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Recessive mutations in IER3IP1 (immediate early response 3 interacting protein
1) cause a syndrome of microcephaly, epilepsy, and permanent neonatal diabetes
(MEDS). IER3IP1 encodes an endoplasmic reticulum (ER) membrane protein, which
is crucial for brain development; however, the role of IER3IP1 in β cells remains
unknown. We have generated two mouse models with either constitutive or inducible
IER3IP1 deletion in β cells, named IER3IP1-βKO and IER3IP1-iβKO, respectively.
We found that IER3IP1-βKO causes severe early-onset, insulin-deficient diabetes.
Functional studies revealed a markedly dilated β-cell ER along with increased proinsu-
lin misfolding and elevated expression of the ER chaperones, including PDI, ERO1,
BiP, and P58IPK. Islet transcriptome analysis confirmed by qRT-PCR revealed
decreased expression of genes associated with β-cell maturation, cell cycle, and antia-
poptotic genes, accompanied by increased expression of antiproliferation genes. Indeed,
multiple independent approaches further demonstrated that IER3IP1-βKO impaired
β-cell maturation and proliferation, along with increased condensation of β-cell nuclear
chromatin. Inducible β-cell IER3IP1 deletion in adult (8-wk-old) mice induced a simi-
lar diabetic phenotype, suggesting that IER3IP1 is also critical for function and survival
even after β-cell early development. Importantly, IER3IP1 was decreased in β cells of
patients with type 2 diabetes (T2D), suggesting an association of IER3IP1 deficiency
with β-cell dysfunction in the more-common form of diabetes. These data not only
uncover a critical role of IER3IP1 in β cells but also provide insight into molecular basis
of diabetes caused by IER3IP1 mutations.
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Monogenic diabetes mellitus (MDM) caused by single gene mutations accounts for
1–5% of all forms of diabetes (1). To date, mutations in more than 30 distinct genes
have been reported to cause MDM (2–4) with impaired β cell function, maturation,
and survival (and less commonly, insulin action). Diabetes phenotypes of MDM can
range from severe neonatal-onset, insulin-deficient diabetes to childhood or adulthood
onset diabetes (MODY [maturity-onset diabetes of the young]). Although the onset
and severity of diabetes is largely determined by the mutant alleles that disrupt normal
function of affected gene products, environmental factors may also contribute to clini-
cal presentation (5, 6). Single-nucleotide polymorphisms contained within at least half
of the listed MDM genes have been associated with risk of type 1 diabetes and/or type
2 diabetes (T2D) (7), suggesting important contributions of MDM genes to more-
common forms of diabetes. One such example comes from INS gene mutations, which
collectively represent the second-most-common genetic cause of permanent neonatal
diabetes. Among 70 INS gene mutations associated with diabetes, the majority impair
proinsulin oxidative folding with defective export from the endoplasmic reticulum
(ER) (8–10) while also interacting (and impairing trafficking) of the coexpressed wild-
type INS gene product, thereby decreasing insulin production (11–13). Proinsulin mis-
folding with defective formation and storage of mature insulin may also contribute to
the development and progression of T2D (14–16).
In addition to MDM, there are 69 genetic syndromes associated with diabetes, of

which more than 40% have diabetes as a main clinical presentation (17). MEDS
(microcephaly, epilepsy, and diabetes syndrome) is one such syndrome, caused by
monogenic mutations in IER3IP1 (immediate early response 3 interacting protein
1) (18–20). The disease is inherited in an autosomal recessive fashion. To date, only
nine cases have been reported (21). All described patients have developed similar clini-
cal features, including infantile epileptic encephalopathy, microcephaly, and permanent
neonatal diabetes, and all reported patients died before the age of eight (18, 21, 22).
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IER3IP1 is an ER membrane protein highly expressed in brain
and pancreatic β cells (20, 23); however, its function remains
to be fully characterized. One study shows that YOS1P (a yeast
IER3IP1 homolog) plays an important role in mediating secre-
tory protein transit between the ER and Golgi complex (24).
This appears to be consistent with a recent report revealing that
IER3IP1 regulates ER function and extracellular matrix protein
secretion crucial for brain development and integrity (25).
Indeed, postmortem analysis of patients with MEDS has shown
a reduced No. of neurons in the brain cortex along with
increased neuronal apoptosis (20). Additionally, postmortem
analysis of the pancreas reveals that MEDS patients have a
markedly decreased No. of insulin-producing β cells. The
underlying mechanism remains to be determined, although one
study using the Min6 pancreatic β cell line suggests that
IER3IP1 may be involved in the regulation of cell death and
proliferation (26).
In this study, we have generated two mouse models with either

