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stract
Chronic infection of Hepatitis B Virus (HBV) remains a major global health problem,
especially in developing countries. It may lead to prolonged liver damage, fibrosis,
cirrhosis, and hepatocellular carcinoma. HBV persistent chronic infection is related to
host immune response and the stability of the covalently-closed-circular DNA
(cccDNA) in human hepatocytes. In addition to being essential for viral transcription
and replication, cccDNA is also suspected to play a role in HBV persistent infections or
hepatitis relapses since cccDNA is very stable in non-dividing human hepatocytes.
Understanding the pathogenicity and oncogenicity of HBV components would be
essential in the development of new diagnostic tools and treatment strategies. This
review summarizes the role and the molecular mechanisms of HBV cccDNA in
hepatocyte transformation and hepatocarcinogenesis and current efforts to its detection

and targeting.

IN EODUCTION

Hepatitis B virus (HBV) is a DNA virus belonging to the Hepadnaviridae family. In

humans, HBV may cause both acute and chronic infection in the liver that can lead to an




increased risk of hepatocellular carcinoma (HCC) following persistent chronic infection

11,

HBYV Genome

The genome of HBV is a relaxed-circular DNA (rcDNA) that is 3.2 kbp in length. The

all genome size of HBV causes the genome to be extremely compact, encoding four
open reading frames (ORFs) that are overlapping: C, P, S, and X. These ORFs produced
functional viral proteins: HBc and HBe antigen (HBcAg and HBeAg) and precore
protein from C, Polymerase (Pol) from P, surface antigens L-HBs, M-HBs, and S-HBs
from S, and HBV X protein (HBx) from X [2I.

HBYV genome also contains four unidirectional promoters, core, SPI, SPII, and X, that
are responsible for the initiation of transcription at different positions. Upon entry into
cells, the rcDNA is converted into a covale closed circular DNA (cccDNA), which
will be converted into different lengths of RNAs, 3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb,
depending on transcription initiation from the different promoters.

The 3.5 kb RNA is the preC RNA that encodes for HBe and Pol. Another 3.5 kb RNA
is the pregenomic RNA (pgRNA) that encodes for HBc protein and Pol. pgRNA serves
as a template for both translation and reverse transcription [l. Pol contains four
different domains: a terminal protein (TP) domain that acts as primer to initiate minus
strand DNA synthesis and for binding to pgRNA; a spacer domain; a reverse
transcriptase (RT) domain that is necessary for reverse transcription and DNA-
dependent DNA polymerization; and a ribonuclease H (RNase H) domain that is
responsible for the digestion of pgRNA following reverse transcription [12l. The 2.4 kb
preS1 RNA encodes for L-HBs protein, while the 2.1 kb RNA preS2 or S RNA encodes
for the overlapping M-HBs and S-HBs. These HBs proteins form the HBV surface
antigens that surround the viral nucleocapsid, and promote receptor binding during
viral entry into target cells. Meanwhile, the 0.7 kb X RNA encodes for HBx protein. HBx
protein promotes the production of new viral particles via the promotion of viral

transcription and replication, and plays a role in the development of HBV-related HCC




[12], In addition, HBx protein has also been reported to have a role in cccDNA formation

[3.4]

HBYV Replication

The HBV life cycle starts with its entry to hepatocytes (Figure 1A). HBV attaches to
the host cell surface via binding to heparan sulfate proteoglycans (HSPGs) in a non-
specific and low-affinity manner. This process is then followed by more specific and
high-affinity interaction between the virus surface proteins and their respective
receptors on the cell surface I°l. Multiple studies [2¢-10 have shown that sodium
taurocholate co-transporting peptide (NTCP/SLC10A1) specifically expressed in the
liver was the main receptor for HBV entry.

Recent studies [11.12] have reported that HBV internalization into hepatocytes, via
endocytosis, is triggered by the direct interaction between epidermal growth factor
receptor (EGFR), a tyrosine kinase receptor, and NTCP. Upon endocytosis, the viral
envelope and the host cell-derived vesicular membrane fuses to release the
nucleocapsid to the cytoplasm. This process might be facilitated by the N-terminus of
HBV preS1 domain which could contain the fusogenic sequence [13l. Meanwhile,
another study had suggested an alternative process, that HBV nucleocapsid delivery
into the cytoplasm is based on membrane translocation instead of membrane fusion [14].

The nucleocapsid in the cytoplasm is translocated into the nucleus by intracellular
trafficking, mainly via microtubules and importin [15-17l. Successful HBV infection is
achieved when the HBV genome is delivered into the host cell nucleus. Once in the
nucleus, the HBV rcDNA is converted into cccDNA with the help of Pol and other
protein factors [18-21], -

The cccDNA is generated (Figure 1B) by removing the Pol-linked terminal sequence
at the 5’-end of the minus-DNA strand and the RNA oligonucleotide attached to the 5'-
end of the plus-DNA strand. The gaps in both the minus- and plus-DNA strands are
filled and ligated to produce the cccDNA 4. The resulting cccDNA acts as the template




for the transcription of the four viral mRNAs (Figure 1A), which are regulated by four
different promoters.

HBV replication is performed through reverse transcription of pgRNA, an RNA
intermediate generated from cccDNA. The pgRNA contains the ¢ signal and poly-A tail,
which serves as template for the synthesis of minus-DNA strand by reverse
transcription and translation of viral polymerase, core protein, and precursor of early
antigen [l. The encapsidation process, in which the pgRNA, Pol, and core protein are
assembled to form a nucleocapsid, marks the start of HBV replication [22l. This process is
mediated by RNA-binding motif protein 24 (RBM24) via the intelaction of RBM24 with
Pol and e signal [23]. Furthermore, several host factors, such as eukaryotic translation
initiation factor 4E (eIF4E), DEAD-box RNA helicase DDX3, and APOBEC3G have been
reported to also be incorporated into the viral nucleocapsid [24-261.

