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Intracellular signaling by which pancreatic �-cells synthesize and
secrete insulin in control of glucose homeostasis is not fully under-
stood. Here we show that Shp2, a cytoplasmic tyrosine phosphatase
possessing 2 SH2 domains, coordinates signaling events required for
insulin biosynthesis in �-cells. Mice with conditional ablation of the
Shp2/Ptpn11 gene in the pancreas exhibited defective glucose-
stimulated insulin secretion and impaired glucose tolerance. Consis-
tently, siRNA-mediated Shp2-knockdown in rat insulinoma INS-1
832/13 cells resulted in decreased insulin production and secretion
despite an increase in cellular ATP. Shp2 modulates the strength of
signals flowing through Akt/FoxO1 and Erk pathways, culminating in
control of Pdx1 expression and activity on Ins1 and Ins2 promoters,
and forced Pdx1 expression rescued insulin production in Shp2-
knockdown �-cells. Therefore, Shp2 acts as a signal coordinator in
�-cells, orchestrating multiple pathways controlling insulin biosyn-
thesis to maintain glucose homeostasis.

Pdx1 � signal transduction � diabetes � insulin secretion � gene expression

Pancreatic �-cell dysfunction contributes to the development of
all forms of diabetes (1). Although autoimmune destruction of

�-cells is a primary cause of type 1 diabetes, type 2 diabetes is
characterized by the relative inability of �-cells to secrete sufficient
insulin to compensate for peripheral insulin resistance. However,
molecular defects underlying �-cell failure are not fully understood.
Genetic analyses of cell type-specific gene-knockout mice suggest
that insulin and insulin-like growth factor 1 (IGF1) signaling
pathways play critical roles in controlling �-cell mass and functions.
Mice lacking the insulin receptor in �-cells (�IRKO) inadequately
respond to glucose stimulation, and they show progressive glucose
intolerance and reduced �-cell mass with aging (2). Selective
deletion of the IGF1 receptor in �-cells leads to glucose intolerance
and hyperinsulinemia without affecting the �-cell mass (3). Mice
lacking both insulin and IGF1 receptors in �-cells develop severe
diabetes shortly after birth due to markedly reduced �-cell mass and
insulin content (4).

Several intracellular signaling molecules have been identified as
critical players downstream of insulin and IGF1 receptors in �-cells.
Mice deficient for insulin receptor substrate 2 (IRS2) develop
diabetes due to peripheral insulin resistance and pancreatic �-cell
failure (5). Selective deletion of IRS2 in �-cells leads to reduced
islet mass, glucose intolerance, and hypothalamic dysfunction,
reinforcing the role of IRS2 in �-cell maintenance and functions (6,
7). �-Cell ablation of 3-phosphoinositide-dependent protein kinase
1 (Pdk1) leads to development of diabetes due to loss of islet mass
in mice (8). Phospho-Akt levels are reduced in �-cells lacking
insulin and IGF1 receptors, accompanied by increased apoptosis
(4). Activated Akt can phosphorylate FoxO1, resulting in nuclear
exclusion of FoxO1 and derepression of Pdx1 expression (4, 9).
Stimulation of �-cells by glucose and insulin also activates Erk1/2
kinases, which phosphorylate and activate Pdx1, MafA, Beta2,
E2A, and NFAT transcription factors involved in control of insulin
promoters (10). The AMP-activated protein kinase (AMPK) and

mTOR pathways are also implicated in glucose and insulin signaling
in �-cells (11). �-Cell deletion of calcineurin b1 in mice reveals a
critical role of calcineurin/NFAT signaling in �-cell proliferation
and functions (12). Therefore, multiple signaling pathways are
involved in mediating glucose-stimulated insulin production and
secretion in �-cells.

