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Loss-of-function mutations of the protein kinase PERK
(EIF2AK3) in humans and mice cause permanent neonatal dia-
betes and severe proinsulin aggregation in the endoplasmic
reticulum (ER), highlighting the essential role of PERK in insu-
lin production in pancreatic � cells. As PERK is generally known
as a translational regulator of the unfolded protein response
(UPR), the underlying cause of these � cell defects has often
been attributed to derepression of proinsulin synthesis, result-
ing in proinsulin overload in the ER. Using high-resolution
imaging and standard protein fractionation and immunological
methods we have examined the PERK-dependent phenotype
more closely. We found that whereas proinsulin aggregation
requires new protein synthesis, global protein and proinsulin
synthesis are down-regulated in PERK-inhibited cells, strongly
arguing against proinsulin overproduction being the root cause
of their aberrant ER phenotype. Furthermore, we show that
PERK regulates proinsulin proteostasis by modulating ER chap-
erones, including BiP and ERp72. Transgenic overexpression of
BiP and BiP knockdown (KD) both promoted proinsulin aggre-
gation, whereas ERp72 overexpression and knockdown rescued
it. These findings underscore the importance of ER chaperones
working in concert to achieve control of insulin production and
identify a role for PERK in maintaining a functional balance
among these chaperones.

Minor changes in circulating levels of insulin can elicit a
major perturbance of glucose homeostasis. Consequently, insu-

lin synthesis and secretion are finely controlled within pancre-
atic � cells (1). The discovery of monogenic forms of permanent
neonatal diabetes and Type 2 � cell decompensation have high-
lighted the importance and vulnerability of post-translational
proinsulin processing and forward trafficking out of the endoplas-
mic reticulum (ER)5 (2). Once thought to be housekeeping func-
tions, proinsulin folding, ER-associated degradation (ERAD)-me-
diated quality/quantity control, and anterograde trafficking are
regulated as a function of the metabolic state and demand for insu-
lin (2, 3). These steps ensure that � cells can rapidly mobilize and
secrete insulin while maintaining sufficient intracellular stores for
later secretion events.

PERK (EIF2AK3) is one of a small number of genes essential
for maintaining glucose homeostasis. As such, PERK deficiency
results in permanent neonatal diabetes in humans and mice (4,
5). In humans, PERK deficiency leads to Wolcott-Rallison syn-
drome (WRS), which, in addition to permanent neonatal dia-
betes, causes exocrine pancreas atrophy, growth retardation,
and osteopenia (6). Perk knock-out (KO) mice exhibit the same
set of anomalies as are seen in human WRS patients (7, 8) and
have served as the model system to study the molecular and
cellular basis of neonatal diabetes as well as the normal func-
tions of PERK. We previously showed that insulin insufficiency
in Perk KO mice was specifically caused by the absence of PERK
function in � cells and is associated with an aberrant accumu-
lation of proinsulin within the ER, denoted as the Impacted-ER
phenotype (9 –12). Mice carrying a targeted mutation of eIF2�
Ser51, the primary substrate of PERK kinase activity, also
exhibit the Impacted-ER phenotype (13), providing further evi-
dence that PERK is essential for normal � cell function and
insulin production.

This work was supported by National Institutes of Health Grant R01 DK88140
and a Huck Graduate Research Dissertation Award (to C. R. S.) from the
Huck Institutes of the Life Sciences at Penn State University. The authors
declare that they have no conflicts of interest with the contents of this
article. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

This article contains Figs. S1–S7, Tables S1 and S2, and “Experimental
procedures”.

1 Present address: MedImmune, LLC, Gaithersburg, MD 20878.
2 Present address: Atila Biosystems, Mountain View, CA 94043.
3 Present address: California Institute of Technology Pasadena, CA 91125.
4 To whom correspondence should be addressed: 109 Life Sciences Bldg.,

University Park, PA 16802-5034. Tel.: 814-865-9591; Fax: 814-865-6193;
E-mail: drc9@psu.edu.

5 The abbreviations used are: ER, endoplasmic reticulum; ERAD, ER-associ-
ated degradation; WRS, Wolcott-Rallison syndrome; HMW, high-molecular
weight; AN, anisomycin; GFP, green fluorescent protein; UPR, unfolded
protein response; ERSE, ER stress element; PDI, protein-disulfide isomer-
ase; KD, knockdown; eIF, eukaryote initiation factor; PERKi, PERK inhibitor;
SubAB, subtilase cytotoxin; DAPI, 4�,6-diamidino-2-phenylindole; m.o.i.,
multiplicity of infection; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; HPG, L-homoproparargylglycine; Adv-
BiP, adenoviral overexpression of BiP.

croARTICLE

5134 J. Biol. Chem. (2018) 293(14) 5134 –5149

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

https://orcid.org/0000-0001-8604-1089
https://orcid.org/0000-0001-5395-2249
https://orcid.org/0000-0002-1558-7137
http://www.jbc.org/cgi/content/full/M117.813790/DC1
http://www.jbc.org/cgi/content/full/M117.813790/DC1
mailto:drc9@psu.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M117.813790&domain=pdf&date_stamp=2018-2-14


Two alternative hypotheses have dominated the subsequent
inquiry into the molecular mechanisms that govern PERK func-
tion in � cells. The first was based on early observations of
chemically induced ER stress in cultured cells. During ER stress,
PERK is activated to phosphorylate its major substrate, eIF2�,
leading to depressed global translation initiation and increased
expression of transcription factors that function to either
relieve the stress or, failing that, induce apoptosis. Thus, it was
initially postulated that the proinsulin overload within the ER
lumen associated with PERK and eIF2� mutations was caused
by derepression of protein synthesis (7, 14, 15).

Upon further investigation into the cellular outcomes of
PERK ablation in mice and cultured cells, an alternative
hypothesis began to emerge. PERK deficiency was found to lead
to defects in ERAD and anterograde proinsulin trafficking that
were correlated with changes in expression of BiP, ERp72, and
other ER chaperones (10). These ER chaperones are essential
for coordinating proinsulin folding, disulfide bond formation,
and protein quality control (2, 16 –22). Furthermore, repeated
experiments in cultured cells and isolated islets found no
evidence of global protein or proinsulin over-synthesis when
PERK was ablated (9 –12, 23, 24). Although these findings
did not support the ER stress-based explanation of PERK
function, they did not directly refute the protein overload
hypothesis.

The recent availability of a highly specific inhibitor of PERK
kinase activity, GSK2606414 (PERKi) (25, 26), provided a
means to study the consequences of acute and controlled
ablation of PERK in � cells. Using this inhibitor, Harding and
co-workers (27) reported a modest derepression of proinsu-
lin synthesis in rat islets and the appearance of proinsulin in
high-molecular weight (HMW) aggregates in cultured �
cells. They interpreted these correlative findings as addi-
tional evidence for the proinsulin over-synthesis model of
PERK function in � cells. In parallel, we discovered that
within seconds to minutes, PERKi treatment perturbs cal-
cium fluxes, which are critical for glucose-stimulated insulin
secretion. Moreover, we found that within 24 h, PERKi
induces an Impacted-ER phenotype that is indistinguishable
from what is seen in genetic models of PERK ablation, indi-
cating that the phenotype is a generalized feature of PERK
ablation in � cells (11).

The goal of the work presented herein is to directly test the
two competing hypotheses for how the absence of PERK func-
tion leads to � cell dysfunction and the Impacted-ER phe-
notype. Consistent with our previous finding in genetic models
of PERK ablation we do not observe increases in global protein
or proinsulin synthesis in a population of PERKi-treated cells.
On the contrary, we clearly demonstrate that both are signifi-
cantly reduced, specifically in Impacted-ER cells, thereby ruling
out the ER stress-based proinsulin over-synthesis hypothesis.
Instead, we uncover compelling evidence for the alternative
hypothesis that loss of functional coordination among key
PERK-dependent ER chaperones is primarily responsible for �
cell dysfunctions and diabetes in Perk mutant mice and humans
afflicted with WRS.

