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Abstract. Orthohepadnavirus hominoidei (formerly known as HBV) remains a
significant global health concern, as chronic infection can lead to liver cirrhosis
and hepatocellular carcinoma. One of the main challenges in treating this virus is
that fragments of its DNA, once integrated into the host genome, remain intact
and are not eliminated by current therapies. CRISPR/Cas9 technology has
emerged as a promising genome-editing tool, with multiple studies
demonstrating its ability to selectively target and cleave Orthohepadnavirus
hominoidei DNA. In this study, we conducted targeted disruption experiments
using the CRISPR/Cas9 system to target the S gene encoding the surface antigen
of Orthohepadnavirus hominoidei. We successfully constructed the pX260-
HBsAg vector and transfected it into HepG2 cells harboring a dimeric plasmid
of the virus. Following the targeted disruption procedure, genomic DNA was
isolated from the HepG2 cells, and the S gene was amplified by PCR. While the
expected product of the S gene is 437 base pairs, the PCR yielded products of
varying lengths, suggesting possible modifications at the target site.

Keywords: HBV dimer plasmid, HBV eradication, hepatitis B virus
Orthohepadnavirus hominoidei, gene therapy.

1 Introduction

The World Health Organization (WHO) estimated that, in 2022, approximately 254
million people were living with chronic infection caused by Orthohepadnavirus
hominoidei (formerly hepatitis B virus, HBV), with 1.2 million new infections reported
annually [1]. Chronic HBV carriers are at elevated risk for serious liver diseases,
including cirrhosis and hepatocellular carcinoma (HCC) [2].

Orthohepadnavirus hominoidei belongs to the Hepadnaviridae family—a group of
small, enveloped DNA viruses responsible for acute and chronic liver infections in
humans and other animals [3]. Its circular, partially double-stranded genome (~3.2 kb)
encodes four overlapping open reading frames (ORFs): S, P, C, and X. These give rise
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to surface antigen (HBsAg), polymerase (Pol), core antigens (HBcAg and HBeAg), and
the X protein (HBX), respectively [4]. While HBx is closely associated with
oncogenesis [5].

The surface antigen HBsAg is abundantly secreted into the serum of chronically
infected individuals and functions as a key viral determinant in immune tolerance and
escape. It inhibits the host’s immune clearance mechanisms by facilitating immune
suppression and chronic viral maintenance [6,7, 8]. Long-term expression of HBsAg is
also linked to an increased risk of HCC, even in the absence of ongoing replication [9].
Importantly, the S gene encoding HBsAg is highly conserved across HBV genotypes,
making it an ideal target for gene-based therapies. Moreover, HBsAg can be expressed
from both covalently closed circular DNA (cccDNA) and integrated viral DNA,
highlighting its role in HBV persistence even when replication is suppressed [10, 11].

Currently, the standard therapeutic approaches for hepatocellular carcinoma (HCC),
such as surgical resection, liver transplantation, systemic chemotherapy, and
immunotherapy, offer limited effectiveness, especially in patients with chronic hepatitis
B virus (HBV) infection. Although antiviral treatments, including nucleos(t)ide analogs
and pegylated interferons can effectively suppress HBV replication, they rarely
eliminate hepatitis B surface antigen (HBsAg), with functional cure rates remaining
low. The persistence of HBsAg not only contributes to ongoing viral activity but also
increases the risk of HCC [12,13]. Interestingly, during the infection process, a fraction
(approximately 5%—10%) of HBV DNA can become linearized and integrate into the
host genome, resulting in a replication-deficient form that still retains the ability to
express viral proteins such as HBsAg [14]. While cccDNA is responsible for
maintaining chronic HBV infection through continuous virion production, integrated
HBV DNA contributes to sustained HBsAg expression, which facilitates immune
evasion and promotes oncogenesis [15]. Therefore, both cccDNA and integrated HBV
DNA represent essential therapeutic targets for HBV gene-based interventions.

These limitations underscore the urgent need for novel therapeutic strategies that can
directly silence or eliminate HBsAg expression, potentially improving long-term
outcomes for patients with HBV-associated liver cancer. This underscores the urgent
need for novel therapeutic approaches that can directly silence or eliminate HBsAg
expression.

