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Abstract
The methylation of proteins is integral to the execution of many important biological functions, including cell signalling 
and transcriptional regulation. Protein methyltransferases (PMTs) are a large class of enzymes that carry out the addition 
of methyl marks to a broad range of substrates. PMTs are critical for normal cellular physiology and their dysregulation is 
frequently observed in human disease. As such, PMTs have emerged as promising therapeutic targets with several inhibitors 
now in clinical trials for oncology indications. The discovery of chemical inhibitors and antagonists of protein methylation 
signalling has also profoundly impacted our general understanding of PMT biology and pharmacology. In this review, we 
present general principles for drugging protein methyltransferases or their downstream effectors containing methyl-binding 
modules, as well as best-in-class examples of the compounds discovered and their impact both at the bench and in the clinic.

Keywords Chemical probe · Protein methyltransferase · Methyl-binder protein · Epigenetics · Chromatin · Chemical 
biology · Drug discovery · Oncology

Introduction

The post-translational modification (PTM) of proteins is a 
fundamental biological phenomenon, which contributes to 
the regulatory control of protein function and cell signalling. 
Following synthesis, proteins can be enzymatically modi-
fied by the addition of a wide range of chemical moieties. 
Key among these modifications is protein methylation. First 
described in 1959 in bacteria and shortly thereafter observed 
in mammalian histones [1, 2], protein methylation is now 
recognized as a pervasive, reversible, and highly versatile 
means of protein regulation (for a compelling historical nar-
rative on the breakthroughs and challenges faced in the field 
of protein methylation, we recommend a recent review by 
Murn and Shi [3]).

In eukaryotes, the majority of protein methylation is car-
ried out by two broadly defined enzyme families; lysine 
methyltransferases (KMTs) and protein arginine methyltrans-
ferases (PRMTs), which modify the ε amino group of lysine 
and guanidinium group of arginine, respectively (Fig. 1). 

Methylation of histidine, glutamate, glutamine, asparagine, 
cysteine, N-terminal, and C-terminal residues has also been 
observed [4]. However, our understanding of non-lysine/
arginine methylation is limited. In fact, the first mammalian 
histidine methyltransferase was only recently described [5, 
6]. Regardless of the substrate, all protein methyltransferases 
(PMTs) utilise S-5′-adenosyl-l-methionine (SAM) cofac-
tor/cosubstrate as a methyl donor, catalyzing the transfer 
of a methyl group to a substrate acceptor. Deposition of the 
methyl mark by so-called ‘writer’ enzymes can influence a 
protein’s structure, localisation, or interactions with methyl-
binding ‘reader’ domains. The recruitment of methyl-readers 
often plays a central role in coupling the modification with 
downstream effector proteins. Like many PTMs, the methyl 
mark can be erased by demethylase enzymes, permitting tun-
able and dynamic regulation of methyl signalling [7].

Protein methyltransferases operate throughout the cell, 
targeting a functionally diverse spectrum of proteins [8] 
(Fig. 1a). In humans, over 4000 Lys and Arg methylation 
sites have been observed (Fig. 1b). As the identification of 
many of these sites is the result of large-scale proteomics 
efforts, the biological consequence of most is unknown. The 
most significant strides in our understanding of how pro-
tein methylation influences molecular events has come from 
studying the epigenetic regulation of the genome. Histone 
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proteins, which package eukaryotic genomes as chromatin, 
are a major and well-defined substrate of PMTs [9]. The 
location, extent, and interaction of these marks are critical 
for chromatin-templated processes, including establishing 
the transcriptional programs that define a cell’s identity. 
There is an association between the dysregulation of chro-
matin-modifying enzymes and the development and progres-
sion of many human diseases, including cancer [10–12].

Consequently, there is significant interest in the phar-
macological modulation of proteins that write, read, and 
erase methyl marks [13, 14]. Indeed, several histone meth-
yltransferase inhibitors have already reached the clinic [15] 
(Table 1), demonstrating the tractability of PMTs as a target 
class. In addition to histone-centric roles, PMTs are also crit-
ical in the regulation of non-histone proteins, with important 

implications for human health and the treatment of disease 
beyond oncology [16, 17].

Since the first selective PMT inhibitor was identified 
in 2007 [18], there has been phenomenal progress in the 
discovery and refinement of small-molecule disruptors of 
methyl-lysine/arginine signalling (Fig. 2; Table 2). These 
tools, with complementary molecular technologies, have 
enabled numerous breakthroughs in our understanding 
of biology and medicinal target discovery. In particular, 
a coordinated effort by the chemical biology commu-
nity to develop sets of well-defined, selective, and cell-
active chemical probes has provided researchers across 
disciplines with valuable tools to “probe” mechanistic 
questions in biology (for a broader discussion on what 
constitutes a chemical probe, we suggest commentaries 

Fig. 1  Protein methylation 
in humans. a Protein methyl-
transferase substrates are found 
throughout the cell. Shown 
is a network view of associ-
ated cellular component gene 
ontologies of methyltransferase 
substrates identified in the Phos-
phoSite database [8]. b Number 
of arginine and lysine meth-
ylation sites in the phosphosite 
database by methyl state. c, 
d Schematic illustrations of 
lysine and arginine methylation. 
Lysine can be mono-, di-, or 
trimethylated by KMT enzymes 
at the ε-amino group. Type I/II/
III PRMTs can monomethylate 
arginine on guanidine group. 
Further modification by Type 
I PRMTs results in asymmet-
ric dimethylation, while Type 
II proceeds to symmetrical 
dimethylation of arginine 
residues

a

c

d

b
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Table 1  Examples of potent, selective, and cell-active inhibitors of protein methyltransferase activity

a https ://www.thesg c.org/chemi cal-probe s/SGC30 27
b https ://www.thesg c.org/chemi cal-probe s/MRK-740

