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Summary
The protein kinase PERK couples protein folding in
the endoplasmic reticulum (ER) to polypeptide biosynthesis by phosphorylating the ␣ subunit of eukaryotic
translation initiation factor 2 (eIF2␣), attenuating translation initiation in response to ER stress. PERK is
highly expressed in mouse pancreas, an organ active
in protein secretion. Under physiological conditions,
PERK was partially activated, accounting for much of
the phosphorylated eIF2␣ in the pancreas. The exocrine and endocrine pancreas developed normally in
Perk⫺/⫺ mice. Postnatally, ER distention and activation of the ER stress transducer IRE1␣ accompanied
increased cell death and led to progressive diabetes
mellitus and exocrine pancreatic insufficiency. These
findings suggest a special role for translational control
in protecting secretory cells from ER stress.
Introduction
All eukaryotic cells have signaling pathways that monitor
the folding environment in the endoplasmic reticulum
(ER) and respond to the accumulation of malfolded proteins in the organelle. This is referred to as the unfolded
protein response (UPR), and has two main components,
one transcriptional and the other translational. The first
alters gene expression patterns and accounts for the
increased synthesis of ER chaperones and components
of the apparatus that degrades proteins retained in the
ER. The second attenuates polypeptide biosynthesis
and is presumed to decrease the level of protein malfolding in the organelle by reducing the load placed on it
by the biosynthetic machinery (reviewed in Kaufman,
1999; Mori, 2000).
Translational repression in the UPR is associated with
phosphorylation of the ␣ subunit of eukaryotic translation initiation factor 2 (eIF2␣) on Ser51 (Kimball and
Jefferson, 1992; Prostko et al., 1992, 1993). Phosphorylation of eIF2␣ on Ser51 increases its affinity for the
guanine nucleotide exchange factor, eIF2B, and sequesters the latter in an inactive complex. Reduced eIF2B
activity prevents the regeneration of active eIF2 complexes and attenuates translation initiation (Clemens,
1996). Various cellular stress pathways converge on this
common step to control polypeptide biosynthesis rates.
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These stress pathways utilize specific eIF2␣ kinases
to affect this goal. For example, PKR responds to the
accumulation of double-stranded RNA during viral infection, GCN2 responds to uncharged tRNA in nutrientdeprived cells, and HRI matches the biosynthesis of
globin to the availability of its essential prosthetic group,
heme (reviewed in Clemens, 1996).
PERK (PKR-like ER kinase) is a recently identified
transmembrane eIF2␣ kinase that resides in the ER and
couples stress signals initiated by protein malfolding in
the ER lumen to eIF2␣ phosphorylation and reduced
protein biosynthesis (Harding et al., 1999; Bertolotti et
al., 2000; Sood et al., 2000). Perk⫺/⫺ cells are unable
to phosphorylate eIF2␣ and attenuate translation in response to ER stress (Harding et al., 2000b). The absence
of PERK also renders cultured cells hypersensitive to
toxins that impair protein folding in the ER. When exposed to such toxins, Perk⫺/⫺ cells exhibit higher levels
of activation of parallel ER stress pathways, indicating
that the mutant cells experience more ER stress than
do wild-type cells (Harding et al., 2000b). These results
established the essential role of PERK in the response
of mammalian cells to pharmacologically induced ER
stress and suggested that translational control is an
important component of that response. However, the
studies described above were carried out in cultured
cells exposed to pharmacological agents that cause
ER stress, and did not inform us of the significance of
translational control under physiological circumstances.
Here, we present a phenotypic characterization of
Perk⫺/⫺ mice that reveals an important role for PERKmediated translational control in the adaptation of secretory cells to the physiological loads of protein biosynthesis.
Results
PERK (also known as PEK) has been independently isolated as a gene encoding an eIF2␣ kinase that is expressed at high levels in the pancreas (Shi et al., 1998;
Sood et al., 2000). We confirmed the abundance of PERK
in the pancreas by immunohistochemistry that revealed
the protein in both the acini that produce and secrete
digestive enzymes and the islets of Langerhans, which
produce and secrete the polypeptide hormones insulin
and glucagon (Figure 1A). In exocrine acinar cells, PERK
immunoreactivity was found concentrated in the basolateral portion of the cell, consistent with the known
localization of the ER in these cells (Pictet et al., 1972).
Immunostaining of pancreatic sections of Perk⫺/⫺ mice
revealed no signal, attesting to the specificity of the
staining procedure.
Immunoprecipitation and immunoblotting detected
different levels of PERK protein in various mouse tissues
(Figure 1B), and no PERK signal was detected in tissues
from Perk⫺/⫺ mice (Figure 1C). When PERK is activated, it undergoes autophosphorylation, which can be
detected both by a shift in the mobility of the protein
on SDS-PAGE (Harding et al., 1999) and by reactivity of
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Figure 1. PERK Controls eIF2␣ Phosphorylation Levels in the Pancreas under Physiological Conditions
(A) Anti-PERK immunostaining of paraffinembedded sections of pancreatic acini (upper panels) and islets of Langerhans (lower
panel). The arrows point to the basolateral
distribution of PERK immunoreactivity in the
cells of the acinus.
(B) Total PERK (middle panel) and activated,
phosphorylated PERK (upper panel) were detected by immunoblot with specific antiserum
in immunoprecipitates of tissue extracts of
wild-type mice. The positions of inactive
PERK (PERK0) and the slower migrating active form of the protein (P-PERK) are indicated. BiP immunoblot from 0.75% of the
lysate used in the immunoprecipitation provides a means for comparing ER content in
the different lysates (lower panel).
(C) Immunoblot of PERK immunoprecipitated
from tissue extracts of Perk⫹/⫹ (⫹) and
Perk⫺/⫺ mice (⫺; upper panel). Immunoblot
of GCN2, immunoprecipitated from the same
lysates reports on their comparability (lower
panel).
(D) Immunoblot of eIF2␣ phosphorylated on
Ser51 and total eIF2␣ in tissue lysates from
two mice with Perk⫹/⫹ (⫹) and two mice with
Perk⫺/⫺ genotypes (⫺).
(E) Immunoblot of IRE1␣ immunoprecipitated
from lysates of mice as in (D). The positions
of inactive IRE1␣ and the slower migrating
active form (P-IRE1␣) are indicated.

