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JUND regulates pancreatic b cell survival during
metabolic stress
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ABSTRACT

Objective: In type 2 diabetes (T2D), oxidative stress contributes to the dysfunction and loss of pancreatic b cells. A highly conserved feature of
the cellular response to stress is the regulation of mRNA translation; however, the genes regulated at the level of translation are often overlooked
due to the convenience of RNA sequencing technologies. Our goal is to investigate translational regulation in b cells as a means to uncover novel
factors and pathways pertinent to cellular adaptation and survival during T2D-associated conditions.
Methods: Translating ribosome affinity purification (TRAP) followed by RNA-seq or RT-qPCR was used to identify changes in the ribosome
occupancy of mRNAs in Min6 cells. Gene depletion studies used lentiviral delivery of shRNAs to primary mouse islets or CRISPR-Cas9 to Min6
cells. Oxidative stress and apoptosis were measured in primary islets using cell-permeable dyes with fluorescence readouts of oxidation and
activated cleaved caspase-3 and-7, respectively. Gene expression was assessed by RNA-seq, RT-qPCR, and western blot. ChIP-qPCR was used
to determine chromatin enrichment.
Results: TRAP-seq in a PDX1-deficiency model of b cell dysfunction uncovered a cohort of genes regulated at the level of mRNA translation,
including the transcription factor JUND. Using a panel of diabetes-associated stressors, JUND was found to be upregulated in mouse islets
cultured with high concentrations of glucose and free fatty acid, but not after treatment with hydrogen peroxide or thapsigargin. This induction of
JUND could be attributed to increased mRNA translation. JUND was also upregulated in islets from diabetic db/db mice and in human islets
treated with high glucose and free fatty acid. Depletion of JUND in primary islets reduced oxidative stress and apoptosis in b cells during
metabolic stress. Transcriptome assessment identified a cohort of genes, including pro-oxidant and pro-inflammatory genes, regulated by JUND
that are commonly dysregulated in models of b cell dysfunction, consistent with a maladaptive role for JUND in islets.
Conclusions: A translation-centric approach uncovered JUND as a stress-responsive factor in b cells that contributes to redox imbalance and
apoptosis during pathophysiologically relevant stress.

� 2019 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Insufficient secretion of insulin from pancreatic b cells underlies all
forms of diabetes. In type 2 diabetes (T2D), b cell failure is caused at
least in part by prolonged oxidative stress, which leads to impaired
insulin secretion, apoptosis, and loss of cell identity [1,2]. Thus,
elucidating the molecular mechanisms comprising the b cell stress
response is central to the development of novel therapeutic strategies.
Restricting these searches to the transcriptome of b cells, however,
risks missing key players in disease processes that undergo post-
transcriptional regulation. Specifically, regulation of mRNA translation
is a critical and highly conserved component of the cellular response to
stress [3].
b cells are particularly dependent on translational controls as evi-
denced by reduced b cell mass and permanent neonatal diabetes in
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patients with homozygous loss of the gene encoding EIF2AK3, a kinase
that reduces translation rates during stress [4]. Global translation rates
in b cells are responsive to nutrient excess, such as high free fatty acid
levels, and excess translation can lead to b cell dysfunction [5].
Furthermore, the acute adaptation of b cells to high levels of glucose
includes increased translation of the mRNA encoding proinsulin [6],
highlighting the importance of transcript-specific translational controls.
Translational regulation is often overlooked because rapid advances in
the depth and accuracy of RNA sequencing technologies have made
the measurement of mRNA abundance a convenient readout of gene
expression. Certain methodologies, including polysome profiling,
Translating Ribosome Affinity Purification (TRAP), RiboTag, and ribo-
some profiling, leverage the power of RNA-seq to study translation by
determining the relative density of ribosomes binding to mRNA, which
we will refer to as ribosome occupancy, on a genome-wide scale [7].
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Many studies have highlighted the use of these approaches to study
translational regulation under stress or disease conditions, leading to
the identification of novel stress-responsive factors and providing new
insights into mechanisms of disease [8e13].
For example, TRAP performed in INS-1 cells demonstrated a rapid
increase in ribosomes binding to the mRNA encoding thioredoxin-
interacting protein (TXNIP) during ER stress, which emphasized the
importance of this factor in modulating b cell apoptosis under stress
conditions [9]. Similarly, TRAP has been used to broadly characterize
changes in gene expression in endothelial cells and cardiomyocytes in
heart disease models [10].
In this study, we focus on translational regulation as a means to
identify novel stress-responsive factors influencing b cell adaptation
to diabetes-associated conditions. In particular, we perform TRAP
followed by RNA-seq in a PDX1-deficiency model to screen for
translationally regulated genes in b cells. This led us to examine the
translational regulation of JUND, a transcription factor previously
linked to regulating oxidative stress in other cell types [14,15], but the
role of which in b cells is unknown. In fibroblasts and endothelial
cells, loss of JUND increases reactive oxygen species (ROS) levels;
however, this effect has been attributed to the dysregulation of
distinct target genes [14,15], consistent with this factor playing cell-
type-specific roles.
JUND is a member of the Jun family of transcription factors, which
also includes C-JUN and JUNB. These factors form either homo- or
hetero-dimers among themselves or with factors from other tran-
scription factor families, including Fos, Atf, and Maf. Importantly, the
composition of these dimers dictates the DNA binding preference
and transcriptional effect of JUND [16]. Jund �/� mice have a
shortened lifespan and hyperinsulinemic hypoglycemia, possibly
due to hypervascularization of pancreatic islets [17]. However,
whether loss of JUND has cell-autonomous effects in b cells and
how this factor may influence adaptation to stress conditions are
unknown. Here, we uncover JUND as a novel stress-responsive
factor that is translationally upregulated in b cells during meta-
bolic stress. Assessments of oxidative stress and apoptosis in pri-
mary islets as well as transcriptome analyses indicate that JUND
promotes a maladaptive response in b cells during conditions
associated with T2D.

