Presenilins, Notch dose control the fate
of pancreatic endocrine progenitors during
a narrow developmental window
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Canonical Notch signaling is thought to control the endocrine/exocrine decision in early pancreatic progenitors.
Later, RBP-Jk interacts with Ptfla and E12 to promote acinar differentiation. To examine the involvement of
Notch signaling in selecting specific endocrine lineages, we deregulated this pathway by targeted deletion of
presenilinl and presenilin2, the catalytic core of y-secretase, in Ngn3- or Pax6-expressing endocrine progenitors.
Surprisingly, whereas Pax6" progenitors were irreversibly committed to the endocrine fate, we discovered that
Ngn3™" progenitors were bipotential in vivo and in vitro. When presenilin amounts are limiting, Ngn3™* progenitors
default to an acinar fate; subsequently, they expand rapidly to form the bulk of the exocrine pancreas. y-Secretase

inhibitors confirmed that enzymatic activity was required to block acinar fate selection by Ngn3 progenitors.
Genetic interactions identified Notch2 as the substrate, and suggest that y-secretase and Notch2 act in

a noncanonical titration mechanism to sequester RBP-Jk away from Ptfla, thus securing selection of the
endocrine fate by Ngn3 progenitors. These results revise the current view of pancreatic cell fate hierarchy,
establish that Ngn3 is not in itself sufficient to commit cells to the endocrine fate in the presence of Ptf1a, reveal
a noncanonical action for Notch2 protein in endocrine cell fate selection, and demonstrate that acquisition of an
endocrine fate by Ngn3* progenitors is y-secretase-dependent until Pax6 expression begins.
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The pancreas develops from Pdx1- and Ptfla-expressing
progenitors that emerge from the foregut endoderm to
form ventral and dorsal buds. Shortly thereafter, these
buds will fuse and form a complex organ composed of
endocrine, acinar, and ductal cells. The steps involved in
establishing the identity of the endocrine progenitors
and the molecular steps involved in organogenesis have
been the subjects of many studies, several identifying
Notch signaling as a master regulator controlling the
initial endocrine versus acinar decision (for review, see
Jorgensen et al. 2007). The Notch genes encode conserved,
membrane-bound receptors mediating short-range cell-
cell communications during embryonic development
and in the adult. Notch proteins are proteolytically
processed in response to ligand binding (for review, see
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Kopan and Ilagan 2009). Intramembrane proteolysis of all
Notch receptors is mediated by the enzyme ~v-secretase
with Presenilin proteins (Ps1 or Ps2) forming its catalytic
core. Following y-secretase cleavage, the released Notch
intracellular domain (NICD) enters the nucleus, where it
binds to RBP-Jk, recruits Mastermind, and assembles an
activator complex.

Recent lineage studies with neurogenin3-Cre trans-
genic lines exclusively marked the endocrine tissue,
suggesting that expression of Ngn3 identified committed
endocrine progenitors (Gu et al. 2002, 2003). Deletion of
Ngn3 compromised endocrine differentiation, indicating
that this transcription factor is required (Gradwohl et al.
2000; Lee et al. 2001). Overexpression of Ngn3 in trans-
genic mice blocked exocrine development and acceler-
ated endocrine differentiation (Apelqvist et al. 1999),
demonstrating that Ngn3 by itself is sufficient to drive
the endocrine fate at this stage. Ngn3 regulates endocrine
differentiation in part through the activation of Pax6,
a transcription factor that bears both a paired box and
a homeodomain (for review, see Jorgensen et al. 2007). A
few Ngn3* progenitor cells are detected in the adult

2088 GENES & DEVELOPMENT 23:2088-2101 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org



pancreas (Gu et al. 2002) where, under specific regenera-
tion conditions, they can proliferate and differentiate into
pancreatic B cells (Xu et al. 2008), further establishing
Ngn3 as a marker of endocrine progenitors.

Although Notch signaling is thought to antagonize
Ngn3 expression through activation of HES1 (Esni et al.
2004), allowing the Ptfla/p48 complex to direct the cells
toward acinar differentiation (Obata et al. 2001; Beres
et al. 2006; Fujikura et al. 2007; Masui et al. 2007), HES1
can also be activated by several other signaling pathways
(Kageyama et al. 2007). Expression of receptors (Notchl-
3), ligands (Jag-1, Jag-2, DII-1, and DII-3), and targets
(HES1) was observed in cells that did not yet appear to
be differentiated, but not in more mature endocrine cells
within the embryonic pancreas (Jensen et al. 2000).
Complicating matters are observations identifying an
essential role for RBP-Jk as a cofactor for Ptfla/p48, thus
directly promoting acinar differentiation independent of
Notch (Obata et al. 2001; Beres et al. 2006; Fujikura et al.
2007; Masui et al. 2007). Since earlier studies were not
aware of this dual function of RBP-Jk, and thus did not
account for it in the experimental design and interpreta-
tion of results, ambiguity surrounds the exact role of
Notch signaling throughout pancreatic development.
Disruption of Notch signaling by removing the ligand
(DI111) or RBP-Jk resulted in decreased pancreatic bud size
along with expansion of endocrine cells (Apelgvist et al.
1999); however, loss of p48 activity in RBP-Jk-null cells
was not considered. In contrast, Pdx1-controlled over-
expression of NICD3, an ineffective HESI activator
that binds to RBP-Jk with the same affinity as NICD1
(Lubman et al. 2007), led to reduction in HES1 and Ptfla
expression, with a subsequent increase in Ngn3 expres-
sion (Apelqvist et al. 1999). Again, the possible negative
impact on Ptfla function was not considered. Although
recent studies have implicated Notch2 as a susceptibility
locus for type 2 diabetes (Zeggini et al. 2008), confidence
in an early role for Notch signaling during pancreas
development has eroded further since removal of both
Notchl and Notch?2 still permitted formation of a func-
tional pancreatic organ, whereas removal of RBP-Jk did
not (Nakhai et al. 2008). Whatever their role, Notch
receptors are required only transiently, as highlighted by
the observation that the constitutively active form of
Notchl expressed under the control of the Pdx1 promoter
caused marked reduction in both exocrine and endocrine
differentiation (Hald et al. 2003; Murtaugh et al. 2003).

