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Abstract: Menin acts as contextual a tumor suppressor and a tumor promoter, partly via epigenetic regulation of
gene transcription. While menin is phosphorylated, it remains unclear whether wild type menin has other post-
translational modifications. Here, we report that menin is SUMOylated by SUMO1 in vivo and in vitro, and the
SUMOylation is reduced by a SUMO protease. Lysine 591 of menin was covalently modified by SUMO1 and K591R
mutation in menin blocked SUMOylation of the C-terminal part of menin in transfected cells. Full-length menin with
K591 mutation was still SUMOylated in vivo, suggesting the existence of multiple SUMOylation sites. Menin K591R
mutant or menin-SUMO fusion protein still retains the ability to regulate cell proliferation and the expression of the

examined menin target genes.
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Introduction

Menin is encoded by the MEN1 gene, and
mutations in the MEN1 gene leads to multiple
endocrine neoplasia type 1 (MEN1), an inherit-
ed tumor syndrome, with development of
tumors in several endocrine organs including
pancreatic islets [1-4]. Menin missense
mutants associated with MEN1 syndrome are
rapidly degraded via the ubiquitin-mediated
proteolysis [5]. Menin is phosphotylated at sev-
eral serine residues and the phosphorylation is
induced by DNA damage [6, 7]. It is not yet
known whether phosphorylation alters the
function of menin and whether menin has other
modifications.

Post-translational modifications (PTMs) includ-
ing methylation, phosphorylation, acetylation,
and ubiquitination are crucial for regulation of
multiple biological processes as well as biologi-
cal activities such as transcriptional regulation
and protein degradation [8, 9]. Another PTM is
modified by the small ubiquitin-related modifier
(SUMO), a modification referred to as
SUMOylation [10, 11].

SUMO is ~11kD in size and has the three-
dimensional structure similar to ubiquitin [10].
In mammals three major SUMO isoforms,
SUMO1-3, have been found. Like ubiquitin,
SUMO covalently conjugated to substrates
through the C-terminus Gly-Gly motif under the
help of E1 activating enzyme (SAE1/SAE2), E2
conjugating enzyme (Ubc9) and E3 protein
ligase [12, 13]. SUMOylation is a reversible and
highly transient modification and the de-conju-
gation of SUMO is mediated by isopeptidases,
also known as sentrin-specific proteases
(SENP) or SUMO de-conjugating enzymes. Six
human SENP family proteins, SENPs 1-3 and
5-7 have been identified [14]. SUMOylation has
been shown to be important for regulating many
cell processes, including transcription, replica-
tion, chromosome segregation and DNA repair
[11, 15]. SUMO modification regulates gene
transcription, mainly repressing gene transcrip-
tion, but also in some cases inducing transcrip-
tional activation, and the majority of
SUMOylation targets are transcription factors
[16-18]. Although recent studies have shown
that regulation of SUMOylation contributes to
the pathogenesis and development of various
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diseases [19-22], if it remains unclear whether
menin is modified by SUMOylation. Here, we
show that menin undergoes SUMO modifica-
tion and Lysine 591 is one of the SUMOylation
sites.

Materials and methods
In vitro SUMOylation assay

In vitro SUMOylation of menin was performed
using a SUMOylation kit (Biomol). Briefly, delet-
ed or full-length His-tagged menin was
expressed in E. coli and purified as previously
described [23], and suspended in a 20 ul reac-
tion buffer containing SAE1, SAE2, Ubc9,
SUMO1 and ATP. Following 1 hr incubation at
37°C, reactions were terminated by an SDS
loading buffer. The products were analyzed by
western blotting.

In vitro de-SUMOQylation assay

The de-SUMOylation of menin by SUMO prote-
ase Ulpl was carried out using a SUMO prote-
ase kit (Invitrogen). Briefly, immunoprecipita-
tion generated by co-IP was incubated in a
SUMO-protease buffer with or without Ulpl at
25°C for different times. Reactions were termi-
nated by adding SDS loading buffer and the
products were analyzed by Western blotting
with indicated antibodies.

