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LYSOPHOSPHATIDIC ACID MODIFIES 
THE RESPONSE OF PC3 PROSTATE CANCER 
CELLS TO CHEMOTHERAPEUTICS
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INTRODUCTION

Prostate cancer is the most common malignant neo-
plasm among men1. Radical prostatectomy and/
or radiation therapy in combination with androgen 
suppression are recommended as standard treatment 
in early stage prostate cancer2. Chemotherapy is a 
suitable treatment option in patients with metastatic 
prostate cancer and insensitive to hormone therapy3. 

Docetaxel, estramustine and mitoxantrone are che-
motherapeutic agents commonly used in the com-
bination treatments of prostate cancer. Docetaxel, a 
class of taxanes, is a cytotoxic chemotherapy drug 
targeting beta-tubulin and shows antitumor activity 
by inducing apoptosis and cytotoxicity4. Docetaxel is 
shown to exhibit its apoptotic effects by decreasing 
antiapoptotic Bcl-2 and by increasing pro-apoptotic 
molecules, e.g., caspase-3, caspase-9 and Bad5. Es-
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Abstract – Objective: Prostate cancer is the most frequently diagnosed cancer among men. 
Docetaxel, estramustine, and mitoxantrone are commonly used chemotherapy agents for the treat-
ment of prostate cancer. However, lysophosphatidic acid (LPA), a biologically active glycerophos-
pholipid derivative, induces proliferation and inhibits apoptosis in prostate cancer cells. The aim of 
this study was to investigate the effects of LPA against cell toxicity of docetaxel, estramustine and 
mitoxantrone.

Materials and Methods: Prostate carcinoma PC3 cells were separately treated with docetaxel, 
estramustine and mitoxantrone in combinations with LPA. BrdU incorporation assay was used to 
assess the cell proliferation. Besides, colony forming ability of cells were measured by staining with 
crystal violet. The ratio of apoptotic cells was also detected by flow cytometry.   

Results: All the chemotherapeutic drugs decreased the proliferation and colony formation of 
PC3 cells whereas these parameters were found to be significantly increased in the cells treated 
with LPA alone. Treatment of drugs together with LPA increased cell proliferation and colony for-
mation compared to the treatment of with drugs alone. Also, LPA was seen to modify the apoptotic 
effects of docetaxel, estramustine and mitoxantrone.  

Conclusions: Our results showed that LPA contributed to cell survival and proliferation in PC3 
prostate cancer cells. LPA created a resistance against cell death induced by docetaxel, estramustine 
and mitoxantrone. Our study supports the idea that LPA or its signaling pathways may be a prom-
ising target for the treatment of prostate cancer and prevention of resistance to chemotherapy.

KEYWORDS: Apoptosis, Cell proliferation, Docetaxel, Estramustine, Lysophosphatidic acid, 
Mitoxantrone, Prostate cancer.
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MATERIALS AND METHODS

Materials

Oleoyl-L-a-lysophosphatidic acid sodium salt 
(LPA, Cat: L7260), Docetaxel (Cat: 01885), Es-
tramustine (Cat: E0407) and Mitoxantrone (Cat: 
M6545), RPMI-1640 medium (Cat: R0883), L-glu-
tamine (Cat: G3126), trypsin (Cat: T2600000), 
antibiotic-antimycotic solution (with 10,000 units 
penicillin, 10 mg streptomycin and 25 μg ampho-
tericin B per mL) (Cat: A5955) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Fetal 
bovine serum (FBS) (Cat: S0415) was purchased 
from Biochrom (Darmstadt, Germany). LPA and 
all drugs were dissolved in dimethyl sulfoxide 
(DMSO) as stock solutions and further diluted 
in culture conditions. The final concentration of 
DMSO was less than 0.1% in the culture medium. 

Cells and culture conditions

PC3 cell lines, provided by Salih Sanlioglu (Ak-
deniz University, Antalya, Turkey), were cultured 
in RPMI-1640 supplemented with 10% FBS, 1% 
penicillin/streptomycin at 37°C in a humidified 
5% CO2 atmosphere. 

