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Abstract

We recently reported that onnamide A, a marine-derived natural compound isolated from
the sponge Theonella sp., inhibits the entry process of SARS-CoV-2 infection. However, its
antiviral activity against other viruses remains largely unexplored. Here, we investigated
the effects of onnamide A and its structurally related analog, onnamide B, on hepatitis B
virus (HBV) infection. Using iNTCP cells, a hepatoblastoma-derived cell line permissive
to HBV infection, we found that onnamides A and B exhibited cytotoxicity, with CC50

values of 0.53 ± 0.10 µM and 2.37 ± 0.25 µM, respectively. Following HBV infection, the
levels of total HBV RNA were significantly reduced by onnamide A (IC50 = 0.06 ± 0.01 µM)
and onnamide B (IC50 = 0.23 ± 0.06 µM). Notably, both compounds markedly decreased
the levels of HBV pregenomic RNA. Furthermore, significant inhibition was particularly
evident when onnamide treatment was initiated after HBV infection. Consistent with these
observations, onnamides did not affect HBV binding, entry, or covalently closed circular
DNA formation, but they significantly suppressed HBV RNA transcription. In particular,
the transcriptional activities driven by the core and X promoters were markedly inhibited
by onnamide treatment. Taken together, our findings demonstrate that onnamides possess
potent anti-HBV activity and highlight their potential as candidate compounds targeting
HBV RNA transcription.
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1. Introduction
Chronic HBV infection remains a major global health burden, affecting an estimated

254 million individuals worldwide [1]. Current therapeutic options for chronic HBV
infection mainly consist of nucleos(t)ide analogs, such as tenofovir [2], which potently
inhibit viral reverse transcription, and pegylated interferon-α, which enhances host immune
responses. Although these treatments effectively suppress viral replication and improve
clinical outcomes, they rarely eliminate HBV covalently closed circular DNA (cccDNA) or
achieve a functional cure, often necessitating lifelong therapy [3]. Therefore, there is an
urgent need to develop novel therapeutic agents that target different stages of the HBV life
cycle or act through distinct mechanisms, ultimately aiming for a complete or functional
cure for chronic HBV infection.

HBV entry into hepatocytes occurs through a specific interaction with the sodium
taurocholate co-transporting polypeptide (NTCP) receptor [4]. After entry, the viral capsid
is transported to the nucleus, where uncoating occurs and the relaxed circular DNA is
converted into cccDNA. The HBV genome, which exists as cccDNA in the nucleus, serves
as the transcriptional template for five species of HBV mRNAs with overlapping 3′ ends:
the 3.5-kb pregenomic RNA (pgRNA) and precore mRNA (pcRNA), the 2.4-kb preS1
mRNA, the 2.1-kb preS2/S mRNA, and the 0.7-kb X mRNA. These transcripts are regulated
by the core, preS1, preS2/S, and X promoters, respectively [5]. Among them, pgRNA
plays a crucial role as the template for reverse transcription during viral replication. The
pgRNA is encapsidated together with the viral polymerase into nucleocapsids, where
reverse transcription occurs, producing new viral DNA that is subsequently assembled into
progeny virions and secreted. Consequently, inhibition of pgRNA expression represents a
promising strategy for the development of curative therapies for chronic HBV infection.
Several HBV core promoter inhibitors, including HX531, calcitriol, and MafF, have been
identified, although most remain in the preclinical stage [6–9].

Natural products derived from marine organisms have long been recognized as valu-
able sources of structurally diverse and biologically active compounds, many of which have
inspired the development of modern pharmaceuticals [10]. Marine environments provide
unique ecological conditions that promote the biosynthesis of secondary metabolites with
distinctive chemical scaffolds and potent biological activities. In particular, the marine-
derived metabolites have yielded promising antiviral agents against viruses such as human
immunodeficiency virus, influenza, and coronaviruses, demonstrating their potential for
broad-spectrum antiviral drug discovery [11–13].

