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Background: PERK controls unfolded protein load in the ER and promotes a latent gene expression program whose relative

contributions to cell physiology are incompletely understood.

Results: Acute PERK inhibition deregulates protein synthesis and promotes accumulation of misfolded pro-insulin.

Conclusion: PERK contributes to proteostasis acutely.

Significance: The proteostatic activity of PERK can be uncoupled from its latent role in gene expression.

Loss-of-function mutations in EIF2AK3, encoding the pan-
creatic endoplasmic reticulum (ER) kinase, PERK, are associ-
ated with dysfunction of the endocrine pancreas and diabetes.
However, to date it has not been possible to uncouple the long
term developmental effects of PERK deficiency from sensitiza-
tion to physiological levels of ER unfolded protein stress upon
interruption of PERK modulation of protein synthesis rates.
Here, we report that a selective PERK inhibitor acutely deregu-
lates protein synthesis in freshly isolated islets of Langerhans,
across a range of glucose concentrations. Acute loss of the
PERK-mediated strand of the unfolded protein response leads
to rapid accumulation of misfolded pro-insulin in cultured beta
cells and is associated with a kinetic defect in pro-insulin proc-
essing. These in vitro observations uncouple the latent role of
PERK in beta cell development from the regulation of unfolded
protein flux through the ER and attest to the importance of the
latter in beta cell proteostasis.

PERK/PEK® was initially identified as a pancreas-enriched
kinase of the « subunit of translation initiation factor 2 (eIF2«)
(1). Its physiological significance became evident with the dis-
covery of its localization to the membranes of the endoplasmic
reticulum (ER) and the key role of unfolded protein stress in the
ER lumen in PERK activation (2, 3). PERK deletion disrupts a
negative feedback loop whereby mounting levels of unfolded
protein stress in the ER lumen enhance elF2a phosphorylation
(4). The consequent attenuation of protein synthesis matches
the flux of proteins into the ER lumen with the capacity of the
organelle to fold and process this biosynthetic load. Thus, PERK
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activity establishes a translational arm to the metazoan
unfolded protein response that favors protein folding homeo-
stasis (proteostasis) (5).

Loss-of-function mutations in EIF2AK3, the gene encoding
PERK, result in a syndromic form of human diabetes mellitus,
the Walcott-Rallison syndrome (6), which is closely recapitu-
lated by the mouse knock-out (7, 8) and partially captured by a
mutation in its substrate, EIF2A5°'#, that prevents phosphory-
lation by PERK (9). The destructive consequences of PERK defi-
ciency in the insulin-producing beta cells of the islets of Langer-
hans fit well with evidence that pro-insulin biosynthesis is
deregulated in islets explanted from PERK knock-out mice and
from mice with the aforementioned eIF2a5°** mutation (7, 10).

These observations were consistent with the primacy of the
PERK role in regulating the flux of unfolded proteins into the
ER lumen at the level of ER client protein translation. However,
alternative explanations for the PERK role in maintaining beta
cell function and survival arose: whereas phosphorylation of
elF2q attenuates translation initiation of most mRNAs thereby
favoring proteostasis, rare mRNAs, exemplified by those
encoding the transcription factor ATF4, are exempt from this
fate and are rather translationally up-regulated by eIF2a phos-
phorylation (11). Thus, regulated translational reinitiation of
ATF4 (12, 13) and ATF5 (14) couples ER stress to a PERK-de-
pendent gene expression program with complex outputs
(15-17).

Furthermore, careful analysis of PERK knock-out mice and
cells with genetic lesions compromising PERK activity uncov-
ered functional defects that were also consistent with a role for
PERK-mediated gene expression in defective islet development
(8, 18). Normal development is critical to the metabolic cou-
pling that drives many aspects of beta cell physiology and is
required for glycemic control. Furthermore, an early study of
beta cell conditional deletion of PERK suggested that the dele-
terious effects of EIF2AK3 knock-out are played out selectively
during pancreatic development (19) and not in the adult. These
observations led some to question the role of PERK in moder-
ating the secreted protein load in the endocrine pancreas (20).
Their question gains further legitimacy by the fact that the key
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insights into the PERK role in proteostasis were derived from
study of cells and tissues with loss of function or interfering
genetic lesions, all of inherent latency.

