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Abstract

PERK (EIF2AK3) was originally discovered as a major component of the Unfolded Protein
Response (UPR). PERK deficiency results in permanent neonatal diabetes, which was initially
thought to be caused by a failure to regulate ER stress in insulin-secreting beta cells, culminating
in beta cell death. However, subsequent studies found that low beta cell mass was due to reduced
cell proliferation, rather than increased apoptosis. Genetic and cellular studies of Perk-deficient
beta cells showed that PERK was critically required for ER functions including proinsulin
trafficking and quality control, unrelated to the ER stress pathway. Under normal physiological
conditions, changes in ER calcium levels, mediated by glucose and other insulin secretagogues,
regulate PERK activity for the purpose of controlling insulin biogenesis.

Stress response pathways in cells are manned predominately by proteins that have important
physiological and/or developmental functions often unrelated to stress, but are pressed into
action in response to an acute stress. Such proteins are typically first discovered in screens
for genes that respond to chemical or physical treatment in cultured cells, and then only later
found to have primary functions in normal development and physiology of the whole
organism. A relevant case in point is the endoplasmic reticulum chaperone protein GRP78/
BiP, which was first discovered because its expression is highly induced upon glucose
deprivation (1;2). BiP is also highly induced by pharmacological insults that elicit the ER
stress response (3-5). Somewhat later the primary and most important functions of BiP were
discovered; BiP is the key ER chaperone required for the normal functions of protein
folding, trafficking, and quality control in the ER (6;7). Studies on the regulation of ER
stress response and BiP led to the discovery of Inositol Requiring-1 (IRE1). IRE1 catalyzes
unique splicing of specific mMRNAs and was found to be a key sensor and mediator of the ER
stress response in yeast and mammals. The discovery of IRE1 launched an avalanche of
studies on the regulation of the ER stress pathway (see reviews (8-14). Soon thereafter
PERK (EIF2AK3) was discovered independently by two groups (15;16), and was
immediately recognized as a sensor of ER stress by virtue of the shared homology of the ER
luminal sensor domain with IRE1. However, the normal functions of these genes have taken
a considerably longer time to decipher in the context of the whole organism.

Within two years following the discovery of PERK, its deficiency was found to be the cause
of the human Wolcott Rallison syndrome (WRS), characterized by permanent neonatal
diabetes, exocrine pancreas atrophy, skeletal dysplasias, recurrent hepatitis, and growth
retardation (17). Shortly thereafter, PERK KO mice were shown to have the same defects as

Corresponding author: Douglas R. Cavener, 110 Life Science Bldg., Shortlidge Road, Penn State University, University Park, PA,
16802, 814-865-9790, drc9@psu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cavener et al.

Page 2

those seen in WRS (18;19). The cause of WRS was initially interpreted as a defect in
regulating the ER stress pathway. This interpretation has largely persisted in the literature,
and PERK deficiency has become the poster-child for ER stress diseases. More explicitly, it
was proposed that PERK responds to fluctuating physiological stress to dampen global
protein synthesis and to upregulate an ER stress adaptive pathway via the transcription
factor ATF4 (CREB?2) (Figure 1). If stress became too great, PERK would signal cellular
suicide by upregulating GADD153/CHOP, an inducer of apoptotic cell death (20). The
molecular explanation for the phenotype of Perk deficient humans and mice was then argued
to be due to a failure to repress global protein synthesis and to activate the adaptive pathway
climaxing in cell death (18). Seemingly consistent with this hypothesis, beta cell mass was
found to be greatly diminished in humans and mice deficient for Perk (18;19;21). However
subsequent studies failed to confirm the key assumptions of the ER stress hypothesis, and
instead pointed to an alternative explanation related to cell proliferation and proinsulin
trafficking (22-25).

