Nuclear Factor kB Protects Pancreatic (3-Cells From
Tumor Necrosis Factor-o«—Mediated Apoptosis
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Recent studies incriminating tumor necrosis factor
(TNF)-a as the final effector in pancreatic 3-cell death
in type 1 diabetes underscore the potential role of
TNF-a-dependent NF-kB activation as an important
modulator of pancreatic f3-cell death in autoimmune
diabetes. Although nuclear factor (NF)-kB activation
has been implicated in the protection of target cells
against apoptosis by a variety of death effectors, its role
in pancreatic islet cell death is not clear. We studied the
role of NF-kB activation in pancreatic islet cell death by
using a y-interferon (IFN-y)/TNF-«a synergism model we
had previously reported. TNF-« induced inhibitor of kB
(IkB) degradation and p65 translocation from cyto-
plasm to nuclei in MIN6NS insulinoma cells. The NF-xB
DNA-binding nuclear complex activated by TNF-a con-
tained both the p65 and p50 subunit. IFN-y pretreat-
ment did not affect TNF-a-induced NF-kB activation.
Treatment with a proteasome inhibitor blocked p65
translocation and induced susceptibility to TNF-« in
otherwise resistant insulinoma cells or primary pancre-
atic islet cells. Specific inhibition of NF-kB activation by
adenoviral transduction of IkB “superrepressor” also
sensitized insulinoma cells and primary islet -cells to
TNF-a-induced apoptosis. These results suggest the
protective role of NF-kB activation against cytokine-
mediated pancreatic [-cell death, contrary to previous
reports implicating NF-kB as a mediator of pancreatic
islet cell death. Diabetes 52:1169-1175, 2003

Ithough apoptosis of pancreatic B-cells is a
critical step in the development of type 1 dia-
betes (1,2), it has not yet been clearly eluci-
dated which molecules are the real effectors of
pancreatic pB-cell death. We have recently published in
vitro and in vivo data suggesting that y-interferon (IFN-y)
and tumor necrosis factor (TNF)-a synergism is responsi-
ble for apoptosis of pancreatic 3-cells (3). IFN-y seems to
sensitize otherwise resistant pancreatic islet cells to TNF-
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a—mediated apoptosis, and TNF-«a is thought to exert the
final apoptosis on pancreatic islet cells. The role of TNF-a
as the final death effector molecule is consistent with other
studies that use genetic ablation models (4,5). However,
other data showing the opposite effect of TNF-a in auto-
immune diabetes have been published, reflecting the com-
plexity of the pathogenesis and probably different role of
cytokines in the different stages of the disease progression
(6,7).

Although TNF-a is one of the most important death
effector molecules, most primary or immortalized cells are
not susceptible to apoptosis by TNF-a alone because of
the concomitant activation of the antiapoptotic process by
TNF-a (8-10). Many studies have implicated nuclear fac-
tor (NF)-kB as an important player in the protection of
target cells against TNF-a—induced apoptosis (11-13).
However, other studies have reported increased cell death
by NF-kB activation using neuronal cells, pancreatic islet
cells/insulinoma cells, or others (14-20), reflecting a com-
plex interplay of cytokines and transcriptional factors that
could be different according to the cell types or modes of
cell death.

This investigation was carried out to determine the role
of NF-kB activation in cytokine-induced pancreatic 3-cell
death. We found evidence supporting the role of NF-kB in
the protection of pancreatic -cells against TNF-a—in-
duced apoptosis.

RESEARCH DESIGN AND METHODS

Cell line and reagents. MINGNS cells, SV40 T-transformed insulinoma cells
derived from nonobese diabetic (NOD) mice (provided by Prof. Jun-ichi
Miyagaki, Osaka University, Osaka, Japan) (21), were grown in Dulbecco’s
modified Eagle’s medium containing 15% fetal bovine serum, 2 mmol/l
glutamine, and penicillin-streptomycin (Life Technologies, Gaithersburg, MD).
Recombinant rat IFN-y that is active on murine cells was provided by Dr. van
der Meide (TNO Primate Center, the Netherlands). For some experiments,
murine IFN-y (R&D Systems, Minneapolis, MN) was used to confirm the
results obtained using rat IFN-y. Recombinant mouse TNF-a and interleukin
(IL)-18 were also purchased from R&D Systems. Caspase inhibitors
(N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone [z-VAD-fmk]) were
purchased from Enzyme Systems Products (Livermore, CA). Carbobenzoxyl-
leucinyl-leucinyl-leucinal-H (MG132) and Hoechst 33342 dye were from Cal-
biochem (La Jolla, CA). All other chemicals were obtained from Sigma (St.
Louis, MO) unless stated otherwise.

Isolation of mouse pancreatic islets. Islets were isolated from overnight-
fasted ICR mice by the collagenase digestion technique as previously de-
scribed (3). In brief, after 2.5 ml collagenase P (0.8 mg/ml) was injected into
the bile duct of anesthetized mice, swollen pancreas was gently pulled out and
other attached tissues were removed. The pancreas was then digested in
collagenase P solution at 37°C for 15 min with gentle shaking. After stopping
the digestion with cold Hanks’ balanced salt solution, tissue was passed
through a 400-pm screen and centrifuged on 25, 23, 21.5, and 11.56% Ficoll
gradients. Islets collected from the interface were washed with M199 media,
and individual islets were handpicked using micropipettes. The islets were
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treated with trypsin-EDTA for 5 min to yield single islet cells before treatment
with TNF-a. All animal experiments in this work were done in accordance
with the institutional guidelines of Samsung Medical Center.

