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Highlights Impact and implications

e We uncovered a heterogeneous transcriptional termination HBV covalently closed circular (ccc)DNA degradation or func-
of HBV transcripts in cellular models and in patients tional inactivation remains the holy grail for the achievement of
with CHB. HBV cure. Transcriptional fidelity is a cornerstone in the regu-

lation of gene expression. Here, we demonstrate that two hel-

icases, DDX5 and DDX17, inhibit recognition of the HBV
polyadenylation signal and thereby transcriptional termination,

e RNA helicases DDX5 and DDX17 promote HBV transcrip- thus decreasing HBV RNA stability and acting as restriction
tional read-through and viral RNA destabilisation. factors for efficient cccDNA transcription and viral replication.

The observation that DDX5 and DDX17 are downregulated in

patients chronically infected with HBV suggests a role for these

helicases in HBV persistence in vivo. These results open new
perspectives for researchers aiming at identifying new targets
to neutralise cccDNA transcription.

e HBV transcription termination is functionally linked to
HBV replication.

e DDX5 and DDX17 are host HBV restriction factors and are
downregulated in patients with CHB.
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Background & Aims: Transcription termination fine-tunes gene expression and contributes to the specification of RNA function in
eukaryotic cells. Transcription termination of HBV is subject to the recognition of the canonical polyadenylation signal (cPAS)
common to all viral transcripts. However, the regulation of this cPAS and its impact on viral gene expression and replication is
currently unknown.

Methods: To unravel the regulation of HBV transcript termination, we implemented a 3’ RACE (rapid amplification of cDNA ends)-
PCR assay coupled to single molecule sequencing both in in vitro-infected hepatocytes and in chronically infected patients.

Results: The detection of a previously unidentified transcriptional readthrough indicated that the cPAS was not systematically
recognized during HBV replication in vitro and in vivo. Gene expression downregulation experiments demonstrated a role for the
RNA helicases DDX5 and DDX17 in promoting viral transcriptional readthrough, which was, in turn, associated with HBV RNA
destabilization and decreased HBx protein expression. RNA and chromatin immunoprecipitation, together with mutation of the
cPAS sequence, suggested a direct role of DDX5 and DDX17 in functionally linking cPAS recognition to transcriptional read-
through, HBV RNA stability and replication.

Conclusions: Our findings identify DDX5 and DDX17 as crucial determinants of HBV transcriptional fidelity and as host restriction
factors for HBV replication.

© 2024 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction recognition of a polyadenylation signal (cPAS) common to all
HBV transcripts as a termination signal for the RNAP II. Its
sequence, UAUAAA, is derived from the consensus mammalian
PAS sequence AAUAAA.* Furthermore, in vitro assays showed
that both 5’ and 3’ PAS-surrounding sequences are critical for
its proper recognition and thus for a proper 3’ end processing
of HBV transcripts.*®> However, the molecular mechanisms
governing proper transcription termination and how it in-
fluences HBV replication remain open questions.

RNA helicases play fundamental roles in the regulation of
gene expression, including transcription termination and 3’ end
mRNA processing.6 Members of this protein family appeared to
act as enhancers or repressors of HBV replication.” Among
these proteins, the highly redundant ATP-dependent RNA
helicases DDX5 and DDX17 were shown to couple transcription
and co-transcriptional mMRNA processing to fine-tune gene
expression during differentiation processes.®® In particular,

Despite treatments that can efficiently control infection, HBV
cannot be fully eradicated from infected hepatocytes.' Viral
persistence is due to the so-called covalently closed circular
DNA (cccDNA) that acts as a viral minichromosome in the nu-
cleus of infected hepatocytes. cccDNA is the unique template for
the transcription of the six main viral mMRNAs by the host RNA
polymerase Il (RNAP lI), including the pregenomic RNA (pgRNA).
The latter is then retro-transcribed and encapsidated to generate
new infectious particles. Thus, silencing transcriptional activity of
cccDNA is considered a promising therapeutic approach to
achieve a functional cure of chronic HBV infection.?

Similarly to host transcripts, HBV RNAs are subjected to a
series of co-transcriptional processing events that not only
contribute to their maturation, but also regulate HBV replication
and contribute to HBV-induced liver diseases.” Co-
transcriptional HBV RNA polyadenylation is initiated by the
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Characterizing HBV transcription termination

DDX5 and DDX17 act as regulators of transcription termination
and 3’ end mRNA processing in several cellular models.”""
DDX5 has also been identified as an HBV restriction factor
contributing to silencing of the transcriptional activity of
cccDNA, "2 while the role of DDX17 in the HBV lifecycle remains
controversial.’®'* Notably, these previous studies were per-
formed in the transformed hepatoma cell lines HepG2-NTCP.

