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STIM1 maintains β-cell identity and function in female mice through preservation of endoplasmic reticulum calcium homeostasis and GPER1 signaling. 
A sexually dimorphic phenotype was observed when STIM1 was deleted in the β-cell and mice were challenged with high-fat diet for 8 weeks. Impaired 
glucose tolerance in female mice was accompanied by reductions in β-cell mass and identity and lower serum insulin levels. Mechanistic assays 
demonstrated that STIM1 maintains β-cell function and identity through GPER1-mediated estradiol signaling. BW, body weight; IGT, impaired glucose 
tolerance; ITT, insulin tolerance test; KO, knockout.
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Altered endoplasmic reticulum (ER) Ca2+ signaling has
been linked with b-cell dysfunction and diabetes develop-
ment. Store-operated Ca2+ entry replenishes ER Ca2+

through reversible gating of plasmamembrane Ca2+ chan-
nels by the ER Ca2+ sensor, stromal interactionmolecule 1
(STIM1). For characterization of the in vivo impact of STIM1
loss, mice with b-cell–specific STIM1 deletion (STIM1Db
mice)were generated and challengedwith high-fat diet. In-
terestingly, b-cell dysfunction was observed in female, but
not male, mice. Female STIM1Db mice displayed reduc-
tions in b-cell mass, a concomitant increase in a-cell
mass, and reduced expression ofmarkers ofb-cell matu-
rity, including MafA and UCN3. Consistent with these
findings, STIM1 expression was inversely correlated with
HbA1c levels in islets from female, but not male, human
organ donors. Mechanistic assays demonstrated that
the sexually dimorphic phenotype observed in STIM1Db
mice was due, in part, to loss of signaling through the
noncanonical 17-b estradiol receptor (GPER1), as GPER1
knockdown and inhibition led to a similar loss of expres-
sion of b-cell maturity genes in INS-1 cells. Together,
these data suggest that STIM1 orchestrates pancreatic

b-cell function and identity through GPER1-mediated es-
tradiol signaling.

Type 2 diabetes (T2D) affects over 537 million individuals
worldwide and develops as a result of peripheral insulin
resistance and pancreatic b-cell dysfunction (1,2). The
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• Store-operated Ca21 entry replenishes endoplasmic re-
ticulum (ER) Ca21 through reversible gating of plasma
membrane Ca21 channels by the ER Ca21 sensor, stro-
mal interactionmolecule 1 (STIM1).

• b-Cell–specific deletion of STIM1 results in a sexually
dimorphic phenotype, with b-cell dysfunction and
loss of identity in female but not male mice.

• Expression of the noncanonical 17-b estradiol receptor
(GPER1) is decreased in islets of female STIM1Db mice,
and modulation of GPER1 levels leads to alterations in
expression of b-cell maturity genes in INS-1 cells.
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majority of genetic variants associated with T2D risk are
thought to act at the level of the b-cell, suggesting that cer-
tain “at-risk” individuals are more susceptible to b-cell fail-
ure in settings of insulin resistance such as obesity and
pregnancy (3,4). In addition to genetic predisposition, sys-
temic and local factors, including elevated levels of glucose,
proinflammatory cytokines, and free fatty acids, directly
contribute to impaired insulin secretion, b-cell death, and
dedifferentiation (5,6).

Impairments in b-cell calcium (Ca21) signaling have been
linked to a number of molecular pathways that lead to b-cell
dysfunction and diabetes development. The fidelity of Ca21

signaling requires the maintenance of steep concentration
gradients, organized at both the cellular and organelle level.
In the pancreatic b-cell, the endoplasmic reticulum (ER)
serves as the dominant intracellular Ca21 store (7), and high
levels of Ca21 within the ER are maintained by the balance
of ER Ca21 uptake by the sarco-endoplasmic reticulum Ca21

ATPase (SERCA) pump and ER Ca21 release through the
ryanodine receptors (RYR) and inositol 1,4,5-triphosphate
receptors (IP3R) (8–10). In response to ER Ca21 depletion, a
process known as store-operated calcium entry (SOCE)
replenishes ER Ca21 levels through a family of channels
referred to as store-operated or Ca21 release–activated
channels. During SOCE, decreased ER Ca21 concentrations
are detected by stromal interaction molecule 1 (STIM1), an
ER Ca21 sensor. STIM1 oligomerizes and translocates to the
ER/plasmalemmal junctional regions (11), where it com-
plexes with Orai Ca21 channels to promote influx of Ca21

from the extracellular space into the cytoplasm and ulti-
mately into the ER lumen (12,13).

