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Abstract

Chronic Hepatitis B virus (HBV) infection remains a worldwide concern and public health 

problem. Two key aspects of the HBV life cycle are essential for viral replication and thus the 

development of chronic infections: the establishment of the viral minichromosome, covalently 

closed circular (ccc) DNA, within the nucleus of infected hepatocytes, and the expression of the 

regulatory Hepatitis B virus X protein (HBx). Interestingly, nuclear HBx redirects host epigenetic 

machinery to activate cccDNA transcription. In this Perspective, we provide an overview of recent 

advances in understanding the regulation of cccDNA and the mechanistic and functional roles of 

HBx. We also describe the progress toward targeting both cccDNA and HBx for therapeutic 

purposes. Finally, we outline standing questions in the field and propose complementary chemical 

biology approaches to address them.
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Chronic Hepatitis B virus (HBV) infection afflicts over 250 million people and is 

responsible for almost half of all cases of hepatocellular carcinoma (HCC), the fourth 

leading cause of cancer mortality.1,2 The key replicative intermediate and transcriptional 

template for HBV is a viral minichromosome of covalently closed circular (ccc)DNA, which 

supports chronic infection. While existing HBV DNA polymerase inhibitors are able to 

reduce other HBV replicative intermediates, cccDNA levels remain remarkably stable to 

such treatments. Consequently, upon interruption or termination of therapy, HBV replication 

is able to resume with the transcription of unaffected cccDNA. Thus, directly targeting the 

transcription or clearance of cccDNA remains a key step toward a complete cure for chronic 

infections. Furthermore, the master regulatory Hepatitis B virus X protein (HBx) has been 

shown not only to be recruited to cccDNA in vivo to promote viral replication,3,4 but also to 

contribute to the progression of hepatocellular carcinogenesis through abrogation of several 

host signaling pathways.5,6 Despite this, a mechanistic understanding of HBx function 

remains strikingly elusive. Clearly, a deeper understanding of both HBx and cccDNA at the 

molecular level is required to elucidate the malignant transformation of hepatocytes during 

infection and to identify novel targets for the disruption of cccDNA.

HBV is a member of the Hepadnaviridae family, members of which have characteristically 

small, partially double-stranded DNA genomes and a particularly unique life cycle 

compared to other DNA viruses. The 3.2 kb HBV genome encodes four overlapping open 

reading frames (ORFs), dubbed C, P, S, and X (Figure 1a). The PreC/C frame encodes both 

the core antigen (HBcAg) that composes the viral nucleocapsid and a PreCore polypeptide, 

which is the precursor of secreted Hepatitis B e-antigen (HBeAg). Translation of the P frame 

yields a single polypeptide and the only enzyme encoded within the HBV genome, the viral 

polymerase and reverse transcriptase (Pol). The PreS1/PreS2/S reading frame contains three 

different surface antigen proteins (HBsAg), which decorate the exterior of the mature virion 

and mediate entry and exit from hepatocytes. Finally, the X frame encodes the 

multifunctional regulatory protein HBx. Each of these elements contributes to the HBV 

lifecycle, which has been thoroughly reviewed previously (Figure 1b).7 Briefly, infection is 

mediated by the attachment of the virion to a hepatocyte-specific bile acid receptor, the 

sodium taurocholate cotransporting polypeptide (SLC10A1 or NTCP),8 followed by 
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endocytosis, after which the viral nucleocapsid escapes the endosome into the cytosol.9 The 

viral capsid proteins mediate passage through the nuclear pore. Upon nuclear translocation, 

the capsid disassembles to release the partially double-stranded relaxed circular (rc) viral 

DNA. Host cell DNA repair mechanisms then remove the covalently attached viral 

polymerase and complete the synthesis of both strands of the DNA. Finally, this covalently 

closed circular (ccc) DNA is populated with host histones to form a viral minichromosome. 

