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Type 2 diabetes (T2D) is a growing cause of poor health,
psychosocial burden, and economic costs worldwide.
The pancreatic B-cell is a cornerstone of metabolic
physiology. Insulin deficiency leads to hyperglycemia,
which was fatal before the availability of therapeutic
insulins; even partial deficiency of insulin leads to dia-
betes in the context of insulin resistance. Comprising
only an estimated 1 g or <1/500th of a percent of the
human body mass, pancreatic B-cells of the islets of
Langerhans are a vulnerable link in metabolism. Proin-
sulin production constitutes a major load on B-cell
endoplasmic reticulum (ER), and decompensated ER
stress is a cause of p-cell failure and loss in both type 1
diabetes (T1D) and T2D. The unfolded protein response
(UPR), the principal ER stress response system, is criti-
cal for maintenance of B-cell health. Successful UPR
guides expansion of ER protein folding capacity and
increased 3-cell number through survival pathways and
cell replication. However, in some cases the ER stress
response can cause collateral B-cell damage and may
even contribute to diabetes pathogenesis. Here we
review the known beneficial and harmful effects of UPR
pathways in pancreatic B-cells. Improved understand-
ing of this stress response tipping point may lead to
approaches to maintain B-cell health and function.

Pancreatic (3-cells are the sole source of circulating insulin
in the human body. Each cell is an insulin production
powerhouse, packed with vesicles containing preformed
insulin ready for secretion into the bloodstream in
response to a meal. Distributed throughout the cytoplasm
are strands of rough endoplasmic reticulum (ER), the ini-
tial site of synthesis, disulfide pairing, folding, and quality
control of the proinsulin molecule (1). Under stimulatory
conditions, one B-cell can synthesize many thousands of

preproinsulin molecules per second, up to 50% of total
protein synthesis, representing a high energetic and pro-
teostatic burden (1). As such, the pancreatic 3-cell relies
heavily on the processes that reshape ER synthetic capac-
ity in response to stress, known collectively as the
unfolded protein response (UPR) (2).

Overview of the Cellular Response to ER Stress

UPR pathway roles in B-cell health and disease have
been previously reviewed (2-5). The UPR comprises
three signaling arms that sense ER stress and imple-
ment protective changes such as temporarily reducing
new peptide folding load and increasing ER functional
capacity through transcriptional upregulation of chap-
erones, oxidoreductases, and quality control proteins
(1,2) (Fig. 1). The UPR pathways are named for the ER
transmembrane proteins that initiate responses: pro-
tein kinase R-like ER kinase (PERK) (Fig. 2), inositol-
requiring enzyme 1 (IRE1) (Fig. 3), and activating tran-
scription factor 6 (ATF6) (Fig. 4). PERK, IRE1, and
ATE6 activate when GRP78, an abundant ER chaperone
that complexes with them under low stress conditions, is
titrated away when ER stress increases (6). PERK phos-
phorylates eukaryotic translation initiation factor 2 subunit
1 (elF2a), a key regulator of translation initiation, thus
slowing translation of many transcripts and transiently
reducing ER peptide load. Paradoxically, phosphorylation
of elF2« increases translation of other transcripts, includ-
ing activating transcription factor 4 (ATF4) (7). The IRE1
and ATF6 arms have overlapping downstream effects.
Upon ER stress activation, IRE1 oligomerizes and auto-
phosphorylates, activating kinase and endoribonuclease
activities in its cytoplasmic domain. A key downstream
effector of IRE1 is the sXBP1 transcription factor, which is
generated following splicing of Xbpl transcript at the ER
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Figure 1—Overview of UPR stress response pathways. In unstressed conditions, the three UPR master regulators IRE1, PERK, and ATF6 are
held in inactive monomeric form by the GRP78 chaperone. When ER stress increases, GRP78 complexes with misfolded proteins, allowing
IRE1 and PERK to dimerize, autophosphorylate, and activate and releasing ATF6 to transit to Golgi to activate. Active IRE1 has both kinase and
RNase activities, leading to a phosphorylation cascade culminating in phosphorylation of JNK, and Xbp1 splicing to generate the sXBP1 tran-
scription factor, respectively. Active PERK phosphorylates elF2a leading to suppression of global translation but a selective increase in transla-
tion of transcripts such as Atf4, to generate the ATF4 transcription factor. ATF6 is cleaved in the Golgi in SREBP-like fashion by proteases S1P
and S2P, releasing its cytoplasmic domain as the nATF6 transcription factor. Much of the adaptive response to ER stress is implemented by
transcriptional upregulation of genes that increase capacity for protein folding and clearance of misfolded proteins. A few commonly examined
transcriptional targets are included. Green arrows indicate transcriptional regulation. ASK1, apoptosis signal regulating kinase 1; ATF4, activat-
ing transcription factor 4; ATF6, activating transcription factor 6; CHOP, C/EBP homologous protein; elF2«, eukaryotic translation initiation fac-
tor 2 subunit 1; GRP78, glucose regulated protein 78; IRE1, inositol-requiring enzyme 1; JNK, c-Jun N-terminal kinase; nATF6, nuclear ATF6;
P, phosphorylation; PERK, protein kinase R-like ER kinase; S1P, site 1 protease; S2P, site 2 protease; sXbp1, spliced Xbp1; TRAF2,

TNF receptor-associated factor 2; uXbp1, unspliced Xbp1; XBP1, X-box binding protein 1.

