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The calcium-regulated phosphatase calcineurin intersects
with both calcium and cAMP-mediated signaling pathways in
the pancreatic �-cell. Pharmacologic calcineurin inhibition,
necessary to prevent rejection in the setting of organ trans-
plantation, is associated with post-transplant �-cell failure.
We sought to determine the effect of calcineurin inhibition on
�-cell replication and survival in rodents and in isolated hu-
man islets. Further, we assessed whether the GLP-1 receptor
agonist and cAMP stimulus, exendin-4 (Ex-4), could rescue
�-cell replication and survival following calcineurin inhibition.
Following treatment with the calcineurin inhibitor tacrolimus,
human �-cell apoptosis was significantly increased. Although
we detected no human �-cell replication, tacrolimus signifi-
cantly decreased rodent �-cell replication. Ex-4 nearly normal-
ized both human �-cell survival and rodent �-cell replication
when co-administered with tacrolimus. We found that tacroli-
mus decreased Akt phosphorylation, suggesting that cal-
cineurin could regulate replication and survival via the PI3K/
Akt pathway. We identify insulin receptor substrate-2 (Irs2), a
known cAMP-responsive element-binding protein target and
upstream regulator of the PI3K/Akt pathway, as a novel cal-
cineurin target in �-cells. Irs2 mRNA and protein are de-
creased by calcineurin inhibition in both rodent and human
islets. The effect of calcineurin on Irs2 expression is mediated
at least in part through the nuclear factor of activated T-cells
(NFAT), as NFAT occupied the Irs2 promoter in a calcineurin-
sensitive manner. Ex-4 restored Irs2 expression in tacrolimus-
treated rodent and human islets nearly to baseline. These find-
ings reveal calcineurin as a regulator of human �-cell survival
in part through regulation of Irs2, with implications for the

pathogenesis and treatment of diabetes following organ
transplantation.

New onset diabetes mellitus is a major complication follow-
ing solid organ transplantation, often leading to decreased
graft survival and increased mortality (1–3). As with other
forms of diabetes, hyperglycemia ensues when there is inade-
quate pancreatic �-cell mass to meet insulin demand (4).
Post-transplant diabetes is strongly associated with the use of
calcineurin inhibitors, antirejection medications that are
widely used in clinical solid organ transplantation (5). This
association has prompted long-standing speculation that the
calcineurin inhibitors are �-cell toxic and pathogenic in trans-
plant-related �-cell failure.
Calcineurin is a calcium-activated cytosolic phosphatase

that is critical for antigen-stimulated T lymphocyte activation
(6). Therefore, pharmacologic calcineurin inhibition is highly
effective in preventing allograft rejection. However, cal-
cineurin is also expressed in �-cells where it has two well de-
scribed molecular targets, the nuclear factor of activated T
cell (NFAT)2 family of transcription factors (7), and the
cAMP-responsive element-binding protein (CREB) transcrip-
tional co-activator, transducer of regulated CREB activity-2
(TORC2) (8). Through dephosphorylation-mediated nuclear
localization of these targets, calcineurin integrates calcium
and cAMP signals generated by physiologic stimuli, such as
hyperglycemia and incretin receptor activation, to alter gene
expression (7–9).
A role for calcineurin in �-cell growth and function was

recently demonstrated in a murine model of �-cell specific
calcineurin deletion. These mice displayed a phenotype of
age-dependent diabetes and decreased �-cell proliferation in
association with diminished expression of numerous genes
known to be critical for �-cell function and proliferation (10).
These and other data indicating a role for calcineurin in cell
cycle regulation (11) suggested that calcineurin inhibitors
might contribute to transplant-related �-cell failure by blunt-
ing �-cell proliferation (4). Indeed, Dor and co-workers re-
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cently observed that the simultaneous administration of a
calcineurin inhibitor and the mammalian target of rapamycin
inhibitor, rapamycin, impaired �-cell regeneration during
recovery from diphtheria toxin-induced �-cell death (12).
Conversely, calcineurin inhibition has also recently been sug-
gested to play a beneficial role in �-cell survival after treat-
ment with cytokines (13) and corticosteroids (14).
The GLP-1 receptor agonist exendin-4 (Ex-4) improves

rodent �-cell replication and survival in multiple models (15).
GLP-1 receptor activation has been implicated in increasing
rodent �-cell replication through multiple trophic pathways,
including MAP kinase (16) and downstream of the epidermal
growth factor receptor (EGFR) (17), but many of its effects
have been associated with the activation of CREB. Ex-4-medi-
ated increases in cAMP lead to activation of protein kinase A
followed by phosphorylation and activation of CREB to influ-
ence gene expression (18). The ability of Ex-4 to stimulate
insulin gene transcription appears to involve the action of
calcineurin (9), but the exact mechanism underlying these
interactions, as well as the relevance to regulation of �-cell
replication and survival, is unknown.
Here, we find that calcineurin inhibition markedly induces

apoptosis of human islet �-cells and reduces �-cell replication
in rodent islets. Co-administration of Ex-4 partially rescues
these defects. Consistent with changes in proliferation and
apoptosis, calcineurin inhibition decreases Akt phosphoryla-
tion. We identify Irs2 as a novel target of calcineurin whose
promoter is directly occupied by NFAT in a calcineurin-sensi-
tive manner. Further, the downstream targets of Akt, the D-
cyclins, are reduced in rodent islets following calcineurin in-
hibition. These findings have significant implications for the
pathogenesis and treatment of transplant related �-cell
failure.

