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ABSTRACT

Physiological and pathophysiological functions of the phospholipase A2 receptor 
1 (PLA2R1) are still not completely understood. To elucidate PLA2R1’s function 
in prostate carcinoma, the receptor was ectopically overexpressed in LNCaP with 
silenced PLA2R1, and diminished in PC-3 cells with constitutively increased PLA2R1 
expression relative to normal prostate epithelial cells. LNCaP cells were transfected 
to overexpress PLA2R1 (LNCaP-PLA2R1) and compared to control vector transfected 
cells (LNCaP-Ctrl). Alternatively, a CRISPR/Cas9-knockdown of PLA2R1 was achieved 
in PC-3 cells (PC-3 KD) and compared to the corresponding control-transfected 
cells (PC-3 Ctrl). The impact of PLA2R1 expression on proliferative and metastatic 
parameters was analysed in vitro. A pilot in vivo study addressed the effects of 
PLA2R1 in mice xenografted with transfected LNCaP and PC-3 cells. Cell viability/
proliferation and motility were significantly increased in LNCaP-PLA2R1 and PC-3 Ctrl 
compared to LNCaP-Ctrl and PC-3 KD cells, respectively. However, levels of apoptosis, 
clonogenicity and cell invasion were reduced in LNCaP-PLA2R1 and PC-3 Ctrl cells. 
Gene expression analysis revealed an up-regulation of fibronectin 1 (FN1), TWIST 
homolog 1 (TWIST1), and cyclin-dependent kinase 6 (CDK6) in LNCaP-PLA2R1. 
In LNCaP xenografts, PLA2R1-dependent regulation of clonogenicity appeared to 
outweigh the receptor’s pro-oncogenic properties, resulting in decreased tumour 
growth, supporting the tumour-suppressive role of PLA2R1. Alternatively, PC-3 Ctrl 
xenografts exhibited faster tumour growth compared to PC-3 KD cells, suggesting 
a pro-oncogenic effect of endogenous PLA2R1 expression. The differential growth-
regulatory effects of PLA2R1 may be mediated by FN1, TWIST1, and CDK6 expression, 
although further investigation is required.
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INTRODUCTION

The phospholipase A2 receptor 1 (PLA2R1) was 
first discovered over 20 years ago during investigation 
of the secreted phospholipases A2 (sPLA2) interaction 
with the corresponding candidate receptor [1, 2]. As a 
member of C-type lectin superfamily, PLA2R1 is a type 
I transmembrane receptor [3, 4]. Besides, PLA2R1 is a 
member of the mannose receptor family together with 
three other glycoproteins according to their common 
characteristics [5]. All representatives of this group contain 
a N-terminal cysteine-rich domain, a fibronectin type II 
(FNII) domain and a varying number of C-type lectin-
like domains (CTLD) [3]. In contrast to other members of 
this family, PLA2R1 does not demonstrate any calcium-
dependent lectin activity despite a tandem repeat of eight 
CTLDs permitting protein-protein interactions [5, 6].

PLA2R1 was recently shown to regulate apoptosis 
and cellular senescence in sPLA2-dependent and 
-independent manners [7–10]. Senescence and growth 
inhibition were induced by sPLA2-IIA through PLA2R1 
pathway and production of reactive oxygen species 
(ROS) followed by a subsequent induction of DNA repair 
pathway in primary human fibroblasts [7]. PLA2R1 
stimulated apoptosis mediating sPLA2-independent 
induction of the estrogen-related receptor α (ERRα) 
expression via JAK2/STAT5 signalling and mitochondrial 
ROS-production in MDA-MB-453 breast cancer cells [8–
10]. Furthermore, PLA2R1-downregulation provoked by 
PLA2R1-specific shRNA treatment resulted in increased 
resistance to oncogenic stress–induced senescence in 
mammary epithelial cells in vitro [10].

The tumour-suppressive role of PLA2R1 was 
indicated in various cell types. Similar to many tumour-
suppressors, PLA2R1 was down-regulated in breast 
and kidney cancers [11], and in melanoma cells [12]. 
PLA2R1 repression associated with its promoter 
hypermethylation was also shown in Jurkat and U937 
leukemic cell lines [13], and in renal carcinoma-derived 
cells [11, 12]. Growth-associated colony formation in 
soft agar was blocked in mammary cancer cell lines 
MDA-MB-231 and Cama-1 constitutively expressing 
PLA2R1 [10]. It was described that PLA2R1-knockdown 
in MDA-MB-436 results in increased sizes of soft agar 
colonies, supporting the tumour-suppressive role of the 
receptor [10, 12].

However, PLA2R1 regulation of tumour growth and 
progression remains contradictory as PLA2R1 was found 
expressed at higher levels in comparison to corresponding 
normal cells in pancreatic and gastric cancers [12], and 
in leukemic blasts of patients with acute myeloid and 
acute lymphoid leukaemia [14]. An increased expression 
of PLA2R1 was also demonstrated in ovarian carcinoma 
effusions [15], dermatofibrosarcoma [16], and human 
prostate cancer cell line PC-3 [17, 18], contradicting an 
exclusive function of PLA2R1 as tumour-suppressor.

Therefore, the aim of the present study was to 
address the growth-related and cell specific role of 
PLA2R1 in prostate cancer cell lines LNCaP and PC-3 
that differ in protein expression profiles [19, 20]. LNCaP 
cells with epigenetically silenced PLA2R1 expression 
[18] were transfected with a vector bearing the human 
PLA2R1 gene to up-regulate the expression. Conversely, 
PLA2R1-knockdown was achieved using CRISPR/Cas9 
in PC-3 cells that demonstrate increased expression of 
PLA2R1 compared to normal prostate epithelial cells 
(PrEC) [18]. The impact of manipulated PLA2R1 levels 
on cell viability/proliferation, apoptosis, wound healing, 
clonogenicity, invasion, and different gene expressions 
was investigated. The collected data were compared with 
the corresponding findings in PLA2R1- and control-
transfected breast cancer cell line MDA-MB-453 that was 
previously used to demonstrate the tumour-suppressive 
role of PLA2R1 [8–10]. Furthermore, in vitro PLA2R1 
effects were compared with data obtained from a pilot 
study using xenograft mouse model in vivo with LNCaP 
and PC-3 cells.

RESULTS

Differential expression of PLA2R1 in normal 
and malignant prostate cells

The effect of PLA2R1 expression on cancer 
formation and progression remains controversial as 
PLA2R1 was shown to have both tumour-suppressive and 
pro-oncogenic properties dependent on the investigated 
cell type [18]. To evaluate the function of PLA2R1 in 
prostate cells in more detail, the gene expression was 
analysed in normal prostate epithelial cells (PrEC) 
and malignant LNCaP and PC-3 prostate cancer cell 
lines using quantitative PCR after reverse transcription 
(Figure 1). Comparing to PrEC cells, the PLA2R1 mRNA 
level was significantly upregulated in androgen-insensitive 
PC-3 prostate cancer cells. We did not detect any PLA2R1 
mRNA expression in androgen-sensitive LNCaP prostate 
cancer cells (Figure 1).

Transfection-based overexpression of PLA2R1 in 
LNCaP cells and PLA2R1-knockdown in PC-3 
cells

To establish a cell line marked by permanent 
PLA2R1 overexpression, LNCaP cells were transfected 
with a PLA2R1 plasmid vector (LNCaP-PLA2R1). 
Results were compared to control vector transfected 
LNCaP cells (LNCaP-Ctrl). Alternatively, PLA2R1 was 
knocked down using CRISPR/Cas9 in PC-3 cells (PC-
3 KD) with endogenous levels of PLA2R1 expression 
(Figure 2). The expression of PLA2R1 mRNA was 
comparable to the level of β-actin mRNA in LNCaP-
PLA2R1 (Figure 2A). Western blot data indicated the 
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expression of PLA2R1 protein in LNCaP-PLA2R1, 
although neither mRNA expression nor protein synthesis 
of PLA2R1 was detected in LNCaP-Ctrl cells (Figure 
2C). The PLA2R1 gene expression level was significantly 
reduced in PC-3 KD presenting only 20% of the level of 
control vector transfected PC-3 cells (PC-3 Ctrl; Figure 
2B). Using western blot analysis, PLA2R1 protein 
expression was detected in PC-3 Ctrl cells, but not in PC-3 
KD cells (Figure 2C).

