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Abstract: Recurrence is one of the major causes of high mortality in ovarian cancer. However, 

the mechanism of ovarian cancer recurrence after chemotherapy has not been fully understood. 

In the present study, we investigated the effect of chemotherapy-induced tumor microenviron-

ment on the proliferation of SKOV3 cells. We have shown that SKOV3 cells repopulated faster in 

the culture medium from apoptotic SKOV3 ovarian cancer cells after 24 h of etoposide phosphate 

(VP-16) treatment. We found that during apoptosis, cleaved caspase 3 could activate cytosolic 

calcium-independent phospholipase A
2
, which stimulated the release of arachidonic acid (AA) 

and triggered the production of prostaglandin E
2
 (PGE

2
). An increased level of phosphorylated 

focal adhesion kinase (FAK) subsequently facilitated the reproliferation of SKOV3 cells, and 

VP-16-induced repopulation effects were partially reversed by the FAK inhibitor PF562271. 

Furthermore, the plasma AA-to-PGE
2
 ratio and tumoral FAK expression of ovarian cancer 

patients after chemotherapy were significantly lower than those before chemotherapy. Taken 

together, our results indicate that chemotherapy-induced apoptotic cancer cells can produce 

PGE
2
-enriched microenvironment through caspase 3-mediated AA metabolic pathway, which 

could lead to the abnormal activation of FAK and eventually accelerate the repopulation of 

SKOV3 cells. Our study provides novel insight into a mechanism that may be utilized to prevent 

ovarian cancer recurrence in response to chemotherapy.
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Introduction
Ovarian cancer is the fourth most common gynecological malignancy, the sixth leading 

cause of cancer deaths among women, and the second leading cause of gynecological 

malignancy-related deaths worldwide.1 According to the National Comprehensive 

Cancer Network (NCCN) guidelines of 2016, the treatment of women who have 

advanced or poor-prognosis early-stage ovarian cancer mainly consists of surgery 

followed by chemotherapy.2 Although overall tumor response rates associated with 

paclitaxel and platinum range from 70% to 80%,3 50%–75% of individuals relapse 

within 18 months after completing first-line therapy and require further systemic 

therapy.4 Patients who relapse are rarely curable and often have only a short-term 

progression-free survival. Since apoptosis is a major mechanism of cytotoxin-based 

chemotherapy, there may be a link between the apoptosis-induced death of tumor cells 

and the repopulation of surviving cells in ovarian cancer; however, investigations of 

a specific mechanism for this link are scarce. Thus, we focused on the mechanism of 

the repopulation of ovarian cancer cells after chemotherapy aiming to provide a novel 

correspondence: li chen
Department of Pharmacology, college of 
Basic Medical sciences, Jilin University, 
126 Xinmin street, changchun 130021, 
Jilin, china
email chenl@jlu.edu.cn 

Kun li
school of nursing, Jilin University, 
965 Xinjiang street, changchun 130021, 
Jilin, china
email lik@jlu.edu.cn 

Journal name: OncoTargets and Therapy
Article Designation: Original Research
Year: 2017
Volume: 10
Running head verso: Cui et al
Running head recto: Ovarian cancer cells repopulation induced by chemotherapy
DOI: http://dx.doi.org/10.2147/OTT.S150456

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
http://dx.doi.org/10.2147/OTT.S150456
mailto:chenl@jlu.edu.cn
mailto:lik@jlu.edu.cn


OncoTargets and Therapy 2017:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5818

cui et al

strategy for solving the problem of the high rate of ovarian 

cancer recrudescence and to improve the treatment and pre-

vention of ovarian cancer.

Several studies have recently focused on the adverse 

effects of chemotherapy.5–7 These findings have demonstrated 

that induction chemotherapy results in an accelerated repopu-

lation and measurable regrowth of non-small-cell lung cancer 

tumors within weeks, which is much faster than the reported 

rates in preclinical models or untreated tumors. The cellular 

response to chemotherapy is presumed to induce the phenom-

enon of accelerated repopulation, which is one of the major 

causes of cancer recurrence.7 Therefore, chemotherapy itself 

may be one of the reasons for cancer relapse, and the source of 

the repopulating cells constitutes those that survived after the 

first period of chemotherapy administration. In cancer treat-

ment, apoptosis is a well-recognized cell death mechanism 

through which cytotoxic agents kill tumor cells. Caspase 3 

is a protease that is activated during the execution phase of 

apoptosis, which contributes to cell death. Cleaved caspase 3 

can activate cytosolic calcium-independent phospholipase 

A
2
 (iPLA

2
),8 and a consequence of membrane phospholipase 

A
2
 (PLA

2
) activation is the release of arachidonic acid (AA) 