the activated, phosphorylated form of the protein with
specific antisera (Bertolotti et al., 2000). Based on both
criteria, PERK was active in many mouse tissues, suggesting that signaling through the PERK pathway occurs
under physiological conditions (Figures 1B and 1C).
To determine whether under physiological conditions
PERK activity correlated with eIF2␣ phosphorylation on
Ser51, we used an antiserum that specifically detects
the phosphorylated form of eIF2␣ to compare, by immunoblot, the ratio of phosphorylated to total eIF2␣ in tissues of wild-type and Perk⫺/⫺ mice. The ratio of phosphorylated to total eIF2␣ was significantly reduced in
the pancreas, lung, and thymus of Perk⫺/⫺ mice,
whereas in other tissues, such as the liver and spleen,
there were no detectable differences between the ratio
in wild-type and mutant animals (Figure 1D). These results indicate that PERK plays an important role in phosphorylating eIF2␣, and may modulate translation in the
pancreas and other tissues under physiological conditions. Other kinases such as GCN2 and PKR may account for residual levels of eIF2␣ phosphorylation in
Perk⫺/⫺ tissues.
If PERK is active under physiological conditions, one
might expect that the absence of PERK would result in

higher levels of ER stress. This might be predicted to
increase signaling through parallel, PERK-independent
ER stress pathways in tissues of Perk⫺/⫺ mice. IRE1␣
is a ubiquitous transmembrane ER resident protein kinase that responds to the same stress signals as
PERK (Tirasophon et al., 1998; Bertolotti et al., 2000;
Liu et al., 2000). Activation of IRE1␣ also correlates with
its autophosphorylation and shift in mobility on SDSPAGE (Bertolotti et al., 2000; Urano et al., 2000). Activation of IRE1␣ was markedly increased in the pancreas
of Perk⫺/⫺ mice, consistent with higher levels of ER
stress in that tissue (Figure 1E).
To examine the phenotypic consequences of reduced
eIF2␣ phosphorylation and the presumed defect in
translational regulation in the pancreas of Perk⫺/⫺
mice, we studied the control of blood glucose, which
depends on the ability of the endocrine portion of the
pancreas to secrete insulin appropriately. Between birth
and 4 weeks of age, the Perk⫺/⫺ mice experienced a
marked deterioration in glycemic control. Before 2
weeks of age, most Perk⫺/⫺ animals had random blood
glucose levels that were within the normal range for
suckling mice. After 4 weeks of age, all of the Perk⫺/⫺
animals had markedly elevated blood glucose levels
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Figure 2. Hyperglycemia and Reduced Serum Insulin Levels in Perk Mutant Mice
(A) Spot blood glucose levels in Perk⫹/⫹ and Perk⫺/⫺ littermates obtained at 2 and 4 weeks of age. The data is analyzed separately for
males (diamonds) and females (circles). Horizontal bars mark the mean for each group. (2 weeks: females, n ⫽ 8; males, n ⫽ 13; 4 weeks:
females, n ⫽ 8; males, n ⫽ 11).
(B) Body weight plotted against age in a cohort of Perk⫹/⫹ and Perk⫺/⫺ male littermates (n ⫽ 10).
(C) Serum insulin levels in male mice of the indicated genotype and age. Shown are means and SEM (n ⫽ 8).
(D) Blood glucose levels following intraperitoneal injection of glucose (2 mg/g body weight) into fasted adult male Perk⫹/⫹ and Perk⫹/⫺
siblings. Shown are means and SD (n ⫽ 5). P values for significantly different pairwise comparisons are indicated.

(Figure 2A). The Perk⫺/⫺ animals had significantly lower
body weights than wild-type littermates (Figure 2B), and
serum insulin levels were reduced in the Perk⫺/⫺ animals (Figure 2C). These results indicate that the hyperglycemia in Perk⫺/⫺ mice was due primarily to the failure of the endocrine pancreas to secrete adequate
amounts of insulin and not as a consequence of peripheral resistance to the action of the hormone.
We also compared blood glucose levels in wild-type
and Perk⫹/⫺ adult male mice following an intraperitoneal glucose injection. Wild-type mice cleared the glucose load more rapidly that the heterozygous mutant
mice, indicating a mild defect in glycemic control in the
Perk⫹/⫺ mice (Figure 2D). This defect was observed
in two isogenic strain backgrounds (129svev and F1
hybrids of 129svev and C57B/6), was stable over 26
weeks of observation, and did not lead to fasting hyperglycemia (data not shown). The reduced ability of
Perk⫹/⫺ mice to clear a glucose load is consistent with
a mild haploid insufficiency phenotype of the Perk mutation that is also reflected in impaired eIF2␣ phosphorylation in cultured Perk⫹/⫺ cells exposed to agents that
cause ER stress (Harding et al., 2000b). Furthermore,
while the Perk⫺/⫺ mice had a complex phenotype that
included exocrine pancreatic insufficiency (see Figure
5), growth retardation (Figure 2B), and high mortality,
the Perk⫹/⫺ mice were indistinguishable from wild-type

littermates in weight and longevity. Therefore, the defect
in glycemic control observed in the Perk⫹/⫺ animals
was unlikely to have been secondary to other pleotrophic effects of the mutation and supports a primary
site of action of the gene in the endocrine pancreas.
To examine the anatomic basis for the defect in glycemic control of Perk⫺/⫺ mice, we stained pancreatic
sections with antisera to insulin and glucagon, the major
polypeptide hormones produced by the endocrine pancreas. At postnatal day 12, Perk⫺/⫺ mice had normalappearing islets of Langerhans, with a thin mantle of
glucagon-producing cells surrounding a large core of insulin-producing cells. With time, however, the size of
the islets decreased, the mass of insulin-producing cells
diminished, and the proportion of glucagon-positive
cells increased, and they were found to populate the
core of the islet as well as its mantle (Figure 3A). The
loss of cells that were immunoreactive with the insulin
antisera correlated with the loss of cells reactive with
an insulin cRNA in situ histohybridization probe (Figure
3B). The latter indicates that the loss of insulin-positive
cells was not due to the depletion of insulin stores,
but rather to the progressive loss of cells capable of
synthesizing the hormone.
Perk⫺/⫺ cells are more prone to programmed cell
death when exposed in culture to conditions that promote protein malfolding in the ER (Harding et al., 2000b).
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Figure 3. Progressive Loss of Insulin-Producing ␤ Cells in the Islets of Langerhans of
Perk⫺/⫺ Mice
(A) Insulin and glucagon immunostaining of
cells in islets of Perk⫹/⫹ and Perk⫺/⫺ mice
of the indicated age.
(B) Insulin mRNA detected by in situ histohybridization in the same section shown in (A).
(C) Programmed cell death in islets, detected
by TUNEL labeling in 15-day-old Perk⫹/⫹
and Perk⫺/⫺ mice. The TUNEL-positive cells
are detected by the FITC tag (green), and nuclei of all cells react with the karyophilic dye
H3328 (blue). The lower panel shows the average number of TUNEL-positive cells per islet
in individual mice of the indicated genotype.
The horizontal bar is the group mean. P values
were determined by a two-tailed t test.

