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Abstract

Protein methyltransferases (PMTs) play essential roles in many biological processes through 

methylation of histones and diverse nonhistone substrates. Dysregulation of these enzymes has 

been implicated in many diseases including cancers. While PMT-associated biology can be probed 

via genetic perturbation, this approach targets full-length PMTs rather than their methyltransferase 

activities and often lacks temporal, spatial and dose controls (timing, location and amount of dosed 

compounds). In contrast, small-molecule inhibitors of PMTs can be designed to specifically target 

the methyltransferase domains in a temporal, spatial and dose-dependent manner. This utility has 

motivated the development of hundreds of PMT inhibitors, but meanwhile can make it challenging 

to select the most suitable PMT inhibitors to interrogate PMT-associated biology. This perspective 

aims to provide timely guidance to evaluate these PMT inhibitors in their relevant biological 

contexts.
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Introduction

Protein methyltransferases (PMTs) have received much attention for their emerging roles on 

epigenetics through methylating histones and diverse nonhistone substrates [1]. PMTs 

catalyze methylation reactions by transferring the methyl group from the cofactor S-5′-

adenosyl-L-methionine (SAM) to lysine or arginine side chains of their protein substrates 

[1]. The human genome encodes 9 protein arginine methyltransferases (PRMTs) and >50 

protein lysine methyltransferases (PKMTs) [1]. PRMTs belong to the Class-I family of 

methyltransferases, featured with seven β-strand topology [2]. In comparison, the vast 

majority of PKMTs belong to the Class-V family of methyltransferases, which contain a 

characteristic pseudo-knot SET domain (Suppressor of variegation 3–9, Enhancer of zeste 

and Trithorax) [1]. DOT1L (KMT4), CaM-KMT, METTL21A, METTL21C, METTL21D 

(or VCP-KMT) and METTL10 are several well-characterized human non-SET PKMTs and 

are structural homologues of PRMTs [3–8]. PMT-mediated posttranslational modifications 

are expected to either modulate the functions of target proteins directly or via their 

interactome and thus downstream effector proteins [9].
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PMT-involved epigenetic modulation has been implicated in many essential biological 

processes [2]. Its dysregulation has been linked to many diseases including developmental 

disorders and cancer [10–12]. PMTs are multi-functional proteins that contain a 

methyltransferase domain for catalysis as well as other motifs for recognizing DNA, RNA 

and other binding partners [13]. PMT biology can be perturbed by target-specific shRNA/

siRNA silencing or genomic editing approaches. However, these approaches target full-

length PMTs rather than their catalytic domains alone. In contrast, small-molecule inhibitors 

of PMTs can be designed to specifically target their methyltransferase activities and thus 

allow their roles to be dissected from other functions of the full-length protein [1, 10–12]. 

PMT inhibitors also have the common merits of chemical tools for temporal, spatial and 

dose controls (accurate timing, location and amount of dosed compounds) and can 

potentially be applied as therapeutic agents in PMT-relevant diseases [1, 11, 12]. These 

advantages have led to development of many PMT inhibitors in the past [10–12]. However, 

many emerging PMT inhibitors have not reached the criteria of “chemical probes”, which 

require high cellular potency, well-defined selectivity, and a clear mechanism of action 

(MOA) [12, 14]. The lack of such characterization makes it challenging to select suitable 

PMT inhibitors among many available candidates. It is still possible to use even well-

characterized PMT chemical probes incorrectly and thus misinterpret the biological 

outcomes associated with these compounds. This perspective aims to provide general 

guidance to evaluate PMT inhibitors and thus leverage their strength to interrogate the 

functions of PMTs in a precise and reliable manner.

Application of PMT inhibitors within relevant contexts

Combined efforts in the past decade have led to identification of hundreds of inhibitors 

against human PMTs [10, 11]. In the course of developing PMT inhibitors of high quality, 

early lead candidates are subject to stepwise optimization with the initial focus on in vitro 
potency and selectivity, followed by target engagement and efficiency under cellular settings, 

and eventually pharmacological properties for in vivo application. Some PMT inhibitors 

have been rigorously examined at each stage, while others can still be in a rudimentary stage 

with only their potency examined with an in vitro biochemical assay [10, 11]. The literature 

associated with PMT inhibitors often documents in details how these compounds were 

characterized. These data can indicate how the PMT inhibitors should be correctly used as 

