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Abstract

Hepatitis B virus (HBV) is one of the major etiological pathogens for liver cirrhosis and hepa-

tocellular carcinoma. Chronic HBV infection is a key factor in these severe liver diseases.

During infection, HBV forms a nuclear viral episome in the form of covalently closed circular

DNA (cccDNA). Current therapies are not able to efficiently eliminate cccDNA from infected

hepatocytes. cccDNA is a master template for viral replication that is formed by the conver-

sion of its precursor, relaxed circular DNA (rcDNA). However, the host factors critical for

cccDNA formation remain to be determined. Here, we assessed whether one potential host

factor, flap structure-specific endonuclease 1 (FEN1), is involved in cleavage of the flap-like

structure in rcDNA. In a cell culture HBV model (Hep38.7-Tet), expression and activity of

FEN1 were reduced by siRNA, shRNA, CRISPR/Cas9-mediated genome editing, and a

FEN1 inhibitor. These reductions in FEN1 expression and activity did not affect nucleocap-

sid DNA (NC-DNA) production, but did reduce cccDNA levels in Hep38.7-Tet cells. Exoge-

nous overexpression of wild-type FEN1 rescued the reduced cccDNA production in FEN1-

depleted Hep38.7-Tet cells. Anti-FEN1 immunoprecipitation revealed the binding of FEN1

to HBV DNA. An in vitro FEN activity assay demonstrated cleavage of 50-flap from a synthe-

sized HBV DNA substrate. Furthermore, cccDNA was generated in vitro when purified

rcDNA was incubated with recombinant FEN1, DNA polymerase, and DNA ligase. Impor-

tantly, FEN1 was required for the in vitro cccDNA formation assay. These results demon-

strate that FEN1 is involved in HBV cccDNA formation in cell culture system, and that FEN1,

DNA polymerase, and ligase activities are sufficient to convert rcDNA into cccDNA in vitro.

Author summary

Hepatitis B virus (HBV) infection remains a worldwide health problem that affects more

than 350 million people. HBV is one of the major etiological pathogens for liver cirrhosis

and hepatocellular carcinoma. HBV covalently closed circular DNA (cccDNA) is a key

viral intermediate for persistent infection. However, the molecular mechanism of cccDNA
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formation has not been clarified. Here, we found that the host factor flap-endonuclease 1

(FEN1) is pivotal in cccDNA formation. We developed a novel cccDNA formation assay

by the incubation of purified viral DNA with recombinant FEN1, DNA polymerase, and

DNA ligase. This study provides new insights into the molecular mechanisms of cccDNA

formation and proposes FEN1 as a potential anti-HBV drug target.

Introduction

Hepatitis B virus (HBV) is a major pathogenic cause of human cirrhosis and hepatocellular

carcinoma [1]. Infectious HBV particles contain relaxed circular DNA (rcDNA) encapsidated

by core proteins [2]. After entering the host hepatocyte, rcDNA is converted into covalently

closed circular DNA (cccDNA), which is stably maintained as an episome in the nucleus.

cccDNA serves as the template for all HBV transcripts, including pregenomic RNA (pgRNA),

a viral replicative intermediate [2–4]. pgRNA, viral reverse transcriptase P protein, and core

proteins assemble into a nucleocapsid, where pgRNA undergoes reverse transcription by the P

protein to produce rcDNA. The mature nucleocapsid is further assembled with surface pro-

teins to allow secretion as an infectious virion. Alternatively, the rcDNA containing nucleocap-

sid is recycled back to the nucleus to maintain the pool of cccDNA [5].

Reverse-transcriptase inhibitors are the major medical intervention for controlling HBV

infection. These inhibitors can effectively shut down viral replication, but are unable to elimi-

nate cccDNA from infected hepatocytes; this inability often leads to viral rebound upon ther-

apy withdrawal [2, 3, 6]. New therapeutic approaches are needed to target the mechanisms of

cccDNA maintenance and generation. However, a lack of comprehensive knowledge on the

molecular mechanisms of cccDNA formation and maintenance has hampered the effective

development of such approaches.

The cccDNA precursor rcDNA has unique structural features that are absent from cccDNA.

These include a P protein-linked sequence approximately 10 nucleotides in length, known as

terminal redundancy (r), which is located at the 50 end of the minus-strand DNA, and a small

RNA oligomer attached at the 50 end of the plus strand [2, 6]. The first step in cccDNA conver-

sion from rcDNA is removal of the P protein and RNA oligomer linkage from the 50 ends.

Resulting protein-free rcDNA or deproteinized rcDNA is proposed to be a direct precursor to

cccDNA [7, 8]. In addition to removing the r sequence and RNA oligomer from rcDNA, filling-

in the single-stranded region and ligation of nicks in both DNA strands are required for

cccDNA formation.

Flap endonuclease 1 (FEN1) is a flap structure-specific endonuclease. FEN1 plays a role in

removing 50-flap structures formed during Okazaki fragment maturation and long-patch base

excision repair (LP-BER) [9, 10]. Because the r sequence and RNA oligomer at the 50 end of

rcDNA may form a 50-flap structure, we examined the possible involvement of FEN1 in the

removal of 50-flap structures from rcDNA and its subsequent conversion to cccDNA.

Results

The FEN1 inhibitor PTPD reduces HBV cccDNA levels

To determine whether FEN1 protein removes the r sequence from rcDNA, we designed a syn-

thetic DNA substrate that mimics the 50-flap structure of the r sequence (S1A Fig) by modify-

ing an established FEN assay [11]. Human wild-type (wt) and catalytic mutant FEN1 proteins

were prepared by immunoprecipitation (S1B Fig) and used for the HBV-FEN assay. Cleavage
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of the r sequence was determined by fluorescence intensity (S1C Fig) and polyacrylamide gel

electrophoresis (PAGE) (S1D Fig). Incubation with immunoprecipitated FEN1 protein caused

an increase in cleavage of the synthetic r sequence over time when compared with that of the

mock-precipitated protein (S1C Fig). Conversely, two catalytic mutant FEN1 proteins [12] lost

their cleavage activity (S1D Fig). Previous studies demonstrated the inhibition of flap endonu-

clease activity by the FEN1 inhibitor 3-hydroxy-5-methyl-1-phenylthieno[2,3-d]pyrimidine-

2,4(1H,3H)-dione (PTPD) [11, 13]. In the current study, we examined whether PTPD could

inhibit FEN activity of the immunoprecipitated FEN1 protein by using the HBV FEN assay.

PTPD addition strongly inhibited FEN1 cleavage activity (S1E Fig).

