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Abstract

Endoplasmic reticulum (ER) stress and the subséqusolded protein response (UPR) have
been implicated ir-cell death in type 1 and type 2 diabetes. Howetlex, UPR is also a
fundamental mechanism required focell adaptation and survival. The mechanisms emg
the transition from adaptive to apoptotic UPR remai be clarified. Here, we investigated the
relationships between XBP1, CHOP and JNK in thesiteon from adaptive to apoptotic UPR
andp-cell death in models of type 1 and type 2 diabeX@&P1 inhibition potentiated cell death
induced by pro-inflammatory cytokines or the satdlafatty acid palmitate in MIN@-cells.
This response was prevented by CHOP inhibition. MIRBP1 inhibition led to alterations in
islets from diabetes-resistawb/ob mice that resemble those found in diabetes, imotud
increases in cell death and inflammation and ardant gene expression. Similarly, IRE1/XBP1
inhibition increased cell death in islets from N@tice. On the other hand, JNK inhibition: 1)
increased adaptive UPR and reduced cell deatheis isom diabeticb/db mice, and 2) restored
adaptive UPR while protecting against apoptotic Ugie expression arfitcell death and
dysfunction following cytokine exposure. These filgs suggest that the balance between
XBP1-mediated adaptive and CHOP-dependent apopitie is critically important fof-cell
survival during ER stress. JNK activation reguldtestransition from adaptive to apoptotic UPR,
thus providing a mechanism fp+cell propensity to cell death rather than ER stegaptation in

type 1 and type 2 diabetes.
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ATF4: activating transcription factor 4. ATF6: agtting transcription factor 6. CHOP: C/EBP
homologous protein. Edeml: ER degradation-enhanailmipa-mannosidase-like 1. etE2
eukaryotic translation initiation factora2 ER: endoplasmic reticulum. ERAD: ER-associated
degradation. Erp72: endoplasmic reticulum proteth Fkbpll: FK506 binding protein 11.
Grp94: 94 kDa glucose-regulated protein. HENRterferon-gamma. ILf: interleukin-B. IRE1:
inositol requiring enzyme 1. JNK: Jun N-terminah&se. NOD: Nonobese diabetic. Orp150: 150
kDa oxygen-regulated protein. p58: protein kinas@hitor of 58 kDa. PERK: PKR-like ER

kinase. TNFe: tumour necrosis factor-alpha. Xbp1: X-box bindprgtein 1



1. Introduction

The loss ofp-cell mass is critical to the development of bogpet 1 and type 2 diabetes
(Matveyenko and Butler, 2008). However, the trigggrstimuli and the cellular mechanisms
involved are poorly understood. Elevated plasmal&ewof pro-inflammatory cytokines and free
fatty acids have been observed in type 1 and type&Retes, and have been proposed as key
contributors tg3-cell apoptosis (Biden et al, 2014, Cnop et al,22@onath and Shoelson, 2011).
Indeed, exposure df-cells to cytokines or fatty acida vitro induces apoptosis along with the
activation of multiple signaling networks, includiendoplasmic reticulum (ER) stress (Cardozo

et al, 2005, Cunha et al, 2008, Laybutt et al, 2007

B-cells depend heavily on an efficient ER functiaredo their high rate of insulin synthesis and
secretion. Cytokines and fatty acids have been shimwimpair ER homeostasis by inducing
depletion of ER C4 and alteration of chaperone function, proinsuliacessing and ER-Golgi
trafficking, triggering accumulation of misfoldedgteins and ER stress (Baldwin et al, 2012,
Cardozo et al, 2005, Hara et al, 2014, Jeffrey,e2@08, Oyadomari et al, 2001, Preston et al,
2009). ER stress and its ensuing unfolded protspaonse (UPR) have been implicate@-icell
pathophysiology in both forms of diabetes (Laylaital, 2007, Marhfour et al, 2012). However,
the UPR can also serve an adaptive function tome&R homeostasis via the ER stress sensors
PKR-like ER kinase (PERK), inositol requiring kieag (IRE1), and activating transcription
factor (ATF) 6 (Fonseca et al, 2011, Scheuner aadfdan, 2008). Activation of PERK and
subsequent phosphorylation of eukaryotic trangfaititiation factor 2. (elF2x) leads to a rapid
and transient reduction of global protein translatito reduce ER load, while increasing

translation of the transcription factor ATF4. Acttion of the endoribonuclease IRE1 results in



the unconventional splicing oKbpl mRNA and increased translation of active XBP1
transcription factor. ATF6 is activated by protdaycleavage in the Golgi to release an active
transcription factor. These transcription factaisslate the expression of chaperones, protein
folding enzymes and ER-associated degradation (ER#Bchinery to enhance ER folding
capacity and clearance of misfolded proteins. Urmteionged or irresolvable ER stress, the
UPR switches from an adaptive to an apoptotic rolee most widely implicated pro-apoptotic
UPR effector is the transcription factor C/EBP Hdogous Protein (CHOP) (Akerfeldt et al,
2008, Allagnat et al, 2012, Cardozo et al, 2005aKlkov et al, 2006, Laybutt et al, 2007, Song
et al, 2008). However, the mechanisms regulatiegidnsition from adaptive to apoptotic UPR

remain to be clarified.