Target Compounds Binding Mode IC50 or Kd (in vitro) Cellular Activity (Biomarker) References

EZH2/1 UNC1999
EPZ-6438

SAM Competitive < 100 nM < 300 nM
H3K27me3

[83, 160]

EHMT1/EHMT2 UNC0642
A366

Peptide Competitive < 10 nM < 300 nM
H3K9me2

[56, 57]

SUV420H1/2 A-196 Peptide Competitive 21 nM < 400 nM
H4K20me2/3

[161]

SMYD2 BAY-598
EPZ033294

Peptide Competitive < 100 nM < 100 nM
P53K370me

[72, 73]

SMYD3 EPZ031686 Peptide Competitive < 10 nM < 100 nM
MEKK2K260me3

[162]

SETD7 (R)-PFI-2 Peptide Competitive < 10 nM ~ 1 µM
YAP translocation

[163]

pan-type 1 PRMT MS023 Peptide Competitive < 100 nM < 100 nM
H4R3me2a

[98]

PRMT3 SGC707 Allosteric Inhibitor 31 nM <100 nM
H4R3me2a

[74]

CARM1 (PRMT4) TP-064
EZM2302
(GSK3359088)

Peptide Competitive
Non-competitive

<10 nM
6 nM

< 400 nM
MED12me2a
< 100 nM
PABP1me1a, SmBme0

[101, 106]

PRMT5 EPZ015666
LLY-284

Peptide Competitive < 50 nM < 100 nM
SmD3,SmBB-Rme2 s

[116, 128]

PRMT6 EPZ020411 Peptide Competitive 10 nM < 1 μM
H3R2me2a

[99]

PRMT7 SGC3027 SAM Competitive < 2.5 nM ~ 1 μM
HSP70me1

a

PRDM9 MRK-740 Peptide Competitive 85 nM ~ 1 μM
H3K4me3

b

DOT1L SGC0946 SAM Competitive < 1 nM ~ 10 nM
H3K79me3

[78]

EED A-395
EED226

Allosteric
Antagonist

< 50 nM < 100 nM
H3K27me3

[42, 43]

WDR5 OICR-9429 Disruption of MLL complex 64 nM 223 nM
Disruption of Wdr5-MLL

[164]

Fig. 2  Inhibitors of Protein 
Methyltransferase Families. 
a, b Phylogeny of protein 
methyltransferase domains from 
SET-domain and seven-β-strand 
PMT families. Indicated with 
a blue circle, are proteins with 
inhibitors of at least 5 µM 
potency  (IC50 or Ki) described 
in the BindingDB database 
[157] Those with a chemical 
probe available are indicated 
with a red circle (https ://www.
thesg c.org/chemi cal-probe s)

a b

https://www.thesgc.org/chemical-probes/SGC3027
https://www.thesgc.org/chemical-probes/MRK-740
https://www.thesgc.org/chemical-probes
https://www.thesgc.org/chemical-probes
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by Blagg and Workman [19], Arrowsmith et al. [20], and 
Frye [21]). When used to study biology, chemical probes 
offer several distinct advantages over genetic knockouts 
or RNAi-mediated knockdowns, including (1) mechanis-
tic insight from selective targeting of a specific activity/
domain of a protein, (2) temporal resolution of function, 
(3) amenability to high-throughput screening techniques, 
and (4) direct translational potential of findings. Under-
scoring the utility of chemical probes as such, signifi-
cant advances in our understanding of the pharmacology 
and biology of the acetyl-lysine binding bromodomains 
has resulted from the discovery of the probes JQ1 [22], 
I-BET [23], and the many that followed [24–30]. Panels 

of well-validated probes to protein methyltransferases have 
also been described with demonstrated utility in interro-
gating complex biological systems [31].

In this review, we will first present a general description 
of the chemical modalities of PMT inhibition. It is followed 
by examples of cell-active catalytic-site inhibitors of both 
KMTs and PRMTs, with particular attention paid to the 
novel biology discovered and movement towards clinical 
utility. Finally, we will touch upon more recent advances in 
the development of methyl-lysine reader antagonists, which 
present opportunities to selectively intervene in the down-
stream signalling of the methyl mark or as alternative sites 
to target PMTs themselves.

Table 2  Protein methyltransferase inhibitors in clinical trials
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Targeting protein methyltransferase activity

All PMTs share a common catalytic mechanism. The 
SAM donor and peptide methyl-acceptor bind to distinct, 
but connected, surfaces within the active site to form a 

functional ternary complex. Followed by the assembly of 
the complex, direct transfer of the methyl group from SAM 
to substrate proceeds via a classical  SN2 reaction. Chemi-
cal inhibition has been demonstrated by targeting either 
cofactor or substrate-binding sites, as well as by allosteric 
means (Fig. 3). Each of these modalities presents unique 

a

b

Fig. 3  Mechanisms of enzymatic PMT inhibition. a Substrate pep-
tide and SAM cofactor bind at distinct sites in the active site, as 
shown in a crystal structure of PRMT5 with H4 peptide substrate and 
SAM analogue cofactor (PDB: 4GQB). Active site inhibition can be 
achieved by targeting either cofactor or substrate-binding site. Exam-

ples shown include LLY-283 cofactor site binding (PDB: 6CKC) and 
GSK591/EPZ015866 binding to the substrate peptide channel (PDB: 
5C9Z). b Structure of the allosteric inhibitor SGC707 bound to a 
biological assembly of PRMT3 (PDB: 4RYL). SGC707 binds at the 
interface between dimers to block formation of the active homodimer
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challenges and opportunities to disrupt the methyltrans-
ferase activity of these enzymes.

