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ABSTRACT
Aims: Epigenomics has significantly advanced through the incorporation of Systems Biology 
approaches. This study aims to investigate the human lysine methylome as a system, using a data- 
science approach to reveal its emergent properties, particularly focusing on histone mimicry and the 
broader implications of lysine methylation across the proteome.
Methods: We employed a data-science-driven OMICS approach, leveraging high-dimensional proteo
mic data to study the lysine methylome. The analysis focused on identifying sequence-based recogni
tion motifs of lysine methyltransferases and evaluating the prevalence and distribution of lysine 
methylation across the human proteome.
Results: Our analysis revealed that lysine methylation impacts 15% of the known proteome, with 
a notable bias toward mono-methylation. We identified sequence-based recognition motifs of 13 lysine 
methyltransferases, highlighting candidates for histone mimicry. These findings suggest that the 
selective inhibition of individual lysine methyltransferases could have systemic effects rather than 
merely targeting histone methylation.
Conclusions: The lysine methylome has significant mechanistic value and should be considered in the 
design and testing of therapeutic strategies, particularly in precision oncology. The study underscores 
the importance of considering non-histone proteins involved in DNA damage and repair, cell signaling, 
metabolism, and cell cycle pathways when targeting lysine methyltransferases.
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1. Introduction

Emergent properties in biological systems refer to the novel 
and complex behaviors or functions that arise from the inter
actions of simpler components or processes. Epigenetic mod
ifications are an example of emergent properties that control 
gene regulation and nuclear organization through molecular 
processes other than directly modifying the DNA code, 
mediated by epigenomic regulators [1]. These epigenetic mole
cular processes play essential roles in diverse cellular outcomes 
such as DNA replication [2], cellular differentiation [3], develop
ment [4], and diseases such as cancer [5]. The coordinated 
action of these epigenetic components exemplifies how com
plex regulatory networks and emergent properties can arise 
from the interactions of simpler molecular processes. Notably, 
at the core of the mechanisms underlying the epigenetic code 
are the types and combinations of post-translational modifica
tions (PTMs) in histones and nucleic acids, known as marks [6].

Methylation of histones can occur on both arginine and 
lysine residues, with both able to exist in mono- or di- 
methylated states, while lysine can also be tri-methylated 

[7,8]. Most lysine histone methyltransferases belong to the SET- 
domain-containing protein family, except for DOT1L [9,10]. The 
effect of lysine residue methylation depends on its position and 
methylation state. For example, methylation at H3K4, H3K36, 
and H3K79 is generally associated with gene activation, while 
methylation at H3K9, H3K27, and H4K20 is often repressive [11]. 
Histones are regulated through different combinations of marks 
that alter the post-translational modifications (PTMs) at various 
residues to control gene expression. For instance, the phos
phorylation of H3S10 fluctuates during the cell cycle and is 
required for faithful chromosome dynamics and transcription 
[12,13]. Phosphorylation at H3S10 prevents the addition of 
repressive methylation marks to the adjacent H3K9 by inhibit
ing the binding of euchromatic histone lysine methyltransferase 
(EHMT) writers and methylation readers such as chromobox 
homologs (CBX) [14]. Notably, misregulation of histone methyl
transferases can contribute to various cancers. For instance, 
chromosomal translocation of the MLL1 gene, an H3K4 methyl
transferase, is observed in around 70% of infant leukemia 
patients, while overexpression of EHMT2 (H3K9) and EZH2 
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(H3K27) has been detected in multiple cancer types [15,16]. 
Targeting lysine histone methyltransferases for cancer therapy 
has emerged as a promising approach due to their physiologi
cal significance [17]. However, some lysine methyltransferases 
methylate numerous non-histone proteins in a process referred 
to as ‘histone mimicry’ [18]. Histone mimicry is a broad concept 
often focused on pathogen-related histone mimicry, where 
pathogens exploit host cellular machinery by mimicking his
tone-like sequences to disrupt normal cellular processes by 
capturing the histone-modifying enzyme [19–23]. However, in 
this study, we focus on endogenous histone mimics (hereafter 
referred to as just histone-mimics), which are non-histone pro
teins that contain sequences resembling histone motifs. These 
endogenous histone mimics interact with histone-modifying 
enzymes, leading to changes in protein-protein interactions, 
protein stability, and the functionality of the proteins contain
ing these mimic sites [24]. Given the ancient origins and high 
conservation of histones across eukaryotes [25], and the well- 
established nature of histone-based chromatin regulation [26], 
it is reasonable to infer that endogenous histone mimics in non- 
histone proteins emerged later in evolutionary history. These 
mimics likely evolved as an adaptive mechanism, allowing non- 
histone proteins to utilize the already established epigenetic 
machinery [27]. Endogenous histone mimicry introduces 
a simple regulatory mechanism that has significant impacts 
on downstream key pathways and processes, altering the over
all biological system [28]. This phenomenon represents an 
emergent property where the modification of a few residues 
can drive substantial changes in cellular functions and path
ways. Given that histone mimicry on endogenous proteins 
remains largely understudied in lysine methylation, further 
investigation is essential to fully understand its implications 
and to optimize the use of inhibitors targeting histone- 
modifying enzymes in cancer and other diseases [27]. While 
non-histone substrates have been rigorously explored for 
other PTMs such as ubiquitination, phosphorylation, and argi
nine methylation, investigations into lysine methylation of non- 
histone substrates are still relatively understudied. However, 

there has been a growing body of research on this topic 
recently [29].

Lysine methylation has been shown to play important roles 
in protein regulation. For example, P53 has its localization 
restricted to the nucleus, and its binding decreased to only 
target gene promoters when methylated by SET7/9 [30] and 
SMYD2 [31], respectively. Additionally, an increasing body of 
evidence suggests the involvement of non-histone lysine 
methylation in the regulation of cancer-related proteins such 
as RB1, VEGFR1, and PARP1 [32–34]. This broad spectrum of 
lysine methylation across various proteins is collectively 
known as the lysine methylome. The lysine methylome 
encompasses the complete set of lysine methylation marks 
across the human proteome. This intricate interplay between 
lysine methylation and other cellular components highlights 
the emergence of novel regulatory mechanisms, illustrating 
the lysine methylome’s role in the emergence of complex 
properties in biological systems. Despite the increase of litera
ture surrounding lysine methylation in regulating key cancer 
and rare disease-related proteins, the lysine methylome is still 
substantially under-studied with many substrates and their 
respective function left unverified. Recently, we reported that 
the H3K9me2 writers, EHMT1 and EHMT2, form distinct pro
tein-protein networks during the cell cycle and hypothesized 
targets for histone mimicry [18]. The current study aims to 
comprehensively explore the lysine methylome as a molecular 
system and derive emergent properties from this analysis. 
Through our investigations, we systematically provide data 
on lysine methyltransferases and potential targets of histone 
mimicry based on substrate specificity and known interac
tions. This study underscores the value of studying writers, 
readers, and erasers of the histone code at a systems biology 
level. Lastly, due to the rapid emergence of drugs targeting 
these epigenomic regulators, the widespread mechanism of 
histone mimicry suggests the potential for additional effects, 
beyond the regulation of the histone code. Thus, this new 
knowledge bears a significant impact for better understanding 
of epigenetic mechanisms and potential implications for 
pharmacotherapeutics.

