
MOLECULAR AND CELLULAR BIOLOGY, Aug. 2009, p. 4417–4430 Vol. 29, No. 16
0270-7306/09/$08.00�0 doi:10.1128/MCB.01622-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Regulation of Pancreatic Juxtaductal Endocrine Cell
Formation by FoxO1�

Tadahiro Kitamura,1,2 Yukari Ido Kitamura,1,2 Masaki Kobayashi,2 Osamu Kikuchi,2
Tsutomu Sasaki,2 Ronald A. DePinho,3 and Domenico Accili1*

Department of Medicine, College of Physicians & Surgeons of Columbia University, New York, New York 100321;
Metabolic Signal Research Center, Institute for Molecular and Cellular Regulation, Gunma University,

Maebashi, Gunma 371-8512, Japan2; and Center for Applied Cancer Science, Departments of
Medical Oncology, Medicine, and Genetics, and Belfer Institute for

Innovative Cancer Science, Dana-Farber Cancer Institute,
Harvard Medical School, Boston, Massachusetts 021153

Received 16 October 2008/Returned for modification 27 January 2009/Accepted 22 May 2009

An understanding of the mechanisms that govern pancreatic endocrine cell ontogeny may offer strategies for
their somatic replacement in diabetic patients. During embryogenesis, transcription factor FoxO1 is expressed
in pancreatic progenitor cells. Subsequently, it becomes restricted to � cells and to a rare population of
insulin-negative juxtaductal cells (FoxO1� Ins�). It is unclear whether FoxO1� Ins� cells give rise to
endocrine cells. To address this question, we first evaluated FoxO1’s role in pancreas development using gain-
and loss-of-function alleles in mice. Premature FoxO1 activation in pancreatic progenitors promoted �-cell
formation but curtailed exocrine development. Conversely, FoxO1 ablation in pancreatic progenitor cells, but
not in committed endocrine progenitors or terminally differentiated � cells, selectively increased juxtaductal
� cells. As these data indicate an involvement of FoxO1 in pancreatic lineage determination, FoxO1� Ins� cells
were clonally isolated and assayed for their capacity to undergo endocrine differentiation. Upon FoxO1
activation, FoxO1� Ins� cultures converted into glucagon-producing cells. We conclude that FoxO1� Ins�

juxtaductal cells represent a hitherto-unrecognized pancreatic cell population with in vitro capability of
endocrine differentiation.

Diabetes is characterized by complete or relative deficiency
of insulin-producing � cells (1). The growing societal and pub-
lic health toll of the disease provides impetus to isolate or
generate � cells for cellular replacement purposes. Moreover,
given that most of the newly found diabetes susceptibility genes
appear to affect �-cell function rather than insulin action (12,
41, 43), that the two newest classes of antidiabetic medications
are �-tropic (2), and that the main therapeutic failures in
diabetes are seen in response to �-tropic agents (19, 48), stud-
ies of �-cell biology have wide-ranging implications beyond the
replacement issue.

Two approaches to �-cell generation have been champi-
oned: one endeavors to define culture conditions conducive to
embryonic stem cell differentiation into � cells (6), while the
other is based on the hypothesis that endocrine cell progeni-
tors, often identified with duct epithelial cells, exist in the adult
pancreas and can yield functional � cells (4, 42).

Lineage-tracing studies indicate that pancreatic endocrine
cells arise from a neurogenin 3 (Neurog3)-expressing progen-
itor pool set aside early in embryonic development (13) and
that postnatal �-cell turnover is a result of limited �-cell rep-
lication and apoptosis (8, 34, 46). These data point to a limited
role of pancreatic duct cells in the maintenance of �-cell mass
through neogenesis from non-�-cell precursors. Nonetheless,
ductal endocrine cell neogenesis can occur following pancre-

atic duct ligation (17, 49), raising the possibility of generating
endocrine cells by commandeering developmental pathways at
the genetic level. Along these lines, we made the intriguing
observation of a rare population of juxtaductal FoxO1� cells
that do not express insulin. This finding, coupled with the role
of FoxOs in governing developmental processes in diverse lin-
eages and in the long-term stability of various tissues (24, 32,
35), prompted us to examine whether these cells are progeni-
tors of duct-associated endocrine cells. In this study, we used a
combination of developmental, genetic, and cell biology anal-
yses to identify, isolate, and functionally characterize these
cells.

