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Menin localization in cell membrane compartment
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ABSTRACT
Menin is encoded by the MEN1 gene, which is mutated in an inherited human syndrome, multiple
endocrine neoplasia type 1(MEN1). Menin is primarily nuclear protein, acting as a tumor suppressor in
endocrine organs, but as an oncogenic factor in the mixed lineage leukemia, in a tissue-specific manner.
Recently, the crystal structures of menin with different binding partners reveal menin as a key scaffold
protein that functionally interacts with various partners to regulate gene transcription in the nucleus.
However, outside the nucleus, menin also regulates multiple signaling pathways that traverse the cell
surface membrane. The precise nature regarding to how menin associates with the membrane fraction is
poorly understood. Here we show that a small fraction of menin associates with the cell membrane
fraction likely via serine palmitoylation. Moreover, the majority of the membrane-associated menin may
reside inside membrane vesicles, as menin is protected from trypsin-mediated proteolysis, but disruption
of the membrane fraction using detergent abolishes the detection. Consistently, cellular staining for
menin also reveals the distribution of menin in the cell membrane and the punctate-like cell organelles.
Our findings suggest that part of intracellular menin associates with the cell membrane peripherally as
well as resides within the membrane vesicles.
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Introduction

Menin is encoded by the MEN1 gene, which is mutated in
human inherited syndrome, multiple endocrine neoplasia type
1 (MEN1)1-3 Menin is primarily nuclear protein, acting as a
tumor suppressor in endocrine organs, but as an oncogenic fac-
tor in the mixed lineage leukemia, in a tissue-specific manner.4-
6 Menin possesses these dichotomous functions suggesting that
it positively and negatively regulates gene expression in a cell
or tissue dependent manner. It also interacts with a multitude
of proteins with diverse functions. Recently, the crystal struc-
tures of menin with different binding partners reveal that
menin is a key scaffold protein that functionally crosstalks with
various partners to regulate gene transcription in the nucleus.7,8

Menin also regulates the interplay with multiple signaling
pathways that traverse the cell surface membrane.9 While we
and others have shown that menin is also detectable in cell
membrane fraction,10 precise nature regarding to how menin
associates with membrane is poorly understood. Understand-
ing of how menin associates with the cell membrane compart-
ment will likely provide new insights into how menin can
regulate various cell membrane-traversing signaling pathways.
Here we showed that a small fraction of menin associates with
the cell membrane fraction likely via serine palmitoylation.
Moreover, the majority of the membrane-associating menin
may reside inside membrane vesicles, as menin is protected
from trypsin-mediated proteolysis, but disruption of the

membrane fraction using detergent abolished the resistance to
protease digestion. Consistently, cellular staining for menin
also reveals the distribution of menin in the cell membrane and
the punctate-like cell organelles.

Results

Menin localization in the cell membrane fraction

To determine whether and/or how much menin protein is
localized in the cell membrane fraction, we cultured INS-1E, a
derivative of insulin-secreting rat insulinoma cell line,11 a
mouse embryonic fibroblast (MEF) cell line that behaves like
endocrine cells in response to menin expression,12 and human
embryonic kidney (HEK) 293 T cells. The cells were harvested
and lysed using hypotonic buffer, and the membrane fraction,
including the cell plasma membranes and membranes from
other organelles, such as endoplasmic reticulum (ER), Golgi
apparatus, and mitochondria, were collected by ultracentrifuga-
tion (Fig. 1A). Various cell fractions from the 3 cell lines,
including the cytosol fraction post-nucleus/membrane (Fig. 1B,
lane 1-3), the nuclear fractions (lanes 4-5), and the membrane
fractions (lanes 7-9), were separated on SDS-PAGE, and then
probed for the presence of menin in each of the fractions using
an anti-menin antibody by Western blot analysis. We found
that menin is barely detectable in the cytosol in the 3 cell lines
(Fig. 1B, lanes 1-3, top). As expected, menin was easily
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detectable in the nuclear fractions in each of the 3 cell lines
(Fig. 1B, lanes 4-5). Notably, menin was also detected in the
membrane fraction of the 3 cell lines (Fig. 1B, lane 7-8), with
menin in the membrane fraction of HEK293T cells accounting
for approximately 25% of the nuclear menin (lane 9 vs 6). As a
control, comparable amount of actin in each of the 3 fractions
among the 3 cell lines was detected, and also nuclear protein
Histone H4 was only detectable in the nuclear fraction.(lanes
4-6).

