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Abstract: ATPase family AAA domain-containing protein 2 (ATAD2) has been reported to be associated with the de-
velopment of many malignant cancers. Our study firstly investigated the functional roles of ATAD2 gene in colorectal
cancer (CRC) in vitro and in vivo. Here, Caco-2 and SW480 cell lines were transfected with ATAD2 short hairpin RNA
(shRNA) plasmid to silence ATAD2 expression, as measured by real-time PCR and western blot. Cell proliferation
and cell cycle distribution in vitro were determined by CCK-8, colony formation assay and flow cytometry. The effect
of ATAD2 knockdown on tumor growth and tumor weight was evaluated in BALB/c-nude mice in vivo. Meanwhile,
proliferation-related and cell cycle-related proteins were examined by real-time PCR, western blot and immunohis-
tochemistry (IHC). Our results demonstrated that ATAD2 knockdown significantly inhibited cell proliferation and
arrested cell cycle at the G1 phase. Decreased levels of c-myc, proliferating cell nuclear antigen (PCNA), Ki67, phos-
phorylated (p)-Akt, Akt, cyclin D1, cyclin E1 and cyclin-dependent kinase 2 (CDK2) were detected after ATAD silenc-
ing, whereas p21 expression was increased. Moreover, administration of shATAD2 plasmid significantly suppressed
tumor growth and reduced tumor weight in nude mice, with the decreased levels of ATAD2, PCNA, c-myc and Ki67 in
tumor tissues. The results suggest that ATAD2 may play crucial roles in CRC development. Targeting ATAD2 may be
an efficient therapeutic approach in CRC treatment.
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Introduction tive therapeutic strategy for the treatment of
CRC.

Colorectal cancer (CRC) is one of the most com-

mon malignant cancers worldwide ranking the
second in females and the third in males [1, 2].
It causes nearly 600,000 people die of CRC
annually [3]. When the people were diagnosed
with CRC, tumors from approximately 60% of
the patients were resectable [4]. Currently, sur-
gical resection combined with chemotherapy is
considered as the optimal strategy for the
treatment of CRC [4, 5]. Despite the improve-
ment in the diagnosis and treatment of CRC,
the overall survival rate remains stubbornly low
[6]. Tumor metastasis and recurrence after sur-
gical resection are still the leading causes of its
high mortality [7]. Therefore, there is an urgent
need for studying the mechanism of CRC occur-
rence and development and seeking an effec-

ATPase family AAA domain-containing protein 2
(ATAD2) is a protein containing ATPase domain
and a bromodomain [8]. ATAD2 is an important
co-activator for numerous transcription factors
(MYC and E2F family members) and regulates
the expression of proliferation-related genes
[9]. Several previous findings have found that
ATAD?2 is highly expressed in lung cancer, breast
cancer and hepatocellular carcinoma [10].
Elevated expression level of ATAD2 leading to
poor outcomes in multiple cancers [11-13]. RNA
interference (RNAI) is a gene-silencing system
that inactivates homology-dependent genes in
eukaryotic organisms [14]. Downregulation of
ATAD2 expression using RNAi technology sup-
presses the proliferation and invasion of cancer
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cells and promotes cell apoptosis [9, 10, 15,
16].

In order to investigate the roles of ATAD2 in the
biological behavior of CRC, we constructed
ATAD2 short hairpin RNA (shRNA) recombinant
plasmid and then they were transfected into
Caco-2 and SW480 to inhibit the endogenous
gene expression of ATAD2. Next, the transfec-
tion efficiency was examined. The impact of
ATAD2 knockdown on proliferation, colony for-
mation and cell cycle of CRC cell lines in vitro
and tumor growth in vivo were investigated.

Materials and methods
Cell lines

Colorectal cancer (CRC) cell lines Caco-2 and
SW480 were obtained from cell bank at
Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in DMEM
(Dulbecco’s Modified Eagle Medium) (Gibco,
Grand Island, NY, USA) supplemented with 10%
FBS (fetal bovine serum) (Hyclone, Logan, UT,
USA) at 37°Cin a 5% CO, atmosphere.

