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ORIGINAL

RESEARCH

CHOP Contributes to, But Is Not the Only Mediator of,
IAPP Induced B-Cell Apoptosis

T. Gurlo,* J. F. Rivera,* A. E. Butler, M. Cory, J. Hoang, S. Costes,
and Peter C. Butler

Larry L. Hillolom Islet Research Center, Department of Medicine, David Geffen School of Medicine,
University of California, Los Angeles, California 90095-7073

The islet in type 2 diabetes is characterized by B-cell loss, increased B-cell apoptosis, and islet
amyloid derived from islet amyloid polypeptide (IAPP). When protein misfolding protective mech-
anisms are overcome, human IAPP (h-IAPP) forms membrane permeant toxic oligomers that
induce B-cell dysfunction and apoptosis. In humans with type 2 diabetes (T2D) and mice transgenic
for h-IAPP, endoplasmic reticulum (ER) stress has been inferred from nuclear translocation of
CCAAT/enhancer-binding protein homologous protein (CHOP), an established mediator of ER
stress. To establish whether h-IAPP toxicity is mediated by ER stress, we evaluated diabetes onset
and B-cell mass in h-IAPP transgenic (h-TG) mice with and without deletion of CHOP in comparison
with wild-type controls. Diabetes was delayed in h-TG CHOP™/~ mice, with relatively preserved
B-cell mass and decreased B-cell apoptosis. Deletion of CHOP attenuates dysfunction of the au-
tophagy/lysosomal pathway in B-cells of h-TG mice, uncovering a role for CHOP in mediating
h-IAPP-induced dysfunction of autophagy. As deletion of CHOP delayed but did not prevent
h-1APP-induced B-cell loss and diabetes, we examined CHOP-independent stress pathways. JNK, a
target of the IRE-1pTRAF2 complex, and the Bcl-2 family proapoptotic mediator BIM, a target of
ATF4, were comparably activated by h-IAPP expression in the presence and absence of CHOP.
Therefore, although these studies affirm that CHOP is a mediator of h-IAPP-induced ER stress,
it is not the only one. Therefore, suppression of CHOP alone is unlikely to be a durable
therapeutic strategy to protect against h-IAPP toxicity because multiple stress pathways are
activated. (Molecular Endocrinology 30: 446-454, 2016)

he islet in type 2 diabetes (T2D) is characterized by a

deficit in B-cell mass, increased B-cell apoptosis, and
islet amyloid (1). The amyloid is composed of islet amy-
loid polypeptide (IAPP), a protein coexpressed and cose-
creted with insulin by pancreatic B-cells (2). This islet
pathology is reproduced in other species vulnerable to
T2D such as nonhuman primates (3).

A potential contribution of IAPP misfolding in the
pathogenesis of B-cell dysfunction and loss in T2D is sup-
ported by studies employing transgenic rodents that ex-
press human TAPP (h-IAPP). In both h-TAPP transgenic
(h-TG) mice and rats (4-7), diabetes develops as a con-
sequence of a loss of B-cell mass with increased B-cell
apoptosis. This pathology is in part due to membrane
disruptive toxic oligomers of h-IAPP which form intracel-
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lularly in B-cells of both humans with T2D (8) and h-TG
transgenic mice (9). The resulting B-cell dysfunction and
apoptosis have been ascribed to both oxidative stress (10)
and endoplasmic reticulum (ER) stress (7, 11). The im-
portance of the propensity of h-TAPP to form intracellular
toxic oligomers in the induction of ER stress, B-cell apopto-
sis and diabetes has been demonstrated by the absence of
toxic oligomers and ER stress (revealed by nuclear translo-
cation of CCAAT/enhancer-binding protein homologous
protein [CHOP]) in mice with comparable transgenic over-
expression of nonamyloidogenic rodent IAPP (7, 8). Sus-

*T.G. and J.F.R. are joint first authors.

Abbreviations: ATF4, activating transcription factor 4; Bcl-2, B cell lymphoma-2; BIM, Bcl-2
interacting mediator of cell death; CHOP, CCAAT/enhancer-binding protein homologous
protein; elF2«, eukaryotic initiation factor 2-a subunit; ER, endoplasmic reticulum; GADD,
growth arrest and DNA damage-inducible protein; GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase; h-IAPP, human IAPP; h-TG, h-IAPP transgenic; IAPP, islet amyloid poly-
peptide; IRE-1pTRAF2, Inositol-requiring enzyme 1 Phosphorylated TNF receptor-associ-
ated factor 2; JNK, c-Jun N-terminal kinase; p-BIM, Phosphorylated BIM; p-JNK, Phosphor-
ylated JNK; PERK, protein kinase-like ER kinase; RT, room temperature; T2D, type 2
diabetes; TUNEL, TdT-mediated dUTP nick-end labeling; UCLA, University of California,
Los Angeles; UPR, unfolded protein response; WT, wild type.
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tained activation of the unfolded protein response (UPR)-
induced transcription factor CHOP has been credited with
playing a central role in the transition from cellular protec-
tion afforded by the UPR to induction of apoptosis by ER
stress (12, 13). To this end, it has been proposed that dem-
onstration of a delay in B-cell failure and diabetes onset by
CHOP deletion is a requirement to establish ER stress as a
mechanism subserving B-cell failure (12).

