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Cell motility plays an essential role in many physiological responses, such as development, immune
reaction, and angiogenesis. In the present study, we showed that lysophosphatidic acid (LPA) modu-
lates cancer cell migration by regulation of generation of reactive oxygen species (ROS). Stimulation
of SKOV-3 ovarian cancer cells with LPA strongly promoted migration. but this migration was com-
pletely blocked by pharmacological inhibition of phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway. Inhibition of the ERK pathway had no effect on migration. Stimulation of SKOV-3 ovarian
cancer cells with LPA significantly induced the generation of ROS in a time-dependent manner.
LPA-induced generation of ROS was significantly blocked by pharmacological inhibition of PI3K or
Akt, but inhibition of the ERK signaling pathway had little effect. LPA-induced generation of ROS
was blocked by pretreatment of SKOV-3 ovarian cancer cells with an NADPH oxidase inhibitor,
whereas inhibition of xanthine oxidase, cyclooxygenase, or mitochondrial respiratory chain complex
I had no effect. Scavenging of ROS by N-acetylcysteine completely blocked LPA-induced migration
of SKOV-3 ovarian cancer cells. Inhibition of NADPH oxidase blocked LPA-induced migration where-
as inhibition of xanthine oxidase, cyclooxygenase, or mitochondrial respiratory chain complex I did
not affect LPA-induced migration of SKOV-3 ovarian cancer cells. Given these results, we suggest that
LPA induces ROS generation through the PI3K/Akt/NADPH oxidase signaling axis, thereby regulat-
ing cancer cell migration.
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Introduction

Cell migration plays crucial roles in both physiology and

pathophysiology such as embryonic development, immune

system activation, angiognenesis, inflammation, wound

healing, and cancer cell metastasis [18,26,28]. The speed and

direction of cell migration are controlled by complex mecha-

nisms involving morphological changes. For example, mem-

brane rufflings such as laemellipodia and filopodia are

formed by dynamic coordination of cytoskeletal rearrange-

ment [18,28]. Major responsible factors for morphological

change and directional migration are known to be micro-

tubules, integrins, and small G proteins such as Rac and

CDC42 [6,7,35] . Directionality of cell migration is acquired

by local activation of Rac or Ras where its local activation

of phosphatidylinositol 3-kinase (PI3K) renders establish-

ment of phosphoinositide gradient at the plasma membrane

[30,33]. Basically, PI3K catalyzes phosphatidylinositol 4,5-bis

phosphate (PIP2) to generate more acidic phospholipid,

phosphatidylinositol 3,4,5-trisphosphate (PIP3). Accumulation

of PIP3 at membrane ruffling region enables cells to recruit

a number of signaling molecules including Rac guanine nu-

cleotide exchange factors (GEFs) and downstream effector

molecules such as Wiskott-Aldrich syndrome protein

(WASP) and WASP-family verprolin homologous protein

(WAVE) [9,23,29].

In normal serum or body fluids, a lipid ligand, lysophos-

phatidic acid (LPA, 1- or 2-acyl-sn-glycero-3-phosphate) nor-

mally exists. High level of LPA is detected not only in ascitic
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fluids but also in the plasma of ovarian cancer patients there-

by regarded as a biomarker for ovarian cancer [37]. LPA

modulates many cellular physiologies. In particular, it has

been reported that LPA stimulates migration in various cell

types including endothelial cells and fibroblasts [24,25]. In

addition, LPA modulates migration of cancer cells such as

ovarian cancer cells and rat hepatoma cells [8,14]. Recently,

it also has been reported that LPA synergistically induces

cancer cell migration in the presence of growth factors [15].

The mechanism by which LPA regulates cancer cell mi-

gration is still unclear. It has been reported that LPA acti-

vates G protein-coupled receptors (GPCRs) such as

LPA1/Edg-2, LPA2/Edg-4, and LPA3/Edg-7LPA thereby ex-

erts its biological function [5]. Occupation of LPA receptors

by LPA triggers signaling activation to induce migration in

a variety of cells. For example, LPA activates the Ras/

MEKK/mitogen activated protein kinase (MAPK) pathway,

p38 mitogen-activated protein kinase (p38 MAPK), and c-Jun

N-terminal kinase (JNK) [2,21]. In addition, PI3K is also acti-

vated by LPA stimulation. It has been reported that PI3K

is activated by two different mechanisms. For example, LPA

activates class I PI3K through transactivation of epidermal

growth factor (EGF) receptor or directly activates class II

PI3K [20,32]. Although the involvement of PI3K in LPA-in-

duced cancer cell migration in evident, the mechanism by

which PIP3 regulates migration of cancer cell is still

ambiguous. Recent evidence has supported that PIP3 can di-

rectly activate Rac small G protein to induced the formation

of membrane ruffling. However, further downstream of

PIP3/Rac signaling pathway is still unclear.

