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ABSTRACT. The death of insulin-secretingcells that causes type | diabetes mellitus (DM) occurs in part
by apoptosis, and apoptosis also contributes to progregsoa dysfunction in type Il DM. Recent
reports indicate that ER stress-induced apoptosis contribufised loss in diabetes. Agents that deplete

ER calcium levels inducg-cell apoptosis by a process that is independent of increases 4h][Gdere

we report that the SERCA inhibitor thapsigargin induces apoptosis in INS-1 insulinoma cells and that
this is inhibited by a bromoenol lactone (BEL) inhibitor of group VIA calcium-independent phospholipase
A2 (IPLA2B). Overexpression of iPL#8 amplifies thapsigargin-induced apoptosis of INS-1 cells, and
this is also suppressed by BEL. The magnitude of thapsigargin-induced INS-1 cell apoptosis correlates
with the level of iPLAS expression in various cell lines, and apoptosis is associated with stimulation of
iPLAf activity, perinuclear accumulation of iPLA protein and activity, and caspase-3-catalyzed cleavage
of full-length 84 kDa iPLAS to a 62 kDa product that associates with nuclei. Thapsigargin also induces
ceramide accumulation in INS-1 cells, and this response is amplified in cells that overexpresS.iPLA
These findings indicate that iPLA participates in ER stress-induced apoptosis, a pathway that promotes
pB-cell death in diabetes.

Diabetes mellitus (DM) is the most prevalent human in the context of insulin resistances,(5). Apoptosis
endocrine disease, and it results from loss and/or dysfunctioncontributes tq3-cell loss in both type | DM §) and type I
of insulin-secretings-cells in pancreatic islets. Type | DM DM (7—12).

is caused by autoimmurtecell destruction1—3), and type Insulin resistance that occurs in rodent models of obesity
Il DM results from a progressive decline Gfcell function  and in obese humans is associated with an adaptive increase
in B-cell mass {3—17). Autopsy studies indicate that the
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mechanism that is suppressed by a bromoenol lactone (BEL)(0.4 mg/mL) was added to culture medium for 2 weeks.
inhibitor of group VIA calcium-independent phospholipase Fluorescence-activated cell sorting was then used to increase
Asf (IPLAZS) (27). These observations suggest that iBBA  the efficiency of the selection.
participates in ER stress-inducgecell apoptosis. Treatment of Cells and Assessment of ApoptoBie

A role for iPLA;3 in apoptosis is also suggested by the INS-1 cells were treated with vehicle (DMSO) alone or with
finding that induction of apoptosis of human U937 promono- thapsigargin (M) in the absence and presence of inhibitors
cytes by anti-Fas antibody is associated with hydrolysis of for up to 24 h. Induction of INS-1 cell apoptosis was then
arachidonic acid from membrane phospholipids by a mech- assessed by TUNEL and DNA laddering analyses, performed
anism that is inhibited by BEL and that is not catalyzed by according to the manufacturer’s instructions.
SPLA; or cPLA; (28). U937 cell apoptosis is also associated ~ Preparation of INS-1 Cell Subcellular Fractions and the
with cleavage of iPLASB by caspase-320), a protease that  iIPLAS Activity Assay INS-1 cell cytosol and membrane
is central to apoptosis execution. Overexpression of this fractions @5) and nuclear enriched fraction83) were
iPLA,3 cleavage product in kidney cells amplifies both prepared as described previously. The purity of the nuclear
thapsigargin-induced arachidonate release and cell d2gth ( fraction, using organelle specific assay$,(37), and the
raising the possibility that the caspase-3 cleavage productpresence of iPLAS activity (38, 39) in this fraction were

of iPLA,f is involved in apoptosis. verified, as described previousi§3). The C&"-independent
Collectively, these observation2§-29) suggest that ~ PLAS activity in aliquots of cellular fractions (3@g of
iPLA;8 might participate in ER stress-inducegtcell protein) was assayed in the presence of 1-paimitoyfCH

apoptosis, and therefore, the effects of overexpression andinoleoyl-sn-glycero-3-phosphocholine (PLPC&1) as the
of inhibition of iPLA, on this process were examined here. Substrate, and specific enzymatic activity was quantitated,
as described previouslB%, 40).