Here, in addition to HepG2-NTCP cells, we used non-
transformed primary human hepatocytes (PHHs), as well as
patient liver tissue samples, and combined 3’ rapid amplifica-
tion of cDNA ends (RACE)-PCR and single molecule
sequencing using the Oxford Nanopore Technology (ONT)
MinION to accurately map the 3’ extremity of HBV transcripts
in vitro and in vivo. We demonstrated that, while most HBV
RNAs end 14 nucleotides downstream of the HBV cPAS, a
proportion of viral transcripts display a transcriptional read-
through spanning around 700 nucleotides. Inhibition of this
readthrough following DDX5/17 silencing identified DDX5 and
DDX17 as critical regulators of HBV cPAS recognition.
Furthermore, we demonstrated that this transcriptional read-
through promoted by DDX5 and DDX17 was associated with
HBV RNA destabilization. Accordingly, we provide evidence
that DDX5/17 knockdown and, consequently, the preferential
usage of the HBV cPAS were associated with enhanced HBV
replication, establishing a functional link between transcrip-
tional termination and proper viral replication.

Materials and methods

Ethics statement

PHH were isolated from surgical liver resections after informed
consent of patients (IRB agreements #DC-2008-99 and DC-
2008-101).

The protocol for the use of liver samples from two patients
with chronic hepatitis B (CHB) was approved by the competent
Institutional Ethics Committee (CPP Sud est IV 11/040,
authorization number DC-2008-235). Written informed consent
was obtained from all patients and/or their legal guardians prior
to liver biopsy.

Additional materials and methods

All experimental procedures and materials are available in the
supplementary information.

Statistical analysis

Data are expressed as mean + SEM. Non parametric Mann-
Whitney or Kruskal-Wallis tests were performed using Graph-
Pad Prism 9 to evaluate the statistical significance. Two-tailed
p-value was calculated for a risk threshold = 0.05.

Results

Mapping of 3’ extremity of HBV transcripts reveals
differential recognition of polyadenylation signal

We used HepG2-NTCP cells and PHHSs, two validated cellular
models to study HBV replication, to characterize the 3’ ex-
tremity of viral transcripts 8 days post-infection, when viral
replication is well established.’®™"” We set-up an HBV-specific
3’RACE approach coupled to PCR that, given the overlapping
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nature of HBV RNAs, allows the ampilification of the 3’ end of all
viral transcripts. If the cPAS was systematically used for viral
transcript termination, the size of the generated amplicon
would be ~500 bp in length (Fig. 1A).* Agarose gel electro-
phoresis in both cellular models confirmed the specificity of the
approach and revealed a major, but smeary, band of the ex-
pected size, suggesting some degree of heterogeneity in the
length of the 3’ region of HBV transcripts (Fig. S1A).

Sequencing profiles obtained by single molecule ONT
MinlON analysis of 3° RACE amplicons revealed that the ma-
jority of reads had a size of ~500 bp, but a significant pro-
portion of reads reaching up to ~1,100 bp was also observed,
confirming the existence of heterogeneity in the length of the 3’
end of HBV RNAs (Fig. 1A and S1B).

To better characterize these longer reads, a consensus
sequence of 1,194 bp was generated by de novo assembly of
the totality of the sequencing reads. The generated consensus
was consistent across biological replicates and showed 98%
identity with HBV genotype D genome by BLAST analysis
(Fig. S1C). We then aligned every single sequencing read to this
reference and visualized them using Integrated Genomics
Viewer'® (Fig. 1B). We observed an evident coverage drop at
the position 463, i.e. 14 nucleotides downstream of the previ-
ously described cPAS” in both HepG2-NCTP cells and PHHs
(Fig. 1B and S1D), reflecting a termination of the majority of
reads at this position. This observation allowed us to locate the
main HBV RNA termination site 14 nucleotides downstream of
the cPAS, which is similar to eukaryotic cell transcripts that are
cleaved between 10 and 30 nucleotides downstream of the
PAS."® These data are in agreement with the main use of this
cPAS as a termination signal for RNAP Il and concordant with
previous in vitro work.* Sequencing analysis confirmed that the
longer reads shown in Fig. 1A correspond to single HBV tran-
scripts extending up to 705 bp downstream of the cPAS in both
cellular models (Fig. 1B and S1D), indicating a transcriptional
readthrough. We looked for the consensus PAS sequence,
NNTANA, obtained from the 12 mostly used PAS in the human
genome, to determine whether potential alternative PAS (aPAS)
could be used to terminate the transcription of these longer
transcripts®® (Fig. S1E). Besides the known cPAS (at the posi-
tion 1,923 of the HBV genome) and the upstream aPAS1 (po-
sition 1,800),%" several other consensus PAS sequences were
bioinformatically identified in the transcriptional readthrough
sequence, including the aPAS2 located 19 nucleotides up-
stream of the major end of the longer transcripts (at position
2,603 of the HBV genome), suggesting that aPAS2 could
potentially be recognized as a termination signal (Fig. 1B
and S1D,E).