We used this inhibitor to explore the possible involvement of FEN1 in cccDNA formation

in a cell culture system. Hep38.7-Tet cells replicate HBV and accumulate cccDNA after remov-

ing tetracycline from the culture medium [14, 15]. Using Hep38.7-Tet cells, the production of

viral HBV intermediates was determined (Fig 1A–1E). Hirt extraction of cccDNA was fol-

lowed by T5 exonuclease treatment to digest non-cccDNA molecules. T5 exonuclease removes

nucleotides from 50 termini, at gaps and nicks of linear or circular double-stranded DNA. The

levels of cccDNA were determined by cccDNA-selective qPCR, which targets the gap region in

rcDNA [16, 17] (Fig 1C). To demonstrate selective detection of cccDNA by the cccDNA-selec-

tive qPCR, a control experiment was performed. The Hirt extracted DNA and secreted HBV

DNA were prepared from Hep38.7-Tet cells. The same copy number of the Hirt extracted

Fig 1. The FEN1 inhibitor, PTPD, reduces cccDNA production. Effect of FEN1 inhibition on HBV-replicating cells.

Hep38.7-Tet cells were treated with dimethylsulfoxide (DMSO) as a vehicle control, PTPD (5 μM), or 3TC (50 μM) in

the absence of tetracycline for 5 days. At day 5, levels of HBV DNA, HBV RNA (pgRNA normalized by HPRT) and

pre-C mRNA were analyzed. qPCR analysis of HBV DNA in (A) culture supernatant, (B) cytoplasmic NC-DNA, (C)

cccDNA, and (D) pgRNA. Each result represents the mean ± SEM of three independent experiments. Asterisks

indicate statistically significant differences; �P< 0.05, ��P< 0.01, ���P< 0.001 compared with DMSO (A–D). (E)

RT-PCR analysis for pre-C mRNA transcribed from cccDNA in Hep38.7-Tet cells. β-actin was used as a loading

control.

https://doi.org/10.1371/journal.ppat.1007124.g001
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DNA and secreted HBV DNA was applied to the cccDNA-selective qPCR. Our cccDNA-selec-

tive qPCR quantitatively detected cccDNA only from the Hirt-extracted HBV DNA, but not

from secreted HBV DNA (S2 Fig).

To characterize the effect of PTPD treatment in Hep38.7-Tet cells, the effect of a reverse-

transcriptase inhibitor, 3TC, was compared with that of PTPD. 3TC suppressed secreted

and cytoplasmic nucleocapsid-associated DNA (cytoplasmic NC-DNA) and cccDNA levels

(Fig 1A–1C). These results were expected, as HBV NC-DNA and cccDNA generation were

completely dependent on reverse transcription in Hep38.7-Tet cells (S3 Fig), and 3TC was

simultaneously added when Tet-CMV promoter was activated by removal of tetracycline

from culture medium. Pre-C mRNA is transcribed from cccDNA, but not from the HBV

transgene chromosomally integrated in cellular genome in the Hep38.7-Tet cells [18]. Con-

sistent with the decreasing cccDNA levels in 3TC-treated Hep38.7-Tet cells, 3TC also

reduced pre-C mRNA levels (Fig 1C and 1E). Conversely, PTPD significantly decreased

both cccDNA and pre-C mRNA levels (Fig 1C and 1E). Importantly, PTPD did not affect

the levels of secreted and cytoplasmic NC-DNAs (Fig 1A and 1B), confirming that tran-

scription of pgRNA from the chromosomal copy was not affected by PTPD. Treating

Hep38.7-Tet cells with PTPD (5 μM) for 5 days did not affect cellular proliferation (S4 Fig).

These results suggest that PTPD blocked a step of cccDNA formation but did not inhibit

reverse-transcription of pgRNA and cellular proliferation, as well as transcription from the

HBV transgene.

Reduction in FEN1 expression decreases cccDNA levels

The FEN1 inhibitor experiments suggested that FEN1 is involved in cccDNA formation, but

not rcDNA formation. However, the observed reduction of cccDNA level by PTPD was mod-

erate, compared to that of 3TC (Fig 1C). To confirm this result by different approaches, we

performed small interfering RNA (siRNA)-based knockdown and genome editing. Two siR-

NAs designed against FEN1 mRNA and control siRNA were transfected into Hep38.7-Tet

cells. Transfection of FEN1 siRNA reduced FEN1 mRNA and protein expression by more

than half of the control siRNA levels (Fig 2A). Consistent with the result in Fig 1, knockdown

of FEN1 expression reduced, albeit moderately, the cccDNA levels without affecting the cyto-

plasmic NC-DNA level generated from the HBV transgene (Fig 2B and 2C).

To further confirm the requirement for FEN1 in cccDNA formation, CRISPR/Cas9-me-

diated genome editing was applied to Hep38.7-Tet cells. We obtained two independent lines

of FEN1+/− Hep38.7-Tet cells; each had one base (T) insertion in exon 2 of the FEN1 gene. The

one-base insertion caused a frame shift and premature stop codon at amino acid position 102,

immediately after insertion (S5 Fig). RT-qPCR and Western blot analyses demonstrated

reduced FEN1 expression up to approximately half of the parental Hep38.7-Tet cells (Fig 2E).

Consistent with the results obtained from the knockdown experiments, FEN1+/− Hep38.7-Tet

cells produced cccDNA at approximately half the level of parental Hep38.7-Tet cells (Fig 2F).

Southern blotting also showed moderately reduced cccDNA levels (Fig 2G, right), while intact

cytoplasmic rcDNA production was observed in FEN1+/− Hep38.7-Tet cells (Fig 2G, left).

Taken together, the knockdown and genome editing results clearly demonstrated that reduced

FEN1 expression decreased cccDNA levels without reducing cytoplasmic rcDNA levels in

Hep38.7-Tet cells.

FEN1 inhibitor blocks HBV replication in infection models

Recent studies documented successful HBV infection in NTCP-expressing HepG2 cells [19, 20].