A fraction of menin is labeled with palmitic acid in cells

As a substantial amount of menin associates with the mem-
brane fraction, we determined whether there was any lipid
modification of the menin protein. To this end, we purified the
TAP-tagged menin in b HC9 cells that expressed the tagged
protein,13 and subjected the purified menin for mass spectrom-
etry analysis. We found that there were 3 peptides from menin
showing the potential palmitic modifications, based on frag-
ment ions mass shifts in MS/MS of the peptides (Fig. 2A).
There were modifications in serine/threonine, but not in more
commonly observed cysteine palmitoylation, i.e., S593, S427/
T429, S543/S555.(Fig. 2A)

To further determine whether part of menin can be modi-
fied by lipids such as palmitic acid in cells, we cultured 293T
cells with azide-labeled palmitic acid.14 Then the labeled cells
were processed and subjected to biotin alkyne in vitro, which
can biorthogonal-chemically react with azide.15,16 The proc-
essed cell lysates, together with the control lysate without treat-
ment with the azide palmitic acid, were used for binding to
streptavidin beads, which bind specifically to biotinylated pro-
teins (Fig. 2B). The precipitated proteins were separated on
SDS-PAGE, and probed with the anti-menin antibody for
Western blot analysis. We found that treatment of the cells
with azide palmitic acid, but not the control, led to detection of
a very small amount of menin from the treated cell lysate
(Fig. 2C, lane 4). As a control, the cells not treated with azide-
labeled palmitic acid failed to show any detection of menin in

the biotinylated cell lysate (Fig. 2C, lane 3), indicating the spe-
cific pulldown of the biotinylated palmitic acid.

To determine the biochemical nature of menin association
with the membrane fraction, we isolated the post-nuclear mem-
brane fraction, and treated it with or without hydroxylamine,
which acts as a reducing reagent for fatty acids such as palmitic
acid.17 The control or hydroxylamine treated post-nuclear frac-
tions were further centrifuged to isolate the membrane fraction
and the post-membrane cytosol, and the membrane associating
menin and the wash-off menin in the cytosol (Fig. 3A) were
further analyzed with an anti-menin antibody in Western blot
analysis. The result indicated that hydroxylamine treatment did
not change overall amount of menin in the membrane fraction
(Fig. 3B, lane 2, top), but washed off a very small amount of
menin from the post-nuclear membrane fraction (lane 2, bot-
tom 2 panels). These results suggest that only a very small
amount of palmitoylated menin, either through cysteine or ser-
ine/threonine, exists in the membrane fractions.

As our data suggest that menin may be partly modified by
palmitic acid via serine or threonine residues, and it has been
reported that the serine palmitoylation of Wnt could regulate
its signaling and secretion,18,19 we treated 293T cells with
IWP2, an inhibitor to the serine palmitoyl transferase of Wnt,
followed by detection of the potential change of the membrane
association of menin. The result indicated that treatment of the
cells with IWP2 did not result in any change in the amount of
menin in the membrane, nucleus, and cytosol (Fig. 3B, lane 3).
These results indicate that IWP2-insensitive palmitoyl transfer-
ase might be involved in modifying menin, or majority of
menin palmitoylation was not caused by serine-mediated
palmitoylation.

