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Abstract
PERK eIF2α kinase is an ER transmembrane protein sensing ER stress, [Ca2+]ER
alteration under physiological or pharmacological condition. When large scale of eIF2α is
phosphorylated, global translation is repressed to alleviate ER stress; while moderate eIF2α-p
level may selectively induce a subgroup of gene expression. PERK is highly expressed in
secretory cells such as pancreatic β-cells, which have elaborate network of ER and high
protein load in the ER. Thus PERK is widely speculated to alleviate ER overload or stress
and preserve exquisite ER function in those cells in particular.
Genetic deletion of PERK in mice causes early onset of diabetes and other disorders,
mirroring Wolcott Rallison Syndrome in human. Our lab demonstrated that β-cell hypoplasia
and dysfunction contribute to hyperglycemia in PERK null mutant mice. Immunofluorescent
assay revealed that disrupted proliferation and neogenesis rather than apoptosis cause β-cell
hypoplasia, which disproves the popular perception that excessive β-cell death under ER
stress being the main reason. Molecular evidence indicated that β-cell is trapped in G2 or late
G1/S phase of cell cycle, while we failed to see the reduction of cyclin D and cdk4. Cyclin D
and cdk4 was stated to be dispensable for β-cell duplication in the early developmental stage.
The Proliferation defects since fetal stage, together with neogenesis degeneration illustrate
impeded β-cell development. We speculate that maternal factors such as glucose may
regulate β-cell proliferation and neogenesis via PERK, which will be exploited. For β-cell
function, glucose stimulated insulin secretion is compromised in Perk -/- islets; β-cell marker,
such as insulin, MafA and Pdx1 are downregulated. In addition, insulin and GLUT2 are
accumulated in distended ER, suggesting general ER dysfunction. ER stress markers, Bip,
spliced Xbp1 and Chop are not induced. Thus, via eIF2α substrate, PERK either directly or
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indirectly affect the development, expansion and function of β-cells. The mechanism is still
under investigation, however it is not along ER stress induced canonical unfold protein
response (UPR) pathway. Study of tissue specific knockout mice, including pcPKO, enPKO,
βPKO, exPKO mice, and β-PERK:PKO mice (Perk transgenic mice) suggest deteriorated βcells are cell autonomous effect.
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I. Introduction

I.1. WRS and neonatal diabetes

Wolcott-Rallison syndrome (WRS) is a rare autosomal recessive disorder
characterized by permanent insulin dependent diabetes developing in the newborn period or
early infancy, an early tendency to skeletal fractures and multiple dysplasia. The
pathophysiology is obscure but the diabetes is not autoimmune, as the patients have no
autoantibodies and autopsy has shown hypoplastic islets without insulitis [1]. The syndrome
results from mutations in the gene encoding the eukaryotic translation initiation factor 2-α
kinase 3 (EIF2AK3, also called PERK or PEK). Targeted disruption of PERK gene in mice
also displays phenotypic features mirroring the ones seen in WRS patient. Perk-/- mice
manifest diabetes around weaning time (postnatal 21 days) with growth retardation, skeletal
dysplasia, atrophy of the exocrine pancreas and liver dysfunctions [2].
Permanent neonatal diabetes mellitus (PNDM) by definition is diabetes developing
during neonatal period and never goes into remission. Auto-immune markers are far less
prevalent in the early-onset compared with late-onset patients. PNDM seems more related to
β-cell dysfunction or insufficiency than auto-immune classical type1 diabetes [3]. Extensive
studies have elucidated the molecular basis of some PNDM cases.
The null function or malfunction of β-cell is speculated as the major cause of PNDM.
Haploinsufficiency resulting from heterozygous mutations in β-cell function and
1

development related genes results in mild, dominantly inherited insulin-deficient diabetes
commonly referred to as maturity-onset diabetes in the young (MODY). Six genes have been
found to cause MODY, which are hepatic nuclear factor-4α (HNF-4α, MODY1), glucokinase
gene (MODY2), HNF-1α (MODY3), pdx1 (MODY4), HNF-1β (MODY5), and the
NEUROD1/β2 factor (MODY6) [4]. GCK is expressed in hepatocytes and β-cells, where it
phosphorylates glucose and is believed to be a rate-limiting step in the β-cell glucose-sensing
apparatus [5, 6]. Inability to sense glucose might be expected to result in a shut-down of
insulin synthesis and release as the β-cell would normally do in severe hypoglycemia.
MODY4 gene has been mapped to PDX1 gene. PDX1 is crucial for the development
of both endocrine and exocrine pancreas. PDX1 is broadly expressed in pancreatic primordial
since E9 when pancreas starts to bud. Its expression persists in mature β-cells and δ-cells,
where it is necessary for, respectively, insulin and somatostatin gene transcription. A review
of the world literature revealed eight cases of complete pancreatic agenesis in the absence of
PDX1. Therefore this is a rare cause of neonatal diabetes. β-cell specific PDX1 deficient
mice have acquired type I-like diabetes, despite normal exocrine pancreas [7]. More common
missense varients in PDX1, however, may predispose to ordinary type2 diabetes [8].
The other four MODY genes, HNF-4α, HNF-1α, HNF-1β, NEUROD1/β2, encode
nuclear proteins that control the appropriate expression of β-cell genes. Patients carring
mutations in HNF-4α and HNF-1α generally exhibit more severe fasting hyperglycemia, a
high percentage of insulin requirement. Thus, MODY genes are expressed in β-cells
modulating glucose sensation and metabolism, insulin synthesis and folding at embroynic or
neonatal stage. Defect in these genes elicit compromised development and functional
maturation in β-cells.
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In addition, mutations in Kir6.2 gene, which encodes the subunit of KATP channel, has
a striking genotype-phenotype relationship with permanent neonatal diabetes. All mutations
appear to cause neonatal diabetes by reducing KATP channel ATP sensitivity and increasing
of KATP current, which inhibits β-cell electrical activity and insulin secretion. Sulfonylureas
can close mutated KATP channels, hence improve glucose sensitivity and insulin secretion [9].
Forkhead box P3 (FOXP3) gene mutations result in an X-linked syndrome with
neonatal diabetes, even agenesis of the islets of Langerhans in some cases. The evidence that
cyclosporine A can improve hyperglycemia implies that the diabetes caused by mutant
FOXP3 is an auto-immune disease, which is the only auto-immune PNDM identified so far
[10].
WRS with Perk gene deletion is one kind of PNDM, hence β-cell development and
function are possiblly affected. Also PERK is known to sense ER stress and regulate
translation initiation, thus it is reasonable to assume that it modulate the expression of
MODY genes and insulin. This study has attempted to elucidate the mechanism of Perk
deletion induced PNDM and the role of PERK in regulating β-cell development and function.
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I.2. The differentiation of pancreatic β-cells

Pancreas is a heterogenous organ, including ~ 99% of acini, or exocrine pancreas, ~
1% of islets, or endocrine pancreas, duct cells, macrophages, blood vessels and etc. The
organogenesis of pancreas starts from dorsal and ventral budding from gut epithelium which
receives activin and FGF2 signals from notochord at approximately E9. Activin and FGF2
signals shut down sonic hedgehog signal, hence trigger expression of Pdx1, Isl1 and Pax6
[11], which are required for pancreas development. The following factors are particularly
involved in β-cell development. The specification of β-cell is illustrated in figure 1.

Transcriptional Factors
PDX1
Homeodomain protein PDX1 (pancreatic duodenum homeobox-1) positive cells are
the precursors of both endocrine and exocrine pancreas. During pancreatic bud outgrowth
(since E9), Pdx1 expression shifts from uniform to biphasic, with high levels in β-cells and
lower level in undifferentiated precursors [12, 13]. In adulthood, PDX1 is restricted primarily
to β- and δ-cells, where it regulates the expression of cell-specific genes [11, 12].
Homozygous PDX1-null mice lack the development of whole pancreas and die a few days
into postnatal life [14]. A point mutation within codon 63 of the human PDX1 gene, leading
to a frameshift of the transactivation domain of PDX1 and nonfunctional PDX1, caused
pancreatic agenesis in a patient [15]. The above genetics evidence denotes that PDX1 is
4

critical in the early development of the pancreatic epithelium. Harrison lab generated mice in
which PDX1 expression can be reversably regulated by doxycycline, an analog of
tetracycline. With PDX1 temporally switched off by doxycycline, postnatal 14 days old mice
turned diabetic and displayed decreased in β-cell mass, and reduced insulin, and GLUT2
expression, which mimic phenotypes in β-cell specific PDX1 deficient mice [7, 16, 17].
Upon removal of doxycycline and derepression of PDX1, the mice become normal again [17].
Moreover, PDX1 heterozygous mutant mice have reduced β-cell mass, decreased insulin and
GLUT2 expression in β-cells, and impaired glucose tolerance [7, 18]. While human being
with PDX1 heterozygous mutation turning diabetic probably can be explained by dominant
negative effect of mutant PDX1 protein on the transcription of insulin gene, besides reduced
dose of PDX1 [19]. Therefore, PDX1 not only acts as a determinative factor of pancreas
development, but also is required to maintain β-cell traits and function.
Mouse Pdx1 gene consists of 2 exons on chromosome 5. The first exon encodes Nterminal as a transactivation domain, the second exon encodes a C-terminal DNA binding
homeodomain. Without TATA box, PDX1 utilizes 3 major transcriptional initiation sites,
followed by ~100bp 5’ untranslated sequence[20]. 5’ sequence upstream of the transcription
start site of PDX1 gene spanning 6.5 kb, the coding sequence and 3’ UTR contain both
spatial and temporal regulatory cis-elements. Among the 5’ upstream sequence, four highly
conserved domains were identified as area I, II, III and IV. As enhancer elements, area I and
area II control pancreatic cell-specific expression of pdx1 by binding to transcription factors
FoxA/HNF3b, which uncoils chromatin structure and exposes promoter region on target
genes to other transcription factors. FoxA/HNF3b is not exclusively expressed in β-cells,
therefore the selective transcription of PDX1 in islets or β-cells needs combinatory effect of
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FoxA/HNF3b with HNF1a, PAX6, beta2/NeuroD, SP1, MafA and PDX1 itself [21-27]. The
binding of PDX1 to its own enhancer suggests an autoregulatory loop of mechanism to
regulate its transcription [21, 28, 29]. Locating further upstream of areaI, II and III, area IV is
activated by FoxA/HNF3b, NKx2.2 and PDX1 and activated area IV potentiates activity of
area I-III. Area I, II and IV are considered to work cooperatively to mediate developmental
and cell-type specific expression pattern of the PDX1 gene [30]. Also, E-box, in proximal
promoter and highly conserved, binds to USF to specifically regulate PDX1 expression in βcells [20, 31].
In addition to the moderation of PDX1 transcription, a post-translational regulation in
β-cell lines was proposed by Stoffers et al[32]. At low glucose condition, PDX1 distributes
predominantly at nuclear periphery, with some in the cytoplasm. With acute high glucose
treatment, PDX1 is phosphorylated and translocated into nucleoplasm via PI3K pathway[33,
34]. GLP also induces nuclear import of PDX1[35]. FOXO1, on the contrary, inhibits PDX1
function and expression by altering its intracellular localization from nuclei to the
cytoplasm[36]. Since PDX1 has a self activation mechanism by binding to its own promoter,
the inaccessibility of nuclear PDX1 reduces pdx1 gene transcription, which leads to a further
decrease of PDX1 activity by decreasing the total amount of PDX1 expressed. Thus the
transcriptional activity of PDX1 is in part physiologically regulated through posttranslational
modification. However, exposure to sustained high glucose has opposite effect in terms of
PDX1 nuclear-cytoplasm transportation.

Under diabetic conditions, to efficiently sense

extracellular high glucose concentration, β-cells abundantly express the high-Km glucose
transporter GLUT2 and thereby uptake a high amount of glucose leading to intracellular
hyperglycemic and hence the induction of ROS (reactive oxygen species) [37]. PDX1 is
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translocated from the nuclei to the cytoplasm in response to oxidative stress, when the
function of NES (nuclear export signal) on PDX1 overrides NLS (nuclear localization signal)
[38].
Major downstream events of PDX1 include the regulation of β-cell-specific gene
expression and various pancreas development pertinent growth factors. PDX1 participates in
the control of the transcription of insulin, a marker of mature β-cells; Glut2, β-cell specific
glucose transporter; GcK, glycolytic enzyme along glucose metabolism pathway in β-cells;
IAPP, islet amyloid polypeptide which is cosecreted with insulin from β-granules [39-44].
PDX1 is detected in δ-cells and found to transactivate somatostatin and somatostatin receptor
as well. Growth factors are at least in part controlled by PDX1. PDX1 is a specific and
dominant binding factor for A-element-like sequence in HB-EGF gene, which is found in
most cluster-forming cells and primitive ducts or duct-like cells. PDX1 acts upstream of
FGF-dependent signaling in β-cells to maintain glucose sensing, insulin processing and
glucose homeostasis [38, 45]. PDX1 usually works combinatorially with other transcription
factors to regulate downstream genes. In the regulation of insulin transcription, the
homeodomain region of PDX1 acts as a protein-protein interaction domain to recruit multiple
proteins, including E47/Pan1, BETA2/NeuroD to E2A3/4 mini-enhancer of insulin gene [46].
PDX1 forms heterodimer with PBX on a regulatory element of the somatostatin promoter.
PDX1/PBX/MRG1 trimeric complex is required for the differentiation of acinar cell linage.
Actually, the interaction of PDX1 as a monomer or as part of the trimeric complex has been
proposed to be significant in the specification of pancreatic cells [40, 47].

7

NGN3
In a subpopulation of PDX1+ progenitors, Neurongenin-3(Ngn3) gene starts to
express on E9-9.5, peaks on E15.5 during the major wave of endocrine cell genesis, greatly
diminishes at birth, and becomes barely detectable in the adult pancreas. NGN3, a bHLH
transcription factor, is known to specify endocrine precursors. Ngn3 homozygous null mice
fail to develop endocrine pancreas but retains normal exocrine tissue and ducts [48]. Ectopic
expression of Ngn3 under PDX1 promoter leads to overexpansion of endocrine cells and
absence of exocrine pancreas [49]. In addition, by using cell linage tracing technique, Doug
Melton from Harvard University concluded NGN3+ cells are islet progenitors [16]. Above
evidences substantiate that NGN3 is necessary and sufficient to induce endocrinal fates of
pancreatic cells. NGN3 controls cell fate through a mechanism as lateral inhibition model.
NGN3 activates Notch signaling in adjacent cells to repress the expression of Ngn3 itself.
Therefore, cell that will differentiate into the endocrine lineage (NGN3+) inhibits its
neighboring cells, forcing them to adopt a nonendocrine fate [13, 50].
Interestingly, the first batch of insulin-expressing cells occurs around E8.5, earlier
than the onset of Ngn3 expression. This contradiction is illuminated by the fact that the first
wave of insulin expressing cells does not adopt β-cell fate later. The differentiation of ‘real’
β-cells from NGN3+ pool does not occur until E13.5.
The fastest expansion of the β-cell mass occurs in late fetal gestation, with an
approximate doubling of the β-cell population each day starting from the 16th day
postconception in rats. In fetal rats, mitotic activity is restricted to a limited number of β-cells
(<10%) that can engage into the cell cycle. A daily cell birth rate of 10% was calculated from
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the observed β-cell mitotic indexes. Thus, in the rat fetus where the β-cell number increases
at a rate of ~100% per day, β-cell division can account for not more than 10–20% of the total
growth. The remaining 80% or more has been attributed to the process of neogenesis from
rapidly proliferating “undifferentiated” precursor cells. A much higher frequency of DNAsynthesizing cells has been observed in the immediate vicinity of the rapidly growing fetal
islets than in the islets themselves. These proliferating islet precursors express the same
cytokeratin proteins that are characteristic for the cells lining exocrine ducts in the adult
pancreas. “Transitional” forms of differentiation, represented by cells coexpressing insulin
and duct-type cytokeratin, have been taken as evidence for the conversion of ductlike
precursors into β-cells. In human fetal pancreas, rapid expansion of the β-cell mass has been
noted from ~20 wk. The fraction of endocrine cells undergoing replication in human fetal
pancreas is extremely low, which is in favor of massive differentiation from nonendocrine
progenitor cells as the major mechanism of β-cell mass expansion during this phase
(reviewed in [51]). No detailed studies of β-cell neogenesis have been reported in mice. But
based on rat and human studies, it is likely that β-cells expand primarilly through
differentiation at fetal stage, despite that proliferation starts to play a role. While in adult
mice, β-cell proliferation, balanced off by apoptosis is responsible for β-cell turnover [51].

Pax4 & Nkx2.2
Among NGN3+ cells, transient Pax4 (paired homeobox gene) expression specifies βcell phenotype. Pax4 is highly reminiscent of Ngn3 regarding temporal expression pattern.
PAX4 protein occurs at around E9.5 in dorsal rudiment; PAX4+ cells expand rapidly and
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peak between E13.5 and E15.5; towards the end of gestation a gradual decline of Pax4expressing cells was observed and shortly after birth, only a few cells displaying noticeable
PAX4. Indeed, Pax4 is downstream target of Ngn3, supported by the fact that Pax4
transcription was induced by Ngn3 expression in pancreatic ductal cells in vitro. Besides
NGN3, PAX4 also co-localizes with insulin and glucagon, suggesting its role in defining
endocrinal cell fate. In fact, Pax4 nullizygous mice present a profound deficiency of
pancreatic β-cells and somatostatin producing cells. Although the loss of PAX4 function did
not preclude the formation of a small number of insulin-producing cells, nonetheless, these
cells didn’t represent mature β-cells [5, 52-54]. Molecularly, Pax4 deficiency elicited the
downregulation of HB9 (a β-cell marker, encoded by homeobox gene Hlxb9, which acts
upstream of Pdx1), pdx1 and insulin, regardless of normal Nkx6.1 level. Therefore PAX4 is
required to initiate β-cell differentiation and β-cell maturation as well. The role of Pax4
appears to be accomplished via its genetic interaction with another homeobox gene, Nkx2.2.
Like Pax4 -/- mice, Nkx2.2 null mutant mice prevent the formation of mature pancreatic βcells. A more profound defect, the co-expression of early β-cell markers (HB9, Pdx1, insulin)
being completely absent, in Nkx2.2-/- mice compared to Pax4-/- mice most probably due to
the lack of Pax6 expression. Pax4/Nkx2.2 double nullizygous mice have identical alterations
to those observed in Nkx2.2-/- pancreata littermates. Both unaffected PAX4 level in Nkx2.2/- mice and unaffected NKX2.2 expression in Pax4-/- mice imply that Pax4 and Nkx2.2 do
not control each other’s expression and both are indispensable but not sufficient to promote
β-cell differentiation. Whereas the double knockout mice suggest Pax4 and Nkx2.2 regulate
parallel pathways in β-cell development [5].
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Nkx6.1
Nkx6.1 and Pax6 participate in β-cell development as well. Nkx6.1 is initially
expressed in almost all the epithelium of the pancreatic bud. Around E13, the expression of
Nkx6.1 is narrowed down to β-cells and β-cell precursors and its expression is detectable in
adult β-cells as well. Nkx6.1 is proposed as downstream gene of Nkx2.2 in fetal pancreas and
of Pdx1 in adult β-cells. Nkx6.1-/- mice have mature β-cells but at a remarkable reduced
level. The regulation of Nkx6.1 happens on both transcriptional and post-transcriptional level
possibly owing to IRES (internal ribosomal entry site) in 5’ UTR of the gene [55]. Since new
β-cell formation is blocked after E12.5 in Nkx6.1 deficient mice, it is speculated that Nkx6.1
manages β-cell expansion via the regulation of both neogenesis and proliferation.

Pax6
Pax6 is expressed in both dorsal and ventral pancreas on E9.0, and in differentiated α-,
β-, δ, pp cells. Pax6 -/- deficient mice die just after birth, with disorganized islets possibly
related to Pax6’s function in the regulation of cell adhesion molecules [56, 57]. Other than
anomalous organization of islets, mice with a spontaneous mutation of Pax6, known as Small
eye (Sey-/-), present decreased α-, β-, δ, and pp cells, suggesting PAX6 regulates terminal
differentiation of endocrinal pancreas [58]. The reduced production of glucagon and insulin
is possibly mediated by the interaction of Pax6 with the promoters of glucagon, insulin and
somatostatin [11].
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MafA and family
MafA, a basic leucine zipper transcription factor, is expressed at E14 in insulinproducing cells. Like other Maf proteins, MafA recognize and bind to MARE (maf response
element), which is found in the promoter of insulin and Pdx1 gene [59]. The mRNA and
protein level of MafA can be provoked by transient glucose stimulation, correlating with the
upregulation of insulin mRNA [60]. However, glucotoxicity represses MafA transcription
and accelerates MafA degradation, accompanied with loss of insulin gene expression [61].
Besides the regulation at mRNA and protein level, the transactivity of MafA is controlled by
phosphorylation via p38 MAP kinase in β-cell lines [62]. Loss of MafA did not affect
embryonic pancreas development. However after birth, the loss of MafA resulted in reduced
proportion of β-cells in islets and impaired glucose tolerance [63]. Therefore, MafA may not
be involved in initial differentiation of β-cells, but it is essential for β-cell duplication, β-cell
maturation and β-cell function by regulating β-cell marker gene expression, for instance,
insulin and Glut2 gene. Other members of Maf family also participate in β-cell development.
In adult mice MafA and MafB are preferentially expressed in pancreatic β- and α-cells,
respectively. Similarly, at E15.5, MafA and MafB expression was observed in the insulinand glucagon-producing cells. However, MafB was also expressed in nearly 90% of insulinproducing cells. The ability of MafB+ cells to express insulin was associated with Nkx6.1
expression, while MafB+Nkx6.1¯ cells only express glucagon. In fetal development,
MafB+insulin+ cells gradually shift to MafA+insulin+ cells, followed by the enhanced PDX1
expression in insulin+ cells, again suggesting that MafA is not essential for generation of
insulin-expressing cells but play a role in β-cell maturation and function [64].
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Beta2/NeuroD
As mentioned above, Beta2/NeuroD, a bHLH transcription factor, regulates insulin
transcription in concert with PDX1. Beta2/NeuroD expression occurs in a subset of
pancreatic epitheliums at E9.5, later is limited to pancreatic endocrine cells. Beta2/NeuroD is
induced by NGN3 and activated by heterodimerizing with ubiquitous bHLH proteins of the
E2A family. Mice homozygous for a targeted disruption of the Beta2/NeuroD gene survive to
birth, but die within shortly because of severe hyperglycemia. The islets are dysmorphic with
reduced numbers of β-cells, suggesting Beta2/NeuroD’s role in β-cell differentiation [65, 66].

Mesenchyme signals
Pancreas development is successively controlled by permissive signals derived from
adjacent mesodermal structures such as the notochord and the dorsal aorta. Subsequently, the
mesenchyme condenses around the underlying committed endoderm, and the epithelial buds
grow larger. Notochord signals, which can be mimicked by FGF2, inhibit Shh expression and
induce Pdx1 expression hence dorsal pancreas elaboration. FGF4 is the only growth factor
eliciting a positive effect on isolated E7.5 endoderm [67]. The interaction of cultured
embryonic pancreatic epithelium with mesenchyme includes direct contact or through soluble
factors. The inhibition of the mesenchyme on Ngn3 induction was mediated by cell-cell
contact and required a functional Notch pathway, specifically Hes1 gene expression. Poor βcell development was mediated by soluble factors derived from mesenchyme. Mesenchyme
not only exerts effect upstream of Ngn3, but also regulates β-cell differentiation downstream
of Ngn3. Besides controlling β-cell differentiation, mesenchyme-epithelial interactions’ role
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in the proliferation of pancreatic progenitor cells is well established [50, 68, 69]. Factors
influencing β-cell neogenesis comprise growth factors and hormones. Besides FGF2, FGF4
mentioned above, KGF (keratinocyte growth factor), a herapin-binding fibroblast growth
factor, can activate ductal cells proliferation and their subsequent differentiation into β-cells
[70]. Epidermal growth factor (EGF), a MAP kinase activator, induces proliferation of
pancreatic progenitors; when EGF is inhibited, the proliferation of epithelial progenitors is
decreased, while the endocrine cell differentiation is activated [71]. An incretin hormone
glucagon-like peptide 1 (GLP1) and its analog exendin 4 (EX-4) can induce β-cell
proliferation and restore glucose tolerance in adult mice. Moreover, In vitro study showed
that GLP1 is a differentiation factor for pancreatic ductal cells and that its effect requires the
expression of PDX1 [72]. Mesenchyme signals may adopt distinctive pathways, but
essentially they converge on transcriptional factors to control β-cell development.
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I.3. Regulation of β-cell proliferation

To meet urgent need of insulin to maintain glucose homeostasis right after birth and
to accommodate the robust body growth at neonatal stage, β-cell mass is exponentially
expanded. Neogenesis plays a decreasing role after birth and barely accounts for β-cell mass
increment after 1 week old in rodents. Eventually proliferation becomes the sole supply of
newly formed β-cells in adulthood to expand and maintain β-cell pool. Various signals such
as glucose, calcium, growth factors, are involved in β-cell duplication via the regulation of
cell cycle machinery (reviewed in [51]).

Cell cycle machinery
β-cell proliferation can be induced by growth factors and nutritions. Growth factors,
including

growth

hormone

(GH),

PRL/PL,

hepatocyte

growth

factor

(HGF),

insulin/IGF1/IGFII, glucagon-like peptide-1 (GLP-1), betacellulin (BTC) and parathyroid
hormone (PTH/PTHrP), signal through PI3K or JAK-2 pathways and influence the nuclear
function of downstream events, including c-Fos, c-Jun, STAT5, PKC or PDX1 [73]. Glucose
stimulates islet β-cell mitogenesis through GTP-binding proteins and by protein kinase Cdependent mechanisms [74]. No matter what factors or signaling pathways are involved, in
the end, their effects converge on the regulation of cell cycle machinery.
The components of the cell cycle machinery are comprised of different protein
families which are in turn responsible for the regulated progression of cells through the cell
cycle. (Figure 7) The core components of the cell cycle clock machinery are the regulatory
subunits referred to as the cyclins and their catalytic kinase subunits, the cyclin dependent
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kinases (CDKs). Typically, a CDK protein contains a 300 amino acid catalytic domain,
which is inactive when it is underphosphorylated and monomeric [75]. The primary
mechanism of activation is their association with a cyclin partner. Unlike CDKs, which are
highly homologous, cyclins are a remarkably diverse family of proteins, ranging in size from
about 35 to 90 kDa [76, 77]. Sequence homology among the cyclins tends to be concentrated
in a 100-residue section known as the cyclin box, which is necessary for CDK binding and
activation. In mammalian cells, different cyclin/CDK complexes are assembled and activated
at specific points of the cell cycle. Different cyclin-Cdk protein complexes are formed at
specific stages of the cell cycle and their activities are required for progression through S
phase and mitosis [76, 77]. At the start of G1-phase, mitogenic growth factors such as insulin,
IGFs in serum via receptor binding initiate a cascade of events, chief among them being a
rapid and strong induction in expression of cyclin D1. Once synthesized, the D-type cyclins
associate with Cdk4 and Cdk6. In mid to late G1 phase, several hours before the onset of the
S phase, cyclin-E is induced which complexes with Cdk2, resulting in cyclin E-Cdk2
complex formation. The activity of this cyclin E-Cdk2 complex seems to be required for the
initiation of the S-phase of DNA synthesis. At the onset of DNA synthesis, cyclin A
expression is induced, which results in cyclin A-Cdk2 and later cyclin A-Cdk1 complex
formation. This cyclin A-Cdk1 association is maintained until late G2-phase when cyclin B
expression is induced. The B-cyclins associate with Cdk1 which trigger complex events
associated with mitosis.
A fully active CDK/Cyclin complex can be turned off by a group of proteins, termed
Cyclin Kinase Inhibitors (CKIs) which can bind and inactivate CDK-cyclin complexes [7577]. Alternatively, regulatory kinases can phosphorylate the CDK subunit at inhibitory sites
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near the N-terminus. In mammalian cells, two classes of CKIs, the CIP/KIP and INK4
families, provide tissue specific mechanisms by which cell cycle progression can be
restrained in response to extracellular and intracellular signals. Based on tissue culture
studies, it was believed that the primary role for CIP/KIP family of CKIs was the negative
regulation of the kinases associated with cyclins D, E, and A. More recent studies have
revealed that although the CIP/KIP inhibitors negatively regulate the kinases associated with
cyclins E and A, they are positive regulators of the cyclin D-dependent kinases [78-80].
These studies challenge several previous theories and assumptions regarding cell cycle
progression and prompt a re-examination of the role of the CIP/KIP proteins in cell cycle
control.
G1/S is the first checkpoint for cells to decide if they carry on DNA synthesis and
division or exit the cell cycle to undergo an irreversible post-mitotic differentiation state or
exit into G0, a quiescence state. The growth of β-cells is determined by the number of β-cells
entering cell cycle rather than changes in the rate of cell cycle. Only 3% of total adult β-cells
are capable of entering the active cell cycle with the G1/S checkpoint playing a crucial role
there. Specifically, cyclin D2, D1 and cdk4, which are activated at G1, are essential for
postnatal β-cell growth [81]. D-type cyclins associate with cdk4 or cdk6, which stimulates
the kinase to phosphorylate and inactivate the retinoblastoma tumor suppressor protein (pRB)
hence the release of functional E2Fs, which are involved in the activation of genes encoding
DNA replication proteins, enzymes responsible for DNA biosynthesis, proteins that assemble
to form functional origin complexes, and kinases that are involved in the activation of
initiation. The activated cyclin D/cdk4 or -6 complex also promotes cell cycle progression by
sequestering the cyclin E-cdk2 and cyclin A-cdk2 complex kip inhibitors (p27KIP1), which
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increases cdk2-associated activity in late G1 and S phase [80]. Cyclin D2-/- or Cyclin D1+/D2-/- mice showed reduced β-cell proliferation, low adult β-cell mass, glucose intolerance at
postnatal day 16 and eventually diabetes, but prenatal islet development and neonatal β-cell
mass occurred normal [81]. Therefore, cyclin D2, D1 is dispensable for fetal and neonatal
islet development, consistent with the finding of normal development of most other tissues in
cyclin D2-/- D1-/- mice [81].
Compared to the low proliferation rate in adult β-cells, approximally 10% of total
fetal β-cells can undergo replication. Intriguingly, while G1/S checkpoint may not crucial for
early mouse development, the embryonic lethality in cyclin A2 and cyclin B1 homozygous
null mutant mice implies that G2/M is essential for embryonic mouse development [82, 83].
Generally, G2/M checkpoints prevent the segregation of damaged chromosomes. The
transition from G2 to M is regulated in part by the G2-specific kinase consisting of Cdk1 and
cyclin B1. The negative control of G2/M phase is mediated via p53. DNA damage leads to
stabilization of p53 and consequently transcriptional up regulation of the universal CDK
inhibitor, p21 [84, 85], resulting in arrest in G1.
Interestingly, G1/S and G2/M are not entirely detached; the 2 phases are linked by
E2Fs. E2Fs can have direct effects on CDK1 and cyclin B1 transcription either through
repression or activation of their promoters [86]. Rather than alone, E2F1-3 in concert with BMYB regulates expression of genes required for G2/M phase, including cyclin B1 and cdk1.
B-MYB is barely detectable in G0 and is induced at the G1/S transition. However B-MYB is
not phosphorylated and activated by cdk2 until S phase [86]. Furthermore, dMYB has been
shown to promote DNA replication and transcriptional activation of genes, such as cyclin B1.
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dMYB is found in a high molecular weight complex that include E2F and pRB. dMYB and
its binding partners mainly constitute transcriptional repressor complexes [87, 88].
The last checkpoint is spindle checkpoint. A spindle checkpoint plays important roles
at the metaphase-anaphase transition to ensure the formation of a bipolar spindle, the
completion of connecting chromosomes to microtubules and the alignment of all
chromosomes at the spindle equator before initiation of anaphase. The Mad and Bub proteins
are core components of this cell-cycle control.
Therefore, the in vivo genetic study of cyclins and cdks indicates that fetal and adult
β-cells proliferation seems to be controlled by diverging cell cycle machineries. Emphasis
might as well be transferred from G1 to S, G2 and M phase if the proliferation of fetal and
neonatal β-cells is under investigation.

