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Menin, the product of the MENI (multiple endocrine neoplasia type 1) tumor suppressor gene, is involved
in activation of gene transcription as part of an MLL1 (mixed-lineage leukemia 1)/MLL2 (KMT2A/B)-
containing protein complex which harbors methyltransferase activity for lysine 4 of histone H3 (H3K4). As
MENI1 patients frequently develop lipomas and peroxisome proliferator-activated receptor y (PPARYy) is
expressed in several MEN1-related tumor types, we investigated regulation of PPARYy activity by menin. We
found that menin is required for adipocyte differentiation of murine 3T3-L1 cells and PPARy-expressing mouse
embryonic fibroblasts. Menin augments PPARYy target gene expression through recruitment of H3K4 meth-
yltransferase activity. Menin interacts directly with the activation function 2 transcription activation domain
of PPARYy in a ligand-independent fashion. Ligand-dependent coactivation, however, is dependent on the
LXXLL motif of menin and the intact helix 12 of PPARy. We propose that menin is an important factor in
PPARvy-mediated adipogenesis and that loss of PPARy function may contribute to lipoma development in

MENT1 patients.

Inactivating germ line mutations of the MENI gene are
causal to multiple endocrine neoplasia type 1 (MENI), an
inherited tumor syndrome with high penetrance and a variable
expression. MEN1 is characterized by the combined occurrence
of tumors in the parathyroid glands, pancreas and duodenum,
pituitary glands, and adrenal glands as well as neuroendocrine
tumors. Other manifestations include angiofibromas, collageno-
mas, and lipomas (5). The mechanism of lipoma formation in
MENI patients is currently unknown.

Peroxisome proliferator-activated receptor y (PPARY) is a
member of the PPAR nuclear receptor (NR) family (28). Poly-
unsaturated fatty acids, eicosanoids, components of oxidized
low-density lipoproteins, and nitro-oleic acid are natural low-
affinity ligands for PPARYy. Synthetic thiazolidinediones, such
as pioglitazone and rosiglitazone, have high affinities for PPARYy.
Two isoforms of PPARy exist, with the PPARy1 isoform being
expressed in several tissues, including the pituitary gland and
pancreatic islets (10, 36), while expression of the PPARYy2
isoform is largely restricted to adipose tissue. Both PPARYy
isoforms heterodimerize with the retinoid X receptors (RXRs)
to bind to PPAR-responsive elements (PPREs) in promoters
and regulate transcription of target genes (46). Ectopic expres-
sion of PPARYy in mouse fibroblasts can result in full adipo-
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genesis (47). Mutations in the PPARG gene are causative of an
inherited form of partial lipodystrophy (41). Furthermore,
PPARY has been shown to have antiproliferative effects in
adipocytes, by inhibiting DNA binding of the cell cycle tran-
scription factor E2F/DP (3). In conclusion, PPARYy is a key
regulator in adipocyte differentiation, which acts at the level of
gene transcription.

Menin is the product of the MENI tumor suppressor gene.
Menin is expressed ubiquitously as a nuclear protein and can
take part in many cellular processes, including transcription
regulation, DNA replication, and DNA repair (29). As a tran-
scriptional regulator, menin is involved in both repression and
activation of transcription. Through association with a histone-
deacetylating complex, menin acts as a corepressor for JunD-
mediated transcription (21). Menin was demonstrated to attenu-
ate transcription of the A”TERT gene, possibly by this mechanism
(30). Activation of transcription by menin also involves histone
modifications. Menin is an integral component of MLLI
(KMT2A) or MLL2(KMT2B) protein complexes which have hi-
stone methyltransferase (HMT) activity specific for lysine 4 of
histone H3 (H3K4) (17, 55). Trimethylation of this residue
(H3K4me3) is associated with active transcription (39). Several
downstream effector proteins reading the H3K4me3 mark via
plant homeodomain fingers such as BPTF/NURF and TFIID are
involved in transcription activation (50, 53). The menin-HMT
complex is an activator of several Hox genes and the p18™** and
p275P! cyclin-dependent kinase inhibitor genes (17, 32, 55). Anal-
ysis of genome-wide DNA occupancy revealed that menin is lo-
cated at 5’ regions of many active genes and also at 3’ regions and
intergenic loci (1, 40).
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Promoter recruitment of menin depends on interactions
with DNA sequence-specific transcription factors: for example,
via JunD in the repressing complex or via Smad transcription
factors as an activator (43). Furthermore, promoter association
may be stabilized by the low-affinity sequence-independent
interaction of menin with DNA (24). The menin-HMT com-
plex was recently demonstrated to be recruited to the c-Myc
gene enhancer by interacting with the C-terminal activation do-
main of B-catenin (42). A complex containing MLL1(KMT2A)
and possibly menin was found to couple E2F function to
H3K4me3 (49). Previously, we have demonstrated that menin
is able to coactivate estrogen receptor a (ERa)- and vitamin D
receptor (VDR)-mediated transcription. In this case, menin
recruits H3K4 HMT activity to the estrogen-responsive TFF1/
pS2 gene (9).

Approximately 30% of MEN1 patients develop lipomatous
tumors (8). In addition, it has been shown that PPARy1 is
expressed in MEN1-associated tumor types, such as pituitary
adenomas and neuroendocrine tumors (15, 31). We hypothe-
sized that deficient differentiation dependent on PPARYy plays
a role in lipoma tumorigenesis and that menin is involved in
this differentiation. Therefore, to further explore the role of
menin as a coactivator for NRs and to determine the biological
relevance of these interactions, we examined PPARvy as a
potential menin-interacting protein. In this report, we show
that menin is indeed a transcriptional coactivator for PPARYy
and that menin is important for PPAR+y-dependent transcrip-
tion and adipocyte differentiation. Menin can recruit histone
H3K4 trimethylation to PPARYy target genes, through a direct
interaction with the activation function 2 (AF2) domain of
PPARYy. These results extend the role of menin as a coactivator
for NR-mediated transcription to PPAR+y and provide new
insight into the tissue-specific manifestations of MENI1.

