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Abstract

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal-dominant tumor syndrome
characterized by the occurrence of tumors in multiple endocrine tissues and nonendocrine tissues.
The three main endocrine tissues most frequently affected by tumors are parathyroid (95%),
enteropancreatic neuroendocrine (50%) and anterior pituitary (40%). Tumors are caused by a
heterozygous germ-line-inactivating mutation in the MENZ gene (1st hit) followed by somatic
inactivating mutation or loss of the normal copy of the gene (2nd hit), leading to complete loss of
function of the encoded protein menin. Most of the disease features and tumors are recapitulated
in mouse models with heterozygous germline loss of the Men1 gene. Also, tissue-specific tumors
are observed in mouse models with homozygous somatic loss of the Men1 gene specifically in
MENZ1-associated endocrine tissues. Hence, mouse models could serve as possible surrogates for
studying MEN1 and related states. To gain insights into MEN1 pathophysiology, menin-
interacting partners and pathways have been identified to investigate its tumor suppressor and
other functions. Also, the 3D crystal structure of menin has been deciphered which could be useful
to reveal the relevance of MENI gene mutations and menin’s interactions. This chapter covers
clinical, genetic and basic findings about the MEN1 syndrome, MENZ gene and its product protein
menin.

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal-dominant tumor syndrome
with no gender bias and with an approximate prevalence of 1 in 30,000 individuals. The
disease, first described in two families in 1954, manifests as multiple hormone-secreting
tumors, hormone nonsecreting tumors and nonendocrine tumors [1-3]. The disease
manifests in adults around 40-50 years of age; however, early onset of the disease has been
observed in a few children before the age 10 years [3]. Germline heterozygous mutation in
the MENI tumor suppressor gene encoding menin, located on chromosome 11g13,
predisposes to the development of tumors. This chapter covers the clinical, genetic and basic
findings about the MEN1 syndrome, MENZ gene and its protein product menin.

Clinical Characteristics of MEN1

MENL is characterized by the occurrence of tumors in multiple endocrine tissues and in
nonendocrine tissues (table 1). The three main endocrine tissues most frequently affected by
tumors in MENL1 are parathyroid (95%), enteropancreatic neuroendocrine (50%) and
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anterior pituitary (40%). Typical MENL1 is defined as tumor in two of the three main
endocrine tissues, which in familial MENL1, includes at least one relative with tumor in one
of the three main endocrine tissues [3]. In addition, an MEN1 patient could present with
many other hormone-secreting, hormone nonsecreting and nonendocrine tumors: adrenal
cortical tumor, foregut carcinoid (bronchial, thymic or of the gastric enterochromaffin-like
cells), facial angiofibroma, truncal collagenoma, lipoma, meningioma, Barrett’s esophagus,
leiomyoma (uterine in females, or in the esophagus), and ependymoma [3]. Approximately
25% of MENL1 patients die from cancer due to malignant gastrinoma (enteropancreatic
neuroendocrine tumor) or foregut carcinoid tumor [3].

Primary hyperparathyroidism from parathyroid hormone-secreting multiple parathyroid
adenomas is usually the first clinical manifestation observed in MEN1 patients typically
between 20 and 25 years of age [3]. In a few patients, the first clinical manifestation has
been observed as tumors of the enteropancreatic neuroendocrine tissues (multiple
gastrinoma) or anterior pituitary (prolactinoma) [3]. Eventually the patients develop various
combinations of the 20 or more tumor types associated with the MEN1 syndrome (table 1).
MENZ1-associated endocrine tumors are named after the hormones that these tissues produce
because majority of these tumors secrete excessive amounts of hormone. Some endocrine
tumors can be hormone non-secreting, therefore, clinically nonfunctioning (NF). The
frequently observed skin lesions, facial angiofibroma (85%), truncal collagenoma (70%),
and lipoma (30%) have been considered to be helpful for presymptomatic diagnosis prior to
the appearance of the hormone-secreting tumors [3]. The earliest manifestation of MEN1
has been reported in two cases of insulinoma at age 6 years, and one case with pituitary
macro-adenoma secreting prolactin and growth hormone at age 5 years or earlier [3]. Hence,
routine periodic monitoring for tumors in asymptomatic MENL1 at-risk individuals by
biochemical tests (for substances secreted by the hormone-secreting tumors) and imaging
tests has been recommended beginning in early childhood at age 5 years [3].