MATERIALS AND METHODS Immunoblotting and Immunocytofluorescence Analyses of
INS-1 Cell iPLAS Protein.INS-1 cell protein was analyzed
Materials INS-1 -cells were generously provided by C.  py SDS-PAGE (7.5%), transferred onto Immobilon-P PVDF
Newgard (Duke University Medical Center, Durham, NC). membranes, and processed for immunoblotting analyses, and
Other materials were obtained from_the foIIOW|_ng Sources: jpLA,A-immunoreactive protein bands were visualized by
(16:0/[“C]-18:2)GPC (PLPC, 55 mCi/mmol), rainbow mo-  enhanced chemiluminescence (ECL), as described previously
lecular mass standards and enhanced chemiluminescencgsg). Cellular localization of iPLAS protein was achieved
(ECL) reagent (Amersham Biosciences, Arlington Heights, ysing an immunocytofluorescence staining protocol. Fol-
IL), ceramide and other lipid standards (Avanti Polar Lipids, |owing removal of media, cells seeded in chambered glass
Alabaster, AL), sodium dodecyl sulfatpolyacrylamide gel  sjides were washed, fixed, permeabilized, and sequentially
electrophoresis (SDSPAGE) supplies and Triton X-100  jncubated with iPLAS primary antibodies (0.008g/«L) and
(Bio-Rad, Hercules, CA), retroviral vector (Clontech, Palo ith fluorescent Cy3-conjugated AffiniPure goat anti-rabbit
Alto, CA), paraformaldehyde (Electron Microscopy Sciences, |gG secondary antibody (1:400, 1 h), as described previously
Ft. Washington, PA), TLC solvents (Fisher, Pittsburgh, PA), (33). Cellular iPLA8 immunocytofluorescence was then
RT-PCR reagents (Invitrogen, Carlsbad, CA), normal goat yisyalized by fluorescence microscopy at an excitation
serum and Cy3-conjugated affinipure goat anti-rabbit 19G wavelength of 550 nm and an emission wavelength of 570
(H+L) (Jackson Immuno Research Laboratories, West nm.
Grove, PA), pentex fraction V fatty acid-free bovine serum  ceramide AnalysesPhospholipids were extracted from
albumin (ICN Biomedicals Inc., Aurora, OH), Slow Fade |NS-1 cells under acidic conditions [2/2/1.8 (v/iviv) chloroform/
light antifade kit (Molecular Probes, Eugene, OR), caspase-3methanol/2% acetic acid mixture] as described previously
inhibitor IV (C3-1, Oncogene Research Products, Boston, (41, 42). An aliquot of the chloroform layer was saved for
MA), Coomasie reagent (Pierce, Rockford, IL), peroxidase- pg, quantitation. To the organic layer was added C8-
conjugated goat anti-rabbit IgG antibody and TUNEL and :eramide (C8-CM) internal standard (IS, 500 ng), and the
DNA Laddering kits (Roche Diagnostic Corp., Indianapolis, mixture was concentrated to dryness under nitrogen. The
IN), and common reagents and salts (Sigma Chemical CO-’sampIe was then analyzed by silica gel G TLC [65/25/4

St. Louis, MO)- (viviv) chloroform/methanol/30% ammonium hydroxide
Preparation of and Culture of Stably Transfected INS-1 mixture]. The ceramide standard-containing region was
Cells Querexpressing Islet iPL#S. A retroviral system 30, identified with phosphomolybdate staining and ceramide

31) was used to stably transfect INS-1 cells with either empty extracted in the presence of 0.6% LiCl to facilitate formation
retroviral vector (V) or a vector construct containing iP{5A of Li* adducts, as described previous#B(44). Samples
cDNA, as described previousl®). The INS-1 cells were  were concentrated and then reconstituted in a 1/4 chloroform/
cultured, as described previousi$3[, and grown to con-  methanol mixture containing 10 pmel/ LiOH.
fluency in Petri dishes or flasks prior to being treated with  To measure ceramide content, ESI/MS/MS standard curves
thapsigargin (uM). were generated from a series of samples containing a fixed
Preparation of iPLAS as a Fusion Protein with EGFP amount of C8-CM standard and varied amounts of long chain
EGFP-N2 and EGFP-C2 vector34j and constructs encod- CM standards. The amounts of individual CM species
ing EGFP and iPLAS cDNA were transfected into INS-1  relative to the C8-CM internal standard were measured by
cells with a Gene PORTER transfection system (Gene ESI/MS/MS scanning for a constant neutral loss (CNL) of
Therapy Systems, San Diego, CA). To select stably trans-48, which reflects the elimination of formaldehyde and water
fected cells that express EGFP or fusion proteins of ifl=A  from the [M + Li*]* ion (45). This loss is characteristic of
EGFP (N2) or EGFP-iPLAS (C2), the selection agent G418 CM-—Li* adducts upon low-energy collisionally activated
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Ficure 1: ER stress-induced apoptosis in parental INS-1 cells and
effects of BEL inhibition. Parental INS-1 cells were treated with
either vehicle (DMSQO) alone (Control) or/AM thapsigargin (T)

in the absence and presence of 1, 10, ouRbBEL. After 24 h,

the cells were harvested for TUNEL analyses. The data representing S0249 P
the percentage of apoptotic cells, relative to the total number of =
cells, are illustrated as the mean SEM (n = 5). The asterisk T

denotes that the thapsigargin-treated group is Slgnlflcantly different FIGURE 2: ER stress-induced apoptosis of iPj3Roverexpressing
from the control groupg{ < 0.01). The pound sign denotes that |NS-1 cells. Stably transfected INS-1 cells that overexpress iBLA
the BEL-treated group is significantly different from the T and (OE) were treated with vehicle alone (Control) or with thapsigargin
Control groupsig < 0.01). The daggers denote that the BEL-treated (T, 1 4M). After 24 h, the cells were harvested for TUNEL and

group is significantly different from the T groujp (< 0.05). DNA laddering analyses to determine the fraction of the cell

population undergoing apoptosis. (A) The brightly fluorescent cells,
dissociation (CAD) ESI/MS/MS41). Sample contents of  denoted with red arrows, reflect apoptotic cells. (B) The lanes
the various CM species were expressed relative to lipid marked O and 24 contain DNA from OE cells that were treated

. . . with thapsigargin for 0 and 24 h, respectively. Lane S contained
phosphorus, which was measured as described previously o siandard kilobase ladder, and lane P contained the standard

(46). positive sample of DNA from U937 cells provided by the
Statistical Analyse®Data were converted to meanSEM manufacturer.