Here, we exploit a recently discovered highly specific small
molecule inhibitor of PERK kinase to study PERK-mediated
regulation of protein synthesis in an otherwise EIF2AK3 wild-
type background, temporally uncoupling PERK developmental
and proteostatic roles.

EXPERIMENTAL PROCEDURES

Materials—GSK2606414 (PERKi) was a gift from Jeffrey
Axten, GalxoSmithKline, Collegeville, PA. The 10 mm stock
solution in dimethyl sulfoxide was diluted in buffer or cell cul-
ture media immediately before use.

In Vitro eIF2a Phosphorylation Assay—PERK kinase domain
and N-terminal lobe of eIF2« (eIF2a™N"") were expressed from
plasmids PerkKD-pGEX4T-1 and elF2a™"™ ~2a0OPTx3M(1—-
185)pET-30a(+) in bacteria and purified by GST and Ni affinity
chromatography respectively (2, 21). Phosphorylation reac-
tions containing final amounts of 5 nm PERK, 2.68 um
elF2aN"P, and the indicated concentration of PERKi or 0.02%
dimethyl sulfoxide in reaction buffer (20 mm HEPES, pH 7.5,50
mm KCl, 2 mm MgOAc, 2 mm MnCl,, 1.5 mm DTT) were
started by the addition of 10 um or 1 mm ATP and stopped after
60 min by the addition of SDS-PAGE loading dye. Proteins were
quantified following scanning of Coomassie Blue-stained 12%
PAGE gels on a Licor Odyssey scanner, and nonlinear regres-
sion analysis to determine the IC,, was performed using Prism
(GraphPad) software.

Cell Culture and ImmunoblotAnalysis—\X/ild-type,Perk_/ -,
and elF2a™* immortalized MEFs as well as Min6 cells were
cultured in DMEM supplemented with 10% Fetalclone II
(Hyclone), 1X Pen/Strep, 1 X nonessential amino acids (Invit-
rogen), and 55 um P-mercaptoethanol (9, 16), Cells were
treated with vehicle (dimethyl sulfoxide) or the indicated com-
pounds for the periods indicated in the figure legends. For
puromycin labeling, 10 ug/ml puromycin was added 10 min
prior to harvest. Cytoplasmic extracts were prepared in Triton
X-100 buffer (20 mm HEPES, pH 7.5, 150 mm NaCl, 1% Triton
X-100, 10% glycerol, 1 mm EDTA, 10 mM phenylmethylsulfonyl
fluoride, 15 pg/ml aprotonin, and 6 ug/ml pepstatin A, 10 mm
tetrasodium pyrophosphate, 100 mm NaF, 17.5 mm B-glycero-
phosphate), and total elF2q, elF2a”, PDI (Protein Disulfide
Isomerase), and puromycinylated proteins were detected by
immunoblotting as described previously (7, 22, 23). Pro-insulin
was detected by incubation with SC-9168 (Santa Cruz Biotech-
nology) anti-insulin antibody. High molecular weight complex
analysis was conducted as described previously with a few mod-
ifications (24). Briefly, after treatment cells were washed with
ice-cold PBS, 2 mM EDTA, and 20 mMm N-ethylmaleimide, incu-
bated on ice in the same buffer for 20 min, and then collected by
scraping in the same buffer. The cells were then lysed in Triton
X-100 buffer with 250 mm sucrose instead of glycerol and sup-
plemented with 20 mm N-ethylmaleimide. After clearing at
20,000 X g for 15 min the lysate was layered over a cushion
consisting of 20% glycerol, 20 mm HEPES, pH 7.5, 100 mm NaCl
and centrifuged at 100,000 X g for 45 min. The upper phase was
removed and the tubes inverted to remove all liquid. The pellets
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were dissolved in 1 X urea-PAGE sample buffer (9.6 M urea, 12%
glycerol, 1.36% SDS, 40 mm Tris, pH 6.8) with or without 100
mMm DTT and separated on 18% Tris-Tricine-urea gels. Immu-
noblot detection was conducted using IR800 conjugated sec-
ondary antisera followed by scanning on a Licor Odyssey scan-
ner. The primary scans were quantified using Image] software.
For Fig. 2C the PERKi-dependent reversal of phosphorylation
was calculated by adjusting the raw values to a scale from 0 to
100 (thapsigargin induced level = 100) and then calculating the
reversal by subtracting each value from 100 (thapsigargin
induced level = 0).

