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Abstract
Purpose Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide with lack of effec-
tive systemic chemotherapy. In this study, we aimed to evaluate the value of ATPase family AAA domain-containing protein 
2 (ATAD2) as a biomarker and potential therapeutic target for HCC.
Methods The expression of ATAD2 was tested in different HCC patient cohorts by immunohistochemistry and comparative 
transcriptional analysis. The co-expression of ATAD2 and proliferation markers was compared during liver regeneration 
and malignancy with different bioinformatics tools. The cellular effects of ATAD2 inactivation in liver malignancy was 
tested on cell cycle, apoptosis, and colony formation ability as well as tumor formation using RNA interference. The genes 
affected by ATAD2 inactivation in three different HCC cell lines were identified by global gene expression profiling and 
bioinformatics tools.
Results ATAD2 overexpression is closely correlated with HCC tumor stage. There was gradual increase from dysplasia, 
well-differentiated and poorly-differentiated HCC, respectively. We also observed transient upregulation of ATAD2 expres-
sion during rat liver regeneration in parallel to changes in Ki-67 expression. ATAD2 knockdown resulted in apoptosis and 
decreased cell survival in vitro and decreased tumor formation in some HCC cell lines. However, three other HCC cell lines 
tested were not affected. Similarly, gene expression response to ATAD2 inactivation in different HCC cell lines was highly 
heterogeneous.
Conclusions ATAD2 is a potential proliferation marker for liver regeneration and HCC. It may also serve as a therapeutic 
target despite heterogeneous response of malignant cells.
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Introduction

The AAA + ATPase and bromodomain factor ATAD2/
ANCCA (ATAD2) is composed of two AAA + domains and 
a bromodomain that recognizes acetylated histones [1]. As 
a nucleosomal protein present on active genes, its functions 
are closely associated with chromatin remodeling, DNA 
replication, and DNA repair. ATAD2 has been referred to 
as a “generalist facilitator of chromatin dynamics” based 
on demonstrations where histone acetylation guides ATAD2 
to chromatin, resulting in an overall increase of chromatin 
accessibility and histone dynamics [2]. ATAD2 bromodo-
main was shown to recognize di-acetylated histones, and it 
associates with H4K5acK12ac modifications found on newly 
synthesized histones following DNA replication, suggesting 
a critical role for ATAD2 following DNA replication [3]. 
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Based on structural studies with its yeast homolog, ATAD2 
was proposed to form a hexameric complex and to facili-
tate H3-H4 loading by binding to histone tails [4]. Recently, 
Shahnejat-Bushehri and Ehrenhofer-Murray [5] reported 
that the yeast homolog of ATAD2 is a deposition factor for 
CENP-A homolog with help from HJURP homolog, thus 
acting as a co-chaperon for centrosome assembly.

ATAD2 has been described initially as a co-activator of 
the estrogen receptor overexpressed in breast cancer [6], and 
several other cancers [7], as well as a cancer/testis antigen 
[8]. Shortly after, we reported ATAD2 as a component of 
15-hepatocellular immortality signature gene panel that dis-
criminates hepatocellular carcinoma (HCC) from cirrhosis 
with high accuracy [9]. ATAD2 has now been implicated 
in a large set of cancer and been considered a therapeutic 
target [10].

Here, we studied the expression and functional impli-
cations of ATAD2 in liver malignancy in order to evalu-
ate its potential as a potential target for HCC treatment. A 
series of investigations using gene and protein expression 
in normal and malignant tissues and cells, gene inactiva-
tion techniques, as well as in vitro and in vivo cell survival 
and tumorigenicity assays allowed us to draw critical con-
clusions about the value of ATAD2 as a therapeutic target 
for HCC with some implications that could be expanded to 
other cancer types overexpressing this particular epigenetic 
regulator.

Material and Methods

Cell Lines and Hepatocytes

Cell lines used in the study were obtained and cultivated 
as previously described [11]. Cell lines were maintained in 
RPMI medium supplemented with 10% Fetal Bovine Serum, 
100 IU/ml penicillin, 100 µg/ml streptomycin and 1 × non-
essential amino acid (ThermoFisher) under humidified 5% 
 CO2 and 37 °C conditions. Routine cell passages were per-
formed when cell confluency reached to 70–80%. Freshly 
isolated human hepatocytes were obtained commercially 
(hNHEPSTM-Human Hepatocytes, Lonza Group, Basel, 
Switzerland), as reported previously [9].

Generation of Polyclonal Anti‑human ATAD2 
Antibody

An anti-human ATAD2 antibody was generated in rabbits. 
The DNA fragment containing amino acids 2 to 251 at the 
N-terminus of the ATAD2 protein (Online Resource 1) 
was cloned into pET28 MHL plasmid vector. Briefly, the 
sequence to be cloned was amplified by polymerase chain 
reaction from a pCDNA3.1-HA-C plasmid carrying the 

human ATAD2 cDNA. Primers used for this PCR: 5′ TTG 
TAT TTC CAG GGC GTG GTT CTC CGC AGC AGC TTG -3′ 
and 5′-CAA GCT TCG TCA TCA TTG GTC TTC ACC CTC 
TTC AGA TGAC-3′.

