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APOBEC/AID cytidine deaminases play an important role in
innate immunity and antiviral defenses and were shown to
suppress hepatitis B virus (HBV) replication by deaminating
and destroying the major form of HBV genome, covalently
closed circular DNA (cccDNA), without toxicity to the in-
fected cells. However, developing anti-HBV therapeutics
based on APOBEC/AID is complicated by the lack of tools
for activating and controlling their expression. Here, we
developed a CRISPR-activation-based approach (CRISPRa)
to induce APOBEC/AID transient overexpression (>4–
800,000-fold increase in mRNA levels). Using this new strat-
egy, we were able to control APOBEC/AID expression and
monitor their effects on HBV replication, mutation, and
cellular toxicity. CRISPRa prominently reduced HBV replica-
tion (�90%–99% decline of viral intermediates), deaminated
and destroyed cccDNA, but induced mutagenesis in cancer-
related genes. By coupling CRISPRa with attenuated sgRNA
technology, we demonstrate that APOBEC/AID activation
can be precisely controlled, eliminating off-site mutagenesis
in virus-containing cells while preserving prominent antiviral
activity. This study untangles the differences in the effects of
physiologically expressed APOBEC/AID on HBV replication
and cellular genome, provides insights into the molecular
mechanisms of HBV cccDNA mutagenesis, repair, and degra-
dation, and, finally, presents a strategy for a tunable control of
APOBEC/AID expression and for suppressing HBV replica-
tion without toxicity.
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INTRODUCTION
Chronic hepatitis B (CHB) is a global health threat, with over 250
million people chronically infected and �1 million annual deaths
from CHB outcomes (hepatocellular carcinoma and liver cirrhosis).1

CHB is caused by infection of hepatocytes by hepatitis B virus (HBV),
a small DNA virus with a complicated life cycle.2 HBV is a virus from
the Hepadnaviridae family, and has a partially double-stranded DNA
genome (relaxed circular DNA [rcDNA]) with four overlapping open
reading frames encoding viral proteins HBx, HBs (small, medium,
and large surface proteins), HBc, HBe, and viral polymerase.3 After
infecting the cells, HBV virions are uncoated and transported into
the nucleus where rcDNA is converted into double-stranded, cova-
lently closed circular DNA (cccDNA). HBV cccDNA resides in nuclei
of infected cells and serves as the template for all viral transcripts,
including the pregenomic RNA (pgRNA).4 HBV pgRNA is packaged
into viral capsids in the cytoplasm and reverse-transcribed to rcDNA.
Stability of HBV cccDNA ensures chronicity of infection; its highest
persistence is supported by de novo infection5,6 and intracellular
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recycling of rcDNA.7,8 Modern antivirals suppress viral replication,
improving clinical outcomes, but do not inactivate HBV cccDNA.9

Destroying HBV cccDNA may lead to sustained virological response
and, potentially, CHB cure.10

A common mechanism of host defense against viral infections is acti-
vation of intracellular immune responses, which may include thou-
sands of genes.11 An important barrier to viral replication in human
cells is a family of proteins that belong to a family of apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like/activation-induced
cytidine deaminases (APOBEC/AID).12,13 These factors deaminate
cytosine residues of nucleic acids, resulting in C/T and G/A mu-
tations and, in some cases, degradation of viral genomes.14 Many vi-
ruses developed elaborate mechanisms to inhibit APOBEC/AID de-
aminases.15 A plethora of studies16 showed that overexpression of
APOBEC/AID suppresses HBV replication by editing HBV rcDNA,
inhibiting viral transcription, packaging of viral pgRNA into capsids
and reverse transcription, and even destroying HBV cccDNA.17

APOBEC3A (A3A), APOBEC3B (A3B), and AID garnered particular
attention, as they can be recruited to HBV cccDNA with the assis-
tance of HBV’s core protein (HBcAg), deaminating and destroying
HBV cccDNA.18 APOBEC3G (A3G) is regarded as the most potent
HBV mutator, acting during reverse transcription of HBV,19 but
does not interact with HBV cccDNA. Crucially, A3A, A3B, and
AID displayed no cellular toxicity, as HBcAg appears to divert
them from interacting with host DNA.18,20 This is particularly impor-
tant because long-term overexpression of APOBEC/AID is notori-
ously toxic to cells,21 resulting in frequent deamination of the host
genome and chromosomal aberrations. Indeed, APOBEC/AID have
long been recognized as important drivers of human cancers.22

Thus, a major challenge in developing a cure against CHB is safe acti-
vation of APOBEC/AID. Uncontrolled overexpression of APOBEC/
AID from coding vectors inevitably damages DNA. Hence, tunable
activation of APOBEC/AID genes would represent an optimal strat-
egy for deactivating HBV cccDNA and clearing HBV from infected
cells.

To directly activate genes of interest, a set of precise tools has been
designed based on modified CRISPR-Cas9 systems, collectively
termed dCas9 activation tools (CRISPRa).23–26 In brief, CRISPRa
consists of a dCas9 protein fused to a transcriptional activator, like
the catalytic subunit of p300 acetyltransferase (a universal regulator
of gene transcription).27 A short single guide RNA (sgRNA) can
target dCas9-p300 to host gene regulatory elements, activating tran-
scription. Among the many advantages of CRISPRa, a major one is
that the induced overexpression of target genes is more physiologic,
as it is driven by endogenous regulatory elements.23 Previously,
CRISPRa-based approaches have been shown to be safe and effective
for correcting genetic defects,28 suppressing HIV29 infection, etc.

Here, we designed CRISPRa systems for inducing expression of all
major APOBEC/AID factors for targeting the HBV genome, and
explored antiviral and potential toxic effects of CRISPRa-mediated
APOBEC/AID gene activation. Overexpression of APOBEC/AID
genes remarkably (>98%) reduced HBV replication, but at the same
time induced off-site deamination of the host genes associated with
cancer. Notably, deamination of the host genome occurred only in
cells with low HBV replication levels, whereas upon high viral loads,
host mutagenesis was not observed. To address the challenge of
APOBEC/AID mutagenic activity, we took advantage of systemati-
cally attenuated sgRNAs (att-sgRNAs, harboring mismatches at spe-
cific positions) for controlling CRISPR-activation levels of target
genes.30 This enabled retention of robust antiviral activity and elimi-
nation of off-site mutagenesis and toxicity of CRISPRa-induced
genes.

Here, we present a novel, effective anti-HBV approach based onAPO-
BEC/AID controlled expression using CRISPRa ribonucleoproteins
(RNPs) with att-sgRNAs that, for the first time, were employed to
eliminate off-site genomic DNA modifications, paving the way for
clinical development of innate immunity activation strategies. Our
study also provides the first comprehensive evaluation of the effects
of physiologically overexpressed APOBEC/AID on HBV replication
and cellular and genomic toxicity.

RESULTS
Transient upregulation of target APOBEC/AID genes by

CRISPRa

To upregulate expression of APOBEC/AID genes, we designed sets of
five sgRNAs targeting promoters of each gene (Figure 1A) and iden-
tified sgRNAs that mediated the highest anti-HBV activity using an
HBV recombinant cccDNA (rcccDNA) transfection model in
HepG2 cells (Figure S1). HBV rcccDNA is commonly used to study
HBV replication and test antiviral approaches.31,32 Streptococcus pyo-
genes dCas9-p300-expressing plasmid (denoted as CRISPRa) was
used for gene activation, a mutant version of dCas9-p300 plasmid
with an inactivated p300 acetyltransferase and corresponding
sgRNAs were used as control. CRISPRa with the most efficient
sgRNAs suppressed HBV transcription by > 80%–90% (Figure S1).
Using selected sgRNAs, we demonstrated robust (�4–8 to
>800,000-fold) activation of target gene transcription in both unin-
fected HepG2 cells, and HepG2-1.1merHBV and HepG2-1.5mer
HBV cells with active viral replication (Figure 1B). We also observed
enrichment of APOBEC/AID promoter regions with H3K27Ac, an
epigenetic mark of transcriptionally active chromatin acetylated by
p300, indicative of efficient acetylation of target gene promoters
(Figure 1C).