Mass spectrometry analysis

Purified menin and SUMO1 (RGG) were sus-
pended in a reaction buffer with SAE1, SAE2,
Ubc9 and ATP at 37 °C for 1 hr. Reaction prod-
ucts were separated by SDS-PAGE and were
analyzed by Coomassie Brilliant Blue (CBB)
staining. The predicted bands were cut and
digested with trypsin [24]. The peptides were
analyzed with nanoLC/MS/MS at the Penn
Proteomics Core and the data were analyzed
with Sequest and Scaffold software packages.

Plasmids and cell culture

Flag-SUMO1, His-SUMO1 and pUBC9 were pre-
viously described [25]. The pUbc9/SUMO1
used for bacterial expression of His-SUMO1
was from Mutsuhiro Takekawa (Nagoya
University) [26]. The SENP1 plasmid was pur-
chased from Addgene. Retroviral plasmid
expressing Flag-tagged menin was previously
described [27]. Full-length Flag-menin and
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menin fragment Flag-F3, which encode amino
acid residues 1-610 and 396-610, respective-
ly, were amplified by PCR and cloned into the
BamHI/Not | site of pCDNA3.1. Menin-SUMO
fusion construct was generated by fusion of
SUMO1 to the C-terminus of menin. His-SUMO1
(G97A), His-SUMO1 (RGG), menin fragment F3
(K591R), full-length menin (K591R), retroviral
expressed menin (K591) and menin-SUMO
fusion (K591R) were generated using the site-
directed mutagenesis kit (Stratagene). Menl1-
null MEF cells complemented with wild type or
mutant menin [27], WT MEFs and HEK293T
cells were cultured in Dulbecco’s modified
Eagle’'s Medium (DMEM) supplemented with 10
% fetal bovine serum (FBS) and 1% Pen/Strep.

Retroviral infection and cell proliferation

Plasmids for retroviral packaging were co-
transfected with psi-2 helper plasmid into 293T
cells using the calcium chloride precipitation
method. The resulting recombinant virus was
collected and transduced into Men1 null MEFs,
followed by selection in 2 ug/ml puromycin for
3 days. The above cells were seeded with
2x10% cells/well in 6-well plates, and cell num-
bers were counted with a hemacytometer, with
dead cells excluded by Trypan blue staining.

RNA extraction and quantitative real time PCR
(QRT-PCR)

Total RNA was extracted from cultured cells
with Trizol and an RNeasy extraction kit from
Qiagen. 1 pg RNA was used as template to syn-
thesize cDNA for qRT-PCR using a 7500 fast
real-time PCR from Applied Biosystems. The
relative mRNA level was calculated by the AACt
values calibrated with GAPDH, using SYBR
Green dye from Qiagen for detection. The fol-
lowing primers were used for quantitative
RT-PCR: Gasl1-For, 5-AGATGGTCGGGAACACTG-
AC-3’; Gasl-Rev, 5-TCCCTTCTCCAAGTCCATTG
-3’;Gli1-For,5-AAGGAATTCGTGTGCCATTGGG-3’;
Gli1-Rev, 5'-ACATGTAAGGCTTCTCACCCGT-3..

Purification of protein generated in E. coli

Briefly, E. coli BL21 transformed with full-length
His-menin, internally deleted His-menin (460-
510 AA) or pUbc9/SUMO1 (RGG) was incubated
at 25°C, and then induced by isopropyl B-D-1-
thiogalactopyranoside (0.25 mM) for 4 hrs.
Cells were harvested and lysed with 1% Triton
X-100 in PBS, 1.0 mM PMSF, 4 yg/mL bacterial
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Figure 1. SUMOylation of menin by SUMO1 in vivo. A. HEK293T cells were co-transfected with menin and Flag-SU-
MOZ1. Immunoprecipitated menin was blotted with an anti-Flag antibody. The expression levels of SUMO1 and menin
in the cell lysates are also shown. B. Menin and Flag-SUMO1 were co-transfected in HEK293T cells. SUMO1 was
Immunoprecipitated, followed by western blotting with an anti-menin antibody. The total menin and SUMO1 proteins
are also shown in the bottom. C. HEK293T cells were transfected to express menin along with Flag-SUMOZ1. Immu-
noprecipitated menin was blotted with an anti-menin antibody or was probed for SUMOylation using an anti-SUMO1
antibody. The total amounts of menin and SUMO1 are also shown. Asterisk indicates the non-specific binding. D.
Flag-menin was expressed together with His-SUMO1 or two independent point mutants that cannot be attached to
its substrate (His-SUMO1-G97A) into HEK293T cells. Menin was immunoprecipitated with Flag M2 beads, followed
by western blotting for SUMOylation with anti-SUMO1 antibody. The total amounts of menin and SUMO1 are also
shown; Asterisk indicates the non-specific binding. E. Immunoprecipitated endogenous menin from MEF cells was

probed for SUMOylation with either anti-menin or anti-SUMO1 antibody.

