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BACKGROUND AND AIMS: Hepatitis B virus (HBV)
integrations are common in hepatocellular carcinoma (HCC).
In particular, alterations of the telomerase reverse transcriptase
(TERT) gene by HBV integrations are frequent; however, the
molecular mechanism and functional consequence underlying
TERT HBV integration are unclear.

APPROACH AND RESULTS: We adopted a targeted se-
quencing strategy to survey HBV integrations in human
HBV-associated HCCs (n = 95). HBV integration at the
TERT promoter was frequent (35.8%, n = 34/95) in HCC
tumors and was associated with increased 7ERT mRNA ex-
pression and more aggressive tumor behavior. To investigate
the functional importance of various integrated HBV com-
ponents, we employed different luciferase reporter constructs
and found that HBV enhancer I (Enhl) was the key viral
component leading to 7ERT activation on integration at the
TERT promoter. In addition, the orientation of the HBV in-
tegration at the 7ERT promoter further modulated the de-
gree of TERT transcription activation in HCC cell lines and
patients’ HCCs. Furthermore, we performed array-based small
interfering RNA library functional screening to interrogate
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the potential major transcription factors that physically inter-
acted with HBV and investigated the cis-activation of host
TERT gene transcription on viral integration. We identified
a molecular mechanism of 7ERT activation through the E74
like ETS transcription factor 4 (ELF4), which normally could
drive HBV gene transcription. ELF4 bound to the chimeric
HBV Enhl at the TERT promoter, resulting in telomerase
activation. Stable knockdown of ELF4 significantly reduced
the TERT expression and sphere-forming ability in HCC
cells.

CONCLUSIONS: Our results reveal a cis-activating mech-
anism harnessing host ELF4 and HBV integrated at the
TERT promoter and uncover how 7FERT HBV-integrated
HCCs may achieve TERT activation in hepatocarcinogenesis.
(HepaToLocy 2021;73:23-40).

epatocellular carcinoma (HCC) is a lead-
ing cause of cancer deaths worldwide."?

Chronic hepatitis B virus (HBV) infection
is a major etiological factor of HCC. HBV frequently
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integrates into the human genome, with the telomer-
ase reverse transcriptase (7ER7) gene being the most
frequent target of HBV integration in HBV-associated
HCCs.® Interestingly, 7ERT promoter mutations
were recently identified as another frequent genetic
alteration in HCC.® Therefore, telomerase activa-
tion and its maintenance of telomere length are criti-
cal events driving hepatocarcinogenesis.(4_6) However,
the molecular mechanism of how HBV integration
into the TERT gene leads to TERT activation is
unclear. Here, we present our targeted DNA sequenc-
ing approach to systematically determine HBV inte-
grations in a cohort of HBV-associated HCCs. We
also identified a mechanism of 7ERT HBV integra-
tion on 7ERT activation through recruitment of host
transcription factor to the viral enhancer I (Enhl)
leading to cis-activation consequence. Furthermore,
using small interfering RNA (siRNA) library screen-
ing, we discovered that the key transcription factor,
E74-like ETS transcription factor 4 (ELF4), plays a
crucial role in driving 7ERT activation in HCC with
TERT HBV integration. Knockdown of ELF4 not
only reduced TERT expression but also diminished
the sphere-forming ability of HCC cells. This sug-
gests the potential additional involvement of 7ERT in
self-renewal ability apart from its better-known role
in maintaining telomere stability. Interestingly, with
the use of two HCC cell models that naturally harbor
two different forms of 7ERT HBV integration, we
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demonstrated that the orientation of HBV integra-
tion could modulate the degree of 7ERT transcrip-
tion activation. Our data have provided insight into
the molecular mechanism of 7ERT HBV integration
in HBV-associated HCC.

Patients and Methods
PATIENT SAMPLES

Ninety-five HCC cases from patients who under-
went surgical resection of tumors at Queen Mary
Hospital, Queen Elizabeth Hospital, and Pamela
Youde Hospital, Hong Kong, were randomly selected.
The patients aged from 24 to 74 years (mean:
52.5 years) with male predominance (74.7%, 71/95
were male). All patients had chronic HBV infection
and were serum positive for hepatitis B surface antigen
(HBsAg). All specimens were obtained immediately
after surgical resection, snap frozen in liquid nitro-
gen, and kept at -80°C. Frozen sections were cut from
tumor blocks and stained for histological examination
to ensure a homogenous cell population of tissues.
The demographic data are summarized in Supporting
Table S1. This study was approved by the institutional
review board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster and requirement

for informed consent was waived by IRB.

© 2020 The Authors. HEPATOLOGY published by Wiley Periodicals LLC on behalf of American Association for the Study of Liver Diseases. This is an
open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.31231

Potential conflict of interest: Nothing to report.

ARTICLE INFORMATION:

From the 'Department of Pathology, The University of Hong Kong, Hong Kong, China; *State Key Laboratory of Liver
Research, The University of Hong Kong, Hong Kong, China; *Department of Surgery, The University of Hong Kong, Hong Kong,
China; *Department of Surgery, Pamela Youde Hospital, Hong Kong, China; *Department of Pathology, Pamela Youde Hospital,
Hong Kong, China; Department of Surgery, Queen Elizabeth Hospital, Hong Kong, China; ‘Department of Pathology, Queen

Elizabeth Hospital, Hong Kong, China.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Irene Oi-Lin Ng, M.D., Ph.D.
Department of Pathology, The University of Hong Kong
Room 7-13, Block T, Queen Mary Hospital

24

Pokfulam, Hong Kong, China
E-mail: iolng@hku.hk
Tel.: +86-852-22552664


http://creativecommons.org/licenses/by-nc/4.0/
mailto:iolng@hku.hk

HEPATOLOGY, Vol. 73, No. 1, 2021

DNA EXTRACTION, LIBRARY
PREPARATION, AND TARGETED
SEQUENCING ON
HBV-ASSOCIATED HCCs

Total DNA was isolated from the HCC tissues
using a described method.” Library preparation and
custom target enrichment were performed by Illumina
TruSeq DNA Library Preparation Kit (San Diego,
CA) and NimbleGen EZ Developer Library Kit
(Roche, Basel, Switzerland), respectively, as according
to the manufacturers’ protocol. Target-enriched librar-
ies were then PCR amplified and sequenced using
Illumina HiSeq 2000 system. Paired-end reads of 101
base pairs were generated. Library preparation and
massively parallel sequencing for targeted sequencing
were performed by the Centre for Genomic Sciences,
The University of Hong Kong. In the assay design
for the targeted sequencing, the whole HBV genome
(National Center for Biotechnology Information
GenBank: DQ089769.1) was incorporated. By doing
so, probes were designed to target the HBV genome
and were able to extract chimeric genomic frag-
ments (containing both human and HBV genomic
sequences) at HBV integration junctions. Such frag-
ments were able to generate soft-clipped sequencing
reads to detect HBV integrations and determine their
exact genomic locations.

