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Abstract
Hepatitis B virus (HBV) infection is a major risk factor of liver cirrhosis and 
hepatocellular carcinoma. Clustered regularly interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) has been used to 
precisely edit the HBV genome and eliminate HBV through non-homologous 
end-joining repair of double-stranded break (DSB). However, the CRISPR/
Cas9-mediated DSB triggers instability of host genome and exhibits low 
efficiency to edit genome, limiting its application. CRISPR cytidine base edi-
tors (CBEs) could silence genes by generating a premature stop codon. Here 
we developed a CRISPR base editor approach to precisely edit single nu-
cleotide within the HBV genome to impair HBV gene expression. Specifically, 
a single-guide RNA (sgRNA) was designed to edit the 30th codon of HBV S 
gene, which encodes HBV surface antigen (HBsAg), from CAG (glutamine) 
to stop codon TAG. We next used human hepatoma PLC/PRF/5 cells car-
rying the HBV genome to establish a cell line that expresses a CBE (PLC/
PRF/5-CBE). Lentivirus was used to introduce sgRNA into PLC/PRF/5-CBE 
cells. Phenotypically, 71% of PLC/PRF/5-CBE cells developed a premature 
stop codon within the S gene. Levels of HBs messenger RNA were signifi-
cantly decreased. A 92% reduction of HBsAg secretion was observed in 
PLC/PRF/5-CBE cells. The intracellular HBsAg was also reduced by 84% 
after treatment of gRNA_S. Furthermore, no off-target effect was detected in 
predicted off-target loci within the HBV genome. Sequencing confirmed that 
95%, 93%, 93%, 9%, and 72% S gene sequences of HBV genotypes B, C, 
F, G, and H had the binding site of sgRNA. Conclusion: Our findings indicate 
that CRISPR-mediated base editing is an efficient approach to silence the 
HBV S gene, suggesting its therapeutic potential to eliminate HBV.
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INTRODUCTION

It is estimated that over 250 million people are chron-
ically infected with the hepatitis B virus (HBV).[1] Chronic 
HBV infection is a major global cause of liver cirrhosis 
and hepatocellular carcinoma (HCC), accounting for 
about 650,000 deaths every year.[2] Two categories of 
drugs have been approved to treat HBV infection: the 
interferon-alpha and nucleos(t)ide analogues. However, 
only a small proportion of patients could achieve a 
functional cure, which is defined as hepatitis B surface 
antigen (HBsAg) loss with undetectable serum HBV 
DNA, allowing cessation of therapy without risk of viral 
rebound.[3] In addition to low effectiveness of current 
therapeutic approaches, most patients with HBV need 
a long-term therapy. Therefore, effective therapies for 
chronic HBV infection are urgently needed.

The clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated protein 
9 (Cas9) system is a powerful tool for genome editing. 
The CRISPR/Cas9 system includes two components: 
Cas9 nuclease and a single-guide RNA (sgRNA). The 
Cas9 nuclease is directed to the target DNA sequence, 
which is complementary to the sgRNA and followed by 
a protospacer adjacent motif (PAM). Cas9 nuclease 
could cut both strands of the target DNA, forming a 
double-strand DNA break (DSB). The DSB is repaired 
through the error-prone non-homologous end-joining 
pathway, which introduces a frameshift indel mutation 
and knocks out gene function.[4] Targeting HBV with 
CRISPR/Cas9 efficiently suppresses HBV replication 
and viral gene expression both in vitro and in vivo.[5–9] 
However, repair of DSB induced by Cas9 nuclease 
could also generate large deletions and complex rear-
rangements in the target site.[10,11] CRISPR/Cas9 ed-
iting of HBV covalently closed circular DNA (cccDNA) 
generated deletions longer than 100 base pairs in 
10%–15% of the edited cells. The length of deletion 
ranged from several hundred base pairs to over 2000 
base pairs.[6] Because the integration of HBV DNA into 
host genome is common in chronic HBV infection,[12] 
editing of the integrated HBV DNA by CRISPR/Cas9 
may lead to chromosomal instability of host cells and 
limit its clinical application.

Recently, CRISPR base editors have been engi-
neered to convert one DNA base to another without 
DSB. Base editors can be divided into two categories: 
the cytidine base editor (CBE) and the adenine base 
editor.[13–15] CBE is a fusion protein of a cytidine deami-
nase and a partially inactive nickase Cas9 protein. CBE 
is directed to the target DNA through base pairing be-
tween the sgRNA and DNA. Deamination of the target 
cytidine by cytidine deaminase results in uridine and 
guanosine in the nonedited strand is then converted to 
adenosine by cellular mismatch repair. Following DNA 
replication or repair, the original C·G base pair is per-
manently substituted by the T·A base pair.[15] CBE can 

also silence genes through induction of premature stop 
codons.[16–18] Targeting coding strand of genes contain-
ing CGA, CAG, CAA, and TGG codons by base editor 
create TGA, TAG, or TAA stop codons. The efficiency 
of base editing in silencing endogenous genes has 
been proven to be comparable with wild-type Cas9.[16] 
CBE has been used to introduce nonsense mutations 
in 25% of Pcsk9 (proprotein convertase subtilisin/
kexin type 9) gene allies in hepatocytes, resulted in 
reduced plasma PCSK9 protein levels and cholesterol 
levels.[19] Similarly, delivery of a CBE and sgRNA tar-
geting Angptl3 (angiopoietin-like protein 3) into the liver 
generated mature stop codons in 35% of target alleles, 
causing a reduction of plasma ANGPTL3, triglycerides, 
and cholesterol by 49%, 31%, and 19%, respectively.[20]

A major characteristic of patients with HBV is the in-
tegration of HBV DNA into the genome of hepatocytes. 
As an effective approach to edit genes, the feasibility 
and efficiency of CBE in silencing genes of integrated 
HBV within the genome of hepatocytes has not been in-
vestigated. In this study, we developed a CRISPR/CBE 
approach to silence the S gene of HBV and assessed 
its efficiency to reduce the level of HBsAg and possible 
off-target effects.

