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Abstract
Lysine methylation, catalyzed by protein lysine methyltransferases (PKMTs), is a central post-translational modification 
regulating many signaling pathways. It has direct and indirect effects on chromatin structure and transcription. Accumulating 
evidence suggests that dysregulation of PKMT activity has a fundamental impact on the development of many pathologies. 
While most of these works involve in-depth analysis of methylation events in the context of histones, in recent years, it has 
become evident that methylation of non-histone proteins also plays a pivotal role in cell processes. This review highlights the 
importance of non-histone methylation, with focus on methylation events taking place in the nucleus. Known experimental 
platforms which were developed to identify new methylation events, as well as examples of specific lysine methylation 
signaling events which regulate key transcription factors, are presented. In addition, the role of these methylation events in 
normal and disease states is emphasized.

Keywords Post-translational modifications (PTMs) · Protein lysine methyltransferases (PKMTs) · Lysine methylation · 
Non-histone methylation · Methylation signaling

Introduction

Reversible, covalent post-translational modifications 
(PTMs), such as phosphorylation, acetylation and methyla-
tion, are critical modulators of many biological processes 
[1]. While phosphorylation is the most extensively studied 
PTM to date, lysine methylation is emerging as a key player 
in the regulation of various cellular processes [2, 3]. Meth-
ylation of lysine residues is driven by protein lysine (K) 
methyltransferases (PKMTs), which catalyze the transfer 
of a methyl group from the methyl donor, S-adenosylme-
thionine (SAM), to the target lysine [4, 5]. Two groups of 
PKMTs are known; the first group contains a catalytic SET 
domain [SU(var), enhancer of Zeste and Trithorax] [4, 6–8], 
while the second group belongs to the seven-β-strand (7βS) 
family found in eukaryotes, prokaryotes and archaea [9–11].

A lysine residue can be mono-, di- or tri-methylated 
(Fig. 1a). Each state of methylation creates a unique sig-
nature that can act to recruit specific trans-acting factors 
(“readers”), then triggering specific downstream signaling 
pathways [12] (Fig. 1b). Methylation was initially discovered 
by Richard Abler and Maurice Rees in 1959, on flagellin 
from the bacterium Salmonella typhimurium [13]. Methyla-
tion of histones was discovered just 5 years later, by Mur-
ray [14]. In recent years, most of the focus of methylation 
research has been on histone methylation and less on the 
methylation of non-histone proteins. This is likely due to the 
relatively slow progress in the development of adequately 
sensitive quantitative proteomics tools for identification of 
new methylation events on non-histone proteins, as well 
as their lower overall methylation abundance compared to 
histones.

Detection of lysine methylation

“Phosphorylome” and “acetylome” are terms commonly 
used to define the organism-specific protein repertoire which 
is subjected to phosphorylation and acetylation, respectively. 
However, attempts to define the “methylome” associated 
with different cellular and physiological processes have been 
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limited by both the relatively small molecular mass shift 
(14 Da) and the lack of a dramatic charge difference between 
an un-methylated and methylated residue. The importance 
of lysine methylation in diverse cellular processes has high-
lighted the need to develop reliable approaches and experi-
mental platforms to identify new methylation events.

Candidate‑based approaches

The most straightforward approach uses radioactively 
labeled SAM, which enables the detection of methylated 
substrates (peptides and full-length proteins) in in vitro 
methylation assay (Fig. 2A) [15]. Potential pitfalls of this 
approach are nonspecific binding of SAM and the fact that 
this approach does not indicate which amino acid undergoes 
methylation, as, in addition to lysines, arginine, histidine, 
aspartate and glutamate as well as the N terminus of proteins 
are potential targets for methylation [10, 16–18]. Pan-methyl 
antibodies are also widely used to identify new methyla-
tion events (Fig. 2B) [19]. However, these antibodies suffer 
from poor selectivity, resulting in cross-reactivity with other 
modifications [20], low sensitivity and low reproducibility 
between different lot numbers. Site-specific antibodies raised 
against a specific methylation site are essential to decipher 
the physiological consequences of a given methylation 
event; however, their specificity remains to be validated and 
working conditions should be optimized.