MATERIALS AND METHODS

Antibodies and immunohistochemistry. We used the following antibodies:
antipancytokeratin (Sigma), antivimentin (Santa Cruz), anti-Nkx2.2 (homeodo-
main protein) (Hybridoma Bank, University of Iowa), anti-FoxO1 (21), anti-
pancreas and duodenum homeobox protein 1 (anti-Pdx1) (25), antiglucagon
(Sigma), anti-insulin (Dako), antisomatostatin (Chemicon), anti-pancreatic
polypeptide (anti-Pp) (Linco), antiamylase (Abcam), anti-green fluorescent pro-
tein (anti-GFP) (Santa Cruz), and anti-forkhead box-containing protein A2
(anti-Foxa2) (39). We used fluorescence-conjugated dolichos biflorus agglutinin
(DBA) (0.05 mg/ml; Vector Laboratories) for duct cell staining (27). We per-
formed immunostaining using 5-�m-thick paraffin sections and, in some exper-
iments, antigen retrieval, as described previously (25). We visualized immune
complexes with fluorescein isothiocyanate- or Cy3-conjugated secondary anti-
bodies. Microscopy was carried out with an Olympus IX-70 inverted fluorescence
microscope (Olympus America, Melville, NY) fitted with 10�, 40�, and 100�
lenses, and images were captured using a Spot digital camera (Diagnostic In-
struments, Sterling Heights, MI) and processed using Photoshop 7.0 software. To
quantitate insulin-positive juxtaductal cells, we scored ducts with insulin-positive
cells as a percentage of the total number of main, interlobular, and intralobular
ducts on each section. We scored on average 10 ducts on each of six sections for each
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mouse and six mice for each genotype. On average, we scored 1,150 duct-associated
cells per section, totaling �41,400 cells per genotype. One-month-old mice were
used for these experiments. We determined the Ki67-labeling index of islet � cells
and juxtaductal insulin-positive cells by dividing the number of Ki67/insulin-positive
cells by the total number of islet � cells or juxtaductal insulin-positive cells in at least
four sections in six Pdx1(cre):FoxO1�/� (the colon indicates the presence of multiple
loci) mice and six FoxO1lox/lox controls (31). Ten islets and ten ducts were scored on
each section. Two-month-old mice were used for these experiments.

Cells. �TC3, �TC3 (9), UB (embryonic ureteric bud) (3), M-1 (simian virus 40
[SV40]-transformed kidney cortical collecting duct) (45), TGP-47 (pancreatic acinar
carcinoma) (36), and SV40-transformed hepatocytes have been described previously
(38).

Animal generation and analysis. Pdx1(cre) (13), Neurog3(cre) (40), Ins(cre)
(15), FoxO1flox (35), and FoxO1�/� (carrying the �-galactosidase [�-gal]

knock-in) mice have been described previously (25). Pdx-FoxO1ADA trans-
genic mice were generated by microinjection into fertilized zygotes of a
construct encoding FLAG-tagged FoxO1ADA cDNA (33) driven by the
4.5-kb Pdx1 promoter with a �-globin intron and poly(A) signal (44). Two
founder lines were characterized and used for the studies described here.
PCR genotyping was carried out with primers GCTTAGAGCAGAGATGT
TCTCACATT, CCAGAGTCTTTGTATCAGGCAAATAA, and CAAGTCC
ATTAATTCAGCACATTGA. We used standard mRNA isolation and real-
time reverse transcription-PCR (RT-PCR) techniques. Mice were analyzed at
different embryonic and postnatal stages, as indicated in the figure legends.

Primary culture and cloning of pancreatic cells. We dissected pancreases from
2-month-old mice bearing a �-gal gene targeted to the FoxO1 locus by homol-
ogous recombination and fused in frame with the FoxO1-initiating methionine
(16). The reporter is active only in cells expressing endogenous FoxO1. Thus,

FIG. 1. FoxO1 localization in adult mouse pancreatic islets. Pancreatic sections from 2-month-old mice were analyzed by immunohistochem-
istry with antibodies against FoxO1 (B, C, E, F, H, I, K, and L))red), glucagon (A and C) (green), Pp (D and F) (green), somatostatin (G and I)
(green), or insulin (J [green] and L [yellow in the merged picture]) and photographed at a magnification of �40.
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only islet � cells and FoxO1� Ins� cells should be �-gal positive. We digested the
isolated tissue in 1 ml of M199 medium containing 1 mg/ml collagenase P
(Roche) and diluted cellular aggregates in 30 ml of the same medium (22). After
filtration through a 408-�m Spectra mesh (Spectrum Laboratories), we resus-
pended cell aggregates in RPMI supplemented with 10% fetal calf serum, 5.5
mM glucose, 100 mg/ml penicillin, 100 mg/ml streptomycin, and 250 ng/ml
amphotericin B and cultured them at 37°C in 5% CO2. After 7 days, we replaced
the medium with serum-free RPMI supplemented with 8 mM glucose, 1 g/liter
ITS (5 mg/liter insulin, 5 mg/liter transferrin, and 5 mg/liter selenium), 2 g/liter
bovine serum albumin, 10 mM nicotinamide, and 10 ng/ml keratinocyte growth
factor (all from Sigma) and continued selection for 3 weeks until small clusters
of cobblestone-shaped cells began to appear. We replaced the serum-free me-
dium every third day during the selection process. The resulting cells were
returned to complete medium, expanded, and cloned by limiting dilution in
96-well plates.