A critical unanswered question is how these different pathways
are coordinately regulated in �-cell response to glucose and insulin
signals. Shp2 is a widely expressed protein tyrosine phosphatase
(PTP) with 2 Src homology 2 (SH2) domains at the N terminus (13,
14). Shp2 is implicated in pathways activated by receptors for
growth factors, cytokines, and hormones. In particular, Shp2 binds
to tyrosine-phosphorylated IRS proteins and operates in insulin-
responsive tissue cells (15, 16). However, whether Shp2 plays a
biological role in insulin-producing �-cells is unclear. We generated
mutant mice in which Shp2 is selectively deleted in the pancreas
(Shp2Panc�/�). Shp2Panc�/� mice exhibit reduced glucose-stimulated
insulin secretion and progressively impaired glucose tolerance. We have
performed extensive genetic and molecular analyses on Shp2Panc�/�

miceandShp2-knockdown�-cells,which identifyShp2asacoordinator
of multiple signals controlling insulin production in �-cells.

Results
Pancreatic Deletion of Shp2 Induces Glucose Intolerance. Immuno-
blot and immunostaining assays detected Shp2 expression in the
pancreas (Fig. 1 A and B). Shp2 was abundantly expressed in
insulin� �-cells in pancreatic islets, as revealed by coimmuno-
staining (Fig. 1B). To determine Shp2 function in the pancreas,
we generated a mouse line with the Shp2/Ptpn11 gene deleted in
the pancreas (Shp2flox/flox:Pdx1-Cre or Shp2Panc�/�) by crossing
Shp2flox/flox mice with a transgenic mouse line expressing Cre
recombinase driven by the Pdx1 promoter, which is active in
pancreatic progenitor cells and mature �- and �-cells (17, 18).
Notably, Shp2 expression was dramatically reduced in pancreas
dissected from Shp2Panc�/� mice, whereas no differences were
detected in the liver, muscle, heart, and lung lysates between control
(Ctl) and mutant (KO) mice (Fig. 1A). Immunostaining confirmed
Shp2 ablation in pancreatic islet (Fig. 1B), and RT-PCR analysis of
mRNA extracted from pancreatic islets also showed efficient
deletion of Shp2 in islets of Shp2Panc�/� mice (Fig. 1C).

Homozygous mutant (Shp2Panc�/�) mice were born at the ex-
pected Mendelian frequency and survived to adulthood with no
obvious defects in pancreatic development. To determine the effect
of pancreatic Shp2 deletion on glucose metabolism, we first eval-
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uated glucose handling by Shp2Panc�/� and control mice. Mutant
animals displayed age-dependent progressive impairment of glu-
cose tolerance (Fig. 1D). At 3 months of age, Shp2Panc�/� mice
exhibited significantly reduced ability to dispose of a glucose load,
compared with controls, and glucose intolerance was more severe
when examined at 10 months of age. Shp2Panc�/� mice showed
mildly elevated body weight at 3 months, an increase that became
significant compared with controls at 10 months (Fig. 1E). Signif-
icantly increased blood glucose level and mild decrease in serum
insulin were detected in Shp2Panc�/� mice, compared with litter-
mate controls (Figs. 1 F and G).

Shp2 Ablation Suppresses Insulin Biosynthesis and Secretion from
�-cells in Vivo. Impaired glucose tolerance seen in Shp2Panc�/� mice
indicates potential defects in insulin secretion. Accordingly, we
examined first-phase insulin secretion of pancreatic �-cells, and lack
of acute insulin response (AIR) elicited by glucose challenge is an
early pathological event of type 2 diabetes. A robust increase in
serum insulin levels was detected 2 min after glucose injection
in control mice, whereas serum insulin levels were not elevated in
Shp2Panc�/� mice at the same time point (Fig. 2A), suggesting an
ablated acute phase insulin secretion by Shp2-deficent �-cells.

