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transmembrane domains and that the C-terminus of NTCP 
is located in the cytoplasm [33, 34]. We found that our 
9A8 mAb recognizes amino acids 317–326 of NTCP on 
intact cells without membrane permeabilization, implying 
that this epitope is possibly exposed to the extracellular 
space. More precise structural biological studies should be 
carried out to elucidate the topology of the NTCP protein.

Immunofluorescence microscopy experiments 
using our 9A8 antibody revealed that NTCP localized 
on the plasma membrane, frequently at cell-cell contact 
sites. This localization was more obvious in a hepatocyte 
organoid culture system, suggesting that the localization 
of NTCP may depend on cell polarity. Because the three-
dimensional culture system recapitulates cell polarity, 
it is useful for analyzing the function of NTCP in 
sodium taurocholate transport as well as HBV infection. 
Recent studies demonstrated that the three-dimensional 

culture system is suitable for analyzing polarized HBV 
transmission [35, 36]. It is not well established whether 
NTCP plays a role in viral transmission in polarized cells, 
and our newly developed 9A8 mAb may be useful for 
pursuing this intriguing question. 

Several compounds have been shown to target 
NTCP. Recent studies demonstrated that antagonists of 
retinoic acid receptor Ro41-5253 [37] or the cytokine 
interleukin-6 [38] could reduce NTCP expression. A 
previous report also indicated that the green tea extract 
epigallocatechin-3-gallate (EGCG) also inhibited HBV 
entry into primary human hepatocytes [39]. Interestingly, 
EGCG induced endocytosis of NTCP from the plasma 
membrane followed by protein degradation. In the current 
study, we found that glabridin, a compound from licorice 
extract, also causes NTCP receptor downregulation. 
Although the precise mechanisms are unclear, our findings 

Figure 6: Glabridin suppresses bile acid uptake by depleting cell-surface NTCP. (A) Glabridin inhibits taurocholate uptake.
iNTCP cells were treated with glabridin (10, 25, and 50 µM) for three or 20 hours. After incubation with [3H]-taurocholate (TCA) for 15 
minutes, cells were washed and intracellular radioactivity was quantified. Cyclosporin A (CsA, 10 µM) was used as a positive control in this 
assay. *P < 0.05, **P < 0.01, two-tailed unpaired t-test. (B) Glabridin counteracts bile acids to promote innate immune signaling. Primary 
human hepatocytes were sequentially treated with IFN-β (100 U/ml), TCA, and glabridin (50 µM), as shown in left panel. The expression 
of representative ISGs, including Mx1 and BST2, was quantified using qPCR. ns, not significant; **P < 0.01, two-tailed unpaired t-test.
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suggest that glabridin directly binds NTCP and causes its 
internalization by caveolar endocytosis. By estimating 
protein turnover using a cycloheximide chase assay, we 
were able to infer that glabridin promotes the intracellular 
degradation of NTCP. Interestingly, glabridin is orally 
bioavailable and is known to rapidly accumulate in the 
liver [40–42]. Since IC50 value of glabridin for inhibiting 
of HBV entry is relatively high (~40 µM), this compound 
might have little translational benefit in HBV research. 
However, the data obtained from our study demonstrates 
the potential scope of our current methodology in drug 
discovery for HBV therapeutics.

It is possible that the internalization of NTCP could 
inhibit its transporting activity thereby causing unfavorable 
effects on hepatocytes. However, people with I223T 
or S267F mutations in the NTCP gene show decreased 
surface expression and transporting activity of NTCP, but 
there have been no reports of serious diseases resulting 
from these mutations to date [43, 44]. The frequent 
occurrence of physiological downregulation of NTCP is 
also notable. This downregulation is typically controlled 
by transcription factors, such as HNF4α, under cholestasis 
conditions [45]. Furthermore, recent papers have shown 
that NTCP is the main transporter for conjugated bile 
acids into the liver, but other auxiliary transporters, such 
as OATP, may compensate when NTCP is absent [46, 47]. 
Although these reports hint that transient downregulation 
of NTCP might not induce immediate adverse effects 
on the liver, the effect should be further investigated in 
in vivo models to determine whether NTCP inhibition is a 
reasonable anti-HBV drug target. 