Calcium and proliferation
In all eukaryotic cells, Ca2+ is required in both the extracellular environment and
intracellular stores to spike or sustain intracellular Ca2+ ([Ca2+]i) level for cell growth and
division. [Ca2+]i is maintained at nearly 10-7 M in resting conditions by active mechanisms,
mainly by Ca2+ pumps in the endoplasmic reticulum (ER Ca2+ ATPase, SERCA) and plasma
membrane Ca2+ -ATPase, PMCA). Both Ca2+ pumps are extruding Ca2+ from cytosol by
direct energy comsumption. The enormous concentration gradient (high in extracellular
matrix and ER, low in cytoplasm) allows Ca2+ influx and release to occur in a passive way.
In mammalian cells, low extracellular Ca2+ led to a gradual decrease in the rate of
proliferation. Cells were most sensitive to the depletion of extracellular Ca2+ at two points
during the cell cycle, in early G1 and near the G1/S boundary [89]. Intracellular Ca2+ stores
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are also required for cellular proliferation in mammalian cells. Depletion of intracellular
inositol 1,4,5-triphosphate-sensitive, ER located Ca2+ stores with pharmacological agents,
such as thapsigargin or 2,5-di-tert-butylhydroquinone, resulted in a cessation of cell division
[90]. Direct measurements of [Ca2+]i with sensitive dyes have revealed both single transients
and sustained increases during pronuclear migration, nuclear envelope breakdown, the
metaphase-anaphase transition of mitosis and cytokinesis [91]. In mammalian cells, the
application

of

calcium

chelator

BAPTA/AM

blocks,

or

severely

delays,

the

metaphase/anaphase transition by a failure to activate APC/C [92]. Moreover, depletion of
intracellular Ca2+ stores resulted in the accumulation of cells in a quiescent state, and upon
removal of thapsigargin or 2,5-di-tert-butyl-hydroquinone, cells reentered S phase with the
same kinetics as cells released from quiescence [90]. Ca2+ can act directly on target proteins
or its effects can be mediated via intracellular Ca2+ binding proteins.
The best known Ca2+-binding protein is calmodulin (CaM). Ca2+/CaM regulates
numerous targets, including a family of multifunctional protein kinases (CaMKs) and the
serine/threonine phosphatase calcineurin. It is mostly (but not exclusively) through activating
protein phosphorylation and dephosphorylation that Ca2+ and CaM act on cell cycle,
influencing many of its stages [93]. Calcineurin is also important in the cell cycle and in the
processes related to it, e.g., translocation of the nuclear factor of activated T cells to the
nucleus [94, 95].
Ca2+ release from intracellular Ca2+ stores in ER is triggered by growth factors,
including peptide growth factors, such as FGFs, EGF. Glucose can also elevate [Ca2+]i level
by opening VDCC on PM, hence Ca2+ in ER. Meanwhile, the IP3 receptors and the ryanodine
receptors on ER membrane allow Ca2+ induced Ca2+ release (CICR) from intracellular Ca2+
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store in beta cells. Thus glucose not only induces insulin secretion but also might be involved
in beta cell proliferation via regulation of [Ca2+]i.

The maturation of β-cell function
Endocrinal progenitors are destined to evolve into β-cells ever since insulin is
produced at E13.5. But fetal insulin-producing cells are not functionally mature regarding
glucose stimulated insulin secretion (GSIS). They respond to glucose in a low level and can
not carry out biphasic insulin release. The secretion of insulin involves the transport of
glucose into β-cells via GLUT2 transporter, followed by the production of ATP resulting
from glucose metabolism in the glycolytic pathway, the tricarboxylic acid (TCA) cycle, and
the mitochondrial electron transport chain. The elevated ATP/ADP ratio closes down ATPdependent K+ channels, resulting in depolarization of cell membrane and the opening of the
voltage-activated Ca2+ channels (VDCC) on the cell surface to allow the influx of
extracellular Ca2+, hence triggering insulin release. Studies found that in fetal β-cells, glucose
transportation is not as defective as GLUT2; glycolysis and glucose utilization appear intact,
the closure of ATP-dependent K+ channels and the opening of VDCC act normally. However
NADH shuttle in fetal β-cells was shown to be immature. The activity and concentration of
the two key enzymes of NADH shuttles, mitochondrial glycerol phosphate (mGDPH) and
mitochondrial malate dehydrogenase (mMDH), are significantly lower in fetal β-cells in
comparison to adult β-cells. Transduction of fetal rat islets with mGPDH cDNA enabled the
fetal islets to secret insulin in response to glucose via increasing mGPDH activity. Thus
NADH shuttle maturation is crucial for the acquisition of the stimulus-secretion coupling
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during β-cell development. As mentioned above, glucose transportation into β-cells appears
normal but GLUT2 level is lower at fetal stage. Thus, mature stimulus-secretion coupling
together with the expression of β-cell marker such as insulin, glucokinase, Pdx1 and MafA
signify successful terminal differentiation.
Some maternal factors, glucose and placental lactogen (PL), are recognized as
inducer of β-cell maturation or terminal differentiation. Islets chronically exposed to
physiological high glucose (16.7mM) undergo maturation of GSIS. In vitro studies in β-cell
lines, isolated fetal and adult islets suggested that PL induces transcription of insulin and
GLUT2 gene, GSIS and β-cell proliferation. Peptigernic factors, GH and TGF-α stimulate,
while somatostatin, through paracrine interaction, may inhibit the maturation of stimulussecretion coupling.

I.4. Glucose stimulated insulin secretion

Fetal and early neonatal β-cells are immature in terms of stimulus-secretion coupling,
while mature β-cells acquire biphasic insulin release in response to glucose stimulation.
Established GSIS is associated with the maturation of NADH shuttle in β-cells, also it is a
result of synergistic effect of synchronized β-cell action mediated by tight junction among βcells. Normally β-cells form the core of islets with a homogenous appearance surrounding by
other islet cell types. With stimulation, the influx of Ca2+ raises cytoplasmic Ca2+ level in
certain β-cells, triggering Ca2+ oscillation throughout the whole mass of β-cells in islet.
Disrupted islet structure with β-cells scattered and loosely connected with each other breaks
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the coupling of β-cells and Ca2+ oscillation, usually leading to low level of stimulated insulin
secretion.
Since GSIS is the primary function of β-cells, it is essential to understand the alpha
and omega of GSIS, starting from insulin transcription and biosynthesis, proinsulin folding,
cleavage, transportation and exocytosis to the regulatory machinery at each level.

The modulation of insulin level
The human insulin gene, INS, is located on chromosome 11 and, as is typically the
case in most species, it is a single-copy gene [96]. Rodents carry two copies of the insulin
gene. In the mouse, Ins1 is a pseudogene that is located on chromosome 19, and Ins2, the
functional gene, is located on chromosome 7 [97, 98]. Structurally, all insulin genes consist
of two exons, a single intron and conserved transcriptionally important E, A and C regulatory
elements as well as additional sequences that may have more subtle regulatory effects
(Figure 8). The E boxes bind proteins of the bHLH (basic helix-loop-helix) class of
transcription factor. In β-cells, the ubiquitous bHLH protein E47 forms a heterodimer with
NeuroD/BETA2 (β-cell E box transactivator 2) and associates with E boxes. Up to five A
box sequences with consensus TATA sequence is a known binding site for homeodomain
proteins, comprising PDX1 and Pax6. The C1 element binds to MafA, which acts as a
homodimers. Individually E47/BETA2, PDX1 and MafA exhibit weak transcriptional effects
on promoter, but in combination they can exert strong synergistic effects [99].
Glucose controls all steps of insulin gene expression, including transcription, preRNA
splicing, and mRNA stability. Glucose promotes the translocation and modification of
inactive 31-kDa cytoplasmic form of PDX1 into active 46-kDa nucleic form, hence the
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binding of PDX1 to A3 site. In addition, PDX1 stimulation of insulin gene transcription
involves recruitment of co-activators, such as p300, that affect chromatin structure through
post-translational modifications of histones such as methylation and /or acetylation. MafA, a
transcription factor of insulin, and E47/BETA2 are also stimulated by glucose. Although it is
unclear how E47/BETA is regulated, MafA expression and binding are activated directly by
glucose. Therefore, glucose enhances insulin gene transcription by a number of
complementary mechanisms that include recruitment of transcription factors to regulatory
sites, histone modifications, and initiation of transcription [40, 46, 100, 101]. Yet, the
understanding of the control of the insulin gene has been gleaned mainly from in vitro
systems, and their relevance to the endogenous gene in vivo needs to be established.
In addition to its major effects on the transcription, glucose markedly stabilizes
preproinsulin mRNA. Two elements located in the 3’-untranslated region of the mRNA
molecule were proposed as mediators of this effect, i.e., the conserved UUGAA sequence
and a pyrimidine-rich sequence. Stabilization appears to involve glucose-regulated binding of
a polypyrimidine tract-binding protein to the pyrimidine-rich sequence [102].
The stimulation of insulin mRNA expression by glucose is a long term (> 6 hours)
effect. In addition, this long-term regulation of proinsulin biosynthesis is really only pertinent
to unusual physiological conditions, such as refeeding after a prolonged fast and
hyperglycemia in NIDDM (non insulin dependent diabetes mellitus) [103, 104]. The
transcriptional induction of insulin gene may not contribute to the modulation of its
biosynthesis as much as seen in vitro systems.
Whereas the regulation of insulin transcription to glucose stimulation is delayed in βcells, insulin biosynthesis is predominantly regulated at the translational level in the short
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term (<2 hours). Regulatory elements involved in the glucose-specific induction of proinsulin
translation have been mapped to both the 5’ and 3’ untranslated regions (UTR) of insulin
mRNA. The stimulatory element identified in the 5’ UTR involves a secondary (stem-loop)
structure, which may function analogously to iron response elements in the 5’ and 3’ UTR of
ferritin and the transferring receptor respectively. The regulatory element identified in the 3’
UTR of insulin mRNA is conserved across mammalian species, and suppresses proinsulin
translational biosynthesis, a function that is alleviated by glucose [102].

The procession and secretion of insulin
β-cell contains a large pool of cytoplasmic insulin mRNA (10- 15% total mRNA),
which is translational quiescent at hypoglycemic (< 3mM) glucose concentrations.
Recruitment of this mRNA to polysomes and the activation of translation initiation,
elongation and signal recognition partile (SRP) release from the SRP receptor occur in
response to higher glucose levels, leading to a 50-fold increase in biosynthesis. Insulin is
synthesized as a single-chain precursor, preproinsulin, in the polysomes of the rough ER. The
precursor is converted to proinsulin by cleaving out SRP within minutes of its synthesis.
Proinsulin is then transferred by an energy-dependent process to the Golgi apparatus. At the
Golgi, packaging into smooth-surfaced microvesicles takes place so as to form storage or
clathrin-coated secretory granules [105] (Figure 4).
Beginning with the Golgi complex and continuing in the secretory granules,
membrane-bound specific proteases cleave proinsulin into equimolar amounts of insulin and
C-peptide by prohormone convertase 1/3 (PC 1/3) and PC2. The proinsulin conversion is
crucial for retention of insulin in β-granules. PC1/3 and PC2, like proinsulin, are synthesized
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as zymogens and are sorted to the regulated pathway of secretion in such a way that each
secretory granule contains a full complement of processing enzymes as well as the
prohormone. Both PCs function in the calcium-rich acidic environment, they are strictly
calcium-dependent endoproteases. It is interesting to note that a stem-loop structure is also
found in the 5’ UTRs of PC1/3 and PC2, which are also subjected to nutrient-induced
translational control in β-cells. It is known that the biosynthesis of PC1/3 is specifically
modulated by glucose at translational level [106]. Thus glucose controls post-translational
modification of insulin as well as its biosynthesis.
Release of the contents of the mature secretory granules involves progressive
migration of the granules to the plasma membrane of the cell, followed by extrusion of
insulin and C-peptide. Within the cytosol of the β-cells, microtubules, 24-nm-diameter
dimeric structures composed of tubulin, act to guide granule movement to the plasma
membrane. A series of microfilaments, 4- to 8-nm structures which are thought to be
composed of the contractile protein actin, form a network near the plasma membrane and
surround the secretory granules. The “final common path” of secretion is believed to involve
the intracellular entry of calcium, resulting in contraction of the microfilaments. As a result,
the secretory granules are moved to the cell surface, where their membranes fuse with the
plasma membrane and their contents are discharged into the extracellular space. The process
is termed emiocytosis, a form of exocytosis.
Depending on their ability to undergo exocytosis, granules in β-cells are divided
functionally into a readily releasable pool (RRP) and a reserve pool. The readily releasable
granules, which typically represent only 1-5% of the total number of granules and 30% of
docked granules, are immediately available for secretion. Analysis of the kinetics of the
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capacitance increase elicited by photolytic release of caged Ca2+ has revealed the existence of
a rapid component of exocytosis, during which 50-100 granules in RRP are released, which
is followed by a much slower component believed to reflect the time-dependent
replenishment of RRP by mobilization of granules originally residing in the reserve pool. It is
understood that the rapid release of RRP and the later replenish and slower release of RRP
underlie glucose initiated biphasic insulin secretion in vitro, though typical 2 phases of
insulin release are not readily observable under physiological conditions in vivo. Phase I
insulin secretion is triggered by elevated cytosolic calcium level via calcium influx through
voltage dependent calcium channel (VDCC). Furthermore, the recruitment and replenish of
RRP for the second phase of insulin release may, under physiological conditions, be reliant
on the mobilization of Ca2+ from intracellular stores, i.e. ER, induced by incretin hormones
such as acetylcholine (Ach) or cholecystakinin (CCK) [107]. Insulin secretion in response to
non-nutrient secretoagogues, such as sulphonylureas and high external K+, which can induce
plasma membrane depolarization, VDCC opening and Ca++ influx, principally consists of
first-phase release and largely lacks the sustained component when these stimuli are applied
in the absence of metabolic fuels [108, 109]. Thus, unlike the immediate release of insulin
granules, the second-phase insulin secretion is based on metabolic energy and consequent
calcium mobilization from intracellular stores, such as ER.
Primarily two major pathways by which glucose stimulates and augments insulin
release were studied. These are the KATP channel-dependent and the KATP channelindependent pathways of glucose signaling. The concept of an action of glucose to stimulate
insulin release by virtue of inhibition of the KATP channel began in 1984 with the discovery
of an ATP-sensitive K+ channel [110] and the demonstration that it was inhibited in the intact
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β-cell by exposure to a high glucose concentration [111]. Subsequently, the KATP channel
was cloned and found to be a complex of a K+ channel (Kir 6.2) and an ATP-binding cassette
protein (SUR1) that acts as a high-affinity receptor for sulfonylureas [112-114]. It is now
known that imported glucose undergoes glycolysis, pyvurate decarboxylation, TCA and the
mitochondrial electron transport chain to produce ATP. Elevated ATP/ADP level or
sulfonylureas closes K+ATP channel, depolarizes the β-cell membrane and activates voltagedependent Ca2+ channels. The result is an increase in the intracellular Ca2+ concentration
[Ca2+]i, and the stimulation of insulin release. This pathway of glucose signaling is the KATP
channel-dependent pathway of glucose stimulus-secretion coupling. (Figure 5)
It was found that when the KATP channel was clamped open with the K+ channel
activator diazoxide, glucose was still capable of stimulating insulin secretion. Thus, an
additional glucose-signaling mechanism was present in addition to the KATP channeldependent pathway. In the case of the diazoxide experiments, it was necessary to raise [Ca2
+

]i by means of a depolarizing concentration of KCl to elicit the glucose response. This

second pathway in glucose stimulus-secretion coupling is known as the K+ATP channelindependent pathway of glucose signaling [37, 115-120]. Physiologically, it depends on a
rise in [Ca2 +]i and therefore operates in synergy with the KATP channel-dependent pathway.
A third and less central pathway is K+ATP channel-independent, Ca2+-independent pathway,
operating in Ca2+-deprived islets. There it is activated by the combined effects of protein
kinase A and protein kinase C [120]. It is interesting to note that in β-cells, glucose
metabolism also activates isoforms of phospholipase C (PLC), promoting the hydrolysis of
membrane phospholipids and generation of 1,4,5 inositol-triphosphate (IP3) and
diacylglycerol (DAG), a potent activator of protein kinase C (PKC). IP3 stimulates an ER
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Calcium efflux and increases Ca2+ concentration in the cytosol [117, 121-123]. Therefore,
k+ATP channel-independent Ca2+-dependent and K+ATP channel-independent Ca2+-independent
converge at a certain point in glucose signaling.
The K+ATP independent pathways are dependent upon anaplerotic input into the
tricarboxylic acid cycle, generation of excess citric cycle intermediates and elevation of longchain acyl-CoA (LC-CoA) [124, 125]. LC-CoAs in cytosol serve as precursors of triglyceride,
diacylglycerol and phospholipids, influencing a multitude of signaling pathways, including
PKC and the exocytotic machinery [126].
Insulin secretion by pancreatic β-cells is mainly regulated by energetic substrates,
being the plasma glucose concentration the most important regulator. Plasma concentration
of other nutrient secretagogues, such as free fatty acids (FFA) and amino acids, also
modulate the process of insulin secretion.
Early in vivo studies demonstrated that acute elevation of plasma free fatty acids
augmented glucose-stimulated insulin secretion [127-130], although there was debate as to
what extent this represented a direct effect of fatty acids on the β-cell. In both rodents and
humans it has been shown that during starvation fatty acids are essential to permit basal
insulin secretion and to allow a secretory response to glucose on termination of the fast [131,
132]. Exogenous FFAs are converted to Lc-CoA by acyl-CoA synthetase (ACS). Cytosolic
Lc-CoAs, a key coupling factor, is the activated, energy-rich, intracellular form of the FFA
and actual substrate for FFA metabolizing enzymes, which rises as a consequence of glucose
metabolism [124]. As in the anaplerotic pathway in GSIS, Lc-CoA potentiates or induces
insulin release via influencing signaling pathways, i.e. PKC, along insulin secretion. The
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action of glucose in the absence of Ca2+ can be mimicked by FFA, substantiating that both
glucose and FFA are signaling through cytosolic LC-CoA [120].
Amino acid metabolism, under appropriate conditions, is known to enhance insulin
secretion from primary islet cells and β-cell lines [133-136]. In vivo, l-glutamine and lalanine are quantitatively the most abundant amino acids in the blood and extracellular fluids
followed closely by the branched-chain amino acids [137]. Specific amino acid mixtures at
physiological concentrations potently stimulate insulin secretion. Four amino acids were
found to be particularly important for stimulating β-cell electrical activity, essential for
insulin secretion: leucine, isoleucine, alanine and arginine. The mechanisms by which amino
acids enhance insulin secretion are varied. The cationically charged amino acid l-arginine
does so by direct depolarization of the plasma membrane at neutral pH, but only in the
presence of glucose. Other amino acids, which are co-transported with Na+, can also
depolarize the cell membrane as a consequence of Na+ transport and thus induce insulin
secretion by activating voltage-dependent Ca2+ channels [138]. Metabolism of amino acids,
resulting in partial oxidation, e.g. l-alanine [138], may initially increase the cellular content
of ATP, leading to closure of the ATP-sensitive K+ channel, depolarization of the plasma
membrane, activation of voltage-activated Ca2+ channels, Ca2+ influx and insulin exocytosis.
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I.5. Glucotoxicity

Glucose, the main regulator of insulin secretion and production, exerts negative
effects on beta-cell function when present in excessive amounts over a prolonged period. The
multiple metabolic aberrations induced by chronic hyperglycemia in the β-cell include
increased sensitivity to glucose, increased basal insulin release, reduced response to stimulus
to secrete insulin, and a gradual depletion of insulin stores. Inadequate insulin production
during chronic hyperglycemia results from decreased insulin gene transcription due to
hyperglycemia-induced changes in the activity of β-cell specific transcription factors.
Hyperglycemia may negatively affect β-cell mass by inducing apoptosis without a
compensatory increase in β-cell proliferation and neogenesis. The detrimental effect of
excessive glucose concentrations is referred to as 'glucotoxicity'. Impaired insulin gene
expression is associated with diminished binding activity of PDX1 and MafA. The decrease
in PDX1 binding activity appears to involve post-transcriptional control [139], although the
precise mechanism(s) remains to be established. In vivo, PDX1 expression is also reduced in
partially pancreatectomized, hyperglycemic rats [140] and in the diabetic gerbil Psammomys
obesus [141], and its binding activity is decreased in islets from Zucker Diabetic Fatty rats
[142]. The reduction in MafA binding activity in the glucotoxic insulin-secreting HIT-T15
cell was shown recently to be due to a loss of protein expression without changes in mRNA
expression, suggesting that glucose reduces MafA activity through a post-translational mode
of action [61]. Importantly, MafA expression is also reduced in mouse diabetic models [143].
In addition, the C/EBPß transcription factor may directly bind E47 and prevent formation of
the B2/E47 activator complex under glucotoxic conditions [144]. A recent study further
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proposed that CEBP/ß prevents MafA binding to its cognate sequence under chronic exposure
to elevated glucose and, in turn, prevents the cooperative induction of transcription by MafA
and B2 [145].
Much progress has been made in recent years in understanding the biochemical
mechanisms of glucotoxicity. Ample evidence supports the involvement of oxidative stress in
this process, as a result of long-term exposure to elevated glucose. For example, the decrease
in insulin gene transcription [146] and MafA protein expression [61] is prevented by
antioxidants in glucotoxic insulin-secreting cells. Moreover, treatment of Zucker Diabetic
Fatty rats with antioxidants normalizes plasma glucose levels and restores insulin secretion,
insulin content, and insulin mRNA levels [146].
The signaling pathways mediating inhibition of insulin gene expression by oxidative
stress appear to involve, at least in part, stress-activated kinases. C-jun can directly inhibit
insulin gene transcription by interfering with bHLH-mediated transcriptional activity [147].
Another possibility, not exclusive with the previous one, is that glucotoxicity induces
dedifferentiation of the β-cell, as suggested by the observed inhibition of genes associated
with β-cell function and derepression of genes not normally expressed in differentiated βcells [148]. For example, the transcription factor c-myc is upregulated in islets from diabetic
animals [149], and can inhibit insulin gene transcription by competing for B2 binding at the
E-box [150].
The cause of β-cell dysfunction provoked by hyperglycemia is far from crystal clear.
But it was suggested that under physiologic conditions, endogenous superoxide generated by
hyperglycemia activates UCP2. This activation diverts energy away from ATP synthesis,
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thereby decreasing the ATP/ADP ratio. This results in impaired glucose-stimulated insulin
secretion [151].
Similar to the paradoxically deleterious effects of chronic hyperglycemia, fatty acids
(FA), which are essential β-cell fuels in the normal state, become toxic when chronically
present in excessive levels. Prolonged exposure of pancreatic β-cells to FA increases basal
insulin release but inhibits glucose-induced insulin secretion. In addition, FA inhibits insulin
gene expression in the presence of elevated glucose levels [41, 152, 153], in part via negative
regulation of the transcription factor pancreatic-duodenum homeobox-1 [41]. Finally,
excessive FA induce β-cell death by apoptosis both in vitro [154, 155] and in ZDF rat
islets[156, 157].
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I.6. ER stress, unfold protein response (UPR), PERK, and translational
control

ER stress and UPR
In eukaryotes, proteins destined for the exocytic compartment are synthesized on ERbound ribosomes that are intimately associated with a pore structure that allows the
cotranslational insertion of polypeptides into the lumen of the ER. Posttranslational
modification and folding takes place in the ER lumen and is guided by chaperons that
function in an environment that is unique to ER. The ER lumen has a high concentration of
calcium and ATP and is an oxidizing environment. These features are essential for folding
and disulfide-bond formation that affect most proteins which fold in ER. In addition, proper
folding is influenced by protein glycosylation, a posttranslational modification that is unique
to the ER [158].
In certain cell types (i.e. secretory cells), the pivotal role of the ER and the heavy load
of protein folding and processing in the ER sturdily justify an exquisite monitoring system to
ensure the proper function of ER, hence the function of the cells. In the monitor system, ER
stress sensors relay ER stress signals to transcriptional or translational regulatory components
upon sensing malfolded or unfolded proteins. This signaling pathway is known as unfolded
protein response (UPR) and is conserved in all eukaryotes. UPR pathway includes increasing
the mRNA sysnthesis rate of chaperons so as to augment protein folding in the ER;
decreasing global protein synthesis rate to alleviate the load of ER; inducing degradation
machinery to remove excessive proteins. Eventually, cells will survive if ER stress is relieved,
or stressed cells undergo cell death [159].
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The UPR can be triggered by adverse physiological states, such as hypoxia and
glucose deprivation, genetic defects that alter protein structure, disturbance of the ER
homeostasis by heat shock or pathological conditions, and specific toxins that affect unique
folding environment in the ER. The latter include agents such as thapsigargin, an inhibitor of
the ER calcium pump (SERCA); reducing agents such as dithiothreitol (DTT); and
tunicamycin, a toxin that blocks protein glycosylation [160].
A type I transmembrane ER protein, IRE1, is the ER stress sensor that mediates the
UPR in yeast. Briefly, recognition of the ER stress signal by the lumenal domain of Ire1p is
thought to lead to oligomerization of the protein and results in a transphosphorylation event
that takes place in its carboxy-terminal cytoplasmic kinase domain. This phosphorylation
event serves to activate Ire1p effector, an endonuclease, function and culminates in the
productive splicing of an mRNA that encodes a transcription factor required for the
activation of chaperone gene expression. Mammalian homologs of IRE1 have been recently
shown to function in the UPR in mammals as well [161, 162] .
The highly conserved aminal-terminal of IRE1 led to the search for related proteins
that might be implicated in responding to ER stress. Such a search led to the identification of
a Caenorhabditis elegans gene that was predicted to encode a type-I transmembrane protein
with a lumenal domain similar to IRE1 and a carboxy-terminal domain that had all the
features of a protein kinase rather than that of endonuclease. This new gene is known as
PERK, PKR-like ER Kinase (a.k.a pancreatic eIF2α kinase, PEK) [162, 163]. Similar to
IRE1, under normal circumstance, the aminol-terminus of PERK binds with Bip and remains
inactive. Whereas upon ER stress, Bip dissociates from PERK, leading to selfphosphorylation of PERK, phosporylation of eIF2α, and the regulation of translation via
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limiting translation initiation rate[162]. Notably, besides ER stress, PERK can be activated
by ER [Ca2+] depletion caused by physiological low glucose level[164].