constitutive or inducible deletion of IER3IP1 in β cells, named
IER3IP1-βKO and IER3IP1-iβKO, respectively. IER3IP1-βKO
resulted in mild elevated blood glucose at the first day after birth.
We find that IER3IP1-βKO causes a dilated β cell ER, accompa-
nied by increased proinsulin misfolding and upregulation of ER
chaperones, suggesting that IER3IP1-βKO induces ER stress
despite only a modest unfolded protein response (UPR). In addi-
tion, islets from IER3IP1-βKO mice exhibit upregulation of
genes that impair cell proliferation and downregulation of genes
that would normally promote β cell maturation, cell cycle, and
survival. With several independent approaches, we demonstrate
that IER3IP1 deficiency impairs β-cell maturation and prolifera-
tion while favoring chromatin condensation consistent with
pyknotic nuclei. Furthermore, inducible IER3IP1 deletion in β
cells at 8 wk of age using IER3IP1-iβKO mice also decreased
insulin content and caused insulin-deficient diabetes, demonstrat-
ing that IER3IP1 remains important for β cells in adulthood.
Importantly, we found that the expression of IER3IP1 is
decreased in islet β cells of patients with T2D, suggesting that
there may be an association of IER3IP1 deficiency with β-cell
dysfunction in T2D. These data not only uncover a critical role
of IER3IP1 in β-cell function and survival but also provide
insight into mechanisms underlying diabetes caused by loss-of-
function mutations of IER3IP1.

Methods

Mice. IER3IP1 floxed mice were generated though homologous recombination
by genomic insertion of two loxP sites flanking the exon1 of IER3IP1. Pancreatic
β cell–specific IER3IP1 knockout mice (IER3IP1-βKO) were generated by cross-
breeding of IER3IP1 floxed mice with Rat Ins2 promoter-driven Cre (RIP-Cre) mice
(purchased from The Jackson Laboratory, cat No. 003573). The mice with induc-
ible deletion of IER3IP1 specific in β cells (IER3IP1-iβKO) were generated by
crossbreeding of IER3IP1 floxed mice with mouse Ins1 promoter-driven Cre mice
(purchased from The Jackson Laboratory, stock No. 024709). The primers for gen-
otyping of the above mice were shown in SI Appendix, Table S1. To activate Cre
recombinase, 8-wk-old male mice were treated with tamoxifen (Sigma-Aldrich,
CAS No. 10540–29-1) 75 mg/kg body weight via intraperitoneal injection once a
day for 5 consecutive days. All mice were housed in a 12 h light/dark cycle in a
temperature (22–25 °C) and humidity (55 ± 5%) control room. All mice used in
this study were on a C57BL/6J background. Weekly monitor of body weight and
blood glucose were performed at the same time of the day for consistency.

Massive Parallel Sequencing of RNA (RNA-Seq) and Analysis. The islets
transcriptome analysis was conducted by OE Biotech Co., Ltd. (Shanghai, China).
Total RNA extraction, RNA integrity evaluation, libraries construction, and
sequencing were performed according to the manufacturer’s standard protocol.

The differential expressed genes were identified using the absolute value of
log2 (ratio) ≥ 1 as the threshold. Gene Ontology (GO) analysis and pathway
enrichment studies were performed by WebGestalt, and pathway visualization
was conducted by Graph-Pad Prism 8. Additional detailed materials and meth-
ods are provided in SI Appendix, Materials and Methods.

Study Approval. All animal experiments followed the protocols approved by
the Internal Animal Welfare Committee at Tianjin Medical University. Human
pancreas tissue was obtained between Jan 2016 and Aug 2020 from nondia-
betic and T2D organ donors after informed consent was obtained. The study was
approved by the Tianjin First Central Hospital clinical research ethics committee
(No. 2020N249KY).

Results

IER3IP1 Is Decreased in β Cells of Patients with T2D, and β
Cell–Specific IER3IP1 Knockout Causes Insulin-Deficient Diabetes.
By immunofluorescence, we observed that IER3IP1 was highly
expressed in islet β cells (but not α cells or δ cells) in both rodent
and human pancreas (Fig. 1 A and B). Importantly, IER3IP1
was markedly decreased in β cells without notable change of
expression in α cells in patients with T2D, suggesting an associa-
tion of IER3IP1 deficiency with β-cell dysfunction in T2D (Fig.
1C and SI Appendix, Fig. S2A). Since the most important charac-
teristic physiological feature of β cells is to synthesize and secrete
insulin upon glucose stimulation, we asked whether the expres-
sion of IER3IP1 is regulated by glucose in isolated mouse islets
treated with low (2.8 mM) and high (16.7 mM) glucose. As
expected, high glucose exposure upregulated INS mRNA expres-
sion (SI Appendix, Fig. S2B) as well as proinsulin protein level
(SI Appendix, Fig. S2C). However, high glucose exposure did not
upregulate IER3IP1 mRNA (SI Appendix, Fig. S2B) or protein
(SI Appendix, Fig. S2 C and D). To further explore the function
of IER3IP1 in β cells, we generated a mouse model with β
cell–specific IER3IP1 deletion (IER3IP1-βKO) using homolo-
gous recombination mediated by RIP-Cre (SI Appendix, Fig. S3).
A significant decrease of IER3IP1 in the islets was confirmed
both by immunohistochemistry (Fig. 1D) and western blot (Fig.
1E). IER3IP1-βKO resulted in a modest increase of blood glu-
cose and a trend of decreased body weight during the first 14 d
of life (Fig. 1 F and G). Insulin-deficient diabetes became more
severe at 3 wk of age in both male and female mice (Fig. 1 H
and I). Over an observation period of 16 wk, hyperglycemia in
IER3IP1-βKO mice progressively worsened (Fig. 1J) along with
impaired body weight gain starting from 11 wk of age in male
mice and 3 wk of age in female mice (Fig. 1K). Although
IER3IP1 mRNA was decreased in heterozygous mice, no signifi-
cant changes in IER3IP1 protein level were observed (SI
Appendix, Fig. S4 A and B). In addition, no differences in glu-
cose tolerance, blood glucose, and body weight were observed
between control mice and IER3IP1 heterozygous mice (SI
Appendix, Fig. S4 C–H), indicating that one allele of IER3IP1 is
sufficient to maintain normal β-cell function. Taken together,
these data demonstrate that IER3IP1 is highly expressed in
pancreatic β cells and is required for maintenance of glucose
homeostasis.

