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Dysregulated glucagon secretion deteriorates glycemic con-
trol in type 1 and type 2 diabetes. Although insulin is known to
regulate glucagon secretion via its cognate receptor (insulin
receptor, INSR) in pancreatic alpha cells, the role of down-
stream proteins and signaling pathways underlying insulin’s
activities are not fully defined. Using in vivo (knockout) and
in vitro (knockdown) studies targeting insulin receptor sub-
strate (IRS) proteins, we compared the relative roles of IRS1
and IRS2 in regulating alpha cell function. Alpha cell–specific
IRS1-knockout mice exhibited glucose intolerance and inap-
propriate glucagon suppression during glucose tolerance tests.
In contrast, alpha cell–specific IRS2-knockout animals man-
ifested normal glucose tolerance and suppression of glucagon
secretion after glucose administration. Alpha cell lines with
stable IRS1 knockdown could not repress glucagon mRNA
expression and exhibited a reduction in phosphorylation of
AKT Ser/Thr kinase (AKT, at Ser-473 and Thr-308).
AlphaIRS1KD cells also displayed suppressed global protein
translation, including reduced glucagon expression, impaired
cytoplasmic Ca2+ response, and mitochondrial dysfunction.
This was supported by the identification of novel IRS1-specific
downstream target genes, Trpc3 and Cartpt, that are associated
with glucagon regulation in alpha cells. These results provide
evidence that IRS1, rather than IRS2, is a dominant regulator of
pancreatic alpha cell function.

Both type 1 and type 2 diabetes patients frequently manifest
inappropriate glucagon secretion that contributes to the dete-
rioration of glycemic control (1–3). Recent efforts have focused
on modulating the glucagon receptor in an attempt to limit
glucagon secretion to maintain normoglycemia. For example,
knockout of the glucagon receptor or using a monoclonal
antibody against the glucagon receptor have been reported to
improve hyperglycemia in an insulin-independent manner (4, 5).
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Other studies report drugs targeting the glucagon receptor, and
glucagon receptor antagonists, as potential approaches to treat
diabetes (6, 7). Thus, understanding the mechanism(s) under-
lying alpha cell function and growth continue to be areas of
scientific interest with therapeutic implications.

Several metabolites (8), hormones, and intra-islet factors
have been reported to regulate alpha cell function including
glucose, somatostatin (9, 10), γ-amino butyric acid (11, 12),
Zinc ions (13, 14), acetylcholine (15, 16), and insulin (17–20).
We previously provided genetic evidence for a role for insulin
by demonstrating that alpha cell-specific insulin receptor
knockout (alphaIRKO) mice exhibit hyperglucagonemia,
impaired glucose tolerance, and a lack of suppression of
glucagon release in response to insulin stimulation (20). An
independent study reported that insulin suppressed pre-
proglucagon gene expression through the nuclear exclusion of
Forkhead/winged helix box gene, group O-1 (21). We have
also reported that X-box binding protein-1 activates the in-
sulin signaling pathway in alpha cells to regulate glucagon
secretion in response to glucose (22). This is consistent with
cross-talk between the insulin/IGF-1 signaling and ER stress
signaling pathways reported in other cell types (23, 24).
However, the relative roles of downstream signaling proteins
that are modulated by activating the insulin receptor in alpha
cells are not fully elucidated.

It is well established from studies in diverse metabolic cells
that signaling at the insulin receptor leads to activation of
phosphatidyl 3-kinase and AKT via adaptor proteins such as
insulin receptor substrate 1 (IRS1) or 2 (IRS2) (25). For
example, in pancreatic beta cells, IRS1 and IRS2 play distinct
roles in insulin secretion, proliferation, and survival against ER
stress (26–30). To investigate whether these substrates play
differential roles in regulating alpha cell biology, we generated
alpha cell-specific IRS1 knockout (alphaIRS1KO) and alpha
cell-specific IRS2 knockout (alphaIRS2KO) mice for in vivo
studies and derived stable IRS1 knockdown (alphaIRS1KD) or
IRS2 knockdown (alphaIRS2KD) alpha cell lines for in vitro
experiments. The alphaIRS1KO mice showed impaired
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IRS1 is a regulator of pancreatic alpha cell function
glucose tolerance, insulin resistance, and inadequate suppres-
sion of glucagon secretion following glucose administration.
These findings were complemented by defects in alphaIRS1KD
cells in vitro with altered translation of glucagon, inadequate
Ca2+ oscillations, and mitochondrial dysfunction in compari-
son to control or alphaIRS2KD cells. Together, the data sup-
port a prominent role for IRS1 in the regulation of alpha cell
secretory function.

Results

Alpha cell-specific deletion of IRS1, but not IRS2, leads to
glucose intolerance due to dysregulated glucagon secretion