EXPERIMENTAL PROCEDURES

Human Islets

Human islets were supplied by the University of Pennsylva-
nia Human Islet Isolation Laboratory. Islets were cultured for
4 days in CMRL-1066 Supplemented medium prior to the
addition of tacrolimus (Tecoland, Edison, NJ) or vehicle
(DMSO) as indicated. Six hours later, islets were washed once
with phosphate-buffered saline (PBS) and lysed with TRIzol
reagent (Invitrogen) or radioimmune precipitation assay
buffer containing protease and phosphatase inhibitors (Cal-
biochem) for RNA and protein isolation, respectively. For
morphometric analysis of replication and survival, human
islets were treated with vehicle (DMSO), 10 nM Ex-4 (Bachem
Bioscience; King of Prussia, PA), and/or 10 ng/ml tacrolimus
for 48 h. For the final 24 h of treatment, BrdU (10 �M; Sigma)
was added to the cells prior to harvest for analysis.

Islet Culture

Rat islets were isolated from 300–325-g male Sprague-
Dawley rats (Charles River; Wilmington, MA) as described
previously (19). Rat islet tissue culture media contained RPMI
1640 medium with L-glutamine, 11 mM glucose, 1% heat-inac-
tivated fetal bovine serum, 10 mM HEPES, 100 units/ml peni-
cillin, 100 mg/ml streptomycin, and 1% anti-mycotic solution

(Invitrogen). After overnight culture following isolation (16 h),
islets were treated with vehicles (PBS � DMSO), Ex-4 �
DMSO, tacrolimus � PBS, or tacrolimus � Ex-4 for 3 and
6 h. At both time points, islets were washed once in PBS and
lysed with TRIzol for RNA isolation.

Tissue Culture

INS-1 rat insulinoma cells (clone 832/13) were maintained
in growth medium as described (20). Cells were washed once
with PBS and placed into defined medium (21) (RPMI 1640
medium without serum, but with 3 mM glucose, 0.1% fatty
acid-free bovine serum albumin (Equitech-Bio, Inc., Kerrville,
TX), 10 mM HEPES, 1 mM sodium pyruvate, 100 units/ml
penicillin, 100 mg/ml streptomycin, and 50 �M �-mercapto-
ethanol). After overnight incubation, tacrolimus or vehicle
(100% ethanol) was added, and 30 min later, glucose, Ex-4,
forskolin, or vehicle (PBS) were added. Six hours later, cells
were washed once with PBS and lysed with either TRIzol or
radioimmune precipitation assay buffer for RNA and protein
isolation, respectively.

Animals

Ten- to 12-week-old male C57BL/6 mice were purchased
from Jackson Laboratories (Bar Harbor, ME), housed under
standard conditions, and allowed free access to food and wa-
ter unless fasted prior to testing. 0.8 mg/ml BrdU was placed
in the drinking water of all mice as indicated under “Results.”
Tacrolimus was dissolved in 100% ethanol and administered
at the doses indicated in a final solution of 0.9% sodium chlo-
ride/5% ethanol by intraperitoneal injection. Ex-4 was dis-
solved in 0.9% saline/1% BSA solution and administered via
an Alzet 2004 subcutaneous miniosmotic pump (Alzet Os-
motic Pumps, Cupertino, CA). These studies were approved
by the Institutional Animal Care and Use Committee of the
University of Pennsylvania.

Physiologic Testing

Intraperitoneal glucose tolerance testing, serum insulin
measurements, and insulin tolerance testing were performed
as described previously (22). Blood urea nitrogen measure-
ment was performed on plasma using a colorimetric assay
(Stanbio Laboratory procedure 2050, Boerne, TX). Serum
Ex-4 concentration was determined by enzyme immunoassay
(Phoenix Pharmaceuticals, Belmont, CA).

