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CDCA2 promotes the proliferation of
colorectal cancer cells by activating the
AKT/CCND1 pathway in vitro and in vivo
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Abstract

Background: Cell division cycle associated 2 (CDCA2), upregulated in lung adenocarcinoma and oral
squamous cell carcinoma, may be related to some malignant diseases. Nevertheless, its role in colorectal
cancer (CRC) remains unknown.

Methods: CDCA2 expression was analyzed using The Cancer Genome Atlas (TCGA), quantitative real-time PCR (qRT-
PCR), and immunohistochemistry. The impact of CDCA2 on cell proliferation was analyzed via loss- or gain-of-function
assays. Furthermore, gene set enrichment analysis was conducted to explore the potential mechanism of CDCA2 in
CRC. Lastly, the expression levels of CCND1 and AKT were measured in CRC cell lines.

Results: Our study revealed that CDCA2 expression was associated with tumor progression. Through loss- or gain-of-
function assays, we found that upregulation of CDCA2 promoted the proliferation of DLD-1 cells, however,
downregulation of CDCA2 in SW480 cells restrained proliferative capacity both in vitro and in vivo. The results of flow
cytometry showed that CDCA2 promoted cell cycle progression via upregulation of CCND1 in CRC cell lines. In the
following experiments, we found that CDCA2 regulated CCND1 expression through activating the PI3K/AKT pathway,
and confirmed this using a specific PI3K inhibitor (LY294002).

Conclusions: This study demonstrates that overexpression of CDCA2 might target CCND1 to promote CRC cell
proliferation and tumorigenesis through activation of the PI3K/AKT pathway.
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Background
Colorectal cancer (CRC) is one of the most common
malignancies worldwide [1, 2] with high incidence and
death rates in China [3, 4]. In spite of the increasing
attention gained by CRC, the multistep process by which
CRC develops remains unclear due to the complex mol-
ecules involved [5]. Therefore, more studies are required
to understand the molecular mechanisms involved in
tumor formation and progression, and facilitate effective
diagnosis and treatment of CRC.

Cell division cycle associated 2 (CDCA2) was found to
be a cell cycle-related protein whose expression was cor-
related with several other proteins, such as CDCA1, 3,
and 4–8 [6]. Several recent studies have found that
CDCA2 can regulate the expression of PP1γ-dependent
essential DNA damage response [7, 8] in the cell cycle
and preserve the characteristic chromosome architecture
for the transition to interphase [7]. Moreover, CDCA2
modulates the phosphorylation of the major mitotic
histone H3 in a PP1-dependent manner [9]. An increas-
ing number of reports have shown that CDCA2, which
is upregulated in neuroblastoma [10], oral squamous cell
carcinoma tissue [11], and lung adenocarcinoma [12],
may be related to certain malignant diseases. Neverthe-
less, the relationship between CDCA2 and CRC remains
to be elucidated. The purpose of this study was to detect
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the exact role of CDCA2 in CRC. Through suppressing
or upregulating the expression of CDCA2, we showed
the functional and clinical results of a comprehensive
analysis for aberrant expression of CDCA2 in CRC.

Methods
Tissue samples and cell lines
A total of 120 CRC and 115 adjacent non-tumor colo-
rectal specimens were obtained from Jiangsu Province
Hospital between June 2014 and June 2016. The Re-
search Ethics Committee of Nanjing Medical University
has approved the research, and we obtained written
informed consent from all patients. All the samples were
obtained surgically and conserved at − 80 °C. Patients
were not included in this study if they received any pre-
operative treatment. For the in vitro experiments, cell
lines, including five types of CRC cells (SW480, LoVo,
DLD-1, HCT116, HT29) and a intestinal mucosal epi-
thelial cell (NCM460), all were conserved in the labora-
tory. The cell culture medium consisted mostly of
Dulbecco’s modified Eagle’s medium (DMEM), including
100 U/mL penicillin, 100 μg/mL streptomycin and 10%
fetal bovine serum (Wisent, Canada). All cells were
cultured in a 5% CO2 atmosphere at about 37 °C. We
purchased the PI3K inhibitor LY294002 from Cell Sig-
naling Technology (Danvers, MA, USA) and the inhibi-
tor was used to treat CRC cells at 10 μM.

Immunohistochemical (IHC) analysis
IHC was conducted to detect protein expression of
CDCA2 in 30 CRC tissues and 25 non-tumor tissues.
IHC staining, which was performed according to stand-
ard immunoperoxidase staining procedure, was inde-
pendently reviewed by two experienced pathologists.
The staining intensity score was calculated as follows: 0,
negative; 1, weak; 2, moderate; and 3, strong. The per-
centage of positive cells was calculated as follows: 0,
negative; 1, < 33%;2, 34–66%; 3, > 67%. The final scores
were based on the sum of these two scores, scored as
follows: -(total score 0); + (total score 1 and 2); ++ (total
score 3 and 4) and +++ (total score 5 and 6).

