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Abstract

Leukemias harboring mixed lineage leukemia (MLL1) gene abnormalities are associated with poor
clinical outcomes and new therapeutic approaches are desperately needed. Rearrangement of the
MLL1 gene generates chimeric proteins that fuse the NH3-terminus of MLL1 to the COOH-
terminus of its translocation partners. These MLL1-fusion oncoproteins drive the expression of
homeobox genes such as HOXA cluster genes and MEIS1, which are known to induce leukemic
transformation of hematopoietic progenitors. Genome-wide histone methylation studies have
revealed that the abnormal expression of MLL1-fusion target genes is associated with high levels
of H3K79 methylation at these gene loci. The only known enzyme that catalyzes methylation of
H3K?79 is disruptor of telomeric-silencing 1-like (DOT1L). Loss-of-function mouse models as
well as small molecular inhibitors of DOT1L demonstrate that leukemias driven by MLL1-
translocations are dependent on DOTLL enzymatic activity for proliferation and for the
maintenance of HOXA gene expression. Furthermore, DOTI1L also appears to be important for
HOXA gene expression in other settings including leukemias with select genetic abnormalities.
These discoveries have established a foundation for disease-specific therapies that target
chromatin modifications in highly malignant leukemias harboring specific genetic abnormalities.
This review focuses on the molecular mechanisms underlying MLL1-translocation-driven
leukemogenesis, and the latest progress on DOT1L-targeted epigenetic therapies for MLL1-
rearranged and other leukemias.

Characteristics of mixed lineage leukemias

It has been recognized for more than thirty years that 11g23 chromosomal translocations are
found in both acute lymphoid leukemias (ALL) and acute myeloid leukemias (AML) [1-4].
In many cases a mix of cell surface markers of lymphoid and myeloid lineages can be found
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on leukemia cells or a phenotypic lineage switch (for example, initially diagnosed ALL
could relapse as AML) is observed in patients with leukemias harboring 11923
translocations [5, 6]. The presence of 11g23 translocations led to the cloning of a critical
gene that resides on 11923 known as the mixed lineage leukemia gene (MLL1; also known
as MLL, ALL-1, HRX, and TRX1) [7-10]. Rearrangement of the MLL1 gene is found in
approximately 5% of ALL, and around 5-10% of AML cases in adults [11-15]. MLL1-
rearrangements are frequently found in leukemias of childhood, particularly in infant
(defined as < 1-year old) leukemias whether they are diagnosed as AML or ALL [16].
MLL1-translocations are detected in more than 70% of infant ALL cases, and about 35-50%
of infant AML patients [17-24]. In addition, MLL1 gene translocation is found in therapy-
related leukemias that develop in patients that have been previously treated with
topoisomerase Il inhibitors [25-29].

Although a recent genome-scale sequencing project revealed that MLL1-rearranged
leukemias harbor relatively low frequencies of somatic mutations compared to other types of
cancer [30], patients with 11923 rearrangements generally have poor prognosis and are
treated according to high-risk protocols. The 5-year survival rate of infant ALL patients with
MLL1-rearrangements (15-50%) is significantly lower than the infant ALL patients without
MLL1 gene abnormalities (event free survival 70-80%) [19, 21, 31, 32]. The survival rate of
infant leukemias with MLL1 translocations remains low (approximately 50% with worse out
come for the youngest patients) even with intensive chemotherapies and allogeneic
hematopoietic stem cell transplantation [33-35]. The World Health Organization (WHO)
classifies myeloid leukemias with 11923 abnormalities as one group, with an estimated 4-
year event free survival of 24-55% [16, 18, 36]. The unmet clinical problem presented by
MLL1-rearranged leukemias emphasizes the need for novel therapeutic strategies targeting
these difficult-to-treat hematopoietic malignancies.

