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Abstract. The Menl gene has been identified as the gene
responsible for MEN-1, a hereditary syndrome transmitted as an
autosomal dominant trait. Disruption of the Menl gene results
in defects in the development of multiple organs, including
pancreatic islets. Homozygous disruption of Menl in mice
causes embryonic lethality, making it difficult to determine the
genes involved in defects of pancreatic islets during embryonic
development. In this study, embryoid bodies formed from null
mutant (Menl1/") and wild-type (Menl1*/*) embryonic stem cells
were used as a model system to investigate the effects of the
Menl gene on pancreatic islet development. Using RT-PCR,
SOX17, FOXA2 and NKX2.2 were found to be differentially
expressed between the two embryoid bodies. Additionally,
the gene expression profile of these Menl/ embryoid bodies
was characterized in detail by DNA microarray techniques,
and a series of putative menin-targeted genes was identified.
Our study suggests a critical role for Menl in pancreatic islet
development, and indicates that genes such as SOX17, FOXA2,
NKX2.2 and SOX4 are potential targets of Menl.

Introduction

The Menl gene has been identified as the gene responsible for
MEN-1, a hereditary syndrome transmitted as an autosomal
dominant trait. The disease is characterized by a predisposi-
tion to multiple endocrine tumors in the parathyroid, endocrine
pancreas and anterior pituitary, as well as, though less
frequently, adrenal cortical tumors, and lastly foregut diffused
endocrine carcinoids (1,2). MEN-1 syndrome is closely
linked to the development of pancreatic endocrine tumors,
and forms the basis for the classification of these tumors
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into sporadic and familial variants. Among MEN-1 patients,
30-50% develop symptomatic pancreatic endocrine tumors,
while 100% of patients have been found to harbor small non-
functioning pancreatic endocrine tumors in pathology studies
(3). Similar to humans, Men1 knockout mice develop multiple
endocrine tumors, mainly in the pancreas, parathyroid, pitu-
itary glands and adrenal glands, with insulinomas being the
most common lesions. In a study by Bertolino ef al, more than
80% of pancreatic B-cell-specific ablation mice developed
multiple pancreatic islet adenomas by 60 weeks of age, with
islet lesions exhibiting features of multistage tumor progres-
sion, including B-cell dedifferentiation and angiogenesis (4).
Taken together, the evidence suggests that the Menl gene,
as a classic tumor suppressor, is involved in the develop-
ment of pancreatic islet tumors. It is generally accepted that
abnormalities in development and differentiation may lead to
tumorigenesis. Thus, the Men1 gene may play a crucial role in
the development and differentiation of pancreatic islets.

The protein product of the Menl gene, termed menin, is
ubiquitously expressed and targeted to the nucleus, and has been
reported to interact with a variety of proteins, including JUND,
SMAD3, PEM, NM23, NF-kB and RPA2 (5-10). In mice with
disrupted Menl, menin was found to be required for the devel-
opment of several organs and tissues, including the neural tube
and liver (11). Moreover, a recent report suggested that menin
is involved in the development of pancreatic endocrine cells;
the authors found that menin is required for the formation of
NEUROGS3-expressing cells during the crucial step of the
second pancreatic transition, in which progenitor cells commit
to endocrine differentiation (12). However, homozygous Menl
knockout mice die in utero between embryonic days 11.5 and
12.5 (13). This lethality has made it difficult to study changes
in gene expression in the pancreatic islets of Menl/- mouse,
and the genes affected by menin in the embryonic development
of endocrine cells remain to be identified.

In the present study, we used embryoid bodies formed
from wild-type (Menl*/*) and Menl null mutant (Menl/)
embryonic stem (ES) cells as a model to investigate the physi-
ological function of menin in pancreatic islet development.
Differences in the morphology of the Menl/ and Menl*/*
embryoid bodies were first examined, then the expression
profiles of two different categories of genes relevant to
pancreatic islet development and differentiation, including
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Table I. List of gene-specific primers.

