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Menin, which is encoded by the multiple endocrine neoplasia type 1 (MEN1) gene, is a tumor suppressor and
transcriptional regulator. Menin controls proliferation and apoptosis of cells, especially pancreatic � cells. We
have found that menin contains two functional nuclear export signals and that there is nuclear accumulation
of �-catenin in Men1-null mouse embryonic fibroblasts and insulinoma tissues from �-cell-specific Men1
knockout mice. It is reported that the deregulation of Wnt/�-catenin signaling caused by inactivation of tumor
suppressors results in abnormal development or tumorigenesis. We further revealed that overexpression of
menin reduces �-catenin nuclear accumulation and its transcriptional activity. Menin is able to directly
interact with �-catenin and carry �-catenin out of the nucleus via nuclear-cytoplasmic shuttling in a CRM1-
dependent manner. These results imply that menin may control cell proliferation through suppression of
Wnt/�-catenin signaling.

Pancreatic islet tumors, including insulinoma and gastri-
noma, usually occur in multiple endocrine neoplasia type 1
(MEN1) patients. Men1 codes for menin, a 610-amino-acid
protein. Heterozygous Men1 mutations result in loss of het-
erozygosity and complete loss of menin in tumor tissues (5, 12,
24). Menin, containing three nuclear localization signals
(NLS), is recognized as a nuclear protein (12, 23). Previous
studies have demonstrated that menin participates in the reg-
ulation of gene transcription, cell proliferation, and apoptosis.
Menin interacts with a number of transcription factors, includ-
ing JunD, NF-�B, and Smad3 (1, 15, 18), and, in association
with histone methyltransferases MLL1 and MLL2, regulates
some crucial gene expression, including expression of the cy-
clin-dependent kinase inhibitor genes p18INK4c and p27Kip1 (19,
28, 45). However, the role of menin as a tumor suppressor in
MEN1 tumor development remains to be elucidated. Menin
has been demonstrated to participate in islet �-cell prolifera-
tion. Deletion of Men1 accelerates cell proliferation and cell
cycle progression (19, 37). Expression of menin in maternal �
cells of pregnant mice negatively regulates pancreatic islet ex-
pansion and insulin production, which is closely related to
gestational diabetes mellitus (20). However, these novel find-
ings raise a crucial question about the key partners of menin in

� cells and the molecular mechanism of menin involvement in
�-cell proliferation. It was reported that �-catenin was reduced
in cytoplasmic membranes and accumulated in cytoplasm in
advanced insulinoma in �-cell-specific Men1 knockout mice
(4). Membrane E-cadherin of pretumor � cells is reduced in
the absence of menin (44). These observations indicate that
the canonical Wnt/�-catenin pathway may be activated in me-
nin-null � cells. Nevertheless, it is also reported that menin
promotes the activity of the Wnt signaling pathway by regula-
tion of axin 2 expression (6).

The Wnt/�-catenin signaling controls multiple developmen-
tal processes and is associated with various malignancies. In
response to canonical Wnt signaling, the stabilized and nucleus-
accumulated �-catenin differentially regulates downstream
target genes through interaction with T-cell-specific factor/
lymphoid enhancer-binding factor (TCF/LEF) transcription
factors (7, 26). It has been demonstrated that some tumor
suppressors, including adenomatous polyposis coli (APC),
PTEN, and WTX, regulate �-catenin degradation or nuclear
export. The inactivation of these tumor suppressors leads to
deregulation of Wnt/�-catenin signaling and results in tumor-
igenesis, including colon cancer and Wilms’ tumor (27, 29, 32).

Recent studies demonstrate that Wnt/�-catenin signaling
regulates the organogenesis and development of the pancreas
and participates in islet �-cell proliferation, indicating a key
role of Wnt signaling in diabetes (17, 30, 42). In transgenic
mouse models, the activation of canonical Wnt/�-catenin sig-
naling promotes an increase of �-cell mass and insulin secre-
tion, whereas its inactivation impairs �-cell expansion and glu-
cose tolerance (36). Expression of stabilized �-catenin at a late
stage of pancreas development promotes growth of mouse
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pancreas and leads to nuclear �-catenin accumulation in ab-
normal islets (13). Overexpression of active glycogen synthase
kinase 3� (GSK3�), an inhibitor of Wnt signaling, impairs
glucose tolerance and decreases �-cell mass in mice (25).
�-Cell replication can be increased by treatment with diverse
GSK3 inhibitors (31). However, a recent study has reported that
Wnt signaling inhibits �-cell proliferation and that a GSK3� in-
hibitor reduces �-cell replication (6). Although some contradic-
tory results have been reported, these studies have shed light on
the precise function and regulation of Wnt/�-catenin signaling in
pancreatic development and tumorigenesis.

