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Abstract

Protein post-translational modifications (PTMs) have emerged to be combinatorial, essential mechanisms used by eukaryotic
cells to regulate local chromatin structure, diversify and extend their protein functions and dynamically coordinate complex
intracellular signalling processes. Most common types of PTMs include enzymatic addition of small chemical groups resulting in
phosphorylation, glycosylation, poly(ADP-ribosyl)ation, nitrosylation, methylation, acetylation or covalent attachment of com-
plete proteins such as ubiquitin and SUMO. Protein arginine methyltransferases (PRMTs) and protein lysine methyltransferases
(PKMTs) enzymes catalyse the methylation of arginine and lysine residues in target proteins, respectively. Rapid progress in
quantitative proteomic analysis and functional assays have not only documented the methylation of histone proteins post-
translationally but also identified their occurrence in non-histone proteins which dynamically regulate a plethora of cellular
functions including DNA damage response and repair. Emerging advances have now revealed the role of both histone and non-
histone methylations in the regulating the DNA damage response (DDR) proteins, thereby modulating the DNA repair pathways
both in proliferating and post-mitotic neuronal cells. Defects in many cellular DNA repair processes have been found primarily
manifested in neuronal tissues. Moreover, fine tuning of the dynamicity of methylation of non-histone proteins as well as the
perturbations in this dynamic methylation processes have recently been implicated in neuronal genomic stability maintenance.
Considering the impact of methylation on chromatin associated pathways, in this review we attempt to link the evidences in non-
histone protein methylation and DDR with neurodegenerative research.
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FTD Frontotemporal dementia

FUS/TLS Fused in sarcoma/
Translocated in liposarcoma

FXS Fragile X syndrome

FXTAS Fragile X-associated
Tremor/Ataxia syndrome

GAR/RGG Glycine-and-arginine-rich

GG-NER Global genomic nucleotide excision repair

HD Huntington’s disease

HP1 Heterochromatin protein 1

HR Homologous recombination

IMIC Jumonji domain-containing

MCSZ Microcephaly with seizures

MMA/Rmel Monomethylated arginine

MMR Mismatch repair

MREI11 Meiotic recombination 11

mtDNA Mitochondrial DNA

NBS Nijmegen breakage syndrome

NER Nucleotide excision repair

NFT Neurofibrillary tangles

NHE] Non-homologous end joining

PAD Protein arginine deiminases

PD Parkinson’s disease

PKMT Protein lysine methyltransferases
PNKP Polynucleotide Kinase/Phosphatase
PRMT Protein arginine Methyltransferases
PTMs Post translational modifications
ROS Reactive oxygen species
RTS Rothmund-Thomson syndrome
SCANI1 Spinocerebellar ataxia
with axonal neuropathy
SDMA/Rme2s  Symmetric dimethylarginine 4
SSB Single strand breaks
TC-NER Transcription coupled nucleotide
excision repair
TDP1 Tyrosyl DNA-phosphodiesterase 1
TDP-43 TAR DNA binding protein-43
TOP1 Topoisomerase 1
TOPlcc TOP1 cleavage complex
TTD Trichothiodystrophy
UBAP2L Ubiquitin-associated protein 2-like
VHL von Hippel-Lindau
XP Xeroderma pigmentosum
WS Werner syndrome
Introduction

The precision and accuracy in the intracellular process of the
repair of damaged nuclear and mitochondrial DNA is critical
in maintaining the genomic integrity aiding in the survival of
all organisms. Any irregularity in maintenance of genome
stability and pathways ensuring it, result in a spectrum of
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human disorders with developmental defects, neurodegenera-
tion, immune deficiency, premature aging, or cancer. The as-
sociation between increase in DNA damage and decreased
repair efficiency with neurodegenerative disease and prema-
ture aging has been well documented in literature (Borgesius
et al. 2011; Hegde et al. 2017). In response to various endog-
enous and exogenous DNA damage, cells rapidly activate
DNA damage response (DDR) mechanisms to channel the
lesions into specific DNA repair pathways and further coordi-
nate with cell cycle progression and apoptosis (Ciccia and
Elledge 2010; Polo and Jackson 2011). Current status of the
DDR molecular mechanisms has been extensively reviewed
in many of the literature precedence (Branzei and Foiani 2008;
Jackson and Bartek 2009; Raschella et al. 2017). The DNA
damage-induced post translational modifications (PTMs) of
chromatin associated histones and non-histone proteins are
critical components of DDR machinery and proven to be sig-
nificant to facilitate the accurate repair of the damaged DNA
strand (Lukas et al. 2011; Gong and Miller 2019).
Predominant PTMs being displayed by proteins under DNA
damaging conditions include Phosphorylation,
Ubiquitylation, SUMOylation, Acetylation, Methylation, and
PARylation (Polo and Jackson 2011; Dabin et al. 2016). The
intricate control of chromatin modifications that modulate
DDR are available in the recent reviews (Polo and Almouzni
2015; Dabin et al. 2016; Gong and Miller 2019; Kim et al.
2019).

Progressive neuronal cell loss is a pathological hallmark of
many neurodegenerative disorders including Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD) and Amyotrophic Lateral Sclerosis (ALS). Although
most neurodegenerative diseases are heterogeneous, genetic
mutations resulting in defective DNA repair, mitochondrial
dysfunction, and metabolic stress act in tandem with environ-
mental factors and ageing to contribute to the pathogenesis.
Neurons are very sensitive to DNA damage due to high oxi-
dative metabolism and the lower capacity to neutralize reac-
tive oxygen species. Since the oxygen consumption of brain is
high (about 20% of total oxygen consumed), rapid change in
the chromatin architecture has a vital role to play in DDR to
encounter the persistent oxidative damage to the neuronal ge-
nome (Hegde et al. 2017). The free radicals generated as a
result of high oxidative load and cellular metabolism in the
brain can cause many different types of DNA damage includ-
ing deleterious DNA breaks and protein-DNA cross links that
can block the active transcription and induce genomic insta-
bility and neuronal cell death (McKinnon 2009).