Differential PLA2R1 expression influences 
the proliferative and metastatic behaviour of 
prostate cancer cells

To assess the influence of different PLA2R1 
expression levels, we examined cell viability/proliferation, 
susceptibility to cytotoxic stimuli triggered apoptosis, 
wound healing, cell invasion, and clonogenicity in 
transfected PC-3 and LNCaP cells (Figure 3 and 4). 
Cell viability/proliferation was significantly higher in 

LNCaP-PLA2R1 than in LNCaP-Ctrl cells, although the 
survival/growth capacity was decreased in PC-3 cells with 
PLA2R1-knockdown by CRISPR/Cas9 compared to the 
corresponding control cells (Figure 3A and Supplementary 
Figure 1). These data were reproduced by siRNA-
knockdown of PLA2R1 in PC-3 cells (Supplementary 
Figure 2). Caspase 3/7 activity was significantly reduced 
in LNCaP-PLA2R1 cells comparing to LNCaP-Ctrl 
level after treatment with 100 μM of H2O2 (Figure 3B). 
Decreased apoptosis in LNCaP-PLA2R1 cells was 
confirmed by analysis of phosphatidylserine exposure on 
cell membranes (Supplementary Figure 3). Alternatively, 
caspase 3/7 activity and level of phosphatidylserine 
exposure were significantly increased in PC-3 KD cells 
compared to PC-3 Ctrl cells after serum starvation and 
treatment with H2O2 (Figure 3B and Supplementary 
Figure 3). LNCaP-PLA2R1 cells also showed faster 
wound healing than LNCaP-Ctrl cells. PC-3 KD cells 
demonstrated a decreased wound healing capability 
(Figure 3C/D). Collagen type I-dependent cell invasion 

Figure 1: Differential expression of phospholipase A2 receptor 1 (PLA2R1) in normal and malignant prostate cells. 
Levels of mRNA were determined using RT-qPCR. Bar graphs represent the normalized gene expression of PLA2R1 in normal prostate 
epithelial cells (PrEC) and prostate cancer cells (LNCaP, PC-3) with β-actin as reference gene. Results are the means ± SD of three 
independent experiments (biological n=3) with two technical replicates. #indicates that PLA2R1 expression in LNCaP was not detected 
after 45 PCR cycles and therefore set to zero. * indicates significant differences with p < 0.05.
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was decreased in LNCaP-PLA2R1, and in PC-3 Ctrl 
cells (Figure 3E). In search for possible reasons of the 
differential effects of PLA2R1 expression, we analysed 
the gene expression profile relevant to regulation of 
proliferation/cell cycle-, apoptosis/senescence, and 
migration/invasion processes (Supplementary Table 2). 
Fibronectin 1 (FN1) and TWIST homolog 1 (TWIST1) 
gene expression levels were upregulated approximately 
three times in LNCaP-PLA2R1 compared to LNCaP-
Ctrl cells (Figure 3F). Cyclin-dependent kinase 6 (CDK6) 
gene expression was increased over four times in LNCaP-
PLA2R1 compared to control cells (Figure 3F). Notably, 
we did not find an altered expression of these genes in 
PC-3 KD cells compared to control cells (data not shown). 
We also tested the effect of PLA2R1 on cell line capacity 
to form colonies. The number of observed colonies was 

significantly lower in LNCaP-PLA2R1 compared to 
LNCaP-Ctrl cells (Figure 4A). The ability to form colonies 
was significantly increased in PC-3 KD compared to PC-3 
Ctrl cells (Figure 4B).

Different PLA2R1 levels influence the 
proliferative and metastatic behaviour of MDA-
MB-453 mammary cancer cells

The collected data partially contradicts previously 
reported information [8–10]. Thus, to verify our 
current transfection method applied to LNCaP cells, 
we also transfected the breast cancer cell line MDA-
MB-453. PLA2R1 expression is silenced by promotor 
methylation [21–23] in MDA-MB-453 cells used as cell 
target in previous studies [8, 9]. PLA2R1-transfected 

Figure 2: Phospholipase A2 receptor 1 (PLA2R1) expression was assessed in transfected LNCaP (LNCaP-PLA2R1) 
and PC-3 (PC-3 KD) cells or control vector-transfected cells (Ctrl). The amount of PLA2R1-mRNA was determined for 
LNCaP (A) and PC-3 cells (B) via RT-qPCR with β-actin as reference gene. Results are the means ± SD of three independent experiments 
(biological n=3) with two technical replicates. (A) Bar graphs represent the Cq values of PLA2R1 or β-actin. #indicates that PLA2R1 
expression in LNCaP cells was not detected after 45 PCR cycles. (B) Ratio of PLA2R1 and β-actin gene expression. * indicates significant 
differences to the corresponding control with p < 0.05. (C) The protein expression of PLA2R1 was analysed by western blot with actin as 
reference protein and human recombinant PLA2R1 as positive control. A representative section out of three independent experiments is 
illustrated (biological n=3).
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MDA-MB-453 cells (MDA-MB-453 PLA2R1) showed 
stably expressed PLA2R1 mRNA (Supplementary Figure 
4A) and protein levels (Supplementary Figure 4B).

We compared cell viability, apoptosis, wound 
healing, cell invasion and clonogenicity of MDA-

MB-453 PLA2R1 and control cells (Supplementary 
Figure 5). The cell viability was significantly lower 
in MDA-MB-453 PLA2R1, along with a significantly 
increased susceptibility of MDA-MB-453 PLA2R1 
cells to apoptosis inducing stimuli compared to MDA-

Figure 3: Cell viability, apoptosis, wound healing, invasion, and relative gene expression were assessed in PLA2R1-
transfected LNCaP cells (LNCaP-PLA2R1) and PLA2R1-knockdown PC-3 cells (PC-3 KD) compared to control 
vector-transfected cells (Ctrl). Results are the means ± SD or representative illustrations of three independent experiments. (A, B) 
Results are normalized to control vector-transfected cells. (A) Proliferation of LNCaP was analysed using WST-1 assay after 96 h (biological 
n=12). (B) Apoptosis was stimulated by serum starvation or with hydrogen peroxide for 24 h and determined by Caspase-Glo® 3/7 assay 
(biological n=12). (C, D) Culture-inserts were used to create a defined gap of 500 μm between confluent LNCaP (C) or PC-3 (D) cell 
layers (biological n=9). The gap width is inversely proportional to the cell motility. (E) Pre-starved cells were transferred to a CytoSelect™ 
membrane coated with collagen I and incubated for 24h. Cell invasion was determined by fluorometric quantitation (biological n=12). (F) 
The relative amount of fibronectin 1 (FN1)-, TWIST homolog 1 (TWIST1)- and cyclin-dependent kinase 6 (CDK6)-mRNA was determined 
for transfected LNCaP cells with β-actin as reference gene via RT-qPCR (biological n=3). Only significant gene expression changes >2x 
are illustrated. * indicates significant differences to the corresponding control with p < 0.05.



Oncotarget35988www.oncotarget.com

MB-453 Ctrl cells (Supplementary Figure 5A and 5B). 
The wound healing and invasive characteristics were 
significantly downregulated in MDA-MB-453 PLA2R1 
cells (Supplementary Figure 5C and 5D). The capacity to 
form colonies was also decreased by approximately 70% 
in MDA-MB-453 PLA2R1 compared to control cells 
(Supplementary Figure 5E and 5F).

