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Abstract. Mutations of A‑kinase anchoring protein 2 (AKAP2) 
have been reported to be associated with adolescent idiopathic 
scoliosis. However, its role in cancer is poorly understood. In the 
present study, the mRNA levels of AKAP2 in ovarian cancer 
tissues were examined using qPCR. The effects of AKAP2 on 
the growth and migration of cancer cells were examined using 
crystal violet and Boyden chamber assays. An in vivo image 
system was used to evaluate the effect of AKAP2 on the metas-
tasis of ovarian cancer cells. The present study demonstrated 
that the expression of AKAP2 was elevated in ovarian cancer. 
Furthermore, overexpression of AKAP2 promoted the growth 
and migration of ovarian cancer cells, whereas knockdown of 
AKAP2 expression reduced the growth and migration of ovarian 
cancer cells. Analysis of the molecular mechanism indicated 
that AKAP2 activated β‑catenin/T cell factor signaling and 
regulated the expression of several target genes. Furthermore, 
analysis of the in vivo metastatic capacity demonstrated that 
downregulation of AKAP2 inhibited the invasion of ovarian 
cancer cells. Taken together, the present study demonstrated an 
oncogenic role for AKAP2 in ovarian cancer, indicating that 
AKAP2 may be a therapeutic target for ovarian cancer.

Introduction

Ovarian cancer has very poor survival rates and is one of 
the most common malignances worldwide  (1‑3). Although 
progress has been made in the diagnosis and therapeutic 
management of ovarian cancer, the 5‑year survival rate 
remains at <10% (4). Therefore, a greater understanding of the 

molecular mechanisms involved in this disease may facilitate 
the development of improved treatment options.

Activation of β‑catenin/T cell factor (TCF) signaling has 
been observed in ~70% ovarian cancer cases (5,6). In normal 
ovarian epithelial cells, cytoplasmic β‑catenin is degraded by 
the destruction complex which includes glycogen synthase 
kinase 3β, casein kinase 1 and axin (4), among others. Aberrant 
activation of receptor tyrosine kinase signaling and inactivating 
mutations or constitutive activation of β‑catenin may lead to 
the cytoplasmic accumulation of β‑catenin. The accumulated 
β‑catenin translocalizes to the nucleus and forms a complex 
with TCF, which activates the expression of target genes (4). 
Activation of β‑catenin in ovarian cancer promotes the 
growth, migration and metastasis of ovarian cancer cells (7,8). 
Furthermore, over‑activation of β‑catenin/TCF signaling may 
lead to drug resistance  (2,9). These studies demonstrated 
the important role of the β‑catenin/TCF signaling axis in 
the ovarian cancer. However, the molecular mechanisms in 
β‑catenin/TCF signaling activation are not fully understood.

A‑kinase anchoring protein (AKAP) binds to the regulatory 
subunit of cAMP‑dependent protein kinase A (PKA), targeting 
the kinase to various intracellular locations (10). AKAP2 is a 
member of the AKAP family (4). Several studies have reported 
that AKAP2 has a role in carcinogenesis; AKAP2 was demon-
strated to be upregulated in metastatic prostate cancer and was 
necessary for the invasion of cancer cells (11). Furthermore, 
whole genome and transcriptome sequencing revealed an 
association between AKAP2 and gastric cancer and ovarian 
cancer (12,13). However, the biological function of AKAP2 in 
ovarian cancer remains unknown. The present study examined 
the expression of AKAP2 in ovarian cancer tissues, investi-
gated the role of AKAP2 in the progression of ovarian cancer 
and explored the underlying molecular mechanism.

Materials and methods

Cell culture. IOSE80 and IOSE144 ovarian epithelial cells and 
the OVCAR3, OVCA433, OVCA429 and HO‑8910 ovarian 
cancer cells were purchased from the Cell Bank of the Chinese 
Academy of Science (Shanghai, China). Cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 
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10% fetal bovine serum (FBS) and antibiotics (100 U/ml peni-
cillin, 0.1 mg/ml streptomycin; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). Cells were maintained at 37˚C in a 
humidified incubator with an atmosphere containing 5% CO2.

