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ABSTRACT Hepatitis B virus (HBV) transcription and replication increase progres-
sively throughout postnatal liver development with maximal viral biosynthesis occur-
ring at around 4 weeks of age in the HBV transgenic mouse model of chronic infec-
tion. Increasing viral biosynthesis is associated with a corresponding progressive loss
of DNA methylation. The loss of DNA methylation is associated with increasing levels
of 5-hydroxymethylcytosine (5hmC) residues which correlate with increased liver-
enriched pioneer transcription factor Forkhead box protein A (FoxA) RNA levels, a
rapid decline in postnatal liver DNA methyltransferase (Dnmt) transcripts, and a very
modest reduction in ten-eleven translocation (Tet) methylcytosine dioxygenase expres-
sion. These observations are consistent with the suggestion that the balance between
active HBV DNA methylation and demethylation is regulated by FoxA recruitment of
Tet in the presence of declining Dnmt activity. These changes lead to demethylation
of the viral genome during hepatocyte maturation with associated increases in viral
biosynthesis. Consequently, manipulation of the relative activities of these two coun-
terbalancing processes might permit the specific silencing of HBV gene expression
with the loss of viral biosynthesis and the resolution of chronic HBV infections.

IMPORTANCE HBV biosynthesis begins at birth and increases during early postnatal
liver development in the HBV transgenic mouse model of chronic infection. The lev-
els of viral RNA and DNA synthesis correlate with pioneer transcription factor FoxA
transcript plus Tet methylcytosine dioxygenase-generated 5hmC abundance but
inversely with Dnmt transcript levels and HBV DNA methylation. Together, these
findings suggest that HBV DNA methylation during neonatal liver development is
actively modulated by the relative contributions of FoxA-recruited Tet-mediated DNA
demethylation and Dnmt-mediated DNA methylation activities. This mode of gene
regulation, mediated by the loss of DNA methylation at hepatocyte-specific viral and
cellular promoters, likely contributes to hepatocyte maturation during liver develop-
ment in addition to the postnatal activation of HBV transcription and replication.
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Hepatitis B virus (HBV) is a small enveloped human hepatotropic DNA virus that rep-
licates by reverse transcription of the viral pregenomic 3.5-kb transcript (1–3). The

HBV pregenomic 3.5-kb RNA is transcribed from viral covalently closed circular (CCC)
DNA in the nucleus of the infected hepatocyte by cellular RNA polymerase II (4, 5). As
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the HBV pregenomic 3.5-kb RNA encodes both the core antigen (HBcAg) and the
reverse transcriptase/DNA polymerase, the regulation of pregenomic RNA expression
is a primary determinant of viral biosynthesis which occurs within cytoplasmic capsids
(3, 5–8). Pregenomic RNA expression is regulated by the activity of the viral enhancers
and the nucleocapsid promoter which are governed by liver-enriched transcription fac-
tors, including the nuclear receptors, hepatocyte nuclear factor 4 (HNF4), retinoid X re-
ceptor (RXR), peroxisome proliferator-activated receptor (PPAR), farnesoid X receptor
(FXR), liver receptor homolog 1 (LRH1), the basic-leucine zipper factors, CCAAT-
enhancer-binding proteins (C/EBP), and the winged-helix transcription factors
Forkhead box protein A/hepatocyte nuclear factor 3 (FoxA/HNF3) (4, 9, 10).

FoxA can serve as a liver-enriched transcription factor governing RNA synthesis
from the viral nucleocapsid promoter (4, 11). In addition, FoxA proteins are pioneer
transcription factors which are essential for the establishment of competence within
the foregut endoderm and the onset of hepatogenesis (12–15). The changes in gene
expression associated with FoxA binding have also been linked to epigenetic changes,
including genomic DNA demethylation (16–18). Furthermore, the FoxA pioneer tran-
scription factors have been specifically shown to regulate the developmental demethy-
lation and expression of the HBV genomic DNA in the liver of HBV transgenic mice
(19). Specifically, liver-specific FoxA-deficient HBV transgenic mice expressing a single
allele of FoxA3 in hepatocytes fail to demethylate viral genomic DNA and hence fail to
display viral biosynthesis within the liver. Additionally, wild-type neonatal HBV trans-
genic mice do not transcribe the viral genome due to its silencing by DNA methylation
at CpG sequences flanking the CpG island region, which spans the viral enhancer and
nucleocapsid sequences located between nucleotide coordinates 1000 to 2000 (19). In
contrast, adult wild-type HBV transgenic mice completely lack any DNA methylation of
the viral genome in a major fraction of hepatocytes, and this is associated with high
levels of HBV transcription and replication (19).

In the current study, the developmental relationships between HBV biosynthesis
and DNA methylation are investigated. Viral RNA and DNA synthesis increase progres-
sively throughout neonatal development, reaching maximal viral biosynthesis at
approximately 4 weeks of age. HBV genomic DNA methylation decreased in parallel
with increasing HBV biosynthesis. In contrast, the levels of HBV DNA-associated 5-
hydroxymethylcytosine (5hmC) increased throughout neonatal development, suggest-
ing the active ten-eleven translocation (Tet) methylcytosine dioxygenase-mediated
demethylation of viral DNA during liver maturation. Given the previously identified
roles of FoxA in recruitment of Tet to chromatin (14, 20–22), control of liver develop-
ment (12, 23), and HBV DNA methylation (19), FoxA1, FoxA2, and FoxA3 expression
levels throughout liver maturation were determined and shown to increase modestly
during neonatal hepatocyte development. In contrast, postnatal liver DNA methyl-
transferase (Dnmt) expression decreased approximately 10-fold, whereas a very mod-
est reduction in Tet expression was observed. These findings support a model where
FoxA-dependent Tet recruitment mediates efficient postnatal HBV DNA demethylation
as Dnmt activity declines during hepatocyte maturation.

