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Multiple endocrine neoplasia type 1 (MEN1) is an autosomal
dominant cancer syndrome, characterized primarily by multiple
tumors in the parathyroid glands, endocrine pancreas, and anterior
pituitary. Other tumors, including gastrinoma, carcinoid, adrenal
cortical tumors, angiofibroma, collagenoma, and lipoma, also occur
in some patients. Individuals with MEN1 almost always have
loss-of-function mutations in the MEN1 gene on chromosome 11,
and endocrine tumors arising in these patients usually show
somatic loss of the remaining wild-type allele. To examine the role
of MENT in tumor formation, a mouse model was generated
through homologous recombination of the mouse homolog Men1.
Homozygous mice die in utero at embryonic days 11.5-12.5,
whereas heterozygous mice develop features remarkably similar
to those of the human disorder. As early as 9 months, pancreatic
islets show a range of lesions from hyperplasia to insulin-produc-
ing islet cell tumors, and parathyroid adenomas are also frequently
observed. Larger, more numerous tumors involving pancreatic
islets, parathyroids, thyroid, adrenal cortex, and pituitary are seen
by 16 months. All of the tumors tested to date show loss of the
wild-type Men1 allele, further supporting its role as a tumor
suppressor gene.

M ultiple endocrine neoplasia type 1 (MENT1) is an auto-
somal dominant cancer syndrome characterized by mul-
tiple tumors of the parathyroid, endocrine pancreas, and the
anterior pituitary. Additional tumors have been associated
with MENI, including foregut carcinoid, adrenal cortical
tumors, angiofibroma, collagenoma, and lipoma (1, 2). Link-
age studies in affected families mapped the MENI locus to
chromosome 11q13 (3), and the responsible gene, MENI, was
identified by positional cloning in 1997 (4). Germline muta-
tions in MENI have been identified in almost all MEN1
kindreds (5-7), and somatic mutations in MENI have been
reported in sporadic parathyroid adenomas, pituitary tumors,
insulinomas, gastrinomas, and lung carcinoids (8-12). Over
70% of germline mutations are nonsense and frameshifts,
predicting truncation or absence of the resulting protein.
Missense mutations and in-frame deletions account for the
remaining 30% of the almost 250 unique mutations identified
to date. Hence, MENI appears to be a classic tumor suppressor
gene with tumors in affected patients showing somatic loss of
the wild-type allele.

The MENI gene consists of 10 exons (the first of which is
untranslated), spanning 7.2 kb of genomic sequence and encod-
ing a protein of 610 amino acids. The protein product, menin,
does not reveal homologies to any other known proteins or
possess notable motifs from which the putative function of the
protein could be deduced. Menin RNA and protein apparently
are expressed in all tissues (13), leaving unexplained the basis for
endocrine predominance of neoplasia. Menin is found in the
nucleus (14) and binds to the AP1 transcription factor JunD (15).
This finding suggests a role in transcriptional regulation, al-
though a detailed model for menin tumor suppression activity
remains elusive.
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In mice, the Menl gene is localized on chromosome 19 and has
exon—intron organization similar to that of the human gene.
Menl demonstrates 97% identity/98% similarity to MEN1 at the
amino acid level and is ubiquitously expressed in all tissues and
stages of mouse development (16, 17). To pursue an understand-
ing of tumorigenesis upon loss of menin function, a mouse model
was generated via homologous recombination. The heterozy-
gous phenotype of menin inactivation in mice is strikingly similar
to that of the human disorder MEN1.