In the present studies our primary goal was to establish
whether h-IAPP-induced B-cell toxicity meets that definition
of ER stress. Specifically, we addressed this by testing the
hypothesis that deletion of CHOP delays diabetes onset in
h-TG mice. Having established that deletion of CHOP de-
lays rather than prevents diabetes, we further investigated
the pathways through which toxic h-TAPP induced B-cell
loss in the absence of CHOP signaling.

Materials and Methods

Mouse models

Mice were bred and housed at the University of California,
Los Angeles (UCLA) animal housing facility. The UCLA Insti-
tutional Animal Care and Use Committee approved all surgical

and experimental procedures. Animals were maintained on a
12-hour light, 12-hour dark cycle with Harlan Teklad Rodent

>
o]
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Diet 8604 and water ad libitum. Males were used for the
experiments.

CHOP (B6.129S-Ddit3"1P"/] CHOP-10) knockout
(CHOP™'7) mice were obtained from The Jackson Labora-
tory. CHOP™'~ mice were backcrossed to the FVB back-
ground for 9 generations. Control wild-type FVB mice were
originally purchased from Charles Rivers Laboratory and
bred at UCLA. These CHOP '~ mice were then crossbred
with the homozygous h-TG mouse model (h-TG: FVB-
Tg(IAPP)6]dm/Tg(IAPP)6]dm) described previously (4).
This breeding scheme generated 4 groups of mice: WT,
CHOP ™7, h-TG, and h-TG CHOP ™'~ mice. h-TG and h-TG
CHOP ™'~ mice were homozygous for h-IAPP; only males
were used in the study. Mice were followed for 14 weeks
obtaining fasting blood glucose and body weight, unless the
blood glucose was greater than 300 mg/dL, in which case they
were euthanized at that time point to avoid distress. For
blood glucose measurement, mice were fasted overnight be-
tween 16-18 hours. Blood was taken from the tail of mice

and measured using a FreeStyle Lite blood glucose meter
(Abbot).

Islet isolation

After overnight fast, animals were euthanized using isoflu-
rane. The bile duct was clamped at the entrance to duodenum,
cannulated, and pancreas was perfused with 2 mL of collage-
nase solution (HBSS [Invitrogen] supplemented with 25mM
HEPES [Invitrogen], 0.23 mg/mL liberase [Roche], and 0.1
mg/mL DNase [Roche]). Pancreas was removed, transferred
into a glass vial containing 2 mL of ice-cold collagenase solution
(2 pancreata per vial), digested for 19
minutes at 37°C, then dispersed by shak-
ing for 30 seconds. Islets were manually
picked, washed with ice-cold PBS, and

2.5 *k *kk 0.6 *kk *kk
s ' ' ' 2 ' ' ' lysed in lysis buffer (50mM HEPES, 1%
€ 20 P Nonidet P-40, 2mM Na;VO,, 100mM
$5,5 804 NaF, 10mM PyrPO,, 4mM EDTA,
§~ e § 0.3 1mM Phenylmethanesulfonyl fluoride,
851-0 g 02 1. gg/mL leupeptip, and 1 .pug/mL apro-
3 05 7 tinin). After 20 minutes of incubation in
5 © 01 lysis buffer on ice, islets were sonicated
0.0 0.0 for 10 seconds and centrifuged at 10 000
WT CHOP” h-TG h-TG WT  CHOP” h-TG h-TG rpm at 4°C for 10 minutes. Supernatant
CHOP CHOP” was stored at —80°C until use for subse-

