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Glucose Metabolism in Mice

Zheng Chen, David L. Morris, Lin Jiang, Yong Liu, and Liangyou Rui

Department of Molecular and Integrative Physiology (Z.C., D.L.M., L.J., L.R.), University of Michigan
Medical School, Ann Arbor, Michigan 48109; Key Laboratory of Nutrition and Metabolism (Y.L.),
Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences, Shanghai, China

Insulin deficiency drives the progression of both type 1 and type 2 diabetes. Pancreatic B-cell
insulin expression and secretion are tightly regulated by nutrients and hormones; however, in-
tracellular signaling proteins that mediate nutrient and hormonal regulation of insulin synthesis
and secretion are not fully understood. SH2B1 is an SH2 domain-containing adaptor protein. It
enhances the activation of the Janus tyrosine kinase 2 (JAK2)/signal transducer and activator of
transcription and the phosphatidylinositol 3-kinase pathways in response to a verity of hormones,
growth factors, and cytokines. Here we identify SH2B1 as a new regulator of insulin expression. In
rat INS-1 832/13 B-cells, SH2B1 knockdown decreased, whereas SH2B1 overexpression increased,
both insulin expression and glucose-stimulated insulin secretion. SH2B1-deficent islets also had
reduced insulin expression, insulin content, and glucose-stimulated insulin secretion. Heterozy-
gous deletion of SH2B1 decreased pancreatic insulin content and plasma insulin levels in leptin-
deficient ob/ob mice, thus exacerbating hyperglycemia and glucose intolerance. In addition,
overexpression of JAK2 increased insulin promoter activity, and SH2B1 enhanced the ability of
JAK2 to activate the insulin promoter. Overexpression of SH2B1 also increased the expression of
Pdx1 and the recruitment of Pdx1 to the insulin promoter in INS-1 832/13 cells, whereas silencing
of SH2B1 had the opposite effects. Consistently, Pdx1 expression was lower in SH2B1-deficient
islets. These data suggest that the SH2B1 in B-cells promotes insulin synthesis and secretion at least
in part by enhancing activation of JAK2 and/or Pdx1 pathways in response to hormonal and
nutritional signals. (Molecular Endocrinology 28: 696-705, 2014)

nsulin is expressed in pancreatic B-cells and secreted
Iinto the bloodstream in response to secretagogues (ie,
glucose, free fatty acids, amino acids, and incretins). In-
sulin controls glucose homeostasis by stimulating glucose
uptake into skeletal muscle and adipose tissue and by
suppressing hepatic glucose production. In type 1 diabe-
tes, autoimmune destruction of pancreatic B-cells causes
insulin deficiency, resulting in hyperglycemia and glucose
intolerance. In contrast, type 2 diabetes progression is
driven by insulin resistance. Insulin resistance is believed
to promote compensatory insulin secretion (hyperinsulin-
emia), which counteracts insulin resistance. However, the
capacity of compensatory insulin secretion is restrained
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by both genetic and environmental factors. Once com-
pensatory hyperinsulinemia is inadequate to overcome
insulin resistance (termed relative insulin deficiency), hy-
perglycemia, and glucose intolerance ensue, leading to
frank type 2 diabetes. Therefore, impaired insulin biosyn-
thesis and/or secretion plays a critical role in the patho-
genesis of both type 1 and type 2 diabetes (1, 2).

We originally identified SH2B1 (also called SH2-B or
PSM), a PH- and SH2 domain-containing adapter pro-
tein, as a Janus tyrosine kinase (JAK) 2-binding protein
(3). JAK2 is a cytoplasmic tyrosine kinase that mediates
cell signaling in response to a variety of hormones and
cytokines, including leptin, GH, prolactin, and IL-6. The
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Abbreviations: ChIP, chromatin immunoprecipitation; DKO, double knockout; GSIS, glu-
cose-stimulated insulin secretion; GTT, glucose tolerance test; HBSS, Hanks’ balanced salt
solution; ITT, insulin tolerance test; JAK2, Janus tyrosine kinase 2; KO, knockout; gPCR,
quantitative PCR; PI, phosphatidylinositol; shRNA, short hairpin RNA; TgKO, SH2B1 trans-
genic and knockout; WT, wild-type.
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SH2B1 family contains 3 members: SH2B1, SH2B2 (also
called APS), and SH2B3 (also called Lnk). The SH2B1
gene generates 4 isoforms (SH2B1a, -8B, -y, and -8) via
mRNA alternative spicing (4). SH2B1 binds to JAK2 via
its SH2 domain and increases JAK2 catalytic activity,
thereby enhancing activation of JAK2 signaling pathways
(5-7). SH2B1 also binds to insulin and IGF-I receptors
and enhances their signaling (8, 9). Furthermore, SH2B1
binds to insulin receptor substrates IRS1 and IRS2, two
upstream activators of the phosphatidylinositol (PI) 3-
kinase pathway, and promotes activation of the PI 3-ki-
nase pathway (10, 11). We previously reported that dis-
ruption of the SH2B1 gene results in severe obesity and
type 2 diabetes in mice (12-14). Neuronal SH2B1 en-
hances leptin sensitivity in the hypothalamus, and trans-
genic expression of recombinant SH2B1 specifically in the
brain reverses leptin resistance and obesity phenotypes in
SH2B1 knockout (KO) mice (15). In humans, SH2B1
single nucleotide polymorphisms, chromosomal deletion,
and missense mutations have been reported to be linked
to obesity and diabetes (16-28). Therefore, SH2B1 is a
critical metabolic regulator in both rodents and humans,
and SH2B1 deficiency and/or malfunction are risk factors
for both obesity and type 2 diabetes.

