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Abstract: Menin, a protein encoded by the MEN1 gene, suppresses cancers associated with multiple endocrine neo-
plasia type 1 (MEN1), but promotes the development of a subset of leukemia induced by mixed lineage leukemia
(MLL)-derived fusion proteins (MLL-FPs). The crystal structure of menin indicates that it acts as a scaffold protein to
bind the N-terminus of MLL via a central pocket. Small molecule menin-MLL inhibitors (Mls) bind the menin pocket
to disrupt the menin/MLL interaction, resulting in suppression of MLL-FP-transformed acute myeoloid leukemia
(AML). It is thought that MlIs suppress the MLL-FP-induced leukemia by blocking the menin/MLL interaction and
menin/MLL-induced HOX gene transcription. However, it is not clear whether Mls also affect other aspects of menin
biology beyond disruption of the menin/MLL interaction. Here we show for the first time that MlIs reduced menin
protein levels and decreased the half-life of menin protein but have no effect on mRNA level in MLL-FP-expressing
leukemia cells, and proteasome or E1 ligase inhibitor rescued the Ml-induced menin degradation. Notably, the
Ml-induced reduction of H3K4m3 and HOXA9 expression was rescued with a proteasome inhibitor that blocks MI-
induced menin protein degradation. Mechanistically, Mls promote the interaction of menin with Hsp70-associated
ubiquitin ligase CHIP, resulting in increased menin ubiquitination, leading to increased menin degradation. Together,
these findings uncover a novel mechanism whereby small molecule Mls increase menin degradation by triggering
the Hsp70/CHIP-mediated ubiquitin-proteasome pathway that ultimately leads to the reduction in HOXA9 gene
expression and leukemia suppression.
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Introduction

Approximately 10% of all leukemia and the
majority of infant leukemia harbor the mixed-
lineage leukemia gene (MLL)-related transloca-
tions, which involve fusion of the MLL gene with
one of more than 90 different translocation
partner genes, resulting in formation of MLL
fusion proteins (MLL-FPs) which are critical for
leukemogenesis [1, 2]. MLL contains a well
conserved SET domain that possess histone
lysine 4 (H3K4) methyltransferase activity [3].
MLL-rearranged leukemia occurs across all age
groups and develops as both acute myeloid
leukemia (AML) and acute lymphoid leukemia
(ALL) [4-6]. The 5-year survival rate of patients

with MLL-rearranged leukemia is estimated to
be only about 35% [7, 8]. Chemotherapy is con-
sidered the standard of care, and while recently
new drugs such as FLT3 inhibitor have been
developed [9], more novel therapeutic strate-
gies are still urgently needed [4, 10].

Menin, a nuclear protein encoded by the multi-
ple endocrine neoplasia 1 gene (MEN1), sup-
presses tumorigenesis in endocrine tumors but
serves a tumor promoting role in MLL-rearran-
ged leukemogenesis [11]. Structurally, menin
directly interacts with partners, such as the
N-terminal amino acid residues of MLL via
menin’'s central pocket, while also interacting
with other partners such as LEDGF and c-Myb.
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Menin binds to the same N-terminal fragment
of MLL retained in all MLL-FPs and wild-type
MLL [12-15]. MLL is recruited to target genes
such as HOXA cluster genes and MEIS1 loci to
promote their expression [3, 16]. When menin
is removed from the promoter at targets gene
loci, the recruitment of MLL and MLL-mediated
H3K4 trimethylation (H3K4me3) decreases,
indicating that menin is an essential cofactor
for MLL function in these leukemia cells [12,
13, 15, 17, 18]. As the menin/MLL-FP interac-
tion plays a critical role in controlling MLL-re-
arranged leukemias, small molecule inhibitors
that block the menin-MLL interaction have
been developed to investigate the impact of
blocking menin/MLL interaction on MLL-FP leu-
kemias [16, 19-22].

Recently, two small molecular menin inhibitors
(Mls), i.e., MI-463 and MI-503, which block the
menin/MLL interaction, were synthesized and
shown to be effective in suppressing HOXA9
transcription leading to potent inhibition of leu-
kemia in mouse model xenografts of human
MLL-FP-expressing cell lines or patient-derived
leukemia cells, without impairing normal hema-
topoiesis [23]. Previous studies show that small
molecule Mls inhibit protein-protein interaction
of menin and its partners [20, 23]. It is thought
that Mls suppress the MLL-FP-induced leuke-
mia by blocking the menin/MLL interaction,
leading to failure of assembly of menin/MLL/
MLL-FP complex and reduced H3K4me3 at tar-
gets like HOXA9, which are crucial for transfor-
mation and maintenance of MLL-FP-transform-
ed leukemia. However, it is not clear whether
Mls also affect other aspects of menin biology
beyond disruption of the menin/MLL intera-
ction.

