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The sodium-dependent taurocholate co-transporting polypep-
tide (NTCP)-S267F variant is known to be associated with a
reduced risk of hepatitis B virus (HBV) infection and disease
progression. The NTCP-S267F variant displays diminished
function inmediatingHBVentry, but its function inHBV infec-
tion has not been fully established in more biologically relevant
models. We introduced the NTCP-S267F variant and tested
infectivity by HBV in genetically edited hepatic cells. HepG2-
NTCP clones with both homozygous and heterozygous variants
were identified after CRISPR base editing. NTCP-S267F homo-
zygous clones did not support HBV infection. The heterozygote
clones behaved similarly to wild-type clones. We generated
genetically edited human stem cells with the NTCP-S267F
variant, which differentiated equally well as wild-type into hepa-
tocyte-like cells (HLCs) expressing high levels of hepatocyte
differentiationmarkers.We confirmed thatHLCs with homozy-
gous variant did not support HBV infection, and heterozygous
variant clones were infected with HBV equally as well as the
wild-type cells. In conclusion, we successfully introduced the
S267F variant by CRISPR base editing into the NTCP/SLC10A
gene of hepatocytes, and showed that the variant is a loss-of-
functionmutation. This technology of studying genetic variants
and theirpathogenesis in a natural context is potentially valuable
for therapeutic intervention against HBV.
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INTRODUCTION
Hepatitis B virus (HBV) is a partially double-stranded hepatotropic
DNA virus and a major cause of chronic liver disease worldwide.
Although the incidence of HBV infection is decreasing due to the
utilization of antiviral therapy and vaccination, 3.5% of the global
population is still chronically infected with HBV. Chronic HBV infec-
tion leads to liver fibrosis, cirrhosis, and hepatocellular carcinoma
(HCC) in 25%–40% of HBV carriers.1

The sodium-dependent taurocholate co-transporting polypeptide
(NTCP) was identified as a cellular receptor for HBV and hepatitis
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delta virus. NTCP specifically interacts with the large surface protein
of HBV and mediates viral entry.2,3 NTCP is expressed specifically on
the hepatic basolateral membranes and functions as co-transporter of
bile acids and sodium ions into hepatocytes.4 Overexpression of
NTCP gene into non-susceptible HCC cell lines permits infection
with HBV.2,3,5 Identification of NTCP as the HBV receptor not
only provides a major advance for the establishment of in vitro and
in vivo HBV models but also serves as an attractive target for HBV
drug development.6

NTCP is encoded by the SLC10A gene, a member of the solute
carrier family. Several single-nucleotide polymorphisms (SNPs)
that may affect the function of NTCP have been identified so
far.7,8 A nonsynonymous variant, Ser267Phe (S267F, c.800C>T,
rs2296651 SNP) in NTCP is found only in East Asia and is absent
in African and European populations.8,9 The S267F variant has
been shown to diminish the HBV receptor function of NTCP
and results in reduced HBV entry and infection in a transfection
cell-culture system.9,10 However, the function of this variant in
HBV infection has not been clearly established in more biologically
relevant models. The rs2296651 (S267F) variant has also been
associated with a reduced risk of HBV and HDV infection11–17

as well as a slow disease progression in chronic HBV-infected
patients.11,12,15–17

CRISPR/Cas9 is a well-established method for gene editing and relies
on the initial introduction of double-stranded DNA breaks (DSBs),
resulting in insertions, deletions, and translocations at the target
genome.18 The efficiency of single-base editing, however, is low using
this system. Most of the distribution of human pathogenic genetic
rapy: Methods & Clinical Development Vol. 23 December 2021 597
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Figure 1. Base editing of NTCP(S267F) in HepG2-

NTCP cell and generation of HepG2-NTCP(S267F)

cells

(A) Schematic representation of FNLS with APOBEC

(R33A) mutation. The FNLS base editor carries a rat

APOBEC cytidine deaminase at the N terminus of

optimized Cas9n and a uracil glycosylase inhibitor (UGI)

domain at the C terminus. Nuclear-localization signal

(NLS) sequence is located at both the N terminus (with

an FLAG epitope tag) and the C terminus. (B) Western

blotting of Cas9 in HepG2-NTCP/FNLS(R33A) cells

treated with Dox (500 ng/mL) for 1 day or untreated

(0 day). (C) Nluc assay in HepG2-NTCP/FNLS(R33A) in

different Dox concentrations. (D) Base editing on target

site after Dox treatment in HepG2-NTCP/FNLS(R33A)/

SLC10A-sgRNA. Sequence around the SLC10A-

sgRNA rs2296651 is shown below. Bold letters repre-

sent the amino acid codon for S267F. Red arrow

and blue arrow show C6 (rs2296651) and C7 position

with editing to T, respectively. (E) Frequency (%) of

C-to-T conversion on C6 and C7 in HepG2-NTCP/

FNLS(R33A)/SLC10A-sgRNA after Dox treatment. (F)

