Upregulation of insulin receptor substrate-2
in pancreatic [} cells prevents diabetes
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The insulin receptor substrate-2 (Irs2) branch of the insulin/IGF signaling system coordinates periph-
eral insulin action and pancreatic B cell function, so mice lacking Irs2 display similarities to humans
with type 2 diabetes. Here we show that f3 cell-specific expression of Irs2 at a low or a high level deliv-
ered a graded physiologic response that promoted B cell growth, survival, and insulin secretion that
prevented diabetes in Irs27/~ mice, obese mice, and streptozotocin-treated mice; and that upon trans-
plantation, the transgenic islets cured diabetes more effectively than WT islets. Thus, pharmacolog-
ical approaches that promote Irs2 expression in [} cells, especially specific cAMP agonists, could be

rational treatments for [ cell failure and diabetes.
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Introduction
Diabetes mellitus arises from dysregulated glucose sens-
ing or insulin secretion (mature onset diabetes of youth,
or MODY), autoimmune-mediated B cell destruction
(type 1), or insufficient compensation for peripheral
insulin resistance (type 2) (1). As insulin resistance
develops, type 2 diabetes is avoided by expanding func-
tional B cells that secrete sufficient insulin quickly
enough to maintain glucose homeostasis. Diet, acute or
chronic stress, and obesity are major determinants of
peripheral insulin sensitivity, and age exacerbates these
environmental effects. While it is clear that insulin
resistance and B cell dysfunction contribute to type 2
diabetes, there is considerable debate regarding the rel-
ative importance of these two abnormalities (2, 3). Stud-
ies with humans and rodents reveal a tightly controlled
inverse relationship between insulin sensitivity and
insulin secretion, suggesting that a feedback mecha-
nism balances f§ cell function with the prevailing level of
peripheral insulin sensitivity (3). When B cell compen-
sation fails, glucose intolerance and type 2 diabetes
develop, but the mechanisms involved and whether they
are linked at the molecular level are unknown (4).

How insulin sensitivity influences insulin secretion is
poorly understood. Recent work with transgenic mice
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suggests that f3 cell function is regulated by insulin and
IGF signaling (5). The receptors for insulin and IGF1
promote phosphorylation of the insulin receptor sub-
strates, Irs1 and Irs2, which engage various down-
stream pathways, including the Grb2/Sos — ras and
the PI3K — Akt cascades (6-8). Although these path-
ways were originally described in heterologous cell lines
and peripheral tissues, recent work suggests that they
play a central role in B cell function. Insulin action and
secretion are closely linked at the molecular level
through the Irs2 branch of the insulin/IGF signaling
cascade (9, 10). Global disruption of Irs2 causes periph-
eral insulin resistance that is compensated for by rela-
tive hyperinsulinemia early in life; however, Irs27~ mice
progress toward diabetes as B cell mass decreases and
insulin secretion fails (9, 11-13). By contrast, peripher-
al insulin resistance caused by obesity or by disruption
of Irs1 is compensated for, at least in part, by expansion
of B cell mass (9, 14). Disruption of the receptors for
insulin or IGF1 in [ cells impairs first-phase insulin
secretion, which contributes to glucose intolerance
(11-13). Together these results suggest that the Irs2
branch of the insulin/IGF signaling pathway is essen-
tial for B cell function throughout life.

Identifying a single genetic defect that causes insulin
resistance and B cell failure has been difficult to accom-
plish, leading many investigators to conclude that ordi-
nary type 2 diabetes is a polygenic disorder (3). By con-
trast, disruption of Irs2 in mice reveals a single defect
that causes both insulin resistance and P cell dysfunc-
tion that culminates in diabetes (9, 15). Mutations in
IRS2 are unusual and probably not associated with
common type 2 diabetes in people (16). However,
genetic polymorphism or environmental stress that
compromises Irs2 function or diminishes its downstream
signals might explain the heterogeneity of common
type 2 diabetes in terms of a defined signaling cascade.
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Since Irs2 plays an important role in 3 cell function, we
reasoned that its upregulation might prevent diabetes
under conditions that cause insulin resistance or phys-
iological stress. To test this hypothesis, we generated
transgenic mice expressing Irs2 at a low or a high level
in B cells under the control of the rat insulin II pro-
moter (rip). Our results show that Irs2 expression pre-
vents diabetes that results from a variety of causes.

Methods

Generation of rip=I"2 transgenic mice. A 668-bp rip con-
structed in the pSP72 vector was kindly provided by
Mark Magnuson (Vanderbilt University, Nashville, Ten-
nessee, USA). The FLAG tag sequence was added to the
3’ end of mouse Irs2 by PCR and the tagged cDNA was
then inserted directly after the rip promoter using the
NotI/HindIII sites. A linearized DNA fragment con-
taining the 7ip-Irs2 transgene was excised and microin-
jected into fertilized eggs of C57BL/6 mice according
to standard techniques by the Beth Israel Deaconess
Transgenic Mouse Facility (Boston, Massachusetts,
USA). Germline transmission was confirmed by South-
ern blotting. Founders were bred with C57BL/6 mice
and maintained on this pure background. Routine
genotyping was executed by PCR using primers derived
from the FLAG tag and an internal Irs2 sequence.
Experiments were performed on mice of line 9 and line
13 (rip9~"2 and rip13-"?) and their nontransgenic lit-
termates. To obtain mice with a homozygous knockout
for Irs2 that were 7ip-Irs2 transgene-positive
(Irs27/=:rip=12), we bred Irs2*/~:rip="2 animals. All pro-
cedures were performed with male mice on a pure
C57BL/6 background and in accordance with the poli-
cies of the Institutional Animal Care and Use Com-
mittee of Beth Israel Deaconess Medical Center and
Harvard School of Public Health.

Pancreatic insulin content. Pancreata from euthanized
mice were homogenized and protein was extracted
twice overnight at -20°C in acid-ethanol and stored at
-20°C. The extracts were combined and the immuno-
reactive insulin levels were measured by ELISA (Crystal
Chem Inc., Downers Grove, Illinois, USA) with mouse
insulin as a standard.

