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Deficiency of the BiP cochaperone ERdj4 causes 
constitutive endoplasmic reticulum stress and 
metabolic defects
Jill M. Fritz, Mei Dong, Karen S. Apsley, Emily P. Martin, Cheng-Lun Na, Sneha Sitaraman, 
and Timothy E. Weaver
Perinatal Institute, Section of Neonatology, Perinatal and Pulmonary Biology, Cincinnati Children’s Hospital Medical 
Center, and University of Cincinnati College of Medicine, Cincinnati, OH 45229

ABSTRACT  Endoplasmic reticulum–localized DnaJ 4 (ERdj4) is an immunoglobulin-binding 
protein (BiP) cochaperone and component of the endoplasmic reticulum–associated degrada-
tion (ERAD) pathway that functions to remove unfolded/misfolded substrates from the ER lu-
men under conditions of ER stress. To elucidate the function of ERdj4 in vivo, we disrupted the 
ERdj4 locus using gene trap (GT) mutagenesis, leading to hypomorphic expression of ERdj4 in 
mice homozygous for the trapped allele (ERdj4GT/GT). Approximately half of ERdj4GT/GT mice 
died perinatally associated with fetal growth restriction, reduced hepatic glycogen stores, and 
hypoglycemia. Surviving adult mice exhibited evidence of constitutive ER stress in multiple 
cells/tissues, including fibroblasts, lung, kidney, salivary gland, and pancreas. Elevated ER stress 
in pancreatic β cells of ERdj4GT/GT mice was associated with β cell loss, hypoinsulinemia, and 
glucose intolerance. Collectively these results suggest an important role for ERdj4 in maintain-
ing ER homeostasis during normal fetal growth and postnatal adaptation to metabolic stress.

INTRODUCTION
Nascent proteins destined for the cell surface, intracellular organ-
elles, or secretion enter the endoplasmic reticulum (ER), where they 
undergo chaperone-mediated protein folding to achieve a stable 
conformation. Highly metabolic cells, including pancreatic acinar 
and β cells, plasma B cells, and serous and mucous cells of the sali-
vary gland, invoke the unfolded protein response (UPR) to increase 
ER folding capacity and maintain homeostasis in the face of in-
creased protein load and consequent ER stress (Zhang et al., 2002; 
Iwakoshi et al., 2003; Lee et al., 2005; Iwawaki et al., 2010). The 
UPR reduces ER burden by attenuating protein translation and 

up-regulating the machinery involved in protein folding, quality 
control, and ER-associated degradation (ERAD). The ER transmem-
brane sensors protein kinase RNA–like ER kinase (PERK), activating 
transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1) 
detect accumulation of unfolded or misfolded protein in the ER lu-
men and transduce signals across the ER membrane to alleviate ER 
stress. PERK activation results in phosphorylation of eukaryotic 
translation initiation factor 2α, which inhibits translation initiation, 
thereby reducing the load of newly synthesized proteins within the 
ER. Activation of ATF6 results in relocation to the Golgi, where pro-
teolytic cleavage releases a cytosolic ATF6 fragment that translo-
cates to the nucleus to stimulate transcription of UPR target genes, 
including ER chaperones. The activated cytosolic endoribonuclease 
domain of IRE1 removes an unspliced intron from X-box binding 
protein 1 (XBP1) mRNA, leading to translation of a transcription 
factor that up-regulates expression of chaperones involved in pro-
tein folding, as well as components of ERAD. Failure of the UPR to 
resolve ER stress can trigger apoptosis (Schroder and Kaufman, 
2005; Ron and Walter, 2007).

Molecular chaperones are critical components of the ER quality 
control machinery and distinguish among unfolded, correctly folded, 
and terminally misfolded proteins within the ER. Immunoglobulin-
binding protein (BiP)/glucose-regulated protein 78, an ER-localized 
member of the heat shock protein (HSP) 70 family, is a multifunctional 
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misfolded substrates through a C-terminal 
glycine/phenylalanine-rich region (Shen 
et al., 2002b; Dong et al., 2008; Lai et al., 
2012). ERdj4 is ubiquitously expressed at 
very low levels (Weitzmann et  al., 2007; 
Hageman and Kampinga, 2009) and is up-
regulated in response ER stress (Shen et al., 
2002b; Dong et al., 2008) by the UPR signal 
transducer XBP1 (Lee et al., 2003; Kanemoto 
et al., 2005). ERdj4 binds to unfolded (insu-
lin2) or misfolded (insulin2C96Y, surfactant 
protein CΔexon4 [SP-CΔexon4], and SP-CL188Q) 
substrates to facilitate their removal from the 
ER for degradation by the proteasome 
(Dong et al., 2008; Lai et al., 2012). Although 
these studies provided insight into the cel-
lular function of ERdj4, the role of this chap-
erone in tissue homeostasis is unclear. To 
address this issue, we generated mice glob-
ally deficient in ERdj4 and identified an im-
portant role for this chaperone in tissues 
undergoing physiological stress.

RESULTS
Generation of ERdj4 gene trap mice
Chimeric mice were generated from embry-
onic stem (ES) cells harboring a gene trap 
(GT) cassette inserted into the ERdj4 locus 
(Figure 1A). Offspring carrying the GT allele 
were backcrossed eight generations to the 
129P2 or C57BL/6 strain. Genomic DNA 
(gDNA) isolated from the progeny of 
ERdj4+/GT intercrosses was used to confirm 
the presence of wild-type (WT) and/or GT 
alleles (Figure 1B). Only one or two copies of 
the GT cassette were present in ERdj4+/GT or 
ERdj4GT/GT mice, respectively, confirming 

that ERdj4 was the only locus that was disrupted (Figure 1C). DNA 
sequencing confirmed that the GT cassette was inserted into intron 
1 of the ERdj4 locus, resulting in splicing of exon 1 with the GT cas-
sette and premature transcript termination (Figure 1A). An increase 
in β-galactosidase mRNA (Figure 1D) confirmed the presence of the 
GT cassette, and the virtual absence of ERdj4 mRNA (Figure 1E) 
confirmed disruption of the ERdj4 locus in mouse embryonic fibro-
blasts (MEFs) generated from embryonic day 13.5 (E13.5) ERdj4GT/GT 
mice. Variable expression of ERdj4 mRNA in tissues from adult mice 
using primers specific for exon 3 (Figure 1A) confirmed that the in-
sertion of the GT cassette resulted in a hypomorphic allele (Figure 
1F), a common occurrence in GT mutagenesis (Voss et al., 1998a,b; 
Voss and Thomas, 2001).

