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Background: How the adaptive ER stress response causes cell death remains enigmatic.
Results: cIAP1 prevents ER stress-mediated apoptosis in pancreatic �-cells by acting as an E3 ligase inducing CHOP ubiquiti-
nation and degradation.
Conclusion: cIAP1 is a key determinative factor for �-cell survival under ER stress.
Significance: The findings provide a new insight into the mechanistic determination of cell fate following ER stress response.

Lipotoxicity in pancreatic �-cells, arising from excess free
fatty acid-induced endoplasmic reticulum (ER) stress response,
has been recognized as a key pathogenic factor causing loss of
�-cell mass and contributing to type 2 diabetes. However, how
the adaptive ER stress response causes cell death remains enig-
matic. We report herein a critical role of cellular inhibitor of
apoptosis protein-1 (cIAP1) in controlling �-cell survival under
ER stress. While both palmitate and palmitoleate induced an
overt ER stress response, lipotoxicity was only observed in
�-cells exposed to palmitate but not palmitoleate. Interestingly,
cells treated with palmitoleate exerted a sustainable level of
cIAP1, whereas the protein quickly degraded following palmi-
tate treatment. Enforced overexpression of cIAP1 prevented
palmitate-induced cell death. In contrast, siRNA-mediated knock-
down of cIAP1 in �-cells or knock-out of cIap1 in mouse embry-
onic fibroblasts not only increased palmitate-induced apoptosis,
but also committed cells to death in response to the nontoxic
palmitoleate treatment.Of importance,we found that cIAP1 func-
tions as an E3 ubiquitin ligase promoting ubiquitination and deg-
radationofC/EBPhomologous protein (CHOP), a keymediator of
ER stress-induced cell death. These findings define a novel mech-
anismfor�-cell survivalunderERstressandhelpto identify targets
for therapeutic intervention against lipotoxicity in �-cells.

Eukaryotic cells have evolved multiple specific pathways to
respond to various environmental challenges for maintaining
normal function and cell survival. One of the most important
pathways is triggered by endoplasmic reticulum (ER)3 stress,

which is referred to as the unfolded protein response (UPR). As
a prototypical, professional secretory cell type, pancreatic
�-cells have a highly developed ER system to facilitate the fold-
ing of large amounts of insulin and various glycoproteins for
secretion, and thus are vulnerable to ER stress. Indeed, the
process of ER stress response is critically involved in�-cell biol-
ogy, either under normal physiological or disease conditions
(1–3). For instance, under obese and insulin resistant condi-
tions, �-cells are confronted with a dramatically enhanced
demand for insulin production, accompanied bymultiple path-
ological factors such as elevated levels of free fatty acids (FFA).
Such insults place a strain on the cell and cause prolonged or
chronic activation of the UPR pathways, ultimately leading to
�-cell dysfunction and cell death. This has been suggested to be
a key pathogenic event contributing to the development of type
2 diabetes (T2D) (2, 3).
CHOP (C/EBP homologous protein), a transcription factor

induced upon UPR activation, is regarded as a key mediator of
cell death in response to ER stress (4–6). Overexpression or
microinjection of CHOP was reported to induce apoptosis
through amechanism associatedwith down-regulation of Bcl-2
or increased Bax translocation to themitochondrial membrane
(7, 8). In addition, the heterodimer of CHOP with C/EBP�
binds directly to an element in the first intron of the gene
encoding the BH3-only protein Bim, promoting its expression
and leading to apoptosis (9). Furthermore, several studies from
chop deficient mice indicate that CHOP is required for ER
stress-induced apoptosis in a diverse range of cell types, includ-
ing pancreatic �-cells (6, 10, 11). However, while the important
role of CHOP in mediating cell death has been clearly docu-
mented, the ER stress-induced CHOP expression appears not
to uniformly commit cells to death. For instance, perk�/� and
eIF2�S51A knock-in cells that are unable to induce CHOP
expression, display a hypersensitivity to ER stress-induced apo-
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ptosis (12, 13). Moreover, recent studies suggest that CHOP
plays an important protective role to improve the ER protein-
folding capacity and help cellular recovery through the tran-
scriptional regulation of target genes or microRNAs, including
GADD34 (5), ODZ4 (14), and miR-708 (15). The divergent
findings that CHOP plays roles in both cellular recovery and
cell death, indicate additional mechanisms are responsible for
determining cell fate following UPR-induced CHOP
production.
Cellular inhibitor of apoptosis protein-1 (cIAP1/birc2)