Since its emergence in 2013, the CRISPR/Cas9 system has transformed genome
editing, offering unprecedented specificity and efficiency. CRISPR/Cas9-based
strategies targeting HBV genomes have shown the ability to disrupt viral DNA both in
plasmids and in cccDNA forms, in vitro and in vivo [14]. In light of its biological
significance and genetic stability, the HBsAg gene represents a promising candidate for
CRISPR/Cas9-mediated silencing aimed at breaking HBV persistence and enhancing
immunological clearance.

In the present study, we employed CRISPR/Cas9 to target the S gene encoding
HBsAg in HBV-infected liver cell models, with the goal of suppressing surface antigen
expression and impairing viral stability.
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2 Materials and Methods

2.1 Cell culture

Human hepatoma-derived HepG2 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Thermo Fisher Scientific) and 1% penicillin-streptomycin (Gibco, Thermo Fisher
Scientific). Cells were maintained at 37 °C in a humidified incubator with 5% CO:
atmosphere.

2.2 Plasmid preparation

To target the S gene of Orthohepadnavirus hominoidei, we utilized the humanized
Streptococcus pyogenes Cas9 expression plasmid pX260 (Addgene #42229), which
also encodes tracrRNA and guide RNA (gRNA). An HBV dimer plasmid expressing
the surface antigen (HBsAg), (kindly provided by Dr. Gansukh Choijilsuren) was co-
transfected. The gRNA target site within the minor S gene was selected based on the
presence of the PAM sequence “NGG,” using the Benchling design tool, and the
sequence 5'-CAG GTG CAA TTT CCG TCCG-3' was chosen. To insert this gRNA
into the BbsI (New England Biolabs) digested pX260 vector (which generates sticky
ends “ATTT” and “GTTT”), oligonucleotide overhangs “TAAA” and “CAAA” were
incorporated into the synthesized primers (Gene Ray, Biotech): forward 5'-AAA CCA
GGT GCA ATT TCC GTC CGA-3" and reverse 5'-CTA GTC GGA CGG AAA TTG
CAC CTG-3". The primers were annealed by heating to 95 °C for 5 minutes followed
by gradual cooling to room temperature. The annealed oligonucleotides were then
ligated into the pX260 vector was linearized with BbsI (New England Biolabs) prior to
ligation. The linear pX260 vector in a 10 puL reaction containing 25 ng, 1 uL annealed
gRNA duplex, 1 uL 10x T4 ligase buffer, 0.5 uL. T4 DNA ligase (New England
Biolabs), and nuclease-free water. The ligation reaction was incubated at 25 °C for 1
hour, followed by an additional 10 minutes at 65 °C for heat inactivation. Vector
validation was performed by digesting the pX260 and pX260-HBsAg plasmids with
EcoRI (New England Biolabs) and Bbsl restriction enzymes.

2.3 Transfection

Transfection was performed using the Lipofectamine™ 3000 Transfection Kit (Thermo
Fisher Scientific, Invitrogen) according to the manufacturer’s instructions. Briefly,
7.5 pL of Lipofectamine 3000 reagent was diluted in 125 pL of antibiotic-free RPMI
medium. In a separate tube, 8 uL of HBV dimer plasmid (336 ng/uL) and 5 uL of P3000
reagent were mixed with another 125 pL of antibiotic-free RPMI medium (Gibco,
Thermo Fisher Scientific). The two mixtures were then combined and incubated at
room temperature for 15 minutes to allow complex formation.

Following incubation, the transfection complex was added to HepG2 cells cultured
in 6-well plates at approximately 70% confluence. The cells were incubated at 37 °C in
a 5% CO: atmosphere for 2 to 4 days prior to further analysis.
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2.4  Colony selection

Cell lines were selected using antibiotics to isolate cells stably expressing the
Orthohepadnavirus hominoidei viral genome. After 48 hours post-transfection, the
cells were cultured for 24 hours in RPMI medium supplemented with 10% FBS and
500 pg/mL G418 (Geneticin). Subsequently, the G418 concentration was reduced to
200 pg/mL, and the cells were continuously maintained in this medium until they were
used for further experiments.