Results

� cells from WRS patients display a proinsulin Impacted-ER
phenotype

Proinsulin abnormally accumulates in the ER of � cells in
rodent models of PERK ablation (Fig. 1, A–D, and Fig. S1, A and
B), and this is purported to be the major reason for insulin
insufficiency and diabetes in Perk KO mice (9 –12). Because the
diabetes in Perk KO mice is similar to the diabetes in WRS-
afflicted humans, we asked if they share the same subcellular �
cell defects. As was previously shown (28), the number of insu-
lin-positive � cells was greatly diminished in pancreata from
human WRS. Furthermore, human WRS islets also contained
Impacted-ER cells that were indistinguishable from those seen
in Perk KO islets (Fig. 1, E and F). More detailed examination
(Fig. 1, G–I) of PERK-inhibited � cells in culture identified
intermediate cells in which proinsulin could be detected both
within and just outside of its normal Golgi localization (Fig.
1H). “Super” Impacted-ER cells in which proinsulin was dis-
persed throughout the cell body, reaching the periphery, were
also observed (Fig. 1I). Additionally, the structure of the Golgi
appears less organized, but not wholly lost, in the super Impact-
ed-ER cells. This observation is consistent with previous data
that showed mixing of the ER and Golgi compartments when
PERK function was ablated genetically (10).

The Impacted-ER phenotype is correlated with proinsulin
aggregation in � cells

The appearance of proinsulin as insoluble, HMW aggregates
in PERKi-treated cells (27) in culture (Fig. 1D) suggested a bio-
chemical basis for the Impacted-ER phenotype. A previously
described ultracentrifugation method (27) was employed to
determine whether aggregate formation is temporally corre-
lated with the Impacted-ER phenotype in INS1 832/13 cells
treated with PERKi. Proinsulin aggregates were detectable at
4 h and continued to increase through 24 h post-treatment with
PERKi (Fig. 1, J and K). The timing of this aggregation coincided
with the appearance of the Impacted-ER phenotype cytologi-
cally (Fig. 1L). Importantly, eIF2�-P levels at these time points
were not elevated in contrast to levels seen in cells exposed
to the ER stress-inducing agent thapsigargin, indicating the
absence of a canonical ER stress response (Fig. 1M).

Proinsulin aggregation is independent of derepressed protein
synthesis but requires new protein synthesis

It was previously reported by Harding and co-workers (27)
that PERKi modestly increases proinsulin synthesis in rat whole
pancreatic islets, which was correlated with the formation of
HMW proinsulin aggregates in cultured mouse MIN6 � cells.
However, when we repeated these experiments using rat INS1
832/13 � cells, we found no significant change in proinsulin
(Fig. 2, A and B) or global protein synthesis over time (Fig. 2, C
and D), whereas both were significantly reduced at all time
points by treatment with the global protein synthesis inhibitor
anisomycin (AN).

Impacted-ER cells typically comprise less than 20% of the
total cell population in PERKi-treated cells. Therefore, our
inability to detect PERKi-induced changes in proinsulin or total
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protein synthesis may have been due to the overwhelming
excess of unaffected � cells that obscured changes in the com-
paratively minor population of Impacted-ER cells. To assess the
status of protein synthesis only in Impacted-ER cells, a single
cell-based fluorescence assay was employed, which incorpo-

rates an alkyne-modified analog of methionine, which allows
for fluorescence detection of cells that are active for protein
synthesis. When fluorescence intensities of total populations of
INS1 832/13 cells were compared, no significant differences in
total protein synthesis were found in cells treated with PERKi

Figure 1. The Impacted-ER phenotype correlates with proinsulin aggregation and can also be found in WRS patients. A–F, immunodetection of insulin
(green), proinsulin (red), and DAPI (blue) in wildtype mouse pancreata (A), DMSO-treated INS1 832/13 cells (C), and normal human pancreata (E) shows
proinsulin in perinuclear patches associated with the Golgi and insulin dispersed in secretory granules throughout the cytoplasm. The Impacted-ER phenotype
in PKO mouse pancreata (B), PERKi-treated INS1 832/13 cells (D), and human pancreata from a 3-month-old WRS patient (F) as characterized by distended ER
and an aberrant accumulation of proinsulin. Insets in A and B are enlarged �30 to show detail. White arrowheads indicate representative cells exhibiting the
Impacted-ER phenotype. Scale bar � 30 �m. G–I, immunodetection of proinsulin (red), a Golgi-specific marker, RCAS1 (green), and DAPI (blue) in INS1-832/13
cells treated for 24 h with 1 �M PERKi or an equal volume of DMSO. Cells were imaged on a high-resolution microscope to show punctate proinsulin staining,
which largely overlaps the Golgi area in control cells and then progressively spreads throughout the cytoplasmic area as the ER becomes distended and the cell
becomes impacted under PERKi conditions. Scale bar � 10 �m. J, INS1 832/13 cells treated for 24 h with 1 �M PERKi and HMW aggregates were isolated and then
electrophoresed under non-reducing (NR) and reducing (R) conditions. Immunoreactive NR proinsulin (ProI.) aggregates have dramatically retarded electro-
phoretic mobility and can only migrate a short distance into the gel. K, INS1 832/13 cells treated for 0, 4, 8, and 24 h with 1 �M PERKi. HMW protein aggregates
were analyzed as described in J. A representative blot is shown with quantification of the NR samples representing n � 5 per treatment presented as mean �
S.D. with the input data points shown as black dots. Statistical significance is calculated relative to the PERKi 0 h control; *, p � 0.05; **, p � 0.01. L, INS1 832/13
cells were treated for 6, 8, 12, 18, and 24 h with 1 �M PERKi. Proinsulin and DAPI were detected by immunocytochemistry, and Impacted-ER cells were counted
as a frequency of total cells. Quantification represents n � 4 per treatment. Different letters indicate statistically significant difference. M, INS1 832/13 cells
treated for 0, 4, 8, and 24 h with 1 �M PERKi or for 2 h with 1 �M thapsigargin (Tg) as a positive control of ER stress. A representative blot is shown with
quantification of n � 4 per treatment. Different letters indicate statistically significant difference.
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compared with the controls (Fig. 2E). However, when Impact-
ed-ER and non-Impacted-ER cells within the same PERKi-
treated population were compared, a reduction in total protein
synthesis by �50% for Impacted-ER compared with non-Im-
pacted-ER cells was observed at all time points tested (Fig. 2,
F–N). A significant reduction was also seen in MIN6 cells (Fig.

S2A). These results strongly argue against total protein or pro-
insulin over-synthesis as being the cause of ER and proinsulin
dysfunctions seen in PERK-ablated � cells.

