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Summary
Menin is a tumor suppressor that is mutated in patients with multiple endocrine neoplasia type I
(MEN1), an inherited tumor-prone syndrome. Since there is no obvious conserved structural
domain in menin that suggests a function, little is known as to how menin suppresses
tumorigenisis. Although menin interacts with a variety of nuclear proteins including transcription
factors, it is unknown whether menin itself can directly bind DNA. Here we show that menin
directly binds to double stranded DNA in a sequence-independent manner. It also binds a variety
of DNA structures, including Y-structures, branched structures, and 4-way junction structures. The
C-terminus of menin mediates binding to DNA, but MEN1 disease-derived mutations in the C-
terminus abolish the ability of menin to bind DNA. Importantly, these MEN1 disease-related
menin mutants also fail to repress cell proliferation as well as cell cycle progression at G2/M
phase. Furthermore, detailed mutagenesis studies indicate that positively charged residues in two
nuclear localization signals mediate direct DNA binding as well as repression of cell proliferation.
Collectively, these results demonstrate, for the first time, a novel biochemical activity of menin,
binding to DNA, and link its DNA binding to the regulation of cell proliferation.
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INTRODUCTION
Menin, a tumor suppressor consisting of 610 amino acid residues, is primarily a nuclear
protein (1). Men1, the gene encoding menin, is frequently mutated in patients with multiple
endocrine neoplasia type I (MEN1), an inherited tumor syndrome characterized by multiple
endocrine tumors (2,3). There are no obvious motifs in menin that suggest a tumor-
suppressing function. Consequently, how menin suppresses tumorigenesis is poorly
understood (2,3). Identification of menin-interacting proteins has provided new insights into
the function of menin (4). For example, menin interacts with a diverse of group of
transcription factors and co-regulators, including JunD, NF-κB, Pem, Smad3 and mSin3A-
histone deacetylase (5–9). These reports suggest a role for menin in the regulation of gene
transcription.

Menin has also been shown to participate in the regulation of cell proliferation and genome
stability. For instance, ectopic expression of menin in Ras-transformed NIH3T3 cells
represses cell proliferation as well as tumorigenesis (10). In addition, overexpression of
menin inhibits the proliferation of a human insulinoma cell line (11). Numerous reports also
indicate a potential role for menin in the regulation of DNA repair and genome stability (12–
15). Consistent with these reports, menin has recently been shown to interact with FancD2, a
protein that participates in DNA repair (16,17), as well as with RPA2, a critical component
of the single stranded DNA binding protein RPA (18,19). Many tumor suppressors are
involved in the regulation of multiple cellular processes. For example, Brca1, a tumor
suppressor mutated in patients with inherited breast cancer, is also involved in the regulation
of gene transcription, cell proliferation, and genome stability (20,21). Recently, Brca1 has
been shown to directly bind DNA in a sequence-independent manner (22).

Given the fact that menin associates with various DNA binding proteins as well as
chromatin (4,18), we sought to test whether menin directly binds DNA and, if it does,
whether binding to DNA is crucial for menin’s function in regulating cell proliferation. In
the current studies, we demonstrate that menin directly binds DNA. Menin also binds a
variety of other DNA structures and the C-terminus of menin is responsible for direct
binding to DNA. Importantly, MEN1-patient-derived mutations in the C-terminus abolish
the ability of menin to bind DNA and also fail to repress cell proliferation. These results
uncover a mechanistic link between DNA binding by menin and its role in repressing cell
proliferation.

EXPERIMENTAL PROCEDURES
Plasmid construction

Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. To generate GST-
F1, GST-F2, and GST-F3, which encode amino acid residues 1–218, 219–395, and 396–
610, respectively, these menin fragments were amplified by PCR and cloned into the
BamHI/Not I site of pGEX-6P (Amersham-Pharmacia Biotech). To generate mutations in
the carboxyl terminus of menin, GST-F3 was mutated by site-directed mutagenesis to
generate GST-F3-527X, GST-F3-558X, GST-F3-NLS1pm, GST-F3-NLS2pm, and GST-F3-
NLS1+2pm, using a Quick Exchange site-directed mutagenesis kit (Stratagene). To express
the full-length menin, the PCR amplified cDNA was cloned into pET21b (Novagen), and the
protein was expressed in in E. coli strain BL21 (DE3) as a C-terminal His6-tagged proteins.
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The retroviral expression construct for either menin or Flag epitope-tagged menin was
generated as previously described (18), and its various NLS mutants were also generated by
site-directed mutagenesis.

