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Distinct pathways regulated by menin and by MLL1 in hematopoietic
stem cells and developing B cells
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Mixed Lineage Leukemia (MLL1) translocations encode fusion proteins retaining the
N terminus of MLL1, which interacts with the tumor suppressor, menin. This interaction is

e MLL1 does not require
interaction with menin to
maintain hematopoietic stem
cell homeostasis.

e Menin and MLL1 are both
critical during B-cell
differentiation, but largely
through distinct pathways.

essential for leukemogenesis and thus is a promising drug target. However, wild-type MLL1
plays a critical role in sustaining hematopoietic stem cells (HSCs); therefore, disruption of
an essential MLL1 cofactor would be expected to obliterate normal hematopoiesis. Here we
show that rather than working together as a complex, menin and MLL1 regulate distinct
pathways during normal hematopoiesis, particularly in HSCs and B cells. We demonstrate
the lack of genetic interaction between menin and MLL1 in steady-state or regenerative
hematopoiesis and in B-cell differentiation despite the fact that MLL1 is critical for these
processes. In B cells, menin- or MLL1-regulated genes can be classified into 3 categories:
(1) a relatively small group of coregulated genes including previously described targets
Hoxa9 and Meis1 but also Mecom and Eya1, and much larger groups of (2) exclusively
menin-regulated and (3) exclusively MLL1-regulated genes. Our results highlight the large degree of independence of these 2 proteins
and demonstrate that menin is not a requisite cofactor for MLL1 during normal hematopoiesis. Furthermore, our data support the

development of menin-MLL1-disrupting drugs as safe and selective leukemia targeting agents. (Blood. 2013;122(12):2039-2046)

Introduction

Translocations disrupting the Mixed Lineage Leukemia (MLLI) gene
occur frequently in infant and secondary acute leukemia as well as
~10% of de novo acute myelogenous leukemia.' Because MLLI
translocations confer very poor prognosis and patients are often
young, new strategies that selectively target the actions of oncogenic
MLLI fusion proteins (MLL1-FPs) have been intensively investi-
gated. The most common result of MLL] translocation is the fusion of
the MLL1 N terminus in-frame to a partner protein to produce MLL1-
FPs. The native MLL1 protein is a histone methyltransferase at the core
of a chromatin-modifying complex.>> This complex is widely distributed
in most cell types and functions in hematopoietic, neural, and vascular
development and homeostasis.*’ Purification of native MLL1 com-
plexes revealed that menin, a tumor suppressor protein, was a component
of this and the related MLL2 chromatin-modifying complex.®®
Several lines of evidence demonstrate that MLL1-FPs require
menin interaction for leukemogenesis. First, mutations in the menin
interaction motif of MLL1-ENL abolish its transforming activity in
hematopoietic cells.'® Second, menin is required for MLL1-FPs to bind
to LEDGF, a PWWP domain—containing protein that participates in
targeting of the MLL complex to chromatin.'" Finally, MenI-deficient
bone marrow (BM) progenitors cannot sustain leukemogenesis driven
specifically by MLL1-FPs.'®!? These data prompted the development
of menin-MLL 1—disrupting peptides and small molecules as potential

targeted therapeutic agents'>'%; however, it is unclear whether the
normal functions of MLL1 similarly depend on menin interaction,
because this domain is also present in the native protein.

Menin is a predominantly nuclear protein encoded by the Multiple
Endocrine Neoplasia type I (MEN1) gene, responsible for a familial
syndrome in which a MENI mutation is accompanied by loss of the
wild-type MENI allele in neuroendocrine tumors.'®> Heterozygous
Men 1 mice also exhibit a similar spectrum of neuroendocrine tumors
with loss of the wild-type allele as in the human syndrome.'®
Intriguingly, menin is unique in the genome, although the recently
solved structure shows the presence of tetratricopeptide repeat motifs
and a transglutaminase-like motif.'”'® The tumor-suppressive role
of menin is cell type—specific; disruption of Menl in the liver or
hematopoietic system does not result in tumors.'®° In addition to
participation in MLL1/MLL2 complexes, menin interacts with and
influences the activity of SMAD proteins, Runx2, JunD, and nuclear
factor kB.2!"3 Furthermore, MenI-deficient cells lack an S-phase
checkpoint, possibly related to interaction with CHES1, a forkhead-
related protein.>* Thus, menin likely plays multiple roles even within
a particular cell type.

Menl and MIII perform similar functions in several biological
settings. Both are essential during embryo development,'*'® and loss
of either gene in embryonic stem cells impairs hematopoietic

Submitted March 1, 2013; accepted July 25, 2013. Prepublished online as
Blood First Edition paper, August 1, 2013; DOl 10.1182/blood-2013-03-
486647.

The online version of this article contains a data supplement.

There is an Inside Blood commentary on this article in this issue.

BLOOD, 19 SEPTEMBER 2013 - VOLUME 122, NUMBER 12

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2013 by The American Society of Hematology

2039

20z aunr zo uo isenb Aq jpd 6£02/99889€ L/6€02/C L/2Z | /pd-ajole/poojqeu-suonedligndyse//:djy woly papeojumog


https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2013-03-486647&domain=pdf&date_stamp=2013-09-19

2040 Lletal

differentiation at a similar stage.”>>” In tissues in which Men! is a
tumor suppressor, the menin-MLL1 complex facilitates expression of
several cyclin-dependent kinase inhibitors (CDKIs), including p18™°
and p27"%", and limits cell proliferation.?®? In hematopoietic cells, the
menin-MLL] complex maintains Hox gene expression instead.'*2%2

MII1 is essential for maintaining hematopoietic stem cells (HSCs)
and progenitor populations in the BM.>**3!' Given this critical role in
hematopoiesis, disruption of an important chromatin-targeting com-
ponent of the MLL1 complex would be predicted to result in rapid
attrition of HSCs and progenitors. Therefore, we set out to determine
the significance of the menin-MLL1 interaction in the normal physi-
ologic functions performed by MLL1 in the hematopoietic system.
For these studies, we focused on 3 processes known to be strongly
dependent on menin or MLL1 or both: HSC homeostasis, engraft-
ment, and B lymphopoiesis.>>**' Our results indicate that MLL1
functions independently from menin for HSC homeostasis, and that
both proteins control pathways that function additively in engraft-
ment. Furthermore, we show that menin and MLL1 independently
play important roles during B-cell differentiation but control largely
independent genetic networks. Importantly, disrupting the menin-
MLL1 interaction cannot recapitulate the block in B-cell differen-
tiation observed in individual knockouts. Our data support the
concept that selective targeting of aberrant gene expression in vivo
can be achieved by disrupting this protein interaction.

