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Abstract

I n the hematopoietic system,menin wasfound to interact with MLL, a largeprotein encoded
by the mixedlinageleukemiagenethat actsasahistone H3 merhyltransferase.TheMLL gene
is a recurrent target for translocations in both acute myeloidand acute lymphoid leukemias.

MLL gene rearrangements involvea varietyof translocation partners, givingrise to MLL fusion
proteins whose transforming ability is mediated through upregulated expression of Homeobox
(Hox) genesas well as other targets. Recent work indicates that menin is an essentialparmer of
MLL fusion proteins in leukemiccellsand that it regulatesnormal hematopoiesis. In the absence
of menin,steady-state hematopoiesisislargely preserved; however,menin-deficienr hematopoietic
stem cellsaremarkedlydeficientin situationsofhematopoietic stress, suchasduring recoveryafter
bone marrow transplantation. In leukemias driven by MLL fusion proteins, menin is essential
for transformation and growth ofthe malignant cells. Thus, menin-Ml.L interactions represent a
promising therapeutic target in leukemiaswith MLL rearrangements.

Introduction

Menin Is Associated with MLL, a Histone Methyltransftrase Rearranged
in Leukemia

Recognition of the roleofmenin in normal and neoplastic hematopoiesisarose from studies
ofthe mixedlineageleukemiageneMLL, the mammalianhomologofDrosophila trithorax.MLL
rearrangementsareacommoncauseof both acutelymphoidand myeloidleukemias (Fig.!).Among
lymphoid leukemiasthe most common MLL rearrangementsare the t(4; 11) and t( 11; 19) trans
locations,which areassociatedwith pro-B-cellieukemiasthat express MLL-AF4andMLL -ENL
respectively. The most common MLL rearrangementsin acute myeloidleukemiasinclude the t(9;
11), t(l1 ; 19) and t(10; 11), which express MLL -AF9,MLL-ELL andMLL-AFlO respectively.
MLL rearrangementsarealsocommon in secondaryacutelymphoid and myeloidleukemias arising
followingtherapywith topoisomeraseinhibitors suchasetoposide.' In all, more than 50 different
translocationshavebeen identified.

MLL (3968 aa) isproteolyticallycleaved into two fragmentsbeforeentering the nucleus.P'The
amino terminusof (MLLN) isa 300 kD protein that directlytargetsMLL to specific chromosomal
sites including promoters and coding regions of Hoxgenes. These sequencesspan a short evolu
tionarily conserved N-terminal domain (NTD), three AT hooks, which bind the minor groove
ofDNA and a nonenzymatic DNA methyltransferasehomology (DNMT) region that ispivotal
for MLL binding to unmethylated CpG-rich DNA. 4.5 The C terminus ofMLLN contains several
regionswith high homology to trx.These include three cysteine-richzinc finger domains (termed
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Figure 1. Schematic of MLL and the two general types of MLL fusion proteins. The most com
mon translocations fuse MLL to nuclear translocation partners with transcriptional activating
activity. Many of these are components of the MLL Partner Activating Complex (MPAC) (see
text and Fig.2). Lesscommonly, MLL is fused to a translocation partner that transforms through
dimerization of the truncated MLL molecule. MLL-FKBPis an experimental fusion protein that
transforms only in the presence of synthetic dimerizer. MLL and both classes of MLL fusion
proteins interact with menin via sequences in the extreme amino terminus.

PHD for plant homeodomain) which flank an imperfect bromodomain, a domain implicated in
binding to acetylated histones .2,3,6-8

The 180 kD MLLc peptide noncovalently associateswith MLL N and has potent transcriptional
activating activity.z'3 Transcriptional activation by MLL involves a concerted series of histone
modifications mediated by MLLe. The MLL SET domain has intrinsic histone methyltrans
ferase activity specific for histone H3 lysine 4 and that this plays a major role in transcriptional
activation.S'? In addition, histone acetylation also contributes to transcriptional activation. The
histone acetyltransferase (HAT) CBP is recruited by MLL via hydrophobic interactions in MLL
aa 2829-2883.11,12 MLL also interacts with the histone acetyltransferase M0 F,an interaction that
is important for transcriptional activation.'!

