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Autophagy is a highly conserved catabolic pathway that is precisely regulated and plays a significant role in
maintaining cellular metabolic balance and intracellular homeostasis. Abnormal autophagy is directly linked to
the development of various diseases, particularly immune disorders, neurodegenerative conditions, and tumors.
The precise regulation of proteins is crucial for proper cellular function, and post-translational modifications
(PTMs) are key epigenetic mechanisms in the regulation of numerous biological processes. Multiple proteins
undergo PTMs that influence autophagy regulation. Methylation modifications on non-histone lysine and argi-
nine residues have been identified as common PTMs critical to various life processes. This paper focused on the
regulatory effects of non-histone methylation modifications on autophagy, summarizing related research on
signaling pathways involved in autophagy-related non-histone methylation, and discussing current challenges
and clinical significance. Our review concludes that non-histone methylation plays a pivotal role in the regu-
lation of autophagy and its associated signaling pathways. Targeting non-histone methylation offers a promising
strategy for therapeutic interventions in diseases related to autophagy dysfunction, such as cancer and neuro-
degenerative disorders. These findings provide a theoretical basis for the development of non-histone-
methylation-targeted drugs for clinical use.

1. Introduction [5-7]. Research has increasingly revealed that dysregulated autophagy

can contribute to diseases such as tumors, neurodegenerative disorders,

Autophagy is a process through which eukaryotic cells respond to
environmental pressures, such as energy shortages, nutrient depriva-
tion, or internal signals like metamorphosis and differentiation. During
this process, autophagosomes from formed under the regulation of
autophagy-related genes (ATGs), leading to the lysosome-dependent
degradation and recycling of invasive pathogens, protein aggregates,
and dysfunctional organelles in a lysosome-dependent manner [1,2].
Autophagy plays a crucial role in maintaining homeostasis, preventing
metabolic stress, and promoting growth and metabolism [3,4]. How-
ever, understanding suggests that autophagy is a double-edged sword