Methods

Animals

Men1” and MU mice®® were intercrossed with MxI-cre transgenic (#003556)
or Ragl-cre knock-in*? animals on a B6.SIL background (#002014); RosaYFP
(#006148) mice and 8- to 12-week-old C57BL/6J female recipients were from
The Jackson Laboratory. For transplantation, Men "/ mice were backcrossed to
B6.SJL at Dartmouse speed-congenic facility (Dartmouth). Polyinosinic:
polycytidylic acid (pI:pC) injections were described.” Excision efficiency
was assessed by genomic polymerase chain reaction (PCR) and western
blot. Animal protocols were approved by the Institutional Animal Care and
Use Committee of Dartmouth College.

Flow cytometry, cell sorting, and transplantation

Cells were stained on ice in Hanks buffered saline solution (Mediatech) plus 2%
fetal bovine serum (Invitrogen) and sorted using a FACSAria (BD Biosciences)
with purities ranging from 70% to 90%. Analyses were performed on a
FACSCalibur or FACSCanto (BD Biosciences) and analyzed using FlowJo
software (TreeStar). Competitive transplantation experiments were as
described’' with details in the supplemental Methods on the Blood website.
Blood was collected from the submandibular vein or cardiac puncture into
EDTA-containing microtainer tubes (BD Biosciences). CD45.1" cells were
assessed in recipients up to 25 weeks after engraftment. Reduced lymphocytes
in Men1*” BM?° necessitated a myeloid pregating based on forward scatter
and side scatter parameters (supplemental Figure 1B).

Microarray experiments

Two cohorts (Rag]—cre,'MenIst Menlﬂf; Rag]—cre;M[[Iﬂfvs Mlllf/f, n=4
each genotype) were used to sort fraction B cells. RNA was purified using
Trizol (Invitrogen) followed by RNeasy columns (QIAGEN) and amplified
using MessageAmpll aRNA Amplification Kits (Ambion), labeled using
BioArray HighYield RNA Transcript Labeling Kits (T7; Enzo Life Sciences),
and fragmented and hybridized to mouse 430 2.0 Arrays (Affymetrix) at the
Dartmouth Genomics and Microarray Laboratory. Intensities were determined
with Microarray Suite version 5.0 (Affymetrix), normalized using GCRMA
(BRB-ArrayTools v4.2.1) and differentially expressed probe sets were
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determined by class comparison using unfiltered expression values with fold-
change cutoff of 1.2. A P value cutoff of .001 was used to keep the false
discovery rate < 20%. The data reported in this publication have been deposited
in NCBI's Gene Expression Omnibus database and are accessible through GEO
Series accession number GSE49120.

Recombinant DNA, cell culture, and retroviral infection

The human MLL1 N terminus (wild-type peptide encompassing MLL1 amino
acids 1-167 [MBDwt]) was PCR-amplified and cloned into a retrovirus
(supplemental Figure 7A). The MBDmut peptide has a 5-alanine substitution
of the RWRFP motif. Retroviral supernatant was produced as described in the
supplemental Methods. Lineage-negative BM prepared with a lineage-depletion
kit (Miltenyi) was spin-infected in growth medium containing recombinant
murine cytokines as indicated in the supplemental Methods on retronectin-coated
plates (Takara). BM B cells were enriched using anti-B220-microbeads (Miltenyi),
then infected in Opti-MEM (Invitrogen)-based growth medium plus 5 pg/mL
polybrene (Sigma-Aldrich) and transferred to new plates with fresh growth
medium.

Results

Genetic interaction between Men1 and MII1 in steady-state
hematopoiesis

To determine whether MLL1 requires interaction with menin to
maintain steady-state hematopoiesis, we assessed genetic interactions
during the maintenance of hematopoietic populations. Because MLL1
is critical for maintaining HSCs,>>'** we analyzed HSC-enriched
populations in double heterozygous BM (from pl:pC-injected
MxI-cre;Menl”* :MII”* animals), reasoning that double heterozy-
gotes may exhibit new defects not observed in single heterozygotes.
The absolute number of lineage-negative, Sca-1 positive, c-Kit positive
(LSK) cells or HSCs (LSK/CD150"/CD48 ™ cells; supplemental
Figure 1) in the BM of double heterozygotes was comparable to
controls (Figure 1A-B). This observation demonstrates that the
removal of a single allele of Menl is not sufficient to cripple the
residual function of the single MilI. Complete deletion of MIlI
results in rapid attrition of LSK and BM cells® ; thus, it was not
possible to analyze double knockout BM. To determine whether
Menl is required at all for MIl1 function, we removed both alleles of
Menl in the context of MIl] heterozygosity and analyzed steady-
state BM populations. In MenI-deficient BM, HSC numbers were
within the normal range (Figure 1D) as previously noted,?® although
the LSK population overall was slightly increased (Figure 1C).
Surprisingly, Menl deletion in the context of MIlI heterozygosity
resulted in normal numbers of LSK cells and HSCs in the BM
compared with Menl-deficient BM (Figure 1C-D). The complete
loss of Menl was confirmed by western blot (supplemental Figure 2A).
These data demonstrate that MIl] does not require Men/ to sustain
HSCs during steady-state hematopoiesis.