Upon the establishment of cccDNA, which serves as the primary transcriptional template for 

HBV, the genome is transcribed into the replicative intermediate pregenomic RNA (pgRNA) 

and the five viral transcripts described earlier.10 The pgRNA is packaged along with Pol into 

the viral capsid (composed of HBcAg), after which pgRNA is reverse-transcribed into 

rcDNA and subsequently digested. Finally, the nucleocapsid associates with surface proteins 

at late-endosomal multivesicular bodies, becomes enveloped, and is subsequently secreted 

by the ESCRT (endosomal sorting complex required for transport) pathway.11 Furthermore, 

mature nucleocapsids can also re-enter the nucleus to recycle the HBV genome, thus 

maintaining a stable intracellular cccDNA pool.12

Effective treatments are able to reduce virion production, either with existing drugs targeting 

Pol or a promising new class of small molecules that target nucleocapsid assembly.13,14 

However, no therapy has been developed to target cccDNA, the template of HBV 

transcription responsible for chronic infection, although some promising reports suggest this 

may be possible by upregulating a class of DNA editing enzymes through IFN-α treatment.
15 Still fewer encouraging leads exist to therapeutically target HBx, which both promotes 

cccDNA transcription and is implicated in hepatocellular carcinogenesis. Here, we discuss 

recent advances in the biochemical understanding of cccDNA physiology and HBx function 

in cccDNA and host chromatin (mis)regulation, as well as chemical biology approaches that 

may provide new insights to these crucial elements of HBV pathogenesis.

The cccDNA Minichromosome

Host DNA Repair and cccDNA Establishment

Successful establishment of cccDNA is critical for HBV replication. However, the specific 

host mechanisms that convert rcDNA into cccDNA remain poorly understood. Furthermore, 

due to the complex life cycle of the virus, cccDNA is not the only HBV-derived DNA 

species present in cells, though it is considered the most stable. Aberrant reverse 

transcription of pgRNA has been shown to occasionally yield double-stranded linear DNA 

(dslDNA) in the virion.16 In that context, both homologous repair and non-homologous end 

joining pathways have been shown to circularize dslDNA to yield an incompetent cccDNA-

like species termed Ψ-cccDNA.17 Furthermore, both dslDNA and cccDNA can be 

occasionally integrated into the host genome.16 HBV integration is correlated with HCC, 

though it occurs early in HBV infection prior to HCC development.18 Integration was 

recently shown to occur most often at fragile genomic sites and functional genomic regions.
19 However, a more detailed understanding of the distinct processes underlying genomic 

integration of HBV remains lacking.

Recent advances have begun to identify the roles of various host enzymes in cccDNA 

generation, either by rationally testing enzymes involved in DNA metabolism whose 
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substrates resemble aspects of rcDNA or by RNA silencing (RNAi) screens. For example, 

the first enzyme shown to be involved in rcDNA repair was tyrosyl-DNA-phosphodiesterase 

2 (TDP2), which was identified due to its physiological role in resolving abortive 

topoisomerase cleavage complexes, similar to the covalent link between Pol and rcDNA.20 

However, other reports have shown that while TDP2 is important in vitro, it may not be 

necessary for productive infection in vivo.21,22 Another recent study also found similarities 

between the antisense strand of rcDNA structure and 5’ flap structures formed during 

Okazaki fragment maturation to identify flap structure-specific endonuclease 1 (FEN1) as a 

contributor to cccDNA formation.23 Moreover, RNAi screening studies identified several 

DNA polymerases (α, η, κ, and λ) that mediate cccDNA establishment from either de novo 
infection (η, κ, λ) or intracellular amplification (α).24,25 Newly developed inhibitors 

specific to some of these error-prone polymerases may prove useful to further define their 

roles in cccDNA formation.26 An shRNA screen targeting host DNA repair enzymes 

identified DNA ligases I and III as having a role in the conversion of rcDNA into cccDNA, 

while DNA ligase IV was shown to mediate the so-called “illegitimate” conversion of 

dslDNA into cccDNA.27 Furthermore, a chemical compound screen targeting DNA 

replication and repair enzymes demonstrated a nonredundant requirement for both 

topoisomerase 1 (TOP1) and TOP2 in cccDNA synthesis.28 Taken together, targeting these 

newly identified host DNA repair factors may represent a novel therapeutic avenue for the 

treatment of chronic HBV infection, either alone or in combination with existing treatments.