To examine the role of programmed cell death in the
loss of insulin-positive cells in the Perk⫺/⫺ islets, we
measured the number of TUNEL-positive cells in paraffin-embedded sections of wild-type, Perk⫹/⫺, and
Perk⫺/⫺ pancreas. An average of 4.54 such cells per
islet were observed in the Perk⫺/⫺ mice. The location
of the TUNEL-positive cells in the center of the islet
suggests that they are insulin-producing cells. The
Perk⫹/⫺ mice had 1.36 TUNEL-positive cells per islet,
compared with 0.19 cells per islet in Perk⫹/⫹ mice (Figure 3C). These results suggest that increased cell death
plays an important role in the progressive destruction
of the insulin-producing cell mass in mutant mice.
Insulin mRNA translation and protein biosynthesis as
well as total protein biosynthesis are upregulated by

extracellular glucose levels (Itoh and Okamoto, 1980;
Skelly et al., 1996). To determine whether PERK plays a
role in this regulation, we explanted islets of Langerhans
from prediabetic 12-day-old Perk⫹/⫹ and Perk⫺/⫺ littermates and compared insulin biosynthesis by pulse
labeling after culture at 2.8 mM glucose and 16.7 mM
glucose. Insulin biosynthesis was suppressed by culturing islets of both genotypes at low glucose and was
markedly enhanced by switching to media with a high
concentration of glucose (Figures 4A and 4B). These
results indicate that PERK is not required for the suppression of insulin biosynthesis at low glucose levels.
The notable difference between wild-type and mutant
islets was the higher level of insulin biosynthesis in the
mutant islets. This finding suggests that PERK activity
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Figure 4. Increased Glucose-Induced Proinsulin Biosynthesis and Normal Processing of
Proinsulin in Islets of Langerhans Isolated
from Prediabetic Perk⫺/⫺ Mice
(A) Autoradiograph of metabolically labeled
proinsulin immunoprecipitated with a C peptide antibody from islets isolated from
Perk⫹/⫹ and Perk⫺/⫺ mice (upper panel) or
total protein extracted prior to immunoprecipitation (lower panel; a control). The islets
were cultured at 2.8 or 16.7 mM glucose for
40 min before pulse labeling for 20 min with
[35S]methionine.
(B) Bar diagram of the fold change in the ratio
of insulin biosynthesis to total protein biosynthesis in Perk⫹/⫹ and Perk⫺/⫺ islets.
(C) Autoradiogram of metabolically labeled
proinsulin and insulin immunoprecipitated
from islets isolated from Perk⫹/⫹ and
Perk⫺/⫺ mice with both C peptide antibody
and an antibody that recognizes mature insulin. Labeled proteins were resolved by PAGE
under nonreducing conditions. The labeled
proinsulin and mature insulin were immunoprecipitated immediately after a 20 min pulse
or following a cold chase of the indicated
time. The migration of proinsulin and mature
insulin is indicated.
(D) Autoradiogram of metabolically labeled
proteins as in (C), resolved under reducing
conditions. The migration of proinsulin and
the ␤ chain of mature insulin are indicated
(the ␣ chain is not revealed on this gel).
(E) Quantitation of the proinsulin and mature
insulin signals shown in (C).

attenuates the normal increase in insulin translation in
islet cells responding to a carbohydrate load. Since serum insulin levels are tightly regulated at the level of
hormone secretion, it is not surprising that the increased
biosynthesis of insulin demonstrated here does not
translate into higher serum levels in the prediabetic mutant mice. We note that the PERK mutation preferentially
affects insulin biosynthesis over total protein biosynthesis (Figure 4A, lower panel). This is consistent with the
possibility of selective modulation of translation in membrane-bound ribosomes by PERK.
To address the role of the Perk mutation on the processing and maturation of newly synthesized insulin, we
performed pulse-chase analysis of metabolically labeled
wild-type and Perk⫺/⫺ islets. To enhance the potential
effect of the Perk mutation, we increased the load on
the ER by performing both the pulse labeling and the
chase in high (16.7 mM) glucose. As expected, insulin
biosynthesis was greater in the Perk⫺/⫺ islets. However, the rates of proinsulin clearance from the ER (revealed by immunoprecipitation with an antiserum to the
C peptide) and the rate of production of processed ␣ and
␤ chain dimers (immunoprecipitated with an antibody to
the mature hormone) were not measurably different in
the two genotypes (Figures 4C–4E). In both genotypes,
less than 40% of the radiolabeled signal originally present in proinsulin was converted to mature insulin. We
attributed this to the higher immunoprecipitating efficiency of the anti-C peptide antiserum, compared with
the antiserum directed against the mature hormone. The
amount of label that was recovered as processed insulin

is even lower in the reducing gel in which the ␣ chain,
which contains 2/3 of the labeled residues, is not retained (Figure 4D). The similar rates of conversion of
proinsulin to insulin in the two genotypes indicated that
ER and post-ER processing of insulin was normal in
Perk⫺/⫺ mice, and argues against a general defect of
ER function in the mutant islets.
The exocrine portion of the pancreas contributes to
more that 95% of its mass. PERK activation in wild-type
mice and reduced eIF2␣ phosphorylation in pancreatic
tissue extracts of mutant mice likely reflected events
that took place in exocrine cells (Figures 1B and 1D).
This suggested that under physiological conditions, the
exocrine pancreas might have the potential for developing ER stress, which is mitigated by the activity of
PERK. Therefore, we examined exocrine pancreatic
function in mutant mice. Exocrine pancreatic insufficiency results in inadequate secretion of digestive enzymes and incomplete digestion of foodstuffs. One of
the earliest and easiest to detect manifestations of pancreatic maldigestion is the presence of intact triglycerides in the stool, or so-called steatorrhea. Wild-type
mice are able to digest virtually all the fat in a 45% fat
diet, and stool smears from wild-type mice stained with
Oil Red O show very few if any red-staining lipid globules. By contrast, the stool of Perk⫺/⫺ mice fed the
same diet was visibly greasy, and staining with Oil Red
O revealed abundant lipid droplets (Figure 5A). The exocrine portions of the pancreas of Perk⫺/⫺ mice had
many TUNEL-positive cells, whereas few were seen in
the pancreas of age-matched wild-type littermates (Fig-
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Figure 5. Exocrine Pancreatic Insufficiency
in Perk⫺/⫺ Mice
(A) Stool smears of Perk⫹/⫹ and Perk⫺/⫺
mice stained with Oil Red O. Note the presence of the large number of undigested lipid
droplets staining red in the stool of the mutant
animal, indicative of maldigestion.
(B) Low-magnification view of TUNEL staining
of acinar tissue of Perk⫹/⫹ and Perk⫺/⫺
mice The TUNEL-positive cells are detected
by the FITC tag (green) and nuclei of all cells
react with the karyophilic dye H3328 (blue).
The positive cells in the lymph node in both
samples serve as an internal control for the
TUNEL stain.
(C) BrdU incorporation into acinar cells following injection of BrdU into Perk⫺/⫺ and
control Perk⫹/⫺ mice, revealed by staining
with a monoclonal antibody to BrdU. The
presence of the expected labeling of intestinal crypt cells with BrdU in both genotypes
(inset) serves as an internal control for the
injection and incorporation of the tracer.