values where appropriate, and the Studdrtést was applied ) n o )

to determine significant differences between members of a @PProach in further examining the role of iPiAn apoptosis

pair (p < 0.05). Statistical differences between multiple PY Manipulating INS-1 cellular levels of iPLA activity.

treatment groups and a control group were determined usingAntlsense approaches are ineffective in reducing INS-1 cell

analysis of variances and the Dunnett post-hoc test. iPLA,f activity (45), but stable transfection with retroviral
vectors containing iPLAS cDNA has produced several
RESULTS clonal lines that overexpress iPLA(45). Such INS-1 cell

lines overexpressing iPLA (OE) were used to further

ER Stress-Induced Apoptosis of Parental INS-1 C&lls.  examine the role of iPLAS in ER stress-induced apoptosis.
examine the effects of ER stress on INS-1 insulinoma cells, A greater fraction of OE cells subjected to ER stress are
nontransfected parental INS-1 cells were treated with vehicle TUNEL positive (Figure 2A, right panel) compared to
(DMSO) alone or with thapsigargin, and induction of vehicle-treated control OE cells (Figure 2A, left panel).
apoptosis was assessed by TUNEL analyses. Figure 1Similarly, ER stress induces a time-dependent increase in
illustrates that induction of ER stress with thapsigargin the level of DNA laddering in OE cells (Figure 2B). Thus,
induces a 3-fold increase in the level of apoptosis in parentalpoth the parental INS-1 cell line (Figure 1) and stably
INS-1 cells. This was attenuated by BEL, an inhibitor of transfected INS-1 cells that overexpress iBBAFigure 2)
iPLA28, suggesting that iPL# might be involved in ER  undergo apoptosis when subjected to ER stress induced by
stress-induced apoptosis. thapsigargin.

Amplification of ER Stress-Induced Apoptosis in Stably Quantitative analyses indicate that a greater fraction of
Transfected INS-1 Cells that@rexpress iPLAS (OE). The iPLA,S-overexpressing (OE) INS-1 cells undergo apoptosis
possible nonspecificity of pharmacologic inhibitors such as when subjected to ER stress, relative to vehicle-treated cells,
BEL (47, 48) caused us to pursue a molecular biologic than is the case for INS-1 cells transfected with an empty
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Ficure 3: Effects of iPLAS inhibition on ER stress-induced apoptosis in stably transfected INS-1 cells that overexpregs. iFL)A

Stably transfected INS-1 cells that overexpress i LOE cells) or cells that were transfected with the empty retroviral vector (V cells)

that contained no iPL46 cDNA were treated with vehicle alone (Con) or with thapsigargin (&M). After 24 h, the fraction of apoptotic

cells was determined with a TUNEL assay. The asterisk denotes that T-treated V cells are significantly different from the corresponding
Con group and the pound sign that T-treated OE cells are significantly different from all gmpup8.05). (B) OE cells were cultured with

vehicle alone (Con) or with thapsigargin (T uM) in the absence and presence of BELu{#l). The asterisk denotes that the T-treated
group is significantly different from the Con groups € 0.05) and the pound sign that the T- and BEL-treated group is significantly
different from other groupsp(< 0.05). The data representing the percentage of apoptotic cells, relative to the total number of cells, are
illustrated as the mea#t SEM (n = 19).

retroviral vector (V) that contained no iPLLAcDNA (Figure Changes in the Subcellular Distribution of the iPiGA
3A). Chelation of extracellular and/or intracellular®avith Immunoreactie Protein after Induction of ER Streslsn-
EGTA and/or BATPA-AM, respectively, does not affect the munocytofluorescence analyses indicate that under control
fraction of OE cells that become apoptotic after being resting conditions iPLAS-immunoreactive protein is dis-
subjected to ER stress (not shown). However, inhibition of persed in the cytosol of OE cells, and there is a light
iPLA,A activity with BEL, while not affecting control levels  perinuclear halo (Figure 6A, left panel). Induction of ER
of apoptosis over a 24 h period, greatly reduces the level of stress with thapsigargin causes a marked increase infPLA
ER stress-induced OE cell apoptosis (Figure 3B). These perinuclear fluorescence (Figure 6A, right panel). This is
findings support the possibility that iPLA participates in associated with a stronger signal for iPJSAimmunoreactive
ER stress-induced-cell apoptosis. protein bands with apparent SB8AGE molecular masses
of 84, 70, and 62 kDa in the nuclear fraction of OE cells
after induction of ER stress with thapsigargin (Figure 6B).
o : . . The identity of iPLAS-immunoreactive protein on such
potential involvement of iPLAS in ER stress-induced SDS-PAGE gels as authentic iPL isoforms has recently

apopiosis was_further examined by comp_aring the fraction been confirmed by mass spectrometric analyddse relative
of cell populations that develop apoptosis among several.