Experimental groups for drugs 
and LPA treatment

PC3 cells were treated with increasing concen-
trations (0, 1, 5, 10, 15 µM) of LPA in order to 
determine its concentration-dependent prolifer-
ative effects. In these cells, DNA synthesis was 
explained as cell proliferation marker assessed by 
BrdU incorporation test. 

Eight groups were created for the other exper-
iments. In the control group, cells were incubated 
at 37°C for 24 hours (h) in the cell culture media. 
In the LPA group, cells were incubated with LPA 
at a final concentration of 10 µM for 24 h at 37°C. 
In the docetaxel (Doc) group, cells were treated 
with the final concentration of 10 nM of Doc for 
24 h. In the estramustine (Est) group, cells were 
incubated with Est at a final concentration of 10 
µM for 24 h. In the mitoxantrone (Mit) group, 
cells were incubated with Mit at a final concen-
tration of 0.2 µM for 24 h. In the LPA plus Doc 
group, cells were treated with 10 µM of LPA and 
10 nM of Doc for 24 h. In the LPA plus Est group, 
cells were incubated at 37°C for 24 h with 10 µM 
of LPA and 10 µM of Est. In the LPA plus Mit 
group, cells were incubated at 37°C for 24 h with 
10 µM of LPA and 0.2 µM of Mit.

tramustine, an alkylating agent, consists of estradiol 
and nornitrogen mustard linked with carbamate. It is 
used in the treatment of advanced prostate cancer due 
to its antineoplastic and antiandrogenic effects. As an 
anti-neoplastic agent, it can disrupt microtubule in-
tegrity by binding to tubulin units or microtubule-as-
sociated proteins6,7. Its metabolites are also known 
to serve as an androgen antagonist due to its binding 
property to androgen receptors and thereby reducing 
the effects of androgen hormones8. Mitoxantrone, an 
anthracendione derivative and a DNA topoisomerase 
II inhibitor, is one of the FDA-approved anticancer 
agents commonly used in the treatment of advanced 
prostate cancer9. The main problem in the treatment 
with chemotherapeutic drugs is drug resistance, de-
veloping especially with combined treatments. 

There are several mechanisms for drug re-
sistance, which include mutation of some cancer 
cells and thereby loss of sensitization to chemo-
therapy, efflux of drugs due to the upregulation of 
P-glycoprotein which serves as an export pump of 
substances, and inactivation of drugs by a toler-
ance mechanisms developed in cancer cells10. 

Lysophosphatidic acid (LPA) is known as a bio-
logically active glycerophospholipid derivative due 
to its roles in a wide range of cellular processes (e.g., 
survival, proliferation, migration and prevention of 
apoptosis and senescence) through binding to G pro-
tein-coupled receptors (GPCRs; also called as LPA 
receptors 1–6) and activating the respective down-
stream signaling pathways11,12. LPA is produced by 
two enzymatic pathways. The first way is from ly-
sophosphatidylcholine via autotaxin (ATX; has lys-
ophospholipase D activity), a plasma enzyme. The 
second one is from phosphatidic acid (PA) via deacy-
lating enzymes, phospholipase A1 or phospholipase 
A213. LPA and its enzyme ATX are involved in dif-
ferent pathological conditions including cancer, lung 
fibrosis, liver disease and obesity. Both pathways 
have been suggested to be potential drug targets 
due to increased levels of plasma in some diseases13. 
Many studies have reported that LPA is present at 
high levels in the ascitic fluids and plasma of patients 
with prostate, ovarian, cervical, colon, endometrial, 
and liver cancers14,15. It has a role in the development 
of tumor angiogenesis and metastasis due to its stim-
ulatory effects on cell growth and proliferation16,17. 
There are few detailed studies investigating the ef-
fects of LPA on chemotherapeutic agents which are 
used in prostate cancer. The aim of this study was 
to examine whether the use of LPA in combination 
with docetaxel, estramustine, or mitoxantrone could 
alter the therapeutic efficacy of these drugs in hu-
man PC3 cells. Our second objective was to com-
pare the effects of three chemotherapeutic drugs on 
apoptosis and cell proliferation in the presence and 
absence of LPA.
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and PI as described in the Manufacturer’s instruc-
tions. A minimum of 10,000 events per sample 
tube were acquired by using flow cytometer (BD 
FACS Canto II Flow Cytometer, BD Biosciences, 
San Jose, CA, USA). FACS Diva software (BD 
Biosciences, San Jose, CA, USA) was used for an-
alyzing the data within 1 hour of staining. Each 
sample was run in triplicate.