protease inhibitor cocktail (Sigma), and 100
pug/mL lysozyme. Lysates were spun down and
the supernatant was added to Ni-NTA beads
(Qiagen) overnight at 4°C. After washed with 1
m Mimidazole in PBS, protein was eluted from
Ni-NTA beads with 150 mM imidazole in PBS.

Western blotting
Briefly, cells were lysed in a RIPA buffer (Sigma)

with protease inhibitors on ice for 30 min and
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sonicated to shear the genomic DNA. The
extracted protein concentration was deter-
mined by BCA assay, and the samples were
separated by SDS-PAGE, and then were trans-
ferred onto a PVDF membrane. Each of the
antibodies was incubated against one of the
following proteins: anti-menin (Bethyl), anti-
SUMO1 (Abcam), anti-Flag (Sigma), anti-His
(Clontech) and B-actin (Sigma). Membranes
were further washed and incubated with an
anti-rabbit or anti-mouse secondary antibody
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(BD). Detection of immunoreactive bands was
performed using an ECL detection kit (GE).
Equal protein loading was indicated by
Ponceau-S staining of blotted membranes.

Co-immunoprecipitation

HEK293T cells were transiently transfected
with indicated plasmids and were suspended in
lysis buffer (50 mMTris-Cl, pH 7.4, 150 mMNa-
Cl, 5 % glycerol, 1% mM NP-40, 1 mM EDTA)
supplemented with protease inhibitors and
N-ethylmaleimide (NEM) (20 mM). Cell lysates
were incubated with anti-menin (Bethyl) anti-
body at 4°C for 2 hrs with rotation, and then
bound to protein A-Sepharose (Invitrogen), or
with Flag M2 beads (sigma) and washed four
times with the lysis buffer. Proteins were sepa-
rated by SDS-PAGE and immunoblotted with
the indicated antibodies. To detect endogenous
menin SUMOylation, MEFs were lysed with the
lysis buffer and lysates were incubated with
anti-menin antibody or control IgG (Abcam) at
4°C for 4 hrs. The immunoprecipitates were
blotted with anti-menin or anti-SUMO1
antibodies.

Statistical analyses

Statistical analyses were performed using
Graphpad Prism (version 5.0; Graphpad
Software). The data are presented as the mean
+s.d. of n determinations unless noted other-
wise. A two-tailed student’s t test was used for
measuring statistical differences.

Results

Ectopic and endogenous menin are modified
by SUMOL1 in cells

During our routine detection of menin in
Western blotting we occasionally observed a
slow-migrating band (data not shown) and sus-
pected that this band might be due to
SUMOylation. To determine whether menin
undergoes SUMOylation in cells, we transfect-
ed cDNAs for menin and Flag-tagged SUMO1
individually or in combination into HEK293T
cells. The resulting cell lysates were immuno-
precipitated with an anti-menin antibody and
then immunoblotted with an anti-Flag antibody.
A slow-migrating band was detected by the
anti-Flag antibody in the immunoprecipitated
products from cells co-transfected with both
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menin and F-SUMO1 (Figure 1A, lane 2), but
not from cells transfected with either menin or
SUMOL1 alone (Figure 1A, Lanes 1 and 3). The
apparent molecular weight is compatible with
attachment of one SUMO molecule. We per-
formed the reverse IP with an anti-Flag anti-
body to confirm menin modification with
SUMO1. Again, a slow-migrating band was
observed with Western blotting using an anti-
menin antibody, in cells transfected with both
menin and SUMO1 (Figure 1B, lane 2). This
slow-migrating band was also detected by the
anti-SUMO1 antibody (Figure 1C, lane 2). The
asterisk denotes a likely unknown protein on
beads that were crossreactive to the SUMO1
antibody.

