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Cellular Functions ofMenin
Geoffrey N. Hendy', Hiroshi Kaji and Lucie Canaff

Abstract

Since itsdiscovery as a novelprotein some 10years ago, many cellular funct ionsof menin have
been identified. However, which ones of these relate specifically to rnenin's role as a tumor
suppressor and which ones not remains unclear. Menin is predominantly nuclear and acts

as a scaffold protein to regulate gene tran scription by coord inating chromatin remodeling. It is
implicated in both histone deacetylase and histone methyltransferase activity and, via the latt er,
regulates the expression ofcell cycle kinase inhibitor and homeobox domain genes. TGF-~ fam
ily members are key cytostatic molecules and menin is a facilitator of the transcriptional activity
oftheir signaling molecules, the Smads, thereby ensuring appropriate control ofcell proliferation
and differentiation.

Introduction
The basiccell functions of menin will be reviewed. The focus will be on the role of menin in cell

cycle regulation, DNA repair and chromatin remodeling. Whereas the primary structure of men in
has been well conserved throughout evolution and orthologues are present in fruit fly, zebrafish
and mouse, a menin homologue is apparently not present in nematodes and yeasts.

Cell Cycle
In the cell cycle, a gap (Gl) phase is incorporated between nuclear division (M phase) and

DNA synthesis (S phase); G2 phase occurs between Sand M. Differentiated cells may exit Gl
and enter a resting pha se, GO. To enter S phase, activation ofcyclin-dependent kinases (CDKs) is
required. CDKs bind to a cyclin subuni t to become catalytically competent and the cyclin-CD K
complexes are tightly regulated. During G1 diverse signals are evaluated and on th is basis the cell
either enters S phase or enters GOor undergoes apoptosis. The G2 phase is devoted to mending
replication error s and ensuring that all is in order to proceed with mitosis. Oncogenic tran sforma
tion is largely the result ofmalfunctions in these Gland G2 mechanisms.

Before Gl and in the absence of mitogenic signals, C D K2 is kept inactive. In resting cells,
E2F factors are bound to the retinoblastoma protein (Rb) or family memb ers and inactivate
them. Mitogens work by increasing D-type cyclins, wh ich combine with CDK4 and CDK6
to phosphorylate and inactivate Rb. The E2Fs that are released activate transcript ion of genes
encoding components supporting DNA replication.

Premature entry into S phase is prevented by inhibitors of the cyclin-CDK complexes. These
cyclin dependent kinase inhibitors (C DKls) include p l SInk4b, P16Ink4a, p18Ink4c, p21Cip1/
WAFl , p27Kipl and pS7Kip2 and some may mediate cytostatic signals. On the other hand,
mitogens can suppress the expression or location or activity ofCDKis. Mitogenic facto rs acting
through receptor tyrosine kinases activate the Ras pathway to stimulate cell proliferation, growth
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and survival. Inthe GTP-bound state, the Ras-MEK-ERK cascade promotes CDK activation. ERK
phosphorylares and stabilizes the transcription factor, c-Myc, that induces and inhibits expression
ofcyclin D 1 and CDKls, respectively.

The cytokine TGF-~ and family members provide cytostatic signals that limit G 1 progression
and cell proliferation. TGF-p activates a membrane complex ofserine/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 G 1. Inepithelial cells this involves induc
tion of CDKls and repression ofc-Myc. Smad-2, -3 and -4are considered as tumor suppressors
and mutations in several components ofthe TGF-p signaling pathway are contributors to a wide
variety ofcancers.

Menin and the Cell Cycle
Menin is a nuclear protein in nondividing (interphase) cells'f and it is only in mitosis when

the nuclear membrane has dissolved that menin appears in the cytoplasm.' At this time it may
be associated with cytoskeletal elements. Menin interacts with nonmuscle myosin II-A heavy
chain (NMHC II-A) that mediates alterations occurring in cytokinesis and cell shape during
cell division" and also interacts with the intermediate filament network proteins, glial fibrillary
acidic protein (GFAP) and vimentin.' It is unclear whether this relocalization represents only a
sequestering of menin before cytokinesis or that the protein is playing a functional role in this
location during late mitosis.