belongs to the IAP family of anti-apoptotic proteins, which is
characterized by the presence of baculoviral IAP repeat (BIR)
motifs (16). Like other prototypic IAPs, cIAP1 contains a cen-
tral CARD (caspase-activating recruitment domain) and a
C-terminal RING domain that possesses E3 ubiquitin ligase
activity. As such, besides the potent anti-apoptotic property,
cIAP1 can also act as an E3 ligase to ubiquitylate and regulate
target proteins, thereby participating in the regulation of mul-
tiple cellular functions (reviewed in Refs. 16, 17). Several recent
studies have reported that ER stress increases cIAP1 expression
in cancer cells through the UPR pathway (18, 19). The induc-
tion of cIAP1 is suggested to be important for cancerous cell
survival under stress conditions (18, 19). However, how cIAP1
promotes ER stress-associated cell survival has not been eluci-
dated and its role in pancreatic �-cells is unknown. In the pres-
ent study, we have provided substantial evidence showing a
critical role of cIAP1 in protecting �-cells against ER stress-
mediated lipotoxicity. We found that cIAP1 acts as an E3 ubiq-
uitin ligase promoting ubiquitination and degradation of the
pro-apoptotic protein CHOP, thereby preventing cell death.
These functional and mechanistic data provide a new insight
into the regulation of ER stress-associated cell survival in pan-
creatic �-cells, and help create a novel strategy for the manage-
ment of T2D by protecting �-cells against lipotoxicity.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Treatments—All cell lines
were maintained at 37 °C with 5% CO2 in DMEM containing
10% (v/v) FCS (except rat INS-1 �-cells in RPMI1640 medium
supplementedwith 10% FCS). FuGeneHD reagent (Roche) was
used for transient transfection according to the manufacturer’s
protocol. siRNA against CHOP and cIAP1 and their control
siRNA (purchased from Ambion) were transfected into cells
using HiPerFect (Qiagen) as described previously (20). Palmi-
tate or palmitoleate (Sigma) was dissolved in 0.1 M NaOH by
heating at 90 °C for 10min, and then prepared a stock solution
containing 5 mM FFA coupled with 5% (w/v) fatty acid-free
BSA. For treatment of cells, the stock FFA solution was added
into serum-free medium at the indicated concentrations for a
desired time period.
Pancreatic Islet Isolation—C57BL/6micewere housed under

conventional conditions and used for the research according to
the protocol approved by the Animal Care and Ethics Commit-
tee of the University of Sydney. Islets were isolated from adult
mice following injection of collagenase through the pancreatic
duct as previously described (21). The islets were allowed to
recover for 48 h in a humidified cell culture incubator before
use.

Cell Viability and Cell Death Assays—Cell viability was
measured by using colorimetric MTS assay as described previ-
ously (22). For cell death assays, cells were co-stained with pro-
pidium iodide (PI) and annexinV-FITCusing anApoptosis and
Necrosis Quantification Kit (Biotium), followed by flow cytom-
etry analysis.
Western Blotting and Immunoprecipitations—Standard pro-

cedures for Western blotting and immunoprecipitations were
followed as previously described (23). Antibodies used in this
study include: anti-ubiquitin, anti-cytochrome C, anti-phos-
pho-eIF2�, anti-CHOP, anti-caspase 3, anti-COX IV, anti-HA
tag (all fromCell Signaling, Danvers,MA), anti-FLAG tag, anti-
�-actin (Sigma), and anti-cIAP1 (gift from Dr. John Silke).
Ubiquitination Assays—For in vivo ubiquitination assays,

cells were transiently transfected with various combinations of
plasmids as indicated and pre-treated with 10 �M MG132. 10
mM N-ethylmaleimide (Sigma) and 10 �M MG132 (Calbi-
ochem) were added to the lysis buffer. Lysates were cleared by
centrifugation andproteinswere dissociated by heating at 95 °C
for 10 min. Samples were diluted, immunoprecipitated with
anti-CHOP antibodies, anti-cIAP1 antibodies, or anti-Flag-
conjugated Sepharose (Sigma), and immunoblotted as indi-
cated. For in vitro ubiquitination assays, the reactions were car-
ried out at 37 °C for 30 min in a 20 �l reaction system
containing 1� ubiquitin conjugation reaction buffer, 1�
PhosSTOP complete phosphatase inhibitor mixture (Roche),
10mMN-ethylmaleimide, 1� protease inhibitormixture, 5mM

Mg-ATP, 50 �M ubiquitin, 100 nM E1 ubiquitin-activating
enzyme UBE1 (Boston Biochem), and 20 �g/ml of various E2
ubiquitin-conjugating enzymes (all from Boston Biochem). 0.3
�g of recombinant CHOPprotein was used as a substrate in the
reaction. 0.3�g of either full-length or truncated cIAP1 recom-
binant proteins was added as E3 ligase to the reaction. The
reactions were stopped by heating the mix with NuPAGE LDS
sample buffer at 80 °C for 5min, and analyzed byWestern blot-
ting as indicated.
Statistical Analysis—Data are presented as means � S.D.

from an appropriate number of experiments as indicated in the
figure legends, and analyzed with Graph-Pad Prism (Version
5.0). Statistical significance was evaluated with an unpaired
two-tailed t test, and differences at values of p � 0.05 were
considered significant.

