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Abstract. Background/Aim: Extracellular —acidity, a
characteristic of solid tumors, has been proposed to be a
critical factor for aggravating tumor malignancy and
conferring resistance to therapeutics. Recently, acidity has
been implicated in inflammatory responses, which are mediated
through active lipid metabolites in various human tissues. In
the present study, we investigated whether acidity can affect
lipid-mediated signaling, and found that phospholipase A2
(PLA,) activity increased at acidic pH in SNU601 and AGS
gastric carcinoma cell lines. Materials and Methods: To
identify the PLA, isoform that is responsible for the acidity-
induced activity, we assessed mRNA levels of cPLA; isotypes
through real-time qPCR, and protein levels through
immunoblot assay in cells cultured in acidic medium. Results:
It was found that acidic pH conditions markedly elevated the
PLAyy expression. A gene interference study using specific
SIRNA of ¢PLA,y suggested that expression of cPLAyy in
acidic culture conditions may be associated with protection of
cancer cells in acidic environment, as shown by cell viability
and clonogenic assays. In addition, expression of cPLA,y
appeared to confer cell resistance to anticancer drugs under
acidic pH conditions. Conclusion: Acidity-induced cPLA,y
expression may exert protective effects by imparting resistance
to the gastric cancer cells under acidic environment.

Gastric cancer (GC) is a frequently occurring malignancy
and one of the major causes of cancer-related mortality
worldwide (1). Although the development of surgical
operation has brought quite successful results, there is still a
large number of patients diagnosed with GC at advanced
stages.
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Recently, metabolic parameters of tumor tissues, such as
extracellular acidity have been proposed to be critical in
tumor malignancy and resistance to therapeutic agents (2, 3).
Extracellular acidity is a characteristic feature of solid tumor
as tumor cells undergo active aerobic and anaerobic
glycolysis, resulting in accumulation of H* and lactic acid
(4). Such acidosis has been reported to confer an ineffective
therapeutic environment leading to selection of more
resistant and aggressive characteristics (5, 6). However, the
mechanisms by which acidic pH microenvironment induces
resistance in cancer cells are not well understood.

Various studies have shown that biologically active lipids,
such as eicosanoids play an essential role in the control of
various pathological processes associated with cancer. These
lipid metabolites are synthesized through a complex
enzymatic pathway, beginning with the release of
arachidonic acid. Arachidonic acid generation is catalyzed
by phospholipase A2 (PLA,) enzyme family through the
hydrolysis of glycerophospholipids (7). So far, more than 30
different forms of PLA, enzymes have been identified and
classified into four main categories: secreted SPLA,s,
cytosolic cPLA,s, calcium-independent iPLA,s, and platelet
activating factor (PAF) acetyl hydrolase/oxidized lipid
lipoprotein associated (Lp) PLA,s. Among the known
isoforms, intracellular PLA,s in the group IV family
(cPLA,s) are most studied and have been suggested to play
a role in various physiological and pathological processes (8,
9). The group IV PLA, family comprises of six members,
including 4A, 4B, 4C, 4D, 4E, and 4F that are commonly
referred to as cPLA, a, B3, v, 0, €, and , respectively (10).
The most extensively studied group IV PLA, enzyme is
cPLAa, that plays crucial roles in the production of
inflammatory lipid mediators with the help of COX and is
overexpressed in multiple human cancers (11). Another
member of group IV PLA,, cPLA,y also modulates
phospholipid remodeling in the cells (12), therefore, it may
be linked to the COX pathway to produce prostanoids (7).
However, cPLA,y shows several structural and functional
differences from cPLA,a indicating a distinct physiological
role. cPLA,Y is constitutively associated with the membrane,
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and is calcium-independent unlike cPLA,o (13, 14). It is
predominantly expressed in the cardiac and skeletal muscle
in humans, and associated with mitochondria, ER and Golgi.
Although the physiological significance or regulatory
mechanism of cPLA,y is not well studied, recent studies have
shown that cPLA,y plays roles in chemotaxis and invasion in
breast cancer cells, and is involved in lipid droplet biogenesis
and hepatitis C virus infection in hepatocytes. Previously, we
demonstrated that acidic condition increased malignancy of
GC cells (15). In the present study, we investigated whether
PLA, is related with cell viability under acidic environment
that is unfavorable for survival.

