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Abstract Bee venom secretory phospholipase A2
(bv-sPLA2) and phosphatidylinositol-(3,4)-bisphos-
phate (PtdIns(3,4)P2) act synergistically to induce cell
death in tumour cells of various origins with concomi-
tant stimulation of the immune system. Here, we inves-
tigated the mechanisms involved in such actions and
examined structural requirements of PtdIns-homo-
logues to inhibit tumour cells in combination with bv-
sPLA2. Renal cancer cells were treated with bv-sPLA2
alone or in combination with PtdIns-homologues.
Inhibitory effects on [°H] thymidine incorporation and
intracellular signal transduction pathways were tested.
Reaction products generated by bv-sPLA2 interaction
with PtdIns(3,4)P2 were identified by mass spectrome-
try. Among the tested PtdIns-homologues those with a
phosphate esterified to position 3 of the inositol head
group, were most efficient in cooperating with bv-
sPLAZ2 to block tumour cell proliferation. Growth inhi-
bition induced by the combined action of bv-sPLA2
with either PtdIns(3,4)bisphosphate or PtdIns(3,4,5)
trisphosphate were synergistic and accompanied by
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potent cell lysis. In contrast, PtdIns, which lacked the
phosphate group at position 3, failed to promote syner-
gistic growth inhibition. The combined administration
of PtdIns(3,4)P2 and bv-sPLA2 abrogated signal trans-
duction mediated by extracellular signal regulated
kinase 1 and 2 and prevented transduction of survival
signals mediated by protein kinase B. Surface expres-
sion of the epidermal growth factor (EGF)-receptor
was reduced after PtdIns(3,4)P2-bv-sPLA2 administra-
tion and associated with a blockade of EGF-induced
signalling. In addition, mass spectroscopy revealed that
bv-sPLA2 cleaves PtdIns(3,4)P2 to generate lyso-
PtdIns(3,4)P2. In conclusion, we suggest that the cyto-
toxic activity mediated by PtdIns(3,4)P2 and bv-sPLA2
is due to cell death that results from disruption of
membrane integrity, abrogation of signal transduction
and the generation of cytotoxic lyso-PtdIns(3,4)P2.

Keywords Bee venom PLA?2 - Phosphatidylinositol -
Signal transduction - Cancer immunotherapy -
ESI-MS/MS

Introduction

We have previously shown a strong synergy between
bee venom secretory phospholipase A2 (bv-sPLA2)
and phosphatidylinositol-(3,4)-bisphosphate (PtdIns
(3,4)P2) that mediates inhibition and lysis of a variety
of tumour cells from different tissues [35]. The result-
ing tumour lysates enhanced maturation and immuno-
stimulatory capacities of monocyte derived dendritic
cells (moDCs). Such lysates represent a source of
tumour-associated antigens in conjunction with adju-
vant properties. Thus, these lysates fulfil the basic
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requirements of a cancer vaccine and can be applied in
the context of moDC based cancer immunotherapy. In
addition, such lysates can themselves be considered as
multivalent vaccines for active immunisations. Alter-
natively, the observation of tumour cell inhibition by
bv-sPLA2 and PtdIns(3,4)P2 implicates a potential of
these compounds for the treatment of cancer.

Bee venom secretory phospholipase A2 group III
represents a member of the phospholipases A2 (PLA2)
family of enzymes that catalyse the hydrolysis of the sn-
2 fatty acyl ester bond of membrane glycero-3-phospho-
lipids to generate free fatty acids and lysophospholipids
[9, 41, 44]. In principle, SPLA2 enzymes can influence
immunogenicity and proliferative capacities of tumour
cells by various mechanisms. sSPLA2-activity catalyti-
cally hydrolyses and digests cell membrane components
[26] and consequently disrupts integrity of the lipid
bilayers thus making cells susceptible to further degra-
dation. Direct protein interaction of PLA2 enzymes
with cell surface receptors regulates a variety of biologi-
cal activities including proliferation [12, 28, 29]. Immu-
nostimulatory or cytotoxic action of sPLA2 reaction
products like lysophosphatidylcholine and lipid media-
tors has been observed frequently [1, 15, 19]. Although
these modes of SPLA2 action differ fundamentally, they
all affect intracellular signal transduction, which medi-
ates proliferation and survival. In general, the mitogen-
activated protein kinases (MAPK) cascade is associated
with proliferative effects. Among the subgroups of
MAPK, the extracellular signal regulated kinases
(ERK) function as key mediators of mitogenic agonist
stimulation [8, 25, 34]. Survival signals are transduced
via a pathway that involves phosphatidylinositol 3-OH
kinase (PI3-kinase) and protein kinase B (PKB/Akt).
PKB/Akt activation is considered both necessary and
sufficient for cell survival [6]. SPLA2 isoenzymes inves-
tigated so far demonstrated rather a stimulatory effect
on MAPK and PKB/Akt, whereas no conclusive data
on bv-sPLA?2 effects on these kinases in cancer cells are
available [4, 16, 22, 27, 31]. However, synthetic analoga
of lysolipids, which structurally resemble reaction
products of sPLA2 mediate anti-proliferative effects
and cytotoxicity via blockades of both, ERKs and
PKB/Akt and thus have been suggested for cancer
therapies [3, 37-39]. PtdIns(3,4)P2 and other PtdIns-
homologues affect signal transduction as second mes-
sengers or precursors thereof, or interact directly with
signal-transducing proteins [33, 43]. PI3-kinases gener-
ate 3-phosphorylated PtdIns which recruit PKB/Akt to
the cell membrane where it gets phosphorylated [20].
Once activated, PKB/Akt phosphorylates several sig-
nalling proteins, which, in turn, leads to the choice of
cellular proliferation or apoptosis [13, 21].
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As bv-sPLA2 cooperates with PtdIns(3,4)P2 we
hypothesised that this interaction affects signal trans-
duction on the level of PKB/Akt and is related to ago-
nist mediated MAPK signalling. It was also reasonable
to speculate that PtdIns(3,4)P2 can act as a substrate
for hydrolysis by bv-sPLA2 which would generate a
lyso-PtdIns(3,4)P2 with putative anti-cancer proper-
ties. Thus, the aim of the current study was to investi-
gate mechanistic aspects of the combined inhibitory
action of bv-sPLA2 and PtdIns(3,4)P2 in renal carci-
noma cells. Mitogenic signal transduction and survival
signalling in response to bv-sPLA2 and PtdIns(3,4)P2
treatment was analysed and reaction products of the
catalytical interaction were identified. In addition, we
defined further PtdIns-homologues that cooperated
with bv-sPLA?2 and delineated structural requirements
necessary for this interaction.