Studies by several laboratories have shown that MLL is associated with mammalian homologs
ofproteins in the yeast Set1 merhylrransferase complex. These include a core complex composed of
hASH2, Rbb'i , WDRS and Dpy30. 13-

IS This complex associates with the MLL SET domain and,
via WDRS, targets MLL to sites ofhistone H3lysine 4 dtmerhylarlon." Importantly, the MLL
complex also contains menin.F'The exact function ofmenin is yet to be determined, although it
is clear that menin is directly involved with transcriptional regulation. Menin has been reported
to repress transcriptional activation by transcription factors ]unD18 and NF-lCB.1

9 However, our
studies show that menin is involved in transcriptional activation. Menin interacts with the serine
5 phosphorylated form ofRNA polymerase II (RNA pol II) and is required for transcription of
target genes including the clustered Hox genes.IU OMenin interacts with MLL via a domain that is
conserved in all leukemogenic MLL fusion proteins and apparently recruits MLL to target loci.

The best understood targets of MLL are the clustered homeobox or Hox genes, which are
transcription factors that specify segment identity and cell fate during development. Previous
studies showed that Mil (Mil = murine MLL) positively regulates Hox gene expression during
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development" because heterozygous Mil knockout mice showed posterior shifts in Hox gene
expression. Moreover, Mil knockout mice are embryonic lethals in which patterns ofHoxexpres
sion initiate normally, but are not maintained past embryonic day 9.5, when Hoxexpression drops
to undetectable levels, indicating a pivotal role for MLL in maintenance ofHoxgene expression.

Work done by our laboratory and others has also identified additional MLLImenin targets
that are outside of the clustered Hox genes. Building on insights gained from growth data and
microarray gene expression analysis on MIl and menin knockout fibroblasts, we determined that
MLL directly regulated the expression of the cyclin-dependent kinase inhibitors p2!Upl and
pUlnk4cy We foun~ that menin activates transcription via a mechanism involving recruitment
ofMLL to the p2rzp1 and p1glnk4cpromoters and coding regions. Loss of function ofMLL or
men in, either thro~gh ablation or expression ofmutant alleles found in patients, results in down
regulation ofp27Kip1 and p1glnk4cexpression and deregulated cell growth. These findings were
further extended by analyzing a seriesofpancreatic~d parathyroid tumors from MEN1patients.
These studies confirmed a marked decrease in p2rzp1 in tumoral tissues. In aggregate, our data
suggest that regulation ofCDK inhibitor transcription by cooperative interaction between menin
and MLL plays a central role in menin's activity as a tumor suppressor. These findings have been
subsequently confirmed by other investigators.23-25

Role ofMenin in Hematopoiesis
Normal hematopoiesis is markedly impaired in the absence ofMIl and significant, but not over

lapping, hematopoietic defects have now been identified in conditional menin knockout mice.
In the embryo, MIl is required to establish normal primitive and definitive hematopoiesis.v "

In addition, recent evidence shows that MIl is essential to support the homeostasis of adult he
matopoietic progenitors.P'" In one of the two reports investigating this question, loss ofMIl led
to rapid and profound hematopoietic failure." This was associated with an initial decrease in the
quiescence ofhematopoietic stem cells (HSCs), followed by HSC loss, as well as with downregu
lated expression ofHoxa9,Hoxa7 and other clustered Hoxgenes. In the other report using an al
ternative approach to inactivate theMllgene, steady-state hematopoiesis was lessseverelyimpaired,
but MIl-deficient HSCs were markedly defective upon competitive transplantation into lethally
irradiated hosts." The basis for this difference in phenotypic severity is unclear, although it was
likely related to differences in genetic strategies and may have resulted from incomplete elimina
tion ofMIl function in the mice with the lesssevere phenotype.'? Altogether, this work identified
key roles for MIl both in the establishment ofhematopoiesisduring embryonic development and
its subsequent maintenance throughout life.

