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Abstract

methylation state of cells.

Neurodegenerative diseases like Alzheimer’s, Parkinson’s and Huntington’s disease involves abnormal aggregation
and accumulation of toxic proteins aggregates. Post-translational modifications (PTMs) of the causative proteins play
an important role in the etiology of disease as they could either slow down or accelerate the disease progression.
Alzheimer disease is associated with the aggregation and accumulation of two major protein aggregates—intracel-
lular neurofibrillary tangles made up of microtubule-associated protein Tau and extracellular Amyloid-$ plaques.
Post-translational modifications are important for the regulation of Tau's function but an imbalance in PTMs may lead
to abnormal Tau function and aggregation. Tau methylation is one of the important PTM of Tau in its physiological
state. However, the methylation signature on Tau lysine changes once it acquires pathological aggregated form. Tau
methylation can compete with other PTMs such as acetylation and ubiquitination. The state of PTM at these sites
determines the fate of Tau protein in terms of its function and stability. The global methylation in neurons, microglia
and astrocytes are involved in multiple cellular functions involving their role in epigenetic regulation of gene expres-
sion via DNA methylation. Here, we have discussed the effect of methylation on Tau function in a site-specific manner
and their cross-talk with other lysine modifications. We have also elaborated the role of methylation in epigenetic
aspects and neurodegenerative conditions associated with the imbalance in methylation metabolism affecting global
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Background

Alzheimer’s disease is associated with the misfolding
of majorly two proteins. Amyloid- peptide aggregates
extracellularly, and is generated by the cleavage of mem-
brane-associated amyloid precursor protein (APP). Tau is
a key protein involved in stabilization of microtubules in
neuronal axons which forms intracellular neurofibrillary
tangles (NFTs) [1]. Microtubules functions as the tracks
for the molecular motors kinesin and dynein to carry out

*Correspondence: s.chinnathambi@ncl.res.in

! Neurobiology Group, Division of Biochemical Sciences, CSIR-National
Chemical Laboratory (CSIR-NCL), Dr. Homi Bhabha Road, 411008, Pune,
India

Full list of author information is available at the end of the article

B BMC

intracellular transport as well as to clear out accumula-
tion of toxic proteins. Tau malfunction causes a defect
in this transport mechanism leading to cytotoxicity and
neurodegeneration as they can propagate and induce
toxicity in other cells [2-4]. Neurofibrillary tangles are
the characteristic hallmark of Alzheimer's disease and
related neurodegenerative Tauopathies in which Tau is
the main component [5, 6]. Tau is a highly soluble protein
but its abnormal post-translational modifications affect
its natively unfolded structure and its ability to associ-
ate with microtubules [7-9]. The function and structure
of Tau depends on the cellular environment as well as
the post translational modifications [10]. Phosphoryla-
tion is considered as an important PTM of Tau as it is
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implicated in both physiological and pathological states.
Phosphorylation is required for Tau’s association with
microtubules. However, hyperphosphorylation of Tau
results in its dissociation from microtubules and leads
to aggregation [10—12]. The phosphorylated state of Tau,
in turn depends on the level of kinase activity and the
balance between kinases and phosphatases in neurons
[13]. Mapping of PTMs in Tau protein obtained from
AD patient’s brain has revealed phosphorylation sites,
which are not present in normal conditions [14]. Some of
the major pathological sites include AT8 (pS202/pT205),
AT100 (pT212/pS214), AT180 (pT231/pS235), PHF1
(pS396/pS404), pS356, pY394, pT403, pS409 and pS422
[9, 15]. Most of these sites lie within the repeat region
and the flanking region (N and C-terminal) of Tau. Modi-
fications at certain sites are likely to induce Tau aggrega-
tion by disturbing the charge distribution and altering
intramolecular interactions [15—18]. Different families of
kinases carry out phosphorylation of Tau. These include
proline-directed protein kinases-like GSK-3p, CDK5 and
MAP kinases (mitogen-activated protein kinases); non-
proline directed protein kinases-like CK (casein kinase),
MARKSs (microtubule-affinity regulating kinases), PKA
(protein kinase A) and tyrosine specific kinases-like
SFKs (Src family kinases) [19]. The level and activity of
these kinases are elevated in case of AD and most of
these are found to be co-localized with NFTs. Tau hyper-
phosphorylation occurs when there is a net increase in
the phosphorylation i.e. there is an imbalance between
phosphorylation and dephosphorylation. This condition
arises generally due to increase in kinase activity along
with inhibition of protein phosphatases. PP2A (Protein
phosphatase 2A) is the major phosphatase of the cell with
nearly 70% of overall cellular phosphatase activity [20—
22]. PP2A is regulated by two modes—methylation and
action of endogenous cellular inhibitors called I; and I,.
PP2A activity may get reduced up to 50% in AD due to
hypomethylation or increase in the levels of its inhibitors
[23].

It is notable that there are 11 known methylation sites
on Tau in physiological conditions while upon aggrega-
tion; the extent of methylation is reduced. There are 7
methylation sites that have been mapped in Tau present
as paired helical filaments (PHFs) [24, 25]. The methyla-
tion at these sites potentially correlates with the occur-
rence of phosphorylation on serine at these motifs. There
have been studies, which showed the association of Tau
phosphorylation (pT181) with increased levels of total
homocysteine and decreased S-adenosyl methionine:
S-adenosyl homocysteine ratio in cerebrospinal fluid
(CSF) [26, 27]. Increased homocysteine level is indica-
tive of defective methylation potential in cells. Protein
phosphatase 2A (PP2A) functions as an active enzyme
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in its methylated state which shows the effect of aberrant
methylation potential on phosphorylation of Tau [28—
30]. Apart from the indirect effect of methylation on Tau
phosphorylation, methylation may play an important role
in modulation of Tau aggregation propensity. In-vitro
Tau methylation has been found to decrease the aggrega-
tion propensity of Tau without affecting its ability to sta-
bilize microtubule assembly. Microtubule polymerization
was hampered only in the presence of Tau methylated
at higher stoichiometries. Methylated Tau formed fibrils
similar to unmodified Tau but the overall aggregation
propensity and critical concentration of Tau to initiate
the aggregation reaction was found to be elevated [24].

Methylation is carried out by the class of enzymes
called methyltransferases. Class II methyltransferases are
SET domain-containing enzymes which mainly function
as histone methyltransferases [31-33]. However, there
are methyltransferases of the same class like G9a and
SUV39, which shuttles between nucleus and cytoplasm
to act on cytoplasmic proteins [34, 35]. Lysine residues
in a protein can be subjected to methylation, acetylation,
ubiquitination, SUMOylation and glycation (Fig. 1) [9, 36,
37]. One of the important attributes of post-translational
modification at lysine residue is the possibility of compe-
tition for modification of a single specific site. The state
of modification can determine the function of protein.
There is a direct relationship of methylation with other
lysine modification mainly acetylation and ubiquitination
in Tau protein [9, 25, 29]. The occupancy of a single lysine
residue with methylation, acetylation or ubiquitination
may drive the fate of Tau protein in different directions.
Thus, it is important to study the nature of cross-talks
occurring among all these PTMs in order to better
understand the mechanism of Tau function in health and
disease. Also, there is possible cross-talk between meth-
ylation with phosphorylation at PHF6 and PHF6* motifs
(VQIINK and VQIVYK), where acetylation seems to play
an important role as suggested by some of the studies [38,
39]. However, further exploration is required to under-
stand the underlying mechanisms involved in the cross-
talk between methylation and phosphorylation.