MATERIALS AND METHODS

Vector construction and HBV-specific 
sgRNA design

The sequence of a CBE with high base editing efficiency 
in mammalian cells, AncBE4max, was amplified from 
plasmid pCMV_AncBE4max_P2A_GFP (Addgene, 
#112100). LentiAncBE4max-Blast expression vec-
tor was constructed by insertion of the AncBE4max 
sequence into plasmid LentiCas9-Blast (Addgene, 
#52962) digested by both XbaI and BamHI using an 
In-fusion HD Cloning Kit (Takara, Mountain View, CA).

To identify a conserved site within the S gene of dif-
ferent HBV genotypes, 20,974 HBV S gene sequences 
of HBV genotypes from A to H acquired from the 
HBVdb database (https://hbvdb.lyon.inserm.fr/HBVdb/) 
were aligned using Clustal Omega 1.2.4.[21,22] Multiple 
sequence alignment was visualized by Jalview 2.10.[23] 
A total of 230 S gene sequences containing ambiguous 
bases (other than A, C, G, T) at nucleotides 72 to 118, 
which was found to be a conserved sequence, were 
excluded from further analysis. A sequence logo of this 
conserved sequence was created using the ggseqlogo 
package.[24]

To introduce a stop codon in the HBV S gene 
through CBE, a sgRNA of the form 5′-N(3 to 7)-(CGA/
CAG/CAA)-N(14 to 10)-NGG(PAM)-3′ on the coding 
strand of the conserved sequence of S gene was se-
lected and named as gRNA_S (5′-TACCACAGAGTC
TAGACTCG-3′).[16] An alternative sgRNA, gRNA_S2 

https://hbvdb.lyon.inserm.fr/HBVdb/
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(5′-TACCGCAGAGTCTAGACTCG-3′), was also de-
signed to expand the targeting scope. Another sgRNA 
based on the 5′-N(2 to 7)-(CCA)-N(15 to 10)-NGG(PAM)-3′ 
on the noncoding strand was also designed and referred 
as to gRNA_S3 (5′-CACCACGAGTCTAGACTCTG-3′), 
which was assumed to introduce a stop codon at a dif-
ferent locus of the S gene.

Lentiviral expression vectors encoding gRNA_S 
(LentiGuide-gRNA_S), gRNA_S3 (LentiGuide-​gRNA_S3)  
and a nonspecific sgRNA (LentiGuide-NS-gRNA), were 
constructed by cloning gRNA_S, gRNA_S3 or the non-
specific sgRNA (5′-GCCTGCCCTAAACCCCGGAA-3′) 
into the BsmB1 site of plasmid LentiGuide-Puro 
(Addgene, #52963). Because gRNA_S and gRNA_S3 
did not start with G, which is favorable for efficient U6 
promoter-driven transcription, an additional G was 
added to the 5′ end.[25] To construct a dual sgRNA ex-
pression vector (LentiGuide-gRNA_S/S3), a DNA seg-
ment encoding gRNA_S3, sgRNA scaffold, human U6 
promoter, and gRNA_S was synthesized by GENEWIZ 
(Suzhou, China) and cloned into the BsmB1 site of 
LentiGuide-Puro.

Sequence analysis of S gene of different 
HBV genotypes

A BLAST database containing 20,744 S gene se-
quences mentioned previously were generated by the 
BLAST command-line application (ncbi-blast-2.7.1+).[26] 
gRNA_S and gRNA_S2 with NGG PAM were subjected 
to the blastn search against the S gene-sequence da-
tabase. The targetable sequences of gRNA_S and 
gRNA_S2 were identified using a cutoff score of 46.1 
Bits.

Cell culture, lentiviral vector 
production, and transduction

Human embryonic kidney HEK293T and hepatoma 
PLC/PRF/5 cell lines were purchased from ATCC and 
maintained in Dulbecco’s modified Eagle’s medium 
(Life Technologies, Grand Island, NY) supplemented 
with 10% fetal bovine serum (Life Technologies), 
100 U/ml penicillin, and 100 μg/ml streptomycin (Life 
Technologies) at 37°C and 5% CO2. Lentiviral vec-
tors expressing AncBE4max (LV-AncBE4max), 
Cas9 (LV-Cas9), nonspecific sgRNA (LV-NS-gRNA), 
gRNA_S (LV-gRNA_S), gRNA_S3 (LV-gRNA_S3), 
gRNA_S/S3 (LV-gRNA_S/S3), and an empty lenti-
viral vector (LV-empty) were produced by transient 
co-transfection of HEK293T cells with the lentiviral 
expression vector constructs and packaging plasmids 
pMDLg/pRRE (Addgene, #12251), pMD2.G (Addgene, 
#12259), and pRSV-Rev (Addgene, #12253) using 
lipofectamine 3000 (Life Technologies) according to 

