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Abstract

Chronic hepatitis B virus (HBV) infection remains the most common risk factor for

hepatocellular carcinoma (HCC). High HBV surface antigen (HBsAg) levels are highly

correlated with hepatocarcinogenesis and HBV-associated HCC development. However,

the role and detailed mechanisms associated with HBsAg in HCC development remain

elusive. In this study, we designed specific single guide RNAs (sgRNAs) targeting

the open reading frames, preS1/preS2/S, of the HBV genome and established HBsAg

knockout HCC cell lines using the CRISPR/Cas9 system. We showed that knockout

of HBsAg in HCC cell lines decreased HBsAg expression and significantly attenuated

HCC proliferation in vitro, as well as tumorigenicity in vivo. We also found that

overexpressionofHBsAg, including the large (LHBs),middle (MHBs), and small (SHBs)

surface proteins promoted proliferation and tumor formation in HCC cells. Moreover, we

demonstrated that knockout of HBsAg in HCC cells decreased interleukin (IL)-6

production and inhibited signal transducer and activator of transcription 3 (STAT3)

signaling, while overexpression of HBsAg induced a substantial accumulation of

pY-STAT3. Collectively, these results highlighted the tumorigenic role of HBsAg and

implied that the IL-6-STAT3 pathway may be implicated in the HBsAg-mediated

malignant potential of HBV-associated HCC.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer-related mortality worldwide with rising

incidence in the past decades.1 Chronic hepatitis B virus
(HBV) infection, among the many etiological risk factors that
are associated with HCC, has been recognized as a major risk
factor for the development of HCC, as approximately 30-40%
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carriers eventually develop HCC.2 In fact, approximately half of
the total liver cancer mortality has been attributed to HBV
infection.3 Therefore, HBV-related HCC (HBV-HCC) is a
considerable worldwide problem for human health, especially in
China.4

HBV consists of a relaxed circular partially double-stranded
DNA (rcDNA) of approximately 3200 nucleotides and encodes
for four overlapping open reading frames (ORFs), including
preS1/preS2/S, preCore/Core, X, and Pol.5 Although several
factors have been proposed to explain HBV-HCC, including
integration of viral DNA within the host genome in tumors
and tumor-derived cell lines, inflammation, regeneration,
chromosomal instability, and insertional mutagenesis caused by
viral integration,6 the underlyingmolecularmechanism bywhich
HBV mediates HCC development remains to be further
elucidated. Emerging evidences show that several HBV gene
products have been identified as viral oncoproteins. The viral
protein HBx may exert effects on cell cycle, cell growth, and
HCC metastasis by interfering with cell signaling and gene
transcription.7–9 The expression of hepatitis B e antigen (HBeAg)
contributes to the progress of HCC,10 and its role as a marker of
active viral replication is associatedwith poor patient prognosis of
HBV-HCC.10 The HBV core protein has the potency to regulate
host gene expression, such as hFGL211 and p53,12 and therefore
affects the biological activities of hepatocytes.

The preS1/preS2/S ORF encodes the three different, struc-
turally related viral surface antigens by differential initiation of
translation at each of the three in-frame initiation codons (preS1/
preS2/S). Here, there are three HBV envelope glycoproteins
collectively known as HBV surface antigen (HBsAg), including
the large (LHBs), middle (MHBs), and small (SHBs) surface
proteins.13 It has been shown that hepatocarcinogenesis is
associatedwith highHBsAg levels in patients,14 andpatientswith
spontaneous HBV DNA clearance and residual HBsAg titers
>1000 IU/mL display increased HCC risk.15 Furthermore, the
critical indirect roles of LHBs duringmalignant transformation in
transgenic mice have been observed previously.16 In addition, a
number of experimental and clinical studies have provided
evidence on the potential role of HBV surface proteins, HBV
large surface proteins, and preS1/2 mutants in the pathogenesis
and development of HCC.5,17,18 However, these previous studies
did not include loss-of function analyses of HBsAg, because
complete elimination of HBV from the body is not possible with
the current therapy principles, because viral DNA is an integral
part of theDNA in liver cells.Recently, theCRISPR/Cas9 system
has been successfully appliednot only for genomeediting in cells,
but also for disrupting the genome of virus, including adenovirus,
herpes simplex virus, and human immunodeficiency virus.19,20 A
number of experimental systems provide a clear proof that this
approach has the potential to disrupt theHBVgenome and inhibit
viral replication, thereby contributing to thedevelopment of novel
therapeutic strategies aiming to cure HBV infection.21–23 Thus, it
is necessary to design specific guide RNAs (gRNAs) for HBV

preS1/preS2/SORF to elucidate the precise role ofHBsAg and its
underlying mechanism in hepatocarcinogenesis. Furthermore,
targeting HBsAg using the CRISPR/Cas9 system may open up
newavenues for anti-cancer therapeutic strategies forHBV-HCC.