The earliest efforts to inhibit protein methyltransferases 
mainly exploited non-selective analogues of SAM in the dis-
covery of PMT inhibitors [32], including the antibiotic sine-
fungin [33]. Chaetocin, another naturally occurring SAM 
analogue, was initially reported as the first selective inhibitor 
of SU(VAR)3–9 and G9a [34]. However, it is now clear that 
these effects are likely due to the off-target activity of a reac-
tive thiol group [35]. Broad-spectrum inhibition of methyla-
tion has also been demonstrated through the blockade of 
AdoHcy hydrolase activity, resulting in the accumulation of 
SAH and feedback on cellular production of SAM, including 
the compounds adenosine dialdehyde (AdOx) [36], MDL 
28842 [37], and DZNep [38]. Given the lack of specificity, 
these compounds should be avoided for biological studies 
of methyltransferase function. Additional challenges in tar-
geting the SAM-binding sites include overcoming the high 
concentrations of intracellular SAM (~ 20–40 uM), which 
will often result in a drastic shift in potency when moving 
from in vitro to cell-based assays [15] In addition, the hydro-
phobic nature of the SAM-binding pocket, which can rep-
resent challenges in generating molecules sufficiently polar 
to enable cell penetrance [39]. Despite these challenges, the 
SAM-binding site itself is poorly conserved and inhibitor 
selectivity, even amongst close analogues, is possible [39]. 
Indeed, potent, selective, cell-permeable SAM-competitive 
inhibitors have been described, with several having advanced 
to the clinic (Tables 1 and 2).

Selective inhibition of the substrate channel is generally 
considered to be a more chemically tractable approach, as 
the pocket tends to be deep, enclosed, structurally diverse, 
and accommodating of small molecules with desirable phys-
iochemical properties [40]. For these reasons, there are a 
higher number of selective substrate-site small molecules 
described in the literature. While structural diversity within 
the substrate groove can be exploited in the design of highly 
selective molecules, chemical selectivity for closely related 
enzymes with demonstrated activity towards the same tar-
get lysine/arginine can still be achieved [40]. Targeting the 
peptide-binding site is not without its challenges. Structural 
plasticity is a common feature of PMT substrate-binding 
sites, whereby a ligand-dependent conformation may be 
adopted [41]. This has implications on the shape and drug-
gability of the substrate-binding site in ligand-bound versus 
unbound states. Computationally, this is difficult to model 
and has made ab initio virtual screening approaches particu-
larly challenging [40].

The enzymatic activity of PMTs can be allosterically 
modulated through distal binding sites. Molecules target-
ing PRMT3 and the PRC2 complex are the best examples 
of allosteric inhibition described to date [42–45]. In both 
instances, allosteric compounds act by disrupting critical 

protein interactions required for methyltransferase activity 
(Fig. 3). The conformational plasticity of substrate-binding 
sites may also enable other forms of allosteric regulation 
through structural perturbations resulting from binding 
allosteric sites on the methyltransferase enzyme itself. How-
ever, this remains to be determined. The next section of the 
review will discuss specific examples of lysine and arginine 
methyltransferases with attention paid to their mechanisms 
of action.

Drugging lysine methyltransferases

The ɛ amine of lysine can be mono-, di-, or trimethylated, 
progressively increasing side-chain steric bulk and hydro-
phobicity without altering charge. In humans, greater than 
50 KMTs catalyze lysine methylation to various degrees 
and across a broad range of substrates [46] (Fig. 2). Most 
lysine methyltransferases rely on a conserved ~ 130 amino 
acid long SET [Su(var.)3–9(the suppressor of position-effect 
variegation 3–9), En(zeste) (an enhancer of the eye color 
mutant zeste), and Trithorax (the homeotic gene regula-
tor)] domain to catalyze transfer of the methyl moiety. The 
flanking I-SET and post-SET domains further contribute to 
the substrate and, in some cases, SAM-binding sites [41]. 
A smaller subset of KMTs, along with the PRMTs, belong 
to the seven-beta-strand methyltransferase family and con-
tain a Rossmann-like fold [47]. The seven-β-strand family 
includes the only non-SET-domain-containing lysine histone 
methyltransferase, DOT1L. Here, we describe several exam-
ples of the biology gleaned from PMT tool compounds and 
translational advances. For more in-depth coverage of the 
many PMT inhibitors discovered to date, we suggest recent 
reviews by Jian Jin et al. [48–50].

KMT active site inhibitors

In 2007, the first selective small-molecule inhibitor of 
a KMT, BIX-01294, was reported [18]. BIX-01294 dis-
played selective cofactor-independent activity against G9a 
 (IC50 = 1.7 µM), the primary H3K9me1/2 histone methyl-
transferase, and to a lesser extent the obligatory G9a het-
erodimerization partner, GLP  (IC50 = 38 µM). Subsequent 
crystallographic studies of BIX-01294 revealed binding 
to the substrate-binding site [51]. Importantly, BIX-01294 
decreased the euchromatin-associated H3K9 dimethyl 
mark in cells, making it a valuable tool to study repressive 
chromatin environments. Since its discovery, this inhibi-
tor has been used to probe G9a involvement in cellular 
reprogramming [52, 53] and viral latency of HIV-1 [54]. 
Unfortunately, the poor separation between cytotoxic and 
functional effects has limited broader utility and adoption 
of this compound. This issue was primarily overcome with 
the discovery of UNC0638, a potent substrate-competitive 
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inhibitor of G9a  (IC50 < 15 nM) and GLP  (IC50 = 19 nM), 
which has increased on-target functional potency relative 
to off-target cytotoxicity [55]. UNC0638 reduced the abun-
dance of H3K9me2 and reactivated G9a-silenced genes and 
a retroviral reporter in mouse ES cells, demonstrating its 
usefulness to study the biology of G9a/GLP [55]. Notably, 
UNC0638 has been further optimized to UNC0642, a mol-
ecule with improved pharmacokinetics suitable for in vivo 
animal experiments [56]. Another potent G9a inhibitor with 
an unrelated scaffold, A-366 [57], was also shown to induce 
differentiation in leukemia cell lines and inhibit the growth 
of a flank xenograft leukemia model [58]. However, A-366 
was recently shown to antagonize recognition of H3K4me3 
by the Tudor domain of Spindin1, a methyl-lysine reader 
 (IC50 = 182.6 ± 9.1 nM) [59]. While numerous studies link 
G9a to disease [60], no G9a inhibitors have yet reached the 
clinic.