RESULTS

Palmitate-induced Lipotoxicity in Pancreatic �-Cells Is Asso-
ciated with ER Stress and CHOP Induction—Lipotoxicity aris-
ing from chronic exposure of saturated FFA, such as palmitate,
has been shown to cause �-cell dysfunction and apoptosis (24,
25). Treatment of MIN-6 �-cells for 24 h with palmitate
resulted in a dose-dependent reduction in cell viability (Fig.
1A). In contrast, the unsaturated FFA palmitoleate had no evi-
dent cytotoxic effects on �-cells (Fig. 1A). The effects of these
FFAs on cell viability were confirmed in INS-1 �-cells (Fig. 1A,
right panel). In agreement with previous reports showing that
the lipotoxicity was mediated through the apoptotic pathway
(21, 26), a time-dependent increase in caspase-3 cleavage was
observed in �-cells exposed to palmitate, but not palmitoleate
(Fig. 1B). In addition, the palmitate-induced apoptotic cell death
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was confirmed by using flow cytometry analysis of �-cells
co-stainedwith annexinV and propidium iodide (Fig. 1,C andD).

A number of studies have demonstrated an essential role for
the UPR in mediating lipotoxicity through CHOP production

(as reviewed in Ref. 27). Deletion of the Chop gene has been
reported to prevent apoptosis and improve cellular function in
�-cells under ER stress conditions in several diabetic models
(10, 11), underlining a critical role of CHOP in ER stress-in-
duced �-cell death. Consistent with this notion, palmitate
treatment resulted in a significant increase in the levels of phos-
phorylated eIF2� and CHOP expression in a time-dependent
fashion in MIN6 �-cells (Fig. 2A), indicating that the PERK-
eIF2� UPR pathway is activated under this condition. In the
presence of a chemical ER chaperone, 4-phenyl butyric acid
(4-PBA), palmitate-induced CHOP expression was strikingly
attenuated, with a concomitant reduction in caspase-3 activity
(Fig. 2B), suggesting an important role of UPR-dependent
CHOP expression in the lipotoxicity. Furthermore, knockdown
of CHOP expression by using its specific siRNA in MIN6
�-cells significantly inhibited palmitate-induced caspase-3
activity (Fig. 2C) and cell death (Fig. 2D). Collectively, these
data support the notion that CHOP induction plays an impor-
tant role in ER stress-mediated lipotoxicity in �-cells.
ER Stress-mediated Lipotoxicity Is Associated with cIAP1

Degradation—Because palmitoleate had no apoptotic effect on
�-cells, we thought that this unsaturated FFA might be unable
to induce CHOP expression. Surprisingly, palmitoleate was
indeed able to activate the PERK-eIF2� UPR pathway, as
reflected by an increase in both eIF2�phosphorylation (Fig. 3A)
and CHOP induction (Fig. 3B), albeit to a lower level than that
observed in palmitate-treated cells. Remarkably, palmitoleate-
induced CHOP expression declined sharply after 24 h treat-
ment, whereas a prolonged increase in CHOP expression was
observed after palmitate treatment for at least 24 h (Fig. 3B).
These observations suggest that additional factors, dependent
or independent of CHOP, are involved in regulating �-cell
death following the PERK-eIF2� UPR pathway activation.
In an attempt to further elucidate the mechanisms of ER

stress-mediated lipotoxicity, we sought to examine the role of
cIAP1 that was reportedly up-regulated by ER stress response
(19). Interestingly, treatment of �-cells with palmitate, but not
palmitoleate, resulted in a significant decrease in cIAP1 expres-
sion in a time-dependent manner (Fig. 3B, middle panel). The
palmitate-induced time-dependent reduction of cIAP1 and a
concomitant increase in CHOP expression and cleaved
caspase-3 were further confirmed in primary pancreatic islets
isolated from mice (Fig. 3C). Furthermore, treatment of MIN6
�-cells with tunicamycin, a known chemical ER stressor, also
resulted in a dose-dependent reduction of cIAP1, coinciding
with an increase in CHOP expression and caspase-3 cleavage
(Fig. 3D). These data illustrate that cIAP1 degradation is corre-
lated with ER stress-mediated cell death. However, pre-treat-
ment with the pan-caspase inhibitor Z-VAD-fmk did not pre-
vent cIAP1 reduction, although caspase-3 activation was
blocked by the treatment (Fig. 4A), indicating that the loss of
cIAP1 was not a consequence of apoptosis in palmitate-treated
cells. Strikingly, addition of the proteasomal inhibitor MG-132
completely restored cIAP1 levels (Fig. 4B), suggesting that pro-
teasome-mediated degradation is, at least in part, responsible
for the palmitate-induced cIAP1 reduction.
Because a peptide derived from a mitochondrial protein,