Adenovirus and siRNA transfection. We described GFP, FoxO1ADA adeno-
virus, and small interfering RNA (siRNA) previously (24). Following transduc-
tion of confluent cells, we cultured them in serum-free medium for 48 h prior to
isolation of RNA or fixation for immunohistochemistry. RT-PCR was carried out
for 35 cycles in all experiments except in the experiments depicted in Fig. 10D for
Pdx1, in which we employed 25 cycles.

Statistical analyses. Data are presented as means � standard errors of the
means. Statistical analysis was performed using a two-tailed, unpaired t test.

RESULTS

Juxtaductal FoxO1� Ins� cells in adult mouse pancreas. In
line with our previous observations (25), FoxO1 expression is
restricted to endocrine � cells of the adult pancreas (Fig. 1),
including those � cells abutting on ducts (Fig. 2A to C). It is
seldom seen in Pp cells (Fig. 1). In addition, consistent with
lineage-tracing data (25), there are occasional cells within
ducts that express FoxO1 but not insulin (Fig. 2D to F). The

cells occur at a frequency of �1 in 104 duct cells, and thus
represent �1 � 10�5 of pancreas cells. We hypothesized that
FoxO1 is a marker of a rare subpopulation of adult pancreatic
cells with endocrinogenic potential and that FoxO1 is involved
in the regulation of pancreatic cell fate specification.

Developmental analysis of FoxO1 expression in the pan-
creas. As a first step in assessing FoxO1 in the pancreas devel-
opmental program, we examined FoxO1 expression during pan-
creatogenesis in the mouse (Fig. 3). To define various lineages, we
employed immunohistochemistry using well-characterized re-
agents, including antiamylase antibodies to identify exocrine aci-
nar cells (amylase positive) (Fig. 3A to C, green), anti-GFP anti-
bodies (in Neurog3-GFP transgenic mice) (30) to identify
Neurog3-positive endocrine progenitors (Fig. 3A to C, red), and
DBA to identify ductal cells (Fig. 3D to F, green). Comparison of
expression patterns at embryonic day 14.5 (E14.5), E17.5, and
postnatal day 28 (P28) revealed the expected progressive restric-
tion of the different cell type markers. Similarly, FoxO1 was
widely expressed at E14.5 (Fig. 3G, red) but became restricted to
subset of cells at E17.5 (Fig. 3H) and was confined to � cells
postnatally (Fig. 3I). This pattern of expression closely parallels
Pdx1 expression, with the notable difference that FoxO1 is cyto-
plasmic and Pdx1 nuclear (Fig. 3J to L, red). At E17.5, FoxO1
appeared to be nuclear in a subset of cells (Fig. 3H). In contrast,
the related forkhead protein Foxa2 (28) was enriched in the tip
region of the developing pancreas at E14.5 (Fig. 3M), and re-
mained subsequently expressed in both endocrine and (to a lesser
extent) exocrine compartments (Fig. 3N and O).

FIG. 2. FoxO1� cells in pancreatic ducts. Pancreatic immunohistochemistry was performed with anti-FoxO1 (A and D; red) and anti-insulin
(B and E; green) antibodies in 3-month-old male WT mice of mixed C57BL � 129sv background. (A to C) All insulin-positive juxtaductal cells
coexpress FoxO1 (yellow in the merged channels). (D to F) FoxO1� Ins� cells (red) are located within ducts (D and F). Arrows indicate occasional
cells within ducts that express FoxO1 but not insulin.
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FIG. 3. Developmental analysis of FoxO1 expression in embryonic pancreas. Pancreatic sections from Neurog3-GFP transgenic (A to C) and
WT (D to O) mice at E14.5, E17.5, and P28 were analyzed by double immunohistochemistry with antibodies against GFP (red) and amylase (green)
(A to C), by histochemistry with DBA (D to F) (green), or by immunohistochemistry with antibodies against FoxO1 (G to I) (red), Pdx1 (J to L)
(red), and Foxa2 (M to O) (red) and visualized by fluorescence microscopy (magnification, �100). Arrows indicate representative cells with nuclear
(Nu) and cytoplasmic (Cyt) FoxO1. Data are representative of at least six mice for each group and 3 to 10 sections for each mouse.
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The apparent changes in the distribution and subcellular
localization of FoxO1 at E17.5 prompted us to investigate
more closely its colocalization with markers of different pan-
creatic lineages at this stage. In amylase-positive cells (exocrine

lineage), FoxO1 was exclusively nuclear (Fig. 4A to C). In a
subset of DBA-positive ductal cells, FoxO1 localized to both
nucleus and cytoplasm in a punctate pattern that likely reflects
targeting to nuclear promyelocytic leukemia-associated pro-

