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There is widespread interest in defining factors and mechanisms that
stimulate proliferation of pancreatic islet cells. Wnt signaling is an
important regulator of organ growth and cell fates, and genes
encoding Wnt-signaling factors are expressed in the pancreas. How-
ever, it is unclear whether Wnt signaling regulates pancreatic islet
proliferation and differentiation. Here we provide evidence that Wnt
signaling stimulates islet � cell proliferation. The addition of purified
Wnt3a protein to cultured � cells or islets promoted expression of
Pitx2, a direct target of Wnt signaling, and Cyclin D2, an essential
regulator of � cell cycle progression, and led to increased � cell
proliferation in vitro. Conditional pancreatic � cell expression of
activated �-catenin, a crucial Wnt signal transduction protein, pro-
duced similar phenotypes in vivo, leading to � cell expansion, in-
creased insulin production and serum levels, and enhanced glucose
handling. Conditional � cell expression of Axin, a potent negative
regulator of Wnt signaling, led to reduced Pitx2 and Cyclin D2
expression by � cells, resulting in reduced neonatal � cell expansion
and mass and impaired glucose tolerance. Thus, Wnt signaling is both
necessary and sufficient for islet � cell proliferation, and our study
provides previously unrecognized evidence of a mechanism govern-
ing endocrine pancreas growth and function.

Cyclin D2 � diabetes mellitus � islets of Langerhans � pancreas � Pitx2

Relative or absolute deficiency of pancreatic � cell mass
underlies the pathogenesis of type 1 and type 2 diabetes (1,

2). Thus, there is considerable interest in understanding the
mechanisms that stimulate pancreatic islet cell growth and
differentiation. Recent studies identified several cell-
autonomous factors, including Cyclin D2, c-Myc, cyclin-
dependent kinase 4 (CDK4), menin, and other nuclear proteins
that are essential for regulating growth of pancreatic islet � cells,
the sole source of insulin in postnatal animals (3, 4). However,
little is known about the signaling factors that control expression
or activity of these � cell-autonomous growth regulators.

Wnt proteins are a family of highly conserved secreted proteins
that regulate multiple developmental processes, including prolifer-
ation of organ-specific stem/progenitor cell populations, growth
control and cell fate determination in diverse organs, and tissue
patterning (5). In the canonical Wnt signaling pathway, binding of
Wnt ligand to cognate membrane-spanning receptor proteins called
Frizzleds (Fz), triggers a signaling cascade that results in the
stabilization and nuclear localization of �-catenin, whose interac-
tions with T cell-specific factor/lymphoid enhancer-binding factor
(TCF/LEF) transcription factors control transcription of target
genes like Pitx2 (6, 7). In the absence of Wnt signaling, cytoplasmic
�-catenin in Wnt-responsive cells is targeted for proteosome-
mediated degradation by a heteromeric protein complex that
includes Axin, glycogen synthase kinase 3� (GSK-3�), and other
proteins (8–10).

Recent studies document expression of several Wnt ligands and
Fz receptors in the embryonic and postnatal pancreas. In one study,
conditional disruption of pancreatic �-catenin expression produced
pancreatitis and reduced islet mass, but the mechanism for impaired
islet cell proliferation was not identified (11). In other studies, Wnt
signaling disruption led to clear changes in exocrine pancreas
growth without detectable changes in endocrine cell proliferation

(12–14). Thus, it remains unclear whether Wnt signaling controls
islet cell growth. Here we use gain- and loss-of-function approaches
to show that Wnt signaling controls islet � cell proliferation and to
unveil a mechanism underlying this regulation.