Smac (second mitochondria-derived activator of caspases, also

FIGURE 1. Palmitate, but not palmitoleate, exhibits lipotoxicity in �-cells.
A, cell viability was determined by MTS colorimetric assay in MIN6 and INS-1
�-cells treated for 24 h with palmitate or palmitoleate at increasing concen-
trations as indicated. Data are expressed as a percentage of untreated control
cells. B, MIN6 cells were treated with vehicles (0.5% (w/v) BSA), palmitate or
palmitoleate (500 �M) for the indicated time points, and then caspase-3 cleav-
age was determined by Western blotting. Numbers below lanes indicate
band intensity of cleaved caspase 3 relative to that of the loading control
�-actin. The blots represent four independent experiments. C, MIN6 cells
were treated for 24 h with vehicles, palmitate or palmitoleate (500 �M), and
then co-stained with propidium iodide (PI) and annexin V-FITC (A-V) followed
by flow cytometric analysis. Dead cells refer to percentage of cells encom-
passing both A-V single positive and A-V/PI double-positive cells. Represent-
ative scatter plots from flow cytometric analysis are shown in D. Error bars
represent S.D. of the mean value from three independent experiments (*, p �
0.05, **, p � 0.01).
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known as DIABLO), was demonstrated to induce cIAP1 autou-
biquitination and proteasome-mediated degradation (28, 29),
we asked whether palmitate might activate this pathway.
Indeed, treatment of MIN6 �-cells with palmitate resulted in a
significant reduction of Smac expression in the mitochondrial
fractions and a simultaneous increase in cytosolic levels of the
protein (Fig. 4C), showing an ability of palmitate to induce
Smac release frommitochondria. We then examined the effect
of palmitate on cIAP1 ubiquitination. As shown in Fig. 4D,
treatment of cells with palmitate caused robust ubiquitination
of cIAP1 as determined by in vivo ubiquitination assays. Collec-
tively, these data demonstrate that the Smac/cIAP1 pathway is
activated by palmitate treatment and associated with the ER
stress-mediated lipotoxicity in �-cells.
cIAP1 Induces CHOP Ubiquitination and Degradation—It

was observed that while CHOP expression was induced by ER
stressors, including palmitate, palmitoleate, or tunicamycin,
high levels of CHOP were sustained under conditions that
induced cIAP1 degradation, i.e. palmitate or tunicamycin treat-
ment in either �-cell lines or primary islets (Fig. 3, B, C, andD).
To further verify the relationship between cIAP1 and CHOP
expression, we manipulated cIAP1 levels by overexpression of
the gene or knockdown of the protein expression using specific

siRNA. Cells overexpressing cIAP1 exhibited a significant
reduction in palmitate-induced CHOP expression (Fig. 5A).
This reduction was completely prevented by the proteasome
inhibitor MG-132, suggesting a post-translational effect of
cIAP1 onCHOP expression. In contrast, the palmitate-induced
CHOP expression was significantly enhanced by the
siRNA-mediated knockdown of cIAP1 in �-cells (Fig. 5B).
Moreover, cIap�/� mouse embryonic fibroblasts (MEFs)
exhibited higher levels of CHOP expression in response to
palmitate treatment than that in wild-type cells (Fig. 5C).
Together, these data suggest that cIAP1 may regulate cellular
levels of CHOP following its induction by ER stress.
As cIAP1 has been recently identified as an E3 ubiquitin

ligase that regulates ubiquitin- mediated proteasomal degrada-
tion of its substrates (17, 30), we investigated whether CHOP is
a substrate of cIAP1. To this end, we transiently co-transfected
HEK293 cells with FLAG-tagged cIAP1 andCHOP. Co-expres-
sion of CHOP and cIAP1 resulted in a marked increase in the
levels of CHOP ubiquitination, as detected by immunoblotting
after immunoprecipitation of CHOP (Fig. 6A). In addition,
FLAG-tagged cIAP1 was coimmunoprecipitated with CHOP,
and conversely, CHOP was detected in the immunocomplex of
anti-FLAG (Fig. 6B), indicating an interaction between cIAP1