release the cytoplasmic domain, a transcription factor. In

membrane. ATF6q, in contrast, is activated in an SREBP1-
B-cells, as in other cell types, ATF6a and sXBP1 coopera-

like mechanism: ER stress frees ATF6a to proceed to the
Golgi, where it is cdeaved by S1P and S2P proteases to tively regulate genes (8).
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Figure 2—Beneficial and harmful effects of PERK activation. Normal PERK function is required for proinsulin folding, ER calcium
balance, translation regulation, and cell survival, but PERK activation can also lead to cell death and loss of maturation markers.
Activated by ER stress, low glucose, and low ER calcium, PERK phosphorylates elF2a to simultaneously suppress global transla-
tion but selectively activate translation of some transcripts such as Atf4 and Aatf. Beneficial effects of PERK activation include
suppression of translation when the ER is overloaded with peptide inputs, promotion of cell survival through activation of ATF4
and AATF, improved SERCA pump function by dephosphorylation of CLNX to derepress calcium transport, and proliferation.
Harmful effects of PERK activation include suppression of translation of required genes including maturation factors and insulin
itself (although PERK deletion also caused loss of MAFA and PDX1), as well as increased cell death through CHOP and inflamma-
tory pathways. Green arrows indicate transcriptional regulation. AATF, apoptosis antagonizing transcription factor; AKT1, protein
kinase B; ATF4, activating transcription factor 4; CALN, calcineurin; CHOP, C/EBP homologous protein; CLNX, calnexin; elF2q,
eukaryotic translation initiation factor 2 subunit 1; GRP78, glucose-regulated protein 78; lapp, islet amyloid polypeptide precursor;
IFNART1, interferon o and B subunit 1; Ins1/2, insulin 1/2; MAFA, Maf bZIP transcription factor A; circled P indicates phosphoryla-

tion; PDX1, pancreatic and duodenal homeobox 1; PERK, protein kinase R-like ER kinase; UTR, untranslated region.

Although all three arms of the UPR are important
for acute cellular adaptation to ER load, they can also
lead to paradoxical cellular harm (Figs. 2-4). Here we
review current knowledge of the beneficial and harmful
effects of UPR pathway activation in B-cells. We
include studies in which UPR pathway activation was
modulated but note that the observed impacts may be
attributable to composite effects of the modulated
pathway itself, the impact of the modification on cellu-
lar stress, and compensatory activation of other UPR
pathways. We mostly exclude studies that simply quan-
tified UPR pathway activation and studies only in cell
lines. Given the breadth and depth of the topic and
limitations of this article type, we apologize for work
we were unable to include.

Disease Relevance: ER Stress and Stress Response
Pathways Impact Diabetes Risk

Irremediable ER stress is harmful to (-cells. Misfolding
proinsulin mutations such as the Akita variant cause dia-
betes in mice and humans (9,10), with insulin production
failure due to a dominant negative proteotoxicity even
when only one of four Ins alleles is affected in mice.
B-Cell death by apoptosis ensues despite activation of all
three stress response pathways (11). Wolfram syndrome
is a rare monogenic cause of syndromic diabetes caused
by pathogenic mutant forms of the ER-localized WES1
protein (12). ER stress response pathways are also acti-
vated in islets from individuals with both type 1 diabetes
(T1D) and type 2 diabetes (T2D) (e.g., 5,13); however, evi-
dence supports a protective role for UPR pathways in the
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Figure 3—Downstream effects of IRE1 activation. Activation of IRE1a by dimerization and autophosphorylation leads to activities by the
resulting dimer and by higher-order multimers, which are thought to have enhanced activity. Beneficial effects of IRE1 (increased folding
capacity, survival and proliferation) are mostly due to RNase-induced splicing of Xbp1 to generate the sSXBP1 transcription factor. RNase
activity can also be harmful in the setting of unregulated degradation of ER-associated RNAs in a process called RIDD, which cleaves a
number of MRNAs including some related to B-cell maturation status and cell survival. IRE1a kinase activity results in a TRAF2-ASK1-JNK
kinase cascade, leading to excess cell death by multiple mechanisms. Green arrows indicate transcriptional regulation. ASK1, apoptosis
signal regulating kinase 1; CHOP, C/EBP homologous protein; DP5, death domain protein 5; IRE1, inositol-requiring enzyme 1; JNK,
c-Jun N-terminal kinase; circled P indicates phosphorylation; TRAF2, TNF receptor—associated factor 2; Xbp1, X-box binding protein 1;

uXbp1, unspliced Xbp1; sXbp1, spliced Xbp1.

prevention of diabetes. Most conclusively, disruption of
PERK pathway signaling leads to 3-cell failure and diabe-
tes. Loss-of-function mutations in PERK itself cause dia-
betes as part of Wolcott-Rallison syndrome; inheritance is
recessive, and severity is proportionate to impairment in
kinase function (14). Similarly, a mutation preventing phos-
phorylation at serine 51 of elF2a, the immediate down-
stream target of PERK, causes glucose intolerance due to
insulin deficiency even in the heterozygous state (15,16).
Mutation in a PP1 phosphatase cofactor that reduces elF2a
phosphorylation is also linked to insulin-deficient diabetes
in humans (17). Taken together, evidence supports an
important role for the PERK pathway in diabetes preven-
tion; roles of the IRE1 and ATF6 pathways in human (-cell
health and disease are less well understood.

Beneficial Effects of UPR Pathways on p-Cells

The critical determinants of insulin secretion capacity are
B-cell function and B-cell mass. B-Cell function is defined
by maturation status, insulin production, glucose sensing,
and insulin secretion, and (-cell number is determined by
developmental accrual and the balance between B-cell
death and new B-cell generation from proliferation and
other sources (18). Reviewed in this section are studies

defining the beneficial impact of UPR on {-cell function
and number, such as improving insulin synthesis and
secretion mechanisms, the adaptive increase in B-cell rep-
lication observed under conditions of moderate stress,
and avoidance of cell death.