RESULTS
FoxA expression during postnatal liver development in HBV transgenic mice.

FoxA, a pioneer transcription factor, regulates HBV RNA and DNA synthesis in cell cul-
ture (11, 20, 24–29) and viral biosynthesis in the liver of HBV transgenic mice (30, 31),
in part by modulating viral genomic DNA methylation during postnatal liver develop-
ment (19). A detailed analysis of FoxA1, FoxA2, and FoxA3 RNA levels throughout
postnatal liver development in HBV transgenic mice indicated that these transcripts
increased about 2- to 3-fold from birth to weaning at 4 weeks of age (Fig. 1). FoxO1
RNA also showed a similar modest increase in abundance (Fig. 1D), similar to the FoxA
RNAs (Fig. 1A to C), indicating the expression of these genes was not greatly changing
throughout postnatal liver development despite their critical role in controlling the
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hepatocyte-specific gene expression profiles (12, 32, 33). FoxA3 appears to be the most
highly expressed member of the FoxA family and displayed increased expression lev-
els, primarily during the first week of postnatal liver development (Fig. 1C).

HBV biosynthesis during postnatal liver development in HBV transgenic mice.
Increasing levels of HBV transcripts during postnatal liver development were estimated
by RNA counts (NanoString) and RNA filter hybridization analysis (Fig. 2). At birth, the
liver expresses very limited amounts of viral transcripts in the HBV transgenic mouse
model of chronic infection. Viral RNA levels increased progressively throughout post-
natal liver development, reaching adult transcript abundance around 4 weeks of age.
Consistent with these observations, serum HBeAg translated from the HBV precore 3.5-
kb transcript displays a similar expression profile throughout neonatal development of

FIG 1 Developmental expression of Fox transcript levels in livers of HBV transgenic mice. Quantitative
analysis of the liver FoxA1 (A), FoxA2 (B), FoxA3 (C), FoxO1 (D), Gapdh (Northern analysis control) (E),
and Scarb1 (a NanoString control) (F) transcripts by NanoString gene expression analysis in the HBV
transgenic mice. One-phase decay analysis was used to estimate the changes in gene expression
throughout postnatal liver development in the HBV transgenic mice (GraphPad Prism 8.4).
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the HBV transgenic mouse (Fig. 2E). Furthermore, intracellular HBV DNA replication
intermediates displayed a similar increase in abundance throughout neonatal develop-
ment (Fig. 3). As noted for HBV transcripts, viral DNA replication intermediates were
not detectable at birth but increased progressively toward maximal levels by 4 weeks
of age (Fig. 3). The rate of increase in observed DNA replication intermediates

FIG 2 Liver HBV transcripts and serum HBeAg levels throughout postnatal developmental of HBV transgenic mice. (A and B) Quantitative analysis of liver viral
3.5-kb RNA and total HBV RNA (3.5-kb plus 2.1-kb RNA), respectively, by NanoString gene expression analysis in the HBV transgenic mice. One-phase decay
analysis was used to estimate the changes in gene expression throughout postnatal liver development in the HBV transgenic mice (GraphPad Prism 8.4). (C) RNA
(Northern) filter hybridization analyses of liver transcripts isolated from HBV transgenic mice of various postnatal developmental ages are shown. Noncontiguous
lanes from a single analysis are presented. The probes used were HBVayw genomic DNA plus glyceraldehyde-3-phosphate dehydrogenase (Gapdh) cDNA. The
Gapdh transcript was used as an internal control for the quantitation of the HBV 3.5-kb RNA. (D and E) Quantitative analysis of RNA (Northern) filter hybridization
of the HBV 3.5-kb transcript (D) and serum HBeAg (E) in the HBV transgenic mice. One-phase decay analysis was used to estimate the changes in HBV RNA gene
expression and serum HBeAg throughout postnatal liver development in the HBV transgenic mice (GraphPad Prism 8.4).
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decreases with time, with half-maximal viral biosynthesis occurring after approximately
12 days with an estimated upper limit equal to about 30 genome equivalents per hepa-
tocyte (plateau, 27 HBV DNA replication intermediates [RI]/HBV transgene [Tg]; Fig. 3B),
in agreement with previous analyses of adult HBV transgenic mice (19, 30, 31, 34–38).

Effect of postnatal development on HBV DNA methylation in the livers of HBV
transgenic mice. Postnatal liver development in HBV transgenic mice is associated
with a progressive increase in HBV RNA and DNA synthesis (Fig. 2 and 3). Furthermore,
viral biosynthesis in neonatal mice is very limited with essentially complete HBV DNA
methylation outside the CpG island region, which spans the HBV enhancers and nu-
cleocapsid promoter regions (19). In contrast, HBV biosynthesis in adult mice is robust,
while viral DNA methylation is essentially absent from viral sequences in the majority
of hepatocytes (19). Therefore, it is important to determine the relationships between
viral biosynthesis and HBV DNA methylation throughout postnatal liver development
in the HBV transgenic mouse model of chronic viral infection.