The defect in acute-phase insulin secretion of Shp2Panc�/� mice
could result from multiple factors, such as reduced �-cell mass or

decreased insulin production in �-cells. Thus, we carried out
morphometric quantitation of insulin� �-cells on paraffin-
embedded pancreas sections, but observed no significant difference
of �-cell areas between mutant and control mice (Fig. 2B). We next
measured insulin contents in isolated islets, and found that islet
insulin content was markedly decreased in mutant mice, compared
with controls (Fig. 2C). Therefore, impaired insulin biosynthesis in
�-cells may contribute to aberrant glucose-stimulated insulin se-
cretion in Shp2Panc�/� animals. We further assessed expression of
several �-cell-specific regulators by immunofluorescent staining of
pancreatic sections and immunoblotting of isolated islets (Fig. 2 D
and E). In Shp2-deficient islets, insulin staining intensity was
decreased, consistent with lower insulin content detected by
ELISA. Quantitative real-time RT-PCR analysis (qRT-PCR) also
indicated significantly reduced Ins1 and Ins2 mRNA levels in
Shp2-deficient islets, compared with controls (Fig. 2F). Pdx1 ex-
pression, which regulates insulin and Glut2 gene expression in
�-cells, was reduced in mutants compared with controls as deter-
mined by immunostaining (Fig. 2D). Consistently, expression of
Glut2, a glucose-sensing protein, was lower in islets of Shp2Panc�/�,
compared with controls.

Shp2 Knockdown Attenuates Insulin Production and Secretion from
INS-1 832/13 Cells in Vitro. Because Shp2 was deleted in all types of
pancreatic cells in Shp2Panc�/� mice, we asked whether the observed

Fig. 1. Generation and metabolic analysis of pancreas-specific Shp2-knockout
mice. (A) Immunoblot of Shp2 protein in pancreas, liver, muscle, heart, and lung
dissected from Shp2Panc�/� (KO) or control (Ctl) mice. (B) Immunofluorescence for
insulin (green) and Shp2 (red) and overlay in pancreatic sections from Shp2Panc�/�

and control mice. (C) RT-PCR analysis of RNA extracted from pancreatic islets of
Shp2Panc�/� and control mice. The targeted deletion of Shp2 exon 4 was detected
in islets from Shp2Panc�/� mice. (D) Blood glucose levels after i.p. injection of
glucose (2 g/kg of body weight) into 3- and 10-month-old male Shp2Panc�/� and
control mice (n � 6 per group). *, P � 0.05 versus controls; **, P � 0.01 versus
controls (2-tailed Student’s t test). (E) Body weights of 3- and 10-month-old male
Shp2Panc�/� and control mice (n � 6 per group). (F) Fed ad libitum and fasting
blood glucose levels in 3-month-old Shp2Panc�/� and control mice. (n � 18 for fed
group; n � 7 for fasting group). ***, P � 0.001 versus controls (2-tailed Student’s
t test). (G) Serum insulin levels in random-fed, 3-month-old Shp2Panc�/� and
control mice (n � 11 per group). Data are shown as means � SEM.

Fig. 2. Shp2 ablation inhibits glucose-stimulated insulin secretion and insulin
biosynthesis in �-cells. (A) Acute-phase insulin secretion after i.p. injection of
glucose (3 g/kg of body weight) into 8-month-old Shp2Panc�/� and control mice
(n � 7 for Shp2Panc�/� group; n � 4 for control group). All data are presented as
means � SEM. *, P � 0.05 (2-tailed student’s t test). (B) Morphometric analysis of
insulin-positive area of total pancreatic area from 3-month-old Shp2Panc�/� and
control mice (n � 4 per group). (C) Islet insulin content (ng/mg of total protein) in
3-month-old Shp2Panc�/� and control mice (n � 5 per group, **, P � 0.01). (D)
Immunofluorescence detection of Glut2, Pdx1, and insulin in pancreatic sections
from Shp2Panc�/� and control mice. Blue staining, DAPI. (E) Immunoblot analysis
of protein expression of Shp2, Glut2, Pdx1, and Erk in pancreatic islets isolated
from Shp2Panc�/� and control mice. (F) Real-time RT-PCR analysis of Ins1 and Ins2
mRNA levels in isolated Shp2Panc�/� and control islets. **, P � 0.01 versus controls;