Morphologic Analysis

Mouse Models—On the final day of each mouse experi-
ment, deep anesthesia was induced with pentobarbital, and
the pancreata were removed, fixed in 4% paraformaldehyde,
embedded in paraffin, and sectioned for analysis. Antisera
were: guinea pig anti-insulin (DakoCytomation; Carpinteria,
CA), sheep anti-BrdU (U.S. Biologicals; Swampscott, MA),
and species-specific Cy-2- and Cy-3-conjugated secondary
antisera. Nuclear labeling was performed with DAPI (Molecu-
lar Probes, Eugene, OR) and autofluorescence quenched with
Sudan Black (BDH Laboratory Supplies, Poole, England). The
�-cell BrdU incorporation rate was determined according to
the equation: incorporation rate � [(insulin�/BrdU�)/(total

Calcineurin Signaling Regulates Human �-Cell Survival

DECEMBER 17, 2010 • VOLUME 285 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 40051



insulin � cells)] � 100. At least 1,000 total �-cell nuclei were
counted for each mouse. Section analysis was performed with
an Eclipse E600 microscope (Nikon, Japan). Images were cap-
tured using a Cool Snap digital camera (Photometrics, Hun-
tington Beach, CA).
Human Islets—The suspension cultures of treated islet cells

were fixed for 0.5 h in 4% paraformaldehyde and pelleted in
2% agarose before paraffin embedding and sectioning. Termi-
nal dUTP nick-end labeling (TUNEL) was performed with a
commercially available kit (Roche Applied Science) and spe-
cific Alexa Fluor 647-dUTP secondary antisera (Invitrogen).
TUNEL and BrdU imaging and quantitation of human islet
sections were performed utilizing a Zeiss AxioImager M2 mi-
croscope (Carl Zeiss MicroImaging, Thornwood, NY) with
automated XY stage (Ludl Electronic Products, Hawthorne,
NY) and Hamamatsu C4742 digital camera (Hamamatsu Cor-
poration, Bridgewater, NJ). Images were analyzed utilizing
Volocity version 5.3.2 software (PerkinElmer Life Sciences).

Chromatin Immunoprecipitation (ChIP)

ChIP assays were performed essentially as described previ-
ously in Min6 cells treated for 1 h with vehicle or 30 ng/ml
tacrolimus (23). Antibodies used included mouse anti-
NFATc1 antiserum (BD Pharmingen) and normal mouse IgG
(Santa Cruz Biotechnology, Santa Cruz, CA). Data were ana-
lyzed as described previously (22). For detection of the two
conserved regions of the mouse Irs2 promoter, primers were
designed using Primer3. The two Irs2 NFAT binding sites
were located at �1259/�1255 and �1146/�1142 relative to
the Irs2 transcriptional start site, respectively. Primers to de-
tect NFAT occupancy of the cyclin D1 and insulin1 promoter
were designed using previously identified NFAT binding sites
(10). Negative control primers were designed to detect a non-
coding intergenic sequence �70 kb upstream of the Irs2 tran-
scriptional start site. Primer sequences are listed in supple-
mental Table 1.

Real Time PCR

Total RNA was DNase-treated (DNA-free; Ambion, Austin,
TX) and reverse-transcribed (Superscript II reverse tran-
scriptase; Invitrogen) following the manufacturers’ protocols.
Primer sequences are indicated in supplemental Table 1.
Fluorescence-based real time PCR was performed using the
IQ Sybr Green Supermix kit (Bio-Rad) and the IQ-5 Single
Color Real Time PCR Detection System (Bio-Rad). Primers
were designed using Primer3 as above and tested for linear
amplification using serial dilutions of cDNA before use on
experimental samples. Expression was determined relative to
internal controls (rat actin and human cyclophilin).

Western Blot Analysis

Whole cell lysates were generated by sonication followed by
centrifugation to remove insoluble material. Nuclear and cy-
toplasmic protein fractions were isolated as described (24).
Lysates were resolved on 4–12% gradient BisTris gels (In-
vitrogen) and transferred to nitrocellulose membranes as de-
scribed (25). Primary antisera were anti-NFATc1 (BD Pharm-
ingen), anti-phosphoserine 133-CREB (Cell Signaling;

Danvers, MA), anti-CREB (Cell Signaling), anti-phospho-
threonine 308-Akt (Cell Signaling), anti-Akt (Cell Signaling),
anti-phospho-Akt substrates (Cell Signaling), anti-Pdx1 (253)
(26), anti-tubulin (Cell Signaling), anti-Irs1 (Santa Cruz Bio-
technology), anti-Irs2 (Upstate Biotechnology; Lake Placid,
NY), anti-phospho-GSK3 (Cell Signaling), anti-GSK3 (Cell
Signaling), anti-phospho-S6 (Cell Signaling), anti-S6 (Cell
Signaling), anti-actin (Sigma), and anti-cyclophilin B (Affinity
Bioreagents; Golden, CO). Secondary antisera incubation and
signal detection were performed as described (25). Western
blot band intensity analysis was performed using ImageJ ver-
sion 1.43 software (National Institutes of Health).