Here, we usedn vitro physiological inducers of ER stress (cytokines aatirated fatty acid,
palmitate) andn vivo models of type 1 [Nonobese diabetic (NOD) micedl &ype 2 diabetes
(C57BL/KsJdb/db mice) as well ag-cell compensation (C57BL/&b/ob mice) to show that the
balance between XBP1l-mediated adaptive UPR and CHOEFritically important in the
regulation of B-cell survival during ER stress. Furthermore, otwdies reveal that JNK
activation is a key factor that regulates the ftteors from adaptive to apoptotic UPR fcells.
These findings uncover novel interrelationshipsveein XBP1, CHOP and JNK that are crucial

for B-cell survival in type 1 and type 2 diabetes.

2. Materials and M ethods

2.1. Cdll culture



MING cells were maintained in DMEM (Invitrogen, @dvad, CA, USA) containing 25 mM
glucose, 10 mM HEPES, 10% FCS, 100 U/ml penicdivd 100ug/ml streptomycin. Either 2 x
10° or 8 x 1§ cells were seeded per well in a 24-well or 6-vpddite, respectively. Cells were
treated with 100 U/ml IL, 250 U/ml IFNy and 100 U/ml TNFe (R&D Systems, Minneapolis,
MN, USA); 0.92% BSA or 0.4 mM palmitate coupled @®2% BSA. 4u8c (15 uM; Tocris
Biosciences, Bristol, UK), and JNK inhibitor Il (BN 20 uM SP600125; Merck, Kilsyth, VIC,
Australia) were used to inhibit IRE1/XBP1 and JN#iations, respectively. 4u8c is a selective
inhibitor of IRE1 ribonuclease activity that prevrsplicing (activation) oXbpl mRNA in
response to ER stress (Cross et al, 2012). ForAiRRahsfection, MING cells were transfected
with XBP1 and/or CHOP ON-TARGHJIus SMARTpool siRNA or Non-Targeting siRNA
using DharmaFECT 3 (Dharmacon, Thermo Scientifagr&sby, VIC, Australia) according to
the manufacturer's instruction. For insulin seoreaissay, cells were incubated for 1 h &C3in
Krebs-Ringer HEPES buffer containing 2.8 or 25 mMcgse. Insulin was measured in an

aliquot of the buffer by radioimmunoassay (MillipoBillerica, MA, USA)

2.2. Idet isolation and culture

Female Nonobese diabetic (NOD) and Balb/c mice,raatk C57BL/KsXdb/db and C57BL/6J
ob/ob mice and their respective lean control mice (CYKBlU or C57BL/6J) were taken from
the Garvan Institute breeding colonies (AustraBaoResources, Moss Vale, NSW, Australia).
Xbp1"™¥1X mice (kindly provided by L.H. Glimcher and A.H. ¢eWeill Cornell Medical
College, New York, NY, USA) were crossed with Pd28&R mice to generate Xbf1/"
Pdx1-CréR and control (Xbp¥* Pdx1-CréR) mice. Pancreatic islets were isolated by liberase

digestion (Roche Diagnostics, Castle Hill, Austagligradient centrifugation (Ficoll-Paque



PLUS gradient, GE Healthcare Bio-Sciences, Uppsalagden) and handpicking under a
stereomicroscope. Procedures were approved by #reaG Institute/St.Vincent's Hospital
Animal Experimentation Ethics Committee, followiggidelines issued by the National Health
and Medical Research Council of Australia. Isleesevcultured at 37C in RPMI 1640 medium
supplemented with 0.2 mM glutamine, 10% heat-ivatéid fetal bovine serum, 100 U/ml
penicillin and 100 pg/ml streptomycin. Islets fraontrol and Xbp®™*"** Pdx1-Cré&R mice were
treated with 100 nM 4-hydroxytamoxifen (Sigma-Atdrj St. Louis, MO, USA). Islets were
treated with 100 U/ml IL-f, 250 U/ml IFNy and 100 U/ml TNFx (R&D Systems) for 24 hours.
4u8c (15 pM) and JNKi (2@M) were used to inhibit IRE1/XBP1 and JNK activato

respectively.

2.3. Céll death assay

Cell death was determined with the use of a Celtb®etection ELISA (Roche Diagnostics)
(Chan et al, 2011), which measures cytoplasmichestissociated-DNA-fragments. Cells or
islets were lysed in either 0.5 or 0.2 ml of thpied lysis buffer, incubated for 30 min at room
temperature, and the lysate was spun at 200xg0fonih. The ELISA assay was then performed

according to manufacturers’ instructions and tisellts were corrected for DNA content.

2.4. Céll viability (MTT) assay
Cultured cells in 96-well plates were washed twitt 200 pL Krebs-Ringer bicarbonate buffer
containing 16.8 mM glucose and 0.1% BSA and thenbated with 100 pL of the same buffer

containing 1.2 mM MTT (Molecular Probes, Eugene, @BA) for 4 h at 37C. Then 100 pL of



10% sodium dodecyl sulphate in 0.01M hydrochlodd avas added and incubated atG7or 4

h. Absorbance was measured in a plate reader atrd70

2.5. Western blotting

Western blotting was performed as previously dbesdi(Chan et al, 2011). The following
antibodies were used (1:1000 dilution unless otfsEnvindicated): CHOP (sc-575) and XBP1
(sc-7160) (Santa Cruz Biotechnology, Santa Cruz, @3A); phospho-c-JUN (9164), phospho-
JNK (Thr183/Tyr185, 9251), and total JNK (9252) Cgnaling Technology, Danvers, MA,

USA); p-actin andu-tubulin (1:5000; Sigma-Aldrich, St. Louis, MO, URA

2.6. RNA analysis

cDNA was synthesised using the QuantiTect RevensmsEription Kit (Qiagen, Victoria,
Australia) according to manufacturer’s instructioRgal-time PCR was performed usihgwer
SYBR Green PCR Master Mix (Applied Biosystems, Ep€lity, CA, USA) on a 7900HT Real-
Time PCR System (Applied Biosystems) (Chan et @1,3}. Primer sequences are provided in
Supplementary Table 1. The value obtained for egmécific product was normalized to a

control gene (cyclophilin A) and expressed as d-tdlange of the value in control extracts.