ure 5B). Ongoing cell death in the exocrine pancreas of
the mutant mice was also associated with evidence for
cellular regeneration, reflected in the abundance of cells
that incorporated BrdU into replicating DNA following
in vivo injection (Figure 5C). Together, these findings
are consistent with a role for Perk in preserving the
integrity of the acinar cells of the exocrine pancreas.
The known role of PERK as a modulator of translation
and evidence presented here for increased levels of
ER stress in Perk⫺/⫺ pancreas (Figure 1D) led us to
examine whether the mutation was associated with ultrastructural abnormalities in the ER. Electron micrographs of islets of Langerhans in pancreases obtained
from prediabetic Perk⫺/⫺ animals revealed that most
endocrine pancreatic cells had normal morphology (data
not shown). However, in islets of all mutant animals
examined, occasional cells with striking, abundant, and
dilated membrane-bounded cisterna filled with a dense
content were observed (Figures 6B–6D). These cells
generally had considerably fewer secretory granules
than the normal counterparts in the same islet. We
screened through multiple sections of age-matched
wild-type littermates and never observed a similar cell.
In many instances, it was clear that the dilated cisterna
was continuous with the perinuclear cisterna, which was
similarly filled with a dense content (Figures 6B and
6C). These features indicate that the striking, dilated
structures represent abnormal ER cisterna. The abun-

dant amorphous material filling the distended lumen of
the cisterna was clearly of much higher electron density
than the scarce material found normally in the lumen of
the ER of endocrine pancreatic cells (Figure 6A).
Cells in the exocrine pancreas of mutant mice also
had characteristic abnormalities in their ER. Instead of
being organized into long, thin, densely packed cisterna,
the ER in many mutant cells (Figure 6F) was segmented
and its lumen was distended with material of higher
electron density than the contents of normal ER (Figure
6E). Collectively, these observations indicate that the
absence of PERK is associated with the abnormal accumulation of lumenal content, most likely improperly
folded secretory proteins in the lumen of the ER of cells
engaged in protein secretion.
Discussion
Perk⫺/⫺ mice experience rapid and progressive decline
in endocrine and exocrine pancreatic function. The time
course to the development of florid hyperglycemia was
invariably less than 4 weeks, and exocrine pancreatic
insufficiency, though more variable in onset, was observed in most mutant mice by 6–8 weeks of age. Histological analysis and immunochemical marker studies
show that both the endocrine and exocrine pancreases
develop normally in Perk⫺/⫺ mice and indicate that
tissue dysfunction is acquired postnatally.
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Figure 6. Lumenal Distension and Accumulation of Electron-Dense Material in the Lumen of the ER in Perk⫺/⫺ Pancreatic Cells
(A–D) Electron micrographs of sections of islets from Perk⫹/⫹ and Perk⫺/⫺ mice. The
nucleus is marked “N” and secretory granules
are marked “SG;” arrows point to the ER.
Note the dilated ER and perinuclear cisterna
filled with electron-dense material in (B) and
compare with the normal structure in (A). The
arrows in (C) point to membranes on opposing sides of the dilated perinuclear cisterna
in a mutant cell. The cells shown in (B–D)
are from different Perk⫺/⫺ animals and are
representative of similar cells found in all the
mutant animals studied.
(E and F) Electron micrographs of the basolateral portions of typical acinar cells from wildtype and Perk⫺/⫺ mice. Note the presence
of a distended and fragmented ER and the
increased density of the ER content in the
mutant, (F). The horizontal bars correspond
to 1 m in (A), (B), and (D–F), and to 200 nm
in (C).

PERK phosphorylates eIF2␣ and attenuates translation in response to stress signals generated by protein
malfolding in the ER lumen (Harding et al., 1999; Bertolotti et al., 2000; Sood et al., 2000). The fraction of phosphorylated eIF2␣ that can be attributed to PERK activity
is highest in the pancreas (Figure 1D). PERK’s absence
leads to increased activity of a parallel stress pathway
mediated by IRE1␣ (Figure 1E). These findings suggest
that under physiological conditions, PERK insures that
production and translocation of newly synthesized polypeptides into the lumen of ER will not exceed the capacity of the organelle to fold and process them. In the
absence of PERK, the physiological signals that promote protein synthesis are unchecked and ER stress
develops with deleterious effects on cell survival. According to this model, the specialization of pancreatic
cells for protein secretion and the heavy physiological
load placed on their rough ER explain the conspicuous
consequences of the mutation. Both the functional reserve and regenerative capacity of tissues is likely to
play an important role in a degenerative phenotype such
as that of the Perk⫺/⫺ mice. It is possible, therefore,
that other cells that are active in protein secretion are
also affected by the mutation, but that the phenotypic
consequences are most obvious in the endocrine and
exocrine portions of the pancreas.
The proposed interplay between physiological load
and PERK activity is also consistent with our analysis

