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a b s t r a c t

We have previously demonstrated that the phosphatidylinositol-3 kinase (PI3K)/Akt signaling is essential
for pancreatic regeneration after partial pancreatectomy in mice. In the present study, we examined a
role of PI3K/Akt signaling for pancreatic duct cell differentiation into insulin-producing cells. Epithe-
lial-like cells were isolated from mouse pancreas and confirmed to be positive for a duct cell marker cyto-
keratin-20 (CK-20) but negative for insulin. Incubation of these cells with epidermal growth factor,
exhibited a gradual increase in Akt phosphorylation and expression of pancreatic duodenal homeobox-
1 (PDX-1), a regulator of b-cell differentiation. Three weeks later, these CK-20-positive cells were noted
to express insulin as determined by immunofluorescent double-staining. Akt phosphorylation, PDX-1
expression, and insulin production were effectively reduced by blocking the PI3K/Akt pathway using siR-
NA to the p85a regulatory subunit of PI3K. Our results demonstrate that PI3K/Akt activation has a critical
role for pancreatic duct cell differentiation into insulin-producing cells.

� 2008 Elsevier Inc. All rights reserved.
In the normal adult pancreas, islet b-cell mass is replenished by
two major mechanisms, b-cell replication and neogenesis from
progenitor cells [1,2]. Although the origin of b-cell progenitor cells
is not clearly understood at present, pancreatic duct cells are one of
the candidates for these progenitor cells since insulin within the
pancreatic duct epithelium has been well documented in the
regenerating pancreas [3]. Nevertheless, compared to islet mor-
phogenesis during embryogenesis, differentiation of duct cells to
endocrine cells in the adult pancreas is poorly understood.

Pancreatic duodenal homeobox-1 (PDX-1), which is also known
as IDX-1, IPF-1, and STF-1, is a key regulator of b-cell differentia-
tion and function [4]. PDX-1 plays critical roles in endocrine pan-
creatic function through its regulatory action on the expression
of functional pancreatic genes including insulin [5]. PDX-1 is also
essential for b-cell neogenesis as demonstrated by several in vitro
models of cell differentiation to insulin-producing cells [6,7].
Among these studies, pancreatic duct cell-derived cancer cells,
Panc-1, were shown to differentiate to insulin-producing cells
upon forceful expression of exogenous PDX-1 [6]. Expression of
PDX-1 increases in the duct during b-cell neogenesis in an animal
model of pancreatic regeneration after partial pancreatectomy [8].
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These findings strongly suggest that PDX-1 is an important media-
tor and a marker of duct cell differentiation into b-cells. However,
the regulation of PDX-1 expression during b-cell neogenesis is at
present not well understood.

Phosphatidylinositol 3-kinase (PI3K) pathway plays various
important roles in pancreatic function, such as insulin signaling,
insulin-stimulated glucose transport and glycogen synthesis
[9,10]. PI3K is composed of a regulatory subunit, p85, and a cata-
lytic subunit, p110 [11]. Activated Akt, which is phosphorylated
by PI3K, causes phosphorylation of downstream target proteins
that affect cell growth, cell cycle distribution, apoptosis and sur-
vival [11]. Previously, we have reported that the PI3K pathway is
critical for the proliferation of pancreatic acinar cells and plays a
major role in pancreatic regeneration after partial pancreatectomy
[12].

We have recently demonstrated that expression of PDX-1 and
activation of PI3K (as assessed by phosphorylation of Akt) occurred
concomitantly in pancreatic duct cells during tissue regeneration
after partial pancreatectomy. We also showed that administration
of a PI3K inhibitor wortmannin suppressed the pancreatectomy-
induced PDX-1 expression [13]. In this study, however, it was not
clear how PI3K-mediated expression of PDX-1 is directory related
to b-cell neogenesis. Here, we investigated the role of PI3K in
PDX-1 expression and cell differentiation utilizing siRNA technol-
ogy in a primary cultured pancreatic duct cell differentiation
model. We show that both PDX-1 expression and duct cell
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differentiation were blocked by inhibition of PI3K, demonstrating
an important role for PI3K/Akt on PDX-1-mediated differentiation
of duct cells into b-cells.