Materials and Methods

Men1 Gene Targeting. To target the mouse Menl locus by
homologous recombination in embryonic stem (ES) cells, we
isolated the 129Sv/cJ7 mouse Menl gene in a 190-kb bacterial
artificial chromosome. This bacterial artificial chromosome
was partially digested with Sau3A41, and a pBluescriptIIKS+
subclone containing all 10 exons of Menl was identified and
dubbed 2G4. A 2.1-kb EcoRI genomic fragment containing
exons 1 and 2 was isolated from 2G4 and cloned upstream of
the floxed phosphoglycerate kinase (PGK)-neomycin cassette
in pPNT-loxP2 (a gift of A. Wynshaw-Boris, University of
California, San Diego) in the opposite transcriptional orien-
tation. A third loxP site was introduced into intron 8. A 5.1-kb
Ndel-BamHI fragment containing exons 3-10 and the newly
inserted loxP site in intron 8 was cloned into the pPNT-loxP2
plasmid, which already contained exons 1 and 2, to generate
the targeting construct pTSM. A small 134-bp region of the
wild-type intron 2 was deleted during cloning and replaced
with an 82-bp pPNT-loxP2 vector fragment.

pTSM was electroporated into TC-1 mouse ES cells, and
correctly targeted clones were identified by Southern blot. ES
cell genomic DNA was digested with EcoRV and probed with
probe 8 (Fig. 1a) to reveal 3.3-kb target and 7.9-kb wild-type
bands, or with probe 13 to obtain 5.3-kb target and 7.9-kb
wild-type bands. To verify the presence of the third loxP site,
Xbal digests of ES cell genomic DNA were blotted and
hybridized with probe 13 to obtain 2.6-kb targeted and 4.2-kb
wild-type bands. Correctly targeted clones were injected into
C57BL/6J blastocysts to generate male chimeras. Male chi-
meras were bred to NIH Black Swiss females or 129/
SvEvTacFBR females to generate MenlT™SM'* animals, with
subsequent mating of these heterozygotes to generate homozy-
gous MenlTSM/TSM apimals.

MenI*N3-8/* mice were obtained by crossing MenITSM* mice
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(a) Targeting strategy for the Men1 knockouts. Restriction sites: RV, EcoRV; X, Xbal; R1, EcoRl; n, Ndel; H3, Hindlll. Gray triangles, LoxP sites; black bars,

r

probes 8 and 13; arrows, genotyping primers. (b) Southern blot of ES cell genomic DNA digested with EcoRV and probed with probe 8. Wild-type allele (7.9 kb)
and targeted allele (3.3 kb) are indicated. (c) Agarose gel electrophoresis of genotype PCRs. Lanes 1-3 are wild-type, heterozygote, and homozygote TSM mice,
respectively. Lanes 4-6 are wild-type, heterozygote, and homozygote AN3-8 mice, respectively. (d) Lethality in homozygote embryos. (Upper) Wild-type E12.5

embryo on left, TSM homozygote E12.5 embryo on right. (Lower) Wild-type E11.

with the ubiquitously expressing Ella-cre mouse line (18).
Heterozygote mice lacking both the PGK-neomycin cassette and
exons 3-8 of the Men1 gene were bred to obtain Men ] AN3-8/AN3-8
homozygotes. All mice were maintained in accordance with
National Institutes of Health and American Association of
Laboratory Animal Care guidelines.

Genotyping. Wild-type, Men1™M* and Men1TSMTSM mice were
genotyped by multiplex PCR (95°C, 1 min; 95°C, 30 s; 60°C, 30 s;
72°C, 1 min, for 35 cycles; 72°C, 10 min; 4°C hold) with the use
of three primers. Primer A (CCCACATCCAGTCCCTCT-
TCAGCT) is anchored in exon 2, primer B (CCCTCTGGC-
TATTCAATGGCAGGQG) is specific for the 134-bp wild-type
sequence deleted when the TSM construct was cloned, and
primer C (CGGAGAAAGAGGTAATGAAATGGC) is spe-
cific for the inserted 82-bp vector fragment (Fig. 1a for primer
locations). Therefore, the combination of primers A and B yields
a wild-type 300-bp amplicon, and primers A and Cyield a 239-bp
targeted amplicon (Fig. 1lc, lanes 1-3).

