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Abstract The insulin-secreting beta cells in the endo-
crine pancreas regulate blood glucose levels, and loss of
functional beta cells leads to insulin deficiency, hyper-
glycemia (high blood glucose) and diabetes mellitus.
Current treatment strategies for type-1 (autoimmune) dia-
betes are islet transplantation, which has significant risks
and limitations, or normalization of blood glucose with
insulin injections, which is clearly not ideal. The type-1
patients can lack insulin counter-regulatory mechanism;
therefore, hypoglycemia is a potential risk. Hence, a cell-
based therapy offers a better alternative for the treatment of
diabetes. Past research was focused on attempting to gen-
erate replacement beta cells from stem cells; however,
recently there has been an increasing interest in identifying
mechanisms that will lead to the conversion of pre-existing
differentiated endocrine cells into beta cells. The goal of
this review is to provide an overview of several of the key
factors that regulate new beta cell formation (neogenesis)
and beta cell proliferation.
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GIP Glucose-dependent insulinotropic polypeptide
PDL Pancreatic duct ligation

VEGF Vascular endothelial growth factor

BrdU Bromodeoxyuridine (5-bromo-2'-
deoxyuridine)

EGF Epidermal growth factor

GCGR Glucagon receptor

MafA V-maf  musculoaponeurotic  fibrosarcoma
oncogene homolog A

MafB V-maf  musculoaponeurotic  fibrosarcoma
oncogene homolog B

Ngn3 Neurogenin-3

Nkx2.2 NK2 homeobox 2

Nkx6.1 NKG6 transcription factor related, locus 1

Nkx6.2 NKG6 transcription factor related, locus 2

Pax4 Paired box gene 4

Pax6 Paired box gene 6

Pdx1 Pancreatic duodenal homeobox-1

PP Pancreatic polypeptide

Ptf1A Pancreas-specific transcription factor-1a

TGF Transforming growth factor

TGFbRI  Transforming growth factor-f type I receptor
TGFbRII Transforming growth factor-f type II receptor
Introduction

Diabetes mellitus is associated with a progressive loss of
beta cell mass and function, including the inability to
generate new functional pancreatic beta cells through
neogenesis or proliferation of existing beta cells in
response to glycemic challenges. Type 2 diabetes is the
predominant form found in the adult population worldwide,
arising due to insulin resistance, while type 1 diabetes is an

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2231-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-016-2231-0&amp;domain=pdf

3624

K. Prasadan et al.

autoimmune disease entailing beta cell destruction. A 2014
report by World Health Organization showed that diabetes
has reached an epidemic proportion, approximately 9 % of
the world’s adult population over 18 are obese and dia-
betic, and this number is expected to increase exponentially
soon, making it the seventh leading cause of death by 2030.
This massive increase in the number of diabetic patients
has been an immense strain on other effective therapeutic
strategies, such as pancreas transplant, due to lack of suf-
ficient available donor islet tissue.

However, the past two decades have seen significant
advances in pancreas research, particularly identifying
several key factors that regulate pancreas development,
opening the possibility of generating functionally suit-
able engineered beta cells. These studies have produced
vital knowledge regarding several key factors that regulate
endocrine development in the embryonic pancreas (through
endocrine cell neogenesis from progenitor cells) and sub-
sequently regulate proliferation to expand the beta cell
mass. There has been an attempt to apply this embryonic
developmental program to the adult pancreas as a way to
generate new functional beta cells for the treatment of
diabetes, either through neogenesis from stem cells or
transdifferentiation of non-beta cells within the pancreas.
Many studies have been encouraging, and have identified
the significant plasticity of differentiated cells within the
pancreas (Fig. 1). Recent studies [1-3] found that follow-
ing an extreme loss of beta cells, the alpha cells could
reprogram to become functional insulin-positive cells
capable of maintaining blood glucose (Fig. 1). Other
studies have shown that a single molecule (Pax-4) can
convert pancreatic progenitor cells into alpha cells, and
then subsequently into beta cells [1]. Alternatively, a
combination of the transcription factors Maf-A, neuro-
genin-3 (Ngn-3) and Pdx-1, ectopically expressed, can
induce reprogramming of differentiated pancreatic acinar
cells into beta cells (Fig. 1) [4], demonstrating that cell
phenotypes in the pancreas can be changed by ectopic
expression of transcription factors. This review provides an
overview of several of the factors that have been shown to
have an essential role in beta cell neogenesis, both during
development and in the adult islet.