Elevated ER stress and increased susceptibility to cell death 
in ERdj4GT/GT MEFs
To determine whether ERdj4 deficiency enhanced ER stress, we as-
sessed splicing of XBP1 mRNA in control and tunicamycin-treated 
MEFs generated from ERdj4+/+ and ERdj4GT/GT mice. The spliced 
form of XBP1 mRNA was elevated at baseline in ERdj4GT/GT MEFs 
compared with ERdj4+/+ controls (Supplemental Figure S1A, 0 h). Af-
ter treatment with tunicamycin, which induces ER stress by inhibiting 
N-linked glycosylation, splicing of XBP1 mRNA was enhanced in both 
ERdj4+/+ and ERdj4GT/GT MEFs, with more rapid conversion in the lat-
ter cells (Supplemental Figure S1A). Consistent with constitutive ER 

chaperone that assists in the folding of nascent proteins (Lee et al., 
1999; Wang et al., 2005), facilitates targeting of misfolded proteins 
for proteasomal degradation (Nishikawa et al., 2001; Molinari et al., 
2002), and plays a key role in activation of UPR sensors in response to 
ER stress (Bertolotti et al., 2000; Shen et al., 2002a). BiP contains a 
C-terminal substrate-binding domain (SBD) that binds unfolded sub-
strates with low affinity via interaction with exposed hydrophobic re-
gions. Hydrolysis of ATP bound to the N-terminal nucleotide-binding 
domain (NBD) of BiP causes high-affinity binding of substrate. Ex-
change of ADP for ATP releases the substrate from BiP, allowing the 
substrate to continue folding (Mayer and Bukau, 2005). An arginine 
residue located on the surface of the NBD in the ATP-bound form is 
critical for communication with the SBD and interaction with HSP40 
cochaperones (Jiang et al., 2005; Awad et al., 2008).

The ER-localized DnaJ (ERdj) family of HSP40 cochaperones in-
duce high-affinity substrate binding by interacting with the NBD of 
BiP and stimulating ATP hydrolysis. Whereas some ERdjs interact 
with BiP independently of substrate, others bind substrates directly 
and recruit BiP (Fewell et al., 2001; Shen and Hendershot, 2005; Jin 
et al., 2008; Petrova et al., 2008). ERdjs facilitate protein folding and/
or degradation of newly translocated (ERdj1–3), unfolded (ERdj3 
and ERdj6), or misfolded (ERdj4 and ERdj5) substrates, often by in-
teracting with translocation or ERAD machinery (Otero et al., 2010). 
ERdj4 is a soluble DnaJ protein that binds BiP through a His-Pro-Asp 
(HPD) motif in the J domain and likely interacts with unfolded/

FIGURE 1:  Generation of ERdj4GT/GT mice. (A) The GT allele. The GT cassette was inserted 
between adenosine 1151 and guanosine 1152 within intron 1 of the ERdj4 locus (NC_000078.6). 
Quantitative RT (qRT)-PCR was performed using primers specific for β-galactosidase (a, b) and 
ERdj4 (c, d). β-GEO, β-galactosidase/neomycin resistance fusion gene; IRES, internal ribosome 
entry site; pA, polyadenylation signal; PLAP, placental alkaline phosphatase; SA, splicing 
acceptor; TM, transmembrane region. (B) PCR genotyping of the WT and GT alleles in gDNA 
isolated from the progeny of heterozygous intercrosses. (C) GT copy number was determined in 
gDNA by the TaqMan Gene Copy Number assay. n = 4 mice/genotype. (D, E) qRT-PCR of 
β-galactosidase and ERdj4 mRNAs in MEFs. RQ, relative quantitation. n = 3 samples/group. 
(F) qRT-PCR of ERdj4 mRNA in tissues isolated from 6-wk-old littermates; samples were 
normalized to β-actin. n = 4 mice/genotype.
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or thapsigargin (an inhibitor of calcium transport) for 48 h, cell viability 
was significantly decreased in a dose-dependent manner compared 
with ERdj4+/+ controls (Supplemental Figure S1D). In keeping with 
this finding, overexpression of ERdj4 was previously reported to pro-
tect against cell death induced by ER stress (Kurisu et al., 2003).

Perinatal lethality associated with growth retardation 
and hypoglycemia in ERdj4GT/GT mice
Postnatal survival of ERdj4GT/GT progeny, derived from ERdj4+/GT 
intercrosses, was decreased in a strain-dependent manner. Geno-
type distribution at E18.5 approximated Mendelian ratios, indicat-
ing that lethality resulting from homozygosity of the GT allele oc-
curred perinatally (Table 1). ERdj4GT/GT mice were noticeably 
smaller than control littermates, with a significant decrease in body 
weight at E18.5 (Figure 2, A and B). Newborn ERdj4GT/GT mice 
were severely hypoglycemic, likely contributing to perinatal lethal-
ity (Figure 2C). Liver weights were significantly reduced in neonatal 
ERdj4GT/GT mice, in association with decreased hepatic glycogen 
stores (Figure 2, D and E). Gluconeogenic enzymes, including glu-
cose-6-phosphatase, phosphoenolpyruvate carboxykinase, and 
pyruvate carboxylase, were normally expressed in livers of neona-
tal ERdj4GT/GT mice (Supplemental Figure S2A). Plasma triglycer-
ides and nonesterified fatty acids were also unaffected by ERdj4 
deficiency in neonatal mice (Supplemental Figure S2B). Of inter-
est, plasma glucagon was significantly elevated in neonatal ERd-
j4GT/GT mice in an unsuccessful attempt to correct hypoglycemia 
(Figure 2F), whereas plasma insulin was unaffected (Supplemental 
Figure S2C). Collectively these data suggest that impaired glyco-
gen synthesis and/or mobilization resulted in hypoglycemia and 
subsequent mortality in neonatal ERdj4GT/GT mice.