Gene Forward primer Reverse primer

SOX17 CTCGGGGATGTAAAGGTGAA ACGAGAGCGTGCAGGAAG
GSC GCCTGGGCTACAACAGCTAC CGTCTGGGTACTTCGTCTCC
FOXA2 CCCGGGACTTAACTGTAACG GCGCCCACATAGGATGAC
NKX6.1 TACTTGGCAGGACCAGAGAG CGCTGGATTTGTGCTTTTTC
NKX2.2 AAAGGTATGGAGGTGACGCCT AGCTGTACTGGGCGTTGTACT
FGF2 AGCGGCTCTACTGCAAGAAC CCGTTTTGGATCCGAGTTTA
HNF-6 AAGCCCTGGAGCAAACTC CTGGGAGATGGTGATTTGTAA
PDX1 TGTAGGCAGTACGGGTCCTC CCACCCCAGTTTACAAGCTC
IGF1 ACACTGACATGCCCAAGACT GTTTCGATGTTTTGCAGGTT
HNF4A ACACGTCCCCATCTGAAG CTTCCTTCTTCATGCCAG
SOX4 CTCTCCTCTCCTGCCTCTTG GGCAGTTTCAGCTCCTCATC
BTC AGATGGGAACACAACCAGAACAC AACAGGTCCACTCGCTCACAC
FOXA1 AAGCCCGTGTTGGCGTAG CAGGGTTGGATGGTTGTGTC
IGF2 AAGCCCGTGTTGGCGTAG CAGGGTTGGATGGTTGTGTC
GAPDH AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC

PDX1, HNF6, IGF1, NKX6.1, NKX2.2, HNF4a, FGF2 and
HNF6, were determined. The gene expression profile of
genes involved in endoderm development (SOX17, GSC and
FOXA2) was examined in cultured Menl/ embryoid bodies,
and characterized in detail by microarray techniques.

Materials and methods

Culture of embryonic stem cells and formation of embryoid
bodies. Menl/ and Menl*/* ES cells, kindly provided by
Dr Changxian Zhang (Université Claude Bernard Lyon 1),
were maintained in an undifferentiated state on a feeder layer
of Mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) -treated
mouse embryonic fibroblasts in knockout DMEM (Gibco, CA,
USA) supplemented with 15% ES cell qualified fetal bovine
serum (Gibco), 1% nonessential amino acids (Gibco), 2 mmol/l
L-glutamine (Sigma-Aldrich), 0.1 mmol/l B-mercaptoethanol
(Sigma-Aldrich), 100 U/ml penicillin, 100 ug/ml streptomycin
(Sigma-Aldrich) and 1,500 U/ml leukocyte inhibitory factor
(Chemicon, USA) at 37°C in 5% CO, To initiate differen-
tiation, the ES cells were removed from the feeder layers
with 0.25% Trypsin plus 0.05% EDTA and plated on 6-well
non-adherent sterile dishes at a density of 2x10° cells/well
in the medium described above in the absence of leukocyte
inhibitory factor. The embryoid bodies were cultured for
9 days, with the culture medium changed every 2 days, and
were collected for morphological examination under a phase
contrast microscope every day.

RT-PCR for gene expression patterns. Total RNA was isolated
from the Menl”/- and Menl*/* embryoid bodies using the
RNeasy Mini kit (Qiagen, Germany), and the isolated RNA
was treated by RNase-free DNase I to eliminate any residual
genomic DNA. First-strand cDNA synthesis from 5 pg total
RNA was performed using Superscript II (Invitrogen, USA)
and random hexamer primers in a 20 ul reaction according to
the manufacturer's instructions. PCR reaction components were

purchased from Qiagen. Whenever possible, intron-spanning
primers were designed from published mouse sequences
(EMBL) and a BLAST search was carried out against the
nucleotide database to verify their specificity. The primer
sequences are listed in Table I. PCR was performed using
1 pl of the first-strand DNA preparation and 10 ymol/l of each
primer under the following conditions: denaturation at 95°C
for 1 min, annealing at 55-60°C for 1 min, and elongation at
72°C for 1 min for 30 or 35 cycles, followed by extension at
72°C for 10 min. The products were analyzed on 1.2% agarose
gel and images were captured with a UV-sensitive camera.
Three independent experiments were carried out from three
different ES cell aliquots, with reproducible results.