2. MATERIAL AND METHODS

2.1. Animals
Animal studies were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee. Wild type CD1 males
were purchased from Jackson Laboratory. Male db/dbmice (C57BLKS/
J Leprdb/db) or db/þ mice (C57BLKS/J Leprdb/þ) were purchased from
Jackson Laboratory. Blood glucose levels were determined by hand-
held glucometers (One Touch). Serum NEFA levels were determined by
fluorometric assay (Abcam). Mice were housed in a 12hr light/dark
cycle and had ad libitum access to food.

2.2. Lentivirus production
293T cells were transfected for 8 h in OptiMEM using Lipofectamine
2000 (Invitrogen), after which the media was changed to standard high
glucose DMEM. psPAX2 and pMD2.G were used for packaging and
envelope vectors. These plasmids were a gift from Didier Trono
(Addgene plasmid #12260 and # 12259). Media containing virus was
collected 2 and 3 days post-transfection. Ultracentrifugation of
collected media (19,000rpm for 1.5 h at 4 �C) was used to concentrate
virus. Lentivirus was titered by RT-PCR [18].
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2.3. Cell line culture
Min6 mouse insulinoma cells passage 20e30 were cultured in high
glucose DMEM as described [19], unless otherwise noted. For siRNA-
mediated depletion of Pdx1, cells were nucleofected by AMAXA with
siRNA for Pdx1 (Dharmacon L-040402-01) or non-targeting control
(Dharmacon D-001810-10) and collected 72hrs post-transfection. For
lentiviral infections, Min6 cells were transduced for 6 h with virus and
polybrene (Sigma) at 8ug/mL. Cells were allowed to recover for 4e5
days before collection or stress treatments. HEK293T cells were
cultured in DMEM containing 25 mM glucose.

2.4. GFP-RPL10A Min6 stable cell line
The GFP-RPL10A transgene was generated by cloning PCR amplified
fragments for GFP-RPL10A or GFP into the pBABE-puro retroviral
vector [20] digested with SalI. Retrovirus was produced in HEK293T
cells and added to Min6 cells, followed by two rounds of puromycin
selection (5 days, 2ug/mL).

2.5. Islet isolation and culture
Mouse islets were isolated from 6 to 12 week old CD1 male mice
unless otherwise noted. Briefly, ductal inflation of the pancreas was
performed followed by collagenase digestion (Roche 11213873001).
Islets were enriched by density gradient centrifugation with Ficolle
Paque (GE 45-001-751). After handpicking 3e4 times, islets were
collected for RNA/protein isolation or cultured overnight for recovery
from isolation and stress treatments were started the next day.
Human islets were obtained through the NIH-supported Human
Pancreas Analysis Program via the University of Pennsylvania Islet Core
facility. The islets were harvested from non-diabetic deceased donors
without any identifying information at NIH-approved centers with
informed consent and IRB approval at the islet isolation centers. Hu-
man islet donor characteristics are provided in Supplementary Table 1.
The culture media used for mouse and human islets was RPMI 1640
(11 mM glucose) supplemented with 10% FBS, 2 mM glutamine, 1 mM
sodium pyruvate, 10 mM HEPES, 1% antibiotic antimycotic (Thermo
15240096), and pH was adjusted to 7.3e7.4.

2.6. Islet transductions
Lentiviral infection of mouse islets was performed as described [21].
100e200 islets were cultured overnight in serum-free islet media
containing lentivirus at an MOI of 20.

2.7. Palmitate preparation and glucolipotoxicity conditions
Palmitate (SigmaeAldrich P9767) was dissolved in 50% ethanol at
65 �C and diluted in 10% fatty acid free BSA (SigmaeAldrich A7030)
to a concentration of 7 mM. The mixture was incubated at 37 �C for 1 h
to allow for conjugation before diluting in culturing media to a final
concentration of 0.5 mM. Control media was made by performing the
same procedure with 50% ethanol and no palmitate.
For islets, control media (described above) contained 11 mM glucose
with no added palmitate. Media for glucolipotoxic conditions contained
25 mM glucose with 500uM palmitate.
For Min6, control media (DMEM) contained 5.6 mM glucose with no
added palmitate while glucolipotoxic conditions had 25 mM glucose
and 500uM palmitate.