Wild-type, Men12N3-8/+ and MenI2N3-8/AN3-8 mice were geno-
typed with a multiplex PCR of primers A, B, and D (CATA-
AAATCGCAGCAGGTGGGCAA). Combination of primers A
and B yields the wild-type amplicon of 300 bp, and combination
of primers A and D, which is located in exon 9, yields a 638-bp
AN3-8-specific amplicon (Fig. 1c, lanes 4—6). Viable mice were
genotyped with the use of tail genomic DNA, and embryos were
genotyped with the use of tail and/or amniotic sac, depending on
the age of embryo.
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5 embryo on left, AN3-8 E11.5 embryo on right.

Cesarean Sections. Embryos were removed by Cesarean section
after CO, asphyxiation of pregnant females. The age of embryos
was determined by considering the date of plug detection as
embryonic day 0.5 (E0.5) and confirmed by staging from the
development of external structures. Embryos were evaluated at
each 1-day time point between E8.5 and E15.5.

Time Study/Autopsy/Blood Chemistry. Heterozygous MenlTSM/*
mice were placed on a time study, with mice necropsied every 3
months, beginning at 6 months. Mice were anesthetized with a
0.02 ml/g body weight i.p. injection of Avertin (2.5%), and blood
was drawn from the retroorbital sinus. Blood serum was evalu-
ated for insulin, total calcium, and parathyroid hormone levels
(Anilytics, Gaithersburg, MD). Glucose levels were analyzed
with a Glucometer Elite XL (Bayer, Elkhart, IN) on whole blood
at the time of collection. Blood was drawn either in late
afternoon or after an 8-h fast. Autopsies were performed after
CO;, asphyxiation.

Histology. Tissues from autopsied animals were snap-frozen in
isopentane over liquid nitrogen, fixed overnight in cold 70%
ethanol, or fixed in 10% phosphate-buffered formalin. Frozen
tissues were imbedded in Tissue-Tek OCT (Sakura Finetek,
Torrance, CA), sectioned at 10 um, mounted, and stained with
Mayer’s hematoxylin and eosin (H&E). Tissues fixed in formalin
were embedded in paraffin and sectioned at 4-6 um before
staining. Ethanol-fixed tissues were embedded in polyester wax
(Galard-Schlesinger Industries, Garden City, NY) and sectioned
at 8 um before staining.
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Immunohistochemistry. Tissues were fixed in 10% neutral buff-
ered formalin, embedded in paraffin, and sectioned at 4—6 pum.
For some immunohistochemistry, sections were pretreated in
water in a microwave (19). A guinea pig polyclonal antibody to
porcine pancreatic insulin (Dako) was used at a 1:500 dilution,
and rabbit anti-human somatostatin, glucagon, and gastrin were
all used at 1:1,000 dilution (Dako). The Vectastain ABC guinea
pig or rabbit kit (Vector Laboratories) was used, with diamino-
benzidine as the chromogen. Controls included normal tissues of
wild-type mice and normal tissues of MenITSM™* mice.

Laser Capture Microdissection and Loss-of-Heterozygosity (LOH) Anal-
yses. Several mice with histopathological abnormalities similar
to those represented in Figs. 2 and 3 were selected for tissue
processing by laser capture microdissection. Tissues were
either frozen or embedded in polyester wax, sectioned at 8§ uwm,
eosin-stained, and microdissected with the use of a PixCell 1I
laser capture microscope with an infrared diode laser (Arc-
turus Engineering, Santa Clara, CA) as described (20, 21).
DNA was isolated from microdissected tissue (according to the
procedure described at http://dir.nichd.nih.gov/lcm/
LCMTAP.htm#Sample). To test for LOH, microdissected
DNA was subjected to a multiplex PCR. The same PCR
primers and conditions used to genotype Men1TSM/* mice were
used for LOH analyses, with one exception: primer B was
replaced with primer E (CCCTCTGGCTATTCAATG-
GCAGGG) toyield a 216-bp wild-type amplicon. With the use
of these primer sets, a TSM-specific PCR product of 300 bp was
distinguishable from the 216-bp wild-type fragment on a 2%
agarose gel. All PCRs were run in duplicate.