SH2BI1 is expressed in both central and peripheral tis-
sues (3, 11). Unlike SH2B1 KO mice, which are obese,
mice with SH2B1 deficiency specifically in peripheral tis-
sues have normal leptin sensitivity and body weight (15),
but they are still predisposed to high-fat diet-induced in-
sulin resistance and glucose intolerance (11). These ob-
servations suggest that peripheral SH2B1 also plays an
important role in regulating nutrient metabolism inde-
pendently of central SH2B1 regulation of body weight. In
agreement, hepatocyte-specific deletion of SH2B1 atten-
uates high-fat diet-induced hepatic steatosis and very-
low-density lipoprotein secretion (29). We recently
showed that SH2B1 is highly expressed in pancreatic
B-cells and directly promotes islet expansion in the insu-
lin-resistant state (30). In the current study, we report that
SH2BI1 cell-autonomously increases insulin promoter ac-
tivity and insulin expression in B-cells, presumably by
enhancing the activation of JAK2 and/or Pdx1 signaling
pathways. Heterozygous deletion of SH2B1 markedly de-
creased insulin expression and secretion and exacerbated
hyperglycemia and glucose intolerance in leptin-deficient
ob/ob mice. Our data suggest that SH2B1 is an important
intrinsic factor involved in mediating the compensatory
B-cell adaptation to insulin resistance and/or cellular
stress.
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Materials and Methods

Animal models

SH2B1 KO and SH2B1 transgenic and knockout (TgKO)
mice were generated and verified previously (14, 15). SH2B1
KO mice lack all 4 isoforms of SH2B1 (SH2B1a, -8, -7, and -§).
TgKO mice lack endogenous SH2B1 but express SH2B1 3 trans-
genes specifically in neurons. SH2B1 "/~ mice were crossed with
ob/+ mice (The Jackson Laboratory) to generate SH2B1 hap-
loinsufficient, leptin-null compound mutant mice (SH2B1*'~;
ob/ob, herein referred to as double knockout [DKO] mice).

All mice were maintained on a congenic C57BL/6 back-
ground and housed on a 12-hour light/12-hour dark cycle in the
Unit for Laboratory Animal Medicine at the University of Mich-
igan. Mice were fed a standard rodent chow diet (9% fat; Lab
Diet) ad libitum with free access to water. Animal experiments
were conducted following the animal protocols approved by the
University Committee on Use and Care of Animals at the Uni-
versity of Michigan.

Body composition and O, consumption

Fat content was measured by dual energy x-ray absorptiom-
etry (Norland Medical Systems). Oxygen consumption was
measured using the Comprehensive Laboratory Monitoring
System (CLAMS; Columbus Instruments). In brief, mice were
individually housed in metabolic chambers with free access to
food and water. After 24 hours of acclimation, measurements
were made continuously for 48 hours. O, levels in each chamber
were sampled for 5 seconds at 10-minute intervals. Oxygen
consumption was normalized to lean body mass.

Glucose (GTTs) and insulin tolerance tests (ITTs)

For GTTs, mice were fasted overnight (~16 hours) and in-
traperitoneally injected with D-glucose (0b/ob and DKO mice:
0.6 g/kg body weight). For ITTs, mice were fasted for 6 hours
and injected with insulin (0b/ob and DKO mice: 4 U/kg body
weight). Blood glucose levels were monitored after glucose or
insulin injection.

Plasma insulin levels, insulin secretion, and total
pancreatic insulin content

Tail blood samples were collected at the indicated times, and
plasma insulin concentrations were measured using rat insulin
ELISA kits (Crystal Chem Inc). Pancreata were harvested and
homogenized in acid-ethanol (1.5% HCI in 70% EtOH) to ex-
tract total pancreatic insulin. Pancreatic insulin content was
measured using rat insulin RIA kits (Linco Research) and nor-
malized to pancreas weight.

