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Abstract

Studies over the past decades have elucidated the critical role of autophagy in human health and diseases. Although the
processes of autophagy in the cytoplasm have been well studied, the posttranscriptional and epigenetic regulation mecha-
nisms of autophagy are still poorly understood. Protein methylation, including histone methylation and non-histone protein
methylation, is the most important type of posttranscriptional and epigenetic modification. Recent studies have shown that
protein methylation is associated with effects on autophagosome formation, autophagy-related protein expression, and sign-
aling pathway activation, but the details are still unclear. Thus, it is important to summarize the current status and discuss
the future directions of research on protein methylation in the context of autophagy.
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Introduction

Ashford and Porter first discovered a “self-digestion” process
in human hepatic cells associated with lysosomes as early as
1962, and this phenomenon was first termed “autophagy” by
de Duve [1]. Autophagy is a catabolic homeostasis process,
wherein cytoplasmic contents, including damaged orga-
nelles, long-lived or aggregated proteins, and pathogens,
are surrounded by multilayered autophagosomes, which
fuse with lysosomes to enable degradation of the seques-
tered contents [2—4]. Autophagy is also an adaptive cellular
process that occurs in response to different forms of stress to
eliminate harmful cytosolic components to maintain cellular
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homeostasis [5]. Due to the fundamental importance of
autophagy, the dysregulation of autophagy has been impli-
cated in various human diseases, including infection [6],
immune disease [7], pulmonary disease [8], kidney disease
[9], metabolic disease [10], neurodegeneration [11], cancer
[12], and cardiovascular diseases [13]. However, advances
in autophagy research have led to the current conventional
wisdom that autophagy is a double-edged sword. Thus, fur-
ther clarification of the regulatory mechanisms of autophagy
is important to enable better understanding and control of
autophagy.

To date, at least three types of autophagy have been rec-
ognized: microautophagy, chaperone-mediated autophagy,
and macroautophagy (hereafter referred to as autophagy).
Autophagy is a finely regulated and highly conserved bio-
logical process that includes five sequential steps: autophagy
initiation, membrane nucleation and phagophore formation,
phagophore expansion, lysosomal fusion, and degradation
(Fig. 1) [14, 15]. To date, no less than 38 autophagy-related
(ATG) genes have been identified in yeast and higher eukar-
yotes [16]. These ATGs usually interact with other proteins
to form complexes and jointly regulate the autophagy pro-
cess. For example, Unc-51-like autophagy-activating kinase
1 (ULK1) complex in mammals, commonly comprising
ULKI1-RB1CCI1/FIP200-ATG13-ATG101, is indispensa-
ble for autophagy induction [5]. The activity of the ULK1
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Fig. 1 Specific process of autophagy and the genes involved in it. Autophagy is a multi-stage biological process, including initiation, elongation,
closure, maturation, and degradation. The ATG family is the most investigated genes that involved in autophagy

complex is regulated by the mammalian target of rapamy-
cin (mTOR) complex and AMP-activated protein kinase
(AMPK). mTORC1 is a complex that can sense nutritional
status and control protein synthesis [17]. Under normal con-
ditions, mMTORC1 is phosphorylated and active and promotes
ULKI1 and ATG13 phosphorylation to suppress autophagy.
While under starvation or other specific cellular stress,
mTORCI is inactivated, which results in rapid dephospho-
rylation of ATG13 and ULKI1 to induce autophagy [5, 16].

From the example of the ULK1 complex, it is not dif-
ficult to discern that protein posttranslational modification
(PTM) is a critical way to regulate autophagy. Aside from
phosphorylation, O-linked glycosylation, ubiquitination,
and acetylation are important for autophagy regulation,
and recently published reviews have given very detailed
descriptions of these processes [16, 17]. In addition, phos-
phatidylethanolamine (PE)-modified Atg8/LC3 (Atg8-
PE/LC3-1I) is necessary for phagophore elongation. The
ATGI12-ATG5-ATG16L1 conjugation system, contain-
ing the core proteins ATGS, ATG12, ATG7, ATG10, and
ATGI16L1, promotes LC3 conversion to the PE-conjugated
LC3-II form in an E3-like manner [18]. CSNK2 phosphoryl-
ates ATG16L1 on Ser139 to positively regulate autophagy
[19]. Substrates to be degraded by autophagy require selec-
tive receptors (e.g., SQSTM1/p62, BNIP3L, NBR1, and
OPTN) and scaffold proteins, which usually bind LC3-II
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and bring SQSTM1-containing protein aggregates to the
autophagosome for degradation [20].

