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ABSTRACT
Neurogenin 3 (ngn3) is a basic helix loop helix transcription factor that is transiently

expressed in the developing mouse pancreas with peak expression around E15. In mice
lacking the ngn3 gene the endocrine cells of the pancreas fail to develop suggesting that
the ngn3-positive cell may represent a progenitor cell for the endocrine pancreas. In order
to purify and characterize this cell in detail we have generated a transgenic mouse, in
which the ngn3 promoter drives expression of enhanced green fluorescent protein (EGFP).
In the E15.5 embryo EGFP was expressed in the dorsal and ventral pancreas, the
duodenum, and lower intestine as well as in the brain. This pattern of expression was in
keeping with the known expression profile of the endogenous ngn3 gene. Within the
pancreas EGFP was localized in close proximity to cells that stained positive for ngn3,
insulin, and glucagon, but was absent from regions of the pancreas that stained positive
for amylase. EGFP was also present in the pancreas at E18.5, although there was no
detectable expression of ngn3. At this stage EGFP did not colocalize with any of the
hormones or exocrine markers. EGFP+ cells were FACS purified (96%) from the E15
pancreas yielding ~10,000 cells or 1.6% of the total pancreatic cells from one litter.
RT/PCR analysis confirmed that the purified cells expressed EGFP, ngn3, insulin,
glucagon, somatostatin and pancreatic polypeptide. The ability to purify ngn3+ cells
provides an invaluable source of material for charactering in detail their properties.

INTRODUCTION
During development, the pancreas arises from dorsal and ventral evaginations that form

in regions of the duodenum that lie posterior to the stomach.1 These pancreatic buds grow
and form a branching epithelial structure in response to signals generated by the surrounding
mesenchyme.2 Some of these epithelial cells form acini and ductule structures that form
the exocrine pancreas. Others differentiate into the four cell types of the endocrine
pancreas, i.e., insulin secreting β cells, glucagon secreting α cells, somatostatin secreting δ
cells and pancreatic polypeptide secreting PP cells. These cells migrate from the epithelium
to aggregate and form islets of Langerhans within the interstitial tissue.

A number of transcription factors have been implicated in the development of the
endocrine pancreas, including PDX-1,3 Nkx2.2,4 Nkx6.1,5 Pax4,6 Pax67 and the basic
helix-loop-helix (bHLH) transcription factor neurogenin3 (ngn3).8 Targeted disruption of
the ngn3 gene in mice results in mice that lack pancreatic endocrine cells and consequently
die shortly after birth from diabetes,8 while overexpression of ngn3 in pancreatic buds
leads to an increase in the number of pancreatic endocrine cells.9,10 The phenotype of the
ngn3 knockout and overexpressing mice, along with direct lineage tracing experiments11

strongly supports the conclusion that ngn3+ cells are islet progenitor cells in the developing
pancreas.

In order to purify and characterize ngn3+ cells we generated a transgenic mouse, in
which expression of the green fluorescent protein EGFP was driven by regulatory regions
of the human ngn3 gene.12 We describe here the expression pattern of EGFP in the devel-
oping pancreas of these mice and the characteristics of purified EGFP-expressing cells.

MATERIALS AND METHODS
Generation of transgenic mice. The pngn3EGFP construct was generated by ligating a 5.7 kb

ngn3 promoter fragment (12) upstream of the EGFP gene in pEGFP-1 (Clontech, Cowley, Oxford).
The same ngn3 promoter fragment was also ligated upstream of the neomycin gene in pOCTNeolox
(PPL, unpublished) to generate pngn3neo. The pngn3EGFP and pngn3neo plasmids were linearized,

 



and transgenic mice generated from pronu-
clear injection into fertilized oocytes, followed
by transfer into pseudopregnant mice.