Statistical Analysis

Data was expressed as mean ± standard deviation 
(SD). The data was analyzed using statistical pack-
age program SPSS version 18.0 (SPSS Inc., Chica-
go, IL, USA). Student’s t test and one-way ANOVA 
were used for comparison of the groups. We used 
Kruskal-Wallis test to compare samples from two 
or more groups in clonogenic experiments.

RESULTS

Lysophosphatidic acid induced 
cell proliferation in PC3 cells

We first evaluated the effect of different concentra-
tions of LPA (0, 1, 5, 10, 15 µM) on the cell prolifer-
ation by measuring the level of BrdU incorporation 
into newly synthesized DNA. LPA was found to in-
crease cell proliferation in a concentration-depen-
dent manner (Figure 1). The maximum incorpora-
tion of the BrdU into the DNA of proliferating cells 
was observed in the presence of 10 µM of LPA.

As shown in Figure 2, all three drugs (Doc, 
Est, and Mit) significantly decreased cell prolifer-
ation compared to controls (p< 0.001). The treat-
ment of cells with each drug in combination with 
LPA significantly augmented the percentage of 
viable cells compared to only drug-treated cells 

Cell proliferation assay

Cell proliferation ELISA BrdU (5-Bromo-2’-de-
oxyuridine) colorimetric assay kit (Roche Diag-
nostics GmbH, Mannheim, Germany) was used to 
measure cell proliferation. Manufacturer’s instruc-
tions were followed. After BrdU was incorporated 
into newly synthesized DNA, its reaction product 
(antibody bound BrdU) was quantified by measur-
ing the absorbance at 370 nm wavelength by using 
ELISA plate reader (Thermo Labsystems, Mul-
tiskan Spectrum, Waltham, MA, USA) in samples 
of at least three independent experiments.

Colony-formation assay

Colony formation assay was performed by the 
method of Mossman T18. After LPA and/or drug 
treatments for 24 h, cells were trypsinized, count-
ed, and seeded at the appropriate densities. Cul-
tures were incubated for ≈ 12 days at 37°C until 
the colony formation can be visualized under the 
bright-field microscope. After the medium re-
moved gently, absolute methanol was added for 
fixation of cells. Colonies were stained with 1% 
crystal violet after removing methanol, and final-
ly rinsed with water. The stained colonies (at least 
20 cells) were counted. At least three independent 
experiments were considered for calculating the 
mean values of colonies in each group.

Apoptosis detection

Annexin V-FITC kit (Enzo Life Science Inter-
national Inc, Plymouth Meeting, PA, USA) was 
used to detect apoptosis in the cells. Trypsinized 
cells were centrifuged at 300 x g for 5 min at 4°C. 
The cell pellet was stained with annexin-V FITC 

Figure 1. The effect of LPA con-
centrations on the cell proliferation 
in PC3 cells. Cells were treated with 
0, 1, 5, 10 or 15 mM of LPA for 2 h. 
In order to explore cell prolifera-
tion, newly synthesized DNA levels 
were measured by using the BrdU 
incorporation assay kit. Data was 
expressed as mean ± SD of three 
independent experiments. *: p<0.05 
compared to control (0 mM LPA), +: 
p<0.05 compared to 1 mM LPA, #: 
p<0.05 compared to 5 mM LPA.
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the percentages of total apoptotic cells which 
were treated chemotherapeutic drugs, were found 
to be increased significantly compared to control 
(p<0.001). Co-treatments of each drug with LPA 
were found to significantly (p<0.001) reduce the 
percentages of total apoptotic cells. 