chemical tools to interrogate PMT-associated biology and thus need to be carefully reviewed 

for their application in relevant contexts. Some of curial parameters for assessment of PMT 

inhibitors include effective doses, whose values are expected to be at least 10-fold higher 

than the IC50/EC50 to achieve > 95% target engagement; relevant contexts for which these 

compounds can effectively engage such inhibition against PMTs (e.g. in vitro biochemical 

settings, inside living cells or in animals); the methods for in vivo administration (e.g. oral, 

intraperitoneal or intravenous). For in vitro biochemical experiments, the potency of PMT 

inhibitors under specific settings can be altered significantly by PMT constructs (catalytic 

domains versus fully-length proteins), the concentrations of substrates and the SAM 

cofactor, as well as the presence of other PMT-binding partners (see MOA of PMT inhibitors 

for more details). It is also worth noting that IC50 and EC50 values of PMT inhibitors can be 

highly context-dependent and different across cell lines (see MOA of PMT inhibitors for 
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more details). Even for the best-characterized PMT inhibitors, their target engagement and 

in vivo efficiency must be rigorously confirmed under unprecedented biological settings 

such as the CNS (central nervous system), as not all PMT inhibitors may be able to cross the 

blood brain barrier, and cell types and tissues that highly express xenobiotic transporters and 

thus prevent the accumulation of PMT inhibitors through efflux mechanism.

Inhibitors of PMTs that methylate H3K9

Seven human PMTs including G9a (KMT1C/EHMT2) and GLP (KMT1D/EHMT1) have 

been shown to methylate H3K9 [10]. H3K9 methylation is a common mark of gene 

suppression. BIX01294 (Figure 1) was first identified from a high throughput screening as a 

dual inhibitor of G9a and GLP [15]. However, this HTS hit shows low potency against G9a 

and GLP, with in vitro IC50 of 1~10 μM, and likely interacts with other cellular targets 

besides the two enzymes [15]. UNC0321 (Figure 1), a BIX01294 derivative, was developed 

later as a more potent and specific inhibitor of G9a and GLP with a Morrison Ki value of 63 

pM (100-fold more potent than BIX01294) [16, 17]. Despite the improved potency of 

UNC0321, its utility is limited to in vitro biochemical assays because of its poor cell 

membrane permeability. In contrast, UNC0638 shows not only excellent potency and 

specificity but also the desired cellular uptake [18]. UNC0638 (Figure 1) has demonstrated 

its use as a dual specific chemical probe of G9a and GLP under multiple cellular settings 

[12]. However, this compound is less suitable for in vivo experiments because of its poor 

pharmacological kinetics. This issue was solved later by developing UNC0642 and 

UNC1479 (Figure 1) as chemical probes of G9a and GLP for animal studies (Figure 1) [19]. 

UNC0642 and UNC1479 show comparable cellular potency and target selectivity against 

G9a and GLP. In addition, the latter is more suitable to explore G9a/GLP’s roles in the CNS 

due to its 2-fold better brain penetration (brain/plasma ratios of 0.33 versus 0.68 in male 

Swiss albino mice) [19]. Collectively, despite high structural similarity among these 

Ga9/GLP inhibitors, only UNC0642 and UNC1479 demonstrated a broad use as chemical 

probes of G9a and GLP in vitro, in cellular contexts and in vivo; the use of UNC0321 and 

UNC0638 should be restricted to in vitro settings.

Inhibitors of PMTs that methylate H3K27

EZH1 and EZH2 (KMT6) act on histone H3K27 and this methylation often marks gene 

suppression [12]. Somatic EZH2 mutations are often observed in follicular and diffuse large 

B-cell lymphomas and are expected to play key oncogenic roles. EZH2 and its mutants are 

therefore of interest as novel anti-cancer targets [20]. Structurally similar GSK343, 

EPZ005687, and EI1 (Figure 2) are among the first class of potent and selective inhibitors of 

human EZH2 (KMT6) [20, 21]. The use of these compounds as chemical probes has been 

demonstrated under cellular settings but not yet in animals [20, 21]. In contrast, GSK126, 

EPZ-6438, CPI-360 and CPI-1692 (Figure 2) were characterized as chemical probes of 

EZH2 with their suitable use demonstrated both in cells and in animals [22–24]. GSK126, 

EPZ-6438, CPI-360 and CPI-1692 can be administrated intraperitoneally or intravenously 

