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Abstract

Histone H3 lysine79 (H3K79) methyltransferase DOT1L plays an important role in the activation
and maintenance of gene transcription. It is essential for embryonic development as well as normal
functions of the hematopoietic system, heart and kidney in adults. DOT1L has been found to be a
drug target for acute leukemia with mixed lineage leukemia (MLL) gene translocations. The
rearranged onco-MLL can recruit DOTLL, causing aberrant H3K79 methylation, overexpression
of leukemia relevant genes, and eventually leukemogenesis. Potent DOTLL inhibitors possess
selective activity against this type of leukemia in cell-based and animal studies, with the most
advanced compound being in clinical trials. In the medicinal chemistry point of view, we review
the biochemistry, cancer biology and current inhibitors of DOT1L, as well as biophysical
(including X-ray crystallographic) investigation of DOT1L-inhibitor interactions. Potential future
directions in the context of drug discovery and development targeting DOTLL are discussed.

INTRODUCTION

The human genome is tightly packed into 23 pairs of chromosomes, which contain
thousands of repetitive units called nucleosomes. A single nucleosome is composed of a
short segment of DNA with ~146 base pairs in length winding around a disc-like histone
octamer core, which consist of two copies each of histone H2A, H2B, H3 and H4 proteins,
as schematically illustrated in Figure 1. Chromatin is classified into transcriptionally
repressed heterochromatin and generally transcriptionally active euchromatin, mostly
controlled by histone post-translational modifications.! Histones are rich of basic amino acid
residues lysine and arginine, which not only provide electrostatic/H-bond interactions with
the negatively charged DNA chain for tight binding, but may be covalently modified.
Histone methylation at the sidechain -NH, of lysine and arginine is one of the most studied
post-translational modifications.2 Histone methyltransferases (HMT) include a large family
(>50) of histone lysine methyltransferases (HKMT) and histone/protein arginine
methyltransferases (PRMT),34 many of which have been found to play important roles in
cell differentiation, gene regulation, DNA recombination and damage repair.2° Therefore,
small molecule inhibitors of HMTs are useful chemical probes for these biological studies as
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well as potential therapeutics. However, development of HMT inhibitors has been in its
infancy: very few inhibitors of HKMT and PRMT have been discovered and developed.26
Considering the important roles of HMTSs in normal physiology and the biology of diseases
(e.g., cancer),” this represents great opportunities to explore novel medicinal chemistry.

This review is focused on histone H3 lysine 79 (H3K79) methyltransferase DOTLL in a
medicinal chemistry perspective. DOTI1L is a HMT sufficient and necessary for H3K79
methylation,8-12 playing important roles in gene regulation and the functions of many key
organs.13 DOTIL has been found to be a drug target of mixed lineage leukemia (MLL) gene
translocated acute leukemia. Several approaches have led to the discovery and development
of potent and selective inhibitors of DOT1L with K; values as low as 0.3 nM. These
compounds demonstrate selective activity against MLL-rearranged leukemia, with the most
advanced compound being in phase I clinical trials. The current problems, concerns and
potential opportunities of DOTLL inhibitors as well as future inhibitor design are discussed.

WHAT IS DOT1L?

The full-length human DOT1L contains 1537 amino acids, with its N-terminal ~360 amino
acids having a high homology to yeast DOT1 protein originally found in a genetic screen,
which can disrupt telomeric silencing in budding yeast.1* This sequence was found to be
highly conserved from yeast to mammals and identified to be an H3K79 methyltransferase.®
The remaining C-terminal part of mammalian DOTLL is involved in physical interactions
with many transcription relevant proteins.1>-19 Therefore, the general biological function of
DOT1L is to methylate H3K79 as a member of a large protein complex, which can initiate
and/or maintain an active transcription state. DOTLL is a uniqgue HKMT, which belongs to
the class | methyltransferase family,2% while all other known HKMTSs are class V
methyltransferases that possess a conserved SET (Su(var)3-9, Enhancer-of-zeste, Trithorax)
domain with a distinct 3-dimentional structural feature.321 In addition, DOT1L’s substrate
H3K?79 is located in the ordered core structure of histone H3, while the substrates of all
other HMTs are situated in the unordered histone tails.

Biochemistry

DOT1L catalyzes the methylation reaction of the e-amino group of H3K79 up to
trimethylation (H3K79Me3) using S-adenosyl-L-methionine (SAM) as the enzyme
cofactor,20 producing the methylated substrate and S-adenosyl-L-homocysteine (SAH) as
schematically illustrated in Figure 2a. In addition, studies show DOT1/DOTIL is the only
enzyme that performs H3K79 methylation, since DOT1/DOT1L knockout in yeast,
Drosophila and mouse led to a complete loss of H3K79 methylation.911.12 Although the
sequence of human DOT1L(1-351) is conserved across H3K79 methyltransferases, the
recombinant protein was found to be enzymatically inactive. The minimal length for an
active human DOTLL is 1-416, with its C-terminal 391-416 being essential for the activity.
This small segment of peptide is highly enriched of 15 basic Lys and Arg residues. In
addition, as compared to other HMTs, a special feature of DOTLL is that it can only
methylate nucleosomes, but not histone H3 and its shorter peptide. The strong electrostatic
interactions between the condensed positive charges in residues 391-416 and the negative
DNA chain in nucleosomes are essential for the enzyme-substrate recognition and binding.
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Post-translational modifications of histones, such as H2B ubiquitinylation,2? could be
important for enzyme activity. A typical biochemical assay to study the enzyme kinetics of
DOTIL is to use methyl-3H labeled SAM. Upon 3H-Me transfer, the substrate may be
filtered, washed and the reaction rate measured by scintillation counting. The steady state
kinetic parameters for human DOT1L(1-416) were determined to be k.5t = 0.3/min, Ky,
(SAM) = 670 nM, and K,, (nucleosome) = 8.6 nM.23