To investigate whether Notch signaling was still in-
volved after the initial endocrine/acinar decision, we
inactivated Notch signaling by removal of presenilinl
and presenilin2 after the establishment of Ngn3 progen-
itors with an Ngn3-Cre line and, in parallel, traced the
fate of presenilin-deficient cells with an EGFP. Unexpect-
edly, we discovered that Ngn3 progenitors, originally
thought to be committed to the endocrine fate in the
absence of Notch signals, selected instead the acinar fate
even when presenilin dose was only reduced, not elimi-
nated. The number of Ngn3 progenitors entering the
acinar fate was inversely correlated with Presenilin
activity. The phenotype associated with presenilin-nulls
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can be attributed in most cases to loss of Notch signaling
(Struhl and Greenwald 2001; Pan et al. 2004, 2005);
however, in addition to their role in Notch, ErbB, and
Ryk proteolysis (Kopan and Ilagan 2004; Lyu et al. 2008),
Presenilins have been implicated in multiple additional
processes: transport vesicles (Sisodia and St George-
Hyslop 2002; Pigino et al. 2003; Wood et al. 2005), scaf-
folds for AKT activation (Baki et al. 2004), B-catenin
degradation (Kang et al. 1999), and Erk activation (Kim
et al. 2005; Wines-Samuelson and Shen 2005). Since
pharmacological inhibition of the vy-secretase function
in vitro also diverted Ngn3 progenitors to the acinar fate,
we concluded that y-secretase activity was involved.
Finally, genetic interaction with Notch2 indicates that
Notch is a relevant substrate in this process.

Once formed, we observed that Ngn3-derived,
presenilin-deficient acinar cells undergo proper acinar
differentiation, but display enhanced proliferation com-
pared with control cells. Importantly, proper organ size is
maintained by a corresponding increase in apoptosis. In
addition, we found that whereas Ngn3* cells are still
bipotential, endocrine progenitors become irreversibly
committed to the endocrine fate as soon as Pax6 is
expressed and can no longer switch to acinar fates in
the absence of presenilins. This study thus exposed a de-
fault (acinar) fate of Ngn3 progenitors that persists during
a narrow developmental window. We propose that,
within this window, the activity of y-secretase generates
NICD2 that sequesters RBP-Jk away from p48 to promote,
rather than inhibit, the endocrine fate. A similar non-
canonical Notch function may also participate in con-
trolling the glutaminergic/GABAergic decision within
the CNS (Hori et al. 2008), and may be also involved in
controlling horizontal/amacrine versus ganglion cell fate
decisions in the retina (Fujitani et al. 2006).

Results

Presenilins control in vivo the terminal differentiation
of Ngn3 progenitors

To assess the involvement of Notch signaling in the Ngn3
lineage, we exploited the universal dependence of all
Notch receptor paralogs on y-secretase activity and de-
vised a strategy to create transgenic animals in which
only Ngn3* progenitors became deficient in Presenilin
proteins. Mice homozygous for a null mutation in Ps2
and heterozygous for a null mutation in Ps1 are viable and
display no apparent phenotype (Donoviel et al. 1999;
Hartmann et al. 2002; Pan et al. 2004) until the age of
6 mo (Qyang et al. 2004; Tournoy et al. 2004). These mice
were crossed with mates that were trans-heterozygous for
a conditional (floxed) allele and a null allele of Ps1 (Saura
et al. 2004) to generate Ps1”~; Ps2~/~ breeders. These
mice were then crossed with Ngn3-Cre (Gu et al. 2002),
Z/EG reporter mice (Fig. 1A; Novak et al. 2000). This
breeding schema allowed the generation of Ngn3-Cre*/~;
Ps1=; Ps2~/~; Z/EG offspring. Ngn3 activation drives
the expression of Cre recombinase, leading to the deletion
of the remaining Ps1 allele and, independently, to the
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Figure 1. Elimination of the Presenilins in vivo g a
in Ngn3-progenitors. (A) Schematic representa- (n":’%
tion of the Z/EG reporter. (B) Gross morphology S
of control (Ngn3; Z/EG) (left) and Presenilin-
deficient (Ngn3-Cre; Ps1”~; Ps2~/~; Z/EG) (right) . s . _ —
pancreata of adult mice. (C) Immunostaining for g ‘;‘N A g ) paz
glucagon (blue), EGFP (green), and insulin (red) in g t_l".' ¥ ;
Ngn3; Z/EG (top) and Presenilin-deficient Ngn3- §3t~
Cre; Ps1'~; Ps2~/~; Z/EG (bottom) adult mice. = E’

Bars, 50 pm.

expression of the EGFP (used for lineage tracing). After
deletion of the presenilin allele and some delay due to
depletion of existing mRNA and protein, the cells no
longer have +y-secretase-dependent or -independent
presenilin activity.

Breeding was designed to generate Ngn3-Cre; Z/EG
mice with all possible allelic combinations ranging from
wild type (Ps1*/*; Ps2*"* used as controls) to Ps1”/~; Ps2~/~.
Mice from all genotypes were born at expected Men-
delian frequencies and all survived to adulthood, indicat-
ing sufficient pancreatic function. Eight to 10 mice from
each genotype were dissected at 12 wk of age. Wild-type
animals or animals heterozygous for Ps1 and Ps2 (Ps1*/;
Ps2*/7) appeared normal with respect to weight and
fertility, with no visible alteration of pancreatic morphol-
ogy (Fig. 1B, left). Mice lacking Ps2 and Psl1 in Ngn3
progenitors (Ngn3-Cre; Ps1”~; Ps2~/~; Z/EG) presented
with unexpected minor defects in somitogenesis (e.g.,
“curly tails”), but were otherwise indistinguishable from
their littermates. The y-secretase-deficient pancreas’ size
and weight was not significantly different from the
controls, but strikingly, even under normal light, EGFP
expression was clearly visible in all Ps1, Ps2-deficient
animals throughout the entire pancreas (Fig. 1B, right).
In contrast, mice heterozygous for Ps1 and Ps2 (Ps1*/;
Ps2*/7) displayed no visible alteration of pancreatic mor-
phology (Fig. 1B, left).

To identify the lineage of EGFP-expressing cells, sec-
tions were analyzed by immunofluorescence for endo-
crine markers (insulin and glucagon). As described pre-
viously (Gu et al. 2002, 2003), Ngn3 progenitors in the
control Ngn3-Cre; Z/EG mice gave rise only to the
endocrine lineage, contributing to ~2%-3% of the organ
(Fig. 1C). Interestingly, one of four compound heterozy-
gotes (Ngn3-Cre; Ps1*; Ps2*/~; Z/EG) contained a few
EGFP* cells within acinar tissue, suggesting that prese-
nilin activity within few progenitors may have become
limiting even in the presence of two alleles (Supplemen-
tal Fig. 1). When three Presenilin alleles were deleted

2090 GENES & DEVELOPMENT

(Ngn3-Cre; Ps1*; Ps2~/~; Z/EG or Ngn3-Cre; ps1;
Ps2*'=; Z/EG), EGFP* cells were located exclusively in
the acini (Fig. 1C, bottom panel), consistent with prefer-
ential selection of the acinar fate by Ngn3 cells as the
dose of presenilin becomes limiting. Since only one of
four Ngn3-Cre; Ps1*/; Ps2*/~; Z/EG animals had labeled
acini, it is possible that genetic background modified the
islet/acini choice in these mice.