Genotyping. Approximately 5 mm of tail
tissue was removed from each of the offspring
of the founder stock. Tail tips were subjected
to Proteinase K (Sigma, Poole, Dorset) diges-
tion overnight at 55˚C. Resultant digest
product was centrifuged in a microcentrifuge
and the supernatant used to prepare DNA
using ethanol precipitation. The subsequent
DNA preparations were then used in PCR
reactions with the following primer sets:
HPRT, 5'-GAGTTCCGGAACTGCCTT-
TGGTG-3' and 5'-CTGTGCCACCGGGC-
GCATGG-3' to yield a 350 bp product;
EGFP, 5'-ACCCTCGTGACCACCCTGAC-
CTAC-3' and 5'-GACCATGTGATCGCGC-
TTCTCGTT-3’ to yield a 483 bp product;
and neomycin 5’-TGCATACGCTTGATC-
CG-3' and 5'-GAAGGCGATAGAAGGC-
GA-3' to yield a 410 bp product.

RT/PCR. Cells were lysed with TRIzol
and total RNA purified following the manu-
facturer’s protocol (Invitrogen, Groningen,
The Netherlands). Total RNA was treated
with DNaseI (Invitrogen) followed by reverse
transcription with SuperScriptII (Invitrogen)
using standard protocols. The cDNA product
was then used to carry out 25 µl PCR reactions
using the following primer sets: β-actin,
5'-TGACCCAGATCATGTTTGAGA-3'
and 5'-TCTCCAGGGAGGAAGAGGAT-3'
to yield a 357 bp product; EGFP, 5'-ACC-
CTCGTGACCACCCTGACCTAC-3' and
5'-GACCATGTGATCGCGCTTCTCG-
TT-3' to yield a 483 bp product; Ngn3,
5'-CAGCTCAGAAATCCCTCTGG-3' and
5'-GAGGCGCCATCCTAGTTCTC-3' to
yield a 246 bp product; INS1, 5'-ACCAT-
CAGCAAGCAGGTCAT-3' and 5’-CACTT -
GTGGGTCCTCCACTT-3’ to yield a 218
bp product; INS2, 5'-CAGCAAGCAGGAAGCCTATC-3' and 5'-TTGT-
GCCACTTGTGG- GTCCT-3' to yield a 235 bp product; GLU, 5'-CCA-
GATCATTCCC- AGCTTCA-3' and 5'-TGGTGCTCATCTCGTCA-
GAG-3' to yield a 384 bp product; SOM, 5'-CCACCGGGAAACAGG-
AACTG-3' and 5'-GGGCCAGGAGTTAAGGAAGA-3' to yield a 303 bp
product; PP, 5'-TAGCTCAGCACACAGGATGG-3' and 5'-GCCTGGT-
CAGTGTGTTGATG-3' to yield a 203 bp product.

Immunohistochemistry. Timed matings were set up and embryos
dissected from the pregnant females in ice-cold PBS. The pancreas and gut
were dissected from individual embryos in ice cold phosphate buffered
saline (PBS) and visualized for EGFP fluorescence using a stereomicroscope.
EGFP positive pancreas dissections were fixed in 4% paraformaldehyde in
PBS for 1 h at RT, removed from the fixative and immersed in 30% sucrose
in PBS overnight at 4˚C to protect the tissue for freezing. Fixed and cryopro-
tected tissue was embedded in OCT medium then snap-frozen by immersion
into iso-pentane frozen in liquid nitrogen. Samples were stored at -70˚C
until needed for cryosectioning. Cryostat sections (5 µm) were adhered to
polylysine coated glass slides (BDH). The sections were allowed to dry fully
and then stored at -70˚C or used immediately for immunohistochemistry
analysis. Frozen slides were allowed to thaw for 10 min at RT then immuno-
histochemistry was performed using standard immunohistochemistry
techniques. Primary antibodies were incubated at 4˚C overnight at the
following concentrations: rabbit anti-ngn3 at 1:1000, mouse anti-insulin

(Sigma) at 1:1000, mouse anti-glucagon (Sigma) at 1:1000, rabbit anti-
pancreatic polypeptide (Zymed, San Francisco, California) at 1:50, rabbit
anti- somatostatin (Zymed) at 1:50, rabbit anti-PDX-1 (Dr. Chris Wright,
Vanderbilt University) at 1:1000, and rabbit anti-amylase (Sigma) at 1:500.
Primary antibodies were detected with secondary antibodies: goat anti-rabbit
conjugated to AlexaFluor 350 (Molecular Probes), and rabbit anti-mouse
conjugated to Rhodamine (Sigma).