Ubiquitin-mediated proteolysis is a major path-
way for intracellular protein degradation. The
ubiquitination process is carried out by three
classes of enzymes, i.e., E1 (activating enzy-
me), E2 (conjugating enzyme) and E3 (ubiquitin
ligase) [24]. The E1 enzyme starts the process
by activating ubiquitin and then passes it to
E2, and finally E3 adds ubiquitin onto a target
or substrate protein, which can be recognized
and degraded by the proteasome [24]. E3 ligas-
es are substrate-specific and interact with both
the target protein and the E2 enzyme. Cullin-
RING ligases (CRLs) are the largest family of E3
ligases, consisting of RING proteins and a scaf-
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fold protein of Cullin-family, all of which are
modified by NEDD8 [25]. Moreover, the C-ter-
minus of Hsp70-interacting protein (CHIP) is a
member of U-box-containing E3 ubiquitin ligas-
es family, and it interacts with Hsc70 or heat-
shock protein 70 (Hsp70), which binds misfold-
ed proteins as a co-chaperone to trigger protein
ubiquitination and substrate degradation [26].
Previous studies show that MEN1-related mu-
tant menin, but not the wild type menin prote-
in, is degraded through ubiquitin proteasome
pathway in transfected cells [27]. Menin mu-
tants lead to increased proteasome degrada-
tion by interacting with Hsp70 and the ubiquitin
ligase CHIP, likely due to menin’s misfolded
structure, while wild type menin is unaffected
[27, 28]. Further study shows that inhibition of
Hsp70 or CHIP, mediated by small interfering
RNA, restores the mutant menin protein level
and menin’s ability to perform normal functions
[28].

While it has been reported that Mls directly
block menin/MLL protein interaction to sup-
press leukemia, and that mutant menin protein
is subjected to proteasome-mediated degra-
dation, little is known whether MIs have an
impact on menin protein stability and degrada-
tion. Herein, we demonstrate the novel finding
that Mls induce menin protein degradation in
MLL-FP-expressing leukemia cells and inhibit
HOX gene transcription.

Materials and methods
Cell culture

The human leukemia cell lines THP-1, MV4;11
and Jurkat cells were obtained from ATCC. All
cell lines were cultured in RPMI-1640 medium
with 2 mM L-glutamine (Gibco), supplemented
with 10% fetal bovine serum and were main-
tained at 37°C in a humidified 5% CO, at-
mosphere.

Reagents and antibodies

Menin-MLL inhibitors MI-503 and MI-463 were
synthesized by Wuxi Pharma, which was previ-
ously used [29]. MG-101 (#S7386) was ob-
tained from Selleckchem. PYR-41 (#N2915),
MG132 (#BML-P1102) and MLN4924 (#5054-
77) were obtained from Sigma. The antibody for
B-actin (#A5441) and ubiquitin (#051307) were
purchased from Millipore-Sigma. The antibody
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for menin (#A300105) was purchased from
Bethyl Laboratories. Antibodies for c-Myc (#ab-
32072), IgG (#ab46540), total H3 (#ab1791),
and H3K4me3 (#ab8580) were purchased
from Abcam. Anti-rabbit (#1706515) and anti-
mouse (#1706516) secondary antibodies for
Western blot were purchased from Bio-Rad.
The antibodies for CHIP/STUB1 (#PA532046)
and Hsp/Hsc70 (#ADI-SPA-820) were purch-
ased from Thermo Fisher Scientific and Enzo
Life Sciences, respectively. The anti-rabbit sec-
ondary antibody for IP (Clean-Blot™ IP Detection
Reagent #21230) was purchased from Thermo
Scientific. Anti-mouse secondary antibody for
IP was Mouse TrueBlot® ULTRA: Anti-Mouse
(#18881730), purchased from Rockland.