Western blot analysis. Cells were lysed in triple-detergent lysis buffer (50
mmol/l Tris-HCl, pH 8.0, 150 mmol/1 NaCl, 0.02% sodium azide, 0.1% SDS, 1%
NP-40, 0.5% sodium deoxycholoate, and 1 mmol/l phenylmethylsulfonyl fluo-
ride) as described (22). Protein concentration in cell lysate was determined
using a protein assay kit (Bio-Rad, Hercules, CA). An equal amount of protein
for each sample was separated by 10 or 12% SDS-PAGE and transferred to a
Hybond enhanced chemiluminescence nitrocellulose membrane (Amersham,
Piscataway, NJ). After blocking with 5% skim milk, the membranes were
sequentially incubated with anti-IkBa antibody (Ab) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and horseradish peroxidase-conjugated anti-rabbit IgG
(Vector, Burlingame, CA), followed by enhanced chemiluminescence detec-
tion (Amersham). In experiments exploring the cleavage of caspases, CM1 Ab
(provided by Idun Pharmaceuticals, La Jolla, CA) was used as the primary Ab.
Immunofluorescence staining. MIN6NS cells or primary islet cells seeded
on chamber slides (Lab-Tek; Nalge Nunc International, Naperville, IL) were
fixed in 4% paraformaldehyde at room temperature for 30 min and then in cold
methanol at —20°C for 10 min. After three washes with PBS, nonspecific
binding was blocked with 2% horse serum/0.5% Triton X-100/0.02% NaN, in
PBS for 20 min. Fixed cells were then sequentially incubated with anti-p65 Ab
(Santa Cruz), biotinylated anti-mouse IgG, and streptavidin fluorescein iso-
thiocyanate (Vector). Stained cells were examined on a fluorescent micro-
scope. In some experiments, anti-FLAG (Stratagene, La Jolla, CA) or anti-
insulin Ab (Dako, Glostrup, Denmark) was used as the primary Ab.
Electrophoretic mobility shift assay. Nuclear extracts were prepared from
MINGNS cells treated with cytokines as previously described (23). Synthetic
double-stranded oligonucleotides of the consensus NF-kB binding sequence
GAT CCC AAC GGC AGG GGA (Promega, Madison, WI) were end-labeled
with [y-**P]ATP using T4 polynucleotide kinase. Nuclear extract was incu-
bated with the labeled probe in the presence of poly(dI-dC) in a binding buffer
containing 20 mmol/l HEPES at room temperature for 30 min. For supershift
assays, a total of 0.2 pg Ab against the p65 or p50 subunit of NF-kB (Santa
Cruz) was included in the reaction. DNA-protein complexes were resolved by
electrophoresis in a 5% nondenaturing polyacrylamide gel and visualized by
autoradiography.

MTT assay. Cells were seeded on 96-well microtiter plates (3 X 10%well for
MINGNS cells, 2 X 10*/well for single islet cells) and treated with cytokines for
indicated time periods. In some experiments, cells were pretreated with
caspase inhibitors or MG132 for 15-30 min before cytokine treatment. After
cytokine treatment, medium was removed and 12.2 mmol/l 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was added, followed by
incubation in a CO, incubator at 37°C for 2 h. After a brief centrifugation,
supernatant was carefully removed, and DMSO was added. After insoluble
crystals were completely dissolved, absorbance at 540 nm was read using a
Thermomax microplate reader (Molecular Devices, Sunnyvale, CA). In some
experiments, a trypan blue exclusion test or Hoechst staining was used
instead of MTT assays as a measure of cell death. A trypan blue exclusion test
was performed by incubating cells in 0.02% trypan blue solution (Life
Technologies) for 5 min before observation on a light microscope. Morpho-
logical changes in the nuclear chromatin of cells undergoing apoptosis were
detected by staining with 4.1 pmol/l DNA-binding bisbenzimide Hoechst 33342
fluorochrome, followed by an examination on a fluorescence microscope.
N-monomethyl L-arginine (NMMA) was added to the culture in experiments to
study the role of nitric oxide (NO) in insulinoma cell death. NO production
was measured using the Griess reaction. In brief, 50 .l of sample aliquots were
mixed with 50 pl Griess reagent (1% sulfanilamide, 0.1% naphthylethylene
diamine dihydrochloride, and 2% phosphoric acid) in 96-well plates and
incubated at 25°C for 10 min. The absorbance at 550 nm was measured on a
microplate reader. NaNO,, was used as the standard for calculation.
Adenoviral transduction of IkBa superrepressor. Adenovirus compro-
mising human IkBa-superrepressor (SR), whose serines 32 and 36 were
replaced with alanines (AdbIkBa-SR) and control adenovirus (Ad5LacZ), was
provided by Dr. Choon-Taek Lee (Seoul National University Hospital, Seoul,
Korea) (24). Adenovirus was propagated in HEK 293 cells and concentrated by
standard CsCl ultracentrifugation. MIN6NS cells or primary islet cells seeded
on 96-well plates were infected with Ad5IkBa-SR at a multiplicity of infection
of 50 in a serum-free medium for 1 h. After incubation for 24 h, the cells were
treated with TNF-a before MTT assays.