Materials and Methods
Reagents

Secretory phospholipase A2 (Type I1I) from bee venom
sPLA2 was purchased from Cayman Chemical (Ann
Arbor, MI, USA). sPLA2 activity was routinely moni-
tored using the colorimetric SPLA?2 assay kit from Cayman
Chemical which is based on the synthetic substrate
diheptanoyl thiophosphorylcholine. L-a-Phosphatidylino-
sitol [PtdIns] was purchased from Biomol (Hamburg,
Germany). Phosphatidylinositol-3,4-bisphosphate (1,
2-dipalmitoyl, ammonium salt) [PtdIns(3,4)P2]; phospha-
tidylinositol-3,4,5-trisphosphate  (1,2-dipalmitoyl, ammo-
nium salt) [PtdIns(3,4,5)P3]; phosphatidylinositol-3,4,
S-trisphosphate (1-stearyl, 2-arachidonoyl,sodium salt)
[PtdIns(3,4,5)P3-AA]; phosphatidylinositol-4,5-bisphos-
phate (1,2-dipalmitoyl, ammonium salt) [PtdIns(4,5)P2];
D-myo-inositol-1,3 4-trisphosphate  (sodium  salt)
[Ins(1,3,4)P3]; phosphatidylinositol-3-monophosphate
(1,2-dipalmitoyl, ammonium salt) [PtdIns(3)P]; phos-
phatidylinositol-4-monophosphate (1,2-dipalmitoyl,
ammonium salt) [PtdIns(4)P] and phosphatidylinositol-
5-monophosphate (1,2-dipalmitoyl, ammonium salt)
[PtdIns(5)P] were purchased from Cayman Chemical
and were prepared according to the manufacturer’s
instructions. Concentrations used in this study were
established based on a compound to cell ratio. For
instance 20,000 cells treated with 2 pg bv-sPLA2 and
2 pg PtdIns(3,4)P2, require 10 ug bv-sPLA2 and 10 ug
PtdIns(3,4)P2 in a scaled up experiment with
100,000 cells to yield the indicated effect in the respec-
tive bioassay (e.g. proliferation, phosphorylation and
flow cytometry). Methanol HPLC grade and chloroform
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p.a were purchased from Merck (Darmstadt, Germany).
1,2 dipalmitoylphosphatidylinositol (C32:0 PtdIns-ISTD),
piperidine and ammonium acetate (MS grade) were pur-
chased from Sigma-Aldrich (Vienna, Austria).

Cell culture

The human kidney carcinoma cell line A498 [10] was
propagated at 37°C and 5% CO, in the presence of
10% fetal calf serum (FCS, heat-inactivated, 30 min,
56°C) in medium consisting of RPMI 1640 supple-
mented with 10 mM Hepes, non-essential amino acids
(1x), 1 mM Na-pyruvate (all from Cambrex Bio Sci-
ence, Verviers, Belgium), Glutamax (1x) (Invitrogen,
Paisley, Scotland, UK), 100 U/ml penicillin and 100 pg/
ml streptomycin (PAA Laboratories, Linz, Austria).

Measurement of proliferation

Before each experiment cells were replated and cul-
tured in medium containing 10% FCS for 24 h. An
amount of 20,000 cells were then plated in 200 pl
medium without serum in 96-well flat-bottomed tissue
culture plates (Falcon, BD, Franklin Lakes, NJ, USA).
Cells were incubated for 32h in the presence or
absence of PtdIns-homologues and bv-sPLA2. During
the last 16 h cells were pulsed with 50 pl fresh medium
containing 10% FCS and 1 uCi/well (37 kBg/well) [*H]
thymidine (ICN Biomedicals, Eschwege, Germany).
Cells were harvested with a Tomtec harvester (Hamden,
CT, USA), liquid scintillation counting was performed
with a Chameleon multilabel reader (HVD-Life Sci-
ence, Vienna, Austria). Results are mean cpm + SEM
of triplicate wells. Values were normalised by setting
controls to 100%. Typical values for A498 cells
(untreated controls) in this set-up ranged from 16,331
to 25,543 cpm.