SOCE has been accepted as a main pathway of Ca21

entry into nonexcitable cells. However, the role of
SOCE in excitable and secretory cells, such as the pan-
creatic b-cell, has been controversial. Recent studies
have implicated SOCE in glucose- and GPR40-mediated
potentiation of insulin secretion (14). We previously
demonstrated reduced STIM1 mRNA and protein ex-
pression in islets from donors with T2D and in human
islets and INS-1 b-cells treated with proinflammatory
cytokines and palmitate, and we showed that STIM1
overexpression improves insulin secretion (15). However,
whether STIM1 loss impacts in vivo responses to meta-
bolic stressors, including diet-induced obesity, remains
unexplored.

RESEARCH DESIGN AND METHODS

Animals
Male mice, strains B6(Cg)-Ins1tm1.1(cre)Thor/J (Ins1-Cre)
and B6(Cg)-Stim1tm1Rao/J (STIM1fl/fl), were purchased
from The Jackson Laboratory, and colonies were estab-
lished in our facility. Pancreatic b-cell–specific STIM1
knockout (STIM1Db) mice were generated through cross-
ing of Ins1-Cre and STIM1flox/flox mice. These strains were
genotyped with use of The Jackson Laboratory PCR pro-
tocols 25780 and 18406.

Cell Lines
The STIM1 knockout cell line (STIM1KO) (15), wild-type
(WT) INS-1 832/13 cells (Research Resource Identifier
[RRID] CVCL_7226), and the a-TC cell line (alphaTC1
Clone 9, CRL-2350, RRID CVCL_0150) are described in
Supplementary Material.

Metabolic Studies
Mouse body weight and body composition were deter-
mined with the EchoMRI-500 Body Composition Analyzer
(RRID SCR_017104; EchoMRI) (16). Mice were fed ad libi-
tum with a high-fat diet (HFD) (60% kcal from fat, cat.
no. D12492; Research Diets) starting at age 8 weeks. Af-
ter 8 weeks of HFD, glucose tolerance tests (GTT) were
performed after a 6-h fast followed by administration of
1.5 g D-glucose/kg lean mass i.p. (17). Insulin tolerance
tests were performed after 4 h of fasting followed by ad-
ministration of 0.75 units insulin/kg lean mass i.p. (Novo
Nordisk). Blood glucose levels were measured with a Con-
tour glucometer (Bayer).

Glucose-stimulated insulin secretion was measured in vivo
following a 6-h fast. Serum was collected after injection of
glucose (2 g/kg lean body mass i.p.). Insulin levels in serum
and tissues were measured with a Mouse Insulin ELISA kit
(Mercodia).

Isolation of Mouse Islets
Mouse pancreatic islets were isolated at indicated time
points through collagenase digestion as previously de-
scribed (15). Islets were cultured in phenol red–free, low-
glucose DMEM supplemented with 10% charcoal-stripped
FBS, 100 units/mL penicillin, 100 mg/mL streptomycin,
and 2 mmol/L L-glutamine.

Immunoblotting
INS-1 cells (1.5 × 105) or mouse islets (100–125) were proc-
essed for immunoblot analysis, as described in Supplementary
Material. Antibodies used are listed in Supplementary
Table 1.

Quantitative RT-PCR
INS-1 cells (832/13) and mouse islets were washed with
PBS, and total RNA was extracted with the RNeasy Plus
Mini Kit (INS-1 cells) and RNeasy Plus Micro Kit (mouse
islets) (QIAGEN). Total RNA was reverse transcribed (18).
cDNA was subjected to quantitative RT-PCR (RT-qPCR)
with use of SensiFAST SYBR Lo-ROX (Bioline) and a
QuantStudio 3 thermocycler (Applied Biosystems). Relative
RNA levels were established against b-actin mRNA with
the comparative DDCt method as previously described (15).
Primer sequences are provided in the Supplementary Table 1.