Methylation of lysine and arginine residues in proteins play
key roles in modulating cellular response to DNA damage
(Gong and Miller 2019). Multiple lines of evidence indicate
that proteins involved in both the arms of cellular response to
DNA damage, DNA repair and cell death pathways, un-
dergoes extensive and dynamic methylation (Peng and
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Wong 2017; Zhang et al. 2018). In general, many methyltrans-
ferase enzymes modify both histone and non-histone proteins,
and often in DDR, both these modifications cross talk in a
well-coordinated manner to regulate DNA damage signalling
cascades. While it was demonstrated that the fine balance of
dynamic methylation of histone proteins effectively modu-
lates the chromatin dynamics during DDR, emerging data
imply that methylation of non-histone proteins could also
have penetrating implications in neuronal DDR and pathogen-
esis of neurodegenerative disease. The consequence of defec-
tive methylation in DDR are just beginning to be understood
in proliferating cells, mostly in the context of cancer, while
their roles in modulating DDR in neuronal cells still remaining
ambiguous. A lot of futuristic insight is needed to test whether
such non-histone methylations perform identical functions in
post-mitotic neuronal cells. The current review will focus on
the emerging field of non-histone lysine and arginine methyl-
ation in regulating DNA damage response and DNA repair in
neuronal cells, and their implications in neurodegenerative
diseases.

DNA damage response in neuronal cells

DDR is achieved through the simultaneous collaborative ac-
tions of multiple checkpoint and repair proteins that detect the
damage, remodel the chromatin, coordinating the repair with
cell cycle progression, inducing apoptosis, autophagy, or se-
nescence, if the damage is left unrepaired (Harper and Elledge
2007; Soria et al. 2012). Patients with genetic mutations in
many DNA repair factors show common symptoms of
neurodevelopmental abnormalities, in addition to cancer pre-
disposition, suggesting important roles of these factors in neu-
ronal genomic stability maintenance during both
neurodevelopment and in the maturation of neuronal cells
(Hegde et al. 2017). Specialized DDR and repair pathways
are activated in response to different kinds of lesions, their
locations in genome and the cell cycle phase at which such
lesions appear. Consistent with this, the DNA repair mecha-
nisms in the neuronal progenitor cells and mature neurons
differ owing to the difference in their DNA replication, cell
division, homologous recombination repair, and apoptotic sta-
tus (McKinnon 2013). Therefore, because of their longer life
span, mature neuronal cells with defective DNA repair ma-
chinery appears to be more susceptible to cell death as a con-
sequence of endogenous DNA damage. Additionally, DNA
damage may also be a by-product of glutamate receptor acti-
vation as evidenced by the presence of YH2AX, a marker
associated with DNA damage and repair (Crowe et al.
2006). Recently, defects in RNA-DNA hybrid (R-loop) pro-
cessing machinery and RNA processing factros has also been
inplicated in the progression of a number of neurodegenera-
tive diseases (Loomis et al. 2014; Lim et al. 2015). In the

subsequent sub-sections, the neurodegenerative diseases
resulting from the mutations in various DNA repair factors
will be discussed.

Double strand break repair and neurodegenerative
diseases

Although DNA double strand breaks (DSB) can be repaired
by accurate homologous recombination (HR) pathways, non-
homologous end joining (NHEJ) pathway operates in the ma-
ture nervous system (Lieber et al. 2003). Mutations in the
NHEJ factor, Ligase IV, showed developmental and growth
delay, and some clinical features similar to the one found in
Nijmegen breakage syndrome (NBS). These mutations either
affect the enzymatic activity or interactions XRCC4 with oth-
er repair factors (O’Driscoll et al. 2001). Severely impaired
neurological functions were observed in patients with mutant
DNA-PKc (Woodbine et al. 2013). Neurodegeneration is a
major clinical feature in ataxia-telangiectasia (A-T) where
the DNA double strand break signalling serine/threonine ki-
nase, Ataxia-Telangiectasia Mutated gene (ATM), is mutated
(Savitsky et al. 1995). Mutations in the DNA damage signal-
ling MRN complex (MRE11/RAD50/NBS1) lead to genomic
instability disorders: Nijmegen breakage syndrome (NBS),
and ataxia-telangiectasia like disease (ATLD) with prominent
clinical features of microcephaly (Carney et al. 1998; Varon
et al. 1998; Stewart et al. 1999). The single strand break and
replication stress sensor kinase, ATR (Ataxia Telangiectasia
and Rad3-related) associated mutations lead to Seckel syn-
drome (O’Driscoll et al. 2003). It was reported that ATM
recruits huntingtin protein to the site of DNA damage where
it acts as a scaffold protein for the repair of oxidative stress
induced damage (Maiuri et al. 2017). Consistent with this,
Huntington’s Disease (HD) patients show defective repair,
chromatin modification and DNA methylation patterns
(Horvath et al. 2016).

Base excision repair and single strand break repair
in neurodegenerative diseases

Damage to only one DNA strand leading to single-strand
breaks (SSB), is also a common DNA lesion occuring due to
the direct effects of ROS or indirectly as an intermediate dur-
ing DNA base excision repair (BER) (Poletto et al. 2017). A
series of neurodegenerative and neurodevelopmental disor-
ders has been identified in BER and single strand break repair
protein defects. Mutations in tyrosyl DNA-phosphodiesterase
1 (TDP1), aprataxin (APTX) and polynucleotide kinase/
phosphatase (PNKP) results in Spinocerebellar Ataxia with
Axonal Neuropathy (SCAN1), Ataxia-Ocular motor apraxia
1 (AOA1), and Microcephaly with Seizures (MCSZ) or
Ataxia-ocular motor Apraxia 4 (AOA4), respectively (Bras
et al. 2015; Ceccaldi et al. 2016; Date et al. 2001; Hoch
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et al. 2017; Moreira et al. 2001; Takashima et al. 2002).
Mutations in XRCCl, a scaffold protein involved in SSB re-
pair, were reported in cerebellar ataxia too (Hoch et al. 2017).