FIGURE 2. Palmitate-induced lipotoxicity is mediated through ER stress response and depends on CHOP expression. A, MIN6 cells were treated with 500
�M palmitate for the indicated time points, and changes in levels of phosphorylated eIF2�, CHOP, and cleaved caspase 3 were analyzed by Western blotting
(�-actin was used as a loading control). B, MIN6 cells were treated for 1 h with 4-PBA at the indicated concentrations prior to palmitate (500 �M) treatment for
an additional 24 h. C, MIN6 cells were transfected with control siRNA or siRNA against CHOP for 48 h prior to palmitate (500 �M) treatment for an additional 24 h.
CHOP induction and cleaved caspase 3 were analyzed by Western blotting, and (D) cell death was determined by flow cytometry analysis, displaying both A-V
single positive and A-V/PI double positive cells. Data are mean � S.D. (n � 3). **, p � 0.01, ***, p � 0.001, CHOP-siRNA versus control siRNA. Numbers below lanes
(A, B, and C) indicate band intensity relative to that of the loading control �-actin. Representative blots from at least three independent experiments are shown.
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and CHOP. Furthermore, in vivo ubiquitination assays show
that ubiquitinated CHOP was significantly reduced by the
siRNA-mediated knockdown of cIAP1 (Fig. 6C), further sup-
porting the role of cIAP1 in CHOP ubiquitination. To directly
assess E3 ubiquitin ligase activity of cIAP1 toward CHOP, we
carried out in vitro ubiquitination assays using recombinant
CHOP protein as substrate, in the presence of GST-fused
cIAP1, along with different E2 ubiquitin-conjugating enzymes.
As shown in Fig. 6D, cIAP1 was capable of inducing CHOP
ubiquitination in vitro in the presence of UbcH5a, UbcH5b and
UbcH6, but not other E2 enzymes, including UbcH7, UbcH8,
UbcH10, and UbcH13. Moreover, while the full-length wild-
type cIAP1 induced CHOP ubiquitination in the presence of
UbcH5a or UbcH6, the truncated cIAP1 mutant (�cIAP1) that
lacks E3 ligase activity failed to do so (Fig. 6E), indicating that
the E3 ligase activity of cIAP1 is required for CHOP
ubiquitination.

cIAP1 Prevents ER Stress-mediated Lipotoxicity—Consider-
ing both the known pro-apoptotic activity of CHOP and anti-
apoptotic property of cIAP1, the finding that cIAP1 promotes
CHOP ubiquitination and degradation led us as to explore the
role of cIAP1 in �-cell survival under lipotoxic stress condi-

FIGURE 3. Down-regulation of cIAP1 is associated with CHOP expression
in cells under ER stress. MIN6 cells were treated with 500 �M palmitate or
palmitoleate for the indicated time points, and then changes in levels of (A)
phosphorylated eIF2�, (B) CHOP, cIAP1, and cleaved caspase 3 were analyzed
by Western blots. C, murine islets were treated with 500 �M palmitate for the
indicated time points and (D) MIN6 cells treated for 24 h with tunicamycin at
increasing concentrations, and then immunoblotted as indicated. Numbers
below lanes (A--D) indicate band intensity relative to that of the loading con-
trol �-actin. Shown are representative blots from at least three independent
experiments.

FIGURE 4. Palmitate induces cIAP1 ubiquitination and proteasomal deg-
radation. A, MIN6 cells were treated for 1h with 20 �M Z-VAD, or (B) 20 �M

MG-132 prior to exposure to 500 �M palmitate for the indicated additional
time points, and then cIAP1 expression levels were determined by Western
blots. C, Western-blot analysis of Smac expression in total lysate or cytosolic
(Cyto) and mitochondrial (Mito) fractions isolated from MIN6 cells treated with
or without 500 �M palmitate for 24 h. COX-V was used as a mitochondrial
marker. Numbers below lanes (A--C) indicate band intensity relative to that of
the loading control �-actin. Shown are representative blots from at least
three independent experiments. D, in vivo ubiquitination of cIAP1 was ana-
lyzed in MIN6 cells treated for 6 h with or without palmitate (500 �M) in the
presence of MG-132 (20 �M). The endogenous cIAP1 was immunoprecipi-
tated and then immunoblotted with antibodies against ubiquitin and cIAP1
(* indicates IgG heavy chains).
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tions. As expected, overexpression of cIAP1 significantly inhib-
ited palmitate-induced cell death (Fig. 7A), whereas lipotoxicity
was enhanced by the siRNA-mediated knockdown of cIAP1 in
�-cells (Fig. 7B). Furthermore, cIap1�/�MEFs exhibited signif-
icantly more cell death than wild-type cells in response to
palmitate treatment (Fig. 7C), underlining an important role of
cIAP1 in protecting the ER stress-mediated lipotoxicity. More-
over, the enhanced lipotoxicity in palmitate-treated cIap1�/�

MEFs was prevented by the siRNA-mediated knockdown of
CHOP (Fig. 7C), further supporting the mechanistic connec-
tions between cIAP1 andCHOP in protection against cell death
under ER stress.
As aforementioned, the unsaturated FFA palmitoleate had

no significant cytotoxic effect on�-cells (Fig. 1), although it was
capable of inducing the PERK-eIF2� UPR pathway activation
and CHOP expression (Fig. 3, A and B). We wanted to further
explore the role of cIAP1 in cell survival under this setting. By
knocking down cIAP1 expression, the cIAP-targeted siRNA
induced a significant increase in CHOP expression and
caspase-3 cleavage in �-cells exposed to palmitoleate (Fig. 8A).
Consequently, a significant proportion of cells treated with the
cIAP1-siRNA underwent cell death in response to palmitoleate
treatment, compared with the control siRNA-treated cells (Fig.
8B). In line with these findings, treatment of cIap1�/� MEFs
with palmitoleate also resulted in a significant increase in
caspase-3 activity and cell death (Fig. 8, C and D), whereas the
palmitoleate-treated wild-type MEFs displayed no evident
cytotoxicity. Collectively, these data further support the critical
role of cIAP1 in �-cell survival under FFA-induced ER stress.

DISCUSSION

The UPR, which consists of multiple pathways leading to the
coordinate transcriptional activation of a set of genes encoding

ER chaperones and certain cell death signals, occurs as a result
of ER stress. It has been generally believed that cell death is an
inevitable event when ER stress is persistent or overwhelming,
as demonstrated in pancreatic �-cell death induced by expo-
sure to excess saturated FFA (1, 3, 31). The mechanistic link of
UPR to the cellular apoptotic program has been intensively
investigated, and the transcription factor CHOP is one of the
best-characterized pro-apoptotic molecules accounting for the
induction of lipotoxicity in �-cells (5, 8). However, what is less
clear is how cells are able to escape death when both pro-sur-
vival and pro-apoptotic pathways are simultaneously activated
following UPR-induced CHOP production. In the present
study, we demonstrate a key protective role of cIAP1 against ER
stress-mediated lipotoxicity in �-cells. The findings, for the
first time, uncover that cIAP1 functions as an E3 ubiquitin
ligase that directly promotes CHOP ubiquitination and degra-
dation, preferentially leading to cell survival under ER stress.
This delineates a new signaling model, whereby cIAP1 plays a
central role in controlling ER stress-associated cell fate by elim-
inating the pro-apoptotic activity of CHOP (Fig. 9).
A number of studies have demonstrated that palmitate

causes apoptotic cell death through CHOP-dependent mecha-
nisms in pancreatic�-cells (21, 25, 26). This ER stress-mediated
event has been implicated in the pathology of obesity and T2D
both in animal models and in the clinic (25, 27). Recent studies
suggest that multiple pathways can contribute to CHOP-in-
duced apoptosis, whereas the mitochondria-mediated intrinsic
apoptotic pathway appears to play a predominant role in this
process (32, 33). The intrinsic apoptotic pathway is precisely
regulated by the Bcl-2 family, including both anti-apoptotic
members such as Bcl-2, Bcl-XL, and Mcl-1, and pro-apoptotic
members such as Bax and Bak (reviewed in (34). These proteins
governmitochondrial membrane integrity by either promoting
or suppressing the release of apoptogenic proteins from these
organelles. Among themitochondrial proteins released into the
cytosol during apoptosis is cytochrome c, which binds and acti-
vates Apaf-1 leading to caspase-9 and consequently caspase-3
activation. The ability of CHOP to induce expression of Bim (9)
anddown-regulation of Bcl-2 (8) has beendocumented, provid-
ing amechanistic link between ER stress andmitochondria-de-
pendent apoptosis. In addition, anothermitochondrial protein,
Smac is also released into the cytosol during apoptosis. Upon its
release from mitochondria, Smac directly binds the IAP family
proteins and induces their autoubiquitination and degradation,
facilitating apoptosis (29, 35). Although the Smac/IAP pathway
is predominantly associated with the death receptor-mediated
extrinsic apoptotic pathway, it can also participate in the late
stage of mitochondria-dependent apoptosis (16, 36). However,
whether the IAP family proteins are actively involved in ER
stress-induced apoptosis remains to be elucidated.
In the current study, we found that treatment of pancreatic