Western blot

THP-1, MV4;11 and Jurkat cells were plated in
6-well plates at a density of 5x10° cells/ml wi-
th fresh culture medium. The cells were treat-
ed as described for the reagents and indicated
time. Cells were collected and then lysed with
Radioimmunoprecipitation assay buffer (RIPA
buffer) and protease inhibitors. Protein concen-
trations were determined using a BCA assay
kit (Thermo Scientific). Quantified equivalent
amounts of protein were subjected to polyacryl-
amide gel electrophoresis on Novex gels (Life
Technologies), and then transferred to PVDF
membranes (Life Technologies). Blocking was
performed in TBST containing 5% non-fat dry
milk. The proteins were visualized by detection
with Amersham ECL Western blotting detection
reagents (GE Healthcare). For quantitation of
Western blot Menin band intensity, blots were
scanned and the Menin and B-actin bands were
obtained from Western blots with Image J of
three independent experiments. The ratio of
Menin/B-actin was calculated, averaged, nor-
malized and presented as mean * standard
deviation, with statistics calculated based on
an unpaired 2-tailed t-test.

Cycloheximide chase assay for the half-life of
menin

THP-1 and MV4;11 cells were plated in 6-well
plates at a density of 5x105 cells/ml with fresh
culture medium, then treated with 10 uM cyclo-
heximide for the indicated hours, and Western
blotting was performed. The menin and (-ac-
tin protein levels were quantified with Image J
scanning, then plotted as normalized menin/[3-
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actin protein versus time, with O h treated sam-
ple as the 1 time-point, and a linear regression
was performed by excel. We generally force the
line through the origin. Divide 0.5 by the slope
to determine the half-life.

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

Total RNA was extracted from 1x10° differently
treated THP-1 and MV4;11 cells with Trizol and
RNeasy extraction kit (Qiagen), and 1 pg was
used as the template to synthesize cDNA. Re-
al-time PCR (RT-PCR) was performed using a
Quantitative SYBR-Green PCR Kit (Qiagen) and
a 7500 Fast Real Time PCR System (Applied
Biosystems). Transcript levels were normalized
to actin transcript levels, with mean values +
SD reported for each group. All experiments
were performed in at least triplicate.

Immunoprecipitation (IP)

THP-1 and MV4;11 cells (2x107) were plated on
10 cm plate, and treated with various indicated
reagents for 6 hrs. Cells were collected and
lysed in lysis buffer (50 mMTris-Cl, pH 7.4, 150
mMNa-Cl, 5% glycerol, 0.5% NP-40, 1 mM
EDTA) with protease inhibitors. This lysate was
briefly sonicated using the condition of 2 puls-
es of 5 s each, with 10 s rest on ice between
each pulse. Cell lysates were incubated with
either IgG or menin antibody at 4°C for 2 hrs
with rotation. Then the cell lysates were bound
to protein A agarose (#15918014, Invitrogen)
at 4°C for 1 hour, and washed three times with
the lysis buffer. Proteins were separated by
SDS-PAGE and immunoblotted with the indicat-
ed antibodies.

Chromatin immunoprecipitation (ChIP) assay

THP-1 and MV4;11 cells (1x107) were plated
on 10 cm plate, and treated for 10 hrs with
three different conditions, DMSO, MI-503 and
MI-503+MG132. After collection of cells, ChIP
assays were performed according to the manu-
facturer’s instructions using a QuickChIP kit
(Novus Biologicals). Briefly, cells were fixed with
1% formaldehyde for 10 minutes at 37°C, and
glycine solution in the kit was used to stop the
fixing process. The fixed cells were lysed accor-
ding to the manufacturer protocol in a ChIP
lysis buffer with protease inhibitors. Cellular
DNA was sheared with sonication using condi-
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tion of eleven pulses of 30 s each, witha 30 s
rest between each pulse. The lysate was pre-
cleared and then incubated with either control
18G or a specific primary antibody (4 pg) at 4°C
overnight, followed by collection with protein
A/G agarose beads. The protein-DNA complex-
es were eluted from the beads. DNA was de-cro-
sslinked and purified using a QIAquick PCR
Purification Kit (Qiagen). DNA was amplified by
real-time PCR using primer pairs specific to the
HOXA9 promoter, a Quantitative SYBR-Green
PCR Kit (Qiagen), and a 7500 Fast Real Time
PCR System (Applied Biosystems). Reactions
were done in triplicate, and results were nor-
malized to input chromatin and reported as
percent input +/- SD.