In-Fusion kit (Clontech) was used for cloning. pET28 
MHL vector was cut with BseRI (R0581L, NEB) and puri-
fied with Nucleospin gel cleaning kit (Macherey–Nagel). 
Linear vector DNA and PCR-amplified ATAD2 DNA were 
mixed in the reaction medium at a ratio of 2:1. After ligation, 
the reaction solution was transformed into E. coli DH5α 
strain. The plasmid was transformed to E. coli T7 expression 
bacterial strain. Recombinant protein produced in bacteria 
was purified by Ni NTA agarose affinity chromatography 
using the non-soluble protein purification method. Rabbits 
were immunized with recombinant ATAD2 protein and rab-
bit sera were collected by CovalAb S.A.S. (Villeurbanne, 
France). Polyclonal antibody was purified using HiTrap Pro-
tein G HP ÄKTA FPLC system (GE Healthcare).

Other Antibodies

The list of other antibodies used here was shown in Online 
Resource 2.

Western Blotting

Harvested cell pellets were lysed in RIPA lysis buffer con-
taining 150 mM NaCl, 1% Nonidet P–40, 0.5% Sodium 
deoxycholate, 0.1% SDS, 25 mM pH7.4 Tris, 1 × protease 
inhibitor cocktail (cOmplete, ROCHE), 1 mM  Na3OV4 and 
1 mM NaF. Total protein amounts were measured and equal-
ized according to BSA standard linear regression method. 
Equal amounts of denatured total protein samples were 
loaded to 10% SDS–polyacrylamide gels for electrophore-
sis. Transfers were performed to polyvinylidene difluoride 
membranes (immobilon-P, Millipore) and blocked with 
5% non-fat milk. Membranes were probed with primary 
antibodies of targeted proteins and subsequently incubated 
with appropriate HRP-conjugated secondary antibodies. 
Detection of membranes was performed with enhanced 
chemiluminescence.

siRNAs and Transfections

Different ATAD2-targeting siRNAs were used. The effects 
of ATAD2 knock-down on cell proliferation and apoptosis 
were tested using following siRNAs generated by Eurogen-
tec (France). ATAD2 siRNA1: ACU AAC ACU GCU GAA 
GCU G; ATAD2 siRNA2: GGU UGU AGC UCC UCC AAA 
U; ATAD2 siRNA3: GCU AAG GA UUU CGA GGUAG; 
ATAD2 siRNA4 UCU UCU GCU GUC AGU GAU C. Con-
trol siRNA (siCTRL); GGC CUU UCA CUA CUC CUA C. For  
transfections, cells were seeded in 6 well plates. After 24 h, 
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cells transfected with 100 pmol ATAD2 siRNAs and 4 μl 
of oligofectamine transfection reagent (Invitrogen) for 6 h 
without serum and antibiotics. At the end of 6 h, media was 
changed and experiments continued as indicated for each 
test. The effects of ATAD2 knock-down on gene expression 
profiles were studied with transfection of ON-TARGETplus 
siRNAs (Dharmacon): S2: siRNA J-017603–06, Target 
Sequence: GUA AUC AGC CAA UGU AUU U, S3: siRNA 
J-017603–07, Target Sequence: CGU CGA AGU UGU AGG 
AUU A, S4: siRNA J-017603–08, Target Sequence: CUG 
AUG AGG UUC CUG AUU A, Control Luciferase Duplex, 
Target Sequence: CAU UCU AUC CUC UAG AGG AUG. 
Transfections were carried out according to supplier’s 
instructions. Briefly, 500 μl OptiMem (Thermofisher) and 
pool of 20 nM ATAD2 siRNAs 2, 3 and 4 were added to 
each well of 6-well plates and mixed gently. 5 μl of Lipo-
fectamine RNAiMax solution (Thermofisher) was added to 
each well and left to incubate for 20 min at room tempera-
ture by gently mixing again. Suspension of 1 ×  105 cells in 
2.5 ml antibiotic-free medium was added to each well. At 
48 h, cells were collected. ATAD2 knock-down was con-
firmed by real-time PCR of transfected cell RNAs using 
the following primers: ATAD2_F-5′-TGA AAA GGC TTT 
GGC AAT TC-3′, ATAD2_R-5′-TGC GAT GCC GAT AAA 
TAC A-3′, GAPDH_F-5′-GGC TGA GAA CGG GAA GCT 
TGT CAT -3′, and GAPDH_R-5′-CAG CCT TCT CCA TGG 
TGG TGA AGA -3′ were used for control experiments. Total 
Hep3B, SNU449, and PLC/PRF/5 RNAs used in microarray 
analysis were isolated with NucleoSpin RNA II Kit (MN 
Macherey–Nagel, Duren, Germany) and cDNA synthesis 
was performed using RevertAid First Strand cDNA syn-
thesis kit (MBI Fermantas, Germany). Quantitative expres-
sion analyses were carried up with DyNAmo HS SYBR 
Green qPCR Kit F410 (Finnzymes). The reaction mix per 
well contained 10 µl Sybergreen, 0.8 µl of 10 pmol forward 
and reverse primers, 7.4 µl  ddH2O and 1 µl cDNA. After 
adding mineral oil onto each well as 1:1, reaction carried 
out in Mx3005p PCR machine (Stratagene). The house-
keeping gene, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), was used as the internal control.