Statistical analysis. The Student’s ¢ test was used to compare the differences
in cell viability and death between the groups. P values <0.05 were regarded
statistically significant.
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FIG. 1. A: Degradation of IkBa by TNF-a. Western blot analysis showed
that treatment of MIN6NS8 insulinoma cells with 10 ng/ml TNF-«
induced the degradation of IkBa, which reached the nadir at 45 min
after TNF-«a treatment. IkBa band intensity increased after 60 min. B:
Nuclear translocation of p65 by TNF-a. Immunocytochemical staining
demonstrated that treatment of MIN6NS cells with 10 ng/ml TNF-« for
30 min induced the translocation of p65 subunit of NF-kB complex from
cytosol to nuclei. Pretreatment with 1 pmol/l MG132 that inhibits
proteasomal degradation of IkBa inhibited nuclear translocation of
p65 by TNF-a.

RESULTS

NF-kB activation by TNF-« in insulinoma cells. We
first studied if TNF-a could activate NF-kB in MIN6N8
insulinoma cells by accelerating the degradation of inhib-
itor of kB (IkB)a. Western blot analysis using an anti-IkBa
Ab demonstrated that IkBa expression began to decrease
15 min after treatment with 10 ng/ml TNF-a and reached
the nadir 45 min after TNF-a treatment, suggesting the
time-dependent degradation of IkBa in MIN6NS cells by
TNF-a (Fig. 1A). We next studied the intracellular move-
ment of NF-kB after degradation of IkBa. Immunocyto-
chemical staining showed that the p65 subunit of the
NF-«kB complex was in the cytoplasm of MINGNS8 cells
before TNF-a treatment; however, it was translocated to
the nuclei 30 min after treatment with 10 ng/ml TNF-« (Fig.
1B). Electrophoretic mobility shift assay also showed that
the NF-kB DNA-binding complex was activated in the
nuclei of MIN6NS cells 45 min after TNF-a treatment (Fig.
2). Supershift assays demonstrated further shift of NF-xB
nuclear complex by anti-p65 and anti-p50 Ab, suggesting
that NF-«kB DNA-binding complex activated in MIN6NS8
cells comprises both the p65 Rel A subunit and p50 subunit
(Fig. 2). Because we have previously observed that IFN-y
synergizes with TNF-a in the apoptosis of cancer cells by
decreasing TNF-a—induced NF-kB activation (23), we next
asked if IFN-y could affect TNF-a—induced NF-«kB activa-
tion in MING6NS insulinoma cells. However, pretreatment
with 20 ng/ml IFN-vy for 24 h did not affect NF-kB activa-
tion in MINGNS cells, indicating that the synergism be-
tween IFN-y and TNF-a in insulinoma cell death is not
directly related to the modulation of NF-kB activation
(Fig. 2). Despite the absence of an IFN-y effect on TNF-
a—induced NF-kB activation, MTT assays showed that
treatment of MING6NS cells with 20 ng/ml IFN-y and 10
ng/ml TNF-a for 72 h induced a significant death of
MINGNS cells (43.7 = 6.4% viability compared with control
cells without treatment) as reported (3). Treatment with
20 ng/ml IFN-y alone or 10 ng/ml TNF-a alone for 72 h did
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FIG. 2. Activation of NF-kB binding nuclear complex by TNF-«. Elec-
trophoretic mobility shift assay showed that treatment of MIN6NS cells
with 10 ng/ml TNF-« for 45 min activated NF-«B DNA binding nuclear
complex (black arrowhead) (lane 3). NF-kB complex comprised the
P65 and p50 subunit because it was “supershifted” by anti-p65 or -p50
Ab (white arrowheads) (lanes 5 and 6). Pretreatment with 20 ng/ml
IFN-v did not affect NF-kB activation by TNF-«a (lane 4).

not induce a significant death (87.0 = 8.7 and 94.3 = 6.0%,
respectively).