Quantitative PCR analysis. Quantitative PCR amplifica-
tion and detection were performed with SYBR Premix Ex
Taq Mixes (Takara, Japan) according to the manufacturer's
protocol on an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The specific
primer sequences are listed in Table I. Cycle parameters were
95°C for 15 min, then 40 cycles at 95°C for 15 sec and 60°C
for 1 min. As a control, the mRNA level of GAPDH was
determined in the real-time PCR assay for each RNA sample
and was used to correct experimental variations. Melting
curves were performed using Dissociation Curves software
(Applied Biosystems) to ensure that only a single product was
amplified. Quantification was performed in duplicate, and the
experiments were repeated independently three times. Gene
expression was normalized to GAPDH levels.

Microarray analysis. Total RNA from the Menl/ and Menl+*/*
embryoid bodies was extracted using the RNeasy Mini kit
(Qiagen) according to the manufacturer's instructions. The
differential expression of genes in the Menl/ and Menl*/*
embryoid bodies was examined by the microarray tech-
nique according to the Affymetrix microchip array protocol
(Affymetrix, Santa Clara, CA, USA). These samples were
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Figure 1. Phase contrast microscopy of Menl/- and Men1*/* embryoid bodies
formed from ES cells. The size and number of embryoid bodies formed from
Menl/- ES cells were similar to those formed by Men*/* ES cells on days 3
and 5. Magnification, x50 (day 3); x100 (day 5).
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Figure 2. Gene expression in Menl/ and Menl*/* embryoid bodies formed
from ES cells. In Menl/ embryoid bodies, SOX17 expression was detected
on day 3, while in Men1*/* embryoid bodies it was not observed until day 5.
FOXAZ2 expression was detected on day 5 in Menl/- embryoid bodies, but on
day 7 in Menl*/* embryoid bodies. There were no differences between the

expression patterns of GSC, PDX1, IGF1, FGF2, HNF6, NKX6.1, NKX2.2
and HNF4a.

subjected to cDNA array analysis using the Mouse430_2.0
microarray (Affymetrix), which contains 45,000 probe sets
and analyzes the expression level of over 39,000 transcripts
and variants from more than 34,000 well-characterized mouse
genes. Microarray results were analyzed and scatter plots were
generated using Microarray Suite 5.0 software (Affymetrix).
Data analysis was performed using GeneSpring 6.2 software
(Silicon Genetics, Redwood City, CA, USA).

Results

Morphology of Menl null mutant and wild-type embryoid
bodies. To study the differentiation capacity of Menl/ ES
cells, an embryoid body formation assay was performed, which
recapitulated specific features of early embryogenesis in vitro.
Morphological analysis showed that embryoid bodies formed
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Figure 3. Expression profile of several genes in the two embryoid bodies
as determined by real-time RT-PCR. Gene expression was normalized to
GAPDH (average of two samples).

by Menl/ ES cells were similiar in size to those formed by
Menl*/*ES cells during the 9 days of suspension culture. The
data suggest that the proliferation and differentiation capacity
of ES cells was not impaired in the absence of menin, at least
not in terms of morphology (Fig. 1).

Gene expression pattern determined by RT-PCR. As an initial
approach to evaluate definitive endoderm development and the
pancreatic islet development process in embryoid bodies, the
expression of the FOXA2, SOX17, GSC, PDX1, IGF1, HNF6,
FGF2, NKX6.1, NKX2.2 and HNF4a genes was determined
by RT-PCR. Among these genes, a difference between the
gene expression patterns in the Menl/- and Menl1*/* embryoid
bodies was observed for SOX17 and FOXA2. SOX17 expres-
sion in the Menl/ embryoid bodies was detected on day 3,
while in Menl*/* embryoid bodies it was not observed until
day 5. The expression pattern of FOXA2 was similar to that
of SOX17, with its expression detected on day 5 in the Menl1/
embryoid bodies and on day 7 in the Menl1*/* embryoid bodies.
Since SOX17 and FOXA?2 are markers of definitive endoderm
development, these findings indicate that Men1-/ ES cells may
preferentially initiate differentiation towards the endodermal
pathway. No differences between the time of gene expression
of any of the other genes were observed (Fig. 2).