Construction of eukaryotic expression plasmid
and transfection

Specific short hairpin RNA (shRNA) sequences
against ATAD2 and non-silencing sequence
that served as a negative control were pur-
chased from Wanleibio (Shenyang, China) and
subcloned into the restriction sites of eukary-
otic expression vector pRNA-H1.1 (GenScript,
Nanjing, China) via BamH | and Hind lll. The
shRNA sequences were: shATAD2 5-GATCC-
CCGGCGATGGGTCATCAGTTATTCAAGAGATAAC-
TGATGACCCATCGCCTTTTT-3’ and 5-AGCTAA-
AAAGGCGATGGGTCATCAGTTATCTCTTGAATA-
ACTGATGACCCATCGCCGGG-3’; shCtr 5-GATC-
CCCTTCTCCGAACGTGTCACGTTTCAAGA-
GAACGTGACACGTTCGGAGAATTTTT-3' and 5-
AGCTAAAAATTCTCCGAACGTGTCACGTTCTC-
TTGAAACGTGACACGTTCGGAGAAGGG-3'. Caco-
2 and SW480 cells were seeded in 6-well plates
(at a density of 3 x 10° cells/well). After 24 h of
cell culture, the cells were transfected with
shRNA plasmids or negative control using
Lipofectamine 2000 (Invitrogen, Grand Island,
NY, USA). At 24 h post-transfection, stable sin-
gle clones were selected using G418 solution
(Invitrogen). The expression levels of ATAD2
were measured by real-time PCR and western
blot.
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Real-time PCR analysis

Total RNAs were isolated from the cells and
tumor tissues using total RNA kit (BioTeke,
Beijing, China) according to the instructions of
the manufacturer and the concentration was
determined using a spectrophotometer (Model
NanoDrop 2000, Thermo Scientific, Grand
Island, NY, USA). Subsequently, cDNAs were
synthesized from the isolated RNAs (1 pg) us-
ing M-MLV Reverse Transcriptase (BioTeke).
The primers used in the present study were:
ATAD2-Forward 5-TGGGAAATAGTTGGACCGAC-
AC-3’ and Reverse 5-TTCTGGCAAAGCGGAAT-
GG-3’; PCNA-Forward 5-CCTGTAGCGGCGTTG-
TTGC-3' and Reverse 5-GTCGCAGCGGTAGGT-
GTCG-3’; Kie7-Forward 5-ATCGAACACCAGCT-
AAAGT-3’ and Reverse 5-CAGGTAACCCAGAG-
CACAT-3’; CDK2-Forward 5-AGAAACAAGTTGA-
CGGGAGA-3’ and Reverse 5-GGAAGAGGAAT-
GCCAGTGAG-3’; Akt-Forward 5-GAAGAAGCTC-
AGCCCACCCTT-3' and Reverse 5-AAGCTAT-
CGTCCAGCGCAGTC-3’; c-myc-Forward 5-GGA-
GGCTATTCTGCCCATTT-3’ and Reverse 5-AGG-
TCATAGTTCCTGTTGGTG-3’; cyclin D1-Forward
5-CCCGCACGATTTCATTGAAC-3’ and Reverse
5-AGGGCGGATTGGAAATGAAC-3’; cyclin E1-For-
ward 5-GCCTTGTATCATTTCTCGTCA-3’ and Re-
verse 5-TGGGTCTGTATGTTGTGTGC-3’; p21-For-
ward 5-CTGTCACTGTCTTGTACCCTTGT-3’ and
Reverse 5-CTTCCTGTGGGCGGATTAG-3’; B-act-
in-Forward 5-CTTAGTTGCGTTACACCCTTTCTTG-
3’ and Reverse 5-CTGTCACCTTCACCGTTCCAG-
TTT-3'. Real-time PCR was performed using
SYBR Green dye (Solarbio, Beijing, China) on a
Real-time Quantitative Thermal Block (Bioneer,
Daejeon, Korea): 95°C for 10 min; 95°C for 10
s, 60°C for 20 s, 72°C for 30 s, a total of 40
cycles; 4°C for 5 min. The relative gene expres-
sion was determined using the 244t [17].