Transcription factors regulating pancreas
development

Pancreatic development and subsequent pancreatic func-
tion are highly regulated by a series of transcription factors,
incretins and growth factors. The pancreatic duodenal
homeobox-1 (Pdx1), a transcription factor that has a crucial
role in the adult islet for beta cell function, was identified
as one of the master regulators of pancreas development [5,
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6]. Pdx-1 regulates the early development and commitment
of certain progenitor cells of the foregut to form a pan-
creatic bud. Pdx-1-expressing progenitor cells give rise to
all pancreatic cell types in the pancreas [4] (Fig. 2). The
absence of pdx-1 expression during development results in
pancreas agenesis and the pups die soon after they are born
[7, 8]. Similarly, pancreas-specific transcription factor-la
(Ptf1A) is expressed in early progenitor cells within the
pancreas, and in the mice loss of ptfl1A expression during
development produced pancreas agenesis, although endo-
crine islets were found in the spleen [9, 10]. Downstream
of pdx-1 expression, paired box 6 (pax6) has been identi-
fied as an early marker of endocrine-committed cells in the
embryonic mouse pancreas, and lineage-tagging studies
have shown that early pax6 expression is a marker of all
islet endocrine cell progenitors. Loss of pax6 expression
led to the development of a pancreas without alpha cells,
and subsequently formation of a highly disorganized islet,
and an overall reduction in the number of other islet cells
[11, 12]. Beyond pax6, endocrine pancreatic commitment
and PB-cell commitment entail expression of a relatively
well-defined hierarchy of transcription factors, including
the basic helix loop helix transcription factor neurogenin-3
(ngn3), and neuroD, pax4, nkx2.2, mafB, mafA, nkx6.1,
nkx6.2, etc., each affecting downstream developmental and
functional aspects of the endocrine pancreas (Fig. 2). Lack
of ngn3 during development led to the formation of a
pancreas without an endocrine component, and the
embryos die soon after birth [13]. Targeted disruption of
neuroD in mice caused perinatal lethality, and further
analysis revealed an impaired islet formation and matura-
tion with a significant reduction in the number of beta cells
[14]. Loss of Pax4 expression results in a lack of beta and
delta (somatostatin-producing) cell development in the
pancreas, and pups die after birth due to diabetes [15].
Many other transcription factors regulate the expansion and
maturation of beta cells specifically. Nkx2.2 mutants failed
to develop beta cells and die soon after birth due to severe
hyperglycemia [16], whereas nkx6.1 led to reduced mature
beta cell neogenesis from progenitor cells in the embryo, as
well as poor expansion of beta cells later postnatally [17].
The Maf family proteins, MafA, and MafB also have a
central role in later development and maturation of endo-
crine cells [18-20]. In the embryonic pancreas, a
significant portion of insulin-positive cells express Maf-B,
and as part of the beta cell maturation process, these cells
transitioned from MafB*/MafA /Ins* intermediate cells
to MafB~/MafA*/Ins™ mature beta cells, and this transi-
tion also coincided with a high level of pdx1 expression in
these now mature cells [21]. Mature beta cells express Pdx-
I, Pax4, Nkx 2.2, Nkx 6.1 and MafA (Fig. 2) [19].
Although the MafB(—/—) null mutant embryonic pancreas
had reduced numbers of insulin and glucagon-positive
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Fig. 1 A schematic representation of potential sources for beta cell
proliferation and neogenesis. Accumulating data now suggest that in
the early embryonic pancreas glucagon or GLP-1 directly influence
progenitor cells to become endocrine cells. Alpha cells have now
been shown to be a source for beta cells regeneration following an
extreme loss of beta cells, where alpha cells transdifferentiate to
become functional beta cells, and maintain blood glucose in mice. In
most other scenarios, where the loss of beta cells is only partial, the

cells, the total number of endocrine cells appeared to
remain the same [19, 20]. MafA™~ mutants, on the other
hand, had apparently normal endocrine development, and
some studies have suggested that MafA functions and
works in conjunction with MafB, and the primary role for
MafA is in the maturation of beta cells [19, 20, 22].

TGF-p pathways regulating pancreas development
and beta cell mass

TGF-p signaling in the pancreas

Transforming growth factor-B (TGF-B) superfamily pro-
teins regulate cell function over a broad spectrum of cell
and organ development. TGF-f signaling can either induce
or inhibit cell proliferation [23-25]. The canonical signaling
is mediated through activation of the cytoplasmic Smad
proteins by phosphorylation and translocation of the

recovery seems to be through the proliferation of existing beta cells.
However, some studies have shown that ductal cells are the source of
regenerating beta cells following partial loss of beta cells. New
findings show that growth factors, insulinotrophic factors, or a
combination of beta cell specific transcription factors can convert
progenitor cells or differentiated cells within the pancreas into
insulin-producing cells

resulting phopho-smads into the nucleus, where they regu-
late transcription of downstream targets (Fig. 3) [26, 27].
Expansion and renewal of pancreatic beta cells are crucial
for both normal development of the pancreas and mainte-
nance of function in the adult islet. Increased workload on
the beta cell has been shown to increase beta cell DNA
synthesis in vitro in cultured islets, as well in in vivo models
[28] (Fig. 1). Also, there is a large volume of evidence that
indicate that paracrine regulation by trophic factors can
stimulate growth and expansion of beta cells. Recently,
several studies have identified some of the key roles for
TGF-p signaling in the developing pancreas. Specifically,
TGF-p signaling promotes the endocrine commitment of
progenitor cells and their subsequent maturation [29, 30].
TGF-B superfamily ligands like TGF-B1, activins, and
bone morphogenetic proteins (BMPs) bind to Type II
surface receptors, which then recruit Type I receptors,
which then phosphorylate the intracellular mediators, the
smads (Fig. 3). Phosphorylation leads to activation of
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Fig. 2 The pancreas develops
from the foregut endoderm as a
dorsal and ventral buddings
between gestational days 8.5
and 9.5. There is a
downregulation of sonic
hedgehog and an upregulation
of pdx-1 in the pancreatic
anlage within the foregut
endoderm during this budding
process. From gestational day
9.5 onwards, the dorsal bud
contains multipotent progenitors
that are ptfl1A and pdx1
positive, and can give rise to all
cell types in the mature
pancreas. Around gestational
days 11 and 12, the dorsal bud
begins to branch out and
segregate the progenitors into
tip and trunk progenitors. The
tip progenitors, under the
control of acinar-specific
transcription factors, can give
rise to acinar cells. Some trunk
progenitors transiently express
neurogenin-3 and form the
endocrine compartments of the
mature pancreas, consisting of
alpha, beta, delta, PP and
ghrelin-expressing cells. The
neurogenin-3 negative trunk
progenitors, on the other hand,
form the ductal network in the
pancreas

E8.5 Forgut endoderm

&

TIP-Progenitors

Acinar Cell

Pdx1; FoxA2; Nkx6.1; Nkx6.2; Rfx6
MafB-MafA; Mnx1; Pax6-Pax4; Isl1

receptor-associated-smads (R-smads), which then form a
complex with the common smad (Co-smad, smad4) which
then translocates to the nucleus to alter gene transcription,
often in association with other transcriptional modifiers
(Fig. 3). R-smads 2 and 3 have been shown to directly
control endocrine differentiation in the pancreas [31, 32].
Inhibitory smads 6 and 7 suppress phosphorylation of the
smads. Smad6 targets the BMP-associated R-smads 1,5,
and 8, whereas smad7 targets all receptor-activated smads,
including smads 2 and 3, implicated in endocrine differ-
entiation (Fig. 3).
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TGF-p signaling during pancreas development

