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Abstract

Fibroblast growth factor 11 (FGF11) is a member of the intracellular FGF family, which shows different signal transmission
compared with other FGF superfamily members. The molecular function of FGF11 is not clearly understood. In this study,
we identified the inhibitory effect of FGF11 on hepatitis B virus (HBV) gene expression through transcriptional suppres-
sion. FGF11 decreased the mRNA and protein expression of HBV genes in liver cells. While the nuclear receptor FXRa
increased HBV promoter transactivation, FGF11 decreased the FXRa-mediated gene induction of the HBV promoter by
the FXRa agonist. Reduced endogenous levels of FXRa by siRNA and the dominant negative mutant protein (aa 1-187
without ligand binding domain) of FXRa expression indicated that HBV gene suppression by FGF11 is dependent on FXRa
inhibition. In addition, FGF11 interacts with FXRa protein and reduces FXRa protein stability. These results indicate that
FGF11 inhibits HBV replicative expression through the liver cell-specific transcription factor, FXRa, and suppresses HBV
promoter activity. Our findings may contribute to the establishment of better regimens for the treatment of chronic HBV

infections by including FGF11 to alter the bile acid mediated FXR pathway.
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Introduction

Hepatitis B virus (HBV) infection is a serious public health
problem, affecting approximately 350 million people with
chronic HBV infection worldwide. HBV infection is associ-
ated with a high risk of developing serious liver diseases
including acute and chronic hepatitis, cirrhosis, and hepa-
tocellular carcinoma (Ganem & Varmus, 1987; Kao &
Chen, 2002; Su & Yee, 1992; Tiollais et al., 1985). HBV
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is a prototype of the Hepadnaviridae family and replicates
almost exclusively in the liver. HBV contains a 3.2 kb par-
tially double-stranded DNA virus with four major open
reading frames (ORFs) encoding surface antigens (preS1,
preS2, and S proteins), core antigens (preC and C proteins),
polymerase (P proteins), and X proteins. The HBV genome
contains important promoters and enhancers that regulate
viral replication. HBV gene expression is controlled by preS,
S, preC/C, and X promoters in the HBV genome, which are
regulated by enhancers I and II (Antonucci & Rutter, 1989;
Yu & Mertz, 2001; Yuh & Ting, 1990). These promoters
and enhancers are regulated by a variety of factors. In previ-
ous studies, a variety of host transcription factors, including
nuclear receptors (NRs), have been defined as regulators
of HBV gene expression (Ganem & Varmus, 1987; Hu &
Siddiqui, 1991; Zheng et al., 2004). The farnesoid X recep-
tor (FXR) is a nuclear receptor that is mainly expressed in
the kidney, small intestine, and liver (Fiorucci et al., 2007,
Kuipers et al., 2004; Quasdorff & Protzer, 2010; Ramiére
et al., 2008).

FXRa encodes four isoforms of transcripts (FXRal—4),
resulting from alternative splicing and the use of two distinct
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promoters that initiate transcription. Notably, the expres-
sion of four FXR isoforms shows a tissue-specific pattern
along the gut-liver axis, and FXR target gene expression is
isoform-dependent. The two FXR genes were designated
FXRa (NR1H4) and FXRp (NR1HS). FXRf is a pseudogene
in humans, but its physiological function remains unclear.
FXRa (also referred to as FXR) is highly expressed in the
enterohepatic system, functions as a bile acid sensor and
maintains cholesterol and bile acid homeostasis (Cariou &
Staels, 2007; Fiorucci et al., 2007; Lee et al., 2006; Ramos
Pittol et al., 2020). Several studies have demonstrated that
FXR increases HBV gene expression (Bar-Yishay et al.,
2011; Quasdorff & Protzer, 2010; Ramiére et al., 2008).

The family of fibroblast growth factors (FGFs) has 22
members and plays important biological roles in differentia-
tion, angiogenesis, cell growth, wound healing and repair,
embryonic development, and metabolic regulation. FGFs are
classified into canonical hormone-like FGFs (hFGFs) and
intracellular FGFs (iFGFs). FGF11 is an iFGFs that func-
tions intracellularly and is independent of the FGF receptor
(Itoh & Ornitz, 2011; Nam et al., 2017). In contrast to other
iFGFs, the function and molecular mechanisms of FGF11
activity have not been well studied. Recently, we reported
that FGF11 regulates the expression of PPARY by modifying
the expression of multiple PPARY regulators in adipogenesis
(Lee et al., 2019).

This is the first report of FGF11 as a novel inhibitory cel-
lular regulator of HBV gene expression. FGF11 decreases
HBV promoter transactivation and mRNA and protein
expression of HBV genes via FXRa inhibition. Impor-
tantly, these studies may contribute to the discovery of bet-
ter regimens for the treatment of chronic HBV infections
by including FGF11 to counter-act the bile acid-mediated
FXR pathway.

Materials and Methods
Cell Culture

HepG2, Hep3B, and Chang liver cell lines (all from the
American Type Culture Collection) were maintained in
Dulbecco’s modified Eagle’s (DMEM) with 10% heat-in-
activated fetal bovine serum (FBS) (GIBCO BRL) and 1%
(v/v) penicillin—streptomycin (PS) (GIBCO BRL) at 37 °C
in a humidified atmosphere containing 5% CO.,.