Surviving male and female mice often 
displayed signs of neurological disorders, 
including head tilt, abnormal circling be-
havior, and hyperactivity. Homozygous 
ERdj4GT/GT intercrosses failed to produce 
progeny. All subsequent experiments were 
conducted using littermates derived from 
heterozygous crosses in the mixed 
129P2×C57BL/6 genetic background, un-
less otherwise indicated.

Constitutive ER stress is associated 
with histological abnormalities in 
pancreatic islets of ERdj4GT/GT mice
To determine whether ERdj4 deficiency 
enhanced ER stress in vivo, we crossed 
ERdj4+/GT mice to ER stress–activated indi-
cator (ERAI) transgenic mice (Iwawaki et al., 
2004). Green fluorescent protein (GFP; re-
sulting from XBP1 splicing and expression 
of XBP1/GFP fusion protein) was detected 
in the kidneys and lungs of ERdj4GT/GTERAI 
mice (Supplemental Figure S3A). Ultra-
structural analyses revealed ER distention 
in renal tubular epithelial cells (Supplemen-
tal Figure S3B) and serous cells of the sali-
vary gland (Supplemental Figure S3C). GFP 
and IRE1α proteins were also increased in 
pancreatic lysates from ERdj4GT/GTERAI 
mice compared with ERdj4+/+ERAI controls 
(Figure 3A). GFP immunofluorescence lo-
calized prominently to β cells in islets of 

stress in ERdj4GT/GT MEFs, BiP and IRE1α proteins were elevated at 
baseline (Supplemental Figure S1B, 0 h). Treatment with tunicamycin 
or the proteasome inhibitor MG-132 increased the expression of BiP 
and IRE1α in ERdj4GT/GT MEFs. The effect of tunicamycin was less 
pronounced, and MG-132 had no effect on BiP and IRE1α expression 
in ERdj4+/+ MEFs. In contrast, the concentration of another ER chap-
erone, calnexin, was similarly regulated in both groups under normal 
and stressed conditions (Supplemental Figure S1B). Ultrastructural 
analyses of ERdj4GT/GT MEFs revealed dilated ER cisternae, providing 
further evidence of constitutive ER stress (Supplemental Figure S1C). 
In the absence of exogenous stressors, survival of ERdj4GT/GT MEFs 
was similar to that of control cells (Supplemental Figure S1D). How-
ever, when ERdj4GT/GT MEFs were treated with MG-132, tunicamycin, 

FIGURE 2:  Fetal growth retardation and neonatal hypoglycemia in ERdj4GT/GT mice. (A) Size 
comparison of E18.5 embryos. (B) Body weights of E18.5 embryos. n = 6–14 mice/genotype. 
(C) Blood glucose levels of vaginally born or cesarean-delivered, nonsuckling neonates. n = 
10–11 mice/genotype. (D) Liver weights of neonatal mice. BW, body weight. n = 5–6 mice/
genotype. (E) Liver glycogen in neonatal mice. n = 5–6 mice/genotype. (F) Plasma glucagon in 
neonatal mice. n = 3–5 mice/genotype.

Strain ERdj4+/+ ERdj4+/GT ERdj4GT/GT

P21 progenya

129P2 × C57BL/6 104 195 56 (15.7%)

129P2 47 85 22 (14.3%)

C57BL/6 37 88 16 (11.3%)

E18.5 embryosb

129P2 × C57BL/6 31 63 28 (23.0%)

129P2 14 23 11 (22.9%)

C57BL/6 17 34 22 (30.1%)
aGenotype distribution of 3-wk-old progeny from heterozygous intercrosses.
bGenotype distribution of E18.5 embryos from heterozygous intercrosses.

TABLE 1:  Decreased perinatal survival of ERdj4GT/GT mice.
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pancreatic tissues from both ERdj4+/+ERAI and ERdj4GT/GTERAI 
mice (Figure 3B), with more GFP-positive cells and increased 
fluorescence intensity in the latter. Morphometric analyses re-
vealed a 21% decrease in the number of β cells in pancreatic is-
lets of ERdj4GT/GT mice (Table 2). Consistent with this finding, 
there was a significant increase in the number of terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)–positive 
cells per pancreatic islet in ERdj4GT/GT mice compared with con-
trols (0.29 ± 0.11 vs. 0.06 ± 0.03, p ≤ 0.01, unpublished data). 
GFP fluorescence was not detected in glucagon-positive α cells 
in the pancreas of ERdj4+/+ERAI or ERdj4GT/GTERAI mice (Supple-
mental Figure S4A). Histological analyses of pancreatic sections 
from ERdj4GT/GT mice identified vacuolated cells in the islets 
(Figure 3C), and ultrastructural analyses of islets revealed ER dis-
tention in both α and β cells of ERdj4GT/GT mice (Figure 3, D and 
E). Hypomorphic expression of ERdj4 mRNA was confirmed in 
islets isolated from ERdj4GT/GT mice (Supplemental Figure S4B), 
linking the loss of ERdj4 in pancreatic islets to elevated ER 
stress.

Although histology of ERdj4GT/GT acinar cells appeared normal at 
8 wk of age (Supplemental Figure S5A), cytoplasmic vacuolation 
was observed in pancreatic acinar cells from 8-mo-old ERdj4GT/GT 
mice (Supplemental Figure S5B). Ultrastructural analyses of pancre-
atic acinar cells revealed dilated ER and multiple immature zymogen 
granules in ERdj4GT/GT mice (Supplemental Figure S5C), although 
this did not appear to interfere with acinar cell function, as reflected 
by similar serum lipase and amylase activity in ERdj4GT/GT and con-
trol mice (Supplemental Figure S5D).