Molecular basis of MLL1-rearranged leukemias

Structure and function of wild-type MLL1

Wild-type MLL1 is a mammalian homologue of drosophila trithorax and yeast Set1, the
first H3K4 methyltransferase identified in Saccharomyces cerevisiae in the early 2000s [37-
39]. Structurally, the MLL1 protein (3,972 amino acids) contains three AT-hook DNA
binding domains at its N-terminal region [40], two speckled nuclear localization motifs
(SNL1 and SNL2), a CxxC zine-finger motif that binds un-methylated CpG-containing
DNA [41], four plant homology domains (PHDs) [42], a bromodomain, a transcription
activation (TA) domain that recruits CREB-binding protein (CBP), and a SET (Su(var)3-9,
enhancer of zeste, trithorax) domain located at the extreme C-terminus that contains the
H3K4 methyltransferase activity (Fig. 1A) [13, 43, 44]. The full length MLL1 protein is
cleaved into MLL1-N (320kDa) and MLL1-C (180kDa) fragments by Taspase 1, and
reassembled to form a stable dimer through the F/Y-rich N terminal (FYRN) and F/Y-rich C
terminal (FYRC) domains [45, 46].

The binding of MLL1 to chromatin is associated with transcriptionally active genes [47].
Studies revealed that MLL1 (now officially known as lysine-specific methyltransferase 2A
or KMT2A) is a histone H3K4 methyltransferase that is part of a protein complex, which is
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involved in transcriptional regulation [48]. The MLL1 complex consists of multiple
members, some of which are shared among all related MLL complexes (MLL1-4) and some
of which are unique to a subset. The components that are shared include WDR5, RBBP5,
hDPY30 and ASH2L, all of which interact with the C terminal region of MLL1. The unique
members included MENIN and HCF1, both bind to the N terminal region of MLL1 (Fig.
1B) [49-57]. Analysis of H3K4 methylation in MLL1~/~ mouse embryonic fibroblasts,
which indirectly defines the MLL1 genomic targets, points to approximately 1.8% of genes
(299 out of 16,327 promoter loci assessed) that are dependent on MLL1 for recruiting RNA
polymerase ll-mediated transcriptional initiation [58].

MLL1 rearrangement drives expression of an oncogenic program including homeobox

genes

A hallmark of MLL1-rearranged leukemia is high expression of the homeobox-A (HOXA)
cluster genes [59-66]. The HOX gene family is a highly conserved group of homeodomain-
containing transcription factors that specify cell identity during organismal development,
including body patterning and hematopoiesis [67]. In normal hematopoietic stem and
progenitor cells, the expression of developmentally important HOX cluster genes is
regulated by MLL1 [65]. Mice that lack MLL1 die during embryonic development and have
altered Hox gene expression [68]. These MLL1-null embryos show defects in yolk sac
hematopoiesis with reduced proliferation and/or survival of hematopoietic progenitors [69,
70] and defective hematopoietic stem cell activity in the aorta-gonad-mesonephros region
[71]. Mechanistically, MLL1 and its complex partner MENIN bind to genomic DNA at
HOX loci and modulate HOX gene expression [44, 72—76]. Unlike the embryonic lethality
caused by complete deletion of MLL1, mice that harbor homozygous MLL1 with a SET
domain deletion (MLL12SET) survive into adulthood. These mice exhibit skeletal
abnormalities with altered Hox gene expression [77], however, they show normal
hematopoiesis into adulthood [78]. Intriguingly, the profile of H3K4 methylation at Hoxa
loci remains normal in hematopoietic stem/progenitor cells isolated from MLL12SET mice,
suggesting that the SET-domain activity of MLL1 is either compensated for by other SET-
domain containing histone H3K4 methyltransferases in the hematopoietic system or MLL1
is not the dominant H3K4 methyltransferase that controls Hox gene expression.