Thus, we examined the involvement of FEN1 in cccDNA formation using NTCP-expressing

FEN1 is involved in HBV cccDNA formation
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Fig 2. FEN1 siRNA knockdown and CRISPR/Cas9-mediated gene editing reduce cccDNA production. (A–D)

Hep38.7-Tet cells were transfected with FEN1-specific siRNA (siFEN1 #1 or #2) or control (siCtrl), and cultured without

tetracycline. Four days after transfection, FEN1 mRNA/protein and HBV DNA were analyzed. (A) FEN1 mRNA quantified by

RT-qPCR (normalized by HPRT) (upper panel) and Western blotting of FEN1 protein (lower panel). GAPDH expression is

shown as a loading control. FEN1 protein expression gives rise to two bands in our study, which may be due to post-translational

FEN1 is involved in HBV cccDNA formation
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HepG2 (HepG2-hNTCP-C4) cells [19]. HepG2-hNTCP-C4 cells were pretreated with PTPD for

1 day, and subsequently infected with HBV. HBV-infected HepG2-hNTCP-C4 cells were culti-

vated for 3 days in the presence of PTPD, and cccDNA levels were determined by Southern blot-

ting. As indicated in Fig 3A, the cccDNA level was mildly reduced by PTPD treatment (51.3% of

control cccDNA level). Exposure of PTPD for 7 days in this cell line did not affect cellular prolif-

eration (S6 Fig). To further confirm the results of infected HepG2-hNTCP-C4, we used PXB pri-

mary human hepatocytes derived from liver-humanized mice [21]. As shown in Fig 3B, PTPD

treatment both inhibited secretion of HBV DNA and reduced HBV RNA levels in HBV-infected

PXB cells. On the other hand, 3TC suppressed HBV DNA secretion but did not reduce HBV

RNA levels. Importantly, in the infection model, rcDNA in the inoculum is first converted into

cccDNA in the nucleus, and the newly produced cccDNA is transcribed into pgRNA, resulting

in encapsidation and reverse-transcription in the nucleocapsid, yielding the mature virion (S3

Fig). Therefore, it is reasonable that PTPD treatment reduced both cccDNA formation and HBV

DNA secretion in HBV-infected cells (Fig 3A and 3B). These results indicated that the FEN1

inhibitor blocks cccDNA formation following viral replication in infected NTCP-HepG2 cells

and human primary hepatocytes.

modification. (B–C) Levels of HBV DNA in cytoplasmic nucleocapsid (NC) (B) and cccDNA (C). (D) Efficiency of cccDNA

formation (cccDNA levels normalized by cytoplasmic NC-DNA) was calculated. Each result represents the mean ± SEM of three

independent experiments. Asterisks indicate statistically significant differences; �P< 0.05, ��P< 0.01, ���P< 0.001 compared

with siCtrl. (E–G) The pX330-FEN1 plasmid, which expresses Cas9 mRNA and sgRNA for exon 2 of the FEN1 gene, was

transfected with a blasticidin-resistant gene expression vector into Hep38.7-Tet cells. After drug selection, two resistant clones

(#1 and #2) were analyzed. (E) RT-qPCR and Western blotting analyses of FEN1 expression levels. (F) Efficiency of cccDNA

formation. Each result represents the mean ± SEM of three independent experiments. Asterisks indicate statistically significant

differences; �P< 0.05, ��P< 0.01 compared with parental groups. (G) Southern blot analysis of cytoplasmic NC-DNA and Hirt-

extracted HBV DNA. Hirt-extracted HBV DNA was analyzed with or without heat treatment and subsequent EcoRI digestion.

Densitometric analysis of the EcoRI-digested cccDNA signal is shown below the Southern blot images. The signal for parental

cell line is taken as 100%.

https://doi.org/10.1371/journal.ppat.1007124.g002

Fig 3. PTPD reduces HBV replication in HBV infection models. (A) HepG2-hNTCP-C4 cells were pretreated with PTPD (5 μM) for 1 day, and

subsequently infected with HBV in PTPD-containing culture medium. cccDNA levels at 3 dpi were analyzed by Southern blotting. (B) PXB cells

(primary human hepatocytes) were pretreated with PTPD (5 μM) or 3TC (50 μM) from 1 day before infection to 7 dpi. Secreted HBV DNA levels were

quantified at the indicated time points (left side). HBV RNA was quantified by RT-qPCR at 21 dpi (right side). Asterisks indicate statistically significant

differences; �P< 0.05 compared with DMSO.

https://doi.org/10.1371/journal.ppat.1007124.g003

FEN1 is involved in HBV cccDNA formation
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Mutant analysis of FEN1 in cccDNA formation

It was previously reported that a point mutation (D181A) of FEN1 results in a loss of nuclease

activity, while deletion of 20 amino acids from the C-terminus (ΔC) of FEN1 results in a loss

of binding to the telomere maintenance protein, WRN, and truncation of nuclear localization

signal (Fig 4A) [22–24]. We first tested the FEN activity of these mutants with the HBV-FEN

assay used in Fig 1. As demonstrated in Fig 4B, FEN1 wt protein cleaved the r sequence, while

FEN1 ΔC showed lower cleavage activity and D181A could not cleave r. Importantly, all pro-

tein levels were comparable (S7 Fig).

To assess the requirement of nuclease activity and the C-terminus of FEN1 for cccDNA for-

mation, we knocked-down endogenous FEN1 expression and simultaneously overexpressed

either FLAG-tagged-wt, D181A, or ΔC FEN1 protein using the pResQ vector [25]. The pResQ

lentiviral expression vector simultaneously expresses both short hairpin RNA (shRNA) targeting

the 30-untranslated region (UTR) of FEN1 mRNA (shFEN1) and exogenous wt or mutant

FEN1 protein (S8A Fig). As shown in S8B Fig, endogenous FEN1 expression in shFEN1-trans-

duced cells (mock, wt, D181A, ΔC) was significantly lower than in cells transduced with control

shRNA (shCtrl). Furthermore, overall FEN1 expression levels in shFEN1-expressing wt, D181A,

and ΔC transfectants were substantially higher than in shCtrl- and shFEN1-expressing mock

transfectants, due to the exogenous expression of FEN1 protein. Western blotting confirmed

the reduction of endogenous FEN1 and the expression of exogenous FEN1 protein, although

endogenous FEN1 protein is visible in knockdown cells (S8C Fig). Cytoplasmic NC-DNA and

cccDNA levels were also determined in these transfectants. All cells produced cytoplasmic

NC-DNA at similar levels, while shFEN1-mock transfectants exhibited lower levels of cccDNA

that were restored by wt FEN1 expression (Fig 4C). In addition, D181A and ΔC mutant trans-

fectants tended to exhibit lower cccDNA levels than that of wt, although this tendency was not

statistically significant (Fig 4C). Although these experiments do not conclusively demonstrate

cccDNA formation roles for the FEN1 protein catalytic site and C terminus, they do show that

FEN1 expression is required for cccDNA formation.