Effects of differential PLA2R1 expression on 
tumour xenograft growth in vivo

To confirm the observed PLA2R1 effects in vivo, 
mice were xenografted with transfected LNCaP (Figure 
5A) and PC-3 cells (Figure 5B). Injection of cells in 
matrigel was an essential prerequisite to obtain reasonable 
tumour growth of LNCaP cells as injection of the cells 
suspended in PBS did not result in tumour formation (data 
not shown). Western blot analysis of tumour xenografts 
confirmed PLA2R1 synthesis of LNCaP-PLA2R1 
and PC-3 Ctrl cells, while no PLA2R1 expression 
was detectable for LNCaP-Ctrl and PC-3 KD tumour 
specimens (Supplementary Figure 6). LNCaP-PLA2R1 
cells demonstrated significantly decreased tumour growth 
after 60 days post injection compared to LNCaP-Ctrl cells. 

PC-3 originating tumour exhibited substantially faster 
tumour growth compared to LNCaP model. However, 
comparing PC-3 KD with PC-3 Ctrl cells, tumour growth 
of the former tended to decrease from day 19-reaching 
significant differences at day 26-post injection and 
subsequent observations (Figure 5).

DISCUSSION

The detailed role of PLA2R1 in tumorigenesis 
remains unclear considering heterogeneity of the 
observed data in different cell lines of the same cancer 
type [11–16, 18]. Malignant prostate cell lines including 
LNCaP and PC-3 were reported to express increased levels 
of PLA2R1 in comparison to cell cultures derived from 
normal prostate tissue (PCS-440-010) [17]. However, 
the current study and our recently discussed data [18] 
indicated that PLA2R1 expression was silenced in the 
LNCaP cell line, but up-regulated in PC-3 cells compared 
to normal prostate epithelial cells (Figure 1). High degree 
of PLA2R1 promotor methylation was detected in LNCaP, 
while only minor degree of the methylation was observed 
in PC-3 cells. PLA2R1 was re-expressed after exposure 
to 5-Aza-2′-deoxycytidine (also known as Decitabine) 

Figure 4: Clonogenicity was assessed in PLA2R1-transfected LNCaP cells (LNCaP-PLA2R1) and PLA2R1-knockdown 
PC-3 cells (PLA2R1 KD) in comparison to control vector-transfected cells (Ctrl). For clonogenic assay, LNCaP (A) or PC-3 
cells (B) were incubated for 21 d, stained with crystal violet and the number of colonies (>50 cells) was determined. Representative wells 
and the means ± SD of three independent experiments are shown (biological n=9). * indicates significant differences with p < 0.05.
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suggesting the involvement of epigenetic mechanism 
in the regulation of PLA2R1 signalling in LNCaP cells 
[18]. We attempted to exclude methodology-associated 
errors (genotypic artefacts or cross contaminations) that 
might be involved as potential confounding factors in 
diversification of PLA2R1 expression in the analysed 
prostate cancer cell lines by short tandem repeat analysis. 
Notably, our results are consistent with previously 
reported cell line specific RNA sequencing results [22, 
23]. Aiming to clarify the function of PLA2R1 in prostate 
cancer, we established two in vitro prostate cancer cell 
line models that include LNCaP cells with ectopically 
overexpressed PLA2R1 (LNCaP-PLA2R1) and PC3 cells 
with PLA2R1-knockdown (PC-3 KD), where wildtype 
PLA2R1 expression is increased relative to normal 
prostate epithelial cells (Figure 1).

According to our in vitro data, the ectopic 
overexpression of PLA2R1 in LNCaP supported a 
phenotype marked by increased cell viability/proliferation 
and tolerance to apoptotic stimuli (Figure 3A, 3B). The 
data are consistent with the improved wound healing 
capabilities of LNCaP-PLA2R1 cells. The wound 
healing assay reflects the interplay of proliferation and 
motility of the investigated cells and confirms a pro-
oncogenic role of PLA2R1 in LNCaP-PLA2R1 cells. 
Upregulated fibronectin 1 (FN1) can be suggested as a 
possible mediator of PLA2R1 pro-oncogenic signalling 
in LNCaP-PLA2R1 (Figure 3F). FN1 inhibition results 
in a significantly decreased cell adhesion of LNCaP 
wild-type cells [24]. FN1 overexpression stimulates 
cell growth and reduces apoptosis after treatment with 
standard chemotherapeutics in lung carcinoma [25, 26]. 
Accordingly, we found an upregulation of TWIST1 (Twist 
homolog 1) in LNCaP-PLA2R1 cells, that is potentially 

associated with suppression of apoptosis pathways and 
increased cell migration [27]. LNCaP cells are androgen 
sensitive cells and express androgen receptors (ARs) 
essential for androgen-dependent tumour growth [28, 
29]. The ARs signalling pathway includes expression 
of cyclin D and related genes responsible for cell cycle 
control. Interestingly, it is claimed that FN1 stimulates the 
expression of gonadal steroids interacting with vertebrate 
ARs [30]. We found an increased expression of cyclin 
dependent kinase 6 (CDK6) in LNCaP-PLA2R1 cells. 
CDK6 binds to cyclin D1 for cell cycle control, but it 
can also bind to ARs and stimulate its transcriptional 
activity in the presence of dihydrotestosterone [31]. 
Consequently, potential tumorigenic properties of LNCaP-
PLA2R1 cells might be linked to the increased expression 
of FN1, TWIST1 and CDK6. Although, further studies 
are warranted to ensure synthesis of these proteins and 
confirm their possible involvement in PLA2R1 pro-
oncogenic signalling in LNCaP cells.

Contrary to LNCaP, in wild-type PC-3 cells 
PLA2R1 is constitutively expressed and the level of 
PLA2R1 mRNA is higher compared to normal prostate 
epithelial cells (PrEC, Figure 1). Considering high 
selective pressure and mutation rate during tumour 
development, and potential metabolic burden caused 
by PLA2R1-overexpression, it seems unreasonable to 
assume that PLA2R1 has a tumour-suppressive function 
in PC-3. Accordingly, PLA2R1-knockdown decreased 
cell viability/proliferation and wound healing, but 
increased susceptibility to apoptotic stimuli (Figure 3A, 
B, D) highlighting possible pro-oncogenic PLA2R1 
effects in prostate cancer cells in vitro. However, no 
significant changes in expression of FN1, TWIST1, and 
CDK6 were detected in transfected PC-3 (data not shown). 

Figure 5: Tumour growth was tested in vivo in xenograft mouse models. PLA2R1-transfected LNCaP (LNCaP-PLA2R1), 
PLA2R1-knockdown PC-3 (PC-3 KD), and control vector-transfected (Ctrl) xenografted cancer cell growth was tested and compared. 
(A) Male SCID/beige mice were subcutaneously injected with LNCaP-PLA2R1 or LNCaP-Ctrl cells in matrigel into the right hind leg 
(biological n=5). (B) Male NMRI nude mice were subcutaneously injected with PC-3 KD or PC-3 Ctrl cells in PBS into the right hind leg 
(biological n=9). * indicates significant differences with p < 0.05.
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Notably, wild-type expression level of these genes is 
already upregulated in PC-3 (especially for CDK6, ~30x) 
compared to LNCaP as shown by RNA sequencing data 
[22, 23]. Thus, the effect of forced PLA2R1 expression 
might be counterbalanced. Arguing our data, Quach et 
al. described an increased PC-3 cell proliferation after 
shRNA-induced PLA2R1-knockdown [17]. Different 
methods applied for PLA2R1-knockdown (shRNA vs. 
CRISPR/Cas9) and associated culture conditions could 
serve as likely explanations for the observed contradiction. 
Moreover, PC-3 cell line is comprised of different cell 
variants exhibiting strong genotypic and phenotypic 
heterogeneity [32]. The resulting cell responses could 
vary according to the applied in vitro culture conditions 
affecting differently the unknown ratio of various PC-3 
cell variants [32]. To exclude the potential confounding 
effect of genotypic artefacts or cross contamination, short 
tandem repeat analysis was conducted for the analysed 
PC-3 cell line.

