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Background:Mutations in menin cause multiple endocrine neoplasia type 1 (MEN1).
Results:We identified anMEN1 in-frame deletion mutant of menin.
Conclusion: The mutant was stable, had selective loss of TGF-� signaling and growth inhibition, and identified the menin/
Smad3 interacting region.
Significance: The studies provide insights into the pathophysiology of MEN1 and suggest the menin/Smad3 interface as a
potential therapeutic target.

Multiple endocrine neoplasia type 1 (MEN1) is character-
ized by tumors of the parathyroid, enteropancreas, and ante-
rior pituitary. TheMEN1 gene encodes the tumor suppressor
menin of 610 amino acids that has multiple protein partners
and activities. The particular pathways that, when lost, lead
to tumorigenesis are not known. We demonstrated that
members of a three-generation MEN1 kindred are heterozy-
gous for a donor splice site mutation at the beginning of
intron 3 (IVS3 � 1G3A). Lymphoblastoid cells of a mutant
gene carrier had, in addition to the wild-type menin tran-
script, an aberrant transcript resulting from use of a cryptic
splice site within exon III that splices to the start of exon IV.
The predicted menin �(184–218) mutant has an in-frame
deletion of 35 amino acids but is otherwise of wild-type
sequence. The transfected menin �(184–218) mutant was
well expressed and fully able tomediate the normal inhibition
of the activity of the transcriptional regulators JunD and
NF-�B. However, it was defective in mediating TGF-�-stim-
ulated Smad3 action in promoter-reporter assays in insuli-
noma cells. Importantly, lymphoblastoid cells from an
individual heterozygous for the mutation had reduced TGF-
�-induced (Smad3) transcriptional activity but normal JunD
and NF-�B function. In addition, the mutant gene carrier
lymphoblastoid cells proliferated faster and were less respon-
sive to the cytostatic effects of TGF-� than cells from an unaf-
fected family member. In conclusion, the menin mutant

exhibits selective loss of the TGF-� signaling pathway and
loss of cell proliferation control contributing to the develop-
ment of MEN1.

Menin is the product of the multiple endocrine neoplasia
type 1 (MEN1) gene that, when inactivated, is responsible
for an autosomal dominant disorder characterized by the
combined occurrence of tumors of the parathyroids, endo-
crine pancreas, and anterior pituitary (1, 2). The 610-amino
acid protein has carboxyl-terminal nuclear localization
sequences and is predominantly nuclear (3, 4). Over 500
independent germ line and somatic mutations scattered
throughout the protein-coding region have been identified
(5). Most of the mutations (�80%) are nonsense or result in
a frameshift predicting an inactive truncated product. In
addition, missense mutations (�20%) have been identified,
and the mutants are targeted to the ubiquitin-proteasome
pathway and degraded (6, 7). This would be consistent with
menin acting as a tumor suppressor, and a complete lack of
menin, caused by loss of both MEN1 alleles, resulting in
eventual tumor development.
In the nucleus, menin acts as a scaffold protein to regulate

gene transcription by coordinating chromatin remodeling
(8–10). Menin is implicated in both histone deacetylase and
histone methyltransferase activity (HMT),3 and via the lat-
ter, it regulates the expression of cyclin-dependent kinase
inhibitor (CDKI) and homeobox domain genes (11–15).
Menin interacts with several transcription factors, including
JunD (16), NF-�B (17), and Smads (18–20), and modulates
their activities.
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JunD is amember of the activator protein-1 (AP-1) transcrip-
tion factor family and in contrast to other Jun and Fos proteins
has antimitogenic activity (21). Of all theAP-1 familymembers,
menin interacts only with JunD and represses its transcrip-
tional activity by association with an mSin3A-histone deacety-
lase complex (16, 22–24). Studies in fibroblasts have suggested
that the nature of JunD can change depending upon whether it
is bound by menin when it functions as a growth suppressor or
is not bound by menin in which case it acts as a growth pro-
moter like other AP-1 family members (25). However, the
results of JunD-menin interaction may be cell type-specific as
JunD has a differentiating effect in osteoblasts, an action that is
inhibited by menin (26).
The NF-�B family of transcriptional regulators activates the

genes for growth factors and their cellular receptors. NF-�B is
deregulated and overexpressed in several human neoplasms.
Menin interacts directly with the p65, p50, and p52NF-�B pro-
teins and acts as a repressor of NF-�B-mediated transcriptional
activation (17).
The cytokine transforming growth factor (TGF)-� and fam-

ilymembers provide cytostatic signals that limit G1 progression
and cell proliferation (27). TGF-� activates a membrane com-
plex of serine/threonine kinase receptors that phosphorylates
Smad2 and Smad3 that associate with Smad4, and the complex
translocates to the nucleus where it regulates transcription in
combination with coactivators and corepressors. A subset of
the regulated genes is critical for arresting cells inG1 phase, and
in epithelial cells this involves induction of some CDKIs.
Smad2, -3, and -4 are considered to be tumor suppressors, and
mutations in several components of the TGF-� signaling path-
way contribute to a wide variety of cancers.
We have demonstrated that menin is a Smad3-interacting

protein, and inactivation of menin blocks TGF-� and activin
signaling antagonizing their growth inhibitory properties in
anterior pituitary cells (18, 28).We have shown that in cultured
parathyroid cells, menin depletion achieved by antisense oligo-
nucleotides led to loss of TGF-� inhibition of parathyroid cell
proliferation and parathyroid hormone (PTH) secretion (29).
Moreover, the ability ofTGF-� to inhibit proliferation andPTH
production was lost in parathyroid cells from MEN1 patients
(29, 30).
In this study we identified a novelMEN1 splice site mutation

with functional properties that shed new light on the mecha-
nism of menin action. Lymphoblastoid lines were established
from family members heterozygous for the mutation or
homozygous for the wild-type MEN1 gene, respectively. The
protein derived from themutant transcript has an internal dele-
tion of 35 amino acids, andwe designated themutant protein as
menin �(184–218). The JunD, NF-�B, and Smad3 transcrip-
tional activities, and basal and TGF-�-modulated proliferation
rates, of the mutant versus the wild-type lymphoblastoid cell
lines were determined. This allowed an unbiased evaluation of
wild-type functions retained by themutant and those that were
lost. Themutantmeninwas also examined for itsHMTactivity,
ability to interact with JunD, NF-�B, and Smad3, and ability to
mediate the up-regulation of the CDKIs, p15 and p21, in
response to TGF-�.