Since the reduction of the cccDNA level in FEN1+/− Hep38.7-Tet cells was moderate (Fig

2G), we further examined the additive effect of genome editing and shRNA knockdown on

cccDNA formation. pResQ shFEN1-mock lentiviral vector was transduced into two indepen-

dent clones (#1 and #2) of FEN1+/− Hep38.7-Tet cells. Endogenous FEN1 protein was effec-

tively reduced in these FEN1+/− shFEN1 cells (S8D Fig). Southern blotting analysis (Fig 4D)

showed that FEN1+/− shFEN1 cells produced cytoplasmic NC-DNA as effectively as shRNA

control cells (shCtrl). Meanwhile, the cccDNA level was clearly reduced in FEN1+/− shFEN1

cells compared with shRNA control cells (39.7 and 25.9% of the control cccDNA level, respec-

tively). The additive effect of cccDNA reduction with the combination of FEN1+/−and FEN1

shRNA clearly indicates the requirement of FEN1 for cccDNA formation. It has been reported

that rcDNA in Hirt extraction was reduced upon inhibition of cccDNA formation by knock-

out of DNA ligases LIG1 and LIG3 [26]. It was proposed that nicked cccDNA behaves similar

to rcDNA during electrophoresis, and a concurrent decrease of rcDNA may be due to a

decrease in cccDNA formation. Reduction of rcDNA in Hirt DNA is also observed in our

study (Figs 2G and 4D).

FEN1 physically associates with HBV DNA in the nucleus

Subcellular localization of FEN1 protein was examined in HBV-replicating Hep38.7-Tet cells. As

expected [25], wt FEN1 protein localized to the nucleus, which was disrupted by the ΔC mutation

(Fig 5A). We next utilized immunoprecipitation in order to determine whether FEN1 can associ-

ate with HBV DNA. c-Myc-tagged-wt or ΔC FEN1-expressing Hep38.7-Tet cells (Fig 5B) were

FEN1 is involved in HBV cccDNA formation
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Fig 4. Requirement of nuclease activity and the C-terminus of FEN1 for cccDNA production. (A) Schematic presentation of

FEN1 protein. D181A: nuclease-deficient mutant. ΔC: deletion mutant unable to bind WRN protein. (B) FEN assay. Flap

endonuclease activity of immunoprecipitated FEN1 protein (wt, D181A, or ΔC) was determined as in Fig 1A. (C) pResQ

lentiviral vectors carrying FEN1 shRNA and the FEN1 transgene (wt, D181A, or ΔC, see also S8 Fig) were transduced into

Hep38.7-Tet cells. After puromycin selection, NC-DNA was analyzed by Southern blotting and qPCR, respectively. Each result

represents the mean ± SEM of three independent experiments. Asterisks indicate statistically significant differences;
����P< 0.0001, ��P< 0.01 compared with Mock (B), �P< 0.05 compared with shCtrl (C). (D) Two clones of the FEN1+/−

Hep38.7-Tet cells (#1 and #2 in Fig 2) were transduced with pResQ lentiviral vectors carrying FEN1 shRNA. wt, shCtrl.

Hep38.7-Tet cells were transduced with the pResQ mock vector. After puromycin selection, FEN1 protein, cytoplasmic

NC-DNA, and Hirt-extracted HBV DNA were analyzed by Southern blotting. Hirt-extracted HBV DNA was analyzed with or

without heat treatment and subsequent EcoRI digestion. Densitometric analysis of the EcoRI-digested cccDNA signal is shown

below the Southern blot images. The signal for the FEN1 wt cell line with control shRNA is considered 100%.

https://doi.org/10.1371/journal.ppat.1007124.g004

FEN1 is involved in HBV cccDNA formation
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treated with formaldehyde to cross-link protein and DNA, and FEN1 proteins were immunopre-

cipitated using a c-Myc antibody. The cross linkage and fragmentation of DNA that were neces-

sary for this approach can make it difficult to judge which viral DNA forms are precipitated

during FEN1 immunoprecipitation. However, the ability of FEN1 to associate with any of the

viral DNAs can be estimated by comparison of the immunoprecipitated HBV DNA levels in the

FEN1 with the control IgG conditions. As predicted, a significantly higher level of HBV DNA

was detected in the FEN1 wt precipitate compared with that in the control as well as with the ΔC

mutant precipitation (Fig 5C). Importantly, the ΔC mutant, missing its nuclear targeting ability,

exhibited decreased HBV DNA binding, relative to the wild type FEN1 protein. This finding sug-

gests that wild type FEN1 localizes to the nucleus and associates with nuclear HBV DNA, such as

nuclear rcDNA, either directly or indirectly.

In vitro cccDNA formation with recombinant FEN1

Because FEN1 protein can remove the HBV r sequence in vitro (Fig 1A) and cellular experi-

ments suggest a role of FEN1 in cccDNA formation (Figs 1–4), we assessed whether FEN1 can

Fig 5. Deletion of the C-terminus disrupts the nuclear localization and reduces HBV DNA association of FEN1

protein. (A) Expression vectors of FEN1-GFP, FEN1ΔC-GFP, or mock vector (pcDNA4/TO) were transfected into

Hep38.7-Tet cells. The nucleus was visualized by co-transfection of the nuclear localization signal (NLS)-tagged DsRed

vector. (B–C) Myc-FEN1 or Myc-FEN1ΔC vector was transfected into Hep38.7-Tet cells. (B) Myc-tagged protein

expression (before cross linkage) shown by Western blot. Two blots with different protein loadings are shown. (C)

Myc-FEN1-transfected Hep38.7-Tet cells were cross-linked, and the lysates were immunoprecipitated with either

control IgG or anti-Myc antibody. The immunoprecipitants were subjected to qPCR analysis using a primer pair to

detect the core region of HBV. Each result represents the mean ± SEM of three independent experiments. Asterisks

indicate statistically significant differences; ���P< 0.001.

https://doi.org/10.1371/journal.ppat.1007124.g005
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participate in any process of conversion of rcDNA to cccDNA in vitro. First, the FEN activity

of recombinant FEN1 protein was reconfirmed by the HBV-FEN assay. Consistent with the

results in Fig 1, recombinant FEN1 protein cleaved the r sequence from the synthetic HBV

substrate in a dose-dependent manner (S9 Fig). Next, we determined whether recombinant

enzymes, including FEN1, could convert the purified rcDNA into cccDNA. The purified

NC-DNA from Hep38.7-Tet cells was incubated with recombinant FEN1, DNA polymerase,

and DNA ligase, and cccDNA formation was determined by cccDNA selective-qPCR, rolling

circle amplification (RCA), and Southern blot (Fig 6A–6D). RCA is able to speficically amplify

closed circular DNA. The combination of FEN1, DNA polymerase, and DNA ligase led to the

significant production of cccDNA (Fig 6B–6D). Meanwhile, incubation with two enzymes

(DNA polymerase and DNA ligase) did not support efficient cccDNA formation (Fig 6B–6D).