Min6 cell culture and analysis. Min6 cells were used
between passages 19 and 30, and grown in high-glu-
cose DMEM containing 15% (vol/vol) heat-inactivat-
ed FBS, 50 uM B-mercaptoethanol, 50 U/ml peni-
cillin, and 10 pg/ml streptomycin. Min6 [3 cells were
cultured in a humidified atmosphere at 37°C with 5%
CO,. At 80% confluence, cells were washed with PBS
and incubated in serum-free medium for 8 hours
without compound or with exendin-4 or dibutyl-
cAMP. After the treatment, cells were harvested in ice-
cold PBS and lysed in 20 mM Tris (pH 7.4) containing
2 mM EDTA, 137 mM NaCl, 1% NP-40, 10% glycerol,
and 12 mM B-glycerol phosphate, ImM PMSF, and 10
mg/ul leupeptin and aprotinin. After 30 minutes on
ice, the lysates were centrifuged for 10 minutes at
14,000 g at 4°C. After determining protein content,

equal amounts of total protein (200 ug) were incu-
bated with anti-Irs2 antibody, precipitated on immo-
bilized protein G, resolved by SDS-PAGE, and im-
munoblotted with anti-Irs2.

Islet preparation. Isolated islets were obtained by colla-
genase P digestion of pancreata removed from WT,
Irs27/~, rip9=1r2 vip13=02 Irs2~/~vip9=02 and Irs27/~:
rip13=12 mice (17). Overnight-fasted mice, aged 6-10
weeks, were anesthetized by intraperitoneal injection
with Avertin (1.0 ml/40 g body wt). About 2.0 ml of a col-
lagenase solution (0.8 mg/ml in RPMI 1640) was inject-
ed into the bile duct to inflate the pancreas. After the
pancreas was removed, the tissue was incubated at 37°C
for 30 minutes to complete the digestion. Following
digestion, islets were selected from the media and
washed once in RPMI with 10% FBS, then twice in RPMI
without FBS. Following isolation, islets were either sus-
pended in CMRL 1066 supplemented with 10% FBS and
antibiotics and then cultured in 37°C in a CO; incuba-
tor for further experiments, or quickly frozen in liquid
nitrogen for protein extraction, SDS-PAGE, and
immunoblotting. In some experiments, 200 islets were
pelleted for mRNA isolation and GeneChip analysis.

RNA isolation, cRNA preparation, and array hybridiza-
tion. WT mice aged 4-6 weeks displaying normal fast-
ing and random-fed insulin and blood glucose levels
were starved overnight, anesthetized in the morning
by intraperitoneal injection with Avertin (1.0 ml/40 g
body wt), and used for the isolation of skeletal mus-
cle (300 mg), liver (100 mg), adipose tissue (150 mg),
or brain (100 mg). Total RNA was isolated using Tri-
zol (Invitrogen Corp., Chicago, Illinois, USA) and
purified with RNeasy (Qiagen Inc., Los Angeles, Cali-
fornia, USA), and mRNA was isolated using Oligotex
(Qiagen Inc.). The SuperScript Choice System (Invit-
rogen Corp.) was used to prepare cDNA. Labeled
cRNA (15 ng) was made with the MEGAscript T7
high-yield transcription kit (Ambion Inc., Houston,
Texas, USA), fragmented, and hybridized to Affy-
metrix murine genome (MG) U74v2 arrays A, B, and
C according to the GeneChip Expression Analysis
manual (Affymetrix Inc., San Francisco, California,
USA). Islet samples were prepared using the GeneChip
Eukaryotic Small Sample Target Labeling Assay, ver-
sion 1. Approximately 1 ug of total RNA was isolated
from about 200 islets collected from WT, rip13=2 or
Irs2/~7ip13=2 mice at 6 weeks of age. Approximate-
ly 100 mg of RNA was amplified to obtain 15 pg of
cRNA for hybridization. All samples were hybridized
and scanned at the Massachusetts Institute of Tech-
nology Center for Cancer Research/Howard Hughes
Medical Institute Biopolymers Laboratory. The pri-
mary data was analyzed with Affymetrix GeneChip
(version 5). The trimmed mean signals of the probe
arrays were scaled to a value of 500. GeneSpring (ver-
sion 5.0; Silicon Genetics, Redwood City, California,
USA) was used to annotate the results and normalize
each chip and gene — except those marked absent —
until the medians converged.
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Analysis of signaling proteins in isolated islets. Isolated islets
incubated for 12 hours in CMRL 1066 containing 10%
FCS were used to determine total protein levels and/or
the phosphorylation states of Aktl/2, Foxol, Erk1/2,
and cleaved caspase-3. Subsequently, the islets were
starved for 3 hours in CMRL 1066 without serum. The
islets were then cultured in the absence or presence of
IGF1 (100 nM) for 20 minutes. The islet lysates were
boiled for 5 minutes in SDS sample buffer and resolved
by 12% SDS-PAGE for 2-3 hours at 100 V and trans-
ferred to a nitrocellulose membrane for immunoblot-
ting. The membranes were incubated overnight with pri-
mary antibodies at 4° C (Cell Signaling Technology Inc.,
Beverly, Massachusetts, USA), washed with TBST for 30
minutes, incubated for 1 hour with HRP-conjugated sec-
ondary antibodies, and finally washed thoroughly and
subjected to enhanced chemiluminescence (NEN Life
Science Products Inc., Boston, Massachusetts, USA).

Islet  morphology and immunobistochemistry. For
immunohistochemistry, pancreatic sections were fixed
for 16 hours in 4% paraformaldehyde and then trans-
ferred to PBS until embedding in paraffin as previ-
ously described (18). Following rehydration and per-
meabilization with 1% Triton X-100, sections were
incubated overnight at 4°C with antibodies targeted
to specific proteins of interest as previously described
(18). Transgenic Irs2 was detected with anti-FLAG
(Eastman Kodak Co., New Haven, Connecticut, USA),
insulin was detected with guinea pig anti-insulin
(Zymed Laboratories Inc., South San Francisco, Cali-
fornia, USA), glucose transporter-2 (Glut2) was detect-
ed with rabbit anti-Glut2 antibodies (Calbiochem-
Novabiochem Corp., San Diego, California, USA), and
glucagon was detected with anti-glucagon (Zymed
Laboratories Inc.). The anti-FLAG antibody was
detected with secondary antibodies conjugated to cya-
nine. The other antibodies were detected with fluo-
rescene-tagged secondary antibodies. To minimize
variability between different sections, the staining pro-
cedures for the sections were performed in parallel
with the same batches of solutions and antisera. In
addition, the same incubation times for fixation, per-
meabilization, blocking, and exposure to antisera were
strictly used for all processed sections.