2.7. Xbpl splicing

Xbpl cDNA was amplified by PCR and digested wigtl (New England Biolabs, Ipswitch, MA,
USA), which cuts unprocessethpl cDNA into fragments. Processed (activattpl cDNA
lacks the restriction site and remains intact. seed (intact) and unprocessed ()l were

separated using agarose gels and quantified bytdewtry. The value obtained for processed



Xbpl was expressed as a ratio of the total (processeyprocessedfbpl mRNA level for each

sample. These ratios are expressed as fold-chdrnle @tio compared to control.

2.8. Statistical analysis. All results are presented as means+zSEM. Statisticalyses were

performed using ANOVA with Bonferromuost hoc tests.

3. Results

3.1. IREV/XBP1 inhibition potentiates cytokine-induced p-cell death

We first investigated the influence of IRE1/XBP#@jr&aling on the ER stress response induced by
cytokines. In MING cells, exposure to the combioatof cytokines (IL-B + TNF-u + IFN-y) for

24 h led to an atypical pattern of UPR activatiBrpression of adaptive UPR genes including
Xbpl (Fig. 1A), Bip (Fig. 1C),Erp72 (Fig. 1D), Fkbpll (Fig. 1E),Grp94 (Fig. 1F) andedeml
(Fig. 1G) were reduced after cytokine exposure,rede expression of pro-apoptotic UPR genes,
Chop (Fig. 1H) andTrib3 (Fig. 11) were increased. In addition, XBP1 actieat as measured by
the level of its splicing, was significantly reddcby cytokines (Fig. 1B). Treatment of MING
cells with IRE1/XBP1 inhibitor 4u8c lowered expness of adaptive UPR genes amxbpl
splicing (Fig. 1A-G), but did not alter the expriessof Chop (Fig. 1H) andTrib3 (Fig. 11). The
decline in the adaptive UPR induced by 4u8c treatmas associated with increased cell death
(Fig. 1J) and reduced cell viability (Fig. 1K) imth control- and cytokine-treated cells. These
results demonstrate the importance of XBP1 andatiegptive UPR inB-cell survival under
conditions of cytokine-induced ER stress. In agrestmwith our findings in MIN6 cells,
cytokine-induced cell death was potentiated in reostets that were treated with cytokines +

4u8c as compared to islets treated with cytokinesea(Fig. 1L). Furthermorei-cell-specific



Xbpl deficiency (Fig. 2A) in islets from Xbfff"™* Pdx1-Cr&R mice was associated with
reduced adaptive UPR gene expression (Fig. 2B-B)patentiation of cytokine-induced cell

death (Fig. 2I).

3.2. The balance between XBP1-mediated adaptive UPR and CHOP regulates cytokine-
induced p-cell death

We investigated the mechanisms whereby inhibitibXBP1 potentiates cytokine-inducgd
cell death using siRNA-mediated knockdown of XBRid &CHOP in MIN6 cells. In both
control- and cytokine-treated cells, siXBP1 transte significantly reduced XBP1 protein (Fig.
3A and Supplementary material Figs. S1) and mRN#4. (BB) levels. This was associated with
the widespread downregulation of adaptive UPR géRigs 3C-G), whereas CHOP levels were
similar to control (Fig. 3A, H and Figs. STIxib3 (Fig. 3I) mRNA levels were slightly reduced
by siXBP1 in cytokine-treated cells. XBP1 knockdowas associated with increased cell death
in control- and cytokine-treated MING6 cells (Figd)3This contrasts with previous findings
(Allagnat et al, 2010), and suggests that XBP1vagtis crucial forp-cell survival during ER
stress induced by cytokines. The siXBP1l-mediatattease in cell death was completely
abolished when cells were co-transfected with sieH®ig. 3J). Co-transfection with siCHOP
significantly reduced the expression of CHOP (Bi§, H and Figs. S1) without affecting the
expression of XBP1 (Fig. 3A, B and Figs. S1) artteoadaptive UPR genes (Fig. 3C-G) or INK
phosphorylation (Fig. 3A and Figs. S1). These dadigcate that CHOP expression is required
for the siXBPl-mediated increase in both controld acytokine-induced p-cell death.

Interestingly, this occurs despite unchanged CH&#RI$ in XBP1-deficient cells (Fig. 3A, H



and Figs. S1), suggesting that an integrated XBROE response regulates cell death during

ER stress induced by cytokines.

