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Abstract: Chronic hepatitis B virus (HBV) infection puts more than 250 million people at a greatly
increased risk to develop end-stage liver disease. Like all hepadnaviruses, HBV replicates via
protein-primed reverse transcription of a pregenomic (pg) RNA, yielding an unusually structured,
viral polymerase-linked relaxed-circular (RC) DNA as genome in infectious particles. Upon infection,
RC-DNA is converted into nuclear covalently closed circular (ccc) DNA. Associating with cellular
proteins into an episomal minichromosome, cccDNA acts as template for new viral RNAs, ensuring
formation of progeny virions. Hence, cccDNA represents the viral persistence reservoir that is not
directly targeted by current anti-HBV therapeutics. Eliminating cccDNA will thus be at the heart of a
cure for chronic hepatitis B. The low production of HBV cccDNA in most experimental models and the
associated problems in reliable cccDNA quantitation have long hampered a deeper understanding of
cccDNA molecular biology. Recent advancements including cccDNA-dependent cell culture systems
have begun to identify select host DNA repair enzymes that HBV usurps for RC-DNA to cccDNA
conversion. While this list is bound to grow, it may represent just one facet of a broader interaction
with the cellular DNA damage response (DDR), a network of pathways that sense and repair aberrant
DNA structures and in the process profoundly affect the cell cycle, up to inducing cell death if repair
fails. Given the divergent interactions between other viruses and the DDR it will be intriguing to see
how HBV copes with this multipronged host system.
Keywords: hepatitis B virus; cccDNA; HBV minichromosome; DNA repair; DNA damage response;
HBV cure

1. Introduction
Hepatitis B virus (HBV) is the prototypic member of the hepadnaviruses, a family of small
enveloped hepatotropic viruses that replicate their tiny (~3 kb) DNA genomes through reverse
transcription. HBV causes acute and chronic hepatitis B; chronic HBV infection puts more than
250 million virus carriers at a greatly increased risk to develop terminal liver disease, i.e., liver fibrosis,
cirrhosis and hepatocellular carcinoma (HCC) [1]. While an effective prophylactic vaccine is available
since decades and universal vaccination programs have been implemented in many countries, the total
number of chronic HBV carriers is still on the rise [2]. HCC is now the third leading [2] if not second
leading [3] cause of cancer mortality and >90% of all HCC cases can be attributed, about equally [2],
to chronic infection with HBV or hepatitis C virus (HCV). As HCV is an RNA virus and RNA has a
limited life-span, blocking replication for a finite time is sufficient to eliminate the virus. This is indeed
achieved by recently introduced direct acting antivirals, and chronic hepatitis C can now be cured in
most patients [4,5].
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capsid structure disintegrates to release the RC-DNA into the nucleus. In a multistep step process,
the numerous deviations of RC-DNA from a perfectly double-stranded structure are “repaired”,
resulting in cccDNA. Actually as a minichromosome, cccDNA then serves as template for RNA
polymerase II-mediated synthesis of the viral transcripts. All are 50 capped and 30 polyadenylated;
their distinct start sites are defined by four separate promoters (see Figure 1A) but all use the same
polyadenylation signal. From the subgenomic transcripts (2.4, 2.1 and 0.8 kb) the envelope proteins
L (preS1/preS2/S), M (preS2/S) and S plus hepatitis B virus X protein (HBx) are translated (see
Figure 1B). The greater-than-genome-length 3.5 kb transcripts comprise the precore RNA plus the
slightly shorter pregenomic RNA (pgRNA). The precore RNA includes the start codon of the preC
ORF (see Figure 1A) and thus is translated into the precore protein precursor of the secretory HBeAg.
The pgRNA serves as bicistronic mRNA for core protein and P protein and, in addition, as substrate
for reverse transcription into new RC-DNA by protein-priming; this establishes the unusual molecular
features of RC-DNA [19].
Hence, cccDNA is a crucial intermediate in the hepadnaviral replication cycle. Importantly,
cccDNA is not directly targeted by current anti-HBV drugs. NAs can potently block reverse
transcription of pgRNA and suppress production of new RC-DNA containing virions (see Figure 1B)
but not viral transcription and antigen production. As depletion of cccDNA by the interrupted supply
of new RC-DNA appears to occur with very slow kinetics, many patients will likely require life-long
NA-treatment to keep the virus under control [20,21]. Conversely, very few copies of cccDNA per
liver suffice to reactivate full-blown infection once therapeutic and/or immune-mediated control
are weakened or lost. Hence, the ultimate goal for a cure of chronic hepatitis B is elimination of the
cccDNA reservoir from the patient’s liver—however, many basic issues of cccDNA biology are only
beginning to be solved.