Insulin

Figure 1. CHOP knockdown in mice expressing h-IAPP. A, Quantitative RT-PCR for CHOP was
performed in isolated islets from 9-week-old mice (WT n = 4, CHOP™~ n = 3, h-TG n = 4, and
h-TG CHOP~'~ n = 3 with fasting blood glucose levels 68.8 = 2.8, 71.2 = 5.1, 79.3 + 8.0, and
60.3 + 6.2 mg/dL, respectively). B, Frequency of cells double-positive for CHOP and insulin in
9-week-old mice (n = 4 per group with fasting blood glucose levels 76.5 = 3.0, 52.6 = 3.0,
68.8 + 5.0, and 58.6 *+ 4.5 mg/dL for WT, CHOP~'~, h-TG, and h-TG CHOP~’~, respectively).
C, Representative immunofluorescence images: CHOP in red, insulin in green, and nuclei in blue
(DAPI). Inset is a higher magnification of a nucleus stained for CHOP. Data are expressed as

mean = SEM; **, P < .01; ***, P < .001.

quent protein determination by deter-
h-TG CHOP™ gent compatible protein assay (Bio-Rad)

- » and Western blotting. For each sample
' for Western blotting, islets from 2-4
mice were pooled.

Western blotting

Proteins (25-40 ug/lane) were sepa-
rated on a 4%-12% Bis-Tris NuPAGE
gel and blotted onto a Polyvinylidene
fluoride membrane (FluoroTrans; Pall
Life Sciences). Membranes were probed
overnight at 4°C with primary antibod-
ies against cleaved caspase-3, Glyceral-
dehyde 3-phosphate dehydrogenase
(GAPDH), JNK, p-JNK, Microtubule-
associated proteins 1A/1B light chain 3B
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(LC3B), Bcl-2 interacting mediator of cell death (BIM), Phos-
phorylated BIM (p-BIM, Cell Signaling Technology), growth
arrest and DNA damage-inducible protein (GADD)34 (Santa
Cruz Biotechnology, Inc), and p62 (GP62-C, Progen Biotech-
nik). Horseradish peroxidase-conjugated secondary antibodies
were from Zymed Laboratories or Invitrogen. Proteins were
visualized by enhanced chemiluminescence (Millipore), and
protein expression levels were quantified using the Labworks
software (UVP).

RNA isolation, RT-PCR, and real-time quantitative PCR

Total RNA was extracted using the RNeasy Mini kit (QIAGEN)
performing on-column DNase digestion with RNase-Free
DNase Set (QIAGEN), according to the manufacturer’s instruc-
tions. A total of 0.25 pg of RNA was used for preparation of
single stranded cDNA using Superscript III Reverse Transcrip-
tase (Invitrogen) by the oligo-dT priming method. Real-time
quantitative PCR was performed with 700 ng of cDNA using
the LightCycler FastStart DNA Master®™™ " SYBR Green I kit
(Roche) and the LightCycler PCR equipment (Roche). The oli-
gonucleotide primers were: 5'-GCTGCCCTATACCCACAT
CT-3' and 5'-CGCCTTCATCCGAGAAAC-3’ for CHOP;
5'-CTGCCCTATACCCACATCT-3' and 5'-CGCCTTCATC-
CGAGAAAC-3' for p62/SQSTM1; 5'-ATGATGGCTTGGC-
CAGTG-3’ and 5'-CCATTTTCTCCAACATCCAATC-3’ for
activating transcription factor 4 (ATF4); and 5'-GTCTCCTTC-
GAGCTGTTTGC-3' and 5'-AGCCAAATCCTTTCTCTCCA-3’
for Cyclophilin. All measurements were normalized to the house-
keeping gene Cyclophilin.

Mol Endocrinol, April 2016, 30(4):446-454

Tissue collection

After an overnight fast, animals were euthanized using iso-
flurane. Pancreas was immediately resected, blotted dry,
weighed, and then fixed in 4% paraformaldehyde for 24 hours
at 4°C followed by paraffin embedding. Subsequently, 4-um
tissue sections were obtained through the maximal plane of
pancreas possible and mounted on glass slides.

Immunofluorescent and immunohistochemistry
staining
To confirm the deletion of CHOP in CHOP ™/~ mice, sec-
tions were immunostained for CHOP and insulin as follows.
Slides were rehydrated in 2 toluene washes followed by 3 etha-
nol washes and water. Then, slides were blocked for 1 hour in
3% BSA/TBS/0.2% Triton X-100 and incubated for 72 hours at
4°C with rabbit anti-CHOP (1:200, catalog number sc-575;
Santa Cruz Biotechnology, Inc) diluted in 3% BSA/TBS/0.2%
Tween 20, followed by 1-hour treatment at room temperature
(RT) with secondary antibody conjugated to Cy3 (1:200; Jack-
son ImmunoResearch). Slides were then stained for insulin using
guinea pig anti-insulin antibody (1:200, ON, +4°C, catalog
number ab7842; Abcam) and donkey-derived secondary anti-
body conjugated to FITC (1:200, RT, 1 hour; Jackson Immu-
noResearch). Slides were mounted with Vectashield with DAPI
(Vector Laboratories), viewed and imaged using a Leica
DM6000 microscope (Leica Microsystems) at X200 magnifica-
tion (X20 objective) and OpenLab 5.0 software (Improvision).
The frequency of CHOP-positive B-cells was assessed as de-
scribed below for Ki67 and TUNEL-positive cells.
To assess B-cell proliferation and ap-
optosis, we performed immunofluores-

