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Multiple endocrine neoplasia type 1 (MEN1) is a

hereditary syndrome characterized by the occur-

rence of multiple endocrine tumors of the parathy-

roid, pancreas, and anterior pituitary in patients. To

study tumorigenesis related to the MEN1 syn-

drome, we have generated Men1 knockout mice

using the gene targeting approach. Heterozygous

Men1 mutant mice developed the same range of

major endocrine tumors as is seen in MEN1 pa-

tients, affecting the parathyroid, pancreatic islets,

pituitary and adrenal glands, as well as the thyroid,

and exhibiting multistage tumor progression with

metastatic potential. In particular, extrapancreatic

gastrinoma, pancreatic glucagonoma, and mixed

hormone-producing tumors in islets were ob-

served. In addition, there was a high incidence of

gonadal tumors of endocrine origin, i.e. Leydig cell

tumors, and ovary sex-cord stromal cell tumors in

heterozygous Men1 mutant mice. Hormonal distur-

bance, such as abnormal PTH and insulin levels,

was also observed in these mice. These tumors

were associated with loss of heterozygosity of the

wild-type Men1 allele, suggesting that menin is

involved in suppressing the development of these

endocrine tumors. All of these features are remi-

niscent of MEN1 symptoms in humans and estab-

lish heterozygous Men1 mutant mice as a suitable

model for this disease. (Molecular Endocrinology

17: 1880–1892, 2003)

THE MEN1 GENE, which codes for the protein me-

nin, has been identified as being responsible for

human multiple endocrine neoplasia type 1 (MEN1,

OMIM 131100), a hereditary syndrome transmitted as

an autosomal dominant trait (1, 2). The disease is

characterized by the occurrence of multiple endocrine

tumors of the parathyroid, endocrine pancreas, and

anterior pituitary, as well as foregut endocrine carci-

noids and adrenal cortical tumors. Several nonendo-

crine tumors have also been seen in patients suffering

from MEN1, such as lipoma and angiomas. Although

complex in its clinical manifestation, the MEN1 syn-

drome can be distinguished from other polyendocri-

nopathies as a clinical entity by its special tumor spec-

trum (3, 4).

Germline mutations in the MEN1 gene have been

detected in about 85% of familial MEN1 cases (5–7)

and somatic mutations have also been found in sev-

eral types of sporadic endocrine tumor, especially

sporadic parathyroid adenomas (8), gastrinomas and

insulinomas (9). Both germline and sporadic mutations

show a typical loss of function profile, with different

types of mutation detected along the whole coding

sequence (4, 10). However, these observations do not

establish any genotype-phenotype correlation, and
say very little about the potential importance of the
gene in tumor development. In addition, loss of het-
erozygosity (LOH) has been observed both in familial
MEN1 tumor tissues and in their sporadic counter-
parts, suggesting the tumor suppressing nature of the
MEN1 gene (11–13).

To examine the role of menin in tumor development,
the murine homolog of the gene (Men1) was disrupted
(14). In this mouse model, although homozygous mu-
tant mice die at embryonic day E11.5-E12.5, heterozy-
gous Men1 mutant mice develop multiple endocrine
tumors, mainly in the pancreas, parathyroid, and less
frequently in the adrenal gland (14). However, gastri-
nomas, the predominant MEN1 extrapancreatic tumor
type, and pancreatic glucagonomas, were not re-
ported. In addition, whether this Men1 mouse model
also shows hormonal disturbance of PTH, which is
commonly seen in MEN1 patients, is not known. In the
present study, we report a novel mouse model show-
ing that heterozygous Men1 mutant mice develop a full
range of multiple endocrine tumors and symptoms,
including extra-pancreatic gastrinoma, pancreatic glu-
cagonoma, adrenal and thyroid tumors, as well as
disturbed hormone secretion. We also found a high
incidence of gonadal tumors of endocrine origin, Ley-
dig cell tumors, and sex-cord stromal cell tumors in
these heterozygous Men1 mutant mice. These tumors
exhibit LOH of the wild-type Men1 allele. Finally, these

Abbreviations: EF, Embryonic fibroblast; HSD, hydroxy-
steroid dehydrogenase; LOH, loss of heterozygosity; MEN1,
multiple endocrine neoplasia type 1; PRL, prolactin; RPA,
replication protein A.
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mice also develop thyroid tumors that are associated

with LOH of Men1, providing experimental evidence to

a potential link between thyroid tumors in MEN1 pa-

tients and loss of function of menin.

