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Although group VIA Ca2�-independent phospholipase
A2� (iPLA2�) has been implicated in various cellular
events, the functions of other iPLA2 isozymes remain
largely elusive. In this study, we examined the cellular
functions of group VIB iPLA2�. Lentiviral transfection
of iPLA2� into HEK293 cells resulted in marked in-
creases in spontaneous, stimulus-coupled, and cell death-
associated release of arachidonic acid (AA), which was
converted to prostaglandin E2 with preferred cyclooxyge-
nase (COX)-1 coupling. Conversely, treatment of HEK293
cells with iPLA2� small interfering RNA significantly
reduced AA release, indicating the participation of en-
dogenous iPLA2�. iPLA2� protein appeared in multiple
sizes according to cell types, and a 63-kDa form was
localized mainly in peroxisomes. Electrospray ioniza-
tion mass spectrometry of cellular phospholipids re-
vealed that iPLA2� and other intracellular PLA2 en-
zymes acted on different phospholipid subclasses.
Transfection of iPLA2� into HCA-7 cells also led to in-
creased AA release and prostaglandin E2 synthesis via
both COX-1 and COX-2, with a concomitant increase in
cell growth. Immunohistochemistry of human colorectal
cancer tissues showed elevated expression of iPLA2� in
adenocarcinoma cells. These results collectively suggest
distinct roles for iPLA2� and iPLA2� in cellular homeo-
stasis and signaling, a functional link between peroxiso-
mal AA release and eicosanoid generation, and a poten-
tial contribution of iPLA2� to tumorigenesis.

Phospholipase A2 (PLA2)1 catalyzes the hydrolysis of the
sn-2 position of membrane glycerophospholipids to yield free

fatty acids, including arachidonic acid (AA), and lysophospho-
lipids. Mammalian PLA2 enzymes have been classified into
four major families, including secretory PLA2, cytosolic PLA2

(cPLA2), Ca2�-independent PLA2 (iPLA2), and platelet-activat-
ing factor acetyl hydrolases, each of which occurs as multiple
isoforms (1, 2). Of these, the group IV cPLA2 and group VI
iPLA2 families represent intracellular enzymes with a catalytic
serine in their lipase consensus motif. Of the cPLA2 family,
cPLA2�, cPLA2�, and cPLA2� possess a Ca2�-regulated C2
domain near the N terminus, and their function is Ca2�-de-
pendent, whereas cPLA2� is Ca2�-independent and membrane-
bound (3–6). The regulatory roles for cPLA2� in production of
lipid mediators, including prostaglandins and leukotrienes,
have been well documented in many studies, including gene
targeting (7–10).

Of the emerging iPLA2 family, group VIA iPLA2� has been
implicated in various cellular events such as the basal fatty
acid reacylation reaction (membrane remodeling) (11, 12), ag-
onist-stimulated AA release and eicosanoid generation (13–16),
cell proliferation (17), apoptosis (18–21), exocytosis (22, 23),
vascular relaxation (24), adipogenesis (25), and activation of
store-operated channels and capacitative Ca2� influx (26). In
iPLA2� transgenic mice, the enzyme is activated during myo-
cardial infarction and causes malignant ventricular arrhyth-
mias (27), whereas iPLA2� knockout mice exhibit abnormality
in the motility and function of spermatozoa (28). Although
iPLA2� is principally a cytosolic enzyme, after cell activation, it
can reportedly move to the nuclear or plasma membrane in a
manner dependent upon protein kinase C according to the
experimental system employed (19, 29, 30). During apoptosis,
caspase-3-mediated cleavage of iPLA2� leads to its activation
(18–21), which may be functionally associated with nuclear
shrinkage in apoptotic cells (19) or to recruitment of phagocytes
through the release of chemoattractant lysophosphatidylcho-
line from apoptotic cells (21).

The second mammalian iPLA2 isoform, group VIB iPLA2�, is
homologous to iPLA2� in the catalytic region, whereas the
N-terminal regions of these two enzymes show no similarity
(31, 32). This suggests that the regulatory functions (and their
underlying mechanisms) of iPLA2� are distinct from those of
iPLA2�. Although some unique features of iPLA2� have been
recently reported, such as stable association with membranes
and utilization of distinct translation initiation sites producing
different sizes of enzyme (31–33), its cellular functions remain
largely unknown. More recently, novel members of the iPLA2

family, including iPLA2�, which displays lysophospholipase ac-
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tivity rather than PLA2 activity (34), and iPLA2�, iPLA2�, and
iPLA2�, which exhibit triacylglycerol lipase and transacylase
activities (35), have been identified. Because bromoenol lactone
(BEL), an iPLA2 inhibitor that has been used frequently for
analysis of the cellular functions of iPLA2�, inhibits all iPLA2

isozymes (31, 34, 35), some of the functions of iPLA2� previ-
ously described only on the basis of inhibition by BEL might be
attributable to iPLA2� or other novel isozymes.

In this study, we examined the cellular fatty acid-releasing
and prostaglandin (PG)-biosynthesizing functions of iPLA2� in
comparison with those of other intracellular PLA2 enzymes. Our
results indicate that iPLA2� has the ability to promote basal and
stimulus-coupled AA release; that iPLA2� displays unique cy-
clooxygenase (COX) coupling for immediate and delayed PGE2

production; that iPLA2�, iPLA2�, and cPLA2� act on different
cellular phospholipid pools; and that the 63-kDa form (relative to
the 88-kDa full-length form) of iPLA2� is dominant in several cell
lines and is located in peroxisomes. Furthermore, the elevated
expression of iPLA2� in human colorectal adenocarcinoma impli-
cates its potential role in tumorigenesis.

EXPERIMENTAL PROCEDURES

Materials—Culture of human embryonic kidney HEK293 cells, the
human colorectal adenocarcinoma cell lines HCA-7 and WiDr, the hu-
man bronchial epithelial cell line BEAS-2B, the rat fibroblastic cell line
3Y1, and the mouse Leydig cell line I-10 was performed in RPMI 1640
medium (Nissui Pharmaceutical Co., Ltd.) containing 10% (v/v) fetal
calf serum (FCS) (Bioserum) as described previously (36–40). Goat
anti-human COX-1 and anti-human COX-2 antibodies and rabbit anti-
human group IVA cPLA2� antibody were purchased from Santa Cruz
Biotechnology, Inc. Mouse anti-FLAG antibody and etoposide were
obtained from Sigma. Mouse anti-human PEX19 antibody was obtained
from BD Biosciences. iPLA2�, iPLA2�, cPLA2�, and cPLA2� cDNAs
were described previously (12, 32, 41). Lipofectamine 2000, Opti-MEM
medium, TRIzol reagent, Geneticin, and blasticidin were obtained from
Invitrogen. Fluorescein isothiocyanate-, Cy3-, and horseradish peroxi-
dase-conjugated anti-IgG antibodies were purchased from Zymed Lab-
oratories Inc.. Primers for reverse transcription-PCR were from Fas-
mac. The COX-1 inhibitor valeryl salicylate was a generous gift from
Dr. W. Smith (University of Michigan). The COX-2 inhibitor NS-398
and the iPLA2 inhibitor BEL were purchased from Cayman Chemical
Co. Other reagents of analytical grade were from Wako Chemicals.

Northern Blotting—Equal amounts (�5 �g) of total RNA obtained
from cells using TRIzol reagent were applied to separate lanes of 1.2%
(w/v) formaldehyde-agarose gels, electrophoresed, and transferred to
Immobilon-N membranes (Millipore). The resulting blots were then
probed with appropriate cDNA probes that had been labeled with
[32P]dCTP (Amersham Biosciences) by random priming (Takara Bio-
medicals). Hybridization and subsequent membrane washing were car-
ried out as described previously (12).