Islet isolation

Male mice were euthanized under anesthesia. Pancreata were
harvested, cut into small pieces, and incubated at 37°C for 25
minutes in Hanks’ balanced salt solution (HBSS) (pH 7.4) sup-
plemented with 5 mM glucose, 1 mg/mL collagenase P (Roche
Diagnostics), and 0.1% BSA as described previously (31). Indi-
vidual islets were hand-picked and cultured at 37°C and 5%
CO, for 1 day in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 100 IU/mL penicillin, and 100 pg/mL
streptomycin.
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Knockdown and overexpression of SH2B1 in INS-1
832/13 cells

INS-1 832/13 cells (a rat insulinoma cell line) were cultured
at 37°C and 5% CO, in RPMI 1640 medium supplemented
with 10% fetal bovine serum and 50 uM B-mercaptoethanol as
described previously (32). To knock down SH2B1, INS-1
832/13 cells were infected with SH2B1 short hairpin RNA
(shRNA) (5'-CATCTGTGGTTCCAGTCCA-3') or scramble
shRNA (control) retroviral vectors. To overexpress SH2B1,
INS-1 832/13 cells were infected with rat SH2B18 or empty
(control) lentiviral vectors. Stable lines were generated through
a puromycin selection.

Glucose-stimulated insulin secretion (GSIS) in islets
and INS-1 832/13 cells

Twenty similarly sized islets were handpicked and incubated
at 37°C in 200 uL of HBSS (pH 7.4) containing 0.1% BSA and
2.8 mM glucose for 1 hour, and medium was collected to mea-
sure basal insulin release. The islets were then incubated with
fresh HBSS containing 16.7 mM glucose for an additional 1
hour, and medium was collected to measure GSIS. Islets were
homogenized in lysis buffer (50 mM Tris HCI [pH 7.5], 0.5%
Nonidet P-40, 150 mM NaCl, 2 mM EGTA, 1 mM Na;VO,,
100 mM NaF, 10 mM Na,P,0O-, 1 mM phenylmethylsulfonyl
fluoride, 10 pg/mL aprotinin, and 10 ug/mL leupeptin), and
protein concentrations were measured. The islet extracts were
then mixed with acid-ethanol (1.5% HCI in 70% EtOH) and
used to measure islet insulin content. INS-1 832/13 cells were
preincubated for 1 hour in HBSS containing 0.1% BSA and 2.8
mM glucose and then were incubated in HBSS containing either
2.8 mM (basal insulin secretion) or 16.7 mM glucose (GSIS) for
an additional hour. Medium was collected to measure insulin
secretion using RIA kits. Insulin secretion was normalized to
either total protein levels or insulin content.

Immunoprecipitation, immunoblotting, and
immunostaining

Mice were euthanized under anesthesia. Tissues were har-
vested, rapidly frozen in liquid nitrogen, and stored at —80°C
until analysis. Tissue samples were homogenized in ice-cold lysis
buffer (50 mM Tris HCI [pH 7.5], 0.5% Nonidet P-40, 150 mM
NaCl, 2 mM EGTA, 1 mM Na;VO,, 100 mM NaF, 10 mM
Na,P,0-,, 1 mM phenylmethylsulfonyl fluoride, 10 ug/mL
aprotinin, and 10 pg/mL leupeptin). Tissue extracts were im-
munoprecipitated and immunoblotted with the indicated anti-
bodies. Frozen pancreatic sections (5-8 um) were prepared
from ob/ob or DKO mice at 15 to 16 weeks of age and immu-
nostained with anti-insulin antibody (A0564; Dako) at 1:2000.
Insulin-positive cells were visualized using a BX51 microscope
equipped with a DP72 digital camera (Olympus), and B-cell
areas were quantified using Image] software and normalized to
total pancreatic section areas.

Real-time quantitative PCR (qPCR)

The procedures for qPCR were described previously (15).
Primers were as follows: insulin 5'-GTCATTGTTTCAA-
CATGGCCCTGT-3' (forward) and 5'-TGCAGTAGTTCTC-
CAGCTGGTA-3’ (reverse); glucokinase 5'-GAAAAGATCAT-
TGGCGGAAA-3' (forward) and 5'-CCCAGAGTGCTCAGG-
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ATCTT-3" (reverse); Glut2 5'-TCTTCACGGCTGTCTCT-
GTG-3’ (forward) and 5'-GAAGATGGCAGTCATGCTCA-3’
(reverse); Pdx15'-CCTTTCCCGTGGATGAAAT-3' (forward)
and 5-TGTAGGCAGTACGGGTCCTC-3" (reverse); and
B-actin 5'-AAATCGTGCGTGACATCAAA-3' (forward) and
5'-AAGGAAGGCTGGAAAAGAGC-3' (reverse).

Luciferase reporter assays

Rat insulin promoter luciferase reporter plasmids and 3-ga-
lactosidase reporter plasmids were transiently cotransfected
with SH2B1, JAK2, and/or JAK2(K882E) expression plasmids
into INS1 832/13 cells using polyethylenimine reagents. Cells
were treated with 16.7 mM glucose 43 hours after transfection,
and luciferase activity was measured 5 hours later using a lu-
ciferase assay system (Promega Corporation). Luciferase activ-
ity was normalized to B-galactosidase levels.