[22–24]. In comparison with GSK343, EPZ005687, and EI1, which selectively target EZH2 

versus EZH1, UNC1999 and a compound containing a distinguished tetramethylpiperidinyl 

benzamide scaffold (TMPB) were characterized as dual specific inhibitors against both 

EZH1 and EZH2 (Figure 2) [25, 26]. Compound 1 was documented as a cellular chemical 
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probe, while UNC1999 showed excellent oral bioavailablity in mice and can be used for in 
vivo mouse experiments [25, 26]. However, given that GSK126, EPZ-6438 and UNC1999 

are substrates of the xenobiotic efflux transporters (e.g. P-gp/ABCB1 or BCRP/ABCG2) 

[27], these compounds are not suitable for targeting CNS and similar tissues with high 

expression of these efflux transporters. It is also worth noting that many of these inhibitors 

also target mutant-type EZH2 such as its Y641 variants [20].

Inhibitors of PMTs that methylate H3K36

SETD2 (KMT3A) is the sole PMT that catalyze trimethylation of H3K36, a histone mark 

implicated in transcription elongation and RNA splicing [28, 29]. Pr-SNF and Bn-SNF 

(Figure 3) were characterized as inhibitors of human SETD2 [30]. The potency and 

selectivity of the two compounds were examined across a panel of human PMTs with in 
vitro biochemical assays [30]. However, Pr-SNF and Bn-SNF have not been shown to be 

effective as cell-based or in vivo chemical probes [30], given the poor membrane 

permeability of the family of compounds containing similar polar amine and carboxylic 

moieties [31]. SETD2’s functions have been implicated in transcription elongation, RNA 

splicing, DNA repairing and tumor suppression [13, 28, 30, 32, 33]. However, Pr-SNF and 

Bn-SNF have yet to fulfill the criteria to be used to perturb and examine these biological 

processes.

Inhibitors of PMTs across species

Previous industrial and academic efforts have been mainly focused on developing small-

molecule inhibitors of human PMTs. In contrast, limited progress has been made to develop 

inhibitors against PMTs of other species. While PMTs can be highly homologous across 

eukaryotic organisms, caution should be taken upon assuming that the potency and 

selectivity profile of a compound for human targets can be recapitulated against their 

counterpart targets in remotely related species. There are many examples that altering a 

single amino acid in target proteins can render potent inhibitors into completely inactive 

compounds (e.g. the M184V resistance mutation of HIV reverse transcriptase for 

lamivudine; the T315I resistance mutation of Bcr-Abl for imatinib) [34, 35]. An inhibitor 

that is characterized against human PMTs thus needs to be evaluated carefully before 

applying it to perturb the PMT homologues across species.

Known MOA of PMT inhibitors

Along the reaction path of PMT-involved methylation, PMTs facilitate the catalysis by first 

recruiting substrates and the cofactor SAM to two nearby binding sites, followed by 

deprotonation of Lys/Arg nucleophile and finally the transmethylation reaction [1]. For 

many PMTs, efficient catalysis also requires the participation of remote residues (e.g. 
dimerization interface of PRMT3) or the presence of other PMT-binding proteins (e.g. 
WDR5 and RBBP5 for MLL1-mediated H3K4 methylation associated with transcription 

activity; EED and SUZ12 for EZH2-mediated H3K27 methylation associated with 

transcription suppression) [36, 37]. Methyltransferase activities of PMTs can thus be 

inhibited by perturbing SAM/substrate binding or catalytically essential protein-protein 

interactions. One of key steps in developing high quality small-molecule inhibitors of PMTs 
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is to characterize MOA. Defining the MOA of PMT inhibitors not only is informative to 

optimize the potency and selectivity of lead compounds but also essential to correctly 

correlate biological outcomes with PMT inhibition under complicated cellular settings (see 

discussion below). Current PMT inhibitors can be classified into at least three distinct MOA 

categories based on whether they target SAM-binding sites, substrate-binding sites or 

allosteric sites of PMTs.