Numerous examples of dysregulated HOX gene expression are found to drive tumorigenesis
[79]. Because MLL1 is a critical regulator of HOX genes in hematopoietic tissue, it is
believed that the aberrant expression of HOXA genes in MLL1-rearranged leukemias is
attributable to the targeting of chimeric MLL1 fusion proteins to these loci [61]. In fact, the
genomic loci directly bound by a MLL1-fusion protein (MLL-AF9) was defined in a mouse
AML model using chromatin immunoprecipitation and high-throughput sequencing [80].
These direct targets of MLL1-fusion protein in AML include several homeobox-containing
genes such as HOXA cluster genes (HOXA7, HOXA9 and HOXA10) and MEISL1.
Importantly, ectopic expression of HOXA and MEIS1 genes transforms hematopoietic
progenitors and induces leukemia in mouse models [81, 82]. These results reveal that at least
one fundamental role of MLL1 translocation in hematopoietic malignancy is the direct
regulation of homeobox gene expression. Of note, the MLL1-fusion proteins appear to
regulate only a subset of genes recognized by wild-type MLL1, suggesting a differential
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preference of MLL1-fusion versus wild-type MLL1 in chromatin recognition and
localization [83]. Interestingly, the MLL1 fusion-induced homeobox gene expression may
require co-expression of the wild-type MLL1 allele in a SET-domain-independent manner
[78], suggesting an essential cooperation between a fusion oncogene and its wild-type
counterpart in MLL1-rearranged leukemogenesis, but not as a result of H3K4 methylation
[84].

MLL1 abnormalities link transcriptional initiation to elongation

The MLL1 gene contains 36 coding exons spread throughout a 90 kb genomic region on
human chromosome 11 (Chr11: 118,436,490-118,526,832). More than 70 different
recurrent MLL1 translocation partner genes have been identified [28]. The most frequently
observed breakpoints are in introns 9, 10 and 11 of the MLL1 gene. All of the chromosomal
rearrangements generate a fusion protein containing the N-terminus of MLL1 fused, in-
frame, to the C-terminus of the fusion partner (Fig. 1C). Amongst these MLL1
abnormalities, the most frequent translocation product found in patients is MLL-AF4
[encoded by t(4;11)(q21;923)], which is mostly associated with CD19-positive B-ALL [8,
24, 85]. The second most common translocation product is MLL-AF9 [encoded by t(9:11)
(p22;q23)], which is found in approximately 2-5% of all AML patients and a high
percentage of de novo AML in children [35]. Other recurrent translocation products
including MLL-ENL [encoded by t(11;19)(q23;p13.3)], MLL-AF10 [encoded by t(10;11)
(p12;923)], and MLL-ELL [encoded by t(11;19)(g23;p13.1)] each contribute to between 4—
13% of the MLL1-rearranged leukemia cases. These five most common MLL1 translocations
account for nearly 80% of all MLL1-rearranged leukemias in patients (Fig. 1D)[28]. Many
of these MLL1-fusion proteins (including MLL-AF9, MLL-ENL and MLL-AF4) can induce
leukemias in genetically manipulated knock-in mouse models [86-91].

It is also the case that several of the most common MLL1 fusion partners, including AF4
(also known as AFF1 and MLLT2), AF9 (also known as MLLT3), ENL (also known as
MLLT1) and ELL (elongation factor RNA polymerase Il), are found in a complex called the
super elongation complex (SEC) that also includes the RNA polymerase Il kinase CDK9
[17]. The function of SEC is to regulate the release of paused RNA polymerase Il for active
elongation [92-100]. The direct fusion of MLL1 with the SEC component genes may
increase the recruitment of the transcriptional elongation activity to the MLL1-regulated
genes, thereby bypassing the normal initiation-to-elongation checkpoints [97, 101, 102].
Indeed, normal SEC function is required for the expression of the leukemic program
(including HOXA genes) driven by MLL1 translocations [103, 104].

Epigenetic mechanisms underlying MLL1-rearranged leukemia

Eukaryotic genomes are packaged in chromatin that is regulated in a highly orchestrated
fashion. Such intricate chromatin organization ensures that the integrity of the genome is
maintained during cell division and that appropriate gene expression programs can be
initiated and maintained during organismal development. One such mechanism of regulation
is via covalent modification, such as methylation and acetylation, of specific amino acid
residues in histone subunits found within the nucelosomes. These posttranslational histone
modifications are mediated by several classes of epigenetic modifying enzymes, namely
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lysine methyltransferases (KMTSs), lysine demethylases (KDMs), histone acetyltransferases
(HATS) and histone deacetylase (HDACS). Recent genome-wide epigenetic landscape
studies have shown that many of these histone modifications are selectively associated with
either transcriptionally active (H3K4me3, H3K9%ac, H3K79me2) or silent (H3K9me2/3 and
H3K27me3) gene loci, and in many cases modulate gene expression through regulating the
local chromatin structure [105-107].