Sequence of selected homozygous and heterozygous

clone of NTCP(S267F). (G) NTCP mRNA expression

in selected HepG2-NTCP(S267F) clones. Non-edited

(NE) cell is HepG2-NTCP/FNLS(R33A)/SLC10A-sgRNA

without Dox treatment. (H) Immunostaining of NTCP in

HepG2-NTCP(WT) and HepG2-NTCP(S267F) shows

expression and membrane location of NTCP in HepG2-

NTCP(WT) and -NTCP(S267F). (I) RNA was extracted

from NE cells, homozygous and heterozygous clones,

and subjected to RT-PCR and sequence determination.

Quantitative data are shown as means ± standard

deviation of triplicates.
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variants consist of point mutations.19 Therefore, installing and cor-
recting pathogenic SNPs efficiently is of great interest for the treat-
ment of genetic disorders and the study of pathogenic mechanisms
of diseases. Base editing based on the CRISPR platform is a novel
genome-editing strategy that can convert one target genome DNA
base to another without inducing DSBs. Two kinds of base editor,
cytosine base editor and adenine base editor, allow the introduction
of all four possible transition mutations (C to T, A to G, T to C,
and G to A). Base editing was initially developed by fusing rat
APOBEC1 to catalytically inactive Cas9, followed by various further
modifications leading to enhanced editing efficiency and specificity.19

Genome-wide off-target editing effects induced by the CRISPR-
guided DNA base editors can be substantially diminished by the
introduction of various mutations, such as R33A and K34A muta-
tions in the APOBEC1 portion of the base editors.20 In addition,
another base editor that can efficiently induce targeted C-to-G base
transversion has been reported.21 CRISPR base-editing technology
thus can correct or introduce disease-associated or pathogenic muta-
tions with relative ease and safety.

In this study, we introduced the rs2296651 (S267F) variant onto the
endogenous NTCP/SLC10A gene by a CRISPR base editor into the
598 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
human hepatoma cell line and stem cells that are subsequently differ-
entiated into hepatocyte-like cells (HLCs) and tested their infectivity
by HBV.

RESULTS
Establishment of base editor-expressing HepG2-NTCP cells

We first generated an FNLS base editor construct with the APOBEC1-
R33A mutation that confers a lower off-target effect and similar
base-editing efficacy.20 The FNLS base editor carries a rat APOBEC
cytidine deaminase at the N terminus of optimized Cas9n
(Cas9D10A) and a uracil glycosylase inhibitor domain at the C termi-
nus followed by a nuclear-localization signal (NLS). It also carries
NLS sequences at the N terminus of the base editor with an FLAG
epitope tag. In addition, we also used a doxycycline (Dox)-inducible
system to control target editing and reduce undesirable base editing.
The NanoLuc luciferase (Nluc) gene was fused to the base editor
with an intervening autocleavage site (P2A) and served as a conve-
nient means to measure base editor expression (Figure 1A). The
FNLS(R33A) construct was transduced into HepG2-NTCP cells,
and HepG2-NTCP/FNLS(R33A) cells were selected with G418. The
selected cell line was treated with Dox to assess the induction of the
base editor. Dose-dependent Nluc activity was observed and Cas9
ber 2021
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protein expression by Dox was confirmed in the HepG2-NTCP/
FNLS(R33A) cells (Figures 1B and 1C).

The construct expressing the SLC10A-single guide RNA (sgRNA)
was transduced into the HepG2-NTCP/FNLS(R33A) cells and
selected with puromycin. HepG2-NTCP/FNLS(R33A)/SLC10A-
sgRNA cells were then treated with Dox for 9 days. Sanger sequencing
showed base editing at both the sixth nucleotide (C6) and seventh
nucleotide (C7) positions of the SLC10A gene in HepG2-NTCP cell
line in a treatment-period-dependent manner (Figure 1D). The C6
position represents the location of the rs2296651 SNP in the
SLC10A gene. Editing at the C7 position leads to a silent mutation.
Using the EditR assay, we observed 80%, 89%, and 94% of target
C-to-T conversion at C6 after 3, 6, and 9 days, respectively, after
Dox treatment (Figure 1E). Less efficient base editing was observed
at the C7 compared with C6 position (Figure 1E). This editing profile
is consistent with the behavior of the FNLS base editor.22

