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Abstract
The regenerative process in the pancreas is of particular interest, since diabetes, whether Type 1 or Type 2,
results from an inadequate amount of insulin-producing β-cells. Islet neogenesis, or the formation of new
islets, seen as budding of hormone-positive cells from the ductal epithelium, has long been considered
to be one of the mechanisms of normal islet growth after birth and in regeneration, and suggested the
presence of pancreatic stem cells. Results from the rat regeneration model of partial pancreatectomy led
us to hypothesize that differentiated pancreatic ductal cells were the pancreatic progenitors after birth,
and that with replication they regressed to a less differentiated phenotype and then could differentiate
to form new acini and islets. There are numerous supportive results for this hypothesis of neogenesis,
including the ability of purified primary human ducts to form insulin-positive cells budding from ducts.
However, to rigorously test this hypothesis, we took a direct approach of genetically marking ductal cells
using CAII (carbonic anhydrase II) as a duct-cell-specific promoter to drive Cre recombinase in lineage-tracing
experiments using the Cre-Lox system. We show that CAII-expressing pancreatic cells act as progenitors that
give rise to both new islets and acini after birth and after injury (ductal ligation). This identification of a
differentiated pancreatic cell type as an in vivo progenitor for all differentiated pancreatic cell types has
implications for a potential expandable source for new islets for replenishment therapy for diabetes either
in vivo or ex vivo.

Introduction
A goal of regenerative medicine is the therapeutic use of
adult stem cells to treat many diseases. The regenerative
process in the pancreas is of particular interest, since insulin-
producing β-cells are lost in both Type 1 and Type 2 diabetes.
The promise of embryonic stem cells is great, but, over the
last few years, the task of controlling their differentiation
to functional β-cells has been daunting and far slower
than originally expected. Alternatives are the identification,
expansion and differentiation of adult stem cells/progenitors
or the expansion of pre-existing β-cells. Our efforts
have been mainly on the former approach, as delineated
below.

Mechanisms of growth of the endocrine
pancreas
The continued and substantial growth (20-fold) of islet tissue
after birth in rodents and humans (with additional rapid
compensatory growth in response to increased demand)
suggests the existence of adult progenitors [1]. Additionally,
in mice and rats, there is clear evidence of pancreatic
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regeneration after some types of injury [2–4]. Two major
mechanisms account for this increase in β-cells: replication
of pre-existing β-cells and differentiation of new β-cells
from progenitor/stem cells that were not β-cells. The latter,
neogenesis, is seen as islet hormone-positive cells budding
from ducts. There is no biological reason that there must
be only one mechanism for replenishment of the islet cells;
replication and neogenesis are not mutually exclusive.