In addition to the ability of MLL1-fusion proteins to recruit transcriptional machinery such
as the SEC, genome-wide epigenetic landscape studies have revealed that MLL1-
rearrangement may promote gene expression through elevating local H3K79me2 levels [89,
108]. Further studies found that the genes directly bound by the MLL1 fusion proteins are
selectively associated with aberrant levels of H3K79me2 in leukemias harboring MLL1
translocation, whereas several other modifications such as H3K4me3, H3K27me3, and
H3K36me3 remain unaffected [80]. Because H3K79 methylation is broadly associated with
actively transcribed genes [80, 109-113], it has been hypothesized that the excessive
H3K79me2 level observed at the MLL1-fusion target genes, including HOXA cluster genes
and MEIS1, may contribute to the continued expression of these developmental genes in cell
types that would not normally express them at high level.

The only known enzyme in mammals that catalyzes methylation of H3K79 is DOT1L
(disruptor of telomeric silencing 1 like; also known as lysine N-methyltransferase 4 or
KMT4) [114, 115], which was initially identified through a screen for genes that disrupt
telomeric silencing in Saccharomyces cerevisiae [116, 117]. Genetic ablation of the
orthologues of DOTLL in mouse, fly and yeast models leads to a complete loss of H3K79
methylation, which suggests that DOTLL is the single dominant enzyme for H3K79
methylation in eukaryotes [80, 114, 115, 118, 119]. In addition to controlling telomeric
silencing, DOTIL is involved in the regulation of tissue development, DNA damage
response, cell cycle checkpoint and transcription [120]. Mouse embryos lacking DOT1L fail
to progress through normal development and die between E9.5 and E10.5 [119], suggesting
that H3K79 methylation might be required for the establishment or maintenance of specific
cell fate decisions that underlie tissue specification and body patterning. DOTL1L also plays
an important role in normal hematopoiesis [121]. DOT1L-deficient hematopoietic stem cells
minimally reconstitute recipient bone marrow in competitive transplantation experiments
[122]. Mice harboring Vav-Cre mediated deletion of Dot1L in hematopoietic cells can
survive to adulthood, however, these mice are significantly anemic and thrombocytopenic
[80]. Other reports using tamoxifen-inducible Cre recombinase (Cre-ER) also suggest an
essential rule of Dot1L in adult hematopoiesis [122, 123].

DOT1L was found to interact with several recurrent MLL1 translocation partners such as
AF9, ENL, and AF10, suggesting that MLL1-fusion proteins may directly recruit DOT1L to
MLL1-fusion target loci through the C-terminal portion of the chimeric proteins [96, 97,
124-130]. Later studies using loss of function mouse models demonstrated that leukemias
driven by diverse MLL1 fusion proteins (including MLL-AF9, MLL-AF10 and MLL-AF6
leukemia) are selectively dependent on DOT1L for leukemia initiation and maintenance,
whereas many other types of transformed hematopoietic cells (such as HOXA9/MEIS1,
E2A-HLF or AML-ETO leukemia) are insensitive to complete loss of DOT1L and H3K79
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methylation [80, 122, 131-133]. A genome-wide study showed that inactivation of DOT1L
leads to down-regulation of MLL-AF9 direct targets and an MLL1 translocation-associated
gene expression signature [80]. Importantly, the AF9-binding site in DOT1L was mapped to
2 regions of human DOTL1L (628-653 and 863-900 residues), and the interaction of DOT1L
with the C-terminus of AF9 (present in MLL-AF9 fusion protein) is required for
transformation by MLL-AF9 [127, 134]. These data suggest that MLL1-translocations
create chimeric proteins that link MLL1 to other functionally distinct protein complexes
including the super elongation complex (SEC) and the DOT1L-H3K79 methyltransferase
complex and thus contribute to the ectopic expression of a homeobox gene-centric leukemic
program (Fig. 2) [17, 104, 135].