***, P � 0.001. All data are presented as means � SEM.
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�-cell defect in insulin production was a cell-autonomous effect. We
used siRNA-mediated gene knockdown to suppress Shp2 expres-
sion in the glucose-responsive insulinoma cell line INS-1 832/13.
Cells were transfected with Shp2-specific or scrambled (control)
siRNA by using the Amaxa nucleoporation system, which was found
to be the most efficient way to knock down Shp2 gene expression
in this cell line (Fig. S1) (19). Shp2 protein levels were decreased by
�90% after introduction of Shp2-siRNA, compared with controls.
Three days after transfection, cells were stimulated with either 3
mM (low) or 15 mM (high) glucose for 2 h, and culture media were
collected to measure insulin secretion. Shp2 gene silencing sup-
pressed insulin release from INS-1 832/13 cells after stimulation by
both low and high levels of glucose (Fig. S2A), suggesting a positive
role of Shp2 in glucose sensing and insulin secretion events in
pancreatic �-cells.

Because mitochondrial ATP generation is crucial for coupling
glucose metabolism with insulin secretion (20), we measured
cellular ATP levels in Shp2-knockdown and control INS-1 832/13
cells. It was previously shown that knockdown of PTPMT1, a
dual-specificity tyrosine phosphatase, led to elevated ATP produc-
tion and increased insulin secretion (19). Surprisingly, in contrast to
decreased insulin secretion, cellular ATP content was significantly
higher in Shp2-knockdown than in control cells incubated with low
or high levels of glucose (Fig. S2B). We further evaluated phos-
phorylation of AMPK, an indicator of low energy source (19).
p-AMPK levels were lower in Shp2-knockdown than in control cells
under basal and high glucose amounts (Fig. S2C). These results
reveal a previously unknown role for Shp2 in negative regulation of
ATP production.

However, the decreased insulin secretion is apparently at odds
with the increased ATP generation seen in Shp2-knockdown cells.
To address this discrepancy, we measured insulin content directly
by acid/ethanol extraction of insulin. Consistent with results from
islets isolated from Shp2Panc�/� mice, we detected significantly
decreased insulin content in Shp2-knockdown cells (Fig. S2D), a
result confirmed by immunostaining (Fig. S2E). Thus, the reduced
insulin release in Shp2-knockdown INS-1 832/13 cells is mainly due
to impaired insulin production, although a role of Shp2 in insulin
exocytosis is not excluded.

Shp2 Deficiency Attenuates Signaling Through Akt/FoxO1 and Erk
Pathways in �-Cells. �� determine mechanisms underlying impaired
insulin biosynthesis, we checked pathways that are known to
operate in �-cells. Using a coimmunoprecipitation assay, we de-
tected physical interaction between Shp2 and IRS2 in INS-1 832/13
cells, and the association was potentiated by exposure to high
glucose (Fig. 3A). Shp2 also associated with the p85 subunit of
phosphatidylinositol 3-kinase (PI3K) (Fig. 3A), suggesting a possi-
ble role for Shp2 in the IRS2-PI3K pathway in �-cells. In support
to this idea, we observed decreased levels of p-Y-IRS2 and reduced
IRS2/p85 interaction in Shp2-knockdown cells (Fig. S3). Consis-
tently we detected impaired signals of p-Akt (Ser-473) and p-FoxO1
(Ser-256), components downstream of IRS2-PI3K, in Shp2-
knockdown cells exposed to both 3 and 15 mM glucose, as
compared with controls (Fig. 3B). Thus, Shp2 down-regulation
leads to suppression of glucose-induced activation of Akt and
FoxO1 in INS-1 832/13 cells. Consistent with the change in p-FoxO1
levels, we detected translocation of FoxO1 to the cytoplasm in
control INS-1 832/13 cells, whereas FoxO1 was largely nuclear in
Shp2-knockdown cells (Fig. 3C). Moreover, chromatin immuno-
precipitation (ChIP) assay detected significantly increased FoxO1
binding to elements within Pdx1 promoter in Shp2-knockdown
cells, as compared with controls (Fig. 3D). Previous studies showed
that constitutively nuclear localization of a FoxO1 mutant repressed
Pdx1 expression (9); thus nuclear localization of FoxO1 in Shp2-
knockdown cells likely accounts for Pdx1 repression and impaired
insulin gene transcription. Indeed, immunoblot and immunostain-

ing analysis revealed reduced Pdx1 expression after Shp2 gene
deletion or silencing (Figs. 2 D and E, 3B, and S2E).