Western blot analysis

Tumor tissues and the cells were homogenized
in ice-cold Radio Immunoprecipitation Assay
(RIPA) lysis buffer (Beyotime, Haimen, China).
RIPA buffer contained 1% protease inhibitor
phenylmethanesulfonyl fluoride (PMSF) (Beyo-
time). After placed on ice for 5 min, they were
centrifuged at 12000 rpm for 10 min. The
supernatant was the total protein extraction.
The extracted proteins were then subjected to
SDS-PAGE (sodium dodecyl sulfate polyacryl-
amide gel electrophoresis) and transferred to
Millipore PVDF (polyvinylidene fluoride) mem-
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branes (Millipore, Billerica, MA, USA). The mem-
branes were incubated with antibodies against
ATAD2 (#ab176319, 1:1000, Abcam, Cambrid-
ge, MA, USA), c-myc (#sc-40, 1:200, Santa
Cruz, Dallas, Texas, China), PCNA (#sc-25280,
1:200, Santa Cruz), Ki67 (#sc-15402, 1:200,
Santa Cruz), Akt (#sc-8312, 1:200, Santa Cruz),
p-Akt (#sc-135651, 1:200, Santa Cruz), cyclin
D1 #BMO771, 1:400, Boster, Wuhan, China),
cyclin E1 (#BAO774, 1:400, Boster), CDK2
(#BA0463, 1:400, Boster) and p21 (#BA0272,
1:400, Boster) overnight at 4°C and then with
horseradish peroxidase (HRP)-conjugated goat
anti-rabbit/mouse 1gG (#A0208, #A0216, 1:
5000, Beyotime) at 37°C for 45 min. The rela-
tive densities of protein bands were analyzed
using enhanced chemiluminescence (ECL)
reagent (Wanleibio).

Cell proliferation assay

The cells in each group were counted, plated in
96-well plates (3 x 103 cells/well) at cultured at
37°C. After O, 24, 48, 72 and 96 h, CCK-8 solu-
tion (7Sea, Shanghai, China) was added to incu-
bate with the cells for 1 h. The absorbance at
0D, , was measured using a model ELX-800

microplate reader (Bio-Tek, Winooski, VT, USA).
Colony formation assay

The cells were seeded on 35 mm culture dish-
es. Each culture dish contained 200 cells. After
cultured at 37°C for 1 week, the cells were fixed
with paraformaldehyde (Sinopharm, Shenyang,
China) at room temperature for 20 min. After
washed with PBS, the cells were stained with
Wright-Giemsa Stain  (Jiancheng, Nanjing,
China) for 5-8 min and counted under a micro-
scope (AE31, Motic, Xiamen, China). A colony
that contained more than 50 cells was counted
as a colony. The colony formation rate was cal-
culated using the formula: Colony formation
rate = (colony numbers/the number of seeded
cells) x 100%.

Cell cycle analysis

Cell cycle distribution was analyzed by flow
cytometry (BD, Franklin Lakes, NJ, USA) using a
cell cycle analysis kit (Beyotime) according to
the manufacturer’s instructions. Briefly, the
cells were harvested by centrifugation (2000
rom for 5 min) after shRNA transfection. The
cells were washed with PBS and fixed with 70%
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ethanol for 2 h at 4°C. Subsequently, the cells
were resuspended in staining buffer, incubated
with propidium iodide (PI) (at 37°C for 30 min)
and analyzed later.