Beneficial Effects of UPR Pathways on B-Cell Differentia-
tion Status

An important prerequisite to healthy insulin secretory
function is an adequate complement of properly differen-
tiated B-cells in pancreatic islets. To achieve this, robust
embryonic and postnatal development and maintenance
of differentiated characteristics in adult cells are required.
Decompensated ER stress impairs postnatal B-cell matu-
ration (19) and may also lead to dedifferentiation of adult
B-cells (2,4). Surprisingly little direct evidence or molecu-
lar mechanisms are available, however. Healthy mouse
islets engrafted into diabetic mice had reduced expression
of UPR proteins and reduced mRNA levels of B-cell differ-
entiation markers Pdx1, Neurodl, Nkx60.1, and Mafa, sug-
gesting indirectly that failure of the UPR may contribute
to dedifferentiation (20). Loss of PERK signaling decreased
expression of the maturation markers Pdxl and Mafa, as
well as their target genes Ins1, Ins2, lapp, and Glut2, in islets
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Figure 4—Cellular impact of downstream effects of ATF6 activation. Upon ER stress, ATF6a and related ATF6 are released from tether-
ing in the ER membrane by ER luminal GRP78 and thus allowed to proceed to the Golgi, where they undergo regulated intramembrane
proteolysis by S1P and S2P, releasing the respective cytoplasmic domains, nATF6a and nATF63. The nATF6a transcription factor is more
transcriptionally potent but also has a short half-life due to rapid degradation. NnATF6a and nATF63 have overlapping transcriptional signa-
tures; both contribute to cell survival signaling as well as chaperone, redox, and ERAD support. Atf6a promotes 3-cell proliferation: over-
expression increases and inhibition or knockdown decreases B-cell cycling in islet cell cultures. ATF6B induces WFS1, which has
prosurvival activity. ATF6a also transcriptionally induces Chop and, as such, may contribute to cell death in some contexts. Green arrows
indicate transcriptional regulation. ATF6, activating transcription factor 6; nATF6, nuclear ATF6; CHOP, C/EBP homologous protein;
GRP78, glucose regulated protein 78; JNK, c-Jun N-terminal kinase; circled P indicates phosphorylation; S1P, site 1 protease; S2P, site 2

protease; WFS1, Wolfram syndrome 1.

of mice expressing the Ser51Ala mutant of elF2a, suggesting
that elF2a phosphorylation helps maintain B-cell maturity
(21). Chronic hyperglycemia may also have contributed in
these settings. On the other hand, dedifferentiation has been
proposed as a possible protective mechanism against autoim-
munity in T1D (22). B-Cell deletion of IREla in NOD mice
was reported to confer protection against autoimmunity by a
mechanism involving B-cell dedifferentiation. Suggestively,
B-cell autoantigens and MHC class 1 components were
decreased, immune inhibitory markers were increased, and
fewer CD8" cells were observed in the pancreas, although
direct studies on cell-surface MHC class 1 and T cell reper-
toires have not yet been assessed (22).

UPR Pathways Support Proinsulin Synthesis and Folding
Proinsulin misfolding and aggregation contribute not only
to rare monogenic mutant-insulin forms of diabetes but
also to common T2D due to a “proinsulin-impacted-ER”

phenotype caused by bulk misfolding of proinsulin during
stress leading to toxic intermolecular disulfide linkages
among proinsulin molecules (23,24). The GRP78 chaperone
is required for proinsulin processing; cleaving GRP78 using
the bacterial SubAB protease increased misfolded proinsu-
lin disulfide-linked complexes in murine and human islets
(23). All three UPR pathways contribute to the ER folding
and oxidoreductase environment through regulation of
translation and abundance of chaperones, oxidoreductases,
and ER-associated protein degradation (ERAD) (2).

Intact PERK activity is important for proper proinsulin
folding. Acute inhibition of PERK using GSK2606414, a
high-affinity ligand that binds to the PERK kinase domain
and competes for ATP, caused accumulation of misfolded
proinsulin in the form of high-molecular weight disulfide-
linked complexes (25). Aberrant disulfide-bonded proinsulin
complexes after PERK inhibition have been confirmed in
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human islets and INS1E cells (23,24). Since a major role of
PERK is to slow peptide translation via phosphorylation of
elF2a, the misfolding caused by PERK inhibition was
assumed to be due to excess proinsulin peptide entering
the ER. However, although PERK inhibition modestly
increased proinsulin synthesis across a population of (3-cells
in culture (24,25), when only ER-impacted cells were ana-
lyzed protein synthesis was lower compared with that of
less impacted cells (24). The authors speculate that proinsu-
lin aggregation after PERK inhibition may be more attribut-
able to insufficient chaperone abundance and foldase
activity by modulating calcium flux and redox state (24);
alternatively, ER-impacted cells may represent a late, failing
stage. PERK also supports ER chaperones and ERAD retro-
translocation of peptides out of the ER for proteasomal
degradation (26). On the other hand, beneficial effects were
observed after PERK inhibition in rat islets or in elF2a
phosphorylation-deficient B-cells (21,25). Differences may
relate to methodology, experimental models, or timing.

PERK contributes to the beneficial reduction of insulin
production occurring in low glucose conditions (25,27).
Low glucose decreases ATP levels, inhibiting activity of
the SERCA pump and lowering ER calcium levels, causing
PERK activation (27). The decrease in both proinsulin and
global protein synthesis observed in low glucose was par-
tially reversed by an active form of GADD34, a scaffold
that recruits the PP1 phosphatase to restore unphos-
phorylated elF2a; cell death was also increased (27). In
sum, ER calcium depletion-mediated PERK activation in
low glucose conditions may be cytoprotective of B-cells
and reduce potentially harmful insulin production during
hypoglycemia.

IREla promotes ER protein folding capacity via its
principal downstream transcriptional effector, sXBP1, by
inducing genes responsible for ER peptide import, chaper-
ones, glycosylation, disulfide redox status, quality control,
and degradation (28). B-Cell-specific IRE1 deletion in
mice reduced proinsulin translation, decreasing pancreatic
proinsulin and insulin content and postprandial insulin
secretion, with reduced mRNA levels of proteins involved
in ribosome recruitment to the ER and in mRNA process-
ing (29). Similarly, 3-cell Xbp1 deletion caused hyperglyce-
mia due to a marked decrease in pancreatic insulin
content (30). This phenotype was associated with downre-
gulation of the Insl gene along with genes involved in
insulin secretion such as PC1, PC2, CPE, and Synaptophy-
sin. XBP1 was not found at the promoters of these genes,
and it was postulated that the mechanism involved com-
pensatory IRE1 hyperactivation and unregulated endonu-
clease activity leading to mRNA degradation (30).