Parallel with the Akt/FoxO1 pathway, activated Erk1/2 kinases
have been shown to transactivate Pdx1 and insulin gene expression
in �-cells (10). We detected markedly lower p-Erk1/2 signals after
high glucose stimulation of Shp2-knockdown INS-1 832/13 cells,
compared with control cells (Fig. 3F). Prior studies have shown that
Shp2 promotes receptor tyrosine kinase signaling by inactivating
Sprouty 1, a feedback inhibitor of the Erk pathway, in Drosophila
(21, 22). To test whether Sprouty 1 is an Shp2 target in INS-1 832/13
cells, we first determined whether Shp2 associated with Sprouty 1
protein by coimmunoprecipitation. A complex of Shp2 with
Sprouty 1 was detected in both low and high glucose conditions
(Fig. 3E). Furthermore, Shp2 knockdown resulted in elevated
tyrosine phosphorylation of Sprouty 1 (Fig. 3F), suggesting that

Fig. 3. Shp2 regulates insulin and glucose signaling in INS-1 832/13 cells. (A)
Immunoprecipitation (IP) and immunoblot (IB) analysis showing association of
Shp2 with IRS2 and P85. (B) Immunoblot of Shp2, p-Akt (Ser-473), Akt, p-FoxO1
(Ser-256), FoxO1, Pdx1, Glut2, and �-tubulin in Shp2-knockdown and control cells
incubated with medium containing 3 or 15 mM glucose for 2 h after a 2-h
preincubation with 3 mM glucose. (C) Immunofluorescence detecting FoxO1
(red), DAPI (blue), and overlay in Shp2KD and control cells. (D) ChIP assay was
performed by using anti-FoxO1 antibody on Shp2-knockdown and control INS-1
832/13cells,andanalyzedbyquantitativePCRtodetectassociationofFoxO1with
Pdx1 promoter. **, P � 0.01 versus controls. (E) Immunoprecipitation and immu-
noblot analysis of the association of Shp2 with Sprouty 1 in low (3 mM) or high (15
mM) glucose states. (F) Immunoblot analysis of Shp2, p-Erk, and Erk in Shp2-
knockdown and control cells in low (3 mM) or high (15 mM) glucose states.
Immunoprecipitation and immunoblot analysis of tyrosine phosphorylation of
Sprouty 1 in Shp2-knockdown and control cells in low (3 mM) or high (15 mM)
glucose states. (G) INS-1 832/13 cells were transfected with vector (pcDNA3.1-HA)
control or hemagglutinin epitope (HA)-tagged Shp2C459S expression construct.
Cellular insulin contents were determined by ELISA. p-Akt and p-Erk signals were
determined by immunoblot analysis.
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Shp2 can dephosphorylate Sprouty 1 and consequently promote
Erk1/2 signaling. Expression of a dominant-negative mutant of
Shp2C459S suppressed insulin production, accompanied by impaired
p-Erk1/2 and p-Akt signals (Fig. 3G), supporting the notion that the
catalytic activity is required for Shp2 function in �-cells.

We further evaluated impacts of Shp2 deficiency on other
signaling pathways in �-cells. A recent report suggests a role of Stat5
in coupling nutritional and growth hormone signals controlling
insulin secretion from �-cells (23). We and others reported Shp2
promotion of prolactin-stimulated Stat5 activation in mammary
gland (24, 25). However, Shp2 knockdown in INS-1 832/13 cells did
not have a significant effect on growth hormone-stimulated p-Stat5
and p-Stat3 levels (Fig. S4B). PHIP1, an isoform of a PH domain-
interacting protein that is highly expressed in �-cells, is found to
promote IRS2-dependent signaling in �-cells (26). We asked
whether Shp2 regulated signaling through IRS2-PHIP1, but found
no evidence that PHIP1 was tyrosine-phosphorylated in either
control or Shp2-knockdown cells exposed to different levels of
glucose (Fig. S4C).