2.8. RNA isolation and RT-qPCR
For Min6, cells were washed 2X with cold PBS before addition of
TRIZOL (Invitrogen) and RNA was extracted according to manufac-
turer’s instructions. RNA was reverse transcribed with random hex-
amers using High Capacity cDNA Reverse Transcription Kit (Applied
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Biosystems). For islets, handpicked islets were washed 2X with cold
PBS and RNA was extracted using RNeasy Mini Kit (Qiagen). RNA was
reverse transcribed using oligo(dT) and Superscript III (Invitrogen).
Quantitative PCR (BioRad CFX384) was used to measure transcript
abundance and normalized to HPRT. See Supplementary Table 2 for a
list of primer sequences used for these analyses.

2.9. Western blot
Proteins were separated by SDS-PAGE and immunoblotted with the
following antibodies: rabbit anti-JUND (Santa Cruz, sc-74), mouse anti-
ATF4 (Santa Cruz, sc-390063), rabbit anti-cleaved caspase-3 (Cell
Signaling, 9664S), mouse anti-Tubulin (Sigma, T9026), mouse anti-
Ran (B.D. 610340), goat anti-GFP (Abcam, 6673), mouse anti-
RPL10A (Novus, 3G2), rabbit anti-RPL7 (Novus, NB100-2269), and
rabbit anti-RPS6 (Abcam, ab40820).

2.10. TRAP
TRAP was performed as described [22], with minor modifications.
Briefly, after stress treatments of GFP-RPL10A Min6 cells, cyclohexi-
mide (Sigma) was added to the culture media at 100ug/mL for 10 min
prior to washing 2X with cold PBS. Cells were lysed and protein
concentration was measured by BCA (Thermo). Total RNA was isolated
(1e5% input) with the RNeasy Mini Kit (Qiagen). For IP RNA, cell ly-
sates encompassing 200ug of protein were added to Protein G
Dynabeads bound to GFP antibodies (19C8 and 19F7, Memorial Sloan-
Kettering Monoclonal Antibody Facility) and incubated overnight at
4 �C. The next day, the beads were washed 4X with high salt buffer, as
described [22]. IP RNA was eluted from beads in RLT buffer and
extracted using the RNeasy Mini Kit. Ribosome occupancy was
determined by dividing transcript abundance for each gene in the IP
RNA fraction by its level in the Total RNA fraction. For TRAP followed by
RT-qPCR, RNA was reverse transcribed with random hexamers and
Superscript III (Invitrogen) and transcript abundance was first
normalized to HPRT for each fraction before determining ribosome
occupancy.

2.11. Cycloheximide chase assay
Min6 cells were cultured in control or glucolipotoxic conditions for
30hrs prior to treatment with cycloheximide at a concentration of
200ug/mL. Cells here harvested at 0hr, 3hr, 6hr, and 9hr time points
post-cycloheximide treatment and analyzed by western blot.

2.12. shRNA design and cloning
The lentiviral backbone was generated by cloning the rat insulin II
promoter (�405 to þ7 relative to the TSS), GFP, and the UltramiR mir-
30 scaffold [23] into pLenti CMV puro [24] by PCR and Gibson Assembly
(replaced CMV promoter with rat insulin promoter). shRNA sequences
were designed using the shERWOOD algorithm [23] (shJunD:
AGCAGCTCAAACAGAAAGTCC, shNT: GCGCGATAGCGCTAATAATTT).

2.13. CRISPR design and cloning
CRISPR gRNAs were designed using http://crispr.mit.edu/to minimize
off-target binding (ROSA26: AAGATGGGCGGGAGTCTTCT, JUND:
CAGCTTGCGCTTGCGGCATT). gRNAs were cloned into lentiCRISPR v2,
as described [25].

2.14. Immunofluorescence staining of isolated islets
Transduced islets were collected, dispersed to single cell suspension,
washed in PBS, and fixed for 10 min at room temperature in 4% PFA.
Fixed cells were attached to slides using cytospin. Following per-
meabilization (0.1% Triton x-100 for 10 min at room temperature),
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immunofluorescence staining was performed using the following an-
tibodies: guinea pig anti-insulin (Dako, A0564) and goat anti-GFP
(Abcam, 6673). Images were taken on a Keyence BZ-X700 micro-
scope and images were analyzed using the BZ-X Advanced Analysis
Software.

2.15. Oxidative stress measurement
For mouse islets, following stress treatment, 50e100 intact islets
were transferred to a polysterene round bottom tube and CellROX Deep
Red Reagent (Invitrogen) was added at 1:500 dilution to culture media
followed by incubation at 37 �C for 45 min. Islets were washed 2X with
PBS, dispersed to single cell suspension, attached to slides using
cytospin, and imaged using fluorescence microscopy (Keyence BZ-
X700 microscope). GFP signal was used to identify transduced cells
and the CellROX signal from each cell was quantified and normalized
by cell area using BZ-X Advanced Analysis Software. Signal from at
least 60 GFP positive cells was assessed for each condition per
experiment.
For Min6 cells, following stress treatment, CellROX Deep Red Reagent
(Invitrogen) was added at 1:500 dilution directly to culture media fol-
lowed by incubation at 37 �C for 30 min. Cells were washed 2X with
PBS and imaged using fluorescence microscopy (Keyence BZ-X700
microscope). Bright field images were used to determine cell areas
and CellROX signal was quantified from at least 6 imaging fields for
each group using BZ-X Advanced Analysis Software.