Necleotide excision repair and neurodegenerative
diseases

Both global genome nucleotide excision repair (GG-NER)
and transcription coupled NER (TC-NER) are active in brain
as the mutations in the proteins involved in these pathways
leads to various neurodevelopmental manifestations
(McKinnon 2013). Mutations in GG-NER factors are impli-
cated in human syndrome Xeroderma pigmentosum (XP).
Defective TC-NER machinery results in
Trichothiodystrophy (TTD), Cockayne Syndrome (CS), and
infantile lethal cerebro-oculo-facio-skeletal syndrome
(Kraemer et al. 2007; Laugel et al. 2010; McKinnon 2013;
Hashimoto et al. 2016).

Mutations in RNA processing factors
and neurodegenerative diseases

Aicardi-Goutiéres syndrome (AGS) results from mutations in
genes encoding proteins TREX 1 (AGS1), RNase H2 (AGS2,
3 and 4) and SAMHDI1 (AGSS). The mis-incorporated ribo-
nucleotide triphosphates (rNTPs) into DNA are removed by
rNTP excision repair proteins, TREX1 and RNase H2.
Mutations in these genes in AGS cells results in increased
RNA:DNA hybrid (R-loops) and epigenetic changes includ-
ing decreased DNA methylation (Lim et al. 2015).

Mitochondrial DNA repair and neurodegenerative
diseases

Damage to mitochondrial genome is also common, as it is the
major site for ROS generation and dysfunctional mitochondria
have been identified as a major cause of neurodegeneration
(de Souza-Pinto et al. 2008). Active DNA repair mechanisms
are required to safeguard mitochondrial DNA. Most of the
nuclear DNA repair mechanisms exist in mitochondria due
to the import of repair enzymes to mitochondria (Zinovkina
2018). Increasing evidences suggest that aberrant processing
of mitochondrial DNA damage is indeed an important causal
factor in many human diseases. Interestingly, a link between
reactive oxygen species (ROS) mediated mitochondrial dam-
age was implicated in aging and in the pathogenesis of neu-
rodegenerative disease such as PD (Zinovkina 2018). Adding
on, mutations in mitochondrial DNA (mtDNA) can lead to
mitochondrial dysfunction and cell death as seen in cases of
AD and PD (de Souza-Pinto et al. 2008; Bender et al. 2006).
Hence, it is also important in the future to address the mito-
chondrial dysfunction that leads to neuropathology of human
syndromes resulting from DNA repair defects.
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Now it is clear that most proteins involved in DDR and
repair are regulated by multiple PTMs and their complex cross
talk with each other (Dantuma and van Attikum 2016).
Therefore, in addition to the presence of intact DNA repair
proteins, the appropriate repair of damaged DNA also requires
multiple PTMs including methylation (Jackson and Durocher
2013; Brinkmann et al. 2015; Polo and Almouzni 2015;
Dantuma and van Attikum 2016; Dhar et al. 2017).
Consistent with this, defect in the PTMs pathways could con-
tribute to the pathogenesis of neurodegenerative diseases sim-
ilar to the one observed in the respective DNA repair gene
mutation. In this context, we will highlight the current under-
standing of the roles played by both arginine and lysine meth-
ylation in neuronal genome stability maintenance in the next
sections.

Protein methylation and DNA damage
response

The histone and non-histone protein methylations together
play important roles in maintaining the genomic stability by
persuading the DDR pathway choice and repair. Protein argi-
nine methyltransferases (PRMTs) and protein lysine methyl-
transferases (PKMTs) are responsible for the methylation of
arginine and lysine residues in target proteins, respectively.
Although many of the methylation sites in non-histone pro-
teins were identified by proteomic approaches, future studies
are necessary to determine their precise roles in DNA damage
response and downstream signalling. Here we will highlight
various arginine and lysine methylated DDR and cell cycle
factors and their possible implications in neurodegenerative
disorders.

Arginine methylation

Arginine methylation is a ubiquitous PTM and about 1% of
arginine in proteins is found getting methylated (Bulau et al.
2006). Furthermore, immunoaffinity purification coupled
with mass spectrometry identified monomethylated arginine
in more than 3000 proteins (Guo et al. 2014; Larsen et al.
2016). As arginine residue is an important regulator of
DNA-protein and protein-protein interactions, methylation
can greatly influence DNA damage response and repair. The
nine Protein Arginine Methyltransferase (PRMT) found in
mammalian cells are further classified into three sub-types.
Type I PRMTs (PRMT1-4, PRMT6, and PRMTS) produce
asymmetric dimethylarginine (ADMA/ Rme2a). Type II
PRMTs (PRMTS5 and PRMTY) catalyse the formation of sym-
metric dimethylarginine (SDMA/Rme2s). The only member
in Type III (PRMT?7), class catalyse the monomethylation
(MMA/Rmel) reaction (Morales et al. 2016; Lorton and
Shechter 2019). The most common amino acid sequences
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where arginine is methylated is the Glycine-and-arginine-rich
(GAR/RGG) motifs. Methylation was also observed in motifs
in which two arginine residues separated by another amino
acid (RXR) motif or regions with disordered/low structural
complexity (Geoghegan et al. 2015; Nott et al. 2015). The
arginine methylation can be reversed by the action of
demethylases or protein arginine deiminases (PADs) (Bicker
and Thompson 2013). Additionally, few Jumonji domain-
containing (JmjC) lysine demethylase enzymes also remove
methyl group from arginine residues. However, how the ac-
tivities of various PRMTs and demethylases are synchronized
under different cellular conditions are not understood yet.

Arginine methylation of DNA double-strand break (DSB)
repair proteins

DNA double strand processing proteins like 53BP1 (p53 bind-
ing protein), MRE11 (Meiotic recombination 11), and
BRCAT1 (breast cancer susceptibility protein) are dimethylated
on arginine residues by PRMT1 (Table 1). DNA binding ac-
tivity of 53BP1 is enhanced by the methylation of RGG motifs
and stimulation of NHEJ pathway. The binding of 53BP1 to
dsDNA break simultaneously inhibit the MRE11 binding and
processing of DNA ends and thereby inhibiting HR mediated
repair (Boisvert et al. 2005b). This 53BP1 methylation may be
significant in mature neuronal cells owing to the obligatory
dependence of post mitotic cells on the NHEJ pathway for
DSB repair. Methylation of MRE11 by PRMT1 promote both
DNA end resection activity and activation of the DNA dam-
age checkpoint signalling protein, ATR, to initiate repair by
HR pathway (Boisvert et al. 2005a; Yu et al. 2012). Currently,
it is unclear why the same PRMT1 enzyme methylate two
critical factors involved in alternative pathways of DSB repair
and whether this type of methylation is distinctively regulated
in different tissues. The DNA binding activity of another DSB
repair factor, BRCAL, is altered by methylation of RXR mo-
tifs present at the DNA binding region to regulate both

transcription and tumor suppressor function (Guendel et al.
2010). However, whether this methylation of BRCA1 has
any role in brain cells is not understood or studied yet. The
clues obtained from such studies on proliferating cancer cells
provide an opportunity to determine how their activity impart
on the neuronal DDR and cell death pathways.