Menin is likely localized in the lumen of the membrane
vesicle

That neither hydroxylamine nor IWP2 could release the major-
ity of the membrane-associating menin from the membrane
prompted us to explore whether menin also associated with the
membrane fraction via additional modes. To address this

Figure 1. Menin is localized to the cell membrane. (A). A Schematic diagram of the separation of cytosol, nucleus and membrane components. (B). Immunoblot analysis of
the extraction of cytosol, nucleus and membrane fractions from the INS-1E, MEF and HEK 293T cell lines.
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question, we examined whether treatment of the membrane
fraction with high pH solution such as sodium bicarbonate,
which can break the membrane vesicle integrity, but still leave
the lipid bi-layers intact,20 can affect the detection of menin in
the cell membrane faction. As such, we treated post-nuclear
membrane pellets (Fig. 4A) with various conditions such
sodium bicarbonate (pH11) and/or hydroxylamine, and then
analyzed the membrane-associated or membrane-detached
menin using Western blot analysis. We found that hydroxyl-
amine washed off a very small amount of menin from the
membrane fraction (lane 2 vs. lane 6), as previously described.
Notably, sodium bicarbonate washed off a substantial amount
of menin from the membrane fraction (lane 3 vs lane 6). The

membrane fraction was free from nuclear contamination as no
nuclear histone H4 was detected in the Western blot analysis
(data not shown). Collectively, these results strongly suggest
that vast majority of the membrane associated menin is local-
ized inside the membrane vesicles.

Membrane-associated menin is protected from trypsin
digestion, but the protection is abolished when the
membrane integrity is compromised by Triton X-100

If part of menin is localized inside the membrane vesicle, then
menin should be protected from proteolysis by outside prote-
ase. Indeed, when the membrane fraction was treated with an

Figure 2. Menin is partly modificated by palmitoylation. (A). Mass spectrometry analysis of Menin protein transfected in HEK293T cells. (B). Schematic diagram of palmi-
toylation detection. (C). Immunoblot analysis of palmitoylated Menin by biotin-IP as shown in B, bands highlighted with a star were potential degraded proteins or
crossactive.
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increasing concentrations of trypsin (Fig. 5A), the full-length
menin remained detectable even in the presence of highest
trypsin (Fig. 5B, lane 4). In contrast, when the membrane frac-
tion was treated with Triton X-100, a detergent that breaks cell
membranes by forming membrane/detergent micelles, even the
lowest concentration of trypsin almost completely destroyed
the menin protein (lane 6). Together, these results strongly sug-
gest that the majority of membrane-associated menin resides
inside the membrane vesicles.

Glycosylation signals on the menin surface fail to induce
menin glycosylation in cellular organelles

We showed that menin was protected from trypsin digestion in
the membrane fraction. Generally, proteins in ER or Golgi
apparatus, i.e., proteins in the membrane organelles and secre-
tory pathway, are often glycosylated with various types of gly-
cosylation, at the NGT or NGS site.21,22 To determine whether
menin is located inside the ER or Golgi apparatus, and thus can

Figure 3. Menin was partially washed off from the membrane fraction by hydroxylamine (HAM), but a serine palmitoylation inhibitor (IWP2) failed to influence the distri-
bution of Menin in the membrane fraction. (A). A diagram of experimental procedures of biochemical fractionation of cells, including treatment with or without IWP2, or
with or without HAM. (B). Immunoblot analysis of Menin in the cytosol, nuclear and membrane fractions.

Figure 4. Biochemical detetion of the Menin localization. (A). A diagram for experimental procedures of biochemical cell fractionation. (B). Immunoblot analysis of Menin
extracted from post-muclear fraction as shown in Figure. 4A. Pentagram denotes menin. The bands highlighted with a star were potential degraded menin or crossactive
proteins.
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be modified by glycosylation, we mutated triple amino acid
resides on the surface of menin protein, based on the crystal
structure of menin,8 i.e. 135KDR-NGT and 294GRP-NGT, in
the menin cDNA sequence using site-directed mutagenesis
(Fig. 6A). The resulting wild type or mutant menin cDNA in a
mammalian expression vector were transduced to 293T cells,
and the membrane fractions from the cells were isolated