3. The Actual Transcription Template: Poorly Understood HBV Minichromosome
Nuclear cccDNA is loaded with cellular histone and non-histone proteins forming a nucleosomally
organized minichromosome [22–24] which apparently also contains viral core protein [23,25] and
HBx [26]; HBx positively impacts cccDNA transcriptional activity [27–30] by de-repressing, perhaps
inter alia, a restriction by the structural maintenance of chromosomes (Smc) complex Smc5/6 [31–34].
However, the pathway from nucleocapsid-borne RC-DNA to chromatinized cccDNA is obscure.
While some viruses such as SV40 package their DNA genomes already as histone-associated
minichromosomes [35], for hepadnaviruses this must involve the exchange of the DNA-bound core
protein against histones, as shown in the conceptual model in Figure 2. Accordingly, the RC-DNA
released at the nuclear pore may remain associated with at least some core protein subunits [36], which
feature an Arg-rich C terminal domain (CTD) that binds nucleic acids [37–39]. Perhaps immediately,
or at some time during the multiple steps of RC- to cccDNA conversion, core histones will start being
loaded on the DNA and eventually might displace most of the remaining core protein. In addition, the
dynamic exchange of histone modifiers, chromatin remodellers and transcription factors will subject
the cccDNA to a complex epigenetic regulation of transcriptional activity [40]. As for host chromatin
this likely includes DNA methylation, noncoding RNAs and posttranslational histone modifications
known as the “histone code” [41,42], albeit with some idiosyncrasies [43].
However, the unknown dynamics of core protein replacement by histones on nuclear hepadnaviral
DNA raise several issues. A practical caveat concerns chromatin immunoprecipitation (ChIP) assays
which may not report exclusively on the cccDNA status, but could include chromatinized non-cccDNA
forms. If full displacement of the originally bound core protein by histones is slow, the association of
core protein with the minichromosome [23,25] may simply reflect the fortuituous presence of some
leftover core protein. Nucleic acid binding by core protein as such is non-sequence specific [44],
and promiscuous core protein binding to numerous promoters on chromosomal DNA has been
reported [45]. Hence it is unclear how de novo core protein binding would be specific for viral
cccDNA. In contrast, during nucleocapsid assembly core protein specificity for the viral nucleic
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not be restricted to cccDNA but might occur as well with RC-DNA (or double-stranded linear DNA
be restricted to cccDNA but might occur as well with RC-DNA (or double-stranded linear DNA
(dsL-DNA)). In analogy to recent data showing the rapid loading of histones and subsequently histone
(dsL-DNA)). In analogy to recent data showing the rapid loading of histones and subsequently
marks onto unintegrated retroviral DNA [47] this could even include that chromatinized non-cccDNA
histone marks onto unintegrated retroviral DNA [47] this could even include that chromatinized
molecules are transcribed. Formally, transcripts from non-circularized minus-strand DNA would
non-cccDNA molecules are transcribed. Formally, transcripts from non-circularized minus-strand
encode a nearly complete HBx protein lacking just three C terminal amino acids; such a truncation
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essential for cccDNA transcription [33]; unconventional mechanisms such as delivery of HBx RNA
formation of HBx transcripts from a non-cccDNA template might not be excluded.
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Figure 3. The hepadnaviral genome life-cycle. Protein-primed reverse transcription is initiated by P
Figure 3. The hepadnaviral genome life-cycle. Protein-primed reverse transcription is initiated by P
protein binding to the ε stem-loop on pgRNA, leading to a short ε-templated DNA oligo whose
protein binding to the ε stem-loop on pgRNA, leading to a short ε-templated DNA oligo whose 5′
50 terminal nt is covalently linked to a Tyr residue in P protein’s terminal protein (TP) domain.
terminal nt is covalently linked to a Tyr residue in P protein’s terminal protein (TP) domain.
Translocation to an acceptor at DR1* allows its extension into slightly overlength minus-strand DNA
Translocation to an acceptor at DR1* allows its extension into slightly overlength minus-strand DNA
(carrying the ”r” redundancy), with concomitant pgRNA degradation, except for the capped 50 terminal
(carrying the ”r” redundancy), with concomitant pgRNA degradation, except for the capped 5′
end that serves as plus-strand DNA primer. Direct extension from DR1 on yields double stranded linear
terminal end that serves as plus-strand DNA primer. Direct extension from DR1 on yields double
DNA (dsL-DNA); RC-DNA formation requires primer transfer to DR2 plus an additional template
stranded linear DNA (dsL-DNA); RC-DNA formation requires primer transfer to DR2 plus an
switch (not shown). These steps establish the unusual features of RC-DNA, with non-DNA moieties on
additional template switch (not shown). These steps establish the unusual features of RC-DNA, with
both 50 termini, an overlength minus-strand and an incomplete plus-strand. For cccDNA formation, all
non-DNA moieties on both 5′ termini, an overlength minus-strand and an incomplete plus-strand.