FACS analysis. Dissections were carried out on embryos as described for
immunohistochemistry, with the addition that any residual duodenum or
parenchyma was removed using tungsten needles in ice cold PBS. The
dissected tissue was then pooled into EGFP positive and negative groups
and the cells dissociated in 0.3 mg/ml collagenase in Hank’s balanced salt
solution (HBSS, Gibco, Paisley, Scotland) at 37˚C for 30 min–1 h. The
resultant cell suspension was then filtered through a 100 µm cell strainer
and the cells washed 3 times with HBSS. Cells were then resuspended in
HBSS. The cells were analysed and sorted with a Becton Dickson FACS
Vantage SE machine.
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Figure 1. EGFP expression in E15.5 pancreas. (A) Stereomicroscopic view of pancreas/gut dissection from
an E15.5 ngn3-EGFP mouse embryo. (B) The same pancreas/gut dissection using EGFP fluorescent filters.
D, duodenum; St, stomach; Sp, spleen; Dp, dorsal pancreas; Vp, ventral pancreas.

Figure 2. Genotyping the ngn3-EGFP 1.37 line. Genotyping PCR was carried out on tail tip DNA to check
for the presence of both EGFP (483 bp) and neomycin (neo) (410 bp) constructs in the offspring of the
founder mice. +/+, positive for EGFP and Neomycin transgenes; -/-, negative for EGFP and Neomycin
transgenes.
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RESULTS
The ngn3/EGFP transgenic mice were generated by injecting two DNA

constructs into oocytes: one containing a 5.7 kb fragment of the human
ngn3 promoter upstream of the EGFP gene and the second containing a 5.7 kb
fragment of the human ngn3 promoter upstream of a neomycin gene,
allowing both visualisation and selection of ngn3 expressing cells. Viable
offspring (n = 318) were genotyped for the presence of the EGFP and neo
transgenes by PCR and Southern blot analysis of DNA extracted from tail
tips. Twenty-three founders (13 male and 10 female) were identified, and

bred with F1 (C57Bl6 X CBA) mice. From
these timed matings, embryos at E15.5 stage
from 3 of the 13 founders expressed EGFP in
the pancreas, duodenum, and lower intestine
(Fig. 1). This is in keeping with the endoge-
nous ngn3 gene, which is expressed tran-
siently at around E15.5 in these tissues. We
also observed expression of EGFP in forebrain
and hindbrain of E15.5 embryos (data not
shown). These founders were used to generate
three separate lines, of which 02/1.37 gave
the strongest expression of EGFP and was
used in the following studies. Further geno-
typing confirmed that this line retained both
the EGFP and neo transgenes (Fig. 2).

At E15.5 the EGFP fluorescence was
localized in a broad track of cells present in
the central region of the pancreas (Fig. 3). All
the cells that were positive for EGFP fluores-
cence stained positive with an anti-EGFP
antibody. EGFP fluorescence was also localized
to regions of the pancreas that were enriched
in ngn3-expressing cells (Fig. 4) and the
endocrine markers insulin and glucagon
(Fig. 5). About 30% of these cells were posi-
tive for both EGFP and ngn3, while 60% of
the insulin and glucagon positive cells were
also positive for EGFP. There was no colocal-
ization of EGFP and amylase (Fig. 5).

EGFP was also present in the E18.5
pancreas, where it was localized to ductal
structures or interstitial cells surrounding the
acini (Fig. 6). There was no expression of
ngn3 in the E18.5 pancreas. EGFP was also
present within islet-like structures but there
was no colocalisation with insulin, glucagon,
somatostatin or pancreatic polypeptide
(Fig. 7) and also no colocalisation of EGFP
with amylase.

EGFP positive cells could be purified
from the surrounding E15.5 pancreatic tissue
using FACS. From the pooled EGFP-positive
pancreases of one litter we were able to purify
approximately 10,000 cells representing
1.6–2% of the total cell population (Fig. 8A
and B). The purified population was achieved
using a ‘purity sort’ to give a 96% pure
population relative to start material (Fig. 8C
and D). Reverse transcriptase PCR showed
that the purified population expressed EGFP
and ngn3, although the amount of ngn3 rel-
ative to that in the presorted population was
much less than for EGFP (Fig. 9). The puri-
fied cells also expressed insulin 1 and insulin 2,
as well as glucagon, somatostatin, and pancre-
atic polypeptide.