Measurement of Akt and MAPK phosphorylation

Cells were replated and cultured in medium containing
10% FCS for 24 h. An amount of 600,000 cells were
then plated in 300 pl medium without serum in 24-well
flat-bottomed tissue culture plates (Costar, Corning
Inc., NY, USA). Cells were incubated for 90 min in the
presence or absence of PtdIns-homologues (200 uM),
epidermal growth factor (EGF) (50 ng/ml) and bv-
sPLA2 (200 pg/ml). Subsequently, 200 ul of lysis buffer
(Biosource, CA, USA) were added. Lysates were har-
vested and frozen at 80°C. Analysis of Akt phosphory-
lation was performed with ELISA kits that detect Akt
protein phosphorylated at serine 473 (Biosource). In
addition, ELISA kits (Biosource), which detect total

Akt independently of phosphorylation status were
used for normalising the phospho-serine 473 content of
the samples. Untreated controls of normalised phos-
pho-serine 473 levels were set to 100%. For quantifica-
tion of Erk1/2 phosphorylation ELISA kits that detect
both, Erkl protein phosphorylated at threonine 202
and tyrosine 204, as well as Erk2 protein phosphory-
lated at threonine 185 and tyrosine 187 (Biosource)
were performed. In addition, ELISA kits (Biosource),
which detect total Erk1/2 independently of phosphory-
lation status were used for normalising the phospho-
Erk1/2 content of the samples. Untreated controls of
normalised dual phosphorylated Erk1/2 levels were set
to 100%. Results are mean values = SEM of at least
duplicate measurements.

EGF-receptor expression

Cells were replated and cultured with medium contain-
ing 10% FCS for 24 h. Cells were harvested with PBS
buffer (Cambrex) supplemented with 1 mM EDTA
(Versen; Biochrom, Berlin, Germany). An amount of
100,000 cells were then plated in 100 pl medium without
serum in 96-well round-bottomed tissue culture plates
(Costar, Corning Inc.). Cells were incubated for 45 min
in the presence or absence of PtdIns(3,4)P2 (100 uM)
and bv-sPLA2 (100 pg/ml). Subsequently, FCS was
added to a final concentration of 10% to attenuate bv-
sPLA2 action. Cells were then washed in PBS buffer
(Cambrex), resuspended in medium and subjected to
immunofluorescence staining for flow cytometric analy-
sis using PE-labelled anti-EGF-receptor (EGFR) anti-
bodies and PE-labelled anti-mouse IgG2b.k antibodies
(isotype control), a FACSCalibur and CellQuest soft-
ware (all from BD, Mountain View, CA, USA).

7-AAD Staining

A498 cells were replated and cultured in medium con-
taining 10% FCS for 24 h. An amount of 100,000 cells
were then plated in 100 pl medium without serum in
96-well round-bottomed tissue culture plates (Costar,
Corning Inc.). Cells were incubated for 45 min in the
presence or absence of PtdIns(3,4)P2 (100 uM) and bv-
sPLA2 (100 pg/ml). Subsequently, NaN; was added to
a final concentration of 1%, and FCS was added to a
final concentration of 10% to attenuate bv-sPLA2
action. Cells were then incubated with 10 pg/ml of the
fluorescent DNA stain 7-amino-actinomycin D (7-
AAD; Sigma-Aldrich) for 3 min and were washed in
PBS buffer (Cambrex). The percentage of 7-AAD*
cells was determined with a FACSCalibur flow cytome-
ter (BD) and CellQuest software (BD).
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Mass spectrometry

Lipids were extracted from cell culture and media con-
trol samples using a modified procedure of Folch et al.
[11] omitting the salt addition. Mass spectrometric
analyses were performed on a triple-quadrupole mass
spectrometer, the API4000 Qtrap (Applied Biosys-
tems/MDS Sciex Toronto, ON, Canada) operated in
negative ionisation modes with a turbo-ionspray source
and Analyst Version 1.4.1 data system (Applied Bio-
systems/MDS Sciex). Samples (50 pl) were injected via
an CTC-HTC-PAL autosampler (Zwingen, Switzer-
land) or infused (100 pl) with a syringe into the electro-
spray source at a flow rate of 25 ul/min by a binary
Agilent HP 1100 HPLC pump (Boblingen, Germany)
or 10 pl/min with a syringe pump (Harvard, MA,
USA), respectively. For HPLC a carrier solvent of 4:1
CH;OH/CHCI; was used. Nitrogen was used for the
collision and sheath gas. Precursor scans (PS in nega-
tive ion mode) of lipid head groups included PS 255,
241, 321 and 401.

Sample preparation for mass spectrometric
lipid analysis of A498 cells

A498 cells (10%/ml) were incubated in serum-free
medium (6 ml) in the presence or absence of bv-sPLA2
(10 pg/ml), PtdIns(3,4)P2 (10 uM) or a combination
thereof for 2 h at 37°C and 5% CO,. Supernatants and
cells were harvested, 4.5 ml of this suspension were
concentrated by lyophilisation. Samples were then
reconstituted in 300 ul H,O and transferred into a
10 ml glass tube. One millilitre of methanol was used to
wash residual material followed by a further wash with
2 ml of chloroform and 3 ml of chloroform/methanol
(2:1 v/v). Finally 250 pmol of 1,2 dipalmitoylphosphat-
idylinositol was added to each tube as an internal
standard and the mixture was incubated for 1 h in the
dark at room temperature whilst shaking. Then, 1.5 ml
of distilled H,O was added to the mixture and shaken
for further 30 min. The samples were centrifuged for
10 min at 1,500g and the lower organic phase was col-
lected and dried under a gentle stream of nitrogen.
Prior to electrospray ionisation mass spectrometry
(ESI-MS/MS) analysis the samples were reconstituted
in 1 ml of chloroform/methanol/H,O (2:1:01 v:v:v).con-
taining 10 mM ammonium acetate.