Rat Islet Isolation, Culture, and Metabolic Labeling—Islets
were isolated in batches from pancreases from three rats on
histopaque gradients following digestion with Liberase TL
(Roche Applied Science) essentially as described for mice with
RPMI 1640 medium used in place of DMEM and solution vol-
umes increased 3-fold (25). Following gradient isolation and
washing in RPMI 1640 medium, islets <200 wm in diameter
were hand-picked and cultured over night in RPMI 1640
medium supplemented with 10% heat-inactivated serum and
1X Pen/Strep and 37 °C, 5% CO,. For >°S pulse-labeling exper-
iments, pools of 60 size-matched islets were washed twice in
Krebs-Ringer-HEPES (KRH) buffer (115 mm NaCl, 5 mm KCl,
2.5 mm MgCl,, 2.5 mm CaCl,, 20 mm HEPES, 7.4, 10 mMm
NaHCO;, pH 7.4) supplemented with 0.1% BSA and 2.8 mm
glucose and resuspended in 1 ml of the same buffer. After 1.5 h
of culture, the medium was changed to 200 ul of fresh KRH-
0.1% BSA supplemented with 1 wm of PERKi or vehicle and the
indicated concentration of glucose. After 0.5 h EXPRESS**S
label (PerkinElmer Life Sciences) was added to 0.229 uCi/pul,
and the islets were cultured a further 20 min washed in ice-cold
PBS and lysed in Triton X-100 buffer. For pulse chase analysis,
the pretreatment was as above, but following a shorter 15-min
3>S pulse the medium was removed and new KRH-0.1% BSA
containing 0.13 mg/ml cystine-2H20, 0.06 mg/ml methionine,
and the 16.8 mMm glucose was added for the indicated chase
period prior to washing in ice-cold PBS and lysis in Triton
X-100 buffer. The lysates were cleared at 20,000 X g for 15 min,
precleared with a nonspecific antiserum, and pro-insulin and
insulin were then immunoprecipitated on protein A/G beads
using a mixture of 5 ul of SC-9168 (Santa Cruz Biotechnology)
and 0.75 ul of 12018 (Sigma) antisera for each point. Proteins
were separated on 18% Tris-Tricine-urea PAGE gels, stained
with Instantblue, and dried between cellulose sheets prior to
exposure to Phosphor storage plates. Quantification of the
detected signal by Storm Phosphorlmager was done using
Image]J software.

RESULTS AND DISCUSSION

GSK2606414 Potently Inhibits PERK-mediated elF2a Phos-
phorylation and Regulation of Protein Synthesis in Vivo—PERK
is a bipartite transmembrane protein with a luminal unfolded
protein stress-sensing domain and a cytosolic kinase domain
(2) that is activated by oligomerization and trans-autophos-
phorylation (3, 26). GSK2606414 (henceforth referred to as
PERKi) is a high affinity ligand of the PERK kinase domain that
interferes with kinase activity by competing for ATP (27). The
competitive nature of the inhibitory effect was confirmed by
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FIGURE 1. GSK2606414 (PERKIi) inhibits PERK kinase activity in the pres-
ence of physiological levels concentrations of ATP. A, SDS-PAGE analysis
of reactions containing 5 nm PERK kinase domain, 2.5 um elF2a N-terminal
lobe, and 1 mm ATP, incubated for 60 min in the presence of the indicated
concentrations of PERKi. The phosphorylated (elF2a”) and unphosphorylated
forms of elF2« are noted. B, as in A except the reactions contained 10 um ATP.

C, nonlinear regression analysis of the relationship between elF2a phosphor-
ylation and PERKi concentration in A and B.

