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Abstract: Multiple endocrine neoplasia type 1 (MEN1) results from mutations in the tumor suppressor gene, MEN1,
which encodes nuclear protein menin. Menin is important for suppressing tumorigenesis in various endocrine and
certain non-endocrine tissues. Although menin suppresses MEN1 through a variety of mechanisms including regulat-
ing apoptosis and DNA repair, the role of menin in regulating cell proliferation is one of the best-studied functions.
Here, we focus on reviewing various mechanisms underlying menin-mediated inhibition of cell proliferation. Menin
inhibits cell proliferation to repress MEN1 through multiple mechanisms. 1) Menin interacts with various histone-
modifying enzymes, such as MLL, EZH2 and HDACs, to affect gene transcription, leading to repression of cell prolif-
eration. 2) Menin also interacts with various transcription factors, such as JunD, NF-kB, PPARy and VDR, to induce or
suppress gene transcription. As these various transcription factors are known to regulate cell proliferation, their inter-
action with menin may be relevant to menin’s role in inhibiting cell proliferation. 3) Menin inhibits cell proliferation via
TGF-B signaling and Wnt/B-catenin signaling pathways. 4) Menin represses certain pro-proliferative factors involved in
endocrine tumors such as IGFBP-2, IGF2 and PTHrP to repress cell proliferation. 5) Menin affects cell cycle progres-
sion to inhibit cell proliferation. This review is helpful in our understanding of the comprehensive mechanisms

whereby menin represses MEN1 through inhibiting cell proliferation.
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1. Introduction

Multiple endocrine neoplasia type 1 (MEN1) is a
dominantly inherited disorder characterized with
the development of various combinations of
tumors in multiple endocrine glands, including
the pituitary, parathyroid or pancreas [1-3], and
sometimes in non-endocrine tissues [4]. The
human MEN1 gene, whose mutation is respon-
sible for the MEN1 syndrome, was localized to
chromosome band 11q13 and was identified by
positional cloning [5]. The human MEN1 gene
contains 10 exons and encodes a ubiquitously
expressed mRNA of 2.8 kb [5]. Menin, the pre-
dicted 610 amino acid protein product of the
MEN1 gene, is highly conserved from Droso-
phila to human, however exhibits no apparent
similarities to any previously known proteins [5].
Thus, its molecular function cannot be deduced
from its structure. Menin contains nuclear local-
ization signals at its carboxyl-terminal region

and resides mainly in the nucleus [6]. Several
studies have also found that menin is localized
in cytoplasm and membrane fractions [7-8],
albeit at a lower abundance, suggesting a possi-
ble function outside the nucleus. Menin is ubig-
uitously expressed in tissues examined, al-
though its expression levels are variable among
different tissues [9-12].

Heterozygous germline mutations of the MEN1
gene have been identified in approximately 95%
of familial MEN1 [13], and about 1336 muta-
tions in MEN1 patients have been identified
[13]. Investigating the function of menin in vari-
ous types of cells is important for us to under-
stand how MEN1 tumors develop, even though
these studies remain insufficient to explain the
propensity of tumor development in endocrine
tissues or the origin of MEN1-specific tumors.
Targeted heterozygous Menl inactivation in
mice produces a spectrum of endocrine tumors
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similar to those observed in human patients
exhibiting MEN1 syndrome [14-16]. Studies
involving Men1 knockout mice support menin’s
role as a tumor suppressor. In addition, studies
using endocrine cells and certain non-endocrine
cells, such as mouse embryonic fibroblasts
(MEFs), are also helpful to unravel menin’s mo-
lecular function in suppressing cell proliferation.

Numerous studies have revealed direct and
indirect interactions between menin and diverse
proteins with known function, shedding light on
its molecular function. These menin-interacting
proteins involve chromatin modifying proteins,
transcription factors (including nuclear recep-
tors), DNA-repair/replication proteins and cy-
toskeletal proteins. Menin-interacting chromatin
modifying proteins include histone methyltrans-
ferase MLL [17-23], EZH2 [24] and histone
deacetylases (HDACs) [25-27], and menin af-
fects binding of these histone modifiers to the
promoter of its target genes. Menin also inter-
acts with transcription factors, such as JunD [25
-26, 28], NF-kB [29] and Pem [30], to regulate
gene transcription. Recent studies have shown
that menin interacts with nuclear receptors,
such as Era [31], PPARy [32] and VDR [33],
thus regulating nuclear receptor-mediated tran-
scription. In addition, menin interacts with DNA-
repair/replication proteins, such as the Fanconi
anemia complementation group D2 (FANCD2)
[34] and replication protein A2 (RPA2) [35], sug-
gesting that menin plays an important role in
maintenance of genomic stability. Moreover,
menin also interacts with cytoskeletal proteins
including glial fibrillary acid protein (GFAP) [8],
vimentin[8] and IQGAP1 [36]. An excellent and
detailed review on menin interacting proteins
can be found elsewhere [37].