Acinar cells were infrequently labeled with another
Ngn3-Cre transgenic line (Schonhoff et al. 2004), prompt-
ing us to confirm that our observations did not reflect
aberrant behavior of the Ngn3-Cre transgene. We there-
fore repeated the experiments with a knocked-in Ngn3-
Cre line (a generous gift from Dr. D. Melton). These mice,
which are also heterozygous for Ngn3, exhibited an
identical phenotype to the transgenic line we used, with
EGFP-labeled Ngn3 progenitors confined to the acinar
lineage (Supplemental Fig. 2). Thus, we conclude that
Ngn3* progenitors were bipotential and have not yet
committed to any lineage. In addition, these results
demonstrate that Presenilin dose sufficient for Notch
activity elsewhere was limiting for selection of the
endocrine fate by these progenitors. Since Ptfla and
Ngn3 compete for E12 proteins, we wished to avoid
possible complications due to Ngn3 haploinsufficiency,
which may further enhance the acinar fate selection. We
thus performed all subsequent experiments in the Ngn3-
Cre transgene, using the Cre knock-in line as a control.

Presenilin-deficient Ngn3 cells retain progenitor
characteristics; the bulk of the acinar tissue

is produced by a late proliferative burst

in their descendents

Lineage tracing revealed that, in the adult, all Presenilin-
deficient cells (Ps*®") contributed to the exocrine mass
instead of to the endocrine fate selected by Ngn3*, Pstish
cells. In order to analyze both the timing and mechanism
of this fate switch, we stained for EGFP and various



differentiation markers at different developmental stages
(n=28-10 per genotype and stage). During organogenesis,
expression of Ngn3 peaks around 15.5 d of development
(embryonic day 15.5 [E15.5]) (Apelqvist et al. 1999). At
E14.5, EGFP expression can be observed in nonendocrine
cells and in a few endocrine hormone-expressing cells in
control Ngn3-Cre, Z/EG or Ps™°¥ mice (Fig. 2A, panels
1,4). Pstish EGFP* cells became progressively restricted
to the islets, and at E18.5 (Fig. 2A, panel 2) only a small
number of undifferentiated EGFP* cells remained (data
not shown). At birth, all EGFP* cells were located within
the islets and were positive for endocrine markers (Fig.
2A, panel 3).

At E14.5, few cells express acinar markers (amylase or
carboxy-Peptidase-A) (Pictet and Rutter 1972). Through-
out organogenesis and until E18.5, EGFP* cells in Ps'°¥
mice were scattered outside the forming islets (Fig. 2A,
panel 5) and did not express endocrine markers (insulin,
glucagon, or synaptophysin). We calculated the area
covered by EGFP at E18.5 to be on average 35% (six

A Insulin; EGFP
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randomly selected slides per mouse, n = 27 mice). At
birth, the vast majority of acinar tissue is EGFP*, as seen
in the adult (Fig. 2A, panel 6).

Ptfla is an early marker for pancreatic progenitors. It is
rarely found in the nascent islets and becomes progres-
sively restricted to the acinar cells by E18.5. In control
mice, only a few EGFP* endocrine progenitors still
expressed Ptfla (Fig. 2B, panel 1). In contrast, 47% of
the EGFP*; Ps™®" cells were also Ptfla* (Fig. 2B, panel 4).

DBA (dolichos biflorus agglutinin), a lectin recognizing
the N-acetyl glucosamine cell surface 0-glycans, marks
ductal cells, embryonic stem (ES) cells, and pancreatic
progenitors during development. These ductal markers
are also expressed on ES cells and pancreatic progenitors
during development. In both control and Ps“*" mice, only
a few EGFP*, DBA* cells are derived from Ngn3 progen-
itors (EGFPY, DBA* form Ps™*" mice, as shown in Fig. 2B,
panels 2,5).

Pdx1, like Ptfla, is also a marker for early pancreatic
progenitors that later restricts to the B cells. As expected,

E18.5 New-born

Pdx-1; DAPI; EGFP

Figure 2. Presenilin-deficient pancreatic progeni-
tors increase in numbers late during embryonic
development. (A) Immunostaining for insulin (red)
and EGFP (green) at E14.0 (left) and E18.5 (middle)
and in the newborn (right) in control (Ngn3-Cre; Z/
EG) (top) and presenilin-deficient (Ngn3-Cre; Ps1/~;
Ps2~/~; Z/EG) (bottom) mice. EGFP-positive cells
are found outside of the endocrine compartment in
Presenilin mice throughout development and ex-
pand around birth. (B) Coimmunostaining for Ptfla
(red), insulin (blue), and EGFP (green) (middle); DBA
(red), insulin (blue), and EGFP (green) (right panel);
or Pdx1 (red) DAPI (blue), and EGFP (green) (left
panel) in sections of E18.5 control (Ngn3-Cre; Z/
EG) (top) and Presenilin-deficient (Ngn3-Cre; Ps1~;
Ps27/~; Z/EG) |bottom) mice. Ps'®", nonendocrine
cells still express Pdx1, Ptfla, and DBA at E18.5. (C)
Coimmunostaining for DBA (red), Insulin (blue),
and EGFP (green) (left panel), or Amylase (red) and
EGEFP (green) (right panel). Ps'¥ cells exclusively
express Amylase in the adult. Normal, EGFP-
negative acinar cells form clusters n the periphery
of the tissue. Bars, 50 pm.
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in control mice at E18.5, Pdx-1 is found exclusively in the
forming islets (Fig. 2B, right). Surprisingly, at the same
stage in Ps™*% mice, Pdx-1 expression was still detected in
EGFP* nonendocrine cells (Fig. 2B, panels 3,6). In the
adult, both Pdx-1 and DBA expressions were lost in Ps**"
cells (Fig. 2C, left). All Ps™" cells in the adult differen-
tiate into acinar cells that express specific markers like
amylase (Fig. 2C, right) and form the vast majority of the
acinar compartment, as illustrated in Figures 1 and 2.
EGFP-negative acinar cells form a few clusters composing
10%-15% of the pancreatic area and are usually located
at the periphery of the sections (Fig. 2C). These results
indicate that in the absence of Presenilins, some Ngn3
progenitors retain the expression of Ptfla, DBA, and Pdx-1
as late as E18.5. At birth, when the EGFP"* acinar cells
form the vast majority of the acinar tissue, EGFP*, Pdx1*
DBAY* cells were no longer detectable in the pancreas. It
remains difficult to ascertain whether the presence of
these markers in the absence of Presenilins reflects de-
differentiation during transition from an endocrine pro-
genitor to an acinar cell or an extended progenitor state.