Notably, transient transfection of CRISPRa resulted in activation of
target gene transcription as early as 27–32 h post transfection (p.t.)
and returning to baseline levels by 48 h p.t. (Figure 1D). In general,
elevated levels of target gene mRNAs were observed for as long as
�12–20 h. Epigenetic marks modified by p300 are unstable and are
rapidly reversed due to epigenetic memory effect, returning gene
transcription to baseline levels.33 Inducing APOBEC/AID mRNA
levels was followed by increased levels of translated proteins by 2–
3 days p.t. that waned at later time points (Figures 1E, S2, and S3).
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Figure 1. Activation of APOBEC/AID gene expression using CRISPRa

(A) Design of targeting sgRNAs. Digits 1 through 5 indicate locations of sgRNAs targeting a gene of interest (UCSC genome browser data). sgRNAs used in further studies are

marked with red. (B) Peak mRNA levels of APOBEC/AID in cell lines transfected with targeting CRISPRa (black bars) or CRISPRa with a mutant form of p300 (gray bars). (C)

Enrichment of APOBEC/AID promoter regions with H3K27Ac upon CRISPRa of target genes. (D) Dynamic analysis of APOBEC/AIDmRNA levels relative to GAPDH mRNA

after transfection of CRISPRa systems in HepG2-1.5merHBV cells (plotted relative to mock-treated control). Cells were transfected with CRISPRa plasmids and harvested at

indicated timepoints post transfection. (E) Dynamic analysis of APOBEC/AID expression by immunocytochemistry in HepG2 cells. Mut, a mutant form of dCas9-p300 with

sgRNA; p300, dCas9-p300 with sgRNA. Cells were stained for the corresponding APOBEC/AID proteins on specified days; cell nuclei are labeled with Hoechst33342 (blue).

The results represent the mean of at least three experiments ± SD. Bp < 0.05; Dp < 0.01; #p < 0.001; *p < 0.0001.
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Upon activation, APOBEC/AID displayed cell-wide, cytoplasmic,
and nuclear distribution, typical for APOBEC/AID based on pub-
lished studies,34–36 and increased target protein expression in groups
with transcriptionally activated genes (Figure S3). Hence, we demon-
strated that CRISPRa can effectively induce transcription of APO-
BEC/AID genes in HBV-positive and -negative cell lines, resulting
in transient elevation of mRNA and protein levels.

Strong suppression of HBV replication by APOBEC/AID

APOBEC/AID genes used in this study have a well characterized anti-
HBV activity. CRISPR activation of each APOBEC/AID gene reduced
HBV pregenomic RNA (pgRNA), the major transcript of the virus,
and S-mRNA levels (mRNA molecules encoding HBV surface anti-
gens) by �50%–80% (Figures 2A and 2B) and HBV DNA/cccDNA
levels by �20%–70% (Figures 2C and 2D), HBsAg was slightly
reduced only upon A3A activation (Figure 2E). While A3A, A3B,
and AID can directly interact with and deaminate HBV cccDNA,
A3G does not directly impact HBV cccDNA.37 Indeed, CRISPRa of
480 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
A3A, A3B, and AID genes resulted in substantial decline in HBV
cccDNA levels, whereas A3G did not affect HBV cccDNA levels
(Figure 2D).

To verify this effect, we activated APOBEC/AID genes in the HepG2-
1.1merHBV cell line, in which HBV cccDNA is produced de novo,
and in the HepG2-1.5merHBV cell line, in which HBV is constitu-
tively expressed. In HepG2-1.1merHBV cells, A3G overexpression
reduced HBV cccDNA de novo formation, whereas in HepG2-
1.5merHBV cells with stable HBV expression, A3G did not affect
pre-established HBV cccDNA levels (Figure S4).

Quantitative analysis of HBcAg-positive cells indicated complete elim-
ination of HBcAg expression upon CRISPRa, whereas �10% of
HBcAg-positive cells were detected in mock control groups
(Figures 2F and 2G). Altogether, these results indicate that even very
transient activation of APOBEC/AID potently inhibits HBV transcrip-
tion and replication and (except for A3G) reduces HBV cccDNA.



Figure 2. Anti-HBV activity of APOBEC/AID induced by CRISPRa

Suppression of HBV (A) pgRNA, (B) S-mRNA, (C) total intracellular HBV DNA, (D) cccDNA, and (E) HBsAg levels by CRISPRa in HepG2 cells co-transfected with rcccDNA. (F)

Reduction in HBcAg expression by CRISPRa. HepG2 cells were co-stained for HBcAg (green) and corresponding APOBEC/AID protein (red). Cell nuclei were counterstained

with Hoechst33342 dye. (G) Semi-quantitative analysis of HBcAg expression in experimental groups. HBV DNA and cccDNA levels are relative to b-globin levels; pgRNA and

S-mRNA levels are relative to GAPDH mRNA levels. Mock, dCas9-p300 with a non-targeting sgRNA. The results represent the mean of at least three experiments ±SD.
Bp < 0.05; Dp < 0.01; #p < 0.001; *p < 0.0001.
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Deamination of HBV genomes by a CRISPRa approach

APOBEC/AID proteins can deaminate single-stranded regions of
HBV DNA and cccDNA, leading to G/A and C/T mutations,
while A3B was also shown to deaminate transcriptionally silenced,
double-stranded cccDNA. Heavily edited viral genomes can be de-
stroyed, likely with the assistance of uracil DNA glycosylase (UNG)
and interferon-stimulated gene 20 (ISG20) proteins.18,38 Otherwise,
deleterious mutations may functionally inactivate HBV genomes.
Deamination can be effectively detected by a 3D-PCRmethod, a com-
mon method used for assessing deamination in DNA,18 which selec-
tively amplifies A:T mutations in a C:G-rich HBx region of the HBV
genome. The lower the temperature where the target amplicon can be
produced, the higher is the deamination of the target.

We performed 3D-PCR analysis of HBV cccDNA isolated 2–5 days
p.t., and observed additional PCR products of the expected size in
CRISPRa-treated cells (Figure 3A). HBV cccDNA was purified from
other genomic forms using a highly efficient T5 exonuclease proced-
ure.7,39 3D-PCR results indicated extensive deamination of the target
HBV cccDNA region. However, deamination kinetics differed across
APOBEC/AID samples: A3A and A3B prominently deaminated
HBV cccDNA at day 4 p.t., while deamination induced by AID and
A3Gwasmost evident 3 days p.t. DeaminatedHBV cccDNA templates
were virtually absent 5 days p.t. Semi-quantitative 3D-PCR produced
similar results (Figure 3A). These data indicate different kinetics in
the deamination of HBV cccDNA by APOBEC/AID, and suggest
that heavily deaminated viral genomes are destroyed.