Even with the large replicative capacity of β-cells in
rodents, we have found in rats evidence of two waves of
islets budding from ducts during the neonatal period: one
immediately after birth and the second around weaning.
Using data from our longitudinal study of the β-cell mass and
its determinants [5], we estimate that over 30% of the new β-
cells seen at day 31 were not from replication of pre-existing
β-cells, but from differentiation from non-endocrine cells
[6]. Additionally, increased neogenesis is reported in adult
rodents given exendin-4 [7] or betacellulin [8], with transgenic
overexpression of interferon γ [9] or TGF-α (transforming
growth factor α) [10], and after 90% pancreatectomy in
the adult rat [11]. The origin of these new cells is clearly
from non-endocrine cells that reside in the pancreatic ducts.
Whether adult stem cells, which may or may not be contained
within the ductal structures, also contribute to this growth
is still unclear, since there had been no direct proof of their
existence. Even though there is a large body of correlative
evidence of neogenesis, rigorous lineage-tracing studies to
show the contribution of neogenesis have been lacking until
now.
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In vitro differentiation from non-endocrine
cells
In vitro, there is considerable evidence of the induction
of islet phenotype/genes from non-islet pancreatic cells. A
number of pancreatic ductal cell lines have been induced
in vitro to express islet hormones and other markers in
response to GLP-1 (glucagon-like peptide 1)/exendin-4 [12–
14], activin A and either HGF (hepatocyte growth factor)
or betacellulin [15,16], the addition of PDX-1 (pancreatic
duodenal homeobox-1) protein [17] and aggregation of tissue
in serum-free medium [18]. Even more importantly, primary
human pancreatic-duct-enriched (and islet-depleted) tissue,
remaining after islet isolation, could be manipulated in vitro to
generate islet-like structures that are glucose-responsive and
have mature islet phenotypes [19]; our data were confirmed
and extended by Otonkoski’s group [20]. The evidence
supports that these new islets were generated from the ductal
epithelial cells. However, Gao et al. [21] reported that if they
removed N-CAM (neural cell adhesion molecule)-positive
cells, which they assumed to be the β-cells, from the starting
material, they could no longer generate insulin-positive cells
in vitro. However, we find that, in human pancreas, N-CAM
is also expressed in much of the ductal tree, so more than
β-cells were removed. In contrast, Zhao et al. [22] reported
that, after removing insulin-producing cells by streptozotocin
treatment in vitro, they could generate new insulin-producing
cells in vitro from human pancreatic tissue. Additionally
Hao et al. [23] labelled human pancreatic cells with a len-
tivirus after depleting dithizone-stained clusters containing
β-cells, and showed that co-transplantation of these cells with
human fetal pancreas resulted in islets differentiated from
lentiviral-labelled adult tissue. As we reported previously
[24], purified CA19-9+ ductal cells from digested human
pancreas depleted of islets were almost entirely CK19+, with
no insulin-positive cells nor insulin mRNA by qRTPCR
(quantitative real-time PCR). These cells were expanded
as monolayers, aggregated under serum-free conditions,
and transplanted into normoglycaemic NOD (non-obese
diabetic)/SCID (severe combined immunodeficiency) mice.
Aggregation of purified duct with 0.1% cultured stromal
cells induced insulin-positive cells (0.1% of CK19+ cells),
with a further increase to 1.1% 4 weeks after engraftment;
insulin mRNA mirrored these changes. In these grafts,
all insulin-positive cells were in duct-like structures. Some
insulin-positive cells co-expressed duct markers (CK19 and
CA19-9) and HSP27 (heat-shock protein 27), a marker of
non-islet cells, suggesting the transition from duct. Thus
purified primary duct cells from adult human pancreas can
differentiate to insulin-producing cells when transplanted.

However, in vitro conditions may favour a plasticity of
phenotype because of the lack of restraints normally present
in vivo. One example of this would be the difference in the
ability of acinar cells to transdifferentiate first to duct-like
cells and then to islets, a process championed by Bouwens and
co-workers [25–27]. Acinar-to-duct transdifferentiation with
murine tissue has been shown in vitro using Cre-Lox lineage
tracing [28,29], with Seino’s group showing some insulin-

positive cells [29]. Yet, using the same mice with the acinar-
specific elastase 1 promoter in the Cre-LoxP system of lineage
tracing, acinar cells were found not to contribute to in vivo
new islet formation in adult mice or after pancreatic injury
[4].

Our hypothesis of the mature duct
epithelial cell as pancreatic progenitor
We have hypothesized that the sustained proliferation of
the mature ductal epithelium (PDX-1 protein-negative) after
partial pancreatectomy leads to an increased pool of less
differentiated duct cells (PDX-1-positive, perhaps equivalent
to a embryonic pancreatic epithelium) that can serve as
pancreatic progenitor cells. This hypothesis is based mainly
on our studies of 90% partial pancreatectomy in the young
adult rat. Within 4 weeks of surgery, the 10% remnant
pancreas regenerates to 27% of the pancreatic weight and
45% of the β-cell mass of sham-operated animals, essentially
an 8-fold increase in β-cell mass, since there is a doubling
of the β-cell mass in the sham animals over this time. This
regeneration was accomplished by replication of the pre-
existing cells and by formation of new lobes of pancreas
that within 1–2 weeks were indistinguishable from the older
ones [11]. These new lobes first appear approx. 60 h after
surgery as discrete patches of proliferating ducts, which we
termed foci of regeneration or focal areas. PDX-1 protein was
transiently found in all duct cells following replication [30].
Immunostaining and RT (reverse transcription)–PCR data
show the same cascade of transcription factors in these focal
areas as in normal pancreas development as well as the loss
of several mature phenotype duct markers [CAII (carbonic
anhydrase II), mucin 5AC and others] in the proliferating
cells. β-Cells in the islets in these developing foci expressed a
number of duct genes that are not expressed in mature β-cells.
So we hypothesized that differentiated (mature) pancreatic
ductal cells can function as progenitors for new islets after
birth, that with stimulus they replicate and regress to a less
differentiated phenotype, and then can form new acini and
new islets [6,30]. Rather than a transdifferentiation event,
we think this is a normal regression to an earlier stage of a
progenitor, a de-differentiation event.