MATERIALS AND METHODS

Patient material. Normal adipose tissue (from paracolic, pararenal, breast,
and peritoneal origin) and lipoma samples (five intramuscular lipomas, one
subcutaneous lipoma, one osteochondrolipoma, and one soft tissue lipoma) were
obtained from the tissue bank of the Department of Pathology/UMCU Biobank
and used in accordance with the hospital scientific committee regulations and the
code “Proper Secondary Use of Human Tissue,” as installed by the Federation
of Biomedical Scientific Societies (www.federa.org).

Plasmids and siRNA oligonucleotides. Construction of vectors B42-PPARYy,
B42-RXRa, Gal4-RXRa, Gal4-PPARY(AF2) (containing AF2), Gal4-PPARYy
(AF1), glutathione S-transferase (GST)-PPARy(AF2), GST-PPARy(AF2-L468A/
E471A) (containing AF2 with L468A and E471A mutations), pBabeHygroMenin,
pBabeHygroMeninL.22R, pEG202NLS-menin, pMSCV-PPARY2, pSG5-HA-
CARM]I, and pSG5-SRCle has been described previously (7, 9, 12, 17-19, 37, 52).
The menin expression vector PCDNA3.1 M+ was a gift from G. Weber. The menin
L22R, LLWAA (mutated residues in italic), and Gal4-PPARy(AF2-L468A/E471A)
mutations were introduced by site-directed mutagenesis. Control (D-001810-10),
mMENI1#1 (D-042675-02), mMEN1#2 (D-042675-04), and mPPARG (J-040712-
05) small interfering RNA (siRNA) oligonucleotides were purchased from Dhar-
macon.

Antibodies and immunoblotting. The following antibodies were used: anti-a-
tubulin (CP06; Calbiochem), anti-Gal4 (SC-510; Santa Cruz), anti-GST (SC-138;
Santa Cruz), anti-H3K4me3 (ab-8580; Abcam), antimenin (A300-105A; Bethyl),
anti-PPAR~y (SC-7196 [Santa Cruz] or C26H12,#2435 [Cell Signaling Technol-
ogy]), anti-FABP4 (SC-18661; Santa Cruz), and antihemagglutinin (anti-HA)
(3F10; Roche). Immunoblotting was carried out as described before (9).

Cell lines and stable and tr t protein expr Cos7 (African green
monkey kidney) cells and murine 3T3-L1 cells were routinely cultured in Dul-
becco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin. Generation
of wild-type and MENI~/~ (MENI T/T) mouse embryonic fibroblasts (MEFs)
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has been described previously (4). MEFs were kindly provided by C. Zhang.
MEFs were maintained in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, and 100 pM B-mercaptoethanol.

For polyclonal PPAR~y-expressing MEF cell lines, wild-type and MENI /'~
MEFs were infected with retroviruses collected from 293T Phoenix cells that had
been transiently transfected with pMSCV-PPARY2 or pMSCV and were main-
tained under selection of 2 wg/ml puromycin.

For menin reexpression studies, MENI~/~ MEFs expressing PPARy were
infected with viruses obtained from Phoenix cells transiently transfected with
pBabeHygro, pBabeHygroMenin, and pBabeHygroMeninL.22R. Cells were
grown in medium containing 2 pwg/ml puromycin and 500 pg/ml hygromycin, and
monoclonal cell lines were isolated.

Luciferase reporter experiments were carried out as described previously (9).
DNA (750 ng per well, in a 12-well format) was transfected using FuGene 6
reagent (Roche). Transfection mixtures consisted of 200 ng luciferase reporter,
25 ng pCMV-Renilla, 5 ng Gal4-PPARY(AF2), 25 ng Gal4-PPARYy(AF1), or 10
ng Gal4-PPARy(AF2-L468A/E471A) vector and supplemented with a maximum
of 520 ng pCDNA3.1 M+ and/or empty pCDNA3 plasmid. Twenty-four hours
after transfection, the medium was changed to medium containing the appro-
priate ligand—1 pM rosiglitazone (in dimethyl sulfoxide [DMSO]), 1 uM 9-cis-
retinoic acid (in ethanol)—or vehicle. Luciferase and Renilla activities were
measured 24 h afterwards. Total cell lysates were used for immunoblotting.

Cell differentiation and siRNA transfection assays. Differentiation of 3T3-L1
cells was performed as described previously (18). For siRNA experiments, cells
were grown to 80% confluence and transfected with the indicated siRNA
oligonucleotides using Dharmafect 3 reagent. siRNA transfections were re-
peated every 3 days during the differentiation assay. Polyclonal MEFs ex-
pressing PPARY were seeded at 5 X 10% cells/ml in a 24-well plate. Cells were
grown in medium containing 1 uM rosiglitazone. The medium was changed every
2 days. After 10 days, cells were subjected to oil red O staining. Monoclonal
MENI~'~ MEF cell lines were grown to confluence. After 2 days, 1 M rosigli-
tazone was added to the medium, which was refreshed every 2 days for 14 days
before cells were subjected to oil red O staining.

Protein expression and purification. The expression and purification of bac-
ulovirus-expressed menin have been described previously (9). Plasmids encoding
GST, GST-PPARY(AF2), and GST-PPARY(AF2-L468A/E471A) were trans-
formed into the Escherichia coli BL21-Codon Plus strain. Cells were grown at
30°C with shaking. Expression and lysis procedures have been described previ-
ously (2).