To directly assess degradation of HBV cccDNA by APOBEC/AID, we
co-transfected uracil glycosylase inhibitor (UGI; uracil glycosylase is
responsible for degradation of deaminated cccDNA) and measured
HBV cccDNA levels and deamination. As expected, co-transfection
of UGI blocked HBV cccDNA degradation and increased formation
of 3D-PCR products at lower temperatures, indicative of heavy deam-
ination of HBV cccDNA (Figure 3B).

Transcriptomic profiling of APOBEC/AID experimental groups in
HepG2-1.1merHBV cells (this cell line was chosen because of
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 481

http://www.moleculartherapy.org


Figure 3. CRISPR activation of APOBEC/AID induces deamination of HBV cccDNA

(A) Analysis of on-target HBV cccDNA deamination by 3D-PCR in HepG2 cells transfected with rcccDNA (top). HBV rcccDNA was isolated at days 2–5 post transfection and

analyzed by 3D-PCR. Generation of an additional amplicon at lower melting temperatures in the experimental conditions compared with control indicates deamination of the

target site in cccDNA. Asterisks indicate PCR products selected for NGS analysis. Semi-quantitative 3D-PCR analysis of HBV cccDNA calculated by ddCtmethodwhere dCt

is 2(Ct95�C�Ctlow�C), and low is the lowest denaturation temperature (bottom), relative to mock control. Values are expressed as the mean of three independent

experiments ±SD. (B) Inhibition of HBV cccDNA degradation by UGI: relative cccDNA levels (top) and 3D-PCR electrophoresis (bottom) results. HepG2 cells were co-

transfected with rcccDNA, CRISPRa, and UGI-encoding vector or empty vector (no UGI); 3D-PCRwas performed at day 4 post transfection. (C) Key transcriptomic changes

defined by microarray profiling of HepG2-1.1merHBV cells with CRISPRa in HepG2 cells at day 3 post transfection. Color intensity is defined by the mean relative expression

fold change. Complete heatmap is provided in Figure S4. (D) Frequency of (left) total G/A and C/T mutations and (right) G/A/C/T mutations per sequence in HBV

cccDNA. HBV cccDNA was analyzed at day 4 post transfection. Mutation context of G/A/C/T mutations in HBV cccDNA in a (E) G/CpN and (F) NpG/C dinucleotide

context. PCR results represent the mean of at least three experiments ±SD. Mock, dCas9-p300 plasmid with a non-targeting sgRNA.
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Figure 4. Toxicity and off-target effects of APOBEC/AID upon transient CRISPR activation

(A) Genotoxicity measured by immunostaining for g-H2AX and 53BP1 and by comet assays; representative fluorescent images (top) and semi-quantitative analysis (bottom).

HepG2 cells were stained for g-H2AX or 53BP1 protein (green); cell nuclei were labeled with Hoechst33342 (blue). Each dot on the graphs represents the mean number of

g-H2AX/53BP1 foci per cell or pan-nuclear cells in the visible area. (B) 3D-PCR analysis of off-target deamination in the host genome. (C) NGS analysis of HepG2-1.5merHBV

genomic regions. Mock, dCas9-p300with a non-targeting sgRNA, used as control; H2O2, cells treated with hydrogen peroxide solution, used as a positive genotoxic control;

untreated HepG2 cells were used as a negative control. All experiments were performed in triplicate, the results represent mean ± SD. Bp < 0.05; Dp < 0.01; #p < 0.001;

*p < 0.0001.
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more physiological levels of cccDNA during 24-h induction of tet-
on promoter with doxycycline) at day 3 p.t. showed significant dif-
ferences in the expression of DNA damage response factors
(Figures 3C and S5). The most upregulated genes observed across
experimental groups included EXO1 (>100-fold increase), XRCC3
(>19-fold increase in A3A, A3B, and AID groups), and MPG
(�19-fold increase in A3A and �350-fold increase in AID groups),
which are responsible for DNA mismatch repair, homologous
recombination, and base-excision repair, respectively. AID activa-
tion also significantly increased mRNA levels of factors involved
in apoptosis, namely GADD45G (�12-fold increase) and TP73
(�85-fold increase). Analysis of potential off-targets for each
sgRNA used demonstrated that these genes are not the targets for
dCas9-p300 and thus cannot be directly affected by dCas9-p300
(Table S1). As such, the observed transcriptional changes are
directly related to APOBEC/AID activity. Moreover, a previous
study by Matharu et al. using genome-wide chromatin immunopre-
cipitation sequencing (ChIP-seq) showed that CRISPRa is highly
specific and does not induce overt changes in non-target genes.40

Next, we sequenced 3D-PCR products for each sample on day 3 p.t. to
analyze HBV cccDNA mutagenesis and directly compare deami-
nating efficiency of each APOBEC/AID upon CRISPRa. Deep
sequencing revealed frequent G/A and C/T mutations located
throughout the analyzed region, with similar hotspots in A3A and
A3B groups and distinct hotspots in A3G and AID groups
(Figures 3D and S6). Frequency of G/A and C/T mutations was
similar in A3A, A3B, and AID groups, while G/Amutations predo-
minated upon A3G overexpression. Analysis of dinucleotide muta-
tions at C/GpN and NpC/G sites revealed a characteristic mutation
pattern (Figures 3E, 3F, and S7). The unique pattern of A3G-medi-
ated deamination (Figures 3D and S6) and its effects on HBV
cccDNA (Figures 2C and 2D) might indicate that the observed muta-
tions arise from HBV cccDNA formed de novo from a deaminated
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 483
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HBV rcDNA precursor.17 In general, APOBEC/AID induced by
CRISPRa resulted in pronounced deamination of the HBV genome.

Safety of transient APOBEC/AID activation in HBV in vitro

models

APOBEC/AID substantially contribute to mutations driving develop-
ment of many types of cancer.22 APOBEC/AID factors can directly
induce DNA damage, including double-stranded DNA breaks
(DSBs), the most pernicious type of DNA damage.41 Thus, we exten-
sively analyzed cell toxicity, DNA damage, and host mutagenesis
upon transient CRISPRa of APOBEC/AID genes. Cell viability and
proliferation were not affected by CRISPRa activation of APOBEC/
AID (Figure S8). To analyze the effects of APOBEC/AID on cellular
genome integrity, we utilized the comet assay, which measures
DNA breaks in single cells embedded in agarose gel; the characteris-
tics of comet tails indicate the extent of DNA damage. Using comet
assays and immunostaining analysis of g-H2AX (a marker of DNA
breaks) and 53BP1 proteins (a factor of DSBs repair signaling), we
showed that A3A, A3B, and AID did not affect genomic stability
(Figures 4A and S9). Moreover, APOBEC/AID reduced the mean
number of g-H2AX foci per cell, while A3A and A3G also reduced
the mean number of 53BP1 foci per cell. These effects have been
related to suppression of HBV replication and decreased DNA-
damaging activity of the virus.42 In contrast, A3G generated a signif-
icantly higher amount of pan-nuclear g-H2AX foci (marker of clus-
tered DNA lesions43). On the other hand, CRISPRa of UNG
(Figure S10), a factor involved in base-excision repair of deaminated
nucleotides, as well as addition of hydrogen peroxide (H2O2), a gen-
otoxic agent serving as a positive control, inflicted significant DNA
damage compared with a mock control (Figure 4A). Initially, we ex-
pected to useUNG activation to accelerate degradation of deaminated
HBV cccDNA, but the high genotoxicity of UNG in HepG2 cells
prompted us to abandon this strategy.