Hoxa9 and Meis] are coregulated by Menl and Mil1,%'>'> and
we have recently defined a set of direct MLL1 target genes important
for HSC homeostasis.*® To assess whether these bona fide MLL1
target genes are also regulated by menin, quantitative real-time PCR
(qQRT-PCR) was performed using purified LSK cells isolated from
MxI-cre;Men” animals injected with pl:pC. Hoxa9 and Meisl
expression levels were both significantly reduced in Men!-deficient
LSK cells (Figure 1E), as previously observed.”® Some MLLI-
regulated genes were also regulated by menin, including Mecom,
Eyal, and most Hoxa cluster genes (Figure 1E; supplemental
Figure 3). Other MLL1 targets such as Prdm16 were not affected by
Menl deletion (Figure 1E). We also found examples of genes such as
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Figure 1. Steady-state HSC-enriched populations do not depend on menin-MLL1
collaboration despite a reduction in shared target genes. LSK cells (A) or HSCs (B)
(defined as LSK/CD48~/CD150™) are not reduced in double heterozygous BM. Men1 or
Mil1 alleles were deleted by pl:pC injection and animals were analyzed 12 to 13 days after
the first injection. (A) Controls include both Mx1-cre-negative and Mx1-cre;Men1”*
animals, whereas controls in panel B are Mx1-cre;Men1”" (denoted as Men1*/*). Data
from 2 experiments were pooled and 8- to 12-week-old mice were analyzed (A, n = 8-12
animals per genotype, P = .1164; B, n = 4-6 animals per genotype, P = .1712). (C) LSK
cell quantification in Men1-deficient (Men1*”) vs Men1-deficient;Mil1-heterozygous
(Men1;MiI1*"*) BM. Cells were produced as described previously, n = 5-6
animals per genotype, P = .1011 for the comparison between Men?** and Men1**;
MII72* . (D) HSC quantification in Men1** and Men1*;MIi#*/* BM, n = 4-6 animals per
genotype, P = .3451 for the comparison between Men7*”* and Men1*;Mil*’* BM.
Animals were 8 to 9 weeks old when analyzed. (E-F) Gene expression in Men #4 and
wild-type Men1” LSK cells. LSK cells were sorted from 10- to 12-week-old animals 9
days after the first pl:pC injection. Expression levels were normalized to Hprt1, n = 3-4
animals per genotype. Statistical significance was determined using the unpaired
Student t test; error bars represent 95% confidence intervals; ***P = .001; **P < .01.

Necdin (Ndn) and Hoxa4, which were selectively regulated by
menin and not MLL1 (Figure 1F; supplemental Figure 3).>* These
data show that Men! loss affects only a subset of MIII target genes,
and more importantly these gene expression changes are not sufficient
to impact on HSC homeostasis.

Genetic interaction of Men1 and MII1 in regenerative
hematopoiesis

Hematopoiesis under regenerative conditions such as recovery from
myeloablation or competitive transplantation differs from steady-state
hematopoiesis in its dependence on distinct genetic pathways.**
Men-deficient HSCs do not exhibit defects in steady-state hemato-
poiesis but are impaired in competitive transplantation.”® Thus we
evaluated genetic interactions between Men/ and Ml in the setting of
regenerative hematopoiesis. As noted previously,”® we observed a
significant reduction of donor-derived cells in recipients of
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Menl-deficient BM (Figure 2A,C). However, reduced engraft-
ment was not observed in recipients of double heterozygous BM
(Figure 2A,C), indicating that a single copy of each gene provides
sufficient activities of both menin and MLL1 to support hemato-
poietic regeneration. Similarly, myeloid recovery after 5-fluoroura-
cil treatment was not impaired in double heterozygotes either (data
not shown). To assess whether a single copy of MI/I in the com-
plete absence of Menl was sufficient to support hematopoietic re-
generation, we performed competitive transplantation experiments
using Menl AR MILTA donor cells. In this case, the impact of MIlI-
heterozygosity was a slight but significant reduction in donor-derived
cells compared with MenI*® BM, when either peripheral blood
(Figure 2B) or BM lineage-negative/c-Kit-positive (lin ~/c-Kit ™) cells
(Figure 2D) were assessed at 25 weeks after engraftment. This
observation is consistent with a hypothesis that both proteins function
additively through independent pathways, which is explored in more
detail in the B-cell lineage in the following section. Importantly, these
data argue against the view that menin serves as an essential cofactor
for MLLI in regulation of HSC homeostasis.*®

Menin controls B lymphopoiesis at the fraction
C-to-C’ transition

Using an estrogen receptor-cre (ER-cre;Men”) model, B lympho-
poiesis was the only BM population affected by Men/ loss under
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Figure 2. Menin and MII1 function independently during hematopoietic
regeneration. (A-B) Donor-derived (CD45.1) cells in the peripheral blood of
recipients 25 weeks posttransplantation. PBL*, myeloid-gated peripheral blood
leukocytes used to assess donor contribution independent of the B-cell deficit in
Men1-deficient BM (see “Methods”). BM cells of the indicated genotypes were
generated by pl:pC injection, harvested 13 days after the first injection, and then
mixed with wild-type CD45.2 BM cells and injected into lethally irradiated
recipients. Control donor BM was from pl:pC-injected littermates not harboring
the Mx1-cre transgene. (C-D) Donor contribution in the lin~/c-Kit™ fraction of BM
from the same recipients as in panels A-B. To facilitate pairwise comparisons, data from
the Men1*® group in A are regraphed in B; n = 9-11 animals per genotype. Statistical
significance was determined using the unpaired Student ttest; *P =< .05; **P = .01. (A)
P = .0098. (B) P =.0027. (C) P = .041. (D) P = .0284.
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Figure 3. Deletion of Men1 during lymphocyte differentiation results in
a partial block in B-cell differentiation. (A) Pro-B (B220*/CD43"), small pre-B
(B220"/CD43/IgM ™), immature B (B220"/CD43 /IgM™), and (B) splenic B cells
(B220™) were quantified in the BM of Men1” or Ragi-cre;Men1” animals. (C)
Representative fluorescence-activated cell sorter plot illustrating partial fraction C-to-C’
block. (D) Fraction C to fraction C’ ratio comparing Men1” to Rag1-cre;Men1” mice.
Fraction C (B220*/CD43"/BP-1"/HSA®) to fraction C’ (B220"/CD43"/BP-1*/HSAM)
ratios were determined using absolute numbers of the gated populations in the hind
limbs of either genotype. (E) Relative expression of Hoxa9 and Meis1 in pro-B cells
(B2207/CD43*) from Men1” (black bars) or Rag1-cre;Men1” animals (white bars).
Relative expression levels were determined using ribosomal RNA as an internal control.
Three- to 4-week-old animals were analyzed, n = 3-4 animals per genotype. Statistical
significance was determined using the unpaired Student t test; error bars represent
95% confidence intervals; ***P < .001; **P < .01.