Chromatinized cccDNA: Features and Regulation

Kinetic experiments studying initial cccDNA establishment showed that cells maintain a 

relatively low copy number of the minichromosome, with some estimates ranging between 1 

and 5 copies per cell on average.29,30 Perhaps due to its low abundance, the components and 

structure of cccDNA have only recently begun to be characterized in depth. Early studies 

showed that cccDNA is rapidly populated with host histones and chromatinized in the 

nucleus.31,32 However, it is unclear whether only the canonical histones form part of this 

minichromosome or if histone variants play a role in cccDNA biology. A recent Hi-C-based 

study examined the three-dimensional localization of cccDNA within higher-order 

chromatin architecture and found it contacts the host genome at CpG islands and highly 

expressed genomic regions.33 The same study identified an interaction between cccDNA and 

the CpG- binding protein CXXC finger protein 1 (Cfp1), suggesting a role for Cfp1 in 

cccDNA transcriptional regulation. These findings are in accordance with earlier results 

identifying up to three CpG islands within cccDNA itself.34

More recent studies have shown that HBcAg remains associated with cccDNA by binding to 

CpG islands within the viral genome and promotes HBV transcription,35,36 in contrast with 

earlier reports that suggested that HBcAg compacts the minichromosome, which would have 

a repressive effect.32 Further biochemical and biophysical studies are still required to better 

define the role of cccDNA-bound HBcAg. Such a platform would prove invaluable for the 

study not only of cccDNA alone, but also of HBx, which has been suggested to also localize 

to cccDNA in the nucleus and redirect a vast array of host enzymes involved in chromatin 

regulation.
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Nuclear HBx and cccDNA Regulation

HBx carries out many functions within the infected hepatocyte and is the primary effector 

protein encoded by HBV (Figure 2). Numerous human proteins have been identified as 

potential HBx interactors, though relatively few of these interactions have known functional 

outcomes.37–39 Reflective of the ambiguity surrounding the mechanistic functions of HBx is 

the protein’s poorly understood structure. Although decades of study have focused on HBx, 

remarkably little experimental data has shed any light on its three-dimensional architecture. 

As known elements of HBx structure and their functional implications have been reviewed 

recently,40 in this review we will highlight those elements that relate to HBx’s functions in 

the nucleus. Various regions within HBx have been associated with certain functional 

outputs including transactivation activity, relevance to protein stability, and binding to 

interacting partners (Figure 2a). The amino-terminus of HBx (aa 1–50) is predicted to be 

largely unstructured and described as a negative regulatory region since mutational studies 

have shown it to be dispensable for HBx’s transactivation function.40 The proposed disorder 

of this region may contribute to HBx’s ability to bind diverse interactors, though this 

remains to be proven. The remainder of the protein is expected to have a more defined 

structure based on spectroscopic measurements of secondary structure.41 Nevertheless, only 

small fragments of HBx have been structurally characterized, typically in complex with a 

binding partner.42,43 Despite the unavailability of any experimental structure, several groups 

have reported computationally modeled structures of HBx and used them to predict or 

explain interactions (Figure 2b).44–46

In the nucleus, HBx carries out the dual roles of 1) redirecting host transcription factors 

(including p53, NF-κB, and CREB, among others) to change expression of a wide variety of 

gene families, and 2) initiating virus replication by stimulating transcription of cccDNA 

(Figure 2c).4,40 Its role in transcription also presents a unique paradox. HBx appears to be 

critical for cccDNA transcription and for the development of viraemia in vivo,4,47 yet the 

protein itself is not packaged in the mature virion. Thus, the question arises of how during 

initial infection HBx can be expressed without already being present in the cell. Recent 

findings that HBx specifically hijacks host machinery to induce the degradation of an 

antiviral restriction complex further illustrate this seeming incongruity.48 Current theories 

propose that HBx may be transcribed from rcDNA or dslDNA before or during conversion 

into cccDNA, though one recent report identified HBx mRNA in both cell culture derived 

virus preparations and HBV patient plasma, suggesting that it may indeed be packaged into 

the virion.4,49 Below, we describe some of the more well-known functions and regulatory 

mechanisms of HBx.