Presenilin-deficient cells compensate for enhanced
proliferation with enhanced apoptosis to ensure
normal organ size in the adult

At 18 d of development, Ps™% EGFP* cells represent
a third of the total nonendocrine tissue in the pancreas.
After birth, this mass dominates the acinar tissue. We
therefore analyzed the distribution of Phospho-Histone 3
on sections of E18.5, newborn, or adult pancreases.
Throughout development, proliferation rates of nonendo-
crine cells gradually decrease in control mice; in the
adult, very few acinar and islet cells appear to be pro-
liferating at any given moment (Fig. 3A, left columns). In
contrast, EGFP* acinar cells sustain an enhanced rate of
proliferation throughout development, and although re-
duced in the adult, proliferation in the acini remains
significantly higher in Ps"" mice than in the control
mice (P < 0.05) (Fig. 3A). We next examined the relative
expression levels of Cyclins D1, D2, and D3 by Western
blot analysis of total adult pancreatic protein extracts. In
the adult, Cyclins D1 and D2 were expressed at similar
levels among the different groups, but Cyclin D3 was
increased in Presenilin-deficient animals in a Presenilin
dose-sensitive manner, as seen in Figure 3B. In addition,
we examined the expression of Ngn3 at E18. In control
mice, Ngn3 expression can be seen in only a few cells
outside the islets (Fig. 3C, panel 1). In Ps™®" mice, the
number of Ngn3™ cells increased by 4.5-fold (P < 0.05)
(Figure 3C, panel 2, quantified in D). Thus, at E18, the
Ngn3* population expanded; these Ngn3*, Ps*°" progen-
itors not only preferentially selected the acinar fate, but
secondarily produced descendents that proliferate vigor-
ously, a process during which they outcompete any
“mormal” acinar cell.

The sustained proliferation observed in the Ps*°" cells
did not impact overall acinar mass and the final organ size
is not different in weight between adult Presenilin-
deficient and control mice (Fig. 1). Since proliferation

Low
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continues in the adult, we next evaluated if organ size
was maintained by an increase in the apoptosis rate in the
Ps™*" cells. At both E18.5 and at birth, Ps*" mice display
an apoptosis rate similar to that of the control mice. In
contrast, numerous EGFP* Presenilin-deficient (Ngn3-
Cre Ps1~; Ps2~/; Z/EG) acinar cells were TUNEL-
positive in the adult (P < 0.05) (Fig. 3E). These results
indicate that during development, Ps'°¥ cells proliferate
at a fast pace, outcompeting normal acinar cells not
derived from Ngn3 progenitors. As the pancreas reaches
the proper size, organ size control is retained through
a concomitant increase in apoptosis.

Presenilin-deficient Ngn3 progenitors can still form
islets if their neighbors are equally handicapped

In control mice, all islet cells are derived from Ngn3*
progenitors. We reported above that when presenilins
were deleted, Ngn3* progenitors preferentially selected
the acinar fate. Islets, observed in relatively normal
numbers in the adults, were exclusively formed from
EGFP-negative cells. As shown in Figure 4A, B-cell mass
is reduced at birth (P < 0.05), but compensation allows it
to catch up and become indistinguishable from that of
control mice by 6 wk of age. At this stage, the mice also
respond properly to a glucose challenge (Fig. 4B). Consis-
tent with endocrine cells escaping recombination, we
examined the tissue for loss of LacZ gene (Fig. 1A). The
islets in presenilin-deficient mice were composed of
LacZ*, EGFP™ cells (Fig. 4C), and immunostaining also
confirmed that the EGFP~ cells in the islets still
expressed Presenilinl (Fig. 4D). This confirmed that the
Cre recombinase was not active in these cells. Mosaicism
has been documented previously in Ngn3-Cre; Z/EG
mice (Gu et al. 2002) where ~90%-95% of the cells
express the transgene. This implies that during early
stages of endocrine development, the few cells that failed
to express Cre maintained Presenilin expression and
proliferated sufficiently to compensate and form an
apparently normal and functional endocrine mass in the
pancreas.

The observation that animals with only one copy of
Presenilinl (Ngn3Cre; Ps1*f, pso=/=; Z/EG) were identi-
cal to animals with no presenilins in their progenitors
(Ngn3-Cre; Ps1"/~; Ps2~/~; Z/EG) strongly suggested that
the presence of only one copy of Presenilinl is not
sufficient to allow selection of endocrine fate by Ngn3
progenitors. However, Ps1*/~, Ps2~/~ animals are viable,
indicating that pancreas activities remain (Donoviel et al.
1999; Herreman et al. 1999; Pan et al. 2004; Qyang et al.
2004; Saura et al. 2004). In this genetic background where
presenilin mutations are inherited and present in every
cell, mosaicism in Cre activity could not be evoked to
explain islet formation. To understand how islets origi-
nate in Ps1*/~, Ps2~/~ mice, islet anatomy and function
was analyzed in Ngn3-Cre's; Ps1*~; Ps2~/~; Z/EG, which
allows fate mapping of Ngn3 progenitors but in which the
presenilin gene dose is independent from Cre activity.
Surprisingly, when all cells contain an equal but limiting
amount of presenilin, EGFP” cells reappeared within the
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Figure 3. Presenilin-deficient Ngn3-derived progenitors proliferate at a sustained rate and turn over rapidly in the adult. (A)
Quantification of the percentage of Phospho-Histone3-positive cells in control and Presenilin-deficient mice at E18.5 (n = 25), newborn
mice (n = 24), and adult mice (n = 25). More than 3900 nuclei were counted for each mouse. Presenilin-deficient mice display an
increased proliferation rate at all stages. Gray bars represent SEM; (*) P < 0.05; (**) P < 0.01. (B) Western-blot analysis for the expression
of Cyclins D1, D2, and D3 in total pancreatic extracts of control (Ngn3-Cre; Z/EG) and Presenilin-deficient (Ngn3-Cre; Ps1*/; Ps2~/=; Z/
EG and Ngn3-Cre; Ps1’~; ps2~'~; Z/EG). The immunoblots are normalized over actin and indicate that Cyclin D3 increased
concomitantly with the reduction of Presenilins. (C) Expression of Ngn3 around forming islets at E18.5 in control (panel 1) and
Presenilin-deficient (panel 2) mice. Ngn3 is stained in red and insulin is stained in green. Bars, 50 um. (D) Overall proportion of Ngn3*
cells is represented on the right. Gray bars represent SEM; P < 0.05. (E) Quantification of the percentage of TUNEL-positive cells in
control and Presenilin-deficient mice at E18.5 (n = 23), newborn mice (n = 24), and adult mice (n = 24); >3400 nuclei were counted for
each mouse. The apoptosis rate is indistinguishable between control and Presenilin-deficient mice at E18.35 and at birth, but increases
in Presenilin mice in the adult. Gray bars represent SEM; P < 0.05.

