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Secreted phospholipases A, (sPLA,s) have recently been associated with several cancers, but their role in
breast cancer is unknown. Here we demonstrate that mRNA expression of group IIA, IIl and X sPLA;s dif-
fers both in vivo in tumour biopsies and in breast cancer cells in vitro. Their expression is differentially
regulated by DNA methylation and histone acetylation and, significantly, all three genes are silenced in
aggressive triple negative cells due to both mechanisms. The transcription start site promoter region
and the upstream CpG islands, exclusive to the group X sPLA; gene, have variable roles in the regulation
of sPLA;, expression. Our results suggest that the differential expression of hGIIA, hGIIIl and hGX sPLA;s in
breast cancer cells is a consequence of various degrees of epigenetic silencing due to DNA hypermethy-
lation and histone deacetylation.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Dysregulated expression of oncogenes and tumour suppressor
genes in cancer is often the result of epigenetic modifications, par-
ticularly DNA methylation and histone modifications [1,2]. Aber-
rant DNA methylation of cytosines adjacent to guanines (CpG
dinucleotides) is common in gene regulatory regions rich in CpG
pairs, called CpG islands. Although altered DNA methylation in
cancer has been mostly associated with hypermethylation of pro-
moters, resulting in gene expression silencing, hypomethylation
has also been observed [1,2]. Post-translational histone modifica-
tions, such as acetylation, constitute another set of epigenetic
mechanisms that are a major contributor to tumourigenesis [1,2].
Histone acetylation/deacetylation cycles regulate the accessibility
of DNA to transcription factors (TFs) and RNA polymerase II, there-
by activating or repressing gene expression [1,2]. Importantly, epi-
genetic changes are reversible and thereby constitute a promising
target for therapeutic intervention [1]. Inhibitors of DNA methyla-
tion, such as 5-aza-2’'-deoxycytidine (decitabine, DAC), have a pro-
ven efficacy as anti-cancer drugs [1,2]. Several inhibitors of histone

Abbreviations: DAC, 5-aza-2'-deoxycytidine; HDACi, histone deacetylase inhib-
itor; TF, transcription factor; TSA, trichostatin A; TSS, transcription start site.
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deacetylases (HDACi), including trichostatin A (TSA), induce differ-
entiation and apoptosis in malignant cells [2]. Furthermore, DNA
methylation is often associated with specific histone modifications
that cooperatively modulate chromatin structure to alter gene
expression and cell fate [1].

Secreted phospholipases A, (sPLA,s)! hydrolyse the sn-2 ester
bond of membrane glycerophospholipids to liberate free fatty acids
and lysophospholipids [3]. They are secreted from various cells
and act in an autocrine or paracrine manner on cell membranes
and other extracellular phospholipids [3,4]. The eleven human sPLA,
genes display different tissue expression patterns and are involved in
lipid digestion, inflammatory and cardiovascular diseases, reproduc-
tion, host defence against infections and cancer [3,4]. Aberrant
expression of human group IIA (hGIIA), Il (hGIII) and X (hGX) sPLA,s
has been associated with the pathology of colorectal, breast,
gastric, oesophageal, ovarian and prostate cancers, but the pro- or
anti-tumourigenic role of a particular sPLA, seems to be dependent
on cancer type [5]. Their role in tumourigenesis may be associated
with, but is clearly not limited to, arachidonic acid release and stim-
ulation of cyclooxygenase-2-dependent eicosanoid synthesis [5-7].
Although a link between sPLA,s and breast cancer has not been
established, increased levels of hGIIA sPLA, have been observed in

1 sPLA, enzymes are abbreviated with a lowercase letter indicating the species of

origin (h, human) and with uppercase letters denoting the sPLA, group (GIIA, GIIl and
GX), encoded by genes PLA2G2A, PLA2G3 and PLA2G10, respectively.
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nipple aspirate fluids of breast cancer patients [8] and overexpres-
sion of the enzyme in breast tumours correlates with shorter dis-
ease-free and overall survival [9]. We have shown recently that
hGX sPLA,, but not the hGIIA enzyme, prevents starvation-induced
cell death of invasive breast cancer cells through a novel mechanism
involving alterations in fatty acid energy metabolism [10].