Over the past several decades, although it has been
reported that signaling pathway-associated autophagy
regulation is complicated, the identity of the overarching
“gatekeeper” of autophagy has remained elusive. It has been
documented that posttranscriptional and epigenetic regula-
tion are critical for autophagy processes [21]. In addition
to the abovementioned protein modifications, protein meth-
ylation is a burgeoning research topic. Protein methylation,
including histone methylation and non-histone protein meth-
ylation, is one of the most important form of posttranscrip-
tional and epigenetic modifications associated with effects
on autophagosome formation, autophagy-related protein
expression, and signaling pathway activation and potentially
functions as the PTM switch to regulate autophagy [21].
Similar to phosphorylation, methylation is also a reversible
biological process, and it mediated by methyltransferases
and demethylases [22]. However, methylation can be found
not only at different amino-acid sites, but also in different
forms, such as mono-, di-, or trimethylation, which indicates
that methylation is flexible and diverse [22]. Methylation
has been found to affect protein activity, protein—protein
interactions, and interplay with other PTMs [22]. Although
the regulation of autophagy by protein methylation is far
from clear, existing studies have shown that both histone
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methylation and non-histone methylation have important
regulatory effects on autophagy. Therefore, it is urgent to
summarize related studies to help researchers discover new
scientific problems and research directions. Thus, this review
focuses on protein methylation in the context of autophagy
along with the responsible enzymes and their effects on vari-
ous biological processes (Table 1).

Histone methylation and methyltransferases
linked to the regulation of autophagy

Histone methylation mainly occurs on lysine [23] and argi-
nine [24] and is carried out by protein lysine methyltrans-
ferases (PKMTs or PLMTs) and protein arginine methyl-
transferases (PRMTs), including members of the PRMT
family, SET gene family, and non-SET gene family [25-27].
Lysine can be monomethylated (mel), dimethylated (me2),
or trimethylated (me3), while arginine can be monomethyl-
ated (mel), symmetrically dimethylated (me2s), or asym-
metrically dimethylated (me2a) on its guanidine group [28].
It has been identified that a plethora of methyltransferases
and demethylases mediate the addition or removal of methyl
groups from different residues on histones [29]. These his-
tone markers potentially recruit nuclear factors that either
activate or repress transcription directly or by altering chro-
matin states [28]. Histone methylation can serve as specific

Table 1 Protein methylation and their effects on autophagy

binding sites for transcription factors and coregulators [21].
Thus, histone methylation sites form hubs on chromatin that
can accommodate specific transcription factors or cofactors
linking upstream signals to downstream gene expression.
In view of the critical role that histone methylation plays
during cellular events, it is important to investigate the role
of histone methylation during autophagy and the potential
mechanism. Accumulating evidence indicates that histone
methylation contributes to the control of cell fate and to the
maintenance or suppression of autophagy, which is a new
area of study. Here, we summarize various histone methyla-
tion markers that directly or indirectly control autophagy
(Fig. 2).

H3K27 trimethylation by EZH2

Although autophagy is universally recognized as cytoprotec-
tive, dysregulation of autophagy can also result in cell death.
Thus, understanding how autophagy holds the switch of cell
survival and death is quite important. Emerging evidence
has shown that EZH2, which catalyzes H3K27me2/3 and
induces transcriptional repression, plays a determinant role
in autophagy regulation. Wei et al. demonstrated that EZH2
inhibited autophagy by epigenetically repressing several
negative regulators of the mTOR pathway, including TSC2,
RHOA, DEPTOR, FKBP11, RGS16, and GPI, in colorectal
carcinoma cell lines under serum starvation conditions and

