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ABSTRACT

The deregulation of hematopoietic stem cell (HSC) transcriptional networks is a common theme in
acute myelogenous leukemia (AML). Chromosomal translocations that alter the Mixed Lineage
Leukemia 1 gene (MLL1, MLL, KMT2A) occur in infant, childhood and adult leukemia and at the
same time, wild-type MLL1 is a critical regulator of HSC homeostasis. Typically, the endogenous,
wild-type (WT) MLL1 and MLL fusion oncoproteins (MLL-FPs) remain both expressed in leukemia.
WT and MLL-FPs activate overlapping sets of target genes, presenting a challenge for the selective
therapeutic targeting of leukemic cells. We previously demonstrated that endogenous MLL1 is not
required for the maintenance of MLL-FP-driven AML but is required for normal HSC homeostasis.
Here we address the role of MLL-FPs in the initiation of leukemia in the absence of endogenous
MLL1. We show that loss of endogenous MIlT results in a rapid decrease in expression of shared
HSC/leukemia target genes, yet MLL-AF9 restores the expression of most of these target genes in
the absence of WT MLL1, with the critical exception of Mecom/Evil. These observations under-
score the sufficiency of MLL-fusion oncoproteins for initiating leukemia, but also illustrate that WT
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MLL1 target genes differ in their ability to be re-activated by MLL-FPs.

Introduction

The Mixed Lineage Leukemia 1 (MLLI1, MLL,
KMT2A) gene was first identified due to its invol-
vement in chromosomal translocations in child-
hood acute leukemia and therapy-related
secondary leukemia [1-3]. MLLI translocations
fuse the N-terminal portion of MLLI in-frame
with one of many known partners, resulting in
oncogenic MLL-fusion proteins (MLL-FPs). Most
MLL-FPs harbor the majority of the MLLI
N-terminal domains required for chromatin target-
ing, thus co-localization with WT MLLLI is expected
and observed [4,5]. WT MLL1 is a histone H3
lysine 4 (H3K4) methyltransferase and performs
an essential role in the development and mainte-
nance of HSCs [6-8]. This is achieved in part by
regulating a network of transcription factors,
including Hoxa9, Eyal, Prdml6, and Mecom
(encoding both MDS-Evil and Evil) that each likely
contributes to HSC maintenance [8-11]. Several of
these HSCs-enriched targets, particularly Hoxa9,
Eyal, and Evil, are also upregulated by MLL-FPs

and play an important role in AML pathogenesis
[12-15]. In addition to target genes that are shared
between WT MLL1 and MLL-FPs, there are also
likely target genes unique to either protein [16].
MLL-FPs do not retain the H3K4 methyltransferase
activity and histone acetyltransferase interaction
domains of full-length WT MLLI, but instead,
most common fusions regulate target gene expres-
sion by ectopic recruitment of components of the
super elongation complex (SEC) and the H3K79
methyltransferase DotlL [17,18]. Collectively,
these observations suggest a model in which MLL-
FPs can hyper-activate a subset of an HSC program
previously regulated by WT MLL1 [14,16].

Our recent studies have shown that loss of
endogenous MLL1 in an established MLL-FP-
driven leukemia does not affect the leukemia-
initiating cell (LIC) frequency or leukemia pro-
gression kinetics [19]. This was surprising, given
the common view that WT MLLI plays a critical
role as a histone methyltransferase in regulating
the expression of MLL-FP target genes [20,21].
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Furthermore, we showed that the histone methyl-
transferase domain of endogenous MLL1 is not
required for MLL-AF9 initiation and propagation
of leukemia [22]. However, we did not address
whether MLL-FPs can initiate leukemic transfor-
mation in the absence of MIII after shared target
genes/HSC regulators have been downregulated.
Here we put our prior findings in context and
add additional detail to the interrelationships
between MLL1 and MLL-FPs by initiating trans-
formation wusing MIli-deficient hematopoietic
stem/progenitor cells (HSPCs).

Results and discussion

We recently showed that loss of Mil1 in an established
MLL-rearranged AML does not affect its clonogenic
potential in vitro, potency in producing a fatal leuke-
mia in a mouse model, or maintenance of an MLL-FP-
dependent transcriptional program [19]. These data
relied on genetic deletion of the endogenous MLL1/
MII1 genes in a fully established leukemia (human cell
line transformed mouse progenitors) [19,23].
Therefore, whether MLL-FPs were sufficient to re-
activate an HSC-specific transcriptional program was
not tested in this study. Loss of MIlI in murine lineage-
negative/Scal”/c-Kit" (LSK) cells in vivo or in vitro
results in the rapid downregulation of Hoxa9, Meisl,
Eyal, Mecom, and Prdm16, among other direct target
genes ([8] and see Figure 2). Most of these genes
(except Prdm16) are also upregulated by MLL-FPs,
thus we hypothesized that MLL-FPs introduced after
downregulation of this transcriptional program may
not be able to re-activate these genes without the
presence of the wild-type endogenous MLL1, and
would thus result in delayed leukemia onset in
recipients.