In the developing pancreas, the presence of activated
components of TGF-f signaling has been reported
throughout the embryonic period. During early stages of
development several TGF- isoform receptors (RI or AIkS,
RII, and AIK1) were localized to both the pancreatic
epithelium and mesenchyme, but then with increasing age
localized to the pancreatic islets and ducts [33]. The mes-
enchymal compartment of the embryonic pancreas
expressed TGF-3 receptor antagonists such as follistatin,
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Fig. 3 TGF receptor signaling is initiated by the binding of TGF
ligands to the TGFp type II receptor (TGFbRII) to recruit and
catalyze phosphorylation of the TGFf type I receptor (TGFbRI),
which subsequently phosphorylates the transcription factors smad2
and/or smad3. Phosphorylated smad2 and/or smad3 generate a
complex with the common (CO-) smad, smad4, and then the smad-
CO-smad4 complex translocates to the nucleus and modulates gene
expression to regulate cellular functions, e.g., cell cycle control.

while the epithelium of the pancreas predominantly
expressed receptor ligands [34-36]. In vitro culture of the
epithelium without mesenchyme produced only endocrine
cells. Culturing epithelium and mesenchyme together, but
asymmetrically induced acinar cells in the part of the
epithelium that was in direct contact with the mesenchyme,
while endocrine cells formed in the epithelium away from
the mesenchyme [37, 38]. Similarly, adding exogenous
activin, or the BMP inhibitor noggin in vitro into the cul-
ture medium induced endocrine differentiation in the
embryonic epithelium [39], while follistatin in a similar
in vitro culture system inhibited endocrine differentiation
[35].

TGF-B2 and TGF-B3 homozygous mutants develop
severe embryonic developmental defects and 100 %
embryonic lethality, making it difficult to identify the roles
of these molecules in vivo [40, 41]. Furthermore, disrupt-
ing the TGF-B1 gene leads to severe multifocal

M2 Macrophage

Smad7 is a potent inhibitor of TGFp receptor signaling. Smad7 can
block R-smad phosphorylation, degrade type I receptors, and even
exert an inhibitory effect on the nucleus. Smad2/3 nuclear translo-
cation can similarly be affected by other non-superfamily pathways,
e.g., activation of epidermal growth factor receptor (EGFR) signaling
pathway by M2 macrophages in inflammation following an injury.
Macrophages can directly boost smad7 expression which, in turn, can
inhibit smad2/3 translocation and induce beta cell proliferation

inflammatory diseases, thus confounding analyzes of dif-
ferent tissues [42]. The use of a dominant negative form of
TGF-beta receptor 2, the DNTBRII transgene, allowed for a
less complete inactivation of the receptor and helped
identify a possible role for TGF-B signaling in regulating
pancreatic endocrine expansion and maturation during
development [43-45]. Using mice overexpressing the
dominant negative form of TGF-f type II receptor Tula-
chan et al. [45] inhibited TGF-f signaling at the receptor
level and found an increase in the number of endocrine
precursors, as well as a proliferation of endocrine cells. At
El11.5 and E12.5, there was no gross morphological or a
histological difference between the DNTPRII transgenic
embryos and wild-type littermates. However, by mid-ges-
tation between E14.5 and E16.5, when there is normally a
robust expansion and differentiation of both exocrine and
endocrine cells in the normal embryonic pancreas, the
transgenic pancreata showed an exaggerated expansion of
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the endocrine cells. At E16.5, the phenotype of the
DNTPBRII embryonic pancreas diverged markedly from
wild-type littermates, with an increase in the insulin- and
glucagon-positive cells. BrdU incorporation assay at E16.5
revealed an enhanced proliferation of endocrine cells in the
transgenic pancreas compared to littermate wild-type
controls. The study showed an important role for TGF-3
signaling in maintaining the differentiated state of endo-
crine cells in the pancreas.

Also with TGF-f type 2 receptor inhibition, there was
an increase in the accumulation of endocrine cells around
the developing ducts during mid-late stage gestation. BrdU
proliferation assay again showed that the periductal cells
were proliferating at a significantly higher rate in the
transgenic pancreas at E16.5 compared with controls [45].
The majority of the periductal cells were endocrine, mostly
expressing insulin or glucagon, and many of these
periductal cells were positive for the pro-endocrine mark-
ers neurogenin-3 and neuroD1. In vitro inhibition of TGF-3
signaling in an explant culture using a pan-neutralizing
antibody against the type II receptor produced similar
results, with an increase in mature endocrine cells,
including beta cells as evidenced by co-localization with
pdx1 [45].

In vitro, recombining wild-type epithelium with wild-
type mesenchyme led to normal differentiation, and
immunostaining showed the expected amount of insulin-
positive cells in a wild-type pancreas with a large amount
of amylase staining. However, when the transgenic (TGF-
BRII blocked) epithelium was recombined with either wild-
type or transgenic mesenchyme, there was an augmentation
in the number of insulin-positive cells. A further
enhancement in the augmentation of the insulin-positive
area was seen when transgenic (TGF-BRII blocked) mes-
enchyme was recombined with wild-type epithelium.
These mix-and-match studies using wild-type and trans-
genic epithelium and mesenchyme suggest that TGF-$3
receptor II signaling is important in both the epithelium and
the mesenchyme (and perhaps more so in the mesenchyme)
for restraining the growth and differentiation of pancreatic
endocrine cells.

