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Lysine methyltransferase inhibitors: where we
are now

Alessandra Feoli,† Monica Viviano,† Alessandra Cipriano, Ciro Milite,
Sabrina Castellano and Gianluca Sbardella *

Protein lysine methyltransferases constitute a large family of epigenetic writers that catalyse the transfer

of a methyl group from the cofactor S-adenosyl-L-methionine to histone- and non-histone-specific

substrates. Alterations in the expression and activity of these proteins have been linked to the genesis

and progress of several diseases, including cancer, neurological disorders, and growing defects, hence

they represent interesting targets for new therapeutic approaches. Over the past two decades, the

identification of modulators of lysine methyltransferases has increased tremendously, clarifying the role

of these proteins in different physio-pathological states. The aim of this review is to furnish an updated

outlook about the protein lysine methyltransferases disclosed modulators, reporting their potency, their

mechanism of action and their eventual use in clinical and preclinical studies.

Introduction

Despite evidence of histone methylation being reported in the
1960s,1 the first enzyme that is able to catalyse this modification
was only identified forty years later.2,3

From the chemical point of view, histone methyltransferases
(HMTs) catalyse, using S-adenosyl-L-methionine (SAM, AdoMet)
as a cofactor, the introduction of a methyl mark to the arginine
or lysine residues of target proteins. Lysine methyltransferases
(KMTs) are responsible for the mono-, di- and trimethylation of
N e-lysine in histone and non-histone substrates (Fig. 1).

The introduction of this methyl mark is a dynamic process
that controls transcriptional regulation and gene expression
and it has a pivotal role in cell fate determination. As a result,
these proteins have been related to several disease conditions
such as cancer and neurodegeneration.4–8 These findings
make KMTs an appealing target for therapeutic intervention
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and have encouraged the identification of modulators of these
enzymes.

The first group of KMTs includes around 55 members,
which share a common evolutionarily conserved SET [Su(var),9

enhancer of zeste,10 trithorax11] domain that is responsible

for the catalytic activity. The SET domain is approximately
130 amino acids long and the central region (i-SET) is pre-
ceded and followed by n-SET and c-SET domains, which
interact with each other and are required for methyltransferase
activity.12,13

Alessandra Cipriano

Alessandra Cipriano received her
Master of Science degree (MSc) in
Pharmaceutical Chemistry and
Technologies in 2016 at the
University of Salerno. During her
PhD program, she spent 6 months
in the laboratory of Prof. Ciulli
(University of Dundee, Scotland,
UK) to expand her knowledge in
the PROTACTM field. In 2020, she
obtained her PhD in Drug
Discovery and Development at
the University of Salerno, where
she is currently a post-doctoral

researcher working on the design and synthesis of modulators of
epigenetic targets. Her main research interests are the development
of advanced procedures for the synthesis of small molecules that
targeting epigenetic and non-epigenetic targets.

Ciro Milite

Ciro Milite received his Master of
Science degree (MSc) in Pharma-
ceutical Chemistry in 2007 at the
University of Salerno where he
obtained his PhD in Medicinal
Chemistry in 2011. During his
PhD, he spent a period at the
‘‘SCRIPPS Research Institute’’ at
the Barbas Laboratory to expand
his knowledge in the field of
organocatalyzed enantioselective
chemical reactions. In 2018 he
gained a position as assistant
professor at the Department of

Pharmacy, University of Salerno and, since 2021, he has been an
associate professor. His research activity is focused on epigenetic drug
discovery, spanning synthetic strategies, chemical biology, and
biophysical techniques.

Sabrina Castellano

Sabrina Castellano obtained her
Medicinal Chemistry degree in
1995 from the University of
Trieste (IT) and her PhD at the
University of Milan (IT). In 1999,
she got a Postdoctoral Fellowship
from the University of Trieste and
in 2001 a position as an assistant
professor. She has spent two
years as a visiting scientist in
Oyun Kwon’s group at UCLA
(USA). Since 2014 she has been
an associate Professor at the
University of Salerno (IT). In

2018, she obtained the National Scientific Habilitation to become
full professor in medicinal chemistry. She has published more than
70 scientific peer-reviewed papers and holds one patent. Her main
research interests are the broad area of medicinal chemistry,
covering the design of small-molecule modulators of biological
targets, the development of advanced procedures for the synthesis
of compounds to be used in drug-discovery projects, and the
application of modern biophysical approaches to study the
different aspects of protein–ligand interactions.

Gianluca Sbardella

Gianluca Sbardella graduated in
Pharmaceutical Chemistry and
Technology at the University of
Rome ‘‘La Sapienza’’ (Italy) in
1993 and received his PhD from
the same university in 1997. In
2001 he joined the Department of
Pharmacy of the University of
Salerno, where since 2016 he
has been Full Professor in
Medicinal Chemistry. During his
career, Gianluca was a Research
Fellow at the Drug Chemistry
Center of CNR (Italian National

Research Center) in 1997, a Research Fellow at the Istituto
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Chimica Italiana).

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 359–406 |  361

The second group of KMTs is composed of non-SET-
containing proteins that transfer the methyl group, exploiting
a catalytic portion which looks like that of DNA and protein
arginine methyltransferases (DNMTs and PRMTs).14

In the past decade, several reviews regarding these proteins
have been published, some of them focusing on structural
features of the proteins, some on their involvement in different

pathologies, and others reporting the currently available
inhibitors for some of the proteins.15–23

In this review, we report an updated overview of the current
literature regarding selected KMTs for which high-quality
chemical probes have been reported. For each of these proteins,
we provide a summary of their biological functions, including
the implications in pathological states, and describe the

Fig. 1 Lysine methylation catalysed by lysine methyltransferases and the KMT phylogenetic tree. In bold are depicted the proteins that are the object of
this review for which inhibitors are known.
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corresponding inhibitors on the basis of their mechanism of
action. For selected inhibitors (at least one for each protein),
structural insights into the binding mode are also provided.

DOT1L

The protein DOT1 was identified for the first time in a yeast
screen (Saccharomyces cerevisiae) performed for searching genes
that, when overexpressed, disrupt telomeric silencing.24

Homolog genes of DOT1 (DOT1-like or DOT1L) present 88%
homology in their amino acid sequence and they have been
found in different species such as mammals, drosophila, and
protozoa.25 DOT1L (disruptor of telomeric silencing 1-like) is
the most studied non-SET-containing methyltransferase that is
responsible for the mono-, di- and trimethylation of lysine 79 of
histone H3 (H3K79) in yeasts and mammals, where it is
associated with transcriptionally active genes. DOT1L represents
the sole epigenetic protein responsible for this modification;
indeed, the knockout of its gene in different species causes the
complete loss of H3K79 methylation.26–28 DOT1L catalyses the
transfer of a methyl group from the cofactor SAM to the H3
substrate thanks to the presence of an AdoMet binding motif,
which resembles that of DNMTs and PRMT1.14

DOT1L can methylate histone H3 only in the presence of
DNA, while no activity has been detected on free histone H3,
meaning that only parental histones will be methylated by this
protein.26

DOT1L is involved in different processes, including physio-
logical as well as pathological ones. From the physiological
point of view, this protein has a key role in transcriptional
activation, promoting the formation of heterochromatin. In
addition, it is involved in embryonic development, in the
regulation of haematopoiesis, in cell cycle progression and in
DNA repair after damage.27

Moreover, DOT1L together with other proteins such as AF10,
AF17, AF9, ENL, Skp1, TRRAP and b-catenin, forms the multi-
meric complex ‘‘DotCom’’, which has a specific enzymatic
activity as it can catalyse H3K79 di- and trimethylation.29

Considering that three of these proteins (AF9, ENL and AF10)
are fusion partners with the mixed-lineage leukaemia (MLL)
genes, there is a strict link between their chromatin-reading
effect and DOT1L activity in leukemogenesis.30 Indeed, it has
been demonstrated that aberrant transcriptional activation via
H3K79 methylation by DOT1L is linked to the insurgence of
MLL, a subtype of childhood leukaemia that derives from
oncogenic chromosomal rearrangements of the MLL genes.31

Thus, although the expression of DOT1L is not modified in
leukaemia, its altered methyltransferase activity is a consequence
of the chromosomal translocations observed in MLL. However,
the precise mechanism by which DOT1L contributes to the gene-
activation process has not been fully elucidated and it requires
further investigation.

DOT1L inhibitors

Because of the importance of the protein DOT1L in many
physiological and pathological processes, different inhibitors
of this protein have been developed over the years and they can

be classified, based on their structure, into two main classes:
nucleoside inhibitors (Fig. 2) and non-nucleoside inhibitors
(Fig. 4).

Nucleoside inhibitors

As the DOT1L mechanism of action is based on the presence of
an AdoMet binding motif, early efforts to find inhibitors were

Fig. 2 Nucleoside inhibitors of DOT1L.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 359–406 |  363

focused on the design of small molecules that are able to
occupy the same binding pocket of the cofactor SAM. Therefore,
the first class of DOT1L inhibitors is characterized by structural
features that mimic the SAM molecule. 1 (EPZ004777) was the
first SAM competitor able to strongly inhibit DOT1L (IC50 of
0.4 nM), showing in vitro and in vivo antiproliferative activity in
MLL-re-arranged leukemic cells (MV4-11).

In addition, selectivity assays against a panel of 9 other
protein methyltransferases (PMTs) showed no inhibition at
concentrations up to 50 mM.32 Despite being one of the strongest
DOT1L inhibitors, 1 cannot be used in therapy due to its low
half-life, poor pharmacological properties, and side effects.
Moreover, even if the etiology of the effect is not clear, a
significant inhibition of this enzyme by 1 was observed to be
responsible, in a 14 day treatment, for the increasing number of
white blood cells, neutrophils, monocytes and lymphocytes in
mice.32,33

Starting from 1, different analogues were synthesized, such
as 2 (SGC0946), characterized by a bromide on the adenosine
ring, which was more active than the parent compound, showing
an IC50 of 0.3 nM in a cell-free assay, and an IC50 of 8.8 nM and
2.6 nM in MCF10a and A431 cells, respectively.34 Several compounds
based on the SAH (S-adenosylhomocysteine) structure also belong
to the first class of DOT1L inhibitors: some of them were identified
by alkylation of the primary amine of the adenine ring of SAH
(methyl-SAH, 3)35 or by adding a bromide on the adenosine ring
(BrSAH, 4), but these modifications led to a deep decrease in DOT1L
inhibition and selectivity with respect to the parent compound.36

In 2013, 5 (pinometostat) was identified as a potent (Ki r 80 pM)
and selective DOT1L inhibitor, showing a 37 000-fold selectivity over

other PMTs. It exhibits strong inhibitory activity towards
DOT1L in cells and is able to inhibit MV4-11 proliferation with
an IC50 value of 3.5 nM.37 However, this molecule has low oral
bioavailability in mouse, rat, and dog;38 therefore, it is necessary
to carry out intraperitoneal administration. A representation of
the binding mode of compound 5 obtained using the LigPlot+
program39 is depicted in Fig. 3. The X-ray crystal structure of the
inhibitor in complex with DOT1L (PDB 4HRA) shows that 5 is
able to occupy the SAM binding site and to induce the opening
of a hydrophobic pocket beyond the amino acid portion of SAM.
Specifically, the adenosine moiety binds in a similar manner as
in SAM structures. The positively charged 50-amino group is
responsible for a hydrogen bond with the carbonyl moiety of
Gly163. On the other hand, the benzimidazole nitrogen engages
with the carboxylate side chain of Asp161.

Similar to other SAM-mimicking inhibitors, 5 has a low half-
life and the effects are visible only after more than 7 days of
treatment. However, preclinical experiments evidenced clear
tumour regression and little or no re-growth for more than
30 days after cessation of treatment with the compound. 5 was
subjected to phase I clinical trials against relapsed or refractory
acute myeloid leukaemia in children (NCT02141828)40 and
adults (NCT01684150),41 and two different clinical trials are
now evaluating the combination of 5 with azacytidine, cytarabine
and daunorubicin (NCT03724084;42 NCT0370129543) to improve
cell killing and tolerability in vivo.

Non-nucleoside inhibitors

In recent years, several approaches to discover new DOT1L
inhibitors that overcome the pharmacokinetic (PK) limitations
of SAM-related compounds have been developed. Luo and co-
workers identified the first non-nucleoside DOT1L inhibitor
through structure-based virtual screening (SBVS):44 the bisami-
noquinoline 6 showed high inhibitory activity towards DOT1L,
but its poor cell permeability was responsible for the weak
activity against MV4-11 proliferation. In order to improve the
permeability, the same research group developed compound 7,
which showed strong DOT1L inhibition (IC50 of 3.55 mM) and
could effectively down-regulate both the level of H3K79 methylation
and the overexpression of leukemogenic genes in MV4-11, via
qRT-PCR and western blot studies.45

In 2016, a fragment-based screening (FBS) approach led to
the identification of the weak inhibitor 8 (IC50 of 320 mM),
whose co-crystallization with DOT1L and structure-based
ligand optimization yielded 9 with nanomolar activity (IC50 of
14 nM). X-ray crystallography studies confirmed that these new
SAM-competitive compounds are not able to interact within the
SAM binding site, but with an induced binding pocket adjacent to
the binding site of the cofactor: upon the binding of compound 9,
a conformational change of the enzyme did not allow anymore the
binding of the SAM cofactor that is fundamental for the activity of
DOT1L.46 Exploiting again the FBS approach, the same research
group identified compounds 10 and 11 as potent and selective
DOT1L inhibitors, where both interact with the same binding
pocket and had IC50 values of 1.4 and 0.4 nM, respectively.47

Cellular assays showed that these compounds are able to

Fig. 3 Flat representation (generated using LigPlot+ from PDB ID 4HRA)
showing contacts between compound 5 and active-site residues in
DOT1L. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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significantly reduce dimethylated H3K79 levels (IC50 of 23 and
16 nM, respectively) and can inhibit the proliferation of MV4-11
leukaemia cells in the nanomolar range, whilst maintaining good
PK properties, a moderate half-life and good oral bioavailability.

In 2017, Mobits and co-workers used a combination of FBS,
virtual screening (VS) and fragment-linking approaches, which
led to the discovery of compound 12. This derivative was

obtained by connecting two different fragments: a non-
nucleoside fragment, which mimics the key interactions of
SAM bound to DOT1L, and an induced back pocket binder.
This new inhibitor showed a Ki in the very low picomolar range
and a favourable selectivity profile against a panel of 22 KMTs
and PRMTs with no inhibitory activity up to 50 mM. Moreover,
in a head-to-head comparison in cellular assays, 12 worked

Fig. 4 Non-nucleoside inhibitors of DOT1L.
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equal to or better than 5, suppressing H3K79 dimethylation
(IC50 of 3 nM) both in HeLa and Molm-13 cells and inhibiting
proliferation of MV4-11 cells.48

The binding interactions of compound 12 with the enzyme
are represented in Fig. 5. The X-ray crystal structure of the
inhibitor bound to the enzyme (PDB 5MW4) confirmed the
expected binding mode: the NH of the pyrrolopyrimidine core
serves as a hydrogen-bond donor, interacting with the side chain
of Asp222, while the adjacent nitrogen acts as a hydrogen-bond
acceptor for the backbone NH of Phe223. An interaction of the
pyridine nitrogen with Ser140 is also observed.