Chromatin immunoprecipitation (ChlP) assays

Confluent cells were washed with PBS, incubated with 1%
formaldehyde for 10 minutes at 37°C, and washed with cold
PBS twice. The cells were collected in 1 mL of cold PBS and
centrifuged at 3000 rpm for 3 minutes at 4°C, mixed in 300 uL
of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI, 1 mM
Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 10 ug/mL apro-
tinin, and 10 ug/mL leupeptin [pH 8.1]) by vortexing and incu-
bated on ice for 10 minutes. The cells were then subjected to
sonication (Q800R Sonicator; Active Motif) to break genomic
DNA into 500- to 1000-bp fragments. The samples were cen-
trifuged at 14,000 rpm for 10 minutes at 4°C. The supernatants
were divided into 3 aliquots: 130 uL for immunoprecipitation
with antibody to Pdx1 (5679, Cell Signaling), 130 pL for im-
munoprecipitation with control IgG, and 20 L as inputs. The
supernatants were diluted 10 times with dilution buffer (1%
Triton X-100, 2 mM EDTA, 150 mM NaCl, 1 mM Na;VO,, 1
mM phenylmethylsulfonyl fluoride, 10 pg/mL aprotinin, 10
wug/mL leupeptin, and 20 mM Tris-HCI [pH 8.1]), precleared
with salmon sperm DNA (2 ul, 2 mg/mL) and protein A agarose
beads and immunoprecipitated with the indicated antibodies
overnight at 4°C. Precipitates were washed sequentially with
buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM
NaCl, and 20 mM Tris-HCI [pH 8.1]), buffer 2 (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 500 mM NacCl, and 20 mM Tris-
HCI [pH 8.1]), buffer 3 (0.25 N LiCl, 1% Nonidet P-40, 1%
deoxycholate, 1 mM EDTA, 150 mM NaCl, and 10 mM Tris-
HCI [pH 8.1]), and buffer 4 (10 mM Tris-HCland 1 mM EDTA
[pH 8.1]). DNA was eluted with 100 uL of elution buffer (1%
SDS and 0.1 M NaHCO;) at 65°C for 15 minutes and collected
by centrifugation at 14,000 rpm for 2 minutes at room temper-
ature, and 5 M NaCl (5 pL) was added into the supernatants
and incubated at 65°C overnight to reverse protein-DNA cross-
linking. Samples were incubated with proteinase K (1 L, 10
mg/mL) at 45°C for 1 hour. DNA was extracted and used for
qPCR analysis. Primers for qPCR were 5'-CTGGGAAATGAG-
GTGGAAAA-3' (forward) and 5'-AGGAGGGGTAGGTAG-
GCAGA-3’ (reverse).

Statistical analysis

Data are presented as means = SEM. Differences between
groups were determined by two-tailed Student ¢ tests. A value of
P < .05 was considered statistically significant.
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Results

Heterozygous deletion of SH2B1 decreased plasma
insulin levels and exacerbated hyperglycemia and
glucose intolerance in ob/ob mice

SH2B1 KO mice develop leptin resistance, obesity, and
type 2 diabetes (7, 10, 13, 15). To determine whether
SH2B1 regulates glucose metabolism by an additional
leptin-independent mechanism, we attempted to generate
SH2B1 and leptin DKO mice. Surprisingly, we were un-
able to obtain mice homozygous for both leptin-null and
SH2B1-null alleles, and the cause of early death is un-
clear. We then generated 0b/ob mice with SH2B1 haplo-
insufficiency (herein referred to as DKO mice). As ex-
pected, SH2B1 protein levels were 50% lower in DKO
mice than in ob/ob mice (Figure 1A). Body weight (Figure
1B) and fat content (Figure 1C) were similar between
DKO and ob/ob mice. We examined energy expenditure
by measuring O, consumption. Energy expenditure was
lower in both DKO and ob/ob mice than in wild-type
(WT) mice but was similar between DKO and ob/ob mice
(Figure 1D). These data are consistent with the conclusion
that neuronal SH2B1 regulates energy balance and body
weight by enhancing leptin sensitivity (15).

