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Abstract. The aim of the current study was to inves-
tigate the effects and the molecular mechanisms of 
ARK5 in ovarian cancer cell invasion. The plasmid 
pGCsilencerU6/GFP/Neo‑RNAi‑ARK5 and the control 
vector with a scramble sequence were transfected into 
SKOV3 cells to establish ARK5‑deficient SKOV3 cells 
(siARK5/SKOV3) and a control cell line (Scr/SKOV3), 
respectively. Reverse transcription‑polymerase chain 
reaction (RT‑PCR) and Western blot analysis were used 
to determine the mRNA and protein expression levels of 
ARK5. Migration and invasion abilities of SKOV3 cells 
were determined in chemotaxis and invasion assays, respec-
tively. The epidermal growth factor‑1 (EGF‑1)‑induced 
expression of matrix metallopeptidase (MMP)‑2 and 
MMP‑9, epithelial‑mesenchymal transition (EMT) and 
phosphorylation of mechanistic target of rapamycin 
kinase (mTOR) in siARK5/SKOV3 and Scr/SKOV3 cells 
were detected by western blot. RT‑PCR and western blot 
analyses demonstrated that the expression of ARK5 was 
significantly downregulated in siARK5/SKOV3 cells at 
the mRNA and protein levels (P<0.01). The migration and 
invasion abilities of siARK5/SKOV3 cells were markedly 
decreased compared with Scr/SKOV3 cells (P<0.01). In 
addition, the results demonstrated that EGF‑1‑induced 
expression of MMP‑2 and MMP‑9, EMT and phosphory-
lation of mTOR were suppressed in siARK5/SKOV3 
cells as compared with Scr/SKOV3 cells (P<0.01). The 

current study demonstrated that ARK5 is a critical factor 
involved in SKOV3 cell invasion and ARK5 increases 
invasive potential by promoting EMT and activating the 
Akt‑mTOR‑MMPs pathway.

Introduction

Ovarian cancer is the leading cause of mortality among 
malignant gynecological tumors worldwide (1). In the US 
alone, >20,000 women are diagnosed ovarian cancer and 
there are >14,000  ovarian cancer‑associated mortalities 
each year (2). The high mortality rate of ovarian cancer is 
attributed to its typically advanced stage at detection, and 
high invasive and metastatic malignancy. Despite efforts 
to develop approaches for ovarian cancer treatment, no 
treatment option has been proven to reduce the mortality of 
ovarian cancers (3). Therefore, it is urgent to develop novel 
therapeutic treatments for better control of ovarian cancers, 
and thus, understanding of the mechanisms responsible for 
ovarian cancer invasion and metastasis may provide poten-
tial therapeutic targets.

Recently, AMPK‑related protein kinase‑5 (ARK5), 
a crucial member of the human AMP‑activated protein 
kinases (AMPKs) family, has been identified to be asso-
ciated with metastasis of cancer cells (4). Metastasis is a 
complex multistep process involving cell migration and 
invasion. ARK5 has been reported to be an important 
participant in mediating cancer cell migration activity and 
its activation is caused by protein kinase B (Akt)‑dependent 
phosphorylation (5). In addition, it has been demonstrated 
that high expression of ARK5 can accelerate tumor inva-
sion and metastasis  (6). However, mechanisms of ARK5 
involved in ovarian cancer invasion and metastasis has not 
been fully ascertained.

The present study aimed to clarify the involvement of 
ARK5 in ovarian cancer invasion. The expression of ARK5 
in ovarian cancer cell lines and tissues, and the biological 
impact of ARK5 on the invasive capabilities of ovarian 
cancer cells were investigated. In addition, mechanistic 
targets of ARK5 in modulating ovarian cancer invasion 
were explored in the current study.

