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Inhibition of Proliferation, Migration, and Invasion by Knockdown of 
Pyruvate Kinase-M2 (PKM2) in Ovarian Cancer SKOV3 and OVCAR3 Cells
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Pyruvate kinase (PK) is a key enzyme in the process of glycolysis, catalyzing phosphoenolpyruvate (PEP) 
into pyruvate. Currently, PK isozyme type M2 (PKM2), one subtype of PK, has been proposed as a new 
tumor marker with high expression in various tumor tissues. Here we aimed to explore the effects of siRNA-
PKM2 on ovarian carcinoma (OC) cell lines SKOV3 and OVCAR3, in which PKM2 was notably expressed. 
PKM2 gene interference lentivirus vectors were built by miRNA transfection assay. siRNA-PKM2-transfected 
SKOV3 and OVCAR3 cells were evaluated for cell proliferation, cell cycle distribution, cell apoptosis, cell 
migration, and invasion in this study. In addition, the expression levels of several tumor-related genes were 
measured using real-time PCR and Western blot. Results showed that siRNA-PKM2 markedly inhibited cell 
proliferation, induced apoptosis, and caused cell cycle arrest at the G0/G1 phase. Cell migration and invasion 
were significantly suppressed by siRNA-PKM2. Furthermore, the tumor-related genes caspase 7, Bad, and 
E-cadherin were upregulated, while MMP2, HIF1a, VEGF, and MMP9 were depressed by siRNA-PKM2. The
function of siRNA-PKM2 on the biological behavior of OC cells indicated that PKM2 may also be a target for
treatment of OC.

Key words: Pyruvate kinase isozyme type M2 (PKM2); Ovarian carcinoma (OC); Cell proliferation; 
Metastasis; Signaling pathway

INTRODUCTION

Ovarian cancer (OC) is one of the most common gyne-
cological malignancies, with its incidence ranking third 
and mortality rate ranking first, and is a serious threat to 
the life of females (1). In recent years, with the improve-
ment of surgery, new chemotherapy drugs and chemo-
therapy combined with traditional surgery and radiation 
therapy have been used for the treatment of OC. However, 
its recurrence rate in patients is still high, reaching about 
40% to 60%, with the 5-year survival rate still hovering 
at 20% (2). In this context, biological therapy is receiving 
increased attention, including gene therapy (3).

Pyruvate kinase isozyme type M2 (PKM2) is one 
subtype of pyruvate kinase (PK), which is a key enzyme 
involved in the glycolysis progress. It was reported that 
PKM2 was expressed in various tissues, such as lung, adi-
pose, pancreas islet, and all cells synthesizing a large num-
ber of nucleic acids, especially tumor cells (4). PKM2 will 
disappear in the process of tissue differentiation and will 
be expressed again in cancerization tissue (5). In addition, 
PKM2 is highly expressed in various tumor tissues, such 

as lung cancer, cervical cancer, and colon cancer; thus, it is 
evaluated as a new tumor marker and an important target in 
the development of cancer medication (6–8). Recently, it has 
been found that the expression levels of PKM2 were closely 
associated with a number of factors in tumors, including 
the malignant degree of tumors, angiogenesis, invasion 
and metastasis, drug resistance, and prognosis (9–11). Peng 
et al. proved that knocking down PKM2 in pancreatic can-
cer cells in vitro could significantly inhibit cell proliferation 
and induce cell apoptosis. Furthermore, in vivo, the tumor 
formation rates were decreased (12). Currently, the relation-
ship between PKM2 and gynecologic cancer has also shown 
cause for concern. As early as 1978, it was reported that 
PKM2 was highly expressed in tissues of cervical cancer 
and endometrial cancer (13). Further, Kaura et al. found that 
the sensitivity and specificity of PKM2 in cervical cancer 
tissues between benign and malignant were 82% and 60%, 
respectively. Thus, PKM2 was regarded as a tumor marker 
in the cervical cancer screening process (14). Despite mul-
tiple evidence about the role of PKM2 in various cancers, 
the function of PKM2 remains largely unknown.
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In the current study, we measured the expression levels 
of PKM2 in OC and normal tissues in which the high 
expression of PKM2 in OC tissues was defined. After cell 
line screening, SKOV3 and OVCAR3 were determined 
to be our study targets. For both of the cell lines, knock-
ing down PKM2 inhibited cell proliferation, caused cell 
cycle arrest at the G0/G1 phrase, induced cell apoptosis, 
and suppressed the capacity of cell migration and inva-
sion. Moreover, the expression levels of several tumor-
related genes were changed under the function of PKM2. 
The function of siRNA-PKM2 on the biological behavior 
of OC cells indicated that PKM2 may also be a target for 
OC treatment.