In the present study, we designed specific single guide RNAs
(sgRNAs), and for the first time established HBsAg knockout
HCC cell lines by using CRISPR/Cas9 system-mediated genetic
engineering.Wevalidated the specific cleavageanddemonstrated
that HBsAg knockout HCC cell lines showed significantly
impaired HBsAg release, as analyzed by immunofluorescence
and enzyme-linked immunosorbent assay (ELISA). Functional
studies showed that HBsAg knockout inhibited the proliferation
and growth rate of xenograft HCC tumors, while overexpression
of HBsAg promoted HCC growth. We also investigated the
mechanisms underlying the tumor-promoting effect of HBsAg.

2 | RESULTS

2.1 | Establishment of HBsAg knockout HCC
cell lines

To generate HBsAg knockout HBV-positive HCC cell lines,
we first analyzed sequences in the viral genome (preS1/preS2/
S ORF) to identify sgRNA and CRISPR associated protein 9
(Cas9) target sequences plus proto-spacer adjacent motifs.
Regions targeted by Cas9n via gRNA specific to preS1,
preS2, and S sequences are shown in Figure 1A and S1A-F.
Subsequently, after identifying potential gRNA target
sequences, an SSA (single-strand annealing) reporter system
for detecting Cas9n nuclease activity on HBV S target
sequences was used to examine the efficiency of each gRNA.
As shown in Figure 1B, the results suggest that sequences in
the HBV S gene can be recognized and targeted in human
HCC cells by sgRNAs. To more directly detect Cas9n-
mediated mutagenesis of HBV-derived target sequences, we
performed an assay with T7 endonuclease I (T7EI), which
detects Cas9-induced mutations by cutting the DNA at
mismatched nucleotides.24,25 Following the T7EI assay,
smaller sized products, indicating the presence ofmismatched
DNA in the target sequence, were present in cell samples
stably transfected with the Cas9n/sgRNA expression plas-
mids (Figure 1C). Next, to examine the efficiency of sgRNA
in the suppression of HBsAg expression, immunofluores-
cence staining of HBsAg was performed and HBsAg levels in
the culture supernatants were detected. With noticeable
variation of efficacy, gRNAs targeting the preS1 region
(sgR-1) and preS2 region (sgR-3) exhibited higher HBsAg-
suppressing efficiency than gRNAs targeting the S region
(sgR-6) (Figures 1D and 1E). Taken together, these data
demonstrated that the Cas9n/sgRNA system can successfully
target and knockout HBV preS1/preS2/S ORF sequences that
are stably integrated into the host cell genome, thereby
reducing HBsAg levels in HCC cell lines.
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FIGURE 1 Establishment of hepatitis B virus (HBV) surface antigen (HBsAg) knockout in HBV-positive HCC cell lines. (A) Schematic
diagram of the gRNA-targeted sequences located in the preS1/preS2/S ORF of the HBV genome. (B) The SSA (single-strand annealing) reporter
system sgR-Luc plasmids were generated and transfected into HepG2-2.15 cell lines stably transfected with indicated Cas9n/sgRNA system
plasmids. Thirty-six hours after transfection, the dual luciferase activities were determined. For the luciferase assay conducted, luciferase
activities correspond to the average of results from three independent experiments, and data are expressed as means ± SE. (C) Analysis of Cas9n
activity by T7 endonuclease I (T7EI) assay using genomic DNA from HepG2-2.15 cells stably transfected with indicated Cas9n/sgRNA system
plasmids. Arrows depict the sizes of Cas9n-mutagenized DNA fragments. (D) Immunofluorescence staining was performed to examine the
HBsAg levels in HepG2-2.15 (left panel) and PLC/PRF/5 (right panel) cell lines stably transfected with indicted Cas9n/sgRNA plasmids. DAPI
was used to stain the DNA. DAPI, 4′,6-diamidino-2-phenylindole. (E) HBsAg in the filtered supernatants of HepG2.2.15 and PLC/PRF/5 cells
(stably transfected with indicted Cas9n/sgRNA plasmids) was quantified by ELISA. Three independent experiments were performed. Values are
shown as mean ± standard deviation (SD) (n= 3)
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2.2 | CRISPR/Cas9n-mediated deletion of
HBsAg results in decreased proliferation of
HCC cells