SAM serves as a universal methyl donor and leads to 
the generation of S-adenosylhomocysteine (SAH) follow-
ing methylation. Therefore, many efforts focusing on the 
development of quantitative assays for PKMT activity rely 
on the detection of methylated products or on the formation 
of SAH (Fig. 2C). SAH detection assays, which were sum-
marized by Shechter et al. [21], have the advantage of pro-
viding a general methylation detection method, regardless of 
the nature of the protein or DNA acceptor [21–29]. Most of 
these assays enable Michaelis–Menten (MM) kinetic analy-
sis of the catalytic activity of PKMTs for mechanistic studies 
and some can be adapted for high-throughput screening for 
the discovery of novel PKMT inhibitors.

High‑throughput approaches

Usage of peptide and protein arrays (Fig. 2D) provides an 
efficient means of screening thousands of potential candi-
date substrates in an un-biased manner. The detection is 
performed either by antibodies, radiolabeling with tritium-
labeled SAM or with methyl-lysine-binding domains. In the 
peptide array approach, a library of random peptides span-
ning a fixed consensus sequence or a free lysine is incubated 
with a given PKMT. Bioinformatics and structural analyses 
are then performed to predict new substrates, which are 
further validated at the protein level, both in vitro and in 
cells [30–36]. We recently developed an in vitro proteomic 
approach using ProtoArrays, to identify novel substrates of 

Fig. 1  Lysine methylation-associated signalling. a Chemical structure 
of lysine and its methylated derivatives—a hydrogen moiety on the 
lysine side chain with one (me1), two (me2) or three (me3) methyl 
groups (shown in red). b The scheme depicts a methylation-associ-

ated signalling cascade by which a given PKMT (x, y and z) meth-
ylates a repertoire of substrates, which are recognized by different 
“readers”, which then transduce diverse biological signals
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the SETD6 and SETD7 PKMTs. The system contains over 
9500 highly purified recombinant human proteins, expressed 
in insect cells as N-terminal GST-fusion proteins, which are 
immobilized at spatially defined positions on nitrocellulose-
coated glass microscope slides. The arrays are subjected to 
on-chip PKMT reactions, followed by detection either with 
a pan-methyl antibody that recognizes methylated proteins 
or with a tritium-radiolabeled SAM [20].

Mass spectrometry is the approach most commonly used 
to identify new methylations across the proteome, as well 
as the precise site and state (mono, di or tri) of methylation; 
yet, the approach requires an enrichment step (Fig. 2E) [37, 
38]. Ong and Mann were the first to suggest the usage of 
commercially available pan-methyl antibodies to enrich sam-
ples for methylated proteins for mass spectrometry-based 
analyses [39, 40]. Later, Garcia et al. developed pan-specific 
methyl-lysine antibodies that were used for immunoprecipi-
tation experiments followed by mass spectrometry, which 
initially identified 552 [41] and later 1000 [42] new methyla-
tion events across the proteome. At about the same time, a 
different set of a pan-methyl antibodies was raised against 
a peptide library containing mono-, di- and tri-methylated 
peptides. In HCT116 cells, these antibodies enabled identi-
fication of more than 150 new methylation sites [43].

Methyl-lysine-binding readers (Fig. 2E) were recently 
applied to enrich samples for methylated proteins prior to 

mass spectrometry analysis. The malignant brain tumor 
(MBT) domain of the protein L3MBTL1, which recognizes 
mono- and di-methylated proteins, was utilized to enrich 
methylated proteins in a stable isotope labeling with amino 
acids in cell culture (SILAC) approach [44] and was used 
to identify new substrates for G9A, G9a-like protein (GLP) 
[32] and SETMAR [45] from cell extracts. In a similar 
approach, the chromodomain of HP1β was used to enrich 
for methylated proteins and led to the discovery of 29 new 
methylated proteins [46]. Methylated proteins can also be 
enriched using chemical methods, which exploit bioorthogo-
nally reactive chemical moieties, such as azide or alkine, 
which enable the attachment of affinity tags in place of the 
methyl group [47–51].