The five-member SMYD family of lysine methyltrans-
ferases methylate both histone and non-histone proteins [61]. 
Reports of overexpression and dependency of SMYD2 and 
SMYD3 in several cancer types has generated significant 
interest in the identification of chemical inhibitors [62–65]. 
To date, various selective SMYD2 inhibitors have been 
reported, highlighting the possibility to target the same site 
with multiple chemotypes [66]. The first selective inhibitor 
of SYMD2, the benzoxazinone AZ505  (IC50 = 120 nM), laid 
significant groundwork in the development of SMYD2 sub-
strate-site inhibitors by reporting crystal structures of both 
substrate and AZ505 bound complexes [67]. While AZ505 
has been used to probe the involvement of SMYD2 in tri-
ple negative breast cancer [68], more advanced probes are 
available and recommended for biological work. Investiga-
tion of the structure–activity relationship (SAR) of AZ505, 
led to A-893  (IC50 = 2.8 nM), a significantly more potent 
molecule with apparent reduced off-target effects [69]. A 
second chemotype, LLY-507  (IC50 < 15 nM), was shown to 
inhibit monomethylation of p53-K370 at sub-μM concentra-
tions [70], a modification believed to attenuate p53′s tumour 
suppressor activity [71]. LLY-507 also displayed anti-pro-
liferative effects on esophageal, liver, and breast cancer cell 
lines in a dose-dependent manner [70]. In stark contrast, 
BAY-598  (IC50 = 27 nM), an equipotent SMYD2 inhibitor 
had little effect on the same cell lines that displayed sensi-
tivity to LLY-507 [72]. Resolving this discrepancy, a recent 
and comprehensive study evaluating SMDY2 dependency 
in cancer, including two new inhibitors EPZ033294 and 
EPZ032597 with demonstrated cellular inhibition of relevant 
methyl marks, found neither CRISPR-mediated disruption 
nor treatment with novel tool compounds reproduced previ-
ously reported cancer cell line vulnerabilities to SMDY2 
inhibition or RNAi knockdown [73]. Similar to SMDY2, 
the SMYD3 inhibitors, BCI-121 [74], GSK2807 [75], 
EPZ031686 [73], and EPZ028862 [73], also seem to have 

limited effects on cancer cell line proliferation. As it hap-
pens, the genetic validation data for SMYD2 and SMYD3 
relied on shRNAs that later proved to have off-target effects 
[73]. The saga of SMYD inhibitors provides essential les-
sons in validating phenotypes ideally by genetic knockouts, 
extensive screening for off-target effects, and the value of 
having orthogonal probes with diverse chemotypes when 
pursuing medicinal target validation.

DOT1L methyltransferase performs mono, di and tri-
methylation of H3K79 mark, which is associated with 
transcriptional regulation, development and DNA repair 
[76]. The genetic link showing that DOT1L is essential 
in MLL-rearranged leukemias has spurred clinical inter-
est in selective DOT1L inhibitors [77]. The first inhibitor 
based on the cofactor SAM, EPZ004777, was reported as a 
highly potent and selective compound and was followed by 
closely related chemical probe compound with improved cell 
potency, SGC0946 [78, 79]. This DOT1L inhibitor series 
has a remarkably long residence time (> 24 h) and high affin-
ity to the enzyme, which is explained by binding to the SAM 
pocket leading to a conformational change and generation 
of a new pocket, thus increasing the affinity dramatically 
[78, 79]. These conformational dynamics illustrates the 
challenges in modelling compound–enzyme interactions 
but also offers opportunities for other possible induced-fit 
type compounds in the PMT space. Despite the chemical 
scaffold closeness to SAM, DOT1L inhibitors were highly 
cell permeable and active on leukemia cell lines carrying 
MLL rearrangements; however, in vivo stability liabilities 
warranted further optimisation of pharmacokinetic proper-
ties and yielded EPZ-5676, a compound currently currently 
in phase I clinical trials for hematologic malignancies [79] 
(Table 2; Clinical Trial #NCT01684150; NCT02141828).

EZH2 and EZH1 are the catalytic subunits of the PRC2 
H3K27 methyltransferase complex, which also contains the 
essential core regulatory subunits SUZ12 and EED. The 
complex has many well-described roles in development and 
carcinogenesis [80]. Accumulating reports of high levels of 
EZH2 and H3K27 methylation in cancer, led to keen inter-
est and numerous high-throughput biochemical screening 
campaigns that since 2012 have provided several tools and 
clinical compounds (Tables 1, 2). The first EZH2 selective 
inhibitor, EPZ005687, was followed shortly by GSK126, 
the chemical probe UNC1999, which has activity against 
both EZH2 and EZH1 [81–83], and finally by the clinical 
compound EPZ-6438 [84]. All of these molecules contain 
the 2-pyridone moiety crucial for enzyme inhibition. This 
moiety partially occupies the cofactor SAM-binding site 
accounting for the cofactor-competitive mechanism. These 
compounds primarily differ by the linking of the 2-pyridone 
warhead to several groups such as indazole (EPZ005687 and 
UNC1999), indole (GSK126) or simple aromatic rings as 
in the clinical compound EPZ-6438. Modulation of high 
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H3K27me3 levels in many solid tumours is still being 
explored in cancer therapy; however, this regulation is likely 
more complicated, and modulation of H3K27 methylation 
itself may not result in clear-cut anti-cancer effects. Where 
EZH2 inhibition proved to be particularly beneficial was in 
lymphomas with activating EZH2 mutations that result in 
abnormally high levels of H3K27me3 [85]. Several clini-
cal phase 1 and 2 trials are ongoing in lymphomas [15] 
(Table 2). Another area where the genetic experiments, as 
well as chemical modulation, discovered an unexpected 
avenue for EZH2 inhibition is in cancers with mutated 
SWI/SNF complexes [84, 86]. In particular, EPZ-6438 has 
shown remarkable activity in rhabdoid tumours with SWI/
SNF mutations, and clinical trials are ongoing for synovial 
sarcoma (Table 2; Clinical Trial: NCT02601950).