To determine whether SH2B1 is able to regulate glu-
cose metabolism independently of leptin and adiposity,
we measured blood glucose and insulin levels and per-
formed GTTs and ITTs. Compared with WT mice, both
DKO and 0b/ob mice developed hyperglycemia and hy-
perinsulinemia (Figure 2A). However, fasting blood glu-
cose levels were 155% higher in DKO than in 0b/ob mice,
whereas plasma insulin levels were not different (Figure
2A). We further measured blood glucose and plasma in-
sulin in fed mice. Again, both DKO and 0b/ob mice were
hyperglycemic compared with WT mice (Figure 2B).
DKO mice displayed 37% higher glucose levels than
ob/ob mice; surprisingly, plasma insulin levels were 78%
lower in DKO mice than in 0b/ob mice (Figure 2B). In
ob/ob mice, plasma insulin levels were ~5-fold higher in
the fed state than in the fasted state (fed: 23.2 + 6.8
ng/mL, n = 5; fasted: 4.7 = 0.3 ng/mL,n = 9; P = .0026);
in contrast, in DKO mice, plasma insulin levels were sim-
ilar between the fasted and the fed states (fasted: 4.9 + 0.4
ng/mL,n = 9; fed: 5.0 = 1.3 ng/mL,n = 5; P = .9). These
data indicate that SH2B1 deficiency disrupts the blood
insulin response to a fasted-fed state switch in obese mice.
Accordingly, DKO mice displayed more severe glucose
intolerance than ob/ob mice (Figure 2C). In ITTs, insulin
injection increased blood glucose levels in both DKO and
ob/ob mice (Figure 2D), presumably due to injection-in-
duced stress as well as severe insulin resistance. These
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Figure 1. Heterozygous deletion of SH2B1 does not alter energy
balance and adiposity in ob/ob mice. A, Liver extracts were
immunoprecipitated (IP) and immunoblotted (IB) with anti-SH2B1
antibody. Liver extracts were also immunoblotted with anti-g-actin
antibody. B, Growth curves of male mice (WT, n = 6-8; ob/ob, n = §;
DKO, n = 7-8). C, Fat content in male mice (10 weeks of age) was
determined by dual energy x-ray absorptiometry (ob/ob, n = 5; DKO,
n = 8). D, O, consumption (normalized to body weight [BW]) in males
(15 weeks of age) (WT, n = 4; ob/ob, n = 6; DKO, n = 6). Data are
expressed as means = SEM. *, P < .05.

data indicate that in leptin-deficient obese mice, SH2B1 is
required for insulin secretion in the fed state.

SH2B1-deficient islets have reduced insulin
expression and GSIS

To determine whether SH2B1 regulates insulin pro-
duction, we harvested pancreata and measured pancre-
atic insulin content. Total pancreatic insulin content was
69% lower in DKO mice than in ob/ob mice (Figure 3A).
We also examined B-cell mass by immunostaining pan-
creatic sections with anti-insulin antibody. B-Cell areas
were similar between 0b/0b and DKO mice (Figure 3B).
These data suggest that reduction in pancreatic insulin
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Figure 2. Heterozygous deletion of SH2B1 decreases plasma insulin
levels and exacerbates hyperglycemia and glucose intolerance in ob/ob
mice. A, Fasting (~16 hours) blood glucose and plasma insulin in male
mice (12 weeks of age) (WT, n = 3-9; ob/ob, n = 9; DKO, n = 7-9).
B, Randomly fed blood glucose and plasma insulin in male mice (12
weeks of age) (WT, n = 6; ob/ob, n = 5-6; DKO, n = 5-10). C, GTTs
were performed in fasted (16 hours) male mice (9-10 weeks of age)
(ob/ob, n = 7; DKO, n = 7). D, ITTs were performed in male mice at
12 to 14 weeks of age (ob/ob, n = 7, DKO, n = 8). Data are expressed
as means = SEM. *, P < .05.

content in DKO mice is probably due to decreased insulin
synthesis in B-cells. To estimate insulin levels in B-cells,
we crossed SH2B1 transgenic (Tg) mice, which express a
SH2B1p transgene under the control of the neuronal eno-
lase promoter (15), with SH2B1 KO mice to generate
TgKO mice. TgKO mice express recombinant SH2B1
specifically in the brain but lack endogenous SH2B1 in all
tissues (15). We purified SH2B1-deficient islets from
TgKO mice and measured islet insulin content. B-Cell
insulin content was significantly lower in TgKO mice
than in WT mice (Figure 3C). We also measured the abun-
dance of total insulin mRNA transcribed from both insu-
lin 1 and insulin 2 promoters by qPCR. Insulin expression
was significantly lower in the islets of TgKO mice (Figure
3D). To determine whether reduced insulin expression in
SH2B1-deficient islets impairs GSIS, we measured insulin
secretion from islets in the presence of 2.8 or 16.7 mM
p-glucose. Glucose stimulated robust insulin secretion
from WT islets, but GSIS from the islets of TgKO mice
was impaired (Figure 3E, left panels). However, after nor-
malization to insulin content, GSIS from SH2B1-deficient
islets was slightly higher (no statistical significance, P =
.4). The expression of islet glucokinase and Glut2 was
similar between WT and TgKO mice (Figure 3F). These
data suggest that SH2B1 in B-cells is dispensable for glu-
cose sensing and insulin granule exocytosis. Taken to-
gether, these results suggest that SH2B1 in B-cells is able
to promote insulin synthesis and secretion in mice.
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Figure 3. SH2B1 promotes insulin expression and secretion in mice.
A, Pancreatic insulin content in fasted (16 hours) male mice (15-16
weeks of age) (ob/ob, n = 8; DKO, n = 8). B, Frozen pancreatic
sections were immunostained with an anti-insulin antibody. Insulin-
positive cell areas were quantified and normalized to total pancreatic
section areas (ob/ob, n = 5; DKO, n = 4). C, Islets were isolated from
male mice (10-12 weeks of age), and insulin content was measured
and normalized to islet protein levels (WT, n = 7; TgKO, n = 5). D,
Islets were isolated from male mice (7-8 weeks of age). Islet insulin
expression was measured by gPCR and normalized to B-actin
expression (WT, n = 5; TgKO, n = 5). E, Islets were isolated from male
mice (10—12 weeks of age) and incubated in medium containing either
2.8 or 16.7 mM glucose. Insulin secretion was measured and
normalized to islet protein levels or islet insulin content, respectively
(WT, n = 5; TgKO, n = 3). F, Expression of glucokinase and Glut2 in
islets was measured by qPCR and normalized to B-actin expression
(WT, n = 5; TgKO, n = 5). Data are expressed as means = SEM.