RESULTS

Men1 Heterozygous Mutant Mice Develop

Multiple Endocrine Tumors

Using the gene targeting technique, we disrupted

the Men1 gene in mice (15). Homozygous mutant

(Men1T/T) mice died at E11.5-E13.5 with multiple de-

velopmental defects, including nonclosure of the neu-

ral tube, heart hypotrophy and altered organization of

the epithelial and hematopoietic compartments in the

liver. However, heterozygous mutant (Men1�/T) mice

appeared normal and did not show any phenotypic

abnormalities at a young age (15).

Because MEN1 patients heterozygous for the loss-

of-function mutation in MEN1 develop multiple endo-

crine neoplasia with a high penetrance in the parathy-

roid, pancreas, pituitary, and adrenal glands (3), we

examined the Men1�/T mice for tumors in these or-

gans. We performed histological and molecular anal-

yses on the major organs of these mice and found that

the mice developed hyperplastic lesions in the pan-

creas as early as eight months of age. Around 12–13

months of age, a variety of dysplastic and tumor le-

sions in the parathyroid, pancreas, pituitary and adre-

nal gland were observed. In Men1�/T mice older than

13 months, a high incidence of multiple endocrine

tumors was noted, and nearly all mice developed more

than one endocrine tumor (Table 1, not shown).

Parathyroid Tumors

Although wild-type mice developed no morphological

abnormalities in the parathyroid, adenomas were first

found in this organ in Men1�/T mice at 12 months of

age. With aging, parathyroid adenomas were detected

in seven of 17 (41%) Men1�/T mice in the 13- to

18-month age group and 21 of 33 (64%) mice over 19

months (Table 1, Fig. 1, A–C). We found no significant

Table 1. Tumor Development in Men1�/� and Men1�/T Mice

Organ/Tissue
Type of pathology

8–12 Months 13–18 Months 19–26 Months

Wild type
(n � 9)

Men1�/T

(n � 23)
Wild type
(n � 12)

Men1�/T

(n � 36)
Wild type
(n � 22)

Men1�/T

(n � 61)

Parathyroid

Dysplasia 0/5 0/5 0/12 1/17 (5.9%) 2/20 (10%) 0/33

Adenoma 0/5 1/5 (20%) 0/12 7/17 (41.2%) 0/20 21/33 (63.6%)

Carcinoma 0/5 0/5 0/12 0/17 0/20 1/33 (3%)

Extrapancreatic gastrinoma

Adenoma 0/8 1/12 (8.3%) 0/5 2/20 (10%) 0/6 3/17 (17.6%)

Carcinoma 0/8 0/12 0/5 1/20 (5%) 0/6 1/17 (5.9%)

Pancreatic islets

Hyper/dysplasia 0/9 15/23 (65.2%) 2/13 (15.4%) 13/34 (38.2%) 0/21 7/61 (11.5%)

Adenoma 0/9 5/23 (21.7%) 0/13 4/34 (11.7%) 0/21 12/61 (19.7%)

Carcinoma 0/9 2/23 (8.7%) 0/13 13/34 (38.2%) 0/21 37/61 (60.6%)

Pituitary

Adenoma 0/7 1/23 (4.3%) 0/8 2/31 (6.4%) 0/20 10/60 (16.6%)

F � 1/11; M � 0/12 F � 1/15; M � 1/16 F � 8/35; M � 2/25

Carcinoma 0/7 1/23 (4.3%) 0/8 4/31 (12.9%) 0/20 12/60 (20%)

F � 1/11; M � 0/12 F � 3/15; M � 1/16 F � 8/35; M � 4/25

Adrenal glands

Nodular hyperplasia 0/9 2/23 (8.7%) 0/11 7/31 (22.6%) 0/21 5/61 (8.2%)

Adenoma 0/9 3/23 (13%) 0/11 4/31 (12.9%) 0/21 17/61 (27.8%)

Carcinoma 0/9 0/23 0/31 0/21 11/61 (18%)

Testis Leydig cells

Hyper/dysplasia 0/5 9/12 (75%) 1/7 (14.3%) 5/17 (29.4%) 0/9 2/25 (8%)

Tumor 0/5 3/12 (25%) 0/7 10/17 (58.8%) 1/9 (11.1%) 22/25 (88%)