Two years later, Stauffer and co-workers exploited the
structure-guided optimization of a high-throughput screening
(HTS) hit (13, IC50 of 8.5 mM) to obtain new DOT1L inhibitors
(14 and 15) with sub-nanomolar potency (IC50 of 0.11 nM and
0.17 nM, respectively). Moreover, selectivity testing for these
compounds against a selected panel of histone methyltrans-
ferases showed no inhibition below 5 mM. Despite the good
results, a limited efficacy in a mouse tumour xenograft model

was obtained, illustrating the difficulty of reaching the good
level of DOT1L inhibition in vivo required to effectively sup-
press MLL-fusion tumour growth.49

More recently, Gibbons and co-workers applied a VS strategy
on a nucleoside-focused library of 1200 compounds, adenosine-
based as well as small molecules with ‘nucleoside-like’ scaffolds,
which is different from the DOT1L clinical candidates and
other reported inhibitors. Using structure-based design and
molecular modelling studies, compound 16 was identified,
showing an IC50 of 1.0 mM and very modest activity against
DNMT1, PRMT3, PRMT5 and PRMT8, with selectivity for
DOT1L of 250, 130, 175, and 4250-fold, respectively. This
compound exhibited dose-dependent cellular activity against
the proliferation of murine MLL-AF9 transformed cells, accom-
panied by a dose-dependent decrease of H3K79 dimethylation
and induction of cell differentiation. Although this new
inhibitor is only modestly potent, it represents a new chemical
probe with a unique non-nucleoside scaffold that is able to
bind and compete with the SAM-binding site of DOT1L, which
could be the starting point for further optimizations.50

G9A/GLP

G9a and the related G9a-like protein (GLP) are two proteins with a
homology of around 80% in the sequence of their catalytic
domain. G9a and GLP are reported also as euchromatin histone
lysine methyltransferases (EHMTs), a family of proteins that
regulate gene transcription. G9a is also known as lysine methyl-
transferase 1C or euchromatic histone lysine N-methyltransferase
2 (EHMT2) while GLP is reported as lysine methyltransferase 1D
or euchromatic histone methyltransferase 1 (EHMT1).51,52 G9a
and GLP are mainly responsible for the mono- and dimethylation
of H3K9, but they are also able to catalyse the methylation of other
histone substrates (H3K27, H3K56 and H1),53–57 as well as non-
histone proteins, including p53,58 sirtuin59 and G9a itself. In
particular, autocatalytic G9a methylation represents a mechanism
of gene silencing.60

Dimethylated H3K9 is associated with repressed euchromatic
regions of the genome, meaning that G9a and GLP repress
euchromatic gene transcription through H3K9 dimethylation
of specific target genes. In addition, both G9a and GLP have
been found to interact with several transcriptionally repressive
protein complexes.61

From the structural point of view, G9a and GLP are char-
acterized by the presence of a C-terminal SET domain, a large
N-terminal region for a nuclear localization signal (with a
glutamate-rich region and a cysteine-rich ring finger-like
domain) and a middle domain characterized by 6 ankyrin
repeats as reader domains.62,63

G9a and GLP can exist as homomeric and heteromeric
complexes. The heteromeric complex is functional in vivo so
it was initially believed that this complex was necessary for the
catalytic activity. Subsequent studies suggested that G9a and
GLP proteins have independent physiological functions.64

G9a and GLP are widely expressed in several organs and
tissues, as they have multiple biological roles. Mainly, they are
linked with both facultative and constitutive heterochromatin

Fig. 5 Flat representation (generated using LigPlot+ from PDB ID 5MW4)
showing contacts between compound 12 and active-site residues in
DOT1L. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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formation and transcriptional repression. They are also
involved in the development of the brain, as G9a knockout
led to embryonic lethality caused by growth defects.52,65

On the other hand, aberrant activity and expression of G9a
and GLP is linked to the development of diseases, mainly
cancer.66 Several pieces of experimental evidence correlate
G9a and GLP up-regulation with metastatic disease and poor
prognosis in various types of human cancer. Consistently,
knockdown of G9a reduces tumour cell growth in in vitro
experiments and the invasiveness of cancer.67 In addition,
dysregulation of G9a and GLP is also associated with inflam-
matory and neurodegenerative disorders.68,69

G9A/GLP inhibitors

Considering the crucial role of G9a and GLP in many biological
processes, over the past decade several G9a and GLP inhibitors
have been developed. Based on their mode of action, these
compounds can be categorized into two different group:
SAM-competitive inhibitors (Fig. 6) and substrate-competitive
inhibitors (Fig. 7).

SAM-competitive inhibitors

SAM-competitive inhibitors bind the cofactor SAM binding pocket
of G9a, preventing histone methylation and, consequently, G9a
activity. Among these compounds, 17 (sinefungin), a natural
product structurally correlated to SAM, inhibits GLP/G9a with
an IC50 of 28.4 and 30.1 mM, respectively, although it displays no
selectivity over a wide range of methyltransferases.

Modifications at the amino acid moiety led to the identification
of a series of cycloalkyl-substituted analogues such as 18a,b.
These compounds showed a comparable or better potency than
sinefungin (IC50 of 21.8 and 39.6 mM for 18a and IC50 of 1.5 and
1.6 mM for 18b on GLP and G9a, respectively). Although the
selectivity was evaluated on a limited number of methyltransferases,
these compounds appear to be more selective than sinefungin, i.e.,
18a showed no inhibition on PRMT1 and 18b showed a weak
inhibition of DNMT1 and no activity on PRMT1 and SET7/9.70,71

Starting from compound 19 (BIX01338), identified via HTS
as a good G9a inhibitor (IC50 of 4.7 mM) but with poor selectivity
and cellular activity, other SAM-mimetic benzimidazoles were
designed, leading to the identification of 20 (BRD9539).72,73

This compound has an IC50 value of 6.3 mM against G9a but is
inactive in cell-based assays, probably due to its low cell
permeability. Conversely, the methyl ester analogue 21
(BRD4770) displayed a higher cellular activity, although its
reduced biochemical potency compared to 20. It was hypothe-
sized that 20 is the potentially active form of 21 in cells,
considering that the methyl ester group could be easily hydro-
lysed in cells acting as a ‘‘prodrug’’. 21 reduced cellular levels of
di- and trimethylated H3K9 with low cellular toxicity and
inhibited both anchorage-dependent and -independent pro-
liferation in the pancreatic cancer cell line PANC-1. Despite
their interesting profiles, these compounds suffer from low
selectivity, considering that 20 also inhibits PRC2 activity, with
a similar potency to G9a inhibition as well as NSD2, even if the
effects were observed only at 40 mM.73

The low selectivity is one of the major drawbacks of this
class of inhibitors; consequently, SAM-competitive inhibitors
have not been further investigated.

Substrate-competitive inhibitors

The most potent, selective, and widely used chemical probes of
G9a/GLP are substrate-competitive inhibitors. These compounds
specifically occupy the substrate site in G9a, gaining a better
selectivity against the protein target over SAM-competitive inhibitors.
In 2007, via the HTS of approximately 125 000 compounds,
Kubicek and co-workers identified the quinazoline 22 (BIX-
01294) as a G9a/GLP inhibitor. 22 inhibits G9a and GLP (IC50 of
1.9 mM and 0.7 mM, respectively) in an uncompetitive manner
with SAM. 22 reduces dimethylated H3K9 levels in different G9a
target genes, promoting autophagy-dependent cell death and
reducing cell proliferation in different types of cancer cell lines,

Fig. 6 G9a SAM-competitive inhibitors.
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such as colorectal, breast, bladder cancer and glioma cells.74–76

Insertion of the 5-aminopentyloxy moiety on 22 to mimic the
lysine side chain, yielded 23 (E72), which retains a similar
activity to 22 but displays a very low cytotoxicity.77 The 2,4-
diamino-6,7-dimethoxyquinazoline core was identified as the
key pharmacophore, and structure–activity relationship (SAR)
investigations allowed the identification of several derivatives.
24 (UNC0224) is an efficient and selective G9a/GLP inhibitor

(IC50 of 15 nM and 20 nM, respectively), whose X-ray crystal
structure in complex with G9a showed that the 7-dimethyl-
aminopropoxy group is responsible for important interactions
with the lysine-binding channel of this enzyme.78

In the quinazoline scaffold, replacement of 7-dimethyl-
aminopropoxy group with an ethoxyethyl chain resulted in 25
(UNC0321) (Ki of 63 pM), which is the first reported G9a
inhibitor with picomolar potency, although this had a lower

Fig. 7 G9a substrate-competitive inhibitors.
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cellular activity compared with 22.79 Despite their high in vitro
potency, the cellular activity of the above mentioned
quinazoline-based compounds is limited, considering that the
concentration required to produce functional effects is close to
the toxic concentration and that they are characterized by poor
druglikeness properties.

In order to overcome these drawbacks, further optimization
of the quinazoline class of inhibitors led to the discovery of 26
(UNC0638), a cell-permeable G9a/GLP inhibitor (IC50 o 15 nM
and 19 nM, respectively) with high selectivity over a wide range
of other lysine and arginine methyltransferases, as well as over
non-epigenetic targets. The X-ray crystal structure of 26 bound
to the protein and the SAH (PDB 3RJW) provided structural
information about the binding mode, confirming its substrate-
competitive mode of action. As depicted in Fig. 8A, the compound
engages the substrate binding pocket, inserting the 7-(3-
pyrrolidin-1-yl)propoxy side chain into the lysine-binding groove.
Moreover, the hydrogen of the amino group at the 4-position of
the quinazoline ring establishes an important hydrogen bond
with Asp1083, as well as the nitrogen of the quinazoline being
hydrogen bonded with Asp1088.

26 potently reduces levels of dimethylated H3K9 in a variety
of cell lines and with a lower cellular toxicity than the previously
reported compounds. However, the poor PK properties limited
its employment in animal studies.80 The hypothesis that the
cyclohexyl group at position 2 of the quinazoline core could
be related to the poor metabolic stability, and supported its
replacement with a 4,4-difluoropiperidine moiety, yielding 27
(UNC0642). This new derivative maintains the high in vitro
potency (IC50 o 2.5 nM) and cellular activity and with a lower

toxicity than the parent compounds but also exhibits improved
in vivo PK properties.81 Other related compounds are 28
(UNC0646) and 29 (UNC0631), potent G9a inhibitors (IC50 of 6
and 4 nM, respectively) with excellent potency in a variety of cell
lines.82

Apart from the quinazoline derivatives, a limited number of
G9a/GLP inhibitors have been identified. Exploiting the
scaffold-hopping approach, the quinazoline moiety of 25 was
replaced with a benzodiazepine scaffold, resulting in the
identification of 30 (EML741). This derivative showed high
in vitro (IC50 of 23 nM) and cellular potency, improved selectivity
against other methyltransferases and low cellular toxicity.
Notably, 30 is also able to inhibit DNMT1, synergizing with
G9a inhibition in reducing cellular proliferation. The major
interactions of 30 with the target protein are depicted in
Fig. 8B. The co-crystal structure of the compound in complex
with the catalytic SET domain of GLP in the presence of SAH
(PDB 6MBP) showed that the inhibitor and the cofactor are
located in two opposite binding sites. Specifically, 30 is bound to
the acidic surface of the substrate-binding pocket, inserting the
pyrrolidine moiety into the lysine-binding channel. The benzo-
diazepine scaffold is lodged with Arg1214, Ile1218, and Leu1143
forming van der Waals interactions. Also, the amino group at the
4-position and the protonated nitrogen of the N-isopropyl-
piperidine group are hydrogen bonded with two negatively
charged residues, Asp1140 and Asp1145.83

Starting from the quinazoline scaffold, its bioisosteric
replacement with the quinoline one led to 31 (CM-272), a dual
small-molecule inhibitor that is able to target simultaneously
the methyltransferase activity of G9a and DNMTs. In fact, G9a

Fig. 8 Flat representation (generated using LigPlot+) showing contacts between (A) compound 26 and active-site residues in G9a (from PDB ID 3RJW)
and (B) compound 30 and active-site residues in GLP (from PDB ID 6MBP). Hydrogen bonds are shown as dashed lines. The spoked arcs represent
protein residues making non-bonded (hydrophobic) contacts with compounds.
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interacts with DNMT1 to coordinate DNA and histone methylation,
promoting transcriptional silencing of the target genes. The
dual small-molecule 31 inhibits cellular proliferation, promotes
apoptosis, and prolongs the survival of haematological neoplasia
xenogeneic models, offering a novel approach for treating several
human cancers with poor prognoses.84 Through a library screen
of a subset of compounds, the spiroindole 32 (A-366) was
identified as a potent and selective inhibitor (IC50 of 3.3 nM
and 38 nM for G9a and GLP, respectively).85 The compound
occupies the lysine-binding site of G9a and is peptide-
competitive and SAM-uncompetitive. Therefore, it is not very
surprising that, two years after its identification as a G9a/GLP
inhibitor, compound 32 was also reported as a sub-micromolar
inhibitor of the epigenetic methyl reader protein Spindlin1 (IC50

of 186.3 nM), which is also able to engage the target in cells
(although only at 100 mM).86,87 In fact, the capability of the
compound to bind to the same pocket of the lysine substrate of
the methyltransferase makes it also able to bind to the reader
protein that recognizes the methylation reaction product.

The introduction of a tetrahydroazepine in 32 led to the
identification of 33 (DS79932728), which retained the potency
on G9a (IC50 of 4.50 nM and 33.9 nM for G9a and GLP,
respectively), showed good metabolic stability, and the capabil-
ity to induce g-globin in monkeys, with interesting implications
in the study of b-thalassemia.88

Beyond the well-characterized quinazoline structures, interest
in the identification of new valuable chemical scaffolds as G9a
inhibitors led to consideration of the diaminopyrimidine core of
34 (EPZ035544), a reported G9a/GLP inhibitor (IC50 of 16.9 and
185 nM, respectively) with low PK profile, as an optimizable
novel template. Insertion of the tetrahydroazepine group as a
side chain, used successfully in the design of 33, allowed the
identification of 35, with increased potency on G9a/GLP (IC50 of
4.3 and 32.3 nM, respectively) compared with 34 and an
improved PK profile in mice (the oral bioavailability increased
up to 40%).89

SUV39H1 and SUV39H2

The suppressors of variegation 3–9 homolog 1 (SUV39H1, also
known as KMT1A) and 2 (SUV39H2, also known as KMT1B) are
members of the SUV39 subfamily of KMTs and are localized in the
nucleus. They contain a highly conserved C-terminal SET domain
that is responsible for the di- and trimethylation of H3K9, which is
associated with gene silencing and heterochromatin formation,
while in the N-terminal region there is a chromodomain that
is fundamental for the catalytic activity.90,91 SUV39H2 has a
homology sequence of 59% with SUV39H1; however, it differs
from this last protein by the presence of a basic histone H1-like
N-terminus.92

SUV39H1 preferentially methylates the monomethylated
H3K9, exploiting the binding of the chromodomain to the
methylated residue, although it remains unclear if SUV39H2
prefers the methylated or unmethylated substrate H3.93,94 In
addition, SUV39H2 methylates histone H2AX on Lys134, which
is a critical modification for the production of phosphorylated
H2AX (g-H2AX) in cancer cells.95

SUV39H1 and SUV39H2 play an essential role in several
biological mechanisms, such as transcriptional repression
and epigenetic silencing in euchromatin, heterochromatin
organization, the regulation of telomere length in mammalian
cells, and embryonic development.96,97

Knockout of both SUV39H1 and SUV39H2 can lead to
abnormally long telomeres, due to the lack of their enzymatic
activities of targeting heterochromatin,97 and it causes prenatal
lethality, accompanied by a global reduction in trimethylated
H3K9,98 as well as a reduction of hematopoietic stem cell
function.99

Despite sharing the same enzymatic activity, SUV39H1 and
SUV39H2 might play different roles in cancer, probably due
to their different substrate preference. In fact, SUV39H1 is
considered as a tumour-suppressor gene because of its cell-
proliferation-suppressing activity, while for SUV39H2 a tumour-
promoting activity has been reported.100 In particular, alterations
as well as an overexpression of SUV39H2 can be found in different
cancers, indicating that SUV39H2 is involved in carcinogenesis,
invasion, and metastasis of different kinds of solid tumours and
haematological malignancies.85,101 Dysregulation of SUV39H2 has
also been reported in several other diseases, such as hereditary
nasal parakeratosis, which is caused by a mutation of SUV39H2 in
dogs.102 Moreover, it has been reported that alterations in the
regulation of SUV39H2 are also associated with autoimmune
diabetes103 and steatohepatitis in mice.104

SUV39H1 and SUV39H2 inhibitors

As discussed above, SUV39H1 and SUV39H2 have emerged as
critical proteins involved in the insurgence of several patho-
logical states, mainly cancer. In spite of great efforts having
been spent toward the development of modulators of both
these proteins, only three inhibitors have been reported so far
(Fig. 9).