Recent data suggest that interactions between
menin and menin-interacting proteins have a
role in physiological regulation of embryological
development [38], cell differentiation [39], cell
proliferation [40], apoptosis [41], DNA-damage
repair [34-35], and endocrine/metabolic func-
tions [42]. The role of menin in regulating cellu-
lar proliferation is one of its best-studied func-
tions. For instance, menin over expression
slows proliferation of RAS-transformed NIH3T3
cells and suppresses tumorigenesis from Ras-
transformed cells [40]. Mouse embryonic fibro-
blasts (MEFs) isolated from homozygous Men1/-
mice proliferate more rapidly than wild-type
cells, while re-expression of menin in Menl/-
cells represses proliferation of these cells [43].
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Furthermore, Men1 excision in mice enhances
cell proliferation in pancreatic islets in vivo,
through an accelerated S-phase entry [44]. As a
result, we focus on reviewing partners and path-
ways that have a definitive or likely role for
menin-mediated regulation of cell proliferation.

2. Menin interacts with histone modifiers: MLL
histone H3K4 methyltransferase, Polycomb
group EZH2 and histone deacetylases (HDACs)

Menin is predominantly nuclear and may act as
a scaffold protein to regulate gene transcription
by coordinating various chromatin-associating
proteins [21, 45-47]. Several findings indicate
that menin is involved in the regulation of gene
transcription through histone modifications.
Menin can interact with histone methyltrans-
ferase MLL [17-23], EZH2 [24], and histone
deacetylases HDACs in regulating transcription
of genes involved in cell proliferation [25-27].
However, to date, direct interaction between
menin and EZH2 has not been reported.

2.1. Menin inhibits cell proliferation by up regu-
lating cyclin-dependent kinase inhibitors,
p27Kie and pl18ink4c, via interacting with MLL

Several reports have shown that menin directly
regulates expression of the cyclin-dependent
kinase inhibiting (CDKI) genes Cdknlb and
Cdkn2c, which encode p27Kirl and pl8inkdc
respectively [20, 44, 48]. P27Xirl gnd pl8inkac
play a crucial role in repressing cell proliferation
[49-50]. Menin recruits mixed lineage leukemia
(MLL) protein to the Cdknlb and Cdkn2c pro-
moters and coding regions, where MLL cata-
lyzes histone H3 lysine 4 (H3K4) methylation to
up regulate their transcription [20, 44, 48]
(Figure 1A). The menin/MLL histone methyl-
transferase complex also contains other compo-
nents including Ash2, Rbbp5, and WDR5 in
Hela cells [20].

In cell culture, loss of either MLL or menin re-
sults in down-regulation of p27Xirl and pl18inkdc
and deregulated cell proliferation of MEFs [20,
48]. In MING cells, a well-established cell line
derived from mouse pancreatic B cell tumors
[51], ectopic menin expression by transfection
increased levels of p27Kirl and pl18'nk4c proteins
and repressed cell proliferation [48].

Mice deficient for both p27Kirl and p18inkdc de-

velop pituitary tumors much more rapidly than
mice with either deficiency alone, suggesting
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Figure 1. Menin inhibits cell proliferation via various mechanisms. A, Menin
interacts with MLL and recruits MLL to the promoter of COKN1B and CDKN2C
(encoding p27Kirl and pl8nk4c proteins) and enhances H3K4me3 level. Ex-
pression of p27Kirl and p18Inkc is activated, and the cell cycle G1/S transition
is arrested. B, Menin interacts with MLL and represses the expression of Hox
genes to inhibit cell proliferation. C, Menin recruits EZH2 to the promoter of
PTN and represses PTN transcription through increasing H3K27me3 level,
thus inhibiting cell proliferation. D, Menin recruits HDACs to the promoter of
cyclin B2 and represses cyclin B2 transcription via decreasing histone H3
acetylation level, leading to arrest at G2/M transition. E, Menin associates
with HDACs and interacts with the transcription factor, JunD, to represses
JunD-activated transcription leading to inhibition of cell proliferation. F, Menin
interacts with NF-kB and represses NF-kB-mediated Cyclin D1 transcription
and inhibition of cell proliferation. G, Menin interacts with the nuclear recep-
tor PPARYy to repress cell proliferation. H, Menin interacts with the nuclear
receptor VDR to repress cell proliferation. I, Menin interacts with Smad3 and
enhance the TGF-B signaling pathway to inhibit cell proliferation. J, Menin
interacts with B-catenin and affects the Wnt/B-catenin signaling pathway to
repress cell proliferation. K, Menin represses IGFBP-2, IGF2, and PTHrP prolif-
erative factors involved in endocrine tumors to repress cell proliferation. L,
Menin interacts with the activator of S-phase kinase (ASK) and represses ASK
-induced cell proliferation. The question mark represents the related mecha-
nism needs to be further investigated.

