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ABSTRACT: Post-translational modifications of histones by protein methyltransferases
(PMTs) and histone demethylases (KDMs) play an important role in the regulation of
gene expression and transcription and are implicated in cancer and many other diseases.
Many of these enzymes also target various nonhistone proteins impacting numerous
crucial biological pathways. Given their key biological functions and implications in
human diseases, there has been a growing interest in assessing these enzymes as potential
therapeutic targets. Consequently, discovering and developing inhibitors of these
enzymes has become a very active and fast-growing research area over the past decade.
In this review, we cover the discovery, characterization, and biological application of
inhibitors of PMTs and KDMs with emphasis on key advancements in the field. We also
discuss challenges, opportunities, and future directions in this emerging, exciting research
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1. INTRODUCTION

Gene expression and transcription are critical for a variety of
cellular processes and are controlled not only by DNA
sequence and transcription factors but also by epigenetic
regulation.” This epigenetic regulation depends on the state of
chromatin, which can be modified in a variety of ways,
including DNA methylation, nucleosome remodeling histone
variants, and post-translational modifications (PTMs) of
histones.” The proteins that are directly involved in PTMs of
histones are divided into three categories: the enzymes that
create these modifications (the “writers”), the proteins that
recognize the modifications (the “readers”), and the enzymes
that remove the modifications (the “erasers”). PTMs of
histones include, but are not limited to methylation, acetylation,
phos;)horylation, sumoylation, ubiquitination, and glycosyla-
tion.” Due to the crucial role of epigenetic regulation in
important cellular processes, such as cell differentiation,
proliferation, development, and maintaining the cell identity,
epigenetic modifying enzymes have been increasingly recog-
nized as potential therapeutic targets. Thus, there have been
growing interests in the biomedical community to discover and
develop selective small-molecule inhibitors of these enzymes.
Many studies have already shown that these inhibitors are
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Figure 1. Known methylation and demethylation sites for histone H3 and H4 tails and corresponding protein methyltransferases and histone

demethylases.

valuable chemical tools for investigating biological functions
and disease association of the target enzymes and for assessing
the potential of these enzymes as therapeutic targets.

Histone methylation is one of the most heavily investigated
histone PTMs. It was first recognized in 2000* and was largely
considered to be a permanent modification until the first
histone demethylase was discovered in 2004.° It is now
appreciated that histone and nonhistone protein methylation
and demethylation is a dynamic process that plays a key role in
the regulation of gene expression and transcription and, in turn,
is implicated in various cancers and numerous other diseases.
Therefore, the discovery of selective small-molecule inhibitors
of the enzymes that are responsible for the methylation and
demethylation has become a very active and fast growing
research area. ' The known methylation and demethylation
sites for histone H3 and H4 tails and related enzymes are
summarized in Figure 1. In this review, we focus on the
enzymes that are responsible for the methylation and
demethylation of histone and nonhistone proteins, namely,
(1) protein methyltransferases (PMTs, also known as methyl
writers) and (2) histone demethylases (KDMs, also known as
methyl erasers). We comprehensively describe important past
discoveries as well as current progress toward the discovery of
small-molecule and peptide-based inhibitors of these methyl
writers and erasers with the emphasis on small-molecule
inhibitors. We also discuss future directions for developing
inhibitors of these enzymes. It is our intention to thoroughly
cover the inhibitors reported in the primary literature.
However, it is beyond the scope of this review to include the
inhibitors reported in the patent literature.

2. PROTEIN METHYLTRANSFERASES

Histone methylation catalyzed by PMTs is one of the most
important and highly studied PTMs due to its involvement in
diverse biological processes, including heterochromatin for-
mation and maintenance, transcriptional regulation, DNA
repair, X-chromosome inactivation, and RNA maturation.”*
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PMTs have also been shown to target many nonhistone
proteins.”>** PMTs catalyze the transfer of the methyl group
from the cofactor S-5’-adenosyl-L-methionine (SAM) to either
lysine or arginine residues of histone and nonhistone substrates
(Figure 2A). They are divided into two categories based on the
type of residues they modify: protein lysine methyltransferases
(PKMTs) and protein arginine methyltransferases (PRMTs).
While lysine residues can be mono-, di-, and/or trimethylated
by PKMTs, the arginine guanidinium group can only be mono
and/or dimethylated by PRMTs (Figure 2B).”> Dimethylation
of terminal guanidino nitrogens following monomethylation of
arginine (MMA) can occur on the same nitrogen resulting in
asymmetrically dimethylated arginine (aDMA), or it can occur
on two different guanidino nitrogens to give symmetrically
dimethylated arginine (sDMA) (Figure 2B). Methylation of
lysine or arginine residues does not alter the charge of these
residues but modifies the bulkiness and hydrophobicity of the
protein, consequently affecting the recognition of the
methylated protein by methyl-lysine/arginine readers via
protein—protein interactions. Each lysine or arginine methyl-
ation mark establishes a specific signal that is recognized by
reader proteins.’®

PKMTs and PRMTs bind lysine or arginine residues of
substrate proteins via the substrate binding groove and SAM via
the cofactor binding site.”> These two binding sites are linked
by a narrow hydrophobic channel that brings the substrate and
cofactor in close proximity to allow the transfer of the methyl
group from the cofactor SAM to a lysine or arginine residue via
an Sy2 transition state. This process results in the methylation
of the target residue and the release of the resulting cofactor
product, S-5'-adenosyl-L-homocysteine (SAH). The process
can occur successively to achieve higher states of lysine or
arginine methylation (Figure 2B).
2.1. Protein Lysine Methyltransferases

Apart from DOTIL, all of the known PKMTSs are composed of
a conserved SET domain, approximately 130 amino acids in
length.”°"** This domain was originally identified in three
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Figure 2. (A) Methylation of lysine (K) and arginine (R) residues of histone tails and nonhistone proteins by protein methyltransferases. (B)
Methylation states of K and R residues.

Drosophila genes. These genes include Su(var.)3—9 (the families: SUV, SET1, SET2, EZ, and RIZ.””*° More recently,

suppressor of position-effect variegation 3—9), En(zeste) (an however, an alternatlve categorization and nomenclature has
enhancer of the eye color mutant zeste), and Trithorax (the been suggested This new classification aims to assign more
homeotic gene regulator).”® PKMTs are divided into two generic names to histone-modifying enzymes according to the
classes: SET domain-containing PKMT's and non-SET domain- type of their enzymatic activity and the type of their target
containing PKMTs, the latter of which DOTIL is the sole residue(s), since these enzymes have also been shown to target
member. The SET domain folds into several small f-sheets that nonhistone proteins. As such, they were divided into eight
surround a knotlike structure, bringing together the two highly major groups: KMT1 (lysine methyltransferases 1) to KMT8. It
conserved motifs of the SET domain and forming an active site is worth noting that the SET domain is found in a large number
next to the SAM binding pocket.” In addition, functional SET of eukaryotic proteins and in several bacterial proteins. Thus, is
domain folds are usually flanked by pre-SET and post-SET not limited to PKMTs.*
domains that are crucial for enzymatic activity. SET domain- Lysine methylation catalyzed by PKMTs has been recognized
containing PKMT's are categorized according to their sequence as a major mechamsm in regulating gene expression and
similarities around the SET domain and divided into five major transcription.”**” Histone lysine methylation can lead to either
991 DOI: 10.1021/acs.chemrev.6b00801
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Figure 3. Phylogenetic tree of PMTs. The PMTs with known inhibitors are indicated in boxes.

transcription activation or repression, depending on the site at
which methylation occurred as well as the state of the
methylation (e.g, mono-, di-, or trimethylation). While H3K4
(histone H3 lysine 4), H3K36, and H3K79 methylation are
generally associated with transcription activation, H3K9 di- and
trimethylation (H3K9me2 and H3K9me3) and H3K27
trimethylation (H3K27me3) are typically associated with
reprtession.25’34_36

2.1.1. General Description. In the following sections, we
organize inhibitors of PKMTSs according to their histone
methylation site(s) (Figure 2). In the case of PRMTs, we
discuss each enzyme with its known inhibitors separately. We
describe the structure, function, and disease relevance of these
enzymes and then focus on the selective, small-molecule
inhibitors published in the primary literature. We provide an
account of in vitro characterization, selectivity, mechanism of
action (MOA), and in vivo studies of reported inhibitors. A
phylogenetic tree of protein methyltransferases is shown in
Figure 3. It should be noted that the potencies of the most
reversible protein methyltransferase inhibitors were reported as
ICs, values, which are largely dependent on the assay
conditions used. Consequently, this makes it difficult to
compare and rank the inhibitors based on their potencies.

2.1.2. Inhibitors of H3K9 Methyltransferases.
SUV39H1 (suppressor of variegation 3—9 homologue 1),
SUV39H2, G9a (also known as euchromatic histone-lysine N-
methyltransferase 2 (EHMT2)), GLP (GO9a-like protein, or
EHMT1), SETDB1 (SET domain, bifurcated 1), SETDB2,
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PRDM2 (PR domain containing 2, with ZNF domain),
PRDM3, and PRDM16 are PKMT proteins that are known
to govern H3K9 methylation.”” Dimethylation of H3K9
(H3K9me2) and trimethylation of H3K9 (H3K9me3) are
repressive marks that result in localized transcriptional
silencing, mediated by heterochromatin protein 1 (HP1).**
While inhibitors of H3K9 methyltransferases are highly desired
due to the fact that these proteins are increasingly being
implicated in a broad spectrum of human diseases, including
various cancers, cocaine addiction, and HIV-1 latency, selective
inhibitors have only been reported for SUV39HI1, G9a, and
GLP.”>”" These inhibitors are reviewed extensively in the
following section.

SUV39H1 was the first histone lysine methyltransferase to be
identified. The SET domain of SUV39HI contains f-sheets
that are packed alongside the protein’s pre-SET and post-SET
domains.** The post-SET domain is known to contain three
conserved cysteine residues that play a crucial role in the
domain’s enzymatic activity. SUV39HI and SUV39H2 have
been shown to play several biologically significant roles.” In
addition, it is believed that SUV39H1/2 may serve a tumor
suppressor function by way of maintaining the H3K9
trimethylation mark at pericentric heterochromatin.***’

It was the discovery of chaetocin, a fungal mycotoxin, as the
first SUV39 methyltransferase inhibitor in 2005 that launched
the pursuit of selective PKMT inhibitors.”® Screening a library
of approximately 3000 compounds using a biochemical assay
resulted in the identification of chaetocin, an epidithiodiketo-

DOI: 10.1021/acs.chemrev.6b00801
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piperazine (ETP) alkaloid, as a potent SUV39 inhibitor with an
IC;, of 0.6 uM.*® Follow-up studies over the next several years
have elucidated, however, that chaetocin is not a selective
inhibitor.*’ ' As such, it will not be covered further in this
review.

The mono- and dimethylation of H3K9 is primarily catalyzed
by the PKMTs G9a and GLP.>>>’ These proteins both possess
SET domains that share an approximately 80% sequence
identity and have been demonstrated to form a heterodimer.>®
It has also been shown that both G9a and GLP can catalyze the
dimethylation of several nonhistone proteins. Most notably,
these nonhistone substrates include lysine 373 on the tumor
suppressor p53.°* Both G9a and GLP are of considerable
biological importance and have been implicated in several
human pathologies. For example, G9a has been shown to be
overexpressed in a broad spectrum of cancers.""**> As
expected, knocking down G9a diminished cell growth and
proliferation in cell-based models of prostate cancer,”’ lung
cancer,” and leukemia,*® in addition to diminishing leukemia
stem cell frequency and delaying acute myeloid leukemia
(AML) progression in mouse models.”” G9a has also been
implicated in a number of nononcological diseases, includin:
HIV-1 latency,42 mental retardation,®® cocaine addiction,">*
and inflammatory colitis.”” Additionally, G9a has been found to
play an important role in diverse cellular processes, including
coactivation leading to p2I-mediated apoptosis.”’ G9a has also
been shown to help guide stem cell function, maintenance,
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differentiation, and reprogramming in various circumstan-
ces.”” " For example, G9a plays a critical role in early
embryonic development by way of guiding stem cell differ-
entiation and H3K9me2 patterning that helps determine
lineage specification in hematopoietic stem and progenitor
cells (HSPCs).®® On the other hand, loss of function mutations
in GLP has recently been shown to cause the 9q34
subtelomeric deletion, resulting in Kleefstra syndrome, which
is characterized by intellectual disability.”>®” GLP was also
recently shown to regulate brown adipose cell fate and
thermogenesis by way of formation of the PRDM16 (PR
domain containing protein 16) complex.”®

Selective inhibitors of G9a and GLP were first reported by
Kubicek and co-workers in 2007.°” High-throughput screening
(HTS) of a 125000-compound library led to the discovery of
BIX-01294 (Figure 4), a 2,4-diamino-6,7-dimethoxyquinazo-
line, as the first selective G9a and GLP inhibitor. It potently
inhibited G9a (IC5, = 1.7 uM) and, to a lesser extent, GLP
(ICs, = 38 uM) but did not inhibit other methyltransferases
(PRMT1, SETD7, SETDBI, SUV39HI, and an H320R
hyperactive SUV39HI mutant) at up to 45 uM. A later
study, however, found that BIX-01294 was actually more potent
for GLP (ICs, = 0.7 uM) than G9a (ICs= 1.9 uM).”” In
mechanism of action (MOA) studies, BIX-01294 was
competitive with the pe;)tide substrate and noncompetitive
with the cofactor SAM.”” This mechanism of inhibition was
confirmed by the crystal structure of the GLP SET domain in

DOI: 10.1021/acs.chemrev.6b00801
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complex with BIX-01294 and the cofactor product SAH, which
clearly shows that the inhibitor binds to the substrate-binding
groove of GLP (PDB ID: 3FPD).”

BIX-01294 was active in multiple cell-based assays. For
example, it reduced global levels of H3K9me2 and concurrently
increased unmodified H3K9, but did not alter H3K9mel,
H3K9me3, H3K27, H3K36, or H4K20 methylation marks in
mouse embryonic stem cells (ESCs).” A global reduction of
H3K9me2 was also observed when mouse embryonic
fibroblasts (MEFs) and HeLa cells were treated with BIX-
01294. Furthermore, BIX-01294 reduced the H3K9me2 mark
at promoters of G9a target genes such as MAGEA2, BMIL, and
SERACI but had no effect on the H3K9me2 mark at promoters
of G9a nonresponsive genes such as MAGEB4 and
TUBULIN.”

The second G9a/GLP selective inhibitor was discovered in
2009 by Liu and co-workers, who conducted structure—activity
relationship (SAR) studies on the 2,4-diaminoquinazoline core
of BIX-01294."" Specifically, UNC0224 (Figure 4) was
designed based on the cocrystal structure of the GLP-BIX-
01294 complex’’ to have a 7-dimethylaminopropoxy group to
occupy the lysine-binding channel of G9a/GLP. Numerous
biochemical assays revealed that UNC0224 indeed possessed
significantly increased potency and selectivity, including a Ky of
23 + 8 nM and 1000-fold selectivity for G9a and GLP over
SETD7 and SETDS8. The occupation of the G9a lysine-binding
channel by UNC0224’s 7-dimethylaminopropoxy group was
confirmed by a crystal structure of the G9a-UNC0224 complex
(PDB ID: 3KSK) (Figure S). The cocrystal structure also

Figure S. Co-crystal structures of UNC0224 (cyan) and UNC0638
(blue) in complex with G9a are superimposed (PDB ID: 3KSK and
3RJW, respectively). H3K9me2 peptide (magenta) overlaid for
reference. Hydrogen bonds with G9a residues are represented as
yellow dashed lines.

revealed additional key inhibitor/protein interactions that
guided future inhibitor development, leading to the discovery
of UNCO0321, which is the most potent G9a inhibitor
(Morrison K= 63 pM) to date and retains a similar selectivity
profile as UNC0224.""

In 2010, based on the same crystal structure of the GLP-BIX-
01294 complex, Chang and co-workers reported the discovery
of E72 (Figure 4), a selective G9a/GLP inhibitor that also
features a lysine mimic added onto the quinazoline scaffold.””
E72 was found to have a Kj of ca. 136 nM and an ICs, of 100
nM against GLP. In studies using NIH 3T3 cells, E72
reactivated the proapoptotic Fas gene after it was epigenetically
silenced by K-Ras. Further, E72 showed less cytotoxicity than
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BIX-01294, likely due to its increased polarity and decreased
cell membrane permeability.

The low cell membrane permeability of UNCO0321 is also the
likely reason that it displayed poor cellular activity despite its
high potency in biochemical assays.”” This led Liu and co-
workers to optimize physicochemical properties of this
chemical series by increasing hydrophobicity while maintaining
high potency for G9a/GLP. These efforts resulted in the
discovery of UNCO0638, a potent, selective, and cell-active
inhibitor of G9a and GLP,”* with an ICy, of 19 nM for GLP
and an ICq, less than 15 nM for G9a in biochemical assays.”* In
MOA studies, UNC0638 was competitive with the peptide
substrate (K= 3.0 + 0.05 nM) but noncompetitive with the
cofactor SAM. The MOA was confirmed with a crystal
structure of G9a in complex with UNC0638 and SAH, which
unambiguously indicates that UNCO0638 binds the substrate
binding groove of G9a (PDB ID: 3RJW) (Figure S).

UNCO0638 was thoroughly characterized in additional
biochemical, biophysical, and cellular assays. It was more than
200-fold selective for G9a and GLP over 16 other
methyltransferases and epigenetic targets.”* It was also at
least 100-fold selective over more than 80 G protein-coupled
receptors (GPCRs), kinases, transporters, and ion channels.
UNCO0638 reduced global H3K9me2 levels in MDA-MB-231
cells, a human breast carcinoma cell line, with significantly
greater potency (ICg, = 81 + 9 nM) than BIX-01294 (ICq, =
500 + 43 nM).”* Interestingly, the abundances of G9a protein
and mRNA transcripts in cells were unchanged following
UNCO0638 treatment, suggesting that reduction of H3K9me2
occurs purely from enzymatic inhibition. In addition, UNC0638
displayed considerably reduced cytotoxicity (ECs, = 11000 =+
710 nM) compared to BIX-01294 (ECs,= 2700 + 76 nM) in
MDA-MB-231 cells. Thus, UNCO0638 has a large separation of
functional potency and cell toxicity (function/toxicity ratio =
138), whereas BIX-01294 has a relatively poor separation
(function/toxicity = 5.6). UNC0638 also exhibited high cellular
potency and low cell toxicity in six other cancer and normal cell
lines. Furthermore, mass spectrometry (MS)-based proteomics
was implemented to examine effects of UNC0638 treatment on
H3K9me?2 as well as 20 other common histone modifications.
This study found that only H3K9me2 and H3K14ac levels were
changed by UNCO0638, suggesting (1) that UNC0638’s cellular
actions are specific, and (2) that there may be potential
crosstalk between H3K9me2 and H3K14ac marks. In addition,
UNCO0638 selectively reduced the H3K9me2 mark at
promoters of G9a target genes, such as MAGEA1, TCBIDS,
and MAGEA2 but did not change the H3K9me2 mark at
promoters of G9a nonresponsive genes, such as MAGEB4.

UNCO0638 also displayed significant phenotypic effects in
cellular assays. For example, UNCO0638 was shown to reduce
MCF7 cell clonogenicity, but not that of MDA-MB-231 cells,
suggesting that the phenotypic effect depends upon cell types
and epigenetic states.”* UNC0638 was also found to induce
differentiation of naive T cells into regulatory T cells and Th17
cells.%” In addition, UNCO0638 induced leukemia stem cell
differentiation thereby suppressing the proliferation of primary
human AML cells,”” an effect that was similarly observed with
G9a-conditional knockout AML cells. A key interaction
between G9a and the leukemogenic transcription factor
HoxA9, which regulates myeloid progenitor proliferation, was
found to underlie the observed suppression of AML cell
proliferation following UNCO0638 treatment. This in turn,
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suggests potential clinical utility of pharmacological inhibition
of G9a in the treatment of AML.

Despite its utility as a cell-based chemical probe, UNC0638
possessed poor pharmacokinetic (PK) properties in animals.”*
To improve PK properties of UNC0638 and make it suitable
for in vivo studies, Liu and co-workers conducted further
optimization and discovered UNCO0642 (Figure 4),”> which
retained high in vitro potency for G9a and GLP (ICy, < 2.5
nM) and was >20000-fold selective for G9a/GLP over other
methyltransferases (e.g, MLL1, SETD7, SETDS, SETDBI,
PRMT3, PRMTS, SMYD2, SMYD3, SUV39H2, SUV420H1,
SUV420H2, DOTIL, and DNMT1) and >300-fold selective
over approximately 100 kinases, GPCRs, transporters, and ion
channels. It also potently and selectively reduced the H3K9me2
mark, while maintaining low cell toxicity, in normal and tumor
cell lines. Importantly, UNC0642 exhibited >3-fold higher
exposure in plasma compared to UNCO0638 in mouse PK
studies, making it suitable for in vivo studies. Very recently,
Kim and co-workers have shown that UNCO0642 reactivated
silent Prader-Willi Syndrome (PWS) candidate genes from the
maternal allele in PWS cellular and mouse models, and the
inhibitor significantly increased the growth and prolonged the
survival of PWS mouse pups.”® In addition, a biotinylated
chemical tool has been derived from UNC0638. This derivative
had high in vitro potency for G9a and can precipitate G9a from
whole-cell lysates and be used for exploring the localization of
G9a on chromatin in chem-ChIP studies.””

In 2012, Yuan and co-workers synthesized and screened a
focused library of 2-substituted benzimidazoles that structurally
mimick SAM and discovered BRD9539 (Figure 4), a SAM-
competitive inhibitor of G9a, and BRD4770 (Figure 4), the
methyl ester of BRD9539, as a prodrug.”® While BRD9539
inhibited G9a with an ICg; of 6.3 M, it also inhibited PRC2-
EZH?2 with a similar potency and NSD1 with a lower potency
(ICs = 40 uM). It was, however, selective over SUV39H]1,
SUV39H2, MLL1, SETD7, SETDS8, PRMTI1, PRMTS3,
PRMTS, DNMT1, and HDAC1-9. It is unclear as to whether
or not BRD9539 also inhibits GLP, as this information was not
reported. Regardless, BRD9539 appeared to be competitive
with SAM, as increasing SAM concentrations result in a decline
in GYa inhibition. BRD4770 significantly reduced H3K9me2
and H3K9me3 levels and concurrently increased H3K9mel
levels in cells. The cytotoxicity of BRD4770 was also tested by
assessing its ability to induce cellular apoptosis, as monitored by
caspase 3/7 activity. It had low cytotoxicity as it failed to induce
caspase activity in PANC-1 cells. Of note, BRD4770-treated
PANC-1 cells did appear to take on a senescence associated
phenotype, namely flattened morphology and more intense f-
galactosidase staining. Additionally, BRD4770 reduced the
clonogenicity of PANC-1 cells.

Another G9a and GLP selective inhibitor was reported in
2014 by Sweis and co-workers.”” Their compound, A-366
(Figure 4), features a novel spiro(cyclobutane-1,3’-indol)-2’-
amine core and potently inhibited G9a (ICs, = 3.3 nM) and
GLP (ICy, = 38 nM). A-366 was competitive with the peptide
substrate and noncompetitive with SAM. It was selective for
G9a/GLP over 17 other methyltransferases. The crystal
structure of A-366 in complex with G9a shows that A-366
binds G9a similarly as UNC0638 binds G9a (PDB ID: 4NVQ).
Finally, A-366 reduced global levels of H3K9me2 but did not
change H3K27me3 and H3K36me2 levels in PC3 cells, a
prostate cancer cell line.
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Several additional G9a/GLP inhibitors have been reported
recently.*”®" These compounds have been shown to inhibit
G9a/GLP in biochemical assays. However, extensive character-
ization of these inhibitors in additional assays was not reported.

While very closely related, GLP and G9a possess distinct
physiological and pathophysiological functions. Therefore, GLP
or G9a selective small-molecule inhibitors would be important
tools to examine their individual biological functions. Among all
the inhibitors discussed above, only BIX-01294 displayed
limited selectivity for GLP (3—S fold) over G9a. Very recently,
Xiong and co-workers reported the discovery of potent and
selective GLP inhibitor, MS012 (ICsy = 7 + 2 nM), which is
140-fold selective for GLP over G9a (Figure 4).% MS012 was
also selective for GLP over a broad range of other PKMTs,
PRMTSs, DNMTs, and RNMTs. The direct binding of MS012
to GLP and G9a was shown by ITC. In addition, cocrystal
structures of GLP and G9a in complex with the inhibitor were
obtained (PDB ID: STTG and STTF) and showed that the
inhibitor occupies the peptide-binding site, confirming the
finding from MOA experiments that the inhibitor is
competitive with the peptide substrate. Interestingly, X-ray
structures revealed that MS012 binds to GLP and G9a in
virtually identical binding modes, highlighting the challenges in
structure-based design of selective inhibitors for these highly
identical enzymes.

2.1.3. Inhibitors of H3K27 Methyltransferases. Meth-
ylation of H3K27 is catalyzed by a highly conserved,
multisubunit protein complex, known as polycomb repressive
complex 2 (PRC2).*~ As its name suggests, PRC2 primarily
functions to silence its target genes by trimethylating H3K27,
resulting in their transcriptional repression. This process is
important in a variety of physiological processes, including
those involving differentiation and development.”® The core
PRC2 complex consists of four subunits: (1) EZH1 (enhancer
of zeste homologue 1, also known as KMTéB) or EZH2
(enhancer of zeste homologue 2, also known as KMT6A), (2)
SUZ12 (suppressor of zeste 12), (3) EED (embryonic
ectoderm development), and (4) RbAp46/48. The EZH1 or
EZH?2 subunit is the catalytic subunit of PRC2 and contains a
SET domain at the C-terminal, which is necessary to exert the
methyltransferase activity.*”***” While EZH1 and EZH2 share
96% sequence identity in their SET domains, they possess
considerably different tissue distributions.”’ For example, EZH1
exists in both differentiated and dividing cells, while EZH?2 is
found only in dividing cell populations.**”' Yet another
reported distinction between EZH1 and EZH?2 is that the
PRC2 complex containing EZH2 (PRC2-EZH2) possesses
greater methyltransferase activity compared to the PRC2
complex with EZHI (PRC2-EZH1).”" Nevertheless, both of
these complexes have been demonstrated to carry out H3K27
methylation successively to produce the H3K27me3 repressive
mark 869193

Despite its status as the catalytic subunit of PRC2, EZH2, or
EZH]1 alone is not catalytically active. Instead, EZH2 or EZH1
requires at least two other subunits, EED and SUZ12, to have
the methyltransferase activity.”*~"° It has also been demon-
strated that PRC2 can contain other protein subunits as well,
including AEBP2, PCLs, and ]ARID2.97_100 Defects in EZH2
have been shown to result in a number of pathological
outcomes. For example, point mutations at Y641 in the EZH2
C-terminal SET domain have been observed in 7% of follicular
lymphomas and 22% of germinal center B-cell (GCB) and
diffuse large B-cell lymphomas (DLBCLs).'”" These Y641
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Figure 6. Structures of EZH2/EZHI inhibitors.

point mutations are known to have a gain-of-function. They
have a preference for H3K27me2 as the substrate, resulting in
increased trimethylation of H3K27.'%'%* Another EZH2 point
mutation, A677G, has also recently been identified in
lymphoma cell lines and primary tumor samples.'®* Impor-
tantly, overexpression of EZH2 and hypertrimethylation of
H3K27 have been associated with multiple human can-
cers, 0510 including breast,'?”!%® prostate,m9 lymphoma,wl’110

myeloma,'"" and leukemia.''” While it has not yet been
determined whether EZH1 overexpression is involved in B-cell
malignancies, it has been shown that EZH1 and EZH2 can
compensate for one another and are both required for
maintaining cell proliferation and suppressing cell differ-
entiation to sustain aggressive MLL-rearranged leuke-
mias, 1137115

A number of highly potent and selective inhibitors of PRC2
have been reported. The first selective PRC2 inhibitor targeting
the EZH2 subunit was reported by Knutson and co-workers in
2012.""° A hit with an ICg, of 620 nM against PRC2 was
identified through HTS of a 175000-compound library.
Optimization of this hit resulted in EPZ005687 (Figure 6,
ICy = 54 + 5 nM), which was competitive with the cofactor
SAM (K; = 24 + 7 nM) and noncompetitive with the peptide
substrate."'® It was postulated that EPZ005687 might bind the
SAM binding pocket of EZH2 due to the above MOA finding
and that EPZ005687 and SAH are mutually exclusive PRC2
inhibitors. Importantly, EPZ005687 was over 500-fold selective
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for the PRC2-EZH2 complex over 14 other methyltransferases.
It was also approximately 50-fold selective for PRC2-EZH2
over PRC2-EZH1. While EPZ005687 displayed similar
potencies for Y641 mutations compared to the wild-type
EZH2, it was S-fold more potent for the A677G mutation
compared to the wild-type EZH2. EPZ005687 also had no
appreciable affinity for a broad range of other protein targets,
including 77 GPCRs and ion channels.

EPZ005687 has displayed promising activities in cellular
assays. For example, it potently reduced H3K27me3 levels in
OCI-LY19 cells, a wild-type EZH2 lymphoma cell line, and
WSU-DLCL2 cells, a Y641F mutant lymphoma cell line.''
EPZ005687 also significantly blocked the growth of WSU-
DLCL2 and Pfeiffer cells (an A677G mutant cell line) but not
OCI-LY19 cells, suggesting that hypertrimethylation of H3K27
is important for the proliferation of EZH2-mutated lymphomas.
Subsequent gene set enrichment analysis (GSEA) studies
confirmed an expected derepression of known EZH2 target
genes in WSU-DLCL2 cells following EZH2 inhibition.

In 2012, McCabe and co-workers reported GSK126, a SAM-
competitive EZH2 selective inhibitor.""” Similar to the
discovery of EPZ005687, a hit was identified by HTS and
subsequent optimization resulted in the discovery of GSK126
(Figure 6),""” as well as other potent and selective EZH2
inhibitors, such as GSK343” and GSK503."'® These EZH2
inhibitors share a similar core structure with EPZ005687;
however, GSK126 bears an indole group as opposed to the

DOI: 10.1021/acs.chemrev.6b00801
Chem. Rev. 2018, 118, 989—1068


http://dx.doi.org/10.1021/acs.chemrev.6b00801

Chemical Reviews

indazole group of EPZ005687. GSK126 potently inhibited both
wild-type and mutant forms of EZH2 (K; = 0.5—3 nM) and was
over 1000-fold selective for EZH2 over 20 other methyl-
transferases.''” Remarkably, it was also over 150-fold selective
for EZH2 over EZH1, despite EZH2 and EZH1 sharing 96%
sequence identity in their SET domains. It also showed almost
no affinity for a large variety of kinases, GPCRs, ion channels,
transporters, and other chromatin modifiers.

GSK126 was assessed for its effect on cell proliferation in a
panel of B-cell lymphoma cell lines. Six of the seven DLBCL
cell lines that were the most sensitive to GSK126 did in fact
contain either Y641N, Y641F, or A677G mutations, while the
least sensitive DLBCL cell lines had no mutations."'” In the
most sensitive DLBCL lines, GSK126 treatment resulted in
transcriptional activation and gene expression changes that
closely matched those of EZH2 knockdown. Subsequent ChIP-
Seq analysis of these sensitive DLBCL lines demonstrated that
H3K27me3 levels were enriched prior to GSK126 treatment
and diminished post-treatment, suggesting that EZH?2 target
genes are repressed by the H3K27me3 mark and that this
repressive effect is relieved by GSK126 treatment.

GSK126 was also studied in Pfeiffer and KARPAS-422 tumor
xenograft mouse models."'” A significant reduction in tumor
volume and improvement in survival against the more
aggressive KARPAS-422 xenograft was observed when mice
received intraperitoneal (IP) administration of GSK126 at SO
mg/kg once daily, 150 mg/kg once daily, or 300 mg/kg twice
per week over the course of 35 days. Importantly, a dose-
dependent decrease in H3K27me3 and a corresponding
increase in EZH2 target gene expression were observed in
both xenograft models. Of note, GSK126 was also well-
tolerated by the treated mice. This inhibitor entered a Phase I
clinical trial in 2014 as GSK2816126 in patients with relapsed
DLBCL, transformed follicular lymphoma, other Non-Hodg-
kin’s Lymphomas, solid tumors, and multiple myeloma.'"”
However, this inhibitor was not orally bioavailable and was
given to patients as an intravenous infusion twice weekly. As of
the time of this writing, there have been no study results
reported.

Shortly after the publication of EPZ005687 and GSK126, Qi
and co-workers reported the discovery of EIl (Figure 6),
another EZH2 selective inhibitor."*® EIl, which bears the
pyridone and indole/indazole core common to EPZ005687 and
GSK126, was SAM-competitive (K; = 13 + 3 nM) and potently
inhibited both wild-type EZH2 (ICy, = 15 + 2 nM) and the
Y641F mutant (13 = 3 nM). Furthermore, it was approximately
90-fold selective for EZH2 over EZH1 and 10000-fold selective
for EZH2 over other 10 methyltransferases. EIl in a
concentration-dependent manner reduced the H3K27me3
and H3K27me2 marks but did not change other histone
marks such as H3K27mel and di- and trimethylation marks on
H3K4, H3K9, H3K36, and H3K79 in DLBCL cells and a
rthabdoid tumor cell line, G4001."*° In addition, EIl activated
EZH?2 target genes including p16, whose expression increased
20-fold after S days of treatment. Phenotypically, EI1 inhibited
the proliferation of EZH2 gain-of-function mutated DLBCL
lines, including WSU-DLCL2, SU-DHL6, KARPAS-422, DB,
and SU-DHILA. It was also demonstrated that EI1 blocked cell
cycle progression and induced apoptosis in these EZH2 mutant
DLBCL cells. On the other hand, EI1 only weakly inhibited, if
at all, the growth of wild-type EZH2 cell lines, including OCI-
LY19, GAIQ, and Toledo. Results of EIl in tumor xenograft
mouse models were not reported.
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In 2013, Konze and co-workers reported UNC1999 (Figure
6), an orally bioavailable, potent, selective, and cell-active
inhibitor of EZH2 and EZH1."*" This inhibitor was developed
based on EPZ005687 and GSKI126 but has more desirable
physicochemical properties. UNC1999 was competitive with
SAM (K; = 4.6 + 0.8 nM) and noncompetitive with the peptide
substrate. Interestingly, it was only about 10-fold selective for
EZH2 over EZH1. On the other hand, UNC1999 was >1000-
fold selective for EZH2 and EZHI over 1S other methyl-
transferases. With the exception of sigma2, it was also selective
over a broad panel of 90 kinases, GPCRs, transporters, and ion
channels. UNC1999 was characterized in numerous cell-based
studies. In MCF10A cells, UNC1999 potently reduced
H3K27me3 levels (ICy, = 124 + 11 nM), while displaying
low cell toxicity (ECg, = 19200 + 1200 nM)."*' In MCF7 cells,
UNCI1999 effectively removed the H3K27me3 mark and did
not affect EZH2 protein levels. In DB cells, a DLBCL cell line
harboring the EZH2 gain-of-function mutant Y64IN,
UNC1999 also effectively reduced the H3K27me3 mark, did
not change EZH2 protein levels, and potently and concen-
tration-dependently inhibited cell proliferation. In MLL-AF9-
transformed murine leukemia progenitor cells, UNC1999,
which is a dual EZH2 and EZH]1 inhibitor, effectively blocked
cell proliferation.115 On the other hand, GSK126, which is a
potent EZH2 but weak EZH1 inhibitor, had little antiprolifer-
ative activity. These results support the earlier findings
uncovered via genetic approaches that in addition to EZH2,
EZH1 plays an important role in MLL-AF9 AML progres-
sion'" and suggest that the methyltransferase activity of PRC2
is critical for maintaining proliferation of these tumor cells.
Furthermore, UNC1999 was orally bioavailable in mouse PK
studies.'”" It was the first reported orally bioavailable EZH2
inhibitor. Importantly, oral administration of UNC1999 at 50
mg/kg twice daily prolonged the survival of mice with MLL-
AF9-induced leukemia,'"” suggesting that pharmacological
inhibition of both EZH2 and EZH1 may provide an emerging
therapeutic approach for treating MLL-rearranged leukemia.
The same research group also recently identified several
moieties of UNC1999 that play an important role in selectivity
between EZH2 and EZHI via a comprehensive SAR study.'**
They also developed a biotinylated derivative of UNC1999 for
chemiprecipitation of EZH2 and EZH1 and a cell-penetrant
dye conzjugate based on UNCI1999 for live cell imaging
studies.'”!