IER3IP1-βKO Knockout Leads to Decreased Insulin Content
and Absolute Amount of Secreted Insulin; However, Glucose
Stimulation of Proinsulin Synthesis and Insulin Release Are
Preserved. To understand the cause of the insulin-deficient dia-
betes in IER3IP1-βKO mice, we performed immunostaining and
western blotting and observed a significant reduction of proinsu-
lin and insulin content in IER3IP1-βKO islets (Fig. 2 A–C).
When incubating isolated islets with low (2.8 mM) and high
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Fig. 1. IER3IP1 is highly expressed in β cells, and IER3IP1-βKO mice develop early-onset, insulin-deficient diabetes. (A and B) The expression of IER3IP1 in
(A) human and (B) mouse pancreases was detected via the immunostaining with anti-IER3IP1 (red) with anti-insulin (green), antiglucagon (green), or antisoma-
tostatin (green). (C) The expression of IER3IP1 in pancreases of donors with T2D were detected via the immunostaining with anti-IER3IP1 (red) and anti-insulin
(green). (D) Immunohistochemistry staining was performed to detect the expression of IER3IP1 in pancreases of 3-wk-old IER3IP1-βKO mice or flox+/+ control
mice. (E) IER3IP1 protein expression from 3-wk-old flox+/+ control mice or IER3IP1-βKO mice was examined by western blotting using anti-IER3IP1. (F) Blood
glucose (BG) of 1-, 7-, and 14-d-old flox+/+ control mice or IER3IP1-βKO mice (control n = 7–15, βKO n = 7–10). *P < 0.05 and **P < 0.01. (G) Body weight
(BW) of same group mice as F. (H) Oral glucose tolerance tests were performed in 3-wk-old male (control n = 7, βKO n = 7) and female mice (control n = 10,
βKO n = 10). The levels of BG are all higher in both IER3IP1-βKO male and female mice than that of the control mice. However, no statistical differences were
observed between male and female IER3IP1-βKO mice. (I) Fasting serum insulin levels of 3-wk-old male (control n = 8, βKO n = 9) and female (control n = 8,
βKO n = 11) mice were measured using insulin enzyme-linked immunosorbent assay (ELISA). ***P < 0.001. (J) Fasting blood glucose of male (control n = 10,
βKO n = 5) and female (control n = 10, βKO n = 7) mice was monitored weekly till 16 wk. *P < 0.05 and **P < 0.01, respectively, comparing male and female
IER3IP1-βKO mice. (K) BWs from same group of J were monitored. Asterisks with green color indicate statistical differences between male IER3IP1-βKO and
control mice. Asterisks with gray indicate statistical differences between female IER3IP1-βKO and control mice. All values shown in this figure are mean ± SEM.
*P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 2. IER3IP1-βKO leads to decreased insulin content and absolute amount of secreted insulin, however glucose stimulated proinsulin synthesis and
GSIS are preserved. (A) Representative immunofluorescence images of anti-IER3IP1 (red) and anti-insulin (green) in pancreatic sections from 3-wk-old flox+/+

control and IER3IP1-βKO mice. (B) Islets isolated from 3-wk-old control and IER3IP1-βKO mice were directly lysated. Western blots were performed to detect
proinsulin and insulin, and β-tubulin was used as a loading control. (C) Quantification of protein levels of proinsulin and insulin in B (n = 9). ***P < 0.001.
(D) Islets isolated from 3-wk-old flox+/+ control and IER3IP1-βKO mice were incubated with media containing either 2.8 mM or 16.7 mM glucose for 5 h
before lysated for western blotting. (E) Quantification of fold increases of proinsulin shown in D (control n = 3, βKO n = 4). (F) GSIS was performed, and insu-
lin levels were measured in isolated islets from flox+/+ control and IER3IP1-βKO mice. (G) Insulin content in the islets of F were measured using insulin ELISA.
(H) Secreted insulin was normalized to insulin content of the islets. All experiment shown in F–H were performed using islets from 3-wk-old mice (n = 5 in
each group). Values were shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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(16.7 mM) glucose for 5 h, we found that, although the absolute
amount of proinsulin and insulin was dramatically decreased,
the fold increase of proinsulin level in response to high
glucose was preserved in IER3IP1-βKO islets (Fig. 2 D and E).
Additionally, the absolute amount of secreted insulin in basal and

