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A B S T R A C T   

Methylation is a major post-translational modification (PTM) generated by methyltransferase on target proteins; 
it is recognized by the epigenetic reader to expand the functional diversity of proteins. Methylation can occur on 
specific lysine or arginine residues localized within regulatory domains in both histone and nonhistone proteins, 
thereby allowing distinguished properties of the targeted protein. Methylated residues are recognized by chro-
modomain, malignant brain tumor (MBT), Tudor, plant homeodomain (PHD), PWWP, WD-40, ADD, and ankyrin 
repeats by an induced-fit mechanism. Methylation-dependent activities regulate distinct aspects of target protein 
function and are largely reliant on methyl readers of histone and nonhistone proteins in various diseases. 
Methylation of nonhistone proteins that are recognized by methyl readers facilitates the degradation of un-
wanted proteins, as well as the stabilization of necessary proteins. Unlike nonhistone substrates, which are 
mainly monomethylated by methyltransferase, histones are di- or trimethylated by the same methyltransferases 
and then connected to other critical regulators by methyl readers. These fine-tuned controls by methyl readers 
are significant for the progression or inhibition of diseases, including cancers. Here, current knowledge and our 
perspectives about regulating protein function by methyl readers are summarized. We also propose that 
expanded research on the strong crosstalk mechanisms between methylation and other PTMs via methyl readers 
would augment therapeutic research in cancer.   

1. Introduction 

Proteins are essential in all physiological functions that maintain 
homeostasis, as well as in pathological functions that lead to cancer 
progression. The primary sequences of proteins are vital for protein 
folding, protein activity, and stability [1]. One of the principal routes of 
expanding protein functional diversity is through posttranslational 
modification (PTM) of proteins [2]. PTMs result from the enzymatic or 
nonenzymatic attachment of specific chemical groups to amino acid side 
chains [3]. These modifications take place on the proteins following, or 
concomitant with protein translation. Enzymatic PTMs include phos-
phorylation, acetylation, methylation, sumoylation, ubiquitination, 
glycosylation, and palmitoylation; nonenzymatic PTMs include glyca-
tion and nitrosylation [4]. Among these known PTMs, 
methylation-induced changes in the turnover of protein function are 
among the dominant molecular characteristics of cancers [5]. The fail-
ure to trigger/recognize methylation and the consequent further 

activation or repression eventually drives the accumulation of aberrant 
target genes and leads to cancer development [6]. Consequently, un-
derstanding the dynamics and spectrum of methylations and exploring 
the functional significance of readers will expedite the development of 
effective intervention, prevention, and therapeutics for cancer. 

Protein methylation was first observed in the early 1960s. Lysine 
methylation of histones was revealed several years later, and arginine 
methylation of histones was subsequently discovered in the early 1970s 
[7–9]. Similar to other PTMs, two groups of enzymes, methyl-
transferases and demethylases, dynamically regulate the methylation of 
target proteins [10]. The three forms of methylation on lysine residues 
include monomethyl, dimethyl, and trimethyl (me1, me2, and me3) 
[11]. For arginine residue methylation, monomethylated, symmetric, 
and asymmetric dimethylated forms have been observed [12]. Methyl-
ated residues are mainly recognized by chromodomain (CD), malignant 
brain tumor (MBT), Tudor, and plant homeodomain (PHD) domains by 
an induced-fit mechanism [13]. Protein methylation regulates distinct 
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aspects of target protein function, including DNA-binding affinity, 
protein-protein interactions, protein stability, cellular localization, and 
crosstalk with other PTMs [14,15]. Methylation-dependent functional 
changes in protein regulation in various diseases, including cancer, are 
mainly initiated by methyl reader proteins [16]. 

To extend the influence of methylation to further related pathways, 
the corresponding mechanisms need to be recognized by methyl reader 
proteins. Methylation of target proteins and domains that recognize 
these methylations within reader proteins plays central roles in gener-
ating highly dynamic crosstalk depending on diverse upstream signals. 
Connecting methylation to other players via reader motifs offers op-
portunities for signal crosstalk and the fine-tuning of critical processes in 
cancers. In the present review, five major types of principal signaling 

motifs that connect methylations to regulate cancer progression or in-
hibition are elucidated. The focus of the current review is on the 
importance of methylations triggering the activation/deactivation of 
off-target genes, with representative examples of the corresponding 
modules of these five methyl readers. Moreover, this review discusses 
how their utilization and signaling cascade may permit accurate control 
of cancers. 

2. Controlling chromodomains in cancer 

CDs are one of the major modules capable of recognizing methylated 
lysine. CDs are unique protein sequences containing conserved hydro-
phobic amino acids that specifically recognize methylated lysine 

Fig. 1. Examples of tumor-suppressive or 
oncogenic regulatory chromodomain (CD) 
modules and malignant brain tumor (MBT) 
domain in cancer. 
(A) Different molecular mechanisms for regula-
tors that possess CD in cancer. The readers con-
taining CD recognize histone methylation and 
regulate transcription. As a tumor suppressor, 
HP1 is known to downregulate transcription by 
recognizing H3K9me2. Furthermore, HP1 rec-
ognizes the methylation of G9a K165, recruits 
Aurora B, and contributes to the regulation of 
G9a activity by Y166 phosphorylation. CHD1 
primarily functions as a tumor suppressor that 
binds to H3K4me2 or me3 and recruits androgen 
receptor (AR) at the promoter site. This aug-
ments the expression of tumor-suppressive genes 
such as NKS31, FOXO1, and PPARG. TIP60 rec-
ognizes the adjacent H3K9me3 and recruits 
MRN/ATM complex to activate it under DSB. 
This promotes the transcription of downstream 
target genes such as p53, NBS1, CHK2, and 
BRCA1. Conversely, when TIP60 recognizes 
H3K4me3 in the enhancer of the NOTCH target 
gene in cancer, it acetylates H2A.Z to accelerate 
NOTCH target expression. A tumor-suppressive 
RORα that has been methylated by EZH2 is 
recognized by DCAF1. DDB1/CUL4 interacts 
with DCAF1 and modulates the poly-
ubiquitination of RORα. RORα with a poly-
ubiquitin chain is degraded in a proteasome- 
dependent manner. CBX, which acts as a 
methyl reader in the PRC1 complex, recognizes 
H3K27me3. E3 ligase RING1B interacts with 
PRC1 to perform monoubiquitination on H2A 
K199, which further compacts heterochromatin; 
p14, p15, and p16 expression is suppressed to 
promote cancer progression. 
(B) Tudor domain-containing proteins 
contribute to cancer progression mainly by 
regulating partners. L3MBTL3 is bound to 
K142me1 on DNMT1 and affects DNMT1 stabil-
ity by ubiquitination with CUL4-DCAF5. PHF20 
binds to the double dimethylated p53. This 
binding inhibits MDM2 from approaching p53. 
PHF19 recognizes H3K36me3, and PRC2 in-
teracts with PHF19. PRC2 promotes H3K27me3, 
decreases downstream gene expression, and en-
hances tumor progression. Furthermore, 
PHF20L1 binds to K142me1 of DNMT1 to sup-
press DNMT1 degradation. UHRF1 recognizes 
H3K9me2/me3 and LIG1 K126me2/me3 and 
recruits them into Chromatin. DNMT1 can stably 
maintain binding during mitosis.   
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residues. The CDs are a structurally related family of protein domains 
referred to as the royal family; they are among the smallest members of 
this family, composed of four β-strands and one adjacent α-helix [17]. 
The CD-dependent regulation of histone and nonhistone proteins in 
various types of cancer is summarized based on recent literature 
(Fig. 1A). In this review, the lysine methylation of histone and nonhis-
tone proteins implicated in diverse tumor-suppressive versus oncogenic 
pathways has been highlighted. 