from membrane phospholipids, which ultimately triggers 

production of the growth signal prostaglandin E
2
 (PGE

2
).7 

Both AA and PGE
2
 stimulate cell proliferation and tumor 

growth.9 Thus, caspase 3 activation may also ultimately lead 

to cancer recrudescence through the AA metabolic pathway. 

This mechanism has been observed in several different 

human cancers, but whether and why the activation of the 

AA metabolic pathway is linked with tumor recrudescence 

in ovarian cancer is unknown.

Focal adhesion kinase (FAK), a 125-kDa non-receptor 

cytoplasmic protein tyrosine kinase, is a key regulator of sig-

nals from the extracellular matrix mediated by integrins and 

growth factor receptors.10,11 In addition, elevated expression 

of FAK has been correlated with poor survival rates. FAK 

has been implicated in the regulation of a variety of cellular 

signaling pathways that control cell proliferation, cell-cycle 

progression, migration, apoptosis, and cell survival.11,12 

In addition, the effects of PGE
2
 are associated with FAK. 

PGE
2
 treatment increases the phosphorylation of FAK in 

hepatocellular carcinoma (HCC) cells.13 However, whether 

the chemotherapy-induced repopulation of ovarian cancer 

cells is through the activation of FAK remains unclear. Thus, 

we hypothesize that FAK may be downstream of the caspase-

activated iPLA
2
-AA-PGE

2
 axis in the chemotherapy-induced 

repopulation of ovarian cancer cells.

Herein, we first studied the levels of PGE
2
 and AA and 

the expression of FAK and phosphorylated FAK (p-FAK) 

in clinical samples. Next, we established a Transwell system 

for the co-culture of SKOV3 cells with the chemotherapy 

drug etoposide phosphate (VP-16) to mimic the microen-

vironmental changes in the dying cells and to stimulate 

the growth of a small number of surviving ovarian cancer 

cells. Our results test the hypotheses that the VP-16 treat-

ment triggers apoptosis, caspase 3 cleavage, and activation 

of iPLA
2
, stimulating the release of AA and the production 

of PGE
2
, resulting in the activation of FAK. The present 

study indicates a novel mechanism by which chemotherapy 

promotes ovarian cancer cells repopulation and provides an 

attractive target for prevention of recurrence.

Materials and methods
chemicals and reagents
VP-16 was purchased from Qilu Pharmaceutical Co., 

LTD (Jinan, China). A human PGE
2
 enzyme-linked 

immunosorbent assay (ELISA) kit and human AA ELISA 

kit were purchased from R&D Systems. PF562271 was 

purchased from Selleckchem. RPMI 1640 medium, fetal 

bovine serum (FBS), penicillin, streptomycin, and bicin-

choninic acid (BCA) protein assay kits were purchased 

from Beyotime Institute of Biotechnology (Haimen, 

China). The primary antibodies, including anti-FAK (Cat. # 

ab40794; Abcam), anti-p-FAK (phosphor Tyr397, Cat. # 

ab39967; Abcam), anti-iPLA
2
 (Cat. # sc-25504; Santa Cruz 

Biotechnology), anti-caspase 3 (Cat. # 836; Cell Signaling), 

and anti-β-actin (Cat. # 1854; Epitomics), were diluted at 

1:800 or 1:1,000 before use. All chemical compounds were 

analytically pure reagents.

clinical samples
The tissue samples and plasma samples from ovarian cancer 

patients were collected during routine therapeutic surgery 

before and after chemotherapy in our hospital. Tissue and 

plasma samples of patients (stages I and II, n=14) who under-

went surgery without chemotherapy were presented as the 

control group, whereas tissue and plasma samples collected 

from patients (stages III and IV, n=12) who received two to 

four short-course regimens of chemotherapy (2–4 months) 

were presented as the chemotherapy group. All tissues and 

plasma samples were immediately frozen in liquid nitrogen 

after explantation. This work was approved by the Ethics 

Committee of Jilin Cancer Hospital. All patients gave written 

informed consent before participating in this study.
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immunohistochemistry
Immunohistochemical staining for FAK and p-FAK in 

the aforementioned patient tissue samples was performed. 