Methylation of non‑histone substrates 
in the nucleus

Accumulating evidence has indicated that lysine methylation 
is essential for the regulation of various signalling pathways. 
The remaining sections of this review will concentrate on 
proteins which are methylated in the nucleus, with focus on 
transcription factors (TFs). When possible, the biological, 
functional and biochemical consequences of the presented 
nuclear factor methylation are discussed.

Fig. 2  Detection of lysine methylation. The most common 
approaches to identify new methylation events  are presented. The 
scheme is divided into candidate-based (top part) and high-through-
put (bottom part) experimental platforms (see text for details). A 
Radioactive in  vitro methylation assay in the presence of tritium-
labeled SAM (3H), PKMT and a substrate of interest. B Recognition 

of a methylated substrate with a pan-methyl antibody. C Different 
assays for the detection of methylated products which rely on the for-
mation of S-adenosylhomocysteine (SAH). D Usage of peptide and 
protein arrays for screening thousands of potential candidate sub-
strates in an un-biased manner. E Few examples of enrichment steps 
required for mass spectrometry-based approach (see text for details)
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p53

The tumor suppressor p53, an extensively studied TF, with 
key roles in the transcriptional regulation of many cellu-
lar programs in response to a variety of genotoxic stresses, 
has been shown to be methylated on several lysines, by dif-
ferent PKMTs. p53 mono-methylation by SETD7 at K372 
increases p53 stability as well as the expression of p53 tar-
get genes and apoptosis [52]. Several years after this dis-
covery, K372me1 (K369 in mouse) was shown to prevent 
p53 acetylation at K317, K370 and K379 [53], all of which 
are important sites of p53 regulation [54, 55]. Interestingly, 
K372 methylation by SETD7 also inhibits SMYD2-medi-
ated mono-methylation of p53 at K370, which was shown 
to repress p53 transcriptional activity [56]. Lysine-specific 
histone demethylase 1 (LSD1), which demethylates p53 at 
K370, displays a strong in vivo preference for p53K370me2 
than for K370me1 [57]. Mechanistically, K370me2 methyla-
tion promotes the association between p53 and the coactiva-
tor p53-binding protein (53BP1) through the tandem Tudor 
domains in 53BP1, leading to p53 activation. During gene 
repression, LSD1 prevents the accumulation of K370me2 by 
demethylating the site, and preventing 53BP1 from binding 
to methylated p53 [57]. Methylation of p53 at K373 and 
K382 was also shown to regulate p53 cellular activity. p53 
methylation at K373 by G9A and GLP inhibits pro-apoptotic 
p53 activity [58]. Methylation of p53 at K382 by SETD8 
inhibits its transcriptional activity [59] through the recruit-
ment of the transcriptional repressor L3MBTL1 to p53 
target gene promoters [60]. In contrast, the Tudor domain 
of PHF20 was shown to directly bind p53K370me2 and 
p53K382me2, and to positively regulate p53 stability and 
activity [61]. In addition, SETD8-mediated di-methylation 
of NUMB, which associates with p53 at K158 and K163, 
was suggested to lead to enhanced p53 ubiquitylation and 
degradation [62]. Several years later, an extensive study by 
the Jeltsch group showed that NUMB is not a substrate of 
SETD8 in vitro, but concluded that in vivo SETD8 methyla-
tion of NUMB cannot be ruled out [63].

Beta‑catenin

β-Catenin is a transcription regulator of a wide range of tar-
get genes and plays an important role in cell proliferation, 
cell fate determination, and tumorigenesis of many cancer 
types. Methylation of β-catenin at K180 by SETD7/9 inter-
feres with the interaction between β-catenin and GSK3β, 
and thus decreases β-catenin stability under oxidative stress 
conditions [64]. SMYD2-mediated K133 methylation of 
β-catenin promotes its interaction with the transcription fac-
tor FOXM1, enhancing its nuclear translocation and facili-
tating its activation of Wnt downstream genes [65]. In two 
sequential papers [66, 67], Zaph et al. showed that SETD7 

is part of a complex containing YAP, AXIN1 and β-catenin. 
The authors showed that SETD7-dependent methylation of 
YAP at K494 facilitates Wnt-induced nuclear accumulation 
and activation of β-catenin target genes. Furthermore, we 
have recently shown that SETD6 participates in the canoni-
cal Wnt signaling cascade by forming a complex with PAK4 
(p21-activated kinase 4) and β-catenin at the chromatin, 
leading to the activation of β-catenin target gene transcrip-
tion [68]. Taken together, these observations suggest that 
β-catenin activity can be mediated by direct and indirect 
methylation events, leading to the assembly of different 
protein complexes which govern precise transcriptional pro-
grams. Future studies are still required to determine whether 
functional cross-talk exists between the different PKMTs 
(SMYD2, SETD6 and SETD7) and whether they affect for-
mation of β-catenin transcriptional complexes.