Impaired Pdx1 Expression and Activity Is Primarily Responsible for
Defective Insulin Biosynthesis in Shp2-Deficient INS-1 832/13 Cells.
qRT-PCR analysis detected significantly reduced levels of Pdx1,
Glut2, Gck, NFATc1, Hnf1a, and Hnf4a mRNAs in Shp2-knockout
or knockdown �-cells compared with controls (Fig. 4 A and B),
suggesting a critical role for Shp2 signaling in transcriptional
regulation of insulin expression. Indeed, both Ins1 and Ins2 gene
transcripts were significantly lower in Shp2-knockout or knock-
down cells than in controls (Figs. 2F and 4B). We also measured
mRNA levels of several cell-cycle regulatory genes, including cyclin
D1 (Ccnd1), cyclin D2, cyclin-dependent kinase 4 (Cdk4), and
c-myc. Expression of these genes was preserved in Shp2-knockout
or knockdown cells (Fig. 4 A and B), consistent with the unaltered
insulin� �-cell area seen in Shp2-deficient pancreas (Fig. 2B) and
with the preserved cell proliferation rate in Shp2-knockdown cells
(Fig. S4A). In agreement with the qRT-PCR data, immunostaining
and immunoblot analyses detected reduced Pdx1 contents in Shp2-
knockdown cells (Figs. S2E and S3B).

We next conducted ChIP assays using antibodies against Pdx1 to
determine whether Shp2 knockdown altered Pdx1 occupation of
target promoters Ins1 and Ins2. As shown in Fig. 4 C and D, ChIP
assay detected markedly reduced binding of Pdx1 to elements
within Ins1 and Ins2 promoters in Shp2-knockdown cells compared
with controls. Therefore, Shp2 modulates signals leading to Pdx1
expression and consequently its association with Ins1 and Ins2
promoters in �-cells. To test the hypothesis that reduced Pdx1
expression and activity is at least partially responsible for suppres-
sion of insulin biosynthesis in Shp2-deficient cells, we asked whether
restoring Pdx1 expression would rescue insulin production. As
shown in Fig. 4E, reduced insulin content by Shp2 gene silencing
can be improved to control level by cotransfection with Flag-tagged
Pdx1 cDNA. Taken together, our data indicate that Shp2 deficiency
suppresses activation of IRS2/PI3K/Akt/FoxO1 and Erk1/2 path-
ways, leading to decreased expression of Pdx1 and insulin genes and
consequently to reduced insulin production in �-cells. On the basis
of these experimental results, we propose a model for orchestration
by Shp2 of multiple signaling circuits controlling insulin biosynthesis
in �-cells (Fig. S5).

Discussion
Full understanding of molecular signaling mechanisms under-
lying control of insulin biosynthesis in �-cells is a prerequisite
to repair �-cell dysfunction in type 2 diabetes. Accumulating
data suggest that multiple pathways are involved in regulation
of insulin production and secretion from �-cells. This com-
plexity predicts the requirement of 1 or more signaling mol-
ecules acting to fine-tune and coordinate a variety of signals in
�-cells, although little is known in this regard. Here, we report

a critical role of Shp2 as a signal regulator/coordinator in
�-cells.

A distinct phenotype of Shp2Panc�/� mice was marked
reduction of glucose-stimulated insulin secretion in vivo and
age-related, progressively impaired glucose tolerance. Consis-
tent with the �-cell defect in insulin biosynthesis observed in
Shp2Panc�/� mice, we show that Shp2 knockdown by siRNA in
INS-1 832/13 cells decreased insulin contents and secretion,
indicating a �-cell-intrinsic effect of Shp2 in insulin produc-
tion. qRT-PCR analysis suggests that the decreased insulin