Gene expression profiles determined by real-time PCR. Genes
differentially expressed between the Menl/ and Menl*/*
embryoid bodies were further quantitatively investigated using
real-time PCR. The expression levels of GSC, PDX1, IGF1,
FGF2, IGF1, NKX6.1, NKX2.2 and HNF4a differed between
the two embryoid body models during cultivation, with the
most marked difference observable on days 3-5 Subsequently,
expression levels tended to be similar, with the exception of
NKX2.2, which was down-regulated at day 9 in the Menl-/-
embryoid bodies. HNF4o was the only exception, showing
no significant difference between the two embryoid bodies
during the cultivation period (Fig. 3).
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Table II. Comparison of qPCR with microarray results.

Accession no. Name Microarray gPCR

Fold change Fold change®
NM_009238 SOX4 | 2.30 | 1.71
NM_007568 BTC | 2425 | 1.55
NM_008259 FOXAL1 | 2.46 | 1.20
NM_010514 IGF2 | 2.30 | 1.90

2Average of two samples.

Gene expression profile of mouse Menl knockout embryoid
bodies in early pancreatic islet development. Since the
homozygous Menl-/- gene causes embryonic lethality to mice
between embryonic days 11.5 and 13.5, changes in gene expres-
sion induced by Menl knockout were examined during early
development. Previous studies have indicated that embryoid
bodies at day 8 of culture are equivalent to early organogenesis-
stage embryos (>8.5 d.p.c.) (14). Thus, mRNA isolated from the
mouse Menl/ and Menl*/*embryoid bodies on day 8 of culture
were selected for microarray analysis. A substantial number of
genes were up- or down-regulated in the Menl"/ compared to
the Menl*/* embryoid bodies. When an arbitrary difference of
>2-fold change was selected, 517 transcripts were identified as
down-regulated, including 377 known genes, and 70 transcripts
were identified as up-regulated, including 41 known genes.

Among the genes examined, SOX4, FOXA1l, BTC and
IGF-2, which are involved in the development of pancreatic
islets, were down-regulated in the Menl/ embryoid bodies
(Table II).

Validation of changes in gene expression by quantitative
RT-PCR. In order to validate the results of the microarray
analysis, the mRNA expression levels of SOX4, FOXA1, BTC
and IGF2 were analyzed by real-time quantitative RT-PCR.
Two mRNA samples were used, including those used for the
microarray. Although the fold changes in the expression of
specific genes revealed by quantitative RT-PCR were not well
correlated with those obtained by microarray analysis, the
direction of change in the quantitative RT-PCR and microarray
analysis was always concordant (Table II). The discrepancy
between the fold changes can be explained by the very low
expression levels in the sample (below the background level in
the microarray analysis), leading to a fold change bias in the
quantitative PCR analysis.

Dicussion

In a study reported by Bertolino ez al (11), the generation of
mice with a null mutation in the Men1 gene revealed a crucial
role of this gene in embryonic development. However, due
to its induction of early embryonic lethality in Menl-/- mice,
the authors were not able to address the role of menin in the
development of endocrine tissues. Nevertheless, embryoid
body formation has been shown to be a powerful in vitro
model system for the study of early lineage determination

and organogenesis in mammals, and such a system may
serve as a useful tool for identifying the genes involved in
development and differentiation (14,15). In the present study,
embryoid bodies were used as a model system to investigate
the pathophysiological function of menin in pancreatic islet
development and differentiation.

