
Selective Inhibitors of Protein Methyltransferases
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ABSTRACT: Mounting evidence suggests that protein methyltrans-
ferases (PMTs), which catalyze methylation of histone and nonhistone
proteins, play a crucial role in diverse biological processes and human
diseases. In particular, PMTs have been recognized as major players in
regulating gene expression and chromatin state. PMTs are divided into
two categories: protein lysine methyltransferases (PKMTs) and protein
arginine methyltransferases (PRMTs). There has been a steadily growing
interest in these enzymes as potential therapeutic targets and therefore
discovery of PMT inhibitors has also been pursued increasingly over the
past decade. Here, we present a perspective on selective, small-molecule
inhibitors of PMTs with an emphasis on their discovery, characterization,
and applicability as chemical tools for deciphering the target PMTs’ physiological functions and involvement in human diseases.
We highlight the current state of PMT inhibitors and discuss future directions and opportunities for PMT inhibitor discovery.

■ INTRODUCTION

Even though all nucleated cells contain the same genomic
DNA, multicellular organisms have developed a machinery of
differentiation that maintains unique biological functions of
specific cell types, tissues, and organs. Growing evidence
suggests that gene expression is a key component of cellular
differentiation and is not only controlled by DNA sequence and
transcription factors but also by epigenetic regulation.1

Epigenetics is typically referred to as heritable changes in
gene expression or phenotype without changes in DNA
sequence.2,3

The human genome is encoded in DNA and tightly packed
into 23 pairs of chromosomes that contain repeating
nucleosome units. Each nucleosome consists of eight histone
proteins (two copies of each of four core histones H2A, H2B,
H3, and H4) and the DNA double helix that wraps around the
histone octomer.4,5 Nucleosomes are further condensed to
form chromatin, which can reside in two main conformational
states.6 In the heterochromatin state, nucleosomes are tightly
packed together, and gene transcription is mainly repressed. On
the other hand, in the euchromatin state, nucleosomes are more
loosely packed and accessible, leading to gene expression and
transcription activation. Thus, epigenetic regulation of gene
expression depends on the state of chromatin, which is mainly
controlled by DNA methylation, noncoding RNAs, nucleosome
remodeling histone variants, and post-translational modifica-
tions (PTMs) of histones.7 Histones are small basic proteins
with a flexible and charged N-terminus called histone tails,
which are rich in arginine and lysine residues. PTMs of histones
include, but are not limited to, methylation, acetylation,
phosphorylation, sumoylation, ubiquitination, and glycosyla-
tion.8 The histone code hypothesis9,10 suggests that various
PTMs of histones (often referred as histone marks) would
promote interaction affinities for chromatin-associated proteins

and may act in numerous combinations or successively on the
same or different histone tails, affecting specific cellular
outcomes. 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).
As shown by mounting evidence, dysregulation of gene

expression contributes to many human diseases including
inflammation, brain disorders, metabolic diseases, and cancer,
which can be caused not only by genetic mutations but also by
epigenetic alterations.2,11,12 Given the importance of epigenetic
regulation in cell differentiation, proliferation, development,
and maintaining cell identity, the epigenetic regulatory enzymes
have been increasingly recognized as potential therapeutic
targets. Hence, there is growing interest in the scientific
community to discover and develop selective small-molecule
inhibitors of these enzymes. Such inhibitors would be valuable
chemical tools for investigating biological functions and disease
associations of the target enzymes and for assessing the
potential of these enzymes as therapeutic targets. Recently,
small-molecule inhibitors of DNA methyltransferases
(DNMTs) for the treatment of myelodysplastic syndrome13

and histone deacetylases (HDACs) for the treatment of T-cell
lymphoma14,15 have been approved by the U.S. Food and Drug
Administration (FDA) as the first epigenetic drugs, validating
these epigenetic regulatory enzymes as drug targets. In this
perspective, we focus on selective small-molecule inhibitors of
protein methyltransferases (PMTs), also commonly referred as
histone methyltransferases (HMTs). We describe past and
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Figure 1. (A) Methylation of lysine (K) or arginine (R) residues of proteins by protein methyltransferases (PMTs). (B) Location of known
methylation sites of histone 3 (H3) and histone 4 (H4). SAM, S-5′-adenosyl-L-methionine; SAH, S-5′-adenosyl-L-homocysteine.

Scheme 1. Methylation States of Lysine and Arginine Residues
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present advances on discovering these inhibitors and discuss
future directions for PMT inhibitor discovery.11,12,16−25

■ PROTEIN METHYLATION BY PMTS
Histone methylation by PMTs is one of the most studied post-
translational modifications since it is implicated in hetero-
chromatin formation and maintenance, transcriptional regu-
lation, DNA repair, X-chromosome inactivation, and RNA
maturation.26 In addition to histones, PMTs have been shown
to target many nonhistone proteins.27,28 PMTs (the methyl
writers) catalyze the transfer of the methyl group from the
cofactor S-5′-adenosyl-L-methionine (SAM) to either lysine or
arginine residues of proteins (Figure 1A). Therefore, PMTs are
further divided in two categories: protein lysine methyltrans-
ferases (PKMTs) and protein arginine methyltransferases
(PRMTs). The known methylation sites for histone 3 (H3)
and histone 4 (H4) tails are shown in Figure 1B. Lysine
residues can be mono-, di-, and/or trimethylated by PKMTs,
whereas arginine guanidinium groups can be mono and/or

dimethylated.26 Dimethylation of terminal guanidino nitrogens
followed by monomethylation of arginine (MMA) could be
either asymmetrical on the same nitrogen (aDMA) or
symmetrical on two different guanidino nitrogens (sDMA)
(Scheme 1). Methylation of lysine or arginine residues does not
change the charge of these residues, but it alters the bulkiness
and hydrophobicity of the protein, in turn affecting protein−
protein interactions. In the case of histone lysine and arginine
methylation, each methylation mark on different residues or on
the same residue establishes a specific signal that is recognized
by reader proteins.11

Both PKMTs and PRMTs have a cofactor binding site and a
substrate binding site. Upon activation, these enzymes recruit
lysine or arginine residues of substrate proteins to the substrate
binding pocket and SAM to the cofactor binding site.6 These
two binding sites are linked by a narrow hydrophobic channel
to allow the substrate and cofactor to come into close proximity
to transfer the methyl group from the cofactor SAM via a SN2
transition state to a lysine or arginine residue, releasing the

Table 1. Official and Alternative Gene Namesa

aBased on HGNC (HUGO Gene Nomenclature Committee) database (http://www.ncbi.nlm.nih.gov/gene/). Red indicates the official symbol for
the gene.
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cofactor product S-5′-adenosyl-L-homocysteine (SAH). This
process can be repeated to achieve higher level of methylations
of lysine or arginine residues.

■ PROTEIN LYSINE METHYLTRANSFERASES

All of the known PKMTs, with the exception of DOT1L,
contain a conserved, approximately 130 amino acid long SET
domain.29−31 The SET domain was originally identified in three
Drosophila genes: Su(var.)3-9 (the suppressor of position-effect
variegation 3-9), En(zeste) (an enhancer of the eye color
mutant zeste), and Trithorax (the homeotic gene regulator).29

Therefore, PKMTs can be divided into two classes: SET
domain-containing PKMTs and non-SET domain PKMTs
(DOT1L is the only member of this class). The SET domain
folds into several small β-sheets that surround a knot-like
structure, which brings together the two highly conserved
motifs of the SET domain and forms an active site next to the
SAM binding pocket.32 SET domain-containing PKMTs are
categorized according to similarities in the sequence around the
SET domain and collected under five major families: SUV,
SET1, SET2, EZ, and RIZ.30,33 More recently, an alternative

classification and nomenclature has been suggested34 to give
more generic names to histone modifying enzymes according
to the type of their enzymatic activity and the type of residue(s)
they modify, as these enzymes have also been shown to target
nonhistone proteins. Therefore, PKMTs were divided into
eight major groups: KMT1 (lysine methyltransferases 1) to
KMT8, including SET domain-containing and non-SET
enzymes (e.g., DOT1L is the only member of the KMT4
subfamily). We summarize all of the official gene names and
alternative names that have been used for the enzymes
discussed in this perspective in Table 1. It is worth noting
that the SET domain is not limited to PKMTs. It is also found
in a large number of other eukaryotic proteins and in several
bacterial proteins.35

Histone lysine methylation catalyzed by PKMTs has been
recognized as a major mechanism in regulating gene expression
and transcription.6,36 Depending on the methylation site and
methylation state (e.g., mono-, di-, or trimethylation), histone
lysine methylation can lead to either transcription activation or
repression. For example, H3K4 (histone H3 lysine 4), H3K36,
and H3K79 methylation are generally associated with tran-

Figure 2. Phylogenetic tree of PMTs and known small-molecule inhibitors of PMTs.
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scription activation. On the other hand, H3K9 di- and
trimethylation (H3K9me2 and H3K9me3) and H3K27
trimethylation (H3K27me3) are typically associated with
repression.6,37−39 In the following section, we organize
inhibitors of PKMTs according to their histone methylation
site(s) (Figure 2 and Table 2).

■ INHIBITORS OF PKMTS

Inhibitors of H3K9 Methyltransferases. Methylation of
H3K9 in humans is controlled by PKMTs: SUV39H1
(suppressor of variegation 3-9 homologue 1), SUV39H2, G9a
(euchromatic histone-lysine N-methyltransferase 2 (EHMT2)),

GLP (G9a-like protein 1, also known as EHMT1), SETDB1
(SET domain, bifurcated 1), SETDB2, PRDM2 (PR domain
containing 2, with ZNF domain also referred as RIZ1),
PRDM3, and PRDM16.40 H3K9 dimethylation (H3K9me2)
and trimethylation (H3K9me3) are repressive marks recog-
nized by heterochromatin protein 1 (HP1), which is directly
involved in the formation of transcriptionally silent chroma-
tin.41 Mounting evidence suggests that H3K9 methyltrans-
ferases are implicated in various human diseases.42−48 To date,
selective inhibitors of SUV39H1, G9a, and GLP have been
reported. In the following section, we review the discovery and
biological characterization of these inhibitors.

Table 2. PMTs, Their Substrates,a Known Selective Small-Molecule Inhibitors, and Function(s) or Link(s) to Disease

aOnly selected nonhistone targets and function(s) and link(s) to diseases were included, not a comprehensive list.
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SUV39H1 is the first identified histone lysine methyltransfer-
ase and is the human orthologue of Drosophila Su(var.)3-9 and
Schizosaccharomyces pombe Clr4.49 In this enzyme, the β-sheets
of the SET domain are packed together with pre-SET and post-
SET domains.50 The latter contains three conserved cysteine
residues, which are essential for the enzymatic activity. It has
been clearly shown in mouse models that genome stability
during mammalian development is directly related to
SUV39H1/2-dependent H3K9 methylation at pericentric
heterochromatin.51 It has also been suggested that SUV39H1
and SUV39H2 play a role as tumor suppressors by maintaining
H3K9 methylation at pericentric heterochromatin.52−54 Fur-
thermore, it has been reported that increased metastatic
potential of tumor cells is linked to reduced heterochromatic
accumulation of HP1α.55 Besides heterochromatin silencing,
the SUV39H1−HP1 complex plays a part in repression of
euchromatic genes by retinoblastoma protein (Rb).54 It has also
been shown that the active transcriptional state of NFκB-p65
gene is associated with reduced H3K9 methylation, in part
mediated by SUV39H1.56 Furthermore, in a recent study,
SUV39H1 and SETDB1 expression was upregulated in glioma
cell lines.57

The field of selective PKMT inhibitors was commenced by
the report of the fungal mycotoxin chaetocin (1) (Figure 3) as
the first selective inhibitor of Drosophila Su(var.)3-9 histone
methyltransferase in 2005.58 However, it is still a controversial
subject as to whether chaetocin is a truly selective inhibitor (see
below). Greiner et al. screened a library of 2976 compounds in
a standard radioactive filter-binding assay and found chaetocin,
which is a member in an epidithiodiketopiperazine (ETP)
family of alkaloids, as the most potent inhibitor with an IC50 of
0.6 μM.58 Chaetocin was characterized as a SAM-competitive
inhibitor. Furthermore, inhibition assays were performed in the
presence of increasing concentrations of chemical reductant
dithiothreitol (DTT) to reduce the disulfide bond of chaetocin.
Under these assay conditions, it was found that the inhibition
was maintained and the inhibitory activity was not dependent
on the disulfide functionality. It terms of selectivity, chaetocin
inhibited the human SUV39H1 (IC50 = 0.8 μM), mouse G9a
(IC50 = 2.5 μM), and Neurospora crassa DIM5 (IC50 = 3.0 μM),
but it was less potent for Drosophila E(z)-complex (recombi-

nant protein, IC50 = > 90 μM), SETD8, and SETD7
(bacterially expressed proteins, IC50 = >180 μM). Like other
members of ETPs, chaetocin shows cytotoxicity depending
upon initial cell density. The toxicity of other known ETPs was
due to formation of mixed thiols with cellular protein.59 Greiner
et al. suggested that the toxicity of chaetocin was not caused by
the inhibition of Su(var.)3-9 since the disulfide bond in
chaetocin was not involved in inhibition. In addition, chaetocin
reduced H3K9me2 and H3K9me3 levels in SL-2 Drosophila
tissue culture cells at a low concentration (0.5 μM), but it did
not reduce H3K4, H3K27, H3K36, and H3K79 methylation
levels in these cells. However, the possibility of the Drosophila
orthologue of mammalian G9a being responsible for the
reduced H3K9me2 levels was not ruled out.
Iwasa et al. published the first total synthesis of natural