RNA extraction and qRT-PCR assay
Total RNA was extracted using a TRIzol extraction kit
(Invitrogen, Carlsbad, CA, USA) followed by the manufac-
turer’s protocol. The qRT-PCR assay was carried out by
means of a PCR kit (Roche Diagnostics, Indianapolis, IN,
USA). Subsequently, the final step was conducted with the
StepOnePlus Real-time System (Applied Biosystems, Foster
City, CA, USA). The gene-specific primer sequences were
as follows: CDCA2: forward 5′-TGCCGAATTACCTCC-
TAATCCT-3′ and reverse 5′- TGCTCTACGGTTACTG
TGGAAA-3′, p21: forward 5′- TGTCCGTCAGAACCCA
TGC-3′ and reverse 5′- AAAGTCGAAGTTCCATCGC

TC-3′, p27: forward 5′- AGGAGGAGATAGAAGCG
CAGA-3′ and reverse 5′- GTGCGGACTTGGTACAG
GT-3′, CCND1: forward 5′- GCTGCGAAGTGGAAACC
ATC-3′ and reverse 5′- CCTCCTTCTGCACACATTT
GAA-3′, CCNB1: forward 5′- AATAAGGCGAAGATCA
ACATGGC-3′ and reverse 5′- TTTGTTACCAATGTCCC
CAAGAG-3′, CCNE1: forward 5′- AAGGAGCGGGACA
CCATGA-3′ and reverse 5′- ACGGTCACGTTTGCC
TTCC-3′, CDK2: forward 5′- CCAGGAGTTACTTCT
ATGCCTGA-3′ and reverse 5′- TTCATCCAGGGGAGG
TACAAC-3′, GAPDH: forward 5′- GGAGCGAGATCCC
TCCAAAAT-3′ and reverse 5′- GGCTGTTGTCATACTT
CTCATGG-3′. The 2–ΔΔCt method was used to analyzed
the data. All qRT-PCR processes were carried out in
triplicate.

Data of patients and samples from the Cancer genome
atlas
We downloaded normalized RNA expression data (level
3) from the RNASeq v2 system, which were provided by
the Cancer Genome Atlas project (TCGA) (https://por-
tal.gdc.cancer.gov/). We defined the exclusion criteria: i)
histological results excluded a CRC tissue; ii) patients
had other malignant diseases at the same time; iii) sam-
ples lack of necessary data; and iv) patients receiving
neoadjuvant therapy. At last, 351 tumor tissues and 32
normal tissues were used in this study.

Knockdown and overexpression of CDCA2
Negative control (NC) and small interfering RNAs
(siRNAs) of CDCA2 were constructed by GenePharma
Corporation (Shanghai, China). The siRNA sequences of
CDCA2 were as follows: siRNA1, 5′-CACCUGCCUUU-
CUAAAUAUTT-3′; siRNA2, 5′-GGGCAAAGGAUCAA
GUGAUTT-3′; siRNA3, 5′-CUGCCUUGGAAAGGAU
UGATT-3′. Transfection was performed with Lipofecta-
mine 3000 (Invitrogen) following the manufacturer’s
instructions. The assays were performed 48 h after trans-
fection to assess the knockdown efficiency. A CDCA2
inhibitor lentivirus (shCDCA2) was then constructed
according to siRNA1. To upregulate the expression of
CDCA2 in DLD-1 cells, mammalian expression plasmids
(pReceiver-M02-CDCA2) designed to specifically ex-
press CDCA2 were obtained from GeneCopoeia
(Rockville, MD, USA).

Colony formation assay
Five hundred cells were cultured in the wells of six-well
plates 48 h after transfection. Two weeks later, each well
of the plates was bathed with cold phosphate-buffered
saline (PBS) 2–3 times, soaked in 95% alcohol for about
30 s, then dyed with crystal violet for 10 min. Afterwards,
a Nikon light microscope (Nikon Corporation, Tokyo,
Japan) were employed to count the spots (≥50 cells/spot)

Feng et al. BMC Cancer          (2019) 19:576 Page 2 of 11

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/


. And a Canon digital camera (Canon DS126211, Inc.,
Tokyo, Japan) were used to capture images.

Cell proliferation assay
The Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan)
assay was used to detect cell viability. Firstly, 96-well
plates were seeded with 2 × 103 cells. Then, 100 μL
reagent, 10% of which was CCK-8 reagent, was supple-
mented to each well 24, 48, 72, and 96 h later. Two
hours later, We measured the absorbance at a test wave-
length (450 nm) and a reference wavelength (630 nm) by
using a microplate reader.