FIG. 4. Subcellular localization of FoxO1 in different pancreatic compartments at E17.5. Immunostaining with anti-FoxO1 (red in panels A, C,
D, F, G, I, J, L, M, O, P, and R) and antiamylase (Amy) (B and C), DBA (E and F), cytokeratin (Ck) (H and I), GFP (Neurog3 [Ng3]) (K and
L), glucagon (Gcg) (N and O), or insulin (Ins) (Q and R) (all in green) is shown (magnification, � 100). Nuclei were counterstained with DAPI
(4	,6	-diamidino-2-phenylindole) in panels I, L, O, and R (blue). Data are representative of six mice analyzed and three sections for each mouse.
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tein bodies (26) as well as lysosomal compartments (37) (Fig.
4D to F). We obtained identical results using cytokeratin as a
surrogate ductal marker (Fig. 4G-I). We observed a heteroge-
neous subcellular distribution also in Neurog3-positive endo-
crine progenitors (Fig. 4J to L). Within the endocrine com-
partment, FoxO1 showed a punctate nuclear pattern in � cells
(Fig. 4M to O) and its signature cytoplasmic pattern in � cells
(Fig. 4P to R). The preliminary conclusion is that FoxO1 be-
comes developmentally restricted to endocrine cells.

Premature activation of FoxO1 impairs exocrine pancreas
development. To determine whether FoxO1 nuclear translo-
cation affects pancreatic lineage specification, we generated
transgenic mice expressing a FLAG-tagged, constitutively
nuclear FoxO1 mutant (FoxO1ADA) (33) from the Pdx1
promoter (30). The expectation was that premature nuclear

expression of FoxO1 would affect cell type specification. We
observed transgene expression in 
90% of pancreatic cells
in embryos (Fig. 5A and B) and at birth (Fig. 5C). Postna-
tally, transgene expression was higher in islets than in exo-
crine cells (Fig. 5D), consistent with prior reports in which
the same Pdx1 promoter had been used (10, 14). In adult
mice, we observed an admixture of transgene-positive and
-negative cells (Fig. 5E and F), which reflects either loss of
expression from the Pdx1 promoter in non-� cells or com-
pensatory growth of transgene-negative cells.

The phenotype of these mice was characterized by marked
pancreatic hypoplasia (Fig. 6A and B) and extensive disruption
of pancreatic architecture. Only remnants of exocrine tissue
could be seen in adult mice (Fig. 6C and D), and extensive
ductal hyperplasia occurred, as demonstrated by hematoxylin

FIG. 5. Expression of Pdx-FoxO1ADA in transgenic (TG) mice. (A and B) Immunohistochemistry with anti-FLAG antiserum in E17.5
transgenic (A) and control (B) mice. The brown arrow denotes a FLAG-positive cell, and the blue arrow indicates a FLAG-negative cell (n � 12
each). (C to E) Transgene expression at P1 (C), P20 (D), and P90 (E) in transgenic mice. At P20, FLAG expression is higher in endocrine islets
than in the exocrine compartment. At P90, most islets consist of a mixture of FLAG-positive and FLAG-negative cells. Occasional islets are entirely
FLAG negative (blue arrow). (F) Control WT mice at P90.
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and eosin staining (Fig. 6E and F), DBA histochemistry (Fig.
6G and H), and histomorphometry (data available upon re-
quest). Time course analysis indicated that exocrine hypoplasia
was already present in E17.5 embryos and persisted through
adulthood (Fig. 6I to L), in marked contrast to the case for
wild-type (WT) controls (Fig. 6 M to P).

Analysis of endocrine islets showed an expanded vascular bed,
as indicated by platelet/endothelial cell adhesion molecule immu-
nohistochemistry (Fig. 7A and B), and decreased islet size (Fig.
7C to F). Accurate estimates of endocrine mass were not possible,
owing to the disrupted exocrine pancreas. However, the percent-
age of islet � cells decreased (Fig. 7G and H), while that of � cells
increased (Fig. 7I and J), resulting in a decreased �/� cell ratio
from 8 � 1.8 in WT mice to 2 � 1.5 in Pdx1-FoxO1ADA trans-

genic mice (P � 0.001) (Fig. 7Q). Interestingly, we observed
numerous ductal � cells but virtually no ductal � cells in trans-
genic mice (Fig. 7K and L and data available upon request). 

cells were present in normal numbers (Fig. 7M and N), whereas
Pp cells were decreased (Fig. 7O and P).

These findings indicate that premature nuclear expression
of FoxO1 in pancreatic progenitors prevents exocrine cell
differentiation and alters the �/� cell ratio and islet vascu-
lature, effectively phenocopying the abnormalities of pan-
creas development seen in mice lacking both insulin and
IGF-1 receptors (20). The similarities between Pdx-
FoxO1ADA mice and InsR:Igf1R�/� mice, in which endog-
enous FoxO1 is nuclear (23, 47), indicate the robustness of
the transgenic model.