Results

Men1 Gene Targeting. To target the mouse gene by homologous
recombination in ES cells, an intended conditional knockout
construct was developed that contained the mouse 129/SvJ
Menl locus in the targeting vector backbone, pPNT-loxP2 (Fig.
1a). A floxed PGK-neomycin cassette was inserted into intron 2,
and a third loxP site was introduced into intron 8 of the Menl
gene to generate the TSM construct. Linearized pTSM was
electroporated into TC-1 ES cells, and the transfectants were
selected in the presence of G418 and 2'-fluoro-2'-deoxy-5-iodo-
1-B-D-arabinofuranosyluracil. Southern blot analysis of the re-
sulting clones indicated homologous recombination in 8/234
(3.4%) clones (Fig. 1b and data not shown). Of these, three
clones were injected into blastocysts, and male chimeras were
obtained that transmitted the targeted allele to their progeny
when mated to wild-type NIH Black Swiss or 129/SvEvTacFBR
females. Genotypes were assigned with the use of a PCR assay
(Fig. 1¢).

The Homozygous Phenotype Is Embryonic Lethal. Matings between
heterozygous Men1™M* mice yielded no viable MenTSM/TSM
pups (wild type: 29% or 28/98; Menl™M'*: 71% or 70/98),
suggesting that disruption of the Men! allele by the PGK-
neomycin cassette, even though it is located in an intron, resulted
in loss of gene function and embryonic lethality. Homozygous
embryos removed at E9.5 (4/21) demonstrated no gross abnor-
malities in comparison to wild-type (4/21) and heterozygous
(13/21) littermates, but by E11.5-12.5, MenITSMTSM embryos
(4/34) were developmentally delayed and significantly smaller,
with 20% of embryos exhibiting defects in cranial and/or facial
development (Fig. 1d, Upper) in comparison with wild-type
(8/34) or heterozygote (22/34) littermates. The majority of
MenITSMTSM embryos were resorbed by E14.5.

These data suggest that the TSM allele is functioning
effectively as a null, but it was desirable to confirm this
conclusion by producing an unequivocal null with an intragenic
deletion of Menl. MenI™M™* mice were crossed with the
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Fig.2. Pancreaticlesionsin Men1TM* mice. (a) H&E-stained section (X 15) of
pancreas from a 12-month-old mouse, showing normal islets (N), hyperplastic
islets (1), hyperplastic islets with dysplasia (2), and acinar pancreas (4). (b)
H&E-stained section (X 15) of a pancreaticislet cell tumor (3) from a 15-month-
old mouse, showing increased vascularization and ribbon-like nuclei forma-
tion around capillaries. (c) Agarose gel electrophoresis of PCR from microdis-
sected samples. Numbers correlate with the type of tissue indicated in a and
b: 1ishyperplasticislet, 2 is hyperplasticislet with dysplasia, 3 is pancreaticislet
cell tumor, and 4 is acinar tissue. The upper band arises from the TSM allele (T),
and the lower band from the wild-type allele (wt).

ubiquitous cre-expressing line Ella-cre (18) to remove both
the neomycin cassette and Men! exons 3—8. Heterozygous mice
exhibiting the appropriate deletion were dubbed Men AN3-8/+,
The MenIAN3-8/AN3-8 genotype was lethal at E10.5-11.5 (Fig.
1d Lower), slightly earlier than MenTSM/TSM,

Pancreatic Islet Tumors in Heterozygotes. The incidence of pancre-
aticislet cell tumors in MENI patients, who are heterozygous for
a loss-of-function mutation in one MEN] allele, varies widely
from 30% to 80% in different clinical series (22). To detect
pancreatic islet tumor development in this model, Men1TSM*
mice were necropsied at 3-month intervals, beginning at 6
months. No significant abnormalities were observed at 6 months
of age. Four of 10 MenI™M* mice had developed large,
hyperplastic pancreatic islets and pancreatic islet cell tumors at
9 months of age (Fig. 2 a and b). Larger (1-8-mm diameter),
more numerous tumors were visible upon gross analysis by 16
months of age. Capsular invasion was found in one 22-month-old
animal. These abnormalities developed initially as medium to

