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Abstract 

 

Background & Aims: The Hepatitis B Virus (HBV) is carried in many non-liver cell types but 

does not actively replicate in them. We investigated the possibility that these cells possess 

HBVCP transcription inhibitory mechanisms specifically absent in liver cells, which together 

with other liver-specific mechanisms such as NTCP-mediated entry, enable liver cells to 

effectively produce HBV. 

 

Methods: Liver and non-liver cell lines were screened for their capacity to activate the HBVCP 

and synthesize pgRNA. Transcription regulators differentially expressed between cells with 

active or inactive HBVCP was determined by human transcriptome array. Slug and Sox7 

transcription repressors were identified and shown to bind specifically to the HBVCP by EMSA, 

and the resultant inhibitory effect on HBVCP transcription validated using luciferase reporter 

and assays for pgRNA, HBcAg and cccDNA accumulation in HBV replicon and HBV infection 

models. As further confirmation of their specific activity, short peptide mimetics generated from 

Slug zinc-finger domains and Sox7 HMG-box were generated and affirmed for HBVCP 

transcription inhibitory function.  

 

Results: The HBVCP was found to be active in liver and selected non-liver cells. These cells 

have low/negligible expression of Slug (Snail 2) and Sox7, which inhibit HBVCP transcription 

specifically by binding at the pgRNA initiator site and competitively displacing 

HNF4respectivelyOverexpression of Slug and/or Sox7 specifically reduced HBVCP 

transcription, significantly diminishing pgRNA synthesis, HBcAg  and cccDNA accumulation in 
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HBV-infected primary human hepatocytes. Similar results were obtained with Slug and Sox7 

stapled peptides individually, which was even more potent in combination.  

 

Conclusions: Slug and Sox7 are transcription repressors that bind specifically to the HBVCP. 

Their absence in liver cells contributes to the favourable host environment for the active and 

efficient production of HBV. 

 

Lay Summary: HBV replication occurs efficiently in human liver due to the specificity of viral 

uptake receptors and presence of numerous liver-enriched transcription activators. Here we show 

that the specific lack of transcription inhibitory mechanisms in liver cells also contribute to 

effective HBV production. HBV replication is kept low in non-liver cells as transcription 

repressors Slug and Sox7 actively bind to the transcription initiator and displace transcription 

activators respectively within the HBV core promoter. 

 

Highlights:  

 The HBV core promoter (HBVCP) is transcriptionally active in liver as well as selected non-

liver cell types 

 Slug and Sox7 bind specifically to the HBVCP to suppress viral transcription 

 Human hepatocytes possess an intracellular milieu that lack Slug and Sox7 repression along 

with HNF4 activation that act together to favour efficient HBV transcription. 
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Introduction 

 

Hepatitis B virus (HBV) affects 240 million chronic carriers globally and is linked to 

~800,000 deaths annually from complications including cirrhosis and liver cancer [1]. 

Hepatocytes are the primary site for HBV replication, as viral entry is facilitated by sodium 

taurocholate cotransporting polypeptide (NTCP) [2]. However, the efficiency of NTCP-mediated 

viral entry into cells has been shown to be highly variable, even after artificial overexpression 

[3]. Interestingly non-liver cells engineered to express NTCP cannot support HBV infection and 

subsequent replication [4]. Conversely, despite the lack of NTCP expression, HBV antigens and 

DNA have been detected in a variety of non-liver tissues including the gastric mucosa [5], 

peripheral blood mononuclear cells [6] and kidney [7,8]. This suggests that non-receptor 

mediated viral entry is permissible as recent studies using hepatitis C virus (HCV) showed viral 

transmission can occur through exosomes [9,10]. Hence, a fundamental question remains 

unexplained in HBV biology, which is following NTCP-facilitated entry, what are the additional 

post-entry factors and mechanisms that are required for efficient HBV transcription? 

HBV is entirely dependent on host transcription factors for replication at the HBV core 

promoter [11,12] (HBVCP, nt1600-1860) after infection and establishment of nuclear covalently 

closed circular DNA (cccDNA) from relaxed circular DNA (rcDNA) carried by infectious 

particles. The HBVCP is composed of an upstream regulatory region (URR) and the basal core 

promoter (BCP) where cis-acting elements for a number of non-tissue specific transcription 

factors such as Sp1 [13] and PARP1 [14] bind. The enhancer II element spans the URR and the 

5’ half of BCP to greatly enhance pre-genomic RNA (pgRNA) synthesis when bound by liver 

enriched factors such as HNF4[15]. Since these host factors are widely expressed in a variety 
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of tissues, they cannot account for liver-specific HBV replication. Moreover, HBV is detectable 

in a variety of cells but does not actively replicate in all of them. Therefore, besides the presence 

of host factors favourable for establishing infection and activating HBVCP, we hypothesized that 

that a complementary inhibitory mechanism may play a role in regulating transcription. The 

absence of HBVCP transcription blockade would enable pgRNA synthesis from cccDNA, hence 

the expression of core particle components viral Pol/RT and capsid protein hepatitis B core 

antigen (HBcAg). Extended periods of large amounts of pgRNA synthesis would also enable de 

novo cccDNA synthesis from core particle recycling [16, 17], establishing viral persistence.  