2. Methods

2.1. Assembly and analyses of the lysine methylome

Methylation data were obtained from large-scale proteo
mics experiments according to the Phosphosite database 
(www.phosphosite.org/), which is a repository for various 
types of post-translational modifications [35]. Initially, the 
dataset was harmonized to include only human lysine mod
ifications. Subsequently, the data was filtered to lysine 
mono-methylation, di-methylation, and tri-methylation. 
This process resulted in 5484 modifications suitable for 
further analysis. This data was subsequently used to gener
ate heatmaps using the package ComplexHeatmap [36]. 
Gene ontology enrichment analysis was conducted using 
EnrichR [37] with the Pathways enrichment database 
MSigDB Hallmark 2020 [38] and CORUM [39]. Enrichment 
results were exported to tables for subsequent analysis. 
The enrichment tables were imported into R for further 
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● Systematic mapping and analysis of the current human lysine methy
lome reveals its widespread impact on cellular regulation, with 
methylation present on 15% of the human proteome, affecting 
critical cellular pathways.

● Exploring the interactome formed by 13 distinct histone methyltrans
ferases reveals emerging properties of these molecular systems and 
highlights how KMTs might interact with components of larger and 
more complex biological systems.

● Exploring histone mimicry candidates implicates protein-protein reg
ulatory mechanisms by lysine methyltransferases and highlights how 
histone mimicry contributes to complex protein-protein interactions 
regulated by lysine methyltransferases.

● Uncovering the role of lysine methyltransferases in cancer and cell 
essentiality through histone mimicry implicates the regulation of key 
proteins and pathways that are important for cell survival and cancer 
development.

● Molecular dynamics simulation characterizes how methylation by 
histone mimicry impacts the structure and biomolecular function of 
methylated targets and demonstrates how BRD4 methylation can 
disrupt the reading function of the bromodomain through 
a potential allosteric regulation site.
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processing. Visualization of the results was achieved by 
generating plots using the ggplot2 package [40]. All lysine 
methylation data can be downloaded from https://www. 
phosphosite.org/staticDownload by selecting the corre
sponding data file and the exact version of the data used 
in this study can be found in table S1.

2.2. Gene Networks

Candidate proteins were inputted into Cytoscape (v3.9.1) [41] 
using the String database [42] query to retrieve protein- 
protein physical interactions. String database edges (interac
tions) for the lysine methylome or histone mimicry networks 
were included in the network if they had a high confidence 
score above 0.7 [42,43]. The histone mimicry candidate net
work included manually curated BioGRID interactions between 
the lysine methyltransferase and respective candidates as spe
cified in the figure legends. Nodes (proteins) are color-coded 
based on some criteria of interest, as specified in the figure 
legends. Nodes without interactions (singletons) were 
removed.

2.3. Motif Histone-Mimicry Analysis

A literature search was carried out for previous substrate 
analysis for the human methyltransferases as well as pre
viously identified histone and non-histone targets to curate 
a list of known short linear motifs (SLiMs) [44–53]. All the 
sequences collected were then entered through MEME 
(Multiple Em for Motif Elicitation) to discover recurring, fixed- 
length patterns that have the ability to be methylated [54]. 
The pattern was then used as the sequence pattern through 
Scansite 4.0 to identify all potential proteins containing the 
SLiMs [55]. These proteins were then cross-referenced from 
known interactors from the bioGRID database to identify 
potential candidates for histone mimicry [56]. Interactome 
data can be downloaded from https://thebiogrid.org/by 
searching the protein of interest (I.E EHMT1) and selecting 
download curated data for this protein then selecting 
a suitable format for the file.

2.4. Gene essentiality and functionality analysis

We obtained gene dependency scores for 17,386 genes across 
1,086 cancer cell lines from the DepMap data portal (https:// 
depmap.org/portal/). These scores were generated using high- 
throughput CRISPR screening techniques [57]. Essentiality was 
defined as a dependency score < −1 in the corresponding cell 
lines. Specifically, DepMap data can be downloaded from 
https://depmap.org/portal/data_page/?tab=allData by select
ing the file CRISPRGeneDependency.csv. We then used 
R-studio to visualize essentiality highlighting our refined set 
of stringent candidates for histone mimicry. The analysis cen
ter in the Genomic Data Commons data portal (GDC, https:// 
portal.gdc.cancer.gov/) was used to identify which of our 
defined histone mimicry candidates have been denoted as 
cancer census genes. The GDC cancer projects TCGA-BRCA, 
TCGA-ACC and TCGA-UCEC were used to examine copy 

number variance and mutation prevalence in CDC73, BRD4 
and NACA [58].

2.5. Protein stability and structural perturbation 
measurement of the bromodomain-containing protein 4 
(BRD4) and bromodomain 2 (BD2) domain in complex 
with an acetylated lysine-containing peptide

The previously determined NMR structure of the human BRD4- 
BD2 (333–460) in complex with a peptide encompassing the 
human FOXO3A acetyl lysine-containing region (237–252) was 
used as a prototype (PDB code 6MNL). For modified structure 
generation, methyl groups were added to both K404 and K406 
residues based on the known standard geometry of the either 
mono- or di-methylated lysines. We assessed the impact of 
modifications on protein stability by comparing folding 
energy (ΔΔGfold) using FoldX [59]. The energy-minimized 
structures were calculated after introducing each set of mod
ifications to the native structure. Subsequently, we assessed 
structure perturbations at the global and local levels by mea
suring the positional displacement of backbone atoms 
between the native and modified proteins (global) or only 
the atoms near the modified residues (local). For local struc
ture perturbation, residues within a 10 Å radius of the mod
ification sites were identified from the energy-minimized 
structures using PyMol (Molecular Graphics System, 
Schrödinger, LLC). The root mean square deviation (RMSD) of 
the backbone atoms between the wild-type and mutant pro
teins was then calculated using Coot [60]. For global structure 
perturbation, entire backbone atoms were used for RMSD 
calculation between the structures.

2.6. Molecular dynamics (MD) simulation, atom 
displacements, and time-dependent interaction energy 
calculations

MD simulations were performed using the CHARMm36 all- 
atom force field [61] implemented in the Discovery Studio 
suite version 21.1 (Dassault Systèmes BIOVIA) with a 2 fs 
time step. Molecular models were simulated using 
a simplified implicit solvent model with a distance- 
dependent dielectric constant of 80 and a pH of 7.4. Energy 
minimization was performed for 5,000 steps with the steepest 
descent algorithm, followed by an additional 5,000 steps of 
conjugate gradient minimization to relax the protein structure 
obtained from the stressed crystal environment. Each system 
of 10 replicates of the model was independently heated to 
300 K over 200 ps and equilibrated for 500 ps followed by a 10 
ns production simulation under the NPT (constant Number of 
atoms, Pressure, and Temperature) ensemble by changing the 
initial seed (100 ns total). Structures during the unconstrained 
dynamics simulation were recorded every 10 ps to give a total 
of 1000 frames for analysis. The modified proteins were sub
jected to the same energy minimization and MD simulation 
protocol as the native protein. Trajectories were aligned to the 
initial wild-type conformation before analysis. RMSD and RMSF 
values for all atoms at the residue level were calculated using 
Discovery Studio tools and Microsoft Excel algorithms. 
Additional analyses were performed in R, utilizing the bio3d 
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package [62]. Molecular visualizations were generated using 
PyMOL. The free energy of molecular interaction was mea
sured using the protocol implemented in Discovery Studio. 
This was done using the MD simulation trajectories and by 
selecting the protein and the interaction groups of interest, 
either acetylated lysine K242 or the entire peptide. Non- 
bonded interactions were monitored and dynamic interaction 
energies (van der Waals and electrostatic energies) for each 
replicate were calculated from the MD trajectories using the 
CHARMm36 force field and the implicit distance-dependent 
dielectric solvent model and averaged. These measurements 
were made for all 10 replicates and averaged for comparison 
with the native protein.