FIG. 6. Histomorphometric analysis of transgenic (TG) pancreases. (A and B) Photographs of the gastroduodenal tract in 2-month-old
transgenic (A) and control (B) mice. (C to F) Hematoxylin and eosin (HE) staining of pancreatic sections from 2-month-old transgenic (C and
E) and control (D and F) mice at a magnification of �40 (C and D) or �100 (E and F). (G and H) DBA immunohistochemistry in 3-month-old
transgenic (G) and control (H) mice. (I to P) Amylase immunohistochemistry in transgenic (I to L) and control (M to P) mice at E17.5 (I and M),
P1 (J and N), P20 (K and O), and P90 (L and P) (magnification, �40). At each time point, at least six mice of each genotype were analyzed.
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Generation and analysis of FoxO1 conditional knockouts in
pancreas. The data obtained with transgenic mice indicate that
the timing of FoxO1 nuclear translocation is critical for termi-
nal differentiation of pancreatic lineages. When viewed in the

context of this study of the role of juxtaductal FoxO1� Ins�

cells, the findings are consistent with the possibility that these
cells represent remnants of an uncommitted progenitor popula-
tion in the adult pancreas. To investigate this point, we sought to

FIG. 7. Abnormal endocrine islets in 3-month-old Pdx-FoxO1ADA transgenic (TG) mice. (A and B) Platelet/endothelial cell adhesion
molecule (PECAM) staining indicating increased vascular bed in transgenic mice (magnification, �200). (C and D) Insulin (Ins) immunohisto-
chemistry (magnification, �40). (E and F) Glucagon (Gcg) immunohistochemistry (magnification, �40). (G and H) Insulin immunohistochemistry
(magnification, �100). (I and J) Glucagon immunohistochemistry (magnification, �100). (K and L) Glucagon (K) and insulin (L) immunohis-
tochemistry (magnification, �100). (M and N) Somatostatin (Ssn) immunohistochemistry (magnification, �200). (O and P) Pp immunohisto-
chemistry (magnification, �200). (Q) Ratio of � cells to � cells. Six mice of each genotype and six sections for each mouse were analyzed.
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determine the effects of loss of FoxO1 function at different
stages of pancreatogenesis, using intercrosses of Pdx1(cre),
Neurog3(cre), or Ins(cre) transgenic mice with mice bearing
floxed FoxO1 alleles (35). In Pdx1(cre):FoxO1�/� offspring,
FoxO1 should be ablated in all pancreatic cell types (13), while in
Neurog3(cre):FoxO1�/� mice, ablation should occur in all en-
teroendocrine cells (40) and in Ins(cre):FoxO1�/�mice, it should
occur exclusively in � cells (15). Genotyping of DNA extracted
from liver, pancreas, and duodenum showed that Cre-medi-

ated excision occurred as planned (Fig. 8A). In addition, the
lineage targeting of Cre was confirmed by intercrossing cre
transgenic mice with ROSA26-GFP reporter mice (not shown)
(21).

The following predictions on the outcome of these experi-
ments can be made. If FoxO1� Ins� cells are progenitors of
juxtaductal insulin-positive cells and FoxO1 is a negative reg-
ulator of their differentiation (i.e., it must be kept inactive
during development to prevent premature differentiation),

FIG. 8. Conditional inactivation and ductal immunohistochemistry in mice homozygous for FoxO1 conditional null alleles.(A) Genotyping of
DNA isolated from whole pancreas, duodenum, or liver of Hs1(cre):FoxO1�/�(lanes 1), Pdx1(cre):FoxO1�/�(lanes 2), Neurog3(cre):FoxO1�/�(lanes 3),
Ins(cre):FoxO1�/�(lanes 4), and FoxO1lox/lox (lanes 5) mice for multiplex detection of WT, floxed, and deleted (ko) alleles (upper panel) or for
single detection of the deleted allele (ko) (lower panel). Hs1(cre) transgenic mice are an embryonic deleter strain used as positive control for
recombination (7). (B) Immunohistochemistry of representative pancreatic sections from 1-month-old Pdx1(cre):FoxO1�/�(upper panel) and
FoxO1lox/lox (lower panel) mice. Six mice of each genotype and six sections per mouse were analyzed. (C and D) Representative image of
insulin/Ki67 double immunohistochemistry (C) and Ki67 labeling index of juxtaductal or islet � cells (D) in two-month-old Pdx1(cre):FoxO1�/�

mice. Six mice of each genotype and four sections per mouse were analyzed. An asterisk indicates a P value of �0.01 by analysis of variance. (E
to G) Double immunohistochemistry with anti-insulin (green) and anticytokeratin (E and F), antiglucagon (G), or anti-Nkx2.2 (H) antibodies
(red). Images are shown at a magnification of �10 (E) or �100 (F to H).
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FoxO1 ablation by Pdx1(cre) should increase the number of
juxtaductal insulin-positive cells, whereas ablation at later
stages [driven by Neurog3(cre) or Ins(cre)] should not. If the
FoxO1� Ins� population is not a precursor of juxtaductal
insulin-positive cells and/or FoxO1 is a bystander in the differ-
entiation process, no changes in the number of juxtaductal
insulin-positive cells will be observed. Finally, if juxtaductal
insulin-positive cells are like any other � cells and do not derive
from FoxO1� Ins� cells, but FoxO1 affects �-cell differentia-
tion/proliferation, we would expect that changes in juxtaductal
insulin-positive cells will mirror those in islet � cells and that
the three conditional knockouts will phenocopy each other.