 

Materials and methods 

 

Cells and culture conditions 

HepG2, HuH7, PLC/PRF/5, Hep3B, AGS, A549, PC-3, Saos-2 and FS-4 were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS). Caco-2 was grown in Eagle’s minimum essential medium (EMEM) supplemented with 

20% FBS, while T24, 5637, and COLO316 were grown in RPMI-1640 supplemented with 10% 

FBS. Kato III was maintained in DMEM supplemented with 20% FBS. These authenticated and 

mycoplasma-free human cell lines were obtained from ATCC and JCRB, and aliquots were 

made from the master vial. A fresh aliquot was thawed and used for each experiment, and unused 

cells were discarded. Cryopreserved PHH (Lot# HUM4122A, HUM41055A, HUM4106) from 

Caucasian and Asian adult males or females (age 33-45) were purchased from Triangle Research 

Labs (Research Triangle Park, N.C.) and maintained as recommended. All cells were grown at 

37
o
C in a humidified incubator containing 5% CO2.  
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Reagents 

Primary antibodies used in this study are as follows: HBcAg rabbit polyclonal antibody (Dako), 

HNF47-9 mouse monoclonal antibody clone H6939 (R & D Systems), HNF41-3 mouse 

monoclonal antibody clone K9218 (R & D Systems), Slug mouse monoclonal antibody clone A-

7 (Santa Cruz Biotechnology), Sox7 goat polyclonal antibody (R & D Systems), NTCP rabbit 

polyclonal antibody (Santa Cruz Biotechnology), lamin A/C goat polyclonal antibody (Santa 

Cruz Biotechnology), -actin mouse monoclonal antibody (Santa Cruz Biotechnology), 

nucleoporin p62 rabbit polyclonal antibody (Santa Cruz Biotechnology), albumin mouse 

monoclonal antibody clone AL-01 (Santa Cruz Biotechnology), transferrin mouse monoclonal 

antibody clone D-9 (Santa Cruz Biotechnology). HRP-conjugated secondary antibodies were 

purchased from Dako. Fluorophore conjugated antibodies (Alexa Fluor
®

 488 and Alexa Fluor
®

 

546) for immunofluorescence staining was obtained from Life Technologies.  

Primer sequences for detecting full-length Slug, Sox7, pgRNA, as well as for quantitative 

real-time PCR of cccDNA, rcDNA and pcDNA3.1+ vector for HBV replicon are as follows: 

pgRNA F: ACACCGCCTCAGCTCTGTATCGAG R: 

TTCTTTATAAGGGTCAATGTCCATGCCCC); SNAI2 (F: CGATGCTGTAGGGACCGC, R: 

TGGTCAGCACAGGAGAAAATGC); SOX7 (F: TATGCTAGCATGGCTTCGCTGCTGG, R: 

TAATCTAGACTATGACACACTGTAGCTGTTGTAG).  

qPCR primer sequences are: HBV rcDNA (F: TTCTTTCCCGATCATCAGTTGGACCC, R: 

TCCTACCTGGTTGGCTGCTGGC); HBV cccDNA (F: GCACCTCTCTTTACGCGGTCTCC, 

R: TGAAGCGAAGTGCACACGGACCG);  pcDNA3.1+ vector (F: 

TGGATAGCGGTTTGACTCACGGGG, R: ATTTGCGTCAATGGGGCGGAGTTG)  



 

7 

 

RNA was extracted using the Nucleospin RNA kit (Machery Nagel), and 100ng RNA 

was used for first strand cDNA synthesis using the AccuScript High Fidelity 1
st
 Strand cDNA 

Synthesis Kit (Stratagene) according to manufacturer’s instructions. 

 

HBVCP reporters, HBV replicon and overexpression constructs 

The HBV replicon and HBVCP-Luc constructs were generated as described [14]. The HBV 

replicon was cloned from 1.1x of HBV genotype A (nt 1535-1937) and inserted via MfeI and 

MluI restriction sites upstream of the CMV promoter.  Thus, pgRNA synthesis is dependent only 

on active HBVCP (nt 1600-1860) transcription, and full-length pgRNA generated terminates at 

the HBV poly-A signal after initial read-through transcription. HBV synthesis was affirmed to be 

independent of the CMV promoter because HBV products were absent despite CMV promoter 

activity in cells with inactive HBVCP (Fig. 1A-B, Supplementary Fig. 1B-E).   

HBVCP-Luc was generated by insertion of HBVCP genotype A (nt 1600-1860) into the 

PGL3 Basic (Promega) plasmid through KpnI and HindIII restriction sites. HBVCP-GFP was 

generated by swapping the coding sequence of luciferase in HBVCP-Luc with the coding 

sequence of green fluorescent protein (GFP) from pTurboGFP-C plasmid (Evrogen).  

HNF4 overexpression constructs for each isoform were generated by insertion of 

amplification products from 2-step PCR (polymerase chain reaction) outlined in Supplementary 

Table 1 into pIVEX2.5d vector through NotI and XmaI sites and sub-cloned into pcDNA3.1+ 

using NotI and XbaI restriction sites. cDNA from HepG2 was used as template to generate the 

HNF4 amplicons. Overexpression constructs for human Slug, Sox7 and NTCP were obtained 

from Origene. Plasmids carrying mutations in HBVCP-Luc were generated by site-directed 

mutagenesis using the QuickChange II Site-Directed Mutagenesis kit (Agilent Technologies). 
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HTA 2.0 

Total RNA was extracted from cells 30 hours after seeding in 10cm dishes till 50% confluence. 