(Fig. 6B). The membrane fractions were digested with Endo H,
which cleaves certain sugar molecules from the proteins in ER
that have not yet trafficked to Golgi apparatus,22,23 leading to
reduction of the molecule size on SDS-PAGE. On the other
hand, the membrane fractions were also digested with PNGase
F, which removes all the carbohydrate molecules on the pro-
teins in either ER or Golgi complex,24 usually substantially

Figure 5. Menin in the membrane fraction is largely protected from digestion by trypsin. A. diagram for experimental procedures of the extraction of membrane-associ-
ated Menin and the digestion by trypsin with or without Triton X-100. B. Immunoblot analysis of Menin after the treatment of Trypsin with of without Triton X-100. Bands
highlighted with a star were potential degraded proteins or crossactive.

Figure 6. Analysis of potential glycosylation of Menin. (A). A schematic diagram of the introduction of glycosylation sites on the surface of the menin protein. These sites
were the loop regions on the surface base on the crystal structure of Menin. (B). A diagram for experimental procedures of cell fractionation and the treatment of the
membrane fraction with various glycosidases. C. Immunoblot analysis of the potential size change of Menin after the treatment of glycosidases. EGFR was used as a posi-
tive control for glycosylase activity (bottom).
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reducing the protein size on gel. We found that the molecule
size of wild type menin was not changed following digestion
with either Endo H or PNGase F (Fig. 6C, lanes 2-3 vs 1). Simi-
larly, incorporation of NGT glycosylation on the surface of
menin, 135KDR-NGT (lanes 4-5), and 294GRP-NGT (lanes 7-
9), did not change the size of menin, nor did Endo H and
PNGase reduced the menin size on the gel. In contrast, as
expected, PNGase substantially reduced the size of epidermal
growth factor receptor (EGFR), a glycosylated type I trans-
membrane protein with the extracellular domain residing
inside the lumen of ER and Golgi complex (Fig. 6C, lanes 3 and
6). These results indicate that either the ectopically introduced
NGT in ER or Golgi complex failed to be glycosylated, or alter-
natively, menin localizes inside the membrane compartment
without exposure to the glucose transferases. Further, it is also
possible that membrane-associating menin is not localized
inside the membrane fraction in a conventional way.

Immunofluorescence staining shows menin localization in
the cell membrane compartment

To further determine whether we can observe menin localiza-
tion inside membrane organelles, we developed a menin-spe-
cific antibody that specifically targets the C-terminal part of
menin.25 We performed immunofluorescence staining of
mouse insulinoma cell line, TGP61,26 and found that besides
staining the nucleus with multiple foci, the menin antibody
also stained the cellular membrane (Fig. 7A). Moreover,
between the strongly stained nucleus and the cell membranes,
there was also multiple fine dot-like staining, likely reflecting
the membrane organelles such as ER and Golgi complex. As
control, cells stained with control antibody (IgG) failed to show
membrane staining. These results are consistent with the
notion that part of menin associates with the membrane
compartment.

Discussion

Although menin is primarily a nuclear protein,27 interacting
with multiple nuclear proteins such as Smad protein, JunD,

NFkB, FancD2, and MLL1/2,25,28-30 it is also detectable in cell
membrane fraction.10 However, little is known as to how menin
associates with the cell membrane fraction. Coupled with the
fact that menin participates in various cell membrane-related
functions such as regulating Ras signaling on the cell surface.31

and cell migration,13 it is important to investigate how menin
associates with the cell membranes.