A B cent staining of adjacent sections of pan-
300 creas with 1) mouse anti-Ki67 antibody
3 ;E$g CHOP* = % ;R$g CHOP (1:50, ON, +4°C3 catalog number
S g 550609; BD Pharmingen) followed by
35 200 220 guinea pig antiinsulin antibody; or 2)
3 E’ 3 § z stained by TUNEL (In Situ Cell Death
2 100 8 10 Detection AP kit, catalog number
2 2 11684809910; Roche) and guinea pig
9 9 anti-insulin antibody.
- o 6 7 8 5 10 11 12 13 12 -0 6 7 8 0 11 12 13 12 qu B-ce;ll mass measurements, pan-
Age, wk Age, wk creatic sections were immunostained for

C

100

" h-T

-TG
2 h-TG CHOP”

80
60
40
20

% of diabetic mice

0

6 7 8 9

10 11
Age, wk

Figure 2. CHOP deficiency results in the delay in diabetes onset in mice expressing h-IAPP.
Fasting blood glucose (A) and fasting body weight (B) over the course of study. Each bar
represents n = 3-18 for h-TG (n = 1 at 14 wk) and n = 9-26 for h-TG CHOP~/~ mice. Data are
expressed as mean = SEM; *, P < .05 (2-tailed unpaired Student's t test). C, Percent of diabetic
mice over the course of study. Diabetes development was monitored in 18 h-TG and 27 h-TG
CHOP™'~ mice by weekly measurements of blood glucose after overnight fasting. A mouse was

considered diabetic if the blood glucose level was 126 mg/dL or higher.

12 13 14

insulin and counterstained with hema-
toxylin. Briefly, slides were rehydrated
as above. They were then blocked in 3%
H,0,/10% methanol for 30 minutes at
RT. Slides were washed in TBS/0.1%
Tween followed by a second blocking
step in Tris B buffer (0.1M Trizma base,
2% BSA, 0.85% NaCl, and 0.1% Triton
X-100) for 1 hour at RT. Slides were
incubated with guinea pig anti-insulin
antibody diluted in Tris B (1:100). The
next day slides were incubated in Biotin
donkey anti-guinea pig diluted in Tris B
(1:100) and ABC peroxide solution was
added for 1 hour at RT. Following this
was the addition of 3,3’-diaminobenzi-
dine (DAB) solution for approximately
1-2 minutes (when brown deposits were
observed). Slides were then incubated in
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hematoxylin for 7 seconds, followed by washes in ethanol and
toluene before they were cover slipped.

B-Cell mass

The entire pancreatic section stained for insulin by IHC was
imaged at X40 magnification (X4 objective) using an Olympus
IX70 inverted microscope. The pancreatic cross-sectional area pos-
itive for insulin and the total pancreas cross-sectional area were
digitally quantified using Image Pro Plus software (Image Pro Plus
version 4.5.1; Media Cybernetics) to determine the ratio of B-cell
area to pancreas area. The resulting ratio was multiplied by the
pancreas weight to obtain the B-cell mass in each mouse.

Replication and apoptosis

We quantified the impact of CHOP deletion on B-cell turnover
in 5 mice per group (WT, CHOP™'~, h-TG, and h-TG CHOP ™'~
mice) at age 9 weeks; this age was chosen to avoid the confounding
effects of varying blood glucose concentrations. All islets in the
section were imaged using a Leica DM6000 microscope using X20
objective (X200 magnification) and OpenLab 5.0 software. The
frequency of B-cell replication and apoptosis were determined by
manually counting 1) all B-cells contained in each pancreatic cross-
section, 2) Ki67-positive nuclei present within B-cells, and 3)
TUNEL-positive nuclei within B-cells. Strict criteria were used for
determining Ki67 or TUNEL positivity in B-cells: more than 2/3 of
the perimeter of the nucleus must be surrounded by insulin, the
nuclear contours of the Ki67 or TUNEL stain must match those of
DAPI in addition to exactly overlapping, and the nucleus must be
present in the same plane as the B-cell in question. The mean num-
ber of B-cells counted per pancreatic cross section was 3304 = 564

A B

press.endocrine.org/journal/mend 449

for WT, 2850 = 503 for CHOP '~ 2191 =+ 304 for h-TG and
2389 + 640 for h-TG CHOP ™'~ mice. The frequency of Ki67 and
TUNEL-positive nuclei were expressed as a percentage of total
number of B-cells in the pancreatic cross-section. The same ap-
proach was used for assessment of frequency of B-cells with nuclear
CHOP.