Patients and specimens. The present study was approved 
by the Ethics Committee of the Second Affiliated Hospital 
of Shandong University of Traditional Chinese Medicine. 
Written informed consent was obtained from all participants 
(age, 55‑64; stage I, 6 patients; stage II, 10 patients; stage III, 
9 patients) during recruitment. A total of 25 ovarian cancer 
tissues and 25 adjacent non‑cancerous tissues were used in 
the present research. Tissues and paired non‑cancerous tissues 
were stored at ‑80˚C until use.

Plasmid construction and stable cell lines. The full length of 
the coding sequence for AKAP2 was amplified by polymerase 
chain reaction (PCR) and cloned into the expression vector 
pcDNA3.1‑myc (Clontech Laboratories, Inc., Mountain View, 
CA, USA) using BamH1 and Pst1. The forward primer was 
5'‑ATG​CGC​TGG​CCC​CAG​CCC‑3'; and reverse primer was 
5'‑TCG​TTG​TCT​TCT​TCCTC‑3'. The PCR mixture included 
1.5 µl 10X buffer, 1.5 µl dNTP, 0.6 µl Mg2+, 1.5 µl forward 
primer, 1.5 µl reverse primer, 0.3 µl Taq, 8.1 µl cDNA. The PCR 
protocol was as follows: 95˚C for 5 min, followed by 40 cycles 
of 95˚C for 30 sec, 60˚C for 30 sec, 68˚C for 3 min. Final hold 
was performed at 68˚C for 10 min and the samples were subse-
quently kept at 10˚C. The expression vectors were transfected 
into OVCAR3 and OVCA433 cells using Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Following selection with G418 
(500 µg/ml), the resistant cells were pooled, and the expression 
of myc‑tagged AKAP2 was confirmed by western blot analysis.

Knocking down the expression of AKAP2 in ovarian cancer 
cell lines. The lentivirus to knock down the expression of 
AKAP2 was purchased from Shanghai GeneChem Co., Ltd. 
(Shanghai, China). The siRNA sequences were as follows: 
siRNA no. 1, 5'‑aac​ccc​agga ctg​cgc​ccc​cg‑3'; siRNA no. 2, 
5'‑aac​gta​caa​tgg​aac​atc​ctc‑3'; si con, 5'‑cca​cca​cca​ccc​gag​ggc​
tcg‑3'. The siRNA and si con sequences were cloned into the 
pKO.1 plasmid (Addgene, LGS Standards, Teddington, UK). 
The ovarian cancer cells were seeded into a 6‑well plate; the 
cells were infected 18 h later when they had reached 60% 
confluence. The virus (MOI=2) was incubated with the ovarian 
cancer cells overnight and selected with puromycine.

Reverse transcription-quantitative PCR (RT‑qPCR) analysis. 
Total RNA was isolated from ovarian cancer tissues and 
paired normal tissues using TRIzol (Invitrogen; Thermo 
Fisher Scientific, Inc.). Reverse transcription was performed 
according to the manufacturer's instructions, qPCR was 
performed using a SYBR Green PCR master mix (Takara 
Biotechnology Co., Ltd., Dalian, China) in a total volume of 
8 µl (4 µl master mix and 4 µl cDNA) using a 7900 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) with the following conditions: 95˚C for 30 sec, followed by 
40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. The reference 
gene was 18S rRNA, and the relative levels of gene expression 
were calculated using the 2‑ΔΔCq method (14). The sequences of 

the primers were as follows: AKAP2 forward primer, 5'‑CAC​
AAA​AAC​ATG​GAA​ATT​GA‑3'; and reverse primer, 5'‑TGG​
CAA​CAT​CAT​TAT​CCA​GG‑3'.