Insulinoma cell death by TNF-« in combination with a
proteasome inhibitor. We next studied whether the
modulation of NF-kB activation could affect MINGNS cell
death. First, the effect of MG132, a proteasome inhibitor
that prevents IkB degradation, was examined. Pretreat-
ment with 1 pmol/l MG132 for 15 min almost completely
inhibited the nuclear translocation of p65 after TNF-a
treatment, indicating the successful inhibition of NF-«B
activation by a proteasome inhibitor (Fig. 1B). As previ-
ously reported, treatment with TNF-a alone did not induce
death of MINGNS cells after incubation for 24 h. However,
MTT assay showed that the same treatment exerted a
strong cytotoxic activity on MINGNS cells after pretreat-
ment with 1 pwmol/l MG132 for 15 min, whereas MG132
itself had only a minor effect on MIN6NS cell survival (Fig.
3A). Viability of MINGNS cells treated with TNF-o/MG132
was significantly lower than that without treatment or that
treated with either TNF-a or MG132 alone (P < 0.0001 for
all three comparisons). Trypan blue exclusion assay also
demonstrated that >75% of MING6NS cells treated with
TNF-o/MG132 for 24 h were dead, whereas <10% of the
cells treated with either TNF-a or MG132 were dead (Fig.
3B). Death of MING6NS cells treated with TNF-o/MG132
was significantly higher than that without treatment or
that treated with either TNF-a or MG132 alone (P < 0.0001
for all three comparisons). Cell death by TNF-« in combi-
nation with MG132 was a typical apoptosis characterized
by nuclear condensation and internucleosomal DNA frag-
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FIG. 3. A: MTT assay showing the induction of TNF-a susceptibility by
MG132. MING6NS cells were resistant to the treatment with 10 ng/ml
TNF-a alone. However, pretreatment with 1 pmol/l MG132 rendered
them susceptible to TNF-a, which was inhibited by 50 pmol/l1 z-VAD-
fmk, a pan-caspase inhibitor. MG132 alone induced insulinoma cell
death to a small degree. Results are representative of four independent
experiments performed in triplicate, showing similar tendency. B:
Trypan blue exclusion test. MING6NS cells were dead after treatment
with TNF-o/MG132 but not with either reagent alone. Results are
representative of two independent experiments performed in tripli-
cate, showing similar tendency. C: Cleavage of caspase-3. Western blot
using CM1 Ab showed that caspase-3 was cleaved by TNF-o/MG132 but
not by either reagent alone.

mentation (data not shown). Furthermore, 50 pmol/l z-
VAD-fmk as a pan-caspase inhibitor significantly
decreased MINGNS cell death by TNF-a/MG132, indicating
that TNF-o/MG132-induced insulinoma cell death is a
classic caspase-dependent apoptosis (Fig. 3A4). Western
blot analysis using CM1 Ab, which recognizes active
caspase-3 but not the proform, also demonstrated that
casapase-3 was cleaved in insulinoma cells after treatment
with TNF-o/MG132 (Fig. 3C).

We also studied if MG132 could modulate the effect of
cytokines other than TNF-a on insulinoma cell viability.
Treatment with 100 ng/ml IL-18, which could induce
NF-kB activation, 20 ng/ml murine IFN-y, or their combi-
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FIG. 4. A: MG132 did not render insulinoma cells sensitive to treatment
with various cytokine combinations without TNF-« for 24 h. However,
MG132 pretreatment significantly enhanced MIN6NS8 cell death by
IL-13/TNF-a, IFN-y/TNF-«, or IL-1B/IFN-y/TNF-a treatment for 24 h.
Treatment with IFN-y/TNF-a or IL-1B/IFN-y/TNF-a for 24 h had a
negligible effect on MIN6NS cell viability in contrast to the same
treatment for 72 h. Results are representative of four independent
experiments performed in triplicate, showing similar tendency. B and
C: No role of NO in insulinoma cell death by TNF-o/MG132. NMMA did
not affect MIN6NS cell death by TNF-« in combination with MG132
pretreatment (B). NO production was not affected by TNF-o/MG132
(C). Results are representative of four independent experiments
performed in triplicate, showing similar tendency.

nation after 1 pmol/l MG132 pretreatment, did not affect
MINGNS cell viability, suggesting that the effect of MG132
is specific for TNF-a—induced cell death (Fig. 4A). Viability
of MING6NS cells treated with IL-13/MG132, IFN-y/MG132,
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or IL-1B/IFN-y/MG132 was not significantly different from
that without treatment (P > 0.1 for all three comparisons).
However, MG132 pretreatment significantly enhanced
MINGNS cell death by IL-13/TNF-«, IFN-y/TNF-a, or IL-1/
IFN-y/TNF-a treatment for 24 h (P < 0.001 for all three
comparisons), suggesting that a TNF-a—specific antiapop-
totic effect of NF-kB persists despite the presence of other
cytokines (Fig. 4A). Although treatment of MING6NS cells
with IFN-y/TNF-a or IL-1B/IFN-y/TNF-a for 72 h induced
significant death, the same treatment for 24 h did not
induce significant death of insulinoma cells (Fig. 4A; data
not shown). Next we studied if NO production is respon-
sible for insulinoma cell death by TNF-o/MG132 because
inducible NO synthase could be a prominent target of
cytokine(s) in islet cell death. NMMA (10 mmol/l), an
inhibitor of NO synthase, did not affect insulinoma cell
death by TNF-o/MG132, indicating that NO does not play a
significant role in the insulinoma cell death in this condi-
tion (Fig. 4B). Viability of MING6NS8 cells treated with
TNF-o/MG132/NMMA was not significantly different from
that of cells treated with TNF-o/MG132 (P > 0.1). NO
production from insulinoma cells treated with TNF-o/
MG132 was also not different from the basal level or that
after treatment with either TNF-a or MG132 (P > 0.1 for all
three comparisons) (Fig. 4C).