Cell Proliferation, Colony Formation, and Apoptosis 
Studies

HCC cells were seeded in 6 well plates. After 24 h, cells 
transfected with 100 pmol ATAD2 siRNAs and 4 μl of oli-
gofectamine (Invitrogen) transfection reagent for 6 h with-
out serum and antibiotics. At the end of 6 h, media with 
3 × serum added on. Cells were monitored for 96 h and 
stained with Coomassie blue at the end of the experiment. 
For colony formation studies, Hep3B and HepG2 cells were 
seeded at 72 h following transfection, and grown for 10 days 
for colony formation. Colonies were stained with crystal 

violet and quantified. Similarly, Hep3B, HepG2, Huh7 and 
Hep40 cells were treated with siRNAs of ATAD2 and cul-
tured for 3 days. Cells suspended and pelleted by centrifuga-
tion. Cells washed with PBS and fixed with ice cold ethanol. 
Ethanol discarded and cells washed with PBS. Cells treated 
with RNase A (Fermentas) and stained with propidium 
iodide (Sigma). In Annexin V staining, Hep3B and HepG2 
cell pellets resuspended with Annexin V binding buffer and 
stained with Annexin V-Cy3 dyes (Sigma Aldrich). After 
5 min incubation at dark, FACS scan (Beckton Dickonson) 
with FL2 channel was used for analysis. 

Clinical Tissue Specimens 
and Immunohistochemistry

Normal liver and HCC tumor samples were collected and 
analyzed at Ege University Department of Pathology under 
the ethical approval. In total, 7 normal liver, 9 low grade 
dysplastic nodules (LGDN), 18 high grade dysplastic nod-
ules (HGDN), and 27 HCC samples were identified. The 
diagnosis of dysplatic nodules and HCC, as well as HCC 
grading, was made according to previously defined crite-
ria [12]. Immunohistochemical analyses were performed 
on 5 µm-thick sections taken on positively charged slides. 
Sections were deparaffinized in xylene and then rehydrated. 
Immunohistochemical staining for anti-ATAD2 antibody 
(HPA029424, Sigma, 1:150 dilution) was performed using 
an automated immunohistochemical stainer according to the 
manufacturer’s guidelines (streptavidin-peroxidase protocol; 
BenchMark, Ventana, PA, USA). The immunoreactivity 
was revealed by 3, 3-diaminobenzidine tetrahydrochloride 
(DAB) staining and the sections were counterstained with 
hematoxylin. The intensity and extent of staining were eval-
uated semi-quantitatively.

Immunofluorescence

First, a pool of ATAD2 siRNAs or control siRNAs were 
mixed with Lipofectamine RNAiMax solution (Ther-
mofisher) in serum-free RPMI and left for 10 min at room 
temperature. Transfection media was mixed with cell sus-
pension (5000 cells/well in RPMI) in 24-well plates contain-
ing coverslips. Cells were then incubated for 48 h. To stop 
the experiment, cell wells were washed with PBS and fixed 
with ice-cold Acetone-Methanol mixture (1:1) for 10 min 
at −20 °C. Fixative was discarded and coverslips washed 
with PBS. Cells blocked for 30 min with PBS-T (PBS and 
0.1% Triton-X) complemented with 1% BSA. Cells were 
co-incubated with primary antibodies to Ki-67 and ATAD2 
diluted in PBS-T containing 0.5% BSA for 2 h at room tem-
perature with gentle agitation. Cells were then washed and 
co-probed with fluorescence tagged anti-mouse and anti-
rabbit secondary antibodies diluted in PBS-T containing 
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0.5% BSA for 90 min. Cells were washed, incubated with 
DAPI, rinsed with  dH2O and mounted on slides with mount-
ing media.

Study of ATAD2 Response to Cell Stress

Hep3B and HepG2 cells were seeded on 60 mm dishes 
and incubated for 48 h. When they reached a confluence 
of 60–70% at 48 h, media were changed with fresh media 
containing tunicamycin (5 µg/ml and 10 µg/ml) per vehicle. 
Tunicamycin stock solution was dissolved in DMSO. After 
12 h and 24 h treatments, cells were collected, and used for 
total protein extraction using RIPA buffer.

Comparative Analysis of ATAD2 and Ki‑67 
Expression

We analyzed the relationship between ATAD2 and Ki-67 
expression in rat liver with publicly available microarray 
gene expression data (GEO Accession: GSE63742) gen-
erated from rat liver during regeneration following par-
tial hepatectomy. To analyze the expression data, we used 
GEO2R (https:// www. ncbi. nlm. nih. gov/ geo/ geo2r/) web 
based interactive tool. The highest expression values with 
the “Probe Set 1374775_at” for Mki-67, the “Probe Set 
1376599_at” for Atad2 genes were used respectively. Means 
and Standard Deviations (SD) of expression data for each 
time points were used for reporting. The correlation between 
ATAD2 and Ki67 expression in hepatocellular carcinoma 
was analyzed using TCGA LIHC tumor dataset available at 
UCSC Xena Browser [13]. Data of recurrent tumor samples 
were excluded from downstream analysis steps. The expres-
sion of ATAD2 and MKi67 was analyzed in 50 normal solid 
tissue and 371 primary solid tumors of liver. The correlation 
between ATAD2 and MKi67 is determined with Pearson’s 
correlation method. The following R packages were used in 
analysis of expression data and generating graphs are dplyr 
(v1.0.4), ggplot2 (v3.3.3) and ggpubr (v0.4.0).