The polymerase enzyme interacts with the e signal of pgRNA and forms the
nucleocapsid in association with the core protein. HBV nucleocapsid formation begins
when pgRNA, Pol, and HBcAg dimers are formed. The reverse transcription begins
with packing of pgRNA-polymerase complexes into the lumen of assembling capsids.
Initiation of the minus-DNA strand synthesis is done through the binding of
polymerase that is covalently linked to a short DNA oligonucleotide to ¢ signal.
Another initiation factor is a protein-priming mechanism. RNase H domain will also
simultaneously degrade the pgRNA template during the minus-DNA strand synthesis,
eventually resulting in a short RNA fragment that contains a capped 5 terminal region.
This capped 5 terminal region RNA fragment will be translocated to the 3" terminus
and extended to the 5" end of the minus-DNA strand [23]. Plus-DNA strand synthesis
leads to the formation of rcDNA. After the DNA genome is synthesized, the
nucleocapsid will interact with envelope protein in the endoplasmic reticulum (ER) to
form new mature virions that will be released [122]. Alternatively, the nucleocapsid can
also re-deliver their rcDNA to repeat the viral replication, which may cause the build-

up of cccDNA within the nucleus [271.




HBV and HCC

Chronic HBV infection is a growing public health issue with around 300 million
people infected worldwide [28l. Depending on the age and route of infection, around
25% of individuals with chronic HBV infection could develop HBV-related HCC [29-31],
Indeed, chronic HBV infection is one of the leading risk factors for HCC development in
most parts of the globe 1281,

An important intermediate factor for HCC development from chronic HBV infection
is the development of HBV-associated cirrhosis P2. Studies have observed a strong
relationship between cirrhosis from chronic HBV infection and the development of
HCC, in which around 70-90% of all HCCs developed from decompensated cirrhosis
[2933]. The repeated hepatitis flares or continuous recruitment of inflammatory cells and
CTLs to the liver may eventually lead to fibrosis and cirrhosis, and increase the risk of
developing HCC 436l Tt is a general understanding that HCC development from
chronic HBV infection is the result of multifactorial mechanisms [28l. However, most
studies had identified three major contributing factors for HBV-related
hepatocarcinogenesis: 1) chronic inflammation with continuous cycles of destruction
and regeneration of hepatocytes; 2) cccDNA persistence and HBV DNA integration into
the host genome; and 3) expression of oncogenic viral proteins and/or consequence of

HBV-mediated alterations of various cellular pathways [3031.37-40],

HBV CCCDNA
Function of cccDNA

cccDNA is generated from rcDNA as a plasmid-like episome that is retained in the
nucleus of host cells. cccDNA forms a minichromosome with around 3 to 50 copies per
infected cell, which decreases as the host cell divides [41. However, cccDNA distribution
among daughter cells is presumed to be unequal during cell division, which allows the
cccDNA to form distinct pools that differ in their degradation susceptibility 12431,

Therefore, the number of cccDNA copies during cell division can be maintained from




the newly synthesized rcDNA-containing nucleocapsids that are imported into the
nucleus. The intracellular amplification of cccDNA occurs during intracellular recycling
and plays a major role in the early phases of HBV infection B144].

Fundamentally, cccDNA acts as a template for the transcription of all viral RNAs [44],
including pgRNAs and other viral RNAs that are essential for viral proteins production.
As such, cccDNA is very important for viral replication and progeny generation [4546],
The pgRNA generated from cccDNA may also be reverse transcribed to form rcDNA
for viral replication. The cccDNA function is heavily regulated by HBx protein, in
which inhibition of HBx protein will decrease HBV replication 1471.

In addition, cccDNA is also speculated to play a role in persistent HBV infection or
hepatitis relapse since cccODNA is very stable in non-dividing human hepatocytes.
Furthermore, cccDNA can survive for the entire life span of the hepatocytes, thus acting
as a persistence viral reservoir 14, As cccDNA is established in the infected hepatocytes,
viral replication can occur without stimulating the intrinsic antiviral defense
mechanisms (6. Hence, making it possible for chronically infected individuals to
develop hepatitis relapse after stopping the antiviral treatment. Moreover, cccDNA also
mediated both HBV persistence and occult HBV infection (OBI), with OBIs resulted

from epigenetic inactivation of cccDNAs [4849],

Epigenetic Control of cccDNA

During HBYV life cycle, the rcDNA conversion into cccDNA occurred through a repair
process via an intermediate form called protein-free rcDNA [#50], The_plus-strand DNA
is synthesized by a gap-filling mechanism, and viral polymerase and RNA primers that
attached to the 5'-termini of the minus-strand and plus-strand DNAs were removed to
generate cccDNA 4], Several host factors have been demonstrated to be involved in
cccDNA formation. An in vitro study had shown that the host tyrosyl-DNA-
phosphodiesterase 2 (TDP2) may be involved in the removal of viral polymerase that is
covalently linked to the 5-end of the minus-strand DNA [2ll. However, TDP2 gene

knockout [8] resulted in uninhibited cccDNA formation in HBV infection of permissive