Until recently, the fungal epipolythiodioxopiperazine meta-
bolites chaetocin105 and verticillin A106 were the sole SUV39H1
inhibitors described; however, although potent (an IC50 value of
0.6 mM was reported for chaetocin), both compounds also
inhibit several other histone methyltransferases and are non-
specific redox and covalently active compounds.105–107

In 2019 a virtual screening campaign performed on the SET
domain of human SUV39H1, followed by an in vitro validation,
led to the identification of a few hits, including a 4,5-dioxo-6H-
pyrrolo(3,2-e)indole-2,8-dicarboxylate derivative. Subsequent
structural optimization studies yielded compound 36 (F5446),
which was found to inhibit SUV39H1 with an IC50 of 0.496 mM
and decreased the deposition level of the repressive H3K9me3
mark at the promoter regions of the genes coding for the major
proteins used by CD8+ cytotoxic T lymphocytes (CTLs) to induce
tumour cell apoptosis, thus increasing their expression.108

Compound 36 also showed low toxicity in mice models, and
in vivo studies showed that it suppresses established tumour
growth in a CD8+ CTL-dependent manner. Subsequent studies
also showed that the inhibition of SUV39H1 by 36 effectively
suppresses human colon carcinoma xenograft growth in vivo.109

In 2018 the screening of a panel of commercially available
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compounds enabled the identification of some imidazo[1,2-a]
pyridine compounds with weak SUV39H2 methyltransferase
inhibitory activity, with IC50 values of o10 mM. A subsequent
SAR-based drug optimization study yielded 37 (OTS193320), a
potent SUV39H2 inhibitor (IC50 of 22.2 nM) that displays a
growth-suppressive outcome of SUV39H2-positive A549 lung
cancer cells (IC50 of 0.38 mM). In in vitro studies, this compound
decreased global H3K9 trimethylation levels in breast cancer cells
and activated apoptotic cell death. Furthermore, when combined
with doxorubicin, 37 reduced g-H2AX levels as well as cancer cell
viability compared with a single agent administration. Further
optimization allowed the identification of 38 (OTS186935) (IC50 of
6.49 nM), which is able to significantly inhibit tumour growth
without any detectable toxicity in mouse xenograft models,
exploiting MDA-MB-231 breast cancer cells and A549 lung cancer
cells.110 In order to show the binding interactions between 38 and
the active-site residues of SUV39H2, a flat representation using
LigPlot+ has been prepared (Fig. 10). The deposited X-ray crystal
structure of the methyltransferase domain of the enzyme bound
to 38 (PDB 6P0R) revealed the importance of the nitrogen of the
imidazo[1,2-a]pyridine scaffold for the interaction with Thr303,
responsible of the correct allocation of the molecule inside the
binding site.

However, it should be noted that these compounds were not
well characterized by the authors in terms of their selectivity
against other PMTs and, consequently, caution should be
exercised when considering their use as chemical probes.
Nevertheless, to the best of our knowledge they are the most
potent SUV39H2 inhibitors reported so far.

EZH1 and EZH2

E(Z) is one of the founding members of the SET domain family
of methyltransferase proteins.111 Enhancer of zeste homologs
1 and 2 (EZH1 and EZH2) are two homolog proteins belonging
to Polycomb Repressive Complex 2 (PRC2), a family of proteins
involved in the maintenance of gene silencing thanks to the
introduction of post-translational modifications on histones
and chromatin condensation.112 PRC2 is composed of four core
components: EZH1 and EZH2, suppressor of zeste 12 (SUZ12),
retinoblastoma suppressor associated protein 46/48 (RBAP46/48)
and embryonic ectoderm development (EED). EZH1 and EZH2
represent the catalytic subunit and they are responsible for
lysine mono-, di- and trimethylation of H3K27 thanks to their
SET domain,113 while the other core subunits behave as regulators
of the methyltransferase activity of EZH1 and EZH2. However, it
remains unclear if they possess other functions independently
from EZH1 and EZH2.114–116 Among all of these, of particular
importance is the EED subunit, a WD40-repeat-containing protein
that recognizes, thanks to the presence of an aromatic cage, the
methyl marks deposited by EZH proteins, and this interaction
causes a conformational change in the structure of these methyl-
transferases, which increases their catalytic activity. This mechanism
allows the propagation of H3K27 trimethylation on nucleosomes,
contributing to the maintenance of the chromatin in a repres-
sive form.116

From the functional point of view, the PRC2 complex is
recruited to non-methylated CpG islands (CGIs) and trimethy-
lates H3K27, with the subsequent recruitment of canonical
PRC1 via chromodomain proteins (CBX), a subunit of PRC1
that binds to these trimethylated residues. In turn, PRC1 mono-
ubiquitylates histone H2A at K119, inducing the condensation
of chromatin.111,117,118

Fig. 9 SUV39H1 and SUV39H2 inhibitors.

Fig. 10 Flat representation (generated using LigPlot+ from PDB ID 6P0R)
showing contacts between compound 38 and active-site residues in SUV39H2.
Hydrogen bonds are shown as dashed lines. The spoked arcs represent protein
residues making non-bonded (hydrophobic) contacts with the compound.
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Despite sharing the same target genes, EZH1 and EZH2 are
differently expressed in tissues and have distinct functions.
While EZH1 is ubiquitously expressed, EZH2 expression is
found in proliferating tissues. In addition, EZH1 exhibits low
levels of histone lysine methyltransferase activity while EZH2
performs this modification robustly. Regarding the condensation
of chromatin, EZH1 represses transcription and compacts
chromatin more efficiently than EZH2; nevertheless, EZH1 and
EZH2 have a complementary role, as EZH2 knockdown resulted in
EZH1 upregulation.112

EZH1 and EZH2 are responsible for the regulation of gene
expression during development and haematopoiesis, therefore
mutations and abnormal expression of these proteins are
reported in various types of cancer, mainly haematological
malignancies, breast, and prostate cancer. Specifically, over-
expression of both EZH1 and EZH2 is associated with tumour
aggressiveness, poor prognosis, and relapses.119–122

EZH1 and EZH2 inhibitors

The development of small-molecule inhibitors of EZH1/EZH2
has been an intense area of research. So far, several EZH1/EZH2
inhibitors have been developed and some of them have been
entered in clinical trials alone or in combination with other
therapies for a variety of tumours. Considering that EZH1/EZH2
are the catalytic subunit of the PRC2 complex, different
drug-design strategies have been explored, targeting both the
catalytic domain as well as other complex components such as
the EED subunit. Consequently, inhibitors can be categorized
into two different classes: inhibitors of the EZH1/EZH2 catalytic
domain (Fig. 11) and inhibitors of the EED subunit (Fig. 13).
Moreover, the development of degraders (Fig. 18) that are able
to induce protein degradation of the PRC2 complex will be
discussed.

Inhibitors of the EZH1/EZH2 catalytic domain

The first class of inhibitors developed comprises small molecules
targeting the catalytic SET domain EZH1/EZH2. It is worth noting
that EZH1 and EZH2 share 96% sequence identity within their
catalytic SET domain and 76% sequence identity overall, making
the identification of selective ligands challenging. Despite these
difficulties, most of the compounds identified have been shown
to be more active towards EZH2 over EZH1, while some molecules
targeted both proteins, acting as dual inhibitors. The benefits of
selective or dual EZH1/EHZ2 inhibition are still under discussion.
Notwithstanding the good effects of compounds with a greater
activity on EZH2 versus EZH1, good results can also be achieved
with dual EZH1/EZH2 inhibitors considering that EZH1, despite
the lower methyltransferases activity compared with EZH2, plays a
minor role in balancing the deletion of EZH2.122,123

From a structural point of view, the pyridone–benzamide
core is a highly optimized scaffold for the binding to EZH2 in a
SAM-competitive mode. In fact, in 2012 Epizyme Inc. identified
39 (EPZ005687) as an EZH2 inhibitor (Ki of 24 nM), displaying
500-fold selectivity over 15 other PMTs and 50-fold selectivity
over the closely related enzyme EZH1. This compound selectively
inhibits H3K27 methylation in EZH2 wild type and Y641- or

A677-mutant lymphoma cells as well as other tumour cell lines,
such as breast and prostate cancers.124 The optimization process
of 39 led to the identification of 40 (EPZ6438 or tazemetostat),
with an increased potency (Ki of 2.5 nM) and a better PK profile
compared with the parent compound. 40 is more than 35-fold
more selective towards EZH2 over EZH1125 and it selectively
killed wild type as well as human lymphoma cell lines harbouring
point mutations in the EZH2 catalytic domain, inhibiting H3K27
trimethylation.126 40 is orally available and, in 2020, the US FDA
approved it, and it was marketed as Tazveriks, the first EZH2
inhibitor for the treatment of metastatic or locally advanced
epithelioid sarcoma in adults and paediatric patients older than
16 years. In the same year, the FDA conferred accelerated approval
to 40 for patients with relapsed or refractory follicular lymphoma,
who have received at least two preceding systemic therapies and
whose tumours have an EZH2 mutation or have no satisfactory
alternative treatment options. In addition, 40 was also evaluated
in other clinical trials in combination with other therapeutic
agents (NCT04179864; NCT01897571; and NCT03854474).127–129

In 2015, Epizyme Inc. developed 41 (EPZ011989), a selective
and orally available inhibitor of EZH2, structurally related to 40.
In particular, the central aromatic core was differently deco-
rated: besides the pyridone scaffold, the pyran substituent
of 40 was replaced with a N-(2-methoxyethyl)-N-methylcyclo-
hexanamine and the morpholine was connected through an
acetylene linker instead of a benzene moiety. 41 maintains its
activity both on mutant and wild-type EZH2 (Ki of o3 nM) with
more than 3000-fold selectivity over the other tested HMTs and
more than 15-fold selectivity for EZH2 over EZH1. 41 significantly
reduced tumour growth in a mouse xenograft model of human B
cell lymphoma.130

Maintaining the pyridone-amidic moiety, which is crucial
for the EZH2 binding, Lu and co-workers exploited a scaffold-
hopping approach on the benzene rings of compound 40,
obtaining a series of benzofuran-based EZH2 inhibitors.
Among them, 42 (EBI-2511) displayed good enzymatic (IC50 of
4.0 nM) as well as cellular activity, showing a reduction of
trimethylated H3K27 levels in a dose-dependent manner both
in Pfeiffer cells (IC50 of 6.0 nM) and WSU-DLCL2 cells (IC50 of
55 nM). In a Pfeiffer xenograft mouse model, 42 showed a dose-
dependent inhibition of the tumour growth, resulting in a good
reduction in tumour size with no changes in body weight.
Notably, 42 showed a superior antitumor efficacy compared
with 40 at the same dose, suggesting that it might accomplish a
similar efficacy but at lower dosages in clinical studies.131

Through HTS, in 2012 Glaxo Smith Kline USA (GSK) dis-
closed 43 (GSK126) a selective inhibitor of both wild-type and
mutant EZH2 (Kapp

i of 0.5–3 nM).132 Suppressing EZH2 activity,
43 significantly decreased the growth of EZH2-mutant diffuse
large B-cell lymphoma (DLBCL) in xenograft mice upon intra-
venous administration.133 43 entered in a phase I clinical trial
for different types of solid tumours and lymphoma but showed
insufficient clinical activity (NCT02082977).134 It was suggested
that the activity of EZH2 inhibitors is drastically affected by the
tumour microenvironment, as confirmed by the antitumor
efficacy of 43 when administered to immunodeficient but not
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Fig. 11 Inhibitors of the EZH1/2 catalytic domain.
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to immunocompetent hosts.135 Liu and co-workers were able to
solve the crystal structure of human PRC2 bound to 43 (PDB
5WG6).136 The main interactions are depicted in Fig. 12. The
pyridone moiety is embedded in a binding pocket formed by
residues of Trp624, Arg685, and Phe686. In particular, the
interactions of the pyridone group confirmed the SAM-
competitive mode of action of this compound. In fact, the
amide nitrogen and the carbonyl oxygen establish distorted
hydrogen bonds with both the carbonyl oxygen and the amide
nitrogen of Trp624 of EZH2, thus preventing binding to the
cofactor SAM. In addition, the Tyr111 is hydrogen bonded with
the carbonyl oxygen between the indole group and the pyridone
ring. Interestingly, the linked pyridine and piperazine rings of
43 protrude above the gate to the solvent.

In 2012, compounds 44 (GSK343) and 45 (EI1) were also
identified. Specifically, GSK developed 44 as an efficient (EZH2
Kapp

i of 1.2 nM), selective, and cell-active EZH2 inhibitor.
Despite its great potential as an in vitro tool to explore EZH2
biology, 44 is not suitable for in vivo studies, considering the
high clearance in rat PK studies.137 At the same time, Novartis
exploited HTS, followed by structural optimization, and
obtained derivative 45, which is able to inhibit the methyltrans-
ferases activity of EZH2 with more than 10 000-fold selectivity over
other methyltransferases and 90-fold selectivity over EZH1. 45
showed good cellular activity, decreasing H3K27 methylation with-
out disrupting the chromatin binding of PRC2. 45 is equally active
against both wild-type and Y641-mutant DLBCL cells, reducing
proliferation, causing cell cycle arrest, and apoptosis.138

In 2016, Constellation Pharmaceuticals published a series of
inhibitors characterized by the presence of an indole ring, identifying
46 (CPI-1205) as a compound with a modest selectivity for EZH2
over EZH1 (IC50 of 2 nM and 52 nM, respectively) compared
with the high selectivity shown against 30 other histone or DNA
methyltransferases.139 In a KARPAS-422 lymphoma xenograft
model, 46 demonstrated significant tumour growth reduction

upon 25 days of administration. The compound completed
a phase I study in patients with B-cell lymphomas,
(NCT02395601)140 showing anti-cancer activity and no significant
toxicity. In a phase Ib study, 46 also produced positive results for
patients with metastatic castration-resistant prostate cancer
(mCRPC), demonstrating good tolerability, minimal safety
issues and encouraging clinical activity. Currently, 46 is under
investigation in a phase Ib/II trial to evaluate its effects on mCRPC
in combination with enzalutamide or abiraterone/prednisone
(NCT03480646).141 Another interesting aspect is that EZH2
inhibition in human T cells by 46 produced phenotypic and
functional alterations of the regulatory T-cells and enhanced
the cytotoxic activity of effector T-cells. It was speculated that
modulation of EZH2 expression in T-cells can improved anti-
tumor responses via anti-CTLA-4 therapy. Indeed, ipilimumab

Fig. 12 Flat representation (generated using LigPlot+ from PDB ID 5WG6)
showing contacts between compound 43 and human PRC2. Hydrogen
bonds are shown as dashed lines. The spoked arcs represent protein
residues making non-bonded (hydrophobic) contacts with the compound. Fig. 13 Inhibitors of the EED subunit.
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increased EZH2 expression in peripheral T-cells, suggesting a
strong rationale for its combination trial with 46.142

Compound 47 (ZLD1039), featuring a cyclohexane group
fused with the pharmacophoric pyridone moiety, inhibited
EZH2 wild type as well as Y641F and A677G mutant (IC50 of
5.6, 15, and 4 nM, respectively). 47 reduced the global H3K27
methylation levels and re-established the expression tumour
suppressors that are responsible for the higher survival of
patients with breast cancer. In three different breast tumour
xenograft models (MCF-7, MDA-MB-231, and 4T1 cell lines), 47
decreased tumour growth and metastasis, endorsing the role of
EZH2 in breast cancer progression.143

In 2018, the Pfizer Global Research group optimized a
previous series of lactam-derived EZH2 inhibitors, developing the
oxetane-containing compound 48 (PF-06821497), which exhibited
remarkable potency (Ki less than 0.1 nM) and pharmaceutical
properties as well as robust tumour growth inhibition in vivo.144

48 entered a phase I clinical trial for the treatment of adults with
relapsed/refractory small cell lung cancer, castration-resistant
prostate cancer and follicular lymphoma (NCT03460977).145

Regarding dual inhibitors, 49 (UNC1999) was reported by
researchers at the University of North Carolina as dual EZH1
and EZH2 inhibitor (IC50 of 45 and o10 nM, respectively). This
compound reduced trimethylated H3K27 levels in cells and
selectively killed DLBCL cells carrying the EZH2-Y641 mutations
together with inhibition in growth of MV4-11 cells.146,147

Other orally bioavailable EZH1/EZH2 dual inhibitors are 50
((R)-OR-S1) and 51 ((R)-OR-S2), which strongly and selectively
inhibited methyltransferase activity of both EZH2 and EZH1
(IC50 of 8.4 and 7.4 nM and 2.5 and 10 nM for EZH2/EZH1,
respectively). Compared with EZH2 selective inhibitors, these
compounds showed a remarkable antitumor efficacy in vitro as
well as in vivo against DLBCL cells with EZH2 mutation. These
dual inhibitors displayed a strong efficacy both in haematological
and solid cancer panel assays, suggesting that both EZH2
and EZH1 are implicated in some types of cancer and their
simultaneous inhibition would be effective for targeting them.
Accordingly, 51 inhibited the in vitro growth of MV4-11 cells more
effectively than 49, which is probably due to the weaker enzymatic
activity of 49 on EZH1.148

Inhibitors of the EED subunit

Besides inhibitors of the EZH1/2 catalytic subunit, other
components of the PRC2 complex have been targeted to inhibit
the methyltransferase activity. This strategy could prevent
some recently emerged issues, such as the gain-of-function
mutations of EZH2 resulting in EZH2-inhibitor-resistant cancer
cells lines. Considering the role of EED in enhancing the
catalytic efficiency of the PRC2 complex, inhibition of the
EED interaction with the trimethylated histone substrate was
explored as a strategy to modulate the enzymatic activity of the
complex. So far, several inhibitors targeting the EED subunit
have been reported.