DOTI1L complex members are critical for MLL1-rearranged leukemia

It is known that the degree of H3K79 methylation (i.e. mono-, di- and tri-methylation)
dynamically responds to changes in transcriptional activity [110]. Transition from a lower to
higher degree of H3K79 methylation at a given gene locus is correlated with increased
mRNA abundance. In addition to the recruitment of DOT1L by MLL1-fusion proteins, the
hyper-methylated H3K79 (H3K79me2"9" and H3K79me1!°W) regions overlap with the
MLL1-fusion bound loci, suggesting an optimized catalytic efficiency of DOTLL in the
MLL1-fusion super complex (Fig. 2) [129]. Studies using mass spectroscopy found that two
MLL1 fusion partners, AF10 (also known as MLLT10) and AF17 (also known as MLLT6),
are core members of the DOT1L-H3K79 methyltransferase complex [124, 126, 129]. While
AF17 is likely not required for embryogenesis, hematopoiesis, and animal survival [136],
inactivation of AF10 is embryonic lethal and exhibits strong defects in hematopoiesis and
MLL1-rearranged leukemogenesis [129]. DOTLL interacts with the octapeptide motif-
leucine-zipper (OM-LZ) region of AF10, which is required for MLL-AF10-mediated
leukemogenesis [125]. Recent studies reveal that genetic ablation of the OM-LZ domain in
AF10 inhibits the ability of DOT1L to convert H3K79mel to H3K79me2, and impairs cell
survival and HOXA gene expression in MLL1-rearranged leukemia cells [129]. In addition to
the DOT1L core complex members, the ring finger protein 20 (RNF20; also known as
BRE1A) is important for DOT1L function. RNF20 is the major H2B-specific histone E3
ubiquitin ligase in mammalian cells that targets lysine 120 for monoubiquitination [137—
140]. H2B ubiquitinylation was found to facilitate DOT1L activity [141], and RNF20 is
required to maintain gene expression and local levels of H3K79 methylation at HOXA9 and
MEIS1 in MLL1-rearranged leukemia [142]. These findings suggest that the modulation of
DOT1L complex members can control progressive H3K79 methylation and HOX gene
expression in MLL1-rearranged leukemias.

Regulation of homeobox genes by DOTI1L in normal hematopoietic

progenitors and non-MLL1-rearranged leukemia

It is known that the transition of hematopoietic stem cells toward granulocyte-macrophage
progenitors during normal hematopoiesis is associated with a drastic decrease in the
expression of HOXA cluster genes [80, 143]. The essential role of DOT1L and H3K79
methylation in the expression of HOXA genes in MLL1-rearranged leukemia prompts
analyses of DOT1L’s function in the regulation of homeobox genes in normal hematopoietic
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cells. Recent studies showed that the reduction of HOXA genes during hematopoietic
differentiation is accompanied by a diminution in higher order H3K79 methylation (i.e.
H3K79me2/3) at HOXA gene locus, whereas the lower order H3K79mel is minimally
affected [129]. Genetic studies further revealed that both Hoxa9 and Meis1 genes are
remarkably downregulated in normal hematopoietic stem/progenitor cells isolated from mice
with genetic ablation of Dotll, thus demonstrating a role for DOTL1L in the normal
regulation of the homeobox genes [129]. Such discovery sheds light on the possibility that in
addition to MLL1-rearranged leukemias, DOT1L may also play an important role in other
types of hematopoietic malignancies with aberrant HOX gene expression. Indeed, our
studies identified that leukemia driven by NUP98-NSD1, a hematopoietic malignancy
observed in 16% of cytogenetically normal pediatric AML patients with poor prognosis, is
dependent on DOT1L for the maintenance of high-level HOXA gene expression as well as
the proliferation of NUP98-NSD1 transformed cells [129]. Additionally, mutations in
isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) genes, which are found in more than 75%
of lower grade gliomas and secondary glioblastoma multiforme and about 20% of AML
cases, are associated with elevated expression of HOXA cluster genes [144]. A recent report
demonstrates that primary AML cells with IDH1 or IDH2 mutations are sensitive to DOT1L
inhibitor treatment [145], which is likely due to an inhibition of HOXA gene expression
[146, 147]. These recent discoveries expand the potential application of DOTL1L inhibitory
therapies to diverse cancer types associated with elevated level of HOX genes.