Statistical Analysis

Data are presented as mean � S.E., unless otherwise noted.
Statistical comparisons were performed using Student’s t test
or two-way ANOVA. For 2 � 2 comparisons that reached
statistical significance by ANOVA (p � 0.05), a protected
Fisher’s least significant difference test was utilized for post
hoc analysis.

RESULTS

Calcineurin Regulates Human �-Cell Survival—Given the
association of tacrolimus with the development of post-trans-
plant diabetes mellitus in humans and the unclear role of cal-
cineurin inhibition as a positive or negative regulator of the
�-cell (13, 27), we sought to determine how calcineurin inhi-
bition impacts human �-cell survival and replication. Human
islets were treated with tacrolimus (10 ng/ml) or vehicle for
48 h. Tacrolimus increased the rate of human �-cell apoptosis
by 3.1-fold in human islets, as detected by TUNEL staining
(Fig. 1), with a similar trend found in non-�-cells which was
not statistically significant (data not shown). Although tacroli-
mus induced a similar fold increase in apoptosis in islets from
all three donors, we noted a substantial variation in absolute
apoptosis rates among the individual donors, consistent with
the well appreciated variation among human islet prepara-
tions (supplemental Fig. 1). We next sought to determine
whether Ex-4 treatment could overcome tacrolimus-induced
impairments in �-cell survival. Ex-4 partially reversed the ef-
fect of tacrolimus, improving cell survival by greater than
2-fold. Ex-4 alone led to a nearly 40% reduction in �-cell apo-
ptosis, but this effect was not statistically significant (Fig. 1B).
We also examined BrdU incorporation as a measure of

�-cell replication in human islets treated with vehicle, tacroli-
mus, and/or Ex-4. Following 24 h of BrdU labeling, we found
rare BrdU-labeled non-�-cells; however, not a single BrdU-
labeled �-cell was identified despite counting nearly 100,000
human �-cells among the three donors (data not shown).
These data may reflect the failure of �-cell replication to oc-
cur in the ex vivo setting and are consistent with the low levels
of �-cell proliferation previously reported in adult humans
(28). Taken together, these results demonstrate the deleteri-
ous effects of calcineurin inhibition on human �-cell survival.
Tacrolimus Decreases Murine �-Cell Proliferation—Due to

the absence of detectable �-cell replication in cultured human
islets, we could not determine whether pharmacologic cal-
cineurin inhibition affects human �-cell proliferation. There-
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fore, we evaluated the impact of tacrolimus on �-cell prolifer-
ation in rodents, which possess higher rates of �-cell
replication compared with humans. Ten-week-old male
C57BL/6 mice were assigned to treatment with daily tacroli-
mus (1.0 mg/kg per day intraperitoneally), Ex-4 (20 nmol/kg
per day), or vehicle controls for 19 days (4 groups, n � 5–8/
group). Ex-4 was delivered continuously by subcutaneous mi-
niosmotic pump. Tacrolimus decreased �-cell proliferation by
72% compared with vehicle-treated controls (Fig. 2), and this
effect was consistent across multiple dosages (supplemental
Fig. 2). Ex-4 partially reversed this effect, doubling the �-cell
BrdU incorporation rate compared with the tacrolimus-only
treatment group (Fig. 2B). Mean plasma Ex-4 concentration
was �2 ng/ml on days 7 and 14 and was not affected by ta-
crolimus administration (supplemental Table 2). Glucose tol-
erance testing on day 15 did not reveal a deleterious impact of
tacrolimus on glucose tolerance over this time frame, and
Ex-4 exerted its well described beneficial effects on glucose
tolerance independent of tacrolimus administration (supple-
mental Fig. 3) (15). No differences in body weight or insulin
sensitivity were detected among the four treatment groups

(supplemental Fig. 3), suggesting that the effects of tacrolimus
or Ex-4 on �-cell proliferation were not due to compensation
for alterations in insulin sensitivity. We examined the rate of
apoptosis by TUNEL staining, and tacrolimus did not appear
to increase the low rate of islet apoptosis in tacrolimus com-
pared with vehicle-treated mice (data not shown). These re-
sults demonstrate that, similar to genetic calcineurin deletion
(10), pharmacologic calcineurin inhibition markedly inhibits
rodent �-cell proliferation.
Calcineurin Regulates Activity of the PI3K/Akt Pathway—