Expression of smads and their role in pancreas
development

Downstream transcription factor mediators of TGF-§ sig-
naling include smads 2 and 3, which are expressed in the
developing pancreas [46]. The activated phosphorylated
forms (p-smad2/3) showed diffuse expression in the ges-
tational day 11.5 embryonic mouse pancreas, both in the
mesenchyme and epithelium. Interestingly, a day later at
E12.5 p-smad2/3 was found to localize specifically in the
nucleus of newly formed glucagon and insulin-positive
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cells, that pattern became persistent, and more prominent
by E18.5, and persisted in the adult 10-week-old mouse
pancreas. The nuclear localization of the p-smads in these
endocrine-committed, hormone-positive, non-proliferating
cells suggests a role for activated p-smads in endocrine
maturation in the early embryo [47]. In vitro, blocking
either smad2 or smad3 with antisense treatment signifi-
cantly enhanced the insulin- and glucagon-positive cell
numbers, to 1.7-fold with smad2 inhibition, and 2-fold with
smad3 inhibition [47]. BrdU incorporation assay showed
that the percentage of endocrine cells positive for BrdU
was doubled after treatment with smad2 or smad3 anti-
sense. A similar expansion of endocrine cells containing a
large proportion of BrdU and Nkx2.2-positive cells was
found with short term inhibition of smads2/3 in culture,
suggesting that smad2 and smad3 may have a significant
role in both suppressing recruitment of new progenitors,
and in promoting endocrine cell maturation. In vivo, after
deleting smad2 expression in pdx-1 positive cells using a
tamoxifen-inducible  pdx1-cre-ERT;R26R-tomato;smad2
fx/fx mouse [4], at E13.5, greater than 95 % of pancreatic
epithelial and endocrine cells were lineage tagged after a
single E10.5 tamoxifen injection, and therefore likely
smad2~'~. By gestational day 17 and 18, there was a 20 %
increase in the number of insulin-positive cells, and a 40 %
increase in the number of glucagon-positive cells. In global
smad3 null mutant mice there was an even greater (50 %)
increase in the number of endocrine cells, with a relatively
equal percentage increase in insulin and glucagon-positive
cells. Similarly, Nodal, a TGF-B superfamily member, is
expressed and shown to lead to phosphorylation of smad2
in the embryonic pancreas and adult islets. Blocking nodal
in the Ins-1 cell line inhibited cell proliferation and induced
apoptosis, suggesting that TGF- signaling in endocrine
progenitor cells is antiproliferative [48]. The expansion and
proliferation of endocrine cells after inhibition of smad2/3
suggests a potential mechanism for expansion of endocrine
hormone-positive cells during development or when
needed.

A role for Smad7 during development

Inhibitory smad7 negatively regulates TGF-J signaling, but
recent evidence also suggests that Smad7 can interact with
TGF-B-independent  signaling pathways, potentially
expanding its role. In the pancreas, Smad7 was present
throughout the early (E13.5) pancreatic epithelium, mostly
co-localizing with E-cadherin-positive epithelial cells.
Only a few hormone-positive endocrine cells co-localized
with smad-7, those possibly representing immature newly
formed endocrine cells. The smad7 co-localization became
weaker within hormone-positive endocrine cells by mid-
gestation (E15.5), but persisted in the E-cadherin®/
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hormone™ cells. This transition of smad7 expression from
being positive in a few early hormone-positive, immature
endocrine cells at E13.5, to being reduced in late gesta-
tional, more mature hormone-positive cells, is consistent
with a role for smad7 in suppressing smad2/3 in immature
endocrine cells. In the embryonic pancreas, Smad7 positive
cells are BrdU™ and often express ngn3, suggesting a role
for smad7 in maintaining or expanding the endocrine
progenitor pool. Then, in the late gestational pancreas at
E16.5, smad7 expression is predominantly localized to the
acinar tissue, and by postnatal day 7, smad7 is almost
exclusively localized to the acinar tissue. The delicate role
smad7 plays in regulating smad2/samd3 signaling during
pancreas development is evidenced from both smad7
overexpression and smad7 inhibitory studies. Smad7
overexpression in pdx-1-positive cells led to a greater than
85 % reduction in beta cells, and an associated increase in
the number of alpha cells at birth P1 [32]. On the other
hand, smad?7 inhibition also resulted in the suppression of
endocrine development [49]. In vitro, inhibition of smad7
in the early E11.5 embryonic pancreas grown in an explant
culture significantly reduced the endocrine cell number.
BrdU incorporation assay revealed that there was a sig-
nificant drop in the percentage of proliferating endocrine
cells after smad7 inhibition in vitro. Similarly, deleting
smad7 expression in the pdx1 lineage by crossing smad7™
™ mice with pdx1-cre-ERT mice and giving tamoxifen at
E10.5 resulted in a marked reduction in hormone-positive
cells at late gestation (E17.5). Thus, smad7-mediated
inhibition of smad2/3 may have a role in preventing pre-
mature endocrine maturation, which is evident from the
fact that blocking smad7 expression in pdx1-positive cells
resulted in a significant decrease in the mafB/insulin dou-
ble-positive immature B-cell population. Normally as beta
cells mature, there is a shift in the expression of MafB*/
insulin™ cells to a MafB~/mafA*/insulin™ cells [18].

TGF-p signaling in the adult islet

In the adult islet, all three TGF-J isoforms are expressed in
the endocrine cells in a diffuse pattern. However, the
intensity was higher for TGF-2 and TGF-$3 in insulin-
positive cells. In the exocrine pancreas, most of the acinar
cells were positive for TGF-B1, while all three ligands
appeared to be equally expressed in the ductal cells [50].
Adult beta cells have very low turnover and a low prolif-
eration rate. However, replacement beta cells form in
response to a loss of beta cell mass, either through self-
replication of beta cells or through neogenesis. In contrast
to its known role during pancreatic development and
endocrine cell lineage selection, normal beta cell turnover
in the adult islet may be independent of TGF-f superfamily
signaling. However, TGF-B has a major role in beta cell

maturation during postnatal growth. Disruption of TGF-f3
signaling in mice lacking the TGF-f ligand Gdfl1 pre-
vented terminal differentiation of beta cells [32]. The islets
in these mice had an increase in Nkx6.1"/insulin™ cells and
a greater than 50 % reduction in pancreatic insulin® cell
mass. There was also a 50 % reduction in MafA™ cells in
Gdfl1 null mice, suggesting defective maturation of dif-
ferentiating beta cells.