Islet proliferation was estimated by injecting 8-
week-old male mice with 100 pg/g body wt BrdU
(Roche Molecular Biochemicals, Indianapolis, Indi-
ana, USA), and pancreas sections were analyzed by
double staining with anti-insulin and anti-BrdU
(Roche Molecular Biochemicals) (18). Apoptotic cells
were identified in deparaffinized sections using a
rhodamine DNA fragmentation detection assay
(Intergen Co., Atlanta, Georgia, USA) (19). For quan-
tification of P cell area, sections were viewed using a
Zeiss Axiovert S100 TV microscope (Carl Zeiss Inc.,
Thornwood, New York, USA) at a magnification of
%x10. Cross-sectional area of islets with more than five
insulin-positive cells was measured with at least three
sections (separated by 200 wm) per animal using

Openlab Image analysis software (Improvision Inc.,
Lexington, Massachusetts, USA). The results are
expressed as the percentage of the total area of each
pancreatic section. The ratio of B cells to o cells was
calculated from mean insulin- and glucagon-positive
cell areas measured by double immunostaining.

Metabolic studies and mouse diet. Mice were fed ad libi-
tum with a standard 9% fat diet (5058; Purina Mills
Inc., St. Louis, Missouri, USA) and kept under a light-
dark cycle of 12 hours. When stated, mice were
weaned on a high-fat diet (45 kcal% fat) or low-fat diet
(10 kcal% far) for 60 days (D12451 and D124508B,
respectively; Research Diets, New Brunswick, New Jer-
sey, USA). Glucose levels were sampled from mouse
tail bleeds using a Glucometer Elite (Bayer Corp.,
Elkhart, Indiana, USA). Plasma insulin levels were
determined using a competitive ELISA (Crystal Chem
Inc.). Glucose tolerance tests were performed on mice
after a 16-hour overnight fast. Animals were injected
intraperitoneally with D-glucose (2 g/kg), and blood
glucose concentrations were determined at indicated
times. Glucose-stimulated insulin release was meas-
ured in fasted mice injected intraperitoneally with D-
glucose (3 g/kg). As indicated, mice were subjected to
an intraperitoneal injection of low-dose streptozo-
tocin (40 mg/kg body wt dissolved immediately
before administration in 0.1 M citrate buffer, pH 4.5)
for S consecutive days.

Islet transplantation. Mice were made diabetic by daily
injections of streptozotocin for 3 days (100 mg/kg
body wt dissolved immediately before administration
in 0.1 M citrate buffer, pH 4.5) as previously described
(20). Islets used for transplantation were isolated
from healthy male 8-week-old mice as described pre-
viously using intraductal Liberase (Roche Molecular
Biochemicals) perfusion to release islets from the pan-
creas tissue for manual selection under a stereomi-
croscope (Stereozoom GZ7; Leica Microsystems Inc.,
Deerfield, Illinois, USA) (20). Following isolation,
islets were kept on ice until transplantation into dia-
betic mice. Surgery was performed under anesthesia
by using a 1:1 mixture of 2,2,2-tribromoethanol and
tert-amyl alcohol and diluted 1:50 in PBS (pH 7.4).
Using a retroperitoneal approach, the capsule of one
of the kidneys was incised, and the islets were
implanted near the upper pole in 8-week-old male
mice. The capsule was cauterized, and the mice were
allowed to recover on a heating pad.

Statistical analysis. Results are expressed as mean *
SEM. For comparison between two groups, the
unpaired Student ¢ test (two tailed) was used when
appropriate; P values less than 0.05 were considered sig-
nificant. To quantify the difference between glucose
tolerance tests or glucose-stimulated insulin secretion,
the area under the curve (AUC) was calculated by the
trapezoid rule using SigmaPlot 8.02 (SPSS Inc., Chica-
go, Illinois, USA). The mean AUC + SEM was deter-
mined from at least five individual curves for each
experimental condition reported.
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Figure 1

Irs2 protein expression and B cell function. (a) Irs2 protein levels measured by specific immunoblotting in Irs2 immunoprecipitates of 200 g
total protein from islet extracts of 4-week-old WT mice, Irs27~ mice, or two lines of transgenic mice (rip9="~? and rip13="~2). (b) Irs2 protein lev-
els measured by specific immunoblotting in Irs2 immunoprecipitates of 200 g total protein from Min6 cells treated for 8 hours with the indi-
cated concentrations of exendin-4 or dibutyl-cAMP (diB-cAMP) (c) Representative WT, rip9="<2, or rip 1372 pancreas sections immunostained
with anti-insulin antibodies (left panel) or anti-FLAG antibodies (right panel) that were detected by cyanine (Irs2) or fluorescein (Insulin) con-
jugated secondary antibodies, respectively. Original magnification, X100. (d) Pancreatic insulin content per mg total pancreas was measured
in acid/ethanol extracts of total pancreas from 6-month-old WT, rip9=/<2 and rip13~2 mice. Data are the mean values + SEM of five mice per
genotype. *P<0.05, **P<0.01. (e) Glucose-stimulated insulin release measured in 6-week-old WT and rip13~? mice. D-glucose (3 g/kg body
wt) was injected intraperitoneally into 16-hour-fasted mice and blood samples were collected at the indicated timepoints. Results are expressed
as mean values + SEM of six WT and six rip~"*2 mice (*P < 0.05). (f) Irs2 protein levels measured by specific immunoblotting in Irs2 immuno-
precipitates from hypothalamic extracts of 4-week-old WT, rip9='52, rip13=152  [rs27/=, or Irs27/=:rip1372 mice. rip9, rip9="2; rip13, rip13-Ir2,

Results Irs27/- islets. Concurrent immunoblots revealed
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Upregulation of Irs2 in B cells. To determine whether 3
cell dysfunction is a pivotal element in the develop-
ment of diabetes in Irs27~ mice, we generated trans-
genic C57BL/6 mice expressing a low (rip9=72) or a
high (rip13—-2) level of Irs2 in pancreatic B cells
under the control of rip. Irs2 was measured by spe-
cific immunoblotting of islet extracts containing
equal amounts of total protein (Figure 1a). Irs2 was
detected in WT islet extracts but was undetectable in

twofold and 12-fold increased Irs2 in r7ip9~2 and
rip13=12 extracts (Figure 1a), which was similar to
that obtained physiologically by activation of the
endogenous Irs2 promoter with functional cAMP
response element binding protein (21). Moreover, the
relative increase of transgenic Irs2 in islets was com-
parable to the upregulation of endogenous Irs2 in
Min6 B cells treated for 10 hours with exendin-4 or
dibutyl-cAMP (Figure 1b).
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Figure 2

