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Abstract

The precise mechanism by which HBx protein of hepatitis B virus (HBV) impacts on hepa-
to-carcinogenesis remain largely elusive despite strong evidences for its’ involvement in the
process. Here, we have investigated the role of HBx on expression of a novel gene hELG1/ATADS,
which is required for genome maintenance and its’ importance in hepatocarcinogenesis. This study
has for the first time showed that the expression of this gene was significantly higher in human
cancer such as HBV-associated hepatocellular carcinoma (HCC) and in different HCC cell lines
compared to normal liver. In addition, a significant elevation in ATADS expression was also found
in HBx transfected HCC cell lines implicating HBx mediated transcriptional regulation on ATADS.
Using different deletion mutant constructs of putative promoter, the active promoter region was
first identified here and subsequently the regulatory region of HBx was mapped by promot-
er-luciferase assay. But ChlIP assay with anti-HBx antibody revealed that HBx was not physically
present in ATADDS transcription machinery whereas anti-E2F1 antibody showed the presence of
E2FI in the complex. Luciferase assay with E2FI binding site mutant had further confirmed it.
Moreover, both loss-and gain-of-function studies of ATADS showed that ATADS5 could enhance
HBYV production in transfected cells whereas knock down of ATADDS increased the sensitivity of
HCC cell line to chemotherapeutics 5-fluorouracil. Overall, this data suggests that a positive
feedback loop regulation between ATADS and HBV contributed to both viral replication and
chemo-resistance of HCC cells.
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Introduction

Perennial and varying amount of genomic in-
stability is a ubiquitous feature of the process of car-
cinogenesis. The budding yeast ELG1 (enhanced level
of genomic instability 1) gene, a major subunit-I of a
novel replication factor C-like complex has been de-
scribed as an essential component for maintenance of
chromosomal integrity [1]. Function of this gene is
conserved among higher eukaryotes as depletion of
hELG1/ATADS (located in 17q11.2 loci) in human cell
line [2] or mELG1/ATAD?S (located in 11gqB5 loci) in
mice [3] exhibits pleiotropic chromosome instability

phenotypes including abrupt chromosome rear-
rangements, telomere dysfunction, elevated rate of
homologous recombination and cohesion defects
suggesting its role in multiple cellular processes [2-4].
Two recent in vitro studies have documented its role
in unloading of ubiquitinated proliferating cell nu-
clear antigen (PCNA) from chromatin during post
replication repair (PRR) pathways in yeast [5] and in
human cell line [6] where PCNA acts as a scaffold to
recruit proteins on DNA. However, information re-
lated to either gain or loss of ATADS5 expression, its
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regulation and importance in human, particularly in
carcinogenesis has not been documented yet.

Hepatocellular carcinoma (HCC) is the major
type of primary liver cancer developing from repeti-
tive cycles of liver cell injury, necro-inflammation,
regeneration and repair. Chronic hepatitis B (CHB) is
the leading cause of HCC globally [7]. Hepatitis B
virus, the smallest member of the Hepadnaviridae
family, consists of 3.2 kb partially double stranded
DNA and encodes proteins namely envelop, core,
polymerase and HBx. C-terminal two third (51-154
amino acids) of 154 amino acids long HBx protein
contains a transactivation domain, which is responsi-
ble for multi-regulatory function of HBx [8]. As an
oncoprotein, HBx regulates several cellular processes
such as cell cycle progression [9], autophagy [10],
apoptosis [11], cell proliferation [12], cell migration
[13], proteosomal degradation [14] and expression of
miRNA [15] through different transcription factors
such as E2F1, NF-xf3, AP-1, AP-2, ARF/CREB and
c-EBP [7,16]. Among these factors over expression of
E2F1 possesses pleiotropic role in cancer. High ex-
pression of E2F1 is a risk factor for development of
malignant ovarian tumor [17, 18] whereas it sup-
presses tumor growth in lung cancer, breast cancer
and osteosarcoma [19-21].

The present study was designed to elucidate the
effect of HBx on the expression of the novel gene
ATADS and its functional importance in development
of HCC. We have described the mechanism of its
transcriptional regulation by HBx in HCC cell line.
Our results demonstrated that HBx upregulates
ATAD?S through E2F1 transcription factor and a posi-
tive feedback regulatory loop between ATADS5 ex-
pression and HBV replication provide a favorable
environment for HBV persistence in cell. This study
also suggests that absence of ATADS expression leads
to enhance anticancer drug sensitivity of HCC cells.

Material and Methods

Study Subjects

A total of 11 HBV related HCC patients, who
underwent either liver resection at School of Digestive
and Liver Diseases, Institute of Post Graduate Medical
Education and Research (IPGME&R), Kolkata, India
or orthotropic liver transplantation at Center for Liver
and Biliary Sciences, Indraprastha Apollo Hospital,
New Delhi, India were enrolled in the study with
written informed consent from each patient. Ethics
Committee of IPGME&R, Kolkata has approved the
study. Clinical diagnosis of HCC was achieved ac-
cording to standard protocols using ultrasound, tri-
phasic dynamic CT and serum Alfa-fetoprotein (AFP)
values supplemented with histological evidence,

when available. Diagnosis of cirrhosis was done by
histological and/or through clinical evidences. Both
Tumor and adjacent non-tumor tissues were collected
freshly in RNAlater® (Life Technologies, USA) and
then preserved at -80°C freezer until further use.