5-Ethynyl-2′-deoxyuridine assay
5-Ethynyl-2′-deoxyuridine (EdU) assay kit (RiboBio,
China, C10310–3) was used to measure cell prolifera-
tion. Briefly, before the addition of EdU (50 μM), cells
were seeded into 24-well plates (2 × 104 cells/well) and
cultured with DMEM for 24 h. The cells were then
immersed in formaldehyde (4%) for 30 min and soaked
in 0.5% Triton X-100 for 10 min. 400 μL 1× ApolloR
reaction cocktail was then supplemented. After a 30 min
reaction, to bring out the nuclei, Hoechest 33,342
(400 μL) was added. 30 min later, images of the cells
were shot by a Nikon microscope (Nikon, Japan). To
assess cell proliferation, we then randomly selected three
fields and calculated the mean number of cells.

Flow cytometric analysis
The cells were diposed by trypsin and centrifuged for 5
min at 1200 rpm. The cells were firstly washed with PBS
2–3 times and then soaked in 75% ethanol before saved
at − 20 °C overnight. After being washed twice with PBS
and incubated with RNAse, the cells were stained with
PI staining solution (500 μL) for about 15 min at room
temperature. PI (10 μg/mL; Sigma-Aldrich) and Annexin
V-FITC (50 μg/mL, BD Biosciences) were used to incu-
bate with the apoptotic cells in dark place for about 15
min. The data were acquired using a FACScan flow cyt-
ometer (BD Biosciences, Franklin Lakes, NJ, USA).

Western blotting
Followed by the manufacturer’s guidelines, protein ly-
sates from the different cells were treated with a RIPA
kit (Beyotime, Shanghai, China). Before transferring to
polyvinylidene difluoride membranes (Millipore, Bed-
ford, MA, USA), the different-weight proteins would be
separated on 10% sodium dodecyl sulfate-polyacrylamide
gels in running buffer. The membranes were soaked in
5% skim milk for 2 h at room temperature and then
soaked in primary antibodies at 4 °C overnight. The
membranes were then incubated with anti-mouse or
anti-rabbit IgG for 2 h at room temperature and then
washed with TBST buffer three times. The bands were

exposed by ECL Plus (Millipore, Billerica, MA, USA) in a
Bio-Imaging System. The antibodies included were as
follows: CDCA2 (1:1000, no. ab45129), CCND1 (1:10000,
no.ab134175), CCNE1 (1:1000, no.ab33911), CCNB1 (1:
25000, no. ab32053), p-AKT (1:500, no.ab38449), AKT (1:
500, no.ab8805), anti-rabbit secondary antibodies (1:5000,
no. GAB007), and anti-mouse secondary antibodies (1:
5000, no. GAM007). We used GAPDH (1:5000,
no.ab8245) as a control.

In vivo assay
We purchased totally 12 male mice (3–5 weeks, 12–16
g) from the Laboratory Animal Center. We then ran-
domly divided the mice into two groups (shNC and
shCDCA2) and injected 2 × 106 CRC cells (shCDCA2 or
shNC SW480 cells) subcutaneously per rat. We mea-
sured bi-dimensional tumor extent every 4 days. Four
weeks later, all the mice were executed by dislocation of
the cervical vertebra and all implanted tumors were
surgically collected. The formula to figure up the tumor
volume was as follows: volume = (width2 × length)/2. All
the experiments above were carried out followed by the
protocols of the NJMU Institutional Animal Care and
Use Committee.

Statistical analysis
We used the Statistical Program for Social Sciences 20.0
software (SPSS, CA, USA) and GraphPad Prism 5.0
(GraphPad Software, CA, USA) to analyze the data. Chi-
square test (Table 1) was used to analyze the clinical fea-
tures. The Wilcoxon rank-sum test was used in Table 2.
Pearson’s correlation test was carried out to examine the
relationship between CDCA2 and Ki-67. One-way
analysis of variance or student’s t-test were used to
analyze the treated and control groups. A P-value < 0.05
indicated statistical significance.

Results
CDCA2 was overexpressed in CRC cells and correlated
with advanced clinical factors of CRC
To detect the functional role of CDCA2, we analyzed
CDCA2 expression in published profiles from TCGA
(https://cancergenome.nih.gov/) and found that it was
overexpressed in tumor sample (337 cases) compared
with normal tissues (32 cases) (P < 0.001; Fig. 1a). Next,
we analyzed CDCA2 expression in a total of 32 paired
CRC tissues in this dataset to further confirm the above
result and found that it was significantly upregulated in
tumor samples (P < 0.001; Fig. 1b). To further detect the
potential role of CDCA2, we compared the level of
CDCA2 mRNA expression between 90 pairs of CRC and
adjacent normal tissues using qRT-PCR assay, normal-
ized it to GAPDH (P < 0.001; Fig. 1c), and investigate the
connection between the level of CDCA2 expression and
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the clinical factors of CRC. According to the median
CDCA2 expression, we classified the 90 CRC cases into
two groups: the high CDCA2 expression group (n = 45)
and the low CDCA2 expression (n = 45) (Table 1).
Obviously, high CDCA2 expression was significantly re-
lated to larger tumor size (P = 0.002) and lymph node in-
vasion (P = 0.011). However, the expression of CDCA2
was not associated with other clinical features, like age
(P = 0.649) and primary tumor site (P = 0.294). We then
detected its expression using IHC staining in 55
paraffin-embedded tissues, including 25 normal tissues
and 30 CRC tissues. Table 2 and Fig. 1d showed that