Fig. 4. Shp2deficiency leads toreducedexpressionandfunctionofPdx1. (Aand
B)qRT-PCRanalysisof characterized �-cellgeneproductsandcell-cycle regulators
in control and Shp2-knockout islets (A) or in control and Shp2-knockdown INS-1
832/13 cells (B). mRNA levels were normalized to cph mRNA. Data are means �
SEM. *, P � 0.05, **, P � 0.01; ***, P �.001. (C) Anti-Pdx-1 ChIP assay performed
on Shp2-knockdown and control INS-1 832/13 cells and analyzed by semiquanti-
tative PCR to detect association of Pdx1 with elements in the Ins1 and Ins2
promoters. (D) Quantitative PCR analysis compares association of Pdx1 with
promoters of Ins1 and Ins2. (E) (Left) Insulin content (ng/�g of total protein) of
INS-1 832/13 cells 72 h after transfection with Shp2-siRNA � empty vector, Shp2-
siRNA � Pdx1 cDNA, and scrambled-siRNA � empty vector. (Right) Immunoblot of
Flag, Pdx-1, Shp2, and �-tubulin in lysates of these 3 groups of INS-1 832/13 cells.
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production in Shp2-deficient �-cells is mainly due to impaired
expression of Ins1 and Ins2. In analyzing this effect, we
detected reduced Pdx1 expression and dramatically decreased
Pdx1 binding to Ins1 and Ins2 promoters, suggesting that Shp2
deficiency leads to both suppression of Pdx1 expression and
decrease in its activity. Exogenous Pdx1 expression in Shp2-
knockdown cells partially rescued insulin production. There-
fore, decreased Pdx1 expression and activity account at least
in part for defective insulin biosynthesis in Shp2-deficient
�-cells. Pdx1 was demonstrated to regulate Glut2 and insulin
gene transcription (27, 28). Glut2 is a major glucose transport
isoform expressed in the plasma membrane of �-cells, and it
is essential for glucose sensing (29). Decreased Glut2 expres-
sion appears to be the first indication of �-cell dysfunction
detected in type 2 diabetic animals (30). Collectively, reduced
Pdx1, Glut2, and insulin levels in �-cells may lead to a loss of
acute-phase insulin secretion and glucose intolerance in
Shp2Panc�/� mice.

In exploring Shp2-modulated signals upstream of Pdx1 in
controlling insulin expression, we found that glucose-
stimulated Akt/FoxO1 and Erk pathways were altered in
Shp2-deficient cells. In previous studies (13–15), we and others
detected physical association of Shp2 with IRS1 and other IRS
family members, and indeed these adaptor/scaffolding pro-
teins share 2 tyrosyl residues at the C-terminal tail serving as
Shp2-docking sites. In this study, we detected physical asso-
ciation of Shp2 with IRS2 and PI3K in INS-1 832/13 cells.
Several reports suggest that Shp2 regulates the PI3K-Akt
pathway negatively or positively depending on cellular context
or the nature of stimulatory signals (31–34). High levels of
glucose stimulation can enhance IRS2/Shp2 association, indi-
cating that Shp2 may regulate glucose-stimulated activation of
the IRS2/PI3K pathway. Indeed, impaired Akt activation was
detected in Shp2-knockdown cells, leading to reduced phos-
phorylation of FoxO1 and increased nuclear accumulation of
FoxO1. FoxO1 acts to repress the Pdx1 promoter, and phos-
phorylation of FoxO1 by Akt promotes its exclusion from the
cytoplasm and loss of its repressor activity. Thus, reduced Akt
activity leads to nuclear accumulation of FoxO1 and Pdx1
repression in Shp2-deficient cells. Consistently, transgenic
animals expressing a kinase-dead mutant of Akt in �-cells
displayed impaired glucose tolerance and defective insulin
secretion (35).