Tau methylation in Alzheimer’s disease

Tau can be subjected to mono-methylation or di-meth-
ylation, which determines their regulatory roles, but so
far, tri-methylation has not been reported in Tau [9, 24].
For example, the extent of methylation at specific sites is
inversely proportional to the aggregation propensity of
Tau. Tau methylation occurs at several lysine and a few
arginine residues by the action of enzymes called lysine
methyl transferases or arginine methyl transferases.
However, not much is known about the methyl trans-
ferases involved in the modification of Tau protein. There
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Fig. 1 Lysine-directed Post translational modifications of Tau. Tau protein can be subjected to many post-translational modifications owing to

its unfolded structure. Tau undergoes post-translational modifications like phosphorylation, acetylation, methylation, etc. which determines its
functional state in neurons. Lysine-directed post-translational modifications like acetylation, methylation, ubiquitination and sumoylation also
reflects the functional state of Tau as these modifications may compete for a specific lysine residue in Tau with each modification having different
effect. For example, ubiquitination marks the protein to direct toward its degradation while other modifications at the same lysine residue may

increase its stability

has been a recent report by Bichmann et al., on the role
of methyl transferase SETD7 on the Tau mono-methyl-
ation at K130 and its nearby lysine residue K132 and its
importance in nuclear Tau localization [40]. Most of the
methylation sites lie in the microtubule binding region of
Tau [9, 24, 25]. In order to access the role of methylation
of Tau at MTBR, Funk et al, carried out in vitro tubu-
lin polymerization assay in the absence of Tau and in the
presence of synthetically methylated or unmodified Tau.
It was observed that Tau methylation does not affect the
extent of tubulin polymerization in its methylated state.
Tubulin polymerization was found to be depressed only
with Tau having higher stoichiometries of methylation.

Further, the aggregation propensity of Tau was found to
be in inverse relation to the extent of methylation [24].

It has been studied that the extent of mono-methylated
sites increases with aging as well as progression of AD.
The pool of soluble Tau also contains methylated argi-
nine sites in normal brain. Current knowledge of implica-
tions of Tau methylation in AD suggests that methylation
is a part of both normal Tau as well as its pathological
form as PHFs. Arginine residues R126, R155, and R349
are known to be mono-methylated in both normal and
pathological Tau [41]. Arginine methylation in Tau is
speculated to be involved in membrane binding of Tau
and its nucleo-cytoplasmic shuttling [42, 43]. However,
the mechanism of these processes is not clear. Changes
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in methylation signature occur in AD, which can possi-
bly alter the intramolecular forces within Tau molecule
resulting in altered local conformations. The changes in
the local conformations in turn affect the solubility and
binding properties. Thus, the set of PTMs determines
the solubility and aggregation propensity of Tau. Several
phosphorylation and methylation sites in Tau are pre-
sent in close proximity, which may alter the occurrence
of both modifications. For example, Tau phosphoryla-
tion at 5262 was found to occur more frequently along
with methylation at K267 [25]. Additionally, methyl-
ated Tau was prevalent in the affected regions of brain
derived from AD patients. The Tau lesions in AD brain
have shown immunoreactivity for methylated Tau when
labelled with anti-meK (anti-methylated lysine) antibody
[25].

The pattern of methylation on normal Tau and PHF-
derived Tau provides an important hint for its regulatory
role in aggregation. Normal Tau in human brain can both
be mono-methylated or di-methylated while the Tau
in PHFs is only mono-methylated [37]. There are eight
lysine residues, which are dimethylated out of total eleven
methylation sites in Tau. Also, there are fewer meth-
ylation sites in PHF-derived Tau as compared to normal
Tau. The presence of methylated Tau in the vicinity of
phosphorylation sites, especially in the KXGS motifs may
provide protective role against phosphorylation. Further,
two of the methylation sites at K24 and K44 lie adjacent
to caspase and calpain cleavage sites while other gener-
ate fragments, which are aggregates prone [44—46]. There
are limited studies regarding the direct role of meth-
ylation on Tau function and aggregation but the current
knowledge suggests that it may have an important role in
deciding the fate of Tau.

Methylation as a mode of epigenetic regulation
and its role in Alzheimer’s disease

In neurodegenerative conditions, methylation is involved
not only as a PTM of Tau but is also crucial with respect
to its role in epigenetic regulation and metabolic aspect.
Alzheimer disease is associated with numerous changes
in the epigenetic makeup of neural cells including neu-
rons, microglia and astrocytes [47-50]. In microglia,
enhancer of zeste homolog 2 (EZH2) works along with
the catalytic subunit of polycomb repressive complex 2
in order to carry out transcriptional silencing. This com-
plex is involved in tri-methylation at H3K27 (H3K27me3)
[51]. Microglia undergoes frequent changes in its epige-
netic makeup and showsphenotypic changes upon stimu-
lation [52]. It has been found that microglia pre-exposed
with LPS or TLR4 ligand undergoes distinct changes in
epigenetic make-up in its primed and unprimed states
[51]. Conversely, under immunosuppressed state, the
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methylation levels at H3K3Me3 are found to be down-
regulated. In neuronal cells, CpG hypomethylation at the
promoter of brcal (breast cancer 1) occurs [53]. BRCA1
downregulation results in defects in the double stranded
DNA break repair and ultimately leads to neuronal death
(Fig. 2). The epigenetic regulation of gene expression
occurs through methylation in two ways — modification
of lysine residues in histone core and methylation of CpG
dinucleotides [54—57]. However, there are occurrences
of non-CpG methylation. Both, methylation on histone
lysine and DNA methylation serve the purpose of gene
silencing and transcriptional suppression. Clusters of
CpG called as CpG islands are often present in the pro-
moter and enhancer region of genes. These CpG islands
have either methylated or hydroxymethylated cytosines
as 5-methyl cytosine (5mC) and 5-methyl hydroxy cyto-
sine (5hmC) [58-60]. 5mC is associated with gene repres-
sion while conversion of 5mC into 5hmC represents gene
activation [61, 62]. Methylation at CpG hinders binding
of transcriptional factors such as Ets-1 as well as host
5mC binding proteins such as MeCP2, MBD1, MBD2
and MBD4, which functions as transcriptional repressor
[63]. Apart from DNA methylation at CpG sites, there are
also large numbers of CpH (H refers to A, T or C) sites
that are methylated [64, 65].

There are five types of DNA methyl transferases
involved in the transfer of methyl group from S-aden-
osyl-L-methionine to nucleotides in DNA — DNMTI,
DNMT2, DNMT3a, DNMT3b and DNMT3L [66, 67].
Out of these DNMT1 is primarily involved in the mainte-
nance of methylation signatures on DNA. In Alzheimer’s
disease, there are evidences of decreased 5mC levels and
DNA methyl transferase 1 (DNMT1) in the hippocampal
and temporal brain region [68, 69]. However, in another
study, increased levels of DNA methylation and DNMTs
have been found in frontal cortex, temporal cortex and
cerebellum [70-72]. DNA methylation is a robust mecha-
nism of gene regulation at epigenetic level, such that the
methylation signatures changes on gene locus depending
on cellular conditions. Methylation levels of CpG islands
in enhancer and promoter regions have been studied in
AD, which suggest epigenetic dysregulation in enhanc-
ers of genes crucial for neuronal health [73, 74]. Loss of
methylation at CpH at enhancers and promoters has been
observed in AD condition resulting in enhanced target
gene expression. The diminished levels of methylation on
these target genes are associated with overstimulation of
apoptotic and inflammatory pathways [73-76]. Similarly,
reduced methylation at bacel enhancer leads to over-
production of BACE1 which in turn results in amyloid-p
production [73, 77]. Upregulation of BACEL levels are
also associated with hypomethylation of enhancer ele-
ments in Down syndrome cell adhesion molecule like 1
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TNF-a and IL-1 promoters is associated with immunosuppression. In case of neurons, CpG hypomethylation occurs at BRCAT (breast cancer 1)
promoter in AD. This results in reduced BRCA1 levels leading to impaired DNA repair leading to neurodegeneration
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(DSCAMLL1). This leads to an excessive upregulation of
bacel in the early stages of AD [73]. Many of the altera-
tions in enhancer methylation lies in the genes regulating
the expression of cell cycle regulatory proteins like cyc-
lin-dependent kinases (CDKs). Reduced enhancer meth-
ylation of CDKs upregulates their levels and disrupt cell
cycle regulation [78—80]. This results in abrupt neuronal
cell cycle re-entry which becomes abortive due to lack of
proper regulatory mechanisms [79]. This results in the
promotion of neuronal death and synaptic loss leading
to neurodegeneration. The occurrence of DNA hypo-
methylation at enhancers is linked with the formation of
amyloid-p aggregates in early stages of AD [73].