Pancreas morphology and gross anatomical appearance
were normal in mice homozygous for the conditional alleles.
However, immunohistochemical analyses of pancreases from
Pdx1(cre):FoxO1�/� mice showed clusters of two to four insu-
lin-positive Pdx1� cells in �15% of surveyed main, interlobu-
lar, and intralobular pancreatic ducts (n � 360) (Fig. 8B and
C). Single insulin-positive cells occurred in �1% of surveyed
ducts in FoxO1lox/lox controls (P � 1.3 � 10�11) and
Neurog3(cre):FoxO1�/� and Ins(cre):FoxO1�/� mice (data not
shown), but clusters were seen only in Pdx1(cre):FoxO1�/�

mice. Insulin-positive cells occurred with frequencies of 5 �
10�3 in ducts from Pdx1(cre):FoxO1�/� mice and 5 � 10�5 in
FoxO1lox/lox controls (P � 0.013). It should be emphasized that
in control mice, insulin-positive cells were rarely located in the
duct proper, even when islets were located near ducts (Fig.
8B). The Ki67 labeling index of juxtaductal insulin-positive
cells in 1-month-old Pdx1(cre):FoxO1�/� mice was 200-fold
higher than that in islet � cells (Fig. 8C and D), indicating that
they replicate at a significantly higher rate than islet � cells. If the
juxtaductal insulin-positive cells seen in Pdx(cre):FoxO1�/� mice
were simply � cells near ducts, they should be observed in all
three conditional knockouts, and their replication rates should
be the same as for islet � cells. Further immunohistochemistry
with anti-insulin and anticytokeratin antisera indicated that
insulin-positive cells were juxtaposed to, but distinct from, duct
epithelial cells (Fig. 8E and F). The cells were glucagon neg-
ative (Fig. 8G) but Nkx2.2 positive (Fig. 8H), consistent with a
�-cell identity.

The presence of relatively large numbers of bona fide jux-
taductal insulin-positive cells following FoxO1 ablation in pan-
creatic progenitors is consistent with the hypothesis that these
cells arise from the FoxO1� Ins� subpopulation. Alternatively,
FoxO1 ablation in pancreatic progenitors alters the ductal mi-
croenvironment, either generating a ductal homing signal for
insulin-positive cells or promoting differentiation of juxtaduc-
tal progenitors, distinct from FoxO1� Ins� cells, into insulin-
positive cells.

Isolation and differentiation of FoxO1� Ins� cells. The
identification of this unique FoxO1� Ins� cellular subpopula-
tion, together with the sharp increase of insulin-positive juxta-
ductal cells seen in Pdx1(cre):FoxO1�/� mice, led us to test
whether FoxO1� Ins� cells possess endocrine progenitor fea-
tures when cultured. To identify and isolate FoxO1� Ins� cells,
we used a genetic selection approach, relying on a reporter
�-gal gene knocked into the FoxO1 locus by homologous re-
combination and fused in frame with the FoxO1-initiating me-
thionine (16). The reporter is active only in cells expressing
endogenous FoxO1. Thus, only islet � cells and FoxO1� Ins�

cells should be �-gal positive, as we showed previously (25).
After a 7-day culture, immunocytochemistry with epithelial
(cytokeratin) and mesenchymal (vimentin) markers revealed
different subpopulations of cells: cytokeratin-positive cells
(Fig. 9A, green), vimentin-positive cells (Fig. 9A, red), and
cytokeratin-negative, vimentin-negative cells (Fig. 9A, blue nu-
clei with unstained cytoplasm). These data indicate that the
culture is heterogeneous in nature and includes both epithelial
and mesenchymal cells. Subsequently, cells were grown in se-
rum-free medium for 3 weeks. Cells that survived growth in
serum-free conditions were cobblestone shaped and often ap-
peared to be organized around a central, “duct-like” structure
(Fig. 9B, green).

To rule out contamination by � cells, we performed insulin
immunocytochemistry and RT-PCR, and we failed to detect
residual � cells (data not shown). Moreover, we conducted
control experiments in which islets were purified on a Ficoll
gradient, plated, and subjected to the same culture conditions
in defined medium. At the end of the 3-week culture, no cells
survived in the serum-free medium (data not shown).

We performed single-cell cloning by limiting dilution, and
stained individual clones with X-Gal (5-bromo-4-chloro-3-indolyl-
�-D-galactopyranoside) to identify those derived from FoxO1�

cells. We obtained clonal �-gal-positive and �-gal-negative cells
(Fig. 9C). We isolated 24 �-gal-positive clones and four �-gal-
negative clones. As expected, all �-gal-positive clones expressed
cytoplasmicFoxO1 (Fig. 9D, green), as well as nuclear Pdx1 (Fig.
9D, red) (25). While it is theoretically possible that these FoxO1�

clones are distinct from ductal FoxO1� Ins� cells, this possibility
seems unlikely, as it would require that FoxO1 expression be (i)
silenced in FoxO1� cells and (ii) reactivated in FoxO1� cells
during the selection process. Given that FoxO1 function is con-
trolled primarily posttranslationally and not transcriptionally, it is
more likely that �-gal-positive clones are direct descendants of
ductal FoxO1� Ins� cells.