Results
Wnt Signaling Stimulates Expression of Essential � Cell Cycle Regu-
lators. To test whether Wnt signaling controls islet � cell growth, we
exposed isolated pancreatic islets to purified Wnt3a, a Wnt family
member that is expressed in the developing pancreas and in adult
human islets (15). In prior studies we showed that purified Wnt3a
led to �-catenin stabilization and induction of established Wnt
target genes (16). To quantify � cell proliferation, we measured
expression of Ki67, a marker of late G1, S, G2, and M phases
previously used to assess � cell cycle progression. In islets treated
with Wnt3a, we found a 2-fold increase of Ki67� � cells (Fig. 1A),
which characteristically coexpressed insulin and the transcription
factor Nkx6.1, markers not expressed by other mature islet cells
[supporting information (SI) Fig. 6; ref. 17]. The addition of soluble
Fz 8-cysteine-rich domain (Fz8-CRD), a potent specific Wnt in-
hibitor (D.t.B. and R.N., unpublished results) eliminated this
stimulatory effect of Wnt3a, indicating that active Wnt signaling
was assessed (Fig. 1A). Consistent with these data, we found that
growth of MIN6 cells, a transformed mouse � cell line responsive
to normal growth cues (18, 19), was significantly increased by
purified Wnt3a, compared with treatment with vehicle alone (Fig.
1B). To test whether Wnt3a promoted MIN6 cell proliferation, we
measured incorporation of BrdU, which proved more consistent
than Ki67 as a proliferation marker in our MIN6 cultures. Com-
pared with vehicle-treated controls, Wnt3a-treated cells had a
3-fold increase in BrdU incorporation (Fig. 1C). Collectively, these
results show that Wnt3a exposure in vitro was sufficient to increase
� cells proliferation.

Several cell cycle regulators, including Cyclin D1, Cyclin D2,
CDK4, and c-myc, have been shown to control � cell proliferation
in vivo (20–23). To identify the mechanism of Wnt-stimulated � cell
proliferation, we tested whether expression of these established �
cell cycle regulators was controlled by Wnt signaling. Cyclin D2
expression in islet � cells peaks between postnatal day (P) 4 and P8,
corresponding with a period of increased � cell proliferation and
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expansion (21), suggesting competence for endogenous signals that
regulate proliferation. Thus, we tested whether expression of cyclin
D2 and other cell cycle regulators was stimulated by Wnt3a protein
in islets from mice at P8. Wnt3a treatment of islets for 24 h led to
significantly increased mRNA levels of cyclin D1, cyclin D2, and
CDK4 compared with controls, a response that was completely
abolished by Fz8-CRD (Fig. 1D). To test whether Wnt3a affected
� cells, we then exposed MIN6 cells to Wnt3a. Similar to our finding
in islets, mRNA levels of cyclin D1, cyclin D2, and CDK4 were
clearly increased by Wnt3a exposure (Fig. 1E). The addition of
soluble Fz8-CRD eliminated the stimulatory effects of Wnt3a on
each of these targets in MIN6 cells (Fig. 1E). Thus, Wnt3a was
sufficient to stimulate expression of cell cycle regulators in purified
islets and cultured � cells, which was matched by increased � cell
proliferation. To test whether Wnt signaling regulation of cell cycle
regulators was conserved, we assessed the effects of Wnt3a expo-
sure on cultured human islets. Real-time RT-PCR studies revealed
that Wnt3a increased mRNA levels of cyclinD2 and Pitx2, a direct
transcriptional regulator of cyclinD2 (see below): These effects were
blocked by Fz8-CRD (SI Fig. 7). Additional studies are needed to
assess whether Wnt signaling is sufficient to stimulate expansion of
cultured human islet cells.