Materials and methods

Cell isolation, culture, and siRNA transfection. The inferior vena cava of anes-
thetized mice (male 8-week-old C57BL/6 from Charles Rivers Laboratories, Wil-
mington, MA) was cut, and blood was removed with physiological saline
perfused through the cardiac left ventricle. Whole pancreas was dissected,
minced and transferred to 3 ml of pre-warmed oxygenated phosphate-buffered
saline (PBS with Ca2+ and Mg2+) containing 0.1% BSA and 0.01% [wt/vol] soybean
trypsin inhibitor (Calbiochem, La Jolla, CA). One milliliter of PBS containing 1 mg/
ml of type IV collagenase (Sigma, St. Louis, MO) was added and incubated at
37 �C for 15 min. Digested tissue was washed three times with PBS containing
BSA and soybean trypsin inhibitor and filtered through 860- and 190-lm meshes.
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS), 1.6 nM epidermal growth factor (EGF, from Molec-
ular Probes, Eugene, OR) 0.25 mg/ml soybean trypsin inhibitor, 50 IU/ml penicil-
lin, and 50 lg/ml streptomycin at 37 �C in 5% CO2/air. After 3–5 days, floating
cells were removed by washing repeatedly with fresh DMEM. DMEM with high
glucose (25 mM) was used throughout the study except for the glucose challenge
tests.

For PI3K blocking, the siSTABLE SMARTpool siRNA directed to PI3K p85a regu-
latory subunit were synthesized by Dharmacon (Lafayette, CO). To prevent recogni-
tion and cleavage of unintended mRNA targets (off-target effect) [14], the siRNA
was modified by an ON-TARGET technique from the same manufacturer. For trans-
fection, isolated pancreatic cells were seeded on 12- or 24-well plates. Seven days
later, cells were washed with fresh DMEM, and p85a or non-specific control siRNA
(final concentration at 50 nM) was transfected using Trans TKO Transfection Re-
agent (Mirus, Madison, WI). For experiments using wortmannin, this reagent was
added to the culture medium at a final concentration of 100 nM every 6 h since
wortmannin is not stable for more than 5–6 h in the medium [15].

Protein extraction and Western blot analysis. Protein was extracted as previously
described [12]. Western blot analysis was also performed as previously described
[12]. Briefly, equal amounts of protein were electrophoretically resolved on either
10% Novex Tris–Glycine or NuPAGE 4–12% Bis–Tris gels (Invitrogen, Carlsbad,
CA), and transferred to polyvinylidene difluoride membranes. After blocked with
5% dried skimmed milk, the membranes were incubated with primary antibodies
for overnight at 4 �C. The primary antibodies used in the analysis were: rabbit
anti-pAkt (Ser473, #9271, Cell Signaling, Beverly, MA, 1:1000 diluted), anti-Akt
(#9272, Cell Signaling, 1:1000 diluted), rabbit anti-PI3K p85a (NeoMarker, Fremont,
CA, 1:1000 diluted), rabbit anti-PDX-1 (Chemicon International, Temecula CA,
1:5000 diluted), and monoclonal anti-b-actin antibody (A5441; clone AC-15 from
Sigma, St. Louis, MO, 1:2000 diluted). The membranes were incubated with a sec-
ondary antibody (1:5000 diluted, goat anti-rabbit or mouse IgG, Upstate, Waltham,
MA) conjugated with horseradish peroxidase. The immunoreaction was visualized
using enhanced chemiluminescence (ECL) system or ECL Plus (Amersham, Arlington
Heights, IL).

Immunocytochemical analysis. Immunocytochemical analysis was performed
with EnVision+ system (DAKO Cytomation, Carpinteria, CA) according to our previ-
ously published method [16] with a few modifications. Briefly, cells were washed
Fig. 1. Increased PDX-1 expression in cultured pancreatic duct epithelial-like cells in
expression 5 days after cell isolation (magnification 200�). (B) Western blot analysis on
The experiment was repeated three times with similar results.
with fresh PBS, fixed in 10% neutral-buffered formaldehyde for 20 min, and endog-
enous peroxidase activity blocked with 3% hydrogen peroxidase. The fixed cells
were incubated with the primary antibody at room temperature for 3 h or
overnight. Primary antibodies used for the immunocytochemical analysis were:
anti-CK-20 (#sc-17112, Santa Cruz Biotechnology, Santa Cruz, CA), anti-amylase
(#sc-12821 from Santa Cruz Biotechnology), anti-insulin (A0564, DAKO), anti-glu-
cagon (G2654, DAKO), and anti-C-peptide (Lincoln Research, St. Charles MO). After
rinsing, cells were incubated with secondary antibodies (Rhodamine or Alexa-488
conjugated) at room temperature for 30 min. Cells were treated with 3,30-diam-
inobenzidine chromogen solution, and the slides were counter-stained with hema-
toxylin. For immunofluorescent analysis, cells were washed after secondary
antibody reaction and fluorescent signals in the cells were detected under the
fluorescence microscope.