2.5 Genomic DNA extraction and PCR to detect the sequence of the gene
encoding the S antigen

Genomic DNA was extracted using the Zanaaspex Cell, Tissue DNA Extraction Kit
(Zanaaspex, Mongolia). To detect the sequence of the gene encoding the surface (S)
antigen of Orthohepadnavirus hominoidei in HepG2 liver carcinoma cells harboring
the viral genome, polymerase chain reaction (PCR) was performed using specifically
designed primers. The forward primer used was 5'-ACC TCC AAT CAC TCA CCA
AC-3', and the reverse primer was 5'-CCC CAA TAC CAC ATC ATC CA-3'. These
primers were designed to amplify a 437-base pair (bp) fragment corresponding to the S
antigen gene region.

PCR amplification was carried out under the following thermal cycling conditions:
initial denaturation at 98 °C for 2 minutes, followed by 30 cycles of denaturation at
98 °C for 10 seconds, annealing at 53 °C for 14 seconds, and extension at 72 °C for 27
seconds. A final extension step was performed at 72 °C for 1 minute to complete the
reaction.

2.6 Enzyme-Linked Immunosorbent Assay (ELISA) for HBsAg Quantification

To quantify hepatitis B surface antigen (HBsAg) levels in the cell culture supernatants,
we employed the Genetic Systems™ HBsAg EIA 3.0 kit (Bio-Rad Laboratories),
following the manufacturer’s instructions. After a 48—72-hour incubation period post-
transfection, the culture supernatants were collected and clarified by centrifugation at
1000 x g for 10 minutes to eliminate cellular debris.

The clarified samples were then added to microwells pre-coated with monoclonal
antibodies specific to HBsAg. After incubation, the wells were washed thoroughly to
remove unbound substances. A horseradish peroxidase (HRP)-conjugated secondary
antibody was subsequently added and allowed to bind to the captured antigen.
Following another wash step, a chromogenic substrate was introduced, and the
colorimetric reaction was allowed to develop in the dark at room temperature for 30
minutes.

Optical density (OD) was measured at 450 nm using a Biobase ELISA Microplate
Reader (Model BK-EL10C). Each sample was assayed in triplicate, and absorbance
values were interpreted against the kit’s calibrators and controls. Results were classified
as positive or negative for HBsAg expression based on the cutoff values defined by
the manufacturer.
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3 Result

3.1 Result of vector design and preparation

A 23-base pair (bp) Orthohepadnavirus hominoidei-specific guide RNA (gRNA)
sequence targeting the S gene was successfully inserted into the pX260 plasmid. The
resulting recombinant vector, pX260-HBsAg, was verified through restriction enzyme
digestion using EcoRI and Bbsl.

Upon digestion, the original pX260 plasmid generated four fragments of
approximately 22 bp, 695 bp, 4340 bp, and 5146 bp in size. In contrast, the recombinant
pX260-HBsAg vector lacked the Bbsl restriction site due to successful gRNA insertion,
yielding only two fragments: 695 bp and 9508 bp.

Agarose gel electrophoresis of plasmid samples loaded into wells 2, 3, 4, and 5
revealed two clear bands at ~10,000 bp and 695 bp, consistent with the expected sizes
for the recombinant construct. These results confirmed that the pX260-HBsAg vector
was correctly assembled and suitable for downstream applications.

10kb 10kb
5kb 5.1kb
4.3kb
1.5kb
6.9kb
0.5kb

Fig. 1. Electrophoregram of pX260 and pX260-HBsAg plasmids digested with EcoRI and
BbsI enzymes. M: Molecular weight marker (GeneRuler 1 kb Plus DNA Ladder - Thermo Fisher
Scientific); lane 1: pX260 plasmid; lanes 2, 3, 4, and 5: pX260-HBsAg plasmid. 1% agarose,
EtBr, 50V, UV.

3.2 Results of testing HBV S antigen in HepG2 cells

The pHBV dimer plasmid was transfected into HepG2 cells and selected using
neomycin. Genomic DNA from hepatitis B virus-positive HepG2 cells, DNA from the
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positive control pHBV dimer plasmid, and genomic DNA from negative control HepG2
cells were extracted, and PCR was performed.