Knockdown of ARK5 expression suppresses 
invasion of ovarian cancer cells
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Patients and methods

Patients and tissue specimens. This study was conducted 
using 20 pairs of selected frozen (liquid nitrogen) ovarian 
cancer tissues (T) and adjacent non‑tumor ovarian tissues (N). 
Details of clinical pathological features of the patients with 
ovarian cancer are presented in Table SI. Neither radiotherapy 
nor preoperative chemotherapy was received prior to tissue 
collection. All primary ovarian cancer tissues and corre-
sponding adjacent nontumor ovarian tissues were identified by 
routine pathological observation. Institutional research ethics 
committee approval of Weifang Medical University (Shandong, 
China) and patient consent were obtained in advance of the use 
of these clinical specimens for research purposes.

Cell culture and reagents. Human ovarian cancer cell lines 
SKOV3 and OVCAR‑3 were obtained from the American Type 
Culture Collection (Manassas, VA, USA). Ovarian cancer cell 
line. A2780 and normal ovarian epithelial cell line IOSE80 
were obtained from Shanghai Huiying Biotechnology Co., 
Ltd. (Shanghai, China). All cells were cultured in RPMI‑1640 
(Hyclone, GE Healthcare Life Sciences, Logan, UT, USA) 
supplemented with 10%  fetal calf serum from Zhejiang 
Tianhang Biotechnology Co., Ltd. (Zhejiang, China) and 
were maintained at 37˚C in 5% CO2 incubator. Membranes 
and chemotaxis chambers were from Neuro Probe, Inc. 
(Gaithersburg, MD, USA). The human epidermal growth 
factor‑1 (EGF‑1) was from R&D Systems, Inc. (Minneapolis, 
MN, USA).

Plasmid construction, small interfering RNA (siRNA) and 
plasmid transfection. The cells (2x105 cells) were cultured in a 
35 mm dish with serum‑free medium for 24 h and then moved 
into complete medium for transfection. Two expression plasmids 
(200 ng/µl) containing a scrambled sequence (5'‑CTC​AAC​TTG​
ATC​CTG​TGA​G‑3') (pGCsilencerU6/GFP/Neo‑RNAi‑Scr) 
and a target sequence (5'‑GAA​GTT​ATG​CTT​TAT​TCA​C‑3'; 
pGCsilencerU6/GFP/Neo‑RNAi‑ARK5) were obtained from 
Shanghai GeneChem Co., Ltd. (Shanghai, China). The trans-
fection was performed using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Stable 
transfection was selected using 500 µg/ml neomycin for at 
least 6 months (7).

Reverse transcription polymerase chain reaction (RT‑PCR). 
ARK5 mRNA expression was determined by RT‑PCR. The total 
RNA from SKOV3 cells was extracted using TRIzol (Thermo 
Fisher Scientific, Inc.). One Step RNA PCR kit (AMV) from 
Takara Biotechnology Co., Ltd. (Dalian, China) was used to 
reverse transcribe RNA to cDNA at 50˚C for 30 min and 94˚C 
for 2 min. The β‑actin primers (forward, 5'‑ATG​TTT​GAG​ACC​
TTC​AAC​AC‑3' and reverse, 5'‑CAC​GTC​ACA​CTT​CAT​GAT​
GG‑3') and ARK5 (forward, 5'‑GAC​ATG​GTT​CAC​ATC​AGA​
CGA‑3' and reverse, 5'‑CAA​TAG​TGC​ACA​GCA​GAG​ACG‑3') 
were synthesized using a Takara PrimeScript RT kit (Takara 
Biotechnology Co., Ltd) with reaction at 50˚C for 30 min, 
pre‑denaturation at 94˚C for 2 min, 30 cycles of denaturation 
at 94˚C for 30 sec, annealing at 60˚C for 30 sec and extension 
at 72˚C for 1 min in order to produce amplification products 
which were then electrophoresed on 1.5% the agarose gel.