Gelshift assays
The DNA probes for gelshift assays were radio-labeled in the presence of γ-32P-ATP and T4
polynucleotide kinase (23). The four different structures of oligonucleotide DNA were as
follows: linearized double strand (ds) DNA (5’-
CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCA-3’ and its
antisense sequence), Y-structure (5’-
GGCTTAGACACTGTGCACAGTGCTACAGACTGGAACAAAAACCCTGCAG-3’ and
5’CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGGAAGACAGGCCAGATC-3’),
branched structure (the Y-structure annealed with 5’-CACAGTGTCTAAGCC-3’), and 4-
way junction structure
(5’TGCATGCTGAGACTTCTCATTACACAGTGCTACAGACTGGAACAAAAACCCT
GCA G-3’,
GACCTGGCACGTAGGACAGCATGGGATCTGGCCTGTCTTACAGTACAATGCATT
GTA CATGAACGTAGCATC-3, 5-
GATGCTACGTTCATGTACAATGCATTGTACTGTAATGAGAAGTCTCAGCATGCA-
3, and 5’-
CTGCAGGGTTTTTGTTCCAGTCTGTAGCACTGTGTAAGACAGGCCAGATCCCAT
GCT GTCCTACGTGCCAGGTC-3), as previously described (22). The sequence of the
DNA for generating probes with random sequences was 5’-
CACTCGAGGGATCCGAATTC-N(25)-TCTAGAAAGCTTGTCGACGC-3’, as
previously described (24). The plasmid DNA, puc19 (Invitrogen), was linearized with
BamH1, dephosphorylated with calf intestine phosphatase, and end-labeled with γ-32P-ATP
in the presence of T4 polynucleotide kinase. Gelshift assays were carried out in 1 × gelshift
buffer containing the following components, as previously described (22): 20 mM Tris-Hcl
(pH 7.4), 60 mM NaCl, 4 mM DTT, 0.1 mg/ml BSA, 0.1% Triton X-100, and radio-labeled
DNA probe (105 dpm) in a volume of 10–14 µl. Reactions were incubated at room
temperature for 10 min before separation on 0.7% agarose gels in 0.5×TBE buffer at 5 V/cm
for 2–4 hrs. The gels were dried onto 3 MM Whatman paper and exposed to films and
Phosphor Imager for quantitation.

Cell lines and tissue culture
Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) fetal calf serum, penicillin (100 units/ml),
and streptomycin (100 µg/ml) as previously described (25). Menin-null and menin-
complemented mouse embryonic fibroblasts (MEFs) were generated and maintained as
previously described (18).

Protein expression and purification
Exponentially growing DH5α E.coli cells harboring various GST-menin constructs were
induced with 150 µM IPTG at room temperature. The bacteria were collected and lysed at
4°C in 1×PBS buffer with protease inhibitors and Triton-X-100 (1%), followed by
sonication. The supernatant from the lysates was incubated with Glutathione Sepharose™
4B beads (Amersham Parmacia Biotech) and the beads were washed extensively with
1×PBS buffer with protease inhibitors prior to elution with the elution buffer containing 10
mM glutathione. To express the full-length menin, with or without small deletions, the
corresponding constructs were transformed in E. coli strain BL21 (DE3) and the proteins
were expressed as C-terminal His6-tagged proteins. Proteins were purified to homogeneity
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over a Ni-NTA agarose resin (Qiagen), followed by anion exchange chromatography
(Source-15Q) and gel filtration (Superdex-200, Amersham-Biotech).

Analysis of apoptosis and cell cycle using flourescence activating cell scanning (FACS)
For PI/BrDU staining, on day 0, cells were seeded at a density of 2 × 105 cells/100 mm dish.
On day 2, cells were pulsed for 45 minutes with 10 µM 5’-Bromo-2’-Deoxyuridine-5’-
Triphosphate (BrDU, Sigma). Following harvesting, 10 6 cells per sample were fixed in 70%
ethanol while vortexing. Cell pellets were washed in washing buffer (Phosphate Buffered
saline plus 0.5% Bovine Serum Albumin), pelleted, and denatured in denaturing solution
(3N HCl and 0 .5% Tween-20) for 10 minutes. After pelleting, cells were then incubated
with anti-BrDU antibody (Pharmingen) for 20 minutes, followed by washing and pelleting.
Next, FITC-conjugated goat anti-mouse IgG (Pharmingen) antibody was added for 15
minutes. After another washing and pelleting, cells were resuspended in 0.5 mL propidium
iodide (Sigma, 10 µg/mL in PBS) and incubated for 30 minutes. Samples were analyzed on
a FACSCalibur (Becton-Dickinson).