MATERIALS AND METHODS

Tissue Simples

To compare the mRNA expression levels of PKM2 
in OC tissues and adjacent normal tissues, quantitative 
real-time polymerase chain reaction (qRT-PCR) was 
performed. Tissues were resected from 40 OC patients 
who were admitted to Shanghai General Hospital of 
Nanjing Medical University when the patients were 
undergoing definitive surgery, with peritumoral tissues 
within at least 5 cm of the tumor margin. According to 
the ethics com mittee guidelines, informed and written 
consent was obtained from all patients or their advisers. 
Ethical approval for the study was provided by the inde-
pendent ethics committee of Shanghai General Hospital 
of Nanjing Medical University.

Immunohistochemistry Assay

Immunohistochemistry assay was performed to mea-
sure the protein levels of PKM2 in OC tissue and adja-
cent normal tissue. Briefly, the formalin-fixed and 
paraffin-wax-embedded (FFPE) 5-μm tissue sections 
were dewaxed and rehydrated. To unmask the antigen 
and inactivate endogenous peroxidase, the rehydrated 
sections were treated with 0.01 M of citrate buffer (pH 6). 
Sections were then heated twice in a microwave oven for 
15 min, washed three times with 0.01 M of PBS, incubated 
with 5% (w/v) bovine serum albumin (BSA) at 37°C for  
30 min, and subsequently at 4°C overnight with antibody: 
PKM2 (1:50; dissolved by 0.01 M of PBS; Abcam). The 
tissues were rinsed thoroughly in PBS three times, each 
time for 5 min, and incubated with a secondary antibody 
for 1 h at room temperature. The degree of steatosis and 
inflammation were analyzed under light microscope 
(magnification: 400×).

Cell Culture

Five human cell lines containing OC (C200, Caov3, 
SKOV3, HO8910, and OVCAR3) were obtained from 
Shanghai Cell Bank, Chinese Academy of Science 
(Shanghai, China). All cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM; Hyclone, USA), 
supplemented with 100 μg/ml streptomycin, 10% heat-
inactivated FBS, and 100 U/ml penicillin. All media 
were incubated in an incubator (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) (37°C, 100% humidity, and 
5% CO2).

Small Interfering RNA Transfection

SKOV3 and OVCAR3 cells, which were selected to 
carry out our further experiments, were collected in the 
logarithmic growth phase, digested by trypsin, counted, 
and added to a six-well culture plate with 1 ml/well 
containing 5 × 105 cells/ml. Cells were then seeded in 
an antibiotic-free medium the day before transfection. 
After that, cells were transfected with 400 nmol/L of 
siRNA-PKM2™ or siRNA (as a negative control) using 
Lipofectamine 2000 (Invitrogen, Shanghai, China) accord-
ing to the manufacturer’s instructions. For siRNA-PKM2, 
RNA oligomers were synthesized in sense and antisense 
directions corresponding to human PKM2, containing 
three sections of the sequence: at nucleotides 871–893 
(5¢-GAGGTATTCCGATGCTTATTT-3¢), 21 nucleotides; 
at nucleotides 1,335–1,357 (5¢-TGGTGTTTGCGTCATT 
CAT-3¢), 19 nucleotides; and at nucleotides 1,792–1,814 
(5¢-CCGCAAGCTGTTTGAAGAA-3¢), 19 nucleotides. 
After 24, 48, and 72 h, cells were collected with each of 
the times regarded as one treated group and 0 h as a con-
trol for proliferation assay. The transfected cells at 48 h 
were used for the following cell adhesion assay, Transwell 
assay, qRT-PCR, and Western blot assay.