We next analyzed potential effects of HBsAg knockout on
HCCcell proliferation. HBV-positive HCCcells (HepG2-2.15,
PLC/PRF/5, and Hep3B) stably expressing Cas9 were trans-
fected with each sgRNA construct to establish stable CRISPR/
Cas9n-mediated deletion cell lines (sgR1, sgR3, and sgR6).
Using Cell Counting Kit-8 (CCK-8) proliferation assay, the
proliferation of each sgR and Ctr cell line was assessed, and
results showed that sgR-1 (targeting the preS1 region) and
sgR-2 (targeting the preS2 region) could significantly inhibit
the proliferation of these HCC cells, while sgR-6 (targeting
the preS2 region) had little effect on the proliferation
(Figure 2A-C). To further confirm that the effect of sgRNA
on the proliferation of HepG2-2.15, PLC/PRF/5, and Hep3B

cells was attributed to the CRISPR/Cas9n-mediated deletion
of HBsAg, but not the potential off-target effects, we also
generated stably expressing sgRNA (sgR1, sgR3, and sgR6)
HBV-negative cell lines (Huh7 and HEK293FT). As expected,
the proliferation assay revealed that each sgR Huh7 and
HEK293FT cells exhibited a similar growth rate as that of Ctr
cells (Figures 2D and 2E).

2.3 | HBsAg knockout decreases the in vivo
tumorigenicity of HCC cells

The above data suggest the oncogenic function of HBsAg in
HCC.We further examined the effects ofHBsAgknockout on in
vivo tumor growth of HCC cells. In subcutaneous implantation
nude mice models, the nude mice injected with indicated sgR
cell lines showed significantly decreased tumorigenic potential
in comparison to those injected with control cells, but with

FIGURE 2 CRISPR/Cas9n-mediated deletion of HBsAg results in decreased proliferation of HCC cells. (A-C) Growth curves for indicated
PLC/PRF/5 (left), HepG2-2.15 (middle), and Hep3B (right) cells were evaluated by the CCK-8 proliferation assay. (D-E) Cell proliferation assay
for the indicated Huh7 (left) and HEK293FT (right) cell lines. The samples were assayed in triplicate. Each point represents the mean value from
three independent samples. The data are presented as mean ± SD. P values were calculated using a Student's t-test. **P< 0.01, *P< 0.05
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noticeable variation of efficacy, as determined by tumor sizes
(Figure 3A), tumor volumes (Figure 3B), and tumor weights
(Figure 3C). The designed sgR-1 and sgR-3 (targeting preS1and
preS2 region) exhibited higher tumorigenicity-suppressing
efficiency than sgR-6 (targeting S region), with decreased
tumor incidence and smaller tumor size. Moreover, IHC results
indicated that Ki-67 was significantly decreased in HBsAg
knockout (sgR-1, sgR-3, sgR-6) xenograft tumors
(Figures 3D and 3E). Taken together, these data indicate that
knockout ofHBsAgby designing specific sgRNAs targeting the
preS1/preS2/S region decreased the tumorigenic potential of
HCC cells in vitro and in vivo.

2.4 | HBsAg expression promotes HCC cell
growth in vitro and in vivo

To further confirm the oncogenic function of HBsAg in HCC,
HBV-negative HCC cell lines (SK-hep1 and HLF) were

stably transfected with LHBs-Flag, MHBs-Flag, and SHBs-
Flag constructs, respectively. As shown in Figures 4A and 4B,
stable HBsAg expression (LHBs, MHBs, and SHBs) in
SK-hep1 and HLF cells compared with control cells was
confirmed byWestern blot analysis and quantitative real-time
polymerase chain reaction (qRT-PCR). Cell proliferation
assay was carried out and the results revealed that LHB and
MHB expression, but not SHB expression promoted in vitro
proliferation of SK-hep1 and HLF cells (Figures 4C and 4D).
We next tested whether HBsAg expression affected tumor
growth in vivo. Three weeks after tumor xenograft, nudemice
were sacrificed, and HCC cells stably expressing LHBs,
MHBs, and SHBs showed increased tumor growth compared
with control cells, as determined through tumor imaging and
tumor volume and weight measurement (Figures 4D and 4E).
Notably, LHB expressing-HCC cells displayed greater
tumorigenic potential than MHB- and SHB-expressing cells
in vivo.