Materials and Methods

Cell culture and acidic pH conditions. SNU-601 and AGS human GC
cells were obtained from the Korean Cell Line Bank (Seoul, Republic
of Korea). Cells were maintained in RPMI 1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% Penicillin-Streptomycin at 37°C in an atmosphere
containing 5% CO,. For experiments investigating the effect of acidic
condition on GC cells, control medium was prepared by RPMI
medium (pH 7.4) containing 1% FBS, and acidic pH medium was
prepared by adding SM HCI to the control medium to adjust to pH
6.4 or pH 6.0. Then, cells were incubated in pH 7.4 control medium
or acidic pH-adjusted medium for 48 h or 72 h. Unless specified,
chemicals were purchased from Calbiochem (San Diego, CA, USA).

Cell viability assays. The EZ-cytox viability assay was performed
following the manufacturer’s protocol. Briefly, cells were plated in
wells of a 24-well plate at a density of 5~8x104 cells/well, cultured
for 24 h, and then incubated in the normal pH or acidic pH RPMI
medium for 48 h. The EZ-cytox solution (Daeillab, Seoul, Republic
of Korea) was added to the wells and incubated at 37°C in a CO,
incubator for 2 h. Subsequently, the plates were read using an
enzyme-linked immunosorbent assay plate reader at 450 nm. The
absorbance of the non-treated cells was set as 100% and cell
survival was expressed as a percentage of this value.

Western blot analysis. Treated cells were lysed in whole-cell lysis
buffer (50 mM Hepes, 150 mM NaCl, 1% Triton X-100, 5 mM
EGTA, and protease inhibitor cocktail). Equal amounts of protein
were electrophoretically separated using SDS-PAGE gel (10-12%)
and transferred to a nitrocellulose membrane using the standard
protocol. Antibodies were used to probe for ¢ PLA,o (Cell signaling
Technology, Danvers, MA, USA), JMJD7-cPLA,(3 (abcam,
Cambridge, MA, USA), cPLA,y (Novus Biologicals, Littleton, CO,
USA), cPLA,0 (Novus Biologicals), cPLA,{ (abcam), and a-
tubulin (santa cruz Biotechnology, Santa Cruz, CA, USA). Signals
were acquired using an Image Station 4000MM image analyzer
(Kodak, Rochester, NY, USA).

Real-time reverse transcription-polymerase chain reaction. Real-time
PCR was performed using the Light Cycler 2.0 (Roche, Basel,
Switzerland). The reactions were prepared using the Fast Start DNA
Master SYBR Green I Kit (Roche) according to the manufacturer’s
protocol. The cDNA was amplified using gene-specific primers.
Primers for PLA2G4C (P321848) were purchased from Bioneer.
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Primers for other genes were designed as follows: for B-actin, 5’-
GACTATGACTTAGTTGCGTTA-3" and 5’-GCCTTCATACATCTC
AAGTTG-3’, for PLA2G4A, 5’-TGCATTTCTTAATGGGTGTCT-3’
and 5°’-TCATCACTGTCCGAGCTATC-3, for JMJD7-PLA2G4B, 5’-
CAGGAGCTGAGTATTCGC-3" and 5’-CCTCAGTCCTGCTTCT
TT-3’ for PLA2G4D, 5’-CTTTGTGGACCTGTGGG-3" and 5’-
GTGTCTCCAGATTGTTCTCTT-3’ for PLA2G4F, 5’-CCTGTAC
CAGGAGGAGA-3’ and 5’-CAACCTCATAGGGCGTG-3’. PCR
was performed at 95°C for 10 min, followed by 45 cycles of 95°C for
15's,60°C for 5 s, and 72°C for 7 s. Data were analyzed using Light
Cycler software version 4.0 (Roche). The 2AACt method was used for
analysis of relative gene expression.

PLA, activity assay. PLA, activity was measured using cPLA, activity
assay kit according to the manufacturer’s protocol. Briefly, SNU601
cells were lysed following incubation in normal or acidic pH medium,
and total PLA, activity was measured by incubating the samples with
a substrate, arachidonoyl thio-PC, for 1 h at room temperature in the
assay buffer. The reactions were stopped by adding dithiobis
nitrobenzoic acid (DTNB)/EGTA. The absorbances were measured at
a wavelength of 405 nm. Activity was represented as a fold increase.

RNA interference (RNAi). For the RNAi experiment, siRNAs of
PLA2G4C (Gene ID:5321) and a scrambled siRNA control were
purchased from Bioneer (Daejeon, Republic of Korea). SNU601
cells were individually transfected with siRNA oligonucleotides
using an Amaxa™ Transfection System (Basel, Switzerland) and
grown for 48 h in the normal pH or acidic pH medium.