Testing the hypothesis with duct-specific
lineage tracing
Although much data support the concept of a ductal origin
of new islets after birth, lineage-tracing experiments are
considered the ‘gold standard’ of proof. Therefore, to test
the hypothesis that duct cells are progenitors that can give
rise to β-cells, we took a direct approach of genetically
marking ductal cells. Genetically labelled tracing using the
Cre-Lox system allows expansion of the reporter molecule
without dilution [31]. In the offspring with the Cre trans-
gene, a floxed stop codon before a reporter gene is excised
in the cells that express the Cre, allowing the expression
of the reporter gene in specific labelled cells and all their
progeny. We generated transgenic mice in which the human
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CAII promoter drives expression of either Cre recombinase
(CAII–Cre) or inducible Cre recombinase (CAII–CreERTM).
CAII is expressed throughout the ductal tree in the adult and
has been used to distinguish pancreatic duct from the earlier
embryonic tubular epithelium of pancreatic progenitors [32].
We characterized the developmental expression of CAII and
found that only shortly before birth [E (embryonic day) 18.5]
does it become expressed in ducts [33]. Using RT–PCR, CAII
was shown to be present in pancreatic ducts, but not in FACS-
sorted β-cells from adult MIP (mouse insulin I promoter)–
GFP (green fluorescent protein) transgenic mice [34], even at
40 cycles of amplification [33].

As for any such model, we needed to validate the
transgene expression [35]. After mating our CAII–Cre
mice with a reporter mouse in which β-galactosidase is
expressed after Cre excision, we found no β-galactosidase
by immunostaining at E17.5, but found it expressed broadly
throughout the ducts at birth; there were no β-galactosidase-
positive insulin-positive β-cells, glucagon-positive α-cells
or acini at birth. To exclude the possibility that the Cre
was misexpressed in the β-cells we sorted using FACS
GFP-positive β-cells from transgenic (CAII–Cre:MIP–GFP)
mice. Even after 40 cycles of PCR amplification, no bands
for CAII or Cre mRNA were seen from RNA obtained
from these purified β-cells from 1-day-old, 2- and 4-
week-old transgenic mice. Additionally, by immunostaining,
the only Cre-positive cells were in the ducts and ganglia;
no Cre protein expression was found in islets. Thus the
transgene expression of Cre was restricted to the pancreatic
ducts.

Two sets of lineage-tracing experiments were then carried
out. In the first, to determine whether there had been either
neogenesis or new lobe formation during normal postnatal
development, constitutively expressing duct-specific CAII–
Cre R26R transgenic mice were analysed for marked islets
on the day of birth and at 4 weeks of age. Although at birth,
few if any β-galactosidase-positive islet cells were seen, at
4 weeks, β-galactosidase expression was found in many ducts,
patches of acinar cells and 35–40% of the islets. In some lobes,
as many as 50% of the acinar cells were marked, with few,
if any, in other lobes; this pattern is consistent with new
lobe formation. These data indicate that the formation of
both new islets and newly differentiated acini from CAII-
expressing ductal progenitors occurs during the neonatal
period.