�-cells with palmitate or the chemical ER stressor tunicamycin
significantly reduced cIAP1 expression in both a time-depen-
dent and a dose-dependent manner. This is inconsistent with
the previous reports showing that ER stressors increased the
expression levels of cIAP1, cIAP2, and XIAP in transformed
and cancer cell lines (18, 19). The conflicting findings could be
attributed to the difference between experimental models

FIGURE 5. cIAP1 regulates CHOP degradation under ER stress conditions.
A, MIN6 cells were transfected with FLAG-tagged cIAP1 (O/E) or empty vectors
for 30 h, and (B) transfected with siRNA targeting cIAP1 or control siRNA for
48 h. After the treatment, cells were exposed to 500 �M palmitate for an
additional 24 h, 20 �M of MG-132 was introduced for the last 6 h of palmitate
treatment, then immunoblotted. C, wild-type and cIap1�/� MEFs were
treated with or without 500 �M palmitate for 24 h and immunoblotted as
indicated (*, nonspecific bands). Numbers below lanes (A--C) indicate band
intensity relative to that of the loading control �-actin. Shown are represent-
ative blots from at least three independent experiments.
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applied in the current study and others. However, it is noted
that although the mRNA levels of these IAPs were indeed
increased in the ER stressor-treated �-cells (date not shown),
their protein levels were significantly reduced following treat-
ment for 24 h, when cells underwent apoptosis, suggesting that
the reduced levels of IAPs could be a consequence of apoptosis.
However, the reduction of cIAP1 occurred as early as 4 h after
palmitate treatment in �-cells where no evident apoptosis was
observed (Fig. 3C). Furthermore, cIAP1 reduction was insensi-

tive to the pan-caspase inhibitor Z-VAD-fmk, placing it
upstream of the caspase activation cascades and suggesting an
active role of cIAP1 in ER stress-mediated apoptosis. Indeed,
enforced overexpression of cIAP1 significantly prevented
palmitate-induced �-cell death, whereas lipotoxicity was aug-
mented in the cIAP1-knockdown �-cells or cIap1-deficient
MEFs (Fig. 7). Collectively, these data demonstrate that cIAP1
is a key endogenous protector against ER stress-mediated apo-
ptosis in �-cells.

FIGURE 6. cIAP1 promotes CHOP ubiquitination. HEK293 cells were co-transfected with Flag-tagged cIAP1 and CHOP for 24 h and treated with 10 �M MG-132
for an additional 16 h. Cell lysates were (A) immunoprecipitated by anti-CHOP antibodies followed by immunoblots to detect in vivo ubiquitination of CHOP
using antibodies against ubiquitin, CHOP and Flag, respectively (*, IgG heavy chains), and (B) immunoprecipitated by anti-Flag antibodies and immunoblotted
with antibodies against CHOP and cIAP1, showing an interaction between these two proteins. C, cells were co-transfected with CHOP and siRNA against cIAP1,
and then in vivo ubiquitination of CHOP was analyzed as described above. D, CHOP ubiquitination was determined by in vitro ubiquitination assays with an
assay system containing purified recombinant full-length cIAP1, recombinant CHOP, HA-tagged ubiquitin, and a series of E2 enzymes as indicated. E, CHOP
ubiquitination was measured by the assays containing either recombinant full-length cIAP1 or �cIAP1 that lacks a RING domain in the presence of the E2
enzyme UbcH5a (left panels) or UbcH6 (right panels). Shown are representative blots from at least three independent experiments.
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It is of interest to note that although both the saturated FFA
palmitate and the unsaturated palmitoleate caused ER stress
response and CHOP induction in �-cells, only palmitate was
capable of inducing cell death. The different fate of these
stressed cells suggests that additional signals are required for
the CHOP-UPR pathway to commit apoptosis. A key finding of
the current study illustrated that down-regulation of cIAP1 is
essential to induce cell death under ER stress, which is sup-
ported by the following evidence: (i) the lipotoxic reagent
palmitate or the chemical ER stressor tunicamycin, but not the

nontoxic analog palmitoleate, induced significant cIAP1 reduc-
tion (Fig. 3); (ii) both endogenous and enforced overexpressed
levels of cIAP1 were negatively correlated with CHOP expres-
sion (Fig. 3 and Fig. 5); (iii) either the siRNA-mediated knock-
down of cIAP1 in �-cells or knock-out of cIap1 in MEFs not
only increased palmitate-induced apoptosis (Fig. 7), but also
committed cells to death in response to the nontoxic palmi-
toleate treatment (Fig. 8), highlighting an essential role of
cIAP1 for �-cell survival under ER stress.