3.3. The balance between XBP1-mediated adaptive UPR and CHOP regulates palmitate-
induced p-cell death

We investigated the influence of XBP1 and CHOP di®/cell death in the context of lipotoxic
ER stress induced by the saturated fatty acid pateni MIN6 cells transfected with siXBP1
displayed reduced levels of XBP1 protein (Fig. 4AdaFigs. S2) and mRNA (Fig. 4B),
accompanied by decreases in the adaptive UPR ¢€iges4C-G).Chop (Fig. 4H) andTrib3
(Fig. 41) mRNA levels were slightly reduced by XBBilencing following palmitate exposure.
XBP1 knockdown significantly increased cell deattboth control- and palmitate-treated MING
cells (Fig. 4J). This increase in cell death wangletely prevented by siCHOP co-transfection
(Fig. 4J). siCHOP co-transfection lowered CHOP g@iroand mRNA levels (Fig. 4A, H and Figs.
S2), but did not affect other UPR genes (Fig. 4C-Khese results suggest that the maintenance
of the adaptive UPR by XBP1 inhibits CHOP-dependeell death under conditions of
palmitate-induced ER stress. Together, the findswggyest that the balance between XBP1 and
CHORP, rather than their expression levads se, is crucial forp-cell survival during ER stress

induced by both fatty acids and cytokines.

3.4. IREVXBPL1 inhibition increases cell death in islets from NOD mice
Recent studies in NOD mice suggest that type letiéabis preceded by the presence of ER
stress inB-cells at 5-6 weeks of age (Engin et al, 2013, gkt al, 2012), and that progressive

loss of adaptive UPR mediators, including XBP1,usscbetween pre-diabetic and diabetic



stages (Akerfeldt et al, 2008, Engin et al, 20T®).assess the influence of XBP1 expression on
B-cell survival in pre-diabetic NOD mice, islets 1ino5-6 week-old mice were treated with
IRE1/XBP1 inhibitor, 4u8c. Treatment of NOD isletith 4u8c led to significant decreases in
Xbpl expression (Fig. 5A) and splicing (Fig. 5B). Alongth a widespread downregulation of
adaptive UPR genes (Fig. 5C-@&hop andTrib3 mRNA levels (Fig. 5H, 1) were increased. This
altered pattern of UPR gene expression was asedardth increased cell death in 4u8c-treated
NOD islets compared to control NOD islets (Fig..50hese results suggest that an XBP1-
mediated adaptive UPR protects against terminal gBfe expressiorChop and Trib3) and

cell death in NOD islets prior to the onset of tylpdiabetes.

3.5. IREV/XBP1 inhibition increases oxidative stress, inflammation and apoptosis in islets
from obese diabetes-resistant ob/ob mice

The C57BL/KsJdb/db and C57BL/6Job/ob mouse models of obesity exhibit opposing
disposition to diabetes development (Chan et al320The C57BL/6bb/ob mouse displays
resistance to diabetes due to succesfokll compensation, whereas the C57BL/Kiidb
mouse displays time-dependent progression to dialzkie to the failure @kcell compensation.
We previously reported that the mRNA levels of dod@ UPR genes were progressively
increased in islets of diabetes-resistatiiob mice, whereas they declined in diabeliédb mice
(Chan et al, 2013). Here, we show that the stattiseoadaptive UPR in these models correlates
with Xbpl expressionXbpl mRNA expression displayed a time-dependent iner@asslets of

ob/ob mice, whereas it declined in diabediw'db islets (Figs. S3).



We investigated the role ofbpl expression in islets of diabetes-resistalniob mice usingex
vivo treatment with 4u8c. In comparison to untreabbbb islets, 4u8c treatment markedly
reduced the levels ofbpl mRNA and splicing (Fig. 6A, B). mRNA levels of ethadaptive
UPR genes were downregulated (Fig. 6C-G), whe@hap tended to be increased (Fig. 6H) and
Trib3 was significantly increased (Fig. 6l), suggestihgt XBP1 protects against deleterious

UPR signaling in theb/ob mouse model gi-cell compensation.

A notable difference in the gene expression prefdé C57BL/KsJdb/db and C57BL/6Jb/ob
islets is the preferential upregulation of anti@tland inflammatory genes in islets of diabetes-
pronedb/db mice (Chan et al, 2013), supporting the notion fheell failure is accompanied by
worsening oxidative stress and inflammation (Cnbple2005, Del Guerra et al, 2005, Donath
and Shoelson, 2011, Song et al, 2008). Here, wesssg the influence of IRE1/XBP1 activity
on antioxidant and inflammatory gene expressiorolfob islets. Catalase (Fig. 6J), heme
oxygenase-1HO-1) (Fig. 6K), IL-15 (Fig. 6M), andCxcl1 (Fig. 6N) mRNA levels were slightly
increased in islets fromb/ob mice compared to control islets, whereas glutathjmeroxidase
(GPx) (Fig. 6L), death receptdfas (Fig. 60),I1L-6 (Fig. 6P) andCcl2 (Fig. 6Q) mRNA levels
were unchanged. Interestingly, inhibition of IREB&XL with 4u8c treatment led to significant
increases in the expression of each of these adidinkand inflammation genes ah/ob islets
(Fig. 6K-Q). Moreover, treatment ob/ob islets with 4u8c led to increased cell death caexgba
to control-treatedob/ob islets (Fig. 6R). These results suggest for thst fiime that the
IRE1/XBP1-mediated adaptive UPR protects agaitest iisflammation, oxidative stress and cell
death in theob/ob mouse model of-cell compensation. Taken together with previouslifigs

(Chan et al, 2013), our results suggest that IRBPX deficiency leads to alterations in islets



from diabetes-resistardb/ob mice that resemble those found in diabetes-pmirdb mice,
namely declining adaptive UPR gene expressionegasad cell death and marked upregulation
of antioxidant and inflammatory genes. Thus, oudi&s suggest that the maintenance (or l0ss)
of IRE1/XBP1-mediated adaptive UPR contributeg-twell compensation (or failure) in obese

mice.