In the present study, we demonstrate that menin contains
two functional nuclear export signals (NES) and shuttles be-
tween the cytoplasm and nucleus, regulating subcellular local-
ization of �-catenin via nuclear export function. The absence
of menin leads to nuclear �-catenin accumulation and tran-
scriptional activation of the target genes. We speculate that
nuclear �-catenin accumulation coupled with loss of menin is
associated with pancreatic �-cell proliferation and tumori-
genensis.

MATERIALS AND METHODS

Mice. �-Cell-specific Men1 knockout mice were generated previously (3, 4).
All animal experiments were conducted in accordance with accepted standards
of humane animal care and were approved by the regional animal ethics com-
mittee of CNRS Rhône-Auvergne.

Plasmids and reagents. All Men1 expression constructs were created with
standard PCR-based cloning strategies. Human full-length Men1 cDNA was
inserted in pCI-neo vector (Promega, Madison, WI), pCMVFa vector, or the
pEGFP-N2 and pEGFP-C1 vectors (Clontech, Palo Alto, CA). Mutations were
introduced into plasmids with the QuikChange II site-directed mutagenesis kit
(Stratagene, La Jolla, CA) according to the manufacturer’s instruction. Plasmids
encoding green fluorescent protein (GFP)–�-catenin and �-catenin* (stable
�-catenin with a Ser-to-Ala mutation in the GSK3 phosphorylation site), tagged
with KT3 or GFP (2, 46), were obtained from Xiang Yu (Institute of Neuro-
science, SIBS, CAS, Shanghai) with permission from James Nelson (Stanford
University). Potential NES sequences of menin or human immunodeficiency
virus (HIV) Rev were inserted into pEGFP-C1 vectors with appropriate restric-
tion enzymes. The oligonucleotide sequences are as follow: HIV Rev (amino
acids [aa] 75 to 83), 5�-TCGACGCTCTACCACCGCTTGAGAGACTTACTC
TTG-3�; Men1 NES1 (aa 34 to 41), 5�-TCGACGACCTGGTGCTCCTTTCCT
TGGTGCTGG-3�; NES2 (aa 254 to 259), 5�-TCGACTCGCTGGAGCTTCTG
CAGCTGG-3�; and NES3 (aa 259 to 267), 5�-TCGACCAGCTGCAGCAGAA
GCTGCTCTGGCTGCTCG-3�. Three pairs of Men1 small interfering RNA
(siRNA) oligonucleotide sequences were as follows: 5�-GGGUAGUGUUUGG
GCCCAATT-3� and 5�-UUGGGCCCAAACACUACCCAG-3�; 5�-GAAGGU
CUCCGAUGUCAUATT-3� and 5�-UAUGACAUCGGAGACCUUCTT-3�;
and 5�-GGGAAGACGAGGAGAUCUATT-3� and 5�-UAGAUCUCCUCGU
CUUCCCGG-3�. Nonspecific control siRNA oligonucleotide sequences were
5�-UUCUCCGAACGUGUCACGUTT-3� and 5�-ACGUGACACGUUCGGA
GAATT-3�. Leptomycin B (LMB), cycloheximide (CHX), MG132, and polyeth-
ylene glycol 3350 were purchased from Sigma (St. Louis, MO).

Cell culture. Human embryonic kidney 293T cells, HeLa cells, and mouse
embryonic fibroblasts (MEFs) were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA) at
37°C in a 5% CO2–95% air atmosphere. Cells were transfected using Lipo-
fectamine 2000 or Lipofectamine LTX (Invitrogen) according to the manufac-
turer’s instructions.

Protein preparation and Western blots. To prepare total protein extracts, cells
were washed with phosphate-buffered saline and lysed in radioimmunoprecipi-
tation assay buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 5 mM
MgCl2, 2 mM EDTA, 1 mM NaF, 1% NP-40, 0.1% sodium dodecyl sulfate, 1
mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail and phos-
phatase inhibitor cocktail (Sigma, St. Louis, MO). Nuclear and cytoplasmic
lysates were prepared with the NE-PER kit (Pierce Biotechnology, Rockford,
IL) according to the manufacturer’s instructions. Equal amounts of proteins were
separated on 7.5% polyacrylamide-sodium dodecyl sulfate gels and transferred
to polyvinylidene difluoride membranes. Membranes were blocked with 10%

nonfat milk in Tris-buffered saline with Tween for 2 h and then incubated with
the following primary antibodies: polyclonal anti-�-catenin (1:1,000; Cell Signal-
ing), polyclonal anti-�-tubulin (1:1,000; Cell Signaling), polyclonal anti-Hsp70
(1:1,000; Cell Signaling), polyclonal antimenin (1:2,000; Bethyl Laboratories),
monoclonal anti-GFP (1:2,000; Sigma, St. Louis, MO), monoclonal anti-�-actin
(1:60,000; Calbiochem), polyclonal anti-lamin B (1:1,000; Santa Cruz Biotech-
nology). Membranes were then washed with Tris-buffered saline with Tween and
incubated with horseradish peroxidase-conjugated secondary antibodies (Cell
Signaling) for 1 h. The proteins were visualized with enhanced chemilumines-
cence reagents according to the manufacturer’s protocol (Amersham Pharmacia,
Little Chalfont, Buckinghamshire, England).