Our current studies show that, biochemically, menin can
associate with the isolated cell membrane fraction through at
least 2 ways. First, based on mass spectrometry analysis, we
found that the palmitoylated signal from several menin pepti-
des (Fig. 2A). Consistently, in vivo labeling of cellular proteins
palmitic acid led to detection of the palmitoylated menin
(Fig. 2C). However, only a very small fraction of the menin was
modified by palmitic acid. Moreover, the hydroxylamine, which
can reduce and remove palmitic group from the modified pro-
tein also released a fraction of the membrane-associated menin
(Fig. 3). These results suggest that only a very small percentage
of the membrane-associating menin is modified by palmitic
acid, if any. We attempted to identify the potential palmitoyla-
tion site in menin based on the data of mass spectrometry anal-
ysis, and mutated the corresponding sites from serine to
alanine, and transfected the wild type and the mutants into 293
cells. However, unexpectedly, these menin mutants show strong
instability (data not shown), hindering further analysis of the
potential palmitoylation sites. These results suggest that either
the modification of these sites is crucial for menin stability, or
the mutations led to instability of menin. Consistent with the
latter case, it has been reported that mutation of one of the site,
Ser555, led to menin instability and increased ubiquitin-medi-
ated proteolysis.32,33

Second, we found that the majority of the membrane-associ-
ated menin was released from the isolated membrane by high
PH sodium bicarbonate washing, suggesting that menin is
localized within the membrane vesicles (Fig. 4). Supporting this
notion, the full-length menin was largely protected from prote-
ase trypsin-mediated proteolysis, but disruption of the cell
membrane by detergent Triton X-100 rendered completion
digestion of menin by Trypsin (Fig. 5). Further, immunofluo-
rescence staining for menin using affinity-purified menin also

Figure 7. Immunofluorescence detection of Menin localization. (A and B). A Representative example of immunofluorescence staining for Menin in mouse insulinoma cell
line TGP61 with the anti-menin antibody (Ab80) (A) or with IgG as a control (B).
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revealed that, besides localization in the nucleus, menin stain-
ing is also found on the cell surface membrane as well as certain
punctate-like structure (Fig. 7A), likely reflecting certain mem-
brane organelles such as ER or the Golgi apparatus. Consistent
with our observation, Debelenko et al recently reported that
menin is also detected within the secretory vesicles in b cells
using electron microscopy.10 It is also possible that palmitoy-
lated menin binds other molecules or undergoes other chemical
modifications.

However, our further investigation by adding the potential
glycosylation sites on the surface of menin failed to show that
menin can be glycosylated in the ER or Golgi apparatus
(Fig. 6). This may reflect the technical problem that the glyco-
sylation sites were not placed correctly on the menin protein,
or multiple sites are necessary to be placed on menin for the
detectable glycosylation in the secretory pathway. Nevertheless,
failure to observe glycosylation of the NGT-containing menin,
coupled with the factor there is not signal peptide in the N-ter-
minus of menin that is present in most of the secretory protein,
raises the possibility that alternative mode of menin association
with the cell membrane may also exist. Overall, our findings
reveal that menin definitely associates with cell membrane via
various biochemical analysis.

In addition, it is formally possible that menin goes
through the secreted pathway (ER and Golgi), and becomes
secreted, either in full-length protein or processed fragments
or peptides, and then functions as a signal regulating extra-
cellular functions. In this regard, we explored whether
menin can be partly secreted in the cell culture medium or
in bovine fetal serum. We analyzed the cell culture medium
and serum by Western blot using the anti-menin antibody,
however, we failed to detect the protein with size similar to
menin using this approach.

It is natural to question the functional implications of
menin membrane localization. In this regard, it is possible
that menin association provides an advantage and efficiency
in regulating various signaling pathways associating with the
cell plasma membrane. For instance, menin represses Ras sig-
naling, likely partly via regulating SOS,31 and it is conceivable
that the membrane associating menin will be more effective to
regulate membrane-associating SOS, a GTP exchange factor.
The other example is menin binding to IQGAP1 and Rac1.13

Moreover, menin was also reported to suppress phosphoryla-
tion and activation of AKT, a membrane associated and myr-
istoylated protein kinase,34 bringing menin within proximity
of its target. Second, menin residing inside the secretory path-
way, i.e., ER and the Golgi apparatus can either facilitate pro-
tein folding or secretion of other hormones such insulin.
Consistently, menin is recently found to reside within the
insulin-containing secretory vesicles.10 However, our inability
at this stage to definitively identify the palmitoylation sites
and to show its glycosylation in the secretory hampers our
functional analysis of the 2 modes of menin association with
the cell compartment.