RNA isolation from liver tissue

Frozen liver tissue of HCC patient was pow-
dered in liquid nitrogen and homogenized in Trizol
(Invitrogen, Carlsbad, CA, USA) to isolate RNA fol-
lowing manufacturer’s instructions.

Commercially available Blue-Ribbon human to-
tal RNA (Origene, MD, USA) derived from normal
human tissues of different organs was used to study
ATADS expression.

Reverse transcription and quantitative real
time PCR (qRT-PCR) for gene expression
analysis

To quantify the expression of a gene, SYBR
Green Real-time PCR Master Mix (Roche Diagnostics,
Mannheim, Germany) was used. 5ug of total RNA
was converted into cDNA wusing High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems,
CA, USA) following the manufacturer’s protocol. The
first strand cDNA was then used to quantify the ex-
pression of gene by qRT-PCR (ABI 7500 real time PCR
machine) using specific primers (Table 1). 18s ribo-
somal RNA or B-Actin was used as internal control for
relative quantification of expression of a gene.
qRT-PCR for ATAD5 mRNA expression in tissue
samples were performed in triplicate.

Table 1: Sequences of primers for cDNA and promoter of genes
studied.

Gene Names Primer Sequences

cDNA primers
ATAD5 F: 5-CCTTATAACAGGGCCAACAGG-3’

R: 5-CCTTGTTTGTCTACTTGATGGG-3
HBx F: 5-TGTGCACTTCGCTTCACCTC-3'

R: 5-CAGCCTCCTAGTACAAAGAC-3’
HBs F: 5-CTCAGGCCATGCAGTGGAA-3’

R: 5-AACTGGAGCCACCAGCAG-3¥
E2F1 F:5-CATCCAGCTCATTGCCAAGAAG-3’

R: 5-GATCCCACCTACGGTCTCCTCA-3'
185 F:5-GTAACCCGTTGAACCCCATT-3

R: 5’CCATCCAATCGGTAGTAGCG-3
B-Actin F: 5-GCTCGTCGTCGACAACGGCTC-3

R: 5-CAAACATGATCTGGGTCATCTTCTC-3
Promoter primers

IL17p F: 5-GTTGTGAGGCCAGTCCATTC-3

R: 5-TAATTGCTTCGCTCCATCCT-3'
ATADS (-703) F: 5-GGAGCTCCCGTCCGCGCAGCCTCCTG-3
ATADS (-514) F: 5-GGAGCTCAGATGAAGCAATGACTCGGC-3
ATADS (-410) F: 5-GGAGCTCTCGGATCCTGAGAGGACGT-3’
ATADS (-288) F: 5-GGAGCTCAAGAGGGGCTAGCCTAGGG-3'
ATADS (-178) F: 5-GGAGCTCTCAAATTTCCAAACTCCCG-3'
ATADS (-79) F: 5-GGAGCTCCCGTCCGCGCAGCCTCCTG-3
ATADS (-158) R: 5-TCTCGAGCCGGGAGTTTGGAAATTTG-3’
ATAD5 (+103) R: 5-GCTCGAGTGTATGCAGGGTGCCCTC-3'
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Plasmids used for in vitro study

The plasmids ECFP-ATADS5 encoding the 5.6kb
full-length cDNA of ATADS fused with CFP at the
C-terminal end and pSV2NeoHBV2x, containing wild
type HBV in tandem dimer were gifted by Dr.
Kyungjae Myung (National Institute of Health, USA)
and Dr. Chiaho Shih (Academia Sinica, Institute of
Biomedical Sciences, Taiwan) respectively. The
full-length HBx gene was amplified and cloned in
pcDNA3.1/myc-His (-) version B vector (Invitrogen)
where HindIIl and Notl sites were appended in pri-
mers for efficient cloning and it was referred as
pcDNA3.1B/myc-His-HBx. The E2F1 over-expressing
plasmid pCMVHA-E2F1 was a gift from Kristian
Helin (Addgene plasmid # 24225) [22] and the HEY1
expression plasmid, pBABE-puro-HEY1, containing
the full-length HEY1 ¢cDNA was shared by Prof.
Subrata Banerjee (Saha Institute of Nuclear Physics,
Kolkata). The putative promoter region of ATADS5
gene [-703 to +103 sequences with respect to tran-
scription start site (TSS)] (accession number refgene
NM_024857) was cloned in Sacl and Xhol sites of
pGL3-Basic vector containing firefly luciferase re-
porter gene without promoter or enhancer region
(described as pGL3-FL-ATADS5). Thus luciferase ac-
tivity indicated the activity of the cloned promoter
sequence. Six serially deleted promoter constructs
were generated by PCR amplification followed by
restriction digestion with Sacl/Xhol and cloned into
pGL3-Basic  vector. They were named as
pGL3-AR-ATADS5 (-514 to +103), pGL3-A1-ATAD5
(-410 to +103), pGL3-A2-ATAD5 (288 to +103),
pGL3-A3-ATAD5 (-178 to +103), pGL3-A4-ATAD5
(-79 to +103) and pGL3-A5-ATAD?5 (-703 to -158). The
pGL3-E2F1mt-ATADS was generated by site directed
mutagenesis (Stratagene, CA, USA) at 4 nucleotide
positions [-23 (C to T), -21 (C to T), -19 (A to C), -17 (A
to C) with respect to TSS] in pGL3-FL-ATADS5 con-
struct.

