HCVpp. After 72 h of the transfection, CLDN1
expression was observed by immunoblotting (Fig. 4A) and flow
cytometry (¥ig. 4B). Importantly, the entry of all of the HCVpp
was restored in the CLDN1-expressing DGAT 1-silenced cells (Fig,
4C). These results demonstrate that CLDN1 downregulation is
responsible for impairment of HCV entry into DGAT1-silenced
cells and that the reexpression of CLDNI is sufficient to restore
HCV entry into these cells.

Expression of hepatocyte-specific genes is reduced in
DGAT1-silenced cell lines. In DGAT1-silenced cells, we exam-
ined the expression of hepatocyte nuclear factor 4o (HNF4a) be-
cause this factor has been reported to be associated with CLDN1
expression in mice (32—-34). In fact, HNF4a expression was mark-
edly reduced in DGAT1-silenced cell lines at both the mRNA and
protein levels (Fig. 5A). HNF4a is a central regulator of hepato-
cyte differentiation and function (35, 36), and the expression of
other hepatocyte-specific genes, such as the albumin and al-an-
titrypsin genes, was also decreased in the DGAT1-silenced cells
(Fig. 5B), suggesting that their differentiation status had been al-
tered by DGAT1 silencing. However, HNF4x expression was not
downregulated by the silencing of DGAT2 (Fig. 5C). We also ex-
amined temporal changes in DGAT1, HNF4a, and CLDNI1 ex-
pression during the establishment of a stable cell line following
lentivirus shRNA-DGAT1 transduction into Huh-7.5 cells.
DGAT1 expression was silenced at 10 days following transduc-
tion, whereas the expression of HNF4a and CLDN1 was preserved
(Fig. 5D). HNF4a expression then decreased gradually, followed
by a slow decrease in CLDN1 expression. Ultimately, the expres-
sion of both HNF4a and CLDN1 was markedly diminished at 45
days following transduction (Fig. 513).

To verify whether DGAT1 silencing directly caused the down-
regulation of HNF4a and CLDNI, we transfected shRNA-
DGATI-transduced cells with the shRNA-resistant DGATI gene
10 days after the transduction. Following the transfection, DGAT1
expression was restored, and expression of HNF4a and CLDN1

HCV Entry Is Impaired in DGAT1-Deficient Cells

was maintained (Fig. 6A). In addition, intracellular lipid droplets
were restored by transfection (Fig. 6B). Furthermore, HCVpp en-
try was recovered by the restoration of DGAT1 expression (Fig.
6C). Next, we examined the requirement for the catalytic activity
of DGAT]1 for the maintenance of CLDN1 and HNF4a expres-
sion. We constructed a catalytically inactive DGATI mutant gene
(H415A) (11, 37) that was also shRNA resistant. Unlike the cata-
Iytically active DGAT]I, the catalytically inactive form did not
maintain the expression of CLDN1 and HNF4a (Fig. 612). Collec-
tively, these results indicate that DGAT! silencing causes HNF4a
and CLDN1 downregulation and HCV entry impairment and that
the loss of DGAT1 catalytic activity is important in this process.

As HNF4a was reported to upregulate CLDN1 expression in
mice (32, 33), we examined whether HNF4a downregulation was
responsible for the CLDN1 downregulation that was observed in
the DGAT1-silenced cells. In fact, HNF4a bound to the promoter
region of human CLDNT in the ChIP assay (Fig. 6E and F). How-
ever, HNF4a silencing by siRNA (siHNF4a) did not significantly
decrease CLDN1 expression (Fig. 6G and H). We also transfected
DGAT1-silenced cells with the HNF4a gene. For the transfection,
we used the gene encoding HNF4a 1, which is a major isoform in
adult human hepatocytes (38, 39). However, CLDN1 expression
was not restored by this transfection (Fig. 61). Taking these find-
ings together, we conclude that CLDN1 expression is not regu-
lated solely by HNF4a but also by other factors that are influenced
by DGAT1 silencing.

Exogenous palmitic acid treatment prevents downregula-
tion of CLDN1 and HNF4« expression after DGAT1 silencing.
Considering that DGAT1 regulates intracellular lipid homeostasis
(10) and our data showing that intracellular lipid droplets are
depleted in DGAT1-silenced cells (Fig. 1E), we hypothesized that
CLDN1 downregulation might be attributed to a dysregulation of
intracellular fatty acid metabolism. Therefore, we examined the
effect of exogenous fatty acid treatment following DGAT1 silenc-
ing. We applied BSA-conjugated palmitic acid (C,¢,) at a low
concentration to shRNA-DGAT1-transduced cells 10 days after
the transduction and continued the treatment for 17 days. The
expression of CLDN1 and HNF4a was preserved by palmitic acid
treatment, although DGAT1 expression was silenced (Fig. 7A).
Importantly, HCVpp entry was also recovered by palmitic acid
treatment (¥ig. 7B). These results indicate that altered fatty acid
homeostasis in DGAT1-silenced cells is associated with CLDN1
downregulation, which leads to HCV entry impairment.

DISCUSSION

In the present study, we attempted to identify the effects of com-
plete, long-term silencing of DGAT1 on the whole life cycle of
HCV in Huh-7.5 cells. We demonstrated that CLDN1 downregu-
lation impairs HCV entry into DGAT1-silenced cell lines and that

histogram is presented (B). F, mean fluorescence intensity (MFI) of specific antibody staining; F;, MFI of isotype control antibody staining. Data are represen-
tative of three independent experiments. (C) mRNA levels of CD81, SR-B1, CLDN1, and OCLN in DGAT1-silenced cell lines were determined by real-time
quantitative PCR and standardized to $-actin mRNA levels (n = 3). (D) CLDN1 protein expression in DGAT1-silenced cell lines was assessed by immunoblot-
ting. (E) Immunoblot analysis was performed to evaluate CLDN1 expression in the control and DGAT2 knockdown Huh-7.5 cell line after 40 days of shRNA
lentiviral transduction. Data are representative of two independent experiments. (F) Inmunofluorescence staining was performed using anti-OCLN (green) and
anti-CLDNI (red) in Caco-2, shRNA-control, and DGAT1-silenced Huh-7.5 cell lines, and images were analyzed by confocal microscopy. Merged images are
also presented. The scale bar represents 20 pm. (G) A stably DGAT1-silenced HepG2 cell line was established by transduction with a lentivirus harboring
shRNA-DGAT1-1666. The mRNA levels of DGAT1 and CLDN1 were determined by real-time quantitative PCR (n = 3) (left graph), and the protein expression
levels of DGAT1 and CLDN1 were assessed by immunoblotting (right blots). Bar graphs represent means = SEM. * and **, P < 0.001 and P < 0.01, respectively,

compared to the control.
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FIG 4 Forced expression of CLDN1 restores HCV entry to DGAT1-silenced cell lines. (A) CLDNI1 protein expression was assessed by immunoblotting after
mock or CLDN1 transfection of DGAT1-silenced cell lines. (B) Surface expression of CLDN1 was analyzed by flow cytometry after mock or CLDN1 transfection
of DGAT1-silenced cell lines. Data are representative of three independent experiments. (C) HCV entry was assessed after mock or CLDN1 transfection of
DGAT1-silenced cell lines using HCVpp of various genotypes. Virus pseudoparticles harboring the VSV-G envelope glycoprotein served as a positive control.
HCVpp entry was determined by luciferase activity. Data are expressed as percentages of the shRNA-control cell line (n = 4). The statistical analysis was
conducted for differences between the mock-transfected and CLDN1-transfected cells. Bar graphs represent means = SEM. *, P < 0.001.

this effect is associated with altered fatty acid homeostasis. How-
ever, these findings were made using the Huh-7.5 human hepa-
toma cell line and need to be confirmed in primary human hepa-
tocytes.