hepatoma cells and intracellular amplification of duck HBV cccDNA. Meanwhile, TDP2
gene knockdown resulted in an increased cccDNA formation [18l. Another host protein
that has been suggested to be involved in cccDNA formation is topoisomerase,
although the detailed mechanism is still unclear [511.
The transcription of cccDNA is controlled in a similar way to the regulation of host
chromatin. cccDNA transcription is regulated by two enhancer elements and four
distinct promoters which relies on the dynamic interplay of various transcription
factors, co-activators, co-repressors, and chromatin-modifying enzymes [ cccDNA
also contains a lot of binding sites for ubiquitous and liver-specific transcription factors,
which have been demonstrated to be involved in the transcription of viral RNAs [52].
cccDNA forms minichromosomes in the nucleus by associating with histone proteins
H2a, H2b, H3, and H4 as well as linker H1, and non-histone proteins such as viral core
and HBx protein (#4553, Studies in hepatoma cell lines have indicated that cccDNA
transcription is regulated by the acetylation status of cccDNA-bound H3 and H4
histones, well as the acetylation status of non-histone proteins 3. Furthermore,
studies in HBV-infected patients also showed that histone hypoacetylation and histone
deacetylase 1 (HDACI) recruitment into the cccDNAs were correlated with low HBV
viremia B4, Similar in vitro and in vivo studies have also demonstrated that HBV
transcriptional activity and viral load were affected by the acetylation degree of

cccDNA-bound histones H3/H4 and the association between cccDNA and histone-

modifying enzymes [#°].

HBV CCCDNA AND HEPATOCARCINOGENESIS
The Role of HBx Protein

cccDNA formation occurs early in the viral cycle, and due to its stability, it may
persist inside the nucleus even without active viral replication as long as the infected
cells survives [5°5¢], cccDNA acts as transcription template for the other viral RNAs.
However, in the latter stage of infection, cccDNA activity is greatly regulated by HBx,

which is required for efficient cccDNA transcription I571. HBx protein as an oncoprotein




plays crucial roles in the pathogenesis of HBV infection I8l and in the development of
HCC [®l. HBx protein mainly affects the cell cycle regulation and DNA repair
mechanisms to stimulate oncogenic transformation of the liver cells (60611,

HBx protein, as the viral component of the cccDNA minichromosome, is required to
initiate cccDNA-driven transcription of HBV RNA [58.62], HBx protein regulates cccDNA
function and activity by binding to cccDNA and modifying its epigenetic regulation 141,
HBx key roles include the degradation of structural maintenance of chromosome 5/6
(Smc5/6) restriction factors %], the prevention of cccDNA transcriptional repressors
recruitment [6263], and the regulation of coding and non-coding RNA promoters [#4. HBx
protein-mediated degradation of Smc5/6 may act as a host restrica'on factor that
suppresses the transcription of cccDNA. HBx protein also binds to damaged DNA-
binding protein 1 (DDB1), promoting the interaction of Smc5/6 with Cul4, a component
of E3 ubiquitin ligase. This interaction triggers the ubiquitination and degradation of
Smc5/6 complex, thus promoting cccDNA transcription 651,

In addition, HBx protein has also been demonstrated to recruit chromatin regulators,
such as p300 and other acetyltransferases to cccDNA, which further enhances viral
transcription [92. Consequently, mutations on HBx protein caused impaired viral
replication and severely impaired acetyltransferases recruitment. Failure in recruiting
acetyltransferases causes cccDNA to be deacetylated by histone deacetylases (HDACs),
thus reducing both viral transcription and replication [62].

On the other hand, absence of HBx protein resulted in rapid silencing of cccDNAs
which are then maintained in a close state. HBx protein promotes the de-silencing of
cccDNA, which converts the cccDNA into the open state and activates the cccDNA.
This de-silencing process is usually done by stimulating the activating modifications,
blocking the repressive modifications, or both [l As cccDNA activity is tightly
regulated by HBx, cccDNA effect on HBV-related carcinogenesis may occur directly
through its stability and persistence in infected cells and indirectly through HBx-related
effect and interaction with numerous host factors that regulate cell cycle and cell death.

The proposed effects of cccDNA in HBV-related hepatocarcinogenesis including the




involvement of HBx and several host proteins are described below and are presented in

Figure 2.

Modulation of HBx/STAT3/miR-539/APOBEC3B

Long non-coding RN As (IncRNAs) are transcripts of more than 200 bps that are not
translated into proteins. Recent transcriptome sequencing has revealed that some
IncRNJAs may contain pseudogenes, which are ancestral copies of protein-coding genes
106671, HULC (Highly Upregulated in Liver Cancer) is one of the first and most studied
IncRNAs in HCC. It is found highly expressed in HCC tissues (%],

In HBV-infected HCC cells, HULC enhanced the stability of cccDNA by preventing
its degradation by APOBEC3B, thus activating HBV and promoting the growth of
cancer cells. Further, HULC also significantly increased the levels of HBeAg, HBsAg,
HBx, and cccDNA to activate more HBV replication. At the same time, HULC
upregulated miR-539, which targeted APOBEC3B mRNA for deactivation. APOBEC3B
is responsible for cccDNA elimination by inducing its deamination. Therefore,
APOBEC3B inhibition allows for active cccDNA and promotes HBV replication.
Simultaneously, HULC also upregulated HBx which co-activated STAT3. The activation
of STAT3 stimulated activation of miR-539 promoter, which further downregulated

APOBEC3B and enhanced hepatocarcinogenesis by promoting hepatoma cells growth

[69],

Positive feedback loop of HBx/MSL2/cccDNA
HBV cccDNAs are deaminated by APOBEC3A and APOBEC3B, and overexpression
of these APOBECsS resulted in decreased cccDNA levels [38]. HBx protein has also been

documented to modulate degradation of Smc5/6 complex by hijacking DDB1-
containing E3 ubiquitin ligase [65].