of the endocrine pancreas. ␤ cells in the islets of Langerhans respond to a switch from low glucose to high glucose by increasing insulin mRNA translation (Itoh and
Okamoto, 1980; Welsh et al., 1986; Skelly et al., 1996).
The glucose-mediated increase in insulin biosynthesis
was more pronounced in Perk⫺/⫺ islets than in wildtype islets. This suggests that under physiological conditions, PERK moderates translation in response to glucose-mediated signals that otherwise promote insulin
synthesis, limiting the load placed on the cell’s ER. Following the ingestion of carbohydrates, mutant mice
would therefore be expected to experience higher loads
on their ␤ cell ER and higher levels of ER stress. Despite
this defect in translational control, ER function measured in terms of proinsulin processing is preserved for
some time in the Perk⫺/⫺ ␤ cells.
The switch from low to high glucose is associated
with increased activity of the eIF2B guanine nucleotide
exchange factor in islets (Gilligan et al., 1996). Perk⫺/⫺
islets had no detectable defect in repressing insulin
translation at physiologically low glucose levels (Figure
4A), indicating that Perk is not essential for the repression of eIF2B activity observed under such conditions.
Furthermore, we found that in the glucose-responsive
INS-1 islet cell line, PERK was more inducible by agents
that cause ER stress when cells were cultured at 16.7
mM glucose than at 2.8 mM glucose (data not shown).
These results indicate that PERK is important to islet
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homeostasis under conditions of physiological demand
and not for maintaining quiescence in the fasted state.
The culture of cells in media totally lacking glucose
readily activates PERK and other ER stress transducers
(data not shown) and induces the UPR (Lee, 1987). It is
doubtful, however, that translational regulation in cells
cultured in media with no glucose is relevant to the
physiology of ␤ cells.
The most striking feature of the affected tissues in
the Perk⫺/⫺ animals was the extensive death of endocrine and exocrine pancreatic cells. In the endocrine
pancreas, this led to the progressive replacement of
the insulin-producing ␤ cells with glucagon-producing
␣ cells. This pattern is, however, not specific to the Perk
mutation, and likely reflects the stereotyped response
of the tissue to damage of any cause (Teitelman et al.,
1993, Teitelman, 1996). As the Perk⫺/⫺ mice aged, we
observed a close correlation between the loss of ␤ cell
mass and the development of hyperglycemia. Nonetheless, we cannot exclude a functional defect in Perk⫺/⫺
␤ cells that might also contribute to hyperglycemia. A
functional defect, if it exists, is even more likely to play
a role in the mild and nonprogressive glucose intolerance of the Perk⫹/⫺ mice, which had less cell death in
their islets than Perk⫺/⫺ animals and normal-appearing
islets of Langerhans (Figure 3C and data not shown).
Ultrastructural analysis of the Perk⫺/⫺ pancreas revealed striking changes in the morphology of the ER. In
the acinar cells, dilation, accumulation of electrondense material in the lumen, and segmentation of the ER
were commonly observed. Most islet cells in prediabetic
Perk⫺/⫺ mice were, by contrast, morphologically normal. However, a small subpopulation of islet cells with
remarkable dilation of the ER lumen and accumulation
of large quantities of electron-dense material were observed in all mutant animals and in none of the wild-type.
We speculate that the islet cells in Perk⫺/⫺ animals can
compensate for the lack of translational control, and
that these compensatory mechanisms allow the ER to
maintain its function for some time. Indeed, pulse-chase
labeling experiments reveal that ER processing of proinsulin is normal in the bulk of Perk⫺/⫺ ␤ cells, and that
insulin secretion in response to glucose by mutant islets
cultured in vitro is likewise preserved (Figures 4B and
4C, and data not shown). Eventually, the physiological
demands on the ␤ cell exhaust the capacity of these
putative compensatory mechanisms. According to this
speculation, the occasional cells with massively dilated
ER reflect the consequences of such decompensation.
The infrequency with which such cells are observed
is possibly due to their dying soon after entering this
presumably decompensated state. Increased activity of
IRE1 observed in the pancreas of Perk⫺/⫺ mice may
promote programmed cell death (Wang et al., 1998b),
and induction of JNK, mediated by IRE1 (Urano et al.,
2000), may be an important link in this process.
The model proposed above for the pathophysiology
of secretory cell dysfunction and death in Perk⫺/⫺ mice
emphasizes the role of translational regulation in preventing ER stress. However, we have recently found that
PERK-mediated phosphorylation of eIF2␣ and translational regulation also control the activity of a signaling
pathway that culminates in the increased expression of
the genes ATF4, CHOP, and BiP (Harding et al., 2000a).

Mice lacking ATF4 have no reported defects in glycemic
control (Tanaka et al., 1998; Hettmann et al., 2000). However, BiP expression has been reported to protect cells
against the deleterious effects of ER stress (Lowenstein
et al., 1991; Koong et al., 1994; Morris et al., 1997), and
while CHOP promotes apoptosis of cells damaged by
ER stress (Zinszner et al., 1998), it may also control the
expression of downstream genes with a role in cellular
regeneration (Wang et al., 1998a). Therefore, defective
activation of specific stress-responsive genes may contribute to the phenotype of Perk⫺/⫺ mice.
Inability to induce stress-responsive genes that are
regulated by other eIF2␣ kinases (such as GCN2) may
explain some of the differences in the phenotype between Perk⫺/⫺ and mice bearing a point mutation replacing Ser51 of eIF2␣ with alanine (eIF2␣Ser51Ala). In the
latter, neonatal hypoglycemia predominates, possibly
a consequence of the inadequate induction of genes
encoding gluconeogenic enzymes. In addition, the islets
of Langerhans of the eIF2␣Ser51Ala mutant mice are abnormal at birth, suggesting a developmental role for eIF2␣
phosphorylation that can proceed in the absence of
PERK (Scheuner et al., 2001 [this issue of Molecular
Cell]).
The phenotype of the Perk⫺/⫺ mice is very similar to