Akt, also known as protein kinase B (PKB), is a serine-threo-
nine kinase that acts as a major effector of the Irs/PI3K/Akt
pathway to coordinate growth factor signaling (for review, see
Refs. 29, 30). Studies in genetic mouse models and human
islets support the regulation of �-cell replication, survival, and
function by Akt (31–33), and both insulin and insulin-like
growth factor-1 are critical activators of this pathway (34–
36). To determine whether calcineurin inhibition influences
this pathway, we examined the effect of tacrolimus on phos-
phorylation of Akt. Following tacrolimus treatment in INS-1
cells, phosphorylation of Akt at Thr308, the phosphorylation
site necessary for Akt activation, was reduced, whereas total
Akt expression was unaffected (Fig. 3, A and B). The reduc-
tion in Akt phosphorylation following tacrolimus treatment
was associated with reduction in the phosphorylation of Akt
substrates in INS-1 cells (Fig. 3C). Similarly, tacrolimus treat-
ment in human islets reduced phosphorylation of Akt sub-
strates (Fig. 3D). Calcineurin inhibition in human islets led to
decreased phosphorylation of specific Akt targets GSK3 (Fig.

FIGURE 1. Calcineurin inhibition induces human �-cell apoptosis. A, rep-
resentative image (magnification, �40) of vehicle- (upper) and tacrolimus-
(lower) treated human islets. Lower right, increased magnification of focal
area of �-cell apoptosis in a tacrolimus-treated human islet. Green, insulin;
red, TUNEL; blue, DAPI. B, quantitation of human �-cell TUNEL rates after
48-h treatment with vehicle, 10 ng/ml tacrolimus, 10 nM Ex-4, or a combina-
tion of tacrolimus and Ex-4 at the same doses. Data are presented as
mean � S.E. (error bars) of three independent human islet preparations and
are expressed as fold compared with the vehicle-treated group. Absolute
rates of apoptosis are presented in supplemental Fig. 1. 5,000 –30,000
human �-cells were counted/treatment group for each preparation.
*, p � 0.05.

FIGURE 2. Ex-4 attenuates the tacrolimus-induced decrease in murine
�-cell proliferation. A, representative image of islets from mice treated
with vehicle or tacrolimus. Insulin is seen in green, BrdU in red, DAPI in blue.
B, quantitation of �-cell BrdU incorporation rates over 14 days of continu-
ous administration in drinking water. All data points are mean � S.E. (error
bars). Bar graphs, open bar, vehicle/vehicle; black bar, 1.0 mg/kg per day
tacrolimus/vehicle; hatched bar, vehicle/20 nmol per kg per day Ex-4; gray
bar, 1.0 mg/kg per day tacrolimus/20 nmol/kg per day Ex-4. n � 7– 8 mice/
group except for vehicle/Ex-4 (n � 5). *, p � 0.05; **, p � 0.01.
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3E) and ribosomal protein S6 (Fig. 3F), while not affecting
total GSK3 and S6 expression. Therefore, calcineurin inhibi-
tion directly impacts the activity of the PI3K/Akt pathway in
both rodent and human � cells and islets, respectively.

Given the species-specific effects of calcineurin inhibition
on cell survival, we examined expression of Akt isoforms in
both rodent and human islets. Although all three Akt iso-
forms are expressed in both rodent and human islets (37, 38),
studies in genetic mouse models show distinct effects of each
isoform on the regulation of glucose tolerance (39–46). Com-
parison of the relative mRNA expression of these isoforms
between rodent and human islets showed a significant reduc-
tion in the relative levels of Akt2 in human islets (Fig. 3G).

Irs2 Is a Novel Transcriptional Target of Calcineurin—Irs2
is a critical adaptor in the insulin receptor/insulin-like growth
factor-1 receptor signaling pathway, the activity of which is
required for normal murine �-cell replication and survival
(29, 47). Further, Irs2 is a CREB target gene (48) and a target
of the calcineurin-dependent CREB co-activator TORC2 in
hepatocytes (49). Thus, we hypothesized that Irs2 expression
might be both sensitive to pharmacologic calcineurin inhibi-
tion and a potential mediator of the tacrolimus-induced in-
crease in �-cell apoptosis. Therefore, we examined the impact
of tacrolimus on Irs2 expression. Following a 6-h exposure to
tacrolimus, Irs2 mRNA expression was consistently reduced
by �50% in INS-1 cells (Fig. 4A), primary rat islets (Fig. 4D),