Clonogenic assays. Cells incubated in normal or acidic pH medium
for 24 h were trypsinized, washed, and re-plated (2,000 cells/60 mm
dish). After an incubation of 14 days in a 37°C/5% CO, incubator,
colonies were fixed and stained using crystal violet.

Caspase-3 activity assays. Caspase-3 activity assay was carried out
using the caspase-3/CPP32 colorimetric assay kit (K-106-100,
BioVision, Milpitas, CA, USA), according to the manufacturer’s
protocol. Briefly, 200 pg of protein lysates in a 50-ul volume was
mixed with a reaction buffer, mixed with DEVD-pNA substrate,
incubated for 90 min, and the absorbance at 405 nm measured. A
fold increase in the activity was determined by comparing the
results of the treated samples with the level of the untreated control.

Statistical analysis. All numerical data are presented as mean+SE
of three independent experiments. For statistical analysis, student’s
t-test was used for simple comparisons, and one-way ANOVA with
Tukey’s test was used for multiple comparison test. A p-value of
0.05 or less was considered statistically significant.

Results

Acidic culture conditions increased PLA, activity in GC cells.
In our previous study, we observed that the gastric cancer
cells that were cultured in acidic conditions increased the
expression of COX proteins (15). COX is involved in lipid
metabolite-mediated signaling pathway. Lipid metabolites
generated through the PLA,-mediated arachidonic acid/COX
pathway play critical roles in tumor progression and
malignancy, and extracellular acidity is implicated in various
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Figure 1. Acidic culture conditions increase PLA, activity. SNU601 and AGS cells exposed to normal (pH 7 4) or acidic (pH 6 .4 and pH 6.0) medium
for 48 h or 72 h, were analyzed for PLA, activity. *p<0.05, **p<0.01 vs. pH 7 4.

malignant properties of tumors. Therefore, we questioned
whether extracellular acidity can also affect the upstream
lipid-mediated signaling that is linked to COX pathway.
Initially, we examined if acidic conditions can activate the
PLA, enzyme that generates arachidonic acid, an essential
lipid mediator that serves as a substrate for COX enzyme and
initiates important lipid-mediated signaling. To assess PLA,
activity, SNU601 and AGS gastric cancer cells were exposed
to normal (pH 7.4) and acidic (pH 6.4 and pH 6.0) medium
for 48 h and 72 h, respectively and the activity of PLA, was
determined. As shown in Figure 1, exposure to acidic pH
showed increased PLA, activities in both gastric carcinoma
cells. Therefore, PLA, enzymes appear to be activated or up-
regulated under acidic pH conditions in these cells.

Acidic pH conditions induced PLAy expression. Since acidic
pH conditions increased the PLA, activity in GC cells, we
explored whether the acidity influences the expression of
cellular PLA, enzymes. At first, we examined the mRNA
expression levels of cPLA, isotypes in SNU601 and AGS
cells that were cultured at normal and acidic pH medium for
72 h by performing real-time PCR analysis. Although cPLA,o
is known to be the most important member of cPLA, for
eicosanoid generation, the mRNA level of PLA2G4A gene
coding cPLA,a was rarely altered under acidic conditions
(Figure 2A and F). We also examined the expression of other
cPLA, isoforms under acidic culture conditions. The mRNA
level of JMJD7-PLA2G4B read-through which was previously
reported to be overexpressed in several human cancer tissues,

was not increased in the present study (Figure 2B and G).
PLA2G4D and PLA2G4F mRNA levels were not altered in
acidic culture environment (Figure 2D, E, I and J). The level
of PLA2G4E was not detected in these conditions. However,
the PLA2G4C level increased remarkably with an increase in
acidity (Figure 2C and H). Consistently, acidic pH culture
increased the cPLA,Y protein level, however, the protein
levels of other members were either not altered or undetected
in immunoblotting (Figure 2K and L). This result indicates
that acidic pH conditions increase the expression of cPLA,y
in both SNU601 and AGS GC cells.