Genetics of MEN1

Genetic linkage studies in kindreds, and loss-of-heterozygosity (LOH) studies in tumors
established linkage of the MEN1 syndrome to chromosome 1113 in 1988 [4].
Subsequently, in 1997, the MENI gene was identified by a positional cloning approach [5,
6]. The 9-kb MENI gene contains 10 exons transcribed into a 2.8-kb mRNA which encodes
a 610 amino acid protein named menin (NCBI Reference Sequence: NM_130799.2, human
menin isoform-2). Screening of the coding region and splice junctions has identified a
heterozygous germline mutation of the MENI gene in 70% of typical MEN1 index cases
(familial or sporadic). No germline promoter mutations have been reported, and large
deletions have been reported as rare in the MENZ gene [7]. Germline-inactivating mutation
(1st hit) predisposes to the development of tumors in adults; tumors arise after loss of the
remaining normal copy of the MENI gene (2nd hit), classifying the MENI gene as a tumor
suppressor gene. More than 95% of tumors from MEN1 patients show LOH at chromosome
11913 [7].

MENI gene mutation analysis has helped to identify the cause of various sporadically
occurring tumors of the same types that are observed in the MEN1 syndrome. Somatic LOH
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at chromosome 11913 is observed in 5-50% of such noninherited commonly occurring
sporadic tumors [7]. Somatic MENI gene mutation analysis has revealed that a fraction of
these tumor types possess inactivating mutation in the MENI gene: parathyroid adenoma
(18%), gastrinoma (38%), insulinoma (14%), VIPoma (57%), nonfunctioning pancreatic
tumor (16%), glucagonoma (60%), adrenocortical tumor (2%), bronchial carcinoid (35%),
anterior pituitary tumor (3.5%), angiofibroma (10%) and lipoma (28%) [7].

Mutations in the MENI gene are dispersed over the entire coding region with no significant
hot spots, and no significant genotype/phenotype correlation with the tumor spectrum or
with the clinical characteristics. More than 1,000 mutations have been reported which
comprise: frame-shift deletions or insertions (40%), nonsense (20%), missense (25%),
splice-site alterations (8%), in-frame deletions or insertions (6%), and large deletions (1%)
[Agarwal and Marx, unpubl., 7]. Thus, 70-75% of the MENI gene mutations are
inactivating causing premature protein truncation, while many mutations (such as rare
missense in nonfamilial cases) can be classified as mutations of unknown clinical
significance due to lack of available as-says that could provide evidence for an adverse
physiological consequence of such mutations.

Identification of the genetic cause of the disease has become useful for the diagnosis of at-
risk carriers affected by MEN1, and to rule out the disease in unaffected relatives of
mutation-positive individuals. Although finding a pathologic MENI gene mutation predicts
the MEN1 syndrome, absence of mutation in a patient with MEN21 tumors does not exclude
the possibility that the individual is affected with MEN1 [3].