HMTs  Targets Effectors molecules Impact to autophagy Tissue/cell Consequence References
EZH2 H3K27me3 TSC2, RHOA, DEP- Inhibition HeLa, MCF-7, Cell growth retardation [30]
TOR, FKBP11, HCT116, LOVO,

RGS16 and GPI U208, PC3, H719,
HT29, and SW620
cell lines
LC3B, ATG7 Inhibition HCT116, LOVO, HCT- Cell survival [33]
15, and DLD-1 cell
lines
H3K27me3 pl4ARF, pl16INK4a, Activation SKOV3/DDP cell line  Cell death [34]
p53, pRb, and p21,
CDK1, CDK2
H3K27me2/3 ATGS, ATG7 Inhibition Aortic VSMCs Cell growth [36]
EHMT2 H3K9me2 LC3B, WIPII and Inhibition Naive T cell activation ~Naive T cell activation [40, 41]
TP53INP2/DOR stimulation
H3K9me2 Beclin-1 Inhibition MCEF-7, and HS578T  Poor prognosis [46]
cell lines
SMYD3 H3K4me2/me3 BCLAF1 Activation Bladder cancer Poor prognosis [50]
LSD1 H3K4me2 LC3IL, p62 Inhibition HEK293, MEF, Cell proliferation [52]
HCT116, and U20S
cell lines
CARM1 H3R17me2 TFEB Activation MEFs, HeLa, HepG2 Cell survival [54]
DOTIL H3K79me2 CD9, MMP9 Inhibition RAW264.7 Osteoclast dysregula- [57]
tion
SETD7 ATGI6L1 (K151mel) Inhibition Cardiomyocytes Cell death/apoptosis [63]
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Fig.2 Histone methylation enzymes control over autophagy regulation. Multiple histone methylation markers, along with its responsible
enzymes, regulate autophagy activation in various cells lines and contribute to determine that the cell fate is presented

contributed to slowing of tumor growth [30]. EZH2 was
recruited to the gene promoter via metastasis-associated
1 family, member 2 (MTA?2) to silence target genes, such
as TSC2 [30]. EZH2 associates with specific target gene
promoters and catalyzes H3K27me3 by docking histones
through MTA2 recruitment, revealing a transcriptional
repressive model mediated by multiple types of histone mod-
ifications [30]. Over the past few years, several potent inhibi-
tors of EZH2 have been discovered [31]. Liu et al. showed
that GSK343, an S-adenosyl-L-methionine (SAM)-compet-
itive inhibitor of EZH?2, induced autophagy and enhanced
drug sensitivity in cancer cells, including hepatocellular
carcinoma cells, in in silico and in vitro experimental analy-
ses [32]. It is reported that UNC1999, a selective inhibitor
of EZH2, functions as an autophagy inducer by upregulat-
ing LC3B gene expression in a partially ATG7-dependent
manner and causes cell death [33]. Although EZH2 knock-
down and EZH2 inhibition with selective inhibitors induce
autophagy in different cancer cell lines, knockdown of EZH?2
results in slowing of cell growth, while UNC1999 promotes
cell survival [30, 33]. These results indicate that UNC1999
may have side effects independent of its effects on EZH2.
However, Sun et al. reported a completely opposite finding
after transfecting an EZH2 RNA interference plasmid into
the human ovarian cancer cell line SKOV3/DDP [34]. They
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found that EZH2 inhibition significantly inhibited autophagy
and increased the expression of the cellular senescence-sign-
aling proteins p14, p16, p53, and pRb, which was followed
by cell death [34]. As cellular senescence is tightly related to
ovarian cancer cell sensitivity to cisplatin [35], these results
suggest that knockdown of EZH2 can inhibit ovarian can-
cer cell autophagy and reverse resistance to chemotherapy.
Furthermore, EZH2 inhibitors inhibit autophagy with an
efficiency similar to that of EZH2 knockdown in ovarian
cancer cells [34]. Studies on the various roles of EZH2 have
predominantly focused on tumors; however, EZH2-induced
autophagy is also a key factor in cardiovascular disease.
Our recent research demonstrated that EZH2 manages vas-
cular smooth muscle cell (VSMC) survival by suppressing
autophagic cell death associated with aortic dissection by
catalyzing H3K27me?2/3 and inhibiting the MEK-ERK1/2-
signaling pathway [36]. Remarkably, our results showed that
the inhibition of EZH2 activity by UNC1999 or knockdown
of EZH2 resulted in VSMC loss accompanied by increased
expression of LC3B, ATGS, and ATG7 and formation of
autophagosomes; in contrast, ATG5 or ATG7 knockdown
resulted in autophagy inhibition that virtually eliminated
the VSMC loss induced by EZH?2 inhibition or knockdown.
According to the molecular definitions of cell death pro-
cesses, uncontrolled autophagy activation leads to cell death,
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which is defined as “autophagic cell death (ACD)”, and is
also known as “type II programmed cell death”; notably,
we were the first to discover that EZH2 inhibition induces
autophagy-related VSMC loss [37]. Our results elucidated
the role of EZH2 inhibition-induced autophagy during cell
death. Although further studies are needed, treatments tar-
geting to EZH2 or selective inhibitors of EZH2 will not
only prevent silencing of tumor suppressor genes, but also
activate autophagy, which will be an interesting area of
research for autophagy-related disease treatment. Notably,
when using EZH? inhibitors in the treatment of tumors, one
should consider their side effects on the cardiovascular sys-
tem, especially the aorta.