Cell Growth and Proliferation Assay

Cell Counting Kit-8 (CCK-8) Kit (Tongren, Shanghai, 
China) was used to assess the effects of siRNA-PKM2 
on the viability of SKOV3 and OVCAR3 cells in differ-
ent groups (control, negative control, and siRNA-PKM2 
treatment groups). Briefly, CCK-8 reagent was added to 
each treated group of wells with 1:10 (v/v) per 100 μl of 
medium when cells were transfected for 0, 12, 48, and 
72 h. After the endpoint of incubation, optical density 
(OD) at 450 nm was determined for the supernatant of 
each well by a microplate reader. Experiments were per-
formed at least three times, each time in triplicate.

Flow Cytometry (FCM) Detection

Cell cycles were measured using propidium iodide 
(PI) and flow cytometry. In the treatment group, three 
groups of cells were incubated in cell culture solutions 
for 60 min and were seeded in six-well plates at a den-
sity of 3 × 105 cells/well. After being incubated for 48 h, 
cells were washed with PBS, trypsinized, and centri-
fuged at 1,000 × g, 4°C, for 5 min. The obtained pellets 
were suspended with 300 μl of PBS containing 10% FBS 
and fixed in 700 μl of cold ethanol at −20°C for 24 h. 
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Then cells were washed twice with PBS and incu-
bated in PBS containing RNaseA (1 mg/ml) for 10 min 
at 37°C. The samples were stained with PI (1 mg/ml) 
for 10 min, shielded from light, at room temperature. 
Finally, the cells were analyzed by flow cytometry 
(FACSCalibur; BD Biosciences, Franklin Lakes, NJ, 
USA), and the data were analyzed using CellQuest soft-
ware (BD Biosciences).

On the other hand, apoptotic cells in the three groups 
were identified by flow cytometry and the Annexin-V/
Fluorescein Isothiocyanate (FITC) kit (BD Biosciences). 
Briefly, SKOV3 and OVCAR3 cells were collected, 
resuspended in 200 μl of binding buffer containing 5 μl 
of Annexin-V/FITC, stained at 20°C–25°C in the dark for 
10 min, centrifuged at room temperature (1,000 × g for 
5 min), resuspended in 200 μl of binding buffer again, 
then 10 μl of PI was added, mixed gently, and stained in 
an ice bath in the absence of light. After the above assays, 
flow cytometric analyses were performed.

Cell Migration Assay

SKOV3 and OVCAR3 cells in different groups (con-
trol, negative control, and siRNA-PKM2 treatment groups)  
were starved with serum-free RPMI-1640 medium (Hyc-
lone) for 24 h before the following assays. Cells were 
digested for 5 min by 0.25% trypsin (Gibco, Shanghai, 
China) and resuspended in RPMI-1640 medium (Hyclone) 
containing 0.1% BSA. After counting, cells were diluted 
to 5 × 105 cells/ml, seeded in a 24-plate Transwell room, 
and then were continued to be incubated for 24, 48, and 
72 h. Then cells were fixed for 15 min using 1 ml/well  

4% paraformaldehyde (JRDUN Biotech, Shanghai, China), 
stained by Giemsa (JRDUN) for 30 min, and washed 
three times by 1× PBS. Finally, the Transwell room with-
out migrating cells was wiped carefully using a cotton 
swab, placed under a 200× microscope, and the number 
of cells counted in random fields of 5–10.

Cell Invasion Assay

For cell invasion, before assays were performed, the 
Transwell room with an 8-μm pore size (Sigma-Aldrich, 
San Francisco, CA, USA) and 24 wells were washed 
with 1× PBS for 5 min. The inserts were coated with 
80 μl of Matrigel (dilution at 1:2; BD Biosciences). 
Cells in 0.5 ml of serum-free medium with a density of 
1 × 105 cells/ml were transferred to the upper Matrigel 
chambers. Then 0.75 ml of complete medium con-
taining 10% FBS as chemoattractant was added to the 
lower chamber. Afterward they were incubated at 37°C 
for 48 h. Cells that were able to pass through the filter 
were fixed and stained by 1 ml of 0.5% crystal violet 
for 30 min. Finally, the numbers of invaded cells in 
five randomly selected high-power fields were counted 
under the microscope.