Briefly, after deparaffinization and blocking, the sections 

were incubated overnight at 4°C with the anti-FAK or anti-

p-FAK antibody. The sections were counterstained with 

Meyer’s hematoxylin. FAK- and p-FAK-positive cells were 

defined as those with brown staining in the nucleus and cyto-

plasm, respectively. Signals in tumor tissue of each group 

were visually quantified using the same scoring system (0–9), 

multiplied intensity of signal, and percentage of positive 

cells (signal: 0= no signal, 1= weak signal, 2= intermediate 

signal, and 3= strong signal; percentage: 0=0%, 1=25%, 

2=25%–50%, and 3=50%).14

co-culture system and cell proliferation 
assays
The human epithelial ovarian cancer cell line SKOV3 was 

purchased from ATCC and cultured in RPMI 1640 supple-

mented with 10% FBS, penicillin (100 units/mL), and strepto-

mycin (100 mg/mL). Cells were incubated at 37°C under 5% 

CO
2
. Six-well Transwell chambers (Corning, Corning, NY, 

USA) with 4.0 μm pore size semipermeable membranes were 

used to prepare the Transwell-based co-culture system.14,15 

In the bottom chamber, SKOV3 cells (105 cells per well) as 

the feeder cells were treated with VP-16, and in the upper 

chamber, fewer numbers of SKOV3 cells (1,000 cells per well) 

were designed as the receptor cells exposed to culture medium 

from the feeder cells. In the model group, the feeder cells were 

rinsed with PBS twice after a 24 h treatment with 5 μM VP-16, 

fresh culture medium was added, and the SKOV3 receptor 

cells were inserted into the upper chamber. Meanwhile, a 

group of feeder cells without VP-16 treatment were designated 

as the control group (con). The FAK inhibitor PF562271 was 

added to the culture medium of the feeder cells with or without 

VP-16 treatment, and the receptor cells were collected after a 

10-day culture. Receptor cells located in the semipermeable 

filter insert were fixed with methanol and then stained with 

0.1% crystal violet for 30 min at room temperature. After 

washing the wells with PBS, the cells on the upper surface of 

the membranes were imaged under a microscope. Finally, the 

cells were solubilized with 1 mL of 33% acetic acid and quanti-

fied by their absorbance at 570 nm. We set the average OD
570

 

of cells from control group to 100%, and then determined the 

percentage of stimulated cells that were viable (attached) by 

comparing the average OD
570

 values of stimulated cells with 

the OD
570

 values of the nonstimulated cells.

Western blot analysis
Feeder cells from the third day of incubation were collected 

to analyze the protein level of caspase 3. Feeder cells from the 

sixth day of incubation were collected to analyze the protein 

expression of iPLA
2
. Receptor cells from the sixth day of 

incubation were collected for protein extraction for Western 

blot analysis of FAK and p-FAK. The collected SKOV3 cells 

(either receptor cells or feeder cells) grown in the co-culture 

system were collected by centrifugation after washing twice 

with cold PBS. The cell pellets were suspended in 100 μL 

of radioimmunoprecipitation assay lysis buffer for 15 min 

at 4°C and then centrifuged at 13,000 rpm for 15 min. The 

supernatants containing the total protein extracts were col-

lected. The concentrations of the proteins were determined 

using the BCA protein assay kit. Immunoblotting analysis 

was performed with 20 μg of protein from each sample on a 

12% sodium dodecyl sulfate (SDS) gel via polyacrylamide 

gel electrophoresis (PAGE). The electrophoresis was carried 

out initially at 80 V for 20 min followed by 160 V for 

60–90 min. The proteins separated using SDS-PAGE were 

transferred onto PVDF membranes. The membranes were 

incubated for 2 h in blocking buffer (10 mM Tris–HCl, 

150 mM NaCl, and 0.1% Tween-20) containing 5% bovine 

serum albumin and then incubated with a primary antibody 

(1:800 or 1:1,000) overnight. The membranes were then 

washed and incubated with a secondary antibody (1:2,000) 

at room temperature for 1 h. Bands were visualized using 

an enhanced chemiluminescence Western blotting detection 

system (Tanon 4200).