Symmetric dimethylation of RUVBLI1 (Resistant to ultra-
violet B-like protein 1) by PRMTS5 plays important roles
switching NHEJ to error-free HR during S/G2 phase of the
cell cycle (Clarke et al. 2017). RUVBLI is a coactivator of
Histone H4 acetyltransferase TIP60. Mechanistically, acety-
lated Histone H4 (H4K16ac) prevents the binding of NHEJ
factor 53BP1 to the DSBs and allows the HR pathway to
repair the break. The hnRNPULL is recruited to the DNA
DSBs by interacting with NBS1 protein present in the MRN
complex (Polo et al. 2012). This recruitment is important for
the DNA end resection pathway required for the repair of the
breaks by HR. Methylation of hnRNPUL1 by PRMT1 was
shown to be required for their recruitment to chromatin and
DDR functions (Gurunathan et al. 2015). It appears that argi-
nine methylation of RUVBL1 and hnRNPUL1 may be signif-
icant in neuronal cells as the mature neurons depends on HR
pathway for the DSB repair. Moreover, since these factors
regulate transcription and many neurodegenerative disease
show problems in resolving R-loops (see section 3.1.2); future
studies addressing these aspects is expected to provide how
these factors and their arginine methylation is important in
neuronal genome stability maintenance.

Mutation in tyrosyl-DNA phosphodiesterase 1 (TDP1) has
been linked to Spinocerebellar ataxia with axonal neuropathy
(SCAN1). TDPI is involved in the repair of single strand
breaks created by topoisomerase 1 (Topl) enzyme. PRMT5
mediated methylation of TDP1 is important for the repair of
TOP1 associated DNA damage. Failure in the ligation of
TOPI1 cleaved DNA may result in deleterious covalently
bound DNA-TOPI cleavage complex (TOPlcc) that block
replication fork and transcription. These TOPcc road blocks

Table 1 Arginine methylated

proteins involved in DDR and cell Protein Arginine (R) residue methylated PRMT Reference

cele 53BP1 R1398, R1400, R1401 PRMT1 (Boisvert et al. 2005b)
MREI11 R566, R600 PRMT1 (Boisvert et al. 2005a)
BRCA1 R residues between 504 and 802 PRMTI1 (Guendel et al. 2010)
RUVBLI R205 PRMTS5 (Clarke et al. 2017)
TDP1 R361, R586 PRMTS (Rehman et al. 2018)
hnRNPUL1 R584, 5618, R620, R645, R656 PRMT1 (Gurunathan et al. 2015)
TOP3B R833, R835 PRMT1,3,6 (Huang et al. 2018)
DDX5 R502 PRMTS (Mersaoui et al. 2019)
KLF4 R417, R419, R420 PRMTS (Hu et al. 2015)
FENI R192 Unknown (Guo et al. 2010).
RAD9 R172, R174, R175 PRMTS (He et al. 2011)

@ Springer



36

Urulangodi M., Mohanty A.

are cleaved by TDP1 and the arginine methylation enhances
its activity (Rehman et al. 2018). It is likely that, in addition to
TDP1 mutation, any imbalance in its methylation could also
results in SCANI.

Arginine methylation and RNA-DNA hybrid (R-loops)
associated genomic instability

R-loops are three stranded structure composed of RNA-DNA
hybrid and the displaced single stranded DNA, formed phys-
iologically during the transcription (Aguilera and Garcia-
Muse 2012). Although R-loops can positively influence gene
expression, DNA replication, and DNA repair, it can also
induce genomic instability (Alzu et al. 2012; Stirling et al.
2012). Even though RNA helicases, RNase H, and topoisom-
erase can dissolve the RNA-DNA hybrids under physiological
conditions, persistent R-loops can cause DNA breaks and lead
to both nuclear and mitochondrial genomic instability
(Skourti-Stathaki et al. 2011; Wahba et al. 2011; Silva et al.
2018). Mechanistically, activation-induced cytidine deami-
nase (AID) can act on the cytosine residues to form uracil on
the displaced single stranded DNA in R-loops that are further
processed by the BER enzyme, uracil DNA glycosylase, gen-
erating single-stranded DNA breaks (Basu et al. 2011). In
particular, the R-loops are associated with several repeat-
expansion associated neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS) frontotemporal dementia
(FTD), Friedreich ataxia (FRDA), fragile X syndrome (FXS),
and fragile X-associated tremor/ataxia syndrome (FXTAS)
(Haeusler et al. 2014; Loomis et al. 2014; Groh et al. 2014).
There are about 40 repeat associated human disorders are re-
ported and it is not clear yet whether R-loops are involved in
all these disease pathogenies (Groh et al. 2014). Since repeats
can affect movement of RNA polymerases, it is likely that R-
loops formed could be a common pathogenic mechanism in
those diseases as well. Genetic mutations in the R-loop pro-
cessing factors have been implicated in a large number of
motor neuron diseases (Perego et al. 2019). In addition, tran-
scription associated RNA splicing issues seen in repeat dis-
ease could also induce genomic instability, either directly or
indirectly as seen in the case of myelodysplastic syndromes
(Chen et al. 2018). Mammalian Topoisomerase 3B (TOP3B)
is involved in resolving both negatively supercoiled DNA and
R-loops formed by the RNA polymerase II transcription
(Yang et al. 2014). TOP3B is methylated by PRMT1, 3, and
6 at the GAR motif (Huang et al. 2018). Methylation deficient
mutant of TOP3B showed reduced activity and increased R-
loops, in vitro. These results suggest that methylation of
TOP3B may be an important factor involved in preventing
R-loop mediated genomic instability. The RNA helicase,
DDXS5 was reported to unwind the RNA-DNA hybrids.
Arginine methylation of DDX5 by PRMTS is important for
its association with XRN2 exonuclease and thereby suppress
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R-loop accumulation and genomic instability (Mersaoui et al.
2019). Considering the important roles played by R-loops
processing factors in many neurodegenerative diseases, un-
derstanding their regulation by methylation or together with
other PTMs may help to provide the molecular mechanism of
pathogenesis and possible identification of therapeutic targets.