Crabtree et al.
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Other lesions in Men1TM/+ mice. (a) H&E-stained section (x40) of parathyroid from a 12-month-old mouse with thyroid follicles (T), focal

parathyroid dysplasia (FD), and parathyroid adenoma (Ad). (b) H&E-stained section (X120) of pituitary adenoma from a 21-month-old mouse. (c)
H&E-stained section (X40) of adrenal cortical tumor from a 15-month-old mouse. (d) Agarose gel electrophoresis, showing loss of the wild-type allele in
pituitary adenoma and retention of both alleles in normal pituitary tissue. (e) Agarose gel electrophoresis, showing loss of the wild-type allele in adrenal
cortical tumor and retention of both alleles in normal duodenum tissue from the same animal. In LOH the upper band arises from the TSM allele, and the

lower band, from the wild-type allele.

large hyperplastic islets (i.e., composed of an excessive number
of apparently normal islet cells), into large islets with focal atypia
or dysplasia (defined as abnormal cell proliferation), and finally
into pancreatic islet tumors. Pancreatic islet tumors were found
in 20/71 (28%) Men1™SM'* mice by 22 months of age or younger.
Islet cell adenomas of this type were not found in wild-type,
untargeted littermates (n = 2) and were rarely seen in aged mice
on the B6, 129 background (2/48, 4.2%; J.M.W., unpublished
data). Other minor pancreatic lesions, including duct inflamma-
tion, acinar cysts, fatty replacement, focal acinar dysplasia, and
focal acinar necrosis, were occasionally detected in MenlTSM/*
mice.

Heterozygous MenI*N3-8* mice (5/6, or 83%) showed a
progression similar to that in MenI ™" from normal pancreatic
islets to hyperplastic islets to pancreatic islet tumor formation,
with grossly visible pancreatic tumors detected after 9 months of
age. Although numbers of MenI*N3-8/* animals are currently
small, this finding suggests that the pancreatic islet cell neoplasia
may begin at a slightly earlier age in these mice as compared with
MenI™M* mice and could define a slight difference in the
phenotypes of these two mouse lines.

Elevated serum insulin levels (3.5-39 ng/ml) were noted in all
Men1"SM* mice with large, hyperplastic islets; hyperplastic islets
with atypia; and/or pancreatic islet cell tumors, as compared
with the wild-type range of 0.04-2.4 ng/ml. Fasted or unfasted
sample collection had no impact on serum insulin levels. The
degree of insulin elevation correlated with islet phenotype
severity. Slightly elevated insulin levels (2.4-15 ng/ml) indicated
mild atypical hyperplasia and possibly the development of a
single, small tumor, whereas more elevated insulin levels (15-39
ng/ml) appeared in mice with a combination of islet hyperplasia,
islet atypia/dysplasia, and multiple or large tumors. No mice had
blood glucose levels below 40 mg/dl or died of suspected
hypoglycemia.

Other Tumors in Men1™M+ Mice. One of the most common
features of MENI1 patients is primary hyperparathyroidism,
which occurs in over 95% of MENI patients over age 40 as a
result of parathyroid adenoma or hyperplasia (1, 23-27).
Consistent with this human phenotype, MenITSM* mice de-
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velop focal dysplasia throughout the course of the time study,
with 6/25 (24%; 4/14 male, 2/11 female) animals developing
parathyroid adenoma as early as 9 months of age (Fig. 3a). One
carcinoma was detected. These tumors are rare in control mice
(1/47, 2%; J.M.W., unpublished data). Total serum calcium
levels were unremarkable.