and autoimmune deficiencies by either supporting cancer cell growth of
harming normal cells [8,9]. Therefore, further elucidation of the regu-
latory mechanisms of autophagy is essential for advancing our under-
standing of this process and developing effective interventions.
Currently, autophagy is classified into three types based on the
transported content and mode of action: macroautophagy (commonly
referred to as autophagy), chaperone-mediated autophagy, and micro-
autophagy [10,11]. This precisely regulated and highly conserved pro-
cess that involves the rearrangement of the cell's inner membrane and
comprises multiple stages: autophagy initiation of autophagy,
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autophagosome formation, fusion of autophagosomes with lysosomes,
and the subsequent degradation and recycling of cellular components
[12,13]. To date, more than 40 ATGs, conserved in both yeast and
mammals, have been identified. Various proteins regulate autophagy by
directly or indirectly interacting with ATGs [14]. For example, the ki-
nases mammalian target of rapamycin (mTOR) and adenosine
monophosphate-activated protein kinase (AMPK) sense nutritional and
stress signals inside and outside cells, regulating autophagy by modu-
lating the activity of the Unc-51-like autophagy-activated kinase 1
(ULK1) complex [15]. ULK1, the sole autophagy-associated protein with
serine/threonine kinase activity, acts as both an effector and regulator of
the upstream receptors such as mTOR and AMPK, driving the formation
of downstream autophagosomes [16]. Typically, AMPK is inactive while
mTOR is active when phosphorylated. Active mTOR inhibits autophagy
by disrupting interaction between ULK1 and AMPK, phosphorylating of
ULK1 (at Ser637 and Ser757) and ATG13 (at Ser258), and inhibiting the
autophagy-promoting kinase activity of the ULK1 complex, thereby
restraining autophagy [17-19]. In contrast, under conditions such as
starvation or other stress conditions, AMPK becomes activated and in-
hibits mTOR phosphorylation, leading to mTOR inactivation and ULK1
dissociation. Activated AMPK mediates the phosphorylation of ULK1 at
specific sites (Ser317, Ser467, Ser555, Ser574, Ser637, and Ser777),
while ULK1 autophosphorylation at Thr180 enhances its activity. ULK1
phosphorylates various ATGs. The ULK1 complex is subsequently
transferred to the endoplasmic reticulum, initiating autophagy [20,21].
The regulatory mechanisms of autophagy within signaling pathways
are complex, and not fully understood. Studies suggest that epigenetic
modification is indispensable for regulating autophagy [22,23]. Epige-
netic modifications are changes to the genome that do not alter the DNA
sequence but can affect gene expression, often through mechanisms like
DNA methylation, histone modification, chromatin remodeling, micro-
RNAs, and long non-coding RNAs, interact dynamically with environ-
mental factors like nutrition, pathogens, and climate to regulate gene
expression and the emergence of specific phenotypes [24,25]. These
interactions underscore the complex and multilayered nature of gene
regulation in eukaryotic systems, where gene expression is tissue-
specific, developmentally regulated, and influenced by environmental
cues [26]. Moreover, studies have demonstrated that genome and epi-
genome variations significantly impact health and productivity [27].
Epigenetic modifications play an intricate and critical role in regulating
many biological processes, including genome transcription, stability and
protein function [28-30]. Whole-genome DNA methylation profiling
has been employed to distinguish rheumatoid arthritis cases from con-
trols, illustrating the diagnostic potential of epigenetic studies [31].
Such findings provide a foundation for exploring non-histone protein
methylation as a regulatory mechanism in autophagy.
Post-translational modifications (PTMs) are chemical changes that
occur after protein synthesis, influencing their activity, stability, and
interactions. Recent studies have provided important insights into the
role of PTMs in various biological processes. For instance, Gao et al. [32]
observed an increase in the expression of DOT1L and H3K79me2 during
osteoclast differentiation. Inhibition of DOT1L was found to enhance
autophagic activity, which is linked to osteoclast differentiation and
bone resorption capacity. Similarly, Li et al. [33] demonstrated that
EZH2 regulates the survival of vascular smooth muscle cells (VSMCs) by
inhibiting apoptosis associated with aortic dissection. This is achieved
through the catalysis of H3K27me2/3 and the subsequent suppression of
the MEK-ERK1/2 signaling pathway. PTMs of histones is a significant
epigenetic regulatory method, with various modifications occurring on
the four histone proteins H2A, H2B, H3, and H4, which make up nu-
cleosomes. These modifications include ubiquitination, methylation,
acetylation, and phosphorylation [34-36]. Emerging evidence suggests
that protein methylation often occurs in concert with other PTMs, such
as acetylation and ubiquitination, forming a complex regulatory
network. For example, the interplay between methylation and acetyla-
tion on transcription factors can dynamically influence autophagy-
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related gene expression, while ubiquitination can mediate the degra-
dation of methylation-modified proteins, adding another layer of regu-
lation [2]. Together, these modifications form the “histone code”, a
system regulating chromatin-related activities. Histone methylation
modification is widely present in the PTMs of proteins [37,38]. This
process involves the enzymatic transfer of methyl groups from the donor
molecule S-adenosylmethionine to lysine or arginine residues on histone
or non-histone proteins by methyltransferases, thereby modulating
specific signaling pathways [39-42]. Lysine methylation can occur in
mono-, di-, or trimethylated states, with each state affecting the
expression of related genes (Fig. 1). Similarly, arginine can undergo
mono- and demethylation resulting in either symmetric or asymmetric
configurations depending on the methylation pattern (Fig. 2). Different
modifications affect chromatin properties and can either activate or
inhibit gene expression [43-45]. Recent advances in protein methyl-
ation research have unveiled its critical roles in diverse cellular func-
tions and disease contexts, including cancer, neurodegeneration, and
metabolic disorders. These findings underscore the importance of
exploring methylation beyond histones, particularly its regulatory
functions in pathways like autophagy [22,38].

In recent years, methylation modifications have been increasingly
observed in non-histone proteins, indicating its role in regulating pro-
tein function as a common form of protein PTM [46,47]. Methylation of
non-histone proteins has been shown to influence protein activity,
protein-protein interactions, and other PTMs [47-49]. Many transcrip-
tion factors can be methylated, suggesting that non-histone methylation
modifications are extensively involved in epigenetic regulation [50-52].
Therefore, it is essential to review the research on non-histone methyl-
ation modifications and their relationship to autophagy, providing a
theoretical basis and identifying new directions for the studying of PTMs
[22,23,53]. This review aims to provide a comprehensive summary of
the regulatory role of non-histone methylation in autophagy and clari-
fied how ATGs induced changes in non-histone methylation
modification-related signaling pathways across different biological
processes [2,54]. Although non-histone methylation has been increas-
ingly observed to regulate protein function, protein-protein interactions,
and other PTMs, this review is one of the first to focus specifically on the
interaction between non-histone methylation modifications and auto-
phagy regulation. By providing an in-depth analysis of current findings,
we aim to highlight the potential of targeting protein methylation as a
therapeutic strategy for autophagy-related diseases.