the manufacturer’s instruction. Briefly, 7 × 106 293T 
cells were plated in a 10-cm dish. Cells were grown 
to 90%–95% confluence and transfected with 8 μg of 
LentiAncBE4max-Blast, LentiCas9-Blast, LentiGuide-
NS-gRNA, LentiGuide-gRNA_S, LentiGuide-gRNA_
S3, LentiGuide-gRNA_S/S3 or LentiGuide-Puro, 4 μg 
of pMDLg/pRRE, 4 μg of pMD2.G, and 4 μg of pRSV-
Rev. Twenty-four hours and 52 hour following transfec-
tion, cell supernatant was collected, passed through a 
0.45-μm pore filter, and stored at −80°C.

To establish PLC/PRF/5 cell line stably expressing 
AncBE4max (PLC/PRF/5-CBE) or Cas9 (PLC/PRF/5-
Cas9), 4.5 × 105 PLC/PRF/5 cells were seeded in a 
6-cm dish. Cultures were grown to 70%–80% conflu-
ence and transduced with LV-AncBE4max or LV-Cas9 
in the presence of polybrene (8 μg/ml). Forty-eight 
hours following transduction, cells were selected with 
10 μg/ml blasticidin (InvivoGen, San Diego, CA) for 7 
days. PLC/PRF/5-CBE cells were then transduced with 
LV-empty, LV-NS-gRNA, LV-gRNA_S, LV-gRNA_S3 
and LV-gRNA_S/S3, respectively. Transduced cells 
were selected with 2 μg/ml puromycin (InvivoGen) for 7 
days before harvest.

Direct sequencing for on-target and off-
target editing

To assess the off-target effects of base editing, we 
identified 11 potential off-target sites of gRNA_S with 
up to 4-nucleotide mismatches using a web-based 
tool Cas-Offinder (Table S1).[27] PLC/PRF/5-CBE cells 
were harvested after transduction with empty lentiviral 
vector or lentiviral vectors encoding different sgRNAs 
and puromycin selection. Genomic DNA was isolated 
by the DNeasy blood and tissue kit (Qiagen, Hilden, 
Germany). The target site of gRNA_S and possible 
off-target sites were amplified by polymerase chain 
reaction (PCR) using Q5 high-fidelity DNA polymer-
ase (New England Biolabs, Beverly, MA) with specific 
primers (Table S2). Amplicons were purified using the 
QIAquick PCR purification kit (Qiagen), and the PCR 
products were analyzed by Sanger sequencing on an 
ABI 3730xl DNA Analyzer (Applied Biosystems, Foster 
City, CA). The sequencing chromatograms were ana-
lyzed by EditR V1.0.8 software to determine the base 
editing efficiency.[28]

Northern blot analysis

Total RNA was extracted from PLC/PRF/5-CBE cells 
transduced with LV-empty, LV-NS-gRNA, or LV-
gRNA_S using TRIZol reagent (Invitrogen, Carlsbad, 
CA). A total of 10 μg RNA were separated by electro-
phoresis on a 2% agarose-formaldehyde gel and trans-
fered to a positively charged Nylon membrane (Roche 
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Diagnostics, Mannheim, Germany). The membrane 
was probed with a DIG-labeled HBV-RNA probe corre-
sponding to nucleotides 138 to 472 of the HBV genome. 
The glyceraldehyde-3-phosphate dehydrogenase tran-
script was used as an internal control. The DIG-RNA 
probe preparation and hybridization were conducted 
with the DIG Northern starter kit (Roche Diagnostics) 
according to the manufacturer’s instruction (Table S2).

Detection of HBsAg by enzyme-linked 
immunosorbent assay

To access the effect of base editing on HBsAg produc-
tion, PLC/PRF/5-CBE cells transduced with LV-empty, 
LV-NS-gRNA, LV-gRNA_S, gRNA_S3, or LV-gRNA_S/
S3 were seeded in a 12-well plate (1.2 × 105 cells per 
well) after puromycin selection. Cells were cultured for 
24 h, and the medium was changed to fresh medium. 
Forty-eight hours after medium exchange, culture su-
pernatants were collected and cells lysates were pre-
pared as described subsequently. The concentrations 
of HBsAg were determined using the QuickTiter HBsAg 
enzyme-linked immunosorbent assay (ELISA) kit ac-
cording to the manufacture’s instruction (Cell Biolabs, 
San Diego, CA).

Immunofluorescence

PLC/PRF/5-CBE cells transduced with LV-empty, 
LV-NS-gRNA, or LV-gRNA_S (40,000 cells per well) 
were seeded in four-chamber wells (Lab-Tek II cham-
ber slide; Nunc, Rochester, NY). On the following day, 
cells were washed 3 times in phosphate buffered sa-
line (PBS), fixed in 4% paraformaldehyde for 15 min, 
permeabilized in 0.1% Triton X-100 for 10 min, and in-
cubated with blocking solution (5% bovine serum albu-
min in PBS) for 30 min. The cells were then incubated 
with primary rabbit anti-HBsAg (Novus biological) over-
night at 4°C, washed 3 times with buffer (0.1% Tween 
20 in PBS), and incubated with TRITC goat anti-rabbit 
IgG (Earthox, Millbrae, CA) for 1 h at room tempera-
ture. After 3 times of washing, the slide was mounted 
using 4′,6-diamidino-2-phenylindole Fluoromount-GTM 
(Yeason, Shanghai, China). Images were captured 
on an Olympus FV1000 confocal microscope (Tokyo, 
Japan).