Primers and sequences of the primers

gRT-PCR primers: homo -actin-For: 5-GGT-
CATCACCATTGGCAATGA-3’; B-actin-Rev: 5-GCA-
CTGTGTTGGCGTACA-3’; homo MEN1-For: 5-GT-
GGCCGACCTGTCTATCAT-3’; homo MENI1-Rev:
5-GTGCCTGTGATGAAGCTGAA-3’; homo HOX-
A9-For: 5-TACTACGTGGACTCGTTCCT-3’; homo
HOXA9-Rev: 5-CTTGGACTGGAAGCTGCA-3..

ChlIP assay primers for HOXA9: Amplicon 1-For:
5-CCGCCTTTATTCCTCTCTCC-3’; Amplicon 1-
Rev: 5’-AGTGCAACAGAGTGCCC-3’; Amplicon 2-
For: 5-TTTCGAGCCTTCCACGG-3’; Amplicon 2-
Rev: 5-AAGGTATTCCTGGGAGGGAG-3'.

Statistical analyses

Microsoft excel and GraphPad Prism were us-
ed for statistical analysis. The results were pre-
sented as mean values * SD, with statistics cal-
culated based on an unpaired 2-tailed t-test.

Results

Menin inhibitors reduce menin protein levels
without altering mRNA levels

The menin inhibitor MI-503 blocks the menin/
MLL interaction, thus reducing the transcrip-
tion of target genes such as Hoxa9 in MLL-FP-
transformed leukemia cells [23]. To determine
whether MI-503 affects the expression of men-
in mRNA and protein, we treated MV4;11 and
THP-1 cells, both human AML cell lines harbor-
ing MLL-AF4 and MLL-AF9, respectively [30],
with MI-503 and then determined the impact
on menin mMRNA and protein levels. MI-503 tre-
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atment did not affect the MEN1 mRNA level of
MV4;11 cells after various time (Figure 1A) nor
at various MI-503 concentrations (Figure 1B).
Similarly, the MI-503 treatment did not affect
the MEN1 mRNA level in THP-1 leukemia cells
(Figure 1A and 1C). In contrast, menin protein
levels were decreased in both MV4;11 and
THP-1 cell lines in a dose-dependent manner
(Figure 1D, Lanes 2, 3, 5, 6). Similarly, treat-
ment with a different menin inhibitor MI-463
[23] also led to a decrease in menin protein
expression in MV4;11 cells (Figure 1E, Lanes 5
and 6). We also examined whether MI-503
affects menin protein levels in another human
T cell leukemia cell line, Jurkat cells, and found
that the MI-503 treatment did not reduce the
menin protein level (Figure 1D, lanes 7-9). Con-
sistently, MI-503 treatment reduced growth of
MLL-FP-expressing MV4;11 cells and THP-1
cells, but not Jurkat cells, in a dose-dependent
manner (Figure 1F). Together, these results
demonstrated that the menin inhibitors reduce
the level of menin protein, but not the level of
menin mMRNA.

Ubiquitin-activating enzyme and proteasome
inhibitors rescue Ml-induced menin degrada-
tion

Given the reduction of menin protein, but not
MRNA levels following MI treatment, we next
tested whether Mls induce menin protein deg-
radation. As many proteins are degraded by
ubiquitin-mediated proteasome degradation
[24], we sought to determine the effect of pro-
teasome inhibition and ubiquitin-activating en-
zyme inhibition on MI-induced reduction of me-
nin protein. To this end, we examined whether
the ubiquitin-activating enzyme (E1) inhibitor
PYR-41 [31] affects MI-induced reduction of
menin protein. We found that treatment of
MV4;11 cells with PYR-41 abolished the
MI-induced reduction of menin protein (Figure
2A, lanes 5-6). Likewise, PYR-41 also rescued
Ml-induced degradation at 50 uM in THP-1 cells
(Figure 2A, lane 12).