Yeast two-hybrid analysis. EGY48 cells were transformed with the B42-
PPARY(AF2) constructs and the indicated LexA-menin constructs. Cells were
grown overnight at 30°C in 2% galactose—1% sucrose-containing SC medium
lacking the appropriate amino acids and in the presence of vehicle, 1 pM
rosiglitazone, and 1 pM 9-cis-retinoic acid. Lysates were prepared, and LacZ
activity was determined by a liquid B-galactosidase assay, as described previ-
ously (2).

Protein binding experiments. Soluble lysates containing equivalent amounts of
GST, GST-PPARY(AF2), and GST-PPARY(AF2-L468A/E471A) were bound to
glutathione agarose beads (Sigma) for 3 h at 4°C in binding buffer (50 mM
Tris-HCI [pH 8.0], 10% glycerol, 140 mM NaCl, 10 mM MgCl,, 1 mM NaF, 1
mM Na;Vo,, 0.5 mM dithiothreitol, and protease inhibitors). After washing with
binding buffer, purified menin protein (6 wg/ml) was added. Binding experiments
with GST and GST-PPAR+Y(AF2) were carried out in the presence of 100 nM
rosiglitazone or DMSO for 3 h at 4°C. Glutathione beads were washed three
times with excess binding buffer, and eluted proteins were analyzed by immuno-
blotting.

Analysis of PPARYy target gene expression. RNA from differentiated and
undifferentiated 3T3-L1 cells was isolated using the RNeasy kit (Qiagen).
Two hundred fifty nanograms of total RNA was used for cDNA synthesis
using random primers. mRNA levels were analyzed by quantitative PCR on
a Chromo4-equipped PCR cycler (Bio-Rad) and normalized against a stan-
dard reference cDNA.

A 1 uM concentration of rosiglitazone or DMSO was added to the MEF
medium 6 h prior to cell harvesting. Total RNA was extracted using the RNeasy
kit (Qiagen) and subsequently treated with DNase. After homogenization, RNA
from human samples was isolated using the RNeasy lipid tissue kit (Qiagen).
Two hundred nanograms of total RNA was used for cDNA synthesis using oli-
go(dT). The following PCR primers were used: hB-actin-F (AGAAAATCTGGCA
CCACACC), hB-actin-R (AGAGGCGTACAGGGATAGCA), hMEN1-F (GCT
CTGGCTGCTCTATGACC), hMENI1-R (TAGAGGGTGAGTGGGTCTGG),
hPPARG-F (GCTGGCCTCCTTGATGAATA), hPPARG-R (TTGGGCTCCA
TAAAGTCACC), hFABP4-F (AACCTTAGATGGGGGTGTCC), hFABP4-R
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(GTGGAAGTGACGCCTTTCAT), hAQP7-F (GGAAGGTCAGCAGGAGC
AC), hAQP7-R (GGTGCTCAGCCAATGAGG), mB-actin-F (GATCTGGCA
CCACACCTTCT), mB-actin-R (GGGGTGTTGAAGGTCTCAAA), mFabp4-F
(GAAAACGAGATGGTGACAAGC), mFabp4-R (TTGTGGAAGTCACGCCT
TT), mAqp7-F (GGCTTCTCCCTTCCTCTAGTTT), mAqp-R (AAGGCCACTG
AGGAAGTCATT), mP18-F (CTGGAGTTCCAGGCTGATGT), mP18-R
(GCAGGCTGTGTGCTTCATAA), mP27-F (AACTAACCCGGGACTTG
GAG), mP27-R (CCAGGGGCTTATGATTCTGA), mMenl-F (CGATCTT
CACACTGACTCTTTGG), mMenl-R (AGGTCTGCCAAGTTCCCTA
GC), mPparg-F (GATGGAAGACCACTCGCATT), and mPparg-R (AACC
ATTGGGTCAGCTCTTG).

ChIP experiments. The chromatin immunoprecipitation (ChIP) procedure
followed has essentially been described previously (9), with the following
adjustments. Subconfluent cultures of MEF cells were treated with 1 pM
rosiglitazone or DMSO for 6 h. Cells were cross-linked by addition of 1%
formaldehyde in phosphate-buffered saline for 10 min at 37°C. Glycine was
added to a final concentration of 125 mM. After lysis, the cell lysate was
sonicated three times for 30 s in a Bioruptor (Diagenode), yielding DNA
fragments of about 200 bp. After reverse cross-linking and proteinase K
treatment, DNA was purified by phenol-chloroform-isoamyl alcohol treat-
ment (twice), followed by a chloroform-isoamyl alcohol cleaning and ethanol
precipitation. Binding of DNA was assessed by quantitative PCR and nor-
malized against input samples from the same experiment. The following
primers were used: Fabp4(PPRE)-F (GACAAAGGCAGAAATGCACA),
Fabp4(PPRE)-R (AATGTCAGGCATCTGGGAAC), Fabp4(ORF)-F (CAG
CTTAAGGGACCGAGATG), Fabp4(ORF)-R (TCGCATTCTCAACAATC
AGG), Aqp7(PPRE)-F (CTTGGCTTAAGTGGCATGGG), Aqp7(PPRE)-R
(CCAGGGTGGCTGTGAGTTCT), Myo-F (CACCCTGAGACCCTGGAT
AA), and Myo-R (GCAGCATGTTGTCCCTTCTT).

