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ABSTRACT Hepatitis B virus (HBV) utilizes host DNA repair mechanisms to convert
viral relaxed circular DNA (rcDNA) into a persistent viral genome, the covalently
closed circular DNA (cccDNA). To identify host factors involved in cccDNA formation,
we developed an unbiased approach to discover proteins involved in cccDNA forma-
tion by precipitating nuclear rcDNA from induced HepAD38 cells and identifying the
coprecipitated proteins by mass spectrometry. DNA damage binding protein 1
(DDB1) surfaced as a hit, coinciding with our previously reported short hairpin RNA
(shRNA) screen in which shRNA-DDB1 in HepDES19 cells reduced cccDNA produc-
tion. DDB1 binding to nuclear rcDNA was confirmed in HepAD38 cells via ChIP-
qPCR. DDB1 and DNA damage binding protein 2 (DDB2) form the UV-DDB complex,
and the latter senses DNA damage to initiate the global genome nucleotide excision
repair (GG-NER) pathway. To investigate the role of the DDB complex in cccDNA for-
mation, DDB2 was knocked out in HepAD38 and HepG2-NTCP cells. In both knock-
out cell lines, cccDNA formation was stunted significantly, and in HepG2-NTCP-DDB2
knockout cells, downstream indicators of cccDNA such as HBV RNA, HBcAg, and
HBeAg were similarly reduced. Knockdown of DDB2 in HBV-infected HepG2-NTCP
cells and primary human hepatocytes (PHH) also resulted in cccDNA reduction.
Transcomplementation of wild-type DDB2 in HepG2-NTCP-DDB2 knockout cells res-
cued cccDNA formation and its downstream indicators. However, ectopic expression
of DDB2 mutants deficient in DNA binding, DDB1 binding, or ubiquitination failed to
rescue cccDNA formation. Our study thus suggests an integral role of UV-DDB, spe-
cifically DDB2, in the formation of HBV cccDNA.

IMPORTANCE Serving as a key viral factor for chronic hepatitis B virus (HBV) infection,
HBV covalently closed circular DNA (cccDNA) is formed in the cell nucleus from viral
relaxed circular DNA (rcDNA) by hijacking host DNA repair machinery. Previous stud-
ies have identified several host DNA repair factors involved in cccDNA formation
through hypothesis-driven research with some help from RNA interference (RNAi)
screening and/or biochemistry approaches. To enrich the landscape of tools for dis-
covering host factors responsible for rcDNA-to-cccDNA conversion, we developed an
rcDNA immunoprecipitation paired mass spectrometry assay, which allowed us to
pull down nuclear rcDNA in its transitional state to cccDNA and observe the associ-
ated host factors. From this assay, we discovered a novel relationship between the
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UV-DDB complex and cccDNA formation, providing a proof of concept for a more
direct discovery of novel HBV DNA-host interactions that can be exploited to de-
velop new cccDNA-targeting antivirals.
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The hepatitis B virus (HBV) is a hepatotropic pathogen that causes acute and chronic
hepatitis B in humans, representing a major etiologic agent for cirrhosis and liver

cancer (1). The infectious HBV particle contains a partially double-stranded relaxed cir-
cular DNA (rcDNA) genome as genetic material (2). To initiate infection, the enveloped
HBV virion binds to a hepatocyte-specific receptor sodium taurocholate cotransporting
polypeptide (NTCP), which triggers virus entry through the endocytosis pathway (3–6).
After de-envelopment, the viral capsid delivers rcDNA into the nucleus, where the
rcDNA is converted into a persistent infection form, covalently closed circular DNA
(cccDNA), which is chromatinized and serves as the transcription template for viral
mRNAs (2, 7). The HBV pregenomic RNA (pgRNA) is packaged into a cytoplasmic viral
capsid, inside which the viral polymerase reverse transcribes pgRNA into rcDNA (8, 9).
The mature rcDNA can be either secreted as virion DNA or recycled into the nucleus to
replenish the cccDNA pool (2, 10–12). Therefore, both the de novo HBV infection and
intracellular rcDNA recycling contribute to cccDNA formation, thus maintaining a sta-
ble pool of cccDNA in patients with chronic hepatitis B despite antiviral treatment (11).

HBV cccDNA formation is a mandatory step for establishing viral infection due to
the “incomplete” and modified nature of rcDNA, which is incapable of transcribing
intact viral mRNAs or replicating itself directly. There are five key structural aberrations
in rcDNA that must be repaired during cccDNA formation: (i) the plus (positive-sense)
strand is incomplete, thus leaving a variable portion of the minus (negative-sense)
strand open; (ii) a capped RNA primer, a remnant of pgRNA during reverse transcrip-
tion, remains connected to the 59 end of the plus strand; (iii) the viral polymerase is co-
valently attached to the 59 end of the minus-strand DNA; (iv) there is a redundant and
overlapping portion of the minus-strand DNA termini, creating a flap of DNA hanging
from the structure; (v) due to the viral polymerase and terminal redundant sequences,
the minus strand is not a closed circular strand but is instead held together by the
complementary plus strand spanning the cohesive end region; similarly, the plus
strand is not closed due to the incomplete strand and the vestigial RNA primer on the
59 end, giving rise to the peculiar structure of rcDNA. In a broad sense, cccDNA forma-
tion is a dynamic process that involves rcDNA nuclear import, uncoating, and repair,
which require both viral and host factors and machineries. While the HBV capsid serves
as a vehicle for delivering rcDNA into the nucleus, viral polymerase activity and other
nonstructural viral proteins, including precore and HBx, are dispensable in cccDNA for-
mation (13–17). It is generally acknowledged that HBV relies on host DNA replication
and repair factors for converting rcDNA to cccDNA in the nucleus, and there have been
recent advancements in our understanding of this process with successful identifica-
tion of several cccDNA formation intermediates and cellular DNA repair factors
involved in cccDNA biosynthesis (reviewed in reference 18) (Fig. 1).

The deproteinated rcDNA (DP-rcDNA; also known as protein-free rcDNA), which has
lost the covalently bound viral polymerase, has been discovered as a probable precur-
sor to cccDNA (19–21). DP-rcDNA exists in both the cytoplasm and nucleus, and it
appears first in the cytoplasm upon HBV infection (20–22). A recent in-depth analysis
of cytoplasmic DP-rcDNA revealed that it lacks the entire viral polymerase at the 59
end of the negative strand as well as the RNA primer on the 59 end of the positive
strand (23), suggesting that an initial rcDNA repair step(s) takes place in the cytoplasm
while the viral capsid is being shuttled to the nucleus. Another potential precursor to
cccDNA was discovered to be a closed minus-strand rcDNA (CM-rcDNA), which pos-
sesses a covalently closed minus strand but an unligated plus strand (24). Further study
suggested that CM-rcDNA is a derivative of DP-rcDNA during rcDNA-to-cccDNA con-
version (25).
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Along with these potential precursors being discovered, several host factors associ-
ated with DNA replication and repair have been implicated to be directly involved in
the formation of cccDNA in cell cultures through hypothesis-driven and/or RNA inter-
ference (RNAi) and inhibitor screening approaches, including (i) cellular tyrosyl-DNA
phosphodiesterase 2 (TDP2), which has been shown to biochemically unlink HBV poly-
merase from nascent single-strand DNA (ssDNA) or mature rcDNA in vitro (26–29),
although inhibition or depletion of TDP2 had no or little effect on DP-rcDNA or
cccDNA production in cells (23, 29, 30); (ii) the cell cycle checkpoint protein ataxia-
telangiectasia-mutated-and-Rad3-related kinase (ATR) and its major downstream effec-
tor checkpoint kinase 1 (CHK1), which protect the 59 end of DP-rcDNA minus strand
from being extensively truncated during CM-rcDNA and cccDNA formation (25); (iii)
the flap endonuclease 1 (FEN-1), which may be involved in removal of the 59 terminal
redundancy of the rcDNA minus strand (31); (iv) cellular DNA polymerases (Pol) k and
l and B-family polymerases a and d , which are essential to cccDNA formation via de
novo infection and intracellular rcDNA recycling, respectively (16, 32); (v) topoisomer-
ase 1 and 2, which have been indicated to play a primary role in the formation of CM-
rcDNA and cccDNA, respectively (33); and (vi) cellular DNA ligase 1 and 3, which exert
overlapping functions in cccDNA formation, likely by ligating both DNA strands of
rcDNA (34). In addition, recent studies with the assembled cell-free cccDNA formation
assay confirmed that previously reported host factors involved in DNA lagging strand
synthesis, including Pol d , FEN-1, and LIG1, were necessary for the strand-specific
repair of rcDNA to cccDNA and also implicated for the first time that proliferating cell
nuclear antigen (PCNA) and replication factor C (RFC), additional core components of
DNA lagging-strand synthesis apparatus, are essential to cccDNA formation, within the
context of an in vitro assay (35, 36).