Pancreatic α cell hyperplasia and hyperglucagonemia 
in ERdj4GT/GT mice
Morphometric analyses revealed 101% increase in the number of 
α cells in pancreatic islets of adult ERdj4GT/GT mice (Table 2). This 
resulted in 18% increase in α cell area, although total islet area 
was unchanged (Table 2). Further, glucagon-positive α cells were 
detected not only in the mantle, but also in the core of islets in 
ERdj4GT/GT mice (Figure 4A and Supplemental Figure S4A). Ultra-
structural analyses also revealed an increase in the number of glu-
cagon granules in α cells of ERdj4GT/GT mice (Figure 3E). Glucagon 
protein was significantly increased in the pancreas of ERdj4GT/GT 
mice (Figure 4B), consistent with α cell hyperplasia and increased 
glucagon granules (Figures 4A and 3E and Table 2). Similar to 
ERdj4GT/GT neonates (Figure 2F), plasma glucagon was signifi-
cantly elevated in adult ERdj4GT/GT mice compared with controls 
(Figure 4C).

ERdj4 deficiency impairs insulin biosynthesis
Because ERdj4 was previously reported to associate with insulin 
(Dong et al., 2008), we assessed whether ERdj4 deficiency affected 
insulin biosynthesis. Although total insulin protein in pancreatic ex-
tracts of ERdj4GT/GT mice was similar to that in ERdj4+/+ mice (Sup-
plemental Figure S6), colocalization of proinsulin and BiP was en-
hanced in pancreatic β cells, indicating accumulation of proinsulin in 
the ER (Figure 5A). Metabolic labeling of an equal number of islets, 
followed by immunoprecipitation, identified a modest but signifi-
cant increase in proinsulin protein in ERdj4GT/GT mice compared with 
controls (Figure 5B); however, proinsulin was likely underrepresented 
in this experiment due to β cell loss in ERdj4GT/GT islets (Table 2). 
Ultrastructural analyses revealed an increase in translucent (imma-
ture) insulin granules in β cells of ERdj4GT/GT mice (Figure 3D, inset), 
and plasma proinsulin:insulin ratios were significantly increased in 
ERdj4GT/GT mice (Figure 5C), suggesting a disruption in proinsulin 

FIGURE 3:  Elevated ER stress in the endocrine pancreas of 
ERdj4GT/GT mice. (A) Western blot analyses of GFP (reporter for 
XBP1 splicing), IRE1α, and β-actin (loading control) proteins in 
pancreatic homogenates from 6-wk-old ERdj4+/+ERAI (n = 2) and 
ERdj4GT/GTERAI (n = 5) mice. (B) Confocal microscopy of insulin (red) 
and GFP (green) proteins in pancreatic tissue sections from 8-wk-old 
ERdj4+/+ERAI (left) and ERdj4GT/GTERAI (right) mice. Scale bars, 10 
μm. n = 4–5 mice/genotype. (C) Hematoxylin and eosin (H&E) 
staining of pancreatic tissue sections from 16- to 20-wk-old mice. 
Note the vacuolated cells in the islets of ERdj4GT/GT mice (arrows and 
inset). Scale bars, 10 μm. n = 5 mice/genotype. (D) Electron 
microscopy of β cells in pancreatic islets of 6-wk-old mice. Note the 
pronounced ER dilation (arrows) and electron-translucent secretory 
granules (asterisks and inset) in β cells of ERdj4GT/GT mice. Scale bars, 
2 μm. n = 2 mice/genotype. ER, endoplasmic reticulum; G, Golgi 
complex; M, mitochondria; NUC, nucleus. (E) Electron microscopy of 
α cells in pancreatic islets of 6-wk-old mice. Note the pronounced 
ER dilation (arrows) in α cells of ERdj4GT/GT mice. Scale bars, 2 μm. n 
= 2 mice/genotype. ER, endoplasmic reticulum; G, Golgi complex; 
M, mitochondria; NUC, nucleus; RBC, red blood cell.
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importance, administration of insulin effectively lowered blood 
glucose in ERdj4GT/GT mice, confirming that glucose intolerance in 
ERdj4GT/GT mice was the result of hypoinsulinemia rather than a 
defect in the insulin signaling pathway (Figure 6C).

DISCUSSION
ERdj4 is a soluble ER chaperone that can directly bind client proteins 
(Dong et al., 2008; Lai et al., 2012) and recruit BiP to promote sub-
strate solubilization and/or folding (Shen et al., 2002b). Several lines 
of evidence previously suggested that the chaperone activity of 
ERdj4 was largely restricted to the ERAD pathway. First, expression 
of ERdj4 is normally low and rapidly up-regulated in response to ER 
stress (Shen et al., 2002b; Kurisu et al., 2003), including stress result-
ing from expression of terminally misfolded SP-C (Dong et al., 2008). 
Second, ERdj4 exhibited prolonged association with misfolded 
SP-C but not with the corresponding wild-type protein (Dong et al., 
2008). Third, misfolded SP-C coprecipitated in a complex contain-
ing ERdj4 and the cytosolic ATPase p97/VCP (Dong et al., 2008). 
Finally, ERdj4 transiently associated with ERAD-specific derlin-1 (Lai 
et al., 2012). Taken together, these results suggest that ERdj4 may 
function in cooperation with the retrotranslocation machinery late in 
the ERAD pathway. The results of the present study, demonstrating 
perinatal lethality and metabolic derangements in ERdj4GT/GT mice, 
suggest an expanded role for ERdj4 in adaptation to ER stress as-
sociated with normal growth and metabolism. One possible expla-
nation for these findings is that ERdj4 associates with proteins that 
are abnormally prone to misfolding and/or fold more slowly than 
other substrates, leading to prolonged ERdj4/client interaction and 
elimination via ERAD under conditions of stress. Although direct evi-
dence is lacking, it is also possible that ERdj4 is required for produc-
tive folding of some wild-type substrates, in addition to selective 
elimination of terminally misfolded substrates from the ER lumen.