In 2017, 52 (EED226) and 53 (A-395) were identified as
nanomolar inhibitors of EED and studies helped to clarify the
effects on EED inhibition. Specifically, Novartis identified 52 as

a potent allosteric binder of the PRC2 complex (IC50 of 23.4 nM).
The high-resolution crystal structure of 52 bound to EED and to
an EED binding domain (EBD) (PDB 5GSA) revealed that the
compound binds the pocket responsible for the recognition
of the trimethylated H3K27 substrate. Specifically, the
compound is inserted into a deeper pocket that is created by a
conformational change of the four aromatic residues which form
the ‘aromatic cage’ of the binding site (Phe97, Tyr148, Trp364,
and Tyr365), positioning the furan group on the inside and the
methylsulfonic group towards the solvent. Fig. 14 depicts the
major interactions of 52: the triazolopyrimidine core forms p–p
interactions with Tyr148, Tyr365, and Phe97 residues while the
furan group is stabilized by van der Waals and cation–p
interactions with other residues of the binding pocket. More-
over, two hydrogen bonds stabilize the interactions of 52 inside
the pocket: the amino group between the bicyclic and the furan
moieties is hydrogen bonded with the side chain carbonyl of
Asn194 while the bottom nitrogen of the triazolopyrimidine core
establishes a hydrogen bond with the side chain of Lys211.
Despite the moderate cell permeability, 52 led to a dose-
dependent reduction of both di- and trimethylated H3K27
markers in G401 cells in addition to a strong proliferation
inhibition in lymphoma cells carrying EZH2 mutations as well
as cell lines with acquired resistance to SAM-competitive EZH2
inhibitors. Administration of 52 in mice using a subcutaneous
xenograft model of Karpas422 showed a clear dose-dependent
reduction of trimethylated H3K27 levels with a good tolerability.
To better evaluate the effect of PRC2 inhibition in vivo, 52 was
administered orally to mice for a longer period and a complete
tumour regression was observed after 32 days. Furthermore, a

Fig. 14 Flat representation (generated using LigPlot+ from PDB ID 5GSA)
showing contacts between compound 52, EED, and an EZH2 peptide
referred to as the EED binding domain (EBD). Hydrogen bonds are shown
as dashed lines. The spoked arcs represent protein residues making non-
bonded (hydrophobic) contacts with compound.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 359–406 |  375

combination of 52 and the EZH2 inhibitor 45 exhibited synergistic
effects in suppressing cancer cell growth, suggesting a potential
combination therapy.149

In the same year, AbbVie reported the identification of 53
as a selective EED inhibitor with high in vitro potency (KD of
1.5 nM from surface plasmon resonance (SPR) assay and IC50 of
18 nM in a radioactivity-based assay). Structurally, 53 is a
mixture of two diastereomers, epimeric at the indane stereo-
center, and is used for biological evaluation without separation.
The crystal structure of 53 with the EED WD40 domain showed
that the compound competes with the histone substrate for
binding to the aromatic cage within the WD40 repeat domain.
Cellular studies showed that 53 is effective against PRC2 in
human cancer cell lines that are sensitive to EZH2 inhibition,
leading to phenotypic effects on H3K27 methylation that are
comparable to inhibitors of the catalytic EZH1/EZH2 domain.

In a DLBCL Pfeiffer xenograft model, administration of 53
two times weekly for 5 weeks, showed a reduction of tumour
growth of 84%. Moreover, 53 retains its effects on EZH2-
inhibitor-resistant cell lines. Unfortunately, oral administration
and systemic administration using an osmotic pump resulted
in insufficient exposures and the only route to administer the
compound was subcutaneously.150

In 2019, the pyrimidone-based compound 54 (BR-001) was
identified, which is able to selectively bind to EED, competing with
trimethylated H3K27 binding (IC50 of 4.5 nM). The compound
exhibited a strong antiproliferative effect on Karpas 422 cells and
anti-tumour efficacy in the CT26 syngeneic model. It has been
reported that 54 acts both directly, leading to inactivation of PRC2,
as well as modulating the tumour microenvironment promoting
CD8+ T-cell tumour infiltration.151 Currently, 55 (MAK683),
patented by Novartis as a new triazolo pyrimidine EED inhibitor,
is in a phase I/II study in patients with advanced malignancies such
as DLBCL, nasopharyngeal carcinoma or other advanced solid
tumours for whom no further effective standard treatment is
available (NCT02900651).152

EZH2 and EED degraders

Besides canonical single-site inhibitors, novel approaches have
been exploited to target the PRC2 complex, developing chemical
agents that are able to selectively induce protein degradation.
Specifically, PROteolysis TArgeting Chimeras (PROTACTM) have
been developed, linking a binder for the protein-of-interest and an
E3 ligase ligand to induce ubiquitination, thereby achieving protein
degradation via the proteosome. At the same time, hydrophobic
tagging was exploited, attaching a hydrophobic group to a selected
protein binder, leading the misfolding or unfolding of the target
protein and its subsequent proteasome-degradation. Following the
same strategies developed to obtain single-site inhibitors, EZH2
and EED degraders were developed, using selective warheads for
both proteins (Fig. 15a and b, respectively).

In 2018, the discovery of a first-in-class EZH2-selective degrader
56 (MS1943) was reported. This compound was designed by
merging a non-covalent and selective inhibitor of EZH2 (IC50 of
12 nM and 2.5 mM for EZH2 and EZH1, respectively) that is
structurally related to 44 to a bulky adamantyl group as a

hydrophobic tag. Compound 56 preserved the potency (IC50 of
120 nM) and selectivity in inhibiting EZH2 activity (IC50 more than
10 mM for EZH1). In cancer and non-cancerous cell lines, 56
significantly reduced the EZH2 protein levels while it had a
minimum or no effect in reducing the EZH1 protein levels. 56-
induced EZH2 degradation resulted in significant cell growth
inhibition and cytotoxic effects in multiple triple-negative breast
cancer cell lines but not in normal cells. Moreover, 56 is able to
completely suppress tumour growth in vivo with good tolerability,
suggesting an alternative treatment for EZH2-dependent cancer.153

The PROTACTM 57 (E7), formally obtained by connecting the
protein binder 43 to 4-hydroxythalidomide, a well-studied ligand
of the cereblon (CRBN) E3 ligase, through an alkyl linker, has been
also reported. 57 showed high potency (IC50 of 2.7 nM) in reducing
the EZH2 activity and good selectivity over EZH1 (IC50 of 179 nM),
fully inhibiting the oncogenic activity of EZH2 with antiproliferative
effects on EZH2-dependent tumours. Notably, the recruitment of
E3 ubiquitin ligase resulted in the indiscriminate ubiquitination
and degradation of all PRC2 components, including EZH2, EED,
SUZ12, and RbAp48.154

Besides bifunctional degraders, the compound 58 (GNA002)
is able to induce EZH2 degradation without featuring a hydro-
phobic tail or an E3 ligase binder. Specifically, the compound
covalently binds the Cys668 residue located within the EZH2-
SET-domain, leading to its ubiquitination and consequently its
degradation by the protein quality control E3 ligase, CHIP.
Moreover, as 58 covalently bound a specific cysteine of EZH2, it
did not affect the activity of EZH1 or other examined SET
domain-containing PMTs. The ability to significantly suppress
tumour growth was investigated using both in vitro and in vivo
assays in wild-type EZH2 solid tumours as well as in lymphomas
harbouring EZH2 mutations. These encouraging results
suggested an alternative approach for EZH2 degradation as an
anticancer strategy.155

On the other hand, three bifunctional degraders were
developed using a selective EED warhead. AstraZeneca
researchers reported the identification of two EED-targeted
PROTACsTM (59 and 60) obtained by merging an EED binder,
structurally related to compound 55, and a well-characterized
ligand of von Hippel–Lindau ligase (VHL) with two different
types of linker. Both compounds displayed a comparable binding
affinity for EED via an in vitro assay (pIC50 of 8.11 and 8.17 for 59
and 60, respectively). In cellular assays, these PROTACsTM induced
rapid EED degradation in cells, inhibiting proliferation of the
EZH2 mutant DLBCL cell line as well as the EZH2 wild-type
rhabdoid cancer cell line. Unfortunately, no growth inhibition
was observed in a limited number of tested EZH2-dependent cell
lines, probably due to a cellular fraction of EZH2 that is resistant
to PROTACTM-mediated degradation. Interestingly, these degra-
ders also induce the degradation of EED associated proteins in
the PRC2 complex, such as EZH2 and SUZ12. Considering that
EED degradation is faster than for EZH2 and SUZ12, it was
suggested that EED degradation destabilizes the PRC2 complex,
triggering other components to the proteasome. Otherwise, it was
speculated that formation of the EED–PROTACsTM–E3 ligase
ternary complex could expose the lysine residues of EZH2 or
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SUZ12, which are consequently ubiquitinated.156 In the same year,
61 (UNC6852) was disclosed as an EED degrader, featuring a
52-derived ligand and a VHL binder. Even if the degrader showed a
slight decrease in potency in the binding of WD40 of the EED
protein compared with 52 (IC50 of 247 nM and 45 nM for 61 and 52
in the same assay, respectively), it is still able to bind the target
protein. Like compounds 59 and 60, 61 also induces proteasomal
degradation of all PRC2 components, probably due to the
aforementioned mechanisms. 61 is able to prevent the histone

methyltransferase activity of EZH2 in both HeLa cells and DLBCL
cells that contain EZH2 gain-of-function mutations. Furthermore, 61
has anti-proliferative effects that are comparable to EZH2 and EED
inhibitors in DB and Pfeiffer cells but it is substantially less toxic.157

SETD7

The SET domain containing lysine methyltransferase 7 (SETD7,
also called SET7/9 or KMT7) was the first lysine methyltransfer-
ase identified to specifically monomethylate H3K4.158–160

Fig. 15 (a) EZH2 and (b) EED degraders.
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This mark furnishes a site for further modifications, but
several studies reported a limited involvement of SETD7 in the
di- and trimethylation of H3K4.161,162

SETD7 can also methylate many non-histone proteins
(including p53, TAF10, ER, P65, STAT3, SOX2, pRb, SIRT1,
DNMT1, SUV39H1 and FOXO34-14) and probably these are
the main SETD7 substrates.143 Overall, the monomethylation
of K372 of p53 represents a central regulatory event as it has a
key role for p53 activation in human cell lines. SETD7 activity is
triggered by DNA damage and induces the acetylation of lysine
residues in the regulatory domain of p53 by different acetyl-
transferases (p300, CBP and TIP60). The acetylation prevents
the ubiquitin-mediated degradation of p53 by the proteasome
and, as a final outcome, K372 methylation extends the p53
life.163

On the other hand, SETD7 methylation of other substrates
can be associated with protein degradation. For instance,
human DNMT1 methylation at K1094 by SETD7 increases the
turnover of the protein.164 In addition, DNMT1 can also be
monomethylated at K142, leading to its ubiquitination and
degradation.165

Considering the abundance of its substrates in cells, SETD7
is involved in the regulation of various pathways. It has been
demonstrated that SETD7, in atherosclerosis and diabetes, acts
as a coactivator of inflammatory genes that interact with
NF-KB.166 Increasing evidence suggests that SETD7 also has a
key role in the regulation of processes such as cell differentiation
and proliferation. Indeed, many genes required for normal
embryonic development frequently harbour the monomethylated
H3K4 modification. SETD7 is also overexpressed in a variety of
cancers, such as colorectal cancer167 and hepatocellular
carcinoma,168 making this protein an interesting target for drug
discovery.

SETD7 inhibitors

To better explore the regulatory role of SETD7, several attempts
have been made to develop potent and selective SETD7 inhibitors.
However, the number of selective compounds reported so far is
still limited, and the majority of these have a weak inhibitory
activity (Fig. 16). As for other methyltransferases, different deriva-
tives have been designed, exploiting as a starting point the
structure of the cofactor SAM. The replacement of the sulphur
atom with a nitrogen and the introduction of different alkylamino
chains that mimic the side chain of lysine yielded different
derivatives.169 Among these, in an ELISA assay, 62 (DAAM-3)
showed approximately 50% inhibition against SETD7 at 10 mM.
The co-crystal structure of the SET domain in complex with 62
revealed that the compound binds the cofactor binding site,
inserting the n-hexyl group within the lysine access channel.170

An HTS campaign led to the identification of 63 (cyproheptadine),
an antagonist of the histamine and serotonin receptor clinically
approved as an antiallergy drug, as a SETD7 inhibitor (IC50 of 1 mM).
The X-ray structure of SETD7 in complex with 63 revealed
that the compound binds to the substrate-binding site of
the enzyme, inducing conformational changes in the
C-terminal region and in the amino acid residues involved in

the formation of the channel for lysine access. According to
SETD7 knockdown, 63 reduced the amount of ERa in a dose-
and time-dependent manner, enhancing its degradation by the
proteasome. This evidence highlights the critical role of SETD7
in the estrogen-dependent transactivation of ER target genes
and its potential therapeutic use in diseases associated with
upregulation of ERa such as breast cancer.171 Structural
optimization of 63 via the insertion of various functional
groups on the aromatic rings of the dibenzocycloheptene
moiety led to the identification of derivative 64, with an
improved potency (IC50 of 0.41 mM).172

SAM competitive and selective inhibitors of SETD7 are 65
(DC-S238) and 66 (DC-S239) (IC50 of 4.88 mM and 4.59 mM,
respectively). Compound 66 exhibited anti-proliferative effects
on breast cancer and leukaemia cell lines MCF7, HL60 and
MV4-11 cells but had no cellular activity against HCT116
(human colon cancer) and DHL4 (lymphoma) cells, suggesting

Fig. 16 SETD7 inhibitors.
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that this derivative is more active towards breast cancer and
leukaemia cells.173

So far, the most potent and widely used SETD7 inhibitor is 67
((R)-PFI-2), which was identified via the HTS of approximately
150 000 compounds of Pfizer’s collection.174 This compound
showed a high potency (IC50 of 2.0 nM) and is more than
1000-fold selective over a panel of 18 other methyltransferases
and DNMT1. The X-ray crystal structure of the SETD7 catalytic
domain bound to 67 revealed an uncommon mode of action,
suggesting a substrate-competitive and SAM-dependent binding
mode. This evidence was supported by the X-ray crystal structure
of the compound bound to the target protein (PDB 4JLG).
As depicted in Fig. 17, the pyrrolidine amide engages the pocket
that is normally occupied by the target lysine residue, also
making direct hydrophobic interactions with the leaving methyl
group of SAM, preventing useful interactions of the protein
with lysine substrate. Upon the binding of 67 with the protein,
the post-SET loop (residues 336–349) adopts a distinctive
conformation, making hydrophobic interactions with the trifluoro-
methyl group. Moreover, the ligand anchors the peptide-binding
site, making several hydrogen bonds with different residues,
including Gly336 of the post-SET loop Ser268 on the opposite
side of the substrate-binding channel.

