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Hematopoiesis is maintained and sustained
throughout life by rare hematopoietic stem
cells (HSCs). The hematopoietic system is
organized in a hierarchy with the primitive
HSCs at the top, generating mature progeny
through a series of intermediate and pro-
gressively restricted progenitor cells. Normal
blood cell development is a tightly controlled
process, regulated by transcription factors
and epigenetic regulators internally and by
cytokines and cellular interactions in the
bone marrow microenvironment. Perturba-
tion of the critical molecular regulators is
associated often with malignancy of the
hematopoietic system, such as leukemia. A
key transcriptional regulator in HSCs, the
mixed lineage leukemia (MLL) gene, is com-

monly mutated in both myeloid and lym-
phoid leukemia (1). MLL is the mammalian
ortholog of Drosophila melanogaster Tri-
thorax and widely expressed in multiple
organs and tissues including the hematopoi-
etic system and neuronal and vascular sys-
tems (2–4). It belongs to a family of histone
methyltransferases, where the MLL protein
specifically methylates histone H3 on lysine
4 (H3K4), a mark associated with active
transcription. MLL is included in a larger
multiprotein complex containing protein
with chromatin modification and remodeling
functions (5). The MLL gene is frequently
rearranged through chromosomal transloca-
tions, most notably in >70% of cases of
infant leukemia and in 10% of all acute

myelogeneous leukemia (AML) and acute
lymphoblastic leukemia (ALL) (5, 6). The
presence of MLL rearrangement in leuke-
mia is generally associated with a poor
prognosis. The chromosomal transloca-
tions result in MLL fusion proteins that
lead to aberrant target gene expression. Re-
markably, the chromosomal translocations
result in production of more than 50 dif-
ferent MLL fusion proteins composed of
the N terminus of the MLL protein fused
with diverse partners (5, 6). Given the
shared N-terminal domain, it is likely that
MLL fusion proteins target many of the
same gene loci as the WT full-length MLL
protein. Indeed, the most established tar-
gets for both the normal MLL protein and
MLL fusion proteins are the Homeobox
(HOX) genes. HOX genes are critical tran-
scription factors in the establishment of cell
identity and patterning of body structures
during early embryonic development. In
patients, overexpression of HOX transcrip-
tion factors is a hallmark of leukemia caused
by MLL rearrangement (7, 8). Much work
has been done to unravel the molecular net-
work in leukemia caused by MLL fusion pro-
teins, whereas the normal MLL protein and
its molecular targets in hematopoiesis are less
well characterized. Elucidation of the MLL
gene expression network and its regulation
in a nonpathogenic setting may improve our
understanding of the mechanisms by which
rearranged MLL causes leukemia. In PNAS,
Artinger et al. (9) identify the transcriptional
network of MLL in the hematopoietic sys-
tem and show that it extends beyond Hox
genes to include several genes implicated in
HSC function (Fig. 1).
Prior studies have demonstrated an essen-

tial role for the MLL protein in maintenance
and self-renewal of HSCs. Complete loss of
Mll in the developing mouse is embryonic
lethal. KO embryos die between embryonic

Fig. 1. The molecular targets of MLL in hematopoietic stem and progenitor cells. Five transcription factors were
identified to be directly regulated by MLL in hematopoietic stem and progenitor cells. The gene activation of Hoxa9
and Mecom is dependent on the MLL cofactor Menin, whereas Eya1, Pbx1, and Prdm16 are cofactor independent.
MLL controls HSC maintenance and proliferation through Prdm16 by regulating cell cycle.
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days 12.5 and 16.5 and have reduced num-
bers of HSCs. Conditional deletion of Mll
in adult mice leads to bone marrow failure
within 3 wk. In both settings, Mll-deficient
HSCs are at a great disadvantage when chal-
lenged in a competitive transplantation set-
ting and exhibit selective loss of quiescent
HSCs through increased cell cycling rather
than cell death (10, 11).
Artinger and colleagues perform a global

gene expression study comparingMll-deleted
and WT stem and progenitor cells (HSPCs).
Microarray analysis identified 1,607 up- and
328 down-regulated genes. A large propor-
tion of the up-regulated genes was associated
with proliferation and cell cycling, as ex-
pected from previous studies. Notably, trans-
criptional regulators represented the largest
annotated group of the down-regulated genes.
Of these, the authors identify five genes
(Mecom, Prdm16, Pbx1, Eya1, and Hoxa9)
that were consistently down-regulated. Not
surprisingly, most of the genes identified have
been implicated previously in HSC mainte-
nance and proliferation (12–15), consistent
with a role for MLL in HSC function.
The N-terminal portion of MLL interacts

physically with several proteins, including
Menin, a tumor suppressor protein contain-
ing a sequence-specific DNA binding motif.
Menin is essential for regulation of Hoxa9 by
MLL in leukemogenesis (5). To interrogate
the direct interaction of MLL with the iden-
tified transcriptional regulators, Artinger
et al. first assess the presence of MLL at pos-
sible targets by ChIP analyses. As with the
Hoxa9 locus, all of the identified gene loci
were bound by the MLL protein. However,
unlike Hoxa9, targeting of MLL to the gene
loci was independent of the cofactor Menin,
with the exception ofMecom. Next, to exam-
ine the interaction of the HSC associated
transcriptional regulators, the authors per-
form a series of tissue culture overexpression
studies in WT and Mll-deleted HSPCs. Al-
though, forced expression of individual tran-
scription factors affected the gene expression
of the other regulators, most did not restore
gene expression to WT levels inMll-deficient
cells, indicating independent and diverse

functions of these proteins. In the setting of
transplantation, Prdm16 was the only tran-
scriptional regulator, apart from Hoxa9, that
reversed the effects of HSPC depletion caused
by Mll deficiency. In accordance with a role

Artinger et al. identify
the transcriptional
network of MLL in the
hematopoietic system
and show that it
extends beyond Hox
genes to include several
genes implicated in
HSC function.
of MLL in HSC self-renewal and proliferation,
the authors show that reexpression of
Prdm16 corrected the deficiency by restrict-
ing the hyperproliferation of HSPCs. Unlike
Hoxa9, Prdm16 is not overexpressed inMLL-
rearranged leukemia. This implicates a tar-
geting mechanism as a possible difference
between WT MLL and MLL fusion pro-
teins. It has been suggested that different
fusion proteins recruit or activate distinct
transcriptional components. For example,
biochemical studies have demonstrated that
many MLL fusion proteins bind to protein

complexes normally involved in tran-
scriptional elongation. One subset of MLL
fusion proteins associates with H3K79
methyltransferase Dot1L, resulting in active
transcription of key target genes including
Hox genes. Dot1L has been shown to be
necessary for leukemogenesis (16). As such,
overexpression of genes in the Mll regulatory
network may be dependent not only on dif-
ferent target specificities of MLL fusion pro-
teins but also on factors in complex with the
fusion proteins.
The study by Artinger et al. is impor-

tant because it has been recognized that
the outcome of leukemogenesis from MLL
fusion proteins is highly dependent on the
cell of origin. MLL-rearranged leukemia
cells originating from HSCs have distinct
gene expression and methylation profiles
combined with a higher resistance to che-
motherapeutic agents compared with leuke-
mia cells derived from myeloid progenitors.
The gene expression profile of MLL leu-
kemic stem cells originating from HSCs
is enriched in genes associated with poor
prognosis MLL-rearranged AML, including
Evi-1, which was also identified by Artinger
and colleagues (17). These findings high-
light the value of further exploration of
the regulatory network of normal Mll in
hematopoietic stem cells.
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