To select single clones with edited NTCP-S267F variant, we treated
HepG2-NTCP/FNLS(R33A)/SLC10A-sgRNA cells with Dox for
different periods: 1–2 days for heterozygous and 6 days for homozy-
gous S267F clone selection. After Dox treatment, the cells were seeded
at low density to select single clones. Selected clones were expanded
and genotyped for the NTCP-S267F variant; clones with both homo-
zygous and heterozygous variants were identified (Figure 1F). All
clones expressed similar levels of NTCP mRNA (Figure 1G). NTCP
protein expression and membrane localization in NTCP-S267F
variant were similar to that of wild-type cells by immunofluorescence
(Figure 1H).

The HepG2-NTCP cells harbor both endogenous and transduced
NTCP genes, although the endogenous genes are not transcriptionally
active. We designed qPCR primers for NTCP mRNA with primers
spanning an intron in the endogenous NTCP gene and measured
exogenous NTCP expression. As expected, NTCP expression of
HepG2-NTCP was predominantly from the transduced NTCP gene
(Figure S1). To precisely determine the homozygosity or heterozygos-
ity of the targeted base-editing sites on the transduced NTCP gene
would be difficult by DNA sequencing. Thus, we harvested NTCP
mRNA from homozygous and heterozygous clones and parental
HepG2-NTCP cells and performed RT-PCR to determine the
sequences. The sequencing data confirmed the homozygous and het-
erozygous nature of this variant in various clones (Figure 1I).

NTCP-S267F does not support HBV infection in edited HepG2-

NTCPcells

We next tested HBV infectivity in the various HepG2-NTCP(S267F)
clones. Four homozygous HepG2-NTCP(S267F) were infected with
cell-culture-derived HBV genotype D (HBVcc). Parental HepG2-
NTCP cells with or without Myrcludex B (MyrB) were infected as a
control. Medium hepatitis B e antigen (HBeAg), hepatitis B surface
antigen (HBsAg), and HBV RNA in the cells were determined
7 days after infection. As expected, HepG2-NTCP cells showed
high levels of HBV markers that were much reduced in MyrB-treated
Molecular The
cells. In contrast, NTCP-S267F homozygous clones showed very low
levels of HBV markers that were not different from samples with
MyrB treatment (Figure 2A), suggesting that theNTCP-S267F variant
does not support HBV infection.

We next tested clones with either wild-type or heterozygous sequence
for HBV infection. In general, they all showed similar high HBV
markers (Figure 2B), indicating that the heterozygotes with a single
copy of the wild-type NTCP gene is sufficient to support HBV infec-
tion, like the non-edited cells.

To assess the mechanism of NTCP-S267F variant in affecting HBV
infection, we performed a time-of-addition experiment as a means
to determine the step of HBV entry mediated by NTCP. Addition
of MyrB after HBV binding at 4�C was effective in blocking HBV en-
try in wild-type cells, indicating that NTCP mediates post-binding
viral entry (Figure 2C). This finding is consistent with previous
reports that heparan sulfate proteoglycan mediates the initial attach-
ment of HBV to cells followed by NTCP-mediated entry.23,24 The ho-
mozygous clone showed no entry activity under all the conditions,
suggesting that NTCP-S267F confers resistance to HBV infection
during a post-binding entry step.

To determine whether the NTCP-S267F affects infection of other HBV
genotypes, we infected homozygous and heterozygous clones with
eitherHBV genotype A or E. They infected wild-type and heterozygous
clone equally well (Figure S2), whereas homozygous clone was not in-
fected by either genotype. The two genotypes tested here had somewhat
different infectivity in wild-type cells (genotype E > genotype A), which
had been shown previously25 and probably relates to a difference in the
amount of infectious HBV particles in the preparation.

We also testedHepG2-NTCP(S267F) homozygous clones with the C7
mutation. They expressed similar levels of NTCP RNA (Figure 3A)
and were also not infected by HBV (Figure 3B). To ensure no other
untoward mutations that may impair HBV infection were introduced
during the base-editing step, we transduced wild-type NTCP fused
with GFP into a HepG2-NTCP(S267F) homozygous clone. The trans-
duced cells showed high GFP positivity (Figure 3C) and could be in-
fected with HBV. These cells showed complete restoration of HBV
infectivity (Figure 3D).