RESULTS

Expression of the PPARYy target gene FABP4 is reduced in
sporadic lipomas. To investigate our hypothesis that PPAR~y-
dependent transcription is affected in lipomas, we carried out
a reverse transcription-PCR (RT-PCR) analysis on a series of
four normal adipose tissue samples and eight sporadic lipomas.
We measured mRNA levels of total PPARG, MENI, and
B-actin genes as well as two known PPAR+ target genes:
those coding for fatty acid binding protein 4 (FABP4/Ap2)
and aquaporin 7 (AQP7) (22, 46). We found that whereas
PPARG, MEN1, and AQP7 mRNA levels did not differ sig-
nificantly between these groups (using a two-tailed Student’s
t test), relative FABP4 mRNA levels were reduced signifi-
cantly (P = 0.004) in lipomas (Fig. 1). From these observa-
tions, we suggest that loss of PPARvy-dependent gene ex-
pression may be a feature of sporadic lipomas. In addition,
we show that MENI is expressed in adipose tissue.

Menin promotes PPARvy-dependent adipocyte differentia-
tion. Based on the results shown above, we decided to further
explore a potential role for menin in adipocyte differentiation.
Unfortunately, no collection of MENT1 patient-derived lipomas
is available to us, because of the rarity of the disease and the
infrequent need to perform surgery on lipomas. Therefore, we
chose to study the relevance of menin for the biological
function of PPARY using two different controlled mouse cell
systems. First, we studied adipocyte differentiation of 3T3-L1 mu-
rine fibroblasts. We used siRNA oligonucleotides directed
against MENI and as a control against Pparg to determine the
importance of menin for adipogenesis. Knockdown of menin
levels showed a clear reduction in adipogenic potential of the
3T3-L1 cells compared to cells treated with the control siRNA,
as illustrated by oil red O staining of triglycerides at day 6 of
differentiation (Fig. 2A and B). Both knockdown of menin and
PPARY resulted in reduced protein levels of the adipocyte
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FIG. 1. Expression of the PPARYy target gene FABP4 is reduced in
sporadic lipomas. mRNA levels of MEN1, PPARG, FABP4, and AQP7
were determined by quantitative RT-PCR in four normal adipose
tissue samples (white columns) and eight sporadic lipomas (black col-
umns). The values shown are averages and standard deviations of
mRNA levels normalized against B-actin mRNA. The asterisk indi-
cates statistical significance (P = 0.004).

marker FABP4 (Fig. 2B). To investigate whether the effect of
menin knockdown on adipocyte differentiation results from an
altered transcription, mRNA expression was examined in the
knockdown cells by quantitative RT-PCR. This showed that in
cells treated with siRNAs against Menl, Fabp4 mRNA levels
were lower, irrespective of Pparg mRNA levels (Fig. 2C).
These findings suggest that menin is involved in transcription
regulation of the Fabp4 gene.

The second cell system used were the MEFs as they have the
capacity to differentiate into adipocytes upon ectopic expres-
sion of PPARYy (47). Wild-type and MENI '~ MEFs were first
retrovirally transduced with wild-type mouse PPARYy2 (mP-
PAR~2). Both polyclonal cell lines were treated with rosigli-
tazone. We noticed that MENI~'~ MEFs failed to undergo
adipogenesis compared to wild-type MEFs as visualized by oil
red O staining (Fig. 3A). To exclude that this was due to
differences between the cell lines unrelated to the MENI gene
status, the wild-type MENI gene was reexpressed in the
MENI~'~ PPAR~y-expressing cells and monoclonal cell lines
were generated (Fig. 3B). Additionally, cell lines expressing a
MENT gene missense mutation derived from a MEN1 patient
with a lipoma were established (Fig. 3B) (51). This mutation
leads to a change from leucine to arginine at position 22 (here-
after, menin L22R). Menin protein levels were found to be
similar to those of the wild-type MEF cell line (data not
shown). After 14 days of treatment with rosiglitazone, marked
lipid accumulation was detected in menin-expressing cells as
opposed to cells expressing menin L22R or the empty vector
(vector)-transfected cells (Fig. 3C). Furthermore, we noted
that introduction of wild-type menin reduces the proliferation
rate of MENI~'~ MEFs (data not shown). These results show
that the presence of wild-type menin is important for proper
PPARYy-dependent adipogenesis in this MEF system.

PPARYy target gene expression is regulated by menin. To
investigate further how menin affects PPARvy function in the
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FIG. 2. Knockdown of menin interferes with differentiation of mu-
rine 3T3-L1 cells. (A) 3T3-L1 cells were transfected with the indicated
siRNA oligonucleotides. After 6 days of differentiation, oil red O
staining was performed to assess lipid accumulation. (B) Immunoblot
(IB) analysis of global menin, PPARYy (the Cell Signaling Technology
antibody recognizes multiple forms of PPARY), and FABP4 levels in
undifferentiated (Und.) cells and siRNA-treated cells was performed.
a-Tubulin was used as a loading control. The positions of molecular
mass markers, with their respective molecular masses in kilodaltons,
are indicated next to the blots. (C) RT-PCR analysis of total mRNA
levels of Menl, Pparg, and Fabp4 in siRNA-treated 3T3-L1 cells. The
values shown represent averages and standard deviations. mRNA lev-
els were normalized against B-actin mRNA.

MEEF system, we studied the expression of the PPARYy target
genes, Fabp4 and Aqp7. Monoclonal cell lines expressing sim-
ilar levels of menin and PPARYy were selected for this analysis.
Cells were treated for 6 h with rosiglitazone or DMSO and
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FIG. 3. Menin is required for PPAR+y-dependent adipocyte differ-
entiation. (A) Polyclonal MENI '/~ and wild-type MEF cells that ec-
topically express PPARYy were treated with 1 wM rosiglitazone for 10
days. Lipid vesicle formation was assessed by oil red O staining (40X
magnification, inset represents 10X magnification). (B) Menin and
menin L22R were reexpressed in MENI~/~ MEFs expressing PPARYy.
The presence of menin and PPARy (SC antibody recognizes PPARYy2
specifically) was visualized by immunoblotting (IB) using a-tubulin as
a loading control in total cell lysates of two monoclonal cell lines
carrying the empty vector, two cell lines reexpressing wild-type menin,
and two cell lines expressing menin L22R that had been treated with 1
M rosiglitazone for 14 days. The positions of molecular mass mark-
ers, with their respective molecular masses in kilodaltons, are indicated
next to the blots. (C) Oil red O staining of the cell lines described in
panel B.