In normal �-cells there is a low steady-state level of proinsu-
lin in the ER due to rapid transit to the Golgi (9, 10, 12, 29), and
therefore it is unlikely that the amount of proinsulin in the ER at

Figure 2. Proinsulin aggregation occurs independently of derepressed protein synthesis. A, INS1 832/13 cells treated for 1 or 12 h with 1 �M PERKi and 50
nM AN. Shown are representative autoradiographs of metabolically labeled proinsulin immunopurified from cell lysates pulse-labeled with [35S]methionine/
cysteine for the last 30 min. Quantification was carried out using the ImageQuant software on specialized image files generated using the Storage Phosphor
setting on the Typhoon PhosphorImager (GE Healthcare) and represents n � 3 per treatment. Statistical significance is calculated relative to the DMSO control;
***, p � 0.001. B, INS1 832/13 cells treated for 24 h with 1 �M PERKi and 15 nM AN. Shown are representative autoradiographs as described in A. Quantification
was carried out as described for A and represents n � 8 per treatment. Statistical significance is calculated relative to the DMSO control; **, p � 0.01; ***, p �
0.001. C, INS1 832/13 cells treated for 1 h with 1 �M PERKi, 10 or 50 nM AN. Shown are representative autoradiographs of metabolically labeled total cell lysates
pulse-labeled with [35S]methionine/cysteine for the last 30 min. The entire molecular weight range of each lane was quantified by ImageQuant as described for
A. The graph represents n � 3 per treatment. Statistical significance is calculated relative to the DMSO control; ***, p � 0.001. D, INS1 832/13 cells treated for 12 h
with 1 �M PERKi, 10 or 50 nM AN. Shown are representative autoradiographs as described in C. Quantification represents n � 3 per treatment. Statistical
significance is calculated relative to the DMSO control; ***, p � 0.001. E, INS1 832/13 cells treated for 12 h with 1 �M PERKi. The methionine analog HPG (50 �M)
was added 1 h before harvest. Newly synthesized proteins were quantified by fluorescence detection of the incorporated derivatized methionine using
ImageJ software as described under “Experimental procedures.” Quantification represents n � 4 per treatment. Statistical significance was calculated
relative to the DMSO control. F, INS1 832/13 cells treated for 4, 8, 12, and 24 h with 1 �M PERKi. HPG was added for the last hour as described in A. Intensity
of staining was measured for Impacted and non-impacted cells based on proinsulin staining. Quantification represents n � 8 per treatment. Statistical
significance was calculated relative to the non-impacted control; *, p � 0.05; **, p � 0.01. G–N, immunodetection of DAPI (blue), proinsulin (red), and
newly synthesized protein (green) in DMSO-treated INS1 832/13 cells (B–E) and 4-h PERKi-treated INS1 832/13 cells (F-I). White arrowheads indicate
impacted cells. Scale bar � 20 �m.
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initiation of PERK inhibition is sufficient to cause the massive
aggregation of proinsulin in the ER several hours later. Thus, we
speculated that aggregate formation requires ongoing new
proinsulin synthesis. To test this, � cells were co-treated with
PERKi and a moderately high dose (50 nM) of AN, which
reduced proinsulin synthesis by 40% after 1 h and 65% after 12 h
(Fig. 2A). As expected, this level of reduction in proinsulin syn-
thesis was correlated with an almost complete elimination of
the Impacted-ER phenotype at 24 h (Fig. 3A). However, a lower
dose of AN (15 nM), which achieved a 25% reduction in proin-
sulin synthesis after 24 h (Fig. 2B), was permissive for proinsulin
aggregation and the Impacted-ER phenotype, albeit to a lesser
degree than PERKi treatment alone (Fig. 3, B and C). To deter-
mine whether prior reduction of proinsulin synthesis predis-
poses cells to aggregate formation in response to PERKi, cells
were pre-treated with AN for 15 min before adding PERKi.
Under these conditions, the Impacted-ER phenotype was still
readily observable after 24 h of PERK inhibition, albeit to a
slightly lesser extent than with co-treatment (Fig. 3D).

To summarize, PERK inhibition still leads to proinsulin
aggregation even when protein synthesis is modestly reduced,
however, some level of ongoing synthesis is needed to provide
proinsulin to the accumulating aggregates once their formation
has been initiated by loss of PERK function. Collectively, these
findings strongly argue that the root cause of the Impact-
ed-ER phenotype in PERK-ablated cells is not ER client pro-
tein over-synthesis.

PERK mediates expression of ER chaperones

Previously, we showed that BiP and ERp72 expression in
Perk-deficient mice and cultured � cells were substantially ele-
vated compared with other ER trafficking-related proteins (9,
10). Similarly, in INS1 832/13 cells treated for 24 h with PERKi
we observed an increase in Erp72 and Bip mRNAs (Fig. 4A). BiP
protein levels were modestly elevated after a 24-h PERKi treat-
ment, with the most significant increase occurring between 8
and 24 h of PERKi exposure (Fig. 4B). Thus, up-regulation of
this critical chaperone is delayed with respect to the onset of
proinsulin aggregate formation.

In both INS1 832/13 and MIN6 PERKi-treated cells, the tran-
script for the chaperone Pdi, which is also known to promote
proinsulin folding (9, 20, 30 –32), is modestly increased. How-
ever, this increase was not as large as was seen for Bip and Erp72
mRNAs (Fig. 4A and Fig. S3). ERp72 protein has been shown to
be significantly elevated in neonatal Perk KO islets and mod-
estly so in � cells expressing a dominant-negative Perk trans-
gene (9). In cultured � cells treated with PERKi, however,
ERp72 protein levels were inconsistently elevated (not shown).
Protein level changes for ERO1� or two of the other PDI family
of chaperones, PDI and ERp57, were not observed. However,
we previously demonstrated that the redox state of both ERp72
and ERp57 are significantly altered in models of genetic Perk
ablation (9), which suggests that coordinated chaperone func-
tion is achieved as much by maintaining physiological foldase
activity as it is by the overall amount of the chaperone proteins.

BiP co-localizes and co-immunoprecipitates with proinsulin in
PERK-ablated cells

BiP is normally dispersed throughout the ER and therefore
occupies most of the cell body in wildtype � cells from mice,
and humans, whereas proinsulin almost exclusively localizes to
the Golgi (Fig. 5, A–C, G–I, and M–O). By contrast, in all que-
ried models of PERK ablation, including Perk KO � cells (Fig. 5,
D–F), PERKi-treated INS1 832/13 cells (Fig. 5, J–L), and pan-
creata from WRS patients (Fig. 5, P–R), BiP and proinsulin

Figure 3. Protein aggregation requires new protein synthesis. A, INS1
832/13 cells treated for 24 h with 1 �M PERKi and 50 nM AN. Quantification
represents n � 4 per treatment. Statistical significance is calculated relative to
the PERKi only treatment; ***, p � 0.001. B, INS1 832/13 cells treated for 24 h
with 1 �M PERKi and 15 nM AN. Quantification represents n � 8 per treatment.
Statistical significance is calculated relative to the PERKi only treatment; ***,
p � 0.001. C, INS1 832/13 cells treated for 24 h with 1 �M PERKi and 15 nM AN.
HMW protein aggregates were pelleted and electrophoresed under reducing
conditions. A representative blot is shown with quantification representing
n � 4 per treatment. Statistical significance is calculated relative to the DMSO
control or as indicated; **, p � 0.01; ***, p � 0.001. D, INS1 832/13 cells treated
for 24 h with 1 �M PERKi and 15 nM anisomycin was added either 15 min prior
to addition of PERKi (Pre-tx) or at the same time as the PERKi (Co-tx). Quanti-
fication represents n � 4 per treatment. Statistical significance is calculated
relative to the PERKi only treatment or as indicated; *, p � 0.05; **, p � 0.01.

Figure 4. PERK mediates expression of ER chaperones. A and B, mRNA (A)
and protein (B) expression levels quantified in INS1 832/13 cells treated with 1
�M PERKi. Quantification represents n � 8 per treatment. Statistical signifi-
cance is calculated relative to 0 h control; *, p � 0.05; ***, p � 0.001 (A).
Representative Western blots are shown; different letters indicate statistically
significant difference (B).
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aberrantly co-localize within an Impacted-ER (Fig. 5F, L, and R,
and Fig. S4, A–J). High proinsulin protein levels are correlated
with up-regulation of BiP, specifically in Perk KO � cells dis-
playing an Impacted-ER (12). To examine this further, we
assessed BiP expression levels over increasing PERKi treatment
times and found that 80 –90% of the cells overexpressing BiP
co-localized with Impacted-ER. This correlation showed no
significant variation over the 6 to 24 h time course of PERKi
treatment (Fig. 5S). These results confirm our previous finding
that elevated BiP levels correlate with the appearance of the
Impacted-ER phenotype under these conditions. There is also
an enhanced interaction between BiP and proinsulin by co-
immunoprecipitation that was absent in vehicle-treated con-
trols (Fig. 5T). The very low frequency of Impacted-ER � cells
within the first 6 h of PERK inhibition (Fig. 1L) precluded our
ability to adequately assess the degree of association between
BiP and proinsulin by co-immunoprecipitation or the HMW
assay at early time points. However, given that by 6 h �85% of
Impacted-ER cells also over-express BiP (Fig. 5S), an abnor-

mally enhanced interaction between BiP and proinsulin that
occurs early and becomes overt by 24 h seems highly likely.