Several studies previously demonstrated that A3A, A3B,18 and AID44

bind to HBV’s HBc protein, which directly targets deaminases to
HBV cccDNA and thus reduces the damage to the host genome, re-
stricting toxicity and modifications of genomic DNA. These data sug-
gested that some APOBEC/AID enzymes are potential strategies for
curing HBV infection, able to destroy the HBV genomic reservoir
without harming host cells. However, these studies evaluated off-
target mutagenesis in DNA regions that interact with the HBc pro-
tein; studies of clinically relevant genes mutated in human cancers
are limited.45 Second, it is unclear if off-site mutagenesis occurs
when viral loads are low (either due to antiviral treatment or low viral
replication) and HBc cannot effectively shield the genome from de-
aminases. To address these questions, we assayed mutagenic activity
of the CRISPRa approach using different viral loads in three cell lines:
HepG2-1.1merHBV (low-level HBV replication), HepG2-
1.5merHBV (nearly physiological replication), and HepG2 co-trans-
fected with HBV rcccDNA (high replication) (Figure S11). We then
analyzed the CpG-rich regions of genes implicated in APOBEC/
AID-driven carcinogenesis: ARID1, PAX5, TP53, ARID2, and
MLL3.22
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We observed off-target deamination of the PAX5 gene by A3A and
A3B and of the TP53 gene by A3A in HepG2-1.1merHBV cells (Fig-
ure 4B). Additional 3D-PCR product was also registered in the PAX5
gene with CRISPRa ofA3B andA3G in HepG2-1.5merHBV cells. Off-
target deamination was not observed in rcccDNA-transfected HepG2
cells. These data suggest an inverse relationship between HBV repli-
cation rates and side effects of APOBEC/AID enzymes. To analyze
host mutagenesis directly, we deep-sequenced amplicons with the
same melting temperature (not heavily mutated PCR products) in
HepG2-1.5merHBV cells, a more physiologic model of HBV.
Although additional 3D-PCR products were observed in PAX5 only
when A3B was used, deep sequencing identified a substantial increase
in characteristic G/A/C/T mutations of the TP53 gene (A3A,
A3B, and A3G activation) and ARID2 gene (AID activation)
(Figures 4C and S12).

Collectively, transient CRISPRa of A3A, A3B, and AID does not
induce significant DNA breaks in the host genome, while A3G activa-
tion does, increasing formation of cells with pan-nuclear g-H2AX
staining. HBV replication does in fact restrain APOBEC/AID from
deaminating the host genome, but this effect declines upon reducing
HBV viral loads.

Tunable regulation of APOBEC/AID activation by att-sgRNAs

APOBEC/AID is one of the very few factors that can directly mutate
and destroy HBV cccDNA. Nevertheless, altered and prolongedAPO-
BEC/AID overexpression drives many human cancers.46 To hone the
CRISPRa approach andmake it safer for use inHBV-infected cells, we
installed a new layer of regulating APOBEC/AID by CRISPRa.

A machine learning approach previously showed that introducing
single-nucleotide mismatches into the 20-nt region of sgRNA enables
titration of CRISPRa activity from 90% to 0% in 10% increments.30

We designed libraries of att-sgRNAs with mismatched nucleotides
targeting APOBEC/AID genes (Figures 5A and S13–S16, and
Tables S2–S16) and tested their effects on mRNA levels (Figure 5B)
and antiviral properties of the system (Figure 5C). In general, titration
of mRNA levels followed the predicted model, with decreases of 10%–

20% and up to 50% achieved by using att-sgRNAs. Antiviral activity
of A3B, A3G, and AID was mostly unaltered even upon substantial
(>2- to 20-fold) decline in target gene activation, whereas anti-HBV
activity of A3A was consistently reduced compared with perfectly
matched sgRNAs (Figures 5B and 5C). CRISPRa of APOBEC/AID
induced deamination of HBV cccDNA with the majority of att-
sgRNAs (measured by 3D-PCR). Thus, even attenuated activation
of APOBEC/AID induces commensurate antiviral activity and deam-
ination of the HBV genome (Figure 5D).

To explore whether attenuated activation of APOBEC/AID can sup-
press HBV replication without side effects, we analyzed how reduced
CRISPR-mediated activation correlates with AID-associated toxicity
(measured by upregulation of TP73 mRNA levels). When AID was
activated by CRISPRa with a set of att-sgRNAs, TP73 mRNA levels
correlated with AID expression (r = 0.8391) (Figure 5E).



Figure 5. Titrating APOBEC/AID activation using att-sgRNAs and dCas9-p300

(A) Effect of single-nucleotide mismatches in specific positions (�20 to�1) of sgRNA on the activation of target genes, shown as% activation by sgRNAwith nomismatches.

(B) mRNA levels of target genes upon activation with original (A3A, A3B, A3G, AID) or att-sgRNAs (1–9 for A3A, A3G, and AID; 4–9.5 for A3B; numbers indicate 10% in-

crements of predicted reduction in target gene activation, e.g., 1 means 10% predicted reduction, while 9.5 indicates 95% predicted reduction). (C) Anti-HBV activity of

CRISPRa with original or att-sgRNAs measured by HBV transcription. Mock control (not shown) is set as 1. (D) 3D-PCR analysis of HBV cccDNA deamination in a CpG-rich

region upon activation of APOBEC/AID genes with dCas9-p300 and original sgRNAs (A3A, A3B, AID, A3G) or att-sgRNAs. (E) Altered TP73 expression upon CRISPR

activation of the AID gene and correlation analysis of AID and TP73 mRNA levels. Target gene transcription, HBV pgRNA, and TP73 mRNA levels are normalized to

GAPDHmRNA. Experiments were performed in the HepG2 rcccDNA transfection model. Mock, dCas9-p300 with a non-targeting sgRNA. The results represent the mean of

at least three experiments ±SD.
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To conclude, titrating activation levels of cytidine deaminases by
CRISPRa allows APOBEC/AID proteins to retain antiviral properties
even at low levels of upregulation, yet substantially diminishes the
toxic effects of these overexpressed genes.
Att-sgRNAs eliminate off-site mutagenesis of CRISPRa RNPs

while retaining robust anti-HBV activity

Using CRISPR-Cas RNPs, i.e., complexes of purified Cas proteins and
in vitro synthesized sgRNAs, has emerged as an efficient method for
introducing alterations into the genome. So far, only gene editing ap-
proaches have successfully managed to achieve long-term functional
benefits.47 Whether transient delivery of CRISPRa in the form of
short-lived RNPs can be used in a therapeutic context is so far unclear.
Hence, we next focused on exploring whether CRISPRa RNPs can
suffice in suppressing HBV replication. We produced RNPs of a
high-specificity Streptococcus aureus dCas9-p300 (dSaCas9) protein,
which is considered safer compared with Streptococcus pyogenes
dCas9 protein due to longer PAM and fewer off-target sites,40 with
in vitro transcribed sgRNAs targeting A3A and A3B genes, as these
genes were less toxic than AID and A3G. A single transfection of dSa-
Cas9 RNPs increased A3A and A3B transcription by �200- to
280-fold (adjusted to transfection efficiency) (Figures 6A and 6B)
and resulted in a dramatic decline of HBV pgRNA (�89%–90%),
cccDNA (�93%–98%), and HBsAg (�52%–65%) levels (Figures 6C
and 6D). 3D-PCR confirmed deamination of HBV cccDNA by
CRISPRa RNPs in the remaining cccDNA (Figure 6E). Ultimately,
for the first time, we demonstrate that transient activation of A3A
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Figure 6. Effects of CRISPRa RNPs

(A) Experimental design of RNP transfection. (B) Activation of target genes by RNPs 24 h p.t. Anti-HBV activity of CRISPRa RNPs measured by (C) HBV pgRNA and cccDNA

levels and (D) secreted HBsAg. (E) Analysis of HBV cccDNA deamination. (F) Off-target mutagenesis by CRISPRa RNPs. (G) Anti-HBV activity (measured by cccDNA levels) of

CRISPRa RNPs targeting A3A gene with original (A3A) or att-sgRNAs (A3, A11, and A19 correspond to sgRNAs harboring mismatches at positions 3, 11, and 19, corre-

spondingly). (H) Elimination of A3A off-target deamination at PAX5 gene by attenuated sgRNAs. Mock RNP, dSaCas9-p300 protein with a non-targeting sgRNA.Bp < 0.05;
Dp < 0.01; #p < 0.001; *p < 0.0001. The results represent the mean of at least three experiments ±SD. Figure 6A was created in BioRender.
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and A3B by CRISPRa RNPs profoundly reduces HBV transcription,
protein synthesis, and cccDNA levels.