Wnt3a Promotes Direct Association of Pitx2 with Regions of the cyclin
D2 Gene in � Cells. In neuroendocrine cells, Wnt signaling stim-
ulates expression of the transcription factor Pitx2, which in turn
can activate transcription of cyclin D2 and c-myc (7). We found
that exposure of islets or MIN6 cells to purified Wnt3a led to a
3- to 4-fold increase in Pitx2 mRNA levels, an effect abolished
by Fz8-CRD (Fig. 1 D and E and SI Fig. 7). To determine
whether Wnt signaling promotes the direct association of Pitx2
with target genes, we performed ChIP studies in MIN6 cells and
postnatal pancreatic islets. Before Wnt3a exposure, Pitx2 was
not detectably associated with genomic DNA �980 to �525 bp
immediately 5� of the cyclin D2 transcriptional start site, a region
that contains consensus bicoid-like binding sites (Fig. 2A, red
boxes) known to bind Pitx2 (7). After exposure of islets (Fig. 2B)
and MIN6 cells (Fig. 2C) to purified Wnt3a protein, ChIP
analysis revealed Pitx2 association with elements within �980 bp
of the transcription start site of cyclin D2 (Fig. 2 A and B). By
contrast, we did not detect Pitx2 association with regions in the
cyclinD2 locus distal to �980 bp that lack these consensus sites
(Fig. 2B) or in regions proximal to �525 bp. Although Wnt3a
stimulation results in increased transcription of cyclin D1 and
Cdk4 in MIN6 cells and purified islets (Figs. 1 D and E), we did
not observe direct association of Pitx2 with these genes by ChIP
analysis (data not shown). Thus, Wnt3a stimulated Pitx2 asso-
ciation with cyclin D2 in islets. Collectively, our results provide
previously unrecognized evidence that Wnt signaling is sufficient

to induce Pitx2 binding to elements of cyclin D2 in �-cells,
promoting increased Cyclin D2 expression and proliferation.

Expression of Activated �-Catenin Is Sufficient to Stimulate Islet � Cell
Expansion. To test whether Wnt signaling activation is sufficient to
promote � cell proliferation in vivo, we intercrossed mice to create
strains expressing Cre-recombinase in � cells from the rat insulin
promoter (RIP-Cre) (24, 25) and harboring the �-catactive allele,
which encodes a loxP-flanked constitutively active form of

Fig. 1. Purified Wnt3a induces expression of Pitx2, cyclin D2, and other cell cycle regulators in � cells and promotes cell expansion. (A) Expression of Ki67 in Nkx6.1�

cells of purified WT P8 islets stimulated with Wnt3a, vehicle, or Wnt3a � Fz8-CRD. (B) Growth of MIN6 cells stimulated with vehicle only, Wnt3a, or Wnt3a � Fz8-CRD
and counted at 24, 48, and 72 h. Each condition was performed in triplicate. (C) MIN6 cells stimulated with Wnt3a or vehicle for 8 h were assayed for BrdU incorporation
by immunofluorescenceanalysis. (A–C)Dataarepresentedas theaverage�SEM.AllRT-PCRresultswerenormalizedto �-actinandaretheaveragevaluefromtriplicate
experiments. P values are indicated in each graph. (D) Real-time RT-PCR analysis of Pitx2, cyclin D2, cyclin D1, and cdk4 cDNA from purified P8 islets treated with vehicle
only, purified Wnt3a, or Wnt3a � Fz8-CRD for 24 h. (E) Real-time RT-PCR analysis of Pitx2, cyclin D2, cyclin D1, and cdk4 cDNA from MIN6 cells treated with vehicle only,
purified Wnt3a, or Wnt3a � Fz8-CRD for 24 h.

Fig. 2. ChIP demonstrates that Pitx2 associates with specific elements in the
cyclin D2 promoter upon Wnt3a stimulation. (A) Position of DNA regions
flanked by primer pairs (PP) used for PCR to assess Pitx2 association with
elements within the cyclin D2 promoter. Consensus bicoid binding sequences
are marked by red boxes. (B) Anti-Pitx2 ChIP performed on 8-h Wnt3a-
stimulated islet cultures derived from WT P8 mice reveals Pitx2 binding to the
cyclin D2 promoter at sites �980 to �525 upstream of the transcriptional start
site. (C) Anti-Pitx2 ChIP performed on MIN6 cells treated with Wnt3a for 3 h
and subsequently analyzed with PCR shows a similar binding pattern to the
cyclin D2 promoter.
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�-catenin (see Methods; refs. 14 and 26). Previously, we used mice
expressing Cre-recombinase under the control of the Pdx1 pro-
moter (24) to induce expression of �-catactive in adult islets, but
expression of Cre-recombinase was mosaic in islet � cells and did
not result in significant changes in � cell mass (14). In 3-month-old
bitransgenic RIP-Cre, �-catactive mice, immunohistology revealed
increased levels of �-catenin in the cytoplasm of � cells, with some
cells also exhibiting nuclear localization of �-catenin (Fig. 3 A and
B and SI Fig. 8). By contrast, �-catenin in � cells from control mice
appeared to be localized exclusively to the plasma membrane (SI
Fig. 8). Expression of Ki67 by � cells in adult RIP-Cre, �-catactive