DISCUSSION

In this study, we investigated the effects of LPA 
against cell toxicity of docetaxel, estramustine, 
and mitoxantrone in PC3 cells. Initially, we have 
examined their effects on PC3 cell proliferation. 
All three agents were found to decrease the lev-
els of PC3 cell proliferation. When we compared 
these three drugs by their cell death inducing 
properties, docetaxel was found to be the most 
effective agent. This effect may be due to its high 
microtubule polymerization capacity, being taken 
into the cell quickly or remaining within the cell 
for a long time19. 

LPA was found to increase cell proliferation 
in a concentration-dependent manner and the 
maximum concentration for incorporation of the 
BrdU into the DNA of proliferating cells was 10 
µM. In our study, treatment of cells with LPA 
plus chemotherapeutic agents increased cell pro-
liferation values compared to only drug-treated 
groups. There are some studies showing that cell 
proliferation in some cancer cells is induced by 
increased LPA20,21. One study revealed that LPA 
stimulates cell proliferation in PC3 human pros-
tate cancer cells22. These findings are in accor-
dance with our findings. We suggest that LPA 
may have a detractive role against cytotoxic 
effects of chemotherapeutic drugs and increase 
cell proliferation in PC3 cells. 

(p<0.001 for Doc+LPA vs. Doc; p<0.05 for Es-
t+LPA vs. Est; p<0.05 for Mit+LPA vs. Mit). The 
lowest percentage of viable cells was found in 
Doc (10 nM) group. LPA was detected to be more 
effective in Doc + LPA group (p<0.001) among 
drug-treated cells for increasing cell proliferation 
(Figure 2). 

Effects of LPA on colony formation in PC3 
cells

The effects of LPA and/or drugs on colony form-
ing ability of PC3 cells were expressed as the per-
centage of colony forming cells in Figure 3. LPA 
increased colony formation in PC3 cells (p<0.05). 
We found that all drugs reduced the percentages 
of colonies, dramatically (p<0.001). Co-treatment 
of each drug with LPA significantly (p<0.01) in-
creased the number of colonies as compared to the 
groups treated with drugs only.

Effects of LPA on apoptosis in PC3 cells

Apoptotic index was revealed by Annexin 
V-FITC and PI staining as shown in representa-
tive dot plots (Figure 4A) and bar graphs (Figure 
4B and 4C). There was no significant difference 
between control and LPA group in the percent-
ages of apoptotic cells, while a slight increase 
was found in the percentage of viable cells of 
LPA group. The percentage of viable cells were 
significantly decreased in all drug-treated groups 
when compared to the control. However, when 
the cells were treated with drugs combined with 
LPA, there were significant increases in the per-
centage of viable cells. As shown in Figure 4C, 

Figure 2. Effects of LPA and drugs on cell proliferation in PC-3 cells. PC3 cells were treated with LPA (10 µM), Doc (10 nM), 
Est (10 µM), and Mit (0.2 µM) for 24 h. Results were expressed as means ± SD of three independent experiments. #: p<0.05 
all groups compared to control, *: p<0.05 all drug groups compared to LPA, †: p<0.001 Doc+LPA group compared to Doc, ‡: 
p<0.01 Est+LPA group compared to Est, +: p<0.05 Mit+LPA group compared to Mit.
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opment of drug resistance and modifications in 
intracellular signals in cancer cells26. In the pres-
ent study, we investigated the effects of LPA, che-
motherapeutic drugs, and their combinations with 
LPA on the apoptotic index in PC3 cells. LPA 
was found to increase viable cells and to decrease 
the percentage of necrotic cells (Figure 4B). We 
examined the effect of LPA on the apoptotic in-
dex in PC3 cells treated with three chemothera-
peutic drugs. We found that docetaxel, estramus-
tine and mitoxantrone have augmented apoptotic 
cells whereas treatment of cells with LPA plus 
drugs decreased the apoptotic cells (Figure 4C). 
Docetaxel is known to induce apoptosis by means 
of phosphorylation of Bcl-2 protein and therefore 

In our study, treatment of cells with LPA in-
creased the number of colonies while three drugs 
(docetaxel, estramustine, and mitoxantrone) de-
creased compared to control group. Colony form-
ing abilities of the cells were found to be increased 
in each drug-LPA-cotreated group. As compatible 
with our findings, Wang et al23 and Jourquin et 
al24 also reported that LPA increased the number 
of colonies in ovarian and epithelial cancer cells. 
In a study of Fukushima et al25, they reported that 
knockdown of LPA1 and LPA3 receptors inhibit-
ed the colony formation of pancreatic cancer cells.