protein expression of CDCA2 was obviously overex-
pressed in cancerous samples compared to non-tumor
tissues. Furthermore, CDCA2 expression were raised in
all five cancer cell lines compared to NCM460 cells in
both protein and mRNA levels (Fig. 1e and f). Moreover,
through analyzing the data from TCGA, we found that
expression of CDCA2 was positively associated with
expression of Ki-67 (r = 0.5635, P < 0.001) (Fig. 1g).
Taken together, all of the above results strongly indicated
that CDCA2 expression is upregulated in CRC cells and
may be related to advanced clinicopathological features
of CRC.

CDCA2 modulated the proliferation of CRC cells
To further confirm the function of CDCA2 in CRC,
SW480 cells were transiently incubated with small inter-
fering RNAs targeting CDCA2, while CDCA2 expression
was upregulated in DLD-1 cells (Fig. 1e and f). The
qRT-PCR results revealed that siRNA1-CDCA2 pre-
sented a higher efficiency of interference than siRNA2-
CDCA2 and siRNA3-CDCA2 (Fig. 2a). DLD-1 cells were
transiently transfected with CDCA2-carrying plasmids,
as well as empty vectors. The effect was determined by
western blot (Fig. 2b).
Considering that CDCA2 encodes a targeting subunit

of the cell-cycle associated protein [8], we speculated
whether CDCA2 played a role in promoting cell prolifer-
ation. The colony formation assay indicated that groups
transfected with siRNA1 presented fewer spots than
siRNA-NC-transfected groups (Fig. 2c). Similarly, the
results of the CCK-8 assay showed that siRNA-CDCA2-
transfected CRC cells showed evidently damaged prolif-
erative capacity (Fig. 2d). EdU (red)/Hoechst 33342
(blue) immunostaining showed the same trend that
downregulation of CDCA2 significantly inhibited the
proliferative capacity of CRC cells (Fig. 2e). Finally,
exogenous CDCA2 expression in DLD-1 cells enhanced
their proliferation (Fig. 2c, d, and e). According to the
results of the three assays, we concluded that CDCA2
can promote proliferation of CRC cell lines.

Silencing of CDCA2 inhibited tumor growth in a
xenograft mouse
To further detect the effect of CDCA2 in tumorigenesis in
nude mice, we performed tumorigenesis assay. SW480
cells were incubated with CDCA2 inhibitor lentivirus
(shCDCA2) or empty vectors (shNC). Cells (2 × 106)
transfected with shCDCA2 or shNC were separately
injected subcutaneously into nude rats. Tumor size and
volume was respectively measured and calculated every 4
days. All implanted tumors were collected 28 days after in-
jection (Fig. 3a). Figure 3b showed that tumor growth was
much slower (Fig. 3b) in shCDCA2 group, which also pre-
sented lower mean weight compared with shNC group

Table 1 Relationship between CDCA2 expression and
clinicopathological characteristics of CRC patients (n = 90)

Characteristics No. Expression of CDCA2 P-value

Low expression
(n = 45)

High expression
(n = 45)

Age (years)

<60 28 15 13 0.649

≥60 62 30 32

Sex

Male 51 23 28 0.288

Female 39 22 17

Tumor diameter

<5 cm 47 31 16 0.002

≥5 cm 43 14 29

Primary tumor site

Colon 43 19 24 0.291

Rectum 47 26 21

Depth of invasion

T1 + T2 26 17 9 0.063

T3 + T4 64 28 36

Lymph node invasion

Negative 46 29 17 0.011

Positive 44 16 28

Distant metastasis

Negative 75 40 35 0.157

Positive 15 5 10

TNM stage

I/II 44 25 19 0.206

III/IV 46 20 26

Table 2 Statistical analysis of CDCA2 expression in CRC and
adjacent normal tissues by immunohistochemistry

n CDCA2 expression P-value

– + ++ +++

CRC tissues 30 2 9 17 2 P < 0.001

Adjacent normal tissue 25 12 10 3 0
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)
Fig. 1 Expression of CDCA2 in CRC tissue and cells. a Expression of CDCA2 was frequently upregulated in 32 adjacent non-tumor tissue samples
(Adjacent) compared with 337 colorectal tumor tissues (Tumor) in the TCGA profile. b CDCA2 expression was markedly increased in 32 paired
CRC tissue samples in the TCGA profile. c Relative mRNA expression of CDCA2 in 90 pairs of CRC tissues and adjacent tissues detected by RT-PCR.
d CDCA2 protein in 30 CRC tissues and 25 adjacent normal specimens were detected by IHC. e and f CDCA2 expression in six cell lines were
detected using RT-PCR and western blotting. g CDCA2 expression was positively correlated with Ki-67 expression (r = 0.5635, P < 0.001).
*represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, the data are expressed as the mean ± SD