To decipher the opposite effects of PLA2R1 in 
LNCaP and PC-3 cells together with those described in 
the breast cancer cell line MDA-MB-453, we validated 
our transfection method and experimental procedures by 
transfecting MDA-MB-453 cells to overexpress PLA2R1. 
Endogenous PLA2R1 is silenced by hypermethylation in 
MDA-MB-453 cells [21]. Re-expression of the receptor 
is extensively discussed in literature and shown to have 
a tumour-suppressive function [8, 9]. In this study, the 
tumour-suppressive influence of PLA2R1 was confirmed. 
We detected decreased cell viability, lower wound 
healing and colony formation capabilities, but increased 
susceptibility to apoptotic stimuli in MDA-MB-453 
cells overexpressing PLA2R1 (MDA-MB-453 PLA2R1, 
Supplementary Figure 5). PLA2R1 associated activation 
of JAK2, estrogen related receptor α (ERRα) signalling, 
and mitochondrial apoptosis pathways were presented as 
mediators of the PLA2R1 tumour-suppressive function in 
MDA-MB-453 cells [9]. Additionally, the mitochondrial 
content was elevated in PLA2R1-overexpressing MDA-
MB-453 cells [9]. The baseline mitochondrial yields are 
significantly increased in wild-type prostate cancer cell 
lines LNCaP and PC-3 in comparison to PrEC [33]. The 
maximum mitochondrial yield was observed in LNCaP 
[33] given that PLA2R1 expression is silenced due to 
promotor hypermethylation in these cells [18]. The LNCaP 
mitochondrial content is higher than that of PC-3 cells, 
although the PC-3 PLA2R1 promotor region is methylated 
to a minor degree resulting in an increased expression of 
PLA2R1 relative to PrEC cells [18]. Thus, mitochondrial 
apoptosis pathway cannot serve as sufficient sole mediator 
of PLA2R1 biological impact.

The observed PLA2R1 inhibitory effect in LNCaP 
and PC-3 cells on clonogenicity is consistent with data 
obtained in MDA-MB-231 breast cancer cells [10]. The 
clonogenic assay defines the cell fraction that undergoes 
unlimited cell divisions retaining the ability to produce 

colonies [34]. Thus, proliferation and clonogenicity do not 
necessarily follow the same trend, describing potentially 
different cell fractions (stem-cell like versus non-stem 
like cancer cells) and aspects of cellular behaviour 
during tumour progression. Interestingly, stem-cell like 
CD44+/CD24- cell subpopulation is relatively rare in 
LNCaP [35], while it is more represented in PC-3 [36] 
and MDA-MB-231 cells [37]. Notably, CD44+/CD24- cell 
subpopulation was not detected in MDA-MB-453 [37] 
and BT-20 cells [38], where PLA2R1 has a consistently 
negative impact on both proliferation and clonogenicity 
[8]. However, PLA2R1 clonogenic potential and 
associated impact of the stem-cell like CD44+/CD24- cell 
population require further detailed investigations.

To confirm our in vitro data, the transfected LNCaP 
and PC-3 cells were xenografted in vivo. LNCaP-PLA2R1 
tumours grew slower supporting putative tumour-
suppressive properties of PLA2R1. The inhibitory role 
of PLA2R1 in LNCaP xenografted cells is in agreement 
with the data observed by others with human renal cell 
carcinoma in in vivo mouse model [11]. However, PC-3 
Ctrl cells displayed faster tumour growth compared to 
PC-3 KD in vivo (Figure 5). The contradictory results 
observed in vitro and in vivo could be associated with the 
different effect of the microenvironment in monolayer 
tumour cell culture and tumour xenografts.

We hypothesize that detected in vitro growth-
stimulating potential of LNCaP-PLA2R1 cells might be 
diminished in vivo because of decreased clonogenicity of 
LNCaP-PLA2R1 cells. According to the cancer stem cell 
(CSC) concept, tumour growth is supported by a limited 
CSC population that is often presented by only about 1% 
of the whole tumour cell population [39]. The CSC role 
in regulation of PLA2R1 expression is unclear, however, 
it might be reflected by a decreased clonogenicity of 
LNCaP-PLA2R1 cells in vitro and weakened tumour 
growth in vivo. Non-CSCs are overrepresented in solid 
tumours, although they possess only a minor governance 
over long-term tumour survival and spreading [39]. 
Although less important for tumour initiation and long-
term development, the non-CSC population is most 
likely responsible for the pro-oncogenic characteristics 
of LNCaP-PLA2R1 in vitro cell viability/proliferation, 
apoptosis, and wound healing. Considering serious 
differences between CSC and non-CSC general cancer cell 
populations, the clonogenicity as a long-term assayed (21-
day growth) in vitro characteristic corresponds better with 
in vivo data. Presumably, PLA2R1-linked clonogenicity 
(stemness) of LNCaP subpopulations is a crucial factor 
required for tumour development in vivo. Interestingly, 
the fraction of the CSC-like CD44+/CD24-subpopulation 
differs among various prostate cancer cell lines and 
comprises only 0.04% of LNCaP cells [35] compared 
to ~11% of PC-3 cells [36]. Thus, the inhibiting impact 
of PLA2R1 expression on the CSC subpopulation could 
be more pronounced in LNCaP than in PC-3 cells. The 
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increased tumour growth of PC-3 cells with endogenous 
PLA2R1 expression in vivo could therefore indicate 
PLA2R1 effects in CD44+/CD24- subpopulation that 
require further confirmation.

Furthermore, the mouse xenograft model potentially 
provides superior information about tumour formation in 
vivo that considers cell-matrix interactions, the influence 
of initial cell adhesion and subsequent tumour growth, 
which cannot be fully replicated in in vitro clonogenic 
assays using plastic surfaces. PLA2R1 can interact with 
collagen type I and other extracellular matrix components 
via its CLTD1-2 and FNII domains and its indirect 
interaction with β1 integrin via collagen I can influence 
cell proliferation [40, 41]. However, the outcome of 
this interaction can be influenced by the corresponding 
α integrin subunit resulting in opposite effects on 
proliferation and differentiation [42]. For instance, 
integrin α1β1 is discussed to promote cell proliferation, 
whereas α2β1 can inhibit cell growth [22, 23, 42–44]. 
RNA sequencing data shows no or severely limited gene 
expression of ITGA1 in wild-type LNCaP cells, whereas 
ITGA1-gene expression is found in PC-3 cells [22, 23]. 
By contrast, ITGA2 is expressed in both prostate cancer 
cell lines [22, 23]. Suggestively, the functional interaction 
between PLA2R1 and β1 integrin may favour ITGA2 
in LNCaP cells due to the lack of ITGA1-expression 
resulting in a decreased tumour growth and tumour-
suppressive role of PLA2R1 in vivo. Alternatively, 
representing a possible explanation of PLA2R1’s pro-
oncogenic effect in vivo, the indirect interaction between 
PLA2R1 and α1β1 via collagen type I may occur in PC-3 
cells expressing ITGA1. Further immunohistochemical 
analysis of tumour xenografts has to be conducted to 
investigate the interactions of PLA2R1 in vivo.

MATERIALS AND METHODS

Cell culture and incubation

Human prostate epithelial cells (PrEC; Cambrex 
Bio Science, Walkersville, MD, USA) and prostate cancer 
cell lines (PC-3 and LNCaP; DSMZ, German Collection 
of Microorganisms and Cell Cultures, Braunschweig, 
Germany) were cultured as previously described [45]. The 
human mammary cancer cell line MDA-MB-453 (DSMZ) 
was cultured in DMEM (4.5 g/l glucose, w/o L-glutamine 
and sodium pyruvate; Lonza, Cologne, Germany) 
supplemented with 20% FCS at 37°C in a humidified 
atmosphere of 5% CO2. Transfected LNCaP and MDA-
MB-453 cells were cultured in the medium supplemented 
with 500 mg/ml G418 Sulfate (Thermo Fisher Scientific, 
Waltham, MA, USA). Transfected PC-3 cells were grown 
in the medium supplemented with 2.5 mg/ml puromycin 
dihydrochloride (Santa Cruz Biotechnology, Inc., Dallas, 
Texas, USA). The culture medium was changed every 2 - 
3 days. Cells were passaged before reaching confluence 

using Trypsin/EDTA solution (PromoCell, Heidelberg, 
Germany). Cell lines were validated using the ATCC cell 
line authentication service (LGC-ATCC, Middlesex, UK) 
and were frequently tested for mycoplasma contamination 
(MycoAlert™ Mycoplasma Detection Kit, Lonza).