steady-state conditions>’; M1 loss also specifically affects B lympho-
poiesis.®>’ Thus we evaluated B-cell differentiation as a process in
which menin and MLL1 may function together as a complex. To
delete combinations of Menl and MIlI alleles specifically in
lymphocytes, a Ragl-cre knock-in allele was used.*> Complete loss
of menin was confirmed by western blot (supplemental Figure 2B).
Ragl-cre;Menl” animals exhibited normal T-cell populations
(data not shown), but reduced B cells in the BM and spleen. Starting
from the small pre-B stage onward, Men! deletion resulted in a
~50% reduction in BM B cells and in splenic B cells (Figure 3A-B;
supplemental Figure 4). We defined the stage at which B-cell
differentiation was affected using the Hardy fractionation scheme>®
and found that Men/ deletion results in a partial differentiation block
at the fraction C-to-C' transition (Figure 3C-D; supplemental
Figure 4), despite the fact that complete deletion of Men/ is achieved
by fraction B (Figure 5A; supplemental Figure 2C). Interestingly,
this is the same stage at which Ragl-cre;MIlI” animals exhibit a
block in B-cell differentiation (Gan et al, in preparation) and both
Hoxa9 and Meis] were reduced in Ragl-cre;Menl” pro-B cells
(Figure 3E), demonstrating that known target genes of Ml are
reduced upon menin loss in this cell type as well. In summary,
these data demonstrate that menin controls B-cell differentiation
at the fraction C-to-C’ transition.
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Genetic interaction between Men1 and MiI1 in B lymphopoiesis

Given that mice can survive without B cells, it was possible to assess the
genetic interaction between Men ! and MilI in developing lymphocytes
using all allelic combinations. Therefore, animals harboring the Rag!-
cre allele and combinations of all 4 floxed alleles were generated and
B-cell populations were analyzed. Despite the fact that Rag I -cre;Men "
and Ragl-cre;MIIP animals phenocopy each other (Figure 4 and
data not shown), no defects in B lymphopoiesis were observed in
double heterozygotes (Figure 4A-B), demonstrating that combined
haploinsufficiency does not significantly impair either Men! or Mil]
function. In contrast, either Menl or Mil1 loss individually reduced
the BM B220™/CD43 ™ population by approximately 50% (Figure 4A,C).
Surprisingly, the analysis of double Menl/MIlI knockouts re-
vealed a further reduction in B cells compared with the individ-
ual knockouts (Figure 4C), a finding that was independent of
animal age (supplemental Figure 5A). Furthermore, the block in
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Figure 4. Genetic interactions between Men? and MII1 in B lymphopoiesis.
(A) Representative example of fluorescence-activated cell sorting gates used in panels
B-D. Percentages shown are relative to the total BM. (B) Comparison of control (Rag1-
cre;Men1”") to double heterozygote (Ragi-cre;Ment”*;Mii1"*) BM B2207/CD43~
populations, n = 7-9 animals per genotype, P = .5111. (C) Comparison of control
(black), single knockout (light and dark gray), and double knockout (white) BM
B220%/CD43~ populations, n = 4-15 animals per genotype. (D) A more severe
fraction C-C’ block in double knockouts compared with either Men1 or Mil1 knockouts,
n = 4-12 animals per genotype. Two-week-old animals were analyzed and ratios were
determined as in Figure 3. Statistical significance was determined using the unpaired
Student t test; error bars represent 95% confidence intervals; ***P = .001; **P < .01.
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Figure 5. Menin and MLL1 regulate common and distinct genes during B
lymphopoiesis. (A) Schematic diagram showing B-cell differentiation using the Hardy
fractionation scheme and nomenclature.*® Below each population is shown the
YFP™" percentage (thus the penetrance of cre excision) determined using Rag1-cre;
RosaYFP reporter animals (Gan et al, in preparation), n = 3-4 animals per population.
Fraction B (gray) cells were used for the microarray analyses. (B) Pie chart showing
the proportions of differentially expressed probe sets in Men1-deficient vs wild-type
fraction B cells. Differentially expressed probe sets were determined as described
in the “Methods” section. (C) Pie chart showing the proportions of differentially
expressed probe sets in Mll1-deficient vs wild-type fraction B cells. Data are from Gan
etal (in preparation) and were analyzed with the same criteria as in panel B. Each group
was compared against its own wild-type littermate controls. (D) Pie chart showing the
number of probe sets in common between the 2 sets of differentially expressed (down-
or upregulated) probe sets in the analyses shown in panels B-C. For details, see
supplemental Figure 6.

differentiation occurred at the same stage in all genotypes, as
illustrated by the increased ratio of fraction C to fraction C’ cells
(Figure 4D). These data suggest that menin and MLL1 both control
pathways critical to the fraction C-to-C' transition, but both
proteins do so through independent additive pathways.