INS-1 cell lines expressing varying levels of iPiPactivit intensity of the 62 kDa iPLAg-immunoreactive band

. ) P g varying . Y- exhibits the greatest increase of the three major distinguish-
Figure 4 illustrates that among five such cell lines studied able bands
there is a monotonically increasing relationship between the y

; o o ; Further Characterization of the 62 kDa iPLAImmuno-
level of iPLA,S specific activity and the fraction of the INS-1 . . . .
cell population that is apoptotic after induction of ER stress reactive Protein that Accumulates in INS-1 Cells Subjected

X . ) . ; . to ER StressThe iPLAS deduced amino acid sequence
with thapsigargin. The level of iPL#g-immunoreactive contains a consensus sequentBVTD) for cleavage
protein as assessed by Western blotting analyses correlate q 9

X ; . . ; B caspase-3, and caspase-3 is activated during apoptosis
well with the level of iPLAS activity (Figure 4, inset). (gg)_ Clréavage of rat iPpLé)G at this site would yiel% apGS

Changes in the Subcellular Distribution of iPyPActivity kDa product that retains thé2GTSTG*® serine lipase
after Induction of ER Stresélembrane-associated iPb®  catalytic center §1). We thus postulated that the 62 kDa
specific activity exhibits a time-dependent increase for the jPLA,f-immunoreactive protein that accumulates in the
first 12 h after induction of ER stress and then declines over nuclear fraction of INS-1 cells undergoing apoptosis repre-
the next 12 h (Figure 5A). During the fir6 h after induction sents the caspase-3 cleavage product of HBLA8*—P75?),
of ER stress, iPLAS specific activity declines in cytosol The iPLAS antibody preparation used in these studies was
(Figure 5A) and there is a parallel rise in iPyAactivity  generated by multiple-antigen core technology (Invitrogen)
associated with the nuclear subcellular fraction (Figure 5B).

The iPLAS activity associated with nuclei then declines over Ramanadham. S., Song, H., Hsu, F.-F., Zhang, S.. Chankshaw, M.,
the next 8 h, while that in cytosol rises to a peak at 16 h and grant, G. A, Newgard, C. B., Bao, S., Ma, Z., and Turk, J. (2003)
then declines. Biochemistry 4247), 13929-13940.

Correlation between the iPLA Expression Leel and
Apoptosis in INS-1 Cell Lines Subjected to ER Strébe
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Relationship Between iPLA2[3 Activity and ER Stress-Induced Apoptosis
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FicurRe 4: Relationship between iPLA activity and ER stress-induced INS-1 cell apoptosis. Five distinct INS-1 cell lines that overexpressed
varied levels of iPLAS activity were treated with thapsigargin (@). After 24 h, the cells were harvested and processed for LA
activity and TUNEL analyses. The data representing the specific iPleAizymatic activity and the percentage of apoptotic cells, relative

to the total number of cells, are illustrated as the mea®EM (h = 6). The inset shows iPL# immunoblotting analyses in 3@y protein
aliquots of homogenates prepared from the five INS-1 cell lines.

A. Cytosolic and Membranous iPLA2f Activity in OE Cells B. Nuclear iPLA2f Activity in OE Cells
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Ficure 5: ER stress-induced changes in the subcellular distribution of jBla&tivity. (A) Aliquots (containing 3Qug of protein) of
cytosol and resuspended membranes prepared from OE cells, as described preSBushere assayed for iPL# activity at various
times following treatment with thapsigargin (M). The data are presented as the mdaBEM (h = 19). The asterisk denotes that the
thapsigargin-treated group is significantly different frone # h group p < 0.05). (B) The nuclear fraction was prepared, as described
previously 83), from OE cells treated with thapsigargin for various intervals. The data are presented as the BE&h(h = 19) of the
percent change in enzymatic activity following thapsigargin treatment, relati®eht values. The asterisk denotes that the thapsigargin-
treated group is significantly different fromat0 h group p < 0.05).

=

using two peptides [(1) R—E* and (2) M8—-5%7 (Figure iPLA,S caspase-3 cleavage product®N-P752 lacks the

7A) from the rat iPLAS deduced amino acid sequen&d)( region of sequence recognized by peptide 1, we postulated
Inclusion of both peptides in incubations with the iPJBA that peptide 2, but not peptide 1, alone would block
antibody blocks recognition of iPL# by competing forand  recognition of the 62 kDa iPL#8-immunoreactive protein
saturating the antibody binding sites. Either peptide alone by the iPLAS antibody preparation (Figure 7A).

fails to prevent recognition of full-length iPLA by the Consistent with an origin from caspase-3 action, cellular
iPLA,3 antibody preparation. Since the postulated 62 kDa production of the 62 kDa iPL4S-immunoreactive protein
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A. iPLA,8 Immunocytofluorescence in OE Cells

Control

B. iPLA»f Immunoblotting Analyses in OE-Cell Nuclei
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FiGURe 6: Changes in the subcellular distribution of iP{8Aimmunoreactive protein after induction of ER stress in INS-1 cells. (A) Cells
seeded in glass-chambered slides were cultured in the presence of a vehicle alone or thapsigaggif) or 24 h and then processed

for immunocytofluorescence analyses. Fixed, permeabilized cells were probed with polyclongd étitbodies followed by visualization

of Cy3 fluorescence. (B) Aliquots of the INS-1 cell nuclear protein 469 prepared from OE cells treated with thapsigargimkl) were

analyzed by SDSPAGE (7.5%) and transferred onto Immobilon-P PVDF membranes. The electroblot was probed wijh @PtiBodies,

and immunoreactive protein bands were visualized by enhanced chemiluminescence (ECL): vehicle-treated controls (C) and thapsigargin-
treated cells (T).