Bisulfite genomic sequencing of the HBV transgene DNA from wild-type HBV
transgenic mice was performed throughout postnatal liver development to deter-
mine the timing of the loss of viral DNA methylation (Fig. 4). Regardless of the post-
natal stage of liver development, the CpG island located between approximately
HBV nucleotide coordinates 1000 to 2000 was hypomethylated (Fig. 4A and C) (19,
39). This region encompasses the enhancer 1/X gene promoter and enhancer 2/
core gene promoter regions (4, 9), and the limited DNA methylation within this
transcriptional regulatory region did not change in a consistent manner throughout
postnatal liver development (Fig. 4). In contrast, the percentage of DNA methyla-
tion occurring from approximate nucleotide coordinates 2000 to 3182 (Fig. 4A and
D), which includes the large and major surface antigen promoter (24, 25), and nu-
cleotide coordinates 1 to 1000 decreases progressively throughout postnatal liver
development (Fig. 4). Furthermore, the loss of DNA methylation occurs most rapidly
within the first 2 weeks of postnatal liver development (Fig. 4) when the increases
in HBV biosynthesis are highest (Fig. 3).

Previously, the distribution of DNA methylation sites within the three HBV DNA
amplicons that contained the largest number of CpG sites was evaluated in adult wild-
type HBV transgenic mice (19). This analysis indicated that HBV DNA was either com-
pletely (or almost completely) methylated or completely (or almost completely) unme-
thylated with virtually none of the sequences displaying an intermediate level of DNA

FIG 3 DNA (Southern) filter hybridization analysis of HBV DNA replication intermediates throughout postnatal liver development in HBV
transgenic mice. (A) DNA (Southern) filter hybridization analysis of liver replication intermediates isolated from HBV transgenic mice of
various postnatal developmental ages are shown. Noncontiguous lanes from a single analysis are presented. The probe used was HBVayw
genomic DNA. The HBV transgene (Tg) was used as an internal control for the quantitation of the HBV replication intermediates. RC, HBV
relaxed circular replication intermediates; SS, HBV single-stranded replication intermediates. (B) Quantitative analysis of DNA (Southern) filter
hybridization of the HBV replication intermediates in the HBV transgenic mice. One-phase decay analysis was used to estimate the changes
in HBV DNA replication intermediates throughout postnatal liver development in the HBV transgenic mice (P, plateau, maximum calculated
number of HBV DNA replication intermediates per cell in adult mouse liver; t0.5, days required to reach half-maximal levels of HBV replication
intermediates; GraphPad Prism 8.4).
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FIG 4 Effect of postnatal liver development on HBV DNA methylation in HBV transgenic mice. (A) Percentage of CpG
DNA methylation (5mC plus 5hmC; bisulfite treatment) at each position within the HBV genome from the livers of
HBV transgenic mice throughout postnatal development is shown. The numbers of mice per group are 10 on day 0.5,
11 on day 1.5, 8 on day 2.5, 6 on day 3.5, 5 on days 4.5 to 6.5, 6 on days 8.5 to 13.5, 5 on days 16.5 to 24.5, 5 on
days 28.5 to 29.5, and 2 on days 109 to 139. The viral transcription initiation sites for the X gene, the precore/
pregenomic, the large surface antigen, and the middle/major surface antigen transcripts plus the CpG island are
located at nucleotide coordinates 1310, 1785/1821, 2809, and 3159/3178 plus 1000 to 2000, respectively. (B to D)
Effect of postnatal liver development on HBV DNA methylation distribution. The CpG DNA methylation (5mC plus
5hmC; bisulfite treatment) frequency distributions across the 11, 38, and 13 sites within HBV nucleotide coordinates
341 to 711, 1215 to 1629, and 2264 to 2474, respectively, for the viral genome from the livers of HBV transgenic mice
throughout postnatal development are shown. The numbers of mice per group are 10 on day 0.5, 11 on day 1.5, 8 on
day 2.5, 6 on day 3.5, 5 on days 4.5 to 6.5, 6 on days 8.5 to 13.5, 5 on days 16.5 to 24.5, 5 on days 28.5 to 29.5, and 2
on days 109 to 139. (E) Linear regression analysis was used to correlate HBV 3.5-kb RNA levels with the average viral
DNA methylation percentage across HBV nucleotide coordinates 341 to 711 throughout postnatal liver development
in the HBV transgenic mice (GraphPad Prism 8.4; R2, 0.64; P, 0.001; y-intercept, 89%). (F) Linear regression analysis
was used to correlate HBV DNA replication intermediate levels with the average viral DNA methylation percentage
across HBV nucleotide coordinates 341 to 711 throughout postnatal liver development in the HBV transgenic mice
(GraphPad Prism 8.4; R2, 0.59; P, 0.001; y-intercept, 86%).
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methylation. To determine how HBV DNA demethylation occurs, the distribution of
DNA methylation on individual amplicons was evaluated throughout postnatal liver
development (Fig. 4). The HBV DNA amplicon spanning nucleotide coordinates 1215 to
1629 contains 38 CpG sites (Fig. 4C) and is located within the CpG island and, as such,
is hypomethylated (19, 40). Methylation of any CpG sequence within this region was
very limited as expected for a CpG island, so almost all these sequences were unmethy-
lated, with only a few singly methylated CpG sequences (Fig. 4C).