The second set of experiments tested whether pancreatic
ductal cells retain the ability to serve as pancreatic pro-
genitors in adulthood. Here we used the inducible CAII–
CreERTM mice in a model of regeneration: the ductal-
ligation model. This model has the advantage of having
regeneration of both acini and islets localized distal to
the ligation, with little to none in the non-ligated portion
[36,37], allowing a comparison of labelling in regenerated
and non-regenerated tissue within the same pancreas. To
avoid marking the neonatal pancreatic expansion seen in
the previous experiments, we administered tamoxifen for
3 weeks from 4 weeks of age onwards. Ductal ligations were

performed at 8 weeks of age, and the animals were killed
at 10 weeks of age. We found a substantial number of islets
genetically marked distal to the ligation (the ligated portion).
Thus these data also support the concept of mature (CAII-
positive) ductal cells acting as pancreatic progenitors in adult
mice in response to injury.

Summary
Although the concept of β-cell replacement as a therapy
for diabetes seems straightforward, one major obstacle for
this therapy has been the limited amount of islet tissue
available for transplantation. Our genetically labelled tracing
experiments provide strong evidence that pancreatic progen-
itors within the ductal structures contribute substantially
after birth and after injury. This rigorous demonstration of
pancreatic progenitor cells from the adult pancreas should
direct focus to the development of new techniques to expand,
both in vivo or in vitro, such cells and differentiate them to β-
cells for human β-cell replacement therapy. Knowledge that
mature pancreatic duct cells can serve as islet progenitors has
enormous implications for designing strategies for generating
new islets both in vitro and in vivo.

References
1 Bonner-Weir, S. (2000) Perspective: postnatal pancreatic β-cell growth.

Endocrinology 141, 1926–1929
2 Brockenbrough, J.S., Weir, G.C. and Bonner-Weir, S. (1988) Discordance

of exocrine and endocrine growth after 90% pancreatectomy in rats.
Diabetes 37, 232–236

3 Jensen, J.N., Cameron, E., Garay, M.V., Starkey, T.W., Gianani, R. and
Jensen, J. (2005) Recapitulation of elements of embryonic development
in adult mouse pancreatic regeneration. Gastroenterology 128,
728–741

4 Desai, B.M., Oliver-Krasinski, J., De Leon, D.D., Farzad, C., Hong, N., Leach,
S.D. and Stoffers, D.A. (2007) Preexisting pancreatic acinar cells
contribute to acinar cell, but not islet β-cell, regeneration. J. Clin. Invest.
117, 971–977

5 Scaglia, L., Cahill, C.J., Finegood, D.T. and Bonner-Weir, S. (1997)
Apoptosis participates in the remodeling of the endocrine pancreas in
the neonatal rat. Endocrinology 138, 1736–1741

6 Bonner-Weir, S., Toschi, E., Inada, A., Reitz, P., Fonseca, S.Y., Aye, T. and
Sharma, A. (2004) The pancreatic ductal epithelium serves as a potential
pool of progenitor cells. Pediatr. Diabetes 5, 15–22

7 Xu, G., Stoffers, D.A., Habener, J.F. and Bonner-Weir, S. (1999) Exendin-4
stimulates both β-cell replication and neogenesis, resulting in increased
β-cell mass and improved glucose tolerance in diabetic rats. Diabetes
48, 2270–2276

8 Li, L., Seno, M., Yamada, H. and Kojima, I. (2003) Betacellulin improves
glucose metabolism by promoting conversion of intraislet precursor cells
to β-cells in streptozotocin-treated mice. Am. J. Physiol. Endocrinol.
Metab. 285, E577–E583

9 Gu, D. and Sarvetnick, N. (1993) Epithelial cell proliferation and islet
neogenesis in IFN-γ transgenic mice. Development 118, 33–46

10 Wang, T.C., Bonner-Weir, S., Oates, P.S., Chulak, M., Simon, B., Merlino,
G.T., Schmidt, E.V. and Brand, S.J. (1993) Pancreatic gastrin stimulates
islet differentiation of transforming growth factor α-induced ductular
precursor cells. J. Clin. Invest. 92, 1349–1356