subsequently subjected to quantitative RT-PCR analysis. Com-
pared to cells expressing wild-type menin, ligand-induced mRNA
levels of Fabp4 and Agp7 were found to be lower in cells express-
ing menin L.22R or the cells carrying only the vector (Fig. 4A).
The genes for p18™*¢(Cdkn2c) and p27%"P'(Cdknib) are
well-established menin target genes, which can restrict cell
proliferation (32). Moreover, p18™ % was found to be upregu-
lated in mouse fibroblasts that ectopically expressed PPARy
(34). We hypothesized that mRNA levels of Cdkn2c and
Cdknlb would be higher in menin-expressing cells. However,
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FIG. 4. Menin regulates transcription of PPAR<y target genes.
(A) The menin (no. 1), menin L22R (no. 2), and vector (no. 1) cell
lines were treated with DMSO (white columns) or 1 pM rosiglitazone
(black columns) for 6 h. mRNA levels of Fabp4 and Aqp7 were mea-
sured by quantitative RT-PCR. Averages and standard deviations rel-
ative to B-actin mRNA are shown from a representative experiment
performed in triplicate. (B) Relative levels of p18/Cdkn2c and p27/
Cdknlb mRNA were determined in the same experiment.
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expression of both genes did not differ between these cell lines,
and treatment with rosiglitazone did not clearly affect tran-
scription of these genes (Fig. 4B). RT-PCR analysis of expres-
sion of the above-mentioned genes in polyclonal MENI ™/~
and wild-type MEF cell lines ectopically expressing PPAR'y
yielded similar results (data not shown). Altogether, these ex-
periments show that in the absence of menin the expression of
PPARYy target genes is downregulated and that in our system
pI18"*# and p275P! are probably not involved in adipocyte
differentiation.

Histone H3K4 trimethylation on PPAR<y target genes is
largely dependent on menin. Upon ligand stimulation, PPARYy
target genes show increased H3K4 trimethylation levels (44,
45). To determine the H3K4me3 status of PPARYy target genes
in the presence or absence of menin, we performed ChIP
experiments in the monoclonal MENI '~ MEEF cell lines ec-
topically expressing PPARy. We used antibodies directed at
menin, PPARy, or the trimethylated form of histone H3K4 to
study their presence on the Fabp4 and Agp7 genes (Fig. 5A).
The heterochromatic myoglobin (Myo) gene was used as an
internal negative control. In both wild-type menin- and menin
L22R-reexpressing cells, menin could be detected on the
PPREs of the Fabp4 and Agp7 genes after cells had been
treated with rosiglitazone for 6 h (Fig. 5B, upper panels). No
menin recruitment could be detected at the transcription start
site of Fabp4 (data not shown). In Fig. 5B (middle panels), we
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show that when ligand is present approximately equal quanti-
ties of PPARy are recruited. However, both menin L22R-
expressing and vector control cells showed a clear reduction of
ligand-induced H3K4me3 levels in the open reading frame of
Fabp4 and at the transcription start site of Agp7 (Fig. 5B, lower
panels). From these data, we conclude that both wild-type
menin and mutant menin colocalize with PPARy at PPREs
and that menin is needed for recruitment of adequate H3K4
trimethyltransferase activity to two different PPARy target
genes.

To ascertain that menin recruitment on PPAR~y-responsive
promoters is dependent on PPARYy, we performed additional
ChIP experiments. Wild-type MEFs expressing endogenous
menin were used that had been infected with PPARYy2 or
vector control viruses. As shown in Fig. 5C (upper panels),
menin is recruited exclusively to the Fabp4 and Agp7 promot-
ers when liganded PPARY is present (Fig. 5C, middle panels).
In the absence of PPAR<y, H3K4 trimethylation levels are
severely reduced (Fig. 5C, lower panels). These experiments
show that PPARYy is required for bringing the menin HMT
complex to PPARY target genes.

Menin can interact directly with the AF2 domain of PPARYy
in a ligand-independent fashion. We previously found that
menin can bind to ERa in a ligand-dependent manner (9). To
investigate whether menin and PPARvy can interact directly,
we carried out yeast two-hybrid and GST pulldown assays. In
yeast two-hybrid assays, we found a ligand-independent inter-
action between wild-type menin fused to LexA and B42-cou-
pled PPARY(AF2). Menin contains one potential LXXLL NR
interaction motif (amino acids 263 to 267; LLWLL). Mutation
of this motif disrupts the canonical NR coactivator interaction
(16). Interestingly, both the LLWAA and L22R menin mutants
retained PPARy binding (Fig. 6A). In GST pulldown experi-
ments, purified wild-type menin was incubated with equal
amounts of a GST-PPARY(AF2) fusion protein. Consistent
with the yeast two-hybrid result, menin could bind to GST-
PPAR<Y(AF2), albeit with low affinity (Fig. 6B). In fact, in this
assay we reproducibly found a small decrease of the interaction
in the presence of ligand. Also in this assay, the menin-PPARYy
interaction did not depend on the presence of ligand. The
L468A E471A double mutant in helix 12 in the AF2 domain of
PPARY does not bind to the coactivators CBP and SRC1, but
is still able to bind ligand (14). This L468A E471A mutation—
hereafter PPARy(AF2mut)— was introduced into the GST-
PPAR<Y(AF2) expression plasmid. As shown in Fig. 6B, menin
was able to bind to a GST-PPARy(AF2mut) protein, indicat-
ing that the integrity of helix 12 of PPARY is not required for
menin binding. PPARYy binds to PPREs in a heterodimeric
form with RXR isoforms. To determine if menin can bind to
RXR, we performed yeast two-hybrid assays. Coexpression in
yeast of LexA-menin and B42-fused RXRa revealed an inter-
action between menin and RXRa, which is increased in the
presence of its ligand (Fig. 6C). These findings suggest that
besides by binding to PPARy, menin can potentially also be
recruited to PPREs via liganded RXRa.