Fifty to sixty percent partial pancreatectomy is a known
method to induce a normoglycemic workload increase for
existing beta cells. Normally, islet nuclei are strongly
positive for phospho-smad2 and 3 and negative for BrdU.
However, following partial pancreatectomy, there is a loss
of phospho-smad2/3 in many islet cells, and many of these
cells are BrdU-positive [51]. Partial pancreatectomy in
wild-type mice is known to induce beta cell proliferation
compared to sham controls. Partial pancreatectomy in a
TGF-p receptor signaling defective mutant mouse with loss
of both TGF-B-R1 and TGF-B-R2 (ptfla-cre;TBR1™™;-
TBR2MX) in pancreatic cells led to increased proliferation
of beta cells compared to wild-type mice that have
undergone the same procedure. Thus, this workload-in-
duced beta cell proliferation is clearly not dependent on the
TGF-B signaling pathway. In another model, increased
workload in existing beta cells by feeding 10 % sucrose to
normal mice induced beta cell proliferation in both wild-
type and ptfla-cre;TBR1™™TBR2™™ mice, again sug-
gesting that workload-induced beta cell proliferation is
TGFp signaling independent [28]. Following partial pan-
createctomy, there was significant downregulation of
phosphorylated TGF-f receptor II in insulin-positive cells,
and many insulin-positive cells became positive for smad-7
expression [51]. These cells were also typically BrdU-
positive, suggesting that smad7 may be downregulating the
smad2/3 expression in beta cells in response to an
increased workload induced by partial pancreatectomy. To
further demonstrate the role of TGF-B signaling in main-
taining a mature endocrine cell status, and its effect on beta
cell proliferation in the adult islet, El-Gohary et al. [51]
used two separate animal models in which smad2 and/or
smad3 signaling are inhibited. First, they performed partial
pancreatectomy in pdxl-cre-ERT;smad2™™ mice, and
found that there was a 50 % increase in BrdU-positive cells
within 1 week of partial pancreatectomy, compared to
wild-type mice that underwent partial pancreatectomy. The
same partial pancreatectomy performed in global
smad3 ™~ mutant mice tripled the number of BrdU/in-
sulin® cells. Interestingly, this study found that double
smad2/3 mutant mice did not show an additive increase in
islet cell proliferation, but was similar to the smad3 mutant
mice, suggesting that smad2 may in some way work par-
tially via smad3, explaining the greater effect of the smad3
mutation on islet cell replication.
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In contrast to partial pancreatectomy, pancreatic duct
ligation (PDL) causes local inflammation in the pancreas
and BrdU analysis during the recovery period showed that
beta cell proliferation increased significantly after PDL
compared to controls [28]. This beta cell proliferation fol-
lowing PDL is TGF-beta signaling dependent. When PDL
was performed on ptfl a-cre:TBR1™™:- TBR2™™ mice and
analyzed for beta cell proliferation, there was a nearly
complete loss of beta cell proliferation, further confirming
that inflammation-induced beta cell proliferation is TGF-
beta signaling dependent and opposite to workload increase
models [28]. Macrophages have been reported to release cell
type-specific signals required for pancreatic regeneration in
mice [52, 53]. Following PDL, invading macrophages
induce smad7-mediated beta cell proliferation [53]. Xiao
et al. [53] showed that the macrophages, specifically M2
macrophages release TGFBI1 to stimulate smad7-mediated
beta cell proliferation. Further, they also release EGF to
activate EGF receptor signaling, which inhibits TGFf1-ac-
tivated smad2 nuclear translocation, resulting in the specific
inhibition of cytosolic TGF signaling and promoting smad-
7 mediated beta cell proliferation [53].

A role for Smad7 in beta cell mass restoration in the adult
islet

The normal adult islet continues to express TGF[ receptors
and Smad2 and 3, while Smad7 expression is not
detectable in glucagon, insulin, PDX-1, somatostatin, nor
Glut2-positive cells. Smad7 expression re-emerged in cells
in the regenerating islets, and often co-localized with BrdU-
positive cells. Interestingly, several pancreatic polypeptide-
positive cells, apparently dedifferentiated beta cells, were
smad7-positive [51]. One week after pancreatectomy, per-
manently lineage tagged beta cells (RIP-Cre;R26R'™°
reporter mice) had turned off insulin expression, but then
became smad-7-positive, supporting the possibility that pre-
existing beta cells de-differentiate (lose insulin) before
undergoing proliferation. In a parallel experiment, where
alpha cells are permanently labeled using glucagon-
cre;R26R "™ reporter mice, alpha cells did not dediffer-
entiate or express smad7 following pancreatectomy [51].
Forced, constitutive smad7 expression in the developing
pancreas or in otherwise normal islets appears to have a
negative effect on growth, differentiation and function of
the pancreas [32]. In the embryo, overexpression of smad7
led to pancreatic hypoplasia, while conditional transgenic
overexpression of smad7 in pdx-1 positive adult islet cells
led to downregulated phospho-smad expression and resul-
ted in disrupted TGFf signal transduction [32]. Within a
few weeks after smad7 expression in the adult islet, the
mice developed hyperglycemia and showed impaired glu-
cose tolerance. Interestingly, this beta cell dysfunction
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completely reversed after withdrawing the smad7. How-
ever, the smad7 upregulation seen following partial
pancreatectomy was found to be necessary for beta cell
proliferation. Inhibiting smad7 expression in adult pdx-1-
positive cells led to a complete absence of proliferation of
islet cells following pancreatectomy [51]. A similar lack of
proliferation of islet cells after pancreatectomy was
demonstrated after smad7 inhibition in both ptfl-a lineage
and ngn-3 lineage cells [51].

Growth factors and extracellular signaling in islet
growth and function

The role of alpha cells in beta cell mass and function

Pancreatic alpha cells have long been thought to be simply
modulators of glucose homeostasis. However, several
recent studies have shown a significant role for glucagon
signaling [54] in regulating pancreatic endocrine cell
neogenesis, both in the embryo and from ductal progenitor
cells [55] in the adult pancreas. Inhibition of glucagon
signaling in the embryonic pancreas, either in vitro or
in vivo, will inhibit insulin-positive differentiation [54, 56].
A likely scenario is that glucagon in the embryonic pan-
creas is an important regulator of the differentiation of
other endocrine lineages, particularly insulin cells. Several
studies now show the influence of glucagon signaling in the
development of other islet cell types, and on pancreatic
progenitor cells during normal pancreas development, and
during pancreatic regeneration.