mice was increased 3-fold, corresponding well with a 2.5-fold
increase in � cell mass (Fig. 3 C–F). Consistent with our in vitro islet
studies, the in vivo expression of Cyclin D2 was increased in � cells
of RIP-Cre, �-catactive mice (Fig. 3 G and H). Real-time RT-PCR
measures revealed a 2-fold increase of cyclinD2 and Pitx2 mRNA
levels in RIP-Cre, �-catactive islets compared with controls (Fig. 3I).
In 3-month-old RIP-Cre, �-catactive mice, cyclinD2� � cells main-
tained expression of insulin (Fig. 3 G and H). Moreover, expression
of adult � cell markers, including Pdx1, Glut2, and Nkx6.1 were also

maintained in the islet cells of these mice (data not shown).
Together, these findings suggest that activation of �-catenin was
sufficient to stimulate expansion of � cells that maintained their
differentiated fate. Consistent with our finding of increased � cell
mass in RIP-Cre, �-catactive mice, serum insulin levels in these mice
were increased �3-fold (Fig. 3J). However, insulin content per islet
cell was not detectably changed in RIP-Cre, �-catactive mice (SI Fig.
8). Moreover, compared with islets from control mice, insulin
secretion by islets from RIP-Cre, �-catactive mice after stimulation
with glucose (Fig. 3K) or other secretogogues such as arginine (SI
Fig. 8) was indistinguishable. Consistent with their hyperinsulin-
emia, the blood glucose concentration in fasted RIP-Cre, �-catactive

mice was significantly reduced, and i.p. glucose challenge revealed
that glucose disposal was improved in RIP-Cre, �-catactive mice
compared with controls (Fig. 3L). Collectively, these results support
the conclusion that hyperinsulinemia in RIP-Cre, �-catactive mice
principally reflects increased � cell mass. Thus, induction of
�-catenin in vivo was sufficient to promote expansion of functional
pancreatic � cells.

Conditional Axin Expression Impairs Pitx2 Expression and � Cell
Expansion. To address whether Wnt signaling was required for
normal � cell expansion in vivo, we generated transgenic mice that
permitted conditional pancreatic expression of Axin, a potent
inhibitor of Wnt signaling. Intercrosses produced mice that harbor
a transgene encoding Axin adjacent to a tetracycline response
element (TRE) promoter (TRE-Axin) (27) and the Pdx1-
tetracycline-regulated transactivator (tTA) transgene (28, 29) in
which the tTA replaces the coding region of Pdx1, a gene expressed
in pancreatic progenitor cells and mature � cells (30–32). Bitrans-
genic Pdx1-tTA/TRE-Axin progeny and mice of other genotypes
from this intercross were obtained at Mendelian frequency from
�20 litters. Transgenic Axin expression in Pdx1-tTA/TRE-Axin
islets was clearly detectable by immunohistochemistry (Fig. 4) and
by Western blotting (SI Fig. 9). Axin was detected in the islet core,
where Pdx1-expressing � cells reside, in pancreatic islets of bitrans-
genic mice, but not littermate controls on P4 (Fig. 4 A and B), a
neonatal stage when � cells are actively proliferating (21). As
expected, continuous exposure of Pdx1-tTA/TRE-Axin mice to
doxycycline (Dox), a tetracycline analogue, from the time of
conception prevented expression of TRE-Axin in Pdx1� cells (Fig.
4C; see Methods). Thus, in Pdx1-tTA/TRE-Axin mice, TRE-Axin
was expressed in Pdx1� cells and conditionally repressed by Dox
exposure.