Beta cell death and ER stress — not the cause of diabetes

Early studies on the cause of diabetes in Perk deficient humans and mice were hampered by
confounding effects of other organ dysfunctions. These confounding effects were ultimately
resolved by generating tissue-specific Perk KO mice and a beta-cell specific rescuing Perk
transgene (24). As expected, the diabetic phenotype was directly traced to absence of PERK
expression in the insulin-secreting beta cells. However, upon characterizing these
conditional Perk KO mice, it was discovered that beta cell death was not increased, but
rather beta cell proliferation was repressed during the embryonic and neonatal periods
sufficiently to explain the ten-fold deficiency in beta cell mass observed in juvenile Perk KO
mice (Figure 2a) (24). Moreover, a microarray experiment in islets of Perk KO mice showed
that the majority of genes differentially regulated were related to the cell cycle and
proliferation, whereas ER stress and apoptosis related genes were largely unaffected. A
further prediction of the ER stress hypothesis was that in the absence of one of the major
regulatory arms, ER stress would become out of control and result in hyperactivation of the
other arms of the pathway. However IRE1 and ATF6 and their downstream targets were not
activated in Perk KO beta cells (24). Finally the ER stress model predicted that in the
absence of PERK, global protein synthesis would be derepressed leading to over synthesis
of proteins further exacerbating ER stress. Once again, the Perk KO phenotype of beta cells
initially seemed to support this hypothesis as a significant fraction of cells accumulated very
high levels of proinsulin in the ER, denoted as an Impacted-ER phenotype (Figure 2b).
However, a thorough analysis of synthesis rates and levels of total protein, proinsulin, and
insulin did not show that global protein or proinsulin synthesis were derepressed in Perk
deficient beta cells (22). Therefore the Impacted ER phenotype of proinsulin over
accumulation was not caused by over synthesis.

A knock-in mutation of the regulatory phosphorylation site of elF2a (Ser51Ala) also
displays a severe Impacted ER phenotype with over accumulation of proinsulin in beta cells
(26). Like the PERK KO mice, elF2aS51A mice do not exhibit activation of the other arms
of the ER stress pathway, but in contrast to Perk deficient beta cells, a derepression of
proinsulin synthesis is observed (27). The molecular phenotype of Perk deficient beta cells
and the elF2a Ser51Ala knock-in mutant are likely to be somewhat different, since three
other known elF2a kinases can phosphorylate elF2a, and the alanine substitution in elF2a
(Ser51Ala) may have additional effects on elF2 function beyond blocking phosphorylation
at this site. Whatever the reason for the differences in phenotype between mutations in Perk
and in its elF20 substrate, the hypothesis that PERK is first and foremost a translation
attenuator of protein synthesis is not supported by studies in the insulin secreting beta cells
(22).
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Over accumulation of proinsulin caused by defects in proinsulin quality
control and trafficking

If over accumulation of proinsulin in the ER of PERK deficient beta cells is not caused by
over synthesis, then what alternative explanations remain? One possibility is that the export
of proinsulin out of the ER to distal secretory compartments may be blocked. In addition,
impaired quality control and ER associated protein degradation (ERAD) could also cause
proinsulin and other secretory and plasma membrane proteins to accumulate in the ER. To
examine these possibilities, the anterograde trafficking of proinsulin and vesicular stomatitis
virus protein G (VSVG) was examined in Perk deficient cells (22). Normally, proinsulin and
VSVG are rapidly folded in the ER and transported to the Golgi. Trafficking of these
proteins from the ER to the Golgi was found to be blocked in Perk deficient cells.
Retrotranslocation of misfolded proteins out of the ER, a key step in the ERAD pathway,
was also found to be ablated in Perk impaired cells. Potentially, defects in anterograde
trafficking could cause dysfunctions in ER quality control and ERAD. To circumvent the
potential negative influence of defective anterograde trafficking, an ER retention signal
(KDEL) was inserted at the carboxy terminus of proinsulin to limit its fate to either being
degraded via ERAD or retained in the ER. In Perk deficient cells, a gross accumulation of
proinsulin was observed in the ER, suggesting that the ERAD pathway was impaired (22).