Western blotting. For western blot analysis, the whole‑cell 
extracts were prepared in radioimmunoprecipitation 
assay buffer (40  mM NaF, 20  mM Tris, 2.5  mM EDTA, 
1%  deoxycholate, 1% Triton X‑100, 0.1% SDS, 10  mM 
Na4P2O7 and 1 mM phenylmethylsulfonyl fluoride). Protein 
concentration was determined with BCA and 25 µl per well 
of protein samples were separated by 10%  SDS‑PAGE, 
then transferred onto polyvinylidene difluoride membranes, 
immunoblotted with appropriate primary antibodies at 4˚C 
overnight and secondary antibodies at room temperature for 
1 h. (goat anti‑mouse IgG, cat. no. SA00001‑1; 1:2,000 and 
goat anti‑rabbit IgG, cat. no. SA00001‑2, 1:2,000; Shanghai 
Biyuntian Biotechnology Co., Ltd), The chemiluminescent 
signals were detected using ECL Plus (WBKLS0100; EMD 
Millipore, Billerica, MA, USA) and finally visualized by 
Image Quant LAS 500 (GE Healthcare). Western blot analysis 
is representative of at least three independent repeated experi-
ments. Densitometric analysis was used to quantify the protein 
bands and β‑actin was used as normal control, with the protein 
bands being quantified using ImageJ software version 1.4.3.67 
(National Institutes of Health, Bethesda, MD, USA). The 
following primary antibodies were used in this study: mTOR 
(cat. no.  2983; 1:1,000 dilution), phospho (p)‑mTOR (cat. 
no. 2971; 1:1,000 dilution), ARK5 (ab71814; 1:500; Abcam, 
Cambridge, MA, USA), MMP‑2 (cat. no. 4022; 1:1,000 dilu-
tion), MMP‑9 (cat. no. 3852; 1:1,000 dilution), E‑cadherin (cat. 
no. 3195; 1:1,000 dilution), N‑cadherin (cat. no. 4061S; 1:1,000 
dilution; all Cell Signaling Technology, Inc., Danvers, MA, 
USA) and β‑actin (cat. no. sc‑47778; 1:1,000 dilution; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA).

Chemotaxis assay. A chemotaxis assay was performed as 
described previously (8). Briefly, the chemotaxis ability of 
cells was measured using Transwell inserts with 8.0  mm 
pore polycarbonate membrane. The chemoattractant EGF‑1 
(10 ng/ml) was loaded into the lower chemotaxis chamber 
with serum free RPMI 1640 medium and 5x105 cells/ml cells 
suspended in the binding medium [RPMI‑1640, 0.1% bovine 
serum albumin (BSA) and 25 mM HEPES] were added into 
the upper chambers. After 3 h, the non‑migrating cells were 
removed by wiping the upper side of the membrane, and the 
migrating cells were fixed in 4% paraformaldehyde for 10 min 
and then stained with 0.1% crystal violet at room temperature 
for 15 min. The number of cells on the lower surface, which 
had migrated through the membrane, was counted under a 
light microscope in at least five random fields at a magnifica-
tion of x400. Chemotaxis index (CI) was defined by the ratio 
of the number of cells on the lower surface of the membrane in 
the experimental group to the number of corresponding cells 
in the control group. All assays were repeated at least three 
times independently.

Matrigel invasion assay. The invasion of SKOV3 ovarian cells 
in vitro was evaluated using Matrigel‑coated Transwell inserts 
(Corning Incorporated, Corning, NY, USA) as described 
previously (9). Briefly, the Transwell inserts with 8 mm pore 
size were coated with a final concentration of 1.5 mg/ml 
Matrigel. The Matrigel contains collagen type IV, heparin 
sulfate proteoglycan, entactin and laminin. Cell suspension 
(5x105 cells/ml in 200 µl) were plated on the surface of top 
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chamber and 300 µl binding medium (RPMI‑1640, 0.1% BSA 
and 25 mM HEPES) with 10 ng/ml of EGF‑1 was added into 
the lower well. The assembly was incubated for 24 h at 37˚C 
in humidified 5% CO2. The invasive cells on the lower surface 
of the membrane were fixed in 4% paraformaldehyde for 
10 min and stained with 0.1% crystal violet at room tempera-
ture for 30 min. The number of invading cells was counted 
under a light microscope in five random fields at a magnifica-
tion of x400. All assays were repeated at least three times 
independently.