Xenograft model

Female BALB/c-nude mice (4-6 weeks old)
were purchased from Vital River (Beijing, China)
and housed in a cage with a 12-h light/dark
cycle. The mice were fed ad libitum. The mice
were divided into two groups (8 mice/group):
the shCtr group and the shATAD2 group. The
mice in the shCtr group were subcutaneously
injected with 1 x 107 SW480 cells that trans-
fected with negative control shRNA plasmid.
The mice in the shATAD2 group were injected
with equal numbers of SW480 cells that trans-
fected with ATAD2 shRNA plasmid. All animal
experiments were performed according to
guidelines approved by Institutional Animal
Ethics Committee of Jilin University. Tumor
length (L) and width (W) was measured using a
caliper every 3 days. After 28 days, tumor tis-
sues were excised and weighted. The tumor vol-
ume was calculated using the formula: Tumor
volume = 1/2 x L x W2,

Immunohistochemistry (IHC)

Paraffin-embedded tumor tissues were cut into
5 um sections (Model RM2235; Leica, Wetzlar,
Germany). Then, the sections were deparaf-
finized in xylene and rehydrated. After antigen-
retrieval, the slides were incubated with 3%
hydrogen peroxide (H,0,) (Sinopharm) for 15
min at room temperature. Subsequently, the
slides were blocked with goat serum and incu-
bated with ATAD2 antibody (#ab154139, 1:200,
Abcam) and Ki67 antibody at 4°C overnight
(#sc-15402, 1:50, Santa Cruz) and then with
biotin-conjugated goat anti-rabbit/mouse sec-
ondary antibody (#A0286, #A0277, 1:200,
Beyotime). After washed with PBS, the slides
were incubated with horseradish peroxidase
(HRP)-conjugated avidin (#A0303, Beyotime) at
37°C for 30 min and reacted with 3,3’-diamino-
benzidine (DAB). The sections were counter-
stained with hematoxylin (Solarbio) and photo-
graphed under a microscope (DP73; Olympus,
Tokyo, Japan).

Statistical analysis

Data are expressed as the mean + SD. The sta-
tistical analysis was determined by one-way
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Figure 1. Knockdown of ATAD2 gene expression in Caco-2 and SW480 cells. The cells were transfected with shA-
TAD2 plasmid and shCtr plasmid, respectively. A. The levels of ATAD2 mRNA in both Caco-2 and SW480 cells were
measured by real-time PCR. B. The levels of ATAD2 protein in both Caco-2 and SW480 cells were measured by west-
ern blot. B-actin was used as a loading control. Each value is the mean + SD, n = 3. **P<0.01 vs. the shCtr group.

analysis of variance (ANOVA) and Bonferroni
post-hoc test using GraphPad Prism software
version 5.0 (GraphPad Software Inc., San
Diego, CA, USA). P<0.05 was considered statis-
tically significant.

Results
ATAD2 knockdown by ATAD2 shRNA

To evaluate the transfection efficiency of ATAD2
shRNA, real-time PCR and western blot was
performed to measure the expression levels of
ATAD2. As shown in Figure 1A, Caco-2-shATAD2
and SW480-shATAD2 groups showed a signifi-
cant decrease in the levels of ATAD2 mRNA
when compared with the shCtr group (P<0.01).
As expected, ATAD2 knockdown greatly reduced
the levels of ATAD2 protein in both Caco-2 and
SW480 cell lines (Figure 1B, P<0.01).
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ATAD2 knockdown inhibited cell proliferation
and colony formation in vitro

The results showed that ATAD2 knockdown sig-
nificantly lowered the proliferation capacity of
Caco-2 and SW480 cells compared with the
cells transfected with vector and untransfected
cells (Figure 2A) (24, 48, 72 and 96 h, P<0.05).
The results of colony formation assay showed
that the colony-formation abilities of Caco-2-
shATAD2 cells and SW480-shATAD2 cells were
markedly lower than that of the shCtr group
(Figure 2B, P<0.01). We then measured the
changes of related genes. We found that ATAD2
knockdown  significantly suppressed the
expression of PCNA, c-myc, Ki67, Akt and p-Akt
in both Caco-2 and SW480 cells, as demon-
strated by real-time PCR (Figure 3A, P<0.01)
and western blot (Figure 3B, P<0.01).

Int J Clin Exp Pathol 2016;9(2):639-650
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Figure 2. ATAD2 knockdown inhibited the proliferation of CRC cell lines. A. Caco-2 ‘bQI G}\O «?-0
and SW480 cells transfected with shATAD2 or shCtr plasmid were subjected to \Y\b‘ Q)Q’ \(\V
CCK-8 assay. B. Colony formation assay was performed to measure the colony- 9 \‘@‘ Qﬁ’
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**P<0.01 vs. the shCtr group.