X-ray structure of DOT1L-SAM complex

The crystal structure of DOT1L(1-416) in complex with SAM was initially determined to
2.5 A,20 and later to 2.1 A.23 The overall structure and a close-up view of the active site are
shown in Figures 2b/c. Its seven-stranded -sheet is a characteristic feature of the class |
methyltransferases.3 The following five peptide segments of human DOT1L bind the
enzyme cofactor SAM: 1) residues 161-169; 2) 186-191; 3) 239-245; 4) 133-139; and 5)
221-224, among which segments 1-3 represent consensus sequence motifs found in other
SAM-dependent methyltransferases whereas segments 4 and 5 are unique to DOTLL. Itis
noted that the protein flexible loop including residues 133-139 acts as a cap, which opens
and closes to allow SAM/SAH to enter/exit the enzyme. In addition to hydrophobic as well
as - stacking interactions between the adenine ring with Phe223, the adenosine moiety of
SAM has been specifically recognized by five H-bonds with DOT1L, including (a) adenine
6-NH, with Asp222; (b) adenine N5 with Phe223; (c) adenine N3 with Lys187; (d/e) ribose
2/, 3/-diol with Glu186 (Figure 2c). SAM’s amino acid moiety forms additional five H-
bonds with GIn168, Thr139, Asp161 and Gly163. The vast majority of the surface area of
SAM is buried inside the protein. These structural information suggest SAM is tightly bound
to DOTLL, which is also consistent with its K, value of ~700 nM.23:24 The methyl group of
SAM is aligned with the “lysine binding channel” defined by hydrophobic residues Phe243,
Ala244, Val135, Gly137 and Trp305, with an opening of ~4 A wide that is sufficiently large
to accommodate a trimethylated lysine (Figure 2d).

Although there is currently no structural information as to how the substrate nucleosome
bind to DOT1L, a modeling study shows DOT1L has physical interactions with all four
histones on the same side of nucleosome surface.2? These, in addition to the electrostatic
DOT1L-DNA interactions, suggest nucleosome has a very high binding affinity to DOTI1L.
Indeed, our isothermal titration calorimetry (ITC) experiment demonstrated the Ky
(dissociation constant) value between DOT1L and nucleosome is 14 nM,2% which is in line
with the K, value of 8.6 nM.23

DOT1 is a distributive enzyme and H3K79 multiple methylation states have functional
redundancy in yeast

Using mass spectrum (MS) analysis, DOT1, a yeast homolog of DOT1L, was found to be a
distributive enzyme, which after one cycle of catalysis releases both products SAH and the
methylated substrate.28 This results in ~22% H3K79Me;, 26% H3K79Me, and 44%
H3K79Mejs in yeast cells. This property is in contrast to a processive enzyme, including
many other SET-domain HKMTs and PRMTs. The structures of SET-domain HKMTs
allow the enzymes to release only the product SAH after one cycle of catalysis, while the
methylated substrate remains bound in the active site and may be methylated for the second
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round.3 The degree of methylation is, however, dependent upon the property of the enzyme
as well as associated factors.3:26 However, the structure of DOT1 might not allow the
release of SAH with the methylated H3K79 bound, since SAM/SAH is deeply buried inside
the enzyme and releasing it requires a large conformational change.2? The distributive
mechanism of DOT1 is compatible with its structure.

It is known that different methylation states (i.e., Me1, Me, or Me3) at other histone-lysine
sites can have distinct biological functions.2” Using overexpressing of DOT1 and a less
efficient mutant DOT1(G401A) in yeast, a study showed that Me;, Me, and Mes
methylation states exert the same biological function.26 This suggests H3K79 only exhibits
two functional states: methylated and unmethylated, with the former indicating active
transcription. The model is consistent with the distributive mechanism of DOT1, since it can
only generate H3K79 methylation states in a random manner. However, whether this model
applies to higher organisms (e.g., human) is not clear. In addition, evidence shows the
methylation status at H3K79 may be regulated by an a-ketoglutarate dependent histone
demethylase in the JmjC family, although an H3K79 demethylase has not been identified to
date.13 More studies are therefore needed to understand the biological role(s) of mono-, di-
and tri-methylated H3K79 as well as their regulation in mammals.

BIOLOGY OF DOT1L

Molecular and cell biology of DOT1L and/or its yeast homolog DOT1 have been
comprehensively reviewed in several recent articles.13:28.29 |n general, DOT1L mediated
H3K79 methylation serves as a biomarker for active gene transcription from yeast to
mammals. The following serves as a brief summary of these findings.

Role of DOTLL in transcription

Genetic studies in yeast showed DOT1 links to an active transcription status. ~10% genome
of yeast that is H3K79 hypomethylated is found to be located at transcriptionally inactive
loci, while the other 90% with a methyl marker at H3K79 is actively transcribed.%30 This
was found to be the case in Drosophila and mammals.3132 It has been generally accepted
that H3K79 methylation is a biomarker for active gene transcription.

Several large DOT1L-associated protein complexes have been purified and identified using
chromatin immunoprecipitation, including ENL-associated proteins (EAP), DOT1L-
containing complex (DotCom) and Superelongation complex (SEC).15-19 Many member
proteins, including P-TEFb kinase as well as transcription factors AF4, AF9, AF10, ENL,
are repeatedly present in these complexes. P-TEFb is a cyclin-dependent kinase that can
phosphorylates RNA polymerase 1, which is required for transcription elongation. These
studies support DOTLL play an important role in gene transcription elongation. It is also of
interest that DOT1L-associated transcription factors AF4/9/10 and ENL are major fusion
partners of onco-MLL gene, indicating DOT1L’s involvement in MLL rearranged acute
leukemia (described below).33:34
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Roles of DOT1L in normal physiology

DOTLL has been found to play an important role in embryonic development. In Drosophila
and mouse, H3K79 methylation is absent in the very early stage of embryonic development,
while increasing levels of H3K79Me, can be observed in later stages, suggesting the
DOT1L-mediated histone modification is critical to the important gene transcription for
embryonic development.11:35 Germline knockout of mouse DOTIL causes embryonic
lethality and examination of the knockout embryos indicated major defects in the
cardiovascular system, showing the function of DOT1L is essential for embryonic
development.12 In addition, H3K79 methylation has been found to be important for
maintaining normal hematopoiesis in adult mice.36:37 Conditional knockout of DOTIL in
bone marrow cells considerably reduces hematopoietic stem cells and progenitor cells in
different lineages. Moreover, other molecular and cell biology investigation has
demonstrated DOTL1L plays roles in maintaining normal functions of heart and
kidney.12:38-40 These studies have shown that DOT1L is also important to the normal
physiology in adults.