We used alphaIRS1KO, alphaIRS2KO, and corresponding
floxed littermate controls that lack Cre for experiments.
Glucagon-Cre mice did not show significant differences in
glucose tolerance test compared with control (WT) mice
(Fig. S1). Furthermore, the lack of phenotypic differences be-
tween WT mice and floxed animals in previous studies in our
lab (unpublished observations) prompted us to use the floxed
mice as controls.
Figure 1. Mice with alpha cell specific deletion of IRS1 exhibit glucose
alphaIRS1KO (n = 3–5). B, alphaIRS2KO (n = 4). C, nonfasting blood glucose in
glucose tolerance test (OGTT; glucose 1 g/kg body weight [BW]) in 6-month-
quantification is shown in the right panel. F, serum glucagon levels of OGTT m
mice. A–F, were analyzed with an unpaired two-tailed Student t test. G and H, p
intraperitoneal injection of insulin (insulin 1 unit/kg BW) to control (n = 5), alp
curve of plasma glucose, F = 3.07, p = 0.0874. One-way ANOVA for area under
hoc test. Data indicates the % reduction in glucose. Data are expressed as me
secretion data are shown as actual glucagon release in total media (pmol). In
knockout; lphaIRS2KO, alpha cell-specific IRS2 knockout; RIA, radioimmunoass
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All mice were born normally and survived until adulthood,
and no significant differences were evident in body weights
among groups except for a mild decrease in alphaIRS2KOs at
2 months of age compared with their respective littermate
controls (Fig. 1, A and B). Assessment of glucose homeostasis
revealed no significant differences in nonfasting blood glucose
levels among groups (Fig. 1C). However, in response to oral
glucose administration, alphaIRS1KO mice displayed glucose
intolerance while blood glucose levels were comparable be-
tween control and alphaIRS2KO mice (Fig. 1, D and E). On the
other hand, oral gavage of glucose failed to inhibit glucagon
secretion significantly in alphaIRS1KO mice in contrast to the
suppression evident in control and alphaIRS2KO mice
(Fig. 1F). Insulin levels during the oral glucose tolerance test
were not different between control and alphaIRS1KO mice
(Fig. S2A)

To further explore the insulin resistance defects, we exam-
ined glucagon responses following insulin injection during the
insulin tolerance tests in the two individual knockouts. While a
rapid and significant increase in glucagon was evident in
controls, the rise was relatively slower in the mutants, and a
intolerance due to insufficient glucagon secretion. A, body weights of
6-month-old of male alphaIRS1KO (n = 6) and alphaIRS2KO (n = 5). D, oral
old male alphaIRS1KO (n = 5) or E, alphaIRS2KO mice (n = 6). In D and E,
easured by RIA in 6-month-old alphaIRS1KO (n = 5) or alphaIRS2KO (n = 6)
lasma glucose (G) and glucagon levels (H) measured by ELISA following the
haIRS1KO (n = 4), alphaIRS2KO (n = 5). One-way ANOVA for area under the
the curve of glucagon, F = 7.02, p = 0.0108. Tukey test was applied as a post
ans ± SD, *p < 0.05. I, glucagon secretion assay of isolated islets. Glucagon
set shows the result of alphaIRS1KO. alphaIRS1KO, alpha cell-specific IRS1-
ay.



Figure 1. Continued.

IRS1 is a regulator of pancreatic alpha cell function

J. Biol. Chem. (2021) 296 100646 3



Figure 2. Alpha cell–specific deletion of IRS1 or IRS2 has no significant effects on alpha or beta-cell mass. A and B, immunofluorescence staining for
insulin (red) and glucagon (green) in pancreas sections from 6 month old. A, alphaIRS1KO or B, alphaIRS2KO mice (scale bar, 200 μm). Quantification of beta
and alpha cell mass are shown in the right panels (n = 4–5), and lines are expressed as means. Results were analyzed with an unpaired two-tailed Student t
test. alphaIRS1KO, alpha cell-specific IRS1-knockout; lphaIRS2KO, alpha cell-specific IRS2 knockout; IRS1, insulin receptor substrate 1; IRS2, insulin receptor
substrate 2.
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blunted response was evident in alphaIRS1KO mice (Fig. 1, G
and H and Fig. S2B). The phenotype of insulin resistance in
alphaIRS1KO mice could be because of a crosstalk between the
target tissue (e.g., alpha cells) and other metabolic organs
similar to reports in other tissue-specific models (31) and re-
quires further study.

For further confirmation of a role for IRS1 in insulin-
mediated regulation of glucagon secretion and expression,
we performed ex vivo studies using isolated islets from each
genotype of mice. Actual glucagon release and the delta
change in glucagon secretion between low glucose and (high
glucose + insulin) revealed a blunted inhibitory effect of
insulin on glucagon secretion in the islets from alphaIR-
S1KO mice (Fig. 1I). However, when the data were
expressed as % of glucagon content (32), the difference did
not reach statistical significance between groups. In qRT-
PCR, although the suppression of glucagon mRNA by in-
sulin was observed in all groups, the inhibitory effect was
significantly smaller in alphaIRS1KO islets compared with
control islets (Fig. S3). These results support our hypothesis
that IRS1 plays a role in the regulation of glucagon by
insulin.

These data suggest that IRS1 plays a major role in regulating
glucagon secretion in alpha cells and that hypoglycemia-
induced glucagon secretion is linked to insulin sensitivity.
Further work is necessary to fully dissect this interaction.

The architecture of the endocrine pancreas and the mass of
alpha or beta cells in islets were not significantly different among
groups at 6 months of age (Fig. 2, A and B). Consistently, the
proliferation and apoptosis of alpha cells, which were measured
by Ki-67 and TUNEL immunostaining respectively, were
comparable among groups (Fig. S4, A and B).
4 J. Biol. Chem. (2021) 296 100646
AlphaIRS1KD and alphaIRS2KD cells exhibit similar blunting in
insulin-stimulated AKT phosphorylation