Based on the finding that FoxO1 nuclear expression in trans-
genic mice favors �-cell differentiation, we tested whether the
clonal isolates of FoxO1� cells could be differentiated into
endocrine cells by FoxO1 gain of function, using adenoviral
transduction of constitutively nuclear FoxO1ADA. Under
basal conditions, cells from two representative �-gal-positive
clones express ductal markers cytokeratin 19 and carbonic an-
hydrase II but none of the exocrine (amylase, elastase, and
trypsin) and endocrine (insulin 1, insulin 2, glucagon, Pp, and
somatostatin) markers. Among pancreas-specific or -enriched
transcription factors, they express Pdx1 and neural differenti-
ation-associated transcription factor D1 (NeuroD) (Fig. 10A).
Expression of FoxO1ADA had no effect on cytokeratin 19 and
carbonic anhydrase II but induced amylase, glucagon, and Pp
(Fig. 10A). Importantly, FoxO1ADA did not induce insulin 1,
insulin 2, somatostatin, elastase, and trypsin (Fig. 10A). These
data are consistent with the increased number of islet � cells
(Fig. 7I) and duct-associated � cells (Fig. 7K) in Pdx-
FoxO1ADA transgenic mice. We also confirmed glucagon ex-
pression by immunocytochemistry (Fig. 10B).

We next surveyed the effect of FoxO1ADA on transcrip-
tion factors required for pancreatic development and cell
type specification. Transduction of FoxO1ADA decreased
Pdx1 and increased NeuroD, consistent with our previous
findings (25, 26). FoxO1ADA induced expression of Nkx2.2,
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Nkx6.1, Pax6 (paired-box gene 6) and pancreas transcription
factor 1 but not that of Pax4, Arx (homeobox-containing
gene on chromosome X), Brn4 (POU homeodomain protein
brain 4), MafB (v-Maf cellular ortholog bZIP protein B),
MafA (Fig. 10A). The resulting expression pattern is not

typical of � cells. It indicates that although FoxO1ADA is
able to induce glucagon expression, these cells are unlike
bona fide � cells. Interestingly, a FoxO1 consensus binding
site is conserved across multiple species in a region of the
glucagon promoter that has been shown to direct � cell-

FIG. 9. Isolation and differentiation of FoxO1� Ins� cells.(A) Immunocytochemistry with antipancytokeratin antibodies (green), antivimentin
antibodies (red), and DAPI (blue) at a magnification of �100 after a 1-week culture. (B) Typical aspect of the culture after 3 weeks in serum-free
medium. Cells were immunostained with antipancytokeratin antibody and photographed at a magnification of �400. (C) X-Gal staining of
representative �-gal-positive and �-gal-negative clones. (D) Immunocytochemistry of a representative clone with anti-FoxO1 (green) and anti-Pdx1
(red) antibodies and DAPI (blue) at a magnification of �100.
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specific expression (15). Thus, FoxO1 may be able to acti-
vate glucagon expression directly.

To test whether FoxO1-induced glucagon expression is spe-
cific to FoxO1� Ins� pancreatic cells or is commonly seen in
other duct-derived murine cell lines, we transduced �-gal-neg-
ative clonal ductal cells (Fig. 9C) with FoxO1ADA, but we
failed to find an effect on the glucagon gene or any other
pancreas-specific gene (Fig. 10A). Likewise, transduction of
different types of duct-derived cells, including pancreatic duc-

tal adenocarcinoma TGP47 cells (36), UB cells (3), M-1 cells
(45), or SV40-transformed hepatocytes (negative control) (38),
shows that FoxO1ADA induced glucagon only in FoxO1�

Ins�-derived clones, indicating that the effect of FoxO1 is
specific for these cells (Fig. 10C).

Since FoxO1 ablation in Pdx(cre):FoxO1�/� mice resulted in
increased numbers of insulin-positive juxtaductal cells (Fig.
8B), we next asked whether FoxO1 knockdown would promote
insulin 1 or insulin 2 expression in FoxO1� Ins� cells. FoxO1