Tumor suppressors BRCAI and BRCA2 are poorly expressed in quiescent cells. Bycontrast,we
found that menin protein is relatively well expressed in quiescent rat pituitary somarolactotrope
GH4Cl cells at GO-GU The CDKls, such as p21 and p27, are also well expressed in quiescent
cells and we suggested that menin may function like these CDKls (or regulate their expression).
We found that the levelsofmenin transiently decrease as Rb protein becomes hyperphosphorylated
as cells enter the cell cycle and then increase again as the cells enter S phase from the G I-S-phase
boundary onward (see Fig. 1). Others have identified increases in menin mRNA at this tirne.''
It is at this stage that expression of other tumor suppressors such as BRCAl, BRCA2 and p53
increases. Thus menin may play some role at the Gl -S-phase checkpoint analogous to BRCAl,
BRCA2 and p53. It is to be emphasized, however, that the relative changes in menin expression are
modest (2-3-fold) relative to the marked changes in expression noted for other tumor suppressors
over the course of the cell cycle. Changes in post-translational modification that might suggest
alterations in activity throughout the cell cycle have yet to be examined.

Menin and the Retinoblastoma Protein
Studies with knockout mice have provided evidence that menin and Rb may operate in a com

mon pathway to regulate cell proliferarlon,?Mice homozygous for either deletion ofthe Rb 1 gene
or the Men] gene die in utero. Mice heterozygous for either deletion ofthe Rb 1 gene" or the Men 1
gene develop endocrine rumors.v" Inthe Rb 1+1- mice, intermediate pituitary and thyroid tumors
occur frequently with less frequent development ofpancreatic islet hyperplasia and parathyroid
lesions. In the Men 1+1- mice, pancreatic islet and anterior pituitary adenomas are common. In
mice heterozygous for both Men 1 and Rb 1 deletion, pancreatic hyperplasia and tumors of the
intermediate pituitary and thyroid occur at high frequency. The tumor spectrum in the double
heterozygores is a combination of those for the individual heterozygotes, with no decrease in
age ofonset. This suggests that menin and Rb function in a common pathway. This would be in
contrast with studies ofmice heterozygous for deletion ofRbI and p53 that exhibit accelerated
tumorigenesis and a broadening of the spectrum of tumor types observed to encompass all the
types exhibited in the individual hererozygoces."

Menin and CDKInhibitors
p 18-p27 double mutant mice, like Rb heterozygous mice, develop multiple endocrine neopla

sias, including pituitary, thyroid, parathyroid and adrenal, providing evidence that p 18 and p27
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Figure 1. Menin affects the activity andlor expression of several key cell cycle regulators
either by directly interacting with them or modulating transcription of their genes. A) GOI
G1 to 5 phase transition; Menin blocks the transition from GO/G1 to 5 phase and appears to
function in a common pathway with the retinoblastoma (Rb) protein . Menin is required for
the expression of CDKls such as p18 and p27 that maintain cells in a quiescent state.5 phase:
Menin inhibits cell proliferation by interacting with activator of 5-phase kinase (ASK). Cell
cycle checkpoints (G1 to 5; and G2 to M) and DNA repair: Menin can bind DNA directly
(like BRCA1) and functions in DNA repair via the ATR-CHK1, FANCD2 or FOXN3 (CHE51 )
pathways. For some of these, histone deacetylase (HDAC) complexes are also involved. For
further details see text. B) Menin protein expression changes throughout the cell cycle. Rat
somatolactotroph GH4C1 cells were serum starved for 24 h, cultured in complete media
containing either aphid icolin or mimosine (Gl -5 block ), or colcemid (G2-M block) for 24 h
and then released from blockade by culture in complete media for the indicated times (h).
For experimental details see reference 2. Relativeexpression levels (%) of menin protein were
determined by 5D5-PAGE and immunoblot of cell extracts. C) Relative expression of menin
protein throughout the cell cycle with peak levels at the intra-5 phase.
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function by regulating Rbstumor suppressor function. The types ofendocrine tumors cover the
spectrum seen in MENI and MEN2.12