Fig. 2 Expression of CDCA2 in CRC cells and loss or gain of function assays. a The levels of CDCA2 mRNA expression were verified by RT-PCR in
SW480 after treatment with siRNAs against CDCA2. b CDCA2 protein levels were measured by western blotting. c Colony formation assays were
performed to determine the proliferation of SW480 and DLD-1 cells. Colonies were counted and captured. d Effects of CDCA2 alteration on the
cell viability of CRC cells were detected by CCK-8 assay. e EdU staining assays were performed to determine the growth of SW480 and DLD-1
cells. Representative images and data are based on three independent experiments. * represents p < 0.05, ** represents p < 0.01, ***
represents p < 0.001
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(Fig. 3c). IHC result revealed that tumors taken from
shCDCA2-transfected cells presented lower intensity of
Ki-67 staining compared with those derived from cells
transfected with empty vector (Fig. 3d). In conclusion,
these in vitro and in vivo assays demonstrated that
CDCA2 may play an important role in the proliferation of
CRC cells.

CDCA2 promoted the G1/S phase transition of the CRC
cell cycle by upregulating CCND1
To explore the possible mechanism by which CDCA2
influences the proliferation of CRC cells, we determined
the CDCA2 expression from TCGA via gene set enrich-
ment analysis (GSEA) [13] and found that CDCA2 ex-
pression levels were positively correlated with cell
proliferation by affecting genes in the cell cycle phase
transition, especially in G1-S phase transition (Fig. 4a).
To verify the results of this analysis, we measured cell
cycle distribution in SW480 and DLD-1 cell lines. As
shown in Fig. 4b, siRNA-CDCA2 treatment induced an
increase in the percentage of SW480 cells in the G1
phase compared to that by siRNA-NC treatment. Ac-
cordingly, upregulation of CDCA2 accelerated the G1/S
transition in DLD-1 cells (Fig. 4c). Moreover, qRT-PCR
was performed to determine the key checkpoints of the

G1-S phase transition, and results revealed that knock-
down of CDCA2 led to the downregulation of CCND1,
CCNE1, and CCNB1 expression, whereas overexpression
of CDCA2 upregulated the expression of these mole-
cules (Fig. 4d). However, altering the expression of
CDCA2 had no effect on the expression of p21, p27, and
CDK2 (Fig. 4d). We further confirmed this through
western blotting. The results showed that CCND1 chan-
ged most apparently following up- or down-regulation
of CDCA2 (Fig. 4e). Therefore, we believed that the
regulation of cell cycle by CDCA2 may be mainly
achieved through CCND1.

PI3K/AKT signaling pathway was involved in CDCA2-
induced CRC cell proliferation
The PI3K/AKT pathway plays an essential role in cell pro-
liferation in various types of cancer and is closely linked
with the adjustment of CCND1 levels [14, 15]. Hence, we
performed western blotting to detect whether the PI3K/
AKT pathway was involved in the adjustment of prolifera-
tion under the influence of CDCA2. As shown in Fig. 5a,
the expression of phosphorylated AKT in SW480 cells
transfected with siRNA-CDCA2 decreased, with no
change observed in the expression of total AKT. The op-
posite results were obtained in CDCA2-overexpressing

Fig. 3 Downregulation of CDCA2 inhibits CRC tumorigenesis in nude mice. a The size of tumors formed by SW480 cells in the shCDCA2 and
control groups. b and c Tumor volume and the weight of the tumors were analyzed. d Representative images of sections sliced from indicated
tumors and stained with anti-Ki67
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DLD-1 cells (Fig. 5a). We therefore questioned whether
the PI3K/AKT pathway participates in the regulation of
CCND1 expression by CDCA2.
To verify the hypothesis, CDCA2-overexpressing

DLD-1 cells were treated with a specific PI3K inhibitor
(LY294002). qRT-PCR and western blot analysis were
then carried out, and results showed that treatment of
CDCA2-overexpressing DLD-1 cells with LY294002 for
24 h obviously inhibited p-AKT activity and promoted

the decline of CCND1 expression (Fig. 5b and c), indi-
cating that CCND1 accumulation could be suppressed
by the addition of inhibitors in CRC cell lines. We then
performed rescue experiments to detect whether the
suppression of the PI3K/AKT pathway could reverse the
proliferation-promoting effect induced by CDCA2 over-
expression. Compared to DMSO treatment, LY294002
treatment significantly weakened the growth ability of
CDCA2-overexpressing DLD-1 cells (Fig. 5d and e).