To test this hypothesis, we induced deletion of
MIII in sorted LSK cells in vitro using 4- hydro-
xytamoxifen (4-OHT), and target gene reduction
was confirmed (Figure 1(a) and data not shown).
Cells were then transduced with MLL-AF9 retro-
virus for two additional days. Equal numbers of
transduced control or MIII** cells were injected
into lethally irradiated recipients (Figure 1(b)) or
serially replated (Figure 1(e)). As shown in Figure
1(b), MII1*"* cells were transformed by MLL-AF9
and resulted in leukemia in all recipients with
a similar latency as compared to control MI1**

HSPCs. The leukemia percentage in the peripheral
blood at 2 and 4 wk post-engraftment was not
significantly different between MII1*"* and Mil1*
4 groups (Figure 1(c)). Selection pressure to retain
non-deleted MIII alleles was not apparent since
genomic PCR using leukemia cells from moribund
recipients showed complete deletion of the floxed
allele (Figure 1(d)). Consistent with the in vivo
studies, MIII** and MII1** cells yielded compar-
able colony formation unit (CFU) frequency and
total cell accumulation in vitro (Figure 1(e)).
Genomic PCR wusing cells prepared from the
fourth plating also remained MIII deficient
(Figure 1(f)). Collectively, these data demonstrate
that MLL-AF9 can transform MIlI-deficient
HSPCs and result in a fully penetrant AML.
Previous studies have shown that MIII deletion
results in rapid gene deregulation in normal HSPCs
[7,8,22,24]. Furthermore, we showed that loss of MII1
does not result in overall differentiation of purified
HSCs, rather, the loss of a specific transcriptional
program [7,8,25] Using the same in vitro system, we
tested whether MLL-FPs are capable of re-
establishing expression of shared pro-leukemia target
genes. First, we confirmed the reduced expression of
MllI-dependent genes in MIlI-deleted LSK cells 48
h after initiating deletion (Figure 2(b)). In addition to
the MIII transcript itself, direct target genes exhibited
significantly reduced expression (Figure 2(b)). These
Mll1-deficient HSPCs were then transduced with
MLL-AF9, transplanted, and leukemia was allowed
to progress for 31 d in vivo (Figure 2(a)). After
expansion in recipients, leukemia cells remained
MIII1 transcript-negative, whereas most target gene
expression was restored to the level observed in con-
trols (Figure 2(c)). These data suggest that the fusion
oncoprotein was capable of re-activating the majority
of the shared HSC/leukemogenic program. However,
Evil was a notable exception, which was not re-
activated but was further reduced specifically in the
MIIT* leukemia (Figure 2(c), last graph). To con-
firm this finding at the clonal level, we performed
gqRT-PCR from individual clones selected from colo-
nies shown in Figure 1(e). Each clone exhibited com-
plete loss of MIlI transcript, however the Hoxa9
expression level was typically as high as control
clones, if not slightly higher. In wild-type cells, the
level of Evil was variable depending on the clone
picked, but Evil"®" clones could no longer be
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Figure 1. MLL1 is dispensable for leukemia initiation.

(a) Scheme using conditional MiI1 allele to test the role of endogenous MLL1 in the initiation of MLL-AF9-transformed leukemia cells.
(b) Kaplan-Meier survival curve of recipient animals engrafted with MLL-AF9-transduced cells of the indicated genotypes (n = 9 per
genotype). (c) Comparable number of blasts (% YFP+ cells in the peripheral blood) between MITA* and M1~ groups. Bars indicate
averages + SD. (d) Genomic PCR with bone marrow cells from the moribund mice. (e) Serial replating of MLL-AF9-transduced bone
marrow cells with or without MIIT deletion. Five hundred cells were replated, and CFUs were scored in triplicate every 7 d. Bars
indicate averages of triplicate cultures + SD. (f) Genomic PCR with in vitro transformed cells from the end of the fourth replating.

observed in the MllI-deficient cells, where the tran-
script was consistently not detectable (Figure 2(d),
MII1*?). Importantly, Evil expression was not
reduced upon deletion of MIlI (and MII2) in estab-
lished MLL-AF9-driven leukemia [19]. The expres-
sion level of Evil in leukemia cells is thought to

reflect the cell of origin and expression level at the
time of transformation [15,26,27]. Since the loss of
MIII in this system does not result in differentiation
generally [8], these data suggest that wild-type MLL1
performs a function that directly and specifically
maintains the Evil/Mecom locus in a state responsive
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Figure 2. MII1 loss affects target gene expression before the initiation of MLL-AF9 leukemia.

(@) Scheme using MIIT conditional knockout allele to test the role of endogenous MLL1 in maintaining target gene expression during
the initiation of MLL-AF9 leukemia. (b-c) gRT-PCR of selected target genes 48 h after initiating MIIT deletion (b) and fully transformed
MLL-AF9 leukemia cells from day 31 after transplantation (c). (d) Also at day 31, YFP-sorted cells were plated on M3434 and clones
expanded for 7 d. Clones (12 for each genotype) were picked and processed for qRT-PCR detection of the indicated target genes.