There are contradictory observations regarding the
levels of methylation making it hard to understand the
role of DNA methylation in neurodegeneration. Thus,
the effect of methylation may be dependent not only on
levels but on the locus of DNA methylation. Distinc-
tive patterns of DNA methylation and gene expressions

are associated with the normal physiological conditions
and in pathological conditions [81-85]. Elaborate study
of AD specific methylation signatures on DNA can pro-
vide an important biomarker for assessing risk factor,
progression and detection of AD.

Cross talk of Tau methylation with other PTMs

PTMs are the mode of regulation of multiple cellular pro-
cesses, which themselves are highly regulated. The set of
PTMs on a protein generates a code which determines
its structure and function. The occurrence of a set of
multiple modifications or the probability of a single site
being modified by different PTMs is crucial for protein
function and varies according to the cellular environ-
ment. Various lysine residues on Tau are subjected to
more than one kind of modification. For example, K180
can be acetylated or methylated, K254 and K290 can be
methylated or ubiquitinated, K385 can be methylated or
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SUMOylated [9, 36]. The state of PTM on a particular
residue is characteristic of Tau functional state.

There are evidence for the possible cross-talk between
methylation, acetylation, ubiquitination and SUMOyla-
tion, with one PTM being preferred as per the condition.
Ubiquitination at K254 is critical in physiological condi-
tion to maintain Tau homeostasis [25, 86]. In AD, level
of Tau methylation at K254 exceeds its ubiquitination
level in PHFs, hampering the clearance of Tau aggregates
by ubiquitin proteasomal system (UPS) [25]. However,
another lysine residue K290 is found to be ubiquitinated
in aggregated Tau while methylated in normal conditions
[41]. Ubiquitination also has a possible cross-talk with
phosphorylation as it is found that Tau ubiquitination in
PHFs is associated with phosphorylation as it precedes
ubiquitination and incorporation into PHFs [87-90].
Similarly, acetylation as a PTM is known for its role in
Tauopathies. Tau protein as PHFs is highly acetylated in
pathological state as compared to physiological condi-
tions. Lysine residues K163, K174 and K180 may be sub-
jected to acetylation or methylation in pathological and
physiological states respectively [37, 91]. Methylation
serves an important function in the stability of Tau pro-
tein. There could be a cross-talk between the Tau methyl-
ation and phosphorylation, where both sites are adjacent.
For example, three of the lysines in KXGS motifs (K259,
K290, and K353) are methylated under physiologi-
cal conditions [24, 37]. Lysine modifications at KXGS
motifs greatly reduce the phosphorylation potential on
adjacent serine implicating the protective role of meth-
ylation. However, lysine acetylation at KXGS motif are
found to be present in PHFs and known to increase the
hyperphosphorylation of Tau [92]. Most of the sites for
methylation are present on microtubule binding region
(MTBR), of which three sites overlap with ubiquitina-
tion [24, 25]. Acetylation at K163, K174, and/or K180 are
reported to occur in vivo, whereas acetylation occupancy
increases with progression of AD. Sites within (K274 and
K280) or adjacent (K259 and K353) to PHF6* in MTBR
are also found to be acetylated [9, 37]. SUMOylation of
Tau occurs mainly in two sites — K340 and K385, both
of which lie in the repeat domain region of Tau [93].
SUMOylation at K340 is known to have pathological
impact as it correlates with Tau phosphorylation at AD-
associated phospho-epitopes such as T231 and S262
[94]. Although, SUMOylation at K340 is known to have
a pathological role; K385 serves as a site for methylation
and ubiquitination as well, suggesting its decisive role
in neurodegeneration. The possibility of modification of
a single site through distinct PTM labels (methylation,
acetylation etc.) can drive towards different fates of Tau
protein (Fig. 3). The current evidences of various PTM
cross-talks suggest that competition for lysine residues
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can govern the functional state as well as turnover of Tau
protein.

Regulation of Tau methylation and its metabolic
implications in neuronal health

The status of overall methylation/demethylation in cell
depends on the pool of universal methyl group donor
i.e. S-adenosyl methionine (SAM) derived from methio-
nine. SAM, upon donating methyl group gets converted
into S-adenosyl homocysteine (SAH), which in turn
gets hydrolyzed to homocysteine in a reversible reaction
(Fig. 4) [95-97]. Homocysteine can be converted back to
methionine by enzyme methionine synthase favoring the
optimum methylation potential in cell or get converted
into cysteine in trans-sulfuration reaction using folate
[98, 99]. Thus, the ratio of SAM and SAH is an impor-
tant determinant of methylation potential where the
higher level of latter reflects disrupted cellular methyla-
tion [100]. The metabolism of methyl group in cell is con-
sidered a critical factor with respect to neuronal health
due to involvement of methylation in various regulatory
processes such as gene repression via DNA methylation,
epigenetic regulation though histone modification, neu-
rotransmitter metabolism, role in phospholipid synthesis
and myelin formation [101-108].

The imbalance in Tau phosphorylation arises either
by over activity of kinase or diminished phosphatase
activity. In AD, Tau hyperphosphorylation can occur
if PP2A activity is suppressed without any alteration
of kinase activity [109]. The lower ratio of SAM:SAH is
important in Tauopathies, as there is an indirect rela-
tionship between disrupted cellular methylation and
hyperphosphorylation of Tau [110]. In this aspect, PP2A
is an important protein phosphatase known to regulate
the phosphorylation state of Tau. PP2A consists of three
subunits in its active form—A, B, and C [111-113]. The
formation of active enzyme is regulated by reversible
methylation on C-terminal of subunit C, which directs
the formation of enzyme heterotrimer. Also, methyla-
tion occurs on AC dimer, which has been shown to pro-
mote its affinity for subunit B, [113]. Thus, methylation
plays a central role in PP2A activation. SAH formed as a
result of SAM-mediated methylation gives rise to homo-
cysteine, which usually gets converted to methionine or
can be reverted back to SAH by associating with aden-
osine [114]. Certain risk factors like folate (required for
trans-sulfuration reaction) or cobalamin (required for
conversion of homocysteine into methionine) deficiency,
dietary habits, genetic factors etc. promotes SAH accu-
mulation [97, 115-117]. The accumulation of SAH pro-
motes overall hypomethylation favoring the depletion of
methyl donor SAM pool as well as by being a competi-
tive inhibitor of methyl transferase enzymes. Increased
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homocysteine is usually considered a biomarker in vascu-
lar diseases [118—120]. Metabolic defects leading to the
homocysteine accumulation is known to affect the cogni-
tive function via diverse mechanisms [121, 122]. Homo-
cysteine is responsible for affecting neuronal health via
oxidative stress, amyloid-p deposition and promoting
Tau phosphorylation [123-130]. Homocysteine levels
can be considered both as a risk factor and a pathological
marker. Thus, targeting the elevated homocysteine level
may aid in checking the progression of AD.

Summary and future directions

The occurrence and progression of Alzheimer’s disease is
dependent on a myriad of factors, of which, post-transla-
tional modifications of key proteins play a major role. Tau
is subjected to a large numbers of PTMs at multiple sites
and in terms of PTMs of Tau, phosphorylation is well-
studied and found to have a definitive role in disease pro-
gression. However, the role of methylation needs to be
explored and understood clearly. On the one hand, Tau
methylation serves protective function against its aggre-
gation while on the other, it may have deleterious effect.
Depending on the site of methylation and its possible
cross-talk and competition for available site, the effect
can vary. Lysine residues that can be subjected to both

acetylation and methylation are important with respect
to Tau function and stability as acetylation is known to be
associated with aggregated Tau. Tau PHFs derived from
AD brains are heavily acetylated at multiple sites. The
protective function of methylation against Tau aggrega-
tion can be attributed to preferential methylation of such
sites. However, lysine residues like K254 which can be
subjected to methylation and ubiquitination, presents a
different scenario. In such case, methylation may hinder
Tau degradation and turn-over in cells by hampering the
proteasomal degradation of Tau.