In 2013, shortly after UNC1999 was published, another
orally active EZH2 inhibitor, named EPZ-6438 (Figure 6), was
reported by Knutson and co-workers.'”> Notably, EPZ-6438
displayed an improved potency and pharmacokinetic profile
compared to their earlier compound, EPZ005687. While this
newer compound contains the same pyridone core as previous
EZH?2 inhibitors, it lacks the indole/indazole moiety. EPZ-6438
was competitive with SAM and noncompetitive with the
peptide substrate. It potently inhibited wild-type EZH2 (K; =
2.5 + 0.5 nM) as well as EZH2 mutants, including Y641F,
Y641C, Y641H, Y641N, Y641S, and A677G. In addition, EPZ-
6438 was about 35-fold selective for EZH2 over EZHI1 and
over 4500-fold selective for EZH2 over 14 other methyl-
transferases.

Several human cancers have been found to contain specific
inactivating mutations in subunits of the chromatin remodeling
complex SWI/SNF (switch/sucrose nonfermentable)."”* For
example, nearly all malignant rhabdoid tumors (MRTs) contain
an inactivated SMARCBI1 subunit. Coincidentally, EZH2
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expression has been noted to be elevated in these SMARCBI-
deficient tumors.'”>'*® EPZ-6438 has shown remarkable
promise in these tumor types, displaying antiproliferative
effects at nanomolar potencies while not affecting cells with
wild-type SMARCB1 (RD cells). In cell-based studies with a
SMARCBI-deficient MRT line (G401), EPZ-6438 selectively
reduced H3K27me3, H3K27me2, and H3K27mel marks in a
concentration-dependent manner.'”® Treatment with EPZ-
6438 in G401 cells resulted in G1 arrest and apoptosis. On
the other hand, the same treatment in RD cells did not affect
the cell cycle and did not induce apoptosis, suggesting that the
proliferation of SMARCBI1-deficient MRT cells depends on
EZH2 overexpression and H3K27 hypertrimethylation. Twice
daily oral dosing of EPZ-6438 at 250 or 500 mg/kg over the
course of 28 days was well-tolerated and completely eliminated
G401 xenografts in mice with severe combined immunodefi-
ciency (SCID).'*® In addition, the tumor regression was
maintained for 32 days after the cessation of treatment. Biopsy
and analysis of certain tumors in this study revealed a strong
correlation between H3K27me3 inhibition and antitumor
activity, as expected.

Currently, EPZ-6438 is in a two-part Phase 1/2 study, under
the name E7438."”° The compound is in Phase 1 for B-cell
lymphomas and advanced solid tumors and is in Phase 2 for
DLBCL and follicular lymphoma. The Phase 1 portion of the
study seeks to establish dosing, the effects of food intake on
bioavailability, and possible drug—drug interactions, with E7438
being orally administered twice daily. The phase 2 portion is
examining the safety and efficacy of E7438 in histologically
confirmed DLBCL and follicular lymphoma patients with wild-
type or mutated EZH2. The same compound is also in
additional clinical trials.'*”~"*"

In 2013, Garapaty-Rao and co-workers reported compound 1
(Figure 6), an EZH2-selective inhibitor with a new
tetramethylpiperidinyl benzamide scaffold, differing from the
pyridone indole/indazole scaffold of previously reported EZH2
inhibitors.”' Compound 1 was discovered via HTS of a
150000-compound library and subsequent optimization of the
hit identified. Compound 1 was competitive with the cofactor
SAM, potent for wild-type EZH2 (ICy, = 21 + 4 nM), and
slightly less potent for the Y641N mutant EZH2 (ICy, = 197 +
14 nM)."** This inhibitor was about 10-fold selective for EZH2
over EZH1 and selective for EZH2 over S other methyl-
transferases. In HeLa cells, compound 1 reduced H3K27me3
and H3K27me2 levels with modest potency (ECg, = 7 uM),
while not affecting the levels of H3K27mel, H3K4me3,
H3K9me3, H3K36me3, EZH2, EZHI, SUZI2, or EED."
Global reduction of H3K27me3 and H3K27me2 marks was
confirmed using mass spectrometry-based proteomics studies in
two germinal center B cell-like (GCB) DLBCL lines, HT (wild-
type EZH2) and SUDHL6 (mutant EZH2), treated with
compound 1. This inhibitor blocked the proliferation of Pfeiffer
cells but not OCI-LY19 cells with wild-type EZH2, despite the
fact that H3K27me3 and H3K27me2 levels were reduced in
both cell lines. Further analysis of the Pfeiffer cells revealed that
compound 1 concentration dependently increased transcription
levels of genes known to be regulated by EZH2 but either did
not affect or downregulated genes that play a role in cell cycle
progression. Interestingly, it was also observed that PC3 and
DU145 prostate cancer cells treated with compound 1
displayed lowered H3K27me3 levels but did not display altered
cell proliferation or transcript levels of EZH2 target genes,
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suggesting that their proliferation occurs independent of EZH2
methyltransferase activity and H3K27 hypertrimethylation.

In 2014, Bradley and co-workers reported a series of SAM-
competitive inhibitors of EZH2, which also contain the
pyridone headgroup and displayed high potency, selectivity,
and cellular activity."*®> More recently, in late 2016, the
discovery of CPI-1205 (Figure 6), an optimal compound in
this series, was reported.'>* CPI-1205 is a highly potent EZH2
inhibitor (biochemical ICs, = 2.0 nM, cellular ECs, = 32 nM).
It showed high selectivity against a panel of 30 other histone or
DNA methyltransferases, while it inhibited EZH1 with an ICy
of 52 + 11 nM. Furthermore, it did not inhibit a panel of 54
physiologically relevant receptors, transporters, and ion
channels at 10 uM by more than 50%. CPI-1205 displayed
good oral bioavailability in both rats and dogs (45% F in rats
and 46% F in dogs) but exhibited relatively high clearance in
both species. Importantly, it exhibited robust antitumor effects
in a KARPAS-422 xenograft model when dosed at 160 mg/kg
twice daily. In toxicology studies, CPI-1205 was well-tolerated
for 28 days and any findings were reversible over the recovery
period. CPI-120S is the third EZH2 inhibitor advanced into
human clinical trials. This compound is currently in a Phase 1
clinical trial for B-cell lymphomas and is being tested for
pharmacodynamic and pharmacokinetic properties in lympho-
ma tissue, bone marrow, and skin. Additionally, safety and
dosing are being evaluated in patients with B-cell lymphomas
(NCT02395601).

In 2015, Campbell and co-workers reported EPZ011989
(Figure 6), a potent, selective, and orally bioavailable EZH2
inhibitor."** This compound was discovered by modifications
of the pyran moiety in EPZ-6438. It potently inhibited both
wild-type (K; < 3 nM) and Y641-mutated (K; < 3 nM) EZH2 in
biochemical assays and reduced the H3K27me3 mark with an
ICs) = 94 + 48 nM in a cellular ELISA assay. EPZ011989 was
>15-fold selective for EZH2 over EZH1 and >3000-fold
selective for EZH2 over 20 other methyltransferases tested. It
was metabolically stable in human and rat liver microsomal
stability studies. In addition, cell-based studies in the Y641F-
mutated human lymphoma line, WSU-DLCL2, demonstrated
that EPZ011989 reduced H3K27 methylation with a sub-100
nM potency, while maintaining a lowest cytotoxic concen-
tration (LCC) of 208 nM.'*> One of the most significant
improvements seen in EPZ011989 compared to its prede-
cessors was its pharmacokinetic and pharmacodynamic proper-
ties, as assessed in a 7-day PK study with PD measurement of
the H3K27me3 mark in bone marrow following various doses
of the compound twice daily (BID)."*> The compound was
well-tolerated, and at a dose of 500 mg/kg, it appeared to
achieve complete coverage over the predicted efficacious
plasma level. Further, at this dose, the H3K27me3 mark in
bone marrow was completely eliminated by the end of the 7-
day treatment. The antitumor activity of EPZ011989 was also
assessed in vivo using KARPAS-422 human DLBCL xenografts
in mice. Treatment with 250 and 500 mg/kg suspensions of
EPZ011989 administered BID for 21 days resulted in
significant tumor regression at both doses while not affecting
body weight. Further, a robust reduction of the H3K27me3
mark was observed in these tumors after treatment.

Early in 2016, Song and co-workers reported ZLD1039
(Figure 6), a potent, selective, and orally bioavailable EZH2
inhibitor."*® This inhibitor was developed based on the core
scaffold of EPZ-6438. ZLD1039 potently inhibited wild-type
(ICso = 5.6 + 0.4 nM), Y641F mutant (ICsy = 15 + 0.5 nM),
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and A677G mutant (ICy, = 4.0 + 0.3 nM) EZH2. It was 14-
fold selective for EZH2 over EZH1 and >10000-fold selective
for EZH2 over 10 other methyltransferases tested. In MOA
studies, ZLD1039 was competitive with SAM and non-
competitive with the peptide substrate. ZLD1039 reduced the
H3K27me3 mark in MCF7 and MDA-MB-231 breast cancer
cell lines, while other histone methyl marks and EZH2 levels
were unaffected.’*® In antiproliferative growth assays with
several breast cancer cell lines, MCF7 and ZR-75-1 cells were
most sensitive to ZLD1039, displaying ICy, values of 0.99 +
023 yuM and 0.089 + 0.019 uM, respectively. Additionally,
ZLD1039 was found to induce apoptosis, evidenced by
decreased levels of Bcl-2 and elevated levels of Bcl-2-associated
X protein (BAX), cleaved-caspase 3, and cleaved-caspase 9.
Finally, ZLD1039 was assessed in vivo in three different breast
tumor xenograft models (MCF7, MDA-MB-231, and 4T1).
Oral dosing of ZLD1039 was well-tolerated, inhibited cell cycle-
associated proteins and cell proliferation, and induced
apoptosis. Shortly after the publication of ZLD1039, the
same group reported ZLD1122, another potent and selective
inhibitor of EZH2 and EZH]1, which is structurally similar to
ZLD1039."”” ZLD1122 significantly reduced the H3K27me3
mark without affecting H3K9me3 and H3K4me3 marks in cell-
based assays. It induced GO/G1 phase arrest in DLBCL cells
and inhibited DLBCL cell growth.

In late 2015, Jiao and Liu reported the first crystal structures
of an active PRC2 complex from the yeast Chaetomium
thermophilum, which contain EZH2, EED, and SUX12-VEEFS in
complex with inhibiting H3K27 M peptide and SAH (PDB ID:
SCHI and 5CH2) (Figure 7A)."*® In this work, an EZH2 loop
region that migrates away from the EED surface and extends to
the back of the SET domain of the catalytic moiety is referred
to as an SET activation loop (SAL) (Figure 7A). It has been
shown that SAL and SET regions together compose a split
catalytic domain of EZH2. Shortly after, in 2016, Justin and co-
workers published the structure of the human PRC2 complex
(PDB ID: SHYN)."* Concurrently, Brooun and co-workers
reported the crystal structure of a small-molecule inhibitor in
complex with the wild-type and Y64IN-mutated PRC2
complex, consisting of human EED, human SUZI12-VEFS,
and engineered American chameleon (Anolis carolinensis)
EZH2 (AcEZH2) subunits (PDB ID: 5IJ7 and SIJ8)."** Most
recently, a cocrystal structure of an analog of CPI-1205 bound
to human PRC2 was also obtained (PDB ID: 5LS6)."** The
crystal structure revealed that the pyridone motif forms two
hydrogen bonds with the protein backbone of W624 and is
constrained in an aromatic cage generated by F665, F686, and
W624 (Figure 7B). These crucial interactions with the pyridone
motif explain the importance of this functional group for its
high affinity binding, its dominance in almost all reported
EZH?2 inhibitors, and the difficulty in finding suitable pyridone
replacements. These structures represent a landmark in this
field. The PRC2 complex used by Brooun and co-workers was a
functional complex, with robust methyltransferase activity on
the H3 peptide. This same study also examined the subunit
architecture of ACEZH2. It was discovered that the architecture
of the N-terminal region of AcEZH2 depended on its
interactions with the EED subunit. Further, residues 108—124
in the N-terminal appeared to be important for the activation of
the SET domain. Hence, it was termed the “activation loop”,
which is the equivalent stretch of residues in CtEZH2 referred
to as SAL (Figure 7A)."*" Given that previous studies of the
EZH2 SET domain have shown it to be inactive when isolated,
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Figure 7. (A) X-ray structure of Ct-PRC2 complex (PDB ID: SCH1).
(B) Co-crystal structure of PRC2 with a derivative of CPI-1205 (PDB
ID: SLS6). The key residues and interactions are indicated. SAH
(blue) is overlaid for reference (PDB ID: SHYN). Hydrogen bonds
are represented as yellow dashed lines.

as well as the fact that EZH2 is known to require EED and
SUZ12-VEES to form a catalytically active complex, it was
suggested that perhaps EED and SUZI12-VEES allosterically
activated the SET domain. Structural analysis of other SET
domain containing methyltransferases suggests that the
activation loop is a conserved structural feature, although it
differs in their primary sequence. In PRC2, EED is reported to
play a clear role in shaping the activation loop through its
extensive interactions with the EZH2 N-terminal segment.'*’
Closer examination of the activation loop revealed that it
occupies the interface of the SET domain, EED, and VEFS.
Further modeling suggested that the EED-mediated structuring
of the EZH2 activation loop induces a conformational change
in the I-SET region, consisting of residues 643—681. It is
believed then that the I-SET conformation change, in turn,
allows for the recognition of cofactor and inhibitor binding to
occur.

Studies to understand inhibitor recognition were conducted
using the engineered Ac/human PRC2 complex.'* On the
basis of previous modeling, it was expected that the pyridone-
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containing PRC2 inhibitors would target the SAM-binding
pocket. In these studies, however, it was determined using
Hydrogen—Deuterium Exchange-Mass Spectrometry (HDX-
MS) that compound recognition lowered deuterium exchange
around both the SET domain and for the protein backbone
near Y111 residue of the activation loop.'** A crystal structure
of an inhibitor in complex with the engineered PRC2
elucidated that its binding was distinct from that of SAM
(Figure 7B). More specifically, it was observed to be virtually
orthogonal to the SAM-binding mode, with the pyridone
moiety anchoring the rest of the compound to the backbone of
the W624 contained in the GXG motif of the SET domain via
hydrogen bonding. Indeed, this mode of binding, with the
partial overlap of cofactor and inhibitor binding sites, is still
consistent with the previously observed fact that these
pyridone-containing inhibitors are SAM-competitive. Given
the clearly important anchoring role played by the pyridone
group, it is also believed that the other pyridone-containing
EZH?2 inhibitors bind in a very similar manner.

One final aspect of PRC2 inhibition addressed by this study
was that of mechanisms of acquired resistance that have
appeared in various lymphoma cancer cell lines following
treatment with various EZH2-selective pyridone-containing
inhibitors.'** Most notably, it has previously been demon-
strated that growing KARPAS-422 and Pfeiffer cells with EI1
and EPZ-6438 results in acquired resistance through muta-
tion."*"'** One such documented mutation was Y661, located
in the I-SET region. Other documented mutations include 1109
K, Y111D, and Y111L, which are all found in the activation
loop and may influence the inhibitor-binding potency of the
pyridone-containing inhibitors through both changes in
electrostatic interactions and, in certain instances, steric
conflict. For example, one model predicts that the Y111L
mutation may induce between a 100—1000-fold shift in the
IC;, values. Thus, this provides a compelling argument that
mutations in Y661 and Y111, which lead to decreased inhibitor
potencies, are closely linked to the PRC2 activation mechanism.

The inhibitor that was cocrystallized with the PRC2 complex
by Brooun and co-workers differed from most of the other
pyridone-containing inhibitors. It features a substituted phenyl
ring joined to a dimethylpyridone moiety via an amide
linkage."*” Very recently, Kung and co-workers reported the
design and synthesis of this new series of pyridone inhibitors,
which led to the discovery of compound 2 (Figure 6)."*
Compound 2 is a potent EZH?2 inhibitor with an ICy, of <5 nM
and a K; of 0.7 nM in biochemical assays. It exhibited cellular
potencies in KARPAS-422 cells that are comparable to
previously reported EZH2 inhibitors. MOA studies revealed
that 2 was competitive with SAM. It was selective for EZH2
over other methyltransferases and protein kinases tested. Target
engagement of this inhibitor was demonstrated by its ability to
modulate the expression of TNFRSF21 and PRDM]I, two PRC2
target genes that have previously been shown to be repressed
by H3K27me3. Both of these genes were upregulated in
KARPAS-422 cells containing the EZH2 Y641N mutant. On
the other hand, minimal changes of target gene expression were
observed in the OCI-LY19 cell line, which contains wild-type
EZH2. In mouse PK studies, relatively high doses of 2 were
required to maintain reasonable mouse plasma exposures. The
tumor growth inhibition was performed to demonstrate in vivo
efficacy. Treatment with compound 2 at 200 and 300 mg/kg
twice daily for 20 days was well-tolerated with less than 10%
body weight loss observed. Compound 2 demonstrated tumor
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stasis and regression at the 200 and 300 mg/kg dose levels, and
tumor growth inhibition was sustained for at least another 3
weeks after the last dose. The H3K27me3 mark was reduced by
more than 50% and PRC2 target genes TNFRSF21 and
PRDM1 were both upregulated in the collected tumor samples.

In 2016, Souroullas and co-workers reported that the EZH2
Y641F mutation induced lymphoma and melanoma through a
reorganization of chromatin structure, alterin§ both repression
and activation of polycomb-regulated loci.'* In this study a
previously unpublished pyridone inhibitor JQEZS, which has a
very similar structure to the aforementioned pyridone
inhibitors, was introduced and used. This inhibitor was about
10-fold selective for EZH2 over EZH1.

In 2014, astemizole, an FDA-approved drug, was identified as
a small-molecule inhibitor of the EZH2-EED interaction.'*’
This inhibitor destabilized the PRC2 complex and inhibited its
methyltransferase activity in cancer cells. This report
demonstrated that the EZH2-EED interaction could be
perturbed by a small molecule. Recently published PRC2
crystal structures revealed an important role for EED in the
enzymatic activity of the PRC2 complex, and very recently,
several EED inhibitors that target the EED component of the
PRC2 complex have been published.'*~"*’

Lastly, it is worth noting that Kim and co-workers in 2013
developed a stapled EZH2 peptide (SAH-EZH2), which
disrupted the EZH2-EED interaction and reduced EZH2
protein levels and the H3K27me3 mark.'*® Extensive cell-
based studies were conducted using SAH-EZH2. In MLL-AF9
leukemia cells, SAH-EZH2 inhibited cell proliferation and
induced monocyte-macrophage differentiation. The induction
of differentiation was observed by monitoring certain PRC2-
regulated biomarker genes. For example, following SAH-EZH2
treatment, the expressions of monocyte- and macrophage
lineage-specific markers, such as ADAMS, FCERIA, and ACE,
were observed to be upregulated, while markers associated with
hematopoietic stem cells, such as CD133, were suppressed.

2.1.4. Inhibitors of H3K4 and H3K36 Methyltrans-
ferases. SETD7, SETD1A, SETD1B, the MLL family proteins
(MLL1-5), SETMAR, SMYD1, SMYD2, SMYD3, ASHI1L, as
well as PRDM7, and PRDMY9, all catalyze the methylation of
H3K4 in humans."*'~"*® H3K4 trimethylation is associated
with transcriptional activation.’®

SETD7 [SET domain containing (lysine methyltransferase)
7, also known as KMT?7, SET7, SET9, and SET7/9]
monomethylates H3K4 N-terminal peptides in vitro, but
displays limited activity on nucleosomal substrates, thereby
rendering it an unlikely enzyme for in vivo methylation of
H3K4."*”'® On the other hand, studies have shown that
SETD?7 targets many nonhistone proteins and transcriptional
regulators, such as pS3, ERa, pRb, STAT3, HIF-a, FoxO3, and
DNMT1 and, in turn, plays a role in transcriptional regulation
and differentiation.”*'*”~"°> SETD7 has been associated with
the regulation of NF-kB, which occurs by monomethylation of
p65."°%"" 1t has also been proposed as a potential target for the
treatment of diabetes."*® Given its suggested roles in important
biological functions, there is a need for the discovery of SETD7
selective inhibitors as chemical tools for investigating its
physiological and pathophysiological functions.

In 2014, Barsyte-Lovejoy and co-workers reported (R)-PFI-2
(Figure 8) as the first potent, selective, and cell-active inhibitor
of SETD7.'”” This compound was discovered by HTS of a
150000-compound collection and subsequent optimization of
the hit identified. (R)-PFI-2 was highly potent for SETD7 with
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Figure 8. Structures of SETD7 inhibitors.

an ICs; of 2.0 + 0.2 nM and a Morrison K; of 0.33 + 0.04 nM,
while its enantiomer, (S)-PFI-2, was about 500-fold less potent
and was therefore used as a negative control for cell-based
studies. (R)-PFI-2 exhibited >1000-fold selectivity for SETD7
over 18 other methyltransferases and was also selective for
SETD7 over 134 GPCRs, ion channels, and other enzyme
targets. The X-ray crystal structure of SETD7 in complex with
(R)-PFI-2 (PDB ID: 4JLG) showed this compound occupying
the substrate-binding groove and revealed the key ligand/
protein interactions, which was verified by site-directed
mutagenesis experiments (Figure 9). In addition, the cocrystal
structure revealed that the inhibitor induced conformational
modifications in the post-SET loop and made hydrophobic
interactions with the methyl group of SAM (Figure 9). The
SPR experiments confirmed compound binding to SETD7 but
only in the presence of SAM. Kinetic experiments measuring
ICs, values with varying SAM and peptide concentrations
suggested that (R)-PFI-2 exhibited a cofactor-dependent and
substrate-competitive MOA. In other words, inhibition of
SETD7 by (R)-PFI-2 is not purely substrate-competitive and
SAM plays a significant role in the binding of the inhibitor to
SETD7. This result is consistent with earlier reports that
suggested that SAM binding to SET domain-containing
methyltransferases has an important role in the folding and
stabilization of the post-SET loop'’® and also in an ordered
binding mechanism for SETD7, whereby peptide binding
follows SAM binding.'”" The direct interaction of (R)-PFI-2
with SETD7 in cells was demonstrated by pull-down studies
using a biotinylated derivative of (R)-PFI-2, and by that, (R)-
PFI-2 increased the stability of SETD7 in a cellular thermal
shift assay (CETSA). The inhibitor exhibited good phys-
icochemical properties and showed no observable cell toxicity
at up to 50 M in various cell lines tested. Furthermore, (R)-
PFI-2 increased nuclear localization of the transcriptional
coactivator Yes-Associated Protein (YAP) in a concentration-
dependent manner and induced expression of YAP-silenced
genes in cells. The effect of (R)-PFI-2 was consistent with the
genetic deletion of SETD7. Overall, (R)-PFI-2 is the muost
potent, selective, and cell-active small-molecule inhibitor of
SETD?7 to date.

There have been several additional studies in recent years
toward the discovery of SETD7 inhibitors."”>”'”* In 2015,
Meng and co-workers utilized a pharmacophore- and docking-
based virtual screening approach and performed SAR
studies.'”* DC-5239 (Figure 8), a SETD7 inhibitor with an
ICs, of 4.6 uM in biochemical assays, was identified. This
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Figure 9. (A) SETD7 (light blue) in complex with (R)-PFI-2
(magenta) and SAM (yellow) (PDB ID: 4JLG) is superimposed with
SETD7 structure in complex with SAH (109S) depicting the
conformational variability of the post-SET loop. Hydrogen bonds
are represented as orange dashed lines with key residues. (B) Surface
representation of (R)-PFI-2-bound SETD?7 highlighting an induced
conformational modification of the post-SET loop.

inhibitor showed selectivity for SETD7 over 7 other
methyltransferases. It inhibited the proliferation of MCEF7,
HL60, and MV4—11 cells in a concentration-dependent
manner with micromolar potencies, while displaying no cellular
cytotoxicity against HCT116 and DHL4 cells. Altogether, this
inhibitor may be used as a starting point for further
optimization and development of more potent SETD7
inhibitors in the future. More recently, Takemoto and co-
workers identified cyproheptadine (Figure 8), a known
antagonist of histamine H; and serotonin 5-HT2A receptors
and a clinically approved antiallergy drug, as an inhibitor of
SETD7 (ICy, = 1.0 uM).'”> It was selective for SETD7 over
G9a, SUV39H1, SETDS, and DOT1L. Kinetic experiments and
a cocrystal structure showed that it was noncompetitive with
SAM but competitive with the peptide substrate. Cyprohepta-
dine reduced the expression of ERa in a concentration- and
time-dependent manner in MCF7 cells, to a similar extent as
seen in SETD7 knockdown. While the effect of cyproheptadine
on ERa activity was shown to be independent of its known
antagonistic effect mediated by H, and S-HT2A receptors, its
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GSK2807

value as a chemical tool for exploring SETD7 biological
functions is limited to non-neuronal cells that do not express
H, and 5-HT2A receptors.

The SMYD (SET and MYND domain-containing) family of
proteins, SYMDI1-S5, possess a unique SET domain that is
divided into two fragments by a zinc ion-binding domain
MYND (myeloid translocation protein-8, Nervy, and DEAF-1)
and is followed by a cysteine-rich post-SET domain.”"** This
family of proteins is considered to be critical regulators of
development, as disruption of the SMYDI gene results in
impaired cardiomyocyte maturation, flawed cardiac morpho-
genesis, and embryonic lethality in mice.'’® While SMYD3
(also known as KMT3E) was initially described as an H3K4
methyltransferase,'”” H3K4 methylation by SMYD3 has not
been clearly verified by subsequent studies.'”*'”” On the other
hand, SMYD3 has been shown to directly methylate both
histone H4KS and MAP3K2 (also known as MEKK2) at K260,
although the latter has exhibited a 100-fold increase in catalytic
efficiency as a substrate and seems to be the major target of
SMYD3.'7'7? A recent report showed that the methylation of
MAP3K2 by SMYD3 increases MAP kinase signaling and
promotes the formation of Ras-driven carcinomas.'”® SMYD3
has also been implicated in the regulation of gene transcription
and signal transduction 1pathways critical for cell survival in
multiple cancer models.”””"*~"*" In addition, SMYD3 has
been shown to be involved in cancer cell proliferation and
overexpressed in most hepatocellular and colorectal carcino-
mas, as well as most breast cancers.'””'®" Recently, Sarris and
co-workers reported their insights into the mechanism of
nuclear SMYD3 function in vivo. They studied this mechanism
by generating and experimenting with SYMD3-KO mice that
were sul;jected to chemically induced liver or colon carcino-
genesis.'* As studies suggested, SMYD3 might promote cancer
through multiple mechanisms, dependent or independent of its
enzymatic activity. Nevertheless, SMYD3 is a promising target
for cancer, and thus, the development of selective and cell-
active SMYD3 inhibitors will help elucidate its mechanism and
roles in cancer and test therapeutic hypotheses.

Mitchell and co-workers reported the first selective small-
molecule inhibitors of SYMD3, EPZ0330456, and EPZ031686
(Figure 10).183 Screening of a proprietary compound library
resulted in the identification of an initial hit. A cocrystal
structure of this hit in a ternary complex with SMYD3 and
SAM (PDB ID: SCCL) provided structural insights and
guidance for hit optimization, which led to the discovery of
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EPZ0330456 and EPZ031686. Both compounds potently
inhibited SMYD3 (ICs, < S nM) in biochemical assays. They
were highly selective for SYMD3 over 16 other methyltrans-
ferases, including the highly homologous SMYD2. In a
MAP3K2 In-Cell-Western assay, EPZ0330456 and
EPZ031686 showed ICsys of 48 and 36 nM, respectively. A
cocrystal structure of SMYD3 in complex with EPZ030456
(PDB ID: 5SCCM) revealed that the inhibitor makes only a few
specific interactions with the protein beyond the oxindole
headgroup and amide linker, even though it binds with low
nanomolar affinity (Figure 11A). EPZ030456 displayed mixed-
type inhibition with respect to SAM with a K; = 4.7 + 1.8 nM
and was noncompetitive with MAP3K2 with a K; = 1.3 &+ 0.1
nM. EPZ031686, however, displayed noncompetitive inhibition
with respect to both SAM and MAP3K2 with K; = 1.2 + 0.1
and 1.1 + 0.1 nM, respectively. Although EPZ030456 occupied
the lysine-binding pocket in the cocrystal structure, suggesting
that these compounds would be competitive with MAP3K2, the
observed mechanism was noncompetitive. It was postulated
that the significant binding affinity to MAP3K2 stems from
interactions with SMYD3 outside of the lysine-binding pocket
(i.e., exosite binding) in such a way that these inhibitors cannot
displace the protein substrate in competition assays. Non-
competitive inhibition by active site-directed small-molecule
inhibitors is a well-established phenomenon for enzymes acting
on macromolecular substrates and is also observed with PRMT
inhibitors."®* This will be described in later sections pertaining
to PRMTs. In addition, EPZ031686 was orally bioavailable in
mouse PK studies, making it suitable for in vivo efficacy studies.
Overall, the oxindole sulfonamide EPZ031686 and the oxindole
sulfamide EPZ030456 are the first potent, selective, and cell-
active SMYD3 inhibitors and are valuable chemical tools to
investigate biological functions of SMYD3 and validate SMYD3
as a potential therapeutic target.

In 2016, Van Aller and co-workers reported the structure-
based design of a novel SMYD3 inhibitor."®> A cocrystal
structure of SMYD3 and a MAP3K2 peptide (residues
YDNPIFEKFGKGGTY) was solved (PDB ID: SHQS), and a
previously unidentified ternary complex composed of SMYD3,
substrate, and SAH was observed. It was postulated that the
methyl transfer reaction catalyzed by SMYD3 proceeds through
a ternary complex mechanism and a compound that contains
portions of both SAH and MAP3K2 K260 could provide a
useful bisubstrate inhibitor. Therefore, SAH analogs with basic
amino side chains extending into the lysine-binding channel
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Figure 11. (A) Co-crystal structure of EPZ030456 (orange) in
complex with SMYD3 (green) and SAM (yellow) (PDB ID: SCCM).
(B) Co-crystal structure of GSK2807 (orange) (PDB ID: SHI7) in
complex with SMYD3. MEKK2 (MAP3K2) peptide (magenta) and
SAH (gray) is overlaid for reference (PDB ID: SHQ8). Selected SET
(green), SET-I (yellow), and post-SET (aqua) residues are indicated.
Hydrogen bonds are represented as yellow dashed lines and water
molecules as red spheres.

were designed and synthesized, resulting in the discovery of
GSK2807 (Figure 10), which possesses a propyl dimethylamino
side chain. GSK2807 showed good potency for SMYD3, with
an ICy; of 130 nM in biochemical assays. A cocrystal structure
of SMYD3 in complex with GSK2807 confirmed that it
occupied the cofactor-binding site (PDB ID: SHI7). GSK2807
and SAH shared key interactions in the cofactor-binding site
formed by the SET-I, SET, and post-SET domains (Figure
11B). As predicted, the propyl dimethylamino side chain of
GSK2807 extended into the lysine-binding channel of SMYD3
and formed a hydrogen bond with a highly conserved water
molecule that interacts with the backbone carbonyls of 1201
and 1204 (Figure 11B). GSK2807 was 24-fold selective for
SMYD3 over SMYD2 [K; = 14 + 6 nM (SMYD3) and 345 +
36 nM (SMYD2)] and highly selective for SMYD3 over 8 other
methyltransferases. In MOA studies, GSK2807 was competitive
with SAM, consistent with the cocrystal structure; however, it
was noncompetitive with both full-length MAP3K2 protein and
peptide substrate. This result was interesting since the propyl
dimethylamino side chain of GSK2807 occupies a portion of
the lysine-binding channel where the substrate lysine of

1003

MAP3K2 binds. However, GSK2807 has poor cell membrane
permeability, making it unsuitable for cellular studies.

Another SMYD3 inhibitor, BCI-121, was discovered via
virtual screening. It was reported that this compound reduced
global H3K4me3/me2 and H4KSme levels in colorectal cancer
cells."* It should be noted that the observation of reduction in
H3K4me3/me2 levels is inconsistent with other re?orts,
indicating no methylation activity of SYMD3 on H3K4.' "
Thorough characterization of this compound in biochemical
and biophysical assays have not been reported. Therefore,
caution should be taken while attributing the results in this
study to pharmacological inhibition of SYMD3 by this
compound.

MLL [also known as lysine (K)-specific methyltransferase 2A
(KMT2A), TRX1, and MLLI1] is a large multidomain (several
N-terminal DNA domains and a C-terminal SET domain with
an essential post-SET region) protein'®’ that is specific for
H3K4 mono-, di-, and trimethylation.188_190 Chromosomal
rearrangements associated with MLL have been shown to cause
acute myeloid leukemia (AML), acute lymphoblastic leukemia
(ALL), or mixed lineage leukemia (MLL)."" More than 50
functionally diverse MLL-fusion proteins have been identified
in human leukemias, with AF4, AF9, AF10, AF6, and ENL
being the most common MLL fusion partners in MLL-
rearranged leukemias.'*”"”> MLL was reported to be crucial for
homeotic gene regulation and embryonic development via
regulation of Hox gene expression in mice.'” Interestingly,
differing from most SET domain-containing methyltransferases,
MLLI1 itself reveals poor methyltransferase activity.'”* The
crystal structures of the MLL1 SET domain (PDB ID: 2WSY
and 2WSZ) display an open conformation, which is ineffective
in catalyzing the transfer of the methyl from SAM to the target
lysine residue.'”*'”> The optimal methyltransferase activity of
MLLI requires additional components, WDRS (WD repeat-
containing protein $), RBBPS (retinoblastoma-binding protein
5), and ASH2L (ASH2 like histone lysine methyltransferase
complex subunit), which are evolutionarily conserved from
yeast to humans and core components of all MLL
complexes.'”*'”> While selective small-molecule direct inhib-
itors of MLLs have not yet been reported, small molecules that
perturb protein—protein interactions of MLL with its partners
have been discovered. For example, small-molecule inhibitors of
WDRS, which disrupt MLL activity in an indirect manner, have
recently been reported.'”*™""” In addition, inhibitors selectively
targeting the menin-MLL protein—protein interaction have
been discovered.””’ ™"

Like H3K4 methylation, H3K36 methylation is a hallmark
that is associated with transcriptional activation. The human
genome encodes at least eight methyltransferases containing a
SET domain, that are responsible for H3K36 methylation:
NSD1, MMSET (NSD2), WHSCIL1 (NSD3), SETD2,
SETD3, ASH1L, SETMAR, and SMYD?2. While these proteins
have all been reported to methylate H3K36, they differ based
on the state of methylation and whether or not they methylate
additional substrates. NSD1, MMSET, WHSCIL1, ASHIL,
and SETD2 have closely related catalytic SET domains and
show H3K36 methylation specificity in vitro and in vivo, while
SMYD2, SETMAR, and SETD3 have less similarity in their
SET domains with less well-characterized activities toward
H3K36.”%* For example, SMYD2 (also known as KMT3C) was
reported to methylate H3K4 as well as H3K36 in vitro,'> and
SMYD2-mediated H3K36me2 was reported to repress the
transcription of pro-inflammatory cytokines IL-6 and TNF-a in

DOI: 10.1021/acs.chemrev.6b00801
Chem. Rev. 2018, 118, 989—1068


http://dx.doi.org/10.1021/acs.chemrev.6b00801

Chemical Reviews

o)

H

N \/\N JJ\/\N

H
HO o
HN
o AZ-505
NKL
/) —Me
m 3

LLY-507

Figure 12. Structures of SMYD?2 inhibitors.