For Annexin V staining, cells were seeded at a density of 2 × 105 cells/100 mm dish on day
0. On day 2, cells and supernatant were collected and stained with Annexin-V-fluorescein
isothiocyanate (FITC), using the Annexin V-FITC Apoptosis Detection Kit (MBL, Inc.,
Woburn, MA). Duplicate samples were analyzed on a FACSCalibur (Becton-Dickinson).

Western blotting and immunofluorescent staining
Proteins from cell lysates or various cellular fractions were separated on SDS-PAGE gels,
transferred to Hybond C+ membranes (Amersham-Pharmacia Biotech), and blotted with
various primary antibodies, followed by incubation with appropriate horseradish peroxidase-
conjugated secondary antibodies. The blotted proteins were visualized using the enhanced
chemiluminescence detection system (Amersham-Pharmacia Biotech). For
immunofluorescent staining, cells were set up on coverslips and processed for incubation
with the primary antibody (M2) and the FITC-conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, Inc.) as previously described (18) and the stained cells were
photographed under a fluorescence microscope (Nikon).

3H-Thymidine incorporation assay
On day 0, cells in 2ml of normal medium were seeded in each well of a 6-well plate. On day
4, 3H-thymidine (ICN Biomedicals Inc) was added to the medium. 3H-thymidine was first
diluted in Opti-MEM (Gibco-BRL) and then was added to each well. Triplicate samples
were incubated at 37 °C, 5% CO2 for 4 hours before being trypsinized and harvested.
Incorporation of 3H-thymidine into cells was determined using a Model 1450 Microbeta
Trillux Scintillation Counter (Wallac), as previously described (26).

RESULTS
Menin binds double stranded DNA

Menin is primarily a nuclear protein that interacts with a variety of other DNA binding
proteins as well as chromatin (1,18). The tumor suppressor gene Brca1, which also represses
cell proliferation (27), binds DNA in a sequence-independent manner (22). However, it is
unclear whether menin itself binds DNA, either in a sequence-specific or non-specific
manner. To examine whether menin binds DNA directly, we incubated full-length menin
with either a radio-labeled single stranded DNA (ssDNA) probe or a double stranded DNA
(dsDNA) probe, each of which is 65 base pairs (bp) in length. These probes were used to
characterize the DNA binding by tumor suppressor Brca1 (22). To detect the potential
menin-DNA interaction, the reaction was performed in the absence of non-specific
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competitive DNA, and separated in agarose gels. Figure 1A shows that neither of the single
stranded DNA probes binds to menin (lanes 2 and 4); however, the dsDNA probe is shifted
by menin (lane 6). These results indicate that menin binds dsDNA. Consistent with this, an
affinity-purified anti-menin antibody supershifts the menin-bound DNA probe (Fig. 1B, lane
3), although the control IgG fails to supershift menin-bound DNA (lane 6). Collectively,
these experiments demonstrate that menin binds dsDNA. As a note, menin-DNA complexes
were unable to migrate out from the wells of polyacrylamide gels (data not shown, A. Silva),
which have small pore sizes, whereas they were able to do so in agarose gels, which have
larger pores. This is similar to what was described for the DNA binding by another tumor
suppressor gene, Brca1 (22). Collectively, these results suggest that multiple molecules of
menin may bind to a DNA probe.

Menin binds DNA in a sequence-independent manner
There are various DNA binding proteins with functions ranging from the regulation of gene
transcription to the regulation of DNA replication. For example, transcription factors usually
bind to sequence-specific DNA (24). However, proteins involved in DNA replication or
repair, including human replication origin binding proteins, Brca1 and Rad50, bind DNA in
a sequence-non-specific manner (22,28,29). To determine whether menin binds DNA in a
DNA sequence-specific or non-specific fashion, we synthesized a pool of 65-mer
oligonucleotides that harbor random nucleotide sequence in the middle region. The
oligonucleotides were converted to dsDNA, and then used as a DNA probe for gelshift
assays. Figure 2 shows that menin binds to the DNA with random sequences (lanes5–7).
Notably, the ability of menin to bind to the random DNA is competed by poly dI/dC, a
homopolymer of dsDNA (lanes 9–14). These results indicate that menin not only binds to
DNA in a non-sequence specific fashion, but that the homopolymer of DNA competes with
this non-sequence specific binding, further suggesting that the DNA binding by menin is not
sequence-specific in this condition. To further demonstrate that menin is indeed able to bind
DNA in sequence-independent manner, we incubated full-length menin with linearized and
radio-labeled Puc19, a plasmid of 2.6 kb (kilobases), and examined whether menin is also
able to bind this long stretch of DNA. The results show that menin indeed shifts the plasmid
DNA probe (data not shown, A. Silva).