Coimmunoprecipitation and in vitro binding assay. Whole-cell lysates of 293T
cells coexpressing Flag-menin and GFP–�-catenin were used to perform coim-
munoprecipitation experiments according to the standard protocol. Glutathione
S-transferase (GST) pulldown assays were performed following the protocols
previously described (16). Normal mouse and rabbit immunoglobulin Gs (Sigma)
were used as the negative controls.

Luciferase reporter assays. TOP-flash and FOP-flash (21) were obtained from
Xiang Yu, with permission from Hans Clevers. pRL-TK, expressing Renilla
luciferase, was purchased from Promega (Madison, WI). 293T cells were seeded
at 3 � 105 cells per well in 12-well plates and transfected with 200 ng or 400 ng
PCI-Men1 or PCI-antisense-Men1 (control) plasmids together with 35 ng of
reporter, 35 ng of GFP–�-catenin, and 3.5 ng of pRL-TK. Cells were harvested
at 24 h after transfection, and luciferase activities measured. Values were nor-
malized using the dual-luciferase reporter assay system (Promega).

Immunofluorescence and immunohistochemical staining. Cells grown on
poly-L-lysine (Sigma)-pretreated coverslips or eight-well chamber slides were
fixed with 4% paraformaldehyde or 100% cold acetone. Insulinoma tissues ob-
tained from MEN1 patients during surgery were deparaffinized by standard
techniques. Immunofluorescence and immunohistochemical staining were per-
formed according to the standard protocol. The following primary antibodies
were used in this study: polyclonal rabbit antimenin antibody (1:1,000; Bethyl
Laboratories), goat antimenin antibody (1:200; Santa Cruz Biotechnology), and
anti-�-catenin antibody (1:100; Cell Signaling) and monoclonal anti-�-catenin
antibody (Sigma) and anti-�-actin (1:10,000; Calbiochem). The secondary anti-
bodies for immunofluorescence staining were purchased from Invitrogen. The
images were acquired using a Zeiss confocal microscopy or an Olympus system.

Heterokaryon formation assay. The heterokaryon assays were carried out
according to published procedures (33, 39). Briefly, HeLa cells were transfected
with plasmids expressing menin-GFP. At 48 hours after transfection, Men1�/�

MEFs were added to the culture. The cells were treated with 100 �g/ml CHX
(Sigma) for 0.5 h before they were fused by treatment with 50% polyethylene
glycol 3350–phosphate-buffered saline. After another 3 h of incubation in the
presence of CHX (100 �g/ml), the cells were fixed to perform immunofluores-
cence staining. For the LMB group, cells were treated with 50 ng/ml LMB for 3 h
before and 3 h after the fusion.

FRAP. Fluorescence recovery after photobleaching (FRAP) analysis was per-
formed according to published procedures (22). Briefly, live Men1�/� MEFs
expressing GFP-menin were subjected to quantitative FRAP analysis. FRAP
analysis was performed with a Nikon Eclipse Ti inverted microscope system.
Cells were monitored using the laser at 488 nm and bleached at 100% laser
power. An area within the cytoplasm was bleached with maximum laser power
for 2 min. Subsequently, images were taken as follows: 30 frames at 1-s intervals
and 21 frames at 30-s intervals. Fluorescence intensities in the bleached area and
in the nuclear regions, as well as the background signal, were quantified. The raw
data obtained for recovery were corrected for the background intensity. The ratio
in the prebleach image was set to 100%. The recovery curves are representative
of 20 cells in two independent experiments.

Real-time reverse transcription-PCR (RT-PCR). Quantitative PCR analysis
was performed using MEF cDNA as a template on an Applied Biosystems 7300
real-time machine. The sequences of the primers used in this study are as follows:
mouse �-catenin forward, 5�-CCCAGTCCTTCACGCAAGAG-3�; mouse
�-catenin reverse, 5�-CATCTAGCGTCTCAGGGAACA-3�; mouse APC for-
ward, 5�-CTTGTGGCCCAGTTAAAATCTGA-3�; mouse APC reverse, 5�-CG
CTTTTGAGGGTTGATTCCT-3�; mouse GSK3� forward, 5�-TGGCAGCAA
GGTAACCACAG-3�; mouse GSK3� reverse, 5�-CGGTTCTTAAATCGCTTG
TCCTG-3�; mouse axin forward, 5�-ACTGAGGTATTAGGGTGCAGC-3�;
mouse axin reverse, 5�-GCATCTTCGGTGAAACTTGCTC-3�.