Generation of Doxycycline‑Induced shATAD2 
Expression Clones

The lentiviral constructs, pTRIPz shRNAmir lentiviral vec-
tor targeting ATAD2 or shControl were used (Open Bio-
systems company, Huntsville, USA) in the generation of 
Hep3B stable clones. The sequences in the constructs used 
as: Targeting shRNA: pTRIPz-tet-shRNA-ATAD2, 5′-ATT 
ACA GTG ACA TAA TCA G-3′ and NonTargeting Control 
RNA: pTRIPz-tet-shRNA-nontargeting control, 5′-AAT TCT 
CCG AAC GTG TCA CGT-3′. These doxycycline-inducible 
constructs also include Red Fluorescent Protein (RFP) cas-
sette that led to track cells. The lentiviral constructs trans-
fected with Arrest-in transfection reagents (Open-biosystems 

Company, Huntsville, USA) to HEK293TA cells. Cells 
treated with reagent-construct complex in media for 6 h 
and media refreshed. After 48 h, virus-containing super-
natants collected and filtered by 0.45 µM PVDF filters for 
use. Hep3B cells seeded on 24 well plates before the day of 
transduction. At the day of transduction, media refreshed 
with virus containing media with Hexadimethrine Bromide 
Sigma (St. Louis, MO, USA). After 6 h incubation, virus 
containing media refreshed with fresh media. After 24 h, 
cells cultured with media containing 1 µg/ml puromycin 
(Sigma, St. Louis, MO, USA) to generate stable clones.

Tumorigenicity Assays

In the generation of xenograft models, shControl and 
shATAD2 clones of 10 ×  106 Hep3B cells resuspended in 
phosphate-buffered saline and injected to both sides of 6 
Female athymic NMRI nude mice (Janvier, Le Genest‐Isle, 
France). Doxycycline (Sigma, St. Louis, MO, USA) dis-
solved in drinking water of 3 mice to induce expression of 
shControl and shATAD2. Size of the tumors measured every 
3 or 4 days and graphed using Graphpad Prism V8. RFP 
expressing tumors were visualized by IVIS Kinetic device 
(Caliper Life Sciences) in  vivo imaging system before 
mice sacrificed. Tumors of mice extracted for western blot 
analysis.

Gene Expression Profiling by Microarrays

Total RNAs of siRNA-transfected cells were first tested with 
the Agilent Bioanalyzer 2100 for quality control. Only sam-
ples with RNA integrity number values (RIN) greater than 
9 were used in microarray experiments. Affymetrix micro-
array system was used as described in our previous study 
[9]. Briefly, Affymetrix platform with GeneChip Human 
Genome U133 Plus 2.0 arrays were used for microarray 
analysis according to manufacturer instructions. In order to 
collect and store data, Operating Software (Affymetrix) was 
used. Bioinformatic analysis of microarray data was per-
formed with R statistical computing environment (v3.6.1). 
Raw probe intensities in CEL files were subjected to robust 
multichip average normalization (RMA) using expresso 
function of Bioconductor affy package (v1.68.0) [14]. Dif-
ferential expression analysis was performed with Limma 
package (v3.46.0) [15] to measure significant changes in 
gene expressions across pairwise comparisons. In this step, 
lmFit function was utilized to fit a linear model, and esti-
mated coefficients and standard errors were then computed 
with contrasts.fit function. Empirical Bayes statistics were 
obtained using eBayes function. We considered differen-
tially expressed genes using a fold change cutoff ≥ 2. The 
Gene Ontology (GO) enrichment analysis of differentially 
expressed genes was performed with clusterProfiler package 
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(v3.14.3) [16] and the GO terms with FDR ≤ 0.05 were con-
sidered significant.

Statistical Analysis

Graphs were generated with Prism 8 (Graphpad Software, 
La Jolla California, USA) and Microsoft Office Excel 
(2016). Group comparisons were analyzed with t tests. The 
differences between groups were considered statistically sig-
nificant as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

Results

ATAD2 is Over‑expressed in HCC Tumors in a Tumor 
Grade Dependent Manner

To assess the clinical relevance of ATAD2 in HCC, we sur-
veyed its expression by immunohistochemistry in 7 normal 
liver tissues, 9 low-grade dysplastic nodules (LGDN), 18 
high-grade dysplastic nodules (HGDN) and 27 HCC cases. 
ATAD2 was expressed in 3 (16.7%) HGDN, and 14 (51.9%) 
HCC cases. There was no detectable ATAD2 expression in 
normal liver and LGDN. Thereafter, we observed a gradual 
increase in the percent of ATAD2-positive cells according 
to HCC grade. ATAD2 expressions in well-, moderate-, and 
poorly differentiated HCC were 25.0%, 66.7%, and 83.3%, 
respectively (Fig. 1a and Table 1).

Strong Correlation Between ATAD2 and Ki‑67 
Expression in HCC as well as in Regenerating Liver