BiP functions within an optimal range to promote proper
proinsulin trafficking

If the functional coordination of ER chaperones is the critical
downstream effector of PERK in � cells, then manipulation of
their levels and/or activity should alter PERKi-induced proin-
sulin aggregation. This should be especially true for BiP, which,
in addition to its vital role in proinsulin folding, is also a key
regulator of PERK that responds to physiological calcium fluxes
in response to the major insulin secretagogue glucose (17, 33,
35). Adenoviral overexpression of BiP (Adv-BiP) alone at both
low (500) and high (3000) multiplicity of infection (m.o.i.) (Fig.
6, A and B) caused an accumulation of proinsulin in the ER
indistinguishable from the Impacted-ER phenotype (Fig. 6C
versus Fig. 5, J–L) but at a lower frequency than what is observed
in PERKi-treated cells (Fig. 6D). BiP overexpression was moni-
tored at the single-cell level by GFP (green fluorescent protein)

Figure 5. BiP co-localizes and co-immunoprecipitates with proinsulin in PERK-ablated cells. A–R, immunodetection of BiP (green) and proinsulin (red) in
wildtype mouse pancreata (A–C), DMSO-treated INS1 832/13 cells (G–I), and normal human pancreata (M–O) shows proinsulin in perinuclear patches associ-
ated with the Golgi and BiP is dispersed throughout the ER. In PKO mouse pancreata (D–F), PERKi-treated INS1 832/13 cells (J–L), and human pancreata from a
3-month-old WRS patient (P–R), both proinsulin and BiP are overexpressed and dispersed throughout the abnormally distended ER. Scale bar � 25 �m for A–F
and 30 �m for G–R. S, INS1 832/13 cells treated for 6, 8, 12, 18, and 24 h with 1 �M PERKi. Proinsulin, BiP, and DAPI were detected by immunocytochemistry. Cells
overexpressing BiP were readily scored as having intense BiP staining throughout the ER. Quantification represents n � 4 per treatment. T, INS1 832/13 cells
treated for 24 h with 1 �M PERKi and then immunoprecipitated (IP) with BiP antibody. Representative image of IP/Western blot is shown with quantification
representing n � 3 per treatment. Statistical significance is calculated relative to the DMSO control; *, p � 0.05; **, p � 0.01; WB, Western blot.
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fluorescence in infected cells as the shuttle vector used to pro-
duce the adenovirus had a humanized recombinant GFP (22).
BiP overexpression did not alter global protein or proinsulin

synthesis (Fig. S5A). When BiP was overexpressed to higher
levels (3000 m.o.i.), modest increases in UPR markers (Fig. S5B)
were seen. However, these effects were absent at lower levels of

Figure 6. The balance of BiP is important in properly regulating proinsulin trafficking. A and B, INS1 832/13 cells infected with a BiP-overexpressing
adenovirus or control adenovirus overexpressing GFP at 500 (A) or 3000 (B) m.o.i. prior to treatment for 24 h with 500 nM PERKi. A representative blot is shown
with quantification representing n � 4 per treatment. Statistical significance was calculated relative to the Adv-GFP/DMSO control; *, p � 0.05; ***, p � 0.001.
C, immunostaining of INS1 832/13 cells infected with AdV-BiP (500 MOI) using proinsulin (red) and DAPI (blue). The GFP image shows that the cells with
Impacted-ER are infected with the BiP-overexpressing adenovirus. Scale bar � 30 �m. D, INS1 832/13 cells infected with AdV-BiP as described in A and B
followed by treatment for 24 h with 500 nM PERKi. Quantification represents n � 4 per treatment. Different letters indicate statistically significant difference. E,
INS1 832/13 cells transfected with BiP siRNAs or a non-targeting negative control siRNA. A representative blot is shown with quantification representing n �
4 per treatment. Statistical significance is calculated relative to the negative siRNA control; **, p � 0.01. F, INS1 832/13 cells treated for 24 h with 500 nM PERKi
and treated for the final 1 h with 0.5 �g/ml of Subtilase cytotoxin (SubAB) or the inactive mutant SubAA272B (Mut). A representative blot is shown with
quantification representing n � 4 per treatment. Different letters indicate statistically significant differences. G, INS1 832/13 cells transfected with BiP or
negative control siRNAs or treated with SubAB or the inactivated mutant in combination with PERKi treatment as was done in E and F. Quantification represents
n � 4 per treatment. Statistical significance is calculated relative to the negative siRNA control or the SubAA272B inactive mutant treated with PERKi; ***, p �
0.001. H, INS1 832/13 cells were transfected with BiP or negative control siRNAs and treated for the final 24 h with 1 �M PERKi. HMW protein aggregates were
pelleted and electrophoresed as described in the legend to Fig. 1J. Representative blots are shown with quantification representing n � 4 per treatment.
Different letters indicate statistically significant differences. I, INS1 832/13 cells were transfected for 48 h with V5-tagged wild-type proinsulin–KDEL (INS�-KDEL).
Twenty-four hours after transfection, cells were then infected with a BiP-overexpressing adenovirus or control adenovirus overexpressing GFP at 500 m.o.i.
prior to treatment for 24 h with 1 �M PERKi. Representative blots are shown with quantification representing n � 4 per treatment. Different letters indicate
statistically significant differences. J, INS1 832/13 cells were transfected for 48 h with V5-tagged wildtype proinsulin-KDEL (INS�-KDEL). Cells were treated for
the final 24 h with 1 �M PERKi and the final 1 h with 0.5 �g/ml of SubAB or the inactive mutant SubAA272B (Mut). Representative blots are shown. Different letters
indicate statistically significant differences.
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overexpression (500 m.o.i.; Fig. S5B), which still caused proin-
sulin aggregation (Fig. 6, C and D).

Because BiP overexpression alone caused an Impacted-ER
phenotype, we hypothesized that BiP knockdown would have
the opposite effect and rescue the phenotype in PERKi-treated
cells. Two methods for reducing the amount of active BiP were
used: siRNA-mediated KD and subtilase cytotoxin (SubAB),
which specifically and acutely cleaves and inactivates BiP (36).
Unexpectedly, we found that reducing BiP by 50% in PERK-
inhibited cells (Fig. 6, E and F) more than doubled the frequency
of cells with Impacted-ER (Fig. 6G) and significantly increased
proinsulin aggregation (Fig. 6H). Acutely reducing BiP using
SubAB increased the percentage of cells with Impacted-ER in a
time-dependent manner (Fig. S6, A and B).