(Figure 7B, lane 1) is blocked by a caspase-3 inhibitor (C3- perinuclear iPLAS-immunoreactive proteins lack the region
I, Figure 7B, lane 2). Recognition of the 62 kDa iP{A of sequence near the full-length iPLAN-terminus, and one
immunoreactive protein is also blocked by peptide 2 (Figure such protein might be the 62 kDa caspase-3 cleavage product
7B, lane 3) but unaffected by peptide 1 (not shown). of iPLA,S (Figure 7A).
However, neither the production of (Figure 7B, lanes 1 and  Cytofluorescence Studies of INS-1 Cells that Express
2) nor the recognition of (Figure 7B, lanes 1 and 3) the 70 iPLA,S as a Fusion Protein with EGFAmmunocytofluo-
and 84 kDa iPLAS-immunoreactive proteins is affected by rescence studies can be confounded by the cross reactivity
C3-1 and peptide 2, respectively. These observations areof the antibody with proteins other than the intended target.
consistent with the scheme proposed in Figure 7A in which Cytofluorescence studies (Figure 8) were therefore performed
the 62 kDa iPLAS-immunoreactive protein represents the with INS-1 cells transfected with vectors (panel A) designed
caspase-3 cleavage product¥N-P?) of iPLA,S and to produce EGFP alone (panels B and C), or iBkAs a
contains the sequence represented by peptide 2 but not thafusion protein with the fluorescent EGFP tag at the N-
represented by peptide 1, while the 70 and 84 kDa i#-A  terminus (EGFP-iPLAG, panels D and E) or at the C-
immunoreactive proteins retain the region of sequence terminus (iPLAS-EGFP, panels F and G). INS-1 cells that
represented by peptide 1. produced either iPLAG-EGFP or EGFP-iPLAS develop

A similar antigen blocking strategy was employed to gain apoptosis after induction of ER stress with thapsigargin (not
information about the subcellular distribution of the iPi6A shown).
immunoreactive protein in immunocytofluorescence studies  Upon treatment with the vehicle (DMSO) for 6 h, INS-1
(Figure 7C). INS-1 cells probed with the iPLA antibody cells that produce EGFP alone (Figure 8, panel B), if-A
preparation alone exhibit immunocytofluorescence dispersedEGFP (panel D), or EGFP-iPLA (panel F) exhibit diffuse
in cytoplasm with a perinuclear halo (Figure 7C, panel a). fluorescence with little evidence of compartmentalization.
Inclusion of both antigen peptides 1 and 2 in the incubations After induction of ER stress fd h with thapsigargin, INS-1
with iPLA,3 antibody markedly reduces both cytoplasmic cells producing EGFP alone continue to exhibit diffuse
and perinuclear fluorescence (Figure 7C, panel d). Antigen fluorescence (panel C). The iPLAEGFP-producing cells,
peptide 2 alone (Figure 7C, panel b) but not antigen peptide however, exhibit punctuate perinuclear fluorescence (panel
1 alone (Figure 7C, panel c) suppresses visualization of E). In contrast, EGFP-iPL#-producing cells exhibited
perinuclear immunocytofluorescence. This suggests that thediffuse cytoplasmic fluorescence after induction of ER stress,
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A. Antibody Recognition Sites in iPLLA>f Protein
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FiIGURe 7: Characterization of the interaction of iPk#immunoreactive proteins with the iPlAantibody preparation. (A) iPL#S protein
schema. lllustration of peptide antigen sequences in gBlafjainst which antibodies were generated and location of the consensus sequence
for caspase-3 cleavage. (B) Effects of caspase-3 inhibition on the generation of the 62 kDa-iPbfunoreactive protein postulated to
arise from caspase-3 cleavage. The presence of theRidmunoreactive protein was examined in cytosol prepared from cells in the
absence (lanes 1 and 3) or presence (lane 2) of a caspase-3 inhibitor (C3-1). FollowingA0E analyses, the proteins were transferred

to membranes for immunoblotting studies with the polyclonal i Antibody preparation in the absence (lanes 1 and 2) or presence of
antigen peptide 2. (C) Fluorescence microscopy was used to visualizgARbunocytofluorescence in INS-1 cells probed with iREA
antibodies in the absence and presence of neutralizing peptide antigens: (g} étitbodies alone, (b) iPL# antibodies with peptide

2, (c) iPLAyS antibodies with peptide 1, and (d) iPkA antibodies with peptides 1 and 2.

and there is no evidence of perinuclear localization (panel C3-I alone (C3-I panel), INS-1 cells subjected to ER stress
G). In fact, fluorescence was excluded from the nuclear with thapsigargin in the absence of C3-I (T panel) exhibit
region. intense perinuclear iPL# immunocytofluorescence, and this
An interpretation of the findings illustrated in Figure 8 response is greatly attenuated by C3-HTC3-I panel). BEL
that is consistent with the scheme proposed in Figure 7A does not affect the ER stress-induced perinuclear accumula-
and with the discussion of findings in panels B and C of tion of iPLA;5 immunoreactivity (not shown) under condi-
Figure 7 is that it is the C-terminal product of caspase-3 tions where C3-I does so.
cleavage of iPLAS that accumulates in the perinuclear region  Inhibition of caspase-3 also greatly reduces the fraction
of INS-1 cells subjected to ER stress. This C-terminal product of the INS-1 cell population that develops apoptosis after
bears a fluorescent label when the substrate is BBLEGFP induction of ER stress (Figure 10), and the magnitude of
but not when it is EGFP-iPL4S. this effect is similar to that observed with BEL (Figure 3B).
To determine whether inhibition of caspase-3 affects the The incidence of apoptosis in INS-1 cells treated with C3-I
subcellular redistribution of iPL#S-immunoreactive proteins  alone is similar to that exhibited by vehicle-treated cells
induced by ER stress in INS-1 cells, the caspase-3 inhibitor (Figure 10). Taken together, the findings illustrated in Figures
C3-I was used in iPLAS immunocytofluorescence studies 5—10 suggest that ER stress in INS-1 cells induces the
of thapsigargin-treated cells (Figure 9). Compared to vehicle- caspase-3-catalyzed cleavage of iBBAo yield a product
treated control cells (Control panel) or to cells treated with that retains the native C-terminus, lacks a portion of the
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Effects of ER Stress on Subcellular Distribution of
iPLA>8-EGFP Fusion Protein