Patients with incomplete MEN1 characteristics have been described as MEN1-like, where
tumor occurs in as few as one of the three main MEN1-associated endocrine tissues [8]. In
the 30% of MEN1 index cases without a germline MENZ gene mutation or in those cases
that are MEN1-like but without an identified MENI gene mutation, mutations could occur in
regions not interrogated by typical screening methods, or mutations could occur in other
genes. Candidate gene mutation analysis or whole genome/exome sequencing approaches
could help identify the causative genes. The p27gene encoding one of the cyclin-dependent
kinase inhibitors (CDKI) is one such candidate gene. Homozygous germline-inactivating
mutation of the p27gene was found in a laboratory rat strain with a tumor spectrum similar
to MEN1 and MEN2 with an additional feature of cataract (a syndrome named MENX) [for
details about MENZ2, see chapter by Lodish and for MENX, see chapter by Chou et al., this
vol.]. Subsequently, the heterozygous germline p27 gene mutation has been reported in a
few human MEN1-like cases. The CDKI genes consist of two families with total 7 members,
the INK4 family (p15, p16, p18and p19) and the Cip/Kip family (p21, p27and p57), that
negatively regulate progression through the cell cycle by inhibiting specific cyclin-CDK
complexes. Possible rare heterozygous germline mutations have been observed in four CDKI
genes (p15, p18, p21and p27) in index cases with MEN1 or MEN1-like disease [9]. In the
OMIM database, MEN syndrome with the p27gene mutation was named MEN4 [see
chapter by Chou et al., this vol., for details about MEN4]. No obvious genotype/phenotype
correlation has emerged from the analysis of the few CDKI gene mutations reported in
MEN1 and MENZ1-like index cases. Interestingly, a mouse model with combined knockout
of the pZ8and p27 genes has shown features similar to MEN1 and MEN2A underscoring
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the importance of finding rare germline mutations in CDKI genes in human MEN1 and
related states [10].

Mouse Models of MEN1

To study the consequence of MENI gene loss, conventional and conditional knockout mouse
models have been generated. Mice with germline homozygous loss of the Men1 gene
(Meni-/-) die in utero between embryonic days 10.5 and 14.5 [11]. Approximately 30-40%
of the embryos show delayed development with craniofacial abnormalities, defective neural
tube closure, heart hypertrophy, abnormal liver organization, hemorrhages, and edemas [11].
Mice with germline heterozygous loss of the Men gene (Men1+/-) have been generated in
four different laboratories (in Australia, France, UK and USA). These mice gestate normally,
but are tumor prone. After 9-16 months, they develop endocrine tumors similar to those in
the human MEN1 syndrome: parathyroid tumors, pancreatic islet tumors (mainly
insulinoma; also, glucagonoma, glucagon + insulin mixed-hormone tumors, or gastrinoma),
anterior pituitary tumors (mainly prolactinoma; also, GH-secreting somatotropinoma),
adrenal cortical tumors, thyroid tumors, gonadal tumors (Leydig cells in male, or ovarian
stroma in female), mammary gland tumors, and lipomas [11]. Tumors in conventional
Men1+/- mice exhibit loss of the wild-type Men1 allele (LOH), thus supporting a tumor
suppressor role of the MenI gene in these tissues [11].

Conditional homozygous knockouts of the MenZ gene in various MEN1-associated target
tissues in mice have been generated using floxed Men1 alleles and Cre-recombinase under
the control of different tissue-specific promoters: parathyroid hormone promoter (PTH-Cre,
for parathyroid cells), rat insulin promoter (Rip-Cre, for islet p-cells), glucagon promoter
(GLU-Cre, for islet a-cells), and Pdx1 promoter (Pdx1-Cre for whole pancreas, exocrine
and endocrine). After 9 months, mice with parathyroid-specific Men gene knockout
develop parathyroid hyperplasia and hypercalcemia [11]. Pancreatic islet p-cell-specific
Men1 gene knockout mice develop insulinomas (adenoma or carcinoma) at an earlier age (6
months) than the conventional Meni+/— mice [11]. Also, pancreatic a-cell-specific Men1
gene knockout mice after 12 months show mostly insulinomas rather than the expected
glucagonomas — a phenotype attributed to trans-differentiation of a.-cells into p-cells, or the
possible involvement of paracrine signals that induce p-cell proliferation [11, 12]. Despite
loss of the Men1 gene in the whole pancreas, Pdx1-Cre-driven Menl gene knockout mice
develop tumors only in the endocrine pancreatic B-cells (insulinomas) after 10-12 months
[11]. These observations highlight the importance of menin as a tumor suppressor in the
parathyroid cells, and pancreatic B-cells. Although loss of menin expression occurs early in
embryogenesis in the conditional knockout mice, delayed tumor formation implicates other
hits for tumor formation.