RelA

RelA, also known as p65, serves as the major subunit of 
NF-κB, which is a TF that regulates multiple biological 
functions including inflammation, immunity and cell prolif-
eration. Apoptosis and concomitant deregulation of NF-κB 
signaling are linked to many human diseases, such as cancer 
and autoimmune disorders [69–71]. In recent years, several 
studies have shown that RelA is methylated at different posi-
tions by different PKMTs (Fig. 3a). In response to TNF-α 
induction, SETD7 methylates RelA at K37, increasing its 
promoter-binding activity, leading to the subsequent activa-
tion of a subset of NF-κB target genes [72]. In contrast, mon-
omethylation of RelA by SETD7 at K314 and K315, inhibits 
its activity by inducing the proteasome-mediated degrada-
tion of promoter-associated RelA [73]. These two conflict-
ing studies suggest that additional regulatory mechanisms 
mediate these opposing biological downstream effects. 
Stark et al. demonstrated that RelA methylation at K218 
and K221 by NSD1 increases RelA transcriptional activity 
in response to cytokine stimulation [74]. The group identi-
fied the F-box and leucine-rich repeat protein 11 (FBXL11) 
as the demethylase acting on RelA. They demonstrated that 
FBXL11 and NSD1 function as an enzyme pair regulating 
RelA transcriptional activity through reversible lysine meth-
ylation/demethylation of these residues. We have previously 
shown that SETD6 mono-methylates RelA at K310, which 
represses RelA transcriptional activity in the absence of 
stimulation [75–78]. More specifically, RelAK310me1 leads 
to the constitutive repression of RelA target genes by recruit-
ment of GLP, which catalyzes H3K9me2 and leads to chro-
matin silencing and gene repression. In response to stimula-
tion with TNF-alpha and lipopolysaccharide (LPS), RelA 
is phosphorylated at serine 311 (RelAS311ph) by protein 
kinase C (PKC)ξ, which physically blocks the interaction 
between GLP and RelAK310me1, resulting in transcription 
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activation [78]. Taken together, NF-κB activity is intricately 
regulated by lysine methylation of RelA, in a positive or 
negative manner, depending on the methylation site.

RB and E2F1

RB is a chromatin-associated protein that inhibits the tran-
scription of cell cycle genes in the G1–S transition phase, 
primarily through the repression of E2F1. CDK-mediated 
phosphorylation of RB relieves its inhibition of E2F1, 
enabling cell cycle progression [79–81]. Given their sub-
stantial role in cell cycle progression, the cellular func-
tions of both RB and E2F1 are tightly regulated by many 
post-translational modification, such as phosphorylation, 
acetylation, SUMOylation, ubiquitination, and methylation 
[82]. SMYD2 methylates RB at K860 during re-entry into 
the cell cycle, which, in turn, facilitates direct interaction 
between RB and the methyl-binding protein L3MBTL1 [83]. 
In contrast, in various cancer cell lines, SMYD2-driven RB 
methylation at K810 enhances Ser 807/811 phosphoryla-
tion of RB, resulting in promotion of cell cycle progres-
sion by E2F1 [84]. Interestingly, a year earlier, the same 
group had shown that MYPT1, a known regulator of RB 
Ser 807/811 phosphorylation, is regulated by the balance 
between K442 methylation and demethylation by SETD7 
and LSD1, respectively [85]. This observation added another 
layer to the coordinated and tight regulation of RB activity 
during the cell cycle.