One of the main roles of DGAT1 is in catalyzing the final step of
triglyceride biosynthesis (5, 6). However, studies of knockout mice
have shown that DGAT1 deficiency does not result in elevated levels
of diacylglycerol or acyl coenzyme A (acyl-CoA) in the liver, heart,
muscle, and adipose tissue following the ingestion of high-fat diets (7,
40). These data suggest that DGAT1 does not simply catalyze the final
step of triglyceride biosynthesis but is involved in the regulation of

9240 jviasm.org

intracellular lipid homeostasis. In fact, DGAT1 recycles the products
of triglyceride hydrolysis, which are partial glycerides, for triglyceride
synthesis. In addition, DGAT1 inhibition decreases the intracellular
lipid pool comprised of triglycerides, partial glycerides, and free fatty
acids in human liver-derived cells (10, 41). In the present study, a
low-dose exogenous palmitic acid treatment prevented the down-
regulation of CLDN1 and HNF4a expression in DGAT1-silenced
cells. These results show that expression of CLDN1 and HNF4a« is
regulated by altered intracellular lipid homeostasis in DGAT1-si-
lenced cells and that the restoration of intracellular fatty acid levels by
exogenous palmitic acid rescued CLDN1 and HNF4a expression.

Journal of Virology

QwAQIA NOITDTANI 4O 1SNITIWN Ad #1L0Z ‘0Z 1shBny uo /Blo wse IAl/:diy wouy papeojumod



HCV Entry Is Impaired in DGAT1-Deficient Cells

ATz B
&
- 1.0 . . .
g o8 =12 albumin $12 al-antitrypsin
< £ 10
Z 06 - e
h S
£ ‘s 0.8
s 04 @
2 e
£ 02 <>l@(,.;0.6
[
€ 00 2 0.4
E02
g (]
HNF4a % 5.0
Tubulin
?.'
'3"\
@

DGAT1 !
HNF40,
CLDN1 [¢

Tubulin |

{Days after shRNA-DGAT1-1402
-lentivirus transduction)

FIG 5 Expression of hepatocyte-specific genes is reduced in DGAT1-silenced cell lines. (A) HNF4o mRNA levels in DGAT1-silenced cell lines were determined
by real-time quantitative PCR (n = 3) (upper graph), and HNF4« protein expression was assessed by immunoblotting (lower blots). (B) mRNA expression of
representative hepatic differentiation markers in control and DGAT1-silenced cell lines. Data are standardized to B-actin mRNA levels (n = 3). Bar graphs
represent means = SEM. *, P < 0.001 compared to the control. (C) Immunoblot analysis was performed to evaluate HNF4a expression in control and DGAT2
knockdown Huh-7.5 cell lines after 40 days of lentivirus shRNA transduction. Data are representative of two independent experiments. (D) Huh-7.5 cells were
transduced with lentivirus harboring shRNA-DGAT1-1402, and temporal changes in protein expression were examined during the establishment of a stable cell
line. The cell pellets were harvested at days 10, 25, 32, and 45 after transduction and subjected to immunoblot analyses to detect DGAT1, HNF4«, and CLDNI.

Data are representative of two independent experiments.

We also made a DGAT2-silenced cell line in this study. How-
ever, the expression of CLDN1 and HNF4a was not downregu-
lated in the DGAT2-silenced cells (Fig. 3E and 5C). DGAT2 also
catalyzes the final step of triglyceride synthesis, but recent reports
suggest that DGAT1 and DGAT? play different roles in human
hepatocytes (10). DGAT2 is involved in the de novo synthesis of
triglycerides, whereas DGAT1 functions in the reesterification of
partial glycerides that are generated by intracellular lipolysis.
Moreover, DGAT2 encompasses 30% of the total DGAT activity
in human hepatocytes, whereas DGAT1 contributes the other
70% (10).

HNF4a is a central regulator of hepatocyte differentiation and
function (33, 34) and is a major transcription factor that regulates
the expression of genes that are involved in lipid homeostasis (42).
HNF4a is also known to regulate the expression of proteins that
are required for hepatic and intestinal tight junction assembly,
including CLDN]1, in mice (30-~32). A recent study demonstrated
the binding of HNF4a to the CLDNI1 gene by an electrophoretic
mobility shift assay and ChIP assay of the mouse fetal liver (30). In
accordance with this previous report, our present data showed

August 2014 Volume 88 Number 16

that HNF4a bound to the promoter region of human CLDN]I in a
ChIP assay (Fig. 6E and F). However, HNF4a silencing did not
significantly decrease CLDN1 expression (Fig. 6G and ), and
HNF4al transfection did not restore CLDNI expression in
DGAT1-silenced cells (Fig. 61). Taking these findings together, we
conclude that CLDN1 expression is not regulated solely by
HNF4a but also by other factors that are influenced by DGAT1
silencing.