DNA sequencing of the closed circular DNA produced by three enzymes confirmed that the

rcDNA gap region was precisely filled and did not have any mutations (S10 Fig). Furthermore,

replication competency of in vitro-generated cccDNA was confirmed by transfecting the self-

circularized RCA product into HepG2 cells (Fig 6E and 6F). These results indicate that the cir-

cular DNA generated by incubating with FEN1, DNA polymerase, and DNA ligase is func-

tional HBV cccDNA.

Discussion

Host DNA repair factors are expected to be involved in cccDNA conversion because the virus

genome does not encode the responsible DNA modifiers [2, 3, 6, 27]. The TDP2 enzyme has

been proposed to remove P protein [28], although another study reported that TDP2 is not

required for cccDNA formation in vivo [29]. We previously showed that the host DNA repair

enzyme UNG removes uracil residues from deaminated duck HBV (DHBV) cccDNA (or its

precursor), thus changing its mutation frequency [30]. FEN1 plays a role in various DNA met-

abolic pathways, including Okazaki fragment maturation and LP-BER. During lagging strand

DNA synthesis, Polδ/Polε use the strand exchange activity to produce the 50-flap structure,

and then FEN1 cleaves the 50-flap and generates a ligatable end to facilitate lagging strand syn-

thesis. In LP-BER, FEN1 removes the 50-flap structure containing a damaged sugar and gener-

ates a ligatable 50 end to facilitate its repair process [9, 10]. However, it remains unknown

whether other back-up systems can substitute for absence of FEN1 activity.

During cccDNA formation, rcDNA-specific structures have to be removed. We assume that

some of these rcDNA-specific structures form the 50-flap structure. FEN1 is a good candidate to

remove them. To test this, we utilized FEN1 loss-of-functional approaches in HBV-replicating

cells, including a FEN1 inhibitor (Figs 1 and 3), siRNA and shRNA knockdown (Figs 2 and 4),

and CRISPR/Cas9-mediated genome editing (Fig 2). The four different approaches of FEN1 loss

of function showed the same trend, that is, a moderate reduction in cccDNA levels. We also

utilized a combined approach of the genome editing and shRNA knockdown (Fig 4D). This

method resulted in FEN1+/−-FEN1 shRNA Hep38.7-Tet cells with a clearly reduced cccDNA

level. This reduction seemed to be specific to cccDNA because NC-DNA production was not

reduced in Hep38.7-Tet cells, which could produce NC-DNA from genome integrated HBV

transgene. We interpreted this reduced level of cccDNA as a specific phenotype of FEN1 loss-of-

function, rather than off-target effects from each approach. Infection experiments showed that

inhibition of FEN1 activity reduced HBV DNA secretion in NTCP-expressing cells and primary

human hepatocytes (Fig 3). FEN1 protein could cleave the r sequence in vitro (Figs 4 and S1) and

convert purified rcDNA into cccDNA along with DNA polymerase and ligase in vitro (Fig 6).

Altogether, these results demonstrate, for the first time, that the host DNA repair factor FEN1 is

involved in HBV cccDNA formation, at least in the experimental models used in this study.
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Fig 6. FEN1 protein facilitates cccDNA formation in vitro. (A) Schematic presentation of in vitro cccDNA formation assay. Purified NC-DNA

(108 copies) was incubated with recombinant FEN1, Bst DNA polymerase, and Taq DNA ligase. Following incubation, the DNA was purified and

analyzed (B–F). Regions for qPCR amplification (E and F) were indicated as p. The 5.4-kb PstI fragment in HBV plasmid (Control) has a partial

HBV sequence but does not have core and intact P genes. (B) cccDNA-selective qPCR. Each result represents the mean ± SEM of three independent

experiments. Asterisks indicate statistically significant differences; ���P< 0.001 compared with negative control (no enzyme). (C) Southern blot

analysis of in vitro cccDNA formation assay. The DNA was analyzed directly (left), or treated with T5 exonuclease (middle) or T5 exonuclease, then

subsequently digested with EcoRI (right). (D) Detection of RCA products. DNA treated with indicated enzymes was subjected to RCA and then

digested with indicated restriction enzymes. Arrow indicates the 5.4-kb fragment of the HBV plasmid, used as a replication-defective control for

transfection in E and F. (E and F) Equal amounts of digested RCA product generated in (D) were self-circularized and then transfected into HepG2

cells. Three days after transfection, HBV DNA was analyzed by qPCR. Each result represents the mean ± SEM of three independent experiments.

Asterisks indicate statistically significant differences compared with the control; � P< 0.05, �� P< 0.01.

https://doi.org/10.1371/journal.ppat.1007124.g006
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The cccDNA was not eliminated completely, even when the combination approach for

FEN1 loss-of-function was employed, suggesting the possibility of other redundant enzymes.

FEN1 is a member of the RAD2/XPG structure-specific 50-nuclease family [31, 32]. Among

them, exonuclease 1 (Exo1) is another candidate to remove the HBV r sequence from rcDNA,

because it has both 50 to 30 exonuclease activity and endonuclease activity of the 50-flap struc-

ture. Moreover, yeast genetic studies suggested that Exo1 and FEN1 activities may have a

redundant role [33, 34]. The human genome encodes another flap-structure specific endonu-

clease designated DNA2. DNA2 plays a role to resolve a flap structure during Okazaki frag-

ment maturation in yeast [35]. Further studies are needed to determine the host players other

than FEN1 that remove the flap structure from rcDNA.

Inhibition of FEN1 activity did not lead to an obvious reduction in proliferation, at least in

the experimental conditions used in this study (S4 and S6 Figs). Consistent with our observa-

tion, it was reported that the PTPD inhibitor showed little or no effect on cell growth of the T24

bladder cell line, but increased sensitivity to a DNA damage agent, i.e. methyl methanesulfonate

[13]. Moreover, FEN1 mutations that abrogate nuclease activity have been detected in lung can-

cers and corresponding knock-in mice are viable with autoimmune, chronic inflammatory, and

cancer phenotypes [36]. Meanwhile another knock-in mice of FEN1 mutant (F343A and

F344A) that lose ability to bind PCNA but retain nuclease activity, die at birth [37]. On the

other hand, FEN1−/−mice, which have a complete knock-out of FEN1, have a lethality pheno-

type as early as embryonic day 3.5 [38]. Recent biochemical and genetic approaches identified

more than 30 FEN1 associating proteins [32] including proteins involving in DNA replication,

such as PCNA, apoptosis, telomere stability, post-transcriptional modification, and DNA repair.