-1

measuring the phosphorylation of PERK substrate, elF2q, in
vitro in the presence of varying concentrations of PERKi. The
concentration of PERKi that inhibited elF2a phosphorylation
to 50% (IC,) was 17 nMm when the assay was performed in the
presence of 10 um ATP (approximately at the K,,) and 54 nm
when performed in the presence of 1 mm ATP (well above
PERK K,,, for ATP) (Fig. 1).

To gauge the inhibitory effect in vivo we measured the ability
of PERKi to reverse the PERK-mediated inhibition of protein
synthesis in cells exposed to the ER stress-causing agent thap-
sigargin (4). Punctual rates of protein synthesis were estimated
by flooding cells with puromycin and quantifying the mass of
puromycinylated nascent peptides by immunoblotting with a
selective antibody (22). Thapsigargin led to marked inhibition
of the puromycinylated signal in lysates of Min6 pancreatic 8
cells, as expected (Fig. 24, lane 3). PERKi reversed both the
thapsigargin-mediated inhibition of protein synthesis and the
enhanced elF2a phosphorylation, with 50% reversal (ECy)
noted at 373 nm (95% confidence limits 299 — 464 nwm) (Fig. 2, B
and C). In considering the lower efficacy of PERKi in the in vivo
assay compared with the in vitro assay is worth noting that the
in vitro assay measures e[F2a phosphorylation, whereas the in
vivo assay relies on recovery of protein synthesis from eIF2(aP)-
mediated inhibition. Thus, in addition to pharmacokinetic fac-
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FIGURE 2. PERKi blocks ER stress-inducible PERK kinase activity in vivo.
A, immunoblot analysis of puromycin incorporation into total protein in
untreated Min6 beta cells or cells exposed to thapsigargin (0.5 um for 30 min)
and the indicated concentrations of PERKi. Puromycin (10 wg/ml) was added
during the last 10 min, immediately before harvest. B, quantification of the
signal from three replicates of the experiment (shown in the inset) of which A
is a typical representative. C, nonlinear regression analysis of the concentra-
tion-dependence of PERKi reversal of thapsigargin-mediated translational
repression (n = 3, shown in A and B) and phosphorylation of elF2a (n = 4, one
of which is shown in A). D, immunoblot of total puromycinylated proteins,
phosphorylated (elF2a”), and total elF2a" in wild-type (WT), EIF2a>*™, and
Perk~/~ MEFs exposed to PERKi (2 um) and thapsigargin (0.5 um) as indicated.

tors the ~6-fold lower efficacy of PERKi ix vivo may also be due
to the fact that protein synthesis is inhibited by substoichiomet-
ric levels of eIF2(aP) (28). This conjecture is supported by the
observation that the dose-response curve to PERKi measured in
terms of reversing thapsigargin-mediated eIF2a phosphoryla-
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linimmunopurified from isolated rat pancreatic islets incubated for 30 min at
the indicated glucose concentration in the absence or presence PERKi (1 um)
and pulse-labeled with [>*S]methionine/cysteine for last 10 min before har-
vest. Four representative experiments are shown. B, plot of the mean = S.E. of
the signal from the samples shown in A. C, autoradiographs of metabolically
labeled pro-insulin immunopurified from isolated rat pancreatic islets
exposed to the PERKi (P, 1 um) or the IRE inhibitor 4u8C (I, 30 um) in the
presence of the indicated concentration of glucose. Two representative
experiments are shown. D, plot of the mean = S.E. of the signal from the
samples shown in C.
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tion is shifted to the right with an EC,, of 93 nm compared with
the curve based on reversing the inhibition in protein synthesis
(Fig. 2C).