I
N\/\NJI\/\H cl
o
HN\n)
o A-893

o

€' Bavses

macrophages.205 However, inhibition or knockdown of SMYD2
does not affect global levels of mono-, di-, or trimethylation of
H3K4 or H3K36, and most of SMYD2 is found in the
Elasm, suggesting minimal SMYD2 activity on chroma-
152153206 A variety of nonhistone substrates of SMYD2
1nc1ud1ng p53,207 Rb,**® heat shock protein 90AB1 (HSP90),209
poly(ADP-ribose) polymerase 1 (PARP1),”'” and ERa”"" have
been reported, thus implicating effects on transcriptional
regulation, proteln homeostasis, apoptosis, and the DNA
damage response.’”* Very recently, SMYD2 was demonstrated
to be highly expressed in pediatric acute Iymphoblastlc
leukemia and constitutes a poor prognostic factor.”'” Over-
expression of SMYD2 was also connected to tumor cell
proliferation and resulted in malignant esophageal squamous
cell carcinoma.”'® As a result, there is a growing interest in
developing SMYD2 inhibitors.
In 2011, Ferguson and co-workers reported the discovery of
AZ-505 (Figure 12), and four cocrystal structures of SMYD?2 in
complex with a p53 substrate, product pelptldes, or AZ-505
(PDB IDs: 3S7J, 3S7B, 3S7F, 3S7D).”'* The structural
information obtained in this study was very valuable and
provided insight and guidance for the development of ensuing
SMYD2 inhibitors. AZ-505 was discovered by a HT'S campaign.
It displayed an ICg, of 0.12 M in a biochemical assay. The
direct binding of the inhibitor to the protein was shown by
ITC, and a K of 0.5 uM was observed. AZ-505 was around
700-fold selective for SMYD?2 over 6 other PKMTs, including
the closely related SMYD3. Kinetic experiments revealed that
AZ-505 was competitive with a peptide substrate (361—380 of
the C-terminal regulatory domain of pS3) and uncompetitive
with SAM. No significant conformational changes were
observed in the protein upon binding with the pS3 peptide
substrate or with the inhibitor.”'* Cocrystal structures in
complex with pS3 peptides revealed that K370 occupies a
hydrophobic, mostly aromatic pocket, and that the amino
group of lysine is oriented by the hydroxyl groups of the highly
conserved Y240 and Y258 residues and numerous main chain
carbonyls. The mutation of Y240 has been shown to eradicate
the catalytic activity of SMYD2."*” The cocrystal structure of
SMYD2 with AZ-505 is consistent with it being a substrate-
competitive inhibitor (Figure 13). AZ-50S features three
distinctive functional groups: benzooxazinone, cyclohexyl, and
dichlorophenethyl moieties (Figure 12). The benzooxazinone
moiety lies deep in the lysine-binding channel, interacting with
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Figure 13. X-ray cocrystal structure of the SMYD2-AZ-505 complex
(PDB ID: 3S7B).

both Y258 as well as SAM (Figure 13). The cyclohexyl group is
placed in the interface of the core SET and I-SET domains. The
dichlorophenethyl moiety extends across the peptide-binding
groove and interacts with a secondary hydrophobic pocket. The
inhibitor binding mode, together with the partially overlapping
pS3 peptide and AZS0S binding site, creates opportunities for
designing the next generation of SMYD2 inhibitors. In fact,
Ferguson and co-workers suggested possible adjustments for
improving potency and selectivity of AZ-50S. However, cellular
activities of this inhibitor were not reported. Very recently, the
same research group disclosed full account of their studies for
the development of SMDY2 inhibitors, which facilitated
additional studies resultlnlg in the discovery of SMDY2
inhibitors discussed below.”

In 2015, Sweis and co-workers reported a detailed SAR study
of AZ-50S, particularly on the three aforementioned main
regions of the molecule.”’® The analysis of the benzoxazinone
region occupying the lysine-binding channel revealed the
importance of several key hydrogen bond interactions with
the protein. The SAR studies resulted in the installation of a
secondary alcohol in the linker region of the molecule and led
to the discovery of A-893 with >80-fold improvement in
potency (ICy, = 2.8 nM) over the parent compound AZ-505
(ICs, = 120 nM) (Figure 12). A-893 was also a substrate-
competitive inhibitor and exhibited a high selectivity over a
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panel of 30 additional methyltransferases, including PKMTs,
PRMTs, and DNMTs. The interaction of the newly installed
hydroxyl group with a complex network of hydrogen bonds
around the lysine-binding pocket was observed upon analysis of
the cocrystal structure of the SMYD2-A-893 complex (PDB ID:
4YND). Importantly, A-893 was cell-active and reduced p53
methylation levels by 42% in AS49 lung cancer cells, which are
known to express high levels of SMYD2, while overall pS3
levels were unaltered. In summary, potency of AZ-505 was
improved by this SAR study, resulting in the discovery of A-
893, which is a valuable chemical probe for studying SMYD2
biology.

LLY-507 (Figure 12), another potent, selective, and cell-
active inhibitor of SMYD2, was discovered by Nguyen and co-
workers just a few months before the discovery of A-893.2°%*"
LLY-507 does not share a common scaffold with AZ-505 or A-
893; however, it was designed by applying the structural
insights reported by Ferguson and co-workers in the AZ-505
cocrystal structure, whereby a polar group was extended into
the substrate lysine-binding channel and two lipophilic pockets
were occupied, resulting in increased affinity. LLY-507 inhibited
SMYD2 with an IC; of <15 nM and was >100-fold selective
over 21 other methyltransferases including SMYD?2. It was also
inactive against nonepigenetic targets including 454 kinases, 35
GPCRs, and 14 nuclear hormone receptors. A cocrystal
structure of SMYD2 in complex with LLY-507 (PDB ID:
4WUY) showed that the inhibitor occupies the substrate
binding site of SMYD?2, with the pyrrolidine group occupying
the lysine-binding pocket. It reduced monomethylation of pS3
K370 in several cell systems (ICgy = 0.6 #uM in U20S cells). In
addition, the antiproliferative activity of LLY-507 was shown in
tumor types in which SMYD2 is amplified and/or overex-
pressed [in various breast cancer, hepatocellular carcinoma
(HCC), and esophageal squamous cell carcinoma (ESCC) cell
lines]. However, analysis of the relationship between SMYD2
expression and LLY-507 ICs, values revealed that sensitivity to
LLY-507 was not dependent on the SMYD2 protein levels.
Additionally, the relationship between pS3 or Rb mutation
status and the antiproliferative effect of LLY-507 indicated that
there was also no correlation between the presence of wild-type
p53 and/or Rb and sensitivity to LLY-507. These results
suggested that the methylation of pS3 or Rb by SMYD2 is not
the principal driver of SMYD2-mediated cancer cell growth and
that other SMYD2 substrates or a second genetic or epigenetic
driver may be involved in the process. In summary, LLY-507 is
the first potent, selective, and cell-active inhibitor of SMYD2
and is another valuable chemical probe to elucidate the role of
SMYD?2 in cancer and other diseases.

An HTS campaign resulted in the discovery of pyrazoline-
containing tractable hits, which were further optimized through
SAR and structural studies to give enantiomerically pure (S)-
BAY-598 (Figure 12) as an inhibitor of SMYD2 with an ICy, of
27 + 7 nM in a biochemical assay.”'® It was >10-fold selective
for SMYD2 over SMYD3 (ICsy = ~ 3 uM), the most closely
related methyltransferase and >100-fold selective for SMYD2
over 31 other methyltransferases. It was also highly selective
against kinases and other primary molecular targets, including
several CNS targets. The kinetic studies demonstrated that the
inhibitor was competitive with the peptide substrate (K;= 8 + 1
nM) but was uncompetitive with SAM. BAY-598 preferentially
binds to the SMYD2—SAM complex, suggesting an ordered
sequential Bi Bi mode of substrate binding, where SAM is
required to bind before the peptide substrate. Treating
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HEK293T cells with BAY-598 decreased pS3 methylation
levels in a concentration-dependent manner (ICg, = 58 nM)
but did not alter the total protein levels of p53. This well-
established assay has been previously used to characterize LLY-
507.°° The neuroblast differentiation-associated protein
AHNAK was identified as a novel substrate of SMYD2.*'"**°
The strong AHNAK methylation signal was used to set up an
In-Cell-Western assay for cellular optimization. ICy, values
determined through this cellular assay for aminopyrazoline-
based inhibitors correlated well with potency in the biochemical
assay and the p53 methylation assay.

To explore potential effects of BAY-598 on cell proliferation,
a panel of 240 different cancer cell lines was tested. SMYD2
inhibition by BAY-598 displayed partial antiproliferative effects
only in a small subset of cancer cell lines tested.”'® It was
previously hypothesized that the methylation of p$3 by SMYD2
would cause the suppression of apoptosis. To test this
hypothesis, the effect of BAY-598 in combination with an
apoptotic stimulus was investigated. KYSE-150, U20S, and
A2780 cell lines were pretreated with BAY-598 or its inactive
derivative as a negative control (demethylation phase), followed
by treatment with doxorubicin (apoptotic stimulus). BAY-598,
but not the negative control, significantly improved caspase 3/7
activation in all tested cell lines. Therefore, it was concluded
that SMYD2 inhibition could enhance apoptotic responses.

In vivo inhibition of SMYD2 by BAY-598 was also examined
using mice-bearing subcutaneous tumor xenografts (tumor
tissues derived from the SMYD2-overexpressing KYSE-150 cell
line). Mice were treated orally with different doses once daily
for 3 days. After the treatment period, tumors were harvested
and analyzed ex vivo for methylation of AHNAK by blotting.
BAY-598 drastically reduced the methylation at doses starting
from 30 mg/kg, with the most significant effects seen in the 100
mg/kg treated group. Furthermore, it was shown that SMYD2
inhibition could enhance the efficacy of doxorubicin in vivo,
which confirmed the observation of higher caspase 3/7
activation in cellular assays. However, only moderate effects
were observed in initial in vivo studies with BAY-598 on
xenografted tumors. In addition, high doses of BAY-598 were
needed to achieve effects on methylation in vivo. Therefore, the
possibility that additional, unknown activities of SMYD2 might
be responsible for the observed effects cannot be excluded.
Nevertheless, BAY-598 is a valuable chemical tool for further
exploration of complex SMYD2 biology in both cellular and in
vivo studies.

SETD2 (SET domain containing 2, also known as KMT3A
and SET2) is a SET domain-containing methyltransferase that
is responsible for H3K36 methylation. It has been shown to be
a tumor suppressor associated with pS53-dependent gene
regulation, as well as transcription elongation and intron-exon
splicing.””'~*** Evidence for the tumor suppressor role of
SETD2 in human breast cancer was also provided.””” SETD2
mutations have frequently been identified in renal cell
carcinoma”***** and nonsmall cell lung cancer.”*® For example,
loss-of-function SETD2 mutations disrupting H3K36 trimethy-
lation has been proposed to cause hemispheric hi§h-grade
gliomas (HGGs) in older children and young adults.””” It has
also been suggested that the disruption of SETD2-H3K36
trimethylation pathway is a distinct mechanism for leukemia
development.”®

N-propyl sinefungin (Pr-SNF), a N-alkyl derivative of
sinefugin (Figure 14), was discovered as a selective inhibitor
of SETD2 (ICg, = 0.8 + 0.02 M) by Zheng and co-workers.”*”
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Figure 14. Structures of Sinefungin and Pr-Sinefungin (Pr-SNF).

Sinefugin is a close analog of the cofactor SAM and a
nonselective inhibitor of methyltransferases.” On the other
hand, Pr-SNF is highly selective for SETD2 over 14 other
methyltransferases. However, it displayed only modest
selectivity over SETD7 (IC, = 2.2 + 04 uM, 2.8-fold),
CARMI (ICy; = 3.0 + 0.3 uM, 3.8-fold), and PRMT1 (ICq, =
9.5 + 0.4 uM, 12-fold). The selectivity of Pr-SNF for SETD2
over 14 other methyltransferases is remarkable, considering the
overall structural similarity between SET-domain-containing
PKMTs. Therefore, cocrystal structures of SETD2’s catalytic
domain [pre-SET (also known as AWS), SET, and post-SET
motifs] with SAH (Figure 15, panelss A and B) and Pr-SNF
(Figure 1S, panels C and D) (PDB IDs: 4H12 and 4FMU)
were solved to elucidate the structural basis of the selectivity of
the Pr-SNF for SETD2. In these structures, SAH occupied a
deep pocket formed between the SET and post-SET domains
of SETD2, as in all PKMTs. In the SETD2—SAH binary
complex that differs from other PKMTs, an autoinhibitory post-

SET loop, which is positioned to prevent substrate binding, was
identified. A characteristic R1670 residue of this loop was
located in the pocket that is otherwise occupied by the
substrate lysine. A similar autoinhibitory topology has also been
reported for NSD1 and ASHIL, two closely related
homologues of SETD2, and was proposed to regulate the
access of substrates to the enzymes. Although the overall
structure of SETD?2 with Pr-SNF was similar to that with SAH,
the Pr-SNF’s propyl group partially extended into the lysine-
binding pocket, causing SETD2 to reorient this R1670 residue
away from the lysine-binding pocket and, in turn, flip the
otherwise autoinhibitory post-SET loop (Figure 15). Overall,
the structural analysis revealed that the catalytic domain of
SETD2 could adopt at least two alternative conformations by
flipping its post-SET loop: an autoinhibitory closed con-
formation and a substrate-accessible open conformation. In this
study Pr-SNF was used as a structure probe through its
preferential interaction with the latter. Kinetic studies together
with structural analysis suggested that the SETD2-catalyzed
methylation goes through a random sequential mechanism and
inhibition occurs via either a Pr-SNF-SETD?2 binary complex or
a Pr-SNF-SETD2-substrate ternary complex. To date, Pr-SNF
is the only SETD2 inhibitor; however, no cellular studies were
reported for this inhibitor.

Very recently, Tisi and co-workers obtained a crystal
structure of the MMSET SET domain.”** Analyses of crystal
structures of the SET domains of NSD1 and the closely related
protein SETD2 in complex with SAH and Pr-SNF have
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Figure 15. (A) Co-crystal structure of SETD2 in complex with SAH (PDB ID: 4H12). SET domain (light orange), N-SET domain (light blue), pre-
SET domain (cyan), and post-SET motif (red) are highlighted. (B) The SAH binding pocket between SET and Post-SET domains of SETD2. (C)
Co-crystal structure of SETD2 in complex with Pr-SNF (PDB ID: 4FMU). (D) The key residues stabilizing the alternative configuration of the post-

SET loop and interacting with Pr-SNF’s N-propyl chain.
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provided valuable insights into the architecture of the cofactor
and substrate binding sites, as well as conformational changes
required for substrate binding as was previously dis-
cussed.”””**" The NSD family primarily mono- and dimethy-
late H3K36 in vivo.”*”**> MMSET has been associated with
multiple myeloma (MM)****** and lymphoid malignancies.236
Overexpression of MMSET has been reported in solid tumors
of the lung, prostate, and bladder, as well as neuro-
blastomas.”*”*** On the basis of the close homology between
SETD2 and MMSET, N-substituted sinefungin analogs were
explored as potential inhibitors of MMSET and Pr-SNF was
identified as an MMSET inhibitor with an ICy, of 3.3 + 1.0 uM
(ICs, against SETD2 in the same assay conditions was 0.49
uM) while N-sec-butyl sinefungin was slightly more potent with
an IC;, of 1.8 + 0.4 uM. It should be noted that the inhibitory
activity of Pr-SNF was not determined against ASH1L, NSD1,
or MMSET in previous studies.””” The direct binding of Pr-
SNF to the MMSET SET domain was demonstrated by ITC.
However, a cocrystal structure of the MMSET SET domain in
complex with Pr-SNF could not be obtained. To date, no
potent and selective MMSET inhibitors have been reported.
We expect that the insights provided by the crystal structure of
the MMSET SET domain, together with the existing structural
knowledge gained by the NSD1 and SETD2 structures, would
facilitate the development of selective inhibitors for these
closely related SET domain-containing enzymes.

2.1.5. Inhibitors of H4K20 Methyltransferases. Meth-
ylation of H4K20 is catalyzed by the SUV420H1, SUV420H2,
and SETD8 [SET domain containing (lysine methyltransfer-
ase) 8] protein methyltransferases in humans.”*” The latter,
also known as SET8, PR-SET7, and KMTSA, is the sole
methyltransferase that catalyzes monomethylation of
H4K20.>**7**" Monomethylation of H4K20 has been
associated with both activation and repression, and it has
been implicated in regulating important biological processes,
including the DNA damage response, DNA replication, and
mitotic condensation.”*”*****3 In addition to H4K20, SETD8
methylates many nonhistone substrates, including the tumor
suppressor p53>’ and proliferating cell nuclear antigen
(PCNA).”** The monomethylation of p53 (K382) by SETD8
represses pS3 target genes.”” Furthermore, the monomethyla-
tion of PCNA by SETDS8 at K248 stabilizes the PCNA protein
and increases the interaction between PCNA and the flap
endonuclease FENI, promoting the proliferation of cancer
cells.”** SETDS has been shown to be overexpressed in various
types of cancer, including nonsmall cell and small cell
carcinoma, hepatocellular carcinoma, pancreatic cancer bladder
cancer, as well as chronic mylogenous leukemia. Therefore, as
the sole enzyme capable of H4K20 monomethylation, there has
been a growing interest in the development of selective, small-
molecule inhibitors of SETDS8 that can advance our under-
standing of its mechanism and disease associations.

The first reported inhibitor of SETD8 was a marine natural
product, nahuoic acid A (Figure 16), which displayed an ICs, of
6.5 + 0.5 uM in a biochemical assay.”*> Nahuoic acid A was
determined to be a competitive inhibitor with respect to the
cofactor SAM (K; = 2.0 + 0.3 uM) and noncompetitive with
respect to the peptide substrate. It was selective for SETDS8
over 10 other methyltransferases. In a more recent report,
nahuoic acid A and its derivatives were further characterized.
Nahuoic acid A and its penta-acetate analogue inhibited the
proliferation of several cancer cell lines with relatively poor
potencies.”*® For example, exposure of U20S cells to nahuoic
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Figure 16. Structures of SETDS inhibitors.

acid A or to its penta-acetate resulted in a decrease in cell
proliferation with an ICg, of 65 + 2 and 39 + 4 uM,
respectively. A similar effect was also observed in SUM159
(ICs = 45 uM) and MDA-MB-436 (IC, = 85 iM) breast
cancer cell lines for the nahuoic acid A penta-acetate. Nahuoic
acid A is the only SAM-competitive, selective SETDS8 inhibitor
known to date.

In 2014, Ma and co-workers reported the first substrate-
competitive, selective inhibitor of SETD8, UNC0379 (Figure
16).*7**% This small-molecule inhibitor was discovered by
cross-screening approximately 150 quinazoline-based com-
pounds against SETD8. UNC0379 displayed inhibitory activity
against SETD8 with micromolar potency in multiple
biochemical and biophysical assays. It was selective for
SETD8 over 15 other methyltransferases, including G9a and
GLP. Very recently, Veschi and co-workers have identified
SETDS8 as a crucial regulator of §rowth and differentiation in
high-risk neuroblastoma (NB).”* Knockdown of SETD8 via
siRNA rescued the proapoptotic and cell-cycle arrest functions
of p53 by decreasing pS3K382mel, leading to activation of the
P53 canonical pathway in NB cells. Pharmacological inhibition
of SETD8 by UNCO0379 phenocopied SETD8 knockdown and
effectively inhibited the proliferation of neuroblastoma cells in
cellular and ex vivo models.

Butler and co-workers recently reported a more potent
derivative of UNC0379.”*° Drawing parallels from the
discovery of G9a/GLP inhibitors, the installation of an
aminoalkyl group to the 7-position of UNC0379 was proposed
as a way to improve potency. Indeed, the installation of an
aminoethyl group at this position resulted in a significant
improvement in potency. The resulting inhibitor, MS2177
(Figure 16), displayed an ICs, of 1.9 M in a biochemical assay.
Direct binding of MS2177 to SETD8 was confirmed by ITC
with a K of 1.3 uM, which was greater than that of UNC0379
(K; = 18 uM). In MOA studies, MS2177 was competitive with
the H4 peptide but noncompetitive with the cofactor SAM. A
cocrystal structure of MS2177 in complex with SETD8 (PDB
ID: STSG), which is the first crystal structure of SETDS in
complex with a small-molecule inhibitor, revealed important
structural insights regarding the binding of the inhibitor to
SETDS (Figure 17A). The cocrystal structure also revealed that
C311 is near the inhibitor binding site, presenting an
opportunity to develop a covalent inhibitor of SETDS.
Therefore, MS453 (Figure 16), an analog of MS2177
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A

Figure 17. (A) Co-crystal structure of MS2177 (orange) in complex
with SETD8 (PDB ID: STSG). Hydrogen bonds are represented as
magenta dashed lines and water molecule as red sphere. (B) Co-crystal
structure of MS4S3 (green and cyan) in complex with SETDS8
homodimer (subunits depicted in cyan and green, PDB ID: STH7).

containing an electrophilic acrylamide group, was designed and
synthesized to specifically react with the thiol group of C311.
Indeed, it has been clearly demonstrated that MS453 covalently
modified C311 but not other cysteine residues of SETD8 by
MS-based analyses using wild-type, C311S, and other mutant
SETDS8. As expected for a covalent inhibitor, MS453 displayed
time-dependent inhibition. It exhibited an ICy, of 804 nM
following an extended preincubation period. The covalent
modification of SETD8 by MS453 was not affected by the
presence of S mM glutathione (GSH), which mimics cellular
conditions. In addition, MS453 was incubated with other
protein methyltransferases, such as PRC2, SMYD2, and
SMYD3, and no covalent adduct was observed by MS analysis,
suggesting that the covalent modification by MS453 is specific
to SETDS. Furthermore, MS453 was selective for SETDS8 over
29 other methyltransferases in biochemical assays. The crystal
structure of MS453 in complex with SETD8 (PDB ID: STH7)
confirmed that C311 was covalently modified by MS453
(Figure 17B). Interestingly, the cocrystal structure revealed that
the inhibitor was flipped out from the active site and occupied
the active site of the other subunit of a SETD8 homodimer.
However, while cellular activities of MS2177 have not been
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reported, MS453 has poor cell membrane permeability and
high efflux ratio, thus, is not suitable for cellular studies.
Another report on irreversible, small-molecule inhibitors of
SETDS was published by Blum and co-workers.”>' Screening of
more than 5000 commercial compounds resulted in the
discovery of three SETDS$ inhibitors: SPS8I1 (also known as
NSC663284, ICg, = 0.21 + 0.03 uM), SPSSI2 (also as known
as BVT948, ICy, = 0.50 + 0.20 uM), and SPSS8I3 (also known
as ryuvidine, ICgy = 0.70 + 0.20 uM) (Figure 18).”>" The
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Figure 18. Structures of additional SETD8 inhibitors.

selectivity of these inhibitors were evaluated against SETD2,
GLP, G9a, SMYD2, SETD7, PRMT1, PRMT3, and CARMI.
SPS8I1 was only 2.5-fold selective for SETD8 over SMYD2 and
>6-fold selective over other PMTs tested. Similarly, SPS8I2
showed modest selectivity over SETD2, G9a, SMYD?2,
CARM]1, and PRMT3, while SPS8I3 was less selective. Given
that all of these inhibitors shared a common quinone motif,
which can react with cysteine residues, it was postulated that
these compounds irreversibly inhibited SETD8. Indeed, SPS8I1
and SPS8I2 modified C311 of SETDS, while SPS8I3 targeted
cysteine residues in a nonspecific manner. In HEK293T cells,
treatment with the inhibitors resulted in reduction of the
H4K20mel mark, while other histone marks such as
H4K20me2/3 and H3K9me were not altered. However, off-
target effects on other PMTs (SPS8I1 for SMYD2 and SPS8I3
for PRMT3 and SETD2) and other cellular targets (SPS8I1:
inhibition of Cdc25; SPS8I2: inhibition of cyclin-dependent
kinase 4 and 2 (CDK4/2); and SPS8I3: inhibition of protein
tyrosine phosphatase PTB1B) were reported. Overall, SPSS8I1,
SPS812, and SPS8I3 are irreversible, modestly selective
inhibitors of SETD8 that showed some activity in cells.
Recently, Judge and co-workers proposed that the replace-
ment of K20 of the H4 peptide (16—23 residues) with a more
hydrophobic residue could deliver a peptide inhibitor of
SETDS8 through a more energetically favorable interaction
with the lysine-binding channel of SETD8.*** A modeling study
based on the crystal structure of SETD8 in complex with the
H4 peptide and SAH (PDB ID: 1ZKK) was conducted by
manually substituting the side chain of K20 in the H4 peptide
with various natural and unnatural amino acids. The
substitution of the unnatural amino acid norleucine for K20
of the H4 (16—23) peptide resulted in a potent peptide
inhibitor 3 (Figure 18) with a K; of ~S0 nM and an ICs, of 0.33
UM. Further modifications, including additional residue
substitutions in the N- or C-terminal regions and truncation
of the N- and C-terminals of the norleucine peptide, did not
improve potency. As expected, the norleucine-containing
peptide is a substrate-competitive inhibitor. It also showed
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good selectivity for SETD8 over a panel of 32 methyltrans-
terases. However, this peptide inhibitor is not cell-permeable
and not suitable for cell-based studies.

SUV420H1 and SUV420H2 are two highly homologous
methyltransferases that di- and trimethylate H4K20. Loss of
H4K20me3 has been reported as a common hallmark of human
cancer.”>® A-196 (Figure 19) was recently discovered as the first
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Figure 19. Structure of A-196, an inhibitor of SUV420H1 and
SUV420H2.

and only potent, selective, and cell-active inhibitor of
SUV420H1 and SUV420H2.*** A-196 inhibited SUV420H1
and SUV420H2 with ICy, values of 25 + S and 144 + 21 nM,
respectively. Direct binding of A-196 to SUV420H1 was
established by ITC in the presence and absence of the cofactor
SAM. In MOA studies, A-196 inhibited SUV420H1 in a
peptide-competitive manner. In addition, the cocrystal structure
of SUV420H1 in complex with A-196 and SAM was
determined, confirming the results of the MOA studies (PDB
ID: SCPR). A-196 was selective for SUV420H1 and
SUV420H2 over other methyltransferases, epigenetic readers,
chromatin binders and a broad range of nonepigenetic targets.
Reduction of H4K20me2 and H4K20me3 levels and increase of
H4K20mel levels were observed throughout the cell cycle in

cells treated with this inhibitor and no significant cell toxicity
was observed. Therefore, A-196 is a valuable chemical probe of
SUV4—20H1/2 that can be used to study biological functions
of these enzymes in a cellular context.

2.1.6. Inhibitors of H3K79 Methyltransferases. DOTI1L
(disruptor of telomeric silencing 1-like, also known as KMT4)
distinguishes itself from the other identified human PKMTs by
the lack of the SET domain.”>* DOTIL contains a non-SET
catalytic domain, which adopts a folding topology that is also
observed in PRMTs and DNMTs.”** It is therefore more
closely related to these families of methyltransferases. It has
been shown that DOTIL is responsible for mono-, di-, and
trimethylation of H3K79.*>*** DOTIL has been thought to be
the sole methyltransferase acting on H3K79; however, a recent
report suggested that the MMSET isoform RE-IIBP (inter-
leukin-S response element II binding protein), which contains a
SET domain, methylates this mark as well.*® In addition, no
demethylase activity on H3K79 has been reported to date.
Methylation of H3K79, which is generally correlated with
transcriptional activation, has been associated with transcrip-
tional regulation, DNA repair, embryonic development, cell
cycle regulation, hematopoiesis, and cardiac function.”®*~** It
has also been reported that DOTIL interacts with AF4, AF9,
AF10, AF6, and ENL, the most commonly seen MLL fusion
proteins in MLL-rearranged leukemias.”**"**” DOTIL inter-
acts with these MLL fusion proteins and is recruited to their
target genes, including HOXA9 and MEISI and are critical for
leukemia.”®’ These interactions result in abnormal methylation
that drives leukemogenesis. Therefore, DOTIL has been
studied increasingly as a potential therazpeutic target for the
treatment of MLL-rearranged leukemia.”***

In 2011, Daigle and co-workers reported the first selective
DOTI1L inhibitor, EPZ004777, with very high in vitro potency
(ICs, = 400 + 100 pM) (Figure 20).2% EPZ004777 was
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Figure 20. Structures of DOTIL inhibitors.
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Figure 21. (A) Cofactor binding site of DOT1L (PDB ID: INW3). (B) Crystal structure of DOTIL in complex with EPZ004777 (PDB ID: 4ER3).
Conformational rearrangements of DOTIL create a cavity to accommodate the t-butylphenyl group. (C) Overlay of DOT1L-SAM and DOTI1L-
EPZ004777 showing conformational rearrangement of substrate-binding and activation loop residues (magenta and yellow, respectively). (D)
Overlay of DOT1L-EPZ004777 (PDB ID: 4ER3) and DOT1L-EPZ-5676 (PDB ID: 4HRA) complexes. Key hydrogen bonds are represented as
green dashed lines between EPZ004777 (blue) and DOTIL and EPZ-5676 is depicted in orange.

designed and synthesized based on the cofactor SAM and the
crystal structure of the enzyme active site. It was more than
1000-fold selective for DOT1L over 9 other methyltransferases,
despite its structural similarity to the cofactor SAM. As
expected, in MOA studies, EPZ004777 was competitive with
SAM and noncompetitive with the peptide substrate. It also
exhibited very high binding affinity (K, = 300 pM).””® In
December 2012, Yu and co-workers reported the cocrystal
structure of the DOTIL-EPZ004777 complex, revealing the
remodeling of the catalytic site (Figure 21, panels A—-C)"!
consistent with the ligand-induced conformational adaptation
reported by Basavapathruni and co-workers.”’" A global
reduction in H3K79me2 levels was observed in several
leukemia cell lines treated with EPZ004777, while no significant
reduction of other histone methylation marks was observed,
suggesting cellular specificity for EPZ004777.”°° Furthermore,
EPZ004777 displayed a concentration-dependent inhibition of
the expression of HOXA9 and MEISI, overexpression of which
is considered a hallmark of MLL-rearranged leukemia.”*’ In
addition, it displayed an antiproliferative effect at low
micromolar potencies in MLL-rearranged leukemia cell lines
but was essentially ineffective in non-MLL-rearranged leukemia
cell lines. Importantly, EPZ004777 was utilized to show for the
first time that pharmacological inhibition of the methyltransfer-
ase activity of DOT1L had antitumor activity in animal models
of MLL-rearranged leukemia.”***”*

On the basis of the cocrystal structure of the DOTI1L-
EPZ004777 complex, SGC0946 (Figure 20), a chemical probe
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of DOTI1L with improved in vitro and cellular potencies, was
developed by exploiting the hydrophobic cleft near the 7-
position of the deazaadenosine of EPZ004777. SGCO0946,
which contains a bromo substitution at the 7-position of the
deazaadenosine ring, was more potent than EPZ004777 in
biochemical and biophysical assays (e.g, K; = 0.06 nM versus
0.25 nM in SPR) with a similar selectivity profile.””" SGC0946
was also almost 10-fold more potent at reducing H3K79
methylation levels (IC, = 8.8 + 1.6 nM) than EPZ004777
(IC = 84 + 20 nM) in MCF10A cells.

Another major advancement in the discovery of DOTI1L
inhibitors came in 2013, when EPZ-5676 was disclosed by
Daigle and co-workers (Figure 20).>”® EPZ-5676 (also known
as pinometostat) was the first PMT inhibitor advanced to the
clinic, the first major breakthrough in the PMT inhibitor field.
Phase 1 clinical trials for this inhibitor were recently completed
for the treatment of patients with MLL-r, a genetically defined
acute leukemia.”’**”>

The cocrystal structure of EPZ-5676 in complex with
DOTIL (PDB ID: 4HRA) confirmed the binding of the
inhibitor to the cofactor-binding site as well as the ligand-
induced conformational changes in DOT1L (Figure 21). EPZ-
5676 inhibited DOT1L with a Morrison K; of 0.08 + 0.03 nM,
a higher potency than EPZ004777 (Morrison K; = 0.3 + 0.02
nM). It exhibited remarkable selectivity for DOT1L (>37000-
fold) over 16 other methyltransferases. EPZ-5676 reduced
H3K79me?2 levels in MV4—11 cells (an acute leukemia cell line
expressing MLL-AF4) with an ICy; of 3 nM and in HL-60 cells
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(a non-MLL-rearranged cell line) with a similar potency.””’
Treatment with EPZ-5676 resulted in greater than 90%
reduction of H3K79me?2 levels in 3—4 days as well as reduction
of H3K79mel levels. EPZ-5676 did not significantly reduce
other common histone methylation marks, thus confirming the
high selectivity of the compound in biochemical assays.
Moreover, EPZ-5676 inhibited HOXA9 and MEISI mRNA
levels in MV4—11 cells in a concentration-dependent manner.
The antiproliferative effect of EPZ-5676 in MV4—11 cells (ICq,
= 3.5 nM) was observed as early as 4 days but reached a
maximum at day 7. This delayed onset of activity was attributed
to a cascade of epigenetic events, including depletion of the
H3K79me2 mark, inhibition of MLL-fusion target gene
expression, and reversal of leukemogenic gene expres-
sion.”*?7%*”” 1n addition, EPZ-5676 exhibited nanomolar
antiproliferative activity against most of the other MLL-
rearranged cell lines that were tested but displayed weaker
potencies against non-MLL-rearranged cell lines. Importantly,
the complete elimination of established subcutaneous (SC)
MV4—11 tumors in immunocompromised rats was achieved via
continuous intravenous (IV) infusion of EPZ-5676 dosed at 70
mg/kg per day for 21 days. The tumor regression was sustained
for more than 30 days after the termination of the compound
treatment. All doses were well-tolerated by the test animals.
Furthermore, H3K79me?2 levels, as well as HOXA9 and MEISI
mRNA levels, were significantly reduced in MV4-11 SC
xenograft tissue harvested from rats dosed by continuous IV
infusion for 14 days. Taken together, these results suggest that
EPZ-5676 displayed on-target activity in vivo with minimal
toxicity. Recently, PK properties of EPZ-5676 in rats, dogs, and
humans were also reported.””®

Several other inhibitors of DOTI1L have also been reported
in the literature. For example, shortly after the publication of
EPZ004777, Yao and co-workers reported the discovery of a
selective, covalent inhibitor of DOTIL.””” Compound 4
(Figure 20) had high in vitro potency for DOT1L (ICs, = 38
nM) and was >29-fold selective for DOTIL over CARMI,
PRMT1, G9a, and SUV39HL1. It was postulated that compound
4 would undergo an intramolecular cyclization to form a
reactive aziridinium intermediate, which would in turn react
with the e-NH, group of lysine 79 to covalently link to H3K79.
In addition, the NH, of the adenosine moiety (6-NH,) forms
only one hydrogen bond with the enzyme, as opposed to SET
domain-containing PKMTs, such as G9a, which form two
hydrogen bonds with the 6-NH, group. Analysis of the
cocrystal structure of the DOT1L-SAM complex also revealed
that a larger hydrophobic binding pocket exists for this amino
group. Therefore, 6-N-methyl SAH was subsequently synthe-
sized and was determined to be a highly selective inhibitor of
DOTIL (K; = 290 nM), achieving excellent selectivity over
CARMI, PRMT1, G9a, and SUV39H1 (K, > 20000 nM).””’
The activities of these DOT1L inhibitors in cell-based assays
were not reported. The same research group performed
extensive SAR studies and reported the discovery of compound
5 (Figure 20) in 2012.”*° Compound $ had very high in vitro
potency (K; = 046 nM) and was >4500-fold selective for
DOTIL over CARM1, PRMT1, and SUV39H1. Again, adding
an alkyl group such as methyl, allyl, or benzyl group onto the 6-
amino group (K; = 0.76, 12, and 22 nM, respectively) was
tolerated and led to high selectivity. Compound § inhibited the
proliferation of MV4—11 cells with a slow onset of activity but
did not affect the proliferation of wild-type MLL NB4 cells.
Two other studies explored the 5-position of the adenosine
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moiety of SAH and led to the discovery of DOTIL selective
inhibitors Br-SAH and CN-SAH.**"***

Yi and co-workers developed a set of assays, including a cell-
based imaging assay to assess chemical tools for DOTIL in a
miniaturized format.”®’ Affinity ligands were designed for the
development of these assays. With the use of these assays and
structural information, several inhibitors with increased cellular
potency (ICg, values ~10 nM) and excellent selectivity for
DOTIL were identified. With the improved potency in the
cellular assay, the relative potencies of these compounds were
evaluated by immunoblotting for the H3K79me2 mark in MLL
cells (MOLM-13). The only mark affected by these compounds
was H3K79me2. Decreased expressions of MLL target genes,
HOXA9 and MEIS1, were observed after 7 days of incubation
with these inhibitors. These measurements also correlated with
an antiproliferative effect in treated MV4—11 cells. Overall, this
study resulted in the discovery of compounds more potent than
EPZ004777. Recently, another study described additional
affinity probes of DOT1L and used them to identify potential
off-targets of SAM-based inhibitors.”**

In June 2016, Scheufler and co-workers reported a new series
of DOTIL inhibitors that differ structurally from all previously
published SAM-based inhibitors.”®> These new inhibitors
interact with an induced pocket adjacent to the SAM binding
site but do not bind the SAM binding site. This new class of
DOTIL inhibitors was obtained by optimization of a weak
fragment-based screening hit (ICs, = 320 uM) that displayed
suboptimal interactions in the induced binding pocket. After
careful analysis of the cocrystal structure of this initial hit and
elegant fine-tuning of the interactions in the induced pocket, a
highly potent inhibitor of DOTIL, 6 (Figure 22), was
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Figure 22. Structures of recently reported DOTIL inhibitors.

discovered, displaying an ICs, of 14 nM in a biochemical
assay. These inhibitors were identified as SAM-competitive
because, upon binding, they engage the lid loop of the SAM
binding pocket and form a conformation incompatible with
SAM binding, based on the cocrystal structures of DOTIL in
complexes with the compounds developed in this study.
Compound 6 constitutes the first DOTIL inhibitor with a
chemotype that is distinctly different from SAM derivatives and
interacts at a site different than the SAM binding site. In a
subsequent report, the same research group described another
structurally novel DOT1L inhibitor series that targets the same
induced pocket.”*® HTS, followed by hit optimization guided
by structure-based design, resulted in the discovery of potent
DOTIL inhibitors 7 and 8 (Figure 22), which displayed very
high potencies (IC, values of 1.4 and 0.4 nM and K; values of
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Figure 23. Structures of type I PRMT inhibitor MS023 and reported PRMT1 inhibitors.