DOT1L AND DISEASES

DOTLL is adrug target for acute leukemia with MLL translocations

MLL-rearranged leukemia accounts for ~75% of infant and ~10% child/adult acute
leukemia,33:34.41 with the phenotype being either acute lymphocytic leukemia or acute
myeloid leukemia. Despite the phenotypic difference, MLL-rearranged leukemias of both
lineages overlap in their gene expression profiles.#2 This type of acute leukemia has a
particularly poor prognosis,*3-4° with 5-year event-free survival with MLL-rearranged acute
lymphocytic leukemia being only ~40%. There is therefore a pressing need to find new
drugs.

MLL is a large protein (3969 amino acid residues) with multiple domains, as illustrated in
Figure 3a. The biological functions of wild-type MLL as well as those of the oncogenic
MLL-fusion genes have been recently reviewed.#6-48 In brief, human (and mammalian)
MLL is a homolog of trithorax in Drosophila. Of interest related to medicinal chemistry are
the N-terminal AT hook and the C-terminal SET domain of MLL. The three AT hooks can
bind to the minor groove of AT-rich DNA regions, while the SET domain is a histone H3
lysine4 (H3K4) methyltransferase.33 Studies have shown that the normal function of MLL is
to bind to the promoter region of certain genes and methylate H3K4,4950 as shown
schematically in Figure 3b. Methylation of H3K4 represents an active transcription marker
for gene expression. With this epigenetic modification, RNA polymerase Il (Pol 11) bound to
the promoter region of a gene is able to proceed along the gene and start transcription.

MLL is frequently involved in a variety of translocations, leading to the initiation of acute
leukemia. The rearranged MLL fusion protein loses the SET domain as well as the H3K4
methyltransferase ability (Figure 3c). More than 70 functionally diverse fusion partner genes
have been documented, among which only a few genes are predominant, such as AF4, AF9,
AF10 and ENL accounting for a total of ~70%.33:34 Many MLL fusion genes, including the
above four, have been found to be sufficient and necessary to transform normal stem/
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progenitor cells to leukemic stem cells. Moreover, mouse models with knock-in MLL fusion
genes (e.g., MLL-AF4 and -AF9) have also been found to lead to acute leukemia.3# These
MLL-induced experimental leukemias with both technologies have been found to be able to
closely recapitulate clinical leukemias.>!

DOTLL has been found to be a target for leukemia with MLL translocations. Four most
common MLL fusion partners, i.e., AF4, AF9, AF10 and ENL, were found to be able to
physically bind to DOT1L as part of transcription protein complexes.15:17:40.51.52 These
proteins, guided by the AT hook domain of the onco-MLL, were proposed to form a large
complex that binds to the promoter regions of certain MLL targeted genes (e.g., Hoxa9).1’
Onco-MLL fusion proteins without a SET domain at the C-terminal cannot methylate H3K4.
Rather, the recruited DOT1L methylates H3K79, which can also initiate and maintain gene
transcriptions. Such an aberrant epigenetic event dysregulates numerous MLL targeted
genes, e.g., Hoxa9, Hoxa7 and Meis1, whose overexpression is known to cause leukemia.>?
A model is schematically illustrated in Figure 3d to show how onco-MLL works with
DOTI1L and eventually leads to acute leukemia.

Another line of strong evidence is that aberrant H3K79 methylation is a signature of murine
and human MLL-AF4 leukemia.>! Gene expression profiling of an MLL-AF4 knock-in
mouse leukemia model shows significant overlaps with human MLL leukemia. Chromatin
immunoprecipitation analysis demonstrated H3K79 methylation profiling of this mouse
model correlates with that of the human disease. Since DOTL1L is the only H3K79
methyltransferase, its involvement in MLL leukemogenesis is thus clear. In addition, an
artificial fusion gene MLL-DOTL1L was found to be able to transform normal progenitor
cells to leukemic stem cells. However, MLL fused with a mutant DOT1L without
methyltransferase activity failed to do so. This further demonstrated that the
methyltransferase activity is required for this type of cancer.52 Moreover, a high level of
DOT1L methyltransferase activity seems to be needed for the transformation and
maintenance of MLL leukemia. A 50%-70% suppression of DOT1L expression by RNA
interference was found to be able to abrogate the transforming ability of MLL-AF10 and -
AF4.51.52 These findings have biologically validated that DOT1L plays a central role in
leukemogenesis of MLL-rearranged leukemia and therefore represents a target for
therapeutic intervention. Development of small molecule inhibitors of DOTIL is warranted.
Not only can these compounds be further developed to become clinically useful therapeutics
for MLL leukemia, they may also serve as powerful chemical probes to investigate the
biology of DOTLL in cancer and other diseases.

Potential roles of DOTLL in other diseases or applications

To date, very few publications have linked DOT1L to other diseases. A recent paper
describes deficiency of DOT1L blocks the proliferation of lung cancer cell lines A549 and
NCI-H1299.53 H3K 79 hypermethylation was observed for these two cells as well as lung
cancer tissues. Using siRNA knocking down, the proliferation of A549/NCI-H1299 cells is
inhibited due to induced cell senescence. Overexpression of DOTLL can eliminate the
siRNA induced phenotypic changes. It is therefore implied that H3K79 methylation play an
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important role in the proliferation of lung cancer. No DOTLL inhibitors were, however, used
in the study to confirm this finding.