HBV INTEGRATION DETECTION

We developed our tool Virus—Clip(B) to detect viral
integration events. It relies on soft-clipped sequenc-
ing reads that represent chimeric fusion of human
and virus genomic sequences. With the targeted
sequencing data, Virus-Clip identified HBV inte-
gration events and determined the exact positions of
integration junctions at single-base resolution. HBV
integration events were supported by at least three
soft-clipped sequencing reads that showed chime-
ric fusions. Recurrent HBV-integrated genes were
defined as having integration events located at the
same gene for >1 sample, i.e., sample recurrence.

TERT EXPRESSION ASSAY BY
QUANTITATIVE REAL-TIME PCR

To confirm the 7ERT activating events, TERT
expression level was subjected to quantitative real-time
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PCR (qPCR) by TagMan qPCR assay (Hs00972656_
m1; Applied Biosystems, Foster City, CA) according
to the manufacturer’s instructions. Total RNA was
extracted by Trizol (Invitrogen, Carlsbad, CA), and
complementary DNA was synthesized by a reverse
transcription kit (Invitrogen) on 81 randomly selected
human HCC cases (both HCC and the corresponding
nontumorous liver tissues) that had targeted sequenc-
ing performed on HCC cell lines.

CELL LINES

Human HCC cell lines PLC/PRFE/5, SNU449,
and HepG2 were obtained from American Type
Culture Collection, whereas MHCC-97L was a
gift from Dr. Z. Y. Tang of Fudan University in
Shanghai. All HCC cell lines used were authenti-
cated by short tandem repeat assays and a compu-
tation algorithm®® and confirmed to have no HeLa
cell and mouse cell contamination. PLC/PRF/5 and
HepG2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) high glucose supple-
mented with 10% fetal bovine serum, SNU449 cells
in RPMI-1640 medium supplemented with 10%
tetal bovine serum and 1 mM sodium pyruvate, and
MHCC-97L cells in DMEM high glucose supple-
mented with 10% fetal bovine serum and 1 mM
sodium pyruvate. HepG2.2.15 cells were obtained
from Dr. Se-Jong Kim (Yonsei University College of
Medicine, Seoul) and cultured in minimum essential
medium supplemented with 10% fetal bovine serum,

1 mM sodium pyruvate, and 400 pg/mL G418.

DUAL LUCIFERASE REPORTER
ASSAY

HepG2 and SNU449 cells were transfected with dif-
ferent combinations of plasmids using Lipofectamine
3000 (Invitrogen) according to the manufacturer’s
protocol. The plasmids used included 7ER7-wild
type/pGL3-Basic, various forms of HBV-TERT
promoter fusion DNA/pGL3-Basic and mutated
HBV-TERT promoter fusion DNA/pGL3-Basic
reporter constructs, and an internal control pRL-
PGK. Twenty-four hours after transfection, luciferase
and Renilla luciferase activities were measured by a
Dual Luciferase Reporter assay system (Promega,
Madison, WI) according to the manufacturer’s pro-
tocol. Transfection efficiency was normalized with
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the Renilla luciferase activity. Experiments were done
three times independently.

PCR CONFIRMATION

To confirm the HBV-TERT promoter integra-
tion events within 1 kb upstream of the 7TERT
transcriptional start site, a set of PCR primers (HBV-
1174-F:  5'-TGCCAAGTGTTTGCTGACGC-3’
and chr5:1295168F: 5'-CAGCGCTGCCTGAA
ACTC-3’) was used to amplify the HBV-TERT pro-
moter integration events from human HCC tissue DNA
and subjected to Sanger sequencing for confirmation
of HBV-TERT promoter integration events. To vali-
date the HBV-TERT promoter integration in PLC/
PRF/5 and MHCC-97L, three sets of primers (HBV-
1174-F:  5'-TGCCAAGTGTTTGCTGACGC-3’
and chr5:1295168F: 5'-CAGCGCTGCCTGAA
ACTC-3’; HBV-1024R: 5-GCAGCAAAACCC
AAAAGACCC-3’ and chr5:1295540F: 5'-GTAA
CCCGAGGGAGGGGCCA-3" and HBV-1174F:
5" TGCCAAGTGTTTGCTGACGC-3" and HBV-
1572R:  5'-GCAGATGAGAAGGCACAGAC-3')
were used to amplify HBV-TERT promoter integra-
tion events from HCC cell line DNA and subjected
to Sanger sequencing for confirmation of HBV-
TERT promoter integration events. All the PCR
reactions were carried out using Applied Biosystems
Inc. (ABI) AmpliTaq Gold 360 master mix (Applied
Biosystems) with supplement of 360 GC enhancer

solution according to the manufacturer’s protocol.

siRNA LIBRARY SCREENING
Human ON-TARGETplus SMARTpool siRNA

Library-Transcription Factor panel and Human
ON-TARGETplus SMARTpool siRNA Library-
Nuclear Receptor panel were purchased from
Dharmacon (Lafayette, CO). HepG2.2.15 and PLC/
PRF/5 were transfected with siRNA duplexes using
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Four days after siRNA trans-
fection, cultured medium was removed and the wells
were washed with phosphate-buffered saline 3 times,
and 100 pL of fresh medium was added and incu-
bated for 12 hours. Cultured medium was collected
and subjected to HBsAg protein detection using a
Bio-Rad Monalisa HBsAg ELISA detection kit (Bio-
Rad, Hercules, CA) according to the manufacturer’s
protocol.
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CELL TRANSFECTION AND
ESTABLISHMENT OF STABLE
KNOCKDOWN CELLS

Short hairpin RNAs (shRNAs) incorporated with
sequences targeting ELF4 mRNA were subcloned
into pLKO.1-Puro shRNA expression vector. The
shRINA vectors were transfected using Lipofectamine
2000 (Invitrogen) into 293FT according to the
MISSION Lentiviral Packaging System (Sigma-
Aldrich, St. Louis, MO) manufacturer’s protocol. For
viral packaging, the viral particles containing shRNA
were transduced into PLC/PRF/5 and MHCC-97L
to establish the shRNA stably expressing cells, and
the transfected cells were kept under 3 pg/mL puro-
mycin selection for 7 days.

WESTERN BLOT ANALYSIS

Cells were lyzed in sodium dodecyl sulfate (SDS)-
containing buffer and equal amounts of protein were
separated in SDS-polyacrylamide gel electrophoresis
gel for western blot analysis. Immunodetection was
performed using anti-ELF4 (Sigma-Aldrich) and
antitubulin (Sigma-Aldrich) antibodies.