Fig. 4 CDCA2 influences the G1/S phase transition of the cell cycle through regulating CCND1 expression. a GSEA plot showing that CDCA2
expression positively correlated with cell-cycle-activated gene signatures, especially in G1-S phase transition
(GO_CELL_CYCLE_PHASE_TRANSITION, GO_CELL_CYCLE_G1 _S_PHASE_TRANSITION). b and c CDCA2 promoted the G1/S transition in CRC cell
lines. d qRT-PCR was conducted to determine the key regulators of the G1-S phase transition. e Key regulators of the G1 phase were evaluated
by western blotting to clarify the specific role of CDCA2 in the G1/S phase transition
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These results implicated a role of CDCA2 in cell cycle
progression through activation of the PI3K/AKT path-
way in CRC.

Discussion
In addition to previous studies, which reported that up-
regulation of CDCA2 is common in lung adenocarcin-
oma and oral squamous cell carcinoma tissue, we found
that CDCA2 transcripts were upregulated in CRC tissues
versus non-malignant tissues, and its level of expression
was positively correlated with greater tumor size and
lymph node invasion, suggesting that CDCA2 may play
an important role in CRC progression. Consistently,
CDCA2 expression detected in CRC cell lines showed
the same trend. We then further confirmed this result
through loss- or gain-of-function assays. As shown in
Fig. 2, colony formation, growth rate, and DNA replica-
tion were significantly inhibited by CDCA2 knockdown
in SW480 cells, indicating obvious inhibition of prolifer-
ation in vitro. Conversely, upregulation of CDCA2
induced malignant tumor cell behaviors, as indicated by
the higher cell proliferation rate in CCK-8 assay, higher
clonogenic survival in colony formation assay, and

higher proportion of cells in the DNA replication phase
in the EdU assay. The in vivo assay further confirmed
the function of CDCA2. GSEA was run to explore the
potential role of CDCA2 in CRC. We then measured the
distribution of CRC cell cycle phases by flow cytometry.
Results showed that CDCA2 played an important role in
promoting cell cycle transition from G1 to S phase.
Many molecules that promote or inhibit the cell cycle

are involved in mediating G1/S cell transition [16, 17].
To further detect the mechanisms that how CDCA2 reg-
ulates the G1/S transition, expression levels of some cell
cycle key regulators were detected. As shown in Fig. 3,
our results indicated that CCND1 expression changed
most apparently following up- or down-regulation of
CDCA2, suggesting that CDCA2 promoted cell cycle
through mediating the upregulation of CCND1. CCND1
has been reported to be involved in many processes,
such as cell cycle progress, chromosomal instability,
mitochondrial function, and cellular aging [18–20].
Previous studies have demonstrated that the PI3K/

AKT pathway plays a key role in modulating cell prolif-
eration [21]. Moreover, the PI3K/AKT pathway is closely
related to CCND1 in several cancers [22–25], including

Fig. 5 PI3K/AKT signaling pathway was involved in CDCA2-induced colon cancer cell proliferation. a Western blot was used to detected wheather
PI3K/AKT pathway was involved in the regulation of proliferation under the influence of CDCA2. b CCND1 mRNA expression was detected in the
indicated cell lines under the infuence of LY294002. c Western blotting was used to detect the relationship among CDCA2, PI3K/AKT pathway and
CCND1. d, e and f Rescue experiments (colony formation and cck-8 rescue assays) were conducted to further confirm the above results
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CRC [26]. Our results showed that downregulation of
CDCA2 could decrease p-AKT expression without obvi-
ous changes in the total AKT expression level. The
opposite result was observed in CDCA2-overexpressing
DLD-1 cells. We then further blocked the PI3K/AKT
pathway using LY294002 and found that p-AKT expres-
sion decreased, followed by the decline in CDCA2
expression, which demonstrated that CDCA2 expression
could be upregulated by PI3K/AKT pathway activation.
The subsequent rescue function assays further con-
firmed the above findings.
However, there are still many areas that remain to

be explored. Firstly, there are some other pathways,
such as the mTOR and Wnt/B-catenin signaling
pathways [27, 28], which are related to cell prolifera-
tion and CCND1 regulation, suggesting that the PI3K/
AKT pathway may not be the only pathway involved
in CDCA2-CCND1 regulation. Additionally, Table 1
showed that expression of CDCA2 is significantly as-
sociated with lymph node metastasis (Table 1), studies
on whether CDCA2 can promote metastasis and inva-
siveness in vitro and in vivo remain to be conducted.

Conclusions
The results of this study demonstrated that CDCA2
might target CCND1 to promote CRC cell proliferation
and tumorigenesis at least partially through activation of
the PI3K/AKT pathway, and CDCA2 might serve as a
potential prognostic and therapeutic target for CRC.