To determine whether SUMO1 covalently links
to menin, but not simply binds menin, we gener-
ated SUMO1 mutants (G97A) that lack the
C-terminus G-G motif and thus cannot be conju-
gated to substrates by site-directed mutagene-
sis. Wild type (WT) or mutated SUMO1 cDNA
were co-transfected into HEK293T cells, fol-
lowed by immunoprecipitation with Flag M2
beads. The results showed that the G97A
mutant failed to be conjugated to menin (Figure
1D, lane 2 and 3). These results suggest modi-
fication of transfected menin by SUMO1.

To verify whether endogenous menin is also
SUMOylated, a large amount of mouse embry-
onic fibroblasts (MEFs) were used for immuno-
precipitation with either anti-menin antibody or
control 1gG, followed by Western blotting with
an anti-SMUO1 or anti-menin antibody. The
results showed that a slow-migrating band was
also detected by both the anti-SUMO1 and anti-
menin antibodies (Figure 1E). To examine the
possibility that other type of modification of
menin, such as glucosylation, may also change
the mobility, we treated the cells with o-glucos-
yltransferase inhibitor, but we failed to observe
any change of menin in mobility in gel (data not
shown). Together, these results indicate that
endogenous menin is also SUMOylated by
SUMOL1 inside cells.

Removal of SUMO-modificaiton of menin by
SUMO protease

SUMOylation modification is a dynamic process
involving both conjugation and de-conjugation.
The de-SUMOylation enzymes cleave the cova-
lent bond between SUMO and the modified pro-
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Figure 2. SUMOylation of menin is removed by a SUMO protease. A. Flag-menin and His-SUMO1 were co-transfected
into HEK293T cells with or without different amount of SENP1 plasmid. Menin immunoprecipitated with Flag M2
beads was probed with an anti-His antibody. Over-expression of menin and SUMO1 were determined. B. HEK293T
cells were co-transfected with menin and Flag-SUMO1. SUMO1 was pull-down with Flag M2 beads. The immunopre-
cipitated products were incubated with purified SUMO protease at different times, followed by western blotting with
anti-menin antibody. The total menin and SUMO1 proteins are also shown in the bottom. C. Immunoprecipitated
endogenous menin from MEF cells was incubated with purified SUMO protease for 15 min. The SUMOylated and WT
menin were detected with anti-SUMO1 or anti-menin, respectively.

tein, removing the SUMO from the substrate,
rendering it ready for the next round of modifi-
cation [28]. To determine whether the slow-
migration band can be removed by some of
SENPs, we co-transfected Flag-tagged menin
and His-tagged SUMO1 with or without increas-
ing amounts of cDNA for human SENP1, one of
several SUMO-specific proteases [14], into
HEK293T cells. The resulting cell lysates were
immunoprecipitated with Flag antibody-conju-
gated M2 beads and then immunoblotted with
anti-His antibody. The slow-migrating band, or
likely SUMOylated menin, was markedly
reduced in SENP1-cotransfected cells (Figure
2A, lanes 4 and 5). These results further sup-
port the notion that menin is SUMOylated in
cells. As a control, expression of menin and
SUMO1 was as expected (Figure 2A, bottom
panel).

To further verify the above results, Flag-tagged
SUMO1 and menin were co-expressed into
HEK293T cells, followed by immunoprecipita-
tion with Flag M2 beads. The immunoprecipi-
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tated products were treated with recombinant
SUMO protease for different times, followed by
Western blotting with an anti-menin antibody.
We found that the slow-migrating band was
substantially reduced after the immunoprecipi-
tated products were treated with SUMO prote-
ase (Figure 2B, lanes 4 and 5). It was unclear
what constituted the menin-antibody-detected
materials above the SUMO-menin band (Figure
2B, lane 3), but it was possibly due to other
types of modificaiton or protein degradation.
Further experiments showed that immunopre-
cipitated SUMOylated endogenous menin from
MEFs was also removed by incubation with
SUMO protease (Figure 2C, lanes 2 and 3).
Together, these results indicate that menin is
modified by SUMO1.