Statistical analysis. All statistical analyses were performed using Student’s t
test. Error bars in graphs represent standard deviations (SD).
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RESULTS

Menin contains functional NES and shuttles between cyto-
plasm and nucleus. Previous studies showed that several tumor
suppressors, which contain both of NLS and NES, shuttles
between the cytoplasm and nucleus through the nuclear pore
complex (11). Nuclear-cytoplasmic shuttling of some tumor
suppressors, such as APC and axin, could bind and export
�-catenin to the cytoplasm for degradation or cell adhesion (8,
14, 35). We speculated that menin, a nuclear protein, could
also shift to the cytoplasm. It has been demonstrated that
menin contains three NLS (NLS1, NLS2, and NLSa) domains
in the C terminus (12, 23). We analyzed menin sequences and
identified three potential NES sites in two leucine zipper-like
motifs. The sequence characteristics of the first (aa 33 to 41)
and the second (253 to 259 aa) NES sites are similar to those
of APC (22), and those of the third (aa 258 to 267) are similar
to those of BRAD1 (34). The second and the third NES sites
share the same leucine (aa 259), forming two neighbor NES
sites. Three NES sequences were synthesized and inserted into
pEGFP-C1 vectors to generate GFP and NES fusion proteins
(GFP-NES33–41, GFP-NES253–259, and GFP-NES258–267),
which were expressed in Men1�/� MEFs (Fig. 1A). Vehicle
vectors and HIV Rev constructs were used as negative and
positive controls as described previously (41). Live transfected
cells were observed under a fluorescence microscope. GFP-
NES33–41 and GFP-NES258–267 fusion proteins were localized

mainly in the cytoplasm, like GFP-Rev. In contrast, GFP-
NES253–259 was located mainly in the nucleus (Fig. 1B). It was
clearly shown that the first and the third NES sites (NES33–41

and NES258–267) were functional for nuclear export. We named
these two functional NES sequences (LLSLVL and LQQKLL
WLL) NES1 and NES2, which were well conserved in human,
mouse, rat, and zebrafish (Fig. 1C).

To further validate the nuclear-cytoplasmic shuttling of me-
nin, heterokaryon formation assays were performed. Human
HeLa cells expressing menin-GFP were fused to mouse
Men1�/� MEFs to observe the subcellular localization of me-
nin. In 3 h of cell fusion, nuclear accumulation of menin in
mouse nuclei of heterokaryons was observed, which indicated
that menin migrated from human nuclei to mouse nuclei. In
addition, we treated the cells with the CRM1-specific nuclear
export inhibitor LMB and found that the nuclear translocation
of menin in heterokaryons was blocked (Fig. 2A). To further
explore menin shuttling in intact cells, we overexpressed menin
in Men1�/� MEFs with or without LMB treatment to examine
the distribution of menin (Fig. 2B). The menin distribution
pattern was classified as nucleus (N), both nucleus and cyto-
plasm (NC), or cytoplasm (C). N pattern cells were signifi-
cantly increased with LMB treatment (87.4% versus 80.5%;
P 	 0.022), whereas the NC pattern cells were significantly
reduced (11.5% versus 18.2%; P 	 0.038) (Fig. 2C). This
suggested that menin shuttled through the nuclear pore com-

FIG. 1. Two functional NES identified in menin. (A) Potential NES sequences of menin (NES33–41, NES253–259, and NES258–267) and HIV Rev
(REV74–83) sequences were inserted into pEGFP-C1 vectors to generate fusion proteins. (B) Three potential NES in menin (aa 36 to 41, 254 to
259, and 258–267) were identified, inserted into the pEGFP-C1 vector, and transfected into Men1�/� MEFs. The GFP fluorescence (green) was
observed at 24 h after transfection. A HIV Rev NES was used as a positive control. NES1 (aa 36 to 41) and NES2 (aa 258 to 267) were functional
in export from the nucleus. (C) Sequence conservation of menin NES. NES1 (aa 36 to 41) is located in the N terminus and NES2 (aa 258 to 267)
in the middle of menin. NLS1, NLS2, and NLSa are located in the C terminus of menin, as reported previously (20, 45). Both NES1 and NES2
are highly conserved in human, mouse, rat, and zebrafish.
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plex-dependent nuclear export receptor CRM1. In addition,
we performed FRAP experiments with GFP-tagged menin to
analyze the nuclear export. We expressed GFP-menin in
Men�/� MEFs, bleached an area in the cytoplasm, and moni-
tored the fluorescence intensities in this region and in the
nucleus. The fluorescence in the bleached area recovered 20%
in 11 min, and the fluorescence dropped to 70% in the nucleus
(Fig. 2D and E). These results indicated that menin shuttles
between nucleus and cytoplasm.