Transfection

LNCaP and MDA-MB-453 cells were transfected 
using the ViaFectTM Transfection Reagent (Promega, 
Madison, WI, USA) and an optimized expression 
vector for phospholipase A2 receptor 1 (NP_031392.3; 
GenScript, Piscataway, NJ, USA), or a control vector 
(GenScript). The transfected cells were selected using 
500 mg/mL G418 Sulfate. Survived cells were used in 
subsequent experiments.

For PLA2R1-knockdown with CRISPR/Cas9, 
the double nickase strategy with substantially reduced 
off-target activity was utilized to specifically decrease 
PLA2R1 expression [46]. PC-3 cells were transfected with 
PLA2R- (sc-411636-NIC, Santa Cruz) or Control Double 
Nickase Plasmids (sc-437281, Santa Cruz) as described 
in the protocol provided by the manufacturer using 
2 μg of plasmid DNA with a ratio of 6:1 for ViaFectTM 
Transfection Reagent and plasmid DNA correspondingly. 
Transfected PC-3 cells were selected using 2.5 mg/ml 
puromycin dihydrochloride (Santa Cruz). Clonal selection 
was performed by diluting the surviving cells in a 96 
well plate. Transfected single cell clones were verified 
by GFP fluorescence and used separately in subsequent 
experiments. The minimum effective G418 Sulfate or 
puromycin dihydrochloride concentration was defined in 
separate experiments assessing kill curve titration of the 
agents and wild-type LNCaP, MDA-MB-453, and PC-3 
cells.

To achieve siRNA-knockdown of PLA2R1 in PC-3 
cells, three different siRNA duplexes containing PLA2R1 
Trilencer-27 Human siRNA (# SR307882, OriGene 
Technologies, Inc., Rockville, MD, USA) were mixed in 
equal parts. The siRNA mix was diluted in Opti-MEM®/
Reduced Serum Medium (Thermo Fisher Scientific), 
added to siTran 1.0 Transfection Reagent (OriGene 
Technologies, Inc.), and applied in a final concentration of 
3.3 nM each as recommended by the manufacturer. After 
4 h incubation of the cells within a humidified atmosphere 
(37°C, 5% CO2), 1.25 volume parts of RPMI with 20% 
FCS were added. Then cells were further incubated for 
48 h.

RNA isolation and reverse transcription 
quantitative polymerase chain reaction 
(RT-qPCR)

Total RNA was isolated using QIAzol Lysis Reagent 
(QIAGEN GmbH, Düsseldorf, Germany) and miRNeasy 
Mini Kit (QIAGEN) with on-column DNase digestion 
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(RNase-Free DNase Set, QIAGEN) as described in the 
manufacturer’s protocol.

Reverse transcription was performed for 45 min at 
42°C and 5 min at 99°C utilizing 2.5 U MuLV Reverse 
Transcriptase (Thermo Fisher Scientific), 1 U Protector 
RNase inhibitor (Sigma-Aldrich), 0.125 μM Oligo(dT)15 
primer (Promega), 1 mM MgCl2 solution (Sigma-Aldrich), 
0.4 mM dNTP mix (Promega), 1×PCR Buffer without 
MgCl2 (Sigma-Aldrich), and 100 ng RNA template with 
a final reaction volume of 20 μL.

Quantitative PCR was conducted using the Rotor-
Gene Q cycler and Rotor-Gene SYBR Green PCR 
Kit (Qiagen) according to the manufacturer’s protocol 
with β-actin as reference gene. Applied primer pairs 
(Supplementary Table 1) were used in a final concentration 
of 0.4 μM. Cycling conditions involved 5 min at 95°C 
followed by 45 cycles of 5 s at 95°C, and 10 s at 59°C.

RNA isolation and RT-qPCR were carried out using 
three separate cell culture passages, each measured twice 
(biological n=3, technical n=2).

Protein isolation, SDS-PAGE and Western Blot

Preparation and Western Blot analysis of tissue 
extracts followed protocols published elsewhere [46, 47]. 
To isolate proteins from cell culture experiments, cells 
were lysed with CellLytic M lysis buffer (Sigma-Aldrich) 
supplemented with Protease Inhibitor Cocktail (Sigma 
Aldrich, P8340). The protein concentrations were 
determined by bicinchoninic acid assay (Sigma-Aldrich).

During Western Blot analysis, 40 μg protein per 
lane was supplemented with ClearPAGE LDS Sample 
Buffer (C.B.S. Scientific, Del Mar, CA, USA) and 
heated for 5 min at 100°C at reducing conditions (5% 
2-mercaptoethanol, Sigma Aldrich). PLA2R1 human 
recombinant protein (TP313576, OriGene) was used as 
positive control. Proteins were separated with ClearPAGE 
10 % sodium dodecylsulfate polyacrylamide gels (C.B.S. 
Scientific). The samples were transferred to PVDF 
membranes (Fisher Scientific). The membranes were 
blocked for 1 h with 5% skimmed milk powder, 2% BSA, 
and 0.1% Tween® 20 (Serva, Heidelberg, Germany) in 
TBS. Recombinant rabbit monoclonal antibody (AB; 
180 kDa; ab211573, Abcam, Cambridge, UK) was used 
as primary AB (1:500) and a horseradish peroxidase 
conjugated goat anti-rabbit IgG (sc-2004, Santa 
Cruz) as secondary AB (1:5000) for immunochemical 
detection of PLA2R1. Actin was detected using a 1:1000 
dilution of primary mouse monoclonal AB (42 kDa; 
MAB1501R, Merck Millipore, Darmstadt, Germany) and 
a 1:5000 dilution of secondary horseradish peroxidase 
conjugated goat anti-mouse IgG (sc-2005, Santa Cruz). 
The membranes and primary AB were incubated 
overnight at 4°C. The secondary AB was incubated for 
1 h at room temperature. Membranes were washed three 
times in TBST between the incubation steps. The blot 

was incubated with SuperSignal™ West Femto/Pico 
Chemiluminescent Substrate (Thermo Fisher Scientific) 
and luminescence was detected using the G:BOX Chemi 
XL1.4 system (Syngene, Cambridge, UK). Protein 
isolation, SDS-PAGE and Western Blot were carried out 
three times using separate cell culture passages (biological 
n=3).

WST-1 cell viability assay

To analyse cell viability, 100 μL per well of 5×103 
LNCaP, MDA-MB-453 or PC-3 cells was seeded to a 96-
well microtiter plate. After four-day incubation, 10 μL of 
the cell proliferation reagent of WST-1 Cell Proliferation 
Kit II (Sigma-Aldrich) was added to each well and 
incubated for further 2 h at 37°C. The absorption was 
measured at 450 nm. The WST-1 assay was carried out as 
quadruplicate and repeated by two additional independent 
experiments using separate cell culture passages resulting 
in biological n=12.

Apoptosis assays

The caspase-3/7 activities were determined using 
Caspase-Glo® 3/7 assay (Promega). 1.5×104 LNCaP, 
MDA-MB-453 or PC-3 cells were seeded in 100 μL 
complete medium in a 96-well microtiter plate and 
incubated for 24 h within a humidified atmosphere (37°C, 
5% CO2). The medium was removed, replaced by 100 μL 
starving medium or 100 μM hydrogen peroxide in 100 μL 
starving medium to induce apoptosis and incubated for 
24 h. The caspase-3/7 activity was estimated according 
to the manufacturer’s protocol. Luminescence of each 
sample was measured using Wallac Victor 3 Multi-Label 
Microplate Reader (PerkinElmer, Waltham, MA, USA). 
Caspase-Glo® 3/7 assay was carried out as quadruplicate 
and repeated by two additional independent experiments 
using separate cell culture passages resulting in biological 
n=12.