An E3 ubiquitin ligases, male-specific lethal 2 (MSL2), is upregulated in HCC
compared to adjacent non-tumorous liver tissues, suggesting that MSL2 might be

involved in hepatocarcinogenesis. MSL-induced cells have elevated levels of cccDNAs,




while MSL2 knockdown resulted in the opposite. These suggest that MSL2 may activate
cccDNAs in  hepatoma cells to accelerate HBV replication leading to
hepatocarcinogenesis. Moreover, MSL2 induced the degradation of BEC3C, thus
further suggesting that MSL2 can activate and maintain the levels of HBV cccDNA in
hepatoma cells [701.

HBx protein contributes to the upregulation of MSL2 in hepatoma cells. In clinical
HCC samples, high level of HBx mRNA is accompanied with high level of MSL2. MSL2
upregulation was associated vizs YAP/FoxAl signaling, where upregulation of FoxAl
further activated the MSL2 promoter. Altogether, the positive feedback between HBx,
MSL2, and cccDNA may contribute to HCC development by further enhancing the

growth of hepatoma cells [7°],

HBx/DLEU? interaction and cccDNA activation

HBx protein can sustain the transcription of cccDNA and HCC-related genes by
binding to DLEU2 (Deleted In Lymphocytic Leukemia 2), a IncRNA expressed in the
liver. DLEU2 is upregulated in HBV-related HCC and in HBV/HBx-expressing cells [71].
HBx protein binding to DLEU2 activated DLEU2, resulted in increase cccDNA
transcription and HBV replicaw. Furthermore, HBx-mediated DLEU2 upregulation
and HBx recruitment to the target gene regulatory sequence increased chromatin
accessibility and activated a sub EZH2/PRC2 targets in both HBV-replicating cells
and HBV-related HCCs. EZH2, enhancer of zeste homolog 2, is the major cellular
H3K27 trimethyl-transferase that catalyzes the addition of methyl groups at lysine 27 of
H3 histone [72I. EZH2 is found to be overexpressed in many cancers including HCC.

Furthermore, in silico modeling and biochemical evidence suggested that HBx and
EZH?2 compete for the same bindinggites in DLEU2 intron 1, and co-recruitment of HBx
and DLEU2 on cccDNAs displace EZH2 from the viral chromatin to boost both viral
transcription and replication. DLEU2-HBx association with the target host promoters
relieved EZH2 repression, which eventually led to the activation of a subset of

EZH2/PRC2 targets in HBV-replicating cells and in HBV-related HCCs. Several genes




(TRIM13, CCNB2, DNMT1, PRC1, POLE2, and ZBTB34) that play roles in DNA
replication, cell cycle, and mitosis were also co-regulated by HBx, DLEU2, and EZH2
[73l. These data suggested that co-recruitment HBx and DLEU2 may modulate the
infected hepatocytes cell cycle, which may inducing hepatocyte transformation and

hepatocarcinogenesis.

HBx/DLL4/Notch 1 sienalineg pathway

The role of HBx-mediated DLL4 wupregulation and Notch signaling in
hepatocarcinogenesis had been reported [74l. DLL4 (Delta Like Canonical Notch Ligand
4) is a Notch ligand that plays a role in angiogenesis including tumor angiogenesis. It
can act as both an oncogene and a tumor suppressor gene I, Overexpression of HBx
protein in HCC cell line upregulates the expression of all Notch ligands, suggesting the
role of Notch pathway in oncogenesis [76l. Silencing of DLL4 Led to cell cycle arrest and
increases apoptosis of HCC cells. Meanwhile, HBx overexpression resulted in DLL4
upregulation in HCC cells. The HBx-mediated DLL4 upregulation activates Notch

signaling via Notch1/DLL4 axis to induce angiogenesis, thus promoting tumor growth

[74,77),

Modulation of miR-154/PCNA/cccDNA Signaling

PCNA (Proliferating Cell Nuclear Antigen) has been identified to play a role in
hepaocarcinogenesis 1671, PCNA is a coordinator of DNA polymerase that plays a role
in genomic integrity maintenance at both genetic and epigenetic levels, thus
having multiple roles in DNA replication and repair by interacting with various
proteins 781, PCNA have been associated with miR-154 expression [, a tumor
suppressor that inhibits tumor cells proliferation and metastasis 8. Notably, miR-154
appears to be downregulated in multiple types of cancers, including HCC.

LncRNA PCNAP1 have been shown to promote HBV replication and cccDNAs
accumulation. PCNAP1 expression in HBV+ was 10- to 20-fold higher compared to
HBV-hepatoma cells, and its level were significantly higher in HCC relative to the




adjacent non-tumorous liver tissues. HBV DNAs and cccDNAs were upregulated in
vitro in PCNAP1-transfected cells, while PCNAP1 knockdown resulted in the opposite
effect. This in vitro result was supported by clinical observation, where PCNAP1
expression was significantly higher in cccDNA+ HCC tissues compared to cccDNA-
HCC tissues [81l. Interestingly, PCNA (the ancestor of PCNAP1) was found anchored
onto cccDNA via the interaction with HBc protein. HBc recruited and anchored PCNA
onto cccDNA to induce HBV replication and cccDNA accumulation, thus further
contributing to HBV persistence that may lead to hepatocarcinogenesis [511.