(+)-chaetocin (1) (Figure 3) and its enantiomer and reported
that both enantiomers inhibited G9a (IC50 = 2.5 and 1.7 μM,
respectively) in 2010.60 Interestingly, the sulfur-deficient
analogue of chaetocin, 2 (Figure 3), and its enantiomer were
inactive against G9a (IC50 > 50 μM). Thus, it was concluded
that the disulfide bridge of chaetocin was crucial for the
inhibitory activity and that G9a was not sensitive to absolute
stereochemistry of chaetocin. More recently, Fujishiro et al.
published their structure−activity relationship (SAR) studies of
chaetocin61 and reported that simple derivatives such as PS-
ETP-1 (3) (Figure 3) were significantly less toxic but effectively
inhibited G9a (IC50 = 5.2 μM). These results suggest that the
dimeric ETP structure is not necessary for G9a inhibition.
In 2013, Cherblanc et al.62 reported that chaetocin inhibits

Su(var.)3-9 in a time-dependent and nonspecific manner via
chemical modification of the enzyme by the disulfide group of
chaetocin, differing from the published findings and conclusions
by Greiner et al. Thus, it has been suggested that chaetocin or
related natural products could not be used as selective chemical
probes of PKMT function. Consistent with the results reported
by Iwasa et al., Cherblanc et al. found that compound 4 (Figure
3), which does not have the bisulfide bridge, was inactive and
that structurally simple ETP compound 5 (Figure 3) had an
inhibitory activity with an IC50 of 3.2 μM. Interestingly, in their
mechanism of action (MOA) studies, chaetocin was not
competitive with SAM. Therefore, it was concluded that any

Figure 3. Structures of (+)-chaetocin and related ETP compounds.
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specific interaction of chaetocin with Su(var.)3-9 was due to the
increased sensitivity of this enzyme to thiol-reactive com-
pounds. These conclusions and suggestions were disputed by
Greiner et al.,63 emphasizing the 30-fold lower potency of
simple ETP compound 5 as well as the differences between the
assay conditions (e.g., preincubation time) of the two studies.
In their following publication, Cherblanc et al. focused on the

inhibitory mechanism of chaetocin on human recombinant
G9a.64 The structurally simple ETP compound 5 (IC50 = 4.9
μM) showed comparable potency as that of chaetocin (IC50 =
2.6 μM). This result, together with the findings by Iwasa et al.,
demonstrated that the disulfide bridge is crucial for the activity
of the inhibitor while the rest of the complex structure is not
essential. Furthermore, in MOA studies, Cherblanc et al. found
that inhibition of G9a by chaetocin is reversible and that activity
of G9a was recovered in the presence of DTT. On the other
hand, in the absence of DTT, inhibition of G9a by chaetocin
was maintained. Therefore, it has been concluded that
chaetocin and related ETP compounds inhibit G9a in vitro
via mixed disulfide linkages formed between cysteine residues
of enzyme and inhibitor. The mechanism of inhibition is
dependent on the assay conditions and incubation time.
Inhibition of the G9a enzymatic activity by structurally

simple ETP compounds, as shown by both Iwasa et al. and
Cherblanc et al., demonstrated that the ETP core,and in turn
the disulfide bridge, is essential for inhibition. These results,
together with the findings from reversibility studies and
denaturing mass spectrometry (MS) studies showing the
involvement of different pre-SET domain cysteines,64 support
the view that chaetocin and related compounds with the thiol-
reactive functionality are unlikely to be suitable for investigating
biological functions of the PKMT(s) of interest as selective
inhibitors. Therefore, results from cellular studies using these
inhibitors should be interpreted with caution.
G9a and GLP are the main methyltransferases that catalyze

mono- and dimethylation of H3K9.65,66 They share 80%
sequence identity in their respective SET domains. It has been
shown that G9a and GLP can form a heterodimer.66 In addition
to H3K9, these enzymes dimethylate many nonhistone
targets,67 including the tumor suppressor p53 at lysine 373.68

G9a is overexpressed in various cancers,45,46,68−70 and knock-
down of G9a inhibits prostate cancer,45 leukemia70 and lung
cancer cell growth.46 In mouse models, significant delays in
acute myeloid leukemia (AML) progression and reduction of
leukemia stem cell frequency were observed with loss of G9a.71

In addition, a recent report suggested that G9a functions as a
coactivator for p21 transcription, leading cells to undergo
apoptosis.72 Involvement of G9a in maintenance of HIV-1
latency,47 cocaine addiction,48,73 and mental retardation74 was
also documented. In addition, G9a has been implicated in stem
cell function, maintenance, differentiation, and reprogram-
ming.75−80 For example, G9a is critical for early mouse
embryonic development and ESC (embryonic stem cell)
differentiation and mediates H3K9me2 patterning during
hematopoietic stem and progenitor cells (HSPCs) lineage
specification.80 Furthermore, it was recently reported that T
cell-intrinsic expression of G9a was required for development of
pathogenic T cells and intestinal inflammation in a colitis
model.81 GLP has been implicated in Kleefstra syndrome,82,83 a
disorder affecting intellectual ability. More recently, GLP was
reported to be an essential lysine methyltransferase in the
PRDM16 (PR domain containing protein 16) transcriptional

complex and controls brown adipose cell fate and energy
homeostasis.84

In 2007, Kubicek et al. reported the first selective small-
molecule inhibitor of G9a and GLP.85 The discovery of this
selective inhibitor was a major advancement in the PKMT
inhibitor field. High-throughput screening (HTS) of ca.
125 000 preselected compounds resulted in two confirmed
hits: compound 6 (BIX-01338), which contains a 2-(N-acyl)-
aminobenzimidazole core, and compound 7 (BIX-01294),
which is a 2,4-diamino-6,7-dimethoxyquinazoline derivative
(Figure 4).85 Both compounds were tested against a panel of

methyltransferases including G9a and GLP along with PRMT1
(protein arginine methyltransferase 1), SETD7, SETDB1, wild-
type (WT) SUV39H1, and a hyperactive SUV39H1 (H320R)
mutant. Compound 6 inhibited all of them in a concentration
range of 5−15 μM; thus, it was not selective. On the other
hand, 7 selectively inhibited G9a (IC50 = 1.7 μM) and GLP
(IC50 = 38 μM) (other enzymes were not inhibited even at 45
μM). It is worth mentioning that the inhibition of GLP by 7
was measured under oversaturated reaction conditions where
almost all of the substrate transformed to H3K9me3, whereas
G9a inhibiton was assayed under linear reaction conditions.86

In another study, 7 was reported to be slightly more potent for
GLP (IC50 = 0.7 μM) than G9a (IC50 = 1.9 μM) when using
the same linear assay conditions for both enzymes.86 Initial
mechanistic studies showed that 7 did not inhibited G9a in a
SAM-competitive manner.85 Chang et al. obtained a crystal
structure of the GLP SET domain in complex with 7 and SAH,
which reveals that inhibitor 7 binds to the substrate binding
groove of GLP (Figure 5).86

Inhibitor 7 was also characterized in multiple cell-based
assays. In mouse ESCs, 7 at 4.1 μM reduced global levels of

Figure 4. Structures of inhibitors 6 and 7.

Figure 5. X-ray co-crystal structure of the GLP−7 complex (PDB
code: 3FPD). Protein residues, gray colored stick models; inhibitor,
green colored stick model; and hydrogen bonds, red dashed line.
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H3K9me2, increased unmodified H3K9, and did not change
the H3K9me1 and H3K9me3 marks.86 In addition, H3K27,
H3K36, and H4K20 methylation marks were unaffected.
Similar effects on the reduction of H3K9me2 global levels
were observed in mouse embryonic fibroblast (MEF) and
human HeLa cells. Furthermore, effects of 7 on the reduction
of H3K9me2 at promoters of G9a target genes were
investigated using chromatin immunoprecipitation (ChIP).
Treatment of WT mouse ES cells (embryonic stem cells)
with 7 (at 4.1 μM for 2 days) reduced the H3K9me2 mark at
promoters of G9a target genes mage-a2, Bmi1, and Serac1. On
the other hand, compound 7 did not affect the H3K9me2 mark
at promoters of G9a nonresponsive genes such as Mage-b4 and
tubulin. It is worth noting that 7 was toxic at concentrations
above 4.1 μM in cellular assays. Taken together, these results
demonstrated that compound 7 is the first selective small-
molecule inhibitor of G9a and GLP and that it is competitive
with the peptide substrate and selectively reduces the
H3K9me2 mark in cells.
In 2009, Liu et al. discovered compound 8 (UNC0224) as a

potent and selective inhibitor of G9a and GLP by studying SAR
of the 2,4-diaminoquinazoline scaffold represented by 7
(Figures 6 and 7).87 After establishing initial SAR for the 2-

and 4-amino regions, compound 8 was designed and
synthesized on the basis of the crystal structure of the GLP−
7 complex.86 In particular, the 7-dimethylaminopropoxy group
of 8 was designed to occupy the lysine binding channel, which
was not occupied by 7. As expected, 8 was more potent than 7
in multiple biochemical and biophysical assays including
isothermal titration calorimetry (ITC) with a Kd (dissociation
constant) of 23 ± 8 nM. It was more than 1000-fold selective
for G9a and GLP over SETD7 and SETD8 and also selective

against a broad range of G-protein coupled receptors (GPCRs),
ion channels, and transporters. A high0resolution (1.7 Å) X-ray
crystal structure of the G9a−8 complex confirmed the
occupation of the G9a lysine binding channel by the 7-
dimethylaminopropoxy group (Figure 6). The co-crystal
structure also reveals that (1) the secondary amine at the 4-
position forms a hydrogen bond with Asp1083, (2) the distal
N-methyl group off the piperidine group is solvent-exposed,
and (3) the 7-dimethylaminopropoxy group does not fully
occupy the lysine channel (Figure 6). On the basis of these
structural insights, Liu et al. further explored the 7-aminoalkoxy
group and discovered 9 (UNC0321), which has a longer
ethoxyethyl chain instead of the 3-carbon chain of 8 (Figure
7).88 Compound 9 has been the most potent G9a inhibitor to
date with a Morrison Ki of 63 pM and was 40- and 250-fold
more potent than 8 and 7, respectively. Additionally, it had high
potency for GLP and showed a similar selectivity profile as that
of 8.
In 2010, Chang et al. published their G9a and GLP inhibitor

10 (E72) (Figure 8) by adding a lysine mimic to the
quinazoline scaffold based on the crystal structure of the
GLP−7 complex.89 This strategy is similar to the one used for
discovering 8. Compound 10 had a Kd of ca. 136 nM and an
IC50 of 100 nM for GLP. It was also potent for G9a but
selective over SUV39H2. Compound 10 reactivated K-ras-
mediated epigenetic silencing of the proapototic Fas gene in
NIH 3T3 cells with modest potency and was less cytotoxic
compared to that of 7, which could be due to its high polarity
and thus low cell membrane permeability.
Similarly, the relatively high polarity and poor cell membrane

permeability were likely key contributors to the poor cellular
potency of 9 even though 9 was significantly more potent than
7 in biochemical assays.90 Therefore, Liu et al. further
optimized the quinazoline scaffold to simultaneously improve
physicochemical properties and maintain in vitro potency.90

From these studies, the G9a and GLP cellular chemical probe
11 (UNC0638)91 (Figure 8), along with several back-up probes
including UNC0646 and UNC0631,90 was discovered (Figure
8). Chemical probe 11 had high in vitro potency for G9a (IC50
< 15 nM) and GLP (IC50 = 19 nM) in multiple biochemical
assays.91 In MOA studies, 11 was competitive with the peptide
substrate (Ki = 3.0 ± 0.05 nM) and noncompetitive with SAM.
The high binding affinity was confirmed in biophysical assays
such as differential scanning fluorimetry (DSF) and surface
plasmon resonance (SPR). The X-ray crystal structure of G9a
in complex with 11 and SAH clearly shows that this inhibitor
occupies the substrate binding groove and does not interact
with the SAM binding pocket, thus confirming its mechanism
of action. Major interactions of 11 in the G9a co-crystal
structure are in good agreement with the ones of 8 (Figure 9).

Figure 6. X-ray co-crystal structure of G9a−8 complex (PDB code:
3K5K). Inhibitor is shown as green colored stick model, and a
fragment of the histone peptide (magenta) is transposed into this
crystal structure to illustrate the lysine binding channel.