Regulation of beta cell development and mass
by the glucagon family of peptide signaling
molecules

Glucagon and its related peptides are essential regulators of
early insulin-positive differentiation, and recent studies
have identified glucagon as a key regulator of a pancreatic
endocrine progenitor cell population from the pax6-positive
lineage. Constitutive transgenic expression of ngn-3 in pdx-
1-positive progenitor cells resulted in the development of an
endocrine pancreas consisting only of a few alpha cells and
no other endocrine cells [57], suggesting that alpha cells are
the default endocrine pathway during development. Glu-
cagon-expression in the early embryo is several
hundredfold greater than that of insulin, suggesting that the
early progenitor cell recruitment, differentiation, and
growth of other endocrine cells in the embryonic pancreas
may be regulated by this early glucagon-expression [58]. It
has been proposed that these early glucagon cells in the
embryonic pancreas are immature alpha cells, and they
express prohormone convertase 1/3 (PC1/3) [59, 60], which
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converts proglucagon to glucagon-like peptide (GLP)-1 and
GLP-2. PC1/3 is usually expressed in the beta cells, and its
expression in early embryonic alpha cells suggests that
GLP1 may have a role in recruiting progenitor cells into the
endocrine  developmental program. Blocking pre-
proglucagon in the embryonic pancreas with antisense
in vitro led to inhibition of endocrine differentiation in
cultured explants [54]. However, adding a GLP-1 agonist,
exendin-4, to these cultures rescued the preproglucagon
antisense-mediated inhibition of endocrine differentiation.
These results suggest that the glucagon family of peptides
has an important role in the recruitment of progenitor cells
during early development in the pancreas.

The glucagon family of peptide hormones, which
includes glucagon and glucagon-like peptide-1 (GLP-1), is
highly conserved in its amino acid sequences throughout
evolution. This high degree of conservation of glucagon
and GLP-1 amino acid sequences indicates the importance
of physiological processes regulated by these peptide hor-
mones. The major known function of glucagon is to
maintain blood glucose levels during fasting, whereas
GLP-1 functions primarily during feeding as an incretin to
stimulate insulin release and to lower blood glucose levels.
Cell specific processing of preproglucagon in pancreatic
alpha cells primarily leads to the production of glucagon,
but immunoreactive GLP-1 is also detectable in rat pan-
creatic alpha cells [61]. However, in the pancreas,
immature or progenitor cells committed to an endocrine
lineage primarily expressing proglucagon are also known
to express GLP-1 [62]. The role of GLP-1 as an insulino-
tropic hormone has been discussed in detail [63-66].
Insulin-producing cells generated from embryonic stem
cells, when treated with exendin-4, augmented their insulin
expression more than fivefold [67], suggesting the possi-
bility that embryonic stem cells may express GLP-1
receptor and that GLP1 may have a role in recruitment and
differentiation of progenitor cells during pancreatic
development. AR42J cells, which are derived from a
chemically induced pancreatic tumor, retain both exocrine
and neuroendocrine properties, but normally lack endo-
crine hormone expression. GLP-1 can induce AR42J cells
to differentiate into insulin-, glucagon-, and pancreatic
polypeptide-producing cells in vitro [68, 69]. A detailed
analysis of this GLP-1 mediated conversion of AR42J cells
into insulin-positive cells showed that it is dependent on
endogenous TGFp isoform release by the AR42]J cells as a
mechanism to promote beta cell formation [68].

Adult glucagon receptor null mutant (GCGR ™™ )mice
have a decreased fasting blood glucose level and an
improved glucose tolerance. These mice have alpha cell
hyperplasia [56, 70], and it is believed that the alpha cells
are immature, still expressing GLP-1 receptor and GLP-1
[71-73]. Analysis of these mice showed a markedly

elevated level of GLP-1 peptide (1-37 form) in adult
pancreas (25-fold) and blood (10-fold) [70], suggesting
activation of potential compensatory pathways. In addition,
GCGR ™™ mice are known to have a lower baseline plasma
glucose [56, 74] and are resistant to the development of
high fat diet-induced hyperinsulinemia, hyperleptinemia,
and hepatic steatosis [75]. When the beta cells were
destroyed with streptozotocin in GCGR ™~ mice, the mice
did not develop hyperglycemia [75]. Similar findings were
reported in other models, including treatment with high-
affinity glucagon-neutralizing antibodies [76, 77], or glu-
cagon receptor antisense oligonucleotides. In all cases,
there was improved blood glucose levels for different
diabetic models [78, 79]. However, a recent study reported
that near total elimination of alpha cells in mice using
diphtheria toxin (DT) did not prevent streptozotocin-in-
duced diabetes [80]. Unlike the GCGR null mutant mice,
the DT-treated mice with no alpha cells did not have high
circulating GLP-1 or glucagon. It is not clear whether the
insulin-enhancing effect of GLP-1 is, in fact, responsible
for the improved glucose tolerance in GCGR ™'~ mice. The
GLP-1 receptor null mutants have elevated plasma insulin
levels and impaired glucose tolerance, and Ali et al. [77]
reported in double knockout mice for GCGR and GLP-1
receptor that they have improved or normalized glucose
tolerance and plasma insulin levels. Hence, Safina Ali et al.
[77] suggest the possibility that the elevated levels of GLP-
1 leading to increased GLP-1R signaling are primarily
responsible for enhanced beta cell function and improved
glucose clearance after i.p. glucose challenge in GCGR ™/~
mice.