H3K4 methylation may main-
tain the in vivo expression of
the CDK inhibitors to prevent
the development of pancreatic
islet tumors. In vivo expression
of CDK inhibitors, including
p27Kirl and pl8Inkic, and other
cell cycle regulators is reduced
in islet tumors of a majority of
mice with Menl disruption
[48].

An acute effect of Men1l muta-
tion is accelerated S-phase
entry and enhanced cell prolif-
eration in pancreatic islets
[44]. As early as 7 days follow-
ing Men1 excision, pancreatic
islet cells display increased
proliferation, leading to detect-
able enlargement of pancre-
atic islets 14 days after Men1
excision [44]. Excision of the
floxed Menl in MEFs acceler-
ates cell cycle GO/G1 to S
phase entry and enhanced
cyclin-dependent kinase 2
(CDK2) activity, as well as re-
duced expression of CDK in-
hibitors p27XiPl and pl18inkac
[44]. Consistently, comple-
mentation of menin-null cells
with wild-type menin represses
S-phase entry. Together, these
results suggest a molecular
mechanism whereby menin
suppresses MEN1 tumorigene-
sis at least partly through re-
pression of GO/G1 to S transi-
tion by interaction with menin
and MLL, leading to transcrip-
tional activation of Cdknlb
and Cdkn2c by menin and
MLL, even though the direct
effect of MLL on beta cell pro-
liferation remains to be exam-
ined.

2.2. Loss of menin deregu-
lates homeobox (HOX) genes
and promotes cell proliferation
in MEN1 parathyroid tumors

that the two CDK inhibitors collaborate to sup-
press tumorigenesis [52]. The menin-dependent
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Studies have suggested that menin is an onco-
genic cofactor for transcription of HOX genes in
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a subset of leukemia via interacting with MLL
fusion proteins [22-23]. Menin directly regulates
the expression of Hox genes such as Hoxa9 by
binding to the loci of various Hox genes during
hematopoiesis and myeloid transformation [18].
On the other hand, menin may play a role in
repressing tumorigenesis by affecting expres-
sion of HOX genes in human parathyroid tissue
[53].

A recent study has compared the expression
profiles of the 39 HOX genes in human familial
MEN1 (fMEN21) parathyroid tumors and sporadic
parathyroid adenomas with normal tissues and
has identified a large set of 23 HOX genes that
are specifically dysregulated in fMEN1 parathy-
roid tumors, while only 5 HOX genes are dys-
regulated in sporadic parathyroid tumors [53].
This study also reveals the existence of menin-
dependent and menin-independent regulation
of HOX genes that could be critical for the devel-
opment of human parathyroid tumors [53].

In association with MLL, menin positively regu-
lates Hoxc8 in MEFs [19], Hoxa9 in mouse bone
marrow cells [18] and HOXA7, HOXA9, and
HOXA10 in human Hela cells or leukemia cells
[22-23]. However, the loss of menin leads to up
regulation of expression for HOXA9, HOXA10
and HOXC8 in familial parathyroid tumors.
These findings suggest that menin might be a
positive or negative regulator for HOX gene tran-
scription depending on cell type (Figure 1B).
HOX genes are important for cell proliferation,
differentiation and morphogenesis, however,
the complex in vivo role of menin-regulated HOX
genes in proliferation of parathyroid tumor cells
and other endocrine cells remains to be deter-
mined.

2.3. Menin inhibits cell proliferation by repress-
ing transcription of Pleiotrophin (PTN) gene via
interaction with Polycomb group (PcG) proteins

Loss of menin in MEFs increases expression of
PTN 11-fold [54]. PTN is a heparin-binding
growth factor that is highly expressed in certain
solid cancers such as breast and lung cancer
[55-56]. It has been proposed that PTN binds to
its cell surface receptor, protein tyrosine phos-
phatase receptor Z1, and inhibits phosphatase
activity of the receptor toward another onco-
genic kinase, ALK [57-60]. PTN is highly ex-
pressed in a number of cancers including lung
cancer, and PTN concentrations in serum were

729

over 10-fold higher in lung cancer patients as
compared with the control group [55].