HBx and CRL4

An interaction between HBx and damaged DNA-binding protein 1 (DDB1) was identified 

decades ago, yet neither the structural basis for this interaction nor its functional significance 

was known until recently. DDB1 serves as an obligate adaptor protein for the cullin-RING 

ligase 4 (CRL4) E3 ligase complex. The other minimal components of CRL4 are one of two 

highly similar scaffold proteins, Cul4A or Cul4B, and the E3 ligase Rbx1 (Figure 2c).50 

Within this complex, DDB1 serves as an adaptor that recruits a class of substrate receptors, 
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named DDB1-Cul4 associated factors (DCAFs), which bring ubiquitination substrates into 

proximity with Rbx1. A crystal structure of DDB1 bound to an α-helical motif of HBx 

found that this interaction greatly resembles that of known DCAFs, suggesting that HBx 

could have a similar function.42 Later proteomic studies corroborated this observation and 

identified the HBx-mediated degradation of the structural maintenance of chromosomes 

(Smc)5/6 complex.48,51 Furthermore, this degradation was shown to be crucial for cccDNA 

transcription, since cells with either DDB1-binding deficient HBx or Cul4-binding deficient 

DDB1 exhibited no cccDNA transcription.42,48 In the absence of HBx, Smc5/6 tethers 

cccDNA to ND10 bodies, nuclear regions of transcriptional repression, in contrast to 

cccDNA in the presence of HBx, which localizes to regions of active transcription.33,49

Viral hijacking of the host ubiquitin system is not uncommon – several viruses either encode 

their own deubiquitinase or E3 ligase enzymes, or proteins that redirect host machinery.52 In 

fact, other mammalian viruses (for example, Simian Virus 5 or HIV) either hijack or express 

DCAFs that lead to degradation of several antiviral signaling factors.53,54 Therefore, it may 

be unlikely that Smc5/6 is the only new target for ubiquitination upon HBx binding to Cul4-

DDB1. Indeed, both studies reporting this role also detected core histone ubiquitination, 

which has been shown to mediate a variety of signaling cascades.55–57 Moreover, both HBx 

and the CRL4 complex are present in both the cytosol and nucleus, raising the possibility 

that HBx-CRL4 has additional cellular targets. When this is taken into consideration along 

with earlier studies that show that HBx has a wide variety of well-documented binding 

partners throughout the cell, it seems more likely that HBx could be a DCAF for other novel 

substrates. More targeted in vitro and cell-based studies will be required to identify any such 

activities and determine their functional significance.

HBx and Chromatin Modifications

Despite the importance of HBx’s role in redirecting CRL4 to degrade Smc5/6, this is far 

from its only role in cccDNA transcriptional and chromatin regulation. Decades of study 

have shown that HBx is able to redirects cellular machinery responsible for the deposition or 

erasure of histone post-translational modifications (PTMs) to produce an active chromatin 

landscape on cccDNA.58–60 For example, cccDNA was found to be hyperacetylated in vivo 
in an HBx-dependent manner.61,62 Furthermore, chromatin immunoprecipitation (ChIP)-

based studies found an increased occupancy of the histone deacetylases Sirt1 and HDAC1 

on cccDNA in HBx-deficient infections, suggesting that HBx may outcompete for binding 

sites or mediate their degradation.62 Detailed explanations for these observations still remain 

undetermined. Aside from acetylation, HBx may also perturb histone methylation through 

interactions with lysine and arginine methylases, though this needs to be investigated further.
60,63 Interestingly, studies have shown that HBx colocalizes with cccDNA in cells, yet the 

mechanisms underlying this interaction remain unclear since HBx lacks any known DNA-

binding motifs, suggesting the involvement of another factor. It was also observed that the 

recruitment of HBx to cccDNA paralleled with cccDNA H3 hyperacetylation, implying that 

the recruitment may be mediated by the epigenetic machinery.62

In addition to histone PTMs, HBx also modifies the epigenetic landscape of cccDNA and 

host chromatin through interactions with DNA methyltransferases (DNMTs). HBx 
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upregulates the expression of DNMT1, DNMT3A, and DNMT3B, and was shown to 

directly interact with DNMT3A.64 Thus, HBx could be responsible for DNA methylation 

within the CpG islands of cccDNA, which is correlated with the development of HCC in 

infected patients.65 The mechanism by which HBx is able to specifically direct DNA 

methylation to certain areas of both the host and viral genomes is unclear but remains open 

for future study.