The use of short-lived CRISPRa RNPs resulted in off-target deamina-
tion of PAX5 gene upon activation of A3A (Figure 6F), similar to the
use of CRISPRa plasmids (Figure 4C). In an attempt to eliminate off-
site mutagenesis, we produced CRISPRa RNPs targeting theA3A gene
with att-sgRNAs (A3, A11, A19 harboring mismatches at positions 3,
11, and 19, correspondingly). The use of att-sgRNAs retained pro-
nounced anti-HBV activity (Figure 6G), but prominently reduced
(for A3 and A19) or eliminated (for A11) deamination of PAX5
gene (Figure 6H).

To conclude, attenuated sgRNA can be used to fine-tune CRISPRa ac-
tivity and eliminate/reduce potential side effects of activated genes.
Overall, the described approach represents a novel antiviral strategy,
for the first time demonstrating the feasibility of using CRISPRa
RNPs and attenuated sgRNA technology as antiviral and safety con-
trol tools.
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Activity of CRISPRa RNPs at the models of established HBV

infection

Next, we tested CRISPRa RNPs with original (A3A) and att-
sgRNAs at advanced in vitro models of established HBV infection,
including HepG2-hNTCP (NTCP-complemented HepG2 cells
supporting HBV infection) and differentiated HepaRG-hNTCP
(non-transformed NTCP-overexpressing cells forming hepatocyte
islands) cell lines (Figure 7). Cells were infected with HBV, and
nucleofected with CRISPRa RNPs 7 days after. CRISPRa RNPs re-
sulted in similar levels of A3A activation (6- to 11-fold) between
the cell lines with evident attenuation of A3A activation using
att-sgRNAs (Figures 7A and 7B). Analysis of antiviral activity
6 days post CRISPRa RNPs nucleofection revealed that HBsAg
was not reduced by CRISPRa RNPs (Figures 7C and 7D), while
HBeAg (a surrogate marker of cccDNA) was significantly reduced
only in HepaRG-hNTCP cells (Figure 7D). HBV cccDNA and
pgRNA levels dropped by over 60%–80% with comparable reduc-
tion rates between original and attenuated sgRNAs (Figures 7C
and 7D). The non-impressive reduction in viral antigen levels



Figure 7. CRISPR activation of A3A at HBV infection models

CRISPR activation of A3A at (A) HepG2-hNTCP and (B) HepaRG-hNTCP cell lines. Anti-HBV activity at HBV-infected (C) HepG2-hNTCP and (D) HepaRG-hNTCP cells. A3A

mRNA levels were measured 20 h post RNPs nucleofection. CRISPRa RNPs were nucleofected 7 days post HBV infection; anti-HBV activity was measured 6 days post

nucleofection. Original sgRNA (A3A) and att-sgRNAs (A3 and A19) were used in a complex with dSaCas9-p300. (E) On-target HBV cccDNA deamination the first day post

nucleofection. (F) Off-target 3D-PCR analysis of PAX5 gene the first day post nucleofection. Off-site analysis was performed in (+) HBV (HBV-infected) and (�) HBV (non-

infected) cell lines. Mock RNP, dSaCas9-p300 protein with a non-targeting sgRNA. Bp < 0.05; Dp < 0.01; #p < 0.001; *p < 0.0001.
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contrastingly to cccDNA and pgRNA at the models of established
infection may be explained by relatively long half-lives of HBV an-
tigens (over 6 days for HBsAg)48 and re-establishment of HBV
replication following short-term exposure to antivirals.8 Strong
suppression of HBsAg secretion in rcccDNA experiments (Fig-
ure 6D) is thus likely related to rapid inactivation of rcccDNA
and prevention of HBsAg production.

On-target 3D-PCR of cccDNA demonstrated deamination similar to
previous experiments (Figure 7E). Off-site deamination at the PAX5
gene was investigated in HBV-infected and non-infected cells (Fig-
ure 7F). We did not observe PAX5 deamination in cells infected
with HBV, whereas in uninfected cells PAX5 was noticeably deami-
nated both in HepG2-hNTCP (A3A and A19 groups) and
HepaRG-hNTCP cells (A3A, A3, and A19 groups). Therefore, HBV
infection indeed protects the genome from genotoxic effects of A3A
to a certain extent (Figure 7D).

To conclude, we proved the potent antiviral activity of transiently
CRISPR-activated A3A at models of established HBV infection
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in vitro and demonstrated comparable anti-HBV activity of CRISPRa
RNPs with attenuated sgRNAs.

DISCUSSION
CRISPR-based technologies are being actively investigated for use in
clinical applications. CRISPR nucleases, base editors, and prime edi-
tors applicable for treatment of hereditary diseases, cancers, and HIV
infection have recently progressed to the early phases of clinical tri-
als.47 However, for many practical reasons, the use of these tools is
challenging. The issue of irreversible off-target activity and toxicity
limits the use of CRISPR nucleases and base editors.49 The use of
CRISPRa-based therapies is advantageous due to reversible activation
of genes of interest, low risk of off-target activity, and ability to modu-
late multiple disease-associated parameters at the same time.33

CRISPRa tools have been successfully used to instigate antiviral50 im-
munity and correct hereditary diseases.28,40

Similarly, substantial progress has been made in using CRISPR51

technologies for inactivating HBV cccDNA. Many CRISPR-Cas nu-
cleases were used to effectively target and destroy HBV cccDNA.52,53

However, one of the major challenges in the use of Cas nucleases for
eliminating HBV from infected cells is nucleolytic cleavage of HBV
genome integrations, whichmay lead to cell death or, in the worst sce-
nario, to oncotransformation and development of cancer.54

APOBEC/AID factors can also potentially target HBV DNA genomic
integrations, but this might rather result in mutational inactivation of
viral integrations and would not result in highly pernicious, DSBs.
Here, we provide the findings of using CRISPRa for modulating
expression of APOBEC/AID factors and eliminating HBV from cells.
Compared with CRISPR-Cas nucleases, this approach does not cleave
viral DNA and does not induce harmful DNA double-strand breaks.
Moreover, off-target activity is not an issue for CRISPRa, as off-site
epigenetic modifications or their effects on transcription of non-tar-
geted genes were not detected. Importantly, this study also first dem-
onstrates that transient CRISPR activation of APOBEC/AID genes in
the form of RNPs achieves >60%–98% reduction in HBV replication
(Figures 2 and 6). The extent of HBV cccDNA deamination and
reduction in HBeAg levels induced by high doses of interferon-a
(activator of A3A) and lymphotoxin-b-receptor agonist (activator
A3B) were more pronounced in a previous study.18 This is likely
related to very transient activation of APOBEC/AID achieved in
our experimental setup or by additional co-factors activated by inter-
ferons/lymphotoxin-b-receptor agonist which might be responsible
for additional suppression of viral replication55 and degradation of
cccDNA.38

Transcriptomic profiling of HBV cells with CRISPRa demonstrated
similar changes in the expression of DDR factors for A3A, A3B,
and AID groups (activation of EXO1,MPG, and XRCC3) (Figure 3B).
Still, we observed unique transcriptomic alterations for each cytidine
deaminase, suggesting differences in outcomes and mechanisms of
the cellular responses to deamination. The transcriptomic profile of
the A3G group was the most distinct from those of the other deam-
inases, with EXO1 being the single gene commonly upregulated by
488 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
all deaminases used (Figure 3B). Collectively, these transcriptomic
changes indicate signaling pathways responsible for HBV cccDNA
mutation repair and degradation.