Statistical analysis

Results are expressed as the mean = SEM for n independent
experiments, as indicated in figure legends. Statistical analyses
were carried out by Student’s ¢ test or ANOVA followed by
Fisher’s post hoc test for multiple comparisons using Statistica
(StatSoft). P < .05 was taken as evidence of statistical signifi-
cance; *, P < .05; **, P < .01; *** P < .001.

Results

Deletion of CHOP delays the onset of diabetes in
h-TG mice

Deletion of CHOP was confirmed by real time RT-
PCR analysis for CHOP mRNA in isolated islets (Figure
1A) and for CHOP protein expression by immunohisto-
chemistry in pancreas sections 9-week-old WT,
CHOP~'~, h-TG, and h-TG CHOP~'~ mice (Figure 1, B
and C). Deletion of CHOP delayed diabetes onset in
h-TG mice but had no effect on body weight over the
period of the study (Figure 2, A and B, respectively). By 12
weeks of age, 89% of h-TG mice de-
veloped diabetes (had fasting blood
glucose 126 mg/dL or higher) in con-
— trast to 40% of h-TG CHOP ™'~

0.41
2.0 031

0.2
1.0

0.11

Beta-cell mass (mg)
TUNEL+Ins+ cells, %

0.0 0.0-
WT CHOP” h-TG h-TG WT
CHOP*

C 12

CHOP/ h-TG

mice (Figure 2C). By the terminal
point of the experiment at 14 weeks
of age, 100% of h-TG mice and
67% of mice in h-TG CHOP™'~
group were diabetic. Note that be-
cause mice with blood glucose
greater than 300 mg/dL were eutha-
nized to avoid distress, the differ-
ences in blood glucose values be-

h-TG
CHOP”*

Cl. Caspase-3 -

Actin

e e b ) () G ) b

Cl. Caspase-3 D

GAPDH

e L ey e e

Cl. C3/GAPDH (fold vs. WT)

WT CHOP”| h-TG| h-TG

CHOP*

Figure 3. CHOP deficiency delays B-cell loss in h-TG mice. A, B-cell mass in 10-week-old mice
(n = 6 per group). B, The frequency of TUNEL-positive g-cells in 9-week-old mice in WT, CHOP™/~,
h-TG, and h-TG CHOP~'~ mice (n = 5 per group). C, Cleaved caspase-3 levels in islet lysates
from 9-week-old mice detected by Western blotting (n = 4 per group). Actin or GAPDH were
used as loading control. Data are expressed as mean = SEM; *, P < .05; ***, P < .001.

WT CHOP” h-TG h-TG

tween the groups in Figure 2A are
therefore conservative because more
mice in the h-TG group were eutha-
nized before 14 weeks of age than in
the h-TG CHOP ™'~

Deletion of CHOP preserves f3-
cell mass in h-TG mice by
providing protection against
B-cell apoptosis

In order to address the hypothesis
that CHOP signaling contributes to
h-IAPP-induced ER stress-induced

CHOP-
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B-cell apoptosis, we quantified B-cell mass in each group
of mice at 10 weeks of age. As expected, there was a
deficit in B-cell mass in h-TG mice compared with WT
mice (0.45 * 0.13 vs 2.16 = 0.33 mg, P < .001) (Figure
3A). However, B-cell mass was relatively preserved in
h-TG CHOP ™'~ vs h-TG mice (1.09 = 0.14 vs 0.45 +
0.13 mg, P < .05).

To establish whether the preservation of B-cell mass
was due to attenuation of B-cell apoptosis, we quantified
the frequency of TUNEL-positive B-cells in pancreatic
sections from WT, CHOP ', h-TG, and h-TG
CHOP™'~ mice (n = 5 per group). To avoid possible
confounding effects of elevated glucose levels on B-cell
apoptosis, for analysis we selected pancreata from
9-week-old mice with similar fasting blood glucose levels
within the normal range (76.5 = 3.0, 52.6 = 3.0, 68.8 =
5.0,and 58.6 *+ 4.5 mg/dL for WT, CHOP '~ h-TG, and
h-TG CHOP ™'~ respectively). In accordance with the
previously reported data on the increase in 3-cell apopto-
sis in h-TG rodents (5-7), the frequency of TUNEL-pos-