Glucose challenge test. One day after culture medium was replaced with low glu-
cose (5.5 mM) DMEM, cells were washed three times with low glucose DMEM and
incubated for 1 h in the same medium. The medium was then changed to either low
or high glucose (25 mM) DMEM. Conditioned medium was collected 3 h later, and
the insulin content was measured by a commercial ELISA kit from Crystal Chem
(Downers Grove, IL).

Statistical analysis. Differences in insulin release were analyzed using analysis of
variance for a two-factor factorial experiment. The two factors were defined as: (i)
glucose concentration (low and high) and (ii) siRNA treatment (control and p85a
siRNA). The results of glucose challenge test were analyzed using two-group t-test.
All effects were assessed at the 0.05 levels of significance as the experiment-wise
error rates. Data analysis was conducted using StatView software for Windows ver-
sion 5.0 from SAS (Cary, NC).

Results

PDX-1 expression is increased in isolated pancreatic duct cells

To better delineate the role of PI3K in PDX-1 expression in pan-
creatic duct cells, we established an in vitro primary culture model
of pancreatic duct cells. Mouse pancreas was digested with colla-
genase and filtered, and dissociated cells were seeded in culture
dishes. Within 3–4 days, monolayer colonies of epithelial-like cells
became clearly visible under the microscope. Floating cells, includ-
ing acinar and islet cells, were removed at this point by washing
the culture repeatedly. Immunocytochemical analysis showed that
these epithelial-like cells were stained positive for cytokeratin-20
(CK-20), a duct cell marker [17], but not for amylase or insulin, sug-
gesting that these cells were derived from the pancreatic ducts
(Fig. 1A).

To examine PI3K activation and PDX-1 expression, Western blot
analysis was performed on whole protein samples derived from
the cells (Fig. 1B). Expression of PDX-1 was increased in the cul-
tured duct cells over the time course with associated phosphoryla-
tion of Akt. Interestingly, total Akt levels also increased 5–7 days
vitro. (A) Immunocytochemistry of cytokeratin-20 (CK-20), amylase and insulin
Akt phosphorylation (pAkt) and PDX-1 expression in cultured pancreatic duct cells.
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after the initiation of the culture. These results confirm our recent
in vivo study [13] demonstrating that PDX-1 expression, the possi-
ble initiating step of duct cell differentiation to endocrine cells
[18], increases with elevated phosphorylation of Akt.

Pancreatic duct cells differentiate and secrete insulin in a glucose-
dependent fashion in vitro

To determine whether isolated pancreatic duct cells can differ-
entiate into insulin-producing cells, we cultured the cells in DMEM
containing a high concentration of glucose (25 mM) for longer
periods of time; insulin immunoreactivity was assessed by immu-
nofluorescence analysis. The isolated cells vigorously replicate for
the first week, and slow down thereafter. Although insulin immu-
noreactivity was not detected in the cells 5 days after the initiation
of the culture, a small number of insulin-positive cells appeared
among duct cell colonies after 3 weeks in culture (Fig. 2A). These
results demonstrate that pancreatic duct cells from adult mice
can differentiate into insulin-positive cells in vitro.

To further confirm that the insulin-positive cells were differen-
tiated from the pancreatic duct cells, we performed double immu-
nofluorescence analysis of insulin, CK-20, glucagon and C-peptide.
Insulin immunoreactivity was localized to the cells which also ex-
pressed CK-20, confirming that these insulin-positive cells were
originated from duct cells (Fig. 2B). Interestingly, insulin-positive
cells also expressed glucagon. Furthermore, double-staining analy-
ses showed that C-peptide was co-localized with insulin in the
duct cells, confirming that these insulin-positive cells indeed pro-
duced insulin. Although fibroblast-like cells were also seen in the
culture, these cells were negative for CK-20, amylase, insulin, glu-
cagon, and C-peptide (data not shown). These findings demon-
strate that the cultured pancreatic duct cells can differentiate
into insulin-producing cells in vitro.