A previous study has shown that DGAT1 is involved in the
assembly of HCV by facilitating the trafficking of the HCV core
protein to the lipid droplet (11). The authors suppressed DGAT1
activity by using a DGAT1 inhibitor or silenced DGAT1 expres-
sion by shRNA, but they observed no impairment of HCV entry to
Huh-7.5 cells. The discrepancy between the studies may be ex-
plained by the duration of DGAT1 inhibition or silencing. The
earlier study involved the use of the DGAT inhibitor for a short
duration of approximately 72 h. In contrast, we used stable
DGAT1-silenced cell lines to study the long-term effects of
DGAT1 silencing. In fact, CLDN1 expression decreased gradually
in shRNA-DGAT1-transduced cells and was markedly downregu-
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FIG 6 Catalytically active DGAT1 is responsible for maintaining CLDN1 expression and the hepatocyte-specific phenotype in Huh-7.5 cells. (A) An shRNA-1402-
resistant DGAT] gene was constructed by introducing 6 point mutations into the sequence that is recognized by the shRINA-1402 oligonucleotide without altering the
amino acid sequence. The shRNA-1402-resistant DGATI gene was transfected into shRNA-DGAT1-1402-harboring cells 10 days after transduction, and temporal
changes in protein expression were examined. The cell pellets were harvested at days 10, 31, and 45 after transduction with lentivirus harboring shRNA-DGAT1-1402
(days 0, 21, and 35 after the sShRNA-1402-resistant DGAT1 transfection) and were subjected to immunoblot analysis to detect DGAT1, HNF4«, and CLDN1. Data are
representative of two independent experiments. (B) Intracellular lipid droplet staining was performed using the BODIPY lipid probe 493/503 in cells that had been
transfected with mock or shRNA-resistant DGAT1. The scale bar represents 20 pm. (C) HCV entry into DGAT1-silenced cell lines was assessed after mock or
shRNA-resistant DGAT! transfection using JEH1 HCVpp. Data are expressed as percentages of the pretransfected cellline (n = 3). Bar graphs represent means * SEM.
*, P < 0.001. (D) Immunoblot analysis of DGAT1-silenced cell lines harboring a catalytically active or inactive DGAT1 gene was performed. A catalytically inactive
DGAT1-encoding plasmid was constructed by site-directed mutagenesis, replacing the histidine residue at position 415 (encoded by CAU) with alanine (encoded by
GCU), and the catalytically inactive DGATI gene was also shRNA resistant. We confirmed the sequence of the mutated construct, which was then used to transfect
Huh-7.5 cells on 10 days after DGATT silencing. Data are representative of two independent experiments. (E, F) The chromatin immunoprecipitation assay was
performed using anti-HNF4a antibody. In the schematic of the CLDN1 promoters, the putative HNF4« binding site is shaded in gray, and the positions of the primers
for real-time qPCR are designated with arrows (E). Real-time qPCR analysis was performed using DNA precipitated by rabbit anti-HNF4a (clone number H171) (Santa
Cruz Biotechnology, Inc.) or IgG. Transthyretin (TTR) was used as a positive control (F). ¥, P < 0.01 (n = 3). (G) Real-time qPCR analysis of HNF4a and CLDN1
expression in the Huh-7.5 cell line was conducted after siHNF4o: treatment. Data are standardized to 3-actin mRNA levels (# = 3). Bar graphs represent means = SEM.
*, P < 0.001. (H) Immunoblot analysis of HNF4o and CLDN1 in the Huh-7.5 cell line was performed after siHNF4« treatment. Data are representative of two
independent experiments. (I) Immunoblot analysis of HNF4o and CLDN1 in DGAT1-silenced cell lines was performed at 72 h after transfection with HNF4a1 plasmid.
Data are representative of two independent experiments.
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FIG 7 Exogenous palmitic acid treatment prevents downregulation of CLDN1 and HNF4a expression after DGATI silencing. (A) From day 10 after transduc-
tion with lentiviruses harboring shRNA-DGAT1-1402, the transduced cells were cultured in medium that had been supplemented with 10% charcoal-stripped
fetal bovine serum and 1% bovine serum albumin with either 50 pM palmitic acid or DMSO. The cell pellets were harvested at days 10 and 27 after transduction
(days 0 and 17 after the palmitic acid treatment) and subjected to immunoblot analysis to detect DGAT1, HNF4«, and CLDN1. Data are representative of two
independent experiments. (B) HCV entry (of JFH1 HCVpp) into DGAT1-silenced cell lines was assessed after DMSO or palmitic acid treatment. Data are
expressed as percentages of the values for the pretreatment cell lines (n = 3). Bar graphs represent means * SEM. *, P < 0.001.

lated only after long-term culturing for over 45 days (Fig. 5D). In
the present study, we also knocked out the DGATI gene by using
the TALEN technique to silence DGAT1 expression completely
and found no DGAT1 expression in the DGAT1-TALEN cell line
(Fig. 1C and D). Interestingly, DGAT1-TALEN transfection facil-
itated CLDN1 downregulation compared to shRNA-DGAT1
transduction in the process of stable cell line establishment (data
not shown). CLDN1 downregulation may be induced only by the
complete silencing of DGAT1, which could be achieved by along-
term culture of shRNA-DGAT1-transduced cells or by highly ef-
ficient silencing with DGAT1-TALEN.

In the present study, we found that HCV RNA replication was
also slightly impaired in DGAT1-silenced cell lines (Fig. 2E). This
impairment can be partially attributed to the loss of lipid droplets
in these cells (Fig. 1E). In fact, recent studies have emphasized the
association of lipid droplets and HCV RNA replication (43). Fur-
ther research is required to clarify the manner by which HCVRNA
replication is influenced by intracellular fatty acid homeostasis.

In conclusion, our data demonstrate that complete, long-term
silencing of DGAT|1 causes CLDN1 downregulation and thus inhibits
HCYV entry and that CLDN1 downregulation is associated with al-
tered fatty acid homeostasis in the absence of DGAT1. Future re-
search is needed to elucidate the exact mechanisms and consequences
of CLDN1 downregulation in DGAT1-silenced hepatocytes.
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Supplementary Figure 1

Silenced genes Cell line Oligonucleotide sequence

shRNA-1666 CCGGCGACTACTACGTGCTCAACTACTCGAGTAGTTGAGCACGTAGTAGTCGTTTTIG

DGAT1 shRNA-1183 CCGGCATGGACTACTCACGCATCATCTCGAGATGATGCGTGAGTAGTCCATGTTITIG

shRNA-1402 CCGGCAGACACTTCTACAAGCCCATCTCGAGATGGGCTTGTAGAAGTGTCTGTTITIG

DGAT2 shRNA-1622 CCGGGTTCTAGGTGGTGGCTAAATCCTCGAGGATTTAGCCACCACCTAGAACTTTITIG

Sequences of three different sSIRNA-DGAT1 and shRNA-DGAT? oligonucleotides.

Underlined parts are the sequences recognized by respective mRNAs.
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Measles caused by measles virus (MV) infection remains important in child mortality. Although the nat-
ural host of MV is human, mouse models expressing MV entry receptors (human CD46, CD150) and
disrupting the interferon (IFN) pathways work for investigating immune responses during early MV
infection in vivo. Dendritic cells (DCs) are primary targets for MV in the mouse models and are efficiently
infected with several MV strains in the respiratory tract in vivo. However, questions remain about what
kind of DCin a variety of DC subsets is involved in initial MV infection and how the RNA sensors evoke cir-
cumventing signals against MV in infected DCs. Since type I [FN-inducing pathways are a pivotal defense
system that leads to the restriction of systemic viral infection, we have generated CD150-transgenic
mice with disrupting each of the IFN-inducing pathway, and clarified that DC subsets had subset-specific
IFN-~inducing systems, which critically determined the DC’s differential susceptibility to MV.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The pathogenic measles virus (MV) causes measles in infants.
The MV genome is a nonsegmented negative single-stranded RNA
consisting of six genes that encode the nucleocapsid (N), phospho-
protein (P), matrix (M), fusion (F), hemagglutinin (H), and large (L)
proteins. The P gene encodes P protein and the nonstructural V and
Cproteins. Although the nonstructural V and C proteins of wild type
(WT) strains of MV are important in suppressing the host inter-
feron (IFN) response in human cells (Gerlier and Valentin, 2009),
WT strains of MV are less able to suppress type I IEN production in
murine cells than in human cells (Shingai et al, 2005), suggesting
that V and C proteins are relatively ineffective suppressors for IFN
response in murine cells.