and chemical basis of DOT1L-mediated H3K79 methylation

DOT1L is a non-SET domain containing histone methyltransferase, which is distinct from
almost all other histone methyltransferases most of which contain a conserved SET
(Su(var)3-9, enhancer of zeste, trithorax) domain [116, 148, 149]. Unlike most other histone
methyltransferases that modify the lysine residues in the flexible histone tails, methylation
of H3K79 by DOT1L occurs in the globular domain of nucleosomal histone H3 [114].
Additionally, DOT1L’s activity is specific to nucleosomes instead of free histone H3 or the
short peptides, suggesting a context dependent interaction between DOT1L and its
chromatin substrates. DOT1L catalyzes mono-, di- and tri-methylation of the e-amino group
of H3K79 using S-adenosylmethionine (SAM) as a cofactor. This reaction produces
methylated lysine and S-adenosyl-L-homocysteine (SAH). The first 416 amino acid residues
in human DOTLL are highly conserved during evolution and contain the catalytic active site.
The co-crystal structure of the human DOT1L catalytic domain in complex with SAM has
been solved, which identified five peptide segments within the N terminal region of DOT1L
(amino acid residues 161-169, 186-191, 239-245, 133-139 and 221-224) that bind the
cofactor SAM (Fig. 3A-C) [150]. The first three segments are consensus sequence motifs
also found on other SAM-dependent methyltransferases, whereas the last two segments are
unique to DOT1L [151]. Additionally, a flexible and positively charged region between
amino acid residues 390 and 407 is critical for nucleosome/DNA binding and
methyltransferase activity [150]. Structurally, DOT1L does not clearly fit within the protein
lysine methyltransferase family, but is more similar to the protein arginine
methyltransferases including the METTL and NOP2/Sun domain family proteins [152].
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Development of small molecular DOTI1L inhibitors

It has been shown that SAH, the product of the DOTI1L catalyzed reaction, is a competitive
inhibitor of DOT1L. However, SAH inhibits binding of the cofactor SAM to most of the
SAM-dependent methyltransferases [151]. In 2011, the first-in-class aminonucleoside-based
DOTLL specific inhibitor EPZ004777 that selectively suppresses leukemia cells with MLL1
translocations was identified (Fig. 3D) [153]. Treatment of leukemia cells with EPZ004777
inhibits methylation of H3K79 while methylation of most other histone amino acid residues
is not markedly affected. Although the suppression of H3K79me2 is observed within three
days of treatment, the maximal antiproliferative efficacy of EPZ004777 on MLL1-
rearranged leukemia cells (ICsg 0.17-6.47 uM depending on the cell line) is observed
between 9-14 days of treatment [153]. This suggests that EPZ004777 does not result in
acute apoptosis of the leukemic blasts, but instead induces myeloid differentiation of the
MLL1-rearranged leukemic cells similar to the genetic inactivation of DOT1L in mouse
models [80]. Crystallographic studies reveal that the binding of EPZ004777 is associated
with a conformational change of DOT1L and stabilizes a unique conformation of the
DOTIL active site [154].