glucose-stimulated conditions was dramatically decreased (Fig.
2F) in proportion to the diminished insulin content (Fig. 2G).
However, there was no detectable impairment of glucose-
stimulated insulin secretion (GSIS) (percentage of secreted insulin
in total islet insulin content) in IER3IP1-βKO islets (Fig. 2H).
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Fig. 3. IER3IP1-βKO induces ER stress without marked activation of UPR. (A) mRNA levels of BiP from 3-wk-old flox+/+ control or IER3IP1-βKO mouse islets (con-
trol n = 9, βKO n = 11). (B and C) Protein levels of BiP from 3-wk-old flox+/+ control or IER3IP1-βKO mouse islets were detected by western blots in B and quanti-
fied in C (control n = 11, βKO n = 8). (D and E) Protein levels of P58IPK from 3-wk-old flox+/+ control or IER3IP1-βKO mouse islets were detected by western blots
in D and quantified in E (n = 5 in each group). (F) Representative transmission electron microscopy showing markedly dilated ER in β cells of 3-wk-old IER3IP1-
βKO mice, SG: secretory granule, M: mitochondria, N: nuclear. (G) Quantification of secretory granules of control or IER3IP1-βKO mouse islets (n = 4 in each
group, seven random fields per mouse were analyzed). (H) mRNA levels of IRE1α, PERK, and ATF6 from 3-wk-old flox+/+ control or IER3IP1-βKO mouse islets (con-
trol n = 6, βKO n = 8). (I) Western blot showing the expression of BiP, phosphorylated IRE1α (p-IRE1α), total-IRE1, phosphorylated eIF2α (p-eIF2α), total-eIF2α,
CHOP, and IER3IP1 from 3-wk-old flox+/+ control or IER3IP1-βKO mouse islets. (J) Protein levels of I were quantified in J (p-IRE1α control n = 13, βKO n = 10;
p-eIF2α control n = 19, βKO n = 15; CHOP control n = 13, βKO n = 11). Values are shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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These results suggest that decreased insulin secretion in the
IER3IP1-βKO mice could be attributed entirely to diminished
insulin content rather than an exocytosis defect.

IER3IP1-βKO Induces ER Stress and Impairs Oxidative Folding
of Proinsulin in the ER. To examine the role of IER3IP1 in ER
homeostasis, we first examined the expression of BiP (a master
molecular chaperone regulating the ER function and UPR (27, 28))
and P58IPK (an ER stress marker function as a cochaperone with
BiP (29)). We found that both mRNA and protein levels of BiP
were increased along with an increase of the protein level of
P58IPK in IER3IP1-βKO islets (Fig. 3 A–E), suggesting that defi-
ciency of IER3IP1 induces ER stress. Consistent with this idea,
electron microscopy showed markedly dilated ER along with
decreased insulin secretory granules in IER3IP1-βKO islets (Fig. 3
F and G). Next, we examined the extent of activation of UPR.
We found that, although there were trends of increased mRNA
expression of IRE1α, PERK, and ATF6, phospho-IRE1 protein
(p-IRE1α) and phospho-eIF2α (p-eIF2α), as well as the CHOP
protein, were not increased (Fig. 3 H–J). To determine whether
these results are limited by the timing of analysis, we examined

the expression of BiP, p58IPK, and genes involved in UPR in
14- to 16-wk-old IER3IP1-βKO mice with very severe diabetes
(Fig. 1 J and K). Again, we found that, although BiP and p58IPK
were significantly increased, only PERK was moderately elevated,
whereas IRE1 and ATF6 were not increased, even in IER3IP1-
βKO mice with severe diabetes (SI Appendix, Fig. S5). These
results established that IER3IP1 is important for maintaining nor-
mal function of the ER, and its deficiency induces ER stress with-
out marked activation of UPR in β cells in vivo.