The role of ATF6a in insulin production is less clear.
Similar to XBP1, ATF6a targets include chaperones, disul-
fide redox enzymes, and some quality control and degrada-
tion factors (28). ATF6a whole-body deletion reduced
pancreatic insulin content in high-fat diet-fed mice, and
deletion of ATF6a in Akita mice (InsZWT/ C96Y) accelerated
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the reduction in pancreatic insulin content (31). Knock-
down of ATE6a significantly worsened the impact of PERK
inhibition on proinsulin aggregation, by derepressing pro-
insulin synthesis and reducing chaperone levels such as
GRP78 (24). These reports suggest that ATF6a helps sus-
tain insulin production under ER stress conditions.

UPR Pathways Promote Insulin Secretory Function

PERK inhibition reduced glucose-stimulated insulin secre-
tion (GSIS) in INS1 832/13 cells, rat islets, and human
islets (32), by a mechanism involving PERK regulation of
glucose-induced calcium influx. Inhibiting PERK did not
reduce voltage-dependent calcium channel flux but,
rather, reduced store-operated Ca’" entry and SERCA
activity. PERK was found to bind to and activate calci-
neurin, which in turn dephosphorylated (inactivated) cal-
nexin, releasing SERCA inhibition (Fig. 2). Therefore,
PERK positively impacts GSIS by maintaining healthy glu-
cose-responsive calcium signaling. The IRE1 pathway also
promotes B-cell ER calcium health. Monogenic diabetes
gene hepatocyte nuclear factor 4a (HNF4a) is required
for basal transcription of Xbpl (33,34). In HNF4q-defi-
cient B-cells, reduced expression of Xbpl diminished SER-
CA2b levels, impairing ER Ca®" homeostasis and GSIS
(34). Less is known about roles of ATF6a in insulin secre-
tion, but one study found ATF6a overexpression to
improve insulin secretion in thapsigargin-treated Min6
cells (35).

UPR Pathways Increase pB-Cell Number Through
Proliferation

Several studies suggest a positive correlation between
UPR activation and the proliferative state in human and
mouse B-cells (36-38). In a mouse model of Wolcott-Ralli-
son syndrome low 3-cell mass due to reduced B-cell pro-
liferation during a critical developmental window, €16.5
through P8, was reported. No differences in (3-cell death
or apoptotic genes were observed (39). In a follow-up
study, the same group tested whether loss of PERK
impaired islet tumorigenesis. Crossing PERK-deleted mice
with a (-cell inducible SV40 large T-antigen strain
revealed insulinomas in control mice but near-complete
suppression of tumor formation in PERK-deleted mice,
due to reduced proliferation without an increase in (3-cell
death. Similarly, CRISPR-generated PERK deletion, or
chemical inhibition of PERK, in INS-1 cell-derived tumors
markedly reduced the number of nuclei staining for KI67
(40). These studies link loss of PERK to loss of 3-cell pro-
liferation in both fetal and adult stages. The opposite
result was obtained in a different study, however, in
which acute deletion of PERK in adult mice resulted in
rapid hyperglycemia and loss of islet mass, but histologi-
cal analysis showed an increase in both death and prolif-
eration, along with increased abundance of cyclin D1 (41).
Reduction of PERK gene dosage by one-half also caused
increased -cell proliferation in a different study (42).
Finally, inhibition of PERK using a small molecule neither
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increased nor decreased glucose-induced B-cell prolifera-
tion (37). The apparently contradictory results of these
studies may be explained by differences in the degree or
duration of ER stress experienced under each condition,
the extent of compensatory activation of other UPR path-
ways, other factors intrinsic to each model system, and
the physiological and nutritional context. In sum, despite
many excellent studies, it remains unclear whether the
PERK pathway influences 3-cell replication.

Evidence is stronger that the IRE1/XBP1 and ATF6
pathways support B-cell proliferation. Deletion of XBP1
in mice resulted in diabetes, due to impaired insulin pro-
duction but also with loss of B-cell mass that was associ-
ated with reduced proliferation without a change in cell
death (30). Similarly, deletion or inhibition of IREla
reduced KI67 positivity in INS-1-derived tumors (40). In
mouse islet cells ex vivo, both increasing XBP1 (by overex-
pression) and decreasing XBP1 (by chemical inhibition or
genetic knockdown) reduced B-cell cycle entry, suggesting
that XBP1 activity promotes proliferation but only within
a narrow window (37). ATF6a, on the other hand, may
positively regulate B-cell proliferation within a broader
range. Inhibition or knockdown of ATF6a in mouse or
human B-cells reduced cell cycle entry (37). Overexpres-
sion of ATF6a increased (3-cell proliferation but only in
conditions where glucose was in excess (37). Whole-body
deletion of ATF6a caused subtle glucose intolerance in
mice with diet-induced obesity, with insulin deficiency;
B-cell mass and proliferation were not reported (31).
Finally, derepression of ATF6a by deletion of C/EBPp, a
bZIP transcription factor that physically interacts with
ATF6a and suppresses its transcriptional activity, led to
markedly (15-fold) expanded B-cell mass in vivo in leptin
receptor—deficient mice (43).

These studies suggest the possibility that B-cell intrin-
sic activation of UPR pathways can, in some contexts,
trigger proliferation to adaptively increase {3-cell mass.
Some observations contradict this concept, however. Dele-
tion of all four insulin alleles in adult mice resulted in
hypoinsulinemic diabetes, as expected; PERK and IRE1
pathways were suppressed, but B-cell proliferation was
increased (44). The authors carefully assessed the impact
of insulin gene deletion on B-cell proliferation in various
contexts in which exogenous glucose levels were normal
and consistently observed higher proliferation in B-cells
with insulin gene deletion (44), suggesting that insulin
biosynthesis suppresses (3-cell proliferation under euglyce-
mic conditions. How this relates to the hyperglycemic
environment, when both insulin biosynthesis and B-cell
proliferation are increased, remains uncertain.