Quantitative Real-Time PCR (qRT-PCR) Assay

The mRNA levels of PKM2 in SKOV3 and OVCAR3 
cells were quantified by qRT-PCR. Total RNA samples 
were isolated using TRIzol reagent (Invitrogen, Japan), 
and then the obtained mRNA was detected by agarose 
gel electrophoresis. cDNA was synthesized from approx-
imately 5 μg of RNA using AMV reverse transcriptase 

Table 1. Primers Used in qRT-PCR Analysis

Gene Primer Sequence Species
Amplicon 
Size (bp)

PKM2 Forward: 5¢-TCTCCAGGGCACACCGTATTC-3¢ Human 128
Reverse: 5¢-GCTGCTGAGGTCCTTTGGTTC-3¢

Caspase 7 Forward: 5¢-ACCTATCCTGCCCTCACATC-3¢ Human 108
Reverse: 5¢-TCTTCTCCTGCCTCACTGTC-3¢

MMP2 Forward: 5¢-TTGACGGTAAGGACGGACTC-3¢ Human 134
Reverse: 5¢-GGCGTTCCCATACTTCACAC-3¢

HIF1a Forward: 5¢-TCGGCGAAGTAAAGAATC-3¢ Human 129
Reverse: 5¢-TTCCTCACACGCAAATAG-3¢

Bad Forward: 5¢-AGACCCGGCAGACAGATGAG-3¢ Human 155
Reverse: 5¢-CTCTGGGCTGTGAGGACAAG-3¢

VEGF Forward: 5¢-ATTTCTGGGATTCCTGTAG-3¢ Human 157
Reverse: 5¢-CAGTGAAGACACCAATAAC-3¢

MMP9 Forward: 5¢-AAGGGCGTCGTGGTTCCAACTC-3¢ Human 210
Reverse: 5¢-AGCATTGCCGTCCTGGGTGTAG-3¢

E-cadherin Forward: 5¢-GAGAACGCATTGCCACATACAC-3¢ Human 164
Reverse: 5¢-AAGAGCACCTTCCATGACAGAC-3¢

GAPDH Forward: 5¢-CACCCACTCCTCCACCTTTG-3¢ Human 110
Reverse: 5¢-CCACCACCCTGTTGCTGTAG-3¢
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(Fermentas, USA). qRT-PCR reactions in a 25 μl total 
volume were performed using SYBR® Green 10× 
Supermix (Takara, Japan) on Roche Light Cycler® 480II 
System (Roche Diagnostics Ltd., Switzerland). Primer 
Express Software (Applied Biosystems, Shanghai, 
China) was used to design PKM2 primer pairs of human 
genes (Table 1). GAPDH was used as the internal control. 
The PCR procedure was 95°C for 10 min, followed by 
40 cycles of 95°C for 15 s, 60°C for 45 s; one cycle of 
95°C for 15 s, 60°C for 1 min; one cycle of 95°C for 15 s, 
60°C for 15 s. The relative expression levels of different 
groups were calculated using the DDCT

 method by nor-
malizing to the mRNA expression level of GAPDH. All 
PCR reactions were performed in triplicate.

Western Blot Analysis

The relationship between PKM2 and tumor-regulated 
genes was explored by Western blot assays. Transfected 
cells were harvested, washed twice with PBS, lysed in 
ice-cold radio immunoprecipitation assay buffer (RIPA; 
Beyotime, Shanghai, China) containing 0.01% protease 
and phosphatase inhibitor (Sigma-Aldrich, Shanghai, 
China), and incubated on ice for 30 min. Then cell lysis 
was obtained and centrifuged at 12,000 × g at 4°C for 
10 min. Proteins in the supernatant were obtained and 
quantified by BCA Protein Quantitation Kit (PICPI23223; 
Thermo Fisher Scientific). About 20–30 μg of protein 
samples in each load was separated by 10% SDS-PAGE 
gel and then transferred electrophoretically to a poly-
vinylidene fluoride membrane (Millipore, Shanghai, 
China). The membrane was blocked with 5% BSA in 
PBST and incubated with primary antibodies against 
PKM2 (Ab133490; 1:1,000 dilution; Abcam), caspase 
7 (Ab32419; 1:1,000 dilution; Abcam), matrix metal-
loproteinase 2 (MMP2) (Ab92536; 1:1,000 dilution; 
Abcam), HIF1 (#3879s; 1:1,000 dilution; Cell Signaling 
Technology), Bad (Ab175430; 1:500 dilution; Abcam), 
vascular endothelial growth factor (VEGF) (Ab175430; 
1:500 dilution; Abcam), MMP9 (Ab119906; 1:500 dilu-
tion; Abcam), and E-cadherin (#14472; 1:1,000 dilution; 
Cell Signaling Technology), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (#5174; 1:1500 dilution; Cell 
Signaling Technology). Blots were incubated for 1 h at 
37°C with goat, anti-mouse, or anti-rabbit secondary anti-
body (Beyotime), and intensities were measured using 
enhanced chemiluminescence (ECL; Thermo Scientific, 
Shanghai, China).