In conclusion, we identified as glabridin as a 
natural compound capable of inhibiting HBV infection 
by impairing viral entry into host cells, with an additional 
effect of enhancing the antiviral immune response. 
Furthermore, our data demonstrate that our newly 
developed cell line and antibody will serve as powerful 
tools for drug discovery targeting HBV entry and for 
exploring molecular mechanisms underlying HBV spread. 

MATERIALS AND METHODS

Cells and compounds

To generate iNTCP cells, a HepG2 Tet-On Advanced 
Cell (Clontech) parental cell line was transduced with 
a retroviral vector encoding the NTCP gene fused to 
a tetracycline-responsive element, then was selected 
with puromycin (1 µg/ml), and cultured with DMEM 
(Wako) supplemented with 10% FBS. Unless otherwise 
indicated, iNTCP cells were treated with doxycycline 
(Sigma-Aldrich) for 24 hours before experiments. The 
iNTCP spheroid was made using the 3-D Life Dextran-
CD Hydrogel SG kit (Cellendes) and cultured for seven 
days on a chamber slide (Thermo Fisher Scientific). 
Primary human hepatocytes (PXB-cells) were purchased 

from PhoenixBio. HepaRG cells were purchased from 
Biopredic International and differentiated according to 
the manufacturer’s instructions. The chemical compound 
library from natural plant extracts was obtained from 
Tokiwa Phytochemical. Nocodazole, cyclosporin A, 
genistein, and Pitstop2 were purchased from Sigma-
Aldrich. Glabridin, staurosporine, and IFN-β were obtained 
from Wako. 

Generation of anti-NTCP antibody

A Protemist XE robotic protein synthesizer 
(CellFree Sciences) was used for the generation of full 
length NTCP and its truncated derivatives as previously 
described [48, 49]. Immunization of BALB/c mice 
with recombinant NTCP and generation of hybridoma 
cells producing anti-NTCP antibody were performed 
as previously described [48]. Purification of antibodies 
in the culture supernatant of the hybridoma clones was 
performed by centrifugation at 8,000 rpm for 15 minutes 
and elution with AcroSep Hyper DF columns (Pall). 
Samples were then concentrated using Amicon Ultra filters 
(Merck Millipore). Immunoglobulin characterization was 
carried out using the IsoStrip mouse monoclonal antibody 
isotyping kit (Roche). 

Microscopic analysis

Cells were fixed with 4% paraformaldehyde, 
blocked with 10% normal goat serum (Thermo Fisher 
Scientific), and stained with either anti-NTCP mAb 
(clone 9A8) or anti-HBcAg polyclonal antibody (Dako) 
and Alexa Fluor-conjugated secondary antibodies (Thermo 
Fisher Scientific). Alexa Fluor 594-conjugated phalloidin 
(Thermo Fisher Scientific) was used for F-actin staining. 
For intracellular staining, cells were permeabilized with 
0.5% Triton X-100 before blocking. For the PreS1-peptide 
binding assay, iNTCP cells pretreated with 5 µg/ml Dox 
for 24 hours were incubated with 400 nM FITC-conjugated 
PreS1 peptide (the first 59 amino acid residues of small 
HBs domain fused with N-terminal myristoyl group and 
C-terminal FITC) at 37° C for two hours. Cells were then 
washed with PBS and fixed with 4% paraformaldehyde. 
Microscopic imaging was performed with an FV1000-D 
confocal laser scanning microscope (Olympus) or BZ-
9000 fluorescence microscope (Keyence).

Flow cytometry

Cells were detached with 5 mM EDTA in PBS 
and fixed with 4% formaldehyde before incubation 
with either anti-NTCP (9A8) or anti-transferrin receptor 
(Genetex) antibodies at 4° C. Cells were then stained with 
PE-conjugated secondary antibody and analyzed using 
a FACSCanto II instrument (BD Biosciences). For the 
drug screen, cells were treated with candidate compounds 
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(50 µM) 24 hours before analysis. Data were analyzed 
with FlowJo software (TreeStar). 