PERKi also reversed the ER stress-mediated repression of
protein synthesis in wild-type mouse embryonic fibroblasts,
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FIGURE 4. Accumulation of insoluble aberrantly disulfide-bonded pro-
insulin in PERKi-treated Min6 cells. Inmunoblots of pro-insulin recovered
in lysates of untreated Min6 cells or cells exposed to PERKi (1 um), the IRE1
inhibitor 4u8C (30 um), or the ER stress-inducing agent tunicamycin (Tm, 3
rg/ml) for the indicated period prior to lysis are shown. A, immunoblot of
pro-insulin content of the total lysate, resolved on a reducing SDS-PAGE.
B, immunoblot of pro-insulin recovered from the pellet fraction of the lysate
in Afollowing ultracentrifugation through a glycerol cushion, solubilization in
8 M urea, and resolution by reducing SDS-PAGE. C, the samples in B resolved
by nonreducing SDS-PAGE.

but had no measurable effect on protein synthesis rates or
elF2a phosphorylation in MEFs homozygous for the EIF245°'4
mutation that blocks regulatory phosphorylation (9) or in
Perk™”~ MEFs that lack the target kinase (Fig. 2D). Together,
these observations point to the selectivity of PERKi/
GSK2606414 in vivo effects to the inhibition of PERK-mediated
elF2a phosphorylation.

PERK Modulates Physiological Levels of Pro-insulin Synthesis
in Wild-type Islets of Langerhans—The role of PERK in promot-
ing islet health is undisputed. However, past experiments meas-
uring PERK-mediated regulation of protein synthesis in islets
and beta cells were conducted by comparing wild-type tissues
and cells with those harboring genetic lesions in EIF2AK3, the
gene encoding PERK. Thus, it was impossible to deconvolute
the latent, developmental effects of PERK deficiency from the
acute effects of loss of the proteostatic role of PERK in matching
ER load and capacity. This inherent limitation in past studies
has led Cavener and colleagues to question whether PERK has
any important proteostatic role in insulin producing cells (18).

The rapid onset action of PERKi permits, for the first time,
the study of the role of PERK in regulating protein synthesis in
an otherwise developmentally wild-type context. Fully devel-
oped, wild-type adult rat islets of Langerhans were exposed to
PERK:i at different ambient glucose concentrations, and pro-
insulin translation was quantified by pulse-labeling with
[**SImethionine/cysteine followed by immunoprecipitation.
Pro-insulin translation increased with glucose concentration,
as noted previously. In untreated islets the effect of glucose
were near maximal at physiologically high glucose levels (i.e.
above 5 mm). PERKi enhanced pro-insulin biosynthesis both at
physiologically low glucose levels (2.5 mm) and at physiologi-
cally high levels, with a shallow plateau in between (Fig. 3, A and
B). The impact of PERKi on pro-insulin biosynthesis was not
shared by 4u8C, an inhibitor of the IRE1 strand of the unfolded
protein response (29) (Fig. 3, C and D), arguing for a direct and
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intermediates immunopurified from lysates of pulse chase metabolically labeled isolated rat islets of Langerhans in the absence or presence of PERKi (1 um).
Shown is a representative experiment conducted in duplicate. C, quantification of mature insulin signal from B.

specific proteostatic effect of PERK under physiological
circumstances.

Of note, the conspicuous dip in PERKi action at physiological
glucose concentrations (evinced by the convergence of the blue
and black traces in Fig. 3B) is concordant with the discontinu-
ous PERK-dependent effects of ambient glucose on protein
synthesis in insulin-producing beta cells initially suggested by
Jonas and colleagues; with PERK activity noted at both low and
high glucose levels with relative silence at euglycemia (30). In
the later study concordant changes were also observed in the
levels of phosphorylated elF2a. Unfortunately, our anti-
elF2a-P immunoblots lack the sensitivity to measure this
parameter in lysates of isolated islets of Langerhans. However,
given the robustness of the effects of PERKi on protein synthe-
sisin islets and given the strength of the evidence that the inhib-
itor works by changing levels of phosphorylated elF2« in sys-
tems where this can be measured reliably (Fig. 2, A, C, and D),
there is good reason to believe that in islets, too, the inhibitor is
exerting its effects by inhibiting the canonical PERK pathway.