In addition, the GLP-1 receptor null mutant mice
showed an increased number of smaller islets, with a
centralization of the glucagon cells. This latter finding
suggests that GLP-1 may play a role in the proliferation of
beta cells after the formation of an early islet [81], but
perhaps a lesser role in the generation of new beta cells
from ducts or other progenitors. However, transgenic mice
overexpressing GLP1R in pancreatic exocrine acinar cells,
when treated with gastrin and exendin-4, synergistically
promoted beta cell neogenesis, and those new beta cells
expressed mature beta cell specific transcription factors,
PDX1, NKX6.1 and MafA [82]. Although the level of
insulin generated in those new beta cells was compara-
tively low [83], the GLP1 overexpression in the exocrine
pancreas did not cause any negative consequences such as
pancreatitis, as has been reported in other models of
transdifferentiation [84, 85].

GIP expression in the pancreas

Glucose-dependent insulinotropic polypeptide (GIP) is
another incretin, and is a member of a structurally related
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group of hormones that includes glucagon, glucagon-like
peptides, and secretin. GIP and GIP receptor mRNA were
both detected in the embryonic pancreas by embryonic day
9.5, and then persisted throughout gestation. GIP was co-
expressed with glucagon by immunostaining. The GIP
receptor was typically co-expressed with insulin. The
prohormone Pro-GIP is expressed in mouse alpha cells, and
PC2 activity yields the bioactive form that has a possible
role in islet development and survival [86]. Blocking either
GIP receptor or GIP ligand in the embryonic pancreas
in vitro using antisense led to inhibition of insulin-positive
differentiation, as well as a significant decrease in pdx-1
and sox9-positive cells [87]. Transgenic mice expressing a
dominant negative form of GIPr (GIPR") in beta cells
developed severe diabetes with significantly higher blood
glucose and insulin, and accompanied by a reduction in
beta cell mass [88]. In a separate finding, similar transgenic
expression of GIPR™ in beta cells also led to a severe
reduction in the postnatal expansion of total islet and beta
cell mass due to a decrease in islet neogenesis [89].
Transgenic expression of a similar dominant negative form
of GIP receptor in Pigs also led to reduced oral glucose
tolerance and delayed insulin secretion [90]. In the trans-
genic pigs, the beta cell proliferation was reduced
significantly, and the beta cell mass was reduced by 35 %
at 5 months of age and by 58 % at 16 months [90]. These
studies provide direct evidence for a role for GIP-mediated
signaling in postnatal islet and beta cell development and
neogenesis. Interestingly, Safina Ali et al. [77] reported that
the insulinotropic response to GIP was significantly
increased in GCGR and GLP-1R double knockout mice.

Beta cell restoration from transdifferentiation
and neogenesis

Unlike 60 % partial pancreatectomy, or oral glucose
stimulation of beta cell proliferation, where the enhanced
workload is not extreme, several studies [1, 3] now show
that near complete loss of beta cells is a strong enough
trigger to initiate transdifferentiation of existing endocrine
cells within the islet to become insulin-positive. Thorel
et al. found that within a few weeks after nearly all beta
cells were destroyed, new beta cells appeared in the islet
and blood glucose normalized in mice [3]. Lineage-tagging
of the alpha cells confirmed that the newly formed beta
cells were derived from alpha cells through a direct con-
version (transdifferentiation) (Fig. 1). Unlike adult beta
cells, however, DT-mediated ablation and complete loss of
alpha cells did not induce neogenesis of an alpha cell or
transdifferentiation of existing endocrine cells into alpha
cells in the adult islet [91]. It appears that the number of
alpha cells required to maintain glucose homeostasis is
very low, and in mice less than 5 % of alpha cells is
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sufficient [92], perhaps explaining why alpha cell loss is
not a trigger for neogenesis of alpha cells. Unlike the other
models, where complete or near total alpha cell ablation in
adult islets did not induce new alpha cell formation [80, 91,
92] alpha cell loss due to permanent lineage alterations
beginning in the embryonic pancreas appears to initiate an
ongoing neogenesis program that continues into adult life.
Interestingly, unlike the direct conversion of alpha cells
into beta cells due to extreme loss of beta cells, the alpha
cell neogenesis induced by pax-4 ectopic expression
appears to derive from ductal cells [93]. Pancreatic ductal
epithelium has long been considered to be a source of
progenitor cells for islet cell neogenesis and increased
numbers of pdx-1-positive cells within the pancreatic ducts
have been described in the regenerating pancreas [55, 94].
Collombat et al. [93] found that following ectopic Pax-4
expression in alpha cells, most of the newly forming
endocrine cells that were “over-recruited” due to low
glucagon levels were specifically localized to the duct end
of the islet, and often these cells co-expressed either glu-
cagon and PP, or glucagon and somatostatin, suggesting an
immature endocrine progenitor phenotype. Again, this
accumulation of periductal cells was reversed by exoge-
nous glucagon injection, further supporting a role for
glucagon in regulating recruitment of ductal progenitor
cells to become endocrine cells.

Endothelial factors in regulating pancreas
development and islet mass

It is widely accepted that the process of organogenesis and
vascularization are intimately related. The endothelium and
vascular endothelial growth factor A (VEGF-A) have an
important regulatory role in the early developing pancreas.
It has been shown that aortic endothelial cells in the
embryonic pancreas foster expression of pdx1 and ptfl in
the endothelium [95, 96]. These two molecules are markers
of early endoderm commitment to become pancreas.
Lammert et al. [96] showed that direct contact with
endothelial cells is required for early pancreatic endocrine
differentiation. It is not clear whether the direct contact
with endothelial cells is the only required stimulus or
whether other factors may be necessary for this early dif-
ferentiation. The early mammalian embryo is growing in a
very hypoxic environment, but is still able to undergo rapid
growth and organogenesis. The endothelium-induced pan-
creatic differentiation in vitro in embryonic recombination
experiments of aortic endothelium and foregut suggest
endothelial cells alone may be sufficient to induce organ
development. However, other studies point to the fact that
the inflow of blood, with the ensuing increase in oxygen
tension, may be a control point for differentiation [97-99].
Like the pancreas, many other developing tissues have
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been shown to use oxygen as a control point for differen-
tiation [97, 100].