Cell lines and Transfection

The human hepatoma cell lines HepG2, Huh7
and immortalized human kidney cell line HEK293T
were gifted by Dr. Suvendra Bhattacharyya and Dr.
Susanta Roychoudhury respectively (Indian Institute
of Chemical Biology, Kolkata, India). Dr. Thomas
Schmittgen (Ohio State University, Cleveland, USA)
had gifted us SNU449, SNU387, SNU182, PLC/PRF5
and Sk-Hep-1 liver cell lines. Cells were cultured ei-
ther in Dulbecco’s modified Eagle’s medium (DMEM)
or RPMI1640 supplemented with 10% fetal bovine
serum (FBS) (GIBCO, Grand Island, NY, USA) and
100 units/ml penicillin-streptomycin (Sigma Aldrich)
in a 5% CO; containing 37°C humidified chamber.
HepG2, Huh7 and HEK293T cells were transfected

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. Sta-
ble knock-down ATAD5 and vector cell lines were
generated by transfecting pLKO.1-Puro-ATADS5
shRNA plasmid (Sigma Aldrich, clone number:
TRCNO0000134232) and pLKO0.1-Puro vector respec-
tively.

Promoter Assay

100ng of each luciferase-reporter construct was
co-transfected with 500ng of pcDNA3.1B/myc-His-
HBx plasmid in HepG2 and Huh?7 cells. After 36h of
transfection, luciferase activity was determined using
Dual-Luciferase® Reporter Assay System (Promega,
Madison, WI, USA) in Luminometer. The firefly lu-
ciferase activity was normalized with total protein
concentration in each lysate. Each assay was done in
triplicate and repeated at least three times. HepG2 cell
line was preferably used for in vitro experiments as
data was significant and reproducible.

Chromatin immuno-precipitation Assay
(ChIP)

ChIP assay was done with anti-HBx antibody
(MA1-081, Pierce, Thermo Scientific, Rockford, IL,
USA), anti-E2F1 antibody (sc-22820, Santa Cruz, CA,
USA) and control human IgG antibody (MA5-14728,
Pierce, Thermo Scientific, Rockford, IL, USA). HepG2
cells growing on 10cm tissue culture dish (90-95%
confluent) were cross-linked using 1% formaldehyde
for 15 minutes at room temperature and quenched
with 125mM of fresh glycine. Then cells were har-
vested in SDS lysis buffer, sheared by sonication to
generate 300-800bp fragments of DNA. Immunopre-
cipitation was performed with 4pg of specific anti-
body at 4°C for overnight in a rotor. It was further
incubated with 25pl of Protein A sepharose resin
(Sigma Aldrich) for 2h to capture the pro-
tein-DNA-antibody complexes and DNA fragments
were eluted in TE buffer by heating at 90°C for 10
minutes and analyzed by semi-quantitative PCR us-
ing ELG1 promoter specific primers (Table 1) (-79 to
+103bp sequences with respect to TSS). IL17P gene
was used as a positive control for ChIP experiment
and amplified from anti-HBx antibody pooled DNA
[23] using specific primers (Table 1) of IL17p (114 bp
from IL17( promoter).

Western blot analysis

Western blot analysis was performed following
standard protocol. Primary antibodies used for detec-
tion of proteins were anti-E2F1, anti-o-Tubulin
(T6074, Sigma Aldrich) and Rabbit polyclonal an-
ti-ATADS5, which was a kind gift from Dr. Kyungjae
Myung. HRP conjugated Goat anti-Rabbit and Goat
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anti-Mouse was used as secondary antibody (Thermo
Fisher Scientific, MA, USA).

Cell viability assay after treatment with
5-fluorouracil (5-FU) and Methyl methanesul-
fonate (MMS)

ATADS5 knock down and control cells (2.5x103)
were seeded on 96 well plates and treated with dif-
ferent doses of 5-fluorouracil (5-FU) for 24h and Me-
thyl methanesulfonate (MMS) for 1h. Cells were
washed thrice with 1X PBS at the end of treatment and
cultured in fresh media for 24h. Cell viability was then
quantitated using WST1 reagent (Roche Diagnostics,
Mannheim, Germany) following manufacturer’s in-
struction.
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Fig. 1: mRNA expression pattern of hELGI/ATADS (A) in tissues from 21 different human organs,
(B) in 7 hepatocellular carcinoma (HCC) cell lines and (C) in 11 pairs of HCC liver tissues. Relative ex-
pression of ATADS5 was determined by qRT-PCR. NL in (B) represents RNA of normal liver tissue from
commercially available Blue-Ribbon human total RNA. (** and * denote p value <0.005 and <0.05 respec-
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HBYV Core particle Isolation and quantification
of viral DNA