Preparation of Anti-iPLA2� Antibody—Rabbit antiserum against the
synthetic peptide RRTTDPKLCITRVEE, which corresponds to residues
371–385 of human iPLA2� protein, was prepared by Biologica Co. The
antiserum was subjected to enzyme immunosorbent assay to determine
the antibody titer against the peptide and was used for subsequent
analyses. The specificity of the antibody was evaluated by immunoblot-
ting as noted below.

SDS-PAGE and Immunoblotting—Lysates from 105 cultured cells
were subjected to SDS-PAGE using 7.5 or 10% gels under reducing
conditions. The separated proteins were electroblotted onto nitrocellu-
lose membranes (Schleicher & Schüll) with a semidry blotter (Transblot
SD system, Bio-Rad). After blocking with 3% (w/v) skim milk in phos-
phate-buffered saline (PBS) containing 0.05% Tween 20, the mem-
branes were probed with the respective antibodies (1:5000 dilution) for
2 h, followed by incubation with horseradish peroxidase-conjugated
anti-goat or anti-rabbit IgG (1:5000 dilution) for 2 h, and then visual-
ized with the ECL Western blot system (PerkinElmer Life Sciences) as
described (12).

Immunohistochemistry—Immunohistochemical staining of human tis-
sue sections was performed as described previously (36, 38). Briefly, the
tissue sections were incubated with target retrieval solution (Dako Corp.)
as required, incubated for 10 min with 3% (v/v) H2O2, washed three times
with PBS for 5 min each, incubated with 5% (v/v) skim milk for 30 min,
washed three times with PBS containing 0.05% Tween 20 for 5 min each,

and incubated for 2 h with anti-iPLA2� antibody at 1:200 dilution in PBS.
The sections were then treated with a Catalyzed Signal Amplification
system staining kit (Dako Corp.) with diaminobenzidine substrate. The
cell type was identified by conventional hematoxylin and eosin staining of
serial sections adjacent to the specimen used for immunohistochemistry.

Expression of iPLA2� by the Lentiviral System—cDNAs for N-termi-
nally FLAG-tagged iPLA2� and its truncated forms were stably trans-
fected into HEK293 or HCA-7 cells with a ViraPower lentiviral expres-
sion system (Invitrogen) according to the manufacturer’s instructions.
Briefly, cDNAs were amplified by PCR with the Advantage cDNA
polymerase mixture (Clontech) and primers 5�-CACCATGGACTA-
CAAGGACGACGATGACAA-3� (FLAG primer) and 5�-TCACAATTTT-
GAAAAGAATGGAAG-3� (iPLA2�-3� primer) with iPLA2� cDNA in the
pEFBOS-Ffg vector (42) as a template and subcloned into the pLenti6/
V4-D-TOPO vector (Invitrogen). The resulting plasmid was transfected
into 293FT cells (Invitrogen) with Lipofectamine 2000 in Opti-MEM
medium, and aliquots of the supernatants harvested 3 days after trans-
fection were then added to HEK293 or HCA-7 cells. The cells were
cultured in the presence of 20–30 �g/ml blasticidin, and the surviving
cells that expressed appropriate levels of iPLA2� were used in subse-
quent studies.

For construction of N-terminally truncated iPLA2� cDNAs, PCR
was performed with primer 5�-ATGTCCCGTATTAAAAGTACT-3�
(M2), 5�-ATGATTTCACGTTTAGCTCAA-3� (M3), or 5�-ATGTCTCAA-
CAAAAGGAAAATG-3� (M4) in combination with the iPLA2�-3�
primer and pEFBOS-Ffg/iPLA2� as a template. Lentiviruses bearing
these truncated iPLA2� cDNAs as well as those bearing iPLA2�,
cPLA2�, and cPLA2� cDNAs were obtained and transfected into
HEK293 cells as described above.

Coexpression of PLA2 and COX Enzymes in HEK293 Cells—COX-1 or
COX-2 cDNA in the pcDNA3.1/neo(�) vector was transfected into
HEK293 cells with Lipofectamine 2000, and Geneticin-resistant clones
were selected by limiting dilution and subsequent screening by Western
blotting as described previously (43). Each PLA2 cDNA was then trans-
fected into the COX-1 or COX-2 stable transfectants using the lentiviral
system, and the double transfectants were selected by culture with
blasticidin, followed by Northern blotting and immunoblotting as de-
scribed above.

Experiments with iPLA2� Small Interfering RNA (siRNA)—Two sets
of synthetic hairpin-forming oligonucleotides directed to iPLA2� were
prepared (Beck): for set 1 (coding sequences shown in italic type), 5�-
GATCCCGCTCTTCAGGCTGCAGTTAGTTCAAGAGACTAACTGCA-
GCCTGAAGAGTTTTTTGGAAA-3� (sense) and 5�-AGCTTTTCCAAAA-
AACTCTTCAGGCTGCAGTTAGTCTCTTGAACTAACTGCAGCCTGA-
AGAGCGG-3� (antisense); and for set 2, GATCCCGTGTGGCAGGCC-
ATTAGAGCTTCAAGAGAGCTCTAATGGCCTGCCACATTTTTTGGA-
AA-3� (sense) and 5�-AGCTTTTCCAAAAAATGTGGCAGGCCATTAG-
AGCTCTCTTGAAGCTCTAATGGCCTGCCACACGG-3� (antisense).
After annealing, both sets of double-stranded DNAs harbored BamHI
and HindIII sites at each 5�- and 3�-end. After cutting with BamHI and
HindIII, they were ligated into the BamHI/HindIII-digested pRNA-U-
6.1/Hygro vector (GenScript Corp.) with T4 ligase (Takara Biomedica-
ls). After transformation into Top10 competent cells (Invitrogen), the
plasmids were extracted and purified using the Endofree plasmid maxi
kit (Qiagen Inc.).

HEK293 cells grown in 12-well plates (Iwaki Glass) were transfected
with a mixture of plasmids for iPLA2� siRNA (sets 1 and 2; 1 �g of each)
or 2 �g of mock plasmid (pRNA-U6.1/Hygro) with Lipofectamine 2000
according to the method described previously (44). The cells were then
subjected to limiting dilution in culture medium containing 50 �g/ml
hygromycin in 96-well plates (Iwaki Glass). The surviving colonies were
expanded, and iPLA2� expression was monitored by immunoblotting.

Measurement of PLA2 Activity—PLA2 activity was assayed by meas-
uring the amounts of radiolabeled AA or linoleic acid (LA) released from
the substrate phosphatidylethanolamine (PE) or phosphatidylcholine
(PC) bearing [14C]AA or [14C]LA at the sn-2 position (Amersham Bio-
sciences). The substrate in ethanol was dried under a stream of N2 and
dispersed in water by sonication. Each reaction mixture (total volume of
250 �l) consisted of appropriate amounts of the required sample (cell
lysate), 100 mM Tris-HCl (pH 7.4), 10 mM EDTA, and 2 �M substrate.
After incubation for 30 min at 37 °C, [14C]AA or [14C]LA was extracted
by Dole’s method (77), and the radioactivity was quantified by liquid
scintillation counting as described previously (12).