Plasmid Constructs and Reagents
Cp-luciferase HBV (1.3 X) was provided by Y. Shaul (Weiz-
mann Institute of Science). The 1.2 mer HBV (HBx+) rep-

licon and HBV 3 x flag (1.2 mer HBV constructs includ-
ing N-terminal 3 X flagged HBx) were provided by W. S.
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Ryu. pFlag-CMV2-human FGF11 (flag-h.FGF11) expres-
sion plasmid was provided by KIOST (Korea Institute of
Ocean Science and Technology). The transfection reagents,
jetPEI and jetOPTIMUS, were purchased from PolyPlus
Transfection.

Chemical Treatment

GW4064 was purchased from Sigma and prepared in dime-
thyl sulfoxide (DMSO) as a 10 mM stock solution. Z-gug-
gulsterone, an antagonist of FXR (a nuclear receptor of bile
acids), was purchased from Sigma and prepared in dimethyl
sulfoxide as a 10 mM stock solution. For protein stability
analysis, Hep3B cells were treated with the protein transla-
tion inhibitor cycloheximide (Sigma) or vehicle controls and
incubated for 1 and 2 h before harvest. The concentration of
cycloheximide used was 10 pg/ml. The control vehicle treat-
ment (DMSO) was equivalent to the dose-range experiments
for each of the tested chemicals. MG-132 (Calbiochem) was
dissolved in DMSO and incubated for 1 and 2 h before har-
vest. MG-132 was applied at a concentration of 25 pM.

Luciferase Assay

Cells were seeded in 24-well culture plates and transfected
with the reporter vector and expression plasmid using jetPEI
(PolyPlus). pFlag-CMV2 plasmid was added to achieve the
same total amount of plasmid DNA transfection. After trans-
fection, cells were rinsed with ice-cold PBS and lysed with
1 x cell culture lysis buffer (Promega). Luciferase activity
was determined using an analytical luminometer, according
to the manufacturer’s instructions. Luciferase activity was
normalized to the transfection efficiency using the corre-
sponding p-galactosidase activity. All assays were performed
at least in triplicates.

RNA Isolation, RT-PCR and Quantitative
Real-Time-PCR

Total RNA was isolated from the cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s recommenda-
tions. cDNA was synthesized from 0.5 pg of total RNA
using Moloney-murine-leukemia virus (M-MLV) reverse
transcriptase (Enzynomics) and random hexamer at 37 °C
for 1 h. A one-twentieth aliquot of cDNA was subjected to
PCR amplification using gene-specific primers. The cDNA
was amplified by PCR and the PCR products were exam-
ined by electrophoresis on a 1.5% agarose gel. RT-PCR
bands were quantified relative to the GAPDH control band.
qRT-PCR was performed using the TOPreal qPCR 2 X Pre-
MIX with SYBR Green (Enzynomics). The comparative Ct
method was used to calculate relative gene expression levels,
with GAPDH as an endogenous control gene.
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SDS-PAGE and Western Blotting

Cells were prepared by washing with cold PBS before
lysing with lysis buffer (150 mM NaCl, 1% Nonidet P-40
[NP-40], 1 mM EDTA, 50 mM Tris, pH 7.5, 10% glyc-
erol, 20 mM NaF and 5 mM Na;VO;) containing protease
inhibitor and 1 mM PMSF (Phenylmethylsulfonyl fluoride).
The protein concentration was determined using Brad-
ford reagent (Bio-Rad), and BSA was used as a standard.
Equal amounts of proteins were loaded and separated by
SDS-PAGE (10-15%), and the proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore). For
western blotting, the membranes were incubated with anti-
actin (A2066, Sigma), anti-FLAG (#2368s, Cell Signaling
Technology), anti-FXR (#72105s, Cell Signaling Technol-
ogy), anti-HA (1 867423, Roche) antibodies in TBST (Tris-
buffered saline containing 1% Tween 20) supplemented
with 3% non-fat dried skim milk overnight at 4 °C. After
washing three times with TBST, the blotted membranes were
incubated with a peroxidase-conjugated secondary antibody
(Enzo) for 40 min at room temperature. The proteins were
visualized using an enhanced chemiluminescence (ECL)
development reagent (Amersham Pharmacia Biotech).

RNA Interference and Transfection

For siRNA-mediated downregulation of FXR, gene-specific
siRNA and negative control siRNA were purchased from
Santa Cruz Biotechnology and Bioneer. Hep3B cells were
transfected with jetPRIME (Polyplus-Transfection SA)
according to the manufacturer’s instructions.

Co-immunoprecipitation

The cells were lysed in radioimmunoprecipitation assay
buffer. Cell lysates were mixed with an anti-HA antibody
(1 867423, Roche) or anti-FLAG antibody (#2368s, Cell
Signaling Technology) at 4 °C for 12 h with gentle agitation.
Immune complexes were collected on protein G-Sepharose
beads (Invitrogen) and incubated for 2 h in a cold room.
After washing three times with RIPA buffer, the precipitates
were boiled with an equal volume of 2 X Laemmli sample
buffer, separated by SDS-PAGE, and subjected to western
blot analysis.