Onnamide A, a marine-derived compound isolated from the sponge Theonella sp. [14],
has been reported to exhibit cytotoxic and protein synthesis inhibitory activities [15,16].
Recently, we demonstrated that onnamide A inhibits the entry process of SARS-CoV-2
infection, underscoring its potential as a broad-spectrum antiviral agent [17]. In addition,
onnamides have shown antiprotozoal activity against the promastigote form of Leishmania
major [18]. However, their activity against other viruses, including HBV, has not been
thoroughly investigated.

In this study, we investigated the antiviral effects of onnamide A and its structural
analog, onnamide B, against HBV infection using HBV-susceptible HepG2 cells with a
doxycycline-inducible NTCP gene (iNTCP cells) [19]. We assessed their cytotoxicity, effects
on total HBV RNA, and particularly their ability to suppress pgRNA expression. Notably,
the transcriptional activities driven by the core and X promoters were markedly inhibited
by onnamide treatment. These findings provide new insights into the antiviral potential of
onnamides and suggest their promise as lead compounds for the development of novel
anti-HBV therapies.
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2. Results
2.1. Onnamides A and B, Marine-Derived Natural Compounds Isolated from the Sponge Theonella sp.

We previously reported that onnamide A, a marine-derived natural product isolated
from the sponge Theonella sp., inhibits the entry of SARS-CoV-2 [17]. However, its antiviral
effects against other viruses have not been fully elucidated. This study aimed to evaluate
the anti-HBV activity of onnamides A and B (Figure 1), two structurally related analogs
belonging to the onnamide family.

Figure 1. Structures of onnamides. Onnamides A and B share a similar polyketide-derived core
structure but differ in the substitution pattern of the side chain. Specifically, onnamide B lacks one
hydroxyl group present in onnamide A, resulting in a slight difference in polarity and potentially
in bioactivity.

2.2. Onnamides A and B Suppress the Levels of Total HBV RNA and pgRNA/pcRNA

To investigate whether onnamides exhibit anti-HBV activity through a mechanism
distinct from that of the existing reverse transcriptase inhibitor tenofovir [2], we focused on
the early phase of HBV infection, from viral entry to transcription (Figure 2A). Experiments
were conducted using iNTCP cells, in which expression of the HBV receptor NTCP is
inducible by doxycycline (DOX) [19].

We first determined the non-toxic concentrations of onnamides in iNTCP cells
(Figure 2B). After a 3-day exposure to various concentrations, onnamides A and B exhibited
cytotoxicity at concentrations ≥ 0.31 µM and ≥2.5 µM, with CC50 values of 0.53 ± 0.10 µM
and 2.37 ± 0.25 µM, respectively. Based on these results, we next evaluated the effects
of onnamides on HBV infection at non-toxic concentrations (Figure 2C,D). As shown in
Figure 2C,D, DOX-mediated induction of NTCP expression led to a significant increase
in total HBV RNA and pgRNA/pcRNA compared with DOX-untreated cells. Further-
more, Myrcludex B (MyrB), a preS1-derived peptide and competitive inhibitor of HBV
binding [20], significantly suppressed the levels of total HBV RNA and pgRNA/pcRNA,
whereas tenofovir did not, indicating that this NTCP-dependent assay specifically evaluates
the early phase of HBV infection. As shown in Figure 2C, compared with DMSO-treated
control cells, onnamide A markedly reduced the levels of total HBV RNA, including
pgRNA/pcRNA, preS1, preS2/S, and X RNAs, at concentrations ≥ 0.04 µM, with an IC50