Similar analyses performed in liver biopsies derived from
two patients with CHB confirmed the results obtained in cellular
models, with a major peak of reads of 450 bp corresponding to
HBV transcripts ending 14 nucleotides downstream of the HBV
cPAS (Fig. 1C,D, and S1F) and longer reads of different sizes
going up to 705 bp downstream of the HBV cPAS (Fig. 1C,D).

Altogether, our data showed that HBV transcripts end 14
nucleotides downstream of the previously described HBV
cPAS, but also pointed to the existence of a transcriptional
readthrough terminating downstream of a putative aPAS,
demonstrating that the viral cPAS is not systematically recog-
nized as the unique termination signal for RNAP II.

Journal of Hepatology, October 2024. vol. 81 | 609-620
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Fig. 1. HBV transcripts end 14 nucleotides downstream of the cPAS and display transcriptional readthrough. RNAs extracted from HepG2-NTCP cells and
PHHs infected with HBV at MOI 250 for 8 days (A,B) and liver resections from two patients with CHB (C,D) were subjected to HBV-specific 3'RACE-PCR experiments
followed by MinlON single molecule sequencing. (A,C) Graphical representation of the read length obtained from the MinlON single molecule sequencing of 3’'RACE-
PCR amplicons. Each dot corresponds to a single read. (B,D) IGV view of the Nanopore sequencing reads aligned to a de novo assembly-generated HBV consensus
sequence. At the bottom, the position of PAS predicted by the Poly(A) Signal Miner prediction tool is indicated. The PAS indicated in red (cPAS) corresponds to the
previously identified PAS known to be shared by every HBV transcript.” The vertical lines (red or yellow) correspond to the end of HBV transcripts. The scale used is a
logarithmic scale. aPAS, alternative PAS; CHB, chronic hepatitis B; cPAS, canonical PAS; IGV, Integrated Genome Viewer; MOI, multiplicity of infection; PAS, pol-
yadenylation signal; PHHSs, primary human hepatocytes; RACE, rapid amplification of cDNA ends. (This figure appears in color on the web.)

DDX5 and DDX17 favour the HBV transcriptional
readthrough

The uncovering of HBV transcriptional readthrough led us to
investigate the mechanisms regulating HBV cPAS recognition.
Transcription termination and 3’ end mRNA processing are
tightly linked and regulated at both the chromatin and RNA
level.”” The ATP-dependent RNA helicases DDX5 and DDX17
play major roles in coupling transcription and co-transcriptional
mRNA processing and were identified as constituents of pro-
tein complexes containing termination factors.®*°

Given the potential redundant functions of the helicases,®
we concomitantly silenced both DDX5 and DDX17 in HBV-
infected HepG2-NTCP cells 8 days post-infection (Fig. S2A,B)
to test their potential role in HBV transcript termination.
3’RACE-PCR followed by agarose gel electrophoresis revealed
several bands in the control RNAi condition (Fig. S2C), while a
major band of around 500 bp was detected in DDX5/17-
silenced HBV-infected HepG2-NTCP cells, suggesting a loss
of heterogeneity in the 3’ region of HBV transcripts when DDX5
and DDX17 were downregulated (Fig. S2C). ONT MinION single
molecule sequencing of 3’'RACE amplicons revealed that HBV-
infected HepG2-NTCP cells transfected with non-targeting
small-interfering RNA displayed the same pattern as non-
transfected cells, with reads reaching up to around 1,200 bp

Journal of Hepatology, October 2024. vol. 81 | 609-620

(Fig. 2A and S2D). Interestingly, these reads appeared to be
significantly less frequent in DDX5/17-depleted HepG2-NTCP
cells compared to control cells (Fig. 2A,B and S2D,E). We
then aligned every read to the previously de novo-generated
HBV reference genome and confirmed that the depletion of
DDX5 and DDX17 decreased the frequency of transcriptional
readthrough in favour of a termination 14 nucleotides down-
stream of the cPAS (Fig. 2C and S2F).

Similar experiments were performed in HBV-infected PHHs
derived from two different donors (Fig. 2D-F and S2G-I). As
observed in the HepG2-NTCP model, HBV transcripts dis-
played a reproducibly less frequent transcriptional readthrough
in DDX5/17-depleted cells compared to control PHHs (Fig. 2D-
F and S2G-I), confirming that DDX5 and DDX17 also prevented
the recognition of the HBV cPAS in infected primary cells.