In addition to the above-mentioned canonical “epigenetic” regulators that HBx is thought to 

recruit to cccDNA, recent studies have also implicated HBx in mediating interactions 

between newly identified enzymes in chromatin regulation and cccDNA. For example, an 

interaction between HBx, cccDNA, and two peptidyl-prolyl cis/trans isomerases (PPIases) 

was recently described. While the nuclear PPIase Pin1 was shown previously to bind to HBx 

and enhance hepatocarcinogenesis, a direct effect on cccDNA was not reported.66 Moreover, 

an interaction between HBx and two isoforms of the PPIase-encoding PIN4 gene: parvulin 

14 (Par14) and parvulin 17 (Par17) was described .67 Briefly, inhibition of the parvulin 

family or knockdown led to downregulation of cccDNA formation and HBV replication in 

an HBx-dependent manner. Direct interaction of Par14 and Par17 with HBx was shown by 

co-immunoprecipitation and immunofluorescence colocalization, and their interaction with 

cccDNA was confirmed by ChIP. Together, these data implicate prolyl isomerization of HBx 

in the regulation of cccDNA. Though proline isomerization has been previously implicated 

in transcriptional and epigenetic regulation,68,69 its functional role in cccDNA biology 

requires further study. Moreover, the ability of HBx to recruit such diverse proteins to 

cccDNA, in terms of both their enzymatic functions and range of molecular weights, raises 

questions about the mechanism by which it mediates such interactions.

Post-translational Modifications of HBx

Another layer of complexity to HBx biology and regulation is that HBx itself is post-

translationally modified in order to modulate its many functions. Some HBx PTMs have 

been known for several years, but many of their functions remained enigmatic. Recent 

studies have begun to describe biochemical roles for HBx PTMs and the enzymes that 

deposit them, potentially providing insight into novel pathways that indirectly target HBx 

function. Perhaps unsurprising due to its proximity and involvement with host machinery 

regulating ubiquitination, HBx itself is subject to dynamic modification by both ubiquitin 

and a ubiquitin-like protein. Similar to many cellular proteins, HBx is degraded by the 

ubiquitin-proteasome system. It has been shown to directly interact with the deubiquitinating 

enzyme Usp15. The presence of Usp15 increased steady-state levels of HBx as well as its 

half-life within cells.70 The other recently-described ubiquitin-like modification of HBx is 

NEDDylation, which is most typically associated with cullin activation.71,72 As seen with 

ubiquitination, HBx’s proximity to Cul4 makes it an unsurprising substrate for 

NEDDylation, shown to occur on lysine resides 91 and 95. This mark was found not only to 

increase HBx stability (potentially by obscuring a ubiquitination site), but also to enhance 

HBx chromatin localization, and consequently transactivation activity.71 While these larger 

PTMs were shown to correspond to HBx stability, others have been shown to have more 

unique functions. For example, it was found that the kinase Akt1 specifically phosphorylates 

S31 of HBx in vitro and in cells, and that this phosphorylation increases the oncogenic 
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potential of HBx.73 Notably, residue 31 is not conserved across all major HBV strains, 

leading to the suggestion that HBx PTMs may potentially be responsible for the observation 

that some genotypes correlate with more severe clinical outcomes than others.74 However, 

S31 is potentially not the only phosphorylation site of HBx. A computational study of HBx 

searching for conserved residues and motifs across all viral genotypes identified three 

residues (S25, S41, and T81) that are predicted to be phosphorylated. The same sites were 

also predicted to be O-GlcNAcylated in competition with phosphorylation in what is known 

as a “Yin Yang” relationship.45

HBx contains 9 or 10 cysteine residues, depending on the viral genotype, which add another 

layer of complexity as disulfide bonds are potentially an important element of HBx structure 

and function. One early study purified HBx from insect cells and identified 5 intramolecular 

disulfide linkages.75 Similarly, a more recent mass spectrometry study of bacterially purified 

recombinant HBx (from a viral strain with 9 Cys residues) found 4 intramolecular disulfide 

linkages and posited that the remaining free Cys residue may participate in an intermolecular 

disulfide bond to dimerize HBx.76 While there is some data supporting that HBx may exist 

as a dimer in solution,77 it is uncommon for a cytosolic or nuclear protein to contain stable 

disulfide bonds. Moreover, cysteine to serine alteration resulted in negligible changes to 

HBx secondary-structure as measured by circular dichroism (CD) spectroscopy.41 These 

mutations seemed not to effect HBx activity, as measured in vitro using p53 transactivation 

assays.41,78 Conversely, disulfide-containing HBx exhibited stronger stimulatory effects on 

the kinase Cdk2 in vitro and higher transactivation in a cellular reporter assay as compared 

to a cysteine-free mutant.76 Clearly, more detailed analysis of HBx structure and PTMs in 
vivo is required, not least so that future in vitro studies with recombinant HBx can use more 

physiologically relevant conditions.