iPLA3f-----EGFP

EGFP

iPLA2B-EGFP

EGFP-iPLA»f

Control T

Ficure 8: Effects of ER stress on the subcellular distribution of an iff-=EGFP fusion protein in INS-1 cells. (A) Schematic of two
fusion protein constructs where X indicates the potential caspase-3 cleavage site in the [iPat&in. INS-1 cells were transfected with
either EGFP vector alone (panels B and C) or constructs designed to attach the EGFP tag to the N-terminus (E{BF-PaiRla D and

E) or the C-terminus (iPLAG-EGFP, panels F and G) of iPL,A. Cells were treated with vehicle only (Control, panels B, D, and F) or with
1 uM thapsigargin (T, panels C, E, and G) and examined by fluorescence micyo8dofater. The iPLA3-EGFP-producing INS-1 cells
treated with thapsigargin exhibit punctate perinuclear i Auorescence, as indicated with yellow arrows (panel E).

native N-terminus, accumulates in the perinuclear region, (m/z 432). The fatty amide substituents of the major CM

retains catalytic activity, and plays a functional role in the species endogenous to INS-1 cells are 2l 656), 24:1

development of apoptosis. (m/z 654), 22:0 (Wz 628), 18:0 (Wz 572), and 16:0r{vVz
ER Stress-Induced Ceramide Accumulation in INS-1 Cells 544).

Ceramide is an important lipid mediator of apoptogi8—

51), and recent reports suggest that iBRAactivation Panels B and C of Figure 11 are the tandem mass spectra

promotes ceramide accumulatioB2( 53). We therefore produced b{ io_llisionally activated dissociation (CAD) of
examined whether ER stress-induced apoptosis is associatefl® [M + Li"]" ions of C24:1-CM (wz 654) and C16:0-
with ceramide accumulation in INS-1 cells and whether M (M2 544), respectively. Both spectra contain prominent
iPLA23 overexpression amplifies this response. (M + Li"]" — 48) ions atm/z 606 (Figure 11B) andn'z

Ceramide (CM) species were measured as their Li 496 (Figure 11C), respectively, that reflect sequential neutral
adducts 42) relative to the internal standard C8-CM, which l0sses of water and form aldehydé?(. The two spectra
contains an octanoic acid residue as the fatty amide sub-contain the common ion atVz 264 that arises from and
stituent and is not an endogenous component of INS-1 cellidentifies the long chain basd3). lons that arise from and
lipids. Figure 11A is the positive ion ESI-MS total ion current  identify the fatty amide substituer#2) in Figure 11B include
(TIC) tracing of Li" adducts of the CM species in INS-1 those atwz 372 and 398, and analogous ions in Figure 11C
cell lipids after addition of the C8-CM internal standard (IS), occur atm/z 262 and 288. Formation of these ions is
which is represented in the spectrum by its fMLi T]* ion rationalized in Figure 11D.
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Effects of Caspase-3 Inhibition on ER Stress-
Induced Perinuclear Accumulation of iPLA>f

Control T + C3-1

Ficure 9: Effects of caspase-3 inhibition on the subcellular redistribution of gBLiAamunocytofluorescence in INS-1 cells subjected to

ER stress. OE cells were pretreated with vehicle alone or with caspase-3 inhibitor (C3-I, 500 nM) for 24 h. The vehicle-pretreated cells
were then treated with vehicle alone (Control) or witikM! thapsigargin (T) alone, and the C3-I-pretreated cells were treated with C3-I
alone (C3-I) or with T (T+ C3-I). After an additional 24 h, the cells were processed for ifLEnmunocytofluorescence analyses by
fluorescence microscopy. The data are representative of findings obtained from three separate experiments.

Caspase-3 Inhibition Suppresses ER Stress-Induced Apoptosis DISCUSSION
32

*T Apoptosis plays a prominent role in the loss ®tells
during development of type | diabete§),( and type Il
diabetes is characterized by an initial peripheral insulin
resistance and accompanying compensatory hyperinsulinemia
that is followed by a loss irg-cell function and frank
hyperglycemia 4, 5). The progressive decrease ficell
function in type Il diabetes reflects, in pafcell death by
apoptosis 1—12).