Arginine methylation and stress granules dynamics

The cytoplasmic stress granules (SG) are composed of un-
translated mRNA, ribosomal subunits, elFs, and various ag-
gregated proteins. PTMs such as methylation and
ubiquitination are shown to be involved in regulating SG dy-
namics. Mutations in TDP-43 and FUS/TLS gene was identi-
fied in familial form of Amyotrophic Lateral Sclerosis (ALS)
and frontotemporal lobar degeneration (FLTD). In the pa-
tient’s brain, stress granules with mutant TDP-43, FUS/TLS,
and heavily ubiquitinated proteins were detected (Neumann
etal. 2006; Cairns et al. 2007; Kwiatkowski et al. 2009; Vance
et al. 2009). PRMT1 was found in complex with TDP43 and
FUS/TLS in the stress granules (Yamaguchi and Kitajo 2012)
(Table 2). TDP-43 is recruited to the DSB and act as a scaffold
protein for the NHEJ factor, XRCC-Ligase 4 complex (Mitra
etal. 2019; Guerrero et al. 2019). FUS mediate the recruitment
of XRCC1/DNA Ligase III to the oxidatively damaged DNA
that is required for the ligation of DNA breaks (Wang et al.
2018; Wang and Hegde 2019). It still eludes the researchers as
to whether arginine methylation play any direct role in regu-
lating TDP-43 or FUS functions in RNA/DNA binding and
DNA repair activity. Recently, the arginine methylated FUS/
TLS was shown to be involved in the stress granule clearance
by autophagy (Chitiprolu et al. 2018). Another factor involved
in the assembly and disassembly of stress granules is the
ubiquitin-associated protein 2-like (UBAP2L). PRMT1
mathylates the RGG motif present in the UBAP2L (Huang
et al. 2019). PRMT7 mediated methylation of elF2«x is also
important for stress granule formation (Haghandish et al.
2019). It will be interesting to study in the future to see the
contribution of methylation of on stress granule dynamics and
whether this can be modulated therapeutically to control the
progression of neurodegenerative diseases.

Arginine methylation of cell cycle regulators and their
cross-talk with other PTMs

KLF4 is a short-lived transcription factor involved in DDR,
cell cycle progression and apoptosis. Under physiological
conditions the KL4 is regulated by E3 ubiquitin ligase VHL
(von Hippel-Lindau) mediated proteasomal degradation
(Gamper et al. 2012). However, upon DNA damage, KLF4
is methylated by PRMTS5 to inhibit the ubiquitination and
degradation that in turn arrests cell cycle and apoptosis by
increasing the expression of p21 (Hu et al. 2015).
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Table 2  Arginine and lysine methylated proteins implicated in Neurodegeneration

Protein Amino acid residue PRMT/PKMT Reference

Arginine methylation
FUS/TLS Unknown PRMTI1 (Yamaguchi and Kitajo 2012)
C/EBP«x R35, R156, R165 PRMTI1 (Liu et al. 2019)
FOXO1 R248, R150 PRMT1 (Yamagata et al. 2008)
elF2a R52, R53, R54, R56 PRMT7 (Haghandish et al. 2019)
PTEN R159 PRMT6 (Feng et al. 2019)

Lysine methylation
Tau K163, K174, K180, K254, K267, K290 Unknown (Thomas et al. 2012)
Tau K24, K44, K67, K190, K259, K267, K290, Unknown (Thomas et al. 2012)

K311, K317, K353, K385

ERa K302 SET7/9 (Subramanian et al. 2008)
ER«x K266 SMYD2 (Jiang et al. 2014)
ER«x K235 G9a/GLP (Zhang et al. 2016)
HSPAI1A (HSP72) K561 SETDIA (Cho et al. 2012)
HSPA1, HSPAS, HSPAS K561 METTL21A (Cho et al. 2012)
ANT K52 FAMI173A (mitochondrial) (Malecki et al. 2019)
AKT K140K142, K64 SETDBI (Guo et al. 2019)
AKT K64 SETDBI1 (Wang et al. 2019)

A crosstalk between methylation and phosphorylation has
been reported in the flap endonuclease FEN1. Methylated
FENI1 attenuates the nearby phosphorylation site to facilitate
binding to PCNA to regulate replication and repair (Guo et al.
2010). Rad9 (9—1-1 complex) is a conserved multifaceted protein
involved in both DNA repair and cell cycle progression
(Lieberman 2006). Methylation of Rad9 by PRMTS is critical
for its role in both DNA repair and checkpoint activation (He
etal. 2011).

Methylation of p53 by PRMTS and its interaction with
methylated p300/CBP (methylation by CARM1) is involved
in cell cycle arrest during DDR (Lee and Stallcup 2011). p53
is also highly methylated at lysine residues and regulated mul-
tiple signalling pathways (discussed in section 3.2.1). The
basic leucine zipper (bZIP) family of transcription factor, C/
EBP« is an inhibitor of cell division. C/EBP« is highly mod-
ified with various PTMs including phosphorylation, acetyla-
tion, SUMOylation, and methylation. All these modifications
affect DNA-binding ability or interacting with other proteins.
Methylated C/EBP« inhibit the binding of HDAC3 and de-
repress Cyclin D1 that eventually leads to cell proliferation
(Liu et al. 2019). How the multiple PTMs present in C/
EBP« influence each other is not clearly understood.