The pSV2NeoHBV2x plasmid was digested with
EcoR1 restriction enzyme to isolate linear full-length
monomer of HBV DNA [24], so that after transfection
viral genes are expressed using its own promoters.
1pg of monomer HBV DNA was then co-transfected
with either 1.5pg of ECFP-ATADS5 plasmid or
ATADS5-shRNA in HepG2 cells in a 6 well plate. After
72h of transfection core particle associated viral DNA
was isolated as previously described [25] and quanti-
fied using HBV surface (HBs) specific primers (Table
1).

Statistical analysis

GraphPad Prism 5 (GraphPad Software, La Jolla,
California, USA) was used for statistical analysis. Data
between two different groups were compared by

Student’s t-test. All the in vitro experi-
ments were performed at least three
times and mean value with standard
deviation was presented. p<0.05 was
considered as statistically significant
unless mentioned otherwise.

Results

Expression pattern of ATADS in
different normal tissues

As there is no available published
data about human ATAD5 gene ex-
pression in different healthy organs, the
tissue specific mRNA expression of
ATADS was first determined using Blue
Ribbon human total RNA from 21 dif-
ferent organs by qRT-PCR. Maximum
expression of ATADS was observed in
breast tissue followed by thymus, kid-
ney, placenta and thyroid (Fig. 1A). In
normal adult liver the expression of
ATADS5 was comparatively lower than
other organs except in bladder and
esophagus. Similar lower expression of
ATADS in liver compared to other or-
gans was found in different transcrip-
tome databases such as (i) UCSC ge-
nome browser (https://genome.ucsc.
edu) and (ii) Genecards (http://www.
genecards.org).

Quantitative analysis of ATADS5
expression in different liver cancer
cell lines and in HCC tissues

We have investigated the expres-

sion level of ATAD5 mRNA in 7 dif-
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ferent liver cancer cell lines by qRT-PCR and a signif-
icant increase in expression of ATADS was observed
in all the cell lines i.e. HepG2, Huh7, PLC/PRF5,
SK-HEP1, SNU182, SNU387 and SNU449 compared
to normal liver (NL) tissue (p<0.05) (Fig. 1B). The ex-
pression pattern of ATADS5 was also investigated in
HBYV infected HCC tissues. As shown in Fig.1C, the
ATAD5 gene expression was found significantly
higher in 64% of HBV infected HCC (7/11) tissues
compared to adjacent non-tumor tissues (p<0.05).

To understand the underlying mechanism and
importance of over-expression of ATAD5 in HCC in
presence of HBYV, transcriptional regulation on
ATADS by HBV trans-activator protein HBx [8] was
explored.

HBx regulates ATADS expression in hepato-
ma cell lines

In vitro transfection of HepG2 cell line (HBV
negative HCC cell line) with either pSV2NeoHBV2x
(carrying two times of full length HBV DNA) or
pCDNAB3.1B/myc-His-HBx plasmid (HBx expressing
plasmid) showed that after 48h of transfection, the
expression of ATAD5 was increased significantly
(p<0.05) in presence of both HBV (5.5 fold) and HBx
(6.8 fold) compared to the vector transfected cells (Fig.
2A) suggesting HBx protein of HBV had primarily
regulated the expression of ATADS5. The transactiva-
tion property of HBx on ATADS5 was further con-
firmed by transfecting increasing doses of
pCDNAB3.1B/myc-His-HBx plasmid in a non-liver cell
line HEK293T (Fig.2B) and an increasing trend in
ATADS expression was observed (p<0.05).