The epigenetic regulation is an important aspect of
Alzheimer’s disease as the expression level of many key
proteins such as APP, BACE], Presenilins and ApoE are
known to be under epigenetic regulation. Here, methyla-
tion’s role as a gene repressor via DNA methylation as
well as in chromatin remodelling through histone lysine
modification is crucial. The overall methylation poten-
tial of cell is required for controlling the transcriptional
levels of genes. The conditions that promote hypometh-
ylation could lead to enhanced levels of gene transcripts
and thus, increased protein levels. The proteins that are
directly (APP, Tau, and Presenilins) or indirectly (BACE1
and various other kinases) involved in AD progression
are upregulated resulting in shifting the equilibrium
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the overall methylation potential with higher SAM levels favoring methylation. Increased levels of SAH tip the balance towards Homocysteine
accumulation in CSF, which can serve as a marker for neurodegenerative conditions. Metabolic conditions which leads to lower SAM:SAH ratio
decrease methylation potential in neurons and results in promoter hypomethylation of genes involved in AD viz. amyloid precursor protein (APP)
and Presenilin 1 (PS1). Higher APP and PS1 levels gradually lead to protein aggregation and neurodegeneration

Marker for
neurodegeneration

towards disease progression. Further, the enzymes
involved in protective function such as PP2A are regu-
lated via methylation. Under diminished methylation in
cell, PP2A suppression leads to increased and abnormal
levels of phosphorylation including hyperphosphoryla-
tion of Tau.

Methylation is involved directly in Tau regulation as
well as epigenetic mechanisms and hypomethylated state
in cells is one of the causative factors. There is an intri-
cate balance between the level of universal methyl group
donor SAM and its counterpart SAH which determines
the total methylation potential. Methyl group metabo-
lism imbalance may be caused by both intrinsic and
extrinsic factors, resulting in lower SAM:SAH ratio and
thus reduced methylation potential. In such case, the
levels of plasma homocysteine is highly elevated which
had been used as a marker for cardiac health for a long
time. However, its level is also found to be elevated in

neurodegenerative conditions suggesting the important
role of methylation.

Methylation can serve as a repressor or activator of
gene expression depending on the site of histone lysine
modification [131]. Administration of specific DNMT
inhibitors can help alleviate pathological conditions that
arise from hypermethylation. Hypoxic conditions in
cortical and hippocampal neurons resulted in increased
H3K9Me2 and decreased H3 acetylation on neprilysin
promoter leading to its downregulation. Reduced nepri-
lysin levels promote amyloid-f plaque accumulation
since it functions as an A degrading enzyme [132]. Diaz-
epinquinazolin-amine derivative-BIX-01294 is a DNMT
inhibitor which specifically acts on methyl transferase
G9a [133]. BIX-01294 treatment has been reported to
replenish synaptic plasticity in amyloid-f rat model [134].
However, most of the inhibitors or modulators of meth-
ylation such as decitabine (DAC) and azacitidine (AZA),
are non-specific in nature and shows global genome wide
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effect [135]. Thus, the employing inhibitors or modula-
tors which are specific in nature or agents which can
work to maintain the methylation potential are desirable
to design therapeutic strategies.

Dietary habits and therapeutic intervention can help
in restoring the normal homocysteine levels and thus
methylation potential. Since, methylation is involved
both directly as Tau modifier and indirectly as epige-
netic modulator on AD; it can prove to be an important
therapeutic target for disease prevention. Alzheimer’s
disease is associated with the lower levels of SAM
as seen in the AD brain [136, 137]. In AD, changes in
the one-carbon metabolism involving methylation are
evident, hampering the global methylation potential.
Diminished methylation potential in turn results in
overall hypomethylation. Hypomethylated state in neu-
rons is associated with Tau aggregation, increased Pre-
senilin expression and amyloid-p accumulation [138,
139]. Thus, therapeutic strategies aimed to replenish
the diminished methylation potential in neurons may
prove to be beneficial in the treatment of AD (Fig. 5).

Administration of SAM in 3xTg-AD mice was found
to be effective against amyloid-p and Tau pathology
and ameliorates the factors associated with AD such as
genetic predisposition and oxidative stress [140, 141].

Natural compounds able to modulate the state of
DNA methylation may provide an accessory approach
to alleviate pathological hallmarks in AD. For exam-
ple, Epigallocatechin-3-gallate (EGCG) competitively
inhibits DNMT1 and results in re-expression of gene
silenced via DNMT1-mediated methylation [142-144].
There are other small molecules of natural origin such
as—naringin, apigenin, luteolin, curcumin, genistein
etc., known to have moderate effects on DNA methyla-
tion [144—146].

Acknowledgements

Abhishek Ankur Balmik acknowledges Shyama Prasad Mukherjee fellowship
(SPMF) from Council of Scientific Industrial Research (CSIR), India. This project
is supported in part by grants from the Department of Biotechnology from
Neuroscience Task Force (Medical Biotechnology-Human Development &
Disease Biology (DBT-HDDB))-BT/PR/19562/MED/122/13/2016 and in-house
CSIR-National Chemical Laboratory grant MLP029526.



Balmik and Chinnathambi Cell Commun Signal

(2021) 19:51

Declarations

Competing interests
The author declares no competing interests.

Author details

‘Neurobiology Group, Division of Biochemical Sciences, CSIR-National Chemi-
cal Laboratory (CSIR-NCL), Dr. Homi Bhabha Road, 411008, Pune, India. 2Acad-
emy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India.

Received: 14 December 2020 Accepted: 10 March 2021
Published online: 07 May 2021

References

1.

Agorogiannis E, Agorogiannis G, Papadimitriou A, Hadjigeorgiou G.
Protein misfolding in neurodegenerative diseases. Neuropathol Appl
Neurobiol. 2004;30:215-24.

Dehmelt L, Halpain S. The MAP2/Tau family of microtubule-associated
proteins. Genome Biol. 2005;6:1-10.

Terwel D, Dewachter |, Van Leuven F. Axonal transport, tau protein,
and neurodegeneration in Alzheimer’s disease. Neuro Mol Med.
2002;2:151-65.

Sonawane SK, Chinnathambi S. Prion-like propagation of post-
translationally modified tau in Alzheimer’s disease: a hypothesis. J Mol
Neurosci. 2018;65:480-90.

Gorantla NV, Chinnathambi S. Tau protein squired by molecular chaper-
ones during Alzheimer’s disease. J Mol Neurosci. 2018;66:356-68.
Gorantla NV, Chinnathambi S. Autophagic pathways to clear the tau
aggregates in Alzheimer’s disease. Cell Mol Neurobiol. 2020;8:1-7.
Ellmer D, Brehs M, Haj-Yahya M, Lashuel HA, Becker CF. Single post-
translational modifications in the central repeat domains of Tau4
impact its aggregation and tubulin binding. Angew Chem Int Ed.
2019;58:1616-20.

Ercan-Herbst E, Ehrig J, Schondorf DC, Behrendt A, Klaus B, Ramos BG,
Oriol NP, Weber C, Ehrnhoefer DE. A post-translational modification sig-
nature defines changes in soluble tau correlating with oligomerization
in early stage Alzheimer’s disease brain. Acta Neuropathol Commun.
2019;7:1-19.

Martin L, Latypova X, Terro F. Post-translational modifications of

tau protein: implications for Alzheimer’s disease. Neurochem Int.
2011;58:458-71.

Alonso ADC, Grundke-Igbal |, Igbal K. Alzheimer’s disease hyperphos-
phorylated tau sequesters normal tau into tangles of filaments and
disassembles microtubules. Nat Med. 1996;2:783-7.