EXPERIMENTAL PROCEDURES

Subjects—All subjects gave informed consent for the study
that was approved by the Ethics Committee of the Royal Victo-
ria Hospital.
Sequence Analysis of the MEN1 Gene—Leukocyte DNA was

isolated by standard techniques. Exons 2–10 of theMEN1 gene
were amplified as described previously (31). Gel-purified PCR
products were directly sequenced.
Reagents, Constructs, Including MEN1 Minigene, GST-

menin, and Smad3, and EGFP-menin, Minigene, and Cellular
Localization Assays—All are described in the supplemental
material.
3TP-Lux Transcription Assay—Lymphoblastoid cells, either

homozygous for the wild-type or heterozygous for the splice
site MEN1 gene mutation, were seeded at a density of 2 � 105

cells per 6-well plate. Cells were transfected 24 h later with 0.5
�g of the reporter (p3TP-Lux) or control (pGL3) constructs
either without or with the wild-type menin cDNA (50 ng) and
the pCH110 plasmid expressing �-galactosidase (0.1 �g) using
Lipofectamine. Fifteen hours later, themediumwas changed to
DMEM containing 1% FBS, and the cells were incubated for an
additional 9 h. Thereafter, cells were cultured for 24 h in the
absence or presence of TGF-� in DMEM containing 0.2% FBS.
Cells were lysed, and the luciferase activity was measured and
normalized to the �-galactosidase activity.
Rat insulinoma Rin-5F or somatolactotrope GH4C1 cells

were seeded at a density of 2 � 105 cells per 6-well plate. Cells
were transfected 24 h after with 0.5 �g of the reporter (p3TP-
Lux) or control (pGL3) constructs either without or with empty
vector or with the wild-type menin vector alone or with the
�(184–218) mutant vector alone or with both. Fifteen hours
later, the medium was changed to DMEM containing 1% FBS,
and the cells were incubated for an additional 9 h. Thereafter,
the cells were cultured for 24 h in the absence or presence of
TGF-� in DMEM containing 0.2% FBS. Cells were lysed, and
the luciferase activity was measured.
JunD and NF-�B Transcription Assays—Lymphoblastoid or

Rin-5F cells were seeded as above and 24 h later transfected
with 0.5 �g of the reporter (AP-1(7�)) or control (pGL3) con-
structs without or with JunD cDNA and either empty vector
alone or wild-type menin or menin mutants, �(184–218),
H139D, orA242V. Twenty four hours later, the cells were lysed,
and the luciferase activity was measured.
Lymphoblastoid or Rin-5F cells were seeded as above and

24 h later transfected with 0.5 �g of the reporter (NF-�B(6�))
or control (pGL3) constructs either without or with empty vec-
tor or wild-type menin or menin mutants, �(184–218) or
�(278–477). Fifteen hours later, the medium was changed to
DMEM containing 1% FBS, and the cells were incubated for an
additional 9 h. Thereafter, the cells were cultured for 24 h in the
absence or presence of IL-1� in DMEM containing 0.2% FBS.
Cells were lysed, and the luciferase activity was measured.
GST-tagged Protein Production in E. coli—E. coli BL21(DE3)

(Invitrogen) expressing GST or the GST-menin plasmids (WT
and mutants) in LB containing 100 �g/ml ampicillin were cul-
tured with shaking overnight at 37 °C. The cultures were
diluted 1:1000 into 500ml of 2�YTmedium (100�g/ml ampi-
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cillin) and grown with vigorous agitation at 37 °C to an A600 of
0.5. Isopropyl 1-thio-�-D-galactopyranoside (Invitrogen) was
added to a final concentration of 1 mM and incubation contin-
ued at 30 °C for 6 h. Bacteria were pelleted by centrifugation at
4 °C and resuspended and lysed in 1� PBS buffer with protease
inhibitors (Sigma catalog no. P8465) and 1% Triton X-100, fol-
lowed by sonication. Cell debris was pelleted by centrifugation,
and supernatants were stored at �80 °C.
GST fusion proteins were batch-purified with glutathione-

Sepharose 4B beads (GE Healthcare) by rocking at 4 °C over-
night. The beads were pelleted by centrifugation at 1000 � g at
4 °C and washed four times with cold PBS.
GST Pulldown Assays with Cell Extracts—GH4C1 cells tran-

siently transfected with GFP or GFP-tagged menin WT and
deletion constructs were lysed in RIPA buffer containing pro-
tease inhibitors (Complete Mini, Roche Applied Science) and
incubated with GST or GST-Smad3 fusion proteins coupled to
glutathione beads overnight at 4 °C on a rotating shaker. The
beads were pelleted by centrifugation at 1000 � g (4 °C) and
washed four times with cold RIPA buffer. The beads were
boiled in Laemmli buffer, and the released proteins were sep-
arated by SDS-PAGE. Western blot analysis was performed,
and the membranes were probed with anti-GFP antibody
(Clontech).
GST Pulldown Assay with in Vitro Transcribed/Translated

Proteins—Human JunD, rat Smad3, and human p65 were in
vitro transcribed/translated (TNT-coupled reticulocytes, Pro-
mega) in the presence of [35S]methionine, and the labeled pro-
teins were incubated with GST or GST-menin fusion proteins
coupled to glutathione beads overnight at 4 °C on a rotating
shaker in binding buffer (150 mM KCl, 20 mM HEPES, 0.1%
Nonidet P-40, 5 mM MgCl2, 10% glycerol, 1 mM DTT, 0.5 mM

EDTA). The beads were pelleted by centrifugation at 1000 � g
(4 °C) and washed four times with cold binding buffer. The
beads were boiled in Laemmli buffer, and the released proteins
were separated by SDS-PAGE. Gels were dried and autoradio-
graphed. A similar protocol was used to generate 35S-labeled
menin WT and mutant proteins that were incubated with
GST-Smad3.
Western Blot Analysis—FLAG-tagged menin WT and

mutated cDNAswere transfected into 100-mmdiameter dishes
of Rin-5F or GH4C1 cells. Total cell lysates were prepared, and
equal amounts of proteinwere used forWestern blot analysis of
menin, p15, p21, and tubulin (as a loading control) with anti-
FLAG, anti-p15, anti-p21, and anti-�-tubulin antibodies,
respectively, as described previously (7). Endogenous menin
was detected in lymphoblastoid cells using an anti-human
menin antibody (Abcam, Cambridge, MA).
Cell Proliferation—Cell proliferation assays were conducted

as described previously (18).
Histone Methyltransferase Assay—Cells (HEK293 and Rin5-F)

were transfected with FLAG-tagged menin wild-type or
�(184–218) mutant (or other mutants), harvested 48 h later,
and lysed in RIPA buffer. Cell lysates were incubated with
M2(FLAG)-agarose (Sigma) at 4 °C for 16 h. After washing
three times with PBS containing 0.1% Nonidet P-40, immuno-
precipitates were assayed for HMT activity using a kit (Upstate,
Temecula, CA) according to the manufacturer’s protocol.