peculiarities on RC-DNA must be fixed, both strands must gain exactly unit-length, and the ends must
For cccDNA formation, all peculiarities on RC-DNA must be fixed, both strands must gain exactly
be ligated. The multistep nature of the process is symbolized by the multiple green arrows. One of the
unit-length, and the ends must be ligated. The multistep nature of the process is symbolized by the
predicted intermediates is RC-DNA from which P protein has been released (P-free RC); whether this
multiple green arrows. One of the predicted intermediates is RC-DNA from which P protein has
is the first intermediate as depicted is not known.
been released (P-free RC); whether this is the first intermediate as depicted is not known.
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Another possibility relates to P protein release from RC-DNA. Topoisomerases relax torsional
stress by incising DNA [56] via a reversible trans-esterification reaction; an internucleotide
phosphodiester bond is opened and a new tyrosyl-DNA-phosphodiester bond to the enzyme is
formed, as in RC-DNA. The back-reaction reseals the DNA and releases the topoisomerase in
one go. An analogous reaction could “autocatalytically” release P protein and ligate the ends of
minus-strand DNA. However, in topoisomerase cleavage complexes reformation of the DNA-DNA
phosphodiester bond depends strictly on the proper alignment of the two DNA ends; otherwise the
enzyme gets trapped on the DNA [56], with active repair required to resolve the protein-DNA adduct.
For RC-DNA a proper alignment of the ends in the terminally redundant minus-strand DNA is difficult
to envisage (Figure 3). Together with the absence of viral functions for the other RC-DNA conversion
steps this strongly suggests that HBV has to hijack cellular factors for cccDNA formation, and the
multifactorial DNA repair system would provide an ample source for all activities required. However,
directly tackling such a connection is still challenged by the experimental restrictions in detecting and
quantifying HBV cccDNA.
5. Human HBV cccDNA—Low Production Versus Difficult Specific Detection
Although this review is largely conceptual a short detour to the bench will serve to highlight some
relevant technical issues in cccDNA research. The basic dilemma is that the amounts of human HBV
cccDNA in all tractable test systems are low, and that Southern blotting which allows for unambiguous
distinction of cccDNA from all other viral DNA forms [19] is an intrinsically insensitive method.
Infected woodchuck and duck livers may carry ≥50 copies of cccDNA per hepatocyte [57,58].
DHBV-transfected hepatoma cells produce easily Southern blot-detectable amounts of cccDNA.
Preventing synthesis of the viral envelope proteins boosts copy numbers to several hundred
per cell [36,59,60] by funneling all progeny RC-DNA into the intracellular recycling pathway (Figure 1B)
for cccDNA amplification [61].
Human HBV cccDNA copy numbers in infected livers appear much lower [62], and may rarely
exceed one copy per cell [63]. Also, cccDNA levels in HBV-transfected hepatoma cells are very low [64]
although the same cells support high levels of DHBV cccDNA formation [36]; whether distinct features
of the viral DNAs, or the viral proteins, or still other factors cause this difference are interesting but
unresolved questions. The boost in cccDNA copy numbers by preventing envelope protein production
is also much less pronounced for HBV [65], and HBV transgenic mice normally produce no detectable
cccDNA at all [66].
More sensitive PCR methods for truly specific cccDNA detection are thus urgently needed but still
not available. The main issue is the distinction of cccDNA from the sequence-identical non-cccDNA
forms [19] which may vastly outnumber the cccDNA molecules. Primer pairs targeting a genome region
that is contiguous only on cccDNA (“over-gap PCR”) can achieve 100- to 1000-fold discrimination [50],
and further physical enrichment is possible [67]. However, accurately determining reductions of the
anyhow low HBV cccDNA levels, e.g., for evaluation of cccDNA-relevant host factors or anti-cccDNA
drugs, remains a challenge [68,69]. Because only cccDNA has no free ends, exonucleases might be
used for the selective removal of all non-cccDNA forms. Most widely used [25,62,70] is Plasmid-Safe
ATP-dependent DNase (PSD; Epicentre). However, in our hands PSD did not only spare cccDNA from
degradation but also DHBV RC-DNA [36], hence the search for alternatives is still ongoing. Data from
a model study comparing PSD with the exonucleases from bacteriophages T7 and T5 [71,72] highlight
some of the unresolved technical difficulties.