Reverse-transcription PCR assay

Total RNA was extracted from the cells using QIAzol 
lysis reagent (Qiagen) according to the manufacturer’s 
instructions. The isolated RNA was transcribed re-
versely into its complementary DNA (cDNA) using a 
high-capacity cDNA reverse-transcription kit (Applied 

Biosystems). This cDNA was then amplified by PCR 
(Table S2). The PCR product was subject to gel elec-
trophoresis and visualized.

Statistical analysis

Data are presented as means ± SD. One-way analysis 
of variance was performed using the Prism 7 software 
(GraphPad Software, San Diego, CA). A two-sided p < 
0.05 was considered statistically significant.

All procedures were conducted in accordance 
with the appropriate ethics and/or institutional review 
committee(s).

RESULTS

Design of a sgRNA capable of inducing a 
premature stop codon in HBV S gene

HBV has three envelope proteins, the small, middle and 
large HBsAg, that are encoded by a single PreS/S open 
reading frame (ORF).[29] The PreS/S ORF contains 
three start codons, which divide it into preS1, preS2, 
and S domain (Figure S1A). The S sequence consist-
ing of 226 amino acids is present in all HBsAg proteins. 
Thus, a nonsense mutation in the S gene is expected to 
direct the synthesis of truncated, nonfunctional HBsAg. 
Indeed, a naturally occurring T-to-A mutation at the 
207th nucleotide of the S gene, which generates a pre-
mature stop codon of the 69th codon, could completely 
cease the HBsAg expression and reduce the secretion 
of virions.[30] It has been reported that the region be-
tween amino acid 119 and 128 of small HBsAg is criti-
cal for the infectivity of the virus.[31] To ensure that the 
resulting truncated HBsAg is devoid of functional do-
mains, the first 120 bp from 5′ end of S gene is selected 
as the target region for base editing.

HBV is genetically diverse, and at least eight dis-
tinct genotypes (A to H) have been identified with over 
8% genetic divergence among the viral genome.[32] To 
design a sgRNA that can target HBV of different gen-
otypes, we first performed a multiple-sequence align-
ment of 20,974 HBV S gene sequences obtained from 
the HBVdb database to identify the conserved sites. 
We identified a conserved sequence that is located 
at nucleotides 72 to 118 of S gene (Figure S1A). A 
sequence logo for this region was generated, which 
shows extraordinarily high sequence conservation (~2 
bits) (Figure S1B). sgRNAs must contain CGA, CAG, 
and CAA codon and be located within the editing win-
dow of CBE (position 4–8 of sgRNA, counting the 5′ 
end as position 1).[13] Based on these criteria, we se-
lected a sgRNA that is able to modify the 30th codon of 
HBV S gene from CAG (glutamine) to stop codon TAG, 
referred as to gRNA_S (Figure 1A).
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The conservation of gRNA_S was evaluated by 
local blast analysis of the S gene sequences obtained 
from the HBVdb database. The result showed that 59% 
of S gene sequences could be edited by gRNA_S 
(Figure 1B and Table S3). To increase the target-
ing scope of base editing, an alternative sgRNA with 
one nucleotide difference with gRNA_S, named as 
gRNA_S2, was also designed. Local blast analysis re-
vealed that 36% of S gene sequences could be edited 
by gRNA_S2 (Figure 1B and Table S3). The subgroup 
analysis was also performed based on virus genotype. 
We found that 95%, 93%, 93%, 9%, and 72% of S 
gene sequences of HBV genotypes B, C, F, G, and H 
are targetable by gRNA_S, whereas 94%, 90%, 95%, 
and 90% of S gene sequences of HBV genotypes A, 
D, E, and G are targetable by gRNA_S2 (Figure 1C 
and Table S3). Thus, gRNA_S is highly conservative 
across different HBV genotypes.

Establishment of HBV-positive human 
hepatoma cell line that stably expresses 
a CBE

Lentivirus is a highly efficient delivery approach to 
introduce a gene product into in vitro systems or ani-
mal models. To examine the efficiency of CRISPR-
mediated base editing in silencing of the HBV S gene, 
we first constructed lentiviral vectors expressing 

a CBE AncBE4max (LV-AncBE4max), which has 
high base-editing efficiency in mammalian cells.[33] 
AncBE4max was inserted into a lentiviral expres-
sion vector, referred as to LentiAncBE4max-Blast, 
and lentiviral vectors were packaged in HEK293T 
cells (Figure 2A). PLC/PRF/5 is a human hepatoma 
cell line that carries the HBV genome and is able to 
produce HBsAg. To establish a stable cell line that 
expresses AncBE4max and Cas9, PLC/PRF/5 cells 
were transduced with LV-AncBE4max and lentiviral 
vectors expressing Cas9 (LV-Cas9). After selection 
with blasticidin, we established two stable PLC/PRF/5 
cell lines that stably express CBE (PLC/PRF/5-CBE) 
or Cas9 (PLC/PRF/5-Cas9), respectively. High lev-
els of AncBE4max was observed in PLC/PRF/5-CBE 
cells (Figure 2B,C). In summary, we established a 
human hepatoma cell line that stably expresses 
AncBE4max.