CHROMATIN
IMMUNOPRECIPITATION ASSAY

The detailed protocol has been described."”) The
antibody against ELF4 protein (Sigma-Aldrich)
was used, and the primer sets (HBV-1000F:
5'-TGTGGGTCTTTTGGGTTTTGCTGCC-3/,
HBV-1120R: 5-AAGGCCTTGTAAGTTGGCG
AG-3', HBV-1240F: 5'-GCGCGTGCGTGGAAG
ATCTGTGTCTCCTCTGC-3’, and HBV-1300R:
5" TTGCTCCAGACCTGCTGCGAGC-3') cov-
ering the putative ELF4 binding site on HBV Enhl
DNA region were employed for standard gPCR using
ABI Power SYBR Green master mix supplements of
AmpliTaq Gold 360 master mix (Applied Biosystems)
and detected by ABI QuantStudio 5 Real-Time PCR
System (Applied Biosystems) in the chromatin immu-
noprecipitation (ChIP) assay.

SPHERE FORMATION ASSAY

Briefly, cells were suspended in 0.25% methyl cel-
lulose in serum-free DMEM/F12 in wells precoated
with 1% Poly(2-hydroxyethyl methacrylate) to form
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spheres in the presence of the B-27 supplement. At
the end point, the numbers of spheres greater than
100 pm in diameter were counted.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on forma-
lin-fixed, paraffin-embedded sections using rabbit
polyclonal antibody against ELF4 (Sigma-Aldrich) at
1:500 dilution.

Results

LANDSCAPE OF HBV DNA
INTEGRATIONS USING TARGETED
DNA SEQUENCING

With targeted DNA sequencing, we surveyed HBV
integrations on a cohort of 95 human HBV-associated
HCCs (demographic and clinicopathologic data sum-
marized in Supporting Table S1) and detected HBV
integrations in 85 (89.5%) of the 95 cases (Supporting
Fig. S1). Among our cases with identified HBV inte-
grations, the median number of integration events was
4 per case, with a range from 1 to 636 (Supporting
Fig. S1). The targeted sequencing strategy achieved
a sensitivity in identifying HBV integration that is
fairly comparable with other strategies, including
whole genome sequencing and whole transcriptome
sequencing,>® in terms of the detection rate and
number of integration events detected (Supporting
Table S2).

Among all the HBV integration events detected,
HBV integration breakpoints (at which circular
HBV genome linearized and joined with the human
genome) frequently occurred at an interval centered
at around position 1,820 (Fig. 1A). A similarly high
frequency at this breakpoint was seen after stratify-
ing the events according to the genic locations (Fig.
1B,E). Intriguingly, these integration breakpoints
located mainly near the 3’ end or C-terminus of the
HBV X protein (HBx) gene (position 1,374-1,838;
Fig. 1F). Indeed, HBV integration breakpoints at
around position 1,820 likely resulted in C-terminal
truncated HBx protein, which we recently demon-
strated to be a common natural mutant (46%) in
HCCs and associated with metastasis.’” We then
determined the HBx C-terminal truncation status of
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these 95 cases, as identified by sequence alignments to
the HBV genome. We found that 41 (43.2%) of these
95 cases had HBx C-terminal truncation, 45 (47.4%)
had no C-terminal truncated HBx, and the remain-
ing 9 had undetermined results (because of low read
coverage). On clinicopathologic correlation, the pres-
ence of integrated HBx C-terminal truncation in the
tumors was significantly associated with more aggres-
sive tumor behavior, namely the presence of venous
invasion (P = 0.017), poorer cellular differentiation
(P = 0.028), larger tumor size (P = 0.046), and liver
cirrhosis (P = 0.017), whereas there was also a trend
for more advanced tumor stage (P = 0.075; Fig. 1G).

HBV INTEGRATION AT
TERT PROMOTER AND TERT
PROMOTER MUTATIONS

HBV integration was most frequently seen at the
TERT gene (35.8%, n = 34; Fig. 2A). Apart from the
TERT gene, lysine methyltransferase 2B (KM72B,
also known as MLL4), cyclin E (CCNEI), cyclin A2
(CCNA2), and Rho associated coiled-coil contain-
ing protein kinase 1 (ROCKI) were also recurrently
affected by HBV integration (11.6%, 3.2%, 2.1%, and
2.1%, respectively; Fig. 2A). In addition, genes located
at the mitochondrial (MT) genome (M7-CO1, MT-
CO3, MT-CYB, MT-ND1, MT-ND2, MT-ND4, MT-
ND5, and MT-ND6) were recurrently affected, and
this has very recently been reported. 17 Besides, we
also identified some integrated genes such as eyes
shut homolog, microRNA 4457, and CLPTM1 like
(CLPTM1L). Collectively, a total of 46 different
TERT HBV integration events were identified in
these 34 HCC cases (Fig. 2B and Supporting Table
S3). We randomly selected 10 HBV integration
events at the 7ERT gene, and they were successfully
validated by PCR and Sanger sequencing (Fig. 2B).

By analyzing the same set of targeted sequencing
data, we also identified frequent 7ERT promoter
mutations (15.8%, n = 15; Fig. 2A). Of note, they
displayed a mutually exclusive pattern with 7TERT
HBYV integrations (Fig. 2A), suggesting the acquisi-
tion of either type of the 7ERT genomic alterations
might be sufficient to result in activation of 7ERT
in HCC. For the recurrent mutations of the 7ERT
promoter, we detected 2 hot spots (-124 and -146 bp
from the ATG start site; Fig. 2C), as described.®
The former one (-124G>A) was found in 10 cases
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FIG. 1. Frequency distribution of HBV breakpoint positions. (A) Overall distribution or (B-E) stratified by genic location demonstrated
hotspot breakpoint position at around position 1,820 (indicated with red line), which is located at the 3’end or C-terminal region of the //Bx
gene. (F) Organization of HBV viral genes in HBV genome. (G) Clinicopathologic correlation of HBx C-terminal truncation in human
HCCs. There were nine cases with undetermined HBx C-terminal truncation status because of low read coverage, and they were excluded.