Cell Survival: Stress Response Pathways Keep pB-Cells
Alive in the Face of Stress

Since the primary function of UPR pathways is to enable
cells to adapt to stress, and ER stress causes death if not
remedied, it is not a surprise that all three UPR pathways
play a cytoprotective role in B-cells. Here we review

Sharma, Landa-Galvan, and Alonso 2437

published evidence that individual UPR pathways reduce
B-cell death.

PERK pathway loss of function leads to monogenic diabe-
tes (14). Autopsy samples from pediatric Wolcott-Rallison
patients confirmed that the diabetes is associated with a
reduced number of -cells, suggesting cell death, with
dilated ER observed in surviving B-cells (45). Increased
B-cell death was reported after deletion of PERK in mice;
the exocrine pancreas was similarly affected (46). Inducible
deletion of PERK in adulthood also caused hyperglycemia
due to insulin insufficiency, with cell death, ER dilation, and
compensatory activation of the other UPR pathways (41).
Evidence for a protective role of PERK was also uncovered
by miRNA studies. miR-204, which is increased in islets in
T2D, directly targeted the 3'-untranslated region of PERK
for degradation, inhibiting the PERK-elF20-ATF4 arm of
the UPR (47). In INS1 cells, miR-204 overexpression, or
pharmacologic PERK inhibition, reduced PERK signaling and
increased ER stress—induced B-cell apoptosis (47).

Mechanisms by which PERK signaling protects against
B-cell death likely include downstream ER peptide synthe-
sis load reduction through phosphorylation of elF2a,
although as noted above there is some debate on the
extent to which PERK activity suppresses global transla-
tion in B-cells (21,25,26). Additional mechanisms have
been described. Apoptosis antagonizing transcription fac-
tor (AATF), downstream of PERK and elF2q, transcrip-
tionally upregulates Aktl to protect PB-cells against ER
stress (48); knockdown of AATF potentiated thapsigargin-
induced cell death in INS1832/13 cells (48). PERK sup-
pressed inflammatory cell death by reducing interferon
signaling, as reviewed in the inflammation section below.
Finally, PERK can induce a protective form of autophagy
that switches B-cells from cell death to a cell survival
mode; induction of autophagy was protective against
B-cell death caused by intermittent hypoxia (49).

The IREla multifunctional enzyme exerts both protec-
tive and harmful downstream effects on B-cell survival
(Fig. 3). Beneficial impacts, which are achieved mostly
through the splicing of Xbp1, are reviewed in this section.
Reduction in sXBP1 increased cell death in NOD and ob/
ob islets, possibly related to increased Chop expression
(50). Intriguingly, inhibition of JNK phosphorylation
decreased cell death in db/db islets, placing IREla at a tip-
ping point between cytoprotective responses via sXBP1
and cytotoxic responses via JNK phosphorylation (50).
However, the JunB transcription factor reduced palmi-
tate-induced B-cell death in part through upregulation of
Xbpl expression via a mechanism requiring ¢/EBP3 (51).
IREla and XBP1 activity were required to increase AKT
phosphorylation in response to cAMP (51). In INS-1 cells,
exendin-4 protection of cell survival during palmitate
treatment was associated with increased phosphorylation
of AKT; knockdown of IREla decreased p-AKT and
increased cell death, and both toxicities were rescued by
overexpression of sXBP1 (52).
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ATF6a is also believed to provide protection against
B-cell death (Fig. 4), although there are fewer published
studies on this arm of the UPR, especially in live animals
or islets. ATF6a expression was reduced in islets from
mice in two different T1D models, NOD mice and an RIP-
LCMV-GP transgenic model, as well as in human samples
from subjects with T1D. Systemic treatment of mice with
tauroursodeoxycholic acid (TUDCA), a chemical chaper-
one, rescued ATF6a expression, decreased cell death, and
reduced diabetes incidence. Although the site of action of
the chaperone between immune cells and islets or another
tissue was uncertain, the rescue was dependent on -cell
ATF6a, and in Min6 cells, ATF6a overexpression and
TUDCA treatment synergistically reduced (-cell death
(35). In INS-1 832/13 cells, ATF6 knockdown increased
cell death even under unstressed conditions, possibly
related to activation of the PERK, JNK, and p38 stress
pathways (53). The role of related family member ATF6[3
is even less studied in (B-cells. ATF6[3 was not required
for acute UPR pathway activation in INS1 cells, but
knockdown of ATF6( increased susceptibility to ER
stress—induced cell death (54). Of note, ATF6a tran-
scriptionally upregulates Xbpl (8,28,55). In sum, all
three UPR pathways protect B-cells against cell death
under some conditions.

ER Stress Response Suppresses Inflammatory Pathways
Cellular and molecular inflammation contribute to diabetes
both by worsening insulin resistance in insulin-responsive
tissues (56) and through direct damage to B-cells (57,58).
ER stress response pathways in some cases activate inflam-
matory pathways and participate in harm, as reviewed in
sections below, but in other cases UPR pathways suppress
inflammation. For example, deletion of IREla in adult mice
increased islet abundance of transcripts associated with
inflammation and oxidative stress, and treatment with the
BHA antioxidant restored glucose tolerance (29). Similarly,
Perk ablation in the mouse pancreas increased interferon
signaling in islets, associated with increased P-cell death.
The mechanism was due to accumulation of the type 1
interferon receptor Ifnarl (Fig. 2); deletion of Ifnarl pro-
tected against cell death and prevented diabetes (59).