•
13 However, mice lackingpS3 develop lymphomas and soft

tissue sarcomas.'! pS3 functions as a checkpoint gene to monitor genomic integrity, whereas Rb
functions to integrate mitogenic signals to determine whether the cell will enter S phase or not.

Menin directly regulates the expression ofthe CDKIs, p27 and p 18. Menin does this by recruit
ing mixed lineage leukemia (MLL) protein complexes to their gene promoters and coding regions.
Loss of function ofeither MLL or menin results in down-regulation ofp27 and pl8 expression
and deregulated cell proliferation." By use ofa mouse model with heterozygous deletion of the
Men} gene, it was shown that men in-dependent histone methylation maintained expression of
CDKIs and prevented the formation ofpancreatic islet tumors. IS Therefore, menin is involved
in cell proliferation control by an epigenetic mechanism. Excision ofMen I in mouse embryonic
fibroblasts (MEFs) accelerated entry into S phase accompanied by increased CDK2 activity and
decreased expression ofpl8 and p27. Complementation ofmenin-null cellswith menin repressed
S-phase entry,"

In stable Men I-deficient Leydig tumor cell lines reconstituted menin expression decreased
cell proliferation with a block in transition from GO/G I to S phase and an increase in apoptosis
accompanied by increased p 18 and p27 expression.'?Tissue-specific inactivation ofMen I in neural
crest precursor cells in the mouse leads to perinatal death with cleft palate and other cranial bone
defects associated with decreased p27 expresslon.V'Ihe study demonstrated that menin functions
in vivo during osteogenesis and is required for palatogenesis, skeletal rib formation and perinatal
viability.

Therefore, a recurring theme arising from studies investigating the functions of menin either
early in embryogenesis and fetal development, on the one hand and those examining roles that
when lost in the growingor adult organism lead to endocrine (and other) neoplasia, on the other,
has been the requirement ofmenin for the proper functioning ofsome ofthe CDKIs in cell cycle
control.

Menin and GTPases
Ras-transformed murine fibroblasts (NIH3T3 cells) demonstrate increased proliferation,

clonal formation in soft agar and tumor growth after inoculation into nude mice. Overexpression
of menin in these cells caused them to partially revert to the phenotype of the parent NIH3T3
cells in vitro and in vivo.'? The studies support menin acting as a tumor suppressor, although
the activities being displayed by menin in these experiments may not necessarily involve a direct
antagonism ofthe Ras pathway.

It has been suggested that nucleoside diphosphate (NDP) kinases might act as molecular
switches to alter cell fate towards proliferation or differentiation in response to external signals."
The activity of the NDP kinases would be regulated by small molecular weight G proteins like
Rad and Rac that function as guanosine triphosphate (GTP}ases. While menin is not of small
molecular weight it has been shown to interact with the tumor suppressor NM23HlINDP kinase.
While neither protein has GTPase activity ofits own, their interaction induces GTPase activity by
menin.21

,22 It has been proposed that menin has several motifs similar to those in known GTPases
although the homology isweak. It would be anticipated that the interaction with menin stimulates
GEF activity ofnm23 although this remains unknown. In addition NDP kinases function at the
plasma membrane and evidence is lacking for men in being in the appropriate cellular localization
to fulfil this function.