H3K9 dimethylation by EHMT2

H3K9me? is the most studied histone modification related
to autophagy regulation. H3K9 methylation levels are
managed by histone methyltransferases (HMTs) such as
SUV39HI1 (suppressor of variegation 3—9 homolog 1) and
G9a/EHMT?2, and by histone lysine demethylases (KDMs),
such as KDM4/JMJD2 (Jumonji domain-containing 2) [38,
39]. Recent studies have described that EHMT?2 is enriched
on the promoters of key genes during autophagy, including
LC3B, WIPII1, and TPS3INP2/DOR, as a transcriptional
repressor [40, 41]. Nutrient deprivation leads to dissociation
of EHMT?2 from the promoter and enables dimethylation
as well as acetylation of H3K9, resulting in transcriptional
activation [40]. EHMT?2 also acts as a co-factor of BRD4
(bromodomain-containing 4) and performs transcriptional
repression, regulating autophagy and lysosome-related gene
expression [40]. Selective inhibitors of H3K9 methylation,
such as BRD4770 and BIX01294, can effectively enhance
autophagy in various tumors, such as breast cancer [42],
colon cancer [42], bladder cancer [43], oral squamous cell
carcinoma [44], and neuroblastoma tumors [45]. Park et al.
demonstrated that EHMT?2 inhibition by BIX01294 reduces
H3K9me?2 and induces the dissociation of EHMT2 and
H3K9me?2 from the promoter of Beclin-1; RNA polymer-
ase II and NF-kB are then recruited to the promoter, result-
ing in transcriptional activation that accelerates autophagy
[46]. Our unpublished data also confirm that the inhibition
of EHMT?2 by gene knockdown or BIX01294 treatment is
capable of activating autophagy via regulation of SQSTM 1/
p62 and Beclin-1 expression to cause VSMC loss. However,
BRD4770, reported to be an inhibitor of EHMT?2, suppresses
VSMC proliferation by regulating G2/M phase arrest and
decreases the expression levels of major regulators of cell-
cycle G2/M checkpoints in an autophagy- and EHMT2-inde-
pendent manner. Taken together, the findings suggest that
EHMT? likely acts as an epigenetic repressor of autophagy
and that the expression level or function of EHMT? acts as
the switch for autophagy.