UPR Pathways Suppress Damaging Oxidative Stress

ER stress and oxidative stress exert overlapping and
related effects on B-cell health and function. ER calcium
depletion, a key driver of ER stress, also leads to reactive
oxygen species production and oxidative stress (60). Coex-
istence of oxidative stress was found to tip the balance
toward decompensated ER stress in human islets and
MING6 cells (61). Similarly, hypoxia, which paradoxically
increases oxidative stress, suppressed adaptive UPR genes
and increased decompensated ER stress genes (62). Both
the IRE1 and PERK UPR pathways protect against oxida-
tive stress. IREla deletion increased oxidative stress genes
including reactive oxygen species—generating enzymes, lysyl-
oxidases, and glutathione peroxidases, along with a
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detectable increase in actual oxidation, e.g., lipid peroxides
and nitrotyrosines. Feeding the IREla-null mice an antioxi-
dant diet decreased islet fibrosis and improved glucose toler-
ance (29). Deletion of Xbpl resulted in mitochondrial
swelling that could be consistent with oxidative stress (30).
The PERK pathway protects -cells against oxidative stress
both through translation attenuation (21) and by inducing a
protective autophagy observed during intermittent hypoxia
conditions (49). In contrast to the beneficial effects of adap-
tive UPR on oxidative stress, the CHOP decompensation
factor promotes harmful effects. Deletion of Chop reduced
oxidative stress and improved B-cell function in db/db mice
by increasing expression of antioxidant stress response
genes (63). Knockdown of Chop protected against oxidative
cell death (61); inhibition of JNK or CHOP reversed hyp-
oxia-induced decompensation (62).

Harmful Effects of UPR Pathways on B-Cells

UPR pathways clearly benefit many aspects of B-cell
health and function, including promoting robust insulin
production and secretion, (-cell survival in the face of
stress, and even expansion of B-cell number through pro-
liferation. However, numerous reports also indicate that
the same pathways can exert harmful effects in some con-
texts. In most cases, the proximate cause of tipping from
beneficial to harmful signaling is not clear. This is an
important area of future research.

Harmful Effects of UPR Pathways on Insulin Production
and the B-Cell Differentiated State

The PERK/elF2a pathway exerts tonic negative pressure on
proinsulin translation (64). PERK is constitutively activated
in insulin-producing cells under physiologic conditions, but
elF2a phosphorylation is kept low by abundant GADD34
and CReP phosphatases, illustrating a regulatory balance
under tension that can tip in either direction depending on
conditions (64). Consistent with excess PERK activity reduc-
ing insulin production, PERK overexpression in mice
decreased pancreatic insulin content and in vivo GSIS (26).
In further support of this concept, arsenic (As,Os)-treated
mice were found to have increased PERK activation, and
PERK inhibition rescued the insulin secretion defect in islets
isolated from arsenic-treated mice (65). These observations
must be placed in context, however, given the abundant evi-
dence reviewed in sections above showing that disruption of
normal PERK pathway activation also causes insulin-defi-
cient diabetes, illustrating the delicate balance required for
optimal function.

A similar careful balance of IREla signaling is required
to preserve B-cell health and function. IREla activation
leads to divergent downstream activities including kinase
activity, specific Xbp1 splicing activity, and a less specific
regulated IRE1l-dependent decay (RIDD) activity that
degrades ER-associated mRNAs (Fig. 3) (66,67). The
RIDD activity of IRE1 has been suggested to degrade INS
mRNA itself; interestingly, the protein disulfide isomerase
A6 (PDIA6) may counteract this activity (22). Although
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the sXbpl transcription factor is generally considered to
exert positive effects, prolonged activation in rat islet cells
led to PB-cell dedifferentiation, with reduced mRNA
expression of Ins2, Mafa, Pdx1, and Glut2, along with loss
of insulin secretion (68). Related, deletion of IREla pro-
tected against diabetes in NOD mice by preserving B-cell
mass and reduced autoimmunity (22).

ATF60. may have detrimental effects on insulin gene
expression. In INS-1 cells, overexpression of full-length
ATF60 reduced activity of a human INS promoter luciferase
construct, and knockdown of ATF6a prevented glucotoxic-
ity-induced loss of Ins mRNA (69). In this transformed cell
model, ATF6o overexpression suppressed not only RNA
but also protein levels of MAFA, PDX1, and NEUROD1 and
completely eliminated GSIS (69).

Decompensated ER Stress Leads to Loss of Adaptive
Proliferation
Although studies show that modest levels of ER stress
trigger an adaptive response that can lead to proliferative
expansion of 3-cell number, as reviewed above, multiple
lines of evidence suggest that decompensated ER stress
suppresses B-cell proliferation. Our own data confirm this
observation. In mouse islet cells, chemical stressors thap-
sigargin and tunicamycin, given in high enough doses to
increase cell death, decreased PCNA abundance and
markers of S-phase entry (37). Human -cells also showed
a dose-dependent proliferation response to thapsigargin
and tunicamycin, with BrdU incorporation at low doses
but not at higher doses (37). One mechanism suppressing
proliferation at a higher level of stress may be the CHOP
protein, principally induced downstream of the PERK/
ATF4 pathway. CHOP was induced in high-stress condi-
tions in our study, when proliferation was suppressed
(37). Deletion of CHOP resulted in a higher frequency of
B-cell proliferation in db/db mice and also promoted
expansion of B-cell mass in e[F2¢-S51A mutant mice (63).
CHOP may exert negative feedback on adaptive UPR-
induced proliferation. Intriguingly, deletion of a related
bZIP factor, C/EBPR, also markedly increased prolifera-
tion in db/db mice, resulting in a sixfold increase in B-cell
mass, and C/EBPB was found to bind to ATF6a and
inhibit its transcriptional activity (43). One isoform of
C/EBP is instrumental in nuclear translocation of CHOP,
further connecting these two family members (70).
Whether the PERK arm of the UPR is proproliferative or
antiproliferative is disputed, with conflicting reports in the
literature that may indicate context-dependent differences.
Evidence that PERK suppresses 3-cell proliferation comes
from in vivo deletion studies. PERK knockdown in the adult
pancreas resulted in activation of the IRE1 and ATF6 path-
ways, increased B-cell proliferation, and increased protein
levels of cyclin D1 and phosphorylated Rb (41). Similarly,
mice heterozygous for PERK deletion, resulting in a modest
reduction in PERK and phosphorylated elF2a protein levels,
were reported to have increased 3-cell number, although a
nonhistological methodology was used to make this
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estimation. Although B-cell proliferation was statistically
increased at some ages, the effect size was small. Together,
these studies provide evidence that PERK signaling exerts a
negative effect on B-cell proliferation; decompensated ER
stress due to loss of translation regulatory capacity, and
induction of CHOP, may be the root causes.