Heterochromatin protein 1 (HP1) is recognized as the first structural 
component of heterochromatin or enzymes involved in chromatin 
remodeling. HP1 possesses a highly conserved CD motif at the N-ter-
minus, which is preceded by a region of negatively charged glutamic 
acids [18]. The transcriptional repressor ability of HP1 has been utilized 
in the recruitment of several transcriptional repressors such as tran-
scriptional intermediary factor 1β (TIF1β). The dimethylation of histone 
H3 at lysine 9 (H3K9me2) generates a histone substrate for HP1 binding 
and target gene silencing. Cancer progression is accompanied by global 
changes in transcription and is caused by epigenetic alterations. Target 
gene expression profiling revealed decreased HP1 levels in several car-
cinomas, including thyroid carcinoma, breast cancer, and embryonic 
brain cancer, compared to the levels in normal tissues [19]. Therefore, 
increased H3K9 recognition activities by CD in HP1 could retard cancer 
progression; these studies indicated that CD is a critical motif for 
tumor-suppressive function in HP1. 

H3K9 methylation is triggered by G9a methyltransferase, and G9a is 
also capable of automethylation [20]. This automethylation occurs at 
lysine residue 165 (K165) and is crucial for enhancing the interaction 
between HP1 and G9a. The recognition of lysine methylation by CD in 
HP1 enhances Aurora B kinase recruitment, leading to the phosphory-
lation of G9a at tyrosine residue 166 (Y166), which is concomitant with 
the repressed enzymatic activities of G9a [21]. Most studies in the 
literature have demonstrated G9a to be a representative oncogene; these 
prior data suggest that HP1 acts as a tumor suppressor, recognizing both 
histone and nonhistone proteins [22]. 

Chromodomain helicase DNA binding protein 1 (CHD1) is a chro-
matin remodeler that is responsible for CHD1 inactivation or deletion of 
the CHD1 locus, which occurs in primary cancers [23]. CHD1 specif-
ically recognizes tri-methylation of H3K4 introduced by su(var)3− 9, 
enhancer-of-zeste and trithorax domain-containing protein 1 (SET1) 
through its CD. Furthermore, CHD1 functions as an ATP-dependent 
effector of this active histone modification [24]. Transcription factors 
such as mitogen-activated protein kinase kinase kinase 7 (MAP3K7) and 
androgen receptor (AR) are recruited to chromatin via interaction with 
CHD1. This cooperative binding between transcription factors and 
CHD1 enhanced CHD1-dependent transcriptional activation of 
tumor-responsive target genes, which supports the pro-oncogenic role of 
CHD1 in cancer. However, the downstream target genes of CHD1 also 
include AR-responsive tumor-suppressive target genes such as NK3 ho-
meobox 1 (NKX3.1), forkhead box protein O1 (FOXO1), and peroxisome 
proliferator-activated receptor γ (PPARG). This underscores CHD1 as a 
bona fide tumor suppressor within prostate tissue [25]. To summarize, 
whether CHD1 acts as both a tumor suppressor and an oncogene is a 
contentious matter; however, these findings are consistent with reports 
that CHD1 ultimately acts as a coactivator of interacting transcription 
factors. 

The histone acetyltransferase (HAT) TIP60, also commonly identi-
fied as lysine acetyltransferase 5 (KAT5), acetylates histone and 
nonhistone proteins, and is involved in diverse processes in the cell 
cycle, apoptosis, and DNA damage responses (DDRs) in cancer. TIP60 is 
a representative CD-containing acetyltransferase that recognizes 
H3K4me3 and H3K9me3 for initiating or repressing transcription [26]. 
H3K4me3 recognition is essential for TIP60 stimulation of HAT activity 
and initiation of downstream events. This suggests that the molecular 
mechanism of CD and HAT crosstalk will be valuable for elucidating the 
function of TIP60 in cancer. The active histone mark H3K4me3 is 
regulated at the enhancers of NOTCH target genes. H3K4me3 widely 

co-localizes with the acetylation of histone variant H2A.Z, and H2A.Z is 
specifically acetylated by TIP60 at NOTCH-dependent enhancers. These 
findings reveal that loading TIP60 via the recognition of H3K4me3 by 
CD and acetylation of H2A.Z by TIP60 itself are required to ensure tight 
control of canonical NOTCH activation. Furthermore, the TIP60 com-
plex loads oncogenic transcription factor c-Myc onto chromatin and 
triggers the upregulation of cell-proliferative NOTCH target genes, 
including NOTCH-regulated ankyrin repeat protein (NRARP), hes family 
BHLH transcription factor 1 (HES1), and interleukin 2 receptor subunit α 
(IL2RA) [27]. Conversely, H3K9me3 is generally associated with het-
erochromatin and silenced genes; H3K9me3 driven by a double-strand 
break (DSB) stimulates TIP60 recruitment. This recruitment is suffi-
cient to activate the MRN (MRE11/RAD50/NBS1)/ATM(Ataxia telan-
giectasia–mutated) kinase complex, DSB repair factors, and elevated 
downstream target genes such as tumor protein 53 (p53), nijmegen 
breakage syndrome 1 (NBS1), checkpoint kinase 2 (CHK2), and breast 
cancer gene 1 (BRCA1) [28]. These results support the 
tumor-suppressive role of TIP60; therefore, TIP60 plays a bivalent role 
in promoting and suppressing cancer. 

Several reports suggest comprehensive roles of methyl reader pro-
teins via CD in tumor-suppressive or haploinsufficient repression against 
tumorigenesis. However, there is evidence that the CD-containing 
methyl reader exerts an oncogenic function by recognizing 
H3K27me3. Polycomb group genes (PcG) are evolutionarily conserved 
epigenetic regulators that can be categorized into two main complexes: 
the Polycomb repressive complexes 1 and 2 (PRC1 and PRC2). PRC2 
contains the histone methyltransferase enhancer of zeste homolog 2 
(EZH2), which directly activates silenced marks of trimethylation on 
H3K27. However, PRC1 includes chromobox (CBX) methyl reader pro-
tein, and PRC1 complex recognizes H3K27me3 via CD within CBX [29, 
30]. PRC1 plays a critical role in cell fate decision, development, and 
cancer; additionally, it downregulates tumor-suppressive target genes, 
including p14, p15, and p16 in various cancers. Functionally, PRC1 in-
teracts with E3 ligase ring finger protein 1 B (RING1B); this complex 
causes monoubiquitination of H2AK119, which further induces compact 
histone heterochromatin [31]. This concomitant recruitment of CBX, 
PRC1, and RING1B to enhancers appears across multiple tumors, high-
lighting an oncogenic function of the methyl reader CBX in regulating 
transcriptional programs in cancer. 