islets in addition to a multitude of Ngn3 progenitors that defect that prevents Ngn3 progenitors from selecting the
selected the acinar fate (Fig. 4E). The same results were endocrine fate; they fail to do so only in the presence of
observed in the knock-in lines Ngn3-Cre*%; Ps1*/~; Ps2~/~; cells with wild-type amounts of Presenilin activity,
Z/EG (data not shown). Glucose tolerance tests per- a hallmark of lateral inhibition.

formed at 6 wk of age confirmed normal glucose metab-
olism and, thus, islet function (Fig. 4F). Therefore,
whereas Presenilin deficiency enhanced the competitive
advantage in selecting the acinar fate, it reduced, but did
not eliminate, the ability to select the endocrine fate. In order to dissect which function of Presenilins was
Importantly, this indicates the absence of an intrinsic involved in the control of endocrine differentiation, we

Presenilin control of endocrine fate and proliferation
occurs in a y-secretase-dependent manner
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Figure 4. Ngn3-Cre Ps1”/~; Ps2~/~; Z/EG compensate and form normal islets through mosaicism. (A) Morphometric measurement of
the B-cell mass of controls (Ngn3-Cre; Z/EG) and Presenilin-deficient (Ngn3-Cre Ps1”/~; Ps2™/=; Z/EG) mice at birth (left) and in the
adult (right). The measurements are expressed as a percentage of staining for B cells over the entire area for the pancreas, and is further
normalized to the total mass of the pancreas in the adult (n = 23-4). Total pancreas weights are similar between groups. Gray bars
represent the SEM for each group. The B-cell mass is significantly reduced in Presenilin-deficient mice at birth, but increases to reach
that of the control mice in the adult. (B) Intraperitoneal glucose tolerance test on control (Ngn3-Cre; Z/EG) and Presenilin-deficient
(Ngn3-Cre; Ps1*"; Ps2~/~; Z/EG and Ngn3-Cre Ps1"~; Ps2~/~; Z/EG) adult mice, indicating no difference in glucose response between
the two groups. (C) Endogenous EGFP expression (green) (left) and LacZ staining (red, with hematoxylin counterstain in blue) (right) on
Ngn3-Cre; Ps1~; Ps2~/~; Z/EG mice. The fields are merged in false color (EGFP in green, LacZ in blue) on the right. (D) Endogenous
EGFP expression (green) and immunostaining for Presenilinl (red) and insulin (blue) on Ngn3-Cre; Ps1*/; Ps2™/~; Z/EG mice.
Presenilin-positive cells are EGFP-negative. (E) Immunostaining for insulin (red) and EGFP (green) in pancreatic sections from Ngn3-
Cre; Ps1*/~; Ps2~/~; Z/EG mice. Bars, 50 pm. (F) Glucose tolerance tests on control (wild-type) and Ps1*/~; Ps2~/~ mice. n = 25 for each
group.

specifically inhibited y-secretase activity with a highly
selective pharmacological inhibitor, N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-S-phenylgly cine t-butyl ester
(DAPT) (Weihofen et al. 2003). DAPT has been used in
organ cultures (Doerfler et al. 2001; Hadland et al. 2001;
Cheng et al. 2003) and whole animals (Geling et al. 2002;
Micchelli et al. 2002), mimicking Notch loss with no
general toxicity (van den Brandt et al. 2004; Lanz et al.
2005). For these experiments, we replicated the experi-
mental design that we used previously in our study of the
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kidney (Cheng et al. 2003) and pancreas (Cras-Méneur
et al. 2001). At 13 d of development, most cells in the
pancreatic rudiment are still vastly undifferentiated and
remain pluripotent. During the following days, some
epithelial progenitors begin to express Ngn3, with ex-
pression peaking around E15, subsequently differentiat-
ing into endocrine cells (Apelqvist et al. 1999). When
placed in a three-dimensional collagen matrix for 7 d, the
E13 anlagen recapitulates normal organogenesis (Miralles
et al. 1999a,b; Cras-Méneur et al. 2001).



To follow the fate of Ngn3 progenitors, pancreatic
rudiments from Ngn3-cre; Z/EG pups were harvested at
E13 and placed in culture with or without DAPT. After 7
d of culture in the presence of DAPT, the pancreatic buds
remained morphologically similar to the control rudi-
ments. However, immunofluorescence for endocrine and
acinar markers revealed that, whereas all Ngn3 progeni-
tors gave rise to endocrine cells under control conditions
(EGFP* cells costained by insulin) (Fig. 5A, top), most
EGFP" cells coexpressed acinar markers when pancreatic
rudiments were exposed to DAPT, similar to what we
observed in vivo (Fig. 5A, bottom). In order to assess
whether inhibition of the y-secretase also affected the pro-
liferation rate of pancreatic cells, bromo-deoxy-uridine
(BrdU) was added to the growth medium during the last
hour of culture. Inmunodetection for BrdU on control and
DAPT-treated buds revealed that inhibition of y-secretase
induced a general threefold increase in proliferation (Fig.
5B). This rate would not be sufficient to allow a small
number of abnormal cells to overtake the culture; it is
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instead consistent with the possibility that, in the ab-
sence of y-secretase activity, Ngn3 progenitors in culture
preferentially differentiate into acinar cells followed by
moderate expansion. After 7 d of culture, most of the cells
growing under control conditions (DMSO) differentiated
into acinar cells (Fig. 5A, top panel). If these differentiated
cultures are grown for one additional day in culture media
supplemented with DAPT, proliferation is significantly
increased (Fig. 5C), indicating that y-secretase activity is
required to suppress proliferation in mature acinar cells.
These in vitro experiments demonstrated that the control
of the endocrine fate and proliferation of the Ngn3
progenitors required y-secretase activity.