HBx protein up-regulates the promoter activ-
ity of ATADS

The enigmatic HBx protein transactivates pro-
moter-enhancer structures of several genes which are
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comprised of different regulatory regions. It has no
specific interactive DNA sequence or interactive pro-
tein partner [26]. To investigate whether HBx protein
could alter the promoter activity of ATADS5, we first
identified the putative promoter region of ATADS5
considering the 1000 base pairs (bp) upstream to
100bps downstream sequences from the TSS retrieved
from UCSC genome browser. Five deletion constructs
from the ATADS5 putative promoter region were
generated (AR and A1-A4) in pGL3-luciferase vector
which were differed by near about 120bps (Fig. 3A).
Each construct was transfected in two different cell
lines HepG2 and Huh7 and luciferase activity was
determined. The constructs with -1000bps and
-703bps upstream sequences of ATADS5 showed sim-
ilar luciferase activities (data not shown) and thus the
region between -703 to +103bps was considered as
full-length promoter (pGL3-FL-ATAD?S). To our sur-
prise, the construct comprised of -514 to +103bps
(pGL3-AR-ATADS) exhibited extremely low promoter
activity compared to pGL3-A1-ATAD5 (Fig. 3B).
Therefore, we had tested our hypothesis using five
constructs pGL3-FL-ATAD5 and pGL3-A1-ATADS to
pGL3-A4-ATADS spanning -410 to +103 sequences
with respect to TSS as described in methods. The
construct having -288bps upstream region from the
TSS (pGL3-A2-ATAD5) was recognized as basal
promoter region of ATADS5 gene (Fig. 3B). Next, to
decipher the effect of HBx on ATADS5 promoter, lu-
ciferase activity was determined in both HepG2 and
Huh?7 cell lines co-transfected with pGL3-FL-ATADS
and with either pcDNA3.1B/myc-His-HBx plasmid or
control vector pcDNA3.1B/myc-His. The luciferase
activity of ATADS5 was increased significantly (>1.6
fold and p<0.05) in presence of HBx compared to
control vector suggested that ATAD5 was upregu-
lated at the transcriptional level by HBx (Fig. 3C).
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Fig. 2: Regulation of hELGI/ATAD5 mRNA expression by HBx protein. (A) Control vector and plasmids pSV2NeoHBV2x (Full length HBV) and
pCDNAZ3.1B/myc-His-HBx (HBx expressing plasmid) were transfected in HepG2 cell line. (B) pPCDNA3.1B/myc-His-HBx was transfected with different doses in HEK293T cell
line. The relative expression of ATAD5 was determined by qRT-PCR. Ectopic expression of HBx gene was verified by semi-quantitative PCR. (** and * denote p value <0.001 and

<0.01 respectively. NS indicates non-significant value.)
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Fig. 3: Transcriptional regulation of ATADS5 by HBx. (A) Six deletion mutant constructs of ATAD5 promoter were generated in pGL3-Basic vector. Arrow indicates the
putative transcription start site (TSS), which was deduced from the extreme 5’ nucleotide of the longest expressed mRNA sequence identified in NCBI database. Number
indicates the position of deletion point with respect to the TSS. HepG2 and Huh7 cells were transfected (B) with each promoter construct independently and (C) with
pGL3-FL-ATADS and either control vector or pcDNA3.1B/myc-His-HBx. HepG2 cells were co-transfected with (D) different deletion mutant constructs and either with control
vector or pcDNA3.1B/myc-His-HBx separately. The average relative luciferase activity (RLU) was presented in bar diagram. (** and * denote p value <0.005 and<0.05 re-

spectively. NS indicates non-significant value).

Having observed the transcriptional regulation
of ATADS5 by HBx, we identified the exact regulatory
region on the ATADS5 promoter sequence by deletion
mapping. Each deletion construct was co-transfected
with pcDNA3.1B/myc-His-HBx plasmid in HepG2
cells and luciferase activity was determined. The in-
creased luciferase activities of all deletion mutant
constructs in presence of HBx (Fig. 3D) indicated the
presence of HBx regulatory region in close proximity
(from -79 to +103) of the TSS in the ATADS5 promoter.
To further confirm this, the luciferase activity of
pGL3-A5-ATADS plasmid where -157 to +103 region
was deleted, was evaluated and as expected HBx was
found unable to increase the luciferase activity of this
promoter construct (Fig. 3D).

HBx protein is not physically associated to the
ATADS promoter but functions via E2F1
transcription factor

Next we examined the presence of HBx protein
in the transcription complex on the ATADS promoter.
HBx protein does not have DNA binding domain but
it interacts to several transcription factors and
trans-regulates transcriptional activity of several
genes [26, 23]. ChIP assay was performed with an-
ti-HBx antibody to investigate the presence of HBx on
ATADS5 promoter but no PCR product was obtained

from pooled DNA after repeated ChIP experiments
(Fig. 4A). Whereas a positive interaction between HBx
and ILI7B promoter, a known target protein of HBx
[23], had confirmed that HBx indirectly regulated the
expression of ATADS and it was presumably through
another transcription factor which was upregulated in
presence of HBx and in turn activated ATAD5 ex-
pression (Fig. 4A). Therefore we scanned the pro-
moter region (-79 to +103) of ATADS5 to identify the
putative binding sites of the transcription factors
which are deregulated by HBx protein using bioin-
formatics tools such as Alibaba2.0, MATINSPECTOR
and the ChIPSeq data from ENCODE study (UCSC
genome browser) (Fig.4B). Binding sites of the tran-
scription factor E2F1, which is a direct target of HBx
[27] and another factor HEY1, which is regulated by
E2F1 [28] were identified in the promoter region (-79
to +103) of ATADS.