Figure 7. Structures of G9a and GLP inhibitors 8 and 9.
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A high-quality chemical probe should have (1) an excellent
and well-characterized selectivity profile and (2) robust on-
target activities in cells.92−94 Therefore, 11 was characterized in
a broad range of epigenetic and nonepigenetic targets.91 It was
more than 200-fold selective for G9a and GLP over 16 other
methyltransferases and epigenetic targets including SUV39H1,
SUV39H2, EZH2, SETD7, MLL, SMYD3, SETD8, DOT1L,
PRDM1, PRDM10, PRDM12, PRMT1, PRMT3, histone
acetyltransferase HTATIP, Jimonji demethylase JMJD2E, and
DNA methyltransferase DNMT1. It was also at least 100-fold
selective over more than 80 GPCRs, kinases, ion channels, and
transporters. Using an in-cell western assay, Vedadi et al.
showed that 11 (IC50 = 81 ± 9 nM) was more potent and
efficacious than 7 (IC50 = 500 ± 43 nM) at reducing global
levels of H3K9me2 in MDA-MB-231 cells, a human breast
carcinoma cell line.91 G9a protein and mRNA levels were not
affected during compound 11 treatment, suggesting that the
reduction of H3K9me2 results from inhibition of enzymatic

function, not from changes in protein abundance. In a standard
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay, 11 (EC50 = 11 000 ± 710 nM) was found to
be significantly less toxic than 7 (EC50 = 2700 ± 76 nM) in
MDA-MB-231 cells. Thus, 11 has an excellent separation of
functional potency and cell toxicity with a function/toxicity
ratio of 138, whereas 7 has a relatively poor separation of
functional potency and cell toxicity with a function/toxicity
ratio of 5.6. Compound 11 also exhibits a good separation of
functional potency and cell toxicity in seven other tumor and
normal cell lines. The effect of 11 on cellular levels of
H3K9me2 was confirmed using quantitative MS-based
proteomics. In the same study, the effect of 11 on cellular
levels of other 20 common histone modifications was also
assessed. With the exception of H3K14ac, 11 did not
significantly change the other histone marks, suggesting that
cellular actions of 11 are specific and that there is a possible
cross-talk between H3K9me2 and H3K14ac. In addition, 11
reduced the H3K9me2 mark at promoters of G9a target genes
MAGEA1, TBC1D5, and MAGEA2 and had no effect on
H3K9me2 at the promoter of the G9a nonresponsive gene
MAGEB4 in ChIP−chip (chromatin immunoprecipitation−
DNA microarray) studies. Furthermore, 11 reactivated a silent
retroviral vector and G9a target genes in mES cells. It also
reduced the H3K9me2 mark at promoters of those genes and
the retroviral long terminal repeat (LTR) region and indirectly
induced DNA hypomethylation in mES cells. Taken together,
these results demonstrated that 11 is a highly selective inhibitor
of G9a and GLP and has robust on-target activities in cells.
In terms of phenotypic effects, 11 reduced clonogenecity in

MCF7 cells, but it had no effect on clonogenicity in MDA-MB-
231 cells, suggesting different phenotypic effects depending
upon cell types and/or epigenetic states.91 In addition, it was
recently reported that 11 significantly suppressed the growth of
primary human acute myeloid leukemia (AML) cells by
inducing leukemia stem cell differentiation.71 Effects of 11
phenocopied those observed in mouse AML cells that lack G9a.

Figure 8. Structures of G9a and GLP inhibitors 10−12 and their analogues.

Figure 9. Overlay of the X-ray co-crystal structure of G9a−8 complex
(PDB code: 3K5K) with the one of the G9a−11 complex (PDB code:
3RJW). Inhibitor 8, green colored stick model; inhibitor 11, red
colored stick model. A fragment of the histone peptide (magenta) was
transposed into the crystal structures to illustrate the lysine binding
channel.
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Mechanistically, it was found that the methyltransferase activity
of G9a and its interaction with the leukemogenic transcription
factor HoxA9 regulate fast proliferating myeloid progenitors.
These results highlight a clinical potential of G9a inhibition as a
means to block the proliferation and self-renewal of AML cells
by attenuating HoxA9-dependent transcription. Furthermore, it
was recently reported that 11 induced differentiation of wild-
type T cells into regulatory T cells and Th17 cells,81 and adult
hematopoietic stem cells continuously treated with 11 retained
stem cell-like phenotypes and function better than the those
that are untreated during in vitro expansion.80

While compound 11 is an excellent chemical probe92,94 of
G9a and GLP for cell-based studies as discussed, it displayed
poor in vivo pharmacokinetic (PK) properties and con-
sequently is not suitable for animal studies.91 To achieve an
in vivo chemical probe that is suitable for animal studies, Liu et
al. further optimized compound 11 and discovered 12
(UNC0642) as the first in vivo chemical probe of G9a and
GLP (Figure 8).95 Compound 12 has high in vitro potencies
for both G9a and GLP (IC50 < 2.5 nM) and is a substrate
competitive inhibitor with a Ki of 3.7 ± 1 nM. It is 2000-fold
selective for G9a and GLP over PCR2-EZH2 and >20 000-fold
selective over 13 other methyltransferases (SUV39H2, MLL1,
SETDB1, SETD7, SETD8, PRMT3, PRMT5, SMYD2,
SMYD3, SUV420H1, SUV420H2, DOT1L, and DNMT1). It
was tested against a broad panel of 50 kinases and 44 GPCRs,
transporters, and ion channel. With the exception of the
histamine H3 receptor, 12 is more than 300-fold selective for
G9a and GLP over these nonepigenetic targets. Similar to 11, it
displayed high potency at reducing the H3K9me2 mark and
low cell toxicity in a number of tumor and normal cell lines. It
also reduced clonogenicity in PANC-1 cells (a human
pancreatic epithelioid carcinoma cell line). Importantly, 12
displayed much improved exposure in plasma compared to that
of 11 in mouse PK studies, making it suitable for animal studies
as an in vivo chemical probe of G9a and GLP. More recently, a
biotinylated derivative of probe 11, compound 13 (UNC0965)
was also designed and synthesized (Figure 10).96 This new

derivative retained high in vitro potency for G9a and was active
in cellular assays. Konze et al. have shown that 13 can
selectively precipitate G9a from whole-cell lysates (chemipre-
cipitation) and is an effective chemical tool for exploring the
localization of G9a on chromatin both in vitro and in vivo in
chem−ChIP studies.96

In 2012, Yuan et al. reported the discovery of 14 (BRD4770,
Figure 11)97 by synthesizing a focused library of 2-substituted
benzimidazoles to mimic SAM based on compound 6 (Figure
4), a SAM-competitive but nonselective inhibitor of PKMTs.85

Compound 14 is the methyl ester of its carboxylic acid

derivative 15 (BRD9539) for cell-based studies (Figure 11).97

Compound 15 inhibited G9a with an IC50 of 6.3 μM and was
selective for G9a over SUV39H1, SUV39H2, MLL1, SETD7,
SETD8, PRMT1, PRMT3, PRMT5, DNMT1, and HDAC1−9.
However, it also inhibited PRC2−EZH2 with a similar potency
and NSD1 only at 40 μM. The potency of carboxylic acid 15
against GLP was not reported; thus, it is not clear whether 15 is
a pan G9a and GLP inhibitor. Inhibition of G9a by 15
decreased with increased concentrations of SAM. Therefore, it
was suggested that 15 is a SAM-competitive inhibitor.
Methyl ester 14 at 10 μM significantly reduced cellular levels

of H3K9me2 and H3K9me3 and increased cellular levels of
H3K9me1.97 Interestingly, cellular levels of H3K27me3 were
unaltered during compound 14 treatment, suggesting that 14
did not inhibit PRC2−EZH2 in cells. The caspase3/7 activity,
as a measure of cell apoptosis, was also assessed. Methyl ester
14 did not induce caspase activity in PANC-1 cells even after
72 h treatment, whereas inhibitor 7 increased caspase activity
after only 24 h, suggesting that 14 has low cell toxicity.
Compound 14 treated PANC-1 cells showed enlarged and
flattened cell morphology with increased senescence-associated
β-galactosidase staining. The total number of cells as well as
clonogenicity was reduced after 72 h of treatment with the
inhibitor. Mechanistically, increase in phosphorylation of ATM
(ataxia telangiectasia mutated) and nuclear translocation of
phosphorylated ATM after the treatment with compound 14
were observed, whereas ATR (ataxia telangiectasia and Rad3-
related) was not activated. G9a knockdown also resulted in
similar effects on ATM and ATR. It was therefore suggested
that 14 causes cellular senescence similar to that resulting from
activation of phosphorylation of ATM by HDAC inhibitors.
In 2014, Sweis et al. reported the discovery of a potent G9a

(IC50 = 3.3 nM) and GLP (IC50 = 38 nM) inhibitor 16 (A-366,
Figure 11).98 This inhibitor contains a new spiro(cyclobutane-
1,3′-indol)-2′-amine core and is selective for G9a and GLP over
other methyltransferases including SUV39H2, MLL1, SETDB1,
SETD7, SETD8, PRMTs (1, 3, 5, 6 and 8), SMYD2, SMYD3,
EZH1, EZH2, SUV420H1, SUV420H2, and DNMT1. MOA
studies of 16 showed noncompetitive inhibition with respect to
SAM but competitive inhibition with the peptide substrate.
This finding is confirmed by the X-ray crystal structure of G9a
in complex with 16. This co-crystal structure reveals hydrogen-
bonding interactions with Asp1074 and Asp1078, and the 7-
aminopropoxy group interacts the lysine binding channel,
similar to that of 8 and 11 interacting with G9a (Figure 12). In
a human prostate cancer cell line, PC3, after treatment for 72 h
with compound 16 at 3 μM, cellular levels of H3K9me2 were
reduced by about 50%, whereas other histone marks, such as
H3K27me3 and H3K36me2, were not affected.

Inhibitors of H3K27 Methyltransferases. Polycomb
repressive complex 2 (PRC2) is the multisubunit protein
complex that catalyzes methylation of H3K27.99−104 The main
biological function of PRC2 is transcriptional silencing of genes

Figure 10. Structure of the biotinylated G9a inhibitor 13.

Figure 11. Structures of compounds 14−16.
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involved in differentiation and development via trimethylation
of H3K27.102 PRC2 is a crucial chromatin-modifying complex
that is conserved from Drosophila to humans,99 and the core
PRC2 complex includes four subunits: EZH1 (enhancer of
zeste homologue 1, also known as KMT6B) or EZH2
(enhancer of zeste 2 polycomb repressive complex 2 subunit,
also known as KMT6A), SUZ12 (suppressor of zeste 12), EED
(embryonic ectoderm development), and histone binding
proteins RbAp46/48. EZH1 or EZH2 is the catalytic subunit
of the complex, and its C-terminal SET domain is essential for
the methyltransferase activity.100,104,105 EZH1 and EZH2 are
highly homologous, with 76% overall sequence identity and
96% sequence identity in their SET domains.106 However,
EZH1 and EZH2 have different expression patterns. While the
former is present in both dividing and differentiated cells, the
latter is found only in actively dividing cells.102,107 Furthermore,
PRC2 complex-containing EZH1 (PRC2−EZH1) has lower
methyltransferase activity as compared to that of PRC2
complex-containing EZH2 (PRC2−EZH2).107 Nevertheless,
both of these complexes are involved in the maintenance of
H3K27 methylation in cells.102,107,108 Methylation of H3K27
occurs successively to give the H3K27me3 mark, which is a
well-known repressive mark.102,109

Even though EZH2 is the catalytic subunit of PRC2−EZH2,
it does not have enzymatic activity on its own and needs at least
two other subunits (EED and SUZ12) to gain the
methyltransferase activity.110−112 It has recently been shown
that PRC2 can contain several other protein subunits such as
AEBP2, PCLs, and JARID2.113−116 Point mutations at tyrosine
641 (Y641) in the C-terminal SET domain of EZH2 have been
identified.117 These mutants including Y641F, Y641N, Y641S,
Y641H, and Y641C were observed in 7% of follicular
lymphomas and 22% of germinal center B-cell (GCB) and
diffuse large B-cell lymphomas (DLBCLs).117−119 These gain-
of-function Y641 mutations prefer H3K27me2 as the substrate,
resulting in enhanced enzymatic activity for trimethylation of
H3K27.120,121 In contrast, wild-type EZH2 has a substrate
preference for unmethylated H3K27.120,121 Thus, wild-type
EZH2 and the Y641 mutant work cooperatively, leading to
increased levels of H3K27me3 in tumor tissues. Recently, a new
EZH2 mutation, A677G, was identified in lymphoma cell lines
and primary tumor specimens.122 Interestingly, the A677G
mutant has no substrate preference among unmethylated
H3K27, H3K27me1, and H3K27me2. Overexpression of
EZH2 and/or hypertrimethylation of H3K27 have been
associated with a number of human cancers,123−125 such as
breast,126 prostate,127 lymphoma,128 and leukemia.129

In 2012, Knutson et al. reported the first selective small-
molecule inhibitor of EZH2.130 This discovery was a major
milestone in the PKMT inhibitor field. HTS of a 175 000-

compound diversity library led to the identification of
compound 17 (IC50 = 620 nM) as a tractable hit (Figure
13). Compound 18 (EPZ005687, Figure 13) (IC50 = 54 ± 5

nM) was discovered by optimization of this hit including (1)
addition of an amine functionality at the 4-position of the
phenyl ring, (2) change of the 5,6-fused pyrrazolapyridine to
the indozole, and (3) introduction of a larger lipophilic group at
the indazole nitrogen (Figure 13).130

Michaelis−Menten kinetic studies indicated that this
inhibitor was competitive with SAM with a Ki of 24 ± 7 nM
and noncompetitive with the peptide substrate.130 It was
previously reported that the cofactor product SAH inhibited
EZH2 in a SAM-competitive manner.131 Yonetani−Theorell
analysis132 displayed that 18 and SAH were mutually exclusive
inhibitors of PRC2. Therefore, with this indirect evidence,
binding of 18 in the EZH2 SAM pocket has been suggested.
Compound 18 was more than 500-fold selective for PRC2−
EZH2 over 14 other methyltransferases, including G9a, GLP,
SETD7, SMYD2, SMYD3, WHSC1L1, MMSET, PRMTs (1, 3,
4, 5, 6, and 8), and DOT1L. Interestingly, 18 was about 50-fold
selective for PRC2−EZH2 over PRC2−EZH1. It also displayed
similar potencies for EZH2 Y641 mutants (Y641N, F, S, H, and
C) compared to that for wild-type EZH2. On the other hand,
18 was approximately 5-fold more potent for the A677G
mutant than that for wild-type EZH2. In addition, 18 showed
no significant inhibition at 10 μM against most of the 77
GPCRs and ion channels tested (hit only 4 targets with the
lowest extrapolated IC50 of 1.5 μM, corresponding to more
than 60-fold selectivity).
In OCI-LY19 cells, a wild-type EZH2 lymphoma cell line, 18

reduced H3K27me3 levels with an IC50 of 80 ± 30 nM.130

H3K27me3 and H3K27me2 were the only major PTMs that
were significantly changed (a slight increase in H3K27Ac was
also observed). Similarly, this inhibitor significantly reduced the
H3K27me3 mark in WSU-DLCL2 cells, a lymphoma cell line
harboring the Y641F mutant. Although 18 did not affect the
growth of OCI-LY19 cells (with wild-type EZH2), it
significantly inhibited the growth of WSU-DLCL2 (with
EZH2Y641F mutant) and Pfeiffer (with EZH2A677G mutant)
cells with a delayed onset of activity. These results suggest that
hypertrimethylation of H3K27 is essential for proliferation and
survival of lymphoma cells harboring EZH2 mutants. In
addition, gene set enrichment analysis (GSEA) studies showed
that inhibition of EZH2 by 18 in WSU-DLCL2 cells resulted in
derepression of known EZH2 target genes. Taken together,
these results have demonstrated that 18 is a potent and
selective inhibitor of EZH2 and that it is competitive with SAM
and engages in the target in cells.