Regulation of translation by the phosphorylation of eIF2α
It is generally believed that number of initiation events per unit time approximates the
number of proteins completed, and thereby, determines the rate of protein synthesis. Thus,
the overwhelming preponderance of known regulations is found at the level of initiation,
which can promptly coordinate the necessary needs of cells to the developmental,
physiological and environmental signals.
The regulation of translation initiation is realized through multiple mechanisms that
target structural features of the mRNA and trans-acting components. The intrinsic
translational efficiency of an mRNA is dependent on several cis-acting elements. In
eukaryotes, primary structure, notably 5’ cap, the sequence flanking the initiator AUG； the
presence of upstream AUG triplets; the secondary structure, particularly 5’-untranslated
region (5’UTR); all determine translational efficiency. The position of the start codon on the
mRNA and the nucleotide context are critical for choosing a specific start codon. A
consensus sequence GCCACCAUGG with purines at positions -3 and +4, where the A of the
AUG is +1, is known as the “Kozak sequence”. The “Kozak sequence” is considered to be
the most potent signal for start codon selection in the mammalian cells [165]. Presence of an
upstream start codon also affects the utilization of a downstream start codon, which typically
reduces translation initiated from the latter one. Under certain circumstances, without joining
of the Met-tRNAi or the ternary complex, or at a start codon with poor context, the 40S
ribosomal subunit may bypass the 5’-proximal AUG start codon and initiate at a downstream
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start codon. Such mechanism of selecting alternative start codon is known as “leaky
scanning”. Intuitively, selective translation of proteins from a single messenger RNA could
be mediated by the mechanism of “leaky scanning”. This has been demonstrated for some
genes [166].
The effects of the various cis-acting elements in the mRNA 5’UTR are modulated
majorly through the acitivity of initiation factors. Briefly, initiation of protein synthesis
involves dissociation of ribosomes into the 40S and 60S subunits, binding of the initiator
Met-tRNAi to the 40S subunit and formation of the 43S pre-initiation complex, binding of
the 43S pre-initiation complex to the mRNA, scanning of the mRNA and recognition of the
initiation codon, joining of the 60S subunit and start of protein synthesis. In eukaryotes,
eleven or more initiation factors (eIFs) as well as ATP and GTP participate in the
translational initiation process at different levels [167, 168].
Among these eIFs, eIF2 associates Met-tRNAi with GTP, forming a ternary complex
that is obligate imtermediate in its binding to ribosomes. The initiator Met-tRNAi has a
distinct structural feature from the Met-tRNA that could be recognized by the initiation factor
eIF2. The eIF2 factor is a heterotrimeric complex. It comprises three non-identical subunits
(α, β, γ) with molecular weights of approximately 36-kDa (α), 38-kDa (β), and 52-kDa (γ).
Genetic and biochemical analyzes have revealed the functions for these three subunits. The γ
subunit is involved in the binding to the Met-tRNAi. GTP analog cross-linking experiments
suggested that both β and α subunits are involved in the binding to GTP. In addition, the γ
subunit harbors the GTPase activity [63, 169]. The β subunit is involved in the binding to the
mRNA [170-172] and eIF2B and eIF5 [173]. The β subunit also assists the γ subunit to bind
to the Met-tRNAi and helps the translational machinery recognize the start codon. The α
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subunit is involved in the recognition of the start codon. In particular, phosphorylation on the
Ser-51 of α subunit is probably the most important target for phosphorylation-dependent
regulation during translation initiation as discussed below. The eIF2⋅GTP⋅Met-tRNAi ternary
complex binds to the 40S subunit to form the 43S pre-initiation complex, which is stabilized
by eIF1A and eIF3 [169]. The 43S pre-initiation complex is strongly competent in binding to
the mRNA. In the “scanning model”, the binding event typically occurs at or near the 5’-m7G
cap structure, followed by scanning of the downstream start codon. However, binding of the
pre-initiation complex at the internal initiator codons also exists. These IRESs are essential to
translation initiation of the viral RNAs, which lack the 5’-cap structure. Some of the cellular
mRNAs (e.g., c-myc) also have IRESs in their 5’-UTRs. However, developmental and
physiological functions of the cellular IRESs are unclear. In the “scanning model”, in the
presence of the other initiation factors, the 43S pre-initiation complex binds to the mRNA to
form a 48S initiation complex. The 48S initiation complex migrates downstream to look for a
start codon with strong context (i.e., surrounding nucleotide sequences). The scanning
process is significantly promoted by eIF1 and eIF1A [174]. The interaction between the anticodon of the Met-tRNAi and the start codon of the mRNA essentially determines the
recognition of a start codon by the scanning 48S initiation complex. Following the selection
of a start codon, the initiation factors will dissociate from the 48S initiation complex. The
60S ribosomal subunit will now join to form the 80S initiation complex.
The ternary complex dissociates from the mRNA into the eIF2⋅GDP binary form,
once eIF2γ catalyzes the hydrolysis of GTP into GDP. The binary eIF2⋅GDP complex cannot
form a complex with the Met-tRNAi and it must be converted to eIF2⋅GTP to regenerate the
ternary complex. The recycling of eIF2 requires a heteropentameric guanine nucleotide
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exchange factor (GEF), eIF2B, which comprises five subunits: α (26-kDa), β (39-kDa), γ
(58-kDa), δ (67-kDa) and ε (82-kDa). eIF2B catalyzes the guanine exchange reaction and
converts eIF2⋅GDP into eIF2⋅GTP. eIF2Bα and eIF2β and eIF2δ are involved in recognition
of the phosphorylated eIF2 (P-eIF2), while eIF2γ and eIF2ε have the GEF activity. The GEF
activity of eIF2B essentially determines how many eIF2 initiation factors could be recharged
into the GTP-bound form, and thus, how many ternary complexes could be regenerated for
another round of translation initiation. This eIF2B activity is dramatically affected by the
phosphorylation of eIF2α [175], which is mediated through interactions between the
phosphorylated eIF2 and eIF2Bα, eIF2Bβ and eIF2Bδ. When phosphorylation occurs at the
Ser-51 of eIF2α, phosphorylated eIF2 competes with non-phosphorylated eIF2 for binding to
eIF2B with a 150-fold higher affinity. In fact, as cellular level of eIF2B is lower than that of
eIF2, P-eIF2 may sequester the eIF2B GEF factor and block regeneration of eIF2⋅GTP, and
subsequently, reduce concentration of the ternary complex [176]. Phosphorylation of a
fraction of the eIF2 (~ 20 to 30%) can readily repress global protein synthesis in rabbit
reticulocyte lysate in vitro [177]. However, it is already known that some mRNAs are
selectively translated when phosphorylation level of eIF2 increases, as was first demonstrated
elegantly for the gcn4 mRNA in S. cerevisiae [178, 179] and later for the Atf4 mRNA in
mammals.
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The four eIF2α Kinases in mammals
Extensive analyses of the mechanisms for phosphorylation of eIF2α have led to
identification and characterization of four mammalian Ser/ Thr protein kinases that
specifically phosphorylate eIF2α in response to a variety of stress [180]. These four kinases
are the double-stranded RNA-dependent protein kinase (PKR), the heme-regulated inhibitor
of protein synthesis (HRI), the mammalian homolog GCN2 kinase, and the PKRendoplasmic reticulum (ER)-related kinase (PERK) (a.k.a. pancreatic ER kinase, PEK).
These eIF2α kinases share extensive homology in their C-terminal kinase domains. For
example, there are eleven signature subdomains in the kinase domain. However, the Nterminal domains are very distinct to each protein kinase and have been suggested to be
involved in regulation of the kinase activities.
PKR is expressed in the majority of tissues in vertebrates and higher plants. It is
mainly involved in the cellular antiviral response through several different mechanisms: one
of which is inhibition of the viral protein synthesis through phosphorylation of eIF2α. The
68-kDa PKR protein has a double-stranded RNA (dsRNA) binding domain in the amino
terminus, and it has been shown to be required for activation of the PKR kinase activity [181,
182]. Upon viral infection, a large amount of dsRNA is produced. Only dsRNA rather than
other nucleotide hybrids binds to the PKR in an RNA-sequence-independent manner. It is
believed that the dsRNA binding induces conformational change of PKR and expose the
kinase catalytic sites for the auto-phosphorylation and activation.
HRI has been found in rabbit, rat, mouse and human beings, but not in nematode or
fruit fly. HRI has a very important role in regulation of the hemoglobin synthesis and the
erythroid cell differentiation. The predicted function closely correlates with predominant HRI
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protein expression pattern in the erythroid cells [183-186]. In the reticulocyte, HRI has been
shown to be activated upon deprivation of heme or iron [187]. It down-regulates the
synthesis of globins in the red blood cell (RBC) precursors through phosphorylation of eIF2α
[144]. The N-terminal domain of HRI has been suggested to be involved in HRI binding to
the heme, yet not required for the eIF2α kinase activity [188]. In rabbit reticulocyte lystates
supplemented with hemin (the oxidized form of heme with Fe3+), HRI has been shown to be
activated by heat shock and oxidative stress [189]. Targeted disruption of HRI in mice did
not result in obvious developmental defects [144]. However, in iron-deficient Hri-/- mice,
globins devoid of heme aggregated within the RBC and its precursors, resulting in anemia,
compensatory erythroid hyperplasia and accelerated apoptosis in the bone marrow and spleen.
In yeast S. cerevisiae, the GCN4 regulates biosynthesis of amino acids in response to
amino acid starvation. Expression of Gcn4 is repressed in the presence of plenty of amino
acids, while is up-regulated (derepressed) upon lack of amino acids. Phosphorylation of
eIF2α is essential to the translational control of gcn4 as described before. GCN2 eIF2α
kinase [190] is shown to be activated by uncharged tRNAs upon deprivation of amino acids.
The gcn2 mutants could not phosphorylate eIF2α and lack the capability to up-regulate
biosynthesis of amino acids in response to amino acid starvation. The GCN2s in Drosophila
melanogaster and mouse share significant homology to the yeast Gcn2. They both have a
HisRS domain in the N-terminal region, which suggests that binding of uncharged tRNA can
regulate their eIF2α kinase activity upon amino acid starvation. Notably, translation initiation
is highly sensitive to the variations in amino acids supply in the mammalian cells.
Deprivation of essential amino acids has been shown to cause a global reduction in protein
synthesis in cultured cells [191] [192].
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In eukaryotes, the endoplasmic reticulum (ER) is the place where majority of
secretory proteins are synthesized and processed. Besides proteins synthesis that is associated
with the rough ER, the ER also provides an oxidizing environment for the proper processing
and maintenance of the correct conformations for the newly synthesized proteins. For the
quality control, many ER-resident proteins are involved, such as the protein chaperones (e.g.,
BiP) and the protein processing enzymes (e.g., protein disulfide isomerase/ PDI).
Disturbance of the ER homeostasis by heat shock or pathological conditions have been
shown to result in a large amount of unfolded or incorrectly folded proteins. When such
proteins are present in the ER to certain degree, an unfolded protein response (UPR) is
triggered in the ER. In yeast, elements involved in the UPR have been elegantly analyzed and
characterized [193-195]. However, in higher eukaryotes, besides regulation at the
transcription level, inhibition of protein synthesis also occurs. Overexpression of the nonphosphorylatable Ser51Ala eIF2α mutant has been shown to attenuate the inhibition of
protein synthesis caused by the ER stress[196]. Certain pharmacological compounds such as
thapsigargin can disrupt the calcium balance in the ER and triggers the UPR, with a
significant increase of phosphorylation of eIF2α. However, in Hri-/- or Pkr-/- cells that were
subjected to ER stress, protein synthesis did appear to be attenuated. Besides,
hyperphosphorylation of eIF2α is still present in the Hri-/- or Pkr-/- cells that were treated with
thapsigargin. These facts suggest existence of additional eIF2α kinase(s) that is specifically
activated during ER stress. Through analysis of the C. elegans genome, Harding and coworkers identified a cDNA clone with significant homology to the kinase domains of the
known eIF2α kinases HRI and PKR[163]. This new gene was named as PKR-like ERresident kinase (PERK). PERK was also discovered by another group independently and
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named as pancreatic ER kinase (PEK) [162]. In mouse, the 1114 amino-acid PERK is a type
I transmembrane protein that co-localizes with the ER marker ribophorin. It was shown that
thapsigargin can activate mPERK. Through phosphorylation of eIF2α, PERK is responsible
for the UPR-induced repression of global protein synthesis [163, 197]. Hyper-activation of
PERK by very strong ER stress inducers such as thapsigargin represses global protein
synthesis and further causes cell death. In addition, it was shown that BiP negatively
regulates both IRE1 and PERK through interaction with their ER lumemal domains [198200]. Upon UPR, BiP dissociates from PERK and IRE1, allowing these protein kinases to
form homo-dimers for activation. These investigators believe that PERK is essentially an
ER-stress sensor that acts to attenuate protein synthesis to relieve the stress. Through
screening a cDNA library derived from rat pancreatic islet for clones that interact positively
with anti-phosphothreonine, Shi and co-workers at the Indiana University also independently
found the PERK/ PEK Ser/ Thr kinase. Northern blot analysis shows that Pek is highly
expressed in the pancreas as well as many secretory organs including pituitary gland, salivary
gland, and adrenal gland, etc [201]. Protein synthesis is tightly and delicately controlled in
these secretory organs, which have an extensive network of ER. These facts suggest to us
that PERK/ PEK is not simply a stress-response protein kinase. In order to investigate the
physiological and developmental roles of PERK, the Cavener lab has generated a knockout
mutation for PERK and studied the phenotypic abnormalities found in the Perk-/- mice.
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II. Materials & Methods

II.1. Genetic strains and maintenance of mice.

The PKO mice strains [2] were congenic for C57BL/6J or 129SvEvTac or were
mixed background, and each strain exhibited all of the defects described herein. To generate
tissue- or cell-specific PKO mice, the floxed Perk allele [2] was crossed to the Cre-deletor
strains RIP-Cre to generate βPKO, Ngn3-Cre to generate enPKO, and PDX1-Cre to generate
pcPKO. To rescue the expression of PERK in the β cells of PKO mice, a Perk transgene
under the control of the rat insulin promoter (βPerk) was introduced into the PKO mice [202].
The MIP-GFP transgene [203], which expresses GFP exclusively in insulin-secreting β cells,
was crossed into the PKO strains. β cells from the MIP-GFP PKO strain were purified by
fluorescence-activated cell sorting (FACS) based upon GFP fluorescence.
All strains were maintained and expanded at 25°C with 12 hour dark-light circle in
animal housing facility. Mice were fed on sterile regular chows and fresh water, which are
changed on weekly base. Mice were usually weaned at p21, male and female mice were kept
in separate cages. Each cage allows at most 5 mice. Mice older than 3 months old were used
as mating pairs. To decide the age of embryos, after mating was set up the previous night
(after 6 PM), ‘plug’ was checked the next morning (before 11 AM) and every morning after
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until ‘plug’ was observed. ‘Plug’ is a greyish/whitish wax-like substance produced by female
reproductive organ after successful mating. The day ‘plug’ seen is counted as 0.5 day.
All the procedures in the experiments that involved animal subjects had been
approved by the Institutional Animal Care and Use Committee at the Pennsylvania State
University (PSU) to assure humane treatment of the animals.

II.2. Determination of mouse genotype.

~ 0.5 cm mouse tail was excised and digested in DNA lysis buffer (50 ml Tris-HCL,
5 ml 2.0% SDS, 5 ml 0.5M EDTA, 20 ml 5.0M NaCl, 1% proteinase K) at 55°C overnight
on rotation. Genomic DNA was extracted and utilized for PCR. For the Perk+ alleles
including the wild-type Perk allele, the Perklox allele and the PerkΔ2-3 allele, a fragment of
about 453-bp was amplified with the PCR primers: mPERK.1527F (exon 8) and
mPERK.1709R (exon 9). The exon 7, exon 8 and exon 9 are the targeted exons, and this
product is absent for genomic DNA derived from the Perk-/- mice. For the PerkΔ1-3 allele (i.e.,
Perk knockout allele), a fragment of about 704-bp was amplified with the PCR primers:
mPERK.1229F (exon 6) at the 5’-end of the short-arm of the targeting vector) and
mPERK.568R (located at the 5’-end of the long-arm of the targeting vector). In the Perklox
allele, the distance from the mPERK.1229F primer to the mPERK.568R primer is about 5.5kb, while it is about 3.9-kb in the wild-type Perk allele. The 704-bp product could not be
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amplified from the Perklox allele or the wild-type Perk allele under the specified PCR
conditions, and it could be amplified from the PerkΔ1-3 allele only when the Cre enzyme
mediated recombination through loxP1 and loxP3 and excised the floxed 4.8-kb genomic
DNA. To facilitate PCR genotyping of the Perk-/- mice, a multiplex PCR reaction was
designed with mixture of equal concentrations (i.e., final concentration of 0.2 μM) of primers
of mPERK.1527F, mPERK.1709R, mPERK.1229F, and mPERK.568R. For the PerkΔ2-3
allele (i.e., Neo-deletion), a fragment of 480-bp was amplified with the PCR primers:
mPERK.568F and mPERK.568R1 (located at the 5’-end of the long-arm of the targeting
vector). For the wild-type Perk allele, a fragment of about 300-bp could be amplified with the
mPERK.568F and mPERK.568R1 primers as well. For conditional knockout mice, both
PerkΔ2-3 allele and Cre allele were examined. Only when mice have Cre and homogenous
PerkΔ2-3 alleles, will Perk be deleted in specific tissues. For β-PERK transgenic mice, primer
set mPERK.1517F and mPERK.1709R was used to detect wild-type Perk band.
Conditions for the PCR reactions were: “hot-start”, 1 cycle of denaturation for 5
minutes at 94°C, 35 cycles of amplification (denaturation of templates for 30 seconds at 94°C,
annealing of primers for 45 seconds at 55°C or 58°C, elongation for 45 seconds at 72°C), and
1 cycle of extension for 10 minutes at 72°C. The PCR products were seperated on agarose
gel and analyzed on AlphaImager 1220 v.5.5 system. Primer sequence can be found in Table
1.
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II.3. Determination of serum glucose, insulin levels and insulin contents.
For the routine measurement of the blood glucose levels in the non-terminal
procedures, blood samples were obtained from the tail. Blood glucose was measured using
the ONETOUCH UltraSmart glucose meter (LifeScan Inc.) or ACCU-CHECK Comfort
Curve glucometer (Roche). In the terminal procedures, for measurements of serum insulin
levels, cardiac blood was obtained using the insulin syringe with 28-gauge needle (VWR
Cat# BD309300). For isolation of the serum, the blood samples were collected directly into
the Microvette CB300 Z serum separators (SARSTEDT Germany Cat# 16.440.100)
following the manufacturer’s instructions. The blood samples were put at 4°C for overnight
and spun on a micro-centrifuge at ~ 10,000X rpm for 10 minutes at room temperature. The
blood samples were separated into two phases. Without lysis of the red blood cells, the upper
serum phase appeared to be clear or a little yellowish. Only such serum samples were used
subsequently. The serum insulin levels were measured by the enzyme-linked immunosorbent
assay (ELISA) using the Mercodia Ultrasensitive Mouse Insulin ELISA Kit (ALPCO
Diagnostics) following the manufacturer’s instructions. Briefly, for the first reaction, serum
sample or insulin standards were incubated with enzyme conjugate in the microplate that was
coated with the mouse anti-insulin antibody by shaking at 800 rpm room temperature for 2
hours. The microplate was washed to remove unbound materials after the incubation. For the
second reaction, substrate TMB was incubated for 30 minutes at room temperature. The
enzyme reaction was stopped by H2SO4. Absorbance at 450 nm was measured. The insulin
concentrations for the serum samples were derived from the standard curve. For the
measurements of the pancreatic insulin contents, the Perk-/- mice and the wild-type
littermates were euthanized by CO2 asphyxiation. Fetal and neonatal (E16.5 to P14) pre47

diabetic Perk-/- mice were examined. For the non-fasted mice, the pancreata were removed
and their wet weights were determined. Insulin was extracted from the pancreata by an acidethanol extraction method [204] with modifications. Basically, the pancreas was briefly
homogenized by ultra-sonication on ice in cold acid-ethanol (1.5% volume HCl in 75%
ethanol; 20

l/ mg wet weight). The homogenates were rocked overnight at 4°C. Insoluble

material was removed by centrifugation at 20,000X g for 1 hour at 4°C. The extracts were
neutralized to pH 7.0 with 1.0 M Tris base (Sigma Cat# T-1503). Optimally diluted samples
were used for ELISA to determine the insulin concentrations. Insulin concentration was
normalized to protein concentration.

II.4. Glucose tolerance test.
All the procedures in the experiments that involved animal subjects had been
approved by the IACUC at the Pennsylvania State University to assure humane treatment of
these animals. Six 2-3 months old β-PKO mice and 8 wild-type controls were fasted in fresh
cages with water overnight for 16 hours. Each mouse was weighed at the end of the fasting.
In the non-terminal procedures, blood samples were obtained from the tail vein to provide
sufficient amounts (~ 0.5ml) to determine blood glucose levels. Before the glucose injection,
the baseline blood glucose level of each mouse was determined using the ONETOUCH
UltraSmart glucose meter (LifeScan Inc.) 10% β-D(+)-glucose (Sigma, Cat# G-5250) was
prepared in 1X phosphate buffered saline (PBS) buffer and sterilized by filtration through 0.2
m filter. 1X PBS buffer contains 0.8% NaCl, 0.02% KCl, 12 mM sodium phosphate (pH
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7.4). For each mouse, 2 mg glucose/ g body weight was prepared for the injection. 70%
ethanol was used to sterilize the abdominal region of the subject mouse. Glucose was
injected into the mouse intraperitoneally using sterile 26-gauge or 27-gauge needles (VWR
Cat# BD305109). Blood samples were collected at 30, 60, 90, 120 and 240 minutes for the
measurements of blood glucose levels. The readings were plotted and compared between
genotypes.

II.5. Immunohistochemistry and TUNEL analysis in the pancreas.

Preparation of paraffin-embedded tissue samples.
Whole pancreas from embryos and neonatal (p1, 2, 5, 7, 8, 14) mice was dissected
from the the Perk-/- mice and the wild-type littermates, and fixed in 2 ml neutral buffered
10% formalin solution (Sigma Cat# HT50-1-4). Pancreas from p21 mice was cut into smaller
pieces for efficient fixation. Tissues were typically fixed for 1 hour at room temperature, then
overnight (~ 16 to 24 hours) at 4°C to avoid over-fixation. After formaldehyde fixation,
tissues were washed in 70% ethanol once, stored in 70% ethanol at 4°C before further
processing within 1 week. Paraffin-embedding processing for the tissue samples was done on
the automatic Citadel 2000 Tissue Processor (Thermo Shandon). Briefly, after about 8 hours
of holding in 70% ethanol, the tissue samples were treated with a graded series of
dehydration (80% ethanol, 40 minutes; 95% ethanol, 40 minutes, twice; 100% ethanol, 40
minutes, twice). The tissue samples were then treated three times in the HistoSolve xylene
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substitute (Thermo Shandon Cat# 9990505), 40 minutes each time. Hot paraplast plus
paraffin (Thermo Shandon Cat# 502004) was used to infiltrate the tissue samples twice, 45
minutes each time. The next morning tissues were transferred into molds filling with paraffin.
Solidified tissue blocks were then prepared for sectioning on the Finesse E Rotary
Microtome (Thermo Shandon Cat# 77500012). 5-

m serial sections were prepared and

mounted onto the electrostatically-charged Superfrost Plus slides (Thermo Shandon Cat#
6776214). The slides were dried overnight (~ 8 to 12 hours) at 45°C. Deparaffinization and
re-hydration was done on the Varistain Gemini Automatic Slide Stainer (Thermo Shandon).
Briefly, the slides were first heated at 60°C for 18 minutes, and then washed three times in
the HistoSolve xylene substitute, 10 minutes each time. After deparaffinization, the slides
were treated with a graded series of re-hydration (100% ethanol, 3 minutes, twice; 95%
ethanol, 3 minutes, twice; 70% ethanol, 3 minutes; ddH2O, 2 minutes, twice, 1X TBS, 5
minutes).

Immunohistochemistry of paraffin-embedded tissue samples.
Deparaffinized sections were washed in ddH2O for 3 minutes and then in 1X PBS for
10 minutes. The tissue sections were permeabilized in 0.2% Triton X-100/ 1X PBS for 10
minutes on Gyrotory shaker-Model G2 (x100 rpm) and washed in 1X PBS for 10 minutes.
For antigen retrieval, the slides were treated in 10 mM citric buffer (pH 6.0) at 95°C for 10
minutes, cooled to room temperature, washed in 1X PBS for 10 minutes, and blocked in 5%
horse serum (GIBCO BRL Cat# 16050-122)/ 1X PBS for 1 hour.
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Primary antibodies were diluted at the following dilutions: guinea pig polyclonal antibovine insulin (Linco Research Cat# 4010-01), 1:1,000; rabbit polyclonal anti-glucagon
(Linco Research Cat# 4030-01F), 1:1,000; goat polyclonal anti-somatostatin (Santa Cruz
Cat# sc-7819), 1:50; mouse monoclonal anti-human Ki-67 (BD Biosciences Cat# 550609),
1:20; rabbit polyclonal anti-proliferating cell nuclear antigen/ PCNA (Santa Cruz Cat# sc7907), 1:25; rabbit polyclonal anti-human pancreatic

-amylase (BioDesign Cat# K50894R),

1:1,000; mouse monoclonal anti-bromodeoxyuridine/ BrdU (DAKOcytomation Cat# M0744 ), 1:25; goat polyclonal anti-GRP78/BiP (Santa Cruz Cat# sc1050), 1:50; rabbit
polyclonal anti-Glut2 (Santa Cruz Cat# sc-9117), 1:25; mouse monoclonal anti-proinsulin
(Ole D. Madsen, Beta Cell Biology Consortium), 1:1000; polyclonal goat anti-C-peptide
(Linco Cat# 4023-01), 1:150; mouse monoclonal anti-NGN3 1:1000 and mouse monoclonal
anti-NKX2.2 1:50 (University of Iowa Developmental Studies Hybridoma Bank); rabbit
polyclonal anti-NKX6.1 (Michael German), 1:500; mouse monoclonal anti-MafA (Bethyl
Cat# A300-611A), 1::100; rabbit polyclonal anti-MafB (Bethyl Cat# A300-612A), 1:1000;
and rabbit polyclonal anti-PDX1 (Christopher Wright), 1:50. The sections were incubated
with optimally diluted primary antibodies in a humid chamber overnight (~ 8 to 12 hours) at
4°C. Next day, the slides were washed in 0.1% Triton X-100/ 1X PBS for 10 minutes.
Fluorochrome-conjugated secondary antibodies were used for primary antibodies from
respective sources. For the green fluorescence, the secondary antibodies include the Alexa
Fluor 488 donkey anti-goat IgG (H+L) (Molecular Probes Cat# A-11055), the Alexa Fluor
488 goat anti-gunea pig IgG (H+L) (Molecular Probes Cat# A-11073), the FITC goat antimouse IgG (H+L) (Jackson Immuno Cat# 115-095-146), the Alexa Fluor 488 donkey antirabbit IgG (H+L) (Molecular Probes Cat# A-21206), and the FITC goat anti-rabbit IgG (H+L)
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(Jackson Immuno Cat# 111-095-144), etc. For the red fluorescence, the secondary antibodies
include the Alexa Fluor 555 donkey anti-goat IgG (H+L) (Molecular Probes Cat# A-21432),
the Cy3 donkey anti-gunea pig IgG (H+L) (Jackson Immuno Cat# 706-165-148), the Alexa
Fluor 555 goat anti-mouse IgG (H+L) (Molecular Probes Cat# A-21422), the Cy5 goat antimouse IgG (H+L) (Jackson Immuno Cat# 115-175-146), the Cy5 goat anti-rabbit IgG (H+L)
(Jackson Immuno Cat# 111-175-144), and the Alexa Fluor 555 goat anti-rabbit IgG (H+L)
(Molecular Probes Cat# A-21429), etc. The sections were incubated with 1:500 diluted
secondary antibodies for 1 hour at room temperature in dark. The slides were washed in 1X
PBS for 10 minutes in dark, mounted with the SlowFade Light Antifade (Molecular Probes
Cat# S-24636) and cover-slipped. For observation of the fluorescent signals, the Nikon
ECLIPSE E1000 microscope with different filter channels was used, and photos were taken
and analyzed by the Phase 3 Imaging Systems software. For GLUT2/proinsulin and
Bip/proinsulin double-labeling experiments, sequential scans were made using an Olympus
FV300 laser scanning confocal microscope and FluoView 300 4.3b.
For the BrdU labeling of the pancreas, 5 mg/ ml BrdU (Sigma Cat# B-5002) was
prepared in 1X PBS and sterilized by filtration through 0.2 μm filter. Neonatal mice or
pregnant mice were injected intraperitoneally (i.p.) with BrdU (100 μg/g body weight) and
sacrificed after 10 hr (postnatal mice) or 4 hr (embryos). Pancreata were removed, fixed
overnight and paraffin-embedded as described before. 5-μm serial sections were prepared
and deparaffinized. Deparaffinized sections were washed in ddH2O for 3 minutes, washed in
1X PBS for 10 minutes, permeabilized in 0.2% Triton X-100/ 1X PBS for 10 minutes,
washed in 1X PBS for 10 minutes, heated in 10 mM citric buffer for antigen retrieval, cooled
to room temperature, and washed in 1X PBS for 10 minutes as described before. The sections
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were then shaken in 2.0 M HCl at 37°C for 1 hour, neutralized three times in 0.1 M sodium
borate buffer (pH 8.5) at room temperature, 5 minutes each time, and washed in 1X PBS for
10 minutes. After blocking in 5% horse serum/ 1X PBS for 1 hour, the sections were
incubated with 1:20 diluted mouse monoclonal anti-BrdU in a humid chamber overnight (~ 8
to 12 hours) at 4°C. Next day, the slides were washed in 0.1% Triton X-100/ 1X PBS for 10
minutes, incubated with 1:500 diluted FITC goat anti-mouse IgG (H+L) for 1 hour at room
temperature in dark. The slides were then washed in 1X PBS for 10 minutes in dark, mounted
with the SlowFade Light Antifade, and cover-slipped for observation.

TdT-mediated dUPT nick-end labeling/ TUNEL assay in the pancreas.
Apoptosis analysis was performed using the DeadEnd Fluorometric TUNEL System
(Promega Cat# G3250) according to the manufacturer’s protocol. For paraffin-embedded
tissue samples, 5-μm serial sections were prepared and deparaffinized. Deparaffinized
sections were washed in ddH2O for 3 minutes, washed in 1X PBS for 10 minutes, fixed in
fresh 4% formaldehyde (Sigma Cat# F-1268) prepared in 1X PBS for 15 minutes, and
washed in 1X PBS for 10 minutes. The sections were then permeabilized in 0.2% Triton X100/ 1X PBS for 10 minutes, washed in 1X PBS for 10 minutes, fixed in 4% formaldehyde/
1X PBS for another 5 minutes, and washed in 1X PBS for 5 minutes. The slides were
incubated with the equilibration buffer for 10 minutes. Pre-mix was prepared with 450 μl of
equilibration buffer, 50 μl of nucleotide mix and 10 μl of TdT enzyme. The sections were
incubated with about 40 μl of pre-mix for 1 hour at 37°C in dark. For positive control, the
sections were equilibrated with the DNA-free DNase I buffer (Ambion Cat# 1906) for 10
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minutes, treated with 1 to 2 U/ ml DNase I for 10 miutes, washed three times in ddH2O, 5
minutes each time, and incubated with the equilibration buffer for 10 minutes before the TdT
enzymatic labeling of the 3’-OH DNA ends. The subsequent steps were done in dark and the
positive control should be treated separately to avoid cross-contamination. The slides were
washed in 2X SSC (300 mM NaCl, 30 mM sodium citric, pH 7.0) for 15 minutes and washed
in 1X PBS for 10 minutes. For counter-staining of the nuclei with propidium iodide/ PI, 0.25
μg/ ml PI was used to stain the slides for 10 minutes in dark. The slides were then washed in
1X PBS for 10 minutes, mounted with the SlowFade Light Antifade, and cover-slipped for
observation. Nuclei will be stained red by PI, while the TUNEL signals will be green.
A TUNEL-immunofluorescence double labeling, particularly for the insulin-secreting
β-cells, was used to address the β-cell apoptosis in the pancreas of the Perk-/- mice. TUNEL
assay was first performed as described before on the pancreas sections. After the final washes
with 2X SSC and 1X PBS, the subsequent procedures for the immunofluorescence labeling
were done in dark. Briefly, the slides were blocked in

5% horse serum for 1 hour in dark.

The sections were incubated with optimally diluted primary antibodies in a humid chamber
overnight (~ 8 to 12 hours) at 4°C in dark. However, three hours incubation of guinea pig
polyclonal anti-bovine insulin at room temperature could produce signals strong enough for
the observation. The slides were washed in 0.1% Triton X-100/ 1X PBS for 10 minutes and
incubated with 1:500 diluted fluorochrome (e.g., Cy5 or Alexa Fluor 555 for red signals)conjugated secondary antibodies for 1 hour at room temperature. The slides were then
washed in 1X PBS for 10 minutes, mounted with the SlowFade Light Antifade with DAPI,
and cover-slipped for observation. Nuclei will be stained blue by DAPI, while the TUNEL
signals will be green.
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II.6. Transmission Electron Microscopy (TEM) Analysis of islet β-cells.
Pancreata were isolated from p7 pcPKO, p2 PKO mice and littermates. The pancreas
was cut into ~ 3x3 mm pieces and initially fixed in 2.5% glutaraldehyde (Electron
Microscopy Sciences Cat# 01632) and 4% paraformaldehyde prepared in 0.1 M sodium
cacodylate buffer/ SCB (Electron Microscopy Sciences Cat# 11650, pH 7.4) for 24 hours
(pancreas) or 96 hours (epiphysis) at 4°C. Specimens were washed two times in the 0.1 M
SCB, 5 minutes each time, and then washed overnight. Secondary fixation was performed
with 1% osmium tetroxide/ 0.1 M SCB for 1 hour in dark (note: 2% osmium tetroxide for the
primary osteoblasts). Specimens were washed once in 0.1 M SCB and twice in ddH2O, 5
minutes each time. The en block staining was performed with 2% filtered uranyl acetate for 1
hour in dark. The specimens were then dehydrated through a graded series of ethanol and
acetone (50% ethanol, 5 minutes; 70% ethanol, 5 minutes; 90% ethanol, 5 minutes; 100%
ethanol, 5 minutes, three times; 100% EM-grade ethanol, 5 minutes, three times; 100%
acetone, 5 minutes, three times). The samples were infiltrated on rotator wheel (50:50
acetone/ Spurr’s resin, 25:75 acetone/ resin, 100% resin, 100% resin, 100% resin; overnight
for each step, ~ 12 to 16 hours), embedded in the resin, and polymerized overnight at 60°C.
The resin-embedded samples were sectioned using a diamond knife (70 nm thick) and
stained with uranyl acetate and lead citrate for the TEM. Images were captured on a JEOL
1200 EXII TEM microscope.
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II.7. Isolation of pancreatic islets and purification of β-cells.

Pancreata from mice younger than p21 were inflated through the edge of the pancreas
with 1mg/ml collagenase (Sigma Ca# C7657) prepared in HBSS (Sigma Ca# H-1387)
solution. Inflated pancreata were surgically removed and incubated in 1mg/ml collagenase
HBSS at 37°C for 10-15 minutes. Briefly, 10 minutes for p1-5, 12 minutes for p6-12, 15
minutes for p13-20. Then the pancreata were shaken for approximately 1 minute or until
homogenous. The disgestion of pancreata were stopped by cold HBSS. The digested
pancreata were centrifuged at x 200 g for 1.5 minutes and the sediment was washed 2 times
by cold HBSS. The sediment was then resuspended in 2ml Histopaque-1077 (Sigma Ca#
10771-6) and layered by 2ml serum-free DMEM (GIBCO Ca# 11965) for segmentation by
centrifuge at x 2,000 rpm for 10 minutes. Islets were expected and collected at the interface
of Histopaque and DMEM. Islets were manually picked under a dissection scope. For mice
older than p21, the common bile duct was clamped at its entrance to the duodenum. ~ 3ml
1mg/ml collagenase HBSS was injected through the duct into pancreas. The completely
swollen pancreas was surgically removed and incubated in 1mg/ml collagenase HBSS at
37°C for 20 minutes. The following procedures are identical to the ones used for younger
mice except that the tissue suspension was filtered through a Spectra-mesh (408 μm;
Spectrum Laboratories, Inc.) before Histopaque separation. [205].
For β cell purification, isolated islets or pancreata were disassociated by trypsin
(0.125% in PBS; 4 min at 37°C) to release single cells. The islet cells were fractionated by
FACS using a Beckman Coulter Elite ESP based on GFP fluorescence of the MIP-GFP
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transgene, specific for β cells, resulting in two populations of cells: GFP+ (β cells) and GFP−
(non-β cells).

II.8. Glucose stimulated insulin secretion from isolated islets.

For studies of GSIS, isolated islets were first collected into 6mm culture dishes and
cultured for 1 hr at 37°C (5% CO2) in RPMI1640 medium containing 10% fetal bovine
serum and 5 mM glucose. Equal amount of islets were then separated into 2 ml microfuge
tubes (labeled as 17mM glucose or 2.8mM glucose) containing 1ml KRB-HEPES buffer (pH
7.4; 119 mM NaCl, 2.5 mM CaCl2, 1.19 mM KH2PO4, 1.19 mM Mg2SO4, 10 mM HEPES
[pH 7.4]) with 1% bovine serum albumin and 2.8 mM glucose at 37°C for 15 min(5% CO2).
Islets deposited at the tip of microfuge tubes so that 0.98 ml KRB-HEPES buffer can be
removed carefully by pipetting. Then the islets were incubated with 500 μl of the same buffer
with 17mM and 2.8 mM glucose respectively for 40 min at 37°C. At the end of the
incubation, the islets were collected by centrifugation. The insulin recovered from islets and
the secreted insulin in supernatant was assayed in the same experiment using the same batch
of the ELISA kit. Secreted insulin was normalized to islet insulin content. Islet insulin
content was normalized to the total protein concentration. [205].
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II.9. Quantitative PCR .