Purified menin protein is SUMOylated by
SUMO1 and SUMQ2/3 in vitro

SUMOylation is a multiple-step process involv-

ing the use of three enzymes: SUMO-activating
enzymes (E1), SUMO-conjugating enzyme Ubc9
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Figure 3. In vitro SUMOylation of menin. A. Affinity-purified RanGAP1, Deleted or Full length His- tagged menin were
incubated with SAE1/SAE2 (E1), Ubc9 (E2), and His-tagged SUMO1 (SUMO1) in the presence or absence of ATP,
as indicated. Reaction products were analyzed by western blotting using an anti-SUMOZ1 or anti-His antibodies. B.
Purified Deleted His-tagged menin was incubated with SAE1/SAE2 (E1), Ubc9 (E2), and one of the His-tagged SUMO
isoforms, as indicated. Reaction products were detected by western blotting with anti-menin or anti-His antibodies.

(E2) and E3 ligase [12, 13]. To determine
whether menin can be sumoylated in vitro, we
incubated purified full-length or internally delet-
ed menin (460-510 AA) protein, with purified
SUMO-activating enzymes (E1), SUMO-
conjugating enzyme Ubc9 (E2), together with
His-tagged SUMO1. The reactions were sepa-
rated in SDS-PAGE and immunoblotted with
anti-SUMO1 or anti-His antibodies. We found
that in the presence of ATP, both the deleted
menin and full-length menin protein were shift-
ed to slow-migration bands detected by both
anti-SUMO1 antibody (Figure 3A, top panel,
lanes 4 and 6) and anti-His antibody (Figure
3A, bottom panel, lanes 4 and 6), when SUMO1
was included in the presence of E1 and E2
enzymes. In the absence of ATP, no SUMOylated
menin bands were observed (Figure 3A, top
panel, lanes 3 and 5), consistent with the pre-
diction that SUMOylation process requires ATP
as a source of energy. These results indicate
that SUMO1 can SUMOylate menin in vitro in
the presence of E1 and E2. It is noteworthy that
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more than one slow-migrating bands were
detected in the gel (Figure 3A, lanes 4 and 6),
suggesting that the robust in vitro SUMOylation
system may SUMOylate multiple sites of menin.
As a positive control, RanGAP1, which has pre-
viously been shown to be a substrate for
SUMQOylation, was also SUMOylated (Figure 3A,
lane 2). We also tested SUMO2/3 in vitro
SUMOylation assay, and showed that menin
could also be modified with SUM02/3 (Figure
3B, Lane 3 and 4).

Lysine 591 is one of menin SUMOylation sites

The process of SUMO attachment to the sub-
strates forms an isopeptide bond between the
C-terminal G-G motif of SUMO and the lysine
residue on the substrate [11-13, 15]. Itis impor-
tant to identify the amino acid residues in
menin that is SUMOlylated in cells. However, it
turned out to be extremely difficult to isolate
adequate amount of the endogenous menin
with SUMO modification due to the small quan-
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Figure 4. Identification of a menin SUMOylation site by mass spectrometric analysis. A. Bacterial cells were co-
transformed with His-tagged SUMO1 (RGG), a TO5R mutant, which can be digested by trypsin and generates a 114
Da peptide with a GG-tag attached to the SUMOylated lysine. Purified His-SUMO1 (RGG) protein was separated by
SDS-PAGE and was analyzed by Coomassie Brilliant Blue (CBB) staining. B. Purified Deleted His-tagged menin was
incubated with SAE1-SAE2 (E1), Ubc9 (E2), and SUMO1 (RGG) with or without ATP, as indicated. Reaction products
were detected by western blotting with anti-menin or anti-SUMO1 antibody. C. A large amount of purified Deleted
His-tagged menin was incubated with SAE1-SAE2 (E1), Ubc9 (E2), and SUMO1 (RGG). Reaction products for mass-
spectrometric analysis were separated by SDS-PAGE and were analyzed by Coomassie Brilliant Blue (CBB) stain-
ing. D. The structure of the SUMO1 (RGG)-conjugated menin peptide generated by tryptic digestion was analyzed
by tandem mass-spectrometry. E. Alignment of various menin sequences with SUMOylation sites (red). F. K591R
mutant of menin C-teminal fragment (F3) was generated by site direct point mutagenesis. WT or K591R mutated F3
was transfected together with His-SUMO1 in the presence or absence of UBC9 into HEK293T cells, as indicated. Im-
munoprecipitated F3 by Flag M2 beads was separated by SDS-PAGE and was blotted with anti-SUMO1 or anti Flag
antibody. G. WT or K591R mutated full-length menin was transfected into HEK392T cells with His-SUMO1. Menin
was immunoprecipitated with flag M2 beads, followed by western blotting with anti-Flag (upper left) or anti-SUMO1
(upper right) antibody. The total amounts of menin and SUMO1 are also shown (lower).