Next, we compared ATAD2 expression at RNA levels with 
that of Ki-67 transcripts encoded by MKI-67 gene using 
The Cancer Genome Atlas (TCGA) data available at UCSC 
Xena Browser [13]. As shown in Fig. 1b, both transcripts 
were upregulated significantly (p < 0.001) in HCC samples 
(n = 371) as compared to non-tumor liver samples (n = 50). 
Based on expression similarities between ATAD2 and MKI-
67, we also performed Pearson correlation analysis for their 
co-expression in normal liver and HCC samples (Fig. 1c). 
We observed a significant correlation between ATAD2 and 
MKI-67 expression (R = 0.61, p < 2.2e-16). The data we 
obtained with clinical tissue samples strongly suggested 
that ATAD2 expression in liver is related to cell prolifera-
tion, similarly to MKI-67 expression. To further explore 
this correlation, we compared ATAD2 expression with the 
expression of two cell proliferation markers namely CCND1 
(encoding for Cyclin D1 protein) and MKI-67 during experi-
mental liver regeneration induced in rats by partial hepatec-
tomy using a microarray expression dataset (GEO Acces-
sion: GSE63742) available at GEO database [17]. As shown 
in Fig. 1d, all three transcripts were low at the beginning of 

the regeneration process and all of them displayed a peak of 
expression between 24 and 36 h. CCND1 showed another 
increase at 72 h. Thereafter there was slow but progres-
sive decrease in the levels of ATAD2, MKI-67, and CCND1 
transcripts, which came down to initial levels at 168 h or 
7 days. Thus, there was a perfect correlation in the dynamic 
expression patterns of ATAD2 and cell proliferation markers 
CCND1 and MKI-67 in regenerating liver.

Differential Expression of ATAD2 in Hepatocytes 
and HCC Cell Lines

We reported previously that ATAD2 protein was not detect-
able by Western blotting in freshly isolated human hepato-
cytes, in contrast to consistent expression in HCC cell lines 
[9]. Here we confirmed and complemented these data by 
immunocytochemistry (Fig. 2a) and immunofluorescence 
studies (Fig.  2b). Non-proliferating hepatocytes lacked 
ATAD2 expression whereas HCC cell lines in culture dis-
played almost 100% positive nuclear staining. As demon-
strated with SNU449 cell line, this nuclear positivity was 
specific to ATAD2 because of its attenuation under ATAD2 
siRNA treatment (Fig. 2b left panels).

ATAD2 staining showed a good correlation with nuclear 
Ki-67 staining, a proliferation marker largely used for tumor 
pathology (Fig. 2b—middle panel). Taken together, in vivo 
and in vitro studies reported here clearly demonstrated that 
ATAD2 expression in liver is not specifically related to liver 
malignancy and correlated directly with the proliferation 
state of this tissue.

ATAD2 Expression Is Downregulated Following 
Tunicamycin‑Induced Unfolded Protein Response

One of the cellular consequences of Endoplasmic Reticu-
lum (ER) stress is Unfolded Protein Response (UPR) which 
leads to the exit from the cell cycle through downregulation 
of Cyclin D1 levels [18]. Based on this finding, we aimed 
to test whether ATAD2 levels are also downregulated dur-
ing UPR induced by tunicamycin, an inhibitor of protein 
glycosylation, triggering ER stress [19]. Hep3B and HepG2 
cells were treated with 5 µg/ml or 10 µg/ml tunicamycin for 
12 h or 24 h and cell lysates were tested for expression of 
CHOP, an indicator of Endoplasmic Reticulum (ER) stress 
induced by tunicamycin and PARP cleavage, an indicator of 
apoptosis together with ATAD2 abundance (Fig. 3). Both 
Hep3B and HepG2 cells responded to tunicamycin with 
early (12 h) induction of CHOP as expected. The accumu-
lation of cleaved PARP was detected at 12 h in Hep3B cells 
with a strong increase at 24 h. HepG2 cell response was less 
pronounced with detectable PARP cleavage at 24 h only. 
ATAD2 levels showed a late decrease (24 h) in Hep3B, but 
early response (12 h) in HepG2 cells. These results suggest 
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that when cell cycle arrest/apoptosis is triggered, ATAD2 
levels are going down.

ATAD2 siRNA Treatment Inhibits HCC Cell Survival 
in Some but not All HCC Cell Lines

Based on close association between ATAD2 expression and 
hepatocellular proliferation, we sought to know whether 
ATAD2 is essential to HCC cell survival. We transfected a 
set of HCC cell lines with ATAD2 siRNAs and followed their 
growth and survival. Out of five cell lines tested, Hep3B and 
HepG2 showed strong growth inhibition. SNU449 displayed 
only weak growth inhibition, whereas Huh7 and PLC/PRF/5 
showed no noticeable change (Online Resource 3).

To investigate the functional consequences of ATAD2 
depletion, we transfected Hep3B and HepG2 cells with two 
different siRNAs. ATAD2 immunoblotting confirmed suc-
cessful knock-down of ATAD2 (Fig. 4a). Western blot analy-
sis of cleaved caspase-3 protein (Fig. 4a) and detection of 
up to 30% Annexin V positive cells by flow cytometry sug-
gested ATAD2 depletion induces apoptosis (Fig. 4b). These 
cell lines also reacted to ATAD2 suppression with drastic 
changes in cell cycle phase distribution with accumulation of 
subG1 cells, supporting our previous observation (Fig. 4c). 
As a result, survival of Hep3B and HepG2 decreased sig-
nificantly as assessed by colony formation assays (Fig. 4d).

Next, we expanded our investigations on in vivo effects 
of ATAD2 silencing using Hep3B cells, which responded 
strongly to ATAD2 depletion. Due to the deleterious effects 
of ATAD2 silencing, we chose a Doxycycline-inducible 
shRNA expression technique. Hep3B cells were first 
marked with stable expression of red fluorescent protein 
(RFP); then, we generated ATAD2 shRNA and control 
shRNA stable cell lines. shCTRL- and shATAD2-express-
ing Hep3B cells injected subcutaneously into the right and 
left sides of mice, allowed the tumors to grow for 2 weeks 
and shRNA expression triggered by including Doxycycline 
into drinking water (Fig. 5a). Tumor samples isolated at the 
end of the study validated successful ATAD2 knock-down 
(Fig. 5b). Doxycycline-treatment of mice led to significant 
tumor growth inhibition in shATAD2 tumors with respect 
to shCTRL (p = 0.0064, Fig. 5c). This effect was further 

demonstrated by reduced RFP signals from ATAD2shRNA- 
expressing tumors using live imaging (Fig. 5a).