Hydrodynamic Injection (HI) in Mice

Eight-week-old C57B1/6] mice were hydrodynamically
injected with 10 pg of plasmid DNA (1.2 mer HBV [HBx+]
replicon) and adenoviruses into the tail veins in a volume of
PBS equivalent to 10% of mouse body weight. Adenoviruses
encoding human FGF11 (Ad-FGF11) and control adenovi-
ruses (Ad-GFP) were provided by KIOST (Korea Institute of

Ocean Science and Technology). The liver tissue was taken
from the mice receiving HI at 7 days post injection, which
was then used for HBV DNA detection through quantitative
real-time PCR.

Statistical Analysis

The statistical software GraphPad Prism 5.03 (GraphPad
Software, Inc.) was used for the analysis. All experiments
are presented as mean + standard deviation (SD) and were
analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test. Statistical significance was
set at p <0.05.

Results
FGF11 Decreases HBV Gene Expression

In a previous report, FGF11 was associated with the regula-
tion of PPARy and C/EBPa, which are known transcrip-
tion factors that act on the HBV promoter. To investigate
whether FGF11 regulates HBV gene expression, we applied
transactivation assay using 1.3 X HBV-luc, which is a lucif-
erase reporter construct including HBV promoter and
enhancer, in the increasing expression of FGF11 in Hep3B
cells. As shown in Fig. 1A, FGF11 gradually decreased the
promoter transactivation of 1.3 X HBV-luc in an FGF11-
expression dependent manner. Furthermore, consistent
with the results shown in Fig. 1A, FGF11 also decreased
mRNA expression (Fig. 1B) as observed via RT-PCR, and
protein expression (Fig. 1C) observed using western blot
assay with HBx, which is one of the four HBV-encoding
proteins. These results indicated that FGF11 plays a critical
role in HBV gene suppression by inhibiting HBV promoter
transactivation.

FXRa1 is Responsible for FGF11-Mediated Inhibition
of HBV Gene Expression

We aimed to identify the mechanism by which FGF11 inhibits
HBYV promoter transactivation. FXRal is known to increase
HBYV gene expression by acting positively on the HBV pro-
moter. To analyze whether FXRal is associated with the inhi-
bition of HBV transactivation by FGF11, we co-transfected
the FXRal and FGF11 genes in combination with three dif-
ferent hepatocyte cell lines (Hep3B, HepG2, and Chang).
FXRal overexpression increased promoter transactivation of
1.3 x HBV-luc in all three cell types, with the highest activity
observed in Chang cells (Fig. 2A). Ectopic FGF11 expression
largely decreased the FXRa1-mediated transactivation of the
HBYV promoter (Fig. 2A). We confirmed the FGF11 effect on
FXRa-mediated HBV transactivation on HBV mRNA and
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Fig.1 FGF11 inhibits HBV promoter activity and gene expression
of HBx. A Hep3B cells were co-transfected with the 1.3 x HBV-luc
construct and the FGF11 expression plasmids in a dose-dependent
manner. After 24 h of transfection, cell lysates were obtained, and
luciferase activity was measured. Data shown are means+SD of
three independent experiments performed in duplicate. **p<0.01,
*#%p <(0.001 compared with control. B Hep3B cells were transfected
with the 1.2 mer HBV, pFlag-CMV2-FGF11 of human. At 24 h post-
transfection, the total cellular RNA was extracted from the cells, and

protein expression. As shown in Fig. 2B, FGF11 decreased
HBx mRNA expression induced by FXRal. Consistent with
this, HBx protein induction by FXRal also decreased in the
presence of FGF11 overexpression (Fig. 2C). These results
suggest that FGF11 inhibits HBV gene expression at the tran-
scriptional level by suppressing the FXRa1-mediated transac-
tivation of the HBV promoter.

FXRa1 Ligand and FGF11 Show Counterbalance
Function for HBV Gene Expression

FXRal plays a critical role in gene promoter transactiva-
tion as a transcription factor after binding specific ligand(s)
to the ligand-binding domain (LBD) of FXRal. We exam-
ined the effect of agonistic ligands on the FGF11-mediated
transactivation inhibition of the HBV promoter. GW4064
is a synthetic agonist ligand that binds to the FXRal LBD.
GW4064 treatment largely increased the FXRal-derived
transactivation of 1.3 X HBV-luc cells in all three hepatic
cell lines (Fig. 3A).

To further confirm the FGF11 inhibitory effect on
GW4064 agonist-derived HBV gene expression, we ana-
lyzed HBx protein expression in both FXRal expression
and GW4064 treatment in combination with FGF11 expres-
sion. As shown in Fig. 3B, FGF11 overexpression decreased
GW4064- and FXRal-dependent HBx protein expression.
In addition, we used the natural ligand CDCA for FXRal
in the FGF11-mediated transcriptional inhibition of HBV.
Consistent with the results shown in Fig. 3B, FGF11 clearly
decreased HBx protein expression in CDCA-mediated HBx
induction. These results indicate that FGF11 inhibits the
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the levels of HBx and GAPDH were analyzed by real-time PCR. Data
shown are means+SD of three independent experiments performed
in duplicate. **p <0.01 compared with control. C Hep3B cells were
transfected with 1 pg each of 1.2 mer 3 X flag HBV, pFlag-CMV2-
FGF11 with the indicated combination. Whole cell lysates were ana-
lyzed for the expression of the indicated proteins by western blot with
anti-flag antibody. Right panels indicate a relative fold of western blot
results. ***p <0.001 compared with control

agonist dependent FXRal transactivation of HBV gene
expression.