Assays for AA Release and PGE2 Generation—Cells grown to near
confluency in 48-well plates (Iwaki Glass) were incubated overnight
with 0.1 �Ci/ml [3H]AA or [3H]oleic acid (OA) (Amersham Biosciences).
After three washes with fresh medium, 100 �l of culture medium with
or without 10 �M A23187 (Calbiochem) or interleukin-1� (IL-1�) (Gen-
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zyme) was added to each well, and the radioactivities released into the
supernatants after incubation for appropriate periods were measured.
The percentage release was calculated using the formula (S/(S � P)) �
100, where S and P are the radioactivities measured in the supernatant
and cell pellet, respectively, as described previously (12, 43). Aliquots of
the supernatants from replicate cells (without preincubation with ra-
diolabeled fatty acids) were subjected to PGE2 enzyme immunoassay
(Cayman Chemical Co.).

Confocal Laser Microscopy—Cells grown in glass-bottomed dishes
(Matsunami Glass) precoated with 10 �g/ml fibronectin (Sigma) were
fixed with 3% paraformaldehyde for 30 min in PBS. After three washes
with PBS, the fixed cells were sequentially treated with 1% (w/v) bovine
serum albumin (for blocking) containing 0.5% (w/v) saponin (for perme-
abilization) in PBS for 1 h, with anti-iPLA2� antibody (1:200 dilution) in
PBS containing 1% albumin for 1 h, and then with fluorescein isothio-
cyanate-conjugated anti-rabbit IgG (1:200 dilution) in PBS containing
1% albumin for 1 h, with three washes with PBS at each interval. For
double immunostaining, cells stained with anti-iPLA2� antibody were
incubated with mouse anti-PEX19 antibody (1:250 dilution) for 2 h,
followed by incubation with Cy3-conjugated anti-mouse IgG antibody
(1:100 dilution) for 2 h. After six washes with PBS, the fluorescent
signal was visualized with an Olympus IX70 laser scanning confocal
microscope as described previously (45).

Electrospray Ionization Mass Spectrometry (ESI/MS)—Mass spectra
were obtained on a Quattro micro tandem quadrupole mass spectrom-
eter (Micromass) equipped with an electrospray ion source as described
previously (46). Lipid extracts from cells were reconstituted in 2:1
chloroform/methanol (100–300 �mol/liter phosphorus), and 2 �l of the
sample was injected per run. The samples were introduced using a flow
injector into the ESI chamber at a flow rate of 4 �l/min in a solvent

system of acetonitrile/methanol/water (2:3:1) containing 0.1% ammo-
nium formate (pH 6.4). The mass spectrometer was operated in the
positive and negative scan modes. The flow rate of the nitrogen drying
gas was 12 liters/min at 80 °C. The capillary and cone voltages were set
at 3.7 kV and 30 V, respectively; argon at 3–4 � 104 torr was used as the
collision gas; and a collision energy of 30–40 V was used for obtaining
fragment ions for precursor ions.

RESULTS

Group VIB iPLA2� Is Expressed Mainly as a 63-kDa Protein
in HEK293 Cells—To assess the cellular function of iPLA2�, we
used the lentiviral method to transfect HEK293 cells with
cDNA for N-terminally FLAG-tagged iPLA2�. As assessed by
RNA blotting, endogenous iPLA2� mRNA was detected faintly
in mock-transfected control cells and was increased in iPLA2�-
transfected cells (Fig. 1A). A lysate of iPLA2�-transfected
HEK293 cells showed higher Ca2�-independent PLA2 activity
toward pure phospholipid substrates than a lysate of mock-
transfected cells (Fig. 1B), confirming successful transfection.
The lysate of iPLA2�-transfected cells hydrolyzed both PE and
PC with a trend to a �2-fold preference for the former, and both
sn-2-AA and sn-2-LA were liberated equally (Fig. 1B). Thus,
iPLA2� shows relatively poor selectivity for substrate phospho-
lipids in terms of head group and fatty acid moieties.

To verify further the expression of overexpressed iPLA2�
protein in the transfectants, we performed immunoblotting
initially with anti-FLAG antibody. Despite considerable effort,

FIG. 1. Overexpression of iPLA2� in HEK293 cells. A, iPLA2� transcripts in mock- or iPLA2�-transfected HEK293 cells were detected by
Northern blotting. Equal loading of samples on each lane was verified by rRNA visualized on an agarose gel with ethidium bromide. B, iPLA2
activity in cell lysates was measured. 107 control cells (� and E) and iPLA2�-transfected cells (f and ●) were lysed by sonication in 1 ml of PBS
containing 3 �g/ml leupeptin, 3 �g/ml antipain, and 1 mM phenylmethylsulfonyl fluoride, and aliquots were taken for PLA2 enzyme assay using
PE or PC bearing sn-2-AA (E and ●) or sn-2-LA (� and f) as substrate. C, mock- and iPLA2�-transfected cells (105 cells/lane) were immunoblotted
with anti-iPLA2� and control antibodies. D, HEK293 cells transfected with the full-length (M1) or truncated (M2–M4) iPLA2� cDNAs (upper panel)
and control cells were immunoblotted with anti-iPLA2� antibody (lower panel). E, various cells (105 cells/lane) were immunoblotted with
anti-iPLA2� and control antibodies. Results are representative of three independent experiments.
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however, we failed to detect a corresponding 88-kDa band (the
size predicted from the full-length cDNA) in iPLA2�-trans-
fected HEK293 cells (data not shown). We therefore prepared a
rabbit antibody against a peptide corresponding to an internal
sequence of human iPLA2� (residues 371–385). Upon immuno-
blotting with anti-iPLA2� (but not control) antibody, an �60-
kDa band was detected in control cells, and this band was
increased in iPLA2�-transfected cells (Fig. 1C).

Gross and co-workers (33) have recently reported that
iPLA2� contains 4 methionine residues acting as translation
initiation sites, resulting in 88-, 77-, 74-, and 63-kDa products
in Sf9 insect cells. We therefore speculated that the main
�60-kDa band detected in HEK293 cells may correspond to the
product initiated at the fourth methionine and thereby would
lack the FLAG epitope, which was located prior to the first
methionine. To investigate this possibility, we constructed sev-
eral N-terminally truncated iPLA2� constructs in which pro-
tein translation would start theoretically at the second (M2),
third (M3), and fourth (M4) methionine residues, leading to the
production of 77-, 74-, and 63-kDa forms. However, when these
constructs were lentivirally transfected into HEK293 cells, all
resulted in an immunoreactive �60-kDa product (Fig. 1D). On
the basis of these observations, we concluded that iPLA2� ex-
ists mainly as a 63-kDa form, which starts at the fourth me-
thionine, in HEK293 cells.

We then investigated whether the 63-kDa form of iPLA2� is
commonly dominant in various cell types or whether there are
other cell types in which larger forms (88, 77, or 74 kDa) are

dominantly expressed. After longer exposure of the immuno-
blot membrane to the film, the 88-kDa full-length form, in
addition to the main 63-kDa form as noted above, was faintly
detected in parental HEK293 cells (Fig. 1E). Similarly, the
major 63-kDa and minor 88-kDa forms were detected in the
human colorectal adenocarcinoma cell line HCA-7 (Fig. 1E). In
another human colorectal cancer cell line (WiDr), the expres-
sion of the 63-kDa form was also dominant (even though less
than in HCA-7 cells), and a faint 74-kDa band was additionally
detected. In contrast, the 88-kDa full-length form was ex-
pressed predominantly in the human bronchial epithelial cell
line BEAS-2B and the rat fibroblastic cell line 3Y1 (Fig. 1E).
Weak expression of the 77- and 63-kDa forms, as well as a
43-kDa species, the origin of which is currently unknown (prob-
ably a product of proteolytic degradation or alternative splic-
ing), was detected in the mouse Leydig cell line I-10 (Fig. 1E).
No significant bands were detected with control antibody under
the same immunoblot conditions.