The C-terminus of menin mediates binding to DNA
Since there are no motifs or domains in menin that suggest any obvious DNA binding
activity, we sought to determine whether such a domain exists in menin. To this end, we
generated constructs to express various GST-menin fusion proteins that span three various
regions-the N-terminus, the middle region, and the carboxyl terminus of menin (Fig. 3A).
The full-length menin and its various fragments were expressed and purified from E. coli,
and their sizes and purity were determined on SDS-PAGE by Comassie blue staining (Fig.
3B). These various menin fusion proteins were incubated with a plasmid DNA probe for
gelshift assays (Fig. 3C). As expected, full-length menin binds the probe DNA (Fig. 3C,
lanes 2–3). The N-terminus does not appear to dramatically shift the DNA probe (lanes 4–
5). The middle region of menin, spanning from amino acid residues 219–395, does not shift
the DNA probe (Fig. 3C, lanes 6–7). Notably, even at the lowest concentration of the protein
used the carboxyl terminus of menin shiftes the DNA probe completely, (Fig. 3C, lanes 8–
9). These results demonstrate that the carboxyl terminus is the major domain in menin that
mediates binding to DNA in a sequence-independent fashion.

Menin binds to various DNA structures
DNA structures encountered in DNA metabolism include regular dsDNA, Y-structures,
branched structures, and 4-way junction structures, a 4-strand cross structure analogous to
Holiday structure (30,31). BRAF35, a protein associating with the tumor suppressor Brca2,
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preferentially binds to 4-way structures (32) and plays a critical role in regulating cell
proliferation (32). Thus, we examined whether menin binds to these various DNA structures.
Figure 4A shows that the carboxyl terminus of menin containing amino acid residues 396–
610, binds linearized dsDNA (lanes 3–4), Y-structures (lanes 6–7), branched structures
(lanes 9–10), and 4-way structures (lanes 12–13). Similary, full-length menin also binds
these four DNA structures (data not shown). To further support the binding of menin to
these various structures, a GST- menin (F3) fusion protein was incubated with the Y
structure DNA probe and its binding to the probe was competed by each of the following 4
various DNA structures: linearized, Y-shaped, branched, and 4-way junction structures.
Figure 4B shows that each of the four structures competed with the DNA probe for binding
to menin. However, at the lowest concentration of the competitor DNA used (36 nM), the 4-
way structure DNA competed away approximately 60% of the bound probe DNA, while the
other three structures only competed away 20–25% of the bound DNA probe (Fig. 4B, lanes
4, 8, 12, and 16). Similar results were obtained when the full-length menin was used in the
gelshift assays with various competitive DNA structures (data not shown). The stronger
competition for binding to the probe by the 4-way structure may reflect the higher mass of
the 4 way structure at an equal molar concentration, since the molecular weight for the 4
way structure is more than twice that of the Y structure probe (78839 vs 30540). Together,
these results indicate that menin can bind to various DNA structures.

MEN1-related mutations in the C-terminus compromise menin’s ability to bind DNA as well
as to inhibit cell proliferation

Over 63% of mutations in the Men1 gene eventually lead to loss of the carboxyl terminus
(33). Thus, we sought to determine whether a common disease-related mutation at the
carboxyl terminus, R527X, and a second mutation, M558X, interferes with the ability of
menin to bind to DNA. Both mutants retain the first nuclear localization signal (NLS1, 479–
497), but lose NLS2 (588–608). The wild type C-terminus of menin (GST-F3) and its two
truncation mutants, 527X and 558X, were expressed and purified from E. Coli (Fig. 5B).
The purified menin and its mutants were incubated with a short dsDNA probe. Figure 5C
shows that, as expected, the wild type C-terminus binds the probe (lanes 2–3). However, the
two mutants fail to bind to the DNA (lanes 4–7). These results indicate that two common
mutations from MEN1 patients lose the ability to bind DNA, suggesting that disruption of
menin-DNA binding may at least in part related to the development of MEN1.

To further examine the effects of these MEN1-related menin mutants on the regulation of
cell proliferation, we introduced wild type menin or the two mutants into a menin-null cell
line (18) via retroviral infection. Expression of the wild type and mutant menin was
confirmed by Western blotting analysis (Fig. 6A, top panel). Equal loading of the cell
lysates is confirmed by detection of the levels of actin by Western blot analysis (Fig. 6A,
bottom panel). These various cell lines were seeded for culture and the number of cells for
each of the cell lines was counted on day 4 of culture, to determine the rate of cell
proliferation (Fig. 6B). The results indicate that complementation of the menin-null cells
with wild type menin represses cell proliferation. However, the complementation of the
menin-null cells with the MEN1-related menin mutants, 527X and 558X, fails to repress cell
proliferation (Fig. 6B). These results suggest that that DNA binding by menin may play a
crucial role in repressing cell proliferation.