Immunofluorescence and Morphometric Analysis
After euthanasia, mouse pancreata were rapidly removed
and fixed for downstream staining and imaging, as de-
scribed in Supplementary Material.
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Transmission Electron Microscopy Analysis and
Quantitation
Transmission electron microscopy (TEM) imaging of islets
and INS-1 cells was performed at the Advanced Electron
Microscopy Facility at the University of Chicago (Chicago,
IL). Images were analyzed as described the Supplemental
Material.

Tandem Mass Tag MS/MS Proteomic Analysis of INS-1
Cells
Four biological replicates of WT and STIM1KO INS-1 cells
(832/13) were prepared for tandem mass tag mass spec-
trometry (MS)/MS proteomic analysis, as described in
Supplementary Material.

mRNA Sequencing, Library Generation, and Data
Analysis
Following 8 weeks of HFD, islets were isolated from control
and STIM1Db female mice, and bulk RNA sequencing analy-
sis was performed, as described in Supplementary Material.

Quantification of Intracellular cAMP Levels
Intracellular cAMP levels in INS-1 cells were measured with
cAMP Gs dynamic homogeneous time-resolved fluorescence
kit (Cisbio) and read on SpectraMax iD5 Multi-Mode Micro-
plate Reader (Molecular Devices) with excitation at 314 nm
and emission at 620 and 668 nm.

siRNA Transfection
INS-1 (832/13) cells (�0.5 × 106) were plated in a 12-well
plate and transfected with 50 nmol/L of control RNA
(Ambion) or a mixture of three siRNAs targeting Gper1
gene (nos. 139733, s139734, s139735; Ambion) diluted in
Lipofectamine 3000 (Invitrogen) and Opti-MEM I medium
at 37�C. Cells were cultured for 48 h in INS-1 cell culture
medium, and RNA was isolated for downstream analysis
using the RNeasy Plus Mini Kit (Qiagen).

Treatment With GPER1 Agonist E2 and Antagonist G-15
INS-1 (832/13) cells were plated at 0.5 × 106 cells per
12-well plate. After 48 h, medium was replaced with fresh
medium or medium containing 0.1 mmol/L of GPER1 ago-
nist E2 (Steraloids) or 15 mmol/L of GPER1 antagonist
G-15 (19). Cells were cultured for 24 h and collected for to-
tal RNA isolation and RT-qPCR analysis. The same proto-
col, using 75 islets/well in a 6-well plate, was used for
experiments with mouse islets.

Calcium Imaging
Calcium imaging was performed in isolated islets as previ-
ously described (9). Data were analyzed as described in
Supplementary Material.

Quantification and Statistical Analysis
Statistical analysis was performed with Prism 8.2.0 soft-
ware (GraphPad Software) (RRID SCR_002798). For com-
parison of two data sets, two-tailed Student t test was

used. For experiments involving three independent groups,
data were analyzed with one-way ANOVA. Glucose and in-
sulin tolerance tests were analyzed with two-way ANOVA
followed by Tukey multiple comparison test. Results are re-
ported as mean ± SEM. P value of<0.05 was considered to
indicate a significant difference between groups.

Data and Resource Availability

Lead Contact
Requests for further information and requests for re-
agents should be directed to and will be fulfilled by the
lead contact, C.E.-M.

Data and Code Availability
RNA-sequencing (RNA-seq) data generated during this
study are available from the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus
(GEO) repository (no. GSE208135). Raw and searched MS
data have been uploaded to MassIVE (MSV000089927).

RESULTS

b-Cell–Specific STIM1 Deficiency Does Not Alter
Systemic Glucose Tolerance at 8 Weeks of Age
To define the impact of STIM1 loss in vivo, we generated a
mouse model of b-cell–specific STIM1 knockout (STIM1Db)
by crossing STIM1fl/fl mice (20) with mice constitutively ex-
pressing Ins1-cre (21). Appropriate genetic recombination was
confirmed via PCR analysis (Supplementary Fig. 1A and B).
Immunoblotting performed in islets isolated from control and
STIM1Db mice demonstrated efficient deletion of STIM1
(Fig. 1A). Importantly, islets from STIM1Db mice did not
show compensatory changes in mRNA expression of two
main P-type ATPases responsible for b-cell ER Ca21 uptake,
Serca2 and Serca3, or other SOCE molecular components, in-
cluding Stim2,Orai1, andOrai2 (Supplementary Fig. 1C).