FIGURE 3 Tumorigenic potential was reduced in HBsAg knockout PLC/PRF/5 HCC cells. (A) Tumor images in the indicated cell lines
7 weeks after inoculation. (B) Final tumor volumes are summarized in the chart. The average tumor volume was expressed as the mean ± SD of
five mice. (C) Total tumor weight from each group of mice was calculated and shown. The data are presented as mean ± SD. (D and E)
Expression of Ki-67 in the xenograft tumor tissues was examined by IHC staining. Scale bars: 50 μm. Data are presented as mean ± SD. P values
were calculated using a Student's t-test. ***P< 0.001, **P< 0.01, *P< 0.05
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2.5 | CRISPR/Cas9-mediated disruption of
HBsAg decreased interleukin (IL)-6
production in HCC cells

Next, we attempt to characterize the mechanisms underlying
the tumorigenicity suppression conferred by CRISPR/Cas9-
mediated disruption of HBsAg in HCC cells. Recently,
studies have reported that transfection of HBV genomic DNA
into HCC cells and overexpressing HBx could activate the
IL-6 gene and promote IL-6 protein production.26,27 IL-6 is

a pleiotropic cytokine that functions as a growth factor in
various tumor cells, and high levels of IL-6 are found in
patients with HCC caused by HBV.28,29 This prompted us to
test whether CRISPR/Cas9-mediated disruption of HBVORF
preS1/preS2/S could decrease IL-6 production in HCC cells.
Accordingly, the IL-6 protein level in the culture medium, as
tested by ELISA, was dramatically decreased when
HBV ORF preS1/preS2/S was disrupted by the CRISPR/
Cas9 system (Figures 5A and 5B). Upregulated IL-6
phosphorylates and activates signal transducer and activator

FIGURE 4 HBsAg expression promotes HCC cell growth in vitro and in vivo. (A and B) Western blot analysis of Flag (left) and qRT-PCR
analysis of HBsAg mRNA level (right) in SK-hep1 and HLF cells that were stably transfected with LHBs-Flag, MHBs-Flag, and SHBs-Flag
constructs. (C and D) Cell proliferation assay for the indicated cells lines. The data are presented as mean ± SD. (E and F) Tumor xenograft
experiments were carried out in nude mice with indicated cells. Images (left), volumes (middle), and weights (right) of xenograft tumors are
shown. The data are presented as mean ± SD of five mice. Data were analyzed by Student's t-test; **P< 0.01,*P< 0.05
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of transcription 3 (STAT3), which is a transcription factor
related with IL-6-mediated cell growth, differentiation, and
survival in cancer,30 and constitutively phosphorylated
STAT3 has been reported and considered as an important
factor involved in HBV-HCC.31 Therefore, we wondered
whether downstream STAT3 signaling would be down-
regulated with the decrease in IL-6 level. Western blot
analysis showed that the disruption of HBV ORF preS1/
preS2/S caused a decrease in the level of STAT3 phosphor-
ylation at tyrosine 705 (pY-STAT3) in HCC cells
(Figures 5C and 5D). We next carried out IHC staining for
IL-6 and pY-STAT3 in in the harvested tumors, and the
results showed that IL-6, phospho-STAT3 expression were
markedly lower in sgR (sgR-1, sgR-3, sgR-6) groups
compared with the controls (Figures 6A and 6B). Interest-
ingly, we also found that LHB and MHB expression, but not
SHB expression could induce a marked accumulation of pY-
STAT3 in SK-hep1 and HLF cells (Figures 5E and 5F). We
subsequently evaluated the in vivo effect of HBsAg
expression on the expression of IL-6 and pY-STAT3.
Xenograft tumors derived from SK-hep1 and HLF cells
were stained for IL-6 and pY-STAT3 using IHC.We detected
that tumor tissues derived from LHB and MHB groups
expressed a higher level of IL-6 and pY-STAT3

(Figure 7A-D). Taken together, these results suggest that
CRISPR/Cas9-mediated disruption of HBsAg decreased IL-6
level and downregulated STAT3 signaling.

3 | DISCUSSION

Chronic HBV infection has been linked epidemiologically to the
development ofHCC for years.6While significant advances have
beenmade in the understanding of indirect roles of chronic HBV
infection proposed on the molecular basis of HBV-HCC,
including virus persistence, genetic alterations conferred by
HBVDNA integration, and hepatic cell clone expansion because
of chronic inflammation and fibrosis, increasing studies indicate
that expression of HBV proteins, such as HBx and HBeAg can
modulate hepatic malignant transformation.6 However, the
mechanisms regulating cancer stemness and tumor progression
in HBV-HCC remain to be determined.Meanwhile, current anti-
HBV treatmentswith either nucleoside/nucleotide analogs (NAs)
or interferons can control HBV production, but not cure chronic
hepatitis B (CHB), and relapses are common.32 Although NAs
can inhibit viral reverse transcriptase and suppress HBV
replication, unfortunately, none of these drugs alone have little
or any ability to eliminate replicative HBV templates comprising