Hypomorphic expression of ERdj4 resulted in normal Mendelian 
distribution of genotypes at E18.5; in contrast, survival of newborn 
ERdj4GT/GT pups was significantly decreased in a strain-dependent 
manner. Neonatal lethality can arise from defects in respiration, 
suckling, or metabolism (Turgeon et al., 2009). ERdj4GT/GT pups did 
not display overt signs of respiratory distress and contained milk in 
their stomachs, consistent with normal respiration and suckling. 
However, newborn ERdj4GT/GT pups were severely hypoglycemic, 
with significantly reduced hepatic glycogen stores, consistent with 
impaired glycogenesis and/or glycogenolysis. Plasma glucagon was 
elevated in neonatal ERdj4GT/GT mice, likely in attempt to increase 
glucose levels by stimulating glycogen breakdown. Hypergluca-
gonemia persisted in adulthood and was associated with α cell hy-
perplasia; in contrast, plasma insulin was normal in newborn mice 
but declined in adult animals in association with β cell loss (discussed 
later). Collectively these results suggest that loss of ERdj4 expres-
sion perturbs glycogen metabolism during the critical transition 
from placental nutrition to suckling. Consistent with this conclusion, 
lower hepatic glycogen stores were linked to fetal growth restriction 
(Gruppuso and Brautigan, 1989; Lanoue et al., 1999), a prominent 
phenotype in ERdj4GT/GT mice. ERdj4 is highly expressed in the pla-
centa compared with other tissues (Hageman and Kampinga, 2009), 
and IRE1α, a signaling molecule upstream of ERdj4, is essential for 
development of the placental labyrinth layer (Iwawaki et al., 2009), 
where nutrients and gas are exchanged between mother and fetus. 
Thus, although the precise molecular pathway(s) underlying the 
perinatal function of ERdj4 remains uncertain, expression of this 
chaperone is important for normal fetal development and adapta-
tion to increased metabolic demand in the immediate postnatal 
period.

maturation. Total plasma insulin was significantly lower at baseline in 
fasted ERdj4GT/GT mice (Figure 5D, 0 min) and remained significantly 
lower than controls after glucose administration (Figure 5D, 15 and 
30 min).

Hypoinsulinemia causes glucose intolerance 
in ERdj4GT/GT mice
Blood glucose was normal in fasted ERdj4GT/GT mice (Figure 6A) 
despite reduced plasma insulin (Figure 5D, 0 min). However, after 
glucose administration, blood glucose remained significantly ele-
vated in ERdj4GT/GT mice compared with controls (Figure 6B). Of 

Islet  
variable ERdj4+/+ ERdj4GT/GT

Number 
of β cells

125.76 ± 4.93 99.71 ± 4.19†

Number 
of α cells

35.86 ± 1.62 71.96 ± 4.06‡

Ratio of β 
to α cells

4.77 ± 0.34 1.61 ± 0.07‡

Area of α 
cells (%)

17.87 ± 0.74 35.38 ± 1.12‡

Total islet 
area (μm2)

39,868.67 ± 1647.14 43,613.46 ± 1890.15

Eight- to 12-wk-old mice.
†p ≤ 0.01.
‡p ≤ 0.001.

TABLE 2:  Morphometric analyses of pancreatic islets.

FIGURE 4:  Pancreatic α cell hyperplasia and hyperglucagonemia in 
ERdj4GT/GT mice. (A) Immunofluorescence of insulin (red) and glucagon 
(green) in pancreatic tissue sections from 16- to 20-wk-old mice. Scale 
bars, 10 μm. n = 5 mice/genotype. (B) Glucagon protein in pancreatic 
extracts of 16- to 20-wk-old mice. n = 8 mice/genotype. (C) Plasma 
glucagon levels in fasted 8- to 16-wk-old mice. n = 11–12 mice/
genotype.
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Senee et al., 2004; Thameem et al., 2006; 
Meex et  al., 2007). Deficiency of PERK, 
XBP1, or ERdj6/p58IPK (an XBP1 target gene 
and ERdj/HSP40 family member) resulted in 
spontaneous diabetes in mice due to a fail-
ure in development and/or function of β 
cells (Harding et al., 2001; Scheuner et al., 
2001; Zhang et  al., 2002; Ladiges et  al., 
2005; Lee et al., 2011). Further, the finding 
of increased expression of XBP1 in β cells of 
ERdj4GT/GT mice is similar to that in pancre-
atic islets of diabetic mouse models and 
type 2 diabetic patients (Huang et al., 2007; 
Laybutt et al., 2007; Marchetti et al., 2007). 
Overall these results support the concept 
that loss of ERdj4 expression exacerbates 
ER stress associated with increased meta-
bolic demand in β cells. This finding may be 
generalizable, as increased ER stress was 
detected in a variety of cells/tissues from 
ERdj4GT/GT mice.

Elevated ER stress was associated with 
retention/accumulation of proinsulin in the 
ER of β cells in ERdj4GT/GT mice. Several pos-
sibilities could explain this finding, including 
increased synthesis, impaired maturation, 
and/or decreased ERAD of unfolded/mis-
folded proinsulin. BiP associates with proin-
sulin in the ER to promote folding and pre-
vent aggregation of hydrophobic domains 
(Schmitz et al., 1995; Scheuner et al., 2005). 
Under conditions of metabolic stress and 
increased insulin biosynthesis, ERdj4 may 
initiate the interaction between proinsulin 
and BiP and/or promote proinsulin folding 
by stimulating ATPase activity. Alternatively, 
given the substantial role of ERdj4 in traffick-
ing unfolded/misfolded proteins to the pro-
teasome (Dong et al., 2008), an increase in 
proinsulin in the ER may result from reduced 
degradation. ERdj4GT/GT mice also showed 
evidence of impaired proinsulin processing, 
including an abundance of immature secre-
tory granules and an increased plasma 
proinsulin:insulin ratio. Thus it is possible 
that the chaperone activity of ERdj4 may 
also be involved in maturation of the insulin 
processing enzymes Pcsk1, Pcsk2, and/or 
CPE. Overall ERdj4 deficiency resulted in a 
defect in insulin biosynthesis that likely con-
tributed to hypoinsulinemia.