Time-dependent translocation of phosphatidylserine 
to the outer cell membrane and membrane integrity were 
analysed by RealTime-Glo™ Annexin V Apoptosis and 
Necrosis Assay (Promega) in adherent cells. 1×104 LNCaP 
or PC-3 cells diluted in 100 μL complete medium were 
seeded into 96-well microtiter plate and incubated for 
24 h within a humidified atmosphere (37°C, 5% CO2). 
The detection reagent was prepared according to the 
manufacturer’s protocol. The medium was removed and 
replaced by 100 μL of 200 μM hydrogen peroxide (H2O2) 
and 100 μL detection reagent in CO2-independent medium. 
Luminescence (apoptosis) and fluorescence (necrosis; Ex: 
485 nm/Em: 535 nm) were measured every hour during 
48 h using Wallac Victor 3 Multi-Label Microplate Reader 
(PerkinElmer) at 37 °C. Every assay sample was tested 
in triplicates and repeated in two additional independent 
experiments using separate cell culture passages (n=9).
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Wound healing assay

To estimate cell motility, 70 μL of 7×104 cells in 
medium were transferred to each well of a 2-Well Culture-
Insert (Ibidi GmbH, Planegg/Martinsried, Germany) and 
incubated until confluence was reached. The insert was 
removed and the wound healing/cell motility within the 
500 μm cell free gap was registered by taking a picture 
every 24 h (MDA-MB-453 and LNCaP) or every 8 h (PC-
3) on a phase contrast microscope (Nikon TMS-F, Tokyo, 
Japan; 10x objective) until the gap was completely closed. 
The gap width is inversely proportional to the cell motility 
as partial aspect of the migration capacity. Wound healing 
assay was carried out as triplicate and repeated by two 
additional independent experiments using separate cell 
culture passages resulting in biological n=9.

Cell invasion assay

To analyse cell invasion, the CytoSelect™ 96-Well 
Cell Invasion Assay, Collagen I coating, and fluorometric 
quantitation (Cell Biolabs, Inc., San Diego, CA, USA) 
was utilized according to the manufacturer’s description 
with 1×105 pre-starved cells per well. Cell invasion assay 
was carried out as quadruplicate and repeated by two 
additional independent experiments using separate cell 
culture passages resulting in biological n=12.

Clonogenic assay

To assess clonogenicity, 500 cells per 3 ml medium 
were incubated in a 6-well Corning® Costar® cell culture 
plate (Sigma-Aldrich) for 21 days. The cells were washed 
with PBS and fixed for 5 min with 1:1 solution of PBS 
and methanol, and 10 min with 100% methanol. The cells 
were stained with crystal violet solution (Sigma-Aldrich) 
for 15 min and washed three times with water. The 
formed cell colonies were counted using a phase contrast 
microscope. A cell colony was defined as a compact 
aggregation comprising more than 50 cells. Clonogenic 
assay was carried out as triplicate and repeated by two 
additional independent experiments using separate cell 
culture passages resulting in biological n=9.

Animal experiments

All animal experiments were carried out at the 
Helmholtz-Zentrum Dresden-Rossendorf according to the 
guidelines of the German Regulations for Animal Welfare 
approved by the local Animal Ethics Committee for 
Animal Experiments (Landesdirektion Dresden; AZ 24-
9168.21-4/2004-1). Mice were housed in a pathogen-free 
facility with ad libitum access to food and water.

Male SCID/beige mice (CB17.Cg-PrkdcscidLystbg-J/
Crl, T- and B-cell-deficient, NK-cell-defective, white-
haired, Charles River; aged 6 to 8 weeks) were 
subcutaneously injected with matrigel solution (50%, solved 

in PBS; 50 μL) or with PBS only (biological n = 5 each) 
containing 5×106 PLA2R1-vector or control transfected 
LNCaP cells into the right hind leg. Male NMRI-nude mice 
(Rj:NMRI-Foxn1nu, T-cell-deficient, hairless, Janvier Labs, 
Le Genest-Saint-Isle, France¸ NMRI nu/nu; aged 6 to 8 
weeks) were subcutaneously injected with 2×106 PLA2R1-
knockdown or control PC-3 cells (biological n = 9 each) 
in PBS (50 μL) into the right hind leg. Tumour size was 
monitored three times a week by caliper measurements and 
tumour volume was calculated using the formula V = π / 6 
× (tumour length × tumour width2).

Tumour-bearing mice were sacrificed by cervical 
dislocation when tumours reached a volume of 400 to 700 
mm3 for slowly growing control vector transfected LNCaP 
(LNCaP-Ctrl) cells; or after 112 days post-injection for 
PLA2R1-transfected LNCaP (LNCaP-PLA2R1) cells 
showing stagnating tumour volume of approximately 
200 mm3. Mice were sacrificed when tumours reached a 
volume of 800 to 1300 mm3 with rapidly growing PC-3 
cells. Individual animals in each group were sacrificed at 
earlier time points if necrotic tumour/skin lesions and/or 
bleeding were detected.

Animal experiments were planned as a pilot study 
(information survey). No values have been excluded, no 
method of randomization was used, and no blinding was done.

Data analysis

‘Center values’ were defined as means with 
standard deviation as error indication. Normal distribution 
was analysed by Shapiro-Wilk test. Variance was 
estimated using F-test. Data were analysed by two-
tailed and unpaired Student’s t test (normally distributed, 
homoscedastic) or Mann-Whitney Rank Sum test (non-
normally distributed) to calculate the indicated P values. 
Differences were considered significant at P < 0.05.

CONCLUSIONS

Our data indicate complex and highly cell-specific 
functions of PLA2R1 exhibiting both pro-oncogenic 
(PC-3) and tumour-suppressive characteristics (LNCaP 
and MDA-MB-453) in different cancer cells. We suggest 
that PLA2R1-regulated expression of FN1, TWIST1, and 
CDK6 might be accountable for the cell type-dependent 
impact of PLA2R1 in tumour cell survival and growth.

ACKNOWLEDGMENTS

The authors are grateful to Romy Adler and Mareike 
Barth for their expert technical assistance.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose. 
The funding sponsors had no roles in the study design, 



Oncotarget35994www.oncotarget.com

collection, analyses, or interpretation of data, writing of 
the manuscript, or decision to publish the results.

FUNDING

This work was supported by grants from 
Bundesministerium für Bildung und Forschung 
(BMBF) and Forschungszentrum Jülich GmbH 
(031B0098C, Germany) (to M.M.); and, in part, by the 
Helmholtz Cross-Programme Initiative “Technology 
and Medicine – Adaptive Systems” of the Helmholtz 
Association (to J.P.).

REFERENCES

1. Lambeau G, Ancian P, Barhanin J, Lazdunski M. Cloning 
and expression of a membrane receptor for secretory 
phospholipases A2. J Biol Chem. 1994; 269:1575–78.

2. Lambeau G, Lazdunski M. Receptors for a growing family 
of secreted phospholipases A2. Trends Pharmacol Sci. 1999; 
20:162–70. https://doi.org/10.1016/S0165-6147(99)01300-0.

3. Ancian P, Lambeau G, Lazdunski M. Multifunctional 
activity of the extracellular domain of the M-type 
(180 kDa) membrane receptor for secretory 
phospholipases A2. Biochemistry. 1995; 34:13146–51.  
https://doi.org/10.1021/bi00040a028.

4. Ohara O, Ishizaki J, Arita H. Structure and function of 
phospholipase A2 receptor. Prog Lipid Res. 1995; 34:117–
38. https://doi.org/10.1016/0163-7827(94)00009-B.

5. East L, Isacke CM. The mannose receptor family. 
Biochim Biophys Acta. 2002; 1572:364–86.  
https://doi.org/10.1016/S0304-4165(02)00319-7.

6. Hanasaki K, Arita H. Phospholipase A2 receptor: a 
regulator of biological functions of secretory phospholipase 
A2. Prostaglandins Other Lipid Mediat. 2002; 68-69:71–82. 
https://doi.org/10.1016/S0090-6980(02)00022-9.

7. Augert A, Payré C, de Launoit Y, Gil J, Lambeau G, Bernard 
D. The M-type receptor PLA2R regulates senescence 
through the p53 pathway. EMBO Rep. 2009; 10:271–77. 
https://doi.org/10.1038/embor.2008.255.