0.36 and 0.08 nM, respectively) in biochemical assays. cells carrying the oncogenic MLL-AF4 fusion with ICg, values
Compounds 7 and 8 displayed selectivity against a panel of of 85 and 128 nM, respectively. In addition, 7 was evaluated in
22 PKMTs and PRMTs, showing no inhibitory activity at up to PK experiments in rats and showed a high total blood

50 uM. Both compounds also exhibited long residence times, as clearance, a high volume of distribution, a moderate half-life,
assessed by surface plasmon resonance experiments (7 = 43 and oral bioavailability. Overall, these two novel series
min for 7 and >240 min for 8 (the detection limit of the SPR (compounds 6 and 7/8) of potent, selective, SAM-competitive
assay used). Importantly, 7 and 8 potently decreased DOTIL inhibitors are exciting. Compounds 7 and 8 are useful
H3K79me2 levels (IC, = 23 and 16 nM, respectively) and chemical tools for cellular and in vivo studies. In addition, a
reduced the activity of the HoxA9 promoter (ICy, = 384 and recent report described the identification of another non-SAM
340 nM, respectively) in cellular assays. Moreover, both scaffold with ICs, values in the micromolar range for DOT1L
compounds efficiently inhibited the proliferation of MV4—11 by virtual screening.”*’
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2.2. Protein Arginine Methyltransferases

Protein arginine methylation is another significant and widely
observed PTM in eukaryotic cells.”**~**" Arginine is able to
form five potential hydrogen bonds with surrounding hydrogen
bond acceptors via its guanidinium group. Therefore, every
methylation of arginine prevents a potential hydrogen bond,
creating steric bulkiness and increasing hydrophobicity.
Furthermore, methylation does not neutralize the cationic
charge of arginine residues and could enhance their interactions
toward aromatic rings via cation-pi interactions.””’ The
methylation of arginine residues is very important since protein
recognition and in turn its physiological functions can be
altered.”””

Nine PRMTs have been identified to date, and they are
responsible for mono- and/or dimethylation of the guanidino
group of arginine residues.”®® The two possible ways for
dimethylation after monomethylation of arginine (MMA) are
shown in Figure 2. Methylation of the same nitrogen yields
asymmetrically dimethylated arginine (aDMA) or methylation
of another nitrogen gives symmetrically dimethylated arginine
(sDMA). On the basis of their methylation functions, PRMTs
are divided into 3 subcategories: type I, type II, and type III
PRMTs.””® Type I PRMTs, which include PRMT1, PRMT2,
PRMT3, CARMI (coactivator-associated arginine methyltrans-
ferase 1, also known as PRMT4), PRMT6, and PRMTS,
catalyze monomethylation and asymmetric dimethylation of
arginine residues. PRMTS and PRMT9 are type II PRMTs,
which catalyze monomethzrlation and symmetrical dimethyla-
tion of arginine residues.””* PRMT?7 is the only known type III
PRMT as it catalyzes arginine monomethylation only. PRMT
10 and PRMT11 have been identified as putative PRMT genes,
but no methylation activity has been shown yet.””>**

All PRMTs contain a conserved core region of about 310
amino acids.””” They typically have additions to the N-terminal.
CARM], on the other hand, also has C-terminal additions.”®
The monomeric structure of the PRMT core comprises a
methyltransferase domain, a p-barrel’”” that is unique to
PRMTS, and a dimerization arm. Type I PRMTs adopt a head-
to-tail homodimeric structure. In the homodimer, the
dimerization arm that extends out of the f-barrel of one
monomeric subunit interacts with the Rossman fold of another
subunit.”””**® Moreover, a dynamic a-helix (consisting of two
segments: @-X and @-Y) at the N-terminus of the Rossman fold
bends on the bound SAM like a lid and also participates in
proper positioning of the peptide substrate.””*”” PRMTs
generally methylate glycine and arginine-rich (GAR) motifs in
their substrates”® with the exception of CARMI, which
specifically methylates proline-, glycine-, and methionine-rich
(PGM) motifs.”’”*"" PRMTS, on the other hand, can
symmetrically dimethylate both of these motifs.””> PRMTs
methylate nonhistone proteins as well as histones.”**>7>033%¢
Dysregulation of PRMTs and arginine methylation have been
implicated in cancer and other diseases.”***”*

2.2.1. Inhibitors of PRMT1. PRMT1 was the first
mammalian protein arginine methyltransferase identified*”
and is responsible for most of the type I arginine
methyltransferase activity in mammalian cells.’*® PRMT1
catalyzes asymmetric dimethylation of H4R3 (H4R3me2a),
which is associated with transcriptional activation.’”***
PRMT1 also methylates nonhistone substrates, including
DNA repair proteins MRE11,’” pS3 binding protein 1
(53BP1),”"" ASH2L,*"" and the tumor suppressor BRCA1.>"*
Therefore, PRMT1 has been implicated in numerous cellular
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processes, including transcription, RNA processing, and signal
transduction.””” In addition, PRMT1 has been linked to human
telomeres’'> and shown to directly regulate the AKT signaling
pathway.”'**'> The alternative splicing of PRMT1 has been
well-studied, and seven PRMT1 isoforms (PRMTIlvl— v7)
have been found by alternative splicing in the 5’ region of its
pre-mRNA. Of these isoforms, PRMT1vl is the most abundant
variant.”'® Overexpression and aberrant splicing of PRMT1
have been implicated in diseases, including breast,>'73!%
prostate,sw colon,**%3%! lung, and bladder cancers.””* The
overexpression of PRMT1vl has been observed in colon
cancer,””’ whereas PRMT1v2 has been upregulated in breast
cancer and, in turn, could promote the survival and invasiveness
of breast cancer cells.*"” Furthermore, PRMT1 is crucial for the
development of AML**® and is part of an MLL transcriptional
complex.***

In 2016, inspired by the recent discoveries of potent and
selective PRMT6 and CARMI inhibitors (see below), Eram
and co-workers developed MS023 (Figure 23), a selective
inhibitor of type I PRMTs, based on the hypothesis that the
ethylenediamino group of MS023 is an excellent ar%inine
mimetic and a critical moiety for targeting type I PRMTs.”* In
biochemical assays, MS023 was highly potent for PRMT1 (ICq,
= 30 + 9 nM), PRMT3 (IC, = 119 + 14 nM), PRMT4 (ICq,
= 83 + 10 nM), PRMT6 (ICyy = 4 + 0.5 nM), and PRMTS
(ICs, = S + 0.1 nM). Importantly, it was inactive against all
type II and type III PRMTs, 25 PKMTs, and DNMTs, and
other epigenetic modifiers including histone lysine demethy-
lases and various methyllysine and methylarginine reader
proteins. Direct binding of MS023 to PRMT6 was confirmed
by ITC with high affinity (K; = 6 nM) and DSF (AT, = 20
°C). In addition, an X-ray cocrystal structure of MS023 in
complex with PRMT6 was obtained and revealed that the
inhibitor occupies the substrate-binding site and the ethyl-
enediamino group of MS023 indeed serves as an arginine
mimetic (PDB ID: SE8R). Importantly, MS023 potently
inhibited PRMT1-mediated asymmetric dimethylation of
H4R3 in cells. It also reduced global levels of arginine
asymmetric dimethylation and concurrently increased arginine
monomethylation and symmetric dimethylation in cells. A close
analog of MS023 that was inactive in biochemical and cellular
assays was also developed as a negative control for future
chemical biology studies. Overall, MS023 and its negative
control are valuable chemical tools for the biomedical
community to investigate the role of type I PRMTs in health
and disease.

In 2004, Cheng and co-workers reported the discovery of
AMIs (arginine methyltransferase inhibitors) by HTS of a
9000-compound library.**® Among the nine hits identified, only
AMI-1, a symmetric sulfonated urea salt, and AMI-6 showed
activity for PRMTs (Figure 23). These compounds were
selective for PRMT3, CARM1, and PRMT6 over PRMTS and
a series of PKMTs.**® AMI-1 inhibited PRMT1 with an ICg, of
8.8 uM and was shown to be noncompetitive with the cofactor
SAM. Therefore, it was proposed to bind in the substrate-
binding pocket in a substrate-competitive manner. It was also
reported that AMI-1 inhibited the methylation of Npl3p in
HeLA cells in a concentration-dependent manner. In 2007,
Ragno and co-workers disclosed structure- and ligand-based
modeling studies that focused on AMIs and their analogs
confirming AMI-S (Figure 23) as a PRMT1 inhibitor (ICs, =
1.4 uM). The selectivity of these inhibitors, however, was not
reported.””” In 2010, Feng and co-workers reported the
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discovery of NS-1 (naphthalene-sulfo derivative 1) via virtual
screening of 400000 compounds (Figure 23).**® NS-1 inhibited
PRMT1 with an ICy of 13 + 0.1 uM and was substrate-
competitive with a K; of 1.7 + 0.54 yM. While NS-1 did not
inhibit CARM], it did inhibit PRMT3 and PRMT6 with similar
potencies. Interestingly, Feng and co-workers determined that
AMI-1, NS-1, and related naphthalenesulfonate derivatives
directly targeted the peptide substrates (ie, H4 and GAR
peptides) instead of PRMT1. This mechanism of action was
believed to be largely responsible for the observed PRMT1
inhibition by way of preventing the recognition of substrates by
the enzyme.*””

Spannhoff and co-workers applied a target-based approach®’
to discover new PRMT inhibitors. As a result, Stilbamidine and
Allantodapsone were reported as PRMT1 inhibitors, with ICs,
values of 57 + 6.2 and 1.7 + 3 uM, respectively.330 After virtual
screening, the same research group reported another PRMT1
inhibitor, RM6S (Figure 23), which possessed an ICs, of 55 +
34 uM.*' A similar virtual screening approach was also
reported by Heinke and co-workers in search of a different
chemotype.”” Hit optimization resulted in the generation of
inhibitors with low micromolar potency against PRMT1, which
were not fully characterized.”*® A recent virtual screening study
also resulted in the discovery of PRMT1 inhibitors with ICg,
values around 20 ,uM.334 It is important to note, however, that
all of these PRMT1 inhibitors lack extensive selectivity and
characterization data, thereby limiting their use as selective
PRMT1 inhibitors.

In 2010, Bonham and co-workers discovered compound 9
(Figure 23), which inhibited PRMT1 with an ICy, of 4.2 + 1.6
uM and CARM1 with an ICy, = 2.6 + 0.6 uM.>> Although it
did not inhibit SETD?7, this compound was not selective over
PRMTS and PRMT6. In 2011, Dowden and co-workers
reported a SAM derivative, 10 (Figure 23), as a PRMT1
inhibitor with an ICs, of 3.9 + 1.8 uM. This compound was
inactive against CARM1 and SETD7.%¢

In 2008, Osborne and co-workers, in search of PRMT1
inhibitors, incubated a SAM derivative, 5'-(diaminobutyric
acid)-N-iodoethyl-5’-deoxyadenosine ammonium hydrochlor-
ide (AAID)* (Figure 23) and acetylated H4—21 peptide with
PRMT1 and showed that the peptide substrate was covalently
modified with comparable kinetics to H4.*** Control experi-
ments in the absence of PRMT1 did not result in any
modification, indicating that PRMT1 promotes the transfer of
this SAM-like moiety to the peptide substrate. When the H4—
21R3K mutant peptide is used instead of the H4—21 peptide,
no modification was observed, indicating that R3 is the targeted
residue and the PRMT1-directed modification is regiospecific.
Extended incubation time did not improve the yield of the
modified peptide. The lack of time dependence is therefore
attributed to the generation of a bisubstrate inhibitor. Further
experiments established that PRMT1 activity was inhibited
when preincubated with AAI with similar potency to SAH. The
observed ICy, (18.5 + 4.2 uM) was ~10-fold lower than that of
AMI-1. Further studies indicated that the AcH4-21-AAI
bisubstrate inhibitor preferentially inhibits PRMTI1 over
CARM1 (4.4-fold). The ability of PRMT1 to catalyze the
transfer of AAI to a peptide substrate and in the process
generate a bisubstrate inhibitor provided a proof of concept for
the chemoenzymatic generation of PRMT-targeted bisubstrate
analogues. It was proposed that AAI would undergo an
intramolecular cyclization to form a reactive aziridinium
intermediate, which would then react with the guanidinium
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group of R3 of AcH4-21 to covalently link to peptide. It
should be noted that the same inhibition mechanism was later
suggested for DOTIL inhibitor compound 4 (Figure 20) by
Yao and co-workers in 2011.>”

In 2010, inspired by the earlier work on chloroacetamidine-
based protein arginine deiminase (PAD) inactivators,**”
Obianyo and co-workers reported C21, a 21-residue peptide
featuring a chloroacetamidine warhead (Figure 23) as a
covalent PRMT1 inhibitor.>** The peptide sequence of C21
is based on the N terminus of histone H4. Further examination
revealed that C21 inhibits PRMT1 (ICsy = 1.8 + 0.1 uM) in a
time- and concentration-dependent manner with the k;,,./K;
value of 4.6 X 10° min™! M~ (k... = 3.1 £ 0.2 min™}, K; = 0.8
+ 04 uM) (please see section 3.1.2 for more detailed
discussion on these constants). Although the specific residue
modified by this compound was not clearly identified in this
study, it was later speculated that the active residue was
C101.**" Inhibitor C21 was selective for PRMT1 over CARM1
(>250-fold), PRMT3 (>250-fold), and PRMT6 (4.9-fold),
based on ICs, values. Given that haloacetamidine-containing
compounds also inhibit PADs, the ki,,./K; value for PAD4 was
measured. C21 inactivates PAD4 with k,,../K; of 300 min~"
M, showing >15000-fold selectivity. In addition, it was
demonstrated that C21 inhibits PRMT1 in cellular assays using
293T cells. Following up this study, the same research group
developed activity-based proteomic probes (ABPs) that
selectively modify PRMT1. Fluorescein-conjugated C21 and
biotin-conjugated C21 were used as PRMT 1-specific ABPs and
provided the first evidence that PRMT1 activity is negatively
regulated in a spatial and temporal fashion.***

In 2012, Dillon and co-workers reported the discovery of
covalent inhibitors CID $380390 and CID 2818500 (Figure
23), which inhibited PRMT1 and PRMTS8.>*' The inhibition of
PRMT1 and PRMTS8 was thought to be related to the presence
of a cysteine residue (C101) in the SAM binding site of
PRMT1 and PRMTS, which is absent in the SAM binding site
of other PRMTs.**" These inhibitors were inactive against
CARMI and SETD?7. In the same year, Wang and co-workers
employed pharmacophore-based virtual screening methods and
discovered A36 (Figure 23), a substrate-competitive inhibitor of
PRMT1, which displayed an IC, of 12 + 0.2 uM.>** A36 was
found to be 7-fold selective for PRMT1 over CARMI but only
2-fold selective for PRMT1 over PRMTS.

In 2014, Yan and co-workers reported compound DB75
(Figure 23), a diamidine-containing PRMT1 inhibitor with an
ICy, of 9.4 + 1.1 uM.>** Tt displayed selectivity for PRMT1
over CARMI1 (>42-fold), PRMTS (around 18-fold), and
PRMT6 (around 30-fold). It was also found to inhibit the
proliferation of several leukemia cell lines. Interestingly, cell
lines derived from Down syndrome patients and leukemia
patients (CMY, CHRF-288-1, and MOLM-13 cells) appeared
to display enhanced sensitivity to this compound compared to
the other cell lines tested (HEL, Jurkat, and HL-60). More
recently, this same research group investigated the SAR of
cyanine structures. This study led to the identification of a
pentamethine compound, E-84 (Figure 23), as a PRMT1
inhibitor with an ICy, of 3.4 uM.>****® Furthermore, E-84
displayed a 6-fold selectivity over CARM1, a 10-fold selectivity
over PRMTS, and a 25-fold selectivity over PRMT8.**>**
Fluorescence intensity was measured, and a 6-fold increase was
observed upon E-84 binding to PRMT1, with a calculated K of
2.3 uM, suggesting a direct interaction between the inhibitor
and PRMTL. In cell-based studies, E-84 was found to inhibit
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Figure 24. (A) Structures of PRMT3 inhibitors 11, 12, and 13. (B) Key interactions of 11 with PRMT3 allosteric pocket (3SMQ). (C) Structure of
SGC707. (D) Co-crystal structure of PRMT3 in complex with SGC707 (PDB ID: 4RYL).

leukemia cell growth at 100 nM in Meg01 and MOLM13 cells
and at 200 nM in HEL cells.

Recently, a series of nitropyrimidine-containing compounds
were reported, and follow-up optimization led to the discovery
of a PRMT1 inhibitor with an ICs, of 2.0 uM.**” This
compound was inactive against PRMTS and PRMT6 (ICs, >
100 uM) but inhibited CARMI with an IC., of 10 uM.
However, biophysical assays indicated that the inhibitor did not
display characteristics of direct binding. Finally, in cell-based
studies, this compound exhibited antiproliferative activity
against three tumor cell lines (DLD-1, T24, and SH-SY-5Y)
with ICs, values in the micromolar range.

It is important to note that, despite a growing interest in the
discovery of PRMT1 selective inhibitors, most of the PRMT1
inhibitors described above lack thorough characterization in
biochemical and biophysical assays regarding their selectivity,
thus limiting their potential use in functional studies.

2.2.2. Inhibitors of PRMT3. PRMT3 (protein arginine
methyltransferase 3) is a type I PRMT that catalyzes the mono-
and asymmetric dimethylation of arginine residues. PRMT3
contains a zinc finger domain at its N-terminus and was first
reported in 1998.°" It was shown to be a cytosolic protein,
primarily methylating the 40S ribosomal protein S2
(rpS2).***° Asymmetric dimethylation of rpS2 by PRMT3
results in stabilization of rpS2 and impacts ribosomal
biosynthesis.”**~>* Recently, it was shown that in cells treated
with palmitic acid or T0901317 [a liver X receptor a (LXRa)
agonist], PRMT3 colocalizes with LXRa in the cell nucleus,
regulating hepatic lipogenesis. However, this effect is
considered to be independent of PRMT3’s methyltransferase
activity. PRMT3, as well as PRMT1, have also been described
to methylate the recombinant mammalian nuclear poly(A)-
binding protein (PABPN1) and have been connected to
oculopharyngeal muscular dystrophy, which is a consequence of
polyalanine expansion in PABPN1.*>*7°*° PRMT3 also
methylates a histone peptide (H4 1—24) in vitro.”® The
protein complex that includes PRMT3, the von Hippel—Lindau

1015

(VHL) tumor suppressor, and ARF (alternative reading frame)
has been shown to methylate the tumor suppressor p33.”°’
Furthermore, the interaction of PRMT3 with the tumor
suppressor DAL-1 (differentially expressed in adenocarcinoma
of the lung-1) resulted in the inhibition of its methyltransferase
activity. Consequently, it was proposed that DAL-1, the
downregulation of which has been associated with a number
of cancers,”** 7> might be affecting tumor growth by
regulating PRMT3 function.®’ PRMT3 function has also
been reported to be crucial for dendritic spine maturation in
rats.**> Moreover, PRMT3 overexpression was observed in
myocardial tissues from patients with atherosclerosis.***

In 2012, Siarheyeva and co-workers reported the discovery of
the first selective PRMT3 inhibitor, compound 11 (Figure
24A), via screening of a diverse library of 16000 compounds.””’
Compound 11 inhibited PRMT3 with an ICs, of 1.6 + 0.3 uM
and was selective for PRMT3 over a number of other
methyltransferases. One of the most interesting findings in
this report was that this inhibitor was noncompetitive with both
the cofactor SAM and the peptide substrate, thereby suggesting
an allosteric mechanism of inhibition. The cocrystal structure of
11 in complex with PRMT3 confirmed that 11 is an allosteric
inhibitor (PDB ID: 3SMQ). It occupies a novel allosteric
binding site located at the interface of the two subunits of the
PRMT3 homodimer (Figure 24B). This was the first example
of an allosteric inhibition of a protein methyltransferase by a
small molecule. The cocrystal structure revealed that the
cyclohexenyl moiety of the inhibitor interacts with the a-Y
segment of the activation helix of the opposite subunit. This
interaction most likely leads to the a-X segment becoming
disordered. Since it has been shown that the proper folding of
the a-X segment is essential for binding of both cofactor and
substrate, it is likely that the binding of 11 to the allosteric site
prevents the proper positioning or folding of the a-X segment,
thus resulting in the inhibition of PRMT3 enzymatic activity.

Other key ligand—protein interactions revealed by the
cocrystal structure include: (1) a hydrogen bond between the
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middle nitrogen of the tightly fit benzothiadiazole moiety with
the hydroxyl group of T466, (2) two hydrogen bonds between
the two nitrogens of the central urea moiety and the
carboxylate group of E422, and (3) a hydrogen bond between
the oxygen of the urea moiety with the guanidinium group of
R396 (Figure 24B). The key hydrogen bond interactions were
confirmed by SAR studies as well as site-directed mutagenesis
studies. Subsequent SAR studies by Liu and co-workers resulted
in the discovery of more potent inhibitors such as 12 and 13
(ICso = 0. 48 and 0.23 uM, respectively).364 Furthermore, a
scaffold hopping exercise was employed to replace the left-hand
side benzothiadiazole moiety and resulted in the identification
of the isoquinoline moijety as a preferred benzothiadiazole
replacement.”® Various amides, ketones, and bicyclic hetero-
cycles were extensively investigated as the right-hand side
moiety. These modifications resulted in the discovery of
SGC707 (Figure 24C), the most potent PRMT3 inhibitor to
date with an ICg, of 31 + 2 nM in a biochemical assay.**®
Binding of SGC707 to PRMT3 was confirmed by ITC and
SPR, with Ky values of 53 + 2 nM and 85 + 1 nM, respectively.
Importantly, SGC707 was selective for PRMT3 over 31 other
methyltransferases, as well as a broad range of nonepigenetic
targets including more than 250 kinases, GPCRs, ion channels,
and transporters. As expected, in MOA studies, SGC707 was
noncompetitive with both the cofactor and peptide substrate,
consistent with an allosteric inhibition mechanism. This MOA
was confirmed by the cocrystal structure of the PRMT3-
SGC707 complex (PDB ID: 4RYL), which clearly showed
binding of SGC707 to the same allosteric site of PRMT3
mentioned earlier (Figure 24D). Similar to the benzothiadia-
zole group, the isoquinoline group forms a hydrogen bond with
T466. The urea group of SGC707 also forms three hydrogen
bonds with E422 and R396 side chains, and the pyrrolidine
amide of SGC707 is buttressed against the a-helix of the other
PRMT3 subunit. In addition, XY1, a naphthyl analog of
SGC707 that lacks the key hydrogen bond with T466, was
developed as an inactive control (ICy, > 100 uM) for chemical
biology studies.

The cellular target engagement of SGC707 was assessed
using an InCELL Hunter assay, which measures the intra-
cellular binding of SGC707 to the methyltransferase domain of
PRMT3 in cell lines expressing the methyltransferase domain of
PRMT3 tagged with a short fragment of pJ-galactosidase.
Indeed, SGC707 stabilized PRMT3 in both HEK293 and A549
cells with ECs, values of 1.3 and 1.6 uM, respectively. The
effect of SGC707 on H4R3 asymmetric dimethylation in cells
was investigated. Due to the relatively slow turnover of
methylated arginine residues, the overexpressed human Flag-
tagged PRMT3 was used and the methylation of both
endogenous H4 and exogenously introduced GFP-tagged H4
was examined. Overexpressed PRMT3 increased the endoge-
nous levels H4R3me2a from the baseline, and treatment with
SGC707 was able to mitigate this increase with an ICg, of 225
nM. The asymmetric dimethylation of exogenous H4R3 was
also inhibited (ICy, = 91 nM), indicating a potent cellular effect
of SGC707. These results clearly indicate that SGC707 can
engage PRMT3 and effectively inhibit its catalytic activity in
cells. In addition, SGC707 displayed no toxicity in cell growth
assays. In mouse PK studies, intraperitoneal injection of
SGC707 at 30 mg/kg resulted in good plasma exposure over
6 h. This dose was well-tolerated. Thus, SGC707 was
bioavailable and can be used for animal studies in addition to
cellular studies. In summary, SGC707 is a potent, selective, cell-
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active allosteric inhibitor of PRMT3. SGC707 and its negative
control XY1 comprise a pair of valuable chemical tools for
elucidating biological functions and disease associations of
PRMTS3.

2.2.3. Inhibitors of CARM1. Co-activator-associated
arginine methyltransferase 1 (CARMI, also known as
PRMT4) was first identified as a steroid receptor coactivator
and was the first member of the PRMTs to be associated with
transcriptional regulation.%ﬁ’367 It is responsible for the
asymmetric dimethylation of H3R17 and H3R26, though it
prefers the former to the latter.”****” In addition to histones,
CARM1 methylates a variety of nonhistone proteins, such as
CBP/p300, PABP1, HuR, HuD, SRC-3, NCOA2, CAlS0,
SAP49, SmB, and U1C.”"°*”> CARM1 has been shown to play
a role in mRNA splicing,*’” RNA processing and stability,””®
cell cycle progression,””” and DNA damage response.”’®
Furthermore, the loss of CARMI results in neonatal lethality
evidenced by the fact that newborn knockout mice die shortly
after birth.”’® CARMI1 functions as a coactivator for various
proteins that have been linked to cancer, including pS3, NF-«B,
f-catenin, E2F1, and steroid hormone receptor ERa.”7?738! 1n
addition, CARMI1 levels have been shown to be elevated in
castration-resistant prostate cancer,”*>*% aggressive breast
tumors,””” and lung cancer.>®* Given its association in a wide
variety of biological processes and diseases,””> CARMI has
been pursued as a potential therapeutic target.

Several HTS campaigns and SAR studies resulted in the
identification of pyrrazole-amide- and benzo[d]imidazole-
containing scaffolds as CARMI inhibitors.”**™**" Further
optimization of these hits led to the discovery of potent
CARM1 inhibitors 14 and 15 (Figure 25) with ICs, values of
27 nM and 30 nM, respectively.””” These inhibitors displayed
selectivity for CARMI1 over PRMT1 and PRMT3. The
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Figure 25. Structures of CARM1 inhibitors.
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selectivity over other PRMTs, however, was not reported. In
addition, the inhibitors were either not tested in cells or lack
significant cellular activity. Co-crystal structures of the CARM1
catalytic domain in complexes with inhibitors 14 and 15 were
obtained (PDB ID: 2YIW and 2Y1X, respectively) (Figure
26A).%"° A wealth of structural information revealed by the
cocrystal structures has enabled structure-based design of
PRMT4 selective inhibitors.

Figure 26. (A) Crystal structures of 14 (orange) and 15 (yellow)
bound to CARMI are superimposed (PDB ID: 2Y1W and 2Y1X). Key
interactions of 14 in arginine binding channel are indicated. (B)
Crystal structures of MS023 (gray) and 16 (blue) bound to PRMT6
are superimposed (PDB ID: SE8R and SEGS), and key interactions for
16 are shown. Hydrogen bonds are represented as magenta dashed
lines and water molecule as red sphere.

In a study aiming to develop PRMT inhibitors via a
fragment-based approach, a common feature of type I PRMTs
(MS023), CARM1 (compounds 14 and 15), and PRMT6
inhibitors (EPZ020411, see section 2.2.5) was recognized. All
of these inhibitors were anchored in the PRMT arginine-
binding channel through a basic alkyl-diamino or alanine-amide
tail (Figure26, panels A and B).””' Therefore, a commercially
available, diverse fragment library of compounds mimicking
these basic amino tails was tested against PRMT6, resulting in
the discovery of compound 16 (Figure 25), an inhibitor of
PRMT6 (IC, = 300 = 40 nM), CARM1 (ICy, = 1000 + 40
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nM), and PRMTS (ICg, = 2100 + 200 nM). It was selective for
PRMT6 over PRMT1 (40-fold), PRMT3 (>60-fold), PRMTS
(inactive), and PRMT7 (inactive). The cocrystal structure of
PRMT6 in complex with compound 16 (PDB ID: SEGS) was
solved, and the ethylenediamino group was indeed deeply
buried in the arginine—binding pocket where the amino groups
made direct and water-mediated hydrogen bonds (Figure 26B).
This fragment was also able to inhibit asymmetric dimethyla-
tion of H3R2 in HEK293 cells transfected with PRMT6 (ICs,
of 21 + 3 uM) without cell cytotoxicity.

Recently, a dual CARM1 and PRMT6 inhibitor, MS049
(Figure 25), was discovered via SAR studies based on the
fragment hit, compound 16. MS049 is a potent, selective, and
cell-active dual inhibitor of CARMI1 and PRMTS, displaying
high potency (ICs, = 34 + 10 and 43 + 7 nM, respectively) in
biochemical assays.”” It was selective for CARM1 and PRMT6
over other PRMTs (>300-fold over PRMT1 and PRMT3; >
30-fold over PRMTS; and no inhibition against PRMTS and 7)
and a broad range of epigenetic modifiers (including PKMTs,
DNMTs, KDMs, and methyllysine/methylarginine reader
proteins) and nonepigenetic targets (including GPCRs, ion
channels, transporters, and kinases). The direct binding of this
inhibitor to both CARM1 and PRMT6 was confirmed by ITC
and DSF experiments. MOA studies showed that increasing the
peptide substrate or SAM concentrations had no effect on the
ICs, values of MS049 against CARM1 and PRMT6, suggesting
that this inhibitor is noncompetitive with both the cofactor
SAM and the peptide substrate. As we described earlier, active
site-binding inhibitors can display noncompetitive behavior in
MOA studies. It was postulated that the substrate binds outside
the catalytic pocket of CARM1 with significant affinity, and it is
not completely dis})laced by the inhibitor in competition
assays.'8¥32939139339% Apother possible explanation is that the
binding of MS049 induces major protein conformational
changes, and traditional enzyme kinetics may not apply.”’* In
cellular assays, MS049 potently inhibited the methyltransferase
activity of CARMI1 and PRMT6 and reduced the levels of
Medl2me2a and H3R2me2a in HEK293 cells. MS049N, a
close analog of MS049, was also developed as a negative control
for chemical biology studies. It was inactive in biochemical and
cellular assays. In addition, neither MS049 nor MS049N
displayed toxicity in HEK293 cells. Overall, MS049 and its
negative control MS049N are valuable chemical tools for the
research community to investigate biological functions and
disease associations of CARM1 and PRMT6.

The same research group also reported a potent and selective
inhibitor of CARMI, compound 17 (Figure 25), which was
developed based on the fragment hit 16.”” In biochemical
assays, compound 17, which contains a (piperidinyl)ethyl-1-
amine core, displayed high potency (ICs, = 94 + 23 nM) for
CARMLI. It was also around 20-fold selective for CARM1 over
PRMT6 and highly selective over PRMT1, PRMT3, PRMTS,
PRMT7, and PRMTS8. In MOA studies, this inhibitor was
noncompetitive with the cofactor SAM and peptide substrate.
On the basis of the structural similarity of this inhibitor to
MS023 and MS049, it was believed that this inhibitor also binds
to the substrate-binding pocket. No cellular studies were
conducted with this CARMI selective inhibitor.

Concurrent with the two studies described above, another
potent and selective CARMI inhibitor was discovered via
virtual screening.’”® This study also focused on amino-
containing fragments such as the ethylenediamino group in
compound 15 and alanine-amide group in compound 14. As
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described earlier, these amino-containing fragments were
hypothesized to serve as arginine mimetics targeting PRMTs.
Therefore, a focused virtual library composed of commercially
available compounds where diverse scaffolds were attached to
these two basic amino tails was created and docked into a
PRMT6 crystal structure. The selected compounds at the end
of this virtual screening study were then tested in biochemical
assays. The hits were then optimized to yield SGC2085 (Figure
25) as a potent CARM1 inhibitor with an ICg, of 50 + 20 nM.
This inhibitor was inactive against other PRMTs, with the
exception of PRMT6 (ICy, = 5.2 uM, around 100-fold selective
for CARM1). SGC2085 also showed complete selectivity
against a panel of 21 other methyltransferases. Although this
compound is believed to bind to the CARM1 substrate-binding
site, MOA studies showed that it was noncompetitive with the
substrate, similar to the inhibitors depicted above. However,
this inhibitor was inactive in cell-based assays at concentrations
up to 10 M. The lack of cellular activity is likely due to its
poor cell membrane permeability.

Recently, the first potent, selective, and cell-active inhibitor
of CARMI, TP-064, was discovered (Figure 25).%7 TP-064
potently inhibited CARM1 with an ICy, < 10 nM and displayed
a > 100-fold selectivity for CARM1 over other methyltrans-
ferases and nonepigenetic targets. In cellular assays, TP-064
inhibited the methylation of MED12 with an ICy;, of 43 nM. A
closely related compound was developed as a negative control.
It exhibited no activity in the same biochemical and cellular
assays.

Several other CARM1 inhibitors have also been reported.
Recently, a series of PRMT inhibitors were designed to
simultaneously occupy both the SAM and substrate binding
sites.””® A relatively potent CARMI inhibitor (ICg, = 0.12 +
0.02 uM) was synthesized, which contains a two-carbon linker
connecting adenosine and guanidine moieties. Aside from
CARM], this inhibitor was only tested against PRMT1 (ICg, =
11.1 + 2.8 uM), PRMT6 (ICg, = 202 + 8.7 uM), and G9a
(ICso > SO uM). A set of curcumin derivatives were also found
to be potent CARM1 inhibitors. A lead compound from this set
showed inhibition against CARM1 with an ICs, of 8.6 yuM and
was >80-fold selective for CARMI over PRMT1 and
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SETD7.*”” In addition, this compound was tested against a
panel of PRMTs and PKMTs. At 100 uM, this compound
inhibited PRMT3, PRMTS, PRMT6, DOT1L, SUV39H]1, and
G9a to various extents; however, the inhibition was weaker than
the observed inhibition of CARMI. This inhibitory effect
against CARMI1 was investigated by treating LNCaP cells that
had been transfected with prostate-specific antigen promoter.
Inhibition of the level of transcription was observed starting at
4 uM. In 2010, Selvi and co-workers identified TBBD (ellagic
acid), which was isolated from pomegranate crude extract, as a
CARM1 inhibitor.® TBBD inhibited CARM1 but did not
inhibit G9a or histone acetyltransferase CBP/p300. It was also
determined to be uncompetitive with both H3 and SAM. ITC
experiments showed minimal interaction between TBBD and
CARM1 without SAM. Thus, it was postulated that the partial
inhibition of CARM1 by TBBD could be mediated via its
interaction with the enzyme-cofactor complex. At 5 uM, TBBD
reduced more than 50% of H3R17 methylation levels.