Figure 12. X-ray co-crystal structure of the G9a−16 complex (PDB
code: 4NVQ).

Figure 13. Structures of EZH2 inhibitors 17 and 18.
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Shortly after the publication of inhibitor 18, McCabe et al.
reported another selective EZH2 inhibitor, 19 (GSK126, Figure
14),133 which shares the core scaffold with 18. HTS of the
corporate compound collection resulted in the identification of
a small-molecule inhibitor (Ki

app = 700 nM) as a hit.134

Optimization of this hit led to the discovery of 19133 along with
several other potent EZH2 inhibitors including GSK343106 and
GSK503135 (Figure 14) with the same core template.
Compound 19 contains the same pyridone group as 18 but
has an indole group instead of the indazole group of 18 (Figure
13).
Compound 19 potently inhibited both wild-type and mutant

EZH2 with Ki
app of 0.5−3 nM.133 It was competitive with the

cofactor SAM and noncompetitive with peptide substrates. It
was more than 1000-fold selective for EZH2 over 20 other
methyltransferases including G9a, SUV39H1, SUV39H2,
MLL1−4, SETD8, SETD7, SMYD2, MMSET, SETMAR,
PRMTs (1, 3, 4, 5, and 6), DOT1L, DNMT3a, and
DNMT3b. It was also more than 150-fold selective for EZH2
over EZH1. Additionally, 19 showed no significant inhibition
against a broad panel of kinases, GPCRs, ion channels, and
transporters as well as other chromatin-modifying enzymes
such as HDAC1−11, JMJD2d, JMJD3, and LSD1.
McCabe et al. also investigated the effect of 19 on cell

proliferation in a panel of B-cell lymphoma cell lines and found
that six of the seven most sensitive DLBCL cell lines harbored
Y641N, Y641F, or A677G mutations, whereas most of the
insensitive DLBCL cells in the panel had no mutations.133

These results suggest that the growth of DLBCL cells harboring
the gain-of-function mutations is dependent on PRC2−EZH2
methyltransferase activity. The timing of 19-induced effects on
the proliferation and cell death was also studied in two of the
most sensitive DLBCL cell lines: Pfeiffer (with A677G
mutation) and KARPAS-422 (with Y641N mutation). In
Pfeiffer cells, 19 displayed a relatively fast onset of activity.
Inhibition of cell proliferation by 19 was started after 2 days,

and a clear decrease in cell number was observed after 3 days.
The observed cell death was attributed to caspase-mediated
apoptosis. On the other hand, 19 exhibited a delayed onset of
activity in KARPAS-422 cells. Six to seven days were required
to reach the maximal potency in inhibiting the growth of these
cells. Mechanistically, a mainly cytostatic effect was observed in
KARPAS-422 cells with minimal caspase activity. In addition,
the effect of 19 on gene expression in DLBCL cell lines was
examined. The treatment with 19 led to clear transcriptional
activation in the most sensitive DLBCL cell lines. The gene
expression changes caused by EZH2 inhibition via 19 versus
EZH2 knockdown via shRNA were very similar in both Pfeiffer
and KARPAS-422 cell lines, suggesting that the observed effects
were due to on-target activity of the inhibitor. The ChIP-seq
(chromatin immunoprecipitation followed by sequencing)
analysis for the three most sensitive cell lines, Pfeiffer, WSU-
DLCL2 (harboring Y641F), and KARPAS-422, showed that the
genes upregulated in response to compound 19 treatment
displayed enrichment in H3K27me3 before treatment,
suggesting that the EZH2 target genes are transcriptionally
repressed by the H3K27me3 mark.
Furthermore, 19 was efficacious in KARPAS-422 and Pfeiffer

tumor xenograft mouse models.133 In particular, intraperitoneal
(IP) administration of 19 at 50 mg/kg once daily, 150 mg/kg
once daily, or 300 mg/kg twice per week for 35 days resulted in
a drastic reduction in tumor volume and a marked improve-
ment in survival in the more aggressive KARPAS-422 xenograft
model. After the treatment with 19 was stopped, tumor stasis
was seen in the 50 mg/kg once daily group, whereas complete
tumor eradication had been observed in the 150 mg/kg once
daily and 300 mg/kg twice per week groups for 25 days. A
dose-dependent decrease in the H3K27me3 mark and an
increase in expression of EZH2 target genes were observed in
both xenograft mouse models. Compound 19 was well-
tolerated at the doses and schedules used in these mouse
models. In summary, 19 is a highly potent and selective EZH2

Figure 14. Structures of EZH2 inhibitors 19 and 20 and their analogues.
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inhibitor, has robust on-target activity in cells, and is efficacious
in multiple cell-based and in vivo models. Importantly, 19 has
been advanced into phase 1 clinical trials for the treatment of
GCB-DLBCL.136

Shortly after inhibitors 18 and 19 were published, Qi et al.
reported 20 (EI1, Figure 14),137 a selective EZH2 inhibitor,
which shares the same pyridone and indole/indazole core with
inhibitors 18 and 19. Compound 20 potently inhibited the
wild-type EZH2 and Y641F mutant with IC50’s of 15 ± 2 and
13 ± 3 nM, respectively. It was competitive with the cofactor
SAM with a Ki of 13 ± 3 nM calculated by using Cheng−
Prusoff equation. Compound 20 was more than 10 000-fold
selective for EZH2 over 10 other PMTs including G9a,
SUV39H2, MLL, SETD2, SETD7, SETD8, SMYD2,
WHSC1L1, CARM1, and DOT1L and was also about 90-
fold selective for EZH2 over EZH1.
The effect of 20 on DLBCL cell lines harboring EZH2 gain-

of-function mutations (Y641F and Y641N) and a rhabdoid
tumor cell line G4001 (with wild-type EZH2) was inves-
tigated.137 20 concentration-dependently decreased cellular
levels of H3K27me3 and H3K27me2, but it did not affect
H3K27me1 and other di- and trimethylation marks on H3K4,
H3K9, H3K36, and H3K79, suggesting that the cellular action
of 20 is specific. This inhibitor activated p16, a well-
characterized target gene of EZH2. The expression levels of
p16 were increased 20-fold after 5 days of treatment with 20.
Furthermore, ChIP experiments revealed that both H3K27me3
and EZH2 were enriched at the p16 promoter, but upon the
treatment with 20, the H3K27me3 mark was drastically
reduced at the p16 promoter, whereas EZH2 levels were not
changed, suggesting that p16 expression was activated by the
suppression of the H3K27me3 mark but not by EZH2
occupancy at the promoter. Moreover, similar to 18 and 19,
compound 20 strongly inhibited the proliferation of DLBCL
cell lines (WSU-DLCL2, SU-DHL6, KARPAS-422, DB, SU-
DHL4) harboring EZH2 gain-of-function mutants. On the
other hand, the proliferation of DLBCL cell lines (OCI-LY19,
GA10, and Toledo) with wild-type EZH2 was not or was only
weakly inhibited by 20. In addition, Qi et al. found that
inhibition of EZH2 by 20 significantly blocked cell cycle

progression and induced apoptosis in DLBCL cell lines
harboring EZH2 mutants. The time-dependent gene expression
changes in KARPAS-422 (EZH2Y641N) cells suggest that the
reduction of H3K27me3 at the gene promoters is associated
with 20-dependent transcriptional upregulation.
In 2013, Konze et al. reported an orally bioavailable chemical

probe of EZH2 and EZH1, 21 (UNC1999, Figure 15).138

Docking of 18 into an EZH2 homology model built on the
basis of the X-ray crystal structure of GLP suggested that the
morpholinomethyl group was solvent-exposed. Konze et al.
therefore explored this region to improve physicochemical
properties of this chemical series. From this study, 21 was
discovered as a chemical probe of EZH2 and EZH1. It
displayed high in vitro potency for EZH2 (IC50 < 10 nM) and
possessed more desirable lipophilicity (clogP = 3.1) compared
with that of 18 and 19. In MOA studies, 21 was competitive
with SAM with a Ki of 4.6 ± 0.8 nM and noncompetitive with
the peptide substrate. It was also highly potent for Y641
mutants (F and N). Importantly, 21 was more than 10 000-fold
selective for EZH2 over 15 other methyltransferases including
G9a, GLP, SUV39H2, SUV420H1, SUV420H2, MLL1,
SETDB1, SETD7, SETD8, SMYD2, PRMTs (1, 3, and 5),
DOT1L, and DNMT1. Interestingly, unlike the EZH2
inhibitors discussed earlier, 21 was only about 10−15-fold
selective for EZH2 over EZH1. Thus, it would be a useful tool
in cellular and disease settings where the H3K27 methylation
by PRC2−EZH2 is compensated by PRC2−EZH1. In addition,
21 was highly selective over a broad panel of more than 90
kinases, GPCRs, transporters, and ion channels, with the
exception of sigma2. Inhibitor 21 reduced H3K27me3 levels
with an IC50 of 124 ± 11 nM in MCF10A cells and exhibited
low cell toxicity (EC50 = 19 200 ± 1200 nM).138 Thus, 21 had
an excellent separation of cellular potency and toxicity, with a
function-to-toxicity ratio of more than 150. In addition, 21 at
5000 nM for 72 h did not significantly change EZH2 protein
levels in MCF7 cells even though the H3K27me3 mark was
completely removed. Furthermore, 21 concentration-depend-
ently inhibited the proliferation of DB cells, a DLBCL cell line
harboring the EZH2Y641N mutant. DB cells were killed
completely by the treatment with 5000 nM 21. Consistent

Figure 15. Structures of EZH2 and EZH1 inhibitor 21 and 21-based tool compounds.
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with the results generated in MCF7 cells, 21 at 3000 nM for 72
h significantly reduced H3K27me3 levels in DB cells and did
not affect EZH2 protein levels. Importantly, 21 was orally
bioavailable, likely due to its improved physicochemical
properties. A single 50 mg/kg oral dose of 21 attained good
plasma exposure levels and high Cmax of 4700 nM in Swiss
albino mice. In summary, compound 21 is a potent and
selective inhibitor of EZH2 and EZH1, is competitive with
SAM, has robust on-target activity in cells, and is orally
bioavailable, making it a valuable tool for assessing in vivo
efficacy and potential toxicity of dual inhibition of EZH2 and
EZH1 in chronic animal studies.
Konze et al. also developed a number of inhibitor 21-based

tool compounds.138 First, UNC2400 (Figure 15), which is a
dimethylated analogue, was designed and synthesized as a
negative control for cell-based studies.138 Even though this
dimethylated derivative is structurally very similar to 21, it was
more than 1000-fold less potent for EZH2 than 21 in
biochemical assays, did not affect H3K27me3 levels in cells,
and displayed similar (low) cell toxicity as that of 21. Second,
UNC2399 (Figure 15), a biotinylated derivative of 21, was
designed and synthesized for chem−ChIP and chemo-
proteomics studies.96 This tool compound displayed high in
vitro potency for EZH2 (IC50 = 17 ± 2 nM) and can selectively
pull down EZH2 from whole-cell lysates. Third, UNC2239
(Figure 15), a cell-penetrant dye conjugate of 21, was
developed for live cell imaging studies.138 This conjugate also
exhibited high in vitro potency for EZH2 (IC50 = 21 ± 1 nM)
and has been used for nuclear colocalization studies in live cells.
Shortly after the publication of inhibitor 21, Knutson et al.