Johnson GV, Stoothoff WH. Tau phosphorylation in neuronal cell func-
tion and dysfunction. J Cell Sci. 2004;117:5721-9.

Brandt R, Trushina NI, Bakota L, Mulkidjanian AY. The evolution of tau
phosphorylation and interactions. Front Aging Neurosci. 2019;11:256.
YuY,Run X, Liang Z, LiY, Liu F, LiuY, Igbal K, Grundke-Igbal I, Gong CX.
Developmental regulation of tau phosphorylation, tau kinases, and tau
phosphatases. J Neurochem. 2009;108:1480-94.

Neddens J, Temmel M, Flunkert S, Kerschbaumer B, Hoeller C, Loeffler
T, Niederkofler V, Daum G, Attems J, Hutter-Paier B. Phosphorylation

of different tau sites during progression of Alzheimer’s disease. Acta
Neuropathol Commun. 2018;6:52.

Simi¢ G, Babi¢ Leko M, Wray S, Harrington C, Delalle |, Jovanov-Milo3evi¢
N, Bazadona D, Buée L, De Silva R, Di Giovanni G. Tau protein hyper-
phosphorylation and aggregation in Alzheimer’s disease and other
tauopathies, and possible neuroprotective strategies. Biomolecules.
2016;6:6.

Ishiguro K, Sato K, Takamatsu M, Park J, Uchida T, Imahori K. Analysis of
phosphorylation of tau with antibodies specific for phosphorylation
sites. Neurosci Lett. 1995;202:81-4.

Goedert M, Jakes R, Crowther R, Cohen P, Vanmechelen E, Vander-
meeren M, Cras P. Epitope mapping of monoclonal antibodies to the
paired helical filaments of Alzheimer’s disease: identification of phos-
phorylation sites in tau protein. Biochem J. 1994;301:871-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

Page 10 of 13

O'Neill C, Anderton B, Anderton B.H., Betts J, Blackstock W.P, Brion
J-P, Chapman S., Connell J,, Dayanandan R., Gallo J.-M. In: Biochemical
Society Symposia, vol. 67. Portland Press; 2001. pp. 73-80.

Wagner U, Utton M, Gallo J-M, Miller C. Cellular phosphorylation of tau
by GSK-3 beta influences tau binding to microtubules and microtubule
organisation. J Cell Sci. 1996;109:1537-43.

Gong C-X, Lidsky T, Wegiel J, Zuck L, Grundke-Igbal |, Igbal K. Phospho-
rylation of microtubule-associated protein tau is regulated by protein
phosphatase 2A in mammalian brain implications for neurofibrillary
degeneration in Alzheimer’s disease. J Biol Chem. 2000;275:5535-44.
Liu F, Grundke-Igbal |, Igbal K, Gong CX. Contributions of protein phos-
phatases PP1, PP2A, PP2B and PP5 to the regulation of tau phospho-
rylation. Eur J Neurosci. 2005,;22:1942-50.

Balmik A.A., Sonawane S.K., Chinnathambi S. Modulation of actin
network and tau phosphorylation by HDAC6 ZnF UBP domain. BioRxiv,
702571;2019.

Chen S, Li B, Grundke-Igbal |, Igbal K. I PP2A 1 affects Tau phosphoryla-
tion via association with the catalytic subunit of protein phosphatase
2A. J Biol Chem. 2008;283:10513-21.

Funk KE, Thomas SN, Schafer KN, Cooper GL, Liao Z, Clark DJ, Yang AJ,
Kuret J. Lysine methylation is an endogenous post-translational modi-
fication of tau protein in human brain and a modulator of aggregation
propensity. Biochem J. 2014;462:77-88.

Thomas SN, Funk KE, Wan Y, Liao Z, Davies P, Kuret J, Yang AJ. Dual mod-
ification of Alzheimer’s disease PHF-tau protein by lysine methylation
and ubiquitylation: a mass spectrometry approach. Acta Neuropathol.
2012;123:105-17.

Sontag E, Nunbhakdi-Craig V, Sontag J-M, Diaz-Arrastia R, Ogris E, Dayal
S, Lentz SR, Arning E, Bottiglieri T. Protein phosphatase 2A methyltrans-
ferase links homocysteine metabolism with tau and amyloid precursor
protein regulation. J Neurosci. 2007;27:2751-9.

Shirafuji N, Hamano T, Yen S-H, Kanaan NM, Yoshida H, Hayashi K, lkawa
M, Yamamura O, Kuriyama M, Nakamoto Y. Homocysteine increases
tau phosphorylation, truncation and oligomerization. Int J Mol Sci.
2018;19:891.

Bryant JC, Westphal RS, Wadzinski BE. Methylated C-terminal leucine
residue of PP2A catalytic subunit is important for binding of regulatory
Ba subunit. Biochem J. 1999,339:241-6.

Wang Y, Yang R, Gu J,Yin X, Jin N, Xie S, Wang Y, Chang H, Qian W, Shi J.
Cross talk between PI3K-AKT-GSK-33 and PP2A pathways determines
tau hyperphosphorylation. Neurobiol Aging. 2015;36:188-200.

Qian W, Shi J, Yin X, Igbal K, Grundke-Igbal I, Gong C-X, Liu F. PP2A
regulates tau phosphorylation directly and also indirectly via activating
GSK-3B. J Alzheimers Dis. 2010;19:1221-9.

Copeland RA, Solomon ME, Richon VM. Protein methyltransferases as a
target class for drug discovery. Nat Rev Drug Discov. 2009;8:724-32.
Dillon SC, Zhang X, Trievel RC, Cheng X. The SET-domain protein super-
family: protein lysine methyltransferases. Genome Biol. 2005;6:227.
Qian C, Zhou M-M. SET domain protein lysine methyltransferases: struc-
ture, specificity and catalysis. Cell Mol Life Sci CMLS. 2006;63:2755-63.
Rathert P, Dhayalan A, Murakami M, Zhang X, Tamas R, Jurkowska R,
Komatsu Y, Shinkai Y, Cheng X, Jeltsch A. Protein lysine methyltrans-
ferase G9a acts on non-histone targets. Nat Chem Biol. 2008;4:344-6.
Tamas R. Investigation of proteins responsible for the establishment
and recognition of prominent lysine modifications; 2014.

Gong C-X, Liu F, Grundke-Igbal I, Igbal K. Post-translational modi-
fications of tau protein in Alzheimer's disease. J Neural Transm.
2005;112:813-38.

Kontaxi C, Piccardo P, Gill AC. Lysine-directed post-translational modi-
fications of tau protein in Alzheimer’s disease and related tauopathies.
Front Mol Biosci. 2017;4:56.

Min S-W, Chen X, Tracy TE, Li Y, Zhou Y, Wang C, Shirakawa K, Minami
SS, Defensor E, Mok SA. Critical role of acetylation in tau-mediated
neurodegeneration and cognitive deficits. Nat Med. 2015;21:1154-62.
Min S-W, Cho S-H, ZhouY, Schroeder S, Haroutunian V, Seeley WW,
Huang EJ, Shen Y, Masliah E, Mukherjee C. Acetylation of tau inhibits its
degradation and contributes to tauopathy. Neuron. 2010,67:953-66.
Bichmann M, Oriol NP, Ercan-Herbst E, Schondorf DC, Ramos BG,
Schwaerzler V, Haberkant P, Gasparini L, Ehrnhoefer DE. SETD7-medi-
ated lysine monomethylation is abundant on non-hyperphosphoryl-
ated nuclear Tau. bioRxiv; 2020.



Balmik and Chinnathambi Cell Commun Signal

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.
56.
57.

58.

59.

60.

61.
62.
63.

64.

65.

(2021) 19:51

Morris M, Knudsen GM, Maeda S, Trinidad JC, loanoviciu A, Burlingame
AL, Mucke L. Tau post-translational modifications in wild-type and
human amyloid precursor protein transgenic mice. Nat Neurosci.
2015;18:1183-9.