3. Results

3.1. Systematic mapping and analysis of the current 
human lysine methylome reveals its widespread impact 
in cellular regulation

In this study, we systematically mapped the distribution of 
lysine methylation marks across various proteins to develop 
the lysine methylome and investigate the potential role of 
histone mimicry, along with its implications for the regulation 
of cellular function. We generated an up-to-date lysine methy
lome using high-throughput mass spectrometry datasets that 
include data from a mixture of cell types and tissues, covering 
both normal and cancerous contexts. This approach enables 
a broad analysis of lysine methylation across different human 
biological systems [35]. This meta-analysis revealed a strong 
bias toward mono-methylation, indicated by the abundance of 
mono-methylated proteins, which comprised 79% of the 
lysine methylome. In addition, groups of proteins marked 
with mono-, di-, and tri-methylation were largely distinct to 
one of the groups (Figure 1(a)). In total, we found 2,769 
unique proteins in humans that have been previously identi
fied to be marked with lysine methylation (Table S1). 
According to the neXtProt Human Proteome Project (HPP) 
database 18,397 proteins are currently reported, suggesting 
that approximately 15% of the known proteome contains 
evidence of lysine methylation [63]. In stark contrast 15,894 
unique proteins have been marked by phosphorylation at 
a serine residue, marking an estimated 86% of the current 
proteome. A further 13,490 (73%) proteins are phosphorylated 
at a threonine, and 11,849 (64%) proteins are marked with 
tyrosine phosphorylation Additionally, we identified 98,019 
ubiquitination sites on lysine residues across 11,793 (64%) 
proteins [35]. The stark contrast between phosphorylation 
and ubiquitination compared to lysine methylation highlights 
the current limitations of available studies for methylation- 
derived datasets. A key limitation is the enrichment step, 
where affinity reagents often exhibit bias for specific residues 
surrounding the methylated lysine, affecting the comprehen
siveness of the data. While such approaches have been effec
tively applied to other modifications like phosphorylation, 
acetylation, and arginine methylation, there is a notable scar
city of antibodies targeting specific types of lysine methyla
tion, such as mono-, di-, and tri-methylation. While there have 
been some recent advances in the development of targeted 

antibodies and alternative enrichment methods, substantial 
progress is still needed to overcome these challenges [64– 
67]. Of these 2,769 proteins, we found 1,073 (39%) mapped 
with nuclear localization according to the cellular component 
gene ontology Nucleus (GO:0005634), highlighting the signifi
cant enrichment of lysine methylation within the nucleus. This 
high percentage of enrichment may suggest that lysine 
methylation plays a critical role in regulating nuclear pro
cesses. Given the importance of these processes in both nor
mal cellular function and disease, particularly cancer, we must 
fully understand the lysine methylome’s emergent properties 
to uncover its broader implications in nuclear regulation. To 
investigate the emergent properties of proteins that undergo 
lysine methylation, we performed a MsigDB enrichment ana
lysis, revealing novel diverse biological functions of the lysine 
methylome, including DNA damage and repair, signaling path
ways, metabolism, and the cell cycle (Figure 1(b)). Specifically, 
mono-methylation is enriched in all four groups reflecting the 
abundance observed in Figure 1(a). In contrast, di-methylation 
is enriched in DNA damage and repair, and cell cycle, while 
trimethylation is enriched in DNA damage and repair, cell 
cycle, and metabolism (Figure 1(b)). Performing a network 
analysis, we found 213 proteins with multiple lysine methyla
tion marks revealing a moderately interconnected structure 
with 577 edges, indicating a network where the interaction 
of methylation marks on different proteins creates a complex 
regulatory web. This web likely drives the emergent properties 
of the lysine methylome by integrating individual signals to 
coordinate the regulation of complex molecular systems, that 
are essential for maintaining cellular homeostasis (Figure 1(c)). 
Of these 213 proteins, we found that 108 contained both 
Kme1 and Kme2, 59 between Kme1 and Kme3, 11 for Kme2 
and Kme3, and finally, 35 proteins that contained all 3 varia
tions of lysine methylation throughout the protein. From the 
current lysine methylome collection, we discovered that sev
eral proteins exhibit evidence of a methylation-regulated 
‘molecular switch’ with 2 or all 3 lysine methylation states 
observed on a single residue. Notably, we observed 21/108 
(17%) proteins within the Kme1/Kme2 group containing both 
variations of the lysine modification at the same residue. 
Furthermore, we found 6/59 (10%) for the Kme1/Kme3 group 
and 3/11 (27%) for the Kme2/Kme3 group. As for the proteins 
that contained all 3 variations of the lysine methylation mod
ification, we found that 25/35 (71%) contained either 2 or 3 of 
the lysine modification marks at a single residue. In total, we 
identified 55 proteins with two or more methylation states at 
the same lysine residue. These subsets of proteins, much like 
histones, may operate under a dynamic regulatory mechanism 
where their function is dependent on the specific methylation 
state present on the lysine residue. For example, lysine methy
lation on histone H3 at lysine 9 (H3K9) illustrates this versati
lity: mono-methylation of H3K9 is linked to transcriptionally 
active euchromatin, while di- and tri-methylation lead to gene 
repression in heterochromatin regions [11]. Similarly, these 
non-histone proteins marked by different methylation states 
may undergo functional changes based on the degree of 
methylation, allowing for fine-tuned regulation of cellular pro
cesses. This finding reinforces the concept of lysine methyla
tion acting as a versatile switch for regulating diverse protein 

8 G. POLLIN ET AL.



functions in key biological pathways. Notably, these proteins 
are enriched in pathways that are heavily regulated by post- 
translational modifications including both histone and non- 
histone proteins. Specifically, we observed involvement in 
Chromatin Organization with proteins such as RB1, Histone 

H1.5, MTA1, Histone H3.1t, Histone H3.2, Histone H2B type 1-B, 
Histone H3.1, MACROH2A1, ESR1, and Histone H3.3; Protein 
Folding including the heat-shock proteins HSPA8, HSPA5, 
HSPA2, and HSPA1B; and lastly Regulation of Gene 
Expression with proteins such as RB1, DNMT1, MTA1, 

Figure 1. Deriving functional inferences from the lysine methylome. (a) Heatmap illustrating the distribution of 5485 lysine methylation marks across 2869 proteins, 
according to the PhosphoSite database v6.7.1.1. Yellow represents the presence of lysine methylation mark on the protein while blue represents lack of the 
methylation mark. Areas of overlap are highlighted as follows: orange for Kme1 (lysine monomethylation) and Kme2 (lysine dimethylation), green for Kme1 and 
Kme3 (lysine trimethylation), blue for Kme1, Kme2, and Kme3, and red for Kme2 and Kme3. (b) MsigDBundefinedDBundefined hallmark gene ontology analysis 
depicting the molecular functions of proteins tagged with mono-, di-, and trimethylation at lysine residues. (c) Overlapping groups are highlighted in panel (a), 
displaying a protein network that shows interactions among proteins with one or more lysine methylation marks. Blue nodes represent proteins that contain 
variations of lysine methylation throughout the entire protein. Orange nodes indicate proteins with at least one residue previously identified with different variations 
of lysine methylation.