The cellular activity of 67 highlighted the role of SETD7-
dependent methylation in the control, subcellular localization,
and function of the transcriptional coactivator Yes-associated
protein (YAP). Treatment of 67 in high-density MCF7 cells
resulted in a dose-dependent increase of the nuclear YAP and
intensified the expression of its target genes, such as AREG and
CYR61, indicating that YAP localization in this cell line requires
persistent SETD7 activity. It is worthy of note that only 67 is
active whereas its (S)-enantiomer is 500-fold less active.
Molecular dynamics simulations helped to discriminate their
different efficacy based on different bioactive energy barriers.
This study provides helpful information for future structure-

based drug development, revealing the impact of chirality on
SETD7 inhibition.175

SMYD2

SMYD2 (SET and MYND Domain-Containing Protein 2, also
called KMT3C) is a member of a subfamily of SET-domain-
containing proteins with a particular domain architecture. This
family of proteins is composed of a SET domain that is divided
into two parts by a MYND domain/zinc finger motif, followed by
a cysteine-rich post-SET domain.176 SMYD2 has been shown to
methylate H3K36 even if it lacks specificity on the free histones.
This protein is a relatively promiscuous enzyme as it is responsible
for the methylation of many substrates (at least six non-histone
substrates have been reported in cells),177 the best characterized
of which is p53, where it shows a highly selective activity.
SMYD2 methylates p53 at K370, a repressing modification
to p53-mediated transcriptional regulation, and reduces
p53-mediated apoptosis. It is of note that the methylation of
K370 in p53 is inhibited by SET9-mediated methylation of
K372, corroborating the regulatory crosstalk between these
post-translational modifications.178

Physiologically, SMYD2 is involved in the differentiation of
embryonic stem cells and, differently from the other SMYD
proteins that are equally expressed in somatic and pluripotent
cells, it is expressed at high levels in somatic rather than in
pluripotent cells.179 Moreover, it has been reported that SMYD2
is important for cardiac and skeletal function, although it is not
essential for the development of the heart.180

From the pathological point of view, SMYD2 overexpression
promotes oncogenic transformation, and high protein levels
have been reported in various cancers such as gastric, breast,
cervical, pancreatic and lymphoma.181–184

SMYD2 inhibitors

Since the structure description of SMYD2 that was specified in
2011,185 several pharmaceutical companies have focused
research interest on this enzyme. Despite great efforts so far,
no SMYD2 inhibitor has been subjected to a clinical-evaluation
process, and all compounds reported (Fig. 18) are still at the
research level.

In 2011, within a large screening campaign, Ferguson and
co-workers from AstraZeneca identified the first substrate-
competitive and selective SMYD2 inhibitor 68 (AZ-505). This
compound showed an inhibitory potency in the sub-
micromolar range (IC50 of 0.12 mM) and the crystallographic
structure of SMYD2 in the complex of the cofactor SAM and 68
confirmed the mechanism of action of the inhibitor, giving
interesting guidelines for further optimization.185 Starting from
68, the formal shift of the hydroxyl group from position 5 of the
benzoxazinone to the amino ethyl linker at position 8 resulted
in an increased potency, as compound 69 (A-893) is 80-fold
more active than the parent compound (IC50 of 2.8 nM). The co-
crystal structure of SMYD2 with the inhibitor (PDB 4YND)
highlighted the binding mode of this compound. As depicted
in Fig. 19, the ether oxygen of the benzoxazinone accepts a
hydrogen bond from the side-chain hydroxyl of Tyr258 of the

Fig. 17 Flat representation (generated using LigPlot+ from PDB ID 4JLG)
showing contacts between compound 67 and active-site residues in
SETD7. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with compound.
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lysine channel, and the ring amine maintains a water-bridged
interaction. The configuration of the chiral carbon has only a
marginal influence on the in vitro inhibitory activity (IC50 of 2.8
vs. 5.6 nM for (R)- and (S)-69, respectively). 69, as the parent
compound, is a substrate-competitive inhibitor with a good
selectivity for SMYD2 over a panel of 31 PMTs and can reduce
p53 methylation levels by 42% in A549 lung cancer cells.186

In 2013, the AstraZeneca group performed an internal hit
identification campaign using a combination of HTS and high-
concentration fragment screening, which led to the discovery of
different substrate-competitive chemical series of SMYD2
inhibitors.187,188 In order to improve the biochemical and
cellular potency as well as the PK properties, scaffold hybridization
techniques were used and compound 70 was developed. This new
pyridyl inhibitor showed good selectivity towards SMYD2 over a
focused panel of KMTs (i.e., EZH2, NSD1, G9a, and DOT1L), as well
as an interesting potency both in vitro (IC50 of 17 nM) than in the
U2OS cell line (EC50 of 1.02 mM).189

Again, the lead generation efforts by the AstraZeneca group
paved the way for further studies that led to the discovery of
novel SMYD2 inhibitors. In 2015, Nguyen and co-workers from
Eli Lilly and Company, in collaboration with the SGC, designed

the potent (IC50 o 15 nM) SMYD2 inhibitor 71 (LLY-507), which
shows activity in biochemical as well as cell-based assays.
This compound showed high selectivity towards SMYD2
(more than two-orders of magnitude on a panel of 25 different
methyltransferases, including SMYD3, and other non-epigenetic
targets), which is strictly related to the presence of the pyrrolidine
group that is able to bind the lysine pocket of the peptide
substrate channel of the enzyme. This substrate-competitive
compound reduced p53 methylation at sub-micromolar concen-
trations (IC50 of 0.6 mM) in osteosarcoma (U2OS) and other cell
lines and inhibited proliferation in cancer cells characterized by
SMYD2 overexpression.190

In 2016, an optimization of HTS hits by Bayer Pharma
resulted in the identification of 72 (BAY-598) as a potent (IC50

of 27 nM) substrate-competitive (Ki of 8 nM) SMYD2 inhibitor
endowed with suitable PK properties. In this case, stereo-
selectivity played a significant role in binding to SMYD2, as
the S-enantiomer is 50-fold more potent than the R-enantiomer
(IC50 of 27 nM vs. 1.7 mM for (S)-72 and (R)-72, respectively). 72
exhibited more than 100-fold selectivity toward SMYD2 on a
panel of 32 PMTs, including the related SMYD3 and SUV420H1/
H2. The high inhibitory activity of 72 was confirmed in

Fig. 18 SMYD2 inhibitors.
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HEK293T (embryonic kidney) cells in which it decreased p53
methylation in a dose-dependent manner (IC50 of 58 nM)
without altering the protein levels. Nevertheless, when tested
on a variety of 240 cancer cell lines of different origin, the
antiproliferative effect of this inhibitor was limited. In vivo
studies on mice bearing subcutaneous tumour xenografts
derived from the KYSE-150 cell line overexpressing SMYD2
confirmed the capability of this compound to reduce methylation
upon oral administration. On the other hand, only mice groups
treated with 72 in combination with doxorubicin exhibited a
considerable decrease of tumour area with respect to monotherapy
or control groups.191

In 2018, Thomenius and co-workers (Epizyme Inc.)
described two novel SMYD2 inhibitors, 73 (EPZ033294) and 74
(EPZ032597), characterized by a very good potency (IC50 of
3.9 nM and 16 nM, respectively) against SMYD2 methyltransferase
activity. Both compounds showed a 3-fold selectivity ratio toward
SMYD2 over a panel of 15 PMTs, including SMYD3. The crystal
structure of the ternary SAM–SMYD2–73 complex underlined the
unique binding mode of 73, positioning the cyclopropyl pyrazole
portion in the lysine groove and the hydrophobic tail into a new
channel generated by the presence of the inhibitor itself.192 It is
noteworthy that, due to its nanomolar inhibitory activity, 73 is the
most potent and the first non-competitive SMYD2 inhibitor
known so far.

In 2019, Taylor and co-workers, within a HTS campaign of a
large number of SAM-mimicking compounds, identified the
first SAM-competitive SMYD2 inhibitors. The structural
optimization of a promising hit resulted in the development

of 75 (PFI-5), characterized by the presence of a 3-deaza-adenine
ring. Moreover, the amino acid side chain and the ribose of
SAM were replaced with a linear string of three rings and an
azetidine group, respectively. 75 showed a good capability to
inhibit the methylation of p53 in MCF7 cells (IC50 of 1.3 mM).
In addition, this inhibitor showed high selectivity towards
SMYD2 (less than 20% inhibition against a panel of 33 PKMTs,
PRMTs and DNMTs) when tested at 50 mM.193

SMYD3

SMYD3 (SET and MYND Domain-Containing 3, also known as
KMT3E) is a protein that catalyses the methylation of H3K4.194

Structural analysis of the SMYD3 protein reveals the presence of
a tetratricopeptide repeat (TPR) domain, which is responsible
for the peculiar structure of the substrate-binding region and a
deep and narrow pocket, which constitutes the C-terminal
domain of SMYD3. Both the TPR and post-SET domains are
of main importance for the methyltransferase activity.195

SMYD3 is not able to methylate H3K4 on free histones or on
nucleosomes; however, HSP90A can assist SMYD3 in the protein
folding, and methylation can occur at H3K4. This interaction of
HSP90A with SMYD3 takes place via the MYND domain and the
TPR motif.196

Among the non-histone substrates, SMYD3 methylates K831
in VEGFR1, resulting in an enhancement of the kinase activity
of the enzyme, which is strictly connected to the migration and
invasion of cancer cells.197 In addition, SMYD3 plays a pivotal
role in the regulation of Ras signalling in oncogenic processes
through the methylation of MAP3K2.198

SMYD3 expression has been reported in different tissues
such as the brain, kidney, and ovary with the highest expression in
skeletal muscle and the thymus. Like SMYD2, SMYD3 is involved in
embryonic development, as it has a key role in early embryonic
lineage commitment and peri-implantation development in mice,
thanks to the activation of specific genes.199

From the pathological side, SMYD3 is responsible for the
transcriptional regulation of carcinogenesis and the development
of human cancer.200,201 This protein activates the transcription
of a set of downstream genes (oncogenes, cell adhesion
genes, and signal transduction genes) and it is overexpressed in
different human cancers (especially hepatocellular and colorectal
carcinomas).202 However, the molecular mechanism by which
SMYD3 regulates cancer pathways and its relationship to tumor-
igenesis in vivo are largely unknown.

SMYD3 inhibitors

As described above for SMYD2, an intense involvement of
several pharmaceutical companies in the discovery of SMYD3-
modulators resulted in the identification of a good number of
validated SMYD3-selective inhibitors (Fig. 20), which can be
employed as tools to investigate the effects of SMYD3 inhibition.

As the result of in silico structure-based HTS, in 2015
Peserico and co-workers described 76 (BCI-121) as the first-in-
class SMYD3 inhibitor that is able to significantly reduce
selected methylation marks at 100 mM. This compound demon-
strated a good potency both in biochemical (IC50 of 3 nM) and

Fig. 19 Flat representation (generated using LigPlot+ from PDB ID 4YND)
showing contacts between compound 69 and active-site residues in
SMYD2. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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cellular (IC50 of 36 nM) assays, which also confirmed it to be
orally bioavailable and suitable for in vivo analyses. The treatment
of HCT116 and HT29 (Caucasian colon adenocarcinoma) cell
lines with 76 at 100 mM caused a substantial antiproliferative
effect after 72 h (54 and 46% inhibition of cell growth,
respectively).203

In 2016, starting from visual inspection of the ternary
SMYD3–MEKK2 peptide–SAH complex, Van Aller and co-
workers designed bi-substrate inhibitors. A series of aza-SAH
analogues was synthesized and tested as SMYD3 inhibitors,
focusing on the identification of a better side-chain length for
good inhibition. The most potent (IC50 of 130 nM) derivative

was 77 (GSK2807), which is characterized by a propyl dimethyl-
amine side chain, and is able to fit into the lysine channel
anchoring the inhibitor in the pocket with a high degree of
similarity with SAH-binding mode. The inhibition of methyl-
transferase activity by 77 was selective for SMYD3 toward a
panel of 8 methyltransferases, and was 24-fold less active
toward SMYD2. Despite these interesting data, the poor PK
properties of this compound did not permit in vivo assays.204

In the same year, screening of the proprietary histone
methyltransferase-biased library and subsequent hit optimization
phases enabled Epizyme Inc. to develop 78 (EPZ031686) and 79
(EPZ030456). These derivatives showed a common oxindole

Fig. 20 SMYD3 inhibitors.
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scaffold, capable of making several interactions with amino acid
residues in the lysine channel of SMYD3. 78, whose 4,4,4-
trifluorobutyl chain is responsible for increasing of the lipophilicity
of the molecule, showed strong activity both in biochemical (IC50 of
3 nM) and cellular (IC50 of 36 nM) assays. In the same way, the
insertion of a sulphonamide portion allowed the identification of
79, which was characterized by a nanomolar inhibitory activity in
biochemical (IC50 of 4 nM) and cellular (IC50 of 48 nM) assays.
Both derivatives were selective SMYD3 inhibitors, even if the low
solubility of 79 troubled its in vivo testing.205

Two years later, after a screening campaign on isoxazole
sulphonamides, the same company identified 80 (EPZ028862),
which was active both in biochemical (IC50 of 1.3 nM) and
cellular (IC50 of 32 nM) assays with satisfactory PK properties for
further in vivo studies using different animal models. This deriva-
tive was a selective SMYD3 inhibitor that is able to reduce
methylation marks on MEKK2 in 293T cells co-transfected with
SMYD3 and MEKK2. The crystal structure of 80 in complex with the
protein (PDB 5V37) disclosed a binding mode similar to 79, which
is probably due to the fact that both compounds are characterized
by a common azabicyclo-octanyl moiety, as well as a sulphonamide
group, and is able to involve different protein moieties. Moreover,
as shown in Fig. 21, the acetamide motif is responsible for the
interactions with both Thr184 and Tyr239 residues of the binding
pocket. Despite the good activity profile, no antiproliferative activity
was observed when tested in lung cancer cell lines, and no effect on
cell growth was detected in a panel of other cancer cell lines.192

In 2018, a collaboration between SGC and Bayer allowed the
identification of 81 (BAY-6035), a substrate-competitive SMYD3

inhibitor with nanomolar IC50 values both in vitro (88 nM) and
in cell-based (70 nM) assays toward the methylation of MEKK2.
81 is commercially available as a chemical probe for SMYD3,
even if the corresponding publication has not been yet released.