Statistical Analysis

All statistical analyses were conducted using the 
Graphpad Prism 6.0 software. Data were analyzed by 
t-tests. All experiments were performed with values 
expressed as mean ± SD. A value of p < 0.05 was considered 
statistically significant in all statistical comparisons. F
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RESULTS

High Expression of PKM2 in Ovarian Tumor Tissues 
and Cell Lines

In order to determine the expression levels of PKM2 in 
normal human ovarian tissue and OC tissue, qRT-PCR and 
immunohistochemistry assays were performed, and results 
showed that the mRNA and protein levels of PKM2 in 
tumor tissues were significantly higher than those in nor-
mal tissues (n = 40, p < 0.001) (Fig. 1A and B). The mRNA 
and protein levels of PKM2 in various OC cell lines con-
taining C200, Caov3, SKOV3, HO8910, and OVCAR3 
were detected by qRT-PCR and Western blot, respectively. 
Notably, PKM2 in SKOV3 and OVCAR3 cell lines was 
expressed much higher than in others (n = 3, p < 0.01) 
(Fig. 2A and B). Because there was a high expression in 
ovarian tumor tissue and cells, both SKOV3 and OVCAR3 
cell lines were selected to carry out our future assays.

Expression of PKM2 in SKOV3 and OVCAR3 
Cells After Transfection

In order to detect whether the siRNA-PKM2 or con-
trol-siRNA (NC) was transfected successfully, qRT-PCR 

and Western blot assays were performed. As shown in 
Figure 3A and B, in the siRNA-PKM2 group, relative 
mRNA expression levels of PKM2 in both cell lines 
were notably decreased. Similarly, the protein levels 
of PKM2 in the siRNA-PKM2 group were also down-
regulated. The above results suggest that expression of 
PKM2 was interfered successfully.

siRNA-PKM2 Inhibits Cell Viability

Cell growth (OD450nm) and proliferation rates were mea-
sured by CCK-8. Results showed that after transfection 
with siRNA-PKM2 or control-siRNA (NC) for 24, 48, 
and 72 h, cell viability of both SKOV3 and OVCAR3 was 
markedly weakened in the siRNA-PKM2 group cells in a 
time-dependent manner (n = 3, p < 0.01) (Fig. 4A and B). 
This suggests that siRNA-PKM2 inhibited cell viability 
and proliferation.

siRNA-PKM2 Affects Cell Cycle Control

In order to determine whether the inhibitory effect of 
siRNA-PKM2 on ovarian tumor cell proliferation was 
mediated by cell cycle, flow cytometry was used. The 
results revealed that, compared with the control group, 

Figure 2. Higher expression of PKM2 in SHOV3 and OVCAR3 cell lines. (A) mRNA expression levels of PKM2 in C200, Caov3, 
SKOV3, HO8910, and OVCAR3 cell lines. (B) Protein levels of PKM2 in the above ovarian tumor cell lines. n = 3.
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the SKOV3 cells in the treatment group were significantly 
increased in the G0/G1 phase (n = 3, p < 0.01) (Fig. 5A  
and B), as well as the OVCAR3 cells (n = 3, p < 0.01) 
(Fig. 5C and D). siRNA-PKM2 induced cell cycle arrest 
at the G0/G1 phase, suggesting that PKM2 might regulate 
cell proliferation by controlling the G0/G1 checkpoint and 
inducing a specific block in cell cycle progression.