The forkhead transcription factors of class O (FOXO1) is
methylated by PRMT1 and it prevent its degradation by pro-
teasome through the inhibition of AKT mediated phosphory-
lation and subsequent inhibition of apoptosis under oxidative
damage (Yamagata et al. 2008). Additionally, AKT functions
are also known to be regulated by lysine methylation (see

below). Tumor suppressor protein PTEN is methylated by
PRMT6 and modulate pre-mRNA alternate splicing (Feng
et al. 2019). Although, the role of these factors in DDR and
cell cycle factors and their methylation in proliferating cells
are studied in detail, their underlying consequences in neuro-
nal cells are still not lucidly outlined yet.

Lysine methylation

Bulk of the literature report the implications of lysine methylation
of histones associated with cancer. In addition to altered histone
lysine methylations resulting in dysregulated gene expression
proven to be detrimental to brain cells; quite a large number of
non-histone lysine methylation have also been observed playing
critical role in the pathogenies of neurodegenerative disease
(Tables 2 and 3). The mono, di or tri methylation of lysine resi-
dues on these proteins is carried out by two classes of PKMTs:
(a) SET domain and (b) Non-SET domain containing PKMTs.
Whereas, a set of 50 SET domain containing proteins with not so
clear functions have been identified in humans with the existence
of non-SET domain enzymes like DOTI1L, METTL,
METTL21A, and CaM KMT seen to be belonging to
Seven-3-strand (73S) family of lysine methylases (Del Rizzo
and Trievel 2014; Falnes et al. 2016; Hamamoto et al. 2015).
The mono and di methyl lysine residues are removed enzymat-
ically by the demethylases (KDMs), Lysine-Specific
Demethylase (LSD1/KDM1A) and LSD2 (KDM1B) and
demethylases harboring Jumonji-C (JmjC) domain remove all
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Table 3 Lysine methylated non-

histone proteins involved in Protein Lysine (R) residue methylated PKMT Reference

DDR, cell proliferation, and cell

death pathways p> K382 SETDS (Shi et al. 2007)
p¥ K372 SETD7 (Chuikov et al. 2004)
p* K370 SMYD2 (Huang et al. 2006)
p> K373 G9a/GLP (Huang et al. 2010)
E2F1 K185 SET9 (Xie et al. 2011)
RB K810/K873 SET7/9 (Saddic et al. 2010)
RB K860 SMYD2 (Carr et al. 2014)
DNA-PKc K1150, K2746, K3248 Unknown (Liu et al. 2013)
KU80 K7 Unknown (Liu et al. 2013)
UHRF1 K385 SET7 (Hahm et al. 2019)
SUV39H1 K105, K123 SET7/9 (Wang et al. 2013a)
{3-catenin K180 SET7/9 (Shen et al. 2015)
PARP1 K528 SMYD2 (Kassner et al. 2013)
PARP1 K508 SET7/9 (Piao et al. 2014)
PCNA K248 SETS (Takawa et al. 2012)
Radl8 - SETDIA (Alsulami et al. 2019)
SIRT1 K233, K235, K236, K238 SET7/9 (Liu et al. 2011)
FOXO03 K270 SET9 (Xie et al. 2012)
HSP90ABI1 K531 K574 SMYD2 (Hamamoto et al. 2014)
HSP70 K561 SETDIA (Cho et al. 2012)

three types of methylated lysine residues (Shi and Tsukada 2013;
Agger et al. 2007; Whetstine et al. 20006).

Lysine methylation of proteins involved in DNA repair
and cell cycle regulation

The cellular functions of tumor suppressor protein, p53, is
regulated by various PTMs including methylation of multiple
lysine residues (Table 3). Both the stability and transcription
activity of p53 is enhanced by SETD7 mediated methylation
of lysine 372 (Chuikov et al. 2004) restricting the localisation
of p53 at the nucleus. Lysine 370 methylation of p53 by
(SMYD?2) play important roles in cell cycle regulation and
apoptosis (Huang et al. 2006). K370 methylation was shown
to decrease the transcriptional activity of p53 (decreased
CDKNI1A expression) and increased apoptosis.
Mechanistically, the double strand break repair factor,
53BP1, through their Tudor domains interact with K370
dimethylated p53 and increase p53 function that eventually
induce apoptosis (Fig. 1). Consistent with this, the
demethylase LSD1 can demethylate and repress the activity
of p53 modulating the regulation of p53 activity. Additionally,
K372 methylated p53 inhibits the binding of SMYD?2 and
decreased methylation of K370 (Huang et al. 2006). Another
p53 methylation K382 by SETDS was reported to inhibit the
transcription activity of p53 in cancer cells (Shi et al. 2007).
K373 dimethylation by G9a/Glp methylase was also reported
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to regulate the tumor suppressor activity of p53 (Huang et al.
2010). The arginine methylation of 53BP1 (PRMT1 mediat-
ed) increase their affinity for DNA and thus helps to recruits
various interacting factors including p53 and the
deubiquitinase, USP28 (Cuella-Martin et al. 2016) (Fig. 1).
The interaction of 53BP1 with USP28 is required for the cell
cycle checkpoint function while their role in DNA repair is not
clear yet (Fig. 1). p53 cellular functions are also modulated by
SIRT1 dependent acetylation. SIRT1 histone deacetylase was
shown to interact with SET7/9 and in response to DNA. This
interaction in turn suppress the interaction between SIRT1 and
p53 results in decreased acetylated p53 levels and regulate p53
function (Liu etal. 2011). The functions of multiple p53 lysine
methylation was mostly studied in relation to rapidly dividing
cancer cells and the precise roles of such methylations of p53
in neuronal DNA damage response and cell death require
further detailed research.