CD46 (also called MCP) was first identified as an MV entry
receptor for laboratory-adapted and vaccine strains of MV. CD46
is expressed in all human nucleated cells including epithelial cells
(Gerlier and Valentin, 2009). In 2000, human CD150, a signaling
lymphocyte activation molecule (SLAM), was identified as the sec-
ond MV entry receptor for all MV strains including WT (Tatsuo et al.,
2000). Expression of CD150 is restricted to activated lymphocytes,
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dendritic cells (DCs), and macrophages (Ixelipeur et al, 2012), con-
sistent with the lymphotropism of MV. However, the expression
pattern of CD150 does not explain why WT strains of MV infect
epithelial cells that do not express CD150. Recently, human nectin-
4 (also called poliovirus receptor-related 4, PVRL4) was identified
as the third entry receptor for WT strains of MV (Miihiebach et al.,
2011 Noyee et al, 201 1), Expression of nectin-4 is restricted to the
basolateral surface of epithelial cells (Deipaut et al, 2012). Thus,
laboratory-adapted and vaccine strains of MV use CD46 and CD150
as entry receptors, and WT strains of MV use CD150 and nectin-4.
Initial infection with WT stains of MV via CD150 occurs in DCs and
alveolar macrophages (AMs) and secondary spreading of MV infec-
tion is established in lymphocytes through infected DCs and AMs.
Ultimately, MV-infected lymphocytes systemically spread to distal
sites including the respiratory tract and then MV infects epithelial
cells via nectin-4, resulting in release of MV into the airway lumen
of the infected lung (Deipeut et al, 2012). C-type lectin DC-SIGN
(also called CD209) has an important role for infection of DCs by
laboratory-adapted and WT strains of MV (de Witte et al,, 2008),
although DC-SIGN is dispensable for MV entry. Both attachment
and infection of immature DCs with MV are blocked by DC-SIGN
inhibitors, suggesting that DC-SIGN is critical for enhancement of
CD46/CD150-mediated infection of DCs (de Witte gt al., 2008).
Human CD150 transgenic (Tg) and CD150 knock-in mice were
generated as MV infection models to study receptor tropism and
the immune dynamics of MV (Hahm et al, 2003, 2004; CGhno
et al, 2007; Selitn et al, 2006; Shingal et al, 2008, Welstead er al,,
2005) and these mice were somehow permissive to MV in vivo.
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Systemic infection by WT strains of MV in vivo was observed in
CD150Tg/Ifnar~/~ mice, generated by crossing CD150Tg mice with
mice having the disrupted IFN receptor 1 (Ifnar) gene; the other is
CD150Tg/Stat1-/- mice, generated by crossing CD150Tg mice with
mice knocked out for the signal transduction and activator of tran-
scription 1 (Stat1) gene, which is a major signaling molecule for
the IFN receptor (Shingai et al., 2005 Welstead et al, 2003). Both
models indicate the importance of the IFNAR pathway for restric-
ting MV in vivo infection in mice. DCs and AMs are primary targets
for MV intranasally inoculated into CD150Tg models (Ferreira et al.,
2010), since these cells express CD150 and are located in the lung
where host cells firstly encounter MV. Results from mouse models
for MV in vivo infection reflect in vitro high susceptibility of human
monocyte-derived DCs (moDCs) to MV. DCs and AMs are the ﬁrst
target cells during early MV infection in monkeys (de Swart &
2007 Lemon et al, 2011). All these data indicate that type I IFN
produced by DCs and AMs primarily protects hosts from systemic
MV infection.

In this review, we summarized the mouse model studies on the
host antiviral response to MV infection, which involves both toll-
like receptors (TLRs) and retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) in specific DC subsets.

2. Type I IFN-inducing pathways respond to viral RNA

The IFN response, which is the induction of type I IFN-a/B
is a major antiviral defense pathway that confers virus resis-
tance to neighboring cells. Previous reports showed that viral RNA
is detected by cytoplasmic pattern recognition receptors (PRRs)
such as RIG-I and the melanoma differentiation-associated gene
5 (MDA5) (Kawai and Akira, 2009). MDA5 and RIG-] detect long
and short dsRNA, respectively (Kaic et al., 2008). TLR3 recog-
nizes extracellular double-stranded RNA (dsRNA) in the endosome
whereas RIG-1 and MDA5 sense cytoplasmic dsRNA (Fig. 1). TLR3
recruits the adaptor, Toll/interleukin-1 receptor (TIR) homology
domain-containing adaptor molecule 1 (TICAM-1, also called TRIF)
in response to dsRNA and induces type I IFN production. Activation
of RLRs is regulated by multiple consecutive processes includ-
ing dephosphorylation, ubiquitination and oligomerization of RLR
(Gack et al, 2007; Wies et al., 2013). The CARD domain of RLRs is
phosphorylated by unknown kinases in steady state, prohibiting
RLR activation (Wies et al., 2(13). Viral infection activates RLRs via
dephosphorylation by serine-threonine phosphatases PP1a and
PP1vy (Wies ef al, 2013). The dephosphorylated RLRs provide sig-
nals through the mitochondrial antiviral signaling protein (MAVS;
also called VISA, Cardif, or IPS-1) to induce type I IFN. Disrupting
these adaptor genes results in failure to activate IFN regulatory
factor (IRF)-3 and IRF-7, abrogating type I IFN production and
antiviral host defense. Virus-derived single-stranded RNA (ssRNA)
isrecognized by TLR7 and TLR8 which are in the endosome. MyD88-
dependent signaling is activated upon viral RNA recognition by
TLR7 to induce type I IFNs (Kawai and Akira, 2008). Unlike ubiqg-
uitous RLRs, TLR expression is restricted to particular cell types
with a different set of TLRs (Tabie 1) (Edwards et al, 2003). This
differential expression pattern of TLRs directs specific sets of cells
to respond to particular TLR ligands, which enhance a variety of
immune responses.

3. Type IIFN induction in MV-infected murine DCs

Studies in mice with targeted gene deletions provide insight
into the mechanisms of type I IFN induction in response to MV
infection in vivo and in vitro. Bone marrow-derived DCs (BMDCs)
were used to study MV permissiveness of DCs, initially in CD150Tg
mice (Chno et al, 2007; Shingai et al, 2008; Welstead et al., 2008).