Kontaki et al. discovered a dynamic interplay between 
SETD7 and LSD1 in the methylation of E2F1 at K185. 
After DNA damage, methylated E2F1 is less stable and is 
prone to ubiquitination and degradation, due to inhibition 
of E2F1 acetylation and phosphorylation [86]. In contrast, 
Yuan et al. showed that K185 methylation by SETD7 leads 
to E2F1 stabilization and upregulation of its pro-apoptotic 
target genes, p73 and Bim. They suggested that LSD1 is 
the active K185 demethylase [87]. The precise downstream 
effect of K185me1 remains an open question and requires 

further study. A key point in such studies is elucidation of 
the cross-talk between E2F1 methylation and other modifica-
tions regulating E2F1 and perhaps also RB activity.

Nuclear receptors

Nuclear receptors (NRs) are a family of TFs that regulate 
numerous physiological processes such as cell differentia-
tion, development, inflammation, proliferation and metabo-
lism [88, 89]. In recent years, accumulating evidence has 
indicated that many NRs are modified by numerous PTMs, 
including methylation, and have also shown a direct link 
to the pathophysiological progression of many diseases 
[90–92]. Oestrogen receptor alpha (ERalpha) was shown 
to be di-methylated at K235 by G9A. Recognition of the 
methylated residue by the Tudor domain of PHF20 results 
in recruitment of the MOF HAT complex to ERalpha target 
gene promoters, leading to the activation of transcriptional 
programs which are essential for the proliferation and sur-
vival of ER-positive breast cancer cells [93]. ERalpha is also 
a target for methylation at K302 by SETD7, which leads to 
its activation [94]. Interestingly, a breast cancer-associated 
mutation at K303 was shown to increase K302 methylation 
[94]. In addition, K266 of ERalpha is directly methylated by 
SMYD2. Upon oestrogen stimulation, the K266 methyl mark 
is removed by LSD1, resulting in efficient ERalpha activa-
tion [95]. The crystal structure of SMYD2 in complex with 
a target K266 ERalpha peptide was shown in a later work 
[96]. Taken together, three lysines on ERalpha are targeted 
for methylation by three different PKMTs (Fig. 3b). Two 
(K235 and K302) are positive regulators, while K266 is a 
repressive mark. It would be interesting to test if the two 
activating marks co-exist or whether sequential methylation 
is required for fine-tuning of ERalpha activity in response 
to stimulation.

The androgen receptor (AR) is methylated by SETD7 at 
K630, which results in enhanced AR transcriptional activ-
ity in several kidney and prostate cell lines [97]. At the 

Fig. 3  Lysine methylation signalling mediated by writers, erasers and 
readers for the transcription factors RelA (a), Erα (b) and HIF1 (c). 
PKMTs are represented in light gray, erasers are in dark gray and the 

readers are in purple. The methylated residue numbers are also indi-
cated. Green and red arrows represent a positive or a negative effect 
on the transcription factor, respectively



2878 D. Levy 

1 3

same time, another report showed that AR is methylated by 
SETD7 at K632, which led to receptor activation by facili-
tating both inter-domain communication between the N- 
and C-termini and its recruitment to androgen-target genes 
[98]. While the methylation site in these two reports was 
different, both were within the KLKK motif, which is similar 
to other SETD7 target sequences. Thus, it seems that differ-
ences between reports may reflect variations in experimen-
tal procedures or low specificity of analytical approaches. 
In any case, the discrepancy between them remains to be 
resolved.