Proinsulin is the most abundantly synthesized protein in the
ER of β cells. Previous studies have shown that proinsulin is
predisposed to misfolding, especially upon perturbation of the
ER folding environment (16, 30–32). We therefore examined
proinsulin oxidative folding under nonreducing conditions
(11, 16). We found that, although the total amount of pro-
insulin was lower in IER3IP1-βKO islets as measured under
reducing conditions (Fig. 4 A, lane 4 vs. 3), intermolecular
disulfide-linked complexes of proinsulin (dimers, trimers, and
high-molecular-weight proinsulin–associated complexes) were
markedly increased in IER3IP1-βKO islets analyzed under non-
reducing conditions (Fig. 4 A, lane 2 vs. 1 and quantified in
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Single asterisk indicated total proinsulin under reducing conditions, double asterisks indicated disulfide-linked proinsulin dimers, and triple asterisks indi-
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of anti-insulin (green) and antiproinsulin (red) from 3-wk-old control and IER3IP1-βKO mice. (H) Ratio of proinsulin-positive/insulin-negative (Pro+Ins�) cells
to total proinsulin positive (Pro+) cells in 3-wk-old flox+/+ control and IER3IP1-βKO islets was calculated (control n = 4, βKO n = 5). Values were shown as
mean ± SEM. *P < 0.05 and **P < 0.01.
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Fig. 4B). Thus, deficiency of IER3IP1 impairs proinsulin
oxidative folding in the ER. Consistent with the foregoing obser-
vations, PDI and ERO1α, two ER enzymes that affect proinsulin
oxidative folding, were both significantly upregulated (Fig. 4
C–F). Misfolded proinsulin is recognized by ER quality control
machinery, preventing its export from the ER to the Golgi com-
plex (14, 16). We therefore examined localization of proinsulin
and found that, consistent with our previous findings (14, 33),
proinsulin in wild-type β cells was mostly concentrated in the
juxtanuclear region (suggesting successful proinsulin trafficking
from the ER to the Golgi complex), whereas in IER3IP1-βKO β
cells, proinsulin was more diffusely distributed throughout the
cytoplasm (additionally, some proinsulin-positive cells lost detect-
able insulin, i.e., Pro+Ins�), suggesting defective anterograde traf-
ficking of proinsulin (Fig. 4 G and H). These data suggest that
defective proinsulin maturation and export from the ER (with

impaired insulin production), accompanied by ER stress, exist in
β cells with IER3IP1 deficiency.

Inducible IER3IP1 Deficiency in Adulthood Decreases Insulin
Content and Causes Diabetes. It is generally accepted that β-cell
mass is determined by differentiation and proliferation mostly
during embryonic phase and postnatal period, although the bal-
ance of proliferation and apoptosis plays a role in maintaining sta-
ble β-cell mass throughout life (34, 35). To determine the role of
IER3IP1 in β cells after the stage of early development, we deleted
IER3IP1 in β cells through tamoxifen-induced Cre recombinase
activity in MIP-CreERT-floxed/floxed mice (IER3IP1-iβKO)
after 8 wk of age (early adulthood (36)). As shown in Fig. 5 A
and B, both fasting and postload blood glucose were elevated start-
ing from 2 wk after tamoxifen administration, and the hyperglyce-
mia associated with decreased serum insulin was persistent at 4 wk
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Fig. 5. Inducible deficiency of IER3IP1 in β cells after 8 wk of age decreases insulin content and causes diabetes. The mice of IER3IP1 flox+/+ with MIP-CreERT
and IER3IP1 flox+/+ control were administrated with tamoxifen by intraperitoneal injection at 8 wk old as described in Methods. (A) Intraperitoneal glucose toler-
ance tests (IPGTTs) were performed before the injection of tamoxifen (n = 9 in each group). (B and C) IPGTTs were performed after 2 wk of the tamoxifen injection
(B) and 4 wk of the injection (C) (n = 9 in each group). (D) Serum insulin levels of IER3IP1-iβKO and flox+/+ control male mice after 4 wk of tamoxifen treatment
(n = 9 each group). (E and F) Protein levels of IER3IP1, proinsulin, and insulin were detected by western blots using freshly isolated islets after 2 wk (E) or 4 wk of
tamoxifen injection (F). (G) Representative immunofluorescence images showing staining of anti-insulin (green) and antiproinsulin (red) from IER3IP1-iβKO and
flox+/+ control male mice after 4 wk of tamoxifen treatment. Values are shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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after tamoxifen administration (Fig. 5 C and D). IER3IP1 defi-
ciency in IER3IP1-iβKO mice 2 and 4 wk after giving tamoxifen
was confirmed by both immunofluorescence (SI Appendix, Fig.
S6) and western blotting, which also showed a decrease of proin-
sulin and insulin content (Fig. 5 E and F). In addition, immuno-
fluorescence revealed that (consistent with the observation in
IER3IP1-βKO islets) (Fig. 4G), inducible deficiency of IER3IP1
in adulthood also caused a more-diffuse cytoplasmic distribution
of proinsulin and increased Pro+/Ins� cells (Fig. 5G). These data
demonstrate that IER3IP1 plays an important role in maintaining
β-cell function, even after the neonatal period.