Glucose-stimulated Erk1/2 activation was blunted in Shp2-
knockdown cells, suggesting a positive role of Shp2 in pro-
moting Erk activation by glucose. How Shp2 promotes the Erk
pathway is not fully understood (36), and apparently different
mechanisms function in various cell types. Data presented here
suggest that Sprouty 1 is a Shp2 substrate in �-cells, because
Shp2 was associated with Sprouty 1 in INS-1 832/13 cells, and
tyrosine-phosphorylation of Sprouty was enhanced in Shp2-
knockdown cells. Sprouty proteins are negative-feedback mod-
ulators of receptor tyrosine kinase signaling to the Erk path-
way (21). It has not been demonstrated previously that Sprouty
is involved in Shp2 regulation of Erk signaling to control
insulin synthesis in �-cells. Activated Erk has been shown to
phosphorylate and regulate Pdx1 activity in control of insulin
gene expression in �-cells (10). Taking these observations
together, impaired insulin synthesis seen in Shp2-deficient
cells is likely due to reduced expression and activity of Pdx1,
resulting from defective PI3K/Akt/FoxO1 and Erk1/2 activa-
tion (Fig. S5). However, this model does not exclude the

contribution of other transcription factors’ deficiency to the
phenotype of Shp2-knockout �-cells.

This study also reveals a negative effect of Shp2 in ATP
generation in �-cells. One group recently reported detection of
Shp2 in purified rat brain mitochondria, although functional
analysis was not undertaken (37). Similar to a recent report on
mitochondrial PTPMT1 (19), we found that Shp2 gene silenc-
ing increased cellular ATP content in response to glucose.
These results suggest that Shp2 plays a negative role in energy
homeostasis in �-cells. The elevated ATP level would predict
increased insulin secretion in Shp2-deficient �-cells after
glucose stimulation. However, both Shp2 gene knockout and
knockdown severely suppressed insulin production and secre-
tion. Thus, the negative regulation by Shp2 of mitochondrial
ATP generation is a minor effect in �-cells, which is offset by
a positive role of cytoplasmic Shp2 in promoting signals
up-regulating Pdx1 expression and activity required for insulin
synthesis in �-cells.

Previous studies showed that �IRKO or �IGFRKO mice
display normal �-cell proliferation and development, indicat-
ing that insulin/IGF1 is not crucial for early development of
islet �-cells (2, 3). Results shown here also suggest that Shp2
has a limited role in pancreatic development but is a critical
regulator of �-cell function in adults. However, these studies
do not rule out the possibility that a failure to observe
developmental defects is partly due to progressive deletion of
the f loxed target sequence by Pdx1-Cre in conditional gene
knockout mouse models. �IRKO mice, rather than �IGFRKO
mice, displayed defective islet growth with high-fat diet chal-
lenge, indicating that insulin signaling is critical for compen-
satory �-cell growth (38). Further studies are needed to
determine whether �-cell compensatory growth is defective in
Shp2Panc�/� animals with increased metabolic demand in
status such as pregnancy, obesity, aging, or high-fat diet.

Materials and Methods
Animals. Mice were maintained in a virus-free, normal light/dark cycle-controlled
animal facility. All protocols for animal use and euthanasia were approved by a
Burnham institutional animal usage committee. Generation of Shp2flox allele was
reportedpreviously (17).Shp2Panc�/� miceweregeneratedbycrossingShp2flox/flox

mice with Pdx1-Cre transgenic mice (18). Genotyping was performed by PCR
analysis of genomic DNA from the tail.

Physical Studies. All blood glucose measurements were determined on
whole venous blood by using an automated glucose monitor (One Touch
Basic, Lifescan) (17).Glucosetolerancetestswereperformedonmiceafter16-hour
fasting. Mice were injected intraperitoneally (i.p.) with D-glucose (2 g/kg of body
weight)andbloodwasobtainedat indicatedtimepoints.For insulinrelease,glucose
(3 g/kg of body weight) was injected i.p., and blood was collected at indicated time
points (3). Serum insulin levels were measured by ELISA with a rat insulin standard
(Crystal Chem) (4). Statistical analysis was performed by using a 2-tailed unpaired t
test.

Islet Isolation and Insulin Content Measurement. Islets were isolated, cultured,
and analyzed by following standard protocol or as described in SI Materials and
Methods.

Additional methods are described in SI Materials and Methods. Primers used
in qRT-PCR are listed in Tables S1 and S2.
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