As substrate we used a 3 kb HBV plasmid either in its ccc form, or in the RC form obtained by
treatment with a nickase enzyme (see Figure 4A). Mixtures of two different concentrations of each
plasmid form were then mixed with a constant amount of Huh7 cell genomic DNA (gDNA) as carrier
and incubated with a defined amount of PSD, or T7 or T5 exonuclease. Aliquots taken after 30 min and
120 min were analyzed by agarose gel electrophoresis and Southern blotting (Figure 4B,C). PSD had no
detectable impact at all, i.e., the input pattern of gRNA and of RC- plus cccDNA remained unchanged.
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In sum, PSD as used here did not generate a pure cccDNA template. More enzyme per DNA,
In sum, PSD as used here did not generate a pure cccDNA template. More enzyme per DNA,
longer incubation times and/or exploiting the higher sensitivity of RC- vs. cccDNA towards heat
longer incubation times and/or exploiting the higher sensitivity of RC- vs. cccDNA towards heat
denaturation may give more favorable results; this also holds for T7 exonuclease. T5 exonuclease
denaturation may give more favorable results; this also holds for T7 exonuclease. T5 exonuclease
came closest to the desired degradation of all non-cccDNA forms but also induced a loss of cccDNA,
came closest to the desired degradation of all non-cccDNA forms but also induced a loss of cccDNA,
likely via the endonuclease activity that caused complete degradation of the RC-DNA (Figure 4B,C).
likely via the endonuclease activity that caused complete degradation of the RC-DNA (Figure 4B,C).
There are other potentially useful nucleases, e.g., exonuclease I and exonuclease III from Escherichia coli
There are other potentially useful nucleases, e.g., exonuclease I and exonuclease III from Escherichia
(Hu, J.; unpublished data), but regardless of the specific enzyme it will be mandatory that efforts
coli (Hu, J.; unpublished data), but regardless of the specific enzyme it will be mandatory that efforts
towards standardized protocols include all enzymatically relevant parameters such as units of enzyme
towards standardized protocols include all enzymatically relevant parameters such as units of
per total amount of substrate DNA, DNA concentration, exact buffer composition, and incubation
enzyme per total amount of substrate DNA, DNA concentration, exact buffer composition, and
temperature and duration.
incubation temperature and duration.
A recent methodological advance is digital PCR which can give absolute template numbers in a
A recent methodological advance is digital PCR which can give absolute template numbers in a
sample without requiring a standard for calibration [74]; however, this does not per se increase cccDNA
sample without requiring a standard for calibration [74]; however, this does not per se increase
specificity. Notably, even completely noncontiguous HBV DNA fragments can efficiently yield longer,
cccDNA specificity. Notably, even completely noncontiguous HBV DNA fragments can efficiently
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6.1. Infection-Independent cccDNA Model Systems
The high production of cccDNA by DHBV even in human hepatoma cells [36] greatly facilitates
its clearcut detection by Southern blotting (see Figure 5A). This direct readout for the impact
of inhibiting host factors on RC-DNA to cccDNA conversion was used in the identification of
tyrosyl-DNA-phosphodiesterase 2 (TDP2) as a host DNA repair enzyme that can release P protein
from RC-DNA [49]. However, Southern blotting is not suited for higher throughput applications, and
despite the overall similarity between DHBV and HBV RC-DNA, there may be differences as to which
sets of host factors are optimal for their conversion into cccDNA [76].
The second kind of systems (see Figure 5B) relies on stable, inducibly HBV (or DHBV) producing
cell lines such as the TetOFF HBV lines HepAD38 [77] and HepG.117 [64]. HBV pgRNA is transcribed
from a chromosomally integrated cassette under control of a tetracycline (Tet) response element (TRE)
promoter and a Tet-repressor based trans-activator (tTA) that binds the TRE promoter only in the
absence of Tet. Tet withdrawal induces transcription from the TRE promoter of pgRNA but not precore
RNA (see Figure 1) whose start site lies about 30 nt upstream. From pgRNA a first round synthesis of
RC-DNA containing nucleocapsids is initiated which may then establish nuclear cccDNA. If so, this
allows precore RNA and thus HBeAg production. Hence HBeAg can serve as a surrogate marker for
cccDNA formation, and two reportedly specific small compound cccDNA inhibitors were identified in
this way [78].