In relation with microRNA, PCNAP1 competed with miR-154 to enhance PCNA
expression resulting in the inhibition of miR-154. The inhibition of miR-154, a tumor
suppressor, led to wunregulated cell roliferation and could induce
hepatocarcinogenesis. PCNAP1 and PCNA significantly promoted the growth of
hepatoma cells both in vitro and in vive; suggesting the PCNAP1/PCNA effect on the
growth of HBV-related HCC 811,

Immune Evasion by Reduced cccDNA levels

In addition, another study had investigated the relationship between serum HBsAg
and intrahepatic cccDNA in HBV-associated HCC. This study showed that levels of
serum HBsAg and intrahepatic cccDNA were significantly reduced in HBV-associated
HCC tissues. The cccDNA reduction is speculated as the result of host tumor
suppressors that controls the proliferation of cancerous cells by inducing the eradication
of intrahepatic cccDNA. cccDNA reduction also led to reduced expression of HBsAg,
which could consequently contribute to immune evasion of the cancerous cells. Thus,
this immune evasion may further contribute to HBV persistence and eventually induce
hepatocarcinogenesis [82l. However, the actual significance of cccDNA and HBsAg
reduction, and the exact mechanisms and the host factors involved in the cccDNA
reduction in HBV-associated HCC tissues remain unclear and require further

investigation.




DETECTION OF CCCDNA

The detection of cccDNA in a patient's serum and/or liver biopsies is important for
the treatment of CHB infections. There have been a lgt of detection methods for cccDNA
developed throughout the years. Southern blot is the gold standard for quantitative
cccDNA detection, however, it is quite complicated and not suitable for high-
throughput screening. Several more sensitive and simpler methods have been utilized,
such as PCR-based methods, inygader assays, in situ hybridization, and surrogates or

substituted markers as described in Table 1 [83],

Southern Blot

Southern blot is a molecular biology method for the detection of a specific DNA
sequence in DNA samples. It is a straightforward and reliable method for cccDNA
assay using cell Cultumﬁamples 81 Due to its specificity, cccDNA detection using
Southern blot may also distinguish the cccDNA from other viral DNA species by the
differential migration rate during electrophoresis. Southern blot is performed in
sequential steps including probe preparation, electrophoresis, transmembrane
hybridization, and detection 3. It is a reliable and reproducible method, with a limit of
cccDNA detection of around 2 x 10¢ copies. However, Southern blot can be complicated,

time-consuming, and costly (85,

PCR-based Methods

PCR-based methods for cccDNA detection include conventional qPCR, competitive
qPCR, real-time PCR, droplet-digital PCR, rolling circle amplification qPCR, and
magnetic capture hybridization qPCR. Conventional qPCR is a simple method that has
been used for cccDNA detection with limit of detection of 2 x 10° copies/mL %1, Tt is
rapid, accurate, economical, and sensitive method, which makes it suitable for high-
throughput screening. However, the specificity of conventional qPCR is compromised if
a high concentration of rcDNA is present in the sample. This is due to the shared partial

homology of rcDNA and cccDNA, which reduces the specificity of conventional qPCR




towards cccDNA 3. Thus, chimeric sequences may be used to improve the specificity

conventional qPCR. These chimeric sequence consists of two different segments:
segment A which is complementary to HBV DNA plus-strand from nucleotide number
1615 to 1604, and segment B which is consensual to the HIV LTR region and dissimilar
from HBV DNA [8¢].

A similar detection technique is the semi-nested and nested qPCR, which are
sensitive and specific with limits of cccDNA detection of 3.0 x 102 copies/mL [8385].
Semi-nested qPCR includes two PCR reactions where the second PCR reaction uses the
generated productgfrom the first PCR as the templates. The first PCR reaction can only
generate products when the template cccDNA is above a certain concentration as the
primer pairs were only partially coaplementary (71, Similarly, nested qPCR also
includes two PCR reactions, in which the first PCR reaction uses outer primers, while
the second PCR reaction use&inner primers with the first PCR products as the template.
Nested PCR has been used to quantify cccDNA in peripheral blood mononuclear cells
(PBMCs) and bone marrow mononuclear cells (MN[N(@ 18], The PCR sensitivity and
accuracy is increased by using two hybridization fluorescence resonance energy
transfer (FRET) probes in a real-time PCR. This modification maintains a
cccDNA:rcDNA specificity ratio greater than 1:10000 371,

Competitive qPCR is a more sensitive method for cccDNA detection compared to
Southern blot, as it can readily distinguish between rcDNA and cccDNA with a limit of
detection of 2 x 104 copies [¥. However, its specificity is comﬁromised in the presence of
a high concentration of rcDNA [8]. Competitive qPCR involves two templates: a
competitor template with known quantity and a target template with an unknown
quantity. These two templates will combine and compete for the same cccDNA-specific
primers with comparable amplification efficiency during PCR. Thus, the length of the
PCR product templates will be different and can be quantifiable (%1,

Droplet-digital PCR (ddPCR) is a super sensitive and accurate method of detecting
cccDNA with a limit of detection of only one copy [85l. The number of cccDNAs that

persist in infected cells after antiviral therapy is usually very scarce, thus a more




sensitive and reliable system is needed to detect and quantify cccDNA in these cells.
This issue can be overcome by utilizing ddPCR [°1-9], as it uses specific primers that can
detect one single copy of HBV cccDNA precisely. In ddPCR, samples are partitioned in
water-in-oil droplets into tens of thousands of droplets, and each droplet acts as an
independent reactant for a conventional PCR. Thus, a droplet that contains a detectable
fluorescent signal is scored as a positive event, while droplets with no detectable signal
are scored as a negative event 183l This approach allows ddPCR [91-%] to accurately
detect low copy number of HBV cccDNA in the samples. The high specificity and
accuracy of ddPCR for cccDNA detection had been confirmed in OBI patients, where
cccDNAs were able to be detected and quantified in half of the examined OBI cases [71.