KMT allosteric inhibitors

There are no allosteric inhibitors that bind lysine methyl-
transferase proteins directly. However, several KMTs are 
only active in the context of sizeable multi-subunit protein 
complexes, and small-molecule antagonism of regulatory 
subunits has been demonstrated as a viable strategy to inhibit 
methyltransferase activity. One such example is the target-
ing of WD-40 repeats of EED, a regulatory component of 
PRC2. WD-40 repeats are one of the most abundant scaf-
folding domains in the proteome and play a significant role 
in facilitating the connectivity of cellular networks [87]. 
Structurally, WD-40 repeats are defined by a β-propeller 
with a peptide-binding pocket at its centre. Pharmacologi-
cally, these domains often have druggable binding pockets 
on surfaces that mediate protein–protein interactions [88]. 
In PRC2, the EED subunit binds to H3K27me3 to allos-
terically activate the complex and propagate the repressive 
mark [89]. Two unique small-molecule allosteric antago-
nists of EED H3K27me3 binding, A-395 and EED226, were 
recently described in back-to-back studies to have activity 
against PRC2-dependent tumours [42, 43]. These allosteric 
inhibitors have the potential to overcome developed resist-
ance to SAM-competitive EZH2 compounds, a potential 
limitation of previous clinical molecules observed in several 
cancer cell lines [90, 91]. A clinical compound that utilises 
this mechanism, MAK683, is now in trials for diffuse large 
B-cell lymphoma (Table 2; Clinical Trial #NCT02900651).

Drugging arginine methyltransferases

Arginine methylation is a widespread PTM mediated by a 
family of PRMT enzymes with diverse substrate clientele 
(Fig. 1). Structurally, PRMTs belong to the seven-β-strand 
family of methyltransferases and are characterized by a 
β-barrel and a Rossmann fold, which contribute to binding 
of the substrate and cofactor, respectively [92, 93]. Type I 

PRMTs asymmetrically dimethylate arginine and have head 
to tail homodimer structures, while type III arginine mono-
methylating PRMT7 has two domains adopting a similar 
arrangement with the C-terminal pseudo-catalytic domain 
acting as a counterpart of the dimer [94] (Fig. 1d). In addi-
tion to the β barrel and a Rossmann fold, the type II symmet-
ric dimethyl-arginine-catalyzing PRMT5 has an N-terminal 
TIM barrel that binds WD-repeat protein MEP50 to act as a 
substrate recruitment platform [95]. Several PRMT inhibi-
tors with variable degrees of in vitro activity, selectivity, 
and cellular potency have been identified and described in 
extensive reviews [48, 96]. In this review, we will focus on 
the most selective compounds with cellular target engage-
ment and activity characterisation (Table 2).

PRMT allosteric inhibitors

In 2012, screening of a 16,000 compound library led to the 
identification of a PRMT3 inhibitor  (IC50 = 2.5 μM) [97]. 
The crystal structure revealed compound binding at the 
dimerisation arm of a PRMT3 monomer (Fig. 3b). This 
compound displayed non-competitive inhibition for both 
SAM and substrate, indicating an allosteric mechanism of 
action [97]. In further support of an allosteric binding mode, 
mutation of the allosteric site abrogated inhibitory activity of 
the compound without disrupting PRMT3 methyltransferase 
activity [97]. Further lead optimization yielded a very potent 
 (IC50 = 31 nM) and selective inhibitor, SGC707 [45]. The 
cell activity of this compound was demonstrated by monitor-
ing target engagement and PRMT3 protein stabilization in 
In Cell Hunter assays as well as the reduction of PRMT3-
driven H4R3me2a levels [45].

Type I PRMT inhibitors

Small molecules that target the peptide-binding site of 
PRMTs display selectivity profiles ranging from very 
selective (TP-064) to pan-Type I inhibitors (MS023). The 
challenge of achieving selectivity may stem from the fact 
that several inhibitors exploit the arginine-binding channel, 
where a basic alkyl-diamino or alanine–amide tail interacts 
with conserved glutamate, methionine, and histidine resi-
dues [48]. This includes the pan-Type I inhibitor MS023, 
which is highly potent and active in vitro against PRMT1, 
3, 4, 6, and 8  (IC50 = 4–120 nM). MS023 also shows activity 
in cells towards both endogenous PRMT1 driven asymmet-
ric methylation of H4R3  (IC50 = 10 nM) and overexpressed 
PRMT6-driven methylation of H3R2  (IC50 = 56 nM) [98]. 
However, for the inhibition of bulk asymmetric methylation, 
much higher concentrations of MS023 are required (1 μM), 
indicating differential sensitivity between various cellular 
substrates [98]. Improvements in inhibitor selectivity within 
Type I PRMTs were demonstrated with EPZ020411 and 
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MS049 [99, 100]. EPZ020411 exploits additional moieties 
in the substrate-binding site, rendering it more selective 
towards PRMT6, while MS049, a PRMT4 and PRMT6 dual 
inhibitor that also occupies the arginine binding channel has 
diminished activity towards PRMT1. The PRMT4 inhibitor 
TP-064 achieves selectivity by engaging additional hydro-
phobic π-stacking interactions and hydrogen bond interac-
tions with phenylalanine and asparagine side chains [101]. 
Unfortunately, a lack of PRMT1 structures with compounds 
has hindered our understanding of selectivity for this chemi-
cal series and development of more discriminatory mole-
cules. While exquisite selectivity is a highly desirable feature 
of a chemical probe, this not necessarily the case for drug 
development, where the phenotypic effect is the most impor-
tant outcome [20]. Thus, the pan-selectivity of MS023 and 
broad-spectrum Type I inhibitors has not excluded intense 
exploration as a therapeutic modality at the preclinical and 
clinical level. The type I PRMT inhibitor, GSK3368715, 
recently entered phase I First Time in Humans clinical study 
in patients with solid tumours and diffuse large B-cell lym-
phoma (Clinical Trial: NCT03666988) (Table 2).