Only good quality RNA with RIN value >9.80 was used. Processed cRNA from the cell lines 

was hybridized to the Affymetrix Human Transcriptome Array 2.0 according to manufacturer’s 

protocols. The Affymetrix
®

 Expression Console™ Software (version 1.3.1.187) was used to 

normalize the data for both gene level and exon level analysis in log2 scale. Only protein coding 

genes were considered for evaluation. The global gene expression profiles were assessed using 

principal component analysis (PCA). The resultant principle components were used as input to 

determine sample clustering topology by k-means. Differential expression analysis was 

performed using the Limma package [18] and the p-values were adjusted for multiple testing 

with Benjamini and Hochberg. Only genes with adjusted p-value <0.05 and |log2(fold-change)| > 

0.5 were identified as differentially expressed. All the above statistical analysis was implemented 

using R version 3.1.1. Differentially expressed genes were subjected to gene ontology annotation 

analysis using PANTHER classification system (version 10.0) [19]. The microarray data is 

available at Gene Expression Omnibus under the accession number GSE72779. 

 

HBV assays 

For pgRNA assay and immunofluorescence staining for HBcAg, cells were seeded in 24-well 

plates at 1.5 x 10
5
 cells per well and transfected with 800ng HBV replicon, 1.1l Lipofectamine

®
 

2000 (ThermoFisher Scientific) in 100l OPTI-MEM. Overexpression constructs were added 

when indicated at 50ng per well per construct. Silencer
®

 Select Validated siRNA specific for 

Slug, Sox7 and negative control siRNA were purchased from ThermoFisher Scientific and co-

transfected at 10nM concentration unless stated otherwise. Transfected cells were analyzed 48-
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72 hours post-transfection. Full-length pgRNA was amplified with reagents from Expand
TM

 

Long Template PCR System (Sigma Aldrich). HBcAg immunofluorescence staining was 

performed after 20 minute fixation using 4% paraformaldehyde, antigen extraction with 0.1% 

TritonX-100 in PBS for 10 minutes, blocking at 4
o
C overnight with blocking buffer (1% bovine 

serum albumin in PBS). Primary antibodies were added at 1:100 dilution in blocking buffer for 2 

hours at room temperature, washed thrice with PBS and incubated with 1:1000 secondary 

antibodies for 1 hour. DAPI was used to stain nuclei.  

Infectious HBV was harvested from replicon-transfected HepG2 in 10cm dishes every 3 

days from day 6-30. The harvested culture medium was cleared through a 40m cell strainer 

followed by centrifugation at 2000rpm. HBV was precipitated with 10% PEG8000, concentrated 

50-fold in OPTI-MEM and frozen in -80
o
C prior to use. HBV copy number was determined by 

quantitative real-time PCR for rcDNA copies. NTCP was overexpressed in cell lines seeded at 

1.5 x 10
5
 cells per well in 24-well plates 48 hours prior to infection by transfection with 1g 

NTCP overexpression plasmid, and HBV inoculated for 24 hours at 1300 multiplicities of 

genome equivalents (m.g.e). PHH were seeded at 4 x 10
5
 cells per well in collagen I coated 24-

well plates as recommended, transfected with Slug or Sox7 overexpression constructs with 1g 

plasmids using 5.6l Lipofectamine
® 

2000 in 100l OPTI-MEM 48 hours prior to HBV 

infection, and infected at 500m.g.e. Infection was performed for cell lines and PHH using 20% 

inoculum in infection media containing 4% PEG8000, 5g/ml insulin (Sigma-aldrich), 50M 

hydrocortisone and 0.5% DMSO. Infected cells were then washed extensively for further 

cultivation using medium supplemented with 5g/ml insulin, 50M hydrocortisone and 0.5% 

DMSO.  
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cccDNA was harvested 96 hours post-infection or post-transfection using the Nucleospin 

Tissue kit (Machery Nagel). cccDNA fold-change in replicon-transfected cells was determined 

by normalization with relative amount of transfected replicons using primers specific for 

detecting pcDNA3.1+ vector.  

 

HBVCP activity assays 

Luciferase reporter assay for HBVCP transcription activity was performed as described [14] and 

recommended (Promega). Cells at a density of 3 x 10
4
 cell per well were transfected with 160ng 

wild-type or mutant HBVCP-Luc constructs into 96-well black clear bottom plates with 0.22l 

Lipofectamine
®

 2000. Additional overexpression constructs were co-transfected at 10ng per well 

per construct, and siRNA at 10nM unless indicated otherwise. Cells were lysed and 

luminescence determined 30 hours post-transfection for experiments with HBVCP-Luc alone, 

and at 48 hours after transfection for experiments with overexpression or knockdown. 

HBVCP transcription activity was also assessed using the HBVCP-GFP construct and 

analyzed by flow cytometry. Cells were transfected with 1.6g HBVCP-GFP alone or together 

with 100ng over-expression constructs using 2.2l Lipofectamine
®

 2000 into 12-well plates, and 

harvested 48 hours post-transfection. Cells were washed twice in PBS, re-suspended in staining 

buffer (2% FBS, 10mM EDTA in PBS), passed through 40m cell strainer prior to flow 

cytometry. Data was acquired using BD FACSCanto II (BD Biosciences) and analyzed using 

Flowjo v10. 
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EMSA 

EMSA was performed in 20l reactions as recommended using the LightShift
TM

 

Chemiluminescent EMSA kit. Nuclear lysates were obtained using NE-PER
TM

 Nuclear and 

Cytoplasmic Extraction Reagents (ThermoFisher Scientific) as instructed from 4.5 x 10
6
 cells 

transfected with empty vector or overexpression constructs using 30g plasmids, 33l 

Lipofectamine
®

 2000 in 10cm dishes 48 hours after transfection. EMSA was performed with 

with 0.5ng biotinylated probes, 2g nuclear lysates in the presence of 1-2g poly-dIdC. DNA-

protein complexes were allowed to form at 37
o
C for 45 minutes, and electrophoresis performed 

on 5% gels with TBE buffer system. 