Rolling circle amplification qPCR is developed to increase the sensitivity and
specificity of cccDNA detection in formalin-fixed paraffin-embedded (FFPE) liver
biopsy tissues, since regular qPCR is unusable in this type of samples. It is also
designed to minimize the interference of integrated HBV DNA in FFPE liver biopsy
tissue, as cccDNA quantity in FFPE liver tissue is usually 100-fold less than in cryo-
preserved liver tissue (%% This method is very sensitive and cccDNA is visible at
single-cell resolution with limit of detection of two copies per cell [%l. However,
effective amplification may be hindered by diffusion of the amplified DNA into
neighboring cells or by cross-linked proteins [%]. A modified rolling circle amplification-
in situ qPCR has been developed to accurately visualize the distribution and localization
and also quantify the numbers of cccDNA in the liver tissue [0

The magnetic capture hybridization qPCR allows for selective cccDNA isolation as
well as enrichment for specific cccDNA quantification 11, with limit of detection of 90
IU/mL B3, This method is sensitive, specific, and reproducible. However, it is not able
to completely capture all cccDNAs, and can be complicated and costly [83]. The magnetic
beads used to capture the cccDNAs are synthesized using the reverse microemulsion
method and further modified with streptavidin [102. The captured cccDNA is released

through denaturation and further processed for conventional qPCR [101].




nvuder Assay

Invader assay is a non-PCR signal amplification assay that is used for genotyping
and gene expression monitoring that able to detect only one strand of a double-
stranded DNA 191 This assay was first used to quantify cccDNA in CHB patients
serum 1™ It is specific, simpa and reproducible %], with a limit of detection of 104
copies/mL 5], Invader assay requires two oligonucleotides (a primary probe and an
invader probe) and a FRET cassette. The two oligonucleotides will hybridize to the
target DNA to form a partially overlapping structure. This overlapping structure is
cleaved by a cleavase enzyme to generate a 5'-flap from the primary probe. Meanwhile,
another primary probe will cycle to the target DNA and hybridize with the invader
probe to form an overlapping structure. The released 5-flaps will increase
proportionally to the concentration of the target DNA. The FRET cassette will react ﬁith
the released 5'-flaps to generate fluorescent signals that can be measured using real-
time PCR. The differences between cccDNA and other forms of HBV DNA are used for
the design of primary and invader probe sequences, resulting in positive signals for

cccDNAs and negative signals for non-cccDNAs [105-107],

In Situ Hybridization :

In situ hybridization was first performed [108] using digoxigenin (DIG)-labeled single-
stranded probe in HBV produc'ﬁg HepG2 cells, but was not done in liver tissues. In situ
hybridization is specific, as it can distinguish and locate different DNAs, RNAs, and
proteins without diffusion of the amplified products, and is visible at a single-cell
resolution B3, However, this method has a complicated probe design and its limit of
detection is only one copy even under optimal conditions 5. Recently, a highly
sensitive and specific modification of in situ hybridization from ViewRNA assay was

designed by using a probe set that spans the gap in rcDNAs [109],

Surrogate Markers




Indirect methods can also be used for cccDNA detection by using different surrogate
markers that correlate with the quantity of cccDNA in an infected cell. This approach
allows for non-invasive method that is more convenient and cost-effective, and is also
suitable for high-throughput screening (8. Numerous markers have been correlated
with cccDNA concentration, including hepatitis B core-related antigen (HBcrAg),
HBsAg, HBeAg, and anti-HBc-IgG [83.97.109.110],

HBcrAg is detectable in CHB patients with HBsAg-negative and undetectable HBV
DNA. The decrease of HBcrAg levels is significantly associated with hopeful HCC
prognosis, as HBcrAg was shown as reliable marker to predict HCC occurrences.
Furthermore, HBcrAg is also correlated with both serum HBV DNA and intrahepatic
cccDNA levels M0 A study using chemiluminescent enzyme immunoassay tarneasure
the HBcrAg levels in 130 CHB patients had found that HBcrAg level was correlated
with serum HBV DNA, intrahepatic HBV DNA, pgRNA, and cccDNA levels 111,
Furthermore, patients who were negative for HBcrAg had less liver cccDNAs and lower
cccDNA activities than patients who were HBcrAg-positive. These finding suggest that
HBcrAg may be used as a reliable surrogate marker for intrahepatic cccDNAs and its
transcriptional activities [111].

biopsies was correlated with the decline in serum HBsAg during therapy, suggesting

HBsAg has also been correlated with cccDNAs. The decline of cccDNAs in liver

that quantification of serum HBsAg may represent a non-invasive surrogate marker for
intrahepatic cccDNA pools 11211831 A study had shown that serum HBsAg levels is
significantly correlated with both intrahepatic HBsAg and cccDNA levels in matched
non-cancerous tissues [, This finding is also supported by another study with similar
results "4, However, serum HBsAg levels were not correlated with intraheEtic HBsAg
and cccDNA levels in HCC tissues, while intrahepatic HBsAg levels were significantly
correlated with intrahepatic cccDNAs both in matched non-cancerous tissues and in
HCC tissues. Further, the intrahepatic cccDNA levels in HCC tissues were significantly
lower than in matched non-cancerous tissue [1%]. These findings were also supported by

other similar studies 41151 In contrast, two different studies had showed opposite




findings, and found no significant differences in intrahepatic cccDNA levels between