Mol Endocrinol, April 2016, 30(4):446-454

itive B-cells in h-TG mice was 0.36 = 0.09% (Figure 3B)
while hardly detectable in WT mice. Although TUNEL-
positive B-cells in h-TG CHOP ™'~ mice were detectable,
B-cell apoptosis was decreased by 50% compared with
h-TG mice (0.17 *+ 0.08%, P < .05). The attenuation of
apoptosis in h-TG CHOP ™'~ mice was confirmed by the
levels of cleavage of caspase-3 in isolated islets from each
group measured by Western blotting. The level of
cleaved caspase-3 was increased in h-TG mice com-
pared with WT mice (3.5 = 1.7-fold, P < .05). In
support of the hypothesis that h-TAPP-induced B-cell
apoptosis is mediated in part through induction of
CHOP, cleavage of caspase-3 was decreased in the ab-
sence of CHOP (P < .05) (Figure 3C).

To ensure that the relative preservation of B-cell mass
with deletion of CHOP was not due to an unexpected
increase in B-cell replication, we also quantified B-cell
replication in the same 9-week-old mice we used for
TUNEL analysis (n = § per group). B-Cell replication,
measured by Ki67" nuclear immunostaining, was com-

parable in h-TG and h-TG
CHOP™'~ mice (1.22 = 0.18% vs
ns. 1.33 £ 0.25%, P = .71). B-Cell rep-

A B 5 * %
4
tggl'l [0 o e vt e e - 2]
p62 | ———--—-—| 3

GAPDH ‘ -————---|

WT CHOP* h-TG h-TG

CHOP”*

LC3II/GAPDH (fold vs. WT)
N

WT CHOP”

O
O

1.2

0.8

0.4

p62/GAPDH (fold vs. WT)
p62/cyclophilin mMRNA ratio

h-TG
CHOP

WT CHOP* h-TG h-TG

Figure 4. CHOP deficiency ameliorates autophagy/lysosomal defect induced by h-IAPP. A,
Western blotting for autophagy markers: LC3Il and p62 in islets from 9-week-old mice. GAPDH is
used as a loading control. B, Quantification of Western blotting for LC3Il (n = 4—6 per group).
C, Quantification of Western blottings for p62 (n = 4-6 per group). D, p62 mRNA levels were
assessed by quantitative PCR (n = 4 per group). Data are expressed as mean + SEM; **, P <

.01; *** P < .001; n.s., not significant.

lication was also comparable in
CHOP™~ and WT mice (1.05 =
0.15% vs 0.70 = 0.23%, P = .24).
In summary, these data support the
hypothesis  that h-IAPP-induced
B-cell apoptosis, and consequent
loss of B-cell mass, is mediated at
least in part through induction of
CHOP and thus through the ER

stress pathway.
h-TG h-TG
CHOP” .
Deletion of CHOP attenuates

the action of high expression

— h-IAPP to induce a defect in the

autophagy/lysosomal pathway
The autophagy/lysosomal path-
way is critical for clearance of mis-
folded protein aggregates, and has
been shown to be critical in defense
against h-IAPP B-cell toxicity (14—
17). In keeping with other misfolded
protein diseases caused by intracel-
lular accumulation of amyloido-
genic proteins, cellular toxicity in-
duced by h-TAPP leads to defective
clearance of these aggregated pro-
teins as best demonstrated by accu-
mulation of the scaffold protein p62
that is usually delivered with its

h-TG
CHOP*
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cargo of misfolded proteins through the autophagy/lyso-
somal pathway (14). Previous studies have proposed that
sustained activation of CHOP contributes to suppression
of the autophagy/lysosomal pathway (18). To investigate
whether activation of CHOP contributes to the defect in
the autophagy/lysosomal pathway induced by h-IAPP, we
evaluated this pathway in h-TG CHOP ™'~ vs h-TG mice
(aged 9 wk). In islets of h-TG mice, accumulation of the
autophagosome marker LC3II (Figure 4, A and B) and the
sequestosome-1/p62 protein (Figure 4, A and C), sup-
ports previous reports of defective flux and protein clear-
ance through the autophagy/lysosomal pathway under
conditions of h-IAPP toxicity (14). The accumulation of
LC3II and p62 proteins was partially relieved by deletion
of CHOP in h-TG mice (Figure 4, A~C). The comparable
p62 mRNA levels in h-TG and h-TG CHOP™'~ mice
(Figure 4D) affirms that the decrease of p62 protein levels
in h-TG CHOP™'~ islets reflects increased clearance
rather than decreased synthesis. We conclude that CHOP
activation, under conditions of h-IAPP-induced ER stress,
might play a previously unrecognized role in constraining
flux through the autophagy/lysosomal pathway.