Effect of IkBa-SR on insulinoma cell death. Because
MG132 could have effects other than the inhibition of
proteasomal degradation, we next studied if specific inhi-
bition of NF-kB activation by adenoviral transduction of
IkB-SR that is resistant to proteasomal degradation could
sensitize otherwise resistant MINGNS cells to TNF-a—
induced apoptosis. Western blot analysis demonstrated
that the infection of MING6NS cells with Ad5IkBa-SR at a
multiplicity of infection of 50 induced a strong expression
of IkBa, which was not decreased by TNF-a treatment
(Fig. 5A). Immunocytochemistry using anti-FLAG Ab
showed that >90% of insulinoma cells were expressing
FLAG tagged to the IkBa-SR construct and infected with
AdbIkBa-SR (data not shown). Treatment with 10 ng/ml
TNF-a for 48 h after Ad5IkBa-SR infection induced death
of MING6NS cells (Fig. 5B), strongly indicating that NF-kB
activation by TNF-a plays a protective role against insuli-
noma cell death, and the inhibition of NF-kB activation
facilitates insulinoma cell death. Viability of MING6NS cells
treated with TNF-a in combination with an Ad5IkBa-SR
infection was significantly lower than that after an Ad5IkBo-
SR infection alone or TNF-a after a control AdbLacZ in-
fection that did not have a significant effect on MIN6N8
cell viability (P < 0.005 and P < 0.001, respectively). Pre-
treatment with z-VAD-fmk significantly decreased death of
insulinoma cells by TNF-a in combination with Ad5IkBa-
SR infection, indicating that the death of MINGNS cells by
TNF-a in combination with AdbIkBa-SR infection is a
caspase-dependent apoptosis (P < 0.005) (Fig. 5C).
Primary islet cell death by TNF-«. Next, primary islet
cells were used to examine the role of NF-kB activation in
TNF-a—-mediated apoptosis because primary islet cells and
insulinoma cells could differ in their susceptibility to
TNF-a or NF-kB activation. Treatment with 10 ng/ml TNF-«
alone for 48 h induced primary islet cell death of only a
marginal degree as reported (3) (Fig. 6A). However, TNF-a
in combination with MG132 pretreatment for 15 min had a
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FIG. 5. Induction of TNF-«a susceptibility by adenoviral transduction of
IkBa-SR. A: Western blot analysis showed that IkBa was expressed
after infection with adenovirus compromising IkBa-SR, which was not
degraded by 10 ng/ml TNF-« treatment in contrast to endogenous IkBa
(Fig. 14) (black arrowhead, IkBa-SR; white arrowhead, endogenous
IkBa). B: MTT assay showed that adenoviral transduction of IkBa-SR
induced susceptibility to TNF-a-mediated apoptosis. Ad5kBa-SR infec-
tion itself or TNF-«a treatment after control Ad5LacZ infection did not
significantly affect insulinoma cell viability. Results are representative
of three independent experiments performed in triplicate, showing
similar tendency. C: Pretreatment with z-VAD-fmk significantly inhib-
ited insulinoma cell death by TNFo/Ad5IkBa-SR infection. Results are
representative of four independent experiments performed in tripli-
cate, showing similar tendency.

significant apoptotic activity on primary islet cells as
determined by MTT assays, suggesting that the inhibition
of NF-kB activation induces TNF-a susceptibility in other-
wise resistant primary islet cells similar to MIN6NS8 cells
(Fig. 6A). Viability of islet cells treated with TNF-o/MG132
was significantly lower than that without treatment or that
treated with either TNF-a or MG132 alone (P < 0.01 for all
three comparisons). Hoechst 33342 staining also demon-
strated nuclear condensation and/or fragmentation in
37.9% of primary islet cells after treatment with TNF-o/
MG132 for 48 h in contrast to 13.4% of control islet cells
without treatment, suggesting that primary islet cell death
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FIG. 6. Primary pancreatic islet cell death by TNF-« in combination
with NF-kB inhibitors. A: MTT assay showed that pretreatment with 1
pmol/l1 MG132 for 15 min induced TNF-«a susceptibility in primary
pancreatic islet cells, whereas 10 ng/ml TNF-a alone had only a
marginal effect on primary islet cell viability. Results are representa-
tive of three independent experiments performed in triplicate, showing
similar tendency. B and C: Hoechst 33342 staining demonstrated
nuclear condensation/fragmentation in primary islet cells treated with
TNF-o/MG132. Results are representative of two independent experi-
ments performed in triplicate, showing similar tendency. D: TNF-«a
treatment in combination with Ad5IkBa-SR infection also exerted
cytotoxicity on primary islet cells, whereas Ad5IkBa-SR infection
alone or TNF-a treatment after control Ad5LacZ infection did not
induce significant islet cell death. Results are representative of three
independent experiments performed in triplicate, showing similar
tendency. E: Immunofluorescent staining showed that >90% of apo-
ptotic primary islet cells showing nuclear condensation/fragmentation
by Hoechst 33342 staining after treatment with TNF-o/Ad5IkBa-SR
were [3-cells expressing insulin (arrows).

by TNF-o/MG132 is a classic apoptosis (Fig. 68 and C).
Death of islet cells treated with TNF-o/MG132 was signif-
icantly higher than that without treatment (P < 0.001).
TNF-a treatment for 96 h after Ad5IkBa-SR infection also
induced a significant death of islet cells, whereas
Ad5IkBa-SR infection alone or TNF-a treatment after
control AdbLacZ infection did not induce significant islet
cell death (Fig. 6D). Viability of islet cells treated with
TNF-a in combination with AdbIkBa-SR infection was
significantly lower than that after Ad5IkBa-SR infection
alone or that treated with TNF-a in combination with
Adb5LacZ infection (P < 0.0005 and P < 0.001, respective-
ly). More than 90% of primary islet cells showing nuclear
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condensation/fragmentation by Hoechst 33342 staining
after TNF-o/AdblkBa-SR treatment were stained with anti-
insulin Ab, suggesting that most apoptotic cells after
TNF-a/AdbIkBa-SR were islet B-cells (Fig. 6F).