IER3IP1 Deficiency Alters the Islet Transcriptome, Affecting
Cell Cycle as Well as β-Cell Identity and Maturation. To deter-
mine cellular responses triggered by IER3IP1 deficiency, we
performed transcriptome analysis using isolated islets from 3-
wk-old IER3IP1-βKO and control mice. GO analysis identified
significant downregulation of biological pathways associated
with cell proliferation (Fig. 6A). Using a Log2 fold change and
false discovery rate of <0.05, we found that there were 341
downregulated and 218 upregulated genes in IER3IP1-βKO
islets compared with that of controls (Fig. 6B). The mRNA lev-
els of markedly decreased genes were strongly enriched in key

transcription factors known to regulate β-cell maturation and
identity, including Mafa, Pdx-1, and Nkx6.1, and these were
confirmed by real-time PCR (Fig. 6C). We also found that
PDX-1 and Mafa were decreased in IER3IP1-βKO mice as
early as 2 wk of age (SI Appendix, Fig. S7), when blood glucose
levels are only mildly elevated (Fig. 1F), suggesting that
changes in expression of key transcription factors caused by
IER3IP1 deficiency occur before the development of overt dia-
betes. Immunofluorescence staining further validated significant
decreases of PDX-1 and NKX6.1 protein in IER3IP1-βKO
islets (Fig. 6 D and E). Similar changes of mRNA levels,
and immunostaining of these transcription factors, were
observed in IER3IP1-iβKO islets after 2 and 4 wk of tamoxifen
injection (SI Appendix, Fig. S8). To determine the consequence
of downregulation of these key transcription factors, we per-
formed costaining with anti-insulin, antiglucagon, and antiso-
matostatin. As shown in Fig. 7A and quantified in Fig. 7B,
there was an increase in the abundance and intraislet localiza-
tion of glucagon-positive, as well as somatostatin-positive, cells
in IER3IP1-βKO islets, which accompanied the decrease of
insulin-positive cells. Furthermore, there was detection of insu-
lin/glucagon double-positive cells and insulin/somatostatin
double-positive cells in the islets of IER3IP1-βKO mice
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Transcription factors Fig. 6. IER3IP1 deficiency alters the islet transcrip-
tome, affecting cell cycle as well as β-cell identity
and maturation. (A) GO analyses of RNA-seq data
showed significant changes of pathways in the
islets from 3-wk-old flox+/+ control and IER3IP1-
βKO mouse islets. (B) Volcano plot depicting tran-
scriptomics data with dotted line marking P = 0.05
on y axis and fold change of greater than 1 on
x axis. (C) mRNA levels of indicated transcription
factors were measured by qRT-PCR in islets of
3-wk-old flox+/+ control and IER3IP1-βKO mouse
islets (control n = 3–4, βKO n = 4). Values were
shown as mean ± SEM. ***P < 0.001. (D and E)
Representative immunofluorescence images show-
ing expression nuclear localization of β-cell matura-
tion markers of Pdx-1 (D) and Nkx6.1 (E) from
3-wk-old flox+/+ control and IER3IP1-βKO mice.
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(Fig. 7A and quantified in Fig. 7C). These data demonstrate
that β-cell IER3IP1 deficiency results in alterations of transcrip-
tional regulation, leading to impaired β-cell maturation and
identity in IER3IP1-βKO mice.

IER3IP1-βKO Causes Decreased Islet Size and β-Cell Mass.
Based on the transcriptome changes in Fig. 6, we considered
whether IER3IP1 deficiency affects β-cell fate. First, we found
that Cdk1 (a core protein of the cell cycle (37)) was signifi-
cantly downregulated in IER3IP1-βKO islets (Fig. 8A), whereas
cell growth inhibitors p21/Cdkn1a and p16/Cdkn2a were
upregulated (Fig. 8B). Second, immunostaining for Ki67
(a nuclear replication marker) showed a significant decrease in
3-wk-old IER3IP1-βKO islets (Fig. 8 C and D), suggesting
diminished β-cell proliferation in the mutant mice. Further, we
observed that Trib3 (a mediator of ER stress–induced cell death
(38)) was upregulated in IER3IP1-βKO islets (Fig. 8E),
whereas antiapoptosis regulators, Bcl-2, Bcl-xL, and Mcl-1,
were all suppressed (Fig. 8F). Similar transcriptional changes of
genes involved in cell cycle and apoptosis were observed in
IER3IP1-iβKO islets after 4 wk of tamoxifen injection (SI
Appendix, Fig. S9). Additionally, we noted an increase of
nuclear chromatin condensation (39) in IER3IP1-βKO islets
by transmission electron microscopy (Fig. 8 G and H). Taken
together, these data suggest that, in conjunction with decreased
β-cell proliferation (Fig. 8 C and D), IER3IP1 deficiency favors
β-cell death, contributing to a reduction of mean islet size (Fig.
8 I and J) and β-cell mass (Fig. 8 K and L), accounting for the
insulin-deficient diabetes in IER3IP1-βKO mice.