Comparison between Men1- and Mil1-dependent genes in
B cells

Given the presence of menin in native MLL1 complexes®® and

detailed analyses of several genes directly regulated or bound by both
menin and MLL1,'%?%37 we were surprised by the genetic evidence
supporting distinct and additive roles for Men! and MIl] in HSCs and
B cells. To examine the potential overlap in molecular pathways
controlled by either protein in the same cell type, we compared gene
expression profiles of Men - and Mil1-deficient pro-B cells to reveal
the degree to which they regulate common or distinct target genes.
The first population in which gene excision is fully penetrant in
the Ragl-cre animals is fraction B (Figure SA and data not shown).
Therefore, we performed genome-wide expression analysis using

fraction B (B220"/CD43 " /HSA*/BP-1") cells in Ragl-cre;Men "’

animals. This approach confirmed the downregulation of Hoxa9 and
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Meisl in MenI-deficient B cells as observed in other cell types and
was validated using independent qRT-PCR (supplemental Figure 5B).
Overall, we noted that the majority (66%) of differentially expressed
genes were actually upregulated in Men-deficient B cells (Figure 5B),
which is consistent with a documented role of menin as a transcrip-
tional corepressor.! Mil] deletion using the same system resulted in
only 28% upregulated genes with the majority being downregulated
(Figure 5C), consistent with the role of MIll as transcriptional
activator.*® Comparing downregulated genes, very few were down-
regulated in common by Menl or MIli deletion (2.6, or 6.3%,
respectively) (Figure 5D). Interestingly, this overlap of 9 probe sets,
corresponding to 8 genes (supplemental Figure 6), includes Hoxa9,
Meisl, and Eyal, recently shown to be directly regulated by MLL1
and MLL1-FPs.***° Similarly, only a small proportion was found to
be upregulated in common by Menl or MIlI deletion (Figure 5D;
supplemental Figure 6). Taken together with the genetic data from
double heterozygotes and double knockouts (Figure 4B-D), this
observation suggests 2 possibilities. First, Menl and MIll may
regulate the same stage of B-cell development through distinct
mechanisms, using distinct pathways within the nonshared differen-
tially expressed genes. Second, the relevant genes for B lymphopoi-
esis may be defined by the small overlap between the 2 downregulated
gene lists; thus, reduced expression of these few but relevant genes
accounts for the block in differentiation in either knockout. To
distinguish between these possibilities, we pursued a strategy in
which we directly disrupted the menin-MLL1 complex and assessed
gene expression changes and B-cell differentiation.

Disruption of the menin-MLL1 interaction affects gene
expression but not B-cell differentiation

To determine whether the B-cell differentiation block could be
recapitulated by disrupting the menin-MLL1 interaction, we expressed
amenin-MLL1 disrupting peptide (supplemental Figure 7A) based on
the design used by Caslini and colleagues'® and assessed its effect on
gene expression and B-cell differentiation. We first confirmed that the
expression of this MLL1 N-terminal peptide (but not an alanine-
substitution mutant that lacks interaction with menin) inhibited colony
growth of MLL1-AF9 leukemia cells (supplemental Figure 7B). In
MLL1-AF9 cells expressing the disrupting peptide, Meis! expression
was reduced as reported'® and we also observed reduced expression
of Mecom and Eyal (supplemental Figure 7C), three of the genes
identified as shared targets of menin and MLL1 in LSK cells or B cells
(Figure 1D; supplemental Figure 6A). These data demonstrate that
genes co-regulated by Menl and MIlI can be effectively down-
regulated by disrupting their interaction between them.

To determine the effect of this disruption strategy on B-cell
differentiation, we introduced the peptide into primitive BM cells and
assessed B-cell growth and differentiation (Figure 6A). As observed in
MLLI1-AF9 cells, expression of the wild-type, but not mutant peptide
reduced the expression of several menin/MLLI1 shared targets in-
cluding Hoxa9, Meisl, and Eyal (Figure 6B-C). Expression of
the disrupting peptide had no effect on B-cell differentiation or
growth (Figure 6D), despite the misregulation of these targets to
levels observed in the individual knockouts (Figure 6E-F).
Importantly, expression of the disrupting peptide in Menl- or
MIlI-single knockout BM B cells had no further effect on the
expression of the shared target, Eyal (supplemental Figure 8),
demonstrating the specificity of the disrupting peptide. Collec-
tively, these data support the identification of these target genes
as regulated by the menin-MLL1 complex, but also suggest that
downregulation of these target genes is not sufficient to result in
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the block in B-cell differentiation observed in either knockout.
Therefore menin and MLL1 more likely function through independent
pathways to regulate B lymphopoiesis.

Discussion

Because disrupting the menin-MLL1 interaction is actively being
pursued as a therapeutic strategy for leukemia harboring MLLI
translocations'*'* and loss of endogenous MLL1 in the murine or
human hematopoietic system results in cytopenia,”*° we undertook a
genetic analysis of the requirement for MenI-MIl1 interaction during
normal hematopoiesis. Because of the widely appreciated role of
menin in MLL1-FP-mediated leukemogenesis, the discovery of
menin in native MLL1 complexes, and the colocalization of menin,
MLL1/MLL2, and H3K4Me3 at many genomic loci, we initially
expected that menin would prove to be a critical cofactor for the
actions of the MLL1 complex, regardless of tissue or target genes
examined.”'*'%2"-237 We provide several lines of evidence that
MLL1 acts independently from menin in the hematopoietic system.
First, heterozygosity for both Menl and MIl1 had no effect on HSC
homeostasis or regeneration in the BM, despite both of these genes
displaying haploinsufficiency in a variety of settings.*'** More
significantly, complete Menl loss in HSCs produces a much milder
phenotype than MIiI loss (Figure 1D; Jude et al’) and MIiI-
haploinsufficiency contributes additively to the MenI-knockout
engraftment defect (Figure 2B,D). Although Rag!-cre—mediated
Menl deletion does phenocopy MIl1 deletion during B lymphopoi-
esis, the additive severity of the double knockout phenotypes and the
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Figure 6. Disrupting the menin-MLL1 interaction
affects shared target genes in B cells but not B-cell
differentiation. (A) Experimental design for express-
ing the disrupting peptide in wild-type BM cells and
assays to measure its activity. (B-C) The selective
effect of the disrupting peptide on the expression levels
of several shared target genes in cultured BM B cells.
B220-enriched BM cells were infected with peptide-
expressing or empty (MIG) retrovirus and GFP™ cells
were sorted 6 to 10 days later for gRT-PCR assays. (D)
The effect of peptide expression on B-cell growth in
vitro. BM was depleted of lineage-positive cells and the
resulting lineage-depleted population was cultured
overnight and then infected with peptide-expressing
or empty retrovirus. The hatched bar shows the B-cell
growth using BM from Rag1-cre;Men1”" infected with
empty retrovirus. The B-cell percentages were de-
termined at day 8 by flow cytometry. Error bars
represent 95% confidence intervals from 3 replicate
infections. (E-F) The effect of the peptides on gene
expression in B cells expanded in vitro. GFP™" cells as
described in panel D were used for gRT-PCR assays
on day 6. Relative expression levels of the genes
indicated below each set of bars reflect data normal-
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limited degree of overlap in the genes deregulated in either mutant
strongly suggest that MIl] acts without Menl at most target genes.
Finally, we show that disruption of the menin-MLL1 complex does
not result in a block in B-cell differentiation as do the individual
knockouts, despite efficient reduction in shared target gene expres-
sion. These data collectively support a model in which a small number
of genes depend upon the menin-MLL1 complex, but these genes are
not the critical downstream effectors of MI// in HSC homeostasis or
B lymphopoiesis. Thus, MLL1 can maintain the expression of critical
HSC and B-cell genes without menin.