It was previously shown that genetic ablation of PERK in
AD293 cells causes impaired ERAD of exogenously expressed
proinsulin (10). To determine whether the same holds true for
� cells and if BiP plays a role, similar experiments in INS1
832/13 cells were performed. Cells were transfected with a
recombinant proinsulin that harbors a KDEL ER-retention sig-
nal as well as a V5 epitope tag that allows for simplified detec-
tion on immunoblots (10). At 48 h post-transfection, the cells
were infected with AdV-BiP or the AdV-GFP control and
PERKi was also added. At 24 h post-infection/PERKi treatment,
cells were harvested and both BiP and V5-tagged proinsulin
were quantified. Only trace amounts of V5-tagged proinsulin
were detected in untreated AdV-GFP controls cells (Fig. 6I).
Under these conditions the KDEL ER-retention signal impedes
anterograde trafficking of proinsulin out of the ER, which stim-
ulates its removal by ERAD (10). The addition of PERKi led to
an over 20-fold increase in immunodetectable V5-proinsulin,
which suggests impaired degradation, consistent with our pre-
vious findings in AD293 cells genetically ablated for PERK. In
BiP overexpressing � cells, there was a modest but significant
elevation of V5-proinsulin, suggesting that an imbalance of
active BiP can, on its own, disrupt degradation of proinsulin by
ERAD. When PERKi was added to cells overexpressing BiP, this
effect was greatly amplified, but was not significantly different
from what was observed in similarly treated AdV-GFP control
cells. When SubAB toxin was then used to carry out BiP knock-
down in this system it too dramatically reduced ERAD proteol-
ysis of proinsulin both in the presence and absence of PERK
inhibition (Fig. 6J). Collectively, these results confirm the
importance of BiP for normal proinsulin folding and forward
trafficking. However, they are inconsistent with the widely
accepted view that protein mis-folding and its resultant nega-
tive cellular and physiological consequences can be overcome
by simply increasing chaperone protein levels (37).

Knockdown of ATF6 worsens PERKi-induced proinsulin
aggregation by simultaneously increasing proinsulin synthesis
and reducing BiP expression

Expression of ER chaperones, including BiP, is tightly regu-
lated in all cell types, in part, by binding of the transcription
factors ATF6 and XBP1 to ER stress elements (ERSE) upstream
of their promotors. Recently, ATF6 has emerged as the pre-
dominant ERSE-specific transcriptional regulator of BiP in �
cells (38). The ability of the ER chaperone transcriptional reg-

ulators to dynamically modulate ER chaperone expression is
critical to the proper function of highly secretory cell types,
such as plasma or � cells, as they attempt to meet the ever-
changing demands for their secretory products under normal
physiological conditions. The regulation of ER chaperone
expression by ATF6 and XBP1 has been best characterized in
the context of ER stress (39 –43); however, they have also been
shown to play important roles in basal chaperone expression in
the absence of ER protein overload (38, 39). Basal expression of
activated ATF6 is an important regulator of BiP and proinsulin
synthesis in islets and isolated � cells and is essential for their
normal function and survival (38). Upon activation by either ER
stress or other physiological stimuli, ER-localized ATF6 trans-
locates to the Golgi where it is proteolytically cleaved to release
a transcriptionally active ATF6 p50 domain, which then enters
the nucleus and stimulates the transcription of target genes,
including Bip (43, 44). ATF6 exists in two isoforms, Atf6� and
Atf6�, and deletion of both isoforms results in embryonic
lethality, indicating that ATF6 has an essential cellular function
(44, 45). Volchuk and co-workers (38) demonstrated that
knockdown of ATF6� in � cells reduces BiP expression while
simultaneously increasing the expression of insulin via the Ins2
gene. Importantly, they were unable to detect any evidence of
ER stress in ATF6 KD cells.

The hypothesis that the coordination of functional PERK-de-
pendent ER chaperones governs proinsulin forward trafficking
predicts that the combined effects of reduced BiP expression
and increased proinsulin production seen in ATF6 KD cells
should lead to proinsulin folding and trafficking problems even
when PERK remains functional. To test this, � cells were sub-
jected to siRNA-mediated ATF6 KD for a total of 48 h with
PERKi or a vehicle control introduced during the last 24 h of
knockdown. Cells were then monitored for any indications of
ER stress or proinsulin trafficking defects. An increase in the
spliced form of Xbp1 was observed in PERK-ablated cells irre-
spective of ATF6 KD. Sec61a, which has been shown to be spe-
cifically up-regulated by the IRE1 arm of the ER stress response
(46), remained unchanged, as did the known ER stress indica-
tors, Chop and Gadd34 (Fig. 7A). This absence of ER stress is
consistent with previous findings in all models of PERK abla-
tion (9, 23, 24), as well as for knockdown of ATF6 in cultured �
cells (38). As was also previously shown (38), ATF6� KD on its
own reduced both ATF6� and BiP (mRNA and protein) expres-
sion compared with the negative siRNA control (Fig. 7A), and
there was a small but significant increase in proinsulin protein
(Fig. 7B). When the subcellular location of proinsulin after 48 h
of ATF6 KD was examined, a small but significant percentage of
cells exhibiting an Impacted-ER phenotype (Fig. 7C) were
observed. Although we were unable to see Impacted-ER cells
by 28 h of ATF6 KD (Fig. 7D), we did detect a significant
increase in total intracellular proinsulin within the PERKi-
treated population (data not shown; p value� 0.05), suggest-
ing that the cells were progressing toward an overtly Impact-
ed-ER phenotype.

The consequences of adding PERKi to cells with reduced
ATF6 expression provide additional clues as to the mechanisms
in which proper proinsulin trafficking is dependent on BiP
function. When PERKi was included during the last 24 of the

PERK controls ER chaperone function in � cells

J. Biol. Chem. (2018) 293(14) 5134 –5149 5141

http://www.jbc.org/cgi/content/full/M117.813790/DC1
http://www.jbc.org/cgi/content/full/M117.813790/DC1


48 h of ATF6 KD, the levels of BiP mRNA (Fig. 7A) and protein
(Fig. 7B) were partially restored, and the amount of intracellular
proinsulin was dramatically higher (Fig. 7B). If restoration of
BiP protein levels was the critical determinant for rescuing
chaperone function, then the most likely outcome of this
observed partial recovery of BiP expression would be ameliora-
tion of proinsulin accumulation and the Impacted-ER pheno-
type. Instead, we found just the opposite: the frequency of
Impacted-ER � cells was higher in ATF6 KD cells treated with
PERKi for 24 h (Fig. 7C). Initially, we were somewhat surprised
to find that long-term PERK ablation restored BiP expression
levels although the expression of its dominant transcriptional
activator, ATF6, continued to be significantly knocked down.

However, at earlier time points, when proinsulin aggregation is
already present (Fig. 7D), we found no increase in Bip expres-
sion in response to PERKi irrespective of ATF6 KD (Fig. 7E).
The increased expression of BiP that occurs several hours later
is most likely due to proteolytic cleavage and activation of resid-
ual ATF6, which is known to occur after long-term PERK abla-
tion due to mixing of the ER and Golgi compartments (9, 47).

Other ER chaperones play a role in maintaining proper
proinsulin folding

Because other ER chaperones play supporting roles in BiP-
dependent proinsulin folding and processing, it was important
to ask if altering their expression might affect the formation of

Figure 7. ATF6 knockdown alters BiP and proinsulin levels under nonstress conditions. A and B, mRNA (A) and protein (B) expression levels quantified in
INS1 832/13 cells transfected with ATF6 siRNAs for 48 h and treated with 1 �M PERKi for the last 24 h prior to harvest. Representative Western blots are shown
(B). Quantification represents n � 6 per treatment. Different letters indicate statistically significant difference. C, INS1 832/13 cells were transfected with ATF6
siRNAs for 48 h and 1 �M PERKi was added for the last 24 h. Quantification represents n � 8 per treatment. D and E, INS1 832/13 cells were transfected with ATF6
siRNAs for 28 h and 1 �M PERKi was added for the last 4 h prior to harvest. Quantification represents n � 4 per treatment. Different letters indicate statistically
significant differences.
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the Impacted-ER phenotype. ERp72 seemed to most warrant
further investigation because it is the most highly expressed
chaperone at the mRNA level in all established models of PERK

inhibition and also co-localizes with proinsulin in Impacted-ER
� cells (9). Although both overexpressing and reducing func-
tional BiP exacerbated the negative effects of PERKi, manipu-