Another mouse model with liver-specific homozygous Men1 gene knockout develops
normally, and lacks tumors in the liver, suggesting that Menz1 gene loss in the liver (a non-
MENL target tissue) is tolerated and a tissue-specific action of menin is required for tumor
suppression in MEN1-associated target tissues [11].
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Some tumor types are specific to MEN1 in mouse, e.g. bilateral pheochromocytoma, and
gonadal tumors are not observed in human MENL1 patients. Also, islet tumors in the
conventional and conditional Men1 gene knockout mouse models begin with polyclonal
hyperplasia, a precursor stage observed in mice but not in humans. Pancreatic tissue from
these mice could serve as a unique approach to study tumor progression and to identify other
possible hits after MenZ gene loss that play a role in tumorigenesis.

A MEN21 mouse model (germline Meni+/-) has been used to study the efficacy of anti-
angiogenesis treatment (anti-VEGF-A monoclonal antibody, mAb G6-31) [13]. This
treatment inhibited pituitary tumor growth in situ and in transplants, and lowered the
elevated serum prolactin level. Also, similar efficacy was observed against pancreatic islet
tumors [13]. Hence, mouse models could serve as possible surrogates for studying MEN1
and related states.

Menin-Null Cell Lines

To gain molecular insights about MEN1, a critical resource is the availability of cell lines
from the tumor types associated with the disease. Cell lines from human or mouse MEN1-
associated endocrine tissues with biallelic inactivation of the MENI gene have not yet been
established. Menin-null mouse embryonic stem cells (ESCs) and menin-null immortalized
mouse embryonic fibroblasts (MEFs) have been derived using embryos from the mouse
models of MEN1 [14-16]. A menin-null Leydig cell tumor cell line (LCT10) has been
derived from a male Meni+/- mouse with Leydig cell tumor (testicular interstitial cell
tumor, a tumor type not found in human MENL1 cases) [17]. Reconstituted expression of
menin in the menin-null MEFs or in the LCT10 cell line delays progression through the cell
cycle and reduces their proliferation rate, in agreement with the tumor suppressor function of
menin [16, 17]. MEFs have been used extensively for the functional analysis of menin.
Wild-type and menin-null ESCs have been used for in vitro differentiation into pancreatic
islet-like endocrine cells to generate homogeneous populations of cells to serve as an
alternative source of menin-null endocrine cells [18]. Such cells have been used for
genomewide studies to compare wild-type and menin-null cells for gene expression changes
and other assays [18]. Thus, mouse ESCs could be used for generating other MEN1-
associated endocrine cell types by in vitro differentiation protocols to aid in the analysis of
endocrine-specific tumor suppressor functions of menin.

Menin Expression and Function

Menin is a ubiquitously expressed 67-kDa predominantly nuclear protein highly conserved
in animal species (with no known homologs in yeast and nematodes). Localization to the
nucleus is mediated by the two nuclear localization signals (NLS), NLS1 (amino acid
residues 479-497) and NLS2 (amino acid residues 588-608), and a third accessory NLS,
NLSa (amino acid residues 546-572) [7]. Most of the nonsense and frame-shift mutations in
the MENI gene predict premature protein truncation and thus loss of NLS, preventing the
normal localization of menin in the nucleus.
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Menin is reported to undergo phosphorylation at 6 different amino acid residues — Ser394,
Thr397, Thr399, Ser487, Ser543, and Ser583 — constitutively (Ser543), or in response to
DNA damage (Ser394 and Ser487) or upon loss of phosphorylation at Ser394 (Thr397 and
Thr399) [19]. The importance of menin phosphorylation in tumorigenesis remains to be
determined.