Mechanisms underlying sustained B-cell apoptosis
despite CHOP deletion in h-TG mice

An increased burden of ER misfolded proteins induces
activation of the protein kinase-like ER kinase (PERK)
limb of the UPR that transiently decreases the ER protein
synthetic burden by PERK induced inactivation (by phos-
phorylation) of eukaryotic initiation factor 2-a subunit
(eIF2a) (19). This transient protection is then reversed by
the paradoxical increased translation of ATF4 mRNA
that induces GADD34, an elF2«a phosphatase (20, 21).
Sustained activation of CHOP and ATF4 may thus induce
ER stress induced B-cell apoptosis by permitting over-
loading of the ER with misfolded proteins, a particular
problem in the case of a professional secretory cell ex-
pressing an amyloidogenic protein such as h-IAPP.

To address this, we measured ATF4 and GADD34
expression in WT, CHOP'~, h-TG, and h-TG
CHOP '~ mice. The ATF4 mRNA was increased in h-TG
mice compared with WT (Figure SA) and this increase
was sustained in h-TG CHOP ™'~ mice. The protein levels
of GADD34 measured by Western blotting followed the
same pattern (Figure $B). The increased GADD34 despite
deletion of CHOP is consistent with the recent findings
that ATF4 independently activates GADD34 (21).

To further investigate mechanisms underlying ongoing
B-cell apoptosis in h-TG CHOP™/~ mice, we examined
other ER stress related signals known to activate the ap-
optosis cascade. The phosphorylation of JNK (p-JNK), a
target of the IRE-1pTRAF2 complex (22), was similarly
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Figure 5. UPR sustained in CHOP-deficient h-TG mice. A,
Quantification of ATF4 mRNA in islets from 9-week-old mice (n = 4
per group). Data are expressed as mean = SEM; *, P < .05; **, P <
.01; n.s., not significant. B, Protein level of GADD34 in islet lysates
from 9-week-old mice (n = 4 per group).

increased in B-cells of h-TG and h-TG CHOP™/~ mice
compared with WT mice (Figure 6A). In addition, the B
Bcl-2 homology domain 3-only protein BIM that com-
petes with the anti-apoptotic Bcl-2 family members to
potentially liberate mitochondrial membrane permeant
proteins that initiate apoptotic pathways, was compara-
bly increased and phosphorylated in h-TG and h-TG
CHOP™'" islets (Figure 6, B and C).

In conclusion, deletion of CHOP delayed B-cell loss
and diabetes onset induced by high expression of h-TAPP,
affirming that h-IAPP acts in part through ER stress.
However, alternative pathways of ER stress, and likely
other mechanisms of h-IAPP-induced stress, bypass dele-
tion of CHOP and ultimately lead to loss of B-cell mass
and diabetes.
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(27). Under conditions of insulin re-
sistance, the burden of insulin and
IAPP protein folding and processing
per cell is increased further, particu-
larly in adult humans with minimal
capacity to expand B-cell mass (28,
29). Perhaps not surprisingly there-
fore, obesity induced insulin resis-
tance is an important risk factor for
development of T2D in humans, and
has been ascribed to both the in-
creased burden of protein folding as
well as lipotoxicity, either of which
may induce ER stress (23, 30). Both
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h-IAPP toxicity and lipotoxicity
have also been reported to compro-
mise the function of the autophagy/
lysosomal pathway that has been
shown to be critical in defending
B-cells from h-IAPP toxicity (1417,
31). The interplay between the au-
tophagy and apoptotic pathways is

o

WT  CHOP* h-TG h-TG WT
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Figure 6. CHOP deletion does not block activation of JNK- and BIM-dependent proapoptotic
pathways in h-TG mice. Quantitative analysis of Western blottings of protein lysates obtained
from islets of 9-week-old mice. A, Ratio of p-JNK to total JINK (n = 4 per group). B,
Quantification of Western blotting for total BIM (n = 4 per group). C, Quantification of Western
blotting for p-BIM (n = 4 per group). Data are expressed as mean = SEM; *, P < .05;

**x P < .001.

Discussion

The present studies were designed to test the hypothesis
that genetic deletion of CHOP delays diabetes onset in
mice expressing high levels of h-TAPP, and thus establish
that h-TAPP toxicity is mediated at least in part through
ER stress. That hypothesis was affirmed, but also brought
focus on CHOP-independent mechanisms of h-IAPP-in-
duced B-cell toxicity, because deletion of CHOP delays
but does not prevent h-IAPP-induced diabetes.