It is clear that menin is primarily a nuclear protein and regu-
lates expression of multiple targets in a tissue specific man-
ner.2,9 Only recently has attention been drawn to its association
with the membrane fraction. It is also important in the future
to understand how the nuclear menin and menin in the

membrane compartment are coordinated to regulate its diverse
functions.

Materials and methods

The following antibodies and reagents were purchased from the
indicated companies and used for the described studies: rabbit
anti-Menin Antibody (A300-105A, Bethyl laboratories.inc);
monoclonal anti-FLAG� M2 antibody produced in mice
(F1804 SIGMA); Anti-Histone H4 antibody (ab177840,
Abcam); monoclonal Anti-b-Actin antibody produced in mice
(A5441 SIGMA); endo H (P0702S, NEB), PNGase F (P0704S,
NEB), Click-IT� Palmitic Acid, Azide (15-Azidopentadecanoic
Acid) (C10265, Life technologies); biotin Alkyne (PEG4 car-
boxamide-Propargyl Biotin) (B10185, Life technologies);
PierceTM Streptavidin Agarose (20353, Life technologies); Tryp-
sin (T1426, Sigma) Soybean protease inhibitor (17075-029, Life
technologies); QuikChange II XL Site-Directed Mutagenesis
Kit (200521, Agilent Technology).

Cell culture and transfection

HEK 293T cells and Mouse embryonic fibroblasts (MEFs) were
grown in 5% CO2 at 37�C in DMEM supplemented with
100 units/mL penicillin, 100 ug/mL streptomycin, and 10% (v/
v) FBS. Rat INS-1E cells were grown in 5% CO2 at 37℃ in
RPMI1640 supplemented with 100 units/mL penicillin,
100 ug/mL streptomycin, 10% (v/v) FBS, 10mM HEPES, 2mM
L-Glutamine, 1mM pyruvate sodium, and 50uM b-Mercaptoe-
thanol. HEK 293T cells were transfected with Calcium Phos-
phate precipitation method.(Molecular Clone 8th).

Cell fractionation of nucleus, cytosol, membrane

As shown in Fig. 1A, cells were harvested from the cell culture
plates, followed by centrifugation at 800 g x 5 min in 4℃. The
cell pellets were treated with hypotonic buffer (10 mM Hepes-
KOH, pH 7.4, 10 mM KCl, 1.5 mM MgCl, 0.5mM EDTA,
0.5 mM EGTA) for 15 min on ice, then passed through a #27
1=2 gauge syringe attached to a 5 ml syringe for 15 times. The
resulting cell lysates were centrifuged at 800 g at 4℃ for 5 min.
The pellets were mainly nucleus. The post-nuclear fraction at
the supernatant was further centrifuged at 130,000 g at 4 ℃ for
60 min. The resulting supernatant contained cytosol, and the
pellet was mainly cell membrane containing the plasma mem-
branes, microsome membrane, Golgi apparatus, as well as
mitochondrion membranes.

Mass spectrometry analysis of Menin modification

The purification of menin and further mass spectrometry anal-
ysis was carried out as previously described from our labora-
tory.13 Briefly, Men1-TAP cells were lysed in cell lysis buffer
(250mM NaCl, 1mM MgCl2, 1mM CaCl2, 50mM Tris–HCl at
pH 8.0, 0.5% NP-40, 5% glycerol, 2X ethylenediaminetetraace-
tic acid (EDTA)-complete protease inhibitor cocktail (Roche,
Mannheim, Germany). The purification was performed as rec-
ommended by the manufacturer (InterPlay C-Terminal Mam-
malian TAP System Kit, Stratagene). The purified proteins
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were separated in the NuPAGE 4–12% Bis-Tris gel and visual-
ized by silver stain (Silver Staining kit; Invitrogen). Menin (~70
kD) was excised and analyzed by mass spectrometry.