 

Stapled peptides 

Multiple sequence alignments were performed using Clustal Omega to identify conserved DNA-

binding domains and residues between Slug, its orthologues and human Snail and Smuc, as well 

as between Sox7, its orthologues and human Sox17 and Sox18. Relative positions of -helices 

within the C2H2 zinc finger domains of Slug were predicted using CFSSP (Chou & Fasman 

Secondary Structure Prediction Server) [20,21] and JPred4 [22] to identify DNA binding 

residues at positions -1, +2, +3 and +6 of each -helix. Helical wheel diagrams were drawn with 

HeliQuest [23] to determine DNA-binding surfaces so that hydrocarbon staples may be 

positioned with low probability of disrupting peptide-DNA interaction. Peptides (GeneScript) 

were synthesized at >95% purity, dissolved in DMSO and incubated with cells at final 

concentration of 10M in 0.2% DMSO 24 hours post-transfection or post-infection. WST-1 

assay (Sigma-Aldrich) for cell proliferation was performed as recommended. 
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Statistical analysis. Data are expressed as means ± s.e.m. and unpaired Student’s T-test or one-

way ANOVA was performed whenever appropriate. P<0.05 was considered significant. 

 

 

Results 

 

HBVCP is transcriptionally active in selected non-liver cells 

To investigate the possibility that liver cells lack HBVCP inactivating mechanisms present in 

non-liver cells, we tested an extensive panel of liver and non-liver cells (n=14) with the HBVCP-

GFP reporter construct (Fig. 1A). Hepatocyte-derived cell lines were confirmed by albumin 

and/or transferrin production while non-hepatic cell lines were negative for both (Supplementary 

Fig. 1A). HBVCP-driven GFP was expressed in liver cell lines HepG2, HuH7, PLC/PRF/5 and 

Hep3B but surprisingly several non-liver cell lines from the colon (Caco-2), stomach (Kato III, 

AGS) and lung (A549) were also GFP-positive. HBVCP was transcriptionally silenced in 

bladder (T24, 5637), prostate (PC-3), bone (Saos-2), skin (FS-4) and ovary (COLO316) cell lines 

in a specific manner as these cells were capable of expressing GFP when under control by the 

CMV promoter (Supplementary Fig. 1B). As pgRNA synthesis is controlled at the HBVCP, its 

specific activity was affirmed with a whole-virus replicon (Supplementary Fig. 1C), such that 

HBVCP-dependent pgRNA (Fig. 1B), and hepatitis B core antigen (HBcAg) (Supplementary 

Fig. 1D) were exclusively expressed in liver, colon, stomach and lung cell lines; cells expressing 

pgRNA also secreted surface antigen (HBs) (Supplementary Fig. 1E). These results concur with 

the HBVCP-GFP data, as pgRNA expression correlates well (R
2
=0.9552) with HBVCP 

transcription activity (Supplementary Fig. 1F). NTCP expression alone could not nudge non-
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liver cells with inactive HBVCP towards supporting HBV replication. When NTCP was first 

overexpressed followed by HBV infection in HepG2 liver cells and several non-liver cells 

(Caco-2, 5637 and COLO316) (Supplementary Fig. 1G), post-infection cccDNA could be 

detected in all cells but the levels were surprisingly different by several orders of magnitude (Fig. 

1C). Besides lacking host factors necessary for HBV replication, the possibility that an as yet 

unknown powerful inhibitory mechanism is preventing synthesis of new viral genomic material 

in non-liver cells, which is lacking in liver cells, cannot be eliminated. When taken together, 

these results demonstrate that selected non-liver cells may share similar host cellular milieu as 

liver cells in supporting HBVCP transcription whereas other non-liver cells have host 

environment that block viral transcription. 

To identify differentially expressed host factors between them, transcriptomic profiling 

for all 14 cell lines (Affymetrix HTA 2.0, Supplementary Fig. 2A) revealed 3 distinct cell 

clusters (Fig. 1D): Comparison of differential gene expression signatures between the 2 active vs 

inactive combinations showed 54 overlapping genes (Supplementary Fig. 2B-D), of which 

amongst 8 transcription factors (Fig. 1E) only SNAI2 (Fig. 2A) and HNF4A [15] have 

corresponding DNA binding motifs within the HBVCP. Interestingly, even though many 

transcription factors have been described to bind the HBVCP, only HNF4 correlated with 

HBVCP activity here. This is consistent with previous findings that HNF4, amongst other 

nuclear receptors such as RXR and PPAR exerts greatest effect on pgRNA synthesis [24]. 

 

Slug blocks HBVCP transcription by binding to pgRNA initiator site 

SNAI2 codes for Slug, a member of snail protein family of zinc-finger transcription factors [25]. 

Its homologs SNAI1 (Snail) and SNAI3 (Smuc/ZNF293) showed no correlation with HBV 
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transcriptional activity (Supplementary Fig. 3A). Slug expression inversely correlated with 

HBVCP transcriptional activity: high expression in cells with inactive HBVCP while low/absent 

in cells with active HBVCP (Fig. 2B and Supplementary Fig. 3B). Importantly, this differential 

pattern of Slug expression is confirmed in corresponding primary human tissues (Fig. 2B) 

showing that it is not due to cancer related state of the cell lines. Slug binds to the E-box 

recognition motif [26,27] which overlaps the pgRNA initiator [28,29] within the basal core 

promoter (BCP) of HBVCP (Fig. 2A), suggesting possible interference with pgRNA initiation. 