Based on the aforementioned viral DNA intermediates and host DNA repair factors
involved in cccDNA formation, a preliminary molecular pathway of rcDNA-to-cccDNA
conversion can be proposed, though the detailed mechanisms remain largely obscure
in terms of the temporospatial distribution of DNA repair factors and the precise biore-
actions on each specific viral DNA substrate (Fig. 1). In order to achieve a coherent
understanding of cccDNA formation, searching for additional cccDNA intermediates

FIG 1 Proposed molecular pathway of HBV cccDNA formation. The plus (1) and minus (2) strands of rcDNA are labeled, and
direct repeat 1 (DR1) and DR2 are indicated by rectangles. The terminal modifications of rcDNA are indicated as follows: the
dotted line portion of the plus-strand DNA indicates strand incompletion, the capped RNA primer at the 59 end of (1) strand
is shown as a curved line, HBV Pol covalently attached to the 59 end of the minus strand is illustrated as a filled oval, and the
terminal redundancy of the minus strand is labeled with an “r.” The bona fide cccDNA ought to be converted from rcDNA
through a series of DNA repair processes that fix the peculiarities on the termini of rcDNA as indicated. The identified DP-
rcDNA and CM-rcDNA are putative transitional intermediates during rcDNA-to-cccDNA conversion. The lines drawn between
the listed DNA species correspond to the certainty (solid lines) and uncertainty (dotted lines) of their direct relationships, and
the cellular DNA repair factors that have been implicated in each DNA transitions are indicated. See the text for more details.
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and their associated host factors is a task of top priority. To address this research need,
we sought to develop a targeted and unbiased assay to identify host factors associated
with nuclear HBV rcDNA by a proteomic approach and revealed a critical role of DNA
damage binding proteins in cccDNA formation.

RESULTS
CoIP-MS identified novel interactions between host proteins and nuclear HBV

rcDNA. To accelerate the search for the DNA repair factors involved in cccDNA forma-
tion, we developed a new screen to uncover novel interactions between rcDNA and
the host DNA repair machinery (Fig. 2). A biotinylated DNA oligonucleotide comple-
mentary to the single-stranded region of HBV rcDNA was synthesized and used as bait
to pull down nuclear rcDNA together with the binding proteins. To this end, HBV repli-
cation was induced in HepAD38 for 6 days in tetracycline (Tet)-free medium, a time
point at which nuclear DP-rcDNA has emerged without detectable cccDNA by
Southern blotting (20), which is ideal to capture nuclear rcDNA during early transition
to mid-transition to cccDNA. The uninduced HepAD38 cells would not produce rcDNA
and would therefore serve as a control for nonspecific or integrated HBV DNA binding
of the biotinylated oligonucleotide or streptavidin-coated magnetic beads. The nuclear
extract was prepared from induced and uninduced cells separately and incubated with
the biotinylated oligonucleotide “bait”; then, oligonucleotide-rcDNA-protein com-
plexes were subsequently precipitated with streptavidin-covered paramagnetic beads.
It is noted that the nuclear extraction kit used in this assay does not extract chromatin
DNA, thus avoiding the potential coprecipitation of HBV transgenes by oligonucleotide
bait. On-bead trypsin digestion was then performed, and the digested peptides were
analyzed and identified through liquid chromatography paired with mass spectrome-
try (LC-MS). The UniProt database of human proteins was used to match the peptide
fingerprints with their probable protein sources. When the coimmunoprecipitation-
mass spectrometry (CoIP-MS) lists from noninduced and induced HepAD38 cells (see
Table S1 in the supplemental material) were compared, while many of the proteins
were nonspecific to the rcDNA-positive cells, as revealed by the noninduced control, or

FIG 2 Nuclear HBV rcDNA CoIP-MS workflow. HepAD38 cells were cultured in Tet-free medium for 6 days to induce HBV pgRNA transcription
and DNA replication. Some of the rcDNA, including DP-rcDNA, is transported into the nucleus, where it undergoes a rate-limiting DNA repair
to form cccDNA. The uninduced HepAD38 cells served as a control. The nuclear fractions are isolated and incubated with the biotinylated
oligonucleotides (rcDNA bait), complementary to the open (minus) strand of rcDNA. Streptavidin-coated magnetic beads were then used to
precipitate the oligonucleotide-bound rcDNA and proteins associated with the complex. An on-bead trypsin digestion was performed, and
the resulting peptides were analyzed by liquid chromatography-mass spectrometry (LC-MS). See Materials and Methods for technical details.
The representative proteins of interest (POI) with known DNA repair functions and their subunits are listed.
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are not the known DNA repair factors, a few proteins of interest (POI) caught our atten-
tion (Fig. 2). Since the MS assay used in this study was qualitative but not quantitative,
we thus focused on the protein hits unique to induced samples. Consistent with previ-
ous reports, several known proteins or components of pathways involved in cccDNA
formation were reidentified in our assay, including topoisomerases, Pol d , RFC subu-
nits, and ATR pathway-related proteins (25, 33, 35). The potential novel nuclear rcDNA-
binding DNA repair factors identified from the assay are the Fanconi anemia group
proteins and DNA damage binding protein 1 (DDB1). DDB1 is the large subunit of the
UV-DDB complex, a heterodimer comprising DDB1 and a small DDB2 subunit (37), and
DDB1 surfaced as a hit in a search for cccDNA formation participants in a previous
short hairpin RNA (shRNA) screen (34). Therefore, we prioritized DDB1 for further inves-
tigation in this study.

UV-DDB complex binds to nuclear rcDNA. To validate the binding of DDB1 to nu-
clear rcDNA, we performed a chromatin immunoprecipitation (ChIP) assay in HepAD38
cells induced in Tet-free medium for 6 days, which gave ample time for rcDNA to be
accumulated in the nucleus but was before cccDNA became unambiguously detecta-
ble. Since the PCR primers used in this assay do not discriminate between rcDNA and
cccDNA, the 6-day induction time point allowed a temporal separation between
rcDNA and cccDNA populations. Uninduced HepAD38 cells were set as a negative con-
trol. The cells were collected, and ChIP coupled with quantitative PCR (ChIP-qPCR) tar-
geting each of the two components of the UV-DDB complex, DDB1 and DDB2, was per-
formed (Fig. 3). Nonimmune serum IgG and anti-HBc served as background and
positive controls, respectively. The ChIP-qPCR results showed specific precipitation of
rcDNA along with DDB1, DDB2, and HBc, suggesting that the DDB complex does in
fact bind to nuclear rcDNA. This also confirmed the validity of the novel rcDNA CoIP-
MS assay in its potential ability to identify novel host-HBV DNA interactions. The strong
ChIP signal exhibited by anti-HBc indicated a tight association of HBc with nuclear
rcDNA, which may exist predominantly in nucleocapsid format after nuclear import,
followed by slow rcDNA uncoating and cccDNA formation.