2. Overview of autophagy

Autophagy is a conserved stress response that occurring widely in
eukaryotes and is triggered by changes in both internal and external
cellular environments [55-57]. It plays a crucial role in numerous
physiological and pathological processes, including cell differentiation,
development, immunity, metabolism, neurodegenerative diseases, and
tumors, thereby helping to maintain cellular integrity and stability
[58-60]. Based on the method of transporting intracellular substrates to
lysosomes, autophagy is categorized into three types: macroautophagy,
microautophagy, and chaperone-mediated autophagy [8,61]. In mac-
roautophagy, a separation membrane sequesters portions of the cyto-
plasm to form autophagosomes, which subsequently fuse with
lysosomes to form autolysosomes that degrade their contents [62,63]. In
microautophagy, the lysosome invaginates inward through its mem-
brane to engulf small cytoplasmic components. In contrast, chaperone-
mediated autophagy does not involve membrane reorganization [10].
Autophagy can also further classified into selective or non-selective
autophagy based on cargo selectivity (Fig. 3). Non-selective autophagy
involves the bulk transport of organelles and other cytoplasmic com-
ponents to lysosomes, while selective autophagy specifically degrades
certain substrates. The autophagy process [64] primarily includes four
main stages: the initiation of autophagy, the formation of autophago-
somes, the fusion of autophagosomes with lysosomes, and the
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Fig. 1. Lysine and Arginine methylation. (A) Lysine and arginine methylation are a common type of post-translational modifications of proteins. Methyltransferase
(KMT) catalyzes mono-, di- and trimethylation of lysine residues and can be reversibly regulated by lysine demethylase (KDM). (B) Arginine occurs under the action
of arginine methyltransferase, and there are two types of dimethylation, namely asymmetric dimethyl arginine (ADMA) or symmetric dimethyl arginine (SDMA).

degradation of autophagosomes [11,55,65]. This process can be regu-
lated by different ATGs. In yeast, the induction of autophagosome for-
mation during macroautophagy is regulated by the ATG1-ATG13-
ATG17-ATG31-ATG29 kinase complex, while in mammalian cells, it is
regulated by the ULK1/2-ATG13-RB1CC1 complex [66,67]. Phagophore
nucleation is mediated by the class III phosphatidylinositol 3-kinase
(PtdIns3K) complex containing ATG14. The ATG9-ATG2-ATG18 com-
plexes are involved in the expansion, elongation, and maturation of
phagosomes, regulated by the ATG5-ATG12-ATG16 complex and
microtubule-associated protein 1 light chain 3 (LC3). Finally, the auto-
phagosomes fuses with the lysosomes, where lysosomal degrade the
contents. The resulting nutrients are then released back into the cyto-
plasm for reuse by the cell [8,68].

The mTOR signaling pathway has been identified as a central regu-
latory mechanism for autophagy [69-71]. Xu et al. [72] revealed that
the overexpression of silent information regulator 3 (SIRT3) inhibited
the activation of the phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/Akt/mTOR) signaling pathway
induced by interleukin-1 beta (IL-1f), thereby suppressing the auto-
phagy process. Similarly, Cai et al. [73] demonstrated that miR-27a
targets and silenced the PI3K gene by targeting its 3’-UTR. Compared
to normal cells and tissues, PI3K mRNA levels were downregulated in
osteoarthritis (OA) cartilage and IL-1p-treated articular chondrocytes

were down-regulated, indicating that miR-27a promotes autophagy and
apoptosis in IL-1p-treated chondrocytes by inhibiting the PI3K/Akt/
mTOR signaling pathway. Wu et al. [74] used a passive rat model of
Heymann nephritis and puromycin aminonucleotide in vitro to immor-
talize mouse podocytes and confirmed that mTOR disrupted podocyte
homeostasis and induced podocyte damage through the mTOR-ULK1
pathway, leading to reduce autophagy. AMPK can modulate the auto-
phagy process by sensing intracellular adenine nucleotides, It becomes
activated when the intracellular AMP/ATP ratio increases [75-77].
Unlike the inhibitory phosphorylation of mTOR complex 1 (mTORC1),
studies have shown that the ULK1 complex is activated by the direct
phosphorylation of AMPK, which in turn activates the autophagy pro-
cess [78]. Maria et al. [79] demonstrated that hepatocytes and mouse
embryonic fibroblasts(MEFs) lacking AMPK or ULK1 have defects in
mitophagy. Additionally, Lin et al. [80] showed that D-mannose may
activate autophagy in IL-1f-treated rat chondrocytes by promoting the
phosphorylation of AMPK, thereby mitigating OA degeneration.

3. Non-histone protein methylation of ATG proteins
ATG proteins are crucial for the formation of autophagosomes,

where they form functional protein complexes that regulate various
stages of autophagy. During this process, ULK1 complexes initiate
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Fig. 2. Methyltransferase-non-histone methylation interaction networks. (A-B) An interaction network depicting the interaction between the lysine methyl-
transferases (SETD7, G9a) and non-histone lysine methylation is demonstrated based on published literature. For instance, DNMT1 has a complicated methylation
interaction, which is dictated by the type of methyltransferases. (C-D). This interaction network illustrates how arginine methyltransferases (PRMTs), including
PRMT1 and PRMTS5, interact with non-histone arginine methylation. E2F1 and SPT5 exhibit intricate methylation that depends on the type of arginine

methyltransferases.

autophagy, while Class III PI3K-Beclin-1 complexes control the nucle-
ation of autophagosomes. These complexes are sequentially activated to
regulate autophagy [81-83]. Song et al. [84] showed that the ATG5-
ATG12-ATG16L1 ubiquitin-like conjugation system could be methyl-
ated by SET domain lysine methyltransferase 7 (SETD7) at lysine 151
(K151). This methylation disrupts the ability of ATG16L1 to bind to the
ATG5-ATG12 conjugate, thereby inhibiting autophagy initiated by the
gene. Furthermore, methylation at K151 also prevents casein kinase 2
(CSNK2) from phosphorylating ATG16L1 at serine 139, further inhib-
iting autophagy. However, ATG16L1 can be demethylated by lysine-
specific demethylase 1 (LSD1), reactivating autophagy [22].