To clarify the role of IRS1 versus IRS2 in intracellular
signaling in alpha cells, we generated stable independent
knockdowns of IRS1 or IRS2 proteins in alpha TC6 alpha cell
lines using lentiviral short hairpin RNAs. Western blotting
confirmed �80% knockdown of IRS1 or IRS2 protein in the
respective cell lines (Fig. 3A). Neither alphaIRS1KD nor
alphaIRS2KD showed significant changes in cell proliferation
as assessed by cell counting or bromodeoxyuridine (BrdU)
incorporation assays (Fig. 3, B and C). To assess the relative
contributions of IRS1 versus IRS2 in modulating receptor-
mediated insulin signaling proteins, we stimulated cells with
insulin and observed that AKT phosphorylation (at Ser473 and
Thr308 residues) was significantly decreased in both knock-
down cell lines to a similar extent (Fig. 3D). Interestingly, we
did not detect compensatory changes in the expression of
either substrate protein in response to stimulation with insulin
when one of them was knocked down. The lack of a
commercially available high sensitivity pIRS antibody,
prompted us to use an immunoprecipitation approach to
evaluate the phosphorylation of IRS2 with a phosphotyrosine
antibody (Fig. 3E). Finally, to directly evaluate the relevance of
IRS1 in mediating the signaling effects downstream, we
generated IRS1 overexpressing alpha cells (alphaIRS1OE) us-
ing adenovirus (33) and subjected them to insulin stimulation.
Indeed, alphaIRS1OE cells exhibited an increase in Ser473
phosphorylation of AKT compared with controls (Fig. S5A).
Consistent with a role for mTOR signaling in the regulation of
alpha cell mass and glucagon secretion (34), we observed
reduced phosphorylation of S6K in both cell lines after treat-
ment with insulin (Fig. S5B).
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AlphaIRS1KD cells exhibit altered glucose-stimulated
glucagon mRNA expression and translation to protein

Next, to examine dynamic changes in gene expression, we
measured glucagon mRNA in the cell lines in the presence
of high or low glucose levels with or without insulin stim-
ulation. Although glucagon mRNA was significantly reduced
in response to insulin stimulation at high glucose levels in
control and alphaIRS2KD cells, the suppression was not
evident in alphaIRS1KD cells even in the presence of insulin
(Fig. 4, A and B), suggesting that IRS1, but not IRS2, me-
diates the suppressive effects of insulin in alpha cells. We
next considered our previous reports that insulin receptor–
mediated insulin signaling and IRS1 are involved in global
protein translation in beta cells by using polyribosomal
profiling (28, 35). To determine which substrate protein
contributes to changes in global protein expression in alpha
cells, we compared polyribosome profiles between the two
knockdown cell lines. A puromycin incorporation assay
revealed a reduction in global protein synthesis in
alphaIRS1KD cells (Fig. 4C). Consistently, islets isolated
from alphaIRS1KO mice, but not alphaIRS2KOs, showed a
tendency to reduced glucagon content compared to control
mice (Fig. S6). To specifically confirm the translation status
of glucagon, we collected mRNA from each fraction during
polyribosomal profiling gradient analyses and quantified its
distribution. Glucagon mRNA in alphaIRS1KD cells was
significantly decreased in monosomes and significantly
increased in polysomes compared with controls (Fig. 4, D
and E), whereas no difference in expression level in glucagon
mRNA was observed between control and alphaIRS2KD
cells (Fig. 4, F and G). Conversely, alphaIRS1OE cells
showed a tendency to reduce glucagon mRNA expression in
response to insulin stimulation (Fig. S5C). These results
suggest IRS1 mediates effects of insulin that significantly
impact translation, and especially on glucagon protein, in
alpha cells.
AlphaIRS1KD cells display impaired Ca2+ oscillations in
response to insulin

Alterations in Ca2+ flux during the secretory process are a
common feature of most secretory cell types (36), and we
have previously reported that IRS1-mediated Ca2+ flux is
involved in insulin secretion (29). To clarify the relative roles
of IRS1 versus IRS2 in the regulation of Ca2+ flux in alpha
cells, we measured Ca2+ oscillations in cytoplasmic fractions
in the presence of low or high glucose levels during insulin
stimulation. As expected, and consistent with a suppressive
effect of insulin, control alpha cells showed a significant
reduction in the number of Ca2+ spikes when exposed to
high glucose levels in the presence of insulin compared with
low glucose.

In alphaIRS1KD cells, the Ca2+ concentration and the fre-
quency of Ca2+ spikes were significantly decreased (Fig. 5A,
Fig. S7, A and B). In addition, the alphaIRS1KD cells exhibited
poor suppression of Ca2+ spikes in response to stimulation
with high glucose or insulin (Fig. 5B). In contrast, the Ca2+
spike response in alphaIRS2KD cells was similar to control
cells (Fig. 5B). These data of a significant decrease in the fre-
quency of Ca2+ spikes in alphaIRS1KD cells suggests that
absence of IRS1 is linked with altered Ca2+ oscillatory response
to glucose and insulin stimulation which is not apparent in the
IRS2-deficient alpha cells.

Gene expression microarray analysis of control, alphaIRS1KD,
and alphaIRS2KD cell lines