Increased level of c¢PLA,y under acidic conditions is
associated with cell viability. To understand the role of
cPLA,y overexpression in acidic culture conditions, we
performed gene interference analysis. We transfected
SNUG601 cells using siRNA, specifically targeting the
PLA2GA4C gene. Thereafter, cell viability was assessed under
normal and acidic pH conditions by performing EZ-cytox
assay. Silencing of PLA2G4C had a minor effect on the
viability of SNU601 cells under normal culture medium,
however, it significantly decreased the survival rate of the
cells upon exposure to acidic (pH 6.4 and pH 6.0) culture
medium (Figure 3A-C). Moreover, silencing of PLA2G4C
reduced colony forming ability under acidic conditions, and
not under normal pH conditions (Figure 3D). The silencing
efficiency of the PLA2G4C siRNAs was confirmed by the
reduced cPLA,y protein levels under acidic pH culture
conditions (Figure 3E). Therefore, an increased expression
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Figure 2. Extracellular acidity increases mRNA and protein levels of cPLAyy. SNU60I (A-E, K) and AGS (F-J, L) cells maintained in normal (pH
74) or acidic (pH 6.4 and pH 6.0) medium were analyzed for mRNA expression of PLA2G4A (A and F), JMJD7-PLA2G4B (B and G), PLA2G4C
(C and H), PLA2G4D (D and I), and PLA2G4F (E and J) by real-time PCR, or protein expression by immunoblotting using antibodies against
¢PLAsa, IMID7-cPLA,f, cPLAyy, cPLA,0, and cPLAYC (K and L). *¥p<0.01 vs. pH 7 4.
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Figure 3. Silencing of cPLAyy reduced cell viability and clonogenicity under acidic culture conditions. (A-C) SNU601 cells were transiently
transfected with scrambled small interfering RNA (Cont RNAi) or PLA2G4C RNAI, and exposed to the normal (A) or acidic growth medium (B, C)
for 48 h. Cells were harvested and mRNA expression of the genes encoding cPLAyy was analyzed through real-time PCR, or subjected to immunoblot
analysis to confirm the silencing effect of PLA2G4C RNAi (E). (D) SNU601 cells were transiently transfected with scrambled small interfering RNA
(Cont RNAi) or PLA2G4C RNAI, and incubated in the indicated pH medium for 24 h. Subsequently, cells (2,000) were then re-plated on 60-mm
dishes and cultured to detect colony formation. Colonies were stained and counted at 2 weeks post-incubation. *p<0.05, **p<0.01.

of cPLA,Y may play a role in protecting SNU601 cells from
the cytotoxic effect triggered by the acidic environment.

Elevated levels of cPLAyy are involved in acidity-mediated
resistance to anticancer drugs. Acidic microenvironment has
been implicated in the resistance of cancers to chemotherapeutic
treatments (5, 16). Since acidic pH increased the expression of
cPLA,Yy that was involved in cell viability under acidic culture
conditions, we examined whether cPLA,y induction is also
related to acidity-mediated resistance to chemotherapeutics. To
examine this, the cells with silenced PLA2G4C gene were
exposed to the anticancer drug, doxorubicin under normal pH
(pH 7.4) or acidic pH (pH 6.0) medium for 24 h or 48 h, and
cytotoxicity was detected at each time point of incubation. As
shown in our previous study (17), sensitivity of cells to
doxorubicin was much lower in acidic pH conditions than in
normal pH conditions (Figure 4A-C). However, the knockdown
of PLA2G4C gene increased the sensitivity to doxorubicin in

acidic culture medium as assessed by cytotoxicity assay (Figure
4A and B). In addition, silencing of PLA2G4C gene
significantly elevated doxorubicin-induced caspase-3 activity
under acidic pH conditions (Figure 4C). The silencing
efficiency of the PLA2G4C siRNAs was visualized by reduced
cPLA,y protein levels under acidic pH culture conditions
(Figure 4D). Thus, an increase in cPLA,y expression appears
to be involved in acidity-mediated resistance to anticancer drugs
by reducing apoptosis of tumor cells.

Discussion

Extracellular acidity confers a harsh tumor environment that
inhibits the progression of cell cycle and stimulates apoptotic
signaling. Among heterogeneous tumor cell populations, certain
cells can adapt to this harsh environment through up-regulation
of the defense system. Thereby, the cells that withstand this
crisis will continue to proliferate to fill the space created by
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Figure 4. Expression of cPLAyy is associated with acidity-mediated drug resistance. SNU601 cells were transiently transfected with scrambled
small interfering RNA (Cont RNAi) or PLA2G4C RNAI, and exposed to the normal (pH 7.4) (A) or acidic (pH 6.0) (B) medium containing 0.5 uM
or 1 uM doxorubicin for the indicated time points. Then cell viability was assessed through the EZ-cytox assay. (C) SNU601 cells transiently
transfected with scrambled small interfering RNA (Cont RNAi) or PLA2G4C RNAi were incubated in the normal or acidic medium with or without
1 uM doxorubicin for 48 h, and cells were harvested and subjected to caspase-3 activity assay. (D) SNU601 cells transiently transfected with
scrambled small interfering RNA (Cont RNAi) or PLA2G4C RNAi were incubated in the acidic (pH 6.0) medium for 48 h and subjected to

immunoblot analysis to confirm the silencing effect. *p<0.05.

dead cells. Therefore, the acidic microenvironment is implicated
in the selection of more resistant and malignant traits of the
tumor. Consistent with this, we previously observed that gastric
cancer cells exposed to acidic pH culture conditions were more
invasive and resistant to chemotherapeutic drugs compared to
cells that were cultured in normal pH (15, 17).