Generation of NTCP-S267F variant-containing human stem cells

To validate the functional effect of the S267F variant in cells more
similar to primary human hepatocytes, we edited human stem cells,
either embryonic stem cells (ESCs) or induced pluripotent stem cells
(iPSCs), for this variant, differentiated them into HLCs, and tested
them for infection with HBV. This system permits the direct
assessment of the effect of this variant in a genetically identical
background of hepatocytes. We selected H9hESC and a human
iPSC line, SWiPSC, generated in our laboratory.26–28 We first tried
to generate FNLS(R33A)-expressing stem cells using the same
approach as used for the HepG2-NTCP cells. However, we could
not detect enough Cas9 protein expression and base editing in
rapy: Methods & Clinical Development Vol. 23 December 2021 599

http://www.moleculartherapy.org


A

B

C

Figure 2. HBV infection in HepG2-NTCP(S267F) cells

Non-edited (NE) cell is HepG2-NTCP/FNLS(R33A)/

SLC10A-sgRNA without Dox treatment. HBV RNA (left

panel), HBeAg (middle panel), and HBsAg (right panel) are

shown. (A) HBV infection in homozygous of NTCP(S267F).

(B) HBV infection in clones with either wild-type or het-

erozygous. “Homo” indicates HepG2-NTCP(S267F) ho-

mozygous clone #1 as a negative control for infection

experiment. (C) HBV time-of-addition assay. The experi-

mental scheme is shown on the left. (�/�) denotes no

MyrB treatment all the time. (�/+) denotes no MyrB at 4�C
for 4 h and MyrB added after 4 h when the incubation

temperature is raised to 37�C. (+/+) denotes with MyrB all

the time. Quantitative data are shown as means ± stan-

dard deviation of triplicates. Unpaired t test was used for

comparisons: for (A), comparing all the clones with NE

cells; for (C), compared with NE cells (�/�). *p < 0.05.
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FNLS(R33A)-expressing H9ESCs and SWiPSCs. It is possible that the
use of the hALBminimal promoter in constructing the Dox-inducible
expression plasmid was only weakly active in human stem cells.

Next, we used a newer version of the base editor, AncBE4max,
which may have a more efficient base-editing activity.29 We
generated pLenti-TRE-EFS-AncBE4max(R33A)-P2A-Nluc-neo and
transduced it into H9ESCs and SWiPSCs. Again, no Cas9 expres-
sion and base editing were observed, consistent with our above
reasoning. Thus, we switched to a cytomegalovirus (CMV)
promoter-driven construct and transient transfection system.
The pCMV-AncBE4max-P2A-GFP or pCMV-AncBE4max(R33A)-
P2A-GFP construct together with the SLC10A-sgRNA-expressing
plasmid was transiently transfected into H9ESCs and SWiPSCs.
GFP+ cells were sorted using a fluorescence-activated cell sorter
2 days after transfection and expanded for a week. A C-to-T
conversion on target site was detected in GFP-sorted cells in both
H9ESCs and SWiPSCs. The APOBEC-R33A mutation resulted in
a similar conversion effect on C6 (the NTCP-S267F variant)
compared with the unmutated AncBE4max. On the other hand,
AncBE4max(R33A) showed less conversion on C7 compared with
AncBE4max (Figure 4A). Thus, AncBE4max(R33A) seemed to
600 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
function more specifically at the C6 position
compared with the wild-type protein.

We could not detect AncBE4max protein in the
GFP-sorted H9ESCs and SWiPSCs at 10 days
after expansion (Figure 4B). However, it is
possible that a low level of the AncBE4max pro-
tein was expressed early and was sufficient to
edit the genome before being silenced in the
transfected stem cells. We thus selected single
clones from the GFP-sorted cells and screened
them for the S267F variant. We were able to
identify several clones with homozygous and
heterozygous variants from both stem cell lines
(Figure S3). To assess whether the editing affected the phenotype of
the stem cell lines, we assessed these clones for their abilities to differ-
entiate into HLCs. HLCs were obtained from H9ESCs through a
three-step differentiation protocol. Like their precursor stem cells,
HLCs derived from genetically edited cells exhibited characteristic he-
patocyte morphology: cuboidal shape, distinctive round small nuclei,
and compact cell-cell contacts (Figure 4C). They differentiated
equally well into HLCs that expressed high levels of hepatocyte differ-
entiation markers (Figures 4D and 4E). The NTCPmRNA levels were
comparable among the various clones and the unedited stem cell-
derived HLCs (Figure 4E).