Sex-cord stromal cells

Tumor 0/4 0/9 0/5 5/16 (31.2%) 0/13 14/28 (50%)

Thyroid glands

Hyper/dysplasia 0/9 0/23 0/12 0/36 0/22 4/61 (6.5%)

Tumor 0/9 0/23 0/12 0/36 0/22 4/61 (6.5%)

Mammary glands

Carcinoma N.D. N.D. N.D. N.D. 0/13 3/36 (8.3%)

Data are shown as number of lesions/number of mice examined, with the percentage indicated in parentheses. n, Total number

of mice analyzed. ND, Not determined; F, female; M, male.
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difference in PTH secretion between a group of ran-

domly selected Men1�/T mice aged 9–26 months

(mean � SE � 187.5 � 31.66 pg/�l, n � 48) and the

wild-type control group (144.8 � 15.60 pg/�l, n � 22)

(Fig. 1D). However, a few mice exhibited increased

PTH levels, one having an increase of about 5-fold and

two others a more than 10-fold increase, compared

with the mean level of the control group (Fig. 1D).

Extrapancreatic G-Cell Hyperplasia and

Gastrinomas

Among 49 Men1�/T mice examined, we observed gas-

trointestinal lesions in eight mice, mainly situated in

the duodenum or at the junction of the glandular stom-

ach and duodenum. No similar abnormalities were

detected in the 19 wild-type mice included in the study

(Table 1). Histological examination of these lesions

revealed adenomas and carcinomas in the glandular

stomach and duodenum (Table 1; Fig. 2, B and C).

Specifically, tumors located in the mucosa of the

bodyfunds glandular stomach were composed of uni-

form cells with scanty cytoplasma and invaded the

submucosa layer (Fig. 2B). To further define whether

these tumors were associated with gastrointestinal

endocrine cells, we performed immunohistochemical

analysis using an antibody against gastrin and found

gastrinomas in the glandular stomach (Fig. 2E) or du-

odenum (Fig. 2F). These characteristics are reminis-

cent of gastrinomas in humans.

Pancreatic Islet Tumors

Hyperplastic islets were first detected at eight months

of age. At 8–12 months of age, 15 of 23 (65%) mice

contained hyperplastic or dysplastic islets, five (22%)

developed islet adenomas and two (9%) carcinomas

(Table 1). A marked increase in islet carcinomas (13 of

34 mice) was found at 13–18 months of age. It was

also noted that enlarged tumor masses were often

seen in the pancreas after 18 months of age (not

shown). Of 61 Men1�/T mice analyzed, 37 (60%) de-

veloped multifocal advanced islet carcinomas. With

the exception of three islet hyperplasias or dysplasias,

no islet tumor was detected in the pancreas of any of

the 43 Men1�/� mice during the period of 8–26

months (Table 1).

To define the cell of origin of Men1�/T islet tumors,

12 pancreases containing islet tumors were subjected

to serial sectioning and analyzed for insulin, glucagon,

and gastrin expression by immunohistochemical

staining. The majority of the islet adenomas and car-

Fig. 1. Parathyroid Tumors Associated with Altered PTH Secretion in Men1�/T Mice

A, Normal parathyroid (pth) and thyroid (th) in wild-type mice; B, a parathyroid adenoma (black hashed circle) and (C) a

carcinoma in Men1�/T mice are shown. Original magnification: �20. D, Quantification of serum PTH levels with bars representing

the mean value of all the individual measurements.
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cinomas found in these Men1�/T mice expressed high

levels of insulin and were thus identified as �-cell

insulinomas (Fig. 3F). However, a subset of islet tu-

mors, seen in 6 of 12 mice, showed strong glucagon

immunoreactivity (�-cell tumors or glucagonomas,

Fig. 3K). During tumor progression, advanced islet

carcinomas showed either weak insulin and glucagon

expression, or a complete loss of their expression (not

shown), suggesting a dedifferentiation process. How-

ever, these tumors usually lacked expression of gas-

trin (Fig. 3, H and L) and somatostatin (not shown).

Interestingly, some islet tumors (seen in 4 of 12 mice

analyzed) expressed two hormones simultaneously,

such as insulin and glucagon (Fig. 3, J and K), or

glucagon and gastrin (Fig. 3, O and P), suggesting a

mixed hormone production. The existence of islet tu-

mors that costained for both glucagon and gastrin in

these Men1�/T mice is a characteristic of pancreatic

gastrinomas displaying mixed hormone secretion in

MEN1 patients (16).