To assess Axin effects on Wnt signaling in Pdx1-tTA/TRE-Axin
mice at P4, we analyzed the expression of Pitx2, a direct Wnt
signaling target (7). Immunohistology showed that Pitx2 was local-
ized to � cell nuclei (Fig. 4 D–I). Compared with WT controls or
to Pdx1-tTA/TRE-Axin mice administered Dox, the percentage of
Pitx2� � cells per pancreas was reduced by 75% in Pdx1-tTA/TRE-
Axin mice (Fig. 4 D–J). Thus, conditional Axin induction reduced
Pitx2 expression, providing evidence of Wnt-signaling disruption in
the endocrine pancreas of Pdx1-tTA/TRE-Axin mice.

Prior studies showed that Cyclin D2-deficient mice have a 70%
reduction in � cell mass and glucose intolerance without changes
in total pancreatic mass (21), phenotypes that are reminiscent of
the changes we noted in Pdx1-tTA/TRE-Axin mice. On the basis
of these findings and our in vitro studies, we postulated that cyclin
D2 expression by nascent � cells in Pdx1-tTA/TRE-Axin mice
might be impaired. Immunohistology showed that Cyclin D2
protein colocalized with Nkx6.1� cells in WT and Pdx1-tTA/
TRE-Axin mice, consistent with our studies of MIN6 cells and
cultured islets (Fig. 4 K–S). However, analysis of Pdx1-tTA/TRE-
Axin mice revealed a 60% reduction of Cyclin D2 expression in
Nkx6.1� cells, an effect reversed by Dox (Fig. 4 K–T). These
changes correlated with a significant reduction of BrdU incor-
poration by Nkx6.1� cells (SI Fig. 9). In contrast to these
proliferation phenotypes, we did not detect changes in pancreatic

Fig. 3. Conditional expression of activated �-catenin in RIP-Cre, �-catactive islets.
(AandB) Elevated �-cateninexpressionandan increasednumberofproliferating
Ki67� cells in RIP-Cre, �-catactive islets compared with controls. (C) Quantification
of insulin�, Ki67� cells in control and RIP-Cre, �-catactive islets. (D and E) Immuno-
staining reveals insulin expression is maintained in proliferating Ki67� cells in
RIP-Cre, �-catactive islets. (F) Quantification of pancreatic � cell mass in control and
RIP-Cre, �-catactive mice. (G and H) Immunostaining reveals increased numbers of
cyclin D2-expressing insulin� cells in RIP-Cre, �-catactive islets. (I) Real-time PCR
quantification of cyclin D2 mRNA levels in isolated control and RIP-Cre, �-catactive

islets. All data are statistically significant. P � 0.005. (J) Serum insulin levels in fed
control and RIP-Cre, �-catactive mice. (K) Assessment of insulin secretion in re-
sponse to increased glucose as performed on cultured islets. P values were not
significant (NS). (L) i.p. glucose tolerance tests of control and RIP-Cre, �-catactive

mice after overnight fasting. (J–L) Values represent mean � SEM. P values are
indicated where appropriate.
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apoptosis by using terminal deoxynucleotidyltransferase (TdT)-
mediated 2�-deoxyuridine 5�-triphosphate (dUTP) nick-end la-
beling (data not shown). Collectively, these studies suggest that
Wnt signaling regulates in vivo expression of Cyclin D2, an
essential regulator of � cell proliferation.

To identify the effects of Axin expression on pancreas islets,
we analyzed pancreata from Pdx1-tTA/TRE-Axin and control
mice. The morphology of the pancreas from Pdx1-tTA/TRE-
Axin mice appeared grossly normal, and changes in acinar or
ductal cell morphology and number were not detected (data not
shown). However, immunohistology and morphometry revealed
several defects in postnatal pancreatic islet composition and
morphology in Pdx1-tTA/TRE-Axin pancreata (Fig. 5). Com-
pared with islets from WT mice or bitransgenic mice exposed to
Dox, islets from bitransgenic Pdx1-tTA/TRE-Axin mice had a
significant reduction of � cells (Fig. 5 B–E) and lacked the
characteristic architecture of insulin� cells surrounded by glu-
cagon� cells. The number of non-� islet cells, including gluca-