Because of the ability to directly or indirectly inhibit caspase
activity, the IAP family has been thought of as primarily intrin-
sic inhibitors of apoptosis (37). More recently, cIAP1 has
emerged as an E3 ubiquitin ligase that catalyzes both trans- and
auto-ubiquitination, playing important roles in mitotic chro-
mosome segregation, cellular morphogenesis and cell signaling
(16, 38). Interestingly, cIAP1 can mediate either non-degrada-
tive Lys-63 polyubiquitination or degradative Lys-48 polyubiq-
uitination of protein targets. For example, Lys-63 polyubiquiti-
nation of RIP1 mediates TNF�-evoked NF-�B activation (30),
whereas Lys-48 auto- or trans-ubiquitination mediates protea-
somal degradation of cIAP1 itself, or of a cIAP1-binding protein
such as a caspase or Smac/DIABLO (38, 39). Whether these
activities of cIAP1may also account for its anti-apoptotic effect

FIGURE 7. cIAP1 protects �-cells against ER stress-mediated cell death. Dead cells were quantified by flow cytometric analysis with PI and annexin V (A–V)
co-staining, after treatment with palmitate for 24 h at the indicated concentrations in (A) MIN6 cells transfected with FLAG-tagged cIAP1 or empty vectors (EV)
for 36 h, (B) MIN6 cells, and (C) wild-type or cIap1�/� MEFs transfected with siRNA against CHOP or control siRNA for 48 h. Data are shown as mean � S.D. (n �
3). *, p � 0.05; **, p � 0.01.

FIGURE 8. cIAP1 promotes cell survival in palmitoleate-treated cells. A
and B, MIN6 cells transfected with siRNA against cIAP1 or control siRNA for
48 h and (C and D) wild-type or cIap1�/� MEFs were treated with 500 �M

palmitoleate for 24 h. After the treatment, changes in expression levels of
cIAP1, CHOP, and cleaved caspase 3 were analyzed by Western blots (A, C),
and cell death was determined by flow cytometric analysis with PI and
annexin V (A-V) co-staining (B, D). Shown are data of mean � S.D. from at least
three independent experiments (*, p � 0.05, **, p � 0.01). Numbers below
lanes (A and C) indicate band intensity relative to that of the loading control
�-actin.

FIGURE 9. Model depicting the role of cIAP1 in regulation of cell fate
under ER stress. For adaptation to ER stress, the UPR (e.g. induced by palmi-
toleate) activates survival pathways and increases the expression of cIAP1.
cIAP1 functions through its antiapoptotic properties and the E3 ligase activity
causing CHOP ubiquitination and degradation, ultimately leading to cell sur-
vival. Under certain ER stress conditions (e.g. exposure to palmitate) cIAP1 is
quickly degraded through the apoptotic pathways, which relieves CHOP deg-
radation and preserves its pro-apoptotic activity, resulting in cell death.
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in ER stress-induced apoptosis remains to be investigated.
Besides these known anti-apoptotic properties, we revealed
that cIAP1 functions as an E3 ubiquitin ligase, causing CHOP
ubiquitination and degradation, illustrating a new mechanism
for the protective role of cIAP1 against ER stress-induced apo-
ptosis. It has been previously reported that the C/EBP family
transcription factors, including CHOP and C/EBP�, are polyu-
biquitinated and subsequently degraded (40). However, the
mechanisms and enzymes responsible for CHOP degradation
are unknown. Our data demonstrate that cIAP1 directly binds
to and induces CHOP ubiquitination in the presence of
UbcH5a, UbcH5b, and UbcH6 E2 enzymes. Because other E2
enzymes that we tested were unable to mediate the cIAP1-de-
pendent ubiquitination of CHOP, it is likely that the key reac-
tion is Lys-48 ubiquitination, by which cIAP1 promotes protea-
somal degradation of CHOP. However, we cannot exclude the
possibility that cIAP1 may also produce other ubiquitin link-
ages on CHOP, which requires further investigation. Neverthe-
less, the findings that the siRNA-mediated knockdown of
cIAP1 resulted in a sharp reduction of CHOP ubiquitination in
vivo (Fig. 6C), coinciding with an increased level of CHOP in
�-cells (Fig. 5), indicate that cIAP1 functions as a CHOP ubiq-
uitin ligase, triggering its degradation under physiological cir-
cumstances. These findings thus provide mechanistic insights
into the cellular pathways utilized by cIAP1 to prevent �-cells
from ER stress-induced cell death (Fig. 9). It is tempting to
speculate that cIAP1 or its regulators may represent novel tar-
gets for therapeutic intervention of lipotoxicity in �-cells, pro-
viding an additional way to prevent T2D.
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