Reactive oxygen species (ROS) are generated by many dif-

ferent type extracellular stimuli [19]. Particularly, LPA sig-

nificantly generates ROS in both macrophages and ovarian

cancer cells thereby regulate mitogen-activated protein kin-

ase (MAPK) signaling and proliferation [3,31]. However, the

involvement of ROS in LPA-induced cancer cell migration

is still unclear. In this study, we suggest that LPA induces

cancer cell migration through PI3K/NADPH oxidase

pathways.

Materials and Methods

Materials

All culture media were purchased from Hyclone

Laboratories Inc. (Logan, UT, USA). ChemoTx membrane (8

μm pore size) was obtained from Neuro Probe Inc.

Lysophosphatidic acid (LPA, 1- or 2-acyl-sn-glycero-3-

phosphate) and all other high quality reagents were

purchased from Sigma-Aldrich unless otherwise indicated.

Cell culture

SKOV-3 ovarian cancer cells were maintained in Roswell

Park Memorial Institute (RPMI) medium containing 10% fe-

tal bovine serum (FBS) and 1% penicillin/streptomycin at

37°C in a humidified 5% CO2 incubator.

Migration assay

SKOV-3 ovarian cancer cells were grown and se-

rum-starved for 6 hrs before plating on a ChemoTx chamber.

Cells were detached with trypsin-EDTA and washed with

serum-free RPMI. For the migration assay, the bottom side

of the ChemoTx membrane was coated with type I collagen

for 30 min and a total of 2x104 serum-starved cells in a 50

μl volume were placed on the top side of ChemoTx

membrane. Migration was induced by placing the cells on

an overlaid ChemoTx membrane on top of serum-free me-

dium either in the absence or presence of chemotactic factors

such as LPA (10 μM) for 3 hrs. The ChemoTx membrane

was fixed with 4% paraformaldehyde, and non-migrated

cells on the top side of membrane were removed by wiping

with a cotton swab. The membrane was stained with DAPI,

and migrated cells were counted with the fluorescence mi-

croscope at 10× magnification (Axiovert 200, Germany).

ROS production assay

To measure ROS generation, SKOV-3 ovarian cancer cells

were grown in 6-well plates. After being serum starved for

12 h, SKOV-3 cells were incubated with 20 μM of 2',7'-di-

chlorofluorescein diacetate (DCF-DA, Sigma-Aldrich, St

Louis, MO, USA) for 30 min at 37°C, and then stimulated

with LPA (10 μM) for 5 min under the indicated conditions.

Cells were washed three times with chilled PBS to eliminate

any interference from contaminants. Fluorescence was de-

tected using a fluorescence microscope at 10× magnification

(Axiovert200, Carl Zeiss, Jena, Germany) and quantified by

MetaMorph software (Molecular Devices, Sunnyvale, CA).

Statistical analysis

Results are expressed as the mean±S.D. of three in-

dependent experiments (n=3 for each experiment). When

comparing two groups, an unpaired Student’s t-test was

used to assess differences. P-values less than 0.05 were con-
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sidered significant.

Results

LPA induces migration of SKOV-3 ovarian cancer

cells

To ascertain capability of LPA in the induction of migra-

tion, we have examined chemotactic migration of SKOV-3

ovarian cancer cells by LPA. As shown in Fig. 1A, LPA sig-

nificantly induced migration of SKOV-3 ovarian cancer cells.

Since LPA activates variety of signaling molecules, we exam-

ined which one is important for the LPA-induced migration

of SKOV-3 ovarian cancer cells. As shown in Fig. 1B, phar-

macological inhibition of PI3K using LY294002 (10 μM) sig-

nificantly blocked LPA-induced migration of SKOV-3 ovar-

ian cancer cells. In addition, inhibition of Akt by SH-5 (10

μM) completely abrogated LPA-induced migration of

SKOV-3 ovarian cancer cells. However, inhibition of ERK

by PD98059 (10 μM) did not affect LPA-induced migration

of SKOV-3 ovarian cancer cells. These results suggest that

PI3K/Akt signaling pathway is important for LPA-induced

migration of SKOV-3 ovarian cancer cells.