Loss of menin leads to nuclear accumulation of �-catenin.
To investigate whether the nuclear-cytoplasmic shuttling of
menin leads to �-catenin subcellular redistribution like that of
the tumor suppressor APC, we used �-cell-specific Men1
knockout mice to examine �-catenin localization in pancreatic
tumors, which were generated as described previously (4). The
pancreatic islets developed into early-stage insulinoma at the
age of 6 months in Men1 knockout mice. Immunofluorescence
staining demonstrated that �-catenin accumulated mostly in
the nuclei of menin-negative � cells in Men1-null mice (Men1F/F-
RipCre�), compared with a major cytoplasmic membrane dis-
tribution of �-catenin in the control mice (Men1F/F-RipCr�)
(Fig. 3A). The �-catenin redistribution was also observed in
glucagonoma cells developed in Men1 knockout mice (data not
shown). These data indicate that Wnt/�-catenin signaling may
participate in pancreatic �-cell proliferation and insulinoma
development in MEN1.

It was reported that the proliferation and cell cycle progres-
sion of MEFs were accelerated with the ablation of Men1 (37).
We examined the expression and localization of �-catenin in
Men1�/� MEFs. Immunofluorescence staining showed that
�-catenin accumulated markedly in the nucleus in Men1�/�

MEFs, compared with cytoplasmic membrane localization in
Men1�/� MEFs (Fig. 3B). We also confirmed the �-catenin
redistribution in another two pairs of Men1�/� and Men1�/�

MEFs (data not shown). Expression of exogenous menin-GFP
could reverse the nuclear accumulation of �-catenin in
Men1�/� MEFs (Fig. 3C).

Overexpression of menin reduces the nuclear accumulation
of �-catenin. We overexpressed wild-type menin in Men1�/�

MEFs and found that endogenous nuclear �-catenin was
markedly reduced (Fig. 4A). Meanwhile, the whole-cell �-cate-
nin protein levels were also slightly reduced with menin over-
expression; however, �-catenin mRNA levels were not
changed (Fig. 4C). Moreover, we did not find any difference in

whole-cell �-catenin between Men1�/� and Men1�/� MEF
cells by Western blotting (Fig. 4B) and real-time PCR (Fig.
4C). Furthermore, overexpression of menin in Men1�/� MEFs
did not significantly affect the expression of APC, axin, and
GSK3�, which mediate �-catenin degradation in cytoplasm
(Fig. 4D). In HeLa cells, knockdown of menin using Men1-
specific siRNA dramatically increased endogenous nuclear and
whole-cell �-catenin (Fig. 4E). We further coexpressed menin
and stable-form �-catenin (GFP–�-catenin*) in HEK293T
cells and found that overexpression of menin reduced only the
nuclear instead of the whole-cell protein level of exogenous
stable �-catenin (Fig. 4F). This implied that nuclear �-catenin
reduction mediated by menin was not due to direct degrada-
tion. We used the TOP-flash and FOP-flash reporter system to
measure �-catenin/LEF-mediated transcriptional activity in
menin- and stable �-catenin-coexpressing 293T cells. Menin
significantly inhibited �-catenin/LEF luciferase activities in a
dose-dependent manner (Fig. 4G). These results indicate that
menin reduces nuclear accumulation of �-catenin and sup-
presses �-catenin/LEF-mediated transcriptional activity inde-
pendent of �-catenin degradation.

NES mutations impair nuclear export function and induce
rapid degradation of menin. We further investigated whether
menin exported nuclear �-catenin to the cytoplasm and facil-
itated �-catenin degradation. Menin or a vehicle vector control
was coexpressed with �-catenin in 293T cells, which were fur-
ther treated with LMB or mock treated. LMB treatment did
not significantly change exogenous nuclear �-catenin levels
(Fig. 5A), whereas nuclear and whole-cell �-catenin levels
were increased by LMB treatment when menin and �-catenin
were co-overexpressed (Fig. 5A). This indicated that nuclear
�-catenin can be exported by menin in a CRM1-dependent
way. We next explored the effects of NES-mutated menin on
nuclear export of �-catenin. A series of menin-GFP vectors
containing NES mutations were generated (Fig. 5B). Two key
leucines in NES1 and NES2 were replaced by alanines indi-
vidually (NES mut1 and NES mut2) or together (NES mut3).
Western blotting showed that all three mutant NES menins
failed to export nuclear �-catenin (Fig. 5C). In addition, two
mutant menins derived from MEN1 patients, L267P and
L264P, were generated. Leucine 267 was crucial for the NES2
domain, whereas leucine 264 was not. The nuclear export of
�-catenin was impaired for the L267P mutant, whereas it was still
maintained for the L264P mutant (Fig. 5D). Furthermore, mu-