Studies using BMDCs from CD150Tg mice in combination with
Mavs~=!=, Irf3~I= |Irf7-I-, Ticam1~/~ and Myd88~/~ mice showed that
type I IFN expression in BMDCs completely relied on MAVS but
not TICAM-1 and MyD88 (Takaki et &, 2014). Surprisingly, BMDCs
derived from CD150Tg/Irf3~/~[Irf7-/- mice produce a detectable
IFN-3 in response to MV infection, which confers nonpermissive-
ness to CD150Tg/lrf3~/~[lf7-I- BMDCs (Takaki et al. 2014). A
pharmacological study indicated that MV-derived IFN-§3 expres-
sion partially depended on NF-kB (Takaki et al, 2014). A recent
study using West Nile virus showed that IRF3/IRF7 and IRF5 coor-
dinately regulate the type I IFN response in DCs (Lazear et al.. 201 3).
For MV, IRF5 might be a transcription factor for MAVS-dependent
and IRF3/IRF7-independent type I [FN induction in BMDCs (¥ig. 2).

An in vivo MV infection study using a CD150Tg mouse model
revealed that MAVS disruption scarcely led MV permissiveness or
type I IFN gene expression in the spleen compared to CD150Tg
mice (Takaki et al, 2013). In vitro infection assays showed that
isolated cell subsets of CD11c* DCs, but not T or B cells, mainly
produced type I IFN in response to MV infection through a MAVS-
independent pathway. Various types of DCs have been identified in
mouse secondary lymphoid tissues, including three CD11chigh syb-
sets of conventional DCs (¢DCs): CD8a*, CD4* and CD4~ CDSa~
double negative (DN) DCs (¥rames et al, 2008), and one sub-
set of CD11c% plasmacytoid DCs (pDCs) (Asselin-Pas v al,,
20061). These DC subsets express different sets of TLR genes and
have distinct functions (Tabie 1) (Edwards et al, 2003, Luber etal,
20143). Mouse pDCs express most TLRs except TLR3 and therefore
respond to a wide range of pathogen-associated molecular pat-
terns including TLR7 ligand (Boonstra et al., 2003; Edwards et al.,
20433). CD8a* DCs express high amounts of TLR3, but not TLR7
(Edwards et al, 2003) and mainly participate in poly [:C-induced
cross-presentation. Although a CD4* and DN DCs have a similar TLR
expression pattern (Edwards et al., 2003), CD4* DCs but not DN DCs
express TLR7 protein at low levels (Takaki et al, 2013), Type I IFN
expression is induced in CD4* DCs and pDCs, but not CD8«* and
DN DCs that are isolated from MAVS-disrupted mice during in vitro
MV infection (Takaki et al,, 2013). This result indicates that type
[ IFN-inducing pathways in pDC and CD4" DCs are independent
of the MAVS pathway. A pharmacological study showed that the
MyD88 pathway is involved in a MAVS-independent type I IFN-
inducing pathway (Taicaki et al,, 2073). This result was confirmed
using CD150Tg/Myd88~/~ pDCs, suggesting that TLR7 is responsible
for recognition of MV RNA in CD4* and pDCs. Since the RLR-MAVS
pathway usually senses endogenous viral RNA in CD4* DCs (Luber
et al, 2010), MAVS disruption highlights that the MyD88 pathway
participates in initial type I IFN induction in CD4* DCs in MV infec-
tion (Fig. 2). However, CD150Tg/Myd88~/- mice are not permissive
to MV infection in vivo, both MyD88 in pDCs and CD4* DCs and
MAVS in other cells contribute to protection against systemic MV
infection.

Since TLR7 is in the endosome, viral RNA transport to the endo-
some is required to activate the TLR7/MyD88 pathway. Autophagy
is required for the recognition of vesicular stomatitis virus by TLR7
to transport cytosolic viral replication intermediates into the lyso-
some, leading to type I IFN production in pDCs (Lee et al., 2007)
IFN- mRNA expression is induced in UV-irradiated MV—mfected
CD150Tg/Mavs—/~ DCs; however, treatment with an autophagy
inhibitor prevented this IFN- induction (unpublished data). These
data suggest that autophagy but not viral replication is required
for MV-mediated type I IFN induction via TLR7 in MAVS-disrupted
murine DCs.

In contrast to BMDCs, type 1 IFN gene expression is observed in
DCs and splenocytes derived from MV-infected CD150Tg/Mavs~/-
mice, which prevents DCs from MV infection in vivo in these mice
(Takaki etal. 2013, 2014). RIG-I/MAVS but not TLR7/MyD88 medi-
ates the antiviral response to RNA virus in conventional DCs. The
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Fig. 1. Recognition of RNA by RLRs and TLRs. Double-stranded RNA (dsRNA) synthesized by RNA virus replication in infected cells is recognized by endosomal TLR3 and

cytosolic RIG-I like receptors (RLRs), RIG-I and MDAS. They differenti ally recognize vira
dsRNA couple with RIG-1 and structured RNA activate TLR3 (Tate: £, 7
overviewed (Kaw

1 dsRNA products such that long dsRNA chains fit in MDAS, 5'-triphosphates short

). The outline of their signaling cascades that lead to the activation of IRF3 and NF-«B is
fand Akira, 200%). Single-stranded RNA (ssRNA) is recognized by endosomal TLR7, leading to the activation of NF-«kB and IKK a/p via adaptor protein

MyD88. Transcription factor activation resuls in expression of type I IFN and inflammatory cytokines. NDV, newcastle disease virus; SeV, sendai virus; HCV, hepatitis C; EMCV,

encephalomyocarditis virus

Table 1
Expression of TLRs in murine and human DC subset.
TLR1 TLR2 TLR3 TLR4 TLRS TLR6 TLR7 TLR8 TLR9  TLR10
Mouse Conventional DCs (CD11c"sh B220~) CD4* + + ~ + + + + - ¥ _
CD4-CD8a~ + + +f— + + + +— - + -
CD4~ + + + + - + - - + _
Plasmacytoid DCs (CD11c"°% B220* PDCA-1*) + + - + +f— + + - + -
Human Myeloid DCs (CD11c¢*) + + + + + + + +— - +
Monocyte-derived DCs (moDCs) + + + + + +[— +f— + — —
Plasmacytoid DCs (CD11c~ BDCA2* BDCA4*) +[— — - - + — +
TLR expression in murine and human DC subset is described in refs (Jarrossay ot al, 2001 Ka¢ L 2001 Bdwards gt al, 2005; Luber 2010).

studies using reporter mouse that expresses green fluorescence
protein (GFP) under the control of the Ifn-a6 promoter show that
intranasal infection with newcastle disease virus (NDV) induces
GFP expression in AMs and cDCs in lung as an initial defense via
the RLR pathway (Kurnagal et al, 2007). Although systemic NDV
infection leads to GFP expressmn in not only pDCs but also ¢DCs
and AMs, the frequency of GFP positive cells is higher in pDCs than
in other cells. Thus, the activation of different subsets of DCs would
be important to produce type I [FNs in systemic and local RNA virus
infection.