This repressive role was verified by deleting the 6bp Slug motif resulting in a dramatic increase 

in HBVCP activity (Supplementary Fig. S3C). Direct physical interaction of Slug with the 

HBVCP DNA sequence was shown by mutating the cognate binding motif from “CAACTT” to 

“TTACGT”, which resulted in the loss of Slug binding as detected by EMSA (Fig. 2C), 

corresponding to increased HBVCP transcription (Supplementary Fig. S3D). Motif deletion also 

rendered the HBVCP insensitive to Slug overexpression (Supplementary Fig. S3E-F), which 

resulted in dose-dependent transcription repression (Fig. 2D and Supplementary Fig. 3G) for the 

wildtype HBVCP but not control CMV promoter (Fig. 2E).  

 In primary human hepatocytes (PHH) transfected with whole virus replicon, Slug 

overexpression markedly reduced pgRNA (Supplementary Fig. 3H). Similar results were 

obtained with HepG2 and Caco-2 cell lines, and HBcAg expression was shut down in them 

(Supplementary Fig. 3I-J). PHH were also infected with hepatitis B viral particles and 

overexpression of Slug resulted in significant loss of cytoplasmic HBcAg (Fig. 2F). More 

importantly, cccDNA which is considered to be a persistent feature of chronic viral infection also 

significantly declined in the presence of Slug (Fig. 2G). These results provide strong evidence 

that Slug acts to block HBV transcription and cccDNA accumulation. 
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Cell-type specific HNF4 isoforms determine extent of HBVCP activation 

Hepatocyte nuclear factor 4 alpha (HNF4A) displayed a mutually exclusive pattern of mRNA 

expression with SNAI2 (Fig. 1E) which was also validated at protein level (Fig. 3A), suggesting 

that these two host factors function in opposing fashion in the context of HBVCP transcription. 

Consistent with its role as a HBVCP activator, mutating the 5’ half-site “AGGTTA” of the 

HNF4 binding motif within enhancer II [30] reduced HBVCP transcription (Fig. 3B). The 

HNF4 binding site may also bind other nuclear receptors such as COUP-TF1 transcription 

repressor [31] but their expression did not differ between cells with active or inactive HBVCP. 

Instead, HNF4 isoforms are differentially expressed between them (Supplementary Fig. 4A) 

hence we investigated if the HNF4 isoforms differed in their ability to activate HBVCP. We 

proceeded to clone each isoform arising from alternative promoter usage and C-terminal splicing 

[32, 33] (Fig. 3C) which were then expressed and shown to be distinguishable using antibodies 

(Fig. 3D). Functional comparison revealed that HNF4 and HNF4were more potent in 

driving HBVCP (Fig. 3E), correlating well with liver cells being strong supporters of HBV 

replication as HNF4 is the constitutive dominant isoform in them (Fig. 3A). The less potent 

HNF4 prevailed in Kato III, Caco-2 and AGS non-liver cells with active HBVCP. This 

relationship was ascertained by demonstrating that individually overexpressed nuclear HNF4 

isoform correlated with its anticipated increase in HBcAg expression (Fig. 3F and 

Supplementary Fig. 4B). Transcription efficiency at the HBVCP is therefore influenced by the 

specific endogenous HNF4 isoforms expressed. 
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Sox7 antagonizes HNF4-dependent transcription by steric interference  

We observed a binding motif that overlapped in the opposite orientation at the 3’ end of the 

HNF4 binding motif and this appears to bind Sox7, a SOX (SRY-related HMG-box) family 

transcription factor [34,35] (Fig. 4A). It is the only Subgroup F member differentially expressed 

between cells with active or inactive HBVCP (Supplementary Fig. 5A-B). Low Sox7 expression 

in cells with active HBVCP was confirmed in liver, colon and stomach primary human tissues 

(Supplementary Fig. 5C). Since the Sox7 and HNF4 binding motifs are juxtaposed, Sox7 may 

affect HNF4 binding. Using an EMSA probe bearing Sox7 motif [36] “TTTGTA”, a prominent 

Sox7 band was pulled down which greatly diminished when the probe was mutated to 

“TCCATA” (Fig. 4B). HNF4 was also pulled down when overexpressed in HNF4-deficient 

PC-3 cells. An “ACT” spacer inserted between their binding sites relieved steric binding 

interference, enabling more HNF4 to bind the “N3” probe. Sox7 binding interfered with the 

function of HNF4 as its overexpression (Supplementary Fig. 5D) reduced HBVCP transcription 

in a dose-dependent manner (Fig. 4C and Supplementary Fig. 5E). Transcription repression was 

specific for the HBVCP as control CMV promoter activity was unaffected (Fig. 4D), and binding 

motif deletion nullified overexpression effects (Supplementary Fig. 5F). 

The inhibitory effects of Sox7 resulted in loss of pgRNA (Supplementary Fig. 5G) and 

HBcAg expression (Supplementary Fig. 5H-I) in replicon-transfected PHH and cells with active 

HBVCP, which was further ascertained in HBV-infected PHH, where overexpression of nuclear 

Sox7 prevented cccDNA (Fig. 4F) and cytoplasmic HBcAg accumulation (Fig. 4E). Sox7 

therefore disrupts HNF4-mediated HBVCP transcription. 
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Combined effects of Slug and Sox7 further repress HBVCP transcription 

Slug and Sox7 may be more potent repressing transcription at the HBVCP together. When co-

expressed, HBVCP activity was suppressed by ≥30% compared with cells overexpressing Slug 

alone (Fig. 5A and Supplementary Fig. 6A). This significantly diminished pgRNA synthesis to 

barely detectable levels in replicon-transfected PHH (Supplementary Fig. 6B). Given that Sox7 

is only appreciably expressed in T24, 5637 and PC-3 cells where HBVCP is inactive (Fig. 5B), 

these double positive cells (Slug
+
 Sox7

+
) likely have greater resilience for HBVCP transcription. 