We selected Huh7 as a representative of HCC cell line 
whose survival did not show robust change upon ATAD2 
siRNA treatment (Online Resource 3). As shown in Fig. 6, 
despite effective decrease of ATAD2 levels by ATAD2 
siRNAs (Fig. 6a), there was no consistent change in cell 
cycle distribution. Of particular interest, subG1 signal, 
representing apoptotic cells, did not show any indication 
of increase (Fig. 6b, c).

Gene Expression Response of HCC cells to ATAD2 Is 
Highly Heterogeneous

Phenotypic heterogeneity of different HCC cell lines in 
their response to ATAD2 depletion warranted further 
investigation. Therefore, we decided to compare global 
gene expression profiles of three different HCC cell lines 
in the presence as well as under suppression of ATAD2 
expression. We chose Hep3B (high response), PLC/PRF/5 
(medium/no response) and SNU449 (medium/no response) 
cell lines and used Affymetrix microarray technology. All 
cell lines were analyzed after 48 h of ATAD2 siRNA treat-
ment as compared to control siRNAs. Effective downregu-
lation of ATAD2 levels by siRNAs were demonstrated by 
real-time PCR (Fig. 7).

Expression levels of RNAs were compared between 
ATAD2 siRNA- and control siRNA-treated cells, and 
genes displaying more than twofold changes were identi-
fied. As expected, ATAD2 mRNA levels decreased 11, 11, 
and fourfold in Hep3B, PLC/PRF/5 and SNU449 respec-
tively. ATAD2 knock-down resulted in the downregulation 
for 57 genes, while 54 displayed upregulation in Hep3B. 
The number of affected genes was much lower in PLC/
PRF/5 cells (9 up and 7 downregulated respectively, while 
it was nil in SNU449 cells (Table 2). In order to find out 
what gene functions are affected by these changes, GSEA 
was utilized using gene ontology (GO) terms. As shown in 
Table 3, 11 GO terms all related to three diverse functions, 
namely lipoprotein particle remodeling, positive regulation 
of Wnt signaling pathway and Receptor-mediated endocy-
tosis were identified for PLC/PRF/5 cells (p < 0.05). Much 
higher number of gene functions were identified in Hep3B 
cells (33 GO terms with p < 0.02). These functions were 
highly heterogeneous and grouped into 17 gene functions. 
Top affected functions were response to calcium ions, metal 
ions, ketone, glucocorticoid and cAMP, positive regulation 
of protein kinase B signaling, negative regulation of blood 
coagulation, negative regulation of ion transport, zymogen 
activation, and apoptosis pathway (Table 3). There was no 
commonality between the GO terms identified in Hep3B and 
PLC/PRF/5 cells.

Fig. 1  ATAD2 expression is induced in human HCC and during liver 
regeneration in correlation with Ki-67. a Representative immunohis-
tochemical images of ATAD2 expression in human normal liver (left) 
and HCC (Right). b Both ATAD2 and Ki-67 transcripts are induced 
significantly in normal liver and HCC samples in TCGA collection.  c 
Highly significant correlation between ATAD2 and Ki-67 expression 
in HCC. MKI67: Human gene encoding Ki-67. d ATAD2 expression 
during rat liver regeneration display similar profile with the profile of 
proliferation biomarkers Cyclin D1 and Ki-67, as shown by transcript 
analysis. MKi67: Rat gene encoding Ki-67

◂

1362 Journal of Gastrointestinal Cancer  (2021) 52:1356–1369

1 3



Discussion

We identified ATAD2 several years ago as a member of 
senescence-related 15-gene signature set providing high 
confidence prediction of HCC patients with 97.5% accuracy 
[9]. In the same report, we also showed that freshly isolated 
human hepatocytes lack detectable ATAD2 protein in con-
trast to nine different HCC cell lines all expressing it. Here 
we evaluated the value of ATAD2 as a disease biomarker 
and potential therapeutic target for HCC. Our observations 
clearly indicate that this protein is a good disease progres-
sion marker, but a conditional therapeutic target.

Table 1  Immunohistochemistry staining analysis of ATAD2 protein 
in normal liver, dysplastic nodules and HCC

Differentiation Total Positive % positive

Normal liver 7 0 0.0
LGDN 9 0 0.0
HGDN 18 3 16.7
WD HCC 12 3 25.0
MD HCC 9 6 66.7
PD HCC 6 5 83.3