(10.5%), whereas the latter one (-146G>A) was found
in 2 (2.1%). In addition, there were 5 other putatively
novel TERT promoter mutations (-530C>T, -625C>T]
-643C>T, -710G>C, and -756G>T) detected in 4
cases. Regarding the other 5 putatively novel muta-
tions outside the hot spots, 2 of them (-625C>T and
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-710G>C) were confirmed to be somatic, whereas the
remaining ones (-530C>T, -643C>T, and -756G>T)
were nonsomatic and could also be detected from
the corresponding nontumorous tissue. Collectively,
these 17 TERT promoter mutations were found in 15
cases (15.8%) and confirmed with Sanger sequencing
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FIG. 2. Frequent 7ERT genomic alterations detected in HBV-associated HCCs. (A) TERT promoter mutations and recurrently HBV-
integrated human genes. The pie chart shows the distribution of TERT genomic alterations detected in the HCC cohort. (B) Schematic
diagram showing the frequent 7ER7T HBYV integrations and their genomic locations in human HCC tissues. The direct joining of HBV
EnhlI and HBx DNA sequences to human 7ERT promoter on HBV integration in human HCCs was confirmed using PCR primers
flanking human 7ERT promoter and HBV Enhl and subsequent Sanger sequencing. Representative Sanger sequencing results are shown.
(C) Schematic diagram showing frequent 7ERT promoter mutations and their genomic locations in HCC tissue. CCNE1, cyclin E1;
CLPTMI1L, CLPTM1 like; EYS, eyes shut homolog; MIR4457, microRNA 4457; ROCK1, Rho-associated coiled-coil containing
protein kinase 1.
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(Fig. 2C and Supporting Fig. S2). These TERT pro-
moter mutations were taken as a group in later analy-
sis without further stratification.

To assess the effect of 7ERT promoter alterations
(including TERT HBV integration and 7ERT pro-
moter mutations), we compared the 7ERT mRNA
expression levels with the alterations in patients with
HCC. Tumors with TERT HBV integration had sig-
nificantly up-regulated 7ER7T mRNA expression lev-
els as compared with those without 7ERT" genomic
alterations (P = 0.0019), whereas tumors with TERT
promoter mutations had 7ERT mRNA expression
similar to those without 7ERT genomic alterations
(P = 0.1417; Fig. 3A). On clinicopathologic correla-
tion, the presence of 7ERT HBV integration alone
was associated with more frequent venous inva-
sion (P = 0.041) and had a trend of more advanced
tumor stage (P = 0.055; Fig. 3B). There was also a
trend of association with shorter overall survival rates
(P = 0.065), although it did not reach statistical sig-
nificance (Fig. 3B). In addition, the presence of TERT
promoter mutation alone was associated with more
advanced tumor stage (P = 0.047) and had a trend of
presence of venous invasion (P = 0.051) but was not
associated with shorter overall survival rates (P = 0.184;
Fig. 3C). Collectively, the presence of TERT genomic
alterations, consisting of either 7ERT HBV integra-
tion or TERT promoter mutations, was associated
with more frequent venous invasion (P = 0.023) and
more advanced tumor stage (P = 0.021). There was
also a trend of association with shorter overall survival
rates (P = 0.054; Fig. 3D). Notably, TERT genomic
alterations collectively achieved greater statistically
significant clinicopathologic correlations than either
form of TERT genomic alterations alone, suggesting
there was an overall concordance in associating with
more aggressive tumor behavior (Fig. 3B-D).

A KEY ROLE OF HBV Enhl IN
DRIVING TERT ACTIVATION

It is known that, in HCCs not associated with HBV,
TERT promoter mutations create a typical ETS/
TCF-binding sequence leading to TERT activation.
However, the corresponding mechanism of activation
with TERT HBYV integration remains elusive, except
that early studies suggested recurrent HBV integra-
tions at the TERT promoter™® and TERT HBV inte-
grations resulted in the juxtaposition of viral enhancers
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near the TERT gene."” We observed that TERT
HBYV integration events preferentially had breakpoints
at the HBx region (P < 0.0001; Supporting Fig. S3).
We postulated that the HBx genomic sequence might
carry specific element(s) that, on chimeric fusion to the
TERT upstream region during HBV integration, led to
TERT activation. To this end, we used a panel of lucif-
erase reporter constructs consisting of different combi-
nations of human 7ERT promoter and HBV genomic
elements (Fig. 4) based on the knowledge that a typ-
ical HBV integration event at a human 7ERT pro-
moter contains a partial 7ERT promoter fused with an
HBV genome having a breakpoint at the C-terminus
of HBx (Fig. 2B). We transfected HepG2 cells with
different plasmids of human 7ERT promoter fused
with different HBx sequences (Fig. 4A,B). We found
that the 4 plasmids carrying the HBV Enhl region
(position 830-1,366) with or without various lengths
of HBx (plasmids B-E, TERTp"™"HBx"“Enhl’,
TERTpM"HBx*“Enhl*, TERTp""HBx“'EnhI’,
and TERTp™"HBx Enhl", respectively) had signifi-
cantly higher transcription (22 to 51 folds relative
to wild—ty1pe TERT promoter) as compared with the
TERTpW HBx EnhlI” control (plasmid A) in HepG2
cells (Fig. 4B) . Of note, Enhl was found to be the pre-
dominant activator for gene expression, as the plasmids
carrying no Enhl but various lengths of HBx (plas-
mids F-H, TERTp""HBx"“EnhI’, TERTp**"HBx
Y4EnhI, and TERTP™HBx“'Enhl’, respectively)
had significantly reduced transcription compared with
those Enhl-containing plasmids (plasmids B-E; Fig.
4B). Similarly, Enhl (plasmid E, TERTpShmHBX_
EnhI") was found to be the predominant activator for
gene expression, as compared with enhancer II (EnhlI;
plasmid F, TERTpShortHBXFLEnhI') or wild-type
TERT promoter (plasmid A, TERTPWTHBX_EI]}]I_)
control in SNU449 cells (Supporting Fig. S4). Taken
altogether, our data indicate that HBV Enhl plays a
key role in driving 7ERT promoter transcription.

FULL-LENGTH FORM OF HBx
PARTIALLY CONTRIBUTED
TO TERT TRANSCRIPTION
ACTIVATION

Furthermore, we tested the potential effect of the
HBx protein by introducing single-nucleotide stop-
gain mutation to full-length HBx at 2 positions—
position 1,393 (stop1393) and position 1,766
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FIG. 3. HBV-TERT-promoter integration resulted in 7ERT activation and with poor clinical outcome. (A) 7ERT mRNA expression
was significantly up-regulated in HCCs with HBV integration at TERT locus, as compared with those without HBV integration.
(B) Clinicopathologic correlation of 7ERT HBV integrations in human HCCs. Tumors having 7TERT HBV integration were associated
with more frequent venous invasion and had a trend of association with more advanced tumor stage and poorer overall survival.
(C) Clinicopathologic correlation of 7ERT promoter mutations in human HCC:s. (D) Clinicopathologic correlation of collective 7ERT'

genomic alterations in human HCCs. *P < 0.05; **P < 0.01; **P < 0.001. HPRT, hypoxanthine-guanine phosphoribosyltransferase; NS,
not significant.