The substrate for the HMT activity included core histones,
including histone H1, purified from chicken erythrocytes. For
the HMT assay, each reaction contained 0.55 �Ci of S-adeno-
syl-L-[methyl-3H]methionine (55Ci/mmol;GEHealthcare) in a
total volume of 10 �l (25 mM Tris-HCl, pH 9.0, 250 �M dithio-
threitol, 1 mM PMSF) with 2 �g of chicken core histones with-
out or with immunoprecipitate from 1 mg of total cell lysate
(see above) of cells that had been transfected with wild-type or
mutant menin constructs. Reactions were incubated at 30 °C
for 30 min. Five-�l aliquots were captured on cellulose phos-
phate paper, washedwith 10% trichloroacetic acid and 95% eth-
anol, dried, and counted in a scintillation counter. Protein argi-
nine N-methyltransferase 1 (PRMT1) (catalog no. 14-474,
Upstate) was the positive control.
Homology Modeling of Human Menin—An alignment of the

sequences of human menin (accession no. AAC51228) and the
Nematostella vectensismenin (accession numberA7RZU9)was
made as described previously (32). A homology model of
human menin based on the Nematostella menin crystal struc-
ture (32), Protein Data Bank accession code 3RE2, was built
usingModeller 9, Version 8 (33). Energyminimizationwas per-
formed on the model using the YASARA energy minimization
server (34). In a second approach, the human menin sequence
was submitted to MODBASE and a single model based upon
theNematostella structure was derived byMODPIPE using the
Modeller program (35). Very similar structures were obtained
using the two approaches. Figures were prepared with PyMOL
Version 1.0. Analysis of conservation of the human menin
sequence was made with ConSurf (36).
Statistical Analysis—The data are means � S.E. Statistical

comparisons employing GraphPad Prism Version 4.00 analysis
software (GraphPad Software, Inc., San Diego, CA, USA) were
made using the unpaired two-tailed Student’s t test, and a p
value of �0.05 was taken to indicate a significant difference.

RESULTS

The Family—Theproband (II-2) (Fig. 1A), a 51-year-oldmale
(father), presented with hyperparathyroidism and a gastri-
noma. The grandfather (I-1) (82 years old) has a history of
hyperparathyroidism. The three children (III-1, III-2, and III-3)
(19, 17, and 14 years old) are presently healthy.
Identification of MEN1 Mutation—Direct sequence analysis

of MEN1 PCR amplicons of proband II-2 (father) identified a
heterozygous mutation of a G to A transition at position �1 of
intron 3 (Fig. 1B). The grandfather (I-1), the son (III-1), and one
of the daughters (III-3)were heterozygous for themutation that
led to the loss of an FauI restriction enzyme site present in the
wild-type sequence (Fig. 1C). The son and daughter continue to
be closely monitored in view of the fact that the onset of hyper-
parathyroidism and other clinicalmanifestations ofMEN1may
not occur until after age 20 (37). TheDNAof the other daughter
(III-2) did not carry the mutation. This nucleotide change was
not found in 100MEN1 gene alleles from 50 unrelated normal
individuals.
Transcription of the MEN1 Gene in Lymphoblastoid Cells—

The presence of a donor splice site mutation at the exon 3-in-
tron 3 boundary of the MEN1 gene indicated that the pheno-
type might result from abnormal MEN1 pre-mRNA splicing.

TGF-� and Menin

8586 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 11 • MARCH 9, 2012



To analyze this further, lymphoblastoid cell lines were estab-
lished from lymphocytes of individuals III-2 (normal MEN1
gene, WT) and III-3 (heterozygous for the splice site mutation,
MUT) by Epstein-Barr virus transformation. After RT-PCR of
RNA from the WT cell line (individual III-2), predominant
cDNAproducts of either 792 or 920 bp (depending uponwhich
of two primer sets was used) were identified (Fig. 2, A and B),
and in theMUT cell line (individual III-3) the amounts of wild-
type products were reduced by �50%. In addition, a single
smaller product was observed with each of the primer sets used

(Fig. 2, A and B). Cloning and sequencing of all products
revealed the following: 1) the 792- and 920-bp products from
WT and MUT cell lines corresponded to correct splicing of
exon 3 to exon 4 (Fig. 2, C and D), and 2) the 687- and 815-bp
products from theMUTcell line represented abnormal splicing
in which a cryptic donor splice site within exon 3 was used to
splice to exon 4 (Fig. 2, C and D).
Minigene Constructs, Some Aberrant Splicing of the Menin

Pre-mRNA Occurs Normally—To further study the conse-
quences of the donor splice site mutation, minigene constructs
weremade by cloning a 2554-bp genomic PCR product, includ-
ing part of exon 2, intron 2, exon 3, intron 3, and exon 4 of the
MEN1 gene into a mammalian expression vector (supplemen-
tal Fig. S1A). Both wild-type and mutant constructs were pre-
pared and transfected into the insulinoma Rin-5F cell line. RT-
PCR analysis of RNA from transfected cells and DNA sequence
analysis of relevant products showed that with the mutant
minigene the major transcript was 687 bp rather than the pre-
dominant product of 792 bp of the wild-type minigene-trans-
fected cells (supplemental Fig. S1,B andC). An equivalent small
amount of wild-type product was observed in both the empty
vector and the minigene transfected cells representing amplifi-
cation of the endogenous menin pre-mRNA. Therefore, no
properly spliced menin mRNA was contributed by the mutant
minigene. It can be noted that splicing of the wild-type mini-
gene pre-mRNAwas not 100% efficient; the samemutant tran-
script was produced�10% of the time (supplemental Fig. S1C).
Menin �(184–218) Protein, Like Wild-type Menin, Is Stable—

The mutation in the gene results in an in-frame deletion of the
last 105 nucleotides from exon 3 in thematuremRNA (Fig. 2E).
The consequence at the protein level is an internal deletion of
35 amino acids encoded by exon 3, with the rest of the protein
being of wild-type sequence (Fig. 2E).
Some menin missense mutants are unstable and are rapidly

degraded (6, 7). To test whether this was the case for the menin
�(184–218) protein, FLAG-tagged wild-type menin, menin
mutant,�(184–218),W423R, and S443Y cDNAs or empty vec-
tor were transfected into Rin-5F cells. Western blot analysis
showed that the 65-kDamenin �(184–218) was well expressed
like the 69-kDa wild-type menin, whereas the menin missense
mutants W423R and S443Y were very poorly expressed (Fig.
2F). During a 4-h addition of cycloheximide to inhibit de novo
protein synthesis, the �(184–218) mutant was almost as stable
as wild-type menin in contrast to the W423R and S443Y
mutants that were cleared rapidly (Fig. 2,G andH). Hence, loss
of menin activity cannot be ascribed to poor expression of the
�(184–218) mutant.
Menin �(184–218)Mutant, LikeMeninWild-type, Localizes

to the Nucleus—Nuclear localization signals located at the
COOH terminus are critical for directing menin to the nucleus
(3); potentially, however, mutations in other parts of the mole-
cule could affect this function. To test this possibility, enhanced
green fluorescent protein (EGFP)-tagged menin constructs
were transfected into HEK293 cells, and the coincidence of the
fluorescence of the expressed proteins and nuclear staining
with DAPI was assessed. EGFP-tagged menin �(184–218) was
localized to the nucleus like EGFP-meninwild-type, whereas an
EGFP-menin �(478–610) lacking the critical nuclear localiza-