Metabolic effects of Irs2 overexpression in 3 cells. (a) Blood glucose concentrations were measured from tail bleeds of fed male mice. Values are
mean * SEM obtained from WT, rip73=2 |rs2~/~, and rip="*? mice crossed into a C57BL/6 Irs27/~ background (Irs27/~:rip9="? and
Irs27/=:rip13=/2)_ Data are the mean values + SEM of four (Irs27/=:rip9="%2) to ten (WT, Irs27/~, rip13="2 and Irs2~/~:rip137"2) mice of the indi-
cated ages. (b) Glucose-tolerance tests were performed on 8-week-old fasted mice following intraperitoneal loading with 2 g b-glucose per kg
body wt. Blood samples were taken at the timepoints indicated and glucose was determined as described. Results are mean + SEM of four to
ten mice (***P <0.001, Irs27/~vs. Irs27/~:rip137"%2). (c) Random-fed serum insulin levels (mean values + SEM, ***P < 0.001) measured by ELISA.

Our transgenic production strategy incorporated a
FLAG tag at the C terminus of Irs2 to facilitate
immunostaining. Pancreas sections immunostained
with anti-FLAG antibodies revealed that recombinant
Irs2 protein was restricted to the insulin-positive f cells
in 7ip9="2 and rip13-12 islets (Figure 1c). Moreover, the
pancreatic insulin content increased 1.3-fold in rip9=12
mice and 2.7-fold in 7ip13="2 mice, revealing a dose
effect of Irs2 expression on B cell insulin content (Fig-
ure 1d). During an intraperitoneal glucose challenge,
insulin secretion during the first 30-minute interval
was threefold higher in 7ip13=%2 mice than in WT mice
(AUC WT: 1,880 = 50 nmol x min/l; AUC rip13=1r2:
5,440 = 50 nmol x min/l) (Figure 1e). However, glucose
homeostasis was normal in 7ip13=2 mice from birth
until the experiment was terminated after 24 weeks, as
fasting glucose never fell below 79 + 3 mg/dl and fed
glucose never rose above 159 + 6 mg/dl. Both trans-
genic mouse lines displayed normal fertility, growth,
and adiposity, and had normal life spans (data not
shown). Irs2 protein was never detected in hypothala-
mus (Figure 1f), nor was it detected in liver, muscle, or
adipose tissues (data not shown).

Irs2 in B cells prevents diabetes in Irs2~/~ mice. Male
C57BL/6 Irs27/~ mice developed hyperglycemia between
4 and 6 weeks of age, which progressed to overt diabetes

during the next 5-6 weeks until they died (Figure 2a).
To determine whether the Irs2 transgene prevented dia-
betes in the Irs27/~ mice, we crossed rip9=12 or rip]3=12
mice with Irs27/~ mice. As expected, transgenic Irs2 was
expressed at a low level in Irs27/~:rip9=1"2 islets and at a
high level in Irs27/~rip13=2 islets (data not shown).
Irs27/~7ip9="2 mice survived for 24 weeks because hyper-
glycemia progressed slowly toward diabetes between 10
and 24 weeks of age (Figure 2a). By contrast, glucose lev-
els of Irs27/~:rip13="2 mice were normal during the 24-
week experiment, revealing a dose effect for 3 cell Irs2
expression on glucose homeostasis (Figure 2a).

While Irs27/~ mice at 8 weeks of age displayed fast-
ing hyperglycemia (Irs27/~: 189 + 10 mg/dl; WT:
109 + 6 mg/dl), Irs2/~ mice expressing the transgenic
Irs2 were nearly normal (Irs27/:rip9=>72: 124 + 9
mg/dl; Irs2~/~:rip13-12: 121 + 8 mg/dl). As previously
shown, the Irs27~ mice were severely hyperglycemic
during an intraperitoneal glucose challenge (Figure
2b). However, at 8 weeks of age, glucose intolerance
was slightly improved in the Irs27/=7ip9="? mice and
completely normalized in the Irs27/~7ip13="? mice (Fig-
ure 2b). Moreover, the Irs27/~:rip13=1? mice survived
more than a year after the Irs27~ mice died, displaying
low random fed blood glucose levels at 15 months (WT:
121 = 7 mg/dl; Irs27/~:rip13=12: 94 + 6 mg/dl).
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tioning in a genetically insulin resistant mouse (Fig-
ure 2c and data not shown).

Irs2 promotes f3 cell development and growth. Our previ-
ous work suggests that Irs2 signaling regulates sur-
vival of pancreatic B cells (18, 19). Compared with WT
mice at 8 weeks of age, islet area in Irs27~ pancreas sec-
tions was reduced about threefold, owing to a slight-
ly reduced density of small islets containing 50% fewer
B cells (Figure 3a and Table 1). By contrast, islet area
in the rip13=72 sections increased twofold, mainly
due to increased density of normal-sized islets (Table
1). Islet density and the B cell content increased in
Irs27/~:rip13=2 mice, a change that was also revealed
by the increased ratio of B cells to o cells (Table 1).

To determine whether B cells in Irs27/~:rip1 372 islets
were dividing at a higher rate than those in WT or

Irs27- . . o . .
b —WT— —— ript3 —— rip13=12 islets, we injected 8-week-old mice with the
= l thymidine analogue BrdU to measure mitogenesis.
Pdx1—> s — - e ‘

Figure 3

Islet morphometry. (a) Insulin immunostaining of representative
pancreas sections from 8-week-old C57BL/6 mice and from
rip13212  rs27/=/rip13="2 and Irs2~/~ mice (original magnification,
x100). (b) Western blot of Pdx1 protein expression in isolated islets
from 4-week-old male mice of the indicated genotypes. Each lane
was loaded with 100 ug of total islet protein from one animal and is
representative of at least three independent experiments.