H3K4 di- and trimethylation

H3K4 methylation, a common euchromatin marker for
active transcription, is mediated by methyltransferases,
such as SMYD3, and demethylases, such as KDM1A/LSD1
[47]. Ni et al. observed that H3K4me3 was enriched at the
core promoter region of the damage-regulated autophagy
modulator (DRAM) gene in a time-dependent manner upon
serum deprivation [48]. DRAM is a lysosomal membrane
protein that is associated with p53-mediated autophagy [49].
Increased H3K4me3-induced DRAM expression is required
for serum deprivation-induced autophagy activation [48].
In addition, Shen et al. discovered that SMYD?3 overexpres-
sion in bladder cancer cells promoted autophagy activation
which was associated with bladder cancer progression and
poor prognosis [50]. Mechanistically, SMYD3 upregulated
Bcl2-associated transcription factor 1 (BCLAF1) expression
by enriching di- and trimethylation of H3K4 at the BCLAF1
locus [50]. Interestingly, Fiillgrabe et al. achieved the oppo-
site result. They observed that H3K4me3 reductions accom-
panied H4K 16 deacetylation in both mammalian and yeast
cells during autophagy [51]. Wang et al. found that H3K4
demethylase inhibitor treatment induced autophagy in mul-
tiple mammalian cell lines [52]. They treated osteosarcoma
cells, human renal epithelial cells and cervical cancer cells
with 2-PCPA and GSK-LSDS1, two inhibitors of the H3K4
demethylase KDM1A/LSDI, and autophagy activation
was observed in all the cell lines [52]. The two inhibitors
induced LC3II accumulation, autophagosome and autolyso-
some formation, and p62 degradation [52]. Moreover, they
found four new inhibitors, including UNC1215 for the his-
tone methylation reader L3MBTL3, ML324 for the H3K9
and H3K36 demethylase JMJID2, GSK-J4 for the H3K27
demethylases UTX and JMJD3, and PBIT for the H3K4
demethylase KDM5B that were able to induce accumula-
tion of LC3II in cells [52]. Consistently, it is reported that
the inhibition of H3K4 methylation in hepatic stellate cells
occurs in the Hif-1 transcriptional complex and suppresses
Hif-1 nuclear transport and autophagosome formation [53].
Although the specific mechanism of the paradoxical role
of H3K4me2/3 in autophagy is still unknown, there is no
doubt that H3K4me2/3 levels are closely associated with
the autophagy process.

H3R17 dimethylation

H3R17 dimethylation (H3R17me?2), which is associated
with transcriptional activation, is mediated by coactivator-
associated arginine methyltransferase 1 (CARM]I, also
called PRMT4). A recent study identified CARM1-medi-
ated H3R17me?2 as a crucial component of autophagy in
mammals [54]. Autophagy activation induced by glucose
starvation increased H3R17me2 levels resulting from
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CARMI1 induction in the nucleus, and CARM]1 exerted
transcriptional coactivator effects on autophagy-related and
lysosomal genes through transcription factor EB (TFEB) to
regulate autophagy [54]. Notably, CARMI1 is degraded by
the SKP2-containing SCF (SKP1-cullin1-F-box protein) E3
ubiquitin ligase in the nucleus under glucose rich conditions
[54]. When glucose starvation persists, AMPKa2 and phos-
phorylated AMPK, the activated form of AMPK, accumu-
late in the nucleus to phosphorylate FOXO3a, which acts as
a transcriptional repressor of SKP2 [54]. Nutrient starvation-
induced activation of AMPK downregulates SKP2 expres-
sion in the nucleus and enables CARMI1 to escape degra-
dation by SCF E3 ubiquitin ligase and stabilization [54].
Given that ellagic acid is an effective H3R17me?2 blocker
[55], application of ellagic acid is able to almost completely
block autophagy activation both in vitro and in vivo [54].
These findings identify CARM1-mediated histone arginine
methylation as a critical nuclear event in the regulation of
autophagy and elucidate the potential therapeutic value of
targeting the recently identified AMPK-SKP2-CARMI1
signaling axis in autophagy-related diseases.

H3K79 dimethylation

H3K79me?2 is strongly correlated with active gene transcrip-
tion. DOT1/DOTIL is an evolutionarily conserved histone
methyltransferase that mediates H3K79me?2/3 [56]. Meth-
ylation of H3K79 is involved in the regulation of telomeric
silencing, cellular development, cell-cycle checkpoints,
DNA repair, and transcription [56]. It has been reported that
DOTI1L-mediated H3K79me? is also involved in autophagy.
Gao et al. discovered that DOT1L and H3K79me?2 expres-
sion increased during osteoclast differentiation [57]. DOT1L
inhibition increased autophagic activity, which was associ-
ated with osteoclast differentiation and resorption capability
[57]. Their work indicates that autophagy is potentially a tar-
get of DOT1L, although further study is needed to reveal the
specific mechanisms of DOTI1L in the autophagy process.