RNA isolation and reverse transcription (RT).
Total RNA was isolated from the pancreata of embryos or P2-4 islets using RNeasy
Mini Kit (QIAGEN Ca# 74106) following the manufacturer’s instructions. The cDNA was
generated using MMLV reverse transcriptase (Promega Ca# M1705) and random primers
(Promega Ca# C118A) according to the manufacturer’s protocol. For a 25 μl RT reaction, 6
μl (2-3 μg) mRNA sample, 10.75 μl RNAse free water, 1 μl random primers were mixed on
ice and incubated at 70°C for 5 minutes. Then 5 μl RT buffer, 1.25 μl dNTP, 1 μl MMLV
reverse transcriptase were added to the same tube on ice, followed by incubation at 37°C for
1 hour and 75°C for 10 minutes. The cDNA samples were used immediately or stored at 80°C for qPCR reaction.

qPCR (or realtime PCR)
(1) SYBR Green (for all genes except Perk)
The cDNA samples from RT reactions were diluted to 1/4. One real-time PCR
reaction (40μl) contained 3μl cDNA (diluted), 12μl ddH2O, 20μl 2x buffer (qPCR Core Kit
for SYBR Green I; Eurogentec, RT-SN10-05), and 5μl of primers (a mixture of both forward
and reverse primers at 2μM). Reactions were amplified using the ABI Prism 7000 Sequence
Detection System with the following program: 50°C (2 min), 95°C (10 min), 40 cycles of
95°C (15 sec), 60°C (1 min). A linear amplification range was chosen for analyses using ABI
Prism 7000 SDS Software (Applied Biosystems). The dissociation curves were checked
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every time for the quality and specificity of amplification. Levels of Xbp1-s (spliced form)
were normalized to Xbp1-t (total). The primer sequences for Xbp1-s were obtained from
Back et al., 2005. All genes were normalized to the levels of GAPDH or tubulin in the same
sample. Fold change calculations were carried out within the same litter because variation
among litters was too large to pool data across litters. For primer sequences, see Table1
(2) SYBR Green (for Perk)
Real-time PCR for the Perk gene was carried out as described in Li et al., 2003. A
50μl reaction contained 1x SYBR Green PCR buffer, 2.5mM MgSO4, 0.2mM dNTP, 0.1μM
primers, 0.5μl Taq, and cDNA (20-25ng). As control for estimation of gene deletion, Perk
heterozygous and wild-type homozygous samples were run together with conditional
knockout samples. The Perk “deleted region” primers recognized only wild-type allele, while
the Perk “total” primers recognized both wild-type and mutant alleles (see Table 1). The
reactions were amplified using the GeneAmp 5700 DNA amplification system and analyzed
with the GeneAmp 5700 SDS software (Applied Biosystems). A set of reactions that did not
produce a deletion percentage between 47- 53% in the heterozygous control samples was
eliminated from the analysis. For primer sequences, see Table 1.
Total β cell number was estimated by dividing the total amount of Glut2 mRNA or
Insulin-1 mRNA in whole pancreata by the estimated amount of Glut2 or Insulin-1 mRNA
per β cell, respectively. As these two genes are exclusively expressed in the β cells in the
pancreas, their expression level is directly proportional to β cell mass. The amount of total
pancreatic Glut2 and Insulin-1 mRNAs was determined by qRT-PCR for wild-type and PKO
mice at various time points of neonatal development. To determine the amount of Glut2 and
Insulin-1 mRNA per β cell, GFP-tagged β cells (MIP-GFP transgene) were purified from
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wild-type and PKO neonatal mice by FACS after the procedures of Senee et al. (2006)
followed by a determination of the quantity of Glut2 and Insulin-1 mRNAs per β cell by
qRT-PCR. See Supplemental Data for qRT-PCR methods and primer sequences. The high
degree of purity of isolated β cells (GFP+) derived from FACS was confirmed by
quantitatively analyzing mRNA expression of β cell-specific markers (Ins1, Ins2, and Glut2)
versus other endocrine pancreatic markers (glucagon, somatostatin, and PP), which showed
that over 99% of the GFP+ cells were β cells (data not shown).
To compare the observed increase in β cell mass during neonatal development to that
expected based on the observed β cell proliferation rates, we calculated the expected
accumulation in β cell number over time (Figure 4C) as a simple mathematical function of
the fraction of β cells expressing the nuclear protein Ki67 and the estimated time (14.9 hr)
that it takes to complete one cell cycle in rodent β cells [206].
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III. Results

III.1. Early onset of diabetes mellitus in Perk global knockout (PKO) mice.
Residing on the ER membrane, Perk is known to sense ER stress. It is reasonable to
speculate that Perk is essential in secretory cells, which have heavy load of protein synthesis
in the ER. Perk is highly expressed in pancreas, a secretory organ and a major player in
maintenance of glucose homeostasis. Therefore blood glucose level in PKO mice was
monitored. PKO mice rapidly became hyperglycemia around 21 days old (Figure6), when
generally mice are weaned. With the diet change from high-fat, low-carbohydrate milk to
high-carbohydrate mouse chows, the demand of insulin to clear out excessive blood glucose
suddenly boosts. The failure of PKO mice to meet this increased need probably results in the
sharp elevation of blood glucose. In PKO mice younger than 21 days, blood glucose seems
normal, except that mild hypoglycemia was observed during the first 14 days exhibiting an
average 22% less blood glucose. Newborn mice are susceptible to hypoglycemia with limited
supply of endogenous or exogenous glucose. Liver glycogen is a key source of endogenous
glucose. Insufficiency of liver glycogen storage or defect in glycogenolysis usually leads to
severe hypoglycemia. Yulin Li, a graduate student in the Cavener lab, found liver glycogen
level was elevated 2.3 fold (P=0.002) in 4-day old PKO mice, indicating anomalous
glycogenolysis. Less intake of milk in PKO mice restricting exogenous glucose resource may
also be a contributing factor to hypoglycemia herein.
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Most PNDM (permanent neonatal diabetes mellitus) is caused by a failure of
endocrine pancreas to secret adequate amount of insulin. To prove that insulin deficiency
rather than insulin resistance accounts for elevated blood glucose in PKO mice, we examined
serum insulin level and pancreas insulin content. Low rather than high serum insulin level in
hyperglycemic mice [2, 207] indicated normal insulin sensitation in peripheral tissues.
Pancreatic insulin content was examined in developing mice, spanning from E 16.5 to P6.
(Figure 7) Whole pancreas were collected, homogenized and centrifuged. The supernatant
was assayed by ELISA. Daorong Feng and I have observed reduced insulin content in the
Perk-/- mice at all the time points examined. At E16.5, E17.5 and E18.5, insulin content
remained constant, which was about half of the wild-type controls’. After birth, insulin
content has increased in both genotypes, at a faster pace in wild-types. At P1, PKO mice
revealed a ~7 fold less insulin content than controls, at P6, the difference dropped to ~ 5.6
folds. The low pancreatic insulin content suggests that β-cell hypoplasia or insulin is
unfavorably expressed in β-cells during development. Thus the overt diabetes observed in
PKO mice is insulin dependent, rather than type II diabetes-like.
To exploit the role of the other 3 eIF2α kinases in regulating glucose homeostasis, our
lab also generated GCN2, PKR, HRI knockout mice. None of them have demonstrated
diabetes or other defects as seen in PERK-deficient mice. The Perk-/- GCN2-/-PKR-/-HRI-/quadruple knockout mice shared the same phenotypes of similar severity with Perk-/- mice.
In addition, Gcn2, Pkr, Hri was less abundantly expressed than Perk in pancreas. Therefore,
PERK is the dominant eIF2alpha kinase which is critical for the maintenance of euglycemia
in mice.
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III.2. β–cell hypoplasia and disrupted β–cell contact.
Insulin is synthesized and secreted by pancreatic β–cells to maintain euglycemia. The
declined pancreatic insulin content implies insufficient β–cells, reduced insulin per β–cell or
a combination of both. To clarify whether hypoplasia of β–cell exists in Perk-/- mice, I
applied a simple method to estimate β–cell number in whole pancreas. Since Glut2 (glucose
transporter 2), a membrane protein, is specific to β–cell and its expression is less affected by
glucose fluctuation, it was used as a β–cell marker. The idea is: β–cell number = Glut2
mRNA per pancreata/Glut2 mRNA per β–cell. The critical part is to figure out Glut2 mRNA
level in single β–cell. GFP transgene was introduced into Perk mutant animals and littermate
controls. Since GFP transcription was driven by mouse insulin promoter, its signal was
expressed exclusively in β–cells, which made it a superior tool for purification of β–cells by
FAC sorting. Daorong Feng, a postdoc in the Cavener Lab, purified and counted GFP+ β–
cells from both genotypes, then performed quantitative-PCR on Glut2 transcription.[208, 209]
Relative amount of glut2 per β–cell (WT: 0.022/1k β–cell; PKO: 0.039/1k β–cell) was
determined via dividing Glut2 level in the sample by FACS-counted β–cell number in the
same sample. Notably, elevated Glut2 mRNA was seen in single mutant β-cell, which can be
a feedback effect of mislocalized GLUT2 in the ER (Figure 17). The mRNA from 1, 7, 14
and 24-day old pancreas was collected. Approximately 300ng mRNA was used as template
for q-PCR, GAPDH and tubulin were utilized as internal control. Initially, β-cell number in
each q-PCR pancreatic mRNA sample was calculated as described above. Since the q-PCR
pancreatic mRNA samples represented only a portion of pancreata, mRNA level of whole
pancreas was taken in consideration so as to estimate β-cell number in the whole pancreas.
Normally β–cells rapidly and constantly grow during neonatal period, which was shown as a
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sharp slope herein. The β–cells grew 19.3 fold during the first 3 weeks, the estimated β–cell
number at day 24 reached about 1 million in wild-type mice (Figure 8A), which is
comparable to the documented β-cell number of the same age in mouse. Conversely in Perk
-/- mice β–cells accumulated at a much slower rate, the flat curve showed only 2.2 fold
increment at p24. A disparity of 8.6 fold was seen between genotypes then. The organs grow
proportionally with the body to keep up with physiological or metabolic needs. Perk -/- mice
have shown growth retardation [2]. They were born of normal size, but exhibited growth
retardation since day 2 and reached about half the size of wildtype controls at P21. Slow
body growth leads to slow pancreas growth, so 2 fold reduction in β–cell growth probably
has resulted from overall growth retardation, but the otherwise 4.3 fold deterioration shall be
rooted from β–cell defect itself. Estimation of β–cell number based on insulin mRNA was
also applied and similar growth pattern was observed. (Figure 8C) The variation of insulin
mRNA in the age- and genotype-matched mice is noevasive due to the fact that insulin
dynamically respond to glucose or other secretory factors and individual mouse was at
various status when its pancreas was isolated. Nevertheless, even after growth retardation
impact is removed, still 3.1 fold less β–cells was observed. Similar results based on Glut2
and insulin mRNA demonstrated a subnormal number of β–cells in PKO mice regardless of
overall growth retardation.
Another strategy was adopted to estimate β-cell number. Ki67 quantitative data was
also utilized to predict β–cell number, so to confirm the previous result based on Glut2
mRNA method. Ki67 is supposed to be detected in all cell cycle phases except for G0. Then
ki67+ β–cells can represent the β–cell subpopulation undergoing duplication. It was proposed
that it take β–cells 14.9 hours to finish a full cell cycle [51], so a certain fraction of β–cells
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will be duplicated in every 14.9 hours. The fraction of proliferating β–cells is calculated by
taking the ratio of ki67+ β–cells to total β–cells, which end up with 9.8% vs. 6.2% at 1day,
10.7% vs. 3.1% at 2day, 5.3% vs. 2.7% at 8day for wild-type and PKO respectively. Since
only snapshots were examined, for the time period between them I used the fraction from the
previous time point. For instance, between 2 and 8 day, I adopted the fraction of 10.7% for
wild-type and 3.1% for PKO, between 8 and 24 day, 5.3% vs. 2.7%. β–cells double in every
14.9 hours, which means the power is 1 for 14.9 hours; then for 1 day of 24 hours the power
become 1.6, for n days, the power is 1.6n. Starting from the β–cell numbers of 1 day old mice
retrieved from Glut2 estimation, by applying increment of fraction (1+ fraction) as base and
1.6n as power, the expansion of β–cells was derived. (Figure 8B) At 24 day, β–cells reached
640,000 vs. 8500, grew 14 vs. 3.2 fold in wild-type and PKO respectively. The fold change
between two genotypes is 3.7 after body weight difference was removed. The result is
surprisingly close to what I got from Glut2 approach. [209]
Islets constitute 1% of pancreas and β–cells comprise 65-80% of islet. Sitting in the
core of sphere-shaped islet, β–cells are surrounded by a thin mantle of other endocrine cells
including glucagon-releasing α–cells (15-20%), somatostatin-producing δ–cells, pp cells and
a few ghrelin cells. Immunofluorescent staining of insulin and glucagon provided a
representative view of islets. Compare to the typical islet morphology in wild-type (Figure
9A), β–cells were scattered, with α–cells mingling among them in PKO mice (Figure 9B). β–
cells are usually tightly seamed, exhibiting unanimous insulin signals and barely discernable
cell border. Whereas β–cells were loosely connected and individual β–cell is distinguished in
PKO islets. Normally β–cells within one islet are electrically coupled, such that the calcium
oscillations within different parts of the islet occur in phase. This synchronization facilitates
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efficient insulin secretion in response to glucose. The oscillatory electrical activity depends
on intact gap-junction. Disruption of this integrity presumably affects coupling between β–
cells via gap junction, hence insulin secretion. In fact, PDX1+/-Hnf-1α+/-Hnf-3β+/- triple
heterozygous mice displayed defective glucose stimulated insulin secretion upon
disorganized islets despite normal β–cell mass [210].
Insulin β-cells and glucagon α-cells were counted. The ratio of β-cells to α-cells
reflected the fraction of β-cells in islets, which hints β-cell mass. In wild-types, there were
about 45% more β-cells than α-cells at fetal (E18.5) and throughout neonatal stage,
suggesting similar growth rate of both cell types during that period. Then β-cells grew faster,
and being 150% more than α-cells at P21. Both cell types expand at equal pace from E18.5 to
P14 in PKO mice as well, however β-cell number subsided even at E18.5 (β-cells/α-cells=~1),
inferring that mitigated β-cell generation during early development. ~50% less β-cells than αcells was observed at P21 in PKO mice, which probably due to β-cell hypoplasia. By P21 the
β-cells/α-cells ratio enlarged to 5 folds. (Figure 9C) Therefore β-cells failed to accumulate in
PKO mice in comparison to massive expansion of β-cells in the controls, mirroring the result
of estimated β-cells mentioned above.
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III.3. Ablated proliferation and differentiation in Perk -/- β–cells
β–cell number is maintained by the balance of cell proliferation, neogenesis and cell
death. Neogenesis, A.K.A the differentiation from progenitor cells, is the only source of β–
cells until E16. From E16 and on, β–cells begin to proliferate. After birth proliferation
gradually turns into a major player for β–cell expansion, eventually it solely attributes to β–
cell replenishment in adult. Although observations on insulin-staining suggested equal
number of β–cells in both genotypes at E16.5 (Figure 10), more meticulous assessment was
carried out showing a lower β-cell/α-cell ratio in PKO mice at E15 and E16. That means
either β-cells are reduced or α-cells are increased in Perk -/- mice, which are under
investigation. Daorong Feng examined the differentiation of β-cell by examining coexpression of MafA/insulin and MafB/insulin (unpublished). MafB is expressed in β-cells, αcells and their precursors.

In embryos, MafB is expressed before MafA, and the

differentiation of β-cells proceeds through a MafB+ MafA− Ins+ intermediate cell to MafB−
MafA+ Ins+ cells. Furthermore, the MafB to MafA transition follows induction of Pdx1
expression in MafB+ Ins+ cells [64]. She found no change of ins+MafA+ cells, however the
fraction of MafB+Ins+ cells out of MafB+ cells was significantly smaller in E15 and E16 Perk
-/- embryos (ave: WT 0.442 vs. KO 0.246 for E15; WT 0.682 vs. KO 0.476 for E16). Her
results implied that β-cell neogenesis is impeded.
From late embryonic to neonatal stage, β–cells are amplifying most rapidly and a
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relative high β–cell proliferation is reported in rodents. Hence, mice aged from E16.5 to P8
were investigated in details. Ki67 is a proliferation marker expressed in G1, S, G2, M phase,
so anti-ki67 and anti-insulin were used simultaneously to detect proliferating β–cells. Decent
nuclear staining signal of ki67 is equivalent between genotypes (Figure 11A, B), but the ratio
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of ki67+ β–cells out of total β–cells seems reduced in PKO (Figure 11C). BrdU, a thymidine
analog which can replace thymidine and be incorporated into DNA during S phase, was also
applied as a cell duplication marker. Double staining of BrdU and insulin signified
duplicating β–cells. Quantification analysis demonstrated that in both genotypes the fraction
of β–cells undergoing proliferation climbs from E16.5, peaks at 0-2 day, and drops slightly
around 8day, but PKO β–cells proliferate much slowly, with an average ~ 52% of wild-type
even as early as E16.5 (Figure 11D). Therefore, β–cell proliferation is disturbed in PKO mice
and probably is a developmental issue.
David Ron and collegues reported that β–cells were lost in Perk mutant mice because

A

B

of ER stress induced apoptosis. They showed TUNEL signals in islet but failed to prove that
they were in β–cells. To address this issue, I applied TUNEL and insulin staining together in
0, 2, 8 and 14 day old pancreas to clarify if supranormal β–cell death exists. TUNEL was
perceived in endocrine and exocrine pancreas, some of them were colocalized with insulin
signal (Figure12). However, in contrast to Ron’s claim, comparable TUNEL+ β–cells were
observed (Table 2) between the genotypes. Thus, small number of β–cells was a result of
proliferation and neogenesis defect rather than elevated cell death, in another word, Perk -/mice fail to gain β–cells rather than losing them.
Microarray assay of purified islets from 2day old mice was completed by Yulin Li to
examine changes of cell cycle, cell death and ER stress pertinent genes at molecular level. 22
2-fold or more downregulated genes fall in the category of proliferation related genes [209].
Interestingly, 9 out of them were involved in cytokinesis, including some spindle checkpoint
genes. 8 of them concentrated at G1/S transition, S and M phase, including cyclin A, cyclin B,
cdk1. (Table 3) Cyclin A activates Cdk2/Cdk1 to affect events in S phase including DNA

68

replication and centrosome duplication. Cyclin As (in a second role) and cyclin Bs activate
Cdk1 to direct structural and regulatory events in mitosis. Cyclin Bs were also proposed to be
required for β–cells to re-enter active cell cycle [211]. The decreased transcription of cyclin
As, Bs and mitosis related genes postulated that β–cells were arrested in late G1, S or M
phase,

confirming

the

observation

of

detrimental

β–cell

proliferation

upon

immunohistochemistry. In contrast, cyclin Ds, cdk4 and cdk6 were expressed normally. At
G1 phase, cyclin D-cdk4/cdk6 complex promotes transcription of E2F target genes via Rb
phosphorylation. Many E2F targets (including cyclin A, E, and various replication factors)
are important for G1/S transition. Cyclin D/cdk4, 6 is crucial for adult β–cell duplication,
deletion of Cdk4 leads to a failure of adult β–cell mass [212]. However, most organogenesis
and tissue development appears “cyclin D independent” [213]. Therefore, normal cyclin D,
cdk4 and cdk6 expression in fetal and neonatal Perk -/- islets has suggested the non-essential
role of D type cyclins in β–cell proliferation during development, which corresponded to
documented studies in organ development.
Quantitative PCR was applied to double check microarray results. Despite varience
among individual animals, cyclin A transcription was consistently reduced. Cyclin A was
reduced about 68% in Perk -/- islets at P1 in comparison to wild-type controls (3 WT, 2KO).
Given that E2Fs are pivotal in regulating cyclins and coupling G1 and G2/M cyclins, the
mRNA of E2Fs was exploited by qPCR. (Figure 13) Since pancreas specific PERK-deficient
(pcPKO) mice also displayed early onset of diabetes (see III.7), mirroring global Perk -/(PKO) mice, some islet-based experiments were carried out in pcPKO animals. Insulin was
reduced in pcPKO islets as expected. E2F1 and B-myb were expressed at normal level. E2F2
and E2F6 appeared to be upregulated by ~ 60%, however statistics analysis showed no
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significance. UCP, uncoupling protein, negatively regulates glucose induced insulin secretion
by mediating mitochondrial proton leak and decreasing ATP production. UCP was normally
expressed in p10 pcPKO islets as well. For the genes involved in ER stress and apoptosis
such as spliced XBP-1, Bip, CHOP and etc., both microarray and quantitative PCR
demonstrated no induction. (Figure 14, Table3)
Thus I concluded that the β-cell hypoplasia in Perk -/- mice is caused by defects in
both proliferation and differentiation, rather than cell death.

III.4. Impaired glucose stimulated insulin secretion.
As known β-cells were insufficient in number, the question arises: is β-cell
hypoplasia adequate to cause diabetes or does β–cell dysfunction also play a role? Studies in
pancreatectomy showed that even when tail pancreas, where most islets dwell in, was
removed from some patients, diabetes does not necessary develop. Their serum insulin was
within normal range and blood glucose was under control although often they were glucose
intolerant. Therefore, β–cell function in PKO mice was examined. The major function of β–
cell is to synthesize and secret insulin in response to elevated blood glucose level. To
scrutinize glucose induced insulin secretion, islets were isolated and treated with
physiological high (16.7mM) or low (2.8mM, basal) glucose. Both supernatant and islets
were collected afterwards for insulin ELISA assay. Insulin in supernatant (secreted insulin by
islets) was normalized to insulin from islets (insulin content of islets). The fold change of
secreted insulin upon high glucose treatment to basal insulin manifested the induction of
insulin secretion. 2 wild-type and 2 PKO of 14 days old were studied. Insulin secretion was
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induced ~20 fold by high glucose in wild-type mice, however, only 2~3 fold in PKO mice
(Figure15). Hence β-cells are unable to carry out physiological function when PERK is
absent.

III.5. Accumulation of proinsulin and GLUT2 in ER.
As mentioned above, in Perk -/- mice, islets were dismantled, and β–cells were not as
tightly junctioned as they shall be. The disruption of cell-cell contact has possibly broken
electronic coupling, hence calcium oscillation among β–cells, which could aggravate insulin
secretion. While the crosstalk between β–cells is crucial, the intrinsic defects in glucose
sensing, responding, insulin expression and secretion in β–cell are essential as well. PERK is
supposed to alleviate ER stress by attenuating global translation, thus PERK-deficient β–cells,
which are incapable translational repression, might be overloaded in the ER. Indeed,
ultrastructural examinations disclosed that 30–40% neonatal β–cells exhibiting distended ER
(Figure 16B, C), which we denote as funkER cells. Normal β–cells were unanimous,
containing obscure contour, barely perceptible ER, round-shaped nuclei, and scattered insulin
granules (Figure 16A). In funkER β–cells, besides distended ER, their nucleus were distorted
and squeezed to the side, however not a single one mimiced apoptotic nucleus. Cell outline
was more distinct as well as seen in the IHC images. The distorted nucleus is reminiscent of
cells in the progression of proliferation rather than dying cells. Considering ki67 and BrdU
staining data, we assumed that cells with distorted nucleaus might be the ones stuck in cell
cycle. The distended ER and dislocalization of insulin granules probably affects insulin
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secretion, especially if proinsulin, is trapped in ER and can not be packaged into insulin
granules for secretion.
As one of the most abundant ER proteins, proinsulin was presumed to be trapped in
ER. Immunofluorescent assay showed that proinsulin was much more intensely stained and
homogenously spread all over cytoplasm in funkER cells (Figure 16E) in comparison to the
typical punctuated speckle pattern at certain regions of cytoplasm in wild-types. (Figure 16D)
To inspect whether proinsulin is sequestered in ER, proinsulin and Bip (ER chaperon, as a
marker of ER membrane) double immunostaining was applied to sectioned pancreas. In Perk
-/- β-cells Bip was dispersed in the cytoplasm, with increased amounts in funkER cells, and
proinsulin colocalized with Bip in funkER cells, indicating distended ER accommodated
proinsulin (Figure 16H, I). On the contrary, in wild-type β-cells Bip and proinsulin occupied
distinctive subcellular location. Bip is dispersed throughout the cytoplasm, whereas
proinsulin is located in perinuclear patches associated with Golgi (Figure 16F, G).
Accordingly, we deem that the translocation of proinsulin from ER to Golgi is adversely
impacted in Perk -/- mice. Alternatively, since Golgi and ER membrane are cycling between
them, the distinction between Golgi and ER can be scrambled.
Two possibilities need to be addressed. 1) proinsulin is normally or under expressed,

C

they are held in ER because of innate defect in transportation, maturation and/or ER
associated degradation. 2) proinsulin is over expressed, excessive proinsulin goes beyond
ER’s capacity to be cleaned out and aggregates in ER.
Proinsulin and total protein biosynthesis were upregulated by extracellular high
glucose level. [106, 214] Ron and colleagues did pulse-labeling experiment with 12 day old
PKO and wild-type islets cultured at 2.8mM and 16.7mM glucose to examine proinsulin
A
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synthesis. Proinsulin synthesis was normalized to total protein synthesis. The basal proinsulin
synthesis was repressed in both genotypes, suggesting Perk was not required in the repression
of proinsulin translation at low glucose. While at high glucose, proinsulin synthesis was
induced in both genotypes, however about 2 fold higher (estimated from their bar graph and
no statistics was discussed) in Perk-/- islets than in wild-type ones. [207] Gomez et al showed
that glucose stimulated the dephosphorylation of eIF2α in Min6 cells and the assembly of
translational ternary complex, eIF2•GTP•Met-tRNAi, in Min6 cells and islets. They claimed
that the changes in the phosphorylation of eIF2α were not mediated by PERK, because
PERK was not phosphorylated at low glucose concentration and overexpression of a
dominant negative form of PERK had no significant effect on either the phosphorylation of
eIF2α and glucose-stimulated protein synthesis. [215] However, our lab discovered that
eIF2α phosphorylation level was less induced by low glucose in PKO islets in comparison to
wild-type one, indicating PERK is pivotal for the glucose related phosphorylation of eIF2α in
islets. Whereas at high glucose, the dephosphorylation of eIF2α-p is similar between
genotypes, suggesting PERK is uninvolved this process. Given that high glucose promoted
greater insulin synthesis in PKO than wild-type islets, PERK perhaps is turned on as a
feedback response to highly concentrated proinsulin in the ER and attenuates translation
initiation, which is absent in PKO islets.

So far the mechanism of PERK regulating

proinsulin translation in response to glucose is still an open question.
If proinsulin is overexpressed in PERK-deficient β–cells, the overloaded proinsulin
can go beyond folding and ER associated degradation (ERAD) capacity, hence accumulates
in ER. The Ron lab applied chase experiments to study proinsulin procession and maturation
in islets. They saw similar conversion rate from proinsulin to insulin in the two genotypes,
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claiming undisturbed ER and post-ER processing of proinsulin in PKO β–cell. Only 40% of
radiolabeled proinsulin was shown to be processed into mature insulin. The explanation was
that anti-C peptide antibody has higher IP efficiency than anti-insulin antibody. By 90
minutes of chasing, proinsulin radioactive signal was almost all gone.

Although,

overexpressed proinsulin was entirely cleared out of ER with short-term glucose stimulation
in Perk -/- β-cells, multiple transient ER overload might tear down ER function, resulting in
anomalous ER dysfunction over a relative long term. Interestingly, a fraction of PERKdeficient β–cells at 12day were funkER cells, indicating the accumulation of proinsulin in the
ER, despite the efficient processing and clearance of proinsulin shown by Ron’s work. [207].
The accumulated proinsulin might be too diluted to be measured, since about 20 ~ 30% βcells were funkER cells in P12 PKO mice.
Nonetheless ER degradation will be investigated in cells and islets by other
approaches. ER clears out proinsuin either through maturation into insulin or degradation by
proteasome. Unfolded or misfolded proteins bind to chaperons and are ubiquitinized in ER
before they are translocated into cytoplasm for proteasome based degradation. If ERAD is
affected in FunkER cells, proinsulin can be retained in ER as well. P58IPK/DNAJC3, a UPRresponsive gene previously implicated in translational control as the inhibitor of PERK,
encodes a cytosolic cochaperone that associates with the ER protein translocation channel
Sec61. P58IPK recruits HSP70 chaperones to the cytosolic face of Sec61 and can be
crosslinked to proteins entering the ER that are delayed at the translocon. Proteasomemediated cytosolic degradation of translocating proteins delayed at Sec61 is cochaperone
dependent. ER stress can induce P58IPK, and in turn, deletion of P58IPK elicits ER stress.
Given the multi-fold roles of P58IPK in ER stress and ERAD, this gene need and will be
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studied. Sounak Gupta in our group has planned to study ERAD by transfecting 832/13 cells
with a flag-tagged ubiquitin transgene. After the transfected cells are treated with proteasome
inhibitor, the exogenous uibiquitin is pulled down by anti-flag antibody and probed by antiproinsulin antibody. The level of ubiquitinized proinsulin will be compared between the
PERK dominant negative and control β–cells. It is difficult to study proinsulin synthesis and
degradation in only FunkER cells, because by the time 90-100% 832/13 cells obtained the
phenotype, cells are too intoxicated for physiology study. Moreover, the purification of
FunkER cells from 832/13 cells or islets are technically challenged.
Besides proinsulin, GLUT2, a β–cell specific membrane protein was also
accumulated in ER. (Figure17) Normally GLUT2 has a very distinctive membrane
localization pattern, barely any GLUT2 can be detected in cytoplasm. In PKO β–cells,
membrane distribution of GLUT2 still can be observed, but the membrane protein was also
sequestered in cytoplasm. The diffused GLUT2 co-stained with proinsulin very well,
suggesting GLUT2 is retained in ER as well. Therefore, the accumulation of both secretory
and membrane protein has argued for a general defect of ER function in FunkER cells.
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III.6. Downregulation of insulin transcription and low insulin content in
PKO mice.
In developing mice, the downregulation of insulin is a marker of unsuccessful
terminal differentiation, usually accompanied with declined insulin secretion. Both the
transcription and biosynthesis of insulin were analyzed. Insulin mRNA from purified β-cells
of perinatal and adult mice was quantified by Daorong Feng. At postnatal 21, 5, 3 day and
E17.5, E14.5, insulin transcription per β-cell was reduced about 50% constantly (WT: n=2,
PKO: n=2 for each age). Despite the inapplicability of statistic assay, she got similar results
from 2 separate experiments for all age studied. The downregulation of insulin mRNA since
E14.5 implied that deficiency in insulin mRNA expression was not secondary to
hyperglycemia neither to slight hypoglycemia, but might be a differentiation issue in β-cells.
Via quantitative PCR, insulin mRNA was also measured in embryonic pancreas and
in neonatal islets. Both isoforms of insulin were downregulated in Perk knockout mice,
especially insulin II, which was significantly reduced even at E13- 15.5. While the 40%
reduction stayed even between E13- 15.5 and E16.5- P0, at P2-4, the reduction reached
~70% (Table 4, Figure 14). The escalating difference was mainly due to a drastic induction
of insulin II transcription in wild-type controls, but little in PKO mice. Given that insulin per
β-cell was reduced by 50% constantly, the 40% of insulin in whole pancreas at fetal stage
shall be majorly caused by insulin paucity per β-cell rather than β-cell hypoplasia. Whereas
the 70% insulin reduction in P2-4 islets is the result of joint effect of reduced β-cell number
and individual β-cell failure.
2 major transcription factors, MafA and Pdx1, are reported as regulators of insulin
transcription. As a b-zip protein, MafA is regulated by glucose at transcriptional,
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translational and post-translational level. [216, 217] In PKO mice, MafA transcription was
suppressed, along with the reduction of insulin II transcription (Table 4, Figure 14).
Pdx1 is expressed in whole pancreas during embryonic and neonatal stage, restricted
to endocrine cells in adulthood. PDX1, belonging to ParaHox gene cluster, plays a critical
role in pancreas development, since complete ablation of Pdx1 leads to pancreas agenesis.
PDX1 modulates insulin transcription, as well as the transcription of other β-cell-specific
genes, such as glut2, islet amyloid polypeptide and glucokinase. In response to glucose, not
only transcription of Pdx1 is upregulated, but also is PDX1 translocated from nuclear
periphery to nucleoplasm so to transactivate downstream gene such as insulin expression.
[218] In addition to its indispensable role in β-cell development, PDX1 is engaged in the
maintenance of β-cell function and in β-cell proliferation as well. Pdx1 was downregulated at
mRNA level (Figure 14). The fraction of nuclear-localized Pdx1 in β-cells was reduced by
24% (P<0.02, E 18.5) in PKO mice. (Figure 18) MafA and PDX1 have synergistic effect on
the regulation of insulin transcription, therefore, the restriction of MafA and PDX1 from
insulin promoter can be responsible for the reduction of insulin II mRNA. Also reduced
PDX1 in nuclei might be a contributing factor to diminished proliferation in PKO β-cells.
Decreased insulin mRNA doesn’t necessary end up with diminished insulin protein,
which necessitates measurement of overall insulin content. Briefly, whole pancreas was
dissected and homogenized, after centrifuge, supernatant was applied for insulin ELISA
assay. The insulin concentration was normalized to the total protein concentration, expressed
as ng of insulin / μg of protein. Consistent with low insulin mRNA, insulin content was
constantly low in PKO fetuses since E16.5, and the difference enlarges after birth because of
the radical boost of insulin content in wild-type but trivial enhancement in PKO (Figure 7).