FIGURE 1. Pedigree of family with MEN1 and MEN1 gene mutation. A,
clinical status is indicated by open symbols (unaffected) and solid symbols
(affected). Proband is indicated by the arrow. The presence (�) or absence (�)
of a mutation in tested family members is shown. Lymphoblastoid lines were
established from individuals indicated by an asterisk. B, detection of a muta-
tion in the MEN1 gene. Direct sequence analysis of the exon 3 genomic DNA
amplicon of proband II-2 (right) revealed a heterozygous donor splice site
mutation compared with an unrelated normal individual (left). The sense
strand is shown. C, wild-type and mutant sequences of the exon 3/intron 3
boundary. The restriction enzyme FauI recognition site present in wild-type
but destroyed by the mutation (IVS3 � 1G3A) is bracketed (and the cleavage
site arrowed). The FauI site retained in wild-type is shown on the restriction
map of the exon 3 amplicon. Gel electrophoretic separation is shown of undi-
gested or FauI restriction digests of exon 3 PCR product from a normal indi-
vidual or proband II-2. Undigested and FauI-digested exon 3 amplicon sizes
are shown to the right.
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FIGURE 2. Effect of the MEN1 gene mutation at the mRNA and protein level. A, schematic of the MEN1 gene and menin mRNA. The 10 gene exons with
introns (not drawn to scale) are shown with the initiation codon (ATG) in exon 2, the donor splice site mutation at the exon 3/intron 3 boundary (�), the two
nuclear localization signals (NLSs), and the stop codon (TGA) in exon 10. The menin mRNA includes exons 1–10 and the positions of primers used in exons 2 and
4 (RT-PCR #1, product � 792 bp) and exons 2 and 6 (RT-PCR #2, product � 920 bp) are shown. B, RT-PCR amplification of menin mRNA in lymphoblastoid cells
from individuals III-2 (WT) or III-3 (MUT) with primer set 1 or 2. Product sizes are as follows: a � 792 bp, b � 920 bp, c � 687 bp, and d � 815 bp. Note that small
amounts of products c and d are present in wild-type lymphoblasts (*). M � DNA markers, and sizes are shown on the left. C, direct sequence analysis of
wild-type and mutant menin mRNA RT-PCR products. The WT (792-bp species, see B) corresponds to a product in which exon 3 is correctly spliced to exon 4 (left
panel). In contrast, the MUT (687-bp species, see B) corresponds to an exon 3/exon 4 product in which the 3	 150 nucleotides of exon 3 have been deleted (right
panel). D, schematic of the splicing patterns of the pre-mRNA transcript of the wild-type (WT) and mutant (MUT) MEN1 genes. The asterisk indicates the position
of the cryptic donor splice site in exon 3 used in the mutant transcript. Part of the nucleotide sequence of exon 3, intron 3, and exon 4 of the MEN1 gene is shown.
Cryptic splice site (*), donor, and acceptor splice sites (�) are shown. E, DNA mutation leads to an mRNA lacking 105 nucleotides at the 3	 end of exon 3
(nucleotide numbers of human menin mRNA, GenBankTM accession number U93236.1). The resulting mutant Protein has an internal in-frame deletion of 35
amino acids (menin �(184 –218)). F, Western blot analysis of Rin-5F cells transfected with either cDNA for wild-type menin (WT), menin �(184 –218), menin
W423R, menin S443Y, or empty vector (pcDNA3.1). G, FLAG-tagged menin constructs (same as for F) were transfected into Rin-5F cells that were treated with
cycloheximide (CHX, 20 �g/ml) to block further protein synthesis. Cell lysates prepared at the indicated times were immunoblotted with anti-FLAG and
anti-�-tubulin antibodies. A representative �-tubulin immunoblot is shown. H, relative levels of each menin species were quantitated by densitometry. Values
for each construct at each time point differed by �10%.
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tion signals did not (supplemental Fig. S2). Hence, the menin
�(184–218) mutant is fully competent in achieving nuclear
localization.
Menin �(184–218) Mutant, Like Wild-type Menin, Inhibits

AP-1- and NF-�B-mediated Transcriptional Responses—Tran-
scriptional regulators that interact with menin, resulting in
altered gene transcription, include JunD (16), a member of the
AP-1 family, andmembers of theNF-�B family (17). Therefore,
we evaluated the ability of the �(184–218) mutant in compar-
ison with wild-type menin to modulate AP-1- and NF-�B-me-
diated transcriptional responses in rat insulinoma cells.
The Rin-5F cells were transfected with the AP-1 (7�) con-

struct having a synthetic promoter containing seven AP-1 sites
in tandem driving a luciferase reporter gene. Cotransfection of
a JunD expression vector resulted in a 6.5-fold increase in tran-
scriptional activity relative to empty vector (Fig. 3A). Cotrans-
fection of wild-type menin or the �(184–218) mutant with
JunD reduced transcriptional activity to basal levels. For com-
parison, menin H139D or A242V missense mutants when
transfected with JunD failed to reduce the JunD-stimulated
transcriptional activity at all (Fig. 3, A and B). The H139D and
A242Vmutantswere chosen because they have previously been
shown to lack JunD binding and the ability to repress JunD-
activated transcription in mammalian cells (16). Therefore, the
menin �(184–218) mutant is fully functional with respect to
modulating JunD transcriptional activity. Similar findings were
obtained in GH4C1 cells (data not shown).
The Rin-5F cells were transfected with the NF-�B (6�) con-

struct having six consensus �B elements in tandemupstream of
a luciferase reporter gene. Cells were stimulated or not with
interleukin-1� (IL-1�) that binds its cell-surface receptor that
signals NF-�B proteins to be translocated to the nucleus and
activate genes via �B elements in their promoters. IL-1� treat-
ment provoked a 22-fold increase in luciferase activity (Fig. 3C).
Cotransfection with either wild-type menin or the �(184–218)
mutant almost completely abrogated the response to IL-1�.
However, cotransfection of a menin �(278–477) mutant had
no effect on the �20-fold stimulation in luciferase activity
brought about by IL-1� (Fig. 3, C andD). Similar findings were
obtained in GH4C1 cells (data not shown). It can be surmised
from previous studies that the�(184–218) mutant would, sim-
ilar to wild-type menin, bind NF-�B proteins like p65, whereas
the �(278–477) mutant would not (17). Hence, the �(278–
477) mutant would be unable to modulate NF-�B transcrip-
tional responses. The present data are consistent with this sup-
position. Therefore, the �(184–218) mutant is as effective as
wild-typemenin in inhibitingNF-�B transcriptional activity. In
addition, the �(184–218) mutant was as effective as wild-type
menin in modulating AP-1 (supplemental Fig. S3,A and B) and
NF-�B (supplemental Fig. S3, C and D) transcriptional activi-
ties in the lymphoblastoid cells of MEN1 family members.
Patient Lymphoblastoid Cells and TGF-�-mediated Tran-

scriptional Responses—Menin inactivation by antisense RNA
antagonizes inhibition of cell proliferation by TGF-�, and this