In addition to histones, the biological and physiological relevance of 
nonhistone methylation in tumorigenesis has recently been examined. 
As lysine polyubiquitination plays a pivotal role in protein degradation 
via the ubiquitin-proteasome pathway, lysine methylation may enhance 
protein stability by avoiding polyubiquitination. In brief, substrates 
possessing a methyl degron, a motif for methylation-dependent degra-
dation, are recognized by methyl reader domain-containing proteins and 
then degraded by the sequential actions of the methylation-specific E3 
ubiquitin ligase complex and 26S proteasome [32]. One of the most 
extensively studied examples of such a degradation mechanism was 
observed for the methylation-dependent degradation of the retinoic 
acid-related orphan receptor α (RORα). RORα protein stability is 
actively regulated by lysine methyl degron. The methylation of RORα at 
lysine residue 38 is recognized by the DDB1-CUL4-associated factor 1 
(DCAF1) reader protein, after which, RORα is polyubiquitinated by the 
damage-specific DNA-binding protein 1 (DDB1)/cullin 4 (CUL4) E3 
ubiquitin ligase complex. RORα is methylated by EZH2 methyl-
transferase. Notably, in contrast to histone substrates, which are di- or 
tri-methylated by EZH2, RORα is monomethylated by EZH2 and then 
specifically recognized by DCAF1. DCAF1 has a putative CD that links 
monomethylation to protein degradation through the E3 ubiquitin ligase 
complex. EZH2 potentiates its oncogenic role by facilitating the degra-
dation of tumor suppressor RORα in a methylation-dependent manner 
[33]. The inverse correlation between EZH2 and RORα, where protein 
levels of EZH2 are increased and RORα is decreased in breast cancers, 
indicates an important function of methyl degron in cancer progression 
and the potential application of these findings in anticancer 
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therapeutics. 
As mentioned above, there is a possibility that controlling the ac-

tivities of TIP60 could have therapeutic potential, with conditionally 
controversial effects in cancer. These haploinsufficient molecules can 
include the signaling pathway that converts oncogenic effects to tumor- 
suppressive functions. Therefore, the therapeutic strategy for regulating 
these uncertain CD-containing reader proteins should be considered 
within a particular tumor microenvironment. Combining therapies 
modulating reader proteins, including CD, with switching the tumor 
microenvironment to the preferred signaling pathways for CD-mediated 
downstream signaling might have great significance in cancer therapy. 

3. Controlling MBT and tudor domains in cancer 

The Tudor and MBT domains are also well-known lysine methyl 
reading domains. The Tudor domain is composed of 5 β-sheets, which 
consist of 60 amino acids. This domain is a methyl reader domain that 
recognizes methylated lysine and symmetric dimethylated arginine [34, 
35]. Generally, the protein-containing Tudor domain binds the meth-
ylated histone tail and acts as a bridge for interaction with other pro-
teins. The Tudor domain-containing protein is functionally related to 
chromatin remodeling, pre-mRNA processing, spliceosome assembly, 
the RNA-induced silencing complex (RISC), and PIWI-interacting RNA 
(piRNA)-mediated transposon silencing. The motif of this domain is 
more conserved in eukaryotes than in prokaryotes [36]. The MBT 
domain is structurally similar to the Tudor domain; it recognizes mono- 
and dimethylated lysine and binds to them. The MBT domain is known 
to be distributed in the PcG protein or lethal (3) malignant brain tumor 
(L(3)MBT) family domain of tumor suppressors [37]. 

Methylation regulating DNA replication is catalyzed by DNA meth-
yltransferase 1 (DNMT1). K142 of DNMT1, which is recognized as a 
nonhistone target, is methylated by the SET domain containing 7 
(SETD7, also called SET7, SET9, SET7/9, or KMT7) in breast cancer and 
inversely demethylated by lysine-specific demethylase 1 (LSD1) [38, 
39]. L3MBTL3 recognizes K142 methylation of DNMT1 and recruits the 
CUL4-DCAF5 E3 ligase complex for proteasomal degradation. Since the 
S-phase transcription factor E2F1 also contains a consensus methylation 
motif like DNMT1, E2F1 also interacts with L3MBTL3 and is subse-
quently degraded by CUL4-DCAF5 [40]. PHD finger protein 20 (PHF20) 
is a subunit of acetyltransferase containing two Tudor domains, and its 
main targets are histone H4 and p53 [41]. The Tudor domain of PHF20 
recognizes and binds to double K370me2 and K382me2 of p53. As a 
result, ubiquitination by the E3 ubiquitin ligase mouse double minute 2 
homolog (MDM2) is suppressed by the interaction between PHF20 and 
methylated p53 at K370 and K382. p53, which is not ubiquitinated is 
protected from proteasomal degradation and its stability increases. 
Therefore, p53 is activated and responds to DNA damage [42]. By 
recognizing histone and nonhistone targets, these readers with a 
tumor-suppressive function inhibit tumorigenesis by suppressing the cell 
cycle and proliferation. 

When developmental genes are saturated in murine pluripotent stem 
cells, global H3K27me3 and H3K36me3 levels gradually increase. PHD 
finger protein 19 (PHF19)/Polycomb-like protein 3 (PCL3) containing 
the Tudor domain plays an important role in these increases. PHF19 
recognizes expanded H3K36me3 and recruits the PRC2 complex. 
Consequently, gene expression is silenced and transcription is repressed 
by heterochromatin formation [43]. In addition, as an oncoprotein, 
PHF19 reportedly promotes tumors by activating the PRC2 complex in 
multiple myeloma [44]. Ubiquitin-like with PHD and RING finger con-
taining 1 (UHRF1) is important for maintaining DNA methylation. 
UHRF1 binds to methylated H3K9 through the Tudor domain and at-
tracts DNMT1 to maintain stable binding during mitosis [45]. Moreover, 
UHRF1 recognizes the methylated histone-like region of oncogenic DNA 
ligase 1 (LIG1) K126me2 or me3 and recruits it to chromatin [46,47] 

PHD finger protein 20-like 1 (PHF20L1) is overexpressed in the 
Cancer Genome Atlas (TCGA) breast cancers and is important for cell 

proliferation and survival. PHF20L1 has frequently amplified Tudor 
domain-containing protein (TDRD) genes in breast cancer, and PHF20L1 
includes the Tudor and MBT domains in the N-terminus [48]. PHF20L1 
directly recognizes K142me1 of DNMT1 via the MBT domain for regu-
lating DNA methylation. Because DNMT1 stability is increased by 
PHF20L1 binding and consequent escape from proteasomal degrada-
tion, the methyl reader function of PHF20L1 further indicates its onco-
genic potential in breast cancer [49]. These oncogenic readers recognize 
that histone and nonhistone proteins cause cancer progression by 
recruiting transcription factors to the promoter, directly acting as a 
coactivator, or controlling enzyme stability (Fig. 1B). 