PERK gene dosage modulates glucose homeostasis and diabetic
progression

The Akita insulin mutation, first described in mice and more recently found in humans (28—
30), causes diabetes due to insulin insufficiency. The molecular basis for the insulin
insufficiency was initially attributed to beta cell death (31;32), but more recently the cause
has been pinpointed to an induction of ER associated protein degradation, which increases
the degradation of not only of the Akita insulin protein but also the normal wild-type insulin
(22;33). Cell death does eventually reduce beta cell mass but not until after an early phase of
repressed insulin secretion and compensatory beta cell hyperplasia when hyperglycemia is
first detected (22). Introduction of the global PERK KO into the Akita insulin mutant mouse
results in the more severe and early onset form of diabetes seen in the global Perk KO mice.
However, unexpectedly, mice that are doubly heterozygous for Akita and Perk (Ins2Akita/+
Perk */7) progress more slowly to frank diabetes, whereas the addition of an extra gene copy
of Perk specifically to beta cells hastens diabetic progression (Figure 3) (22). Paradoxically
then, Perk gene dosage is negatively correlated with the severity and progression of diabetes
in the Akita mouse, whereas the complete absence of Perk results in permanent neonatal
diabetes. Together these studies suggest that PERK positively regulates ERAD and
proinsulin turnover; therefore reducing, but not eliminating, this function allows more wild
type proinsulin to escape the negative influence of the Akita proinsulin and become secreted.
Two other ER resident proteins, P58/DNAJc3 and ERO1p, which participate in ERAD and
proinsulin trafficking, have also been shown to modulate diabetic progression in the Akita
mouse (34-36) demonstrating the importance of this processing in insulin biogenesis.

The amelioration of diabetes in the Akita mouse affected by reducing Perk dosage prompted
us to examine beta cell functions more closely in Perk heterozygous mice. Although humans
and mice heterozygous for Perk are ostensibly normal, Perk*/~ mice exhibit significantly
lower serum glucose levels and higher pancreatic insulin content (22). Moreover, Perk*/~
mice eventually become moderately glucose intolerant (18). The amount of PERK in beta
cells, and by extension the level of PERK activity, therefore impacts beta cell function,
suggesting that physiological modulation of PERK activity may be important in regulating
beta cell functions.
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ER calcium dynamics regulates PERK activity

The activities of PERK, IRE1, and ATF6 are negatively regulated by BiP/GRP78, which
binds their ER luminal domains and inhibits oligomerization and activation (22). Upon
treatment with an ER stress elicitor (e.g. DTT, thapsigargin, or tunicamycin), BiP
disassociates from them, allowing their activation. According to the ER stress hypothesis,
these elicitors cause misfolding of ER client proteins and the misfolded proteins compete for
the attention of BiP, resulting in disassociation of BiP from PERK, IREL1, and ATF6.
Whether they are activated as a direct consequence of inducing protein misfolding by these
drugs, however, is controversial. Detailed molecular studies by Ron Prywes and colleagues
have discredited this competition model and instead propose that ER stressors stimulate the
disassociation of BiP by some other means (37), perhaps through interactions with co-
chaperones.

What then regulates PERK activity in the beta cell and finally what role does PERK play in
regulating beta cell functions? Physiologically relevant factors have been discovered that
activate PERK in beta cells including low glucose levels and high levels of the fatty acid
palmitate (19;38-40). Interestingly, both of these conditions decrease the level of ER
calcium stores similar to the more severe effect of treating cells with thapsigargin, which
inhibits the SERCA calcium pump (41).