11 Bonner-Weir, S., Baxter, L.A., Schuppin, G.T. and Smith, F.E. (1993) A
second pathway for regeneration of the adult exocrine and endocrine
pancreas: a possible recapitulation of embryonic development. Diabetes
42, 1715–1720

12 Zhou, J., Pineyro, M.A., Wang, X., Doyle, M.E., Egan, J.M., Zhou, J., Wang,
X., Pineyro, M.A. and Egan, J.M. (2002) Exendin-4 differentiation of a
human pancreatic duct cell line into endocrine cells: involvement of
PDX-1 and HNF3β transcription factors. J. Cell Physiol. 192, 304–314

C©The Authors Journal compilation C©2008 Biochemical Society



356 Biochemical Society Transactions (2008) Volume 36, part 3

13 Zhou, J., Wang, X., Pineyro, M.A. and Egan, J.M. (1999) Glucagon-like
peptide 1 and exendin-4 convert pancreatic AR42J cells into glucagon-
and insulin-producing cells. Diabetes 48, 2358–2366

14 Bulotta, A., Hui, H., Anastasi, E., Bertolotto, C., Boros, L.G., Di Mario, U.,
Perfetti, R., Hui, H., Wright, C. and Perfetti, R. (2002) Cultured pancreatic
ductal cells undergo cell cycle re-distribution and β-cell-like
differentiation in response to glucagon-like peptide-1. J. Mol. Endocrinol.
29, 347–360

15 Mashima, H., Ohnishi, H., Wakabayashi, K., Mine, T., Miyagawa, J.,
Hanafusa, T., Seno, M., Yamada, H. and Kojima, I. (1996) Betacellulin and
activin a coordinately convert amylase-secreting pancreatic AR42J cells
into insulin-secreting cells. J. Clin. Invest. 97, 1647–1654

16 Mashima, H., Shibata, H., Mine, T. and Kojima, I. (1996) Formation of
insulin producing cells from pancreatic acinar AR42J cells by hepatocyte
growth factor. Endocrinology 137, 3969–3976

17 Noguchi, H., Kaneto, H., Weir, G.C. and Bonner-Weir, S. (2003) PDX-1
protein containing its own antennapedia-like protein transduction
domain can transduce pancreatic duct and islet cells. Diabetes 52,
1732–1737

18 Hardikar, A.A., Marcus-Samuels, B., Geras-Raaka, E., Raaka, B.M. and
Gershengorn, M.C. (2003) Human pancreatic precursor cells secrete FGF2
to stimulate clustering into hormone-expressing islet-like cell
aggregates. Proc. Natl. Acad. Sci. U.S.A. 100, 7117–7122

19 Bonner-Weir, S., Taneja, M., Weir, G.C., Tatarkiewicz, K., Song, K.H.,
Sharma, A. and O’Neil, J.J. (2000) In vitro cultivation of human islets from
expanded ductal tissue. Proc. Natl. Acad. Sci. U.S.A. 97, 7999–8004

20 Gao, R., Ustinov, J., Pulkkinen, M.A., Lundin, K., Korsgren, O. and
Otonkoski, T. (2003) Characterization of endocrine progenitor cells and
critical factors for their differentiation in human adult pancreatic cell
culture. Diabetes 52, 2007–2015

21 Gao, R., Ustinov, J., Korsgren, O. and Otonkoski, T. (2005) In vitro
neogenesis of human islets reflects the plasticity of differentiated
human pancreatic cells. Diabetologia 48, 2296–2304

22 Zhao, M., Amiel, S.A., Christie, M.R., Rela, M., Heaton, N. and Huang, G.C.
(2005) Insulin-producing cells derived from human pancreatic
non-endocrine cell cultures reverse streptozotocin-induced
hyperglycaemia in mice. Diabetologia 48, 2051–2061

23 Hao, E., Tyrberg, B., Itkin-Ansari, P., Lakey, J.R., Geron, I., Monosov, E.Z.,
Barcova, M., Mercola, M. and Levine, F. (2006) β-Cell differentiation
from nonendocrine epithelial cells of the adult human pancreas. Nat.
Med. 12, 310–316