A functional downstream consequence of an oncogenic methyl 
reader protein appears to depend on the methylation status of the sub-
strate proteins. If the fundamental methylation that triggers cancer 
progression is removed, the subsequent reaction via methyl reader 
proteins weakens. In contrast to arginine methylation, demethylase, 
which removes lysine methylation, has been extensively studied. 
Accordingly, therapeutic control of the demethylases of lysine methyl-
ation, which are active before the reaction of oncogenic readers, can 
reduce cancer development. Therefore, another layer of regulation of 
demethylase activity may contribute to therapeutic strategies against 
oncogenic readers. 

4. Controlling PHD domains in cancer 

PHD fingers are one of the largest families of epigenetic readers that 
selectively recognize unmethylated, methylated, and acetylated lysine 
residues [50,51]. They preferentially bind to H3K4 methylation, with 
some subsets binding to unmethylated lysine or H3K9 [52–55]. 
Ninety-nine PHD fingers are reported in ChromoHub [56]. PHD fingers 
occur in proteins that are involved in gene transcription, chromatin 
dynamics, and nucleosome remodeling through interactions with adja-
cent effectors or neighboring epigenetic marks of histone tails and 
nonhistone proteins. The conserved domain of PHD fingers contains 
cysteine-rich and zinc-binding modules with an ordered Cys4-His-Cys3 
motif similar to the RING or LIM domains [50,57]. The aromatic cage 
of PHD fingers contains 2–4 aromatic and hydrophobic residues, and 
their combinations impart structural variability and specificity. Based 
on the size, shape, and charge of the aromatic cage, each domain 
demonstrates a different preference for either methylated or unmethy-
lated lysine [58]. For example, the inhibitor of growth 2 (ING2) is a 
specific reader that binds more strongly to H3K4me3 than to H3K4me1 
and does not recognize unmethylated lysine [53]. Numerous studies 
have reported that PHD fingers are involved in a wide range of pathol-
ogies, including cancer, immunodeficiency syndrome, and neurological 
disorders [59–61]. In particular, PHD fingers have been identified that 
are associated with several cancers, including breast, gastric, blood, and 
colorectal cancers [62–66]. There are diverse mechanisms of mis-
regulation in PHD fingers caused by chromosomal rearrangements, gene 
deletions, mutations, and changes in expression, which result in cancer 
development. 

The ING family is one of the protein families harboring PHD fingers, 
and its members are involved in the tumorigenesis of melanoma, 
lymphoblastic leukemia, breast, and gastrointestinal cancer. Specif-
ically, the expression of tumor suppressor ING1 is reduced in multiple 
cancers. The somatic mutation of the PHD finger, which interrupts the 
binding ability to H3K4me3, impairs ING1-induced DNA repair and 
apoptosis in response to genotoxic stresses, thereby promoting tumori-
genesis in fibrosarcoma cells [67]. The ING2 also recognizes H3K4me3 
via its PHD finger and stabilizes the mouse paired amphipathic helix 
protein Sin3a (mSin3a)-histone deacetylase 1 (HDAC1) complex at the 
promoters of proliferative target genes. This interaction is indispensable 
for the repression of cyclin D1 mRNA expression in response to DNA 
damage [68]. Furthermore, ING4 and ING5 are essential for HAT com-
plex activity in the tumor-suppressive mechanism. ING4 is a subunit of 
the HBO1 (also known as KAT7 or MYST2) HAT complex, and ING5 is 
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associated with two distinct HAT complexes of monocytic leukemia 
zinc-finger protein/MOZ-related factors (MOZ/MORF) or HBO1 [69]. 
The ING4 PHD finger specifically recognizes H3K4me3, and its mutual 
binding drives acetylation on H3 by the HBO1 HAT complex to upre-
gulate DNA damage-dependent gene expression. Under genotoxic stress, 
ING4 enhances apoptosis and abrogates anchorage-independent growth 
through the ING4PHD-H3K4me3 interaction in cancer cells [70]. ING5 is 
a subunit of the MOZ/MORF HAT complex. The specific binding of the 
ING5 PHD finger with H3K4me3 is necessary for HAT enzymatic ac-
tivity, and recognition of H3K4me3 by ING5 stabilizes the HAT complex 
at the chromatin level [71]. Several reports have suggested that ING5 
suppresses oncogenic transformation and cancer invasion by inhibiting 
the Wnt/β-catenin and phosphoinositide 3-kinase/protein kinase B 
(PI3K/Akt) pathway [69,72,73]. 

Pygous homolog (Pygo), which also possesses PHD fingers, trans-
duces the Wnt signaling cascade with B-cell lymphoma 9 (BCL9) by 

facilitating β-catenin activation [74,75]. The Pygo-BCL9 complex is 
necessary for the association of Pygo PHD finger with H3K4me2 or 
H3K4me3, promoting TCF-mediated transcription in malignant tissues 
[76–78]. A common fusion of PHD fingers of JARID1A (also known as 
RBP2/KDM5A) and nucleoporin-98 (NUP98) generated an oncoprotein 
that prevents hematopoietic differentiation and H3K4me3 removal at 
gene loci to maintain active transcription, which leads to acute myeloid 
leukemia (AML) [60,79]. Moreover, another NUP98 fusion protein was 
also identified in AML. NUP98-PHF23 fusions encode a chimeric protein 
called NP23 in AML. The PHD fingers in PHD23 play a role, in that NP23 
can bind H3K4me3 sites at the specific target gene promoter, including 
HOXA, HOXB, and MEIS1. The inhibition of the binding of PHD fingers 
to H3K4me3 with small molecules selectively increases the apoptosis of 
cancer cells that express NUP98-PHF23 fusion proteins [80]. 

TATA-box binding protein associated factor 3 (TAF3) is a subunit of 
the basal transcription factor TFIID. The C-terminus PHD finger of TAF3 