Western blot analysis. Proteins from cultured cells and ovarian 
tissues were extracted using radioimmunoprecipitation assay 
lysis buffer, containing protease inhibitors and phosphatase 
inhibitors (Sigma‑Aldrich; Merck KGaA). Following centrifu-
gation (10,000 x g for 20 min at 4˚C), the protein concentration 
was determined using a Bradford assay. Proteins (20 µg/lane) 
were separated by 10% SDS‑PAGE, transferred to polyvinyli-
dene difluoride membranes (Merck KGaA) and probed with 
specific antibodies. The immunoreactive protein bands were 
visualized using unenhanced chemiluminescence kit (Pierce; 
Thermo Fisher Scientific, Inc.). The anti‑AKAP2 (1:1,000, 
ab64904) antibody was purchased from Abcam (Cambridge, 
UK), and the anti‑GAPDH (1:5,000, sc‑25778) antibody was 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). Antibodies against Snail (1:1,000, no. 3879), c‑Myc 
(1:1,000, no.  13987), N‑cadherin (1:1,000, no.  13116) and 
the mouse IgG (1:2,000, no. 7076) and rabbit IgG (1:2,000, 
no. 2985) secondary antibodies were all purchased from Cell 
Signaling Technology, Inc. (Danvers, MA, USA).

Immunohistochemistry. The paraffin‑embedded tissue sections 
(5 µm) were deparaffinized and rehydrated by xylene and 
ethanol. Endogenous peroxidase activity was blocked with 
0.35% H2O2. Antigen retrieval was performed using a micro-
wave. Non‑specific binding was blocked by 3% BSA solution. 
Sections were stained with AKAP2 antibody (1:200, ab64904) 
and visualized with a Dako EnVision Secondary antibody 
(1:100, K500711; Agilent Technologies, Inc. Santa Clara, CA, 
USA). Slides were then developed with DAB and counter-
stained with hematoxylin.

Reporter assay. For the luciferase assay, cells were seeded 
on a 24‑well culture plate and grown overnight. The Topflash 
reporter plasmids were co‑transfected with the Renilla 
construct (0.01  µg) and AKAP2 expression vector with 
Lipofectamine 2000 to assess the transcriptional activity of 
β‑catenin/TCFcomplex. After incubation for 48 h, cells were 
treated with Wnt3a protein (10 ng/ml; R&D Systems, Inc., 
Minneapolis, MN, USA) for 8 h. Then, the transfected cells 
were washed twice with phosphate‑buffered saline (PBS) and 
total proteins were lysed in passive lysis buffer (100 µl/well) 
provided by the Dual‑Luciferase Reporter Assay system kit 
(Promega Corporation, Madison, WI, USA). Firefly and 
Renilla luciferase activities were measured from the lysate 
using a Centro LB 960 Microplate Luminometer (Berthold). 
Firefly luciferase values were normalized to Renilla luciferase 
values to control for transfection efficiency.

Crystal violet assay. The effects of AKAP2 on the growth of 
ovarian cancer cells were examined using a colony‑forming 
crystal violet assay. Equal numbers of control cells and 
experimental cells (1,000 cells/well) were seeded in 12‑well 
plates. For the ICG001 treatment, cells were incubated with 
the culture medium with ICG001 (5 µM). The medium was 
changed every two days. Following 14 days of culture under 
standard conditions, the medium was removed and the cells 
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were stained with 0.5% crystal violet solution in 20% methanol 
at room temperaturefor 10 min. The fixed cells were washed 
with PBS and imaged using a light microscope. Four fields 
were assessed. The colonies were subsequently dissolved using 
1% SDS solution and the optical density (OD) was measured at 
600 nm. The experiments were repeated three times.

Boyden chamber assay. A Boyden chamber assay was performed 
to examine the effects of AKAP2 on the migration of the ovarian 
cancer cells. Cells (2x105) suspended in 50 µl culture medium 
containing 1% FBS were seeded in the upper chamber, and 
the lower chamber was loaded with 152 µl medium containing 
10% FBS. Cells migrated to the lower surface of the filters after 
12 h were detected using eosin staining. The migrated cells 
were counted using an inverted microscope. Four fields were 
assessed. The experiments were repeated three times.