that observed in humans suffering from the WolcottRallison syndrome, the consistent feature of which is
severe diabetes mellitus developing in infancy (Wolcott
and Rallison, 1972; Thornton et al., 1997). Mutations in
the human PERK-encoding EIF2AK3 gene have recently
been reported in two families with the syndrome; however, the pathophysiological basis for the phenotype
was not addressed (Delepine et al., 2000). Perhaps the
special sensitivity of insulin-producing cells to a mutation that affects a signaling protein responsive to ER
stress may also be relevant to the development of more
common forms of human diabetes mellitus. The major
abnormality in most patients with the common, type II
form of the disease is peripheral resistance to the action
of insulin. However, glucose intolerance develops only
after ␤ cell decompensation renders the endocrine pancreas unable to keep up with the demand imposed by
insulin resistance (Porte, 1999; Cavaghan et al., 2000).
We propose that over time, chronic ER stress might
contribute to the attrition of ␤ cell function and mass
observed in many cases of type II diabetes mellitus.
According to this speculation, the mutation we created
in Perk artificially accelerates a process that is played
out over many years in the endocrine pancreas of patients with type II diabetes mellitus.
Experimental Procedures
Perk Mutant Mice
The genomic region encoding the PERK transmembrane domain
was replaced in embryonic stem cells using a neomycin resistance
replacement cassette, yielding a null allele (Harding et al., 2000b).
Two correctly targeted heterozygote embryonic stem cell clones
were injected into C57BL/6 blastocysts, and chimeric males that
transmitted the mutant allele through their germline were obtained
from both lines. Animals were genotyped by PCR using three primers: 1740S (5⬘-AAG GAC CCT ATC CTC CTG CTG CAC-3⬘, which
anneals in the deleted region), PGK.255R (5⬘-GCT ACC GGT GGA
TGT GGA ATG TG-3⬘, which anneals at the inserted PGK.Neor cassette), and i.6AS (5⬘-CGG AGA CAG TAC AAG CGC AGA TGA-3⬘,
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which anneals in an intronic sequence located in the 3⬘ homology
arm). The wild-type allele and targeted allele give bands of 231 and
302 bp, respectively.
All experimental procedures involving mice were approved by the
NYU School of Medicine’s IACUC. Mice were maintained in a specific pathogen-free facility with a 12 hr light/dark cycle and unlimited
access to food and water. The Perk mutation was maintained in
two different genetic backgrounds: inbred 129svev and backcross
into the outbred Swiss Webster strain. In the inbred strain, Perk⫺/⫺
mice died in the first few days of life, and in the (129svev;Swiss
Webster) F2 hybrid background, about half of the expected number
of Perk⫺/⫺ mice were recovered at weaning. In all studies comparing Perk⫹/⫹ and Perk⫺/⫺ mice, we used sex-matched siblings
derived from matings of Perk⫹/⫺ animals in a (129svev;Swiss Webster) F2 background. Because the Perk⫺/⫺ pups are distinguishable
from ⫹/⫹ and ⫹/⫺ littermates by their reduced size by day 3 of life,
we routinely increase the recovery of Perk⫺/⫺ animals born in large
litters by removing some normal-sized offspring. To compare
Perk⫹/⫺ and Perk⫹/⫹ animals, we used isogenic 129svev mice.
Blood Glucose and Insulin Measurements and Detection
of Steatorrhea
Blood glucose levels were measured with a portable glucose measuring device (Accu-Check). Insulin levels in serum were measured
by ELISA, using mouse insulin as a standard (Crystal Chem). Intraperitoneal glucose tolerance tests were performed on 6-month-old
Perk⫹/⫹ and Perk⫹/⫺ animals that had been fasted for 20 hr.
Animals were injected intraperitoneally with 2 mg/g body weight
glucose, and blood glucose levels were determined at intervals
thereafter.
Fat malabsorption (steatorrhea) was detected by switching 35day-old Perk⫺/⫺ and Perk⫹/⫹ littermates (n ⫽ 4 each) that had
been maintained on a normal lab chow to a 45% fat diet (Research
Diets). Aliquots of fresh stool samples collected for 6 hr periods on
2 consecutive days were homogenized after adding water at 10 l/
mg stool. After centrifugation at 200 g for 5 min to remove insoluble
material, 5 l of the supernatant was applied to a gelatin-coated
glass slide and mixed by pipeting with 5 l freshly diluted and filtered
Oil Red O stain (40%). Duplicate slides were dried, and coverslips
were mounted with 50% glycerol and examined by light microscopy.
Immunostaining, In Situ Histohybridization, TUNEL Assays,
and BrdU Incorporation
Animals were killed by CO2 asphyxiation and tissues were fixed by
cardiac perfusion with 4% paraformaldehyde in PBS. Tissues were
removed and fixed an additional 4–16 hr in the same solution at
4⬚C. After rinsing in PBS, tissues were either incubated overnight
in 30% sucrose at 4⬚C (for frozen sections) or dehydrated through
a graded series of ethanol, cleared in xylenes, and embedded in
paraffin.
PERK immunoreactivity was detected using affinity-purified rabbit
anti-murine PERK antiserum (Harding et al., 1999) diluted 1/300.
Endogenous peroxidase activity in 5 m paraffin sections was
blocked by treating with 3% H2O2 in PBS. Primary antibody incubation was followed by 1/200 diluted biotinylated goat anti-rabbit
(Jackson Labs) and avidin-biotin-HRP complex (Vector ABC kit).
Insulin and glucagon immunoreactivity were detected by incubating 5 m frozen sections of mouse pancreas with a guinea pig
anti-bovine insulin (Linco) diluted 1/4000 and rabbit anti-glucagon
(Zymed) diluted 1/500, followed by incubation with biotinylated goat
anti-guinea pig and then streptavidin-DTAF and Texas red-conjugated goat anti-rabbit (all from Jackson Labs) diluted to 1/200. Slides
were mounted in a fluoro-protective aqueous mounting medium
(Citifluor, Ted Pella).
Insulin mRNA was detected by in situ histohybridization using a
digoxigenin-labeled antisense RNA probe (DIG-RNA labeling kit;
Roche) synthesized from the cloned 326 bp HindIII-PvuII fragment
from the mouse insulin II gene. Fresh cut 8 m frozen pancreas
sections were dried and fixed onto slides in 4% paraformaldehyde,
digested with proteinase K, and hybridized overnight at 55⬚C with
1 g/ml labeled probe in 50% formamide, 10% dextran sulfate, 1%
Denhardt’s, 250 g/ml yeast tRNA, 0.3 M NaCl, 20 mM Tris-HCl (pH
8), 5 mM EDTA, 10 mM NaPO4, and 1% sarcosyl. After hybridization