Stem cell-derived HLCs were then infected with HBV with or without
MyrB. In HLC-infected culture, much input virus tends to obscure ac-
curate determination of de novo HBV infection by measuring HBV
markers in the supernatant (little difference between samples with
or without MyrB). Intracellular HBV RNA was a better marker to
monitor HBV infection. HBV-infected NTCP-S267F homozygous
clones showed levels of HBV RNA similar to those of cells with
MyrB treatment control. On the other hand, heterozygous clones,
similar to that of wild-type cells, showed high HBV RNA levels
compared with samples under MyrB treatment. These results suggest



Figure 3. HBV infection in HepG2-NTCP(S267F) cells with C7 mutation and restoration of HBV infectivity in HepG2-NTCP(S267F) cells

Non-edited (NE) cell is HepG2-NTCP/FNLS(R33A)/SLC10A-sgRNA without Dox treatment. #1 is homozygous clone of rs2296651(S267F). (A) NTCP mRNA expression in

HepG2-NTCP(S267F) clones. (B) HBV infection in HepG2-NTCP(S267F) cells with C7mutation. (C) GFP expression in HepG2-NTCP(S267F) after the transduction of NTCP-

P2A-GFP. (D) Restoration of HBV infectivity in HepG2-NTCP(S267F) after NTCP-GFP transduction. Quantitative data are shown as means ± standard deviation of triplicates.

Unpaired t test was used for comparisons: for (B), comparing all the clones with NE cells; for (D), comparing mock with NTCP-GFP. *p < 0.05
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that, similar to HepG2-NTCP cell lines, HLCs with homozygous
variant clones were resistant to HBV infection, and heterozygous
variant clones were infected with HBV equally as well as the wild-
type cells in stem cell-derived HLCs (Figure 4F).

DISCUSSION
Previous clinical studies have reported an association of rs2296651
(S267F) variant in theNTCP/SLC10A gene with infection rate, disease
severity, and progression in chronic HBV-infected patients.11,12,15–17

The S267F variant is also associated with treatment response.30 It has
been reported that the S267F variant abolishes the function of NTCP,9

and yet another report shows that NTCP-267F variant is a functional
but less efficient receptor for HBV entry.10 The 267F variant appar-
ently affects the same domain on the NTCP protein that interacts
with bile acid (its natural substrate) and the HBV pre-S1
sequence.7–9 Despite the deleterious effect of this variant on the
bile-acid transport function of NTCP, individuals carrying this
variant do not have any overt phenotype, probably reflecting
compensatory action by other transporters.7,8,17 This association is
Molecular The
similar to the phenotype for the null delta32 allele of CCR5 (the major
cellular receptor for HIV), which protects carriers fromHIV infection
and progression.31 Finally, the NTCP-267F variant (in heterozygotes)
may exert a dominant negative effect on the wild-type protein because
various genetic association studies have reported a difference in the
disease phenotype of heterozygotes from that of wild type. Thus,
more biologically relevant models are necessary to fully define the
functions of NTCP-S267F variant in HBV infection.

CRISPR/Cas9 base editing can efficiently convert a single nucleotide
to another with ease and reduce the off-target effect. This novel tech-
nique has profoundly changed the approach to the establishment of
disease models. In this study, we successfully edited NTCP-267F
variant into HepG2-NTCP and human stem cells. Both NTCP-
S267F homozygous and heterozygous clones were generated and
studied. The off-target effects of base editing were also minimized
by using an inducible (HepG2-NTCP) or transient transfection (hu-
man stem cell) system. Homozygous base editing to the NTCP-S267F
variant resulted in a near-complete abrogation of HBV infection,
rapy: Methods & Clinical Development Vol. 23 December 2021 601
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Figure 4. Base editing of NTCP(S267F) into human

stem cells

(A) Base editing on target site in GFP+-H9ESCs and

-SWiPSCs. Sequence around the SLC10A-sgRNA

rs2296651 is shown below. Bold letters represent the

amino acid codon for S267F. Red arrow and blue arrow

show C6 (rs2296651) and C7 position with editing to T,

respectively. (B) Western blotting of Cas9 in GFP+-

H9ESCs and -SWiPSCs. Stem cell-derived HLCs were

generated through a three-step HLC differentiation pro-

tocol.28 (C) Microscopic images of HLCs derived from

either wild-type or genetically edited H9ESCs. Scale bars,

200 mm. Secreted hALB level in supernatant (D) and

expression of HNF4a and NTCP mRNA (E) after HLC

differentiation. (F) Intracellular HBV RNA levels in geneti-

cally edited H9ESC-derived HLC with or without MyrB

treatment. Quantitative data are shown as means ±

standard deviation of triplicates. Unpaired t test was used

for comparisons: comparing the homo and hetero clones

without MyrB with the parental H9 clone without MyrB.