Additionally, the methylation of ATG16L1 by SETD7 can block its
phosphorylation at serine 139 by tyrosine kinase 2, thus inhibiting the
autophagy process. On the other hand, when ATG16L1 is phosphory-
lated, its interaction with SETD7 decrease, promoting autophagy
[22,84]. Ultimately, the ATG12-ATG5-ATG16L1 complex recruits and
activates the E2-like protein ATG3, facilitating the binding of
microtubule-associated protein 1(LC3) to phosphatidylethanolamine
(PE), converting LC3BI to LC3BII and promoting the elongation and
closure of the autophagosome membrane. These findings suggest that
the phosphorylation and methylation of ATG16L1 interact to regulate
autophagy in a coordinated manner (Fig. 4).

ULK1 is a key regulator of autophagy initiation, and vacuolar protein
sorting 34 (VPS34) is the only Class III PI3K in mammals [85-87]. Both

of them are critical for the early stages of autophagy. Active ULK1
regulates the recruitment of ATG14L-containing VPS34 complexes,
leading to the phosphorylation of Beclin-1, a binding partner of VPS34,
and ultimately enhancing the activity of VPS34 complexes [88,89]. Two
ubiquitin-binding systems then promote the lipidation of LC3 and allow
autophagosomes to recognize and package cargo. Hypoxia-inducible
factor 1-alpha (HIF-1la) can release Beclin-1 from Bcl-2, playing a
crucial role in autophagy induction [20]. The symmetric dimethylation
of ULK1 at arginine 170 (R170) is essential for autophagy induction. It is
regulated by protein arginine methyltransferase 5 (PRMT5) and lysine-
specific demethylase 5C (KDM5C), forming dynamic cycle that promotes
autophagosome formation and mitochondrial clearance. Under hypoxic
conditions, the activity of KDM5C, which requires oxygen as a cofactor,
declines, leading to the accumulation of ULK1 symmetric dimethylation
at R170, promoting the autophosphorylation of threonine 180 (T180)
and activating ULK1. This activation triggers the phosphorylation of
ATG13 and Beclin-1, inducing autophagy and reducing cellular oxygen
consumption [20,90].

4. Non-histone protein methylation-induced signaling pathway
activation and autophagy

The methylation of lysine and arginine residues on non-histone
proteins is a critical regulatory mechanism for numerous signaling
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pathways. Increasing evidence suggests that non-histone protein
methylation is connected to several key pathways, including nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB), signal
transducer and activator of transcription 3 (STAT3), Akt, p53, Wnt/
B-catenin, E2F transcription factor 1 (E2F1), HIF1, and the Hippo

signaling pathway [91-94]. Autophagy is influenced by non-histone
methylation through modulation of these different pathways
(Table 1). This review summarized the changes in key signaling path-
ways affected by non-histone protein methylation and their relationship
to autophagy (Figs. 5-7).
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Table 1
List of protein methylation in autophagy.
Protein Regulator Target Autophagy References
modification protein activation or
inhibition
FBXL11/ p65(K218, R
NSD1 K211) Activation [101]
SMYD2 p65(K310) Inhibition [102]
SETD9 p65(K314) - [103]
SET7/9 p65(K37) - [104]
PRMT1 p65(R30) Inhibition [105]
STAT3
- 115
JMJD1C (K140) [ 1
STAT3 o
NSD2 (K163) Activation [117]
STAT3
E2H2 - 118
(K180) [118]
STAT3
- 11
TIFE1 (R688) [114]
STAT3 s -
PRMT6 (R729) Inhibition [92]
Non-histone LSD1 P53(K370) Inhibition [142]
methylation SMYD2/ s
SED7 p53(K30) Inhibition [140]
KDM3A p53(K372) Activation [143]
G9a and N
GLP P53(K373) Activation [144]
SET8 p53(K382) Inhibition [139]
AKT E2H2(K49) - [160]
LAST2 mTORC1 Inhibition [169]
SET1A YAP(K342) - [174]
E2F1 R
STED6 K117) Activation [185]
E2F1
Set9 (K185) - [188]
Set7 ggzl)“ Inhibition [198]
HIF-1a
PRMT3 (R282) - [197]