Challenges in developing target-specific Type I inhibi-
tors have not entirely prevented their adoption in the study 
of methyl-arginine biology. Several studies have utilised 
MS023 as a PRMT6 inhibitor to confirm results from knock-
down or knockout experiments, including validating a role 
for PRMT6 in regulating global DNA methylation through 
obstruction of UHRF1, and in turn DNMT1, recruitment 
to chromatin [102] and as a repressor of the erythroid tran-
scriptional program [103]. The dual PRMT6/4 inhibitor 
MS049 phenocopied PRMT6 knockout in the modulation of 
differentiation-associated genes by regulating the interplay 
of H3R2me2a and adjacent histone marks [104]. MS023 dra-
matically reduces cellular PRMT1-dependent methylation, 
and as such, it has been shown to affect TOP3B methyla-
tion, downstream transcription regulation, and stress gran-
ule sequestration [105]. Finally, selective PRMT4 inhibitors 
EZM2302 (GSK3359088) and TP-064 were initially charac-
terized for anti-tumour activity in multiple myeloma [101, 
106]. TP-064 was later used to confirm the link between 
PRMT4 and liver cancer, as well as regulation of metabo-
lism through the methylation of GAPDH [107].

While most studies using PRMT inhibitors focus on 
implications in oncology, the involvement of arginine meth-
ylation in Treg cell suppressive function in xenogeneic graft-
versus-host disease was discovered by screening PRMT 
inhibitors and shown to be dependent on the methylation of 
FOXP3 methylation [108]. Some PRMTs have been shown 
to have overlapping substrates. For example, G3BP1, RGG 
repeat protein, can be methylated by PRMT1 and PRMT5 
to govern its downstream role in stress granule formation 
[109]. This sharing of substrates is consistent with the scav-
enging hypothesis, where downregulation of PRMT1 leads 

to other PRMTs monomethylating or symmetrically dimeth-
ylating the substrates that are usually methylated by PRMT1 
[110]. Several studies have examined the cellular arginine 
methylated proteins at the global levels and enumerated hun-
dreds of proteins involved in the RNA metabolism, transla-
tion, DNA damage, and stress response [111–115]. However, 
systematic studies on PRMT1 or other particular PRMT-
dependent substrates are lacking, and selective inhibitors 
would greatly facilitate these types of studies.

Type II PRMT inhibitors

Type II PRMTs comprise PRMT5 and PRMT9, and for the 
latter, there are no selective inhibitors. PRMT5 chemical tar-
geting has been intensely explored due to PRMT5’s attrac-
tiveness as an oncology target. EPZ015666/GSK3235025 
was the first potent, selective, cell active, and orally bioavail-
able PRMT5 inhibitor to be reported [116]. It is classified as 
an SAM cofactor uncompetitive and substrate-competitive 
inhibitor; however, binding in the substrate pocket is depend-
ent on the presence of the cofactor (Fig. 3a). EPZ015666 
has in vitro activity of 22 nM, reduces the SMN complex 
component, SmB and SmD3 methylation in cells and specifi-
cally inhibits the growth of mantle cell lymphoma cells at 
concentrations below 1 μM [116]. Oral bioavailability of the 
molecule has enabled in vitro efficacy in cancer models at 
25–200 mg/kg BID [116], which correlates with downregu-
lation of an in vivo biomarker, indicating significant com-
pound exposure. GSK3326595/EPZ015938, a compound 
with improved pharmacokinetic properties, is currently in 
phase I clinical trials for solid tumours and non-Hodgkin’s 
lymphoma (Table 2; Clinical Trial# NCT02783300). Given 
the broad anti-proliferative activity of this compound in 
numerous human cancer cell lines, this inhibitor is likely 
to be considered in additional therapeutic areas [117]. As 
a similar tool compound for the academic community, 
GSK591/EPZ015866 has facilitated the discovery of novel 
PRMT5 biology, including putative roles for PRMT5 in 
DNA repair and homologous recombination [118], HBV 
replication and encapsidation [119], and the antiviral 
response [120]. In addition, inhibition of PRMT5 or genetic 
knockdown has been shown to reduce PDGFRA methylation 
and increase its degradation during oligodendrocyte differ-
entiation [121]. Other studies have investigated the effects 
of PRMT5 inhibition in developmental myelination [122], 
osteoclast differentiation [123], anti-tumoural activity in 
mouse models of MLL-rearranged AML [124], and breast 
cancer stem-cell maintenance [125]. It is not clear how much 
of PRMT5 biology is associated with transcriptional regula-
tion via histone methylation or its prominent role in splicing 
regulation resulting in pervasive effects on the transcriptome 
[126, 127]. Further PRMT5-specific substrate identification 
may shed some light in this area. Recently, reported PRMT5 
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inhibitor, LLY-283, structurally resembles SAM and occu-
pies the cofactor pocket in PRMT5 [128]. LLY-283 inhib-
ited PRMT5 with a similar potency as the compounds men-
tioned above (20 nM); however, in cells, it was more potent 
inhibiting the methylation of SmBB′ with an  IC50 of 25 nM 
in MCF7 cells and also eliciting the alternative splicing of 
MDM4 with an  IC50 of 40 nM in A375 cells [128]. The com-
pound displayed good pharmacokinetic properties. Thus, it 
will be interesting to follow its future clinical development.