Three distinct recognized pathways for apoptosis include
Control 31 T T+C3 the (extrinsic) death receptor, the (intrinsic) mitochondrial,
FiGURe 10: Effects of inhibition of caspase-3 on inhibition of ER ~ @nd the ER stress pathwaya3( 24, 43, 54, 55). All three
stress-induced apoptosis of INS-1 cells. OE cells were pretreatedpathways result in activation of caspase-3 which is an
with vehicle alone or with 500 nM C3-I for 24 h. The vehicle- executioner of apoptosi®4, 44). ER stress-induced apop-

pretreated cells were then treated with vehicle alone (Control) or y4qis has been reported to contribute to proares8icell
with 1 uM thapsigargin (T) alone, and the C3-I-pretreated cells death in the Akita%iabetic ouSe modéBIpan?:i tc?g-cell
were treated with either C3-1 alone (€8 or T (T + C3-1). After

24 h, cells were harvested and TUNEL analyses performed. Thedeath induced by nitric oxide and the SERCA inhibitor
data representing the percentage of apoptotic cells, relative to thethapsigargin%7, 58), a known inducer of ER stresg3, 54).

total number of cells, are illustrated as the meaSEM (n = 10). The potential deleterious effects of intracellular calcium
The asterisk denotes that the T group is significantly different from . . .
Control and C3-I groups and the pound sign that the- T°3-| store depletion orp-cell survival were previously also

group is significantly different from other groupp € 0.05). examined in MIN-6 insulinoma cells26). In that study,
depletion of ER calcium stores in MIN-6 insulinoma cells
Figure 12 illustrates the application of monitoring a by thapsigargin was found to induce apoptosis by a mech-
constant neutral loss (CNL) of 482, 45) to the measure-  anism that does not require an increase in the intracellular
ment of CM species in INS-1 cells that overexpress i A calcium concentration, but that does require generation of
after incubation for 24 h under control conditions (Figure the arachidonic acid 12-lipoxygenase product 12-HEZ&. (
12A) or after induction of ER stress with thapsigargin (Figure This implies that thapsigargin inducgscell hydrolysis of
12B). In comparison to the abundances of CM species in arachidonic acid from membrane phospholipids by a mech-
control cells (Figure 12A), an increase in the abundance of anism that does not require a rise in the cytosoli¢*Ca
all of the major endogenous CM species in the INS-1 cells concentration, and this has been demonstrated to occur in
subjected to ER stress (Figure 12B) is reflected by the pancreatic islet<X?) by a pathway that is suppressed by BEL,

24

16

Apoptotic Cells (% Total)

increased intensity of ions that represent them (e¥g.544, a sqicide subs_tra}te inhibitor of the group VIA phospholipase
572, 628, 654, and 656), relative to that for the C8-CM IS Az (iPLA2f). Similarly, the cytokine IL-1 induces-cell NO
(m/z 432). production and apoptosis and hydrolysis of arachidonic acid

Figure 13 illustrates that ER stress-induced ceramide from membrane phospholipids by a mechanism that is also
accumulation is time-dependent over 24 h and that this effectsensitive to inhibition by BEL %9). These observations
is much larger in stably transfected cells that overexpresssuggest that iPLAS might participate in membrane phos-
iPLA,3 (OE cells) than in INS-1 cells transfected with the pholipid hydrolysis ins-cells in which apoptosis is induced
empty retroviral vector (V cells). These findings suggest that by exposure to IL-1 or induction of ER stress.
enhanced ceramide accumulation might contribute to the The possibility that iPLAS participates in ER stress-
stronger tendency of OE cells to undergo apoptosis in induced apoptosis was examined here in igB-&xpressing
response to ER stress than V cells (Figure 3). (32, 33, 45, 46) INS-1 insulinoma cells, and the findings
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Ceramide Analyses by Mass Spectrometry
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FiGure 11: Electrospray ionization (ESI) mass spectrometric analyses of ceramide species from INS-1 cé1|admjt:ts. Ceramides
were extracted from INS-1 cells and analyzed by ESI/MS dsddducts. (A) Positive ion ESI/MS total ion current (TIC). (B) ESI/MS
tandem spectrum obtained from collisionally activated dissociation (CADWp654 (C24:1:-CM—Li*). (C) ESI/MS tandem spectrum
obtained from CAD ofm/z 544 (C16:6-CM—Li™). (D) Rationalization of the ceramide (24:1-CM) fragmentation pattern. R is the fatty
acid substituent side chain.

ER Stress-Induced Changes in Ceramide Species in INS-1 Cells

A. Control B. Thapsigargin
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Ficure 12: ER stress-induced ceramide accumulation in INS-1 cells. Ceramides extracted from OE cells incubated for 24 h with vehicle
alone (A) or with thapsigargin (B) were analyzed a3 bdducts by ESI/MS/MS scanning for a constant neutral loss of 48.

reveal that induction of ER stress in parental INS-1 cells consistent with a role for iPL4S in ER stress-induceg-cell
with thapsigargin induces apoptosis, and that BEL suppressesapoptosis. Supporting this role for iPbAis the finding that
this response in a concentration-dependent manner. This isanti-Fas antibody-induced apoptosis of human promonocytic
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ER Stress-Induced Ceramide Accumulation in INS-1 Cells
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Ficure 13: Time-course of ER stress-induced ceramide accumulation in INS-1 cells and effects gf iRlekexpression. The ceramide
(CM) content was measured by ESI/MS/MS in lipids extracted from INS-1 cells transfected with the empty vector (V cells) or stably
transfected INS-1 cells that overexpress iBBAOE cells) treated for various periods with thapsigarginu{d). The CM content was
normalized to the total lipid phosphorus content and expressed as the ratio to the normalized CM content of the time zero value. (A)
Change in content with time after exposure to thapsigargin for individual CM molecular species. (B) Time course of accumulation of the
sum of all CM species. The asterisks denote that thapsigargin-treated OE-cell groups are significantly different from the corresponding 0
h OE group p < 0.01). The dagger denotes that the V cell group at 24 h is significantly different from the corregp@ridwcell group
and OE group at 24 Ip(< 0.05). The pound signs denote that the V cell groups at 6 and 16 h are significantly different from the corresponding
OE groups f§ < 0.05).