DISCUSSION
We describe here a transgenic mouse, in which the ngn3 pro-

moter drives EGFP. The fluorescent signal from the EGFP was suf-
ficiently strong such that all fluorescing cells stained positively with
an anti-EGFP antibody, i.e., the EGFP fluorescence was far in excess
of any non-specific autofluorescence. In general terms the expression
of EGFP was similar to that of endogenous ngn3. It peaked at
around E15.5 in the dorsal and ventral lobes of the pancreas and,

Figure 3. EGFP fluorescence colocalizes with anti-EGFP staining in the E15.5 pancreas. In the panels
marked EGFP the fluorescence was detected using EGFP filters. In panels marked anti-EGFP immunohisto-
chemistry was performed on cryosections using an anti-EGFP antibody and a Texas Red conjugated
secondary antibody with DAPI staining to identify nuclei. The merged image was obtained by merging
images using Photoshop 6.0 software (Scale bar for: upper panels = 100 µm, lower panels = 20 µm).

Figure 4. EGFP colocalizes with ngn3 at E15.5. EGFP fluorescence was measured using an EGFP filter.
Ngn3 was localized by immunohistochemistry of cryosections using an anti-ngn3 antibody and AlexaFluor
350 conjugated secondary antibody. Arrows indicate cells in which EGFP and ngn3 colocalize. The arrow-
head indicates auotofluorescence associated with a blood cell (Scale bar = 50 µm).



like ngn3, was also present in cells of the
duodenum and nervous system. There
was, however, no absolute correlation
between EGFP fluorescence and ngn3
staining at the cellular level. Thus digital
photographs of random stained fields
showed that the frequency of cells
expressing both EGFP and ngn3 was
about 20–40%. This is in keeping with
previous findings12 using similar pro-
moter constructs (5.7 kb) and could be
attributed to the random silencing of the
transgene in some ngn3-expressing cells.
We also observed that EGFP was present
in regions of the pancreas that were
enriched in insulin and glucagon
expressing cells. These EGFP-expressing
cells were located close to and within
islet structures but excluded from ductal
and acinar structures and may represent
the descendents of ngn3+ progenitor
cells. The EGFP+ cells from the E15.5
embryo were subjected to fluorescence
activated cell sorting to provide a 96%
pure population of cells that transcribed
the hormone genes associated with all
four endocrine cell types.

There are several possible reasons why
coincident stimulation of the endogenous
ngn3 gene and the ngn3 promoter-driven
EGFP gene need not necessarily lead to
readily observable coexpression. The half
lives of transcription factors vary enor-
mously, with those that induce expression
of a broad range of genes often being
subject to rapid degradation in order to
maintain tight control over the transcrip-
tome and to aid in the creation of gradi-
ents during development e.g., mammalian HIF-1α has a half life of
only 5–8 minutes.13 This is in contrast to EGFP, which has a
half-life of over 24 hours. This probable difference in protein
half-lives would be compounded by potential differences in mRNA
stabilities. The half life of transcription factor mRNAs is regulated
and is generally short during development e.g., bicoid mRNA is
stable in D. melanogaster oocytes but has a half life of only 30 minutes
during embryo development.14 The mouse ngn3 gene has an AU-rich
element (ARE) in the 3'-untranslated region (UTR) of the gene. This
sequence (AAUAAAUAA or AUAAAUA) when present in mRNA
causes the rapid degradation of that particular mRNA.15 The ARE
is conserved in the mouse, rat and human ngn3 genes suggesting
that it may be functionally active, and may underlie the observation
that ngn3 expression is extinguished in the progeny of ngn3+ cells
that were labelled using a CreER™/LoxP system.11 This is consistent
with their role as islet progenitors but not self-renewing stem cells.16