Fig. 2. Diverse molecular mechanisms of 
plant homeodomain (PHD) domains by the 
recognition of lysine methylation and argi-
nine methyl readers in cancer. 
(A) Several proteins possessing PHD fingers are 
involved in the development of numerous can-
cer types. The ING family members are partic-
ularly well known to be related to 
tumorigenesis. ING1 binds to H3K4me3 and 
responds under genotoxic stresses. ING2 also 
contributes to the DNA damage response 
through an increase in mSin3a-HDAC1 stability, 
which results in the inhibition of Cyclin D1 
expression. The specific interactions between 
two distinct HAT complexes and ING4 and 5, 
respectively, are essential for HAT activity and 
affect the expression of DNA damage- 
responsive genes. The recognition of ING fam-
ily members by H3K4me3 via PHD fingers is a 
prerequisite for transcriptional regulation. The 
interaction between TAF3 and H3K4me3 is 
required to recruit TFIID and RNAPII, resulting 
in transcriptional activation of p53-dependent 
target genes. The PHD fingers of Pygo bind 
H3K4me2 or H3K4me3 and regulate Wnt 
signaling via association with BCL9, which ac-
celerates TCF-mediated transcription in cancer. 
NUP98-PHF23 fusion encodes an oncoprotein 
that activates the transcription of genes, such as 
HOXA, HOXB, and MEIS1, promoting tumori-
genesis. 
(B) Several methylarginine readers play essen-
tial roles in tumorigenesis. The Tudor domain 
of TDRD3 is associated with H3R17me2 and 
H4R3me2 and contributes to target gene 
expression, which involves epithelial- 
mesenchymal transition. Arginine methylation- 
dependent binding of USP9X by TDRD3 helps 
to block TDRD3 ubiquitination and subsequent 
MCL1 degradation, which attenuates apoptosis. 
Arginine methylation of E2F1 is recognized by 
TDRD11, which reduces E2F1 stability and 
activation of apoptotic gene expression. 
DNMT3A is reportedly a specific reader of 
PRMT5-mediated H4R3me2. The sequential 
recruitment of DNMT3A after arginine methyl-
ation at the IRX1 promoter elicits gene 
silencing.   
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specifically binds to H3K4me3 and mediates the recruitment of TFIID at 
activated promoters. The truncation of the PHD finger mutant of TAF3 
showed defective affinity to H3K4me3, suggesting that the PHD domain 
is essential for H3K4me3 recognition [81]. The interaction between 
H3K4me3 and TAF3 is a prerequisite for recruiting of TFIID and RNA 
polymerase II (RNAPII), thereby facilitating the activation of selective 
p53-dependent targets, including p21 and BTG2 under DNA damage 
conditions. Therefore, TAF3 acts as an essential coactivator for p53 [82]. 

Altogether, the mechanistic pathways of PHD fingers in cancer are 
presented in Fig. 2A. Further studies are needed to exploit the structural 
or mechanistic functions of PHD fingers in tumorigenesis, but prospec-
tive benefits targeting PHD fingers are far-reaching. Although PHD 
fingers within various proteins play a pivotal role in cancer, drug tar-
geting against their activity is still in its initial stage. Therefore, applying 
the link between PHD finger dysregulation and their role in tumori-
genesis will serve as a successful strategy in cancer therapeutics. 

5. Controlling arg methyl readers in cancer 

Arginine methylation is an abundant PTM carried out by a family of 
protein arginine methyltransferases (PRMTs), and is implicated in 
diverse cellular processes, including gene transcription, mRNA splicing, 
DNA damage signaling, and cell fate decision [83–87]. Arginine residues 
are approximately 0.5 % methylated in mammalian cells [88]. PRMTs 
transfer the methyl group from S-adenosylmethionine (SAM) to the 
guanidino nitrogen atoms of arginine. There are three distinct types of 
methylarginine (natural occurrence of various methylated amino acid 
derivatives). One is the asymmetric dimethylarginine (ADMA), in which 
two methyl groups are placed on one of the terminal nitrogen atoms of 
the guanidino group. The other derivatives are referred to as the sym-
metric dimethylarginine (SDMA), where one methyl group is placed on 
the terminal guanidino nitrogen atoms, and the monomethyl arginine 
(MMA). Methylated arginine provides a platform for synthesizing pro-
tein complexes and enhancing interactions with methylarginine-reader 
proteins [89,90]. There are representative methylarginine-interacting 
motifs that harbor Tudor domains such as TDRDs, survival motor 
neuron protein (SMN), and splicing factor 30 (SPF30) [91–94]. The 
Tudor domain is known to recognize methylated arginine as well as 
methylated lysine, which cannot be predicted based on their primary 
sequences. However, structural studies have elucidated that narrower 
aromatic cages in methylarginine-binding Tudor domains favor the 
docking of a methyl guanidinium group of arginine compared to 
methyllysine binding cages. This association stabilizes cation π contacts 
between aromatic cages and the cationic carbon of the methylarginine 
residue [94]. Apart from the Tudor domain, a subset of PHDs and WD40 
domains is also designated for methylarginine binding. 

The alteration of histone arginine methylation and methylarginine 
effector molecules has been observed in several human cancers [85,87, 
95], and representative pathways are depicted in Fig. 2B. For example, 
one of the Tudor domain-containing proteins, TDRD3, is associated with 
transcriptional activation through recruitment to upstream regions of 
transcriptional start sites at the target gene promoter and binding with 
RNAPII. The Tudor domain of TDRD3 is a reader of asymmetric histones 
H3R17me2 and H4R3me2, which are modified by PRMT4 and PRMT1, 
respectively [86]. A previous study identified that the Tudor domain of 
TDRD3, which recognizes methylarginine residues, is indispensable for 
potentiating the motility and invasiveness of breast cancer cells, but not 
Δtudor or E691 K mutants of TDRD3 [96]. The interaction between 
TDRD3 and the ubiquitin-specific peptidase 9 X-linked (USP9X), which 
is dependent on arginine methylation of USP9X, prevents TDRD3 
ubiquitination, together with a significant increase in myeloid cell leu-
kemia 1 (MCL1) stability. MCL1 is a member of the antiapoptotic BCL2 
family, suggesting that TDRD3-mediated regulation of USP9X attenuates 
camptothecin (CPT)-induced apoptosis in breast cancer cells [97]. 
Moreover, elevated TDRD3 levels are correlated with poor prognosis in 
breast cancer patients [98]. 

TDRD11, harboring a single Tudor domain, functions as a tran-
scriptional coactivator by associating with several transcription factors, 
such as E2F1 and signal transducer and activator of transcription 6 
(STAT6) [99–101]. PRMT5 methylates E2F1 on arginine residues 111 
and 113 [102]. Arginine methylation reduces E2F1 stability and 
downregulates its transcriptional activity. In particular, E2F1 is highly 
methylated in cancer, implying that PRMT5-mediated arginine 
methylation of E2F1 aggravates E2F1-dependent cell cycle control and 
apoptosis. The arginine methylation-dependent binding mechanism of 
E2F1 and TDRD11 has also been revealed. Therefore, the interaction of 
TDRD11 with methylated R111/113 of E2F1 affects the half-life of E2F1 
and suppresses apoptosis while concomitantly increasing survival [100]. 

DNMT3A also possesses a PHD finger that recognizes PRMT5- 
mediated arginine methylation of histone H4R3me2, thus suggesting a 
coupled mechanism between repressive histone modification and DNA 
methylation in gene silencing [103]. In gastric cancer (GC), PRMT5 
expression is elevated in GC human tissues. PRMT5 increases histone 
arginine methylation of the tumor suppressor Iroquois homeobox 1 
(IRX1) promoter, followed by recruiting of DNMT3A and promoting the 
tumorigenicity and metastatic potential of GC cells [104]. 

There are relatively few reports of associations between arginine 
methylation of nonhistone proteins and histones in cancer. Therefore, it 
is essential to further analyze the physiological meaning of methylation 
occurring at arginine residues of a variety of proteins in tumorigenesis. It 
is also essential to pay attention to the role of its interactive readers. 
Unraveling the functional arginine methylation sites and readers will be 
advantageous in developing therapeutic strategies for cancer. Selective 
inhibitors of these readers will especially be regarded as a novel 
approach to cancer treatment. Compared to the demethylase of lysine 
methylation, few cases of demethylases have been reported to reduce 
arginine methylation. Therefore, promoter studies on the controlled 
upstream signaling pathway regulating the expression of arginine 
methyl readers themselves may contribute to cancer treatment strate-
gies. In addition, because crosstalk with other PTMs could prevent or 
induce arginine methylation, the modifying enzymes of PTMs are sub-
ject to inhibition or activation of arginine methylation. 