To examine whether these islet tumors affected in-

sulin levels in the bloodstream of Men1�/T mice, we

quantified the serum insulin levels by an ELISA assay.

The level of insulin was higher in Men1�/T mice

(mean � standard error � 2.49 � 0.58 �g/liter, n � 17)

than in age-matched wild-type controls (1.25 � 0.23

�g/liter, n � 13), with high heterogeneity (0.72–10.56

�g/liter). Altogether, the Men1�/T mice developed

multi-focal pancreatic islet tumors derived from insu-

lin-, glucagon-, and gastrin-secreting cells, mimicking

the pancreatic pathology in human MEN1 (3).

Pituitary Tumors

An enlarged pituitary was often found in Men1�/T mice

beyond 13 months of age, compared with age-

matched wild-type controls (Fig. 4, A and B). Histo-

logical examination revealed that almost all the pitu-

itary tumors were localized in the pars distalis (Fig. 4,

D and E), corresponding to the human anterior pitu-

itary, the most commonly affected site in MEN1 pa-

tients. Six pituitary tumors were observed in 31 (19%)

Men1�/T mice at 13–18 months of age, and 22 (37%)

of 60 Men1�/T mice developed pituitary tumors after

the age of 18 months (Table 1). These tumors were

more common in females (79%), as reported for hu-

man pituitary tumors, including those of MEN1 pa-

tients (17). As pituitary tumors found in MEN1 patients

are mainly characterized as prolactinomas and GH-

secreting tumors (3, 17), we performed immunohisto-

chemical staining using antibodies against GH and

prolactin (PRL). Of a total of 15 Men1�/T pituitary tu-

mors analyzed, six showed strong GH immunoreac-

tivity (Fig. 4G), and nine were exclusively positive for

PRL (Fig. 4K). However, all tumors were negative for

ACTH staining (not shown).

Adrenal Cortical Tumors

Macroscopic examination revealed an enlargement of

adrenal glands, often bilateral, in Men1�/T mice com-

pared with age-matched wild-type controls (Fig. 5, A

and B). Histological analysis of the 23 Men1�/T glands

showed nodular hyperplasia in two (9%) and adeno-

Fig. 2. Extrapancreatic Gastrinomas in Men1�/T Mice

Normal wild-type glandular stomach (A) with gastrin immunostaining (D), and gastrinomas derived from the glandular stomach

(B and E) and duodenum (C and F) in Men1�/T mice are shown. Immunostaining shows gastrin positive cells in tumors (E and F).

High magnification of gastrin positive cells are shown in insets. Original magnification, �20.
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mas in three (13%) at 8–12 months of age (Table 1). At

13–18 months of age, 7 of 31 (23%) Men1�/T mice

exhibited nodular hyperplasia and four (13%) devel-

oped adenomas. After 18 months, 28 of 61 (46%)

Men1�/T mice developed adenomas or carcinomas in

the adrenal cortex (Fig. 5D and Table 1).

Leydig Cell Tumors and Ovary Sex-Cord Stromal

Cell Tumors

In addition to the endocrine tumors mentioned above,

the heterozygous Men1 mutant mice developed a high

frequency of tumors in the gonad (Table 1). Gross

examination revealed a marked increase in testicular

and ovarian size in Men1�/T mice after 13 months of

age compared with age-matched wild-type controls

(not shown). In 12 male Men1�/T mice at 8–12 months

of age, nine (75%) exhibited gonadal stromal hyper-

plasia or dysplasia and three (25%) stromal cell tu-

mors. The tumor incidence reached 59% and 88% in

the 13- to 18-month and 19- to 26-month age groups,

respectively (Table 1). Histologically, the focal stromal

hyperplasia (Fig. 6, B and E) and multinodular tumors

(Fig. 6, C and F) were frequently bilateral, and com-

pressed the surrounding seminiferous tubules, result-

ing in degenerative changes (not shown). Tumor cells

were large and often polygonal, with an abundant

granular eosinophilic cytoplasm and a central round

nucleus. In addition, they occasionally contained lipid

pigment and vacuoles (Fig. 6C, inset). To define the

possible cell of origin of these tumors, we performed

immunostaining using an antibody against 3�-hy-

droxysteroid dehydrogenase (3�-HSD), an enzyme

specifically expressed in testis Leydig cells that is

responsible for synthesis of androstenedione. In con-

trast to age-matched wild-type testes, where sporadic

Leydig cells were found among the stromal cells (Fig.