We previously observed that menin potentiates TNF-α-induced apoptosis (34). Thus we
sought to determine whether menin and its MEN1-related mutants alter the basal level of
apoptosis and steady state of cell cycle distribution in our culture conditions. To this end,
control cells or cells expressing wild type menin or mutants were examined for apoptotic
cells, using Annexin V staining followed flow cytometry analysis. Figure 7A shows that
control cells (vector) contain 8% apoptotic cells, menin-expressing cells contain 9%
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apoptotic cells, while both mutant 527X and 558X-expressing cells contain 7% apoptotic
cells. These results suggest that menin does not obviously upregulate the basal level of
apoptosis. However, we cannot completely rule out the possibility that a slight increase of
apoptosis in menin-expressing cells could in part contribute to the menin-mediated
inhibition of accumulation of cell numbers, because a low level of rapidly degrading
apoptotic cells may escape detection.

We further determined the steady-state distribution of various cell cycle phases in the above
cell lines. Control cells or cells expressing wild type or mutant menin were pulsed with
BrdU and processed for analysis with flow cytometry. Figure 7B shows that control cells in
G1, S, and G2/M phases account for 40.5%, 35.4%, and 24.1%, respectively. Distribution of
menin-expressing cells is 30.5%, 35.5%, and 34%, respectively. These results show that
menin decreases the number of cells in G1 but increases the number of cells in G2/M,
suggesting a potential block in G2/M phase. Consistent with this, both menin 527X and
558X mutants have a cell cycle distribution similar to that in menin-null cells-36%, 39–40%,
and 25% for G1, S, and G2/M, respectively (Fig. 7B). We also sought to determine the cell
cycle progression in these cell lines by synchronizing the cells using serum starvation or
various cell cycle blocking drugs. However, serum starvation failed to synchronize the cells
and various drugs including mimosine and hydroxyurea were highly toxic to the cells.
Collectively, these results suggest that menin affects cell proliferation by affecting cell cycle
progression, and its ability to bind DNA is crucial for menin's role in suppressing cell
proliferation and MEN1.

Positively charged residues in the two NLSs in the C-terminus of menin are essential for
direct DNA binding as well as repression of cell proliferation

Since the two nuclear localization signals (NLS) are located in the C-terminus (1), which
binds DNA, we examined whether the two NLSs play a role in binding to DNA. Thus,
menin proteins containing either a truncation of the C-terminus, or internal deletions of
small regions of the NLSs were expressed and purified from E. Coli, and quantity and purity
of the proteins were verified by Coomassie Blue staining (Fig. 8A and B). These various
menin proteins were incubated with a DNA probe for gelshift assays. As expected, the full-
length menin binds to the DNA probe (Fig. 8C, lanes 2–3). In contrast, truncation of the C-
terminus (lanes 4–5), deletion of NLS1 (lanes 6–7) and deletion of NLS2 (8–9), abolish the
ability of menin to bind DNA.

Since the deletion of several amino acid residues in the NLS sequences could affect the
conformation of the C-terminus that alters DNA binding, we sought to introduce point
mutations, replacing the positively charged residues arginines or lysines with alanines, into
the NLSs as shown in Figure 9A. The point mutations should generate more subtle changes
to the protein. The resulting GST-fusion proteins with various point mutations were
expressed and purified for gelshift assays (Fig. 9B). Figure 9C shows that the wild type C-
terminus of menin binds the DNA probe, as expected (lanes3–4), but introduction of point
mutations into either NLS1 (479–497) (lanes 5-) or NLS2 (588–608) (lanes7–8)
dramatically decreases its ability to bind DNA. Combined point mutations in both NLS1 and
NLS2 abolish the ability of menin to bind DNA. These results demonstrate that the NLS1
and NLS2 are essential for the role of menin in direct DNA binding, and these short
sequences may directly contact DNA structure.