Fatty Acid Release and PGE2 Production in iPLA2�-overex-
pressing HEK293 Cells—When mock- and iPLA2�-transfected
cells were prelabeled with [3H]AA or [3H]OA and then stimu-
lated for 30 min with A23187, there was a parallel increase in
[3H]AA or [3H]OA release in iPLA2�-transfected cells compared
with control cells (Fig. 2A). Likewise, when these cells were
cultured with various concentrations of FCS for 4 h, iPLA2�-
transfected cells released more [3H]AA or [3H]OA than did
control cells in an FCS concentration-dependent manner (Fig.
2B). Addition of IL-1� to 10% FCS (IL-1/FCS) further increased

FIG. 2. Fatty acid release and PGE2 production by iPLA2�-transfected HEK293 cells. A and B, control and iPLA2�-transfected cells
prelabeled with [3H]AA or [3H]OA were incubated for 30 min with (�) or without (�) 10 �M A23187 in 1% FCS (A) or for 4 h with 1 or 10% FCS
in the presence (�) or absence (�) of 1 ng/ml IL-1� (B) to assess fatty acid release. C, [3H]AA-prelabeled cells were preincubated for 2 h with 20
�M BEL and then cultured for 4 h with IL-1/FCS in the continued presence of BEL to assess AA release. D, control (E) and iPLA2�-transfected (●)
cells were incubated for the indicated time periods with IL-1/FCS, and aliquots of the supernatants were taken for PGE2 enzyme immunoassay.
E, after incubation for 2 h with IL-1/FCS, control and iPLA2�-transfected cells were subjected to Northern blotting with COX-2 cDNA as a probe.
Equal loading of samples on each lane was verified by rRNA visualized on an agarose gel with ethidium bromide. F, cells were preincubated for
2 h with 20 �M BEL or 10 ng/ml NS-398 (NS) and then cultured for 4 h with IL-1/FCS in the continued presence of each inhibitor to assess PGE2
generation. G, cells transfected with full-length iPLA2� and its truncated forms were assessed for [3H]AA release. The expression levels of the
mutant and full-length enzymes (all expressed as a 63-kDa protein) are shown in Fig. 1D. Values are means � S.E. of four independent experiments
in A, B, F, and G, and representative results of three experiments are shown in C–E.
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[3H]AA release by iPLA2�-transfected cells, whereas [3H]OA
release was not appreciably affected by IL-1�. The increased
[3H]AA release observed in iPLA2�-transfected cells after treat-
ment with IL-1/FCS was reversed to the basal level by the
iPLA2 inhibitor BEL (Fig. 2C). As shown in Fig. 2D, iPLA2�-
transfected cells produced more PGE2 than did control cells in
response to IL-1/FCS. This PGE2-biosynthesizing response de-
pended on endogenous COX-2 because more COX-2 was in-
duced in IL-1/FCS-treated iPLA2�-transfected cells than in
control cells (Fig. 2E) and because NS-398, a COX-2 inhibitor,
blocked this PGE2 generation almost completely (Fig. 2F).
This PGE2 production was also suppressed by BEL in
iPLA2�-transfected cells (Fig. 2F). As shown in Fig. 2G, cells
transfected with the truncated forms of iPLA2� (M2, M3, and
M4) exhibited increased [3H]AA release, which reached a
level similar to that observed in cells transfected with the
full-length enzyme.

To gain further insight into the functional modes of iPLA2�,
we compared AA release and PGE2 production by iPLA2� (in
terms of COX coupling) with those by several other intracellu-
lar PLA2 enzymes, including cPLA2�, cPLA2�, and iPLA2�. To
this end, cells transfected with cPLA2�, cPLA2�, iPLA2�, or
iPLA2� were treated with A23187 for 30 min or with IL-1/FCS
for 4 h. As shown in Fig. 3A, A23187-induced immediate
[3H]AA release by iPLA2� was comparable with that by
cPLA2�, whereas that by cPLA2� and iPLA2� was weak even if
significant. Maximal [3H]AA release by iPLA2� after treatment
with IL-1/FCS reached a level comparable with that by
cPLA2�, although more [3H]AA was released by iPLA2� than
by cPLA2� in the absence of IL-1� (Fig. 3B). Indeed, iPLA2�-
induced [3H]AA release was obvious even at 1% FCS, whereas
[3H]AA release by cPLA2� was minimal at 1% FCS, modestly
increased at 10% FCS, and markedly augmented in the pres-
ence of IL-1� (Fig. 3B). [3H]AA release by iPLA2� increased to
a level slightly lower than that by iPLA2� in the presence of
10% FCS and was not augmented by IL-1� (Fig. 3B). The
increase in [3H]AA release by cPLA2� was modest, although
significant (Fig. 3B). Kinetic experiments further supported
these observations in that, at each time point, [3H]AA release
by cPLA2� was markedly increased by IL-1�; iPLA2� increased
[3H]AA release independently of IL-1�; and iPLA2� elicited
FCS-dependent [3H]AA release with a modest enhancement by
IL-1� (Fig. 3C).

To compare the coupling profiles between these four intra-
cellular PLA2 enzymes and the two COX isoforms, the enzymes
were coexpressed in HEK293 cells. Appropriate expression of
the PLA2 and COX enzymes in individual cotransfectants was
verified by RNA blotting or immunoblotting (data not shown).
These cells were then stimulated for 30 min with A23187 (Fig.
3D) or for 4 h with IL-1/FCS (Fig. 3E) to assess immediate and
delayed PGE2 generation, respectively. cPLA2� increased
PGE2 synthesis markedly via both COXs after A23187 stimu-
lation (Fig. 3D) and via COX-2 in marked preference to COX-1
after IL-1/FCS stimulation (Fig. 3E). cPLA2� increased PGE2

generation only modestly (in line with its weak AA-releasing
property; see above), but its coupling selectivity for the two
COX isoforms was similar to that of cPLA2�. iPLA2� modestly
increased COX-1-dependent PGE2 production after A23187
stimulation (Fig. 3D), whereas no appreciable increase in PGE2

occurred after IL-1� stimulation (Fig. 3E). These COX-coupling
profiles of cPLA2�, cPLA2�, and iPLA2� in HEK293 cells are
consistent with our previous reports (41, 43). Remarkably,
iPLA2�-mediated PGE2 generation occurred via COX-1 in
marked preference to COX-2 after stimulation with A23187
(Fig. 3D) and IL-1� (Fig. 3E). The amount of PGE2 produced by
iPLA2�/COX-1 reached a level comparable with that produced

by cPLA2�/COX-2 (Fig. 3E). These results reveal an unusual
preferential COX-1 coupling of iPLA2� in both the immediate
and delayed responses.

iPLA2� Promotes Cell Death-associated AA Release—Several
previous studies have demonstrated the role of iPLA2� in ac-
celerated membrane hydrolysis in apoptotic cells (18–21). To
explore whether or not iPLA2� exhibits a similar effect, we
treated control and iPLA2�- or iPLA2�-expressing HEK293
cells with etoposide, a cell death inducer. Etoposide treatment
led to a dose-dependent (Fig. 4A) and time-dependent (Fig. 4B)
increase in [3H]AA release in control cells, which was markedly
augmented in both iPLA2�- and iPLA2�-transfected cells. Al-
though iPLA2� has been shown to be activated by caspase-3-
dependent cleavage during apoptosis (18, 20, 21), no such pro-
teolytic cleavage or increased expression of iPLA2� was
observed following etoposide treatment (data not shown), sug-
gesting that cell death is accompanied by membranous changes
that lead to increased susceptibility to iPLA2�.