value of 0.06 ± 0.01 µM. Similarly, onnamide B significantly decreased total HBV RNA
levels at concentrations ≥ 0.16 µM, with an IC50 value of 0.23 ± 0.06 µM. The selectivity
indices (SI) for onnamides A and B were calculated to be 8.83 and 10.30, respectively. Fur-
thermore, intracellular levels of HBV pgRNA were significantly reduced by onnamide A at
concentrations ≥ 0.08 µM, and by onnamide B at concentrations ≥ 0.16 µM (Figure 2D).
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Figure 2. Effects of onnamides A and B on cell viability, total HBV RNA, and pgRNA/pcRNA.
(A) Schematic representation of the HBV life cycle, illustrating the steps from viral binding to
transcription. The effects of onnamides A and B on cell viability (B), total HBV RNA (C), and
pgRNA/pcRNA (D) were examined in iNTCP cells treated with the indicated concentrations of
the compounds. (B) Cell viability was assessed using the WST-8 assay and is shown as % inhibi-
tion relative to DMSO. Data represent mean ± SD (n = 3). (C,D) Total HBV RNA (C) and HBV
pgRNA/pcRNA (D) were quantified by RT-qPCR. MyrB (0.5 µM), an entry inhibitor, and tenofovir
(1 µM), a reverse transcriptase inhibitor, were included as control drugs. Results are shown as %
inhibition relative to DMSO. Data represent mean ± SD (n = 3). Asterisks indicate significance levels
(* p < 0.05, ** p < 0.01).
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2.3. Onnamides A and B Most Effectively Suppress HBV at a Post-Entry Stage of the Viral Life Cycle

Next, to broadly examine the stage of the HBV life cycle affected by onnamides A and
B, we performed time-of-addition experiments in iNTCP cells. Cells were treated with the
compounds either before, during, or after HBV infection, and the levels of total HBV RNA
were quantified by RT-qPCR (Figure 3A).

 
Figure 3. Onnamides A and B inhibit HBV most effectively at a post-entry stage of the viral life
cycle. (A) Time-of-addition experiments with the compounds. iNTCP cells were treated with the
compounds before, during, or after HBV infection, as illustrated in the schematic. (B) iNTCP cells
were treated with onnamide A (0.16 µM) or onnamide B (0.63 µM). Total HBV RNA was quantified
by RT-qPCR and is shown as % inhibition relative to DMSO. Data represent mean ± SD (n = 3).
Asterisks indicate significance levels (** p < 0.01).

We first validated our time-of-addition assay using control compounds in iNTCP cells
(Supplementary Figure S1). The binding inhibitor MyrB suppressed infection when applied
both as a pre-treatment and during infection, whereas troglitazone [21], which inhibits
entry by blocking internalization, suppressed infection only when administered during
infection. The transcription inhibitor HX531 [6,7] inhibited infection when applied during
and post-infection. These results confirm that this assay can effectively distinguish antiviral
activities at different stages of the HBV life cycle.

Using this system, we then evaluated onnamides A and B. Little to no antiviral activity
was observed when they were administered prior to infection, whereas significant inhibition
of total HBV RNA was observed when treatment was initiated at the time of infection
or post-infection, with the latter most effectively reducing HBV RNA (Figure 3B). These
results suggest that the antiviral activity of onnamides A and B occurs at a post-entry stage
of the HBV life cycle.

2.4. Onnamides A and B Suppress HBV RNA Transcription

We next examined in more detail the stage of the HBV life cycle targeted by onnamides
(Figure 4A). First, to assess the effect of onnamides on HBV preS1-mediated binding to
target cells, we used C-terminally 5-carboxytetramethylrhodamine (TAMRA)-conjugated
and N-terminally myristoylated preS1 peptides corresponding to amino acids 2–48 (preS1-
TAMRA), which serve as an HBV mimic (Figure 4B). In cells in which NTCP expression
was induced by DOX treatment, the proportion of preS1-binding cells increased compared
with DOX-untreated cells, and treatment with the binding inhibitor MyrB reduced this
proportion. Onnamide-treated cells showed a proportion of preS1-binding cells comparable
to that of DMSO-treated cells, indicating that onnamides do not affect HBV attachment.