At 8 weeks of age, lean and fat mass were identical be-
tween control and STIM1Db mice in both male and female
cohorts (Fig. 1B and C). An intraperitoneal GTT showed no
difference in systemic glucose homeostasis between con-
trol and STIM1Db mice in either males or females at this
age (Fig. 1D–F).

b-Cell–Specific STIM1 Deficiency Increases Weight
Gain and Fat Mass in HFD-Fed Female Mice
Beginning at age 8 weeks, male and female STIM1Db mice
and littermate controls were fed HFD containing 60% of
calories from fat. No differences in body weight gain were
observed between male control and STIM1Db mice fed
HFD for 8 weeks (Fig. 1G). However, after 6 and 8 weeks of
HFD, female STIM1Db mice exhibited increased body
weight compared with female control mice (Fig. 1G). After
8 weeks of HFD, there was no difference in lean mass
between STIM1Db mice and controls in either males or
females (Fig. 1H). Female HFD-fed STIM1Db mice had
higher fat mass compared with HFD-fed female controls
(Fig. 1I).
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b-Cell–Specific STIM1 Deficiency Leads to Glucose
Intolerance in Female HFD-Fed Mice

After 8 weeks of HFD, control and STIM1Db mice of both
sexes were subjected to GTT, in which the dose of glucose

was based on lean mass. Glucose tolerance was identical in
male HFD-fed control and STIM1Db mice. In contrast,
female HFD-fed STIM1Db mice had increased glucose ex-
cursions and worsened glucose tolerance in comparison
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Figure 1—b-Cell–specific STIM1 deficiency causes glucose intolerance in female mice on HFD feeding. A–F: Control (STIM1fl/fl and unfloxed
cre1) and STIM1Db mice were analyzed at 8 weeks of age. A: Immunoblot (IB) analysis of islets isolated from control and STIM1Db mice with
use of anti-STIM1 and anti-actin antibodies. B and C: Lean (B) and fat (C) mass was measured with the EchoMRI-500 Body Composition Ana-
lyzer. D–F: GTT was performed (1.5 g/kg glucose dosed to lean mass) in male (D) and female (E) mice. F: GTT results were analyzed with area
under curve (AUC) analysis.G–L: Control (Ctr) and STIM1Dbmice were fed HFD containing 60% kcal from fat for 8 weeks, beginning at 8 weeks
of age.G: Changes in body weight inmale and femalemice weremonitored over the HFD feeding period.H and I: After HFD feeding for 8 weeks,
lean (H) and fat (I) mass was measured with the EchoMRI-500 Body Composition Analyzer. J–L: GTT was performed (1.5 g/kg glucose dosed to
lean mass) in male (J) and female (K) HFD-fed mice. L: Area under the curve analysis is shown graphically. Replicates are indicated with circles
or squares; n$ 5 in each group. Results are displayed as mean ± SEM. Indicated differences are statistically significant: *P< 0.05, **P< 0.01,
***P< 0.001.M and N: NCBI GEO data set (GSE50244) was retrieved for assessment of the relationship between STIM1 gene expression and
clinical characteristics of female (M) and male (N) organ donors with and without T2D. The dotted line illustrates the correlation between STIM1
mRNA levels and HbA1c levels in female organ donors. (n = 35; r =�0.38, P = 0.035.)
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with control HFD-fed female mice (Fig. 1J–L). For determi-
nation of whether b-cell STIM1 ablation affected peripheral
insulin sensitivity, an insulin tolerance test was performed in
male and female control and STIM1Db mice after 10 weeks
of HFD. No differences in insulin tolerance were detected be-
tween male HFD-fed control and STIM1Db mice or between
female HFD-fed control and STIM1Db mice (Supplementary
Fig. 2A–C). Given the small but significant difference in body
weight and composition between female HFD-fed control
and STIM1Db mice, metabolic cage analysis was performed.
No differences in food intake, respiratory exchange rate, or
total activity counts were seen between these two groups of
mice (Supplementary Fig. 2D–H).