FIGURE 3. Calcineurin inhibition reduces phosphorylation of Akt and Akt substrates. A, Western blot analysis of INS-1 cells following treatment with
vehicle, 30 ng/ml tacrolimus, and/or 10 �M forskolin for 6 h, probed with anti-phospho-Akt (Thr308) (representative of four independent experiments).
B, band intensity quantitation of p-Akt/Akt protein ratio in INS-1 cells by Western blotting. Data are presented as fold change from vehicle controls and as
the mean � S.E. (error bars) of four experiments performed in duplicate. C and D, representative Western blot of phospho-Akt substrate protein expression
in INS-1 cells (C) and human islets (D) following treatment with vehicle or tacrolimus for 6 h. For human islets, duplicate cultures of islets derived from a sin-
gle donor are shown (data are representative of experiments performed on islets from three independent donors). E and F, Western blot analysis of phos-
pho- and total GSK3 (E) and phospho- and total S6 (F) expression in human islets following treatment with vehicle or10 ng/ml tacrolimus for 6 h. G, quanti-
tative PCR analysis of Akt isoform mRNA expression in cultured human and rat islets. Isoform expression is presented relative to Akt1 mRNA levels. Data are
presented as mean � S.E. (error bars) of three independent rat islet preparations and four independent human islet preparations (each analyzed in tripli-
cate). *, p � 0.05; **, p � 0.01.
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and primary human islets (Fig. 4E). The reduction in Irs2
mRNA was paralleled by reductions in Irs2 protein levels in
INS-1 cells and human islets (Fig. 4, B and F). Thus, cal-
cineurin regulation of Irs2 expression is highly conserved.
Tacrolimus also inhibited the previously described glucose
stimulation of Irs2 expression (21) (supplemental Fig. 4). Cal-
cineurin appears to regulate Irs2 specifically, as Irs1 expres-
sion was not affected by tacrolimus treatment (Fig. 3A).
Because activation of cAMP-dependent signaling induces

�-cell Irs2 expression and improves �-cell survival (48), we
sought to determine whether a cAMP signal could overcome
the effect of calcineurin inhibition on Irs2 expression. We
examined the effect of forskolin and Ex-4 on the ability of ta-
crolimus to inhibit Irs2 expression in INS-1 cells, rat islets,
and human islets. Forskolin (10 �M) increased Irs2 expression
in the presence of tacrolimus in INS-1 cells, restoring expres-
sion to the level seen with forskolin alone (Fig. 4, A and B).

Similarly, in primary rat islets, tacrolimus reduced Irs2 mRNA
expression after 6 h of treatment, whereas Ex-4 stimulated
Irs2 expression already beginning at 3 h. After 6 h, Ex-4 nor-
malized the expression of Irs2 in tacrolimus-treated islets,
although the level was reduced compared with Ex-4 alone,
suggesting a role for calcineurin in Ex-4 stimulation of Irs2
expression, similar to its role in mediating Ex-4 stimulation of
insulin gene transcription (Fig. 4, C and D) (7, 9). Ex-4 also
normalized the expression of IRS2 in tacrolimus-treated hu-
man islets (Fig. 4, E and F).

To determine whether calcineurin could regulate Irs2 via
its well known effector NFAT, we scanned the Irs2 promoter
and identified two evolutionarily conserved genomic se-
quences within 1.3 kb upstream of the Irs2 transcriptional
start site. Each of the two sequences contains a conserved
NFAT consensus binding motif 5�-GGAAA-3�. ChIP assays
demonstrated endogenous NFATc1 occupancy of both re-

FIGURE 4. Tacrolimus decreases Irs2 expression, which is restored by cAMP stimuli. A and B, Irs2 mRNA (A) and protein (B) levels were assessed in INS-1
cells after a 6-h incubation with tacrolimus (30 ng/ml), forskolin (10 �M), or their vehicles as indicated. Each Western blot lane represents a separate culture
dish. C and D, quantitative PCR analysis of Irs2 mRNA expression in rat islets following vehicle, tacrolimus, and/or Ex-4 treatment for 3 h (C) or 6 h (D). Data
are expressed as mean � S.E. (error bars) of three experiments performed in triplicate. E, quantitative PCR analysis of Irs2 mRNA expression following treat-
ment with vehicle, 10 ng/ml tacrolimus, and/or 10 nM Ex-4 for 6 h in three independent human islet preparations (studied in triplicate). Data are presented
as the mean � S.E. (error bars) fold mRNA level versus vehicle. F, Irs2 protein expression in representative Western blot of human islets following treatment
with vehicle, 10 ng/ml tacrolimus, and/or 10 nM Ex-4 for 6 h. Each Western blot lane represents a separate culture dish from one donor. The experiment was
performed with islets from three separate donors in duplicate. *, p � 0.05; **, p � 0.01; †, p � 0.001.
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gions in Min6 cells, which was abrogated in the presence of
tacrolimus (Fig. 5). We also observed that the endogenous
promoters of insulin and cyclin D1 are occupied by NFATc1
in a manner sensitive to calcineurin inhibition. These genes
were previously suggested to be NFAT targets based on occu-
pancy by overexpressed NFATc1 (10).
To determine how calcineurin and cAMP signaling might