Statistical analysis. The results are presented as the 
mean ± standard deviation. Each experiment was performed 
at least three times. The statistical difference of data between 
multiple groups was analyzed by one‑way analysis of variance. 
The Fisher's LSD test was used to determine significance 
among the multiple groups. All statistical analyses were 
carried out using the SPSS 17.0 statistical software (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Increased expression of ARK5 in ovarian cancer cell lines 
and tissues. To reveal the role of ARK5 in human ovarian 
cancer, western blot analysis was performed to evaluate ARK5 
expression in human ovarian cancer cell lines and primary 
cancer tissues. The results demonstrated that the protein levels 
of ARK5 in ovarian cancer cell lines, OVCAR‑3, A2780 and 
SKOV3 were significantly increased compared with the normal 
ovarian epithelial cells line, IOSE80. SKOV3 cells exhibited 
the highest ARK5 protein expression, thus, SKOV3 cells 
were selected for used in further experiments (Fig. 1A and B). 
Meanwhile, ARK5 was also strongly up regulated in ovarian 
cancer tissues compared with paired adjacent non‑cancerous 
tissues (Fig. 1C and D). Taken together, the results demon-
strated that the expression of ARK5 was markedly upregulated 
in human ovarian cancer cells and clinical primary human 
ovarian cancer tissues.

Knockdown of ARK5 in ovarian cancer SKOV3 cells. To confirm 
the role of ARK5 in ovarian cancer cell metastasis, an RNA 
interference (RNAi) expression vector was designed to target 
human ARK5 in SKOV3 cells, with a scrambled sequence 
vector used as a control. RNAi‑mediated ARK5 knockdown 
SKOV3 (siARK5/SKOV3#1 and siARK5/SKOV3#2) and 
the RNAi control SKOV3 (Scr/SKOV3) cell lines were 
produced. PCR and western analysis tests demonstrated 
that ARK5 was markedly reduced in siARK5/SKOV3#1 
and siARK5/SKOV3#2 cells. siARK5/SKOV3#2 was 
named ‘siARK5/SKOV3’ cells and used in the subsequent 
assays (Fig. 1E‑H).

ARK5 knockdown impairs migration of ovarian cancer 
cells. Cell migration is essential for cancer metastasis (10). A 
chemotaxis assay was performed to identify whether ARK5 
influences SKOV3 cells migration. The results revealed 
similar chemotaxis in parental SKOV3 and Scr/SKOV3 
cells, and EGF‑1 induced the robust chemotaxis of parental 
SKOV3 and Scr/SKOV3 cells with typical bell‑shaped 

response curves with increasing doses. Chemotaxis 
was decreased in siARK5/SKOV3 cells compared with 
Scr/SKOV3 cells  (Fig. 2A). The chemotaxis results indi-
cated that ARK5 has a role in the chemotaxis of SKOV3 
cells and downregulation of ARK5 impaired cell migration. 
The materials and methods states that the change in cell 
proliferation, however, did not interfere with the chemotaxis 
of SKOV3 cells in the present study, because it took <3 h to 
finish the chemotaxis assay, which is far shorter than the cell 
doubling time.

ARK5 knockdown impairs SKOV3 cell invasion. Cell migra-
tion is crucial in tumor invasion, this whether ARK5 can 
influence ovarian cancer cell invasion was investigated in the 
current study (11,12). EGF‑1 (10 ng/ml) was used as a chemoat-
tractant to stimulate the cells to penetrate through Matrigel 
and filters. Compared with the Scr/SKOV3 cells, the number 
of invading siARK5/SKOV3 cells was dramatically decreased. 
This result indicates that ARK5 has a role in SKOV3 cell 
invasion, and ARK5 knockdown results in reduced invasive 
ability (Fig. 2B and C).

ARK5 knockdown reduces the expression of MMP‑2 and 
MMP‑9 in SKOV3 cells. It is established that MMPs are 
involved in tumor invasion  (13), therefore, MMP‑2 and 
MMP‑9 expression was assessed in siARK5/SKOV3 and 
control cells  (14). Western blot analysis demonstrated 
that MMP‑2 and MMP‑9 expression was lower in 
siARK5/SKOV3 cells than in Scr/SKOV3 cells. In addition, 
EGF‑1 (10 ng/ml) stimulation induced increased expression 
of MMP‑2 and MMP‑9 in Scr/SKOV3  cells; however, 
there was no obvious increase of MMP‑2 and MMP‑9 
in siARK5/SKOV3 cells  (Fig.  3A  and  B). These results 
suggest that downregulation of ARK5 was associated with 
reduced expression of MMP‑2 and MMP‑9 in ovarian cancer 
SKOV3 cells, indicating that MMP‑2 and MMP‑9, at least 
partially, have important roles in the invasiveness of ovarian 
cancer cells induced by ARK5.