It is likely that complete loss of FEN1 protein in mammal manifests as a disturbance of cellular

survival because both nuclease-dependent and -independent functions of FEN1 are disrupted.

Meanwhile, inhibition of nuclease activity of FEN1 may not result in immediate disturbance of

cellular proliferation. Consistent with this idea, the FEN1−/− cell line was not established in this

study, even by CRISPR/Cas9-mediated genome editing.

The HBV-FEN assay revealed that FEN1 could remove the r sequence from a synthetic

HBV DNA flap substrate. Moreover, the combination of FEN1, DNA polymerase, and DNA

ligase was sufficient to convert cccDNA from purified rcDNA in vitro. It has been reported

that Polδ and Lig I cooperate with FEN1 in Okazaki fragment maturation, and Polβ and Lig III

cooperate with FEN1 in LP-BER [10, 32]. However, the specific polymerase and ligase involved

in HBV cccDNA formation remain unknown. Interestingly, the T5 exonuclease-resistant

cccDNA (Fig 6C, top) migrated at approximately 3.4 kbp which is much higher position than

that of cccDNA formed in infected hepatocytes, suggesting that its topology was different from

cellular cccDNA. It is also possible for other additional factors such as topoisomerase and gyr-

ase to be involved in cccDNA formation in vivo. Thus, further studies need to determine other

host factors responsible for cccDNA formation.

In summary, we demonstrate that reduced FEN1 expression and activity decreases cccDNA

levels, and that FEN1 protein can bind and cleave the 50-flap structure of HBV rcDNA in vitro
to facilitate cccDNA conversion. The data implicate FEN1 as a critical enzyme involved in

HBV cccDNA formation.

Materials and methods

Cell culture

Hep38.7-Tet cells derived from the HepAD38 cell line (obtained from Dr. Christoph Seeger at

Fox Chase Cancer Center, Philadelphia) [15], and HepG2-hNTCP-C4 cells derived from

HepG2 cells (obtained from the JCRB Cell Bank) [19] were cultured as described previously.
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Hep38.7-Tet cells were cultured with 0.3 μg/ml tetracycline to terminate HBV transcription.

HBV production was induced in the cells by incubation in a tetracycline-free medium. 293FT

cells (purchased from Invitrogen) were cultured as described previously [39]. PXB primary

human hepatocytes were derived from liver-humanized mice [21]. The culture medium was

purchased from PhoenixBio. For FEN1 inhibition experiments, PTPD (3-hydroxy-5-methyl-

1-phenylthieno[2,3-d]pyrimidine-2,4(1H,3H)-dione; Glixx Laboratories) [13] was added to

the culture medium.

HBV-FEN assay

The HBV-FEN assay was performed as described previously [11] with minor modifications.

Wild-type (wt) and mutant human FEN1 proteins were produced by transfecting FEN1 expres-

sion vectors [12] (S1 Table) into 293FT cells and enriched by immunoprecipitation with anti-c-

Myc agarose affinity gel (A7470; Sigma-Aldrich), as described below. The DNA substrate was

prepared by annealing of “flap,” “quencher,” and “template” oligonucleotides containing the

HBV sequences listed in S2 Table (also see S1A Fig). Since 5-carboxytetramethylrhodamine

(TAMRA) is attached to the 50 end of the r sequence corresponding to the flap oligonucleotide,

cleavage of the flap oligonucleotide by FEN activity can be measured as increasing fluorescence.

DNA substrates were incubated with either FEN1 immunoprecipitants at room temperature or

recombinant protein Thermostable FEN1 (Thermococcus species 9˚N origin; New England Bio-

labs) at 65˚C. Kinetic fluorescence data were collected on PowerScan (DS Pharma Biomedical).

Cleavage of the labeled, “flap” oligonucleotide was confirmed with 6 M urea/20% polyacryl-

amide gel electrophoresis (S1D Fig).

qPCR and RT-qPCR

Purification of HBV DNA (supernatant, cytoplasmic NC-DNA, and cccDNA) and total RNA

were described previously [30] with minor modification. HBV DNA in culture supernatant was

extracted using a NucleoSpin kit (Takara) according to the manufacturer’s protocol. The puri-

fied HBV DNA from this fraction is designated as secreted HBV in this study. Viral DNAs from

enveloped virions and naked capsids are included in this fraction. For cytoplasmic NC-DNA,

the cells were lysed with buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1% NP-40, 8% sucrose,

proteinase inhibitor cocktail (Roche)]. After centrifugation, supernatants were collected and fur-

ther treated with DNase I and RNase A. NCs were then digested with proteinase K and sodium

dodecyl sulfate (SDS). The cccDNA purification was performed using a modified Hirt extraction

procedure [30]. The Hirt-extracted DNA was purified and treated with T5 exonuclease (New

England Biolabs) to digest linear and open circular DNA according to the manufacturer’s

instructions. Total RNA was treated with amplification grade DNase I (Thermo Fisher Scien-

tific) and reverse transcribed using an oligo (dT) primer and the SuperScript III kit (Thermo

Fisher Scientific). qPCR analysis of resulting cDNA was performed using SYBR green ROX

(Toyobo) with MX3000 (Stratagene) as described previously [40]. For cccDNA quantification,

TaqMan probe and cccDNA-selective primers spanning the gap region of rcDNA were used

[16, 17]. Validation of selective amplification for cccDNA but not rcDNA, is shown in S2 Fig.

Primers and probe sequences are listed in S2 Table.

Rolling circle amplification (RCA)

RCA was performed as described previously [30, 41] using purified DNA from the Hirt extrac-

tion. In brief, the DNA (T5 exonuclease treated) was mixed with 8 HBV-specific primers (S2

Table), denatured at 95˚C for 3 min; cooled sequentially at 50˚C for 15 s, 37˚C for 15 s, and

room temperature, and reacted with the phi29 DNA polymerase (New England Biolabs) at
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37˚C for 16 h. RCA products were digested with EcoRI, which cuts HBV cccDNA once. The

digested products were analyzed by gel electrophoresis and ethidium bromide staining.

Immunoprecipitation and Western blotting

Immunoprecipitation and Western blotting were performed as described previously [30, 40].