Discussion

Although the first case of MEDS caused by homozygous muta-
tions of IER3IP1 was reported more than 10 y ago (20), surpris-
ingly, the function of IER3IP1 and the pathways that it
regulates still remain largely unknown. IER3IP1 is an evolution-
ally conserved protein highly expressed in brain cortex and pan-
creas (20). Here, we find that IER3IP1 is highly expressed in
pancreatic β cells both in human and rodent. Mice lacking
IER3IP1 in β cells develop severe, insulin-deficient, early-onset
diabetes due to markedly decreased islet size and β-cell mass,
accompanied by diminished islet insulin content. Functional
studies reveal that β-cell IER3IP1 deficiency induces ER stress
and impairs proinsulin oxidative folding in the ER, suggesting
that IER3IP1 plays an important role in ER function. Further,
IER3IP1-βKO inhibits expression of genes associated with β-cell
development, maturation, and survival, which combine to result
in a significant reduction of insulin-producing cells that is
responsible for the development of severe insulin-deficient diabe-
tes. More importantly, we find that the expression of IER3IP1 is
significantly decreased in β cells of patients with T2D, suggesting
that deficiency of IER3IP1 may play an important role in β-cell
dysfunction in the more-common form of diabetes.

MEDS is a very rare, severe genetic syndrome. All reported
patients with MEDS died before 8 y of age (21). Two of the
most-severe phenotypes in patients with MEDS are neurologi-
cal defects, including microcephaly and infantile epileptic
encephalopathy, which are likely caused by defects in brain
development and integrity, as well as increased apoptosis of
neurons (20, 25). Although a recent study shows that IER3IP1
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and doubles hormone-positive cells. (A) Representa-
tive immunofluorescence images showing major
islet hormones, anti-insulin (red), antiglucagon (blue),
and antisomatostatin (green) in pancreatic sections
from 3-wk-old flox+/+ control and IER3IP1-βKO mice.
(B) Percentages of insulin-positive cells, glucagon-
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in each group, four sections per pancreas and 4–10
islets per section were analyzed). (C) Percentages
of insulin and glucagon double-positive cells
(Insulin+Glucagon+) and insulin and somatostatin
double-positive cells (Insulin+Somatostatin+) (n = 7).
Values were shown as mean ± SEM. **P < 0.01 and
***P < 0.001.
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Fig. 8. IER3IP1-βKO causes a reduction of β-cell proliferation and increases abnormal nuclear chromatin condensation. (A and B) mRNA levels of genes
associated with cell cycle in A and genes associated with inhibition of cell growth in B were examined by qRT-PCR from 3-wk-old flox+/+ control and IER3IP1-
βKO islets (control n = 3–4, βKO n = 3–5). (C and D) Representative immunofluorescence images showing the staining of proliferation marker Ki67 from
3-wk-old flox+/+ control and IER3IP1-βKO islets were shown in C, and percentages of Ki67-positive cells in islet β cells were shown in D (n = 8–9 per group,
four sections per pancreas and five to eight islets per section were analyzed). (E) mRNA levels of Trib3 in 3-wk-old mice of flox+/+ control and IER3IP1-βKO
islets (n = 4 in each group). (F) mRNA levels of antiapoptotic genes in 3-wk-old flox+/+ control and IER3IP1-βKO islets (control n = 3–4, βKO n = 3–4). (G) Repre-
sentative electron microscopy images showing chromatin condensation in islets of 3-wk-old IER3IP1-βKO mice. Yellow arrows point to abnormal nucleus.
Scale bars: 20.0 μm. (H) Quantification of percentages of nuclear condensation in islets of G. Cells showing decreased cell diameter, increased density of
cytoplasm, as well as pyknosis (condensed chromatin (39)) were quantified in islets of IER3IP1-βKO and control mice (n = 4, at least 40 cells/islet were
counted in each mouse). (I) Representative hematoxylin and eosin images of pancreatic sections of 3-wk-old control and IER3IP1-βKO mice. (J) Quantification
of islet area in I (n = 5 in each group); eight sections per pancreas and 6–26 islets per section were analyzed. (K) Representative images of immunohisto-
chemistry staining of insulin of pancreatic sections of 3-wk-old control and IER3IP1-βKO mice. (L) Quantification of islet β-cell mass in K (n = 4 in each group);
eight sections per pancreas and 6–27 islets per section were analyzed. Values were shown as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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affects neuron survival by regulating ER function and extracel-
lular matrix protein secretion (25), the molecular mechanism
underlying the neurological defects remains to be further deter-
mined. Another manifestation of MEDS is neonatal diabetes
associated with a marked decrease of insulin-positive cells in
pancreas (20). In this report, immunostaining demonstrated
that IER3IP1 is mainly expressed in pancreatic β cells, but not
in α cells and δ cells, in both human and mouse pancreas (Fig.
1 A and B). Unlike Ins1, Ins2 genes (and some other genes
involved in insulin biosynthesis) that are upregulated upon
high glucose stimulation, the expression of IER3IP1 was not
upregulated in pancreatic islets treated with high glucose (SI
Appendix, Fig. S2 B–D), suggesting that IER3IP1 may not par-
ticipate directly in insulin biosynthesis.
One of the most-significant changes we observed in