Mature b-cells secrete insulin in response to high glucose con-
centration. To examine whether the differentiated duct cells also
secrete insulin in a glucose-dependent fashion, glucose challenge
tests was performed on the duct cells in vitro. For these experi-
ments, pancreatic duct cultures were maintained in a low glucose
medium (5.5 mM glucose) for 24 h. Cells were then stimulated
with a high glucose medium (25 mM glucose) for 3 h, and insulin
Fig. 2. Differentiation of cultured pancreatic duct cells into insulin-secreting cells in
expression in cultured pancreatic duct cells 3 weeks after initiation of the culture. DA
immunofluorescence analysis confirming differentiation of isolated duct cells into ins
(green), glucagon (green) or C-peptide (green) were performed 3 weeks after initiation of
(C) Glucose challenge test to confirm a glucose-dependent insulin secretion by differenti
group.)
concentration in the culture medium was determined by ELISA.
As shown in Fig. 2C, insulin secretion, as measured on day 21,
was noted to occur in a glucose concentration-dependent fashion;
insulin secretion was not noted in cells cultured for 3–15 days after
the initiation of the culture. These findings demonstrate that the
duct-derived insulin-positive cells are functional and secrete insu-
lin in a glucose-dependent fashion.

PI3K inhibition blocks duct cell differentiation into insulin-secreting
cells

To determine the role of PI3K activation in the pancreatic duct
cell differentiation to insulin-positive cells, the effect of PI3K inhi-
bition on PDX-1 expression and insulin secretion was assessed. Iso-
lated pancreatic duct cells were cultured for 7 days and transfected
with either p85a or control siRNA. To confirm efficiency of knock-
down by p85a siRNA, Western blot analysis was performed; the le-
vel of p85a was reduced to approximately 40% by p85a siRNA
(Fig. 3A). Glucose challenge tests at 7 days after siRNA transfection
demonstrated that glucose-dependent insulin secretion in the cul-
tured duct cells was significantly blocked by p85a siRNA transfec-
tion (Fig. 3B). Akt phosphorylation and PDX-1 expression in the
cultured duct cells were effectively reduced by p85a siRNA
(Fig. 3C). These results demonstrate a critical role for PI3K activa-
tion in PDX-1 expression and duct cell differentiation into insu-
lin-secreting cells.

To further confirm these results, the effect of wortmannin on
PDX-1 expression in cultured duct cells was also examined
(Fig. 3D). Wortmannin completely blocked the expression of
PDX-1 and Akt phosphorylation in the cultured duct cells
(Fig. 3D). Taken together, our findings provide strong evidence that
the PI3K/Akt pathway regulates PDX-1-mediated differentiation of
duct cells into insulin-secreting endocrine cells.

Discussion

In the present study, we show that isolated pancreatic duct cells
from normal mice differentiate into functional insulin-secreting
cells. A previous report showed that pancreatic epithelioid-like
cells, obtained from non-obese diabetic mice [15], formed islet-like
a glucose-dependent fashion. (A) Immunofluorescence analysis detecting insulin
PI (blue) stain was performed as counter stain (magnification 100�). (B) Double

ulin-producing cells. Double immunofluorescence analysis of insulin (red), CK-20
the culture. DAPI (blue) stain was performed as counter-stain (magnification 400�).
ated duct cells. (Values are means ± SEM, n = 3. *p < 0.05 versus low glucose treated



Fig. 3. Effects of PI3K inhibition on duct cell differentiation in vitro. (A) Western blot analysis confirming a reduction of p85a protein in cultured duct cells 3 days after
transfection with p85a siRNA. (B) Glucose challenge test to demonstrating that PI3K inhibition by p85a siRNA blocks duct differentiation into insulin-secreting cells. Cells
were transfected with p85 a or control siRNA and glucose challenge test was performed 7 days later (values are mean ± SEM, n = 3. *p < 0.05). (C) Western blot analysis
demonstrating that transfection with p85a siRNA suppresses PDX-1 expression in cultured duct cells. (D) Western blot analysis confirming the effect of wortmannin on PDX-1
expression in cultured duct cells.
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cell clusters (ICCs) that released insulin after several weeks of cul-
ture in vitro [19]. Similar results have been reported for human
pancreatic duct epithelial cells [20]. However, the sources of ICCs
have not been clearly delineated in these previous reports. To
determine the origin of the insulin-positive cells in our culture sys-
tem, we performed double-staining immunocytochemistry and
demonstrated that these cells are positive for both insulin and a
duct cell marker CK-20. The insulin-positive cells were not present
at 5 days, but appeared 3 weeks after the initiation of cultures,
excluding a possibility that these cells are pre-existing islet-de-
rived cells.