Sample preparation for mass spectrometric
lipid analysis in cell-free media

Serum-free medium (2 ml) supplemented with bv-
sPLA2 (10 pg/ml), PtdIns(3,4)P2 or a combination
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thereof was incubated for 2 h at 37°C and 5% CO, and
was processed and analysed as previously described
but with the following changes to improve recovery of
the PtdIns(3,4)P2 and its purported lyso product. After
the 1h incubation in the dark at room temperature
whilst shaking, water was substituted with a 20 mM
ammonium acetate solution and the upper phase
including the interface was dried and reconstituted
with methanol (200 pl) for desalting with a (pre-
washed) reverse-phase extraction cartridge (Isolut C18
endcapped, 50 mg/1 ml). The samples were desalted
on-column with 2 ml of distilled water and then eluted
with 300 pl methanol and 500 pl of chloroform/metha-
nol/H,O (2:1:0.1 v:v:v). The combined eluants were
dried with a gentle stream of nitrogen gas. Prior to
mass spectrometric analyses the samples were reconsti-
tuted in 400 pl of chloroform/methanol/H,O (2:1:01
v:v:v) containing 30 mM piperidine.

Statistical analysis

Statistics were performed by analysing data with a two-
sided Student’s ¢-test. Results were considered statisti-
cally significant at p < 0.05.

Results

PtdIns-homologues can act synergistically
with bv-sPLAZ2 to inhibit tumour cell growth

We investigated the effects of various PtdIns-homo-
logues and of bv-sPLA2 on the proliferation of the
well-characterised kidney cancer cell line A498. Cells
were treated with a PtdIns-homologue (10 uM) and bv-
sPLA2 (10 ug/ml) either alone or in combination.
After 32 h of incubation A498 cells were pulsed with
[*H] thymidine and cell proliferation was measured as
[*H] thymidine incorporation. Figure 1 demonstrates
that either substance alone had little effect (p > 0.05)
on the proliferation of A498 cells. However, when
bv-sPLA2 was present in combination with 3-phos-
phorylated PtdIns a potent reduction of [°’H] thymidine
incorporation occurred (Fig. 1). The most prominent
inhibition could be detected when bv-sPLA2 was co-
administered with PtdIns(3,4)P2, PtdIns(3,4,5)P3 and
with PtdIns(3,4,5)P3-AA (all p <0.05). These com-
pounds clearly synergised with bv-sPLA2. All other
compounds failed to act synergistically with bv-sPLA2
in blocking cell growth. These data pinpoint a struc-
tural hierarchy in which the 3-phosphorylation of the
PtdIns appears to be critically important for the com-
bined action with bv-sPLA2, since the three most
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potent substances were all 3-phosphorylated. In con-
trast, PtdIns lacking the phosphorylation at position 3
of the inositol head group did not inhibit in a synergis-
tic manner. Ins(1,3,4)P3 alone exhibited the weakest
activity indicating that the phosphatidyl is important as
well.

Bv-sPLA2 and PtdIns(3,4)P2 abrogate signal
transduction mediated by PKB/Akt

As PtdIns(3,4)P2 was the most potent in synergising
with bv-sPLAZ2 to inhibit *[H] thymidine incorporation,
these compounds were used for the further analysis of
the combinatory effects on intracellular signal trans-
duction. 3-phosphorylated PtdIns-homologues affect
subcellular organisation of signalling components of
the PI3-kinase/PKB/Akt pathway that mediates cyto-
protective events [6, 45]. Thus, tumour cell inhibition
induced by bv-sPLA2 and PtdIns(3,4)P2 is likely to be
related to the activation status of PKB/Akt. In order to
test this hypothesis, A498 cells were treated with bv-
sPLA?2 and PtdIns(3,4)P2 for 90 min. The activation of
PKB/Akt was then monitored by quantitative ELISA
that determine PKB/Akt phosphorylation at serine
473. Treatment of A498 cells with bv-sPLA2 halved
basal activity (p < 0.05) of the multifunctional survival
signal mediator PKB/Akt, whereas PtdIns(3,4)P2
alone only moderately (p > 0.05) affected phosphoryla-
tion at serine 473 (Fig. 2). However, the combination of

bv-sPLA2 and PtdIns(3,4)P2 completely abrogated basal
PKB/Akt phosphorylation (p < 0.05). In the presence of
the survival-promoting factor EGF, PKB/Akt signalling
in A498 cells was intact as demonstrated by a 2.6-fold
increase in EGF-induced serine 473 phosphorylation
(p <0.05). However, when EGF was co-administered
with bv-sPLA2 PKB/Akt phosphorylation was prevented
(p <0.05). Basically similar effects were obvious in
the presence of PtdIns(3,4)P2 alone which inhibited
EGF-induced phosphorylation of serine 473 (p < 0.05).
Activity of PKB/Akt was completely abrogated
when bv-sPLA2, PtdIns(3,4)P2 and EGF were co-
administered simultaneously (p < 0.05). Consequently,
bv-sPLA2-PtdIns(3,4)P2 treatment resulted in a down-
regulation of basal activity of PKB/Akt and completely
inhibited the transduction of EGF-induced survival sig-
nals of exogenous origin.