Results in Figure 3, D and E indicate that both alphaIRS1KD
and alphaIRS2KD cells showed a similar level of reduction in
AKT phosphorylation upon stimulation with insulin. One
interpretation of these data is that signaling pathways inde-
pendent of AKT activation are involved in the dysregulation of
glucagon secretion in alphaIRS1KD alpha cells. To identify
candidate genes and identify pathways that are involved in the
regulation of IRS1-mediated signaling in alpha cells, we per-
formed gene expression microarray analysis of control,
alphaIRS1KD, or alphaIRS2KD alpha cells. Principal compo-
nent analysis revealed gene expression patterns for control,
alphaIRS1KD, and alphaIRS2KD cells that allowed them to be
categorized individually (Fig. S8A), suggesting that IRS1 and
IRS2 each distinctly regulates the transcriptome of alpha cells.
To explore the signaling pathway of IRS1-mediated regulation
of glucagon secretion in alpha cells, we investigated genes that
are commonly modified in alphaIRS1KD compared with genes
in the other groups. We detected 866 genes to be significantly
increased, whereas 1062 genes were significantly decreased in
alphaIRS1KD compared with both control and alphaIRS2KD
groups (Fig. 6A, left and right panels). Gene set enrichment
analyses (Broad Institute) of significantly altered genes in
alphaIRS1KD showed the top pathways included peptide
metabolic processes, hormone secretion, translation, calcium
ion transportation, mitochondrial organization, and mito-
chondrial function (Fig. 6B). To confirm these findings, we
stimulated control, alpha IRS1KD, or alpha IRS2KD cells with
100 nM insulin and examined the expression of genes involved
in the pathways mentioned above by qRT-PCR (Fig. 6C). We
examined genes that are involved in metabolic processes (e.g.,
Tapbp, Pam, Tpp1), hormone secretion (e.g., Scg5, Cartpt,
Snap25), negative regulation of translation (e.g., Eif2ak3,
Apbb1), or calcium ion transport (e.g., Trpc3, Cacna2d1). In
alpha IRS1KD cells, Cartpt in the hormone secretion pathway
and Trpc3 in the calcium ion transport pathway were signifi-
cantly decreased compared with control or alpha IRS2KD cells.
None of the other genes examined were significantly altered in
alpha IRS1KD cells compared with control or alpha IRS2KD
cells. Expression of Ano1/TMEM16A, which is a Ca2+-acti-
vated Cl− channel, was also increased in alphaIRS1KD cells
compared with control or alphaIRS2KD cells (Fig. S8, B and
C). Pathway analysis revealed that “cellular response to stress”
was increased in alphaIRS1KD compared with control and
alphaIRS2KD, and “negative regulation of phosphorylation and
phosphate metabolic process” was upregulated in
alphaIRS1KD cells (Fig. S9). These data support the notion
that IRS1 has distinct roles in modulating Ca2+ oscillations in
alpha cells.
J. Biol. Chem. (2021) 296 100646 5
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Figure 3. Deficiency of IRS1 or IRS2 leads to impaired insulin signaling in alpha cells. A, Western blotting for IRS1, IRS2, or beta-actin proteins (loading
control). Lines are expressed as means (n = 3). Quantification is shown in the right panel. B, control, alphaIRS1KD or alphaIRS1KD cells were plated onto
6-well plates (5 × 105/well), and cells were counted on the indicated day. Data are expressed as means ± SD (n = 3). C, BrdU incorporation was measured in
control, alphaIRS1KD, or alphaIRS2KD. Lines are expressed as means (n = 3). The quantification of BrdU incorporated into cells was measured by relative light
units (RLU) using luminometer. A–C, were analyzed with an unpaired two-tailed Student t test. D, Western blotting for insulin receptor (IR) tyrosine 972
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To define potential mechanisms that regulate glucagon
mRNA expression downstream of the IR-IRS1 axis, we
analyzed transcription factor binding sites to identify signifi-
cantly upregulated or downregulated (<50%) genes within
1 kbp of the promoter region of the glucagon gene. We
identified Foxp2, Hoxd13, and Foxj2 as candidate factors for
regulation of glucagon transcription through IRS1. Further
analyses of the microarray data pointed to alternative mecha-
nisms that are regulated by IRS1 including genes linked with
the mTOR, S6K, and 4EBP families. The selected pathways and
representative transcription factors associated with these
candidates are shown in Fig. S10 and include CXCR3, NFAT,
angiopoietin receptor, and RXR–VDR pathways. Analysis of
these candidate transcription factors is warranted to investi-
gate their relevance in mediating the direct effects of IRS1 on
alpha-cell biology.

Mitochondrial function is suppressed in alphaIRS1KD cells

In addition to the changes in Ca2+ dynamics, bioinformatics
analysis of microarrays revealed alterations in pathways that
modulate mitochondrial function (Fig. 6B). This observation
gains significance in the context of reports that insulin and
other growth hormone signaling pathways directly impact
cellular biology by regulating mitochondrial function (37, 38).
Indeed, evaluation of mitochondrial function in alphaIRS1KD
cells showed reduced electron leak, lower ATP synthesis, and
blunted basal or maximal respiration compared with control
cells (Fig. 7A, upper panels, and 7C). In contrast, alphaIRS2KD
cells showed no significant differences in these mitochondrial
function parameters compared with controls (Fig. 7, A and C).
Western blotting confirmed the reduced expression of the
mitochondrial oxidative phosphorylation (OxPhos) proteins,
namely ATP synthase subunit alpha (ATP5A, complex V) and
ubiquinol-cytochrome c reductase core protein II (UQCR2,
Complex III) in alphaIRS1KD cells (Fig. 7B).
Discussion

The factors that regulate alpha cell biology continue to be of
great scientific interest to allow better therapeutic targeting in
diabetes. We have previously provided direct genetic evidence
to implicate insulin action in alpha cells to suppress glucagon
secretion in vivo (20, 22) consistent with studies reporting a
role for insulin in regulating alpha cell biology in vivo
[reviewed in (39)]. Although blockade of IRS1 in rat “whole”
islets leads to impaired glucose-induced lowering of glucagon
secretion (40), the presence of other cell types in whole islets
does not exclude mechanisms that are independent of IRS1 in
phosphorylation (37), IR, AKT Thr308 phosphorylation, AKT Ser473 phosphorylatio
or without insulin (100 nM) treatment. Lines are expressed as means (n = 3).
0.0001(IRS1), F = 56.31, p < 0.0001(Insulin), F = 72.70, p < 0.0001 (Interaction
0.0052 (Insulin), F = 7.729, p = 0.0239 (Interaction). Tukey test was applied as a p
8.523, p = 0.0193(IRS2), F = 62.102, p < 0.0001(Insulin), F = 5.060, p = 0.0546 (Int
p < 0.0001(Insulin), F = 12.13, p = 0.0082 (Interaction) Tukey test was applied a
insulin (100 nM) treatment. E, Western blotting for tyrosine phosphorylation (T
Lines are expressed as means (n = 3 in each group). *p < 0.05, **p < 0.01,
alphaIRS1KD, IRS1 knockdown; alphaIRS2KD, IRS2 knockdown; BrdU, brom
substrate 2.
alpha cells (41). However, our study using complementary
in vitro, in vivo, and ex vivo models circumvents these limi-
tations and points to a direct role of IRS1 in the regulation of
glucagon secretion. We report that IRS1 and IRS2, critical
downstream proteins in the insulin/IGF-1 signaling pathway,
exhibit distinct roles in regulating alpha cell biology.
AlphaIRS1KOs partially recapitulated the phenotype of alpha
cell-specific insulin receptor knockout (alphaIRKO) mice by
exhibiting impaired glucose tolerance due to altered glucagon
secretion after glucose administration (20). Because fasting or
high fat diet can also modify the kinetics of glucagon in vivo
(42), a decline in glucagon clearance in alphaIRS1KO may
contribute to a delay in the suppression of circulating glucagon
levels. Interestingly, neither alphaIRS1KO nor alphaIRS2KO
mice showed significant alterations in alpha cell or beta cell
areas compared with controls at 6 months of age. The lack of
significant differences in proliferation indicate that the insulin
receptor substrates are unlikely to directly regulate alpha cell
proliferation in contrast to their role in β-cells (43, 44). It is
notable that glucagon receptor KO mice demonstrate a sig-
nificant increase in alpha cell mass (4), pointing to a role for
glucagon receptor signaling in alpha cell proliferation.