M 1 2 3 4 N

500bp -

Fig. 2. Electrophoregram of amplification of the 434-bp sequence of the S gene of the HBV
virus. M: Molecular weight marker; lanes 1 and 2: Genomic DNA of HepG2 cells transfected
with the pHBV dimer plasmid; lane 3: Positive control (pHBV dimer plasmid DNA); lane 4:
Negative control (HepG2 cell genomic DNA); N: Negative control (nuclease-free water). 1%
agarose, EtBr, 50V, UV.

3.3  Results of targeted disruption in HBV positive cells

Orthohepadnavirus hominoidei HBsAg gene-specific gRNA/Cas9 system was tested
to cut the HBsAg gene sequence in HBV-positive HepG2 cells. After the target
sequence is cleaved, the cell DNA repair mechanism takes over, and this process is
relatively random. Therefore, due to this feature, insertions and/or deletions (indel
mutations) may occur at the cut site, leading to gene sequence alterations of varying
lengths. PCR was performed to check the results of the HBV S gene targeted disruption.
PCR on genomic DNA isolated from targeted disrupted cells produced a 437-bp
fragment and a 200-bp fragment, along with smeared bands of various lengths,
confirming a successful targeted disruption.
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M 1 2 3 4 N

1.5kb

Fig. 3. Electrophoregram of HBV S gene detection in edited HepG2 cells. M: Molecular
weight marker, lane 1: Genomic DNA from HepG2 cells transfected with the pHBV dimer
plasmid, lane 2: Genomic DNA from pHBV-positive HepG2 cells knocked in with the pX260-
HBsAg vector, lane 3: Positive control (pHBV dimer plasmid DNA), lane 4: Negative control
(genomic DNA from HepG2 cells), N: Negative control (nuclease-free water). 1% agarose, EtBr,
50V, UV.

Average absorbance values (A450) obtained from an HBsAg ELISA performed on cell
culture supernatants. Conditions include negative control (nuclease-free water),
positive control (ELISA), HBV-positive HepG2 (HBV dimer plasmid DNA
transfected) cells, and cells subjected to targeted disruption with the CRISPR/Cas9
HBsAg-targeting vector. Bars represent mean + standard deviation. The targeted
disruption group showed decreased HBsAg levels compared to HBV-positive cells,
indicating a potential therapeutic effect.

3.4  Quantification of HBsAg in Cell Culture Supernatants Using ELISA

Hepatitis B surface antigen (HBsAg) levels were measured in the supernatants of
transfected cell cultures using the Genetic Systems™ HBsAg EIA 3.0 kit. As shown in
Table 1 and Figure 4, the negative control samples yielded consistently low absorbance
values (mean + SD: 0.072 + 0.001), well below the calculated cutoff value (0.072 +
0.070 = 0.142), confirming the absence of non-specific reactivity.

The positive control group produced a mean absorbance of 0.102 £+ 0.010, which
approached the cutoff value but remained within acceptable variation for low-positive
samples in this assay.

Supernatants from HBV-positive HepG2 cells transfected with the HBV dimer
plasmid exhibited markedly elevated absorbance values (mean = SD: 0.695 + 0.518),
indicating significant HBsAg secretion into the culture medium. Notably, the high
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standard deviation reflects substantial variability between replicates, possibly due to
uneven transfection efficiency or asynchronous viral protein expression.

In contrast, cells subjected to targeted disruption with the CRISPR/Cas9 vector
targeting HBsAg displayed a reduced mean absorbance (0.382 + 0.475) compared to
the HBV-positive group. While still above the cutoff, the lower average and high
variability suggest partial suppression of HBsAg expression, consistent with successful
genome editing in a subset of the cell population. Overall, these findings support the
utility of CRISPR/Cas9-mediated disruption of the HBsAg gene, as reflected by the
decreased antigen levels in the targeted disruption group relative to HBV-expressing
controls.