24 Yatoh, S., Dodge, R., Akashi, T., Omer, A., Sharma, A., Weir, G.C. and
Bonner-Weir, S. (2007) Differentiation of affinity-purified human
pancreatic duct cells to β-cells. Diabetes 56, 1802–1809

25 Rooman, I., Heremans, Y., Heimberg, H. and Bouwens, L. (2000)
Modulation of rat pancreatic acinoductal transdifferentiation and
expression of PDX-1 in vitro. Diabetologia 43, 907–914

26 Lardon, J., Huyens, N., Rooman, I. and Bouwens, L. (2004) Exocrine cell
transdifferentiation in dexamethasone-treated rat pancreas. Virchows
Arch. 444, 61–65

27 Baeyens, L., De Breuck, S., Lardon, J., Mfopou, J.K., Rooman, I. and
Bouwens, L. (2005) In vitro generation of insulin-producing β-cells from
adult exocrine pancreatic cells. Diabetologia 48, 49–57

28 Means, A.L., Meszoely, I.M., Suzuki, K., Miyamoto, Y., Rustgi, A.K., Coffey,
Jr, R.J., Wright, C.V., Stoffers, D.A. and Leach, S.D. (2005) Pancreatic
epithelial plasticity mediated by acinar cell transdifferentiation and
generation of nestin-positive intermediates. Development 132,
3767–3776

29 Minami, K., Okuno, M., Miyawaki, K., Okumachi, A., Ishizaki, K., Oyama,
K., Kawaguchi, M., Ishizuka, N., Iwanaga, T. and Seino, S. (2005) Lineage
tracing and characterization of insulin-secreting cells generated from
adult pancreatic acinar cells. Proc. Natl. Acad. Sci. U.S.A. 102,
15116–15121

30 Sharma, A., Zangen, D.H., Reitz, P., Taneja, M., Lissauer, M.E., Miller, C.P.,
Weir, G.C., Habener, J.F. and Bonner-Weir, S. (1999) The homeodomain
protein IDX-1 increases after an early burst of proliferation during
pancreatic regeneration. Diabetes 48, 507–513

31 Lobe, C.G., Koop, K.E., Kreppner, W., Lomeli, H., Gertsenstein, M. and
Nagy, A. (1999) Z/AP, a double reporter for cre-mediated
recombination. Dev. Biol. 208, 281–292

32 Hale, M.A., Kagami, H., Shi, L., Holland, A.M., Elsasser, H.P., Hammer, R.E.
and Macdonald, R.J. (2005) The homeodomain protein PDX1 is required
at mid-pancreatic development for the formation of the exocrine
pancreas. Dev. Biol. 286, 225–237

33 Inada, A., Nienaber, C., Fonseca, S. and Bonner-Weir, S. (2006) Timing
and expression pattern of carbonic anhydrase II in pancreas. Dev. Dyn.
235, 1571–1577

34 Hara, M., Wang, X., Kawamura, T., Bindokas, V.P., Dizon, R.F., Alcoser,
S.Y., Magnuson, M.A. and Bell, G.I. (2003) Transgenic mice with green
fluorescent protein-labeled pancreatic β-cells. Am. J. Physiol. Endocrinol.
Metab. 284, E177–E183

35 Inada, A., Nienabar, C., Sharma, A. and Bonner-Weir, S. (2006) Lineage
tracing shows pancreatic ductal cells as islet progenitors in postnatal
mice. Diabetes 55 (Suppl. 1), A31

36 Hultquist, G.T., Karlsson, U. and Hallner, A.C. (1979) The regenerative
capacity of the pancreas in duct-ligated rats. Exp. Pathol. 17, 44–52

37 Wang, R.N., Kloppel, G. and Bouwens, L. (1995) Duct- to islet-cell
differentiation and islet growth in the pancreas of duct-ligated adult rats.
Diabetologia 38, 1405–1411

Received 9 November 2007
doi:10.1042/BST0360353

C©The Authors Journal compilation C©2008 Biochemical Society