Despite the potency and selectivity of EPZ004777 toward DOT1L, as well as good in vitro
efficacy of EPZ004777 against the proliferation of many types of leukemias with MLL1
abnormalities, the poor pharmacokinetic properties of EPZ004777 precluded it from clinical
development [131, 132, 153, 155]. Based on the structures of SAH and EPZ004777, several
research laboratories utilized mechanism-guided designs to further optimize the binding
affinity, selectivity and in vivo stability of aminonucleoside compounds for DOT1L
inhibition (Fig. 3D) [156-161]. One of the second-generation DOTLL inhibitors, EPZ-5676,
is a more potent and selective inhibitor of DOT1L compared to EPZ004777. Specifically, it
demonstrates a lower K; (80 pM as compared to 300 pM for EPZ004777) and a higher
selectivity (37,000-fold more selective for DOT1L amongst a panel of histone
methyltransferases as compared to 1,000-fold for EPZ004777) to DOT1L [156]. EPZ-5676
also shows an increased potency against MLL1-rearranged leukemia cells (ICsq = 3.5nM
against MV4-11 cells as compared to 150nM for EPZ004777) and an extended DOT1L-
binding residence time as compared to EPZ004777. In animals, EPZ-5676 has a low oral
bioavailability; however, a high intraperitoneal and intravenous bioavailability is observed
in rodent models. In vivo pharmacokinetics studies showed a terminal elimination half-life
(t12) of 1.1, 3.7 and 13.6 hours following intravenous administration in mouse, rat and dog,
respectively [162]. The in vivo clearance of EPZ-5676 shows low renal clearance, instead
implicating a hepatic oxidative metabolism as the predominant elimination route in
preclinical species. Importantly, EPZ-5676 causes a significant regression of tumor size in
rodent subcutaneous xenograft models of MLL1-rearranged leukemia, while no significant
weight loss of the animals is observed during the 21 days of treatment [156]. Based on the
superior potency, selectivity, and pharmacokinetic behavior of EPZ-5676 over the first-
generation DOTLL inhibitor, as well as good physiological tolerance in animals, EPZ-5676
has been selected for further drug development and is currently under Phase I clinical
investigation for acute leukemias bearing MLL1-rearrangements in adult (CT.gov:
NCT01684150; A First-in-Human Phase 1 and Expanded Cohort Study of EPZ-5676 in
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Advanced Hematologic Malignancies, Including Acute Leukemia With Rearrangement of
the MLL1 Gene) [163] and pediatric (CT.gov: NCT02141828; Dose Escalation Study of
EPZ-5676 in Pediatric Patients With Leukemias Bearing a Rearrangement of the MLL1
Gene) patients.

Conclusion and perspectives

DOT1L is the sole methyltransferase capable of catalyzing mono-, di-, and trimethylation of
H3K79. Previous genetic and pharmacologic studies provide a compelling rationale for
DOT1L-targeted therapy in MLL1-rearranged leukemia, a hematopoietic malignancy that
carries a poor prognosis. Several potent and selective inhibitors of DOT1L have been
developed, and one is currently undergoing Phase I clinical trials for patients with MLL1
gene rearrangements. Despite the emerging progress of DOT1L inhibition in MLL1-
rearranged leukemias, the mechanisms by which DOT1L and H3K79 methylation drive the
expression of the MLL1-fusion leukemogenic program remain largely unexplored.
Approaches to identify the pathways associated with DOT1L have led to the discovery of
other important epigenetic regulators that impact the function of DOTIL in leukemia. In
addition to identifying the cofactors of DOT1L (e.g. AF10), our recent attempts using a
genome-wide RNA. screen strategy revealed a role for DOT1L-dependent H3K79
methylation in inhibition of SIRT1-mediated histone deacetylation and epigenetic silencing
in leukemias driven by MLL1 translocations [164]. This finding leads us to believe that
future studies focusing on combinatorial targeting DOT1L and other epigenetic pathways
should lead to greater therapeutic responses against difficult-to-treat MLL1-rearranged
leukemias. We also foresee that genome-scale high throughput screens using RNAi and
CRISPR technologies will facilitate future research to uncover more cross-interactions
between epigenetic programs in leukemias and other types of cancer.
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Figure 1.
Schematic summary of the MLL1 and MLL1-fusion proteins. (A) The functional domains in