Another interesting application targeting DOTLL is its role in cell reprogramming.
Inhibition of DOT1L using RNA interference as well as a small molecule inhibitor was
recently shown to considerably enhance the reprogramming efficiency to generate induced
pluripotent stem cells (iPSC) from somatic cells.>* Given the potential roles of histone
modifying enzymes for this purpose, a library of short hairpin RNAs (shRNA) targeting
genes of DNA/histone methylation pathways were screened and reduction of mMRNA of
DOT1L exhibited the most pronounced effect to promote reprogramming. A specific
inhibitor of DOT1L was found to be able to achieve the same effect, showing the potential
application of DOTLL inhibitors in the field of regenerative medicine.

INHIBITORS OF DOT1L

Since the discovery of the critical role of DOT1L in MLL leukemia, efforts have been made
to find selective inhibitors of DOT1L. In mid 2011, scientists from Epizyme Inc. reported
the first DOTAL inhibitor as well as its selective activities against MLL-rearranged
leukemia.5® Shortly after, we disclosed several potent and selective DOTIL inhibitors, using
both ligand/structure and mechanism-based approaches.? To date, three groups have
published several dozens of DOTAL inhibitors in peer-reviewed journals,24:25:55-60 jn
addition to more in several patents.61-63 The structures of these inhibitors generally fall into
four classes: SAH-like, mechanism-based, carbamate- and urea/benzimidazole-containing.
Representative DOTLL inhibitors 1 — 24 are shown in Figures 4 and 5, together with their K;
or ICsq values against recombinant human DOTLL. The common substructure of these
compounds is adenosine (or deaza-adenosine), which together with biophysical investigation
show these compounds are competitive to the enzyme cofactor SAM, rather than the
substrate nucleosome.

DOTI1L inhibitors from Epizyme

Epizyme has disclosed 9 DOTILL inhibitors in journals as well as >300 in patents.55:56.60-63
While HTS did not yield good lead compounds for further development, a traditional, ligand
based inhibitor design has been successful at Epizyme. SAH, the product of the DOT1L
catalyzed reaction, was found to be a potent inhibitor of DOT1L. However, its amino acid
moiety prevented it from entering cells. Compounds 4 and 5 (Figure 4) with a 5’-
dimethylamino and isopropylmethylamino group, respectively, were designed and found to
be weak inhibitors (K;j: 38 and 12 uM). Carbamate compound 14 with an Fmoc protecting
group was unexpectedly found to be also an inhibitor with a K; value of 20 pM, which
eventually led to the finding of potent, urea-containing DOTLL inhibitors 21 (Kj: 13 nM)
and 22 (EPZ004777, K; = 0.3 nM).%> Modifications of 22 yielded compound 23 (EPZ-5676)
which possesses improved enzyme activity (K;: 0.08 nM) and biological activities.59 The -
CH,CH,CHo- linker and the 4-tert-butylphenyl substituted urea moiety of 22 was replaced
with a cis-ethylcyclobutane linker and a 5-tert-butylbenzimidazole ring. These changes were
part of a plan to reduce the conformational flexibility as well as number of hydrogen bond
donors in 22 to increase potency and bioavailability as well as reduce clearance from
plasma. Epizyme has initiated the phase | clinical trials using compound 23 for patients with
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MLL-rearranged leukemia since September 2012. It is remarkable that this is the first HMT
inhibitor to be evaluated for antitumor efficacy in the clinic.

Compounds 22 and 23 exhibit a very high enzyme selectivity for DOT1L, being essentially
inactive against a panel of 8 HMTSs (only weakly active against PRMT5). X-ray
crystallographic studies indicated this high enzyme selectivity is due to a large protein
conformational change induced by the hydrophobic urea sidechain of the inhibitor
(described below).

DOT1L inhibitors from the Song laboratory

The inhibitor discovery and development targeting human DOT1L in our laboratory was
also started from SAH, using a ligand/structure based approach. In addition to limited cell
membrane permeability, another problem for SAH is its broad inhibitory activity against
many other HMTs. For example, SAH strongly inhibits CARML1 (a histone arginine
methyltransferase) and G9a (a SET-domain H3K9 methyltransferase) with K; values of 400
and 570 nM. Selective DOT1L inhibitors are highly desirable in the context of drug
discovery. From a comparative analysis between the X-ray structure of DOT1L:SAM and
those of CARM1 and G9a in complex with SAH, N6-substituted SAH analogs, such as
compounds 1 and 2 in Figure 4, were designed to selectively target DOTI1L, since these NS-
substitutents were predicted to disrupt key ligand-protein interactions with CARM1 and
G9a, but not those with DOT1L.24 Indeed, compound 1 (or N8-methyl-SAH) is also a potent
inhibitor of DOTLL with a K; of 290 nM, while it is inactive against CARM1 and G9a as
well as several other HMTSs, showing a high selectivity for DOT1L. Compounds with the
general structure of 2 having a variety of N6-substituents, including allyl, cyclopropyl,
isopropyl, butyl, branched pentyls and benzyl, show weakened activity against DOT1L with
K; values of 1.1 - 8.9 pM.25

Next, a mechanism based approach was applied to find more potent inhibitors. Compounds
8 — 10, which may form an aziridinium intermediate (Figure 4) that mimics the methyl-
sulfonium moiety of SAM (Figure 2a), were synthesized. While 8 exhibited a weak activity,
compounds 9 and 10 are potent DOTLL inhibitors. The extra methylene in 9/10 was
necessary to compensate for a loss in total molecule length when the sulfur (C-S bond length
~ 1.8 A) atom in SAM was replaced with a nitrogen (C-N bond length ~ 1.5 A).24