3.6. JNK regulates the transition from adaptive to apoptotic UPR in cytokine-treated f-
cells

Having established that the balance between UPRvags is crucial fop-cell survival, we next
investigated mechanisms for the transition frompéigia to apoptotic UPR during ER stress
induced by cytokines. Previous studies implicat& Hdtivation in cytokine-mediated apoptosis
(Bonny et al, 2001, Brozzi et al, 2014, Marroquiakt2014) and suggest that JNK activity is
required forChop promoter activation (Pirot et al, 2007) and exgpi@s (Chan et al, 2011). We
therefore tested whether JNK activity influences tverall profile of adaptive and apoptotic
UPR gene expression following cytokine exposure.céils treated with JNKi, cytokine-
mediated JNK and c-JUN phosphorylation were reduéed. 7A and Figs. S4). Strikingly,
inhibition of JNK activity completely protected agst the cytokine-mediated reductions in
adaptive UPR gene expression (Fig 7B-H and Fig$. Bdrthermore, the cytokine-mediated
increases in CHOP (Fig. 7 A, | and Figs. SA)jp3 (Fig. 7J) and3-cell death (Fig. 7K) were
partially prevented by JNK inhibition. Moreover etleytokine-mediated impairment of glucose-
stimulated insulin secretion was partially preventyy JNK inhibition (Fig. 7L). These data
indicate that JNK signaling is necessary for atters in the general pattern of UPR gene

expression following cytokine exposure. JNK aciimatcontributes to the downregulation of



XBP1 and adaptive UPR while promoting apoptotic UfgRe expression in cytokine-stimulated
B-cells. Thus, our findings indicate that JNK is aykfactor regulating the transition from

adaptive to apoptotic UPR under conditions of imeramediated ER stress.

3.7. INK inhibition increases adaptive UPR gene expression and reduces cell death in db/db
mouseislets

Studies in mouse models of type 2 diab&imse implicated JNK activation fircell dysfunction
(Matsuoka et al, 2010), but are yet to demonstreieJNK makes a necessary contributiofi-to
cell death. Here we assessed the influence of JiiKkaion on UPR gene expression and cell
death in islets of diabetidb/db mice. Inhibition of JNK significantly increased thothe
expression and splicing ofbpl in db/db islets (Fig. 8A, B). Furthermore, JNK inhibition
increased the mRNA levels of adaptive UPR geneg. C-G), wherea€hop (Fig. 8H) and
Trib3 (Fig. 8I) mRNA levels were similar amongst the yps. JNK inhibition significantly
reduced cell death idb/db islets compared to control-treatdd/db islets (Fig. 8J). These data
are the first indication that JNK signaling is re@qd for both the decline of adaptive UPR gene
expression and the increase in cell death in isiethe do/db mouse model of type 2 diabetes.
Overall, our studies suggest that JNK inhibitionwdobe beneficial for preserving functiorfial

cell mass during the pathogenesis of diabetes.

4. Discussion
ER stress has been implicated3tgell death in type 1 (Marhfour et al, 2012, Terséwal, 2012)
and type 2 diabetes (Laybutt et al, 2007, Oyadowetaal, 2002, Scheuner and Kaufman, 2008,

Song et al, 2008). However, an intact UPR is a¢spired for physiological maintenance fiof



cell mass (Fonseca et al, 2011, Scheuner and Kauf2088). Our study examines relationships
between XBP1, CHOP and JNK in the transition frotapive to apoptotic UPR during ER
stress in models of type 1 and type 2 diabetes. mam findings of this study are that: 1)
IRE1/XBP1-mediated adaptive UPR regulates cytokmerced B-cell death; 2) the balance
between XBP1 and CHOP is crucial foicell survival during ER stress induced by cytokine
and saturated fatty acid palmitate; 3) IRE1/XBPdmated adaptive UPR protects against
apoptotic UPR gene expression and cell death in M@Dse islets prior to the onset of type 1
diabetes; 4) IRE1/XBP1-mediated adaptive UPR ptstagainst islet inflammation, oxidative
stress, apoptotic UPR and cell death in the C57Bal#ob mouse model df-cell compensation;
5) JNK is a key factor regulating the transitioonfr adaptive to apoptotic UPR during ER stress
induced by cytokines; and 6) JNK activation is tieeph for both the decline of adaptive UPR
gene expression and the increase in cell deasiatsifrom the C57BL/Ksdb/db mouse model
of B-cell failure and type 2 diabetes. Our finding®sgly implicate a role for the loss of optimal
XBP1:CHOP balance in the induction [dfcell death in type 1 and type 2 diabetes, as all

providing JNK activation as a mechanism for thagsraon from adaptive to apoptotic UPR.