FIGURE 3. JunD and NF-�B transcriptional activities are modulated by
exogenous menin wild-type or the �(184 –218) mutant. A, promoterless
pGL3 or AP-1(7�) constructs were transfected without (�) or with (�) JunD,
with empty vector (Vector), wild-type menin (WT), and menin mutants �(184 –
218), H139D, or A242V into Rin-5F cells. Relative luciferase activity was meas-
ured, and the values shown represent the mean � S.E. ***, p � 0.001, JunD (�)
versus (�). B, Western blot analysis of the cell extracts probed with antibodies
against FLAG and �-tubulin. V, vector. C, promoterless pGL3 or NF-�B(6�)
constructs were transfected either with empty vector (Vector), wild-type
menin (WT), menin mutants �(184 –218), or �(278 – 477) into Rin-5F cells that
were treated (�) or not (�) with IL-1� (5 ng/ml). Relative luciferase activity
was measured, and the values shown represent the mean � S.E. ***, p �

0.001; *, p � 0.05; IL-1� (�) versus (�). D, Western blot analysis of the cell
extracts probed with antibodies against FLAG and �-tubulin.
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occurs because of impaired gene transcriptional responses to
TGF-�. Menin interacts specifically with Smad3, and antisense
menin suppresses TGF-�-induced transcriptional activity by
inhibiting DNA binding of the Smad3/4 complex at specific
transcriptional regulatory sites (38).
To assess TGF-�-transcriptional responses in MEN1 family

member lymphoblastoid cell lines, they were transfected with
the 3TP-Lux construct containing a TGF-�-responsive pro-
moter driving the luciferase reporter gene. Treatment of 3TP-
Lux transfected wild-type cells with TGF-� brought about a
6-fold increase in luciferase activity; however, a stimulation of
only 3-fold was achieved in the mutant cells under identical
conditions (Fig. 4, A and B). Cotransfection with a construct
expressingwild-typemenin improved the responsiveness of the
cells of the individual who was heterozygous for the mutation,
but it also further increased that of the cells from the family
member not carrying the menin mutation such that the differ-
ential between wild-type andmutant cells was maintained (Fig.
4, A and B). Therefore, the cells heterozygous for the splice site
mutation were impaired with respect to TGF-�-mediated tran-
scription, and the defect could be rescued by expression of
exogenous wild-type menin.
Menin �(184–218) Mutant Lacks the Ability of Wild-

type Menin to Mediate a TGF-�-stimulated Transcriptional
Response in EndocrineCells—Toassess the impact of themenin
�(184–218) mutant on TGF-�-mediated transcription in
endocrine cells, the Rin-5F or GH4C1 cells were transfected
with the 3TP-Lux promoter-reporter construct with vector
alone, with wild-type menin alone, with menin �(184–218)
alone, or with both wild-type menin and mutant �(184–218).
Cotransfection with increasing amounts (25–500 ng) of the
wild-typemenin construct resulted in increased responsiveness
to TGF-� (200 pM) in Rin5F cells (supplemental Fig. S4A) and
GH4C1 cells (supplemental Fig. S4B). Treatment of 3TP-Lux
and vector-only transfected Rin-5F and GH4C1 cells with
TGF-� (200 pM) resulted in a 10-fold increase in luciferase
activity. Cotransfection with the wild-typemenin construct (50
ng) led to a doubling of the response to TGF-� (Fig. 4, C–F).
However, cotransfectionwith themenin�(184–218) construct
(50 ng) caused no further increase in the response to TGF-�
over vector-only transfected cells. Cotransfection with both
wild-type menin (25 ng) and menin �(184–218) (25 ng) to
mimic the conditions in cells of the patient carrying the germ
lineMEN1mutation resulted in a response lower than with the
50-ngwild-typemenin construct alone (Fig. 4,C–F). Hence, the
menin �(184–218) mutant lacks the ability of wild-type menin

FIGURE 4. TGF-� transcriptional responses mediated by endogenous and
exogenous wild-type menin or the menin �(184 –218) mutant. A, pro-
moterless pGL3 or 3TP-Lux constructs were transfected without (�) or with
(�) wild-type (WT) menin cDNA into lymphoblastoid cells, either homozy-
gous for the wild-type (WT), or heterozygous for the splice site mutant
(Mutant) MEN1 genes. Cells were stimulated (�) or not (�) with 200 pM TGF-�.
Relative luciferase activity was measured, and the values shown represent the

mean � S.E. ***, p � 0.001; **, p � 0.01, TGF-� (�) versus (�). Significant
differences between responses to TGF-� in WT and mutant cells are indicated
by the brackets. B, Western blot analysis of the cell extracts probed with anti-
bodies against menin, FLAG, and �-tubulin. C, Rin-5F; E, GH4C1 cells. The
pGL3 promoterless construct was transfected with the empty vector (V), and
the 3TP-Lux construct was transfected with empty vector (V) or wild-type
menin (WT) or menin �(184 –218) (�) alone or with WT and (�) together.
Amount of each expression vector transfected is indicated by 1 � 50 ng and
0.5 � 25 ng, respectively. Cells were stimulated (�) or not (�) with 200 pM