Bv-sPLLA2 and PtdIns(3,4)P2 abrogate signal
transduction mediated by ERK1/2

Exogenous growth factor stimuli like EGF signals are
mediated by the MAPK pathway that integrates extra-
cellular signals to converge at the level of ERK1 and 2.
Thus, the inhibitory combination of bv-sPLA2 and
PtdIns(3,4)P2 possibly targets also this growth-related
signal transduction pathway. We evaluated whether
bv-sPLA2 and PtdIns(3,4)P2 affected the phosphoryla-
tion and activation status of ERK1/2 in A498 cells by
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Fig. 2 Combined treatment of A498 kidney cancer cells with bv-
sPLA2 and PtdIns(3,4)P2 inhibits phosphorylation of PKB/Akt.
Cells were left untreated (C control), were treated with bv-sPLA2
(200 pg/ml), with PtdIns(3,4)P2 (200 uM) with EGF (50 ng/ml) or

performing ELISA that quantify phosphorylated ERK
1 at threonine 202 and tyrosine 204 and ERK2 at thre-
onine 185 and tyrosine 187. Figure 3 indicates that
bv-sPLA2 alone moderately reduced basal activation
of ERK1/2 (p > 0.05), whereas single treatment with
PtdIns(3,4)P2 displayed a weak-promoting effect on
activation of ERK1/2 (p <0.05). In contrast, the com-
bined treatment of A498 cells with bv-sPLA2 and
PtdIns(3,4)P2 fully abrogated basal activity of ERK1/2
(p < 0.05). Stimulation with exogenous EGF increased
the extent of phosphorylation of ERK1/2 indicative of
a functional, intact MAPK pathway in A498 cells.
Simultaneous administration of EGF and bv-sPLA2
prevented EGF-induced ERK1/2 phosphorylation
(p <0.05). In the presence of PtdIns(3,4)P2, ERK1/2
activation still was inducible by EGF (p < 0.05). How-
ever, when EGF, bv-sPLA2 and PtdIns(3,4)P2 were
co-administered simultaneously, the EGF signal could
not be transduced to activate ERK1/2 (p < 0.05). In
conclusion, the combined treatment with bv-sPLA2
and PtdIns(3,4)P2 blocked basal ERK1/2 activity and
inhibited phosphorylation induced by exogenous EGF.

Bv-sPLA2 and PtdIns(3,4)P2 reduce EGF-receptor
cell surface expression

Epidermal growth factor has been shown to promote
proliferation of A498 cells [40] and the EGF-receptor
mediates autocrine growth stimulatory pathways in
renal cancer [5]. The fact that PI3-kinase/PKB/Akt and
MAPK signalling functions downstream of the EGFR
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a combination thereof as indicated. Phosphorylation of serine 473
of PKB/Akt was normalised to total PKB/Akt levels and was
quantitatively determined by specific ELISA. Shown are norma-
lised mean values + SEM of four independent experiments

prompted us to investigate the influence of bv-sPLA2
and PtdIns(3,4)P2 on the cell surface expression of this
growth factor receptor. A498 cells were treated with
bv-sPLA2 and PtdIns(3,4)P2 for 45 min and were then
subjected to flow cytometric analysis. EGFR expres-
sion detected by a specific antibody in untreated cells
was >90% (Fig.4). Treatment of A498 cells with bv-
sPLA2 alone did not significantly alter the number of
EGFR" cells. However, the overall mean fluorescence
intensity (MFI) of EGFR staining in the presence of
bv-sPLA2 was reduced from 153 MFI (control) to 73
MFI. Administration of PtdIns(3,4)P2 alone decreased
the MFI to 125. The combination of bv-sPLA2 and
PtdIns(3,4)P2 resulted in an MFI of 19 and reduced
the total number of EGFR" cells to 60%. This data
clearly indicate a diminished EGFR cell surface
expression and a reduction of EGFR™ cells. Figure 5
demonstrates that the reduction of the EGFR stain-
ing was a dose-dependent consequence of bv-sPLA2
and PtdIns(3,4)P2 treatment.

Bv-sPLA2 and PtdIns(3,4)P2 disrupt membrane
integrity

Flow cytometry revealed the presence of two distinct
cell populations even after 45 min of short-term treat-
ment with bv-sPLA2 and PtdIns(3,4)P2 (Fig. 6, left
panel) The main A498 cell population (91.4% ) showed
high forward/side scatter characteristics (Fig. 6, FSC/
SSC-hi, blue), whereas a small proportion (8.6% ) dem-
onstrated low scattering (Fig. 6, FSC/SSC-low, orange).
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Fig. 3 Combined treatment of A498 kidney cancer cells with bv-
sPLA2 and PtdIns(3,4)P2 inhibits phosphorylation of ERK1/2.
Cells were left untreated (C control), were treated with bv-sPLA2
(200 pg/ml), with PtdIns(3,4)P2 (200 uM) with EGF (50 ng/ml) or

Incubation with bv-sPLA2 or PtdIns(3,4)P2 alone sub-
jected A498 cells to a change in morphology as demon-
strated by a shift towards the FSC/SSC-low population
(Fig. 6, orange). However, when cells were treated
with the combination of bv-sPLA2 and PtdIns(3,4)P2
the number of FSC/SSC-hi cells was decreased to
3.3%, whereas the FSC/SSC-low population increased
to 96.7% (Fig.6). A putative mechanism how bv-
sPLA2 may act on cells is disruption of cell mem-
branes. Thus we investigated the two distinct A498
populations for their susceptibility to staining with 7-
AAD, which binds double-stranded DNA of disrupted
cells but is excluded from intact cells. Treatment of
A498 cells with single substances enhanced the overall
number of 7-AAD™ cells from 2.6 (untreated control)
to 189% (bv-sPLA2) and 71.2% (PtdIns(3,4)P2),
respectively (Fig. 6, right panel). The combination of
bv-sPLA2 with PtdIns(3,4)P2 resulted in 98.5% 7-
AAD" cells. Bv-sPLA2 administration rapidly induced
intense 7-AAD staining located predominantly in the
FSC/SSC-low population. PtdIns(3,4)P2 alone affected
all cell populations and resulted in 7-AAD staining
with lower MFI particularly in FSC/SSC-hi cells. Possi-
bly this is due to a 7-AAD influx as a consequence of
membrane disturbance induced by incorporation of
PtdIns(3,4)P2 via its C16 fatty acid side chains into the
lipid layer. This population (79.8% of all A498 cells)
displays morphology of viable cells in the forward/side
scatter diagram, whereas the FSC/SSC-low population
has intense 7-AAD staining and rather reflects cells on
the verge of cell death. Taken together, the combina-