Further results indicated that MG132, a pan-
active proteasome inhibitor, blocked Ml-induced
menin protein reduction in MV4;11 cells [32]
(Figure 2B, lane 5 and 6 vs 2 and 3, respec-
tively). We examined c-Myc protein as a positive
control of MG132. The MEN1 mRNA level in
MV4;11 cells were only slightly increased with
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Figure 1. Menin inhibitor MI-503 reduced menin protein levels in MLL-FP transformed leukemia cell lines, but did
not affect the menin mRNA level. MV4;11 and THP-1 cells were treated for 0-24 hours with analysis of MRNA levels
at various time points. MV4;11, THP-1, and Jurkat cell lines were treated for 8 hours followed by analysis of protein
levels by Western Blotting. Cells were counted by hand after treatment for 24 hours. A-C. MEN1 mRNA levels were
detected by qRT-PCR. D. Western Blot of menin expression for MV4;11, THP-1, and Jurkat cell lines with treatment
of 0, 1, or 3 uM MI-503. E. Western Blot of menin expression for MV4;11 with 8-hour treatment of 2 different menin
inhibitors, MI-503 or MI-463, at varying concentrations. F. MV4;11, THP-1, and Jurkat cell lines were treated for 24
hours and cells were counted by hand.

the MI-503 treatment, in both control and ence or absence of cycloheximide (CHX), which
MG132-treated cells (Figure 2C). Similarly, MG- inhibits protein translation and thus de novo
132 treatment blocked MI-induced reduction protein synthesis [33]. Over the times exam-
of menin protein in THP-1 cells, after both 8 ined, menin protein levels collected from cells
hours (Figure 2D, lanes 1-6) and 24 hours not treated with Mls were comparable (Figure
(Figure 2D, lanes 7-12) of treatment. However, 3A, top 2 panels). Treatment with MI propor-
MI-503 and MG132 did not significantly affect tionally reduced the steady level of menin pro-
the MEN1 mRNA levels in the THP-1 cells tein in cells without CHX treatment (Figure 3A,
(Figure 2E). middle two panels, lanes 1-6). Treating these

cells with CHX, which blocks new menin protein
synthesis, further reduced the menin protein
level (Figure 3A, middle two panels, lanes
7-12). Furthermore, to test whether MG132
blocks the Ml-induced reduction, MV4;11 cells
treated at the above conditions were also co-
treated with MG132, which blocked the MI-

Collectively, these results demonstrate that bo-
th E1 and proteasome inhibitor rescued MI-in-
duced reductions of menin protein, but did
affect menin mRNA levels, suggesting that Mls
alter menin protein stability and degradation in
the leukemia cells.

MI decreases the half-life of menin protein induced reduction of the menin protein levels

(Figure 3A, bottom two panels). Quantitation of
To further determine the effect of Ml on half-life the protein levels show that MI treatment
of menin protein, we treated MV4;11 cells for reduced the half-life (T1/2) of menin protein to
various periods of time (0-6 hours), in the pres- ~3 hrs, while only CHX treated menin protein
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Figure 2. Ubiquitin pathway inhibitors blocked menin inhibitor-induced reduction of menin protein, but not mRNA.
MV4;11 and THP-1 cell lines were treated for 8 hours with 3 uM MI-503 and E1 inhibitor PYR-41, followed by analy-
sis of menin protein levels with Western blotting (A). MV4;11 and THP-1 cell lines were treated for 8 or 24 hours with
10 uM proteasome inhibitor MG132 and 0-3 yM MI-503 followed by analysis of protein levels by Western blotting,
and mRNA levels by qRT-PCR. (B, D) Typical Western blot of menin and c-Myc expression in MV4;11 and THP-1 cell
lines with indicated treatments. (C, E) MEN1 mRNA level was detected by qRT-PCR in MV4;11 and THP-1 cell lines.

was quite stable, and this reduction was almo-
st completely rescued by MG132 treatment
(Figure 3E).

We also extended these experiments to THP-1
cells. Similarly, we found that Ml treatment sub-
stantially reduced menin protein level in a time-
dependent manner (Figure 3C, middle two pan-
els, lanes 1-10). Notably, co-treatment with
MG132 blocked MI-induced reduction of menin
protein (Figure 3C, bottom two panels). Quan-
titation of menin protein levels showed that
MI-503 treatment substantially reduced the
T1/2 of menin protein to 3.5 hrs, and this
reduction was rescued by MG132 (Figure 3D,
3E). Together, these studies demonstrate that
MI reduces the T1/2 of menin substantially, to
2-3 hrs, and this reduction is blocked by a pro-
teasome inhibitor, thus demonstrating that Ml
likely destabilizes menin protein, triggering the
ubiquitin-mediated menin degradation.
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Neddylation inhibitor MLN4924 only partially
rescues Ml-induced menin degradation