Non-histone protein methylation associated
with autophagy regulation

Methylation of lysine and arginine residues on non-histone
proteins has emerged as a prevalent PTM and as an impor-
tant regulator of cellular signal transduction mediated by
multiple signaling pathways [58, 59]. Crosstalk between
methylation and other types of PTMs, and between histone
and non-histone protein methylation frequently occurs and
affects cellular functions such as chromatin remodeling,
gene transcription, protein synthesis, signal transduction,
and DNA repair [60]. It is now firmly established that non-
histone protein methylation is an integral part of cellular
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biology and an important regulator of the physiological or
pathological state of a cell [61] (Fig. 3). Emerging studies
have illustrated that protein methylation acts as a “gate-
keeper” in autophagy regulation.

Posttranslational modifications
of autophagy-related (ATG) genes

ATG proteins are required for the management of the
formation of autophagosomes [62]. These ATG proteins
are recruited and constitute a cluster of functional pro-
tein complexes that are activated sequentially. The ULK1
complex is responsible for autophagy induction, and the
class III phosphatidylinositol (PtdIns) 13-kinase—Beclin-1
complex controls autophagosome nucleation. Finally, the
ATG12-ATG5-ATG16L1 complexes recruit and activate
the E2-like protein ATG3, thereby promoting conjuga-
tion of LC3 to phosphatidylethanolamine (PE) and subse-
quently converting LC3B-I to LC3B-II to induce extension
and closure of autophagosome membranes [5]. Song et al.
presented evidence that ATG16L1 methylation at lysine
151 induced by SETD7, an SET domain-containing lysine
methyltransferase, impaired the binding of ATG16L1 to
the ATG12-ATGS conjugate, leading to autophagy inhi-
bition and exacerbating hypoxia/reoxygenation (H/R)-
treated cardiomyocyte apoptosis, while lysine demethy-
lase 1A (LSD1/KDM1A) removed the methyl mark from
ATGI16L1 [63]. Under H/R or conditions of enhanced
autophagy activation, SETD7 expression was significantly
suppressed, while KDM1A expression was enhanced [63].
In addition, methylation at lysine 151 inhibits phospho-
rylation of ATG16L1 at S139 by casein kinase 2 (CSNK?2),
which was previously shown to be critical for autophagy
maintenance [19]. These findings reveal the correlation
between ATG16L1 methylation and autophagy initiation
and suggest a working model of “two-way” crosstalk in
which methylation and phosphorylation at different resi-
dues of ATG16L1 influence each other.

Alteration of signaling pathway activation induced
by non-histone protein methylation

Various signaling pathways have been reported to be
enabled by protein methylation, such as the NF-kB [64],
STAT3, MAPK [65], Akt [66], p53 [67], and Wnt [68]
-signaling pathways. It is noteworthy that multiple signal-
ing pathways involved in autophagy regulation could be
governed by protein methylation. Hence, we here sum-
marize the protein methylation-induced signaling pathway
alterations related to autophagy (Fig. 3).
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Fig.3 Non-histone protein methylation acted as “gatekeeper” in autophagy regulation. Known non-histone protein methylation associated with
autophagy regulation by manipulating ATG gene expression and autophagy-related signaling pathway activation is depicted

NF-kB-signaling pathway

Transcriptional regulation of autophagy, such as that occur-
ring through the NF-kB-signaling pathway, has been directly
implicated in death and survival signaling. The NF-xB fam-
ily is an important transcription factor family consisting of
Rel, p65/RelA, RelB, p105/p50, and p100/p52 that target
autophagy-related genes [69]. NF-xB plays a protective role
in many pathological processes by enhancing autophagy.
Kretowski et al. found that NF-kB was activated by the anti-
apoptotic chaperone ORP150, which increased autophagic
mechanisms to protect MCF-7 cells against apoptosis [70].
Copetti et al. revealed that the NF-xB family member p65/
RelA increased Beclin-1 expression levels in different cellu-
lar systems and enhanced autophagy by binding to the Bec-
lin-1 promoter [71]. Lim’s results showed that the repression
of NF-kB expression by helenalin contributed to autophagic
cell death [72]. On the other hand, there is also evidence that
NF-«B suppresses autophagy via activation of mTOR. It is
reported that NF-kB-targeted cell signaling is involved in
advanced glycation end product-mediated autophagy impair-
ment in p53-negative/null cells [73]. The activity of NF-xB