To analyze FEN1-HBV DNA binding, cells were fixed with 1% formaldehyde for 10 min at

room temperature, quenched with 125 mM glycine, resuspended in lysis buffer (50 mM Tris-

HCl pH 8.0, 5 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate

[SDS], protease inhibitor), sonicated in a Bioruptor sonication device (Diagenode) for 10 min

using pulses of 30 s, and immunoprecipitated with anti-c-Myc antibody (9E10, sc-40; Santa

Cruz Biotechnology) and protein G Sepharose (GE Healthcare) overnight at 4˚C. Following

proteinase K/SDS digestion, DNA was extracted with phenol/chloroform and precipitated

with ethanol. Target DNA fragments were analyzed by qPCR as described above. The antibod-

ies used for Western blotting were: mouse anti-FEN1 (4E7, GTX70185, GeneTex), rabbit anti-

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (G9545; Sigma-Aldrich), mouse anti-

FLAG (F3165, Sigma-Aldrich), mouse anti-c-Myc (9E10, sc-40; Santa Cruz Biotechnology),

anti-rabbit Igs-horseradish peroxidase (HRP) (ALI3404; Biosource), and anti-rabbit/anti-

mouse IgG-HRP TrueBlot (18–8816 and 18–8877; eBioscience).

Southern blotting

Southern blotting was performed as described previously [30]. HBV DNAs were detected

using a probe spanning the entire viral genome. Rhamda DNA probe was also simulateiously

added to hybridzation buffer to visualize DNA size marker. Probe labeling and signal develop-

ment was performed using the AlkPhos direct labeling system (Amersham), and the signals

were detected using the LAS1000 imager system (Fuji Film). The Hirt-extracted DNAs were

heat denatured at 95˚C for 10 min and then subjected to EcoRI digestion to linearize DNAs.

For the in vitro cccDNA formation (Fig 6C), HBV DNAs were treated with T5 exonuclease

(New England Biolabs) to eliminate any DNAs, except double-stranded closed circular DNA.

After phenol-chloroform extraction, DNAs were digested with EcoRI, and then agarose gel

electrophoresis was performed.

WST-1 assay

Cell viability was evaluated using the Premix WST-1 Cell Proliferation Assay System (Takara)

according to the manufacturer’s instructions. The cell lines used for the WST-1 assay were sen-

sitive to puromycin; hence, puromycin was used as a control.

siRNA transfection

Two FEN1-specific siRNAs and control siRNA were purchased from Santa Cruz Biotechnol-

ogy (sc-37795, sc-37007) and Sigma-Aldrich (SASI_Hs02_00336939). Lipofectamine 3000

(Thermo Fisher Scientific) was used to perform transfections with these siRNAs according to

the manufacturer’s instructions. Cells and viruses were analyzed 4 days after transfection.

CRISPR/Cas9-mediated gene targeting

Human FEN1-targeting oligonucleotides (target sequence with the protospacer adjacent motif

is in exon 2: 50-AGCTGGCCAAACGCAGTGAGCGG-30) were designed and cloned into the BbsI

site of the pX330-U6-Chimeric_BB-CBh-hSpCas9 vector (a gift from Feng Zhang, Addgene

plasmid # 42230) [42]. The resulting pX330-FEN1 vector was co-transfected into Hep38.7-Tet
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cells with pIRES-GFP-bsd, a blasticidin-resistant gene expression vector (S1 Table). Transfected

clones were then selected using limiting dilution in the presence of blasticidin, and genome

editing was confirmed by direct sequencing of the targeted region (oligonucleotides are listed in

S2 Table).

Lentivirus-mediated gene transduction

Lentivirus-mediated gene transduction was performed as described previously [40], using pResQ

shFEN3 3XF-FEN1 wt, pResQ shFEN3 3XF-FEN1 D181A, and pResQ shFEN3 3XF-FEN1 ΔC

(gifts from Sheila Stewart, Addgene plasmid # 17752, 17753, and 17754, respectively) [25]. Con-

struction of pResQ vectors is described in S7A Fig and S1 Table.

HBV infection

HBV infection was performed as described previously [19, 21]. Briefly, HBV (genotype D)

was prepared from the culture supernatant of Hep38.7-Tet cells and concentrated with

PEG8000 precipitation. The amount of HBV DNA was quantified by qPCR as described

above. HepG2-hNTCP-C4 cells and PXB cells were seeded in collagen-coated plates, and

the medium was replaced with fresh medium containing 4% PEG8000 and the prepared

HBV (15,000 GE/cell for HepG2-hNTCP-C4 infection, 100 GE/cell for PXB infection).

Twenty-four hours post-infection, the infected cells were washed three times with phos-

phate buffered saline and switched to fresh medium with PTPD or lamivudine (3TC). The

cells and culture supernatants were collected at the indicated days post infection (d.p.i.).

In vitro cccDNA formation assay

Purified NC-DNA from Hep38.7-Tet cells was used as substrate DNA. NC-DNA (108 copies)

was incubated with 32 units (U) of Thermostable FEN1 in ThermoPol Buffer (New England

Biolabs) at 65˚C for 10 min, followed by incubation with 8 U of Bst DNA polymerase, 40 U of

Taq DNA ligase, 100 μM dNTPs, and NAD+ (all from New England Biolabs). After further

incubation at 37˚C for 20 min, DNA was purified by phenol/chloroform extraction and etha-

nol precipitation, and subjected to cccDNA-selective qPCR or RCA, as described above. The

sequence corresponding to gap region of rcDNA was confirmed by direct sequencing (oligo-

nucleotide is listed in S2 Table). To verify the replication competence of resulting products,

EcoRI-digested RCA products (3.2 kb) were extracted from the gel; 50 ng of these fragments

were subjected to self-circularization by T4 DNA ligase (Takara). For the negative control,

HBV plasmid (pPB [30]) was amplified with RCA and then digested with PstI. Because the

5.4-kb PstI fragment has a partial HBV sequence, it was used as a replication-defective control.

Self-circularized DNAs were transfected into HepG2 cells. Three days after transfection, HBV

DNAs were analyzed by qPCR.

Statistical analyses

Statistical analyses were performed using GraphPad Prism (GraphPad Software). Signifi-

cance between two groups was determined using a Student’s t-test, while significance

between three or more groups was determined using a one-way ANOVA with Dunnett’s

post-hoc test. P-values < 0.05 were considered statistically significant.