* P < .05.

SH2B1 cell-autonomously increases insulin
expression in B-cells

To determine whether SH2B1 promotes insulin ex-
pression in B-cells, we knocked down SH2B1 in rat INS-1
832/13 B-cells using shRNA retroviral vectors (Figure
4A). Silencing of SH2B1 significantly decreased insulin
mRNA abundance (Figure 4B), insulin protein levels (Fig-
ure 4C), and GSIS (Figure 4D). To determine whether
SH2B1 overexpression in 3-cells has the opposite effects,
we stably introduced rat SH2B18 into INS-1 832/13 cells
(Figure 4E). SH2B1 overexpression increased insulin
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Figure 4. SH2B1 cell-autonomously promotes insulin synthesis in INS-1 832/13 cells. A-D, INS-1
832/13 cells were infected with SH2B1 shRNA or scramble retroviral vectors to generate stable
lines. A, SH2B1 in cell extracts was immunoprecipitated and immunoblotted with anti-SH2B1
antibody. Cell extracts were also immunoblotted with anti-B-tubulin antibody. B, Insulin
expression was measured by qPCR and normalized to B-actin expression (scramble, n = 5;
shRNA, n = 4). C, Insulin content was measured and normalized to total protein levels (scramble,
n = 11; shRNA, n = 12). D, Insulin secretion in cells treated with 2.8 or 16.7 mM glucose for 1
hour (2.8 MM, n = 6; 16.7 mM, n = 5-6). E-H, INS-1 832/13 cells were infected with SH2B1 or
empty lentiviral vectors to generate stable cell lines. E, Cell extracts were immunoblotted with
anti-SH2B1 and anti-B-tubulin antibodies. F-H, Insulin expression (control [Con], n = 6; SH2B1,
n = 6), insulin content (Con, n = 12; SH2B1, n = 12), and insulin secretion (2.8 mM, n = 4;
16.7 mM, n = 6—8) were measured in stable cell lines. Data are expressed as means + SEM.

*, P < .05.

mRNA levels (Figure 4F), insulin content (Figure 4G),
and GSIS (Figure 4H). Collectively, these data suggest
that SH2B1 in B-cells promotes insulin secretion at least
in part by increasing insulin expression.

SH2B1 increases JAK2 signaling and insulin
promoter activity in B-cells

To gain insights into the molecular mechanism of
SH2B1 action in B-cells, we examined the effect of SH2B1
on JAK2 activation. JAK2 is expressed in B-cells (33). GH
rapidly stimulated phosphorylation of JAK2 in INS-1
832/13 cells, and silencing of SH2B1 significantly atten-
uated GH-stimulated phosphorylation of JAK2 (Figure
5A). Conversely, overexpression of SH2B1 increased
GH-stimulated phosphorylation of JAK2 (Figure 5B).

To determine whether SH2B1 increases insulin pro-
moter activity, SH2B1 expression plasmids were tran-
siently cotransfected with rat insulin promoter luciferase
reporter constructs into INS-1 832/13 cells, and luciferase
activity was measured to estimate insulin promoter activ-
ity. SH2B1 dose-dependently increased insulin promoter
activity (Figure 6A). JAK2 also dose-dependently in-
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creased insulin promoter activity in

O 2.8 mM B-cells (Figure 6B). Moreover, SH2B1

0. W 167 mM and JAK2 acted synergistically to
0.6 —— stimulate insulin promoter activity
k (Figure 6C). In contrast, kinase-inac-

0.4 tive JAK2(K882E) was unable to acti-
0.2 vate the insulin promoter (Figure 6D).

0
scramble shRNA

Moreover, JAK2(K882E) blocked the
ability of SH2B1 to increase insulin
promoter activity (Figure 6D), pre-
sumably by functioning as a domi-

O 2.8 mM

B 16.7 mM nant-negative mutant. These data
0.8 — suggest that SH2B1 promotes insulin
0.6 expression in B-cells at least in part by
0.4 enhancing JAK2 signaling in response
02 to hormonal signals.