SAM-competitive PMT inhibitors

A common strategy for developing PMT inhibitors is to engage small molecules to 

selectively fit SAM-binding pockets of certain PMTs and compete with the cofactor SAM 

(SAM-competitive inhibitors, Figure 4). EPZ004777 (an inhibitor of DOT1L-mediated 

H3K79 methylation), Pr-SNF/Bn-SNF (inhibitors of SETD2-mediated H3K36 methylation), 

GSK126 (an inhibitor of EZH2-mediated H3K27 methylation) and UNC1999 (a dual 

inhibitor of EZH1/2-mediated H3K27 methylation) are several examples of well-

characterized SAM-competitive PMT inhibitors [22, 25, 30, 38, 39]. Inhibition profiles of 

these compounds are characterized by a linear increase of their apparent IC50 as a function 

of increased concentration of the SAM cofactor. The structural data of DOT1L and SETD2 

in complex with EPZ004777 and Pr-SNF/Bn-SNF further support this MOA, with the 

inhibitors occupying the SAM-binding pockets of the PMTs and thus preventing SAM’s 

access for catalysis [30, 38, 40]. While Pr-SNF/Bn-SNF were characterized as SAM-

competitive inhibitors, their apparent IC50 also depends upon the presence of peptide 

substrate. These compounds achieve the highest affinity through forming an inhibitor-

SETD2-substrate ternary complex (partially uncompetitive for peptide substrate) (Figure 4) 

[30]. In comparison, EPZ004777, GSK126 and UNC1999 are canonical SAM-competitive 

inhibitors with their apparent IC50 independent of the concentration of peptide substrates 

(noncompetitive for peptide substrate: the presence of the inhibitor does not alter the 

apparent Km value of the peptide substrate) [22, 25, 38, 39].

MOA of Pr-SNF/Bn-SNF and EPZ004777 revealed by the X-ray crystal structures of the 

inhibitor-PMT complexes could also rationalize the selectivity of these inhibitors against 

their targets versus even closely related PMT homologues [30, 38, 40]. In both scenarios, 

SETD2 and DOT1L are subject to dramatic conformational changes upon binding their 

inhibitors. The existence of such structurally distinct inhibitor-bound conformers is expected 

to associate with potency and selectivity of Pr-SNF/Bn-SNF and EPZ004777 against their 

respective PMT targets [30, 38, 40]. Similar to kinases [41], PMTs may adopt a set of 

conformers that are highly dynamic but can be captured upon interacting with structurally 

matched inhibitors. Exploring and targeting structurally distinct conformers of PMTs may 

pave a new path for developing SAM-competitive inhibitors of high selectivity. It remains to 

be examined whether the specificity of SAM-competitive inhibitors GSK126 and UNC1999 

also stems from their preferential interactions with certain structurally-distinct conformers of 

EZH1/2.

Substrate-competitive PMT inhibitors

Another common strategy for developing PMT inhibitors is to engage small molecules to 

occupy substrate-binding pockets of PMTs (substrate-competitive inhibitors). Individual 
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PMTs are expected to adapt distinct peptide-binding pockets to recognize diverse substrates 

with limited sequence consensus. In comparison with SAM-competitive inhibitors, 

substrate-competitive inhibitors are expected to achieve high target specificity by targeting 

distinct substrate-binding pockets. UNC0638/UNC0642 (G9a/GLP inhibitors), (R)-PFI-2 

(an inhibitor SETD7/KMT7, a promiscuous PMT acting on diverse nonhistone substrates), 

LLY-507 (an inhibitor of SMYD2/KMT3C against K370 methylation of p53) and 

EPZ015666 (an inhibitor of PRMT5 against SmD3 methylation) are several examples of 

well-characterized substrate-competitive PMT inhibitors with cell-based activities (Figure 4) 

[19, 42–44]. Inhibition profiles of these compounds are characterized by a linear increase of 

their apparent IC50 as a function of the increased concentration of substrates. The substrate-

competitive MOA is also supported by the X-ray crystal structures of the PMTs in complex 

with these inhibitors at the anticipated substrate-binding pockets [19, 42–44]. Herein 

substrate-competitive inhibitors can be further classified by their dependence on the cofactor 

SAM for target engagement (Figure 4). UNC0638 and UNC0642 are canonical substrate-

competitive inhibitors with their apparent IC50 independent of the presence of SAM [19]. In 

contrast, (R)-PFI-2 and EPZ015666 are substrate-competitive, SAM-uncompetitive 

inhibitors that achieve their higher affinity via the formation of the inhibitor-PMT-SAM 

ternary complexes (Kd values of the inhibitors decrease in the presence of increased 

concentration of SAM; the Lineweaver–Burk plot of varied concentrations of the inhibitors 

is characterized by parallel lines to the original enzyme-SAM plot with higher y-intercepts) 

[42, 44]. AZ-505, for which though with no report of its cellular activity, was also 

characterized as a substrate-competitive, SAM-uncompetitive inhibitor of SMYD2 [45]. It 

remains to be investigated whether the SMYD2 inhibitor LLY-507 also follows the substrate-

competitive, SAM-uncompetitive MOA for target inhibition.