Knockdown of ARK5 inhibited cell mesenchymal properties 
and reversed EMT. EMT is a vital process for metastasis of 
cancers, during which epithelial tumor cells acquire a more 
motile and invasive phenotype (15). In the current study, the 
expression of EMT markers was analyzed to address the 
mechanism of ARK5‑facilitated ovarian cancer invasion. 
As shown in, the expression of mesenchymal marker 
N‑cadherin was much higher in Scr/SKOV3 cells than that 
in SiARK5/SKOV3 cells whereas the expression of epithelial 
marker E‑cadherin was much higher in SiARK5/SKOV3 cells 
than that in Scr/SKOV3 cells (Fig. 3C and D). Additionally, 
there were changes in cell morphology that are associated 
with decreased mesenchymal proper ties  (Fig.  3E). 
siARK5/SKOV3 cells changed their morphology from an 
elongated, fibroblastic‑like appearance to a cobblestone‑like 
epithelial shape. Furthermore, EGF‑1 (10 ng/ml) can increased 
the expression of N‑cadherin in Scr/SKOV3 cells, while there 
was only a marginal increase in N‑cadherin expression in 
siARK5/SKOV3 cells. These findings indicate that siARK5 
reduces the expression of N‑cadherin and increases the 
expression of E‑cadherin, which indicates that ARK5 may 
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promote EMT of ovarian cancer cell and knockdown ARK5 
may reverse the EMT process (16).

ARK5 knockdown stabilized Akt‑mTOR signaling pathway. 
Furthermore, it is well established that Akt activation can 
increase tumor invasion and metastasis in ovarian cancer (17). 
Multiple extracellular stimuli can induce the phosphoryla-
tion of Akt and mTOR downstream. The activation of the 
Akt‑mTOR signaling pathway can promote the expression of 

MMPs and the EMT process (18). However, the function of 
ARK5 in ovarian cancer invasion is not fully understood. To 
determine whether ARK5 is an upstream regulator of mTOR 
during ovarian cancer cell invasion, the effect of ARK5 on 
EGF‑1‑induced activation of mTOR was investigated in SKOV3 
cells. In Scr/SKOV3 cells, phosphorylated mTOR was higher 
than in siARK5/SKOV3 cells (Fig. 4A and B). Notably, EGF‑1 
induced increased expression of p‑mTOR in Scr/SKOV3 cells 
and siARK5/SKOV3 cells, whereas there was markedly lower 

Figure 1. Increased ARK5 expression in ovarian cancer cell lines and ovarian cancer tissues, and ARK5 knockdown in SKOV3 cells. (A) Western blot analysis 
of ARK5 in ovarian cancer cell lines, OVCAR‑3, A2780 and SKOV3, and normal ovarian epithelial cells line, IOSE80. (B) Western blot analysis of ARK5 
in resected ovarian cancer tissues and adjacent normal ovarian tissues. (C) Densitometry analysis of ARK5 in ovarian cancer cell lines, OVCAR‑3, A2780 
and SKOV3, and normal ovarian epithelial cells line, ISOE80, **P<0.01, ***P<0.001 vs. IOSE80. (D) Densitometry analysis of ARK5 expression levels in 
resected ovarian cancer tissues and adjacent normal ovarian tissues. **P<0.01 vs. N. (E) Reverse transcription‑polymerase chain reaction analysis of ARK5 
mRNA expression in Scr/SKOV3 and siARK5/SKOV3 cells. (F) Western blot analysis of ARK5 protein expression in Scr/SKOV3 and siARK5/SKOV3 cells. 
(G) Statistical analysis of ARK5 mRNA expression in Scr/SKOV3 and siARK5/SKOV3 cells. **P<0.01 vs. SKOV3. (H) Densitometry analysis of ARK5 
protein expression in Scr/SKOV3 and siARK5/SKOV3 cells. **P<0.01 vs. SKOV3. ARK5, AMPK‑related protein kinase‑5; N, adjacent normal tissue; T, 
ovarian cancer tissue; Scr, scramble control; siARK, ARK small interfering RNA.
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increase in p‑mTOR in siARK5/SKOV3 cells compared with 
Scr/SKOV3 cells. These results indicated that EGF‑1‑induced 
mTOR phosphorylation was inhibited in siARK5/SKOV3 cells 
and ARK5 may be a key mediator of ovarian cell invasion via 
activation of the mTOR signaling pathway.