FIGURE 5 CRISPR/Cas9-mediated disruption of HBsAg decreased IL-6 production in HCC cells. (A and B) IL-6 protein levels in the
culture medium of indicated cells were determined by ELISA. Data are presented as mean ± SD of three independent experiments. P values were
calculated using a Student's t-test. **P< 0.01, *P< 0.05. (C and D) pY-STAT3 and total STAT3 levels of indicated HepG2-2.15 (left) and PLC/
PRF/5 (right) cell lines were analyzed by Western blotting. (E and F) pY-STAT3 and total STAT3 levels of indicated SK-hep1 (left) and HLF
(right) cells were analyzed by Western blotting
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integratedHBVDNA.33 Recently, novel designer enzymes, such
as the CRISPR/Cas9 RNA-guided nuclease system, provide
technologies for developing advanced therapeutic strategies that
could directly cutHBVDNAand cccDNA in vitro and in vivo, as
well as for chronic or de novoHBV infection.34,35Although there
is still a long way for the treatment of patients infectedwith HBV
using the CRISPR/Cas9 system, this systemmay provide a novel
strategy for a sterilizing cure of chronic HBV infection, and may
also provide a means of blocking carcinogenesis by eliminating
integrated viral DNA in HBV-HCC.

Here, we designed six sgRNAs targeting the ORF preS1/
preS2/S of the HBV genome. In this study, for the first timewe
established HBsAg knockout HCC cell lines by CRISPR/
Cas9-mediated disruption of ORF preS1/preS2/S. SSA
reporter system and T7EI assay were used to validate the
efficiency of each HBV-specific sgRNA and estimate of
whether Cas9n/sgRNA-mediated cleavage was successful or
not. Next, our results indicated that most of the gRNAs
significantly suppressed the production of HBsAg. Interest-
ingly, the suppressive efficiency of different sgRNAs varied
depending on the regions they were targeted against. sgRNAs
targeting the preS1 and preS2 regions exhibited higher HBsAg
suppression. Thus, this finding provides us a novel tool to

explore the role of HBsAg in the oncogenic function of HBV-
HCC, andmay likely provide newopportunities for developing
novel strategies because the current therapies for HBV-HCC,
especially for advanced patients, are limited and lack efficacy.

On a functional level, we demonstrated for the first time
that knockout of HBsAg by CRISPR/Cas9-mediated disrup-
tion of ORF preS1/preS2/S decreased malignant potential, in-
cluding proliferation in vitro and tumorigenicity in vivo.
Notably, we generated HBV-negative control HCC cell lines
to rule out the possibility caused by the off-target effects of
CRISPR/Cas9 system. In addition, we also demonstrated the
provocative effect of HBsAg on tumor growth of HCC cells in
vivo and in vitro, which provides further evidence on the
oncogenic function of HBsAg during HBV-HCC develop-
ment. By these in vitro and in vivo gain- and loss-of-function
studies, the preS1 and preS2 regions of ORF preS1/preS2/S
were shown to display principal malignant potential, which
seems consistent with some previous studies. preS1/2mutants
and overexpression of LHBs are found in patients infected
with chronic HBV, and exert oncogenic functions.5,36

C-terminally truncated M protein displays transcriptional
activation properties and transforming potential, which
enhances the proliferative activity of hepatocytes.37,38

FIGURE 6 CRISPR/Cas9-mediated disruption of HBsAg decreased the expression levels of IL-6 and p-STAT3 in HCC xenograft tumors
derived from HCC cells. (A) The xenograft tumors derived from HCC PLC/PRF/5 cells were sectioned and stained for the expression of IL-6
and p-STAT3 by immunohistochemistry. Representative images of IHC staining from xenograft tumors in nude mice were showed. (Left, 200×;
right, 400×), Scale bars = 50 μm. (B) Quantification of IHC scores for IL-6 and p-STAT3 staining in HCC PLC/PRF/5 xenograft tumors. Data
(mean ± SD; n= 5) were analyzed by Student t-test; **P< 0.01, *P< 0.05
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Next, we attempted to explore the molecular mechanism
of the oncogenic effect of HBsAg. Studies have demonstrated
the oncogenic potential of overexpressed HBV envelope
polypeptides and accumulation of filamentous HBsAg
particles within the endoplasmic reticulum (ER) as a potential
mechanism. Accumulation of unfolded/misfolded proteins
activates the intracellular signaling pathways associated with