Fig. 2  ATAD2 is highly expressed 
in proliferating HCC cells, but not 
in non-proliferating hepatocytes. 
a Immunohistochemistry images 
show the absence of detectable 
ATAD2 protein in non-prolifer-
ating hepatocytes in contrast to 
Huh7 cells. b Immunofluores-
cence imaging of HCC cells indi-
cating nuclear staining of ATAD2 
mirroring Ki-67 staining
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The value as a tumor marker was evaluated using a set 
of tissues representing normal liver, dysplastic nodules 
and well-, moderate-, and poorly differentiated HCCs. We 
observed almost a perfect correlation between ATAD2- 
positive staining cell numbers and disease progression. 
Accordingly, ATAD2 was not detected in LGDNs but 
was positive in 17% of HGDNs. This positivity progres-
sively increased up to 83% in poorly differentiated HCCs. 
Our observations correlate with data reported previously 
[20–22]. Here we provide novel data showing that ATAD2 
expression in normal liver and HCC is closely correlated 
with Ki-67 expression, a well-known biomarker used to 
evaluate proliferation index in tumors [23]. This led us to 
consider ATAD2 as a proliferation biomarker. Next, we 
tested whether ATAD2 expression in liver is specific to 
malignancy. Thus, we analyzed the status of its expression 
following induction of liver regeneration by partial hepatec-
tomy in rats. This analysis was done in parallel to MKI-67 
and CCND1 expression. ATAD2, MKI-67, and CCND1 RNA 
levels were low in the initial phase of the liver regeneration 
and all three showed strong induction between 24 and 36 h, 
followed by a gradual decrease until the end of proliferation 
process. The absence of ATAD2 expression in normal liver 
together with its increased expression in regenerating rat 
liver, as well as in malignant liver lesions as a function of 
tumor progression is reminiscent of Ki67 expression in these 
situations. Indeed, Ki67 labelling index (LI) is less than 5% 
in normal liver and inactive cirrhosis, but higher in chronic 
hepatitis (LI: 29–41) and very high (LI: 71) in HCC [23]. In 
confirmation of our observations, MKI-67 expression dur-
ing rat liver regeneration is induced and remained high for 
at least 4 days [24]. Ki-67 is a nuclear protein expressed in 
proliferating (G1, S, G2 and M phases) cells, but not in rest-
ing (G0 phase) cells including hepatocytes [25].

Our in vitro studies confirmed that ATAD2 is indeed a 
specific nuclear marker for proliferating cells like Ki-67. As 
shown in Fig. 2, normal hepatocytes did not express ATAD2, 
but all tested HCC cell lines displayed nearly 100% positive 
staining which paralleled Ki-67 staining. Indeed, ATAD2 
immunostaining performs better than Ki-67 staining because 
of its homogenous nuclear staining pattern. The presence 
of nuclear ATAD2 in all proliferating cells despite its role 
in “co-chaperon” role in the organization of newly loaded 
histones during DNA synthesis [3] is not necessarily contra-
dictory. Ki-67, a well-known marker for cells in proliferation 
(G1, S, G2, M phases) serves as a biological surfactant to 
disperse mitotic chromosomes during M phase [26]. 

Tunicamycin which causes extensive protein misfolding 
and activation of the unfolded protein response (UPR) is an 
ER-stress inducer [19, 27]. One of the cellular responses 
to UPR is to exit from the cell cycle by downregulation of 
Cyclin D1 levels [18]. Cyclin D1 degradation is also neces-
sary for exit of hepatocytes from cell cycle and termination 

of liver regeneration [28]. HCC cell lines like many cancer 
cell lines display uncontrolled cell proliferation. In order to 
force HCC cell lines to exit cell cycle by UPR, we treated 
them with tunicamycin and tested ATAD2 protein levels. 
As shown in Fig. 3, following 12 h and 24 h treatment with 
tunicamycin, Hep3B cells displayed early accumulation of 
CHOP and strong induction of PARP cleavage, as well as 
downregulation of ATAD2 levels particularly at 24 h. This 
suggested that tunicamycin treatment caused a cell cycle 
arrest as well as apoptosis induction. The response of HepG2 
cells was milder in terms of PARP cleavage but ATAD2 
downregulation was evident at 12 h and strong at 24 h, sug-
gesting minor apoptosis and more pronounced cell cycle 
exit. In support of our conclusion, we noticed that ATAD2 
was one of the significantly downregulated genes in G0 as 
compared to G1 cells [29]. Taken together our observations 
supported by other reports are in favor of ATAD2 being a 
biomarker for a non-resting (non G0) state independent of 
cell cycle phases.

Next, we examined HCC cell response to ATAD2 down-
regulation. Out of five HCC cell lines tested, only two 
displayed clear and objective survival response (Online 
Resource 3). Detailed phenotypic analysis of ATAD2 knock-
down effects in four representative cell lines clearly demon-
strated that ATAD2 dependency is highly heterogeneous. 
Although a few HCC cell lines experience decreased sur-
vival and cell death, many others do not show any severe 
survival defect. Our compared global gene expression 
analysis also indicates extreme heterogeneity in response 
to ATAD2 deficiency. Cellular response varied between no 
detectable alterations in gene expression to more than 100 
genes affected. Thus, our observations lead us to conclude 
that ATAD2 expression is not absolutely necessary for sur-
vival of HCC cell lines or its effects are dependent on other 
factors. In other words, the effects of ATAD2 deficiency 
appear unpredictable in the contexts we analyzed. In accord-
ance with our previous studies we concluded that ATAD2 
depletion related survival outcomes do not associate with 
metastatic (EMT) status of HCC cells, as well as mutations 
in p53 or Rb pathway. Two out of 4 epithelial cells (Hep3B 
and HepG2) responded to ATAD2 depletion but the other 2 
epithelial lines (PLC/PRF/5 and Huh7) and SNU449, as the 
only EMT cell line in our panel, did not [30]. Among the 
responders HepG2 is p53wt, whereas Hep3B is p53 null. 
Also, all the cell lines used in this study, responders and non-
responders, are Rb pathway deficient [31]. Therefore, addi-
tional studies are necessary to identify markers of response 
to ATAD2 depletion.