In vivo metastasis assay. The pcDNA6 plasmid containing 
the luciferase gene was transfected into OVCAR3 cells using 
Lipofectamine 2000 and selected with G418 (500  µg/ml; 
OVCAR3‑Luci). The Xenogen IVIS in vivo imaging system 
(PerkinElmer, Inc., Waltham, MA, USA) was used to measure 
the activity of luciferase following the administration of lucif-
erin. OVCAR3‑Luci cells were transfected with the lentivirus 
to knocking down the expression of AKAP2 and selected with 
puromycine. The resistant cells (1x106 cells in 200 µl PBS) 
were injected into the left ventricle of 5‑week-old male nude 
mice (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, 
China). Each group included 6 mice, which were kept in a 
standard housing conditions with 12‑h light/dark cycle, and 

provided with food and water ad  libitum. The metastatic 
lesions were monitored every two weeks for seven weeks. 
Luciferin (150 mg/kg) was intraperitoneally injected into the 
mice 5 min prior to imaging. The nude mice were anaesthetized 
with 0.2‑0.3 l/min Forane (Abbott Pharmaceutical, Co., Ltd., 
Lake Bluff, IL, USA), and placed into a light‑tight chamber 
with a CCD camera system (PerkinElmer, Inc.); the photons 
emitted from the luciferase expressing cells within the mouse 
were quantified for 1 min, using the software program Living 
Image 2.0 (PerkinElmer, Inc.) as an overlay on Igor Pro 6.01 
software (Wavemetrics, Inc., Portland, OR, USA). This study 
was carried out according to the recommendations of National 
Institutes of Health and approved by the Ethics Committee of 
Shangdong University of Traditional Chinese Medicine.

Statistical analysis. SPSS version 15.0 (SPSS, Inc., Chicago, IL, 
USA) was used. Each experiment was repeated at least three 
times. The data were presented as the mean ± standard devia-
tion, and statistical comparisons were performed using Student's 
t‑test. Multiple comparisons about cell growth and migration 
were performed using one way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

AKAP2 expression is elevated in ovarian cancer. The expres-
sion pattern of AKAP2 was assessed in ovarian cancer. 
RT‑qPCR analysis indicated that the mRNA level of AKAP2 
was elevated in ovarian cancer tissues compared with the adja-
cent normal tissues (Fig. 1A). Furthermore, an upregulation of 

Figure 1. The expression of AKAP2 is upregulated in ovarian cancer. (A) The mRNA level of AKAP2 in 25 ovarian cancer tissues and paired non‑cancerous 
tissues was determined using reverse transcription-quantitative polymerase chain reaction. 18S served as an internal control. The results have been presented 
as 2‑ΔΔCq values. (B) The protein level of AKAP2 in ovarian cancer tissues and paired non‑cancerous tissues was examined using immunohistochemistry. 
(C) The protein level of AKAP2 in ovarian cancer tissues and paired non‑cancerous tissues was examined using western blot analysis. (D) The expression of 
AKAP2 in normal ovarian epithelial cells (IOSE80 and IOSE144) and ovarian cancer cell lines (OVCAR3, OVCA429, OVCA433 and HIO8910). AKAP2, 
A‑kinase anchoring protein 2; N, non‑cancerous tissue; C, cancer tissue.
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AKAP2 protein was observed in ovarian cancer tissues, when 
examined by immunohistochemistry and western blot analysis 
(Fig. 1B and C). The expression of AKAP2 was subsequently 
analyzed in a panel of ovarian cancer cell lines (OVCAR3, 
OVCA429, OVCA433 and HIO8910) and normal ovarian 
epithelial cells (IOSE80 and IOSE144). Elevated expression of 
AKAP2 protein level was demonstrated in most of the ovarian 
cancer cells (Fig. 1D). Taken together, these data indicated that 
AKAP2 was upregulated in ovarian cancer.