We further determined the effect of the NLS alterations on menin’s nuclear localization and
its role in regulation of cell proliferation. Menin-null cells were infected with retroviruses
expressing wild type menin or its two mutants (Fig. 10A). The expression of the various
proteins was confirmed by Western blotting analysis (Fig. 10B). Additionally, nuclear
localization of the wild type and menin mutants was examined by immunofluoresence
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staining (Fig. 10C). Mutations in either NLS1 or NLS2 do not affect the nuclear localization
of menin (Fig. 10C). We examined whether mutation of these NLSs, which compromise
DNA binding by menin, affects menin’s role in repression of cell proliferation. To this
end, 3H-thymidine incorporation was used to examine the rate of cell proliferation in menin-
null MEFs complemented with either wild type menin or the various mutants described
above. Figure 10D indicates that complementation of the menin-null cells with wild type
menin suppresses cell proliferation. Conversely, mutation in either NLS1 or NLS2, although
still localizing to the nucleus (Fig. 10C), fails to suppress cell proliferation. To further
strengthen this conclusion, the same numbers of cells for each of these cells were seeded,
and the number of the cells from each of the 4 cell lines was counted on day 4 of culture
(Fig. 10E). These results indicate that loss of either the NLS1 or NLS2 sequence results in
failure of menin to repress cell proliferation. Therefore, although mutation in one of the two
positively charged NLSs does not disrupt targeting to the nucleus, it does deprive menin's
ability of binding DNA as well as suppressing cell proliferation. Collectively, these results
indicate that association of menin with DNA, at least in part, plays a crucial role in
suppressing cell proliferation.

DISCUSSION
The current studies have uncovered the ability of menin to directly bind DNA, and further
identified the C-terminus of menin and the positively charged residues in the NLSs as the
domain responsible for direct DNA binding. Importantly, two MEN1-related mutations in
this domain fail to bind DNA as well as to repress cell proliferation (Fig. 5–Fig. 6). These
results link the role of menin in DNA binding to the suppression of cell proliferation. They
suggest a model in which the interaction between menin and DNA allows menin to
coordinate DNA metabolism and the regulation of cell proliferation.

Menin directly binds DNA
DNA binding proteins can generally be categorized as sequence-dependent or sequence-
independent proteins. For example, transcription factors are usually sequence-dependent
DNA binding proteins (24). On the other hand, the interaction of other DNA binding
proteins with DNA is dependent on overall DNA structure, but not on the precise sequence.
In other words, they bind DNA in a sequence-non-specific fashion. These include proteins
that regulate DNA repair and gene transcription, such as Brca1 (20,27). Rad 50 and human
DNA replication origin binding proteins, which are involved in DNA repair, also bind DNA
in a manner that is independent of the precise DNA sequence (28,29). There are yet other
DNA binding proteins, such as p53 which possesses domains that bind DNA in both a
sequence–dependent and - independent manner (35,36). Menin has been shown to bind a
variety of proteins including transcription factors, such as JunD, NF-µb, Smad3, Pem (4), as
well as proteins involved in DNA repair, such as RPA and FancD2 (18,19). However, it has
not previously been shown to directly bind DNA.

We show that menin binds directly to dsDNA (Fig. 1), but this binding does not favor a
specific DNA sequence (Fig. 2–Fig. 3). Further experiments indicate that menin binds to a
variety of DNA structures including regular dsDNA, Y-structures, branched structures, and
4-way junctions. Thus, menin may associate with various DNA structures to regulate gene
transcription, cell proliferation, and DNA repair.

Although it is shown here that menin binds DNA in a sequence-independent manner, these
findings do not rule out the possibility that menin also binds some DNA sequence
specifically, using either the C-terminus or other regions. As described above, the tumor
suppressor p53 (also a transcription factor) was originally described as a protein that bound
to DNA non-specifically (35,37,38). In addition, p53 was later found to possess domains for
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sequence-specific and sequence-non-specific DNA binding (36). Therefore, it cannot be
ruled out that under certain circumstances menin may be able to bind to specific DNA
sequence to regulate gene transcription and/or cell proliferation.

MEN1-related mutations in menin abolish both the ability of menin to bind DNA and to
suppress cell proliferation

The C-terminus of menin mediates binding to DNA (Fig. 3). In support of the importance of
menin in DNA binding, mutations in the C-terminus of menin, R527X and M558X, abolish
the ability of menin to bind to DNA (Fig. 5). These mutants, which have lost positively
charged residues in the second NLS, still retain the first NLS, and thus should be able to
target to the nucleus, since NLS1 alone is sufficient for targeting menin into the nucleus
(Fig. 10). Given the fact that the majority of mutations in the Men1 gene from MEN1
patients leads to the loss of the carboxyl terminus, this correlation between the loss of the C-
terminus and the inability for the mutants to bind DNA strengthens the importance of
menin-DNA binding in menin’s function. Importantly, these mutants lose their ability to
suppress cell proliferation (Fig. 6).