The HBV DNA amplicons spanning nucleotide coordinates 341 to 711 and 2164 to
2474 contain 11 and 13 CpG sites, respectively (Fig. 4B and D). The HBV transgene DNA
was either hypo- or hypermethylated, with up to two CpG sites being methylated or
unmethylated, respectively, within any single amplicon sequence. These observations
are consistent with the suggestion that the HBV transgene DNA is either almost com-
pletely methylated or completely unmethylated within these regions of the genome
throughout postnatal liver development (Fig. 4). Partial methylation of the HBV trans-
gene DNA is essentially absent, suggesting that the lack of methylation of one CpG site
enhances the probability that the adjacent CpG sites will also be unmethylated.
Together, these observations suggest that the loss of HBV DNA methylation occurs by
the simultaneous elimination of all (or most) methylated CpG sites across whole indi-
vidual viral genome sequences by a processive mechanism. This could occur by either
DNA replication in the absence of de novo CpG methylation or active demethylation
involving Tet-mediated oxidation of 5mC to 5hmC, 5-formylcytosine (5fC), and 5-car-
boxylcytosine (5caC) with subsequent nucleotide excision repair (18, 41). Regardless of
the precise mechanism, it is apparent that HBV DNA demethylation occurs progres-
sively throughout postnatal liver development, resulting in increasing numbers of he-
patocytes expressing viral transcripts from viral genomes completely (or almost com-
pletely) devoid of CpG methylation (Fig. 2 and 4). The extent of HBV DNA demethylation
through development is essentially complete by 4 weeks of age, as the level of viral
methylation in these mice is very similar to that observed in 15- to 20-week-old mice.
Additionally, the levels of HBV 3.5-kb RNA and replication intermediates correlated with
the extent of viral CpG demethylation, with biosynthesis being undetectable when HBV
DNA methylation was greater than 85% as measured across viral nucleotide coordinates
341 to 711 (Fig. 4E and F). These findings are consistent with extensive viral DNA methyl-
ation outside the HBV CpG island region preventing HBV transcription, and hence repli-
cation, throughout postnatal liver development.

Tet-mediated oxidation of 5mC contributes to the developmental demethylation
of HBV transgene DNA in the liver. Bisulfite genomic DNA sequencing measures the
levels of 5mC plus 5hmC, whereas oxidative-bisulfite (oxBS) genomic DNA sequencing
measures only 5mC content (Fig. 5). The difference in cytosine modifications detected
by these two methods permits an estimate of 5hmC in genomic DNA sequences. The
levels of 5mC and 5hmC present throughout liver development were estimated for
the three major viral amplicons covering 62 of the 99 CpG sequences present within
the genomic HBV transgene DNA to determine the levels of these modifications associ-
ated with viral DNA demethylation (Fig. 5). At birth, the HBV DNA amplicons spanning
nucleotide coordinates 341 to 711, 1215 to 1629, and 2264 to 2474 (Fig. 5) demon-
strate very low to undetectable levels of 5hmC, indicating that the HBV transgene DNA
is neonatally hypermethylated with 5mC residues at nucleotide coordinates 341 to 711
and 2264 to 2474. Throughout postnatal liver development, the HBV DNA spanning
nucleotide coordinates 341 to 711 and 2264 to 2474 is progressively demethylated,
while the level of 5hmC simultaneously increases to approximately 10 to 15% of CpG
sequences. Despite increasing 5hmC levels throughout postnatal liver development,
the rate of HBV DNA demethylation decreased with time, with half of the total deme-
thylation occurring within approximately the first 5 to 8 days, which correlates with the
increase in viral biosynthesis (Fig. 3 and 5). Furthermore, the changes in the 5mC and
5hmC levels associated with HBV DNA throughout liver development are essentially
complete by 4 weeks of age, as approximately equivalent levels of these modifications
are observed in 4-week-old and adult mice (Fig. 5A to C). Interestingly, the
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estimated level of HBV DNA 5mC modification present in 4-week-old and adult
mice is approximately 30% (Fig. 5B; Fig. 5D and F; P = 31% and 27%, respectively),
which is modestly lower than the estimated fraction of nonparenchymal cells in the
adult mouse liver (42, 43). This observation suggests that HBV DNA in the majority
of adult hepatocytes may be completely unmethylated, whereas it is fully methyl-
ated in the other liver-resident cells, including Kupffer, biliary epithelial, stellate,
and endothelial cells.

Examination of the distribution of 5mC plus 5hmC (determined from bisulfite
sequencing) and 5mC alone (determined from oxidative bisulfite sequencing) within
individual amplicon sequences are very similar, with either all (or almost all) or none
(or very few) of the CpG sequences being methylated (Fig. 6). However, amplicons that
were completely methylated occasionally displayed one or two 5hmC residues.
Similarly, a limited number of amplicons that possess one or two methylated CpG
sequences were solely 5hmC modified, accounting for the greater number of unmethy-
lated amplicon sequences when DNA was modified with oxidative bisulfite compared
to bisulfite treatment (Fig. 6). These results indicate that Tet-mediated oxidation of
5mC residues contributes to the active demethylation of HBV DNA. In addition, it
appears that all the methylated CpG sequences present outside the CpG island region

FIG 5 Effect of postnatal liver development on HBV DNA 5mC and 5hmC levels in HBV transgenic mice. (A to C) Percentages of CpG DNA methylation
(5mC plus 5hmC; bisulfite treatment) at each of the 11, 38, and 13 sites located within HBV nucleotide coordinates 341 to 711, 1215 to 1629, and 2264 to
2474, respectively, for the viral genome from the livers of HBV transgenic mice throughout postnatal development are shown. (A) 5mC plus 5hmC; bisulfite
treatment; (B) 5mC; oxidative bisulfite treatment; (C) 5hmC; the difference between panels A and B. The numbers of mice per group are 3 on day 0.5, 3 on
day 1.5, 3 on day 2.5, 3 on day 3.5, 4 on days 4.5 to 6.5, 5 on days 8.5 to 13.5, 3 on days 16.5 to 24.5, 3 on days 28.5 to 29.5, and 2 on days 109 to 139.
The viral transcription initiation sites for the X gene, the precore/pregenomic, the large surface antigen, and the middle/major surface antigen transcripts
plus the CpG island are located at nucleotide coordinates 1310, 1785/1821, 2809, and 3159/3178 plus 1000 to 2000, respectively. (D to F) Quantification of
5mC and 5hmC levels present in HBV DNA nucleotide coordinates 341 to 711, 1215 to 1629, and 2264 to 2474, respectively, throughout postnatal liver
development in HBV transgenic mice. One-phase decay analysis was used to estimate the changes in HBV DNA 5mC and 5hmC levels throughout postnatal
liver development in the HBV transgenic mice (P, plateau, minimal calculated percent HBV DNA methylation in adult mice; t0.5, days required to reduce
DNA methylation by half; GraphPad Prism 8.4).
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are generally demethylated in a rapid and synchronized manner to generate transcrip-
tionally active unmethylated viral genomic DNA.