tumor and non-tumor liver tissues in HBV-related HCC patients [116:117],

In addition to HBcrAg and HBsAg, HBeAg level has also been shown to be correlated
with cccDNA concentration. Thus, HBeAg reporter assay may be a convenient and cost-
effective tool for high-throughput screening for cccDNA targeting drugs [83118], Serum
anti-HBc-IgG level has also been associated with intrahepatic cccDNAs, as such titer of
anti-HBc-IgG may also be useful as a surrogate marker to predict the risk of OBI

reactivation especially in immunosuppressed patients 1971,

EFFORTS TO TARGET CCCDNA

The virological key to persistent HBV infection is cccDNA that persists in the nucleus
of infected cells. However, current therapies for CHB infection, interferon and
nucleoside analog inhibitors, are unable to effectively remove and/or eliminate
cccDNA. cccDNA  persistence also resulted in HBV reactivation when antiviral
treatment is stopped and in immunosupresed condition. It has been proposed that any
mutations occurring in the cccDNAs may be highly conserved during HBV life cycle
and can quickly give rise to circulating mutant viruses that may resulted in antiviral
resistance [11°l. This may lead to both virological and clinical breakthrough in patients
and faster progression to cancer development. Even so, cccDNA reduction or loss have
been reported in small numbers of patients, through yet unclear mechanisms, but most
likely achieved through a combined processes of reduced cccDNA formation due to
rcDNA depletion, degradation of preexisiting cccDNAs, and loss/turnover of infected
cells 5¢1. Thus, effective elimination of cccDNA is required to reduce HBV-related liver
disease progression and to achieve complete cure.

Recently, more studies have been conducted to find effective strategies to eliminate
HBV cccDNA, which includes: silencing of cccDNA expression by gene editing

techniques or silencing of cccDNA transcription via epigenetic modifications [41,120]




These approaches are still in early stages of development and has to tackle many issues
before any viable clinical application. Nevertheless, some have shown good potential as
effective approach for cccDNA elimination. The summary of gene editing and

epigenetic modification techniques to target and eliminate cccDNA is listed in Table 2.

Gene Editing Techniques
S etic RNAI

RNAI is an endogenous gene regulatory pathway that can be reprogrammed by
exogenous RNA molecules to create synthetic RNAI that targets specific sequences. As
viral RNA transcripts contain overlapping sequences, a single RNAIi trigger can, in
theory, be utilized to degrade all viral transcripts, resulting in prevention of viral
proteins production by eliminating cccDNA and other viral RNA transcripts. RNAi
triggers may also be used to target pgRNAs, thus contributing to the reduction of
cccDNAs reservoir in infected cells viz inhibition of viral replication 121, A clinical trial
of an RNAi-based drug, ARC-520, showed that ARC-520 was active in both HBeAg-
negative and HBeAg-positive patients. However, the reduction in HBsAg level seemed
to be hindered by the concomitant expression of HBsAg from the integrated HBV DNA.
This st indicated that a specifically designed RNAi that targets the viral transcripts from
integrated HBV DNA will be crucial for the total elimination of CHB infection [122],

Zinc Finger Nucleases (ZFNs)

ZFNs are custom DNA endonucleases that are utilized to create DNA double-strand

breaks in a specified target site and repair that double-strand break by creating
sequence alterations at the cleavage sites [41l. ZFN treatment in HBV-infected cells have
been shown to decrease the HBV pgRNA levels ['Zl, Further, HBV-targeted ZFNs were
able to produce a sustained HBV level suppression for around three weeks after the
ZFN treatment 124, This was achieved by using three specifically designed ZFNs to
target HBV P, X, and C gene, which were delivered to HepAD38 cells via self-

complementary adeno-associated viral (AAV) vectors [124],




Transcription Activator-like Effector Nucleases (TALENSs)

TALENs are also nucleases, similar to ZFNs. However, TALENs comprise a

nspecific nuclease that is fused to a sequence-specific DNA-binding domain, in which
the DNA-binding domain is highly repeated and derived from transcription activator-
like IIT effectors (41120, The efficiency of HBV cccDNA-targeting T Ns in reducing
HBV replication in cell culture was first reported in 2013 [125], using four TALENSs that
target specific sites within the S/pol, C/pol, and pol ORFs of the HBV genome. The S
and C TALENs disrupted the intended target sites efficiently and suppressed other
markers of viral replication. Subsequent experiment in HepG2.2.15 cells, which were
triple transfected with the S TALEN under mildly hyphothermic conditions, resulted in
targeted mutation in around 35% of cccDNAs. These results were further confirmed in
vivo, where mice subjected to hydrodynamic injection (HDI) of the S and C TALENS,
showed overall reduced markers of viral replication and accumulation of viral mutation
in the targeted sites. Together, these results demonstrated the potential use of TALENs
for targeted disruption of HBV DNA and cccDNA 121,

CRISPR/Cas9 Syst

CRISPR/Cas9 system is the adaptive immune system of bacteria and archaea that
acts against foreign DNA via the RNA-guided DNA cleavage [#'2l. The CRISPR-Cas9
system has been shown to successfully inhibited both HBV antigen expression and HBV
replication in transfected A64 cells 120l Furthermore, the CRISPR/Cas9 was able to
excise the entire full-length of integrated HBV genome as well as disrupt cccDNAs.
These findings were also supported by several other studies [127-130]. CRISPR/Cas9
system is currently regarded as the best method for successfully inactivating HBV

cccDNA and eliminating the entire length of integrated HBV genome in the liver cells