https://doi.org/10.3390/md24010021
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Figure 4. Onnamide A and B suppress HBV RNA transcription. (A) The effects of onnamides A and
B on HBV binding (B), entry (C), cccDNA formation (D), and transcription (E) were analyzed as
illustrated in the schematic. (B) HBV preS1-mediated binding to host cells was examined in iNTCP
cells treated with onnamide A (0.16 µM), onnamide B (0.63 µM), or MyrB (0.5 µM), followed by
incubation with a TAMRA-labeled preS1 peptide. Cellular binding of the fluorescently labeled preS1
peptide was analyzed by flow cytometry. Ten thousand cells were measured in each sample. The
percentage of cells within the indicated fluorescence range is shown. Data are from a single repre-
sentative experiment; similar results were obtained in three independent experiments. (C) iNTCP
cells were attached with HBV at 4 ◦C, then shifted to 37 ◦C for internalization in the presence of
onnamide A (0.16 µM), onnamide B (0.63 µM), or troglitazone (50 µM). Core-associated HBV DNA
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was quantified by RT-qPCR and expressed as % inhibition relative to DMSO. Data represent
mean ± SD (n = 3). (D) iNTCP cells were treated with onnamide A (0.16 µM), onnamide B (0.63 µM),
or MyrB (0.5 µM) before HBV infection. HBV cccDNA levels were measured by RT-qPCR and
are shown as % inhibition relative to DMSO. Data represent mean ± SD (n = 3). (E) iNTCP cells
transfected with HBV promoter-driven luciferase reporters were treated with onnamide A (0.16 µM),
onnamide B (0.63 µM), or HX531 (5 µM). Firefly luciferase activity was normalized to Renilla. Data
represent mean ± SD (n = 3). Asterisks indicate significance levels (* p < 0.05, ** p < 0.01).

Next, we examined the effect of onnamides on HBV entry (Figure 4C) and cccDNA for-
mation (Figure 4D). As shown in Figure 4C, treatment with troglitazone, an internalization
inhibitor, significantly reduced core-associated HBV DNA compared with DMSO-treated
cells, whereas onnamide treatment resulted in HBV DNA levels comparable to those
in DMSO-treated cells. As shown in Figure 4D, intracellular HBV cccDNA levels were
also unaffected by onnamide treatment. Taken together, these findings demonstrate that
onnamides A and B do not affect viral binding, entry, or cccDNA formation.

We then performed an HBV promoter luciferase assay to evaluate the impact of on-
namides on viral transcriptional regulation. Onnamide treatment significantly reduced the
activities of all HBV promoters examined, including the core, preS1, preS2/S2, and X pro-
moters, indicating a broad suppressive effect on HBV transcriptional machinery. Notably,
the activities of the core and X promoters were suppressed by more than 70% compared
with DMSO-treated cells, suggesting that these promoters are particularly sensitive to
onnamide-mediated inhibition. Given that the core promoter governs the production of
pgRNA/pcRNA, and the X promoter drives HBx expression—both of which are essential
for efficient viral replication—these findings imply that onnamides may strongly interfere
with key transcriptional steps required for HBV propagation. Taken together, these results
demonstrate that onnamides exert potent inhibitory effects on multiple HBV promoters,
with especially pronounced suppression of core and X promoter activity.

3. Discussion
In this study, we demonstrated that the marine-derived natural compounds onnamides

A and B exhibit potent antiviral activity against HBV through a mechanism clearly distinct
from that of the clinically used reverse transcriptase inhibitor tenofovir (Figure 5). Whereas
tenofovir suppresses HBV replication by inhibiting reverse transcription, it showed no effect
in the NTCP-dependent early-phase infection assay used here. In contrast, onnamides
markedly reduced HBV RNA levels in this system, indicating that they act at a step
upstream of reverse transcription and thus suppress HBV through an entirely different
antiviral mechanism. Onnamide A was previously shown to partially inhibit SARS-CoV-2
entry [17], but our HBV data reveal a distinct antiviral profile. Onnamides did not affect
preS1-mediated HBV binding or internalization, indicating that their anti-HBV activity,
unlike their anti–SARS-CoV-2 activity, is independent of viral entry inhibition. Time-
of-addition experiments further confirmed that onnamides exert their antiviral effects
only when added at the time of or after infection, consistent with targeting intracellular
post-entry events.