However, discrimination of HBeAg from the cccDNA-independently produced core protein is
problematic owing to their largely identical amino acid sequences; furthermore, not only HBeAg
but also non-enveloped capsids are found in the culture supernatant [79]; this holds also for DHBV
(Dörnbrack, K.; Costa, C.; Nassal, M.; unpublished data). To overcome this problem, others [80] and we
(Dörnbrack, K.; Costa, C.; Verrier, E.; Nassal, M; unpublished data) have engineered coding sequences
for the small hemagglutinine (HA) tag into the precore regions of HBV and/or DHBV such that only
HBeAg becomes HA-tagged and the negative impact on replication via the precore-overlapping ε
sequence remains limited. Figure 5C shows the accumulation of nuclear cccDNA (and RC-DNA) in a
TetOFF HepG2 line producing HA-tagged DHBeAg. Southern blot signals emerged at day 12 post
induction and concomitantly ELISA signals became detectable in the culture supernatant for intact
DHBV capsids (black line), DHBV capsid protein (green line; DHBeAg or disassembled capsids) and,
most importantly, for HA (red line). The desired presence of the HA tag on DHBeAg was proven by
the distinct size of this protein on Western blots (data not shown).
Hence, these and similar stable cell lines should become very useful tools for the screening of host
factors involved in the intracellular steps of hepadnaviral replication, including cccDNA formation.
A complementary new tool is provided by the minicircle technology which allows to produce
cccDNA-like molecules (just containing a short bacterial recombination site but no plasmid backbone)
in E. coli. When transfected into hepatoma cells, these molecules resemble true cccDNA much more
than conventional plasmid vectors [81], and when combined with an integrated reporter, they allow to
monitor transcriptional activity of the artificial cccDNA-like molecule and its regulation [82]. Obviously,
though, de novo biogenesis of cccDNA cannot be investigated.
6.2. Infection-Dependent Systems
Productive HBV infection clearly depends on cccDNA formation but cell culture infection systems
were restricted, until recently, to primary human [83] or tupaia hepatocytes [84,85], chimeric mice with
humanized liver [86], or a bipotent liver progenitor cell line, HepaRG [87], which can be differentiated
into hepatocyte-like cells susceptible to HBV infection. In these cells the strict dependence of infection
on HBx previously only seen in vivo [30,48,88,89] was reproduced [27]; furthermore, it was shown
that HBx does not affect cccDNA formation as such but rather is required for cccDNA transcriptional
activity. However, proper HepaRG differentiation requires a lengthy and elaborate procedure [90].
Experimental flexibility was thus greatly expanded by the discovery of the bile acid transporter
sodium taurocholate cotransporting polypeptide (NTCP) as a receptor for HBV and its satellite hepatitis
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D virus (HDV), which exploits HBV’s envelope to enter new host cells [15,16]. Stable expression of
NTCP makes HepG2 cells susceptible to HBV infection, providing now a relatively robust model to
investigate cccDNA formation under controlled conditions (see Figure 5D).
Notably though, reasonable infection rates require multiplicities of infection (MOIs) in the range
of 1000 viral genome equivalents or more per cell plus additives such as dimethyl sulfoxide (DMSO)
and polyethylene glycol [91]. Although recent RNA interference (RNAi) screens targeting a limited
number of host factors have already uncovered Glypican 5 (GPC5; [17]) and DNA polymerase kappa
(POLK [46]; see below) as new HBV dependency factors, higher throughput applications will require
further improvements [92].
One approach is finding more efficiently infectable cells. For HCV some sublines of the principally
infectable Huh7 cell line exerted much higher susceptibility [93], and this may also hold for HBV
infection of NTCP-HepG2 cell clones. Another option are different cell types; for instance, promising
infection results were recently obtained with stem cell-derived hepatocyte-like cells [55,94].
Alternatively, the sensitivity of infection detection may be enhanced by engineered HBV reporter
viruses encoding easily traceable (e.g., fluorescent or bioluminescent) molecules which are expressed
as a result of productive infection (see Figure 5E). Such reporter viruses have been instrumental for
better understanding the life-cycles of various virus families as well as for anti-virals development [95].
For HBV, however, the compact organization of its genome imposes massive constraints on any
sequence manipulation. Since earlier attempts [96] some progress has been made [97,98], but most
HBV vectors so far suffer from strongly reduced replication capacity [98] and/or genetic instability of
the recombinant genomes when their size exceeds that of the natural virus (Sun, D.; Gonzalez, M.M.;
Nassal, M.; unpublished data). However, given the enormous potential of HBV reporter viruses,
putting more efforts into further improved, innovative vector designs is certainly highly worthwhile.