A potential redundant effect involving DDX5 and DDX17 in
the regulation of HBV transcription termination was supported
by the observation that silencing of either helicase triggered an
increase in protein levels of the other one (Fig. S3A). Consis-
tently, the 3’ end phenotype of HBV RNAs showed no differ-
ences from the small-interfering control condition where the
helicases were individually downregulated (Fig. S3B-D).

Altogether, these data showed that DDX5 and DDX17 are
involved in HBY mRNA 3’ end processing by preventing the
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recognition of the cPAS and promoting HBV transcrip-
tional readthrough.

DDX5 and DDX17 are not involved in the first passage of the
cPAS during 3.5 kb RNA transcription

The cPAS must remain unrecognized when RNAP Il first en-
counters it during the transcription of 3.5 kb RNAs.?® To test if
silencing of DDX5-17 could have an impact on this event, we
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employed two strategies based on the use of an engineered
replication competent HBV 1.3 plasmid.>* In this construct, the
region between nucleotide 823 and 1990, which contains the
cPAS, is duplicated at both the 5’ end and the 3’ end of the
construct (Fig. S4A). This conformation implies that the cPAS
located at the 5’ end must not be recognized for the expression
of pgRNA to take place.

The first strategy consisted of inserting an EGFP coding
sequence in frame with the HBc ATG containing a STOP codon

Journal of Hepatology, October 2024. vol. 81 | 609-620



located at position 1906, upstream of the cPAS position in
the 5’ redundant region (Fig. S4A). This means that EGFP
expression will not be affected by the recognition of the first
cPAS. We also inserted an mCherry coding sequence in frame
with the POL ATG, whose expression, on the contrary, is pre-
vented by the termination of RNAP Il at the 5’ cPAS. Therefore,
the mCherry/EGFP ratio will be modified if DDX5 and DDX17
regulate the recognition of the 5° cPAS. We thus performed
reverse-transcription quantitative PCR (RT-qPCR) experiments
from HepG2-NTCP cells (silenced or not for both DDX5 and
DDX17 and transfected with this modified HBV 1.3 construct,
Fig. S4B) and compared the ratio of mCherry/EGFP mRNA
expression. The results showed no difference between control
and silenced cells (Fig. S4C).

The second strategy consisted of inserting two point mu-
tations upstream of the 5’ cPAS while the corresponding nu-
cleotides in the 3’ region remained unmodified (Fig. S4D). If
DDX5 and DDX17 regulate the first passage of the cPAS, the
proportion of transcripts containing the mutated nucleotides
would be increased compared to the wild-type (WT). Again, we
performed silencing of DDX5-17 in HepG2-NTCP cells trans-
fected with this modified 1.3 construct (Fig. S4E). After RT-PCR
using primers surrounding the single nucleotide polymorphisms
and amplifying both the 5’ and 3’ mutated region of the
construct, we sequenced the amplicons and analysed the
electropherogram using EditR software® (Fig. S4F). This tool
measures the efficiency of Cas9-mediated editing on the target
sequence. In line with the results obtained with the first strat-
egy, no difference in the proportion of mutated vs. WT ampli-
cons was found between control and silenced cells (Fig. S4G).
Taken together, these data suggest that DDX5 and DDX17 do
not regulate the first cPAS passage during the synthesis of the
3.5 kb RNAs.

Altogether, these data argue against a role for DDX5 and
DDX17 in the recognition of the 5° cPAS by RNAP Il during the
transcription of 3.5 kb RNAs.

DDX5 and DDX17 bind cccDNA and HBV RNAs

To determine whether DDX5 and DDX17 act directly to promote
HBV transcriptional readthrough, we first analysed the tran-
scriptome of HBV-infected HepG2-NTCP cells depleted or not
for both RNA helicases by RNA-seq experiments. DEseq2 gene
expression analysis identified 1,585 upregulated and 2,088
downregulated genes after the repression of DDX5 and DDX17
(logofoldchange > |1]). Gene ontology analyses performed using
GenePattern website (https://www.genepattern.org) did not
identify terms related to 3’ end mRNA processing or tran-
scription termination, suggesting that DDX5 and DDX17 do not
regulate genes involved in this process in the experimental
conditions analysed (Fig. 3A).

In parallel, we investigated the ability of both RNA
helicases to bind cccDNA and HBV RNAs. Chromatin immu-
noprecipitation (ChIP)-gPCR (Fig. 3B) and UV-crosslinking
immunoprecipitation (CLIP) RT-gPCR (Fig. 3C) were carried
out in HBV-infected HepG2-NTCP cells. cccDNA and HBV
RNAs showed a specific enrichment compared to negative
controls (Ctrl IgG and f-globin locus for ChIP and H3.3 and No
Ab for CLIP) when antibodies against either DDX5 or DDX17
were used for immunoprecipitation (Fig. 3B,C). These data
demonstrate that DDX5 and DDX17 are recruited to HBV
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cccDNA and RNAs and suggest that they could play a direct
role in the recognition of cPAS and, thus, in the regulation of
HBV 3’ end mRNA processing.