Similar to murine DCs, PRRs expression differs with subsets
of human DCs (Table 1) (Jarrossay et al, 2001; Kadowaki et al
2001). In ¢DCs, MV transcription is required to activate type [
IFN response, since UV-irradiated MV is unable to promote IFN-
B production (Duhen et al. 2010). Type I IFN induction by pDCs
depends on the recognition of MYV RNA via the endosomal pathway,
since UV-irradiated MV infection induces IFN-a production and
this induction is cancelled by an endosomal acidification inhibitor
in pDCs (Duhen et al, 2010). Although MV can inhibit TLR7 and
TLR9-mediated type I IFN induction by MV-V and MV-C protems
in human pDCs (Pfailer and Conzelmann, 2008; Schlender et al,
2005, Yamaguchi et al, 2014), it remains unknown whether MV

proteins act as suppressors in murine DCs. Moreover, MV interacts
with human DC-SIGN to enhance infection of human DCs (dg Witte
et al., 2008). However, how MV-H protein binds murine CIRE/DC-
SIGN is unknown. The findings in murine DCs may differ from those
in human DCs when infected with MV.

4. Type LIFN and cytokines in the context of MV
immunosuppression

DCs contribute to MV-induced immunosuppression, including
downregulation of costimulatory molecules and inhibition of IL-
12 production following lipopolysaccharide stimulation (Coughiin
et al, 2013; Hahm et al, 2004, 2007). MV infection suppressed
BMDCs development via type I IFN that acts through STAT2-
dependent signaling butindependent of the STAT1 signaling (Halhm
et al, 2003). Furthermore, in vivo MV infection induces a T helper
type 2 response, enhances apoptosis, and induces regulatory T cells
(Koga et al, 2010; Seilin et al,, 2009). Blocking IL-10 signaling pre-
vents MV-induced immunosuppression in CD150 knock-in mice,
indicating that IL-10 participates in immunosuppression (Koga
et al., 2010). In addition, high amounts of IL-10 are produced in
CD4+ T cells obtained from MV-infected CD150Tg mice (Takaki
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Fig. 2. Recognition of MV RNA in mouse DC subsets. DC subsets have their own viral RNA sensors to induce type I IFN. MV specifically infects these DC subsets. The ways for

IFN induction in each DC subset are shown schematically. UV-MV; UV-irradiated MV

et al,, 2014). In early infection by lymphocytic choriomeningitis
virus (LCMV), type I IFN is produced via the TLR7/MyD88 path-
way in pDCs. MDA5/MAVS-mediated type I IFN induction in other
cells is required for sustained type [ IFN responses to acute and
chronic LCMV infection (Wang et a1, 2012). Thus, different sources
of type I IFN and signaling pathways affect immune responses to
viral infection. Besides IL-10, IL-12 and type I IFN, other cytokines
and signaling molecules affect MV-mediated immunomodulation.
Further analysis is needed to clarify the function of DCs that mod-
ulate MV-induced immunosuppression.
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Background: Host factors regulating hepatitis B
virus (HBV) entry receptors are not well defined.
Results: Chemical screening identified that retinoic
acid receptor (RAR) regulates sodium taurocholate
cotransporting polypeptide (NTCP) expression and
supports HBV infection.

Conclusion: RAR regulates NTCP expression, and
thereby supports HBV infection.

Significance: RAR regulation of NTCP can be a
target for preventing HBV infection.

Abstract

Sodium taurocholate cotransporting
polypeptide (NTCP) is an entry receptor for
hepatitis B virus (HBV) and is regarded as one of
the  determinants  that confer HBV
permissiveness to host cells. However, how host
factors regulate the ability of NTCP to support
HBYV infection is largely unknown. We aimed
to identify the host signaling that regulated
NTCP expression and, thereby, permissiveness
to HBV. Here, a cell-based chemical screening
method identified that Ro41-5253 decreased host
susceptibility to HBV infection. Pretreatment
with Ro41-5253 inhibited the viral entry process
without affecting HBV replication. Intriguingly,
Ro41-5253 reduced expression of both NTCP
mRNA and protein. We found that retinoic
acid receptor (RAR) regulated the promoter
activity of the human NTCP (hNTCP) gene, and
that Ro41-5253 repressed the hNTCP promoter
by antagonizing RAR. RAR recruited to the
hNTCP promoter region, and nt -112 to -96 of
the hNTCP was suggested to be critical for
RAR-mediated  transcriptional  activation.
HBV  susceptibility was  decreased in
pharmacologically =~ RAR-inactivated  cells.
CD2665 showed a stronger anti-HBV potential
and disrupted the spread of HBV infection that
was achieved by continuous reproduction of
whole HBV life cycle. In addition, this
mechanism was significant for drug development,
as antagonization of RAR blocked infection of
multiple HBV genotypes and also a clinically
relevant HBYV mutant which was resistant to
nucleoside analogs. Thus, RAR is crucial for
regulating NTCP expression which determines
permissiveness to HBV infection. This is the
first demonstration showing host regulation of

NTCP to support HBV infection.

Introduction

Hepatitis B virus (HBV) infection is a major
public health problem, as the virus chronically
infects approximately 240 million people worldwide
(1-3).  Chronic HBV infection elevates the risk for
developing liver cirrhosis and hepatocellular
carcinoma (4-6). Currently, two classes of antiviral
agents are available to combat chronic HBV
infection.  First, interferon (IFN)-based drugs
including IFNo and pegylated-IFNa modulate host
immune function and/or directly inhibit HBV
replication in hepatocytes (7,8). However, the
antiviral efficacy of [FN-based drugs is restricted to
less than 40% (9,10).  Second, nucleos(t)ide
analogues including lamivudine (LMV), adefovir,
entecavir (ETV), tenofovir and telbivudine suppress
HBV by inhibiting the viral reverse transcriptase
(11,12).  Although they can provide significant
clinical improvement, long-term therapy with
nucleos(t)ide analogues often results in the selection
of drug resistant mutations in the target gene, which
limits the treatment outcome. For example, in
patients treated with ETV, at least three mutations
can arise in the reverse transcriptase sequence at of
the polymerase L180M, M204V plus either one of
T184, S202 or M250 codon changes to acquire drug
resistance (13). Therefore, development of new
anti-HBV agents targeting other molecules requires
elucidation of the molecular mechanisms underlying
the HBV life cycle.