So far, CRISPRa approaches have been used for prolonged overex-
pression of target genes, which is not clinically relevant. For the first
time, we demonstrate prominent anti-HBV activity of short-lived
CRISPRa RNPs (Figure 6) that function for up to 24 h and then decay.
Taken together, our data highlight the prospects of using CRISPRa
RNPs for modulating antiviral genes and, potentially, treating HBV
infection. The issues of CRISPRa immunogenicity, dosing, and deliv-
ery will have to be resolved for in vivo applications. In this respect,
different nanoparticles are promising delivery vehicles for CRISPRa
RNPs.56 However, delivering activators of APOBEC/AID proteins
into HBV-infected cells is mandatory for ensuring a good safety pro-
file of potential drug candidates.

Although APOBEC/AID are famous mutators implicated in carcino-
genesis and DNA damage,22 several studies have shown that the viral
HBcAg protein may shield the host genome and target APOBEC/AID
enzymes directly to HBV cccDNA.18,44 Thus, APOBEC/AID enzymes
may be used for developing treatment strategies for HBV infection. In
this study, we demonstrate that mutagenic properties of APOBEC/
AID may indeed be restrained by the virus, but only during active
viral replication. When viral loads are low, APOBEC/AID induced
off-target deamination in cancer-associated genes (Figure 4). The
threshold of viral loads that are protective to the genome and the ther-
apeutic window of cytidine deaminase doses must be defined in
further studies. It is likely that APOBEC/AID-induced mutations
may not be detected due to low coverage of specific genes (>30 in pre-
vious studies45), which may be insufficient (3D-PCR amplicons have
a coverage of >30,000–100,000 in our study). Using short-lived
CRISPRa RNPs and att-sgRNAs, we are the first to show the oppor-
tunity for mitigating toxicity and pro-mutagenic effects of APOBEC/
AID while retaining these enzymes’ potent antiviral activity.

To conclude, here we demonstrate for the first time the proof-of-prin-
ciple for using CRISPRa to induce anti-HBV immunity and eliminate
HBV cccDNA from cells. Coupling CRISPRa RNPs with att-sgRNA
technology30 for simultaneous, tunable, and transient regulation of
complex antiviral programs paves the way for using CRISPRa ap-
proaches as a promising antiviral strategy. The described results
can be used for developing novel therapeutic and, potentially, curing
strategies for other infectious diseases.

MATERIALS AND METHODS
Cell culture and transfection

All cell lines (HepG2, HepG2-1.1merHBV, HepG2-1.5merHBV)
were cultured in DMEM high-glucose medium with 10% fetal bovine
serum, 2 mM L-glutamine, and 1% penicillin/streptomycin. HepG2
cells were transfected with dCas9-p300-encoding plasmid (pcDNA-
dCas9-p300 Core or a mutant form with an inactivated p300 acetyl-
transferase pcDNA-dCas9-p300 Core [D1399Y]), U6-PCR product
encoding sgRNA, and HBV rcccDNA produced using minicircle
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technology (described in Kostyushev et al.52,57 and Li et al.57). After 48
h, cell culture medium was discarded and cells were washed twice in
PBS and cultured in new complete medium for the next 72 h. Simi-
larly, HepG2-1.1merHBV and HepG2-1.5merHBV cell lines (kindly
provided by Dr. Dieter Glebe) were transfected using Lipofectamine
3000 with dCas9-p300/Blast-encoding plasmid and PCR product.
Doxycycline was added to HepG2-1.1merHBV cells for 24 h to induce
viral replication, then washed with PBS. Transfection of HepG2-
1.1merHBV was performed 24 h after adding doxycycline. All results
were reproduced in at least three independent studies.

Synthesis of recombinant HBV cccDNA

Recombinant HBV cccDNA was generated using minicircle technol-
ogy (System Biosciences). Briefly, the genome of HBV genotype D
was cloned into a minicircle-producing plasmid with attB and attP
recombination sites (mini-HBV). E. coli strain ZYCY10P3S2T (System
Biosciences) was transformed with mini-HBV, and clones were
selected and incubated for 4 h at 37�C in Luria broth (LB) containing
kanamycin. The resulting cell suspension was inoculated into 200 mL
of TBmedia and incubated overnight, mixed with 200 mL of induction
media (1 N NaOH and 0.2% L-arabinose in LB), and incubated for 3 h
at 30�C and then for 1 h at 37�C. HBV rcccDNA was isolated from the
resulting bacterial pellet using a QIAGEN Plasmid Maxi Kit (Qiagen).

CRISPR-Cas9 constructs

sgRNAs targeting promoters of genes of interest (A3A, A3B, A3G,
AID) were designed using the open-access web tool Broad Institute
Genetic Perturbation Platform. PCR products containing the U6 pro-
moter and sgRNA specific for every promoter region were synthe-
sized by two-step mutagenic PCR using Q5 polymerase and purified
using a Qiagen gel extraction kit.52,53 The following plasmids were
used: pcDNA-dCas9-p300 Core (AddGene plasmid #6135723) and
pcDNA-dCas9-p300 Core (D1399Y), gifts from Dr. Charles Gers-
bach; pLX-sgRNA (AddGene plasmid #5066258), a gift from Dr.
Eric Lander and Dr. David Sabatini; dCas9-p300 Core was cloned
into Lenti-Cas9-2A-Blast plasmid (AddGene plasmid #73310,59 a
gift from Dr. Jason Moffat) instead of Streptococcus pyogenes Cas9.
dSaCas9-p300 was generated from pJEP303-pAAV-CMV-dSaCas9-
VP64-pA (AddGene plasmid #113678,60 a gift from Dr. Jonathan
Ploski) by cloning dSaCas9 into pcDNA-dCas9-p300 Core plasmid.
dSaCas9 sgRNAs were produced from a pSaGuide (Addgene plasmid
#64710; a gift from Dr. Kiran Musunuru). All primers and probes are
listed in Table S19.