In contrast to FXRal agonists, we examined the antago-
nist effect on FGF11-mediated transcriptional inhibition
of HBV. For this purpose, Z-guggulsterone was used as an
antagonist of FXRal. While Z-guggulsterone treatment
largely decreased FXRal-mediated transactivation of the
HBYV promoter, FGF11 expression inhibited HBV promoter
transactivation more dramatically (Fig. 3D). This transacti-
vation inhibition effect was confirmed in protein expression
experiments with western blot assay, which showed that both
FGF11 expression and Z-guggulsterone treatment synergis-
tically repressed HBx protein expression (Fig. 3E). These
results indicate that FGF11 inhibits HBV gene expression by
suppressing ligand-activated FXRal transactivation.

Suppression of FXRa1 Expression and Its
Transcriptional Function Inhibits FGF11 Effect
on HBV Gene Expression

To further confirm whether FXRa1 mediates FGF11-derived
inhibition of HBV gene expression, we used siFXRal RNA.
In the 1.2mer HBV replicon, siFXRal decreased HBx RNA
expression by more than half (Fig. 4A). When the effect of
FGF11 on HBx RNA expression was compared in the pres-
ence or absence of siFXRal expression, both FGF11 and
siFXRal expression did not significantly change HBx RNA
expression (Fig. 4A) With the confirmation of the decrease
in levels of FXRal by siFXRal, HBx protein expression
was also found to have largely decreased by siFXRal. In
the presence of siFXRal, FGF11 did not significantly affect
HBx expression (Fig. 4B). This result indicates that the
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Fig.2 FGF11 suppresses FXRa-mediated gene activation of HBV
promoter and HBx expression. A FXRa increases HBV promoter
activation and FGF11 decreases HBV activation by FXRa. Hep3B,
HepG2 and Chang cells were co-transfected with the 1.3x HBV-
luc construct, along with FXR and FGF11 expression plasmid as
indicated combination. After 24 h of transfection, cell lysates were
obtained, and luciferase activity was measured. Data shown are
means =+ SD of three independent experiments performed in duplicate.
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FXRal group. B HepG2 cells were co-transfected with the 1.2 mer
HBYV, pCMV-EFXR, pFlag-CMV2-FGF11 with the indicated combina-
tion. At 24 h post-transfection, the total cellular RNA was extracted

inhibitory effect of FGF11 on HBx expression was depend-
ent on FXRal.

The DNA-binding domain (DBD) alone of nuclear recep-
tors acts as a dominant negative mutant protein. As shown
in Fig. 4C, we prepared the N-terminal (aa 1-187) domain,
including DBD, an expression construct (FXRal[LBD-]),
and applied it to transient transfection in Hep3B cells in the
presence or absence of FGF11 expression. FXRal(LBD-)
decreased FXRal-mediated HBx protein induction, and
FGF11 expression suppressed HBx regulation more than
FXRal(LBD-) alone (Fig. 4C). FXRa1(LBD-) binds to the
FXR-responsive element of HBV and inhibits full-length
FXRal from binding to the DNA element. Since not all
endogenous FXRal proteins were affected by ectopic
expression of the FXRal(LBD-) protein as a dominant
negative mutant, FGF11 inhibited the transactivation of the
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from the cells, and the levels of HBx, FXRa, FGF11 and GAPDH
were analyzed by real-time PCR. Data shown are means+SD of
three independent experiments performed in duplicate. *p<0.05
compared with control. #p <0.05 compared with FXRal group. C
The HepG2 cells were co-transfected with the 1.2 mer 3 X flag HBV,
pCMV-FXR, pFlag-CMV2-FGF11 of human with the indicated com-
bination. Western blotting was performed on the cell extracts using
anti-flag and anti-FXR serum. The equivalence of protein loading in
the lanes was verified using anti-actin serum. Right panels indicate a
relative fold of western blot results. *p <0.05 compared with control.
#p <0.05 compared with FXRal group

remaining FXRal. These results indicate that FXRal is
required for FGF11-mediated HBV gene expression.