Developmental reduction in DNA methyltransferase activity may contribute to
active HBV transgene DNA demethylation by FoxA-dependent, Tet-mediated
oxidation of 5mC in the liver. The pioneer transcription factor FoxA regulates HBV
biosynthesis in the liver of HBV transgenic mice by modulating viral genomic DNA
methylation during postnatal liver development (19). However, FoxA RNA levels only
increase approximately 3-fold during postnatal liver development (Fig. 1). Interestingly,
for the maintenance Dnmt1 and Uhrf1, the associated DNA methylation regulator
(44–46), RNA levels decrease dramatically throughout postnatal liver development (Fig.
7A and D) whereas the de novo Dnmt3a and Dnmt3b RNA levels also decrease but to a
much lesser extent (Fig. 7B and C). In contrast, the Tet2 and Tet3 RNA levels encoding
the major liver isoforms are largely unaffected during postnatal liver development,
whereas Tet1 RNA levels are limited at birth and decrease to very low levels by 4 weeks
of age in HBV transgenic mice (Fig. 7E to G). These observations suggest that FoxA
recruitment of Tet1, Tet2, and/or Tet3 during postnatal liver development in the con-
text of decreasing levels of Dnmt activity may represent a major factor accounting for
the progressive HBV DNA demethylation and associated increases in viral biosynthesis
observed in the HBV transgenic mouse model of chronic infection (Fig. 7H and I) (16,
17, 22, 23, 47, 48).

FIG 6 Distribution of HBV DNA 5mC and 5hmC in adult transgenic mouse liver. The CpG DNA methylation (5mC plus 5hmC, bisulfite treatment; 5mC,
oxidative bisulfite treatment) frequency distributions across the 11, 38, and 13 sites within HBV nucleotide coordinates 341 to 711, 1215 to 1629, and 2264
to 2474, respectively, for the viral genome from the livers of a male (A to C) and female (D to F) adult HBV transgenic mouse is shown.
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FIG 7 Developmental expression of DNA methyltransferase and ten-eleven translocation methylcytosine dioxygenase transcript levels in livers of HBV
transgenic mice. Quantitative analysis of the liver Dnmt1 (A), Dnmt3a (B), Dnmt3b (C), Uhrf1 (D), Tet1 (E), Tet2 (F), and Tet3 (G) transcripts by NanoString
gene expression analysis in the HBV transgenic mice. One-phase decay analysis was used to estimate the changes in gene expression throughout postnatal
liver development in the HBV transgenic mice (GraphPad Prism 8.4). (H) Stacked column chart indicating the relative abundances of FoxA1, FoxA2, FoxA3,
Dnmt1, Dnmt3a, Dnmt3b, Uhrf1, Tet1, Tet2, and Tet3 in neonatal (postnatal day 0.5) and adult (postnatal day 28.5) HBV transgenic mice (Fig. 1 and 7). (I)
Model for the developmental regulation of HBV DNA methylation and transcription. In the neonatal (P0.5) wild-type HBV transgenic mice, the HBV

(Continued on next page)
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DISCUSSION

The majority of HBV infections worldwide result from vertical transmission between
chronic carrier mothers and their children due to the transfer of maternal blood to the
neonate at birth (49, 50). Interestingly in the HBV transgenic mouse model of chronic
viral infection, viral biosynthesis does not occur in the liver of neonates but progres-
sively increases throughout postnatal maturation (38, 51). Increases in HBV replication
parallel the changes in viral transcription, which reflects, in part, the increases in liver-
enriched transcription factor abundances associated with hepatocyte terminal differen-
tiation (52). However, an additional layer of regulation mediated by FoxA-dependent
demethylation of viral DNA is a critical determinant of HBV gene expression and bio-
synthesis (19). Interestingly, HBV DNA is always hypomethylated across the CpG island
region spanning the enhancer I/X gene and the enhancer II/core promoters (nucleotide
coordinates 1000 to 2000; Fig. 4A and Fig. 5A to C), suggesting hypermethylation
across the rest of the genome leads to a chromatin structure, possibly heterochroma-
tin, preventing the transcriptional machinery from accessing the viral genome. FoxA is
a pioneer transcription factor capable of binding to nucleosomal DNA, responsible for
marking genes for subsequent tissue-specific gene expression, and is critical for the ini-
tiation of liver development (12, 53). In the specific case of HBV transgenic DNA, viral
DNA is transcriptionally inactivated and extensively methylated in neonatal liver but
essentially completely devoid of methylated CpG sequences in hepatocytes, support-
ing active transcription and replication in adult mice (19). The developmental deme-
thylation of HBV DNA is dependent upon FoxA expression (19). However, the develop-
mental timing and molecular determinants of HBV DNA demethylation are unknown.