Oxidative stress‑related transcription factors

HIF1 is a key TF, with hundreds of target genes that con-
trol many aspects of cell biology, including oxidative stress 
response, angiogenesis, metabolism and stem cell pluripo-
tency [99]. Like many other TFs, HIF1 activity is modulated 
by numerous PTMs, including methylation (Fig. 3c). Liu 
et al. reported that SETD7 methylation of HIF1α at K32 and 
of HIF-2α at K29 negatively regulates their transcriptional 
activity [100]. Another group confirmed that HIF1 is meth-
ylated by SETD7 at K32 [101], a site which falls within the 
consensus SETD7 methylation sequence defined earlier by 
several groups [33, 102]. LSD1 was shown to reverse HIF-1 
methylation and increase its stability [101]. These observa-
tions were further validated by generation of a HIF-1 meth-
ylation-deficient knock-in mouse, which showed enhanced 
retinal angiogenesis, tumor growth and angiogenesis via 
HIF-1alpha stabilization [101]. Interestingly, SETD7 was 
also shown to di-methylate HIF-1 at K391, with hydroxyla-
tion at P402/564 being a prerequisite for this methylation. 
Lee et al. suggested that a conformational change of HIF1α 
upon hydroxylation might enable SETD7 recognition of this 
HIF1α methylation site [103]. As in the case of K32 mono-
methylation [101], LSD1 is the active K391 demethylase. 
These reports provide further support of a model in which 
LSD1 also directly suppresses HIF1α hydroxylation which is 
required for SETD7-dependent methylation [103]. Recently, 
HIF1 was shown to be mono- and di-methylated at K674 by 
G9A and GLP, which led to decreased HIF-1 transcriptional 
activity and to expression of a subset of HIF-1 downstream 
target genes in glioblastoma multiforme (GBM) cells. This 
cascade resulted in inhibited GBM cell migration under 
hypoxia [104]. It seems that the dynamic interplay between 
the different HIF1 sites targeted for methylation (K32, K391 
and K672) by three different PKMTs (SETD7, G9A and 
GLP) and by demethylating activity of LSD1 plays a pivotal 
role in the cellular response to hypoxia.

Several reports have highlighted the methylation of 
additional non-histone substrates which are important for 
the delicate regulation of hypoxia. For example, under 
hypoxic conditions, reptin, a chromatin remodelling factor, 

is methylated by G9A at K67, which leads to downregulation 
of the transcription of hypoxia-responsive genes via recruit-
ment of a repressive complex including HDAC1, to a subset 
of hypoxia-responsive target promoters [105]. The methyla-
tion of FOXO3 at K270 by SETD7 inhibits the activation of 
the pro-apoptotic gene Bim, resulting in negative regulation 
of apoptosis in neurons [106]. Interestingly, K271, which 
is adjacent to K270 was also shown to be methylated by 
SETD7. K271me decreases FOXO3 protein stability, while 
moderately increasing its transcriptional activity [107]. It 
remains to be determined how K270 and K271 methylation 
events affect FOXO3 activity and whether it is specific to 
cell type or to target gene type. We have recently shown that 
FOXM1, which, like FOXO3, belongs to the Forkhead box 
superfamily, is targeted for methylation by SETD3, which 
modulates its regulation of VEGF expression [108]. Under 
basal conditions, FOXM1 methylation by SETD3 at the 
chromatin inhibits VEGF activation. In response to hypoxia, 
SETD3 and FOXM1 levels are reduced, leading to decreased 
interaction with FOXM1, dissociation of both SETD3 and 
FOXM1 from the VEGF promoter and de-repression of 
VEGF transcription [108]. Similar results were observed 
during hypoxic pulmonary hypertension in rats [109], fur-
ther supporting the functional interplay between SETD3 and 
FOXM1 under oxidative stress conditions. The poly (ADP-
ribose) polymerase 1 (PARP1—also known as ARTD1), 
which catalyzes the poly-ADP-ribosylation of proteins 
using NAD+, was shown to be methylated by two different 
PKMTs, each targeting a different lysine. More specifically, 
SMYD2 mono-methylates PARP1 at K528, which is located 
in the protein’s catalytic domain, enhancing PARP1 activ-
ity after oxidative stress [110]. Similarly, SETD7-dependent 
methylation of PARP1 at K508 triggers PARP1 recruit-
ment to DNA damage sites and also enhances its enzymatic 
activity following oxidative stress [111]. Future research is 
required to understand if SMYD2 and SETD7 work inde-
pendently under different cellular conditions or in concert.