Role of Endogenous iPLA2� in Cellular AA Release—To as-
sess the contribution of endogenous iPLA2� to fatty acid release
in HEK293 cells, we introduced siRNA for iPLA2� into these
cells to reduce the expression of endogenous iPLA2�. As shown
in Fig. 5A, expression of endogenous iPLA2� was markedly
reduced in cells transfected with iPLA2� siRNA. When these
cells were prelabeled with [3H]AA and then cultured for 4 h
with 10% FCS in the presence or absence of IL-1�, there was an
�50% reduction of [3H]AA release in siRNA-treated cells rela-
tive to control cells (Fig. 5B). Likewise, etoposide-induced
[3H]AA release was significantly reduced in cells treated with
iPLA2� siRNA. These results indicate that endogenous iPLA2�

significantly contributes to basal and cell death-associated AA
release in HEK293 cells. Given that the reduction of [3H]AA
release by iPLA2� siRNA was no �50% (Fig. 5, B and C),
despite an �80% reduction of the iPLA2� expression level (Fig.
5A), other endogenous PLA2 enzymes may also be involved in
this event. It is likely that endogenous iPLA2� participates in
the residual [3H]AA release in iPLA2� siRNA-treated cells be-
cause it was reduced by �70% by BEL (data not shown).

Analysis of Endogenous Phospholipids by ESI/MS—Al-
though the above data suggest that iPLA2� and other intracel-
lular PLA2 enzymes exhibit distinct fatty acid-releasing pro-
files and hence may act on different phospholipid pools, the
release of 3H-labeled fatty acids that had been incorporated
into cellular membranes might not necessarily reflect the true
dynamics of endogenous lipids. We therefore performed
ESI/MS analysis to examine the fatty acid composition of phos-
pholipid molecular species in iPLA2�-, iPLA2�-, and cPLA2�-
transfected HEK293 cells in comparison with mock-transfected
control cells. Representative ESI/MS patterns of PE species
extracted from mock-, iPLA2�-, and cPLA2�-transfected cells
are shown in Fig. 6.

This analysis revealed that many, if not all, subclasses of PE,
including those bearing C18:1, C18:2, C20:4, and C22:6 at the sn-2
position, were markedly reduced in iPLA2�-transfected cells
compared with control cells (Fig. 7A, left panel). In particular,
the decrease in the alkenyl form of PE (plasmalogen) with
polyunsaturated fatty acids (C20:4 and C22:6) was striking. Of
the PC subclasses, only the major subclass with sn-1-C16:0 and
sn-2-C18:2 (C16:0/C18:2) was significantly reduced in iPLA2�-
transfected cells compared with control cells (Fig. 7B, left
panel). Phosphatidylinositol (PI), which was composed mainly
of C18:0/C20:4, was also markedly decreased in iPLA2�-trans-
fected cells (Fig. 7C, left panel).

Comparison between iPLA2�-transfected and control cells
demonstrated that, in the former cells, PE (Fig. 7A, middle
panel) and PC (Fig. 7B, middle panel) subclasses with C16:0 at
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FIG. 3. Functional coupling between various intracellular PLA2 enzymes and two COXs. A and B, control HEK293 cells and cells
transfected with cPLA2�, cPLA2�, iPLA2�, or iPLA2� were prelabeled with [3H]AA and then treated for 30 min with 10 �M A23187 in 1% FCS (A)
or for 4 h with 1 or 10% FCS in the presence (�) or absence (�) of 1 ng/ml IL-1� (B) to assess [3H]AA release. C, shown is the time course of [3H]AA
release from control cells or cells transfected with cPLA2�, iPLA2�, or iPLA2� after treatment for the indicated times periods with 10% FCS alone
(E) or IL-1/FCS (●). D and E, COX-1- or COX-2-expressing HEK293 cells were cotransfected with (�) or without (�) each PLA2. The cells were then
stimulated for 30 min with A23187 in 1% FCS (D) or for 4 h in IL-1/FCS (E) to assess PGE2 generation. Values are means � S.E. of four independent
experiments in A, B, D, and E, and a representative result of two reproducible experiments is shown in C.
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the sn-1 position were selectively decreased irrespective of
sn-2-fatty acid moieties. This result suggests that, although
iPLA2� does not discriminate sn-1/sn-2-fatty acids and head
groups of substrates in vitro (47), it preferentially acts on
phospholipids with C16:0 at the sn-1 position in HEK293 cells,
possibly through compartmentalization in the particular
membranes enriched in such lipids. Conversely, the contents
of PC with C16:0/C16:1 (Fig. 7B, middle panel) and PI with
C18:0/C20:4 (Fig. 7C, middle panel) were higher in iPLA2�-
transfected cells than in control cells, which may be a reflec-
tion of phospholipid remodeling.

PE (Fig. 7A, right panel) and PI (Fig. 7C, right panel) sub-
classes with AA at the sn-2 position were decreased rather
selectively in cPLA2�-transfected cells compared with control
cells, consistent with the AA selectivity of this enzyme. Al-
kyl-PE with C16:0/C18:2 and alkenyl-PE with C18:0/C22:6 were
also significantly reduced in cPLA2�-transfected cells (Fig. 7A,
right panel). Unexpectedly, no appreciable alteration in the
fatty acid composition of PC was observed in cPLA2�-trans-
fected cells (Fig. 7B, right panel), despite the fact that cPLA2�
has been proposed to translocate into PC-rich membranes (48).
This result, together with the relatively low content of AA-
containing PC (Fig. 7B), implies that PC does not represent a
major source of the AA released by cPLA2� in HEK293 cells
under the present experimental setting.

iPLA2� Facilitates Proliferation of Colorectal Cancer Cells—
To exclude the possibility that the PGE2-biosynthesizing prop-
erty of iPLA2� is peculiar to HEK293 cells, we attempted to
transfect iPLA2� cDNA into several cell types. By following the
lentiviral transfection strategy, we obtained two lines of HCA-7
cells overexpressing iPLA2�, which appeared as a 63-kDa form
(Fig. 8A). As in the case of HEK293 cells (Figs. 2 and 3), these
transfectants released, in an FCS-dependent manner, more
[3H]AA (Fig. 8B) and PGE2 (Fig. 8C) than did control cells.
Previous studies have shown that HCA-7 cells express both
COX-1 and COX-2 constitutively and that the production of
PGE2 by these cells occurs predominantly through COX-2 dur-
ing cell culture (36, 49). Consistent with this, PGE2 production
by control cells was inhibited almost completely by NS-398, a
COX-2 inhibitor, but not by valeryl salicylate, a COX-1 inhib-
itor (Fig. 8D). Of interest, PGE2 generation by iPLA2�-trans-
fected cells showed partial sensitivity to both COX-1 and
COX-2 inhibitors (Fig. 8D), suggesting the contribution of both
COX isoforms to iPLA2�-mediated PGE2 generation in HCA-7
cells. The expression levels of endogenous cPLA2�, COX-1,
COX-2, and microsomal PGE2 synthase-1 were unchanged in
HCA-7 cells transfected with iPLA2� (data not shown).

Because PGE2 is known to promote the proliferation of sev-
eral colon cancer cells (50), we investigated the impact of
iPLA2� overexpression on the growth of HCA-7 cells, the pro-
liferation of which depends on de novo synthesized PGE2 (36,
49). As shown in Fig. 8E, the two iPLA2�-transfected cell lines

FIG. 5. Knockdown of iPLA2� by siRNA. A, HEK293 cells were
transfected with a mock or iPLA2� siRNA (si-iPLA2�) plasmid, and 2 �
105 cells were subjected to immunoblotting with anti-iPLA2� antibody.
B and C, the cells shown in A were prelabeled with [3H]AA and then
incubated for 4 h with 1 or 10% FCS in the presence (�) or absence (�)
of 1 ng/ml IL-1� (B) or for 12–24 h in the presence (�) or absence (�) of
10 �M etoposide (C) to assess [3H]AA release. Values are means � S.E.
of three independent experiments in B and C.