a combination thereof as indicated. Phosphorylation of ERK1/2
was normalised to total ERK1/2 levels and was quantitatively
determined by specific ELISA. Shown are normalised mean
values &= SEM of four independent experiments

tion of bv-sPLA2 and PtdIns(3,4)P2 resulted in a
homogenous FCS/SSC-low population with high 7-
AAD staining. Thus, basically all cells treated with the
bv-sPLA2-PtdIns(3,4)P2 combination had been dis-
rupted.

Bv-sPLA?2 hydrolyses PtdIns(3,4)P2 to generate
lyso-PtdIns(3,4)P2

Aforementioned data collectively point towards
combined effects of bv-sPLA2 and PtdIns(3,4)P2
which include abrogation of signal transduction and
membrane damage. One further possibility for a
cooperative effect is that PtdIns(3,4)P2 serves as a
substrate of bv-sPLA2 which cleaves the fatty acid
from the sn-2 position to generate the corresponding
lyso-PtdIns(3,4)P2 with putative cytotoxic properties.
This hypothesis was tested in a set of experiments,
where bv-sPLA2 (10 ug/ml) was incubated with
PtdIns(3,4)P2 (10 uM) for 2 h in the absence of A498
cells. Commercially available 1,2-dipalmitoylphos-
phatidylinositol (C32:0 PtdIns-ISTD) was added to
samples prior to extraction as an ISTD for quantifica-
tion of all samples including lyso-PtdIns(3,4)P2. The
reaction products were extracted and subjected to
analysis by mass spectroscopy. Lipids other than
PtdIns in general were monitored in this system
requiring ammonium acetate. These are not the ideal
conditions for observing highly phosphorylated
PtdIns as they undergo in-source defragmentation
giving rise to product ions including losses of fatty
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Fig. 4 Combined treatment
of A498 kidney cancer cells
with bv-sPLA2 and Pt-
dIns(3,4)P2 reduces cell sur-
face expression of the EGFR.
Cells were left untreated (C
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Fig. 5 Dose-dependent
reduction of EGFR staining
by bv-sPLA2 and Pt-
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MS/MS analysis. Piperidine is reported to stabilise the = Discussion

phosphate groups minimising the in-source fragmen-
tation [46]. The mass spectrometry analysis of the
PtdIns(3,4)P2 (denoted C32:0 PtdInsP2) by the InsP
head group specific ion scan PS 241, clearly shows this
(Fig. 8a, b) and to a lesser extent in PS 321 and PS 401
scans (data not shown), albeit with severely dimin-
ished ionisation responses and an ever present in-
source fragmentation series of product ions. The lyso
product is clearly observed in Fig. 8b at m/z 731.3 sup-
porting the original premise that PtdIns(3,4)P2 is a
substrate for bv-sPLA?2 in the original A498 tumour
cell lysis experiments (Table 1). A small background
of m/z 571 is also present in the ISTD + media only
(Fig. 7a) due to a minor in-source fragmentation of
the ITSD itself. This small amount of the m/z 571 is
due to the same palmitoyl moiety and InsP head
group and hence requires subtraction from other
analyses. Future ISTD choices when available will
avoid this complication. In the cell lysis experiments
summarised in Table 1, lyso-PtdIns(3,4)P2 was
increased from 0.08 to 0.98 uM, a 12-fold increase,
when bv-sPLA2 and PtdIns(3,4)P2 were incubated
together with cells. However, the administration of
bv-sPLA2 or PtdIns(3,4)P2 alone did not increase
lyso-PtdIns(3,4)P2 levels significantly above back-
ground (<0.2 uM). Taken together these data suggest
that bv-sPLA2 hydrolyses PtdIns(3,4)P2 to generate
lyso-PtdIns(3,4)P2. This hydrolysis occurs in the pres-
ence and absence of cells but is somewhat reduced in
the presence of A498 cells. Most likely this is due to
other cellular enzymes (PtdIns-Phospholipase C and/
or Phospholipase D) competing with the bv-sPLA2
for the PtdIns(3,4)P2 as a substrate and giving other
products.

In the present study we analysed cytotoxic actions of
bv-sPLA2 in combination with PtdIns-homologues.
We show, that 3-phosphorylated PtdlIns, i.e. a phos-
phate group esterified to position 3 of the inositol
head group, and in particular PtdIns(3,4)P2 were the
most effective in synergising with bv-sPLA2 to inhibit
the growth of renal cancer cells (Fig. 1). PtdIns or its
homologues have fatty acids attached to positions sn-
1 and sn-2. In our studies, 3-phosphorylated PtdIns
with the saturated fatty acid palmitic acid (C16) were
the most potent. However, increased length of the
fatty acids did not seem to correlate with an increase
in toxicity. If one acyl group was a polyunsaturated
fatty acid such as arachidonic acid (C20), the ability to
synergise with bv-sPLA was slightly reduced. Of note,
PtdIns(3,4)P2 and PtdIns(4,5)P2 strongly varied in
their inhibitory potential. These compounds differed
only in the phosphorylation of the inositol head group
suggesting, that the observed growth inhibition is not
restricted to a cytotoxic action of the C16 acyl groups,
which were present in both compounds. Figure 1
depicts the hierarchy of the structural requirements of
PtdIns-homologues with regard to the ability to synerg-
ise with bv-sPLA2. Taken together, administration of
bv-sPLA2 in combination with 3-phosphorylated
PtdIns-homologues efficiently blocked proliferation of
renal carcinoma cells. In a previous work we have
shown that bv-sPLA2 in combination with 3-phosphor-
ylated PtdIns-homologues can also inhibit the prolifer-
ation of cancer cells from prostate, breast and lung
tissue [35].