The putative consensus binding sites of HEY1
and E2F1 transcription factors are located in the close
proximity to TSS (HEY1 from -36 to -31 and E2F1 from
-29 to -14 respectively from TSS), the effect of these
two transcription factors on the expression of ATAD5
was studied (Fig. 4B). Luciferase promoter assay was
performed to determine the direct effect of E2F1 and
HEY1 protein on ATADS5 promoter. HepG2 cells were
co-transfected with each of the three ATADS5 pro-
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moter constructs (pGL3-FL-ATAD5, pGL3-A3-
ATAD5 and pGL3-A5-ATAD5) and either
pCMVHA-E2F1 or pBABE-puro-HEY1 plasmids (Fig.
4C). Although pGL3-A5-ATAD5 construct did not
possess HBx regulatory region but in presence of
HEY1 the enhanced luciferase activities (>2 fold,
p<0.05) with all the three constructs implicated that
HEY1 might not play the primary role in HBx medi-
ated upregulation of ATADS5 promoter activity.
Again, increased luciferase activities of
pGL3-FL-ATAD5 and pGL3-A3-ATAD5 promoter
constructs in presence of E2F1 (p<0.005) and its re-

E2F1 is the primary player in HBx mediated upregu-
lation of ATADS5 promoter activity. To further confirm
this, the consensus E2F1 binding site was mutated by
site directed mutagenesis in the pGL3-FL-ATAD5
promoter construct and the luciferase activity of
pGL3-E2F1mt-ATADS construct was compared with
that of the wild type pGL3-FL-ATAD5 construct by
co-transfecting them with pCMVHA-E2F1 in HepG2
cells. The luciferase activity of  the
pGL3-E2F1mt-ATADS5 promoter construct was sig-
nificantly reduced (about 50%) compared to that of
wild type construct (p<0.005) (Fig. 4D).

duction in pGL3-A5-ATADS construct suggested that
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Fig. 4: Transcriptional regulation of ATAD5 by HBx through E2F1 transcription factor. (A) Chromatin immune-precipitation (ChIP) assay was performed with
anti-HBx antibody using cell extract from pcDNA3.1B/myc-His-HBx plasmid transfected HepG2 cells. IgG antibody was used as negative control. Semi-quantitative PCR with
ATADS and IL17B specific primers were performed using ChIP DNA and a fraction of input was used as positive control. NC is the PCR negative control. (B) Schematic diagram
of putative transcription factors binding sites in ATADS5 promoter sequence. Luciferase activity was determined in HepG2 cells (C) co-transfected with three different promoter
constructs (pGL3-FL-ATADS5 (-703 to +103), pGL3-A3-ATADS5 (-178 to +103) and pGL3-A5-ATADS (-703 to -158) independently and either pCMVHA-E2F1 or
pBABE-puro-HEY 1 plasmid, (D) co-transfected with either plasmid pGL3-FL-ATADS (wild type E2F1) or pGL3-mtE2F1-ATADS (mutant E2F1) and pcDNA3.1B/myc-His-HBx or
pCMVHA-E2FI or both. (E) The relative mRNA expression of E2F1 was quantified after transfection with pcDNA3.1B/myc-His-HBx plasmid in HepG2 cells. Empty vector was
used as control. (F) Semi-quantitative PCR was performed with ATADS specific primers from ChIP DNA with anti-E2F1 antibody, non-specific IgG antibody and a fraction of
input. (G) ATADS and E2F1 protein levels were altered by HBx. Western blot analysis was performed with extract from HepG2 cells transfected with pcDNA3.1B/myc-His-HBx
using anti-ATADS and anti-E2F1 antibody. Anti-a-Tubulin antibody was taken as loading control. (H) Pearson’s correlation analysis between the log (fold change) value of the
expression of ATAD5 and E2FI in tumor tissue compared to non-tumor tissue of HCC patients. (** and * denote p value <0.005 and<0.05 respectively. NS indicates
non-significant value).
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Similar result was obtained when HBx was
co-transfected with wild type and mutant ATAD5
promoter constructs. But HBx did not cooperate with
E2F1 when they were co-transfected (1:1) in HepG2
cell line. The luciferase activity of the
pGL3-FL-ATADS construct was declined in this set-
ting compared to that of E2F1 alone and the level was
almost similar to HBx (Fig. 4D). The enhanced ex-
pression of E2F1 mRNA in presence of HBx was veri-
fied in HepG2 cells (p<0.05) (Fig. 4E).

Now to further confirm the recruitment of E2F1
to the HBx regulatory promoter region of ATADS,
ChIP assay was performed with anti-E2F1 antibody.
Antibody bound protein-DNA complexes were
pooled down in HepG2 cells and the -79 to +103 re-
gion of ATAD5 promoter was detected by
semi-quantitative PCR (Fig. 4F) from the E2F1 pooled
genomic DNA. Human IgG antibody was used as
negative control in ChIP experiment. Input DNA was
used as loading control.

Consistent with HBx-E2F1 mediated transcrip-
tional control on ATAD?S, effect of HBx regulation was
also observed at the protein level. In HBx transfected
HepG2 cell line both E2F1 and ATADS proteins were
increased (Fig. 4G). In concordance with this in vitro
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data, a positive correlation between the mRNA ex-
pression of ATAD5 and E2F1 in HBV related HCC
liver tissues were also observed (Fig.4H).