ATAD2 knockdown arrested cells in the G1
phase

Cell cycle arrest might cause the inhibition of
cell proliferation. Therefore, cell cycle distribu-
tion was evaluated by flow cytometry in our
study. As shown in Figure 4, the percentages of
cells at the G1 phase in the Caco-2-shATAD2
group and SW480-shATAD2 group were signifi-
cantly higher than that in the vector group
(P<0.05). ATAD2 knockdown greatly decreased
the proportions of G2 phase cells in the Caco-
2-shATAD2 group (P<0.01) and S phase cells
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(P<0.05) in the SW480-shATAD2 group. Real-
time PCR analysis demonstrated that cyclin D1,
cyclin E1 and CDK2 mRNA levels were mark-
edly reduced in both Caco-2 and SW480 cells
after ATAD2 shRNA transfection (Figure 5A,
P<0.01). We further measured the levels of
CDK inhibitor p21. The results showed that p21
mRNA levels in the Caco-2 and SW480 cells
were significantly elevated after knockdown of
ATAD2 (P<0.01). Western blot further confirmed
the changes of these proteins (Figure 5B,
P<0.01).
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Figure 3. Effect of ATAD2 knockdown on the expression of proliferation-related genes. A. Total RNAs were extracted
from the cells in each group. Subsequently, the mRNA levels of PCNA, c-myc, Ki67 and Akt were measured by real-
time PCR. B. The protein levels of PCNA, c-myc, Ki67, p-Akt and Akt were analyzed by western blot. 3-actin was used
as a loading control. Each value is the mean + SD, n = 3. **P<0.01 vs. the shCtr group.
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ATAD2 knockdown inhibited tumor growth in
vivo

To assess the effect of ATAD2 knockdown on
tumor growth in vivo, SW480 cells transfected
with vehicle and shATAD2 plasmid were inject-
ed subcutaneously into female nude mice.
Tumor sizes were measured every 3 days and
tumor tissues were collected on day 28 post-
inoculation for further analyses and weighted
(Figure 6A). Our results demonstrated that
tumor volumes in the shCtr group were sharply
increased. As expected, tumor volumes (Figure
6B) (15 d, P<0.05; 18, 21, 24 and 27 d, P<0.01)
and tumor weights (Figure 6C, P<0.05) in the
shATAD2 group were significantly decreased
compared with the shCtr group. In the shATAD2
group, the mRNA levels of ATAD2, PCNA, c-myc
and Ki67 in tumor tissues were remarkably
downregulated compared with the shCtr group
(Figure 6D, P<0.01). Immunohistochemistry
(IHC) further demonstrated the changes of
ATAD2 and Ki67 in tumor tissues (Figure 6E).

Discussion

Colorectal cancer (CRC) is one of the most
malignant cancers in the world [18, 19]. ATAD2
has been reported to be highly expressed in
many cancers [20-22]. Previous researches
have demonstrated that ATAD2 is associated
with the development and progression of malig-
nant cancers [21, 23-26]. However, the biologi-
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cal function of ATAD2 in CRC remains unclear.
In our present study, we silenced ATAD2 gene
using RNAI technology and firstly evaluated the
impact of ATAD2 knockdown on the prolifera-
tion of CRC cell lines in vitro and in vivo.