8. Augert A, Vindrieux D, Girard CA, Le Calvé B, 
Gras B, Ferrand M, Bouchet BP, Puisieux A, de 
Launoit Y, Simonnet H, Lambeau G, Bernard D. 
PLA2R1 kills cancer cells by inducing mitochondrial 
stress. Free Radic Biol Med. 2013; 65:969–77.  
https://doi.org/10.1016/j.freeradbiomed.2013.08.177.

9. Griveau A, Devailly G, Eberst L, Navaratnam N, Le Calvé 
B, Ferrand M, Faull P, Augert A, Dante R, Vanacker JM, 
Vindrieux D, Bernard D. The PLA2R1-JAK2 pathway 
upregulates ERRα and its mitochondrial program to exert 
tumor-suppressive action. Oncogene. 2016; 35:5033–42. 
https://doi.org/10.1038/onc.2016.43.

10. Vindrieux D, Augert A, Girard CA, Gitenay D, Lallet-
Daher H, Wiel C, Le Calvé B, Gras B, Ferrand 

M, Verbeke S, de Launoit Y, Leroy X, Puisieux 
A, et al. PLA2R1 mediates tumor suppression by 
activating JAK2. Cancer Res. 2013; 73:6334–45.  
https://doi.org/10.1158/0008-5472.CAN-13-0318.

11. Vindrieux D, Devailly G, Augert A, Le Calvé B, 
Ferrand M, Pigny P, Payen L, Lambeau G, Perrais 
M, Aubert S, Simonnet H, Dante R, Bernard D. 
Repression of PLA2R1 by c-MYC and HIF-2alpha 
promotes cancer growth. Oncotarget. 2014; 5:1004–13.  
https://doi.org/10.18632/oncotarget.1681.

12. Bernard D, Vindrieux D. PLA2R1: expression and function 
in cancer. Biochim Biophys Acta. 2014; 1846:40–44. 
https://doi.org/10.1016/j.bbcan.2014.03.003.

13. Menschikowski M, Platzbecker U, Hagelgans A, Vogel M, 
Thiede C, Schönefeldt C, Lehnert R, Eisenhofer G, Siegert 
G. Aberrant methylation of the M-type phospholipase 
A(2) receptor gene in leukemic cells. BMC Cancer. 2012; 
12:576. https://doi.org/10.1186/1471-2407-12-576.

14. Amin R, Fiancette R, Bordessoule D, Turlure P, Guerin 
E, Trimoreau F, Denizot Y. Phospholipase A2 receptors in 
human leukemic blasts. Leuk Lymphoma. 2011; 52:908–09. 
https://doi.org/10.3109/10428194.2010.551160.

15. Gorovetz M, Baekelandt M, Berner A, Trope' CG, Davidson 
B, Reich R. The clinical role of phospholipase A2 isoforms 
in advanced-stage ovarian carcinoma. Gynecol Oncol. 2006; 
103:831–40. https://doi.org/10.1016/j.ygyno.2006.06.042.

16. Linn SC, West RB, Pollack JR, Zhu S, Hernandez-
Boussard T, Nielsen TO, Rubin BP, Patel R, Goldblum 
JR, Siegmund D, Botstein D, Brown PO, Gilks 
CB, van de Rijn M. Gene expression patterns and 
gene copy number changes in dermatofibrosarcoma 
protuberans. Am J Pathol. 2003; 163:2383–95.  
https://doi.org/10.1016/S0002-9440(10)63593-6.

17. Quach ND, Mock JN, Scholpa NE, Eggert MW, Payré 
C, Lambeau G, Arnold RD, Cummings BS. Role of the 
phospholipase A2 receptor in liposome drug delivery 
in prostate cancer cells. Mol Pharm. 2014; 11:3443–51.  
https://doi.org/10.1021/mp500174p.

18. Sukocheva O, Menschikowski M, Hagelgans A, Yarla NS, 
Siegert G, Reddanna P, Bishayee A. Current insights into 
functions of phospholipase A2 receptor in normal and cancer 
cells: More questions than answers. Semin Cancer Biol. 2017 
Nov 2. https://doi.org/10.1016/j.semcancer.2017.11.002. 
[Epub ahead of print].

19. Dozmorov MG, Hurst RE, Culkin DJ, Kropp BP, Frank 
MB, Osban J, Penning TM, Lin HK. Unique patterns 
of molecular profiling between human prostate cancer 
LNCaP and PC-3 cells. Prostate. 2009; 69:1077–90.  
https://doi.org/10.1002/pros.20960.

20. Lin HP, Lin CY, Hsiao PH, Wang HD, Jiang SS, Hsu JM, 
Jim WT, Chen M, Kung HJ, Chuu CP. Difference in protein 
expression profile and chemotherapy drugs response of 
different progression stages of LNCaP sublines and other 
human prostate cancer cells. PLoS One. 2013; 8:e82625. 
https://doi.org/10.1371/journal.pone.0082625.

https://doi.org/10.1016/S0165-6147(99)01300-0
https://doi.org/10.1021/bi00040a028
https://doi.org/10.1016/0163-7827(94)00009-B
https://doi.org/10.1016/S0304-4165(02)00319-7
https://doi.org/10.1016/S0090-6980(02)00022-9
https://doi.org/10.1038/embor.2008.255
https://doi.org/10.1016/j.freeradbiomed.2013.08.177
https://doi.org/10.1038/onc.2016.43
https://doi.org/10.1158/0008-5472.CAN-13-0318
https://doi.org/10.18632/oncotarget.1681
https://doi.org/10.1016/j.bbcan.2014.03.003
https://doi.org/10.1186/1471-2407-12-576
https://doi.org/10.3109/10428194.2010.551160
https://doi.org/10.1016/j.ygyno.2006.06.042
https://doi.org/10.1016/S0002-9440(10)63593-6
https://doi.org/10.1021/mp500174p
https://doi.org/10.1016/j.semcancer.2017.11.002
https://doi.org/10.1002/pros.20960
https://doi.org/10.1371/journal.pone.0082625


Oncotarget35995www.oncotarget.com

21. Menschikowski M, Hagelgans A, Nacke B, 
Jandeck C, Sukocheva O, Siegert G. Epigenetic 
control of phospholipase A2 receptor expression in 
mammary cancer cells. BMC Cancer. 2015; 15:971.  
https://doi.org/10.1186/s12885-015-1937-y.

22. Barretina J, Caponigro G, Stransky N, Venkatesan K, 
Margolin AA, Kim S, Wilson CJ, Lehár J, Kryukov GV, 
Sonkin D, Reddy A, Liu M, Murray L, et al. The Cancer 
Cell Line Encyclopedia enables predictive modelling of 
anticancer drug sensitivity. Nature. 2012; 483:603–07. 
https://doi.org/10.1038/nature11003.

23. Klijn C, Durinck S, Stawiski EW, Haverty PM, Jiang Z, Liu 
H, Degenhardt J, Mayba O, Gnad F, Liu J, Pau G, Reeder 
J, Cao Y, et al. A comprehensive transcriptional portrait of 
human cancer cell lines. Nat Biotechnol. 2015; 33:306–12. 
https://doi.org/10.1038/nbt.3080.

24. Albrecht M, Renneberg H, Wennemuth G, Möschler O, 
Janssen M, Aumüller G, Konrad L. Fibronectin in human 
prostatic cells in vivo and in vitro: expression, distribution, 
and pathological significance. Histochem Cell Biol. 1999; 
112:51–61. https://doi.org/10.1007/s004180050391.

25. Han S, Khuri FR, Roman J. Fibronectin stimulates 
non-small cell lung carcinoma cell growth through 
activation of Akt/mammalian target of rapamycin/S6 
kinase and inactivation of LKB1/AMP-activated protein 
kinase signal pathways. Cancer Res. 2006; 66:315–23.  
https://doi.org/10.1158/0008-5472.CAN-05-2367.

26. Rintoul RC, Sethi T. Extracellular matrix regulation of drug 
resistance in small-cell lung cancer. Clin Sci (Lond). 2002; 
102:417–24. https://doi.org/10.1042/cs1020417.