tity of the SUMOylated menin as well as the SUMO in vitro, as many proteins SUMOylated in
transient nature of this modification. As an vitro and in vivo at similar sites [26, 29]. We
alternative, we sought to identify the amino expressed and purified a SUMO1 mutant pro-
acid residues of menin that was modified by tein (R°GG vs wild type T°*GG) using a bacterial
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Figure 5. Mutation of a SUMOylation site or tagging SUMO1 to menin does not seem to affect MEFs. A, B. Western
blotting (A) and growth curve (B) for MEFs expressing WT menin, K591R mutant and menin-SUMO fusion, and the
indicated constructs were transduced to Men1-null MEFs. C, D. Quantitative RT-PCR (qRT-PCR) showing expression
of Gas1 and Gli1 mRNA levels in menin-null MEFs complemented with WT menin, K591R mutant or menin-SUMO

fusion.

reconstitution system (Figure 4A), as previously
reported [26]. The reason to use the R%GG
mutant of SUMO1 is that “GG” in the mutated
SUMO can be cleaved and released by an
arginine(R)-specific protease from SUMO for
mass spectrometry analysis.

We performed in vitro SUMOylation assay, and
found that menin was conjugated by the SUMO
(RGG) mutant efficiently (Figure 4B, lanes 2
and 4). The SUMOylated (RGG) menin protein
was separated by SDS-PAGE, stained by CBB
staining, and excised for mass spectrometry
(Figure 4C). Following trypsin digestion, the
SUMOylated peptide of menin could be detect-
ed as a new peptide with covalently attached
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G-G sequence. The mass-spectrometric analy-
sis identified Lysine 591 as a SUMOylation site,
which is conserved among diverse organisms
(Figure 4D, E).

Considering that multiple SUMOylation sites of
menin may exist, we first substitute lysine 591
by arginine on the C-terminal fragment of menin
(F3), which has less lysine residues. To deter-
mine whether K591 s also crucial for
SUMOylation of menin inside cells. K591R
mutated F3 and SUMO1 were co-transfected
into HEK293T cells with or without cDNA for E2
ligase, UBC9. Immunoprecipitation and
Western blotting analysis revealed that the WT
menin fragment, but not the K591R mutant
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was efficiently conjugated by SUMO1 (Figure
4F, lane 2), and this SUMOylation was further
increased in cells co-transfected with UBC9
cDNA (Figure 4F, lane 3). This finding suggests
that Lysine 591 is a critical site for in vivo
SUMOylation of menin. Next, we mutated the
Lysine 591 to arginine on full-length menin and
performed the immunoprecipitation. However,
the K591R mutant was still modified with
SUMO1 in SUMO1 co-transfected cells, sug-
gesting that other SUMO modification sites also
exist in full-length menin (Figure 4G, lane 3).

SUMOQylation of menin maintains the ability to
regulate MEFs

To determine if SUMOylation of menin plays a
role in cell regulation, we ectopically expressed
cDNAs for WT or K591R mutant menin or
menin-SUMO fusion protein (K519R) into Men1-
null MEFs. Expression of menin in the cells was
confirmed by Western blotting (Figure 5A). Both
K591R mutant and menin-SUMO fusion
(K519R) retained the function in inhibiting the
proliferation of MEFs (Figure 5B). Our earlier
data showed that menin repressed the expres-
sion of Gasl and Glil, two crucial factors for
Hedgehog signaling pathway in MEFs. However,
we found no differences of the WT or mutant
menin or menin-SUMO1 fusion protein in regu-
lating either Gas1 or GliImRNA expression in
MEFs (Figure 5A, B), indicating that alteration
of K591 or SUMOylation of menin does not
have obvious functional consequences on pro-
liferation of MEFs and expression of the exam-
ined menin target genes.