Discussion

ARK5 is a novel member of the AMPK family that has been 
reported to be crucial in mediating malignant activity of 
various cancers (19). ARK5 is directly activated by Akt and 
has critical roles in tumorigenesis, cancer invasion and metas-
tasis (20,21). Similar results have also been reported in ovarian 
cancer, with ARK5 upregulated in ovarian cancer tissues 
and is associated with poor prognosis (22,23). However, the 
mechanism of ARK5 in facilitating ovarian cancer invasion 
has not been fully elucidated.

Understanding tumor invasion is an important issue for 
novel therapeutic applications and, thus, improving the clinical 
outcome of patients with ovarian cancer. In the current study, 
it was initially identified that ARK5 was highly expressed in 
ovarian cancer cell lines and primary ovarian cancer tissues, 
which corroborates a recent report by Phippen et al  (23). 

Polarized cell migration is a well‑regulated process that is 
closely associated with the infiltration and invasion of tumors. 
Knockdown of ARK5 markedly impaired the chemotaxis and 
invasion ability of SKOV3 ovarian cancer cells. This result 
suggests that ARK5 may be a vital factor involved in the 
migration and invasion of ovarian cancer cells.

MMPs regulate invasion by degrading the extracellular 
matrix and basement membrane to promote invasion in 
various cancer types. In human pancreatic cancer, ARK5 
has been reported to activate MMP‑2 and MMP‑9 via 
rapamycin‑sensitive signaling (24). The findings of the current 
study demonstrated that ARK5 knockdown leads to repression 
of MMP‑2 and MMP‑9 expression, which is consistent with 
the observations in pancreatic cancer cells (25). Furthermore, 
EGF‑1‑induced expression of MMP‑2 and MMP‑9 was also 
markedly inhibited in ARK5 knockdown siARK5/SKOV3 
cells. These results suggest that ARK5 functions upstream of 
MMP‑2 and MMP‑9, and directly regulates EGF‑1‑induced 
MMP expression.

The loss of epithelial markers and gain of mesenchymal 
markers are hallmarks of EMT. Numerous studies have indi-
cated that EMT is a potential mechanism by which tumor 
cells acquire a more invasive and metastatic phenotype (26). 
Phippen et al (23) reported that elevated ARK5 is significantly 
associated with the mesenchymal subtype in high‑grade serous 
ovarian cancer. The findings of the current study demon-
strated that the expression of ARK5 is associated with EMT 
in SKOV3 cells. Knockdown of ARK5 repressed N‑cadherin 
levels and increased E‑cadherin expression. In addition, EGF‑1 
induced EMT features in Scr/SKOV3 cells, which was blocked 
by ARK5 knockdown. These data indicated that ARK5 
knockdown promotes epithelial characteristics and reduces 
mesenchymal features. These findings are in accordance with 
the cellular migration and invasion properties of Scr/ARK5 
and SiARK5/SKOV3 cells, which indicate that the hallmarks 
of EMT can be altered by ARK5.