We have previously reported that insulin negatively regu-
lates glucagon gene transcription (20). In the current manu-
script, the in vitro model (i.e., alpha TC6 cells) showed that a
lack of IRS1, but not IRS2, alters glucagon transcription in
response to exogenous insulin. In the ex vivo model (i.e., iso-
lated mouse islets) islets from alphaIRS1KO mice showed a
significantly smaller suppression than control islets. Further
studies are warranted to investigate the molecular mechanisms
of transcriptional regulation in the latter which may be
differentially impacted by intra-islet paracrine regulation and/
or systemic factors. Because the decrease in glucagon secretion
was observed in the absence of IRS1, we also studied the
expression level of prohormone convertase 2 (PC2) which is
involved in processing proglucagon into glucagon. As shown
in Fig. S2, there was no change in PC2 expression between
control and alpha IRS1KO mice, suggesting that an impaired
proglucagon processing is not the dominant cause of the
phenotype. In contrast to a role for AKT phosphorylation in
the suppression of glucagon in IRKO alpha cells (20, 45), we
noted that both alphaIRS1KD and alphaIRS2KD cells showed
reduced phosphorylation of AKT. We also observed a reduced
phosphorylation of S6K in both cell lines. These results indi-
cate that the two substrate proteins are linked to different
signaling proteins that can in turn activate downstream effects.
For example, in addition to the AKT and/or mTOR signaling
pathway, the PASK/AMPKalpha2 pathway can also
n, total AKT protein in control, alphaIRS1KD, and alphaIRS2KD cell lines with
In control versus alpha IRS1KD, AKT S473: Two-way ANOVA, F = 50.88, p <
). AKT T308: Two-way ANOVA, F = 10.945, p = 0.0107(IRS1), F = 14.463, p =
ost hoc test. In control versus alpha IRS2KD, AKT S473: Two-way ANOVA, F =
eraction). AKT T308: Two-way ANOVA, F = 48.24, p = 0.0001(IRS2), F = 169.83,
s a post hoc test. Data are expressed as means ± SD (n = 3) with or without
yr), IRS2 in alphaIRS1KD cells after immunoprecipitation with IRS2 antibody.
N.S. not significant. In D and E, quantification is shown in the right panel.
odeoxyuridine; IRS1, insulin receptor substrate 1; IRS2, insulin receptor
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Figure 4. IRS1 deficiency in alpha cells alters glucagon mRNA expression and translation. A and B, real-time PCR for glucagon gene expression in (A)
alphaIRS1KD cells or (B) alphaIRS2KD cells. Cells were incubated at 2.8 or 10mmol/l glucosewith/without 100 nmol/l insulin (Ins) for 6 h. C, global protein translation
was altered in alphaIRS1KDcells. Puromycin incorporation assay in control, alphaIRS1KD, andalphaIRS2KDalpha cells (n=3).D–G, polysomeprofiles for alphaIRS1KD
or alphaIRS2KDcells. Thedifference in theP/Mratiobetweencontrol andalphaIRS1KDor alphaIRS2KD. P/M indicates ratioof polysomal tomonosomal (40S, 60S, and
80S) fractions. Data are means ± SD, n = 3. Glucagon mRNA was quantified in each fraction of sucrose gradient of both control and (D) alphaIRS1KD or (F)
alphaIRS2KD. GlucagonmRNA in monosome and polysome fractions in (E) alphaIRS1KD or (G) alphaIRS2KD cells was calculated. Lines are means, n = 3. *p-value<
0.05. N.S. not significant. A, B, and D–G, were analyzed with an unpaired two-tailed Student t test. alphaIRS1KD, IRS1 knockdown; alphaIRS2KD, IRS2 knockdown.
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Figure 5. The effects of IRS1 or IRS2 knockdown on Ca2+-influx in alpha
cells. The glucose concentration was increased from 1 to 25 mmol/l and
100 nmol/l human insulin was added. A, the Ca2+ concentration in cytosol of
each cell at 1 mM glucose is shown (n = 27–47). One-way ANOVA, F = 7.90,
p = 0.0006. Tukey test was applied as a post hoc test. B, quantification of
frequency of spikes from each group is shown (n = 27). Lines are expressed
as means. *p < 0.05; IRS1, insulin receptor substrate 1; IRS2, insulin receptor
substrate 2; N.S., not significant.
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independently participate in insulin receptor substrate-
mediated regulation of glucagon release (46). Meanwhile, the
marked decrease in glucagon secretion, glucagon gene
expression, mitochondrial function, as well as Trpc3 and
Cartpt gene expression in alphaIRS1KD cells even in the
absence of insulin point to an insulin-independent pathway
and requires a careful assessment of the ligands that can
regulate this insulin receptor substrate.