The mechanism of ER calcium regulation of PERK activity is unknown, but may be related
to the fact that BiP is a major calcium binding protein in the ER (42), and its binding to
PERK may be dependent upon the relatively high level of calcium present in the ER.
Calcium dynamically regulates the ATPase activity of BiP (42), which in turn influences its
chaperone functions and interactions with ER luminal proteins. We have proposed that
PERK acts primarily as an ER calcium sensor as mediated by BiP (22) (Figure 1b). Under
this hypothesis, then, PERK dynamically senses changes in ER calcium levels that are
stimulated by events outside of the ER lumen and often initiated by signaling events at the
plasma membrane. ER calcium levels are particularly impacted in a complex manner by
glucose (43-46). Upon glucose stimulation, the ER releases calcium during the first few
minutes but then rapidly sequesters calcium to an even higher level than under low glucose
conditions. In parallel, elF2a is dephosphorylated in beta cells upon glucose treatment and is
restored as glucose is diminished (47;48). This suggests that PERK may be sensing glucose
through changes in ER calcium levels, raising the intriguing possibility that the primary
function of PERK in beta cells is to modulate proinsulin quality control and trafficking in
concert with changes in circulating glucose levels. A whole host of other metabolites and
factors including fatty acids can also alter ER calcium levels and potentially regulate PERK
activity. A key question is whether the normal physiological fluctuations in these factors are
sufficiently large to affect a change in PERK activity. At least for glucose, substantial
changes in elF20 phosphorylation have been detected in the pancreata of mice fasted and
then injected with a bolus of glucose (19).

Phosphorylation of elF2a is mostly dependent upon PERK in beta cells, but the rapid
dephosphorylation seen upon glucose treatment is mediated by protein phosphatase-1 (47).
PP1 activity is negatively regulated by Ppplrla (I-1) (47) and positively regulated by
GADD34 and CReP (49), which specifically recruit PP1 to elF2a to affect its
dephosphorylation. Increasing evidence supports the hypothesis that glucose-dependent
induction of protein synthesis in beta cells is partly regulated by dephosphorylation of elF2a
by PP1 as mediated by one or more of these PP1 coactivators and repressor proteins.
Although the gross beta cell dysfunctions seen in Perk deficient beta cells are not caused by
derepression of protein and/or proinsulin synthesis, PERK may nonetheless participate in
concert with PP1 to regulate glucose-dependent protein synthesis.
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Other arms of the UPR embrace pancreatic functions

Mammals have two IRE1 genes, IREla and IRE1B. IREla is expressed in most tissues
including the pancreatic beta cells (50). Suppression of IRE1a in beta cells results in
decreased proinsulin biosynthesis and insulin content but does not impact global protein
synthesis or insulin secretion (50). Moreover IRE1a is activated by high glucose and other
insulin secretagogues including GLP-1. Although BiP disassociates from IRE1a when cells
are treated with toxic ER stress elicitors, its activation by the insulin secretagogues occurs
without the disassociation of BiP (50). The major function of IRE1a in the ER stress
response is to catalyze splicing of XBP1 mRNA, which is required for efficient translation
of XBP1 (51;52). XBP1 in turn activates the transcription of several ER chaperones and
ERAD genes in concert with ATF6 (53). Activation of IRE1a by glucose does not result in
an increase in the splicing of XBP1 mRNA nor is there a robust induction of the ER stress
response genes (50). The mechanism of proinsulin synthesis by IRE1a is therefore unclear
but appears not to be mediated through the ER stress pathway and splicing of XBPL1.

Severe exocrine pancreatic defects are seen in mice deficient for three UPR genes including
XBP1 (54), PERK (18;19;55) and ATF4 (55). XBP1 and ATF4 KO mice exhibit early fetal
and neonatal growth defects in the exocrine pancreas (54;55), whereas the exocrine pancreas
develops and functions normally in Perk deficient mice until postnatal day 18 where it
begins to atrophy due to oncotic cell death (55). Although ATF4 is critically regulated by
PERK in the ER stress response, the underlying cause of the exocrine pancreatic defects in
mice deficient for ATF4 is unrelated to PERK (55). ATF6, ATF4, XBP1, and CHOP
deficient mice exhibit normal islet and beta cell development and are normoglycemic,
suggesting that they are not required for normal beta cell functions. In summary, the
principal mediators of the ER stress response, with the exception of PERK and IRE1a, are
not required for normal beta cell functions although ATF4 and XBP1 are required for
exocrine pancreatic development. Not surprisingly then, the normal functions of PERK and
IRE1a in beta cells are unrelated to the ER stress pathway and instead both are focused on
different aspects of beta cell proliferation and/or proinsulin synthesis and trafficking.