2.2.4. Inhibitors of PRMT5. PRMTS is the major type II
PRMT that is responsible for the symmetric dimethylation of
arginine residues.’”> PRMTS symmetrically dimethylates
H2AR3, H4R3, H3R2, and H3R8 in vivo. %1740 Impor-
tantly, these marks are associated with a variety of transcrip-
tional regulatory processes.””"****7 PRMTS has also been
found to regulate transcription and many downstream events
through methylation of transcription factors, including NF-xB,
p53, and E2F-1.*7"'"9 PRMTS modulates the RAS to ERK
signaling pathway through the methylation of RAF proteins*'!
and regulates ribosome biogenesis through the methylation of
ribosomal protein $10 (RPS10).*'* PRMTS interacts with a
variety of binding partners, including Blimpl, RioK1, pICLn,
MBD/NuRD, and MEP50.*3*'7 MEPS0, a member of the
WD40 family of proteins, is the most common partner of
PRMTS. It is required for PRMTS enzymatic activity and is
likely present in every PRMTS-containing complex in
vivo."'®*"” The human PRMTS contains a triosephosphate
isomerase (TIM) barrel on its N-terminus, a Rossmann-fold,
and a C-terminal S-barrel enclosing a dimerization domain. As
we mentioned before, the head-to-tail ring-shaped homodi-
meric structure is conserved in all Type I PRMT structures;
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however, human PRMTS, in particular, forms a heteroocto-
meric complex composed of four PRMTS proteins and four
MEPS0 proteins.”'**"? In this complex, however, PRMTS
molecules form two dimers in the head-to-tail arrangement,
which is typical of PRMTs. The PRMTS—MEPS0 complex
displays a higher level of methyltransferase activity than that of
PRMTS alone."” The overexpression of PRMTS has been
reported in several human malignancies, including lympho-
mas, *%5*% melanoma,™! lung cancer,"” breast cancer,™
and colorectal cancer.””* In addition, in epithelial ovarian
cancer, elevated PRMTS correlates with decreased patient
survival.*** Elevated PRMTS and MEPS0 expression are also
highly correlated with nonsmall cell lung cancer (NSCLC)
incidence.”® PRMTS is reported to have a role in MCL, and its
upregulation has been observed in patient samples.*****>**
In April 2015, a potent, selective, cell-active, and orally
bioavailable inhibitor of PRMTS with antiproliferative effects in
both in vitro and in vivo models of MCL was disclosed.*”***
HTS of a diversity library containing 370000 small molecules
and subsequent optimization of hits identified led to the
discovery of EPZ015666 (also known as GSK3235025, Figure
27) with an IC, of 22 + 14 nM in a PRMTS biochemical assay.
It was competitive with the peptide substrate (K; = S + 0.3 nM)
and uncompetitive with the cofactor SAM. In addition, while
the inhibitor exhibited some modest affinity for the free
enzyme, its affinity for the enzyme was greatly enhanced by
SAM binding. These findings were consistent with crystallo-
graphic data for the PRMTS5:MEPS0-SAM-EPZ015666 com-
plex (PDB ID: 4X61) (Figure 28). The cocrystal structure
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Figure 28. Crystal structure of EPZ015666 (orange) bound to
PRMTS:MEPS0 complex in the presence of SAM (yellow) (PDB ID:
4x61). Hydrogen bonds are represented as magenta dashed lines and
water molecule as red spheres.

revealed a unique binding mode within the substrate channel of
PRMTS, indicating a key cation-7 interaction between
EPZ015666 and the cofactor SAM. It is believed that this
interaction may be contributing to the high selectivity of
EPZ015666 against other PMTs. EPZ015666 was inactive
against a panel of 20 other PRMTs and PKMTs at
concentrations up to 50 M. However, it was not evaluated
against PRMT9. The inhibitor had a favorable PK profile in
mice, with a plasma clearance of 30 mL/min/kg and oral
bioavailability of 69% following oral administration at a dose of
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10 mg/kg. Thus, EPZ015666 is an appropriate tool for both
cellular and in vivo studies. As such, cellular methylation and
proliferation effects of this inhibitor were assessed in a panel of
five MCL cell lines (Z-138, Maver-1, Mino, Granta-519, and
Jeko-1). EPZ015666 treatment led to a concentration-depend-
ent decrease in SmD3, a previously reported substrate that
colocalizes with PRMTS. The same decrease in SmD3 was also
observed in PRMTS knockdown cells. Concentration-depend-
ent decreases in SmD3me2s were also observed when whole-
cell lysates from the panel of MCL cell lines treated with
EPZ015666 were harvested after 4 days and evaluated via
Western blotting. Target engagement was further confirmed
through the use of cellular thermal shift assays (CETSA). The
presence of EPZ015666 resulted in a 5.9 °C shift in the melting
curve of PRMTS in A375 cells, while no shift was seen in cells
treated with a structurally similar negative control. However,
cellular levels of H4R3me2s and H3R8me2s were not
significantly decreased in Z-138 leukemia cells treated with
EPZ015666 for 4 days. The lack of reduction in global histone
methylation was attributed to the absence of existing antibodies
that were sensitive and specific for those marks.

EPZ015666 demonstrated potent, concentration-dependent
antiproliferative effects with ICy, values of 96 nM and 450 nM
in Z-138 and Maver-1 cells, respectively. Similar effects were
also observed in additional MCL cell lines, with ICy, values
ranging from 61 to 904 nM. Importantly, oral dosing of
EPZ015666 resulted in dose-dependent antitumor activity in
multiple MCL xenograft models, with near 95% tumor-growth
inhibition after 21 days of dosing (at 200 mg/kg). EPZ015666
was well-tolerated in all the models used with minimal weight
loss observed. Observation of the diminished levels of
symmetrically dimethylated PRMTS substrates in the excised
tumors strongly suggested that the antiproliferative effects were
a direct consequence of PRMTS inhibition. Overall,
EPZ015666 is the first potent, selective, cell-active, and orally
bioavailable inhibitor of PRMTS that has been well-
characterized. This inhibitor is an excellent chemical tool to
decipher biological functions of PRMTS and test therapeutic
hypotheses.

A very close analog of EPZ015666, GSKS91 (Fi%ure 27), was
recently disclosed as a chemical probe of PRMTS.**” It potently
inhibited the methylation of H4 by the PRMTS/MEPSO
complex, with an ICy, of 11 nM in a biochemical assay. It also
inhibited symmetric arginine methylation of SmD3 with an
ECyy of 56 nM in Z-138 cells. Furthermore, GSKS91 was
selective for PRMTS over a panel of other methyltransferases at
concentrations up to 50 uM.

Most notably, GSK3326595 (formerly known as EPZ015938,
structure not disclosed), a PRMTS inhibitor that potently
inhibited tumor growth in cellular and animal models, has
entered phase 1 clinical trials.”" It is being evaluated in subjects
with advanced or recurrent solid tumors and non-Hodgkin’s
lymphoma. In March 2015, Alinari and co-workers investigated
the role of PRMTS in the regulation of epigenetic repressive
marks during lymphomagenesis in the context of Epstein—Barr
virus (EBV)-induced B-cell transformation.””' The EBV is a
human B-lymphotropic y-herpesvirus associated with the
development of B-cell lymphomas and EBV lymphomas.
Transformed cell lines are known to display abundant
expression of PRMTS. Since PRMTS expression was limited
to EBV-transformed cells, and not resting or activated B
lymphocytes, targeting PRMTS could be an interesting
therapeutic approach for treating EBV lymphomas and B-cell
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lymphomas. This study disclosed a small-molecule PRMTS
inhibitor that was capable of blocking EBV-driven B-
lymphocyte transformation and survival without affecting
normal B cells. Virtual screening of a 10000-compound library
using a human PRMTS catalytic site model identified potential
hits, which were tested in JeKo cells (a mantle cell lymphoma
cell line) to assess their effects on inhibition of symmetric
methylation of H4R3. Compound 5§ (CMPS or BLL-1, Figure
27) was discovered as the best candidate. CMPS selectively
blocked symmetric dimethylation of H4R3, while it was inactive
against PRMT1, PRMT4, and PRMT7 in biochemical assays
(ICs’s not reported). Direct binding of the inhibitor to
PRMTS was not reported, nor was a cocrystal structure of this
inhibitor in complex with PRMTS included in the paper.
Cytotoxicity studies with increasing concentrations of CMPS
showed that it was toxic to lymphoma cells, while
demonstrating limited toxicity to normal resting B lymphocytes
even after an extended incubation period. Furthermore, while
CMPS treatment of fully transformed lympho-blastoid cell lines
(LCLs) resulted in the loss of H4R3me2s and H3R8me2s
marks, the asymmetric methylation of H4R3 was not affected,
suggesting that this inhibitor may be selective for PRMTS over
type I PRMTs. In 2016, a second generation of CMPS, termed
HLCL-61, was developed by replacing the pyridine ring with an
ortho-methoxyphenyl group (Figure 27)."** It was postulated
that this modification resulted in a new hydrogen-bond
interaction with the protein. HLCL-61, again, did not display
activity against PRMT1, PRMT4, and PRMT7. However, it
inhibited H4R3me2s and H3R8me2s in AML samples.
Treatment of AML cell lines (MV4—11 and THP-1) and
primary AML blasts with this inhibitor resulted in a decrease in
cell viability with ICg, of 7.2—21.5 uM for cell lines and 4.0—8.7
UM for patient blasts.

LLY-283, the first potent and selective SAM-competitive
chemical probe for PRMTS was recently discovered.™” LLY-
283 potently inhibited PRMTS with an ICg, of 20 nM in a
biochemical assay. It was >100-fold selective for PRMTS over
other methyltransferases and nonepigenetic targets. In cellular
assays, it inhibited the methylation of SmBB’ with an ICs, of 25
nM in MCF?7 cells and also affected MDM4 splicing with an
ICy, of 40 nM in A37S cells.

Very recently, structure-based virtual screening and sub-
sequent SAR studies led to the discovery of a new PRMTS
inhibitor, which displayed an IC;, of 0.57 #M and selectivity for
PRMTS against other PRMTs tested in biochemical assays.***
However, direct binding of this compound to PRMTS was not
shown by biophysical assays.

Similar to PRMTS, PRMT?7 plays a role in the methylation of
H3R2 and Sm proteins.**>***> While PRMT? is the sole type III
PRMT and only monomethylates arginine side-chains,** it also
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interacts with PRMTS, suggesting that these two enzymes may
function in combination to symmetrically dimethylate protein
substrates.”®® It has been shown that genetic silencing of
PRMT7 reduces H4R3me2s, derepresses E-cadherin expres-
sion, and diminishes cell migration and invasion in breast
cancer cells.”’ Using available PRMTS structural information,
DS-437 was designed and found to inhibit both PRMTS and
PRMT?7 with an ICy, of 6 #M.*® It did not inhibit 29 other
human protein, DNA-, and RNA-methyltransferases. The
compound also reduced symmetric dimethylation of PRMTS
substrates in cells. DS-437 is a SAM derivative and was shown
to be a cofactor-competitive inhibitor. It could be a useful tool
to interrogate the potential of the PRMTS—PRMT?7 axis as a
therapeutic target.

2.2.5. Inhibitors of PRMT6. PRMT6 is a nuclear-localized
protein that catalyzes the methylation of H4R3 and
H3R2.77**" PRMTS is the sole methyltransferase modifying
the H3R2 mark, which acts as a repressive mark that
antagonizes the trimethylation of H3K4 by MLL.*~**
Asymmetric dimethylation of H3R2 weakens its binding to
WDRS and prevents the recruitment of WDRS to euchromatic
regions.*”> WDRS is a mutual component of the SET1/MLL
family of HMT's and has been shown to bind different peptides
containing arginine, as well as H3R2. 47 Interestingly,
symmetric dimethylation of H3R2 by PRMTS enhances its
binding to WDRS and keeps the target genes poised for
transcriptional activation.**?

PRMT6 has been implicated in a variety of cellular processes,
such as regulation of cell cycle,"** hormone receptor-mediated
transcription,*** maintenance of stem cell pluripotency,”® and
DNA repair.*’ PRMT6 also acts as a limiting factor for viral
replication in HIV pathogenesis by methylating TAT and other
HIV proteins.””> PRMT6 overexpression has been reported in
several cancer types, including melanoma*’ and prostate
carcinoma.'®” Knockdown of PRMT6 significantly suppresses
growth of bladder and lung cancer cells.*** Therefore, PRMT6
is a potential therapeutic target, and development of small-
molecule inhibitors as tool compounds for in vitro and in vivo
studies is befitting.

The discovery of the first PRMT6 selective inhibitor was
described in 2015. HTS of a corporate proprietary compound
library yielded an aryl pyrazole bearing a diamino side-chain,
which displayed nanomolar potency against PRMT1, PRMTS,
and PRMT8.*”* A cocrystal structure of this hit in complex with
PRMT6 and SAH (PDB ID: 4Y2H) was obtained. This
cocrystal structure revealed an extensive set of interactions, as
well as the fact that there is available space in the binding
pocket for expansion of the ligand at the para-position of the
aryl moiety. SAR studies focused on optimizing the aryl moiety
led to the discovery of EPZ020411 (Figure 29), which had an
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ICsy of 10 nM in a PRMT6 biochemical assay. This inhibitor
was selective for PRMT6 over PRMT1 (12-fold) and PRMTS8
(22-fold) and was over 100-fold selective for PRMT6/1/8 over
other methyltransferases, including PRMT3, PRMT4, PRMTS,
and PRMT7. A cocrystal structure of EPZ020411 in complex
with PRMT6 and SAH was also solved (PDB ID: 4Y30),
showing many similar interactions compared to those observed
for the initial hit.

The cellular activity of EPZ020411 was examined in an
engineered model where PRMT6 was transiently expressed in
A375 cells, a melanoma cell line. In this model, selective
methylation of the PRMT6 substrate H3R2 was strongly
induced after 48 h of PRMT6 expression. Upon treatment with
EPZ020411, a concentration-dependent decrease in H3R2
methylation (IC, = 0.64 + 0.24 M) was seen. Treatment with
an inactive analog of EPZ020411 did not have an effect at
concentrations up to 20 uM. The cellular activity of
EPZ020411 against PRMT1 was determined by measuring
monomethyl R*GG levels, which has previously been
demonstrated to be selectively modulated by PRMT1, rather
than PRMT6.** EPZ020411 displayed less potency (>10-fold)
on this PRMT1-specific mark than that of the H3R2 methyl
mark, agreeing with the biochemical potencies of EPZ020411
on these two enzymes. In in vivo PK studies, EPZ020411
demonstrated good bioavailability following subcutaneous
dosing in rats. Thus, it is suitable for potential in vivo studies.

Very recently, a study investigating the structural basis of
PRMT6-mediated asymmetric dimethylation disclosed a
bisubstrate inhibitor, 6’-methyleneamine sinefungin (GMS,
Figure 29), as well as its cocrystal structure in complex with
PRMT6.”° GMS showed an ICs, of 90 nM, which is
significantly more potent than SAH and SNF for PRMTS6.
GMS, however, also inhibited several other type I PRMTs, such
as PRMTS (11 nM) and CARMI (<15 nM).

3. HISTONE DEMETHYLASES

Until the early 2000’s, histone methylation was largely accepted
to be a stable modification. The turnover of methyl groups on
histones was suggested to be the result of the replacement of
methylated histones with histone variants or clip4ping of histone
tails in the cell or during DNA replication.”**” Another
proposal involved the existence of histone demethylases that
catalyze the removal of methyl groups from lysine or arginine
residues, which in turn, regulate the dynamic methylation
process.*”*® In 2004, the latter proposal was verified by Shi and
co-workers by the discovery of lysine specific demethylase
(LSD1, also known as KDMIA or AOF2, BHC110, and
KIAA0601) as a demethylase of histone H3 lysine 4 (H3K4).’
In 2005, shortly after this discovery, Tsukada and co-workers
identified and functionally characterized lysine demethylase 2A
(KDM2A, also known as JHDM1A or FBXL11) as a Jumonji C
(JmjC) domain containing H3K36 demethylase.**” Since the
initial discoveries of LSD1 and KDM2A, an extended family of
related histone demethylases have been identified and their
substrate specificities have also been characterized. Today,
histone demethylases (KDMs) are divided into two classes
depending upon their sequence homology and catalytic
mechanism: (1) LSDs (also known as KDM1ls), which are
members of a flavin adenine dinucleotide (FAD)-dependent
amine oxidases superfamily and function to remove the methyl
groups from mono- and dimethylated H3K4 (H3K4mel and
H3K4me2) via enzymatic oxidation and (2) the JmjC domain
containing KDMs (KDM2 through KDM?7), Fe(Il), and 2-
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oxoglutarate (a-ketoglutarate)-dependent enzymes, which
catalyze the demethylation of mono-, di-, and trimethylated
lysine residues at various histone sites. LSDs are comprised of
two members, LSD1 and LSD2**° (also known as KDM1B and
AOF1), while the JmjC KDM:s are structurally similar to nucleic
acid oxygenase and contain over 20 members. In the upcoming
sections, we discuss these two classes of demethylases in greater
detail, including their mechanisms of action, substrate
specificities, and biological functions, as well as their
associations with human diseases.””**" Finally, we provide a
comprehensive review of the selective inhibitors of histone

demethylases that have been published in academic literature to
date, 16462463

3.1. LSD Family of Demethylases

There are two identified members in the LSD (or KDM1)
family of demethylases, LSD1 and LSD2. After the identi-
fication of the founding member LSD1,° another FAD-
dependent demethylase, LSD2, was discovered by Karytinos
and co-workers in 2009.*° Similar to LSD1, LSD2 selectively
demethylates H3K4mel and H3K4me2 over H3K9, 27, 36, and
79.%° It should be noted, however, that demethylation of
H3K9me2 and H3K9mel by LSD1 in the presence of
androgen receptor (AR) is reported in a cell-based assay.***
LSD1 features three major domains: an N-terminal SWIRM
(small a-helical domain), a C-terminal AOL (amine oxidase
like) domain, and a Tower domain in the center (Figure 30).*
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Figure 30. Domain architecture of LSD1 and LSD2.
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The sequence identity of LSD1 and LSD2 is largely similar
between their SWIRM and AOL domains, but their N-terminal
domains differ.**® LSD2 contains an N-terminal CW-type zinc
finger domain,*****” while lacking the Tower domain that
inserts into the AOL domain in LSD1. The Tower domain has
been shown to be responsible for the binding to the
corepressor for REl-silencing transcription factor (CoREST,
also known as RCOR1), which forms a heterodimeric complex
with LSD1 and increases both the stability and the catalytic
activity of LSD1.**® While LSD1 alone can demethylate
H3K4me2/mel in peptides or bulk histones, only the LSD1-
CoREST complex can efficiently demethylate H3K4me2/mel
in nucleosomes.**®** In addition to CoREST, LSD1 has been
shown to be part of various transcriptional corepressor
complexes, such as histone deacetylases (HDACs),"”%*"!
nucleosome remodeling and deacetylation complexes
(NuRDs),*”” and C-terminal binding proteins (CtBPs)."”*
LSD1 has also been found in complexes such as AR*** and
estrogen receptor (ER),"”* which are associated with transcrip-
tional activation.

LSDs execute their demethylase activity by oxidatively
removing the methyl group, using FAD as the cofactor.”*7>47¢
The reaction starts with a hydride transfer from the N*-methyl
group of lysine onto FAD, thereby forming an iminium ion
(Figure 31)."**° Subsequent hydrolysis of the iminium ion
results in the demethylated amine and formaldehyde as
products. As shown in the first step of the demethylation
mechanism, the lone pair on the starting N-methylated lysine is
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required for the hydride transfer. Consequently, quaternary
amines (Kme3) cannot be the substrate for the LSD family of
demethylases; rather, only Kme2 and Kmel can be
demethylated by LSDs. The FAD cofactor undergoes a two-
electron reduction while the lysine substrate is oxidized. The
intermediate FADH™ then gets converted to FADH,, which is
then reoxidized by molecular oxygen to yield FAD and
hydrogen peroxide to complete the catalytic cycle.

Depending on the various protein complexes that LSDI
forms, it plays a role either in transcriptional repression (H3K4
demethylation) or activation (H3K9 demethylation). In
addition, LSD1 targets nonhistone proteins such as pS3
(K370me2 demethylation),””” the retinoblastoma protein 1
(RB1) regulator myosin phosphatase target subunit 1 (MYPT],
K442 demethylation),””® DNA methyltransferase 1 (DNMT1,
K1096 demethylation),””” and signal transducer and activator
of transcription 3 (STAT3, K140 demethylation).'”> Over-
expression of LSD1 has been reported in many human
cancers,"*° including ER-negative breast cancer,"®! prostate
cancer,*** nonsmall cell lung cancer,*® and bladder cancer,*®
as well as neuroblastoma™’ and some subtypes of acute
myeloid leukemia (AML).**™*7 As a result, LSD1 has
emerged as a promising therapeutic target for various cancers,
and interest in discovering selective LSD1 inhibitors has
dramatically increased over the past decade.'®'®**%%%

3.1.1. Background of LSD Inhibitors. As members of a
FAD-dependent amine oxidases superfamily, LSDs share
sequence and structure similarity with monoamine oxidases
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(MAOs) A and B. Therefore, shortly after the identification of
LSD1 as the first lysine demethylase, several well-known MAO
inhibitors, which were approved by US Food and Drug
Administration (FDA) as antidepressants, including (+)-tra-
nylcypromine ((%)-2-phenylcyclopropan-1-amine (also known
as TCP, PCPA)), phenelzine (phenethylhydrazine), and
pargyline (N-benzyl-N-methylprop-2-yn-1-amine), were tested
as potential LSD1 inhibitors (Figure 32).**° As reported by Lee

wg D ety S0

(%)-tranylcypromine phenelzine pargyline

Figure 32. Structures of mechanism-based MAO inhibitors.

and co-workers in 2006, among the cohort of tested MAO
inhibitors, tranylcypromine was the most promising inhibitor
with an ICgy of 2 uM for LSD1 and a 10-fold selectivity for
LSD1 against MAO A and B (ICg, = 20 uM).* The closely
related LSD2 had not yet been identified at the time of this
study. While phenelzine showed some inhibitory activity, as
measured by an increased H3K4me2 mark at 1 mM, pargyline
was virtually inactive even at S mM concentration. Interestingly,
pargyline was previously reported to inhibit LSD1 and
demethylation of H3K9me2 and H3K9mel marks when in
complex with AR.*** Lee and co-workers also demonstrated an
increase in the H3K4me2 mark at the OCT4 promoter after
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treating P19 cells with a 2 4uM concentration of (+)-tranylcy-
promine. Similarly, after treatment with (+)-tranylcypromine,
H3K4me2 levels on the EGRI promoter were significantly
enhanced, resulting in derepression of the EGRI gene
expression in the same cell line. Following this report, studies
toward the discovery of more potent and selective inhibitors of
LSDs mainly focused on the scaffolds represented by
(+)-tranylcypromine, phenelzine, and pargyline. In the
following sections, we detail the discovery, selectivity,
mechanism of action, as well as functional studies of the
potent inhibitors based on these three “mechanism-based”
MAO inhibitors (also referred to as suicide inhibitors) that
assert their activity via covalent modification of the cofactor
FAD.

In 2005, Forneris and co-workers published a study aiming to
understand the capacity of LSD1 in recognizing and acting on
various epigenetic marks on H3.*”" This study demonstrated
the inhibition of LSD1 by a dimethylated peptide (21 amino
acid N-terminal H3 peptide) with an ICy, of 1.8 uM. In
addition to mechanism-based LSD inhibitors, this work and
subsequent studies on the discovery of peptide-based LSD
inhibitors will be discussed. Moreover, we will discuss discovery
of reversible inhibitors of the LSD family that have gained
momentum in recent years.

3.1.2. Tranylcypromine-Based LSD1 Inhibitors. The
AOL domain of LSDI1 is homologous to amine oxidase
domains found in polyamine oxidase (PAO, 22.4% identity),
MAO A (17.6% identity), and MAO B (17.6% identity).*”> As
mentioned earlier, based on the similarities between the
catalytic sites of MAO A and B and LSD1, Lee and co-workers
previously tested the ability of irreversible monoamine oxidase
inhibitors to inhibit the function of LSD1.*”* Among the MAO
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inhibitors tested, (+)-tranylcypromine displayed the best
inhibitory potency (ICsy = 2 uM) and was also effective at
inhibiting histone demethylation in vivo.*”® Following this first
report of the inhibitory activity of (+)-tranylcypromine on
LSD1, the same group published their work investigating this
inhibition in a more quantitative fashion via kinetic analysis and
pursuing a better understanding of the mechanism of
inhibition.*”” Using a different assay that utilized a defined
peptide substrate representing the N-terminal tail of histone
H3K4me2 and detected hydrogen peroxide formation by
LSD1, Schmidt and co-workers reported 1Cs, values of 20.7 +
2.1 uM for LSD1, 2.3 + 0.2 uM for MAO A, and 0.95 + 0.07
UM for MAO B with (&)-tranylcypromine. These measure-
ments were inconsistent and appeared to disagree with their
initial findings (ICy = 2 uM for LSD1 and 20 uM for MAO A
and MAO B). The large differences between ICs, values were
attributed to the Western blot assays using bulk histones and
nucleosomes as substrates, which therefore caused much lower
effective concentrations of the substrate in their initial work. It
should be noted here that (+)-tranylcypromine is an
irreversible inhibitor of LSD1, and therefore ICs, is not a
very good measure of its potency. A more accurate measure of
the potencies of irreversible inhibitors is the ratio of k. over
K; inhibitory constants, where ki, is the first-order rate
constant for inactivation of the enzyme at saturating inhibitor
concentration and K; (Ki(imct)) is equivalent to the apparent
affinity of the inhibitor for the enzyme in the initial encounter
complex, prior to enzyme processing.‘m_495 However, given
the complex nature of these measurements, potencies of
irreversible inhibitors are still being reported as ICs, values,
which are greatly dependent on the assay conditions used and,
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consequently, make it difficult to judge the potency and form a
comparison between the inhibitors tested in different studies.

After demonstrating the irreversible inhibition of LSD1 by
(£)-tranylcypromine, Schmidt and co-workers also reported
kinetic parameters for the inhibition against LSD1 (ki,../K;
(M s7!) = 44 + 6.0), MAO A (ki o/ Ky (M7! s71) = 107 +
434), and MAO B (k,../K; (M~' s7!) = 706 + 368.9).**
These results clearly showed that (+)-tranylcypromine most
effectively inhibited MAO B and showed around 16- and 7-fold
selectivity over LSD1 and MAO A, respectively. It is worth
noting that the ki, values for LSD1 (0.0106 + 0.0006 s'),
MAO A (0.0109 + 0.0013 s*), and MAO B (0.0113 + 0.0023
s7") are very similar, indicating that the differences in ki,/K;
for these enzymes results from the value of K;. Another known
inhibitor of MAOs, pargyline (Figure 32), was also investigated
for LSD1 inhibition in this study, and the k;,,./K; was found to
be 0.364 M~! 57 showing that this inhibitor is 120-fold less
potent against LSD1 than (+)-tranylcypromine.

It has been demonstrated that characteristic UV absorbance
of LSD1-bound FAD (two peaks at approximately 382 and 456
nm) resolves into a single absorbance peak (approximately 416
nm) in a time-dependent manner upon incubation with
(£)-tranylcypromine (free-FAD UV spectrum remains un-
changed when treated with inhibitor), indicating LSDI1-
mediated deactivation of FAD.*>***7 1t has also been
shown that covalent inhibitors of FAD-dependent amine
oxidases can form a covalent bond at either the N(S) or
C(4a) atoms of FAD,* very similar to modification of FAD in
MAO B** and monomeric sarcosine oxidase (MSOX).*” A
single electron transfer mechanism was proposed for the
modification of FAD by (+)-tranylcypromine.*>***%% Accord-
ing to this mechanism (Figure 33), an electron is transferred
from the primary amine nitrogen of (+)-tranylcypromine to
FAD, forming a cation radical. After the initial SET, there are
two possible pathways for the modification of FAD. In pathway
1, ring opening of the radical cation of (+)-tranylcypromine
yields the formation of a stable benzylic radical which then
forms a bond at C(4a) of FAD to result in an iminium ion
(18), which when hydrolyzed by water gives the aldehyde (19).
This aldehyde then intramolecularly reacts with N(S) of FAD
to yield a hemiaminal (20) that, following water elimination
and tautomerization, results in the cyclic adduct 21. An
alternative ring opening to give a carbon radical is also possible
(pathway 2), but because of the energetically unfavorable
nature of this radical, a concerted ring opening and bond
formation reaction at C(4a) was proposed to give iminium 22.
Again, this iminum ion can be easily hydrolyzed by water to
yield the corresponding aldehyde 23.

Even though this pathway seems unfavorable, it has been
shown that the major product formed during the covalent
inhibition of FAD in MAO B by (+)-tranylcypromine was
indeed the aldehyde 23."” Since FAD is not covalently bound
to LSD1, FAD-inhibitor covalent adducts could be isolated and
analyzed by mass spectroscopy, and formation of adducts 19
and 20 (Figure 33, pathway 1) can be detected by mass
spectroscopy. It should be noted that expected mass for
compounds 19 and 20 are the same, but the observation of the
mass of 21 strongly suggested that the mechanism of the
reaction was following pathway 1 for the covalent modification
of FAD in LSD1. Yang and co-workers have also obtained the
crystal structure of (+)-tranylcypromine-modified FDA in the
LSD1-CoREST complex at a 2.75 A resolution (PDB ID:
2UXX).*”® While in this resolution the chemical structure of
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(£)-tranylcypromine-FDA adduct could not be assigned
unambiguously; the electron density was a very good fit for
one of the diastereomers of the compound 20, but it did not fit
for 23 at all. The cocrystal structure provided information
about stereochemistry of the C(4a), C(11), and C(13) of
compound 20 (Figure 33). The C(4a) stereochemistry was
explained by the fact that FAD in LSD1 has only one accessible
solvent-exposed face to allow for the approach of the inhibitor,
thus leading to the shown stereochemistry. The alternative
stereochemistry at the C(11) would cause a steric clash
between the phenyl group and a tyrosine residue of the LSD1,
and stereochemistry at the C(13) could be rationalized by the
intramolecular hydrogen bonding interaction of the hydroxyl
hydrogen with the C(4) carbonyl oxygen of FAD. The cocrystal
structure also revealed that the C(11) phenyl substituent is
located in a hydrophobic pocket but that these hydrophobic
interactions could be improved, indicating that derivatives of
(£)-tranylcypromine could be more potent and selective
inhibitors of LSD1. Due to the key differences of residues in
their active sites, FAD in LSD1 forms the covalent adduct 20
with (&)-tranylcypromine, while MAO B forms adduct 23
preferentially. These critical studies on the structure and
mechanism of LSD1 inhibition together with MAO B inhibition
laid the groundwork for the discovery of more potent and
selective inhibitors of LSDI1. In addition, another crystal
structure of LSD1 in complex with (+)-tranylcypromine at 2.25
A (PDB ID: 2EJR) suggested the possibility of another adduct
via a different mechanism. In this work, Mimasu and co-
workers observed a new N(5)-modified FAD adduct 24 (N(5)
adduct) rather than compound 20 (Figure 33)).>"" This new
adduct formation was explained by a different mechanism that
was suggested to involve a nucleophilic addition of the
heterolytically opened cyclopropane ring to FAD, which will
not be discussed here.

(+)-Tranylcypromine used as a LSD1 inhibitor is a racemic
mixture of trans-2-phenylcyclopropan-1-amine. To investigate
whether or not the enantiomers of this compound have
different inhibitory activities, (+)-tranylcypromine and (—)-tra-
nylcypromine were obtained.”*>*”> Binda and co-workers
reported that two enantiomers inhibited LSD1 and LSD2
with similar potencies with respect to each other and the
racemic form [K(+) = 271 uM, K,(+) = 284 uM, K,(—) = 168
4M for LSD1; K(+) = 186 uM, K(+) = 137 uM, K,(=) = 127
UM for LSD2] by using a peroxide-coupled assay. On the other
hand, the difference was significant for MAO B [K/(+) = 16
UM, K(+) = 4.4 uM, and K,(-) = 89 uM].>” Through the use
of a fluorescence-based assay with full length LSD1, Benelkebir
and co-workers also found that the enantiomers had very
similar potencies [K,(+) = 25.0 + 9.5 uM, K(+) = 26.6 + 12.2
UM, K(=) = 28.1 + 129 uM].>* Interestingly, the cocrystal
structures of these enantiomers in complex with LSD1-
CoREST revealed that the binding orientations and the
resulting adducts were different for the enantiomers (PDB
ID: 2XAH and 2XAJ). The FAD adduct corresponding to the
N(S) adduct (Figure 33) was observed for para-bromo-
(—=)-tranylcypromine, while for (+)-tranylcypromine, the
covalent bond formed between the benzylic carbon of the
(+)-enantiomer and N(S) of the flavin ring (adduct not
shown).”** More recently, Vianello and co-workers described 1-
substituted (@-amino substituted) tranylcypromines as LSD1
inhibitors and based on the observed covalent FAD-inhibitor
products, an alternative mechanism, which will not be discussed
here, was also proposed.”**
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In 2008, the first series of (+)-tranylcypromine derivatives
substituted at the phenyl ring (e.g,, para-CF;, -Br, and -Me)
were synthesized and evaluated against LSD1 as well as MAOs
by Gooden and co-workers.””> While these derivatives were
more potent than (+)-tranylcypromine for inhibiting LSD1,
none of them were selective inhibitors of LSD1 over MAOs. In
2009, Ueda and co-workers published a series of LSDI1
inhibitors,”’® which were designed based on the crystal
structures of (+)-tranylcypromine-FAD adduct (PDB ID:
2UXX)*° and N-propargyl lysine peptide-FAD adduct (PDB
ID: 2UXN).*”” The peptide-based inhibitors will be discussed
in section 3.1.4. This study disclosed NCL-1 as an inhibitor,
featuring an amino acid with its side chain linked to the meta
position of (£)-tranylcypromine phenyl ring via an ether bond
(Figure 34). In this structure, the benzoyl and benzylamino
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Figure 34. (+)-Tranylcypromine-based inhibitors with substitution at
the phenyl ring. *Absolute configuration.

groups cap the amino and acid moieties of the amino acid
chain, providing additional hydrophobicity to the inhibitor
(Figure 34). NCL-1 is a potent, time-dependent, therefore
irreversible inhibitor of LSD1 (k;,,../K; of 2000 + 670 M~ s™*
(Kinae = 0.011 + 0.0024 s, K; = 5.7 + 2.4 uM)], MAO A
(kipae/ Ky of 79 + 1.6 M™! s71) and MAO B (k;,,./K; of 2.6 +
0.025 M™" s7!). These results showed that NCL-1 inhibited

LSD1 selectively over MAO A (25-fold) and MAO B (770-
fold). NCL-1 was also around S0-fold more potent than
(£)-tranylcypromine (ki,/K; = 38 + 7.0 M~' s7!) for LSDI.
A para-ether-linked derivative of NCL-1 was also synthesized
and tested. It was about 3-fold less potent for LSD1 than NCL-
1. A concentration-dependent increase in H3K4me?2 levels after
treatment with NCL-1 for 8 h was shown by Western blot
analysis in HEK293 cells. Tumor growth inhibition by NCL-1
was also evaluated against various cancer cell lines and growth
inhibition with a half maximal growth inhibitory concentration
(Gly) values in the range of 6.0—67 uM were reported.

In 2010, Mimasu and co-workers reported LSD1 inhibitors
generated on the basis of (+)-tranylcypromine bound crystal
structures of LSD1 and MAO B (PDB ID: 2EJR and 2XFU).**®
Following iterative synthesis and structural evaluation of the
inhibitors, their studies resulted in the discovery of compound
$2101 (Figure 34) as their most potent LSD1 inhibitor. The
strong inhibitory effect of this compound was attributed to the
increased number of hydrophobic interactions of the ortho-
substituent of the phenyl group as well as the two fluorine
atoms at meta positions. S2101 inhibited LSD1 with a k;,,./K;
of 4560 M™! s7' (k;,.e = 0.0028 + 0.000101 s™', K; = 0.61 +
0.13 uM), while k;,../K; values were reported to be 18 and 60
M 57! for MAO B and MAO A, respectively. Therefore,
§2101 was around 250- and 75-fold selective for LSD1 over
MAO B and MAO A, respectively. As a comparison, the k;,,./
K values for (+)-tranylcypromine were 58 (LSD1), 271 (MAO
B), and 1050 (MAO A) M™' s, indicating that $2101 was
>75-fold more potent than (+)-tranylcypromine for LSD1. The
treatment of HEK293T cells with S2101 resulted in a
concentration-dependent increase of H3K4me2 levels by
Western blotting.

On the basis of the structural and mechanistic insights gained
from their earlier studies, Binda and co-workers designed and
synthesized (+)-tranylcypromine derivatives to exploit the
differences between the binding sites of LSD1/LSD2 and
MAOs to achieve more selective inhibitors of LSDs.”** The
(£)-tranylcypromine derivatives containing the phenyl ring
with larger substituents comprised of various hydrophobic and
hydrophilic groups were investigated. Compound 25 (Figure
34) emerged as the best inhibitor with a K; of 1.3 uM for LSD1,
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38 uM for LSD2, 1.2 uM for MAO A, and no inhibition for
MAO B. While this compound showed some selectivity over
LSD2 (29-fold) and MAO B, it was not selective for LSD1 over
MAO A. The potency difference between MAOs was attributed
to a larger active site cavity of MAO A with greater flexibility to
accommodate larger compounds such as 25 compared with
MAO B. This compound was evaluated in a cellular model of
acute promyeloctic leukemia (APL) due to the fact that the
development of this disease is associated with chromatin
modifications such as histone deacetylation and histone
methylation. Treatment of APL-derived NB4 cells with 25 for
6 h showed a concentration-dependent increase in H3K4me2
levels. After 12 h, a concentration-dependent increase was
observed to be less apparent, suggesting irreversible inhibition
by the compound. While a small increase in acetylation of H4
was recorded, no substantial changes were observed in
H3K9me?2 levels. Even though the compound did not affect
the growth of NB4 cells for 7 days at 2 uM, it strongly
enhanced the efficacy of retinoic acid on growth and
differentiation of APL cells.