sections were washed in 50% formamide 2⫻ SSC at 65⬚C they were
digested with RNase A, blocked with 10% normal goat serum for 1
hr, and incubated with alkaline phosphatase-coupled anti-digoxigenin antibody and developed using BM purple (according to the
manufacturer’s instructions; Roche).
TUNEL assays were performed on paraffin sections using the
fluorescein-apoptosis detection kit from Promega according to the
manufacturer’s instructions.
BrdU labeling, 10 hr after intraperitoneal injection of mice with
0.1 mg/g BrdU solution, was detected in deparaffinized sections
using a kit (Amersham). Photomicrographs were obtained with a
SPOT digital camera system mounted on a Zeiss Axiophot-100 microscope.
Immunoprecipitation and Western Analysis
Tissues were removed and rinsed in ice cold PBS, and then immediately homogenized in five volumes of Triton X-100 buffer (20 mM
HEPES [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1
mM EDTA, 10 mM tetrasodium pyrophosphate, 100 mM NaF, 17.5
mM ␤-glycerophosphate, 10 mM phenylmethylsulfonyl fluoride, 15
g/ml aprotonin, and 6 g/ml pepstatin A) using a motorized teflon
and glass homogenizer. After incubation on ice for 15 min, the extracts were cleared by centrifugation at 14,000 rpm twice for 30
min each. The protein content of each extract was determined by
Bradford assay. The extracts (6 mg per sample for Figure 1B or 1.6
mg of protein for Figures 1C and 1E) were precleared by incubation
with 2 l of nonimmune serum and 15 l of protein A sepharose for
1 hr at 4⬚C. PERK, IRE1␣, or GCN2 were then immunoprecipitated
overnight with 1.5 l of each specific antiserum (Harding et al., 1999,
2000a; Urano et al., 2000) and 15 l of protein A sepharose. Proteins
from the RIPA-washed immunoprecipitates were separated by 7.5%
SDS-PAGE and transferred to nitrocellulose. For eIF2␣ and BiP
Westerns, 45 g of cleared extract was separated by 10% SDSPAGE and the proteins were transferred to nitrocellulose. Immunoblot analysis using polyclonal anti⫺PERK (1/5000), anti-phosphoPERK (1/5000), anti-IRE1␣ (1/2000), anti-GCN2 (1/3000), anti-BiP (1/
3000, a gift of Gert Kreibich), anti-phospho-eIF2␣, or a monoclonal
anti-eIF2␣ antibody that detects all forms of the protein (Scorsone
et al., 1987) were performed as previously described (Harding et al.,
2000b).
Islets of Langerhans Isolation and Metabolic Labeling
Islets from 12-day-old Perk⫹/⫹ or Perk⫺/⫺ mice were handpicked
from collagenase P-digested whole pancreas (Lacy and Kostianovsky, 1967). Freshly isolated islets (80 size-matched Perk⫹/⫹ or
Perk⫺/⫺ islets per experimental point) were cultured for 14 hr in
RPMI 10% FCS (conditions known to maintain glucose-induced
insulin biosynthesis; Andersson, 1978). Glucose-induced insulin biosynthesis was analyzed following established methods (Welsh et
al., 1986; Skelly et al., 1998). Briefly, islets were washed three times
in 1 ml of Kreb’s Ringer-bicarbonate buffer (115 mM NaCl, 5 mM
KCl, 10 mM NaHCO3, 2.5 mM MgCl2, 2.5 mM CaCl2, and 20 mM
HEPES [pH 7.4]) containing 0.1% BSA, and then incubated in 300
l of the same buffer containing 2.8 mM glucose for 1 hr at 37⬚C.
The buffer was removed by centrifugation, and 200 l of new buffer
containing either 2.8 or 16.7 mM glucose was added and the incubation was continued for 1 hr. During the final 20 min of incubation,
50 Ci of [35S]Met-Cys TransLabel (ICN) was added to each sample.
For the pulse-chase experiments, the islets were cultured in 16.7
mM glucose for 40 min, pulsed in the same for 20 min as above,
and chased in the presence of unlabeled methionine (0.6 mg/ml)
and cysteine (0.96 mg/ml). The media was removed and the islets
were lysed on ice in 300 l of Triton buffer. The lysate was cleared
by centrifugation at 14,000 rpm for 15 min at 4⬚C and proinsulin was
immunoprecipitated with 1 l of anti-rat insulin-C peptide antiserum
(Linco). Immunoprecipitated proteins were resolved on a 15% tricine-urea acrylamide gel (Schagger and von Jagow, 1987). The incorporation of [35S]Met or Cys into proinsulin was quantified by
exposing the fixed dried gels exposed to a phosphor-screen using
IMAGE-Quant software (Molecular Dynamics).
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this kinase, which then phosphorylates eIF2α
(7, 8). Through halting translation initiation
and protein synthesis, PERK may relieve ER
stress by reducing the number of unfolded
proteins in the ER (9, 10).
Nahum Sonenberg and Christopher B. Newgard
By engineering PERK-deficient mice (1)
or mice with a mutation in the eIF2α phosevelopment, differentiation, and its inactive (guanosine diphosphate–bound) phorylation site (Ser51 → Ala) (2), Harding,
Scheuner, and their colleagues reveal that
growth of eukaryotic cells can be form and unable to initiate translation (3).
regulated by modulating the translaFour distinct kinases are known to phos- eIF2α phosphorylation is connected to glution of mRNAs into proteins. Many signal- phorylate eIF2α on Ser51 in mammals. Each cose metabolism. The PERK-deficient and
ing pathways regulate mRNA translation is activated by specific signals that elicit Ser51 mutant mice exhibited severe but opand protein synthesis, and perturbations in translational control in response to distinct posing defects in glucose homeostasis.
these pathways can result in metabolic dys- needs. RNA-activated protein kinase is acti- PERK-deficient animals developed marked
regulation and disease. Two recent reports vated by double-stranded RNA produced dur- hyperglycemia (elevated blood glucose) at 4
in Molecular Cell by Harding et al. (1) and ing viral infection and halts protein synthesis, weeks of age, whereas the Ser51 mutant mice
Scheuner et al. (2) now tie together transla- thus preventing production of viral proteins. were normal at birth but died of severe hypotional regulation and glucose metabolism. Heme-regulated inhibitor kinase is activated glycemia 18 hours later. Both mutant strains
Both groups show in genetically engi- when heme concentrations in maturing red had defects in pancreatic β cells; these defects were apparent in Ser51 mutant
neered mice that a protein kinase that phosembryos,
but only became apparent in
phorylates a master regulator of translaPancreas
Liver
PERK-def icient animals several
tion—eukaryotic translation initiation fac(β cells)
weeks after birth.
tor–2 (eIF2)—promotes the survival of ineIF2
eIF2
The difference between the two
sulin-secreting pancreatic β cells, thus conGCN2?
PERK
animal models suggests that more
tributing to glucose homeostasis.
than one type of eIF2 kinase may be
Genetic and biochemical analyses of the
operating in the insulin-producing β
yeast Saccharomyces cerevisiae (3) has
eIF2– P
eIF2– P
cells of the pancreas. A feature comshown that a single known kinase, Gcn2p,
mon to both mouse models is the dethat phosphorylates the α subunit of eIF2,
Protein
Gene
crease (but not complete absence) of
leading to inhibition of protein synthesis.
PEPCK
synthesis expression
β cells, large numbers of which unGcn2p itself is activated by uncharged transdergo apoptosis in the PERK-defifer RNAs (tRNAs without attached amino
cient mice (11). That the loss of β
acids) under starvation conditions when the
ER load
?
Gluconeogenesis
cells appears in the setting of hyperamino acid pool is depleted. Paradoxically,
glycemia in one model and hyposynthesis of the transcription factor Gcn4p is
Cell survival
glycemia in the other implies that
enhanced in response to activation of Gcn2p
this β cell insufficiency is directly
and phosphorylation of eIF2α (3). Gcn4p
Perking up protein synthesis. (Left) Phosphorylation caused by loss of normal eIF2αswitches on expression of genes encoding
of eIF2α by PERK in response to unfolded proteins in
mediated translational control and is
enzymes that make amino acids. Thus, in
the ER inhibits translation initiation and protein synthenot a secondary effect in response to
yeast, phosphorylation of eIF2α serves presis in pancreatic β cells. This results in a decrease in the
disruption of glucose homeostasis.
dominantly to regulate gene expression at the
number of unfolded proteins in the ER and promotion
The fatal hypoglycemia in the
transcriptional level in response to nutritional
of β cell survival. eIF2α phosphorylation also results in
51
deprivation.
the transcriptional activation of genes that are impor- Ser mutant mice may be caused by
In eukaryotes, translational control optant for cell survival. (Right) Control of glucose produc- defects in glucose production in the
erates primarily during the first steps of
tion (gluconeogenesis) in the liver by eIF2α phosphory- liver (gluconeogenesis). In utero, the
translation when the small (40S) ribosomal
lation may be mediated by GCN2 because deletion of fetus is supplied with ample amounts
subunit, charged with an initiator tRNA, is
the other eIF2α kinases (including PERK) does not result of glucose through the placental cirrecruited to the 5′ end of mRNA. Initiation
in hypoglycemia. eIF2α phosphorylation may increase culation. At birth, this source of gluof translation is modulated in part by the
the synthesis of gluconeogenic enzymes (such as cose is extinguished and the newborn
activity of the eIF4F complex that recogPEPCK) or of transcription factors that activate the ex- mammal must activate enzymes that
pression of their genes.
promote the conversion of gluconeonizes the modified 5′ end of mRNA, and in
genesis precursors to glucose. The inpart by eIF2, which recruits the charged
initiator tRNA to the 40S ribosomal sub- blood cells become too low, switching off duction of this gluconeogenesis program is
unit. Phosphorylation of a serine at posi- synthesis of globin. Perturbed protein folding defective in the eIF2α mutant mice, as retion 51 (Ser51) in the α subunit of eIF2 is in the endoplasmic reticulum (ER) induces flected by their failure to increase the
crucial for preventing this step and for halt- eIF2α phosphorylation and the attenuation of amount of the gluconeogenic enzyme phosing protein synthesis. When phosphorylat- protein synthesis (see the figure) (4). The ki- phoenol-pyruvate carboxykinase (PEPCK).
ed, eIF2 inhibits the guanine nucleotide ex- nase responsible for this unfolded protein re- Intriguingly, synthesis of one of the tranchange factor eIF2B, becoming trapped in sponse is PERK (5). Identified as the eIF2 ki- scription factors that induces expression of
nase enriched in pancreatic cells (6), PERK is the PEPCK gene is regulated by eIF2α
N. Sonenberg is in the Department of Biochemistry
a transmembrane protein resident in the ER phosphorylation. It will thus be important to
and McGill Cancer Center, McGill University, Montremembrane whose activity is repressed by the determine whether loss of eIF2α phosphoal, Quebec H3G 1Y6, Canada. C. B. Newgard is in the
ER chaperone BiP. When too many unfolded rylation decreases synthesis of this tranDepartment of Biochemistry and the Touchstone
proteins accumulate in the ER, BiP dissoci- scription factor in the liver cells of mutant
Center for Diabetes Research, University of Texas
ates from PERK, resulting in the activation of mice. Phosphorylation of eIF2α is clearly
Southwestern Medical Center, Dallas, TX 75390, USA.
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important for regulation of PEPCK expression. Any broad conclusions, however, must
await further studies on other key gluconeogenic enzyme genes and their expression
in response to perturbations other than birth,
such as fasting and refeeding.
Why is it that mice with defective
eIF2α phosphorylation exhibit both β cell
insufficiency and defective liver gluconeogenesis, whereas PERK-deficient animals
only exhibit β cell insuff iciency? The
Harding et al. work (1) provides a possible
answer: PERK-deficient mice have a reduced ratio of phosphorylated to total
eIF2α in pancreas, lung, and thymus, but a
normal ratio in liver and spleen. This finding suggests that an eIF2α kinase other
than PERK may be the key modulator of
translational control of gluconeogenic enzyme expression in the liver. If eIF2α
phosphorylation does prove to be important in this pathway, the mammalian homolog of yeast GCN2 (which is activated