Proliferation is one of the hallmarks of cancer
[27]. Several previous studies have found that
ATAD2 participates in many cellular processes,
including cell proliferation and migration.
Silencing of ATAD2 gene expression in two cer-
vical cancer cell lines HeLa and SiHa using
siRNA effectively inhibits their growth and clo-
nogenic potentials [23]. Additionally, ATAD2-
RNAi-lentivirus treatment inhibits tumor growth
of hepatocellular carcinoma (HCC) in vivo in
nude mice [10]. In our study, we found that
silencing of ATAD2 inhibited the proliferation
and colony formation of Caco-2 and SW480
cells and further suppressed tumor growth in
BALB/c-nude mice. PCNA is a nuclear protein
and is involved in DNA replication. Generally,
non-dividing cells express low levels of PCNA,
while transforming cells and proliferating cells
express high levels of PCNA [28]. Moreover,
there is also a correlation between PCNA
expression levels and cancer cell proprieties,
including malignancy degree and metastasis of
tumors. Therefore, it has been commonly used
as a marker for tumor growth [29]. c-myc is an
oncogene and a member of MYC family [30,
31]. The members of MYC family regulate tumor

Int J Clin Exp Pathol 2016;9(2):639-650
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Figure 6. ATAD2 knockdown inhibited tumor growth in BALB/c-nude mice in vivo and downregulated the levels of
proliferation-related genes in tumor tissues. The 4-6 weeks old female nude mice were subcutaneously injected with
1 x 10" SW480 cells that transfected with shCtr or shATAD2 plasmid. A. Representative images of the mice and tu-
mors. B. Tumor volume was monitored every 3 days using a caliper. C. Twenty-eight days post-inoculation, tumors in
mice were excised and then weighted. D. Real-time PCR was performed to detect the mRNA levels of ATAD2, PCNA,
c-myc and Ki67. E. ATAD2 and Ki67 protein levels in tumor tissues were measured by IHC. Representative images
are shown. Scale bar = 50 ym. Each value is the mean + SD, n = 3. *P<0.05 and **P<0.01 vs. the shCtr group.

cell proliferation and cancer progression in
humans [16]. Ki67 antigen is a well-known pro-
liferation marker [32]. It is elevated in multiple
cancer cells, including cervical cancer, glioma
and breast cancer, reflecting malignant prolif-
eration capability of cancer cells [33]. However,
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the impact of ATAD2 silencing on the expres-
sion of c-myc, PCNA and Ki67 in CRC cells
remains unknown. Our current studies showed
that knockdown of ATAD2 significantly
decreased the expression levels of c-myc,
PCNA and Ki67 in cells and tumor tissues. The
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results indicate that ATAD2 participate in cell
proliferation and tumor growth through regulat-
ing the expression of proliferation-related
proteins.

Akt is known to be associated with cell prolif-
eration through regulating cell cycle and cell
apoptosis [34]. Akt signaling pathway is acti-
vated in lung cancer, colon cancer and breast
cancer. It has been fully accepted that Akt plays
crucial roles in tumor growth and progression
[35]. Our study showed that ATAD2 silencing
decreased the levels of phosphorylated (p)-Akt
in CRC cells, indicating that the inhibition of
Akt.

Cell cycle is positively correlated with cyclins
and CDKs and negatively correlated with the
inhibitors of CDK, such as p21 and p16. Cyclins
regulate cell cycle progression through forming
complexes with CDKs [36]. p21 can also inter-
act with CDKs and inhibit the activities of CDKs,
thereby arresting the cell cycle at G1/S phase
or G2/M phase [37]. Both cyclin D1 and c-myc
are vital proteins that responsible for the transi-
tion of the cell cycle from G1 to S phase [38].
Previous studies have shown that ATAD2 knock-
down induces cell cycle arrest of multiple hepa-
tocellular carcinoma (HCC) cell lines in vitro [10,
25]. Therefore, we evaluated the effect of
ATAD2 silencing on cell cycle progression and
the expression levels of cell cycle-related pro-
teins in CRC cell lines. In our study, we found
that ATAD2 knockdown induced cell cycle arrest
at the G1 phase, greatly downregulated cyclin
D1, cyclin E and CDK2 levels, and elevated the
expression levels of p21 in both Caco-2 and
SW480 cells. The results suggest that ATAD2
inhibit CRC cell proliferation via the induction of
cell cycle arrest.

In conclusion, ATAD2 silencing significantly
inhibited the proliferation of CRC cells in vitro,
induced cell cycle arrest and suppressed tumor
growth in vivo, providing evidences that ATAD2
may serve as an effective therapeutic target for
the treatment of CRC.
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