Menin and]unD
JunD is a member ofthe activator protein-I (AP-l) transcription factor family and in contrast

to other Jun and Fos proteins has antimitogenic activity. JunD negatively regulates fibroblast
proliferation and antagonizes transformation by Ras in vitro and in vivo.23 Ofallthe AP-I family
members, menin interacts only with JunD and represses its transcriptional activity by association
with an mSin3A-histone deacetylase (HDAC) complex. 24

•
27 We had pointed out that it appeared

paradoxical that one antimitogenic factor would reduce the activity of another.' We suggested
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that whereas menin is a regulator ofJunD action,JunD may not be the main mediato r ofmen in
action. Further studies in fibroblasts have suggested that the nature ofJunD can change depending
upon whether it is bound by menin when it functions as a growth suppressor or it is not bound
by menin in which case it acts as a growth promoter like other AP-l family members." Howeve r,
the result ofJunD-menin interaction may be cell-type specific asJunD has a differentiating effect
in osteoblasts, an action that is inhibited by menin."

Menin andActivator DIS-Phase Kinase (ASK)
Targeted disruption oftheMenl gene leads to enhanced cellproliferation, whereascomplemen

tation ofmenin-null cellswith menin reduces cell proliferation. Menin interacts with activator of
S-phase kinase (ASK), a component ofthe Cdc?IASK kinase complex.The C-terminal domain of
menin inte racts with ASK. W ild-type menin completely repressesASK-induced cell proliferation
although it does not affect the steady-state cell cycle profile ofASK-infected cells." As menin itself
represses basal cell proliferation , it is unclear whether men in'seffects are occurring via its interac
tion with ASK or in an unrelated manne r.Also, ASK itself did not alter the steady-state cell cycle
profile. Disease-related C-terminal menin mutants that do not interact with ASK did not repress
either ASK-induced or basal cell proliferation. From other studies it appears that ASK is in the
nucleus ." The C-terminal menin deletion mutants would not gain access to the nucleus . Further
studies need to be done to determine where in the cell any physical interaction between menin
and ASK is taking place and what the exact fun ctional link between the two proteins is.

Menin and TGF-f3Family Members
In most mature tissues the cytokineTGF-~ providescytostatic signals that limit G 1progression

and cell proliferation. Menin is a Smad3-interacting protein and is a facilitato r oftranscriptional
activity ofthe Smads (see Fig. 2).32In anterior pituitary cells, inactivation ofmenin blocksTGF-~
and activin signaling, antagon izing their proliferation-inhibitory properties.P''" In cultured para
thyroid cells from uremic hemodialysispatients in which the menin signaling pathways are inta ct ,
menin inactivation achieved by menin antisense oligonucleotides leads to lossofTGF-~ inhibition
ofparathyroid cell proliferation and parathyroid hormone (PTH) secretion (see Fig.3). Moreover,
TGF-~ does not affect the proliferation and PTH production ofparathyroid cells from MENl
patients that were devoid of menin protein.35.36Antisense inhibition ofmen in in a rat duodenal
crypt -like cell line increased cell proliferation with loss of cell-cycle arrest in G l and increased
expression of cyclin D 1 and CDK4 and decrea sed expression of the TGF-~ Type II receptor."
Hence, menin plays a critical role in mediating the cytos tatic effects ofTGF-~ ligands.

Duringearlyembryogenesisand fetaldevelopm ent and in some adul t mesenchymalcells,TGF-~

and bon e mo rphogenetic proteins (BM Ps) play important roles. Homozygous Men l inactiva
tion in mice is embryonic lethal and the fetuses exhib it cranial and facial developmental defects.
Cranial bones form by int ramembranous ossification and menin may play an important role in
this type ofbone formation. In vitro, menin promotes the initial commitment of rnultipotential
mesenchymal stem cells to the osteobla st lineage through int eractions with the BMP-2 signaling
molecules, SmadllSmadS and the key osteoblast regulator, Runx2, whereas the interaction of
men in and the TGF-~ signaling molecule, Smad3, inhibits later osteoblast differenti ation by
negatively regulating the BMP-Runx2 cascade.38.39The focus in these studies was predominantly
on bone different iation markers. However, it would also be impo rtant to extend these studies by
evaluating menins influence on cell cycle markers. In vivo, in the mouse, tissue-specific inactivation
ofMen I in neural crest cells that cont ribute to cranial bones and the skeletal ribs and other tissues
leads to defects in osteogenesis and perinatal death. " The facethat mice and humans heterozygous
for loss of the Menl gene develop normally indicates haplosufficiency for all of menin's normal
functions.9.10However, for some fun ctions and in some cell typesonly, further reduction in menin
result s in developmental deficits.