Mechanistically, onnamides suppressed HBV RNA synthesis, including total viral
RNA as well as pgRNA/pcRNA, at non-toxic concentrations. Interestingly, the most potent
inhibitory effects were observed for the core and X promoters. Although the exact molecu-
lar target(s) of onnamides remain unknown, previous studies have reported that onnamide
A induces ribotoxic stress through inhibition of protein synthesis, thereby activating p38
mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK), and trig-
gering apoptosis [16]. Notably, inhibition of p38 MAPK has been reported to suppress
HBV replication: treatment with the p38 MAPK-specific inhibitor SB203580 reduced levels
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of HBV DNA in human hepatoma cells [22]. Similarly, suppression of JNK activity by
chlorogenic acid has been shown to inhibit HBV replication [23]. In contrast, onnamide A
was reported to activate both p38 MAPK and JNK [16], suggesting that the antiviral effect
observed in this study is unlikely to be mediated through simple activation of these stress
kinases. Thus, while onnamide-induced ribotoxic stress activates p38 MAPK and JNK
pathways in other cellular contexts, the mechanism by which onnamide A suppresses HBV
core and X promoter activity appears to be distinct from these kinase-dependent pathways
and may involve alternative transcriptional or stress-responsive processes.

 
Figure 5. Onnamides A and B suppress HBV RNA transcription through a mechanism distinct from
the reverse transcriptase inhibitor tenofovir.

Several mechanisms may explain why the core promoter is more sensitive to onnamide-
mediated suppression. The core promoter is among the most transcriptionally active
regulatory elements in the HBV genome and governs the production of pgRNA/precore
mRNA, both required for nucleocapsid formation and viral replication. Because core
promoter activity depends on a complex network of hepatocyte-enriched transcription
factors, including HNF4α, C/EBP, and RXRα [24–26], even modest perturbations in host
transcriptional programs may disproportionately impact its activity. This high dependence
on multiple transcriptional regulators may make the core promoter particularly vulnerable
to transcriptional stress induced by onnamide. Further investigation into their mechanism
of action, including identification of molecular targets and in vivo efficacy studies, will be
critical to evaluate their feasibility as therapeutic agents for chronic HBV infection.

Collectively, these findings reveal that onnamides A and B suppress HBV replication by
inhibiting viral transcription downstream of entry, through a mechanism distinct not only
from their antiviral activity against SARS-CoV-2 but also from existing HBV therapeutics
such as tenofovir. This unique transcription-targeting activity highlights the potential of
onnamides as promising leads for developing novel HBV antiviral agents and as valuable
research tools for dissecting the transcriptional regulation of HBV cccDNA.

4. Materials and Methods
4.1. Specimens, Extraction, and Isolation of Onnamides A and B

Onnamides A (yield: 110.5 mg) and B (13.5 mg) were isolated from fresh Okinawan
sponges of the genus Theonella (wet weight: 6.5 kg), collected at Manza, Okinawa, Japan
(26◦29′36.0′′ N, 127◦50′02.9′′ E) on 26 June 2024. The detailed isolation procedure was

https://doi.org/10.3390/md24010021

https://doi.org/10.3390/md24010021


Mar. Drugs 2026, 24, 21 9 of 14

described in our previous work [18]. The onnamides were identified by comparing their
NMR data (500 MHz, Bruker Avance III 500 spectrometer, Bruker, Billerica, MA, USA)
and Orbitrap Exploris 240 (Thermo Fisher Scientific, Waltham, MA, USA) data with those
reported previously [14].

4.2. Cells and HBV Preparation

iNTCP cells were kindly provided by Dr. Kei Miyakawa and Dr. Akihide Ryo (Japan
Institute for Health Security, Japan). iNTCP cells were maintained in DMEM supplemented
with 10% fetal bovine serum (FBS), 100 µg/mL penicillin, 100 µg/mL streptomycin, and
1 µg/mL puromycin as previously described [19]. The HBV (genotype D) used as the inocu-
lum was collected from the culture supernatant of Hep38.7-Tet cells grown in the absence
of tetracycline, filtered through a 0.45-µm membrane, and concentrated approximately
100-fold using polyethylene glycol 8000 (PEG8000) [7].