Allosteric PMT inhibitors

Besides the SAM/substrate-competitive inhibitors, a distinct set of PMT inhibitors were 

developed to target the allosteric sites of PMTs that are less obvious but essential for enzyme 

catalysis [46, 47]. It has been well documented that the methyltransferase activities of 

certain PMTs depend upon the participation of the residues remote from their catalytic sites. 

Such examples include the dimerization arm of PRMT3 or the formation of a higher-order 

complex with their partner proteins (e.g. MLL1 and EZH2) [37, 46, 47]. Dimerization of 

PRMT3 occurs through extensive interactions between the outer surface of the SAM-binding 

domain of one PRMT3 subunit and the three-helix arm extending from β-barrel domain of 

the neighboring PRMT3 subunit [46]. A cavity at the base of the dimerization arm, which is 

more than 15 Å away from PRMT3’s catalytic site, was determined to be the target site of 

SGC707 (Figure 4), a PRMT3-specific inhibitor [46]. This observation is consistent with 

SGC707’s noncompetitive character with respect to both substrate and the SAM cofactor 

(IC50 independent upon the presence of substrate or SAM; the presence of the inhibitor does 

not change the Km values of substrate or SAM) [46]. SGC707’s binding to PRMT3 is 

expected to cause undesired conformational constraints for catalysis [46]. As another 

example, the H3K4 methyltransferase activity of MLL1 depends on the formation of a core 

complex with at least three other partner proteins WDR5, ASH2L and RbBP5. The MLL1-

WDR5 interaction is crucial for the catalysis of the MLL1 complex (Figure 4). MM-401 was 

developed as an allosteric inhibitor of MLL1 by targeting WDR5’s central channel and thus 
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preventing MLL1’s occupancy at the same site [47]. MM-401-mediated inhibition of 

MLL1’s methyltransferase activity is expected to be independent of the concentrations of 

MLL1’s substrates and the SAM cofactor, but sensitive to the concentration of MLL1. 

Similar strategies have been successfully adapted to develop MI-2/3/463/503, OICR-9429 

and SAH-EZH2 as disruptors of protein-protein interaction for MLL1-WRD5, MLL1-Menin 

and EZH2-EED complexes, respectively [48–51].

Target engagement of PMT inhibitors

Given the distinct MOA of PMT inhibitors, different strategies should be employed to 

maximally engage these compounds with their targets under complicated biological settings. 

For canonical SAM-competitive PMT inhibitors, the efficiency of target engagement in a 

cellular context negatively correlates with the presence of the SAM cofactor, whose 

intracellular concentration may vary by several fold across cell or tissue types (e.g. liver, 

testes versus kidney) [52]. However, as long as the amount of these PMT inhibitors is 

sufficient to compete with SAM, the methyltransferase activities of the targeted PMTs shall 

be inhibited regardless of the presence of peptide substrates. In contrast, the efficiency of 

canonical substrate-competitive PMT inhibitors for target engagement in a cellular context 

negatively correlates with the affinity of PMTs to their substrates (Km, substrate) and the 

concentrations of the substrates. Because PMTs can methylate diverse histone and 

nonhistone targets with a dynamic range of Km, substrate and intracellular concentrations, 

EC50 values of substrate-competitive PMT inhibitors will likely vary from one substrate to 

another even when cellular conditions and inhibitor concentrations are identical. It is thus 

feasible to use modest doses of substrate-competitive PMT inhibitors to selectively perturb 

the methyltransferase activities of PMTs on a subset of substrates with large Km, substrate and 

low intracellular concentrations, but spare those substrates with small Km, substrate or high 

intracellular concentrations from such inhibition.

The target engagement can be more complicated for noncanonical SAM/substrate-

competitive PMT inhibitors. For substrate-competitive, SAM-uncompetitive inhibitors such 

as (R)-PFI-2 and EPZ015666, the optimal setting is to engage PMT inhibition in the 

presence of a large amount of the SAM cofactor and a minimal amount of peptide substrates. 