Other non‑histone nuclear protein 
methylation substrates

In addition to the major transcription factors discussed 
above, several other non-histone nuclear proteins, displaying 
a wide variety of cellular functions, were shown to be meth-
ylated. The transcription factor STAT3 was shown to be di-
methylated at K140 by SETD7 and demethylated by LSD1. 
This methylation destabilizes STAT3 tyrosine phosphoryla-
tion, thereby negatively regulating STAT3-dependent tran-
scription of certain genes [112]. Phosphorylation of EZH2 at 
S21 was shown to enhance STAT3 tri-methylation at K180 
by EZH2 and its activation in glioblastoma stem cells [113]. 
K49 di-methylation by EZH2 was shown to activate STAT3 
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in response to IL6 stimulation [114]. It was also suggested 
that STAT3 is methylated by SMYD2 at K685 in renal cyst 
growths; however, it remains to be determined if this is a 
direct or indirect methylation event, as no in vitro methyla-
tion assay with recombinant proteins was performed [115].

The hedgehog signalling pathway regulates the activity 
of several proteins, including Gli3 [116]. The transcription 
factor Gli3 is methylated by SETD7 at K436 and K595, 
leading to its increased stability and resulting in enhanced 
hedgehog pathway signalling. Furthermore, this methylation 
event was shown to contribute to non-small cell lung cancer 
growth and metastasis, both in vitro and in vivo [117]. The 
transcription factor GATA4, a key regulator of heart devel-
opment in mice and humans [118], was shown to be methyl-
ated at K299 by EZH2, which inhibited its transcriptional 
activity [119]. The transcription factor interferon regulatory 
factor 3 (IRF3), essential for innate antiviral immunity, is 
mono-methylated by NSD3 at K366, which upregulates its 
transcription activity upon viral infection [120].

The splicing regulator RBM25 is mono-methylated at 
K77, by a yet unidentified PKMT. K77me1 abrogates its 
interaction with the splicing factor SRFS2 [121]. Using a 
quantitative proteomic analysis-based method, Carlson et al. 
identified that the splicing factor snRNP70 is mono-meth-
ylated by SETMAR at K130 [45]. The specific downstream 
roles of methylated RBM25 and snRNP70 remain elusive, 
but are likely related to the regulation of alternative splicing.

Methylation of non-histone proteins has also been impli-
cated in the regulation of DNA replication. The replication 
regulator PCNA [122] is di-methylated by EZH2 at K110, 
which was shown to stabilize the PCNA trimer complex, 
increasing its binding affinity to the polymerase POLδ, and 
leading to efficient replication [123]. PCNA is also methyl-
ated by SETD8 at K248 [124], enhancing its interaction with 
FEN1, which has important functions in Okazaki fragment 
ligation during replication [125]. FEN1 was shown to be 
mono-methylated by SETD7 at K377 during S phase. How-
ever, this methylation event had neither an impact on the 
protein’s flap activity, nor an impact on its interaction with 
key partners during replication, such as PCNA [126]. EGFR 
mono-methylation at K721 by NSD3 was recently shown to 
enhance its interaction with PCNA, leading to accelerated 
DNA replication in squamous cell carcinoma of the head and 
neck (SCCHN) cells [127].

DNMT1 encodes the maintenance DNA methyltrans-
ferase (DNMT) and is responsible for the methylation of 
hemimethylated CpG sites shortly after DNA replication. 
Regulation of DNMT1 stability was shown to be mediated 
by several enzymes. Methylation of K142 on DNMT1 by 
SETD7 leads to DNMT1 degradation [128], which can 
be blocked by phosphorylation of DNMT1 at Ser143 by 
AKT1 kinase [129], and can be removed by LSD1 [130, 
131]. An elegant interplay between methyl-lysine-binding 