Brandt R, Léger J, Lee G. Interaction of tau with the neural plasma
membrane mediated by tau’s amino-terminal projection domain. J Cell
Biol. 1995;131:1327-40.

Sultan A, Nesslany F, Violet M, Bégard S, Loyens A, Talahari S, Man-
suroglu Z, Marzin D, Sergeant N, Humez S. Nuclear tau, a key player in
neuronal DNA protection. J Biol Chem. 2011;286:4566-75.

Park S-Y, Ferreira A. The generation of a 17 kDa neurotoxic fragment:

an alternative mechanism by which tau mediates 3-amyloid-induced
neurodegeneration. J Neurosci. 2005;25:5365-75.

Amadoro G, Ciotti MT, Costanzi M, Cestari V, Calissano P, Canu N. NMDA
receptor mediates tau-induced neurotoxicity by calpain and ERK/MAPK
activation. Proc Natl Acad Sci. 2006;103:2892-7.

Reinecke JB, DeVos SL, McGrath JP, Shepard AM, Goncharoff DK, Tait
DN, Fleming SR, Vincent MP, Steinhilb ML. Implicating calpain in tau-
mediated toxicity in vivo. PLoS ONE. 2011;6:223865.

Neal M, Richardson JR. Epigenetic regulation of astrocyte function in
neuroinflammation and neurodegeneration. Biochimica et Biophysica
Acta Mol Basis Dis. 2018;1864:432-43.

Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman PD, Rogers J.
Epigenetic changes in Alzheimer’s disease: decrements in DNA meth-
ylation. Neurobiol Aging. 2010;31:2025-37.

Mastroeni D, McKee A, Grover A, Rogers J, Coleman PD. Epigenetic dif-
ferences in cortical neurons from a pair of monozygotic twins discord-
ant for Alzheimer’s disease. PLoS ONE. 2009;4:e6617.

Tulloch J, Leong L, Thomson Z, Chen S, Lee E-G, Keene CD, Millard SP, Yu
C-E. Glia-specific APOE epigenetic changes in the Alzheimer’s disease
brain. Brain Res. 2018;1698:179-86.

Cheray M, Joseph B. Epigenetics control microglia plasticity. Front Cell
Neurosci. 2018;12:243.

Das R, Chinnathambi S. Microglial priming of antigen presentation

and adaptive stimulation in Alzheimer’s disease. Cell Mol Life Sci.
2019,6:1-14.

Mano T, Nagata K, Nonaka T, Tarutani A, Imamura T, Hashimoto T, Bannai
T, Koshi-Mano K, Tsuchida T, Ohtomo R. Neuron-specific methylome
analysis reveals epigenetic regulation and tau-related dysfunction of
BRCAT in Alzheimer’s disease. Proc Natl Acad Sci. 2017;114:E9645-54.
Urdinguio RG, Sanchez-Mut JV, Esteller M. Epigenetic mechanisms in
neurological diseases: genes, syndromes, and therapies. Lancet Neurol.
2009;8:1056-72.

Jakovcevski M, Akbarian S. Epigenetic mechanisms in neurological
disease. Nat Med. 2012;18:1194-204.

Holliday R. DNA methylation and epigenetic mechanisms. Cell Biophys.
1989;15:15-20.

Fuks F. DNA methylation and histone modifications: teaming up to
silence genes. Curr Opin Genet Dev. 2005;15:490-5.

lllingworth RS, Gruenewald-Schneider U, Webb S, Kerr AR, James KD,
Turner DJ, Smith C, Harrison DJ, Andrews R, Bird AP. Orphan CpG islands
identify numerous conserved promoters in the mammalian genome.
PLoS Genet. 2010;6:21001134.

Murakami K, Kojima T, Sakaki Y. Assessment of clusters of transcription
factor binding sites in relationship to human promoter, CpG islands and
gene expression. BMC Genom. 2004;5:16.

Liu'Y, Wang M, Marcora EM, Zhang B, Goate AM. Promoter DNA
hypermethylation—implications for Alzheimer’s disease. Neurosci Lett.
2019;711:134403.

Bradley-Whitman M, Lovell M. Epigenetic changes in the progression of
Alzheimer's disease. Mech Ageing Dev. 2013;134:486-95.

Fu'Y, He C. Nucleic acid modifications with epigenetic significance. Curr
Opin Chem Biol. 2012;16:516-24.

Kriaucionis S, Bird A. DNA methylation and Rett syndrome. Hum Mol
Genet. 2003;12:R221-7.

Woodcock D, Crowther P, Diver W. The majority of methylated deoxy-
cytidines in human DNA are not in the CpG dinucleotide. Biochem
Biophys Res Commun. 1987;145:888-94.

Ziller MJ, Mller F, Liao J, Zhang Y, Gu H, Bock C, Boyle P, Epstein CB,
Bernstein BE, Lengauer T. Genomic distribution and inter-sample

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 11 of 13

variation of non-CpG methylation across human cell types. PLoS Genet.
2011;7:1002389.

Robertson KD. DNA methylation and human disease. Nat Rev Genet.
2005;6:597-610.

Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu-
ropsychopharmacology. 2013;38:23-38.

Al-Mahdawi S, Virmouni SA, Pook MA. Epigenetic biomarkers and
diagnostics. Amsterdam: Elsevier; 2016. p. 401-15.

Fedotova EY, lllarioshkin S. DNA methylation in neurodegenerative
diseases. Russ J Genet. 2019;55:271-7.

Bakulski KM, Dolinoy DC, Sartor MA, Paulson HL, Konen JR, Lieberman
AP, Albin RL, Hu H, Rozek LS. Genome-wide DNA methylation differ-
ences between late-onset Alzheimer’s disease and cognitively normal
controls in human frontal cortex. J Alzheimers Dis. 2012;29:571-88.

Rao J, Keleshian V, Klein S, Rapoport S. Epigenetic modifications in
frontal cortex from Alzheimer’s disease and bipolar disorder patients.
Transl Psychiatry. 2012;2:e132.

Coppieters N, Dragunow M. Epigenetics in Alzheimer’s disease: a focus
on DNA modifications. Curr Pharm Des. 2011;17:3398-412.

Li P Marshall L, Oh G, Jakubowski JL, Groot D, He Y, Wang T, Petronis A,
Labrie V. Epigenetic dysregulation of enhancers in neurons is associated
with Alzheimer’s disease pathology and cognitive symptoms. Nat Com-
mun. 2019;10:1-14.

Pogribny IP, Beland FA. DNA hypomethylation in the origin and patho-
genesis of human diseases. Cell Mol Life Sci. 2009;66:2249-61.

Fan G, Beard C, Chen RZ, Csankovszki G, Sun'Y, Siniaia M, Biniszkie-

wicz D, Bates B, Lee PP, Kiihn R. DNA hypomethylation perturbs the
function and survival of CNS neurons in postnatal animals. J Neurosci.
2001;21:788-97.

Taher N, McKenzie C, Garrett R, Baker M, Fox N, Isaacs GD. Amyloid-3
alters the DNA methylation status of cell-fate genes in an Alzheimer’s
disease model. J Alzheimers Dis. 2014;38:831-44.

Kandalepas PC, Sadleir KR, Eimer WA, Zhao J, Nicholson DA, Vassar R.
The Alzheimer's B-secretase BACET localizes to normal presynaptic
terminals and to dystrophic presynaptic terminals surrounding amyloid
plaques. Acta Neuropathol. 2013;126:329-52.

Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai L-H. Recovery of learn-
ing and memory is associated with chromatin remodelling. Nature.
2007;447:178-82.

McShea A, Lee H-G, Petersen RB, Casadesus G, Vincent |, Linford NJ,
Funk J-O, Shapiro RA, Smith MA. Neuronal cell cycle re-entry mediates
Alzheimer disease-type changes. Biochimica et Biophysica Acta Mol
Basis Dis. 2007;1772:467-72.