In contrast, for SAM-competitive, substrate-uncompetitive inhibitors such as Pr-NSF and 

Bn-NSF, the optimal setting to engage PMT inhibition is the presence of a minimal amount 

of the SAM cofactor and a large amount of peptide substrates.

Such scenarios can be further complicated under cellular contexts in the presence of PMT 

oligomerization or PMT complexes containing multiple subunits. For instance, EZH2 needs 

to form a core complex with EED and SUZ12 to catalyze H3K27 methylation in vivo [37]. 

The methyltransferase activity of the core EED-SUZ12-EZH2 complex can be further 

enhanced allosterically through the interaction between its EED subunit and H3K27me3 

peptide, a product of EZH2-catalyzed methylation [37]. The allosteric activation of EZH2 is 

expected to facilitate the self-propagation of H3K27me3 mark to adjacent chromatin. 

Interestingly, the SAM-competitive EZH2 inhibitor GSK126 showed around 10-fold 

increase in the affinity to the EED-SUZ12-EZH2 complex after recruiting H3K27me3 

peptide as the allosteric activator. This observation indicates that, despite the potential 
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competition from high concentration of the SAM cofactor under a cellular setting, the 

efficiency of GSK126 against EZH2 can be increased by the presence of allosterically 

activated H3K27me3-EED-SUZ12-EZH2 complex [53]. Mutually, the presence of GSK126 

is expected to stimulate the EED-SUZ12-EZH2 core complex to recruit H3K27me3 peptide. 

Therefore, the treatment with GSK126 can not only perturb the methyltransferease activity 

of EZH2 but also alter the components of the EZH2 complex under cellular contexts. 

However, this effect is expected to be dynamic and will diminish gradually as GSK126 

blocks the formation of H3K27me3 for a prolonged period. It is thus of interest to document 

the potency of PMT inhibitors under diverse cellular scenarios. Given that DOT1L-mediated 

methylation on H3K79 can be enhanced upon the formation of the DOT1L-AF10 complex 

[54], it remains to be explored whether the DOT1L inhibitor EPZ004777 and the DOT1L-

binding protein AF10 can mutually alter their affinities to DOT1L through the formation of 

an EPZ004777-DOT1L-AF10 ternary complex. SGC707 inhibits PRMT3 by targeting the 

dimerization interface of PRMT3 and is expected to be potent against the PRMT3 dimer 

complex inside cells [46]. It would be also interesting to examine whether such MOA can be 

applied to other PRMT3 complexes under cellular settings.

Evaluating target engagement and off-target effects of PMT inhibitors

Given that multiple factors affect potency of PMT inhibitors inside cells, their target 

engagement and potential off-target effects should be rigorously evaluated. To directly 

evaluate target engagement of PMT inhibitors in a cellular context, these compound are 

often appended with a functional anchor (e.g. a terminal alkyne, azide or biotin) [55]. Such 

derivatives can be designed to maintain target affinity comparable to that of their parent 

compounds, while gaining the ability to pull down the engaged PMT targets from cell 

lysates after immobilizing the inhibitor-PMT complex via the functional anchor (e.g. alkyne-

azide cycloaddition with a biotin moiety, followed by biotin-streptavidin pulldown) [56]. 

The target engagement can be correlated to the pulldown efficiency of target proteins. 

Recently, a cellular thermal shift assay (CTSA) has gained attention for its merit to monitor 

drug target engagement in living cells and tissues [57, 58]. Herein the binding of small 

molecules is expected to increase the thermal stability of target proteins. CTSA can thus be 

applicable to evaluate target engagement of PMT inhibitors.

Target engagement of PMT inhibitors can also be evaluated indirectly by their efficiency in 

blocking methylation of designated substrates (methylation marks) in relevant cellular 

contexts. For a SAM-competitive or allosteric PMT inhibitor, a robust practice is to confirm 

a dose-dependent decrease of a methylation mark such as H3K9me2 for G9a/GLP and 

H3K27me3 for EZH1/2 [18, 22, 25]. Because of the SAM-competitive or allosteric MOA, 

the lack of PMT-associated methylation often indicates that the current dose is sufficient to 

saturate the SAM-binding or allosteric site of the targeted PMT and thus there is no free 