Menin represses cell proliferation and increases the number of G2/M cells, suggesting a
potential G2/M block (Fig. 6–Fig. 7). Consistent with this, Menin does not markedly
increase basal-level apoptosis (Fig. 7A) (34). Several reports show that ectopic expression of
menin leads to reduced accumulation of cell numbers, but it is not clear in these
experimental conditions menin affect either cell cycle progression or apoptosis, or both
(7,10,11,39). A recent interesting report shows that knock-down of menin by an antisense
approach in rat intestinal epithelial cell line, IEC-17, leads to increased expression of cyclin
D1 and CDK4 and increased number of S-phase cells (40). This is consistent with a model
that menin downregulates the CDK4/6 and pRB pathway and inhibits cell cycle transition
for G1 to S phase. However, it is not clear whether ectopic expression of menin in menin-
knock-down cells can truly inhibit cell cycle progression from G1 to S phase in the cells. In
our MEF system, we observed that expression of menin modestly increases number of cells
in G2/M, but decreases cells in G1 (Fig. 7B). This difference is likely due to the different
cell lines used. However, it is noteworthy that MEN1-related menin mutants fail to increase
cell numbers in G2/M (Fig. 7B). Together, these results suggest that interaction of menin
with DNA is crucial for the role of menin in suppressing cell proliferation.

However, these results do not exclude the possibility that the C-terminus may also interact
with other partners to suppress cell proliferation. Moreover, it is not yet clear how the
menin-DNA interaction facilitates menin-mediated suppression of cell proliferation. It is
possible that its proximity to cellular DNA facilitates regulation of the expression of genes
that are crucial for regulation of cell proliferation. Alternatively, association of menin with
chromatin DNA may enhance its role in the regulation of DNA replication.

The arginines and lysines in the two NLSs in the C-terminus of menin mediates direct DNA
binding and repression of cell proliferation

To further study the ability of menin to bind DNA, we made even smaller alterations in the
C-terminus sequence, namely internal deletion of NLS1 or NLS2. These minor alterations in
the C-terminus indeed abolish the ability of menin to bind DNA (Fig. 8). It is possible that
multiple positively charged lysine or arginine residues in the NLSs play a role in DNA
binding, simply by binding the negatively charged DNA. This is consistent with the
observation that the interaction between menin and DNA is not sequence-specific.
Alternatively, this small deletion could also change the structure of the C-terminus, leading
to loss of the DNA-binding activities. To address this concern and further pinpoint the
precise amino acid residues that are responsible for direct DNA binding, point mutations
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were introduced to each of the NLSs (Fig. 9A and B). The resulting mutant proteins fail to
optimally bind DNA (Fig. 9C). These results definitively demonstrate a crucial role for the
NLSs in mediating direct binding to DNA. The positively charged residues in the NLSs may
directly contact the negatively charged DNA. However, it is still unclear how menin
represses cell proliferation. Perhaps by binding to the chromatin DNA (32), menin senses
the status of chromatin DNA and transduces a signal to keep the cell proliferation in check.
On the other hand, menin may regulate gene transcription in part by association with
chromatin DNA, and some of the target genes may lead to repression of cell proliferation.
No matter what the precise mechanisms are, the currently studies uncover a novel role of
menin, direct binding to DNA, and link DNA binding to the regulation of cell proliferation
and suppression of MEN1.
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Figure 1. Menin binds to double stranded DNA
(A) Full-length menin protein (3 µg) was incubated with 32P-labeled single stranded DNA
or double stranded DNA, as described in EXPERIMENTAL PROCEDURES, and subjected
to gelshift assays. (B) Anti-menin antibody specifically supershifts menin that binds double
stranded DNA. Anti-menin antibody (1 µg) or control IgG (1 µg) was used in the reactions
for gelshift assays.
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Figure 2. Menin binds DNA in a sequence-independent manner
Increasing concentrations of full-length menin (0, 0.063, 0.125, 0.25, 0.5, 1.0, 2.0 µg per 10
µl) were incubated with the short dsDNA probe, and then subjected to gelshift assays (lanes
1–7). The binding to DNA by menin was competed with increasing concentrations of
sequence-non-specific poly dI/dC (lanes 9–14) in the gelshift assay.
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Figure 3. The carboxyl-terminus of menin is responsible for binding to DNA
(A) A diagram of menin and its fragments used in the experiment. (B) A Coomassie Blue
staining of menin and various GST-menin fragment fusion proteins (5 µg). The low band in
lane 1 represents the form partially proteolyzed during purification. (C) The carboxyl
terminus of menin binds to DNA. Full-length menin, GST-F1, GST-F2, and GST-F3 (0.5
and 1.0 µg for each) were incubated with puc19 plasmid DNA probe for gelshift assays.
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Figure 4. Menin binds to dsDNA, Y-structures, branched structures, and 4-way junction
structures
(A) GST-menin (GST-F3, 0.0, 0.5, and 1.0 µg as indicated) binds to the four distinct DNA
structures in gelshift assay. (B) GST-menin (GST-F3, 0.5 µg) was incubated with a Y-
structure probe, in the presence of increasing concentrations (0, 0.036, 0.071, 0.143, and
0.286 µM) of each of the following DNA structures: dsDNA, Y-structures, branched
structures, and 4-way structure for gelshift assays.
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Figure 5. MEN1-related menin mutations, menin 527X and 558X, fail to bind DNA
(A) A diagram of the two MEN1-related mutations. (B) Coomassie Blue staining of GST-
F3 , GST-F3-527X, and GST-F3-558X (3.8µg). The asterisk (*) denotes a non-specific
band . (C) GST-F3 (0, 0.5, and 1.0 µg), GST-F3-527X, and GST-F3-558X (0, 0.5 and 1.0
µg) were incubated with a Y-structure probe for gelshift assays.
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Figure 6. MEN1-related menin mutations abrogate the ability of menin to repress cell
proliferation
(A). Menin-null cells (#21) were infected with control retroviruses or retroviruses
expressing each of the following forms of menin: menin (wild type), 527X, and 558X. The
expression of the wild type and mutant menin, as indicated, was detected by Western blot
analysis using an anti-menin antibody (#77). As a control, the amount of actin in each
lysates was detected using an anti-actin antibody (bottom panel). (B). The MEFs expressing
the wild type or mutant menin were seeded at a density of 2 × 105 cells per 100 mm dish in
duplicate on day 0, and counted on day 4.
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Figure 7. Analysis of apoptosis and cell cycle profiles in cells expressing wild type or mutant
menin
(A) Annexin V staining of menin-null MEFs expressing vector, menin, 527X, or 557X.
Cells were seeded at a density of 2 × 105 cells/100 mm dish and allowed to grow for 48
hours. Cells and supernatant were then harvested and stained with Annexin V as described
in Materials and Methods. Data are presented as an average of two independent experiments.
(B) Cell cycle profiles of menin-null MEFs expressing vector, menin, 527X, or 557X. Cells
were seeded at a density of 2 × 105 cells/100 mm dish and allowed to grow for 48 hours.
Cells were then processed and stained with PI and anti-BrDU antibody as described in
Materials and Methods. This is representative of two independent experiments.