It turned out to be challenging to remove the amino acid moiety in SAH/1 to improve the
cell membrane permeability while maintaining DOT1L activity.2> For example, compound 3
(or decarboxy-SAH) is almost inactive against DOT1L. Many other 5’-substituted adenosine
compounds are inactive or only weakly active. Similar to the experience occurred at
Epizyme, carbamate compound 11 (Figure 4), which is actually a benzyloxycarbonyl-
protected intermediate for synthesizing a 5’-amino analog of 3, was surprisingly found to be
a better inhibitor than 3. Due to the more hydrophobic nature of its sidechain, medicinal
chemistry based on 11 was performed. Adding an additional isopropyl group onto 5’-N
resulted in compound 12 showing an increased activity. Reversing the carbamate
functionality or changing to an amide resulted in compounds 13a and b with slightly
improved activity. A ~25-fold activity enhancement was observed for the urea compound 15
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with a K of 1.9 uM, as compared to the carbamate 11. The phenyl urea compound 16a with
a K of 550 nM was found to be superior to the benzyl analog 15. These results demonstrate
both -NH- moieties of the urea group are important, with each one offering ~25 — >50-fold
activity enhancement, as compared to less favored -O- and -CHs- groups (e.g., compound 15
vs. 11, as well as compound 16a vs. 13a/b). These two -NH- could serve as H-bond donors
to increase the binding affinity to DOT1L. In addition, weaker activities of compounds 16b
and c suggest the optimal linker between the urea group and the 5’-position is -
CH,CH,CH,-. Additional SAR study revealed that an appropriate 4-substituent, such as 4-
Cl, 4-tert-Bu and 4-CF3 in compounds 17a-c, is able to further improve the activity by up to
10-fold. Finally, replacing the -S- in 17b with an -N(i-Pr)-, which shows improved activity
in compound 12, led to the finding of our most potent DOTIL inhibitors 18a and b
(SYC-522 and -534, respectively) with K; values of 0.5 and 0.8 nM. The large activity boost
(as compared to that of 17b) might be due to coordinated protein conformational changes
induced by co-binding of the N-(4-tert-butylphenyl)urea sidechain and the -N(i-Pr)- group.

A problem with compounds 22 and 23, as well as other ribose-containing DOTLL inhibitors,
in animal studies is their metabolic instability, resulting in a poor pharmacokinetics, e.g., a
short half-life in plasma. Many human enzymes can recognize adenosine or deaza-adenosine
moiety, leading to rapid cleavage of adenine and/or 5’-substituent. Our solution is to replace
the ribofuranose ring of these compounds with a 5-membered carbocycle. Compound 19
with a cyclopentane ring was efficiently synthesized in 20 steps with an overall yield of
19%, starting from readily available D-ribose.>’ In addition, a cyclopentene analog,
compound 20, was also synthesized from D-ribose. Hydrogenation of compound 20
produced epi-19 with a reversed asymmetric center at 4’-position. Compounds 19 and 20
were found to possess comparable DOTIL inhibitory activity with K; values of 1.1 and 1.3
nM, respectively. But epi-19 is essentially inactive against DOTLL, showing its
adeninylcyclopentane and N-tert-butylphenyl urea moieties cannot be located in the favored
positions. Cyclopentane-containing DOT1L inhibitor 19 was found to exhibit a high
metabolic stability (CLjnt = 0.36 uL/min/mg protein) in human plasma and liver
microsomes, the latter of which are mainly responsible for drug metabolism. However, like
its deaza-analog 22, ribose-containing inhibitor 18a can be quickly degraded in the presence
of human liver microsomes with an intrinsic clearance value (CLj,;) of 24 yL/min/mg
protein. Cyclopentene compound 20 also shows a poor metabolic stability, likely due to its
C=C double bond that can be oxidized by cytochrome P450 enzymes in liver microsomes.
These results suggest cyclopentane-containing DOTAL inhibitors have improved metabolic
stability and represent a direction for future drug development.

DOTI1L inhibitors from Structural Genomics Consortium

Scientists from the Structural Genomics Consortium at University of Toronto found 7-
substituted adenosine derivatives are potent inhibitors of DOT1L.58:59 Using HTS,
compound 6 (Figure 4) was identified to be a weak inhibitor of DOT1L with an ICsq of 18
UM. This finding has led to the discovery of compound 7, an analog of SAH with a 7-bromo
group, to be a potent inhibitor of DOT1L (ICsg = 77 nM), ~8x more active than SAH. This
shows a bulky 7-halo substituent is favored for DOTLL inhibition. In addition, compound 7
was found to exhibit a good selectivity profile, being less active against PRMTs (K ~ 1 uM)
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and inactive against SET-domain HMTs. Compound 24, which is the 7-bromo substituted
compound 22, was also synthesized and found to exhibit a comparable inhibitory activity
(Kj = 0.3 nM) against DOTL1L.

Biophysical investigation of DOT1L-inhibitor interactions

The large hydrophobic, urea-containing sidechains of the DOTLL inhibitors in Figure 5
provide greatly enhanced activity as well as high selectivity for DOTL1L. It is therefore of
interest to find where these urea sidechains bind in DOT1L. Molecular modeling (docking)
was explored to predict the binding site of these groups, using the crystal structure of the
DOT1L:SAM complex as the docking template. The computational studies suggested all of
these urea-containing groups are predicted to extend into the nucleosome (substrate) binding
pocket of DOTIL through the “lysine binding channel”.2> The bulky and lipophilic aromatic
groups are predicted to be located in a mainly hydrophobic pocket on the nucleosome
binding surface. Isothermal titration calorimetry (ITC) experiments were next performed to
test if the modeling results are real. The ITC results show the binding of nucleosome to
DOT1L, however, increases the binding affinities of inhibitors 18a and b to the protein,
suggesting these two urea-containing compounds do not compete with the substrate
nucleosome. In addition, ITC experiments confirmed compounds 18a compete with the
enzyme cofactor SAM/SAH, since the binding affinity of 18ato DOT1L decreases in the
presence of increasing concentrations of SAH in a linear fashion. The docking studies using
the DOT1L:SAM structure failed to predict the binding site of the urea sidechain, because,
as described below, the flexible loops of DOT1L that is involved in the binding of the amino
acid group of SAM undergo large conformational changes.