Abbreviations
CCNB1: Cyclin B1; CCND1: Cyclin D1; CCNE1: Cyclin E1; CDCA2: Cell division
cycle associated 2; CDK2: Cyclin dependent kinase 2; CRC: Colorectal cancer;
mRNA: Messenger RNA; P21: Cyclin dependent kinase inhibitor 1A;
p27: Proteasome 26S subunit, non-ATPase 9; qRT-PCR: Quantitive real-time
PCR

Acknowledgments
The authors would like to thank the faculty, staff, and patients of the General
Surgery.

Authors’ contributions
YS conceptualized and designed the research. YF performed experiments,
analyzed and interpreted the results, made figures, and wrote paper. WQ
and YZ performed experiments and analyzed data. WP provided patient
materials. JL and QG helped design the experimental studies and edited the
manuscript. DJ and ZZ edited the manuscript. QW and DZ interested the
results and wrote the manuscript. All authors have read and approved the
manuscript.

Funding
The work is funded by Jiangsu Key Medical Discipline (General Surgery).
[Grant number ZDXKA2016005]. The funders had no role in the study design,
data collection, data analysis, data interpretation, and manuscript writing.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the Research Ethics Committee of Nanjing
Medical University and written informed consent was obtained from all

patients. All the animal experiments were approved by the Nanjing Medical
University (NJMU) Institutional Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1The First School of Clinical Medicine, Nanjing Medical University, Nanjing,
Jiangsu, China. 2Department of General Surgery, the First Affiliated Hospital
of Nanjing Medical University, 300 Guangzhou Road, Nanjing 210029,
Jiangsu, China. 3Department of General Surgery, Jinling Clinical Medical
College, The Affiliated Hospital of Southeast University, Nanjing, Jiangsu
210002, People’s Republic of China.

Received: 18 July 2018 Accepted: 5 June 2019

References
1. Luo YX, Chen DK, Song SX, Wang L, Wang JP. Aberrant methylation of

genes in stool samples as diagnostic biomarkers for colorectal cancer or
adenomas: a meta-analysis. Int J Clin Pract. 2011;65(12):1313–20.

2. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer statistics, 2009. CA
Cancer J Clin. 2009;59(4):225–49.

3. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, Jemal A, Yu XQ, He J.
Cancer statistics in China, 2015. CA Cancer J Clin. 2016;66(2):115–32.

4. Haggar FA, Boushey RP. Colorectal cancer epidemiology: incidence,
mortality, survival, and risk factors. Clin Colon Rectal Surg. 2009;22(4):191–7.

5. de la Chapelle A. Genetic predisposition to colorectal cancer. Nat Rev
Cancer. 2004;4(10):769–80.

6. Walker M. Drug target discovery by gene expression analysis cell cycle
genes. Curr Cancer Drug Targets. 2001;1(1):73–83.

7. Peng A, Lewellyn AL, Schiemann WP, Maller JL. Repo-man controls a
protein phosphatase 1-dependent threshold for DNA damage checkpoint
activation. Curr Biol. 2010;20(5):387–96.

8. Vagnarelli P. Repo-man at the intersection of chromatin remodelling, DNA
repair, nuclear envelope organization, and cancer progression. Adv Exp Med
Biol. 2014;773:401–14.

9. Qian J, Lesage B, Beullens M, Van Eynde A, Bollen M. PP1/repo-man
dephosphorylates mitotic histone H3 at T3 and regulates chromosomal
aurora B targeting. Curr Biol. 2011;21(9):766–73.

10. Krasnoselsky AL, Whiteford CC, Wei JS, Bilke S, Westermann F, Chen QR,
Khan J. Altered expression of cell cycle genes distinguishes aggressive
neuroblastoma. Oncogene. 2005;24(9):1533–41.

11. Uchida F, Uzawa K, Kasamatsu A, Takatori H, Sakamoto Y, Ogawara K, Shiiba
M, Bukawa H, Tanzawa H. Overexpression of CDCA2 in human squamous
cell carcinoma: correlation with prevention of G1 phase arrest and
apoptosis. PLoS One. 2013;8(2):e56381.

12. Run S, Chun R, Ya Q, Xin W, Qi S, Jing S, Wen J, Gao C, An P, Feng J, et al.
CDCA2 promotes lung adenocarcinoma cell proliferation and predicts poor
survival in lung adenocarcinoma patients. Oncotarget. 2017;8(12):19768–79.

13. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545–50.

14. Chen C, Wang Y, Wang S, Liu Y, Zhang J, Xu Y, Zhang Z, Bao W, Wu S. LSD1
sustains estrogen-driven endometrial carcinoma cell proliferation through
the PI3K/AKT pathway via di-demethylating H3K9 of cyclin D1. Int J Oncol.
2017;50(3):942–52.