The aim of the present study was to determine the expression
patterns of the full set of human sPLA,s in tumour biopsies and
in a panel of breast cancer cell lines, and to investigate the involve-
ment of epigenetic mechanisms in the regulation of sPLA,
expression. We have found that group IIA, Il and X sPLA,s are dif-
ferentially expressed in breast cancer cells as a result of epigenetic
silencing by DNA methylation and histone deacetylation. In highly
tumourigenic triple negative cells both mechanisms act in concert
to fully repress sPLA; expression. Our results suggest that different
mechanisms of epigenetic regulation are responsible for hGIIA,
hGIII and hGX gene expression silencing in various breast cancer
cells.

2. Materials and methods
2.1. Materials

Cells (MDA-MB-231, T-47D, MCF7, SK-BR-3, MCF 10A) and cul-
ture media (RPMI-1640, MEM, McCoy’s 5A) were obtained from
ATCC (USA). Mammary epithelial cell growth medium (MEGM)
was from Lonza (USA), and fetal bovine serum (FBS), Dulbecco’s
phosphate-buffered saline (DPBS), TrypLe Select and Opti-MEM
from Life Technologies (USA). 5-aza-2'-deoxycytidine (DAC) and
trichostatin A (TSA) were obtained from Sigma-Aldrich (USA). All
other chemicals were of at least analytical grade and purchased
from Sigma-Aldrich (USA) and Serva (Germany).

2.2. In silico analyses

The Oncomine platform (Compendia Bioscience, USA) was used
for meta-analysis of DNA microarray datasets and visualisation of
SPLA, gene expression in tumour biopsies [11]. The promoter re-
gion from 2000 bp upstream to 200 bp downstream of the putative
transcription start site (TSS) of each sPLA; gene was analysed for
the presence of CpGs and CpG islands using the MethPrimer soft-
ware [12]. Putative TF binding sites in sPLA, promoter regions
were identified using TFsearch (http://www.cbrc.jp/research/db/
TFSEARCH.html) and TESS software (Transcription Element Search
System; http://www.cbil.upenn.edu/cgi-bin/tess/tess).

2.3. Treatment of cells with DAC and TSA

Cell lines were cultured as described previously [10]. Cells were
seeded in 6-well plates at a concentration of 1.5 x 10° cells/well
and left to attach for 24 h. They were treated with either DAC
(1 uM) for 72 h or TSA (200 nM) for 24 h. For combined treatment,
cells were exposed to DAC (1 uM) for 72 h and to TSA (200 nM) for
the last 24 h of the 72 h treatment. Due to the instability of DAC,
media was replenished daily. Mock-treated cells were run in paral-
lel with DPBS or dimethyl sulphoxide (DMSO) added as a control.

2.4. Real-time quantitative PCR (qPCR)

Total RNA extraction, first strand cDNA synthesis and qPCR
were performed as described previously [10]. Primer sequences
are listed in Table S1. For the basal expression experiment, Ct
values were rescaled to non-expressed genes, whose relative
expression levels were assigned a value of 1, whereas for other

experiments, they were rescaled to non-treated controls for each
cell line.

2.5. Genomic DNA isolation and bisulphite modification

Genomic DNA (gDNA) was extracted from cells using the QIA-
amp DNA Mini Kit (Qiagen, Germany), and bisulphite modified
using the EpiTect Bisulfite kit (Qiagen, Germany). PCR-amplified
gDNA and gDNA, treated with the CpG methyltransferase M.Sssl
(New England Biolabs, USA), were used as fully unmethylated
and fully methylated controls, respectively, and run in parallel.

2.6. Methylation-independent PCR (MIP) and sequencing

Bisulphite-modified gDNA was amplified by a touchdown stan-
dard or semi-nested PCR. Primer pairs are listed in Table S2 and the
corresponding amplified regions shown in Fig. S1. Platinum Taq
DNA polymerase High Fidelity (Life Technologies, USA) was used
to amplify 20 ng bisulphite modified DNA or 1 pl of the first round
PCR product for semi-nested reactions, with 250 nM of each set of
primers and 5% DMSO. PCR products were gel-purified and se-
quenced using BigDye Version 3.1 chemistry (Eurofins MWG Oper-
on, Germany). Fully methylated and non-methylated control
samples were run in parallel. Methylation frequency at each CpG
site was calculated as the ratio of C:T and G:A residues in the for-
ward or reverse sequencing.