6, A and D, inset), Men1�/T testes contained hyper-

plastic stromal cells and tumors, both with strong 3�-

Fig. 3. Pancreatic Islet Tumors in Men1�/T Mice

Sections of the normal islet (A–D), insulinoma (E–H), and glucagonoma (I–L). Hematoxylin and eosin and immunostaining for

insulin, glucagon, and gastrin were performed on serial sections. Note a mixed islet tumor expressing both insulin and glucagon

(J and K) and a tumor positive for both glucagon and gastrin (O and P). Original magnification, �20.
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HSD expression (Fig. 6, E and F). These immunohis-

tochemical data demonstrate that the Leydig cells

represent the cell of origin of the testicular tumors.

We also found that 19 of 44 (43%) of Men1�/T females

developed ovarian tumors between the ages of 13 and

26 months (Table 1, Fig. 6, H and I). Histological analysis

of these tumors revealed that all were derived from sex-

cord stromal cells, mainly granulosa cells, containing

large round nuclei (Fig. 6I, inset). While a normal ovarian

histological structure was partly preserved in these tu-

mors, the follicular structure was largely replaced by the

tumor mass (Fig. 6, H and I). Ovarian tumor cells also

expressed high levels of 3�-HSD (not shown), indicating

steroidogenesis in the tumor cells.

Thyroid Abnormalities and Other Rare Tumors in

Men1�/T Mice

Besides the above tumors, other tumor types were

identified at low frequencies in aged Men1�/T mice

Fig. 4. Pituitary Lesions in Men1�/T Mice

Macroscopic view of the normal pituitary (white arrow and hashed circle) from a wild-type mouse (A) and a pituitary tumor mass

(tu) from a Men1�/T mouse (B). Morphology of a normal pituitary (C) showing GH and PRL staining in the pars distalis (dis) (F, I).

A representative Men1�/T pituitary tumor (D) exhibits GH staining (G) but is negative for PRL (J), whereas another one

shows staining for PRL (K) but lacks GH expression (H). dis, Pars distalis; int, pars intermedia; nev, pars nervosa. Original

magnification, �20.
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during our systemic histological screening (Table 1).

Among 61 Men1�/T mice analyzed, thyroid abnormal-

ities, including hyperplasia (6.5%; n � 4) and tumors

(6.5%; n � 4), were found. Histological analysis re-

vealed that thyroid follicular cell hyperplasia localized

focally (Fig. 7, B and E), and solid follicular cell carci-

nomas contained tumor cells in densely packed nest

and forming a few minute follicles (Fig. 7, C and F).

Mammary gland carcinomas were also detected in 3

of 36 Men1�/T female mice over 18 months of age

(Table 1).

Metastasis of Endocrine Tumors in Men1

Heterozygous Mutant Mice

To investigate whether the endocrine tumors in

Men1�/T mice metastasized, we histologically exam-

ined lymph nodes surrounding the endocrine organs

and performed immunohistochemical analysis. Local

lymph node metastasis of insulinomas from three of 50

Men1�/T tumors was evident (Fig. 8, A and B). More-

over, 10 of 16 (59%) pituitary tumors showed invasion

into the brain stem, pressing against adjacent brain

tissues (Fig. 8, C and D) and these tumor cells showed

PRL staining (not shown). Finally, metastasis of Leydig

cell tumors to local lymph nodes and distal organs

such as the lung (Fig. 8, E and F) was observed in 7 of

42 (17%) Men1�/T males aged 13–22 months. These

findings demonstrate the metastatic potential of

Men1�/T endocrine tumors and confirmed that these

tumors display a full spectrum of multistage tumor

progression: hyperplasia, dysplasia, adenoma, and

carcinoma, as well as metastasis.

LOH of the Wild-Type Men1 Allele in Tumors

To investigate whether the development of multiple

endocrine tumors in heterozygous Men1 mutant mice

was due to loss of the wild-type Men1 allele, we car-

ried out PCR and Southern blot analyses using DNA

isolated from fresh tumors or from microdissected

tumor samples of Men1�/T mice. We analyzed 34 tu-

mors originating from the islet, pituitary, adrenal gland

and gonad, as well as thyroid, and found either com-

plete or partial loss of the wild-type Men1 allele in all of

them (Fig. 9, A and B). The remaining wild-type bands

(in Fig. 9, A and B) in some samples may reflect con-

tamination by normal cells in these tumor masses.