is under the control of posttranslational modifications of
signaling components [74], and phosphorylation is the most
common modification. Furthermore, NF-xB can be meth-
ylated reversibly on lysine or arginine residues by histone
lysine and arginine methyltransferases and demethylases
[75]. NF-xB methylation status can overwhelmingly affect
the functions of NF-kB by altering its stability, transactiva-
tion ability, and affinity for DNA [76]. For example, meth-
ylation of p65/RelA by SETD6 induces recruitment of the
histone methyltransferase GLP (also called EHMT1) to chro-
matin, resulting in chromatin condensation and repression of
NF-kB target gene expression [77]. Lu et al. demonstrated
that differential methylation of NF-xB on K37 and K218/221
is able to guide differential activation of NF-xB, causing it
to bind to specific promoters. Their work may explain the
conflicting effects of NF-xB in autophagy regulation.

STAT3-signaling pathway
Signal transducer and activator of transcription 3 (STAT3)

is a transcription factor that mediates the expression of a
variety of genes in response to cell stimuli and thus plays
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a key role in many cellular processes, such as apoptosis,
cell growth, and autophagy [78]. STAT3 is predominantly
activated by phosphorylation of a tyrosine residue [79].
STAT3 carries out antiautophagic functions by promoting
the expression of negative regulators of autophagy, such as
BCL2, BCL2L1, MCL1, and PI3KR1/P55a, or by inhibiting
the expression of autophagy-related genes, such as Beclin-1
[80]. The anti-apoptotic BCL2 family members, including
BCL2, BCL2L1, and MCL]1, are important negative regula-
tors of Beclin-1. After activation, STAT3 upregulates BCL2
expression and leads to inhibition of autophagy [81]. On the
other hand, STAT3 has been reported to transcriptionally
upregulate HIF1a [82]. HIF1a is stabilized and expressed
under hypoxic conditions and induces autophagy [82]. Thus,
the switch-governing STAT3 activation is quite important
for autophagy regulation. Kim et al. found that the activa-
tion of STAT3 at the tyrosine site is positively regulated by
STAT3 methylation on Lys180, which is mediated by EZH2
[83]. A conflicting report by Kong et al. showed that STAT3
dimethylation at Lys140 by SETD7 decreased STAT3 phos-
phorylation at Tyr705, thus negatively regulating STAT3
activity [84]. Overall, the activation of STAT3 is regulated
by multiple interactions between methylation and phospho-
rylation modifications, although further study is needed to
figure out the determinant factor that maintains the switch of
STAT?3 activation by posttranslational modifications.

MAPK-signaling pathway

The enzymes of the mitogen-activated protein kinases
(MAPK) family are activated through a sequential phos-
phorylation cascade to amplify and transduce signals from
the membrane to the nucleus [85]. Extracellular-regulated
protein kinase 1/2 (ERK1/2, also known as p42/p44MAPK)
is the key member of the MAPK family and communicate
extracellular signals to affect nuclear event. Emerging stud-
ies have revealed that the MAPK/ERK-signaling pathway
contributes to autophagic cell death [86]. We found that
the inhibition of the MEK-ERK1/2 pathway mediated by
EZH2-attenuated aortic VSMC autophagic cell death [36].
Treatment with a selective MEK inhibitor mostly abolished
EZH?2 inhibition caused VSMC loss [36]. Our discovery is
supported by several other studies. It has been reported that
the activation of ERK by active Raf, cadmium, and the IGF-I
receptor induces excessive formation of autophagosomes,
leading to cell death [87]. A flurry of studies has demon-
strated that the methylation status of MAPK plays a vital
role in signaling pathway activation by either reinforcing or
antagonizing phosphorylation effects. For example, PRMT5
overexpression leads to methylation of RAF, an MAPK
kinase kinase, at Arg563 along with inhibition of ERK1/2
phosphorylation, which not only affects the duration of ERK
signaling, but also alters P12 cell behavior from proliferation
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to differentiation [88]. Is it possible that modifications in
the MAPK-signaling pathway, such as methylation, limit
autophagy to keep it from changing from a prosurvival
mechanism to a cell death mechanism?