Surface plasmon resonance (SPR) was used to study the binding kinetics of DOT1L
inhibitors.%6:58 The results show despite a large difference in inhibitory activity/binding
affinity, all of the DOTLL inhibitors tested, including the natural ligand SAH, have a
relatively slow association rate constants (ko) in a narrow range of 1.2 — 12x106 M~1s71,
This suggests that binding of these inhibitors requires a protein conformational change.
Indeed, the crystal structures of the DOT1L:SAM and :SAH complexes show these ligands
are deeply bound inside the protein without an obvious channel to allow them to enter or
exit the protein. A backbone conformational change of the flexible loop 130-139 is required
for these ligands to enter or exit the enzyme. The large binding affinity differences (Kq: 0.1
— 170 nM) are mostly due to the dissociation rate constants (ky¢) ranging from 0.0003 — 0.2
s71. As a result, highly potent DOT1L inhibitors, such as compound 22, can be described as
“slow on, extremely slow off”. For example, 22 was found to have a residence time of >1 h
in DOTLL.

More knowledgeable insight into the DOT1L-inhibitor interactions came from X-ray
crystallographic studies.24:56:58.59 The currently available DOT1L inhibitors modify three
positions of SAH, i.e., the N6-, 7- and 5’-positions of adenosine. X-ray crystallography has
been used to investigate how these inhibitors interact with DOT1L, especially with respect
to the binding sites of these three modifications. Since these interactions are characteristic to
DOT1L, the structural information obtained could be useful for future structure based
inhibitor design specifically targeting DOT1L. The crystal structures of human DOTLL in
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complex with ~10 inhibitors, including several SAH-like (e.g., SAH, 1, 4, 6 and 7) and urea-
containing (e.g., 18a, 21, 22 and 24) inhibitors, have been determined. A common feature
among these structures is the binding mode of the adenosine (or deaza-adenosine) moiety,
which closely mimics the binding conformation of the adenosyl of SAM (Figure 6a).20 All
of the 5 H-bonds (3 for adenine and 2 for ribose) as well as the hydrophobic/n-m interactions
described for the crystal structure of DOT1L:SAM remain intact in these X-ray structures,
showing a strong recognition of adenosine by DOTI1L. There are several cavities near the
adenosine that could be exploited to potentially enhance the binding affinity.

The crystal structure of the DOT1L:1 complex shows the binding pocket for the N6-
substituent,24 as shown in Figure 6b. The wall of the channel-like pocket is composed of
mostly hydrophobic residues Leu224, Val249, Lys187 and Pro133, with the other end open
to the solvent. The channel is ~4 A wide and ~5 A deep. The small N6-methyl group of
compound 1 is comfortably situated in the pocket with favorable interactions with the
hydrophobic wall. However, the bulkier and longer alkyl groups, e.g., isopropyl and
isopentyl, of 2 cannot bind well, as it is either too large for the channel or their hydrophobic
tails expose to the solvent water, resulting in reduced binding affinities. The binding site for
the 7-substituents (e.g., -Br) in the crystal structure of the DOT1L:7 complex is shown in
Figure 6¢.59 Different from the N6-pocket, this pocket is buried inside the protein, defined
by Phe245, Val249, Leu224, Lys187, Pro133 and Glul34. Favorable hydrophobic
interactions between these residues and the -Br result in an enhanced binding affinity. It is
noteworthy that the binding pockets for the N6- and 7-substituents exist in the structure of
DOT1L:SAH and binding of compounds with these two substituents does not cause a major
conformation change of the protein.

However, the binding of urea-containing inhibitors leads to a series of considerable protein
conformational changes.56:58 In the crystal structures of DOT1L:18a, :21, :22 and :24, the 4-
tert-butylphenyl-substituted urea group is located in a newly formed pocket, which includes
the amino acid binding pocket of SAM that connects to a newly opened hydrophobic cavity,
as shown in Figure 6d. The urea functionality is recognized by forming three H-bonds with
DOT1L. The carbonyl O atom has one H-bond with the sidechain of Asn241. The two -NH-
moieties of the urea of these compounds forms two H-bonds with the negatively charged
carboxy group of Asp161. This explains the SAR showing each of the -NH- can provide
>25-fold activity improvements. Without an amino acid in place, the sidechains of Phe239
and Thr139, which constitute the bottom end of the amino acid binding pocket in
DOT1L:SAM, move sideways (Figure 6d) and open up to form a big, mostly hydrophobic
pocket, together with Asn241, Ser269, V267, Tyr312, Metl147, Leul43, Val144 and Val169.
This new room contains and has favorable van der waals interactions with the 4-tert-
butylphenyl group. The alterations in amino acid sidechains are accompanied by major
backbone conformational changes of two flexible loops (128-140 and 302-312), induced by
the binding of the urea-containing inhibitors (Figure 6e). With the natural ligands (i.e., SAM
or SAH) bound, these two loops are fully ordered. However, the binding of a urea-
containing inhibitor causes the two loops to become partially or fully unordered. This series
of conformational changes induced by the urea sidechain seem to be DOT1L-specific, since
these DOTLL inhibitors do not bind to other HMTs. Consequently, the crystal structures,
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especially the newly observed urea-binding pocket can be further exploited for rational drug
design. For example, compound 23 without a urea functionality was found to have even
more potent activity.