*p < 0.05.
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supporting that this variant represents a null mutation for HBV infec-
tion. It is possible that this variant may not be totally nonfunctional in
supporting HBV infection, as HBV infection does occur in individ-
uals with homozygous alleles.11,12,17 On the other hand, it is
intriguing to speculate that there may be a minor, alternative entry
pathway for HBV. It is well known that viruses can use different
ways to enter cells.32

Our study also clearly shows that heterozygous clones of HepG2-
NTCP(S267F) are fully susceptible to HBV infectivity, indicating
that the NTCP-267F variant does not have a dominant negative effect
on the wild-type protein. At present, based on clinical association
studies it is not clear why heterozygous individuals with this variant
have a slower HBV disease progression. It is possible that this variant
may have an additional effect on HBV disease unrelated to viral entry.

In conclusion, we successfully introduced the NTCP-S267F SNP into
hepatic cells by gene editingwithCRISPR/Cas9 technology and clarified
the function of this variant in HBV infection. Our study also supports
the use of MyrB, an inhibitor of NTCP, in the treatment of HBV and
HDV,33,34 as homozygous hepatic cells of this variant appear fully func-
tional as hepatocytes other than resistance to infection byHBV. Further
study is needed to define any subtle biological effect of this variant on
hepatocytes. As the CRISPR/Cas9-mediated gene-editing technology
advances and becomes a more widely accepted therapeutic modality,
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it would be intriguing to consider conferring an
HBV-resistant phenotype to HBV-infected indi-
viduals as a means to cure HBV infection.

MATERIALS AND METHODS
Plasmid

For base editor constructs, pLenti-FNLS-PGK-
Puro was a gift from Lukas Dow (Addgene
plasmid #110844; http://n2t.net/addgene:110844; RRID:Addg-
ene_110844)22 and pCMV_AncBE4max_P2A_GFP was a gift from
David Liu (Addgene plasmid #112100; http://n2t.net/addgene:
112100; RRID:Addgene_112100).29 APOBEC1-R33A mutations
were generated using a QuikChange Lightning site-directed
mutagenesis kit (Agilent, Santa Clara, CA). pLenti-TRE-hAlb-
FNLS(R33A)-P2A-Nluc-neo and pLenti-TRE-EFS-AncBE4max
(R33A)-P2A-Nluc-neo were generated using an In-Fusion HD clon-
ing kit (TakaraBio, Shiga, Japan).

For the sgRNA construct, the target sequence of SLC10A (50-CTG
TTC CAC CAT CCT CAA TG-30) was inserted into lentiGuide-
Puro (lentiGuide-SLC10A-sgRNA-Puro) according to the protocol.35

lentiGuide-Puro was a gift from Feng Zhang (Addgene plasmid
#52963; http://n2t.net/addgene:52963; RRID: Addgene_52963).
pLenti-CMV-NTCP-P2A-GFP was generated from pLenti CMV
Blast empty (w263-1) as a backbone also using an infusion cloning
method. pLenti CMVBlast empty (w263-1) was a gift from Eric Cam-
peau and Paul Kaufman (Addgene plasmid #17486; http://n2t.net/
addgene:17486; RRID: Addgene_17486).

Cell culture

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS)/1%
penicillin-streptomycin (PS), at 37�C and 5% CO2. HepG2-NTCP

http://n2t.net/addgene:110844
http://n2t.net/addgene:112100
http://n2t.net/addgene:112100
http://n2t.net/addgene:52963
http://n2t.net/addgene:17486
http://n2t.net/addgene:17486
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cells (provided by Ulrike Protzer, University ofMunich)36 were main-
tained in DMEM with 10% FBS/1% PS/1% non-essential amino acids
(NEAA), and 30 mg/mL blasticidin (Gibco) using collagen-coated
plates. PXB cells,37 which are human hepatocytes passaged serially
and expanded in cDNA-uPA/SCID mice, were maintained as
described previously.25

H9 human ESCs and SW human iPSCs were maintained on the plates
previously coated with high-concentration (0.4 mg/mL)Matrigel ma-
trix (Corning, Corning, NY) in mTeSR1 (STEMCELL Technologies,
Vancouver, Canada). Rock Inhibitor Y-27632 (10 mM) (STEMCELL
Technologies) was added to mTeSR1 at the passaging as described
previously.26,27 SW iPSCs were kindly provided by Dr. Cynthia E.
Dunbar (NIH, Bethesda, MD).