EPIGENOMICS 9



SETDB1, Histone H3.1, HMGA1, ZNF326, P53, MACROH2A1, 
ESR1, POU5F1, and HSPA1B. This comprehensive and systema
tic analysis of the lysine methylome provides not only an 
updated resource but also a framework for understanding 
how lysine methylation, through its marking of diverse pro
teins and pathways, can contribute to complex regulatory 
behaviors. Further research into the lysine methylome and 
the emergent properties identified in this study will be essen
tial for elucidating its role in orchestrating cellular processes.

3.2. Exploring the interactome formed by 13 distinct 
histone methyltransferases reveals emerging properties 
of these molecular systems

We conducted an evidence-based analysis by leveraging litera
ture based substrate specificity peptide studies for several 
lysine methyltransferases, including SUV39H1, SUV39H2 [68], 
SETD2 [51], SMYD2 [52], SUV420H1, SUV420H2 [53], and NSD1 
[47]. Building on this foundation, we extended the analysis to 
include methyltransferases which have been previously known 
to methylate non-histone targets. By examining both the his
tone and non-histone targets of these enzymes, we derived the 
common short linear motifs (SLiMs) present across all known 
targets at the time this study was initiated. This approach 
allowed us to broaden our investigation to include EHMT1, 
EHMT2 [50], and the KMT2 family members KMT2A, KMT2B, 
KMT2C, and KMT2D [48] (Figure 2(a)). By utilizing our evidence- 
based derived SLiMs, we performed a peptide search for pro
teins containing each of the composite KMT-based SLiMs, 
focusing on residues that were the least variable across differ
ent motif variations. For SUV420H2 and SUV420H1, we used the 
motifs [K][IVLMK][LVFI] and [RY][K][VILM][LFI], respectively. For 
the SUV39 and EHMT proteins, we used the [R][K] motif due to 
the dominant role these residues appear to play. Next, we used 
[LF][K] for SMYD2, [IVFY][K] for SETD2, and [VIL][K] for NSD1. 
Based on the limited methylation-based literature for the KMT2 
proteins, we used the motif [T][K] based on the reoccurrence of 
these residues in their histone substrates H3K4 and K305 of P53 
[48]. We utilized ChromoHub v.2.0 (https://chromohub.thesgc. 
org/static/ChromoHub.html) to group the lysine methyltrans
ferases under investigation based on sequence similarity, as 
determined through phylogenetic tree analysis [69]. This analy
sis resulted in four groups: Group 1 consisted of EHMT1, EHMT2, 
SUV39H1, SUV39H2, and NSD1; Group 2 included KMT2A, 
KMT2B, KMT2C, and KMT2D; Group 3 comprised SMYD2 and 
SETD2; and Group 4 included SUV420H1 and SUV420H2 (Figure 
S1). To increase the stringency of our candidates for histone 
mimicry we filtered large-scale proteomic datasets for each of 
the methyltransferases to identify interactors containing their 
respective modifiable SLiM [56]. We identified a total of 802 
distinct proteins that hereafter will be referred to as the motif- 
associated interactome (Table S2). In particular, we found 36 
candidates for SUV420H2 and only 3 for SUV420H1. For 
SUV39H2, we identified 69 interactors, while for SUV39H1, we 
identified a total of 179. Additionally, we found 31 interactors 
for SMYD2, 103 for SETD2, and 72 for NSD1. For the KMT2 
proteins, we identified 149 for KMT2A, 68 for KMT2B, 76 for 
KMT2C, and 89 for KMT2D. Finally, we identified 125 interactors 
for EHMT1 and 213 for EHMT2. Next, we investigated the 

significant enrichment for protein complexes within the motif- 
associated interactome. This analysis is centered on the poten
tial complexes formed by the motif-associated interactome, 
without presuming the presence of the respective lysine 
methyltransferases in these complexes. CORUM enrichment 
analysis revealed two consistent repressive complexes within 
the motif-associated interactome, specifically the C-terminal 
binding protein (CtBP) complex and nucleosome remodeling 
and deacetylation (NuRD) complex (Figure 2(b)). KMT2A was 
the only KMT2 family protein that showed significant enrich
ment for the NuRD complex and was related to the CtBP 
complex through the shared HDAC1 and HDAC2 proteins. In 
contrast, SUV39H1 showed enrichment for the CtBP complex 
and shared the HDAC proteins with the NuRD complex. The 
motif-associated interactome for EHMT1 and EHMT2 showed 
significant enrichment for both the NuRD and CtBP complexes. 
Moreover, both the EHMT2 family (EHMT1 and EHMT2) and the 
SUV39H1 and SUV39H2 methyltransferases from group 1 
showed significant enrichment for the RBL2 complex. The 
enrichment of these complexes as targets of lysine methylation 
may allude to an activation/assembly or deactivation/disassem
bly mechanism that is regulated through lysine methylation. 
For the unique complexes, we found that the motif-associated 
interactome for the KMT2 families included their respective MLL 
complexes. Interestingly, the SUV39 proteins showed significant 
enrichment for the Chaperonin Containing TCP-1 (CCT) com
plex, with all members of this complex containing a modifiable 
motif and interacting with SUV39 KMTs (Figure 2(b)). To our 
knowledge, this is the first description of KMTs being associated 
with a role in de novo protein folding, potentially through 
complex formation or regulation of a chaperonin complex by 
lysine methylation. However, further rigorous research is 
required to confirm the extent of this association. In summary, 
the analysis of the motif-associated interactome uncovered that 
KMTs interact with a variety of proteins known to form signifi
cant functional and biologically relevant complexes. The identi
fication of modifiable SLiMs within these interacting proteins 
suggests that KMTs may play a pivotal role in regulating or 
modulating the assembly, disassembly, or activity of these com
plexes through lysine methylation. This finding highlights an 
emergent property of KMTs, wherein their involvement extends 
beyond direct substrate methylation to influencing broader 
protein complex dynamics. 