DDB2 knockout in HepAD38 cells reduces HBV cccDNA formation. CRISPR RNAs
(crRNAs) targeting DDB1 and DDB2 were designed and created. We proceeded to
transduce HepAD38 cells with the lentiCRISPR virus encoding DDB1 or DDB2 crRNA.
However, DDB1 crRNA failed to produce clones, and we noted that cells treated with
the DDB1-crRNA lentivirus suffered extensive cell death prior to puromycin selection.
This could suggest that the complete loss of DDB1 may be a lethal mutation to cells,
given the importance of DDB1 in host genome stability and cell cycle progression (37,
38). Alternatively, the DDB2 crRNA targeting the third exon in its open reading frame
(ORF) successfully knocked out the gene in HepAD38 cells (Fig. 4A). The successful

FIG 3 Association of UV-DDB with nuclear rcDNA. HepAD38 cells were induced (Tet-) for 6 days to
induce nuclear rcDNA accumulation. A ChIP assay was then conducted with nonimmune serum IgG
or antibodies against DDB1, DDB2, and HBV core protein (HBc), followed by qPCR of total HBV DNA.
The same rcDNA ChIP-qPCR assay performed on uninduced HepAD38 cells (Tet1) served as a cell
background control for the integrated HBV transgene. The ChIP-qPCR results were expressed as fold
enrichment over the IgG controls (mean and SD; n = 3).
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FIG 4 DDB2 KO in HepAD38 cells reduced cccDNA production. (A) A crRNA (underlined sequence) was
designed to target the third exon of the DDB2 gene. The knockout of DDB2 gene in HepAD38 DDB2

(Continued on next page)
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knockout of DDB2 was confirmed through sequencing and Western blotting (Fig. 4A
and B). DDB2 is the DNA binding subunit of the UV-DDB complex, and by knocking it
out, the UV-DDB’s DNA binding and downstream DNA repair signaling pathway would
be completely disrupted (37, 39). The HepAD38 DDB2 knockout (KO) cells were
induced for 14 days in Tet-free medium to maximize time allotted to cccDNA forma-
tion. In comparison to control KO cells, HBV core DNA replicative intermediates, includ-
ing rcDNA and DP-rcDNA (the precursors for cccDNA), were slightly decreased in the
DDB2 KO cells, accompanied by a more profound reduction of cccDNA, as revealed by
Southern blotting. Furthermore, a cccDNA-specific qPCR normalized to total HBV Hirt
DNA and cellular mitochondrial DNA confirmed a similar reduction in cccDNA corre-
sponding to the Southern blot results. These results suggest a substantial role for
DDB2 in the formation of HBV cccDNA through the rcDNA recycling pathway.

Next, we examined the effect of DDB2 KO on production of CM-rcDNA, a potential
intermediate during rcDNA-to-cccDNA conversion. As shown in Fig. 5, after normaliz-
ing the input amount of HBV core DNA to an equal amount of rcDNA between control
and DDB2 KO HepAD38 cells, the proportional exonuclease I and III (ExoI/III)-treated
Hirt DNA samples exhibited a significant reduction of both CM-rcDNA and cccDNA in
DDB2 KO cells. The results indicate that the nuclear rcDNA-binding DDB2 may embark
on cccDNA formation at a step prior to CM-rcDNA formation.

DDB2 siRNA KD in in vitro HBV infection systems reduces de novo cccDNA
formation. Having demonstrated the role of DDB2 in cccDNA formation via rcDNA
recycling pathway in HBV stably transfected HepAD38 cells, we set out to investigate
its role in de novo HBV cccDNA formation following initial infection. To this end, we
used HepG2-NTCP cells as well as primary human hepatocytes (PHH), both of which
are permissive to HBV infection and first-round cccDNA formation (40–42). As shown in
Fig. 6, DDB2 small interfering RNA (siRNA) efficiently knocked down DDB2 expression
in HepG2-NTCP and PHH cells. HBV cccDNA was observed to be largely reduced
through Southern blotting and/or qPCR analysis, compared to control siRNA knock-
down (KD). DP-rcDNA was essentially undetected in either the control or DDB2 KD
cells, which is consistent with previous reports that the rcDNA recycling pathway in
the HepG2-NTCP-based HBV infection system is much less efficient than that of HBV
stable cell lines (16, 22, 40, 43). Though the underlying mechanism remains unknown,
this phenotype makes HepG2-NTCP cells a suitable system for specifically studying the
de novo cccDNA formation from the incoming virus. Thus, the reduction of cccDNA
mediated by DDB2 transient knockdown in HepG2-NTCP and PHH cells suggests that
DDB2 plays an important role in de novo HBV infection and cccDNA formation.

DDB2 KO in HepG2-NTCP cells reduces cccDNA and its downstream indicators
upon HBV infection. To further investigate the dependence on DDB2 by de novo HBV
cccDNA formation, we decided to knock out DDB2 expression in HepG2-NTCP cells.
The same crRNA designed and used to knock out DDB2 in HepAD38 cells was used in
HepG2-NTCP cells. A successful knockout clone was selected through sequencing and
Western blotting (Fig. 7A and B). Compared to HBV infection in the scramble control
KO cells, the infection of DDB2 KO cells exhibited markedly reduced levels of cccDNA
and multiple downstream indicators of cccDNA, such as intracellular HBV RNA and
HBcAg (Fig. 7B to D).

FIG 4 Legend (Continued)
KO cells was confirmed by indel-PCR sequencing, which revealed an ORF-disrupting deletion around
the protospacer-adjacent motif (PAM) site. The HepAD38 control KO cell line made with scramble
crRNA contains wild-type DDB2 sequence. (B) The HepAD38 scramble KO and DDB2 KO cells were
induced for 12 days. The expression levels of DDB2 protein were analyzed by Western blotting, with
b-actin as a loading control. The cytoplasmic HBV core DNA and total HBV Hirt DNA were analyzed by
Southern blotting. The Hirt DNA samples were heated at 85°C for 5 min and subsequently digested
with EcoRI before gel loading. Relative levels of HBV rcDNA and cccDNA hybridization signal in each
sample are expressed as the percentage of the control (ctrl) and indicated underneath the blots. The
Southern blots represent one of two trials. HBV cccDNA was also quantified by using a cccDNA-specific
qPCR assay; the cccDNA copy numbers were normalized to total HBV Hirt DNA and mitochondrial DNA
and plotted relative to the control (fold change of 1) (mean and SD; n = 3). ***, P , 0.001.
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To ensure that DDB2 specifically played a role in de novo cccDNA formation but not
the upstream step(s) in viral entry, hepatitis D virus (HDV) infections were carried out
in HepG2-NTCP DDB2 KO cells. HDV, a satellite RNA virus to HBV, can propagate only in
HBV-infected cells, as it coats itself with the HBV envelope proteins and therefore
invades hepatocytes via NTCP identically to HBV but possesses a distinct postentry rep-
lication cycle (3, 4). Therefore, if DDB2 was involved in HBV entry but not cccDNA for-
mation, it would also inhibit HDV infection. However, HDV-infected DDB2 KO cells had
levels of HDdAg immunofluorescence signals similar to those of HDV-infected scram-
ble KO cells (Fig. 7D), indicating that DDB2 does not play a role in HBV/HDV entry but
is rather a critical factor in de novo HBV cccDNA formation.