As FoxA deficiency prevents the developmental demethylation of HBV DNA and vi-
ral biosynthesis in hepatocytes (19), it was critical to examine FoxA expression through-
out postnatal liver development (Fig. 1). FoxA1, FoxA2, and FoxA3 transcript levels
increase modestly throughout liver development, although the kinetics appear to be
somewhat different. FoxA3 transcripts appear to represent the most abundantly
expressed isoform, increasing approximately 3-fold during the first week of postnatal
liver development (Fig. 1C). These observations are similar to those previously reported
for the postnatal expression of FoxA proteins in mouse liver (33). It is unclear if the lim-
ited changes in FoxA transcription and protein levels could be responsible for the
observed changes in developmental demethylation of HBV DNA with corresponding
increases in viral biosynthesis (Fig. 2 and 5). Liver-specific developmental analysis of
HBV RNA and DNA synthesis plus associated loss of viral DNA methylation at CpG
sequences suggested that these processes occur with similar kinetics (Fig. 2 and 5),
with approximately half the maximal effects being observed within the range of 1 to 2
weeks. Given the postnatal growth rate of mice and the associated increasing liver
size, HBV DNA demethylation could be mediated solely by inhibition of Dnmt1 activity
acting upon hemi-methylated DNA generated as a consequence of hepatocyte prolif-
eration (54). Consistent with this possibility is the observation that HBV DNA demethy-
lation is progressive, producing either completely (or almost completely) demethylated
viral genomes which could result from cellular DNA replication in the absence of sub-
sequent maintenance methylation of the generated hemi-methylated DNA. However,
the developmental analysis of 5hmC residues within HBV DNA demonstrated that oxi-
dation of 5mC residues by Tet increases throughout postnatal hepatocyte differentia-
tion (Fig. 5). These findings suggest that Tet-mediated oxidation of 5mC to 5hmC

FIG 7 Legend (Continued)
transgene DNA is maintained in an extensively methylated state by Dnmt1 and Uhrf1 with possible additional contributions from Dnmt3a and Dnmt3b.
FoxA is expressed at birth and marks the HBV genome for later developmental expression upon recruitment of additional epigenetic-modifying activities
and transcription factors to the viral promoters. During postnatal development, FoxA expression levels increase modestly while Dnmt levels rapidly decline,
permitting the recruitment of additional transcriptional factors to the viral enhancer and promoter sequences. FoxA alone, or in combination with the
additional transcription factors, leads to Tet recruitment and the oxidative conversion of 5mC to 5hmC. The conversion of 5mC to 5hmC, in combination
with declining Dnmt activity, in the presence of hepatocyte proliferation leads to both active and passive demethylation of HBV DNA throughout postnatal
liver development. In adult HBV transgenic mice, viral DNA is maintained in an unmethylation state due to the balance between Tet-mediated
demethylation and Dnmt-dependent methylation.
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either prevents the maintenance methylation of hemi-methylated HBV DNA post-cellu-
lar DNA replication or supports the active demethylation of 5hmC modified HBV DNA
by base-excision repair (BER) (41, 55, 56). If BER is involved, it must remove tracks of
5hmC extending across the whole HBV genome to account for the observed all-or-
none distribution of 5mC and 5hmC residues seen in the hepatocytes of the postnatal
livers (Fig. 4 and 6). The observation that Dnmt1 and Uhrf1 transcript abundances
decline rapidly, whereas Tet RNAs, particularly the more abundant liver Tet2 and Tet3
isoforms, are quite stable suggests that the relative contribution of the opposing DNA-
methylating and -demethylating activities might determine the overall degree of HBV
DNA methylation throughout postnatal hepatocyte development (Fig. 7).

Overall, it appears that changes in the relative abundances of factors involved in
controlling gene-specific DNA methylation contribute to the developmental timing of
HBV transcription and likely also contribute to the differential activation of gene
expression responsible for hepatocyte differentiation and liver development (23).
Specifically, it suggests that increasing levels of FoxA binding activity associated with
enhanced expression levels (Fig. 1) mediate the progressive postnatal recruitment of
Tet1, Tet2, and/or Tet3, either directly or indirectly, to the HBV enhancer and promoter
sequences. HBV DNA in the liver of neonatal transgenic mice is essentially completely
methylated and transcriptionally silent (Fig. 2 and 4) (19). However, within 1 to 2 days,
HBV RNA and DNA synthesis are apparent in the liver (Fig. 2 and 3). Viral biosynthesis
is associated with HBV DNA demethylation and an increasing abundance of 5hmC resi-
dues within viral CpG sequences (Fig. 4 and 5). The presence of 5hmC indicates that
Tet1, Tet2, and/or Tet3 are actively oxidizing viral 5mC, leading to HBV DNA demethy-
lation. In the context of decreasing maintenance of Dnmt activity, reflected as reduced
Dnmt1 and Uhrf1 RNA levels throughout liver postnatal development (Fig. 7), HBV
DNA is demethylated in the majority of hepatocytes (Fig. 5), which leads to robust HBV
biosynthesis within the liver of adult HBV transgenic mice (Fig. 3).

HBV nuclear covalently closed circular DNA (HBV cccDNA), the molecular replication
intermediate, which serves as the template for viral transcription, is resistant to current
treatments (57). This prevents the resolution of chronic HBV infections which afflict
over 250 million individuals worldwide and are responsible for approximately 600,000
deaths annually (58, 59). The current observations suggest that modulating the bal-
ance between HBV DNA methylation and demethylation by therapeutically targeting
activities involved in these processes may represent an approach to inactivating HBV
cccDNA, blocking viral transcription, and thus resolving chronic HBV infection.