2.16. Caspase-3 and-7 activation assay
Following stress treatment, 50e100 intact islets were transferred to a
polysterene round bottom tube and fluorescent inhibitor of caspases
(FLICA) reagent (Image-iT LIVE Red Caspase-3 and -7 Detect kit,
Invitrogen) was added at 1:150 dilution followed by incubation at 37 �C
for 1 h. Islets were washed 2X with wash buffer (provided by manu-
facturer), dispersed to single cell suspension, attached to slides using
cytospin, and imaged using fluorescence microscopy (Keyence BZ-
X700 microscope). Double positive cells were determined using BZ-
X Advanced Analysis Software, and at least 200 GFP positive cells
were counted for each condition per experiment.

2.17. RNA-seq and analysis
RNA was isolated using the RNeasy Mini Kit (Qiagen). Libraries were
prepared using NEB Next Ultra RNA Library Prep Kit according to
manufacturer’s instructions with polyA enrichment followed by paired-
end sequencing of 150bp using HiSeq (Illumina). Reads were mapped
to mm10 using TopHat2 [26] and read counts per gene were deter-
mined using featureCounts [27]. For TRAP-seq analysis, ribosome
occupancy was calculated by dividing normalized gene counts in the IP
RNA samples by that in the total RNA samples. Differential expression
analysis was performed using edgeR [28] with significant genes called
using fold-change cutoffs of greater than 1.5 or less than �1.5 and
FDR less than 0.05. Gene ontology analysis was performed using
DAVID [29]. The overlap between RNA-seq data sets was determined
using hypergeometric tests.

2.18. Chromatin immunoprecipitation followed by qPCR
(ChIP-qPCR)
ChIP was performed as previously described [30], with the following
modifications. For each immunoprecipitation, 40ug of lysate was used
to prepare cross-linked chromatin and was immunoprecipitated using
6ug of JUND antibody (Santa Cruz, sc-74) or normal rabbit IgG (Santa
Cruz). Peak locations and primer sequences to detect JUND occupancy
are listed in Supplementary Table 3.
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2.19. Statistics
Data are presented as mean � standard error of the mean unless
otherwise noted in figure legends. Statistical analyses were performed
using GraphPad PRISM 7 software. Statistical tests used are noted in
figure legends and include unpaired two-tailed Student’s t-test, one-
way analysis of variance (ANOVA), two-way ANOVA, and hypergeo-
metric test.

2.20. Data availability
RNA-seq data that support the findings of this study have been
deposited in NCBI’s GEO under accession codes GSE115219 and
GSE115239. Previously published sequencing data that were
Figure 1: TRAP identifies genes with altered ribosome occupancy during PDX1 defic
(IP RNA/Input RNA) after 3hr treatment with thapsigargin (Tg, 1uM) or vehicle (DMSO), follow
ribosome occupancy with Pdx1 depletion as determined by TRAP-seq in GFP-RPL10a Min6
72 h post-transfection (n ¼ 3). Significant changes in ribosome occupancy shown in red
plotted as a comparison of the change in transcript abundance with Pdx1 depletion in the IP
TRAP-seq as having significant changes in ribosome occupancy but no significant change i
Student’s t-test. * ¼ p < 0.05.
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re-analyzed here are available under accession codes GSE107489 and
GSE53949. All other data supporting the findings of this study are
available from the corresponding author upon reasonable request.