p53-signaling pathway

p53, as tumor suppressor, is a crucial regulator of apop-
tosis, cell-cycle arrest, senescence, DNA repair, and cell
metabolism that exert its effects via DNA binding or protein
interactions [89]. Accumulating evidence has demonstrated
that p53 is a critical component of the autophagy regulation
machinery [90]. Both nutrient deprivation and genotoxic
stress induce pS53-dependent autophagy [91]. Feng et al.
showed that DNA-damaging agents induced p53 expres-
sion in mouse embryo fibroblasts and enhanced autophagy,
probably because genotoxic stress induced the activation of
AMPK and subsequently promoted p53-dependent inhibi-
tion of mTOR [91]. In addition, AMPKf1, AMPKp2, TSC2,
and PTEN, which are negative regulators of mTOR, can be
transactivated by p53 [92]. Genotoxic stress-induced p53
dependent upregulation of sestrins 1 and 2, which function
as AMPK activators, results in inhibition of mTOR [93].
Nutrient starvation significantly increases the expression of
Sestrin2, and loss of Sestrin2 markedly reduces p53-medi-
ated autophagy [93]. p53 is a transcription factor that both
activates and represses a plethora of target genes with an
exquisitely complicated network, and PTMs regulate its
activation [89, 94]. In addition to the traditional view that
acetylation and ubiquitination compete for p53’s C-termi-
nal lysines, methylation at specific sites also contributes
to p53 promoter specificity, thereby affecting the ability of
p53 to bind DNA [89]. p53 monomethylation by SET7/9
at lysine372 (K372) promotes transactivation of p21 [95].
p53 monomethylation at K370 and K382 by SMYD?2 and
SETS, respectively, can repress pS3 activity [96]. Research
from Fan et al. demonstrated that SMYD2 transcriptionally
inhibits p53 target gene expression and prohibits BIX01294-
induced autophagy-related cell death [97]. Although the
details of the roles of p53 methylation in autophagy are still
ambiguous, the previous studies have offered convincing evi-
dence that particular p53 methylation statuses are capable
of regulating autophagy by stimulating autophagy-related
genes and signaling pathways.

p53 also mediates transcription-independent extranuclear
functions. Tasdemir et al. proved that the inhibition of p53-
induced autophagy was detrimental to cell survival in enu-
cleated cells under multiple experimental conditions [98].
Various autophagy inducers, such as starvation and mTOR
inhibition, contributed to proteasome-mediated degrada-
tion of p53, while inhibition of p53 degradation prevented
the activation of autophagy in several cell lines. Accord-
ingly, human p53~"~ colon cancer cells are characterized
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by excessive autophagy activation, which can be decreased
by reintroduction of wild-type p53 [99]. Moreover, the sup-
pression of autophagy by p53 correlates with its nuclear-
to-cytosolic redistribution. It is reported that sumoylation
promotes the localization of p53 to the cytoplasm [100].
Given the crosstalk between modifications [101, 102], it is
reasonable to assume that p53 methylation is involved in
autophagy regulation and that this involvement is associated
with the effects of sumoylation on p53 translocation.

Conclusion and perspectives

Methylation is an important protein posttranslational modi-
fication that not only regulates target gene transcription and
expression, but also controls the activity of various signal-
ing pathways. Protein methylation alone or in concert with
other modifications is capable of altering gene expression or
activity, which possibly underlies the switch of autophagy
from a prosurvival to antisurvival mechanism. Thus far, our
understanding of the patterns and mechanisms of protein
modification crosstalk has remained largely limited. How-
ever, it is indisputable that comprehensive and meticulous
investigation of the effects of protein methylation modifica-
tions and specific inhibitors may provide new insights and
understanding aiding the exploration of new therapeutic tar-
gets or treatments for autophagy-related diseases.
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