HBV preparation and infection

Wild-type HBV was derived from the supernatants 
of HepG2.2.15 cells, which were stably transfected 
with a complete HBV genome. HBV reporter viruses 
(HBV-NL) were produced by transient transfection of 
HepG2 cells with pUC1.2-HBV/NL and pUC-HBV-D, 
as previously described [21]. The collected supernatants 
were filtered through a 0.45-μm filter (Merck Millipore), 
and concentrated approximately 100 times using a PEG 
Virus Precipitation kit (BioVision). Cells were infected 
with wild-type HBV at a concentration of 5,000 genome 
equivalents per cell in the presence of 4% PEG8000 for 16 
hours. Alternatively, cells in a 96-well plate were inoculated 
with 5 µl of HBV-NL in the presence of 4% PEG8000 
for 16 hours. HBV-infected cells were cultured in fresh 
medium for an additional 5–6 days and their infectivity 
was determined by intracellular HBcAg staining or 
extracellular HBsAg quantification, as previously described 
[28]. The infectivity of HBV-NL was quantified using the 
Nano-Glo Luciferase System (Promega), according to the 
manufacturer’s instructions. 

Western blotting

Samples in SDS loading buffer were loaded onto 
10% polyacrylamide gels, electrophoresed, and blotted 
onto PVDF membranes (Merck Millipore), as previously 
described [28]. Membranes were probed with primary 
antibodies and horseradish peroxidase-conjugated 
secondary antibodies (GE Healthcare). For protein 
degradation analysis, cycloheximide (100 µg/ml) was 
added 2–6 hours before harvesting cells. The primary 
antibodies used were as follows: anti-NTCP, anti-vinculin, 
anti-α-tubulin (Sigma-Aldrich) and anti-His (Genetex). 
Detected proteins were visualized using a FluorChem 
digital imaging system (Alpha Innotech). Band analysis 
was performed with ImageJ software (National Institutes 
of Health). 

Gene expression analysis

Messenger RNA extraction and subsequent 
cDNA synthesis was performed using Trizol reagent 
(Thermo Fisher Scientific) and ReverTra Ace (Toyobo), 
respectively, according to each manufacturer’s 
instructions. Gene expression was then analyzed by 
qPCR using SYBR Premix Ex Taq II (Takara) and a 
CFX96 Real-Time PCR Detection System (Bio-Rad). The 
primer pairs used were 5′-ggacttcgagcaagagatgg-3′ and 
5′-agcactgtgttggcgtacag-3′ for ACTB; 5′-atggaggcccacaacg
cgtctgccc-3′ and 5′-cagaaggtggagcaggtggtcatcac-3′ for 
NTCP; 5′-ggctgtttaccagactccgaca-3′ and 5′-cacaaa

gcctggcagctctcta-3′ for Mx1; and 5′-tctcctgcaaca
agagctgacc-3′ and 5’-tctctgcatccagggaagccat-3’ for BST2. 

Microscale thermophoresis analysis

Recombinant NTCP-GFP and GFP proteins were 
incubated with different concentrations of compounds in 
50 mM potassium phosphate buffer (pH 7.0) containing 
100 mM NaCl, 0.2% BSA, and 0.005% DDM (n-Dodecyl-
β-D-maltopyranoside) for one hour at room temperature. 
Samples were loaded on Monolith NT.115 Standard 
Treated Capillaries (Nano Temper Technologies) and 
analyzed with a Monolith NT.115 Blue Red microscale 
thermophoresis instrument.

Cell cycle and cell viability assays 

Cell cycle analysis was performed with a Tali 
image-based cytometer (Thermo Fisher Scientific). 
Cell viability was measured with Cell Counting Kit-8 
(Dojindo) or CellTiter-Glo assay (Promega) according to 
the manufacturer’s instructions. 

NTCP transport assay

Cells were treated with [3H]-taurocholic acid (TCA) 
in a sodium-free or sodium-containing buffer at 37ºC for 
15 minutes to allow TCA uptake into cells. Cells were 
washed and intracellular radioactivity was measured using 
a liquid scintillation counter.

Statistical analysis

All graphs represent means and standard deviations. 
The statistical significance of differences between two 
groups was tested using a two-tailed unpaired t test with 
Prism 6 software (GraphPad).
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