ATADS induces HBYV replication

To determine role of ATADS5 on HBV replication,
HepG2 cell line was co-transfected with
pSV2NeoHBV2x and either ECFP-ATADS or control
vector. After 3 days of transfection, the intracellular
core particle associated viral DNA was quantified by
gRT-PCR and observed a significantly higher number
of HBV DNA copies within the intracellular core par-
ticle in ATADb over expressed cells compared to that
of the vector using HBV surface specific primers (Fig.
5A). The level of ATAD5 protein was confirmed by
western blot analysis using anti-ATADS antibody,
which detected both endogenous and ectopically ex-
pressed ATADS (Fig. 5B). Conversely, co-transfection
of pSV2NeoHBV2x with either ATAD5-shRNA or
control vector revealed that HBV DNA copies within
viral core was significantly reduced (p<0.005) (Fig.
5C) when ATAD5 mRNA expression was dropped by
ATAD5-shRNA (Fig. 5D). Thus both gain- and
loss-of-function of ATADS showed pronounced effect
on HBV replication efficiency.
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Fig. 5: Effect of ATADS5 on HBY replication. HepG2 cells were co-transfected with HBV DNA and with either (A, B) ECFP-ATADS or (C, D) ATAD5-shRNA. Intracellular
HBV DNA level was quantified by qRT-PCR with HBV surface specific primers. The relative change in HBY DNA copy number was represented in bar diagram (A,C). The ectopic
over expression of CFP-ATADS (B) and down regulation of endogenous ATADS by shRNA (D) were confirmed by western blot analysis with anti-ATADS antibody and

qRT-PCR respectively. [** p value <0.005].
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Fig. 6: Chemo-sensitivity of ATAD5 knock down HCC cell line. Stable ATADS5 knock down (K/D) and control cells were treated with indicated doses of (A)
S-fluorouracil (5-FU) and (B) Methyl methanesulfonate (MMS). Cell viability was quantified using WST]1 reagent as described in methods. Data was presented as percentage of
viable cells at each dose considering viability of the untreated (UT) vector cells 100%. Each experiment was repeated at least twice in triplicate. The down regulation of ATAD5S
in two K/D clones was confirmed by western blot analysis as shown in upper portion of (A).

Knock down of ATADS enhances
chemo-sensitivity of HCC cell line

To further understand the role of enhanced
ATAD?S in HCC cell line in presence of HBx, ATADS
knock down HepG2 cells were treated with different
doses of chemotherapeutics 5-fluorouracil (5-FU). In
anticipation a sharp decrease in cell viability was ob-
served in knock down cells compared to control cells
(Fig. 6A). Similar result was noted after treatment of
ATADS5 knock down cells with different doses of
MMS, a DNA damaging agent (Methyl methanesul-
fonate) (Fig. 6B) indicating ATADS5 protected cells
from apoptosis induced by different stresses and thus
ATAD5 over expressed HCC cells achieved
chemo-resistance.

Therefore, activation of E2F1, a key regulator of
cell cycle progression, plays the pivotal role in up-
regulation of ATADS5 gene which promotes HBV rep-
lication and safeguards tumor cells against anticancer
drug.

Discussion

The contribution of HBx protein of HBV in the
development of HCC is well documented, although
the exact function and molecular mechanism is not
clearly understood. We have demonstrated here the
role of HBx in regulation of a novel gene ATADS5
which is required for genome maintenance and its
impact on hepatocarcinogenesis. This study has for
the first time mapped the active promoter region of
the gene and also showed the over expression of this
novel gene in HBV associated HCC liver tissues. As a
trans-activator, HBx protein of HBV was found to
regulate the expression of this gene in in vitro trans-
fection assay through transcription factor E2F1. Thus

this study provides a new insight into the regulatory
network of this novel gene. Both gain- and
loss-of-function of ATADS5 in HCC cell line suggested
that over expression of ATAD5 by HBx might con-
tribute to the viral replication. Most importantly, en-
hanced chemo-sensitivity of ATAD5 knock down
HCC cells provided a basis for considering ATADS as
a therapeutic target in HBV infection.

Over expression of this gene was observed in
significant number of HBV associated HCC tissues
compared to adjacent non-tumor tissues and also in
several HCC cell lines compared to normal liver. The
high expression of ATADS5 in HCC tissues could be a
consequence of amplification of chromosome 17q arm
in which this gene (17q.11.2 loci) is located. But a me-
ta-analysis study consisting of 31 CGH arrays with
785 HCC samples showed highest frequency of
chromosomal imbalances exist specifically at
17923-q25 locus [29], suggesting alternative mecha-
nisms of regulation attributed to over-expression of
ATADS gene in HCC. One of the key mechanisms of
HBV related hepatocarcinogenesis include transcrip-
tional regulation by HBx protein of HBV. HBx tran-
scriptionally regulates several host genes either by
directly binding to the proteins of transcription ma-
chinery [30-35] or indirectly by upregulating the ex-
pression of several transcription factors [36-38]. The
role of this viral oncogenic protein in hepatocarcino-
genesis has been investigated extensively in several in
vitro studies [12-15]. To evaluate the significance of
ATADDS5 in HBx mediated HCC, we examined the role
of HBx in regulating the expression of ATADS5 in HCC
cell line. Our in vitro gene expression analysis in
presence of HBx indicated that the overexpression of
ATADS5 was HBx dependent. Next we tried to under-
stand the underlying mechanism of up regulation of
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ATADS5 by HBx. To decipher this about 1kb putative
promoter region of this novel gene was considered
and the basal promoter region, which was -288 to
+103 with respect to TSS was mapped from promoter
luciferase assay using series of deletion mutant con-
structs of promoter. Subsequently, HBx regulatory
region which was located in the region of -79 to +103
was identified.