The contribution of the PERK-ATF4-CHOP arm of th®RJin cytokine-induce@-cell death
has received much attention (Akerfeldt et al, 208Bagnat et al, 2012, Cardozo et al, 2005,
Oyadomari et al, 2001, Pirot et al, 2007). Our Esiduggest that CHOP induction alone is not
sufficient to trigger MING6 cell death following aykine exposure ((Akerfeldt et al, 2008) and
Fig. 3). Instead, our findings introduce a novehaept to the field suggesting that optimal
XBP1:CHOP balance is crucial fdi-cell survival, as evidenced by the CHOP-dependent

potentiation of basal and cytokine-induced celltdeia XBP1-deficient cells. This increase



occurred in the absence of CHOP upregulation, lyghihg the importance of the relative
XBP1:CHOP expression in cell survival (Fig. 3), ahiis also fundamental in the context of

lipotoxic ER stress (Fig. 4).

The observation that XBP1 inhibition leads to iras@dp-cell death in both our models of lipid-
and cytokine-induced ER stress contrasts with presreports (Allagnat et al, 2010, Cunha et al,
2014, Zhang et al, 2014). These differences magttiibuted to the use of different experimental
models, species and timing of experiments. Furtbegmmour studies uncover the importance of
XBP1:CHOP balance, which was not investigated ist gudies. Interestingly, our findings
suggest that siXBP1 alone is sufficient to promoc## death in MING6 cells (Fig. 3J and 4J),
whereas XBP1 deficiency in islets potentiates dedlth only following cytokine stimulation (Fig.
1L and 2I). The enhanced sensitivity of the celéllikely reflects the greater demand for protein
required for cell replication, which undoubtedlyapés a burden on the ER. The deleterious
impact of XBP1 deficiency in primarf-cells is only apparent in chronic (Lee et al, 20d1ER

stress conditions.

The results of our studies using islets from maouselels of obesity and diabetes reinforce the
importance of the balance between XBP1 and CHORdamregulation off-cell survival during
ER stress. Inhibition of IRE1/XBP1 in islets fromepdiabetic NOD and diabetes-resistant
C57BL/6Job/ob mice led to reductions of chaperone, protein fagdaind ERAD gene expression,
while Chop and Trib3 mRNA levels were increased. These changes werengasued by
increased cell death. Furthermore, inhibition oEIRXBP1 inob/ob islets augmented oxidative

stress and inflammation, suggesting for the firsietthat IRE1/XBP1 inhibition in islets of a



model of successfup-cell compensation is sufficient to trigger at keasme of the defects
associated witlf-cell decompensation and type 2 diabetes (Chah 043, Cnop et al, 2005,
Del Guerra et al, 2005, Donath and Shoelson, 28bhg et al, 2008). Interestingly, this also
indicates that oxidative stress and inflammatioa aot necessarily direct consequences of
hyperglycaemia (Bensellam et al, 2012, Donath ahdeSon, 2011, Poitout and Robertson,
2008). Together, the data support the notion tiatsEEess may be an early event that precedes
oxidative stress and inflammation in the progressoai3-cell failure (Back et al, 2009, Kaufman

et al, 2010, Oslowski et al, 2012, Tang et al, 2012

Growing evidence links downregulation of the adaptUPR withp-cell failure in type 1 and
type 2 diabetes (Akerfeldt et al, 2008, Chan e2@l,3, Engin and Hotamisligil, 2010, Engin et
al, 2013, Engin et al, 2014, Tersey et al, 2012ix. €ludies implicate inflammation as a potential
triggering factor for downregulation of the adaptiMUPR. In MING cells, cytokines
concomitantly reduce adaptive UPR while increasipgptotic UPR in a time-dependent manner
(Figs. S5). Notably, an adaptive response was rah&zrved following cytokine exposure (Figs.

S5).

IRE1 has been implicated in ER stress-indugextll apoptosis and loss of differentiation via
activation of JNK and degradation of ER-associadNAs, including proinsulin mRNA (Han
et al, 2009, Lee et al, 2011, Lipson et al, 2008tRet al, 2007, Urano et al, 2000). IRE1-
independent activation of JNK by cytokines has begslicated inf-cell apoptosis via yet to be
fully-identified mechanisms (Bonny et al, 2001, Bzoet al, 2014, Chan et al, 2011, Marroqui et

al, 2014). Importantly, the expression of DP5, at@n implicated in cytokine- and lipid-



mediatedp-cell death during ER stress, is regulated by JKlemhdent transcription factor c-
JUN (Cunha et al, 2012, Gurzov et al, 2009). JNg0 gdlays an important role in the activation
of CHOP downstream of nitric oxide (Chan et al, RORirot et al, 2007). Our current study is
the first to show that JNK acts as a master regulat UPR gene expression, controlling the
transition from adaptive to apoptotic UPR, and ¢bgrp-cell death. Therefore, JNK is a
potential target to restore XBP1:CHOP balance angrave B-cell survival in response to

inflammatory- and obesity-associated ER stress.