Production of dSaCas9-p300 protein

The protein was produced in E. coli strain BL21 (DE3) pLysS cells (No-
vagen). Cells were grown in LBmedium supplemented with the appro-
priate antibiotic, 0.5% sucrose, 0.5% glycerol, 1 mM magnesium chlo-
ride, 50 mM di-sodium hydrogen phosphate, 50 mM potassium
dihydrogen phosphate, and 25 mM ammonium sulfate, and grown at
30�C to OD600 of 1.2. Protein expression was induced by incubation
with 0.1mMIPTG for 16 h at 18�C. dSaCas9-p300 protein was purified
by a combination of affinity and ion-exchange chromatography steps.
Cells were resuspended in 50 mM Tris/HCl (pH 8.0), 500 mM NaCl,
1 mM PMSF, 0.2% Triton X-100, and 0.1% Tween 20, sonicated on
ice, and centrifuged at 15,000 � g for 40 min. The lysate was treated
with 0.05% polyetheleneimine for 30 min at 4�C; the resulting suspen-
sionwas centrifuged at 15,000� g for 40min. Supernatantwas bound to
Ni-Chelating Sepharose (GE Healthcare). The resin was washed exten-
sively with 50mMTris/HCl (pH 8.0), 500 mMNaCl, and 0.05% Igepal
CA-630, and bound protein was eluted in 50 mM Tris/HCl (pH 8.0),
150 mM NaCl, 0.3 M imidazole, and 10% glycerol. The protein was
further bound to SP Sepharose (GE Healthcare) in 50 mM Tris/HCl
(pH 7.5), 150 mM NaCl, 0.01% Triton X-100, and 2 mM DTT, and
eluted with a linear gradient of 150 mM to 1 M NaCl. Glycerol was
added to the final concentration of 50%; protein was stored at�20�C.

In vitro sgRNA transcription and purification

PCR products encoding the appropriate sgRNA sequence under con-
trol of a T7 promoter were synthesized using Q5 polymerase (NEB).
T7-containing PCR products were used for in vitro transcription
(IVT) reaction using HiScribe Quick T7 High Yield RNA synthesis
kit (NEB) according to the manufacturer’s protocol. After overnight
incubation, the IVT reaction was treated with DNAse I (NEB) for
15 min at 37�C followed by isopropanol purification. Air-dried pellets
were resuspended in RNase-free water and stored at �80�C.

Generation and transfection of dSaCas9-p300 ribonucleoprotein

complexes

Recombinant dSaCas9-p300 protein wasmixed with IVT sgRNAs at a
1:1 M ratio in OptiMEM (Gibco) and incubated for 10 min to
assemble RNPs, followed by addition of 300 ng of target rcccDNA.
HepG2 cells were transfected with the mix of RNPs and rcccDNA us-
ing a Lipofectamine CRISPRMAX transfection kit (Invitrogen).
Briefly, Cas9 Plus reagent was added to the mix of RNPs and
rcccDNA, mixed, and incubated for 10 min. In parallel,
CRISPRMAX reagent was mixed with OptiMEM (Gibco) and incu-
bated for 10 min. Next, CRISPRMAX mix was added to the RNPs/
rcccDNA complexes and incubated for another 10 min. The final
mixture was added to cells at 50% of confluence.

Isolation of nucleic acids

At harvest, cell culture medium was discarded, and cells were washed
twice with PBS and lysed in AmpliSens Riboprep lysis buffer
(AmpliSense Biotechnologies). Nucleic acids were isolated using the
AmpliSense Riboprep kit (AmpliSense Biotechnologies) according
to the manufacturer’s instructions. To isolate RNAs, nucleic acids
were treated with RNase-free DNase I (NEB) for 30 min at 37�C, pu-
rified using the AmpliSense Riboprep kit (AmpliSense Biotechnol-
ogies), and reverse-transcribed using AmpliSens Reverta-FL
(AmpliSense Biotechnologies). HBV cccDNA was isolated following
the Hirt procedure as described by Cai et al.,61 followed by treatment
with plasmid-safe ATP-dependent DNase (Epicentre) for 12 h at
37�C and inactivation of enzyme at 72�C for 15 min.

PCR analysis

Expression of cellular mRNAs, HBV pgRNA, and S-mRNA was
normalized to GAPDH mRNA levels. Total intracellular HBV
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DNA and cccDNA levels were normalized to levels of genomic
b-globin. All PCRs were performed with specific sets of primers
and probes (Table S19) using real-time PCR cyclers Rotor-Gene
6000 (Corbett Research) and CFX96 cycler (BioRad). Relative expres-
sion levels were calculated by the DDCt method.

ChIP-PCR

HepG2 cells were seeded into 150-mm Petri dishes at 50% confluence
and transfected using Lipofectamine 3000 with HBV rcccDNA,
dCas9-p300-expressing plasmid, and a PCR product encoding a cor-
responding sgRNA. Forty-eight hours post transfection, cells were
washed with PBS, harvested using trypsin, and counted; 9 � 106 cells
were used per single ChIP reaction. Cells were fixed in 1% parafor-
maldehyde and lysed using ChIP Kit (ab500, Abcam) reagents. Chro-
matin was degraded into 200- to 1,000-nt fragments using the ultra-
sound disintegrator Branson Sonifier 250. An aliquot of fragmented
chromatin was frozen at�80�C for PCR normalization of test results.
After that, chromatin fragments were incubated with anti-acetyl his-
tone 3 (acH3) (06–599; Merck) antibodies overnight at 4�C; incuba-
tion with anti-histone 3 (ab1791; Abcam) antibodies served as a pos-
itive control. Bound chromatin was isolated using affinity purification
beads (ab500, Abcam). Semi-quantitative PCR analysis with primers
amplifying regions ofAPOBEC/AID promoters was used for assessing
enrichment of acH3 at CRISPRa-targeted regions. ChIP-PCR primers
were designed using the UCSC Genome Browser and Primer-BLAST
online tool. ChIP-PCR primers are listed in Table S19.

Microarray assay

Total mRNAwas isolated using the RNeasyMini Kit (Qiagen). cDNA
was prepared using the RT2 PreAMP cDNA Synthesis Kit (Qiagen)
and PCR-amplified with RT2 SYBR Green qPCR Mastermixes (Qia-
gen). Alterations in DNA damage signaling were assessed using RT2
Profiler PCR Array Human DNA Damage Signaling Pathway on a
Real-Time CFX96 cycler (BioRad) according to the manufacturer’s
instructions.

Cell viability and proliferation

Cells were seeded onto 96-well plates to 70% confluence and trans-
fected using Lipofectamine 3000. Proliferation and viability of cells
were measured 0–4 days p.t. using the Cell Cytotoxicity Assay
(ab112118) according to the manufacturer’s protocol. Colorimetric
signals were detected by iMark Microplate Absorbance Reader
(BioRad).

Immunofluorescence

Cells were seeded onto glass coverslips, transfected using Lipofect-
amine 3000, and fixed in 4% paraformaldehyde for 10 min before har-
vesting. Next, coverslips were washed three times in Tris-HCl (50 mM,
pH 8.0) and incubated for 30 min with blocking buffer (0.02% Triton
X-100, 10% horse serum, and 150 mM NaCl in Tris-HCl [50 mM, pH
8.0]). The coverslips were then incubated with primary rabbit anti-HBc
antibodies (ab115192) or rabbit anti-53BP1 antibodies (ab21083) and
mouse g-H2AX antibodies (ab26350) at room temperature for 1 h,
washed three times for 5 min in washing buffer (0.02% Triton X-100
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and 200 mM NaCl in Tris-HCl [50 mM, pH 8.0]), and incubated
with secondary Alexa Fluor 488 goat anti-rabbit immunoglobulin
(Ig)G antibodies (ab150077) and Alexa Fluor 594 goat anti-mouse
IgG H & L antibodies (ab150116) with Hoechst33342 (1:10,000) at
room temperature for 1 h. Alternatively, cells were stained with anti-
A3A (Abcam ab38641), anti-A3B (ab104759), anti-A3G (ab194581),
or anti-AID (ab59361) antibodies. Coverslips were washed three times
for 5 min in washing buffer and mounted with Fluoroshield reagent
(ab104135). Images were captured on a Leica DMI6000 microscope
at �20 and �63 immersion objective.