Advances in Targeting HBx and cccDNA

As described in this review, a great body of work has highlighted the importance of cccDNA 

and HBx to HBV replication and for the persistence of chronic infection.79 To this end, 

several recent studies have reported a variety of approaches to target these viral elements 

using small molecule or biologic tools. These methods range from rationally targeted 

approaches with established and recently developed methodologies to target-agnostic high-

throughput screens, which we will describe below.

Rational Approaches Targeting cccDNA

Genome editing methods allow for the relatively facile, locus-specific generation of double-

stranded DNA breaks (DSBs), which led to the theory that such an approach could be used 

to target cccDNA for degradation. Several independent groups reported relative success in 

this approach, with findings generally showing suppression of viral gene expression and 

reduction of cccDNA levels.80,81 However, a few barriers still remain preventing such an 

approach from proceeding into the clinic. Perhaps most obvious of these concerns is that 

gene editing therapy has not gone through clinical trials. Furthermore, due to its replicative 

RNA intermediate, HBV has a 10-fold higher mutation rate than conventional DNA viruses.
82 As such, resistance mutations may rapidly arise under such a strong selective pressure. 
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Additionally, development of a therapy capable of targeting each of the documented HBV 

genotypes may prove difficult due to the ~8 % sequence divergence at the DNA level.83 

Finally, and perhaps most importantly, the generation of a DSB in cccDNA would generate 

dslDNA, which could lead to genome integration by host DNA repair mechanisms and 

consequently promote oncogenesis.19 Nevertheless, such an approach remains attractive for 

its potential uses in both research and the clinic, and ongoing efforts to address these 

shortcomings may prove fruitful.

Several studies have identified host factors that contribute to the restriction of HBV and may 

have therapeutic potential if explored further.84 Some of these factors include zinc finger 

antiviral protein (ZAP), Tat-interacting protein 60 kDa (TIP60), and the APOBEC3 family 

of proteins.85–88 Of these, perhaps the most interesting and well-described factor is the 

APOBEC3 enzyme family, which is composed of seven C-to-U deaminases.89,90 

Intriguingly, studies have shown that HBV itself seems to have evolved mechanisms to 

defend itself from these enzymes. HBx indirectly depletes APOBEC3B through the 

upregulation of the E3 ligase MSL2 and depletes APOBEC3G by promoting its export.88,91 

Such antagonism may be evolutionarily favorable, as several enzymes in this family have 

been shown to target cccDNA (and other viral episomes) for depurination and subsequent 

degradation.15,92,93 Thus, induction of APOBEC3 expression is another promising route 

toward the development of cccDNA-targeting drugs.

Screening Strategies to Target HBV Functions

The complexity of the HBV life cycle undoubtedly makes the virus challenging to study, but 

also presents several different pathways or actions that can be adapted for use in high-

throughput screening (HTS) approaches. Consequently, several studies have recently 

reported hits from screening approaches that show promise. While this topic has been 

reviewed in greater detail elsewhere,94 we here highlight several screens which specifically 

sought to target HBx functions or restrict cccDNA expression (Figure 3).

One such example reported recently was identified in a HTS which took advantage of HBx’s 

documented role inhibiting certain RNAi pathways.95 Briefly, computational prediction was 

used to generate a three-dimensional structural model of HBx, and virtual docking 

simulation was used to identify potential binders from a 14400 compound library. Multiple 

iterations of the screen were used to identify 100 compounds to be experimentally evaluated. 

These leading hits were used to screen for reversal of HBx-mediated RNAi suppression, and 

generated a lead compound dubbed IR415.46 Further in vitro assays with recombinant HBx 

and analyses with infection models verified that IR415 is a bona fide HBx-targeting small 

molecule that inhibits its role in RNAi suppression. Additional studies will be required in 

order to determine whether IR415 disrupts any other aspects of HBx function, such as its 

interactions with epigenome modifiers or transcription factors. These analyses will prove 

necessary to define the utility of IR415 for research purposes, as well as any therapeutic 

potential.