In the case of hematopoietic regeneration after transplantation,
Meni-deficient BM cells exhibit a competitive disadvantage com-
pared with wild-type BM, as noted using ER-cre;Men " or MxI-cre;
Men” mice (Figure 2A,C; Maillard et alzo). Loss of Mil] in fetal®' or
adult HSCs~° results in complete loss of competitive transplantation
activity and the downregulation of genes encoding transcription factors
such as Hoxa9, Meisl, Mecom, and Eyal.33 This common molecular
phenotype suggests that downregulation of this series of transcription
factors may be sufficient to engender a defect in conditions of re-
plicative stress but not steady-state hematopoiesis, and that additional
genes regulated by MIlI and not Menl are critical for maintaining
HSCs under steady-state conditions. Thus, a more comprehensive
analysis between the gene programs affected in the 2 individual
mutants may help distinguish pathways required for maintaining
HSCs vs those employed under conditions of replicative stress.

The data presented here support a significant role for menin outside
of the MLL1 methyltransferase complex, particularly in the control
of B-cell differentiation at the fraction C-to-C’ transition. This func-
tion is unlikely to involve the MLL2 complex because knockout of
MII2 does not result in B-cell defects.** Although there have been
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many menin-interacting proteins reported, the biological significance
of such interactions has not been studied in detail, particularly not in
B cells. However, several studies demonstrate that Men1-deficient cells
are sensitive to double-strand DNA breaks and intrastrand crosslinking
agents and fail to arrest in the presence of such damage.*** Most of
these studies have been performed in fibroblasts or neuroendocrine
cells, but patients’ lymphocytes also exhibit chromosome instability
and sensitivity to DNA-damaging agents.*>*” Therefore, it is possible
that both the defect in HSCs under replicative stress and the defect in
B-cell differentiation relate to an inappropriate response to spontane-
ous or Rag-mediated double-strand DNA breaks, although further
studies will be required to test this hypothesis.

Curiously, the absolute requirement for MLL1-FP to interact with
menin stands in contrast to the minimal role for menin in the function
of endogenous MLL1 in normal hematopoiesis described here. This
suggests that MLL1-FPs regulate a very unique subset of MLL1
target genes that depend strictly on menin for targeting to particular
chromatin landscapes. We provide evidence for this concept by
showing that Hoxa9, Eyal, and Mecom genes, all implicated in
MLL1-FP leukemogenesis, are affected by menin loss. In contrast,
Prdm16, which is not upregulated in MLLI-translocation leukemia,
is not affected by Menl loss (Figure 1F) but is critical for HSC
maintenance.*®*’ These observations are consistent with a model in
which MLL1 complex recruitment to some target genes requires
menin, presumably to facilitate interaction with LEDGF and thus
a particular chromatin landscape. Other genes as dependent on
MLLI1 but unaffected by Menl deletion may rely on distinct recruit-
ment mechanisms through other domains of MLL1. MLL1-response
elements in mammals have been very difficult to define and predict
based on DNA sequence features alone, partially because of an in-
complete understanding of the range and diversity of bona fide MLL1
target genes in specific cell types. The work presented here as well as
a recent study dissecting MlI2-dependent genes in macrophages™
suggest that the analysis of tissue-specific MLL-family target genes
may facilitate the identification of regulatory elements with common
sequence features rendering them responsive to MLL family members.
In other words, target specificity of MLL family members may be
defined by combinatorial use of distinct cofactors (such as menin) at
different biologically relevant classes of target genes.

Overall, our data support the selectivity of menin-MLL1-
disrupting drugs against the actions of leukemogenic fusion proteins and
predict minimal effects on normal hematopoietic functions. However,
the menin-MLL1 complex may play an important tumor suppressive
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role in neuroendocrine cells. Disruption of this complex in pancreatic
B cells may downregulate p18™ ¢ and p27%"! expression, thus
disrupting tumor suppression activity.”®?* These CDKIs are not
regulated by MIl] in hematopoietic cells®*; thus, we were unable to
predict whether inhibition of the menin-MLL1 interaction would
affect expression of these CDKIs in neuroendocrine cells. Further
studies such as targeting inhibitory molecules to endocrine cells
will be important to determine whether this strategy presents a risk
for inhibiting the tumor suppression activity enforced by menin.

Acknowledgments

The authors thank the members of our group for helpful dis-
cussions; Xianxin Hua, Ivan Maillard, and Rachel Gerstein for
advice and critical review; and Kristin Zaffuto for excellent animal
husbandry.

This work was supported by grants from the American Cancer
Society (RSG-10-242-LIB), Gabrielle’s Angel Foundation for Cancer
Research, Lauri Strauss Leukemia Foundation, the National Institutes
of Health, National Heart, Lung, and Blood Institute (HL090036),
and program grants from Leukaemia and Lymphoma Research and
the Medical Research Council (T.H.R.). The Dartmouth Genomics
and Microarray Laboratory received support from a Cancer Center
Core Grant (CA23108), and Dartmouse was established by funding
from the National Center for Research Resources (P20-RR16437).