Pituitary tumors, adrenal cortical tumors, and gastric neu-
roendocrine tumors are also present in MEN1 patients, with the
documented incidence ranging from 15% to 90% for pituitary
tumors (1, 24) and up to 40% for adrenal cortical tumors (28).
Seven of 27 (26%; 2/15 male, 5/12 female) MenI™M" mice
analyzed had a large pituitary adenoma by 16 months of age (Fig.
3b). Adrenal cortical carcinomas (Fig. 3c) were detected in 4 /27
MenI™M* mice (20%; 4/15 male, 0/12 female), bilateral pheo-
chromocytoma was detected in 2/27 mice (7.4%; 0/15 male,
2/12 female), lung adenocarcinoma was detected in 6/27 (22%,
5/15 male, 1/12 female), and one gastric neuroendocrine tumor
was detected.

Some thyroid abnormalities were also detected in these
mice, including cysts and follicular adenoma. In human MEN1
patients, thyroid tumors have been reported to occur in as
many as 25% of cases (2, 24). However, because of the high
prevalence of thyroid abnormalities in the general population
and lack of somatic MENI mutations in sporadic thyroid
tumors (29), these data are typically discounted as incidental
and not significant. Additional tumors not known to be
associated with the human phenotype were occasionally found
in MenI™M/* mice, including prostate carcinoma (n = 1) and
ovarian adenoma (n = 1).

Immunohistochemistry. Immunohistochemical data showed that
the hyperplastic pancreatic islets and pancreatic islet tumors
produced insulin, although at a slightly reduced level compared
with wild type (Fig. 4a). Hyperplastic islets and pancreatic islet
cell tumors did not express glucagon, somatostatin, or gastrin,
with the exception of one case, which expressed insulin and
glucagon (data not shown).

All pituitary tumors detected in MenI™M* mice secrete
prolactin, but not ACTH, indicating that these tumors arose
from the pars distalis, mimicking the human phenotype (Fig. 4b).

PNAS | January 30,2001 | vol.98 | no.3 | 1121

GENETICS



Fig. 4. Immunohistochemistry of Men1TM* mouse lesions. (a) Insulin im-
munohistochemical staining of a pancreatic section from a 20-month-old
mouse. This section (X10) shows small islets (S), hyperplastic islets (H), and
tumor (T), all containing insulin at appreciable levels. (b) Prolactin immuno-
histochemical staining of a pituitary adenoma section (x120) from a 21-
month-old mouse.

LOH Analysis Shows That the Wild-Type Allele Is Lost in Tumors.
Pancreatic islets showing a range of lesions from hyperplasia
to atypia/dysplasia to tumors were microdissected and sub-
jected to LOH analyses (Fig. 2¢). Controls included microdis-
sected duodenal or normal acinar tissue from the same mouse.
The 216-bp wild-type and 300-bp TSM-specific fragments
coamplified in normal tissues and large, hyperplastic islets. In
contrast, only the 300-bp TSM-specific fragment amplified in
pancreatic tumor tissue, indicating loss of the wild-type allele.
LOH analyses of atypical/dysplastic islets typically revealed
amplification of both alleles, although in some instances there
was reduction in the intensity of the wild-type allele.

Adrenal cortical and pituitary tumors similar to those seen
in Fig. 3 were also subjected to laser capture microdissection/
LOH. Both the wild-type and TSM alleles were amplified in
normal pituitary and duodenal tissues, but only the TSM allele
was detected in pituitary and adrenal cortical tumors (Fig. 3 d
and e).

Discussion

We have assessed the function of MenI in tumor development
with the use of homologous recombination in mice. The
original intention with the TSM construct was to produce a
conditional knockout that would function as a wild-type allele
but could subsequently be inactivated by tissue-specific, cre-
mediated recombination. However, the embryonic lethal phe-
notype of the homozygote indicates that insertion of the
PGK-neomycin cassette in intron 2 inactivates the gene. This
hypothesis was confirmed by generating an unequivocal null,
the AN3-8 allele, and noting a similar embryonic lethal
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phenotype. The slightly earlier lethality in the Men ]AN3-8/AN3-8
homozygotes suggests that the TSM allele may have some
residual function. This conclusion is also suggested by the
appearance of pancreatic islet tumors in the Men14N3-%* mice
a few weeks earlier than in MenI™M/* although the differ-
ences are modest.