6. Beyond methyl readers in cancer 

Given that the protein methylations demonstrate crosstalk with 
diverse PTMs, including acetylation, methylation, and ubiquitination, 
they can serve as a platform for the orchestration of signaling cascades. 
In this process, methyl readers trigger the serial interplay of protein 
PTMs. The K372 residue monomethylation of p53 by SETD7 in response 
to DNA damage is associated with a subsequent increase in p53 acety-
lation. TIP60 acetyltransferase contains a CD that recognizes methylated 
p53 as a reader domain. This binding increases p53 acetylation and 
competes with polyubiquitination at the same lysine residues, promot-
ing p53 stabilization (Fig. 3A) [105]. Furthermore, the different com-
binations of methyllysine and reader, even in the same protein, assign 
the opposite functional consequence. Under normal conditions, 
L3MBTL1 recognizes SET8-mediated p53K382me1 through its MBT re-
peats and inhibits the expression of p53 target genes, such as p21 and 
p53 upregulated modulator of apoptosis (PUMA), thereby repressing 
colony-forming activity [106,107]. However, the interaction between 
p53 and L3MBTL1 is abrogated under DNA damage conditions, followed 
by an increase in p53K382me2 and the association of oligomerized 
p53-binding protein 1 (53BP1). The enhanced recruitment of 53BP1 at 
the p53K382me2 site is mediated by the Tudor domain of 53BP1 and 
promotes p53 accumulation at damaged sites [108,109]. Thus, the 
unique reader that recognizes different methylation types provides 
specificity to perform an opposite function (Fig. 3B). 

WD repeat domain 5 (WDR5), the arginine methyl reader, has a 
greater affinity for symmetrically methylated H3R2 than for the un-
modified H3 peptide [110]. Exogenous transforming growth factor β 
(TGFβ) upregulates PRMT5 expression and positively activates the 

I.-G. Park et al.                                                                                                                                                                                                                                  



Seminars in Cancer Biology xxx (xxxx) xxx

7

PRMT5-MEP50 complex, followed by inducing of H3R2me1 and WDR5 
recruitment to promote transcription. The structure of H3R2me1 bound 
to WDR5 enhances the binding of myeloid/lymphoid or mixed-lineage 
leukemia (MLL) lysine methyltransferase to increase H3K4me3 and 
the concomitant expression of epithelial-mesenchymal transition 
(EMT)-activating target genes, such as SNAIL and VIMENTIN, in both 
invasive lung squamous cell carcinoma and breast cancer cells [111]. 
Similarly, the elevated H3R2me2 expression by PRMT5 enhances WDR5 
binding efficacy, enabling SET1 recruitment and an increase in histone 
H3K4me3 at the forkhead box P1 (FOXP1) promoter. These events 
positively regulate FOXP1, a winged helix/forkhead transcription factor 
that facilitates the function of breast cancer stem cells (BCSCs). Treat-
ment with the WDR5 antagonist OICR-9429 reduced the proliferation 
and maintenance activities of BCSCs, suggesting that WDR5 is func-
tionally linked to breast cancer pathogenesis (Fig. 3C) [112]. This results 
in the recognition of arginine methylation of histones, leading to the 
novel connection of lysine methylation by associating two different 
methylations via one methyl reader and consequently enhancing tran-
scriptional activity. 

Moreover, the methyl reader acts as an interface for combinatorial 
connection among chromatin regulators. MLL3 is a subunit of complex 
proteins associated with the SET1 (COMPASS) complex, which imple-
ments H3K4me1 at the gene enhancer [113,114]. Through mass spec-
trometry analysis of MLL pulldown, the BRCA1 associated protein 1 
(BAP1) histone deubiquitination complex was identified as a unique 
binding partner of SET1 (COMPASS), and this interaction is mediated by 
PHD finger repeats in MLL3 [115]. BAP1 removes histone H2A ubiq-
uitination and recruits SET1 (COMPASS) complex, thereby catalyzing 
H3K4me1 [116]. This relay synergistically facilitates tumor-suppressive 
gene expression and inhibits tumorigenesis. Moreover, the 
cancer-associated mutation of PHD fingers in MLL3, which impedes the 
binding of tumor suppressor BAP1, abrogates additional recruitment of 
the demethylase ubiquitously transcribed tetratricopeptide repeat, X 
chromosome (UTX). UTX removes the repressive marker H3K27me3 at 
enhancer chromatin and inactivates the expression of tumor-suppressive 
genes such as frizzled-related protein (FRZB), grainyhead like tran-
scription factor 2 (GRHL2), and disheveled binding antagonist of beta 
catenin 2 (DACT2) in breast cancer cells (Fig. 3D). These studies show 
the potential significance of MLL3 as a dual functional regulator in 
cancer. 

Through these specific crosstalk mechanisms with protein methyl-
ation and methyl readers, it can not only create various PTM relays, but 
also serve as a scaffold for new complex formation. In particular, the 
combination of methylation type and methyl reader, which is predom-
inantly formed depending on upstream signals, is necessary to induce 
related physiological responses. 

7. Targeting methyl readers in cancer 

Some inhibitors targeting bromodomain and extra-terminal (BET) 
family members, which act as acetyl readers, have been applied for 
many diseases and evaluated in clinical trials. As of now, there are 
ongoing efforts to identify methyl reader-specific antagonists (Table 1). 
Stuckey et al. characterized UNC3866, a specific inhibitor of the reader 
domain in the CBX family. UNC3866 is a peptide-based inhibitor with 
high affinity to the CD of CBX4 and CBX7 and acts as a competitor to 
H3K27me3 [117]. In PC3 prostate cancer cells, UNC3866 transforms 
cell morphology and decreases cell proliferation, suggesting UNC3866 
as a potential therapeutic agent in cancer. In addition, another small 
molecule, MS37452, reportedly antagonizes the CD of CBX7 through 
FDA-approved agents and the L1 library [118]. MS37452 blocks the 
transcriptional repression activity of the polycomb complex, resulting in 
derepression of p14 and p16 expression in prostate cancer cells. The first 
targeted chemical probes of the L3MBTL3 and L3MBTL1 MBT domain 
were UNC1215 and UNC669, respectively [119,120]. However, 
UNC926 was developed as a more optimized and selective inhibitor of 
L3MBTL1, and its antagonistic function was confirmed through 
follow-up studies [121]. UNC1215 is a specific inhibitor with a 50-fold 
greater selectivity than other MBT family members, and it disrupts 
binding with the lysine methyl motif of L3MBTL3. Additionally, the 
antagonist UNC1679 was improved based on extensive 
structure-activity relationship (SAR) and showed improved selectivity 
and potency toward L3MBTL3 [122]. UHRF1 is a crucial regulator of 
DNA methylation patterns during mitosis. Its function depends on 
binding with H3K9me3 through the intrinsic Tudor domain. Houliston 
et al. screened and identified 4-benzylpiperidine-1-carboximidamide as 
a targeted small molecule of histone reader module, which attenuates 
H3K9me3 binding of UHRF1 [123]. UNC2170, a specific ligand 53BP1, 
was discovered through a cross-screening approach and engaged the 
binding sites of the 53BP1 Tudor domain. UNC2170 competitively binds 