intersect in the pancreatic �-cell, we next assessed whether
cAMP signaling impacts tacrolimus-mediated changes in
NFAT localization and, conversely, whether calcineurin af-
fects cAMP-stimulated CREB phosphorylation. As assessed
by Western blot analysis of nuclear and cytoplasmic extracts
in INS-1 cells, tacrolimus resulted in the expected shift in
NFATc1 localization from predominantly nuclear to predom-
inantly cytoplasmic as well as a shift in mobility consistent
with increased phosphorylation. Neither Ex-4 nor forskolin
was able to overcome these effects of calcineurin inhibition
(supplemental Fig. 5A and data not shown). Further, the
phosphorylation of CREB by forskolin was not impaired by
tacrolimus (supplemental Fig. 5B). Thus, the ability of cAMP
stimuli to rescue the effect of calcineurin inhibition of Irs2
expression is not mediated via NFAT and is more likely to be
mediated by the classical PKA-CREB pathway. Taken alto-
gether, these results indicate that calcineurin inhibition may
regulate human �-cell survival as well as function of the PI3K/
Akt pathway in part through direct regulation of Irs2
expression.
Tacrolimus Inhibits Rodent D-cyclin Expression, Which Is

Improved by Ex-4—D-cyclins are critical regulators of postna-
tal �-cell proliferation and the G1/S cell cycle transition
through their participation in complexes with Cdk4 and
Cdk6 to regulate phosphorylation and inactivation of retino-
blastoma protein (Rb) (50–52). Activation of Akt leads to in-
tegration with the cell cycle machinery by regulating D-cyclin

levels (53). In addition, the cyclin D1 promoter has been
shown to be occupied by NFATc1 in a calcineurin-sensitive
manner (Fig. 4) (10). Therefore, we sought to determine
whether calcineurin regulates D-cyclin expression. We as-
sessed cyclin D1 (Ccnd1) and cyclin D2 (Ccnd2) mRNA tran-
script level in rat islets following treatment with vehicle, ta-
crolimus, and/or Ex-4. Tacrolimus reduced Ccnd1 and Ccnd2
transcript levels at both 3 and 6 h following treatment (Fig. 6,
A and B). Tacrolimus-mediated reductions in Ccnd1, but not
Ccnd2, expression were improved by Ex-4 at 6 h following
treatment (p � 0.05; Fig. 6A) with a similar trend at 3 h (p �
0.07). Ex-4 alone did not increase Ccnd1 or Ccnd2 transcript
levels. Tacrolimus did not cause reductions in Cdk4 expres-
sion (Fig. 6C). These data suggest that that calcineurin regu-
lates rodent �-cell replication at least in part through control
of D-cyclin expression.

DISCUSSION

We demonstrate here that pharmacologic calcineurin inhi-
bition impairs human �-cell survival and murine �-cell prolif-
eration and reduces activity of the PI3K/Akt pathway. We
identify Irs2 as a target of calcineurin, likely mediated by di-
rect occupancy by NFAT as well as by the previously de-
scribed action of TORC2 to co-activate CREB at the Irs2 pro-
moter in hepatocytes. This regulation of Irs2 corresponds to a

FIGURE 5. NFATc1 occupies two regions of the Irs2 promoter in a cal-
cineurin-sensitive manner. Quantitative ChIP analysis in Min6 cells follow-
ing treatment with vehicle or 30 ng/ml tacrolimus, is expressed as fold en-
richment (�NFAT versus normal mouse IgG). Data are displayed as mean �
S.D. (error bars) of a single representative ChIP experiment. Experiment was
performed three times. Primers designed to amplify a known NFATc1 bind-
ing region of the cyclin D1 and insulin promoter and a cis-control, located in
an intergenic region nearly 70 kb upstream of the Irs2 transcriptional start
site, were used as positive and negative controls, respectively.

FIGURE 6. Tacrolimus reduces D-cyclin expression in rodent islets. A–C,
quantitative PCR analysis of cyclin D1 (A), cyclin D2 (B), and Cdk4 (C) expres-
sion in cultured rat islets following vehicle, tacrolimus, and/or Ex-4 treat-
ment for 3 or 6 h. Data are expressed as mean � S.E. (error bars) of three
experiments performed in triplicate. *, p � 0.05; **, p � 0.01; †, p � 0.001.
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reduction in the activity of Akt, as reflected by its phosphory-
lation at Thr308 and reduced phosphorylation of Akt sub-
strates. Finally, we find that the incretin GLP-1 receptor ago-
nist Ex-4 attenuates the survival, proliferative, and gene
expression defects induced by calcineurin inhibition, suggest-
ing that clinically available incretin mimetic agents will ame-
liorate the �-cell toxic effects of calcineurin inhibition.
We identify Irs2 as a novel target of calcineurin inhibition

relevant to �-cell growth. Irs2 is an adaptor linking receptor
activation to the proximal insulin/ insulin-like growth fac-
tor-1 receptor signaling pathway. Irs2 is required for �-cell
survival (54) as well as compensatory �-cell mass expansion in
response to increased insulin demand (55). Maintenance of
Irs2 expression is particularly vital to �-cell survival and re-
sistance to FFA-induced apoptosis (56), suggesting that inhi-
bition of Irs2 expression by tacrolimus could increase �-cell
death. Thus, the proapoptotic effect of calcineurin inhibition
on human islets that we observe as well as the increase in hu-
man islet caspase-3 cleavage and cell damage observed by oth-
ers in response to calcineurin inhibition (27, 57) suggest that
Irs2 likely contributes to human �-cell survival.