It has been reported that menin inhibits human
lung cancer cells through repression of PTN and
its cell surface receptors including ALK [24].
Ectopic menin expression reduced PTN expres-
sion at the mRNA and protein levels of PTN in
human A549 lung cancer cells [24]. Notably,
Men1 knockdown in lung cancer cells and MEFs
also increases the levels of mMRNA and the intra-
cellular and secreted PTN. Menin represses, but
PTN promotes, growth of xenografts of human
lung adenocarcinoma cells in mice, highlighting
the crucial role of menin and PTN in controlling
growth of the tumors in vivo [24]. Thus, menin
represses lung cancer proliferation at least
partly through inhibiting PTN expression.

Unlike the classic role of menin in recruiting
MLL and enhancing MLL-mediated H3K4 me-
thylation to promote transcription of genes,
such as Cdknlb and Cdkn2c [20, 44, 48],
menin may repress transcription of Ptn via re-
cruiting PcG proteins to enhance H3K27 methy-
lation at the locus in lung epithelial cells [24]
(Figure 1C).

PcG genes encode various proteins including
Polycomb Repressive Complex 2 (PRC2), which
contains Enhancer of Zeste Homolog 2 (EZH2)
and its regulatory protein SUZ12 [61-63]. EZH2
is also a chromatin-associating protein with a
conserved SET domain [64]. However, unlike
the SET domain in MLL that methylates H3K4
[23], the EZH2 SET domain specifically methy-
lates H3K27. The methylated H3K27 can be
recognized by other specific binding proteins to
compress chromatin structure leading to repres-
sion of gene transcription [63-64]. Menin binds
the promoter of PTN and recruits the PcG com-
plex including EZH2 and SUZ12 to the locus,
resulting in H3K27 trimethylation, PTN suppres-
sion and inhibition of proliferation of lung can-
cer cells [24]. Loss of menin notably abrogates
binding of EZH2 and SUZ12 to the PTN locus
and reduced H3K27me3 at the locus. However,
it remains unclear whether menin directly inter-
acts with EZH2.

These results suggest that menin recruits the
PcG complex, including EZH2 and SUZ12 to the
PTN locus, to methylate H3K27 and then si-
lence PTN expression. This mechanism is quite
distinct from menin-mediated suppression of
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endocrine tumors through up regulating a posi-
tive histone mark, H3K4 methylation at the loci
of Cdknl1lb and cdkn2c [48]. These studies ex-
pand the role of menin-mediated suppression of
endocrine tumors to suppression of human lung
cancer. Further studies remain to determine
whether menin is also crucial for repression of
PTN expression in endocrine cells.

2.4. Menin inhibits cell proliferation by repress-
ing cyclin B2 via interaction with HDACs

It has been reported that menin represses tran-
scriptional factor Jun D in a histone deacetylase
(HDAC)-dependent manner, and mSin3A, a gen-
eral co-repressor, bridges HDACs and menin in
the interaction [25-26, 28]. In our recent study,
it has been shown that menin represses an en-
dogenous proproliferative gene via recruiting
HDAC3 [27].

In MEFs, menin binds to the Cenb2 promoter in
the region containing 3 CCAAT boxes, cell cycle-
dependent element (CDE) and cell cycle genes
homology region (CHR); menin represses tran-
scription of Ccnb2 [27]. Further, menin re-
cruited HDAC3 to the Ccnb2 locus and reduced
the histone H3 acetylation level. Notably, MEN1
disease-related menin point-mutants, L22R and
A242V, fail to repress histone H3 acetylation at
the Ccnb2 locus as well as transcription of
Ccnb2 [27]. Consistent with these findings, in-
sulinomas in Menl-mutated mice express a
high level of cyclin B2 [65].

Although it has been reported that menin re-
presses G1/S phase transition [66], more
menin-expressing MEFs are blocked at G2/M
phase than menin-null cells [27, 44, 54], and
fewer menin-expressing cells are at M-phase, as
shown by staining for phospho-histone H3
(Ser10) [27]. Therefore, menin also blocks cells
at G2/M phase. When menin-null and menin-
expressing cells are synchronized at G2/M
phase, the menin-null cells exit from G2/M
phase more rapidly than menin-expressing cells.
These findings indicate that menin-induced re-
pression of cyclin B2 plays an important role in
menin-dependent inhibition of G2/M transition
and cell proliferation (Figure 1D).

3. Menin interacts with transcription factors
Menin directly interacts with a number of tran-

scription factors including JunD and NF-kB, two
transcription factors involved in regulating cell
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proliferation, and represses JunD-mediated and
NF-kB-mediated transcription. Menin may exert
its repressive effect on gene transcription partly
by recruiting repressors such as histone deace-
tylases [25]. Further studies are needed to es-
tablish the role of menin-JunD and menin-NF-kB
interactions in suppressing cell proliferation by
regulating the endogenous and downstream
genes.