Lysine methylation of NHEJ factors, DNA-PKc and Ku80,
are recognized by HP1f3 also mediating the localization of
other DDR proteins (Table 3). NHEJ repair is also promoted
by MDC1 demethylation by JMIDIC (Liu et al. 2013;
Watanabe et al. 2013). The demethylation of MDC1 enhance
the RAP80-BRCA1 to damage site, RNF8 mediated
polyubiquitination, and reduce RADS51 foci formation thus
helping to choose the appropriate DNA repair pathway (Lu
and Matunis 2013). Rad18 is an ubiquitin E3 ligase enzyme
playing important roles in bypassing the DNA damage during
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Fig. 1 Multiple Lysine

methylation regulate cellular PRMT1
functions of p53. Activating <
methylation (K732mel) by \

SETD7 and repressing methyla- ANDNA bindMg of 538P1
tion (K370me2, K373me2) by S
SMYD?2 and G9a/Glp methyl-

ases, respectively, are shown.
Arginine methylation of 53BP1
also regulate their DNA binding,
interaction with p53 and USP28
and thereby modulating tran-
scriptional activity of p53

®—— :Monomethylation Marks

—‘-ﬁ : Dimethylation marks

Activating lysine methyl marks
(shown in green) and

Repressing lysine methyl marks

(shown in red) on the amino-termini of p53

replication in a process known as DNA Damage Tolerance
(DDT) (Branzei and Szakal 2016). Rad18 forms complex with
E2 enzyme Rad6 and catalyses the K63 linked ubiquitination
of replication processivity clamp PCNA when cells encounter
DNA damage during replication. This modification of PCNA
helps to recruit various HR proteins or trans lesion synthesis
polymerases to bypass the DNA lesions and resume replica-
tion. Recently, physical interaction between Rad18 and
SETD1A methylase was observed (Alsulami et al. 2019).
Depletion of SETD1A or RADIS individually leads to defect
in cells response to DNA damage while depletion of both the
factors together resulted in epistatic effect. This clearly sug-
gest that these two proteins functions in the same genetic
pathway. It is not clear currently whether these interaction
results in the methylation of Rad18 and can direct its role in
DDT and DNA repair in neuronas. PCNA methylation by
SETDS8 was shown to inhibit its polyubiquitination and en-
hanced interaction with the flap endonuclease FEN1 (Takawa
et al. 2012). Although, this modification is important for the
maturation of Okazaki fragments in the lagging strand, the
mechanistic details of their defects are not completely under-
stood. PCNA polyubiquitination in response to DNA damage
in S phase is enhanced by lysine methylation of UHRF1
(Ubiquitin-like with PHD and RING finger domains) by
SET7 and promote HR repair (Hahm et al. 2019).

Tumor suppressor retinoblastoma (RB) is methylated by
both SMYD2 and SET7/9 at two different lysine residues
(Saddic et al. 2010; Carr et al. 2014). SET7/9 mediated meth-
ylation is recognized by 53BP1 Tudor domain of 53BP1 and
influences the DDR. The transcription factor FOXO induce
neuronal cell death by increasing the expression of pro apo-
ptotic Bim and FasL (van der Horst and Burgering 2007).
Methylation of FOXO by SET9 (K270) reduces its

SETD7 _
¥ -
o—F
K372me1y
P53 activation methylation

53BP1-USP28 interaction:
enhance P53 DNA binding
and P53 mediated transcritpional programs

' K373me2

K370me2 "
+ G9alGlp

& # . Inactivation of p53
7

SMYD2.

Decrease p53 transcription activity

" o

transcription activity by inhibiting its DNA binding thus
preventing oxidative stress conditions (Xie et al. 2012). The
SUV39HI is a histone H3K9 methylase whose activity is
regulated by its own methylation by another methylase
SETD7. SUV39H1 methylation activity is inhibited by
SETD7 results in heterochromatin relaxation and genomic
instability (Wang et al. 2013a). SETD7 also helps to recruit
poly-ADP-ribosyl transferase 1 (PARP1) to the DNA damage
sites by methylating the lysine residues (Kassner et al. 2013).
Methylation of PARP1 by SMYD2 was shown to enhance its
poly(ADP-ribosyl)ation activity under oxidative stress (Piao
et al. 2014). Methylation of HSP90ABI1 by SMYD?2 increase
the cancer survival by enhancing its interaction with co-
chaperons CDC37 and STIP1 (Hamamoto et al. 2014).
Oxidative stress induced methylation {3-catenin SET7/9 was
reported to play a role in cancer cell proliferation (Shen et al.
2015). From the above discussed literature, it is clear that
lysine methylation plays important regulatory role in cell cy-
cle regulation in proliferating cells. Whether these factors and
their methylation is important for neuronal cell survival under
genotoxic stress is still an open question.

Lysine methylation of mitochondrial proteins

Several lysine methylated mitochondrial proteins have been
identified (Hombeck et al. 2012) (Table 2). The three mito-
chondrial specific methyltransferases are: FAM173B,
METTL20, and METTL12 targets ATP synthase c-subunit
(trimethylation of K43), [3-subunit of electron transfer flavo-
protein (ETFf3) at K200 and K203, and K395 of mitochon-
drial citrate synthase (CS), respectively (Malecki et al. 2015;
Rhein et al. 2017). Recently, FAM173B was shown to meth-
ylate another mitochondrial enzyme, Adenine nucleotide
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translocase (ANT) (Malecki et al. 2019). All these modifica-
tions affect the mitochondrial respiration and ATP production.
Many experimental reports suggest that mitochondrial DNA
damage responses play game changing roles in aging and in
the pathogenesis of neurodegenerative diseases such as AD,
PD, HD and ALS (Cha et al. 2015).. It has been seen that the
damaged DNA lesions by oxidative stress are much higher in
mtDNA of AD post-mortem tissues. The link between mito-
chondrial alteration and the progression of amyotrophic lateral
sclerosis (ALS) is still ambiguous but some mutation analysis
studies reveal that SODI is the cause of mitochondrial dys-
function in ALS (Pansarasa et al. 2018). Some of the reports
display downregulation of the mitochondrial BER enzymes,
OGG1 and POL-y, in mutant SOD1 transgenic mice
(Coppede 2011). Studies have suggested that mtDNA is a
major target of mutant huntingtin protein (mHTT) associated
oxidative stress and may lead to mitochondrial alteration and
that BER enzyme APE] is one of the crucial targets in the
maintenance of mitochondrial activity in HD. Wang et al. sug-
gested that HD cells, which have excessive mitochondrial
Ca®* levels, show higher level of mtDNA damage because
of ROS generation (Wang et al. 2013b). Despite the fact that
both methylases and DNA repair factors are present in the
mitochondria, a direct role for methylation in mitochondrial
DNA repair factors are not reported yet.