The reduced glucagon expression observed in the basal state
in alphaIRS1KD cells was similar to the observation in XBP1
knock down alpha cells (alpha XBP1KD). The lack of sup-
pression of glucagon gene expression after insulin stimulation
in alpha XBP1KD cells was associated with incomplete
exclusion of Forkhead/winged helix box gene, group O-1 from
the nucleus (22). The markedly reduced phosphorylation of
IRS1 in alpha XBP1KD cells suggests that a pathway common
to these two proteins is involved in the regulation of glucagon
gene expression and warrants further investigation. In contrast
to the findings in alphaIRS1KD cells, alphaIRS2KD cells
demonstrated normal glucagon gene expression and secretion.
Interestingly, despite normal glucagon secretion at 2 months
of age alphaIRS2KO mice displayed slightly reduced body
weights, insulin resistance, and reduced AKT phosphorylation
in response to insulin. The systemic effects in alphaIRS2KO
mice might involve pathways independent of regulation via
AKT phosphorylation. A recent study reported that liver,
muscle, and adipocytes from global IRS1KO mice show altered
microRNA expression patterns leading to increased IRS2
transcription (47). Thus, the effects of manipulating IRS2 ac-
tion in alpha cells on the regulation of whole-body metabolism
require further study.

The effect of absent IRS1 on glucagon expression was
confirmed by a skewed distribution of glucagon mRNA in
alphaIRS1KD cells by polysome profiling. In this context, it is
notable that IRS1 forms high molecular mass complexes that
include proteins related to regulation of protein translation
such as EIF4G, EIF4E, and PABP (48). Because the binding of
IRS1 was independent of tyrosine phosphorylation (48), the
data suggest that IRS1 itself regulates translation of proteins
independent of insulin stimulation. Our data also suggest that
translation of glucagon is regulated via IRS1, and not IRS2,
and is independent of the AKT pathway. One possibility is that
a reduction in IRS1 affects the stability of the ribosome com-
plex and subsequently alters translation of global proteins,
including the hormone glucagon in alpha cells.

A notable finding is that Ca2+ flux was different in
alphaIRS1KD cells. In alpha cells, the presence of low glucose
concentration induces Ca2+ oscillations via action potentials
mediated by voltage-dependent K+ channels. At high glucose
concentrations, an increased ATP/ADP ratio blocks the KATP

channel, depolarizes the membrane potential, and inactivates
the ion channels involved in action potentials (49). We have
previously reported that alpha cells with a knockdown of
XBP1, which suppressed insulin signaling via the IRE1 alpha
JNK pathway, demonstrated dysregulation of Ca2+ oscillations
(22). This current study implicates IRS1 in suppressing Ca2+

oscillations at high glucose concentrations in alpha cells,
whereas lack of IRS2 does not directly impact Ca2+ oscillations.
In beta cells, IRS1/2–phosphatidyl 3-kinase signaling is
involved in releasing intracellular Ca2+ via interactions with
the ER (50). The finding that both alphaIRS1KD cells and
alphaIRS2 KD cells showed lower Ca2+ spikes at 1 mM glucose
compared with control cells implies similar signaling pathways
are operative in beta cells that affect Ca2+ levels in alpha cells.
We also reported that a lack of IRS1 in β-cells affected Ca2+

flux by reducing sarcoplasmic endoplasmic reticulum Ca2+-
ATPase (SERCA) expression (29). The absence of changes in
SERCA expression in alphaIRS1KD cells in our microarray
analysis suggests the alterations in Ca2+ flux is likely modu-
lated by channels on the plasma membrane to regulate
extracellular Ca2+ influx. Considering deletion of the Trpc3
gene has been reported to reduced Ca influx (51), it is possible
that a significant decrease in its expression in alpha IRS1KD
cells contributes to the dysregulation of Ca2+ oscillations in
alpha IRS1KD cells. The alterations in Cartpt expression in
alpha IRS1KD warrants further studies to dissect the link be-
tween the insulin signaling pathway and hormone secretion in
alpha cells (52). It will also be worth examining whether the
increased expression of Ano1/TMEM16A in alphaIRS1KD
cells, as evident in the microarray analyses, is involved in
J. Biol. Chem. (2021) 296 100646 9
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IRS1 is a regulator of pancreatic alpha cell function
glucagon secretion given their role in glucose stimulated in-
sulin secretion in beta cells (53).

Alpha cell secretory function has been reported to be
linked to mitochondrial function (54); however, this asso-
ciation has not been fully investigated in the context of the
insulin/IGF-1 signaling pathway. Our studies indicate that
alpha cells lacking IRS1 exhibit decreased mitochondrial
function including basal respiration rate, maximal respira-
tion rate, and ATP synthesis, that is complemented by a
reduction in expression of OXPHOS proteins. Indeed, ATP
synthesis is necessary to close KATP channels regulating
alpha cell membrane potential when glucose levels are high
(49). Thus, the decreased ATP production in alphaIRS1KD
cells could lead to inadequate suppression of glucagon
secretion. A previous study has suggested distinct effects of
IRS proteins on mitochondrial function in cardiomyocytes
(55), and the authors reported that IRS2-kockout car-
diomyocytes showed decreased PGC1alpha and imply a
tissue-dependent role for IRS proteins in regulating
10 J. Biol. Chem. (2021) 296 100646
mitochondrial function. A recent report suggested that the
change in mitochondrial function in alpha cells can exac-
erbate glucose homeostasis through uninhibited insulin
secretion because of impaired glucagon signaling (56).
Knockdown of IRS1 in alpha cells also demonstrated mito-
chondrial dysfunction in this study, and there continues to
be considerable interest in elucidating the significance of
mitochondrial dysregulation in alpha cell metabolism.