3.1. Menin inhibits cell proliferation by interact-
ing with JunD

JunD is a transcription factor belonging to the
AP1 transcription complex family and is involved
in negative control of cell proliferation [67].
Menin-JunD interaction has been identified by
the yeast two-hybrid method in the human brain
cDNA library and has been confirmed in vitro
and in vivo [28]. The interaction is mediated via
the N-terminal transcription activation domain
of JunD and the C-terminal part of menin. Menin
represses JunD-activated transcription through
a histone deacetylase (HDAC)-dependent
mechanism [25] in which mSin3A, a general
corepressor, recruits HDAC to menin [26]. Sev-
eral naturally occurring and clustered MEN1
missense mutations disrupted menin’s interac-
tion with JunD. These observations suggest that
menin’s tumor suppressing function involves
direct binding to JunD and inhibition of JunD-
activated transcription [28] (Figure 1E).

At first sight, it seems paradoxical that menin, a
tumor suppressor, suppresses the activity of
another protein, JunD, that inhibits cell prolifera-
tion. However, recent studies have suggested
that JunD, as a repressor of cell proliferation,
might bind directly to menin and exist as a com-
plex, rather than as a ‘free’ form [68]. Associa-
tion with menin appears to reverse the effect of
JunD on cell proliferation, converting JunD to a
suppressor of cell proliferation. In contrast, Jun
D may act as a proliferation promoter when it is
unable to bind menin. Binding of ‘free’ JunD (a
proliferation promoter) to menin (a proliferation
suppressor) leads to the formation of a prolif-
eration-suppressing complex [69].

Two isoforms of JunD, the full-length isoform of
JunD (JunD-FL) and the truncated isoform
(AJunD), resulting from alternative translation
start codons within JunD mRNA, are ubiqui-
tously expressed [68]. Menin suppresses tran-
scriptional activity of JunD-FL, but not of AJunD,
highlighting JunD-FL as a functional partner of
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menin. Disruption of JunD-FL-menin interaction
by point mutations, followed by examining the
impact on cell proliferation, may further reveal
the importance of this interaction in repressing
cell proliferation [68]. It remains unclear what
are the key endogenous target genes of the
menin-JunD complex in regulating cell prolifera-
tion.

3.2. Menin inhibits cell proliferation by interact-
ing with NF-kB

Interaction of menin and NF-kB has been identi-
fied by immunoprecipitation in HEK 293 cells
[29]. The NF-kB proteins p50, p52 and p65 are
found to interact specifically with menin in vitro
and in vivo. Furthermore, in Hela cells, Cos7
cells and NTERA-2 cells, menin represses p65-
mediated transcriptional activation on NF-kB
sites in a reporter gene in a dose-dependent
manner, and suppresses PMA (phorbol 12-
myristate  13-acetate)-stimulated or TNFo-
stimulated NF-kB activation [29]. Loss of menin-
mediated repression of NF-kB activity may thus
contribute to oncogenesis (Figure 1F).

Recent studies have revealed a negative corre-
lation between menin expression and p65 phos-
phorylation in human parathyroid tumors, as
well as a decrease in cyclin D1 expression in
response to inhibition of NF-kB [70]. Cyclin D1 is
a key regulator of G1/0-S phase transition and
promotes cell proliferation. Over expression of
cyclin D1, as well as loss of menin, has been
demonstrated to induce parathyroid hyperplasia
in transgenic mice [16, 71-72]. A blockade of
the NF-kB activity caused a significant decrease
in cyclin D1 expression in human parathyroid
cells, suggesting a proliferative role for NF-kB in
parathyroid cells. Nevertheless, it remains to be
determined whether menin and NF-kB are co-
localized to the loci of their target genes to con-
trol cell proliferation.

Cyclin D1 expression is increased in menin-
knockdown IEC-17 cells, a non-transformed
crypt-like cell line representative of the prolifera-
tive compartment of the small intestine, at least
partly due to up regulation of NF-kB-mediated
transcription [73]. A blockade of the NF-kB ac-
tivity reduces proliferation, cell cycle, and cyclin
D1 expression levels in IEC-17 cells to the levels
observed in the presence of menin [73]. These
studies indicate a strong correlation between
NF-kB activity and cyclin D1 expression. Menin
expression in the IEC-17 epithelial cells and its
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repression of NF-kB/cyclin D1 may be relevant
to the physiological function of menin in regulat-
ing proliferation of the intestinal epithelial cells.
Moreover, the reduction of menin expression in
the IEC-17 cell line leads to tumorigenic trans-
formation. It remains unclear whether menin
also regulates NF-kB/cyclin D1 in endocrine
cells and whether all of them directly bind to the
loci of their target genes.