All the (£)-tranylcypromine derivatives we have discussed so
far featured various changes to the phenyl ring of the
compound. In 2012, Neelamegam and co-workers reported
derivatives with modifications to both the phenyl ring and
amino group.”” These inhibitors were tested against LSD1 by
three orthogonal biochemical assays: Horseradish peroxide
(HRP)-coupled assay, a time-resolved fluorescence energy
transfer (TR-FRET) assay, and a label-free, direct mass
spectroscopy (MS) assay. A commercial MAO-Glo assay was
used for assessing their inhibitory activities against MAO A and
B. The most potent and selective inhibitor, RN-1 (Figure 35),
was determined based on ICj, values [0.07 uM (HRP); 0.01
uM (TR-FRET); and 0.02 uM (MS)] from these biochemical
assays, and ky,,/K; values were not reported, thus making a
comparison of this inhibitor to the previous ones difficult. RN-1
showed some selectivity against MAO A and B (ICy, = 0.51 and
2.78 uM, respectively). In mouse PK studies, plasma and brain
concentrations were still detectable (T, = 0.08 and 2.0 h,
respectively) 24 h after the IP administration of RN-1 at 10
mg/kg. The effect of RN-1 on long-term memory was evaluated
using a novel object recognition (NOR) test. After 24 h, RN-1
treated mice displayed significant impairment in long-term
memory for the familiar object compared to vehicle-treated
mice. In a similar short-term memory for the familiar object test
(90 min), vehicle- and RN-1-treated mice did not show a
significant difference. It was thus concluded that the LSD-1
inhibitor RN-1 significantly impaired long-term memory.
However, the effect of RN-1 on histone methylation in cells
was not reported.

Ogasawara and co-workers designed peptide and small-
molecule inhibitors of LSD1 based on a strategy that they
termed “protein targeted drug delivery mechanism”.>'" They
mimicked a substrate peptide (H3-21mer) that contains
tranylcypromine functionalized K4, which will be discussed in
section 3.1.4. Their study also resulted in the discovery of a
series of small-molecule inhibitors, among which compound 26
appeared to be the best inhibitor (Figure 35). Kinetic
properties of this irreversible inhibitor was measured as follows:
k... = 0.0037 + 0.00026 s™', K; = 0.89 + 0.20 M, and thus
kinace/Kq = 4100 + 980 M ~! s7, It was about 100-fold more
potent than (+)-tranylcypromine (ki,../K; = 44 + 12 uM ™!
s7!) and was also >180- and >200-fold selective for LSD1 over
MAO A and B, respectively (calculated using ICs, values). This
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compound and its derivatives also showed growth inhibition of
cancer cell lines such as SH-SYSY neuroblastoma cells with
GI; values in the micromolar range.

ORY-1001 (Figure 35) was the first irreversible LSD1
inhibitor that entered a Phase I clinical trial for the treatment of
relapsed or refractory acute leukemia (AL).*'" ORY-1001 was
reported to be highly potent and selective for LSD1 over the
MAO enzymes and LSD2. ORY-1001 reduced AML tumor
growth in mouse and rat xenograft models and increased
survival in a disseminated model of T-ALL.** We cannot
provide any details of potency, selectivity, or functional activity
of this compound since this data has not been published in
academic literature.

Screening of a collection of 2.5 million compounds and
subsequent optimization resulted in the discovery of LSD1
inhibitors GSK2879552 (Figure 35) and GSK-LSD1 (the latter
is available as a chemical probe through Structural Genomics
Consortium.*””>"?  GSK2879552 is a ()-tranylcypromine
derivative that is functionalized in the primary amine group
(Figure 35). Kinetic parameters of this inhibitor were measured
as ki, = 0.11 + 0.01 min™", K; = 1.7 + 0.5 uM, and k;,./K; =
647 X 1072 + 3.07 X 107> yM ™" min™' (1078.4 + 512 M}
s7!). Observation of very weak inhibition of MAO B and A by
GSK2879552 was reported, but k.. and K; could not be
calculated and therefore were not reported. This inhibitor was
shown to be selective against a panel of GPCRs, ion channels,
nuclear receptors, kinases, and transporters. The treatment of a
panel of tumor cell lines with GSK2879552 showed that small
cell lung carcinoma (SCLC) and acute myeloid leukemia
(AML) cells were sensitive to pharmacological inhibition of
LSD1. In particular, the treatment of SCLC cells resulted in
growth inhibition in vivo by using SCLC xenograft bearing
mice. GSK2879552 was orally bioavailable and well-tolerated by
the animals. The antitumor activity was mainly cytostatic rather
than cytotoxic. Interestingly, little effect was observed until at
least 4 days of exposure in vitro, suggesting that extended
inhibition of LSD1 is likely required for maximal efficacy. Since
SCLC is a neuroendocrine tumor, related marker genes were
surveyed, and while many hallmarks of these cells were altered
in a panel of SCLC lines, gastrin releasing peptide (GRP) was
found to be consistently lower upon LSD1 inhibition. Such a
change in neuroendocrine marker expression in SCLC was
attributed to alterations in cell state, showing similarities to the
pro-differentiation effect observed in leukemia upon loss of
LSDI1. LSD1 inhibition in SCLC cell lines resulted in altered
gene expression in vitro and in vivo in a time- and dose-
dependent manner. While global effects on H3K4 methylation
or genomic distribution of LSD1 were not seen, increased local
H3K4 methylation levels were observed after the treatment of
SCLC cells with GSK2879552. Gene ontology (GO) analysis
of LSD1 ChIP-Seq data showed that genes important for
neuron differentiation and cell development were the most
strongly bound by LSD1, further emphasizing a possible role of
LSD1 in differentiation of SCLC. Despite the presence of gene
expression changes, only a limited number of SCLC cell lines
tested (9/28) were sensitive to the GSK2879552 treatment.
DNA methylation analyses of SCLC cell lines revealed a
differentially methylated gene signature in sensitive versus
resistant cell lines, and the DNA hypomethylation signature
identified in SCLC cell lines was also found in primary SCLC
samples. This biomarker was then assessed in three patien-
derived xenograft (PDX) models to predict sensitivity to LSD1
inhibition. Tumor growth inhibition was only observed in
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models with the sensitivity-associated DNA methylation
signature. In 2013, GSK2879552 entered phase 1 clinical trial
for patients with relapsed/refractory SCLC. Recently, this
compound entered into clinical trials for AML and Myelodys-
plastic Syndromes (MDS).”"*~>"

A Phase I/II trial of (+)-tranylcypromine in combination
with ATRA (Tretinoin) has also been initiated for relapsed or
refractory AML patients, for whom no intensive treatment is
currently available,’'™>"®

In 2015, Kahn and co-workers published an N-alkylated
analog of NCL-1 (27) by incorporating a piperazine acyl
moiety on NCL-1 (Figure 35).>"” This hybrid compound,
which contains modifications to both the amino and phenyl
groups of (+)-tranylcypromine, was 6-fold more potent than
NCL-1 and did not inhibit MAO A or B. Not surprisingly, it
inhibited LSD1 in a time-dependent manner with k.. =
0.0035 s! and K; = 2.4 uM (k;p.o/ K = 1458 M 7 s71). This
compound also showed some growth inhibitory activity in SH-
SYSY neuroblastoma cells at high concentrations, but no
turther cellular activities were reported for this compound.

In summary, significant advancements on discovering
irreversible or covalent/suicide inhibitors of LSD1 have been
made by exploiting known MAO inhibitors as likely LSD1
inhibitors and subsequent optimization based on structural
insights revealed by a number of critical cocrystal structures
(see Table 1). Most notably, ORY-1001 and GSK2879552 have

Table 1. Summary Table of K;,,../K; Data of LSD1
Inhibitors”

inhibitor Koo/ Ky (M1 s71) K; (uM)
NCL-1 2000 + 670 57 +24
$2101 4560 0.61
25 N.R. 1.3
RN-1 NR NR
26 4100 + 980 0.78 + 0.5
GSK2879552 1078 N.R.
27 1458 2.4

“N.R. = not reported.

been advanced to clinical trials. These compounds, along with
other potent, selective, well-characterized inhibitors discussed
above, are valuable chemical tools to investigate the role of
LSD1 in cancer and other human diseases and validate
therapeutic hypotheses.

3.1.3. Phenelzine- and Pargyline-Based LSD1 Inhib-
itors. The initial report by Lee and co-workers investigating
MAO:s inhibitors as potential LSD1 inhibitors indicated that
phenelzine could inhibit LSD1 at 200 zM, while (+)-tranylcy-
promine displayed inhibition at 100 nM.**® In 2010, Culhane
and co-workers reinvestigated the inhibitory activity of
phenelzine (Figure 36) against LSD1 and reported ki, =
0.955 + 0.085 min~, K; = 17.6 + 2.8 uM, and thus k; ,../K; =
900 M ! s7! which was about 35-fold more potent than
(z)-tranylcypromine (ky,/K; = 253 M ~' s71).°*° This

H
H N
HoN N HN \/\©\ j?\/\/©
N
H
Phenelzine Bizine

Figure 36. Structures of LSD1 inhibitors phenelzine and bizine.
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finding concerning the potency of phenelzine against LSD1
contradicted the initial report by Lee and co-workers. It should
also be noted, however, that the assays used in the two studies
are different. The inhibition was confirmed by an orthogonal
mass spectroscopy assay showing that in the presence of
phenelzine, LSD1 was not able to demethylate a H3-21-K4me2
substrate peptide. Culhane and co-workers further investigated
the effects of phenelzine on a thyroid hormone (T3)-inhibited
TSHa luciferase reporter transfected in cells and determined
the methylation levels of H3K4 by ChIP experiments.””” They
reported that mono- and dimethylation of the TSHa reporter
region were enhanced by phenelzine treatment, while the
trimethylation level was unaltered. Therefore, it was postulated
that mono- and dimethylation of H3K4 might enhance basal
transcription of the TSHa promoter in the absence or presence
of T3. On the basis of these results, the same research group
explored a series of phenelzine analogs with modifications to
the hydrazine moiety, alkyl chain length and rigidity, and
phenyl ring to improve LSD1 potency and selectivity.”>" These
SAR studies resulted in the discovery of a compound, which
was named as bizine (Figure 36) and contains a propylphenyl
group tethered to the phenelzine para position via an amide
spacer. Bizine was the most potent LSD1 inhibitor in this study
with Kyppee = 015 £ 0.017 min™), K (00 = 0.059 £ 0.021 M,
and k. ./K; = 2.5 + 0.96 uM ~' min™" (41,666 M~' s7!). As a
reference, the kinetic parameters for phenelzine were measured
in parallel as k;,, = 0.35 + 0.056 min™’, K; = 5.6 + 1.3 uM, and
thus ky./K; = 0.063 + 0018 yuM ~' min™" (previously
measured as 0.054 uM ~' min~") using the same colorimetric
peroxide assay.’”> In addition, selectivity of bizine for LSD1
versus MAO A, MAO B, and LSD2 was assessed. On the basis
of ky,./K; values, it was found that bizine was 23-, 63-, and
>100-fold selective for LSD1 over MAO A, MAO B, and LSD2,
respectively. On the other hand, the parent compound,
phenelzine, preferentially inhibited MAO A and was equipotent
at inhibiting MAO B and LSD1.

Culhane and co-workers found a concentration-dependent
increase in H3K4me2 levels (ECs, ~ 2 uM) in LNCaP cells, a
prostate cancer cell line, treated with bizine for 48 h.** On the
other hand, no significant alterations in H3K4mel, H3K4me3,
unmethylated H3K4, and other histone H3 marks were
observed. LSD1 protein levels were also unchanged.
Phenelzine, however, which is ~40-fold less potent than bizine,
did not alter H3K4me?2 levels at concentrations up to 40 yM in
LNCaP cells. Bizine was also tested in additional cancer cell
lines, such as H460 and AS549 lung cancer cells and MDA-MB-
231 breast cancer cells. While similar effects of bizine on
H3K4me2 levels were observed in H460 cells, increases in
H3K4me?2 levels were detected only at a higher concentration
(20 uM) in A549 and MDA-MB-231 cells. The effects of bizine
on cell proliferation were also investigated in H460 cells, and
the studies suggested that LSD1 inhibition by bizine might be
contributing to cancer cell growth inhibition; however,
concentrations well above the ECy, values in the cellular
demethylation assay were necessary for inhibition of the
proliferation. The examination of additive or synergistic effects
of bizine in combination with several HDAC inhibitors and the
DNMT inhibitor azacytidine revealed some moderate additive
or synergistic effects on growth inhibition in H460 cells. Only
two out of the five HDAC inhibitors examined exhibited these
effects at the highest concentrations tested. Furthermore, in this
study, bizine was also proposed as a possible neuroprotective
agent against oxidative stress.
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Figure 37. Proposed structures and mechanism of formation of FAD-(=)-propargyl-lysine (30) and FAD-(+)-hydrazine-lysine derivatized peptide

(32) adduct(s).

In 2013, Schmitt and co-workers reported a study pursuin
potent LSD1 inhibitors based on the parygline structure.’”
Their similarity based virtual screening and subsequent
optimization resulted in a nonpeptidic pargyline derivative,
which inhibited LSD1 with an ICy, of 44 + 2.2 uM. This
inhibitor, however, was much more potent against MAO A
(ICs = 0.55 + 0.06 uM) and especially MAO B (ICs, = 0.06 +
0.003 #M) in a biochemical assay.

It is worth noting that most of the LSD1 inhibitors described
here were investigated against MAOs for selectivity, but they
lack selectivity data against LSD2. In addition, a report
describing tranylcypromine-containing small molecules as
potent and selective dopamine D3 receptor antagonists
underlines the importance of thoroughly investigating the
selectivity profile. In fact, selectivity of the LSD1 inhibitors
described here against a broad range of other epigenetic and
nonepigenetic targets including GPCRs, kinases, ion channels,
and transported was not reported. Therefore, one should be
cautious to attribute the observed phenotypic effects to
pharmacological inhibition of LSD1.°**

Similar to (+)-tranylcypromine, LSD1 inhibitors derived
from phenelzine and pargyline exert their inhibitory effects via
covalent inactivation of FAD. Their inhibition mechanism will
be discussed in the peptide-based LSD1 inhibitors section
below.

3.1.4. Peptide-Based LSD1 Inhibitors. The peptide
substrates having less than 16 amino acid residues have been
shown to be inactive against LSD1, while optimal binding
requires 21 amino acid residues.””' In 2007, Forneris and co-
workers studied the structural basis for LSD1-CoREST
selectivity in H3 recognition by examining the X-ray crystal
structure of its complex with a 21-amino acid H3 peptide, in
which K4 is mutated to methionine (H3-21-K4M) (PDB ID: 2
V1D).>*® This H3K4M mutation led to a 30-fold increase in
binding affinity (K; = 0.0S + 0.02 uM) compared with the wild-
type peptide (K; = 1.8 + 0.02 M) and was one of the first
examples of peptide-based LSD1 inhibitors.
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In 2006, based on the premise that pargyline is a LSD1
1nh1bltor,464 Culhane and co-workers reported a propargyl-
lysine derivatized peptide (28) as a potent and irreversible
inhibitor of LSD1 (Figure 37).°”° This initial publication on the
peptide inhibitor was followed by mechanistic and kinetic
studies. A k;,.. = 0. 29 + 0.02 min™", KI 0.69 + 0.10 M, and
Kinace/ Ky = 0.42 uM ~ min™ (2590 M™! s7!) were measured for
this peptide inhibitor.>*” Interestingly, a 13-fold increase for the
kinace/ K; value was observed for bacterially (E. coli) produced
GST-LSD1 over that of the insect cell-derived enzyme in this
study. The formation of an FDA-inhibitor covalent adduct was
demonstrated by UV and mass spectroscopy, while the
structure of the adduct (Figure 37) was elucidated by NMR
analysis. The proposed mechanism starts with a hydride
transfer from propargyl-lysine derivatized peptide (28) to
FAD, resulting in FADH™ and a propargylic iminium ion (29),
which then undergoes Michael addition with N(S) of the
FADH™ (Figure 37, top). The resulting iminium adduct (30)
could be in different stereochemical and tautomeric forms
which cannot be distinguished by NMR analysis. A biotinylated
derivative of the peptide inhibitor was also synthesized and
used successfully in pull down studies for LSD1-CoREST.
The same research group further investigated incorporation
of other known MAO inhibitor motives and related derivatives
into the H3-21 peptide, including cyclopropyl amine, propargyl
amine, 3-chloroallyl amine, as well as a hydrazine function-
ality.”*° Among these peptides, the one featuring the hydrazine
group on K4 (H3-21-K4-hydrazino, 31) was discovered to be
most potent with a k;,,., = 0.247 + 0.018 min™", KI 0.0043S +
0.00086 uM, and kip,/K; = 56.8 + 0.82 uM ' min~" (Figure
37). The phenelzine was also tested in the same conditions asa
reference with a k,./K; = 0.0543 + 0.00077 uM ~' min~},
therefore making this new peptide inhibitor 31 1000-fold more
potent than phenelzine and 25-fold more potent than the N-
methyl-derivative (Figure 38) (ki = 0.208 + 0.068 min~’, K;
= 0.107 + 0.057 M, and k;,/K; = 1.94 + 0. 34 uM ~* min™).
The MS analysis revealed a product with a mass that is
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Figure 38. Structures of peptide-based LSD1 inhibitors.

consistent with the formation of the peptide-FAD adduct with
the loss of N,. It was proposed that (Figure 37, bottom) a two-
electron oxidation to form the corresponding diazene, followed
by another two-electron oxidation of the diazene (with
reoxidized FAD by molecular oxygen) yields the diazonium
moiety. The subsequent attack from the N(S) of the reduced
flavin displaces the diazonium group, which is an excellent
leaving group, and produces the inhibitor-FAD covalent adduct
32 with loss of N,. Two possible peptide degradation pathways
were also proposed, supported by the MS data of the
byproducts. This study showed that while the chlorovinyl-
and alkynyl-containing peptide inhibitors are comparable in
potency, the hydrazine-containing peptide inhibitor was the
most potent inhibitor for LSD1. As mentioned in the previous
section, phenelzine is a more potent LSD1 inhibitor (~35-fold)
than (&)-tranylcypromine.

Ogasawara and co-workers designed H3-21-K4-tranylcypro-
mine (33, Figure 38), which bears a (+)-tranylcypromine
moiety at K4 of the 21-amino-acid H3 peptide, and evaluated
its LSD1 inhibitory activity.”'" This peptide inhibited LSD1
(IC, = 0.16 + 0.036 uM) in a time- and concentration-

dependent manner but did not inhibit MAO A or MAO B
(ICs, > 100 uM) in a horseradish peroxidase coupled assay.
Compound 33 is an irreversible LSD1 inhibitor with a ki,,./K;
value of 5900 + 3000 M ~' s, showing greater binding affinity
and potency for LSD1 than that of (+)-tranylcypromine (ki,../
Ky =22 + 82 M 7' s7"). However, cellular potency of 33 was
weak against cervical HeLa and neuroblastoma SH-SYSY cancer
cell lines, in which LSD1 is overexpressed (Glg, = 27 + 17 and
>160 uM, respectively). This was likely caused by poor cell-
membrane permeability. The same research group later
explored replacing the tranylcypromine moiety with 2,5-
dihydro-1H-pyrrole (DHP) and 1,2,3,6-tetrahydropyridine
(THP), as well as H3K9-based tranylcypromine-bearing
peptides and truncated H3K4-tranylcypromine peptide inhib-
itors. None of these inhibitors, however, showed better potency
than that of 33.7**

In 2013, various cyclic peptides based on H3-21-K4M (in
which K4 is mutated to methionine) were synthesized and
evaluated as LSD1 inhibitors.””” These cyclic peptides were
constructed by substituting selected positions with one lysine
residue and one glutamic acid residue and cyclizing these
residues to form a lactam bridge. Among the cyclic peptides
constructed, H3-21-K4M in which the lactam bridge was
between lysine S and glutamic acid 10, showed the greatest
inhibitory activity in a biochemical assay with an ICg, of 2.1
UM. This cyclic peptide was shown to be a competitive
inhibitor with a K; of 385 nM. It also exhibited modest
antitumor activity in MCF7 breast and Calu-6 lung tumor cell
lines.

Recently, short peptides that inhibited LSD1 in a reversible
manner were reported by Tortorici and co-workers.”” SNAIL1
is a member of the SNAIL family of transcription factors, and it
has been shown that the N-terminal 21 amino acids of the
SNAG domain of SNAILI binds to the LSD1 active site in a
conformation similar to that of H3. As a result, SNAIL1 is a
competitive inhibitor of LSD1, with respect to the H3 substrate.
As mentioned earlier, while LSD1 binding to the H3 substrate
requires at least the first 16 N-terminal residues, in this study,
analysis of the crystal structure of LSD1/CoREST in complex
with the SNAIL1 N-terminal peptide indicated that only the
first 9 amino acids had well-defined electron densities (PDB
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Figure 39. Biguanide and bisguanidine polyamine analogues that were reported as LSD1 inhibitors.
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Figure 40. Structures of reversible LSD1 inhibitors.
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ID: 3ZMT). Indeed, it has been demonstrated that the SNAILI
1-9 peptide inhibited the LSD1/CoREST complex with a
similar affinity (K; = 0.14 + 0.06 M) to that of the SNAIL1 1—
20 peptide (K; = 0.21 & 0.07 M) and that the first 6 amino
acid residues were required to achieve low micromolar affinity
(K; = 284 + 4.8 uM). Variations in the sequence of this
minimal peptide were also found to modulate binding affinities.

3.1.5. Reversible LSD1 Inhibitors. As described in
previous sections, outstanding progress has been made in the
development of irreversible LSD1 inhibitors. Although there is
a growing interest in developing reversible, noncovalent
inhibitors, the large binding site of LSD1 presents a major
challenge. Despite that, significant progress has been made in
the discovery of reversible LSD1 inhibitors.”>' We covered
peptide-based reversible LSD1 inhibitors in the section above.
In this section, we discuss small-molecule noncovalent
inhibitors of LSD1.

Biguanide and bisguanidine polyamine analogues were one of
the earliest reported LSD1 inhibitors with >50% inhibition at 1
UM.>** Two of the most potent compounds, 34 and 35 (Figure
39), have been shown to be noncompetitive inhibitors with
respect to the substrate; however, no further ICy, measure-
ments, biophysical binding, or selectivity data were reported.
These compounds affected re-expression of multiple, aberrantly
silenced genes in HCT116 human colon carcinoma cells. The
re-expression coincided with increased H3K4me2/mel and
H3K9ac marks and decreased H3K9me2/mel repressive
marks. In 2012, a study was reported using the same or new
polyamine analogs [e.g, PG11144 (Figure 39)] in MDA-MB-
231, a triple negative human breast cancer cell line.”** Another
series of polyamines containing (bis)thiourea and a 3—5—3 or
3—6—3 backbone architecture was also reported by the same
research group as inhibitors of recombinant LSD1.>****
Among these compounds, 36 (Figure 39) was the most potent
with ICs, value of 4.8 yM in a biochemical assay and was shown
to be competitive with the peptide substrate (K; of 2.2 uM).
While it was selective against MAO A (ICg, > 100 uM), it was
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only about 4-fold selective over MAO B (ICs, = 19 uM). These
polyamine derivatives were relatively large inhibitors with
limited potency and selectivity.

In 2012, Hazeldine and co-workers reported the identi-
fication of a series of amidoximes as potent, reversible LSD1
inhibitors using a virtual screening strategy.”*® The most potent
compound from this study exhibited an ICs, of 16.8 yM in a
biochemical assay. In 2013, Sorna and co-workers identified a
novel series of LSD1 inhibitors with much improved potencies,
again utilizing a structured-based virtual screening strategy.>>’
The subsequent SAR studies resulted in the discovery of
compound 37, featuring a benzohydrazide moiety (Figure 40).
This compound inhibited LSD1 with an ICy, of 13 nM and
showed selectivity for LSD1 over MAO A and B (no activity up
to 300 uM). Compound 37 was further screened against p-
lactate dehydrogenase and glucose oxidase, exhibiting ICsy
values around or above 10 M. In DSF experiments, compound
37 shifted the T, in a subtle but statistically significant manner,
suggesting that it binds LSDI1. It also has been shown that
compound 37 is a noncompetitive, reversible inhibitor with the
peptide substrate with a K; of 34 + 1.9 nM. The experiments
showing direct binding and reversibility are important since
hydroxyl phenyl hydrazones are common PAIN structures that
are observed in many assays.”**>*” The effect of compound 37
on cell growth was evaluated in a panel of cancer cell lines.
Nine of the 17 cell lines tested, including endometrial, breast,
colorectal, and pancreatic cancers cells, were sensitive to
compound 37, with an ECsy < 1 M. Furthermore, the effects
of compound 37 on histone methylation in VCaP cells (an
androgen-sensitive prostate cancer cell line) were also
investigated. H3K9me2 was reported as a target for LSD1
when in complex with AR.*** An increase in H3K9me2 levels
were observed at 24 h with both 1 and 10 #M of treatment with
37, suggesting that effects of the compound were mediated
through LSD1 inhibition.

In 2016, Zhou and co-workers aimed to improve potency
and synthesized constrained derivatives of compound 37.°*
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Among these derivatives, compound 38 (Figure 40) was the
most potent with an ICg, of 1.4 + 0.3 nM in a biochemical
assay, which was about 10-fold more potent than compound
37. Compound 38 inhibited the proliferation of cancer cell lines
such as A549, H1299, A2780, HCT116, MCE-7, MDA-MB-
231, and DU14S with an ICg, < 1 #M. Similar to the previous
study, the effect of this compound on the H3K4 and H3K9
methylation levels were assessed in A2780 cells (human ovarian
carcinoma cells). It was found that compounds 38 concen-
tration-dependently increased H3K4me2 and H3K9me?2 levels
in A2780 cells.

In 2016, Wu and co-workers reported the discovery of a
series of 3-(piperidin-4-ylmethoxy)pyridine-containing com-
pounds as LSD1 inhibitors, inspired by earlier SAR studies of
tranylcypromine-containing inhibitors.”*" Structure-guided mo-
lecular modeling and ligand optimization resulted in potent
LSD1 inhibitors. Among them, compound 39 (Figure 40)
emerged as the most potent inhibitor with a K; value of 29 nM.
Enzyme kinetics studies were performed on a close derivative of
39 and showed that the inhibitor was competitive with the
H3K4me2 peptide substrate. Compound 39 was highly
selective for LSD1 over MAO A (K; > 50 uM) and MAO B
(K; = 18.7 + 6.9 uM). Since structurally similar compounds
were reported to be potent Akt inhibitors, selectivity of
compound 39 against human Akt was also evaluated. It was
found that the inhibitor displayed high selectivity for LSD1
over Akt (ICs, = 87.6 + 21.6 uM). Compound 39 at 1 uM
increased H3K4me?2 levels in cells. The inhibitor also exhibited
good potency at blocking the proliferation of MV4—11 and
Molm-13 cells (leukemia cell lines with an MLL gene
translocation), as well as MCF-7 (estrogen receptor positive)
and MDA-MB-231 (estrogen receptor negative) breast cancer
cells with ECg, values ranging from 0.28 to 8.6 uM. On the
other hand, little to no effect on the growth of normal fibroblast
cells was detected. It should be noted that, in 2013, a study
aiming to develop reversible LSD1 inhibitors used a very close
analog of compound 39, GSK354, as part of their research. In
this study, GSK354 displayed an ICs, of 90 + 10 nM for LSD1
in biochemical assays, as well as a cellular IC;; of 1.4 + 0.3 uM
in a CD86 cell-based assay.”** The compound also displayed
selectivity over MAO A (ICg, > 200 yM) with no apparent
cytotoxicity at 20 M against the THP-1 cell line.

Another report on the design and synthesis of reversible
LSD1 inhibitors came from Zheng and co-workers in 2013.°%
This new class of triazole—dithiocarbamate-containing inhib-
itors was based on their early work on the chemotype as
potential anticancer agents.”** In this study, compound 40
(Figure 40) was reported to inhibit LSD1 with an ICg, of 2.1 +
0.7 uM. The reversibility of the compound for LSD1 was
demonstrated by a dilution assay. The binding affinity of
compound 40 was determined using microscale thermopho-
resis (MST) (K4 = 0.35 #uM). Importantly, compound 40 was
selective for LSD1 over LSD2 (ICy, > 36.6 + 4.5 uM, about 17-
fold selective) and MAO A and B (ICy, > 1250 uM). In MOA
studies, compound 40 was characterized as a noncompetitive
inhibitor with the substrate H3K4me2 but as a competitive
inhibitor with the cofactor FAD. This finding was interesting
because it suggested that compound 40 could potentially
displace FAD, which had a measured Ky of 0.182 yM and
showed tight binding to LSD1. An increase in H3K4me2/mel
and H3K9me2 levels was observed via treatment of MGC-803
cells (human gastric cancer cell line) with compound 40.
Compound 40 exhibited strong cytotoxicity against human
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gastric cancer cell lines MGC-803 and HGC-27 (ICy, = 0.89
#M and 1.13 uM, respectively), which comprise higher LSD1
expression, as evaluated by MTT assays. On the other hand, it
did not show any discernible effects on normal gastric epithelial
cell line GES-1 and gastric cancer cell line SGC-7901 (ICs, >
45 uM), which are known to contain a lower LSD1 expression.
The effect of compound 40 on tumor growth was also
investigated in vivo in a xenograft model where tumors were
generated by subcutaneous implantation of MGC-803 cells into
nude mice. A significant inhibition of tumor growth and a 68%
reduction in tumor weight were observed over time without
any clear body weight loss during the 21-day treatment (dosed
at 20 mg/kg), suggesting that compound 40 was efficacious in
vivo with no apparent toxicity.

The same research group designed and synthesized
coumarin—1, 2, 3-triazole—dithiocarbamate hybrids by intro-
ducing a coumarin moiety to the compound 40 scaffold to
create more potent LSD1 inhibitors.”* Compound 41 was
disclosed as the most potent inhibitor from this series, with an
ICy, of 0.39 + 0.15 uM (Figure 40). Compound 41 was about
5-fold more potent than compound 40 and showed high
selectivity for LSD1 over MAO A and B, similar to compound
40. It concentration-dependently increased H3K4me2/mel
and H3K9me?2 levels in MGC-803 cells.

In 2015, Ma and co-workers reported a new series of small-
molecules as potential LSD1 inhibitors.”** These compounds
contain aminothiourea and propargyl pharmacophores that
were linked together by a pyrimidine moiety. The most potent
compound, 42 (Figure 40), inhibited LSD1 with an ICs, of 0.65
+ 0.12 uM and was selective for LSD1 over MAO A and B
(ICsy > 1250 uM). The direct interaction between the
compound and LSD1 was demonstrated by biolayer
interferometry (BLI), which produced a K = 3.7 uM. Similar
to compounds 37 and 41, this inhibitor increased H3K4me2/
mel and H3K9me2 levels in a concentration-dependent
manner in MGC-803 cells. Levels of H3K4me3, LSDI, and
H4 were unaffected. Compound 42 inhibited the growth of
MGC-803 and HGC-27 cells with ICs, values of 4.01 + 0.21
uM and 8.92 + 0.52 uM, respectively. In addition, this inhibitor
was reported to be orally active in vivo.

Other reversible LSD1 inhibitors with less potency (ICq,
values in micromolar range) and/or selectivity have been
reported. The 3,5-diaminotriazole scaffold was discovered as a
potential LSD1 inhibitor by virtual screening. The most potent
compound identified from this study was inhibitor 43 (Figure
41), which has an ICq, of 1.19 uM and good selectivity for
LSD1 over MAOs (ICg, > 100 uM).>*” Direct binding of this
reversible inhibitor was shown by ITC with a K; of 2.2 uM. It
was also shown to be competitive with the substrate by kinetics
experiments. In another study using the pharmacophore-based
virtual screening, compound XZ09 (Figure 41) was identified
as a potent and selective LSD1 inhibitor (ICs, = 2.41 yM and
ICs, for MAO A = 685 uM and for MAO B = 27.5 uM).>* A
series of functionalized phenyl oxazole derivatives was screened
in vitro for their activities against LSD1 and effects on viability
of cervical and breast cancer cells.”*” Among the compounds
tested, 44 (Figure 41) showed modest inhibitory activity
against LSD1 with ICy, around 10—16 uM and blocked the
growth of cancer cells (ICg, = 1.2—1.4 nM). However, direct
binding of this compound to LSD1 was not experimentally
tested and no selectivity data were reported in this study. Wang
and co-workers developed CBB-1007 (Figure 41) as a
reversible LSD1 inhibitor (ICs, = 5.27 M), which exhibited
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Figure 41. Structures of additional reversible LSD1 inhibitors.

selectivity for LSD1 over the closely related LSD2 and
JARID1A.>*° However, its selectivity against MAOs was not
reported. Compounds 45 (Figure 41) and its derivatives were
also reported as reversible LSD1 inhibitors. Compound 45 has
modest potency (ICs, = 9.5 + 3.4 uM) and was selective for
LSD1 over MAO A (ICy, > 500 uM).>* Lastly, namoline
(Figure 41) was also reported as a selective and reversible
inhibitor of LSD1 with very modest potency in biochemical
assays (ICgy = 51 uM).>>" Tt was reported to affect global
histone methylation levels at >20 yM.

3.2. JmjC Containing Lysine Demethylases

The second and largest class of histone demethylases contains a
Jumonji C (JmjC) domain, named after the “Jumonji” protein
in which this domain was first identified.”>* JmjC domain-
containing lysine demethylases [JmjC KDMs, also known as
the JmjC domain-containing histone demethylases (JHDMs)]
can demethylate all three lysine-methylation states, in contrast
to LSDs, which can only demethylate mono- and dimethylated
lysine residues. In 2006, Tsukada and co-workers identified the
first JmjC domain-containing protein showing histone
demethylase activity specifically at H3K36me2 and recognized
the JmjC domain as a signature motif for demethylation.”>” The
same year, JmjC KDMs were reported to be able to remove the
H3K9me3 mark. Since then, the discovery of JmjC domain-
containing demethylases was expanded significantly.”>*~>*
Today, members of JmjC KDMs have been shown to modify
all three methylated states of H3K4, H3K9, H3K27, and
H3K36 residues.”®

The JmjC KDMs are part of a larger JmjC subfamily of
Fe(II)- and 2-oxoglutarate- (2-OG) dependent oxygenases,
which also catalyze protein hydroxylation reactions that do not
involve demethylation.'”**” In 2006, Klose and co-workers
investigated JmjC KDMs in the context of JmjC domain
evolution and domain architecture via analysis of public
protein-domain databases. They defined seven groups of
evolutionarily conserved proteins, including JHDM1, PHF2/
PHFS, JARIDI/JARID2, JHDM3/JMJD2, UTX/UTY and
JHDM?2 families, which have at least one additional protein
domain besides the JmjC domain, and a seventh group
containing only the JmjC domain.”® Recently, an alternative
classification contains six main subfamilies: KDM2, KDM3,
KDM4, KDMS, KDM6, and KDM7 (see the phylogenetic tree
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in Figure 42), based on sequence analysis of their catalytic
domains."” In some reports, KDM2 and KDM?7 are considered
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Figure 42. Phylogenetic tree of JmjC KDMs.

as a combined subfamily because of their close sequence
identity in their catalytic domains.*®” We choose to use this
subfamily classification in this review. The names of the
members of JmjC KDMs subfamilies, including their alternative
names and reported substrate specificities, are summarized in
Table 2. Most of the JmjC KDMs have additional noncatalytic
domains, including histone binding and nucleic acid binding
domains, which allow them to target specific histone
modifications. For example, KDM7A and PHF8 utilize their
plant homeobox domains (PHD) to bind H3K4me3 and direct
their KDM domains to H3K27 and H3K9, respectively.’®!
KDM4A binds H3K4me3 and H4K20me3 sites via its tudor
domains and catalyzes demethylation of H3K9me3/2,
H3K36me3/2, and H1.4K26me3/ 2.5625%3 The domain archi-
tectures of the subfamilies will be discussed in the context of
inhibitors below (Figure 43).