Glucose extremes elicit a complex response from PERK, IRE1, and ATF6

As diabetics know all too well, opposite extremes in glucose levels present different but
debilitating health consequences. At the cellular level, glucose deprivation induces the
expression of BiP (a.k.a. glucose regulated protein-78) (1;2). Subsequently the activation of
ATF6 was found to be responsible for induction of BiP transcription in glucose deprived
cells. PERK is also strongly activated in beta cells in the presence of very low glucose
conditions (38), and the translation of ATF4 and CHOP is induced as a likely consequence
(56). However, IRE1a and XBP1 splicing are relatively repressed in beta cells under these
conditions. Thus two of three arms of the UPR are induced by glucose deprivation in cell
culture. The relevance of glucose deprivation to beta cells in situ, however, is unclear as
glucose concentrations below 20 mg/dl (1.1 mM) are associated with hypoglycemic coma
and death. At glucose concentrations closer to physiological low levels (3.3-5.5mM),
glucose-deprivation response genes (e.g. BiP and GRP94) remain relatively unchanged
compared to high glucose concentrations in beta cells (57). Nonetheless, a large number of
genes exhibit highly significant differences in expression in beta cells cultured for 24hrs in
low (5.5mM) glucose compared to high glucose (25.0mM) (57;58). Not surprisingly, genes
supporting secretion functions are upregulated in high glucose. With the exception of two
genes, P58/DNAJc3 and CHOP, ER stress pathway genes are not significantly impacted.
Both P58/DNAJc3 and CHOP are induced in the classic ER stress response, but surprisingly
they exhibit opposite responses to low versus high glucose, i.e. P58/DNAJc3 is induced by
high glucose and CHOP is induced by low glucose. Under this more physiologically
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relevant range of glucose, CHOP mRNA level is regulated by FOXO1 (58) and probably not
by ATF4, as it is in the ER stress pathway. As P58/DNAJc3 is an important ER co-
chaperone (35), its induction by high glucose is consistent with the induction of a large
number of other genes in support of insulin synthesis and secretion. PERK and IRE1a
activity are also regulated in the normal physiological range of glucose, but in opposite
directions — PERK is repressed in high glucose whereas IRE1a is activated by high glucose.
In conclusion, the response of beta cells to physiological changes in glucose concentration is
complex and does not correspond to a canonical ER stress response seen when beta cells or
other cell types are completely deprived of glucose.

In untreated Type 2 diabetic individuals, circulating glucose may increase to a sustained
level (>20mM), which degrades beta cell functions and triggers cell death (9). Recent
studies have suggested that unresolved ER stress may be the molecular basis for this glucose
toxicity to beta cells. In support of this hypothesis, long term treatment of beta cells with
sustained or intermittent high levels of glucose (e.g. 25 mM) leads to an ER stress response
(50;59-61) with activation of PERK, IRE1la and ATF6. The effect of chronic exposure to
high glucose on PERK activation (59) is particularly revealing as it is opposite to that seen
when beta cells are acutely shifted from low to high glucose. This suggests that the
mechanism of PERK activation may change during the transition from acute to longterm
high glucose exposure (Figure 4). One possibility is that the activation of PERK switches
from being dominated by the level of ER calcium under normal physiological conditions to
being activated by unfolded proteins, which may accumulate in the ER during sustained
glucose exposure. Glucose toxicity also increases oxidative stress in beta cells, and the
NRF-2 transcription factor regulates adaptation to increased reactive oxygen species (ROS)
in beta cells (62;63). Translocation of NRF-2 to the nucleus is regulated by its
phosphorylation by PERK(64), and therefore PERK may have a dual regulatory role in
mediating adaptation to glucose toxicity via both the elF20. and NRF-2 pathways.

