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Abstract

Over the last several decades, there has been continued interest in developing novel therapeutic 

approaches targeting protein lysine methyltransferases (PKMTs). Along with PKMT inhibitors, 

targeted protein degradation (TPD) has emerged as a promising strategy to attenuate aberrant 

PKMT activity. Particularly, proteolysis targeting chimeras (PROTACs) effectively eliminate 

PKMTs of interest, suppressing all enzymatic and non-enzymatic functions. PROTACs and other 

TPD approaches add new depth to PKMT research and novel therapeutics discovery. This review 

focuses on recent advances in PKMT degrader and inhibitor development over the last several 

years.

Introduction

Epigenetic regulation plays a crucial role in human diseases such as cancer, inspiring a 

generation of novel therapeutic interventions that target critical epigenetic factors [1–7]. 

Protein lysine methyltransferases (PKMTs) are among epigenetic regulators implicated in 

oncogenesis, with mutations or aberrant regulation promoting cancer initiation, progression, 

and metastasis [4, 7–9]. PKMTs transfer methyl groups from the cofactor S-5′-adenosyl-

L-methionine (SAM) to catalyze the mono-, di- and tri-methylation of lysine residues, 

resulting in active or repressive gene transcription [7, 8]. PKMTs of particular interest that 

have been implicated in cancers such as breast [10] and leukemia [11] include the Polycomb 

repressive complex (PRC2) [12, 13], G9a/GLP [14, 15], ASH1L [16, 17], the NSD protein 
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family [18], WDR5 [19, 20], and SETD2 [21]. Many small molecule inhibitors targeting 

these PKMTs have been published and previously reviewed [2, 9, 22, 23].

In addition to catalytic inhibitors, novel PKMT-targeting technologies have been developed 

in recent years such as targeted protein degradation (TPD) [24]. One popular TPD approach 

is proteolysis targeting chimeras (PROTAC) (Figure 1) [24–28]. PROTAC degraders are 

heterobifunctional molecules consisting of a protein of interest (POI) binder attached to 

an E3-ligase ligand via a linker. The linker provides close proximity between the POI and 

an E3-ligase, such as VHL or CRBN, to induce polyubiquitination and subsequent 26S 

proteasomal degradation, effectively eliminating the POI and suppressing all its catalytic and 

non-catalytic activity (Figure 1) [24–28].

In this review, we will cover the most recently reported PKMT-targeting degraders and 

inhibitors developed over the past three years (Table 1).

Degraders of PRC2

Numerous small molecule EZH2 and EED catalytic inhibitors have been published over 

the years [2, 22, 23], including the FDA-approved tazemetostat [29]. More recently, select 

inhibitors have been utilized in the discovery of novel EZH2- and EED-targeting protein 

degraders. These compounds effectively degrade their target protein to actively suppress the 

canonical and non-canonical oncogenic functions of PRC2 core components.

UNC6582 [30] and PROTAC 1 [31] (Table 1 & Figure 2A) are two recently published 

EED-targeting PROTAC degraders. The VHL-recruiting degraders feature different 

selective EED-binders and potently degrade PRC2 core components in a proteasome-, 

concentration- and time-dependent manner. Both UNC6582 and PROTAC 1 display potent 

anti-proliferative activity in DLBCL cell lines containing EZH2 gain-of-function mutations 

and offer effective chemical probes to further explore EED and PRC2 biology [30, 31]. 

In addition to the EED-targeting PROTAC degraders, six EZH2-targeting protein degraders 

have been reported. Among them is the hydrophobic tag (HyT) degrader, MS1943 (Table 

1 & Figure 2A) [32]. Unique in its mode of action among the other degraders, HyTs most 

likely mimic protein misfolding or unfolding and trigger 26S proteasomal degradation by 

linking a hydrophobic, bulky moiety to a POI binder. MS1943 phenocopies the effect of 

EZH2 KO/KD and selectively kills EZH2-sensitive TNBC cell lines while EZH2 inhibitors 

do not. Moreover, the PK/PD profile in xenograft mice demonstrates its in vivo efficacy and 

ability to suppress tumor growth while being well tolerated. As expected for HyT degraders, 

MS1943 activity is mediated by the unfolded protein response (UPR) pathway. MS1943 

treatment led to prolonged ER stress and sustained UPR activation, ultimately increasing 

apoptosis in EZH2-sensitive TNBC cells and altering several PRC2 target gene protein 

levels, including those in the Wnt/b-Catenin signaling pathway [32].