27. Kwok WK, Ling MT, Lee TW, Lau TC, Zhou 
C, Zhang X, Chua CW, Chan KW, Chan FL, 
Glackin C, Wong YC, Wang X. Up-regulation of 
TWIST in prostate cancer and its implication as a 
therapeutic target. Cancer Res. 2005; 65:5153–62.  
https://doi.org/10.1158/0008-5472.CAN-04-3785.

28. Lonergan PE, Tindall DJ. Androgen receptor signaling in 
prostate cancer development and progression. J Carcinog. 
2011; 10:20. https://doi.org/10.4103/1477-3163.83937.

29. Chen Y, Martinez LA, LaCava M, Coghlan L, Conti CJ. 
Increased cell growth and tumorigenicity in human prostate 
LNCaP cells by overexpression to cyclin D1. Oncogene. 
1998; 16:1913–20. https://doi.org/10.1038/sj.onc.1201719.

30. Manimegalai AG, Rao SH, Ravindran D. Fibronectin in 
periodontal health and disease. J Orofac Sci. 2016; 8:12–15. 
https://doi.org/10.4103/0975-8844.181918.

31. Lim JT, Mansukhani M, Weinstein IB. Cyclin-dependent 
kinase 6 associates with the androgen receptor and 
enhances its transcriptional activity in prostate cancer 
cells. Proc Natl Acad Sci U S A. 2005; 102:5156–61.  
https://doi.org/10.1073/pnas.0501203102. Erratum in: Proc 
Natl Acad Sci U S A. 2005;102:8786–7.

32. Festuccia C, Gravina GL, Angelucci A, Millimaggi D, 
Bologna M. Culture conditions modulate cell phenotype 

and cause selection of subpopulations in PC3 prostate 
cancer cell line. Anticancer Res. 2000; 20:4367–71.

33. Panov A, Orynbayeva Z. Bioenergetic and antiapoptotic 
properties of mitochondria from cultured human prostate 
cancer cell lines PC-3, DU145 and LNCaP. PLoS One. 2013; 
8:e72078. https://doi.org/10.1371/journal.pone.0072078.

34. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree 
C. Clonogenic assay of cells in vitro. Nat Protoc. 2006; 
1:2315–19. https://doi.org/10.1038/nprot.2006.339.

35. Hurt EM, Kawasaki BT, Klarmann GJ, Thomas SB, 
Farrar WL. CD44+ CD24(-) prostate cells are early cancer 
progenitor/stem cells that provide a model for patients 
with poor prognosis. Br J Cancer. 2008; 98:756–65.  
https://doi.org/10.1038/sj.bjc.6604242.

36. Jaworska D, Szliszka E. Targeting apoptotic activity 
against prostate cancer stem cells. Int J Mol Sci. 2017; 18.  
https://doi.org/10.3390/ijms18081648.

37. An H, Kim JY, Oh E, Lee N, Cho Y, Seo JH. Salinomycin 
promotes anoikis and decreases the CD44+/CD24- stem-
like population via inhibition of STAT3 activation in 
MDA-MB-231 cells. PLoS One. 2015; 10:e0141919. 
https://doi.org/10.1371/journal.pone.0141919.

38. Mohammadalipour A, Burdick MM, Tees DF. Deformability 
of breast cancer cells in correlation with surface 
markers and cell rolling. FASEB J. 2018; 32:1806–17.  
https://doi.org/10.1096/fj.201700762R.

39. Clevers H. The cancer stem cell: premises, promises 
and challenges. Nat Med. 2011; 17:313–19.  
https://doi.org/10.1038/nm.2304.

40. Mishina H, Watanabe K, Tamaru S, Watanabe Y, Fujioka D, 
Takahashi S, Suzuki K, Nakamura T, Obata JE, Kawabata 
K, Yokota Y, Inoue O, Murakami M, et al. Lack of 
phospholipase A2 receptor increases susceptibility to cardiac 
rupture after myocardial infarction. Circ Res. 2014; 114:493–
504. https://doi.org/10.1161/CIRCRESAHA.114.302319.

41. Takahashi S, Watanabe K, Watanabe Y, Fujioka D, 
Nakamura T, Nakamura K, Obata JE, Kugiyama K. 
C-type lectin-like domain and fibronectin-like type II 
domain of phospholipase A(2) receptor 1 modulate binding 
and migratory responses to collagen. FEBS Lett. 2015; 
589:829–35. https://doi.org/10.1016/j.febslet.2015.02.016.

42. Heino J. Cellular signaling by collagen-binding 
integrins. Adv Exp Med Biol. 2014; 819:143–55.  
https://doi.org/10.1007/978-94-017-9153-3_10.

43. Ravanti L, Heino J, López-Otín C, Kähäri VM. Induction 
of collagenase-3 (MMP-13) expression in human skin 
fibroblasts by three-dimensional collagen is mediated by 
p38 mitogen-activated protein kinase. J Biol Chem. 1999; 
274:2446–55. https://doi.org/10.1074/jbc.274.4.2446.

44. Rantala JK, Pouwels J, Pellinen T, Veltel S, Laasola P, 
Mattila E, Potter CS, Duffy T, Sundberg JP, Kallioniemi O, 
Askari JA, Humphries MJ, Parsons M, et al. SHARPIN is 
an endogenous inhibitor of β1-integrin activation. Nat Cell 
Biol. 2011; 13:1315–24. https://doi.org/10.1038/ncb2340.

https://doi.org/10.1186/s12885-015-1937-y
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nbt.3080
https://doi.org/10.1007/s004180050391
https://doi.org/10.1158/0008-5472.CAN-05-2367
https://doi.org/10.1042/cs1020417
https://doi.org/10.1158/0008-5472.CAN-04-3785
https://doi.org/10.4103/1477-3163.83937
https://doi.org/10.1038/sj.onc.1201719
https://doi.org/10.4103/0975-8844.181918
https://doi.org/10.1073/pnas.0501203102
https://doi.org/10.1371/journal.pone.0072078
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/sj.bjc.6604242
https://doi.org/10.3390/ijms18081648
https://doi.org/10.1371/journal.pone.0141919
https://doi.org/10.1096/fj.201700762R
https://doi.org/10.1038/nm.2304
https://doi.org/10.1161/CIRCRESAHA.114.302319
https://doi.org/10.1016/j.febslet.2015.02.016
https://doi.org/10.1007/978-94-017-9153-3_10
https://doi.org/10.1074/jbc.274.4.2446
https://doi.org/10.1038/ncb2340


Oncotarget35996www.oncotarget.com

45. Menschikowski M, Hagelgans A, Gussakovsky E, Kostka 
H, Paley EL, Siegert G. Differential expression of secretory 
phospholipases A2 in normal and malignant prostate cell 
lines: regulation by cytokines, cell signaling pathways, 
and epigenetic mechanisms. Neoplasia. 2008; 10:279–86. 
https://doi.org/10.1593/neo.07965.

46. Wolf S, Haase-Kohn C, Lenk J, Hoppmann S, Bergmann 
R, Steinbach J, Pietzsch J. Expression, purification and 
fluorine-18 radiolabeling of recombinant S100A4: a potential 
probe for molecular imaging of receptor for advanced 

glycation endproducts in vivo? Amino Acids. 2011; 41:809–
20. https://doi.org/10.1007/s00726-010-0822-x.

47. Ullrich M, Bergmann R, Peitzsch M, Zenker EF, Cartellieri 
M, Bachmann M, Ehrhart-Bornstein M, Block NL, Schally 
AV, Eisenhofer G, Bornstein SR, Pietzsch J, Ziegler CG. 
Multimodal Somatostatin Receptor Theranostics Using [(64)
Cu]Cu-/[(177)Lu]Lu-DOTA-(Tyr(3))octreotate and AN-238 
in a Mouse Pheochromocytoma Model. Theranostics. 2016; 
6:650–65. https://doi.org/10.7150/thno.14479.

https://doi.org/10.1593/neo.07965
https://doi.org/10.1007/s00726-010-0822-x
https://doi.org/10.7150/thno.14479