In summary, we can define three distinct glucose conditions for which metabolic adaptation
occurs: glucose deprivation (0-1 mM), normal range of physiologic glucose, and sustained
high glucose (>20mM) for several days. Except for the absence of activation of IRE1 during
glucose deprivation, an ER stress response is seen at both extremes: acute glucose
deprivation or chronically high glucose. However, there appears to be absence of an ER
stress response within the dynamic range of glucose seen in normal individuals or in diabetic
patients whose glucose is reasonably well controlled. Among these three glucose conditions,
which have been investigated extensively, the relevance of complete glucose deprivation to
the function of beta cells in situ is questionable. The response of cells to no glucose is
decidedly different from physiologically low glucose, and therefore the myriad of glucose
deprivation studies may not provide clues as to how beta cells adapt to fasting or reactive
hypoglycemia.

PERK regulates different genes under different conditions

The complex response of PERK to different glucose conditions suggests that the
downstream consequences of PERK activation may differ substantially and may depend
upon the level and duration of activation as well as on the expression of other regulatory
factors that act synergistically to affect metabolic adaptation. The consequences of
activating PERK at different levels in the liver have been investigated using a genetically
engineered PERK whose activity can be finely controlled by the administration of an
antibiotic (65). Interestingly, although a few genes exhibited a monophasic change in
expression over large range of PERK activation in the liver, several genes showed a biphasic
response with high expression at intermediate levels of PERK activity but low at either
extreme of PERK activation (65). This complexity is not surprising given the fact that
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phosphorylation of elF2a can have two seemingly opposite effects: repression of global
protein synthesis and activation of translation of specific mRNAs. Importantly, all of the
genes that have been described to date whose translation is differentially regulated by elF2a
kinases encode transcription factors (13;66), and therefore the large number of genes whose
MRNA expression is impacted by the elF2a kinases are likely to stem from differential
translation of one or more transcription factors that regulate them. Although a few such
transcription factors (e.g. ATF4 and ATF5) have been identified as translational targets of
PERK during ER stress, none appear to mediate the function of PERK in regulating
proinsulin trafficking in the beta cell, and the search continues for the relevant mediators of
PERK beta cell functions.

Future studies of PERK’s role in regulating beta cell functions will need to consider the
complexity of PERK regulation and functions under both normal and stress conditions. How
PERK’s activity is modulated and what PERK regulates is likely to be substantially different
during stress associated with severe hypoglycemia or sustained hyperglycemia as compared
to normoglycemic conditions.
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Figure 1.