Activation of ER Stress Response Pathways Can Para-
doxically Lead to Increased B-Cell Death

Reported examples of UPR pathways leading to cell death
are mostly limited to downstream mediators in the IRE1
and PERK pathways. IREla hyperactivation can lead to
cellular demise in other cell types (66). As discussed
above, IREla is a bifunctional enzyme with both kinase
and endonuclease activities, the latter resulting in specific
Xbp1 splicing or nonspecific RIDD degradation of ER-asso-
ciated RNAs. All three of these activities have been linked
to cell death in some cases.

The kinase activity of IREla is linked to ER stress-re-
lated cell death through phosphorylation and activation
of JNK. When IREla is activated by ER stress it forms
homodimers, which autophosphorylate and then phos-
phorylate TRAF2, which phosphorylates ASK1, which sub-
sequently phosphorylates JNK (2) (Fig. 3). JNK activation
is a known cause of B-cell death in response to other
stresses and conditions. Several observations link IREla
activation to JNK-mediated B-cell death. A microarray
approach identified death domain protein 5 (DP5) as a
cause of cell death during lipotoxicity-induced ER stress.
DP5 induction was dependent on IRE1/JNK and PERK
activation. Knockdown of DP5 protected INS-1 cells and
rat primary B-cells from apoptosis (60), and mice null for
DP5 were resistant to diabetes due to expanded B-cell
mass (71). JNK target JunB may also play a role in lipo-
toxic cell death. Active JNK phosphorylates JunB, leading
to its degradation in the proteasome. JunB protein levels
decline after palmitate exposure; JunB knockdown increased
cell death and overexpression decreased cell death (51).
Intriguingly, JunB also transcriptionally upregulated Xbpl,
and increased AKT phosphorylation, suggesting a multifac-
torial mechanism of protection against cell death. Finally, in
Min6 cells and mouse islets palmitate treatment and cyto-
kine exposure both increased phosphorylation of JNK (50).
Inhibiting IREla RNase activity or deletion of Xbpl
increased cell death, but inhibiting JNK protected against
cell death (50). Based on experiments in islets from leptin-
deficient ob/ob mice, intensity of IRE1/JNK signaling was
postulated to be an important tipping point between [-cell
adaptation and failure (50).

IREla RNase activity can also increase B-cell death.
IREla splicing of Xbp1 is generally protective against glu-
cotoxic, lipotoxic, and cytokine-induced cell death, as
reviewed above. However, sustained overexpression of
XBP1 in rat islet cells resulted in increased B-cell apopto-
sis, with BAX translocation to mitochondria, diffuse cyto-
chrome C staining, and fragmentation of mitochondria
(68). This result emphasizes the important concept in
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stress response biology that the final impact of any type
of response ultimately depends on the duration and
intensity of that response.

IREla RIDD activity leading to general degradation of
ER-associated mRNAs can cause extensive cellular toxicity
including death (72). Kinase inhibiting RNase attenuators,
or KIRAs, a new class of allosteric IREla inhibitors, stabi-
lize the monomeric form of IREla, suppressing RNase
activity (73). KIRA6 reduced ER stress-induced cell death
in INS-1 cells and mouse islets and preserved islet mass
in Akita mice (74). KIRAS8 also had antidiabetes activity in
NOD mice (75). IREla oligomerization, which is depen-
dent on IREla kinase activity, is also supported by ABL
kinases that localize to the ER membrane during stress
(75). Imatinib, a tyrosine kinase inhibitor cancer thera-
peutic linked to improved glycemic control in cancer
patients with diabetes, also led to B-cell protection and
diabetes prevention in NOD mice. Intriguingly, nicotine
also has IREla inhibitory properties, rescuing B-cells
from ER stress—mediated cell death by activating the nico-
tinic acetylcholine receptor (76). Taken together with the
new evidence that deletion of IRE1la reduced incidence of
diabetes through avoidance of autoantigen production
(22), IREla seems to be a promising target for T1D
prevention.

The PERK pathway contributes to cell death via down-
stream activation of CHOP (Fig. 2). Although CHOP is
most prominently activated by ATF4, Chop mRNA is also
induced by ATF6 and XBP1l. CHOP contributes to ER
stress—induced B-cell death in a number of mouse models:
CHOP-null mice were protected against diabetes and
B-cell death in eIF20-S51A knock-in mice, in mice injected
with the B-cell toxin streptozotocin, and in db/db mice
(63). Deletion of CHOP restored adaptive UPR and
decreased proapoptotic gene expression, while increasing
antioxidative stress genes and protecting (3-cells from oxi-
dative damage (63). CHOP knockdown was also protective
against lipotoxic cell death (60) and cytokine-induced cell
death (77). Proinflammatory cytokines interleukin-1f (IL-
1B) and interferon <y (IFNYy) are released during insulitis
and trigger ER stress and expression of proapoptotic
members of the BCL2 protein family in B-cells (77). In
human islets and the human fetal B-cell line EndoC-B'H,
cytokine treatment downregulated miR-211-5p, which
were predicted to suppress CHOP expression. Inhibiting
miRNA-211-5p and miR-204-5p increased human {-cell
apoptosis, an effect that was partially rescued by CHOP
inhibition (77).