HBYV infection of hepatocytes involves multiple
steps. The initial viral attachment to the host cell
surface starts with a low affinity binding involving
heparan sulfate proteoglycans, and the following
viral entry is mediated by a specific interaction
between HBV and its host receptor(s) (14).
Recently, sodium taurocholate cotransporting
polypeptide (NTCP) was reported as a functional
receptor for HBV (15). NTCP interacts with HBV
large surface protein (HBs) to mediate viral
attachment and the subsequent entry step. NTCP,
also known as solute carrier protein 10Al
(SLC10A1), is physiologically a sodium-dependent
transporter for bile salts located on the basolateral
membrane of hepatocytes (16). In the liver,
hepatocytes take up bile salts from the portal blood
and secrete them into bile for enterohepatic



circulation, and NTCP-mediated uptake of bile salts
into  hepatocytes occurs largely in a
sodium-dependent manner. Although NTCP is
abundant in freshly isolated primary hepatocytes, it
is weakly or no longer expressed in most cell lines
such as HepG2 and Huh-7, and these cells rarely
support HBV infection (17,18). In contrast,
primary human hepatocytes, primary tupaia
hepatocyte and differentiated HepaRG cells, which
are susceptible to HBV infection, express significant
levels of NTCP (19). Thus, elucidation of the
regulatory mechanisms for NTCP gene expression
is important for understanding the HBV
susceptibility of host cells as well as for developing
a new anti-HBV strategy. HBV entry inhibitors
are expected to be useful for preventing de novo
infection  after liver transplantation, for
post-exposure prophylaxis, or vertical transmission
by short-term treatment (20,21).

In this study, we used a HepaRG-based HBV
infection system to screen for small molecules
capable of decreasing HBV infection. We found
that pretreatment of host cells with Ro41-5253
reduced HBV infection.  Ro41-5253 reduced
NTCP expression by repressing the promoter
activity of the human NTCP (hNTCP) gene.
Retinoic acid receptor (RAR) played a crucial role
in regulating the promoter activity of hNTCP, and
Ro41-5253 antagonized RAR to reduce NTCP
transcription and consequently HBV infection.
This and other RAR inhibitors showed anti-HBV
activity against different genotypes and an HBV
nucleoside analog-resistant mutant, and moreover
inhibited the spread of HBV. This study clarified
one of the mechanisms for gene regulation of NTCP
to support HBV permissiveness, and also suggests a
novel concept whereby manipulation of this
regulation machinery can be useful for preventing
HBYV infection.

Experimental Procedures

Regents
Heparin  was  obtained from  Mochida
Pharmaceutical. Lamivudine, cyclosporin A,

all-trans retinoic acid (ATRA), and TO901317 were
obtained from Sigma. Entecavir was obtained
from Santa Cruz Biotechnology. Ro41-5253 was
obtained from Enzo life sciences.
PreS1-lipopeptide and FITC-labeled preS1 were

synthesized by CS bio. IL-1b was purchased from
Peprotech. CD2665, BMS195614, BMS493, and
MM11253 were purchased from Tocris Bioscience.

Cell culture

HepaRG cells (BIOPREDIC) and primary human
hepatocytes (Phoenixbio) were cultured as described
previously (19). HepG2 and HepAD38 cells
(kindly provided by Dr. Christoph Seeger at Fox
Chase Cancer Center) (22), were cultured with
DMEM/F-12+GlutaMax (Invitrogen) supplemented
with 10 mM HEPES (Invitrogen), 200 units/ml
penicillin, 200 pg/ml streptomycin, 10% FBS, and 5
rg/ml insulin. HuS-E/2 cells (kindly provided by
Dr. Kunitada Shimotohno at National Center for
Global Health and Medicine) were cultured as
described previously (23).

Plasmid construction

phNTCP-Gluc, pTK-Rluc was purchased from
Genecopoeia  and  Promega,  respectively.
pRARE-Fluc was generated as described (25). For
constructing phNTCP-Gluc carrying a mutation in a
putative RARE (nt -491 to -479), the DNA
fragments were amplified by PCR using
phNTCP-Gluc as a template with primer sets F1;
5’-CAGATCTTGGAATTCCCAAAATC-3> and
5’-GAGGGGATGTGTCCATTGAAATGTTAAT
GGGAGCTGAGAGGATGCCAGTATCCTCCC
T-3°, and with primer sets
5’-CTCTCAGCTCCCATTAACATTTCAATGG
ACACATCCCCTCCTGGAGGCCAGTGACATT
-3 and Ré:
5’-CTCGGTACCAAGCTTTCCTTGTT-3’. The
resultant products were further amplified by PCR
with F1 and R6, and then inserted into the
EcoRI/HindIII sites of phNTCP-Gluc to generate
phNTCP Mut(-491~-479)-Gluc. Other promoter
mutants were prepared by the same method using
the primer sets, Fl1 and 5’-
GTGGGTTATCATTTGTTTCCCGAAAACATT
AGAGTGAAAGGAGCTGGGTGTTGCCTTTG
G-3’, 5°-
TCCTTTCACTCTAATGTTTTCGGGAAACAA
ATGATAACCCACTGGACATGGGGAGGGCA
C-3 and R6 for -368~-356; F1 and 5’-
AATCTAGGTCCAGCCTATTTAAGTCCCTAA
ATTTCCTTTTCCCAGCTCCGCTCTTGATTCC
TT-3°, 5’-
CTGGGAAAAGGAAATTTAGGGACTTAAAT



AGGCTGGACCTAGATTCAGGTGGGCCCTG
GGCAG-3* and R6 for -274 ~ -258; F1 and 5°-
TTCTGGGCTTATTTCTATATTTTGCAATCCA
CTGAGTGTGCCTCATGGGCATTCATTC-3’,
5o
CACACTCAGTGGATTGCAAAATATAGAAA
TAAGCCCAGAAGCAGCAAAGTGACAAGGG
-3 and R6 for -179 ~ -167, F1 and 5'-
AGCTCTCCCAAGCTCAAAGATAAATGCTA
GTTTCCTGGGTGCTACTTGTACTCCTCCCTT
GTC-3, 5-
GTAGCACCCAGGAAACTAGCATTTATCTTT
GAGCTTGGGAGAGCTAGGGCAGGCAGATA
AGGT-3” and R6 for -112 ~ -96, respectively. For
constructing hNTCP promoter carrying these five
mutations (5-Mut), five DNA segments were
amplified using the primers as follows: for segment
1, F1 and 5°- GAGGGGATGTGTCCATGACC-3’;
for segment 2, 5’-
AGCTCCTTTCACTCTCATGGGT-3> and 5’-
TCCTTTTCCCAGCTCCGC-3’; for segment 3,
5’-GAGCTGGGAAAAGGAGCTGC-3’ and 5’-
CCACTGAGTGTGCCTCATGG-3’; for segment
4, 5~ AGGCACACTCAGTGGAGGG-3’ and
5’-CTGGGTGCTACTTGTACTCCTCC-3’;  for
segment 5, 5-
CAAGTAGCACCCAGGAATCCA-3* and R®.
For producing a deletion construct for hNTCP
promoter, phNTCP (-53~+108)-Gluc, DNA
fragment was amplified using the primer sets 5°-
GGTGAATTCTGTTCCTCTTTGGGGCGACAG
C-3 and 5-GGTGGTAAGCTTTCCTTGTTC
TCCGGCTGACTCC-3’ and then inserted into the
EcoRI and HindIII sites of phNTCP-Gluc.