Irs2~/~ mice are insulin resistant as a result of
reduced insulin action in liver, fat, and muscle (9, 22).
Before diabetes developed at 6 weeks, serum insulin
levels were equally elevated in Irs27-, Irs27/~:rip9=1rs2,
and Irs27/~:rip13="2 mice to compensate for insulin
resistance (Figure 2¢). Insulin levels declined dramat-
ically in Irs27~ mice at 8 weeks, coinciding exactly with
the onset of severe diabetes (Figure 2¢). Compensato-
ry insulin secretion in Irs27~:rip9=12 mice gradually
declined between 12 and 25 weeks until they died with
severe diabetes (Figure 2¢). Irs27/~7ip137"? mice never
developed diabetes due to persistent compensatory
hyperinsulinemia, revealing the graded physiological
response to Irs2 expression in transgenic f3 cells func-

Table 1
Islet characteristics

BrdU incorporation into B cells during a 6-hour inter-
val increased three- to fourfold in Irs2~/~:rip13=? mice
compared with WT or 7ip13=72? mice; no BrdU-positive
cells were detected in Irs27/~ mice (Table 1). The average
B cell size never changed upon expression of the Irs2
transgene. Thus, compensatory islet expansion during
insulin resistance required Irs2 signaling to increase the
number of normal-sized B cells.

The effect of Irs2 upregulation on islet gene expression. A
possible mechanism by which Irs2 promotes expan-
sion of B cells is through upregulation of the home-
odomain transcription factor Pdx1 (also called Idx1
and Ipf1). Pdx1 is critical for development of the pan-
creas in mice and humans, and its complete disrup-
tion blocks pancreas development; in adult 8 cells,
Pdx1 promotes normal glucose sensing and insulin
secretion, and suppresses apoptosis (18, 23-25). Pre-
vious results show that PdxI expression is nearly lost
in Irs27/~ islets, but can be restored by downregulation
of Foxol (10). Pdxl was detected equally by
immunoblotting in WT and rip9=2 islets (data not
shown), whereas it was barely detected in our Irs27/~
islet extracts of equal protein concentration (Figure
3b). Consistent with a specific role for Irs2 in Pdx1
expression, Pdx1 protein was strongly upregulated
rip13=12 in WT and Irs27/- mice containing the
rip13=12 transgene. (Figure 3b). Since upregulation

Islet area Density B cells/islet B/o BrdU
(% of total) (islets/mm?2) (%)
WT 2.2+0.3 1.3+0.2 22+2 10.4+0.5 0.7+0.1
rip13-1rs2 4.3 +0.47° 2.0+ 0.2~ 28 +0.2 28 + 48 0.8+0.1
Irs27/=:rip13Ir2 5+18 1.9+0.3A 55+ 98 46 + 6° 2.5+0.78
Irs27/~ 0.6 +0.1 1.0+0.2 12 £1 6+1 ND

Islet area was determined by point-counting morphometry and number of B cells per islet was calculated from the number of nuclei in insulin-positive cells in
each islet. Islet density was determined by counting islets with more than five B cells; the B cell/a cell ratio (B/at)was determined directly by point-counting mor-
phometry from sections immunostained with antibodies against glucagon and insulin. BrdU incorporation analysis was performed on double-labeled sections
and is expressed as percentage BrdU-positive B cells. Results are expressed as mean + SEM of six mice per genotype. “P < 0.01, B2 < 0.001. ND, not determined.
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Gene expression in WT tissues and rip13="2 islets. (a) Affymetrix MG-U74v2 arrays (A, B, and C arrays) were used to estimate the relative
mRNA levels for Glut1 (93738_at), Glut2 (103357_at), Glut3 (93804 _at), and Glut4 (102314_at) in 6-week-old WT brain (B), adipose (F),
rip13="2 islets (1), liver (L), and muscle (M); the Affymetrix probe set is indicated in parentheses. Genes called present (Pr) or absent (A) by
GeneChip (version 5) are indicated on the figure. The bars show averages of normalized expression measurements obtained from samples
of two mice. (b) The fold change for mRNA in rip13=/72 islets normalized against WT islets is shown for Glut2, enzymes of the glycolytic path-
way (glucokinase, Gck; phosphofructokinase-1, Pfk7; aldolase-1, Aldo7; GAPDH, Gapd; phosphoglycerokinase, Pgk7; phosphoglyceromu-
tase-1, Pgam1; enolase, EnoT; pyruvate kinase, Pk3; pyruvate), and the pyruvate dehydrogenase o subunit (Pdha1) and B subunit (Pdhb). The
expression of each gene in rip713=/2 islets is reported relative to the normalized level in WT islets; the P value for this comparison is indicat-
ed. The accession number for each enzyme is indicated above the P value. (¢) Glut2 immunostaining of pancreas sections from 8-week-old
WT, rip13="2 and Irs2~/=:rip137/2 mice (original magnification, X400).

of Pdx1 increases mitogenesis in Irs27/~ islets, upregu-
lation of Pdx1 might contribute to the increased num-
ber of B cells in Irs27/~rip13-72 islets (18, 25).

Pdx1 is reported to upregulate the expression of
many genes that promote glucose-stimulated insulin
secretion, including Glut2 (26). We used Affymetrix
MG-U74v2 arrays to estimate the change in Glut2
mRNA between WT and rip13=2 islets. The specifici-
ty of the Glut2 probe set was validated against the
Glutl, Glut2, Glut3, and Glut4 probes using samples
from rip13=12 islets, brain, fat, liver, and muscle (Fig-
ure 4a). As expected, Glut2 was detected in liver and in
rip13=1"2 islets, but absent in the other test tissues;
Glutl and Glut3 were restricted to brain; and Glut4 was
expressed exclusively in adipose and muscle tissue
(Figure 4a). Compared with WT islets, Glut2 mRNA
increased threefold (P < 0.005) in rip13~" islets (Fig-
ure 4b). Immunostaining revealed Glut2 in the plasma
membrane of rip1322 and Irs2/~rip13=72 3 cells,
whereas it was barely detected in the plasma mem-
brane of WT islets (Figure 4c). The mRNA for other
glycolytic enzymes also increased in rip13=2 islets,
including glucokinase (1.5-fold, P = 0.04), aldolase-1

(1.5-fold, P=0.03), GAPDH (threefold, P < 0.005), and
Pgk-1 (1.9-fold, P = 0.01); the B subunit of pyruvate
dehydrogenase was also increased threefold (P < 0.005)
(Figure 4b). Identical results were found for Irs27=:
rip13=12 islets. Since the secretion of insulin is tightly
coupled to the rate of glucose metabolism, increased
activity of glycolytic enzymes is consistent with
improved [ cell function (27).