3.3. Menin inhibits cell proliferation by interact-
ing with nuclear receptors

Both immunoprecipitation experiments and
yeast two-hybrid studies show that menin inter-
acts with nuclear receptors PPARy [32] and VDR
[33] in a ligand-independent manner. Menin
augments PPARy- and VDR-target gene expres-
sion through recruitment of H3K4 methyltrans-
ferase activity (Figure 1G and H). Nuclear recep-
tors play an important role in the development
of human cancers.

PPARYy is expressed in MEN1-associated tumor
types, such as pituitary adenomas and neuroen-
docrine tumors [74-75]. Moreover, p18inkic jg
found to be up regulated in mouse fibroblasts
that ectopically express PPARy [76]. Menin sup-
presses adaptive pancreatic B-cell proliferation
in obese mice, in which PPARY is also involved,
raising an interesting possibility that the interac-
tion between menin and PPARYy is important for
regulating cell proliferation as well [77-78]. In
addition, PPARy is involved in adipocyte differ-
entiation and proliferation and PPARy plays a
role in lipoma development [32].

Several reports suggest that aberrant VDR func-
tion can contribute to parathyroid adenoma for-
mation. VDR-null mice develop parathyroid hy-
perplasia [79]. The VDR gene polymorphisms
are associated with primary hyperparathyroid-
ism and alterations of VDR mRNA and protein
levels have been reported to occur in parathy-
roid adenomas [80-82]. In addition, p27Xirl and
p18nkic gre also regulated by VDR [83-85]. Re-
duced p27Kiel p18inkdc gand p21Waf1/Cirl |evels
are reported in sporadic parathyroid adenomas
[86]. P27Xirlis significantly reduced in both spo-
radic and MEN1-related parathyroid adenomas,
as compared to normal parathyroid tissue [33].

4. Menin inhibits cell proliferation by interacting
with cell signaling pathways

Recent studies have shown that menin can in-
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hibit cell proliferation by collaborating with or
regulating cell signaling pathways, such as the
transforming growth factor-3 (TGF-B) and the
Wnt/B-catenin signaling pathways.

4.1. Menin represses cell proliferation via the
transforming growth factor-3 (TGF-B) signaling
pathway

Menin has been shown to interfere with the TGF
-B signaling pathway by interacting with Smad3

to suppress proliferation of GH4C1, a rat pitui-
tary cell line [87]. Knockdown of menin inter-
rupts Smad3 binding to DNA, thereby blocking
the TGF-B signaling pathway (Figure 1l). The
Smad-family proteins are critical components of
the TGF-B signaling pathway. TGF-B exerts in-
hibitory proliferation and transcriptional activi-
ties through two receptor-regulated Smads,
Smad2 and Smad3 [88]. Receptor-mediated
phosphorylation of Smad2 or Smad3 induces
their association with the common partner
Smad4, followed by translocation of the Smad
proteins into the nucleus, in which these com-
plexes activate transcription of specific genes
[89]. TGF-B is thought to regulate the prolifera-
tion of pituitary cells by inhibiting their growth in
an autocrine or paracrine manner [90]. Re-
duced menin expression leads to loss of TGF-f3-
mediated inhibition of proliferation of primary
parathyroid cells [42]. TGF-B is an important
autocrine/paracrine negative regulator of para-
thyroid cell proliferation and Parathyroid Hor-
mone (PTH) secretion, and loss of TGF-B signal-
ing resulting from menin inactivation may con-
tribute to parathyroid tumorigenesis [42].

In recent studies, Leydig cell tumors (LCT) devel-
oped from heterozygous Menl mutant mice
show deregulation of the TGF-B pathway [91].
Both immunostaining and Western Blotting
analyses demonstrate markedly reduced nu-
clear expression of Smadl, 3, 4, and 5 in the
tumors. Furthermore, the expression of pil8,
p27 and cyclin dependant kinase 4 (Cdk4), tar-
gets of the TGF-B pathway, is altered in the Ley-
dig cell tumors [91]. Further comparison of the
global gene expression profiles of testis and
ovary adenomas, along with other endocrine
tumors, from control and Menl heterozygous
mice also reveal deregulation of the TGF-§3 sig-
naling pathway in sex cord stromal tumors [92].