3. RESULTS

3.1. Genome-wide identification of genes with differential
ribosome occupancy
In order to detect changes in mRNA translation on a genome-wide
scale, we have employed the Translating Ribosome Affinity Purifica-
tion (TRAP) methodology in which expression of a tagged ribosomal
subunit (GFP-RPL10A) is used to immunoprecipitate ribosomes and
iency. (A) TRAP in GFP-RPL10a Min6 cells was used to determine ribosome occupancy
ed by RT-qPCR of IP RNA and Total RNA (n ¼ 3). (B) Volcano plot depicting changes in
cells transfected with siRNA targeting Pdx1 or non-targeting (NT) control and harvested
(upregulated) or blue (downregulated). (C) Results from TRAP-seq with Pdx1 depletion
RNA fraction to that in the Total RNA fraction. (D) Heatmap showing genes identified by
n total RNA levels after Pdx1 depletion. P values were calculated by unpaired two-tailed
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their associated mRNA [22]. TRAP can be used to determine the
ribosome occupancy, or the density of ribosome binding, for a
particular gene by dividing transcript levels in the ribosome-associated
RNA fraction (GFP immunoprecipitation) by that in the total RNA fraction
(input). This calculation serves as a proxy for the efficiency of mRNA
translation [10]. Stable expression of the GFP-RPL10A transgene in the
mouse insulinoma Min6 cell line allowed for the isolation of intact ri-
bosomes and their associated mRNAs (Supplementary Figure 1). To
Figure 2: Post-transcriptional upregulation of JUND during glucolipotoxicity. (A) Wes
(H2O2, 200uM) for 1 h, glucolipotoxicity (GLT, 25 mM glucose, 500uM palmitate) for 2 da
determined by Western blot, but not transcript levels by RT-qPCR, in mouse islets treated
GFP-RPL10a Min6 cells after 30 h of glucolipotoxic conditions, as determined by TRAP follo
protein levels at indicated times after addition of cycloheximide (CHX) to Min6 cells. CHX
(n ¼ 3). (E,F) Quantification of western blot signal for JUND or TUBULIN normalized to RA
time. (G) Quantification of JUND western blot for CHX chase assay at 0hr time points with n
values were calculated by unpaired two-tailed Student’s t-test, except in (E,F) in which a 2
JUND and * denotes a non-specific band. Otherwise, * ¼ p < 0.05. Cont denotes contro
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confirm that this approach can detect dynamic shifts in ribosome
occupancy, TRAP was performed in GFP-RPL10A Min6 cells treated
with thapsigargin to induce ER stress, and ribosome occupancy was
determined by normalizing transcript abundance in the ribosome pull-
down fraction to that in total RNA. This gave a near doubling of ribo-
some occupancy for the stress-responsive factor ATF4 during thap-
sigargin treatment (Figure 1A), consistent with previous findings using
polysome profiling [5,31].
tern blot depicting ATF4 and JUND levels in mouse islets treated with hydrogen peroxide
ys, or thapsigargin (Tg, 1uM) for 3 h (n ¼ 3). (B) Increased protein levels of JUND as
with glucolipotoxicity for 2 days (n ¼ 5). (C) Increased ribosome occupancy of JUND in
wed by RT-qPCR (n ¼ 3). (D) Representative western blot depicting reduction in JUND
added after culturing for 30hrs in control or glucolipotoxic (GLT) culturing conditions
N. Each group normalized to value at 0hr time point to depict reduction in protein over
ormalization to the control group to depict increased JUND levels prior to CHX addition. P
-way ANOVA was used. For western blot images of JUND, arrows denote two bands for
l culturing conditions and GLT denotes glucolipotoxic culturing conditions.
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Figure 3: Upregulation of JUND in islets from diabetic db/db mice and in human
islets treated with glucolipotoxicity. (A) Western blot showing increased JUND levels
in islets isolated from db/db mice compared to db/þ at 12 wks of age. No change in
JUND transcript as determined by RT-qPCR (n ¼ 3). (B) Representative western blot
showing increased JUND levels in human islets treated with glucolipotoxic (GLT)
conditions for 2 days. Quantification of results from four human donors are shown. P
values were calculated by unpaired two-tailed Student’s t-test. For the western blot
images of JUND, arrows denote two bands for JUND and * denotes a non-specific
band.
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To screen for translationally regulated genes in b cells, we used
deficiency of the transcription factor PDX1 as a means to disrupt
normal b cell homeostasis. PDX1 is a human diabetes gene [32], and
reduced PDX1 levels cause b cell dysfunction and an impaired stress
response [33,34]. Given these connections to human disease and b
cell stress, we reasoned that PDX1 deficiency was a promising model
to uncover functionally important translational controls in b cells.
Transfection of siRNA in GFP-RPL10A Min6 cells provided a 60%
reduction of PDX1 transcript levels, and TRAP-seq identified 53 genes
with an increase in ribosome occupancy after PDX1 depletion while 57
genes had a reduction (Figure 1B,C). A subset of these genes
demonstrated no change in total mRNA abundance but a significant
change in ribosome association (Figure 1D), indicating that the
dominant regulatory mechanism for these genes was post-
transcriptional. This list included several genes with known impor-
tance in b cells such as the transcription factor NKX2-2, a critical
regulator of b cell identity and function [35,36]. Further, several of
these genes have potential relevance for the b cell stress response. Of
particular interest was the transcription factor JUND, which had pre-
viously been linked to oxidative stress levels in other cell types [14,15],
but whose role in b cells during conditions associated with T2D was
unknown.