Measurement of aa and Pge2 levels
The supernatants (50 μL) were collected from the control 

and model groups in the Transwell system daily during 

the incubation period. Plasma samples from patients who 

underwent surgery alone and who underwent surgery and 

chemotherapy were presented as the control and chemo-

therapy groups, respectively. In vitro supernatants or patient 

plasma samples were thawed, and PGE
2
 and AA levels were 

analyzed using the human PGE
2
 ELISA kit and the human 

AA ELISA kit, respectively, according to the manufacturer’s 

instructions. The absorbances were measured at a wavelength 

of 450 nm.

statistical analysis
All experiments were completed at least three times unless 

otherwise indicated. All the data were expressed as the 

mean ± standard deviation. Statistical significance among 
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groups was analyzed by one-way analysis of variance fol-

lowed by Dunnett’s multiple comparison test. A value of 

P,0.05 was considered statistically significant.

Results
levels of aa and Pge2 and the 
expression of FaK differ in the clinical 
samples before and after chemotherapy
We first determined the levels of AA and PGE

2
 in patient 

plasma samples before and after chemotherapy. The level 

of PGE
2
 in patients who underwent chemotherapy was 

significantly higher than that in the control group, while the 

level of AA did not differ between the chemotherapy group 

and the control group. Also, the PGE
2
-to-AA ratio in plasma 

samples after chemotherapy was significantly higher than 

the ratio before chemotherapy (Figure 1A). This result sug-

gested that chemotherapy might significantly influence the 

release of AA and PGE
2
. To understand whether the expres-

sion of FAK was altered after chemotherapy, we compared 

the expression levels of FAK and p-FAK in patient ovarian 

cancer tissues before and after chemotherapy (Figure 1B). 

The phosphorylation of FAK in the chemotherapy group was 

Figure 1 The Pge2 and aa level and the expression of FaK in the clinical samples before and after chemotherapy.
Notes: (A) The aa and Pge2 levels of patient plasma samples were measured by elisa. The Pge2-to-aa ratios of patient plasma samples before and after chemotherapy 
were compared. Three independent experiments were carried out. The results are expressed as the mean ± sD of three independent experiments, *P,0.05 compared with 
the control group. (B) immunohistochemical staining of FaK and p-FaK in patient ovarian cancer samples before and after chemotherapy. (C) levels of FaK and p-FaK were 
quantified according to immunohistochemical staining score.
Abbreviations: Pge2, prostaglandin e2; aa, arachidonic acid; FaK, focal adhesion kinase; elisa, enzyme-linked immunosorbent assay; sD, standard deviation; p-FaK, 
phosphorylated FaK; ihc, immunohistochemical.
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significantly higher than that in the control group (Figure 1C), 

indicating that the phosphorylation of FAK is associated 

with chemotherapy.

VP-16-induced apoptosis accelerates the 
repopulation of the sKOV3 cell line
Accelerated repopulation causes cancer treatment failure. 

Researchers have observed that apoptotic tumor cells can 

stimulate the repopulation of tumors from a small number 

of surviving cells. In our study, we established a Transwell 

system for co-cultures of SKOV3 cells with the chemotherapy 

drug VP-16 or without the drug to examine whether VP-16 

treatment can stimulate the growth of surviving ovarian 

cancer cells.

VP-16 treatment led to apoptosis of the feeder cells, and 

the result of the crystal violet staining assay of the receptor 

cells showed that compared with cells in the control group, 

receptor cells in the model (VP-16-treated) group showed 

significantly more proliferation under the microscope 

(Figure 2A). In addition, the cell viability was approximately 

1.6-fold that of the control group (Figure 2B). This result con-

firmed that the VP-16-induced apoptosis can accelerate the 

repopulation of a small number of surviving SKOV3 cells.

caspase 3-activated iPla2-aa-Pge2 
pathway is involved in the apoptosis-
induced repopulation of sKOV3 cells
Activated caspase 3, a key executioner in apoptosis, may be 

involved in growth stimulation of cells that survive chemo-

therapy. Figure 3 shows the activation of caspase 3 in feeder 

cells. The results showed that the VP-16-induced apoptosis 

can induce the expression of cleaved caspase 3. We then 

attempted to identify the downstream factors of caspase 3 

involved in generating growth-promoting factors in the 

dying cells, and focused on iPLA
2
. iPLA

2
, an enzyme of the 

AA metabolic network, is activated by caspase 3 cleavage. 