Presenilins are only required to control the fate of the
endocrine progenitors during a narrow developmental
window

Ngn3 is one of the earliest known markers for endocrine
progenitors. In these series of experiments, presenilins are
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Figure 5. Presenilins control the endocrine fate through a y-secretase cleavage and Notch activation. (A) Cultures of E13.0 pancreatic
rudiments from Ngn3; Z/EG rudiments with (bottom) or without (top) a y-secretase inhibitor (DAPT) for 7 d. Immunostaining for
insulin (blue), EGFP (green), and Amylase (red). Insets present higher magnifications for Amylase*, EGFP"* areas, indicating that the
Presenilin-deficient phenotype can be recapitulated through vy-secretase inhibition. Bars, 50 pm. (B) BrdU incorporation rate in E13.0
pancreatic rudiments kept in culture for 7 d with (right) or without (left) DAPT. Four rudiments were used for each group, and 3500~
4000 cells were counted for each rudiment. Gray bar represents the SEM for each group; P < 0.05. (C) BrdU incorporation rate in E13.0
pancreatic rudiments kept in culture for 8 d in control conditions, or for 7 d in control condition (left, n = 24), then with DAPT for an
additional day (right, n = 25). Approximately 4000 cells were counted for each rudiment. Gray bar represents the SEM for each group;

P < 0.05.
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deleted after Ngn3 expression begins, exposing the fact
that these cells were not yet fully committed to the
endocrine path and preferentially selected the acinar fate
if Presenilin were reduced. Pax6 is expressed in endocrine
progenitors shortly after Ngn3 (Fig. 6A; Jensen et al.
2000). In order to test whether Pax6 progenitors required
Presenilin to maintain an endocrine commitment, we
examined Pax6-Cre Ps1”~; Ps2~/~; Z/EG mice. When
presenilins are deleted after the onset of Pax6 expression,
EGFP" progenitors assumed the endocrine fate, contrib-
uting only to islets of normal size (Fig. 6B, bottom),
proliferation, and apoptosis rates (data not shown). As
would be expected, glucose tolerance was not affected
(data not shown). These results indicate that Presenilins
are only required in a very narrow window to secure
endocrine fate selection by Ngn3 progenitors. Once Pax6
is expressed, the cells are committed to the endocrine
fate.

Endocrine fate selection is controlled by the amount
of NICD

Notch receptors are known targets of Presenilin-depen-
dent y-secretase. Both Notchl and Notch2 are expressed
in the pancreas at different stages of development with-
out a clear function (Nakhai et al. 2008). We wished to
determine if the limiting factor requiring vy-secretase
activity was a Notch protein. Because Notchl was ac-
tivated infrequently in the pancreas (Vooijs et al. 2007)
relative to Notch2 (our unpublished observation), we
tested if Notch2 contributed to the selection of endo-
crine fate by Ngn3 progenitors. Ngn3-Cre; Ps1*/; Ps2*/*,;
Z/EG mice are phenotypically normal, with all Ngn3*
cells selecting the endocrine fate (Fig. 7, left). To test if
reducing the dose of Notch will alter the fate decision
of Ps1*/F Ps2*’* cells, we crossed Ngn3-Cre; Ps1*; Ps2*/*,
Z/EG mice with Notch2 conditional mice. Importantly,
when one copy of Notch2 is removed in Ngn3 cells

m
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Figure 6. Presenilins are not required for endocrine
determination after Pax6 expression. (A) Schematic
representation of the differentiation pathway of the
pancreatic endocrine progenitors. (B) Immunostain-
ing for insulin (red) and EGFP (green) on Ngn3-Cre;
Ps1’=; pPs2~'~; Z/EG (top) and Pax6-Cre; Ps1’~;
Ps2~/~; Z/EG (bottom) mice. Bars:,50 pm.
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(Ngn3-Cre; Ps1*"'; Ps2*"*; Notch2*” Z/EG), these cells are
once again diverted toward the acinar fate, recapitulating
the Ps™*" phenotype (Fig. 7, right). This result indicates
that Presenilin-dependent control of the endocrine fate is
mediated through controlling Notch proteolysis; the
ability of Notchl/2-deficient cells (Nakhai et al. 2008)
and Ps17~/7 Ps27/~ cells to select the endocrine fate in
Ngn3-Cre knock-in lines indicates the transcriptional
activity of NICD is not required.

Discussion

The results of the experiments presented here revise the
current view describing the steps involved in the creation
of a committed endocrine progenitor. We describe an
unappreciated bipotent state of Ngn3*,Pax6~ progenitors
that default to an acinar fate if Notch proteolysis falls
below a threshold (Fig. 8B). This Notch-dependent step
along the path to endocrine differentiation is restricted to
a narrow developmental window, as Ngn3* Pax6* pro-
genitors are fully committed to the endocrine fate in the
absence of Notch signaling (Fig. 8C). The number of
Ngn3*, Pax6~ progenitors entering the acinar fate was
inversely correlated with Presenilin activity, indicating
a stoichiometric requirement. Reduction in Notch2 in
otherwise normal presenilin heterozygotes again resulted
in selection of acinar fate, indicating that the amount of
NICD2 (but not its activity as a transcription factor,
which can be satisfied by the remaining Notch2 allele
and the two Notchl alleles) played a critical role.

In neural (de la Pompa et al. 1997) or muscle (Schuster-
Gossler et al. 2007) progenitors, loss of Notch signaling
results in premature differentiation; the presence of
activator-class basic helix-loop-helix (bHLH) proteins is
sufficient to drive the neural or muscle fate. In the
pancreas, two bHLH protein, Ngn3 and Ptfla, compete:
Both court E12 to gain transcriptional activity; however,
Ptfla forms a stable complex only if it can also recruit
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Figure 7. Endocrine fate is controlled by Notch2. Immunostain-
ing for insulin (red) and EGFP (green) in phenotypically wild-type
Ngn3-Cre, Ps1*/; Ps2*"*; Z/EG mice and in Ngn3-Cre, Ps1*/;
Ps2*™*; Notch2*'; Z/EG mice indicates that eliminating one copy
of notch2 in Ngn3 progenitors can enhance the reduction in
Presenilins and recapitulate the Ps'®" phenotype. Bars, 50 pm.

RBP-Jk. The results reported here demonstrate that al-
though progenitors with reduced presenilin dosage can
produce islets (Fig. 4C), they are easily outcompeted by
cells with a full complement of Presenilin proteins and, in
both cases, differentiate preferentially into acinar cells
that exhibit a high turnover rate in the adult, suggesting
that Presenilin dose can effect the competition between
Ngn3 and Ptfla. Since the mice do not exhibit any sign of
malabsorption (such as weight loss), we can assume that
the Presenilin-deficient acinar cells are functional, but we
did not rule out the possibility that the bulk of acinar
functions are assumed instead by the 10%-15% of acinar
cells not derived from Ngn3 progenitors.