HBY preparation and infection

HBYV was prepared and infected as described (19).
HBV used in this study was mainly derived from
HepAD38 cells (22). For Fig. 6A-E, we used
concentrated (approximately 200-fold) media of
HepG2 cells transfected with an expression plasmid
for either HBV genotype A, B, C, D, or genotype C
carrying mutations at L180M, S202G, and M204V
[HBV/Aeus, HBV/B;j35s, HBV/C-AT,
HBV/D-IND60, or
HBV/C-AT(L180M/S202G/M204V)] (24), and
infected into the cells at 2000 GEqg/cell in the
presence of 4% PEGS8000 at 37 °C for 16 h as
previously described (19). HBV for Fig. 6F
(genotype C) was purchased from Phoenixbio.

Real time PCR and RT-PCR

Real time PCR for detecting HBV DNAs and
cccDNA  was performed as described (19).
RT-PCR detection of mRNAs for NTCP, ASBT,
SHP, and GAPDH was performed with one step
RNA PCR kit (TaKaRa) following the
manufacturer’s  protocol  with  primer  set
5’-AGGGAGGAGGTGGCAATCAAGAGTGG-3
’ and
5’-CCGGCTGAAGAACATTGAGGCACTGG-3’
for NTCP, 5’- GTTGGCCTTGGTGATGTTCT-3’
and 5’- CGACCCAATAGGCCAAGATA-3’ for
ASBT, 5- CAGCTATGTGCACCTCATCG-3’
and 5°- CCAGAAGGACTCCAGACAGC-3’ for
SHP, and 5° -CCATGGAGAAGGCTGGGG-3’
and 5-CAAAGTTGTCATGGATGACC-3* for
GAPDH, respectively.

Immunofluorescence analysis

Immunofluorescence was conducted essentially
as described (25) using an anti-HBc antibody
(DAKO, #B0586) at a dilution of 1:1,000.

Detection of HBs and HBe antigens

HBs and HBe antigens were detected by ELISA
and chemiluminescence immunoassay, respectively,
as described (19).

MTT assay
The MTT cell viability assay was performed as
described previously (19).

Southern blot analysis

Isolation of cellular DNA and southern blot
analysis to detect HBV DNAs were performed as
described previously (19).

Immunoblot Analysis

Immunoblot analysis was performed as described
previously (26,27). Anti-NTCP (Abcam) (1:2000
dilution), anti-RARo (Santa Cruz Biotechnology)
(1:6000 dilution), anti-RARB (sigma) (1:6000
dilution), anti-RARy (abcam) (1:2000 dilution),
anti-RXRa (Santa Cruz Biotechnology) (1:8000
dilution), and anti-actin (Sigma) (1:5000 dilution)
antibodies were used for primary antibodies.

Flow cytometry



1 x 10° primary human hepatocytes were
incubated for 30 min with a 1:50 dilution of
anti-NTCP Ab (Abcam), then washed and incubated
with a dye-labeled secondary Ab (Alexa Fluor 488,
Invitrogen) at 1:500 dilution in the dark. Staining
and washing were carried out at 4 °C in PBS
supplemented with 0.5% bovine serum albumin and
0.1% sodium azide. The signals were analyzed
with Cell Sorter SH8000 (SONY).

FITC-preS1 peptide-binding assay

Attachment of preS1 peptide with host cells was
examined by preS1-binding assay essentially as
described previously (28). HepaRG cells treated
with or without Ro41-5253 (28) for 24 h or
unlabeled preS1 peptide for 30 min were incubated
with 40 nM FITC-labeled preS1 peptide
(FITC-preS1) at 37°C for 30 min. After washing
the cells twice with culture medium and once with
phosphate-buffer saline (PBS), the cells were fixed
with 4% paraformaldehyde. Then, the cells were
treated with 4% Block Ace (DS Pharma
Biomedical) containing DAPI for 30 min.

Reporter assay

HuS-E22  cells were transfected  with
phNTCP-Gluc (GeneCopoeia), a reporter plasmid
carrying the NTCP promoter sequence upstream of
the Gaussia luciferase (Gluc) gene, and pSEAP
(GeneCopoeia), expressing the secreted alkaline
phosphatase (SEAP) gene, together with or without
expression plasmids for RARa, RARB, RARy with
RXRa. using lipofectamine 2000 (Invitrogen). At
24 h posttransfection, cells were stimulated with the
indicated compounds for further 24 h.  The
activities for Gluc as well as for SEAP were
measured using a Secrete-Pair Dual Luminescence
Assay Kit (GeneCopoeia) according to the
manufacturer’s  protocol, and Gluc values
normalized by SEAP are shown.

pRARE-Fluc, carrying three tandem repeats of
RAR binding elements upstream of Firefly
luciferase (Fluc) and pTK-Rluc (Promega), which
carries herpes simplex virus thymidine kinase
promoter expressing Renilla luciferase (Rluc) (25),
were used in dual luciferase assays for detecting
Fluc and Rluc.  Fluc and Rluc were measured with
Dual-Luciferase Reporter Assay System (Promega)
according to the manufacture’s protocol, and Fluc
activities normalized by Rluc are shown.

For evaluating HBV transcription in Fig. 2B, we
used a reporter construct carrying HBV enhancer I,
1I, and core promoter (nt 1039-1788) (“Enh I+I1),
that carrying enhancer II and core promoter (nt
1413-1788) (“Enh 1I”) that are derived from a
genotype D HBV in Hep(G2.2.15 cells, which was
inserted into pGL4.28 vector (Promega), and pGL3
promoter vector (Promega), which carries SV40
promoter (“SV40”) as a control.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using a Pierce
Agarose ChIP Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions.
Huh7-25 cells transfected with phNTCP-Gluc
together with or without expression plasmids for
FLAG-tagged RARo and for RXRa were treated
with 5 pg/ml actinomycin D for 2 h. The cells
were then washed and treated with or without 2 uM
ATRA for 60 min. Formaldehyde cross-linked
cells were lyzed, digested with micrococcal nuclease,
immunoprecipitated with anti-FLAG antibody
(Sigma) or normal IgG. Input samples were also
recovered without immunoprecipitation. DNA
recovered from the immunoprecipitated or the input
samples  was  amplified  with  primers
5’-CCCAGGGCCCACCTGAATCTA-3’ and
5*-TAGATTCAGGTGGGCCCTGGG-3’ for
detection of NTCP.

Results
Anti-HBYV activity of Ro41-5253

We searched for small molecules capable of
decreasing HBV infection in a cell-based chemical
screening method using HBV-susceptible HepaRG
cells (29). As a chemical library, we used a set of
compounds of which bioactivity is already
characterized (19). HepaRG cells were pretreated
with compounds and then further incubated with
HBYV inoculum in the presence of compounds for 16
h (Fig. 1A). After removing free HBV and
compounds by washing, the cells were cultured for
an additional 12 days without compounds. For
robust screening, HBV infection was monitored by
ELISA quantification of HBs antigen secreted from
the infected cells at 12 days postinfection. This
screening revealed that HBs was significantly
reduced by treatment with Ro41-5253 (Fig. 1B) as
well as heparin, a competitive viral attachment