PMT available for catalysis. In contrast, for a substrate-competitive PMT inhibitor, target 

engagement should be evaluated with the most robust methylation mark (the substrates with 

the highest concentration and the lowest Km, substrate), given the dynamic range of PMT 

substrates available to compete with the inhibitor. Otherwise, a specific dose of a PMT 

inhibitor may only inhibit the subset of methylation events involved with the PMT substrates 

with low concentrations and low affinity, while sparing others from such inhibition.
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It is also worth noting that the engagement of inhibitors with their PMT targets can also have 

other outcomes, besides the inhibition of methyltransferase activities, such as altering the 

conformation of PMTs or changing the affinities of PMTs to their binding partners. For 

instance, substrate-competitive PMT inhibitors are expected to perturb the binding of PMTs 

to their substrates. Such perturbation thus not only renders the inhibition of the PMT-

mediated methylation but also alters the integrity of the PMT-substrate complex. As other 

examples, the binding of GSK126 to the EED-SUZ12-EZH2 complex promotes the 

interaction of its EED subunit with H3K27me3 peptide [53]; the binding of MM-401 to the 

MLL1-WDR5-ASH2L-RbBP5 complex disrupts the interaction of WDR5 with MLL1 [47]. 

Therefore, the treatment of these PMT inhibitors alters the components of the PMT 

complexes and exhibits the effects beyond the inhibition of substrate methylation.

Besides target engagement, off-target effects of PMT inhibitors should be evaluated prior to 

their use as chemical tools. The target specificity of PMT inhibitors is often evaluated in 
vitro by their cross-inhibition profiles against a panel of PMTs, as well as kinases, GPCRs 

and channels/transporters [18, 25]. Similar to the approaches used to evaluate target 

engagement, off-target effects of PMT inhibitors can be roughly evaluated through a 

pulldown approach with the inhibitor derivatives appended with a terminal alkyne/azide/

biotin or CTSA for the capability of the inhibitors to stabilize off-target proteins of interest. 

Because the off-target effects of PMT inhibitors are dose-dependent, such experiment should 

be carried out at the concentrations that are relevant to those used for PMT inhibitors to 

engage their own targets. However, there are several challenges of examining off-target 

effects in a definitive manner with the methods described above. For instance, off-target 

candidates (e.g. kinases, GPCRs and channels/transporters) for cross-inhibition analysis 

mainly originate from the human genome and thus only allow the set of data to be applied to 

human cell lines. A compound that is characterized as a target-specific inhibitor against a 

human PMT may lose such specificity in other species. In addition, only a small number of 

off-target candidate proteins can be evaluated in vitro in comparison with potential > 20K 

human off-target candidates in a cellular context. The robust evaluation of off-target effects 

of PMT inhibitors with the derivative-based pulldown or CTSA is also limited by our 

inability to profile the full proteome with mass spectrometry or individual antibodies.

Given the limitation of these methods for definitive evaluation of off-target effects, multiple 

complimentary strategies can be adapted to minimize the off-target impact of PMT 

inhibitors in specific biological contexts. A routine check of the off-target impact is to 

correlate in vitro IC50 with cellular EC50 of PMT inhibitors. In general, in vitro IC50 values 

of PMT inhibitors against methylation marks are expected to be smaller than the EC50 

values for their cellular treatment given the potential cell membrane barrier and metabolic 

degradation for small-molecule compounds. Additional caution is warranted if this is not the 

case. Potential off-target effects can also be evaluated with structurally similar but inactive 

derivatives of PMT inhibitors as negative controls [18, 25]. The assumption here is that 

potential off-target effects but not PMT-associated perturbation will be shared by the 

structurally similar pairs of active and inactive compounds. Alternatively, it is an excellent 

practice to examine the biological effects of several distinct PMT inhibitors in parallel (e.g. 
TMPB paired with other EZH1/2 inhibitors in Figure 2). The logic behind this experiment is 
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that off-target effects are unlikely to be shared among a set of PMT inhibitors with different 

structures and distinct MOA for target engagement.