Antagonists of methyl‑binding domains

The biological consequence of protein methylation often 
proceeds through the recruitment of effector proteins con-
taining methyl-lysine or methyl-arginine binding domains 
[129]. These reader modules are also frequently found 
within methyltransferase enzymes themselves, facilitating 
cross-talk between methyl marks and spreading of histone 
modifications within chromatin environments. Individual 
proteins will often contain several distinct reader modules 
with different binding capabilities. Potent, selective, and 
cell-active antagonists of reader function are, therefore, 
valuable tools to decipher the individual contributions of 
distinct reader domains in addition to uncovering potential 
therapeutic value. Historically, disruption of protein–protein 
interactions has been considered less tractable than inhibit-
ing enzymatic activity. However, success in the field of bro-
modomain modulation by small-molecule antagonists and 
studies on methyl-lysine druggability have demonstrated 
the feasibility of drugging readers [130] (Fig. 4a). In addi-
tion to disrupting methyl-lysine effectors, reader antagonism 
also provides additional opportunities to alter the function 
of methyltransferases with pharmacologically challenging 
active sites or in cases of acquired resistance to enzymatic 
inhibitors.

Methyl-binding activity has been observed in several pro-
tein families, including Ankyrin repeats, WD-40 repeats, 
bromo-adjacent homology (BAH)-containing proteins, Plant 
Homeodomain (PHD) fingers, and the Royal superfamily. 
These domains differ significantly in the frequency in which 
they appear in the human proteome, and not all are com-
prised exclusively of methyl-binding modules—for exam-
ple, WD-40 and Ankyrin repeats are general protein–pro-
tein interaction surfaces found in many proteins (Fig. 4b). 
Typically, the methyl-binding site is composed of two-to-
four aromatic residues that form an ‘aromatic cage’ [131]. 
Cation-π and van der Waals contacts primarily mediate the 
interaction with methylated residue. Recognition of a methyl 
mark can be generalised into two different distinct binding 
modes first put forward by Patel et al. [132] (Fig. 4c, d). 
‘Cavity-insertion’ binders are characterized by insertion of 
the methylammonium into a deep and narrow-binding pocket 

with the methylated residue being the primary point of con-
tact. Alternatively, ‘surface-groove’ binders make multiple 
contacts along the surface of a shallow and extended bind-
ing groove. These two classifications have been generally 
informative in defining chemical strategies for the discov-
ery of antagonists, with cavity-insertion modes thought to 
be amenable to small molecule/fragment screening, while 
surface-groove binders may be better suited to peptidomi-
metic structure-based design [133]. Aside from antagonism 
of EED WD40-H3K27me3 binding, (described in detail for 
its allosteric regulation of PRC2 above), cell-active mol-
ecules have only been described for the Royal superfam-
ily; none of which target the Tudor methyl-arginine binders. 
Derivatives of amiodarone (AMI), an antiarrhythmic drug, 
have been identified as antagonists of the third PHD domain 
of the demethylase JAIRD1A, WAG-03  (IC50 = 30 µM) and 
WAG-04  (IC50 = 41 µM); however, these compounds have 
not been shown to be active in cells [134, 135]. Therefore, 
this review will focus exclusively on antagonism of methyl-
lysine binders from the Royal superfamily.

Royal family antagonists

Royal superfamily domains are defined by an evolutionarily 
conserved barrel-like protein fold (“Tudor barrel”), which 
consists of 4–5 anti-parallel β-strands that form a β-barrel-
like fold [136]. This family is further sub-classified based 
on additional structural features that flank the fold and 
provide selectivity for specific methyl marks, and include 
Tudor, chromo, MBT (malignant brain tumour) and PWWP 
domains.

MBT repeats

MBT domains have been primarily characterized for their 
recognition of mono- and dimethylated lysine residues 
on histones via a “cavity-insertion” binding mode [137]. 
Found within Polycomb group and L3MBT proteins, they 
are comprised of ~ 70 amino acid repeats arrayed in tan-
dem and generally act as transcriptional repressors [138]. 
The MBT domain of L3MBTL1 was the first methyl-lysine 
reader to be targeted in the form of UNC591, a biophysi-
cal probe designed to mimic a single lysine residue [139]. 
Shortly after, the first demonstration of reader antagonism, 
albeit with modest affinity, was achieved; UNC669 was 
shown to displace L3MBTL1 from a native histone peptide 
(Kd = 5 µM) with fivefold higher binding affinity and sixfold 
selectivity over its close homolog L3MBTL3 [140] (Fig. 4c). 
Further structure–activity relationship and target-class 
cross-screening approach eventually led to the development 
of a potent and selective chemical probe for L3MBTL3, 
UNC1215 (Kd = 120 nM) [141]. Mapping of protein–protein 
interactions by mass spectrometry in UNC1215 treated and 
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Fig. 4  Targeting Methyl-lysine reader domains. a Reader domain 
druggability scores from the Chembl database [158]. Putative drug-
gability varies significantly between families, indicating some fami-
lies may be more tractable for the development of small-molecule 
antagonists. b Annotated reader module containing proteins in the 
Interpro database [159]. c L3MBT1L exhibits ‘cavity-insertion’ bind-

ing mode. Crystal structures of L3MBT1L bound to H1.5K27me2 
peptide (PDB: 2RHI) or small-molecule UNC669 (PDB: 3P8H) (d) 
‘surface-groove’ binding mode as exemplified by CBX7. NMR struc-
ture of CBX7 bound to an H3 peptide (PDB: 2L1B) and crystal struc-
ture of chemical probe UNC3866 in complex with CBX7 are shown 
(PDB: 5EPJ)
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untreated cells revealed a novel methyl-dependent interac-
tion with the DNA damage repair factor BCLAF1, demon-
strating the utility of probe-based approaches in the unbiased 
determination of reader module function. Additional struc-
ture–activity relationship studies of L3MBTL3 antagonists 
have also been informative in furthering our understanding 
of the molecular mechanisms of MBT binding partner rec-
ognition [142]. Interestingly, UNC1215 has also been shown 
to antagonize the interaction between the MBT-containing 
protein PHF20L and the SET7 substrate DNMT1-K142me1 
resulting in increased DNMT1 turnover. However, this activ-
ity was only significant at a concentration > 40 µM compared 
to demonstrated activity towards L3MBTL3 at 1 µM [141, 
143].