Therefore, the development of multiple endocrine neo-

plasia in Men1�/T mice is most likely attributable to

LOH of the Men1 gene, consistent with the findings in

human MEN1 tumors (11, 18).

Fig. 5. Adrenal Tumors in Men1�/T Mice

Macroscopic views of a normal adrenal gland in wild-type mice (arrow in A) and tumors (tu) in Men1�/T mice (B). ki, Kidney.

Normal structure of the adrenal gland (C) and a cortical tumor in a Men1�/T mouse (D). me, Medulla; co, cortex. Original

magnification, �20.

1886 Mol Endocrinol, September 2003, 17(9):1880–1892 Bertolino et al. • Multiple Endocrine Tumors in Men1�/TMice
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/1
7
/9

/1
8
8
0
/2

7
5
6
5
5
5
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



DISCUSSION

In the present study, we have generated Men1 knock-

out mice to investigate the function of menin in tumor-

igenesis. We found that heterozygous Men1 mutant

mice developed a high incidence of multiple endocrine

tumors, affecting the parathyroid, pancreas, pituitary

and adrenal glands as well as thyroids. In particular,

gastrinomas, the most frequent enteropancreatic tu-

mor encountered in about 50% of MEN1 patients (3,

4), and glucagonomas were both observed in these

mice. The tumor spectrum of Men1�/T mice is remark-

ably similar to that seen in MEN1 patients. It appears

that the hyperplasia and tumor lesions in the pancreas

not only are multifocal, but also originated from differ-

ent islet cells, reminiscent of the variable clinical symp-

toms and disturbances of hormone secretion in MEN1

patients. Other features of the MEN1 syndrome, such

as the relative proportions of prolactinomas and GH-

secreting adenomas in the pituitary, and the bilateral

occurrence of cortical adenomas in the adrenals, were

also developed in our model. We also observed a high

prevalence of pituitary tumors in female mice, a well-

known feature of human pituitary tumors including

those found in MEN1 patients, suggesting that the

factors underlying these tumors are probably similar in

mice and humans.

In addition, the observation that Men1�/T mice de-

veloped thyroid abnormalities and the loss of the wild-

type Men1 allele was found in all four Men1�/T thyroid

tumors analyzed is interesting. Although LOH at chro-

mosome 11q and 11q13 in thyroid follicular neo-

plasms has been previously reported (19, 20), the

association of thyroid abnormalities with MEN1 pa-

thology was not established (Ref. 3; see also Ref. 14).

Our results imply that complete inactivation of the

MEN1 gene is likely a crucial genetic event in thyroid

tumorigenesis in MEN1 patients.

The tumor spectrum observed in the present study

is wider than that previously reported (14). Some tu-

mor types, such as gastrinomas, glucagonomas and

gonadal tumors, were not reported in the previous

study. We noticed a hormonal disturbance associated

with the occurrence of parathyroid adenoma, the most

Fig. 6. Leydig Cell Tumors and Sex-Cord Stromal Cell Tumors in Men1�/T Mice

Normal Leydig cells are situated in the stroma in the wild-type testis (arrow in A) and express 3�-HSD (arrows in D). Leydig cell

hyperplasia (B) and tumors (C) in Men1�/T mice show strong anti-3�-HSD expression (E and F). Normal morphology of a wild-type

ovary (G), and sex-cord stromal cell tumors in Men1�/T mice (H and I). Inset in (I) shows large round nuclei of tumor cells. fo,

Follicles. Original magnification, �20.
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common feature of the disease seen in 95% of MEN1

patients, which was not detected earlier (14). In addi-

tion, there was a very high frequency of gonadal ma-

lignancy in our Men1�/T mice, including Leydig cell

tumors in males and sex-cord stromal cell tumors in

females. Although one ovarian tumor was seen in the

previous model, no testicular tumors were found (14).