FGF11 Decreases Protein Stability of FXRa1

We examined the protein levels of full-length FXRal in the
presence or absence of FGF11 protein expression. FGF11
expression in Hep3B cells significantly decreased the
FXRal protein levels (Fig. 5SA). Cycloheximide (CHX), an
inhibitor of de novo protein synthesis, showed that protein
degradation of FXRal was facilitated by FGF11 expression
in a time-dependent manner (Fig. 5B). In addition, we used
the proteasome inhibitor MG-132 for both FXRal trans-
fection and CHX treatment in the presence or absence of
FGF11 expression.
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Fig.3 Agonists of FXRa largely increase HBV gene expression,
but FGF11 inhibits FXRa agonist-derived HBV gene induction.
A Hep3B, HepG2, and Chang cells were co-transfected with the
1.3x HBV-luc construct, the FXR and FGF11 expression plasmid,
and then maintained either under control conditions or in the pres-
ence GW4064 (10 pM) for 24 h. Data shown are means+SD of
three independent experiments performed in duplicate. **p<0.01,
##%p <0.001 compared with control. *#p<0.001 compared with
GW4064 group. ¥p<0.05 compared FXR versus FXR + GW4064.
B, C The Hep3B cells were co-transfected with the 1.2 mer 3 X
flag HBV construct and the FGF11 expression plasmid and main-
tained either under control conditions or in the presence of GW4064
10 pM (B) or CDCA 100 pM (C) for 24 h. Western blotting was
performed on the cell extracts using anti-flag and anti-FXR serum.
The equivalence of protein loading in the lanes was verified using
anti-actin serum. Right panels indicate a relative fold of western
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blot results. #p<0.05, #p<0.01 compared with GW4064 group.
D Hep3B, HepG2, and Chang cells were co-transfected with the
1.3x HBV-luc construct, the FXR and FGF11 expression plas-
mid, and then maintained either under control conditions or in
the presence of z-guggulsterone (10 pM) for 24 h. Data shown are
means + SD of three independent experiments performed in duplicate.
#p <0.01, *¥p<0.001 compared with control. ##»<0.001 com-
pared with z-guggulsterone group. **p <0.05 compared FXR versus
FXR +z-guggulsterone. E The Hep3B cells were co-transfected with
the 1.2 mer 3x flag HBV construct and the FGF11 expression plas-
mid and maintained either under control conditions or in the presence
of z-guggulsterone (10 pM) for 24 h. Western blotting was performed
on the cell extracts using anti-flag and anti-FXR serum. The equiva-
lence of protein loading in the lanes was verified using anti-actin
serum. Right panels indicate a relative fold of western blot results
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sion decreases de novo protein
synthesis of FXRal. Hep3B
cells expressing FXRa and flag-
FGF11 were treated with 10 pg/
ml CHX or 25 pM MG-132 for
the indicated period. Whole
cell lysates were analyzed for
the expression of the FGF11
proteins by western blot

FXRal + +

flag-h.FGF11 - +

anti-FXR "

anti-f-actin - s w—

FGF11 Protein Interacts with FXRa1 Protein

The results of the transient transfection assay suggested
that FGF11 represses transcription by directly binding to
FXRal. To determine whether FGF11 inhibition of FXRal
is mediated by protein—protein interactions, we performed
co-immunoprecipitation assays. Hep3B cells were trans-
fected with FGF11 and/or FXRal expression vectors. Whole
cell extracts were prepared and immunoprecipitated using
either anti-FLAG or anti-HA antibodies. Immunoprecipi-
tates were separated by SDS-PAGE and immunoblotted with
anti-HA or anti-FLAG antibody. After co-immunoprecipi-
tation with anti-FLAG to detect FGF11 and its associated

anti-flag/h.FGF11 —

Hep3B

anti-f-actin - - - -

Hep3B

group. B FXRa siRNA decreases HBx expression. Hep3B cells were
transfected with pFlag-CMV2-FGF11 expression plasmids. Western
blotting was performed on the cell extracts using anti-flag serum. The
equivalence of protein loading in the lanes was verified using anti-
actin serum. C Dominant negative mutant (LBD deletion) expression
of FXRa strengthens FGF11-mediated HBx reduction. Hep3B cells
were transfected with pFlag-CMV2-FGF11 and HA-FXRal(LBD-)
expression plasmids. Western blotting was performed on the cell
extracts using anti-flag and HA antibodies

B

FXRal + + + + + +

flag-h.FGF11 - - - + + +

anti-FXR

anti-flag/h.FGF11

anti-f-actin  ———EE - —
CHX, 10 pg/ml (h) 0 1 2 0 1 2

anti-FXR
anti-flag/h.FGF11

anti-p-actin

MG-132, 25 pM (h) 0 1 2 0 1 2

proteins, a western blot assay was performed with anti-HA
to detect FXRal as an associated protein with FGF11. As
shown in Fig. 6A, the FXRal protein was detected among
FGF11-interacted proteins. As shown in Fig. 4C, we used
FXRal(LBD-) as a dominant-negative mutant of endoge-
nous FXRal. In the co-immunoprecipitation assay, FGF11
interacted with both full-length FXRal and truncated
FXRal(LBD-) (Fig. 6B). We further confirmed that co-
immunoprecipitation with FGF11 (using anti-FLAG anti-
body) contained the FXRal(LBD-) protein as an FGF11-
interacting protein (Fig. 6C). These results indicate that
protein—protein interactions between FGF11 and FXRal
lead to protein destabilization of FXRal.
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Fig.6 FGF11 interacts with FXRa through the N-terminal domain of
FXRa. A FGF11 interacts with intact FXRa protein in the co-immu-
noprecipitation. B, C The N-terminal domain of FXRa is required for
protein—protein interaction with FGF11. At 24 h post-transfection,
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Fig. 7 Inhibitory effect of FGF11 on HBV replication in in vivo
mouse model. 10 pg of 1.2 mer HBV replicon and 1x10'" pfu of
adenoviruses were injected into the tail veins of C57Bl/6] mice.
Quantitative real-time PCR detection of HBV DNA in liver tissue at
day 7 after HI. Data shown are means+SD of independent experi-
ments performed in duplicate. **p <0.01 compared with control