It is worth noting that DDB2 KO did not completely block cccDNA formation in HBV
stable cell lines or an infection model (Fig. 4 and 7), indicating that a redundancy
mechanism(s) exists to maintain partial capacity of cccDNA formation or compensate
for the loss of DDB2.

Ectopic DDB2 expression rescues cccDNA formation in HepG2-NTCP DDB2 KO
cells. After demonstrating that a loss of DDB2 led to a reduction in cccDNA, we wanted
to strategically confirm that the cccDNA reduction was specifically due to DDB2 deple-
tion. We transfected HepG2-NTCP DDB2 KO cells with a wild-type (WT) DDB2 expres-
sion plasmid to rescue DDB2 expression, followed by HBV infection. As shown in Fig. 8,
Western blotting confirmed that DDB2 expression was restored in DDB2 KO cells trans-
fected by WT DDB2; while the expression of endogenous DDB1 was unchanged in the
absence or presence of DDB2 (Fig. 8A, blots), the levels of cccDNA and HBeAg were
restored in the DDB2 KO cells upon DDB2 transcomplementation (Fig. 8A, graphs).
HBcAg immunofluorescence also showed a rebound of HBcAg expression in the
HepG2-NTCP DDB2 KO cells upon restoration of DDB2 expression (Fig. 8B). Collectively,
the above results further demonstrated a critical role of DDB2 in cccDNA formation.

The DNA- and DDB1-binding activity and ubiquitination of DDB2 play a role in
establishing HBV infection. To investigate what functional domains of DDB2 may be
involved in the interaction between UV-DDB and HBV cccDNA formation, we employed

FIG 5 DDB2 KO reduced CM-rcDNA production in HepAD38 Cells. The HepAD38 scramble KO and
DDB2 KO cells were induced for 14 days. HBV core DNA was analyzed by Southern blotting (top). Hirt
DNA was extracted and treated with ExoI/III, and the remaining cccDNA and the minus-strand
circular-DNA moiety of CM-rcDNA were detected by Southern blotting (bottom). The results are
representative of three separate trials.
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several DDB2 mutant forms (Fig. 9A), including (i) two naturally occurring mutations,
K244E and R273H, involved in the rare genetic disorder xeroderma pigmentosum (type
E) (44, 45), which result in structural instability within the protein, leading to their
inability to tightly bind damaged DNA (46–48); (ii) the WD motif (amino acids [aa] 238
to 278) and C-terminal-deletion DDB2 mutants (WDD, 1–320, and 1–380) that have lost
their DDB1-binding ability, leaving DDB2 unable to form the DDB heterodimeric com-
plex (49, 50); (iii) an N7KR ubiquitination mutant which had its seven N-terminal lysine
residues replaced with arginine and an Ndel mutant with an N-terminal deletion
removing the entire region containing the seven N-terminal lysines (51). The ubiquiti-
nation of DDB2 by DDB1-CUL4A E3 ligase is essential for it to hand off the damaged
DNA to its downstream effectors for the initiation of the nucleotide excision repair
(NER) pathway (48, 52, 53). We transfected the HepG2-NTCP DDB2 KO cells with the
above-described mutant DDB2 expression plasmids and confirmed their expression by
Western blotting (Fig. 9B). The HepG2-NTCP scramble control KO cells and DDB2 KO
cells transfected with WT and mutant DDB2 were infected with HBV for 6 days, and the
infection was assessed by HBc immunofluorescence. As observed before, WT DDB2 res-
cued widespread HBc expression in the DDB2 KO cells; however, the DDB2 mutants all
failed to rescue HBV infection in DDB2 KO cells (Fig. 9C). Therefore, the results indicate
that, for optimal cccDNA formation, DDB2 must be part of the UV-DDB complex that

FIG 6 DDB2 KD reduced cccDNA formation in HBV-infected cells. (A) HepG2-NTCP cells were
transfected with control siRNA or DDB2-specific siRNA for 32 h, followed by HBV infection at an MOI
of 500 for 6 days. The DDB2 KD was assessed by Western blotting (top). HBV cccDNA was analyzed
by Southern blotting after heat denaturation and EcoRI linearization (middle), and the relative level of
cccDNA hybridization signal in each sample is expressed as the percentage of the control (ctrl). The
cccDNA copy numbers were quantified by qPCR, normalized to mitochondrial DNA, and expressed
relative to the control (mean and SD; n = 3) (bottom). (B) PHH cells were transfected with control
siRNA or DDB2-specific siRNA for 48 h, followed by HBV infection at an MOI of 500 for 4 days. The
levels of DDB2 protein and HBV cccDNA were analyzed by Western blotting and qPCR, respectively,
as described for panel A. **, P , 0.01; ***, P , 0.001.
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FIG 7 DDB2 KO reduced cccDNA and downstream indicators in HBV-infected HepG2-NTCP cells. (A) The DDB2 crRNA-
mediated deletion mutation (dashed line) of the DDB2 gene in HepG2-NTCP DDB2 KO cells was detected by indel
PCR sequencing and aligned with the wild-type sequence from HepG2-NTCP scramble control KO cells. (B) The control
and DDB2 KO cells were infected by HBV (MOI, 500) for 6 days. The expression levels of DDB2 protein were analyzed
by Western blotting, with b-actin as the loading control; the intracellular total HBV RNA was detected by Northern
blotting, with rRNA (28S and 18S) as the loading control. (C) cccDNA copy numbers were quantified by qPCR, and
normalized to mitochondrial DNA, and expressed relative to the control (mean and SD; n = 3). (D) HepG2-NTCP
scramble KO and DDB2 KO cells were infected by HBV or HDV at an MOI of 500 for 6 days. The intracellular HBcAg
(top) and HDdAg (bottom) were detected by immunofluorescence. Cell nuclei were counterstained with DAPI. Each
image is representative of five microscopic fields; the percent antigen-positive cells is indicated. ***, P , 0.001.
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binds directly to a precursor to cccDNA and signals its downstream effector(s) via its N-
terminal ubiquitination.

DISCUSSION

The mechanism of cccDNA formation remains a major knowledge gap in our under-
standing of the HBV life cycle. It is generally acknowledged that HBV rcDNA hijacks
host DNA repair machinery to repair it to form cccDNA. To date, most if not all the
known host factors involved in cccDNA formation have been discovered by hypothesis
testing and/or phenotypic screening (18), but targeted identification of rcDNA-interact-
ing host DNA repair factors has not been reported. For this reason, we sought out an
unbiased exploratory assay to discover novel interactions between host factors and
cccDNA formation (Fig. 2). With our nuclear rcDNA CoIP-MS assay, we were able to con-
firm previously reported interactions, such as those with ATR pathway proteins, RFC
subunits, multiple host polymerase subunits, and topoisomerases, which validated the
assay’s feasibility and practicality.