Con SH2B1 SH2B1 increases Pdx1

expression and the recruitment
of Pdx1 to the insulin promoter
in B-cells

Pdx1 is an important transcrip-
tion factor that activates the insulin
promoter and stimulates insulin ex-
pression in B-cells (34-38). To de-
termine whether Pdx1 is involved in
SH2B1 action, we measured Pdx1
expression in INS-1 832/13 cells. Si-
lencing of SH2B1 decreased the ex-
pression of Pdx1 (Figure 7A); con-
versely, overexpression of SH2B1
increased Pdx1 expression (Figure 7B). In agreement,
Pdx1 expression in islets was also lower in TgKO than in
WT mice (Figure 7C). To determine whether SH2B1 in-
creases the recruitment of Pdx1 to the insulin promoter,
we measured the abundance of insulin promoter-bound
Pdx1 in INS-1 832/13 cells using ChIP assays. Insulin
promoter DNA was detected in anti-Pdx1 antibody but
not IgG precipitates (Figure 7D). Silencing of SH2B1 sig-
nificantly decreased the amount of insulin promoter-
bound Pdx1 (Figure 7E); in contrast, overexpression of
SH2B1 significantly increased the abundance of insulin
promoter—bound Pdx1 (Figure 7F). These data suggest
that Pdx1 is involved in mediating SH2B1 stimulation of
insulin expression in B-cells.

Discussion

Insulin expression is controlled by complex neuronal and
hormonal signals and through many intracellular signal-
ing pathways. Defects in these pathways lead to impair-
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Figure 5. SH2B1 promotes JAK2 signaling in B-cells. INS-1 832/13
cells were infected with SH2B1 shRNA or scramble retroviral vectors to
generate stable lines. A, INS-1 832/13 cells were deprived of serum
overnight and stimulated with 500 ng/mL GH for 15 minutes. JAK2 in
cell extracts was immunoprecipitated (IP) with anti-JAK2 antibody and
immunoblotted with anti-phospho (p)-JAK2 (pTyr'°07/1908) or anti-JAK2
antibodies. GH-stimulated JAK2 phosphorylation was quantified and
normalized to total JAK2 levels (scramble, n = 6; shRNA, n = 6). a.u.,
arbitrary units. B, SH2B1-overexpressing INS-1 832/13 cells were
deprived of serum overnight and stimulated with 500 ng/mL GH for 15
minutes. JAK2 in cell extracts was immunoprecipitated with anti-JAK2
antibody and immunoblotted with anti-phospho-JAK2 or anti-JAK2
antibodies. GH-stimulated JAK2 phosphorylation was quantified and
normalized to total JAK2 levels (Con, n = 3; SH2B1, n = 3). Data are
expressed as means = SEM. *, P < .05.

ment in insulin synthesis and secretion, thus contributing
to insulin deficiency, hyperglycemia, and glucose intoler-
ance in diabetes. We recently reported that SH2B1 is
highly expressed in B-cells and promotes 3-cell expansion
in part by enhancing the activation of the PI 3-kinase
pathway (30). In the current study, we extend the previ-
ous findings by demonstrating that SH2B1 in B-cells also
promotes insulin expression.

We provided multiple lines of evidence showing that
SH2B1 cell-autonomously promoted insulin expression
in B-cells. In INS-1 832/13 B-cells, overexpression of
SH2B1 stimulated insulin promoter activity and in-
creased the expression of the endogenous insulin gene;
conversely, knockdown of SH2B1 had the opposite ef-
fects. Accordingly, SH2B1 overexpression augmented
whereas SH2B1 knockout attenuated GSIS. Like INS-1
832/13 B-cells, islets with SH2B1-deficiency also had
lower levels of insulin expression, insulin content, and
GSIS. In agreement, pancreatic insulin content was lower
in DKO mice with SH2B1 haploinsufficiency, although
islet areas were similar between 0b/ob and DKO mice.
These data suggest that reduced pancreatic insulin con-
tent in DKO mice is largely due to decreased insulin ex-
pression rather than reduced B-cell mass. Unlike 0b/ob
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Figure 6. SH2B1 enhances the ability of JAK2 to activate the insulin
promoter. A and B, Rat insulin promoter luciferase (Luc) reporter
plasmids were cotransfected with SH2B1 or JAK2 plasmids into INS-1
832/13 cells. Luciferase activity was measured 48 hours after
transfection (n = 4-6). C, Rat insulin promoter luciferase reporter
plasmids were cotransfected into INS-1 832/13 cells with SH2B1 and
JAK2 plasmids as indicated, and luciferase activity was measured 48
hours later (n = 4). D, Rat insulin promoter luciferase reporter plasmids
were cotransfected into INS-1 832/13 cells with JAK2(K882E) or both
JAK2(K882E) and SH2B1 as indicated. Luciferase activity was measured
48 hours after transfection (n = 4). Data are expressed as means =
SEM. *, P < .05. a.u., arbitrary units.

mice, DKO mice were unable to secrete insulin in re-
sponse to a fasted-to-fed state switch, leading to exacer-
bated hyperglycemia and glucose intolerance. The data
suggest that under leptin-deficient and/or obesity condi-
tions, a decrease in SH2B1 expression in B-cells impairs
insulin expression and secretion, thus contributing to hy-
perglycemia and glucose intolerance.