In order to further confirm whether FGF11 inhibits HBV
expression in vivo, we applied to HBV producing mouse by
inserting 1.2mer HBV replicon in the presence or absence
of adenovirus-FGF11 hydrodynamic injection (HI). After
seven days HI of adenovirus-GFP (as a control) and adeno-
virus-FGF11, the liver tissues from both mouse were applied
to quantitative real-time PCR detection of HBV DNA. As
shown in Fig. 7, exogenous FGF11 expression from adeno-
virus-FGF11 dramatically inhibited both HBV core and HBx
expression in the mouse livers. This result indicates that
FGF11 decrease HBV gene expression in vitro and in vivo.

@ Springer

cell lysates were collected for co-immunoprecipitation with beads
conjugated with HA antibody (B) and flag antibody (C). The bound
proteins were detected by western blot with flag antibody (B) and HA
antibody (C)

Discussion

In this study, we investigated the antiviral effects of FGF11
on HBV expression. FGFs are required for organ develop-
ment and regeneration but are also involved in metabolism.
However, little is known about their role during viral infec-
tion. Recently study reported that FGF16 was identified as
the most prominent novel inhibitor of vesicular stomatitis
virus (VSV) and therefore of viral replication (van Asten
et al., 2018). In addition, other members of the FGF family
also inhibited viral replication. This previously unappreci-
ated role of the FGF family may have implications for the
development of new antivirals. Importantly, these stud-
ies may contribute to the discovery of better regimens for
the treatment of chronic HBV infections by FGF11, which
alters the host factor-mediated HBV replication pathway.

Substantial progress has been made in the treatment of
chronic hepatitis B (CHB) over the last two decades. Cur-
rently, there are a number of approved drugs for the treat-
ment of CHB, including two formulations of interferon
(IFN)—conventional and pegylated IFN (PegIFN)—and six
NAs: lamivudine, telbivudine, adefovir, entecavir, tenofovir
disoproxil fumarate (TDF), and tenofovir alafenamide fuma-
rate (TAF) (Eun et al., 2010; Lai & Yuen, 2013; Suk-Fong
Lok, 2019; Yang et al., 2009). Several drugs that directly tar-
get the HBV replication cycle or enhance the human immune
response are currently under development. A majority of
individuals suffering with CHB will probably not benefit
from current antiviral therapy. The quasispecies nature of
populations of HBV in vivo implies that minor populations
of drug resistant mutants are present even in treatment-
naive patients, so institution of therapy is bound to force
their selection and amplification. New drugs against HBV
include agents that directly target the viral life cycle or indi-
rectly modulate host factors for HBV replication/transcrip-
tion (Morikawa et al., 2016; Suk-Fong Lok, 2019).
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FGF11 is induced in endothelial cells by HIF-1a and
stimulates capillary-like endothelial tube formation, which
is associated with angiogenesis (Lee et al., 2017; Yang
et al., 2015). Hypoxia is commonly observed in solid can-
cers and is particularly frequent in hepatocellular carcino-
mas because of its rapid growth. Compared with HIF-2a,
the induction of HIF-1a expression was greater under low
oxygen concentration, CoCl,, or DMOG treatments, indi-
cating less involvement of HIF-2a (Befani et al., 2013;
Keith et al., 2011; Nath & Szabo, 2012). It can be inferred
that HIF-1a translocates into the nucleus and binds to
hypoxic response elements in FGF11 induction, leading to
a decreased HBV load and probably facilitating adaptation
to HBV infection. The expression and activation of HIF-1a
and FGF11 inevitably needs to be considered for evaluat-
ing prognosis and therapeutic options for HBV-derived
hepatocellular carcinoma.

Bile acid CDCA and an artificial agonist GW4064 for
FXRa increased HBV protein expression and promoter acti-
vation in HBV replicon-harboring cells (Fig. 3). Activation
of FXRa by bile acids induces the expression of various
proteins, including SHP, which represses the expression of
cholesterol 7-hydroxylase, the rate-limiting enzyme in bile
acid synthesis. The FXR/SHP pathway is well developed
in hepatic, intestinal, and renal cells and participates in the
regulation of fatty acid (including cholesterol) metabolism
and glucose homeostasis (Calkin & Tontonoz, 2012; Konig
et al., 2017; Reese et al., 2012). We tested whether this bile
acid-mediated FXR pathway is important in bile acid-medi-
ated HBV replication using z-guggulsterone, an antagonist
of FXR. In the presence of z-guggulsterone, the bile acid-
mediated increase in HBV promoter activation had reduced
up to 50% of that observed with bile acids alone (Fig. 3).
This finding suggests that the FXR pathway is important for
bile acid-mediated HBV replication and FGF11-mediated
inhibition of FXR activation suppresses HBV gene expres-
sion for viral replication.