An effective chemotherapy is supposed to in-
duce apoptosis. However, disruptions may occur 
in apoptotic signaling pathways due to the devel-

Figure 3. Effect of LPA (10 µM) on the ability of colony formation in PC-3 cells treated with or without chemotherapeutic drugs 
(Doc (10 nM), Est (10 µM), and Mit (0.2 µM)). Cells were incubated for 12 days at 37°C. The stained colonies were counted and 
colonies containing at least 20 cells were scored. Results were expressed as means ± SD. *: p<0.05, **: p<0.01, ***: p<0.001. 
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apoptosis in estramustine-treated PC3 cells (Fig-
ure 4). There are several studies showing the po-
tential effect of LPA on cell proliferation, survival 
and migration31,32. In accordance with our study, 
it was proposed new therapeutic models targeting 
LPA, its receptors and signaling pathways33,34. 

CONCLUSIONS

As a result, our study reveals the effect of LPA on 
the cytotoxicity of three chemotherapeutic drugs 
(docetaxel, estramustine, and mitoxantrone) in 
PC3 prostate cancer cells. We suggest that any 
strategy suppressing the effects of LPA may be 
a useful approach in cases of chemotherapy of 

inhibition of anti-apoptotic activity of Bcl-227. 
Moreover, LPA has been reported to activate ERK 
signaling and to promote tumor cell migration28. 
The mechanism of decrease in apoptotic effect of 
docetaxel by LPA may be due to the upregulation 
of Bcl-2 via the ERK signaling pathways activated 
by LPA. Estramustine induces apoptosis by inhib-
iting microtubule function and increasing phos-
phorylation of Bcl-229. In a previous study, it has 
been shown that one of the apoptotic mechanisms 
of estramustine is the up-regulation of proapop-
totic Bak (Bcl-2 homologous antagonist/killer, 
belongs to Bcl-2 protein family) expression30. The 
potent apoptotic effect of this drug may be due 
to its capability to induce the expression of Bak 
protein. We found that LPA significantly inhibited 

Figure 4. Effect of LPA (10 µM) on apoptosis in PC-3 cells treated with or without chemotherapeutic drugs (10 nM of Doc, 10 
µM of Est and 0.2 µM of Mit). (A) Representative dot plots show the distribution of apoptotic, necrotic and viable cell popula-
tions which were stained with PI (vertical axis) and annexin-V conjugated to FITC (horizontal axis). Q1 (PI+/Annexin V-) shows 
necrotic cells; Q2 (PI+/Annexin V+) shows late apoptotic cells; Q3 (PI−/Annexin V-) shows viable cells; Q4 (PI-/Annexin V+) 
shows early apoptotic cells. (B) Bar graph representing the percentages of viable, early apoptotic, late apoptotic and necrotic 
cells as means ±SD of triplicate samples. (C) Bar graph representing the percentage of total apoptotic cells (early and late) as 
means ± SD of triplicate samples. *: p<0.05, **: p<0.01, ***: p<0.001. 



7

EFFECTS OF LYSOPHOSPHATIDIC ACID ON PC3 CELLS 

  12.	 Wen Y, Zand B, Ozpolat B, Szczepanski MJ, Lu C, Yuca 
E, Carroll AR, Alpay N, Bartholomeusz C, Tekedereli I, 
Kang Y, Rupaimoole R, Pecot CV, Dalton HJ, Hernan-
dez A, Lokshin A, Lutgendorf SK, Liu J, Hittelman WN, 
Chen WY, Lopez-Berestein G, Szajnik M, Ueno NT, Co-
leman RL, Sood AK. Antagonism of tumoral prolactin 
receptor promotes autophagy-related cell death. Cell 
Rep 2014; 7: 488-500.