FIG. 4. Cell death-associated AA
release. [3H]AA-prelabeled control
HEK293 cells or cells transfected with
iPLA2� or iPLA2� were treated for 24 h
with the indicated concentrations of eto-
poside (A) or for the indicated time peri-
ods with 20 �M etoposide (B) to assess
[3H]AA release. Results are representa-
tive of two reproducible experiments.
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grew �3-fold faster than the control cells in culture with
various FCS concentrations (1 and 5%), an event that was
correlated with increased PGE2 synthesis (Fig. 8C). Faster
growth of iPLA2�-transfected cells compared with control
cells was also evident in photographs taken during culture
(Fig. 8F).

Attempts to achieve iPLA2� overexpression in BEAS-2B and

3Y1 cells, which endogenously express the 88-kDa form (Fig.
1E), by several transfection methods (lipofection and lenti-
virus- and adenovirus-based methods) were unsuccessful. Al-
though the reason for this technical difficulty is unknown, a
possible explanation is that accumulation of full-length iPLA2�
might perturb the membranes of a particular organelle that is
important for cell survival (see “Discussion”).

FIG. 6. ESI/MS analysis of PE species in control and iPLA2�- or cPLA2�-transfected HEK293 cells. Total lipids were extracted from cells
maintained in medium containing 10% FCS and then subjected to lipid ESI/MS analysis. The ESI/MS spectra in the negative ion scan mode are
shown. The height of each peak was compared with that of the internal standard (diacyl-PE with C14:0/C14:0). Asterisks indicate the major peaks
that differ between PLA2-transfected and control cells.
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Immunohistochemistry—The finding that iPLA2� facilitates
PGE2 generation and proliferation of HCA-7 cells (Figs. 7 and
8) prompted us to investigate the expression of this enzyme in
human colorectal cancer tissues by immunohistochemistry
with anti-iPLA2� antibody. Intriguingly, positive staining for
anti-iPLA2� antibody was detected in adenocarcinoma cells in
four independent human colon cancer tissue sections (Fig. 9,
c–f). In contrast, iPLA2� immunoreactivity in glandular cells in
sections from normal subjects (Fig. 9, a and b) and those adja-
cent to tumor cells (Fig. 9f) was scarce. Staining of the submu-
cosal interstitium (in both normal and cancer sections) (Fig. 9,
a–f) and the lymph aggregates (Fig. 9f) was also minimal.
Staining of adenocarcinoma tissue with control antibody was
negative (Fig. 9g). These observations indicate that iPLA2�
expression is elevated in human colorectal adenocarcinoma
cells in vivo.

Subcellular Localization of iPLA2�—Finally, to assess the
subcellular localization of iPLA2�, immunofluorescence confo-
cal microscopy with anti-iPLA2� antibody was carried out us-
ing HEK293 and HCA-7 cells, in which the 63-kDa form of the
enzyme is predominantly expressed (see above). In mock-trans-
fected control HEK293 (Fig. 10A) and HCA-7 (Fig. 10B) cells,
faint signals were detected in the cytoplasm with a tendency to
form a punctate pattern. These punctate signals were more
obvious in cells transfected with iPLA2� (Fig. 10, A and B).
Because iPLA2� has a peroxisomal localization signal near the
C terminus (31, 32), we performed double immunostaining of
these cells with antibodies to iPLA2� and PEX19, a peroxiso-
mal protein. As shown in Fig. 10C (HEK293 cells) and Fig. 10D
(HCA-7 cells), the punctate signals for iPLA2� largely over-
lapped with those for PEX19. Thus, the 63-kDa form of iPLA2�

is distributed mainly in the peroxisomes, as has been recently
proposed by Gross and co-workers (33) on the basis of a frac-
tionation study of rat liver homogenates.

DISCUSSION

A large body of experimental evidence (both in vitro and in
vivo) indicates that group IVA cPLA2�, an intracellular Ca2�-
dependent enzyme that exhibits AA preference, is a key regu-
lator of the initiation of stimulus-coupled lipid mediator pro-
duction in a wide variety of mammalian cells (3–10). Although
the functions of other cPLA2 isoforms remain elusive, group
IVC cPLA2�, the only Ca2�-independent cPLA2 member that is
constitutively associated with the endoplasmic reticulum and
Golgi membranes, has been recently shown to have the ability
to promote eicosanoid production or remodeling of some PE
subclasses with polyunsaturated fatty acids when overex-
pressed in certain cell types (41, 51, 52). Group VIA iPLA2�, a
cytosolic form of iPLA2, has been implicated in membrane
remodeling (11, 12) and eicosanoid generation (13–16), which
may be in turn linked to its regulatory roles in secretion (22,
23), vascular relaxation (24), myocardial ischemia (27), cell
proliferation and differentiation (17), and apoptosis (18–21).
iPLA2� also appears to play an important role in the activation
of store-operated channels and capacitative Ca2� influx (26),
an event that might be related to the defect in sperm motility
(a process in which Ca2� entry is obligatory) in iPLA2�-defi-
cient mice (28). In this study, we have extended our under-
standing of the functional diversity of intracellular PLA2 en-
zymes by examining the cellular fatty acid-releasing property
of group VIB iPLA2�, a novel membrane-associated iPLA2 iso-
form that was originally identified from a search of a nucleic

FIG. 7. Comparison of PE, PC, and PI species between control and PLA2-transfected HEK293 cells. Shown is a comparison of the
relative compositions of PE (A), PC (B), and PI (C) subclasses between control cells (shaded bars) and iPLA2�-, iPLA2�-, or cPLA2�-transfected cells
(solid bars). The peak area of each phospholipid subclass in the ESI/MS analysis was calibrated by that of the internal standard. Cells maintained
in medium containing 10% FCS were used in this analysis. Values are means � S.E. of three independent experiments. *, p � 0.05 versus the
respective phospholipids subclass in control cells.
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acid data base as a molecule with a region homologous to the
catalytic domain of iPLA2� (31, 32).

Our study has revealed the following novel and intriguing
aspects of iPLA2�. First, iPLA2� augments basal, stimulus-
coupled, and cell death-associated fatty acid release and shows
preferential coupling with COX-1, rather than COX-2, for
PGE2 production. Second, iPLA2� protein is expressed as mul-
tiple forms with different sizes in distinct cell types and even in
a single cell type, and among these forms, the 63-kDa protein is
distributed in the peroxisomes. Third, iPLA2�-mediated phos-
pholipid hydrolysis appears to occur in membranes enriched in
PE (the alkenyl species in particular) and PI with polyunsatu-
rated fatty acids. This phospholipid subclass selectivity of
iPLA2� is markedly distinct from that of iPLA2� and cPLA2�,
suggesting that, beyond the different enzymatic properties of
these enzymes, they may act on different cellular membrane
compartments. Finally, iPLA2� can facilitate AA release and
PGE2 production by, and thereby growth of, human colorectal
cancer cells in culture. Moreover, immunohistochemistry re-
vealed elevated expression of iPLA2� in human colorectal ade-
nocarcinoma cells in vivo, raising the possibility that this en-
zyme may participate in tumorigenesis.