The primary amino acid sequence of menin is conserved but does not show any obvious
homologous domains or motifs that would allow prediction about its biological function.
Menin has not been shown to possess any enzymatic activity. Therefore, to uncover the
physiologic processes perturbed upon loss of menin that lead to tumor formation, many
proteins that interact directly or form a complex with menin have been identified. Work from
many laboratories, using various protein/protein interaction methods, has reported
approximately 40 different proteins that could partner with menin implicating a role for
menin in the pathways and processes regulated by these interacting partners (table 2). Menin
partners include DNA-binding transcription factors, chromatin modifying proteins and
complexes, transcription initiation or elongation proteins, DNA-repair proteins associated
with response to DNA damage, a protein responsible for mutant-protein degradation,
signaling mediators in the cytoplasm, and cytoplasmic proteins associated with the
cytoskeleton, cell division, adhesion or motility. Through interaction with transcription
factors or chromatin-modifying protein complexes, menin acts as a transcriptional regulator
either as a repressor or activator of transcription. This chapter will focus on some aspects of
the interaction of menin with the transcription factor JUND, and with the chromatin-
modifying mixed lineage leukemia (MLL) complex. Readers may refer to other articles and
reviews that cover more protein partners mentioned in table 2.

Menin Interaction with JUND

A conventional yeast two-hybrid library screening with menin identified JUND as a menin-
interacting partner in two different laboratories [20, 21]. Menin interacts directly with
JUND, a member of the activator protein-1 (AP1) transcription factor family that consists of
JUN (JUNB, c-JUN, and JUND) and FOS (c-FOS, FRA-1 and FRA-2) proteins [20, 21].
JUN and FOS are cellular homologs of viral oncogenes that bind to specific DNA
sequences, the TPA-responsive element (TRE), to activate transcription. The activity of the
AP1 complex consisting of JUN/JUN homodimers or JUN/FOS heterodimers has been
linked to cancer and neoplastic transformation. However, no mutations in the JUN or FOS
genes have been identified so far. Through their target genes, AP1 proteins have been
reported to regulate processes such as cell proliferation, differentiation, apoptosis,
angiogenesis, cell motility and invasiveness.

Menin specifically interacts with JUND in multiple protein/protein interaction assays, and
does not interact directly with other AP1 family members [20, 21]. In reporter assays, menin
represses transcription activated by JUND [20, 21]. Although menin does not interact
physically with c-JUN, in reporter assays menin enhances transcription activated by c-JUN
[20]. The transcriptional activation domains of the JUN transcription factors are located at
their N-terminus and the DNA binding and dimerization region (bZIP domain) is located at
their C-terminus. The menin-interacting region is located at the N-terminus of JUND [20,
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21]. Synthetic mutations in JUND that disrupt menin interaction have been isolated by
reverse yeast two-hybrid screening, which mapped the menin-interacting region in JUND to
the PGAP motif (corresponding to amino acid residues 33-36 in human JUND, or 41-44 in
mouse JunD) [22]. JUND can suppress growth of normal MEFs; however, JUND is unable
to suppress growth of menin-null MEFs [23]. Furthermore, experiments conducted in
JUND-null MEFs have shown that a JUND mutant that lacks menin-binding (mouse JUND-
G42E, corresponding to human JUND amino acid residue G34) converts the growth-
suppressing JUND into a growth-promoting factor [23]. JUND-null MEFs stably expressing
this menin-interaction-deficient JUND mutant form tumors in nude mice highlighting the
oncogenic property of this mutant [Agarwal and Marx, unpubl.]. Disease-associated
missense mutations in menin located at amino acid residues 139-242 impair binding to
JUND [20]. These observations strongly suggest that the menin/JUND partnering plays an
important role in tumor suppression. Target genes and pathways regulated by this partnering
of menin remain to be determined.