2.7. In vitro assay of sPLA, enzymatic activity using [>H]-oleic acid-
radiolabelled Escherichia coli membranes

sPLA, activity in cell supernatants was determined as described
previously [10]. Samples (20 ul) were assayed at 37 °C for 24 h.
Data were normalized to total protein content in cell lysates
(660 nm Protein Assay, Thermo Scientific, USA).

2.8. Statistical analysis

Prism software (GraphPad Software, USA) was used for statisti-
cal analysis, using one-way ANOVA with Bonferroni adjustment for
multiple comparisons. p-values below 0.05 were considered as sta-
tistically significant. All experiments were performed at least in
duplicate.

3. Results

3.1. Several sPLA;s are differentially expressed in human breast cancer
and breast cancer cells

In order to determine whether sPLA; expression is altered in
breast cancer, in silico analysis of microarray data from human pri-
mary tumours was performed using Oncomine [11]. We found that
the expression of genes encoding hGIIA, hGIII and hGX sPLA,s
(PLA2G2A, PLA2G3 and PLA2G10, respectively) in breast tumour
biopsies differs from that in normal tissues (Table S3 and refer-
ences therein). There were no significant differences in the expres-
sion of the other human sPLA, genes (data not shown). Oncomine
data on PLA2G2A is conflicting with some studies pointing to up-
and other to down-regulation (Table S3). PLA2G3 and PLA2G10
were, on the other hand, clearly up-regulated in breast cancer
according to several studies (Table S3). However, the expression
of PLA2G10 was lower in triple negative samples relative to other
tumours, and in basal relative to luminal tumours, both in biopsies
and cultured cells (Table S3), suggesting that PLA2G10 expression is
dependent on the subtype of breast cancer [13].


http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.cbrc.jp/research/db/TFSEARCH.html
http://www.cbil.upenn.edu/cgi-bin/tess/tess

232 V. Brglez et al./Biochemical and Biophysical Research Communications 445 (2014) 230-235
105
3 MCF 10A
- MCF7
2 10% T-47D
] mm SK-BR-3
g mm MDA-MB-231
]
c
S (1A FE———
o
=
< 107y
o
1004
0\0 0‘1? 0’\9 0‘& 0'1? .LC‘;b ,"C‘)“’ 0\0 \‘1? (&
\y{l« ‘;1. \,V"L \}‘L v,‘lr VP \,P \y,‘\' ‘1»0 .»0
< 13 < < 3 ¢ . ¢ & &

Fig. 1. The mRNA expression levels of sPLA;s differ between mammary cell lines. Total RNA was isolated and the relative expression levels of the whole set of human sPLA;s

were determined by qPCR. Values on the graphs are means * SD of three isolations.

We next chose five model cell lines, which differ in their pheno-
type and genotype and represent different types of breast cancer
(Table S4), to study the expression and epigenetic regulation of
sPLA,s. Of the 10 human sPLA; genes analysed, PLA2G2A, PLA2G3
and PLA2G10 were differentially expressed in the cell lines,
whereas the expression of other sPLA,s was very low or did not dif-
fer between the cell lines (Fig. 1). The PLA2G2A gene was highly ex-
pressed only in the HER2-positive SK-BR-3 cells, while high PLA2G3
mRNA levels were observed only in the luminal-like MCF7 and T-
47D cells. The expression of PLA2G10 mRNA was high in all lumi-
nal-like cells in comparison with that determined in the basal-like
cell lines, which is in accordance with the in vivo and in vitro
Oncomine data (Table S3). The expression of several genes func-
tionally related to sPLA,s also differed among cell lines (Fig. S2),
but no correlation with the expression of sPLA,s was found.

Thus, mRNA expression of hGIIA, hGIIl and hGX sPLA;s differs
both in vivo in tumour biopsies and in vitro in cancer cell line
models.