A limitation of our CoIP-MS assay is the limited region of rcDNA sequence for
designing biotinylated DNA oligonucleotide to target and pull down nuclear rcDNA
complexes. The oligonucleotide must target the single-stranded region of rcDNA,
where a gap of approximately several hundred nucleotides is left between the variable
39 end of plus-strand DNA and the DR2 region (Fig. 1). Therefore, we designed a 52-nu-
cleotide (nt) oligonucleotide with the immediate upstream sequence of DR2 (nt 1540

FIG 8 Ectopic DDB2 expression rescued HBV infection in HepG2-NTCP DDB2 KO cells. HepG2-NTCP scramble KO cells
and DDB2 KO cells were transfected with control vector or plasmid Flag-DDB2 as indicated for 32 h, followed by HBV
infection at an MOI of 500 for 6 days. (A) DDB1 and DDB2 protein expression was detected by Western blotting using
antibodies against endogenous DDB1 and DDB2, respectively. The intracellular HBV cccDNA and supernatant HBeAg
were analyzed by qPCR and ELISA, respectively, and expressed relative to the control (mean and SD; n = 3). (B)
Intracellular HBcAg was detected by immunofluorescence. Cell nuclei were counterstained with DAPI. Each image is
representative of five microscopic fields; the percent HBcAg-positive cells is indicated. ***, P , 0.001.
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to 1591) to maximize the coverage of nuclear rcDNA molecules (Fig. 2). However, we
previously found that a portion of cytoplasmic DP-rcDNA population contained the 39
end of the plus strand beyond nt 1540 or even into the DR2 motif (23), which, if pres-
ent in the nucleus, would not be efficiently annealed to the oligonucleotide bait. To a

FIG 9 DDB2 loss-of-function mutants were unable to rescue HBV infection in HepG2-NTCP DDB2 KO
cells. (A) DDB2 mutant plasmids, with brief descriptions of mutations, and the corresponding wild-
type (WT) DDB2 expression plasmids. (B) Each of the plasmids listed in panel A was transfected into
HepG2-NTCP DDB2 KO cells for 32 h, followed by HBV infection (MOI, 500) for 6 days. The expression
of WT and mutant DDB2 proteins was assessed by Western blotting using antibodies against the T7
tag (left) and the HA tag (right), respectively. b-Actin served as a loading control. (C) Intracellular
HBcAg was detected by immunofluorescence. DAPI was used to stain nuclei. HepG2-NTCP scramble
KO cells transfected with control vector and HepG2-NTCP DDB2 KO cells transfected with control
vector and Flag-DDB2 (F-DDB2) were infected with HBV as described above and served as references
for the rescue experiment (top). Each image is representative of five microscopic fields; the percent
HBcAg-positive cells is indicated. Bars, 200 mm.
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lesser extent, the oligonucleotide could possibly competitively bind to these rcDNA
species with complete or almost complete but unligated plus strands. However, the
hypothetical rcDNA intermediates with a complete and ligated plus strand (36) (if any),
the cccDNA, and the integrated HBV transgene would not be able to be pulled down
by the rcDNA oligonucleotide bait. On the other hand, the nuclear HBV double-
stranded linear DNA (dslDNA) or deproteinated dslDNA, a minor HBV genome by-prod-
uct resulting from the failed second template switch during rcDNA synthesis (18, 54),
could be precipitated by the oligonucleotide bait, granted that the plus strand is
incomplete and the minus strand complementary to the oligonucleotide is readily
available for binding.

Though dslDNA can be a precursor to cccDNA, the dslDNA-derived cccDNA is com-
monly observed with extensive indels (19, 55). Studies investigating dsl-DNA-derived
cccDNA have discovered accumulating evidence that the nonhomologous end joining
(NHEJ) DNA repair mechanism is responsible for the conversion of dslDNA to cccDNA,
including the involvement of NHEJ sensor Ku70/Ku80 complex and the NHEJ-specific
DNA ligase LIG4 (34, 56). However, Ku70/80 and LIG4 were not detected in the CoIP-
MS assay (Table S1), perhaps due to the low abundance of nuclear dslDNA input and/
or the sensitivity of the assay. Nonetheless, the small population of incomplete nuclear
dslDNA, if any, is not expected to create serious complications in our results. Another
potential concern is that there is a possibility that the induced HBV transgene could
have single-strand DNA regions exposed for oligonucleotide binding, but the DNA
repair factor(s) may not be associated with the integrated HBV DNA if no DNA damage
is generated. Furthermore, the nuclear extraction kit used in this study does not extract
chromosome DNA. On the other hand, there may be a small number of cccDNA mole-
cules present at 6 days postinduction in this assay, and the cccDNA being actively tran-
scribed may also be targeted by the oligonucleotide bait; however, if cccDNA is pre-
cipitated, it would likely be in insignificant amounts, and it also does not interfere with
the principle of the assay, as host DNA repair factors could possibly still be bound to
the newly formed cccDNA.

With all these considerations in mind, the designed oligonucleotide bait should be
able to precipitate a majority of nonencapsidated rcDNA populations within the nu-
cleus, including DP-rcDNA and CM-rcDNA, which contain incomplete and unligated
plus strands (19, 20, 23, 24). If we accept these populations to be intermediates to
cccDNA formation, as has been implied, then our assay should be able to observe host
factors involved in cccDNA formation at least after rcDNA nuclear uncoating and
before plus-strand completion and ligation.

The rcDNA CoIP-MS assay delivered a long list of proteins; we specifically focused
on the DNA repair proteins that were unique to induced HepAD38 cells. A new nuclear
rcDNA-interacting hit that stood out to us was the DDB1 protein, a subunit in the UV-
DDB complex and major factor in the global genome NER (GG-NER) pathway (37).
Interestingly, DDB1 was also a hit in our previous shRNA screen for host DNA repair
genes involved in cccDNA formation (34). UV-DDB is composed of DDB1 and DDB2,
with DDB2 being the DNA scanning and binding subunit of the complex (37). In line
with this, the ChIP-qPCR assay showed that both subunits of the UV-DDB complex are
associated with the nuclear HBV rcDNA (Fig. 3). However, DDB2 was not present in the
rcDNA CoIP-MS assay; the reason for this was unclear, but it could perhaps be due to
the lack of suitable DDB2-specific proteolytic peptides for mass spectrometry detec-
tion. To further investigate the role of UV-DDB in cccDNA formation, we attempted a
knockout of DDB1 and DDB2 in HepAD38 cells. The DDB2 knockout was successful and
confirmed with sequencing and Western blotting (Fig. 4). However, we failed to estab-
lish viable DDB1 knockout cells likely due to DDB1 being essential to cell viability. In
line with this, previous studies have demonstrated that the loss of DDB1 leads to cell
apoptosis (57–59). Furthermore, in the rare genetic disorder xeroderma pigmentosum
(XP), which leaves carriers with extreme sensitivity to UV light-mediated DNA damage,
human DDB2 has several natural mutations which lead to this genetic disorder (47),
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while, to the best of our knowledge, there are no DDB1 mutations described leading
to XP, leading us to believe that further efforts to knock out DDB1 would be futile.
DDB2 is the DNA-binding and -sensing subunit of the UV-DDB complex (39); therefore,
we continued with our focus on assessing the effect of DDB2 on cccDNA formation.
The HepAD38 DDB2 KO cells showed a marked decrease in HBV cccDNA formation
exclusively mediated by the intracellular rcDNA recycling pathway (Fig. 4).

Furthermore, DDB2 KO resulted in a concurrent reduction of CM-rcDNA (Fig. 5), a
putative intermediate precursor for cccDNA formation (24), indicating that DDB2 plays
a role in cccDNA formation prior to the covalent circularization of the minus strand of
nuclear rcDNA. It is plausible that the binding of DDB2 (or the UV-DDB complex) to nu-
clear rcDNA recruits downstream factors to repair the minus strand of rcDNA first. It
has been reported that topoisomerase 1 and the ATR-CHK1 DNA damage response
(DDR) pathway are involved in CM-rcDNA formation (25, 33); thus, there may be a
potential interplay among UV-DDB and these factors in CM-rcDNA synthesis. In line
with this notion, DDB2 has been shown to recruit ATR kinase to the UV DNA damage
sites for initiating DDR (60). Furthermore, as mentioned above, whether the nuclear
HBV dslDNA can be sensed by UV-DDB or ATR-CHK1 awaits further investigation.