TGF-�. Relative luciferase activity was measured, and the values shown rep-
resent the mean � S.E. ***, p � 0.001, TGF-� (�) versus (�). D, Rin-5F; F, GH4C1
cells. Western blot analysis of the cell extracts probed with antibodies against
FLAG and �-tubulin.
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tomediate theTGF-� response. Under these conditions, it does
not affect the response to wild-type menin.
Cellular Menin and Smad3 Interactions—To assess the

interaction of menin and Smad3 in cells, constructs expressing
menin full-length and deletionmutants (taggedwithGFP)were
transfected into GH4C1 cells. Total cell extracts were incu-
bated with GST-Smad3 and subjected to SDS-PAGE, and
immunoblots were revealed with antibodies against GFP. All
forms of menin tested interacted with Smad3 with the excep-
tion of menin �(41–277) (Fig. 5A). Hence, the Smad3-interact-
ing region lies within the amino-terminal part of menin.
Menin Interacts Directly with Smad3—GST pulldown assays

were conducted with glutathione-agarose beads coupled with
GST alone or GST-Smad3 and in vitro transcribed/translated
[35S]methionine-labeled menin and deletion mutants. GST-
Smad3 interacted with all forms of menin, except the deletion
mutants, menin �(41–277) and menin �(184–218) (Fig. 5B).
Interactions of Menin with Smad3, JunD, and NF-�B—GST

pulldown assays were conducted with glutathione-agarose
beads coupledwithGST alone orGST-menin constructs, GST-
WT, GST-�(41–277), GST-�(184–218), or GST-�(278–477),
and in vitro transcribed/translated [35S]methionine-labeled
Smad3 or JunD or p65. Menin wild-type and all mutants,
including �(184–218), bound JunD consistent with previous
findings (16). Menin wild-type and mutants �(41–277) and
�(184–218) bound p65, but the �(278–477) mutant failed to
interact consistent with previous findings (17). Menin wild-
type andmutant�(278–477) bound Smad3, but the�(41–277)
mutant failed to interact at all, and interaction with the�(184–
218) mutant was minimal (Fig. 5C). Therefore, whereas JunD
and p65 interacted with the �(184–218) mutant as well as with
wild-type menin, Smad3 was unable to interact with the
�(184–218) mutant as it did with wild-type menin.
Menin �(184–218) Mutant Demonstrates HMT Activity—

An important activity ascribed tomenin acting as a component of
the mixed lineage leukemia (MLL) complex is that of trimethyla-
tion of the fourth lysine residue of histone H3 (H3K4) that is
strongly associatedwith transcriptionactivation.About50%of the
few MEN1-associated missense mutations tested lack or have
markedly reducedHMT activity, but it remains unclear as to how
essential this function is for the tumor suppressor activity of
menin. FLAG-tagged menin wild-type (WT) or mutants (�184–
218,A242V,H139D, orL22R)were transfected intoHEK293cells,
andmeninproteinswere immunoprecipitated and equal amounts
assayed forHMTactivity.MEN1mutantsA242VandH139Dhad
very low or markedly reduced activity, respectively, whereas
mutant L22R was almost as fully active as menin wild-type, all
consistent with previous findings (11). The �(184–218) mutant
demonstrated good HMT activity, about 80% that of wild-type
menin (Fig. 6,A–C).
184–218 Smad3 Interacting Region ofMenin Is on the Surface

of the Molecule Distinct from the Central Cavity That Binds the
MLLProteinCritical for theHMTActivity—Ahomologymodel
of humanmeninwas generated from the crystal structure of the

FIGURE 5. Menin coimmunoprecipitates with Smad3 and the interaction
is direct. A, menin full-length and deletion mutants (tagged with GFP) were
transfected into rat pituitary GH4C1 cells. Total cell extracts were incubated
with GST-Smad3 expressed in and purified from bacteria and coupled to aga-
rose beads. Upper panel, after washing, complexes were analyzed by SDS-
PAGE, and immunoblots were revealed with antibodies against GFP. Lower
panel, total cell extracts were examined in a similar fashion. All forms of menin
interacted with Smad3 with the exception of menin �(41–277). IP, immuno-
precipitate; W, Western blot. B, GST pulldown assays were conducted with
glutathione-agarose beads coupled with GST alone or GST-Smad3 and in vitro
transcribed/translated [35S]methionine-labeled menin and deletion mutants.
GST-Smad3 interacted with all forms of menin, except the deletion mutants,
menin �(41–277) and menin �(184 –218). C, GST-menin construct was gen-
erated by inserting full-length menin cDNA into pGEX-5X1. GST pulldown
assays were conducted with glutathionine-agarose beads coupled to GST
alone or GST-menin constructs, GST-WT, GST-�(41–277), GST-�(184 –218), or

GST-�(278 – 477) and in vitro transcribed/translated [35S]methionine-labeled
Smad3 or JunD or p65.
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menin homolog of N. vectensis (32). The H139D and A242V
mutants are within a part of the molecule (Fig. 6, D and E) that
forms the large central cavity that binds MLL (32), and their
lack of HMT activity is fully consistent with this location. The
L22R is within the first amino-terminal �-helix distinct from
the central cavity (Fig. 6,D and E) and consistent with it having
HMT activity similar to that of wild-type menin. Likewise, the
184–218 region is located on the surface of themolecule (Fig. 6,
D and E) and is largely uninvolved with the binding pocket for
MLL consistent with the �(184–218) mutant having �80% the
HMT activity of wild-type menin.
Lymphoblastoid Cells Heterozygous for the Menin �(184–

218) Mutant Have an Altered Basal Proliferation Rate and
Impaired Proliferative Response to TGF-� Relative to Normal
Cells—The basal proliferation of the lymphoblastoid cells, either
homozygous for the wild-type or heterozygous for the �(184–
218)mutantmenin,wasmonitoredover72h.Thedoubling rateof
themutantcellswasapproximately twice thatof thewild-typecells
(Fig. 7A).Whenserum-starved lymphoblastoidcellswerecultured
in TGF-� and cell proliferation was monitored over 72 h, clear

differences were apparent by 48 h with the inhibition of the num-
ber of the mutant cells being only 50% that of the wild-type cells
(Fig. 7B). Hence, the mutant lymphoblastoid cells had an altered
basal proliferative rate and impaired responsiveness to TGF-�
with respect to inhibition of proliferation.
Transfected Menin �(184–218) Mutant Lacks the Ability of

Wild-type Menin to Increase TGF-�-stimulated CDKI Expres-
sion in Endocrine Cells—Rin5F cells stimulated with TGF-� for
48 h demonstrated a doubling in their expression of p15 and
p21 (Fig. 7, C and D). Cells transiently transfected with wild-
typemenin demonstrated an increase in basal expression (with-
out addedTGF-�) aswell as increasedTGF-� responsiveness of
the level of p15 and p21 (Fig. 7, C and D). Cells transiently
transfected with the menin �(184–218) mutant exhibited a
similar basal and TGF-�-stimulated level of expression of p15
and p21 to cells transfected with vector-only plasmid (Fig. 7, C
andD). Similar findingswere observed in theGH4C1 cells (data
not shown). Therefore, the menin �(184–218) mutant is
unable to mediate the TGF-� up-regulation of the CDKIs, p15
and p21.