In previous studies, menin was demonstrated to be a key
molecule for the suppression of the development of numerous
types of endocrine tumors (9,16). Menin was also shown to
be required for the development of several organs and tissues,
including the neural tube and liver. Of note, B-cell-specific
Menl mutant mice showed normal islet structures at an early
age (4,17). However, the possibility that this may be due to
partial Cre-mediated gene disruptions among targeted cells
during the embryonic stage cannot be excluded. Alternatively,
menin may play its role before Rip-Cre recombinase (insulin)
expression, similar to those genes whose function in pancreas
development is required only during a narrow period. It was
recently reported that menin is involved in the development of
pancreatic endocrine cells, where it was found to be required
for the formation of NEUROG3-expressing cells during the
crucial step of the second pancreatic transition, in which the
progenitor cells commit to endocrine differentiation (12).

In the present study, we found a difference in the time of
gene expression between wild-type and mutant embryoid bodies
for the SOX17 and FOXA?2 genes, which are putative markers
of definitive endoderm development. A detailed analysis of the
expression of these genes during embryogenesis revealed an
earlier phase of activity in the definitive endoderm of the post-
implantation embryo. The definitive endoderm derives from
the epiblast during gastrulation and, in the early organogenesis
stage, forms the primitive gut tube, which gives rise to the
digestive tract, liver, pancreas and associated visceral organs
(18). Our results revealed that Menl/ embryonic stem cells
may preferentially initiate differentiation along the endodermal
pathway, as suggested by their early expression of FOXA2 and
SOX17.

We also investigated the gene expression levels of certain
genes involved in pancreatic islet development. Among
the genes investigated, NKX2.2 was revealed to be down-
regulated on day 10 in the Men1/- embryoid bodies. NKX2.2
is a member of the mammalian NK2 homeobox transcription
factor family, and is expressed in the ventral central nervous
system and pancreas. NKX?2.2 plays a unique role in endocrine
pancreas development, and NKX2.2 null mice demonstrate a
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complete arrest of B-cell terminal differentiation, leading to the
accumulation of a large group of cells that display endocrine
characteristics and express a subset of 3-cell markers, but lack
insulin (18). Pancreatic B-cell-specific ablation of Menl mice
leads to the progressive loss of insulin-positive staining in
islet tumors. These results suggest a dedifferentiation process
during insulinoma development in Men1-/-mice,a phenomenon
previously observed in a transgenic model of insulinoma (4).
Moreover, up to 100% of Men1 patients have been found to
harbor small non-functioning pancreatic endocrine tumors in
pathology studies (19). Taken together, the evidence indicates
that the Men1 gene may act through the down-regulation of
the genes involved in pancreatic islet differentiation, including
NKX2.2, to induce the dedifferentiation of islet cells, which
in turn leads to the tumorogenesis of islet. However, this
proposed mechanism requires further investigation.

In our microarray study, we found a number of genes
known to be implicated in pancreatic islet development to
be down-regulated in Menl/- embryos, namely SOX4 (20),
FOXAI1,BTC and IGF2. Among these genes, we hypothesized
that SOX4 might help elucidate the molecular events behind
the process. Mice homozygous for a null mutation of the SOX4
gene failed to form normal islets, and NKX6.1, though not
NKX.2.2, was significantly reduced in conjunction with the
reduction in B-cells. This contradicts our other results, leading
us to propose that another mechanism is probably involved.

In conclusion, we explored the expression of genes
related to pancreatic islet development and differentiation
in Menl/ and Menl*/* embryoid bodies, in order to assess
the pathophysiological function of menin in pancreatic islet
development and differentiation. Our data indicate that Menl
may be involved in endoderm development, possibly through
interaction with SOX17 or FOXA2, and may act through the
down-regulation of NKX2.2 and SOX4 to affect pancreatic
islet development. Collectively, the results of the present study
suggest a critical role for Menl in pancreatic islet develop-
ment, and indicate that SOX17, FOXA2, NKX2.2 and SOX4
are potential targets of Menl.
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