  13.	 Aikawa S, Hashimoto T, Kano K, Aoki J. Lysophospha-
tidic acid as a lipid mediator with multiple biological 
actions. J Biochem 2015; 157: 81-89.

  14.	 Hwang YS, Lindholm PF. Constitutive and inducible 
expression of invasion-related factors in PC-3 prostate 
cancer cells. J Cancer Prev 2015; 20: 121-128.

  15.	 Sui Y, Yang Y, Wang J, Li Y, Ma H, Cai H, Liu X, Zhang 
Y, Wang S, Li Z, Zhang X, Wang J, Liu R, Yan Y, Xue 
C, Shi X, Tan L, Ren J. Lysophosphatidic acid inhibits 
apoptosis induced by cisplatin in cervical cancer cells. 
Biomed Res Int 2015; 2015: 598386.

  16.	 Wang FQ, Ariztia EV, Boyd LR, Horton FR, Smicun Y, 
Hetherington JA, Smith PJ, Fishman DA. Lysophosphati-
dic acid (LPA) effects on endometrial carcinoma in vitro 
proliferation, invasion, and matrix metalloproteinase 
activity. Gynecol Oncol 2010; 117: 88-95.

  17.	 Ren Z, Zhang C, Ma L, Zhang X, Shi S, Tang D, Xu J, 
Hu Y, Wang B, Zhang F, Zhang X, Zheng H. Lysopho-
sphatidic acid induces the migration and invasion of 
SGC-7901 gastric cancer cells through the LPA2 and 
Notch signaling pathways. Int J Mol Med 2019; 44: 
67-78.

  18.	 Mosmann T. Rapid colorimetric assay for cellular growth 
and survival: application to proliferation and cytotoxici-
ty assays. J Immunol Methods 1983; 65: 55-63.

  19.	 Eisenhauer EA, Vermorken JB. The taxoids. Compara-
tive clinical pharmacology and therapeutic potential. 
Drugs 1998; 55: 5-30.

  20.	 Sun H, Ren J, Zhu Q, Kong FZ, Wu L, Pan BR. Effects of 
lysophosphatidic acid on human colon cancer cells and 
its mechanisms of action. World J Gastroenterol 2009; 
15: 4547-4555.

  21.	 Guo C, Luttrell LM, Price DT. Mitogenic signaling in 
androgen sensitive and insensitive prostate cancer cell 
lines. J Urol 2000; 163: 1027-1032.

  22.	 Qi C, Park JH, Gibbs TC, Shirley DW, Bradshaw CD, 
Ella KM, Meier KE. Lysophosphatidic acid stimulates 
phospholipase D activity and cell proliferation in PC-3 
human prostate cancer cells. J Cell Physiol 1998; 174: 
261-272.

  23.	 Wang C, Michener CM, Belinson JL, Vaziri S, Ganapathi 
R, Sengupta S. Role of the 18:1 lysophosphatidic acid-
ovarian cancer immunoreactive antigen domain contai-
ning 1 (OCIAD1)-integrin axis in generating late-stage 
ovarian cancer. Mol Cancer Ther 2010; 9: 1709-1718.

  24.	 Jourquin J, Yang N, Kam Y, Guess C, Quaranta V. 
Dispersal of epithelial cancer cell colonies by lysopho-
sphatidic acid (LPA). J Cell Physiol 2006; 206: 337-346.

  25.	 Fukushima K, Takahashi K, Yamasaki E, Onishi Y, Fu-
kushima N, Honoki K, Tsujiuchi T. Lysophosphatidic acid 
signaling via LPA1 and LPA3 regulates cellular functions 
during tumor progression in pancreatic cancer cells. 
Exp Cell Res 2017; 352: 139-145.

  26.	 Samadi N, Gaetano C, Goping IS, Brindley DN. Auto-
taxin protects MCF-7 breast cancer and MDA-MB-435 
melanoma cells against Taxol-induced apoptosis. Onco-
gene 2009; 28: 1028-1039.

  27.	 Haldar S, Chintapalli J, Croce CM. Taxol induces bcl-2 
phosphorylation and death of prostate cancer cells. 
Cancer Res 1996; 56: 1253-1255.
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be a promising approach in order to improve the 
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