5. Conclusion

Our studies show for the first time that:ftgell survival during cytokine-mediated and lipoiox
ER stress is regulated by the balance between XB#1CHOP; 2) the IRE1/XBP1-mediated
adaptive UPR protects against hallmarkspafell failure associated with type 1 and type 2
diabetes; and 3) JNK is a crucial regulator of ttamsition from adaptive to apoptotic UPR
during ER stress. These observations reveal immonelecular mechanisms governifigell
survival during ER stress and support the targatingR function for the treatment of both type
1 and type 2 diabetes (Engin and Hotamisligil, 2@m@gin et al, 2013, Urano, 2014, Xiao et al,

2011).
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FigureLegends

Figure 1. Effect of IRE1/XBP1 inhibition on cytoldrmediated changes in gene expression and
B-cell death. MING cells (n=6) or mouse islets (n®fre incubated in the abser(@éite bars)

or presencelblack bars) of cytokines with or without 4u8c for 24 h. Chasge mRNA
expression (A, C-)Xbpl splicing (B), cell death (J) and cell viability YKn MING6 cells.
Changes in cell death in islets (L)p<0.05, **p<0.01, ***p<0.001 cytokine effect in each

group; 1p<0.05, T1<0.01, t1$<0.001 4u8c effect in each treatment group.

Figure 2. XBP1 deficiency in islets potentiatesogyne-induced cell death. 4-Hydroxytamoxifen
-treated islets from control and XHB1"* Pdx1-CréR mice were incubated in the absence
(white bars) or presencéblack bars) of cytokines for 24 h. Changes in mRNA expresgiii)
and cell death (I). n=4-7 px0.05, **p<0.01, ***p<0.001 cytokine effect in each grauip<0.05,

t1p<0.01, 11$<0.001 genotype effect in each treatment group.



Figure 3. Effect of siRNA-mediated silencing of XBRand CHOP on cytokine-mediated
changes in gene expression and cell death. MINS trainsfected with either negative control
non-targeting siRNAwhite bars) or sSiRNA against XBP1b{ack bars), CHOP (ight grey bars)

or both XBP1 and CHORJérk grey bars) were cultured in the absence or presence of oysk
for 6 h. Changes in protein levels (A; n=3-5), mRE®pression (B-I; n=4-6) and cell death (J;
n=4-6). *<0.05, **p<0.01, ***p<0.001 versus siControl; p¥0.05, 1$<0.01, T1p<0.001

versus siXBP1.

Figure 4. Effect of siRNA-mediated silencing of XBRand CHOP on palmitate-mediated
changes in gene expression and cell death. MIN6 trainsfected with either negative control
non-targeting siRNAwhite bars) or siRNA against XBP1b{ack bars), CHOP (ight grey bars)

or both XBP1 and CHORIJé&rk grey bars) were cultured in the absence or presence of patieni
for 24 h. Changes in protein levels (A; n=3-4), mRBpression (B-I; n=5) and cell death (J;
n=5). *p<0.05, *p<0.01, ***p<0.001 versus siControl;p¥x0.05, P<0.01, t1Pp<0.001 versus

SiXBP1.

Figure 5. Effect of IRE1/XBP1 inhibition on the cfgges in UPR gene expression and cell death
in NOD mouse islets. Islets from control and NOzenat 5-6 weeks of age were cultured in the
absence (controlwhite bars, and NOD, black bars) or presence (NODstriped bars) of
IRE1/XBP1 inhibitor (4u8c) for 40 h. Changes in mRNxpression (A, C-lI; n=7-8)Xbpl
splicing (B; n=7-8) and cell death (J; n=10-11)<6.05, **p<0.01, ***p<0.001 genotype effect;

tp<0.05, 1$<0.01, t1Pp<0.001 4u8c treatment effect.



Figure 6. Effect of IRE1/XBP1 inhibition on the clges in UPR, antioxidant and inflammation
gene expression and cell deatholiiob mouse islets. Islets from C57BL/6J contanid ob/ob
mice were cultured in the absence (contwdhjte bars; and ob/ob, black bars) or presence
(ob/ob, striped bars) of IRE1/XBP1 inhibitor (4u8c) for 40 h. ChangasmRNA expression (A,
C-Q; n=7-8) Xbpl splicing (B; n=7-8) and cell death (R; n=7) p¥0.05, **p<0.01, ***p<0.001

genotype effect; #<0.05, t1<0.01, 11p<0.001 4u8c treatment effect.

Figure 7. Effect of JNK inhibition on cytokine-matitd changes in gene expression and cell
death. MING6 cells were incubated in the absefwhkite bars) or presencdgblack bars) of
cytokines with JNKi or negative control for 24 hh&hges in protein levels (A), mRNA
expression (B, D-J)Xbpl splicing (C) and cell death (K). Changes in insudecretion at 2.8
mM (white bars) and 25 mM(black bars) glucose (L). n=3-5; p<0.05, **p<0.01, ***p<0.001

cytokine effect in each groupp40.05, t1<0.01, 1t11p<0.001 INKi treatment effect.

Figure 8. Effect of JNK inhibition on the changesUWPR gene expression and cell death in
db/db mouse islets. Islets from C57BL/KsJ control aiiddb mice at 16 weeks of age were
cultured in negative control (contrathite bars, n=3-10;anddb/db, black bars, n=3-5) or JNKi
(db/db, striped bars, n=3-5) for 24 h. Changes in mRNA expression (A),Xbpl splicing (B)
and cell death (J). px0.05, **p<0.01, ***p<0.001 genotype effect; p¥0.05, 1$<0.01,