CRISPR-mediated base editor efficiently 
disrupts HBV S gene in vitro

The PLC/PRF/5-CBE cell line was then used to test 
the efficiency of base editing on silencing HBV S 
gene. Specifically, lentivirus was used to introduce 
nonspecific sgRNA or gRNA_S into PLC/PRF/5-
CBE cells, and puromycin was used to select the 
PLC/PRF/5-CBE cells with nonspecific sgRNA or 

F I G U R E  1   Design of single-guide RNAs (sgRNAs) capable of introducing a premature stop codon in the hepatitis B virus (HBV) S 
gene. (A) The target sequences of gRNA_S and gRNA_S2 within the HBV S gene. The target sequence of sgRNA and the protospacer 
adjacent motif (PAM) sequence are shown in black and blue, respectively. The substituted bases are marked in red. The conserved 
sequence of S gene is shown in orange. (B) Fifty-nine percent of HBV S gene sequences in the HBVdb database were silenced by base 
editing. The sequences targetable by gRNA_S and gRNA_S2 are shown in green and blue, respectively. A BLAST database containing S 
gene sequences was generated and used to identify sequences containing gRNA_S and gRNA_S2 with NGG PAM. (C) Percentage of S 
gene sequences of HBV genotypes A to H containing gRNA_S and gRNA_S2 with NGG PAM. (See Table S3 for a detailed conservation 
analysis of gRNA_S and gRNA_S2)
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gRNA_S. Genomic DNA was isolated from nonspe-
cific sgRNA or gRNA_S positive cells. Genomic DNA 
containing the binding site of gRNA_S was amplified 
for sequencing analysis. In cells transduced with the 
empty lentiviral vector or lentiviral vector expressing 
nonspecific sgRNA, no change in the 30th codon of 
the HBV S gene was observed in PLC/PRF/5-CBE 
cells without the treatment of gRNA_S (Figure 3A). 
In contrast, gRNA_S treatment facilitated the con-
version of CAG to a stop codon TAG in PLC/PRF/5-
CBE cells (Figure 3A). The editing efficiency was 
then quantified by EditR, an innovative program for 
analysis of Sanger sequencing data.[28] As expected, 
71% of cells treated with gRNA_S developed a stop 
codon in the target site within the HBV genome 
(Figure 3B,C), indicating that CRISPR-mediated CBE 
is an efficient approach to silence HBV that integrates 
into the genome of hepatocytes.

Base editing of S gene dramatically 
inhibits HBsAg production

Serum HBsAg levels reflect the transcriptional activ-
ity of intrahepatic HBV cccDNA, an indicator of viral 
protein synthesis. The ultimate aim for the treatment of 
HBV infection is the loss of HBsAg. To investigate the 
impact of base editing on HBV RNA, HBV transcripts 
in PLC/PRF/5-CBE cells treated with nonspecific RNA 
and gRNA_S were analyzed by northern blot. As shown 
in Figure 4A, gRNA_S treatment significantly reduced 
levels of the 2.4-kb and 2.1-kb RNAs. Moreover, the 
2.1-kb RNA was suppressed more efficiently. The re-
sults demonstrated that the premature stop codon gen-
erated in the S gene would lead to massive degradation 
of HBs mRNA.

To determine the effect of CBE-mediated S gene 
silencing on HBsAg production, PLC/PRF/5-CBE 

F I G U R E  2   Establishment of a hepatic cell line that stably expresses a cytidine base editor (CBE). (A) Schematic illustration of three 
lentiviral expression vectors containing AncBE4max (left, LentiAncBE4max-Blast), gRNA_S (LentiGuide-gRNA_S), and nonspecific sgRNA 
(LentiGuide-NS-gRNA). The sequences of AncBE4max and sgRNAs are marked in red. (B) High level of AncBE4max messenger RNA 
(mRNA) was detected in PLC/PRF/5-CBE cells by reverse-transcription polymerase chain reaction (RT-PCR). Wild-type PLC/PRF/5 cells 
served as a control. (C) High level of AncBE4max protein in PLC/PRF/5-CBE cells as revealed by western blot. PLC/PRF/5–CRISPR-
associated protein 9 (Cas9) was used as a positive control. The molecular weight of AncBE4max protein in PLC/PRF/5-CBE cells was 
larger than that of Cas9 protein in PLC/PRF/5-Cas9 cells. PLC/PRF/5 cells were transduced with lentivectors expressing a CBE (LV-
AncBE4max) or Cas9 (LV-Cas9) and selected with blasticidin for 7 days. Total RNA and total protein were extracted from the cell lines and 
then subjected to reverse-transcription PCR and western blot analysis
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cells treated with gRNA_S were cultured for 48 h, 
and the HBsAg concentration in the medium su-
pernatants was measured by ELISA. Creation of 
stop codon led to a 92% reduction of HBsAg secre-
tion in PLC/PRF/5-CBE cells treated with gRNA_S 
(Figure 4B). Next, we investigated whether base ed-
iting of S gene has a similar effect on intracellular 
HBsAg. PLC/PRF/5-CBE cells treated with empty 
vector, nonspecific sgRNA and gRNA_S were cul-
tured for 48 h. Western blot analysis revealed a sig-
nificant decrease of intracellular HBsAg (Figure 5A). 
The intracellular HBsAg was reduced by 84% after 
transduction of lentivectors expressing gRNA_S, as 
quantitated by ELISA (Figure 5B). HBsAg expression 