Western blotting

Transfected HepG2 cells were harvested from six-well plates, lysed on
ice with 100 mL of ice-cold RIPA buffer for 10 min, mixed with 100 mL
of Laemmle buffer, and kept on ice for 10 min. Next, samples were
heated at 95�C for 10 min. Samples were stored at �20�C until use.
Proteins were resolved by SDS-PAGE electrophoresis and transferred
to PVDF Hybond-P (Amersham GE healthcare) membranes. Mem-
branes were blocked with 5% fat-free powdered milk in PBS-T buffer
(80mMNa2HPO4, 20mMNaH2PO4, 100mMNaCl, 0.1% Tween 20)
at room temperature for 1 h or at 4�C overnight. After that, mem-
branes were incubated with primary anti-A3A (Abcam ab38641),
anti-A3B (ab104759), anti-A3G (ab194581), or anti-AID (ab59361)
antibodies, or with rabbit anti-53BP1 antibodies (ab21083), mouse
g-H2AX antibodies (ab26350), or rabbit anti-H2AX antibodies
(ab11175) at 4�C overnight with gentle shaking. Samples were then
washed three times for 10 min with PBS-T and incubated with sec-
ondary Goat Anti-Rabbit IgG H&L (HRP) (ab205718, diluted to
1:10,000) antibodies or secondary goat anti-mouse IgG (ab6789,
diluted to 1:10,000) antibodies conjugated to horseradish peroxidase.
Finally, membranes were washed three times with PBS-T; signal was
developed with enhanced chemiluminescence reagent (Thermo
Fisher Scientific) and detected with G:box Chemi XX6 (Syngene) us-
ing Genesis software (Syngene) or using X-ray films. Then, mem-
branes were stripped using mild stripping buffer (1.5% glycine,
0.1% SDS, and 1% Tween 20 [pH 2.2]) and re-stained with primary
mouse anti-b-actin (Sigma, A5441, 1:10 000) monoclonal antibodies
or anti-a-tubulin (Sigma, T6199, 1:10 000) for 1 h at room tempera-
ture. To detect signal, samples were washed three times with PBS-T
and incubated with secondary goat anti-mouse IgG (ab6789,
1:10,000) antibodies conjugated to horseradish peroxidase. Results
were analyzed using ImageJ software.

3D-PCR and NGS

CpG-rich regions of HBV cccDNA or genomic DNA were amplified
with a pair of specific primers using TaqF polymerase; amplicons
were gel-purified and extracted using Qiagen gel extraction kit. Equal
amounts of purified PCR products were used for nested PCR with
TaqF polymerase at decreasing temperatures (95�S–82�S) and
then used for gel electrophoresis and next-generation sequencing
(NGS). Alternatively, 3D-PCR was performed semi-quantitatively
with SYBRGreen dye. In brief, 3D-PCR amplicons obtained at
87�S, 84�S, or 82�S were gel-purified and extracted using a Qiagen
gel extraction kit, quantified with a Qubit 2.0 Fluorometer (Life
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Technologies), and pooled in equimolar ratios. Adapters for Illumina
sequencing were then attached. Libraries were sequenced with 250
paired-end reads using MiSeq instrument (Illumina). FASTQC soft-
ware and Geneious software were used for assessing quality, aligning
references, discarding low-quality reads and nucleotides, and calcu-
lating indels. Custom Python codes (available upon request) were
used for mutation analysis and mutation context analysis. 3D-PCR
primers are listed in Table S18.

Comet assay

Potential genotoxicity was measured using the Comet SCGE assay kit
(Enzo Life Sciences). In brief, HepG2 or HepG2-1.5merHBV cell lines
were harvested 4 or 5 days post transfection; 2,000 cells were resus-
pended in melted LTM agarose at 37�S, and 75 mL of the suspension
was layered onto prepared glass slips and left to solidify at 40�S. Next,
the glass slips were incubated in lysis buffer for 45 min and then
moved into alkaline buffer (pH > 13) for 50 min. The slips were
washed twice for 5 min in TBE buffer and then transferred into an
electrophoresis chamber with TBE buffer (1 V/cm for 50 min). After
electrophoresis, the slips were merged into 70% ethanol twice for
5 min and then air-dried. Cell nuclei on the slips were counterstained
by SYBRGreen for 30min, washed twice in deionized water, and dried
at 37�S. Visualization of comets was performed using the FITC chan-
nel of an Olympus IX71 fluorescent microscope.

Experiments with attenuated sgRNAs

Attenuated sgRNAs were designed using an algorithm described by
Jost et al.30 Synthesis of each sgRNA was performed as described pre-
viously62,63 using a two-step mutagenic PCR. Attenuated sgRNAs
with dCas9-p300-expressing plasmid and rcccDNA were transfected
into HepG2 cells using Lipofectamine 3000. Original sgRNA targeting
APOBEC/AID promoters and non-targeting sgRNA served as posi-
tive and negative controls, correspondingly.

HBsAg and HBeAg analysis

Cell-conditioned media were harvested and filtered through 0.2-mm
filters to remove cell debris. HBsAg quantification was performed us-
ing the colorimetric ELISA test DS-IFAHBsAg-0.01 according to the
manufacturer’s protocol (Diagnostic Systems, Russia); HBeAg quan-
tification was performed using colorimetric ELISA test DS-IFA-
HBeAg (Diagnostic Systems, Russia).

Infection of HepG2-hNTCP and HepaRG-hNTCP cells

HepaRG-hNTPC cells were cultured in Williams E medium
(Thermo) supplemented with 10% FetalClone II, Glutamax
(Thermo), 5 mg/mL insulin, 50 mM hydrocortisone, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Cells were seeded at a density of
2 � 106 cells per dish (TPP, Switzerland) and grown to 90% density.
Hepatitis B virus stock was obtained from the HepG2.2.15 cells. Cells
were seeded into 10-cm dishes (TRP, Switzerland) precoated with
type I rat collagen in DMEM containing 10% fetal serum. The cells
were grown without splitting for 3 days after reaching monolayer
with subsequent replacement of the medium with DMEM-F12 me-
dium supplemented with 2.5% FetalClone II and 2% DMSO. The
conditioned medium containing virions was collected every 3 days
during 2 weeks. HEPES (pH 7.4) was added to the medium to
10 mM concentration before storage at +4�C. All aliquots were
pooled, filtered through a 0.22-mm filter, the virions were harvested
by precipitation by 8% PEG-8000 during gentle shaking at +4�C for
24 h with subsequent centrifugation (4,000 rpm, 1 h, +4�S). The pel-
let from 20 cell dishes was resuspended in 15 mL DMEM-F12 supple-
mented with 2.5% FetalClone II and stored in 0.5-mL aliquots at
�80�C. Virus titer was determined by measuring the number of
genomic equivalents, as described in Alfaiate et al.63 HepG2-
hNTPC or HepaRG-hNTCP cells were seeded on 12-well plates at a
density of 1 � 105 cells/well. After reaching the monolayer, the cells
were kept for 4 days without splitting. After addition of DMSO to
1.8% concentration, the cells were incubated for an additional
3 days, and then tetracycline was added to a concentration of 1 mg/
mL. Twenty-four hours later, the cells were infected with HBV as
described in Alfaiate et al.63

Statistical analysis

Values were expressed as the mean ± SD of triplicate experiments us-
ing SPSS software (SPSS 21.0.0.0). One-way ANOVA and Student’s t
tests with Tukey’s HSD post hoc tests were used to compare variables
and calculate p values to determine statistically significant differences
in means.
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