La et al. Page 18

J Biol Chem. Author manuscript; available in PMC 2010 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Mutations in each of two nuclear localization signals (NLS) of the C-terminus of menin
abolish binding of menin to DNA
(A) A diagram of the mutations in the two NLSs of menin. (B) Full-length menin and
various mutants (5 µg each) as shown in (A) were stained with Coomassie Blue. (C) Menin
(0, 0.5, and 1.0 µg) and its various mutants (0.5, and 1.0 µg) were incubated with a Y-
structure probe for gelshift assays.
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Figure 9. Positively charged resides in NLS1 and NLS2 are essential for direct DNA binding
(A) A diagram for wild type or mutant GST-menin (F3, C-terminus) fusion proteins. (B)
Wild type or mutant GST-menin fusion proteins (3 ug) were separated on SDS-PAGE and
stained with Commassie Blue. (C) Various GST-menin fusion proteins (0.5 or 1.0 µg per
lane), as indicated, were used for gelshift assays.
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Figure 10. Mutations of two nuclear localization signals (NLS) in the C-terminus of menin
abolish menin-induced inhibition of cell proliferation
(A) A diagram of menin and its various NLS mutants. NLS1Δ, deletion of amino acids 479–
497. NSLΔ, deletion of amino acids 588–608. (B) Western blot analysis of wild type and
various menin mutants from the menin-null MEFs that were infected with retroviruses
expressing these proteins. Anti-Flag M2 antibody was used. (C) Nuclear localization of
menin and its NLS mutants. Menin-null cells complemented with menin or its various NLS
mutants were seeded and processed for immunofluorescence staining with an anti-Flag
antibody. (D) The NLS mutants fail to repress cell proliferation. The menin-null MEFs
complemented with wild type menin or its various NLS mutants. These cells were seeded in
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6-well plates and cell proliferation was assayed by 3H-thymidine incorporation at day 4 of
culture. (E) Menin-null cells infected were with various retroviruses as indicated, seeded on
day 0, (2×105), and counted on day 4.
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