Some of the JmjC-containing oxygenases, including MYC-
induced nuclear antigen 53 (MINAS3) and nucleolar protein
66 (NOG6), were initially assigned as JmjC KDMs; **~>%
however, later studies demonstrated that they also have
hydroxylase activity.*”°%® Earlier studies, as well as recent
work from Williams and co-workers using isolated proteins,
provided NMR assignments of products. Qualitative cellular
studies by these groups support the idea that MINAS3 and
NOG66 are hydroxylases, rather than KDMs.**”** In addition,
the JmjC oxygenase, JMJD6, was reported as the first
methylarginine demethylase of histone H3/H4 residues.’”’
However, this finding is controversial, as several followin:
studies have been unable to reproduce the results.”’
Furthermore, JMJD6 was also identified as a C-5 lysine-
hydroxylase that acted on mRNA splicin_g-l:e§ulatory proteins
and potentially even histone proteins.”””’* Very recently,
Walport and co-workers reported that a subset of JmjC KDMs,
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Table 2. KDM Subfamilies, Their Alternative Names, and

Substrates
subfamily  members other names histone substrate
KDM2/7 KDM2A  FBXL11, JHDMIA H3K36me2/mel
KDM2B FBXL10, JHDM1B H3K36me2/mel,
H3K4me3
KDM7A  KIA1718, JHDM1D H3K9me2/mel,
H3K27me2/mel
KDM7B  PHFS, JHDMIF H3K9me2/mel,
H4K20mel
KDM7C  PHF2, JHDMIE H3K9me2/mel
KDM3 KDM3A  JMJDI1A, JHDM2A H3K9me2/mel
KDM3B  JMJDIB, JHDM2B  H3K9me2/mel
JMJDIC - H3K9me2/mel
KDM4 KDM4A  JMJD2A, JHDM3A H3K9me2/mel,
H3K36me2/mel
KDM4B  JMJD2B, JHDM3B H3K9me2/mel,
H3K36me2/mel
KDM4C  GASCI, JMJD2C, H3K9me2/mel,
JHDM3C H3K36me2/mel
KDM4D  JMJD2D, JHDM3D  H3K9me2/mel
KDM4E  JMJD2E H3K9me2/mel
KDMS KDMSA  JARIDIA, RBP2 H3K4me3/me2/mel
KDMSB  JARID1B, PLU1 H3K4me3/me2/mel
KDMSC  JARID1C, SMCX H3K4me3/me2/mel
KDMSD  JARID1D, SMCY H3K4me3/me2/mel
KDM6 KDM6A UTX H3K27me3/me2/mel
KDM6B  JMJD3 H3K27me3/me2/mel
KDM6C UTY H3K27me3/me2/mel

namely KDM3A, KDM4A, KDMSC, and KDMG6B, catalyze
arginine demethylation of histone and nonhistone fragments.’”
While this reported arginine demethylation activity is very
exciting, more studies are required to conclusively establish
arginine demethylation activity in cells. UTY (KDM6C), a

JmjC enzyme that was previously reported not to display KDM
activity,””* was recently discovered to catalyze the demethyla-
tion of H3K27, albeit with reduced activity compared to UTX
(KDM6A) and KDM6B.>” In addition, there are some reports
on KDM activity of PHF2 (KDM7C)*’° and Hairless (HR),””’
as well as JMJDS (KDMS8).””® Some of these activities,
however, have not been reproduced clearly by others.”””~>*'
Similar to all identified 2-OG oxygenases, JmjC KDMs have a
barrel-like double-stranded f-helix (DSBH) fold, comprising
eight antiparallel strands that form the conserved active site
which bind to 2-OG and Fe(II).>** The iron binding motif is
highly conserved and is comprised of one aspartic/glutamic
acid and two histidine residues, which form part of the metal
binding site, with an octahedral metal binding geometry where
the rest of the sites are occupied by water molecules.”**** The
demethylation mechanism is proposed to begin with the
binding of ferrous iron (Fe(II)) in the active site, followed by 2-
OG coordination to the metal in a bidentate manner via its 1-
carboxylate and 2-oxo groups, which displaces two water
molecules (Figure 44) 59585586 The observed coordination
position of the 2-oxo group is always positioned trans to the
metal-coordinating carboxylate of aspartic/glutamic acid.
Following the 2-OG binding, the methylated lysine substrate
then binds to the active site and weakens binding of the
remaining water to the metal, thus activating oxygen binding.
These proposals are supported by both crystallographic and
spectroscopic studies in the literature.”>”**>™>%” The oxygen
then binds to the Fe(Il) and reacts with the iron-bound 2-OG
in an oxidative decarboxylation process to generate an active
Fe(IV) intermediate and CO,. This reactive Fe(IV) species
then reacts with the methylated lysine to give a hemiaminal
intermediate, which fragments to give formaldehyde and a
demethylated lysine substrate. Release of the succinate and
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coordination of water molecules regenerates the Fe(Il) to
complete the catalytic cycle.

The JmjC KDMs, including but not limited to KDM2B,
KDM3A, the KDM4 subfamily, and KDMS5B, are implicated in
various cancers, such as prostate cancer,588 breast cancer,589
bladder cancer,”® esophageal squamous cancer,”>* primary
mediastinal B cell lymphoma, and Hodgkin lymphoma.>”" They
have also been associated with neural development and/or
function and conditions such as X-linked mental retarda-
tion.””>*”* In addition, hypoxic conditions that activate the
hypoxia-inducible factor (HIF) transcription factor are
common in tumor tissues. KDM3A, KDM4B, and KDMSB
are reported to be direct targets of HIF and regulate the
transcriptional response to the hypoxic tumor environment,
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enhancing cancer progression.””*"*’® Therefore, selective
inhibitors of JmjC KDMs are valuable chemical tools for
studying the functions of these enzymes and testing therapeutic
hypotheses concerning these enzymes. Therefore, they have
been the focus of an increasing number of studies in recent
years.””*”7**® In the following sections, we provide more
details about each KDM subfamily, including their substrate
specificity, domain architecture, and disease relevance, and
importantly, we cover JmjC KDM inhibitors in the academic
literature and discuss characterization of these inhibitors in
biochemical, cellular, and/or in vivo assays.

3.2.1. JmjC KDMs Inhibitors. There has been a growing
interest in discovering JmjC KDM inhibitors in recent years.
The majority of these inhibitors reported to date are active site
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iron chelators and compete with the cofactor 2-OG in the
active site. Although some potent inhibitors have been
identified, achieving selectivity for different KDM subfamilies,
within subfamilies, and against other Fe(II)-/2-OG-dependent
enzymes is still the biggest challenge. In 2008, Rose and co-
workers reported their studies on pursuing KDM4 inhibitors.>””
The 2-OG analog, NOG (Figure 45), was one of the first
identified JmjC KDM inhibitors and showed inhibitory activity
against KDM4E (ICso = 24 uM). However, it was not selective
over the human HIF prolyl hydroxylase PHD2 or the
asparaginyl hydroxylase factor-inhibiting-HIF (FIH). In this
report, pyridine-2,4-dicarboxylic acid (2,4-PDCA) was also
identified as a KDM4A and KDMA4E inhibitor (ICy, = 0.7 and
1.4 uM, respectively).””” The bipyridine compound (46) also
inhibited KDM4E with an ICy, of 6.6 yM. An additional
scaffold that was examined in this study was hydroxamic acid,
which is a well-known motif of HDAC inhibitors. 2-OG
analogs, pyridyl carboxylates, bipyridyl and pyrimidine
carboxylate-based scaffolds, as well as hyroxamic acid bearing
compounds have been very common KDM inhibitor scaffolds
that act as Fe(Il) chelating agents. Therefore, the report by
Rose and co-workers provided starting points for the
development of more potent and selective KDM inhibitors.>””

Another common scaffold of KDM inhibitors is 8-
hydroxyquinoline (8-HQ), which was discovered via an HTS
campaign.600 S-Carboxy-8-hydroxyquinoline (I0X1, Figure 45)
emerged as the most potent inhibitor of KDM4A and KDM4E
(ICso = 1.7 and 2.4 uM, respectively) in a biochemical assay
from subsequent SAR studies of the 8-HQ_scaffold.””® While
IOX1 was equipotent for the KDM3, KDM4, and KDM6
subfamilies, it displayed slight selectivity over the KDM2 and
KDMS subfamilies as well as PHD2 and FIH.**! It should be
noted that both NOG and IOX1 suffer from low cell
permeability and need to be used in their methyl ester forms
as prodrugs for cellular studies.”””

On the basis of the crystal structure of KDM4A in complex
with NOG and trimethylated lysine peptide (PDB ID:
20Q6),°” Hamada and co-workers designed and synthesized
hydroxamic acid derivatives as potential KDM#4 inhibitors.*"*
Compound 47 (Figure 45) showed inhibitory activity for
KDM4C and KDM4A, with ICy, values of 1 and 3 uM,
respectively. This inhibitor showed better potency for KDM4C
and KDM4A than NOG (IC, values of 9.4 and 4.2 uM,
respectively) and 2,4-PDCA (ICs, values of S00 and 250 uM,
respectively) under the same assay conditions. While it was
shown to be selective over PHD1 and PHD?2, its selectivity over
other KDM subfamilies was not reported. In addition, neither
this compound nor its methyl ester derivative showed any
activity in cell-based assays. Another hydroxamic acid derivative,
methylstat (Figure 45), was designed based on an HDAC
inhibitor, MS275 (Entinostat).’”® The carboxylic acid derivative
of methylstat (OH instead of OMe, 48) was equipotent against
KDM4A, KDM4C, and KDM4E (ICy, = 4.3, 3.4, and 5.9 uM,
respectively), displaying moderate selectivity against KDM6B,
PHFS, and PHDI-3 (IC,, = 43, 10, and 31—83 uM,
respectively). This compound showed virtually no inhibition
against LSD1 and HDACs. The cellular activity of methylstat in
KYSE150 (a JMJD2C-sensitive esophageal carcinoma cell line)
in a growth inhibition assay was investigated and methylstat
inhibited KYSE150 cell growth with Gy, at approximately S.1
UM. The carboxylic acid derivative (48) did not show any
significant growth inhibition at up to 100 uM, due to its poor
cell permeability. Methylstat increased H3K4, H3K9, H3K27,
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and H3K36 methylation at almost all methylation states in a
concentration-dependent manner in KYSE1S0 cells. Similar
results were observed in MCF7 cells, albeit to a different degree
for different marks. Quantification of the activity of metylstat in
KYSE150 cells provided ECg, values of 10.3 and 8.6 uM for
H3K4me3 and H3K9me3, respectively. On the other hand, in
MCEF?7 cells, the ECy, values for H3K4me3 and H3K9me3 were
6.7 and 6.3 uM, respectively. Interestingly, increased cellular
levels of H3K79me3 and H4K20me3 were also observed upon
treatment with methylstat. The same research group reported a
fluorescent probe based on methylstat and developed a
fluorescence polarization (FP) binding assay for KDM2A.°*
The same group also generated a peptidic affinity probe derived
from methylstat for histone demethylases. This probe was then
utilized to purify KDM2A from a mixture of purified enzymes
and histone proteins and to enrich other H3K36 targeting
JmjC-KDMs from HeLa cell extracts.”””

JIB-04, a pyridine hydrazone containing compound, was
identified as a pan JmjC KDM inhibitor (Figure 45).°°%%" In
biochemical assays, JIB-04 was most potent for KDMSA with
an IC;, of 230 + 40 nM and KDM4D with an ICy, of 290 + 18
nM. It also inhibited KDM4A, 4B, and 4E with similar
potencies (ICso = 445 + 30, 435 + 70, and 340 + 50 nM,
respectively) and was slightly less potent for KDM4C (ICs, =
1100 + 200 nM) and KDM6B (ICq, = 855 + 40 nM). JIB-04
did not inhibit LSD1 or other epigenetic enzymes including
sirtuins, PRMTSs, and PKMTs. Compared to 2,4-PDCA, it was
about 5-fold more potent at inhibiting KDM4D activity in vitro.
Competition assays with JIB-04 showed that, unlike known
JmjC KDM inhibitors, it was not competitive with 2-OG. It was
postulated that JIB-04 might be competitive with iron, and
potentially, with the histone substrate. Altogether, JIB-04 is a
pan JmjC KDM inhibitor in biochemical assays. However, its
MOA is still not very clear and requires further work.

JIB-04 showed anticancer activity in cell cultures for several
tumor types and in vivo in mouse xenograft models without
causing general toxicity. Importantly, this inhibitor increased
survival in an aggressive breast cancer model. Antiproliferative
effects of JIB-04 are suggested to be mediated, at least in part,
through direct cancer-specific transcriptional changes in genes
that control cell growth, thereby resulting in tumor cell death.

The compounds shown in Figure 45 represent the most
common inhibitor scaffolds and are broad-spectrum inhibitors
of KDMs. In the following sections, we discuss the studies
toward achieving selectivity between and within subfamilies of
KDM:s.

3.2.2. Inhibitors of KDM2/7 Subfamily. KDM2 and Plant
Homeodomain Finger (PHF) proteins are closely related to
KDM?7, and therefore, they can be considered all together as a
KDM2/7 subfamily of KDMs that is comprised of KDM2A (F-
box and leucine rich repeat protein 11 (FBXL11), also known
as JHDM1A), KDM2B (FBXL10, also known as JHDMIB),
KDM7A (KIAA1718, also known as JHDMI1D), PHFS8
(KDM7B, also known as JHDMIF), and KDM7C (PHF2,
also known as JHDMIE).**® KDM2A is the first JmjC KDM
identified, and it demethylates H3K36me2/mel.”” KDM2B
demethylates H3K4me3°'" as well as H3K36me2,""" while in
contrasting reports it was suggested to be an H3K4me3
demethylase rather than an H3K36me2 demethylase.”'>*'* The
KDM2 family contains a CxxC zinc finger domain, a PHD
domain, and an Fbox domain along with the JmjC domain.

KDM2 demethylases are implicated in both tumor
promotion and suppression, depending upon cellular con-
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Figure 46. Structures of KDM2/7 subfamily inhibitors.
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text.' "> KDM2A has a role in cell differentiation,®’®
proliferation,”’” and regulation of NF-kB.°"® It has been
associated with various cancers, including lung619 and gastric
Overexpression of KDM2B is observed in

: 622 i .
ancreatic cancer,”~ as well as triple-negative
23

cancers.’*’
leukemias,®*!
breast cancer.

The catalytic domains of the PHF proteins are highly similar
to that of the KDM2 proteins, however, the PHF proteins
recognize H3K4me3 through their PHD domain and
demethylate H3K9me2/mel, H3K27me2/mel, and nucleoso-
mal H4K20me1.**"***~%*° PHF8 was initially characterized as a
H3K9me2/mel demethylase,”** while KDM7A was reported as
a dual specificity histone demethylase targeting both
H3K27me2/mel and H3K9me2/mel.”>**’ Substrate specific-
ity contradicting the initial reports has also been reported and
attributed to different distances between the JmjC and PHD
finger domains in these two proteins.’®" It was suggested that,
in vivo, both enzymes recognize or “read” the H3K4me3 mark
via their PHD domains, but in PHFS, the shorter and possibly
more flexible linker between the two domains enables the active
site of the JmjC domain to reach the target H3K9me2/mel.**!
On the other hand, in KDM7A, the linker is longer but more
ordered, resulting in a conformation that renders the enzyme
inactive toward H3K9me2/mel marks and selectively active
toward H3K27me2/mel marks.>®! However, it should be
noted that studies on the C. elegans and zebrafish homologues
of KDM7A suggest that the presence of H3K4me3 does not
necessarily lead to preferential demethylation of H3K27me2
over H3K9me2/mel in vivo.””>**® Another proposal is that in
a trans-histone peptide-binding mechanism, the enzyme
recognizes H3K4me3 on one H3 tail and targets H3K9me2/
mel or H3K27me2/mel on another H3 tail. PHF2 has been
suggested to demethylate H3K9mel in vivo;*’® however, the
catalytic activity of this enzyme has not been reproduced in
vitro.”®! It was suggested that there must be other regulatory
factors necessary for the observed enzymatic activity in vivo for
PHF2, which shares significant similarity in its catalytic domain
with KDM7A and PHES, or that it perhaps acts on nonhistone
substrates.”®’

KDM7A is required for brain development,”>” PHFS is vital
for normal development, and the mutations in the gene cause
X-linked mental retardation.””* Overexpression of PHF8 has
also been shown in several cancers.”’***' PHF2 has been
descgi}l;ed as a potential tumor suppressor in association with
pS3.

Given their association with important biological functions
and diseases, there has been a growing interest in developing
inhibitors of the KDM2/7 subfamily of demethylases. In 2012,
Rose and co-workers identified the plant growth regulator
daminozide (Figure 46) as a selective inhibitor of KDM2A
(ICs = 1.5 uM) in an AlphaSecreen assay.’®” The potency of
daminozide against KDM2A (ICs, = 1.5 uM) was confirmed by
an orthogonal, formaldehyde dehydrogenase (FDH) coupled
assay, which monitored formaldehyde production. Daminozide

1036

was also active against two other members of the KDM2/7
subfamily, PHF8 and KDM7A, with ICg, values of 0.55 uM and
2.1 uM, respectively. Daminozide was selective for the KDM2/
7 subfamily over the other representative demethylase
subfamily members tested (KDM3A, KDM4E, KDMSC,
KDMS6B: ICy, > 100 uM). In addition, no inhibition was
observed at 1 mM against the other 2-OG oxygenases (PHD2,
FIH, and BBOXI1) that catalyze hydroxylation. Kinetic
experiments showed that daminozide was a competitive
inhibitor of KDM2A with respect to 2-OG (K; = 1.97 uM).
On the other hand, mixed inhibition with respect to the peptide
substrate was observed, such that inhibitor binding was
primarily to the enzyme-peptide complex (K; = 85 uM).
Given its structure similarity to NOG, the selectivity achieved is
quite interesting. On the basis of the cocrystal structures of the
inhibitor in complex with KDM4A, FIH, and PHF8 (PDB IDs:
4AI9, 4AI8, 4DO0), it was proposed that the selectivity of
daminozide for the KDM2/7 subfamily could be, at least in
part, a result of a tight fit. This tight fit arises from the binding
of the dimethylamino group trans to His247, where its two
methyl groups are accommodated in a hydrophobic pocket that
is conserved in the KDM2/7 subfamily and is observed (by
crystallography) or predicted (by sequence alignments) to be
less tight in other demethylases/oxygenases tested. Supporting
this proposal, the removal of two methyl groups resulted in a
slightly more potent (ICs, = 0.25 and 0.48 M for KDM2A and
PHFS, respectively) but less selective inhibitor (ICg, = 0.20 and
0.48 uM for KDM4E and KDMSC, respectively). The
biological effects of this inhibitor in cell-based studies were
not reported.

While daminozide was once widely used as a plant growth
retardant, it was later withdrawn because of genotoxicity that
was believed to arise from its 1,1-dimethylhydrazine group.
Therefore, in 2013, Suzuki and co-workers aimed to identify
novel KDM2/7 inhibitors without the 1,1-dimethylhydrazine
moiety and used hydroxymate derivatives they previously
prepared (e.g, compound 47, Figure 45 in section 3.2.1) as
starting points.”’> Compound 49 (Figure 46) emerged as the
best KDM2/7 inhibitor, showing the highest potency for
KDM7A (KDM7A: ICq, = 02 uM; KDM2A: ICq, = 6.8 uM;
and KDM7B: ICy, = 1.2 uM). It also exhibited selectivity for
KDM2/7 over KDM4A (ICq, > 120 M), KDM4C (ICq, = 83
uM), KDMSA (ICg, = S5 uM), and KDM6A (IC, > 100 uM).
It should be noted, however, that different assay conditions
were used for different subfamilies, making the direct
comparison rather difficult. The H3K27me2 mark was
concentration-dependently raised in the presence of 49,
displaying inhibition of KDM7A and KDM7B in N2a cells in
which KDM7 was expressed. In addition, growth inhibition in
HeLa and KYSE1S50 cells was observed following treatment
with compound 49. On the basis of the study which reported
that KDM7B stimulates the transcription of the E2F1
transcription factor in HeLa cells and promotes cell cycle
progression,”*° downregulation of the expression of E2F1 in
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HeLa cells was investigated and compound 49 significantly
decreased the mRNA level of E2F1 at 80 uM.

A new scaffold based on the bipyridine-containing inhibitors
was designed by replacing one of the pyridine rings with a
triazole ring."** It was postulated that the triazole nitrogen
atom would be able to coordinate the Fe(II) similar as a
pyridine nitrogen, and that the construction of the triazole ring
via copper-catalyzed click reactions would allow for rapid SAR
exploration of this new scaffold. The enantiomerically pure (R)-
50 (Figure 46) potently inhibited KDM2A (ICy, = 63 nM),
while the (S)-enantiomer was about 50-fold less potent. This
change in potency showed that the stereochemistry of the
substituted piperidine played an important role in binding, and
that the (R)-enantiomer positioned the amide substituent in a
favored position for binding to KDM2A. Compound 50 was
shown to be selective against several other KDMs including:
KDMSC (30-fold), KDM4A, KDM4C (>200-fold) and
KDM3A, KDM4E, and KDM6B (>1,500-fold). In addition,
another derivative from this scaffold, which replaced the phenyl
group with an ethyl group, possessed lower potency but
showed selectivity for KDMSC over other KDMs. While (R)-
50 showed high in vitro potency and selectivity for KDM2A
over other KDM subfamilies, it was not reported whether or
not it possessed selectivity against other members of the
KDM2/7 subfamily. In addition, this study did not report
activity of this inhibitor in cell-based assays.

3.2.3. Inhibitors of KDM4 Subfamily. The KDM4
subfamily is comprised of five members: KDM4A (also
known as JMJD2A, JHDM3A, and JMJD2), KDM4B (also
known as JMJD2B), KDM4C (also known as GASCI,
JMJD2C, and JHDM3C), KDM4D (also known as
JMJD2D), and KDMA4E (also known as JMJD2E and
KDM4DL). KDMA4F is identified as a pseudogene. KDM4A-
C catalyzes the demethylation of H3K9me3/me2 and
H3K36me3/me2.°>*7>°® KDM4D can only demethylate
H3K9me3/me2, while KDM4E catalyzes the removal of methyl
groups from H3K9me3 and H3K56me3.”***** It has also been
shown that the KDM4 family can demethylate H1.4K26me3/
me2.°*° KDM4A, 4B, and 4C share more than 50% sequence
identity and include JmjN, JmjC, two PHD, and two Tudor
domains. On the other hand, KDM4D and KDMA4E are
significantly shorter proteins missing the C-terminal region,
which includes the PHD and Tudor domains. The JmjN
domain interacts extensively with JmjC and provides structural
integrity.

KDM4 subfamily members are coactivators of AR and are
key in androgen signaling.”*****~%** They are overexpressed in
a variety of human cancers as well as cardiovascular diseases
and mental retardation. Overexpression of KDM4A is highly
dominant in squamous cell carcinoma, breast, and colon
cancers.”*”"**' KDM4B is highly expressed in ER+ breast
cancer and also associated with prostate cancer.”***** KDM4C
is also overexpressed in numerous hematological and solid
cancers, including squamous cell carcinoma and AML,*******
KDM4D and 4E interact with AR as well. KDM4D was shown
to be involved in the TNF-a response and, therefore, might
influence tumorigenesis in cancer cells.*** Thus, the KDM4
subfamily of demethylases is one of the most well-studied, and
there is a considerable interest in pursuing them as potential
therapeutic targets.

A series of 8HQ-containing KDM4 inhibitors®*® were tested
in LNCaP cells. A few of them inhibited LNCaP cell growth
with ICy, values in the micromolar range.”*” Among these
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compounds, B3 (Figure 47) was the most potent, inhibiting
KDM4B with an ICs, of ~10 nM in biochemical assays. B3 is a

Cl

Figure 47. Structures of 8HQ-containing KDM4 inhibitors.

close analogue of ML324 (with a dimethylamino group instead
of the phenyl group of B3), which was identified as a KDM4A
and KDM4E (ICy, = 0.92 pM) inhibitor by Rai and co-
workers.”*® No selectivity data was reported against other
members of the subfamily for ML324. B3 showed some
selectivity (not quantified) against KDM4A, KDM4C,
KDM4D, and KDMSA, while selectivity for other KDMs
were not reported. The physical binding of B3 to KDM4B was
shown by transverse relaxation enhanced spectroscopy
(TROSY)-based heteronuclear single quantum correlation
(HSQC) spectra via observed shifts in specific cross-peaks of
the "H—""N TROSY-HSQC spectrum of the catalytic domain
of KDM4B. B3 exhibited high sensitivity to the fast-growing
AR-negative PC3 cells (IC5, = 40 nM) and also inhibited AR-
positive cell lines, including LNCaP and VCaP with IC, values
in the submicromolar concentrations. B3 also abrogated
androgen-stimulated LNCaP cell growth. In addition, it was
effective (with micromolar ICy, values) in inhibiting the growth
of other cancer cell lines, such as MDA-MB2 and MCF-7 breast
cancer cell lines. Furthermore, treatment with B3 resulted in
notable inhibition of tumor growth in an in vivo PC3 xenograft
tumor model. On the basis of these results, it was suggested
that KDM4B promotes prostate tumorigenesis by activating the
transcription of Myb-related protein B (BMYB)-targeted genes,
such as polo-like kinase 1 (PLK1), which are critical for cell-
cycle progression via an AR-independent mechanism. Overall,
B3 showed good in vitro and in vivo potency. However, further
characterization and optimization are needed to establish or
achieve better selectivity against other KDMs.

Two other studies exploring the 8HQ_chemotype as KDM4
inhibitors were published in 201S5. Thinnes and co-workers
utilized a three-component Betti reaction for the construction
of 7-substituted 8HQ_derivatives and identified CCT1 (Figure
47) as their most potent inhibitor (ICs, = S uM) against
KDM4C and 4E.**® In biochemical assays, CCT1 displayed 7-
to 20-fold selectivity against other KDMs (KDM2A, KDM3A,
KDMSC, and KDM6B) as well as PHD2 and FIH. CCT1
increased H3K9me3 levels in MCF?7 cells (ECs, = 12 M) and
in HeLa cells (ECy, = 9 #M). However, no or little inhibition of
isolated PHD?2 and FIH by this inhibitor in vitro (ICg, = 96 and
>100 uM, respectively) did not correlate with blockage of HIF
hydroxylation observed in cell-based assays, suggesting that the
effects of CCT1 may not be exclusively due to direct JmjC
KDM inhibition. Modifications at the 2-position of 5-carboxy-
8HQ led to the identification of compound 51 (Figure 47) with
micromolar range ICy, values in biochemical assays.”*” While
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Figure 48. Pyridine-4-carboxylic acid containing KDM4 inhibitors.
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Figure 49. Structures of peptide-based KDM4 inhibitors.
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some antiproliferative activity in several cancer cell lines was
reported, the selectivity of this compound over other KDMs
and related enzymes was not reported, with the exception of
the hydroxylase PHD2.

Very recently, Westaway and co-workers identified pyridine-
4-carboxylic acids 52 and 53 as KDM4 subfamily inhibitors
with ICy, < 100 nM and with >50-fold selectivity over KDM6B
in biochemical assays (Figure 48).°°° However, compounds 52
and 53 were also found to be potent inhibitors of KDMSC with
ICyy = 100—125 nM. These two inhibitors showed activity in a
cellular high content imaging assay against overexpressed
KDM4C with IC,, values of <10 uM, while activity was also
observed in U20S cells overexpressing KDMSC, albeit with
lower potency. Additional work is required to achieve selectivity
for the KDM4 subfamily over KDMSC.

In 2016, Roatsch and co-workers described the identification
of KDM4A inhibitors via virtual screening and follow-up
optimization. The study yielded compound 54 (Figure 48) with
a K, of 186 nM (ICs, = 0.37 =+ 0.028 uM).”>" However, testing
of closely related analogs of this inhibitor against two other
demethylases revealed that while the compounds were selective
for KDM4A over KDMG6B, they were slightly more potent (2-
fold) for KDMSA. A cocrystal structure (PDB ID: SANQ) and
kinetic experiments revealed that these inhibitors were
competitive with 2-OG. KYSE-150 cells, which have been
shown to possess high levels of KDM4C, were used to test
cellular activity of the inhibitors. However, cell permeability and
solubility were problematic issues for these inhibitors, and for
some of them, a reduction of KYSE-150 cell proliferation was
seen at high concentrations (e.g, S0 #uM). The conversion of
the carboxylic acid to its ester as a prodrug was also attempted,
but no clear improvement in cellular activity was observed.

Docking a library of 600000 fragments into a model of the
KDM4A active site resulted in the identification of 5-
aminosalicylate fragments with docking poses in two distinct
but overlapping orientations.””> The fragments were then

1038

covalently linked and derivatized further based on the docking
model. The resulting compounds contained a pyridyl-4-
carboxylate moiety, which in turn, resembled 2,4-PDCA or
pyridine-containing KDM inhibitors. This approach resulted in
the discovery of KDM4C inhibitors 55 and 56 (K; = 43 and 680
nM, ICy, = 12 and 3.8 uM, respectively) (Figure 48). While 56
was selective (>11—26-fold) for KDM4C over FIH, KDM2A,
and KDMBS6B, it lacked selectivity against KDM3A and KDMSB.
Both inhibitors were equipotent for KDM4C and KDM4D.
Although 55 was the most potent, it did not show any
selectivity except against FIH. The docking predictions were
supported by cocrystal structures (PDB ID: SA70 and SA7W).
These inhibitors are 2-OG competitive. No cellular studies
were reported with these inhibitors. Limited selectivity and lack
of cellular studies limit the potential utility of these compounds.
Additional optimization is likely needed to achieve better
selectivity.

Woon and co-workers analyzed KDM4 structures and
recognized that the 2-OG and substrate binding sites are
adjacent, creating a large pocket.”>> As described earlier,
KDM4A—C accepts both H3K9me3/me2 and H3K36me3/
me2 as their substrates, while KDM4D—E only accepts
H3K9me3/me?2 as their substrate. Therefore, it was postulated
that inhibitors combining 2-OG and substrate mimics might
achieve selectivity within the KDM4 subfamily, as well as across
other KDMs. N-oxalyl-D-cysteine (DNOC, Figure 49), which is
a 2-OG mimic, and a H3 substrate fragment (residues 7—14)
containing H3K9me3, were used to develop bisubstrate
inhibitors (Figure 49). A suitable cross-linking with DNOC
between residues 10—13 was obtained via the addition of a
thinyl radical to a corresponding allylglycine-containing
peptide, resulting in the discovery of compound 57 (Figure
49), which potently inhibited KDM4A (ICy, = 0.27 uM, T,, =
+7.1 °C) and KDMA4E (ICs, = 0.09 uM, T,, = +12.1 °C) with
no significant inhibition against other KDMs (>300-fold)
including KDM2A, PHF8, PHF2, KDM3A and KDMS6B, as
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well as PHD2 and FIH. It is important to note that selectivity
for KDM4A/E over KDM3A (ICs, > 100 uM, T,, = —0.3 °C)
was achieved despite that KDM3A targets the same substrate,
H3K9me3/me2. It was also found that the K9me3 form of the
bisubstrate inhibitors, such as compound 57, exhibited better
inhibitory activities. It was also proposed that an H3K36me3-
mimicking inhibitor could be selective for KDM4A over
KDMAE. Indeed, compound 58 (Figure 49), obtained by cross-
linking DNOC with P38 of another H3 fragment (residues 31—
41) containing H3K36me3, exhibited 60-fold selectivity for
KDM4A (ICq, = 1.5 uM, T,, = 5.8 °C) over KDM4E (IC,, =
91 uM, T, < 1 °C) with no inhibitory activity or T,, shift
against any of the other aforementioned KDMs (around 40-
fold selective over KDM2A and KDM3A and at least 130-fold
for others). This study has demonstrated that by exploiting the
inherent substrate selectivity of JmjC KDMs, it is possible to
achieve a high degree of selectivity within a KDM subfamily
and between KDM subfamilies. Selectivity over PHD2 and FIH
also points to possible discrimination against 2-OG oxygenases.
However, cell membrane permeability of these inhibitors was
not reported. It is likely that these inhibitors lack sufficient cell
permeability, thus limiting their use in cell-based studies.

Wang and co-workers conducted a HTS campaign, which
resulted in two pyridine-containing compounds 59 and 60
(Figure S0) with inhibitory activities against KDM4A and
KDM2A (K, = 0.52 + 0.06 and 0.42 + 0.005 uM and ICq, =
2.58 + 0.25 and 3.17 + 0.37 uM, respectively).”** However,
selectivity against other KDMs was not reported.

Riiger and co-workers used an approach®>* that is
reminiscent of a method involving the covalent binding of
docked fragments.”> They proposed to replace the a-keto acid
of 2-OG with an acylhydrazide moiety, inspired by the success
of this functional group in daminozide.”> Due to the ease of
synthesis, however, they used the hydrazone as a Fe(II)-binding
moiety instead. The second carboxylic acid of 2-OG was
replaced by a tetrazole moiety. Inhibitors combining these two
moieties attached by a linker of different length were tested to
find the optimum connection length. As a result, an inhibitor
(61, with an ICg, of 2.38 + 0.37 uM and 46.6 + 0.94 uM in
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two orthogonal KDM4A biochemical assays) was obtained as
the most potent compound (Figure 50). This compound
showed some selectivity for KDM4A over KDMSA (4-fold)
and KDM6B (40-fold). On the other hand, selectivity over
other members of the KDM4 subfamily and additional KDMs
was not reported. Since this inhibitor is a metal chelator by
nature, kinetic experiments were performed to show that the
effects were not a result of promiscuous metal chelation or
ejection. This inhibitor was found to be competitive with 2-OG,
while other known metal chelators as controls did not display
similar inhibitory profiles.

Several other KDM4 inhibitors (Figure S0), which utilized
different scaffolds than those mentioned up to this point, have
been reported. For example, an iridium(III) complex (62) was
synthesized and found to inhibit KDM4D with an ICy, of
around 15 uM in a fluorescence-based assay.”*® It has been
shown that this complex was inert to Fe(Il); however, no
further explanation or MOA for this complex was reported.

Leurs and co-workers screened DNA-encoded peptide
libraries against KDM4 by phage display. Through this effort,
two cyclic peptides targeting KDM4C were identified.”®” These
initial peptides were optimized via amino acid replacement,
truncation, and other modifications, leading to the discovery of
an inhibitor (63, Figure 50) with an ICs, of 0.6 + 0.02 uM.
This peptide-based inhibitor targets KDM4C independent of
the substrate and cofactor via interactions located on the
surface, remote from the active site, within less conserved
regions of KDM4C. This inhibitor was not active in cell-based
assays, most likely due to its poor cell permeability. The
interaction sites identified in this study may provide new
opportunities for targeting KDMA4C to develop potent, selective
inhibitors and biological probes for the KDM4 subfamily. In a
similar study, a lysine analog containing a geometrically
constrained side chain (64, Figure 50) was shown to be
recognized as a substrate by KDM4E and KDM7B.%**

Derivatives of curcumin were also identified as potential
KDM4 inhibitors in vitro.®*’ A curcuminoid (65) that was
identified via virtual screening demonstrated competitive
inhibition against KDM4A (IC5, = 6.4 uM and K;
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Figure 51. Structures of KDMS inhibitors.

(H3K9me3) = 5.5 + 1.6 uM) (Figure 50). While KDM4B was
also inhibited with equal potency, weaker inhibitory effects
were observed toward KDM4D and KDM4E.*®° The selectivity
over other KDMs was not reported.

3.2.4. Inhibitors of KDM5 Subfamily. The KDMS5 (also
know as JARID) subfamily of demethylases catalyzes the
demethylation of H3K4me3/me2, a transcription-activating
mark.®®" This subfamily is comprised of four members:
KDMSA-D, which show a high degree of homology in
sequence and domain organization. The KDMS5 subfamily
differentiates itself from other histone demethylases in that each
member contains an atypical split catalytic Jumonji domain
with insertion of a DNA-binding ARID and histone-interacting
PHDI1 domain, which separates it into two sections, JmjN and
JmjC.%* It has been shown that the ARID and PHD1 domains
are expendable for in vitro enzymatic activity, though the Zn-
binding domain, which is immediately next to C-terminal to
JmjC, is essential.’> The constructed linked JmjN-JmjC
domain from KDMSA retains full structural integrity, as well
as the metal ion- and 2-OG-binding features of the other
structurally characterized Jumonji domain demethylases.®”*

KDMSA (also known as JARID1A and RBP2) was first
identified as Retinoblastoma-Binding Protein 2 (RBP2) and is
ubiquitously expressed.®®* It is implicated in cellular differ-
entiation and cell cycle regulation due to its interaction with
retinoblastoma protein (pRB).*****> KDMSA is overexpressed
in gastric cancer, lung cancer,’®” and hepatocellular
carcinoma.®®® The amplification of the KDMSA locus in breast
cancer contributes to drug resistance in breast cancer.”®’
KDMSA is found in association with the PRC2 complex,” as
well as other repressive chromatin modulators, such as G9a and
the HDAC1/2/REST complex.sgz’é70 Overexpression of
KDMSB (also known as PLU-1 and JARIDIB) has been
identified in bladder cancer,””" prostate cancer,”’* colorectal
cancer,”’ %73 lung cancers,””’ and malignant melonoma.*”*
KDMSB-expressing cells form a distinct subpopulation that is
slow-cycling and chemo-resistant in melanoma.””* KDMSC
(also known as JARID1C and SMCX) appears to be involved
in the development of renal carcinoma via regulation of the von
Hippel-Lindau tumor suppressor protein.’”> It has also been
associated with cervical cancer as an oncogenic target of human
papillomavirus.””° KDMSD (also known as JARIDID and
SMCY) is 85% identical to KDMSC, and it has been implicated
in prostate cancer.®””

Very recently, Vinogradova and co-workers reported the
discovery of a KDMS subfamily selective inhibitor, CPI-455
(Figure S1), which displayed high potency for KDMSA (ICq, of
10 + 1 nM) and similar potencies for KDMSB and
KDMSC.*” Importantly, it showed significantly weaker
potency toward KDM4C and KDM7B (~200- and 770-fold,
respectively), and no considerable inhibition of KDM2B,
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KDM3B, and KDMG6A. A closely related compound that was
25-fold less potent for KDMSA was also developed as an
inactive (or less active) control in this study. In MOA studies,
CPI-455 was competitive with 2-OG. Furthermore, the
cocrystal structure of the intact amino-terminal half of the
KDMSA enzyme, including its JmjN, ARID, PHDI, catalytic
JmjC, and a-helical domains, in complex with CPI-455 was
obtained (PDB ID: SCEH). The cocrystal structure showed
that the inhibitor binds at the demethylase active site, and the
nitrile group of the compound makes a single interaction with
the active site metal ion. The pocket occupied by the inhibitor
fully overlapped with the 2-OG binding site, which indicated a
competitive MOA, thereby confirming the biochemical assay
results. KDMS inhibition by CPI-45S resulted in a concen-
tration-dependent increase in global H3K4me3 levels that were
detected only after 2 or more days of treatment in HeLa cells.
The less active compound did not affect H3K4me3 levels at the
same concentrations. Removal of CPI-455 led to a rapid
reversal of H3K4me3 increases in HeLa cells. H3K4me3 and
H3K4me2 levels were also concentration-dependently in-
creased in melanoma (M14), breast cancer (SKBR3), and
NSCLC (PC9) cells treated with CPI-45S for S days. Again, the
less active compound did not affect the levels of these marks in
the same cell lines. Altogether, these data indicate that CPI-455
is a KDMS subfamily selective inhibitor and a valuable chemical
tool for investigating biological functions of the KDMS5
subfamily.