Clones with undetectable Ct values are labeled as 0 on the plot.

to super-activation by MLL-AF9. Therefore,
although transformation of MIII** HSPCs results
in a fully penetrant leukemia that can progress with
the same kinetics as wild-type-transformed cells
(Figure 1), it is likely that the cells adjust the leuke-
mogenic program to compensate for the inability of
MLL-FPs to upregulate some genes (in this example
Evil) in the absence of endogenous MLLI.

Given the strong dependency on genes such
as Hoxa9, Meisl, and Eyal on endogenous

Mil1 in HSCs/HSPCs, it is surprising that
MLL-AF9 can uniformly restore/super-activate
expression of such target genes, given the
absence of C-terminal domains. This observa-
tion suggests that expression of these genes
never depended on functions of the MLLI
C-terminus in the first place. This is consistent
with our observations that HSPCs lacking the
SET domain of MLL1 (and therefore the his-
tone methyltransferase activity) express MLLI1



target genes at normal levels and can be trans-
formed by MLL-FPs [22]. Why the Mecom
locus is an exception in that MLL-AF9 is
incapable of re-activating its expression is
unclear; it will be of interest to determine
whether Mecom regulatory elements confer
a requirement for biochemical activities that
MLL-FPs cannot provide and whether Mecom
represents an entire class of target genes that
cannot be re-activated.

Overall, the data presented here and in Chen
et al. [19] demonstrate that inhibiting MLLI
activity alone is not likely to be beneficial as
a therapeutic strategy in MLL-fusion driven
AML. This may be due to the strong ability of
MLL-FPs to over-ride the function of endogen-
ous MLL1 through the ectopic recruitment of
multiple transcriptional effector complexes [28].
These data also show that MLL fusions do not
act homogeneously on all target genes, a concept
previously discussed by Garcia-Cuellar and col-
leagues [29]. These observations illustrate the
challenges in targeting particular effector
domains of MLL-FPs, or particular downstream
networks, as leukemia cells may be selected to
adapt using alternative transcriptional effector
interactions. Alternatively, these observations
may also present combinatorial therapeutic
opportunities, since enhanced reliance on parti-
cular genetic networks could result in new, pre-
dictable vulnerabilities.

Materials and methods
Animals

Animal studies were conducted in accordance with
IACUC-approved animal protocols at Dartmouth
College and the University of Colorado, Denver.
The MII"F mice [7] were intercrossed with
R26CreER (Cre") mice from The Jackson
Laboratories (#004847). C57BL/6 female mice
between 6 and 12 wk from Jackson Laboratory
were used as transplantation recipients. Deletion
efficiency for MIII alleles was determined by semi-
quantitative genomic PCR using the primers listed
here: C9F4-TCTCTGAAGTAAGCCTTTCTTAG;
CIR-CAGTGGACATTCCAACTCTTCAA;
C9delR2-CACCCAGCATTGCAGAGTCAG.
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Retroviral procedures, transformation, and
engraftment of MLL-FP cells

The MSCV-MLL-AF9-YFP vector is a gift from
Dr. Scott Armstrong. LSK cells were sorted and
transduced as described [8,19] with retroviral super-
natant produced by co-transfection in 293T cells.
Transduced cells were either replated in M3434
medium (StemCell Technologies) or transplanted
by retro-orbital injection together with 0.4 million
unfractionated female C57Bl/6 bone marrow cells
into lethally irradiated (950 rads) female C57Bl/6
recipients (The Jackson Laboratories). Animals
were given Baytril-containing sterile water (0.1 mg/
mL, Bayer) for 3 wk post-transplantation. The emer-
gence of AML was confirmed by the presence of
YFP" blasts in the peripheral blood of recipients.

Quantitative real-time PCR (qRT-PCR)

Cells were lysed in TRIzol (Invitrogen) and RNA was
purified with RNeasy Mini Kits (QIAGEN). cDNA
was then produced using SuperScript III
(Invitrogen) and qRT-PCR assays were performed
using TagMan Gene Expression Master mix
(Applied Biosystems) using TaqgMan assays listed
here:  MIlI_ex3 Forward: TTCTCGTCAAA
TAGCCCTGC; Milll_ex3 Reverse: CTACTCIT
GTCCTTCTCCACG; Mll1_ex3 Probe: TCTCTT

CCCATGGTTCACCCCA.

G; Hoxa9 Forward: CCGAAAACAATGCC
GAGAAT; Hoxa9 Reverse: CCGGGTTATT
GGGATC

GAT; Hoxa9 Probe: AGAGCGGCGGAGACAA
GCCCC; Meisl Forward: GAGCAAGGTGATGG

CTTGGA; Meisl Reverse: TGTCCTTATCA
GGGTCATCATCG; Meisl  Probe: AACAGT
GTAGC

TTCCCCCAGCACAGGT; Prdml6: Applied
Biosystems MmO00712556_ml1; Eyal: Applied
Biosystems =~ MmO00438796_m1l;  Mecom/Evil:
Applied Biosystems MmO00514814_ml; Gapdh:
Applied Biosystems 4308313.

Drug treatment

4-OHT (Sigma-Aldrich) was dissolved in ethanol and
used at 400 nM in culture medium to initiate Cre
induction.
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