The tumor incidence and pattern of tissue distribution in the
MenI™SM* mice correlate closely with the human MEN1
phenotype. The pancreatic lesions show a morphologic, neo-
plastic progression from normal islets to large islets, to large
islets with dysplasia, and finally to pancreatic islet cell tumors.
PCR analysis of DNA from laser capture microdissected tissue
from these various stages of islet transformation reveals that
the wild-type Menl allele is retained until tumor formation.
We hypothesize that the gradual enlargement of pancreatic
islets is initially nonclonal and occurs as a consequence of a
dosage effect resulting from reduced amounts of menin pro-
tein (50%). Presumably, the subsequent transition from hy-
perplastic islets with dysplasia to islet cell tumor is the result
of loss of the wild-type Menl allele. The other endocrine-
related tumors found in Menl heterozygote mice, including
pituitary adenoma, parathyroid adenoma, and adrenal cortical
tumors, further substantiate the faithfulness of this model in
reproducing the MENT1 phenotype. However, several differ-
ences were noted. No gastrinomas were detected in any of
these animals. A few of the rarer tumors seen in the mouse
model (prostate, ovarian) are not thought to be a feature of the
human disorder. Because of the small number observed,
however, these tumors could be spontaneous and unrelated in
the mouse. Whereas parathyroid hyperplasia and adenoma
formation were frequent features of the mouse model, ele-
vated serum calcium was not observed.

Murine tumor suppressor knockout models (including Rb,
Apc, Nfl, Nf2, Ink4a, Brcal, Brca2, Wt-1, and Vhl) provide a
wide range of variability with respect to the human syndromes
they were designed to emulate. Rb, Apc, Nfl, Nf2, Brcal, Brca?2,
Wt-1, and Vhl knockout models result in homozygote lethality
at varying ages (30-38), which demonstrates that these genes
play an important role in embryonic development, whereas p53
and Ink4a homozygotes are viable (although 20% of p53
homozygotes exhibit exencephaly; refs. 34, 39, and 40). p53,
Apc, and NfI heterozygotes develop tumors similar to those in
their human counterparts and have proved to be useful
resources in the study of the disease pathogenesis (31, 32, 41,
42). However, other heterozygote tumor suppressor knockout
models, such as Rb, do not always develop tumors associated
with the human disease being studied. Human patients with a
null allele at RB-1 develop retinoblastoma and osteosarcoma,
but heterozygous mice deleted in Rb develop pituitary ade-
noma (43-45). In other cases, such as the breast cancer gene
homologs Brcal and 2 (35, 36), the kidney cancer homolog
Wt-1 (37), and the renal cell carcinoma/pancreatic cancer
homolog VAl (38), the heterozygous mice do not develop any
tumors. A prior endocrine tumor model with homozygous
inactivation of two cdk inhibitors in mice showed overlap of
MEN1 and MEN2 phenotypes (46, 47). In contrast, our data
indicate that germ-line disruption of Menl in heterozygous
mice produces a phenotype that is remarkably similar to that
observed in human MEN1 kindreds.

Specifically, this model will be quite useful for examining the
transitions to hyperplastic islets and pancreatic islet tumors. Is loss
of the wild-type Men1 allele both necessary and sufficient for tumor
formation, or are other clonal genetic events required? Detection
of additional genes that are activated or repressed in the early stages
of these transitions will be instrumental in understanding the role
of menin in this endocrine tumor syndrome.

The presence of the three loxP sites in the TSM allele also
allows the generation of mouse lines with conditional targeting
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of Menl. We recently have developed lines in which the PGK-
neomycin cassette has been deleted, leaving a loxP site in intron
2 and another in intron 8. Recent data (J.S.C., unpublished
observations) indicate that homozygotes for this allele are viable,
indicating that Menl can be homozygously inactivated in a
tissue-specific manner.

Ultimately, the availability of a mouse model for MENI1
should be an asset for the testing of possible therapeutic ap-
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