Lengthening of the 3’UTR destabilizes HBx transcripts

The transcriptional readthrough of HBV transcripts results in
the lengthening of their 3’ untranslated region (3’'UTR). 3’'UTR is
a critical regulatory region for RNA metabolism and the site of
recruitment of regulators such as RNA binding proteins or
microRNAs, known to dictate RNA stability, export and/
or translation.?®

To unveil the impact of the transcriptional readthrough on
HBV RNA metabolism, we focused on its effect on the HBx
transcript, which codes for the HBx protein, indispensable for
HBV infection.?” To mimic the lack of cPAS recognition
observed in the DDX5/17-depleted condition, we engineered
expression vectors (pcDNA6) bearing the HBx coding
sequence fused at its 5’ end to a V5 tag coding sequence and
at its 3’ end to the 3’UTR region encoded by the transcriptional
readthrough carrying a WT (cPASwt) or mutated cPAS
(TATAAA to CGCGGG, cPASmut) (Fig. 4A).

After transfection of HepG2-NTCP cells (Fig. S5), the levels
of total HBx transcripts and HBx transcripts bearing a long
3'UTR (long HBx) were quantified by RT-qgPCR experiments.
While the levels of total HBx transcripts produced by the
cPASmut constructs did not appear to be significantly different
from the cPASwt (Fig. 4B), the cPASmut construct produced a
significantly higher proportion of long HBx transcripts than the
cPASwt construct (Fig. 4C). Strikingly, long HBXx transcripts
produced by the cPASwt construct could still be detected,
further confirming that the cPAS is not systematically recog-
nized as a termination signal for RNAP Il in this construct,
similarly to the HBV genome after infection (Figs 1 and 4C).

We then tested the impact of the long 3’'UTR on HBx tran-
script stability. We treated cPASwt- and cPASmut-transfected
HepG2-NTCP cells with actinomycin D (ActD), a transcription
inhibitor, for 9 h and quantified the remaining levels of total HBx
transcripts by RT-gPCR. We observed a significantly faster
degradation of total HBx transcripts produced by the cPASmut
constructs compared to those produced by the cPASwt
construct (Fig. 4D). Since we observe a significant increase of
RNAs presenting a readthrough in the cPASmut condition,
these data strongly suggest that the presence of a longer
3’UTR destabilizes HBx transcripts.

Finally, we compared HBXx protein levels produced by
cPASwt- and cPASmut-transfected HepG2-NTCP cells.
Western blot analyses using an anti-V5 antibody revealed that
the cPASmut construct produced significantly less HBx protein
than the cPASwt construct (Fig. 4E), demonstrating the strong
association of a longer 3’'UTR with HBx RNA destabilization
and lower HBx protein levels.

DDX5 and DDX17 repress HBx by promoting transcriptional
readthrough

To establish a functional link between DDX5-17 expression and
the transcriptional readthrough, we tested the effect of DDX5
and DDX17 up- or downregulation on the HBx RNA and protein
levels in cPASwt and cPASmut-transfected HepG2-NTCP cells
(Fig. S6A,B). Silencing of DDX5 and DDX17 increased the
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Fig. 3. Direct role of DDX5 and DDX17 in the regulation of HBV transcription termination. (A) Signalling pathways enriched from the list of upregulated (green bars)
and downregulated (red bars) genes after DDX5 and DDX17 repression in HBV-infected HepG2-NTCP cells identified by RNA-Seq followed by gene ontology analyses
using GenePattern.(B) ChIP experiments were performed from crosslinked HBV-infected HepG2-NTCP cells using an anti-DDX5, an anti-DDX17 or a control rabbit IgG
(Ctrl IgG) followed by gPCR experiments to amplify precipitated cccDNA (blue boxes) or a B-globin negative control region (grey boxes). The graph represents the
percentage of cccDNA or B-globin present in the input material. Each dot represents one biological replicate. Boxplots represent the average of the three (DDX5) or four
(DDX17 and No Ab) independent biological replicates and the error bars represent the SEM. *Mann-Whitney p <0.05. (C) CLIP experiments were performed from UV-
crosslinked HBV-infected HepG2-NTCP cells using an anti-DDX5, an anti-DDX17 or an anti-H3.3 antibody or without antibody (No Ab) followed by RT-gPCR ex-
periments with assays detecting all HBV transcripts (total HBV RNAs, green) or 3.5 kb RNAs (purple). The graph represents the percentage of HBV RNAs present in the
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qPCR, reverse-transcription PCR. (This figure appears in color on the web.)
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global level of total HBx transcripts produced by the two con-
structs, in accordance with a previously described role for
DDX5 as an HBV transcriptional repressor'? (Fig. 5A). However,
the proportion of long HBx transcripts was decreased only
when the cPASwt construct was transfected, whereas it was
not affected by DDX5-17 silencing in the cPASmut condition
(Fig. 5B). As previously observed (Fig. 4E), HBx protein levels
were lower in the cPASmut condition compared to the cPASwt
conditions (Fig. 5C). Strikingly, DDX5-17 silencing induced an
increase of HBx protein levels produced from both constructs,
thus reflecting the mixed effect of both the increase in total HBx
transcripts and the decrease of the transcriptional readthrough
(Fig. 5C). Overexpression of DDX5 and DDX17 either individu-
ally (Fig. S6C-E) or in combination (Fig. 5D-F) did not affect the
levels of total HBx transcripts (Fig. 5D), but significantly
increased the proportion of long HBx RNAs produced from the
cPASwt construct but not from the cPASmut construct
(Fig. 5E). This imbalanced proportion of longer HBx transcripts
in the cPASwt condition was associated with decreased levels
of HBx protein (Fig. 5F).