The deregulation of the TGF-~ family pathway has also been correlated with Men I inactiva
tion and altered cell growth in vivo by studying the Leydig cell tumors of het erozygous Men 1
mutant m ice.t? In the cellsofthe tumors the anti-Mullerian horm on e (AMH)/ BMPpathwaywas
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impaired with reduced expression ofAMH receptor Type 2, decreased expression ofSrnadl , -3,
-4 and -5 and reduced BMP transcriptional activity. The expression ofpIS and p27 was reduced
and that ofCDK4 increased. In other studies, it was noted that Men l-null MEFs demonstrate
reduced expression ofextracellular matrixproteins critical for organogenesis and that are indu ced
byTGF-~.4 1 TGF-~ failed to stimulate expression ofthese proteins in the menin-null MEFs that
also had poor responsiveness to TGF-~ induced Smad3-mediated transcription .
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Figure 2, viewed on previous page. Role of menin in TGF-~-mediated cell proliferation and
gene transcription facilitated by Smad/DNA interaction. A) TGF-~ stimulates menin expres
sion. Serum-starved GH4Cl cells were cultured in TGF-~ for the indicated times (h) and total
cell menin levels were measured by immunoblot after SDS-PAGE with StaG as the protein
loading control. B) Endogenous menin expression is suppressed by antisense menin cDNA.
Serum-starved GH4Cl cells stably transfected with either vector alone (V) or antisense menin
(AS) were cultured in the absence (-) or presence (+) of TGF-~ for 1h. Menin expression was
assessed by immunoblotting of cell extracts after SDS-PAGE. C) Antisense menin blocks the
TGF-~-induced inh ibition of pituitary cell proliferation. Serum-starved GH4Cl cells were
cultured without (Cont.) or with TGF-~ for 72 h and cell numbers were counted. D) Menin
specifica lly binds the TGF-~ signaling molecule, Smad3. Menin was transfected into COS7 cells
with the indicated myc-tagged Smad2 or Smad3 constructs . Cell extracts were immunprecipi
tated with anti-myc antibodies followed by SDS-PAGE and immunoblotting with anti-menin
antibodies . Total cell expression of the Smadsand menin was monitored. W, Western blot; Ip,
immunoprecipitation. E) Antisense menin inhibits TGF-~-mediated transcriptional responses.
The TGF-~-responsive promoter-Iuciferase reporter construct, 3TP-Lux, was transfected into
HepG2 cells together with empty vector (V) or antisense menin (AS) either alone or with sense
menin (S) and the cells were stimulated (+) or not (-) with TGF-~. Relative luciferase activity
was measured and the mean values are shown. F) Reduced menin expression disrupts Smad3
binding to DNA. GH4Cl cells were transfected with myc-Smad3 and flag-Smad4 in the ab
sence (-) or presence (+) of antisense menin alone or with sensemenin . Nuclear extracts were
subjected to electromobility shift assay. The shifted band (arrow), the Smad/DNA complex,
was decreased in intensity by antisense menin and restored by coexpression of sense menin
and was completed abol ished by anti-myc antibod ies. Lane 10 representsan extract from cells
transfected with untagged (rather than myc-tagged) Smad3. Menin and Smad3/4 in the nuclear
extracts were monitored by immunoblot. For experimental details see reference 33.