FIG. 10. Induction of glucagon expression by FoxO1 gain of function in clonal duct cultures. (A) mRNA expression analysis of a �-gal-negative
clone and two representative �-gal-positive (FoxO1� Ins�) clones (1 and 5) transduced with adenovirus expressing constitutively active
FoxO1ADA or GFP. Ck19, cytokeratin 19; Ca II, carbonic anhydrase II; Amy, amylase; Ela, elastase; Try, trypsin; Ins1, insulin 1; Ins2, insulin 2;
Gluc, glucagon; Ssn, somatostatin. (B) Glucagon immunocytochemistry (red) in cells transduced with adenovirus encoding FoxO1ADA or GFP.
(C) We transduced clone 1 and control cells, including embryonic UB cells, M-1 cells, TGP47 cells, and SV40-transformed hepatocytes, with
FoxO1ADA adenovirus. After isolating mRNA, we performed semiquantitative RT-PCR with primers for glucagon. (D) Expression of Pdx1,
NeuroD, Ins1, Ins2, and Gluc in clones 1 and 5 following transfection of FoxO1 or control siRNA. The RT-PCRs for Pdx1 and NeuroD were
carried out for 25 cycles, and Pdx1 was undetectable in control samples under these conditions.
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siRNA resulted in the predicted increase of Pdx1 (25) and
decrease of NeuroD (26) but failed to induce insulin 1, insulin
2, and glucagon transcription (Fig. 10D). Pdx1 and NeuroD
reactions were carried out for 25 cycles only, to detect quan-
titative differences between samples transfected with control
(GFP) and FoxO1 siRNAs. We tested additional culture con-
ditions that have been employed to differentiate clonal adult
pancreatic cells into �-like cells (42), but we were unable to
detect insulin 1 or insulin 2 expression.

DISCUSSION

FoxO1’s role in pancreatic development. Our genetic, devel-
opmental, and cellular analyses are consistent with a permis-
sive role of FoxO1 in exocrine pancreas differentiation, loosely
reminiscent of its role in adipocytes (32), and with a proendo-
crine role in pancreatic progenitors prior to the divergence of
endocrine, exocrine, and ductal lineages. The function of
FoxO1 within the endocrine lineage is complex. Constitutive
activation, in transgenic mice and in primary cultures of
FoxO1� Ins� cells, preferentially drives the �-cell phenotype.
A similar observation has been made in mice with mistimed
Neurog3 activation (18). In this instance, early activation of
Neurog3 resulted in an increase of glucagon-positive cells,
whereas later activation results in a more balanced distribution
of different endocrine cell types (18). On the other hand,
FoxO1 ablation in pancreatic, but not endocrine, progenitors
or in differentiated � cells specifically increases juxtaductal �
cells. Thus, the timing of FoxO1 activation appears to be crit-
ical for terminal differentiation of specific endocrine cell types.
A potential mechanism by which FoxO1 ablation promotes
endocrine differentiation is through its interaction with Notch
signaling (24). Like FoxO1 ablation, Notch ablation results in
higher number of endocrine cells only when the gene is inac-
tivated in pancreatic progenitors and not in differentiated en-
docrine cells (30). The fact that FoxO1 deletion promotes
�-cell formation in cells adjacent to pancreatic duct epithelia
suggests that, in this context, �-cell differentiation is dependent
on local cues, for example, growth or differentiation factors
released from duct-associated cells.

What is the physiologic role of FoxO1� Ins� adult pancre-
atic cells? Considerable controversy surrounds the hypothesis
that “ductal” cells undergo endocrine differentiation in the
adult pancreas (4, 8, 13, 50). The clones of FoxO1� Ins� cells
characterized in this study seemingly engage in a limited en-
docrine-like differentiation program in vitro. In view of the
many conflicting and dubious claims in this area, we are loath
to overinterpret the findings. We are mindful of prior data
from us (34) and others (29, 46) that are consistent with a
limited role for neogenesis in �-cell turnover. Nonetheless, our
study provides proof of principle that FoxO1� Ins� cells have
unique properties that can be exploited for cellular replace-
ment purposes. We do not know whether FoxO1� Ins� cells
are the same population identified by lineage tracing of car-
bonic anhydrase II-expressing cells (17), but it is interesting
that FoxO1� Ins� cells are carbonic anhydrase II positive.
Other possibilities include that FoxO1� Ins� cells are similar
in origin to cells identified in clonal studies of adult pancreatic
endocrine precursors (42) and following pancreatic duct liga-
tion (49).

While our characterization of FoxO1� Ins� cells should be
considered preliminary, it is reassuring to note that FoxO1 gain
of function results in increased glucagon expression both in
cultured cells and in transgenic mice and that the latter phe-
notype dovetails with the observation that premature activa-
tion of endocrine differentiation preferentially yields glucagon-
positive cells (18). Similarly, coactivation of glucagon and Pp
expression by FoxO1 is reminiscent of the phenotype due to
Arx gain of function (5). We propose that the failure to yield
� cells reflects a critical requirement for mesenchymal/epithe-
lial interactions, as observed in normal pancreatic develop-
ment (11). Coculture experiments and isolation of FoxO1�

Ins� cells from embryonic pancreases may shed light on this
area.

In conclusion, our data demonstrating that FoxO1 ablation
increases �-cell formation at a specific anatomical location and
during a narrow developmental window should rekindle efforts
to generate � cells from sources other than embryonic stem
cells.
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