FIGURE 6. A, menin �(184–218) mutant demonstrates HMT activity. HEK293 cells were transfected with empty vector or FLAG-tagged menin wild-type (WT) or
mutants (�184–218, A242V, H139D, or L22R) and harvested 48 h later. Cell lysates were immunoprecipitated with M2(FLAG)-agarose, and immunoprecipitates were
assayed for HMT activity. Assay results are expressed as counts/min incorporated into chicken core histones after incubation of immunoprecipitates with S-adenosyl-
L-[methyl-3H]methionine. Protein arginine N-methyltransferase 1 (PRMT1) was the positive control. ***, p � 0.001; **, p � 0.01; *, p � 0.05 versus vector (pCMVTag2B).
B, Western blot of the extracts of the transfected cells probed with FLAG and �-tubulin antibodies. C, Western blot of cell extract immunoprecipitates adjusted to have
equal amounts of each form of menin. D, the 184–218-residue Smad3 interacting region of menin is on the surface of the molecule distinct from the central cavity that
binds the MLL protein critical for the HMT activity. A homology model of human menin was generated from the crystal structure of the menin homolog of N. vectensis
(32). Menin is predominantly �-helical comprising three tetratricopeptide motifs that form a central cavity and are flanked by two �-helical bundles and
covered by a �-sheet motif. Positions of residues Leu-22, His-139, and Ala-242, and the sequence 184 –218 are indicated. The Smad3-interacting
sequence 184 –218 is on an exposed surface neighboring the �-sheet motif. E, structure of human menin rotated by 90° to show the central cavity that
is lined by His-139 and Ala-242.

TGF-� and Menin

8592 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 11 • MARCH 9, 2012



FIGURE 7. Proliferative and CDKI responses mediated by endogenous and exogenous wild-type menin or the menin �(184 –218) mutant. A, basal
proliferation of lymphoblastoid cells (cultured in 2% FBS, RPMI), either homozygous for the wild-type (WT) or heterozygous for the splice site mutant (Mutant)
menin genes, was monitored over 72 h. Cell counts, mean � S.E. ***, p � 0.001, mutant versus wild-type. B, proliferation of serum-starved (0.1% FBS)
lymphoblastoid cells, either homozygous for the wild-type (WT) or heterozygous for the splice site mutant (Mutant) menin genes, cultured in TGF-� (10 ng/ml)
was monitored over 72 h. Cell counts, mean � S.E. *, p � 0.05; ***, p � 0.001; mutant versus wild-type. C and D, rat insulinoma Rin-5F cells were transfected with
either empty vector (pcDNA3.1), wild-type (WT) menin, or the �(184 –218) menin mutant. Serum-starved (0.1% FBS) cells were stimulated (�) or not (�) with
10 ng/ml TGF-� for 48 h; cell lysates were made and subjected to Western blot analysis with C (panel i), p15; D (panel i), p21, and FLAG and �-tubulin antibodies.
Representative examples are shown. Densitometric quantitation is as follows: C (panel ii), p15; D (panel ii), p21 Western blot analyses (n � 3). Values are mean �
S.E. ***, p � 0.001; TGF-� (�) versus TGF-� (�) for each construct.
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DISCUSSION

In this study, we identified a novel splice site mutation in
the MEN1 gene. The resulting protein product comprises a
menin mutant that has an internal deletion of 35 amino
acids, menin �(184–218). Although the menin mutant mod-
ulated JunD and NF-�B transcriptional activities like the
wild-type menin, it was deficient in mediating TGF-�-in-
duced (Smad3) transcriptional activity. Lymphoblastoid
cells from an individual heterozygous for the mutation pro-
liferated at a faster rate and exhibited reduced cell prolifer-
ation inhibition in response to TGF-� than cells from an
unaffected individual.
The majority (�80%) of disease-causing mutations in the

MEN1 gene give rise to truncated proteins that are likely to be
unstable and rapidly turned over. Indeed, the recent report on
the crystallization of a menin homolog from N. vectensis notes
that “the three-dimensional structure revealed that menin is a
single domain protein, and therefore the truncation of its
amino acid sequence will invariably result in disruption of the
menin fold leading to loss of menin function” (32). Most of the
other 20% of the mutations are missense, and the majority of
these mutants are targeted to the proteasome and are degraded
(6, 7). Therefore, the identification of a mutant with a small
in-frame deletion that is stable is of extreme interest and con-
tributes to the novelty of the study.
Germ line mutations at the first nucleotide of IVS3 (but to a

different nucleotide to that identified here) have been reported
in otherMEN1 cases: c.654� 1G3C (39), c.654� 1G3T (40,
41). Also, Kawamura et al. (42) identified a c.654 � 2T3A
mutation in a sporadic gastrinoma case. However, no func-
tional studies were conducted for any of these mutations.
Hai et al. (43) identified a substitution of guanine for adeno-

sine at the third base of intron 3 (c.654 � 3A3G) in a sporadic
MEN1 case. Osthus et al. (44) found a guanine to thymidine
change at the last base of exon III (c.654 G3T) in family mem-
bers with isolated hyperparathyroidism. RT-PCR of RNA from
patient cells in both cases revealed the same aberrant splicing as
found in the present case with a cryptic splice site in exon III
being used and 105 bases being spliced out. Debelenko et al.
(45) identified the intron 3, c.654 � 3A3G, change as a
somatic mutation (carcinoid) and predicted that either two
additional nucleotides (GT) would be added to the exon III
coding sequence or that exon III might be entirely spliced out.
Patient RNAwas not available for functional studies to evaluate
these predictions. Karges et al. (46), by cDNA sequencing from
parathyroid adenomas in two unrelated primary hyperparathy-
roid patients, identified a transcript deleted for the 105 bp of the
3	 part of exon III. Analysis of genomic tumor DNA identified
an intron 3 splice site mutation (c.654 � 3A3G) suggesting
this as the cause of the aberrant splicing.
Roijers et al. (47) identified affected members of an MEN1

kindred heterozygous for a germ line 26-bp deletion in the
MEN1 gene spanning the last 15 bp of exon III and the first 11
bp of intron 3. This mutation resulted in the same 105-base
deletion in the menin mRNA and predicted 35-amino acid
internal deletion in the menin protein as described here. The
authors suggested that as the deleted region of menin had been

implicated in binding to JunD, this might explain the tumori-
genic effect of the mutation; however, functional studies were
not done.
Therefore, although other MEN1 cases have been described

with the involvement of nucleotide changes at theMEN1 gene
exonIII/IVS3 splice junction (and in three cases the altered
mutant transcript was identified), no functional analysis of the
mutant protein has been carried out prior to this study.
Since its discovery as a novel protein over a decade ago,many

cellular functions of menin have been identified. However,
which ones of these relate specifically to the role of menin as a
tumor suppressor andwhen lost contribute to the development
of MEN1 neoplasia is an ongoing debate. In this case, we
detected a menin mutant with a small internal deletion that
formed a stable protein that achieved nuclear localization. Fur-
thermore, lymphoblastoid cell lines from one family member
carrying one copy of the mutant allele and from one normal
familymember were available. This afforded the unique oppor-
tunity to examine the effect of the mutant on the different sig-
naling pathways impacted upon by menin.
Menin interacts with JunD (which is unusual in being an