To elucidate the pathway underlying MG132
rescue of Ml-induced menin degradation, we
first examined potential involvement of the
family of Cullin-RING ligases (CRLs), as this
family has the largest number of E3 ubiquitin
ligases [25]. We used the NEDDS8 Activating
Enzyme (NAE) inhibitor MLN4924 to inhibit
CRLs by blocking Cullin neddylation, as ned-
dylation of Cullins is crucial for activating CRLs
[34]. To this end, we treated ML4;11 cells and
THP-1 cells with MI-503 and/or MLN4924 and
found that the MI-induced reduction of menin
protein in the cells was only moderately res-
cued by treatment with MLN4924 (Figure 4A,
Lanes 4 and 8, vs Lanes 2 and 6, respectively).
Notably, treating either MV4;11 cells or THP-1
cells with the proteasome inhibitor MG132 al-
most completely rescued the Ml-induced reduc-
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Figure 3. Protein translation inhibitor Cycloheximide (CHX) enhanced MI-503 induced reduction of menin protein
levels, but the reduction was blocked by MG132 treatment. MV4;11 and THP-1 cell lines were treated for up to 8
hours followed by analysis of protein levels by Western blotting, 10 uM CHX, 3 uM MI-503, 10 uM MG132. (A, C)
Typical Western blot of menin expression in MV4;11 and THP-1 cell lines. (B, D) Image J Western Blot quantification
of menin protein levels and analyzed by t-test, compared with vehicle (n=3). "P<0.05, *"P<0.01, *"P<0.001. (E)
Calculated menin half-life equations in Ml treated MV4;11 and THP-1 cells from (B) and (D).

tion of menin protein (Figure 4B, Lanes 4 and 8
vs Lanes 3 and 7, respectively). We quantified
the change of menin protein, and the results
showed that menin protein was significantly
reduced by MI-503 treatment (Figure 4C, 4D,
>50%) and this protein reduction was rescued
some by both MLN4924 and MG132 (Figure
4C, 4D). However, treatment of the cells with
either MLN4924 or MG132 did not substantial-
ly increase the menin protein levels alone, sug-
gesting that normal menin protein without Ml
treatment is quite stable without noticeable
proteasome-mediated degradation in the ex-
perimental timeframe.

To further quantify the ability of MLN4924 and
MG132 to rescue MI-induced menin degrada-
tion, the menin protein level in MV4;11 and
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THP-1 cell lines were normalized to the menin
protein level of cell treated with MI-503 alone
(Figure 4E). The results showed that menin
protein level was increased nearly 1.5-fold af-
ter treatment with MLN4924, but nearly 2-fold
after treatment with MG132 (Figure 4E). More-
over, the menin protein in the MI-503+MLN49-
24 treated cells was rescued to ~60% of the
normal control level (Figure 4C). Notably, the
menin protein levels in the MI503+MG132 tre-
ated MV4;11 and THP-1 cells were increased to
80% of control level (Figure 4D). Taken togeth-
er, these results indicate that MLN4924 only
partially rescues Ml-induced and CRL-mediated
menin protein degradation, and therefore there
are likely other proteasome-mediated degra-
dation pathways mediating Ml-induced menin
degradation.

Am J Cancer Res 2019;9(8):1682-1694
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Figure 4. Proteasome inhibitor MG132 is more potent to block MI-503 induced menin degradation than neddylation
inhibitor MLN4924. MV4;11 and THP-1 cells treated for 8 hours followed by analysis of protein levels by Western
blotting, 3 uM MI-503, 5 yM MLN4924, 10 uM MG132. Experiments were performed at least three times indepen-
dently. A, B. Typical Western blot of menin expression in MV4;11 and THP-1 cell lines with indicated treatments. C,
D. Image J Western blot quantification of menin protein level and analyzed by t-test (n=3). “P<0.05, ""P<0.01. E.
Image J quantified the percentage of menin rescued by either MLN4924 or MG132 in MI-503 treated MV4;11 and

THP-1 cells.