To test the relationship between STIM1 expression and
glucose regulation in humans, we queried a publicly avail-
able data set (NCBI GEO data set GSE50244) that included
RNA-seq results from 89 islet samples isolated from male
and female organ donors with and without T2D (22). In
this data set, islet STIM1 expression showed a weak but
significant negative correlation with HbA1c levels in female
organ donors (n = 35) (r = �0.38; P = 0.035). In contrast,
there was no correlation between STIM1 mRNA levels and
HbA1c values in male organ donors (n = 54) (r = �0.13; P =
0.382) (Fig. 1M and N).

b-Cell–Specific STIM1 Deficiency Decreases b-Cell
Function and Mass in HFD-Fed Female but Not Male
Mice
Our findings suggested a sexually dimorphic role for STIM1
in the regulation of glucose metabolism in both mice and
humans. For determination of how loss of STIM1 impacted
b-cell function in female mice, HFD-fed female control and
STIM1Db mice were fasted for 6 h and serum insulin levels
were measured 15 and 30 min after injection of glucose
(2 g/kg lean mass i.p.). At 15 min after glucose injection, the
increase in circulating insulin was significantly lower in
female STIM1Db mice in comparison with control mice
(Fig. 2A). In addition, fed insulin levels were significantly re-
duced in STIM1Db females (Fig. 2B).

To test whether the decrease in circulating insulin con-
centration was related to changes in endocrine cell composi-
tion within the pancreas, we quantitated b- and a-cell mass
in pancreatic sections from female control and STIM1Db
mice following 8 weeks of HFD. b-Cell mass was signifi-
cantly reduced, while a concomitant increase in a-cell mass
was observed in female STIM1Db mice compared with con-
trols (Fig. 2C–E). Consistent with this finding, pancreatic islets
isolated from HFD-fed STIM1Db females had significantly
reduced insulin content and a trend toward increased gluca-
gon levels (P = 0.056) (Fig. 2F andG). To survey granule mor-
phology within b-cells, we performed TEM using isolated
islets (Fig. 2H). This analysis revealed a significant increase
in the fraction of immature granules (Fig. 2I), an increase in
the ratio of immature to mature granules (Fig. 2J), and a sig-
nificant reduction in the granule halo size in islets from
STIM1Db female mice in comparison with their littermate
controls (Fig. 2K).

Given the observed changes inb-cell mass and granulema-
turity, we next measured the expression of a panel of genes
associated with b-cell function and maturity in islets isolated
from female HFD-fed control and STIM1Db mice. Notably,
we found reduced expression of markers of b-cell identity
(Slc2a2,Mafa, and Ucn3mRNA), whereas expression ofMafb,
a marker of a-cell identity, was significantly increased. No
significant differences were found in Nkx6.1 or Pdx1 levels
(Fig. 2L). Finally, analysis of glucose-stimulated Ca21 re-
sponses with use of Fura-2 AM in islets revealed increased
baseline activity and reduced first-phase activity in islets from
HFD-fed STIM1Db female mice (Supplementary Fig. 3A–D).

No significant differences in serum or islet insulin levels,
b-cell mass, a-cell mass, islet glucagon levels, or islet gene
expression of b- and a-cell markers were found in HFD-fed
male STIM1Db mice compared with their sex-matched lit-
termate controls (Supplementary Fig. 4A–E and G).

STIM1-Deficient b-Cells Demonstrate Loss of Cellular
Identity
For determination of which proteins were altered by
STIM1 deletion in b-cells, unbiased tandem mass tag pro-
teomics was performed inWT and STIM1KO INS-1 832/13
b-cell lines (15). We identified a total of 6,142 proteins in
WT and STIM1KO INS-1 cells. With a cutoff of P < 0.05
and a Benjamini-Hochberg posttest with false discovery
rate <0.05, 141 proteins were differentially expressed be-
tween WT and STIM1KO cells. Metascape analysis with en-
richment values of at least 1.3 and P < 0.05 showed that
40 pathways were differentially regulated between WT and
STIM1KO cells (23). Figure 3A shows the top 29 represen-
tative pathways, with terms such as “insulin signaling,”
“glucagon signaling,” and “estrogen signaling.” The most
significantly changed proteins in each of these pathways
are shown as a heat map in Fig. 3B. Notably, insulin-1 and
insulin-2 expression was downregulated, while glucagon
was upregulated, in STIM1KO cells (Fig. 3B). These results
were confirmed with Western blotting, which showed re-
duced insulin and increased glucagon levels in STIM1KO
compared with WT INS-1 cells (Fig. 3C).