3.2. Post-transcriptional upregulation of JUND in islets during
metabolic stress
We next investigated whether the translational upregulation of JUND
during PDX1 deficiency was generalizable to other models of b cell
stress that are associated with T2D pathogenesis. To this end, we
exposed mouse islets to a panel of stressors, including hydrogen
peroxide (oxidative stress), high levels of glucose and the free fatty acid
palmitate, termed glucolipotoxicity (metabolic stress), and thapsigargin
(ER stress). While ATF4 was upregulated in all of these stress models,
JUND was only induced by metabolic stress (Figure 2A). Despite the
increase in JUND protein levels during glucolipotoxicity, there was no
change in the abundance of JUND mRNA (Figure 2B). This discordance
between steady state protein and mRNA levels could be caused by
either an increase in the translation of JUND mRNA or an increase in
the stability of JUND protein. In support of a translational mechanism, a
TRAP assay performed in GFP-RPL10A Min6 cells showed a significant
increase in the density of ribosomes binding to the JUND mRNA during
metabolic stress (Figure 2C). We next performed a cycloheximide
chase assay in Min6 cells and found no effect of glucolipotoxicity on
JUND protein degradation rates compared to the loading controls RAN
and TUBULIN (Figure 2DeF) despite the expected increase in JUND
levels prior to cycloheximide treatment (Figure 2G). Together, these
data support increased mRNA translation as the mechanism controlling
JUND levels during metabolic stress.
To determine if this induction of JUND also occurs in b cells under
metabolic stress in vivo, we used 12-week-old db/db mice, which are
obese with elevated serum glucose and free fatty acid levels
(Supplementary Figure 2). Indeed, compared to non-diabetic db/þ
mice, islets from db/dbmice had a significant increase in JUND protein
but not mRNA (Figure 3A). To extend these findings to a human model,
we assessed the induction of JUND during metabolic stress by
culturing human islets with high levels of glucose and palmitate.
Consistent with our findings in mouse islets, this excess of metabolic
fuel caused an increase in JUND protein levels in human islets, indi-
cating that JUND induction by metabolic stress is evolutionarily
conserved (Figure 3B). Thus, we have uncovered the post-
transcriptional upregulation of JUND as a novel component of the b
cell response to metabolic stress.
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3.3. Depletion of JUND blocks the increase in oxidative stress and
apoptosis in b cells during glucolipotoxicity
Chronically elevated glucose and free fatty acid levels cause b cell
dysfunction and apoptosis at least partly due to increased oxidative
stress [37,38]. Given its connection to oxidative stress in other cell
types [14,15], we hypothesized that JUND influences b cell redox
homeostasis during metabolic stress. To avoid cell non-autonomous
effects in the Jund �/� model, we developed a system for b cell-
specific depletion of JUND in primary islets by generating a lenti-
viral vector to co-express GFP and an shRNA from the rat insulin
promoter (Supplementary Figure 3A). We first confirmed that this
shRNA system efficiently targeted JUND in Min6 cells
(Supplementary Figure 3B). To assess transduction efficiency in
primary mouse islets, transduced islets were allowed to recover in
culture media for two days and were subsequently dispersed to
single cells for immunofluorescence staining. Nearly half of all islet
cells were GFP positive, and all GFP positive cells stained positive for
insulin, indicating efficient and b cell-specific transgene expression
(Figure 4A). Further, the shRNA targeting JUND provided a 50%
reduction in its transcript level in transduced islets (Figure 4A),
similar to the rate of transduction and suggesting an effective
depletion of JUND in those cells expressing the transgene.
To test whether loss of JUND impacted oxidative stress levels in b
cells, transduced islets were incubated with a cell-permeable dye that
has increased fluorescence signal upon oxidation, and fluorescence
intensity was quantified from GFP positive b cells. As expected, b cells
exposed to glucolipotoxic conditions showed elevated oxidative stress
as seen by increased fluorescence from the oxidation-sensitive dye
(Figure 4B,C). Surprisingly, however, depletion of JUND in b cells
blocked this increase in oxidative stress caused by high levels of
glucose and palmitate (Figure 4B,C). This prevention of redox
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Figure 4: b cell-specific depletion of JUND in mouse islets prevents the increase in oxidative stress during glucolipotoxicity. (A) Immunofluorescence images to identify
GFP and insulin positive cells show b cell-specific expression of GFP in half of mouse islet cells after lentiviral transduction of intact islets. Islets were dispersed to single cell
suspensions and attached to slides using cytospin for analysis. Arrows denote b cells staining positive for GFP. Quantification of JUND transcript levels in intact islets by RT-qPCR
shows that delivery of shRNA targeting JUND provides a significant reduction in JUND levels compared to a non-targeting (NT) control (n ¼ 3e4). (B) Assessment of oxidative
stress in b cells transduced with shRNA vectors targeting JUND or NT control by fluorescence imaging of CellROX Deep Red reagent. Intact mouse islets cultured for 2 days in
control or glucolipotoxic conditions prior to oxidative stress assessment. Islets were dispersed to single cell suspensions and attached to slides using cytospin immediately prior to
analysis. Representative fluorescence image for GFP and CellROX in islet cells after cytospin are shown, along with representative frequency distributions of CellROX intensity in
GFP positive cells. (C) Quantifications of CellROX signal in GFP positive cells, which are averages of 3 independent experiments. (D) Western blot showing depletion of JUND in
Min6 cells using lentiviral delivery of CRISPR-Cas9. A gRNA targeting the ROSA26 locus is used as a negative control. (E) Quantification of CellROX signal in Min6 cells with CRISPR-
mediated depletion of JUND after culturing in glucolipotoxic conditions for 30hrs (n ¼ 4). P values were calculated by two-way ANOVA. For Western blot images of JUND, arrows
denote two bands for JUND and * denotes a non-specific band. Otherwise, * ¼ p < 0.05. Cont denotes control culturing conditions and GLT denotes glucolipotoxic culturing
conditions.
imbalance during metabolic stress was also observed in Min6 cells
with CRISPR-mediated depletion of JUND compared to a control group
with a gRNA targeting the ROSA26 locus (Figure 4D,E). These results
indicate that JUND promotes oxidative stress in b cells during meta-
bolic stress, which is in contrast to findings in fibroblasts and endo-
thelial cells in which JUND ameliorates oxidative stress [14,15],
highlighting the cell-type-specificity of this factor.
b cells are thought to be particularly sensitive to oxidative stress
due to low expression of antioxidant genes [39]. Thus, we inves-
tigated whether the impact of JUND on redox homeostasis would
also affect b cell apoptosis during metabolic stress. Using a fluo-
rescence readout of caspase-3/7 activation, there was a 3-fold
increase in the number of apoptotic b cells after culturing islets
with high levels of glucose and palmitate for 3 days (Figure 5A).
Consistent with its impact on redox imbalance, depletion of JUND
significantly reduced this induction of apoptosis during metabolic
stress (Figure 5A). This improvement in cell survival was confirmed
in Min6 cells as CRISPR-mediated depletion of JUND completely
abrogated the increase in cleaved caspase-3 levels caused by
metabolic stress (Figure 5B).
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3.4. JUND regulates a cohort of genes that are commonly
dysregulated in models of b cell dysfunction
In accordance with the distinct pro-oxidant role of JUND in b cells,
none of the antioxidant genes reported to be targets of JUND in other
cell types were dysregulated in b cells (Supplementary Figure 3C). This
indicates that both the transcriptional and phenotypic effects of JUND
are cell-type-specific. To investigate how JUND impacts redox ho-
meostasis and cell survival in b cells, we assessed the transcriptome
of Min6 cells cultured with high levels of glucose and palmitate after
CRISPR-mediated depletion of JUND, leading to the identification of 27
downregulated genes and 10 upregulated genes (Figure 6A). Gene
ontology analysis on the downregulated genes demonstrated a sig-
nificant enrichment in processes including stress response, reactive
oxygen species (ROS) metabolism, and inflammation (Figure 6B).
Interestingly, several of these genes, including Nos2, Ptgs2, and
Steap4, encode proteins with enzymatic activity leading to ROS gen-
eration [40e44], consistent with our observed phenotype that loss of
JUND dampens oxidative stress in b cells.
To assess the expression of JUND targets during metabolic stress,
we selected a panel of these genes with links to oxidative stress and
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 101