T11p<0.001 INKi treatment effect.
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Figs. S1. Effect of sSIRNA-mediated silencing of XB&d CHOP on cytokine-mediated changes
in protein levels. MING cells transfected with @thmegative control non-targeting siRNwhjte
bars) or siRNA against XBP1b{ack bars), CHOP (ight grey bars) or both XBP1 and CHOP
(dark grey bars) were cultured in the absence or presence of oyskor 6 h. XBP1 (A), CHOP
(B), pJNK1 (C) and pJNK2 (D) were quantified by diéometry. n=3-5. p<0.05, ***p<0.001

versus siControl; @<0.05 versus siXBP1

Figs. S2. Effect of siRNA-mediated silencing of XBRnd CHOP on palmitate-mediated
changes in protein levels. MIN6 cells transfecteith veither negative control non-targeting
SiRNA (white bars) or siRNA against XBP1b{ack bars), CHOP (ight grey bars) or both XBP1
and CHOP dark grey bars) were cultured in the absence or presence of patienfor 24 h.
XBP1 (A), CHOP (B), pJNK1 (C) and pJNK2 (D) wereantified by densitometry. n=3-4.

** p<0.01, ***p<0.001 versus siControl; p%0.01, t11H<0.001 versus siXBP1.

Figs. S3. Changes iKbpl mRNA expression in islets of diabetes-praii¥db and diabetes-
resistantob/ob mice at 6 and 16 weeks of age. Islets were isblitan 10 C57BL/KsJ control
and 8 pre-diabetidb/db mice at 6 weeks of age, 15 C57BL/KsJ control aaddlibbeticdb/db
mice at 16 weeks of age, 6 C57BL/6J control andbfeb mice at 6 weeks of age, and 5
C57BL/6J control and @b/ob mice at 16 weeks of age. mRNA levels were exptessefold-
change of the levels in respective age-matchedasnrepresented by the dashed line). Shown
are changes in islets db/db andob/ob mice at 6 White bars) and 16 klack bars) weeks of age.

*p<0.05, *p<0.01, ***p<0.001 genotype effect in each age group



Figs. S4. Effect of JNK inhibition on cytokine-matkd changes in protein levels. MING cells
were incubated in the absengehite bars) or presencéblack bars) of cytokines with JNKi or

negative control for 24 h. pJNK1 (A), pJNK2 (B)cpJUN (C), XBP1 (D) and CHOP (E) were
guantified by densitometry. n=3-5p%0.05, **p<0.01, ***p<0.001 cytokine effect in each

group; T1<0.01, t11p<0.001 INKi treatment effect.

Figs. S5. Time-dependent changes in mRNA expressibnUPR genes after cytokine
stimulation. MING6 cells were incubated in the alzsefwhite bars) or presencéblack bars) of
cytokines for 3, 6 or 24 h. n=3-12p<0.05, *p<0.01, ***p<0.001 cytokine effect at the same

time point.
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Supplementary Figure S1
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Supplementary Figure S2
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Supplementary Figure S3
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Supplementary Figure S4
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Supplementary Figure S5
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SUPPLEMENTARY DATA

Supplementary Table S1. Sequences of oligonucleotide primers.

Gene symbol

5' Oligonucleotide

3' Oligonucleotide

Bip (Hspab, Grp78)

Catalase (Cat)
Ccl2 (MCP-1)
Chop (Ddit3)
Cxcll (Grol)
Cyclophilin A
Edeml

Erp72 (Pdiad)
Fas

Fkbpll

GPx (Gpx1)
Grp94 (Hsp90bl)
HO-1 (Hmox1)
IL-18

IL-6

Trib3

Xbpl

Xbpl (Splicing)

AGGACAAGAAGGAGGATGTGGG
ATGAAGCAGTGGAAGGAGCAGC
CCACTCACCTGCTGCTACTCATTC
TTCACTACTCTTGACCCTGCGTC
CAAACCGAAGTCATAGCCACACTC
TGTGCCAGGGTGGTGACTTTAC
GCAATGAAGGAGAAGGAGACCC
AGTCAAGGTGGTGGTGGGAAAG
AACCAGACTTCTACTGCGATTCTCC
ACACGCTCCACATACACTACACGG
ACAGTCCACCGTGTATGCCTTC
AAACGGCAACACTTCGGTCAG
CCACACAGCACTATGTAAAGCGTC
TGTTCTTTGAAGTTGACGGACCC
CAAGAGACTTCCATCCAGTTGCC
TCTTCAGCAACTGTGAGAGGACG
GCAGCAAGTGGTGGATTTGG
AAACAGAGTAGCAGCGCAGACTGC

ACCGAAGGGTCATTCCAAGTG
CTGTCAAAGTGTGCCATCTCGTC
TCTGGACCCATTCCTTCTTGG
CACTGACCACTCTGTTTCCGTTTC
TTGTCAGAAGCCAGCGTTCAC
TGGGAACCGTTTGTGTTTGG
TAGAAGGCGTGTAGGCAGATGG
TGGGAGCAAAATAGATGGTAGGG
CCTTTTCCAGCACTTTCTTTTCCG
ATGACTGCTCTTCGCTTCTCTCCC
CTCTTCATTCTTGCCATTCTCCTG
GCATCCATCTCTTCTCCCTCATC
GTTCGGGAAGGTAAAAAAAGCC
CCACAGCCACAATGAGTGATACTG
CATTTCCACGATTTCCCAGAGAAC
TCCAGACATCAGCCGCTTTG
AGATGTTCTGGGGAGGTGACAAC
GGATCTCTAAAACTAAGGCTTGGTG

Aliases of gene symbols given in parenthese