Lee K-Y, Clark AW, Rosales JL, Chapman K, Fung T, Johnston RN. Elevated
neuronal Cdc2-like kinase activity in the Alzheimer disease brain. Neu-
rosci Res. 1999;34:21-9.

Sanchez-Mut JV, Heyn H, Vidal E, Moran S, Sayols S, Delgado-Morales

R, Schultz MD, Ansoleaga B, Garcia-Esparcia P, Pons-Espinal M. Human
DNA methylomes of neurodegenerative diseases show common
epigenomic patterns. Trans| Psychiatry. 2016;6:e718-e718.

Lu H, Liu X, Deng Y, Qing H. DNA methylation, a hand behind neurode-
generative diseases. Front Aging Neurosci. 2013;5:85.

Wen K-X, Milic J, El-Khodor B, Dhana K, Nano J, Pulido T, Kraja B,
Zaciragic A, Bramer WM, Troup J. The role of DNA methylation and his-
tone modifications in neurodegenerative diseases: a systematic review.
PLoS ONE. 2016;11:0167201.

Sanchez-Mut JV, Aso E, Panayotis N, Lott |, Dierssen M, Rabano A, Urdin-
guio RG, Fernandez AF, Astudillo A, Martin-Subero JI. DNA methylation
map of mouse and human brain identifies target genes in Alzheimer's
disease. Brain. 2013;136:3018-27.

Bollati V, Galimberti D, Pergoli L, Dalla Valle E, Barretta F, Cortini F,
Scarpini E, Bertazzi P, Baccarelli A. DNA methylation in repetitive ele-
ments and Alzheimer disease. Brain Behav Immun. 2011;25:1078-83.
Goldbaum O, Richter C. Neurobiology of disease proteolytic stress
causes heat shock protein induction, tau ubiquitination, and the
recruitment of ubiquitin to tau-positive aggregates in oligodendrocytes
in culture; 2004.

Kosik KS, Shimura H. Phosphorylated tau and the neurodegen-

erative foldopathies. Biochimica et Biophysica Acta Mol Basis Dis.
2005;1739:298-310.



Balmik and Chinnathambi Cell Commun Signal

88.

89.

90.

91.

92.

93.

94,

95.
96.
97.

98.

99.

100.

105.

106.

107.

109.

11,

112,

(2021) 19:51

Arnaud L, Robakis NK, Figueiredo-Pereira ME. It may take inflammation,
phosphorylation and ubiquitination to ‘tangle'in Alzheimer’s disease.
Neurodegener Dis. 2006;3:313-9.

Bancher C, Brunner C, Lassmann H, Budka H, Jellinger K, Wiche G,
Seitelberger F, Grundke-Igbal |, Igbal K, Wisniewski H. Accumulation of
abnormally phosphorylated T precedes the formation of neurofibrillary
tangles in Alzheimer’s disease. Brain Res. 1989;477:90-9.

Bancher C, Grundke-Igbal |, Igbal K, Fried V, Smith H, Wisniewski H.
Abnormal phosphorylation of tau precedes ubiquitination in neurofi-
brillary pathology of Alzheimer disease. Brain Res. 1991;539:11-8.

Yang X-J, Seto E. Lysine acetylation: codified crosstalk with other post-
translational modifications. Mol Cell. 2008;31:449-61.

Cook C, Carlomagno Y, Gendron TF, Dunmore J, Scheffel K, Stetler C,
Davis M, Dickson D, Jarpe M, DeTure M. Acetylation of the KXGS motifs
in tau is a critical determinant in modulation of tau aggregation and
clearance. Hum Mol Genet. 2014;23:104-16.

DorvalV, Fraser PE. Small ubiquitin-like modifier (SUMO) modifica-
tion of natively unfolded proteins tau and a-synuclein. J Biol Chem.
2006;281:9919-24.

Luo H-B, Xia Y-Y, Shu X-J, Liu Z-C, Feng Y, Liu X-H, Yu G, Yin G, Xiong

Y-S, Zeng K. SUMOylation at K340 inhibits tau degradation through
deregulating its phosphorylation and ubiquitination. Proc Natl Acad Sci.
2014;111:16586-91.

Finkelstein JD. Metabolic regulatory properties of S-adenosyl-
methionine and S-adenosylhomocysteine. Clin Chem Lab Med.
2007;45:1694-9.

Loenen W. Portland Press Ltd., 2006.

Obeid R, Herrmann W. Homocysteine and lipids: S-adenosyl methio-
nine as a key intermediate. FEBS Lett. 2009;583:1215-25.

Joseph J, Loscalzo J. Methoxistasis: integrating the roles of homo-
cysteine and folic acid in cardiovascular pathobiology. Nutrients.
2013;5:3235-56.

Williams KT, Schalinske KL. New insights into the regulation of methyl
group and homocysteine metabolism. J Nutr. 2007;137:311-4.
Bottiglieri T, Hyland K, Reynolds EH. The clinical potential of ademe-
tionine (S-adenosylmethionine) in neurological disorders. Drugs.
1994,48:137-52.

Vaillant I, Paszkowski J. Role of histone and DNA methylation in gene
regulation. Curr Opin Plant Biol. 2007;10:528-33.

Razin A, Cedar H. DNA methylation and gene expression. Microbiol Mol
Biol Rev. 1991;55:451-8.

Miller AL. The methylation, neurotransmitter, and antioxidant connec-
tions between folate and depression. Alternative Med Rev. 2008;13:3.
Rosengarten H, Friedhoff AJ. A review of recent studies of the bio-
synthesis and excretion of hallucinogens formed by methylation of
neurotransmitters or related substances. Schizophr Bull. 1976;2:90.
Hirata F, Axelrod J. Phospholipid methylation and biological signal
transmission. Science. 1980;209:1082-90.

Pascale R, Pirisi L, Daino L, Zanetti S, Satta A, Bartoli E, Feo F. Role of
phosphatidylethanolamine methylation in the synthesis of phosphati-
dylcholine by hepatocytes isolated from choline-deficient rats. FEBS
Lett. 1982;145:293-7.

Kim'S, Lim IK, Park G-H, Paik WK. Biological methylation of myelin basic
protein: enzymology and biological significance. Int J Biochem Cell Biol.
1997;29:743-51.

ZarazUa S, Rios R, Delgado JM, Santoyo ME, Ortiz-Pérez D, Jiménez-
Capdeville ME. Decreased arginine methylation and myelin alterations
in arsenic exposed rats. Neurotoxicology. 2010;31:94-100.

Planel E, Yasutake K, Fujita SC, Ishiguro K. Inhibition of protein phos-
phatase 2A overrides tau protein kinase I/glycogen synthase kinase 38
and cyclin-dependent kinase 5 inhibition and results in tau hyper-
phosphorylation in the hippocampus of starved mouse. J Biol Chem.
2001;276:34298-306.

Vafai SB, Stock JB. Protein phosphatase 2A methylation: a link between
elevated plasma homocysteine and Alzheimer’s Disease. FEBS Lett.
2002,518:1-4.

Janssens V, Goris J. Protein phosphatase 2A: a highly regulated family
of serine/threonine phosphatases implicated in cell growth and signal-
ling. Biochem J. 2001;353:417-39.

Sontag E, Nunbhakdi-Craig V, Lee G, Brandt R, Kamibayashi C, Kuret J,
White CL, Mumby MC, Bloom GS. Molecular interactions among protein

114.

122.

123.

127.

128.

129.

130.

131.

132.

133.

134.

Page 12 of 13

phosphatase 2A, tau, and microtubules Implications for the regulation
of tau phosphorylation and the development of tauopathies. J Biol
Chem. 1999,274:25490-8.

Tolstykh T, Lee J, Vafai S, Stock JB. Carboxyl methylation regulates
phosphoprotein phosphatase 2A by controlling the association of
regulatory B subunits. EMBO J. 2000;19:5682-91.

De La Haba G, Cantoni G. The enzymatic synthesis of S-adenosyl-
L-homocysteine from adenosine and homocysteine. J Biol Chem.
1959,234:603-8.