In contrast to mice with homozygous knockout of ¢-Jun and JunB genes, inactivation of the
JunD gene in mice does not lead to embryonic lethality perhaps due to genetic redundancy
from the other members of the AP1 family as shown by knockin mouse models where JunB
and JunD could substitute for c-Jun in embryonic development [24]. Homozygous JunD
gene knockout mice although viable and healthy, exhibit: postnatal growth retardation, age-
dependent defective spermatogenesis, enhanced cardiomyocyte apoptosis and fibrosis,
chronic kidney disease, and increased bone formation [24, 25]. Transgenic mice broadly
expressing JunD (controlled by the ubiquitin promoter) are viable and normal, but show
reduced proliferation of lymphoid cells [26]. Whether these phenotypes, or the phenotypes
described above in the mouse models of MENL1, are modified upon loss or gain of
menin/JUN partnering is not known.

Genetic studies in the fruit fly, Drosophila, support the function of menin to modulate JUN
activity. The Drosophila melanogaster menin (Mnn1) shows 47% amino acid identity with
human menin. Unlike the early embryonic lethality of the Meni-/- mice described above,
homozygous mnni-null flies are viable and fertile [27]. Interestingly, flies with localized
overexpression of Mnn1 show defects in thoracic closure (cleft thorax), a phenotype similar
to insufficient activity of DJun (only a single Jun gene is present in Drosophila, i.e. the DJjun
gene) [27]. Mnn1 does not interact with DJun in biochemical assays; however, genetic
experiments in flies have shown that overexpression of Mnnl in a heterozygous DJun
background or together with over-expression of a dominant negative DJun caused a more
severe thoracic cleft phenotype [27]. These observations indicate that this complex
interaction of menin with JUN proteins is evolutionarily conserved, and important for
normal development.

Menin Interaction with the MLL Complex

Menin is an integral component of two similar MLL complexes, containing either MLL1 or
MLL2. Mass spectrophotometric analysis of anti-menin immunoprecipitates of HeLa or
HEK?293T cells identified a protein complex containing RPB2 (large subunit of RNA Pol I1),
MLL2, Menin, ASH2L, RBBP5, WDR5, and hDPY 30 [28]. Mass spectrophotometric
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analysis of anti-MLL1 immunoprecipitates of K562 erythroleukemia cells identified a
protein complex containing MLL1 (MLLN and MLLC), HCF-2, Menin, ASH2L1, ASH2,
RBBP5 and WDRS5 [29].

These menin-MLL complexes have an enzymatic activity (histone methyltransferase,
HMTase) catalyzing a specific covalent histone modification, trimethylated histone H3 on
lysine 4 (H3K4me3) [28, 29]. H3K4me3 is associated with activation of gene transcription.
In these complexes, menin interacts directly with MLL, the human homolog of Drosophila
trithorax [30]. Several disease-associated menin missense mutants are impaired for MLL
interaction, and highly reduced HMTase activity is observed in anti-menin
immunoprecipitates from cells expressing the same menin missense mutants [28]. These
findings highlight the functional significance of menin/MLL partnering showing that
H3K4me3 would be lost on specific genes in the absence of menin resulting in repression of
gene transcription.

The importance of the menin/MLL partnering and menin-dependent H3K4me3 in MEN1-
associated tumorigenesis has been studied in a mouse model with tissue-specific combined
loss of menin and the H3K4me2/H3K4me3 demethylase Rbp2 in pancreatic B-cells [31].
Loss of Rbp2 H3K4 demethylase activity would allow H3K4me3 on specific genes even in
the absence of menin-MLL complex activity, and rescue tumor formation driven by menin
loss. Rbp2 gene loss substantially decreased tumor burden and enhanced median survival
age from 45 weeks (Men1 gene knockout in p-cells) to 69 weeks (combined knockout of
Menland RbpZgenes in p-cells) [31]. This rescue of tumorigenesis from inhibition of
RBP2 (and its histone demethylase activity) reveals RBP2 as a potential cancer therapeutic
target for further studies.