Starting from a HTS campaign of 503 954 compounds, in
2019 Huang and co-workers identified the tetrahydroacridine
derivative 82 (IC50 of 4.78 mM) as a reasonable chemical starting
point for the development of new SMYD3 inhibitors. Subsequent
SAR studies and further optimization resulted in the discovery of
a new class of 4-chloroacridines that are able to covalently
modify SMYD3 via a nucleophilic aromatic substitution reaction
at position 4. Among them, compound 83 showed a high
inhibitory potency towards the enzymatic activity of SMYD3
(IC50 of 11.7 nM), as well as antiproliferative activity against
the HepG2 human liver cancer cell line in 3D cell culture.206

Recently, a new HTS within the GSK proprietary compounds
collection resulted in the identification of compound 84, an
isoxazole amide related to 80, which is characterized by a lower
biochemical potency (IC50 of 5 mM vs. 1.3 nM for 84 and 80,
respectively) but has an interesting ligand efficiency (LE of 0.35)
and PK properties. Modifications of the HTS hit on the basis of
the structure-guided SAR study resulted in the identification of
compound 85, a potent (IC50 of 6.3 and 44 nM in biochemical
and cellular MEKK2me assays, respectively), selective and orally
bioavailable small-molecule inhibitor of SMYD3, and is con-
sidered a useful tool to explore the SMYD3 function in cancer as
well as other disorders.207

Very recently, Talibov and co-workers identified 86 (diperodon)
as an allosteric SMYD3 ligand. The R- and S-enantiomers showed
a KD of 42 and 84 mM, respectively, and co-crystallization studies
disclosed that both compounds were able to bind to an allosteric
site in the C-terminal protein binding domain, representing a
novel starting point for the design of new compounds that
interact with a new druggable allosteric site.208

SETD2

SETD2 (also known as KMT3A and HYPB) was first isolated
from human hemopoietic stem cells, and it represents a unique
protein since it is the sole methyltransferase that is responsible
for the trimethylation of H3K36.209 SETD2 has a high homology
with the yeast protein SET2, which was previously identified in
S. cerevisiae and currently SET2 is the sole nucleosomal H3K36
methyltransferase reported in yeast (responsible for all the
methylation states of H3K36), where it acts as a transcriptional
repressor.210 Besides H3K36, two non-histone substrates of
SETD2 are mainly reported, which are a-tubulin (methylated at
K40)211 and STAT1 (methylated at K525).212 Nevertheless, in a
recent study, other additional non-histone peptide substrates
were identified and nine of them showed strong methylation at
the target lysine.213

From the structural point of view, SETD2 is characterized by
the presence of different functional domains: the methyltrans-
ferase activity domains (AWS, SET and post-SET domains), the
protein-binding domains (WW (tryptophan–tryptophan), CC
(coiled–coiled), SRI (Set2–Rpb1 interacting)) and other domains
with a function that is still unknown.214,215

Fig. 21 Flat representation (generated using LigPlot+ from PDB ID 5V37)
showing contacts between compound 80 and active-site residues in
SMYD3. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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SETD2 is involved in different important cellular processes,
such as transcriptional regulation, DNA damage repair and
cytoskeletal remodelling. Regarding transcriptional regulation,
SETD2, exploiting its SRI domain, binds to the hyperpho-
sphorylated C terminal domain of RNA polymerase II, and it
trimethylates H3K36 allowing the recruitment of reader
proteins (MRG15, PTB) during transcriptional processes.216

SETD2 contributes in maintaining the microtubule stability
via the methylation of a-tubulin, highlighting the cross-talk
between the epigenome and the cytoskeleton.211

From the pathological point of view, it has been reported that
mutations in the sequence or aberrations in the SETD2 activity
are linked to renal cancer,217 glioma218 and leukaemia.219 In
particular, these alterations can lead to tumorigenesis, the
progression of cancer and unfavourable prognosis, even if the
exact mechanism is still to be clarified.220–222

SETD2 inhibitors

So far, the only known inhibitors of SETD2 are sinefungin
derivatives (Fig. 22). With the aim of identifying target-specific
methyltransferase inhibitors, in 2012 Zheng and co-workers
carried out screening against a panel of methyltransferases of
N-alkyl sinefungin analogues as privileged small-molecule scaffolds.
N-Propyl sinefungin (87, Pr-SNF) and N-benzyl sinefungin
(88, Bn-SNF) were identified as SAM-competitive inhibitors of
human SETD2-specific inhibitors with definite potency and
selectivity. 87 and 88 exhibited an IC50 of 0.80 and 0.48 mM,
respectively, a value that is 10-fold higher than that of
sinefungin itself and displayed 2/200-fold and 10/100-fold
preferences, respectively, for SETD2 over other examined
methyltransferases. Specifically, 87 was shown to preferentially
interact with SETD2 by matching the distinct transition-state
features of SETD2’s catalytically active conformer, locating
its secondary amine at the substrate–cofactor interface and
the N-alkyl chain in the lysine-binding pocket.223

In fact, as depicted in Fig. 23, the SETD2–87 co-crystal
structure (PDB 4FMU) shows that the N-propyl moiety of the
inhibitor is buried in a hydrophobic binding pocket formed by
Tyr1579, Tyr1605, Phe1664, and Tyr1666. On the other hand, a
large number of hydrogen bonds are also detected, engaging
the hydroxy groups of the ribose portion and His1603, Tyr1604
and Gln1676. Despite their specificity, the activity of 87 and 88

is influenced by the peptide substrate, and their poor
membrane permeability prevented in cell or in vivo assays.

SETD8

SET domain-containing lysine methyltransferase 8 (also called
PR-SET7 or KMT5A) is a member of the SET domain-containing
family and is characterized by a unique activity as it is the only
reported mammalian protein responsible for the monomethylation
of H4K20 in vivo. SETD8 preferentially monomethylates nucleo-
somes instead of histones, suggesting this protein is able to interact
with other regions of the nucleosome as well as the H4 N-terminal
region surrounding the residue H4K20.23 These multivalent inter-
actions of SETD8 involve both the SET domain and a basic region
N-terminal to the SET domain.224,225

As with other lysine methyltransferases, SETD8 methylates
not only histones but also other proteins, including p53, Numb
and PCNA. Monomethylation of p53 K382 by SETD8 triggers
the suppression of p53-dependent transcription activation in
cancer cells.226 Numb is methylated by SETD8 on the K158 and
K163 residues, and this methylation disrupts the complex
Numb–p53–MDM2, which is responsible for the promotion of
apoptosis. Hence, the methylation of Numb prevents apoptosis
and finally results in the ubiquitination and degradation of
p53.227 The monomethylation of K248 of proliferating cell
nuclear antigen (PCNA) (PCNAK248me1) enhances its inter-
action with the flap endonuclease FEN1, promoting carcino-
genesis by deregulating the PCNA expression.228

Several studies have provided evidence that SETD8 may be
involved in many cellular processes, such as DNA replication,
DNA damage response, transcription modulation, and cell
cycle regulation as well as in carcinogenesis and cancer
invasiveness.229–231 SETD8 is overexpressed in different types
of cancer tissues including bladder cancer, non-small-cell andFig. 22 SETD2 inhibitors.

Fig. 23 Flat representation (generated using LigPlot+ from PDB ID 4FMU)
showing contacts between compound 87 and active-site residues in
SETD2. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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small-cell lung carcinoma, chronic myelogenous leukaemia,
hepatocellular carcinoma, pancreatic and breast cancer.232,233

SETD8 inhibitors

To better elucidate the SETD8 biology as well as its effects in
both normal and diseased cells, some inhibitors have been
developed (Fig. 24), even if just a few of them displayed a
certain degree of selectivity and/or cellular activity.22

The screening of a library of marine natural products allowed
the identification of the polyketide 89a (nahuoic acid A), a decalin
polyketide isolated from cultures of Streptomyces sp. obtained from
a marine sediment collected in Papua New Guinea. 89a inhibited
SETD8 activity with an IC50 value of 6.5 mM, and with no significant
effect on other tested enzymes. Cellular treatment with 89a led to a
decrease in the levels of both mono- and trimethylated H4K20
without affecting other methylated histone marks.234,235 Exposure
of U2OS cells to 89a and its prodrug version (nahuoic acid A
pentaacetate, 89b), prepared to improve the cellular permeability,
resulted in a modest decrease of cellular proliferation (IC50 of 65 mM
and 39 mM, respectively). The same results were obtained when
treating breast cancer cell lines such as SUM159 and MDA-MB-436.

In 2014, Luo and co-workers reported three small molecules
(90–92) as SETD8 inhibitors, which were identified via the HTS
of a library containing more than 5000 commercially available
compounds. These derivatives differ in their mechanisms for
SETD8 inhibition: 90 (SPS8I1, IC50 of 0.21 mM) turned out to be
a substrate-dependent inhibitor, 91 (SPS8I2, IC50 of 0.5 mM)
exhibited no substrate or SAM dependence, while 92 (SPS8I3,
IC50 of 0.5 mM) was found to be both a substrate- and
SAM-dependent inhibitor. In all cases, the quinonic motif,
common to all inhibitors, interacts with active cysteine residues
(Cys270) in SETD8 through an irreversible slow-onset process.

According to SETD8 knockdown, these compounds produced a
cell cycle arrest phenotype and reduced the monomethylation
of H4K20. Unfortunately, their low selectivity against other
protein methyltransferases and other cellular targets prevents
their further development.236

In the same year, Jin and co-workers reported the identification
of 93 (UNC0379) via a cross-screening of a library containing more
than 150 quinazoline-based compounds, the same scaffold
previously explored for G9a ligands. In a radioactive methyl
transfer assay, 93 showed an IC50 value of 7.3 mM. This compound
showed no appreciable activity on 14 other methyltransferases
tested, with IC50 values above 100 mM also for G9a and GLP. By
contrast, compound 93 inhibited PRC2 only at the two highest
concentrations (50 and 100 mM), showing an IC50 value of more
than 50 mM. A SAR study was undertaken on the 4-amino group of
the quinazoline scaffold, showing that reducing the length of
the alkyl linker between the two amino groups resulted in a
lower potency. Moreover, it was shown that the basicity of the
pyrrolidinyl group was critical for the SETD8 inhibitory activity.
Regarding the mode of action, 93 acts as a substrate-competitive
inhibitor, non-competing with the cofactor SAM, showing a
good selectivity over other methyltransferases.237 Recently, it has
been shown that the pharmacological inhibition of SETD8 by 93
led to cell-cycle defects and apoptosis in a p53-dependent or
-independent manner. In particular, SETD8 inhibition in multiple
myeloma (MM) cell lines induced by 93 led to cell death activating
the p53 canonical pathway. However, 93-induced cytotoxicity in
MM cells is not necessarily dependent on p53 activation but is
mainly caused by cellular stress during G1 progression. Moreover,
a low dose of 93 co-administered with the cytotoxic agent
melphalan strongly increases DNA damage and overcomes
drug resistance in both p53 wild-type and deficient MM cells.

Fig. 24 SETD8 inhibitors.
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This evidence suggested that targeting SETD8 could be an alter-
native therapeutic strategy in high-risk patients with multiple
myeloma independently of their mutational status for p53.238

In 2016, a higher potent inhibitor, 94 (MS2177), was identified
by inserting an aminoethyl group as a side chain on 93. Indeed,
the resulting compound 94 had an in vitro IC50 of 1.9 mM and a
much lower affinity in isothermal titration calorimetry (ITC)
experiments compared with 93 (KD of 1.3 mM vs. 18 mM). The
compound was found to be competitive with the substrate but not
with the co-factor SAM.239 In the same study, a potent covalent
SETD8 inhibitor, 95 (MS453), was identified by inserting into
compound 93 an acrylamide group as the electrophilic warhead,
and which is responsible for the reaction with a surface-exposed
Cys311 in the active site. The crystal structure of 95 in complex
with SETD8 (PDB 5TH7) showed the formation of a homodimer in
which each covalently modified Cys311 residue locates the qui-
nazoline moiety to its binding site of the other complementary
subunit. As illustrated in Fig. 25, the compound establishes
a hydrogen bond between the secondary amino group in the
4-position and the carbonyl oxygen of Cys311 on the peptide
backbone. Moreover, 95 makes solvent-mediated hydrogen bonds
between the quinazoline N1 nitrogen and the carbonyl groups on
the protein backbone, inserting the 2-pyrrolidine motif into a
hydrophobic pocket induced by the binding of the inhibitor to the
protein.

95 showed an IC50 value of 804 nM with a good selectivity
over 28 other methyltransferases. Unfortunately, no significant
reduction in the methylated H4K20 levels was observed from
treating HeLa cells with the inhibitor (10 mM), probably due to
its poor cellular permeability.239

SUV420H1 and SUV420H2

SUV420H1 (KMT5B) and SUV420H2 (KMT5C) are two highly
homologous enzymes in mammals (65% sequence identity in the

catalytic domain). Although both enzymes can use as a substrate
the unmodified H4K20, they prefer the monomethylated H4K20
as a substrate in vivo and exploit the SETD8-generated mono-
methylated H4K20 to produce di- and trimethylated H4K20.240

In particular, it has been reported that, in mouse embryonic
fibroblasts, SUV420H1 catalyses the formation of most of the
dimethylated H4K20 while SUV420H2 is responsible for tri-
methylated H4K20. The catalytic domains of SUV420H1 and
SUV420H2 consist of three subdomains: an N-terminal helical
domain, a SET domain and a Zn-binding post-SET domain.
SUV420H1 has a bigger N-domain than SUV420H2 due to a
22-residue insertion between the first and second helices.241

SUV420H1 and SUV420H2 proteins play critical roles in the
chromatin structure, genomic integrity and in the regulation
of the cell cycle. Indeed, both these proteins are linked to
transcriptional repression, DNA replication and repair.242,243

Therefore, the loss of both of them is accompanied with
chromosomal aberrations, deficiencies in DNA double-strand
break repair and reduction in telomere elongation, together
with a decrease in proliferation rates and in cell cycle
progression.230,243–245 SUV420H1 and SUV420H2 are pivotal
regulators of normal embryonic development and in self-
renewal or lineage-commitment of stem cell populations.
Indeed, the loss of SUV420H1/2 results in perinatal lethality.
Alterations in the expression and mutations of SUV420 enzymes
are related to the insurgence of cancer. Regarding SUV420H2, it
has been reported that in breast cancer and in osteosarcoma
there is a reduction in the levels of trimethylated H4K20,
together with a decrease in the expression of SUV420H2, which
is associated with invasiveness and poor prognosis.246

However, in pancreatic cancer, SUV420H2 is overexpressed and
it is associated with invasive cancer. In particular, it has been
reported that this protein behaves as a regulator of epithelial/
mesenchymal state control and its high levels promote the
epithelial-to-mesenchymal transition, which is related to
metastasis.247 Regarding SUV420H1, it has been reported that
this protein is overexpressed and mutated in different cancers.
On the basis of the type of mutation, different outcomes in cancer
have been observed, where the protein can assume a tumour
suppressor or a tumorigenic role.248 Hence, we can conclude that
both SUV420 enzymes have multiple and divergent roles in cancer
that need to be fully elucidated.

SUV420H1 and SUV420H2 inhibitors

Although the identification of modulators of these enzymes
may be essential for understanding their function, so far only
three inhibitors have been reported (Fig. 26). In 2017,
Bromberg and co-workers developed a high-throughput
homogeneous activity-based scintillation proximity assay with
the aim of identifying SUV420 inhibitors. A library of approximately
470 000 compounds was screened, and among them 96 (A-196) was
described as a first-in-class chemical probe of both SUV420
enzymes and a good starting point for the development of new
inhibitors. Co-crystallization and biochemical analyses confirmed
that 96 is a substrate-competitive inhibitor of SUV420H1 and
SUV420H2 with IC50 values of 25 and 144 nM, respectively.

Fig. 25 Flat representation (generated using LigPlot+ from PDB ID 5TH7)
showing contacts between compound 95 with active-site residues in SETD8.
Hydrogen bonds are shown as dashed lines. The spoked arcs represent protein
residues making non-bonded (hydrophobic) contacts with compound.
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Examination of the crystal structure of 96 bound to SUV420H1
(PDB 5CPR) revealed that the cyclopentyl moiety is able to occupy a
hydrophobic pocket made by Ser251, Val252, Tyr307 and Met253,
which could be further explored. On the other hand, the pyridyl
unit is located in a solvent-exposed region (Fig. 27). A further global
decrease in di- and trimethylated H4K20 and a simultaneous
increase in monomethylated H4K20 were found after treatment
of the prostate adenocarcinoma cell line PC-3 or U2OS osteosar-
coma cells with 96, without any toxic effects.

Furthermore, this inhibitor does not induce resistance/
compensation effects, as di- and trimethylated H4K20 remained
low after 20 population doublings.249

Recently, a HT and SBVS combined with molecular
dynamics simulation has been used by Zheng and co-workers
in order to find novel potential SUV420H1 inhibitors. Starting

from the Specs subset of the ZINC database, containing over
200 000 compounds, 97 (ZINC08398384) and 98 (ZINC08439608)
were selected and showed an inhibitory effect similar to the
known inhibitor 96, effectively reducing the expression level of
dimethylated H4K20 in U2OS (at 1.25 and 2.5 mM, respectively)
and attenuating the migration of osteosarcoma cells in vitro.250

NSD1, NSD2, NSD3

The NSD (Nuclear receptor SET Domain-containing) family is a
phylogenetically distinct family of methyltransferases comprised
of NSD1, NSD2 (MMSET/WHSC1) and NSD3 (WHSC1L1), three
proteins with pivotal roles in chromatin regulation. These
proteins share the presence of a catalytic SET domain (with a
high homology with the SETD2 protein) and multiple conserved
domains, such as proline–tryptophan–tryptophan–proline (PWWP)
and the plant homeodomain (PHD) zinc finger domains, which are
involved in the interaction with DNA and other methylated
histones.251

Regarding their specific substrates, NSD proteins catalyse
the methylation of several lysine marks on histones H3 and
H4.252 In particular, NSD1 dimethylates H3K36 and H4K20,
whereas NSD2 methylates H4K20, H3K4, H3K27 and H3K36,
and NSD3 methylates H3K4 and H3K27.253,254

NSD proteins play essential roles in embryonic development,
and it has been shown that the deletion of NSD1 protein causes
problems in the development of post-implantation embryos.255

Moreover, the dysregulation of NSD proteins in human cells
affects cell growth and differentiation and has been related to
several diseases, such as mental retardation and developmental
defects that are common symptoms of Sotos syndrome256,257

and Wolf–Hirschhorn syndrome.258,259 In addition, aberrant
activity of NSD proteins, as well as their overexpression, has
been linked to the insurgence of neoplastic diseases such as

Fig. 26 SUV420H1 and SUV420H2 inhibitors.