Figure 8. The balance of other ER chaperones is also important in properly regulating proinsulin trafficking. A, INS1 832/13 cells infected with an
ERp72-overexpressing adenovirus or control adenovirus overexpressing GFP at 1000 m.o.i. A representative blot is shown with quantification representing n �
3 per treatment. Statistical significance was calculated relative to the AdV-GFP control; **, p � 0.01. B, INS1 832/13 cells infected with AdV-ERp72 as described
in A followed by treatment for 24 h with 1 �M PERKi. Quantification represents n � 4 per treatment. Statistical significance is calculated relative to AdV-GFP/
PERKi; ***, p � 0.001. C, INS1 832/13 cells transfected with ERp72 siRNAs. A representative blot is shown with quantification representing n � 4 per treatment.
Statistical significance is calculated relative to the negative siRNA control; **, p � 0.01. D, INS1 832/13 cells were transfected with siRNAs as described in C, and
1 �M PERKi was added for the last 24 h prior to harvest. Quantification represents n � 8 per treatment. Statistical significance is calculated relative to the
negative siRNA treated with PERKi; ***, p � 0.001. E, INS1 832/13 cells were transfected with BiP and ERp72 siRNAs, and 1 �M PERKi was added for the last 24 h
prior to harvest. Quantification represents n � 4 per treatment. Different letters indicate statistically significant differences. F, INS1 832/13 cells transfected with
PDI or negative control siRNA. A representative blot is shown with quantification representing n � 4 per treatment. Statistical significance is calculated relative
to the negative siRNA control; *, p � 0.05. G, INS1 832/13 cells were transfected with siRNA as described in F, and 1 �M PERKi was added for the last 24 h prior
to harvest. Quantification represents n � 4 per treatment. Statistical significance is calculated relative to the negative siRNA treated with PERKi; ***, p � 0.001.
H, INS1 832/13 cells treated for 24 h with 1 �M PERKi and then immunoprecipitated (IP) with PDI antibody. Representative image of IP/Western blot (WB) is
shown with quantification representing n � 3 per treatment. Statistical significance is calculated relative to the input or IP controls; **, p � 0.01; ***, p � 0.001.
I, INS1 832/13 cells were transfected with ATF6 siRNAs for 48 h, mRNA quantification represents n � 3 per treatment. Statistical significance is calculated relative
to the negative siRNA control; ***, p � 0.001. J, INS1 832/13 cells infected with a DNAJC3-overexpressing adenovirus or control adenovirus overexpressing GFP
at 1000 m.o.i. followed by treatment for 24 h with 1 �M PERKi. Quantification represents n � 4 per treatment. Statistical significance is calculated relative to
AdV-GFP/PERKi; ***, p � 0.001. K, INS1 832/13 cells infected with AdV-DNAJC3 as described in J. A representative blot is shown with quantification representing
n � 3 per treatment. Statistical significance was calculated relative to the AdV-GFP control; **, p � 0.01; ***, p � 0.001.
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lation of ERp72 expression had the opposite effect. Adenoviral
overexpression (Fig. 8A) and siRNA-mediated KD (Fig. 8C) of
ERp72 both partially rescued the Impacted-ER phenotype in
PERKi-treated cells (Fig. 8, B and D). However, when KD of BiP
and ERp72 were combined, the effect of the BiP KD was dom-
inant (Fig. 8E).

The mRNA encoding the ER chaperone Pdi was modestly
up-regulated by PERKi treatment (Fig. 4A). As with Erp72,
siRNA KD of PDI by over 80% (p value �0.05; Fig. 8F) reduced
the frequency of Impacted-ER (Fig. 8G). PERKi treatment also
led to enhanced interaction of PDI and proinsulin (Fig. 8H).
DNAJC3, a co-chaperone of BiP that promotes its ATPase
activity (48), is highly expressed in � cells (49). DNAJC3 defi-
ciency also leads to postnatal diabetes due to reduced insulin
production (49). Although siRNA-mediated knockdown of
Dnajc3 resulted in a 60% reduction in mRNA levels (Fig. 8I),
there was no reduction in immunodetectable DNAJC3 protein
nor was there any change in the frequency of Impacted-ER cells
(not shown). Adenoviral overexpression of DNAJC3 resulted in
a 6-fold increase in DNAJC3 protein levels, regardless of PERKi
treatment (p value �0.001), which was correlated with a
decrease in total cellular proinsulin and a significant reduction
in Impacted-ER cell frequency (Fig. 8, J–K). Taken together,
these results support our assertion that proinsulin trafficking
requires a functional balance among the PERK-dependent ER
chaperone and co-chaperones that mediate folding, quality
control, and anterograde trafficking.

Discussion

The elucidation of the UPR pathway in cell culture for the
three major UPR regulators (PERK, IRE1, and ATF6) formed
the basis to the hypothesis that whole organism defects would
be due to a loss of UPR regulation. Thus, the accumulation of
proinsulin in the ER of Perk KO � cells was attributed to dere-
pressed protein synthesis and protein overload within the ER
(7, 14, 15). However, the growing number of studies using
genetic and pharmacological ablation of PERK in � cells con-
sistently found evidence for aberrant proinsulin aggregation in
the ER, induction of chaperone expression, and defects in
ERAD and trafficking in the absence of an ER stress response (9,
11, 12, 47). Understanding the physiological function of PERK
is particularly important to the study of a large number of pro-
tein aggregation diseases for which PERK has been implicated,
including the diabetes and osteopenia associated with WRS.
Using a highly specific and potent inhibitor of PERK (PERKi) to
acutely block PERK activity, we were able to directly test the
hypothesis that the Impacted-ER arises by derepression of pro-
tein synthesis (27). We found that PERKi treatment of cultured
� cells consistently causes proinsulin aggregation while reduc-
ing proinsulin and protein synthesis in Impacted-ER cells,
establishing that proinsulin over-synthesis is not responsible
for the Impacted-ER phenotype. Although proinsulin aggrega-
tion in PERK-inhibited cells is not caused by protein over-syn-
thesis, it is the result of accumulating a large amount of newly
synthesized proinsulin within the ER lumen over several hours.

The widely held perception that increasing ER chaperone
levels promotes protein folding and trafficking was largely
based on studies of ER stress. By contrast, we found that BiP

overexpression resulted in proinsulin aggregation within the
ER that mimicked the Impacted-ER phenotype, demonstrating
that more chaperone activity is not necessarily better. Reducing
BiP levels in the presence of PERKi exacerbated proinsulin
aggregation resulting in the most extreme form we have ever
seen. Thus, too much or too little of BiP results in proinsulin
trafficking dysfunctions. BiP overexpression is known to have
differential effects on trafficking of ER client proteins, causing
the ER retention of some whereas hastening anterograde traf-
ficking of others (50, 51). BiP can precipitate with misfolded
forms of proinsulin (15, 52–54) and has enhanced interaction
with ER-accumulated proinsulin in eIF2� Ser51 mutant mice
(15). Likewise, an enhanced association of BiP and proinsulin
was observed in PERKi-treated cells. We surmise that BiP tem-
porarily restrains ER client protein trafficking as a function of
their sequence and/or structure and the physiological condi-
tions within the ER. We found comparatively less proinsulin
aggregation when BiP is overexpressed compared with PERK
inhibition, suggesting that changes in other ER chaperones
other than BiP are also important. Indeed, altering the expres-
sion of ERp72, PDI, and DNAJC3 all had an effect on Impact-
ed-ER frequency. Finally, if BiP levels are restored late in the
development of the Impacted-ER phenotype, the proinsulin
aggregates cannot be untangled and forward trafficking was
restored as seen in cells treated with PERKi after 24 h of
ATF6 KD.