Supporting information

S1 Fig. HBV FEN assay. A fluorophore/quencher-labeled DNA substrate containing the 50-flap

structure of the HBV r sequence was incubated with immunoprecipitated Myc-FEN1 from
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293FT transfectants (or immunoprecipitant from Mock-vector transfectant). Fluorescence sig-

nal (representing cleavage of the r sequence) was quantified. (A) Schematic presentation of

DNA substrate. The substrate was prepared by annealing three synthesized oligonucleotides

containing the HBV sequences. The complementary regions are indicated with lines. F repre-

sents the 5-TAMRA fluorophore, and Q represents the BHQ quencher. Cleavage of the 5´-flap

structure (arrow) on the fluorophore-labeled oligonucleotide (red) results in release of fluoro-

phore moiety from the quencher, and thus increases the fluorescence signal. (B) Western blot-

ting for the immunoprecipitated Myc-tagged FEN1 proteins. FEN1 N has D181A mutation,

whereas FEN1 NP has D181A, F343A, and F344A mutations. (C) Time course measurements

of FEN1 activity. (D) After completion of the FEN fluorescence assay in C, cleavage of the flap

structure was confirmed with urea-PAGE. Positions of substrate (31 nt) and cleaved product

are indicated. (E) Inhibitory activity of PTPD was confirmed by the FEN assay. Asterisks indi-

cate statistically significant differences compared with the control; ���� P< 0.0001 compared

with Mock (A).

(EPS)

S2 Fig. Verification of the cccDNA-selective qPCR. HBV DNAs are purified from two frac-

tions (culture supernatant, Hirt extraction) of Hep38.7-Tet cells. Hirt extracted DNA was fur-

ther treated with T5 exonuclease. HBV DNA copy numbers from both fractions were

determined by qPCR using primers indicated by p. To test selective amplification of cccDNA

by our protocol, serial dilution of 1x105 copy/μl from 1x up to x1/8 were prepared from both

fractions, then the cccDNA-selective qPCR was performed.

(EPS)

S3 Fig. HBV replication cycle in Hep38.7-Tet and infected HepG2-hNTCP-C4 cells. A pro-

posed model for the pathway of cccDNA formation in HBV replication cycle. After entry

through the NTCP receptor, the viral genome translocates into the nucleus, and rcDNA is con-

verted to cccDNA. The cccDNA conversion comprises the following steps: removal of viral

polymerase (P protein), removal of r sequence and RNA oligomer, completion of DNA syn-

thesis in single-stranded region, and ligation of DNA ends. In Hep38.7-Tet cells, viral replica-

tion starts from the chromosomally integrated HBV transgene under the control of Tet-CMV

promoter. 3TC, a reverse-transcriptase inhibitor, blocks the production of both rcDNA and

cccDNA in Hep38.7-Tet cells. Meanwhile, infected HepG2-hNTCP-C4 cells can form cccDNA

in the presence of 3TC. This study proposes that FEN1 is involved in the second step of

cccDNA formation. Pre-C mRNA is transcribed from cccDNA but not directly from the HBV

transgene.

(EPS)

S4 Fig. WST-1 assay for PTPD-treated Hep38.7-Tet cells. Cell viability was evaluated by the

WST-1 assay. Hep38.7-Tet cells were seeded into 96-well plates at 2,000 or 5,000 cells/well in

the presence of PTPD (5 μM) for 5 days. Effect of puromycin (2 ng/ml) was compared with

that of PTPD. Hep38.7-Tet cells are susceptible for puromycin. Each result represents the

mean ± SEM of six independent experiments. Asterisks indicate statistically significant differ-

ences; ���P< 0.001 compared with negative control (DMSO).

(EPS)

S5 Fig. Sequencing analyses of PCR products encompassing the FEN1 target region. Results

from two independent transfectants (#1 and #2) are shown. The mutation position is indicated

by an asterisk. This T insertion causes a frame shift and generates a premature stop codon

(underlined) in the FEN1 open reading frame.

(EPS)

FEN1 is involved in HBV cccDNA formation

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007124 June 21, 2018 16 / 20

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007124.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007124.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007124.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007124.s005
https://doi.org/10.1371/journal.ppat.1007124


S6 Fig. WST-1 assay for PTPD-treated HepG2-hNTCP-C4 cells. Cell viability was evaluated

by the WST-1 assay. HepG2-hNTCP-C4 cells were seeded into 96-well plates at 500 or 1,000

cells/well, and treated with PTPD (2, 5, or 10 μM) for 7 days. Effect of puromycin (1 ng/ml)

was compared with that of PTPD. HepG2-hNTCP-C4 cells are susceptible for puromycin.

Each result represents the mean ± SEM of six independent experiments. Asterisks indicate sta-

tistically significant differences; ���P< 0.001 compared with negative control (0 μM).

(EPS)

S7 Fig. Exogenous expression of FEN1 wt and mutant protein. Western blot analysis of

myc-FEN1 (wt, D181A, ΔC) overexpression in 293FT cells and immunoprecipitants using

anti-Myc beads. FEN activity of these immunoprecipitants was measured in Fig 5B.

(EPS)

S8 Fig. FEN1 expression in pResQ-transduced Hep38.7-Tet cells. (A) Schematic presentation

of pResQ vector construction. The lentiviral pResQ vector contains shRNA and transgene cas-

settes. shFEN1 targets the 30UTR of endogenous FEN1 mRNA. Positions of FEN1 ORF primers

used in B were indicated. (B) RT-qPCR to measure FEN1 expression levels of pResQ-transduced

Hep38.7-Tet cells. Levels of endogenous and total FEN1 mRNA were determined by qPCR (3´

UTR and ORF, respectively). Each result represents the mean ± SEM of three independent

experiments. Asterisks indicate statistically significant differences; ��P< 0.01, ���P< 0.001 com-

pared with shCtrl. (C) Western blot analysis of pResQ-transduced Hep38.7-Tet cells. The run-

ning time was longer than for Fig 2, in order to clearly separate the endogenous and exogenous

FEN1 protein bands. (D) Western blot analysis of pResQ-transduced FEN1+/− Hep38.7-Tet and

control cells. GAPDH protein level is shown as a loading control.

(EPS)

S9 Fig. FEN assay for recombinant FEN1. Verification of flap endonuclease activity in

recombinant FEN1, using the HBV flap structure substrate from S1 Fig. Fluorescent signal

(representing cleavage of the r sequence) was quantified. FEN1 Low: 32 U, FEN1 High: 144 U

(per 50 μl reaction).

(EPS)

S10 Fig. Sequencing analysis of cccDNA produced by in vitro cccDNA assay. Result from

direct sequencing of the region corresponding to the gap of rcDNA is shown. (A) Chromato-

gram (B) Sequence alignment. The reference sequence (NCBI accession number U95551) is

shown above. Asterisks in the alignment represent identity with the reference sequence. Posi-

tions of the r sequence, DR1, and DR2 are indicated.
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