In line with this, inactive HBVCP in PC-3 could not be stimulated by HNF4 overexpression 

alone (Supplementary Fig. 6C). Either Slug or Sox7 alone will block HBVCP transcription even 

in the presence of HNF43 (Fig. 5C) and transcription will proceed only when both Slug and 

Sox7 were concurrently downregulated (Supplementary Fig.6F). Similarly in 5637 cells, 

simultaneous mutation of Slug and Sox7 binding motifs lifted the barrier to transcription, 

activating HBVCP in the presence of HNF43 (Supplementary Fig. 6E). This is made 

remarkably clear by contrasting natural mutant cells which are Sox7
-
/Slug

+
 (Saos-2) and 

Sox7
+
/Slug

-
 (PC-3) that downregulating Slug by siRNA will activate HBVCP in the presence of 

HNF43 (Fig. 5D). Amazingly, simultaneous mutations to the Slug and Sox7 binding motifs 

enabled overexpressed HNF43 in these cells to activate HBVCP transcription to the similar 

extent as Caco-2 cells (Fig. 5E), providing further confirmation that preventing Slug and Sox7 

binding will enable transcription at the HBVCP to proceed. Indeed, downregulating Slug 

expression alone in Sox7
-
 cells (Supplementary Fig. 6F) activated the HBVCP to enable pgRNA 

synthesis when transfected with HBV replicon whereas the HBVCP in Sox7
+
 cells remained 

inactive (Fig. 5F). More importantly Slug and Sox7 together were able to significantly decrease 

accumulation of cccDNA (Fig. 5G). Hence, HNF4 alone cannot overcome the Slug repression 
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signal in the presence of Sox7. Furthermore, Slug and Sox7 determine the inactive HBVCP state 

to silence pgRNA synthesis (Fig. 5H), and this powerful HBVCP inactivating mechanism is 

absent in liver cells.  

As proof of principle that increasing intracellular Slug and Sox7 can affect cccDNA and 

pgRNA levels, stapled peptide methodology [37,38] was used to generate peptide mimetics 

corresponding to zinc-finger and HMG-box DNA binding domains. Slug binds DNA with its 

five C2H2 zinc fingers through conserved residues -1, +2, +3 and +6 relative to the -helices [39] 

(Supplementary Fig. 7A). Stapled peptides were designed corresponding to each -helix 

(Supplementary Fig. 7B) and relative function determined by comparing IC50 using HBVCP-Luc 

reporter (Fig. 6A). All peptides (except Slug-ZF1s) recapitulated Slug function by inhibiting 

transcription at the HBVCP. The most potent peptides were Slug-ZF4s and Slug-ZF5s which 

individually suppressed HBVCP transcription in HepG2 to a similar extent as whole Slug protein 

(Fig. 6B). They acted specifically at the HBVCP as Slug motif deletion abrogated their inhibitory 

effect (Supplementary Fig. 7C). The hydrocarbon staples were needed for functionality as non-

stapled versions exhibited weaker transcription inhibition (Supplementary Fig. 7D). Sox7 binds 

DNA through its HMG-Box which contains three -helices (H1-H3), of which based on Sox17-

DNA crystallographic data [40,41]
 
and sequence conservation between orthologues and human 

Sox17 and Sox18, only -helices H1 and H2 have high affinity for DNA (Supplementary Fig. 

8A). The stapled peptides Sox7-H1s and Sox7-H2s (Supplementary Fig. 8B) independently 

mimic Sox7 function by reducing HBVCP transcription in a dose-dependent manner (Fig. 6C). 

They inhibited transcription to similar extent (Fig. 6D) but did not function as well as Sox7 

protein, perhaps indicating that both are necessary to recapitulate Sox7 function. Peptide stapling 

was necessary to preserve peptide function as non-stapled versions could not suppress HBVCP 
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transcription as well (Supplementary Fig. 8C). As Slug and Sox7 together repress HBVCP-

mediated transcription, sequential addition of 4 stapled peptides confirmed this, as two Slug 

peptides outperformed either Slug-ZF4s or Slug-ZF5s alone, adding Sox7-H2s reduced HBVCP 

activity further with maximal loss when Sox7-H1s was also added (Fig. 6E). When assessed for 

ability to suppress pgRNA synthesis, PHH and HBV permissive cells transfected with HBV 

replicon generated less pgRNA with Slug peptides alone, which remarkably further diminished 

to negligible levels when Sox7 peptides were also added (Supplementary Fig. 9A). This was not 

a consequence of cytotoxicity as the proliferative capacity of cells did not differ from DMSO 

treated controls (Supplementary Fig. 9B).  

Clearance of intracellular HBV is hampered by persistence of cccDNA, which can be 

generated by core particle recycling after pgRNA synthesis [16, 17]. To test the effect of Slug 

and Sox7 on cccDNA accumulation, primary human hepatocytes were infected with HBV 

particles followed by incubation with Slug and Sox7 peptide mimetics. The results were indeed 

very striking as Slug and Sox7 peptides significantly suppressed cccDNA accumulation in HBV-

infected PHH (Fig. 6F), following the trend in loss of pgRNA synthesis (Supplementary Fig. 