SH2B1 stimulates insulin expression in B-cells at least
in part by enhancing JAK2 activation. SH2B1 potently
enhances the activation of the JAK/signal transducer and
activator of transcription pathways in response to multi-
ple hormones and cytokines in multiple cell types (3, 3, 7,
39). In agreement, overexpression of SH2B1 augmented
whereas silencing of SH2B1 attenuated GH-stimulated
tyrosine phosphorylation of JAK2 in INS-1 832/13
B-cells. Overexpression of WT JAK2 but not of kinase-
dead JAK2(K882E) activated the insulin promoter in
B-cells, suggesting that JAK2 activation promotes insulin
expression. SH2B1 dose-dependently increased insulin
promoter activity, and overexpression of SH2B1 further
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Figure 7. SH2B1 enhances Pdx1 expression and Pdx1 binding to the
insulin promoter. A and B, Pdx1 expression in INS-1 832/13 cells with
knockdown (A) or overexpression of SH2B1 (B) was measured by qPCR
and normalized to B-actin expression (scramble, n = 6; shRNA, n = 6;
Con, n = 6; SH2B1, n = 6). C, Islet Pdx1 expression was measured in
WT and TgKO mice (7—8 weeks) by gPCR (WT, n = 5; TgKO, n = 5).
D, Representative ChIP assay image. Insulin promoter DNA was
visualized using ethidium bromide. E and F, ChIP assays were
performed in INS-1 832/13 cells with knockdown (E) or overexpression
(F) of SH2B1. Recruitment of Pdx1 to the insulin promoter was
quantified by gPCR and normalized to scramble (E) or Con (F) groups,
respectively (scramble, n = 3; shRNA, n = 3; Con, n = 4; SH2B1,n =
4). Data are expressed as means = SEM. *, P < .05.

enhanced the ability of JAK2 to activate the insulin pro-
moter. Moreover, kinase-dead JAK2(K882E) acted as a
dominant negative to attenuate SH2B1 stimulation of in-
sulin promoter activity. JAK2 mediates cell signaling in
response to multiple hormones and cytokines, including
GH, prolactin, and IL-6 (40). It is intriguing to hypothe-
size that SH2B1 in B-cells enhances the ability of these
factors to promote insulin expression and secretion by
enhancing JAK2 signaling.

Pdx1 is also likely to be involved in mediating SH2B1-
induced insulin expression in B-cells. The expression of
Pdx1 was lower in SH2B1-deficient islets. Silencing of
SH2B1 decreased both the expression of Pdx1 and the
recruitment of Pdx1 to the insulin promoter in INS-1
832/13 B-cells; conversely, overexpression of SH2B1 had
the opposite effects. Mice with Pdx1 haploinsufficiency
(fed a normal chow diet) have relatively normal insulin

mend.endojournals.org 703

expression (41), suggesting that a modest reduction in
Pdx1 levels does not alter insulin transcription under nor-
mal conditions. However, under insulin resistance condi-
tions with an increased demand for insulin expression and
secretion, a reduction in Pdx1 levels may have a greater
negative impact on insulin expression and secretion. Con-
sistent with this idea, heterozygous deletion of SH2B1
markedly decreased insulin expression and secretion in
ob/ob mice with severe insulin resistance.

We recently reported that SH2B1 directly promotes
B-cell survival, proliferation, and expansion (30). Insulin
has been reported to promote B-cell survival and expan-
sion in an autocrine/paracrine fashion (42). Our current
data raise the possibility that SH2B1 in B-cells may also
promote B-cell expansion indirectly by increasing insulin
expression and secretion. Moreover, Pdx1 promotes
B-cell survival and proliferation (43); therefore, SH2B1
may also promote B-cell expansion by increasing Pdx1
expression in addition to enhancing the activation of the
PI 3-kinase pathway.

In summary, we show that SH2B1 in B-cells promotes
insulin expression and secretion. A decrease in SH2B1
expression impairs insulin synthesis and secretion, lead-
ing to decreased blood insulin levels, increased blood glu-
cose levels, and exacerbated glucose intolerance in 0b/ob
mice. SH2B1 enhances JAK2 activation and the ability of
JAK2 to stimulate insulin promoter activity in B-cells. It
also increases the expression of Pdx1 and the recruitment
of Pdx1 to the insulin promoter. Therefore, SH2B1 in
B-cells may serve as a new therapeutic target for the treat-
ment of diabetes.
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