Caspase 3-mediated iPLA
2
 activation leads to increased 

production of AA, whose downstream eicosanoid derivatives 

(such as PGE
2
) have been implicated in stimulating tumor 

growth and stem cell proliferation.

To evaluate the potential involvement of the caspase-

activated iPLA
2
-AA-PGE

2
 pathway in the apoptosis-induced 

tumor cell proliferation, we examined the expression of 

iPLA
2
 within the Transwell system. iPLA

2
 levels in feeder 

cells treated with VP-16 were higher than those in the 

control group (Figure 3). In addition, we analyzed the AA 

and PGE
2
 levels of the supernatants collected daily from the 

Transwell system during the 10-day incubation. Over time, 

the amount of AA (Figure 4A) decreased, while the level of 

PGE
2
 (Figure 4B) increased. Significant differences between 

the model group and the control group appeared beginning at 

day 6. We then calculated the content PGE
2
-to-AA ratio in the 

model group, and found that it increased in a time-dependent 

manner with significant differences from the control group 

appearing beginning at day 6. The PGE
2
-to-AA ratio was 2.32 

at day 10 (Figure 4C). These results confirmed our hypothesis 

that chemotherapy drug-induced apoptosis may lead to tumor 

cell repopulation and that the caspase 3-iPLA
2
-AA-PGE

2
 

pathway may be involved in this process.

Peg2 accelerates the repopulation of the 
sKOV3 cell line through the activation 
of FaK
To identify the downstream factors of PGE

2
, we focused on 

FAK, which is a key enzyme involved in the process of pro-

liferation. Phosphorylation of FAK at tyrosine 397 (Tyr397) 

has been used as a marker of FAK activity.16 In addition, 

PGE
2
 treatment can increase FAK phosphorylation.13 
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Figure 2 The influence of VP-16-induced apoptosis on the repopulation of SKOV3 cells.
Notes: (A) crystal violet staining assay of the receptor cells in the control and model groups. (B) The stained cells of the two groups in (A) were solubilized with 1 ml of 
33% acetic acid and quantified by the absorbance at 570 nm. The results are expressed as the mean ± sD of three independent experiments, *P,0.05 compared with the 
control group.
Abbreviations: VP-16, etoposide phosphate; sD, standard deviation.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


OncoTargets and Therapy 2017:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5822

cui et al

To investigate the role of FAK in the pathways involved in 

the VP-16-induced repopulation, we measured the expres-

sion of FAK and p-FAK within the Transwell model on 

the 6th day of the incubation. The phosphorylation of FAK 

was significantly higher in the model group than in the 

control group, but the level of FAK remained unchanged 

(Figure 3). Meanwhile, PF562271, an ATP competitor that 

inhibits the autophosphorylation of FAK, was added to the 

system.17 As shown in Figure 5, the addition of the FAK 

inhibitor partially reversed the VP-16-induced repopulation 

of SKOV3 cells. The expression of p-FAK was downregu-

lated by PF562271 but did not significantly influence the 
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Figure 3 The protein expression of caspase 3, cleaved caspase 3, iPla2, FaK, and p-FaK in the model of the VP-16-treatment-induced repopulation of sKOV3 cells.
Notes: Western blot analysis of caspase 3, cleaved caspase 3, and iPla2 expression in feeder cells and of FaK and p-FaK expression in receptor cells. each bar represents 
the mean ± sD of three independent experiments, n=3, *P,0.05 compared with the control group.
Abbreviations: iPla2, cytosolic calcium-independent phospholipase a2; FaK, focal adhesion kinase; p-FaK, phosphorylated FaK; VP-16, etoposide phosphate; sD, standard 
deviation.

Figure 4 The aa and Pge2 levels within the Transwell system.
Notes: (A and B) The aa and Pge2 levels of the supernatants collected each day from the Transwell system during the 10-day incubation were measured by elisa. 
(C) The Pge2-to-aa ratios were calculated. Three independent experiments were carried out. The results are expressed as the mean ± sD, n=3, *P,0.05 compared with 
the control group.
Abbreviations: aa, arachidonic acid; Pge2, prostaglandin e2; elisa, enzyme-linked immunosorbent assay; sD, standard deviation.
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expression of caspase 3 or iPLA
2
 (Figure 6), suggesting that 

the phosphorylation of FAK may occur downstream of the 

caspase 3-iPLA
2
-AA-PGE

2
 pathway and may influence the 

repopulation of SKOV3 cells.