AKAP2 promotes the growth and migration of ovarian cancer 
cells. To study the biological functions of AKAP2, OVCAR3 and 

OVCA433 cells were transfected with AKAP2 (Fig. 2A). Crystal 
violet assay was used to examine the role of AKAP2 in the 
growth of ovarian cancer cells; the results indicated that forced 
overexpression of AKAP2 promoted the growth of OVCAR3 and 
OVCA433 cells (Fig. 2B). Furthermore, upregulation of AKAP2 
enhanced the motility of ovarian cancer cells, observed using a 
modified Boyden chamber for a cell migration assay (Fig. 2C). To 
further clarify the function of endogenously expressed AKAP2 
in the progression of ovarian cancer, the expression of AKAP2 
was knocked down in OVCAR3 and OVCA433 using lenti-
virus containing two independent siRNA sequences (Fig. 3A). 
Consistent with earlier observations (Fig. 2B), downregulation of 

Figure 2. AKAP2 promotes the growth and migration of ovarian cancer cells. (A) AKAP2 was overexpressed in OVCAR3 and OVCA433 cells. (B) Overexpression 
of AKAP2 promoted the growth of OVCAR3 and OVCA433 cells, assessed by colony formation and crystal violet staining. (C) Overexpression of AKAP2 
promoted the migration of OVCAR3 and OVCA433 cells in the Boyden chamber assay. **P≤0.01 vs. pcDNA3.1. AKAP2, A‑kinase anchoring protein 2; 
OD, optical density.

Figure 3. Knockdown of AKAP2 expression inhibits the growth and migration of ovarian cancer cells. (A) AKAP2 was knocked down in OVCAR3 and 
OVCA433 cells. (B) Knocking down the expression of AKAP2 inhibited the growth of OVCAR3 and OVCA433 cells in the colony formation crystal violet 
assay. (C) Knocking down the expression of AKAP2 inhibited the migration of OVCAR3 and OVCA433 cells in the Boyden chamber assay. *P≤0.05 and 
**P≤0.01 vs. si con. AKAP2, A‑kinase anchoring protein 2; si, small interfering RNA; con, control.
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AKAP2 resulted in reduced cell growth and migration, assessed 
by crystal violet and Boyden chamber assay, respectively 
(Fig. 3B and C). Collectively, these data indicated AKAP2 may 
have oncogenic functions in the progression of ovarian cancer, 
by promoting cell growth and migration.

AKAP2 activates the β‑catenin/TCF signaling pathway in 
ovarian cancer cells. To explore the underlying molecular 
mechanism through which AKAP2 may promote the growth 
and migration of ovarian cancer cells, downstream signaling 
assessed by determining the expression levels of various 

target genes. Activation of the Topflash reporter, an indicator 
for β‑catenin/TCF signaling, by AKAP2 was observed in 
OVCAR3 cells upon the stimulation of Wnt3a, suggesting 
β‑catenin/TCF signaling is positively regulated by AKAP2 
(Fig. 4A). Furthermore, knockdown of AKAP2 expression in 
OVCAR3 and OVCA433 cells resulted in decreased expression 
of several target proteins of the β‑catenin/TCF transactiva-
tion complex, including Snail, c‑Myc and N‑cadherin, which 
may have been due to positive regulation of β‑catenin/TCF 
signaling by AKAP2 (Fig.  4B). In addition, ICG001, an 
inhibitor of β‑catenin/TCF signaling, reversed the increased 

Figure 4. AKAP2 activate β‑catenin/TCF signaling in ovarian cancer cells. (A) AKAP2 activated Topflash, the reporter gene for β‑catenin/TCF signaling, in 
OVCAR3 cells. (B) Knockdown of AKAP2 expression inhibited the expression of Snail, c‑Myc and N‑cadherin in OVCAR3 and OVCA433 cells. (C) ICG001, 
an inhibitor of β‑catenin/TCF signaling, reversed the promoting effects of AKAP2 on the growth of OVCAR3 cells in the crystal violet assay. ##P≤0.01 vs. 
pcDNA3.1 + Wnt3a. AKAP2, A‑kinase anchoring protein 2; TCF, T cell factor; si, small interfering RNA; con, control.