31



SZE,HO,ET AL. HEPATOLOGY, January 2021

A TERT promoter-HBX luciferase reporter constructs

Direction of transcription
+—

1295168 1295900 1840 1376 1366 830
Luciferase — TERT promoter. .. .—, FL -
T \1798 . HBV Enhancer |
TERT promoter | repry a8d
short form short C-terminal
1765 truncated HBx
HBxC1
B  [A] Luciferase — TERT promoter. . ESG
Human HBV 2 HepG2
T 1
[B] — TERTpshor fruennancers S 5 49
[C] . — HBx-14aa - E E
[D] —i L.HBXCL G I
E — o
[E] e —— SE 20
[F] [y W - -1 — £k
[G] T —— B X000 +
[H] T kb B X G z YUY
TERT promoter é\%(\o e“o é“o EXEEN 5?0 %“D
Plasmid TERT promoter HBx Enhancerl Nd N
Al WT ) - HBx - & N & - & N
8] short FL + Eanl’zIance(c: R
[Cl short -14aa + lasmid [A] [B] [C] [D] [E] [F] [G] [H]
D] short C1 +
[E] short - +
] short FL -
[G] short -14aa -
. . Fold change
Group 1 [Plasmid] Group 2 [Plasmid] (Group2/Group) P value
TERTp WT [A] TERTp short-HBx FL-Enhl+ B] 51.10 <0.0001
TERTp WT [A] TERTp short-HBx -14aa-Enhl+ [C] 27.94 <0.0001
TERTp WT [A] TERTp short-HBx C1-Enhl+  [D] 22.26 0.0007
TERTp WT [A] TERTp short-Enhl+ [E] 28.05 0.0010
TERTp WT [A] TERTp short-HBx FL [Fl 11.78 <0.0001
TERTp WT [A] TERTp short-HBx -14aa [G] 9.19 0.0002
TERTp WT [A] TERTp short-HBx C1 H] 7.62 0.0006
TERTp short-Enhl+ [E] TERTp short-HBx FL [F] 0.42 0.0041
TERTp: TERT promoter; Enhl: Enhancer |
C  [A] |Luciferase — TERT promoter . T 60
Human HBV Qo
T 1 g
[B] ——TERTpshort FL___ -.Enhancerl. S5 40
[D] [ HBxSL. &~
Stop_ codon 5 E
U] — e Y - T
393 (5] E 2
Stop codon w
] = Wexr - =
1766 ;
= TS S
O' O O )
Plasmid _ TERT promoter HBx Enhancerl TERT promoter ~ & & & f‘ .
%Q} wr - - HBX - v & oo
short FL + Enhancer! - + + + +
{:]3] s:o: (FESS tomr303 + Plasmid [A] [B] D] [ [
shol op +
[J] short FLstop1766 +
. 9 Fold change
Group 1 [Plasmid] Group 2 [Plasmid] (Group2/Group?) P value
TERTp WT [Al  TERTp short-HBx FL-Enhl+ [B] 51.10 <0.0001
TERTp WT [A]  TERTp short-HBx C1-Enhl+ D] 22.26 0.0007
TERTp short-HBX FL-Enhl+  [B]  TERTp short-HBx FLStop1393-Enhl+  [I] 0.53 0.0003
TERTp short-HBX FL-Enhl+ [B]  TERTp short-HBx FLStop1766-Enhl+  [J] 0.36 <0.0001

TERTp: TERT promoter; Enhl: Enhancer |

FIG. 4. TERT transcription activation was driven by Enhl of integrated HBV. (A) Typical HBV integration event at human 7ERT
promoter consists of a partial 7ERT promoter fused with HBV genome having a breakpoint at C-terminal of HBx. (B,C) Mechanism
of transcription activation by 7ERT HBV integration was studied by luciferase reporter assay using plasmids containing different
combinations of the 7ERT promoter sequence (7ERTp), HBx coding sequence (HBx), and HBV Enhl mimicking the actual 7ERT'
HBYV integration events detected (human 7ERT is transcribed by reverse strand, with positive strand of integrated HBx joining to the
reverse strand of 7ERT upstream/promoter region forming chimeric fusion). All the numbers refer to the genomic location of the forward
strand. TERTpWT and TERTpShort represent wild-type or partial 7ERT promoter detected in 7ER7 HBV integration events. As EnhIl
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EnhI" and Enhl” denote the presence or absence of HBV Enhl. Investigation of the transcriptional activation effects of HBV enhancers
and HBx protein in HepG2 cells using luciferase reporter assay. F, full length; w.r.t., with regard to; WT, wild type.
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(stop1766; plasmid I, TERTp* ™" HBx" P EnhI*
and plasmid J, TERTp""HBx"“* P17 EnhI*; Fig.
4C). Although these two plasmids essentially con-
sisted of almost the same construct sequence as
TERTp™"HBx"“EnhI" (plasmid B), they resulted
in protein translation stopping at the 5th and 130th
amino acid of HBx, respectively, and the resultant
HBx protein was either negligibly short or resem-
bled C-terminal truncated HBx protein (HBxC1).
Essentially, they did not produce the full-length
form of HBx. The transcription levels of these
two constructs with stop-gain mutations (plas-
mids I and J) were consistently much higher than
the TERTp" THBx EnhI" control (plasmid A) but
significantly reduced when compared with that of
TERTpShOrtHBXFLEnhI+ (plasmid B, producing full-
length form or HBx) in HepG2 cells (Fig. 4C). In
contrast to the full-length form of HBx, the presence
or absence of C-terminal truncated HBx protein did
not affect the HBV DNA-driven 7ERT' promoter
activity in these cell lines (plasmids D, I, and ] of
Fig. 4C). The results suggested that the full-length
form of HBx might partially contribute to 7ERT

transcription activation.

ORIENTATION OF HBV
INTEGRATION INTO TERT
PROMOTER MODULATES

THE DEGREE OF TERT
TRANSCRIPTION ACTIVATION

HBV integration with different orientations
might result in creation of different transcription
factor-binding sites and hence affect the degree of
TERT transcription activation. We identified from
whole transcriptome sequencing that two human
HCC cell lines (PLC/PREF/5 and MHCC-97L) had
HBV integration at the 7ERT promoter but with
opposite integration orientation, with HBV inte-
gration in the same direction of 7ERT promoter in
PLC/PRF/5 and reverse direction in MHCC-97L
(Fig. 5A). We validated these TERT HBV integra-
tions with conventional PCR followed by Sanger
sequencing using DNA as template (Fig. 5B,C).
Moreover, the apparent difference in the 7ERT pro-
moter activity as a result of the different orientations
of HBV integration was recapitulated in terms of
TERT transcription levels in these cell lines (same
orientation: PLC/PRF/5; opposite orientation:

SZE,HO,ET AL.