FIG. 2. Nuclear-cytoplasmic shuttling of menin. (A) Heterokaryons of human HeLa cells expressing wild-type menin-GFP and mouse Men1�/�

MEFs. The HeLa cells were transfected with wild-type menin-GFP, pretreated with CHX alone or with LMB and CHX at 24 h after transfection,
and then fused to mouse Men1�/� MEFs. As heterokaryons were formed, the cells were incubated in the presence of CHX alone or LMB and CHX
for an additional 3 h and then fixed and immunostained. In heterokaryons, GFP-menin (green) appeared in the nuclei of Men1�/� MEFs and was
exported from the human HeLa cell nucleus. Human and mouse nuclei could be easily distinguished by different Hoechst staining patterns. Each
image represents more than 50 heterokaryons analyzed on chamber slides. (B) Expression patterns of wild-type GFP-menin in Men1�/� MEFs.
The GFP fluorescence (green) was observed under a microscope at 24 h after transfection. The cells were allocated into three patterns according
to menin distribution, including nuclear localization (N), both nuclear and cytoplasmic localization (NC), and cytoplasmic localization alone (C).
(C) Change of menin localization during treatment with LMB (50 ng/ml) or mock treatment for 6 h. The cells with the N pattern were significantly
increased after LMB treatment compared with mock treatment (87.4% versus 80.5%; P 	 0.022), and those with the NC pattern were significantly
reduced (11.5% versus 18.2%; P 	 0.038). The results obtained from three independent experiments are expressed as mean 
 SD (�, P � 0.05).
More than 1,800 cells were counted in each experiment. (D) FRAP assay. Live Men1�/� MEF cells expressing GFP-menin was subjected to FRAP
analysis. A defined area in the cytoplasm (white rectangle 1) was bleached with maximum laser power for 2 min. The bleached region and a nuclear
area (white rectangle 2) were monitored by imaging scan. (E) The fluorescence intensities of the bleached cytoplasmic area and the nuclear area
were measured and then corrected for the background signal and plotted over time. Scale bar, 30 �m.
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FIG. 3. Nuclear accumulation of �-catenin in the absence of menin. (A) Pancreatic islets obtained from 6-month-old Men1F/F-RipCre� and
Men1F/F-RipCre� mice. Pancreas sections were stained with �-catenin antibody (green) and menin antibody (red). Nuclei were stained with DAPI
(4�,6�-diamidino-2-phenylindole) (blue). (B) In menin-null MEFs (Men1�/�), �-catenin (red) is largely accumulated in the nucleus, in contrast with
cytoplasmic membrane localization in wild-type (Men1�/�) MEFs. Nuclei are stained with Hoechst stain (blue). (C) Translocation of nuclear
�-catenin. Men1�/� MEFs were transfected with menin-GFP. Cells were stained with �-catenin antibody (red). Nuclei are stained with Hoechst
stain (blue). Scale bars, 30 �m.
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FIG. 4. Menin regulates subcellular distribution and activity of �-catenin. (A) Men1�/� MEFs were transfected with wild-type menin or vehicle vector.
�-Tubulin and lamin B were used as loading controls for cytoplasmic and nuclear lysates, respectively. Endogenous nuclear �-catenin is reduced in menin-
overexpressing Men1�/� MEF cells, and the total �-catenin is slightly reduced. (B) Endogenous �-catenin protein levels do not differ significantly between
Men1�/� and Men1�/� MEFs. (C) RT-PCR quantification of �-catenin mRNA levels in Men1�/� MEFs, Men1�/� MEFs, and Men1�/� MEFs transfected with
menin or vector control. (D) RT-PCR quantification of APC, axin, and GSK3� mRNA levels in Men1�/� MEFs transfected with menin or vector control. The
results from three independent experiments are expressed as mean n-fold change 
 SD. (E) Knockdown of menin by Men1-specific siRNA increases nuclear
�-catenin accumulation in HeLa cells. Nonspecific siRNA (NC) was used as a control. Three pairs of Men1 siRNA were tested. (F) 293T cells were cotransfected
with menin-GFP, and stable-form GFP–�-catenin (GFP-�-cat*). pEGFP-N2 vehicle vector was used as a control. The nuclear �-catenin was dramatically
reduced, whereas the total �-catenin was not changed. (G) Menin suppresses �-catenin/LEF-mediated transcriptional activation. 293T cells were transfected with
TOP-flash or FOP-flash luciferase reporter plasmids, pRL-TK, KT3-�-cat*, and menin. The results obtained from three independent experiments were
normalized and expressed as mean change 
 SD. Cell lysates were all prepared at 48 h after transfection for immunoblotting assay.
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tant GFP-NES constructs were generated (Fig. 5E) and trans-
fected in Men1�/� MEF cells. The mutant GFP-NES distribution
was observed under a fluorescence microscope. This clearly
showed that all GFP-NES mutants were localized in the nucleus

and cytoplasm except the L264P mutant, which was located
mainly in the cytoplasm (Fig. 5F). Altogether, these data indi-
cated that NES masking of menin impaired its nuclear export
function and led to �-catenin nuclear accumulation.