The greater importance of a functional chaperone balance, as
opposed to overall amount, implies strongly that PERK primar-
ily regulates BiP activity, which has been shown to occur via
changes in post-translational modification (17, 55– 60). Fur-
thermore, BiP is a major ER calcium-binding ATPase, and both
ATP and calcium modulate its chaperone activity (17, 48,
61– 63). ATP and calcium are, in turn, dynamically regulated in
� cells by glucose levels within a normal physiological range
(64). We previously showed that PERK acutely regulates cyto-
plasmic and ER calcium and that PERK activity is regulated
inversely by the level of cytoplasmic and ER calcium as a func-
tion of glucose or other insulin secretagogues (11). Thus, PERK
may first regulate BiP chaperone activity through regulating
calcium fluxes, which impact proinsulin folding and trafficking
in response to changes in metabolic demand for insulin. Recent
studies by van Vliet et al. (65) suggest that PERK regulation of
calcium dynamics may be mediated through interaction
between the ER and plasma membranes.

By 4 h of PERK inhibition, HMW proinsulin aggregates and
the Impacted-ER phenotype can be detected. However, an
increase in BiP protein levels does not appear until 24 h, which
coincides with the frequency of Impacted-ER � cells reaching
its maximum. So, even though artificially elevating BiP can
cause proinsulin aggregation, BiP overexpression does not
appear to initiate proinsulin aggregation in PERK-inhibited
cells. We postulate that the defect in proinsulin trafficking seen
in PERK-inhibited cells is triggered by acute disruption of
PERK-dependent ER calcium homeostasis, which negatively
impacts BiP chaperone activity. The cell, having sensed the loss of
this critical chaperone function, then elicits a downstream adapt-
ive response by increasing the expression of BiP through an as yet
unidentified mechanism. This response is, however, ineffectual.
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Based upon our previous findings using genetic ablation of
Perk (9), we assumed that the transcriptional aspect of this
mechanism would involve up-regulation of ATF6, as it is the
predominant transcriptional regulator of BiP in � cells (38).
However, no overall increase in Atf6 mRNA with PERKi treat-
ment was observed, and our attempts to detect the endogenous,
active, cleaved form of ATF6 were hindered by the lack of avail-
able antibodies. The influence of PERK inhibition in the context
of ATF6 KD provides further support to our contention that
regulation of BiP activity by PERK controls the early events
involving proinsulin folding and forward trafficking. The
recently discovered inverse relationship between BiP and pro-
insulin expression in response to ATF6 KD in unstressed � cells
(38, 66) prompted us to ask if these conditions might give rise to
proinsulin aggregates. When this was tested, we found evidence
for progression toward Impacted-ER by 28 h of ATF6 KD and a
low frequency of Impacted-ER cells at 48 h thereby confirming
that the combination of reduced BiP and increased proinsulin
seen under conditions of ATF6 KD are permissive for proinsu-
lin aggregation. We surmise that ATF6 KD pretreatment mag-
nifies the effects of subsequent PERKi on proinsulin aggre-
gation by reducing the amount of functional BiP whereas
simultaneously supplying more, newly synthesized proinsulin
for the growing aggregates. The increase in BiP expression in
the presence of ATF6 KD after long-term exposure to PERKi is
most likely attributable to induced cleavage and activation of
the residual endogenous ATF6 protein, which is known to
occur due to mixing of the ER and Golgi compartments that
occurs after several hours of PERK ablation (9, 10). One possi-
bility for why the delayed increase in BiP protein failed to
reverse PERKi-induced proinsulin aggregation is that the par-
tial restoration of chaperone capacity occurred too late in the
aggregation process. However, it is also possible that the proin-
sulin aggregates persisted because the newly synthesized BiP
was rendered functionally inactive by the continued presence of
the inhibitor.

The active, spliced form of Xbp1 also stimulates Bip tran-
scription during ER stress, and we observed an increased for-
mation of active Xbp1 in PERKi-treated cells with or without
ATF6 KD. However, PERKi treatment did not up-regulate the
downstream transcriptional ER-stress Xbp-1 targets, Chop and
Gadd34, and the PERKi/ATF6 KD combination had no signif-
icant impact on Bip mRNA levels compared with ATF6 KD
alone. These results are consistent with previous reports (38)
and suggest that XBP1 plays a relatively minor role compared
with ATF6 in regulating BiP expression in � cells under non-
stressed conditions.

The precise role of PERK’s major substrate, eIF2�, in ER
chaperone regulation is presently unclear. Guanabenz, which
inhibits GADD34 and eIF2� de-phosphorylation during ER
stress, dramatically reduced the Impacted-ER phenotype and
HMW proinsulin aggregation in � cells with minimal impact on
global protein synthesis (Fig. S7, A–C) (67). However, its pur-
ported effects on stabilizing the phosphorylated form of eIF2�
were only seen in the MIN6 � cell line, whereas in the more
physiologically competent INS1 832/13� cell line, guanabenz
treatment modestly reduced eIF2�-P levels irrespective of
PERK inhibition (data not shown). However, guanabenz is also

an � agonist of the �2-adrenergic receptor, which impacts
intracellular calcium uptake (68). Therefore, guanabenz might
fully or partially restore nascent chaperone function in the pres-
ence of PERK inhibition thereby promoting forward trafficking
by a mechanism that is independent of the PERK– eIF2� path-
way. We have shown that PERK, and calcineurin, acutely regu-
late ER calcium uptake in � cells via store-operated calcium
channels (11) and perhaps it is this pathway that is bypassed by
the application of guanabenz to PERK-inhibited � cells.

Numerousreportshighlighttheimportanceofsubstratephos-
phorylation by PERK for up-regulating ER chaperones expres-
sion in a plethora of tissue and cell types undergoing ER stress
(10, 69, 70). Furthermore, eIF2� Ser51–Ala homozygous
mutant mice are diabetic at birth and have Impacted-ER � cells
emphasizing the importance of PERK and eIF2� in maintaining
normal � cell function (14). Likewise, we have shown in our
previous work and herein that reducing eIF2�-P levels via
PERK ablation causes ER dysfunction and misregulation of ER
chaperones. However, the sequence and timing of these events
are inconsistent with a mechanism that is initiated by global
protein or proinsulin over-synthesis or a canonical ER stress
response. Alterations in calcium dynamics in response to PERK
inhibition in � cells (11) occurs within seconds and HMW pro-
insulin aggregates can be detected as early as 4 h. The rapidity of
both of these responses precludes them as being initiated by
adaptive effects on translation via eIF2�. This suggests that the
role of eIF2�, whereas important, is to act downstream of the
immediate effects of PERK ablation within the ER, presumably
through translational regulation of adaptive functions that
attempt to restore proper proinsulin folding and trafficking.

To summarize, within seconds to minutes of PERK ablation,
ER calcium dynamics are perturbed (11), and we hypothesize
that this negatively impacts the activity and/or cooperativity of
the resident ER chaperones. Absent the participation of the
necessary foldases, inappropriate disulfide bonds form between
newly synthesized proinsulin monomers resulting in an accu-
mulation of HMW proinsulin aggregates that are detectable
within 4 h of PERK inhibition. The appearance of these aggre-
gates is temporally correlated with the appearance of an
expanded and distended ER and a partial merging of the ER and
Golgi, leading to cleavage of ATF6 and a progressive inability to
clear the defective proinsulin cargo due to ERAD defects (10).
As the � cell senses that its ER folding capacity is compromised,
it attempts to restore proper function by up-regulating ER
chaperone transcription. In the case of BiP and other ERSE-
regulated ER chaperones, newly cleaved, active ATF6�, and
perhaps spliced XBP1, are likely to be key transcriptional regu-
lators of this adaptive response, with eIF2� playing a role in
modulating the subsequent translation of the chaperones and
perhaps other key adaptive proteins.