)

U937 cells is associated with release of arachidonic acid thatstress with thapsigargin promotes caspase-3-catalyzed cleav-
is not mediated by cPLAor sPLA; but is inhibited by BEL age of INS-1 cell iPLAS.
(28). The caspase-3 inhibitor also reduces INS-1 cell apoptosis
Our finding that ER stress-induced apoptosis of INS-1 cells following thapsigargin treatment, consistent with the recog-
is suppressed by BEL caused us to determine whethernized role of caspase-3 as an executioner of apoptd4js (
overexpression of iPL4S in INS-1 cells would affect their ~ 44). Induction of apoptosis in human promonocytic U937
sensitivity to ER stress. Overexpression of iBBAdid cells is also associated with caspase-3-catalyzed cleavage of
amplify the INS-1 cell apoptotic response to thapsigargin, iPLA;8 (29), and overexpression of this truncated form
and this response is also suppressed by BEL. In addition,(amino acid 184— C-terminus) of iPLAS in human
thapsigargin-induced apoptosis of INS-1 cells is associatedembryonic kidney cells enhances both apoptosis and AA
with stimulation of iPLAS activity within 1 h ofexposure, release 29). These findings suggest that the product of
and the enzymatic activity continues to increase for 12 h. caspase-3-catalyzed iPkA is more active than the full-
Moreover, enzymatic, immunoblotting, and immunocyto- length iPLAS, and it has been suggested that the more active
fluorescence analyses all demonstrate a thapsigargin-inducedhorter iPLAS isoform hydrolyzes nuclear membrane phos-
perinuclear accumulation of iPLA protein and enzymatic  pholipids, which disrupts membrane fluidity and results in

activity and the accumulation of a 62 kDa iPEAImmu- apoptosis. Though BEL was effective in suppressing iffLA
noreactive protein in the nuclear fraction. activity over the study period following thapsigargin treat-
Caspase-3-catalyzed cleavage of iBBAt its8DVTD183 ment, it did not appear to attenuate perinuclear accumulation

consensus site20, 44) would yield a 62 kDa product that ~ of the iPLA;S protein or significantly inhibit generation of
retains the*2GTSTG® lipase catalytic center and lacks a @ 62 kDa iPLAj-immunoreactive product. These observa-
region of N-terminal sequence that includes one of the two tions suggest that BEL is affecting iPLA downstream of
antigenic peptide sites (peptide 1) recognized by our JBLA  caspase-3. Our findings that thapsigargin stimulates BLA
antibody preparation. Such a 62 kDa product would retain activity and promotes caspase-3-catalyzed cleavage of INS-1
the other antigenic peptide site (peptide 2). Consistent with cell iPLA;3 and accumulation of the resultant 62 kDa
an origin of the INS-1 cell 62 kDa iPLg8-immunoreactive  iIPLAz-immunoreactive product in the perinuclear region
protein from caspase-3 action, peptide 2, but not peptide 1,suggest that these events may be involved in the mechanism
blocks recognition of this immunoreactive protein by the by which iPLAS participates in ER stress-inducgecell
iPLA,A antibody. In addition, inhibition of caspase-3 activity apoptosis.

reduces the level of perinuclear accumulation of iREA INS-1 cells that overexpress iPLAalso accumulate larger
immunocytofluorescence, generation of 62 kDa iBBA amounts of ceramide when treated with thapsigargin than
immunoreactive band, and nuclear accumulation of ifLA  do control INS-1 cells. Ceramides are lipid messengers that
enzymatic activity. These findings suggest induction of ER suppress cell growth and induce apoptodi8—{51). They



iPLA,3 and-Cell Apoptosis

can be generated via sphingomyelin hydrolysis by sphingo-
myelinase, resulting in the generation of ceramide and
phosphocholinegQ) or by de nao synthesis from palmitate
(16:0) and other precursors. This latter mechanism is thought
to be involved in lipoapoptosis gf-cells 61). Ceramide
accumulation can also result from degradation of ceramidase,
a pathway that is promoted by nitric oxid&2j. Increases

in the level of ceramide generation have been linked to
arachidonic acid levels in colorectal cancer cells and HL-60
cells 62, 63), and IL-15-induced arachidonic acid generation
from pancreatic islets has been shown to be sensitive to
inhibition by BEL (59). Taken together with the recent
demonstration that LPS-induced generation of nitric oxide
is inhibited by BEL 63), these findings raise the possibility
that iPLAgS activation could enhance NO production and

cause degradation of ceramidase, accumulation of ceramide,

and amplification of apoptosis.

ER stress-inducefi-cell apoptosis is now thought to be a
potentially important factor in the development of diabetes
(58). As membranes of the nucleus and ER are contiguous
(64, 65), perinuclear accumulation of iPLA is consistent
with association of the iPL48 protein with a subcellular
compartment that is likely to include ER4). The S-cell
ER is enriched in arachidonate-containing plasmenyletha-
nolamine species4(Q), and products of PLAaction might

participate in apoptosis, as has been previously suggested

(26, 59, 66—68). Our findings support the possibility that
iPLA,3 and the products of its action participatercell
apoptosis.
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