More recently, another HBx-targeting molecule was identified by a split luciferase screening 

assay. Due to the critical role of HBx’s DCAF function in HBV gene expression, this screen 

appended the two halves of the split luciferase to HBx and DDB1 to screen for molecules 
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that would disrupt this interaction.96 Screening a library of FDA-approved drugs for 

decreased luciferase signal identified nitazoxanide (NTZ), a broad-spectrum anti-infective 

agent typically used to treat parasitic infections. This interaction was further validated using 

recombinant proteins and in cells. However, whether NTZ binds to HBx or DDB1 

individually, or only the proteins in complex together, remains unknown and should be 

further examined in future studies.

Finally, a chemical screen aiming to identify inhibitors of episomal DNA expression was 

reported recently. Briefly, an integration-deficient lentivirus expressing a luciferase reporter 

was used to screen a chemical library for inhibitors of luciferase signal and the small 

molecule dicoumarol was shown to decrease episomal DNA expression.97 This was 

subsequently validated using HBV-infected primary human hepatocytes, where a dose-

dependent depletion of cccDNA was observed. Although dicoumarol has been shown to 

target the vitamin K epoxide reductase (VKOR), inhibition of this target with a different 

compound failed to reduce cccDNA levels, indicating that dicoumarol must inhibit a 

different host factor to do so. Still, dicoumarol is the first reported small molecule to 

specifically deplete cccDNA rather than targeting downstream elements of the HBV life 

cycle. As such, it may serve as the basis for future drug development to optimize anti-

cccDNA efficacy.

Future Perspectives

Methodological developments and the application of interdisciplinary techniques to study 

HBV have led to significant advances in our understanding of cccDNA establishment and 

regulation, as well as certain mechanisms behind HBx function. However, more questions 

remain for both of these key components of HBV. In this section, we describe outstanding 

questions and propose possible “chemical virology” approaches to address them that can 

complement the existing genetic and virological methods.

Chemical Biology and Protein Engineering Strategies to Study HBx and cccDNA

A persistent difficulty in the study of HBx has been the scarcity of methods to manipulate or 

modulate native HBx in the context of an active HBV infection. It has largely been studied 

alone by genetic manipulation in cell culture, often at greater expression levels than may be 

present in actual infections. The recently reported HBx-targeting small molecules discussed 

in this review present a unique opportunity to chemically address this challenge. By 

harnessing targeted protein degradation methodologies, chemical ligands of HBx could be 

adapted to study its function, as has been done for other viral proteins recently (Figure 3b).
98,99 Such a molecular tool could even have therapeutic potential for chronic HBV infection.

In parallel, protein engineering strategies to better study HBx in vitro and in vivo should also 

be developed. Due to its poor yield and solubility when recombinantly expressed in E. coli, 
HBx has rarely been the focus of in vitro biochemical experiments, as mentioned above. 

Protein fusion methods to improve yield have already been reported in the literature, though 

continued efforts may build on this progress.76 Engineering approaches to site-specifically 

incorporate PTMs or chemical handles would contribute greatly to our mechanistic 

understanding of HBx by enabling more targeted studies to be performed.100,101 The ability 
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to prepare high-quality, chemically homogeneous recombinant HBx by either protein 

splicing or unnatural amino acid incorporation methods would greatly expand the breadth of 

questions that could be answered about its many functions (Figure 4). The incorporation of 

synthetic moieties like fluorophores or cross-linking agents into HBx could interrogate its 

dynamics or direct interactors, as has been done previously in other systems.102,103 Such 

methods could also be used to study the effects of individual PTMs on HBx function without 

perturbing the host cell by manipulating the endogenous enzymes responsible for depositing 

or erasing them.

With respect to cccDNA, despite progress in identifying the host elements responsible for its 

repair and establishment, many details about its structural and regulatory components remain 

enigmatic. In particular, recent efforts have been made to characterize the histone PTM 

landscape of cccDNA.58 However, most such endeavors rely heavily on ChIP coupled with 

next-generation DNA sequencing (ChIP-seq), which has several shortcomings, including 

inherent target-bias due to antibody quality and availability as well as having relatively low 

throughput. Although rational, targeted studies in this area have proved useful to understand 

cccDNA regulation, it is quite likely that they fail to capture the full complement of factors 

involved. As such, unbiased high-throughput methods could prove fruitful to generate leads 

for further mechanistic studies. Recently, different approaches toward genomic locus-

specific proteomics have been reported.104–106 These methods generally employ a “reverse-

ChIP” workflow, whereby a particular chromatin locus is enriched and then subjected to 

proteomic analyses. Application of such techniques toward the study of cccDNA could 

further illuminate the host elements involved in the transcriptional regulation, in part by 

allowing for proteomic analysis of the histone PTM landscape on the minichromosome.