4.3. Cytotoxicity Assay

iNTCP cells were seeded into 96-well plates at a density of 1 × 104 cells per well.
After 24 h, the cells were treated with 10 µg/mL Dox. On the following day, the cells were
incubated with onnamide in the presence of 10 µg/mL Dox, 4% PEG8000, and 2% dimethyl
sulfoxide (DMSO) for 3 days. Cytotoxicity was assessed using the WST-8 assay with the
Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan), and the 50% cytotoxic
concentration (CC50) was determined.

4.4. Quantification of Total HBV RNA and pgRNA/pcRNA by RT-qPCR

The HBV infectivity assay using RT-qPCR was conducted as previously described with
slight modifications [4,27]. iNTCP cells were seeded in 24-well plates (6 × 104 cells/well).
After 24 h, the cells were treated with 10 µg/mL Dox. The following day, cells were
cultured with onnamide and, subsequently, HBV at 8000 genome equivalents (GEq)/cell in
the presence of 10 µg/mL Dox, 4% PEG8000, and 2% DMSO. After 3 days, the cells were
washed with phosphate-buffered saline (PBS) and harvested, and viral RNA was extracted
using ISOSPIN Cell & Tissue RNA (Nippon Gene, Tokyo, Japan). Subsequently, quantitative
RT-qPCR was performed using One Step TB Green® Prime-Script™ RT-PCR Kit II (Takara
Bio Inc., Shiga, Japan) according to the manufacturer’s instructions. The primer pairs used
were 5′-GCACTTCGCTTCACCTCTGC-3′ and 5′-CTCAAGGTCGGTCGTTGACA-3′ for
total HBV RNA; 5′-GAGTGTGGATTCGCACTCC -3′ and 5′-GAGGCGAGGGAGTTCTTCT-
3′ for HBV pgRNA/pcRNA; 5′-GCACCGTCAAGGCTGAGAAC-3′ and 5′-GGATCTCGC
TCCTGGAAGATG-3′ for GAPDH as internal control.

4.5. Time-of-Addition Assay

Time-of-addition assay was conducted as previously described with slight modifi-
cations [7]. iNTCP cells were seeded in 24-well plates (6 × 104 cells/well). After 24 h,
the cells were treated with 10 µg/mL Dox. The following day, the cells were treated with
onnamide A (0.16 µM) or onnamide B (0.63 µM) before, during, or after HBV inoculation at
8000 GEq/cell. For the pre-treatment condition, cells were incubated with the compound
for 2 h prior to HBV infection and the compound was removed before viral inoculation. For
the co-treatment condition, the compound was added simultaneously with HBV during
the inoculation period for 16 h. For the post-treatment condition, the compound was added
immediately after the inoculum was removed and maintained throughout the culture
period for 2 days. As described above, cells were harvested, followed by RNA extraction
and quantification of total HBV RNA by RT-qPCR.
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4.6. preS1 Binding Assay

HBV preS1 binding assay was conducted as previously described with slight modifica-
tions [28]. The preS1-TAMRA were synthesized by Scrum Inc. (Tokyo, Japan). iNTCP
cells were seeded in 24-well plates (6 × 104 cells/well). After 24 h, the cells were
treated with 10 µg/mL Dox. The following day, the cells were detached and adjusted
to 5 × 104 cells/tube. The cells were then treated with onnamide A (0.16 µM), onnamide B
(0.63 µM), or MyrB (0.5 µM) for 1 h at 37 ◦C, followed by incubation with preS1-TAMRA
(0.25 µM) for 1 h at 4 ◦C. After washing three times with PBS, the binding of preS1-TAMRA to
the cells was quantified using an Attune™ NxT Flow Cytometer (Thermo Fisher Scientific).