In the adult islet, VEGF is essential for islet vascu-
larization and insulin secretion [101, 102]. In the adult
pancreas, VEGF is thought to be predominantly secreted
by beta cells, affecting islet function and physiology [101,
102]. In vivo, induction of a persistent hypoglycemia in
mice led to the loss of VEGF-A expression and was
followed by increased apoptosis of endothelial cells and
beta cells, resulting in a significant reduction in beta cell
mass [28]. Continuous treatment with exogenous VEGF-A
prevented the endothelial and beta cell apoptosis, sug-
gesting a role for VEGF-A in maintaining islet
vasculature and beta cell mass [28]. In the human pan-
creas, duct cells have been shown to secrete VEGF at
angiogenic levels in culture [103], and Xiao et al. [104]
found that, in contrast to beta cells, the duct cells had a
much higher ratio of secreted to intracellular VEGF.
Purified duct cells co-transplanted with islets showed a
significantly improved vascularization and function com-
pared with islets transplanted alone or islets transplanted
with purified duct cells pretreated with VEGF-A shRNA,
suggesting that the presence of duct cells in the islet
preparation may improve islet transplantation [104].
However, several studies have reported that -either
inhibiting or overexpressing VEGF signaling in mouse
beta cells using the insulin promoter (rat insulin promoter)
both led to a loss of blood vessels and hypoxia/ischemia
in the islet, but did not affect B-cell proliferation or mass
[105, 106]. This paradox may well be due to the
expression of non-physiological levels of VEGF using a
strong beta cell specific promoter.

Discussion and summary

Pancreas development follows a strict regimen of events
regulated by a series of transcription factors and growth
factors. Research over the past decade has identified many
key factors that regulate pancreas development, and those
findings have facilitated several attempts to recapitulate the
embryonic program of pancreatic endocrine differentiation
in stem cells, non-endocrine cells, as well as in adult islet
cells, with some success. For example, a combination of
transcription factors, pdx1, ngn3, and mafA, when ectopi-
cally expressed in acinar cells, can convert those cells into
differentiated beta cells. Other molecules such as GLP1 or
its agonist exendin-4 have also been shown to induce
conversion of a variety of cells into beta cells. Similar
plasticity is found within islet endocrine cells, and recent
findings show a recruitment and conversion of alpha cells
into functional beta cells after extreme loss of insulin-
producing cells.

In the adult islet, beta cell mass is maintained primarily
by the proliferation of existing beta cells [107-111]. In all
cases reported, when beta cells are challenged by glucose-
induced workload, or by the partial loss of beta cells, the
primary means of maintaining the beta cell mass is pro-
liferation of existing beta cells [28] (Fig. 1). Interestingly,
though the end goal and the means are the same, the factors
that regulate this process appear to be different. While
inflammation-induced beta cell proliferation is TGF-f3
signaling dependent, the proliferation of beta cells after a
partial pancreatectomy is not. Similarly, any increase in
demand for beta cell function due to hyperglycemia also
appears to be independent of TGF-f signaling. The studies
described in this review showed that the TGF-f signaling
pathway plays a major role in beta cell pancreatic devel-
opment, proliferation, and function [51] (Fig. 3). In the
adult islet, beta cell recovery following an inflammation-
induced injury is TGF-f receptor signaling dependent [28]
(Fig. 2). A complex interaction among intracellular TGF-3
regulators, consisting of several smads (smads 7, 2, and 3),
appears to control beta cell proliferation after both beta cell
loss and in the recovery from an inflammation-induced
injury. Specifically and uniquely, smad7 is necessary for
beta cell proliferation in both cases [28].

The role of other non-transcription factor intracellular
signals, as well as other extracellular signals in control of
the differentiation of embryonic pancreatic endocrine cells
from progenitor endodermal cell lineages is gaining
attention. In general, major developmental signaling path-
ways such as a notch, hedgehog, FGF’s, TGF-f’s, etc. have
all been found to play contributory roles. However, the role
of these signaling pathways in embryonic development
does not appear to be recapitulated in the mature pancreas
during the generation of new pancreatic endocrine cells.

Glucagon hormone expressed in the early embryonic
pancreas [112] appears to be necessary for the early dif-
ferentiation of other pancreatic endocrine cells, especially
beta cells [54, 56], whereas loss of glucagon signaling led
to the recruitment and differentiation of endocrine pro-
genitor cells, both in the embryonic pancreas and in the
developing and regenerating postnatal pancreas [93, 113—
115]. Here, the recruited progenitor population of cells was
derived from the pax6 lineage (i.e., pancreatic endocrine-
specific progenitor cells) [93]. A key finding was that the
administration of exogenous glucagon hormone to these
mice abrogated the recruitment, confirming that diminished
or absent glucagon was the key to inducing endocrine
progenitor recruitment [93]. Thus, glucagon appears to be a
critical factor whose levels, both in the embryo and in the
adult mouse, likely regulate the recruitment of all pancre-
atic endocrine cells [28]. In vitro inhibition of proglucagon
signaling in the embryonic pancreas (E11-13) [54], loss of
alpha cells in a Pax6 null mutant mice [12]), or the absence
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of glucagon function due to absence of prohormone con-
vertase-2 (PC2/pcsk2) [116] or absence of functional
glucagon receptor all led to a lack of formation of early
insulin-positive cells [56, 70]. Other related members of
the glucagon family of proteins such as GIP [87, 88, 90]
and GLP-1 [77] have also been shown to have a similar
role in endocrine differentiation.

VEGF-A expressed in the adult islet is another factor
now shown to play a significant role in maintaining beta
cell mass and function. Loss of VEGF-A expression in the
islet led to the loss of islet vasculature and a subsequent
reduction in beta cell mass and development of hyper-
glycemia in mice. Here, exogenous VEGF-A restored the
beta cell mass and function.

In summary, significant plasticity exists within the islet,
and there are several key pathways that may be success-
fully targeted to maintain beta cell mass as a therapeutic
strategy.
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