Presenilins form the catalytic component of the y-sec-
retase complex. They also participate in additional pro-
cesses, such as the regulation of the stability of B-catenin,
a protein at the crossroad between Wnt and insulin
signaling (for review, see Parks and Curtis 2007). The
asynchronous nature of pancreatic differentiation dic-
tates that, by E13, the time the cultures are initiated,
DAPT-treated pancreata contain both Ngn3* and Pax6*
progenitors. Since Pax6-expressing cells are committed to
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the endocrine fate, their descendents develop into endo-
crine cells even in the presence of DAPT. Nonetheless,
when coupled with lineage tracer (Ngn3-Cre; Z/EG),
DAPT, a vy-secretase inhibitor with no ability to affect
any vy-secretase-independent functions of the Presenilins,
was sufficient to divert Ngn3-Cre-expressing cells to the
acinar fate. We could also demonstrate (using DAPT) that
even “normal” (Ngn3~) acinar cells require y-secretase to
exit from the cell cycle (Fig. 5C). Thus, the mechanism
restricting acinar fate selection by Ngn3* progenitors and
their expansion requires y-secretase. Because RBP-Jk can
be removed without consequences for endocrine de-
velopment (Nakhai et al. 2008), the requirement for
presenilin and Notch?2 defines a noncanonical contribu-
tion by Notch.

We can offer only a speculative explanation as to how
Presenilins make a dosage-dependent contribution to
endocrine determination in Ngn3 progenitors. These in
vitro experiments strongly suggest that the pancreatic
phenotypes described herein are vy-secretase-dependent.
The vy-secretase complex gained recognition as a Notch
and APP protease, but other substrates are steadily being
added to a growing list. Some of these, like ErbB1 (EGFR)
and ErbB4, are also involved in pancreatic development
(Kritzik et al. 2000; Cras-Méneur et al. 2001; Huotari et al.
2002; Koo and Kopan 2004; Lee et al. 2006; Zhang et al.
2007). Nonetheless, here, too, we think that Notch and an
activator bHLH (Ptfla) are involved in a mechanism that
differs from classical Notch function. Overexpression of
the intracellular domain of Notchl (NICDI1) prevents
acinar cells from fully differentiating (Murtaugh et al.
2003), yet Notch2 and Notchl proteins are not required
for pancreatic development (Nakhai et al. 2008). We
believe that, under normal circumstances, Ngn3/E12
complexes form preferentially over E12/Ptfla/RBP-Jk. It
was demonstrated that NICD and Ptfla compete for RBP-
Jk in acinar progenitors (Beres et al. 2006; Masui et al.
2007) as they might do in GABAergic neural progenitors
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Figure 8. Presenilins are involved in multiple steps of pancreatic development. (A) Representation of the previous view of the control
of the fate of the pancreatic progenitors. (B) Representation of the alteration of fate in low abundance of the Presenilins in Ngn3
progenitors. (C) Proposed revised view of the control of the fate of the endocrine progenitors.
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(Hori et al. 2008). RBP-Jk is still expressed in Ngn3
progenitors (Beres et al. 2006), and its removal permits
their development, indicating no requirement for canon-
ical Notch signals (Nakhai et al. 2008). Previous studies
have detected Ptfla mRNA in Ngn3-derived progenitors
(Chiang and Melton 2003), a finding we confirmed by
immunostaining in our control mice, using lineage trac-
ing (Fig. 2B-1). We speculate that NICD contributes to
Ngn3/E12 complex formation by sequestering RBP-Jk,
thus handicapping Ptfla. Presenilins/Notch thus control
endocrine differentiation of Ngn3* progenitors by modu-
lating RBP-Jk availability (Fig. 8C). If NICD levels are
sustained, the E12/Ptfla/RBP-Jk complex cannot form,
Ngn3/E12 complexes form, and no acinar differentiation
occurs in Ngn3* cells. Reduction/loss of Notch proteol-
ysis in presenilin-deficient cells would free RBP-Jk, allow-
ing the formation of a complex with Ptfla, lowering the
likelihood of Ngn3/E12 complex formation, and pushing
the bipotent cells toward the acinar fate. This hypothesis
could also explain the reduction seen in both endocrine
and exocrine differentiation when Notchl is constitu-
tively overexpressed under the control of the Pdx1 pro-
moter (Hald et al. 2003; Murtaugh et al. 2003). Impor-
tantly, this Notch function goes undetected in the
absence of fate mapping because the ability of bipotent
Ngn3™ progenitors to make islets is not compromised,
and the size of the organ (which we expect was made
almost entirely of the Ngn3™ linage) is largely the same.
Although v-secretase activity appears not to be limiting
in most cells, a possible explanation for the stoichiomet-
ric effect we see could be that, at a specific cellular
location (the plasma membrane, perhaps), y-secretase is
limiting. When two of four Presenilin alleles are present,
a few EGFP" acinar cells were rarely seen, suggesting the
genetic background could modify this phenotype. Al-
though one allele of PsI is sufficient to support the
canonical, transcriptional activity of Notch in most
organs (Donoviel et al. 1999; Herreman et al. 1999; Pan
et al. 2004; Saura et al. 2004}, it is not sufficient to prevent
assumption of the acinar fate by Ngn3 progenitors.
Myeloid progenitors are also sensitive to Presenilin dose
(Qyang et al. 2004), where a multipotent granulocyte/
monocyte progenitor expands in the spleen. Similar dose
sensitivity was observed in nicastrin heterozygotes (Li
et al. 2007). It is possible that in all these cases, a titration
mechanism similar to the one described here is in play.
During the late stages of development, the Ps“*" EGFP*
population increases significantly (Fig. 3). This increase
results from a combination of an increase in the Ngn3*
population (probably as a compensation mechanism
triggered by the reduced endocrine mass) and the in-
creased proliferation rate of these cells. Presenilin-
deficient acinar cells retain faster proliferation rates also
in the adult, providing a selective growth advantage (Fig.
3A). The total pancreatic mass was not affected, though,
indicating that Presenilins and their substrates are not
involved in the regulation of organ size. Organ size is
maintained as a balance established between prolifera-
tion and apoptosis in the adult, as seen after loss of numb
in the neural progenitor stem cell compartment (Petersen
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et al. 2006). In summary, reduced presenilin activity
exposed a strong bias toward the acinar fate in bipotent
Ngn3 progenitors. Once they selected the acinar fate,
EGFP* cells gained a proliferative advantage: The total
mass of EGFP" in the Ps™°" animals was considerably
larger than that observed in control animals. The mech-
anisms by which the Presenilins reduce proliferation
rates remain to be elucidated; a contribution from other
y-secretase targets in controlling acinar proliferation
cannot be ruled out.