Biochemical analysis of Menin localization

As shown in Fig. 3A and 4A, HEK 293T cells were treated with
or without 2.5uM of IWP2, which could inhibit the activity of
porcupine, an O-palmitoyltransferase enzyme that catalyzes
the palmitoylation of Wnt. Post-nuclear fraction was treated
with 1M of hydroxylamine (HAM) for 1h at room temperature,
which was a reducing reagent that could remove the palmitoyl
group from protein. Alternatively, the post-nuclear fraction
was treated under the high pH condition (Na2CO3 solution,
pH 11), which could disrupt sealed membrane compartments
without solubilizing or denaturing the lipid bilayer to reserve
the membrane sheets but release the inner contents.

Trypsin proteolysis experiments

As shown in Fig. 5A, post-nuclear membrane fraction of HEK
293T cells were centrifuged at 130k g at 4�C for 60 min. The
resulting pellet was re-suspended with hypotonic buffer and
then divided into 8 aliquots. The aliquots were incubated with
increasing concentrations (units/ml; 8.2, 16.4 and 32.8) of tryp-
sin in the absence or presence of 1% (v/v) Triton X-100, fol-
lowed by the incubation of 1 hour at 37�C. The proteolysis was
stopped by addition of the soybean trypsin inhibitor (300 unit)
to terminate the digestion, followed by separation with SDS-
PAGE and immunoblotting.

Determining glycosidase sensitivity

As shown in Fig. 6A, post-nuclear membrane fraction of HEK
293T cells was centrifuged at 130k g at 4�C for 60 min. The
resulting pellet was treated with carbohydrate-removing
enzymes as recommended by the manufacturer (Endo H,
PNGase F, NEB). Briefly, the pellet was resuspended by hypo-
tonic buffer, followed by adding denaturing buffer and boiling
at 95 �C for 10min. Then the 10X reaction buffer and Endo H
or PNGase F wee added. The reaction mixtures were incubated
at 37�C for 60 min, followed by detection of the menin protein
by Western blot to detect Menin protein.

Site-directed mutagenesis

The loop regions on the surface of Menin protein were pre-
dicted based on the crystal structure. Oligonucleotide mutagen-
esis was carried out as instructed by the manufacturer
(QuikChange II XL Site-Directed Mutagenesis Kit, 200521,
Agilent Tech), and the primers were 135KDR-NGT_F: ggaa-
cagcctcagccgctcctacttcAATGGTACTgcccacatccagtccctcttcag;
135KDR-NGT_R: ctgaagagggactggatgtgggcAGTACCATTgaag-
taggagcggctgaggctgttcc; 294GRP-NSS_F: ctagaggagctggagcc-
cacccctAACAGTAGCgacccactcaccctctaccacaagg; 294GRP-
NSS_R: ccttgtggtagagggtgagtgggtcGCTACTGTTaggggtgggctc-
cagctcctctag; the capital nucleic acids indicated the mutated
ones.

Click-chemistry palmitoylation assay

HEK293T cells were grown in 6cm dishes for 36 hr and treated
with 100mM palmitic acid azide for 6 hrs. The culture medium
was removed and cells were washed 3 times with PBS. Cells
were lysed in 200ml lysis buffer (50mM Tris pH 7.5, 1% SDS,
and 1X protease cocktail inhibitor). Lysates were sonicated and
centrifuged at 18,000 RPM for 10 min. Lysate (50ml) was
reacted with biotin alkyne using the Click-IT assay in a 200 ml
final reaction volume as instructed by the manufacturer. Bioti-
nylated proteins were isolated using streptavidin agarose and
washed 5 times in wash buffer (50mM Tris pH 7.5, 0.1%SDS),
followed by SDS-PAGE and immunoblotting.
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