Experimental procedures

Genetic strains

Perk KO strains (8) were congenic for C57BL/6J or 129SvEvTac
or were of mixed genetic background. All animal studies were
approved by the Penn State Institutional Animal Care and Use
Committee (IACUC).
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Cell culture

Rat INS1 832/13 (Dr. Christopher Newgard, Duke Univer-
sity) and mouse MIN6 (Dr. Jun-Ichi Miyazaki, Osaka Univer-
sity, Japan) � cells were cultured in supplemented RPMI with 11
mM glucose and Dulbecco’s modified Eagle’s medium with 25
mM glucose, respectively, as previously described (9).

Adenoviral infection

AdV-GFP and AdV-BiP (Allen Volchuk, University of
Toronto) (22) as well as AdV-ERp72 and AdV-DNAJC3 (Vec-
tor BioLabs) were added to cells for 2 h. Infection time was
increased to 8 h for AdV-BiP at 500 m.o.i. The cells were
washed once with phosphate-buffered saline (PBS), fresh
medium was added, and the cells incubated for a total of 26 h
post-infection with additional treatments occurring at 2 h post-
infection as indicated.

Plasmid and siRNA transfection

The wildtype proinsulin–KDEL construct with a V5 epitope-
tag (INS�-KDEL) was previously described (10). The INS�-
KDEL was transfected using Lipofectamine 3000 reagent (Invit-
rogen). Cells were transfected with BiP siRNAs (20 nM), ERp72
siRNAs (10 nM), PDI siRNA (10 nM), ATF6 siRNAs (20 nM),
DNAJC3 siRNAs (40 nM), or a non-targeting negative siRNA
control (Invitrogen) using Lipofectamine RNAiMAX reagent
(Invitrogen). Media was replaced 6 h post-transfection to min-
imize cytotoxic effects of DNA–lipid complexes, and cells were
incubated for a total of 48 h, unless otherwise noted. This tim-
ing allowed for sufficient protein knockdown to occur prior to
subsequent treatment with PERKi for up to 24 h.

Reagents

GSK2606414 PERK inhibitor (PERKi) (Jeffrey Axten and
Rakesh Kumar, GlaxoSmithKline) and anisomycin (Sigma) were
prepared as stock solutions in dimethyl sulfoxide. Guanabenz
(Sigma) was prepared in water. Subtilase cytotoxin (SubAB) and
the inactive mutant (SubAA272B) were purified from recombinant
Escherichia coli as described previously (34, 71).

Immunohistochemistry

Whole pancreata were harvested as previously described
(10). MIN6 and INS1 832/13 cells were immunostained using
primary antibodies for proinsulin (Beta Cell Biology Consor-
tium and Hytest), insulin (Abcam), and BiP (Santa Cruz) and
appropriate secondary antibodies were conjugated with Alexa
Fluor 488 or 546 dye (Molecular Probes) as previously
described (11). Slides were mounted using anti-fade reagent
with DAPI (Invitrogen) to label nuclei. Fluorescence images
were captured with a Nikon Eclipse E1000 and Image-Pro Plus
(Phase 3 Imaging Systems, GE Healthcare, Inc.). Impacted-ER
cells were quantified as previously described (10). Super reso-
lution images of INS1 832/13 cells grown on coverslips were
immunostained using primary antibodies for proinsulin (Beta
Cell Biology Consortium and Hytest), BiP (Santa Cruz), and the
Golgi-specific marker, RCAS1 (Cell Signaling), followed by
appropriate secondary antibodies conjugated with Alexa Fluor
488, 546, or 647 dye (Molecular Probes). Slides were mounted

using prolong gold reagent with DAPI (Invitrogen) to label
nuclei. Slides were allowed to cure for at least 48 h before fluo-
rescence images were captured with a Nikon N-SIM.

Proinsulin and total protein synthesis

Proinsulin synthesis was measured by labeling with 200
�Ci/ml of EXPRESS35S label (Met/Cys) (PerkinElmer Life Sci-
ences) for 30 min in methionine/cysteine-free media. Cells
were lysed in cold lysis buffer: Triton X-100 buffer (20 mM

HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1
mM EDTA, 1:100 protease inhibitor mixture (Sigma)). Lysates
were cleared by centrifugation at 20,000 � g for 15 min at 4 °C.
Immunoprecipitation of proinsulin was performed on cleared
lysates of equal protein concentration as determined by Coo-
massie Brilliant Blue (Sigma) staining on a fraction of the lysates
that were electrophoretically separated by standard SDS-
PAGE. To the remaining lysates Protein A/G PLUS-Agarose
(Santa Cruz) and a mixture of anti-insulin SC9168 (Santa Cruz
Biotechnology) and anti-insulin I2018 (Sigma) antisera were
added. After overnight incubation at 4 oC, the samples were
centrifuged at low speed to pellet the bound material. Pellets
were washed three times with cold lysis buffer and then boiled
in sample buffer under reducing conditions to release the
bound proteins from the Protein A/G-agarose beads. The pre-
cipitated proteins were separated on 10% BisTris pre-cast poly-
acrylamide gels (ThermoFisher Scientific), and the gels were
fixed and dried. Incorporation was quantified using the
Typhoon FLA 7000 (GE Healthcare) and ImageQuant software.
Detection and quantification of newly synthesized global pro-
tein within individual cells was done using the Click-iT� HPG
AlexaFluor� Protein Synthesis Assay Kit following the manufa-
cturer’s protocol with minor modifications. Briefly, cells were
preincubated with DMSO or PERKi for a specified amount of
time followed by co-incubation with the methionine analog
L-homoproparargylglycine (HPG) and drug for 60 –90 min in
methionine-free media. Cells were then fixed in 10% formalin,
permeablized in 0.5% Triton X-100 in PBS, and then detected
using the Click-iT� reaction mixture. Incorporated HPG
causes an alkyne-modified protein, which is detected with
Alexa Fluor� 488. Quantification was based on fluorescence
intensity levels measured with ImageJ software.

Immunoblot analysis and immunoprecipitation

Cells were lysed directly by boiling in 2� SDS sample buffer
prior to electrophoresis on 4 –12% BisTris pre-cast polyacryl-
amide gels (ThermoFisher Scientific). Appropriate horseradish
peroxidase-conjugated secondary antibodies (Sigma) were
used, and ECL-2 fluorescence (ThermoFisher Scientific) was
detected using the Typhoon FLA 7000 (GE Healthcare) and
quantified using ImageQuant software. Samples were normal-
ized to the Actin signal of the same sample as a loading control.
HMW proinsulin aggregates were isolated using a modification
of the method previously described (27). Further details can be
found in the supporting Experimental procedures. Primary
antibodies used included: eIF2�-P (Invitrogen), eIF2� (gift
from S. Kimball), puromycin (Millipore), C-peptide (BioVi-
sion), �-tubulin (Sigma), actin (Sigma), ERp72 (Stressgen and
Santa Cruz), PDI (Enzo Life Sciences), P58IPK/DNAJC3 (Cell
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Signaling), and BiP (Santa Cruz). Proinsulin was also detected
by blotting with SC-9168 (Santa Cruz) anti-insulin antibody.
Immunoprecipitation of BiP and PDI were performed using
anti-BiP (Santa Cruz) or anti-PDI (Enzo Life Sciences) and Pro-
tein A/G PLUS-Agarose (Santa Cruz).

RNA isolation and gene expression

Total RNA was extracted using the illustra RNAspin Mini Kit
(GE Healthcare). Reverse transcription was performed using
qScript cDNA supermix (Quanta). Quantitative mRNA mea-
surement was carried out using a quantitative PCR core kit for
SYBR Green I (Quanta) with the StepOnePlus detection sys-
tem (Applied Biosystems). Gene expression levels were nor-
malized to Gapdh and/or Actin levels of the same sample.
See supporting Experimental Procedures for mouse and rat
primer sequences.

Statistical analysis

All numerical data were represented as mean � S.D. with the
input data points shown as black dots. Statistical significance
was determined using Student’s t test.
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