Interestingly, we also showed that these insulin-positive cells
produce glucagon. Although mature b-cells in pancreas do not pro-
duce glucagon, endocrine cells during embryogenesis are fre-
quently noted to express both insulin and glucagon with
differentiation [21]. In addition, differentiated embryonic stem
cells or intestinal epithelial cells express both insulin and glucagon
[22,23]. Therefore, colocalization of insulin and glucagon in the
duct cells in our study further supports the notion that these cells
are newly differentiating cells. Immunochemical detection of insu-
lin alone may overestimate genuine b-cell differentiation since cul-
tured cells can take up exogenous insulin from the culture medium
[24]. Thus, we demonstrated colocalization of insulin and C-pep-
tide in the cells and confirmed that these cells indeed produce
insulin. Taken together, we show that mouse pancreatic duct epi-
thelial-like cells can differentiate into insulin-producing cells
in vitro. The mechanisms inducing differentiation of the isolated
duct cells in vitro have yet to be determined. Glucose concentra-
tions may be a possible factor for differentiation since cells in
our study were usually maintained in a culture medium containing
a high concentration of glucose. It would be of interest to deter-
mine how glucose concentrations affect duct cell differentiation.

PI3K activation promotes differentiation of various cell types,
such as splenic B cells [25], osteoclasts [26], chondrocytes [27],
and adipose cells [28]. Our present study identified yet another
role for PI3K to promote differentiation of pancreatic duct cells to
endocrine cells. Our findings demonstrate that inhibition of PI3K
using p85a siRNA effectively suppressed PDX-1 expression and cell
differentiation of pancreatic duct cells. In contrast to our findings,
Ptasznik et al. [29] showed that addition of PI3K inhibitors, wort-
mannin or LY294002, promoted differentiation of human fetal ICCs
to islets. In this report, the authors concluded that PI3K is negative
regulator for differentiation of human fetal islet cells from ICCs.
The discrepancy between these two studies possibly suggests that
mechanisms for ICC differentiation and duct cell differentiation are
different. Another possible explanation may relate to the experi-
mental design and timing of the inhibitor treatment. Since wort-
mannin is not stable in culture medium and PI3K can be strongly
re-activated several hours after treatment [15], we have treated
cells with wortmannin every 6 h to ensure a continuous suppres-
sion of PI3K. In addition, we used p85a siRNA to suppress PI3K
as gene knockdown by siRNA is more specific and stable for a long-
er time to inhibit target genes.

PI3K is divided into three classes, i.e., Class I, II, and III [11]. Class
IA PI3K, which is made up of p85 regulatory and p110 catalytic
subunit in mammalian cells, regulates cell proliferation, cell sur-
vival and apoptosis in various cell types [11]. In the current study,
we clearly demonstrated that Class IA PI3K plays a central role in
PDX-1 expression in pancreatic duct cell during pancreatic regen-
eration. At present, it is not known whether other classes of PI3K
also mediate PDX-1 expression in duct cells. Blocking each class
of PI3K by specific siRNA should help to address this question.
PI3K inhibition by both wortmannin or LY294002 has previously
been shown to enhance insulin release from isolated islets [10].
Moreover, hyperinsulinemia is noted in p110a or b knockout mice
[30]; PI3K inhibition induces insulin secretion. In this in vitro
experiment using siRNA, our results showed that insulin secretion
from p85a siRNA treated cells was reduced in both low and high
glucose treatment, suggesting that p85a siRNA blocks duct cell dif-
ferentiation into insulin-secreting cells with b-cell-like function.

In conclusion, our findings strongly suggest that activation of
PI3K, especially Class IA PI3K, plays a critical role in PDX-1-medi-
ated duct differentiation into insulin-secreting cells. Although islet
transplantation is theoretically an ideal solution for patients with
type I insulin-dependent diabetes mellitus [31], a problem of donor
insufficiency still exists. Consequently, an establishment of an islet
neogenesis technique to alleviate this problem would be highly
significant. Our findings regarding duct cell differentiation into
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insulin-secreting cells could be one step in elucidating the molec-
ular mechanisms of pancreatic duct cell differentiation in adult
animals.
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