Altogether, these data strongly suggest that DDX5 and
DDX17 repress HBx protein expression at least by promoting
the transcriptional readthrough through a mechanism depen-
dent on the recognition of the cPAS sequence.

Journal of Hepatology, October 2024. vol. 81 | 609-620

DDX5 and DDX17 silencing stabilizes HBV RNAs in HBV-
infected HepG2-NTCP cells and promotes viral replication

Then, we investigated if DDX5 and DDX17 were involved in the
regulation of the stability of HBV RNAs produced in HBV-
infected HepG2-NTCP cells. Indeed, treatment of HBV-
infected HepG2-NTCP cells with ActD for 9 h revealed a
significantly slower degradation of total HBV RNAs after
knockdown of DDX5 and DDX17 compared to control cells
(Fig. 6A, left panel). Surprisingly, the slower degradation was
less pronounced for 3.5 kb RNAs and appeared not to be
statistically significant (Fig. 6A, central panel). GUSB transcript
half-life was not impacted by DDX5 and DDX17 silencing
(Fig. 6A, right panel), indicating a specific effect of DDX5 and
DDX17 silencing on HBV RNAs. 5’RACE-PCR experiments
were carried out after ActD treatment to investigate the effect of
DDX5-17 silencing on HBx transcript stability in the context of
infection. Specific amplification of the canonical HBx transcript
was ensured by the use of a junction primer between the
5’RACE anchor and the transcription start site of the canonical
HBx transcript®® (Fig. S7A,B). DDX5-17 silencing significantly
increased HBXx transcript stability, in line with our previous
observations generated using the HBx-expressing plasmid
(Figs 5 and 6B).
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Fig. 5. DDX5 and DDX17 regulate HBx expression by promoting transcriptional readthrough. (A-C) HepG2-NTCP cells were transfected with control siRNAs
(siCTRL) or siRNAs directed against DDX5 and DDX77 mRNAs one day prior to their transfection with either cPASwt or cPASmut constructs. Two days after the first
transfection, RNAs and proteins were extracted and subjected to RT-qPCR (A,B) and western blot analyses (C) to quantify long HBx transcripts (A), total HBx tran-
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Accordingly, knockdown of DDX5 and DDX17 induced a
significant increase of total HBV RNA levels (Fig. 6C and
S7C,D). The levels of 3.5 kb RNAs were, instead, only slightly
increased (Fig. 6C), prompting us to investigate if this was due
to a higher rate of retrotranscription associated with the
degradation of pgRNA mediated by the RNase H activity of the
viral polymerase. To this end, we first quantified by gPCR the
levels of cytoplasmic encapsidated HBV DNA after nucleo-
capsid isolation and showed that DDX5 and DDX17 silencing
was associated with a significant increase of encapsidated
HBV DNA levels in the cytoplasm of infected cells (Fig. 7A). In
the same samples, NAGE (native agarose gel electrophoresis)
coupled to western blotting analysis with anti-capsid (HBc) and
envelope (HBs) HBV proteins revealed that the signal level of
both cytoplasmic non-enveloped and enveloped capsids was
also increased, thus showing enhanced virion formation and
viral replication upon DDX5/17 downregulation (Fig. 7B). This
was accompanied by stable levels of cccDNA detected both by
gPCR and Southern blotting (Fig. 7C and S10).