The recently reported EZH2 PROTAC degraders include two VHL-recruiting compounds, 

YM281 [33], and MS8815 [34], and three CRBN-recruiting compounds, E7 [35], U3i [36], 

and MS177 [37], a dual EZH2-cMyc degrader (Table 1 & Figure 2A). All degraders operate 

via the ubiquitin-proteasome system (UPS) to efficiently degrade PRC2 components and 
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display superior anti-tumor activity compared to their parent EZH2 catalytic inhibitors. 

YM281 displays superior cell killing activity in DLBCL and lymphoma cell lines, including 

patient cells, and reduces tumor growth in xenograft mouse models while the inhibitor does 

not. Moreover, YM281-induced EZH2 degradation led to improved cell cycle arrest and 

increased apoptosis, again outperforming its parent inhibitor [33]. These results indicate that 

enzymatic inhibition alone may not be enough to attenuate lymphoma cells in vivo, thus 

highlighting a potential advantage of EZH2 PROTAC degraders. The other VHL-recruiting 

degrader, MS8815, displayed slightly better growth inhibition and EZH2 degradation 

than YM281 in various TNBC cell lines [34]. The CRBN-recruiting dual EZH2-cMyc 

degrader, MS177, aided in a study that uncovered a novel non-canonical role of EZH2 

in MLL-rearranged leukemias. The study found that EZH2 binds to cMyc via a hidden 

transactivation domain that directly interacts with cMyc and coactivators, establishing a 

PRC2-independent role in gene activation crucial for MLL-r AML growth. MS177 potently 

degrades multiple PRC2 components while also ubiquitinating and depleting cMyc protein 

levels, ultimately suppressing both cMyc and EZH2 oncogenic activity. Dual degradation 

of EZH2 and cMyc by MS177 displayed stronger anti-cancer effects in various cell lines 

and patient-derived models than enzymatic inhibition of EZH2 alone or treatment with 

the EED degrader, UNC6852. MS177 also performed well in vivo with a notable PK/PD 

profile, suppressing oncogenesis in xenograft and PDX models of multiple cell types and 

enhancing overall survival [37]. All these EZH2 degraders offer capable chemical tools to 

further investigate PRC2 biology and suggest that pharmacological degradation of EZH2 

over pharmacological inhibition is a very promising therapeutic strategy for treating various 

EZH2-dependent cancers.

Inhibitors and degraders of H3K36 PKMTs

PKMTs that regulate H3K36 methylation, including ASH1L, SETD2 and the NSD family, 

share a unique feature in their catalytic SET domain: a regulatory autoinhibitory loop 

that blocks access to the substrate binding site [38–40]. While the autoinhibitory loop 

previously posed a challenge for drug design, the following recently published small 

molecule compounds overcome the structural difficulties and utilize alternative approaches, 

offering a blueprint for future compound development.

AS-99 (Table 1 & Figure 2B) [41] is the first-in-class ASH1L SET domain small molecule 

inhibitor. AS-99 was discovered through fragment-based screening, crystal structures of 

ASH1L in complex with earlier fragment hits, and medicinal chemistry optimization via 

structure-based design. AS-99 contains a thioamide group, allowing for key interactions like 

the chalcogen bond between the group’s sulfur and a backbone carbonyl. The thioamide 

group is essential for potent binding, as its replacement with an amide resulted in ~100-

fold reduced activity. Structural studies show that the inhibitors bind adjacent to the 

autoinhibitory loop, possibly stabilizing the region and allosterically blocking ASH1L 

enzymatic activity. AS-99 is highly selective for ASH1L, blocks cell proliferation, induces 

apoptosis, downregulates MLL fusion target genes in MLL leukemia cells, and reduces 

tumor burden in MLL leukemia mouse models. In addition to discovering AS-99, the 

group validated that the ASH1L SET domain is required for transformation of MLL fusion 

proteins and leukemogenesis [41]. AS-99 is a selective and effective inhibitor useful for 
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exploring ASH1L biology and offers insight into designing autoinhibitory loop-containing 

SET domain inhibitors.