Similar to islets isolated from STIM1Db mice, STIM1KO
INS-1 cells demonstrated an mRNA signature of reduced
b-cell maturity and identity, i.e., upregulated expression of
Gcg andMafbmRNA and reduced expression ofMafamRNA
(Fig. 3D). Next, differences in the morphology of insulin
granules between WT and STIM1KO INS-1 cells were evalu-
ated with electron microscopy. WT INS-1 cells contained in-
sulin granules with a typical morphology characterized by
dense homogeneous core and surrounding clear halo (24)
(Fig. 3E). In contrast, STIM1KO cells had densely filled gran-
ules without the surrounding halo, an appearance more typi-
cal of glucagon-containing granules (25,26) (Fig. 3F).

RNA-Seq Analysis Revealed Alterations in Estrogen-
Regulated Pathways in Islets From Female STIM1Db Mice
For further mechanistic insight into the pathways leading
to b-cell dysfunction in female STIM1Db mice, islets
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were isolated from HFD-fed female control and STIM1Db
mice and subjected to RNA-seq analysis. Principal compo-
nents analysis showed clear separation between control
and STIM1Db mice (Fig. 4A). We identified 836 differen-
tially expressed genes based on a threshold fold-change
$1.5 and false discovery rate <0.05. Of these, 308 genes
were downregulated and 528 were upregulated (Supplementary
Fig. 5A). Expression patterns of the top 50 differentially

expressed genes (25 upregulated and 25 downregulated) are
shown in Fig. 4B. Pathway analysis of RNA-seq data identi-
fied 55 pathways that were significantly modulated (P <
0.05), and 30 representative pathways are listed in Fig. 4C.
Several pathways relevant to b-cell function and patho-
genesis of T2D were identified, including “mitochondrial
dysfunction,” “cholesterol biosynthesis,” “endocytosis,” and
“phagocytosis” (Fig. 4C). Notably, estrogen receptor signaling
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was also identified as a significantly modulated pathway
(Fig. 4C). This finding was interesting, as we observed a
sexually dimorphic metabolic phenotype in the STIM1Db
mice. Therefore, we used Ingenuity Pathway Analysis (IPA)
to search for potential upstream regulators of differentially
expressed genes, focusing on estrogen and estrogen-related
molecules and their corresponding downstream targets
(Supplementary Fig. 5B). Twenty representative gene ontology

terms obtained with the functional enrichment analysis
of the identified estrogen-regulated genes are shown in
Supplementary Fig. 5C: they include “glucagon signaling,”
“mitochondrial biogenesis,” “G-protein–coupled receptor
signaling,” and “glucose metabolism.” We reasoned that
this novel link between STIM1 and estrogen receptor sig-
naling could contribute to the sexually dimorphic pheno-
type observed in our STIM1Db mice.
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STIM1 Deletion or Inhibition of SOCE Downregulates
GPER1 Expression and Signaling in WT Mouse Islets
and INS-1 Cells
Because RNA-seq showed differential regulation of estrogen-
related pathways, we next analyzed the data to determine ex-
pression pattern of the three main estrogen receptors (27).
The expression of estrogen receptor a and -b was unaffected
(Supplementary Fig. 5D), while GPER1, a G-protein–coupled
receptor that is an important regulator of 17-b estradiol (E2)
signaling, was downregulated in STIM1Db islets (Fig. 5A).
This reduction in GPER1 was confirmed at the mRNA and
protein level with RT-qPCR and immunoblot analysis of islets
from a separate cohort of female control and STIM1Db mice
(Fig. 5B–D). For further clarification of the relationship be-
tween the regulation of ER Ca21 levels and GPER1 expres-
sion, islets from WT C57Bl/6J female mice were treated
with SOCE inhibitors 1-[(5-chloro-1-naphthalenyl)sulfonyl]-
1,4-diazepane (ML-9), 2-aminoethoxydiphenyl borate
(2-APB), or AnCoA4] for 24 h. All three inhibitors reduced
the expression of GPER1 mRNA (Fig. 5E), indicating that
SOCE is required for the maintenance of GPER1 expression

in female islets. Importantly, no significant differences in
GPER1 expression levels were observed in islets isolated from
HFD-fed male STIM1Db mice and their littermate controls
(Supplementary Fig. 4F).