9A). Liver cells therefore lack transcription inhibitors which directly limit HBV copies.  

 

Discussion 

 

In this study, we have discovered a previously unknown role of host factor mediated repression 

of HBVCP transcriptional activity. HBVCP transcription occurs readily in selected non-liver 

cells (colon, stomach and lung) besides the liver. These cells share the common feature with liver 

cells in having low expression of transcription repressors Slug and Sox7, distinguishing them 
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from cells where the HBVCP is inactive. More importantly, we have discovered that HBV 

transcriptional permissiveness is under negative regulation by them. Slug and Sox7 bind and 

inhibit transcription at the HBVCP in a motif sequence-dependent manner, and that 

downregulation of Slug alone in the Sox7
-
 extrahepatic cells Saos-2 and COLO316 was 

sufficient to enable pgRNA synthesis. The inhibitory effect of Slug and Sox7 on HBVCP 

transcription was further confirmed using fragment based stapled peptides derived from their 

DNA-binding domains, which successfully silenced HBVCP transcription to downregulate 

pgRNA synthesis and cccDNA accumulation. This appears to be an effective mechanism that 

restricts virus that may occasionally gain entry into cells via non-receptor mediated pathway. The 

findings also explain why human hepatocytes are the preferential site for HBV replication as it 

possesses the combination of specific NTCP receptors facilitating entry and absence of post-

entry intracellular inhibitory factors Slug and Sox7. 

In addition, the availability of specific HNF4isoforms enhances HBVCP activity in 

human hepatocytes. Even though HNF4 is a powerful transcription activator that enhances 

HBVCP transcription efficiency, it can only do so when cellular levels of Slug and Sox7 are low 

or absent as simply overexpressing HNF4 could not activate HBVCP transcription in cells 

where the HBVCP is inactive. There is redundancy in this mechanism in that the presence of 

either Slug or Sox7 is sufficiently potent at blocking viral transcription even in the presence of 

elevated HNF4.  

Taken together, NTCP receptor facilitates HBV entry into human hepatocytes and the 

post-entry intracellular milieu provided by enriched levels of the transcription activators 

HNF41/3 and low or absent levels of Slug and Sox7 repressors favors subsequent HBVCP 

transcription to proceed efficiently. In contrast, other cell types maintain a highly unfavorable 
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environment for HBV replication with low or absent NTCP expression, high levels of Slug 

and/or Sox7 repressors and HNF4 splice variants that function weakly at the HBVCP. 

Therefore, HBV is largely kept in check after cell entry by a negative regulatory mechanism 

rather than the availability of a positive driving signal. These findings provide a fundamental 

conceptual advance to the understanding of HBV-host interaction and may be useful for future 

development of HBV therapeutics. 
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Figure Legends 

 

Fig. 1. HBVCP is active in human liver and selected non-liver cells. 

 (A) HBVCP transcription activity in liver and non-liver cell lines by GFP reporter. Cells were 

divided into “active HBVCP” and “inactive HBVCP” groups based on percentage GFP
+
 cells 48 

hours post-transfection. (B) pgRNA is only expressed in liver and non-liver cells with active 

HBVCP when transfected with HBV replicon for 72 hours. GAPDH expression was used as 

loading control. (C) cccDNA copies 96 hours post-infection in cell lines overexpressing NTCP 

differ (P<0.001 by one-way ANOVA) by several orders of magnitude between cell lines. (D) 

Principal component analysis (PCA) of cell lines from HTA. Liver cells with active HBVCP 

(blue), non-liver cells with active HBVCP (green) and non-liver cells with inactive HBVCP (red) 

form distinct clusters. (E) Relative mRNA transcript expression of transcription factors 

differentially expressed between cells with active and inactive HBVCP. 
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Fig. 2. Slug specifically represses transcription at HBVCP. 

(A) Slug binding motif (red text) in the BCP completely overlaps the pgRNA initiator (orange 

text). Numbers denote nucleotide positions of HBV genotype A. (B) Relative expression of full-

length SNAI2 (Slug) by RT-PCR. Relative expression of GAPDH is shown as loading control. 

(C) EMSA using Slug
+
 nuclear lysates from PC-3 cells showing HBVCP-Slug complex 

formation with wildtype (WT) probe bearing the Slug motif (red text) that intensified with Slug 

overexpression (O/E). The complex was abolished with mutant Slug motif (blue text). (D) Active 

HBVCP in HepG2 and Caco-2 cells is suppressed by overexpressed Slug in a dose-dependent 

manner. (E) Slug overexpression specifically suppressed HBVCP transcription activity to reduce 

mean fluorescence intensity (M.F.I.) of GFP
+
 cells in HBVCP-GFP (P<0.001, student’s T-test) 

but not CMV-GFP control cells. (F) Representative images showing HBV-infected PHH 

overexpressing Slug (red) stain negligibly for cytoplasmic HBcAg (green).  (G) Significantly 

diminished cccDNA accumulation (P<0.001, Student’s T-test) 96 hours post-infection in PHH 

overexpressing Slug but not vector control.  

 

Fig. 3. Differentially expressed HNF4 isoforms determine extent of HBVCP activity. 