3.3. Exploring histone mimicry candidates implicates 
protein-protein regulatory mechanisms by lysine 
methyltransferases

For internal validation, we combined the motif-associated 
interactome with the lysine methylome to match a total of 
70 proteins to their respective KMT based on the lysine methy
lation status and protein-protein interactions that contain 
modifiable SLiMs (Table S3). This list of 70 proteins was con
sidered our final refined set of histone mimicry candidates. We 
took our histone mimicry candidates and generated a gene 
network for visual representation (Figure 3(a)). In Group 1 
(EHMT1, EHMT2, SUV39H1, SUV39H2, and NSD1), we found 
a total of 48 unique histone mimicry candidates. Of these, 
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43.75% (21/48) were identified as candidates for more than 
one of these lysine methyltransferases, likely due to the large 
similarity in protein sequence and substrate specificity, espe
cially between EHMT1 and EHMT2, as well as SUV39H1 and 
SUV39H2, both of which regulate H3K9 methylation. For 
Group 2 (KMT2A, KMT2B, KMT2C, and KMT2D), we identified 
7 proteins. Among these, only NUCKS1 and TAF6 were not 

shared by more than one KMT2 methyltransferase. Group 3 
(SETD2 and SMYD2) was associated with 20 histone mimicry 
candidates. Of these, only P53 was found interacting with both 
SMYD2 and SETD2, showing distinct partners despite both 
being regulators of H3K36. This was expected from our SLiM 
analysis due to the large variation in the modifiable residue 
sequences (Figure 2(a)). Lastly, Group 4 (SUV420H1 and 

Figure 2. Substrate specificity linear analysis highlights potential functional associations and protein complex interactions of lysine methyltransferase candidates. (a) 
Linear motifs of known substrate candidates for 13 KMTs were curated through a literature search, as described in the methods, to generate a SLiM for each KMT. 
The sequence logo representing KMT2 was used for KMT2A, KMT2B, KMT2C, and KMT2D, highlighting conserved substrate recognition patterns among these 
methyltransferases. (b) Protein network showing lysine methyltransferases (KMTs) EHMT1, EHMT2, SUV39H1, SUV39H2, KMT2A, KMT2B, KMT2C, and KMT2D, and 
their motif-associated interactors. The interactors, identified through CORUM as enriched in protein complexes, are linked to the KMTs based on their specific SLiMs. 
KMTs are color-coded to their respective groups: group 1 (blue) includes EHMT1, EHMT2, SUV39H1, and SUV39H2, while group 2 (purple) comprises KMT2A, KMT2B, 
KMT2C, and KMT2D. The network highlights interactions between KMTs and proteins with modifiable SLiMs associated with each specific KMT. Protein complexes 
are represented by colored circles with the names of the complexes listed next to them, the enriched complexes include RBL2 (purple), CtBP (orange), MLL (blue), 
and NuRD (red), which are known for their roles in transcriptional repression, as well as the chaperone complex CCT (green), involved in protein folding. The analysis 
focuses on SLiM-associated interactors and does not include KMTs in the protein complex enrichment analysis.
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SUV420H2) contained only two histone mimicry candidates: 
EEF1A1 and CBX4, with the latter being shared with SUV39H1. 
Interestingly, the largest shared targets from different groups 
were between NSD1 (Group 1) and SMYD2 (Group 3), both of 
which are H3K36 modifiers despite differences in their protein 
sequences. These histone mimicry candidates included MDC1, 
NPM1, ESR1, and CUL4B. CDC73 contained a methylated TK 
motif and interacted with both KMT2C and KMT2A while also 
containing a further methylated H3K9-like motif ‘ARKT’ and 
interacting with SUV39H1. P53 was the only protein observed 
to be a candidate for histone mimicry by the methyltrans
ferases within Groups 1, 2, and 3. Performing a MSigDB ontol
ogy analysis for all candidates found in Groups 1–3 (Group 4 
was excluded due to a lack of candidates) revealed distinct 

biological relevance between the 3 groups of histone mimicry 
candidates. Interestingly, Group 1 was more involved in cell 
cycle molecular systems, while Groups 2 and 3 showed enrich
ment in DNA damage and DNA repair-related systems 
(Figure 3(b)). Understanding the distinct interactions within 
the identified histone mimicry candidates, reveals the poten
tial regulatory influence of lysine methylation, which may act 
as molecular switches on shared targets, modulating key bio
logical processes such as the cell cycle and DNA repair. These 
processes emerge as critical properties of histone mimicry, 
highlighting the broader impact of the investigated lysine 
histone-methyltransferases through non-histone methylation, 
impacting protein dynamics within biological systems. Further 
investigation into these mechanisms could provide valuable 
insights into understanding the full extent of their regulation 
in biological systems.

3.4. Uncovering the role of lysine methyltransferases in 
cancer and cell essentiality through histone mimicry

Recognizing the critical roles of histone mimicry candidates in 
regulating cell cycle and DNA damage/repair pathways, which 
are central to cancer biology, we focused our analysis on 
identifying histone mimicry proteins essential for cell survival 
and frequently mutated in cancer. To derive these cancer- 
related functional insights, we utilized our histone mimicry 
candidates (Table S3) and analyzed their essentiality and can
cer census status. First, we investigated the systemic impact of 
histone mimicry, utilizing the DepMap dataset. This dataset 
contains gene dependency scores of over 17,000 genes across 
1,086 cancer cells obtained from CRISPR screening. Setting 
a gene dependency maximum score of − 1, we identified 
14 histone mimicry proteins as essential for cell survival, 
namely, RPL4, CPSF4, TAF6, CDC73, NXF1, COPS5, SSRP1, NACA, 
CHAF1A, RSL1D1, BRD4, TPX2, CSNK2B and NSL1. All of these 
genes were found to be essential in over 500 different data
sets, underscoring their critical role across multiple cell lines 
and cancer types (Figure 4(a)). Furthermore, using the GDC 
cancer portal, we identified a further 13 proteins that were 
found to be mutated across 6,389 cancer cases and annotated 
as cancer census genes, highlighting that their proteins are 
likely implicated in cancer development and progression 
(Figure 4(b)). Three genes were identified again, CDC73, 
NACA, and BRD4 along with 10 additional genes including 
TP53, KRAS, ATRX, SETD2, RB1, AR, ESR1, EZH2, LMNA and 
BPM1. Further analysis of the 24 histone mimicry candidates, 
which include both proteins essential for cell survival and 
those annotated as cancer census genes, revealed distinct 
functional groups, as represented in Figure 4(c). This included 
BRD4, TP53, RB1, KRAS, CDC73, TPX2, NSL1, CSNK2B, and 
COPS5, all of which are instrumental in regulating cell cycle 
progression and maintaining genomic stability. We also found 
essential cellular DNA repair machinery components, such as 
NPM1, TAF6, LMNA, and ATRX. Moreover, the chromatin remo
delers SSRP1, EZH2, and CHAF1A were also identified among 
these candidates. In addition, NACA, RSL1D1, RPL4, NXF1, and 
CPSF4 emerged as key players in ribosome biogenesis and 
RNA processing. Our analysis also predicted hormone 