DISCUSSION

Our observation that TNF-a treatment activated NF-kB in
MINGNS cells of NOD mouse origin is similar to the results
observed using another SV40T-transformed NOD-derived
insulinoma cell model (NIT-1) (25). The activation of
NF-kB in TNF-a-treated MIN6NS cells was due to the
degradation of IkBa and subsequent nuclear translocation
of the p65 subunit of the NF-kB complex. Our current
observation that IFN-y did not significantly affect TNF-a—
induced NF-kB activation in MIN6NS8 insulinoma cells
despite its ability to synergize MING6NS cell death is
different from our previous results showing a significant
decrease in TNF-a—-induced NF-«kB activation by concom-
itant IFN-y treatment in ME-180 cervical cancer cells
(23,26). Other studies have reported of an increase in
NF-«kB activation by IFN-y using INS-1 rat insulinoma cells
(18). These discrepancies might be due to the difference in
cell types, species, or reporter constructs used.

Our observation that MG132 rendered otherwise resis-
tant MIN6NS cells and primary murine islet cells suscep-
tible to TNF-a—induced apoptosis is consistent with many
previous studies using other types of cells (9,23,24). Be-
cause MG132 blocked the translocation of p65, probably
by inhibiting proteasomal degradation of IkBa, the abro-
gation of MINGNS cell resistance to TNF-a by MG132
strongly suggests that NF-kB activation by TNF-« plays a
protective role against TNF-a—induced cell death. MG132
has been shown to inhibit cytokine-induced IkB degrada-
tion and NF-kB activation in islet cells (27). The role of
NF-kB activation in protecting insulinoma cells against
TNF-a was further supported by the ability of IkBa-SR,
which inhibits NF-kB activation to induce cell death after
TNF-a treatment. A larger degree of MINGNS cell death by
TNF-o/MG132 compared with that by TNF-o/IkB-SR ad-
enoviral transduction and a small degree of MIN6NS cell
death by MG132 alone could be due to the inhibition of
nonspecific proteases other than proteasomal protease by
MG132 (28). These results are consistent with those of
many other studies showing the protective role of NF-kB
activation against apoptosis by death effector molecules
(8,12,13); however, they are contradictory to previous
studies that use primary islet cells or insulinoma cells
(16-18,20). This difference could be due to the difference
in cell types, species, or death effectors. Most studies
showing the proapoptotic activity of NF-kB used rat
insulinoma cells or rat primary islet cells, whereas murine
insulinoma cells and murine primary islet cells were used
in the current investigation. The difference in the mode of
cell death between islet cells from different species has
been well documented (3,29-31). NF-kB might also play a
different role in apoptosis by different cytokines or death
effectors. Most previous studies of the role of NF-kB in
pancreatic islet cell death used IL-1 or chemical toxins as
death effectors (16,17,19,20,32), whereas the current inves-
tigation or other studies supporting the protective role of
NF-kB used TNF family members. Different cross-talk
between NF-kB activation and intracellular events such as
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Jun NH,-terminal kinase activation or cell death in re-
sponse to different cytokines (TNF-a vs. IL-1) has been
reported (33).

If NF-kB activation plays a protective role against pan-
creatic B-cell death by TNF-a in vivo as suggested by the
above in vitro findings, some pathways should be imple-
mented to abrogate or suppress NF-kB activation for the
development of type 1 diabetes in vivo. Because IFN-y
renders otherwise resistant MIN6NS8 cells or primary mu-
rine pancreatic islet cells susceptible to TNF-a (3), IFN-y
could act by modulating NF-«xB activation by TNF-«.
However, we observed that IFN-y did not affect TNF-a—
induced NF-kB activation in MIN6NS8 insulinoma cells, in
contrast to other cell types (18,26). While IFN-y seems to
be unable to suppress NF-kB activation by TNF-a in
insulinoma cells, IFN-y may suppress NF-kB-dependent
activation of antiapoptotic machinery such as inhibitor of
apoptosis protein (IAP) or TNF receptor—associated factor
(12) through its inhibitory action on their translation.
IFN-y has been reported to inhibit the translation of a
variety of cellular proteins by inducing or activating dou-
ble-stranded RNA-activated protein kinase (PKR) (34).
Our preliminary data suggest that IFN-y suppresses the
expression of IAP proteins in MING6NS8 cells during the
progression of the apoptotic process (M.-S.L., J. Inik
Chang, H.S.K., M.-S.L., unpublished data).

In addition to its role in modulating 3-cell death, NF-xB
may have other roles in the pathogenesis of type 1
diabetes, such as modulation of autoimmune responses or
insulin secretion from islet cells. Recent studies reported
defective or enhanced NF-kB activation in splenocytes or
dendritic cells from NOD mice, which might be related to
decreased antigen presentation or increased Thl cytokine
production (35,36). Further studies will be necessary to
clarify the role of NF-kB in abnormal immunoregulation or
antigen presentation in NOD mice.