IER3IP1-βKO mice was a dramatic decrease in overall islet size
and the No. of insulin-producing cells (Figs. 2 and 8 I–L).
This finding is consistent with autopsy data from the patients
with MEDS, showing significant reduction of positive insulin-
staining cells (20). Our transcriptomic evidence, and the studies
of others, suggest that IER3IP1 may execute its function(s)
through three possible interconnected pathways linked to cell
proliferation and/or survival. First, IER3IP1 is able to regulate
intracellular trafficking and secretion of some proteins crucial
for cell development and tissue integrity (25), even in organ-
isms as simple as yeast (24). In this regard, the pathway leading
to insulin biosynthesis and storage seemed to be severely
affected (Fig. 2 B and C). However, the fold stimulation of
GSIS was not impaired in IER3IP1-βKO islets (Fig. 2 F–H),
suggesting that IER3IP1 may not directly affect exocytosis of
insulin granules. The simplest hypothesis is that IER3IP1 may
affect proinsulin ER-to-Golgi transport, which needs to be fur-
ther explored. Second, IER3IP1 appears to function in the reg-
ulation of β-cell fate. Indeed, in IER3IP1-βKO islets, we found
that multiple genes associated with cell cycle, proliferation, and
maturation were downregulated, whereas genes associated with
cell death were upregulated (Figs. 6–8, and SI Appendix, Figs.
S5, S7, and S8). Additionally, we directly observed diminished
β-cell replication and abnormal nuclear chromatin condensa-
tion in IER3IP1-βKO islets (Fig. 8 C, D, G, and H). Third, it
has been reported that IER3IP1 may be involved in homeo-
static regulation of the UPR in Min6 cells (26). In support of
this general possibility, we found that IER3IP1-βKO causes an
upregulation of the ER chaperone BiP and cochaperone
P58IPK (Fig. 3 A–E) and significant dilation of the ER (Fig.
3F), suggesting that IER3IP1 deficiency in β cells leads to ER
stress. Nevertheless, phospho-IRE1α and phospho-eIF2α were
not increased in the presence of the ER stress in the early stages
of diabetes (age of 3 wk, Fig. 3 H–J) and sustained hyperglyce-
mia (age of 14–16 wk, SI Appendix, Fig. S5), suggesting that
IER3IP1 deficiency may dissociate ER stress from UPR activa-
tion. Further studies are needed to better understand how
IER3IP1 deficiency affects UPR.
Proinsulin is the most-abundant protein in the ER of β cells,

accounting for about 10% of total protein synthesis under basal
conditions and even more under high glucose stimulation (40).
Accumulated genetic and biological evidence indicates that pro-
insulin is predisposed to misfolding, and an unfavorable ER
folding environment can cause increased proinsulin misfolding
that may contribute to the development and progression of dia-
betes (16, 31, 32). In IER3IP1-βKO islets, we do observe an

increase of misfolded proinsulin disulfide-linked complexes
(Fig. 4A), suggesting that IER3IP1 deficiency impairs proinsu-
lin oxidative folding secondary to dysfunction of the ER in
IER3IP1-βKO islets. Interestingly, proinsulin misfolding
caused by primary defects in proinsulin (due to insulin gene
mutations) can also lead to monogenic diabetes (named MIDY
[mutant INS gene-induced diabetes of youth]) (8). However,
unlike MEDS with severe permanent neonatal diabetes, the
severity of diabetes phenotypes of patients with MIDY range
from neonatal-onset, severe diabetes to mild, late-onset diabetes
(6, 10, 41). Although other genetic and environmental factors
may contribute, the severity of mutant proinsulin misfolding
and its ability to attack coexpressed bystander proinsulin are
some of the most important factors driving insulin-deficient
diabetes (11, 42, 43). Among all INS mutations, proinsulin-
C96Y (also called Akita proinsulin) that causes early-onset dia-
betes both in human (44) and mouse (45) is the most studied.
Akita male mice develop frank diabetes around 4–8 wk, which
is slightly later than that in IER3IP1-βKO mice. Although
both IER3IP1-βKO and Akita proinsulin induce ER stress and
β-cell death (46), the onset of frank diabetes in IER3IP1-βKO
mice appears to be parallel with decreased β-cell mass; neverthe-
less, markedly elevated blood glucose and insulin deficiency are
the earlier events before significantly decreased β-cell mass in
Akita mice (47), supporting that primary folding defect of
Akita proinsulin that causes decreased insulin production is a
primary basis of β-cell failure in Akita mice (13).

In summary, IER3IP1 deficiency in β cells causes dysfunc-
tion of the ER with proinsulin misfolding, inducing ER stress
with little observable UPR activation, and favoring transcrip-
tomic changes that inhibit β-cell maturation and proliferation
along with abnormal nuclear condensation. These features
together contribute to markedly decreased β-cell insulin content
and diminished β-cell mass, which causes insulin-deficient dia-
betes that can be observed either in early development
(IER3IP1-βKO) or in adulthood (IER3IP1-iβKO). Further
studies are warranted to further elucidate how IER3IP1 regu-
lates these pathways that are central to determination of the
function and fate of β cells and whether IER3IP1 deficiency
contributes to β-cell dysfunction during the development and
progression of T2D.

Data, Materials, and Software Availability. All data are included in the
manuscript and/or SI Appendix.
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