In summary, we report that IRS1 plays a distinct role in
glucagon secretion in alpha cells by modulating protein
translation, mitochondrial function, and Ca2+ oscillation.
These studies suggest that altering proteins in the insulin/IGF1
signaling pathway have implications for regulating glucagon
secretion in pathophysiological states.

Experimental procedures

Mouse breeding and physiological experiments

All protocols were approved by the Brandeis University
Institutional Animal Care and Use Committee. Mice were
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IRS1 is a regulator of pancreatic alpha cell function
maintained on a 12-h light/dark cycle at the Foster
Biomedical Research Laboratory of the Brandeis University
in Waltham, Massachusetts. The IRS1-floxed mice (57),
IRS2-floxed mice (58), and glucagon-Cre mice (59, 60) were
intercrossed to generate alpha cell-specific IRS1 knockout
(alphaIRS1KO) mice and alpha cell-specific IRS2 knockout
(alphaIRS2KO) mice. Knockout efficiency of the Gcg-Cre
mouse was confirmed in our former publication (22).The
alphaIRS1KO, alphaIRS2KO, and their corresponding
littermate control floxed mice were maintained on a C57/
BL6 and 129 Sv mixed genetic background. Initial studies
revealed that male and female mice showed similar pheno-
types, and we undertook detailed experiments only in male
mice (15–21 weeks old). Blood glucose was measured with a
Glucometer (Contour, Bayer). Plasma insulin was monitored
by ELISA (Crystal Chem), plasma glucagon by radioimmu-
noassay (Linco) and ELISA (Mercodia Inc), and plasma
glucagon-like-peptide 1 by ELISA (Linco). Glucose and in-
sulin tolerance tests were performed as described previously
(20, 22, 27).

Ex vivo studies of isolated islets

Mouse islets were isolated from control, alphaIRS1KO, and
alphaIRS2KO mouse with 12 to 15 weeks old according to our
previous protocol (22). Ten and forty size-matched islets were
used for secretion assay and qRT-PCR, respectively.

For glucagon secretion assay, islets were preincubated in
Krebs-Ringer buffer (KRB) supplemented with 3.3 mmol/l
glucose for 1 h followed by the incubation in 1 ml KRB with
16.7 mmol/l glucose supplemented with 100 nM insulin for 1 h
at 37 �C. Aliquots were stored at −80 �C until the measure-
ment of glucagon. Glucagon was measured by ELISA, as
described above. Glucagon secretion was normalized by
glucagon content in digested islets.

For qRT-PCR, islets were incubated in KRB buffer with
3.3 mmol/l or 16.7 mmol/l glucose supplemented with or
without 100 nM insulin for 24 h at 37 �C. After the incubation,
samples were centrifuged in 1500 rpm for 5 min followed by
the discard of the aliquots. Pellets were kept frozen in −80 �C
until RNA extraction.

Immunohistological analysis

Mice were anesthetized, and the pancreas was rapidly
dissected, fixed with Z-Fix (Anatech), and embedded in
paraffin. Paraffin sections were immunostained for insulin
(Abcam), glucagon (Sigma-Aldrich), and somatostatin
(Abcam). Photomicrographs were obtained with a charge-
coupled device camera, and the beta-cell, alpha cell, and
Figure 7. IRS1 deficiency suppresses mitochondrial function in alpha cells
displayed as a ratio of oxygen consumption rate between control and alphaIR
analyzer. B, Western blotting for oxidative phosphorylation (OXPHOS) prote
cytochrome c reductase core protein II (UQCR2, Complex III), and succinate d
trol and alphaIRS1KD cells. (n = 3). Data are expressed as. means ± SD. *p < 0.0
horse analyses of control, alphaIRS1KD cells, and alphaIRS2KD cells. alphaIRS1
substrate 1.
total pancreatic areas were estimated using ImageJ software
(NIH).

BrdU incorporation assay

BrdU labeling kits were obtained from Abcam. We
measured BrdU incorporation to assess cell proliferation ac-
cording to the manufacture’s protocol. Briefly, cells were
cultured in the presence of BrdU followed by incubation with
anti-BrdU antibody after fixation. Cells were incubated with
horseradish peroxidase conjugate antibody. Chemiluminescent
substrate was added, and luminescence was measured by
luminometer. Results were shown in relative light units.

Cell culture

Alpha TC6 cells were cultured with RPMI 1640 medium
with 10% fetal bovine serum, and experiments were per-
formed using 80 to 90% confluent cells. Alpha TC6 cells
were infected with a lentivirus having small hairpin RNA
(shRNA) for nonsilencing control, IRS1, or IRS2 to generate
stable cell lines via puromycin selection as previously
described (22). Lentiviral vector plasmids for murine IRS1
and IRS2 shRNA and control nonsilencing shRNA were
purchased from Open Biosystems.

SDS-PAGE and Western blotting

Cells were lysed for Western blotting analysis with radio-
immunoprecipitation buffer as reported previously (28). Total
protein concentration was determined using a bicinchonic acid
assay (Pierce). Samples were resuspended in reducing SDS-
PAGE sample buffer, boiled, and resolved by SDS-PAGE.
Proteins were subsequently transferred onto polyvinylidene
difluoride membranes, treated with blocking buffer (Thermo
Scientific), and incubated with primary antibodies overnight at
4 �C. Beta-actin, GAPDH, pAKT (pT308), pAKT (pS473), total
AKT, and IRS2 antibodies were from Cell Signaling. pIR
(pY972) and pIRS1 (pY896) antibodies were from Invitrogen.
Phospho-tyrosine antibody was from SantaCruz. IRS1 anti-
body was from Millipore. Total OXPHOS Rodent WB Anti-
body Cocktail was from Abcam.