In view of these findings and because men in interacts with the MIl complex in leukemic
cells, it was important to delineate the physiological impact ofmenin on normal hematopoiesis.
Menin-deficlent mice die during mid-gestation with multiple developmental defects." Therefore,
evaluating the role ofmenin in hematopoiesis required the useofa conditionalMen1 allele." Men1
inactivation in adult mice led to a modest decrease in the peripheral blood white cell count, as
well as to a decreased ability ofbone marrow progenitors to generate colonies in methylcellulose
assays." Unlike in MIl-deficient mice, loss ofmenin did not lead to overt hematopoietic failure.
We havenow investigated in detail the function ofmenin-deficient hematopoietic progenitors." In
the absence ofhematopoietic stress, menin-deficient mice were able to maintain normal numbers
of primitive hematopoietic progenitors containing hematopoietic stem cells, nonself-renewing
multipotent progenitors and myeloerythroid progenitors. However, although common lymphoid
progenitors were preserved, numbers of downstream B lineage progenitors were significant ly
decreased in the bone marrow, indicating that the lymphoid lineage is particularly sensitive to
the loss of menin. In contrast to the mild defects observed during steady-state hematopoiesis,
menin-deficient hematopoietic stem cells had a severely impaired repopulation potential in
competitive tran splantation assaysand were also defective after drug-mediated chemoablation.
Altogether, this discrepancy between a relatively well preserved steady-state hematopoiesis and
profoundly abnormal HSC function after transplantation or chemoablation points to a specific
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roleof menin in the adaptiveresponse ofHSCs to hematopoieticstress, a situation that involves
the recruitment of quiescentHSCs into a burst of rapid proliferation.

The preservation of relatively normal hematopoiesis at steady-state in the absence of menin
contrastswith the profoundhematopoieticfailure reportedafterlossof MIl,suggesting that menin
maybe absolutely requiredonly for a subsetof MIl'sfunctions.29.33.34 It remains to be determined
if other proteins can substitute for menin to support MIl function in certain conditions, or if
MIl can exert someof its effects totally independentlyof menin. An improvedunderstandingof
rnenins precise role in the MIl complex during transcriptional regulation will be important to
answerthis question.

The relevanttarget genesof menin in the hematopoieticsystem remainto beidentified.Hoxa9
deficiency causes defectsin HSC and lymphoidprogenitorfunction that sharecharacteristics with
the defects observed after menin loss.35.36 Therefore, it was tempting to speculate that reduced
Hoxa9 expression would account for at leastsomeof the defectsof menin-deficient progenitors.
Intriguingly,wefound that Hoxa9 expression wasnormal in menin-deficient progenitorfractions
containing HSCS.34 Thesefindings indicate that MIl and other regulatory inputs can maintain
Hoxa9 expression without menin in steady-state conditions. However, maintenanceor induction
ofHoxa9 expression duringaproliferative burst associated with hematopoieticstressmayrequire
menin-dependent epigenetic changes. Alternatively, the physiological role of menin in HSCs
may not require Hoxa9 at all and thus be dissociated from its role in supporting MLL fusion
protein-mediated transformation.

Although it isclearthat Hoxgenesare regulatedbyMIland mediatemanyof itseffects during
transformation, the downstreamgenes that mediate MIl's effects in normal hematopoietic cells
havealsonot beenformally identified.Loss-of-function approaches haveshownthat the individual
Hox genesexaminedso far do not support hematopoieticfunctions that are asprominent as the
overalleffectof MIl. Future work willhaveto establishif a combination of Hox genes regulated
by MIl mediates its hematopoietic functions, or if MIl acts predominantly through non-Hox
target genes.

The specific involvement of menin in HSC function during hematopoieticstresshas several
practicalconsequences. First,studyofmenin-deficient progenitorsmaygiveimportant insightsin
the regulation of the complexHSC response to situationsof hematopoieticstress.This adaptive
response isstillpoorlyunderstood,yetit isfunctionallycriticalin manysituationsthat arerelevant
to humanhealth,suchashematopoieticrecovery afterchemotherapy or bonemarrowtransplanta
tion. Ofparticular interest isthe regulationofepigeneticchangesthat mustoccurin HSCs in this
contextand that mayunderliethe abilityofHSCs to maintain expression of afunctionalstemcell
program evenwhileundergoingseveral rounds of rapid self-renewal divisions.