by amino acid deprivation) may be involved (see the figure). Defective gene expression downstream of GCN2, however, is
unlikely to account for all of the characteristics of the eIF2 mutant mice, given that
GCN2-deficient animals do not manifest
any impairment in neonatal survival (12).
The importance of the new mouse models is underscored by the discovery of mutations in the PERK gene in an inherited
autosomal recessive disease in humans,
called the Wolcott-Rallison syndrome (13).
This disease is classified as a form of type
1 diabetes because it develops in early infancy and is characterized by the destruction of pancreatic β cells. A key question
posed by the Harding and Scheuner studies
is why β cells are selectively destroyed in
Wolcott-Rallison patients and in the mutant
mice. It is very likely that β cells die because they need both PERK (which is extraordinarily abundant in the pancreas) and
eIF2α phosphorylation to survive.

In yeast, eIF2α is phosphorylated in response to nutritional cues and directs adaptations in intermediary metabolism. The new
work suggests that, despite considerable diversification in upstream signals, metazoans
have retained the kinases that phosphorylate
eIF2α and control translation, adapting them
for the regulation of glucose homeostasis.
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P E R S P E C T I V E S : E A RT H H I S TO RY

The Rise of
Atmospheric Oxygen
James F. Kasting

eologists and evolutionary biologists have long speculated about
when atmospheric oxygen, O2, first
became abundant and how rapidly it
reached its present concentration. Cloud’s
groundbreaking studies of reduced and oxidized iron and uranium minerals (1), coupled with later studies of microfossils and
ancient soils (2), convinced most observers
that atmospheric O2 underwent a dramatic
increase in concentration between 2200
and 2400 million years ago. But some geologists remained skeptical (3) because the
geochemical and biological data allowed
room for alternative interpretations.
Recently, an entirely new line of geochemical evidence removed much of the uncertainty regarding the timing of the initial
rise in atmospheric O2. Farquhar et al. (4)
showed that sulfur isotope ratios in rocks
older than about 2300 million years are unusual. In younger rocks, the difference in
abundance between 33S and 32S is about half
that between 34S and 32S. Such “mass-dependent” isotope fractionation results from a
variety of aqueous chemical and biochemical reactions. But the sulfur isotopes in
rocks older than 2300 million years consis-
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tently deviate from the mass-dependent fractionation line. The “mass-independent” fractionation seen in these rocks is thought to result solely from gas-phase photochemical
reactions such as photolysis of SO2 (4).
In a high-O2 atmosphere like the present
one, the isotopic signature of such reactions
is unlikely to be seen in sediments because
almost all sulfur gases emitted into the atmosphere are oxidized to sulfuric acid and accumulate in the ocean as dissolved sulfate,
SO4−. In a low-O2 atmosphere, however, sulfur can exit the atmosphere in a variety of
oxidation states from −2 (H 2 S) to +6
(H2SO4) (see the figure) (5). The likelihood
of transferring a mass-independent fractionation pattern to sediments is thus much higher
in a low-O2 atmosphere. Two independent
sets of sedimentary S isotope data (6, 7)
agree with those of Farquhar et al. (4),
strongly supporting the hypothesis that the
transition from an anoxic to an oxic atmosphere occurred near 2300 million years ago.
The timing of the initial O2 rise is thus
relatively well established, but the question
of what triggered it remains hotly debated.
Researchers agree that O2 was produced
initially by cyanobacteria, the only prokaryotic organisms (Bacteria and Archea) capable of oxygenic photosynthesis. But
cyanobacteria are thought to have emerged
by 2700 million years ago, on the basis of
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evidence from organic biomarkers in wellpreserved sedimentary rocks (8). [Earlier
claims for the existence of cyanobacteria
3500 million years ago (9) have recently
been called into question (10).] Why was
there a gap of at least 400 million years between the emergence of cyanobacteria and
the rise in atmospheric O2?
A clue may come from the carbon isotope composition of sedimentary carbonates, which has remained essentially constant through most of the geologic record.
This suggests that organic carbon was
buried at a more or less constant rate since
at least 3200 million years ago (11). If this
organic carbon was produced by photosynthesis, then net O2 production would have
been constant as well (or, more precisely, it
would have remained proportional to the
rate of volcanic CO2 emission). If so, the
sink for oxygen must have changed rather
than its source. This in turn suggests a geological rather than a biological explanation for the timing of the rise in O2.
On page 839 of this issue, Catling et al.
(12) suggest that the transition from low to
high O2 was caused by enhanced hydrogen
escape into space as a result of high methane
concentrations in the Late Archean/Early
Proterozoic atmosphere (3000 to 2300 million years ago). As was realized a long time
ago (13), hydrogen should escape rapidly
from low-O2 atmospheres rich in reduced
gases such as H2 and CH4. The vast majority
of Earth’s hydrogen was originally incorporated into the planet as water. The escape of
hydrogen to space thus results in a net accumulation of oxygen somewhere on the planet. Kasting et al. have argued (14) that most
of the escaping hydrogen originated from
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