FIG. 5. Nuclear export functions of menin with NES mutations are impaired. (A) 293T cells were cotransfected with GFP–�-catenin and
pEGFP-N2 control or menin-GFP and then treated with LMB (50 ng/ml) or mock treated for 24 h. Cells were harvested after 12 h treatment for
immunoblotting. LMB treatment did not significantly affect nuclear GFP–�-catenin protein levels, whereas it blocked menin-mediated nuclear
export and degradation of GFP–�-catenin. (B) Site-directed NES mutations were introduced in NES1 (NES mut1), NES2 (NES mut2), or both
(NES mut3). (C) NES-mutated menin was co-overexpressed with GFP–�-catenin in 293T cells. Nuclear lysates were prepared at 24 h after
transfection for immunoblotting. (D) Two menin-GFP mutants (L264P and L267P) derived from MEN1 patients were coexpressed with
GFP–�-catenin in 293T cells. Nuclear lysates were prepared at 24 h after transfection for immunoblotting. (E) Mutations NES mut1, NES mut2,
L264P, and L267P were introduced in GFP-NES fusions. (F) GFP-NES mutants were transfected into Men1�/� MEFs. The GFP fluorescence was
observed at 24 h after transfection. The L264P mutant remained nuclear export function. Scale bar, 30 �m.

5484 CAO ET AL. MOL. CELL. BIOL.



It was noticed that menin mutants were unexpectedly de-
graded rapidly, which was confirmed by CHX chase experi-
ments (Fig. 6A). NES mut3 was degraded in both the cyto-
plasm and nuclei of Men1�/� MEFs. The degradation could be
reversed by MG132, a proteasome inhibitor (Fig. 6B). This is
consistent with a previous study which demonstrated that me-
nin mutants were rapidly degraded via the ubiquitin-protea-
some pathway (43).

Menin interacts with �-catenin in vivo and in vitro. In order
to investigate how menin drives �-catenin out of the nucleus,
we examined the interaction of these two proteins through in
vivo and in vitro binding assays. Immunoprecipitation assays
showed that menin could be pulled down by �-catenin or vice
versa (Fig. 7A). GST pulldown assays using purified GST-
tagged full-length menin (GST-M1FL) and �-catenin were
performed to examine their interaction in vitro. Several trun-
cated GST-menin constructs were generated to map the bind-
ing sites for �-catenin (Fig. 7B), including 3� deletions (N475
and N193), 5� deletions (C572, C258, and C102), and a con-
struct containing the middle part of menin (N258 to 475). Two
binding sites were identified, in the N terminus (aa 1 to 193)
and the middle (aa 258 to 475) (Fig. 7C). We also observed an
intact interaction of patient-derived C-terminally truncated
menin (GST-Arg415ter) with �-catenin (data not shown).
Consistent with this, it was reported that the C-terminal acti-
vation domain and its adjacent ARM repeats of �-catenin
could interact with menin (38).

DISCUSSION

A number of studies using different systems have demon-
strated that the tumor suppressor menin is a crucial regulator
of cell proliferation. Loss of menin leads to tumorigenesis in

more than 10 different tissues in MEN1 syndrome, such as
insulinoma, parathyroid, and pituitary adenoma, whereas over-
expression of menin deteriorates pancreatic �-cell prolifera-
tion in gestational diabetes (20). It has been reported that
menin upregulates p18Ink4c and p27kip1 expression, dependent
on histone H3K4 methylation (28, 37, 45). Menin also binds
Smad3 protein and participates in transforming growth factor
�-induced growth inhibition (18). Recent studies show that
lack of menin leads to loss of E-cadherin on �-cell membranes,
which indicates the activation of �-catenin signaling (4, 44)
However, a study reported that suppression of Men1 by siRNA
reduces activity of Wnt signaling in vitro (6). The precise role
of menin in Wnt/�-catenin signaling remains to be identified.
In the present study, we revealed that �-catenin accumulated
dramatically in the nuclei in Men1-deficient � cells in vivo and
in Men1�/� MEFs as well, which were different from cells
containing wild-type menin. Overexpression of menin mark-
edly reduced �-catenin accumulation in the nuclei. Our results
imply that Wnt/�-catenin signaling might be activated during
�-cell proliferation in association with loss of menin.