Authorship

Contribution: B.E.L. performed most of the experiments, ana-
lyzed the data, and wrote the manuscript; T.G. performed experi-
ments and provided important advice; M.M. and T.H.R. provided
critical strains; and P.E. conceived of and directed the project and
wrote the manuscript.

Conflict-of-interest disclosure: P.E. owns Amgen stock. The
remaining authors declare no competing financial interests.

Correspondence: Patricia Ernst, Geisel School of Medicine at
Dartmouth, Department of Genetics, HB 7400, Remsen 725, Hanover,
NH 03755; e-mail: patricia.ernst@dartmouth.edu.

References
1. Krivtsov AV, Armstrong SA. MLL translocations, 6. Lim DA, Huang YC, Swigut T, et al. Chromatin essential oncogenic cofactor for MLL-associated
histone modifications and leukaemia stem-cell remodelling factor Mil1 is essential for leukemogenesis. Cell. 2005;123(2):207-218.
development. Nat Rev Cancer. 2007;7(11):823-833. neurogenesis from postnatal neural stem cells. L .
] ) Nature. 2009;458(7237):529-533. 11. Yokoyamg A, Qleary ML. Menin critically Ilnlks
2. Nakamura T, Mori T, Tada S, et al. ALL-1 is a . L . . . MLL proteins with LEDGF on cancer-associated
histone methyltransferase that assembles a 7. Diehl F, BOSSIQ L, Zeiher AM, Dlmmelerl S, Urbich target genes. Cancer Cell. 2008;14(1):36-46.
supercomplex of proteins involved in transcriptional C. The histone methyltransferase MLL is an
regulation. Mol Cell. 2002;10(5):1119-1128. upstream regulator of endothelial-cell sprout 12. Chen YX, Yan J, Keeshan K, et al. The tumor
formation. Blood. 2007;109(4):1472-1478. suppressor menin regulates hematopoiesis and
3. Milne TA, Briggs SD, Brock HW, et al. MLL myeloid transformation by influencing Hox gene
targets SET domain methyltransferase activity 8. Yokoyama A, Wang Z, Wysocka J, etal. expression. Proc Natl Acad Sci USA. 2006;
X , Leukemia proto-oncoprotein MLL forms a SET1- i
to Hox gene promoters. Mol Cell. 2002;10(5): N X . 103(4):1018-10283.
11071117 like histone methyltransferase complex with
' menin to regulate Hox gene expression. Mol Cell ~ 13. Caslini C, Yang Z, EI-Osta M, Milne TA, Slany RK,
4. Ermst P, Fisher JK, Avery W, Wade S, Foy D, Biol. 2004;24(13):5639-5649. Hess JL. Interaction of MLL amino terminal
Korsmeyer SJ. Definitive hematopoiesis requires 9. Hughes CM, Rozenblatt-Rosen O, Milne TA, et al. sequences with menin is required for
the mixed-lineage leukemia gene. Dev Cell. 2004; Menin associates with a trithorax family histone transformation. Cancer Res. 2007;67(15):
6(3):437-443. methyltransferase complex and with the hoxc8 7275-7283.
5. Jude CD, Climer L, Xu D, Artinger E, Fisher JK, locus. Mol Cell. 2004;13(4):587-597. 14. Grembecka J, He S, Shi A, et al. Menin-MLL
Ernst P. Unique and independent roles for MLL in 10. Yokoyama A, Somervaille TC, Smith KS, inhibitors reverse oncogenic activity of MLL fusion

adult hematopoietic stem cells and progenitors.
Cell Stem Cell. 2007;1(3):324-337.

Rozenblatt-Rosen O, Meyerson M, Cleary ML.
The menin tumor suppressor protein is an

proteins in leukemia. Nat Chem Biol. 2012;8(3):
277-284.

20z aunr zo uo isenb Aq jpd 6£02/99889€ L/6€02/C L/2Z | /pd-ajole/poojqeu-suonedligndyse//:djy woly papeojumog


mailto:patricia.ernst@dartmouth.edu

2046

20.

21.

22.

23.

24.

25.

26.

Ll et al

Chandrasekharappa SC, Guru SC, Manickam P,
et al. Positional cloning of the gene for multiple
endocrine neoplasia-type 1. Science. 1997;
276(5311):404-407.

Crabtree JS, Scacheri PC, Ward JM, et al.

A mouse model of multiple endocrine neoplasia,
type 1, develops multiple endocrine tumors. Proc
Natl Acad Sci USA. 2001;98(3):1118-1123.

Murai MJ, Chruszcz M, Reddy G, Grembecka J,
Cierpicki T. Crystal structure of menin reveals
binding site for mixed lineage leukemia (MLL)
protein. J Biol Chem. 2011;286(36):31742-31748.

Huang J, Gurung B, Wan B, et al. The same
pocket in menin binds both MLL and JUND but
has opposite effects on transcription. Nature.
2012;482(7386):542-546.

Scacheri PC, Crabtree JS, Kennedy AL, et al.
Homozygous loss of menin is well tolerated in
liver, a tissue not affected in MEN1. Mamm
Genome. 2004;15(11):872-877.

Maillard I, Chen YX, Friedman A, et al. Menin
regulates the function of hematopoietic stem cells
and lymphoid progenitors. Blood. 2009;113(8):
1661-1669.

Agarwal SK, Guru SC, Heppner C, et al. Menin
interacts with the AP1 transcription factor JunD
and represses JunD-activated transcription. Cell.
1999;96(1):143-152.

Heppner C, Bilimoria KY, Agarwal SK, et al. The
tumor suppressor protein menin interacts with
NF-kappaB proteins and inhibits NF-kappaB-
mediated transactivation. Oncogene. 2001;
20(36):4917-4925.

Kaji H, Canaff L, Lebrun JJ, Goltzman D, Hendy
GN. Inactivation of menin, a Smad3-interacting
protein, blocks transforming growth factor type
beta signaling. Proc Nat/ Acad Sci USA. 2001;
98(7):3837-3842.

Busygina V, Kottemann MC, Scott KL, Plon SE,
Bale AE. Multiple endocrine neoplasia type 1
interacts with forkhead transcription factor CHES1
in DNA damage response. Cancer Res. 2006;
66(17):8397-8403.