Transfection and transduction

For lentivirus production, 3 million HEK293T cells were plated on
a T-75 flask. One day after plating, cells were transfected with a
prepared mix of DMEM containing 5 mg of base editor construct
or lentiGuide-SLC10A-Puro with 3.75 mg of psPAX2 (Addgene
#12260) and 2.5 mg of pMD2.G (Addgene #12259) using FuGENE
6 transfection reagent (Promega, Madison, WI). 24 h after transfec-
tion, the medium was replaced with DMEM with 10% BSA, and
supernatants were harvested every day up to 3 days after transfec-
tion. Supernatants containing lentivirus were concentrated by ul-
tracentrifugation (25,000 rpm, 4�C, 90 min). The concentrated
lentivirus was resuspended in 200 mL of PBS and stored at
�80�C until infection.

For transduction, cells were plated on 6-well plates on the day before
transduction and transduced with concentrated lentivirus. Two days
after transduction, cells were selected in G418 (0.5–0.75 mg/mL) or
puromycin (1.5 mg/mL for HepG2-NTCP and 5 mg/mL for stem
cells). For the transfection into stem cells, cells were transfected
with 2 mg of base editor construct and 1.5 mg of lentiGuide-
SLC10A-Puro on 6-well plates using FuGENE 6 transfection reagent
(Promega).

Nanoluciferase assay

Cas9 expressing cells were plated on 96-well white microplates. After
24 h of treatment with 0.5 mg/mL of Dox (Sigma-Aldrich, St. Louis,
MO, cat. #D9891), base editor protein expression level was quantified
by Nluc activity using a Nano-Glo Luciferase Assay System (Promega,
Cat. #N1120).

Protein analysis

Cell pellets from 6-well plates were resuspended in 200 mL of Pierce
RIPA Buffer (Thermo Fisher Scientific, Waltham, MA) with prote-
ase inhibitor (Roche, Basel, Switzerland). After 10 min of incuba-
tion at room temperature, cell lysates were centrifuged at
14,000 rpm and 4�C for 10 min to collect protein lysates. After
determination of protein concentration using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific), automated quantitative
western blotting (Wes assay) was performed on a Wes instrument
Molecular The
(ProteinSimple, San Jose, CA) according to the manufacturer’s in-
structions. Antibodies to the following proteins were used for the
analysis: Cas9 (1:100 dilution; Novus Biologicals, Centennial, CO,
cat. #NBP2-36440) and actin (1:100 dilution; Abcam, Cambridge,
UK, cat. #ab8227).

Sequencing analysis and genotyping of NTCP-S267F

DNA was extracted using a DNAeasy blood and tissue kit (Qiagen),
and target DNA was amplified using LAtaq (TakaraBio) according
to the protocol provided by the manufacturer. For analysis of the
transcript, RNA was extracted using an ISOLATE II RNA Mini Kit
(Meridian Bioscience, Cincinnati, OH). Extracted RNA was reverse
transcribed using a Maxima First Strand cDNA Synthesis Kit for
qRT-PCR (Thermo Fisher Scientific). Primers for the amplification
of SLC10A target site are listed in Table S1. Sanger sequencing was
performed after gel purification using NucleoSpin gel and a PCR
Clean-up kit (Macherey-Nagel, Dueren, Germany). Base editing effi-
cacy was estimated using EditR (http://baseeditr.com/), an algorithm
for predicting potential editing in a guide RNA region from a single
Sanger sequencing run.38 For the genotyping assay, the S267F variant
(rs2296651) was genotyped using a commercial TaqMan SNP Geno-
typing Assay (Assay ID: C__16,184,554_10; Applied Biosystems, Fos-
ter City, CA) with TaqMan Genotyping Master Mix (Applied Bio-
systems) on the ViiA 7 Real-Time PCR System (Applied
Biosystems) according to the manufacturer’s protocol.

Quantitative real-time PCR

For mRNA quantification, RNA was extracted using an ISOLATE II
RNAMini Kit (Meridian Bioscience). qRT-PCR was performed using
a qScript One-Step RT-qPCR Kit (Quantabio, Beverly, MA). A rela-
tive unit is defined as the expression ratio of target gene against
b-actin (ACTB). All qRT-PCR was performed on a ViiA 7 Real-
Time PCR System (Applied Biosystems). Primers used for qRT-
PCR in this study are listed in Table S1.