Cell cycle progression from G1 to S phase in rodent �-cells
is dependent on the activity of D-cyclin/cyclin-dependent
kinase complexes, specifically those formed by Ccnd1 and
Ccnd2 with Cdk4 (50–52). Although the physiologic integra-
tion points between calcineurin and the cell cycle machinery
have not been fully elucidated, several lines of evidence
suggest that D-cyclin and Cdk4 expression may be cal-
cineurin-dependent and directly regulated by NFAT (10). Ta-
crolimus-mediated changes in �-cell proliferation may also be
TORC2-dependent because the CREB co-activator, TORC2,
is expressed in �-cells, activated by calcineurin (8), and is vital
for CREB-mediated gene expression (58, 59). Ccnd1 is a
CREB target in the �-cell (60–62), and the potential role of
TORC2 in Ccnd1 expression remains to be explored. Finally,
Akt overexpression positively regulates Ccnd1 and Ccnd2
levels in rodent islets (53). Thus, tacrolimus-induced inhibi-
tion of calcineurin-dependent NFAT and TORC2 activation,
as well as of PI3K/Akt pathway activity, may decrease expres-
sion of critical components of the rodent cell cycle machinery.
Future studies will be needed to determine whether these ef-
fects are conserved in human islets, as our studies were lim-
ited by the observed lack of �-cell replication under baseline
conditions.
We observe species-specific effects of calcineurin inhibition

on �-cell survival in human and rodent islets. These effects
could be due to differences in the response of human and ro-
dent islets to reductions in Irs2 expression. Alternatively, it is
possible that calcineurin inhibition leads to Irs2- or Akt-inde-
pendent effects, or potentially, Akt-dependent effects that
differ between humans and rodents. Human and rodent islets,
despite similarities in insulin release to secretagogues utilized
for the treatment of diabetes, vary in terms of histological
composition (63–65), basal levels of replication (66), glucose
transporter gene expression (67), and D-cyclin/cyclin-depen-
dent kinase gene expression (68). We report significant differ-
ences in relative Akt2 expression between rodent and human
islets that could also contribute to the differences we observe

in �-cell survival. Akt2 is an important regulator of �-cell sur-
vival in mice (44). Irs2 has been recently suggested to have
preferential interactions with Akt1 (39). Thus, the higher lev-
els of Akt2 may make rodent islets less susceptible to the ef-
fects of calcineurin inhibition on �-cell survival. This is one of
several possibilities that merit further investigation. These
differences, among others, may underscore the inconsistent
translation of novel molecular findings in rodent models to
human therapeutic benefit. The species-specific differences of
our findings further reinforce the need to translate findings
from rodent models to human islets.
An important clinically relevant observation is the demon-

stration that GLP-1 receptor agonists can correct, at least in
part, the deleterious effects of tacrolimus on IRS2 expression
and human �-cell survival. Several potential mechanisms
could mediate these effects. Activation of cAMP-dependent
signaling results in increased intracellular calcium (16) which
could potentially override calcineurin inhibition. However,
calcineurin-dependent NFAT and TORC activation are highly
sensitive to calcineurin inhibition (8, 9), and we demonstrate
that cAMP stimuli do not cause NFAT nuclear localization
following tacrolimus treatment. Direct CREB phosphorylation
by both cAMP-dependent PKA (48) and calcium-activated
calmodulin kinase-IV (69) increases CREB-dependent tran-
scriptional activity via recruitment of CBP/p300, providing a
calcineurin-independent pathway for the modulation of Irs2
expression. Our demonstration that CREB phosphorylation is
maintained following calcineurin inhibition supports this
hypothesis.
Overall, our observations indicate that pharmacologic cal-

cineurin inhibition may contribute to post-transplant diabetes
by diminishing �-cell survival and replication. This may lead
to impaired adaptation to dynamic changes in insulin demand
after solid organ transplantation and promote �-cell failure in
these settings. Although efforts to move away from cal-
cineurin inhibitors to novel immunosuppressive agents that
do not target this pathway or are able to target it in a cell-se-
lective fashion may be beneficial in the future, calcineurin
inhibitors are currently an indispensable component of
chronic immune suppression for many transplant recipients.
Our results specifically support the possibility that pharmaco-
logic approaches to GLP-1 receptor activation may promote
�-cell survival and proliferation in the setting of calcineurin
inhibitor co-administration.
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