LPA induces ROS generation through the activation

of PI3K signaling pathway

Since ROS is generated by various extracellular stimuli

Fig. 1. LPA-induced migration of SKOV-3 ovarian cancer cells.

(A) Chemotactic migration of SKOV-3 ovarian cancer

cells was measured after stimulation with LPA (10 μM).

(B) Cells were pretreated with each pharmacological in-

hibitor (LY, LY294002, PI3K inhibitor, 10 μM; SH-5, Akt

inhibitor, 10 μM; PD, PD98059, MEK inhibitor, 10 μM)

for 20 min and LPA-induced migration was measured.

Data are the means±S.D. of three independent experi-

ments (n=3 for each experiment). *Significantly different

from controls (p<0.05).

[19], we examined production of ROS after stimulation of

SKOV-3 ovarian cancer cells with LPA. As shown in Figs.

2A and 2B, LPA significantly induced the generation of ROS

as judged by fluorescence assay. Since PI3K/Akt signaling

pathway mediates LPA-induced migration of SKOV-3 ovar-

ian cancer cells, we examined activation of Akt. As shown

in Fig. 2C, LPA rapidly induced the activation of Akt within

1 min. Next, we examined the effect of PI3K or Akt in-

hibition on the generation of ROS. As shown in Figs. 2D

and 2E, inhibition of PI3K or Akt significantly reduced

LPA-induced generation of ROS whereas inhibition of ERK

signaling pathway did not affect. These results suggest that

LPA evoke production of ROS through the activation of

PI3K/Akt signaling pathway.

LPA induces ROS generation through NADPH

oxidase system

It has been reported that xanthine oxidase, eicosanoids,

Fig. 2. Generation of ROS by LPA. (A) SKOV-3 ovarian cancer

cells were stimulated with LPA (10 μM) for the indicated

times and generation of ROS was measured in the pres-

ence of DCF-DA (20 μM). (B) Pixel intensity of images

by quantified by MetaMorph software. (C) Cells were

stimulated with LPA (10 μM) for the indicated times and

activation of Akt was verified by western blotting. (D)

Cells were pretreated with PI3K inhibitor (LY, LY294002,

10 μM), Akt inhibitor (SH-5, 10 μM), or ERK inhibitor

(PD, PD98059, 10 μM) for 20 min and generation of ROS

was measured in the presence of DCF-DA (20 μM). (E)

Pixel intensity of images by quantified by MetaMorph

software. Data are the means±S.D. of three independent

experiments (n=3 for each experiment). *Significantly dif-

ferent from controls (p<0.05).
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NADPH oxidase, mitochondrial respiratory chain belong to

principal sources of ROS in cells. To delineate major source

of LPA-induced ROS generation, we pharmacologically in-

hibited each source of ROS. As shown in Fig. 3, inhibition

of NADPH oxidase system by apocyanin (Apo, 10 μM) or

diphenylene iodonium (DPI, 10 μM) significantly blocked

LPA-induced ROS generation whereas inhibition of xanthine

oxidase, cyclooxygenase, or mitochondrial respiratory chain

did not affect. These results suggest that NADPH oxidase

system plays pivotal role in LPA-induced generation of ROS.

Generation of ROS is important for LPA-induced

cancer cell migration

Since our results showed that LPA produces ROS through

NADPH oxidase system, we examined the effect of ROS gen-

eration on the LPA-induced migration of cancer cells. As

shown in Fig. 4A, scavenging ROS by N-acetylcysteine

(NAC, 10 μM) completely blocked LPA-induced migration

of cancer cells. As shown in Fig. 4B, pharmacological in-

hibition of NADPH oxidase by either diphenylene iodonium

(DPI, 10 μM) or apocyanin (Apo, 10 μM) blocked LPA-in-

duced cancer cell migration. However, inhibition of xanthine

oxidase (Allo, allopurinol, 10 μM), cyclooxygenase (Indo, in-

Fig. 3. Generation of ROS by NADPH oxidase. (A) SKOV-3

ovarian cancer cells were pretreated with ROS scavenger

(NAC, N-acetylcysteine, 10 μM), COX inhibitor (Indo,

indomethacin, 10 μM), xanthine oxidase inhibitor (All,

allopurinol, 10 μM), NADPH oxidase inhibitors (Apo,

apocyanin, 10 μM; DPI, diphenylene iodonium, 10 μM),

or mitochondrial respiratory chain complex inhibitor

(Rot, rotenone, 10 μM) for 20 min and stimulated with

LPA (10 μM) for 5 min. Generation of ROS was meas-

ured in the presence of DCF-DA (20 μM). (B) Pixel in-

tensity of images by quantified by MetaMorph software.