15. Zhao L, Zhu Z, Yao C, Huang Y, Zhi E, Chen H, Tian R, Li P, Yuan Q, Xue Y,
et al. VEGFC/VEGFR3 signaling regulates mouse Spermatogonial cell
proliferation via the activation of AKT/MAPK and cyclin D1 pathway and
mediates the apoptosis by affecting caspase 3/9 and Bcl-2. Cell Cycle. 2018;
17(2):225–39.

16. Pines J. Cyclins: wheels within wheels. Cell Growth Differ. 1991;2(6):305–10.
17. Niculescu A, Chen X, Smeets M, Hengst L, Prives C, Reed S. Effects of

p21(Cip1/Waf1) at both the G1/S and the G2/M cell cycle transitions: pRb is
a critical determinant in blocking DNA replication and in preventing
endoreduplication. Mol Cell Biol. 1998;18(1):629–43.

Feng et al. BMC Cancer          (2019) 19:576 Page 10 of 11



18. Casimiro M, Pestell R. Cyclin d1 induces chromosomal instability.
Oncotarget. 2012;3(3):224–5.

19. Leontieva OV, Lenzo F, Demidenko ZN, Blagosklonny MV. Hyper-mitogenic
drive coexists with mitotic incompetence in senescent cells. Cell Cycle.
2012;11(24):4642–9.

20. Wang C, Li Z, Lu Y, Du R, Katiyar S, Yang J, Fu M, Leader JE, Quong A,
Novikoff PM, et al. Cyclin D1 repression of nuclear respiratory factor 1
integrates nuclear DNA synthesis and mitochondrial function. Proc Natl
Acad Sci U S A. 2006;103(31):11567–72.

21. Datta S, Brunet A, Greenberg M. Cellular survival: a play in three Akts. Genes
Dev. 1999;13(22):2905–27.

22. Zhang X, Zhu Y, Zhang C, Liu J, Sun T, Li D, Na Q, Xian CJ, Wang L, Teng Z.
miR-542-3p prevents ovariectomy-induced osteoporosis in rats via targeting
SFRP1. J Cell Physiol. 2018;233(9):6798–806.

23. Maharjan S, Park BK, Lee SI, Lim Y, Lee K, Kwon HJ. Gomisin G inhibits the
growth of triple-negative breast Cancer cells by suppressing AKT
phosphorylation and decreasing cyclin D1. Biomol Ther. 2018;26(3):322–7.

24. Hong Y, Huang X, An L, Ye H, Ma K, Zhang F, Xu Q. Overexpression of
COPS3 promotes clear cell renal cell carcinoma progression via regulation
of Phospho-AKT (Thr308), cyclin D1 and Caspase-3. Exp Cell Res. 2018;365(2):
163–70.

25. Gao M, Ma Y, Bast RC Jr, Li Y, Wan L, Liu Y, Sun Y, Fang Z, Zhang L, Wang X,
et al. Epac1 knockdown inhibits the proliferation of ovarian cancer cells by
inactivating AKT/cyclin D1/CDK4 pathway in vitro and in vivo. Med Oncol.
2016;33(7):73.

26. Li H, Xie S, Liu X, Wu H, Lin X, Gu J, Wang H, Duan Y. Matrine alters
microRNA expression profiles in SGC-7901 human gastric cancer cells. Oncol
Rep. 2014;32(5):2118–26.

27. Wang Z, Jia G, Li Y, Liu J, Luo J, Zhang J, Xu G, Chen G. Clinicopathological
signature of p21-activated kinase 1 in prostate cancer and its regulation of
proliferation and autophagy via the mTOR signaling pathway. Oncotarget.
2017;8(14):22563–80.

28. Cui N, Yang W, Zheng P. Slug inhibits the proliferation and tumor formation of
human cervical cancer cells by up-regulating the p21/p27 proteins and down-
regulating the activity of the Wnt/β-catenin signaling pathway via the trans-
suppression Akt1/p-Akt1 expression. Oncotarget. 2016;7(18):26152–67.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Feng et al. BMC Cancer          (2019) 19:576 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Tissue samples and cell lines
	Immunohistochemical (IHC) analysis
	RNA extraction and qRT-PCR assay
	Data of patients and samples from the Cancer genome atlas
	Knockdown and overexpression of CDCA2
	Colony formation assay
	Cell proliferation assay
	5-Ethynyl-2′-deoxyuridine assay
	Flow cytometric analysis
	Western blotting
	In vivo assay
	Statistical analysis

	Results
	CDCA2 was overexpressed in CRC cells and correlated with advanced clinical factors of CRC
	CDCA2 modulated the proliferation of CRC cells
	Silencing of CDCA2 inhibited tumor growth in a xenograft mouse
	CDCA2 promoted the G1/S phase transition of the CRC cell cycle by upregulating CCND1
	PI3K/AKT signaling pathway was involved in CDCA2-induced CRC cell proliferation

	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