7. Evidence for a Connection between HBV and the Host DNA Damage Response
There is no evidence that HBV could perform the multiple steps of RC- to cccDNA conversion
without exploiting host nucleic acid manipulating enzymes, the richest source for which is the
cell’s DNA damage response (DDR) system. Several additional lines of evidence support such an
interaction. One is the accumulating evidence that all viruses with a nuclear phase, and likely even
RNA viruses with a purely cytoplasmic replication cycle [99], have to cope with the DDR [100–102],
on the fundamental level of viral replication (which can be promoted or impaired) and host innate
defenses [103]. Key to these multipronged effects is that the DDR comprises a whole network of
pathways that sense, signal and repair DNA lesions and in the process profoundly affect the cell cycle;
this can include induction of cell death if damage is beyond repair to ensure survival on the organismal
level. Hence, different viruses have to cope in different ways with the DDR; some deliberately induce it
(“exploit”) while others actively prevent it (”avoid”), and HBV is likely no exception. Further hints for
an HBV-DDR interaction come from the frequent integration of HBV sequences in HCC, circularization
of HBV dsL-DNA, and the occasional identification of DDR components in interaction screens, mainly
with the HBx protein.
7.1. The Host DDR—A Simplified Overview
DNA damage describes any of a huge variety of deviations from a perfectly double-stranded DNA
structure, including chemically and/or radiation-induced base-modifications, intra- and interstrand
crosslinks, mismatches, abasic sites and/or covalent adducts of small or proteinaceous moieties.
Each cell in our body may experience 10,000 or more such damage events per day [104]. As all of these
lesions can interfere with proper replication and transcription, all cells are equipped with sophisticated
DNA repair systems that ensure genome integrity.
The diversity of DNA damage events calls for a matching diversity of damage recognition
mechanisms (for a comprehensive overview see [105]) and repair activities which are embedded into a
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The most detrimental lesions are strand breaks. Double-strand DNA breaks (DSBs) usually induce
an immediate DDR. Single-strand DNA breaks (SSBs) and exposed ssDNA regions are obligatory
intermediates in nearly all nucleolytic repair pathways. The major break repair mechanisms are
the error-prone classical nonhomologous end-joining (c-NHEJ) and alternative EJ (alt-EJ; left part in
Figure 6). A further, more recently defined mechanism, single-strand annealing SSA (not shown), joins
interspersed repeats with deletion of the in-between sequences [107]). The alternative is homologous
recombination (HR), a high fidelity repair mechanism requiring a homologous repair template, usually
in the form of a sister chromatide.
The key damage sensors in NHEJ are Ku70/Ku80 (c-NHEJ) and PARP1 (alt-EJ), which recruit
DNA-activated protein kinase (DNA-PK; [108]) or the trimeric MRN complex, respectively, consisting
of the nuclease MRE11, Nijmegen breakage syndrome 1 (Nbs1) and the ATPase Rad50, a Smc family
member. This ultimately results in the recruitment of DNA ligase IV (c-NHEJ) or DNA ligases I and III
(alt-NHEJ) and rejoining of the DNA ends.
HR-mediated repair is embedded into a complex signaling network that couples DNA repair to
the cell cycle [109]. Halting the cycle allows time for repair whereas too extensive damage usually
induces cell death so as to prevent cancer. The respective signaling cascades are initiated by either of
the two major transducer kinases [110] Ataxia telangiectasia mutated (ATM), or Ataxia telangiectasia
and Rad3 related (ATR), like DNA-PKcs members of the phosphatidylinositol 3-kinase-related kinase
(PI3KKs) family.
DSBs destined for HR-repair are recognized by the MRN complex which also has nuclease and
signaling roles through autophosphorylation and phosphorylation of downstream targets including
ATM [111,112]. Phospho-ATM phosphorylates further downstream effectors such as the histone variant
H2AX. Phosphorylated “γH2AX” leads to the coordinated accumulation of more MRN and ATM
and the adaptor MDC1 at the site of damage [113], amplification of γH2AX and activation of the cell
cycle checkpoint kinase CHK2, which in turn phosphorylates and thereby stabilizes p53. CHK2 also
phosphorylates the phosphatase CDC25C, preventing activation of cyclin-dependent kinase 1 (CDK1),
with concomitant G2 arrest. Exposed ssDNA and SSBs are bound by replication protein A (RPA),
inducing recruitment of factors activating the second major signaling kinase, ATR [114,115] which
promotes cell cycle regulation through CHK1, eventually inhibiting CDK1 and CDK2.
Cell-death as a result of non-repairable DNA damage, via apoptosis or necroptosis (a regulated
form of necrosis involving, in contrast to apoptosis, spill-out of intracellular contents to the extracellular
space), is largely induced through p53 [116], both via transcription of proapoptotic genes and by
affecting mitochondrial outer membrane permeabilization.
7.2. Other Viruses and the DDR
From the viral viewpoint the DDR resembles a self-service store for repair factors; tapping this
reservoir is smart yet also risky, owing to the emerging coupling of DNA damage sensing to innate
immunity [103,117]. From the cell’s viewpoint, too careless a virus provides an opportunity for
the DNA repair system to interfere with virus propagation, if necessary by killing the infected cell.