Lysine methylation and cross talk with other PTMs

Lysine methylation can affect phosphorylation, acetylation,
and ubiquitination of nearby by or distant amino acids, direct-
ly or indirectly. K185 methylation of transcription factor E2F1
by SETD7 plays important roles in DNA damage response
(Xie et al. 2011). Under conditions of DNA damage, acetyla-
tion and phosphorylation of E2F1 is inhibited by its methyla-
tion while promoting polyubiquitination and degradation.
Diminished activity of E2F1 increase the activation of TP73,
a pro-apoptotic gene. Methylation of E2F1 is reversed by the
action of, LSD1 demethylase. The unmethylated E2F is acet-
ylated by KAT2B and phosphorylated by CHK2 that influ-
ence the DNA damage induced cell death (Kontaki and
Talianidis 2010). Methylation of kinases and phosphatases
can affect their activity and ultimately altering the phosphor-
ylation and acetylation status of their substrates, respectively
(Mazur et al. 2014). Phosphorylated histone H3 (H3S10) in-
hibit the binding of chromodomain containing HP1[3 to the
nearby methylated H3K9 chromatin mark (Fischle et al.
2005). Whereas the same methylated residue is recognized
by tandem Tudor domain containing UHRF1 ubiquitin ligase
(Rothbart et al. 2012). UHRF1 itself is methylated by SET7 to
promote HR (see section 3.2.1). Since ubiquitination and
methylation occurs on lysine residues, it was not surprising
to find both these modifications competing each other under
different cellular conditions. In this way, methylation can
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increase the stability of a protein by inhibiting lysine
ubiquitination and their proteasomal degradation (Desiere
et al. 2005). For example, H2BK 120 methylation by EZH2
competitively inhibits ubiquitylation and suppresses the tran-
scription (Kogure et al. 2013). In some cases, decrease in
protein stability due to methylation was also reported. The
so called “methyl degron” where the ubiquitin E3 enzyme
complex, DCAF1-DDB1-CULA4, recognizes the methylated
lysine residues on its substrates and ubiquitinate a
neighbouring lysine residue within the same substrate protein
and targets them for degradation (Lee et al. 2012). A complete
understanding of the dynamic PTMs occurring on same pro-
tein in response to cellular stress is important to delineate the
underlying disease mechanisms.

Lysine methylation of aggregated proteins
in neurodegenerative diseases

AD is characterized by the presence of intracellular neuro-
fibrillary tangles (NFTs) of amyloid-beta (Af3) and tau pro-
teins in the brain leads to neuronal cell death. Lysine meth-
ylation of tau was shown to be involved in its proper inter-
action with microtubule associated actin and proposed to be
involved in the aggregation of tau protein in AD (Thomas
etal. 2012; Thomas and Yang 2017). However, it was dem-
onstrated later that tau is methylated in normal human
brains and are unaffected by tauopathies, made a setback
in this area of research (Morris et al. 2015). Since the
PKMT responsible for tau methylation is identified yet, it
is worth investigating further about tau methylation and its
cross talk with other PTMs identified in tau. It is possible
that a direct competition between ubiquitination and meth-
ylation for the same lysine residues and subtle changes in
dynamic tau PTMs may dictate the aggregation of tau in the
pathogenesis of AD. Estrogen and Estrogen receptors role
in AD has been extensively investigated. It was reported
that the two Estrogen receptors, ERx and ERf3, have oppo-
site effects on tau aggregation either by increasing or de-
creasing its phosphorylation (Xiong et al. 2015).
Methylation of ERo by SET7/9 stabilize and activate the
estrogen dependent transcription (Subramanian et al.
2008). SMYD2 methylate ERox at K266 to inhibit its activ-
ity (Jiang et al. 2014), whereas methylation by G9a at K235
stimulate the activity (Zhang et al. 2016). In order to under-
stand the mechanisms by which dynamic PTMs regulate the
tau aggregation in AD, the interplay between these methyl-
ations has to be subjected to further investigations.
Heat-shock proteins (HSPs) are ATP driven molecular
chaperones function in general stress-related protein folding
activities. Since AD, PD, HD, ALS, and many other neurode-
generative disorders show protein aggregation as a common
pathological mechanism, HSP proteins are considered as a
potential therapeutic target. HSP functions are regulated by
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multiple PTMs. Consistent with this, HSP72 (HSPA1A) is
methylated by SETD1A and HSPA1, HSPAS, and HSPAS
by another methylase, METTL21A (Cho et al. 2012). The
methylation of HSPAS reduce the interaction with x-synucle-
in, and may have a very important regulatory role in accumu-
lation of aggregated proteins found in the Lewy bodies in PD
brain (Jakobsson et al. 2013).

Concluding remarks

The ongoing efforts towards profiling the mammalian neural
epigenome and its perturbations have opened up mechanistic
and exhaustive insights into the epigenetic secrets of not only
neurodegeneration but also the cell fate of neuronal cells and
diseases afflicted as a consequence of the non-histone PTMs
getting skewed. Limited knowledge on the functions of pro-
tein methylations in the biology of the nervous system makes
it even more elusive as to whether the aberrant or normal
methylations regulating DDR are actually a cause or conse-
quence of the neurological diseases or pathologies. Thus, the
future certainly looks promising to unfold the hidden mecha-
nisms of these aberrant non-histone protein methylation.
Therefore, todays state of knowledge apparently indicates that
not a single modification but truly a combination of several
modifications as drug targets could be the clue to the success
of future epigenetic-based therapeutic strategies for neurolog-
ical disorders. Hence, mapping of the protein-protein, protein-
RNA and protein-DNA interactions and the networks
governing DNA repair pathways in neuronal cells will unfold
an unexplored and rare dimension in the pursuit to discover
the entire landscape of neural epigenome dictating the onset
and etiology of neurodegenerative diseases. Thus, coupling
the discovery of novel non-histone methylation substrates
along with their cognate methyl transferases and demethylases
will provide in near future, suitable druggable targets of ther-
apeutic significance serving as foundation of clinical
epigenomics in the days to come.
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