in PLC/PRF/5-CBE cells treated with nonspecific 
sgRNA and gRNA_S were also analyzed by immu-
nofluorescence. The result showed that intracellular 
HBsAg was remarkably reduced by gRNA_S treat-
ment (Figure 5C). To evaluate whether other viral 
proteins are affected by gRNA_S, we analyzed lev-
els of hepatitis B x protein (HBx) level in PLC/PRF/5-
CBE cells treated with gRNA_S and control vectors. 
Western blot revealed that levels of HBx protein was 
not affected by treatment of gRNA_S (Figure 5D). In 
summary, CBE not only generated the stop codon in 
the HBV genome that harbored within the genome of 
hepatocytes, but also led to a favorable phenotype of 
reduced HBsAg.

F I G U R E  3   Silencing of the HBV S gene by CBE-mediated base editing. (A) CAG to TAG editing was obtained in PLC/PRF/5-CBE cells 
transduced with LV-gRNA_S. Representative sequencing chromatogram of the amplicon obtained from PLC/PRF/5-CBE cells transduced 
with either an empty lentiviral vector (LV-empty) or lentiviral vectors expressing nonspecific sgRNA (LV-NS-gRNA) or gRNA_S (LV-
gRNA_S). Red arrows indicate the edited nucleotides. (B) The output plots of Sanger sequencing traces by EditR. Percentage of T editing 
at each position was depicted. C-to-T editing was only observed in the gRNA_S group. (C) The percentage of TAG in the 30th codon of 
HBV S gene was shown for treatment with LV-gRNA_S

F I G U R E  4   CBE-mediated base editing led to reduced HBs mRNA and HBsAg secretion. (A) Levels of 2.4-kb and 2.1-kb HBV RNA 
in PLC/PRF/5-CBE cells transduced with LV-empty, LV-NS-gRNA or LV-gRNA_S, as revealed by northern blot. (B) Transduction of LV-
gRNA_S significantly reduced the HBV surface antigen (HBsAg) level in the cell supernatant. Values and error bars represent the mean 
and SD of three independent biological replicates performed on different days (**p < 0.01; two-way analysis of variance [ANOVA] test). 
Abbreviation: GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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We next determined whether a dual sgRNA was able 
to increase the efficiency of silencing the S gene. For 
this purpose, we designed another sgRNA, gRNA_S3, 
which was assumed to modify the 35th codon of the 
HBV S gene from TGG to a stop codon. A dual lentivi-
ral vector containing gRNA_S and gRNA_S3 was con-
structed (Figure S2A). gRNA_S3 treatment was able 
to induce a stop codon at the target loci in about 15% 
of cells (Figure S2B). Combined treatment of gRNA_S 
and gRNA_S3 was able to drive a C-to-T and a G-to-A 
conversion in the target sites of gRNA_S and gRNA_
S3 simultaneously. Unexpectedly, the editing efficiency 
of gRNA_S/S3 was significantly reduced compared 
with treatment of gRNA_S or gRNA_S3 alone (Figure 
S2B). As ELISA revealed, gRNA_S/S3 treatment was 
less effective than gRNA_S treatment in suppression 
of HBsAg secretion (Figure S2C).

Analysis of the off-target effect of 
base editing

Off-target effects of the CRISPR/Cas9 approach are 
a major hurdle for its clinical application. We next ex-
amined the potential off-target mutagenesis on the 
host genome by gRNA_S. Bioinformatic analysis 

and database mining identified 11 potential off-target 
sites within the genomes of hepatocytes. To deter-
mine whether these potential off-targets sites can 
be edited by gRNA_S, 300 bp DNA fragments flank-
ing each off-target site were amplified using genomic 
DNA extracted from PLC/PRF/5-CBE cells treated with 
gRNA_S. Sequencing revealed that no editing of cy-
tidine or guanosine on the predicted off-target sites of 
the host genome was detected (Figure S3). Together, 
our CBE is a high-fidelity approach to edit the specific 
loci with low off-target effects.

DISCUSSION

HBsAg is the envelope protein of HBV and the primary 
marker of ongoing HBV infection. Loss of HBsAg, to-
gether with undetectable HBV DNA, is termed a func-
tional cure of HBV infection, allowing safe cessation 
of antiviral treatment.[34] The small and large HBsAg 
are essential for virion formation, whereas the middle 
HBsAg is not necessary.[35] All three HBsAg proteins 
are encoded by one open-reading frame and share 
the S gene. HBsAg can be produced either from HBV 
cccDNA or from integrated HBV DNA.[36–38] A recent 
study found that about 80% of the HBsAg transcripts 