Not surprisingly then, many viruses undergo multifaceted interactions with the DNA repair system
(Figure 6). The two major strategies are to usurp beneficial aspects of DNA repair, or to block its
detrimental aspects. However, a strict categorization in “exploit or avoid” is an oversimplification as
the needs and risks for the same virus may differ at different stages of its replication cycle.
Given the exquisite sensitivity with which cells can detect subtle alterations in their DNA (in
the range of 1 part per billion) it is not that surprising that viral genomes in the nucleus do not
go undetected. DDR triggers can be unusual genome structures as such [100–102], e.g., ssDNA in
parvoviruses [118], linear dsDNA as in adenoviruses, yet also replication intermediates, e.g., linear
retrovirus DNA prior to integration; HBV replicative intermediates would most likely match this
category. Other triggers are viral proteins that interact incidentally with host DNA, such as the HPV
E1 helicase, or directly target DDR components to manipulate their functions, as now even seen for
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RNA viruses with an exclusively cytoplasmic life-style [99]. It is also obvious that some DDR aspects
may be beneficial for one virus yet detrimental to another; furthermore the specific requirements a
virus has may change during its replication cycle. For instance, viruses infecting quiescent cells may
often opt to activate cell cycle progression into S phase, and most viruses will tend to block premature
p53-mediated cell death. Hence, an emerging theme is that viruses exploit selected beneficial aspects
of the DDR, while avoiding untoward downstream consequences; this may involve certain differences
between viral and cellular DDR induction [119,120].
Several recent reviews comprehensively summarize how individual viruses cope with the cellular
DDR [100–102,106,121–126]. The diversity of these interactions underlines how important the DDR is
as a host-virus interface. An extra boost to this concept comes from the recent identification of key
DDR components, such as Ku70/Ku80, DNA-PK, MRE11 and RAD50, as sensors of foreign, including
viral, DNA which induce a type-I IFN response, mostly via the stimulator of IFN genes/cyclic
GMP–AMP synthase (STING/cGAS) axis [103]. Not surprisingly, viral counter-strategies are already
being identified [117,127]. For HBV, however, most current evidence for an interaction with the DDR
is indirect.
7.3. Crosstalk between HBV and DNA Repair—Integration and Viral dsL-DNA Circularization
Most HBV-related HCCs contain integrated viral DNA [10], usually at random genomic sites [128].
However, integration occurs long before cancer becomes manifest [129,130], and is also seen with
the noncancerogenic DHBV [131]. Hence integration appears to be a common consequence of
hepadnavirus infection; as hepadnaviral genomes lack an integrase-like open reading frame integration
must be performed by cellular activities.
Recent deep sequencing data confirmed the random nature of genomic integration sites [132],
but the viral DNA breakpoints show a clear bias for the region around the 30 end of the minus-strand.
Notably, HBV reverse transcription commonly yields a small proportion of double-stranded linear (dsL)
DNA where RNA-primed plus-strand DNA synthesis occurred without the template switch required
for circularization [7]. Hence dsL-DNA presents itself to the cell like DNA with a double-strand break
(DSB), except for the non-DNA 50 ends (see Figure 6). Because DSBs are the most dangerous DNA
lesions it is likely that the free DNA ends in dsL-DNA represent a potent trigger for a DDR, and
integration is one way of resolving this issue.
An alternative is dsL-DNA circularization, which was directly demonstrated by the formation of
cccDNA-like molecules from DHBV genomes with engineered defects in RC-DNA formation [133,134].
This strongly resembles freshly synthesized (linear) retroviral DNA that can either integrate (as desired
by the virus) or be “repaired” to dead-end single long terminal repeat (LTR) circles via intramolecular
homologous recombination of the two LTRs, and double LTR circles by non-homologous end-joining
(NHEJ) [47,135].
That also hepadnaviral dsL-DNA is circularized by NHEJ [133,134] is supported by the
involvement of Ku80 [136], a typical component of the c-NHEJ pathway (see Figure 6). It should
be emphasized that c-NHEJ and alt-EJ (also known as microhomology-mediated EJ) are error-prone
pathways [137] often causing small insertions and deletions (indels); this is exploited by current
genome-editing knock-out techniques. As all nt of the hepadnaviral genome have coding function
any indel will be deleterious; moreover, dsL-DNA bears the small “r” redundancy which is unlikely
to be accurately removed. Hence, circularization of dsL-DNA is not an effective alternative to the
normal RC- to cccDNA pathway; to indicate this fact, the circular DNA shown in Figure 7 is termed
Ψ-cccDNA. Notably, transfected linear unit-length HBV DNA (excised from an appropriate plasmid)
can also give rise to circular molecules [26] but in the absence of the typical 50 - end modifications of
viral DNA the pathways may not be exactly the same.