We further provide evidence that the potent reduc-
tion of tumour cell survival was associated with a
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Fig. 6 Combined treatment with PtdIns(3,4)P2 and bv-sPLA2
enhances the number of 7-AAD" cells. Cells were left untreated
(C control), were treated with bv-sPLA2 (100 pg/ml), with
PtdIns(3,4)P2 (100 uM) or a combination thereof as indicated.
Distribution of FSC/SSC-hi (blue) or FSC/SSC-low (orange) pop-
ulations are displayed in scatters diagrams and corresponding
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percentages are shown in appropriate colours (left panel). Overall
7-AAD stainings are presented in histograms and percentages
(right panel). 7-AAD staining of the FSC/SSC-hi population is
depicted in blue, whereas the 7-AAD staining of the FSC/SSC-
low population is presented in orange
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Fig. 7 Precursor ion scans of 241 showing bv-sPLA?2 products
of the PtdIns(3,4)P2 substrate in a cell-free system. a Cell cul-
ture medium as a control containing, b bv-sPLA2 (10 pg/ml), ¢
a mixture of bv-sPLA2 (10 pg/ml) and PtdIns(3,4)P2 (10 pM)
and d PtdIns(3,4)P2 only. The lyso-PtdIns(3,4)P2 product of Pt-
dIns(3,4)P2 is observable at m/z 571, an in-source bis-dephospho-

Table 1 Generation of lyso-PtdIns(3,4)P2

Treatment Cell-free A498 cells
lyso-PtdIns(3,4) lyso-PtdIns(3,4)
P2 (M) P2 (M)
Control 0.43 -
(medium only)
Control - 0.08
(cells + medium)
bv-sPLA2 0.50 0.1
PtdIns(3,4)P2 0.11 0.2
bv-sPLA2 + 2.06 0.98
PtdIns(3,4)P2

Quantification of lyso-PtdIns(3,4)P2 (m/z 571) was based on com-
paring intensities of the lyso species with known concentration of
the ISTD using a precursor ion scan 241. Relative response fac-
tors were not considered in these calculations

complete down-regulation of PKB/Akt phosphoryla-
tion (Fig. 2). The PI3-kinase/PKB/Akt pathway repre-
sents a central survival-related signal transduction

b 579.0
65%
60%
55%
50%
4% £ 809.7
g 4o% £ = ’
et 5 1%
E %% 5pg 2 627.7 P
< 30% > 5
[ o £ >
25% 5 =)
20% 3
15%
10% 571)7
5% 550.4l 4.4 611.7633.6
0% L2128 DI I .

500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840
m/z,amu

d s 809.9
a
40% 5
35% £
el
g
30% o é
= S
™ o, =
S % %5787
£ 8
= 20% 3
[
& 3
15% 5
10% l
_497.4 628.1
457
5o 547.4
0% I

500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 820 840
m/z,amu

rylated fragment, in the presence of 10 mM ammonium acetate.
The precursor ion scan 241 in negative ion mode corresponds to
the loss of the InsP head group. The asterisk indicates the lyso-Pt-
dIns derived from an in-source fragmentation of the C32:0 PtdIns
used as internal standard (ISTD)