F I G U R E  5   Base editing of the S gene resulted in a reduction of intracellular HBsAg. (A) Levels of intracellular HBsAg in PLC/PRF/
5-CBE cells transduced with LV-empty, LV-NS-gRNA or LV-gRNA_S, as revealed by western blot. (B) Enzyme-linked immunosorbent 
assay (ELISA) measurement of HBsAg in the cell lysate of PLC/PRF/5-CBE cells transduced with LV-empty, LV-NS-gRNA, or LV-
gRNA_S. (C) Immunostaining of HBsAg reveal a significant reduction in intracellular HBsAg in PLC/PRF/5-CBE cells treated with 
gRNA_S. Scale bar: 50 μm. (D) Levels of HBx protein in PLC/PRF/5-CBE cells treated with empty lentivector, NS gRNA or gRNA-S, 
as revealed by western blot. Values and error bars represent the mean and SD of three independent biological replicates performed on 
different days (**p < 0.01; (two-way ANOVA test). Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; MHBs, middle HBsAg; SHBs, small 
HBsAg
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were generated by integrated viral DNA.[37] To reduce 
or eliminate HBsAg production, both HBV cccDNA and 
the integrated HBV gene should be targeted.

Although nucleos(t)ide analogues are highly effec-
tive in suppressing HBV replication, the serum HBsAg 
level is only modestly reduced after prolonged antivi-
ral treatment. Treatment with nucleos(t)ide analogues 
for 6–12 years resulted in a 71% reduction of serum 
HBsAg level. In comparison, the level of HBV cccDNA 
was reduced by 99.84%. RNA interference (RNAi) ther-
apy and nucleic acid polymers have shown the ability 
to reduce serum HBsAg.[39,40] However, because the 
template of HBsAg transcription is not eradicated, 
treatment cessation might cause viral reactivation. In 
a phase 2 clinical trial, 10 of 24 patients who achieved 
HBsAg loss after triple treatment with a nucleic acid 
polymer, tenofovir disoproxil, and pegylated interferon 
alfa-2a underwent HBsAg reappearance after treat-
ment cessation for 1 year.[40]

As a genome editing tool, CRISPR/Cas9 system has 
the potential for permanent elimination of viral genome. 
CRISPR/Cas9 could effectively disrupt HBV replication 
and suppress viral gene expression.[5–9] Nonetheless, 
many studies proved that repair of DSB induced by 
Cas9 nuclease also generates large deletions extend-
ing over many kilobases at the targeted site.[10,41,42] 
As integration of HBV DNA into host genome occurs 
in the early phase of HBV infection,[12] CRISPR/Cas9 
targeting an HBV sequence raises concerns about host 
chromosomal instability. In contrast to Cas9 nuclease, 
CRISPR base editors can convert one DNA base to 
another without DSB.[13,33] In particular, CBEs could 
mediate C→T (or G→A) substitution in the genome and 
can be used to knock out gene functions by introducing 
premature stop codons.

Based on the structure of HBV genome, we selected 
nucleotides 72 to 118 of the S gene to design our gR-
NA_S that can generate a premature stop codon in 
the HBV S gene and subsequently impair expression 
of all three HBV envelope proteins. CBE-mediated si-
lencing of HBV genes has several advantages. First, 
viral genes in both of the cccDNA and integrated DNA 
could be permanently silenced through base editing, 
allowing a finite term treatment; second, editing with a 
base editor does not generate DSB, and there is no 
risk of affecting host chromosomal stability with the ex-
istence of integrated HBV DNA; third, the consequence 
of base editing is predictable, as effects on the overlap-
ping HBV gene can be evaluated during the design of 
sgRNA, which is impossible in CRISPR/Cas9 system 
based on DSB; and finally, multiple virus genes can be 
silenced simultaneously with a multiplexed base editing 
system.

In the present study, we designed a sgRNA targeting 
the beginning of the S gene, gRNA_S. gRNA_S could 
direct a CBE to generate a premature stop codon in the 
30th codon of S gene, thus terminating expression of 

all envelope proteins. The conservativeness of sgRNA 
is critical for clinical application, as a 2-bp mismatch 
might completely abolish the binding of the sgRNA.[43] 
gRNA_S is highly conservative among HBV genotypes 
B, C, F, and H. Regarding genotypes A, D, E, and G, 
another sgRNA was designed and a combination of 
two sgRNAs can be subcloned into the same vector, 
allowing us to target all different genotypes of HBV.

We have proven that gRNA_S efficiently created a 
C-to-T substitution, which introduced a stop codon in 
the target site of the HBV S gene in vitro. The resulting 
HBs mRNA was substantially reduced, which is prob-
ably mediated by nonsense-mediated mRNA decay. 
Consequently, the amount of secreted and intracellu-
lar HBsAg was dramatically reduced in the cells edited 
by gRNA_S. Among the six cytidines of the gRNA_S 
binding site, C-to-T conversion only occurs in positions 
3, 4, and 6, counting the 5′ end of gRNA_S as position 
1 (Figure 3A,B). Noticeably, the target cytidine at po-
sition 6 had the highest editing efficacy, which is con-
sistent with reports of other groups.[13,33] The narrow 
editing window is preferred, to minimize undesirable 
nontarget mutations. C-to-T mutation in positions 3 and 
4 of gRNA_S might lead to leucine or serine substitu-
tion of proline at the 29th codon of the HBV S gene. 
However, because a stop codon is generated at the 
30th codon, these genetic code changes fail to gener-
ate a functional HBsAg.