Figure 3. Network of histone mimicry candidates are associated with key 
biological pathways. (a) Network visualization of histone mimicry candidates 
generated using Cytoscape. The network displays four groups of lysine methyl
transferases (KMTs) investigated in this study: group 1 (blue) includes EHMT1, 
EHMT2, SUV39H1, SUV39H2, and NSD1; group 2 (purple) consists of KMT2A, 
KMT2B, KMT2C, and KMT2D; group 3 (red) includes SETD2 and SMYD2; and 
group 4 (green) comprises SUV420H1 and SUV420H2. The network illustrates 
the overlap of histone mimicry candidates among the KMT groups, with some 
candidates shared across different groups. Edges are color-coded to indicate the 
association of histone mimicry candidates with specific KMT groups, highlight
ing the common targets among them. (b) MSigDB enrichment analysis of 
histone mimicry candidates reveals significant biological relevance in cell- 
cycle, DNA damage, and DNA repair pathways according to interactions found 
within the grouped KMTs.
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receptors ESR1 and AR as candidates for histone mimicry. 
Thus, the regulation of these previously detected methylation 
marks extends KMT functionality beyond transcriptional reg
ulation through histone methylation to non-canonical 

pathways that regulate normal cell growth and key cancer- 
related proteins. Given that CDC73, BRD4, and NACA were 
found to be essential and mutated in approximately 3%, 4%, 
and 5% of the 6,389 cancer cases analyzed, we conducted 

Figure 4. Internally validated candidates of lysine histone mimicry show relevance in cell survivability and cancer. (a) Graph illustrating essentiality through gene 
dependency scores for 17,386 genes across 1086 cancer cell lines from the DepMap data portal, highlighting the 70 internally validated candidates of histone 
mimicry in red. Genes with a media crispr score below − 1 are classified as essential for cell survival. (b) GDC data portal identified 13 validated candidates of histone 
mimicry defined as cancer-census (genes with causal impacts in human cancer) and found to be frequently mutated across different cancers. (c) Gene network 
depicting 10 of the KMTs (orange) which are potential writers for the remaining 23 internally validated candidates relevant for cell survivability and/or cancer. The 
histone mimicry candidates are grouped based on their molecular functions, illustrating functional relationships and potential pathways involved in cancer biology. 
Graphs show the CNV gains, losses and mutations for CDC73, NACA, and BRD4, which are essential and cancer-related proteins, across three types of cancer (d) 
Breast cancer, (e) Adrenocortical carcinoma, and (f) Uterine corpus endometrial carcinoma.
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further investigations (Figure 4(a,b)). To that end, we utilized 
the Genomic Data Commons (GDC) Data Portal of harmonized 
cancer datasets to investigate the largest gains of copy num
ber variation (CNV) across all represented cancers. This analysis 
revealed an 87% CNV gain for CDC73 in invasive breast carci
noma (Figure 4(d)), whereas BRD4 and NACA exhibited a CNV 
gain of 65% and 78%, respectively, in adrenocortical carci
noma (Figure 4(e)). Finally, using the Uterine Corpus 
Endometrial Carcinoma project dataset, we found NACA was 
mutated in around 14% of cases, followed by BRD4 and 
CDC73 which were observed in just over 13% and 12% of 
cases, respectively (Figure 4(f)). These findings underscore 
the emergent properties of KMT’s through histone mimicry, 
implicating their functions in regulating essential and cancer- 
related proteins through a systemic biological regulatory 
approach. Therefore, understanding the potential regulation 
of these proteins through methylation could be useful in 
exploring alternative methods for targeting these essential 
cancer-related proteins, as well as comprehending the full 
impact of inhibiting their respective KMT in cancer-related 
therapies.

3.5. Molecular dynamics simulation characterizes how 
methylation by histone mimicry impacts the structure 
and biomolecular function of methylated targets

To uncover potential regulatory mechanisms that may be of 
importance in cancer, we focused on the methylation sites 
that have been previously reported [35] and the histone 
mimicry candidates BRD4 and CDC73, due to their essential 
role in cell growth and cancer. Initially, we aimed to character
ize the methylation status of the proteins BRD4 and CDC73, 
focusing on the associated SLiMs and the likely KMTs involved 
in their methylation. To derive functional inferences, we 
employed evolutionary analysis to assess the structural and 
functional importance of the methylated lysine residues, eval
uating their conservation and potential impact on protein 
function and/or structure. Based on the specificity analysis 
from Schuhmacher et al. [51], the di-methylation reported by 
large-scale mass-spec datasets at residues K404 and K406 of 
bromodomain 2 (BD2) in BRD4, which contains the motif 
‘IKSKL,’ is potentially mediated by SETD2. This is due to pre
viously described interactions and the presence of the recog
nizable ‘IK’ pair of residues. However, while SETD2 is primarily 
known for its tri-methylation activity, it has also been 
observed to catalyze de novo mono- and di-methylation 
events that can lead to a tri-methylated lysine mark [70]. 
Therefore, further investigation of these sites is warranted to 
assess their tri-methylation status and gain a comprehensive 
understanding of the methylation dynamics at these residues. 
The authors also acknowledge the similarity to the ‘KSK’ motif 
of the dimethylation KMT SMYD2, suggesting it as another 
potential candidate for methylating these sites (Figure 2(a)). 
Similarly, we predict that the monomethylation observed at 
the K283 residue of CDC73 is likely catalyzed by one of the 
KMT2 proteins, due to the similarity of the K283 SLiM (RTKQP) 
to the H3K4 SLiM ‘RTKQT.’ The K331 residue of CDC73 is likely 
a substrate for SUV39H1 or SUV39H2, based on previously 
identified interactions and the similarity between the SLiM 

‘ARKTQ’ of CDC73 K331 and the H3K9 motif ‘ARKST.’ 
Alternatively, given that the methylation at K331 is mono- 
methylated, it is more plausible that the EHMT proteins, 
which also target H3K9, are involved. However, while the 
datasets used in this study revealed no previous interactions 
between CDC73 and either EHMT1 or EHMT2, their interaction 
has been discussed in the literature [18,71] (Figure 2(a)). Both 
the K283 and K331 residues fall within the hPAF1 binding 
domain of CDC73, suggesting that methylation at these resi
dues may play a role in the assembly or disassembly of the 
PAF1 complex [72]. Thus, to predict the functional and struc
tural relevance of these sites, we performed 3D protein con
servation analysis and observed that both K404 and K406 are 
exposed and highly conserved within BRD4, suggesting that 
they likely play an important functional role for this protein 
(Figure S2A). In contrast, while exposed, the K283 and K331 
residues of CDC73 are located within highly variable and 
intrinsically disordered regions of the protein. (Figure S2B). 
Thus, it is not clear if these sites would impact the function 
and/or structure of CDC73. However, these variable regions of 
CDC73 May result in species-specific functions and thus would 
require further investigation.