Figure 5. Knockdown of AKAP2 expression impaired the invasive ability of OVCAR3 cells. (A) In vivo imaging and (B) quantification of invasive ability 
of OVCAR3 cells with AKAP2 knockdown on day 49. **P<0.01 vs. si con. AKAP2, A‑kinase anchoring protein 2; si, small interfering RNA; con, control; 
luci, luciferase.
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growth of OVCAR3 cells overexpressing AKAP2, indicating 
that AKAP2 may promote the growth of ovarian cancer cells 
by activating β‑catenin/TCF signaling (Fig. 4C).

AKAP2 knockdown reduces the invasion of ovarian cancer 
cells in an in vivo metastasis model. The observation that 
downregulation of AKAP2 inhibited cell migration in vitro 
prompted examination of whether AKAP2 served a role in 
the ability of ovarian cancer cells to invade in vivo. OVCAR3 
cells were labeled with the luciferase gene, which enabled the 
tumor cells to be observed in vivo following the administra-
tion of luciferin, the substrate for luciferase. Knockdown of 
AKAP2 expression reduced the invasion of OVCAR3 cells, 
which was demonstrated by the intensity of the fluorescence 
(Fig. 5A and B). These data indicated that AKAP2 may serve 
a role in the metastatic ability of ovarian cancer cells.

Discussion

AKAP2 has previously been reported to regulate the activity 
of PKA (11), however, the expression pattern and the roles of 
AKAP2 in cancer are poorly understood. Consistent with the 
observation that the expression of AKAP2 was elevated in 
prostate cancer (11), upregulation of AKAP2 in the ovarian 
cancer tissues was also observed. AKAP2 promoted cancer 
cell growth and migration, potentially through activation of 
β‑catenin/TCF signaling. Furthermore, the role of AKAP2 in 
the invasion of ovarian cancer cells was demonstrated using an 
in vivo imaging system.

The present study utilized a Topflash reporter system to 
investigate the ability of AKAP2 to activate β‑catenin/TCF 
signaling. AKAP2 activated the Topflash reporter and upregu-
lated target genes downstream of β‑catenin/TCF signaling, 
indicating that AKAP2 may serve as a positive regulator of 
β‑catenin/TCF signaling. PKA has been reported to phos-
phorylate Ser552 on β‑catenin and activate β‑catenin/TCF 
signaling (15). Notably, PKA activity and anchoring are required 
for the migration and invasion of ovarian cancer cells (16,17). 
Based on these studies, it may be speculated that AKAP2 could 
activate β‑catenin/TCF signaling via PKA, however, further 
biochemical studies are required to test this hypothesis.

ICG00 is a small molecule inhibitor of β‑catenin/TCF 
signaling  (18,19). In the present study, OVCAR3 ovarian 
cancer cells treated with ICG001 exhibited a reversal of the 
increased growth induced by overexpression of AKAP2. 
Considering AKAP2 was overexpressed in ovarian cancer 
cell lines and tissue, these findings indicate that there may be 
cause to further investigate a potential clinical application of 
IGC001, in the treatment of ovarian cancer.

In addition, AKAP2 has been found as a mutated gene 
in the adolescent idiopathic scoliosis (20). However, whether 
AKAP2 was mutated in the cancer samples and the functions 
of the mutant AKAP2 remained unknown, which would be of 
great value in a further study.

In summary, the present study demonstrated an oncogenic 
role for AKAP2 in ovarian cancer by activating β‑catenin/TCF 
signaling, suggesting the application of ICG001 as the poten-
tial drug for the cancer treatment. Due to the limitation of the 
ovarian cancer samples, we did not analyze the correlation 
between AKAP2 expression and clinical features. Further 

studies using AKAP2 knockout mice may provide novel 
insights into the function of AKAP2 in ovarian cancer.
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