CellCycleCheckpoints and DNA Repair
Tumor suppressors like BRCA1, BRCA2 and p53 play key roles in protection against genomic

instability. They integrate with components ofDNA damage checkpoints such as ataxia telangi
ectasia mutated kinase (AT M) and ATM and Rad3-related kinase (ATR) whose substrates mediate
cell cycle arrest , DNA repair or cell death. Menin may also share some of these functions.

Menin and Genomic Instability
A role for menin in the maintenance ofgenomic stability is suggested. Chromosomal instabil

ity (increased chromosomal breakage) was observed in cultured lymphocytes and in fibroblasts
derived from skin biopsies ofMEN 1 patients and hence heterozygous for an MEN 1 rnutation."
Peripheral lymphocytes from MEN 1 patients displayed an increase relative to normal controls in
premature centromere division after exposure to the alkylating agent diepoxybutane (DEB) that
crosslinks DNA.43-45 Menin-deficlent MEFs were also moderately sensitive to DEB and displayed
a high frequency ofchromosomal aberrations afier exposure to this agent .46Studies in Drosophila
showed that fliesmutant for the Men 1 orthologue are hypersensitive to ionization radiation and are
hyperrnutable.f A genome-wide loss ofheterozygosity (LaH) screening of23 pancreatic lesions
from 13 MEN 1 patients has shown multiple allelic deletions indicating that MEN 1 pancreatic tu 
mors fail to maintain DNA integrity and demonstrate signs ofchromosomal instability," However,
in another study, no obvious chromosomal instability was observed in islet cellsofMen 1 knockout
mice and tumors developed in the absence ofchromosome or micro satellite instability."

Menin, DNA BindingandATR-CHKl Pathway
Menin binds DNA and interacts with proteins implicated in DNA damage pathways. The

canonical cellular response to UV-induced damage involves activation ofthe ATR kinase pathway.
Following UV irradiation ofhuman embryonic kidney (H EK293) cells, men in concentration in
chromatin increased but was decrea sed by the ATR inhibitor, caffeine.49 Transfection ofconstitu
tively active checkpoint kinase 1 (CHK1 ) increased chromatin-bound menin mimicking the effect
ofUV irradiation and implicating the involvement ofan ATR-CHK1 dependent pathway.
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Figure 3. Role of menin in TGF-~-mediated inhibition of parathyroid cell proliferation and
parathyroid hormone (PTH) production. Parathyroid cells (from patients w ith secondary
hyperparathyroidism in which menin function is normal) were cultured in chamber slides
without (-) or with (+) antisense (AS) or sense (S) menin oligos for 6 h. A) Cells were then
cultured in fresh media without (-) or with (+) antisense or sense oligos without (-) or with
(+) TGF-~ for an additional 24 h and proliferat ing cell nuclear antigen (PCNA) immunocy
tochemistry performed. Representative views of cells cultured (i) w ithout TGF-~ or oligos,
(ii) w ith TGF-~ and sense oligos or (iii) with TGF-~ and antisense oligos. B) Mean values for
PCNA-positive cells for each group described in (A) w ithout (vehicle) or with TGF-~. C) After
the initial culture of cells for 6 h (described above) PTH immunocytochemistry was performed
on some cells. Representative views of cells cultured as described under (B). D) Mean values
of PTH-positive cells for each group described under (C) cultured without (vehicle) or with
TGF-~. For experimental details see reference 35.

Similar to other tumor suppressorslike BRCAl,50that are involvedin DNA repair pathways,
menin apparently directly binds dsDNA in a sequence independent way," Amino acid sequences
located towardsthe C-terminus of menin within the nuclearlocalizationsignals (NLS1and NLS2)
appear to be essentialfor this binding. 'Thestudy wasconducted in MEFsnull for Men 1in which
a failure to represscellproliferation and cellcycleprogression at the GUM phasewasnoted . An
anticipated effectat G1/S asoccurswith BRCAI depletion wasnot observed.However,the authors
noted that the method of immortalization of the MEFs would have blocked the Rb pathway so
that effectson this part of the cellcyclewould not have been evaluated.
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Menin andFANCD2
The FANCD2 protein is involved in DNA repair and mutations in it result in the inherited

cancer syndrome, Fanconis Anemia. Menin interacts with FANCD2; gamma-irradiation enhances
the interaction and increases the accumulation of menin in the nuclear matrix Y These results
suggest a role for menin, in cooperation with FANCD2, in DNA repair.