Importantly, when all cells were similarly compro-
mised, Ps'®", Ngn3* progenitors formed islets. In contrast,
Ps'°" Ngn3* EGFP* cells are never found in the islets
when the pancreata also contains cells with a higher dose
of Presenilin. Collectively, our data strongly suggest that
(1) Ngn3* progenitors are bipotential, (2) y-secretase and
Notch2 act in a noncanonical, RBP-Jk titration mecha-
nism to permit one bHLH protein (Ngn3) to act in the
presence of a dominant bHLH (Ptfla), (3) this is a com-
petitive selection process that sets aside endocrine pro-
genitors based on the amount of free RBP-Jk, and (4)
presenilin-deficient Ngn3 progenitors outcompete other
acinar cells that did not lose Presenilin activity due to
a secondary defect in cell cycle exit.

Materials and methods

Transgenic mice

The Ngn3-Cre mice, as well as mice with a knock-in of the Cre
in the Ngn3 locus, were a generous gift from D. Melton. Pax6-
Cre (P. Gruss; St-Onge et al. 1997F), Presenilin (Ps1/, Ps1~, and
Ps27) (Herreman et al. 1999), Notch2 (Notch2*/), and the Z/EG
reporter mice (Jackson Laboratory) were all maintained in
a C57BL/6] background and interbred to obtain the necessary
combined genotypes.

Glucose tolerance tests

Glucose levels were assessed on whole blood using AccuChek II
glucometer (Roche Diagnostics). Glucose tolerance was chal-
lenged after an overnight fast by an intraperitoneal injection of
2 mg/g dextrose as described previously (Bernal-Mizrachi et al.
2001).

Embryonic pancreatic bud cultures

Pancreatic rudiments were dissected from E13.0 embryos (the
morning of the vaginal plug discovery was designated as day 0.5)
according to the Washington University School of Medicine-
approved protocols. For each embryo, tissue was collected for
genotyping. Pancreatic rudiments were cultured as described
previously (Cras-Méneur et al. 2001). DAPT (y-secretase, in-
hibitor IX; Calbiochem) was used at 1 wmol/L. For control
conditions, equivalent concentrations of DMSO were added to
the media. To label cells in S phase, BrdU (10 pmol/L) was
supplemented to the culture media for the last hour of culture.

Tissue preparation and immunostaining

After culture, embryonic rudiments were fixed in 3.7 % formalin,
then embedded in 10% low-gelling-temperature agarose for
paraffin embedding. Other embryonic and adult tissues were
isolated and then fixed in either 3.7% formalin for paraffin



embedding or in 4% paraformaldehyde, then cryo-protected in
10% sucrose for cryosections depending on the requirements of
the antibodies used for immunostaining. Depending on the
fixative and duration of the fixation process itself, some mis-
expression of the EGFP reporter can be observed occasionally
in the nucleus. Nonfixed fresh-frozen tissues were used to
control for the faithful expression of the endogenous EGFP, and
no EGFP was ever observed in the nucleus of these sections. The
following primary antibodies were used overnight for immuno-
staining: anti-insulin (guinea pig, 1:750; Dako, anti-glucagon
(mouse, 1:300; Sigma), anti-amylase (rabbit, 1:500; Sigma), anti-
Presenilin 1 (R&D Systems), anti-EGFP (rabbit, 1:200; Molecular
Probes; when endogenous EGFP was too weak to detect), anti-
B-galactosidase (rabbit, 1:1000; Cappel), antiPhospho-Histone 3
(mouse, 1:500; Upstate Laboratories, BrdU (1:2; GE Healthcare),
anti-Pdx-1 (1:50; Santa Cruz Biotechnologies, Inc.), and anti-
Ptfla (a gift from C.V. Wright). DBA (Dolichos Biflorus Aggluti-
nin, Vector Laboratories) staining was performed according to
the manufacturer’s instructions. Sections were incubated with
the appropriate secondary antibodies (Jackson Immunoresearch).
TUNEL staining was performed using the ApopTag detection kit
(Chemicon), according to the manufacturer’s instructions. For
morphometry, slides were stained for bright-field using the
Histomouse SP labeling kit (Zymed Laboratories, Inc.). Fluores-
cent images were captured using a Leica DM4000B microscope
with a Leica DFC 350FX monochromatic camera for fluores-
cence or a Leica DFC 290FX tri-CCD camera for bright-field
images, using the Leica FW400 software version 1.2.1 (Leica
Microsystems).

Morphometry

The islet mass was determined on randomly selected sections
throughout the entire pancreas after immunostaining for insulin
and counterstaining with hematoxylin as described previously
(Bernal-Mizrachi et al. 2001). The endocrine area (in square
microns) was determined by intensity thresholding using the
morphometry measurement tools of Image] version 1.39p (Na-
tional Institutes of Health, freely available at http://rsb.info.nih
gov/ij/index.html; Girish and Vijayalakshmi 2004). In adult tis-
sues, the endocrine mass was calculated by a ratio between the
weight of the pancreas and the proportion of insulin immunore-
active cells in the samples. In newborns, in order to circumvent
imprecision in weight measurements due to the small weight of
the tissues, the assessments were kept as a ratio of insulin immu-
noreactive cells over the total pancreatic areas of the sections.

Western blots

Pancreata from 12-wk-old mice were homogenized and lysed in 3
mL of 10 mM Tris (pH 7.6}, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, and a cocktail of protease inhibitors buffer (Com-
plete Mini, Roche Diagnostics). Lysates were subjected to poly-
acrylamide gel electrophoresis and transferred to PVDF mem-
branes (Bio-Rad Life Sciences). After blocking for 30 min,
membranes were incubated for 24 h with the following anti-
bodies: Cyclin D1 (mouse, 1:10,000; Cell Signaling Technology),
Cyclin D2 (mouse, 1:10,000; Labvision NeomarkerA), Cyclin D3
(mouse, 1:10,000; Cell Signaling Technology) and actin (rabbit,
1:20,000; Sigma). Immunoblotting experiments were performed
in triplicate on lysates from at least three different mice per
group. The densitometry of the proteins was determined by pixel
intensity using NIH Image] software version 1.39p (Girish and
Vijayalakshmi 2004) and normalized using actin as a loading
control. Secondary antibodies were used according to the man-
ufacturer’s instructions (Vector Laboratories).

Notch dose controls the endocrine fate

Statistical analysis

All values are represented as mean + standard error of the mean.
Statistical analyses were conducted using a two-tailed, non-
parametric, Mann-Whitney U-test with a confidence interval
of 95% using Prism 5.0 (GraphPad Software, Inc.).
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