77

The ELISA kit reflected both insulin I and II level. At E13- 15.5, insulin II but not insulin I
was significantly reduced at mRNA level, then probably only insulin II contributed to the
drop of insulin content. Consequently, the diminution of insulin content might be too diluted
out by normal insulin I level to be detected by ELISA before E16.5.

III.7. Characterization of tissue specific Perk -/- mice.
Other than being diabetic, Perk -/- mice also manifested growth retardation, liver
steatosis, skeletal dysplasia, exocrine dysfunction. To elucidate whether diabetes is a primary
defect in pancreas, β-cell to be exact, or secondary defect resulting from deterioration of
other systems, various tissue-specific Perk-/- mice were generated. Two kinds of mouse
strains were utilized to generate conditional knockout mice. One was a mouse strain
containing floxed Perk gene, in which critical exons, in this case exon 7, 8, 9, were flanked
by loxP sites. LoxP sites were recognized and cleaved by CRE enzyme to remove flanked
exons so to produce null mutant gene. Another kind of mouse strain were Cre-transgenic
strains, in which cre was constructed under different tissue specific promoters. The Crestrains used here include PDX1 promoter driven Cre strain, where cre was expressed in
whole pancreas; ngn3 promoter controlled Cre strain, where cre was expessed in endocrine
pancreas; and rat insulin promoter triggered Cre strain, in which cre was expessed in
pancreatic β-cells only. After these Cre-strains were crossed with floxed-Perk strain, perk
gene was deleted in whole pancreas (denoted as pcPKO), endocrine pancreas (denoted as
enPKO) or β-cells (denoted as βPKO) respectively. A reciprocal transgenic mouse strain of
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βPKO strain was also bred to study β-cell autonomy of PERK function. In the transgenic
mouse strain, named as β-PERK strain, Perk gene was introduced back into β-cells in
otherwise global Perk-/- background.
pcPKO mice, which has PERK ablated only in pancreas, have displayed early onset
of diabetes at 3 weeks age as seen in Perk-/- mice, but they’ve escaped growth retardation,
liver steatosis, multiple skeletal dysplasia and other deficiencies. Accordingly hyperglycemia
is a pancreatic autonomous effect. The chart of serum glucose of pcPKO mice mimiced the
one of Perk-/- mice, except that for the first 10 days after birth, pcPKO mice already showed
on average 51% higher serum glucose level than normal (Figure 6B). This slight but
significant hyperglycemia just after birth indicates that PERK-deficient pancreas or probably
β-cells are functionally disrupted as early as embryonic developmental stage. Conversely, for
the first 10 days, Perk-/- mice were mildly hypoglycemic, exhibiting a 25% lower serum
glucose level than normal (10.2-fold less than normal, P<0.001 at P4). This confliction
probably can be explained by liver steatosis in Perk-/- mice. The excess lipid deposit in liver
suggested abnormal glycogen metabolism. Normally the major energy source, glucose, stems
from liver glycogenolysis in newborns before they start to utilize milk. If glycogen fails
provide sufficient internal glucose, neonatals can be hypoglycemia, despite low serum insulin
level. The low serum insulin level in pcPKO mice has implied that hyperglycemia is a
consequence of degeneration of pancreas rather than insulin insensitivity in peripheral tissues.
Therefore, islet morphology, β-cell number and β-cell function were examined respectively.
The typical islet morphology was not preserved in pcPKO mice. Many α-cells resided in the
core of islets and β-cells were scattered around islets (Figure 19B). Number of β-cells was
estimated by means of taking the ratio of whole pancreas Glut2 mRNA/ Glut2 per β-cell as
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shown before in Perk-/- mice. Parallel to the trend in Perk-/- mice, pcPKO mice also
presented a much slower growth of β-cells in comparison to wild-type controls. At 3 weeks
old pcPKO mice contained ~4 fold less β-cells than normal. The declining β-cell/α-cell ratio
of various ages supported the observation of diminished β-cells.
GSIS experiments using isolated islets were carried out to assess β-cell function.

A
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E

C

Secreted insulin was normalized to islet insulin content, and the fold change from low to high
glucose treatment was compared between genotypes. Insulin secretion was induced only ~ 2
folds, much lower than what was seen in wild-type islets (Figure 15), suggesting functional
defect in β-cells. To examine if β-cells have ER disorder, we applied immunofluorescence
assay of proinsulin and insulin distribution in β-cells. Normally proinsulin resides in Golgi
apparutus as punctuated pattern, while insulin is held in secretory granules across cytoplasm.
While in pcPKO mice, proinsulin accumulated in cytosol in 30-40% of β-cells, and their
nucleus were squeezed to the side of cells or into ‘donut’-looking shape (Figure 20). Since
secretory and membrane proteins are synthesized in ER, defective ER can elicit inadequate
secretion. Meanwhile, islet morphology collapsed, the junction among β-cells was ruptured
up by interdigitation of α-cells. Given that continuity across β-cells plays a crucial role in
releasing insulin with glucose stimulation, the disintegration of β-cells herein can also
contribute to insulin secretion defect. The β-cell hypoplasia, FunkER cell phenotype and
disorganized islet morphology in pcPKO mice mirror the β-cell phenotypes in PKO,
suggesting β-cell defects in pcPKO mice are caused by deficiency in pancreas itself, rather
than by secondary effect of dysfunctions in other tissues.
To resolve PERK’s function in endocrine pancreas, we assessed enPKO mice, in
which PERK was deleted only in islets, whereas exocrine pancreas, composed by acini, and
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other tissues were unaffected. enPKO mice presented 2 weeks’ delay of diabetes onset, and
hyperglycemia was reversed after week10. (Figure 21) Cre gene expression was controlled
by Ngn3 promoter. A basic helix-loop-helix transcription factor, Ngn3 is expressed in all
progenitors of endocrine pancreas during embryonic developmental stage. Ngn3 expression
descends after birth and is barely detectable in adult islets (Apelqvist 1999 nature). PERK
was not abolished in 100% islet cells when CRE was expressed, there was a subpopulation of
wild-type islet cells even when deletion efficiency peaks. Quantitative-PCR showed ~ 70%
deletion efficiency in enPKO mice at 1 month old hyperglycemic mice. The shutdown of
Ngn3 promoter impeded expression of CRE in islets, and subsequently wild-type cells
outgrew Perk-/- cells and eventually took over whole islets. Double staining of β-cells and αcells of p21 enPKO pancreas showed disorganized islet structure (Figure 19C) as seen in
both PKO and pcPKO mice. The number of β-cells seemed to be below normal, although
more samples need to be studied to conclude. The immunostaining of insulin and proinsulin
revealed FunkER β-cells as well, suggesting stress in the ER. The transient hyperglycemia,
disrupted islet morphology and FunkER in β-cells in enPKO mice suggest PERK’s
autonomous role in endocrine pancreas. This autonomy is confirmed by a complementary
experiment, where PERK is ablated in exocrine pancreas only (exPKO). exPKO mice
maintained euglycemia, normal β-cell mass and islet morphology although severe
pancreatitis was observed.
To exclude the possibility that defects in endocrine cells other than β-cells might
affect glucose homeostasis, βPKO mice were generated and characterized. Surprisingly, βPKO mice didn’t exhibit hyperglycemia at all. But during embryonic and neonatal stage,
about 30-40% β-cells presented FunkER phenotype (Figure 20C), suggesting PERK plays
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autonomous role along ER stress pathway in β-cells. One might argue that nonhyperglycemia results from PERK deletion inefficiency, that wild-type β-cells are abundant
enough to regulate glucose homeostasis. Thus deletion efficiency was examined in β-PKO
mice of ages encompassing E18.5 to postnatal 1 month old (Figure 22A). PERK was
abolished in about 50% of β-cells at E18.5, 90% at postnatal day 13 and > 90% at 1 month.
Probably the massive Perk deletion did not occur early enough to render deleterious effect on
β-cells.
For βPKO mice, GSIS assay was carried out in P13 islets when deletion efficieny
reached >90%. The results were ambiguous, at P13 GSIS did seem a bit deteriorated but not
significant (Table 5, P = 0.30). GTT was then performed with islets from 1 month old βPKO
mice. 6 mutant mice and 8 wildtype controls were fasted overnight and i.p. injected 2mg/g
bodyweight glucose. Serum glucose was recorded at 0’, 30’, 60’, 120’ and 240’ (Figure 23),
suggesting a normal rate to clear blood glucose, hence normal insulin secretion. It is
interesting to note that at P3 even when deletion efficiency was low, a significant amount of
β-cells were funkER cells (Figure 20C), but disappeared when deletion efficiency rose to
>90% at a later stage (Figure 20D), indicating that 1) PERK does not play a critical role in
alleviating ER stress, or Perk’s function is compensated by other kinases, once mouse passes
developmental stage; 2) funkER phenotype is autonomous in β-cells; 3) GSIS impairment
might be pertinent to disrupted ER in funkER cells. To check β-cell mass and islet structure,
1

month

old

βPKO

mice

were

subjected

to

anti-insulin

and

anti-glucagon

immunofluorescence assay. Islet structure was preserved and β-cells constituted the majority
of islets (Figure 19D), suggesting that the β-cell expansion and junction was not inhibited
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herein, hence the absence of PERK does not affect cell proliferation or differentiation in βcells.
Paradoxically, in the reciprocal experiments using β-PERK:PKO mice, in which
PERK was deleted throughout body but reintroduced into β-cells, mice maintained life-time
euglycemia and usual β-cell number, suggesting that PERK in β-cells per se can restore
replication, differentiation and function of β-cells. The conflicting observations of βPKO and
β-PERK:PKO mice might be clarified by the hypothesis that a pivotal time window exists
between the early onset of PERK expression in β-PERK:PKO mice and the relatively late
efficient PERK deletion in the β-cells of βPKO mice. Since Perk transgene is driven by
insulin promoter, every nascent β-cell is subject to exogenous PERK expression when
precusors start to specify. In fact, exogenous Perk was easily detected as early as E13.5
(Figure 22B); whereas PERK is eliminated only in ~50% of β-cells at E18.5 and Perk was
not deleted in most β-cells until P13. A theoretical model on critical period for PERK
function was engendered by Dr. Cavener and will be discussed later.

III.8. canonical ER stress pathway is not induced in Perk -/- islets.
A number of biochemical or physiologic stimuli, such as perturbation of calcium
homeostasis, disturbed redox status, increased protein biosynthesis, misfolded proteins,
sugar/glucose deprivation, altered glycosylation, and overloading of cholesterol can disrupt
ER homeostasis, impose stress to the ER, and subsequently lead to accumulation of unfolded
or misfolded proteins in the ER lumen. To alleviate ER stress, cells undergo a series of
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adaptations, including attenuating translation initiation, upregulating transcription of
chaperons and boosting degradation machinery, so that ER load will be attenuated. Cells that
can’t escape ER stress go through apoptosis. In mammals, PERK, IRE1 and ATF6, residing
in ER membrane, sense ER stress and get activated upon ER stress. Activated PERK
phosphorylates eIF2α, a translational initiation factor, to repress translation globally or
induce expression of specific genes. Activated IRE1 works as an endonuclease on xbp-1,
splicing the inactive total form of xbp-1(xbp-1-T) to spliced and active form of xbp-1(xbp-1S). Meanwhile xbp-1 transcription is induced by activated ATF6. Spliced XBP-1 is a potent
transcription factor upregulating Bip expression. The ratio of xbp-1-S to xbp-1-T is thus
thought to be an important marker reflecting both IRE1 and ATF6 signaling in response to
ER stress. Bip, a chaperon which is overexpressed during ER stress to facilitate protein
folding, is used as an indicator of ER stress as well. ATF4 protein is specifically upregulated
when eIF2α is phosphorylated and global translation attenuates under ER stress. ATF4 is a
transcriptional factor positively regulating Chop transcription. Chop, C/EBP homologous
protein, also known as GADD153 (growth arrest DNA damage 153), is expressed at very low
level under normal state, but elevated under ER stress. The exact downstream function of
CHOP is not clarified, but studies showed that it plays a role of cell growth arrest,
differentiation inhibition and apoptosis induction in various cell types. (MCB, 1996, vol16, 8,
Wang X) Xbp1-s/Xbp1-t, Bip and Chop have been widely recognized and used as molecular
markers of canonical ER stress and UPR induction. For neonatal mice, despite that 30 to 40
% of β-cells showed dilated ER, typical ER stress markers such as Xbp1-s/Xbp1-t and Bip
were not induced at mRNA level in pcPKO islets or purified β-cells from PKO mice (Figure
14, Table 6), suggesting that ER stress induced IRE-1 and ATF-6 pathways were not
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employed in relieving ER stress in pancreatic β-cells. ER chaperons, including Grp58, Grp94,
ERO1, and ERAD protein – Hrd1, were not upregulated as well. (Figure 14) Therefore, βcells might have a distinct ER stress response pathway than expected. Notably, Wfs1, a
calcium channel on ER membrane, was downregulated in pcPKO neonatal islets, suggesting
PERK modulates Wfs1 expression, which agrees with published studies.
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IV. Discussion

The lack of PERK expression was recently identified as a new form of permanent
neonatal diabetes termed as the human Wolcott-Rallison syndrome (WRS). WRS is a very
rare syndrome, with less than 20 cases documented in the literature around the world, but the
symptoms are severe. Most WRS patients suffer from a multitude of metabolic and growth
abnormalities including early onset of hyperglycemia, growth retardation, epiphyseal
dysplasia, metal retardation; some of them also endure atrophy of the exocrine pancreas and
liver dysfunction. [1, 219] Perk knockout (PKO) mice were generated and mirror all of the
major anomalies of the human WRS except for mental retardation, which has not been
studied yet in our lab. Studies have shown β-cell hypoplasia and insulin deficiency at early
developmental stage, normal peripheral insulin responsiveness, and no sign of autoimmune
reaction in Perk -/- mice. Thus, together with the conserved role of PERK in human and
mouse, PKO mouse become an excellent model for us to study WRS and the significance of
PERK in β-cell development and physiology.
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IV.1. Neonatal diabetes is a β-cell autonomous defect
Neonatal diabetes is the most dominant and severe phenotype of WRS. The
abnormalities in various organs and systems raised the question that if diabetes in PKO mice
is primary or secondary effect. Or furthermore, is it caused by defect in β-cell (the endocrine
cell type responsible for insulin release and glucose homeostasis) itself? To address this
question, various tissue conditional knockout mice and transgenic mice were studied.
The rescue of hyperglycemia by β-PERK:PKO transgenic mice strongly supports that
diabetes is the result of β-cell autonomous defect. The expression of PERK in β-cells in
otherwise knockout background enables the β-PERK:PKO mice to maintain glucose
homeostasis, despite of growth retardation, epiphyseal dysplasia, atrophy of exocrine
pancreas and liver defect, suggesting this insulin deficient neonatal diabetes is independent of
degenerations in other cell types or organs.
pcPKO mice (Perk deleted in whole pancreas) become diabetic around weaning point
(postnatal day 21), but are otherwise normal. enPKO mice (Perk deleted in endocrine
pancreas) also become diabetic, with delayed onset and later recovery from hyperglycemia.
Ngn3 promoter in adult mice is no longer activated and Perk deletion in β-cells never reach
100%, (in fact, ~25% of β-cells are wild-type at 3 weeks old), thus wild-type β-cells
overgrow PKO β-cells resulting in normal glucose homeostasis later on. The hyperglycemia
in pcPKO and enPKO mice and the euglycemic exPKO mice with normal islets have
confirmed that diabetes is the result of PERK deficiency in islets themselves rather than
secondary effect from other organs.
However, βPKO mice appear normal, without exhibiting hyperglycemia as predicted.
The inconsistency between β-Perk:PKO mice and βPKO mice probably can be reconciled by
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the time lag between the onset of PERK expression in the transgenic mice and the ablation of
PERK in βPKO mice. In β-Perk:PKO mice, exogenous Perk was introduced after rat insulin
promoter (RIP). As known, RIP is activated at embryonic 13.5, when insulin is firstly
synthesized and β-cells emerge. Hence, exogenous Perk is supposed to be expressed
concurrent with endogenous insulin expression as soon as β-cell starts to differentiate. In
βPKO mice, Cre gene, also under the control of RIP, thus is initiated at E13.5. But PERK can
not be erased instantaneously, considering the time needed for CRE to excise out essential
Perk exons; the lagged wild-type perk mRNA which will be later translated; and the
degradation of existing PERK protein. Therefore, the ablation of endogenous PERK function
does not occur until hours after β-cell specification starts and it holds true in every single βcell. Thus this time lag is critical regarding of PERK’s role in β-cell development during fetal
and neonatal period. Dr. Cavener has proposed a model addressing the critical time period for
PERK to function in β-cell development in a threshold-dependent manner. (Figure 24) In his
model, the expression level of PERK is required to rise above or drop below a certain
threshold to be effective in either promoting β-cell progression or impeding it. In βPerk:PKO mice, PERK protein is enhanced above threshold at ‘a’ point along the time scale,
while in βPKO mice, PERK does not drop below threshold after point ‘b’. The time falling
between ‘a’ and ‘b’ becomes the critical phase for the function of PERK. The predicted
critical phase is from E13.5 (abundant Perk was observed in β-PERK:PKO islets) to p13
(when deletion efficiency reached 90%) (Figure 22). Although βPKO mice develop usual βcell mass, they do display some funkER cells perinatally, suggesting anomolous β-cell
expansion is irrelevant of funkER phenotype. However, Sounak has introduced insulinpromoter-controlled tetracycline-regulated T-antigen transgene β-cells, finding supranormal
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expansion of β-cells in both genotypes when T-antigen is expressed. Before tumor was
formed, ‘funkER’ β-cells were discerned in the massive islets, where >99% are β-cells. Thus
‘funkER’ and supranormal proliferation might interrelated due to the co-emergence of both.
This speculation is uprooted by meticulous TEM assessment. In T-antigen treated mice some
lightly electron stained ‘funkER’ cells fail to present swollen ER and squeezed nucleus,
instead, they hold enormous almost empty vesicle-like structures. Thus, the ‘funkER’ herein
is not the funkER we saw in Perk -/- mice. In consequence, the information we gathered from
T-antigen treated mice is not sufficient to reject the assumption that the emergence of
funkER is irrelevant to the relapsed β-cell proliferation or differentiation.
The overall insulin release from pancreas in response to glucose determines serum
glucose level. Two factors are involved in the modulation of glucose stimulated insulin
release, which are β-cell mass and β-cell function. Diminished β-cell mass or β-cell
dysfunction alone does not necessary lead to diabetes. For example, with >80% pancreas
removed, patients do not necessary develop diabetes. Even when both are affected, they do
not guarantee elevated blood glucose. The defects in both factors have occurred in Perk -/mice way before the onset of diabetes, suggesting that not until the capacity of β-cells drop to
a deleterious level, will elicits hyperglycemia. Nonetheless, hyperglycemia in Perk -/- mice is
the combinatory effect of insufficient β-cell mass and dysfunctional β-cells which are due to
molecular defects in β-cells themselves.
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IV.2. PERK plays a role in β-cell development – PERK is essential for βcell neogenesis, proliferation and maturation during fetal and neonatal
stage
Perk -/- mice have turned diabetic around p21. In pcPKO mice, without the
disturbance of liver defect, hyperglycemia emerges even earlier, at the first day after birth to
be exact, suggesting β-cells are anomalous since fetal phase. Early onset of diabetes in WRS
patients and Perk -/- mice has categorized itself within neonatal diabetes. Most types of
neonatal diabetes are developmental disease, with β-cells disrupted before birth. Therefore,
the differentiation, duplication and maturation of β-cells are discussed herein.
As known, β-cells differentiate from PDX1+NGN3+ precursors since E13.5 and
neogenesis plays a major role in β-cell expansion at fetal stage. The in vivo study on
embryonic β-cells shall illustrate the status of neogenesis.

Daorong has discovered a

decreased fraction of INS+MafB+ cells out of total MafB+ cells and a reduced β-cell/α-cell
ratio in E15 and E16 Perk -/- islets, indicating that β-cells are not normally differentiated.
The reduced β-cells/α-cells ratio at E18.5 also implies that PERK is imperative for the
specification of β-cells.
Bonner-Weir and coworkers at the Harvard University have studied the dynamics of
β-cell mass extensively in the normal growing rat pancreas. Their data suggested a linear
increase of β-cell mass from postnatal 1 to 8 days, followed by a plateau till P20, then
another linear increase that continues till P40 [220]. The developmental remodeling of β-cell
mass was delicately controlled by the balance between β-cell proliferation and β-cell death.
The β-cell proliferation/ replication was shown to decrease dramatically during postnatal
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development. An equation was used to describe the postnatal β-cell replication:
Xe

(−0.065 X age)

REP = 16.1

+ 2.31. The replication rate was about 10% to 12% per day at P10, while it

dropped to about 8% per day at postnatal 20 days and less than 5% per day at P30.
Conversely, linear increase of β-cell death occurs postnatally and a peak of β-cell death was
observed in rat pancreas at postnatal 10 days old (i.e., 250 X 103 cells per day). The β-cell
death was shown to drop to zero at about P20 and another small peak was found at P40 (~ 50
X 103 cells per day). Therefore, proliferation evolves into the major contributor for rapid
expansion of β-cells since fetal stage and become the sole source to balance apoptosis during
β-cell turnover in adult mice [51].
β-cell hypoplasia was seen in fetal, neonatal and adult Perk -/- mice. Consequently, βcell duplication other than neogenesis during those periods was exploited. Similar to the
trend in rat[220], our data have shown that β-cell proliferation peaked at P0-2, dropped from
P8 and on in mice. There was a tiny fraction of duplicating β-cells in the pancreas of P14
wild-type mouse and little in P21 pancreas, while a large number of proliferating exocrine
acinar cells could be observed at the same time. Notably, β-cell proliferation in the Perk-/mice at this stage was always significantly lower than that in the Perk+/+ or Perk+/- mice (note:
no significant difference for β-cell proliferation was found in the Perk+/+ and Perk+/pancreas). Microarray data also implied that β-cells might be seized in S, G2 or M phase,
despite normal level of major G1 cyclins and cdks. While cyclin D1 dependent cdks are
essential for postnatal β-cell growth, they are dispensable for cell replication at early
developmental stage in β-cells [81], suggesting neonatal β-cell proliferation is modulated
under a very different mechanism than adult cell proliferation. The undisturbed G1 cell cycle
factors lead to the conjecture that either Perk does not regulate the expression of these
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proteins or these proteins can bypass Perk. While the disrupted cell cycle genes in other
phases indicates Perk’s essential role therein. Hence, Perk may be or not be involved in adult
β-cell replication, but Perk controls β-cell proliferation during early developmental stage.
Another impact on β-cell mass is apoptosis. However no obvious increase of cell death was
observed in β-cell by TUNEL assay, neither did we see induced expression of apoptotic
genes. Thus the defect in proliferation and differentiation is the main cause for β-cell
hypoplasia.
Robust expression of insulin and MafA mRNA, synthesis and accumulation of insulin
in secretory granules, and the ability to rapidly secrete insulin in response to glucose are
hallmarks of the differentiated state of β-cells. We found that, at the earliest stage of
neogenesis, the expression of Ins1, Ins2, and MafA mRNA and insulin content were
repressed in PERK-deficient β-cells. Genetic studies of MODY genes suggested that most of
them are required for β-cell development. Some of the MODY genes such as pdx1 were
found downregulated in neonatal PKO and pcPKO islets as well. The repression of insulin
transcription can be caused by impaired pdx1 or MafA gene expression. In association with
declined insulin mRNA level, pancreatic insulin content (based upon ELISA data) fell far
below normal as early as fetal stage. Moreover, insulin itself was documented as a growth
factor for β-cell [221], which might be another reason for impaired replication in β-cells. It is
noteworthy that forty eight hours after being incubated with δC-Perk, 832/13 cells exihibited
reduced mRNA level of insulin, MafA, declined insulin content, impaired GSIS and a
subpopulation of funkER cells. The above observation suggests that the deletion of PERK
might dedifferentiate 832/13 cells, thus PERK maintains β-cell function in adult. However,
adult βPKO mice are not diabetic despite >90% deletion efficiency, they don’t even contain

92

funkER cells anymore. Thus PERK’s function might be compensated by other eIF2 alpha
kinases when PERK is absent for a long term in adult mice; whereas in 832/13 cells, the
temporary deletion of PERK may have not trigger the compensatory machinery yet. In
addition, funkER cells were detected in the p45 GCN2/PKR/HRI triple knockout mice,
suggesting that these kinases play a role in modulating ER load in β-cells. The decrease of
funkER cells in P21 PKO mice and the disappearance of these abnormal cells in 1 month old
βPKO mice imply that GCN2, PKR and HRI as a whole might have more profound impact
on the maintenance of β-cells as mice ages, while PERK become less essential. To test this
speculation, eIF2α phosphorylation level and funkER phenotype along development ages in
GCN2/PKR/HRI triple knockout mice need to be examined. The declining phosphorylated
eIF2α level or increasing funkER cells along time in the triple knockouts in comparison to
constant eIF2α phosphorylation level in wild-types will support the hypothesis that
GCN2/PKR/HRI gain increasing magnitude as eIF2α kinases in β-cells. Otherwise, the
activity of IRE1 and ATF6 will be tested to see if they are responsible for the compensatory
of PERK in adult β-cells.
As β-cells mature during the perinatal period, they develop the ability to respond to
glucose and secrete insulin, and this is dependent in part upon the development of highly
structured islets with an inner mass of β-cells forming a syncytium [222]. PERK-deficient βcells, however, fail to show normal GSIS in neonatal development and do not develop a
normal β-cell syncytium or islet structure. In addition, a significant fraction of β-cells exhibit
anomalous accumulation of proinsulin and GLUT2 in the ER. Overall, these abnormal traits,
which arise in nascent β-cells during embryogenesis, show that PERK is required for the
maturation of β-cells and development of normal islet architecture. Many of these traits are
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regulated by PDX1 [223],

PDX1 expression and activity is restricted in PKO islets,

suggesting that PDX1 may connect PERK’s function with maturational and functional
defects in β-cells.
Briefly, the above evidence, including very early onset of hyperglycemia, the
downregulation of MafA and insulin expression, the disruption of neogenesis, the reduced
proliferation at fetal/neonatal stage, support the supposition that Perk plays a role in β-cell
development by modulating maturation and expansion of β-cells. The study on β-perk:PKO
and βPKO mice hint that PERK is indispensable particularly from E13.5 to P13 in β-cells. A
Tet On/ Off system may be applied to test the critical period theory. Basically, we can
introduce a PERK transgene under the control of a universal promoter (e.g., CMV promoter)
or tissue-specific and/ or developmental stage-specific promoter into the Perk-/- mice. The
PERK transgene also has a tTA transactivator responsive domain in its promoter region and a
green fluorescent protein (GFP) marker following its CDS. A tTA transgene is introduced
into the mouse genome. Ideally, it could replace the Perk locus through homologous
recombination. The tTA and PERK transgene are activated in the presence of tetracycline,
which could be supplied in the feeding water to the mothers and the neonatal mice.
Tetracycline will then modulate the tTA transgene and subsequently turn on or off the PERK
transgene in the whole animal or in a specific tissue at desired time points. Such strategy has
been shown to successfully manipulate the expression of an important transcription factor,
Pdx-1, during development and maintenance of pancreas [224].
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IV.3. Potential mechanism of PERK in the regulation of β-cell neogenesis
and maturation