ER stress.39,40 Pro-inflammatory cytokines/chemokines are
highly expressed during infections and have been shown to
correlate significantly with clinical severity and outcomes.
Studied in patients with influenza showed that antiviral
treatments with oseltamivir could significantly reduce viral
RNA load, downregulate of the pro-inflammatory cytokine
(eg, IL-6, CXCL8/IL-8) responses.41 It prompted us to

FIGURE 7 Overexpression of LHBs and MHBs increased the expression levels of IL-6 and p-STAT3 in HCC xenograft tumors derived
from HCC cells. (A and C) The xenograft tumors derived from SK-hep1 (A) and HLF (C) cells were sectioned and stained for the expression of
IL-6 and p-STAT3 by immunohistochemistry. Representative images of IHC staining from xenograft tumors in nude mice were showed. (Left,
200×; right, 400×), Scale bars = 50 μm. (B and D) Quantification of IHC scores for IL-6 and p-STAT3 staining in HCC SKhep1 (B) and HLF
(D) xenograft tumors. Data (mean ± SD; n = 5) were analyzed by Student t-test; **P< 0.01, *P< 0.05
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investigate whether knockout of HBsAg by disruption of ORF
in HBV could lead to similar anti-inflammatory effects.
Interestingly, in our study, we found that CRISPR/Cas9-
mediated disruption of HBsAg decreased IL-6 production in
HCC cells. Inflammation plays an important role in the
initiation and progression of tumors. Among these mediators,
elevated levels of IL-6 have been associated with HCC in
human patients42 and hypersecretion of IL-6 leads to HCC
tumor progression.43 Meanwhile, we found that CRISPR/
Cas9-mediated disruption of HBsAg caused a decrease in the
level of pY-STAT3, similar to that of IL-6. Overexpression
of LHBs and MHBs significantly increased the levels of pY-
STAT3. STAT3 is considered as an important factor involved
in HBV gene expression,44 which can be promoted by STAT3
activators, such as IL-6.45 STAT3 is a well-known transcrip-
tional activator that regulates the expression of a variety of
genes that are critical for cell differentiation, proliferation,
apoptosis, and metastasis.45 These data indicated that the
oncogenic effect of HBsAg might possibly be associated with
the IL-6/STAT3 pathway. These aspects of the mechanism
remain to be explored further. Previous studies have shown that
transfection of HBV genomic DNA into HCC cells and
overexpression of HBx greatly enhanced the synthesis of IL-6,
which is involved in the development of HCC.27,46 In this
study, HBsAg release was clearly impaired in HCC cells
expressing Cas9n together with ORF preS1/preS2/S-specific
sgRNAs. However, it is noteworthy that such gRNAs not only
destroy HBV-expressing templates, but also destroy HBV
cccDNA theoretically. HBeAg and HBx levels could also be
reduced in the CRISPR/Cas9-mediated knockout HBsAg cell
culture supernatant because of potential destruction of HBV
cccDNA. Thus, further studies are needed to determine
whether these mechanisms are applicable only to HBsAg or
also to other related factors. Nevertheless, our study highlights
a critical role of HBsAg in liver cancer development.

In summary, we designed specific sgRNAs and for the first
time established HBsAg knockout HCC cell lines using the
CRISPR/Cas9 system. We suggest that HBsAg may play an
important role in contributing to the malignant potential of
HCC cells by in vitro and in vivo gain- and loss-of-function
studies. Our results indicate that IL-6/STAT3may be involved
in the HBsAg-mediated signaling pathways of HBV-HCC.
Furthermore, the data presented here support the notion that the
CRISPR/Cas9 technology targeting ORFHBsAgmay provide
a novel therapeutic strategy for HBV-related HCC.

4 | MATERIALS AND METHODS

4.1 | Construction of CRISPR plasmids and
preparation of stably expressing cell lines

Lentiviral constructs expressing Cas9 and gRNAs were
originally generated from Feng Zhang's lab47,48 and were