MATERIALS ANDMETHODS
Transgenic mice. The production and characterization of the HBV transgenic mouse lineage 1.3.32

have been described (51). These HBV transgenic mice contain a single copy of the terminally redundant,
1.3-genome-length copy of the HBVayw genome integrated into the mouse chromosomal DNA. High
levels of HBV replication occur in the livers of adult mice. The mice used were heterozygous for the HBV
transgene and were maintained on the SV129 genetic background (60). HBV transgenic mice were fed
normal rodent chow, and water was available ad libitum. Mice were sacrificed after the indicated number
of days of postnatal development. Liver tissue was frozen in liquid nitrogen and stored at 270°C prior to
DNA and RNA extraction. All animal experiments were Institutional Animal Care and Use Committee
(IACUC) approved and performed according to institutional guidelines with the University of Illinois at
Chicago (UIC) Institutional Biosafety and Animal Care Committee approval (ACC number 19-190). All ani-
mal procedures were performed in the College of Medicine Research Building at the UIC and adhere to
the policies of the NIH Office of Laboratory Animal Welfare (OLAW), the standards of the Animal Welfare
Act, the Public Health Service Policy, and the Guide for the Care and Use of Laboratory Animals.

HBV DNA and RNA analysis. Total DNA and RNA were isolated from liver of HBV transgenic mice as
described (61, 62). Protein-free DNA was isolated in an identical manner to the total DNA except the pro-
teinase K digestion was omitted (36). DNA (Southern) filter hybridization analyses were performed using
20mg of HindIII-digested DNA (62). Filters were probed with 32P-labeled HBVayw genomic DNA (63) to
detect HBV sequences. RNA (Northern) filter hybridization analyses were performed using 10mg of total
cellular RNA as described (62). Filters were probed with 32P-labeled HBVayw genomic DNA to detect HBV
sequences and mouse glyceraldehyde-3-phosphate dehydrogenase (Gapdh) cDNA to detect the Gapdh
transcript used as an internal control (64). Filter hybridization analyses were quantified by phosphori-
maging using a Molecular Dynamics Typhoon 8600 phosphor imager system.

NanoString nCounter gene expression transcript counting was used to quantify the levels of FoxA1,
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FoxA2, FoxA3, FoxO1, Gapdh, Dnmt1, Dnmt3a, Dnmt3b, Uhrf1, Tet1, Tet2, and Tet3 and HBV 3.5-kb and
total HBV 3.5-kb plus 2.1-kb transcript levels in 50 ng mouse liver RNA using a specifically designed code
set. Data were quality controlled and normalized using the nSolver Analysis software 4.0 (NanoString
Technologies). RNA expression levels throughout postnatal liver development were normalized to
mouse Cnot1, Rps29, Slc9a8, Mrps5, and Scarb1 RNA controls.

Serum HBV antigen. HBeAg analysis was performed using 2ml of mouse serum and the HBe
enzyme-linked immunosorbent assay as described by the manufacturer (Epitope Diagnostics). The level
of antigen was determined in the linear range of the assay.