4.1. NF-xB pathway

NF-kB is a crucial transcription factor that regulates ATGs such as
Beclin-1, LC3II, ATG7 and others, playing a significant role in diseases
like colitis in mice, glioma, and liver fibrosis [95-97]. Peng et al. [98]
found that autophagy, mediated by ATG5, sequestered p65 proteins in
the cytoplasm, blocking NF-kB signaling and thereby inhibiting in-
flammatory responses in renal epithelium. Shen et al. [99] observed that
chemokine receptor 5 (CXCR5) inhibited hippocampal autophagy dur-
ing sepsis through NF-«B signaling, leading to cognitive dysfunction.
However, the downregulation of CXCR5 restored autophagy and alle-
viated the pro-inflammatory environment in the hippocampus. In a
mouse model of liver fibrosis induced by carbon tetrachloride (CCl4)
injection, Fas/FasL facilitated NF-xB p65/p53 upregulated modulator of
apoptosis (PUMA)-regulated hepatocyte apoptosis via autophagy,
thereby exacerbating liver fibrosis [97]. Recent studies have shown that
various methyltransferases can methylate different sites of NF-kB,
influencing cellular autophagy [100]. For example, the overexpression
of leucine-rich repeat protein 11 (FBXL11) inhibits NF-kB activity, and
FBXL11/nuclear receptor binding SET domain protein 1 (NSD1) regu-
lates the transcriptional activity of p65 through reversible lysine
methylation at the lysine 218 (K218) and lysine 221 (K221) sites [101].
The SET and MYND structural domain-containing family protein 2
(SMYD2) methylates non-histone proteins such as p53, retinoblastoma
protein (Rb), heat shock protein 90 (HSP90), and p65. SMYD2 can
methylate p65 at lysine 310 (K310), promoting breast cancer cell growth
[102]. Additionally, the methyltransferase SET domain containing 9
(SETD9) can methylate p65 at the lysine 314/lysine 315 (K314/K315)
sites, leading to the degradation of promoter-associated p65 protein and
inhibition of NF-xB activity [103]. Another study reported that SETD9
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can also methylate p65 at lysine (K37), affecting its stability in response
to TNF-a stimulation and regulating p65 binding to promoters [104].
Protein arginine methyltransferase 1(PRMT1) could methylates the
arginine 30 (R30) site of p65, and asymmetric dimethylation at R30
inhibits p65 binding to DNA, thereby suppressing the response of NF-xB
target genes to TNF-a [105]. Conversely, PRMT1-mediated methylation
protects cellular FOS (c-Fos) from autophagic degradation and promotes
gastric tumorigenesis [106].

4.2. STAT3 pathway

STATS3 is a transcription factor that regulates the expression of key
genes involved in autophagy, cellular growth, and other biological
processes, including ATGs, B-cell lymphoma 2 (BCL2), myeloid cell
leukemia 1 (MCL1), and Bcl-2/adenovirus E1B 19-kDa-interacting pro-
tein 3 (BNIP3) upon cellular stimulation. It plays a crucial role in cellular
growth, autophagy, and other biological processes [107-110]. In cases
of sterile inflammatory osteolysis, the STAT3 signaling pathway is
significantly activated in macrophages. Inhibiting STAT3 has been
shown to activate the Phosphatase and tension homolog (PTEN)-
induced kinase 1 (PINK1)-dependent mitochondrial autophagy
pathway, mitigating the formation of osteoclasts induced by inflam-
matory macrophages [111]. Research by Liang et al. [112] demon-
strated that amilorotinib induced apoptosis and autophagy in human
lung cancer cells. In addition, blocking autophagy further enhanced the
drug's cytotoxic effect and improved its anti-angiogenic properties
through Janus kinase 2 (JAK2)/STAT3/vascular endothelial growth
factor A (VEGFA) signaling. In a study using Trichostatin A in
lipopolysaccharide-induced RAW264.7 cells, treatment reduced STAT3
phosphorylation in the nucleus, increased forkhead box 03a (FOX0O3a)
phosphorylation, and activated the STAT3/FOXO3a signaling pathway,
which promoted macrophage autophagy and reduced inflammatory
responses [113]. Therefore, the active state of STAT3 is crucial for the
regulation of autophagy. Yang et al. [114] identified that tumor necrosis
factor-alpha-induced protein 8-like 1 (TIPE1) inhibited the tumorigen-
esis and progression of osteosarcoma by modulating the PRMT1-
mediated methylation of the arginine 688 (R688) site on STAT3. Yin
et al. [115] demonstrated that histone demethylase jumonji domain-
containing protein 1c (Jmjdlc) controlled plasma cell differentiation
by demethylating lysine 140 (Lys140) on STAT3, thereby reducing
antibody production, and alleviating rheumatoid arthritis. Additionally,
PRMT5 enhanced STAT3 signaling by methylating arginine at position
57 of Smad7, promoting the proliferation, survival, and tumorigenicity
of non-small cell lung cancer cells [116]. Based on mass spectrometry
and fixed-point mutagenesis analyses, Song et al. [117] revealed that
nuclear receptor-binding SET domain protein 2 (NSD2) methylated
STATS3 at lysine 163 (K163), promoting the activation of the STAT3
pathway and enhancing tumor angiogenesis. Silencing NSD2 inhibited
autophagy and alleviated pulmonary arterial hypertension in rat
models. Luo et al. [118] reported that long non-coding RNA-p21
(IncRNA-p21) could enhance the methyltransferase activity of enhancer
of zeste homolog 2 (EZH2), leading to increased lysine methylation of
STAT3 and alterations in neuroendocrine differentiation in prostate
cancer. PRMT6 dimethylated STAT3 at the arginine 729 (R729) site.
Both in vivo and in vitro studies confirmed that PRMT6 overexpression
was positively correlated with invasion-related gene expression in breast
cancer cells, with the R729K mutant of STAT3 exhibiting the opposite
effect, underscoring the significance of STAT3 methylation at R729 in
PRMT6-mediated tumor metastasis [92].