The development of ever more sophisticated methods to study chromatin biology also has 

implications in the study of cccDNA. Long-standing protein engineering techniques such as 

genetic code expansion and expressed protein ligation have been adapted in the past few 

years for the study of chromatin-associated processes.101,107–109 The implementation of 

such techniques in HBV-susceptible cell lines could establish a platform for the interrogation 

of key biochemical questions in cccDNA. Complementing such an approach, the 

development of a method to reconstitute a cccDNA model for in vitro biochemical and 

biophysical studies could potentially provide crucial insight into the mechanisms behind 

recognition and recruitment of host factors onto cccDNA. Although model chromatin 

fragments have long been used in biochemistry, few studies have been performed on 

circularized chromatin fragments akin to cccDNA. The few recent reports that have done so 

analyzed nucleosome spacing and DNA supercoiling,110,111 but a reconstituted cccDNA 

model could be used for a wide array of biophysical and biochemical studies.

Outlook

Continued efforts in recent years have revealed critical details about the cccDNA life cycle 

and HBx function that may potentially serve as the basis for novel therapeutic approaches. 

Indeed, both rational targeted approaches and high-throughput screening methods have 

identified novel components of the DDR involved in cccDNA establishment. The chromatin 

landscape of cccDNA, particularly its histone PTMs and regulatory proteins, continues to be 
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further elaborated. Importantly, new roles have been described for HBx, both as it relates to 

cccDNA expression and with respect to its own stability and regulation. All of these 

advances have informed the design of assays amenable to high-throughput screens, which 

have begun to yield small molecule modulators of HBx and cccDNA. Even still, ongoing 

research is needed to further build upon these advances. Chemical biology and protein 

engineering techniques are perfectly poised to fully illuminate these two cryptic yet 

indispensable components of chronic HBV infection.
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Figure 1. Overview of HBV genome structure and life cycle.
(a) HBV has a partially double-stranded DNA genome which encodes four overlapping open 

reading frames, termed C, P, S, and X. (b) The virion enters hepatocytes via the the sodium 

taurocholate cotransporting polypeptide (NTCP) (1). The relaxed circular DNA (rcDNA) 

viral genome is released from the capsid upon nuclear translocation (2) and undergoes DNA 

repair to establish cccDNA (3). HBx mediates cccDNA maintenance and transcription (4). 

The pregenomic RNA (pgRNA) is encapsidated together with the viral polymerase (Pol) (5), 

and reverse transcribed within the nucleocapsid (6). Finally, the nucleocapsid is enveloped at 

late-endosomal multivesicular bodies (7), and secreted via the endosomal sorting complex 

required for transport (ESCRT) pathway pathway (8).
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Figure 2. Snapshot of HBx structure and function in chromatin signaling.
(a) Overview of key domains, residues, and PTMs in HBx. The negative regulatory region is 

marked in black, the DDB1-binding helix is in teal, the p53 interaction domain is in red, and 

sites of proline isomerization are in blue. Red octagons mark phosphorylation sites, and 

purple pentagons mark sites of neddylation. (b) Computationally modeled structure of HBx, 

generated using the intensive mode of the Phyre2 web application.112 (c) Schematic model 

of HBx functions in chromatin signaling.
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Figure 3. Small molecule modulators of HBx and cccDNA.
(a) Recently identified small molecules that disrupt HBx or cccDNA. (b) Potential 

development of a catalytic small molecule “degrader” of HBx based on recently identified 

chemical ligands.
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Figure 4. Protein engineering approaches to study HBx.
(a) Genetic code expansion (GCE) could be used to site-specifically incorporate unnatural 

amino acids (UAAs) into HBx. (b) Protein trans-splicing methods could be utilized in live 

cells to attach UAAs, PTMs, or synthetic cargoes to HBx and study their functions 

independently.
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