Role ofMenin in Leukemogenesis
All the MLL fusionproteins examinedto date upregulateexpression ofHoxa9 and Meisl and

this appearsto bepivotalfor leukemogenesis.Hox genes includingHoxa7 anda9 and theHox co
factorMeisl arenormallyonlyexpressed in earlyScal+Lin-hematopoietic stemcells and then their
expression is rapidlydownregulated.F"? Although MLL is expressed throughout hematopoietic
differentiation,normallyHox geneand Meisl expression is physiologically down modulated. In
the presenceof MLL fusionproteins, this mechanismis perturbed. In keepingwith this, human
leukemias with MLL rearrangements, either lymphoidor myeloid, consistently express HOXA7,
HOXA9 andMEIS1.41-43 Experimental modelsprovidestrongevidence that upregulationofHox
genes, particularlyHoxa9 and Meisl, accountsfor MLL fusionprotein leukemogenicity. Hoxa7
andHoxa9 areconsistently expressed in leukemiasarisingin BXH2 asa resultof retroviralintegra
tion.44•45Notably, more than 95% ofleukemiaswith Hoxa7 and a9 overexpression showa second
integrationresulting inoverexpression ofMeisl.CotransductionofHoxa9 andMeisl immortalizes
hematopoieticprogenitors in vitro and rapidlyaccelerates leukemiadevelopmentin transplanted
mice." Theseresultsare further supported by the inabilityofMLL fusion proteins to transform
Hoxa9 knockout bone marrow,"
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Figure2.Transduction of leukemic cells w ith expression vectors thatcoexpress green fluorescent
protein and peptides that inhibit the MLL-menin interaction inhibits growth. Growth curve
analysis of cells purified by sorting for GFP expression. All peptides that inhibit MLL-menin
interaction (M LL2-167, MLL2-62, MLL 2-44 , MLL~35-103 inhibit growth while those that do
not block the interaction (M LL2-35, MLL15-167, GFP) do not. Points show means of triplicate
experiments, wh ile bars show standard deviation. (Reproduced with permission from Caslini
et al. Cancer Res67:7275-83, 2007 ).

Menin is required for transcriptional activation and transformation by MLL fusion proteins.
The protein binds to the N terminal 44 aa ofMLL that are remote from the SET domain or MOF
interaction domains. Previously we showed that menin interacts with the serine 5 phosphorylated
form ofRNA polymerase IFo and in addition found that in fibroblasts menin appears to be im
portant for recruitment of the MLL rnethyltransferase complex to target promoters.10 It is likely
that similar mechanisms are operative in hematopoietic cells. Deletion of the men in interaction
domain from MLL fusion proteins results in complete loss ofimmortalizing ability. Furthermore
we showed that dominant negative inhibitors ofthe MLL-menin interaction. which were derived
from N-terminal MLL peptides inhibited the growth ofMLL transformed cells (Fig.2). This is
accompanied by down regulation ofMLL targets including Hox genes and Meisl"

Conclusion
Menin functions as an essential partner ofMLL proteins within a large multiprotein complex

with homology to the yeast Set! methyl transferase complex. Although the precise biochemical
mechanisms of menins action remain to be fully investigated. it is clear that men in contributes
to MLL-mediated Histone 3 Lysine 4 methylation at target gene loci. Menin regulates the ho
meostasis ofnormal hematopoietic progenitors. In addition, menin appears essential to mediate
the transcriptional effects ofMLL fusion proteins in leukemic cells, such as upregulation ofHox
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gene expression. As menin has only modest effects on hematopoietic stem cellsin steady-state
conditions,our findings suggest the existence of a therapeuticwindow to target the menin-MLL
interaction in leukemiastemcells whilesparingadjacentnormal stem cells, at leastin the absence
of hematopoietic stress. These findings suggest that targeting the MLL-menin interaction is a
promisingtarget for leukemias with MLLrearrangements andpossibly other leukemias with high
levelHox and Meis1 expression.
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