4.3. Akt pathway

Akt, a serine/threonine kinase, is a key regulator of cellular auto-
phagy [119]. And plays a crucial role in the development and progres-
sion of various inflammatory and tumor-related diseases, especially
under conditions of starvation and cytokine influence [120,121]. For
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example, the antioxidant enzyme peroxiredoxin 1 (PRDX1) has been
shown to enhance cellular autophagy by activating the PTEN-Akt
signaling pathway, which in turn reduces reactive oxygen species
(ROS) levels and apoptosis, thereby mitigating neuronal damage [122].
Additionally, mitochondrial ROS are involved in copper-induced auto-
phagy through the Akt/AMPK/mTOR pathway. Silencing of ATGS5,
which inhibits autophagy, exacerbates CuSO4-induced apoptosis [123].
He et al. [124] demonstrated that ginsenoside Rg2 could activate the
Akt/mTOR pathway, suppress autophagy through inhibition of LC3II
and upregulation of p62 expression, and ameliorate liver fibrosis
induced by a high-fat diet and lipopolysaccharide-triggered activation of
HSCT-6 cells. In a streptozotocin-induced diabetic mouse model, paeo-
niflorin bound to vascular endothelial growth factor receptor 2
(VEGFR2), promoted autophagy through the PI3K/AKT signaling
pathway, and inhibited apoptosis, providing protective effects on dia-
betic nephropathic podocytes [125]. Non-histone lysine-specific
methylation, is a prevalent PTM, plays a novel role in regulating protein
function, mainly by affecting protein stability [126,127]. For instance,
SET domain, bifurcated 1 (SETDB1)-mediated methylation of Akt at
lysine 64 (K64) is involved plays a key role in tumorigenesis. SETDB1-
mediated trimethylation of monocarboxylate transporter 1 (MCT1) at
lysine 473 (K473) inhibits the interaction between MCT1 and Toll-

interacting protein (Tollip), blocking Tollip-mediated autophagic
degradation of MCT1 [128]. Zhang et al. [129] reported that arginine
methyltransferase 1 (CARM1) methylated the arginine 23 (R23) site of
protein phosphatase 1 catalytic subunit alpha (PPP1CA), leading to the
dephosphorylation of Akt at threonine 450 (T450) and AMPK at threo-
nine 172 (T172). Besides, this modification enhanced the activities of
phosphofructokinase-1 and fructose-2,6-bisphosphate kinase 3, ulti-
mately promoting glycolysis. Their study involving mouse embryonic
fibroblasts (MEFs) under glucose starvation conditions revealed a sig-
nificant upregulated level of CARM1, establishing a positive correlation
between CARM1 and cellular autophagic activity [130]. Moreover,
PRMT5 methylated Aktl at arginine 15 (Argl5), facilitating the
recruitment of upstream-activated kinases phosphoinositide-dependent
kinase 1 (PDK1) and mTORZ2, thereby promoting tumor metastasis [93].

4.4. p53 pathway

The p53 gene is a crucial tumor suppressor that plays a significant
role in regulating apoptosis, senescence, and cellular autophagy through
methylation of lysine residues and protein interactions [131,132].
Huang et al. [133] utilized CRISPR/Cas9 to knock down miR-34a and
miR-34b in colorectal cancer cells, resulting in a significant decreased in
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tumor suppression following p53 activation, increased autophagic flux,
and elevated expression of ATGs such as ATG9A. The mucolipo protein
TRP cation channel 1 (MCOLN1)-induced autophagy inhibited mito-
chondrial damage and the subsequent massive release of ROS, which
could activate p53 and suppress melanoma cell metastasis [134].
Additionally, SIRT4, a member of the Sirtuin (SIRT) family, regulated
the expression of ATGs in pancreatic ductal adenocarcinoma cells. SIRT4
inhibited glutamine metabolism to activate AMPK, which promoted the
phosphorylation of p53, and thereby inducing autophagy activation and
inhibiting of pancreatic ductal adenocarcinoma development [135].
Another study demonstrated that bisphenol A (BPA)/bisphenol S (BPS)
exposure enhanced ovarian cancer cell stemness by activating non-
classical PINK1/p53-mediated mitochondrial autophagy, which in
turn promoted ovarian cancer metastasis in vivo [136].