Subsequently, we chose to further explore the BD2 domain 
of BRD4, as a case demonstration of the impact of histone 
mimicry methylation, due to the availability of a high- 
resolution experimental structure of this domain in a complex 
with an acetylated peptide, (Foxo3a-K242ac/K245ac), allowing 
us to define changes in reading activities upon methylation 
[73]. By incorporating the experimentally validated methylation 
marks at K404 and K406 into the BRD4 protein in silico, our 
analysis aims to elucidate how methylation at these specific 
lysine residues can alter the structural and dynamic properties 
of the BD2 domain, potentially affecting how this modification 
influences BRD4 and its reader domain’s functional interactions. 
Figure 5(a) shows the structure of the BD2 domain, with the 
inset focused on the region near residues K404 and K406. This 
domain contains four α-helical tufts, referred to as αZ, αA, αB, 
and αC, as well as two interhelical loops, ZA and BC. These 
structures together create a binding region for acetyl-lysine- 
containing peptides docking at one extremity of the helical 
bundle [74]. The ZA loop connects the αA and αZ helices, 
while the BC loop binds αB and αC, forming a hydrophobic 
pocket. This pocket likely stabilizes the left-handed four-helix 
bundle [75]. A highly conserved asparagine residue in the BC 
loop positions itself to create a hydrogen bond with the amide 
nitrogen and the acetyl-lysine carbonyl oxygen [76]. Utilizing 
the PDB 6MNL, we performed molecular dynamics on BRD4, in 
which we observed that the methylated lysine residues 404 and 
406 are found on opposing sides of the αA helix and are 
structurally and dynamically important for the function of the 
BD2 domain (Figure 5(b)). We found that these two residues are 
surrounded by negatively charged or polar residues (Figure 5(a), 
inset). The side chain of K404 is orientated toward the αZ helix 
forming an intra-helical salt bridge with E408. Conversely, the 
side chain of K406 is pointing toward the αB helix forming a salt 
bridge with D421 on the αB helix while also making important 
interactions with E411 and Y412 in the folding region between 
the αA and αB helices. Methylation of K404 and K406 would 
alter the local electrostatic landscape and weaken these non- 
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covalent interactions in the region. In turn, these modifications 
could affect the functional protein-protein and/or protein-DNA 
interactions made by BD2 of BRD4 [77]. Indeed, our MD analysis 
with either mono- or di-methylation on both residues revealed 
that methyl-induced polarization causes a disturbance in the 
local structure and dynamic motions (how the protein’s flex
ibility and conformational changes over time) compared to the 
wild-type (Figure 5(b) and Table S4). The alterations in its 
dynamic fluctuations were more prominent in the region that 
includes the modification sites and extends into the acetylated 
lysine binding pocket as highlighted in red (Figure 5(b)). The 
overall correlation coefficients of the RMSF of the WT replicates 
showed a relatively high correlation coefficient of 0.9, which 
aligns with typical observations in similar experiments compar
ing wild-type or variants [78,79]. The alterations in its dynamic 
fluctuations were more prominent in the region that includes 
the modification sites and extends into the acetylated lysine 
binding pocket as highlighted in red (Figure 5(b)). The overall 
correlation coefficients of the RMSF plots between the native 

and the modified proteins are lower, ranging from 0.72 to 0.86 
for the Di- and Mono-methylated proteins, respectively. The 
differences are more prominent in the region highlighted com
pared to the outside, and they are more salient between the di- 
methylated protein (red line) and the wild-type (blue line). As 
a result, the acetylated lysine (AcLys) interaction free energy 
went down by the methylated proteins (columns E and F of 
Supplementary Table S4). Although the interaction with AcLys- 
only was reduced slightly less for the di-methylated protein, the 
interaction with the entire peptide went down more for the di- 
methylated protein than the mono-methylated protein. As 
a result, its time-dependent interaction with a FOXO3A peptide 
containing an acetylated lysine residue (PDB 6MNL) was mar
ginally reduced (Table S4). These findings demonstrate how 
endogenous histone mimicry, through lysine histone- 
modifying enzymes methylating BRD4 at specific residues, likely 
alters the dynamics of the BD2 domain ultimately impacting its 
reading functions. This occurs by destabilizing local structures, 
such as the inter-helical arrangement and the hydrophobic 

Figure 5. Molecular architecture of the BRD4-BD2 domain is. (a) A ribbon representation of the BRD4-BD2 domain in complex with a FOXO3A acetylated lysine 
(AcLys)-containing peptide (PDB 6MNL). K404 and K406 of BRD4 and the acetylated K424 of FOXO3A are shown as ball-and-sticks. In the magnified window, the 
surrounding negatively charged or polar residues are also highlighted. (b) RMSF plots for the BRD4-BD2 domain (native and modified proteins) in complex with an 
AcLys-containing peptide. The most prominent alterations in the dynamic motions are observed in the region that extends to the AcLys binding pocket (red shaded 
box).’ The affected region is shown in red in the ribbon representation of the structure. The positions of the methylated lysine residues are indicated by arrows.
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pocket formed by the ZA and BC loops. While our results 
demonstrate significant changes in BRD4‘s structure and func
tion due to methylation, further investigation is needed to 
understand how non-histone methylation might influence the 
traditional histone methylation activities of lysine methyltrans
ferases. In conclusion, our molecular dynamics simulations 
demonstrate the emergent properties of lysine methylation in 
the regulation of an essential cancer-related protein. These 
findings highlight the potential broader contributions of the 
lysine methylome to the regulation of protein dynamics, under
scoring the importance of further studies to elucidate these 
complex mechanisms in cancer biology.

4. Discussion

The innovative nature of the current study stems from defining 
and deriving emergent properties from the human lysine methy
lome, the writers of that methylome, and the regulation of 
proteins by histone mimicry, using a systems biology approach. 
In this study, we define the emergent properties of the lysine 
methylome as the complex and far-reaching effects that arise 
when considering lysine methylation within the broader context 
of the cellular system. While methylation on a single protein is 
a straightforward molecular modification, its impact becomes 
significantly more intricate when viewed across the entire pro
teome. The lysine methylome, which comprises methylated 
lysine residues across 15% of the known proteome, exhibits 
properties that extend beyond the sum of individual modifica
tions. These properties emerge from the collective and often 
synergistic effects of methylation on multiple proteins, influen
cing intricate cellular pathways and processes in ways that can
not be predicted by examining a single protein in isolation. By 
regulating interactions between methylated proteins, their bind
ing partners, and subsequent cellular cascades, the lysine methy
lome orchestrates higher-order biological functions (Figure 1(b)). 
This systems-level perspective underscores the dynamic role of 
lysine methylation in cellular regulation, revealing its significance 
in controlling complex molecular systems. In fact, our major 
findings provide the most up-to-date bioinformatics-driven sys
tems biological meta-analysis of the human lysine methylome, 
offering valuable insights into its potential impact on cellular 
regulation. Furthermore, this study underscores the importance 
of understanding these emergent properties, highlighting the 
need for the development of resources to enhance specificity 
and for further research to elucidate the lysine methylome’s role 
in cellular function. In addition, we characterize histone mimicry 
as an emerging regulatory system formed by 13 distinct KMTs, 
selected based on the availability of substrate specificity analysis 
or well-described studies on non-histone substrates. Considering 
the novelty of these discoveries, it becomes important to discuss 
their significance and biomedical relevance.

First, this study highlights the complex and interconnected 
nature of the lysine methylome as a molecular system. Analyzing 
2,869 proteins comprising the lysine methylome, we found signifi
cant enrichment in critical cellular pathways, such as cell cycle, 
DNA repair, metabolism, and signaling pathways (Figure 1(b)). This 
is notable, as many of these methylation marks have been largely 
unexplored. Given their involvement in essential pathways, these 
modifications could be key to controlling molecular systems. 