Stability of FXRa protein is critical for their biologi-
cal function and efficacy. Predicting the energetic effects
of protein mutations can improve our fundamental under-
standing of structural biology, the molecular basis of
diseases, and possible routes to address these diseases
using biological drugs (Magliery, 2015; Steinbrecher
et al., 2017). These effects of FGF11 on FXRa indicate a
meaningful approach for anti-HBV drugs. FGF11 induc-
tion leads to FXRa protein instability by protein—protein
interaction of FGF11 and FXRa, resulting in suppression
of FXRa-mediated HBV pregenomic RNA transcription
for viral multiplication. This study provides a more com-
prehensive description of the mechanism by which FGF11
inhibits HBV transcription and suggests that FGF11 is a
promising treatment option for HBV.

Acknowledgements This work was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea
government(MSIT) (2020R1F1A1049731) and the National Insti-
tute of Fisheries Science, Ministry of Oceans and Fisheries, Korea
(R2023024).

Data availability The datasets generated and analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Declarations
Conflict of interest The authors declare no conflicts of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Antonucci, T. K., & Rutter, W. J. (1989). Hepatitis B virus (HBV)
promoters are regulated by the HBV enhancer in a tissue-spe-
cific manner. Journal of Virology, 63, 579-583.

Bar-Yishay, 1., Shaul, Y., & Shlomai, A. (2011). Hepatocyte meta-
bolic signalling pathways and regulation of hepatitis B virus
expression. Liver International, 31, 282-290.

Befani, C., Mylonis, I., Gkotinakou, I. M., Georgoulias, P., Hu, C.
J., Simos, G., & Liakos, P. (2013). Cobalt stimulates HIF-1-de-
pendent but inhibits HIF-2-dependent gene expression in liver
cancer cell. The International Journal of Biochemistry and Cell
Biology, 45, 2359-2368.

Calkin, A. C., & Tontonoz, P. (2012). Transcriptional integration of
metabolism by the nuclear sterol-activated receptors LXR and
FXR. Nature Reviews Molecular Cell Biology, 13, 213-224.

Cariou, B., & Staels, B. (2007). FXR: A promising target for the
metabolic syndrome? Trends in Pharmacological Sciences, 28,
236-243.

Eun, J. R., Lee, H.J., Kim, T. N., & Lee, K. S. (2010). Risk assess-
ment for the development of hepatocellular carcinoma: Accord-
ing to on-treatment viral response during long-term lamivudine
therapy in hepatitis B virus-related liver disease. Journal of
Hepatology, 53, 118—125.

Fiorucci, S., Rizzo, G., Donini, A., Distrutti, E., & Santucci, L.
(2007). Targeting farnesoid X receptor for liver and metabolic
disorders. Trends in Molecular Medicine, 13, 298-309.

Ganem, D., & Varmus, H. E. (1987). The molecular biology of
the hepatitis B viruses. Annual Review of Biochemistry, 56,
651-693.

Hu, K. Q., & Siddiqui, A. (1991). Regulation of the hepatitis B
virus gene expression by the enhancer element 1. Virology, 181,
721-726.

Itoh, N., & Ornitz, D. M. (2011). Fibroblast growth factors: From
molecular evolution to roles in development, metabolism and
disease. The Journal of Biochemistry, 149, 121-130.

@ Springer


http://creativecommons.org/licenses/by/4.0/

702

Journal of Microbiology (2023) 61:693-702

Kao, J. H., & Chen, D. S. (2002). Global control of hepatitis B virus
infection. The Lancet Infectious Diseases, 2, 395-403.

Keith, B., Johnson, R. S., & Simon, M. C. (2011). HIF1a and HIF2a:
Sibling rivalry in hypoxic tumour growth and progression.
Nature Reviews Cancer, 12, 9-22.

Konig, A., Doring, B., Mohr, C., Geipel, A., Geyer, J., & Glebe,
D. (2017). Kinetics of the bile acid transporter and hepatitis
B virus receptor Na‘t/taurocholate cotransporting polypeptide
(NTCP) in hepatocytes. Journal of Hepatology, 61, 867-875.

Kuipers, F., Claudel, T., Sturm, E., & Staels, B. (2004). The
farnesoid X receptor (FXR) as modulator of bile acid metab-
olism. Reviews in Endocrine and Metabolic Disorders, 5,
319-326.

Lai, C. L., & Yuen, M. F. (2013). Prevention of hepatitis B virus-
related hepatocellular carcinoma with antiviral therapy. Hepa-
tology, 57, 399-408.

Lee, F. Y., Lee, H., Hubbert, M. L., Edwards, P. A., & Zhang, Y.
(2006). FXR, a multipurpose nuclear receptor. Trends in Bio-
chemical Science, 31, 572-580.

Lee, K. W., Jeong, J. Y., An, Y. J., Lee, J. H., & Yim, H. S. (2019).
FGF11 influences 3T3-L1 preadipocyte differentiation by modu-
lating the expression of PPARY regulators. FEBS Open Bio, 9,
769-780.

Lee, K. W,, Yim, H. S, Shin, J., Lee, C., Lee, J. H., & Jeong, J. Y.
(2017). FGF11 induced by hypoxia interacts with HIF1la and
enhances its stability. FEBS Letters, 591, 348-357.