Potential off-target effects of PMT inhibitors can also be evaluated in combination with 

genetic rescue experiments. There are several common scenarios for this approach: (1) 

overexpression of target PMTs is expected to decrease potency of the inhibitors make the 

inhibitors less potent (increased EC50); (2) knocking in inhibitor-resistant or catalytically-

active PMT variants is expected to make the cells more resistant to inhibitor treatment; (3) 

knocking down PMTs with shRNA/siRNA or knocking out PMTs with CRISPR/Cas9 is 

expected to mimic the phenotypes of inhibitor treatment; (4) the combination of genetic and 

chemical perturbation is expected to mimic the maximal outcomes of the single treatment 

alone. However, it should be emphasized that the discrepancy between genetic and chemical 

perturbation is not always caused by the off-target effects of the latter. As delineated above, 

a PMT inhibitor can act through distinct MOA in a highly context-dependent manner and its 

efficiency can be readily altered by multiple parameters including the presence of SAM, 

substrates and PMT-binding partners. The phenotypes of eliminating a full-length PMT, 

which often function through substrate methylation and protein-protein interaction, is not 

expected to be identical to the outcomes associated with PMT inhibitors, which only perturb 

a specific subset of such functions. Indeed, the discrepancies between the two approaches 

may lead to new insights into the complexity of PMT-associated biology besides substrate 

methylation.

Conclusion and future perspective

Developing PMT inhibitors has been significantly accelerated in the past decade, along with 

the rapid emergence of PMT-associated biology [2, 10–12]. However, there is still a great 

need for high-quality PMT inhibitors against >60 human PMTs as well as 7~70 PMTs 

across other eukaryotic model organisms. Given our interest in exploring PMT-involved 

epigenetic biology under diverse normal and disease settings, we expect to witness the 

increased access to PMT inhibitors and likely extend their use towards broader biological 

settings. When selecting suitable inhibitors among many available candidates, it is important 

to rigorously evaluate the strength and weakness of these compounds in the relevant contexts 

for correct use. Target engagement and potential off-target effects should be examined 

before applying even well-characterized PMT inhibitors in unprecedented biological 

settings. In addition, it is essential to know the MOA of each PMT inhibitor to reasonably 

interpret the outcome of a treatment experiment. PMT inhibitors will soon become 

convenient tools, which can complement genetic perturbation to study PMT biology. The 

highlighted principles in this perspective endeavor to provide general guidance to leverage 

PMT inhibitors as convenient chemical tools. Here the author apologizes that the limited 

space allows only a small set of PMT inhibitors to be discussed here.
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Executive Summary

Introduction

• Protein methyltransferases (PMTs) have been implicated in epigenetic-

associated diseases.

• Development of PMT inhibitors is of critical need but also presents the 

challenge of their utility.

Considering PMT inhibitors within relevant contexts

• PMT inhibitors must be carefully evaluated and used in relevant contexts.

• Optimization of PMT inhibitors is a multi-step process as exemplified with 

G9a/GLP inhibitors and EZH1/2 inhibitors.

• The potency and specificity of inhibitors against human PMTs may not be 

transferred to PMT homologues of other species.

Knowing mechanism of action (MOA) of PMT inhibitors

• PMT inhibitors can be further classified on the basis of their MOA.

• Efficiency of SAM-competitive inhibitors will be negatively affected by the 

presence of intracellular SAM.

• Efficiency of substrate-competitive inhibitors is dynamically correlated with 

concentrations and Km, substrate values of cellular substrates.

• PMT inhibitors can show SAM/substrate-uncompetitive or allosteric MOA.

Evaluating target engagement and off-target effects of PMT inhibitors

• Target engagement and off-target effects of PMT inhibitors can be evaluated in 
vitro by their inhibition profiles against candidate proteins, and in cellular 

contexts through target pulldown methods or cellular thermal shift assay.

• Target engagement of PMT inhibitors can be evaluated indirectly by their 

abilities to erase methylation marks.

• Off-target effects of PMT inhibitors can be evaluated by their EC50, inactive 

analogues or a set of structurally distinct inhibitors.

• Inhibition of PMTs can have the effects beyond substrate methylation, which are 

complimentary but may not identical to genetic perturbation.

Conclusion and future perspective

• PMT inhibitors can be used as convenient chemical tools to interrogate PMT-

associated biology.

• We anticipate critical need and broader utility of PMT inhibitors in the future.
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Figure 1. 
Stepwise evolution of representative G9a/GLP inhibitors.
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Figure 2. 
Structures of emerging inhibitors against EZH1/2.
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Figure 3. 
Structures of Pr-SNF and Bn-SNF as SETD2 inhibitors.
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Figure 4. 
Schematic description of MOA of representative PMT inhibitors. In general, the current 

PMT inhibitors can be classified into three categories: SAM-competitive, substrate-

competitive and allosteric. In addition, these compounds can also display substrate-

uncompetitive or SAM-uncompetitive character.
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