A related strategy for minimizing the number of free DNA ends is concatemerization. A prime
example for this type of damage response are the linear (about 36 kb) dsDNA genomes of adenoviruses
which, unless counteracted by the virus, are “repaired” into concatemers too large to be packaged
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into the viral capsids [138]. To prevent this unproductive repair, adenoviruses have evolved
countermeasures that actively inhibit key DDR factors involved in DSB recognition and repair, such as
the MRN
[106]. Whether hepadnaviral dsL-DNA can be concatemerized is not known;14
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(or processing intermediates); hence directly comparing the two viral DNAs in the same human cell
background, including in the absence vs. presence of the other virus’ proteins, will certainly be
highly worthwhile.
A second recently identified host enzyme important for RC- to cccDNA conversion is DNA
polymerase kappa (POLK), one of the Y-family translesion DNA polymerases [166,167] that can
by-pass damaged nucleotides in stalled replication forks; whether this ability is essential here to
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8. Conclusions and Open Questions
8. Conclusions and Open Questions
Understanding the molecular details of RC-DNA conversion into the cccDNA minichromosome
Understanding the molecular details of RC-DNA conversion into the cccDNA
will be a critical asset in developing strategies for a cure of chronic hepatitis B. There are still
minichromosome will be a critical asset in developing strategies for a cure of chronic hepatitis B.
technical obstacles hampering high-throughput approaches for the global identification of host factors
There are still technical obstacles hampering high-throughput approaches for the global
involved in the process, yet several lines of evidence support a crucial role for the cellular DDR;
identification of host factors involved in the process, yet several lines of evidence support a crucial
however, at present many options are open as to how such an interaction may manifest itself for HBV.
role for the cellular DDR; however, at present many options are open as to how such an interaction
Hepadnaviral genomes are amongst the smallest animal virus genomes known, implying a particularly
may manifest itself for HBV. Hepadnaviral genomes are amongst the smallest animal virus genomes
strong dependence on host factors, including on the DNA damage repair machinery. Conversely, they
known, implying a particularly strong dependence on host factors, including on the DNA damage
also lack the sophisticated genetic equipment that larger viruses invest in handling the challenges of a
repair machinery. Conversely, they also lack the sophisticated genetic equipment that larger viruses
close encounter with the DDR. As outlined above, RC-DNA appears to present a sufficient number
invest in handling the challenges of a close encounter with the DDR. As outlined above, RC-DNA
appears to present a sufficient number of unique molecular features to make itself conspicuous to
cellular DNA surveillance and induce the respective repair activities. However, which are the
cellular sensors and which of the different programs are activated, if any? With HBV infecting
largely quiescent hepatocytes, does this depend on the cell cycle? Could the seemingly useless
fraction of dsL-DNA have a DDR-triggering role that facilitates cccDNA formation? Typical for
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of unique molecular features to make itself conspicuous to cellular DNA surveillance and induce
the respective repair activities. However, which are the cellular sensors and which of the different
programs are activated, if any? With HBV infecting largely quiescent hepatocytes, does this depend
on the cell cycle? Could the seemingly useless fraction of dsL-DNA have a DDR-triggering role that
facilitates cccDNA formation? Typical for cellular DNA damage repair is the megabase-wide spreading
of γH2AX around the break site; as recently shown, even the 36 kb adenovirus genomes are too short
for this [119]. How then does the tiny HBV genome behave compared to host genomic DNA?
Would DDR induction also induce an innate response that jeopardizes the virus [172]? Two recent
studies in HepaRG cells concluded that HBV actively suppresses innate responses, possibly via its
P protein [173,174]; however, other studies suggest that HBV is a stealth virus that simply goes
undetected and hence can abstain from actively counteracting such immune responses [33].
Not the least, there should be differences in the cell’s perception of RC-DNA that has freshly
been released from the nucleocapsid and is just ready to be converted into cccDNA versus long-term
chromatinized cccDNA. Is cccDNA as a perfectly double-stranded circle without free ends protected
from cellular damage surveillance? Is the HBV minichromosome a safe store for cccDNA as it is
inconspicuouly similar to cellular chromatin? Or does its small size and possible association with
viral proteins cause it to be recognized? If so how does HBV prevent a permanent DDR activation
and/or apoptosis?
Questions like these had often tried to be addressed using the coarse experimental systems,
such as transient overexpression of individual gene products, that until recently dominated the field.
With further improvements, the new cell culture systems promise more physiological answers, and
these will also impact on the chances for developing new curative treatments of chronic hepatitis B.
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