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 5: b cell-specific depletion of JUND in mouse islets reduces apoptosis during glucolipotoxicity. (A) Assessment of apoptosis in transduced b cells by fluorescence
imaging of FLICA reagent, which marks apoptotic cells as red, after 3 days of culturing intact mouse islets in control or glucolipotoxic conditions. Islets were dispersed to single cell
suspensions and attached to slides using cytospin immediately prior to analysis. Representative images for FLICA and GFP signals in cells after cytospin are shown. The percentage
of GFP positive cells that were apoptotic were averaged for 3 independent experiments. (B) Western blot of cleaved caspase-3 used to assess apoptosis in Min6 cells with CRISPR-
mediated depletion of JUND and cultured in glucolipotoxic conditions for 30hrs (n ¼ 3). P values were calculated by two-way ANOVA. For western blot images of JUND, arrows
denote two bands for JUND and * denotes a non-specific band. Otherwise, * ¼ p < 0.05. Cont denotes control culturing conditions and GLT denotes glucolipotoxic culturing
conditions.

Original Article
inflammation for further study. Interestingly, almost all of these
genes were significantly upregulated by metabolic stress in Min6
cells, and loss of JUND either blocked or blunted this induction by
glucolipotoxicity (Figure 6C). To determine whether JUND binds to
genomic sites near these genes, we examined JUND ChIP-seq data
performed in mouse embryonic fibroblasts [45] and found at least
one JUND binding peak that contained a JUND/AP1 binding motif
(TGAGTCA) near all of these genes (Supplementary Table 3). Despite
its cell-type-specific properties, we reasoned that at least some of
these sites may also be occupied by JUND in b cells. Indeed, ChIP-
qPCR in Min6 cells showed that JUND binds to a subset of these
peaks, especially during metabolic stress (Figure 6D). To determine
whether these JUND targets were also induced by metabolic stress
in primary tissue, mouse islets were treated with high levels of
glucose and palmitate, which caused a significant increase in
expression for all of these genes (Figure 7A). Furthermore, b cell-
specific depletion of JUND in mouse islets followed by culturing in
glucolipotoxic conditions confirmed that most of these genes are
regulated by JUND in primary b cells (Figure 7B). Together, these
results indicate that JUND governs the induction of genes linked to
deleterious effects in b cells, including pro-oxidant and pro-
inflammatory genes, during metabolic stress.
We next compared our RNA-seq results to several publicly available
data sets to determine if the identified JUND target genes are dys-
regulated in other models of b cell dysfunction. Strikingly, nearly half
of the genes downregulated with depletion of JUND were upregulated
in islets from diabetic db/db mice [46] (Figure 6F), constituting a
statistically significant overlap (Figure 6G, p ¼ 6.0 � 10�5). The
JUND target genes also significantly overlapped with genes upre-
gulated during PDX1 deficiency (p ¼ 7.7 � 10�5) or after treatment
of human islets with palmitate (p ¼ 3.5 � 10�4) [47]. Together,
these findings indicate that JUND regulates a set of genes that are
commonly increased in models of b cell dysfunction, suggesting a
broad role for JUND in the maladaptive response of b cells under
stress.
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4. DISCUSSION