Moreover, methylation of p53 at different sites affects cellular
autophagy in various ways [131,137,138]. Monomethylation of p53 by
SMYD2 and SET8 at lysine 370 (K370) and lysine 382(K382), respec-
tively, can inhibit its activity [139]. Additionally, SMYD2 also tran-
scriptionally represses the expression of p53 target genes and inhibites
autophagy-associated cell death induced by Bix01294 [140]. Huang
et al. [141] found that histone LSD1 could demethylate p53 at K370,
preventing its interaction with the coactivator p53-binding protein 1
(53BP1), thereby repressing p53 function. Knockdown of LSD1 activated
cellular autophagy [142]. Lysine demethylase 3 A (KDM3A) demethy-
lated non-histone p53 at K372, inhibiting its transcriptional activity,
thereby inducing chemoresistance in breast cancer cells [143]. The
homologous methylases G9a and GLP could methylate p53 at K373me2,
and reducing the levels of both increased apoptosis and inhibited the
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transcriptional activity of p53 [144]. Additionally, SETD7 was found to
methylate p53 at K372, activating its transcriptional activity, while
methylation at K370 inhibited its transcriptional activity [139].

4.5. Wnt /p-catenin pathway

The Wnt signaling pathway is a complex network of protein in-
teractions primarily involved in embryonic development and cancer,
influencing processes such as cell proliferation, autophagy, and
apoptosis [145-147]. Regulatory feedback mechanisms between Wnt/
B-catenin signaling and autophagy have been explored at various levels
[148-150]. Zhou et al. [151] demonstrated that plasmacytoma diverse
ectodomain 1 (PVT1) enhances drug resistance in pancreatic cancer by
modulating Pygo2 and ATG14, thereby activating the Wnt/p-catenin
and autophagy pathways. Fan et al. [152] found that autophagy pro-
moted metastasis and glycolysis in hepatocellular carcinoma cells by
upregulating monocarboxylate (MCT1) expression and activating the
Wnt/f-catenin signaling pathway. Low-density lipoprotein receptor-
related protein 6 regulated Rab7-mediated autophagy through the
Wnt/f-catenin pathway, influencing trophoblast cell migration and in-
vasion. Petherick et al. [153] revealed in vivo studies that the accumu-
lation of p-catenin inhibited the p62/SQSTM1 promoter, thereby
suppressing autophagy. Additionally, another study found that blocking
Wnt signaling increased p62/SQSTM1 transcription in glioblastoma,
leading to enhanced autophagy [154].

Recent studies have shown that Wnt/p-catenin can be by various
methyltransferases, impacting cellular autophagy. Zhang et al. [155]
observed that lysine-specific histone demethylase 1 A (KDM1A) deme-
thylated H3K4mel/2 in the APC2 promoter and the non-histone sub-
strate HIF-1a, downregulating Wnt pathway antagonists adenomatous
polyposis Coli 2 (APC2) and dickkopf-related protein 1 (DKK1). This
repression of APC2 transcription activated the HIF2a/microRNA-146a/
DKK1 axis. PRMT1 enhanced f-catenin binding by methylating pro-
moter R101, a member of the armadillo-repeat protein family (PKP2),
thus promoting chemotherapy tolerance in lung cancer [156]. In
contrast, reduced expression of PRMT7 inhibited p-catenin's symmetric
dimethylation, contributing to cardiac hypertrophy and fibrosis in mice
[157]. PRMT1 also directly methylated arginine 378 (R378) of the
scaffolding protein Axin, enhancing Axin's stability and negatively
regulating Wnt signaling [158]. In a rat model of Parkinson's disease,
knockdown of Axin-2 modulated Wnt/p-catenin signaling, reducing
cellular autophagy and the generation of ROS, while improving mito-
chondrial membrane potential and promoting dopaminergic neuro-
genesis [159]. Ghobashi et al. [160] demonstrated that AKT-mediated
phosphorylation of EZH2 promoted the trimethylation of p-catenin at
the K49 site, enhancing its binding to chromatin and influencing gene
expression related to cell motility and metabolism.