Discussion
Treatment of ovarian cancer is based on the integration of 

surgery and chemotherapy. Chemotherapy plays a major 

role both in adjuvant treatment and in the care of patients 

with advanced disease.18 The standard of care in advanced 

epithelial ovarian cancer encompasses surgical staging and 

resection followed by administration of paclitaxel–platinum-

based chemotherapy.19–21 Despite the high rates of overall 

tumor response associated with chemotherapeutics, many 

responders relapse within a short period after completing 

first-line therapy and require further systemic therapy. 

Recurrence is especially common in ovarian cancer. Patients 

who have recurrent ovarian cancer are rarely curable and 

often have only a short-term progression-free survival.3,4 

Researchers have investigated the mechanism of cancer 

recurrence from various aspects, including apoptosis-related 

genes, chromosome aberration, angiogenesis, the cancer 

microenvironment, the immune systemancer stem cells.22 

Cytotoxin chemotherapy is a common type of chemotherapy 

and is widely used in systemic therapy for cancer treatment.23 

Previous studies have reported that radiotherapy or chemo-

therapy can lead to the measurable regrowth of tumor cells.7,8 

In addition, PGE
2
 promotes the proliferation of cancer cells 

and stem cells in different types of cancer. In our study, 

PGE
2
 levels also increased in clinical samples. Thus, we 

propose that chemotherapy and the recurrence of ovarian 

cancer may be linked to cytotoxin chemotherapy drugs that 

induce PGE
2
 production, and despite the traditional role 

that chemotherapy has played in killing tumor cells, che-

motherapy may have become a selective pressure that has 

led to the repopulation of ovarian cancer cells. In our study, 

chemotherapy was mechanistically determined to have two 

sides. On the one hand, chemotherapy killed cancer cells by 

inducing apoptosis, whereas it also caused the accelerated 

repopulation of a small number of surviving ovarian cancer 

Figure 5 The influence of the FAK inhibitor PF562271 (PF) on the VP-16-induced repopulation of SKOV3 cells.
Notes: (A) crystal violet staining assay of the receptor cells with the FaK inhibitor PF562271 (PF) added to the system. (B) The stained cells of the four groups in A were 
solubilized with 1 mL of 33% acetic acid and quantified by the absorbance at 570 nm. The results are expressed as the mean ± sD of three independent experiments, n=3, 
*P,0.05 compared with the control group, #P,0.05 compared with the model group.
Abbreviations: FaK, focal adhesion kinase; VP-16, etoposide phosphate; sD, standard deviation.
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cells through the caspase 3-activated iPLA
2
-AA-PGE

2
 path-

way followed by FAK phosphorylation. Thus, the application 

of an inhibitor that blocks this pathway after a chemotherapy 

course may become a solution to the high death rate in ovarian 

cancer patients.

The AA metabolic pathway has long been recognized 

to be correlated with the occurrence and development of 

various types of cancer. PLA
2
 and cyclooxygenase (COX) 