Two patient-derived missense mutations leading to leucine-
to-proline substitutions at positions 264 or 267 in menin se-
verely disrupt the capacity of menin to bind to ERa (9). These
mutations are both in the predicted NR interaction motif,
leading to LPWLL and LLWLP, respectively (mutated residue
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FIG. 5. Menin recruits H3K4 trimethylation activity to PPARYy target genes. (A) Schematic representation of the Fabp4 and Agp7 genes. Fabp4
contains two PPREs in an upstream enhancer element. For ChIP analysis, two primer pairs were used: P1 for amplifying the region of the PPREs
for studying menin and PPAR<y occupancy and P2 in the open reading frame to measure H3K4me3. The PPRE of Agp7 is located close to the
transcription start site; one primer pair was used for ChIP analysis. (B and C) Cell lines used for mRNA expression analysis (B) and polyclonal
wild-type (WT) MEFs expressing either PPARy or vector (C) were used. Cells were stimulated for 6 h with 1 uM rosiglitazone or DMSO. Averages
of immunoprecipitated DNA, as a percentage of input, and standard errors of the means of two independent experiments are shown. (B and C,
upper and middle panels) Menin and PPARy recruitment was assessed on the PPREs of Fabp4 and Agp7. (B and C, lower panels) H3K4me3 levels
were measured in the open reading frame of Fabp4 and near the transcription start site of Agp7. The myoglobin (Myo) gene was used as an internal
negative control. (B, upper right panel) The MENI /" vector cell line that does not express menin serves as a negative control for the menin
antibody. (C, right panels) The wild-type MEF cells that do not express exogenous PPARYy serve as a control for PPARy in menin recruitment.

in italic), and have more severe structural consequences than
the LLWAA mutation. In a yeast two-hybrid setup, both the
L264P and L267P mutants showed reduced menin binding
(Fig. 6D). From these observations, we conclude that the in-
teraction between menin and PPARy is not a classical
LXXLL-helix 12 interaction. Rather, a larger domain of menin
which includes LLWLL may be required for menin-PPAR'y
binding.

Menin enhances PPARy-dependent transcription. To study
in more detail the mechanism of coactivation of PPARy by
menin, we performed luciferase assays. To this end, Cos7 cells
were transiently transfected with increasing amounts of MEN1
expression vector together with the expression vector for a

fusion protein containing the AF2 domain of PPARYy fused to
the DNA binding domain of the yeast Gal4 activator. A thy-
midine kinase promoter-luciferase construct with five Gal4
binding sites was used as a reporter gene. Overexpression of
menin increased ligand-induced transcription up to approxi-
mately threefold, depending on the amount of menin that was
cotransfected (Fig. 7A). This is similar to the effect of overex-
pression of menin on ligand-dependent transcription driven by
a Gal4-ERa fusion protein (9). We performed similar experi-
ments using a Gal4-RXRa fusion protein expression vector
and found that menin can also coactivate 9-cis-retinoic acid-
induced transcription (data not shown). To assess the specific-
ity of menin for liganded PPARy, the MEN1 expression vector
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FIG. 6. Menin and PPARY can interact directly. (A) Mutations re-
sulting in LLWAA and L22R menin mutants were introduced in the
pEG202-LexAMenin yeast expression vector. EGY48 cells transformed
with the indicated LexA constructs and B42-HA-PPAR+y(AF2) were
treated with 1 wM rosiglitazone or DMSO for 12 h. Cells were lysed, and
B-galactosidase activity was determined and normalized for the protein
content of the lysates. Averages and standard deviations of a representa-
tive experiment performed in triplicate are shown. Expression levels of the
menin proteins and the levels of B42-HA-PPARY(AF2) were verified by
immunoblotting (IB). (B) Glutathione beads were coated with purified
GST, GST-PPARY(AF2), or GST-PPARY(AF2mut) proteins and incu-
bated with purified recombinant menin in the absence or presence of 100
nM rosiglitazone. Retention of menin protein was determined by immu-
noblotting. (C) Together with a LexA-menin expression construct, a B42-
fused ligand binding domain of RXRa was transformed into EGY48 cells.
Cells were incubated with 1 uM 9-cis-retinoic acid (9 cis-RA) or vehicle
for 12 h, and B-galactosidase activities were determined. (D) Two patient-
derived mutations, L.264P and 1.267P, were introduced into the LexA-
menin fusion plasmid and transformed for a yeast two-hybrid experiment
as described.