siRNA-PKM2 Induces Cellular Apoptosis

To substantiate cell apoptosis induced by siRNA-PKM2 
treatment under various times, Annexin-V/FITC-PI double 
staining and flow cytometry analysis were performed. The 
number of apoptotic cells is shown in the lower right quad-
rant, and the lower left quadrant shows live cells (Fig. 6A 
and B). The number of apoptotic cells in the siRNA-PKM2 
treatment groups was significantly increased compared 
with the control groups (n = 3, p < 0.01) (Fig. 6C). The 
results suggest that siRNA-PKM2 induced ovarian tumor 
cell apoptosis.

siRNA-PKM2 Inhibited Cellular Migration  
and Invasion

Transwell test was performed to explore the effects of 
siRNA-PKM2 on SKOV3 and OVCAR3 cells. As shown 

in Figure 7A, treatment with siRNA-PKM2 obviously 
suppressed the migration and invasion abilities of cells 
compared with the NC and control groups. The numbers 
of cells that migrated in the control, NC, and siRNA-
PKM2 groups were 112 ± 7, 107 ± 9, and 52 ± 5, respec-
tively, in SKOV3 cells and 136 ± 7, 134 ± 9, and 60 ± 6, 
respectively, in OVCAR3 cells. The numbers of cells 
that invaded in the control, NC, and siRNA-PKM2 
groups were 77 ± 8, 70 ± 3, and 27 ± 5, respectively, in 
SKOV3 cells and 88 ± 5, 74 ± 8, and 24 ± 3, respectively, 
in OVCAR3 cells (Fig. 7B). The results indicate that 
siRNA-PKM2 inhibited migration and invasion of ovar-
ian tumor cells.

siRNA-PKM2 Regulated the Tumor Suppressor 
Genes and Oncogenes

In order to further understand the mechanism through 
which ovarian tumor cell proliferation and metastasis 
were inhibited by siRNA-PKM2, the mRNA expression 
levels and protein levels of several tumor-related genes in 
SKOV3 and OVCAR3 cells were detected by qRT-PCR 
and Western blot, respectively. As revealed in Figure 8A 
and C, not only in SKOV3 cells but also in OVCAR3 
cells, the mRNA expression levels of the tumor-related 

Figure 3. Expression of PKM2 in SKOV3 and OVCAR3 cells after transfection. (A) mRNA expression levels of PKM2 in both 
SKOV3 and OVCAR3 cells were decreased notably in the siRNA-PKM2 group. (B) The proteins levels of PKM2 in the siRNA-PKM2 
group were also downregulated not only in SKOV3 cells but also in OVCAR3 cells. n = 3, mean ± SD. ***p < 0.001 versus Control, 
###p < 0.001 versus Negative Control.
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genes caspase 7, Bad, and E-cadherin were upregulated, 
while MMP2, HIF1a, VEGF, and MMP9 were depressed 
in the siRNA-PKM2 group compared with the controls. 
Similarly, the results of protein levels corresponded with 
the mRNA levels (Fig. 8B and D).

DISCUSSION

OC varies widely in frequency among different geo-
graphic regions and ethnic groups, with a high incidence 
in Northern Europe and the US, and a low incidence in 
Japan. The majority of cases are sporadic, and only 5% 
to 10% of OCs are familial. The etiology of OC is poorly 
understood (15).

The expression of PKM2 in various kinds of cancers 
has been explored in both in vivo and in vitro studies, 

while in the aspect of OC, it is nearly unknown. Research 
on the effects of PKM2 on cell proliferation is always 
increasing. For instance, it is reported that PKM2 expres-
sion was increased and facilitates lactate production in 
cancer cells (16). Modulation of PKM2 catalytic activ-
ity also regulates the synthesis of DNA and lipids that 
are required for cell proliferation and of NADPH that is 
required for redox homeostasis (17). In addition to its role 
as a PK, PKM2 also functions as a protein kinase and as 
a transcriptional coactivator. These biochemical activi-
ties are controlled by allosteric regulators and posttrans-
lational modifications of PKM2 that include acetylation, 
oxidation, phosphorylation, prolyl hydroxylation, and 
sumoylation (18). Given its pleiotropic effects on cancer 
biology, PKM2 represents an attractive target for cancer 