gon�, somatostatin�, and PP� cells and the total number of
islets, was not significantly altered in bitransgenic mice (Fig. 5 B,
E, and F and data not shown). At weaning, Pdx1-tTA/TRE-Axin
mice had persistent � cell hypoplasia, with a 50–60% reduction
of � cells compared with littermate controls (Fig. 5G). Com-
pared with controls, including Pdx1-tTA mice, total pancreatic
insulin content in Pdx1-tTA/TRE-Axin mice was reduced (Fig.
5H). Although weight gain, blood glucose, and serum insulin
levels during random feeding appeared normal in Pdx1-tTA/
TRE-Axin mice (data not shown), i.p. glucose challenge re-
vealed impaired glucose tolerance that was more severe than in
Pdx1-tTA mice, which have mild glucose intolerance (SI Fig. 10;
ref. 28) or in other littermate controls. Thus, glucose tolerance
was significantly worsened by Axin expression in Pdx1-tTA/
TRE-Axin mice.

Discussion
These studies reveal that pancreatic Wnt signaling controls islet
� cell proliferation. Prior studies provided evidence that pan-
creatic growth and differentiation are regulated by Wnt signaling
(11–15, 33, 34). However, these reports did not present a
mechanism for the Wnt-mediated action nor did they test
whether Wnt signaling was sufficient to stimulate � cell prolif-
eration in pancreatic islets. Here, treatment of � cells with
purified Wnt protein or stimulation with activated �-catenin
permitted us to test whether Wnt pathway activation might
promote islet � cell proliferation and allowed elucidation of
mechanisms underlying Wnt-mediated � cell growth. Here we

Fig. 4. Dox-dependent expression of Axin, Pitx2, and Cyclin D2 in Pdx1-tTA/
TRE-Axin islets. (A–C) Immunohistochemical detection of Myc-tagged Axin
expression in islets. Pdx1-tTA/TRE-Axin P4 mice (A) express Myc-tagged Axin
(arrows), which is absent in WT (B) and Pdx1-tTA/TRE-Axin (� Doxycycline) (C)
control mice at P4. (Original magnification: �63.) (D–I) Immunofluorescent
detection of Nkx6.1 (green), Pitx2 (red), and merge (yellow) in the islets of P4
WT and Pdx1-tTA/TRE-Axin mice and Pdx1-tTA/TRE-Axin mice on Dox from the
time of conception. (H and I) White arrowheads indicate Nkx6.1� /Pitx2�

nuclei. (J) Percentage of Nkx6.1� that are Pitx2� in Pdx1-tTA/TRE-Axin and
control mice. (K–S) Immunofluorescent detection of Nkx6.1 (green) and Cyclin
D2 (red) in the islets of P4 WT and Pdx1-tTA/TRE-Axin mice and Pdx1-tTA/TRE-
Axin mice on Dox. (T) Percentage of Nkx6.1� that are Cyclin D2� in Pdx1-tTA/
TRE-Axin and control mice. Data are presented as the average � SEM. P values
are indicated in the figures. Data are from at least five mice per genotype.
(Original magnification: �100.)