MI promotes the ubiquitination of menin by
increasing the interaction with Hsp70 and
ubiquitin ligase carboxyl terminus of CHIP

It has been reported that menin mutants asso-
ciated with MEN1 syndrome result in aberrant
folding allowing them to be recognized by cha-
perone Hsp70, which interacts with the Hsp70
co-chaperone, CHIP [27]. Subsequently, the co-
mplex (Hsp70/CHIP/menin mutants) ubiquiti-
nates and degrades mutant menin, but natively
folded wild type menin protein is not degraded
by this pathway [27]. Our previous crystal struc-
tural studies showed that menin acts as a sc-
affold protein interacting via a central deep
pocket with various partners including MLL,
JunD and LEDGF [12], with MIs being able to
block menin/MLL interaction [12, 20]. We thus
sought to determine whether MI blocks wild
type menin interaction, and thus destabilizes
menin leading menin to interact with Hsp70/
Hsc70 or CHIP in leukemia cells. To this end, we
treated MV4;11 cells with MI-503 and protea-
some inhibitor MG132 to enrich endogenous
protein, and investigated whether wild type me-
nin, when deprived of binding partners by MI-
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503, can bind Hsp70/Hsc70 and CHIP. Immu-
noprecipitation showed that the menin anti-
body pulled down CHIP and Hsp70/Hsc70 pro-
teins selectively from the cells treated with MI-
503, but not from control cells (Figure 5A, lane
6 vs b, top 2" and 3" panels). Consistently, the
pulled down menin was also more ubiquitinat-
ed from the MI-503 treated cells than the con-
trol cells (Figure 5A, lane 6 vs 5, bottom panel).
Likewise, in THP-1 cells, co-IP also showed that
the menin antibody pulled down CHIP, Hsp70/
Hsc70, and ubiquitinylated menin from the MI-
503-treated cells, but not from the control cells
(Figure 5B, lane 6 vs 5). In aggregate, these
results suggest that MI-503 increases menin
degradation via formation of menin, CHIP, and
Hsp70/Hsc70 complex, leading to menin ubig-
uitination and subsequence proteasome-medi-
ated degradation.

MI-503 reduced H3K4 trimethylation at the
HOXA9 locus to repress its expression

Whereas prior work proposed that Mls block

the menin/MLL interaction, reduce H3K4m3
and thus reduce HOX gene transcription [11,

Am J Cancer Res 2019;9(8):1682-1694
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23], our new findings also indicate that Mis
destabilize menin protein and trigger ubiquitin-
mediated degradation. It is therefore intriguing
to determine the potential role of MI-mediated
degradation in menin-regulated HOX gene tran-
scription. To this end, MV4;11 and THP-1 cells
were treated with either vehicle, MI-503 and/or
MG132. The resulting cells were subjected to
gRT-PCR and chromatin immunoprecipitation
(ChIP) assay to determine the impact of the
treatments on HOX gene mRNA levels, menin
binding to the HOXA9 locus, and H3K4me3 at
the HOXA9 locus. QRT-PCR results showed th-
at HOXA9 mRNA level was reduced by MI-503
treatment (Figure 6A), as expected. ChlIP assay
revealed that menin and the menin-dependent
active histone mark H3K4me3 [3, 23], cata-
lyzed by MLL, were detected at the HOXA9 pro-
moter (Figure 6B-F).

Consistently, treating the cells with MI-503
reduced menin binding with H3K4me3 at
the HOXA9 promoter, with two distinct amplic-
ons (Figure 6C, 6D). Notably, co-treatment of
MV4;11 cells with MI-503 and MG132 rescued
the MI-503-induced reduction of menin binding
at the HOXA9 promoter as well as H3K4me3 at
the promoter (Figure 6C, 6D). Likewise, treat-
ment of THP-1 cells with MI-503 also reduced
menin binding and H3K4me3 at the HOXA9
promoter (Figure 6E, 6F), and importantly, co-
treatment with MG132 also rescued the MI-
503-induced reduction of menin binding and
H3K4me3 at the HOXA9 promoter (Figure 6E,
6F). Taken together, these results indicate that
MI-induced menin protein degradation is more
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Discussion