Due to the aforementioned challenges, potent, selective, and well-characterized NSD family 

inhibitors are still lacking [42, 43]. A recent study reported a covalent NSD1 SET domain 

inhibitor, BT5 (Table 1 & Figure 2B) [44]. A crystal structure of the NSD1 SET domain 

with an earlier covalent hit showed a conformational change in the loop that led to 

the formation of a channel-like site available for small molecule binding. Based on the 

crystal structure, BT5 was developed using an aziridine moiety as a covalent warhead 

to target the C2026 buried in the hydrophobic autoinhibitory loop. BT5 potently inhibits 

NSD1, engages the SET domain in cells, and reduces H3K36me2 levels. Additionally, BT5 

inhibited growth of NUP98-NSD1-transformed cells and demonstrated on-target activity 

through downregulated HoxA genes. Though BT5 exhibited enhanced selectivity for NSD1, 

inhibition of NSD2 and NSD3 at higher concentrations was also observed as the C2026 

residue is conserved in all three NSD SET domains. While further optimization is needed to 

attain full potential as a chemical probe, BT5 provides groundwork for future development 

of NSD SET domain inhibitors. In addition to BT5, three PROTAC degraders targeting 

NSD2 and NSD3 have recently been published. MS159 (Table 1 & Figure 2B) [45] is a 

CRBN-recruiting degrader based on the selective NSD2-PWWP1 antagonist UNC6934 [46]. 

UNC6934 is incapable of inhibiting NSD2 catalytic activity and ineffective in suppressing 

multiple myeloma (MM) cell growth, rendering the PROTAC approach advantageous for 

MM treatment. MS159 is selective for NSD2, effectively degrades NSD2 in a proteasome-

dependent manner, and inhibits MM cell growth. Additionally, MS159 degrades CRBN 

neo-substrates IKZF1 and IKZF3, validated onco-targets of MM, but not GSTP1, which 

plays a critical role in most cells and can lead to potential toxicities when degraded. MS159 

is bioavailable in mice and largely phenocopies NSD2 KD in MM cell lines, making it 

a valuable chemical tool for exploring the role of NSD2 and IKZF1/3 in vivo. MS159 

also highlights the potential of NSD2-IZKF1/3 dual degradation as a novel therapeutic 

approach for treating MM [45]. The recently published VHL-recruiting NSD3 degraders 

are MS9715 [47] and Compound 8 [48] (Table 1 & Figure 2B). Both degraders utilize 

the NSD3 antagonist BI-9321 [49] that binds to the PWWP1-NSD3 domain. MS9715 

effectively degrades both the long and short isoforms of NSD3 in MLL-r AML and MM 

cells. The degrader is highly selective for NSD3, depletes NSD3S in a concentration-, 

time-, and proteasome-dependent manner, and effectively suppresses NSD3-related gene 

expression. MS9715 displayed superior antiproliferative effects and increased apoptosis in 

hematological cancer cells compared to BI-9321. Moreover, MS9715 treatment decreased 

cMyc protein levels and is positively correlated with the suppression of cMyc-related 

genes. These results taken together resemble the effects of NSD3 KO. The degradation 

of NSD3 and cMyc by MS9715 demonstrates the benefits of co-suppressing these oncogenic 

networks as a strategy for treating NSD3-dependent cancers. Compound 8 degraded NSD3 

in A549 xenograft models, however, tumor regression data was not reported [48].

SETD2 is the only known PKMT that catalyzes H3K36 tri-methylation [50, 51]. While 

previous SETD2 inhibitors were not suitable for in vivo studies [40], the recently published 

inhibitor EPZ-719 (Table 1 & Figure 2C) displays improved ADME properties that can be 

used for in vivo studies [52]. Structure-aided medicinal chemistry optimization determined 
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that the aminopyrrolidine scaffold of EPZ-719 contributed to its superior in vitro and in 

vivo activity. A crystal structure confirmed binding of EPZ-719 with SETD2. The reversible 

inhibitor also displays potent antiproliferative effects in MM cell lines. Together, the in 

vitro and in vivo activity of EPZ-719 suggests that the inhibitor is ready for testing in 

xenograft models. Accordingly, in vivo studies are reportedly underway. EPZ-719 is a 

valuable chemical probe to study SETD2 biology both in vitro and in vivo.

Inhibitor of H3K9me2 PKMTs

Recently, MS8511 (Table 1 & Figure 2D) was the first covalent G9a/GLP inhibitor reported 

[53]. Based on co-crystal structures, MS8511 was synthesized by exploiting cysteine 

residues found in the inhibitor binding sites of G9a and GLP (Cys1098 and Cys1186 

respectively). MS8511 is selective for G9a/GLP and reduces H3K9me2 in K562 and MDA-

MB-231 cells more potently than the widely used G9a/GLP chemical probe UNC0642 [54]. 

Additionally, binding affinity studies suggest that MS8511 might have a slight preference for 

G9a over GLP, warranting further investigation as the shared 80% sequence identity in their 

conserved SET domains poses a challenge for developing paralog-specific chemical probes. 

Overall, MS8511 is a potent, G9a/GLP-selective, and cell-active covalent chemical probe 

that can be used to study G9a/GLP biology in vitro and aid in future compound development 

[53].