[131],

Epigenetic Modification




Dicoumarol

Dicoumarol is a competitive NADPH quinone oxidoreductase (NQO1) inhibitor that
has been identified to inhibit the expression of HBx protein. Under normal
circumstances, NQO1 binds to and stabilizes HBx protein by inhibiting the activity of
20S proteasome, thus preventing the proteasome-mediated degradation of HBx protein.
Dicoumargl has been demonstrated to significantly reduced HBx protein expression,
and has potent antiviral activity against HBV RNAs, DNA, HBsAg, and HBc protein in
HBV-associated cells as well as in humanized liver mouse model 132, Using cccDNA-
ChIP (chromatin-immunoprecipitation) assay, dicoumarol treatment resulted in
decreased active histone marks, but increased repressive histone marks in HBV-infected
HepG2-NTCP cells. Therefore, dicoumarol exhibits a repressive effect on cccDNA
transcription. This finding was also supported in an in vivo model that showed
decreased levels of cccDNA-associated HBx protein in the dicoumarol-treated group
[132] A similar study [13% also showed that dicoumarol inhibited HBV replication in

HBV-infected primary human hepatocytes by inhibiting the cccDNA activity.

Interferon-alpha (IFNa)

IFNa has been shown tg affect the epigenetic control of HBV cccDNA
minichromosome by inducing persistent recruitment of co-repressors and components
of the polycomb repressive complex 2 (PRC2) that target the acetylation and
methylation of the histone tail. Therefore, IFNa may provide additional molecular
mechanism for the repression of HBV transcription [34, to its immune modulating
effect when used as antiviral treatment. IFNa administration resulted in
hypoacetylation of cccDNA-bound histone and active recruitment of transcriptignal co-
repressors to the cccDNA. These were achieved through the IFNa effect on the reduced
binding of STATI and STAT2 transcription factors to active cccDNAs, thus mediating
the epigenetic repression of cccDNA activity. IFNa treatment also inhibited HBV
replication and cccDNA transcription in both HCC cells and chimeric uPA/SCID mice

[134],




mA similar study [l had also found that IFNa treatment induced a prolonged
suppression of both human and duck HBV cccDNA transcriptions, which were
associated with a reduction of cccDNA-associated histone modifications, that play a
role in the activation of gccDNA transcription activity. On the other hand,
downregulation of STAT1, structural maintenance of chromosome flexible hinge
domain containing 1 (SMCHDI1), or promyelocytic leukemia (PML) proteins resulted in
increased basal level of cccDNA transcription activity and partially hindered the
suppression activity of IFNa towards cccDNA transcription. Meanwhile, ectopic
expression of STAT1, SMCHD1, or PML can significantljbreduce the activity of
cccDNA. These findings indicate that IFNa may modulate the epigenetic control of

cccDNA function by affecting the recruitment of chromatin-modifying enzymes [13413],

Zinc Finger Proteins (ZFPs)

ZFPs binding to the HBV enhancer region may inhibit viral replication by inhibition
of cccDNA transcriptional activity. This was demonstrated by using six different ZFPs
designed to bind to DNA sequences in the duck HBV enhancer regions ['3¢l. The
enhancer regions are the accessible parts of the cccDNA minichromosome which
controls the HBV core and surface prcnﬁters. Thus, ZFPs binding to these regions will
interfere with viral transcription. The ZFPs were cloned into a eukaryotic expression
vector and co-transfected into longhorn male hepatoma cells. The results demonstrated
that ZFPs treatment caused significant reduction in viral RNA and HBV protein levels,

indicating ZFPs effect on the transcription of viral proteins ['3¢].

Curcumin
Curcumin is another compound that has been demonstrated to inhibit HBV infection
by downregulation of cccDNA-bound histone acetylation in HepG2.2.15 cell line ['371.
dditionally, treatment with 20 pmol/L curcumin for two days resulted in reduced
ngAg and cccDNA levels in HepG2.2.15 cells by up to 58% and 76%, respectively.

Moreover, treatment with curcumin resulted in both time- and dose-dependent




reductions of H3 acetylation levels, thus contributing to the reduction of H3- and H4-
bound cccDNAs. These findings indicate the potential use of curcumin as cccDNA-

targeting antiviral agent [41.157],

CONCLUSION

Chronic HBV infection remains a global health problem since it may lead to
prolonged inflammation and subsequently more advanced liver diseases, including
liver cancer. Furthermore, direct oncogenic properties of HBV viral components have
been associated with their abilities to interact and alter the functions of various host
genes, further contributing to HBV pathogenesis.

The cccDNA is one of the most important HBV components. cccDNAs may integrate
into the host genome and persist in infected hepatocytes, serving as template for viral
replication machinery. This highlights the need for an effective method for cccDNA
detection and removal. Various methods had been developed for cccDNA detection and
targeted removal, however their overall sensitivity and specificity is still far from
satisfactory. The use of antiviral therapy and/or interferon has been shown to
effectively reduce the viral load, improve the general health status, and prevent the
development of HCC in chronic HBV patients. However, current antiviral therapy does
not eliminate the cccDNAs in the liver. Based on our review, we presume that the
versatility of PCR-based technologies may be a potential approach for advancing
effective methods for cccDNA detection and quantification. As for cccDNA targeting,
the vast application of CRISPR/Cas9 system might be the most optimum resort to
modify cccDNA function, and more importantly to inactivate the cccDNA activity.

Nevertheless, concentrated effort should be focused more on prevention of HBV
infection and not on HBV treatment and elimination. As shown in our previous review
[139], this preventative approach, achieved through immunization, is crucial to prevent
viral transmission to the new generations, particularly in endemic areas. At the same

time, it is also necessary to improve the awareness of the general public for the




consequences of the disease and to expand the national and regional surveillance

program.
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