Discussion

Menin is a scaffold protein that recruits tran-
scription factors and epigenetically regulates
gene expression [23, 30]. However, whether
PTMs of menin regulates its function remains
unclear. Protein function is often tightly regu-
lated by PTMs such as SUMOylation and dys-
regulation of PTMs is associated with various
diseases such as cancer. It has been reported
that menin is phosphorylated at several serine
residues [6, 7]; but the impact of menin phos-
phorylation on cell function remains to be eluci-
dated. Our findings suggest that menin is
SUMOylated in vivo and in vitro. SUMO1 cata-
lyzes mono-SUMOylation, and SUMO02/3 is
capable of forming a poly-SUMO chain. In vitro
SUMOylation studies suggest that menin can
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be SUMOylated at more than one site (Figure
3A). However, in the cellular context, we only
observed one SUMO-menin band (Figure 1A, B,
C). It is possible that only one of these sites is
SUMOylated under physiological conditions.
Alternatively, it is possible that there are multi-
ple SUMOylation sites, but the low level of
SUMOylation in cells makes it difficult to detect
menin with more than one SUMO modification.
The SUMOylation band detected by in vivo sys-
tem is much weaker compared to the in vitro
system. This is consistent with the fact that
SUMQOylation is a transient and dynamic pro-
cess, mediated by ligases as well as proteases
like SENPs.

Through mass spectrometry analysis, we found
that lysine 591 of menin is conjugated by
SUMO1. The C-terminal part of menin with
K591R mutation lost the ability to be
SUMOylated by SUMO1 in transfected cells,
suggesting that K591 is indeed a SUMOylation
site. However, full-length menin with K591R
mutation could still be conjugated by SUMO1,
implying existence of multiple SUMOylation
sites. Most SUMO-modified proteins identified
contain an acceptor Lysine within a WKX(D/E)
consensus motif, where y is a large hydropho-
bic residue [31]. The menin SUMOylation site
(QKVS) is not consistent with the consensus
SUMO interacted motif, which implies the pos-
sible existence of a menin-specific E3 ligase
[28].

SUMQOylation has been shown to be important
in many cell processes, including: transcription,
replication, chromosome segregation and DNA
repair [11, 15]. SUMO modification of many
transcription factors appears to correlate with
transcriptional repression, which may reflect
altered protein-protein or protein-DNA interac-
tion. Menin recruits the trithorax group protein
MLL to the Hox genes promoter and activates
its expression, further increasing the prolifera-
tion of leukemia cells. Crystal structure of
human menin displays a deep pocket that
binds short peptides of MLL1 or JUND in the
same manner, but that it can have opposite
effects on transcription [23]. It is possible that
SUMOylation may change the three-dimension-
al structure of menin and play a role in regulat-
ing the interaction between menin and MLL.

However, we failed to observe any menin
K591R mutation or menin-SUMO (K591) fusion
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in menin function on regulating proliferation of
MEFs or the expression of the target genes we
examined. These findings do not necessarily
mean that the SUMOylation of menin has no
function or consequences. It is possible that
the role of SUMOylation of menin is restricted
by the tissue-specificity. On the other hand, the
lack of phenotype of the sumolyation site
mutant may also be due to existence of alterna-
tive SUMOylation site that can compensate for
the mutation. SUMOylation modification is
related to various cancers, such as breast can-
cer and lung cancer [32-34]. As a tumor sup-
pressor, menin represses proliferation of lung
cancer cells through inhibiting expression of
PTN by binding to the promoter [35].
Alternatively, SUMOylation may only change the
function of menin in regulating a select set of
genes, and further work remains to explore this
possibility.

Nevertheless, to our knowledge, our findings
for the first time showed that menin has the
SUMOylaiton post-translational modification
and Lysine 591 is one of the SUMOylation sites.
These findings form a basis for further investi-
gation of the potential role of menin
SUMOylation in various contexts of tissues and
conditions.
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