AP-1 family member that has antimitogenic activity) and
represses its transcriptional activity (16). Although it might
seem paradoxical that one antimitogenic factor would repress
the activity of another, one study has suggested that when not
bound to menin, JunD acts as a growth promoter like other
AP-1 family members (25). In this study, we found that the
menin �(184–218) mutant bound to JunD and was capable of
modulating JunD transcriptional activity as effectively as wild-
type menin.
Menin interactswith theNF-�B, p50, p52, and p65 transcrip-

tion factors and represses p65 transcriptional activity (17). The
role of NF-�B transcription factors in neoplasia is difficult to
assess with deregulation and overexpression in some neo-
plasms and lower levels of activity and expression in others.
One study reported reduced (rather than increased) NF-�B
activity in parathyroid neoplasia (primary, secondary, and
MEN1-related) (48). However, in non-MEN1-related parathy-
roid tumors, lower menin levels were associated with higher
phosphorylated p65 levels suggesting that menin might act as a
suppressor of the proliferative actions of the NF-�B pathway
(48). In this study, we found that themenin�(184–218)mutant
bound to NF-�B p65 and was capable of modulating p65 tran-
scriptional activity as effectively as wild-type menin.
TGF-� and family members provide cytostatic signals that

limit G1 progression and cell proliferation (27). TGF-� acti-
vates a membrane complex of serine/threonine kinase recep-
tors that phosphorylates Smad2 and Smad3 that associate with
Smad4, and the complex translocates to the nucleus where it
regulates transcription in combination with coactivators and
corepressors. Menin is a Smad3-interacting protein, and inac-
tivation of menin blocks TGF-� and activin signaling antago-
nizing their growth inhibitory properties in anterior pituitary
cells (18, 28). In cultured parathyroid cells, menin inactivation
leads to loss of TGF-� inhibition of parathyroid cell prolifera-
tion and PTH secretion (29). Moreover, TGF-� does not affect
(decrease) the proliferation andPTHproduction of parathyroid
cells fromMEN1 patients (29, 30). In this study, we found that
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themenin�(184–218)mutant did not bind Smad3 andhad lost
the ability to facilitate transcriptional activity of Smad3 like
wild-type menin.
In the nucleus menin acts as a scaffold protein to regulate

gene transcription by coordinating chromatin remodeling
(8–10). It is implicated in HMT activity and via this activity
regulates the basal expression of CDKI genes such as those for
p18 and p27 (11, 14). In a mouse Men1�/� model in which
pancreatic islet tumors developed over time, the loss of the
wild-type Men1 gene preceded or accompanied the reduction
in HMT activity (14). Of the few MEN1-associated missense
mutants examined thus far, some exhibit absent or reduced and
others normalHMTactivity, respectively (11). In this study, the
menin �(184–218) mutant exhibited HMT activity close to
that of wild-type menin.
Recently, the first crystal structure of amenin homolog, from

the sea anenome N. vectensis, was reported (32). The major
focus of that study was on how menin, in contrast to its role as
a tumor suppressor, is able to act as an oncogenic cofactor of
MLL fusion proteins in acute leukemias. Menin is predomi-
nantly an �-helical protein with the core consisting of three
tetratricopeptide motifs that are flanked by two �-helical bun-
dles and covered by a �-sheet motif. There is a large central
cavity that bindsMLL, and theMEN1missense mutant A242V
that lines the cavity was shown to lack the ability of wild-type
menin to bindMLL (32). This is fully consistentwith the finding
of this study that the A242V mutant lacks HMT activity. The
knowledge of the crystal structure of the Nematostella menin
gave us the opportunity to place the Smad3 interacting 184–
218 sequence on both theNematostella structure and a homol-
ogymodel of the highly conserved humanmenin. The 184–218
sequence is not involved with the central cavity but rather is
located on the exposed surface neighboring the �-sheet motif.
This is in agreement with the �(184–218) mutant having good
HMT activity like the MEN1 L22R missense mutant that is
within the first �-helix in the molecule. However, like the
A242V mutant, as noted above, we showed that the MEN1
H139Dmutant that is involved in the central cavity-binding site
of MLL was markedly deficient in HMT activity. Therefore,
these findings suggest that the mechanism whereby menin
facilitates the transcriptional activity of Smad3 does not involve
the MLL complex, and further studies will be required to iden-
tify the mechanism(s).
The cytostatic effects of TGF-� are mediated in part by its

ability to up-regulate the expression of a subset of the CDKIs,
including p15 and p21. In this study, patient lymphoblastoid
cells heterozygous for the menin �(184–218) mutant had an
increased basal proliferative rate and an impaired cytostatic
response toTGF-� relative to the lymphoblastoid cells from the
normal relative. The menin �(184–218) mutant was impaired
with respect to mediating the TGF-� up-regulation of the
CDKIs, p15 and p21, in transfected rat insulinoma and soma-
tolactotroph cells. The defective proliferative and CDKI mod-
ulatory properties of the menin mutant provide further evi-
dence of the critical importance of the TGF-� signaling
pathway in this particular case.
Menin is widely expressed from an early developmental stage

and found in both nonendocrine and endocrine tissues (49).

Mice heterozygous for ablation of theMen1 gene develop endo-
crine tumors during their lifetime similar toMEN1patients (50,
51). Reduced TGF-� signaling has been noted in the tumors
that develop in these models (52, 53). Interestingly, the
homozygous deletion ofMen1 is embryonic lethal with fetuses
dying at mid-gestation with defects in multiple organs (54).
Evidence is accumulating of the importance of menin for the
proper functioning of the signaling pathways activated by
TGF-� ligand familymembers that are critical for development
and maintenance of many organ systems (19, 20, 55–58).
Therefore, the importance of menin in this particular pathway
extends beyond control of endocrine and nonendocrine cells
that when dysregulated lead to tumorigenesis.
In summary, we have identified a novel MEN1 splice site

mutation that leads to an altered RNA transcript. The resulting
menin proteinmutant that carries an in-frame internal deletion
is selectively defective for the TGF-�-signaling pathway. This
would identify the loss of this particular pathway as being crit-
ical as the first hit (according to the Knudsen hypothesis). The
later somatic mutation (second hit) in the wild-type MEN1
gene responsible for the MEN1 tumorigenesis may involve
either the same or any one of several other growth-regulatory
pathways in which menin is implicated.
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