Fig. 5. Conditional Axin expression in Pdx1� progenitors impairs � cell
development. (A–D) Immunofluorescent detection of insulin� (green) and
glucagon� (red) cells in WT (A) and Pdx1-tTA/TRE-Axin (B) islets (no Dox) and
in WT (C) and Pdx1-tTA/TRE-Axin (D) islets administered Dox from the time of
conception. (Original magnification: �100.) (E and F) The relative insulin� (E)
and glucagon (F) area per islet compared in WT and Pdx1-tTA/TRE-Axin mice
and in WT and Pdx1-tTA/TRE-Axin mice administered Dox from the time of
conception. (E) The P value for insulin� area between Pdx1-tTA/TRE-Axin islets
and control islets is �0.02. (F) The P value for glucagon� area among all
genotypes is not significant. (G) Morphometric analysis of insulin� area as a
percentage of total pancreas area from P28 WT and Pdx1-tTA/TRE-Axin mice.
(H) Total insulin (nanograms) per pancreas (milligrams) in P28 Pdx1-tTA/TRE-
Axin and WT mice. All data are from at least three litters, with four to eight
mice per genotype. Data are presented as the average � SEM.
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show that Wnt signaling stimulated expression of multiple � cell
cycle regulators, including Cyclins D1 and D2, resulting in
enhanced islet proliferation. Previous studies showed that these
D-type cyclins, CDK4, c-myc, and other cell-autonomous factors
control � cell proliferation in pancreas development (21–23, 35)
but did not reveal how expression of these factors was controlled.
Our studies reveal that Wnt signals promote expression of Pitx2,
a transcriptional activator that directly associates with cis-
regulatory elements in the cyclin D2 gene. On the basis of these
results, we hypothesize that Wnt-signaling induction of Pitx2
promotes cyclin D2 expression to drive proliferation of nascent
� cells. Pitx2 has also been shown to regulate expression of c-Myc
and cyclin D1 (6, 36), but in isolated islets we did not detect direct
association of Pitx2 with promoter-proximal sequences in these
genes. Thus, the basis of enhanced expression of c-Myc, cyclin
D1, and CDK4 in Wnt-treated � cells and the contribution of
these factors to Wnt-stimulated � cell proliferation requires
further investigation. After Wnt stimulation, � cell proliferation
was not accompanied by a loss of characteristic � cell markers,
such as insulin or Nkx6.1 (37). On the contrary, our studies of
RIP-Cre, �-catactive mice show that Wnt signaling had a clear
physiologic impact by enhancing serum insulin levels and glucose
disposal. Thus, exposure to Wnt signals in some contexts can
promote islet growth and hallmark � cell features, although
prolonged activation of Wnt signaling may affect the differen-
tiation state of islet � cells (14). Exposure to purified mouse
Wnt3a protein can stimulate expression of Pitx2 and cyclinD2 in
cultured human cadaveric islets, but we have not yet found that
Wnt signaling is sufficient to induce � cell expansion in human
islets. Thus, further studies are needed to test the possibility that
Wnt signaling may be useful for expanding functional islets for
therapeutic goals.

We also showed that conditional Axin expression impaired
proliferation of neonatal � cells, demonstrating a requirement
for Wnt signaling during � cell expansion in vivo. Consistent with
our findings, a prior study (11) reported comparable � cell
hypoplasia after conditional inactivation of �-catenin, but no
mechanism for reduced islet cell proliferation was described, nor
was impaired glucose control detected in that study. Here, we
show that Axin expression impaired normal expression of islet
Pitx2 and cyclinD2. Together with in vitro studies of Wnt-
stimulated islets, our results collectively suggest that Wnt sig-
naling is required for � cell Pitx2 and Cyclin D2 expression to
promote in vivo � cell growth. Mutations in Pitx2 are associated
with Rieger syndrome in humans, an autosomal-dominant con-
dition that includes impaired glucose tolerance, reduced circu-
lating insulin levels, and overt diabetes mellitus (38). The basis
for these metabolic anomalies is not known. Mice with targeted
mutations in Pitx2 have been previously described and manifest
multiple developmental malformations (7, 39–42), but pancre-
atic islet defects have not yet been described, to our knowledge.
Thus, further studies are needed to show whether Pitx2 is
sufficient or required for pancreatic � cell proliferation.

Another study (14) provided evidence that the timing or
extent of Wnt pathway modulation can significantly alter the
outcome of mouse embryonic and perinatal pancreas develop-
ment. Thus, the range of nonendocrine and endocrine pancreatic
phenotypes reported by us and others (11–14) likely reflects the
distinct experimental strategies and transgenic strains used to
disrupt in vivo pancreatic Wnt signaling in these studies.