Overexpression of PLA2 enzymes, often in combination with
COX isoforms, in HEK293 cells is a useful model system to
address their potential abilities to promote cellular AA release
and its subsequent metabolism to PGE2 (12, 43, 53–56), even
though the relevance of this strategy to pathophysiology needs

further elucidation, and some caution has to be exercised in
interpreting the comparison between the enzymes in the ab-
sence of the data to indicate equal expression and proper sub-
cellular localization of each enzyme. Nevertheless, our previous
studies using this system have shown that cPLA2� (12, 43),
several secretory PLA2 enzymes (43, 53–56), and cPLA2� (41)
can elicit stimulus-coupled AA release, which is linked to PGE2

production via both COX-1 and COX-2 in the immediate re-
sponse and via COX-2 in the delayed response, observations
that have been supported by other investigators using distinct
experimental approaches (51, 52, 57–61). In contrast, in
HEK293 cells, iPLA2� promotes stimulus-independent (basal),
fatty acid-nonselective release that is poorly (if at all) coupled
with COX-dependent PG synthesis (12, 43), which may be a
reflection of its membrane remodeling function. iPLA2� also
facilitates apoptosis-associated fatty acid release, during which
it can be processed by caspase-3 to several truncated, more
active forms (18, 20, 21) or can translocate to the nucleus (19).
We have shown here that overexpression of iPLA2� markedly
augmented basal (like iPLA2�), stimulus-coupled (like cPLA2�)
(Fig. 2), and cell death-associated (like iPLA2�) (Fig. 4) fatty
acid release and that, conversely, down-regulation of endoge-
nous iPLA2� using the siRNA technique reduced these AA-
releasing responses (Fig. 5). The last finding emphasizes that
iPLA2� is intrinsically involved in membrane hydrolysis, prob-
ably in the remodeling of peroxisomal membranes in which this
enzyme resides (Fig. 10).

FIG. 8. Effects of iPLA2� overexpression on HCA-7 cells. A, mock- or iPLA2�-transfected (two clones) cells were immunoblotted with
anti-iPLA2� antibody. B, [3H]AA-prelabeled cells were cultured for 4 h with 1 or 5% FCS to assess [3H]AA release. C, the supernatants of replicate
cells were taken for PGE2 enzyme immunoassay. D, control or iPLA2�-transfected cells were preincubated with the COX-2 inhibitor NS-398 (NS;
10 ng/ml) or the COX-1 inhibitor valeryl salicylate (VS; 500 �M) for 2 h and then incubated for 4 h with 10% FCS to assess PGE2 generation. E
and F, the growth of control or iPLA2�-transfected cells over 1 week of culture in 5% FCS was evaluated with a cell counting kit (Dojindo) (E) and
by photography (F). For the cell counting kit assay, cells were seeded at 104 cells/ml in 96-well plates (100 �l/well); cultured for 1 week; and then
incubated for 1 h with a developing reagent, followed by measurement of the absorbance at 415 nm. Replicate cells were cultured in 6-well plates
(2 ml/well) for 1 week, and photographs were taken. Values are means � S.E. of four independent experiments in B–E, and representative results
are shown in A and F.
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Interestingly, we found that iPLA2�-released AA is prefer-
entially supplied to COX-1 for PGE2 synthesis, an event that is
in marked contrast with the fact that cPLA2 and secretory
PLA2 enzymes display apparent COX-2 preference (12, 43,
53–56). Indeed, coexpression of iPLA2� with either COX iso-
form in HEK293 cells revealed that COX-1-dependent PGE2

production occurred preferentially in A23187-induced immedi-
ate and even IL-1/FCS-dependent delayed responses (Fig. 3). In
addition, iPLA2� augmented PGE2 production via both COX-1
and COX-2 in HCA-7 cells (Fig. 8), in which COX-2-mediated
PGE2 synthesis dominated unless iPLA2� was overexpressed.
It has been generally believed that COX-2 is favored over
COX-1 in cells (particularly when the substrate supply is lim-
ited under physiological circumstances), probably because of
the higher sensitivity of COX-2 to AA and peroxide compared
with COX-1 (43, 62, 63). However, the apparent COX-1 prefer-
ence of iPLA2� seems to contradict this belief, indicating that
alternative regulatory machinery may account for the prefer-
ential iPLA2�/COX-1 coupling. It has been suggested that the
spatiotemporal co-localization of eicosanoid-biosynthesizing
enzymes can also affect their functional coupling efficiency (64,
65). In this scenario, the distinct subcellular localization of the
two COXs, where COX-2 tends to be restricted to the perinu-
clear membrane and COX-1 to be spread into the cytoplasm
along the endoplasmic reticulum membrane (65, 66), might

influence their functional coupling with upstream (i.e. PLA2

enzymes) and downstream (i.e. terminal PG synthases) en-
zymes, each of which also exhibit specific spatiotemporal sub-
cellular localization. Thus, the AA released by iPLA2� from the
peroxisomal membranes might be more accessible to proximal
COX-1 in the endoplasmic reticulum membrane than to distal
COX-2 in the perinuclear membrane, a process possibly medi-
ated by certain fatty acid transfer protein(s), by simple diffu-
sion, or by other mechanisms. Although the physiological rel-
evance of the preferential iPLA2�/COX-1 coupling is still
obscure, the involvement of COX-1 in prolonged biological pro-
cesses, such as lung pathogenesis and colon tumorigenesis, has
been reported in studies using COX-1 knockout mice (67, 68). It
is therefore worthwhile to examine whether iPLA2� might par-
ticipate in these pathological events in the context of COX-1
coupling (see below).

As reported previously in insect Sf9 cells (33), iPLA2� has
four potential translation initiation sites, which produce dis-
tinct sizes of its protein. Our immunoblot analysis revealed
that the 63-kDa form, the translation of which is likely to be
initiated at the fourth methionine, was expressed mainly in
HEK293, HCA-7, and WiDr cells, whereas the full-size 88-kDa
form was dominant in BEAS-2B and 3Y1 cells (Fig. 1). The
mechanism underlying cell type-specific control of iPLA2�
translation is unknown at present. As well as this translational

FIG. 9. Immunohistochemical stain-
ing of human colorectal cancer tis-
sues with anti-iPLA2� antibody. Tis-
sue sections from two normal subjects (a
and b) and from four patients with colon
cancer (c–f) were subjected to immunohis-
tochemistry with anti-iPLA2� antibody.
Glandular cells and submucosa in normal
tissue sections were largely negative (a
and b). Adenocarcinoma cells stained pos-
itively for iPLA2�, whereas the intersti-
tium was negative (c–f). Normal glandular
cells (black arrows) and lymph aggregates
(red arrow) adjacent to iPLA2�-positive
adenocarcinoma cells (yellow arrowheads)
were not stained appreciably (f). Staining
of the cancer tissue with control antibody
was negative (g). Magnification is �100.
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regulation, iPLA2� may undergo post-translational regulation
because this enzyme was activated after Ca2� ionophore stim-
ulation (Fig. 2A) regardless of its Ca2�-independent catalytic
property in vitro (Fig. 1B) (31, 32). This indicates that the
activation of iPLA2� in agonist-stimulated cells may involve
some Ca2�-regulated processes. In support of this speculation,
iPLA2� contains multiple potential phosphorylation sites (32),
and our preliminary study showed that the mitogen-activated
protein kinase pathway might be involved in the iPLA2� acti-
vation process, probably in an indirect way.2 It is also notable
that the IL-1�-stimulated increase in AA release was not ac-
companied by an increase in OA release (in contrast to the
parallel increase in AA and OA release under basal or A23187-
stimulated conditions) in iPLA2�-transfected cells (Fig. 2B).
This suggests that iPLA2� may functionally cooperate with
cPLA2� (either directly or indirectly) or that iPLA2� may act on
an AA-rich phospholipid pool in this particular setting.