DNA methylation analysis. Bisulfite (BS-seq; identifies 5mC plus 5hmC) and oxidative-bisulfite
sequencing (oxBS-seq; identifies 5mC) of protein-free genomic DNA for methylation analysis was per-
formed using the EZ DNA Methylation-Lightning kit (catalog no. D5030; Zymo Research, Inc., Irvine,
CA, USA) and TrueMethyl oxBS module kit (catalog no. 0414-32; NuGen Technologies, Inc., Redwood
City, CA, USA), respectively, according to the manufacturer’s instructions (65, 66). The 99 CpG sequen-
ces in the HBV DNA genome were targeted using PCR amplification of the bisulfite- and oxidative
bisulfite-treated DNA, followed by sequencing of the amplicons on an Illumina MiSeq instrument.
Preparation of DNA for high-throughput amplicon sequencing was performed in two PCR steps as
described previously (19). Twelve HBV primer pairs targeting 94 of the 99 CpG sites were used. The
primer pairs targeting the bisulfite converted HBV DNA were (i) 59-ACACTGACGACATGGTTCTACACA
ATACCTAAACCTTTACCC-39 (oligonucleotide CS1FP1; HBV nucleotide coordinates 1131 to 1150) and
59-TACGGTAGCAGAGACTTGGTCTGTTTTAGTTAGTGGGGGT-39 (oligonucleotide CS2RP1; HBV coordi-
nates 1214 to 1197), (ii) 59-ACACTGACGACATGGTTCTACACAAACTTTCACTTTCTC-39 (oligonucleotide
CS1FP1a; HBV coordinates 1086 to 1102) and 59-TACGGTAGCAGAGACTTGGTCTGTTGATGGTTTATGAT
TAA (oligonucleotide CS2RP1a; HBV coordinates 1233 to 1215), (iii) 59-ACACTGACGACATGGTTCTACA
CCCCCACTAACTAAAAC-39 (oligonucleotide CS1FP2; HBV nucleotide coordinates 1198 to 1214) and
59- TACGGTAGCAGAGACTTGGTCTGGGTAATATTTGGTGG-39 (oligonucleotide CS2RP2; HBV nucleotide
coordinates 1645 to 1630), (iv) 59-ACACTGACGACATGGTTCTACATTAAACTCTCAACAATATCA-39 (oligo-
nucleotide CS1FP3; HBV nucleotide coordinates 1668 to 1687) and 59-TACGGTAGCAGAGACTTGGTCTA
AGTTATTTAAGGTATAGTTTG-39 (oligonucleotide CS2RP3; HBV nucleotide coordinates 1896 to 1875),
(v) 59-ACACTGACGACATGGTTCTACAGTGGTTTTGGGGTATGG-39 (oligonucleotide CS1FP4; HBV nucleo-
tide coordinates 1890 to 1906) and 59- TACGGTAGCAGAGACTTGGTCTCAAATTAACACCCACCC-39 (oligonu-
cleotide CS2RP4; HBV nucleotide coordinates 2130 to 2114), (vi) 59-ACACTGACGACATGGTTCTACAA
GTTATAGAGTATTTGGTGT-39 (oligonucleotide CS1FP5a; HBV nucleotide coordinates 2244 to 2263) and
59-TACGGTAGCAGAGACTTGGTCTCCCAATAAAATTCCCCA-39 (oligonucleotide CS2RP5a; HBV nucleotide
coordinates 2491 to 2475), (vii) 59- ACACTGACGACATGGTTCTACAGATTGTAATTGATTATGTTTG -39 (oligonu-
cleotide CS1FP6; HBV nucleotide coordinates 2625 to 2645) and 59- TACGGTAGCAGAGACTTGGTCTC
CATACTATAAATCTTATTCCC-39 (oligonucleotide CS2RP6; HBV nucleotide coordinates 2832 to 2853), (viii)
59-ACACTGACGACATGGTTCTACAGGGAATAAGATTTATAGTATGG (oligonucleotideCS1FP7; HBV nucleotide
coordinates 2832 to 2853) and 59-TACGGTAGCAGAGACTTGGTCTTAAACCTAAAAACTCCACC-39 (oligonu-
cleotide CS2RP7; HBV nucleotide coordinates 3061 to 3043, (ix) 59-ACACTGACGACATGGTTCTACAAATCA
AAAAAACAACCTACC-39 (oligonucleotide CS1FP8; HBV nucleotide coordinates 3115 to 3134) and 59-
TACGGTAGCAGAGACTTGGTCTGTGAGTGATTGGAGGT-39 (oligonucleotide CS2RP8; HBV nucleotide coordi-
nates 340 to 325), (x) 59-ACACTGACGACATGGTTCTACAACCTCCAATCACTCAC-39 (oligonucleotide CS1FP9;
HBV nucleotide coordinates 325 to 340) and 59-TACGGTAGCAGAGACTTGGTCTGTTAAATAGTGGGGGAAAG-
39 (oligonucleotide CS2RP9; HBV nucleotide coordinates 730 to 712), (xi) 59-ACACTGACGACATGGTTCTACA
GGATGATGTGGTATTGG-39 (oligonucleotide CS1FP10; HBV nucleotide coordinates 743 to 759) and 59-
TACGGTAGCAGAGACTTGGTCTCAAAACCCAAAAAACCCAC-39 (oligonucleotide CS2RP10; HBV nucleotide
coordinates 1020 to 1002), and (xii) 59-ACACTGACGACATGGTTCTACATTGATGTTTTTGTATGTA-39 (oligonu-
cleotide CS1FP11; HBV nucleotide coordinates 1053 to 1070) and 59-TACGGTAGCAGAGACTTGGTCTAT
AACCAAACCCCAACC-39 (oligonucleotide CS2RP11; HBV nucleotide coordinates 1222 to 1206). These pri-
mers contained linker sequences (underlined) at the 59 ends of the oligonucleotides, termed common
sequences (CS1 and CS2). These PCRs were performed using ZymoTaq PreMix according to the manufac-
turer’s instructions (Zymo Research). PCR amplification involved 10min denaturation at 95°C, followed
by 40 cycles of 95°C for 30 s, 50°C for 40 s (ramp rate of 95 to 50 was set to 0.3 C/s), and 72°C for 60 s.
Finally, a 7-min incubation at 72°C was performed. The HBV amplicons were subsequently subjected to a
second-stage PCR (MyTaq HS mix, 2 times; Bioline USA Inc., Taunton, MA, USA), used to incorporate unique
barcodes and sequencing adapters. The PCR primers used were 59-AATGATACGGCGACCACCGAGATC
TACACTGACGACATGGTTCTACA-39 (oligonucleotide PE1CS1) and 59-CAAGCAGAAGACGGCATACGAGAT
NNNNNNNNNNTACGGTAGCAGAGACTTGGTCT-39 (oligonucleotide PE2BCCS2). The 10-base sample-spe-
cific barcodes are indicated with bold Ns and represent barcode sequences from a set of 384 unique
primer pairs (Fluidigm Access Array barcode library for Illumina sequencers). PCR amplification involved
5 min denaturation at 95°C, followed by 8 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. Finally, a
7-min incubation at 72°C was performed. The resulting final PCR products (libraries) contain Illumina
sequencing adapters and a sample-specific barcode.

Pooled libraries were sequenced using an Illumina MiSeq instrument, and data were analyzed
using the Casava 1.8 pipeline. Sequencing was performed using MiSeq V3 chemistry, with paired-end
2� 300 base reads, employing Access Array custom sequencing primers. Raw paired-end sequence
data were merged without trimming using the software package PEAR (67). Merged reads were
mapped to the HBV reference DNA sequence (63) using Bismark (68) in nondirectional mode to
account for amplicon design targeting both strands. Methylation status per read was obtained with
the Bismark_methylation_extractor. The percent methylation levels plus counts of methylated and
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unmethylated bases were then summarized per CpG. In addition, the methylation status of each read
was assessed individually by counting the number of methylated CpG sites observed within that read.
The distribution of methylation levels per read allows for the characterization of the cellular heteroge-
neity in the methylation status at each amplicon.

Data availability. Data for this study, both demultiplexed raw FASTQ files and methylation statistics
per read, are accessible on the Gene Expression Omnibus (GEO) under GEO IDs GSE89832 and
GSE157451.
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