Resistance of cancer cell is related to multiple factors and
among them, cellular defense system may be one of the
important therapeutic targets. Herein, we identified a specific
defense modulator stimulated in acidic environment. It is
notable that the acidic microenvironment is implicated in the
activation of inflammatory responses in various cell types,
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including immune cells, fibroblasts, and endothelial cells
(18-20). Moreover, chronic inflammation is closely
associated with tumor progression.

Lipid metabolism-associated pathways have been shown to
play a crucial role in induction of cancer progression under
metabolic stress (21). In addition, we previously observed that
acidic culture environment increased the expression of COX
proteins, which are activated by PLA,-mediated arachidonic
acid signaling. Therefore, we questioned whether extracellular
acidity can also affect the upstream lipid-mediated signaling,
such as PLA, pathway. Indeed, critical role cPLA, is
implicated in pulmonary tumor metastasis (22).
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In the present study, we explored the possible effects of
acidic pH on the activation of upstream lipid signaling
mediator; PLA, activity was found to increase in response to
acidity. Moreover, investigation of the levels of the cytosolic
PLA, isoform showed a significant increase in cPLA,y in
response to acidic culture conditions.

When we examined the role of cPLA,y using the gene
silencing analysis, it seemed to play protective roles under
acidic pH environment as indicated by decrease in cell viability
and clonogenicity. Furthermore, elevation of cPLA,y was
linked to drug sensitivity under acidic pH conditions, and
consequently, the cellular response to doxorubicin was
increased in PLA,y-silenced cells. However, knockdown of
cPLA,Y had no effect on viability and drug-responses in the
cells at normal pH. This might be attributed to the fact that the
cells had low expression of cPLA,Y at normal pH conditions.

cPLA,y was shown to possess similar catalytic activity as
cPLA,o because the catalytic domain is conserved in both
enzymes (9). Hence, cPLA,y may contribute to the
biosynthesis of lipid metabolites through arachidonic acid
generation, thereby participating in various malignant
phenotypes of cancer. This is in agreement with our results
that showed that acidity-mediated cPLA,y expression
contributes to malignant phenotypes, such as increase in cell
survival and resistance to stressful stimuli. Moreover, the
enzymatic analyses of cPLA,y by various studies have
shown that it possesses lysophospholipase and transacylation
activities in addition to phospholipase A2 activity (23, 24).
Therefore, cPLA,y may be able to contribute to lipid
signaling through lysophospholipase and transacylation
activities. The exact role of cPLA,Yy is still not understood,
however, a positive association with cancer has been
suggested in recent studies. Suppression of cPLA,y through
gene silencing-induced apoptosis of rat mammary tumor
cells by NFkB/lipocalin 2 pathway (25), and SNP of cPLA,y
was linked to a worse prognosis in patients with CRC (26).

Nevertheless, cPLA,Y has a distinct regulatory mechanism
from cPLA,o because of several differences in structure,
distribution, and regulation. cPLA,a is ubiquitously expressed
in mammalian tissues, however, the human cPLA,y mRNA is
predominantly found in cardiac and skeletal muscle, and to a
lesser extent in brain (14). In addition, lack of the regulatory
phosphorylation sites and C2 domain are the structural
features of cPLA,y that are important for association to the
membrane and critical for activity of cPLA,a. Another
obvious difference in regulatory mechanism is that cPLA,Y is
calcium-independent, while other members of cytosolic PLA,s
are all calcium-dependent. The calcium independence of this
enzyme appears to be an important feature to be used in acidic
environments because extracellular acidity increases large
fluxes in calcium concentrations (27). Conclusively, based on
the findings of the present study, we suggest that cPLA,y
could be an important therapeutic target for resistant cancer

cells under acidic environment. Moreover, further study of the
mechanism of cPLA,y expression and activation may provide
an effective strategy to overcome extracellular acidity-
mediated cancer resistance.
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