Although we observed the protective role of NF-kB
activation in pancreatic islet cell death by TNF-« in vitro,
the real significance of NF-kB activation in the apoptosis
of pancreatic B-cells and the development of type 1
diabetes in vivo has yet to be determined. It will be
addressed using in vivo systems such as transgenic mice
expressing IkBa-SR in their pancreatic islet cells.

ACKNOWLEDGMENTS

This work was supported by a National Research Labora-
tory grant from the Korea Institute of Science and Tech-
nology Evaluation and Planning (2000-N-NL-01-C-232) and
a Science Research Center grant from the Korea Science
and Engineering Foundation. M.-S.L. was awarded a
Health Planning Technology and Evaluation Board grant
(02-PJ1-PG1-CH04-0001).

The authors thank Drs. R.S. Sherwin, I. Millet, and Y.-J.
Kim (Yale University School of Medicine) for helpful
comments and Dr. C.-T. Lee (Seoul National University
Hospital, Seoul, Korea) for the generous gift of Ad5IkBa-
SR.

REFERENCES

1. Kurrer MO, Pakala SV, Hanson HL, Katz JD: B Cell apoptosis in T
cell-mediated autoimmune diabetes. Proc Natl Acad Sci U S A 94:213-218,
1997

2.Kim Y-H, Kim S, Kim K-A, Yagita H, Kayagaki N, Kim K-W, Lee M-S:

DIABETES, VOL. 52, MAY 2003



I. CHANG AND ASSOCIATES

6

7.

10

1

—_

12.

13.

14

15.

16.

17.

18.

19.

Apoptosis of pancreatic B-cells detected in accelerated diabetes of NOD
mice: no role of Fas-Fas ligand interaction in autoimmune diabetes. Eur
J Immunol 29:455-465, 1999

.Suk K, Kim S, Kim Y-H, Kim K-A, Chang I, Yagita H, Shong M, Lee M-S:

IFNy/TNFa synergism as the final effector in autoimmune diabetes: a key
role for IRF-1 in pancreatic B-cell death. J Immunol 166:4481-4489, 2001

. Pakala SV, Chivetta M, Kelly CB, Katz JD: In autoimmune diabetes the

transition from benign to pernicious insulitis requires an islet cell response
to tumor necrosis factor alpha. J Exp Med 189:1053-1062, 1999

.Kagi D, Ho A, Odermatt B, Zakarian A, Ohashi PS, Mak TW: TNF

receptor-1-dependent 8 cell toxicity as an effector pathway in autoimmune
diabetes. J Immunol 162:4598-4605, 1999

. Jacob CO, Aiso S, Michie SA, McDevitt HO, Acha-Orbea H: Prevention of

diabetes in nonobese diabetic mice by tumor necrosis factor (TNF):
similarities between TNF-a and interleukin 1. Proc Natl Acad Sci U S A
87:968-972, 1990

Yang X-D, Tisch R, Singer SM, Cao ZA, Liblau RS, Schreiber RD, McDevitt
HO: Effect of tumor necrosis factor a on insulin-dependent diabetes
mellitus in NOD mice. I. The early development of autoimmunity and the
diabetogenic process. J Exp Med 180:995-1004, 1994

. Beg AA, Baltimore D: An essential role for NF-kB in preventing TNF-a-

induced cell death. Science 274:782-784, 1996
Wang C-Y, Mayo MW, Baldwin AS: TNF- and cancer-therapy-induced
apoptosis: potentiation by inhibition of NF-kB. Science 274:784-787, 1996

. Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM: Suppression of

TNF-a-induced apoptosis by NF-«xB. Science 274:787-789, 1996

. Manna SK, Aggarwal BB: Lipopolysaccharide inhibits TNF-induced apo-

ptosis: role of nuclear factor-kB activation and reactive oxygen interme-
diates. J Immunol 162:1510-1518, 1999

Wang C-Y, Mayo MW, Korneluk RG, Goeddel DV, Baldwin AS: NF-«xB
antiapoptosis: induction of TRAF1 and TRAF2 and c-IAP1 and c-IAP2 to
suppress caspase-8 activation. Science 281:1680-1683, 1998

Chu Z-L, McKinsey TA, Liu L, Gentry JJ, Malim MH, Ballard DW: Suppres-
sion of tumor necrosis factor-induced cell death by inhibitor of apoptosis
c-IAP2 is under NF-kB control. Proc Natl Acad Sci U S A 94:10057-10062,
1997

. Schneider A, Martin-Villalba A, Weih F, Vogel J, Wirth T, Schwaninger M:

NF-«kB is activated and promoters cell death in focal cerebral ischemia. Nat
Med 5:554-559, 1999

Dumont A, Hehner SP, Hofmann TG, Ueffing M, Droge W, Schmitz ML:
Hydrogen peroxide-induced apoptosis is CD95-dependent, requires the
release of mitochondria-derived reactive oxygen species and the activation
of NF-«kB. Oncogene 18:747-757, 1999

Heimberg H, Heremans Y, Jobin C, Leemans R, Cardozo AK, Darville M,
Eizirik DL: Inhibition of cytokine-induced NF-kB activation by adenovirus-
mediated expression of NF-kB super-repressor prevents 3-cell apoptosis.
Diabetes 50:2219-2224, 2001