obtained from Addgene (Cambridge, MA). The gRNA-
expressing plasmid was modified to generate a Tet-inducible
(Tet-On) gRNA-expressing plasmid. Lentiviral particles for
infecting cultured cells were produced by transient
co-transfection of 293T cells (ATCC catalogue #CRL-
3216) with the lentiviral vector construct and a packaging
mix using Lipofectamine 3000 reagent (Invitrogen, Life
Technologies, Carlsbad, CA) according to the manufacturer's
protocol. After 48-72 h of transfection, the medium contain-
ing lentiviral particles was harvested and transduced into the
target cells in the presence of polybrene (8 μg/mL). We first
established HCC cell lines stably expressing Cas9 by
infecting the cells with lentivirus expressing Cas9, followed
by selection with blasticidin. The various sgRNA sequences
were constructed for each target separately. Lentivirus
harboring non-targeting vector (PC) and all gRNA expression
constructs were generated and used to infect these stably
expressing Cas9 HCC cell lines, followed by selection with
puromycin. Dox (100 ng/mL) was used to induce gRNA
expression in Tet-On systems. The primers used for the
construction of HBV-specific sgRNA plasmids are listed in
Supplementary Table S1. To establish stable LHBs-Flag-,
MHBs-Flag-, and SHBs-Flag-overexpressing HCC cell lines,
the LHB,MHB, and SHB geneswere synthesized according to
the sequences of hepatitis B virus (HBV 991) complete
genome (GenBank accession no. AF461363) and cloned into
pBABE-hygro vector (Addgene; plasmid 1765). 293FT cells
were then co-transfectedwith LHBs-Flag,MHBs-Flag, SHBs-
Flag or its empty vector construct, and a packaging mix using
Lipofectamine 3000 reagent (Invitrogen) to generate retroviral
particles. After 48-72 h of transfection, the medium containing
the retroviruswas harvested and transduced into the target cells
in the presence of polybrene (8 μg/mL). Transfected cells were
selected by culturing for 2 weeks in the presence of 500 ng/mL
hygromycin B (Thermo Fisher Scientific, Waltham, MA).

4.2 | Cell lines and culture conditions

We obtained HCC cell lines (PLC/PRF/5, HepG2-2.15,
Hep3B, SK-hep1, HLF, and Huh-7) and HEK293F cells from
the American Type Culture Collection or China Center for
Type Culture Collection (CCTCC, Wuhan, China). The cell
lines were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin in a
5% CO2 incubator at 37°C. All cell culture reagents were
purchased from Gibco (Invitrogen).

4.3 | Dual luciferase reporter assay

Double-stranded oligonucleotides, containing HBV- preS1/
preS2/SORF target siteswere ligated and constructed into dual-
fluorescence reporter systems based on SSA repair mechanism
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to generate sgR-Luc plasmids according to the manufacturer's
protocol. For dual luciferase reporter assay, HepG2-2.15
cells stably expressing Cas9n/sgRNA were seeded in 6-well
culture plates and transiently transfected with 1 μg indicated
sgR-Luc. Thirty-six hours after transfection, the activities of
luciferase were quantified in a luminometer using the Dual
Luciferase Reporter Assay System (Promega, Madison, WI).
All experiments were performed in triplicate.

4.4 | T7EI assay

Regions containing the Cas9-nickase-mediated mutations
were amplified using Phusion® polymerase (New England
BioLabs, Ipswich, MA) according to the manufacturer's
protocol with 100 ng of the purified total cellular DNA in a
50 μL reaction. Amplification products were isolated using a
PCR purification kit (Qiagen, Valencia, CA). The purified
PCR product was subjected to a re-annealing process to
induce heteroduplex formation. After re-annealing, products
were treated with T7EI (New England Biolabs) at 37°C for
30 min and analyzed using 3% agarose gels. Gels were
imaged using a gel imaging system (Bio-Rad, Hercules, CA).
Specific primers used to amplify DNA products are listed in
Supplementary Table S2.

4.5 | Immunofluorescence

Cells were washed twice in phosphate buffered saline (PBS),
fixed in freshly prepared 3.7% paraformaldehyde in PBS
for 15min on ice, washed again three times, permeabilized
in 0.1% Triton X-100 in blocking solution (3% goat serum
plus 0.5% bovine serum albumin [BSA] in PBS) for 30min at
room temperature, washed three times each for 5 min, and
left in the blocking solution (3% goat serum plus 0.5% BSA
in PBS) for 2 h. Cells were incubated overnight at 4°C
with primary antibodies against HBsAg (ab9193; Abcam,
Cambridge, MA). After washing with PBS, cells were
incubated with FITC-conjugated anti-mouse secondary
antibody at room temperature for 1 h. After washing with
PBS three times, anti-fade 4′,6-diamidino-2-phenylindole
(DAPI) (Wuhan Goodbio Biotechnology Co. Ltd., Wuhan,
China) solution was added and images were captured using
confocal laser-scanning microscopy on a Nikon Digital
ECLIPSE C1 system (Nikon Corporation, Tokyo, Japan).

4.6 | Quantification of HBsAg and IL-6 by
ELISA

Indicated cells were cultured and seeded into each well of a
6-well plate and incubated for 48 h in 2 mL serum-free
medium. The supernatants were collected and HBsAg levels
were determined in triplicate using ELISA kits (Jingmei
Biotech, China) according to the manufacturer's instructions.
Indicated cells were cultured and seeded into each well of a

24-well plate and incubated for 48 h in 0.5 mL serum-free
medium. The supernatants were collected and IL-6 levels
were determined in triplicate using ELISA kits (Jingmei
Biotech, China) according to the manufacturer's instructions.