BIOLOGICAL ACTIVITY OF DOT1L INHIBITORS

Cellular H3K79 methylation inhibition

Several highly potent urea containing compounds, i.e., 18a, 22-24, were found to inhibit
H3K79 methylation in a variety of cells with the reported ECsq values ranging from 9 — 200
nM.55:57.58,60 As compared to their extremely low enzyme K;/ICsq values (0.08 — 1 nM), the
seemingly reduced cellular activity should be mainly due to a higher cellular concentration
of SAM of ~300 uM®* (as compared to that used in a typical DOTAL inhibition assay of 0.7
UM, the K, value for SAM). As competitive inhibitors against SAM, an elevated inhibitor
concentration is needed to block the enzyme activity of DOTL1L. In addition, consistent with
their selective activity against DOT1L, these compounds do not affect the methylation states
at H3K4, H3K9, H3R17, H3K27, H3K36 as well as H4R3 and H4K20 sites,>® showing
these compounds are very useful probes to investigate the biological functions of DOTIL.
H3K79 methylation inhibition by these compounds was found to be time-dependent, which
can be observed after incubation for 1 day but the maximal effect is shown in ~4 days. The
slow kinetics suggests the reduced H3K79 methylation is due to histone protein turnover.
However, the study is complicated by whether there is an H3K79 demethylase. Although not
been identified, there is evidence that H3K79 methylation could also be regulated by a JmjC
family demethylase.13

Activity against MLL-rearranged leukemia cells

Compounds 18a, 22 and 23 were reported to possess strong activity against the proliferation
of leukemia cell lines having an MLL translocation, such as MV4-11 (containing MLL-
AF4), MOLM-13 (MLL-AF9) and THP1 (MLL-AF9), with ECsq values ranging from 0.004
— 11 pM.25:55.80 However, these compounds are considerably less active against non-MLL
leukemia cells, showing a selectivity of >10-fold. Of interest is the time-dependent
antiproliferative activity of DOTIL inhibitors with the maximum potency shown after ~15
days, while these compounds are typically devoid of any activity within 3 days. These
features are different from those of a conventional chemotherapeutic or cytotoxic agent that
targets non-specifically any rapidly proliferating cells. The slow action of DOTL1L inhibitors
is likely due to a long time required for cellular events that lead to cell growth arrest,
including blocked histone methylation, followed by decreased levels of mMRNA expression
for the targeted genes, as well as ultimately the depletion of the gene products (proteins) key
to the proliferation of MLL leukemia cells. In addition to the MLL leukemia cell lines,
compounds 22 and 24 were shown activity against the proliferation of human cord blood
cells transformed by MLL-AF9 oncogene, while they exhibited no activity against these
cells transformed by a non-MLL oncogene, showing again the selectivity against MLL
leukemia.>®

Molecular and cell biology studies have been performed to find possible mechanisms by
which DOT1L inhibitors block the proliferation of MLL-leukemia cells.®® First, incubation
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of compound 22 with these cells can inhibit the expression of key onco-MLL targeted genes,
including Hoxa9 and Meis1 whose overexpression were found to be a hallmark of this type
of leukemia. In addition, the gene expression inhibition was seen in a dose-dependent
manner with ECgq values of ~0.7 pM. Second, compound 22 was found to be able to induce
differentiation and apoptosis of MV4-11 and MOLM-13 cells. Flow cytometry was used to
monitor cells expressing CD14, which is a cell surface marker of more differentiated
monocytes/macrophages in the myeloid lineage. Upon treatment with 22, CD14-expressing
cell population is considerably expanded. Moreover, Annexin-V staining experiments also
showed compound 22 is able to induce apoptosis of MV4-11 (~40%) and MOLM-13
(~20%) cells, although at a relatively high concentration (17 and 4-fold above the
corresponding anti-proliferative ECsq values, respectively). Third, gene profiling indicated
that the gene expression pattern of cells treated with 22 overlaps significantly with that using
DOT1L genetic knocking-down, suggesting the observed cell activities of 22 are caused by
DOTLL inhibition. More potent DOTL1L inhibitor 23 possesses even more pronounced cell
activity than compound 22.50

These cell based studies show DOT1L inhibitors represent promising drug candidates to
treat MLL-rearranged leukemia. Different from chemotherapeutic drugs, these compounds
do not have general cytotoxicity. Rather, they potently inhibit H3K79 methylation, giving
considerably lowered levels of onco-MLL targeted gene expression as well as the
downstream effector proteins. Relatively low activity against cells without an MLL
rearrangement, even after an extended period of treatment, suggests these compounds have a
low toxicity. Mechanistic studies indicated that the anti-proliferative activity of these
compounds is mainly mediated by inducing cell differentiation and/or apoptosis.

In vivo antileukemia efficacy

Pharmacokinetic studies of compounds 22 and 23 in mice and rats show the compounds are
poor drug candidates with a short half-life in plasma, preventing them from being used in
animal studies with conventional dosing methods, such as intraperitoneal and oral
administration.>:60 |nstead, these two compounds were continuously infused for in vivo
studies using an osmotic mini-pump subcutaneously implanted in experimental animals.
With this drug delivery route, 22/23 were found to be able to inhibit H3K79 methylation of
MV4-11 tumors subcutaneously transplanted in immunosuppressed mice or rats. With a
dose of 70 mg/kg/day for 21-day continuous infusion, compound 23 is able to cause a
complete regression of subcutaneously transplanted MV4-11 tumor and, after drug
treatment, suppress the tumor regrowth for >30 days. Shortening the treatment time to 14
days or reducing the dose to 35 mg/kg/day for 21 days can also inhibit tumor growth, though
with less efficacies.5% In a more clinically relevant mouse model using intravenously
transplanted MV4-11 leukemia, a 14-day treatment with compound 22 (150 mg/mL in a
mini-pump) resulted in a prolonged survival of experimental mice with statistic
significance.5®

Toxicological studies

In vivo toxicological studies were performed to determine if treatment with 22 and 23 causes
acute or chronic toxicities, especially in the hematopoietic system, since DOTLL plays an
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important role in normal hematopoiesis and homeostasis. A 14- or 21-day continuous
administration of 22 (150 mg/mL in a mini-pump) or 23 (70 mg/kg/day) was found to be
well tolerated and cause no overt toxicities in experimental animals.>>0 For example, after
treatment with 22, the colony forming ability of bone marrow cells are preserved and further
flow cytometry analysis showed the hematopoietic stem cell population is not significantly
changed. While a statistically significant reduction of the myeloid and erythroid progenitor
cells was observed, the granulocyte/monocyte progenitor cells are not affected by the drug
treatment. These results suggest selective, pharmacological inhibition of DOT1L may be
tolerable and, combined with the in vivo efficacy data, DOTLL inhibitors represent novel
drug candidates for treating MLL-rearranged leukemia.