Giannoukakis N, Rudert WA, Trucco M, Robbins PD: Protection of human
islets from the effects of interleukin-1beta by adenoviral gene transfer of an
Ikappa B repressor. J Biol Chem 275:36509-36513, 2000

Sekine N, Ishikawa T, Okazaki T, Hayashi M, Wollheim CB, Fujita T:
Synergistic activation of NF-kB and inducible isoform of nitric oxidase
synthase induction by interferon-gamma and tumor necrosis factor-alpha
in INS-1 cells. J Cell Physiol 184:46-57, 2000

Chen G, Hohmer HE, Gasa R, Tran VV, Newgard CB: Selection of
insulinoma cell lines with resistance to interleukin-1p3- and +y-interferon-
induced cytotoxicity. Diabetes 49:562-570, 2000

DIABETES, VOL. 52, MAY 2003

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

34.

35.

36.

Han X, Sun Y, Scott S, Bleich D: Tissue inhibitor of metalloproteinase-1
prevents cytokine-mediated dysfunction and cytotoxicity in pancreatic
islet and B-cells. Diabetes 50:1047-1055, 2001

. Yagi N, Yokono K, Amano K, Nagata M, Tsukamoto K, Hasegawa Y, Yoneda

R, Okamoto N, Moriyama H, Miki M, Tominaga Y, Miyazaki J-I, Yagita H,
Okumura K, Mizoguchi A, Miki A, Ide C, Maeda S, Kasuga M: Expression of
intercellular adhesion molecule 1 on pancreatic 3-cells accelerates B-cell
destruction by cytotoxic T-cells in murine autoimmune diabetes. Diabetes
44:744-752, 1995

Sambrook J, Fritsch E, Maniatis T: Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor, NY, Cold Spring Harbor Laboratory Press,
1989

Suk K, Chang I, Kim YH, Kim S, Kim JY, Kim H, Lee MS: IFNy/TNFa
synergism in ME-180 cervical cancer cell apoptosis and necrosis: IFNy
inhibits cytoprotective NF-«kB through STAT1/IRF-1 pathways. J Biol
Chem 276:13153-13159, 2001

Kim J-Y, Lee S, Hwangbo B, Lee C-T, Kim YW, Han SK, Shim Y-S, Yoo C-G:
NF-kB activation is related to the resistance of lung cancer cells to
TNFa-induced apoptosis. Biochem Biophys Res Com 273:140-146, 2000
Stephens LA, Thomas HE, Ming L, Grell M, Darwiche R, Volodin L, Kay
TWH: Tumor necrosis factor-a-activated cell death pathways in NIT-1
insulinoma cells and primary pancreatic  cells. Endocrinology 140:3219—
3227, 1999

Suk K, Kim YH, Chang I, Kim JY, Choi YH, Lee KY, Lee MS: IFN« sensitizes
ME-180 human cervical cancer cells to TNFa-induced apoptosis by inhib-
iting cytoprotective NF-kB activation. FEBS Lett 495:66-70, 2001

Kwon G, Corbett JA, Hauser S, Hill JR, Turk J, McDaniel ML: Evidence for
involvement of the proteasome complex (26S) and NF«kB in IL-1B-induced
nitric oxide and prostaglandin production by rat islets and RINm5F cells.
Diabetes 47:583-591, 1998

Walowitz JL, Bradley ME, Chen S, Lee T: Proteolytic regulation of the zinc
finger transcription factor YY1, a repressor of muscle-restricted gene
expression. J Biol Chem 273:6656—6661, 1998

Mandrup-Poulsen T: The role of interleukin-1 in the pathogenesis of IDDM.
Diabetologia 39:1005-1029, 1996

Kaneto H, Fujii J, Seo HG, Suzuki K, Matsuoka T, Nakamura M, Tatsumi H,
Yamasaki Y, Kamada T, Taniguchi N: Apoptotic cell death triggered by
nitric oxide in pancreatic B-cells. Diabetes 44:733-738, 1995

. Corbett JA, McDaniel ML: Does nitric oxide mediate autoimmune destruc-

tion of B-cells? Diabetes 41:897-903, 1992

Quan N, Ho E, La W, Tsai Y-H, Bray T: Administration of NF-kB decoy
inhibits pancreatic activation of NF-xB and prevents diabetogenesis by
alloxan in mice. FASEB J 15:1616-1618, 2001

Tang G, Minemoto Y, Dibling B, Purcell NH, Li Z, Karin M, Lin A: Inhibition
of JNK activation through NF-«kB target genes. Nature 414:313-317, 2001
McMillan NAJ, Carpick BW, Hollis B, Toone WM, Zamanian-Daryoush M,
Williams BRG: Mutational analysis of the double-stranded RNA (dsRNA)
binding domain of the dsRNA-activated protein kinase, PKR. J Biol Chem
270:2601-2606, 1995

Hayashi T, Faustman D: NOD mice are defective in proteasome production
and activation of NF-«kB. Mol Cell Biol 19:8648-8659, 1999

Weaver DJ, Poligone B, Bui T, Abdel-Motal UM, Baldwin AS, Tisch R:
Dendritic cells from nonobese diabetic mice exhibit a defect in NF-kB
regulation due to a hyperactive IkB kinase. J Immunol 167:1461-1468,
2001

1175