Although the ngn3 mRNA in the mouse embryos contained the
wild-type 3'-UTR, the corresponding region in the EGFP mRNA
contained the efficient SV40 early polyadenylation signal derived
from the plasmid during the creation of the transgenic mice. It has
been shown that replacement of the AREcontaining 3'-UTR of mouse
cyp7 mRNA with the SV40 early 3'-UTR in CMV promoter-driven

chloramphenicol acetyltransferase (CAT) reporter constructs leads to
a four-fold increase in CAT activity.17 Taken together, it is not
surprising that colocalisation of EGFP and ngn3 was observed in
only a portion of cells. Also, prolonged existence of EGFP mRNA
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Figure 5. Localisation of EGFP in the E15.5 pancreas to regions enriched in endocrine markers.
Immunohistochemistry was performed on cryosections of E15.5 embryonic pancreas dissections. Primary
antibodies for insulin (INS) and glucagon (GLU) were visualized with an anti-mouse Rhodamine conjugated
secondary antibody. Primary antibodies for amylase were visualized using anti-rabbit AlexaFluor 350
secondary antibody. EGFP was visualized directly using an EGFP filter (Scale bars = 50 µm).

Figure 6. EGFP expression in the E18.5 pancreas. Immunohistochemistry
was performed on cryosections from an E18.5 pancreas. Anti-ngn3 primary
antibody and AlexaFluor 350 secondary antibody were used to detect
Ngn3 expression. EGFP was visualized directly using an EGFP filter (Scale
bar = 50 µm).
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and the protein itself in comparison to
ngn3 would account for the former
being present in E18.5 pancreas at a time
when there was no detectable ngn3
immunoreactivity.

Consistent with their role as islet
progenitors the purified EGFP+ cells also
contained mRNA encoding insulin 1
and insulin 2 as well as glucagon,
somatostatin and pancreatic polypeptide.
Interestingly, the levels of insulin 2 were
consistently lower than that of insulin 1
suggesting that the insulin 1 gene is
expressed at a different stage than insulin 2.
This is in keeping with reported findings
that the two insulin genes are differen-
tially expressed in developing mouse
embryos. Their relative expression is
subject to complex multistep control
involving parental imprinting as well as

tissue- and development
stage-specific regulation.18

While this work was in
progress a mouse was
described in which ngn3+

cells were labelled with
enhanced yellow fluorescent

Figure 7. EGFP expression in endocrine-
enriched regions of the E18.5 pancreas.
Immunohistochemistry was performed on
cryosections from an E18.5 pancreas.
Primary antibodies for insulin (INS) and
glucagon (GLU) were visualized with an
anti-mouse rhodamine conjugated secondary
antibody. Antibodies against amylase (AMY)
were visualized using anti-rabbit AlexaFluor
350 secondary antibody. EGFP was visualized
directly using an EGFP filter (Scale bar =
50 µm).

Figure 8. Fluorescence activated
cell sorting (FACS) of EGFP
positive cells from an E15.5
pancreas. Dissected pancreases
from a litter of transgenic mice
were dispersed into a single cell
suspension via enzyme digest
and sorted based on their EGFP
fluorescence. Analysis of the
cells’ scatter (A) shows two
distinct and viable populations.
The EGFP-positive population
(gated green population) can be
sorted (B) from the background
population, which is shown as a
white diagonal line of events.
(C) A histogram analysis of the
purified EGFP-negative popula-
tion (gray). (D) A histogram of
the purified EGFP-positive popu-
lation (green).
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protein (EYFP) using a knock-add-on strategy.19 The expression
pattern of EYFP in this mouse was very similar to the expression of
EGFP in the present study. The EYFP cells were purified by FACS
to yield about 1300 cells from a single E15.5 pancreas, while the
effect of extrinsic factors on the appearance of EYFP in E12.5
pancreatic explant cultures could be monitored in real time. In our
mice the presence of the neo gene may facilitate further studies on
the culture and expansion of the purified EGFP+ cells.
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Figure 9. Reverse transcriptase PCR (RT/PCR) analysis of the purified EGFP-positive cells from an E15.5 pancreas. Ethidium bromide stained agarose gel of
RT/PCR products from total RNA isolated from presorted FACS purified EGFP-positive cells, and the total population of enzyme dispersed cells from
EGFP-negative embryos from the same litter. The control panel shows the reaction in the absence of reverse transcriptase. (A) β actin, EGFP and ngn3; (B)
The results for insulin 1 (INS1), insulin 2 (INS2), glucagon (GLU), somatostatin (SOM) and pancreatic polypeptide (PP).
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