According to previous studies and this study, the relative proportions of nuclear
DP-rcDNA (or PF-rcDNA), CM-rcDNA, and cccDNA are approximately 10 (or more):1:1 in
HepAD38 and other inducible HBV stable cell lines (Fig. 4 and 5) (19, 20, 24, 32, 61).
Serving as a putative precursor for cccDNA, DP-rcDNA greatly outnumbers CM-rcDNA
and cccDNA, but the reason for such an inefficient conversion of DP-rcDNA to CM-
rcDNA/cccDNA via the rcDNA recycling pathway is largely unclear. The rate-limiting
step(s) is possibly nuclear rcDNA uncoating and/or DNA repair, leaving a significant
fraction of DP-rcDNA behind as laggards or even dead ends. As shown in Fig. 3, a large
amount of nuclear rcDNA remain associated with HBc, indicating an inefficient rcDNA
uncoating in the nucleus. Furthermore, although the cytoplasmic DP-rcDNA exhibits
almost homogenous characteristics in terms of DNA terminal sequences and modifica-
tions (23), it remains possible that a large portion of DP-rcDNA is further modified
upon delivery into the nucleus, making it incapable of cccDNA formation. Thus, further
characterizing the nuclear DP-rcDNA molecules in detail would help to address these
issues. On the other hand, although the cccDNA formation efficiency appears to be
low in in vitro HBV infection systems despite the high virus inoculum used, there is a
much lower accumulation of DP-rcDNA compared to that in HBV stable cell lines. In
this regard, growing evidence has indicated that certain different regulations of DP-
rcDNA and cccDNA formation exist between the intracellular rcDNA recycling and de
novo HBV infection (16, 18, 32, 62).

We continued to explore the role of DDB2 in the HBV infection model cell line
HepG2-NTCP by knocking down DDB2 with siRNA. This resulted in a greater than 50%
reduction in cccDNA formation (Fig. 6A). To further validate the physiological relevance
of these findings, we wanted to confirm these results in PHH. The DDB2 KD in PHH cells
revealed a similar impact on cccDNA formation (Fig. 6B). CRISPR-based DDB2 KO in
HepG2-NTCP cells similarly resulted in a roughly 50% reduction in cccDNA levels fol-
lowing HBV infection (Fig. 7). Furthermore, the reduced cccDNA phenotype in DDB2
KO cells could then be rescued by DDB2 transcomplementation (Fig. 8), suggesting a
direct role of DDB2 in cccDNA formation during de novo HBV infection.

Though DDB2 is involved in cccDNA formation through both de novo infection and
rcDNA recycling route, a complete loss of cccDNA was not achieved under DDB2 KO
conditions, indicating that a compensatory mechanism(s) is in place for cccDNA bio-
synthesis in the absence of DDB2. In line with this notion, the redundant effects of
host DNA repair factors on cccDNA formation have been reported in previous studies,
including topoisomerases (33), DNA polymerases (16, 32), and ligases (34). These phe-
nomena indicate that HBV has evolved to take advantage of the host redundant DNA
repair systems for maintaining the viral replication cycle.

It appears that the manipulation of DDB2 expression level had a slightly higher
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impact on viral transcription and antigen expression than cccDNA formation in HBV
infection setting (Fig. 7 and 8), which indicated that DDB2 might have an additional
effect on cccDNA transcription. In this regard, a well-studied function of DDB1, the
binding partner of DDB2 in UV-DDB complex, in the HBV life cycle is its interaction
with HBx protein to recruit the CUL4 E3 ubiquitin ligase to ubiquitinate SMC5/6 com-
plex for proteasomal degradation, a process to protect the cccDNA minichromosome
from SMC5/6-mediated epigenetic silencing (63–65). However, HBx-independent stim-
ulation of HBV transcription by DDB1 has also been reported (66). Furthermore, it has
been reported that DDB2 induces nuclear accumulation of HBx independently of bind-
ing to DDB1 (49). Considering that HBx is not required for cccDNA formation but is in-
dispensable for cccDNA transcription (15) and that the loss of DDB2 does not affect the
steady-state level of DDB1 (Fig. 8), the potential effect of DDB2 on cccDNA transcrip-
tion in the context of UV-DDB complex and in the presence or absence of HBx awaits
investigation in future studies.

The DDB1 and DDB2 duet uses DDB2 as the DNA damage binding subunit, and
DDB1 forms a ubiquitin E3 ligase complex with CUL4A, which in turn ubiquitinates
DDB2 and xeroderma pigmentosum complementation group C protein (XPC) to kick
off the GG-NER pathway (67, 68). In this scenario, DDB2 also serves as a DDB1- and
CUL4-associated-factor (DCAF) like HBx. Indeed, the DDB1-CUL4 complex pairs with
dozens of known host and viral DCAFs to ubiquitinate specific protein substrates to
regulate a variety of cellular functions (69, 70). In order to determine the domains/func-
tions of DDB2 necessary for its role in HBV cccDNA formation, we assessed the mutant
forms of DDB2 for their ability to rescue the DDB2 KO phenotype in HBV infection (Fig.
9). The well-characterized DDB2 mutants contained aberrations inhibiting complexing
with DDB1, DNA damage binding, and ubiquitination for downstream signaling/hand-
off to XPC (Fig. 9A) (44–51). All the mutant DDB2 constructs failed to rescue HBV infec-
tion in DDB2 KO cells (Fig. 9C), indicating that DDB2 must be in complex with DDB1 to
scan nuclear HBV rcDNA, identify it as damaged, and be ubiquitinated to hand off the
rcDNA to the next factor(s) in the cccDNA formation pathway. These observations
demonstrate a significant and intimate role played by the UV-DDB complex, or more
specifically DDB2, in the crucial life cycle step of HBV cccDNA formation. DDB2 likely
plays an early role in sensing the DP-rcDNA or other unidentified rcDNA species upon
nuclear entry and signaling for host DNA repair factors to repair rcDNA to cccDNA.

While we have identified DDB2 as an early effector in cccDNA formation, this was
concluded mostly from DDB2’s function as a DNA damage-detecting factor and the
early-nuclear-rcDNA-selective bias of our assay. In this regard, there is, thus far, a lack
of direct evidence for establishing a timeline/chronological order of host factor binding
to nuclear rcDNA (12, 18). In this study, one question that remains to be elucidated is
the specific binding site of DDB2 along the nuclear rcDNA. Mechanistically, the UV-
DDB complex employs DDB2 to continually scan the genome for DNA damage and
establishes high-affinity DNA interactions once damage is detected, such as UV-
induced cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (71). DDB2 also
exhibits a remarkable substrate diversity to recognize a variety of helix-distorting
“blocking” DNA lesions (72–74). Thus, we hypothesize that DDB2 within the UV-DDB
complex randomly finds HBV rcDNA upon nuclear import and repeatedly loosely binds
to it before finding a specific structure along rcDNA, likely the terminal redundancy of
the minus strand and its resulting flap formation or the gap/nick on plus strand DNA,
where it will tightly bind and recruit presumably the GG-NER pathway or another un-
identified pathway to begin forming CM-rcDNA and then cccDNA (Fig. 10). While this
updated model of cccDNA formation awaits further development, it is noteworthy that
some late factors in the NER pathway, like PCNA, RFC, polymerases (Pol d and Pol k ),
and ligases (LIG1 and LIG3), have also been implicated in cccDNA formation (16, 31, 32,
34, 35, 68, 75). Therefore, it is of interest to further assess the potential involvement of
other GG-NER midstream components in cccDNA formation, such as XPC, transcription
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factor II H (TFIIH), XPG, etc. Moreover, it will also be interesting to investigate the preva-
lence and pathophysiology of HBV infection in XP patients.