Immunoprecipitation

Cells were lysed with radioimmunoprecipitation buffer. The
lysate was centrifuged at 12,000 rpm for 30 min at 4 �C. Su-
pernatant was collected and rotated overnight with beads
(Clontech) at 4 �C. Beads were washed three times with TBS.
Proteins were eluted into SDS sample buffer by heating for
10 min at 95 �C. Proteins were resolved on SDS-PAGE and
detected by immunoblotting.
. A, electron leak, ATP synthesis, basal respiration, and maximal respiration
S1KD cells or alphaIRS2KD cells (n = 5–10), measured by the Seahorse XF24
ins, including ATP synthase subunit alpha (ATP5A, complex V), ubiquinol-
ehydrogenase iron-sulfur subunit, mitochondrial (SDHB, complex II) in con-
5. A and B, were analyzed with an unpaired two-tailed Student t test. C, sea
KD, IRS1 knockdown; alphaIRS2KD, IRS2 knockdown; IRS1, insulin receptor
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Real-time PCR

RNA was extracted from cells using RNeasy Mini Kit
(QIAGEN), and 1 mg RNA was used for a reverse transcription
step using the high-capacity cDNA Archive Kit (Applied
Biosystems). cDNA was analyzed and amplified using the ABI
7900HT system (Applied Biosystems). TATA-binding protein
was used as an internal control. Primers for glucagon: 50-
TGAATTTGAGAGGCATGCTG-30 and 50-TGGTGCTCAT
CTCGTCAGAG-30. Primers for TATA-binding protein: 50-
ACCCTTCACCAATGACTC CTATG-30 and 50-ATGAT
GACTGCAGCAA ATCGC-30. Primers for Figure 6C is listed
in Fig. S11.

Polyribosomal profiling experiments

Polyribosomal profiling was performed as previously
described with modifications (28, 61). Briefly, after incubation
with 100 μg/ml cycloheximide (CHX) for 10 min at 37 �C, cells
were washed in ice-cold PBS containing CHX (50 μg/ml), and
lysed in 300 μl polysome buffer (200 mM KCl, 20 mM Tris HCl
[pH 7.4], 10 mMMgCl2, 1% Triton-X, 50 U/ml RNasin [Prom-
ega], 100μg/mlCHX). The cell lysateswere homogenized using a
23-gauge needle and incubated on ice for 10 min followed by
centrifugation at 13,000g for 10 min at 4 C. Supernatant was
layered onto a 10 to 50% sucrose gradient solution containing
20 mM Tris HCl (pH 7.4), 10 mM MgCl2, 200 mM KCl, and
50 μg/ml CHX. The sucrose gradients were subjected to centri-
fugation at 4 �C in a Beckman SW-41Ti rotor at 39,000 rpm for
2 h. A piston gradient fractionator (BioComp Instruments) was
used to fractionate the gradients and absorbance of RNA at
254 nm was recorded using an on-line UV monitor.

Measurements of cytoplasmic Ca2+ concentrations

Cells on coverslips were incubated for 40 min with 2 mmol/l
Fura-2 acetoxymethyl ester at 37 �C and washed by KRB with
0.5 mmol/l glucose. Cells on coverslips were incubated for
30 min with 2 mol/l Fura-2 acetoxymethyl ester (Molecular
Probes) at 37 �C in RPMI 1640 media. Coverslips containing
the fura-2 loaded islets or cells were placed in a coverslip
holder with a capacity of 300 l, and experiments were per-
formed in KRB.

Excitation of fura-2 was accomplished using an Xe
lamp with sequential excitation at 340 and 380 nm. Fluores-
cence emission was collected and stored using DM3000 M
data acquisition software (Instruments SA) for quantification
of Ca2+ concentration as described earlier (29).

Oxygen consumption assay and bioenergetics analysis

Cells were seeded in XF 24-well cell culture microplates
(Seahorse Bioscience) 1 day before analysis at 5.0 × 104 cells/
well. Oxygen consumption of cell lines was analyzed using the
XF24 Extracellular Flux Analyzer (Seahorse Bioscience). A
bioenergetics including basal mitochondrial respiration, ATP
synthesis, electron leak, mitochondrial respiratory capacity, and
nonmitochondrial respiration was measured with oligomycin
(10 μM), carbonyl cyanide p-trifluoromethoxyphenylhydrazone
14 J. Biol. Chem. (2021) 296 100646
(1 μM), and rotenone (5 μM) which were sequentially added in
wells according to the manufacture’s protocol.

Microarray

The samples from all the conditions (control, alphaIRS1KD,
and alphaIRS2KD) were examined in triplicate. The samples
were processed following the Affymetrix GeneChip WT Plus
Reagent Kit (cat # 703174) followed by the Affymetrix Gen-
eChip WT Terminal Labeling and Hybridization (cat #
702808) onto Affymetrix Mouse Gene 2.0ST arrays. The arrays
were washed and stained on Fluidics Stations 450 using the
Affymetrix Hybe/Wash/Stain (cat # 900720). The arrays were
scanned on GeneChip Scanner 3000 7G.

Overexpression model of IRS1

The adenovirus vector expressing IRS1 was kindly provided
by G. L. King MD (Joslin Diabetes Center) (33). For infection
with adenovirus vector, it was transfected by multiplicity of
infection of 5.

Statistical analysis

All data are expressed as means ± SD and were analyzed
with an unpaired two-tailed Student t test or ANOVA and post
hoc tests. Differences were considered significant at p < 0.05.

Data availability

The microarray data were deposited in Gene Expression
Omnibus (accession number: GSE130329). All the other data
are contained within this manuscript.
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