Data are the means±S.D. of three independent experi-

ments (n=3 for each experiment). *Significantly different

from controls (p<0.05).

domethacin, 10 μM), or mitochondrial respiratory chain (Rot,

rotenone, 10 μM) did not affect LPA-induced migration of

SKOV-3 ovarian cancer cells. These results suggest that pro-

duction of ROS by NADPH oxidase system plays crucial role

in LPA-induced migration of SKOV-3 ovarian cancer cells.

Discussion

Plethora of reports suggests that LPA mainly activates

three MAPK signaling pathways including the Ras/MEKK/

MAPK, p38 MAPK, and JNK pathways [2,21]. In addition

to these MAPK signaling pathways, it also has been reported

that LPA stimulates PI3K signaling pathways and regulates

variety of physiological responses such as DNA synthesis

and cell motility [15,17]. Although the mechanism under-

lying activation of PI3K is still unclear, inhibition of PI3K

blocks almost all the LPA-induced physiological responses.

Likewise, our results showed that inhibition of PI3K blocked

LPA-induced migration as well as ROS generation (Figs. 1

and 2). Therefore, unveiling the downstream signaling

mechanism mediated by PI3K seems to be important step

for understanding the mechanism of many physiological

responses.

Our study demonstrated that PI3K regulated the gen-

eration of ROS in cancer cells (Fig. 2). The mechanism by

Fig. 4. Induction of migration by ROS. (A) SKOV-3 ovarian can-

cer cells were pretreated with ROS scavenger (NAC, 10

μM) for 20 min and LPA-induced migration was

measured. (B) Cells were pretreated with COX inhibitor

(Indo, indomethacin, 10 μM), xanthine oxidase inhibitor

(All, allopurinol, 10 μM), NADPH oxidase inhibitors

(Apo, apocyanin, 10 μM; DPI, diphenylene iodonium, 10

μM), or mitochondrial respiratory chain complex in-

hibitor (Rot, rotenone, 10 μM) and LPA-induced migra-

tion was measured. Data are the means±S.D. of three in-

dependent experiments (n=3 for each experiment).

*Significantly different from controls (p<0.05).
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which PI3K regulates ROS generation is still not clear.

However, recent report suggested that platelet-derived

growth factor (PDGF) induces translocation of Rac1 and

p47
phox

in PI3K-dependent mechanism [1]. Since Rac1 and

p47
phox

are components of NADPH oxidase system, trans-

location of these two components supposed to lead activa-

tion of NADPH oxidase at plasma membrane thereby in-

duces generation of ROS. Likewise, it is possible that LPA

also activates PI3K to induce the activation of Rac followed

by activation of NADPH oxidase. It is still unclear how PIP3

which is a catalytic product of PI3K leads to the activation

of Rac. One possible mechanism might be activation of

P-Rex1 which is a guanine nucleotide exchange factor (GEF)

for Rac. P-Rex1 has pleckstrin homology (PH) domain,

known as binding domain for PIP3, and two DEP domains,

known as binding domain for Gβγ [12,34,36]. Therefore, it

is possible that G protein-coupled LPA receptor evokes acti-

vation of PI3K and release of Gβγ subunit and leads to the

activation of P-Rex1. In line with this, it has been reported

that LPA induces cancer cell migration through the activa-

tion of P-Rex1 [15].

In the present study, one important issue arises against

involvement of Akt in the generation of ROS. For instance,

inhibition of Akt abrogated LPA-induced migration as well

as ROS generation (Figs. 1 and 2). Recently, the role of Akt

in the activation of Rac has been reported. Overexpression

of constitutively active form of Akt elevated activation of

Rac [11]. On the other hand, overexpression of dominant

negative form of Akt suppresses Rac activation. It also has

been reported that silencing of Akt1 significantly reduced

growth factor-induced activation of Rac [16]. Currently, the

mechanism by which Akt regulates Rac activation is still

unknown. One possible mechanism seems to be molecular

complex formation of Akt, P-Rex1, and Rac with mTOR. For

instance, Akt1 and P-Rex1 co-immunoprecipitated with

mTOR [10], and confocal microscopic analysis revealed that

Akt1, P-Rex1, and Rac co-localized at membrane ruffling re-

gion [16]. Therefore, Akt may relay the PI3K signals to Rac

by formation of molecular complex and lead to the gen-

eration of ROS.