reported an orally active EZH2 inhibitor, 22 (EPZ-6438, Figure
16), which has better potency and pharmacokinetic properties
than that of their early compound 18.139 Inhibitor 22 contains
the same pyridone core as other EZH2 inhibitors discussed
earlier, but it does not have the indole/indazole motif. It
displayed high in vitro potency for wild-type EZH2 (Ki = 2.5 ±
0.5 nM) as well as EZH2 Y641F, C, H, N, and S and A677G
mutants. In MOA studies, 22 was competitive with SAM and
noncompetitive with the peptide substrate. It was around 35-
fold selective for EZH2 over EZH1 and more than 4500-fold
selective for EZH2 over 14 other PTMs including G9a, GLP,
SETD7, SMYD2, SMYD3, MMSET, WHSC1L1, PRMTs (1, 3,
4, 5, 6, and 8), and DOT1L.
Specific inactivating mutations in subunits of the chromatin

remodeling complex SWI/SNF (switch/sucrose nonferment-
able) have been found in human cancers.140 One of such
example is the SMARCB1 subunit that is inactivated in nearly
all malignant rhabdoid tumors (MRTs), one of the most
common malignancies in pediatric oncology. It has been shown

that EZH2 expression is higher in SMARCB1-deficient
tumors.139,141 Inhibitor 22 showed a concentration-dependent
reduction of global levels of H3K27me3 as well as H3K27me2
and H3K27me1, but it did not affect other H3 PTMs (K4me3,
K9me3, K36me2, K79me2, and K27ac) in SMARCB1-deficient
MRT cells (G401).139 The treatment of G401 cells with 22
caused antiproliferative effects with nanomolar potency and
reached the maximal activity at day 14. On the other hand, 22
did not suppress proliferation of RD cells, which contain wild-
type SMARCB1. Furthermore, the treatment of G401 cells with
22 induced G1 arrest at day 7 and apoptosis at day 11, whereas
this inhibitor did not affect cell cycle or induce apoptosis in RD
cells. These results suggest that the proliferation of SMARCB1-
deficient MRT cells such as G401 cells is dependent on
overexpression of EZH2 and hypertrimethylation of H3K27
and that EZH2 inhibitors are effective at blocking the
proliferation of these aggressive tumor cells. Importantly, 22
(twice daily oral dosing at 250 or 500 mg/kg for 28 days)
completely eliminated G401 xenografts in SCID (severe
combined immunodeficiency) mice. The complete tumor
regression was sustained for 32 days after the cessation of
compound 22 treatment. In the tumors that were harvested
from a subset of the animals treated with 22 for 21 days, a
strong correlation was observed between inhibition of
H3K27me3 levels and antitumor activity. In addition, 22 was
well-tolerated in all treatment groups. In June 2013, compound
22 became the first EZH2 inhibitor that entered human clinical
trials. It is being evaluated for the treatment of advanced solid
tumors or B-cell lymphomas.142

In 2013, Garapaty-Rao et al. reported an EZH2 small-
molecule inhibitor containing a new scaffold that differs from
that of previously reported pyridone indole/indazole-based
EZH2 inhibitors.143 HTS of a 150 000-compound corporate
collection led to the identification of a hit containing a
tetramethylpiperidinyl benzamide scaffold. Optimization of this
hit resulted in the discovery of compound 23 (Figure 16),
which displayed good in vitro potency for wild-type EZH2
(IC50 = 21 ± 4 nM) and EZH2Y641N mutant (IC50 = 197 ± 14
nM).144 This inhibitor was also competitive with SAM, similar
to other known EZH2 inhibitors. It was selective for EZH2
over five other PKMTs including G9a, SETD7, SETD8,
WHSC1, and DOT1L and was about 10-fold selective for
EZH2 over EZH1 (IC50 = 213 ± 70 nM).
Compound 23 reduced global levels of H3K27me3 and

H3K27me2 levels with a modest potency (EC50 = 7 μM) and
did not affect H3K27me1, H3K4me3, H3K9me3, and
H3K36me3 levels in HeLa cells.143 This inhibitor did not
reduce protein levels of EZH2, EZH1, SUZ12, and EED. The
effect of compound 23 on 46 common histone modifications

Figure 16. Structures of EZH2 and EZH1 inhibitors 22 and 23.
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was studied using mass spectrometry in two germinal center B
cell-like (GCB) DLBCL cell lines: HT (with wild-type EZH2)
and SUDHL6 (with mutant EZH2). This study confirmed the
effect of compound 23 on reducing H3K27me3 and
H3K27me2 marks. In addition, compound 23 inhibited the
growth of Pfeiffer (with EZH2A677G) cells with a delayed onset
of activity but did not affect the growth of OCI-LY19 (with
wild-type EZH2) cells, even though H3K27me3 levels were
reduced in both cell lines. Transcription levels of previously
known EZH2-regulated genes including ABAT, EPB41L1,
APOL1, CEACAM1, PIGZ, SESN3, and SOX9 were increased
in a concentration-dependent manner in Pfeiffer cells. On the
other hand, genes that are important for cell cycle progression
were either not affected (CDKN2A, CDKN1A, and CDKN2B)
or were downregulated (CDKN1C and CDKN2D). It was also
found that compound 23 did not inhibit the growth of prostate
cancer cell lines PC3 and DU145 even though it significantly
reduced H3K27me3 levels in both cell lines, suggesting that the
proliferation of these prostate cancer cell lines is independent of
EZH2 activity and H3K27 hypertrimethylation.
Inhibitors of H3K4 and H3K36 Methyltransferases.

Methylation of H3K4 in humans is controlled by PKMTs:
SETD1A, SETD1B, and SETD7 as well as the MLL family
proteins MLL1−5, SETMAR, and SMDY1, 2, and 3.18,145,146

H3K4 trimethylation is a hallmark of transcriptional
activation.11

MLL (also known as lysine (K)-specific methyltransferase 2A
(KMT2A), TRX1, and MLL1) is a large multidomain (several
N-terminal DNA domains and a C-terminal SET domain with
an essential post-SET region) protein147 that is specific for
H3K4 mono-, di-, and trimethylation.148−150 Chromosomal
rearrangements associated with MLL have been shown to cause
acute myeloid leukemia (AML), acute lymphoblastic leukemia
(ALL), or mixed lineage leukemia (MLL).151 More than 50
functionally diverse MLL fusion proteins have been identified
in human leukemias.149,152 AF4, AF9, AF10, AF6, and ENL are
the most commonly seen MLL fusion partners in MLL-
rearranged leukemias.149 MLL has also been shown to be
essential for homeotic gene regulation and embryonic develop-
ment via regulation of Hox gene expression in mice.153

Although peptide- or peptidomimetic-based inhibitors of

MLL are known,154 selective small-molecule inhibitors of
MLLs have not been reported. It is worth noting that small-
molecule inhibitors of WDR5 (WD repeat-containing protein
5), as an indirect way of disrupting MLL activity, have been
reported.155

SETD7 (SET domain containing (lysine methyltransferase)
7, also known as KMT7, SET7, SET9, and SET7/9)
monomethylates H3K4 and many nonhistone proteins
including p53 and DNMT1.156 It has recently been linked
with hyperglycemia via its contribution to upregulation of the
gene encoding p65 subunit of NF-κB in response to glucose.56

It has been suggested that SETD7 is a potential target for the
treatment of diabetes.157

Compound 24 ((R)-PFI-2), the first chemical probe of
SETD7, was very recently reported by Barsyte-Lovejoy et al.
(Figure 17).158 An initial hit (IC50 = 2.1 μM) was discovered by
HTS of a 150 000-compound collection. Optimization of this
initial hit resulted in the discovery of 24, which was highly
potent for SETD7 (IC50 = 2.0 ± 0.2 nM, Ki

app = 0.33 ± 0.04
nM). Interestingly, its enantiomer was about 500-fold less
potent and is an excellent negative control for cell-based
studies. Chemical probe 24 was more than 1000-fold selective
for SETD7 over 18 other methyltransferases including G9a,
GLP, EZH2, EZH1, SUV39H2, SUV420H1, SUV420H2,
SETD2, SETD8, SMYD2, MLL, WHSC1, PRMT1, PRMT3,
PRMT5, PRMT8, and DOT1L as well as DNMT1. It was also
selective for SETD7 over 134 GPCRs, ion channels, and other
enzyme targets (less than 35% inhibition at 10 μM).
Inhibitor 24 exhibited an unusual cofactor-dependent and

substrate-competitive MOA. It occupied the substrate binding
groove in the X-ray crystal structure of the SETD7−24
complex (PDB code: 4JLG). However, 24 bound to SETD7
only in the presence of SAM in SPR experiments. Therefore,
inhibition of SETD7 by 24 was not purely substrate
competitive, and SAM had a significant role in the binding of
24 to SETD7. The direct binding of 24 to SETD7 in cells was
demonstrated by the pull-down studies using a biotinylated
derivative of 24 as well as by compound 24 increasing the
stability of SETD7 in a cellular thermal shift assay (CETSA).
Furthermore, inhibitor 24 increased nuclear localization of the
transcriptional coactivator yes-associated protein (YAP) in a

Figure 17. Structures of inhibitors of H3K4 and H3K36 methyltransferases.
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concentration-dependent manner and induced expression of
YAP-silenced genes in cells. The effect of 24 matched genetic
deletion of SETD7. Therefore, 24 is a well-characterized
chemical probe and will be a valuable tool for elucidating the
role of SETD7 in various human diseases.
The SMYD (SET and MYND domain containing) family of

proteins is uniquely defined by a SET domain that is split into
two fragments by a zinc ion binding domain MYND (myeloid
translocation protein-8, Nervy, and DEAF-1) and followed by a
cysteine-rich post-SET domain.49 The SMYD family of proteins
might be important in developmental regulation, as the
disruption of the Smyd1 gene results in impaired cardiomyocyte
maturation, flawed cardiac morphogenesis, and embryonic
lethality in mice.159 SMYD1 (also known as KMT3D) and
SMYD3 (also known as KMT3E) modify chromatin structure
through their H3K4-specific enzymatic methylation activity.
SMYD3 has been shown to be involved in cancer cell
proliferation and is overexpressed in most hepatocellular and
colorectal carcinomas as well as breast cancer.160,161 A recent
report showed that the methylation of MAP3K2 by SMYD3
increases MAP kinase signaling and promotes the formation of
Ras-driven carcinomas.162 SMYD2 (also known as KMT3C)
was reported to methylate H3K4 as well as H3K36.146,163

H3K36 methylation is another hallmark that is associated
with transcriptional activation and in humans is controlled by
PKMTs: NSD1, MMSET, WHSC1L1, SETD2, ASH1L, and
SMYD2. SMYD2 has been shown to methylate the tumor
suppressors p53164 and Rb165 in addition to histone H3. Very
recently, SMYD2 has been demonstrated to be highly expressed
in pediatric acute lymphoblastic leukemia and consitutes a poor
prognostic indicator.166 Overexpression of SMYD2 was also
connected to tumor cell proliferation and resulted in malignant
esophageal squamous cell carcinoma.167

In 2011, Ferguson et al. reported the discovery of 25 (AZ-
505), a potent and selective inhibitor of SMYD2 (Figure 17).168

HTS of a 1 230 000-compound collection resulted in the
discovery of 25 with an IC50 of 0.12 μM and a Kd of 0.5 μM (by
ITC). This inhibitor was around 700-fold selective for SMYD2
over six other PKMTs including closely related SMYD3 as well
as G9a, GLP, SETD7, EZH2, and DOT1L. Michaelis−Menten
kinetics studies revealed that 25 was competitive with a peptide
substrate (361−380 of the C-terminal regulatory domain of
p53) and noncompetitive with SAM. As mentioned previously,
SMYD proteins comprise a unique split SET domain. The S-
sequence and the core SET domain combine to form the
catalytically active SET domain of SMYD2, and the MYND, I-
SET, and post-SET domains surround the core SET domain.168

To understand the structural basis of p53 recognition and
inhibitor binding, a series of X-ray crystal structures of SMYD2
in complex with the cofactor SAM, a peptide substrate (366−
378 of the C-terminal regulatory domain of p53), and/or 25
were obtained. There were no significant conformational
changes observed on binding with the p53 peptide substrate
or the inhibitor. The two residues that are highly conserved in
SMYD proteins, Y240 and Y258, are very important for activity.
While Y258 positions the amino group of the substrate lysine in
the lysine binding channel, the hydroxyl group of Y240 is
essential for the catalytic activity, as the mutation of this residue
eradicates the catalytic activity of SMYD2, as shown by Brown
et al.146 Inhibitor 25 features three different functional groups:
benzooxazinone, cyclohexyl, and dichlorophenethyl moieties
(Figure 17). The benzooxazinone moiety lies deep in the lysine
binding channel, interacting with Y258 as well as SAM. 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 X-ray co-crystal structures confirm
that compound 25 is a substrate-competitive inhibitor (Figure
18). Cellular activities of 25 were not reported.

More recently, 26 (LLY-507, Figure 17), a chemical probe of
SMYD2, was discovered.169 Compound 26, which does not
share a common scaffold with 25, inhibited SMYD2 with an
IC50 of less than 15 nM and was more than 100-fold selective
over other methyltransferases and nonepigenetic targets.
Importantly, inhibitor 26 is active in cells. It inhibited
monomethylation of p53 K370 in cells with an IC50 of about
600 nM. Details of this SMYD2 chemical probe have not been
reported.
Human SETD2 (SET domain containing 2, also known as

KMT3A and SET2) has been shown to be a tumor suppressor
associated with p53-dependent gene regulation, transcription
elongation, and intron−exon splicing.170−172 A recent study
suggests that the disruption of SETD2 H3K36 trimethylation
pathway is a distinct mechanism for leukemia development.173

Evidence for the tumor suppressor role of SETD2 in human
breast cancer was also provided.171 The disruption of H3K36
trimethylation by loss-of-function SETD2 mutations has been
suggested to be central to the genesis of hemispheric high-grade
gliomas (HGGs) in older children and young adults.174

Zheng et al. designed and synthesized N-alkyl derivatives of
sinefugin (27) (Figure 19), which is a close analogue of the

cofactor SAM and nonselective inhibitor of PMTs,12 and tested
them against various methyltransferases.175 From this study, n-
propyl sinefungin (28) (Pr-SNF) (Figures 17 and 19) was
discovered as a selective inhibitor of SETD2 (IC50 = 0.8 ± 0.02
μM). 28 was highly selective for SETD2 over G9a, GLP,
SETD8, EZH2, MLL, SUV39H2, SUV420H1, SUV420H2,
PRMT3, DOT1L, and DNMT1.175 It displayed modest

Figure 18. X-ray co-crystal structure of the SMYD2−25 complex
(PDB code: 3S7B).