The contrasting functions of PERK in the canonical UPR and in the regulation of the insulin
secreting beta cell. (a) The UPR-ER stress response is initiated by the accumulation of
unfolded proteins in the endoplasmic reticulum that activates the three major arms of the
UPR including PERK, IRE1, and ATF6. PERK phosphorylates elF2a at amino acid residue
Serine-51. Phosphorylation at this site results in attenuation of protein synthesis but also in
activation of translation of a small number of genes including ATF4. ATF4 increases the
transcription of GADD34, which acts as a feedback control to restore normal protein
synthesis. ATF4 also activates the transcription of CHOP, which if produced at high levels
in conjunction with other factors, may lead to cell death. IRE1 catalyzes the splicing of the
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transcription factor XBP1, which in turn activates the transcription of genes encoding ER
chaperones and other proteins facilitating ERAD function. The activation of ATF6 results in
its translocation to the Golgi and generation of the active nuclear form. After trafficking to
the nucleus, ATF6 acts in concert with other transcription factors to activate the expression
of ER chaperone and ERAD genes. In some cases ATF6 and XBP1 co-activate specific
genes. (b) Under normal physiological conditions, PERK activity is dynamically controlled
by changes in ER calcium levels. ER calcium levels are heavily influenced by glucose and
other insulin secretagogues including those that activate the IP3 receptor localized in the ER
membrane. Depending on other factors, glucose can either stimulate calcium uptake through
SERCA pump which requires ATP or it can stimulate calcium release from the IP3 receptor
via calcium-induced calcium release (CICR). PERK in turn regulates proinsulin trafficking
and ERAD. The activity of IRE1a is also regulated by glucose, but in an opposite manner to
PERK. In turn, IRE1a regulates proinsulin biogenesis. PERK and IRE1a are likely to
activate changes in gene expression as part of their regulation of proinsulin trafficking and
biogenesis, but the relevant downstream target genes have not been identified. GLUT2 =
glucose transporter-2, KATP = ATP-sensitive potassium channel, VDCC = voltage-
dependent calcium channel, PLC = phospholipase C, IP3R = inositol triphosphate receptor,
ERAD = ER associated protein degradation, SERCA = Sarcoplasmic-endoplasmic reticulum
calcium ATPase - calcium pump, BiP = immunoglobulin binding protein/glucose regulated
protein-78.

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 December 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 13

A
o
8 —PKO
) 800 A1
X
~ green = insulin
2 red = glucagon
8 400 1
L]
L
7]
a
L ——
0 4 T T T T 1
0 5 10 15 20 25
postnatal day

C

N
green = insulin
red = proinsulin

Figure 2.
PERK deficiency results in diminished proliferation of beta cells and a severe defect in

proinsulin trafficking. (a) Beta cell mass normally increases 20-40 fold during the first four
postnatal weeks in mice (24). In contrast, beta cell mass increases only about 2-fold in Perk
KO mice. (b) Images of wildtype and Perk KO islets at the 3" postnatal week are shown. (c)
Proinsulin (red) normally accumulates in the ER-Golgi Intermediate Compartment and
Golgi adjacent to the nucleus (blue) whereas insulin (green) is dispersed through the
cytoplasm. In a large fraction of beta cells in Perk KO (PKO) mice, proinsulin accumulates
in the ER and is not trafficked to the Golgi (24). (c) The ER in wildtype beta cells exhibits
an elongated, tubular structure dotted with ribosomes, whereas the ER in Perk KO mice is
highly distended with high electron density due to the accumulation of a large amount of
proinsulin and other client proteins.
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Figure 3.

Diabetic progression in Akita insulin mutant mouse is ameliorated by reducing Perk gene
dosage. The effect of three Perk genotypes — Perk +/—, Perk +/+, and SPerk; Perk +/+ on
the diabetic progression of the insulin Akita mouse (Ins2+/Akita) was investigated (22). At
postnatal day 23 the serum glucose level of Akita mice begins to increase and five days later
(P28) all mice exceed 200 mg/dl. However, the diabetic progression during this period is
inversely related to Perk gene dosage. The Perk dependent progression of diabetes in the
Akita mouse is correlated with differences in pancreatic insulin content.
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Functional consequences
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Glucose dynamically regulates PERK activity in the insulin secreting beta cell. Within the
normal physiological range of serum glucose, PERK activity is relatively high after an
overnight fast but is rapidly reduced by the administration of high glucose (19). We
hypothesize that increased PERK activity during fasting (low glucose) increases quality
control that serves to limit the anterograde trafficking proinsulin and insulin secretion.
However, sustained high levels of circulating glucose negatively impact the function of beta
cells, and a high level of PERK activity is seen. We speculate that one of the consequences
of glucotoxicity is the accumulation of unfolded proteins in the ER that activate PERK and
the other arms of the ER stress pathway.
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