Translocations involving the MLL gene are a common cause of acute lymphoid and myeloid
leukemias (the so-called mixed lineage leukemia). During normal hematopoiesis, MLL
regulates the expression of specific HOX genes. Leukemic MLL translocations upregulate
the expression of HOXA7, HOXA9 or the HOX cofactor MEIS1, which block hematopoietic
differentiation thereby promoting leukemogenesis [29]. Furthermore, menin serves as an
adaptor to link MLL with LEDGF (lens epithelium-derived growth factor), another
chromatin-associated protein, on specific HOX genes [30]. Some menin missense mutants
show impaired LEDGF interaction, while retaining interaction with MLL, but they are
deficient in MLL/menin-associated HMTase activity [30]. Work done in different
laboratories has shown that interaction with menin is critical for the oncogenic function of
MLL fusion proteins. In contrast to its tumor suppressor function in MEN1, menin acts as an
oncogenic co-factor of MLL in leukemia.

Studies exploring the association of menin in the chromatin-modifying MLL-complex have
led to the identification of H3K4me3-dependent menin-regulated genes such as the HOX
genes, the CDKI genes pZ8and p27, and genes at the imprinted MEG3 locus [18, 32-34].
The HOX gene family consists of 39 genes located in 4 clusters on different chromosomes.
They are highly conserved transcription factors that regulate the development of the
embryonic body plan during embryogenesis. Dysregulated expression of HOX genes has
been noted in leukemia and in solid tumors including in sporadic and MEN1-associated
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parathyroid tumors [35]. Reduced expression of CDKI genes pZ8and p27that negatively
regulate progression through the cell cycle has been observed in islet tumors from the mouse
models of MEN1 [32]. The MEGS3locus contains co-ordinately regulated imprinted genes,
and downregulation of these genes have been observed in sporadic pituitary tumors [36].
These investigations have provided valuable insights into the functional role of the menin/
MILL complex partnering.

3D Crystal Structure of Menin

For many years, efforts to decipher the crystal structure of menin were unsuccessful in
several laboratories perhaps due to disordered internal fragments that could hinder protein
crystallization. After the deletion of such unstructured regions, two different laboratories
(both from the University of Michigan) have since successfully obtained menin crystals [37,
38]. They determined the crystal structure of Nematostella menin (the starlet sea anemone)
and human menin using X-ray diffraction at resolutions of 1.95 and 2.5 A, respectively.
Based on the prediction of disordered regions, deletion of an unstructured loop (amino acid
residues 426-442) and truncation of the C-terminus (amino acid residues 487-539) in
Nematostella menin and deletion of a single internal unstructured loop (amino acid residues
460-519) in human menin yielded protein that crystallized easily [37, 38]. The structures of
human and Nematostella menin are very similar (PBD ID: human, 3U84; Nematostella,
3REZ2). The 3D shape of menin is described as a curved left “hand’ with a pocket formed by
its ‘thumb’ and ‘palm’. The basic structure reveals four domains in menin: an N-terminal
domain consisting of a long B-hairpin, a transglutaminase-like domain that forms the
‘thumb’, a helical ‘palm’ domain of eight a helices that contain three tetratricopeptide
(TRP) motifs, and a carboxy-terminal ‘fingers” domain that has no homology with any
known motifs [37, 38]. The transglutaminase-like domain in menin is predicted to lack
enzymatic activity [37, 38]. Given the number of proteins that have been reported to partner
with menin, the presence of TRP motifs is of interest because TRP is a structural motif
known to serve as a scaffold for protein-protein interactions and the assembly of
multiprotein complexes [37, 38]. Although menin participates in transcriptional regulation,
no DNA-binding interface has been located in the 3D structure of menin to indicate direct
binding of menin to DNA.

Disease-related mutations, missense (n = 60) and in-frame deletions (n = 10) are localized in
all the different domains in the 3D structure of menin, changing buried residues, thus
predicting destabilization of the menin structure and loss of protein function [37, 38].
Several menin missense mutant proteins have been shown to express poorly in cells because
they are targeted to the proteasome and rapidly degraded [39]. Mapping of MENI gene
mutations to the menin structure could be informative for exploring the consequence of
mutations of unknown clinical significance, and to distinguish pathologic and benign
mutations.