A number of evidence supports that growth factor re-

ceptor-induced ROS generation is key regulator for cell mi-

gration [13,22]. However, little is known about the involve-

ment of ROS in LPA-induced cancer cell migration. In the

present study, two major findings are suggested. First, LPA

generates ROS through the activation of NADPH oxidase

(Fig. 3). Second, generation of ROS is important for LPA-in-

duced migration of SKOV-3 ovarian cancer cells (Fig. 4). It

is possible that the first issue involving mechanism of ROS

generation seems to be regulated by P-Rex1/Rac signaling

pathway as we mentioned above. However, it is still unclear

how ROS regulates cell migration. One plausible mechanism

seems to be enhancement of signaling capacity by modifying

various molecules. For example, ROS can directly activate

Src kinases by oxidizing its cysteine residues or indirectly

by inhibiting protein tyrosine phosphatase (PTP) [4]. It also

has been reported that inactivation of PTEN is achieved by

ROS and this process is critical step for the activation of

PI3K [27]. Therefore, it is possible that ROS can modulate

signaling cascade involving regulatory mechanism of cancer

cell migration.

In summary, LPA strongly promotes cancer cell migration

and ROS generation. PI3K/Akt signaling pathway is neces-

sary for both responses. In particular, generation of ROS

plays essential roles in migration of cancer cells. Therefore,

it is likely that PI3K/Akt signaling pathway regulates cancer

cell migration through the generation of ROS.
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초록：SKOV-3 난소암 세포주에서 lysophosphatidic acid 유도 세포의 이동에 있어 활성산소의 역할
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세포의 이동은 성장, 면역 작용, 그리고 혈관 신생 등 많은 생리현상에 중요한 역할을 한다. 또한 염증 및 종양

세포 침윤 등의 다양한 병리적 현상과도 밀접한 연관이 있다. 본 연구에서는 lysophosphatidic acid (LPA)는 활성

산소의 생성을 통해 SKOV-3 난소암세포의 이동을 조절한다는 것을 관찰하였다. 먼저, 난소 암세포인 SKOV-3에

서 LPA에 의한 세포의 이동이 강하게 일어남을 확인하였다. LPA에 의한 SKOV-3 세포의 이동은 phosphatidyli-

nositol 3-kinase (PI3K)/Akt 신호전달체계를 저해시키는 약물에 의해서 완벽히 억제됨을 확인하였으나 ERK 신

호전달체계를 저해시키는 약물에 의해서는 전혀 영향을 받지 않았다. 그리고 SKOV-3 세포에서 LPA에 의한 활성

산소 형성이 시간에 따라 강하게 일어남을 확인하였다. 더욱이 LPA에 의한 활성산소 형성도 PI3K 또는 Akt의

저해제에 의해서 완벽히 억제됨을 확인하였으나 ERK 신호전달을 억제하였을 때는 거의 영향을 받지 않았다.

SKOV-3 세포에서 LPA에 의해 생성된 활성산소는 diphenylene idonium (DPI, 10 μM), apocyanin (Apo, 10 μM)

과 같은 NADPH oxidase 억제제를 전 처리하였을 때 활성산소가 형성되지 못함을 관찰하였다. 그러나 xanthine

oxidase (allopurinol, Allo, 10 μM), cyclooxygenase (indomethacin, Indo, 10 μM), 또는 mitochondrial respiratory

chain complex I (rotenone, Rot, 10 μM)를 억제하였을 때는 LPA에 의한 활성산소 형성에 영향을 주지 못함을

확인하였다. 마지막으로 활성산소 억제제인 N-acetylcysteine (NAC, 10 μM)에 의해서 LPA에 의한 암세포의 이동

이 억제됨을 관찰하였다. 이와 더불어 LPA에 의한 SKOV-3 세포의 이동도 NADPH oxidase 억제에 의해 저해가

됨을 확인하였다. 이러한 연구결과로 보아 LPA에 의한 활성산소의 형성에는 PI3K/Akt/NADPH oxidase 신호전

달체계가 중추적인 역할을 하며 이를 통해 암세포의 이동을 조절한다는 것을 알 수 있었다.
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