Tudor domain

Found in approximately ~ 30 mammalian proteins, Tudor 
domains recognize both methyl-lysine and methyl-arginine 
residues in histone and non-histone proteins [144]. To 
date, chemical antagonists for two members of this fam-
ily have been described in the literature, 53BP1 and Spin-
dlin 1. 53BP1 is a critical mediator of DNA double-strand 
break repair outcomes and acts by attenuating end-resec-
tion at the expense of homologous recombination. This 
activity has important implications for BRCA1-deficient 
cancers, gene editing, and immunology. UNC2170, a cell-
active micromolar antagonist of 53BP1-Tudor binding to 
H4K20me2 (Kd = 22 µM), was discovered using a cross-
screening approach of methyl-readers [145]. Promisingly, 
UNC2170 has been shown to disrupt recruitment of 53BP1 
to damaged chromatin, albeit at relatively high concentra-
tions of 300 µM [146]. Further improvements in compound 
potency will greatly benefit further exploration of 53BP1 as 
a medicinal target and as an adjuvant in gene editing appli-
cations by programmable nucleases [147]. In the case of 
Spindlin1, a target-hopping strategy was used to identify, 
EML631-633, cell-active antagonists of H3K4me3 bind-
ing, which has proven to be a useful tool in demonstrating 
Spindlin1-dependent gene regulation beyond previously 
described roles in the nucleolus [148]. As previously men-
tioned, the chemical probe A366 is also a nanomolar ligand 
of the Tudor domain of Spindlin1 [59]. This observation 
highlights the potential for potent off-target interactions of 
a chemical probe and suggests future probe validation would 
greatly benefit from broader and unbiased chemoproteomic-
based selectivity screens [149].

Chromodomains

Chromodomains are found mostly in modular multi-domain 
proteins of the HP1/Chromobox and CHD subfamilies, 
which primarily function as transcriptional repressors and 

chromatin remodelers [150]. Chromodomains engage meth-
ylated peptides along a hydrophobic groove, which has been 
successfully targeted by several peptidomimetic small mol-
ecules. The first such example was a ~ 200 nM compound to 
CBX7, a PRC1 associated reader of H3K27me3 [151]. PRC1 
complexes regulate vital transcriptional programs involved 
in development, self-renewal, senescence, and oncogenesis 
with the target of its repressive activity often dictated by the 
associated CBX protein [152]. Overexpression of CBX7 can 
promote the proliferation of tumour-derived prostate cancer 
cells, which is thought to occur through the suppression of 
the senescence-associated INK4a/ARF locus, making it a 
potential target in cancer [153]. Encouragingly, UNC3866, 
which targets several CBX proteins with exquisite potency 
to CBX4 and CBX7, initiates senescence in the PC3 prostate 
cancer cell line [154]. Structural biology studies of the com-
pounds binding mode showed that UNC3866 binds similar 
to the H3 peptide (Fig. 4d). Surprisingly, this phenotype was 
independent of INK4a/ARF regulation. Structure-guided 
discovery has led to the identification of two-additional 
classes of CBX7 antagonists, analogues of the compounds 
MS452 and MS351, that show similar binding to CBX7, 
however, differentially regulate the INK4a/ARF locus in 
cells [155, 156]. Interestingly, it appears the compound that 
activates INK4a/ARF expression, MS352, selectively targets 
the biologically active, RNA-bound, form of CBX7. These 
observations may explain some of the discrepancies reported 
in the literature. However, further research will be required 
to decipher the molecular and mechanistic details of the anti-
cancer activity of CBX7 antagonists if this effect is indeed 
through the regulation of the INK4a/ARF locus.

Concluding remarks

In a relatively short period, we have witnessed the advance 
of protein methyltransferase inhibitors from tool compounds 
to precision medicines. Several promising compounds are 
now in clinical trials in oncology. These efforts have not only 
led to new medicines, but have also greatly expanded our 
knowledge of the underlying biology of protein methylation. 
Here, we have outlined the general modalities of PMT inhi-
bition and describe many breakthroughs in the discovery of 
chemical inhibitors. Selective, potent, and cell-active inhibi-
tors of both lysine and arginine methyltransferases have been 
developed by exploiting the cofactor-binding site, substrate 
peptide-binding site and less commonly distal allosteric 
pockets. Many of the inhibitors described here are available 
for the research community to probe mechanistic questions 
in biology and test translational research hypothesises. More 
recently, there has also been significant progress in the iden-
tification of methyl-lysine reader antagonists. These com-
pounds will be valuable for interrogating the downstream 
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effectors of protein methylation as well as the function of 
reader domains within the context of large multi-domain 
proteins, including PMTs themselves. From a therapeu-
tic standpoint, reader antagonism may provide alternative 
routes to modulate methyl signalling pathways in disease, 
which may be particularly valuable in cases, where resist-
ance has developed to existing clinical candidates. While 
significant progress has been made, there remains much to 
learn about the pharmacology and biology of most protein 
methyltransferases; it is without a doubt that chemical biol-
ogy will continue to play a vital role in advancing the field.
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