Fig. 3. Linking functions to epigenetic 
reader or eraser by recognition of methyl-
ation and their roles in carcinogenesis. 
(A) TIP60 recognizes methylated p53 and 
sequentially increases the acetylation of p53. 
Afterward, the competition between acetylation 
and ubiquitination in the same residue de-
termines the stability of p53. 
(B) Reading p53K382me1 by L3MBTL1 MBT 
inhibits p53 target gene expression. Upon DNA 
damage, the increase of p53K382me2 allows 
53BP1 recruitment and promotes p53 accumu-
lation. 
(C) Recognition of arginine methylation 
through WDR5 triggers methylation at the 
adjacent lysine residue. WDR5, which binds to 
H3R2me1, enhances the binding of MLL lysine 
methyltransferase, whereas the association of 
WDR5 with H3R2me2 recruits SET1. 
(D) MLL3, a subunit of COMPASS, functions as 
a scaffold for complex formation with BAP1 and 
UTX at enhancer chromatin. BAP1 removes the 
ubiquitination of H2AK119 and facilitates the 
recruitment of the MLL3 COMPASS complex 
and UTX, which results in synergistic activation 
of tumor-suppressive gene transcription.   
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with 53BP1 from both H4K20me2 and p53K382me2 [124]. The 
Pygo-BCL9 complex is involved in the β-catenin-mediated signaling 
cascade in tumorigenesis. The oncogenic function of Pygo-BCL9 is 
dependent on the H3K4me recognition of the PHD finger of Pygo. Miller 
et al. discovered benzimidazole analogs as a competitive binder for the 
histone recognition pocket of Pygo PHD finger [125]. The pilot screen of 
small molecules targeting Pygo PHD was suggested as a primary hit, and 
its binding activity was subsequently validated by NMR spectroscopy. 
Benzimidazole analogs provide a chance to consider further chemical 
development to block the Pygo-BCL9 complex that binds to H3K4me 
associated with transcriptional activation. Novel small molecules that 
hinder histone binding by JARID PHD fingers forming genetic fusion 
with NUP98 were discovered in AML. The discovery of a small-molecule 
ligand for JARID1A inhibition targeting a third PHD finger was first 
attempted. Through primary screening and concentration-dependence 
tests with HaloTag assay, amiodarone and its analogs with varying 
methylation states and amine chain lengths could preferentially disrupt 
the interaction between H3K4me3 and PHD fingers 3 of JARID1A [126]. 
These inhibitors hold great promise in cancer drug development, and 
further studies in the area are necessary. 

Future challenges remain in the field, including acquiring selectivity 
of highly homologous subfamilies and overcoming low druggability to 
ensure the pharmaceutical potential and clinical significance of epige-
netic drugs. Furthermore, for their application as cancer therapeutics, 
the more specific actions of methyl readers should be confirmed via both 
cell-based assays and in vivo functional tests. We believe that specific 
inhibitors of methyl readers are excellent candidates for single and 
combination therapies for treating cancer in the near future. 

8. Conclusions 

It is now well-established that specific signaling pathways are 
regulated by more than a single PTM. Major challenges for future 
research include assessing the biological functions of the different PTMs 
and identifying functional domains of epigenetic readers that can spe-
cifically recognize and bind PTMs during disease progression. Taken 
together, these observations lead to a corresponding set of hypotheses, 
which are summarized in Tables 2A and 2B. First, substrates of 
methylation-dependent degradation have lysine sites, not arginine sites, 
for methylation, and these are recognized by the methyl reader- 
mediated E3 ligase complex. Second, the substrates captured by 
methyl readers containing CD, such as TIP60 and CHD1, function as 
both tumor-suppressive and oncogenic players in a context-dependent 
manner (Table 2A). The ability of CD-mediated methylated lysine 
recognition to bind each different histone target allows the plasticity to 
the relative biological responses in cancer to be regulated individually, 
rather than having the response constrained by requiring all substrates 
to respond similarly. Third, most of the methyl readers that recognize 
arginine residues function as oncogenic drivers in several cancers 
(Table 2B). Finally, we believe it is highly likely that the net outputs of 
crosstalk between methylation and other PTMs combined by methyl 
readers will result in dual or complex substrate functions in cancer. The 
detailed molecular mechanism catalyzing signal-induced crosstalk be-
tween methylation and other PTMs by methyl readers remains to be 
discovered. 

In particular, the recognition of methylation and further functional 
connection to writers or erasers would serve as a potential strategy for 

Table 1 
Drugs antagonizing activities of methyl reader.  

Domain Target Inhibitor Mechanism Structure Refs 

Chromo 

CBX4, CBX7 UNC3866 A peptide-based inhibitor with a high affinity to the CD of CBX4 and CBX7 and acts 
as a competitor to H3K27me3 

[117] 

CBX7 MS37452 
A small-molecule inhibitor that antagonizes the chromodomain of CBX7 binding to 
H3K27me3 and derepresses transcription of the polycomb repressive complex 
target gene p14 and p16 in PC3 cells 

[118] 

MBT 

L3MBTL3 

UNC1215 
A specific inhibitor that antagonizes the mono- and dimethyl-lysine reading 
function of L3MBTL3 [119] 

UNC1679 An improved selective chemical probe of an MBT domain in L3MBTL3 compared 
with UNC1215 

[122] 

L3MBTL1 

UNC669 A potent and selective inhibitor of L3MBTL1 MBT domain [120] 

UNC926 
An antagonist of the MBT domain of L3MBTL1 that disrupts the interaction between 
L3MBTL1 and H4K20me1 [121] 

Tudor 

UHRF1 
4-benzylpiperidine-1- 
carboximidamide 

A targeted small-molecule of histone reader module, which attenuates H3K9me3 
binding of UHRF1 [123] 

53BP1 UNC2170 A specific ligand that competitively binds with 53BP1 from both H4K20me2 and 
p53K382me2 

[124] 

PHD 

Pygo-BCL9 
complex Benzimidazole analogs 

Competitive binders for the histone recognition pocket of Pygo PHD finger, which 
displace the native H3K4me peptide from the PHD finger [125] 