In summary, by making use of a newly developed HBV rcDNA CoIP-MS assay, this
study has identified UV-DDB as a novel nuclear rcDNA binding factor and established
adequate evidence to implicate DDB2, as part of the UV-DDB complex, in the forma-
tion of HBV cccDNA, providing new insights into the molecular mechanism of cccDNA
formation and potential antiviral targets for treatment of hepatitis B.

MATERIALS ANDMETHODS
Cell lines. HepAD38 cells, a tetracycline-inducible HBV stable cell line, were maintained in DMEM/

F12 medium (Corning) and supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/
ml streptomycin, and 1 mg/ml tetracycline (Tet) (20, 76). To induce HBV pgRNA transcription, DNA repli-
cation, and cccDNA formation in confluent HepAD38 cells, Tet was withdrawn from the culture medium
and cells were cultured up to 14 days. HepG2-NTCP cells, a cell line permissive to HBV infection, were
cultured in the same medium as HepAD38 cells without Tet (40). Primary human hepatocytes were pur-
chased from BioIVT (Liverpool 5-donor human cryoplateable hepatocytes, mixed gender; BioIVT,
X008052-P, lot SML). PHH were cultured in hepatocyte maintenance medium (HMM; Lonza, CC-3197)
supplemented with HMM SingleQuot (Lonza, CC-4192) according to the manufacturer’s instructions. All
cell lines were cultured under standard conditions of 37°C and 5% CO2.

Nuclear rcDNA pulldown and mass spectrometry. A 52-mer oligonucleotide complementary to
the HBV minus-strand DNA sequence (nt 1540 to 1591; GenBank no. U95551) was synthesized by
Integrated DNA Technologies (IDT), and a biotin tag was ligated to the 59 end of the oligonucleotide by
means of a triethylene glycol spacer (TEG), giving rise to the rcDNA oligonucleotide bait (Table 1), which
was further purified by high-performance liquid chromatography (HPLC). HepAD38 cells were cultured
in T225 flasks with Tet-free medium to induce HBV replication for 6 days with daily medium change.
HepAD38 cells cultured in the presence of Tet for 6 days were used as a negative control. The cells were
collected, and the nuclear fractions were isolated using a nuclear extraction kit (Cayman Chemical,
10009277). The obtained 300 ml of nuclear fractions was then incubated with 1.25 nmol of biotinylated
rcDNA oligonucleotide bait at 4°C for 16 h under constant gentle rotation. Next, 50 ml of streptavidin-
coated MyOneC1 Dynabeads (Thermo Fisher) was added to the reaction and incubated for 4 h at 4°C
under constant slow rotation. The paramagnetic beads were then pulled out of solution using a perma-
nent neodymium magnet. The beads were washed in wash buffer containing 5 mM Tris-HCl (pH 7.5),
0.5 mM EDTA, and 1 M NaCl 3 times. The beads were then spun down on a tabletop centrifuge, and
excess wash buffer was carefully removed with a micropipette. The rcDNA-bound proteins were
reduced, alkylated, and trypsin digested directly on beads, and the resulting peptides were identified
with liquid chromatography interfaced with a hybrid quadrupole-Orbitrap mass spectrometer (Thermo

FIG 10 Model of UV-DDB-mediated cccDNA formation. The cytoplasmic HBV rcDNA undergoes deproteination to generate DP-rcDNA;
the latter is transported into the nucleus and identified as damaged DNA by UV-DDB and/or ATR-CHK1 complexes. While there are
potential single-strand break (ssb) sites on DP-rcDNA for ATR to bind to, it is uncertain what structure triggers DDB2 to tightly bind
to rcDNA. It is possible that DDB2 and ATR could detect the nick and/or terminal redundancy on minus-strand DNA individually or
cooperatively, as both are involved in CM-rcDNA formation. DDB2, in conjunction with DDB1, is ubiquitinated by the CUL4A ubiquitin
ligase, facilitating its handoff to a yet-to-be-defined DNA damage response pathway(s). The pathway then assembles DNA repair
factors to facilitate the repair of the remaining terminal aberrations of rcDNA into cccDNA. Interestingly, six of the previously
reported proteins implicated in cccDNA formation are involved in the late stages of the GG-NER pathway, which is commonly
activated by the UV-DDB complex upon substrate anchoring.
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Fisher Q Exactive HF Orbitrap liquid chromatography-tandem mass spectrometry [LC-MS/MS] system) at
the Purdue University Proteomics Facility. A database search against the UniProt human database
(August 2017) was conducted using MaxQuant to identify the probable source proteins of the peptides.
A hit list was compiled comparing oligonucleotide pulldown samples from induced (Tet2) versus unin-
duced (Tet1) conditions to differentiate between potential rcDNA-specific and -nonspecific bound
proteins.

Chromatin immunoprecipitation. HepAD38 cells were seeded and grown to confluence in T75
flasks. Once they were confluent, the medium was switched to Tet-free medium for 6 days to induce
rcDNA synthesis. After 6 days of induction, the cells were fixed with 1% formaldehyde, and the chroma-
tin immunoprecipitation assay was conducted using the ChIP-IT Express kit with protein G magnetic
beads (Active Motif, 53008) according to the manufacturer’s manual, with modifications. Briefly, chroma-
tin was sheared using an EpiShear ultrasound sonicator (Active Motif), with delivery of 50 to 250 J,
depending on the cell line, for obtaining chromatin fragments with DNA lengths of around 500 to
1,500 bp. The sheared chromatin was precipitated with 5 mg of a nonimmune serum (NIS) IgG control
(Sigma, I8765) or specific antibodies against DDB1 (Abcam, ab97522), DDB2 (Rockland, 100-401-A10) or
HBcAg (Dako, B0586). After the removal of formaldehyde cross-links, immunoprecipitated chromatin
was deproteinized with 10 mg/ml proteinase K. The input control and immunoprecipitated DNA frac-
tions were purified with a QIAquick PCR purification kit and served as templates for qPCR amplification
in a LightCycler 96 system (Roche) using a FastStart essential DNA probe master kit (Roche) with HBV
total DNA primers and probes as previously described (34). Occupancy of the specific protein on rcDNA
was expressed as fold enrichment above NIS using 2DDCq methods.

Plasmids, siRNA, and cell transfection. The N-terminally Flag-tagged wild-type human DDB2
expression plasmid Flag-DDB2 was purchased from Sino Biological (HG14460-NF). The T7-tagged wild-
type DDB2 plasmid WT (UIC) and plasmids expressing DDB2 naturally occurring mutants (K244E and
R273H) and WD deletions (DWD, 1–320, and 1–380) were provided by Pradip Raychaudhuri (University
of Illinois Chicago) (49, 50). The HA-tagged wild-type DDB2 plasmid WT (Kobe) and plasmids expressing
an N-terminal deletion (Ndel) and seven N-terminal lysine-to-arginine mutants (N7KR), were provided by
Kaoru Sugasawa (Kobe University) (51). The HDV genome replication-competent plasmid pSVL(D3) was
provided by Jinhong Chang (Baruch S. Blumberg Institute) (77). Plasmid pLMS, expressing the HBV large
(L), middle (M), and small (S) envelope proteins, was provided by Youhua Xie (Fudan University) (78).
Plasmid DNA transfections of cells were conducted with Lipofectamine 3000 according to the manufac-
turer’s directions (Invitrogen). DDB2 siRNA was purchased from Santa Cruz (sc-37799), and cell transfec-
tions were performed with Lipofectamine RNAiMAX reagent (Invitrogen).