It has been previously described that a drug-tolerant state
(DTP) gives rise to drug-tolerant expanded persister cancer
cells (DTEPs); DTEPs display increased expression of
KDMSA, and the emergence of these populations is dependent
on KDMSA. CPI-455 significantly reduced the number of
DTPs in cell culture models, suggesting that the demethylase
activity was required to establish drug tolerance. In addition,
CPI-45S showed low plasma clearance (CL = 4.4 mL/min/kg)
and excellent oral exposure (F = 100%) in mice. However, it
had relatively high plasma protein binding (PPB) in mice
(98.8%). Therefore, further optimization of this lead was
conducted.”®” On the basis of the cocrystal structure of
KDMSA in complex with CPI-45S (PDB ID: SCEH), SAR
around the isopropyl and phenyl moieties were investigated,
leading to the identification of compound 66 (Figure S1) with
an ICy, of 15 nM in a KDMSA biochemical assay and an ECy,
of 340 nM in a cellular assay (PC9 H3K4me3). Compound 66
also inhibited KDMSB and KDMSC with high potency (ICs, of
4.7 and 65.5 nM, respectively). It was selective for the KDMS
subfamily over KDM1A, 2B, 3B, 4C (ICy, = 1.9 uM, > 100-fold
selective for KDMSA), KDM6A, and KDM7B. It was also
selective for the KDMS subfamily over a broad panel of
nonepigenetic targets including >300 kinases and GPCRs
(<50% inhibition at 10 M against all proteins tested). When
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Figure 52. (A) KDMS-C49 (orange) binding interactions with KDMSB (PDB ID: SA3T) and (B) GSK467 binding interactions with KDMSB
(PDB ID: SFUN). Side chains are displayed in gray, water molecules as red spheres, and the metal centers as green spheres.

dosed in mice at 50 mg/kg twice daily, 66 showed an unbound
total maximum concentration (C,,,) > 15-fold of its cell ECs,
value. Therefore, inhibitor 66 is a promising KDMS subfamily
selective inhibitor that is suitable for studying biological
functions of KDMS in vivo. The same research group also
reported hybrid molecules of CPI-455 with an HTS hit.**' The
resulting compounds, 1,7-naphthyridones, displayed high
potency and selectivity for KDMSA over KDM4C and
KDM2B. However, these compounds lacked cellular activity.
Concurrently, Johansson and co-workers reported crystal
structures of the catalytic core of the human KDMSB enzyme
in apo state and in complex with different inhibitor chemo-
types.”®” In this study, KDMSB structures were superimposed
on KDMG6A (PDB ID: 3AVR) and KDM4A (PDB ID: 2PSB)
structures and it was observed that while the domain
architecture and the overall fold of KDMSB were similar to
those of KDMG6A, the loop structures and the JmjC domain
differed significantly. On the other hand, the KDMSB JmjC
domain was shown to be more closely related to that of
KDM4A. Comparison of the 2-OG-binding pockets between
KDMSB (PDB ID: SA1F) and KDMO6A revealed considerable
differences, while comparison with KDM4A (PDB ID: 2PSB)
showed a similar shape of the 2-OG-binding pocket. It was also
found that inhibitor KDMS-C49 (Figure S51) displayed high
potency for the KDMS subfamily (ICs, = 7, 4, 13, 15 nM for
KDMSA, SB, SC, and SD, respectively) in biochemical assays.
Importantly, this inhibitor was selective for the KDMS
subfamily over KDM4C (ICy, = 210 nM), KDM6B (ICg, =
1.4 uM), KDM3A (ICs, = 780 nM), and KDM2A (IC, = 2.2
uM). KDMS-C70 (Figure S1) was developed as a cell-
permeable prodrug, which can be hydrolyzed by an esterase
within the cell to generate KDMS5-C49. The crystal structure of
KDMS5-C49 in complex with KDMSB revealed that the
inhibitor occupies the 2-OG-binding site, with the pyridine
nitrogen and the aminomethyl nitrogen forming a bidentate
interaction with the catalytic metal (Figure 52A). Comparison
of K; values calculated from the ICy, values above showed a
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25—150-fold selectivity for the KDMS subfamily over the
KDMG6 subfamily, whereas the higher structural similarity to the
KDM4 subfamily was reflected by 12—76-fold differences in K;
for the KDMS subfamily over KDM4C. In addition, cocrystal
structures of KDMS-C49 in complexes with KDM6C (PDB ID:
4UF0) and KDM4A (PDB ID: SFPV) revealed numerous
critical similarities and differences between these subfamilies.
The inhibitor occupied the cofactor site and coordinated the
metal in a similar manner in KDMS5B, KDM4A, and KDM6C
structures. In KDM4A, the interactions with KDMS-C49 were
almost identical to that in KDMSB, therefore supporting the
observed low selectivity (7—8-fold for KDMSB over KDM4C).
The cell-permeable derivative KDMS5-C70 had an antiprolifer-
ative effect in myeloma cells (7 days, S0% reduction at 20 M)
and also resulted in a genome-wide increase in H3K4me3
levels, as determined through ChIP-Seq experiments. While this
compound represents one of the most selective inhibitors for
the KDMS subfamily, the relatively weak cellular potency
decreases its potential as a useful tool. Thus, further
optimization to improve cellular potency is required.

Shortly after the publication by Johansson and co-workers,
Horton and co-workers published their work investigating the
structural basis of KDMSA inhibition by using a set of
inhibitors, including a close analog of CPI-455 and KDMS5-C49,
in complex with KDMSA in the presence of Mn(II) (PDB ID:
SIVE and SISL).°®® The in vitro potencies and binding affinities
of these inhibitors with all four KDMS family members were
also reported. Most of these inhibitors contain an iso-nicotinic
acid core, similar to KDMS5-C49. Here, we focus on KDMS-
C49 and KDMS-C70, for which Horton and co-workers
explored selectivity and cellular activities alongside structural
analysis of inhibitor binding. KDMS-C49 inhibited KDMSA,
KDMSB, and KDMSC with similar potencies with ICg, values
in the nanomolar range in two independent assays. The results
are in agreement with the ones generated by Johansson and co-
workers. KDM5-C49 did not inhibit KDM6A and KDM6B by
more than 50% even at 50 uM. It showed 10-fold weaker
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potency against KDM4A than KDMSB. To demonstrate
cellular activity, KDMS-C70 was tested in breast cancer cells
(MCF7, MDA-MB-231, BT474, and ZR-75—1) since KDMSA
and KDMSB have been shown to be overexpressed in human
breast cancers.”***®> Treatment of MCF7 and MDA-MB-231
breast cancer cells with KDMS-C70 significantly increased
global levels of H3K4me3, while this inhibitor had only slight
effects on H3K4me2/mel and H3K27me3 marks (KDM6
subfamily) and H3K9me3/H3K36me3 marks (KDM4 sub-
family). KDMS-C70 at S uM inhibited the growth of MCF7,
BT474, and ZR-75—1 cells by 85%, 97%, and 70%, respectively.
In MDA-MB-231, PC9 lung cancer, and MCF10A immortal-
ized, nontransformed mammary epithelial cells that have been
shown to be relatively resistant to KDMSA or KDMSB
knockdown,®® KDMS5-C70 did not display significant effects. It
is interesting to note that KDMS-C70 at the same
concentrations led to the accumulation of global H3K4me3
levels both in sensitive (MCF7) and resistant (MDA-MB-231)
cell lines, while effects on cell growth differed. Treatment of
MCEF7 cells with KDMS-C70 led to an increase in the
expression of some, but not all, of KDMSB target genes while
knockdown of KDMSB affected most of them, suggesting that
while the demethylase activities of KDMS enzymes are
important to maintain the repression of KDMS target genes,
KDMS proteins might have additional functions in gene
regulation beyond their catalytic activities. Importantly,
KDMSA crystal structures in complex with several inhibitors
revealed important interactions and provided insights and
strategies that can be utilized for the design of selective and
potent KDMS inhibitors. For example, it was suggested that the
additional space near Cys-481 (a residue unique to the KDMS
subfamily) could be potentially exploited. In addition, existing
inhibitors could be modified so that they can extend into a
nearby water-filled channel lined with several unique residues of
the KDMS subfamily.

Westaway and co-workers reported GSK467 (Figure 51, a
dual KDMS and KDM4 inhibitor generated from their
optimization study for the KDM4 family inhibitors discussed
in the previous section.””***® GSK467 displayed a K; of 10 nM
for KDMSA and KDMSB (calculated from an ICg, of ~25 nM
in biochemical assays) and was about 10-fold less potent for
KDMSC and KDMSD. However, it was highly potent for
KDMA4C (K; = 1.86 nM). GSK467 exhibited no significant
inhibitory activity against KDM6 and other KDMs tested.”*’
The cocrystal structure of GSK467 in complex with KDMSB
(PDB ID: SFUN) revealed that this inhibitor bound in the 2-
OG binding pocket, where the inhibitor was engaged in a
monodentate interaction with the catalytic metal via its pyrido-
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nitrogen and the two remaining coordination sites were
occupied by water molecules (Figure $2B). This unique
binding mode is interesting. However, GSK467 did not display
activities in cellular assays. The lack of cellular potency
unfortunately hampers its use as a chemical tool. Nevertheless,
GSK467 presents a good starting point for developing more
selective and cell-active KDM inhibitors.

In a continuation of their earlier work,*®® Bavetsias and co-
workers reported bicyclic pyrido[3,4-d]pyrimidin-4(3H)-one
containing, cell-permeable KDM inhibitors with good potency
(Figure 53).°%7 Extensive structure-based optimization resulted
in the discovery of KDM inhibitors 67 and 68 (Figure S53).
Compound 68 exhibited equal potencies for KDM4 (ICg, =
0.080 and 0.017 uM for KDM4A and KDM4B, respectively)
and KDMS (ICy, = 0.014 and 0.051 M for KDMSB and
KDMSC, respectively) but were selective over other KDM
subfamilies, such as KDM3A (ICs, = 6.1 uM), KDM6B (4%
inhibition at 100 M), and KDM2A (ICy, = 2.4 uM). A crystal
structure of 68 in complex with KDM4A (PDB ID: SF3I)
revealed key ligand—protein interactions, including the
bidentate coordination of the metal ion by the inhibitor. 67
inhibited H3K9me3 and H3K4me3 demethylation in a cell-
based assay. As we discussed in an earlier section, pyridine-4-
carboxylic acids 52 and $3, which were identified as KDM4
subfamily inhibitors with IC5, < 100 nM, were also potent
inhibitors of KDMSC with IC, = 100—125 nM.%*%%%¢

In 2014, Mannironi and co-workers established a screening
system to test the effects of small-molecule inhibitors on an S.
cerevisiae strain, which requires KDMS demethylase activity to
efficiently grow in the presence of rapamycin.’*® Series of
structurally different compounds selected by a computer-aided
drug design approach were screened, leading to the
identification of compound 69 (Figure 53), which inhibited
KDMS in vitro and in vivo. Compound 69 also inhibited
human KDMSB (ICg, = 1-2.5 M) and KDMSD (IC4y ~ 2.0
uM) in biochemical assays and significantly increased
H3K4me3 levels in HeLa cell nuclear extracts at 30 uM.
When added to HeLa cells, the compound led to an increase of
H3K4me3 but did not affect H3K9me3 levels.

In another study geared toward identification of KDMSA
inhibitors, a hydroxamic acid derivative 70 (Figure S3) was
identified.**’ It selectively inhibited KDMSA (IC, = 3.3 uM)
over KDM3A, 4C, and 7B (>10—100-fold). However, its
selectivity over other KDMs was not reported. While the
methyl ester of this compound, as a prodrug, slightly increased
H3K4me3 levels at relatively high concentrations, it did not
affect the proliferation of AS49 lung cancer cells even at
concentrations up to 300 uM.
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3.2.5. Inhibitors of KDM6 Subfamily. The KDM6
subfamily members UTX (ubiquitously transcribed tetratrico-
peptide repeat X-chromosome protein, also known as
KDM6A), KDM6B (also known as jumonji domain-containing
protein D3 or JMJD3), and UTY (ubiquitously transcribed
tetratricopeptide repeat Y-chromosome protein, also known as
KDM6C) specifically demethylate H3K27me3/me2.%”*7>%
UTX and KDM6B have been shown to have critical roles in
development and differentiation both in vitro and in
vivo.””! %% UTX has been linked to the regulation of HOX
transcriptional network.””* Loss of function mutations in UTX
have been observed in a variety of cancers, including renal cell
carcinoma, multiple myeloma, esophageal carcinoma, myeloid
leukemias, breast and colorectal cancers, and glioblastoma.®”®
KDMS6 family members, including UTX, are also components
of multiprotein complexes such as MLL2, MLL3, and MLL4
that regulate the activity of polycomb family proteins.®”#7
KDM6B has been implicated in colon cancer®”’ and
lymphoma®® and has been shown to be associated with
different oncogenes and tumor suppression genes.””””*" As we
mentioned earlier, UTY was initially reported not to have KDM
activity; however, it was recently shown to be a male-specific
demethylase.””> While it displays reduced activity in vitro due
to a point substitution (isoleucine to proline) in the substrate
binding site compared to UTX and KDMG6B, it contains all
three of the predicted Fe-binding residues, as well as those
predicted to be important in 2-OG binding.””> Sequence
alignments predict that UYX and UTY share similar domain
organizations, with N-terminal tetratricopeptide repeat (TPR)
domains, C-terminal JmjC, and zinc binding domains. It was
suggested that KDM6B might also contain TPR-like domains.
While UTX and UTY share >96% similarity in their catalytic
JmjC domains,””> KDMG6B shares only 84% similarity.””* Given
the known associations to important biological functions and
cancers, there is a growing interest in developing KDM6
selective inhibitors as tools for further studying the roles of the
KDMS6 subfamily in diseases.

By screening of a 2 million-compound collection, GSK-J1
(Figure 54) was identified as a lead compound with an ICy, of
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Figure 54. Structures of KDM6 inhibitor GSK-J1 and its prodrug
GSK-J4.

60 nM in a KDM6B biochemical assay.”’" It was about 3-fold
selective for KDM6B over UTX. GSK-J1 was inactive against a
panel of demethylases, including KDM4A, KDM4C-E,
KDM3A, and KDMSC, as measured by a combination of
thermal shift, mass spectrometry, and antibody-based assays.
GSK-J1 also did not significantly inhibit 100 protein kinases,
even at a concentration of 30 yM in a competition-binding
assay and had negligible activities against a panel of 60
unrelated proteins, including other chromatin-modifying
enzymes such as histone deacetylases. In MOA studies, GSK-
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J1 was found to be competitive with 2-OG but noncompetitive
with the peptide substrate. A closely related compound was
developed as a negative control by moving the pyridine
substitution from the 2- to the 3-position. GSK-J4 (Figure 54),
the ethyl ester of GSK-J1, was also developed as a pro-drug for
cellular studies. The cocrystal structure of GSK-J1 in complex
with human KDM6B (Co®>* was used to mimic the Fe®*)
revealed that the propionic acid of GSK-J1 mimics 2-OG
binding by maintaining key interactions, while the aromatic ring
of the tetrahydrobenzazepine of GSK-J1 sits in a narrow cleft in
between, mimicking P30 of the histone peptide (PDB ID:
4ASK) (Figure SS). The pyridyl-pyrimidine biaryl moiety of
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Figure SS. Co-crystal structure of KDM6B in complex with GSK-J1
(orange). The key residues that formed the catalytic pocked are
indicated in blue. Hydrogen bonds are represented as magenta dashed
lines and water molecules as red spheres.

GSK-J1 forms a bidentate interaction with the catalytic metal
and induces a shift in the Co®" ion away from the three
conserved Fe-binding residues (HHE triad). Interestingly, this
shift results in the metal cation exchanging positions with a
previously apical water molecule, causing H1470 to make an
indirect water-bridged interaction with the metal (Figure 55). It
was suggested that this dynamic metal shift in KDM6B could
create an opportunity to design selective compounds. Specific
precipitation of flag-tagged, full-length KDM6B and UTX from
transiently transfected HEK-293 cells through the use of an
immobilized derivative of GSK-J1 suggested target engagement
since addition of free GSK-J1 inhibited the binding of
immobilized probe to the target proteins. In quantitative MS
experiments, KDB6B was the sole protein captured, suggesting
selectivity in a cellular context. The ethyl ester prodrug GSK-J4
increased total nuclear H3K27me3 levels in cells. Studies were
also conducted to investigate the efficacy of GSK-J4 in
inhibiting lipopolysaccharide (LPS)-induced response of
human primary macrophages derived from healthy volunteers.
Treatment with GSK-J4 significantly reduced the expression of
16 out of the 34 LPS-driven cytokines, including tumor-
necrosis factor-a (TNF-a). Inhibition of TNF-a, an important
cytokine in inflammatory disorders, was demonstrated in a
concentration-dependent manner (ICy, = 9 M) without any
apparent cellular toxicity after treatment with GSK-J4.
Altogether, GSK-J1 was identified to be a selective H3K27
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demethylase (KDM6B and UTX) inhibitor that modulates
proinflammatory macrophage responses.

In 2014, Heinemann and co-workers revisited the selectivity
of GSK-J1, expanding the panel of JmjC KDMs tested.”’” Their
findings primarily supported the selectivity of GSK-J1 in
inhibiting KDM6B and UTX over other KDMs (KDM2B,
KDM3A-B, and KDM4A-C). However, in contrast to the
previous study, in which KDMSC was the only KDMS
subfamily member tested, KDMSA and KDMSB were also
investigated by Heinemann and co-workers. It was found that,
in addition to its high potency for KDM6B and UTX (ICs, =
28 and 53 nM, respectively), GSK-J1 was quite potent for
KDMSB and KDMSC (ICs, = 170 and 550 nM, respectively),
exhibiting limited selectivity, especially over KDMSB (around
6- and 3-fold for KDM6B and UTX, respectively) in
biochemical assays. In cells transfected with KDMG6B,
KDMSB, and KDMA4C, the potency of GSK-J4, the prodrug
of GSK-J1, was found to be very close with ICy, values of 3.1,
3.1, and 7.3 uM, respectively. The selectivity profile of GSK-J1
has recently been updated by Johansson and co-workers
(KDMSB: K; = 0.14 uM; KDMS5C: K, = 0.71 1M; KDMSD: K,
= 0.34 uM KDMS6B: K; = 0.02 uM).***

A study that explored the SAR by replacing the pyridine ring
of GSK-J1 with other potential chelating heterocycles was also
published.”” Several compounds featuring a pyrazole or
triazole ring instead of the pyridine ring with ICs, values of
0.15—0.27 uM were identified. The ethyl esters of these
compounds showed activity against TNF-production in Raw
264.7 cells, a LPS-stimulated murine macrophage cell line.
However, no selectivity data against other KDMs were
reported.

3.3. Dual LSD1 and JmjC KDM Inhibitors

Rotili and co-workers reported hybrid LSD1/JmjC KDMs
inhibitors as “pan-KDM” inhibitors by coupling the chemical
features of tranylcypromine (LSD1 inhibitor) with the 2,2'-
bipyridine-dicarboxylate or S-carboxy-8HQ_ scaffolds (2-OG-
competitive JmjC inhibition scaffolds) (Figure 56).”°* Com-
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Figure 56. Structures of dual LSD1-JmjC KDM inhibitors.

pound 70 inhibited LSD1 (ICy, = 2.2 uM) as well as JmjC
enzymes (IC, values for KDM2A = 0.22 uM; KDM3A = 0.14
uM; KDMAC = 042 uM; and KDMSC = 0.19 uM). It was
selective over MAO A (ICs, = 35 uM), MAO B (ICy, = 47
uM), FIH (ICq > 100 M), and PHD2 (ICy, = 278 uM).
Compounds 71 and 72 (Figure 56) were also active for LSD1
(ICy < 1 uM) and for JmjC KDMs, albeit with lower
potencies, and displayed some intersubfamily selectivity (ICq,
in range of 1.2—76 uM, where highest potencies were observed
for KDMA4C).

In human prostate cancers, it was shown that LSD1 and
JmjC KDMA4A/C are coexpressed and colocalized with AR.>*®
In addition, as mentioned earlier, KDM4A/C inhibitors were
not found to inhibit prostate (LNCaP and PC3) or colon
(HCT116) cancer cell growth in isolation, but they did display
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antiproliferative effects when combined with NCL-1 derivatives
(LSD1 inhibitors as discussed in Figure 34), suggesting that a
potential synergistic or additive effect may exist for dual
inhibition of LSDs and JmjC KDMs.*”* Compounds 71 and 72
resulted in simultaneous increases in H3K4me2/3 and
H3K9me2/3 levels, as well as high incidences of growth arrest
and apoptosis in LNCaP prostate and HCT116 colon cancer
cells. On the other hand, the corresponding LSD1 inhibitor
tranylcypromine and KDM inhibitor 4-carboxy-4’-carbome-
thoxy-2,2"-bipyridine were inactive both separately and in
combination. However, although little toxicities were observed
in MePR noncancer cells, careful examination of broader toxic
effects of these hybrid compounds is warranted given that the
compounds inhibited a wide range of demethylases including
LSDs and KDM1-7 and likely 2-OG dependent hydroxylases.

4. CONCLUDING REMARKS AND FUTURE
DIRECTIONS

A growing body of evidence supports the fact that protein
methyltransferases and histone demethylases play key roles in
the regulation of transcriptional activity and are implicated in
cancer and many other human diseases. Not surprisingly, given
these key functions, there has been a steadily increasing interest
toward assessing the potential of these enzymes as therapeutic
targets. Consequently, discovering selective inhibitors of these
enzymes has become a very active and fast-paced area of
research over the past decade. There has been remarkable
progress in the PMT and KDM inhibitor field as a result of
collective advances made in assay development, high-
throughput screening, structural biology, medicinal chemistry,
and cellular and animal models. The first PKMT and PRMT
inhibitors were discovered in 2005 and 2004, respectively,
followed by the first LSD1 inhibitor in 2006. In 2012, less than
a decade after initial inhibitors were discovered, the first human
clinical trials for the DOTIL inhibitor EPZ005676 were
initiated. Since then, numerous PKMT, PRMT, and KDM
inhibitors have entered clinical trials. EZH2 inhibitors [EPZ-
6438 (2013), GSK126 (2014), and CPL-1205 (2015)], PRMTS
inhibitor [GSK3326595 (2016)], and LSD1 inhibitors [ORY-
1001 (2013) and GSK2879552 (2014)] are all currently in
human clinical trials, underscoring the rapid progress made in
the field.

The discovery and development of several highly potent,
selective, and well-characterized small-molecule inhibitors of
methyltransferases with robust on-target activities in cells have
been achieved during the past decade. For example, PKMT
inhibitors, including UNC0638, UNCO0642, EPZ005687,
GSK126, EIl, UNC1999, EPZ-6438, CPI-1205, EPZ004777,
SGC0946, and EPZ-5676, are valuable chemical tools for
further investigating biological functions of the targeted
enzymes and have already been extensively used in assessing
the therapeutic potential of these proteins. As we already
described, three EZH2 inhibitors (EPZ-6438, GSK126, and
CPI-1205) have already entered clinical trials. The discoveries
of substrate-competitive inhibitors of G9a/GLP (e.g., BIX-
01294, UNC0638, UNCO0642, and A-366), SMYD2 (e.g, AZ-
505, A-893, LLY-507, and BAY-598), SMYD3 (e.g,
EPZ0316867 and EPZ030456), SETD8 (e.g, MS2177), and
SETD7 [e.g, (R)-PFI-2] suggest that the substrate-binding
grooves of PKMTSs can be targeted to yield potent and selective
inhibitors. Similarly, the discoveries of highly potent, selective,
and SAM-competitive inhibitors of DOTIL (e.g., EPZ004777,
SGC0946, and EPZ-5676) and EZH2 (e.g, EPZ005687,
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GSK126, EI1, UNC1999, EPZ-6438, and CPI-1205) provided
experimental evidence that extremely high selectivity can be
achieved by targeting the SAM-binding site of PKMTs, which is
analogous to targeting the ATP-binding site of protein kinases.
In addition, highly potent, selective, substrate-competitive
PRMT inhibitors including MS023 (type I PRMTs),
EPZ015666 (PRMTS), MS049 (CARMI and PRMT6) and
EPZ020411 (PRMT6) have been accomplished, suggesting
that the substrate-binding grooves of PRMTs can also be
successfully targeted. The identification of a novel allosteric
binding site of PRMT3, which is the first reported allosteric
binding site of any PKMTs and PRMTSs, was another major
advancement in the PMT inhibitor field. The discovery of the
first allosteric PRMT3 inhibitor and the development of the
PRMT3 chemical probe SGC707 have demonstrated that the
allosteric binding site of PRMT3 can be exploited to yield
potent, selective, and cell-active inhibitors, opening the door for
discovering allosteric inhibitors of other PRMTs. Furthermore,
the discovery of the covalent SETDS8 inhibitor MS453 has
demonstrated that cysteine residues in active sites of PKMTs
and PRMTs can be selectively targeted. We expect that this
success will pave the way for developing additional selective,
covalent PKMT and PRMT inhibitors that target an active site
cysteine residue.

While there has been significant progress, there is still much
to be achieved in the PMT inhibitor field. For example, a
systematic coverage of PMTs as a protein family with potent
and selective inhibitors is needed since, currently, many
individual targets and subgroups of targets on the PMT
phylogenetic tree lack selective inhibitors, including MLL
family, MMSET (NSD-2), and PRDMs (Figure 3). There is a
limited understanding of biological functions and potential
disease implications for many of these targets, partly due to that
selective inhibitors of these PMTs have not been generated.
Potent, selective, and cell-active inhibitors of these methyl-
transferases would be invaluable chemical tools to better
understand their biological functions and test therapeutic
hypotheses concerning these proteins.

Similar to PMTs, significant progress has been made on the
development of histone demethylase inhibitors as chemical
tools and potential therapeutic agents. Two LSD1 inhibitors
have recently entered clinical trials. GSK2879552 was advanced
into clinical trials in the U.S. for the treatment of small cell lung
carcinoma in 2013, AML in 2014, and myelodysplastic
syndrome in 2016. ORY-1001 entered phase I clinical study
in the European Union for the treatment of relapsed or
refractory acute leukemia (AL) in 2013. Although significant
work has been done in understanding the mechanism and
selectivity of LSD1, there are still opportunities for further
work. For example, although it is now evident that potent and
selective inhibitors of LSD1 can be achieved, little or no
progress has been made on generating selective inhibitors for
LSD1 over LSD2. The vast majority of the reported LSD1
inhibitors are “mechanism-based” or “suicide” ligands that
covalently modify FAD, yet promising reversible small-
molecule inhibitors of LSD1 (e.g,, 37, 39) have been recently
discovered. We believe that more progress can be made in this
area. In the case of JmjC KDMs, it is imperative to focus future
work on improving selectivity between and within the
subfamilies so that resulting inhibitors have sufficient potency,
selectivity, and cellular activity and can be confidently utilized
to study biological functions of the targeted KDMs and test
relevant therapeutic hypotheses. While most of the JmjC KDM
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inhibitors reported to date lack sufficient selectivity, the recent
discovery of KDMS subfamily selective inhibitors (e.g, CPI-
455, 66) has demonstrated that high selectivity between JmjC
KDM subfamilies can be achieved.

As we discussed, most LSD1 and JmjC KDM inhibitor
discovery efforts have focused on the extension or continuation
of previously known types of inhibitors. For example, for LSD1,
efforts focused mostly on mechanism-based inhibition of LSD1
and for the JmjC KDMs, on the active site iron chelators.
Drawing from the advances in the methyltransferase inhibitor
field, one can expect that as time progresses, it is likely that new
types of inhibitors will emerge, such as those targeting the
substrate-binding site or potential allosteric binding site(s).
Moreover, KDMs contain noncatalytic binding domains, and
the interactions of these domains with chromatin might be
considered as protein—protein/protein—nucleic acid interac-
tions. Selective disruption of these interactions could offer a
potential approach for developing selective KDM inhibitors.

As we emphasized throughout this review, thorough
characterization in biochemical, biophysical, and cellular assays
is very important and needed for many of the reported
inhibitors. Without sufficient characterization, caution should
be taken when attributing the observed phenotypic effects to
pharmacological inhibition of the intended target(s). For an
inhibitor to be useful in in vitro studies, direct binding between
the protein target and the inhibitor should be demonstrated by
a biophysical method (e.g, ITC and SPR) or an NMR solution
or X-ray crystal structure of the protein—ligand complex, in
addition to activities in biochemical assays. One of the most
common issues is that the selectivity of reported inhibitors was
not sufliciently characterized. It is critical to assess the
selectivity of key inhibitors for the targeted PMT(s) or
KDM(s) over a broad panel of other methyltransferases and
demethylases and other relevant biological targets. For the
inhibitors to be used in cellular studies, sufficient cell
permeability and target engagement in cells should be
demonstrated in addition to the in vitro target engagement
and selectivity assessment described above.

Understanding the structural basis of high subtype selectivity
is important to advance this field. Significant progress has been
made in obtaining high-resolution crystal structures of the
targeted enzymes in complex with inhibitors, which provide
structural basis and insights for designing more selective
inhibitors. We expect that efforts in this area will continue and
yield more high-resolution X-ray or NMR structures. In
addition, better understanding the dynamics of the protein—
inhibitor interactions is urgently needed, which we believe will
offer critical insights for achieving selectivity between highly
homologous PMTs and KMDs. Furthermore, there are
opportunities to generate new chemical tools such as
biotinylated compounds as affinity ligands based on the highly
potent and selective inhibitors developed recently. These tools
are useful in chemical biology studies such as chemo-
proteomics, Chem-ChlIP, and Chem-Seq.

In this review, we thoroughly covered the discovery,
characterization, and application of selective PMT and KDM
inhibitors for investigating the physiological functions and
disease implications of the target proteins. We highlighted key
advances and discussed challenges, future directions, and
opportunities in the PMT and KDM inhibitor fields. Over
the last 15 years, we have witnessed astonishing growth and
progress in these emerging research fields, culminated by
DOTI1L, EZH2, PRMTS, and LSD1 inhibitors entering clinical
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trials in 2012—2016 for diseases such as leukemia, lymphoma,
and SCLC. We expect that amazing progress and successes will
continue in the very active research fields. We hope that this
review will be a useful resource and inspire new and original
discoveries.
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ABBREVIATIONS

PTMs post translational modifications

DNMTs DNA methyltransferases
HDACs  histone deacetylases
FDA Food and Drug Administration
PMTs protein methyltransferases
HMTs histone methyltransferases
SAM S$-5'-adenosyl-L-methionine
SAH S-5’-adenosyl-L-homocysteine
PKMTs  protein lysine methyltransferases
PRMTs  protein arginine methyltransferases
H3 Histone 3
H4 Histone 4
MMA monomethylation of arginine
sDMA symmetrical monomethylation of arginine
aDMA asymmetrical monomethylation of arginine
H3K4 histone 3, lysine 4
SUV39H1 suppressor of variegation 3—9 homologue 1
EHMT2  euchromatic histone-lysine N-methyltransferase 2
GLP GYa-like protein 1
SETDB1 SET domain, bifurcated 1
PRDM2 PR domain containing 2, with ZNF domain
ETP epidithiodiketopiperazine
DTT dithiothreitol
mES mouse embryonic stem
ES cell embryonic stem cell
HSPCs  hematopoietic stem and progenitor cells
AML acute myeloid leukemia
HTS high-throughput screening
PRMT1  protein arginine methyltransferase 1
MEFs mouse embryonic fibroblasts
ChIP chromatin immunoprecipitation
wt wild-type
ITC isothermal titration calorimetry
DSF differential scanning fluorimetry
GPCRs  G-protein coupled receptors
SPR surface plasmon resonance
PRC2 Polycomb repressive complex 2
EZH1 enhancer of zeste homologue 1
EZH2 enhancer of zeste 2 polycomb repressive complex 2
subunit
SUZ12 suppressor of zeste 12
EED embryonic ectoderm development
DLBCLs diffuse large B-cell lymphomas
SWI/SNF switch/sucrose nonfermentable
MLL mixed lineage leukemia
ALL acute lymphoblastic leukemia
SETD7  SET domain containing (lysine methyltransferase)
7
SMYD SET and MYND domain containing
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MYND

SMYD2
SETD2
HGGs
SETDS8

H4K20me
PCNA
DOTIL
CARM1
GAR
PGM
AMIs
PRMT3
PABPN1
VHL
ARF
DAL-1

ELISA
MS
mESC
SAHH
SPA
HP1
GSEA
MTT

ChIP-chip

LTR
PK
ATM
ATR
SC

v
WDRS
CCR2
CCL2
CCRS
TLC
KDMs
LSD1
KDM2A
FAD
JmjC

SWIRM
AOL
CoREST
NuRDs

CtBPs
ER
STAT3
MAOs
PAO
MSOX

HRP
TR-FRET
NOR

myeloid translocation protein-8, Nervy, and DEAF-
1

SET and MYND domain containing 2

SET domain containing 2

hemispheric high-grade gliomas

SET domain containing (lysine methyltransferase)
8

H4K20 monomethylation

proliferating cell nuclear antigen

disruptor of telomeric silencing 1-like
coactivator-associated arginine methyltransferase 1
glycine and arginine rich

proline-, glycine-, and methionine-rich

arginine methyltransferase inhibitors

protein arginine methyltransferase 3

mammalian nuclear poly(A)-binding protein

von Hippel—Lindau

alternative reading frame

differentially expressed in adenocarcinoma of the
lung-1

enzyme-linked immunosorbent assay

mass spectrometry

mouse embryonic stem cells

SAH hydrolase

scintillation proximity assay

heterochromatin protein 1

gene set enrichment analysis
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide

(chromatin immunoprecipitation—DNA microar-
ray)

long terminal repeat

pharmacokinetic

ataxia telangiectasia mutated

ataxia telangiectasia and Rad3-related
subcutaneous

intravenous

WD repeat-containing protein S

CC chemokine receptor 2

CC chemokine ligand 2

CC chemokine receptor 5

thin layer chromatography

histone demethylases

lysine specific demethylase

lysine demethylase 2A

flavin adenine dinucleotide

Jumonji C

androgen receptor

small a-helical domain

amine oxidase like

corepressor for RE1-silencing transcription factor
nucleosome remodeling and deacetylation com-
plexes

C-terminal binding proteins

estrogen receptor

signal transducer and activator of transcription 3
monoamine oxidases

polyamine oxidase

monomeric sarcosine oxidase

acute promyeloctic leukemia

horseradish peroxide

time-resolved fluorescence energy transfer

novel object recognition

GRP gastrin releasing peptide
GO gene ontology

PDX patient-derived xenograft

MDS myelodysplastic syndromes

DHP 2,5-dihydro-1H-pyrrole

THP 1,2,3,6-tetrahydropyridine

PHD plant homeobox domains
MINAS3 MYC-induced nuclear antigen 53
NO66 nucleolar protein 66

HR hairless

DSBH barrel-like double-stranded f-helix
2-0G 2-oxoglutarate

HIF hypoxia-inducible factor

FIH factor-inhibiting-HIF

2,4-PDCA pyridine-2,4-dicarboxylic acid

PHF plant homeodomain finger

FBXL11 F-box and leucine rich repeat protein 11

HSQC heteronuclear single quantum correlation

TROSY  transverse relaxation enhanced spectroscopy

BMYB Myb-related protein B

PLK1 polo-like kinase 1

DNOC  N-oxalyl-D-cysteine

DTP drug-tolerant state

DTEPs drug-tolerant expanded persister cancer cells

TPR tetratricopeptide repeat

PPB plasma protein binding

UTX ubiquitously transcribed tetratricopeptide repeat X-
chromosome protein

UTYy ubiquitously transcribed tetratricopeptide repeat Y-
chromosome protein
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