Oxidative stress has long been recognized as a major contributor to b
cell demise in T2D. Thus, new insights into the molecular mecha-
nisms controlling redox homeostasis in b cells are central to our
understanding of diabetes pathophysiology. Here, we have used a
translation-centric approach to uncover JUND as a stress-responsive
gene and a novel regulator of b cell redox homeostasis. JUND was
upregulated in isolated mouse and human islets exposed to metabolic
stress, as well as islets from diabetic db/db mice, indicating that this
response is conserved across species and relevant for in vivo stress
conditions. In b cells, JUND depletion dampens oxidative stress
caused by the presence of excess metabolic fuel, which is in contrast
to reports in other cell types where loss of JUND enhances oxidative
stress due to downregulation of antioxidant genes [14,15]. Although
this discrepancy was unexpected, the cell-type-specific function of
JUND is consistent with its ability to dimerize with a variety of binding
partners, which likely shapes its tissue-specific effects [48]. Further,
the amelioration of ROS accumulation with JUND depletion agrees
with our finding that JUND positively regulates several genes with the
capacity to increase ROS production in b cells, including Ptgs2,
Steap4, and Nos2, while having no impact on the expression of
antioxidant genes. Additionally, the concordance between the effects
on oxidative stress and apoptosis further strengthens our conclusion
that JUND plays a maladaptive role in b cells during prolonged
metabolic stress.
It is unclear whether one or several of the identified JUND targets
contribute to its effect on oxidative stress and apoptosis in b cells.
Interestingly, both Ptgs2 and Steap4 are upregulated in islets from db/
db mice and have some genetic association with T2D in humans
[49,50]. Ptgs2, which encodes cyclooxygenase-2 (COX-2), imparts
deleterious effects in b cells, including impaired insulin secretion,
reduced cell proliferation, and increased free radical levels [41,51,52].
Steap4 encodes a metalloreductase involved in iron and copper
reduction [53]. While Steap4�/� mice develop hyperglycemia likely
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Figure 6: JUND regulates pro-oxidant and pro-inflammatory genes associated with b cell stress and dysfunction. (A) Volcano plot depicting changes in transcript levels
after CRISPR-mediated JUND depletion in Min6 cells cultured in glucolipotoxic conditions for 30hrs, as determined by RNA-seq (n ¼ 3). Significant changes shown in red
(upregulated) or blue (downregulated). (B) Gene ontology analysis for downregulated genes. (C) RT-qPCR panel of select JUND target genes in Min6 cells with CRISPR-mediated
depletion of JUND and cultured in control or glucolipotoxic (GLT) conditions for 30hrs (n ¼ 3). (D) ChIP-qPCR for specified genomic regions performed in Min6 cells cultured in
control or GLT conditions for 30hrs. Values shown as enrichment over IgG control for each treatment group (n ¼ 3). In (C), P values were calculated by two-way ANOVA and
significance of p < 0.05 denoted by * for ROSA26 þ Cont vs ROSA26 þ GLT, # for ROSA26 þ GLT vs JUND þ GLT, and $ for JUND þ Cont vs JUND þ GLT. In (D), P values were
calculated by one-way ANOVA and significance of p < 0.05 denoted by # for comparison to ALBUMIN in control treatment group and $ for comparison to ALBUMIN in GLT treatment
group.
due to adipose inflammation and insulin resistance [54], its function in
b cells is unknown. In osteoclast differentiation and prostate carci-
nogenesis, however, increased STEAP4 levels cause an elevation in
cellular ROS [43,44]. Further, Nos2, or inducible nitric oxide synthase
(iNOS), has strong connections to cytokine-mediated b cell dysfunction
and death [55]. Several other genes downregulated by JUND depletion
MOLECULAR METABOLISM 25 (2019) 95e106 � 2019 Published by Elsevier GmbH. This is an open acce
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are implicated in islet inflammation, including Ccl2, Cxcl1, and Cxcl2,
which have been linked to poor outcomes for islet transplantation
[56,57]. Thus, targeting JUND may provide a new avenue for damp-
ening oxidative stress and inflammation in islets, which warrants
further investigation for clinical applications such as diabetes therapy
and islet transplantation.
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Figure 7: JUND targets are upregulated in several models of b cell dysfunction. (A) Increased transcript levels of JUND target genes in mouse islets cultured for 2 days in
glucolipotoxic (GLT) conditions (n ¼ 3). (B) RT-qPCR panel of select JUND target genes in mouse islets with shRNA-mediated depletion of JUND and cultured for 2 days in GLT
conditions (n ¼ 3). (C) Heatmap of the genes downregulated after JUND depletion with detectable expression in islets from db/db mice. The change in expression after JUND
depletion (JUND KO) is compared to the change in expression in islets from db/db vs db/þ mice. Genes with an asterisk had a statistically significant change in both data sets. P
values were calculated by unpaired two-tailed Student’s t-test in (A) and (B). * ¼ p < 0.05, unless otherwise noted.

Original Article
Translational regulation plays critical roles in shaping gene
expression programs, especially during stress conditions, yet
changes in mRNA translation are often overlooked in gene
expression analyses. Here, we have used TRAP-seq to identify
changes in translation associated with deficiency of the tran-
scription factor PDX1. Given the critical roles for PDX1 in shaping
the b cell gene expression program [34,58], we reasoned that this
model may reveal translational regulation that is especially
important in b cells rather than general stress response factors,
such as components of the unfolded protein response. This
approach was successful in that it indicated translational regulation
of genes with important roles in b cells, such as Nkx2.2 and
Srebf1 [36,59] while also highlighting genes that have previously
not been studied in b cells, such as Jund. While we used PDX1
deficiency to screen for translationally regulated genes, this
approach could readily be applied to a variety of stress conditions
to reveal additional factors or pathways with important roles in b
cell adaptation to T2D-associated conditions.
Our work addresses a critical gap in knowledge of the translational
regulation underlying the b cell response to metabolic stress. We
implicate the translational induction of JUND in b cells as a mal-
adaptive response to excess metabolic fuel, thus uncovering a new
prospect for therapeutic intervention in diabetes.
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