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde in PBS for 30min at room
temperature and permeabilized with 0.1% Triton X-100 in PBS for
15 min. Slides were blocked with 3% BSA in PBS for 15 min, followed
by incubation with the primary antibody diluted in 1% BSA/0.1%
Triton X-100 in PBS overnight at 4�C. After extensive washing, cells
were incubated with the secondary antibody in 1% BSA/0.1% Triton
X-100 in PBS for 1 h at room temperature in darkness. Samples were
incubated with 40,6-diamidino-2-phenylindole and mounted. Images
were captured with CellSens (Olympus, Tokyo, Japan) or LSM 700
confocal microscope (Zeiss, Oberkochen, Germany). Antibody for
NTCP (kindly provided by Bruno Stieger) in 1:100 dilution was
used for staining and followed by Alexa 488-conjugated goat anti-rab-
bit immunoglobulin G.

Hepatocyte-like cell differentiation

Monolayer type iPSCs or ESCs were resuspended using Accutase, and
2 million cells were seeded into one well in 6-well plates previously
coated with high-concentration (0.4 mg/mL) growth factor reduced
rapy: Methods & Clinical Development Vol. 23 December 2021 603
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Matrigel matrix (Corning). From the next day, the cells were then
cultured with STEMdiff Definitive Endoderm Kit (STEMCELL Tech-
nologies) for definitive endoderm induction. For the first day, the cells
were cultured in STEMdiff definitive endoderm basal medium with
supplements A and B followed by the basal medium with only supple-
ment B for 3 days, with daily change of medium.

Differentiation medium contains high-glucose DMEM, F12, 10%
KnockOut Serum Replacement (Gibco), 1% NEAA, 1% glutamine,
and 1% PS. For hepatic specification, definitive endoderm cells were
resuspended using Accutase and seeded with 79,000 cells/cm2

concentration on new plates coated with low-concentration
(0.125 mg/mL) growth factor reduced Matrigel matrix (Corning) in
differentiation medium containing 100 ng/mL human growth factor
(HGF; PeproTech, Cranbury, NJ), 1% dimethyl sulfoxide (DMSO;
Sigma-Aldrich), and 10 mM Rock Inhibitor Y-27632 (STEMCELL
Technologies). The cells were cultured for a further 7 days in differ-
entiation medium containing 100 ng/mL HGF and 1% DMSO, with
daily change of medium. After the hepatic specification stage, the hep-
atoblast-like cells were matured in differentiation medium containing
10�7 M dexamethasone (Sigma-Aldrich) for 3 days. Differentiated
HLCs were then maintained in hepatocyte maintenance medium,
which is William’s E Medium containing 10% FBS, 0.17 mM human
Insulin (Sigma-Aldrich), 10 mM hydrocortisone 21-hemisuccinate
(Sigma-Aldrich), 1.8% DMSO, and 1% PS. Medium was changed
every 2–3 days after the differentiation.

HBV infection

HBVcc was concentrated from the supernatant of HepAD38 cells us-
ing a centrifugal filter device (Centricon Plus-70, Biomax 100.000;
Millipore, Bedford, MA) and titered by HBV-DNA-qPCR. The virus
stock was divided into aliquots and stored at�80�C until use. For ge-
notype A and E infection, we used the serum obtained from human-
ized mice infected with HBVcc (HBVmp).25 HBV-infected mouse
serum was stored at �80�C until use.

For infection, HepG2-NTCP cells were seeded on collagen-coated
24-well plates 1 day before HBV infection. The number of stem
cell-derived HLCs were estimated at 1 million per well on 24-well
plates after the differentiation. Cells were infected with HBVcc at
a multiplicity of infection (MOI) of 200, HBVmp genotype A at
an MOI of 100, and HBVmp genotype E at an MOI of 20 in cell-
culture medium containing 5% polyethylene glycol. At the end of
24 h incubation after HBV inoculation, cells were washed with
PBS five times and cultured in DMEM/2% DMSO or hepatocyte
maintenance medium in HepG2-NTCP or stem cell-derived
HLCs, respectively. Cells and supernatants were harvested 7 days af-
ter HBV inoculation.

For the time-of-addition assay, HepG2-NTCP cells were seeded 1 day
before and exposed to HBV at 4�Cwith or withoutMyrB for 4 h. After
the incubation, cells were washed with PBS five times and raised to
37�C in the presence of MyrB. Supernatant was harvested and as-
sessed for HBeAg 3 days after HBV infection.
604 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
ELISA

Secreted HBeAg and HBsAg were determined using a HumanHBeAg
Elisa Kit (CD BioScience, Shirley, NY) and a Human HBsAg Elisa Kit
(CD BioScience), respectively. Signal-to-noise ratio (S/N) is presented
in the figures. The hALB level in the supernatant was determined us-
ing a Human Albumin ELISA Kit (Bethyl Laboratories, Montgomery,
TX).
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