Both the early differentiation (neogenesis) and late differentiation (maturation) were
adversely affected by loss of PERK. PDX1 is essential for pancreas development including
β-cells. In addition, PDX1 is a major transcription factor controlling both insulin and MafA
transcription. The latter critically regulates insulin transcription as well. Besides insulin and
MafA, PDX1 has been proposed to regulate the expression of other β-cell genes including
glucokinase and Glut2 [42, 225]. Thus, PDX1 is indispensable for both β-cell differentiation
and maintenance of β-cell function. It was reported that glucose activates PDX1 DNAbinding activity, and the translocation from cytoplasm to nucleus, hence the upregulation of
insulin, MafA etc. Glucose metabolism has been shown to stimulate DNA binding activity of
PDX1 in β-cells via a stress-activated signaling pathway involving stress-activated protein
kinase 2 (SAPK2, also termed RK/p38, CSBP, and Mxi2) [136]. SAPK2 is a member of an
expanding family of mitogen-activated protein kinase-related kinases that are activated in
response to adverse stimuli such as heat, osmotic shock, ultraviolet light, DNA-damaging
reagents and by proinflammatory cytokines that are produced under conditions of stress. In
pancreatic β-cells, glucose metabolism stimulates the SAPK2 pathway by a mechanism that
involves phosphatidylinositol 3-kinase (PI 3-kinase), while stress (e.g. arsenite treatment)
stimulates the SAPK2 pathway in β and other cell types by a mechanism independent of PI
3-kinase [136]. PDX1 exists as an inactive 31-kDa form in the cytoplasm of human islets at
low (3 mM) glucose concentration, while treatment with high (16 mM) glucose stimulates its
phophorylation and conversion to the active 46-kDa form, which is translocated into the
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nucleus. These events are inhibited by SB 203580 (5 µM) (an inhibitor of SAPK2),
wortmannin, and LY 294002 (inhibitors of PI 3-kinase), and mimicked by sodium arsenite
and overexpression of SAPK2. In addition, active SAPK2 leads to the phosphorylation of the
actin polymerization (F-actin) modulator 25/27 kDa heat shock protein (HSP25/27), whose
phosphorylation is causally related to the regulation of microfilament dynamics. [226] Given
that F-actin reorganization plays a role in the insulin granules exocytosis, thus SAPK2 can be
involved in glucose stimulated insulin release in β-cells independent of PDX1 or act
upstream of PDX1 to regulate β-cell expansion and maturation.
Glucose might serve as a connection between PERK and PDX1. Glucose is known to
mobilize ER calcium. ER contains large intracellular pool of calcium. High glucose opens
VDCC on plasma membrane and calcium influxes into cytosol, leading to a transient Ca2+
influx into ER lumen via SERCA activity, followed by the release of ER Ca2+ back to cytosol
which is mediated by the opening of Ca2+ dependent Ca2+ channels, IP3R and Rynodine
receptor. On the opposite, low glucose depletes calcium from ER, accompanied by the
phosphorylation of eIF2 alpha. However, the phosphorylated eIF2 alpha level was 2-4 fold
lower in PERK -/- islets with the presence of low glucose, thus PERK is the major kinase
responsible for the phosphorylation of eIF2α in this situation. Furthermore, PERK was
shown to be activated when ER calcium was depleted upon thapsigargin treatment, therefore,
PERK is probably activated by the deprivation of calcium from the ER caused by glucose
deficiency. With normal Ca2+ level in the ER, Bip binds to PERK; however, once calcium is
depleted, PERK is released from Bip to become functional.
Low glucose induced, PERK mediated eIF2α phosphorylation most probably
represses global translation to affect PDX1 translation or translocation. Inactive PERK upon
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high glucose does not phosphorylate eIF2α, actually eIF2α-p is dephosphorylated and the
repression on global translation is relieved, leading to the induction of PDX1. PDX1 is
induced only with transient high glucose, prolonged hyperglycemia leads to the opposite
direction. In PERK-deficient mice, active PERK is not available and eIF2α-p level is below
normal at basal glucose concentration, which, in a sense, mimics the situation of prolonged
high glucose treatment, so maybe perk-/- β-cells face a glucotoxicity-like condition. β-cells
experiencing glucotoxicity showed defective insulin gene expression and impaired GSIS [61].
Mechanism of glucose toxicity involves a posttranscriptional defect in PDX1 mRNA
maturation [227]. Given PDX1 expression and localization was disturbed in PERK deficient
mice, the downregulation of insulin, MafA, and eventually deleterious β-cell neogenesis and
maturation, are possibly downstream event of glucotoxicity.
As β-cells mature during fetal and neonatal period, they develop the ability to respond
to glucose and secrete insulin. Any steps along glucose stimulated insulin secretion (GSIS)
pathway go wrong can result in impaired insulin secretion, ranging from glucose sensing,
internalization, metabolism, to insulin synthesis, folding, trafficking and exocytosis.
Glut2 is a membrane protein responsible for glucose transportation from extracellular
matrix into cytosol for further metabolism. In a significant fraction of fetal PERK-deficient
β-cells (denoted as funkER cells), GLUT2 is anomalously accumulated in the ER, despite
some membrane-localized GLUT2. It is doubtful if Glut2 functions normally herein, hence βcells might not sense and transport glucose through cell membrane as efficiently as in the
wild-type in the first place. In the funkER cells, proinsulin is blocked in the ER as well,
which can be another reason of impaired GSIS. The accumulation of proinsulin and Glut2
suggests that β-cells endure general ER defects, compassing abnormal folding, trafficking
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and/or ER associated degradation (ERAD) of proteins in the ER. Secretory and membrane
proteins might be over-synthesized because of missing repression of translation initiation via
PERK. Protein overload disrupts ER function as the major Ca2+ storage, hence exocytosis
defect. In addition, ER chaperons such as PDI and calrectin, traffick facilliating proteins and
ERAD proteins might be misregulated without the presence of PERK, leading to defective
ER, hence mislocalized GLUT2 and proinsulin, eventually, insensitivity to glucose,
restrained β-cell differentiation and reduced insulin secretion. Notably, a large scale of βcells is non-funkER-looking cells, but that does not exclude the possibility that subtle defects
might have escaped detection.
NADH shuttle is thought to be essential for GSIS. NADH shuttle in fetal β-cells was
shown to be immature, resulting in low level of GSIS. In isolated islets or β-cell lines,
NADH shuttle can be pushed to maturity by high glucose treatment. It was postulated that in
vivo, glucose fluctuation and developmental program induces NADH shuttle maturation.
Given that PERK responds to glucose alteration and PERK is potentially involved in
development, it is noteworthy to check the status of NADH shuttle in PERK-deficient β-cells.
This can be carried out by examining the activity and concentration of the two key enzymes
of NADH shuttles, mitochondrial glycerol phosphate (mGDPH) and mitochondrial malate
dehydrogenase (mMDH). It is intriguing that PDX1 is an important regulator of
mitochondrial metabolism in rat islets. Microarray analysis was performed on PDX1deficient and control islets. Of the 70 up-regulated and 56 down-regulated transcripts; the
most prevalent were associated with metabolism. Quantitative reverse transcriptase-PCR
confirmed the induction of succinate dehydrogenase and ATP synthase as well as pyruvate
carboxylase and the transcript for the malate shuttle. In parallel there was a 50% reduction in
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mRNA levels for the mitochondrially encoded nd1 gene, a subunit of the NADH
dehydrogenase comprising complex I of the mitochondrial respiratory chain [57].
Consequently, PDX1 seems to play a central role of glucose metabolism and the reduction of
PDX1 can be the ultimate cause of the possible defective glucose metabolism.
Besides downregulation of insulin mRNA, pancreatic insulin content is compromised
in PKO mice upon ELISA detection. ELISA kit herein has ~40% cross-reactivity with
proinsulin, thus insulin reading is underestimated especially in PERK -/- pancreas where
proinsulin is accumulated. Proinsulin needs to be folded properly before further
transportation and procession. ER calcium exerts its effect on polypeptide folding,
transporting and refolding via interaction with calnexin, an ER chaperon residing on ER
membrane.[228] While calcium modulates PERK activity and ER function, in turn, PERK
may impact ER calcium mobilization via controlling SERCA or calcium channel expression.
Calcium mobilization in the ER demands measurement because of its role in activating
calnexin for polypeptide assembly, and modulating Bip and PERK status. ER Ca2+ can be
monitered by examining fura2-conjugated fluorescence in isolated ER. While calnexin has
broad targets, PDI somehow is more specific to proinsulin folding in β-cells [229]. Proinsulin
is composed of N-terminal B peptide, C-terminal A peptide and connecting C peptide. For
insulin maturation, PDI catalyzes the formation of 2 disulfide bonds between peptide A and
B, hence bridging A and B and exposing cleavage sites for PC1/3 (prohormone convertase
1/3). With the removal of C-peptide by PC1/3, mature insulin is generated [106, 230]. The
protein level of calnexin, PDI and PC1/3 from purified islets will be assessed by immunoblot.
The cleavage of proinsulin usually happens in secretory granules and TGN (trans-Golgi net).
As known, vesicles recycle between the ER, the Golgi and the plasma membrane, the
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expanded ER suggests that Golgi area might have shrinked. If that is true, the cleavage of
proinsulin into insulin could be disrupted.
There are over 10,000 granules in β-cells, ~600 of them lie beneath plasma membrane,
which are docked granules. However upon glucose stimulation, only 1-5% granules are
immediately released, so called readily releasable pool (RRP). K+-ATP-channel-dependent
pathways cardinally account for this rapid release of insulin, a.k.a the first phase of insulin
secretion, which is dependent on high Ca2+ level but not ATP-hydrolysis. The refilling of
RRP accounts for sustained 2nd phase insulin secretion. Even before RRP is depleted, the
refilling of RRP is in full operation already. The compensation for RRP derives majorly from
docked granules, but sustained insulin secretion will ultimately require the physical
translocation of granules to the release zone. The refilling of RRP must undergo a series of
ATP-, Ca2+, time- and temperature-dependent reactions to gain release competence. [231]
The cytoskeleton framework has been well recognized as an important component in the
control of vesicle trafficking and compartmentalization. [232] The cortical actin network in
β-cells undergoes stimulus-dependent remodeling that increases both the number of primed
insulin granules as well as mobilization of insulin granules to the plasma membrane [233].
High level of intracellular Ca2+ is indispensable for both 1st and 2nd phase of insulin secretion.
[Ca2+]i is maintained by calcium influx from extracellular matrix and calcium efflux from ER.
The depreciation of ER function in PKO mice might compromise its role of intracellular
calcium mobilization, hence abnormal [Ca2+]i and impaired 2nd phase exocytosis, which
accounts for the mainstream of insulin secretion. Meanwhile, the possible glucose
desensitation of PERK-deficient β-cells might reduce calcium influx into cytoplasm and
affect 1st phase of insulin release. The desensitation to glucose also results in a weakened
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elevation of ATP. Consequently the remodeling of cortical actin, hence the refilling of RRP
might be compromised.
In addition, PERK-deficient β-cells fail to develop a normal β-cell syncytium and
exhibit loose junction. Normally β-cells form the core of islets with a homogenous
appearance surrounding by other islet cell types. With stimulation, the influx of Ca2+ raises
cytoplasmic Ca2+ level in a portion of β-cells, triggering Ca2+ oscillation throughout the
whole mass of β-cells in islet. Demolition of islet structure breaks the coupling of β-cells and
Ca2+ oscillation, usually leading to low level of stimulated insulin secretion. Therefore, β-cell
syncytium is crucial for synergistic effect of synchronized β-cell action mediated by tight
junction among β-cells. Connexin 36 /46 and intercellular adhesion molecule 1 (ICAM-1)
locate on plasma membrane, connecting β-cells and enable functional coupling of β-cells.
Given general dysfunction of the ER, the plasma membrane localization of connexins can be
disrupted. Moreover, ICAM-1 is downstream of PDX1. With knockdown of PDX1, ICAM-1
mRNA is reduced by 2.3 fold [57].
Overall, these abnormal traits, which arise in nascent β-cells during embryogenesis,
indicates that PERK is required for the differentiation of β-cells and the development of
normal islet structure, and PDX1 seems to play a pivotal role herein.
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IV.4. Potential mechanism of PERK regulating β-cell proliferation
Fetal and neonatal β-cells proliferate at a much slower rate in PERK -/- mice. A
number of cell cycle and cytokinesis related genes are downregulated as shown by
microarray data. Most cell cycle genes that are disrupted cluster at S, G2 and M phase,
including cyclin A2, cyclin B, cdk1. These altered cell cycle genes are regulated by B-MYB.
As a transcription factor that belongs to the MYB gene family, B-MYB is universally
expressed and its protein level is proportional to the degree of cell proliferation. Moreover,
B-MYB is required for mouse embryogenesis. The B-myb gene is subject to two levels of
control during the cell cycle: at the transcriptional level through the action of the E2F and Rb
family of proteins and at the post-translational level through the action of cyclin A/cdk2 [234,
235]. Our q-PCR data on p2 pcPKO islets showed no changes of E2Fs and B-MYB
transcription. Intact transcription of B-myb suggests normal E2Fs and pRB protein and
activity level. However, the translation and phosphorylation of B-MYB might not function as
usual. Although cdk2 is normally transcribed, it can not leave out the possibility that B-MYB
is not activated by cdk2 at S phase. Additionally, the loss of translational control caused by
PERK ablation may disturb B-MYB translation, consequently influence transactivation of
G2/M cell cycle genes.
Another candidate for regulating β-cell proliferation is calcineurin. Physiological and
developmental cues stimulate intracellular Ca2+ transients, leading to dephosphorylation and
nuclear translocation of the cytoplasmic subunits of calcineurin/NFAT transcription
complexes. β-cell mitogens such as glucose, insulin and GLP-1 promote increased
intracellular Ca2+ concentrations, indicating that calcineurin signaling might regulate β-cell
proliferation. Indeed, the restrain of nuclear translocation of calcineurin results in low β-cell
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mass engendered by β-cell proliferation defect [50]. In fetal β-cells, maternal glucose
fluctuation could affect intracellular calcium level hence the import of calcineurin into
nuclear and the downstream gene transcription. Limited nuclear-localized calcineurin
promotes decreased expression of cell cycle genes such as cdk4, cyclin D1, cyclin D2, and cmyc; and β-cell transcription factors known to regulate the insulin and Glut2 genes, including
MafA, Pdx1 and NeuronD1 [50]. Since these data were collected from adult mice, it is not
impossible that cell cycle genes at S, G2, M phases might be modulated by calcineurin at
fetal developmental stages when cyclin D and cyclin D-dependent cdks are dispensable. The
depressed insulin level triggered by reduced PDX1 can account for cell proliferation
deficiency as well, since insulin is a mitogen to β-cell. Given the mislocalization of Glut2,
embryonic PERK-deficient β-cells may not sense, transport and/or metabolize maternal
glucose efficiently. Accordingly under-induced [Ca2+]i leads to the retention of calcineurin
in the cytosol, impeding cells from proceeding through cell division. Otherwise, the
abnormal ER may contribute to the failure of intracellular calcium mobilization.
It is enticing to predict an association between funkER phenotype and proliferation.
The preliminary data demonstrated a comparable fraction of BrdU+ cells in funkER cells and
non-funk PKO β-cells; furthermore, funkER cells were detected in newborn βPKO mice who
contains normal β-cell mass; thus distended ER does not necessary associate with
proliferation defect.
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IV.5. ER stress on β-cells in Perk-deficient mice
Ron and collegues claimed that loss of β-cells in PKO mice owes to increased β-cell
death upon ER stress based on the observations of TUNEL signals in P15 islets (note: not βcells) and of cell death caused by pharmological ER stress inducers such as tunicamycin or
thapsgargen in fibroblasts. It is believed that ER stress provokes cell death via IRE1/JNK
pathway and/or increased CHOP expression. Urano lab has discovered that physiological
condition such as high glucose treatment will enhance IRE-1level, and the expression of its
downstream UPR genes, including Bip, Wfs1, Ero1α and CHOP, as well as insulin
biosynthesis. However, the expression of spliced XBP-1 and the activity of JNK are not
augmented [236]. Thus, IRE1 signaling activated by exposure to high glucose uses a unique
subset of downstream components of UPR in comparison to chemical induced one, also IRE1
has an alternative function in regulating β-cell physiology other than sensing ER stress. The
inactivation of JNK implies cell death signaling may stay inertia. CHOP is ambivalent in
terms of its role, it can be either induce apoptosis or arrest cell growth [35, 237, 238]. In
terms of PERK, induced JNK has not been reported in PKO β-cells or islets, which are under
ER stress, neither are upregulated Bip, spliced XBP-1, and CHOP. Since eIF2α is
phosphorylated via active PERK upon the exposure to low glucose, it is reasonable to
postulate that PERK may participate in the response of β-cell to glucose fluctuation. Together
with the observation of UPR signalings in PKO mice, we predict a physiological role of
PERK in responding to glucose mobilization, or a non-typical ER stress pathway modulated
by PERK in vivo. Meanwhile, inactive JNK in PKO mice imply that cell death is not
abnormally induced, which is supported by our TUNEL data.
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Downstream of both PERK and IRE1, WFS1 is transmembrane glycoprotein in the
ER as a calcium channel. It is speculated that together with IP3 receptor and Rynodine
receptor on the ER membrane, WFS1 is involved in the mobilization of intracellular calcium.
WFS1 is upregulated upon ER stress and glucose treatment, giving rise to [Ca2+]i elevation.
Eradication of WFS1 represses glucose-stimulated [Ca2+]i amplification, and causes β-cell
hypoplasia, impaired GSIS (glucose stimulated insulin secretion) and eventually insulin
deficient diabetes at 36 weeks [239]. Given that both PERK and WFS1 deficient mice exhibit
abnormal β-cell number and function, as well as PERK regulates WFS1 expression, thus the
PERK deficiency might perturb [Ca2+]i elevation in response to glucose via misregulated
WFS1, hence depreciated GSIS and calcineurin-involved proliferation. WFS1 transcription is
not significantly affected in perk-/- islets (Figure 14). However the synthesis of WFS1 can be
disturbed for PERK’s role as regulator of translation initiation.
Briefly, PERK is a crucial ER stress sensor, which ameliorates stress in ER by
suppressing global protein synthesis or selectively modulating the translation of a subset of
genes. Removal of PERK from islets or β-cells induces ER stress (designated by inflated ER)
and non-canonical UPR pathway. The disturbed ER may disable β-cells to maintain calcium
homeostasis in the ER and cytosol, and its inability to alleviate ER stress can possibly trigger
inadequate proliferation and dysfunction due to lack of accurate gene expression control.
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IV.6. Summary
The presence of PERK in β-cells is indispensable for β-cell development, given that
the deletion of PERK has caused relapsed proliferation and specification at fetal and neonatal
stages. Maternal nutrients affect fetal growth and their effects can be extended into adulthood.
For example, protein deficiency causes intrauterine growth retardation (IUGR); and
individuals with IUGR are more susceptible to type II diabetes. Maternal glucose is one
major nutrient promoting fetal growth and maturation (especially β-cell growth and
maturation) not only as energy supplier but also as mitogenic and differential signals. PERK
might mediate maternal glucose signals to β-cell development via the following 3 pathways.
1) Glucose-related [Ca2+]ER alteration modulates PERK’s activity, which selectively regulates
proliferation, differentiation and ER function involved genes upon phosphorylation of eIF2α.
Without PERK, β-cells lose normal ER function and the ability to expand, mature. 2) During
glucose oscillation, PERK controls overall protein synthesis rate via eIF2α phosphorylation.
The ablation of PERK de-represses global protein synthesis when glucose is low, leading to
protein overload in the ER, and hence ER dysfunction. Dysfunctional ER is not likely to
transfer membrane proteins such as Glut2 or secret insulin properly, resulting in β-cell
dysfunction; 3) PERK may operate its role via modulating [Ca2+]i through its downstream
WFS1, thus indirectly regulates calcineurin. As known, nuclear localized calcineurin
upregulates PDX1, insulin and some cell cycle genes. Thus, PERK deficiency may
accordingly incur calcium disturbance in cytosol, hence compromised β-cell proliferation and
functional maturation.

106

IV.7. Future Work
In continuous with previous work, β-cell proliferation, differentiation and function
defect in fetus will be further explored. For proliferation, microarray and RT-PCR assay
showed the downregulation of cyclin B, A, cdk1 and other cytokinesis related genes. Protein
level of these genes and their regulators, such as E2Fs and B-Myb, will be analyzed in
purified islets by western blot whenever antibodies are applicable. For differentiation study,
β-cell mass will be scrutinized at E16 when most new β-cells are formed by neogenesis.
Normal β-cell number at this specific time point or earlier suggests undisturbed β-cell
specification, otherwise suggesting abnormal β-cell differentiation. Then subsequently β-cell
differentiation factors, Pdx1, Ngn3, Nkx6.1, Nkx2.2, Pax4 and Pax6 will be exploited at
RNA and protein level. Once we are certain of proliferation and differentiation deterioration
in β-cells, the approaching issue is to resolve the relation of PERK to these defects, or how
PERK regulates these features in developing β-cells under physiological condition, and what
molecular pathways are disturbed when PERK is gone.
As mentioned above, calcium level is pivotal in fulfilling ER function, also [Ca]++i
modulates cell proliferation, vesicle transportation and exocytosis. Extracellular high glucose
is known to induce calcium influx into cytoplasm and calcium flow in and out from ER
lumen. Depletion of glucose is supposed to extract calcium from ER calcium storage to
maintain cytosolic Ca++ level. Glucose facilitates PDX1 nuclear translocation, proliferation
and maturation of β-cell. Additionally purified islets respond to physiological low glucose by
phosphorylating eIF2α via active PERK and PERK itself monitors ER function. Therefore,
we speculate that PERK might regulate the proliferation and differentiation of β-cell in
response to glucose via the modulation of intracellular Ca++ level.
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For in vitro study, purified β-cells will be incubated with Fura-2 dye. Fura-2 is a
widely used UV-excitable fluorescent calcium indicator. Upon calcium binding, the
fluorescent excitation maximum of the indicator undergoes a blue shift from 363 nm (Ca2+free) to 335 nm (Ca2+-saturated), while the fluorescence emission maximum is relatively
unchanged at ~510 nm. The indicator is typically excited at 340 nm and 380 nm respectively
and the ratio of the fluorescent intensities corresponding to the two excitations is used in
calculating the intracellular concentrations. [240] Purified β-cells will be switched between
DMEM medium of high or low glucose concentration. We expect to see a shift of
fluorescence from 363 nm to 335 nm when wildtype β-cells are stimulated with high glucose.
Endoplasmic reticulum (ER) calcium levels were determined by measuring thapsigarginreleasable Ca2+. Briefly, β-cells from both genotypes will be treated with high or low glucose
with and without the presence of thapsigargin. By comparing Fura2 fluorescence shift, one
can determine if ER calcium storage is maintained in PKO cells or not. Disturbed ER
calcium homeostasis in PKO cells indicating ER malfunction will suggest PERK might play
a role in modulating the expression and function of ER calcium channels and calcium pumps.
If PKO β-cells do not share a similar calcium mobilization pattern as seen in wildtype cells,
the expression of genes controlling calcium homeostasis, such as VDCC, SERCA, IP3
receptor, Rynodine receptor, WFS1, and the genes involved in glucose metabolism, such as
glucokinase, will be assayed. Meanwhile calcineurin, NFAT, calmodulin and cell cycle,
differentiation genes will be studied at molecular level.
For in vivo study, pregnant females can be conditioned to be hyperglycemia to
examine if glucose controls β-cell specification and duplication. The in vivo study is a bit
complicated. Diabetic pregnant females will present high glucose environment to fetals.
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Under hyperglycemia, perk is supposed to be inactive in wildtype embryos, imitating the
condition in PKO fetals, which possibly leads to β-cell hypoplasia and under-differentiation.
However, gestational diabetes generally accompanies with high serum insulin, which usually
results in overgrowth of fetals and their internal organs, including β-cells. Moreover, high
glucose itself is documented as an inducer of β-cell maturation and proliferation. The in vivo
investigation will then be unpredictable and inconclusive. Thus, in vivo study needs to await
more sensible strategies.
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Figure 1. Pancreatic β-cell differentiation. Activin and FGF2 signals from notochord inhibit Shh and induce
Pdx1 for pancreas budding. The expression of Ngn3 in a subpopulation of PDX1+ cells drives them into
endocrine precursor cells. Differentiation factors, such as Pax4, Nkx 2.2, Nkx 6.1, as well as Pdx1 and MafA
specify endocrinal progenitors into β-cells.
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Figure 2. Cell cycle machinery. The five distinct phases of the cell cycle are each specifically controlled by
cyclin/CDK complexes. The cyclin/CDK complexes are in turn negatively regulated by CIP/KIP and INK4
family members. Free E2F transcription factors function at the restriction point activating genes essential for
DNA synthesis and cell cycle progression. E2F complexed with Rb cannot activate transcription.
Hyperphosphorylation of Rb causes dissociation from E2F. Arrows indicate activating steps; T-lines represent
inhibitory steps.
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Figure 3. Transcription factor cascade involved in the regulation of the rat insulin-1 promoter. The enhancers
E2-A4/A3 (and E1/A1 not shown) bind and are activated by bHLH proteins and the homeodomain protein Pdx1,
HNF1α also binds to the E2-A4/A3 complex. CREB, cAMP response element-binding protein; Basal, basal
transcription factors.
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Figure 4. Biosynthesis and maturation of proinsulin. Proinsulin is co-translationally imported into ER lumen.
Facilitated by ER chaperons, proinsulin is folded and A and B peptides are connected by 2 disulfide bonds. In
secretory granules and sometimes late Golgi, folded proinsulin is cleaved into mature insulin and C-peptide.
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Figure 5. Glucose stimulated insulin secretion. Extracellular glucose is transported into β-cells via Glut2
transporter. In cytoplasm, glucose is metabolized and produces ATP. Elevated ATP/ADP ratio closes ATP
dependent potassium channel, depolarizes plasma membrane and opens voltage gated calcium channel (VDCC).
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Figure 6. Neonatal PKO and pcPKO mice exhibit hyperglycemia. A) Serum glucose levels of PKO and
wild-type mice during neonatal and juvenile development. B) Serum glucose levels of pcPKO and wildtype mice during neonatal and juvenile development. Each data point is the mean of 3–24 mice. Error bars
= SEM.
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Figure 7. Reduced insulin content in pancreata in PKO mice. Whole pancreas from fetal and neonatal PKO
and wild-type control mice were extracted and homogenized for insulin measurement via ELISA. Insulin content
was reduced in PKO mice at both fetal and neonatal stages, with more divergence in the later. The insulin level
was normalized to the total protein concentration, expressed as ng of insulin per μg of protein. Sample size (WT,
PKO): E16.5 (12, 7), E17.5 (18, 6), E18.5 (7, 3), P1 (11, 9), P5–7 (denoted as P6) (8, 6).
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Figure 8. Estimation of β-cell mass in PKO mice over neonatal development. A) β-cell number was estimated
by dividing Glut2 mRNA expression level per pancreata to Glut2 mRNA level per β-cell. Wild-type mice
exhibit a 2.8-fold (p = 0.002) and 17.7-fold (p = 0.03) higher number of β cells than PKO mice in early
neonates (P1–3) and early juvenile mice (P24), respectively. Sample size (WT, PKO): P1 (5, 3), P2 (3, 4), P7 (3,
3), P14 (2, 2), P24 (4, 3). B) Theoretical estimation of the increase in β cell mass during neonatal development
as a function of observed proliferation rates.

C) β-cell number was estimated by dividing insulin mRNA

expression level per pancreata to insulin mRNA level per β-cell. Similar pattern is seen as in A. β-cells fail to
accumulate in PKO mice as efficiently as in wild-type controls. ( * p < 0.01; ** p < 0.05)
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Figure 9. Disorganized islet morphology in PKO mice upon immunofluorescence assay. Wild-type mice (A,
P18) exhibit normal islets with a dominant core of β cells (green, insulin) and mantle of α cells (red, glucagon),
whereas PKO (B) have very low β cell mass and disrupted islet structure. C) the fraction of β-cell is reduced in
PKO mice since E18.5, and drops further as mice age. Sample size (WT, PKO): E18.5 (10, 8), 3hour (3, 5), P2
(4, 2), P8 (4, 6), P14 (4, 2), P21 (2, 2). (Error bar: SEM)
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Figure 10. Immunofluorescent insulin staining of E16.5 pancreas. At E16.5, β-cell mass (green, insulin) is
comparable between A) PKO and B, WT as seen in n = 6 wild-type and PKO embryos.
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Figure 11. Defective β-cell proliferation in PKO mice. A, B) Ki67 signal (green) in insulin-labeled β-cells (red).
Less β-cells are Ki67 positive in P1 PKO mice (B) than P1 wild-type mice (A). C) Ki67, is diminished in PKO β
cells during perinatal and postnatal periods. Sample size (WT, PKO): E18.5 (4, 5), P0 (6, 6), P2 (6, 2), P8 (6, 4).
Total number of β cells counted (WT, PKO): E18.5 (2917, 1361), P0 (6187, 4448), P2 (5980, 787), P8 (4990, 1932).
D) BrdU incorporation is significantly reduced in fetal PKO β cells. Student's t test, p = 0.032 at E16.5; p = 0.002 at
E18.5. Sample size (WT, PKO): E16.5 (4, 4), E18.5 (5, 5). Total number of β cells counted (WT, PKO): E16.5 (203,
562), E18.5 (1524, 1282). (* p < 0.01; ** p < 0.05)
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Figure 12. Apoptosis is not induced in β-cells in PKO mice. Nuclear localized TUNEL signal (red) was
shown in the endocrine pancreas but not in β-cells (green) in PKO pancreas.
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Figure 13. No change of E2Fs and B-myb mRNA level in P2 pcPKO islets by qPCR. Reduced insulin;
slightly induced E2F1, 2, 6 in pcPKO islets. While no significant change in B-myb or UCP. (WT, n = 2,
pcPKO, n = 7, all littermates)
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Figure 14. No change of ER stress gene transcription in neonatal pcPKO islets. The expression of Ins1, Pdx1
and MafA mRNA is significantly reduced in pcPKO islets, whereas none of the ER stress genes is significantly
induced. (WT, n = 4-6; pcPKO, n = 6-8) (**, p < 0.001; * p < 0.05)
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Figure 15. Compromised insulin secretion in PKO and pcPKO islets. Islets isolated from P14 PKO mice and
P10 pcPKO mice show reduced glucose-stimulated insulin secretion as compared to WT littermates. Islets were
treated with low glucose (2.8 mM) or high glucose (16.7 mM), and secreted insulin was assayed and normalized
to the total insulin content. The ratio of insulin secreted by islets treated with high glucose versus low glucose is
plotted for individual animals.
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Figure 16. Accumulation of proinsulin in the ER of β-cells in PKO mice. A-C) A fraction of the β-cells in
PERK-deficient mice exhibit highly distended, electron-dense ER lumina as detected by TEM, which we denote
as funkER cells. (A) shows P2 wild-type, scale bar = 5000 nm; (B) P7 pcPKO, scale bar = 5000 nm; (C) P7
pcPKO, scale bar = 500 nm. The outline of a funkER cell is highlighted in (B). The arrow in (C) points to
distended ER. D, E) Proinsulin distribution pattern revealed by epifluorescence immunohistochemistry.
Proinsulin, red; insulin, green. (D) P8 wild-type, proinsulin is localized in discrete packets in Golgi; (E) P1
PKO exhibit a mixture of normal and abnormal doughnut-shaped (red-orange) patterns. F-I) Epifluorescence
immunohistochemistry. Proinsulin, green; Bip, red. (F, H) anti-Bip single staining showing Bip localization in
wild-type (F) and PKO (H). (G) wild-type β-cells exhibit normal distribution of Bip and insulin. Bip spreads in
cytoplasm, while proinsulin stays in Golgi. (I) PKO β-cells display colocalization of Bip and proinsulin.

126

A

B

C
(x 600)

Figure 17. Accumulation of Glut2 in the ER of β-cells in PKO mice. GLUT2, green; proinsulin, red. A) normal
plasma membrane localization of GLUT2 in wild-type animals. B) abnormally distributed GLUT2 overlaps
with proinsulin in the ER of PKO β-cells. C) GLUT2 accumulates abnormally in the ER of PKO β-cells.
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Figure 18. A smaller fraction of nuclei-localized PDX1 in PERK deficient β-cells. Epifluorescence
immunohistochemistry of PDX1 (red) and insulin (green) in E 18.5 fetal mice. A) PDX1 is strongly expressed
in the nuclei of a majority of β-cells and other pancreatic cell types. B) A good portion of β-cells show PDX1
negative dark nuclei.
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Figure 19. Disorganized islet morphology and β-cell hypoplasia in PKO mice. Wild-type mice (A, P18)
exhibit normal islets with a dominant core of β cells (green, insulin) and mantle of α cells (red, glucagon),
whereas pcPKO (B), and enPKO (C) mice (P21–22) have very low β cell mass and disrupted islet structure.
βPKO (D, P23) and βPerk;PKO (E, P23) mice exhibit normal β cell mass and islet structure.
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Figure 20. Accumulation of proinsulin in the ER of β-cells in conditional PKO mice. Proinsulin distribution pattern
revealed by epifluorescence immunohistochemistry. Proinsulin, red; insulin, green. (A) P8 wild-type, proinsulin is
localized in discrete packets in Golgi; P1 pcPKO (B) and P3 β-PKO (C) β-cells exhibit a mixture of normal and
abnormal doughnut-shaped (red-orange) patterns. The proinsulin distribution is almost normal in P30 β-PKO (D) and
adult PKO mice.
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Figure 21. Hyperglycemia is delayed and reversed in enPKO mice. Serum glucose starts to rise at week 4,
peaked around week 6, and is reversed afterwards. WT n = 8; enPKO n = 9. (Error bar: SEM)
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Figure 22. Perk expression in βPKO and β-PERK:PKO islets along developmental stages. A) Perk deletion
efficiency in βPKO islets. Less than ~40% β-cells have Perk deleted at fetal stage; deletion efficiency climbs up
after birth, reaching > 90% at P13. B) Perk is highly expressed at E13.5 in β-PERK islets. M: Marker; C: control
without reverse transcriptase; 1-3: independent embryonic samples.
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Figure 23. βPKO mice show normal glucose tolerance. 1 month old β-PKO mice were fasted for 16 to 18
hours before glucose injection. Serum was collected at 30 minutes, 1, 2 and 4 hours after injection. Serum
insulin were assayed by ELISA. (8 wiltype, 6 knockouts, error bar shows SEM)
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Figure 24. Theoretical estimation of PERK expression level in different genetic strains. The expression of
PERK in the endocrine pancreas progenitors in pcPKO and enPKO is ablated prior to neogenesis of β-cells. As
the fraction of cells that have deleted the Perk gene increases, the level of PERK expression in the tissue falls
below a threshold relative to PERK-dependent functions thus resulting in insufficient β-cell proliferation and
deficient differentiation and ultimately to permanent neonatal diabetes.