3.2. DNA methylation is involved in sPLA, gene silencing in breast
cancer cells

To determine whether epigenetic mechanisms are involved in
the regulation of sPLA, expression in breast cancer cells, we
first assessed the importance of DNA methylation. Cell treatment
with DAC, a potent inhibitor of DNA methyltransferases [1],
led to an increase in hGIIA, hGIII and hGX sPLA, mRNA levels in
several cell lines (Fig. 2), confirming the involvement of DNA

methylation-driven epigenetic silencing and suggesting that
the promoters of the three differentially expressed sPLA,-encoding
genes are hypermethylated in several breast cancer cell lines.

3.3. Proximal promoters of genes encoding hGIIA, hGIIl and hGX sPLAs
are differentially methylated in breast cancer cells

The increased expression of sSPLA, genes on DAC treatment could
be a consequence of DAC-induced re-expression of some other
genes [1]. To confirm the direct involvement of DNA methylation
in the regulation of sPLA, expression in breast cancer cells, we as-
sessed the methylation level of sPLA, gene promoters. Potential
methylation sites in the promoters of PLA2G2A, PLA2G3 and
PLA2G10 were identified by an in silico analysis (Fig. S1). Those
found in the vicinity of the putative TSS of each gene, as well as
in the two CpG islands exclusive to PLA2G10, were further analysed
by methylation-specific high resolution melt (Fig. S3) and bisulph-
ite sequencing (Fig. 3). We found that the basal methylation level in
the TSS region of the PLA2G2A gene, and its reduction upon DAC
treatment, is highest in MCF 10A cells (Figs. 3A and S3A). A signifi-
cant reduction in methylation frequency upon DAC treatment
(p <0.05) was observed at a CpG site located within the putative
binding sites for several TFs (Fig. 3A). The average basal methyla-
tion level in the TSS region of the PLA2G3 promoter was high and
comparable in all cell lines (Figs. 3B and S3B). Three CpG sites in
MCF 10A cells, overlapping with the putative binding sites for sev-
eral TFs, displayed a reduction (p < 0.05) in methylation frequency
upon DAC treatment. Interestingly, while the basal methylation
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Fig. 2. Distinct patterns of DAC-induced stimulation of PLA2G2A (A), PLA2G3 (B) and PLA2G10 (C) mRNA expression. Cells were treated with 1 uM DAC for 72 h. Total RNA was
isolated and the relative PLA2G2A, PLA2G3 and PLA2G10 mRNA expression levels were determined by qPCR. Values on the graphs are means + SD of three experiments and
statistically significant changes (relative to untreated controls) are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA with Bonferroni adjustment).
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Fig. 3. Methylation frequencies in PLA2G2A, PLA2G3 and PLA2G10 promoter regions are altered upon DAC-treatment. Genomic DNA was bisulphite modified, amplified by
MIP, agarose gel-purified and sequenced. Methylation frequency at each CpG site was calculated as the ratio of C:T and G:A residues in the forward or reverse sequencing.
Arrows point to the putative transcription start sites. Grey areas represent CpG islands. Vertical bars and colour-coded circles indicate individual CpG sites. Black and white
circles correspond to maximal and minimal frequency of methylation, respectively. Putative transcription factors binding sites overlapping the differentially methylated CpGs

are shown. Values on the graphs are means of two experiments.

levels of the two CpG islands in the PLA2G10 promoter (Fig. S1) were
high in all breast cancer cells (Figs. 3C and S3D), the TSS region of
the gene was highly heterogeneous in terms of methylation fre-
quency (Figs. 3C and S3C). In the luminal-like cells, the majority
of CpG sites displaying a significant DAC-induced reduction in
methylation (p < 0.05) are in the vicinity of the TSS and correspond
to putative binding sites for several lipid metabolism-associated
TFs, including sterol regulatory element-binding protein 1
(SREBP-1), retinoic acid receptor alpha (RARa) and retinoid X
receptor beta (RXRB). In contrast to the luminal-like cells, a signif-
icant reduction in methylation frequency in the basal-like cells
was observed within the CpG islands, but not in the TSS region of
the PLA2G10 promoter. In accordance, the —500 CpG island was
not important for PLA2G10 transcription in luminal-like SK-BR-3
cells (Fig. S4).