MHCC-97L; Fig. 5D). Of note, in patients with
HCC, the tumors having HBV integration parallel
to the 7ERT promoter orientation had significantly
higher TERT mRNA expression levels as compared
with those having HBV integration opposite to the
TERT promoter orientation (P = 0.0338; Fig. 5E).
Those HCC tumors having HBV integration oppo-
site to the 7ERT promoter orientation also had
higher TERT mRNA expression levels as compared
with the nontumorous livers (P < 0.0001), suggest-
ing that both orientations could recruit host tran-
scription factors to activate the gene transcription on
HBV integration but to different degrees. We fur-
ther constructed a TERTp " "HBx EnhI*®"**®) pro-
moter (plasmid E.1), which had the TERT promoter
join to inverted HBV Enhl DNA (Fig. 5F). We
found that the promoter activity of TERTp™"HBx"
EnhI*™**9 was reduced by 35.7% in HepG2
(P < 0.0001) as compared with the TERTp""HBx
EnhI" promoter. Collectively, the results suggest that
TERT transcription activation could be modulated
by the orientation of HBV integration into 7ERT
promoter.

TRANSCRIPTION FACTOR ELF4
MEDIATES TERT PROMOTER
ACTIVATION ON HBV DNA
INTEGRATION

We were intrigued to find out the host transcrip-
tion factor(s) that might physically interact with
HBV DNA to drive the transcription of host genes
on HBV DNA integration. First, we screened for
host transcription factors and transcription-associ-
ated proteins that might be involved in physically
interacting with HBV DNA and resulting in HBV
viral mRNA and protein production. As suppres-
sion of viral mRNA production results in suppres-
sion of HBsAg and/or HBV secretion in vitro,(zo)
we employed an array-based loss-of-function siRNA
library screening approach to identify key proteins
that were involved in the HBV viral mRNA tran-
scription process. To achieve this goal, we made use of
commercially available array-based siRNA library for
transfection into the Hep(G2.2.15 HCC cells, which
have integrated HBV DNA and secrete HBsAg and
HBYV viral particles, and then measured the HBsAg
level (representing both HBsAg and HBV produc-

tion) as a read-out of HBV viral gene transcription.
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The array-based loss-of-function siRNA library tar- percentage of inhibition of secretion of HBV viral
geted a total of 1,527 human transcription-related particles and/or HBsAg in HepG2.2.15 cells (with
proteins for screening (Supporting Table S4). The HBV genotype B) on transfection of individual
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FIG.5. Orientation of the HBV-TERT promoter integration significantly influenced the degree of 7ERT promoter activation in HCC
cells. (A) Schematic diagram showing the HBV DNA integration event at the 7ERT promoter region in PLC/PRF/5 and MHCC-97L
as informed by transcriptome sequencing. (B) Confirmation of HBV DNA integration events at 7ERT promoter region in PLC/PRF/5
and MHCC-97L cells with conventional PCR using DNA from PLC/PRF/5 and MHCC-97L. The HBV-TERT chimeric fusion DNA
in PLC/PRF/5 was amplified using primer set chr5:1295168F and HBV-1174F, whereas chimeric fusion DNA in MHCC-97L was
amplified using chr5:1295540F and HBV-1024R. The primer set flanking the region 1174-1572 of HBV DNA was successfully amplified
from PLC/PRF/5 and MHCC-97L, suggesting the presence of integrated HBV DNA in both cell lines. (C) The 7ERTHBV integration
breakpoints in the PLC/PRE/5 and MHCC-97L were confirmed by Sanger sequencing. (D) mRNA expression levels of 7ERT in PLC/
PRF/5 and MHCC-97L were quantified by qPCR. (E) Comparison between the two forms of HBV-7TERT promoter integration in
human HCC tumors. HCC tumor samples having HBV integration parallel to TERT promoter orientation had significantly higher
TERT mRNA expression levels by qPCR as comaared with those with HBV integration opposite to the 7ERT promoter orientation
(P =0.0338). (F) The promoter activity of 7ERTp O By EnhI* "™ with reverse orientation of HBV Enhl integration (plasmid E.1)
was reduced by 40% as compared with 7ERTp**"HBx EnhI* promoter in HepG2 cells (P = 0.0003). **P < 0.001. chr, chromosome;
HPRT, hypoxanthine-guanine phosphoribosyltransferase; NS, not significant; w.r.t., with regard to; WT, wild type.

siRNAs was measured, and the top 58 genes with
most remarkable inhibition of HBsAg secretion
(as compared with the corresponding nontarget
control [NTC] siRNA transfected cells) were sub-
jected to a second round of screening using human
PLC/PRF/5 HCC cells (with HBV genotype A) to
mimic HBV genotype-specific effects. Among the
gene list, ELF4 was found to result in the greatest
reduction of HBsAg secretion on siRNA transfec-
tion in both Hep(G2.2.15 (43.32%) and PLC/PREF/5
(93.09%) cells (Table 1). We then tested if ELF4
might interact with the integrated HBV DNA and
in turn regulate 7ERT transcription. Ectopic expres-
sion of ELF4 open reading frame in SNU449 cells,
which had relatively lower ELF4 protein expression
as compared with other HCC cells (Supporting Fig.
S5A), resulted in significant up-regulation of HBV
Enhl TERT fusion promoter activity (plasmid E) as
compared with the empty vector control (Supporting
Fig. S5B). Ectopic expression of other previously
suggested transcription factors such as androgen
receptor (4R), forkhead box Al (FOXAI), forkhead
box A2 (FOXA2), Jun proto-oncogene (JUN), and
hepatocyte nuclear factor 4 alpha (HNF44) did not
show significant up-regulation of HBV Enhl TERT
fusion promoter activity (Supporting Fig. S5B).

ELF4 PHYSICALLY BINDS TO HBV
Enhl

Because we observed that HBV Enhl was critical
in driving TERT activation, to this end, we attempted
to define the physical binding site of ELF4 on HBV
Enhl region. A series of plasmids with N-terminal
deletion (plasmid E.2-E.6; Fig. 6A) and mutations
(plasmid E.7-E.10; Fig. 6B) on the putative ELF4

binding sites between positions 1,050 and 1,300 of
the HBV Enhl region were created and subjected to
luciferase reporter assays. The results suggested that
the putative ELF4 binding site on HBV Enhl region
was likely located at positions 1,111, 1,240, and 1,274
(Fig. 6A,B).

Furthermore, ChIP assay showed that ELF4 phys-
ically interacted with HBV EnhlI region at positions
1,000-1,120 and 1,240-1,300 in PLC/PRF/5 HCC
cells (Fig. 6C). In contrast, ChIP assay showed insig-
nificant ELF4 binding to the integrated HBV Enhl
in MHCC-97L cells (Fig. 6D).