The editing efficiency of CBE at the target site was 
about 71% in our study, which was high but might be 
improved further. In a recent study, a phage-assisted 
continuous evolution system was developed to evolve 
base editors with better editing efficiency and sequence 
compatibility.[44] Although base editors with higher de-
aminase activity were successfully evolved, the base 
editing efficacy was only improved at the sites that 
showed poor editing by unevolved CBEs. The plateau 
editing level (~60%–80%) at the well-edited sites could 
not be improved, suggesting that deaminase-extrinsic 
factors such as cell state and DNA repair processes 
limited the efficiency of base editing.[44] Intriguingly, a 
recent study proved that fusion of a single-stranded 
DNA-binding protein domain could increase the activ-
ity of CBE by 1.7-fold to 15.2-fold.[45] These engineered 
CBEs could be used to produce an enhanced suppres-
sion of HBsAg expression.

Gene-silencing efficiency can also be improved by 
targeting two or more sites to generate more than one 
premature stop codon. However, in this study, a dual 
sgRNA system failed to generate more premature 
stop codons in the S gene. This observation might be 
caused by the proximity of the two sgRNAs targeting 
the S gene. Considering the safety concern, the target 
site of gRNA_S3 was considered as the best choice. 
Within the 227 codons of the S gene, five codons 
could be targeted by CBE to generate premature stop 
codons, including the 30th codon encoding glutamine, 
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and the 35th, 156th, 172th, and 223th codons encod-
ing arginine. Although nonsense mutations at the 5' 
end of the S gene such as codon 36 and codon 69 
could abolish expression of large, middle, and small 
HBsAg completely,[30] nonsense mutations at the 3' 
end of the S gene may generate C-terminal truncated 
HBsAg, which possesses diverse biological proper-
ties. It has been reported that HBV variants with pre-
mature stop codon at position 172, 182, and 196 of 
the S gene could promote apoptosis of the cell and 
may enhance the progression to HCC.[46] Moreover, 
because the S gene is overlapped by the HBV poly-
merase gene, stop codon at position 172 of the S gene 
will also lead to rtA181T nucleos(t)ide drug-resistant 
mutation. Therefore, the 35th codon of the S gene 
was the best choice as the second target site of CBE. 
However, there are 15 consecutive nucleotides in 
gRNA_S3 that are fully complementary to gRNA_S1. 
As a consequence, a sense-antisense RNA duplex 
may form at the overlapping region of these two sgR-
NAs, resulting in a reduced level of each sgRNA and 
compromised editing efficiency at both target sites. 
Considering these limitations, the single sgRNA sys-
tem should be considered to generate more prema-
ture stop codons in the S gene.

Because of the overlapping nature of HBV genome, 
editing on the HBV S gene also changed the genetic 
code of HBV reverse transcriptase. The on-target edit-
ing of the S gene by gRNA_S will lead to substitution of 
the 38th amino acid of HBV reverse transcriptase from 
alanine to valine (A38V). The effect of this mutation on 
the function of reverse transcriptase has not been re-
ported. However, the HBV nucleocapsid could not be 
released from cells without the expression of envelope 
proteins.[35]

At the 11 possible off-target sites, we did not de-
tect any off-target editing. Nevertheless, some off-
target mutations might be overlooked. An unbiased 
whole-genome sequencing is preferred to evaluate 
the off-target effect of gRNA_S. Another limitation of 
the study is that on-target editing was estimated only 
by Sanger sequencing, whereas next-generation se-
quencing can provide more accurate measurements. 
The third limitation is that the Cas9-independent off-
target mutations in the genome and transcriptome 
were not evaluated in this study. Whole genome or 
transcriptome sequencing is needed to clarify this 
concern. Newly developed CBE variants with min-
imized Cas9-independent off-target DNA editing is 
probably a better alternative to the canonical CBE 
used in this study.[47] Finally, HBV cccDNA does not 
exist in PLC/PRF/5 cells. Although several studies 
have proven that HBV cccDNA can be targeted by 
Cas9 protein,[6,7,9,41] the editing efficacy of base edi-
tors on cccDNA remains to be elucidated.

In addition to CBE-mediated gene silencing, RNAi 
using small interfering RNA is another potent strategy to 

suppress HBsAg.[39] One advantage of CBE-mediated 
gene silencing is its ability to permanently knock out 
the S gene, while RNAi-induced inhibition of HBsAg 
probably could not be maintained once the therapy is 
stopped. Another advantage is that the off-target effect 
of the CRISPR system is far less effective than RNAi. 
A head-to-head comparison of RNAi and CRISPR 
technologies revealed that RNAi frequently produces 
systemic off-target effects, whereas CRISPR technol-
ogy has negligible off-target effects.[48] Nonetheless, 
the expression of exogenous CBE protein is required 
to attain the desired editing, and the large size of the 
gene encoding CBE poses a challenge for the delivery 
of the therapeutic agent. Recently, a split base editor 
dual-adeno-associated virus (AAV) strategy has been 
developed to bypass the packing-size limit of AAV vec-
tors. A single injection of dual AAV split-intein CBE re-
sulted in 21% of target C•G-to-T•A editing in the liver.[49] 
This split-intein CBE delivery system could be used to 
introduce premature stop codons in the HBV genome 
in vivo.

In conclusion, our data show that CRISPR-mediated 
base editing is an efficient approach to silence the HBV 
S gene, suggesting its potential in curing chronic HBV 
infection. However, further studies are needed to eval-
uate the editing efficiency of gRNA_S in vivo.
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