Methylation marks on non-histone proteins have been shown to 
regulate protein-protein [80] and protein-DNA binding interac
tions [30,81], alter sub-cellular localization [82], influence post- 
translational modification cross-talk [83], activate and stabilize 
proteins [30,84,85], and signal for protein degradation [86]. 
Consequently, a deeper understanding of lysine methylation 
could unveil novel strategies for therapeutic intervention and 
provide insights into the regulation of cellular processes, particu
larly in the context of cancer. One notable example of lysine 
methylation regulating key cancer pathways is SMYD2-mediated 
methylation of K810 on the tumor suppressor retinoblastoma 
protein (Rb), which enhances cell cycle progression in cancer 
cells [32]. Furthermore, cancer-related substrates, such as transcrip
tional regulators p53 [87] and GATA4 [88], as well as signaling 
kinases MAPKAPK3 [89] and AKT1 [90], are reported to substan
tially undergo regulation by lysine methylation. Thus, the current 
study expands upon these examples, underscoring the growing 
role of KMTs in regulating complex cellular processes and main
taining cellular homeostasis.

Subsequently, we defined a motif-associated interactome in 
humans, comprising 802 KMT-interacting proteins with the poten
tial to be methylated through modifiable SLiMs associated with 
their respective KMTs, using a linear sequence-based approach 
(Figure 2(a) and Table S2). To our surprise, even though histone 
methylation has been known since 1964, its extended repertoire of 
regulatory functions has yet to be fully integrated and analyzed 
within a systems biology framework [91–94]. Fortunately, our 
analysis of the motif-associated interactome extends current 
knowledge by revealing that four transcriptional regulatory com
plexes are enriched with modifiable SLiMs and interact with the 
KMTs investigated in this study (Figure 2(b)). This emergent prop
erty suggests that methylation activity or interactions by the KMTs 
may regulate the activity or formation of these complexes. 
Furthermore, we discovered that all members of the CCT complex 
contained modifiable SLiMs and interacted with SUV39H1 and 
SUV39H2, extending the influence of lysine methylation into 
other molecular systems beyond transcriptional regulation 
(Figure 2(b)). Given the critical role of KMTs in cellular regulation 
and cancer, the development of inhibitors targeting these 
enzymes has become a major area of interest in cancer therapeu
tics. Tazemetostat, the only currently FDA-approved KMT inhibitor, 
targets EZH2 in the Polycomb repressive complex 2 (PRC2) and is 
used to treat certain epithelioid sarcoma and follicular lymphoma 
patients [95,96]. While Tazemetostat decreases all methylated 
forms of H3K27, leading to de-repression of PRC2 target genes, 
its effects on non-histone substrates like RORα, STAT3, and GATA4 
remain understudied [96,97]. UNC0638, an EHMT1 and EHMT2 
inhibitor, which is still in its preclinical research phase, reduces 
H3K9 methylation and displays anti-proliferative and anti-cancer 
effects [83–85]. However, despite substantial evidence indicating 
that KMTs can target non-histone substrates and play critical roles 
in the molecular dynamics of these proteins, similar to 
Tazemetostat, research on the therapeutic effects of inhibiting 
KMTs remains limited. Understanding these effects is essential, as 
it could uncover new regulatory functions of lysine methylation 
and broaden the therapeutic potential of the rapidly emerging 
class of KMT inhibitors.

As a next step, we cross-referenced the lysine methylome and 
motif-associated interactome datasets, identifying 70 lysine- 
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methylated proteins with candidate KMTs from our analysis 
(Figure 3(a)). We found that 14 of these proteins are essential and 
13 are classified as cancer census genes, highlighting the critical 
role of these proteins in maintaining cellular homeostasis. Notably, 
we identified three proteins BRD4, CDC73, and NACA that are 
essential for cell survival and classified as cancer census genes, 
underscoring the potential role of KMTs in regulating cancer- 
related pathways beyond histone methylation (Figure 4(a,b)). We 
found that BRD4 contained lysine methylation at two sites, K404 
and K406. Both sites are within the acetylation-reading domain of 
BRD4, BD2, known to bind H4K12ac, as well as non-histone pro
teins, such as acetylated FOXO3A. Interestingly, the K404 site has 
also been observed to be ubiquitinated, suggesting that this lysine 
may be involved in a post-translational molecular switch poten
tially driving different regulatory mechanisms. For CDC73, we 
observed marks of methylation and ubiquitination at both K283 
and K331 sites of CDC73, alluding to another potential molecular 
switch mechanism. However, K283 also undergoes SUMOylation. 
Moreover, K283 is located within the Paf1 complex binding 
domain and is near two tyrosine sites, Y290 and Y293, which, 
when dephosphorylated by SHP2, which results in CDC73 convert
ing from a tumor suppressor to an oncogenic driver [98]. These 
modifications demonstrate the important regulatory mechanism 
of this region and suggests potential crosstalk between methyla
tion and phosphorylation, a phenomenon often observed with 
histones [99].

Lastly, utilizing an established model of the BRD4 BD2 domain 
in complex with the acetylated FOXO3A peptide, we demon
strated how both mono- and di-methylation at K404 and K406 
can alter the functional and structural dynamics of BRD4 (Figure 5 
(a,b)). Our simulations revealed that mono- and di-methylation at 
these sites disturbs the local structure and dynamic motions, 
impacting the acetyl-lysine binding pocket without being directly 
within it (Figure 5(b) and Table S4). This potential allosteric regu
latory mechanism induced by lysine methylation at K404 and K406 
offers important knowledge when considering future therapeutic 
options. As most inhibitors of BRD4 target both BD1 and BD2 [100], 
regulating this region with lysine methylation at sites within 
BD2 has the potential to disrupt the reading activity of BRD4. 
This would include altering the acetylated FOXO3A/BRD4 interac
tion, which is known to upregulate genes like CDK6, promoting 
drug resistance in cancers like breast cancer [73]. However, further 
research is needed to fully elucidate and validate this mechanism. 
Thus, in summary, the current study extends our knowledge of the 
emergent properties of the molecular system formed from histone 
mimicry and the landscape of interactions regulated by lysine 
methylation. In addition to mechanistic relevance, the data 
described here has particular relevance to therapeutics and should 
be taken into consideration when evaluating the additional effects 
of KMT inhibitors.

5. Conclusion

In conclusion, this study significantly enhances our understand
ing of the lysine methylome and its emergent properties within 
the broader context of cellular systems. By defining the intricate 
interplay between lysine methylation, histone mimicry, and the 
regulatory networks involving key proteins across various 

cellular pathways, we have highlighted the complex and 
dynamic role of lysine methylation in cellular regulation. The 
findings underscore the importance of considering the lysine 
methylome as a comprehensive system that extends beyond 
individual protein modifications, influencing critical processes 
such as DNA repair, cell cycle progression, and cellular signaling. 
This systems biology approach reveals the potential for devel
oping targeted therapeutic strategies, particularly in the context 
of precision oncology, by identifying key regulatory pathways 
that can be modulated through KMT inhibitors. The study also 
emphasizes the need for further research to explore the broader 
impact of lysine methylation on non-histone proteins and to 
validate the potential therapeutic implications of these findings. 
Overall, this work provides a foundational framework for future 
investigations into the regulatory mechanisms of the lysine 
methylome and its relevance to disease and therapy.
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