Hypoinsulinemia in ERdj4GT/GT mice was 
also associated with β cell loss. The UPR ac-

tivates cell death pathways in response to protein accumulation that 
cannot be resolved through attenuation of protein translation or up-
regulation of protein folding/degradation machinery (Back and 
Kaufman, 2012). Although it occurred at a relatively low frequency, 
cell death was significantly increased in pancreatic islets of ERdj4GT/GT 
mice. In support of this finding, several mouse models with genetic 
alterations in UPR components exhibited increased β cell death in 
association with ER stress (Zhang et al., 2002; Ladiges et al., 2005). 
Alternatively, β cell loss can be the result of dedifferentiation. 

In adult mice, ERdj4 deficiency resulted in β cell pathology as-
sociated with hypoinsulinemia and glucose intolerance. These find-
ings are consistent with the concept that components of the UPR, 
including ERdj4, play an important role in cells that synthesize large 
amounts of protein in response to metabolic cues. Previous studies 
linked diabetes pathogenesis to altered expression of the ER stress 
sensors PERK, ATF6, and IRE1α/XBP1. Mutations in PERK and 
ATF6α were associated with disrupted glucose homeostasis and 
diabetes in humans (Delepine et  al., 2000; Allotey et  al., 2004; 

FIGURE 5:  ERdj4 deficiency impairs insulin biosynthesis. (A) Immunofluorescence of insulin (red) 
and BiP (green) in pancreatic tissue sections from 16- to 20-wk-old mice. Scale bars, 5 μm. n = 3 
mice/genotype. (B) Metabolic labeling of islets stimulated with 16.7 mM glucose from 6-wk-old 
C57BL/6 littermates (n = 3 mice/genotype). Equal numbers of trichloroacetic-precipitable counts 
per minute were immunoprecipitated with insulin antibody, and the immunoprecipitates were 
separated by SDS–PAGE. Proinsulin signal was visualized by autoradiography and quantitated 
by Multi Gauge software. The gel is a representative image of an experiment performed in 
triplicate. (C) Plasma proinsulin/insulin ratio in 12-wk-old, fasted mice. n = 8 mice/genotype. 
(D) Plasma insulin levels before and after glucose administration to fasted 12-wk-old mice. 
n = 8–9 mice/genotype.
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MATERIALS AND METHODS
Mice
ES cells harboring a GT cassette inserted into the ERdj4 locus (Bay 
Genomics, ES cell line KST256) were purchased from the Mutant 
Mouse Regional Resource Center. GT ES cells were injected into blas-
tocysts to generate chimeras. Animals were backcrossed eight gen-
erations onto the 129P2 or C57BL/6 genetic background. With the 
exception of perinatal lethality analyses (Figure 2, C57BL/6), all ex-
periments in this study used 129P2×C57BL/6 littermates. The pres-
ence of the GT cassette was confirmed by PCR using primers de-
signed for WT and GT alleles (WT, forward, 5′-AAG CCC AGT AAT 
AAC CCA ACT TAT C-3′; GT, forward, 5′-TGC TGG AGT CTA GCT 
ACT TAT CCA C-3′; WT/GT, reverse, 5′-CTG TCT TTT CTG TGT TTG 
GCT AGA A-3′). ERAI mice (Iwawaki et al., 2004) were purchased from 
RIKEN BRC, and the presence of the ERAI transgene was confirmed 
by PCR using primers designed by the supplier (forward, 5′-GAA CCA 
GGA GTT AAG ACA GC-3′; reverse, 5′-GAA CAG CTC CTC GCC 
CTT GC-3′). All mice were housed in a pathogen-free barrier facility 
with free access to food and water. Animal procedures were per-
formed under protocols approved by Cincinnati Children’s Hospital 
Medical Center’s Institutional Animal Care and Use Committee.

RNA isolation and real-time PCR
Total RNA was isolated from cells and tissues using the RNeasy Plus 
Mini Kit (Qiagen, Venlo, Netherlands), and cDNA was synthesized 
using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). XBP1 was 
detected in MEFs by standard real-time (RT) PCR using XBP1-spe-
cific primers (forward, 5′-GTG GTT GAG AAC CAG GAG TTA AGA-
3′; reverse, 5′-AGA ATC TGA AGA GGC AAC AGT GTC-3′). PCR 
products were separated on 4% agarose gels and visualized by 
ethidium bromide staining. Quantitative RT-PCR was performed with 
25 ng of cDNA per reaction on the ABI 7300 system with TaqMan 
Assays (Applied Biosystems, Foster City, CA) for mouse ERdj4 (exon 
3, Mm01622956_s1), a custom-designed β-galactosidase/neomycin 
resistance region of the GT cassette (forward, 5′-CTG TTC CGT CAT 
AGC GAT AAC GA-3′; reverse, 5′-TTG CCA GCG GCT TAC CAT-3′; 
reverse, 5′-FAM-CCA GCG CCA CCA TC-NFQ-3′), and mouse β-
actin (endogenous control, Mm00607939_s1). Relative quantitation 
was assessed using SDS software (Applied Biosystems).