Figure 19. Structures of inhibitors 27 and 28.
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potency for SETD7 (IC50 = 2.2 ± 0.4 μM), CARM1 (IC50 =
3.0 ± 0.3 μM), and PRMT1 (IC50 = 9.5 ± 0.4 μM). The X-ray
crystal structure of SETD2 in complex with 28 suggests that
this inhibitor forms hydrogen bonds with the two backbone
carbonyl groups in the SETD2 active open conformer, resulting
in the observed selectivity for SETD2 over other methyl-
transferases. Findings from SAR studies also suggest that the
lysine binding pocket of SETD2 is flexible enough to
accommodate a large group such as the n-propyl group.
Inhibitor 28 was further characterized using enzyme kinetics
studies. The kinetic data obtained from these studies together
with structural information revealed by the co-crystals suggest
that the SETD2-catalyzed methylation goes through a random
sequential mechanism and that inhibition occurs via either a
28−SETD2 binary complex or a 28−SETD2−substrate ternary
complex. Cellular activities of compound 28 were not reported.
Inhibitors of H4K20 Methyltransferases. Methylation of

H4K20, which is considered to be a transcriptionally repressive
mark, is catalyzed by PKMTs: SUV420H1, SUV420H2, and
SETD8 (SET domain containing (lysine methyltransferase) 8)
in humans.176 The latter, also known as SET8, PR-SET7, or
KMT5A, is the sole methyltransferase that catalyzes mono-
methylation of H4K20.176−178 SETD8 and H4K20me1
(H4K20 monomethylation) have been implicated in regulating
a diverse set of biological processes including the DNA damage
response, DNA replication, and mitotic condensation. In
addition to H4K20, SETD8 methylates many nonhistone
substrates including the tumor suppressor p5327 and
proliferating cell nuclear antigen (PCNA).179 The mono-
methylation of p53 lysine 382 by SETD8 represses p53 target
genes.27 The monomethylation of PCNA by SETD8 at lysine
248 stabilizes PCNA protein and increases the interaction
between PCNA and the flap endonuclease FEN1, which
promotes the proliferation of cancer cells.179

The first selective inhibitor of SETD8 is a marine natural
product nahuoic acid A (29) (Figure 20).180 29 inhibited
SETD8 with an IC50 of 6.5 ± 0.5 μM and was competitive with
the cofactor SAM (Ki = 2.0 ± 0.3 μM) and noncompetitive
with the peptide substrate. It was selective for SETD8 over 10
other methyltransferases including G9a, GLP, SETD7,
SUV39H2, SUV420H1, SUV420H2, PRMT3, PRMT5,
CARM1, DOT1L, PRC2-EZH2, DNMT1, and MLL.
Very recently, Ma et al. reported the first substrate-

competitive inhibitor of SETD8, 30 (UNC0379, Figure

20).181,182 This small-molecule inhibitor was discovered by
cross-screening of about 150 quinazoline-based compounds
against SETD8. Compound 30 displayed inhibitory activity
against SETD8 with micromolar potency in multiple
biochemical assays. Binding of this inhibitor to SETD8 was
confirmed by biophysical studies such as ITC and SPR.
Importantly, 30 was selective for SETD8 over 15 other
methyltransferases including G9a, GLP, SETDB1, SETD7,
SUV39H2, SUV420H1, SUV420H2, PRC2−EZH2, MLL1,
SMYD2, PRMT1, PRMT3, PRMT5, DOT1L, and DNMT1. In
MOA studies, inhibitor 30 was competitive with the peptide
substrate and noncompetitive with SAM. This MOA finding
was confirmed using a peptide displacement assay.
However, in vitro potencies of 29 and 30 are modest, and

cellular activities of these inhibitors have not been reported. In
addition, selective inhibitors of SUV420H1 and SUV420H2,
the other two H4K20 PKMTs, have not been published.
Most recently, another report on small-molecule inhibitors of

SETD8 was published by Blum et al.183 Screening of more than
5000 commercial compounds resulted in the discovery of three
SETD8 inhibitors: 31 (SPS8I1, also known as NSC663284,
IC50 = 0.21 ± 0.03 μM), 32 (SPS8I2, also as known as
BVT948, IC50 = 0.50 ± 0.20 μM), and 33 (SPS8I3, as known as
ryuvidine, IC50 = 0.70 ± 0.20 μM) (Figure 20).183 The
selectivity of these inhibitors was evaluated against other PMTs
including SETD2, GLP, G9a, SMYD2, and SETD7 as well as
PRMT1, PRMT3, and CARM1. Inhibitor 31 was only 2.5-fold
selective over SMYD2 and >6-fold selective over other PMTs
tested. Similarly, 32 showed modest selectivity over SETD2,
G9a, SMYD2, CARM1, and PRMT3, whereas 33 was less
selective. Further mechanistic studies suggested that 31
(substrate dependent), 32 (no substrate or SAM dependence),
and 33 (both substrate and SAM dependent) inhibited SETD8
via distinct modes of action. Since structures of these three
inhibitors shared a common quinonic motif, which could react
with active cysteine residues, further mechanistic studies were
performed. From these studies, it was concluded that 31−33
inhibited SETD8 via an irreversible slow-onset process. It is
worth noting that other commercially available compounds
containing a simple and related quinonic motif did not inhibit
SETD8, suggesting that the full structures of these inhibitors
are necessary for the inhibition. Cys270 of SETD8 was
identified as the reactive residue for 31 and 32, whereas 33
targeted cysteine residues in a nonspecific manner. In

Figure 20. Structures of SETD8 inhibitors.
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HEK293T cells, the H4K20me1 mark was reduced within 24 h
of treatment with the inhibitors, whereas other histone marks
(e.g., H4K20me2/3, H3K9me) were not affected. In addition,
these inhibitors at 1−5 μM produced a cell cycle arrest
phenotype, similar to that of SETD8 knockdown. However, off-
target effects on other PMTs (31 for SMYD2 and 33 for
PRMT3 and SETD2) and other cellular targets (31, inhibition
of Cdc25; 32, inhibition of cyclin-dependent kinase 4 and 2
(CDK4/2); and 33, inhibition of protein tyrosine phosphatase
PTB1B) were observed and documented. Overall, compounds

31−33 are small-molecule irreversible inhibitors of SETD8.
They exhibited modest selectivity and were active in cells.

Inhibitors of H3K79 Methyltransferases. DOT1L
(disruptor of telomeric silencing 1-like) is the only PKMT
identified in humans that does not contain the SET domain.184

DOT1L, also known as KMT4, has a non-SET catalytic
domain, which adopts a folding topology that is also observed
in PRMTs and DNMTs.185,186 It has been shown that DOT1L
is responsible for mono-, di-, and trimethylation of
H3K79.184,187 Methylation of H3K79, which is generally

Figure 21. Structures of DOT1L inhibitors.

Figure 22. Co-crystal structure of DOT1L−34 complex (PDB code: 4ER3) (left). Overlay of DOT1L−34 and DOT1L−37 complexes (PDB code:
4ER6) (right).
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associated with transcriptional activation, has been linked with
transcriptional regulation, DNA repair, embryonic develop-
ment, cell cycle regulation, hematopoiesis, and cardiac
function.188−190 Importantly, DOT1L has been shown to
interact with AF4, AF9, AF10, AF6, and ENL, the most
commonly seen MLL fusion proteins in MLL-rearranged
leukemias.191−195 DOT1L interacts with these MLL fusion
proteins and is recruited to their target genes including
leukemogenic genes such as HOXA9 and MEIS1.188 These
interactions result in abnormal methylation that drives
leukemogenesis. Therefore, DOT1L has been considered as a
potential therapeutic target for the treatment of MLL-
rearranged leukemia.12,196

In 2011, Daigle et al. reported the first selective DOT1L
inhibitor, 34 (EPZ004777), which was designed and synthe-
sized based on the cofactor SAM and the crystal structure of the
enzyme active site (Figure 21).197 Inhibitor 34 displayed very
high in vitro potency (IC50 = 400 ± 100 pM) and was
remarkably selective (more than 1000-fold) for DOT1L over
nine other PMTs including G9a, SETD7, WHSC1, EZH1,
EZH2, PRMT1, PRMT5, PRMT8, and CARM1, despite being
structurally close to SAM, the universal methyl donor for all
methyltransferases. As expected, 34 was competitive with SAM
and noncompetitive with the peptide substrate in MOA
studies.198 The very high binding affinity (Ki = 300 pM) of
34 was mainly driven by its slow off rate, leading to a very long
residence time. The X-ray crystal structure of DOT1L−34
published in 2012 (Figure 22) not only confirmed that 34 was a
cofactor-competitive inhibitor199 but also revealed that the high
affinity and long residence time of 34 was driven by a ligand-
induced conformational adaptation of DOT1L.198

A global reduction in H3K79me2 levels was observed in cell
lines MOLM-13, MLL-AF9 (derived from human MLL-
rearranged AML cell line), MV4-11, MLL-AF4 (MLL-
rearranged biphenotypic leukemia), and Jurkat (non-MLL-
rearranged T-cell acute leukemia) after the treatment with
34.197 The full effect on the reduction of H3K79me2 levels was
observed in 4−5 days. H3K79me1 levels were also reduced by
the inhibitor, whereas trimethylation levels could not be
measured. In addition, no significant reduction of other histone
methylation marks (e.g., H3K4me3, H3K9me3, H3K27me2,
H3K27me3, H3K36me2, H4K20me2, H3R17me2a,
H4R3me2s) was observed, suggesting that the cellular action
of 34 is specific.
Compound 34 concentration-dependently inhibited the

expression of HOXA9 and MEIS1, the overexpression of
which is the hallmark of MLL-rearranged leukemia.197 The
maximum reduction of HOXA9 and MEIS1 mRNA levels in
MOLM-13 and MV4-11 cells was observed after 6−8 days of
inhibitor treatment. In these cell lines, 34 exhibited a drastic
antiproliferative effect, whereas Jurkat control cells were
unaffected. It is worth mentioning that a significant delay (6−
8 days) was observed for the antiproliferative effect, consistent
with the time course of this inhibitor’s effect on HOXA9 and
MEIS1. Furthermore, 34 displayed an antiproliferative effect
against six other MLL-rearranged leukemia cell lines with low
micromolar potencies, but it was largely ineffective in six non-
MLL-rearranged leukemia cell lines (IC50 > 10 μM). In
addition, GSEA of the genes up- and downregulated in the
treated MV4-11 and MOLM-13 cells suggests that DOT1L
inhibition by 34 reverses the MLL-rearranged leukemia gene
signature. Taken together, these results suggest that the
DOT1L methyltransferase activity is essential for the

proliferation of MLL-rearranged leukemia cells and MLL
fusion mediated transformation but is nonessential for the
proliferation of non-MLL-rearranged leukemia cells.
Importantly, continuous infusion of 34 via an implanted

osmotic minipump for 14 days dose-dependently increased
survival in NSG (NOD scid gamma) mice after intravenous
injection of MV4-11 cells. The H3K79me2 levels in
subcutaneous MV4-11 tumors derived from 34-treated animals
were significantly reduced. Thus, it was demonstrated for the
first time that selective inhibition of DOT1L’s methyltransfer-
ase activity had antitumor activity in animal models of MLL-
rearranged leukemia.197,200 These results highlight a clinical
potential of selective DOT1L inhibition as a means for treating
MLL-rearranged leukemia.
Shortly after the publication of inhibitor 34, Yao et al.

reported the discovery of compound 35 (Figure 21), a selective,
mechanism-based inhibitor of DOT1L.201 This inhibitor
displayed high in vitro potency for DOT1L (IC50 = 38 nM)
and was more than 29-fold selective for DOT1L over other
methyltransferases tested: CARM1, PRMT1, G9a, and
SUV39H1. It was suggested that compound 35 would undergo
an intramolecular cyclization to form a reactive aziridinium
intermediate, which would further react with the ε-NH2 group
of the lysine 79 to covalently link to H3K79. In addition, Yao et
al. noticed that the 6-NH2 group of SAM (adenosine moiety
NH2 group) forms only one hydrogen bond with the enzyme
and that there is a relatively large hydrophobic pocket available
in the co-crystal structure of the DOT1L−SAM complex. On
the other hand, SET domain-containing PKMTs such as G9a
form two hydrogen bonds with the 6-NH2 group. Therefore,
Yao et al. designed and synthesized 6-N-methyl SAH and found
that it was indeed highly selective for DOT1L (Ki = 290 nM)
over CARM1, PRMT1, G9a, and SUV39H1 (Ki > 20 000 nM).
The X-ray crystal structure of DOT1L in complex with 6-N-
methyl SAH confirms that the N-methyl group sits in the
hydrophobic pocket. Activities of these DOT1L inhibitors in
cell-based assays were not reported.
In a continuation of this work, Anglin et al. reported

extensive SAR studies, which led to the discovery of compound
36 (Figure 21).202 Compound 36 had high in vitro potency (Ki
= 0.46 nM) and was more than 4500-fold selective for DOT1L
over CARM1, PRMT1, and SUV39H1. An alkyl group such as
methyl, ally, and benzyl on the 6-amino group was well-
tolerated (DOTL1L Ki of 0.76, 12, and 22 nM, respectively)
and led to high selectivity for DOT1L. Compound 36 inhibited
the proliferation of MV4-11 cells with a slow onset of activity,
but it did not affect the proliferation of NB4 cells, which harbor
wild-type MLL.
Yu et al., in December 2012, reported a chemical probe of