Degraders of WDR5

As part of the MLL/KMT2A lysine methyltransferase complex, WDR5 overexpression is 

implicated in oncogenesis [19, 20]. Previous PPI inhibitors that interrupt complex formation 

have weak anti-tumor activity, most likely because they do not address non-catalytic WDR5 

oncogenic activity [55]. As such, recently published WDR5 PROTAC degraders offer an 

alternative strategy that targets both catalytic and non-catalytic oncogenic activity. The 

recently reported first-in-class VHL-recruiting WDR5 degrader, compound 8g, selectively 

induces robust WDR5 degradation but does not potently inhibit MV4;11 cell growth [56] 

(Table 1 & Figure 2E). Another VHL-recruiting WDR5 degrader, MS67 (Table 1 & Figure 

2E), was developed via structure-based design with a high-resolution crystal structure of 

the WDR5-degrader-E3 ligase ternary complex [57]. The ternary complex structure shows 

extensive new interactions between the WDR5, and VHL induced by PROTAC MS67 

(Figure 3, violet residues, PBD ID: 7JTP). This study displays the advantage of obtaining 

ternary structures for the design of more potent and selective PROTAC degraders. MS67 

is selective for WDR5, potently degrades WDR5 in a proteasome-dependent manner, and 

displays superior in vitro and in vivo anti-tumor activity compared to WDR5 PPI inhibitors 

The degrader effectively suppresses transcription of WDR5-regulated genes, depletes the 

MLL complex, displays improved cell cycle arrest and apoptosis, and phenocopies WDR5 

KO in certain cell lines. MS67 treatment led to potent, effective, and selective degradation of 

WDR5 in a panel of MLL-r AML and PDAC cell lines, patient cells, and xenograft models. 

Overall, MS67 displays superior in vitro and in vivo anti-tumor activity, a promising PK/PD 

profile, and is well tolerated in mice, highlighting its potential for future development as 

a therapeutic agent [57]. The CRBN-recruiting degrader MS40 (Table 1 & Figure 2E) 

selectively degrades WDR5 in addition to CRBN neo-substrates IKZF1 and IKZF3 [58]. 
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The degrader significantly decreases H3K4me2, represses MLL complex function, and 

downregulates target genes of WDR5 and IKZF1/3, as seen in WDR5 KD. MS40 has 

superior anti-tumor activity than the PPI inhibitor OICR-9429 [59] in MLL-r AML, breast 

cancer, and primary AML cell lines, as well as promising and well-tolerated in vivo activity 

in an AML PDX model. The improved antitumor activity of MS40 is likely due to dual 

targeting of WDR5 and IKZF1/3, which have distinct separate oncogenic functions. Coupled 

with favorable in vivo PK/PD and lack of toxicity, MS40 has potential as a therapeutic agent 

for WDR5- and IKZF1/3-dependent cancers [58]. Both MS40 and MS67 display improved 

anti-cancer activity compared to inhibitors, suggesting that TPD is an effective alternative 

approach for targeting proteins with both catalytic and non-catalytic functions like WDR5.

Conclusion

Over the past few years, there have been many advancements in PKMT-targeting small 

molecule compounds. These novel compounds overcame previous challenges, including 

inhibitor resistance and poor in vivo activity. As laid out in this review, effective PKMT-

targeting degraders with improved anti-cancer activity have been developed as novel, 

promising therapeutics, including those targeting EED (UNC6582, EED-PROTAC-1) [30, 

31], EZH2 (MS1943, MS8815, YM281, U3i, E7, MS177) [32–37], NSD2 (MS159) [45], 

NSD3 (MS9715) [47], and WDR5 (MS40, MS67) [57, 58]. The novel inhibitors for ASH1L 

(AS-99) [41], NSD1 (BT5) [44], SETD2 (EPZ-719) [52], and G9a/GLP (MS8511) [53] 

presented here overcame structural challenges and have improved properties that allow for 

in vivo studies. Overall, these compounds provide effective chemical tools to investigate 

PKMT biology, offer potential anti-cancer therapeutic approaches to expand on, and lay the 

groundwork for future development of even more effective PKMT-targeting agents.
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Figure 1. 
Mode of action of PROTACs (Made using Biorender (licensed)). 1. PROTAC recruits the E3 

ligase complex to the POI by binding both the POI and E3 ligase. 2. The E3 ligase complex 

induces ubiquitination of the POI. 3. The POI gets polyubiquitinated and subsequently 

degraded via the 26S proteasome. The PROTAC gets recycled, and the process is repeated.
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Figure 2. 
Chemical structures of recently discovered PKMT-targeting degraders and inhibitors. For the 

PROTAC degraders the POI binding ligands are shown in black, the E3 ligase recruiting 

ligands indicated in red (CRBN-recruiting ligands) and purple (VHL-recruiting ligands), and 

the connecting linkers are shown in red. (Made using ChemDraw (licensed)).
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Figure 3. 
Crystal structure of the VHL (cyan)-MS67(green)-WDR5 (orange) ternary complex. 