We then determined the effect of DDX5-17 silencing
on the stability of HBV transcripts generated from a capsid-null,
encapsidation-deficient HBV 1.3 construct (AHBc) (Fig. S8A).28
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RT-gPCR experiments showed that while total HBV RNAs
derived from both WT and AHBc constructs were similarly
increased in DDX5-17-silenced cells compared to control cells,
only the 3.5 kb RNA levels produced from the AHBc construct
were significantly increased upon DDX5-17 downregulation
(Fig. S8B). Accordingly, ActD treatment confirmed that 3.5 kb
RNAs were stabilized upon silencing of both helicases only in
AHBc-transfected cells (Fig. S8C), confirming that encapsida-
tion and/or retrotranscription dynamics were responsible for
the lack of detection of increased levels of 3.5 kb RNA species
levels following DDX5-17 silencing.

Altogether, these data establish a functional link between
DDX5 and DDX17 expression, regulation of HBV transcription
termination through the recognition of cPAS sequence, HBV
RNA stability and viral replication.

DDX5 and DDX17 expression is downregulated in
hepatocytes from patients with CHB
Our results highlight the role of DDX5 and DDX17 as HBV re-

striction factors. It was previously demonstrated that DDX5
expression was inhibited in HBV-infected HepG2-NTCP cells

Journal of Hepatology, October 2024. vol. 81 | 609-620
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Fig. 6. DDX5 and DDX17 repress and destabilize HBV RNAs. HepG2-NTCP cells were infected at MOI 250 and transfected at 4 and 6 days post-infection with
control siRNA (siCTRL) or siRNAs directed against DDX5 and DDX17 mRNAs (siDDX5-17). Eight days post-infection, RNAs were extracted and subjected to RT-qPCR
analyses. (A,B) 20 pg/ml ActD were added or not 9 h prior to RNA extraction. (A) The graphs represent the quantification of remaining levels of total HBV RNAs (left
panel), 3.5 kb RNAs (center panel) or GUSB (right panel). Each time point represents the average of six independent biological replicates + SEM; (B) 5’RACE-PCR
experiments were performed using a forward junction primer between the 5’RACE anchor and the canonical HBx TSS?® and a reverse HBV-specific primer. Boxplots
represent the first quartile, the median (horizontal line) and the third quartile of four independent biological replicates. Error bars represent the minimal and maximal
values. (C) Quantification of total HBV RNAs (green) or 3.5 kb RNAs (purple). Levels of HBV RNAs were normalized to GUSB levels and expressed as fold change of the
siCTRL condition. Boxplots represent the first quartile, the median (horizontal line) and the third quartile of ten independent biological replicates. Error bars represent
the minimal and maximal values. n.s.: Mann-Whitney p >0.05; *Mann-Whitney p <0.05; **Mann-Whitney p <0.01; ***Mann-Whitney p <0.0001. ActD, actinomycin D;
MOI, multiplicity of infection; RACE, rapid amplification of cDNA ends; RT-qPCR, reverse-transcription PCR; siRNA, small-interfering RNA; TSS, transcription start site.
(This figure appears in color on the web.)

and PHHs, as well as in a subset of HBV-related hepatocellular  single molecule level in in vitro cellular models, including PHHSs,
carcinoma.'? Analysis of a single-cell RNA-Seq dataset derived  and in liver samples derived from patients with CHB. We found
from fine needle aspirates of 13 patients with CHB and three that the majority of HBV transcripts precisely stop 14 nucleo-
healthy donors (GSE234241?°) allowed us to identify intra- tides downstream of the cPAS, confirming previous observa-
hepatic cell populations including hepatocytes (Fig. 8A and S9). tions obtained from plasmid-derived HBs transcripts, which
Notably, DDX5 and DDX17 expression appeared to be down- were shown to terminate between 12 and 19 nucleotides
regulated in hepatocytes from patients with CHB compared to  downstream of cPAS.* Interestingly, our results provide new
healthy controls (Fig. 8B). These data support the idea that information with the identification of previously overlooked HBV
chronic HBV infection is associated with downregulation of RNAs with a longer 3’ region, extending approximately 700 bp
helicases, which would contribute to lower frequency of HBV after the cPAS, strongly suggesting the presence of a tran-
transcriptional readthrough and thus favour optimal viral repli-  scriptional readthrough. Using an HBx-expressing vector fused

cation and persistence of the virus in vivo. to this identified 3’'UTR sequence, we demonstrated that
. . readthrough transcription was associated with shorter RNA
Discussion half-life and lower HBx protein expression. This observation

Despite the identification of a PAS in the HBV genome decades  Was then confirmed for the authentic HBx transcript generated
ago,”* the molecular mechanisms governing its recognition and ~ during HBV infection. Modulation of the size of 3'UTR region is
its importance in HBV replication are still unresolved. Here, we known to serve as an additional mechanism of regulation of
characterized the 3’ heterogeneity of HBV transcripts at the gene expression.”® Most mechanisms proposed to explain this

Journal of Hepatology, October 2024. vol. 81 | 609-620 617



Characterizing HBV transcription termination

A  Encapsidated HBVDNA B
4 -

*k

3

Relative value (vs. siCTRL)