DOT1L with improved in vitro and cellular potencies.199 The
co-crystal structure of DOT1L−34 that they obtained revealed
remodeling of the catalytic site (Figure 22),199 consistent with
the ligand-induced conformational adaptation reported by
Basavapathruni et al.198 It was noticed that a hydrophobic
cleft near the 7-position of the deazaadenosine moiety was not
exploited. Therefore, a focused set of analogues aimed at
exploiting this hydrophobic pocket was synthesized, resulting in
the discovery of 37 (SGC0946), which has a bromo
substitution at the 7-position of the deazaadenosine ring
(Figure 21).199 This inhibitor was more potent than 34 in
biochemical and biophysical assays (e.g., Kd = 0.06 nM versus
0.25 nM in SPR).199 Similar to 34, compound 37 was highly
selective for DOT1L over 13 other methyltransferases including
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G9a, GLP, SUV39H2, SUV420H1, SUV420H2, MLL,
SETDB1, SETD7, SETD8, PRC2−EZH2, PRMT3, PRMT5,
and DNMT1. 37 was also almost 10-fold more potent at
reducing H3K79 methylation levels in MCF10A cells, with an
IC50 of 8.8 ± 1.6 nM, than that of 34 (IC50 = 84 ± 20 nM).
Furthermore, 37 (at 1 μM) was more effective than 34 at killing
human cord blood cells transformed with an MLL−AF9 fusion
oncogene, whereas it (at 1 and 5 μM) did not affect viability of
cord blood cells transformed with an unrelated oncogene, TLS-
ERG.
In 2013, Daigle et al. reported a new DOT1L inhibitor, 38

(EPZ-5676), as a result of their structure-guided design and
optimization of the compound 34 series (Figure 21).203 The X-
ray co-crystal structure of 38 in complex with DOT1L clearly
showed that the inhibitor occupied the SAM binding pocket
and induced conformational changes in DOT1L (PDB code:
4HRA). Compound 38 inhibited DOT1L with a Morrison Ki
of 0.08 ± 0.03 nM, which is more potent than that of 34
(Morrison Ki = 0.3 ± 0.02 nM). It was more than 37 000-fold
selective for DOT1L over 16 other PMTs including G9a, GLP,
SETD7, SMYD2, SMYD3, MMSET, WHSC1L1, PRMTs (1, 3,
4, 5, 6, and 8), EZH1, and EZH2.
Inhibitor 38 reduced H3K79me2 levels in MV4-11 cells (a

MLL-AF4 expressing acute leukemia cell line) with an IC50 of 3
nM and in HL-60 cells (a non-MLL-rearranged cell line) with a
similar potency.203 More than 90% reduction of H3K79me2
was observed in 3−4 days. H3K79me1 levels were also reduced.
On the other hand, no significant reduction of other histone
methylation marks (H3K4me3, H3K9me3, H3K27me2,
H3K27me3, H3K36me2, H4K20me2, H3R17me2a, and
H4R3me2s) was observed. This finding is consistent with the
high in vitro selectivity of compound 38. Additionally, 38
concentration-dependently inhibited HOXA9 and MEIS1
mRNA levels in MV4-11 cells. The maximum reduction was
observed after 8 days of treatment.
The proliferation of MV4-11 cells treated with 38 for 14 days

was inhibited with an IC50 of 3.5 nM. The antiproliferative
activity was observed as early as 4 days, but it reached a
maximum at day 7. This delayed onset of activity is likely due to
a cascade of epigenetic events including the depletion of the
H3K79me2 mark, inhibition of MLL fusion target gene
expression, and a reversal in leukemogenic gene expres-
sion.197,204,205 In addition, 38 exhibited nanomolar antiprolifer-
ative activity against most of other MLL-rearranged cell lines
tested but weaker potencies against non-MLL-rearranged cell
lines. Importantly, continuous intravenous (IV) infusion of 38
at 70 mg/kg per day for 21 days resulted in complete
elimination of the established subcutaneous (SC) MV4-11
tumors in immunocompromised rats. The tumor regression
was sustained for more than 30 days after the cessation of
compound 38 treatment. All doses were well-tolerated by the
test animals, and no significant body weight loss was observed.
Furthermore, H3K79me2 levels and HOXA9 and MEIS1
mRNA levels were significantly reduced in MV4-11 SC
xenograft tissue harvested from rats dosed by continuous IV
infusion for 14 days. Inhibition of H3K79 methylation was also
observed in bone marrow cells and PBMCs isolated from the
same rats. Taken together, these results suggest that 38 displays
on-target activity in vivo and has a potential to be an effective
therapeutics for the treatment of MLL-rearranged leukemia. In
2013, compound 38 became the first PMT inhibitor advanced
to the clinic, a watershed event in the PMT inhibitor field. It is

currently being evaluated in phase 1 clinical trials for the
treatment of AML and ALL.206,207

■ PROTEIN ARGININE METHYLTRANSFERASES

Protein arginine methylation catalyzed by PRMTs is another
important and common type of PTM in eukaryotic cells.208−210

Arginine is unique among amino acids with its ability to form
interactions via its five potential hydrogen-bond donors with
surrounding hydrogen-bond acceptors. Every methylation of
arginine would take away a potential hydrogen bond as well as
create steric bulkiness and increased hydrophobicity. Impor-
tantly, methylation does not neutralize the cationic charge of
arginine residues, and it was suggested that methylation could
enhance their interactions toward aromatic rings via cation−π
interactions.211 Thus, methylation of arginine residues in
proteins can change their recognition and in turn affect their
physiological functions.212

Nine PRMTs have been identified to date, and they are
responsible for mono- and/or dimethylation of the guanidino
group of arginine.208 As we mentioned earlier, there are two
possible ways for dimethylation to occur after monomethyla-
tion of arginine (MMA): either by methylating the same
nitrogen, yielding asymmetrical dimethyl arginine (aDMA), or
by methylating another nitrogen to give symmetrical dimethyl
arginine (sDMA) (Scheme 1). On the basis of their
methylation functions, PRMTs are divided into three
categories: type I, type II, and type III.213 Type I PRMTs,
which include PRMT1 (protein arginine methyltransferase 1),
PRMT2, PRMT3, CARM1 (coactivator-associated arginine
methyltransferase 1, also known as PRMT4), PRMT6, and
PRMT8, catalyze monomethylation and asymmetric dimethy-
lation of arginine. On the other hand, PRMT5 is a type II
PRMT that catalyzes monomethylation and symmetrical
dimethylation of arginine. PRMT7 is categorized as a type III
PRMT, as it catalyzes monomethylation of arginine only.
PRMT9 (also known as F-box only protein 11 (FBXO11)) has
not been classified yet because its activity has not been fully
characterized.
All PRMTs contain a conserved core region of about 310

amino acids.214 They typically have additions to the N-terminus
with the exception of CARM1, which also has C-terminal
additions.31 The monomeric structure of the PRMT core
comprises a MTase domain, a β-barrel214 that is unique to
PRMTs, and a dimerization arm. A homodimeric structure was
observed in PRMT1 and PRMT3, and it has been suggested
that dimer formation is a conserved feature for PRMTs.214,215

PRMTs generally methylate glycine and arginine-rich (GAR)
motifs in their substrates210 with the exception of CARM1,
which specifically methylates proline, glycine, and methionine-
rich (PGM) motifs.216,217 PRMT5, on the other hand, can
symmetrically dimethylate both of these motifs.218 In addition
to histones, PRMTs methylate nonhistone proteins.208,212,219

Dysregulation of PRMTs and arginine methylation have been
implicated in cancer and other diseases.208,213

■ INHIBITORS OF PRMTS

Inhibitors of PRMT1/PRMTs. PRMT1 was the first
mammalian protein arginine methyltransferase identified.220 It
has been shown that PRMT1 is responsible for most of the type
I arginine methyltransferase activity in mammalian cells.221

PRMT1 catalyzes asymmetrical dimethylation of H4R3
(H4R3me2a), which is associated with transcriptional activa-

Journal of Medicinal Chemistry Perspective

dx.doi.org/10.1021/jm501234a | J. Med. Chem. 2015, 58, 1596−16291615



tion.222,223 Overexpression as well as aberrant splicing of
PRMT1 has been implicated in diseases such as breast, prostate,
lung, colon, and bladder cancers and leukemia.224−235 Addi-
tionally, PRMT1 has been associated with human telomeres236

and shown to directly regulate the AKT signaling path-
way.237,238 Large numbers of nonhistone substrates such as
DNA repair proteins MRE11,239 p53 binding protein 1
(53BP1),240 ASH2L,241 and the tumor suppressor BRCA1242

have been identified for PRMT1.
Even though there has been continuous interest in the

discovery of selective PRMT1 inhibitors over the past decade,
most of the reported PRMT1 inhibitors (Figure 2 and Table 2)
lack sufficient potency and selectivity against a broad panel of
PMTs, thus limiting their potential use in functional studies.
In 2004, Cheng et al. reported the discovery of the first small-

molecule inhibitors of PRMTs, named AMIs (arginine
methyltransferase inhibitors), by HTS of a 9000-compound
library.243 Among the nine hits identified, only 39 (AMI-1), a
symmetrical sulfonated urea salt, and AMI-6 (Figure 23)
showed specificity for PRMTs over PKMTs.243 Compound 39
inhibited PRMT1 with an IC50 of 8.8 μM. Further studies
demonstrated that it was not competitive with SAM. Therefore,
it was suggested that this inhibitor binds in the substrate
binding pocket. It was reported that 39 inhibited the
methylation of Npl3p in HeLA cells in a concentration-
dependent manner. In 2007, Ragno et al. published their

structure- and ligand-based modeling studies on AMIs and their
close analogues, and, although AMI-5 was confirmed to be a
PRMT1 inhibitor (IC50 = 1.4 μM), selectivity of these
inhibitors was not reported (Figure 23).244 In the same year,
a target-based approach245 to discover inhibitors of PRMTs by
Spannhoff et al. resulted in PRMT inhibitors Stilbamidine and
Allantodapsone with IC50’s of 57 ± 6.2 and 1.7 ± 3 μM for
PRMT1, respectively.246 Spannhoff et al. also reported the
PRMT1 inhibitor RM65 (IC50 = 55 ± 3.4 μM) (Figure 23),
which was identified via virtual screening.247 Again, no
selectivity data was shown for these inhibitors. A similar virtual
screening approach was also reported by Heinke et al.248

In an effort to develop more potent inhibitors of PRMTs,
Bonham et al. discovered compound 40, which inhibited
PRMT1 (IC50 = 4.2 ± 1.6 μM) and CARM1 (IC50 = 2.6 ± 0.6
μM).249 However, 40 (Figure 23) also inhibited PRMT5,
PRMT6, and PRMT8 even though it was selective against
SETD7. In the same year (2010), Feng et al. reported the
discovery of compound 41, named NS1 (naphthalene-sulfo
derivative 1), via virtual screening of 400 000 compounds
(Figure 23).250 Compound 41 inhibited PRMT1 with an IC50

of 13 ± 0.1 μM. MOA studies suggested that this inhibitor was
competitive with the substrate with a Ki of 1.7 ± 0.54 μM.
However, even though 41 did not inhibit CARM1, it inhibited
PRMT3 and PRMT6 with similar potencies.

Figure 23. Structures of small-molecule inhibitors of PRMT1/PRMTs.
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In 2011, Dowden et al. reported a SAM derivative as a
PRMT1 inhibitor. Compound 42 inhibited PRMT1 with an
IC50 of 3.9 ± 1.8 μM and was inactive against CARM1 and
SETD7 (Figure 23).251 In 2012, Dillon et al. reported the
discovery of two mechanism-based inhibitors, CID 5380390
and CID 2818500 (Figure 23), which inhibited PRMT1 and
PRMT8, the only two PRMTs that contain a reactive cysteine
in their active sites.252 These inhibitors were inactive against
CARM1 and SETD7. In the same year, Wang et al. reported
the discovery of PRMT1 inhibitor 43 (A36) via pharmaco-
phore-based virtual screening (Figure 23).253 Compound 43
inhibited PRMT1 with an IC50 of 12 ± 0.2 μM. It was about 7-
fold more potent for PRMT1 over CARM1, but it was only 2-
fold more potent over PRMT5. It was suggested that 43 was a
substrate-competitive inhibitor. In 2014, Yan et al. reported
compound 44, a diamidine containing PRMT1 inhibitor
(Figure 23).254 It inhibited PRMT1 with an IC50 of 9.4 ± 1.1
μM and was selective for PRMT1 over CARM1 (more than 42-
fold), PRMT5 (around 18-fold), and PRMT6 (around 30-fold).
Compound 44 inhibited the proliferation of several leukemia
cell lines. It was also found that cell lines derived from Down
syndrome patients and MLL-AF9 patients (CMY, CHRF-288-
1, and MOLM-13 cells) were more sensitive to compound 44
treatment than other cell lines tested (HEL, Jurkat, and HL-
60).
Inhibitors of PRMT3. PRMT3 (protein arginine methyl-

transferase 3) was first reported in 1998.255 This type I PRMT
is located mainly in cytosol and has a zinc finger domain at its
N-terminus. The primary substrate of PRMT3 is 40S ribosomal
protein S2 (rpS2).256,257 Asymmetric dimethylation of rpS2 by
PRMT3 results in stabilization of rpS2 and influences ribosomal
biosynthesis.256−259 PRMT3 has also been reported to
methylate the recombinant mammalian nuclear poly(A)-
binding protein (PABPN1)260−262 and a histone peptide (H4
1−24) in vitro.263 The protein complex consisting of PRMT3,
the von Hippel-Lindau (VHL) tumor suppressor, and ARF
(alternative reading frame) has been shown to methylate the
tumor suppressor p53.264 In addition, the tumor suppressor
DAL-1 (differentially expressed in adenocarcinoma of the lung-
1) inhibits the methyltransferase activity of PRMT3 by
interacting with it, suggesting that DAL-1 may affect tumor
growth by regulating PRMT3 function.265 Epigenetic down-
regulation of DAL-1 has been associated with a number of
cancers.266−268 Furthermore, PRMT3 expression levels are
elevated in myocardial tissues from patients with atheroscle-
rosis,269 potentially implicating the involvement of PRMT3.
Additionally, PRMT3 function has been reported to be
essential for dendritic spine maturation in rats.270