Gene copy-number assay
Tail gDNA (20 ng) was prepared in quadruplicate as recommended 
by Applied Biosystems. The reaction mix included a custom-de-
signed TaqMan Copy Number Assay targeted for the β-galactosidase 
region of the GT cassette and a TaqMan Copy Number Reference 
Assay specific for the mouse transferrin receptor gene (Applied Bio-
systems). Absolute quantitation was performed with the ABI 7300 
system, followed by gene-copy-number analysis with SDS and 
CopyCaller software (Applied Biosystems).

Immunoblot analyses
Tissue lysate preparation and immunoblot analyses were performed 
as previously described (Bridges et al., 2003). Briefly, tissue was har-
vested and homogenized in RIPA buffer (Teknova) containing a 
mammalian protease inhibitor cocktail (Sigma-Aldrich, St. Louis, 
MO). Homogenates were centrifuged at 5000 × g for 10 min to clear 
tissue debris, and protein concentration in the supernatants was as-
sessed using the Micro BCA Kit (Pierce Biotechnology, Rockford, IL). 
Lysates were analyzed by SDS-polyacrylamide gels under reducing 
conditions, transferred to nitrocellulose membranes, and immunob-
lotted with antibodies specific for IRE1α (Cell Signaling Technology, 
Danvers, MA), GFP (Invitrogen), BiP (Cell Signaling Technology), 

A recent study (Talchai et  al., 2012) demonstrated that increased 
metabolic stress caused β cells to revert to a progenitor phenotype 
that no longer produced insulin: progenitor cells can redifferentiate 
to α cells, resulting in hyperglucagonemia. Because α cell hyperpla-
sia and hyperglucagonemia are characteristic of ERdj4GT/GT mice, it 
is possible that increased β cell stress not only resulted in death, but 
also caused reprogramming.

ERdj4 was previously identified as a BiP cochaperone that is 
up-regulated in response to ER stress to facilitate the removal of 
unfolded/misfolded proteins from the ER lumen. In this study, hypo-
morphic expression of ERdj4 in mice decreased perinatal survival in 
association with fetal growth restriction, reduced hepatic glycogen 
stores, and hypoglycemia. Adult ERdj4GT/GT mice exhibited elevated 
ER stress in pancreatic β cells associated with hypoinsulinemia and 
glucose intolerance. Given the evidence of constitutive ER stress in 
multiple organs of ERdj4GT/GT mice, the chaperone activity of ERdj4 
may extend to a broad range of protein substrates. Overall this work 
reveals a potential role for ERdj4 in adaptation to ER stress associ-
ated with increased metabolism.

FIGURE 6:  Hypoinsulinemia causes glucose intolerance in ERdj4GT/GT 
mice. (A) Fasting blood glucose levels in 16- to 20-wk-old mice. 
n = 12–14 mice/genotype. (B) Blood glucose levels over time after 
administration of glucose to fasted 12- to 16-wk-old mice. 
n = 12–14 mice/genotype. (C) Blood glucose levels over time after 
administration of human insulin to fasted 16- to 20-wk-old mice. 
n = 5 mice/genotype.
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analyzed using Imaris, version 7.6.4 (Bitplane, Belfast, United King-
dom). The β and α cell numbers were obtained by counting DAPI-
positive nuclei in insulin- and glucagon-positive sections. Twenty 
islets (≥30 cells/islet) were analyzed per mouse.

Islet isolation and metabolic labeling
Pancreatic islets were isolated from 6- to 8-wk-old mice as previ-
ously described (Zmuda et al., 2011). Briefly, the pancreas was per-
fused with liberase (0.5 mg/ml; Roche Applied Science, Penzberg, 
Upper Bavaria, Germany) and removed for digestion in a 37°C water 
bath for 20 min. After washing and filtering the digest, islets were 
separated from exocrine cells by density gradient centrifugation us-
ing Histopaque 1077 (Sigma-Aldrich). Islets were collected from the 
Histopaque/media interface and washed several times before cul-
turing overnight in CRML 1066 (Cellgro, Manassas, VA) containing 
10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. For met-
abolic labeling experiments, 100 islets were hand-picked from each 
genotype and repeatedly washed in Krebs–Ringer bicarbonate buf-
fer (KRB) containing 1% bovine serum albumin. To stimulate insulin 
biosynthesis, islets were incubated in KRB containing 2.8 mM glu-
cose for 1 h at 37°C and then resuspended in KRB containing 
16.7 mM glucose and incubated for another hour (Welsh et  al., 
1986; Skelly et al., 1998). During the last 20 min of incubation, islets 
were labeled with 0.5 mCi/ml [35S]methionine/cysteine (MP Biomed-
icals, Santa Ana, CA) for 60 min. Cells were lysed and immunopre-
cipitated with guinea pig anti-insulin antibody (ab7842; Abcam) and 
protein G plus agarose beads (Santa Cruz Biotechnology, Dallas, TX) 
at 4°C overnight. Immunoprecipitates were analyzed by SDS–PAGE 
under reducing conditions and visualized by autoradiography, and 
the proinsulin signal was quantitated using Multi Gauge software, 
version 3 (Fugifilm, Tokyo, Japan).

Serum lipase and amylase activity
Blood was collected from mice through the retroorbital sinus into 
serum separator tubes (BD Biosciences, Franklin Lakes, NJ). Serum 
was submitted to the Clinical Laboratory at Cincinnati Children’s 
Hospital for enzyme analyses.

Triglyceride and nonesterified fatty acid analyses
Blood was collected from neonatal mice through decapitation into 
microtubes containing lithium heparin (Sarstedt, Nuembrecht, 
Germany). Plasma was submitted to the Cincinnati Mouse Meta-
bolic Phenotyping Center for lipid analyses.

Insulin and glucagon assays
Insulin and glucagon were extracted from the pancreas by repeated 
homogenization in acid-ethanol (0.18 M HCl in 70% ethanol; 
Sjoholm et al., 2001). Mouse insulin (Crystal Chem, Downers Grove, 
IL) and glucagon (R&D Systems, Minneapolis, MN) were assessed by 
enzyme-linked immunosorbent assay (ELISA), and the results were 
normalized to total protein in pancreatic extracts. Plasma proinsulin 
(ALPCO Diagnostics, Salem, NH) and insulin were determined by 
ELISA in 6-h-fasted mice at baseline or after intraperitoneal injection 
with 10% glucose. Plasma glucagon in neonatal and adult mice was 
analyzed by the Cincinnati Mouse Metabolic Phenotyping Center.