The ER is responsible for synthesis, proper folding and
transport of secretory proteins (12, 19, 20). Pancreatic
B-cells are long lived secretory cells that are required (in
humans) to express, fold, and process approximately 20
million proinsulin molecules a day per cell (23). IAPP, the
second major client protein of the ER in B-cells, is one of
the most aggregate-prone amyloidogenic proteins known
(24). Of interest, the vulnerability of species for develop-
ing T2D is defined by the propensity of IAPP to form toxic
oligomers, which is high in humans, nonhuman primates
and cats, but low in rodents (25, 26). Moreover, a genetic
mutation in IAPP that increases its propensity to form
oligomers is associated with an increased risk of T2D

CHOP

h-TG h-TG

b complex, and depends on both the

context and duration of the imposed
stress (18).

We reconfirmed here that mice
with high expression of h-IAPP de-
velop diabetes due to loss of B-cells
through B-cell apoptosis, character-
ized by activation and nuclear trans-
location of CHOP, reproducing the islet pathology in hu-
mans with T2D (7, 11). Moreover, we report that in the
absence of CHOP, h-IAPP-induced B-cell loss through
apoptosis is partially attenuated, resulting in a delay, but
not prevention, of diabetes onset. These data are consis-
tent with a partial contributory role of ER stress in the
mediation of h-IAPP toxicity (19). We further establish
that the critical autophagy/lysosomal pathway for B-cell
protection against h-IAPP-induced B-cell toxicity is par-
tially preserved by deletion of CHOP. This finding un-
covers a previously unappreciated role of CHOP in me-
diating the h-IAPP-induced defect in the autophagy/
lysosomal pathway. In the context of amino acid
deprivation induced ER stress, CHOP has been shown to
have a dual role in the cross talk between autophagy and
apoptosis, initially activating autophagy by transcription-
ally up-regulating key autophagy genes but, with pro-
longed amino acid deprivation, CHOP suppresses au-
tophagy and thus contributes to apoptosis (18). Although
it is well established that the autophagy/lysosomal path-
way is important in the clearance of misfolded amyloido-
genic proteins, and that cellular toxicity induced by these
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proteins induces a defect in this pathway (14-17, 32), the
mechanisms by which this defect occurs are yet to be fully
elucidated.

Although h-IAPP-induced B-cell loss and diabetes on-
set were delayed by deletion of CHOP, consistent with
other inducers of B-cell ER stress (13), h-IAPP toxicity
ultimately prevailed leading to diabetes. CHOP did not
protect against the activation of JNK, a target of the IRE-
1pTRAF2 complex, previously reported to be an effector
of h-IAPP-induced cytotoxicity (33). Because the PERK-
phosphorylated elF2a-ATF4 pathway increases expres-
sion of the P-elF2a phosphatase GADD34, the temporary
relief of the ER protein folding burden following activa-
tion of PERK is overcome. Also, the proapoptotic Bcl-2
family protein BIM is a target of PERK-ATF4 mediated
repression of miR-106b-25 cluster (34), offering an ex-
planation that despite CHOP deletion, BIM was compa-
rably increased by transgenic h-IAPP expression. Also,
BIM degradation is dependent on the ubiquitin protea-
some system that is dysfunctional under conditions of
h-TAPP toxicity due, at least in part, to h-TAPP-induced
deficiency of Ubiquitin carboxy-terminal hydrolase L1
(35, 36). Another ER stress-induced mediator of cell
stress predicted to elude CHOP deletion is ATF4-induced
Nucleotide-binding NACHT domain and Leucine-Rich
Repeat containing proteins (NLRP) inflammasome acti-
vation (37), a contributor to h-IAPP-induced B-cell stress
(38, 39). Furthermore, oxidative stress, a known media-
tor of h-IAPP-induced apoptosis (10, 17), eludes deletion
of CHOP (40).

Taken together, the present studies affirm that h-TAPP
toxicity in a mouse model of T2D is mediated at least in
part through ER stress induced by CHOP activation. In
keeping with other aggregate prone misfolded protein
induced cellular dysfunction, the downstream pathways
that lead to cellular dysfunction and stress are numerous
and complex. Strategies to accomplish sustained amelio-
ration of cytotoxicity mediated by misfolded protein ag-
gregates will likely require multiple simultaneous inter-
ventions, such as those targeted to suppress ER and
oxidative stress, and those to enhance mitochondrial re-
pair and oligomer elimination by increasing flux through
the autophagy (mitophagy)/lysosomal pathway. Efforts
to block initiation of these stress pathways by preventing
toxic oligomer formation might offer a more promising
therapeutic strategy.
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