The crystal structure of human menin individually with its partners JUND or MLL1, or
together with MLL1 and LEDGF reveal that binding of JUND and MLL1 to menin is
mutually exclusive [38]. These structures show that menin contains a deep pocket (in the
‘palm’ domain) that binds short peptides of JUND (amino acid residues 27-47) or MLL1
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(amino acid residues 6-25) [38]. In the menin-MLL1-LEDGF complex, menin could bind to
MLL1 through the peptide pocket while LEDGF was located at a distinct surface formed by
the interaction of menin and MLL1 [38]. Structural features of menin with other partners
remain to be determined.

Conclusions

Clinical, genetic and basic findings about MEN1, the MENI gene and menin have advanced
the understanding of this disease. Identification of a germline MENZ gene mutation in at-
risk individuals allows early monitoring for tumors. Mouse models and protein interaction
studies have helped explore the critical biological function(s) of menin. These studies have
revealed candidate protein partners and men independent target genes that should be studied
further to understand the exact mechanisms of action of menin in normal physiology and
actions potentially perturbed during tumor formation. The 3D crystal structure of menin will
facilitate such investigations. Applications of this knowledge will help develop new
diagnostic methods and treatment options for MEN1 and related states, and for similar
sporadic tumors.
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Table 1.

Tumors associated with the MEN1 syndrome

Tumors

% penetrance (at age 40)

Endocrine (hormone-secreting or NF)

Parathyroid

Entero-pancreatic neuroendocrine

- *
Gastrinoma

Insulinoma

NF” PPoma ™

Glucagonoma*, VIPoma*, Somatostatinoma*, etc.

Anterior pituitary
Prolactinoma
GH + prolactin secreting
GH secreting
NF
ACTH-secreting
Adrenal
Cortex NF
Medulla
Foregut carcinoid

Gastric ECLoma NF
Thymic carcinoid *NF

Bronchial carcinoid *NF
Nonendocrine
Facial angiofibroma
Truncal collagenoma
Lipoma
Meningioma
Barrett’s esophagus
Leiomyoma
Uterus (in female)
Esophagus

Ependymoma

90

40

10
20

N oo o a

25

10

85
70
30
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NF = Nonfunctioning; GH = growth hormone; PPoma = tumor secreting pancreatic polypeptide; VIPoma = tumor secreting vasoactive intestinal

polypeptide; ECLoma = tumor of enterochromaffin-like cells; ACTH = adrenocorticotropic hormone.

*
Tumor type with malignant potential for 25% or more cases.

Modified from Agarwal et al. [18].
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Proteins reported to partner with menin

Table 2.

Functional categoriesand protein partners

Transcription
Transcription factors
JUND
c-MYB
NFxB - p50, p52, p65
PEM
RUNX2 (BMP2 signaling)

SMADs - SMAD1, SAMD3, SMAD5 (TGFB signaling)

TCF3/TCF4/p-catenin (Wnt signaling)

VDR, RAR, PPARY, ERa (nuclear hormone receptors)

Chromatin modification
HDACs/mSIN3A
LEDGF
MLL1/MLL2 (H3K4me3)

(ASH2L/hDPY 30/HCF-2/MLL/RBBP5/RPB2/WDR5 complex)

Transcription initiation or elongation
RNAPII isoforms (pSer5 and pSer2)
SKIP/c-MYC (HIV-1 Tat:P-TEFb transcription)

DNA repair

ASK

CHES1

FANCD2

RPA2

Mutant-protein degradation

CHIP

Signaling mediators in the cytoplasm

AKT1

FOXO1

NM23p

Cytoskeleton/cell division/adhesion/motility

GFAP

IQGAP1

NMMHC-1I1A

Vimentin
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