To directly test the relationship between E2 signaling
and STIM1, we treated WT and STIM1KO cells with
10 nmol/L E2 or G-1, an agonist of GPER1 (28). Treat-
ment with E2 or G-1 for 15 min resulted in a 2.5-fold in-
crease in intracellular cAMP concentration in WT INS-1
cells, indicating effective activation of this PKA-associated
GPCR (Fig. 5F). However, the level of cAMP in STIM1KO
cells remained essentially unchanged during E2 or G-1
treatment (Fig. 5F), confirming a defect in estrogen sig-
naling in the absence of STIM1.

GPER1 Modulation in INS1 Cells Alters Expression of
b-Cell Identity Genes and Glucagon
Finally, for testing of whether GPER1 was required for main-
tenance of b-cell identity, INS-1 832/13 cells were trans-
fected with siRNA targeted to Gper1. Efficient knockdown of
Gper1 was confirmed with RT-qPCR (Fig. 6A). Markers of
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b-cell identity, including Slc2a2, Mafb, and Ucn3, were sig-
nificantly reduced in the Gper1 knockdown cells. Further-
more, knockdown of Gper1 increased Gcg gene expression
in this b-cell line (Fig. 6A). Consistent with the above data,
treatment of INS-1 cells with E2 or with the GPER1 antag-
onist G-15 confirmed the changes in gene expression ob-
served via siRNA knockdown; there was a significant
decrease in b-cell identity genes Slc2a2 and Ucn3 and a sig-
nificant increase in Gcg expression (Fig. 6B–F).

DISCUSSION

Ca21 plays a vital role in normal b-cell function by regulat-
ing critical steps in insulin production, maturation, and se-
cretion. The fidelity of many of these processes depends on
the maintenance of distinct Ca21 stores, organized at the
cellular and organelle level. The ER serves as the dominant
intracellular Ca21 store, and ER Ca21 depletion represents a
common pathway in response to multiple metabolic stres-
sors that contribute to diabetes pathophysiology (29–32).
Under physiological conditions, reductions in ER Ca21

trigger a tightly regulated rescue mechanism known as
SOCE. Genetic deletion or pharmacological inhibition of
SOCE or dominant-negative mutants of Orai1 or TRPC1 re-
duce glucose- and GPR40-mediated insulin secretion in rat
islets and clonal b-cell lines (14,15,33). Interestingly,
STIM1, a key component of SOCE, also regulates the activity
of the sulfonylurea receptor 1 (SUR1) subunit of the KATP

channel in b-cells (34), suggesting a role in insulin secretion.
We have shown that levels of STIM1 are decreased in is-

lets from donors with T2D and that STIM1 loss is linked
with b-cell ER stress (15). However, the in vivo role of
STIM1 in the pathophysiology of T2D is not well estab-
lished. Therefore, in this study we generated mice with a
b-cell–specific STIM1 deletion (STIM1Dbmice). At 8 weeks
of age and under normal chow conditions, no significant
differences in glucose tolerance were observed in either
male or female STIM1Dbmice compared with sex-matched
littermate controls. However, we found that STIM1 defi-
ciency in b-cells causes glucose intolerance and b-cell dys-
function in female, but not male, mice on HFD feeding.
Further characterization of female STIM1Dbmice revealed
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that deletion of STIM1 led to impaired insulin secretion,
reduced b-cell mass and identity, and increased a-cell
mass. Taken together, these data suggest that STIM1 is
critical for the maintenance of b-cell identity, maturity,
and function in female mice.