JARID1A Amiodarone analogs 
Small-molecule ligands that disrupt the interaction between H3K4me3 and PHD 
fingers 3 of JARID1A [126]  
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drug development. For example, developing inhibitors targeting the 
interaction of various methyl readers with either arginine or lysine 
residues is a potential therapeutic strategy. The discovery of new types 
of crosstalk of methylation of other PTMs by methyl readers will make it 
possible to screen small-molecule compound libraries for druggable 
targets that could potentially exert anti-tumor activity. Therefore, future 
research in this area will likely lead to improved therapeutics in cancer. 
However, with the exception of WDR5, the current robust responses of 
chemical agents for methyllysine or methylarginine readers are still a 
limitation to strongly modulating tumorigenesis. In particular, in-
hibitors targeting methyl readers are relatively far behind compared to 
the drugs for methyltransferases and demethylases in clinical trials. 
These large families of methyllysine and methylarginine reader proteins 
have multifaceted functions, controlling chromatin dynamics or acting 

as a component of epigenetic machinery in cancer. Furthermore, the 
inhibition of methyl readers is complicated; they must feasibly have high 
selectivity, potency, and affinity due to the aromatic cage, which has 
subtle differences and a shallow interaction surface within each family. 
Therefore, it remains to be seen whether specifically interfering with 
these recognition domains could help to avoid possible side effects. 
These multiple challenges motivate multidisciplinary expertise in how 
methyllysine and methylarginine reader proteins that specifically 
regulate cellular responses are linked to a broad range of cancers. The 
strategy for therapeutic intervention can only be developed by deci-
phering how the reader proteins accurately recognize the target site, 
ensuring direct and sophisticated targeting without affecting other 
functional domains. 

Future research in these areas will be critical for reading methylation 

Table 2A 
List of lysine methyl readers in cancer.  

Domain Regulator PTM position Roles in 
cancer 

Mechanism Refs 

Chromo 

HP1 H3K9me2 Suppressive Increased H3K9 recognition activities by CD in HP1 could retard cancer progression [19] 
G9a K165me2 Suppressive Recognize methylation of G9a and affect to repression of enzymatic activity of G9a [20,21,22] 

CHD1 H3K4me3 Suppressive 
Increase AR-dependent tumor-suppressive target genes such as NKX3.1, FOXO1, and 
PPARG [25] 

TIP60 

H3K9me3 Suppressive 
Activate the MRN/ATM kinase complex, DSB repair factors, and elevate downstream 
target genes such as p53, NBS1, CHK2, and BRCA1 

[28] 

p53 K372me Suppressive Increase p53 acetylation and compete with polyubiquitination at the same sites, 
promoting p53 stabilization 

[105] 

H3K4me3 Oncogenic Load c-Myc onto chromatin and trigger the upregulation of cell-proliferative NOTCH 
target genes, including NRARP, HES1, and IL2RA 

[27] 

CBX H3K27me3 Oncogenic Downregulate tumor-suppressive target genes, including p14, p15, and p16 [31] 
DCAF1 RORα K38me1 Oncogenic Degrade tumor suppressor RORα [33] 

MBT 
L3MBTL3 

DNMT1 K142me1 and 
E2F1 K185me1 

Suppressive 
Recognize methylation and recruit the CUL4-DCAF5 E3 ligase complex for proteasomal 
degradation of DNMT1 and E2F1 

[40] 

L3MBTL1 p53 K382me1 Oncogenic Prevent the expression of p53 target genes [106,107] 
PHF20L1 DNMT1 K142me1 Oncogenic Increase DNMT1 stability [49] 

Tudor 

UHRF1 H3K9me2 or me3 Oncogenic Bind to methylated H3K9 and attract DNMT1 to maintain stable binding during mitosis [45] 
PHF20 p53 K370me2 and 382me2 Suppressive Protect p53 from proteasomal degradation and increase its stability [42] 
53BP1 p53 K382me2 Suppressive Promote p53 accumulation at damaged sites [108,109] 
PHF19 H3K36me3 Oncogenic Recruit the PRC2 complex and repress the transcription by activating PRC2 [43,44] 

PHD 

ING1 H3K4me3 Suppressive Induce DNA repair and apoptosis in response to genotoxic stresses [67] 

ING2 H3K4me3 Suppressive Stabilize the mSin3a-HDAC1 complex and repress cyclin D1 mRNA expression in response 
to DNA damage 

[68] 

ING4 H3K4me3 Suppressive Recognize H3K4me3 and drive acetylation on H3 by the HBO1 HAT complex to upregulate 
DNA damage-dependent gene expression 

[70] 

ING5 H3K4me3 Suppressive 
Recognize H3K4me3 and drive acetylation on H3 by the MOZ/MORF or acetylation on H4 
by HBO1 HAT complex [71] 

TAF3 H3K4me3 Suppressive Recruit TFIID and facilitate the activation of selective p53-dependent target genes [81,82] 

Pygo H3K4me2 or H3K4me3 Oncogenic Transduce the Wnt signaling cascade with BCL9 by facilitating β-catenin activation 
[74,75,76, 
77,78] 

JARID1A H3K4me3 Oncogenic Prevent hematopoietic differentiation and H3K4me3 removal at gene loci to maintain 
active transcription leading to AML 

[60,79,80] 

PHF23 H3K4me3 Oncogenic 
Bind to H3K4me3 sites at the specific target gene promoter, including HOXA, HOXB, and 
MEIS1 [80] 

CD, chromodomain; AR, androgen receptor; DSB, double-strand break; ER, estrogen receptor; AML, acute myeloid leukemia; GC, gastric cancer; EMT, epithelial- 
mesenchymal transition; HAT, histone acetyltransferase. 

Table 2B 
List of arginine methyl readers in cancer.  

Domain Regulator PTM position Roles in 
cancer 

Mechanism Refs 

Tudor 
TDRD3 

H3R17me2 or 
H4R3me2 

Oncogenic Potentiate the motility and invasiveness of breast cancer cells [86,96] 

USP9X Rme Oncogenic 
Increase the stability of MCL1, a member of the anti-apoptotic BCL2 family, and attenuate 
apoptosis [97] 

TDRD11 
E2F1 R111me and 
R113me 

Oncogenic Affect the half-life of E2F1, and suppress apoptosis 
[100, 
102] 

PHD DNMT3A H4R3me2 Oncogenic Recognize PRMT5-mediated H4R3me2 and promote the tumorigenicity of GC cells [103, 
104] 

WD40 
repeat 

WDR5 H3R2me1 Oncogenic 
Enhance the binding of MLL lysine methyltransferase to increase H3K4me3 and activate 
expression of EMT-related genes [111] 

H3R2me2 Oncogenic Increase SET1 recruitment and positively regulate FOXP1 expression [112]  
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codes and balancing tumor-suppressive and oncogenic functions. Tar-
geting the individual methylated target molecules with direct inhibitors 
of methyltransferase only inhibits one or two pathways for these com-
binations. While tumor growth is then slowed, the other pathways could 
be upregulated to compensate for this inhibited growth, thereby 
generating therapeutic resistance. If the specific role of the reader pro-
tein is targeted and its function is prohibited, concurrent inhibition of 
another layer of combined pathways occurs. This scenario blocks the 
alternate pathway of compensatory upregulation, decreasing the onset 
of acquired drug resistance. The specific signaling pathways responsible 
for the activities of methyl readers that modulate methyl reader pro-
teins, in addition to what inhibitors are more appropriate for clinical 
applications in cancer, remain to be investigated. 
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