4.2. Menin represses cell proliferation via the
Wnt/B-catenin signaling pathway
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It has been reported that menin directly inter-
acts with B-catenin and carries B-catenin out of
the nucleus through its two functional nuclear
export signals [93]. In Men1-null MEFs and insu-
linomas tissues from p-cell-specific Menl
knockout mice, B-catenin is accumulated in the
nucleus [93]. Since over expression of menin
reduces nuclear accumulation of B-catenin and
its transcriptional activity [93], menin may re-
press cell proliferation through suppression of
the Wnt/B-catenin signaling, which is pro-
proliferative [93] (Figure 1J). However, in cul-
tured rodent islet tumor cells, menin may re-
press cell proliferation partly by activating the
Wnt/B-catenin signaling [94]. When menin and
activated B-catenin is over expressed, the Wnt/
B-catenin downstream target gene, Axin2, is
significantly enhanced correlating with in-
creased H3K4 trimethylation at the promoter of
the Axin2 gene [94].

These different results regarding the impact of
menin on the Wnt signaling pathway and cell
proliferation are unexpected, and may be attrib-
uted to the different cell models used, in which
menin’s primary role could be different in dis-
tinct context of cells. Relevant to this possibility,
in mice stably expressing B-catenin (f-catactive),
expression of B-catenin in early embryonic de-
velopment disrupts pancreatic development,
whereas its late expression leads to an increase
of islets mainly by increasing the number of pro-
liferating cells [95]. These findings suggest that
B-catenin functions differently in regulating cell
proliferation at different stages of pancreatic
development. The distinct regulations of B-
catenin by menin in insulinomas from pB-cell-
specific Men1 knockout mice or in cultured ro-
dent islet tumors may be attributed to the dis-
tinct functions of B-catenin in a context-
dependent manner. Nevertheless, the precise
role of beta catenin in regulating pancreatic
islet cells is less clear. Further studies are
needed to elucidate the detailed mechanisms
underlying the functional interaction between
menin and the Wnt signaling pathway in regulat-
ing beta cell proliferation.

5. Menin represses certain pro-proliferative fac-
tors that may promote proliferation of endocrine
tumor cells

Some proliferative factors that are considered
to be relevant to endocrine tumors, such as
insulin-like growth factor binding protein 2
(IGFBP-2), insulin-like growth factor 2 (IGF2) and
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parathyroid hormone-related protein (PTHrP) are
inhibited by menin [54, 65] (Figure 1K).

Targeted disruption of Men1 leads to up regula-
tion of IGFBP-2, and complementation of menin-
null MEFs with wild-type menin reduces expres-
sion of IGFBP-2 [54]. MENZ1-related point mu-
tant menin fails to repress expression of IGFBP-
2. Consistent with this, the promoter of IGFBP-2
is repressed by wild-type menin, but not by a
MEN1-related point mutant. Menin also alters
the chromatin structure surrounding the pro-
moter of the IGFBP-2 gene. Furthermore, nu-
clear localization signals in menin are crucial for
repressing the expression of IGFBP-2 [54].

IGFBP-2 was originally identified for its ability to
bind insulin-like growth factors (IGFs) [96].
IGFBP-2 is a member of the IGFBP family and
plays a crucial role in regulating cell prolifera-
tion. It can stimulate cell proliferation in an IGF-
independent manner in certain types of cells,
but also inhibits cell proliferation by suppressing
the activities of IGFs [96]. For example, IGFBP-2
inhibits proliferation of normal epithelial cells
but stimulates proliferation of cancer cells [97-
98]. Moreover, it has been reported that IGFBP-
2 partly mediates TGF-B-induced inhibition of
proliferation of mink lung epithelial cells [99]. It
is well known that TGF- inhibits proliferation of
normal epithelial cells but stimulates prolifera-
tion of many cancer cells [96, 100]. This posi-
tive and negative regulation of cell proliferation
may be similar to what is observed for the role
of IGFBP-2.

Another study reveals increased expression of
IGF2 in mouse Menl insulinomas [65]. The
IGF2 is known to play an important role in B-cell
proliferation. Further analysis reveals that high
expression of IGF2 in murine Men1 insulinomas
is accompanied by the hypermethylation of the
intragenic differentially methylated region 2
(DMR2), which is associated with an increased
level of transcription through methylation [65].
The up-regulation of IGF2 expression could con-
tribute to tumorigenesis of B-cells, as a result of
menin inactivation. In addition, PTHrP is also up-
regulated in mouse Men1 insulinomas [65].

However, the precise role of menin in repressing
cell proliferation through repressing IGFBP-2,
IGF2 and PTHrp remains to be further explored.