STABLE KNOCKDOWN OF
ELF4 REDUCES TERT mRNA
EXPRESSION AND SPHERE-
FORMING ABILITY OF HCC
CELLS

We further investigated the functional signifi-
cance of ELF4 using stable knockdown approach.
Because the siRNA library we adopted used a pool
of four siRNA sequence duplexes predicted to spe-
cifically target the genes of interest, we established
stable knockdown shELF4 PLC/PRF/5 cells using
individual specific shRNA sequences. Successful
depletion of ELF4 at protein levels by shRNA
(shELF4 #1 and shELF4 #4) in PLC/PRF/5
showed a significant reduction of 7ERT mRNA
expression (P = 0.0093 and P = 0.0023, respectively;
Fig. 7A). These stable knockdown shELF4 clones
also had reduced sphere-forming ability, which is a
test for self-renewal ability in ‘viz‘ra,(zl) (P =0.0082
and P = 0.0058, respectively) as compared with NTC
(Fig. 7B). In spite of the diminished sphere-form-
ing ability on knockdown of ELF4 in PLC/PRF/5,
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TABLE 1. The Top 20 Genes With Highest Reduction in
HBsAg Level on siRNA Knockdown as Compared With the
Corresponding NTC in HepG2.2.15 and PLC/PREF/5 Cells

HepG2 2.15 PLC/PRF/5
Gene Nome  Reduction (%)  Gene Name  Reduction (%)
ELF4 43.32 ELF4 93.09
HOXDI13 35.62 PPARA 67.27
ZFP36L2 34.44 ESRRB 65.86
TFAP4 33.68 PPPIR27 58.49
ERF 32.35 CERS2 57.61
POLR3E 31.42 POLR3E 51.05
HOXAT 30.20 VDR 45.09
NKX3-2 29.94 FOXAT 42.09
GTF2A1L 27.77 LITAF 41.98
GATADZA 27.34 NOTCH4 39.02
PPP1R27 27.00 SHOX2 31.10
KDM5B 26.53 TCEB2 27.66
BRCAT 26.08 MEF2BNB-MEF2B 27.20
HOXB9 24.47 E2F5 26.78
E2F5 22.99 ZNF326 24.59
ELKT 22.29 TFAP4 21.50
FOXAT 22.28 TCEBI] 20.65
GCDH 21.90 ERF 19.65
KLF9 21.85 DMRTAZ2 156.21
SSX2 21.83 GATAD2A 13.18

BRCA1, BRCA1 DNA repair associated; CERS2, ceramide syn-
thase 2; DMRTA2, DMRT like family A2; E2F5, E2F transcrip-
tion factor 5; ELK1, ETS transcription factor ELK1; ERF, ETS2
repressor factor; ESRRB, estrogen related receptor beta; FOXA1,
forkhead box Al; GATAD2A, GATA zinc finger domain contain-
ing 2A; GCDH, glutaryl-CoA dehydrogenase; GTF2A1L, gen-
eral transcription factor ITA subunit 1 like; HOXA1, homeobox
A1; HOXB9, homeobox B9; HOXD13, homeobox D13; KDM5B,
lysine demethylase 5B; KLF9, Kruppel like factor 9; LITAF, li-
popolysaccharide induced TNF factor; MEF2BNB-MEF2B,
MEF2BNB-MEF2B Readthrough; NKX3-2, NK3 homeobox 2;
NOTCH4, notch receptor 4, POLR3E, RNA polymerase III sub-
unit E, PPARA, peroxisome proliferator activated receptor alpha;
PPP1R27, protein phosphatase 1 regulatory subunit 27; SHOX2,
short stature homeobox 2; SSX2, SSX family member 2; TCEB1,
elongin C; TCEB2, elongin B; TFAP4, transcription factor AP-4;
VDR, vitamin D receptor; ZFP36L2, ZFP36 ring finger protein
like 2; ZNF326, zinc finger protein 326.

there was no significant alteration of the cell prolif-
eration rate as compared with NTC with or with-
out serum supplements, suggesting that shRNA was
not toxic to the HCC cells (Supporting Fig. S6).
On the other hand, in MHCC-97L with opposite
orientation of HBV integration, there was no sig-
nificant alteration of the 7ERT mRNA expression
and sphere-forming ability on knockdown of ELF4
(Fig. 7C,D). These observations further supported
our finding that different orientations of HBV
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integration might result in differential ELF4 bind-
ing, leading to different degrees of 7ERT activation
and sphere-forming ability of HCC cells.

Discussion

Based on the targeted sequencing on a sizeable
cohort of clinical HCC cases, we identified preferen-
tial HBV-human chimeric fusions with breakpoints at
the C-terminus of HBx and TERT promoter, respec-
tively. HBV integration at the 7ERT promoter was
frequent (35.8%) in HCCs and was associated with
increased 7ERT mRNA expression and more aggres-
sive tumor behavior.

We further investigated the functional importance
of the various integrated HBV components in HBV-
TERT promoter integration using luciferase reporter
assays with multiple constructs. We found that HBV
Enhl was the key HBV enhancer leading to telomer-
ase activation on integration at the 7ER7 promoter.
It is known that the two HBV enhancers, Enhl and
EnhIl (Enhll is located within HBx [Figs. 1F and
4A]), can cis-activate both HBV promoters and other
heterologous promoters.?? However, the relative
strength of the cis-activation effect of HBV Enhl and
Enhll on TERT promoter remains elusive. Although
HBV EnhlI is strictly liver specific, HBV Enhl is less
restricted to liver cells.?” We observed that HBV Enhl
had a far stronger effect in driving 7ERT transcription
than HBV EnhlI. This might have implications for the
possible adaptive utilization of non-liver-specific HBV
Enhl in driving oncogenic 7ERT expression in less
differentiated hepatocyte HCC cells during hepatocar-
cinogenesis, and further investigation is warranted.