Figure 4. siRNA-PKM2 inhibited cell viability. (A) Cell viability of SKOV3 was weakened markedly in siRNA-PKM2 group cells 
in a time-dependent manner. (B) Cell viability of OVCAR3 was weakened markedly in siRNA-PKM2 group cells. n = 3, mean ± SD. 
**p < 0.01, ***p < 0.001 versus Control, ##p < 0.01, ###p < 0.001 versus Negative Control.Retr

act
ed



470 MIAO ET AL.

F
ig

ur
e 

5.
 s

iR
N

A
-P

K
M

2 
ar

re
st

ed
 c

el
l c

yc
le

 a
t t

he
 G

0/
G

1 p
ha

se
. (

A
 a

nd
 B

) T
he

 p
er

ce
nt

ag
e 

of
 G

0/
G

1 p
ha

se
 c

el
ls

 o
f S

K
O

V
3 

w
as

 in
cr

ea
se

d,
 w

hi
le

 th
e 

pe
rc

en
ta

ge
s 

of
 S

 a
nd

 G
2 
/M

 p
ha

se
 

ce
lls

 w
er

e 
de

cr
ea

se
d 

in
 th

e 
si

R
N

A
-P

K
M

2 
tr

ea
tm

en
t g

ro
up

. (
C

, D
) 

T
he

 p
er

ce
nt

ag
e 

of
 G

0/
G

1 p
ha

se
 c

el
ls

 o
f 

O
V

C
A

R
3 

w
as

 in
cr

ea
se

d,
 w

hi
le

 th
e 

pe
rc

en
ta

ge
 o

f 
S 

an
d 

G
2/

M
 p

ha
se

 c
el

ls
 

w
as

 d
ec

re
as

ed
 in

 th
e 

si
R

N
A

-P
K

M
2 

tr
ea

tm
en

t g
ro

up
. n

 =
 3

, m
ea

n 
±

 S
D

. *
*p

 <
 0

.0
1,

 *
**

p 
<

 0
.0

01
 v

er
su

s 
C

on
tr

ol
; #

#p
 <

 0
.0

1,
 #

##
p 

<
 0

.0
01

 v
er

su
s 

N
eg

at
iv

e 
C

on
tr

ol
.

Retr
act

ed



EFFECTS OF PKM2 ON OVARIAN CANCER 471

F
ig

ur
e 

6.
 s

iR
N

A
-P

K
M

2 
in

du
ce

d 
ce

ll 
ap

op
to

si
s.

 (
A

 a
nd

 B
) 

si
R

N
A

-P
K

M
2 

in
du

ce
d 

ce
ll 

ap
op

to
si

s 
of

 S
K

O
V

3 
an

d 
O

V
C

A
R

3 
ce

lls
. (

C
) 

si
R

N
A

-P
K

M
2 

ob
vi

ou
sl

y 
in

cr
ea

se
d 

th
e 

ap
o-

pt
ot

ic
 p

op
ul

at
io

n 
of

 th
e 

tw
o 

ce
ll 

lin
es

. n
 =

 3
, m

ea
n 

±
 S

D
. *

**
p 

<
 0

.0
01

 v
er

su
s 

C
on

tr
ol

, #
##

p 
<

 0
.0

01
 v

er
su

s 
N

eg
at

iv
e 

C
on

tr
ol

.

Retr
act

ed



472 MIAO ET AL.

therapy (19). Considered together, PKM2 expression was 
upregulated in various cancer cells and involved in regu-
lating cell proliferation. Likewise, in our present study, 
knockdown of PKM2 with siRNA inhibited the prolifera-
tion of OC cell lines.