CONCLUSION AND PERSPECTIVES

DOT1L is a unique HMT for several reasons. First, DOTLL is the only HKMT that belongs
to the class | methyltransferase family, with a distinct structure from other SET-domain
HKMTs. Second, it only binds to nucleosome and methylates H3K79 which is located in the
globular histone core. However, other histone methylation sites are located in the unordered
N-terminal tails of H3 and H4. Histone or even shorter histone peptides may serve as
substrates of other HMTs. Third, DOTLL is a distributive enzyme and able to perform
mono-, di- and tri-methylation of H3K79. Molecular and cell biology studies have shown
H3K79 methylation is normally associated with active gene transcription and elongation.
DOT1L play an important role in embryonic development as well as maintaining normal
functions of the hematopoietic system, heart and kidney in adults. Of particular interest to
medicinal chemists is that DOT1L has been validated to be a drug target for MLL-
rearranged leukemia, which currently has no targeted therapies and carry a poor prognosis.
Very potent and selective inhibitors of DOT1L have been discovered and developed. Several
of these compounds were found to have activity against this disease in cell-based assays as
well as in animal models, with the most advanced compound being in clinical trials. Given
the importance of DOTI1L in normal physiology, there are concerns in targeting DOT1L for
leukemia treatment. However, MLL leukemia cells seem to be much more sensitive to
DOT1L inhibition, while at the treatment concentrations the adverse effects to normal
tissues are minimal or reversible. This hopefully provides a safe therapeutic window.

There are still several challenges in medicinal chemistry targeting DOTIL, which represent
possible future directions for this research. First, more metabolically stable inhibitors of
DOTIL are needed, given the poor pharmacokinetic properties of current adenosine-
containing inhibitors. The cyclopentane-containing inhibitor 19 shows improved in vitro
stability in liver microsomes and plasma, but its in vivo pharmacokinetic properties as well
as antileukemia activity remain to be investigated. The available crystal structures of the
DOT1L:inhibitor complexes should provide useful tools for future design of more stable
and/or potent inhibitors. For example, since the adenosine moiety is attributed to the weak
pharmacokinetics, replacing it with a more drug-like fragment could be a viable strategy.
However, it is important that the new fragment molecule must occupy the adenosine binding
site of DOT1L. Second, there is a need to perform deeper mechanistic studies as to how
exactly DOT1L causes MLL leukemia. It has been known that H3K79 hypermethylation
leads to overexpression of certain leukemia relevant genes such as Hoxa9 and Meis1.
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However, what are the downstream molecular events or effector proteins that cause the
leukemia? To this end, highly potent and selective DOTL1L inhibitors could be explored as a
chemical probe for these studies. More knowledge about this point could provide additional
targets for MLL leukemia treatment. In addition, compounds targeting a downstream protein
could provide a desired synergistic effect once combined with a DOTLL inhibitor. Finally, it
has been known that many diseases including cancer are caused by aberrant epigenetic
modifications. Given the crucial role of DOT1L or H3K79 methylation in gene regulation, it
is anticipated that more diseases or medical applications may be connected to dysfunction of
DOT1L. However, except for MLL-rearranged leukemia, there have been very few studies
providing compelling evidence showing potential medical applications of targeting DOTL1L.
More investigation is therefore needed and again, the available DOT1L-specific inhibitors
may serve as useful probes for this purpose.
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Figure 1.
Ilustration of the nucleosome structure, with histones shown as blue spheres and DNA as

red strands.
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Figure2.
(A) Mechanism of catalysis of DOTLL; (B) The overall structure of human DOT1L(1-416)

in complex with SAM (ball & stick model with C atoms in green); (C) The close-up view of
the active site of the DOT1L:SAM structure, with H-bonds shown as dotted lines; (D) The
close-up view of the lysine binding channel, with the methyl group of SAM shown in ball &
stick model.
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Figure3.
(A) Hlustration of the wild-type MLL gene; (B) Function of wild-type MLL, which

methylates H3K4 and initiates Pol 11 mediated gene transcription; (C) Illustration of onco-
MLL fusion gene; (D) Function of onco-MLL protein is illustrated. The MLL protein
complex involving AF4, AF9, AF10 and ENL recruits DOT1L, which methylates H3K79
and causes overexpression of leukemia-relevant genes.
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Figure4.

Representative SAH-like, mechanism-based and carbamate-containing inhibitors of DOTIL.
(K;j or ICxq values are from original references. ICg values may not be used directly to
compare the relative inhibitory potency, due to possibly different assay conditions.)
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Representative urea- and benzimidazole-containing inhibitors of DOT1L. (K; or ICsq values
are from original references. ICgq values may not be used directly to compare the relative
inhibitory potency, due to different assay conditions.)
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Figure®6.
(A) Superimposed crystal structures of SAM (C atoms in green), 1 (in pink), 7 (in purple)

and 18a (in orange) in DOT1L, showing the binding poses of the adenosine moieties are
very similar; (B) The structure of DOT1L:1 showing the binding pocket of the N6-Me (pink
sphere); (C) The structure of DOTL1L:7 showing the binding pocket of the 7-Br (brown
sphere); (D) The structure of DOT1L:22 (with C atoms in orange) showing the binding
pocket of the 4-tert-butylphenyl urea group of 22 (in ball & stick model). Together
superimposed is the structure of DOT1L:SAM (for clarity only) showing SAM (in green
lines) as well as residues Phe239 and Thr139 (in light blue lines). It is noted that these two
residues undergo considerable conformational changes to allow the binding of 22. The
corresponding Thr139 in DOT1L:22 is largely unordered (with B factors >120) and
therefore not shown; (E) Superimposed structures of DOT1L:SAM (in green) and :22 (in
orange), highlighting that the flexible loops 302-312 (left, shown as a tube model) and 128-
140 (right) undergo considerable conformational changes. Both loops (in green) in the
DOT1L:SAM structure are ordered, while the loop 128-140 (in orange) in the DOT1L:22
structure is largely unordered. For clarity, other protein 3-D structures are shown as curved
lines.
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