Irs2 in B cells prevents diabetes in obese and old mice.
Peripheral insulin resistance develops during obesity
and aging in mice and people, and progresses to dia-
betes when [ cells fail to compensate with increased
insulin secretion (28). To determine whether expression
of Irs2 in B cells promotes compensation for obesity-
induced diabetes, WT C57BL/6 mice or rip1372 mice
were weaned and maintained for 60 days on a low- or a
high-fat diet. Mice fed the high-fat diet were obese at 12
weeks of age (C57BL/6: 36.5 + 2.7 g, n = 6; rip1 3772
37.3 £2.5 g, n=6) compared with those eating a low-fat
diet (C57BL/6:24.6 +2.8 g, n=6;ripl1371"2:25.4+2.6 g,
n = 6). Obese mice displayed fasting hyperglycemia
(obese C57BL/6: 206 + 16 mg/dl; lean C57BL/6:
101 + 18 mg/dl) and glucose intolerance (Figure 4a). By
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Figure 5

Metabolic characterization of WT and rip13=/#2 mice
maintained on a low-fat diet (LFD) or high-fat diet
(HFD). (a) An intraperitoneal glucose tolerance test
(2 g b-glucose per kg body wt) was performed on fast-
ed C57BL/6 WT or rip137"2 mice maintained on a
high-fat or low-fat diet for 60 days after weaning.
Blood samples were taken at the timepoints indicated
and glucose levels were determined as described.
Results are expressed as mean + SEM of six WT and six
rip13='2 male mice (**P < 0.01, ***P < 0.001). (b)
Serum insulin levels for the indicated timepoints dur-
ing a glucose tolerance test. Data are the mean values
+ SEM (*P<0.05, **P <0.01, ***P<0.001). (c) Glu-
cose tolerance test in 6-month-old C57BL/6 WT and
rip13='2 mice. Data are the mean values + SEM of
eight mice per genotype (*P < 0.05).

contrast, obese 7ip13? mice had statistically normal
fasting glucose levels (129 + 15 mg/dl) and normal glu-
cose tolerance (Figure 5a). Consistent with these
results, fasting hyperinsulinemia was greater in obese
rip1372 mice than in obese C57BL/6 WT mice, and dur-
ing the intraperitoneal glucose challenge insulin levels
increased significantly in obese 7ip13~%2 mice but not
in obese C57BL/6 WT mice (Figure 5b).

Irs2 expression falls as mice age (10). At 6 months,
C57BL/6 mice on a normal diet developed mild glucose
intolerance, whereas the 7ip13="2 mice were normal
(Figure 5¢). At 40 weeks, islet area was 3.1% + 0.6% in
WT mice, 6% + 1% in rip9="2 mice, and 10% + 2% in
rip13=12 mice, revealing a graded response to a low and
high level of Irs2 expression. Thus, transgenic Irs2-
mediated [ cell expansion compensates for insulin
resistance that develops during aging.

Irs2 promotes f3 cell survival signaling. Acute or chronic
stress and autoimmune responses upregulate proin-
flammatory cytokines (including TNF-a, IL-1f, and
IFN-y) that promote destruction of B cells at least in
part by contributing to apoptosis (29-32). By con-
trast, Irs protein signaling promotes cell growth and
inhibits apoptosis in various cellular backgrounds (19).

In isolated WT murine islets, IGF1 stimulated phos-
phorylation of Erk1/2, Akt, and the Akt target Foxol
(Figure 6a). By contrast, in Irs27/~ islets the phospho-
rylation of these targets was reduced, and cleaved/
activated caspase-3 accumulated and was insensitive
to IGF1 stimulation, which is consistent with
decreased growth and survival of Irs27/~ 3 cells (Figure
6a). To determine whether upregulation of Irs2
restores these signals, islets were isolated from WT
mice, or Irs27/=rip13=2 and rip13=2 mice, cultured
for 12 hours, and stimulated with IGF1. IGF1 stimu-
lated phosphorylation of Erk1/2, Akt, and Foxol in
WT islets; however, the basal and IGF1-stimulated
phosphorylation of these proteins was significantly
increased in Irs27/:rip13=2 and rip13-"2 islets (Fig-
ure 6b). Moreover, upregulation of Irs2 eliminated the
accumulation of cleaved cascapse-3, even before IGF1
stimulation, suggesting that Irs2 signaling plays a
critical role in P cell survival (Figure 6b).
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Figure 6

IGF1 and insulin signaling in isolated islets. (a) Islets were isolated
from WT or Irs27/~ C57BL/6 mice and incubated overnight before
stimulation with insulin or IGF1 for 20 minutes as described in
Methods. Each lane was loaded with 100 ug of total islet protein.
The results are representative of at least three independent experi-
ments. (b) Islets were isolated from WT, Irs2/=:rip13=/#2 and
rip13="52 mice and incubated overnight before stimulation with IGF1
for 20 minutes as described in Methods. The same amount of total
protein (300 pg) was loaded onto the gel and transferred to a nitro-
cellulose membrane. Membranes were analyzed for the presence of
Erk1/2 and phosphorylated Erk (pErk1/2); Akt1/2 and phosphory-
lated Akt (pAkt1/2); Foxo1 and phosphorylated Foxo1 (pFoxo1);
and cleaved caspase-3 (Casp3).
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Figure 7

Survival and function of rip73=/2 mice during streptozotocin-induced diabetes. (a) Representative H&E-stained pancreas sections from
untreated WT or rip13/2 islets compared with pancreas sections obtained 15 days after one injection per day for 5 days of low-dose
(40 mg/kg) streptozotocin (strep; original magnification, X200). (b) Blood glucose levels in WT or rip73=/2 mice were measured before
and after five (daily) injections of low-dose (40 mg/kg) streptozotocin. Results are expressed as mean + SEM of eight WT and eight
rip13=2 mice (**P < 0.01); (c) Glucose levels (mg/dl) divided by serum insulin levels (ng/dl) are shown for experimental days 0, 6, and
15 (***P<0.001). (d) Apoptotic cells were detected in deparaffinized sections using a rhodamine DNA fragmentation detection assay.
The number of apoptotic nuclei per 3 cell is shown for day 15. Values are expressed as mean + SEM of eight WT and eight transgenic
mice (***P < 0.001). (e) Transplantation of WT islets into streptozotocin-diabetic mice. C57BL/6 mice were treated with 100 mg/kg
streptozotocin for 3 consecutive days. Blood glucose levels were measured in samples obtained through tail bleeds of fed mice before
transplantation (shaded area) and at the indicated ages after transplantation of 300 (filled circles) or 150 (open circles) WT islets. (f)
Transplantation of rip13=2 islets into streptozotocin-diabetic mice was conducted in identical fashion with 250 (filled circles), 120
(open circles), or 50 (inverted triangles) islets. Values are mean + SEM of at least three mice per experiment.