Violet residues indicate new protein-protein interactions induced by MS67. Hydrogen bon 

interactions were indicated by yellow dotted lines. PBD ID: 7JTP.
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Table 1

List of degraders and inhibitors of PKMTs reported in last several years.

Methylation 
Mark Target Protein Compound 

Name Mode of Action Tumor Type (Cell Lines) In 
Vivo

H3K27me3

EED UNC6582 PROTAC (VHL) DLBCL (DB, Pfieffer)
Other: HeLa

EED PROTAC 1 PROTAC (VHL) DLBCL (Karpas422)

EZH2 MS1943 Hydrophobic tag

TNBC (MDA-MB-468, BT549, HCC70, MDA-
MB-231, HCC1187, HCC70, HCC1954)

DLBCL (Karpas422, SUDHL8)
Other: PNT2, MCF7, K562, A549, HCC827, 

MCF10A

Y

EZH2 MS8815 PROTAC (VHL) TNBC (MDA-MB-453, BT549, SUM159, MDA-
MB-468, 515a*) Y

EZH2 YM281 PROTAC (VHL) Lymphoma (SU-DHL-2, SU-DHL-4, SU-DHL-6)
Other: 22Rv1 Y

EZH2 U3i PROTAC (VHL)
TNBC (MDA-MB-231, MDA-MB-468, BT549)

Leukemia (MV4;11, HL-60)
Other: MCF7, MCF-10A, LO2, HK-2

EZH2
(dual w/ cMyc) MS177 PROTAC (CRBN)

MLL-r AML (EOL-1, MV4;11, MOLM-13, 
RS4;11)

Other: HeLa, MM1.S, Kelly, HSPC, K562
Y

EZH2 E7 PROTAC (CRBN)

NSCLC (A549, H1299)
TNBC (MDA-MB-468)

DLBCL (Pfeiffer, WSU-DLCL-2)
Prostate (LNCaP, DU 145)
Ovarian (SKOV3, A2780)

H3K36me2

ASH1L AS-99 Inhibitor
Leukemia (MV4;11, MOLM13, KOPN8, K562, 

SET2)
Other: CD34+, CD45+

Y

NSD1 BT5 Covalent Inhibitor Leukemia (K562, SET2, MOLM13)
Other: HEK293T, HM2, NUP98-NSD1, CD34+

NSD2 UNC6934 Inhibitor
MM (KMS-11, MM1.S, UTMC2)

Other: U2OS, HCT116, HEK293, HT1080, 
MCF7, RS4;11

NSD2 (dual w/ 
IKZF1/3) MS159 PROTAC (CRBN) MM (KMS11, H929)

Other: 293FT Y

NSD3 MS9715 PROTAC (VHL) MLL-r AML (EOL-1, MOLM13, RS4;11)
Other: MM1.S, 293FT, K562

NSD3 Compound 8 PROTAC (VHL) NSCLC (A549, NCI-H1703, H520) Y

H3K36me3 SETD2 EPZ-719 Reversible
Inhibitor

MM (KMS34, KMS11)
Other: A549 Y

H3K4me2

WDR5 Compound 8g PROTAC (VHL) Leukemia (MV4;11, HL-60)

WDR5 MS67 PROTAC
(VHL)

MLL-r AML (MV4;11, EOL-1, RS4;11, THP-1, 
MOLM13, KOPN8)

PDAC (MIA PaCa-2, HPAF-II, Panc 10.05, 
BxPC-3)

Other: 239FT, HL-60, MCF7, NCI-H2009, PC3, 
SK-ES-1

Y

WDR5 (dual 
w/ IKZF1/3) MS40 PROTAC

(CRBN)

MLL-r AML (MV4;11, RS4;11, EOL-1, KOPN8, 
MOLM13, THP-1)

Breast (BT549, SUM149, SUM159, MCF7, 
T-47D, MDA-MB-231, HCC1806, WHIM12)

Other: K562

Y
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Methylation 
Mark Target Protein Compound 

Name Mode of Action Tumor Type (Cell Lines) In 
Vivo

H3K9me2 G9a/GLP MS8511 Covalent Inhibitor MDA-MB-231
K562

Y = in vivo data included
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