The ESI/MS analyses demonstrated unexplored and distinct
dynamics of the action of intracellular PLA2 enzymes on endog-
enous phospholipids in HEK293 cells (Figs. 5 and 6), effects that

were not previously revealed by study of the release profiles of
pre-incorporated 3H-labeled fatty acids. Using a similar ESI/MS
approach, Asai et al. (52) recently showed that there are in-
creases (rather than decreases) in alkyl-PE with C16:1/C20:4 and
alkenyl-PE with C18:0/C20:4 in cPLA2�-transfected HEK293 cells
compared with control cells and thereby proposed an endoplas-
mic reticulum membrane remodeling function of cPLA2�. Our
present study clearly shows that cPLA2�, iPLA2�, and iPLA2�

(as well as cPLA2� (52)) act on different phospholipid subclasses
in cellular membrane microenvironments.

In cPLA2�-transfected cells, PE and PI subclasses with poly-
unsaturated sn-2-fatty acids, AA in particular, are reduced
rather selectively compared with those in control cells, which
agrees with the marked AA selectivity of this enzyme (3, 4).
However, no difference in the composition of PC subclasses was
observed between cPLA2�-transfected and control cells, indi-
cating that PC, even AA-containing species, is not a major
target of cPLA2� in HEK293 cells under this experimental
condition. Although the C2 domain of cPLA2� has been shown
to bind to PC better than to other phospholipids in vitro (48,
69), our results suggest that cPLA2� can obtain access to PE/PI
(but not PC)-enriched membrane microdomains in our stand-
ard HEK293 cell culture system. Therefore, the recently pro-
posed hypothesis that cPLA2� translocates to the perinuclear
region through recognizing PC-rich membrane in Ca2� iono-
phore-stimulated HEK293 cells (48) may not be applicable to
all situations. Presumably, spatiotemporal production of PI
bisphosphate or ceramide 1-phosphate, to which cPLA2� can
bind with high affinity (70, 71), or of other putative cPLA2�-
binding proteins (72, 73) might influence the interaction of
cPLA2� with PE/PI-enriched membrane microdomains.

Our results also indicate that iPLA2� and iPLA2� act on
distinct cellular membrane domains, even though both en-
zymes exhibit similar enzymatic properties in terms of the lack
of head group and fatty acid selectivity in vitro (31, 32, 47).
iPLA2� is distributed in the cytosol, and on which organelle
membranes this enzyme actually acts remains controversial.
However, our ESI/MS analysis suggests that iPLA2� acts on
the particular membrane microdomains enriched in PE and PC
with sn-1-C16:0 irrespective of sn-2-fatty acid moieties. In con-
trast, increases in PC with C16:0/C16:1 and PI with C18:0/C20:4 in
iPLA2�-transfected cells relative to those in control cells may
indicate that iPLA2�-directed membrane hydrolysis is followed
by accelerated reacylation by certain acyltransferase(s) or by
iPLA2� itself (because it has transacylase activity (74)), result-
ing in increases in these phospholipid subclasses. In iPLA2�-
transfected cells, there are marked decreases in many, if not
all, subclasses of PE, including those bearing sn-2-C18:1, sn-2-
C18:2, sn-2-C20:4, and sn-2-C22:6 (alkenyl-PE with AA in partic-
ular), as well as in PC with C16:0/C18:0 and PI with C18:0/C20:4.
Given the peroxisomal localization of iPLA2� (Fig. 10), our
results suggest that the peroxisomal membranes in HEK293
cells are enriched in alkenyl-PE bearing AA, which is in close
spatial juxtaposition to iPLA2�. This hypothesis is in line with
a recent report by Gross and co-workers (33) that rat liver
peroxisomal membranes are highly enriched in AA. These facts
provide further support for the hypothesis that the peroxisomal
membranes represent a potential source of AA for the produc-
tion of eicosanoids, a process to which iPLA2� contributes.

Accumulating evidence suggests that COX-2 (75), its down-
stream enzyme microsomal PGE2 synthase-1 (36), and PGE2

receptors (76) play pivotal roles in the development of gastro-
intestinal cancer and possibly other cancers. PGE2 promotes
the growth and motility of colorectal cancer cells and facilitates
angiogenesis (36, 49, 50), a process crucial for the expansion of
tumor cells in tissue microenvironments. Notably, the inci-

2 K. Ueda-Semmyo, Y. Nakatani, H. Sumimoto, M. Murakami, and
I. Kudo, unpublished data.

FIG. 10. Immunofluorescence microscopy. A and C, HEK293
cells; B and D, HCA-7 cells. A and B, mock- or iPLA2�-transfected cells
were stained with anti-iPLA2� antibody, followed by fluorescein isothio-
cyanate-conjugated anti-IgG secondary antibody. C and D, iPLA2�-
transfected cells were subjected to double immunostaining with anti-
iPLA2� antibody (green) and anti-PEX19 antibody (red) in combination
with species-matched fluorescein isothiocyanate- and Cy3-conjugated
anti-IgG secondary antibodies, respectively. Merged visions (yellow) are
also shown. Magnifications are �40 (A and B), �200 (C, panels a–c; and
D), and �400 (C, panels d–f). Control antibody did not provide positive
signal (not shown).
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dence of intestinal polyposis has been shown to be ameliorated
in COX-1-deficient mice (68). Furthermore, although reduced
intestinal polyposis has also been observed in cPLA2� knockout
mice (10), which suggests that cPLA2� represents an upstream
enzyme that supplies AA to COX-2 or COX-1 during colorectal
tumorigenesis, this phenotype in these mice is milder than in
COX-2-deficient mice (75) or the PGE receptor EP2 (76). These
observations have led to the assumption that certain PLA2

enzymes upstream of COX-1 or COX-2, other than cPLA2�,
may also take part in the development of gastrointestinal can-
cer. We have shown here that iPLA2� has the ability to aug-
ment AA release and PGE2 production, which are associated
with increased cell growth, in the human colorectal adenocar-
cinoma cell line HCA-7 (Fig. 8). Moreover, immunohistochem-
istry of human colorectal cancer tissues revealed that the ex-
pression of iPLA2� was elevated in adenocarcinoma cells from
multiple subjects (Fig. 9). These observations raise the intrigu-
ing possibility that iPLA2� may contribute to the development
of colorectal cancer in place of or in cooperation with cPLA2�,
although confirmation of this hypothesis has to await future
studies, including those using iPLA2� knockout mice.

Questions remain regarding the cellular functions of the
larger (including the full-length) forms of iPLA2� and in which
organelles they are located. Because our attempts to overex-
press full-length iPLA2� in several cell lines by multiple trans-
fection protocols were unsuccessful, it may be located in par-
ticular organelle(s) where membrane perturbation by
overexpression of this enzyme is disadvantageous for cell sur-
vival. In this regard, we found recently that the larger forms of
iPLA2� were sorted into the mitochondria.3 Thus, residence of
iPLA2� in the peroxisomes and mitochondria, which are the
sites for fatty acid �-oxidation, implies that this enzyme is
associated with organelles with high energy production and
consumption. That iPLA2� mRNA is distributed in tissues with
high energy consumption, such as skeletal muscle, heart, and
brain (31, 32), is consistent with this notion. It is thus conceiv-
able that, apart from eicosanoid production, one of the func-
tions of iPLA2� may be related to storage or supply of fatty
acids for energy production. Inducible expression of iPLA2� (as
well as several other iPLA2 isozymes) in maturating adipocytes
(25, 35) also appears to fit with this concept.
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