pathway. In various studies it has been demonstrated
that PKB/Akt activation enhances cell survival and
promotes growth and invasiveness of tumours [6, 7].
PKB/Akt is expressed in A498 cells and it has been
shown previously that phosphorylation at serine 473
correlated well with PKB/Akt kinase activity in renal
cell carcinoma cells [2]. In this study, we demonstrate
that bv-sPLA2 prevents activation of PKB/Akt in
A498 cells. This result was surprising, since other
PLA2 isoenzymes like groups IB and IIA have been
shown to promote activation of PKB/Akt in other cell
types [4, 31]. Parts of these effects were transduced by
cell surface sPLA2 receptors, whereas bv-sPA2-medi-
ated PKB/Akt inhibition in our exprimental setup can
be attributed to the catalytic activity of bv-sPLA2 [35].
PtdIns(3,4)P2 alone reduced EGF-induced PKB/Akt
phosphorylation but was less effective than bv-sPLA2
in abrogating activity of PKB/Akt. 3-Phosphorylated
PtdIns-homologues are products of the PI3-kinase that
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can act as membrane anchor or modulator of PKB/Akt
activity [6]. The inhibitory effect of PtdIns(3,4)P2 in
our study is not in line with studies which demon-
strated that PtdIns(3,4)P2 can activate PKB/Akt [14,
24]. However, the PI3-kinase/PKB/Akt pathway has
been reported to be serum regulated and over activa-
tion of PI3-kinase in the absence of serum results in
apoptosis [23, 45]. This suggests, that PtdIns(3,4)P2
stimulation in the absence of serum could provoke the
induction of cell death. Indeed, PKB/Akt signalling in
A498 was serum dependent, since addition of FCS
induced PKB/Akt phosphorylation (data not shown).
We did not further investigate the action of
PtdIns(3,4)P2 in the presence of serum because under
such conditions no inhibition of tumour cell survival
would be achieved together with bv-sPLA2 [35]. The
combined administration of bv-sPLA2 and PtdIns(3,
4)P2 completely prevented the activation of PKB/Akt.
This treatment also affected the MAPK signalling med-
iated by ERK1 and 2 [8, 25]. Activation of ERKs has
been reported to be essential for cell growth [30]. In
A498 cells ERKSs are constitutively activated [17] and
this pathway is a potential target for the treatment of
renal cell carcinoma [32, 42]. In general, the action of
sPLA?2 isoenzymes on the MAPK pathway is not clear
yet. In rat renal mesangial cells naja-sPLA2 group II
stimulated a signalling cascade that involved the activa-
tion of ERK2 [18]. Effects of other sPLA2 isoenzymes
on MAPK activation seem to be rather stimulatory and
were transduced by the corresponding cell surface
receptors [16, 22, 27]. Here we demonstrate a clear
inhibition by bv-sPLA2 that affected basal ERK1/2
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Fig. 8 Precursor ion scan 241 of bv-sPLA2 products of Pt-
dIns(3,4)P2 in a cell free system to detect lyso-PtdIns(3,4)P2 by
attenuated in source fragmentation using piperidine. a Cell
culture medium containing PtdIns(3,4)P2 only, b cell culture me-
dium containing a mixture of bv-sPLA2 (10 pg/ml) and Pt-
dIns(3,4)P2 (10 uM). Lyso-PtdIns(3,4)P2 observable at m/z 731,
was detected by the precursor ion scans 241 with the correspond-
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activity and fully prevented EGF-induced ERK1/2
phosphorylation (Fig. 3). This inhibition was further
potentiated by PtdIns(3,4)P2 which even stimulated
basal ERK1/2 activity on its own.

As EGF-induced signals were abrogated in the pres-
ence of bv-sPLA2 and PtdIns(3,4)P2 we considered the
possibility that the EGFR which acts upstream of the
PI3-kinase and MAPK-pathways is targeted by this
treatment. Indeed we found a reduced cell surface
staining of the EGFR when cells were treated with bv-
sPLA2 as demonstrated by a diminished MFI in flow
cytometric analysis (Figs. 4, 5). Effects of PtdIns(3,4)P2
on EGFR expression were less pronounced, but it
clearly supported bv-sPLA2 when administered
together. Under such conditions, the overall number of
EGFRT cells, as well as the corresponding MFI were
reduced which indicates diminished EGFR cell surface
expression. The disruption of membrane integrity by
bv-sPLA2 and PtdIns(3,4)P2 (Fig. 6) obviously inter-
fered with the localisation of the transmembraneous
EGFR. Although it remains unclear whether the
EGFR was internalised or whether its function was
impaired, EGF-induced signalling was unequivocally
prevented in the presence of bv-sPLA2 and
PtdIns(3,4)P2.

In addition, the observed induction of a 7-AAD™*
population with low scatter characteristics (Fig. 6) after
administration of bv-sPLA2-PtdIns(3,4)P2 provides
evidence for altered cell morphology. The massive
staining with 7-AAD provides indirect evidence for
increased membrane permeability of this treatment
and suggests that disruption of membrane integrity is a
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ing loss of InsP head group. The lyso-PtdIns observable at m/z
571, was produced from an in-source fragmentation of the Pt-
dIns(3,4)P2 and also from the C32:0 PtdIns used as ISTD (C32:0
PtdIns-ISTD). Other in source fragments are also observable, e.g.
product ions seen at m/z 651 and 673 and products thereof are
from in-source fragmentation of (M — H)™ parent ion m/z 969
and at (M — 2H + Na)™ m/z 991, respectively
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crucial step in bv-sPLA2-PtdIns(3,4)P2 action. Thus,
data presented here reveal a mode of combined bv-
sPLA2-PtdIns(3,4)P2 action on renal cancer cells that
targets cell membranes as well as associated signal
transduction modules. Furthermore, our data suggest
that lyso-PtdIns(3,4)P2 which is generated by bv-
sPLA2-mediated hydrolysis of PtdIns(3,4)P2 (Figs. 7,
8; Table 1) may be involved in the observed cytotoxic-
ity. Of note, structurally resembling anti-cancer drugs
like alkyl-lysophospholipids have been reported to
induce rapid internalisation but no phosphorylation of
the EGFR, which is in line with our results [36]. In
addition, such synthetic lysolipids affected survival and
apoptotic pathways. For future studies, it will be inter-
esting to delineate putative anti-tumour characteristics
of lyso-PtdIns(3,4)P2. Presently, this compound is
commercially not available and needs to be synthes-
ised.

In conclusion, we demonstrate that bv-sPLA2 acts in
combination with 3-phosphorylated PtdIns to inhibit
proliferation and survival of renal cancer cells. Of note,
at least the effects of bv-sPLA2 and PtdIns(3,4)P2 are
not simply specific in regard to the growth of A498 cells
but have been shown previously to affect also cancer
cells from various origins [35]. The observed cytotoxic
effect in renal cancer cells is mediated by membrane
disruption that interferes with the expression of growth
modulatory cell surface proteins and prevents the acti-
vation of key regulatory signal transduction modules.
This further suggests that bv-sPLA2 and 3-phosphory-
lated PtdIns display defined inhibitory effects on renal
cancer cells which may further support the previously
suggested application in cancer immunotherapy [35].
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