4.7. Quantification of Core-Associated HBV DNA by RT-qPCR

Core-associated HBV DNA was extracted and quantified as previously described,
with slight modifications [21,29,30]. iNTCP cells were seeded in 6-well plates at a density
of 5 × 105 cells per well. After 24 h, the cells were treated with 10 µg/mL Dox. On
the following day, the cells were infected with HBV at 8000 GEq/cell in the presence
of 10 µg/mL Dox, 4% PEG8000, and 2% DMSO at 4 ◦C for 2 h. The cells were then
washed thoroughly with cold medium before shifting the temperature to 37 ◦C to allow
viral internalization in the presence of onnamide A (0.16 µM), onnamide B (0.63 µM), or
troglitazone (50 µM). After 6 h, the cells were treated with trypsin for 5 min at 37 ◦C.
Complete medium was subsequently added to detach the cells, which were collected into a
tube. Cells were centrifuged at 2000× g for 5 min at 4 ◦C, the supernatant was removed,
and the cell pellet was washed with PBS containing 5 mM EDTA, followed by a second
centrifugation at 2000× g for 5 min at 4 ◦C. The supernatant was then removed.

The cell pellet was then treated with lysis buffer (50 mM Tris-HCl [pH 7.5], 1 mM
EDTA, 150 mM NaCl, and 1% NP-40) and incubated for 10 min at 37 ◦C. Nuclei and cellular
debris were removed by centrifugation. The resulting cell lysates were treated with 6 mM
magnesium acetate, DNase I (100 U/mL), and RNase A (0.2 mg/mL) for 2 h at 37 ◦C
to remove unencapsidated nucleic acids. The reaction was stopped by adding 10 mM
EDTA and incubating for 15 min at 65 ◦C. Subsequently, the lysates were treated with
proteinase K (0.2 mg/mL) and 1% SDS and incubated for 2 h at 37 ◦C. Intracellular core-
associated HBV DNA was then purified by phenol–chloroform–isoamyl alcohol (25:24:1)
extraction, followed by DNA precipitation with isopropanol. The DNA pellet was collected
by centrifugation at 15,000× g for 15 min at 4 ◦C, washed with 70% ethanol, air-dried, and
resuspended in 30 µL nuclease-free water.

Quantitative RT-qPCR was subsequently performed using TB Green® Premix Ex Taq™
II (Takara Bio) according to the manufacturer’s instructions. The primer pairs used were 5′-
AAGGTAGGAGCTGGAGCATTCG-3′ and 5′-AGGCGGATTTGCTGGCAAAG-3′ for HBV
DNA, and 5′-GCACACTCATCACAGCGCTAA-3′ and 5′-GATTATGGATGCGGTTGCTTG-
3′ for mitochondrial DNA, which was used as an internal control.

4.8. Quantification of HBV cccDNA by RT-qPCR

HBV cccDNA was extracted and quantified as previously described, with slight
modifications [31–33]. iNTCP cells were seeded in 6-well plates (5 × 105 cells/well). After
24 h, the cells were treated with 10 µg/mL Dox. The following day, cells were treated with
onnamide A (0.16 µM), onnamide B (0.63 µM), or MyrB (0.5 µM) and subsequently infected
with HBV at 8,000 GEq/cell in the presence of 10 µg/mL Dox, 4% PEG8000, and 2% DMSO.

After 3 days, the cells were treated with trypsin for 5 min at 37 ◦C. Complete medium
was then added to detach the cells, which were collected into a tube. The cells were
centrifuged at 2000× g for 5 min at 4 ◦C, the supernatant was removed, and the cell pellet
was washed with PBS and centrifuged again at 2000× g for 5 min at 4 ◦C. The supernatant
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was removed, and the cell pellet was treated with 0.6% sodium dodecyl sulfate and 10 mM
Tris-HCl (pH 7.5) at room temperature for 30 min. Sodium chloride was then added to
a final concentration of 1 M, followed by vortexing, and the samples were incubated at
4 ◦C overnight. The next day, the samples were centrifuged at 15,000× g at 4 ◦C for 30 min,
and the supernatant was collected. DNA was extracted using phenol–chloroform–isoamyl
alcohol (25:24:1), followed by DNA precipitation with isopropanol, and the DNA pellet was
collected by centrifugation. The DNA was then treated with T5 exonuclease (0.2 U/µL) at
37 ◦C for 1 h, followed by phenol–chloroform–isoamyl alcohol extraction and isopropanol
precipitation. The final DNA pellet was collected by centrifugation and resuspended in
30 µL of nuclease-free water.