PERK Inhibition Acutely Compromises ER Proteostasis—To
gauge the consequence of acute loss of PERK-mediated proteo-
stasis in insulin-producing cells we turned to Min6 cells, a beta
cell line that can be cultured in large quantities (unlike isolated
islets) and are thus better suited to large scale biochemical stud-
ies. Pro-insulin is a transient species, as it is rapidly converted to
mature insulin; nonetheless, Min6 cell lysates have a readily
detectable pro-insulin immunoblot signal at steady state. Nor-
mally, pro-insulin is soluble, as it escapes pelleting with high
molecular weight species in a previously described assay for
detecting insoluble ER localized proteins (24) (Fig. 4, A and B,
lane 1). However, exposure of Min6 cells to PERKi resulted in a
time-dependent increase of insoluble high molecular weight
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pro-insulin; which is found largely as an aberrantly disulfide
bonded oligomeric species (Fig. 4, B and C, lanes 2—6). By con-
trast, inhibition of the IRE1 strand of the unfolded protein
response did not lead to pro-insulin redistribution into a high
molecular weight fraction (lanes 7—12). These observations are
consistent with a rapid compromise in ER proteostasis upon
PERK inhibition affecting quality control in the organelle.

Cavener and colleagues had previously uncovered a kinetic
defect in ER to Golgi transport in islet cells following persistent
compromise of PERK activity (effected by siRNA or by a dom-
inant negative allele) (18). To determine whether acute inter-
ruption of proteostasis mediated by short term inhibition of
PERK could contribute to this functional defect, we followed
pro-insulin maturation (a marker for efferent ER transport) by
pulse chase labeling and immunoprecipitation of isolated rat
islets of Langerhans that were stimulated to synthesize pro-
insulin by exposure to high glucose in the presence and absence
of the PERK inhibitor (Fig. 54). Deregulated pro-insulin bio-
synthesis was noted at the end of the pulse, as expected (Fig. 5B,
compare lanes 1 and 1" and lanes 8 and 8') and was associated
with a reproducible, albeit subtle, kinetic defect in pro-insulin
maturation in islets exposed to the PERK inhibitor (Fig. 5, B
and C).

The study by Gupta et al. (18) lacked a quantitative compo-
nent, thus it is impossible to compare the kinetic defect in effer-
ent ER transport between our study and theirs. Nonetheless,
the emergence of a kinetic defect in pro-insulin maturation,
minutes after exposure to a PERK inhibitor, argues in favor of a
role for deregulated protein synthesis and impaired proteosta-
sis in the genesis of this manifestation of compromised PERK
function.
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CONCLUDING REMARKS

The rapid onset of PERK inhibition in cells exposed to
GSK2606414 has enabled experiments that inform the debate
on the genesis of the consequences of defective PERK function
in secretory cells. A direct role for PERK in ER proteostasis is
clearly established, one that is likely independent of down-
stream developmental effects. This study, which utilizes an
orthogonal pharmacological approach, provides critical confir-
mation to previous genetic experiments documenting the role
of PERK in moderating unfolded protein load in the ER of beta
cells exposed to glycemic excursions in the physiological range
(7, 10, 30).

This study also favors a role for compromised proteostasis in
the genesis of the phenotype of loss-of-function lesions in the
PERK strand of the unfolded protein response, as defective pro-
teostasis is predicted to affect fully differentiated secretory
cells. It is noteworthy that a recent study has shown that loss of
regulated eIF2a phosphorylation (by introduction of S51A
mutation) also compromises the viability and function of beta
cells in the fully developed adult endocrine pancreas (31) and is
not restricted to compromising development and proliferation
of islets of Langerhans in the pre- and perinatal period, as had
been previously suggested (19).

The focus on early consequences of PERK inhibition and the
use of explanted adult tissue (islets of Langerhans) both serve to
uncouple changes in protein synthesis from developmental
changes in a robust isolated in vitro system. It seems likely that
acute inhibition of PERK will have the same effect in vivo,
although this remains to be determined experimentally. Fur-
thermore, the findings reported here do not in any way detract
from the importance of the gene expression program down-
stream of PERK, nor from the role of PERK in beta cell devel-
opment. However, we believe our findings should temper a
recent revisionist trend (20) that denies a role for regulated
protein synthesis in PERK function.
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