3.4. sPLA;, genes are additionally epigenetically repressed by histone
acetylation

Since restoring basal DNA methylation was not sufficient to in-
crease mRNA expression of hGIIA, hGIII and hGX sPLA;s, especially
in MDA-MB-231 cells (Fig. 2), we next sought whether histone
acetylation is responsible for their differential silencing in breast
cancer cells. Interestingly, after treatment with the potent HDACi
TSA, the most prominent increase in mRNA levels of all three
sPLA,s was observed in MDA-MB-231 cells (Fig. 4). The TSA treat-
ment had no effect on sPLA, expression in the non-tumourigenic
MCF 10A cells (Fig. 4), but it increased PLA2G2A and PLA2G10
expression in all other cell lines.

Since both DNA methylation and histone deacetylation can act
synergistically to repress gene expression in cancer [1], we next
determined the levels of sPLA, mRNA after treatment with both

DAC and TSA. Interestingly, the treatment did not affect the expres-
sion of any sPLA, in MCF 10A cells, but led to significant increases
in the expression of hGIIA and hGX in the luminal-like cells and of
all three sPLA,s in MDA-MB-231 cells (Fig. 4). Thus, histone acety-
lation affects sPLA, expression primarily in tumorigenic breast
cancer cells, but not in the non-tumorigenic MCF 10A cells.

Since sPLA,s are produced in small quantities and are secreted
from the cell, resulting in dilution of the enzyme, it is difficult to
detect endogenously expressed sPLA, proteins in cell lines and tis-
sues [3-5]. To confirm that the increase in SPLA, mRNA expression
upon treatment with DAC and TSA corresponds to increased sPLA;
protein levels, we used two sensitive and specific sSPLA, assays, the
time-resolved fluoroimmunoassay (TRFIA; Fig. S5) and the radioac-
tive enzymatic assay (Figs. 4D and S6). We found that the treat-
ment with DAC and TSA leads to increased secretion of active
hGIIA protein from SK-BR-3 cells (Figs. 4D and S6). However, using
both assays, we could not detect hGIIA, hGIIl and hGX sPLA, pro-
teins in the rest of the cell lines, suggesting that the released
amounts of these sPLA,s were below the limit of detection (data
not shown). Nonetheless, the determination of hGIIA protein in
SK-BR-3 cells provides a proof of principle that DAC- and TSA-
induced sPLA, mRNA expression likely results in expression of
the corresponding sPLA, protein in breast cancer cells.

4. Discussion

The mechanisms underlying aberrant sPLA, expression in vari-
ous cancers 5] are poorly understood, constituting a major obsta-
cle in the understanding of their role in cancer. Apart from a few
studies [8,9], the expression of sPLA,s in normal breast tissue
and cancer cells has not been investigated. We demonstrate here
that the mRNA expression of sPLA;s, namely the group IIA, III
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Fig. 4. Histone acetylation and DNA methylation regulate sPLA, expression in breast cancer cells. Cells were treated with 1 pM DAC for 72 h and/or 200 nM TSA for 24 h. Total
RNA was isolated and the relative expression levels of PLA2G2A (A), PLA2G3 (B) and PLA2G10 (C) were determined by qPCR. For protein quantification (D), sPLA, enzymatic
activity in the culture medium of SK-BR-3 cells was determined with in vitro enzymatic assay using [*H]-oleic acid-radiolabelled E. coli membranes. Values on the graphs are
means + SD of three experiments and statistically significant changes (relative to untreated controls) are indicated (*, p < 0.05; **, p < 0.01; ***, p < 0.001; one-way ANOVA with

Bonferroni adjustment).

and X sPLA;s, differs in vivo in tumour biopsies and in vitro in
breast cancer cell lines, and that both DNA methylation and his-
tone acetylation are involved in the regulation of their gene
expression in the latter.