This distinct metabolic phenotype, termed as aerobic 
glycolysis, serves as a metabolic advantage as it provides 
dividing cells both energy and glycolytic intermediates 
(phosphor metabolites) that are required as precursors 
for the synthesis of nucleic acids, amino acids, and lipids 

Figure 7. siRNA-PKM2 inhibited migration and invasion of SKOV3 and OVCAR3 cells. (A) The migration and invasion abilities 
of SKOV3 and OVCAR3 were obviously suppressed by siRNA-PKM2, respectively. (B) The migration and invasion cell numbers 
of both SKOV3 and OVCAR3 were decreased, respectively. n = 3, mean ± SD. ***p < 0.001 versus Control, ###p < 0.001 versus 
Negative Control.
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(20–22). Acidification of the extracellular microenviron-
ment due to increased lactate production may facilitate 
tumor cell invasion and metastasis (22,23). It has even 
been proposed that aerobic glycolysis is an early and 
essentially irreversible step that leads to tumorigenesis 
(24). Recent results show that upregulation of glycolytic 
enzymes plays a crucial role in cancer. Among these 
enzymes, PKM2 comprises one of the most unregulated 
genes in cancers (25–27). It is shown that expression of 
PKM2 in cancer cells is essential for the establishment 
of aerobic glycolysis and provides a selective growth 
advantage for tumor cells in vivo (27). A high level of 
this glycolytic intermediate reflects sufficient amounts 
of phosphor-metabolites and induces reassociation of the 
dimeric form of PKM2 to the highly active tetrameric 
form, thus shifting tumor metabolism from the synthesis 
of cell building blocks to energy regeneration (4,28). So 
it is believed that PKM2 plays a key role in the channel-
ing of glucose carbons into either catabolic or anabolic 

pathways (29,30). Taken together, PKM2 has a function 
in cancer cell metastasis, and existing reports agree with 
our current study that transfection of cells with siRNA-
PKM2 caused the inhibition of cell metastasis.

PKM2 may play a critical role in pathways leading to 
cell proliferation and metastasis, while the precise mecha-
nism is still unknown. In order to explore this, we proved 
that siRNA-PKM2 affects the expression of several tumor- 
related genes. Knockdown of PKM2 with siRNA resulted 
in the upregulation of tumor suppressor gene caspase 7, 
Bad, and E-cadherin, while oncogenes, containing MMP2, 
HIF1a, VEGF, and MMP9, were downregulated. Among 
them, MMP2 and MMP9 are MMP members (31). Human 
prostate cancer cell invasion is inhibited by finasteride 
through MMP2 and MMP9 downregulation (32). It is also 
reported that MMP2 may play a role in the migration of 
tumor cells (33). E-cadherin, together with Snai1 and Twist, 
plays a vital role in the EMT (epithelial–mesenchymal tran-
sition) process, which is closely associated with tumor cell 

Figure 8. siRNA-PKM2 regulated the tumor suppressor genes and oncogenes. (A and C) The mRNA expression levels of the tumor-
related genes caspase 7, Bad, and E-cadherin were upregulated, whereas MMP2, HIF1a, VEGF, and MMP9 were depressed in the 
siRNA-PKM2 group compared with the controls. (B and D) The protein levels of the tumor-related genes caspase 7, Bad, and E-cadherin 
were upregulated, whereas MMP2, HIF1a, VEGF, and MMP9 were downregulated. n = 3, mean ± SD. ***p < 0.001 versus Control, 
###p < 0.001 versus Negative Control.Retr
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metastasis (34). The genes identified in this SVM classi-
fier are in commonly deregulated pathways in OC (35–37). 
BRCA1/BRCA2, p53, and the EMT phenotype (particularly 
E-cadherin expression) have independently been reported to 
be prognostic factors for chemotherapy resistance and sur-
vival of women with ovarian carcinoma. Taken together, it 
was very likely that the inhibition of cell proliferation and 
metastasis in OC cell line by knockdown of PKM2 may be 
through these tumor-related genes. Further studies are nec-
essary to determine the functional role of PKM2 in cancer.

CONCLUSION

In conclusion, siRNA-PKM2 was expressed much 
higher in OC tissues and cell lines. Here we first proved 
that siRNA-PKM2 inhibited proliferation and metastasis 
of SKOV3 and OVCAR3 OC cell lines. We also found 
that several tumor suppressor genes and oncogenes were 
up- and downregulated. Our work contributed to discov-
ering the functional role of PKM2 in cancer.
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