(A) Western blot of endogenous HNF4 isoform expression in cells using antibodies specific to 

distinct N-termini. Expression of lamin A/C was used as loading control. (B) HNF4 homo-

dimer binds to its motif in the HBVCP characterized by two half-sites (underlined) separated by 

a single nucleotide spacer. Mutation (blue text) to the 5’ half-site is sufficient to reduce 

transcription at the HBVCP. (P<0.001 by Student’s T-test) (C) Schematic of functional domains 

of HNF4 isoforms. HNF4 protein isoforms share conserved DNA-binding and ligand-binding 

domains but differ in their N- and C-termini bearing the F-domain. Predicted molecular weights 
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are indicated. AF-1: Activating function 1, co-factor interacting domain. (D) Detection of 

individually overexpressed HNF4 isoforms in nuclear lysates using antibody clones specific to 

distinct N-termini. Expression of Lamin A/C was used as loading control. (E) Dose-dependent 

effect of each HNF4 isoform on HBVCP transcription by luciferase reporter. (F) 

Representative images showing expression of HBcAg (green) in cells overexpressing individual 

isoforms of HNF4 (red) by immunofluorescence microscopy. Cell nuclei are stained by DAPI. 

 

Fig. 4. Sox7 specifically represses HBVCP transcription by interfering with HNF4-

HBVCP interaction. 

(A) HNF4 (green text) and Sox7 (red text) binding motifs are found in enhancer II and overlap 

by 1nt. (B) Left panel shows EMSA using Sox7
+
 nuclear lysates from PC-3 cells forming 

specific HBVCP-Sox7 complex with wildtype (WT) HBVCP probe which diminishes when 

Sox7 motif is mutated (blue text). Right panel shows EMSA using Sox7
+
 nuclear lysates from 

PC-3 with overexpressed HNF43 that the band intensity for HBVCP-HNF43 complex 

increases when a 3nt-spacer (grey text) is inserted between the HNF4 and Sox7 binding motifs. 

(C) Active HBVCP in HepG2 and Caco-2 cells become transcriptionally repressed by 

overexpressed Sox7 in a dose-dependent manner. (D) Sox7 acts specifically at the HBVCP to 

diminish M.F.I. of GFP
+
 cells co-transfected with HBVCP-GFP (P<0.001, Student’s T-test) but 

not CMV-GFP controls. (E) Effect of Sox7 (red) overexpression in HBV-infected PHH on 

HBcAg (green) expression by immunofluorescence staining. Representative images of HBV-

infected cells co-expressing nuclear Sox7 are shown. (F) PHH overexpressing Sox7 have 

significantly reduced cccDNA (P<0.001 by Student’s T-test) 96 hours post-infection. 
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Fig. 5. Combined transcription repression by Slug and Sox7. 

(A) Further suppression of HBVCP activity with increasing Slug dose and co-expression of Sox7 

(25ng plasmid) in HepG2 and Caco-2 cells. (B) Expression of full-length Sox7 transcripts by 

RT-PCR in human cell lines. GAPDH was used as loading control. (C, D) As cells with active 

HBVCP have negligible expression of Slug and Sox7, siRNA-specific knockdown experiments 

were performed in non-liver cells with inactive HBVCP. (C) HBVCP transcription inhibition is 

lifted (P<0.01, Student’s T-test). in Slug
+
Sox7

+
 PC-3 cells overexpressing HNF43 when both 

Slug and Sox7 are successfully downregulated. (D) Slug knockdown enhances HBVCP activity 

(P<0.01 by Student’s T-test) in Sox7
+
 and Sox7

-
 cells overexpressing HNF43. (E) HBVCP 

inhibition is lifted (P<0.001, Student’s T-test) with a double mutant luciferase reporter where the 

Slug and Sox7 binding sites are mutated, facilitating overexpressed HNF43 to bind and activate 

the HBVCP independent of cell line status. (F) Lifting of HBVCP inhibition results in pgRNA 

expression in HBV replicon-transfected Sox7
-
 cells from bone (Saos-2) and ovary (COLO316) 

when Slug alone is specifically downregulated with siRNA. Sox7
+
 cells from bladder (5637) and 

prostate (PC-3) remain transcriptionally inhibited at the HBVCP. (G) Co-expression of Slug with 

Sox7 further diminishes 96 hour cccDNA expression in replicon-transfected cells with active 

HBVCP. P<0.01, Student’s T-test. (H) HBVCP transcription inhibition is conferred by Slug and 

Sox7. The relative positions of Slug, Sox7 and HNF4 binding sites are shown. The HBVCP is 

inactivated when Slug binds the pgRNA initiator site and/or Sox7 prevents HNF4-HBVCP 

interaction. This mechanism of suppressing HBVCP activity is not present in human liver cells, 

enabling HNF4 to exert its transcriptional activation effects for pgRNA synthesis. 
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Fig. 6. Peptides derived from Slug and Sox7 DNA-binding domains inhibit HBVCP 

transcription. 

(A) Dose curves of Slug stapled peptides in HBVCP-Luc reporter assay to determine IC50. (B) 

Time-course of Slug stapled peptides on HBVCP transcription inhibition by luciferase reporter. 

(C) Dose-curves of Sox7 stapled peptides by HBVCP-Luc reporter assay to determine IC50. (D) 

Time-course of Sox7 stapled peptides on HBVCP transcription inhibition by luciferase reporter. 

(E) Luciferase reporter assay showing that transcription inhibition of HBVCP is most effective 

when Slug and Sox7 stapled peptides are used together in combination. **P<0.01, ***P<0.001 

by Student’s T-test. (F) HBV-infected PHH accumulates less cccDNA (P<0.001, Student’s T-

test) when treated with Slug and Sox7 stapled peptides compared to untreated DMSO controls 18 

hours post-infection. 
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