While the sexually dimorphic pattern of glucose intoler-
ance and b-cell dysfunction in our STIM1Db mice was un-
expected, the preferential loss of b-cell identity in female
mice has been seen in other studies. In one of the first re-
ports to describe b-cell dedifferentiation as a component
of diabetes pathophysiology, multiparous FoxO1 knockout
female mice, but not male mice, had a reduction of b-cell
mass and an increase in a-cell mass (35). In addition,
Zhang et al. (36) demonstrated that b-cells from female
Sprague-Dawley rats undergo dedifferentiation when chal-
lenged with long-term fluctuating glycemia.

Analysis of our RNA-seq data set from islets of female
mice showed alterations in estrogen-related signaling path-
ways, raising the possibility of an underlying mechanistic
connection between STIM1, b-cell differentiation/func-
tion, and sex steroids. Indeed, studies in humans and ro-
dents have shown that an abrupt disruption of the ovarian
hormonal axis via oophorectomy leads to glucose intoler-
ance and diabetes (37,38). Some studies have suggested a
similar response during natural menopause, but this re-
mains controversial (39,40). However, 17b-estradiol (E2)
signaling in rodent and human b-cells plays a protective
role against diabetes stressors (27,41–43). Three estrogen
receptors have been identified in the b-cell: estrogen recep-
tor a, estrogen receptor b, and GPER1 (27). Interestingly,
we found selective downregulation of GPER1 expression in
STIM1Db female mouse islets, with preserved expression
of estrogen receptor a and -b.

GPER1, also known as GPR30, belongs to a class of
G-protein–coupled receptors and functions as an estrogen
receptor. Several studies link GPER1 signaling to b-cell func-
tion. Islets isolated from GPER1-deficient mice demonstrate
reduced glucose-stimulated insulin secretion (44), GPER1-
deficient female mice are more susceptible to STZ-induced
diabetes (45), and GPER1 impacts b-cell proliferation via
the activity of miR-338-3p (46). The protective effect of E2
signaling in dedifferentiation of b-cells has been established,
as pretreatment of islets with E2 rescued GlcN-induced
b-cell dedifferentiation, and this effect was reversed by the
GPER1 antagonist G-15 (47).

Our studies now show that GPER1 requires STIM1 to
protect b-cells from diabetes stressors. First, we measured
cAMP mobilization, a readout for GPER1 activity (48), in
WT and STIM1KO INS-1 cells. As expected, cAMP levels
in WT cells were significantly increased with E2 and G-1
(GPER1 agonist) treatment. However, this cAMP response
was ablated in STIM1KO cells, suggesting that STIM1 is re-
quired for E2 signaling through GPER1 in b-cells. Second,
we showed that siRNA-mediated knockdown of GPER1 or
treatment with a GPER1 antagonist decreased the expres-
sion of markers of b-cell identity in INS-1 cells. Lastly, we

showed that inhibition of SOCE decreased islet expression
of GPER1. Therefore, our experiments established that
STIM1 is required for GPER1-mediated protection of b-cells
and maintenance of b-cell identity.

There are some limitations of our study that should be
acknowledged. First, the INS-1 832/13 cell line was origi-
nally isolated from a male rat (49), and we observed a
female-specific phenotype in our mouse model. However,
we linked this sexual dimorphism to GPER1 signaling, and
we have shown that GPER1 is expressed in INS-1 cells.
Therefore, this cell line was an appropriate model for our
in vitro studies. In a large data set of human islets, STIM1
expression was weakly negatively correlated with HbA1c

levels in female but not male organ donors. However, fur-
ther studies will be needed to test the relationship between
STIM1 and GPER1 signaling in human islets.

Notwithstanding these limitations, our findings show
the importance of STIM1 in the maintenance of pancreatic
b-cell identity in a rodent model of HFD conditions. Collec-
tively, our data provide novel insights into potential sex
differences during the development of T2D and demon-
strate the importance of STIM1 and Ca21 signaling in the
hormonal regulation of T2D risk. On a translational note,
Orai inhibitors are currently being tested for efficacy in dis-
ease states including pancreatitis, suggesting that this path-
way may be amenable to therapeutic manipulation (50).
Our results suggest that efforts to restore STIM1 expres-
sion or increase activation of SOCE may be considered as
potential therapeutic strategies for T2D in females.
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