The period of time between the

activation of PERK in βPERK;PKO mice and the deletion of Perk in the majority of β-cells in βPKO mice
defines the critical period of PERK function during fetal and early neonatal development. Lack of PERK
expression during this phenocritical period results in permanent neonatal diabetes.
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Table 1. Primers used for qPCR and genotyping
Gene

Forward

Reverse

qPCR
Ins I

5'-AGCATCTTTGTGGTCCCCAC-3'

5'-CCCCACACACCAGGTAAAGAG-3'

Ins II

5'-GCGTGGCTTCTTCTACACAC-3'

5'-GTTCTCCAGCTGGTAGAGGG-3'

Glut2

5'-TGAGCAGAAGGTCTCCGTGA-3'

5'-TGTCGGTAATTGGCATCCGT-3'

MafA

5'- GCTGGTATCCATGTCCGTGC -3'

5'- GTCGGATGACCTCCTCCTTG -3'

PDX1

5'-GAGCGTTCCAATACGGACCA-3'

5'-TCAGCCGTTCTGTTTCTGGG-3'

Ngn3

5’-GTCGTTACCCTTCCCCCAAG-3’

5’-CTAGGGCTTTCCGGTTCACA-3’

Nkx2.2

5’-ACAAGATGAAACGTGCCCG-3’,

5’-GCAGAGGCGTCACCTCCATA-3’

Nkx6.1

5’-TTCGGAGAATGAGGAGG-3’

5’-TTCGGGTCCAGAGGTTTGTT-3’

CyclinA2(Ccna2)

5’-ACAGAGCTGGCCTGAGTCAT-3’

5’-TTGACTGTTGGGCATGTTGT-3’

Cyclin B1(Ccnb1)

5’-CAGTTGTGTGCCCAAGAAGA-3’

5’-CTACGGAGGAAGTGCAGAGG-3’

Cyclin B2(Ccnb2)

5’-TGACGCTCGTCGACTATGAC-3’

5’-TGCTGCTGGCATACTTGTTC-3’

Cyclin D1(Ccnd1)

5’-CTCCCCACGATTTCATCGAA-3’

5’-CATCCGCCTCTGGCATTTT-3’

Cyclin D2(Ccnd2)

5’-GCAAATCGAAGCTCTGCTGC-3’

5’-TGCTCTTGACGGAACTGCTG-3’

Cyclin D3(Ccnd3)

5’-CCTTCCTCTCCTCACCCCTC-3’

5’-CCCAACCTAACCCTGCTCTG-3’

Cyclin E1(Ccne1)

5’-CAGAATGACCAAACCTGCCAT-3’

5’-GCTGCTTCCACACCACTGTCT-3’

Cyclin E2(Ccne2)

5’-TCCCTCACCTCTGCCAGATT-3’

5’-TGCCAAACCTCCTGTGAACAT-3’

Cdk4

5’-TCTGTGCTACTTCCCGAACTGATCG-3’

5’-TGCAAAGATACAGCCAACGCTCCAC-3’

Top2a

5’-AATCAAGGGAATCCCCAAAC-3’

5’-ATGAGAGGCTTCTCGCAC AT-3’

Cdc2a/Cdk1

5’-CTCGGCTCGTTACTCCACTC-3’

5’-TCCACTTGGGAAAGGTGTTC-3’

BiP

5'-ACCCTTACTCGGGCCAAATT-3'

5'-AGAGCGGAACAGGTCCATGT-3'

Chop

5'-CCAACAGAGGTCACACGCAC-3'

5'-TGACTGGAATCTGGAGAGCGA-3'

5'-GAGTCCGCAGCAGGTG-3'

5'-GTGTCAGAGTCCATGGGA-3'

Xbp1_total

5'-CACCTTCTTGCCTGCTGGAC-3'

5'-GGGAGCCCTCATATCCACAGT-3'

Grp94

5'-TACCCACATCTGCACCTCGA-3'

5'- CGCGGCGTACATACAGCTTAA-3'

Grp58

5'- CCTGCAGGAATACTTTGATGGC-3'

5'- TTGGACTCTGGGATGGGTTC-3'

Ero1l

5'- AGCGCTTTGATGGGATTCTG-3'

5'-AAGCACTTTGGAGAGAGCCCT-3'

Xbp1_spliced
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HRD1

5'-TGGCTTTGAGTACGCCATTCT-3'

5'-CCACGGAGTGCAGCACATAC-3'

WFS1

5'-GTAGCAAGTGGCCCGTCTTC-3'

5'-TGCAGTTGAGGCAGCTGATG-3'

Perk (del)

5'-CAAACAAACCCAGCACCTTT-3'

5'-CATGGCCTGGCTTATTCTGT-3'

Perk (total)

5'-CATTCCTGGAACTGGGAGAA-3'

5'-CTCCATGGGACTCCTGGTTA-3'

GAPDH

5'-GGAGCGAGACCCCACTAACA-3'

5'-ACATACTCAGCACCGGCCTC-3'

Gene

Forward

Reverse

Genotyping
mPERK.WT

5’-TCT TGG TTG GGT CTG ATG AAT-3’

5’-GAT GTT CTT GCT GTA GTG GGGG-3’

mPERK.KO

5’-CAT CCC CAT CAG CCT GTT TG-3’

5’-GGT CAA GGA AGG CAG ATA GGA AAG-3’

mPERK.Δ2-3

5’-CAC TCT GGC TTT CAC TCC TCA CAG-3’

5’-GTC TTA CAA AAA GGA GGA AGG TGG AA-3’

5’-CCT GGA AAA TGC TTC TGT CCG TTT G-3’

5'-GAG TTG ATA GCT GGC TGG TGG CAG ATG-3'

5’-GAA GAC AAT AGC AGG CAT GCT G-3’

5’-ACT GGG CTT ACA TGG CGA TAC TC-3’

Cre
Mip-GFP

Table 2. Comparison of β cell death in fetal and neonatal mice
WT

PKO

WT vs PKO

perinatal

0.0050

0.0066

n.s.

neonatal

0.0031

0.0020

n.s.

The fraction of TUNEL-positive β cells was counted. Total β cells counted n= 240, 803 for
WT, PKO fetal mice and n=420, 808 for WT, PKO neonatal mice. Theβ number of mice
examined (WT, PKO): fetal (5,10) and neonatal (7,5). t-test indicated no significant (n.s.)
difference between genotypes
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Table 3. Microarray comparison between P2 WT and PKO islets

Affy ID

Gene name

PKO

WT

NPY
kinetochore protein
PBK/TOPK
cyclin B1, related 1
Melk
mPAL
TOPOII
Cdc20
Bub1 mitotic checkpoint
Ki67
cyclin B
Cdk1
cyclin A2
Cenpa
NGF alpha
NUF2
Cdca5
Cdc28 regulatory subunit 2
Cdc3a, tome-1
cyclin B2
Incenp
ribonucleotide reductase
ect2
Mad3 mitotic checkpoint
cyclin A(2)
MgcRacGAP
Cdkn2b CDK inhibitor 2B
CDC 20 homolog
Incenp
p18 CDK inhibitor 2C
deoxycytidine kinase
replication factor C5
polo-like kinase
mcm5
mcm6
Cdc25c
deoxycytidine kinase
replication factor C4
Cdc28 kinase
p19

335.3
333.6
230.3
107.6
20.9
70
127
155.4
22.7
98.5
68.6
223.8
125.8
104.8
24.2
58.8
105.9
298.1
90.5
156.7
30
152.6
36.1
39.8
99.4
79.6
48.1
180.2
134.5
173.8
61
129
91.9
113.2
231.5
25
24.2
88.8
516.6
179.1

1027
906.2
552.8
267
47.5
111.2
301.7
349.5
56.8
236.9
179.4
539.6
329
222.9
41.1
135
213.7
498
209.6
301.1
63.6
367.7
51
68.1
195.7
119.6
74.4
394.9
296.8
249.3
80.5
195.6
125.5
197.1
337.2
45.3
42.3
129.2
688.4
198.2

fold
change

Cell-cycle
1419127_at
1424118_a_at
1448627_s_at
1448205_at
1416558_at
1416299_at
1454694_a_at
1416664_at
1424046_at
1426817_at
1416076_at
1448314_at
1417910_at
1450842_a_at
1450222_x_at
1430811_a_at
1416802_a_at
1417458_s_at
1452040_a_at
1450920_at
1423092_at
1434437_x_at
1419513_a_at
1422970_at
1417911_at
1451358_a_at
1449152_at
1439377_x_at
1439436_x_at
1416868_at
1439012_a_at
1452917_at
1448191_at
1415945_at
1416251_at
1422252_a_at
1449176_a_at
1424321_at
1448441_at
1416253_at
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3.0
2.8
2.6
2.5
2.5
2.5
2.5
2.3
2.3
2.3
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.0
2.0
2.0
2.0
2.0
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

1424156_at
1417947_at
1430127_a_at
1455956_x_at
1435509_x_at
1422440_at
1434079_s_at
1448777_at
1416122_at
1456314_x_at
1416427_at
1426885_a_at
1449574_a_at
1417850_at
1431875_a_at
1416873_a_at
1460429_at
1422439_a_at
1422441_x_at
1425554_a_at
1448229_s_at
1448335_s_at
1417269_at
1456293_s_at
1435250_at
1452560_a_at
1448835_at
1451480_at
1417420_at
1417649_at
1424638_at
1416819_at
1460207_s_at
1448698_at
1450674_at
1423622_a_at
1415907_at
1417444_at
1420827_a_at
1416488_at
1434489_at
1435176_a_at
1422537_a_at

p107 Rb like
PCNA
cyclin D2
cyclin D2
CDK2ap1
cdk4
mcm2
mcm2
cyclin D2
Cdk2ap1
cyclin I
Cdk2ap1
Cdc42
Rb-1
E2F1
Cdk2
cycle 5-like
Cdk4
Cdk4
Cdc16
cyclin D2
cyclin I
cdk9
cyclin H
cyclin E
NF-Y
E2F6
E2F4
cyclin D1
p57
p21
Cdc37
E2F5
cyclin D1
cdk5
cyclin L
cyclin D3
E2F5
cyclin G
cyclin G2
E2F4
Idb2
Idb2

83.3
1290.7
2658.7
1624.3
1711.5
387.3
195.6
104.2
3212.2
1340.2
1049.2
844.6
1033.7
76.9
133.4
70.8
418.9
624.5
754.9
422.3
1014.8
311.8
435
391.4
116.8
116.4
97.6
87.3
671.4
446.1
287.8
771.9
168.5
923.5
271.3
338.2
354.2
143.8
320.4
104.8
127.7
269.1
191.3

105.7
1625.1
2857
1641.6
1995.9
519.9
438.6
125.1
3230.4
1447
1143.5
1000.8
1026
68
109
74.6
445.4
622.2
721
418
1036.8
313.2
416.6
358.4
106.7
194.7
91.1
91.6
503.4
411.7
279
637.1
135.6
776.1
219.9
262.4
226.9
81.6
280.3
81.1
79.8
177.3
117.5

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Bip/Grp78
Bip/Grp78
Grp94
Grp94
ERp72

2209.1
3726.5
1011.9
601.6
225.7

2105.7
2908.5
882.4
513.2
154.6

n.s.
n.s.
n.s.
n.s.
n.s.

ER Stress
1427464_s_at
1416064_a_at
1415889_a_at
1438040_a_at
1416497_at
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1417516_at
1417988_at
1426195_a_at
1417065_at
1418528_a_at
1419291_x_at
1416394_at
1415736_at
1423423_at
1415827_a_at
1448185_at
1435626_a_at
1415909_at
1416926_at
1417014_at
1453634_a_at
1417354_at
1425705_a_at
1424674_at
1423246_at
1427127_x_at
1417101_at
1448586_at
1425993_a_at
1417934_at
1416146_at
1420623_x_at
1420622_a_at
1418504_at
1424622_at
1428070_at
1438992_x_at

CHOP
Resp1
cystatin C
egr-1
Dad1
Gas5
Bag1
prefoldin 5
GRP58
ERP1
Herpud1
Herpud1
Stip1
Stinp1
Hsp22
ERP31
Sil1
ERO1beta
ermelin, ER
ERP44
HSP70-1
HSP70-2
HSP70-4
HSP105
DNAJ Hsp40
Hspa4
Hspa8
Hspa8
Hspa9a
Hsf1
Hrd1
ATF4

186.7
4693.6
4093.4
3008.1
1776.4
1634
974.4
1528.9
2602.1
655.9
677.3
827.7
289
271
118.8
431.5
394.1
185.6
371.4
62
65
131.2
203.5
303.5
149.7
177.7
3056.8
1107.2
403.1
85.7
422.6
445.9

108.1
3100.9
2990.6
2446.4
2078.4
1164.7
1033
1030.8
2827.2
856.9
646.3
647.7
289.7
205.9
77.6
423.8
372.3
337.7
293.3
114
57.8
137
226.2
224.3
144.8
151.3
2926.3
799
389.1
67.8
378.6
423.3

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

caspase 2
caspase 3
caspase 6
caspase 7
caspase 8
caspase 12
caspase 12
bax, apoptosis
bak1
bad
bad
Pdcd8, apoptosis
Tfrar19, apoptosis
apoptosis regulator
CARD, apoptosis
Birc6, apoptosis

377.3
235.2
244.9
105.7
244.9
119.9
56
569.8
31.1
244.5
204.6
136.2
1045.4
260.7
161.2
204

304.2
172.7
177.7
112.3
213.9
72.8
32.6
494
37
194.8
158.5
165.3
1018.4
221.7
169.6
154.2

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Cell death
1448165_at
1449839_at
1415995_at
1448659_at
1424552_at
1418981_at
1449297_at
1416837_at
1418991_at
1416582_a_at
1416583_at
1418127_a_at
1450638_at
1426490_at
1417346_at
1419562_at
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1416936_at
1416271_at
1449317_at
1451154_a_at
1450366_at
1417045_at
1437148_at
1422938_at
1429347_at
1423572_at
1418854_at
1437593_x_at
1449193_at
1423948_at
1422452_at
1449186_at
1452628_at
1453993_a_at

Aatk, apoptosis
Pmp22, apoptosis
Cflar, apoptosis
Napor-1, apoptosis
Bid3, apoptosis
Bid
Biklk, apoptosis
Bcl2
Bcl2-like
Bcl2-like
Birc3, apoptosis inhibitor
api5, apoptosis inhibitor
api6, apoptosis inhibitor
Bag2
Bag3
Bag4
Bag5
Nip2

137.2
110.9
46.9
185.7
74.5
111.8
2339.2
75.4
38
296.5
189.4
685.6
58.3
168.5
114.1
103.9
188.8
158.9

108
118.8
50.5
149.7
69.9
102.5
1889
53.2
21.8
299.3
152.7
571.1
40.1
164.2
70.4
117.9
232.3
187.4

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Signal intensities are listed for genes that were judged to be above background (present). Fold changes are
shown for genes that exhibit a 2-fold or greater difference between wild-type and PKO mice.RNA was
isolated from islets of Langerhans pooled from 60 P2 PKO mice and 60 wild-type littermates and purified using
RNeasy. One μg RNA was used for cDNA synthesis. Overall procedures for cDNA and cRNA synthesis used
the

Ambion

Message

Amp

kit

as

modified

from

Affymetrix

protocol

(see

https://www.affymetrix.com/support/downloads/manuals/ expression_s2_manual.pdf). The samples were
hybridized to GeneChip Mouse Expression Array 430A (Affymetrix). Affymetrix Microarray Suite 5.1 was
used to calculate differences in mRNA expression levels between wild-type and PKO samples.
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Table 4. β-cell gene expression level (PKO/WT)

Ins I
Ins II
Glut2
MafA

E13-15.5
0.56
0.58 *
0.74
0.83 *

E16.5-P0
0.75 *
0.61 **
0.80 **
0.63 ***

P2-4
0.73 *
0.33 **
0.64 ***
0.54 *

Ins II and MafA is reduced in fetal and neotal stage; Ins I and Glut2 is reduced
from E16.5 to P4, while no change at E13-15.5. E13-15.5 and E16.5-P0: whole
pancreas; P2-4: islets. ( * p < 0.05; ** p < 0.01; *** p < 0.001)

Table 5. Slight impairment of GSIS in neonatal βPKO mice.

sample1

Fold change
sample2
sample3

wild-type

7.29

0.11

4.36

βPKO

0.16

0.38

1.23

sample4
0.21

p = 0.30

Table 6. Comparison of ER stress gene expression in β-cells in PKO fetal Mice.
BiP/GRP78
Xbp1-S/Xbp-T

WT
0.840
0.252

+/- 0.113
+/- 0.010

PKO
0.690
0.137

+/-0.142
+/-0.053

t-test
n.s.
n.s.

The level of mRNA was determined by qRT-PCR of FACS purified β-cell from E1517 fetal mice. +/- SEM

141

V. References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Delepine, M., et al., EIF2AK3, encoding translation initiation factor 2-alpha kinase 3,
is mutated in patients with Wolcott-Rallison syndrome. Nat Genet, 2000. 25(4): p.
406-9.
Zhang, P., et al., The PERK eukaryotic initiation factor 2 alpha kinase is required for
the development of the skeletal system, postnatal growth, and the function and
viability of the pancreas. Mol Cell Biol, 2002. 22(11): p. 3864-74.
Desmangles, A.I., O. Jordan, and F. Marquis-Weible, Interfacial photopolymerization
of beta-cell clusters: approaches to reduce coating thickness using ionic and
lipophilic dyes. Biotechnol Bioeng, 2001. 72(6): p. 634-41.
Doria A, P.N., Recent advances in the genetics of maturity onset diabetes of the
young and others forms of autosomal dominant diabetes. Curr Opin Endocrinol
Diabetes 2000. 7: p. 203-210.
Matschinsky, F., et al., Glucokinase as pancreatic beta cell glucose sensor and
diabetes gene. J Clin Invest, 1993. 92(5): p. 2092-8.
Njolstad, P.R., et al., Neonatal diabetes mellitus due to complete glucokinase
deficiency. N Engl J Med, 2001. 344(21): p. 1588-92.
Ahlgren, U., et al., beta-cell-specific inactivation of the mouse Ipf1/Pdx1 gene results
in loss of the beta-cell phenotype and maturity onset diabetes. Genes Dev, 1998.
12(12): p. 1763-8.
Hani, E.H., et al., Defective mutations in the insulin promoter factor-1 (IPF-1) gene
in late-onset type 2 diabetes mellitus. J Clin Invest, 1999. 104(9): p. R41-8.
Sellick, G.S., et al., Mutations in PTF1A cause pancreatic and cerebellar agenesis.
Nat Genet, 2004. 36(12): p. 1301-5.
Wildin, R.S., et al., X-linked neonatal diabetes mellitus, enteropathy and
endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat Genet, 2001.
27(1): p. 18-20.
Sander, M. and M.S. German, The beta cell transcription factors and development of
the pancreas. J Mol Med, 1997. 75(5): p. 327-40.
Guz, Y., et al., Expression of murine STF-1, a putative insulin gene transcription
factor, in beta cells of pancreas, duodenal epithelium and pancreatic exocrine and
endocrine progenitors during ontogeny. Development, 1995. 121(1): p. 11-8.
Jensen, J., et al., Independent development of pancreatic alpha- and beta-cells from
neurogenin3-expressing precursors: a role for the notch pathway in repression of
premature differentiation. Diabetes, 2000. 49(2): p. 163-76.
Jonsson, B., Diabetes--the cost of illness and the cost of control. An estimate for
Sweden 1978. Acta Med Scand Suppl, 1983. 671: p. 19-27.
Schreiber, F.S., et al., Successful growth and characterization of mouse pancreatic
ductal cells: functional properties of the Ki-RAS(G12V) oncogene. Gastroenterology,
2004. 127(1): p. 250-60.
Uma, S., et al., The N-terminal region of the heme-regulated eIF2alpha kinase is an
autonomous heme binding domain. Eur J Biochem, 2000. 267(2): p. 498-506.
Holland, A.M., et al., Conditional expression demonstrates the role of the
homeodomain transcription factor Pdx1 in maintenance and regeneration of betacells in the adult pancreas. Diabetes, 2005. 54(9): p. 2586-95.
142

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

Kushner, J.A., et al., Pdx1 restores beta cell function in Irs2 knockout mice. J Clin
Invest, 2002. 109(9): p. 1193-201.
Stoffers, D.A., V. Stanojevic, and J.F. Habener, Insulin promoter factor-1 gene
mutation linked to early-onset type 2 diabetes mellitus directs expression of a
dominant negative isoprotein. J Clin Invest, 1998. 102(1): p. 232-41.
Levine, C.G., et al., The efficiency of protein compartmentalization into the secretory
pathway. Mol Biol Cell, 2005. 16(1): p. 279-91.
Raum, J.C., et al., FoxA2, Nkx2.2, and PDX-1 regulate islet beta-cell-specific mafA
expression through conserved sequences located between base pairs -8118 and -7750
upstream from the transcription start site. Mol Cell Biol, 2006. 26(15): p. 5735-43.
Gannon, M., L.W. Gamer, and C.V. Wright, Regulatory regions driving
developmental and tissue-specific expression of the essential pancreatic gene pdx1.
Dev Biol, 2001. 238(1): p. 185-201.
Samaras, S.E., et al., Conserved sequences in a tissue-specific regulatory region of
the pdx-1 gene mediate transcription in Pancreatic beta cells: role for hepatocyte
nuclear factor 3 beta and Pax6. Mol Cell Biol, 2002. 22(13): p. 4702-13.
Marshak, S., et al., Functional conservation of regulatory elements in the pdx-1 gene:
PDX-1 and hepatocyte nuclear factor 3beta transcription factors mediate beta-cellspecific expression. Mol Cell Biol, 2000. 20(20): p. 7583-90.
Samaras, S.E., et al., The islet beta cell-enriched RIPE3b1/Maf transcription factor
regulates pdx-1 expression. J Biol Chem, 2003. 278(14): p. 12263-70.
Gerrish, K., M.A. Cissell, and R. Stein, The role of hepatic nuclear factor 1 alpha
and PDX-1 in transcriptional regulation of the pdx-1 gene. J Biol Chem, 2001.
276(51): p. 47775-84.
Cissell, M.A., et al., Transcription factor occupancy of the insulin gene in vivo.
Evidence for direct regulation by Nkx2.2. J Biol Chem, 2003. 278(2): p. 751-6.
Ota, S., et al., Constitutive association of EGF receptor with the CrkII-23 mutant that
inhibits transformation of NRK cells by EGF and TGF-beta. Cell Signal, 1998. 10(4):
p. 283-90.
Satoh, S., et al., Use of bismannose photolabel to elucidate insulin-regulated GLUT4
subcellular trafficking kinetics in rat adipose cells. Evidence that exocytosis is a
critical site of hormone action. J Biol Chem, 1993. 268(24): p. 17820-9.
Gerrish, K., J.C. Van Velkinburgh, and R. Stein, Conserved transcriptional
regulatory domains of the pdx-1 gene. Mol Endocrinol, 2004. 18(3): p. 533-48.
Lu, L., et al., Genetic engineering of dendritic cells to express immunosuppressive
molecules (viral IL-10, TGF-beta, and CTLA4Ig). J Leukoc Biol, 1999. 66(2): p. 2936.
Wu, S., et al., A eukaryotic translation initiation factor 2-associated 67 kDa
glycoprotein partially reverses protein synthesis inhibition by activated doublestranded RNA-dependent protein kinase in intact cells. Biochemistry, 1996. 35(25): p.
8275-80.
Guillemain, G., et al., Importin beta1 mediates the glucose-stimulated nuclear import
of pancreatic and duodenal homeobox-1 in pancreatic islet beta-cells (MIN6).
Biochem J, 2004. 378(Pt 1): p. 219-27.
Elrick, L.J. and K. Docherty, Phosphorylation-dependent nucleocytoplasmic shuttling
of pancreatic duodenal homeobox-1. Diabetes, 2001. 50(10): p. 2244-52.

143

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

Wang, H., et al., C/EBPalpha arrests cell proliferation through direct inhibition of
Cdk2 and Cdk4. Mol Cell, 2001. 8(4): p. 817-28.
Kitamura, T., et al., The forkhead transcription factor Foxo1 links insulin signaling to
Pdx1 regulation of pancreatic beta cell growth. J Clin Invest, 2002. 110(12): p. 183947.
Aizawa, T., et al., Insulin secretion by the pancreatic beta cell of aged rats. Pancreas,
1994. 9(4): p. 454-9.
Kaneto, H., et al., Role of oxidative stress, endoplasmic reticulum stress, and c-Jun Nterminal kinase in pancreatic beta-cell dysfunction and insulin resistance. Int J
Biochem Cell Biol, 2006. 38(5-6): p. 782-93.
McCarty, K.S. and K.S. McCarty, Jr., Early mammary gland responses to hormones.
J Dairy Sci, 1975. 58(7): p. 1022-32.
Ohneda, K., et al., The homeodomain of PDX-1 mediates multiple protein-protein
interactions in the formation of a transcriptional activation complex on the insulin
promoter. Mol Cell Biol, 2000. 20(3): p. 900-11.
Bonny, C., et al., The loss of GLUT2 expression in the pancreatic beta-cells of
diabetic db/db mice is associated with an impaired DNA-binding activity of isletspecific trans-acting factors. Mol Cell Endocrinol, 1997. 135(1): p. 59-65.
Watada, H., et al., PDX-1 induces insulin and glucokinase gene expressions in
alphaTC1 clone 6 cells in the presence of betacellulin. Diabetes, 1996. 45(12): p.
1826-31.
Sharma, S., et al., Pancreatic islet expression of the homeobox factor STF-1 relies on
an E-box motif that binds USF. J Biol Chem, 1996. 271(4): p. 2294-9.
von Marschall, Z., et al., Effects of interferon alpha on vascular endothelial growth
factor gene transcription and tumor angiogenesis. J Natl Cancer Inst, 2003. 95(6): p.
437-48.
Hart, A.W., et al., Attenuation of FGF signalling in mouse beta-cells leads to diabetes.
Nature, 2000. 408(6814): p. 864-8.
Hara, M., et al., Imaging pancreatic beta-cells in the intact pancreas. Am J Physiol
Endocrinol Metab, 2006. 290(5): p. E1041-7.
Goudet, G., et al., Functional and cooperative interactions between the homeodomain
PDX1, Pbx, and Prep1 factors on the somatostatin promoter. J Biol Chem, 1999.
274(7): p. 4067-73.
Heremans, Y., et al., Recapitulation of embryonic neuroendocrine differentiation in
adult human pancreatic duct cells expressing neurogenin 3. J Cell Biol, 2002. 159(2):
p. 303-12.
Dessimoz, J., et al., Pancreas-specific deletion of beta-catenin reveals Wnt-dependent
and Wnt-independent functions during development. Curr Biol, 2005. 15(18): p.
1677-83.
Heit, J.J., et al., Calcineurin/NFAT signalling regulates pancreatic beta-cell growth
and function. Nature, 2006. 443(7109): p. 345-9.
Bouwens, L. and I. Rooman, Regulation of pancreatic beta-cell mass. Physiol Rev,
2005. 85(4): p. 1255-70.
Wang, J., et al., Prox1 activity controls pancreas morphogenesis and participates in
the production of "secondary transition" pancreatic endocrine cells. Dev Biol, 2005.
286(1): p. 182-94.

144

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

Mankouri, J., et al., Kir6.2 mutations causing neonatal diabetes prevent endocytosis
of ATP-sensitive potassium channels. Embo J, 2006. 25(17): p. 4142-51.
Holness, M.J., et al., Acute (24 h) activation of peroxisome proliferator-activated
receptor-alpha (PPARalpha) reverses high-fat feeding-induced insulin hypersecretion
in vivo and in perifused pancreatic islets. J Endocrinol, 2003. 177(2): p. 197-205.
Smith, S.B., et al., Autoregulation and maturity onset diabetes of the young
transcription factors control the human PAX4 promoter. J Biol Chem, 2000. 275(47):
p. 36910-9.
Chalepakis, G., et al., Characterization of Pax-6 and Hoxa-1 binding to the promoter
region of the neural cell adhesion molecule L1. DNA Cell Biol, 1994. 13(9): p. 891900.
Brun, T., et al., The diabetes-linked transcription factor PAX4 promotes {beta}-cell
proliferation and survival in rat and human islets. J Cell Biol, 2004. 167(6): p. 112335.
Stoykova, A., et al., Forebrain patterning defects in Small eye mutant mice.
Development, 1996. 122(11): p. 3453-65.
Olbrot, M., et al., Identification of beta-cell-specific insulin gene transcription factor
RIPE3b1 as mammalian MafA. Proc Natl Acad Sci U S A, 2002. 99(10): p. 6737-42.
Kataoka, K., et al., MafA is a glucose-regulated and pancreatic beta-cell-specific
transcriptional activator for the insulin gene. J Biol Chem, 2002. 277(51): p. 4990310.
Harmon, J.S., R. Stein, and R.P. Robertson, Oxidative stress-mediated, posttranslational loss of MafA protein as a contributing mechanism to loss of insulin gene
expression in glucotoxic beta cells. J Biol Chem, 2005. 280(12): p. 11107-13.
Sii-Felice, K., et al., MafA transcription factor is phosphorylated by p38 MAP kinase.
FEBS Lett, 2005. 579(17): p. 3547-54.
Zhang, X., et al., Overexpression of cyclin D1 in pancreatic beta-cells in vivo results
in islet hyperplasia without hypoglycemia. Diabetes, 2005. 54(3): p. 712-9.
Nishimura, W., et al., A switch from MafB to MafA expression accompanies
differentiation to pancreatic beta-cells. Dev Biol, 2006. 293(2): p. 526-39.
Naya, F.J., et al., Diabetes, defective pancreatic morphogenesis, and abnormal
enteroendocrine differentiation in BETA2/neuroD-deficient mice. Genes Dev, 1997.
11(18): p. 2323-34.
Huang, H.P., et al., Regulation of the pancreatic islet-specific gene BETA2 (neuroD)
by neurogenin 3. Mol Cell Biol, 2000. 20(9): p. 3292-307.
Deutsch, G., et al., A bipotential precursor population for pancreas and liver within
the embryonic endoderm. Development, 2001. 128(6): p. 871-81.
Duvillie, B., et al., The mesenchyme controls the timing of pancreatic beta-cell
differentiation. Diabetes, 2006. 55(3): p. 582-9.
Beatus, P. and U. Lendahl, Notch and neurogenesis. J Neurosci Res, 1998. 54(2): p.
125-36.
Movassat, J., et al., Keratinocyte growth factor and beta-cell differentiation in human
fetal pancreatic endocrine precursor cells. Diabetologia, 2003. 46(6): p. 822-9.
Cras-Meneur, C., et al., An expression profile of human pancreatic islet mRNAs by
Serial Analysis of Gene Expression (SAGE). Diabetologia, 2004. 47(2): p. 284-99.

145

72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

Ling, Z., et al., Glucagon-like peptide 1 receptor signaling influences topography of
islet cells in mice. Virchows Arch, 2001. 438(4): p. 382-7.
Vasavada, R.C., et al., Growth factors and beta cell replication. Int J Biochem Cell
Biol, 2006. 38(5-6): p. 931-50.
Sjoholm, A., Glucose stimulates islet beta-cell mitogenesis through GTP-binding
proteins and by protein kinase C-dependent mechanisms. Diabetes, 1997. 46(7): p.
1141-7.
Morgan, D.O., Cyclin-dependent kinases: engines, clocks, and microprocessors.
Annu Rev Cell Dev Biol, 1997. 13: p. 261-91.
Grana, X. and E.P. Reddy, Cell cycle control in mammalian cells: role of cyclins,
cyclin dependent kinases (CDKs), growth suppressor genes and cyclin-dependent
kinase inhibitors (CKIs). Oncogene, 1995. 11(2): p. 211-9.
Pei, Y., et al., Efficient syntheses of benzothiazepines as antagonists for the
mitochondrial sodium-calcium exchanger: potential therapeutics for type II diabetes.
J Org Chem, 2003. 68(1): p. 92-103.
LaBaer, J., et al., New functional activities for the p21 family of CDK inhibitors.
Genes Dev, 1997. 11(7): p. 847-62.
Cheng, M., et al., The p21(Cip1) and p27(Kip1) CDK 'inhibitors' are essential
activators of cyclin D-dependent kinases in murine fibroblasts. Embo J, 1999. 18(6):
p. 1571-83.
Hodgkinson, S., et al., Molecular genetic evidence for heterogeneity in manic
depression. Nature, 1987. 325(6107): p. 805-6.
Kushner, J.A., et al., Cyclins D2 and D1 are essential for postnatal pancreatic betacell growth. Mol Cell Biol, 2005. 25(9): p. 3752-62.
Murphy, M., et al., Delayed early embryonic lethality following disruption of the
murine cyclin A2 gene. Nat Genet, 1997. 15(1): p. 83-6.
Ariel, M., et al., Allele-specific structures in the mouse Igf2-H19 domain. Cold Spring
Harb Symp Quant Biol, 1993. 58: p. 307-13.
Harper, J.W., et al., The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1
cyclin-dependent kinases. Cell, 1993. 75(4): p. 805-16.
Xiong, X., et al., Silence of synaptotagmin I in INS-1 cells inhibits fast exocytosis and
fast endocytosis. Biochem Biophys Res Commun, 2006. 347(1): p. 76-82.
Zhao, Y.F., Y.L. Zhu, and C. Chen, [3T3-L1 adipocytes reduces Kir6.2 channel
expression in MIN6 insulin-secreting cells in vitro]. Sheng Li Xue Bao, 2004. 56(2):
p. 253-7.
Okada, M., et al., Myb controls G(2)/M progression by inducing cyclin B expression
in the Drosophila eye imaginal disc. Embo J, 2002. 21(4): p. 675-84.
Korenjak, M., et al., Native E2F/RBF complexes contain Myb-interacting proteins
and repress transcription of developmentally controlled E2F target genes. Cell, 2004.
119(2): p. 181-93.
Boynton, A.L., et al., The control of human WI-38 cell proliferation by extracellular
calcium and its elimination by SV-40 virus-induced proliferative transformation. J
Cell Physiol, 1977. 92(2): p. 241-7.
Short, D.K., et al., Adenovirus-mediated transfer of a modified human proinsulin
gene reverses hyperglycemia in diabetic mice. Am J Physiol, 1998. 275(5 Pt 1): p.
E748-56.

146

91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.