More recently, Marek et a}53have compared the mutation frequency and spectra ofMen I and
FANCD2 mutants in Drosophila. Men l mutant flies were extremely prone to single base dele
tions within ahomopolymeric tract, whereas FANCD2 mutants displayed large deletions. Neither
overexpression nor lossofMen I modified the inrerstrand crosslink (ICL) sensitivity ofFAN CD2
mutants. The different mutation spectra of Men I and FANCD2 mutants together with lack of
evidence for genetic interaction between these genes indicates that Men I plays an essential role
in ICL repair distinct from the Fanconi anemia genes.

MeninandRPA2
Menin directly binds to and colocalizes in the nucleus with the 32-kDa subunit (RPA2) of

replication protein A (RPA),a heterotrimeric protein required for DNA replication, recombination
and repair." The interactive region was mapped to the N-terminal portion ofmenin and menin
bound preferentially in vitro to free RPA2 rather than the RPA heterotrimer. Menin had no ef
fect on RPA-DNA binding in vitro. However, menin antibodies coimmunoprecipitated RPAI
with RPA2 from HeLa extracts suggesting that menin binds to the RPA heterotrimer or a novel
RPAI-RPA2-containing complex in vivo. The functional consequences of the interactions are
unclear but it is possible that men in acts as a scaffold protein to bridge different components ofa
cross-link repair network. Menin could also have, by its association with HDACs, a more general
effect on chromatin remodeling facilitating accessofdamaged DNA to the repair machinery.

Menin andFOXN3 (CHESI)
FOXN3 (CHESI), a member of the forkhead/winged-helix transcription factor fam

ily, was originally identified by its ability to suppress DNA damage sensitivity phenotypes in
checkpoint-deficient yeast strains. By study ofintegrity ofDNA damage checkpoints in mutant
Drosophila lacking the Men I orthologue and in MEFs deficient for Men I. biochemical and genetic
interactions between menin and FOXN3 (CHESI) were demonstrated.55 FOXN3 (CHESI) is
part ofa transcriptional repressor complex, that includes mSin3a. HDACI and HDAC2 and it
interacts with menin in a DNA damage-responsive S-phase checkpoint pathway.

Chromatin Remodeling
Transcription factors bind to DNA in a sequence-specific manner and they recruit cofactors

like chromatin-modifying complexes to regulate transcription of specific genes. In the nucleus,
DNA is wrapped around histone proteins to form nucleosomes and the repeating nucleosomes
form the chromatin fibres ofchromosomes. Accessibility to chromosomal DNA is a prerequisite
for gene transcription by RNA polymerases. Post-translational modifications ofthe tailsofhistones
involving acetylation and methylation influence the status ofnucleosornes and affect the recruit
ment of transcriptional cofactor complexes.

Menin and TranscriptionalRegulation
Menin is implicated in the regulation ofmany genes via interaction with specific transcription

factors and with the large subunit of RNA polymerase 11.56 Menin exerts a dual role, either as a
repressor or as an activator depending upon the particular transcription factor involved. This might
be explained by a model in which menin serves to link transcription regulation with chromatin
modification.