Table 1.HBsAg ELISA Results in Cell Culture Media Supernatants

Sample Group Replicate 1  Replicate 2 Replicate 3 Mean £ SD
Negative control ‘ 0.073 0.072 0.071 0.072 £ 0.001
Positive control 0.114 0.099 0.094 0.102 +0.010
HBV-positive cells 0.098 0.995 0.991 0.695 +0.518
Targeted disruption cells ‘ 0.093 0.930 0.123 0.382 £0.475

ELISA Results of Different Sample Groups

1:2

Absorbance (A450)

Fig. 4. Average absorbance values (A450) obtained from an HBsAg ELISA performed on cell
culture supernatants. Conditions include negative control (nuclease-free water), positive control
(ELISA), HBV-positive HepG2 (HBV dimer plasmid DNA transfected) cells, and cells subjected
to targeted disruption with the CRISPR/Cas9 HBsAg-targeting vector. Bars represent mean +
standard deviation.
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4 Discussion

A variety of genome editing platforms have emerged over recent years, including zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENSs), and
the CRISPR/Cas system. Both ZFNs and TALENS rely on engineered DNA-binding
protein domains fused to nucleases to introduce double-stranded breaks (DSBs) at
specific loci. However, these systems require complex protein engineering, limiting
scalability and flexibility [16].

In our study, we established an in vitro model of HBV infection in HepG2 cells,
which typically do not harbor integrated viral DNA[17, 18], unlike the commonly used
Hep3B cell line [19]. The expression of HBsAg from the HBV dimer plasmid allowed
us to test the efficacy of CRISPR/Cas9-mediated disruption in a controlled setting.
Among multiple candidate gRNAs evaluated and hepatitis B surface antigen gene
region, is only less sensitive to mutation in previous studies [20].

Compared to previous studies, our approach demonstrates a targeted and effective
strategy for reducing HBsAg expression, which is a key marker of HBV replication and
persistence.

Recent literature has emphasized the challenge posed by cccDNA and integrated
HBV DNA, which serve as reservoirs for viral persistence and are not eliminated by
conventional nucleotide analogue therapies [21, 22, 23]. Our study aligns with these
findings by showing that CRISPR/Cas9 can induce site-specific cleavage of the HBsAg
gene, leading to altered PCR fragment sizes and reduced antigen levels. This supports
the notion that genome editing can directly interfere with viral gene expression at the
DNA level [20, 24].

Yao et al. (2024) reported that multi-locus targeting of HBV genes using
CRISPR/Cas9 enhanced antiviral efficacy both in vitro and in vivo [14]. While our
study focused on a single gRNA targeting the S gene, the observed reduction in HBsAg
levels suggests that even single site editing possibly yield measurable therapeutic
effects. However, the variability in ELISA absorbance values and incomplete
suppression of antigen expression indicate that editing efficiency remains a limiting
factor, consistent with the challenges described by Nair et al. (2024) regarding delivery
and off-target effects [25]. Moreover, our results are in line with the broader consensus
that CRISPR/Cas9 offers a transformative approach to HBV therapy, particularly when
combined with advanced delivery systems. Studies have shown that lipid nanoparticle
(LNP)-mediated delivery of CRISPR components can achieve efficient liver targeting
in vivo, as demonstrated in clinical trials for other liver diseases [26, 27]. Although our
study used plasmid-based transfection in vifro, the observed gene disruption and
antigen reduction provide a foundation for future in vivo applications.

The presence of smeared PCR bands and variable fragment sizes in our targeted
disruption group reflects the stochastic nature of non-homologous end joining (NHEJ),
which has been widely reported in CRISPR editing studies [28, 29]. This heterogeneity
underscores the need for improved precision and control in editing outcomes, as
highlighted in recent reviews on CRISPR/Cas9 specificity and safety [30, 31]

In summary, our findings contribute to the growing body of evidence that
CRISPR/Cas9 can effectively target HBV genes and suppress viral antigen expression.
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While consistent with previous studies, our results also highlight ongoing challenges in
achieving uniform editing and robust therapeutic effects. Future research should
explore multiplexed gRNA strategies, high-fidelity Cas9 variants, and optimized
delivery platforms to enhance the clinical applicability of this approach.

5 Conclusion

This study demonstrates the successful application of the CRISPR/Cas9 system to
selectively disrupt the HBsAg gene of Orthohepadnavirus hominoidei in human
HepG2 cell line. The observed genomic modifications indicate that our engineered
pX260-HBsAg construct effectively mediated targeted gene editing in vitro. This
approach highlights the potential of CRISPR/Cas9 technology not only for functional
studies of HBV gene expression but also as a promising foundation for developing gene
based therapeutic strategies against chronic hepatitis B and its progression to liver
cancer. These findings contribute to the growing body of research on CRISPR-driven
antiviral therapies and support further investigation into its clinical applicability.
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