< = Densitometry C HBV cccDNA
2 2 5 * 2.0
g a 2 a : ®
» »n
& " 41 é 1.5 T
T Ef 2
§3 - p
QO» k> 1| : : 57 ph
= 9 L]
RS <‘é
© = -
¢
14 ' 5057 ¢
cooe : ==
- 0 T T T T 0.0 ——F——"7—
§§ o 0 5 ¢
. ¥ > S 6 a
> ) a
2]
Bl HBc @l HBs
HBc HBs Mitochondrial
DNA T c——
CONA] i ot
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regulation rely on the recruitment of trans-regulators of
RNA metabolism.?®

We identified DDX5 and DDX17 RNA helicases as critical
promoters of HBV transcript readthrough. Their depletion
strongly decreased readthrough transcription derived from nat-
ural HBV infection. The lack of effect on transcription termination
when cPAS was mutated, together with the ChIP and CLIP data
pointing at an association of the helicases with both HBV
genome and RNAs, strongly suggest that DDX5/17 act via the
regulation of cPAS recognition, although we cannot completely
exclude an indirect contribution of other effectors regulated by
DDX5 and DDX17. Our data also rule out a possible involvement
of DDX5-17 in the non-recognition of the 5’ cPAS by RNAP ||
during the transcription of 3.5 kb RNAs. This suggests that, most
probably, sequences surrounding the cPAS in the nascent RNA
are essential for its recognition as a PAS.**

The functional link we provided between DDX5/17-
dependent HBV transcriptional fidelity and viral replication
pointed at DDX5/17 as crucial restriction factors for HBV.
Analysis of published single-cell RNA-Seq performed on liver
fine needle aspirates derived from patients with CHB clearly
highlighted a specific downregulation of DDX5 and DDX17
transcripts in HBV-infected hepatocytes in vivo (Fig. 8).
Notably, it suggests that HBV would repress DDX5/17
expression in vivo to allow proper viral transcriptional fidelity
and higher viral replication by decreasing the probability of
having transcripts with longer 3’'UTRs, which are less stable. It
is therefore not surprising that these transcripts represent only
a minority of the total HBV transcriptome in infected cells and in
the analysed patients with CHB (Fig. 2). Moreover, given the
crucial role of HBx in viral replication,>” a precise termination of
its transcript is thus necessary to ensure HBV infection estab-
lishment and persistence.

Both DDX5 and DDX17 were already identified as regulators
of transcription termination.”'" However, their role in HBV
seems to be the opposite to that in SHSY-5Y cells. The fact
that the effect of DDX5/17 on transcription termination strongly
depends on the chromatin topology of the regulated locus®
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suggest a role for HBV minichromosome topology in their ef-
fect. Unfortunately, the small size of this episome has made it
challenging to unravel its tri-dimensional conformation so far. In
this respect, it would be interesting to investigate if DDX5-17
might play a role in the transcriptional fidelity of HBV-
integrated sequences. However, the large majority of HBV in-
tegrations lack the cPAS and use either the upstream cryptic
PAS or a host PAS.*° Given that we do not see any difference in
the usage of the HBV cryptic PAS upon DDX5-17 silencing in
our experimental conditions, we might speculate that the heli-
cases should not represent pivotal factors for HBV transcription
termination of integrated sequences. However, it cannot be
excluded that they could regulate the use of host PAS in HBV-
host fusion transcripts.

Discordant results were obtained by different groups
regarding the role of DDX5 or DDX17 in HBV replication.
Indeed, DDX5 was shown to repress cccDNA transcription by
stabilizing the PRC2 complex subunit SUZ12."> DDX17 was
shown to inhibit pgRNA encapsidation by preventing the as-
sociation between HBV polymerase and the pgRNA e-motif in
HepG2 cells."® However, Dong et al. recently showed opposite
results, suggesting that HBx increased DDX17 expression,
which, in turn, promoted HBV transcription and replication in
HepG2-NTCP cells and in a hydrodynamic HBV mouse
model.'* Since DDX5 and DDX17 have redundant functions
and cross-regulate themselves,? it cannot be excluded that
these contrasting results might be due to the unbalanced ratio
between the two helicases, a phenomenon we revealed after
downregulating just one of them (Fig. S3). Here, the silencing of
both DDX5 and DDX17 clearly demonstrated their joint role as
HBYV replication restriction factors.

Altogether, our data point out the pivotal importance of HBV
transcription termination in HBV replication in vivo and provide
a clear example of how co-transcriptional processing of HBV
RNAs can modulate viral persistence. This study opens the
door for a deeper understanding of the mechanisms controlling
HBYV transcription termination and their role in viral persistence
and pathogenesis.
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