Kao, A.W., et al., Aldolase mediates the association of F-actin with the insulinresponsive glucose transporter GLUT4. J Biol Chem, 1999. 274(25): p. 17742-7.
Xu, A. and K.Y. Chen, Hypusine is required for a sequence-specific interaction of
eukaryotic initiation factor 5A with postsystematic evolution of ligands by exponential
enrichment RNA. J Biol Chem, 2001. 276(4): p. 2555-61.
Sait, S.N., et al., Localization of Beckwith-Wiedemann and rhabdoid tumor
chromosome rearrangements to a defined interval in chromosome band 11p15.5.
Genes Chromosomes Cancer, 1994. 11(2): p. 97-105.
Lipskaia, L. and A.M. Lompre, Alteration in temporal kinetics of Ca2+ signaling and
control of growth and proliferation. Biol Cell, 2004. 96(1): p. 55-68.
Waselle, L., et al., Involvement of the Rab27 binding protein Slac2c/MyRIP in insulin
exocytosis. Mol Biol Cell, 2003. 14(10): p. 4103-13.
Harper, M.E., A. Ullrich, and G.F. Saunders, Localization of the human insulin gene
to the distal end of the short arm of chromosome 11. Proc Natl Acad Sci U S A, 1981.
78(7): p. 4458-60.
Davies, P.O., et al., Genetic reassignment of the insulin-1 (Ins1) gene to distal mouse
chromosome 19. Genomics, 1994. 21(3): p. 665-7.
Jones, J.M., et al., Localization of insulin-2 (Ins-2) and the obesity mutant tubby (tub)
to distinct regions of mouse chromosome 7. Genomics, 1992. 14(1): p. 197-9.
Docherty, H.M., et al., Relative contribution of PDX-1, MafA and E47/beta2 to the
regulation of the human insulin promoter. Biochem J, 2005. 389(Pt 3): p. 813-20.
Wang, J., et al., Mechanical force activates eIF-2alpha phospho-kinases in fibroblast.
Biochem Biophys Res Commun, 2005. 330(1): p. 123-30.
Parton, L.E., et al., Limited role for SREBP-1c in defective glucose-induced insulin
secretion from Zucker diabetic fatty rat islets: a functional and gene profiling
analysis. Am J Physiol Endocrinol Metab, 2006. 291(5): p. E982-94.
Wicksteed, B., et al., Cooperativity between the preproinsulin mRNA untranslated
regions is necessary for glucose-stimulated translation. J Biol Chem, 2001. 276(25):
p. 22553-8.
Permutt, A., et al., Insulin biosynthesis and diabetes mellitus. Clin Biochem, 1981.
14(5): p. 230-6.
Permutt, M.A., et al., An in vivo analysis of pancreatic protein and insulin
biosynthesis in a rat model for non-insulin-dependent diabetes. J Clin Invest, 1984.
73(5): p. 1344-50.
Welsh, M., et al., Translational control of insulin biosynthesis. Evidence for
regulation of elongation, initiation and signal-recognition-particle-mediated
translational arrest by glucose. Biochem J, 1986. 235(2): p. 459-67.
Skelly, R.H., et al., Glucose-regulated translational control of proinsulin biosynthesis
with that of the proinsulin endopeptidases PC2 and PC3 in the insulin-producing
MIN6 cell line. Diabetes, 1996. 45(1): p. 37-43.
Rausa, F.M., et al., The nuclear receptor fetoprotein transcription factor is
coexpressed with its target gene HNF-3beta in the developing murine liver, intestine
and pancreas. Mech Dev, 1999. 89(1-2): p. 185-8.
Rorsman, P., et al., The Cell Physiology of Biphasic Insulin Secretion. News Physiol
Sci, 2000. 15: p. 72-77.

147

109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.

Grodsky, G.M. and M.D. O'Connor, Factors influencing kinetic release of insulin in
vitro. Panminerva Med, 1977. 19(2): p. 117-22.
Cook, D.L. and C.N. Hales, Intracellular ATP directly blocks K+ channels in
pancreatic B-cells. Nature, 1984. 311(5983): p. 271-3.
Ashcroft, F.M., D.E. Harrison, and S.J. Ashcroft, Glucose induces closure of single
potassium channels in isolated rat pancreatic beta-cells. Nature, 1984. 312(5993): p.
446-8.
Aguilar-Bryan, L. and J. Bryan, Molecular biology of adenosine triphosphatesensitive potassium channels. Endocr Rev, 1999. 20(2): p. 101-35.
Inagaki, N., et al., Reconstitution of IKATP: an inward rectifier subunit plus the
sulfonylurea receptor. Science, 1995. 270(5239): p. 1166-70.
Hagiwara, S., et al., An inhibitory role for phosphatidylinositol 3-kinase in insulin
secretion from pancreatic B cell line MIN6. Biochem Biophys Res Commun, 1995.
214(1): p. 51-9.
Sato, Y., et al., Dual functional role of membrane depolarization/Ca2+ influx in rat
pancreatic B-cell. Diabetes, 1992. 41(4): p. 438-43.
Gembal, M., P. Gilon, and J.C. Henquin, Evidence that glucose can control insulin
release independently from its action on ATP-sensitive K+ channels in mouse B cells.
J Clin Invest, 1992. 89(4): p. 1288-95.
Best, L., et al., Methylglyoxal causes swelling and activation of a volume-sensitive
anion conductance in rat pancreatic beta-cells. J Membr Biol, 1999. 167(1): p. 65-71.
Gembal, M., et al., Mechanisms by which glucose can control insulin release
independently from its action on adenosine triphosphate-sensitive K+ channels in
mouse B cells. J Clin Invest, 1993. 91(3): p. 871-80.
Meredith, M., M.E. Rabaglia, and S.A. Metz, Evidence of a role for GTP in the
potentiation of Ca(2+)-induced insulin secretion by glucose in intact rat islets. J Clin
Invest, 1995. 96(2): p. 811-21.
Katakura, M., et al., Primacy of beta-cell dysfunction in the development of
hyperglycemia: a study in the Japanese general population. Metabolism, 2004. 53(7):
p. 949-53.
Schrey, M.P. and W. Montague, Phosphatidylinositol hydrolysis in isolated guineapig islets of Langerhans. Biochem J, 1983. 216(2): p. 433-41.
Jones, P.M., S.J. Persaud, and S.L. Howell, Insulin secretion and protein
phosphorylation in PKC-depleted islets of Langerhans. Life Sci, 1992. 50(11): p.
761-7.
Metz, S.A., Membrane phospholipid turnover as an intermediary step in insulin
secretion. Putative roles of phospholipases in cell signaling. Am J Med, 1988. 85(5A):
p. 9-21.
Prentki, M. and B.E. Corkey, Are the beta-cell signaling molecules malonyl-CoA and
cystolic long-chain acyl-CoA implicated in multiple tissue defects of obesity and
NIDDM? Diabetes, 1996. 45(3): p. 273-83.
Roche, E., et al., Long-term exposure of beta-INS cells to high glucose concentrations
increases anaplerosis, lipogenesis, and lipogenic gene expression. Diabetes, 1998.
47(7): p. 1086-94.
Deeney, J.T., M. Prentki, and B.E. Corkey, Metabolic control of beta-cell function.
Semin Cell Dev Biol, 2000. 11(4): p. 267-75.

148

127.
128.

129.
130.
131.
132.
133.
134.
135.
136.

137.
138.
139.
140.
141.
142.
143.
144.

Greenough, W.B., 3rd, S.R. Crespin, and D. Steinberg, Hypoglycaemia and
hyperinsulinaemia in response to raised free-fatty-acid levels. Lancet, 1967. 2(7530):
p. 1334-6.
Seyffert, W.A., Jr. and L.L. Madison, Physiologic effects of metabolic fuels on
carbohydrate metabolism. I. Acute effect of elevation of plasma free fatty acids on
hepatic glucose output, peripheral glucose utilization, serum insulin, and plasma
glucagon levels. Diabetes, 1967. 16(11): p. 765-76.
Balasse, E.O. and H.A. Ooms, Role of plasma free fatty acids in the control of insulin
secretion in man. Diabetologia, 1973. 9(2): p. 145-51.
Crespin, S.R., W.B. Greenough, 3rd, and D. Steinberg, Stimulation of insulin
secretion by long-chain free fatty acids. A direct pancreatic effect. J Clin Invest, 1973.
52(8): p. 1979-84.
McGarry, J.D. and R.L. Dobbins, Fatty acids, lipotoxicity and insulin secretion.
Diabetologia, 1999. 42(2): p. 128-38.
Dobbins, R.L., et al., Circulating fatty acids are essential for efficient glucosestimulated insulin secretion after prolonged fasting in humans. Diabetes, 1998.
47(10): p. 1613-8.
Bratusch-Marrain, P., P. Ferenci, and W. Waldhausl, Leucine assimilation in patients
with diabetes mellitus. Acta Endocrinol (Copenh), 1980. 93(4): p. 461-5.
Charles, S. and J.C. Henquin, Distinct effects of various amino acids on 45Ca2+
fluxes in rat pancreatic islets. Biochem J, 1983. 214(3): p. 899-907.
Prentki, M., New insights into pancreatic beta-cell metabolic signaling in insulin
secretion. Eur J Endocrinol, 1996. 134(3): p. 272-86.
Macfarlane, W.M., et al., The p38/reactivating kinase mitogen-activated protein
kinase cascade mediates the activation of the transcription factor insulin upstream
factor 1 and insulin gene transcription by high glucose in pancreatic beta-cells. J
Biol Chem, 1997. 272(33): p. 20936-44.
Blau, N., Duran, M., Blaskovics, M. and Gibson, K., Physicians Guide to the
Laboratory Diagnosis ofMetabolic Diseases. 2 edn ed. 2003: Springer-Verlag, New
York.
Newsholme, P., et al., New insights into amino acid metabolism, beta-cell function
and diabetes. Clin Sci (Lond), 2005. 108(3): p. 185-94.
Stankiewicz, P., et al., Duplication of Xq26.2-q27.1, including SOX3, in a mother and
daughter with short stature and dyslalia. Am J Med Genet A, 2005. 138(1): p. 11-7.
Zangen, D.H., et al., Reduced insulin, GLUT2, and IDX-1 in beta-cells after partial
pancreatectomy. Diabetes, 1997. 46(2): p. 258-64.
Leibowitz, G., et al., beta-cell glucotoxicity in the Psammomys obesus model of type 2
diabetes. Diabetes, 2001. 50 Suppl 1: p. S113-7.
Harmon, C.S., C.G. Proud, and V.M. Pain, Effects of starvation, diabetes and acute
insulin treatment on the regulation of polypeptide-chain initiation in rat skeletal
muscle. Biochem J, 1984. 223(3): p. 687-96.
Xuan, S., et al., Defective insulin secretion in pancreatic beta cells lacking type 1 IGF
receptor. J Clin Invest, 2002. 110(7): p. 1011-9.
Han, A.P., et al., Heme-regulated eIF2alpha kinase (HRI) is required for
translational regulation and survival of erythroid precursors in iron deficiency.
Embo J, 2001. 20(23): p. 6909-18.

149

145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.

Lawrence, J.T. and M.J. Birnbaum, ADP-ribosylation factor 6 regulates insulin
secretion through plasma membrane phosphatidylinositol 4,5-bisphosphate. Proc
Natl Acad Sci U S A, 2003. 100(23): p. 13320-5.
Ichiba, T., et al., Activation of C3G guanine nucleotide exchange factor for Rap1 by
phosphorylation of tyrosine 504. J Biol Chem, 1999. 274(20): p. 14376-81.
Garthoff, L.H., et al., Pathological evaluation, clinical chemistry and plasma
cholecystokinin in neonatal and young miniature swine fed soy trypsin inhibitor from
1 to 39 weeks of age. Food Chem Toxicol, 2002. 40(4): p. 501-16.
Laybutt, D.R., et al., Genetic regulation of metabolic pathways in beta-cells disrupted
by hyperglycemia. J Biol Chem, 2002. 277(13): p. 10912-21.
Jonas, J.C., et al., Chronic hyperglycemia triggers loss of pancreatic beta cell
differentiation in an animal model of diabetes. J Biol Chem, 1999. 274(20): p. 1411221.
Kaneto, H., et al., Induction of c-Myc expression suppresses insulin gene
transcription by inhibiting NeuroD/BETA2-mediated transcriptional activation. J
Biol Chem, 2002. 277(15): p. 12998-3006.
Zhang, C.Y., et al., Genipin inhibits UCP2-mediated proton leak and acutely reverses
obesity- and high glucose-induced beta cell dysfunction in isolated pancreatic islets.
Cell Metab, 2006. 3(6): p. 417-27.
Jacqueminet, S., et al., Inhibition of insulin gene expression by long-term exposure of
pancreatic beta cells to palmitate is dependent on the presence of a stimulatory
glucose concentration. Metabolism, 2000. 49(4): p. 532-6.
Ritz-Laser, B., et al., Glucose-induced preproinsulin gene expression is inhibited by
the free fatty acid palmitate. Endocrinology, 1999. 140(9): p. 4005-14.
Maedler, K., et al., Distinct effects of saturated and monounsaturated fatty acids on
beta-cell turnover and function. Diabetes, 2001. 50(1): p. 69-76.
Cnop, M., et al., Inverse relationship between cytotoxicity of free fatty acids in
pancreatic islet cells and cellular triglyceride accumulation. Diabetes, 2001. 50(8): p.
1771-7.
Wang, M.Y., et al., Overexpression of leptin receptors in pancreatic islets of Zucker
diabetic fatty rats restores GLUT-2, glucokinase, and glucose-stimulated insulin
secretion. Proc Natl Acad Sci U S A, 1998. 95(20): p. 11921-6.
Pontoglio, M., et al., Defective insulin secretion in hepatocyte nuclear factor 1alphadeficient mice. J Clin Invest, 1998. 101(10): p. 2215-22.
Anfinsen, C.B., Principles that govern the folding of protein chains. Science, 1973.
181(96): p. 223-30.
Harding, H.P. and D. Ron, Endoplasmic reticulum stress and the development of
diabetes: a review. Diabetes, 2002. 51 Suppl 3: p. S455-61.
Lee, A.S., Mammalian stress response: induction of the glucose-regulated protein
family. Curr Opin Cell Biol, 1992. 4(2): p. 267-73.
Shamu, C.E. and P. Walter, Oligomerization and phosphorylation of the Ire1p kinase
during intracellular signaling from the endoplasmic reticulum to the nucleus. Embo J,
1996. 15(12): p. 3028-39.
Shi, Y., et al., Identification and characterization of pancreatic eukaryotic initiation
factor 2 alpha-subunit kinase, PEK, involved in translational control. Mol Cell Biol,
1998. 18(12): p. 7499-509.

150

163.
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.

Harding, H.P., Y. Zhang, and D. Ron, Protein translation and folding are coupled by
an endoplasmic-reticulum-resident kinase. Nature, 1999. 397(6716): p. 271-4.
Zhang, K. and R.J. Kaufman, The unfolded protein response: a stress signaling
pathway critical for health and disease. Neurology, 2006. 66(2 Suppl 1): p. S102-9.
Isozaki, O., et al., Thyroid peroxidase: rat cDNA sequence, chromosomal localization
in mouse, and regulation of gene expression by comparison to thyroglobulin in rat
FRTL-5 cells. Mol Endocrinol, 1989. 3(11): p. 1681-92.
Kozak, M., Context effects and inefficient initiation at non-AUG codons in eucaryotic
cell-free translation systems. Mol Cell Biol, 1989. 9(11): p. 5073-80.
Schneider, E., et al., Identification of mediators stimulating proliferation and matrix
synthesis of rat pancreatic stellate cells. Am J Physiol Cell Physiol, 2001. 281(2): p.
C532-43.
Pestova, T.V., et al., Molecular mechanisms of translation initiation in eukaryotes.
Proc Natl Acad Sci U S A, 2001. 98(13): p. 7029-36.
Mueller, P.P., et al., A ribosomal protein is required for translational regulation of
GCN4 mRNA. Evidence for involvement of the ribosome in eIF2 recycling. J Biol
Chem, 1998. 273(49): p. 32870-7.
Kisker, O., et al., Vitamin D binding protein-macrophage activating factor (DBP-maf)
inhibits angiogenesis and tumor growth in mice. Neoplasia, 2003. 5(1): p. 32-40.
Frazier, M.L., et al., Establishment of a new human pancreatic adenocarcinoma cell
line, MDAPanc-3. Pancreas, 1990. 5(1): p. 8-16.
Hempen, P.M., et al., Evidence of selection for clones having genetic inactivation of
the activin A type II receptor (ACVR2) gene in gastrointestinal cancers. Cancer Res,
2003. 63(5): p. 994-9.
Asano, K., et al., A multifactor complex of eukaryotic initiation factors, eIF1, eIF2,
eIF3, eIF5, and initiator tRNA(Met) is an important translation initiation
intermediate in vivo. Genes Dev, 2000. 14(19): p. 2534-46.
Pestova, T.V., et al., A prokaryotic-like mode of cytoplasmic eukaryotic ribosome
binding to the initiation codon during internal translation initiation of hepatitis C and
classical swine fever virus RNAs. Genes Dev, 1998. 12(1): p. 67-83.
Dholakia, J.N. and A.J. Wahba, Mechanism of the nucleotide exchange reaction in
eukaryotic polypeptide chain initiation. Characterization of the guanine nucleotide
exchange factor as a GTP-binding protein. J Biol Chem, 1989. 264(1): p. 546-50.
Rowlands, A.G., R. Panniers, and E.C. Henshaw, The catalytic mechanism of guanine
nucleotide exchange factor action and competitive inhibition by phosphorylated
eukaryotic initiation factor 2. J Biol Chem, 1988. 263(12): p. 5526-33.
Oldfield, S., et al., Use of monoclonal antibodies to study the structure and function
of eukaryotic protein synthesis initiation factor eIF-2B. Eur J Biochem, 1994. 221(1):
p. 399-410.
King, C., et al., TGF-beta1 alters APC preference, polarizing islet antigen responses
toward a Th2 phenotype. Immunity, 1998. 8(5): p. 601-13.
Harding, H.P., et al., Regulated translation initiation controls stress-induced gene
expression in mammalian cells. Mol Cell, 2000. 6(5): p. 1099-108.
Wek, R.C., eIF-2 kinases: regulators of general and gene-specific translation
initiation. Trends Biochem Sci, 1994. 19(11): p. 491-6.

151

181.
182.
183.

184.
185.
186.
187.
188.
189.
190.

191.
192.
193.
194.
195.
196.
197.

Patel, R.C. and G.C. Sen, Identification of the double-stranded RNA-binding domain
of the human interferon-inducible protein kinase. J Biol Chem, 1992. 267(11): p.
7671-6.
Barratt, B.J., et al., Remapping the insulin gene/IDDM2 locus in type 1 diabetes.
Diabetes, 2004. 53(7): p. 1884-9.
Chen, J.J., et al., Cloning of the cDNA of the heme-regulated eukaryotic initiation
factor 2 alpha (eIF-2 alpha) kinase of rabbit reticulocytes: homology to yeast GCN2
protein kinase and human double-stranded-RNA-dependent eIF-2 alpha kinase. Proc
Natl Acad Sci U S A, 1991. 88(17): p. 7729-33.
Chen, J.J., et al., Amino acid microsequencing of internal tryptic peptides of hemeregulated eukaryotic initiation factor 2 alpha subunit kinase: homology to protein
kinases. Proc Natl Acad Sci U S A, 1991. 88(2): p. 315-9.
Driscoll, K.E., et al., Establishment of immortalized alveolar type II epithelial cell
lines from adult rats. In Vitro Cell Dev Biol Anim, 1995. 31(7): p. 516-27.
Mellor, H., et al., Cloning and characterization of cDNA encoding rat hemin-sensitive
initiation factor-2 alpha (eIF-2 alpha) kinase. Evidence for multitissue expression. J
Biol Chem, 1994. 269(14): p. 10201-4.
Jackson, R.J., mRNA translation. Initiation without an end. Nature, 1991. 353(6339):
p. 14-5.
Rafie-Kolpin, M., et al., Two heme-binding domains of heme-regulated eukaryotic
initiation factor-2alpha kinase. N terminus and kinase insertion. J Biol Chem, 2000.
275(7): p. 5171-8.
Chen, K.W., et al., Earlier appearance of impaired insulin secretion than of visceral
adiposity in the pathogenesis of NIDDM. 5-Year follow-up of initially nondiabetic
Japanese-American men. Diabetes Care, 1995. 18(6): p. 747-53.
Wek, R.C., B.M. Jackson, and A.G. Hinnebusch, Juxtaposition of domains
homologous to protein kinases and histidyl-tRNA synthetases in GCN2 protein
suggests a mechanism for coupling GCN4 expression to amino acid availability. Proc
Natl Acad Sci U S A, 1989. 86(12): p. 4579-83.
Hansen, B.S., M.H. Vaughan, and L. Wang, Reversible inhibition by histidinol of
protein synthesis in human cells at the activation of histidine. J Biol Chem, 1972.
247(12): p. 3854-7.
Thomas, G.P. and M.B. Mathews, Alterations of transcription and translation in
HeLa cells exposed to amino acid analogs. Mol Cell Biol, 1984. 4(6): p. 1063-72.
Cox, J.S. and P. Walter, A novel mechanism for regulating activity of a transcription
factor that controls the unfolded protein response. Cell, 1996. 87(3): p. 391-404.
Sidrauski, C., J.S. Cox, and P. Walter, tRNA ligase is required for regulated mRNA
splicing in the unfolded protein response. Cell, 1996. 87(3): p. 405-13.
Sidrauski, C. and P. Walter, The transmembrane kinase Ire1p is a site-specific
endonuclease that initiates mRNA splicing in the unfolded protein response. Cell,
1997. 90(6): p. 1031-9.
Srivastava, M., et al., Anx7 is required for nutritional control of gene expression in
mouse pancreatic islets of Langerhans. Mol Med, 2002. 8(12): p. 781-97.
Harding, H.P., et al., Perk is essential for translational regulation and cell survival
during the unfolded protein response. Mol Cell, 2000. 5(5): p. 897-904.

152

198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.

Bertolotti, A., et al., Dynamic interaction of BiP and ER stress transducers in the
unfolded-protein response. Nat Cell Biol, 2000. 2(6): p. 326-32.
Ma, K., K.M. Vattem, and R.C. Wek, Dimerization and release of molecular
chaperone inhibition facilitate activation of eukaryotic initiation factor-2 kinase in
response to endoplasmic reticulum stress. J Biol Chem, 2002. 277(21): p. 18728-35.
Liu, C.Y., et al., The protein kinase/endoribonuclease IRE1alpha that signals the
unfolded protein response has a luminal N-terminal ligand-independent dimerization
domain. J Biol Chem, 2002. 277(21): p. 18346-56.
Sood, R., et al., Cloning and characterization of 13 novel transcripts and the human
RGS8 gene from the 1q25 region encompassing the hereditary prostate cancer
(HPC1) locus. Genomics, 2001. 73(2): p. 211-22.
Li, Y., et al., PERK eIF2alpha kinase regulates neonatal growth by controlling the
expression of circulating insulin-like growth factor-I derived from the liver.
Endocrinology, 2003. 144(8): p. 3505-13.
Hara, M., et al., Transgenic mice with green fluorescent protein-labeled pancreatic
beta -cells. Am J Physiol Endocrinol Metab, 2003. 284(1): p. E177-83.
Rastogi, G.K., C. Birdwell, and T.R. Fraser, Immuno-reactivity of bovine and human
proinsulin in insulin immunoassay system. J Assoc Physicians India, 1970. 18(7): p.
603-6.
Kitamura, T., et al., Preserved pancreatic beta-cell development and function in mice
lacking the insulin receptor-related receptor. Mol Cell Biol, 2001. 21(16): p. 5624-30.
Bonner-Weir, S., et al., The pancreatic ductal epithelium serves as a potential pool of
progenitor cells. Pediatr Diabetes, 2004. 5 Suppl 2: p. 16-22.
Oliver, M.H., et al., Maternal undernutrition during the periconceptual period
increases plasma taurine levels and insulin response to glucose but not arginine in
the late gestational fetal sheep. Endocrinology, 2001. 142(10): p. 4576-9.
Senee, V., et al., Mutations in GLIS3 are responsible for a rare syndrome with
neonatal diabetes mellitus and congenital hypothyroidism. Nat Genet, 2006. 38(6): p.
682-7.
Zhang, W., et al., PERK EIF2AK3 control of pancreatic beta cell differentiation and
proliferation is required for postnatal glucose homeostasis. Cell Metab, 2006. 4(6): p.
491-7.
Shih, D.Q., et al., Profound defects in pancreatic beta-cell function in mice with
combined heterozygous mutations in Pdx-1, Hnf-1alpha, and Hnf-3beta. Proc Natl
Acad Sci U S A, 2002. 99(6): p. 3818-23.
Mares, J. and M. Welsh, Expression of certain antiproliferative and growth-related
genes in isolated mouse pancreatic islets: analysis by polymerase chain reaction.
Diabete Metab, 1993. 19(3): p. 315-20.
Rane, S.G., et al., Loss of Cdk4 expression causes insulin-deficient diabetes and Cdk4
activation results in beta-islet cell hyperplasia. Nat Genet, 1999. 22(1): p. 44-52.
Pagano, M. and P.K. Jackson, Wagging the dogma; tissue-specific cell cycle control
in the mouse embryo. Cell, 2004. 118(5): p. 535-8.
Itoh, N. and H. Okamoto, Translational control of proinsulin synthesis by glucose.
Nature, 1980. 283(5742): p. 100-2.
Gomez, E., et al., Glucose-stimulated protein synthesis in pancreatic beta-cells
parallels an increase in the availability of the translational ternary complex (eIF2-

153

216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.
230.
231.
232.

GTP.Met-tRNAi) and the dephosphorylation of eIF2 alpha. J Biol Chem, 2004.
279(52): p. 53937-46.
Sharma, A. and R. Stein, Glucose-induced transcription of the insulin gene is
mediated by factors required for beta-cell-type-specific expression. Mol Cell Biol,
1994. 14(2): p. 871-9.
Shieh, S.Y. and M.J. Tsai, Cell-specific and ubiquitous factors are responsible for the
enhancer activity of the rat insulin II gene. J Biol Chem, 1991. 266(25): p. 16708-14.
Rafiq, I., H.J. Kennedy, and G.A. Rutter, Glucose-dependent translocation of insulin
promoter factor-1 (IPF-1) between the nuclear periphery and the nucleoplasm of
single MIN6 beta-cells. J Biol Chem, 1998. 273(36): p. 23241-7.
Ghandil, P., et al., Crohn's disease associated CARD15 (NOD2) variants are not
involved in the susceptibility to type 1 diabetes. Mol Genet Metab, 2005. 86(3): p.
379-83.
Finegood, D.T., L. Scaglia, and S. Bonner-Weir, Dynamics of beta-cell mass in the
growing rat pancreas. Estimation with a simple mathematical model. Diabetes, 1995.
44(3): p. 249-56.
Bruning, J.C., et al., Development of a novel polygenic model of NIDDM in mice
heterozygous for IR and IRS-1 null alleles. Cell, 1997. 88(4): p. 561-72.
Smart, N.G., et al., Conditional expression of Smad7 in pancreatic beta cells disrupts
TGF-beta signaling and induces reversible diabetes mellitus. PLoS Biol, 2006. 4(2):
p. e39.
Offield, M.F., et al., PDX-1 is required for pancreatic outgrowth and differentiation
of the rostral duodenum. Development, 1996. 122(3): p. 983-95.
Holland, A.M., et al., Experimental control of pancreatic development and
maintenance. Proc Natl Acad Sci U S A, 2002. 99(19): p. 12236-41.
Waeber, G., et al., Transcriptional activation of the GLUT2 gene by the IPF-1/STF1/IDX-1 homeobox factor. Mol Endocrinol, 1996. 10(11): p. 1327-34.
Dalle-Donne, I., et al., The actin cytoskeleton response to oxidants: from small heat
shock protein phosphorylation to changes in the redox state of actin itself. Free Radic
Biol Med, 2001. 31(12): p. 1624-32.
Robertson, R.P., et al., Glucose toxicity in beta-cells: type 2 diabetes, good radicals
gone bad, and the glutathione connection. Diabetes, 2003. 52(3): p. 581-7.
Schrag, J.D., et al., The Structure of calnexin, an ER chaperone involved in quality
control of protein folding. Mol Cell, 2001. 8(3): p. 633-44.
Winter, J., et al., Catalytic activity and chaperone function of human protein-disulfide
isomerase are required for the efficient refolding of proinsulin. J Biol Chem, 2002.
277(1): p. 310-7.
Furuta, M., et al., Incomplete processing of proinsulin to insulin accompanied by
elevation of Des-31,32 proinsulin intermediates in islets of mice lacking active PC2. J
Biol Chem, 1998. 273(6): p. 3431-7.
Gopel, S.O., et al., Activation of Ca(2+)-dependent K(+) channels contributes to
rhythmic firing of action potentials in mouse pancreatic beta cells. J Gen Physiol,
1999. 114(6): p. 759-70.
Omata, W., et al., Actin filaments play a critical role in insulin-induced exocytotic
recruitment but not in endocytosis of GLUT4 in isolated rat adipocytes. Biochem J,
2000. 346 Pt 2: p. 321-8.

154

233.

234.
235.
236.
237.
238.
239.
240.

Thurmond, D.C., et al., Glucose-stimulated insulin secretion is coupled to the
interaction of actin with the t-SNARE (target membrane soluble N-ethylmaleimidesensitive factor attachment protein receptor protein) complex. Mol Endocrinol, 2003.
17(4): p. 732-42.
Sitzmann, J., et al., Expression of B-Myb during mouse embryogenesis. Oncogene,
1996. 12(9): p. 1889-94.
Tanaka, Y., et al., B-myb is required for inner cell mass formation at an early stage of
development. J Biol Chem, 1999. 274(40): p. 28067-70.
Lipson, K.L., et al., Regulation of insulin biosynthesis in pancreatic beta cells by an
endoplasmic reticulum-resident protein kinase IRE1. Cell Metab, 2006. 4(3): p. 24554.
Maytin, E.V., et al., Stress-inducible transcription factor CHOP/gadd153 induces
apoptosis in mammalian cells via p38 kinase-dependent and -independent
mechanisms. Exp Cell Res, 2001. 267(2): p. 193-204.
Barone, M.V., et al., CHOP (GADD153) and its oncogenic variant, TLS-CHOP, have
opposing effects on the induction of G1/S arrest. Genes Dev, 1994. 8(4): p. 453-64.
Soga, T., et al., Lysophosphatidylcholine enhances glucose-dependent insulin
secretion via an orphan G-protein-coupled receptor. Biochem Biophys Res Commun,
2005. 326(4): p. 744-51.
GR, B., Methods in Cell Biology. Vol. 30. 1989: Academic Press

155

Wei Zhang
EDUCATION
08/2001-05/2007
08/1996-07/1999
08/1992-07/1996

Ph.D., Genetics, Pennsylvania State University
Mentor: Dr. Douglas R. Cavener
M.S., Medical Genetics, Shanghai Medical University
Mentor: Dr. Xiuqi Li
B.S., Biology, Shanghai Teacher’s University

PROFESSIONAL EXPERIENCE
08/2001- Present
07/1999-08/2001
08/1996-07/1999

Research assistant, Pennsylvania State University (superviser: Dr. Douglas R. Cavener)
Research assistant, Key Lab of Biochemistry, Shanghai Cancer Institute
(superviser: Dr. Jianren Gu, member of Chinese Academy of Science)
Research assistant, Shanghai Medical University (superviser: Dr. Xiuqi Li)

HONORS & AWARDS
08/2001- Present
08/1996-07/1999
08/1992-07/1996

Teaching/Research Assistantship, Pennsylvania State University
Guanghua Award, Shanghai Medical University
Academic Excellence Award, Shanghai Teacher’s University

PUBLICATIONS
W Zhang, D Feng, Y Li, K Iida, B McGrath, D Cavener. (2006) Differentiation and proliferation of insulin-secreting
β-cells requires PERK EIF2AK3 as a prerequisite for postnatal glucose homeostasis.. Cell Metabolism 2006 (in revision)
SH Liang, W Zhang, BC McGrath, P Zhang, DR Cavener. (2006) PERK (eIF2alpha kinase) is required to activate the
stress-activated MAPKs and induce the expression of immediate-early genes upon disruption of ER calcium homoeostasis.
Biochem J. 2006 Jan 1; 393(Pt 1):201-9
W Zhang, X Li. (2001) An acceptor-splice-site mutation is responsible for complete androgen insensitivity syndrome.
Chin J Med Genet, February 2001, Vol. 18, No.1
W Zhang, X Li. (1998) 4 cases of miscarriage or infertility are caused by chromosomal translocation. Chin J Med Genet,
April 1998, Vol. 15, No.2

PRESENTATIONS
PERK’s role in pancreatic beta cell maintenance and function. 2003 Genetics Colloquiem

POSTERS

Neonatal proliferation of β-cells is critically regulated by PERK (EIF2AK3). 2005 Keystone Symposia

TECHNIQUE STRENGTH:
Excel in quantitative PCR, RACE, immunoblot, immunohistochemistry, ELISA, RE analysis, subcloning, tissue
culture, adenovirus and plasmid transfection, confocal imaging.Good at protein isolation and purification,
immunoprecipitation, electron microscopy techniques. Familiar with yeast-2-hybrid, mass spec