This switch in cell epithelial and mesenchymal features 
is controlled by certain signaling pathways involved in cell 
invasion and metastasis  (27). Recently, Zhang  et  al  (22) 
demonstrated that ARK5 promoted EMT in ovarian cancer 
by inhibiting a microRNA‑1181/homeobox A10 axis. In 
the current study, the function of Akt/mTOR signaling in 
regulating invasion of SKOV3 ovarian cancer cells was empha-
sized. As a member of the human AMPK family, ARK5 is 
directly activated by Akt dependent phosphorylation at serine 
residue on the regulatory domain (28). Akt/mTOR signaling is 
very important in promoting invasion and metastasis cancer 
cells via EMT and the expression of MMPs (29‑31). ARK5 
is a critical downstream effector of Akt and has critical 
roles in facilitating the invasion and metastasis of human 
malignant cancer cells (32). The findings of the current study 
demonstrated that ARK5 knockdown inhibited mTOR phos-
phorylation, regardless of EGF‑1 stimulation. Considering 
that mTOR is directly phosphorylated by Akt (33), and the 
complexity and importance of the Akt/mTOR pathway, it is 
uncertain whether mTOR phosphorylation is directly modu-
lated by ARK5 or indirectly by other factors that are regulated 
by ARK5. Collectively, the effects of ARK5 on SKOV3 cells 
invasion and metastasis may be attributed to its activation of 
the Akt/mTOR pathway (34).

Figure 2. Reduction of ARK5 impairs SKOV3 cell invasion. (A) Chemotaxis 
index of SKOV3, Scr/SKOV3, siARK5/SKOV3 cells under different concen-
trations of EGF‑1. **P<0.01. (B) Invasive ability of SKOV3, Scr/SKOV3, 
siARK5/SKOV3 cells. (C) Statistical analysis of invasive ability of SKOV3, 
Scr/SKOV3 and siARK5/SKOV3 cells. **P<0.01. EGF‑1, epidermal growth 
factor‑1; ARK5, AMPK‑related protein kinase‑5; Scr, scramble control; 
siARK, ARK small interfering RNA.
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Figure 4. Reduction of ARK5 stabilizes Akt‑mTOR signaling pathway. (A) Phosphorylation of mTOR was inhibited in siARK5/SKOV3 cells with and without 
EGF‑1 (10 ng/ml) stimulation. (B) Statistical analysis of expressions of p‑mTOR and mTOR in siARK5/SKOV3 cells with and without EGF‑1 (10 ng/ml) 
stimulation. *P<0.05, **P<0.01, ***P<0.001. siARK, ARK small interfering RNA; ARK5, AMPK‑related protein kinase‑5; Scr, scramble; EGF‑1, epidermal 
growth factor‑1; p‑, phospho‑; mTOR, mechanistic target of rapamycin kinase.

Figure 3. Reduction of ARK5 inhibited expression of MMP‑2 and MMP‑9, and reversed epithelia‑mesenchymal transition. (A) Expressions of MMP‑2 and 
MMP‑9 in Scr/SKOV3 and siARK5/SKOV3 cells with or without EGF‑1 (10 ng/ml) stimulation. (B) Statistical analysis of expressions of MMP‑2 and MMP‑9 
in Scr/SKOV3 and siARK5/SKOV3 cells. (C) Expressions of N‑cadherin and E‑cadherin in Scr/SKOV3 and siARK5/SKOV3 cells with or without EGF‑1 
(10 ng/ml) stimulation. (D) Statistical analysis of expressions of N‑cad and E‑cad in Scr/SKOV3 and siARK5/SKOV3 cells. (E) Changes in cell morphology. 
*P<0.05, **P<0.01. Scr, scramble; EGF‑1, epidermal growth factor‑1; siARK, ARK small interfering RNA; ARK5, AMPK‑related protein kinase‑5; MMP, 
matrix metallopeptidase; N‑cad, N‑cadherin; E‑cad, E‑cadherin.



MOLECULAR MEDICINE REPORTS  19:  2927-2934  2019 2933

In summary, human ovarian cancer exhibits high expres-
sion of ARK5 and knockdown of ARK5 significantly inhibits 
the invasive features of SKOV3 cells. In addition, the findings 
of the current study also indicate that ARK5 may mediate 
invasion of SKOV3 cells by increasing MMP‑2 and MMP‑9 
expression and promoting EMT process via Akt/mTOR 
signaling. Thus, the findings have important implications for 
developing novel therapeutic targets for ovarian cancer.
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