Glycogen assay
Neonatal livers were harvested, weighed, and flash frozen in liquid 
nitrogen until assayed. Liver tissue was homogenized in 200 μl of 
distilled water by successive passage through 22 and 25G needles. 
Homogenates were boiled at 100°C for 5 min and then centrifuged 
at 15,300 × g for 5 min. The supernatant was assayed for glycogen 

calnexin (Cell Signaling Technology), or β-actin (Seven Hills Biore-
agents, Cincinnati, OH).

Cell culture
MEFs were isolated from ERdj4+/+ and ERdj4GT/GT embryos on day 
13.5 as described by Conner (2001). Cells were cultured in DMEM 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml 
streptomycin, and 200 mM l-glutamine and passaged at least 
three times before use in experiments. Cell viability was assessed 
(CellTiter 96 AQueous One Solution Cell Proliferation Assay; Pro-
mega, Fitchburg, WI) after treatment with tunicamycin (EMD Milli-
pore, Billerica, MA), thapsigargin (EMD Millipore), or MG-132 
(EMD Millipore) for 48 h at the indicated concentrations.

Histology and electron microscopy
Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, 
and cut at 5 μm for hematoxylin and eosin staining and immuno
staining, as previously described (Bridges et al., 2003). For immuno-
fluorescence, slides underwent antigen retrieval by boiling in 10 mM 
citrate buffer (pH 6.0) for 20 min, followed by blocking in normal 
donkey serum (Jackson ImmunoResearch, West Grove, PA) for 2 h. 
Sections were stained with primary antibodies specific for insulin 
(ab7842; Abcam, Cambridge, England), glucagon (ab932; EMD 
Millipore), BiP (G9043; Sigma-Aldrich), and GFP (ab13970; Abcam), 
followed by application of secondary antibodies conjugated to Al-
exa Fluor 488, Alexa Fluor 555, or Alexa Fluor 594 (Invitrogen). Im-
age stacks were acquired by 0.25-μm step distance using a Nikon 
C1 Si Confocal Imaging System and processed for deconvolution to 
remove image blurring using Autoquant X 2.2 (Media Cybernetics, 
Sarasota, FL). For TUNEL analyses, paraffin-embedded tissue sec-
tions were stained using the ApopTag Peroxidase In Situ Apoptosis 
Detection Kit per manufacturers’ instructions (EMD Millipore). 
TUNEL-positive cells in pancreatic islets of ERdj4+/+ (n = 5 mice, 54 
islets) and ERdj4GT/GT (n = 4 mice, 24 islets) mice were visualized and 
manually counted using the Axio Imager.A2 microscope (Zeiss, 
Oberkochen, Germany) under a 20× objective lens.

For electron microscopy, cells and tissues were processed as pre-
viously described (Ridsdale et al., 2011). Briefly, samples were fixed in 
2% paraformaldehyde (Electron Microscopy Sciences [EMS], Hatfield, 
PA), 2% glutaraldehyde (EMS), and 0.1% calcium chloride in 0.1 M 
sodium cacodylate buffer (pH 7.3) for 30 min, followed by transfer to 
fresh fixative at 4°C overnight. Fixed cells and tissues were cut into 
1- to 2-mm blocks, incubated with 1% osmium tetroxide (EMS) and 
1.5% potassium ferrocyanide (Sigma-Aldrich) in 0.1 M sodium caco-
dylate buffer (pH 7.3) for 2 h, stained en bloc with 4% aqueous uranyl 
acetate (EMS) at 4°C overnight, dehydrated with a graded series of 
alcohol, and embedded in expoxy resin EMbed 812 (EMS) or Quetol 
651 (EMS). Ultrathin 90-nm sections were cut using a Reichert Ultra-
cut E ultramicrotome (Leica Microsystems, Wetzlar, Germany). Elec-
tron micrographs were collected using a Hitachi H-7650 TEM (Hitachi 
High Technologies America, Dallas, TX) equipped with an AMT 
transmission electron microscope charge-coupled device camera 
(Advanced Microscopy Techniques, Woburn, MA).

Morphometric analyses of pancreatic islets
Pancreatic tissue was harvested from 8- to 12-wk-old ERdj4+/+ 
(n = 8) and ERdj4GT/GT (n = 5) mice, fixed in 4% paraformaldehyde, 
and embedded in paraffin. Tissues were sectioned at 5 μM using a 
Leica RM2235 microtome, and one section was collected every 
100 μM. After immunofluorescence for insulin and glucagon 
(described earlier), images were acquired using the Axioplan 2 mi-
croscope (Zeiss) equipped with an AxioCam MRm camera and 
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using the Glycogen Colorimetric/Fluorometric Assay Kit (Biovision, 
San Francisco, CA). Total glycogen content per liver was normalized 
to liver weight.

Glucose and insulin tolerance tests
Mice were fasted for 16 h with free access to water. Blood glucose 
levels were determined by collecting blood from the tail vein at 
baseline using an ACCU-CHEK Aviva glucose monitor (Roche Ap-
plied Science) before intraperitoneal injection of 10% glucose 
(1 unit/g of body weight). Blood glucose levels were monitored over 
time after injection. Insulin tolerance tests were performed on 6-h-
fasted mice by intraperitoneal injection of human insulin (0.75 U/kg; 
Eli Lilly, Indianapolis, IN), followed by blood glucose measurements 
as described.

Statistical analyses
All data represent mean ± SEM with a significance difference re-
ported as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Two-way compari-
sons were analyzed by two-tailed, unpaired Student’s t test using 
Prism software (GraphPad, La Jolla, CA).
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