In support of this conclusion, ATAD2 has been qualified 
previously as a global “helper” which in growing cells can be 
compensated for by other factors [2]. When compared to previ-
ous reports on the effects of ATAD2 suppression on HCC cell 
lines, our observations correlate only partially. Indeed, similar 
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observations were reported for Hep3B and HepG2 cells [21, 32]. 
But we could not confirm earlier reports on ATAD2 dependency 
of Huh7 and PLC/PRF/5 cell lines [21, 32, 33]. The reasons of 

this discrepancy are not known. Cell lines used in these studies 
may have undergone drifts during their long-term maintenance 
between different laboratories. Alternatively, experimental con-
ditions may have affected the phenotypic outcomes. Neverthe-
less, it is of interest that ATAD2-independent HCC cell survival 
has not been noticed in previous reports [21, 32, 33]. Here we 
show that ATAD2 is not a critical gene for the survival of many 
different HCC cell lines. These findings strongly suggest that 
this gene is not a preferable target for development of new tar-
geted therapy approaches for HCC unless its function is further 
characterized. Indeed, as a gene associated with both normal 
and malignant cell proliferation, even if successful results can be 
achieved, such therapies might present undesirable side effects. 
Altogether, here we show that ATAD2 is an excellent prolifera-
tion marker for liver diseases including HCC. However, cur-
rently, it is not a preferable therapeutic target.

Fig. 4  Suppression of ATAD2 by siRNAs inhibits cell growth and 
induces apoptosis. a Western blot analysis of ATAD2 protein expres-
sion in Hep3B and HepG2 cell lines after transfection of control 
siRNA, ATAD2 siRNA1 and ATAD2 siRNA3 demonstrates ATAD2 
knock-down accompanied by increased expression of active Cas-
pase-3. b Annexin V FACS analysis of ATAD2-suppressed Hep3B 
and HepG2 cells at day 2 shows abundant apoptosis in Hep3B and 
less but evident apoptosis in HepG2 cells. c Cell cycle analysis by 
flow cytometry at day  3 following siRNA treatment showed strong 
perturbation of cell cycle phase distribution with increase in SubG1 
cells. d ATAD2 siRNA-treated cells displayed significant decrease in 
colony formation ability as shown by Coomassie blue staining (left) 
and colony number counting (right). or control siRNA transfected 
Hep3B and HepG2 cell colonies

◂

Fig. 5  ATAD2 knock-down by 
doxycycline-induced shRNA 
expression inhibits Hep3B 
tumor development in immuno-
deficient mice. a Representative 
in vivo image of tumors formed 
by control and ATAD2-deficient 
Hep3B cells in immunode-
ficient mice. Hep3B-derived 
RFP-expressing clones with 
Doxycycline-induced shATAD2 
and shCTRL expression were 
inoculated into opposite sides of 
mice (n = 3) and tumor forma-
tion in doxycycline-fed mice 
were followed up to 37 days. 
b Western blot analysis of 
ATAD2 protein levels in shC-
TRL- and shATAD2-expressing 
tumors demonstrating efficient 
inhibition of ATAD2. c Tumor 
growth curves of shCTRL and 
shATAD2 Hep3B cells based 
on doxycycline treatment that 
showed significant inhibi-
tion by ATAD2 knock-down 
(p = 0.0064)
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Fig. 6  Suppression of ATAD2 
by siRNAs did not affect cell 
cycle distribution in Huh7 cell 
line. a Detection of ATAD2 
protein expression in Huh7 cell 
line transfected with control 
siRNA, ATAD2 siRNA1 or 
ATAD2 siRNA3 at day 2 by 
Western blotting. b Cell cycle 
analysis with propidium iodide 
staining of control siRNA, 
ATAD2 siRNA1 and ATAD2 
siRNA3 transfected Huh7 cell 
line at day 3. c Quantification of 
cells at different phases of cell 
cycle showing that there is no 
consistent change under ATAD2 
silencing
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Fig. 7  Demonstration of ATAD2 knock-down by real-time PCR in 
Hep3B, SNU449, and PLC/PRF/5 prior to transcriptome analysis by 
microarray

Table 2  Distribution of genes 
affected by ATAD2 knockdown 
in different HCC cell lines

Cell Up Down Total

Hep3B 54 57 111
PLC/PRF/5 9 7 16
SNU449 0 0 0
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Conclusions

In the study, the comparative analysis based on TCGA and 
immunochemistry strongly indicated that ATAD2 expression 
increases in HCC tumor samples. The expression of ATAD2 
showed a strong correlation with Ki-67 expression in normal 
liver and HCC. At the cellular level, ATAD2 depletion showed 
decreased survival in some but not all of HCC cell lines, indicat-
ing ATAD2 is not a crucial gene for survival. In addition, com-
parative gene expression analysis in ATAD2 depleted HCC cell 
lines showed different types of cellular responses resulted in a 
cell line dependent manner. The randomness in cellular fate with 
ATAD2 depletion, and its correlative expression with prolifera-
tion markers in regenerating liver, shows ATAD2 needs further 
explorations as a proliferation biomarker or preferential therapeu-
tic target in clinical use.
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tary material available at https:// doi. org/ 10. 1007/ s12029- 021- 00732-9.
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