Fig. 27 Flat representation (generated using LigPlot+ from PDB ID 5CPR)
showing contacts between compound 96 and active-site residues in
SUV420H1. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.
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breast carcinoma, acute myeloid leukaemia, and multiple
myeloma.260–262

NSD1, NSD2, NSD3 inhibitors

Although NSD proteins are appealing therapeutic targets, a
limited number of small-molecule inhibitors have been
described so far (Fig. 28). Based on the homology of the
catalytic SET domain of the NSDs to that of G9a-like protein,
in 2017 the G9a/GLP inhibitor 22 (Fig. 8) was tested on NSD
proteins, showing an in vitro inhibitory activity on all these

targets and lowering monomethylated H3K36 levels. Specifically,
22 revealed the highest inhibition on NSD2 (IC50 of 41 mM),
followed by NSD3 (IC50 of 95 mM), and finally NSD1 (IC50 of
112 mM). This different activity has been associated with the
diverse binding modes of the compound towards the catalytic
portion of the three proteins. Specifically, 22 is able to shallowly
bind into the lysine channel of NSD1; conversely, in NSD2, the
diazepane side of the molecule fits into the lysine channel; in
NSD3 the dimethoxy quinazoline group spreads deeply into the
lysine channel, like in GLP. Furthermore, the better IC50 value
observed against NSD2 is probably due to a tighter hydrogen-
bond network in the NSD2 active site compared with NSD1 and
NSD3.263

Recently, an NMR fragment-based screening approach, followed
by chemical optimization, resulted in the identification of 99 (BT5),
the first-in-class irreversible small-molecule inhibitor of NSD1,
whose electrophilic methyl-aziridine moiety is responsible for the
covalent binding to the C2062 residue of the NSD1 SET domain.
The crystal structure of NSD1 in complex with 99 disclosed a
conformational modification in the autoinhibitory loop of the
SET domain, leading to the formation of a unique, channel-like
site that is suitable for targeting with small molecules. 99 inhibits
NSD1 at low micromolar concentrations (IC50 of 5.8 mM upon 4 h
incubation, which improved to IC50 of 1.4 mM after 16 h due to
irreversible binding). NSD2 and NSD3 inhibition was also observed,
although non-covalent and at higher concentrations. The cellular
thermal shift assay confirmed that 99 is able to bind the NSD1 SET
domain in cells, generating a global reduction of dimethylated
H3K36 levels without perturbing trimethylated H3K36.264

The natural product sinefungin 17 (Fig. 6) and the N-alkyl
sinefungin derivative 87 (Fig. 22) have been identified as NSD2
inhibitors (IC50 of 26 mM and 3.3 mM, respectively), but inhibition
data on NSD1 and NSD3 have not been reported.265 In 2019, de
Luccio and co-workers by VS identified 100 (LEM-14). This
inhibitor showed an in vitro IC50 of 132 mM against H3K36
methylation by NSD2, a very weak activity against NSD1, and no
activity against NSD3, representing an interesting tool for studying
the biology of NSD2.266

In 2021, a VS followed by a ligand-based scaffold-hopping
approach, enabled the identification of 101, a small-molecule
antagonist that blocks the protein–protein interaction between the
N-terminal PWWP domain of NSD2 (PWWP1) and dimethylated
H3K36 with a KD of 3.4 mM.267 The crystal structure of 101
in complex with NSD2 and subsequent molecular docking
simulations enabled the development of the more potent 102
(MRT866), which is capable of binding NSD2–PWWP1 with a KD

of 349 nM. Further structure-based optimization resulted
in 103 (UNC6934), which showed potent binding to PWWP1
(KD of 91 nM).268 In order to better understand the binding
mode of 103, a representation of the main interaction is shown
in Fig. 29. The crystal structure of the inhibitor in complex with
NSD2–PWWP1 (PDB 6XCG) shows how the cyclopropyl moiety
is inserted in a hydrophobic pocket made of Val230 and
Phe266. Moreover, the amidic NH is involved in a hydrogen
bond with Gln321, while the carbonyl oxygen establishes a
strong interaction with Ala270.Fig. 28 NSD1–3 inhibitors.
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In 2019 Mc Connell and co-workers reported the fragment-
based virtual screening discovery of 104 (BI-9321), a strong and
selective antagonist of the NSD3–PWWP1 domain. This com-
pound showed the capability of targeting the methyl-lysine
binding site of the PWWP1 domain with an IC50 of 203 nM
and a KD of 166 nM. Moreover, 104 was able to downregulate
Myc messenger RNA expression, as well as reduce cellular
proliferation in the MOLM-13 human leukaemia cell line.269

The co-crystal structure of NSD3–PWWP1 in complex with 104
(PDB 6G2O) showed the importance of the aminic group in the
binding mode of the inhibitor. In fact, as depicted in Fig. 30,

this motif is responsible for a hydrogen bond with Glu318,
while the pyridinic nitrogen is involved in an interaction with
the Ser314 residue of the binding pocket.

MLL proteins

The family of lysine methyltransferase KMT2 is composed of
SETD1A, SETD1B and four mixed-lineage leukaemia proteins
(MLL 1,2,3, and 4) that play pivotal roles in the regulation of
gene expression during embryogenesis and development.
These proteins catalyse the methylation of H3K4,270 and they
exist in nuclear complexes (human COMPASS), which include
ASH2L, RbBP5, Cfp1, WDR5 and Dpy30. The components
of the complex greatly enhance the enzymatic activity of MLL
methyltransferases.271,272

Structurally, MLL proteins are characterized by a peculiar
domain architecture: in addition to the C-terminal SET
domain, all the proteins of the family feature a different
number of DNA-binding and protein–protein interaction
domains, which are exploited for binding to specific interaction
partners. Despite the structural homology in the organization
of the domains, each MLL protein differs from the others on
the basis of the type, number and position of each specific
domain. In particular, there is high variability in the number of
PHD finger domains: four for MLL1 and 2, eight for MLL3, and
seven for MLL4.273 In addition, MLL1 and MLL2 display the
CXXC zinc-finger domain for the interaction with unmethylated
CpG islands, and this domain is absent in the other members
of the family.274 The structural differences in MLL proteins are
reflected in their enzymatic activity: for instance, while MLL1
and 2 are responsible for both the mono- and dimethylation of
H3K4, proteins MLL3 and MLL4 have been reported as
monomethyltransferases.275,276

Many studies have shown that alterations in the expression
of MLL genes are linked to the insurgence of diseases. Beside
the involvement of MLL proteins in the pathogenesis of
leukaemia, for instance through the interaction with menin
(which lead to myeloid transformation),277 a huge number of
somatic mutations for MLL proteins have been identified in
specific solid cancer types, mainly of the lung, endometrium,
and large intestine.278–280

MLL protein inhibitors

A deeper understanding of the biological role and function of
MLL proteins could be triggered by the discovery of potent
chemical probes that selectively target them. So far, only a
small SAM-based focused chemical library has been designed
with the aim of directly targeting the active site of MLL
proteins. Among them, compound 105 (TC-5115, Fig. 31) has
emerged as the best candidate (IC50 of 16 nM). Its co-crystal
structure revealed that the compound is positioned in the
cofactor binding site, while the azetidine group induces the
‘‘open’’ conformation of the substrate binding pocket, thus
allowing additional interactions between the inhibitor and the
MLL SET domain.281

On the other hand, efforts made to target protein–protein
interactions in the MLL core complex have been more

Fig. 29 Flat representation (generated using LigPlot+ from PDB ID 6XCG)
showing contacts between compound 103 and active-site residues in
NSD2–PWWP1. Hydrogen bonds are shown as dashed lines. The spoked
arcs represent protein residues making non-bonded (hydrophobic) con-
tacts with the compound.

Fig. 30 Flat representation (generated using LigPlot+ from PDB ID 6G2O)
showing contacts between compound 104 and active-site residues in
NSD3–PWWP1. Hydrogen bonds are shown as dashed lines. The spoked
arcs represent protein residues making non-bonded (hydrophobic) con-
tacts with the compound.
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successful. Specifically, disruptors of WDR5–MLL (Fig. 32) as
well as menin–MLL interactions (Fig. 34) have been developed.

WDR5–MLL interaction disruptors

The central role of WDR5 in the maintenance of integrity and
the methyltransferase activity of MLL complexes has suggested
that disrupting the WDR5–MLL interaction is a possible strategy to
develop inhibitors of MLL methyltransferases. The identification of
a conserved arginine-containing motif within MLL, i.e., the WIN
(WDR5-interacting) sequence, is responsible for the association
with WDR5 and, consequently, is essential for the enzymatic
activity of MLL1282 and represents a good starting point from
which to design disruptors of WDR5–MLL interactions.

Karatas and co-workers reported the design of peptidomimetics
to disrupt WDR5–MLL interactions. Specifically, the identification
of the minimum motif responsible for the high-affinity binding of
MLL1 to WDR5 (–CO–ARA–NH–), led to the design of two 3-mer
peptides (Ac–ARA–NH2 and Ac–ART–NH2) as efficient WDR5
binders with Ki values of 120 and 20 nM, respectively.283 Further
extensive modifications enabled the identification of 106 (MM-102),
a potent peptidomimetic compound (Ki of o1 nM) that mimics the
WIN peptide for binding to WDR5. However, 106 exhibits a
very modest cellular potency and poor metabolic stability in
human microsomes.284 It was anticipated that the reduction of
conformational flexibility could overcome these issues. Therefore,
the linear structure of the parent compound was replaced with a
macrocyclic equivalent, obtaining diverse compounds.285,286

Among them, derivative 107 (MM-589) binds to WDR5 with a very
high affinity (Ki less than 1 nM), significantly inhibiting the MLL1
methyltransferase activity (IC50 of 12.7 nM). Moreover, 107 inhibits
cell growth in the MOLM-13 and MV4-11 human AML cell
lines that carry the MLL translocation with more than 30-fold
selectivity over the HL-60 leukaemia cell line that lacks the MLL
translocation.286 In a screening of commercially available com-
pounds, 108 (WDR5-0103) was identified as a modest WDR5 binder
(Kdis of 3.0 mM in a peptide-displacement assay, and KD of 0.45 mM).
The compound efficiently antagonizes the WDR5–WIN peptide
interaction, negatively affecting the catalytic activity of MLL
complexes in vitro.287 The X-ray crystal structure supported the
optimization of 108-based nitro analogues, facilitating the
identification of 109 (WDR5-47), an improved WDR5 binder
(Kdis of 0.3 mM).288 Replacement of the nitro group with the 4-
piridinyl group led to 110 (W-23), which efficiently disrupted the
MLL1–WDR5 interaction with an IC50 value of 104 nM.289

Further optimization yielded derivative 111 (WL-15), which
better disrupted the interaction of MLL1–WDR5 (IC50 of 26.4 nM)
and inhibiting the catalytic activity of the MLL1 complex (IC50 of
5.4 mM). Unfortunately, the poor cellular permeability limited its
cellular activity in inhibiting the proliferation of leukaemia cell
lines with or without the MLL1 fusion protein.290

Based on the N-(2-(4-methylpiperazin-1-yl)phenyl)acetamide
scaffold, other derivatives were designed as disruptors of MLL1–
WDR5 interactions with increased cellular activity. Specifically,
112 (DDO-2084) inhibited MLL1 methyltransferase activity
both in vitro (IC50 of 1.65 mM) and in the MV4-11 cell line (IC50

of 17.7 mM), showing a down-regulation of the MLL-target genes
expression level. Insertion of the 4-aminobutanamido group on
112 improved the inhibitory activity: compound 113 (DDO-2117)
exhibited an IC50 of 0.19 mM and strongly inhibited the MLL1–
WDR5 interaction (IC50 of 7.6 nM and KD of 13.6 nM).291

Additional optimization of the substituents in the above-
mentioned scaffold led to the identification of 114 (OICR-9429),
a compound that competitively disrupted the WDR5 interaction
with the WIN motif of MLL (Kdisp of 64 nM) with good WDR5
affinity (KD of 30 and 93 nM in SPR and ITC assay, respectively).
114 is highly selective for WDR5 with no inhibition of 22 other
human methyltransferases, 9 different WD40 domains, and
other non-epigenetic targets. The crystal structure of WDR5 in
complex with 114 helped to clarify its detailed binding mode
(PDB 4QL1). The compound is inserted in an arginine-binding
pocket of WDR5, precluding the interaction of the WIN peptide
residue with MLL. Upon 114 binding, the protein undergoes
conformational rearrangements to better accommodate the
compound (Fig. 33). In particular, the Phe263 moved to lodge
the N-methylpiperazine moiety in position of the WIN peptide
guanidinium group, while the Phe133 and Phe149 residues
moved to accommodate the opposite side of the molecule.
Moreover, the piperazine, the amide linker and the pyridone
group interact (directly or by water-mediated hydrogen bonds)
with the surrounding residues of Cys261, Ser91 and Asp107,
whereas the other side of the molecule interacts with a hydro-
phobic pocket in WDR5 formed by the Phe133, Tyr191 and
Pro173 residues. Critical for compound binding is the inter-
action with Ser91. Notably, the morpholino ring is solvated,
lacking a clear electron density, suggesting that it can assume
different conformations. The efficacy and target selectivity of
114 were also confirmed in cells in which the oncogenic
transcription factor p-30 drives cell growth in a WDR5–MLL-
dependent manner. These findings offer an attractive strategy
for targeting cancer depending on the oncogenic transcription
factor mutations.292,293

In 2018, exploiting fragment-based methods and structure-
based design, dihydro-pyrroloimidazole was disclosed as an
effective WDR5 binder. Crystal structure analysis depicted the
binding of this core to WDR5 in a pocket that normally
accommodates the MLL1–peptide–R3765–guanidine side
chain. The most potent inhibitor derivative, 115, displayed a
high potency (Ki of 0.9 nM) causing the dose-dependent inhibition
of H3K4-methylation activity and a moderate growth reduction in
the MV4-11 cell line.294

Fig. 31 Structure of SAM-based MLLs inhibitor.
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Menin–MLL interaction disruptors
Another therapeutic strategy explored to develop new drugs for
MLL leukaemia patients is via disruption of the protein–protein
interactions between MLL and the oncogenic cofactor menin,
which are required for the initiation of MLL-mediated leukemo-
genesis as well as for regulating the expression of target genes,
such as HOXA9 and MEIS1 genes, essential for the leukemogenic
activity of MLL fusion proteins. Menin binds with two different
fragments of MLL: the high-affinity menin binding motif (MBM1

with a KD of 56 nM) and the low-affinity menin binding motif
(MBM2 with a KD of 1 mM). Even if MBM2 contributes to binding
to menin, deletion of the MBM1 motif is sufficient to abolish
the activity of MLL oncoproteins.295 Therefore, small-molecule
inhibitors have been developed that mainly target the MBM1 motif.

From a structural point of view, most of the MLL–menin
inhibitors developed feature a thienopyrimidine core structure.

HTS and further medicinal chemistry optimization guided the
identification of the parent compound of this class, 116 (MI-2).

Fig. 32 WDR5–MLL interaction disruptors.
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It inhibited the the menin–MLL interaction with an IC50 of
446 nM, disrupting the menin–MLL interaction both in vitro
and in human cells. The treatment of different MLL leukaemia
cell lines with 116 resulted in different effects, such as the
downregulation of HOXA9 and MEIS1 expression, inhibition of
proliferation and induction of apoptosis and differentiation.296

These pioneering results highlighted the potentiality of targeting
menin–MLL interactions in acute leukaemia associated with
MLL translocations and prompted the synthesis of several
derivatives featuring the thienopyrimidine scaffold.