Ernst P, Mabon M, Davidson AJ, Zon LI,
Korsmeyer SJ. An Mil-dependent Hox program
drives hematopoietic progenitor expansion. Curr
Biol. 2004;14(22):2063-2069.

Novotny E, Compton S, Liu PP, Collins FS,
Chandrasekharappa SC. In vitro hematopoietic
differentiation of mouse embryonic stem cells
requires the tumor suppressor menin and is
mediated by Hoxa9. Mech Dev. 2009;126(7):
517-522.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

BLOOD, 19 SEPTEMBER 2013 * VOLUME 122, NUMBER 12

Agarwal SK, Jothi R. Genome-wide
characterization of menin-dependent H3K4me3
reveals a specific role for menin in the regulation
of genes implicated in MEN1-like tumors. PLoS
ONE. 2012;7(5):€37952.

Milne TA, Hughes CM, Lloyd R, et al. Menin and
MLL cooperatively regulate expression of cyclin-
dependent kinase inhibitors. Proc Natl Acad Sci
USA. 2005;102(3):749-754.

Karnik SK, Hughes CM, Gu X, et al. Menin
regulates pancreatic islet growth by promoting
histone methylation and expression of genes
encoding p27Kip1 and p18INK4c. Proc Natl Acad
Sci USA. 2005;102(41):14659-14664.

McMahon KA, Hiew SY, Hadjur S, et al. MIl has
a critical role in fetal and adult hematopoietic stem
cell self-renewal. Cell Stem Cell. 2007;1(3):
338-345.

Gan T, Jude CD, Zaffuto K, Ernst P.
Developmentally induced MII1 loss reveals
defects in postnatal haematopoiesis. Leukemia.
2010;24(10):1732-1741.

McCormack MP, Forster A, Drynan L, Pannell R,
Rabbitts TH. The LMO2 T-cell oncogene is
activated via chromosomal translocations or
retroviral insertion during gene therapy but has no
mandatory role in normal T-cell development. Mol
Cell Biol. 2003;23(24):9003-9013.

Artinger EL, Mishra BP, Zaffuto KM, et al. An
MLL-dependent network sustains hematopoiesis.
Proc Natl Acad Sci USA. 2013;110(29):
12000-12005.

Rossi L, Lin KK, Boles NC, et al. Less is more:
unveiling the functional core of hematopoietic
stem cells through knockout mice. Cell Stem Cell.
2012;11(3):302-317.

Smith E, Lin C, Shilatifard A. The super elongation
complex (SEC) and MLL in development and
disease. Genes Dev. 2011;25(7):661-672.

Hardy RR, Carmack CE, Shinton SA, Kemp JD,
Hayakawa K. Resolution and characterization of
pro-B and pre-pro-B cell stages in normal mouse
bone marrow. J Exp Med. 1991;173(5):
1213-1225.

Scacheri PC, Davis S, Odom DT, et al. Genome-
wide analysis of menin binding provides insights
into MEN1 tumorigenesis. PLoS Genet. 2006;
2(4):e51.

Schuettengruber B, Martinez AM, lovino N,
Cavalli G. Trithorax group proteins: switching
genes on and keeping them active. Nat Rev Mol
Cell Biol. 2011;12(12):799-814.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Wang QF, Wu G, Mi S, et al. MLL fusion proteins
preferentially regulate a subset of wild-type MLL
target genes in the leukemic genome. Blood.
2011;117(25):6895-6905.

Paggetti J, Largeot A, Aucagne R, et al. Crosstalk
between leukemia-associated proteins MOZ and
MLL regulates HOX gene expression in human
cord blood CD34+ cells. Oncogene. 2010;29(36):
5019-5031.

Crabtree JS, Scacheri PC, Ward JM, et al. Of
mice and MEN1: insulinomas in a conditional
mouse knockout. Mol Cell Biol. 2003;23(17):
6075-6085.

Yu BD, Hess JL, Horning SE, Brown GA,
Korsmeyer SJ. Altered Hox expression and
segmental identity in MIl-mutant mice. Nature.
1995;378(6556):505-508.

Yamashita M, Hirahara K, Shinnakasu R, et al.
Crucial role of MLL for the maintenance of
memory T helper type 2 cell responses. Immunity.
2006;24(5):611-622.

Glaser S, Lubitz S, Loveland KL, et al. The
histone 3 lysine 4 methyltransferase, M2,

is only required briefly in development and
spermatogenesis. Epigenetics Chromatin. 2009;
2(1):5.

Jin' S, Mao H, Schnepp RW, et al. Menin
associates with FANCD2, a protein involved in
repair of DNA damage. Cancer Res. 2003;63(14):
4204-4210.

Scappaticci S, Maraschio P, del Ciotto N,
Fossati GS, Zonta A, Fraccaro M. Chromosome
abnormalities in lymphocytes and fibroblasts

of subjects with multiple endocrine neoplasia
type 1. Cancer Genet Cytogenet. 1991;52(1):
85-92.

Itakura Y, Sakurai A, Katai M, lkeo Y, Hashizume
K. Enhanced sensitivity to alkylating agent

in lymphocytes from patients with multiple
endocrine neoplasia type 1. Biomed
Pharmacother. 2000;54(Suppl 1):187s-190s.

Aguilo F, Avagyan S, Labar A, et al. Prdm16 is
a physiologic regulator of hematopoietic stem
cells. Blood. 2011;117(19):5057-5066.

Chuikov S, Levi BP, Smith ML, Morrison SJ.
Prdm16 promotes stem cell maintenance in
multiple tissues, partly by regulating oxidative
stress. Nat Cell Biol. 2010;12(10):999-1006.

Austenaa L, Barozzi I, Chronowska A, et al.

The histone methyltransferase Wbp7 controls
macrophage function through GPI glycolipid
anchor synthesis. Immunity. 2012;36(4):572-585.

20z aunr zo uo isenb Aq jpd 6£02/99889€ L/6€02/C L/2Z | /pd-ajole/poojqeu-suonedligndyse//:djy woly papeojumog