Importantly, we demonstrated that the orienta-
tion of HBV integration could result in differen-
tial transcription activation in both HCC cell lines
and patients’ HCC samples. In general, enhancers
are able to exert their functions irrespective of their
directions. However, the three-dimensional DNA
loop conformation in controlling the gene expression
may be changed on HBV DNA integration into the
human genome. The orientation-dependent bind-
ing of CCCTC-binding factor (CTCF) in altering
enhancer-promoter loop formation®?
quently modulating gene expression is an example.
Notably, both HBV Enhl and CTCF are involved
in the formation of DNA loop structure to regulate

and subse-
(25)
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FIG. 6. Binding of ELF4 at HBV Enhl region resulted in enhanced 7ERT HBV chimeric fusion promoter activity. (A) The promoter
activity of TERTHBV chimeric fusion promoter was significantly reduced on deletion of the 830-1150 HBV Enhl region (TERTp™ " HBx
EnhI®830150) slasmid E.4; 63.2% reduction, P < 0.0001), 830-1250 region (7ERTp " HBx EnhI“%1%9 blasmid E.5; 87.9%
reduction, P < 0.0001), and 830-1300 region (TERTpShmHBX'EnhI(A%O'1300), plasmid E.6; 97.5% reduction, P < 0.0001) but not for
deletion of the 830-950 (TERTp™ M "HBx EnhI“®*%0 plasmid E.2) and 830-1050 (TERTp "HBx EnhI*®% 1% plasmid E.3)
regions (both P> 0.05) in HepG2 cells. In SNU449 cells, the promoter activity of 7ZERT HBV chimeric fusion promoter was significantly
reduced on deletion of the 830-1250 region (TERTpShO“HBx’EnhI(A%O’HS0 , plasmid E.5; 47.4% reduction, P = 0.0002) and 830-1300
region (TERTp5h°"HBX’EnhI<A830’1300), plasmid E.6; 82.4% reduction, P < 0.0001). (B) The promoter activity of TERT HBV chimeric
fusion promoter was significantly reduced on single mutation of the putative ELF4 binding site at position 1,111 (TERTp* ™ "HBx
Enh1+(1111M“t), plasmid E.7; 36.2% reduction, P < 0.0001) and triple putative ELF4 binding site mutations at positions 1,111, 1,240, and
1,274 (TERTpShOrtHBX"EnhF(l111‘1240‘1274Mut), Elasmid E.10; 57.3% reduction, P < 0.0001) although not on mutatin sili%le putative
ELF4 binding sites at positions 1,240 (7ERTp* *"HBx EnhI*"**™ plasmid E.8) and 1,274 (TERTp"*HBx EnhI*1?*M: plasmid
E.9) of the HBV DNA region as compared with the wild-type TERT HBV chimeric fusion (7ERT""HBx EnhI", plasmid E) promoter
in HepG2 cells. In SNU449 cells, the promoter activity of 7ERT HBV chimeric fusion promoter was significantly reduced on single
mutation of the putative ELF4 binding site at position 1,111 (ZERTp™ ™ HBx EnhI'""™) plasmid E.7; 36.6% reduction, P < 0.0001)
and triple putative ELF4 binding site mutations at positions 1,111, 1,240, and 1,274 (TERTpShortHBx'EnhI+(1111‘1240’1274Mm), plasmid
E.10; 45.8% reduction, P < 0.0001). (C) ChIP assay using primers flanking positions 1,000-1,120 and 1,240-1,300 of HBV DNA region
showed ELF4 physically interacted with HBV Enhl region in PLC/PRF/5. (D) There was no significant interaction of ELF4 with
HBV Enhl region at positions between 1,000-1,120 and 1,240-1,300 in MHCC-97L on ChIP assay. ***P < 0.001; ***P < 0.0001. Mut,
mutation; NS, not significant; w.r.t., with regard to; W'T, wild type.

EnhI and EnhIl DNA fragments might serve as both
enhancer and promoter elements in driving 7ERT
gene transcription. Taken together, our study revisited
the classical cis-activation of gene targets on HBV
integration and identified mechanisms of HBV inte-
gration at 7ERT promoter.

We observed that the full-length form of HBx
protein might partially contribute to the transcrip-
tion activation of HBV-TERT promoter activity as
demonstrated by the reporter assays. This might be
due to the transactivating ability of HBx protein in
gene transcription, as exemplified by stemness-related
markers in Wnt/p-catenin pathway.(zg) However, most
of the HBV integration breakpoints in our human
HCCs were within the HBx gene, thus resulting in
HBx C-terminal truncation; the full-length HBx was
observed only in a minority of our patients’ HCCs in
this study (Supporting Table S3). Therefore, the inte-
grated full-length form of HBx protein contributing
to further enhanced levels of 7ERT mRNA transcrip-
tion might not be significant in our HCCs.

Little is known on the transcriptional regulation
after HBV DNA is integrated into a particular gene
locus. It is known that the liver-specific surface receptor
solute carrier family 10 member 1 and NTCP can cap-
ture HBV viral particles and import HBV viral DNA
into hepatocytes.(zg) This further suggests that the
host transcription factors in hepatocytes might partic-
ipate in HBV viral mRNA transcription. In this study,
we hypothesized that host transcription-associated

proteins that might physically interact with HBV
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DNA were recruited to the integrated HBV DNA
and drove the transcription of host genes. Making use
of an array-based siRNA library that targets human
transcription-associated proteins and an HCC cell
line that constitutively produces HBV viral particles,
we were able to shortlist candidate genes that might
be involved in the transcription regulation of HCC
with TERT HBYV integration.

There have been several reports using a siRNA library
screening approach to study the underlying mechanisms
of HBV replication.®>*% To this end, our present study
tocused specifically on the 7ERT transcriptional acti-
vation on HBV integration in the 7ERT promoter
of the hepatocyte genome. We identified a molecular
mechanism of 7ERT activation through ELF4, which
normally could drive HBV gene transcription. ELF4 is
a DNA-binding transcription factor that is ubiquitously
expressed in various tissues, including nontumorous liv-
ers and HCCs (Supporting Fig. S7). It is involved in the
p53-dependent senescence and development of nature-
killer cells in ELF4 knockout mice.**** We showed
that ELF4 was able to bind to the chimeric HBV Enhl
at the TERT promoter, resulting in telomerase activa-
tion. Furthermore, stable knockdown of ELF4 signifi-
cantly reduced 7ERT expression and sphere-forming
ability in HCC cells. Altogether, the results suggest that
ELF4 may be a major transcription factor in controlling
HBV gene transcription, including HBx.

In summary, our results have provided evidence
demonstrating a molecular mechanism of telomer-

ase activation in 7ERT HBV-integrated HCC. It
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FIG. 7. Knockdown of ELF4 suppressed 7ERT mRNA expression and sphere-forming ability in PLC/PRF/5 but not in MHCC-
97L. (A) Successful depletion of ELF4 at protein level by shRNA (shELF4 #1 and shELF4 #4) suppressed TERT mRNA expression
(P =0.0093 and P = 0.0023, respectively) and (B) sphere-forming ability (P = 0.0082 and P = 0.0058, respectively), as compared with
non-targeting control shRNA (shNTC) cells in PLC/PRF/5. (C, D) Knockdown of ELF4 in MHCC-97L, which has the opposite
orientation of HBV DNA integration at the 7ERT promoter region, did not alter the 7ERT mRNA expression and sphere-forming

ability. *P < 0.01.

involves a cis-activating mechanism harnessing host
ELF4 and HBV integrated at the 7ERT promoter,
uncovering how 7ERT HBV-integrated HCCs may
achieve TERT activation in hepatocarcinogenesis.
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