But the viral oncogene HBx is not a DNA bind-
ing protein [23] and the ChIP assay with anti-HBx
antibody negated the hypothesis of direct recruitment
of HBx protein to the transcription machinery of the
ATADS5 promoter. Searching for binding of other
transcription factors using two different prediction
tools and Encode ChlIPSeq data suggested that E2F1
might be the probable transcriptional regulator of
ATADS. Deregulation of RB-E2F1 pathway is a hall-
mark of cancer and Swarnalatha et al. had showed
recently that over expression of HBx stabilizes E2F1
by blocking its degradation and then activated E2F1
upregulates many proteins involve in G1-S transition
and replication [27]. Now, E2F1-HBx interaction has
been shown to function synergistically in the pro-
moter of the several tumor suppressor genes includ-
ing p53 and pRB [39, 40]. HBx augments DNA bind-
ing activity of E2F1 by direct interaction with its RB
interacting domain [39]. In this study, we have ob-
served that the promoter activity of ATAD5 was in-
creased by both E2F1 and HBx independently, alt-
hough the effect of E2F1 was more pronounced than
HBx. However, HBx and E2F1 co-transfection ex-
periment revealed that HBx failed to show any syn-
ergistic effect with E2F1 (1:1) in HepG2 cell line, rather
the promoter activity of ATAD5 was decreased. To
our surprise, the expression of ATADS was found
increased with enhanced dose of E2F1 (1:2) in similar
co-transfection setting, which was again reduced by
over dose of HBx (data not shown). Thus, it suggests
that although ATADS is regulated mainly by E2F1 but
a feedback loop regulation between E2F1 and HBx
persist in co-transfection setting, mechanism of which
is not clear yet.

Now to wunderstand the physiological im-
portance of the overexpression of ATADS5 in HBV
associated HCC, intracellular HBV copy number was
measured in HCC cell line after gain or loss of ex-
pression of ATADS. Although there were differences
in the level of gain or loss of ATAD5 expression, but
the overall mutual relation of ATADS5 expression and
intracellular HBV DNA copy number suggested that
ATADS supported HBV replication. Further studies
are needed to understand the mechanism of regula-
tion on HBV replication by ATADS.

HCC is highly chemo-resistant to conventional
chemotherapeutic drugs but the underlying mecha-

nism is not clearly understood. In 2009 Sikdar et al has
reported that ATADS is stabilized upon treatment of
different DNA damaging agents [2]. While a prelim-
inary study in our laboratory with ATAD5 over ex-
pressed Hela cell (cervical cancer cell line) treated
with DNA damaging agents (5FU or MMS) revealed
accumulation of low level of replication stress in-
duced DNA damages as indicated by reduced level of
expression of yH2A.X protein compared to that of
control cells. Moreover, existence of yH2A.X protein
in ATADS over expressed cells for shorter period of
time after DNA damage in a time course experiment
suggested that DNA damages were repaired and cells
were survived (Ghosh et al, 2015, unpublished data).
This data was supported by the high sensitivity of
ATADS knock down HCC cells after treatment with
either chemo-therapeutic agent 5-FU or DNA dam-
aging agent MMS which again indirectly implicated
that restoration of ATAD5 enhanced the
chemo-resistance of HCC cells.

Over-expression of several tumor suppressor
genes such as retinoblastoma (RB) [41],
SMAD4/DPC4 [42], S100A1 [43] in cancer have been
reported and this phenotype was correlated with re-
duction of tumor growth. Further study is needed to
understand the detailed molecular basis of over ex-
pression of ATAD5 in HCC. Maintenance and pro-
gression of several types of cancers are associated
with the presence of cancer stem cells and HBx has the
ability to promote “stemness” in HCC cells [44],
overexpression of ATAD5 might be involved in this
process.

Thus, this study provides a new insight on the
transcriptional regulation of the novel gene ATAD5 in
human cancer by HBx protein of HBV through E2F1
and enhanced ATADS5 promotes chemo-resistance in
cancer cells. In addition, positive feedback regulation
between HBV and ATAD5 may be advantageous to
viral replication. Thus HBV-HBx-E2F1-ATADS circuit
would act in a novel way to promote HBV infection
and liver disease progression to HCC. Despite im-
provements in surgical techniques and identification
of new chemotherapeutics for treatment of HCC, the
possible mechanism of anticancer drug resistance due
to overexpression of this novel gene in HCC may
provide useful information to guide future design of
therapeutic intervention in HBV associated HCC.
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HCC: Hepatocellular carcinoma; HBV: Hepatitis
B virus; PCNA: proliferating cell nuclear antigen;
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