was cotransfected with a Gal4-PPARy(AF1) expression plas-
mid. Gal4-PPARy(AF1)-dependent transcription was not af-
fected by menin (Fig. 7B). The coactivation of AF2 observed
by menin was also similar to the effect of two known PPAR~y
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FIG. 7. Menin coactivates PPARy-mediated transcription in a
ligand-dependent fashion. (A) Cos7 cells were transiently trans-
fected with a 5X GalTK-luciferase construct and an expression
plasmid for Gal4-PPARY(AF2) and treated with 1 uM rosiglitazone
or DMSO for 24 h. Increasing amounts of menin were cotrans-
fected. Firefly luciferase readings were normalized against Renilla
luciferase, which served as an internal control. Columns represent
averages and standard deviations of two independent experiments
performed in triplicate. All luciferase assays shown were performed
in this fashion. (B) Menin was overexpressed in cells cotransfected
with  Gal4-PPARY(AF2) and in cells coexpressing Gal4-
PPAR«Y(AF1). (C) Along with 50 ng of the menin (M) expression
plasmid, cells were transfected with 450 ng of pSG5-SRCle (S), 450
ng pSG5-HA-CARM1 (C), or a combination of these factors and
menin. (D) A Gal4-PPARy(AF2) construct bearing two mutations
in helix 12 (L468A E471A) was transiently transfected into Cos7
cells. Protein levels of menin, Gal4-PPARYy(AF2), and a-tubulin
(a-Tub.) were determined by immunoblotting (IB). Lanes on the
gel correspond to the columns shown in the panel above. (E) Ex-
pression plasmids encoding the L264P and L267P menin mutants
were cotransfected with Gal4-PPARy(AF2). Menin protein levels
were determined by immunoblotting with «-tubulin as a loading
control. (F) The LLWAA and L22R mutations were also introduced
in the MENI1 expression plasmid and transfected into Cos7 cells for
luciferase assays. Protein levels were determined as in panel E.
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coactivators, SRC1 and CARM1 (Fig. 7C) (35, 54). In this
setup, we did not detect synergy between menin and these
known coactivators (Fig. 7C).

We introduced the L468A E471A double mutation into the
Gal4-PPARY(AF2) vector. As shown in Fig. 7D, Gal4-PPARYy
(AF2mut) does not activate transcription upon addition of ligand.
Overexpression of menin did not affect luciferase activity driven
by this PPARy mutant (Fig. 7D). Cotransfection of the menin
L264P and L267P mutants did not result in any coactivation (Fig.
7E). The menin LLWAA and L22R mutations were also intro-
duced into the MENI expression vector. Strikingly, menin LL-
WAA could also not stimulate rosiglitazone-induced transcrip-
tion (Fig. 7F). Finally, as expected, menin L22R, the mutant that
failed to recruit HMT activity to the Fabp4 and Agp7 gene pro-
moters (Fig. 5D) or restore PPARvy-driven adipogenesis (Fig.
3C), was also not able to coactivate PPARy(AF2) in the lucifer-
ase setup (Fig. 7F).

We conclude from these results that menin acts as a coac-
tivator for the AF2 function of PPARy to an extent that is
comparable to those of other well-established coactivators.
The integrity of helix 12 of PPAR'y as well as the LLWLL motif
in menin is required for coactivation. The MEN1 lipoma-de-
rived menin L22R mutant failed to coactivate PPAR~y-depen-
dent transcription.

DISCUSSION

The hallmark of the MENT1 syndrome is the development of
multiple tumors in endocrine organs. A large proportion of
MENI patients also develop lipomas (8). Our results link the
function of menin to the nuclear receptor PPAR'y. This recep-
tor has been reported to be expressed in liposarcomas (malig-
nant lipomatous tumors), and treatment of cultured liposar-
coma cells with the synthetic PPARYy ligand pioglitazone led to
increased differentiation (48). To our knowledge, no study has
addressed yet the role of PPARYy or menin in lipoma develop-
ment. In a series of sporadic lipomas, we found that expression
of the PPARYy target gene FABP4 was lower than that of
normal adipose tissue (Fig. 1). As PPARYy is involved in adi-
pocyte differentiation and proliferation, it is tempting to spec-
ulate that loss of PPARYy signaling plays a role in lipoma
development. Inactivation of menin, which functions as a
PPARYy coactivator, could in this way play a direct role in loss
of PPARYy-dependent differentiation, resulting in MEN1 lipo-
mas. Possibly, MEN1 control of cell proliferation also contrib-
utes to this. In sporadic lipomas, inactivation of this pathway
may occur through alternative mechanisms, since we found no
significant differences in MENI and PPARG levels between
normal and lipomatous tissues (Fig. 1).

Besides its expression in lipomas, several studies have shown
that PPARY is expressed in MEN1-related tumors, like pitu-
itary tumors and neuroendocrine tumors (15, 31) and also
neuroendocrine tumors of the thymus in MENI1 patients
(K. M. A. Dreijerink and H. T. M. Timmers, unpublished
results). In addition, pioglitazone has been shown to inhibit
proliferation of a lung neuroendocrine tumor cell line (13),
while rosiglitazone treatment of mice that had been subcuta-
neously injected with pituitary adenoma cells led to attenua-
tion of tumor growth (15). Furthermore, the recent finding that
menin plays a role in suppression of adaptive pancreatic 3-cell
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proliferation in obese mice, in which PPARYy is also involved,
raises the interesting possibility that the interaction of menin
and PPARY plays a role in this process as well (20, 38). Taken
together, the relevance of the menin-PPAR‘y interaction could
move beyond that of a role in lipoma development.

Menin and adipocyte differentiation. Our findings provide
more insight into the most intriguing question pending for
MENT1: how do germ line mutations in a ubiquitously ex-
pressed gene cause an endocrine tumor phenotype? The
Cdkn2c gene (encoding p18"™*¢) and the Cdknlb gene (en-
coding p27¥P") are targets of the menin-HMT complex (32).
These cyclin-dependent kinase-inhibiting genes are inhibitors
of cell proliferation. Mice lacking either p18'<4e, p21<IF/Wafl
or p27%P! develop tumor phenotypes that show significant
overlap with the manifestations of the MEN1 syndrome (11).
However, why these knockout mice display endocrine tissue-
specific phenotypes is not clear. Expression levels of Cdkn2c
and Cdknlb were not clearly affected in our MEF system,
rendering it unlikely that deregulation of these genes contrib-
utes to the effect of menin on adipocyte differentiation. We
found that murine 3T3-L1 cells and embryonic fibroblasts lack-
ing functional menin are defective in PPARy-dependent adi-
pocyte differentiation. Reexpression of menin in MENI '~
MEFs restored the adipogenic potential (Fig. 3). In this study,
we used a system in which adipocyte differentiation is maxi-
mally dependent on PPARYy activity. Previously, Sowa et al.
showed that transient knockdown of menin in multipotential
mouse mesenchymal stem cells did not affect bone morpho-
genic protein 2 (BMP-2)-induced adipocyte differentiation
(43). This indicates that menin is involved in selective differ-
entiation pathways.