6. Menin in cell cycle
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Menin plays a crucial role in regulating the cell
cycle. Expression of menin has been examined
at various cell cycle stages in a rat pituitary cell
line, GH4C1 [101], although in different types of
cells, this phenomenon may vary. Menin expres-
sion fluctuates during cell cycle progression,
mimicking expression of cyclins [101]. The ex-
pression level of menin is relatively high in qui-
escent cells during GO/G1, then transiently de-
creases when the cells enter the cycle in G1,
and increases again as the cells enter S phase
[101]. During and immediately after cell divi-
sion, menin resurges in the cytoplasm and the
nucleus. However, during S phase, menin must
be translocated to the cytoplasm for the cell
cycle to proceed [7, 102]. In non-dividing cells
synchronized at the G2/M phases of the cell
cycle, localization of menin occurs predomi-
nantly in the nucleus [101]. Menin has also
been shown to increase the number of cells in
G2/M, suggesting that menin causes a potential
block in the G2/M phases, which is consistent
with its nuclear localization during this phase.
This fluctuation and nuclear/cytoplasm shut-
tling are consistent with the function of menin in
regulating cell cycle progression. However, it
remains unclear whether fluctuation of menin
levels directly affects expression of cell cycle
genes and cell cycle progression. Further stud-
ies are necessary to address this question.

Studies have demonstrated that menin re-
presses the cell cycle GO/G1 to S phase transi-
tion and G2/M phase transition. The function of
cell cycle control by menin is partly overlapped
with the function of menin in interacting with
histone modifiers, which alter expression of cell
cycle-regulators. Moreover, menin has been
shown to interact with the activator of S-phase
kinase (ASK), a component of the Cdc7/ASK
kinase complex, and represses ASK-induced cell
proliferation [66] (Figure 1L). In addition, a re-
cent study has shown that acute Men1 excision
promotes the proliferation of pancreatic B cells
in mice via increasing the expression of several
genes involved in the cell cycle, such as Cyclin A
and Pbk, a PDZ-binding kinase regulating mito-
sis [103]. Collectively, these findings suggest
that menin exerts its function of repressing pro-
liferation through coordinately inhibiting cell
cycle progression. How menin is regulated at
either transcriptional or post-transcriptional lev-
els during cell cycling remains to be investi-
gated.

7. Summary and Perspective
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Menin likely exerts an important function in sup-
pressing tumorigenesis via repressing cell prolif-
eration, and menin inhibits cell proliferation to
repress MEN1 through various mechanisms
(Figure 1). Menin may interact with histone
modifying enzymes, transcription factors includ-
ing nuclear receptors to suppress cell prolifera-
tion. In addition, menin also affects signaling
pathways, expression of endocrine tumor-
related proliferative factors and cell cycle pro-
gression to inhibit cell proliferation. Further
study of these regulations will be helpful for us
to understand menin’s tumor-suppressing func-
tion thoroughly.

Most of the mechanisms for menin-mediated
suppression of cell proliferation are closely re-
lated to menin’s role in regulation of gene tran-
scription. The mechanisms whereby menin regu-
lates transcription are diverse and complex.
Menin not only promotes but also represses
gene transcription. Menin can directly or indi-
rectly associate with the promoters of various
genes and recruit histone-modifying enzymes,
such as MLL, EZH2 and HDACs, to modify his-
tones and thus determine the status of gene
transcription. Also, menin interacts with and
affects activity of various transcriptional factors,
such as JunD and NF-kB, to regulate gene tran-
scription. Despite distinct or even opposite roles
of menin in either activating or inactivating gene
transcription, these opposite roles of menin in
gene transcription may be all important for sup-
pressing tumorigenesis. How does menin play a
positive or negative role in regulating gene ex-
pression? Is that determined by a tissue-specific
or gene-specific manner, or both? Answers to
these questions will likely further our under-
standing of how menin functions in a tissue-
specific manner.

Another interesting question is how menin itself
is regulated. Considering its expression fluctu-
ates with cell cycle progression, it could be regu-
lated both at a transcriptional level and post-
transcriptional level. Protein translation or pro-
tein stability could be involved in post-
transcriptional regulation. Protein modifications,
such as phosphorylation, ubiquitination, and
sumoylation should be considered.

Interestingly, accumulating evidence in recent

years suggests that menin is not only a tumor
suppressor gene in multiple endocrine organs,
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but also an oncogenic cofactor promoting prolif-
eration of leukemia cells and development of
mixed lineage leukemia. The dual role of menin
in suppressing or promoting cell proliferation
seems to be related to the menin-MLL dual
function in suppressing or promoting cell prolif-
eration. Elucidating mechanisms for menin’s
tissue-specific and gene-specific activities will
likely deepen our understanding of the role of
menin in regulating cell proliferation and sup-
pressing MEN1 tumorigenesis.
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