Apoptosis and function of rip1 3212 islets transplanted in mice.
Since recombinant Irs2 dramatically reduced the level of
cleaved caspase-3, we reasoned that } cell apoptosis
might be reduced in rip13-" islets. We induced P cell
apoptosis in situ by injecting a low dose of streptozo-
tocin for 5 consecutive days into 8-week-old WT or
rip13=72 mice with comparable body weight (21.7 + 3 g)
and comparable levels of random-fed serum glucose
(158 + 11 mg/dl) and plasma insulin (255 + 60 pmol/l).
Blood glucose and serum insulin levels were measured
before streptozotocin injection and 6, 12, and 15 days
after the first streptozotocin injection. At 15 days, T cell

infiltration was comparable in C57BL/6 WT and
rip13=12 mice (Figure 7a). However, low-dose streptozo-
tocin caused insulinopenic diabetes in C57BL/6 WT
mice, whereas the 7ip13=2 mice were normal (Figure 7,
b and c). Apoptotic B cells were readily detected in WT
mice, but apoptosis was reduced more than 50% in
rip13=2 mice (Figure 7d). Thus, transgenic Irs2 pre-
vented the onset of diabetes 15 days after streptozotocin
injection, at least in part by suppressing P cell apoptosis.

To test whether rip13=72 islets are resistant to the
effects of stress induced by transplantation, WT or
rip13=12 islets were transplanted under the kidney
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capsule of streptozotocin-diabetic mice. In this exper-
iment, 8-week-old C57BL/6 mice were treated with
100 mg/kg streptozotocin for 3 consecutive days to
cause severe diabetes (Figure 7, e and f). Without islet
transplantation, the diabetic mice died about 10 days
after the first injection. By contrast, transplantation
of 300 WT islets (>10,000 islets/kg) normalized ran-
dom-fed glucose levels by 50% within 3-5 days, and
glucose levels were nearly normal 60 days later when
the experiment was terminated (Figure 7e). By con-
trast, transplantation of 150 WT islets prevented
death but failed to normalize glucose levels (Figure
7e), whereas 80 islets were completely ineffective as
the diabetic mice died (not shown). Importantly, 50
rip13-12 islets (B cell mass equivalent to 80 WT islets)
normalized random-fed glucose levels by 50% after 20
days, and quicker treatment was obtained with 120
and 250 rip13="2 islets (Figure 7f). BrdU incorpora-
tion measured in the islet grafts 60 days after trans-
plantation revealed that DNA synthesis was twofold
greater in 7ip13="2 islets (2.12% + 0.32% BrdU positive
B cells, n = 3) than in WT islets (1.2% + 0.2% BrdU pos-
itive B3 cells, » = 3). Thus, upregulation of Irs2 in trans-
planted B cells significantly reduced the number of
islets needed to cure diabetes in mice, at least in part
by promoting proliferation.

Discussion

The primary cause of type 2 diabetes is unknown; how-
ever, there is general agreement that insulin resistance
is an early event in the onset of the disease (2, 33). Many
insulin-resistant patients secrete sufficient insulin for
many years before 3 cell function fails to compensate
and type 2 diabetes emerges (2, 34, 35). Systemic failure
of Irs2 in mice causes peripheral insulin resistance fol-
lowed by B cell failure and diabetes, although the time
interval is compressed relative to human type 2 dia-
betes (36). Here we show that upregulation of Irs2
exclusively in B cells promotes glucose tolerance in old
mice and prevents diabetes in Irs27~ and obese mice.
Moreover, IRS2 protects B cells from destruction by
streptozotocin and improves the function of isolated
cells used for transplantation. Thus, upregulation of
Irs2 in B cells might be a common mechanism to pre-
vent or treat many forms of diabetes.

Massive destruction of 3 cells is well known in type 1
diabetics, and human autopsy studies reveal that [3 cell
mass is reduced at least 50% in obese patients with type
2 diabetes (37, 38). Thus, insufficient 3 cell mass rela-
tive to peripheral requirements might be a key patho-
genic factor of both types of diabetes (38). One way to
preserve B cell mass is to reduce apoptosis (25, 39).
Streptozotocin in multiple low doses induces B cell
apoptosis and diabetes in mice and other mammals, at
least in part by promoting T cell infiltration that pro-
motes the production of TNF-a and IFN-yin the pan-
creas (40, 41). Upregulation of Irs2 in mouse B cells
does not reduce T cell infiltration during streptozo-
tocin treatment; however, it reduces apoptosis of 3 cells

by 50%, and prevents the onset of diabetes for at least
15 days. Several pathways promote survival of B cells,
and many of these mechanism are mediated by
insulin/IGF1 — Irs2 signaling (19). Moreover, Irs2 sig-
naling mediates the phosphorylation of Bad and the
forkhead transcription factor Foxol, which control
important survival pathways (42, 43). The activation of
Akt is an important mechanism used by insulin and
IGF1 to inhibit apoptosis in a variety of cellular envi-
ronments (44). Recent results suggest that Akt2 might
promote 3 cell survival by linking Irs2 to Foxo1, espe-
cially during cytokine-induced stress (8).

Phosphorylated Bad dissociates from the antiapop-
totic protein Bcl2, which inhibits activation of the cas-
pase cascade, including the accumulation of the
cleaved/activated effector caspase-3, which promotes
apoptosis (42). IGF1 or insulin stimulation ordinarily
inhibits the accumulation of cleaved/activated caspase-
3 through activation of Akt; however, insulin- and
IGF1-stimulated Akt phosphorylation is reduced in
Irs27/~ islets, increasing the accumulation of cleaved/
activated caspase-3 that promotes 3 cell apoptosis (19).
IGF1 stimulation weakly reduces the levels of cleaved/
activated caspase-3 in our WT isolated islets, consis-
tent with low or undetectable Irs2 levels following
overnight incubations. However, transgenic upregula-
tion of Irs2 almost completely blocks the accumula-
tion of activated caspase-3, even before addition of
exogenous IGF1. Thus, Irs2 is an important inhibitor
of caspase-mediated apoptosis.