DDB2 knockout cell line establishment. DDB2 knockout cell lines were generated through CRISPR-
mediated genome editing of DDB2 gene loci. The CRISPR RNA (crRNA) targeting the human DDB2 gene was
designed using tools available at http://www.e-crisp.org/E-CRISP. The synthetic scramble and DDB2 crRNA ol-
igonucleotide pairs were annealed and cloned into BsmBI-digested lentiCRISPRv2 control vector (Addgene
no. 52961; gift from Feng Zhang). Lentivirus preparation and titration were performed as previously
described (34). Lentiviral transduction of HepAD38 or HepG2-NTCP cells and puromycin selection were con-
ducted to generate scramble control and DDB2 stable knockout cell lines. The DDB2 knockout phenotype
was confirmed by Western blotting and indel sequencing assay. The corresponding coding sequence for the
epitope of the DDB2 antibody has no overlap with the gene targeting sites of the designed crRNA. For indel
sequencing analysis of DDB2 genes, total genomic DNA from the control and DDB2 knockout cells was
extracted using a DNeasy blood and tissue kit (Qiagen) according to the manufacturer’s protocol. The
genomic sequence region covering the crRNA target site was amplified by PCR using the indel detection pri-
mers (Table 1) and cloned into T vector pMD19 (Clontech) for Sanger sequencing. The DDB2 DNA sequences
from control and knockout cells were aligned to determine the CRISPR-induced mutations.

HBV and HDV infection in vitro. The infectious HBV inoculum was prepared from the supernatant
of the HBV stable cell line HepDE19 as described previously (40). To prepare the HDV inoculum, plasmids

TABLE 1 Oligonucleotides used in this study

Name Direction and type Sequence (59!39)a

rcDNA oligonucleotide bait Biotin-TEG-ACGCGGACTCCCCGTCTGTGCCTTCTCATCTGCCGGACCGTGTGCACTTCGC
HBV total DNA Forward primer CCGTCTGTGCCTTCTCATCTG

Reverse primer AGTCCAAGAGTYCTCTTATGYAAGACCTT
Probe FAM-CCGTGTGCACTTCGCTTCACCTCTGC-TAMRA

HBV cccDNA Forward primer ATGGAGACCACCGTGAACGCCC
Reverse primer TCCCGATACAGAGCTGAGGCGG
Probe FAM-TTCAAGCCTCCAAGCTGTGCCTTGGGTGGC-TAMRA

Mitochondrial DNA Forward primer CCCTCTCGGCCCTCCTAATAACCT
Reverse primer GCCTTCTCGTATAACATCGCGTCA

DDB2 crRNAb Sense oligonucleotide CACCGGGAGGGCTACATCCTTGGCG
Antisense oligonucleotide AAACCGCCAAGGATGTAGCCCTCCC

DDB2 indel PCR Forward primer TCATTTCTCTCTGTGGCAGGGG
Reverse primer GAACTGCTCACCCCTTTGATGA

aFAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
bThe sticky ends for cloning are in italics and underlined.
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pSVL(D3) and pLMS were cotransfected into Huh7 cells, the virus particles were harvested from the su-
pernatant, and virus titer was determined by qPCR according to a previous publication (79). HepG2-
NTCP or PHH cells were seeded at a density of 1 � 106 cells/well of a 6-well plate (2 days before infection
[D22]). The next day (D21), the cells were preincubated for 24 h with HMM (TaKaRa). After 24 h (D0), the
medium was replaced with an infection medium prepared with HMM, 4% (wt/wt) polyethylene glycol
8000 (PEG-8000), and HBV at a multiplicity of infection (MOI) of 500 per well. After 16 h inoculation with
virus (D1), the medium was replaced with fresh HMM. From day 2 (D2) onward until collection, the me-
dium was changed daily with primary hepatocyte maintenance medium (PMM) (17). HDV infections
were performed in an identical manner except that the HDV virus stock was used in place of HBV. When
siRNA knockdown was included in the infection experiment, the siRNA transfection was conducted 1
day after cell seeding for the indicated time, followed by the HBV infection workflow described above.

Immunofluorescence. The HBV- or HDV-infected HepG2-NTCP cells were fixed with 4% paraformalde-
hyde for 20 min and then washed three times with cold phosphate-buffered saline (PBS) for 5 min each
time. The cells were then permeabilized with 0.5% Triton X-100 for 1 h at room temperature and washed
again three times with cold PBS. The cells were then incubated with immunofluorescence assay (IFA)
blocking buffer for 1 h at room temperature. The cells were stained with rabbit anti-HBcAg (Dako, B0586)
or anti-HDdAg (a gift from Severin Gudima) (80) for 16 h at 4°C under constant gentle agitation. The cells
were then washed three times with cold PBS and blocked again for 30 min, followed by incubation with
Alexa-Fluor 488 dye-conjugated goat anti-rabbit secondary antibody (Thermo Fisher), and the nuclei were
counterstained with DAPI (49,6-diamidino-2-phenylindole) for 60 min at room temperature. The cells were
washed 3 more times and left in PBS. An EVOS M5000 microscope was used to take images of the stained
cells under 20� magnification. ImageJ was used for counting cells on the images (81).

ELISA. HBeAg in the supernatant of HBV-infected HepG2-NTCP cells was detected by an enzyme-
linked immunosorbent assay (ELISA) kit according to the manufacturer’s instructions (CUSABIO, CSB-
E13557h).

Western blot assay. Laemmli buffer was used to collect whole-cell lysates, which were run on a 12%
SDS-PAGE gel and then transferred onto Immobilon-FL polyvinylidene difluoride (PVDF) membranes
(Millipore). The membrane was blocked with Western Breeze blocking buffer (Thermo Fisher) and probed with
antibodies against b-actin (Santa Cruz, sc-47778), DDB2 (Santa Cruz, sc-81246), DDB1 (Santa Cruz, sc-137142),
Flag tag (Sigma, F3165), hemagglutinin (HA) tag (Sigma, H3663), and T7 tag (Cell Signaling, 13246T).

HBV nucleic acid analyses. HBV total RNA and core DNA were extracted and subjected to Northern
and Southern blotting as previously described (82). HBV cccDNA was extracted by a modified Hirt DNA
extraction method (83). For cccDNA Southern blot assay, the Hirt DNA sample was heat denatured at 85°C
for 5 min and then digested by EcoRI before gel loading, in order to denature the DP-rcDNA into ssDNA
and subsequently linearize cccDNA into double-stranded DNA for improved electrophoretic separation
and hybridization (61). To detect CM-rcDNA, the Hirt DNA was treated with 39!59 ExoI/III and subjected
to Southern blotting assay as previously described (24). A phosphorimager screen was used to record
hybridization signals and was scanned using a Typhoon FLA-7000 (GE Healthcare). Hybridization signals
were quantified with QuantityOne software (Bio-Rad). The quantitative PCR analysis of cccDNA was con-
ducted with heat-denatured and plasmid-safe ATP-dependent DNase (PSAD)-treated Hirt DNA samples
and normalized to mitochondrial DNA according to our previous publication (34).
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