Although there is some evidence in other fields sug-
gesting that excessive activation of ATF6a leads to cell
death, data to this effect are currently lacking in 3-cells.
ATF6o transcriptionally induces Chop expression (78,79)
(Fig. 4), although the physiologic relevance of this has not
yet been tested in genetic models. In vitro and in vivo
models have been generated in our laboratory and others
for study of this pathway in more detail.
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The Future: Therapeutic Opportunities Harnessing

UPR

Promoting beneficial and suppressing harmful (-cell ER
stress responses has exciting potential to preserve or
expand B-cell capacity. A long-standing concept relevant
to decreasing stress is “B-cell rest,” achieved by interven-
tions that reduce the physiologic requirement for insulin
production and secretion. Remarkably, most established
effective therapies for T2D could be considered to provide
B-cell rest. For example, reduction in caloric intake (die-
tary restriction, glucagon-like peptide 1 receptor agonists
[GLP1RA]), increased caloric expenditure (exercise), engi-
neered caloric loss (gut malabsorptive procedures, acar-
bose, sodium-glucose cotransporter 2 inhibitors), reduced
whole-body insulin requirement (weight loss, insulin sen-
sitizers), or exogenous insulin therapy would all be
expected to reduce B-cell load. Conversely, therapies that
increase insulin secretion and might increase B-cell stress
(sulfonylureas) accelerate B-cell failure and worsen the
T2D disease trajectory (80). Some experts have even advo-
cated for counterintuitive approaches that decrease insu-
lin secretion, such as glucokinase inhibitors or diazoxide,
as a long-term T2D preventive strategy (81,82). Thus,
B-cell ER stress reduction may already play a large, if
mostly unrecognized, role in T2D therapy. However, to
our knowledge, molecular data confirming the impact of
systemic insulin load-reducing interventions on -cell ER
stress level, UPR activation, or survival in the human pan-
creas are lacking.

In contrast to the systemic physiology-driven interven-
tions described above, human therapies that improve
B-cell stress level through molecular actions directly in
the islet are still largely aspirational. Although many exist-
ing or novel agents have B-cell ER stress protective effects
in cell culture (including GLP1RA [supporting literature is
beyond the scope of this review]), evidence that these
observations are relevant to the in vivo human pancreas
is lacking. Perhaps surprisingly, direct (3-cell stress—target-
ing therapies have moved forward more quickly for T1D
than T2D. Developments include the use of verapamil in
early T1D (83), dantrolene in Wolfram syndrome (84),
and dlinical trials for GLP1RA in Wolfram syndrome and
TUDCA chemical chaperone in T1D. Preclinical studies in
mice suggest that an inhibitor of IRE1 RNAse activity may
offer protection in T1D (75). In theory, multiple additional
opportunities exist for both T1D and T2D. Modulation of
the IRE1/XBP1 and ATF6 pathways under the correct cir-
cumstances has the potential to trigger B-cell proliferation
to expand B-cell mass (37). Optimizing ER function could
improve insulin production and secretion in cases where
glucose intolerance is related to bystander misfolding pro-
insulin (23). Prevention of B-cell apoptosis by therapeutic
stress reduction could also be a valuable approach. Inhibit-
ing the integrated stress response with ISRIB has generated
much excitement in neurobiology (85); whether this com-
pound has a use in diabetes remains uncertain.
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Critical Knowledge and Technology Gaps

Many knowledge gaps exist, largely due to technical gaps.
Most importantly, the field lacks tools to quantify ER
stress level in human B-cells in the in vivo environment.
The proinsulin-to-C-peptide ratio has been touted as a
circulating 3-cell ER stress marker, but since most proc-
essing of proinsulin to insulin occurs in compartments
distal to the ER (1), the utility of this measurement to
determine ER health is uncertain. The field lacks biochem-
ical or imaging methodologies to estimate total (-cell
mass. Circulating demethylated insulin gene to quantify
ongoing [3-cell death is promising but currently lacks sen-
sitivity to be a robust tool in routine settings (86). Tech-
nologies like these are required for identification of
subjects who would benefit from stress-lowering thera-
pies, determining efficacy of those therapies, and develop-
ing and testing new therapies.

Knowledge gaps are many as well, especially a molecu-
lar understanding of adaptive and decompensated stress
responses in the in vivo human pancreas. Critical ques-
tions include those of the timing and intensity of stress
response activation across the spectrum of diabetes path-
ogenesis, with a particular need to understand the switch
from adaptive to maladaptive responses. For example, the
degree to which progression from prediabetes to T2D rep-
resents failure of adaptive UPR to adapt B-cell mass and
function is unknown. Similarly, since autoimmunity is
known to trigger B-cell ER stress, progression from anti-
body-positive to active T1D may represent inadequate
adaptive UPR or early susceptibility to decompensated ER
stress. Therapeutically, interventions that promote adap-
tive UPR to increase (3-cell number through proliferation
or cell survival, or increase function by streamlining insu-
lin synthesis, processing, and secretion, could potentially
prevent or delay diabetes onset in a variety of disease set-
tings. Once T1D or T2D is established, if sufficient B-cell
mass remains, then therapeutic approaches to bring some
B-cells back from the brink of stress-related decompensa-
tion and death might meaningfully restore metabolic
health. Much work remains to improve understanding of
the biology of ER stress in the human endocrine pancreas
in health and disease.

Conclusion

The pancreatic B-cell, an essential pillar supporting
whole-body metabolism, is vulnerable both to ER stress
itself and to collateral damage caused by overactivation of
stress response pathways. While all three UPR pathways
play important roles in cellular adaptation to ER stress,
downstream signaling can cause harm through transcrip-
tional, translational, and signaling mechanisms. Most of
the stress response impacts reviewed here are not unique
to PB-cells and may represent therapeutic opportunities
for other disease processes as well. Through better under-
standing of the tipping point between beneficial and
harmful outcomes it may be possible to develop tools to
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maintain (-cell stress in an adaptive range to maintain,
or even improve, functional B-cell mass and metabolic
outcomes.
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