The observation that heterozygous Men1 mutant mice

develop gonadal tumors is interesting, because there

is so far, to our knowledge, only one case report on the

occurrence of a Leydig cell tumor in a MEN1 patient

(21). The discrepancy between our observation and

those in the previously reported model (14) could have

several explanations, including different origins of the

ES cells, or the genetic background or the cohort

numbers of the mice used in these studies. Nonethe-

less, the fact that the tumors observed in heterozy-

gous Men1 mutant mice are mainly located in the

endocrine tissues suggests an important physiological

role of menin in endocrine organ development.

Consistent with the previous study (14), we found

that the tumors of various tissues in our Men1�/T mice

all showed loss of the wild-type allele of the Men1

gene. LOH of menin occurs in endocrine tumors of

both MEN1 patients and heterozygous Men1 mutant

mice, supporting the notion that the loss of wild-type

Men1 is a prerequisite step toward malignant trans-

formation. However, given the fact that LOH can be

detected in both benign and malignant tumors, other

genetic events are necessary to fully drive these cells

to neoplasia. Because of early embryonic lethality,

whether Men1 null mutation affects normal develop-

ment or causes tumors in adult endocrine tissues

could not be established. Using a conditional knock-

out strategy, we have recently generated mice with the

Men1 gene specifically disrupted in pancreatic islet

�-cells, and these mice develop insulinomas with mul-

tiple progression features at an early age (6 months)

(22). Overall, these results indicate that the loss of

Men1 is a limiting step in the induction of endocrine

cell transformation, although other genetic events

may be necessary to complete the process of

tumorigenesis.

Despite much effort in genetic and biochemical

studies, the biological function of menin remains elu-

sive. We have recently shown that although Men1 null

ES cells and primary embryonic fibroblasts (EFs) pro-

liferate normally in vitro, Men1 null EFs exhibit an early

senescence phenotype (15), suggesting that loss of

menin may affect telomere-mediated cellular function.

In this regard, the MEN1 product has been localized in

telomeres of meiotic cells (23). In addition, menin in-

teracts with a subunit of replication protein A (RPA)

(24), suggesting a possible involvement of menin in

replication, cell cycle progression and/or cell death. It

is thus plausible that the complete loss of menin, e.g.

via LOH, in adult tissues or specific cell types, such as

endocrine cells, would enable cells to accumulate ge-

netic alterations or premalignant events and to acquire

a proliferation advantage leading to tumorigenesis.

Fig. 7. Thyroid Tumors in Men1�/T Mice

A and D, Normal histology of the thyroid gland from a wild-type mouse. B and E, Thyroid follicular cell hyperplasia showing that

the focal gland was replaced by hyperplastic tissues. C and F, A representative solid follicular cell carcinoma in a 24-month-old

Men1�/T mouse. Neoplastic cells are in a densely packed nest and form a few minute follicles (arrows in F). D–F, Higher

magnification of the rectangular regions shown in the upper panels (A–C), respectively. Original magnification, �10.
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This hypothesis may explain endocrine tumors that

arise in MEN1 patients and also in heterozygous Men1

mutant mice.

In human fetal tissues, menin expression is detect-

able in the adrenals, heart, kidney, pituitary, testis,

thymus, thyroid, and, with the most abundant, in the

brain cortex (25). In the mouse, the Men1 gene is

expressed in the entire embryo at E7, and at E13.5, the

expression becomes restricted to certain tissues, in-

cluding the forelimbs, gut, brain, liver, and lung (26,

27). Despite wide expression of the gene, null mutation

of Men1 in mice results in developmental defects in

specific organs and heterozygous Men1 mutant mice

develop endocrine tumors (see Refs. 14 and 15), sug-

gesting that other cell- and tissue-specific factors

modulate menin’s function in specific tissues. In this

regard, it is interesting to note that menin has been

found to interact with several partners, such as JunD,

Smad3, nm23, Pem, and the major components of the

nuclear factor-�B family p65, p52, and p50 (28–32).

Further studies on the interactions between menin and

its partners, especially their physiological and patho-

logical roles in endocrine tissues affected in MEN1

disease, should provide significant clues about the

mechanisms of tumorigenesis related to the MEN1

syndrome. Our heterozygous Men1 mutant mouse

Fig. 8. Metastastic Potential of Men1�/T Tumors

A and B, Insulinomas with local lymph node metastasis. tu, Insulinoma; ln, lymph node. C and D, Prolactinomas invading the

brain stem. tu, Prolactinomas; br, brain. E, Leydig cell tumors being metastasized to the lung, and tumor cells showing positive

3�-HSD immunoreactivity (arrows in F). Original magnification of A–D: �20; E and F, �10.
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model, which faithfully reproduces all the major endo-

crine tumors seen in MEN1 patients, will be an impor-

tant tool in such efforts.