Yi P, Melnyk S, Pogribna M, Pogribny IP, Hine RJ, James SJ. Increase in
plasma homocysteine associated with parallel increases in plasma
S-adenosylhomocysteine and lymphocyte DNA hypomethylation. J Biol
Chem. 2000;275:29318-23.

Tchantchou F, Graves M, Ortiz D, Chan A, Rogers E, Shea T. S-adenosy!
methionine: a connection between nutritional and genetic risk factors
for neurodegeneration in Alzheimer’s disease. J Nutr Health Aging.
2006;10:541.

Bottiglieri T. Folate, vitamin B12, and S-adenosylmethionine. Psychiatric
Clin. 2013;36:1-13.

Sreckovic B, Sreckovic VD, Soldatovic |, Colak E, Sumarac-Dumanovic
M, Janeski H, Janeski N, Gacic J, Mrdovic I. Homocysteine is a marker
for metabolic syndrome and atherosclerosis. Diabetes Metab Syndr.
2017;11:179-82.

Schalinske KL, Smazal AL. Homocysteine imbalance: a pathological
metabolic marker. Adv Nutr. 2012;3:755-62.

Chaava M, Tsh B, Tsh S. Homocysteine as risk marker of cardiovascular
disease. Georgian Med News. 2005;5:65-70.

Obeid R, Herrmann W. Mechanisms of homocysteine neurotoxicity in
neurodegenerative diseases with special reference to dementia. FEBS
Lett. 2006;580:2994-3005.

Herrmann W, Obeid R. Homocysteine: a biomarker in neurodegenera-
tive diseases. Clin Chem Lab Med. 2011;49:435-41.

Lehmann M, Gottfries C, Regland B. Identification of cognitive impair-
ment in the elderly: homocysteine is an early marker. Dement Geriatr
Cogn Disord. 1999;10:12.

Moretti R, Caruso P. The controversial role of homocysteine in neurol-
ogy: from labs to clinical practice. Int J Mol Sci. 2019;20:231.

Hoffman M. Hypothesis: hyperhomocysteinemia is an indicator of
oxidant stress. Med Hypotheses. 2011;77:1088-93.

Stuhlinger MC, Tsao PS, Her J-H, Kimoto M, Balint RF, Cooke JP. Homo-
cysteine impairs the nitric oxide synthase pathway: role of asymmetric
dimethylarginine. Circulation. 2001;104:2569-75.

Morris MS. Homocysteine and Alzheimer’s disease. Lancet Neurol.
2003;2:425-8.

Leulliot N, Quevillon-Cheruel S, Sorel |, de La Sierra-Gallay IL, Collinet
B, Graille M, Blondeau K, Bettache N, Poupon A, Janin J. Structure of
protein phosphatase methyltransferase 1 (PPM1), a leucine carboxy!
methyltransferase involved in the regulation of protein phosphatase 2A
activity. J Biol Chem. 2004,279:8351-8.

Wang J-Z, Gong C-X, Zaidi T, Grundke-Igbal I, Igbal K. Dephosphoryla-
tion of Alzheimer paired helical filaments by protein phosphatase-2A
and- 2B. J Biol Chem. 1995;270:4854-60.

Kruman Il, Kumaravel T, Lohani A, Pedersen WA, Cutler RG, Kruman

Y, Haughey N, Lee J, Evans M, Mattson MP. Folic acid deficiency and
homocysteine impair DNA repair in hippocampal neurons and sensitize
them to amyloid toxicity in experimental models of Alzheimer’s disease.
J Neurosci. 2002;22:1752-62.

Wood IC. The contribution and therapeutic potential of epigenetic
modifications in Alzheimer’s disease. Front Neurosci. 2018;12:649.
Wang Z, Yang D, Zhang X, LiT, Li J, Tang Y, Le W. Hypoxia-induced
down-regulation of neprilysin by histone modification in mouse
primary cortical and hippocampal neurons. PLoS ONE. 2011;6:e19229.
Kubicek S, O'Sullivan RJ, August EM, Hickey ER, Zhang Q, Teodoro ML,
Rea S, Mechtler K, Kowalski JA, Homon CA. Reversal of H3K9me2 by a
small-molecule inhibitor for the G9a histone methyltransferase. Mol
Cell. 2007,25:473-81.

Sharma M, Dierkes T, Sajikumar S. Epigenetic regulation by G9a/GLP
complex ameliorates amyloid-beta 1-42 induced deficits in long-term
plasticity and synaptic tagging/capture in hippocampal pyramidal
neurons. Aging Cell. 2017;16:1062-72.



Balmik and Chinnathambi Cell Commun Signal

135.

136.

137.

138.

139.

140.

(2021) 19:51

Neja SA. Site-specific DNA demethylation as a potential tar-

get for cancer epigenetic therapy. Epigenetics Insights.
2020;13:2516865720964808.

Morrison LD, Smith DD, Kish SJ. Brain S-adenosylmethionine

levels are severely decreased in Alzheimer's disease. J Neurochem.
1996;,67:1328-31.

Linnebank M, Popp J, Smulders Y, Smith D, Semmler A, Farkas M, Kulic
L, Cvetanovska G, Blom H, Stoffel-Wagner B. S-adenosylmethionine

is decreased in the cerebrospinal fluid of patients with Alzheimer’s
disease. Neurodegener Dis. 2010;7:373-8.

Fuso A, Nicolia V, Cavallaro RA, Ricceri L, D’Anselmi F, Coluccia P,
Calamandrei G, Scarpa S. B-vitamin deprivation induces hyperhomo-
cysteinemia and brain S-adenosylhomocysteine, depletes brain S-aden-
osylmethionine, and enhances PS1 and BACE expression and amyloid-3
deposition in mice. Mol Cell Neurosci. 2008;37:731-46.

Cavallaro RA, Nicolia V, Fiorenza MT, Scarpa S, Fuso A. S-Adenosylme-
thionine and superoxide dismutase 1 synergistically counteract Alz-
heimer’s disease features progression in TgCRND8 Mice. Antioxidants.
2017,6:76.

Shea TB, Chan A. S-adenosyl methionine: a natural therapeutic agent
effective against multiple hallmarks and risk factors associated with
Alzheimer’s disease. J Alzheimers Dis. 2008;13:67-70.

Page 13 of 13

141. Lee S, Lemere CA, Frost JL, Shea TB. Dietary supplementation with
S-adenosyl methionine delayed amyloid- and tau pathology in 3xTg-
AD mice. J Alzheimers Dis. 2012,28:423-31.

142. Berletch JB, Liu C, Love WK, Andrews LG, Katiyar SK, Tollefsbol TO. Epige-
netic and genetic mechanisms contribute to telomerase inhibition by
EGCG. J Cell Biochem. 2008;103:509-19.

143. Kato K, Long NK, Makita H, Toida M, Yamashita T, Hatakeyama D, Hara A,
Mori H, Shibata T. Effects of green tea polyphenol on methylation status
of RECK gene and cancer cell invasion in oral squamous cell carcinoma
cells. Br J Cancer. 2008,99:647-54.

144. Lee WJ, Shim J-Y, Zhu BT. Mechanisms for the inhibition of DNA
methyltransferases by tea catechins and bioflavonoids. Mol Pharmacol.
2005;68:1018-30.

145. Fang M, Chen D, Yang CS. Dietary polyphenols may affect DNA meth-
ylation. J Nutr. 2007;137:2235-228S.

146. Mukherjee N, Kumar AP, Ghosh R. DNA methylation and flavonoids in
genitourinary cancers. Curr Pharmacol Rep. 2015;1:112-20.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Methylation as a key regulator of Tau aggregation and neuronal health in Alzheimer’s disease
	Abstract 
	Background
	Tau methylation in Alzheimer’s disease
	Methylation as a mode of epigenetic regulation and its role in Alzheimer’s disease
	Cross talk of Tau methylation with other PTMs
	Regulation of Tau methylation and its metabolic implications in neuronal health
	Summary and future directions
	Acknowledgements
	References