are rate-limiting enzymes in the AA metabolic pathway; these 

enzymes are important in the development and progression 

of a number of types of cancer.10,24 PLA
2
 comprises a set of 

extracellular and intracellular enzymes.25 The various groups 

of PLA
2
 can be mainly divided into three categories: secretory 

PLA
2
, cytosolic PLA

2
 (cPLA

2
) and iPLA

2
.26,27 iPLA

2
 plays a 

functional role in cellular signaling and AA release.28 Besides 

iPLA
2
, which we studied, a major contribution of cPLA

2
 

enzyme activity is also to mediate AA release.29 Downregu-

lation of COX-2 expression leads to increased abundance of 

its principal metabolic product, PGE
2
, the pleiotropic effects 

of which appear to affect most, if not all, of the hallmarks 

of cancer.5,30 PGE
2
 is a potent promoter of cell prolifera-

tion, motility, invasion, and angiogenesis.24 Similar results 

were obtained in our previous studies: celecoxib, a potent 

nonsteroidal anti-inflammatory drug, downregulates COX-2 

protein expression in Lewis lung carcinoma cells. In addi-

tion, celecoxib increases the amount of AA and decreases 

the amount of PGE
2
 in the culture supernatant. AA plays 

an important role in PGE
2
 production, and in our study, the 

PGE
2
-to-AA ratio increased in a dose-dependent manner.31 

In breast cancer cells, chemotherapy-induced apoptotic 

tumor cells use apoptosis to generate PGE
2
-stimulating sig-

nals to promote the repopulation of tumors. In this process, 

the few surviving cells that escape death after exposure to 

radiotherapy or chemotherapy can rapidly repopulate the 

badly damaged tumor by proliferating at a markedly accel-

erated pace via the caspase 3-PLA
2
-AA-PGE

2
 pathway.5,6,8 

In our study, we found that VP-16 treatment increased 

the amount of PEG
2
 and decreased the amount of AA in 

Figure 6 The influence of the FAK inhibitor PF562271 on the expression of FAK, p-FAK, caspase 3, and iPLA2.
Notes: Western blot analysis of caspase 3, cleaved caspase 3, and iPla2 in feeder cells and of FaK and p-FaK in receptor cells with the FaK inhibitor PF562271 (PF) 
added to the system. each bar represents the mean ± sD of three independent experiments, *P,0.05 compared with the control group, #P,0.05 compared with the model 
group.
Abbreviations: FaK, focal adhesion kinase; p-FaK, phosphorylated FaK; iPla2, cytosolic calcium-independent phospholipase a2; sD, standard deviation; VP-16, etoposide 
phosphate.
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the culture supernatant. In addition, the PGE
2
-to-AA ratio 

which increased in a time-dependent manner suggested that 

caspase 3 cleavage-activated iPLA
2
 stimulated the release 

of AA. This stimulation ultimately triggered the production 

of PGE
2
 and confirmed the crucial role of the AA metabolic 

pathway (iPLA
2
-AA-PGE

2
 pathway) in the process of 

chemotherapy-induced cancer cell repopulation. It is worth 

to note that although Figure 4A showed increased manner 

of AA level in the patients after chemotherapy, there was no 

statistical significance between the two groups. The signifi-

cantly increased PEG
2
-to-AA ratio was also consistent with 

our in vitro data.

As a key regulator of cellular signaling pathways that 

control cell proliferation and a protein downstream of 

PGE
2
, FAK is associated with proteins of the AA metabolic 

pathway.11,14,32–34 For example, exogenous PGE
2
 can increase 

FAK phosphorylation at Tyr397 in a concentration-dependent 

manner in HCC cells. At the same time, the selective COX-2 

inhibitor celecoxib decreases FAK expression. These results 

implied that FAK phosphorylation may be regulated by the 

level of PGE
2
.5,13 However, whether the chemotherapy-

induced repopulation of ovarian cancer cells occurs through 

the activation of FAK remains unclear. In our study, FAK 

phosphorylation was found to increase in both the Tran-

swell system that we established and in the patient tissue 

samples after chemotherapy. Addition of the FAK inhibitor 

PF562271 partially reversed the VP-16-induced repopulation 

of SKOV3 cells. The expression of p-FAK was downregu-

lated by PF562271, while the inhibitor did not significantly 

influence the expression of caspase 3 or iPLA
2
, suggesting 

that FAK phosphorylation might be downstream of the 

caspase 3-iPLA
2
-AA-PGE

2
 pathway and may contribute to 

the repopulation of SKOV3 cells after chemotherapy. In addi-

tion, this confirmed our hypothesis: as chemotherapy leads 

to consistent changes in the microenvironment of ovarian 

cancer cells, the chemotherapy-induced dysregulation of the 

AA metabolic pathway may lead to abnormal activation of 

FAK and thus accelerate the repopulation of SKOV3 cells.

Conclusion
In summary, we determined that VP-16 treatment triggered 

the process of apoptosis, caspase 3 cleavage, and the acti-

vation of iPLA
2
, which stimulated the release of AA and 

ultimately triggered the production of PGE
2
. Activation of 

the AA metabolic pathway in a large number of dying cells 

stimulated the growth of a small number of surviving cells by 

the activation of FAK. In patient tissue and plasma samples, 

the level of PGE
2
 increased after chemotherapy, and the 

PGE
2
-to-AA ratio after chemotherapy was significantly 

lower than that before chemotherapy. These results suggest 

that although chemotherapy induces cancer cell apoptosis, 

chemotherapy may also trigger the signals that ultimately 

lead to ovarian cancer recurrence.
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