In 2012, Siarheyeva et al. reported the discovery of the first
selective PRMT3 inhibitor, compound 45 (Figure 24), via
screening a library of 16 000 diversity compounds.271

Compound 45 inhibited PRMT3 with an IC50 of 1.6 ± 0.3
μM and was selective for PRMT3 over other methyltransferases
including G9a, GLP, SUV39H2, SETD7, SETD8, PRMT1,
CARM1, PRMT5, and PRMT8. This inhibitor displayed rapid
on and off rates with Kd of 9.5 ± 0.5 μM. Interestingly, in MOA
studies, this inhibitor was noncompetitive with both SAM and
the peptide substrate. The X-ray crystal structure of the
PRMT3−inhibitor 45 complex reveals that it occupies a novel
allosteric binding site located at the interface of the two
subunits of the PRMT3 homodimer (Figure 25). The
cyclohexenyl moiety interacts with the alpha-Y segment of
the activation helix of the opposite subunit. This interaction
most likely leads to the alpha-X segment becoming disordered.
It has been shown that the proper folding of the alpha-X
segment is crucial for both cofactor and substrate binding.
Thus, it is most likely that the binding of 45 to the allosteric site
prevents the proper positioning/folding of the alpha-X
segment, which in turn inhibits the enzymatic activity of
PRMT3. Other key ligand−protein interactions revealed by the
co-crystal structure include (1) a hydrogen bond between the
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, (3) and a hydrogen bond between
the oxygen of the urea moiety with the guanidinium group of
R396 (Figure 25). The key hydrogen-bond interactions were
confirmed by SAR studies in addition to site-directed
mutagenesis studies.
Subsequent SAR studies by Liu et al. resulted in the

discovery of more potent inhibitors compounds 46 (IC50 = 0.48
μM) and 47 (IC50 = 0.23 μM) (Figure 24).272 These inhibitors
possess the same benzothiodiazole and urea moieties but differ
in the right-hand side functional group. Compound 46 contains
a benzoyl group, whereas compound 47 has a piperidinyl
amide. Similar to 45, compound 46 showed excellent selectivity
for PRMT3 over other methyltransferases including G9a, GLP,
SUV39H2, PRMT5, SETD7, PRC2, SETD8, SETDB1,
SUV420H1, SUV420H2, MLL1, SMYD3, SMYD2, DOT1L,
and DNMT1. The crystal structure of the PRMT3−46 complex
confirmed that this inhibitor occupies the same allosteric
binding site. Cellular activities of compounds 46 and 47 were
not reported. Taken together, these results suggest that the
allosteric binding site of PRMT3 can be exploited to yield
potent and selective inhibitors.

Inhibitors of CARM1 (PRMT4). Co-activator-associated
arginine methyltransferase 1 (CARM1, also known as PRMT4)
activates the transcription by asymmetric dimethylation of
H3R17.273,274 It was first identified as a steroid receptor
coactivator and was the first member of the PRMTs to be
associated with transcriptional regulation.273 The loss of
CARM1 results in neonatal lethality, evidenced by the death
of newborn knockout mice shortly after birth.275 CARM1 has
been shown to be involved in mRNA splicing,276 RNA
processing and stability,275 cell cycle progression,277 and
DNA damage response.278 In addition to histones, CARM1
methylates a variety of proteins such as CBP/p300, PABP,
HuR, HuD, CA150, SAP49, SmB, and U1C.276,279−282 CARM1
levels have shown to be elevated in castration-resistant prostate
cancer283,284 and aggressive breast tumors.277 Because of the
involvement of CARM1 in a wide variety of biological
processes and diseases,213 it has been pursued as a potential
therapeutic target.Figure 24. Structures of PRMT3 inhibitors.
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Huynh et al. reported the discovery of the CARM1 inhibitor
compound 48 (Figure 26) via optimization of a pyrrazole

containing hit, which was identified by a HTS campaign.285−287

This inhibitor was potent with an IC50 of 40 nM and more than
600-fold selective for CARM1 over PRMT1 and PRMT3.
However, additional selectivity, MOA, and cellular activity data
were not reported. Therrien et al. also reported the discovery of
potent CARM1 inhibitors, which were based on the reported
pyrrazole core.288,289 However, these inhibitors lack significant
cellular activity.
In 2010, Selvi et al. identified a CARM1 inhibitor, TBBD

(ellagic acid, 49), which was isolated from pomegranate crude
extract (Figure 26).290 Compound 49 concentration-depend-
ently inhibited CARM1, but it did not inhibit G9a and histone
acetyltransferase CBP/p300. It was demonstrated by using
Lineweaver−Burk plots that 49 was noncompetitive with both
H3 and SAM. However, ITC experiments showed minimal
interaction between 49 and CARM1 alone. It was suggested
that the partial inhibition of CARM1 by 49 could be mediated
via its interaction with the enzyme−substrate complex.
Inhibitor 49 at 5 μM reduced more than 50% of H3R17
methylation. In addition, 49 significantly reduced expression
levels of p21 in H1299 and HEK293T cells but not in HeLa
cells.

■ CONCLUSIONS AND FUTURE DIRECTIONS
As we discussed throughout this perspective, a growing body of
evidence suggests that protein methyltransferases play a key
role in the regulation of transcriptional activity and are

implicated in cancer and many other human diseases. Due to
these key functions, there has been a steadily growing interest
in pursuing these enzymes as potential therapeutic targets.
Therefore, discovery of selective, small-molecule inhibitors of
these methyltransferases has become a very active area of
research over the past decade. There has been tremendous
progress in the PMT inhibitor field as a result of collective
advances made in assay development, high-throughput screen-
ing, structural biology, and medicinal chemistry. This research
area was kicked off by the reports of the first PKMT inhibitor
chaetocin in 2005 and the first PRMT inhibitor 39 in 2004 and
culminated by the initiations of human clinical trials for the
DOT1L inhibitor 38 in 2012 and the EZH2 inhibitors 22 in
2013 and 19 in 2014. Highly potent, selective, well-
characterized chemical probes with robust on-target activities
in cells have been developed. These chemical probes including
11, 12, 18, 19, 20, 21, 22, 34, 37, and 38 are valuable tools for
further investigating the biological functions of the targeted
enzymes and assessing the potential of these proteins as
therapeutic targets. The discoveries of substrate-competitive
inhibitors of G9a/GLP (e.g., 6, 11, 12, 16), SMYD2 (25 and
26), SETD8 (30), and SETD7 (24) suggest that the substrate
binding groove of PKMTs can be targeted to yield potent and
selective inhibitors. Similarly, the discoveries of highly potent,
selective, and SAM-competitive inhibitors of DOT1L (e.g., 34,
37, 38) and EZH2 (e.g., 18, 19, 20, 21, 22) 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, the discovery of the PRMT3 allosteric inhibitors
(e.g., 46 and 47) suggests that the allosteric binding site of
PRMT3 and potentially other PRMTs can be exploited to
create potent and selective inhibitors.
Despite the significant progress that has been made over last

10 years, there is much to be done in the PMT inhibitor field.
We highlight a few challenges and opportunities in this area.
First and foremost, a systematical coverage of PMTs as a
protein family with potent and selective inhibitors is needed.
Currently, many individual targets and subgroups of targets on
the PMT phylogenetic tree lack selective inhibitors (Figure 2).
For example, there are no selective inhibitors reported for
SMYD3, MMSET (NSD2), and PRMT5, which are potentially

Figure 25. Co-crystal structure of the dimeric PRMT3−45 complex (PDB code: 3SMQ) (left). Allosteric binding pocket and key interactions of 45
with PRMT3 (right).

Figure 26. Structures of selected inhibitors of CARM1 (PRMT4).
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important therapeutic targets. Potent, selective, and cell-
penetrant inhibitors of these PMTs would be invaluable tools
for therapeutic hypothesis testing and target validation. On the
other hand, there is limited understanding of biological
functions and potential disease implications for many PMTs
on the phylogenetic tree, and no selective inhibitors have been
reported for many of these targets (e.g., PRDMs). Chemical
probes of these proteins that have sufficient potency, selectivity,
and cell permeability would be extremely valuable for
investigating and understanding their biological functions.
Second, thorough characterization in biochemical, biophysical,
and cellular assays is needed for some of the existing inhibitors
and future inhibitors. While the chemical probes discussed
earlier were well-characterized, a number of other inhibitors
need to be thoroughly characterized. For the inhibitors to be
used in in vitro studies, in addition to activities in biochemical
assays, a direct interaction between the target and the small-
molecule inhibitor should be demonstrated by a biophysical
method (e.g., ITC, SPR) or by a NMR solution or X-ray crystal
structure of the protein−ligand complex. Selectivity of these
inhibitors for the target PMT(s) over a broad panel of other
methyltransferases should also be assessed and achieved. 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 described above. These characterizations are
necessary for associating the observed biological effects with the
inhibition of the target PMT(s) by the ligands. Third, it has
been challenging to discover potent, selective, and cell-
penetrant inhibitors of PRMTs. A breakthrough in this area
will be truly exciting and is keenly awaited. Fourth, under-
standing of the molecular basis for high subtype selectivity is
needed. While the ligand-induced DOT1L conformation
adaptation provides an excellent explanation for the extremely
high selectivity observed for DOT1L inhibitors 34 and
37,198,199 there is no satisfactory explanation for the high
selectivity (>150-fold) of 19 for EZH2 over EZH1, as EZH2
and EZH1 share 96% sequence identity in their SET domains.
High-resolution structures of the EZH2−inhibitor and EZH1−
inhibitor complexes would likely shed light on how such high
subtype selectivity is achieved. It would also be valuable to
demonstrate that this level of high selectivity can be achieved
for other closely related PKMTs. For example, G9a and GLP
share 80% sequence identity in their SET domains, and all
reported inhibitors have similar potencies for both G9a and
GLP. A highly selective G9a or GLP inhibitor would be a useful
tool for dissecting the role of G9a or GLP in biological systems.
Fifth, improvement on PK properties of several in vivo probes
would be beneficial. As described earlier, the development of
inhibitor 38, the first PKMT clinical candidate, was a watershed
event in the field. However, continuous intravenous infusion of
this DOT1L inhibitor via an osmotic minipump was required to
achieve sustained tumor regression. The next generation of
DOT1L inhibitors that are orally bioavailable would be
beneficial for patients. It would be interesting to see whether
good oral bioavailability can be achieved for the inhibitors
derived from the SAM scaffold. Similarly, improvement on
plasma exposure and therapeutic window of 12, the first in vivo
chemical probe of G9a and GLP, would make it more suitable
for chronic animal studies. Sixth, there are opportunities to
generate chemical tools such as biotinylated ligands of PMTs
by exploiting recently developed high-affinity inhibitors. These

tools would be very useful in chemical biology studies such as
chemoproteomics, chem−ChIP, and Chem−Seq.
In this perspective, we highlight the key progress on the

discovery, characterization, and application of selective PMT
inhibitors for investigating physiological functions and disease
implications of the target PMTs. We also discuss challenges and
future directions and opportunities in the PMT inhibitor field.
It is our hope that this perspective will inspire new and original
discoveries. Over the last 10 years, we have witnessed amazing
progress in this emerging research field, culminated by three
PKMT inhibitors entering clinical trials in 2012−2014. It is
anticipated that the next 10 years will be even more exciting for
this now very active area. The biomedical community eagerly
awaits the clinical successes of selective PMT inhibitors and
discoveries of many potent, selective, cell-penetrant, first-in-
class PMT inhibitors.

■ AUTHOR INFORMATION

Corresponding Author
*Phone: 212-659-8699. E-mail: jian.jin@mssm.edu.

Notes
The authors declare no competing financial interest.

Biographies
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progenitor cells; AML, acute myeloid leukemia; HTS, high-
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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 methyl-
transferase) 7; SMYD, SET and MYND domain containing;
MYND, myeloid translocation protein-8, Nervy, and DEAF-1;
SMYD2, SET and MYND domain containing 2; SETD2, SET
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PRMT3, protein arginine methyltransferase 3; PABPN1,
mammalian nuclear poly(A)-binding protein; VHL, von
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differentially expressed in adenocarcinoma of the lung-1;
ELISA, enzyme-linked immunosorbent assay; MS, mass
spectrometry; mESC, mouse embryonic stem cells; SAHH,
SAH hydrolase; SPA, scintillation proximity assay; HP1,
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analysis; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
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kinetic; ATM, ataxia telangiectasia mutated; ATR, ataxia

telangiectasia and Rad3-related; SC, subcutaneous; IV, intra-
venous; WDR5, WD repeat-containing protein 5
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