wild-type MLL1 protein include three AT-hook motifs that mediate binding to the AT-rich
DNA sequences (red), two speckled nuclear localization motifs (SNL; green), a DNMT
homology domain (CxxC; purple), four zinc-finger plant homology domains (PHD; black)
and a bromodomain (Bromo; cyan) for chromatin binding, two F/Y-rich domains (FYRN
and FYRC; yellow) that mediate dimerization of the MLL1-N and MLL1-C fragments
generated by taspase 1 cleavage, a transcription activation domain (TA; gray) that recruits
CREB-binding protein, and a Su(var)3-9, enhancer of zeste, trithorax domain (SET; orange)
that possesses the H3K4 methyltransferase activity. The most frequently observed
breakpoints in MLL1 locate to the region between the CxxC domain and PHD domains. (B)
The subunits of the MLL1-containing complex of proteins associated with Setl (MLL1-
COMPASS) include multiple endocrine neoplasia | (MENIN), host cell factor C1 (HCF1),
WD-repeat containing protein 5 (WDR5), Rb-binding protein 5 (RBBP5), absent, small, or
homeotic 2-like (ASH2L), and Dpy-30-Like Protein (hDPY30) [53, 54, 57]. (C) Structure of
MLL1-fusion proteins caused by MLL1 gene translocations. The recurrent chimeric MLL1-
fusion proteins are composed of the N-terminal sequence of MLL1 up to the breakpoint
(indicated by the dotted line), followed by the in-frame translation of the C-terminal
sequence of one of over 60 different MLL1 fusion partners. (D) Frequency of the most
common MLL1 translocation partner genes including AF4, AF9, ENL, AF10 and ELL in
patients with MLL1-rearranged acute leukemia (n = 1590) [28].
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Figure 2.
Proposed mechanism of MLL1-fusion super complex in MLL1-rearranged leukemias. (A)

MLL1-fusion protein (here using MLL-AF9 as an example) and its interacting protein
MENIN are involved in chromatin localization of the complex. Several of the most common
MLL1-fusion partners including AF4, AF9, ENL and ELL are components of the super
elongation complex (SEC). These MLL1-fusion partners and the positive transcription
elongation factor b (P-TEFb; including cyclin-dependent kinases CDK9 and cyclin-T)
assemble SEC, which plays an essential role in the release of paused RNA polymerase 11 for
transcriptional elongation. The SEC subunits AF9 and ENL are known to interact with
DOT1L. The core components of the DOT1L complex, including AF10 and AF17, are
recurrent fusion partners of MLL1 found in MLL1-rearranged leukemia patients. AF10
serves as a cofactor of DOT1L to enhance the H3K79 methyltransferase activity, which
promotes the accumulation of H3K79me2. The ability of MLL1-fusion proteins to link
MLL1 to other functionally distinct protein complexes including SEC and DOT1L is
thought to contribute to the aberrant expression of oncogenic programs in MLL1-rearranged
leukemias. (B) Profiles of MLL-AF9 (black), H3K79mel (pink) and H3K79me2 (red) at
HOXA cluster (a MLL1-fusion bound target) and ACTB (a normal active gene) loci in mouse
MLL-AF9 leukemia. The core occupied regions of MLL-AF9 fusion protein span through
the Hoxa5-10 genomic region, highlighted by a dotted green rectangle. The localization of
the MLL1-fusion super complex to chromatin recruits excessive DOTLL activity to create a
hyper-methylated H3K79 status (H3K79me2M9h and H3K79me1!°W), which is distinct from
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the H3K79 methylation patterns observed for non-MLL1-fusion target genes [129]. Of note,
transition from a lower to higher degree of H3K79 methylation at a given gene locus is
known to correlate with increased gene expression.
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Figure 3.
DOT1L protein and DOTLL inhibitors. (A) A schematic representation of DOTL1L protein.

(B) Topological diagram of the DOTLL catalytic domain (amino acid residues 1-416)
showing secondary structure elements including a helices (cylinders) and 3 sheets (arrow
ribbons) [150]. The N-terminal domain (amino acid residues 1-126; green) consists of five
a helices and two 3 strand hairpins. The open a/f domain (amino acid residues 141-332;
red) contains a seven-strand central 3 sheet and five a helices. An S-adenosylmethionine
(SAM; white hexagon) binding pocket (highlighted in gray) is formed by part of the open
a/p domain and a flexible loop region (amino acid residues 127-140; blue). (C) A schematic
diagram showing the SAM-DOTIL interaction in the SAM binding pocket (gray). Amino
acid residues in close contact with SAM (white area) are highlighted (loop region shown in
blue; open a/p domain shown in red). (D) Structures and chemical/pharmacological
properties (K or ICsg) of DOTLL inhibitors including S-adenosyl-L-homocysteine (SAH; a
non-selective inhibitor to most SAM-dependent methyltransferases), EPZ004777,
EPZ-5676, SYC-522, SYC-534 and SGC0946.
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