4.7 | Cell proliferation assay

The cell proliferation assay was measured using the Cell
Counting Kit-8 (CCK-8, Beyotime Institute of Biotechnol-
ogy). Indicated cells and the same amount of their control
cells were cultured in 96-well plates. At the indicated
time points, 10 μL of CCK-8was added to 90 μL of the culture
medium per well and incubated for 2 h at 37°C, and then the
plate was read using an ELISA plate reader (Bio-Tek Elx 800)
at 450 nm. Each cell line was set up in three replicate wells,
and the experiment was repeated thrice.

4.8 | In vivo tumorigenicity assay

All animal studies were performed in accordance with the
National Institutes of Health guidelines, and were approved by
the Committee on the Ethics of Animal Experiments of the
Tongji Medical College, HUST. The mice were randomly
divided into indicated groups (5-7 mice/group) before inocula-
tion.For the subcutaneousmode, tumorcells (5 × 106PLC/PRF/
5 cells) were suspended in 100 μL serum free-DMEM and then
injected subcutaneously into the flank of 4-5-week-old male
BALB/c athymic nude mice. Mice were sacrificed and tumors
were dissected over a 3-7-week period. Tumors were removed,
photographed, measured, and weighed and the average volume
and weight of the tumors were calculated.

4.9 | Immunohistochemistry (IHC) analysis

Immunohistochemistry staining forKi-67, IL-6, andpY-STAT3
were performed following the manufacturer's instruction.
The primary antibodies were obtained from the following
sources:Ki-67 antibodies (ab16667,Abcam), anti-IL-6(ab9324,
Abcam), anti-pY705-STAT3 (#9145; Cell Signaling Technol-
ogy, Danvers,MA). In brief, tissue sectionswere deparaffinized
in xylene and rehydratedwith ethanol. Tissue sectionswere then
preincubated with 10% normal goat serum in PBS (pH 7.5)
followed with incubation with primary antibody overnight at
4°C. Tissue sections were then stained with biotinylated
secondary antibody (Vector lab, Burlingame, CA) for 1 h at
room temperature, followed by the Vectastain Elite ABC
reagent (Vector lab) for 30min. The peroxidase reaction was
developedwith diaminobenzidine (DABkit; Vector lab) and the
slides were counterstained with hematoxylin (Sigma).

4.10 | Western blotting

Western blotting was carried out according to the standard
protocol. Primary antibodies were obtained from the following
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sources: anti-β-actin (A5316; Sigma-Aldrich, St. Louis, MO),
monoclonal anti-Flag (F1804; Sigma-Aldrich), anti-STAT3
(#12640; Cell SignalingTechnology), and anti-pY705-STAT3
(#9145; Cell Signaling Technology). Horseradish peroxidase-
conjugated goat anti-mouse and anti-rabbit antibodies were
used as secondary antibodies (Jackson ImmunoResearch,
PA), and the blots were detected using enhanced
chemiluminescence (ECL; Dura, Pierce, NJ).

4.11 | qRT-PCR assay

RNAwas extracted with TRIzol reagent (Invitrogen) and reverse
transcription was performed using PrimeScript® RT reagent Kit
(Takara, Dalian, China) according to the standard instructions.
qRT-PCR was carried out on CFX96 Touch™ Real-Time PCR
Detection System (Bio-Rad) using a SYBR Green Supermix kit
(Takara, Dalian, China) according tomanufacturers’ instructions.
Specific primer pairs were used to quantify the expression.
GAPDH (forward, 5′GAGAGACCCTCACTGCTG-3′ and re-
verse, 5′-GATGGTACATGACAAGGTGC-3′); HBsAg (for-
ward, 5′-TTGGCCAAAATTCG-CAGTCC-3′ and reverse,
5′-TGAGGCATAGCAGCAGGATG-3′). Relative quantifica-
tionwasaccomplishedbynormalizing theexpression levels of the
other genes to GAPDH. Each reaction was repeated indepen-
dently three times in triplicate.

4.12 | Statistical analysis

Statistical analysis was performed using the GraphPad Prism
6 software (GraphPad Software, Inc., La Jolla, CA) or SPSS
18.0 software (SPSS, Chicago, IL). Data were shown as
mean ± standard deviation (SD). Student's t-test was used to
analyze statistical significance of the data. A P value of less
than 0.05 was considered to be statistically significant.
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