Abnormal patterns of DNA methylation have been well docu-
mented for a number of genes in different types of cancer [1].
Although data on epigenetic regulation of sSPLA,s in cancer are lim-
ited, it has been shown that hGIIA is silenced by DNA methylation
in several gastric cancer cell lines [14], Jurkat and U937 leukaemia
[15] and DU-145 prostate cancer cells [16]. We show here that
hGIIA, hGIIl and hGX sPLA;s are differentially expressed in breast
cancer cells in vivo and in vitro, and are silenced by DNA hyperme-
thylation in breast cancer cell lines (Table S1 and Figs. 1 and 2).
Interestingly, the average level of PLA2G2A promoter methylation
(Figs. 3A and S3A) was inversely proportional to tumourigenicity
of the cell lines (Table S4). This is in accordance with recent find-
ings showing that PLA2G2A is hypomethylated in invasive relative
to non-invasive breast cancer cells [17], in lung tumours relative to
normal lung [18] and in mouse intestinal adenoma [19]. On the
other hand, the methylation levels of the PLA2G3 and PLA2G10 pro-
moter were comparable in all cell lines (Figs. 3 and S3) and did not
correlate with basal mRNA expression (Fig. 1) or response to DAC
(Fig. 2B). Interestingly, the DAC-induced reduction of methylation
in the CpG islands and the putative TSS region of PLA2G10 were dif-
ferent in basal- and luminal-like cells (Figs. 3C, S3C and S3D). Along
with the observed subtype specific expression of PLA2G10 mRNA
(Fig. 1 and Table S4), this suggests a differential regulation of
PLA2G10 expression in luminal- and basal-like breast cancer cells.

So far, only one study has investigated the involvement of his-
tone acetylation in sPLA, gene expression [20] and sPLA,s have
been found incidentally as hits in microarray analyses assessing
gene expression changes in HDACi-treated cancer cells [21,22].
We show here that the HDACi TSA induces the expression of hGIIA,
hGIII and hGX sPLA,s in breast cancer cells (Figs. 4, S5 and S6) and
that histone deacetylation is important for sPLA, gene expression
silencing in tumourigenic cells, particularly in the most aggressive
MDA-MB-231 cells. A combined DAC and TSA treatment resulted in

a synergistic increase in the expression of all three sPLA,s in these
cells (Fig. 4), confirming that both histone deacetylation and DNA
methylation are responsible for the low sPLA, expression. Our
results suggest that the differential expression of sPLA,s in breast
cancer cells can be attributed, at least in part, to varying degrees
of epigenetic regulation: in non-tumourigenic basal-like cells,
DNA methylation appears to play a dominant role for all sPLA;s,
in the weakly and moderately tumourigenic luminal-like cell
lines the effects of both mechanisms on the expression of a
particular sPLA, are heterogenous, whereas in the highly tumouri-
genic basal-like cells histone deacetylation dominates over DNA
methylation.

We have shown recently that exogenously added hGX sPLA,, but
not the hGIIA enzyme, induces lipid droplet formation and prevents
starvation-induced apoptosis in MDA-MB-231, but not in MCF 10A
cells, suggesting that the pro-tumourigenic effect of the enzyme is
typical for invasive breast cancer cells [10]. In accordance, hGX
SPLA; had a weak negative effect on the viability of non- and weakly
tumourigenic cells, but increased the viability of highly tumouri-
genic cells (Fig. S7). The differential epigenetic regulation of sPLA,
expression in basal- and luminal-like mammary cells reported here
is in line with a differential, cell type-dependent role for sPLA,s in
cancer. This may explain the contradictory reports and difficulty
in assigning a clear role for a particular sPLA, in various cancers.
For example, the role of GIIA sPLA, in colon cancer is still controver-
sial, and several groups have found opposing effects on tumour
progression, suggesting that GIIA may suppress carcinogenesis at
early stages of tumour development, while promoting it at later
stages [23,24]. Given that the biological roles of sPLA,s are diverse
and depend on the enzyme studied, its expression level and the
tissue involved, the differential epigenetic regulation, shown here
for breast cancer cells, adds another layer of complexity to their role
in cancer and human (patho)physiology in general.

In summary, we show in this study that hGIIA, hGIIl and hGX
SPLA;s are differentially expressed in breast tumours and cell lines,
with high expression in luminal-like cells and very low in basal-
like cells. The differential expression of sPLA,s in breast cancer
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cells is associated with a differential role of DNA methylation and
histone deacetylation, the former being the major cause of tran-
scriptional repression in non-tumourigenic cells and the latter in
highly tumourigenic cells, while both mechanisms affect sPLA,
expression to varying degrees in weakly and moderately tumouri-
genic cell lines. The different DNA methylation patterns and the
varying importance of DNA methylation and histone deacetylation
mechanisms suggest a cell type-dependent epigenetic regulation
of sPLA, expression in normal and neoplastic mammary cells.
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