MATERIALS AND METHODS

Animals and Genotyping

Mice carrying an inactivated Men1 allele (Men1�/T) were gen-
erated using a targeting vector, as described previously (15),
and were maintained in an 129 background (129/Ola x 129/
Sv). Heterozygous Men1 mutant mice were intercrossed to
produce a large cohort of wild-type and Men1�/T mice. All
animal experiments were conducted in accordance with ac-
cepted standards of humane animal care and were approved
by the International Agency for Research on Cancer’s Animal
Care and Use Committee. Genotyping was performed by
PCR on DNA extracted from mouse tails with the following
two primers: 3f1, 5�-GGATTCTGCCCCAGGC; 3r1, 5�-CAC-
CTCCATCTTACGGTCG. Each PCR was carried out in a 25 �l
reaction mixture containing 1 �l of template DNA, 1 �M of
each primer, 1 mM of each deoxynucleotide triphosphate and
1 U Taq polymerase. The reaction mixture was denatured for
5 min at 94 C and incubated for 35 cycles (denaturing at 94
C for 30 sec, annealing at 56 C for 45 sec, and extension at
72 C for 105 sec).

Histopathological and Immunohistochemical Analyses

Tissues were collected from mice at various time points and
fixed in 4% neutral-buffered formaldehyde for at least 24 h,

followed by dehydration and paraffin embedding. His-
topathological analysis was carried out on 3-�m sections
stained with hematoxylin-eosin. Immunohistochemical stain-
ing was performed essentially on serial sections, as de-
scribed previously (33), using antibodies against insulin (poly-
clonal, 1:400, DAKO, Carpinteria, CA), glucagon (polyclonal,
1:500, NovoCastra, Newcastle upon Tyne, UK), gastrin (poly-
clonal, 1:200, NovoCastra), human GH (polyclonal, 1: 100,
NovoCastra), PRL (monoclonal, 1:200, NovoCastra), and 3�-
HSD (polyclonal, 1:2000, gift from Dr. M. Benahmed, Lyon,
France).

Quantification of Serum PTH and Insulin Levels

All measurements were carried out on animals between 8 and
26 months of age. Mice were fasted for 4 h before serum
collection. Blood was collected from the retro-orbital plexus
and serum was obtained after clotting and separation by
centrifugation. For PTH, quantification was performed with a
mouse PTH ELISA kit (Alpco Diagnostics, Windham, NH).
Quantification of serum insulin was performed with a solid-
phase two-site ELISA immunoassay, specific for mouse in-
sulin (Ultrasensitive mouse insulin ELISA, Mercodia, Uppsala,
Sweden). Assays for each serum sample were performed in
duplicate and repeated twice.

LOH Analysis

PCR and Southern blot analyses were performed to check
LOH. For PCR analysis, tumor DNA was extracted from mi-
crodissected paraffin sections as previously described (33)
and amplified using the following three primers: 2f0, 5�-CT-
TACCTCTTCTCATGTCTG; 2r0, 5�-CTCAGTACATTGCACG-
GAGA; tk1.1, 5�-GCGTTGCGTGGGGTCAG. Each PCR was

Fig. 9. LOH in Men1�/T Tumors

A, PCR analysis of the Men1 allele in the islet, pituitary, adrenal, and thyroid tumors showing partial or complete loss of the

wild-type Men1 (�) allele in comparison with the targeted (T) allele. B, Southern blot analysis of Men1�/T tumors showing loss of

the wild-type Men1 (�) allele in tumor samples. C, Summary of LOH analysis in tumors.
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carried out as described under genotyping. Southern blot
analysis was performed with a probe of the Men1 gene,
located immediately upstream of exon1, after BamHI and
BglII digestion of DNA extracted either from freshly dissected
tumors or several paraffin-embedded tumor sections.
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Addendum

In the article by X. Cui et al. (Mol Endocrinol 17:575–588), the following text should have
been included in the Acknowledgments section: “This work was supported in part by
Research Grants NIH R01CA94118 (to A.V.L.) and USAMRC postdoctoral fellowship
DAMD 17-01-1-0133 (to X.C.).” The authors regret the omission.
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