Foxol is an important Akt substrate that links
insulin/IGF signaling to gene regulation (43). Phos-
phorylated Foxol is ordinarily excluded from the nucle-
us, which changes the expression of various genes
including the upregulation of Pdx1 (10). Pdx1 plays an
important role in gut and B cell development, and pro-
motes glucose sensing and insulin secretion in adult 8
cells (45-47). Partial Pdx1 deficiency leads to an organ-
level defect in insulin secretion and diabetes (25). Trans-
genic upregulation of Foxol constitutively increases the
level of nuclear Foxo1l, which downregulates Pdx1 and
impairs f§ cell function (10). By contrast, reduced expres-
sion of PdxI in Irs27/~ islets is consistent with nuclear
accumulation of dephosphorylated Foxol, whereas
increased Pdx1 levels in Irs27/~:Foxol" islets reflect the
reduced content of cellular Foxo1 (10). Similarly, upreg-
ulation of Irs2 in rip13=12 or Irs27/~ripl13=72 B cells
increases Foxol phosphorylation to promote its exclu-
sion from the nucleus, which is consistent with elevat-
ed PdxI1. Thus, Pdx1 might mediate many of the effects
of Irs2 in B cells, as transgenic upregulation of Pdx1
restores P cell function and promotes normal glycemia
in Irs27/~ mice (18). Interestingly, Pdx1 expression per-
sists in some lines of C57BL/6 mice lacking Irs2, which
protects them from diabetes (48).

Whether Irs2 signaling promotes 3 cell growth is dif-
ficult to determine. Before birth, Irs2 signaling is not
required for B cell development, as Irs27/~ neonates
have sufficient islet function to avoid diabetes for the
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first 8 weeks of life. However, B cell mass fails to
expand in Irs27~ mice even though peripheral insulin
resistance is expected to promote expansion as it does
in IrsI7/~ mice (9). Alone, upregulation of Irs2 does not
increase mitogenesis in f3 cells; however, islet density
increases equally in both rip13=72 and Irs2~/~:rip13-12
mice. Alternatively, BrdU labeling is detectable in
Irs27/~:rip13=12 mice, suggesting that insulin resist-
ance mediates 3 cell mitogenesis through Irs2 signal-
ing. Unfortunately, our experiments do not reveal the
mechanism by which Irs2 increases islet density. How-
ever, Kitamura et al. suggest that nuclear exclusion of
Foxol from ductal precursors might promote the for-
mation of new duct-associated islets by upregulating
Pdx1 (10). Thus, relative hyperinsulinemia during the
initial response to insulin resistance might promote
Irs2-mediated B cell growth. Unfortunately, this mech-
anism is expected to eventually fail, as Irs2 signaling
diminishes during progressive insulin resistance.

Although our work focuses on murine f3 cells, prelim-
inary experiments show that upregulation of IRS2 in
isolated human islets by adenoviral-mediated infection
increases glucose-stimulated insulin release and BrdU
incorporation (data not shown). Thus, pharmacologic
or genetic approaches that upregulate Irs2 in 3 cells or
promote Irs2-mediated downstream signals, such as
reduction of nuclear Foxo1, might also improve B cell
function in people. Tools to upregulate Irs2 have not
been available because the regulation of Irs2 gene
expression is poorly studied. However, results with HeLa
cells suggest that human IRS2 is moderately upregulat-
ed by cAMP and strongly upregulated by progesterone
or the combination of cAMP and RU486 (49).

In our experiments, glucagen-like peptide 1, exendin-
4 or dibutyl-cAMP strongly upregulated Irs2 protein in
Min6 B cells, and similar results were observed with iso-
lated human islets (data not shown). A mechanism for
the regulation of Irs2 by cAMP was recently suggested
by Jhala et al., who demonstrated a functional CRE in
the murine Irs2 gene (21). Thus, the trophic effect of
GLP1/exendin-4 in rodents and people might be
explained, at least in part, by the upregulation of IRS2
(50, 51). GLP1 secretion decreases in people with type
2 diabetes, but subcutaneous administration of GLP1
improves glucose homeostasis; lowers body weight,
hemoglobin A(1C), and free fatty acids; and increases
insulin sensitivity and insulin action (52, 53). More-
over, GLP1/exendin-4 inhibits both cytokine and fatty
acid-induced apoptosis in  cells, and delays the devel-
opment of diabetes in Zucker diabetic fatty rats by
reducing B cell loss (54). Since these changes are also
expected upon increased Irs2 protein levels, GLP1/
exendin-4 or other B cell-specific cAMP agonists might
prevent [} cell failure by promoting Irs2 signaling.

As absolute or relative insulin insufficiency is associat-
ed with all forms of diabetes, 3 cell replacement via trans-
plantation represents an attractive alternative for treat-
ing human diabetics; however, the isolation of sufficient
(atleast 10,000 islets/kg) high-quality human islets that

survive and function after transplantation is challenging
(55). Given the capacity of the rip13=%2 transgene to pre-
serve or enhance B cell function during transplantation
in mice, upregulation of IRS2 by pharmacologic or
genetic approaches just before transplantation might
improve the function of human islets and reduce the
number needed for successful transplantation.

In summary, upregulation of Irs2 in 3 cells disrupts
disease progression in mice, and if expressed highly
enough, can prevent the onset of diabetes caused by Irs2
disruption or diet-induced obesity. The Irs2 signaling
system includes many elements that propagate the
insulin/IGF signal to cytoplasmic regulatory enzymes
and to nuclear regulatory elements. In f cells, this
includes certain MODY genes, revealing an intriguing
link between insulin signaling and autosomal early
onset diabetes (10, 18). Further investigation of the Irs2
branch of the insulin/IGF signaling cascade might
explain the relationship between P cell failure and
peripheral insulin resistance that causes type 2 diabetes.
If the IRS2 signaling cascade is a master regulator that
integrates 3 cell function with peripheral insulin action,
upregulation of IRS2 by nutritional, pharmacologic, or
genetic intervention could be a general way to slow pro-
gression or prevent the onset of diabetes.
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