Recruitment of H3K4-HMT complexes by menin. Menin is
an integral component of HMT complexes that contain
MLLI1(KMT2A) or MLL2(KMT2B) (17, 55). Our results ex-
tend the evidence that menin can be tethered to DNA through
interaction with NRs, which results in increased H3K4me3
levels on target genes.

In MEN1~'~ cells, we found that ligand-induced H3K4 tri-
methylation on the Fabp4 and Agp7 genes is reduced but not
completely absent (Fig. 5B). The identification of several other
protein complexes that can recruit HMT activity directed at
H3K4 to NRs raises the possibility of redundancy of these
complexes. Mo et al. reported that an MLL4(KMT2D)-HMT
complex, which lacks menin, can coactivate ERa-mediated
transcription (33). Furthermore, the ASCOM complex, which
contains the NR coactivator activating signal cointegrator 2
(ASC-2), MLL3(KMT2C), and MLL4(KMT2D), which also
lacks menin, can recruit HMT activity to the retinoic acid
receptor (RAR) and the liver X receptor (LXR) (26, 27).
Similar to menin-HMT, the ASCOM complex was recently
demonstrated to regulate adipogenesis and H3K4me3 on a
PPARYy target gene (25). MLL3 knockout cells showed partial
loss of H3K4me3 on the FABP4 gene. Therefore, other
H3K4me3 complexes could very well be responsible for the
remaining H3K4me3 observed on the PPARYy target genes in
the MENI~'~ MEFs (Fig. 5B). Loss of menin in tumors of
MENT1 patients does not lead to global loss of H3K4 trimeth-
ylation in these tumors, indicating that menin plays a gene-
specific function (R. A. Varier, J. A. Kummer, and H. T. M.
Timmers, unpublished results).
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We found that a MEN1 lipoma-derived mutant, menin
L22R, retained the ability to bind to PPARYy in a yeast two-
hybrid assay (Fig. 6A) but could not coactivate PPARYy in a
luciferase assay (Fig. 7F). Consistent with these findings, we
could detect colocalization of menin L22R with PPAR~ on the
PPREs of the Fabp4 and Agp7 genes (Fig. 5B). Rosiglitazone-
induced H3K4me3 levels at these genes, however, were found
to be reduced (Fig. 5B). Hughes et al. showed that menin
L22R can be incorporated into an enzymatically active MLL
complex (17). Our results demonstrate that menin L22R
bound to PPARy on DNA does not recruit HMT activity.
Possibly, this is due to a conformational change in menin
L22R, which prevents menin from recruiting HMT activity in
the chromatin context.

Menin interacts with PPARy. We studied the interaction
between menin and the AF2 domain of PPARvy. Using yeast
two-hybrid and GST pulldown experiments, we found that this
interaction is not dependent on the presence of ligand (Fig. 6A
and B). In the liganded situation, the affinity of the interaction
seemed slightly weaker than without ligand (Fig. 6B). This is in
contrast to the interactions of menin with ERa and RXR (Fig.
6C), which are ligand dependent and represent classical NR
coactivator interactions (9). Unlike a mutation of ERa(AF2)
helix 12 (9), a mutation of helix 12 of PPARY(AF2) did not
affect the interaction with menin (Fig. 6B). Based on structural
differences within the ligand binding domains, NRs can be
divided into two classes (6). These structural differences be-
tween the AF2 domains of PPARy (which is a class II recep-
tor) and those of ERa and RXR (which are class I receptors)
could be related to differential binding to menin. In support of
this, yeast two-hybrid studies with menin and the ligand bind-
ing domain of VDR, which also belongs to the class II recep-
tors, showed a similar ligand-independent binding (K. M. A.
Dreijerink and H. T. M. Timmers, unpublished results).

The role of the LLWLL (amino acids 263 to 267) motif of
menin for PPARYy function is not entirely clear. Whereas the
LLWAA mutant affects the coactivator function of menin,
binding to AF2 of PPARY is not disturbed (Fig. 6A and 7F). In
contrast, the MEN1 patient-derived mutants LPWLL (L264P)
and LLWLP (L267P) are defective both for PPARy binding
and the coactivator function (Fig. 6D and 7E). Interestingly,
the PPARYy interaction pattern of menin resembles that of
another known PPARYy coactivator, CBP. CBP also does not
interact with PPAR in a classical manner as it is also able to
bind to PPARY irrespective of the presence of ligand. Nuclear
magnetic resonance studies revealed that the segment within
CBP required for the interaction with PPARYy is larger than
the LXXLL motif only (23). Possibly, the PPARy interaction
function of menin also extends beyond the LLWLL motif, as
indicated by the patient-derived mutations. It would be inter-
esting to obtain a structural model for the domain within me-
nin that interacts with PPARYy.

In conclusion, we demonstrate that menin is a direct coac-
tivator for PPAR«y-mediated transcription by recruiting HMT
activity to PPARy target genes. The lipoma-derived menin
L22R mutant, which failed to recruit HMT activity, is defective
in supporting the capacity of PPARYy to induce adipogenesis.
Our results couple PPARy-dependent adipocyte differentia-
tion to MENI1-related lipoma development and possibly other
tissue-specific manifestations of MENI1. The functional linkage
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of PPARYy and menin could form the basis for future thera-
peutic interventions for MEN1 patients.
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