Magliery, T. J. (2015). Protein stability: Computation, sequence
statistics, and new experimental methods. Current Opinion in
Structural Biology, 33, 161-168.

Morikawa, K., Suda, G., & Sakamoto, N. (2016). Viral life cycle of
hepatitis B virus: Host factors and druggable targets. Hepatology
Research, 46, 871-877.

Nam, K., Lee, K. W., Chung, O., Yim, H. S., Cha, S. S., Lee, S. W.,
Jun, J., Cho, Y. S., Bhak, J., & Magalhaes, J. P. (2017). Analysis
of the FGF gene family provides insights into aquatic adaptation
in cetaceans. Scientific Reports, 7, 40233.

Nath, B., & Szabo, G. (2012). Hypoxia and hypoxia inducible factors:
Diverse roles in liver diseases. Hepatology, 55, 622—633.

Quasdorft, M., & Protzer, U. (2010). Control of hepatitis B virus at the
level of transcription. Journal of Viral Hepatitis, 17, 527-536.

Ramiére, C., Scholtes, C., Diaz, O., Icard, V., Perrin-Cocon, L., Tra-
baud, M. A, Lotteau, V., & André, P. (2008). Transactivation of
the hepatitis B virus core promoter by the nuclear receptor FXRa.
Journal of Virology, 82, 10832—-10840.

@ Springer

Ramos Pittol, J. M., Milona, A., Morris, I., Willemsen, E. C. L., van der
Veen, S. W., Kalkhoven, E., & van Mil, S. W. C. (2020). FXR iso-
forms control different metabolic functions in liver cells via bind-
ing to specific DNA motifs. Gastroenterology, 159, 1853—1865.

Reese, V. C., Moore, D. D., & McLachlan, A. (2012). Limited effects
of bile acids and small heterodimer partner on hepatitis B virus
biosynthesis in vivo. Journal of Virology, 86, 2760-2768.

Steinbrecher, T., Zhu, C., Wang, L., Abel, R., Negron, C., Pearlman, D.,
Feyfant, E., Duan, J., & Sherman, W. (2017). Predicting the effect
of amino acid single-point mutations on protein stability-large-
scale validation of MD-based relative free energy calculations.
Journal of Molecular Biology, 429, 948-963.

Su, H., & Yee, J. K. (1992). Regulation of hepatitis B virus gene
expression by its two enhancers. Proceedings of the National
Academy of Sciences, 89, 2708-2712.

Suk-Fong Lok, A. (2019). Hepatitis B treatment: What we know now
and what remains to be researched. Hepatology Communications,
3, 8-19.

Tiollais, P., Pourcel, C., & Dejean, A. (1985). The hepatitis B virus.
Nature, 317,489-495.

van Asten, S. D., Raaben, M., Nota, B., & Spaapen, R. M. (2018).
Secretome screening reveals fibroblast growth factors as novel
inhibitors of viral replication. Journal of Virology, 92, €00260-18.

Yang, J., Kim, W. J., Jun, H. O, Lee, E. J., Lee, K. W, Jeong, J. Y.,
& Lee, S. W. (2015). Hypoxia-induced fibroblast growth factor
11 stimulates capillary-like endothelial tube formation. Oncology
Reports, 34,2745-2751.

Yang, Y. F., Zhao, W., Zhong, Y. D., Xia, H. M., Shen, L., & Zhang, N.
(2009). Interferon therapy in chronic hepatitis B reduces progres-
sion to cirrhosis and hepatocellular carcinoma: A meta-analysis.
Journal of Viral Hepatitis, 16, 265-271.

Yu, X., & Mertz, J. E. (2001). Critical roles of nuclear receptor
response elements in replication of hepatitis B virus. Journal of
Virology, 75, 11354-11364.

Yuh, C. H., & Ting, L. P. (1990). The genome of hepatitis B virus
contains a second enhancer: Cooperation of two elements within
this enhancer is required for its function. Journal of Virology, 64,
4281-4287.

Zheng, Y., Li, J., & Ou, J. H. (2004). Regulation of hepatitis B virus
core promoter by transcription factors HNF1 and HNF4 and the
viral X protein. Journal of Virology, 78, 6908-6914.



	Fibroblast Growth Factor 11 Inhibits Hepatitis B Virus Gene Expression Through FXRα Suppression
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Plasmid Constructs and Reagents
	Chemical Treatment
	Luciferase Assay
	RNA Isolation, RT-PCR and Quantitative Real-Time-PCR
	SDS-PAGE and Western Blotting
	RNA Interference and Transfection
	Co-immunoprecipitation
	Hydrodynamic Injection (HI) in Mice
	Statistical Analysis

	Results
	FGF11 Decreases HBV Gene Expression
	FXRα1 is Responsible for FGF11-Mediated Inhibition of HBV Gene Expression
	FXRα1 Ligand and FGF11 Show Counterbalance Function for HBV Gene Expression
	Suppression of FXRα1 Expression and Its Transcriptional Function Inhibits FGF11 Effect on HBV Gene Expression
	FGF11 Decreases Protein Stability of FXRα1
	FGF11 Protein Interacts with FXRα1 Protein

	Discussion
	Acknowledgements 
	References