proteins was shown to regulate the downstream conse-
quences of DNTM1 methylation at K142. The MBT domain 
of PHF20L1 specifically binds K142me1 and inhibits 
DNMT1 ubiquitination and degradation [132]. In con-
trast, the MBT domain of L3MBTL3 binds K142me1 and 
recruits CRL4 ubiquitin ligase to degrade DNMT1. In fact, 
L3MBTL3 is required for DNMT1 proteolysis triggered 
by LSD1 or PHF20L1 deficiency in a cell cycle-dependent 
manner [130]. DNMT1 was also shown to be methylated 
in vitro at K70 by G9A; however, the biological signifi-
cance of this methylation event remains to be determined 
[35]. UHRF1 interaction with DNMT1, which leads to its 
recruitment to DNA and stimulation of DNA maintenance 
activity [133, 134], was suggested to be partly mediated 
by methylation of the DNA ligase 1, LIG1. LIG1 methyla-
tion at K126 by G9A/GLP enables recruitment of UHRF1 
via it Tudor domain, to replication foci, leading to efficient 
methylation maintenance [135]. Interestingly, G9A showed 
a higher affinity for the tri-methylation of the activating tran-
scriptional factor 7-interacting protein (ATF7IP) at K16 in 
mouse embryonic stem cells compared to K126 di-methyla-
tion of LIG1 [136], which supports the notion that different 
substrates are methylated in different ways in different bio-
logical contexts. In addition to the regulation of DNMT1 by 
lysine methylation, the de novo methyltransferase DNMT3a 
is di-methylated by G9A/GLP at K44 in mouse and at K47 in 
human. DNMT3aK44me2 is specifically recognized by the 
chromodomain of MPP8, which results in a repressive chro-
matin state with H3K9me and DNA CpG methylation [137].

There are several examples of lysine methylation of pro-
tein members of the basal eukaryotic transcription complex. 
TAF10, a component of the general transcription factor 
TFIID complex, is mono-methylated by SETD7 at K189. 
This event increases the affinity of the interaction of TAF10 
with RNA polymerase II, which can partly explain the result-
ant stimulatory effect on transcription [102, 138]. In addi-
tion, TAF7, another subunit of the same complex, was shown 
to be methylated, in vitro, at K5 by SETD7 [102]; however, 
additional studies are required to determine whether it is also 
methylated in cells and if it has any effect on TFIID cellular 
functions. Elongin A, which is part of the elongation com-
plex that interacts with the phosphorylated form of the RNA 
polymerase II C-terminal domain (CTD) [139, 140], was 
identified as a substrate of EZH2 within the PRC2 complex. 
Elongin A mono-methylation at K754 results in transcrip-
tional downregulation of target genes in mouse embryonic 
stem (mES) cells [141].

Future perspectives

The growing breadth of the known methylome landscape 
is expanding our understanding of the significant contri-
bution of methylation events in regulation of the cellular 
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activity of non-histone proteins involved in a broad spec-
trum of cellular and developmental processes, with direct 
and indirect effects on human pathologies. While this 
review focused on lysine methylation events in the nucleus, 
this PTM has been observed in other cellular compart-
ments as well, as summarized by others [38, 142–147].

The potential role of lysine methylation as a central 
PTM underscores the need for the development of technol-
ogies to study it. As described in this review, the research 
community is reaching the point at which advanced exper-
imental platforms will enable identification and precise 
mapping of thousands of potential new methylation events. 
One of the main bottlenecks in this field is translation of 
these data into a practical understanding of the underlying 
biology. The vast complexity of the biological processes 
integrating such events requires a synchronized set of sig-
nals, which is partly achieved by the individual methyla-
tion event and its cross-talk with others. As described in 
this review, proteins can be targeted for methylation at the 
same residue by different PKMTs and under distinct physi-
ological settings, all leading to diverse biological effects. 
Moreover, there are examples of PKMTs which trigger 
opposite functional outcomes in a single protein. To fully 
understand the biology behind lysine methylation, meth-
ylation events must be viewed in the context of an entire 
signalling pathway mediated by writers, erasers and read-
ers, with a precise biological end-point. Many challenges 
remain, including resolution of several important ques-
tions: (1) what are the upstream signals (cell stimulation, 
protein–protein interaction, microRNA, etc.) that control 
the dynamics and kinetics of a given methylation event and 
regulate the enzymatic activity of the enzymes that add 
and remove the methyl mark? (2) Which effector proteins 
read the methylation marks and transduce them to down-
stream outputs? (3) How are specific readers recruited to a 
defined methylated residue in a complex cellular structure 
in different cells/tissue under dynamic cellular physiologi-
cal changes? Addressing these critical questions and others 
will not only be a seminal contribution to our understand-
ing of lysine methylation per se, but will also provide a 
remarkable opportunity to integrate knowledge on lysine 
methylation-associated signalling with the accumulated 
knowledge on other cellular signalling processes in human 
health and disease.
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