Proliferation of postnatal islet cells is relatively low compared
with tissues such as intestines or bone marrow, except in states
favoring robust � cell growth, such as pregnancy, insulin resis-
tance, and obesity (3). Could Wnt signaling regulate adult � cell
growth? Fujino et al. (43) reported that older mice lacking LRP5,
a Wnt coreceptor, had impaired � cell function and impaired
glucose tolerance when challenged with a high-fat diet (43). This
finding suggests that Wnt signaling may be required to maintain

islet functions in physiologic conditions demanding adaptive �
cell responses. Multiple Wnt ligands, receptors, and signal
transduction factors are expressed in the embryonic and adult
pancreas (12, 13, 33), and it is unclear which endogenous factors
might mediate Wnt signaling in � cell proliferation. Further
studies to clarify these issues may prove useful for generating
methods to control pancreatic islet cell proliferation and to test
whether Wnt signaling dysregulation might underlie some forms
of neuroendocrine tumor pathogenesis.

Materials and Methods
Animal Breeding. RIP-Cre (24), �-catactive (26), TRE-Axin (27),
and Pdx1-tTA mice (28) have been previously described. Ani-
mals were maintained on a standard light/dark cycle and handled
in accordance with Stanford University Animal Care and Use
Guidelines. Dox (2 mg/ml; Sigma, St. Louis, MO) was admin-
istered through drinking water as described in ref. 29.

Immunohistochemistry. Tissue was fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Fort Washington, PA) or in
Z-Fix (Anatech, Battle Creek, MI). Immunohistochemistry was
performed on paraffin-embedded tissue, and immunofluores-
cence studies were performed on either paraffin- or cryo-
preserved tissue, depending on antibody requirements. Antigen
retrieval, antisera, and detection methods used here are de-
scribed in SI Materials and Methods. Images were captured with
a Leica (Deerfield, IL) SP2 AOBS confocal microscope (Cell
Sciences Imaging Facility, Stanford Medical Center, Stanford,
CA). Light images were captured with a Zeiss (Oberkochen,
Germany) Axioplan 2 microscope and software. Cell counting,
point-counting morphometry, and � cell quantification were
performed by using standard morphometric techniques (14, 44,
45) or as described in SI Materials and Methods. For quantifi-
cation of immunostained cells, pancreas tissue was obtained
from at least four mice per genotype. All data are presented as
the average � SEM. Two-tailed t tests were conducted to
determine statistical significance.

Physiologic Studies and Islet Isolation. Glucose challenge studies
were performed as described in ref. 45. Pancreatic insulin
content was measured with a Mouse Insulin ELISA kit (Alpco
Diagnostics, Windham, NH).

Islets were isolated from C57BL/6 mice on P4–8. Pancreata
were digested with collagenase (Sigma–Aldrich, St. Louis, MO),
and islets were purified by using a multilayer islet-specific ficoll
gradient (Mediatech, Washington, DC).

Isolation of RNA, Protein, and Quantitative PCR Analysis. The murine
insulinoma cell line MIN6 (18) was used for in vitro studies.
MIN6 cells or postnatal islets were treated with purified Wnt3a
(final concentration 100 ng/ml, equal to 2.4 n	) (16), vehicle
only, or Wnt3a plus Fz8-CRD (final concentration 200 ng/ml,
equal to 3.3 nM). After treatment, RNA was isolated with
TRIzol (Invitrogen, Carlsbad, CA). By using the RetroScript Kit
(Ambion, Austin, TX), 1.5 �g of total RNA was then reverse
transcribed into cDNA. Quantitative PCR analysis was per-
formed on an Applied Biosystems (Foster City, CA) 7300 Real
Time Machine PCR machine with TaqMan probe sets for Pitx2,
cyclin D2, cyclin D1, CDK4. All transcript levels were normalized
against �-actin. ChIP assays were performed on MIN6 cells and
islets as described in ref. 19. Before ChIP analysis and prolifer-
ation analysis, islets were maintained for 24 h in RPMI medium
1640, penicillin/streptomycin, Hepes, fungizone, and L-
glutamine (Invitrogen-GIBCO, Carlsbad, CA) containing 10%
FBS (HyClone, Logan, UT) at 37°C. We used monoclonal
antibody specific for Pitx2 (1:100, Santa Cruz Biotechnology,
Santa Cruz, CA). Primers specific for cyclin D2 proximal pro-
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moter sequences and regions of the cyclin D1 and cdk4 promoters
are available in SI Materials and Methods.
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