117 (MI-2-2) showed an 8-fold improved binding affinity
toward menin (KD of 22 nM) disrupting the MBM1–menin
interaction with high affinity (IC50 of 46 nM) comparable to
the fragment including both MBM1 and MBM2. In this way, the
compound is able to fully dissociate the entire menin–MLL
fusion protein complex.297 Despite the good cellular perme-
ability, 117 showed modest activity in human MLL leukaemia cell
lines and poor metabolic stability, limiting in vivo studies. Inser-
tion of a cyano-indole ring connected to the thienopyrimidine
scaffold via a piperidine linker furnished the compound 118
(MI-136), which maintained a good inhibitory activity and a strong
binding affinity for menin (IC50 of 31 nM and KD of 24 nM,
respectively).298 The introduction of a methyl and/or a methyl
pyrazole substituent on the indole nitrogen yielded compounds
119 (MI-463) and 120 (MI-503) as efficient menin binders with
low-nanomolar binding affinities (IC50 of 15.3 nM and 14.7 nM
and KD of 9.9 nM and 9.3 nM, respectively). Treatment of human
leukaemia cell lines, such as MV4-11 and MOLM-13 (which
express the MLL-AF9 oncogene), with 120 resulted in a strong
downregulation expression of homeobox genes (HOXA9, HOXA10,
HOXA7, PBX3, and MEIS1) and other downstream targets of MLL
fusion proteins. 119 and 120 displayed good metabolic stability
and a PK profile in mice, and their in vivo oral administration

resulted in a longer survival time in a mouse model of MLL
leukaemia.298 Further SAR studies led to the identification of 121
(MI-538), which displayed a strong in vitro inhibition of the
menin–MLL interaction and a high binding affinity for menin
(IC50 of 21 nM and KD of 6.5 nM, respectively). Compared with 119
and 120, this compound revealed a significant improvement
regarding the cellular activity, selectivity for MLL leukaemia cells,
and PK properties.299 Additional optimization of the substituent
of the indole nitrogen led to an improvement in inhibitory activity
over previously identified compounds. 122 (MI-1481) emerged as
potent inhibitor of the menin–MLL interaction (IC50 of 3.6 nM).
The improved inhibitory activity of 122 could be associated with a
stronger interference, not only with the MBM1 motif but also with
the MBM2 portion of MLL, resulting in a better displacement of
the bivalent MLL peptide from its binding to menin. On the
other hand, the increased polarity of 122 negatively affected the
oral bioavailability of this compound.300 The introduction of an
amino group in the thienopyrimidine scaffold, combined with
optimization of the pattern of substituents on the indole ring,
furnished 123 (MI-3454). This compound exhibited a sub-
nanomolar inhibitory activity (IC50 of 0.51 nM), efficiently
disrupting the interaction of menin with an MLL fragment.
123 has a high oral bioavailability and its administration in
mice significantly induces a complete remission or regression of
leukaemia in different models, including patient-derived xeno-
grafts (PDXs).301

Iterative structure-based drug design of a piperazinyl
pyrimidine fragment initially identified subsequently yielded
124 (VTP50469), a potent, highly selective, and orally bioavailable
inhibitor. Structurally, the compound maintains the pyrimidine
core, while the piperazine was replaced with a spirocyclic moiety
decorated with a cyclohexyl sulfonamide group. The binding of
124 into the menin–MLL binding pocket was highlighted via the
co-crystal structure (PDB 6PKC). In Fig. 35 are summarized the
key binding features, including the hydrogen bond with Tyr276
and Trp341 and cation–p interactions with Tyr319 and Tyr323
side chains. In cellular studies, 124 inhibited proliferation and
produced apoptosis of leukaemia cell lines harbouring MLL
rearrangements, with no effect on the cell lines lacking them.
Moreover, the treatment of PDX models developed from patients
with different types of leukaemia with 124 resulted in impressive
reductions of leukaemia. Interestingly, 124 is able to displace
menin from chromatin genome-wide also decreasing the DOT1L
chromatin occupancy, probably causing its destabilization.302

Aiming to identify new menin–MLL inhibitors with diverse
chemical scaffolds, the Grembecka group identified a novel class
of compounds starting from the HTS of approximately 288 000
small molecules. 125 (MIV-6R), an aminomethylpiperidine-based
compound, displayed a high binding affinity for menin and high
potency in disrupting menin–MLL interactions (KD of 85 nM and
IC50 of 56 nM). The compound efficiently induced the hemato-
poietic differentiation in MLL leukaemia cells and inhibited their
proliferation, reducing the expression level of key MLL–fusion
protein target genes.303 However, the primary amino group could
affect the metabolic stability of 125. In order to improve this issue,
some modifications were applied, leading to the identification of

Fig. 33 Flat representation (generated using LigPlot+ from PDB ID 4QL1)
showing contacts between compound 114 and active-site residues in
WDR5. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with compound.

RSC Chemical Biology Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


392 |  RSC Chem. Biol., 2022, 3, 359–406 © 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 34 MLL–menin interaction disruptors.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 359–406 |  393

126 (M-470). Specifically, the primary amino group was replaced
with a metabolically stable nitrile group and the cyclopentyl ring
was functionalized with a reverse carbamate, inserting a fluorine
into the phenyl ring to improve the binding affinity. Moreover, the
linker was constrained into a 3-methylazetidine group and the
nitrile group in position 6 was replaced with a cyclobutylsulfonyl
group.304 These modifications improved the inhibitory activity
(IC50 of 7 nM), the metabolic stability and, above all, offered the
chance to design a covalent inhibitor. Indeed, the insertion of an
acrylamide group as a Michael acceptor on the 4-membered
ring allowed the identification of 127, a covalent binder of menin
(IC50 of 3 nM), which strongly inhibited cell growth in MV4-11 cells.
To improve the solubility, a (dimethylamino)-methyl group was
attached to the acrylamide group, obtaining 128 (M-525), which
showed a potent antiproliferative effect in a variety of human acute
leukaemia cell lines, mostly harbouring MLL fusions. The co-crystal
structure of 128 in complex with menin revealed that the com-
pound forms a covalent bond with the sulphur atom of the C329
residue through its acrylamide group.304

Further optimization of 128 led to the identification of 129 (M-
808), a covalent menin inhibitor that is able to potently inhibit cell
growth in MV4-11 and MOLM-13 cell lines harbouring MLL fusion
(IC50 of 1 and 4 nM, respectively). Notably, the compound
demonstrated strong antitumor effects in the MV4-11 xenograft
tumour model in mice with severe combined immunodeficiency,
and its intravenous administration (25 mg kg�1 every day, three
times per week) resulted in 97% tumour growth inhibition.305

PRDM9

PRDM9 is a member of the PRDM (PRDI-BF1 (positive reg-
ulatory domain I-binding factor 1) and RIZ1 (retinoblastoma
protein-interacting zinc finger gene 1)) family, a group of
19 methyltransferases that are involved in the epigenetic
regulation of gene expression.306 A common feature of all
these proteins is the presence of several protein–protein and
protein–DNA binding domains and an N-terminal PR domain,
which is structurally and functionally related to the SET
domain.307

However, despite the high homology with the SET domain,
only a few PRDM proteins (PRDM2, PRDM7 and PRDM9) have
been characterized by their methyltransferase activity, while the
others are mainly involved in recruiting other writers through
protein–protein interactions.308

PRDM9 catalyses the trimethylation of H3K4 and H3K36 on
nucleosome substrates; however; thanks to the presence of its
specific protein–protein domains, it interacts with other
enzymes, leading to genetic homologous recombination.
In addition, PRDM9 is considered an important enzyme in
the meiotic prophase.309 Physiologically, PRDM9 is expressed
only in germ cells in the gonads and testes and the absence of
PRDM9 in mice is associated with sterility for the male as
well as the female phenotype. Alterations in the expression
of the protein and also the presence of PRMD9 mutations
has been related to the insurgence of tumours such as
head and neck squamous cell carcinoma, renal cell cancer and
leukaemia.310–313

PRDM9 inhibitors

Despite the increasing interest in the PRDM subfamily of
enzymes, so far only one PRDM9 inhibitor has been reported
(Fig. 36). In 2019, a radioactivity-based methyltransferase
assay was used to screen a library of 7500 compounds,
enabling the identification of 39 hits that are able to inhibit
PRDM9 with IC50 values ranging from 4 to 30 mM. After an
extensive SAR campaign, 130 (MRK-740) emerged as a potent
(IC50 of 80 nM) and selective PRDM9 inhibitor. The crystal
structure of the PRDM9 catalytic domain–SAM–130 ternary
complex (PDB 6NM4) enabled the confirmation that this
compound acts as a SAM-dependent substrate-competitive
inhibitor.

Fig. 35 Flat representation (generated using LigPlot+ from PDB ID 6PKC)
showing contacts between compound 124 and the active-site residues in
menin. Hydrogen bonds are shown as dashed lines. The spoked arcs represent
protein residues making non-bonded (hydrophobic) contacts with compounds.

Fig. 36 PRDM9 inhibitor.
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A representation of the intermolecular contacts is reported
in Fig. 37, revealing a large number of hydrophobic interactions
between the PRDM9 side chains and 130. In addition, the
pyridine ring is responsible for the p-stacking interactions with
Trp356. On the other hand, the pyridine nitrogen is assumed to
be protonated and forms a long-range electrostatic interaction
with the side chain of Asp324. In cellular assays, 130 showed
the direct inhibition of H3K4 methylation at endogenous
PRDM9 target loci, representing the first-in-class PRDM sub-
family chemical probe.314

ASH1L

The protein Ash1 (absent, small, or homeotic disc 1) was first
identified in Drosophila as a member of the trithorax group of
proteins,315 which act as major regulators in embryonic development
and whose function counteracts the polycomb group of proteins
that are responsible for gene silencing. The mammalian homo-
log of Ash1, named ASH1L (ASH1-like, also known as KMT2H),
is a methyltransferase that catalyses the dimethylation of H3K36.
This protein is localized in the promoter-proximal coding regions
of active genes, suggesting a role as an epigenetic activator.316

From the structural point of view, ASH1L contains a SET
domain that is located in the middle of the sequence, followed
by a post-SET domain, a bromodomain, a bromo-adjacent
homology (BAH) domain and a PHD zinc finger domain.317

Functionally, ASH1L interacts with proteins MRG15 and
NURF55, constituting the ASH1 complex. In particular, the
interaction with MRG15 significantly promotes the catalytic
activity of ASH1L, probably by inducing a conformational
change that abolishes the block of the auto-inhibitory loop of
ASH1L.318

ASH1L is widely expressed mostly in the brain as it plays an
important role in the development and in the function of the

nervous system. As a matter of fact, alterations of the ASH1L
gene are related to the development of neurological disorders
such as Tourette syndrome, autism spectrum disorder, and
intellectual disability during development.319 In addition,
ASH1L is overexpressed in breast cancer,184 in hepatocellular
carcinoma320 and in anaplastic thyroid cancer,321 although the
role in the biology of these tumours has still not been fully
disclosed.

ASH1L inhibitors

The involvement of ASH1L in several cancer types makes this
protein an interesting therapeutic target. Unfortunately, the
identification of selective inhibitors has been challenging,
mainly due to the limited access to the active site of the
protein, considering that the catalytic SET domain adopts
an inactive conformation with an autoinhibitory loop. Very
recently, Grembecka and co-workers reported the identification
of the first-in-class ASH1L inhibitors. The NMR-based screening
of approximately 1600 fragments from an internal library,
followed by medicinal chemistry optimization and structure-
based design, enabled the identification of thioamide-
containing compounds, of which derivative 131 (AS-99, Fig. 38)
was the best candidate with an IC50 of 0.79 mM and a KD of
0.89 mM.

This inhibitor was found to be highly selective towards
ASH1L, with no inhibition observed at 50 mM on a panel of
20 HMTs as well as on a panel of representative kinases.
Interestingly, structural studies revealed that the thioamide-
containing derivatives allosterically inhibited the enzymatic
activity of the protein, inserting into a pocket that flanks the
autoinhibitory loop in the SET domain and stabilizing this
conformation. Compound 131 is able to reduce dimethylated
levels of H3K36 in MLL leukaemia cells, inhibiting their
proliferation and inducing their differentiation and apoptosis.
Moreover, this compound downregulates the expression of
MLL fusion target genes and reduces the leukaemia burden
in a systemic model of MLL leukaemia. This evidence endorses
131 as a valuable chemical probe to further investigation of
ASH1L biology.322

Fig. 37 Flat representation (generated using LigPlot+ from PDB ID 6NM4)
showing contacts between compound 130 and active-site residues in
PRDM9. Hydrogen bonds are shown as dashed lines. The spoked arcs
represent protein residues making non-bonded (hydrophobic) contacts
with the compound.

Fig. 38 ASH1L inhibitor.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
3:

38
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cb00196e


© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 359–406 |  395

Conclusions

In the past 20 years, a great abundance of studies has shown
the importance of KMTs in a huge number of physiological
processes and in the development of several diseases. These
findings have led to the discovery of a plethora of modulators
with the aim of fully elucidating the biological role of these
proteins as well as establishing them as targets for new
therapeutic approaches. In this review, we have reported the
so-far identified modulators of KMTs. Among them, one
compound has been recently approved by the FDA, some of
them are in advanced phases of preclinical studies, and others
have only recently been identified and for them a thorough
characterization is still needed before they can enter the clinic.
Nevertheless, there is a huge number of proteins, endowed with
a clear role in several pathological conditions, for which no
compounds have been identified yet. Hence, despite the recent
advancements in this field, there is still an urgent need
to identify new potent and selective modulators of these
epigenetic targets.
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dell’Università e della Ricerca (MIUR), Progetti di Ricerca di
Interesse Nazionale (PRIN 20152TE5PK and PRIN 2017MT3993),
from the University of Salerno (FARB grant), and from Regione
Campania (Italy) grant ‘‘Combattere la resistenza tumorale: piat-
taforma integrata multidisciplinare per un approccio tecnologico
innovativo alle oncoterapie—CAMPANIA ONCOTERAPIE’’ (project
no. B61G18000470007).

Notes and references

1 K. Murray, Biochemistry, 1964, 3, 10–15.
2 D. Chen, H. Ma, H. Hong, S. S. Koh, S.-M. Huang,

B. T. Schurter, D. W. Aswad and M. R. Stallcup, Science,
1999, 284, 2174–2177.

3 S. Rea, F. Eisenhaber, D. O’Carroll, B. D. Strahl, Z.-W. Sun,
M. Schmid, S. Opravil, K. Mechtler, C. P. Ponting,
C. D. Allis and T. Jenuwein, Nature, 2000, 406, 593–599.

4 R. Hamamoto, V. Saloura and Y. Nakamura, Nat. Rev.
Cancer, 2015, 15, 110–124.

5 T. Vougiouklakis, B. J. Bernard, N. Nigam, K. Burkitt,
Y. Nakamura and V. Saloura, Clin. Epigenet., 2020, 12, 146.

6 M. Urulangodi and A. Mohanty, J. Cell Commun. Signal,
2020, 14, 31–45.

7 X. Wei, X. Yi, X.-H. Zhu and D.-S. Jiang, Clin. Epigenet.,
2020, 12, 30.

8 E. M. Michalak, M. L. Burr, A. J. Bannister and
M. A. Dawson, Nat. Rev. Mol. Cell Biol., 2019, 20, 573–589.

9 B. Tschiersch, A. Hofmann, V. Krauss, R. Dorn, G. Korge
and G. Reuter, EMBO J., 1994, 13, 3822–3831.

10 R. S. Jones and W. M. Gelbart, Mol. Cell. Biol., 1993, 13,
6357–6366.

11 M. J. Stassen, D. Bailey, S. Nelson, V. Chinwalla and
P. J. Harte, Mech. Dev., 1995, 52, 209–223.

12 R. C. Trievel, B. M. Beach, L. M. Dirk, R. L. Houtz and
J. H. Hurley, Cell, 2002, 111, 91–103.

13 M. Schapira, Curr. Chem. Genomics, 2011, 5, 85–94.
14 K. Sawada, Z. Yang, J. R. Horton, R. E. Collins, X. Zhang

and X. Cheng, J. Biol. Chem., 2004, 279, 43296–43306.
15 P. A. Del Rizzo and R. C. Trievel, Epigenetics, 2011, 6,

1059–1067.
16 D. Husmann and O. Gozani, Nat. Struct. Mol. Biol., 2019,

26, 880–889.
17 E. M. Rowe, V. Xing and K. K. Biggar, Brain Res., 2019,

1707, 164–171.
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