Menin andHistone Deacetylase
The chromatin modification, histone acetylation, is correlated with activation ofgene transcrip

tion . Histone deacerylarion mediated by complexes ofthe general transcription repressor, Sin3A ,
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Figure 4. Menin regulates gene transcription. A) Menin interacts with JunD and represses
JunO-mediated transcription by recruiting a histone-deacetylating complex comprising the
mSin3A, HDACl and HDAC2 proteins. B)Menin is a component of MLLl or MLL2 complexes
with histone methyltransferase (H3K4) activity. Other proteins in the complex are WDRS,
RbbpS and hASH2. Recruitment by an unknown DNA binding factor of menin and the histone
methyl transferase complex leads to histone 3 lysine 4 trimethylation (H3K4-me3) coincident
with the presence of RNA polymerase II and the basal transcription machinery at promoters
such as those for the CDKI, p18 and p27, genes.

with HDACs is related to gene inactivation. Menin interacts with HDAC-mSin3A complexes
to repress transcription of]unD (see Fig. 4A).25.26
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Menin andHistone Methyltransferase
Menin, as a component of the MLL chromatin remodelingcomplexes, is involved in trim

ethylarionof the fourth lysine (K) residueof histone H3 (H3K4 trimethylation) that is strongly
associated with transcription activation.56.57 By recruiting histone methyltransferase activity
menin acts asa tumor suppressor by activatingtranscription of antiproliferative geneslike those
for CDKIs (seeFig.4B).14.15

Menin binds to the N-terrninalregionofMLLl. Somebut not allof the fewMEN1associated
missense mutants tested fail to bind MLL.56 So it remains unclearexactly how essential the loss
ofH3K4 methylation is in MENl tumorigenesis. Of interest, fusion proteins createdby chro
mosomaltranslocationsof MLL and other proteins in the complexhavea causal role in several
forms of leukemia. Menin is an essential cofactor for MLL-associated leukemogenesls.t t'" This
hasprompted the suggestion that menin, usually consideredasa tumor suppressor, under special
circumstances maypromote oncogenesis.

Homeobox-domain (HOX) genesthat control the fundamental body plan during embryo
genesis aretargetsfor MLL.Consistentwith menin beingpart of the MLLcomplexes, the protein
is located at the promoters of some HOX genesand shown in somecases to regulateindividual
HOX gene expression in variouscells including MEFs,56mouse bone marrow cells'? and HeLa
cells.57.58.61 Deregulationofexpression of manyand afewHOX genes hasbeenfoundinparathyroid
tumorsofpatientswith MEN1and sporadichyperparathyroidism, respectively.62Themechanisms
underlyingthe altered HOX gene expression and whether it is causalof or coincidental to the
tumorigenesis remainsto be established.

Menin, Chromatin and Gene Expression
Bycombining chromatin immunoprecipitation (ChIP) assay with gene expression analysis,

hundreds of menin-occupied chromatin regions were revealed.v The majority (67%) were at
known genes (promoters, internal, 3' regions) with 33% located outside known gene regions.
While this reinforces the notion of menin as a transcriptional regulator, menin likely acts in
an indirect fashion (it maynot bind DNA directly) by functioning as a scaffold protein within
chromatin remodelingcomplexes. Knowledge of the participation of menin in regulatingseveral
geneshas come from ChIP analysis and promoter-reporter transfectionassays. Additional infor
mation has come from microarray analysis of a varietyof Men1 expressing versus Men1 deleted
cells. Interestingly, this has revealed that menin target genes in one tissueshowminimaloverlap
with targetsof other tissues.f'

Genomic binding sitesof menin and other proteins representing MLL complexes (seeabove)
weremappedto several thousandgenepromotersin threedifferent celltypesbyChlf coupledwith
microarrayanalyses." While menin frequentlycolocalized with chromatin modifyingcomplexes
it alsobound other promoters byother (unknown) mechanisms.

Conclusion
It is becomingclear that menin plays criticalroles in embryogenesis and earlyfetal develop

ment forwhichfunctionsmeninappearsto behaplosuflicient. Menin isinvolved in organogenesis
of neural tube, heart and craniofacial structures and hematopoiesis. In the adult, reductions in
menin expression, under the influence of the hormone prolactin, hasbeen implicatedin the nor
mal expansionof pancreatic islet ~·cells that occurs in pregnancyto meet the increased insulin
demand at this time.64
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