Menin acts as a scaffold protein to bind MLL
and other partner proteins, and recruits them
to activate target gene transcription and block
myeloid differentiation. Menin-MLL inhibitors
show benefit in the treatment of murine models
of MLL-FP-expressing leukemia in vitro and in
vivo [20, 22, 23], representing a promising ther-
apeutic approach for MLL- FP leukemia. The
U.S. Food and Drug Administration (FDA) has
currently cleared the company’s investigational
new drug application for Menin-MLL inhibitor
KO-539. However, little is known regarding the
effect of menin/MLL inhibitors on other aspects
of menin biology beyond disruption of the me-
nin/MLL interaction. Herein we demonstrated
that menin-MLL inhibitors induce menin protein
degradation in MLL-FP leukemia cells via the
ubiquitin-proteasome pathway and repress HO-
XA9 gene expression by decreasing H3K4me3
at the HOXA9 promoter, which is in addition
to disruption of the interaction between menin
and the MLL proteins as previously reported
[20, 23]. These findings are significant for the
following reasons: first, we demonstrate that
Mls reduce menin protein level, but not mRNA
level in MLL-FPs leukemia cell lines. Second,
we show that the MI-induced reduction of me-
nin protein is through the ubiquitin pathway,
mainly through CHIP/Hsp70 and partly through
Cullin-RING E3 ligases (CRLs), as the NEDD8
activating enzyme inhibitor MLN4924 only par-
tially rescued menin degradation. Third, the ma-
jor impact of MlIs on reducing HOXA9 expres-
sion was rescued by the proteasome inhibitor
MG132, suggesting that the major impact of
Mls is through reducing the total menin protein
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level. Furthermore, this suggests that the im-
pact of Ml on degrading menin is perhaps mo-
re potent than its reversible inhibition of the
menin/MLL interaction at the HOX gene pro-
moters

E3 ubiquitin ligases bind different substrate
proteins, polyunbiquitinate these proteins, and
then transport them to proteasomes for degra-
dation [35, 36]. There are over 600 E3 ligases
in humans, and they are classified into four
families: HECT, RING-finger, U-box and PHD-
finger [35]. We used NEDDS8 activating enzyme
inhibitor MLN4924 to block cullin neddylation
and inactivate Cullin-RING E3 ligases (CRLs)
[25]. Our results suggest that menin degrada-
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tion induced by MI-503 is only partially rescued
by MLN4924, but almost completely rescued
by the pan-active proteasome inhibitor MG132.
These findings suggest that other ubiquitin/
proteasome pathways may also be involved in
Ml-induced menin degradation. Consistently,
we found that MI increases the interaction of
menin with both the molecular chaperone Hs-
p70 and the Hsp70-associated ubiquitin E3 li-
gase CHIP, and promotes menin ubiquitination
in MLL-FPs leukemia cells. These results illus-
trate that CHIP/Hsp70 plays a crucial role in
triggering wild type menin degradation, while
the CRL pathway may also be partially involved
in menin degradation.
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MENZ1-related mutant menin, but not wild type
menin, has previously been reported to be de-
graded via the CHIP/Hsp70 complex in trans-
fected HEK 293 cells [28]. It is likely that menin
binds numerous partner proteins, like MLL-FP,
c-Myb and LEDGF [13, 15, 37], and that by dis-
rupting menin interaction with these partners,
Mls destabilize menin protein (without the abil-
ity of menin to bind to stabilizing partners), trig-
gering its association with chaperone Hsp70/
CHIP, leading to increased ubiquitination and
degradation (Figure 6G).

We also noted that Mls did not reduce menin
protein levels in Jurkat cells. Further studies
are needed to determine whether the CHIP
pathway is not active in Jurkat cells, or whether
there are other partners beyond the MI-blo-
ckable partners that remain functional to stabi-
lize menin in the presence of Mls in a cell type
specific manner. Furthermore, it would also be
interesting to see if MlIs destabilize menin in
other cell types, especially prostate cancer
where menin/MLL has also been found to be
important for tumorigenesis [38].

It is also noteworthy that even in the presence
of a MI, when menin degradation was blocked
by MG132 (Figure 4B), the menin binding,
H3K4m3 at the HOXA9 promoter, and HOXA9
expression persisted (Figure 6A-F). These re-
sults suggest that the major impact of Mls on
reducing HOXA9 expression and suppressing
MLL-FP AML is through reducing the total men-
in level, rather than reversibly inhibiting the
menin/MLL interaction at the promoter. Along
these lines, when the total menin protein level
is reduced, menin is unable to assist at the
HOXA9 gene promoter to sustain the menin/
MLL interaction and H3K4 trimethylation nec-
essary for HOXA9 gene transcription.

Together, our findings uncover a new mecha-
nism whereby menin inhibitors that disrupt the
menin-MLL interaction trigger the association
of menin with Hsp70/CHIP, inducing the ubiqui-
tin/proteasome pathway to degrade menin pro-
tein (Figure 6G). Menin degradation leads to
reduced menin binding to the HOXA9 promoter,
and decreased H3K4me3 marker at the HOXA9
locus irreversibly repressing its transcription
and leukemia cell growth (Figure 6G).
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