Quantitative RT-qPCR was subsequently performed using THUNDERBIRD® Probe
qPCR Mix (TOYOBO, Osaka, Japan) according to the manufacturer’s instructions. The
primer pairs used for HBV cccDNA were 5′-CCGTGTGCACTTCGCTTCA-3′ and 5′-
GCACAGCTTGGAGGCTTGA-3′, and the probe sequence was 5′-FAM-CATGGAGACC
ACCGTGAACGCCC-TAMRA-3′. Mitochondrial DNA was used as an internal control.

4.9. HBV Promoter Activity Measurement Using Dual-Luciferase Reporter System

The promoter regions of HBV core, preS1, preS2/S, and X were amplified by
PCR [34] from the DNA of HepG2.2.15 cells as a template, which continuously ex-
press HBV owing to stable integration of the viral genome, using the following primers
(underlined sequences indicate KpnI sites, and double-underlined sequences indicate
HindIII sites): core promoter: 5′-GGCCGGTACCGGTCTTACATAAGAGGAC-3′ and 5′-
TGCCAAGCTTTGAACAAGAGATGATTAG-3′, preS1 promoter: 5′-GGCCGGTACCCTC
ACTTTTGGAAGAGAAA-3′ and 5′-TGCCAAGCTTCTTATATAATATACCCGC-3′, preS2/S
promoter:5′-GGCCGGTACCGTGGGTCACCATATTCTTG-3′ and 5′-TGCCAAGCTTCTT
CCTGTCTGGCGATTG-3′, X promoter: 5′-GGCCGGTACCTGCGTGGAACCTTTTCGG-3′

and 5′-TGCCAAGCTTTGGATACGATGTATATTTG-3′. These PCR products were subse-
quently cloned into the pGL4.16[luc2CP/Hygro] vector (Promega, Madison, WI, USA) to
generate firefly luciferase reporter plasmids under the control of the respective HBV promoters.

iNTCP cells were co-transfected with the firefly luciferase reporter plasmid and a
Renilla luciferase plasmid (pRL-CMV, Promega), under the control of the cytomegalovirus
promoter, using Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific). At 6 h
post-transfection, cells were treated with onnamide A (0.16 µM), onnamide B (0.63 µM),
or HX531 (5 µM) for an additional 24 h. Luciferase activity was measured using a Dual-
Luciferase Reporter Assay System (Promega). Firefly and Renilla luciferase activities were
detected using a GloMax Explorer luminometer (Promega), and firefly luciferase activity
was normalized to Renilla luciferase activity.

4.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software,
San Diego, CA, USA). For comparisons, we conducted a one-way ANOVA followed by
Dunnett’s test. The results are presented as the mean ± SD. p < 0.05 was considered
statistically significant. Asterisks indicate significance levels (* p < 0.05, ** p < 0.01).

5. Conclusions
Onnamides A and B exhibit potent anti-HBV activity by specifically suppressing

HBV RNA transcription without affecting viral entry or cccDNA formation. These find-
ings highlight their potential as candidate compounds targeting HBV transcription for
therapeutic development.
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The following abbreviations are used in this manuscript:

cccDNA covalently closed circular DNA
DMSO dimethyl sulfoxide
DOX doxycycline
FBS fetal bovine serum
GEq genome equivalents
HBV hepatitis B virus
iNTCP HBV-susceptible HepG2 cells with a doxycycline-inducible NTCP gene
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MyrB Myrcludex B
NTCP the sodium taurocholate co-transporting polypeptide
PBS phosphate-buffered saline
pcRNA precore mRNA
PEG8000 polyethylene glycol 8000
pgRNA pregenomic RNA
preS1-TAMRA C-terminally 5-carboxytetramethylrhodamine-conjugated and N-terminally

myristoylated preS1 peptides corresponding to amino acids 2–48
SI selectivity index
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