It has recently been recognized that Wnt/�-catenin signaling
plays an important role in pancreas development and �-cell
proliferation. It has been reported that activation of Wnt sig-
naling inhibits islet proliferation (6). However, downregulation
of Wnt/�-catenin signaling by overexpression of axin also led to
�-cell mass reduction (36). In mice stably expressing �-catenin

FIG. 6. Menin with NES mutations is rapidly degraded. (A) 293T
cells expressing NES mut3 were treated with CHX (20 �g/ml), an
inhibitor of de novo protein synthesis. Whole-cell lysates were pre-
pared at the time points indicated for immunoblotting. NES mut3
displayed degradation in a time course pattern. (B) Men1�/� MEFs
expressing wild-type (WT) menin or NES mut3 were treated with the
proteasome inhibitor MG132 (25 �M) or mock treated at 24 h after
transfection. Cytoplasmic and nuclear lysates were prepared after 6 h
of treatment for Western blots. FIG. 7. The interaction between �-catenin and menin. (A) Coim-

munoprecipitation of menin and �-catenin, which were overexpressed
in 293T cells. Whole-cell lysates were prepared and immunoprecipi-
tated with anti-Flag, anti-GFP, or control immunoglobulin G, respec-
tively. (B) The full-length and truncated GST-menin constructs for
mapping the binding of menin and �-catenin. The capacity of each
menin fragment for binding to �-catenin is shown on the right.
(C) Mapping of �-catenin binding sites in menin. GST pulldown assays
were performed and analyzed with anti-�-catenin antibody.
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(�-catactive), early expression of �-catenin disrupts pancreatic
development, whereas late expression leads to an increase of
islets (13). Knockout of �-catenin specifically in the pancreas
resulted in a reduction of �-cell mass (9). Consistent with this,
overexpression of GSK3� in vivo promotes �-catenin degra-
dation and impairs �-cell proliferation. In an intestinal cell
line, a reduction of menin increases the expression of cyclin
D1, which is also a target gene of Wnt/�-catenin signaling (40).
Our study has revealed that menin inhibits transcriptional ac-
tivation of Wnt signaling. We speculate that menin may control
cell proliferation through suppression of Wnt signaling in
MEN1 patients.

The subcellular localization and activity of �-catenin are
directly controlled by numerous molecules through regulating
its stability and transport (8, 14, 35). Previous studies demon-
strated that several tumor suppressors, such as APC and axin,
shuttle between the nucleus and cytoplasm. The appropriate
localization and shuttling are crucial for their functions in
regulation of Wnt/�-catenin signaling. Menin is known as a
nuclear protein containing three NLS (12, 23). We analyzed
the menin sequence and identified three potential NES. Using
GFP-NES fusion proteins, we identified two functional NES in
two leucine zipper-like motifs. Heterokaryon formation assays
and FRAP analysis demonstrated that wild-type menin could
shuttle between the nucleus and cytoplasm in a CRM1-depen-
dent way. It is notable that NES2 contains a complete LXXLL
domain (aa 263 to 267), which was also responsible for the
interaction of menin and other nuclear receptors (10). We
propose that the two leucine zipper-like motifs should be cru-
cial for menin functions, although the crystal structure of me-
nin protein was not determined.

Moreover, our results showed that overexpression of menin
could reduce exogenous stable �-catenin in the nucleus. The
expression of APC, axin, and GSK3� was not significantly
changed by menin. These data indicated that menin did not
directly regulate �-catenin degradation. We speculate that me-
nin could interact with �-catenin and promote �-catenin trans-
location from nucleus to cytoplasm. Nuclear �-catenin, which
was exported by menin, could be degraded by the destruction
complex in the cytoplasm or form an interaction on the plasma
membrane (7). We further revealed that LMB not only
blocked menin-mediated �-catenin nuclear export but also re-
duced �-catenin degradation, which indicated that menin-me-
diated �-catenin degradation was dependent on its nuclear
export function. The nuclear export function of menin was
impaired by NES mutations but was maintained in menin with
intact NES. Nevertheless, mutated menin underwent a rapid
degradation in a proteasome-dependent way, as reported pre-
viously (43). This is consistent with the observation that in
MEN1 tumors Men1 mutations lead to complete loss of menin
protein and its functions.

In conclusion, menin regulates subcellular localization of
�-catenin via nuclear-cytoplasmic shuttling. Loss of menin
leads to Wnt/�-catenin signaling activation. Our results will
help to better understand the development of MEN1 related
tumors and to explore novel therapeutic approaches for insu-
linoma and even diabetes. However, the regulation and func-
tion of Wnt/�-catenin signaling in development and replication
of pancreatic � cells need be further studied.
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