4.6. Hippo pathway

The Hippo pathway is a conserved signaling mechanism that regu-
lates various biological processes, including cell growth, death, and
tissue regeneration [161-164]. Recent studies suggest Hippo pathway
also plays a role in regulating autophagy, a crucial mechanism under-
lying lysosome-mediated cellular degradation that significantly impacts
cell growth and death responses across different cell types [78,165,166].
Yuan et al. [167] observed that laminar flow inhibited the Hippo/YAP
pathway by increasing the expression of autophagy proteins such as
Beclin-1 and LC3II/LC3I, which ultimately reducing atherosclerotic
plaque formation in mice. Another study found that Drosophila intesti-
nal epithelial cells maintained intestinal homeostasis by eliminating p62
through autophagy, thereby suppressing the ROS-triggered Hippo
pathway [168]. Under stress conditions, autophagy supported p-cell
survival by degrading large tumor suppressor 2 (LATS2), which
enhanced the protective autophagic mechanism through positive feed-
back. However, the prolonged LATS2 stimulation overactivated
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mTORC1 and inhibited autophagy, leading to the accumulation of
LATS2 and the apoptosis of p-cell [169]. Tang et al. [170] demonstrated
that LATS kinase in the Hippo pathway bound to and stabilized Beclinl,
suppressing sorafenib-induced autophagy. In breast and ovarian cancer
cells, Hippo-YAP signaling regulated drug resistance by enhancing
autophagic flux through increased expression of proteins such as ATG3,
ATG5, and LC3B [171,172].

Recent studies have also shown that the Hippo pathway is modified
by various methyltransferases, significantly impacting biological pro-
cesses including cellular autophagy. Oudhoff et al. [173] demonstrated
that Yes-associated protein (YAP), a component of the Hippo pathway,
interacted with the lysine methylase Set7 and was mono-methylated at
the K494 locus. The mutant Yap (YapK494R) failed to remain in the
cytoplasm. Methyltransferase SET1A also interacted with YAP,
contributing to its lysine monomethylation at K342, It further YAP's
nuclear retention and transcriptional activity [174]. Additionally, the
lysine methyltransferase KMT5A methylated the K301 site of Smad
nuclear-interacting protein 1 (SNIP1), inhibiting the Hippo kinase
cascade and promoting metastasis in triple-negative breast cancer
[175].

4.7. E2F1 pathway

E2F1 plays a critical role in cancer progression by driving cell cycle
progression and regulating various biological processes related to pro-
liferation and malignant transformation, including cell proliferation,
autophagy, apoptosis, and metastasis [176-178]. In mice with silicosis,
Beclinl expression was reduced, while levels of kinase-related protein 2
(SKP2) and E2F1 were elevated [179,180]. MicroRNA-205-5p targeted
E2F1, promoting autophagy by inhibiting SKP2-mediated ubiquitination
of Beclinl. It consequently reduced pulmonary fibrosis in silicosis pa-
tients [179]. Metformin treatment prevented estrogen deficiency-
induced upregulation of E2F1, and caused decreased levels of Beclinl
and BNIP3 proteins. This disruption interfered with BNIP3 binding to
BCL2 while promoting Beclin1-BCL2 binding, triggering autophagy and
reducing bone loss [181]. Additionally, E2F1 knockdown in mice
enhanced white adipose tissue browning by suppressing ATGs, including
LC3II and ATG5 [182].

In NB4 acute myeloid leukemia cells, LncSIK1 recruited E2F1 pro-
teins to the promoters of LC3 and DRAM, leading to autophagy-
dependent degradation of the oncoprotein PML-RARa and increased
sensitivity to retinoic acid [183]. Moreover, resveratrol alleviated
adriamycin-induced cardiotoxicity by disrupting E2F1-mediated auto-
phagy inhibition of autophagy apoptosis [184]. Numerous studies have
shown that lysine and arginine methylations at various sites on E2F1
affects cellular autophagy in multiple ways. Kublanovsky et al. [185]
found that methylation of E2F1 at K117 influenced STED®6 transcription,
with methylated E2F1 binding to the STED6 promoter and stimulating
its expression in a methylation-dependent manner. Similarly, methyl-
ation of STED6 at K99 regulated E2F1 expression, affecting the tran-
scription of genes related to mRNA translation [186]. Inhibition of
PRMTS5 decreased E2F expression and symmetric dimethylation of E2F1,
which reduced DNA damage repair and increased apoptosis [187].
Additionally, lysine methyltransferase Set9 methylated E2F1 at K185,
blocking DNA damage-induced accumulation of E2F1 and activating the
p73 gene [188].

4.8. HIF1 pathway

HIF1 is a transcription factor with a helix-loop-helix structure that
activates genes involved in the hypoxic response, which is essential for
adapting to low oxygen levels. It also plays a significant role in cell
proliferation, angiogenesis, and cellular autophagy [189,190]. The
leucine-rich pentapeptide repeat (PPR) patterning protein (LRPPRC)
acts as an autophagy suppressor, promoting metastasis and glycolysis by
regulating autophagy and the ROS/HIFla pathway in retinoblastoma
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[189]. PTEN regulates HIFla and mTOR via the PI3K/Akt pathway,
reducing apoptosis and enhancing autophagy, which helps protect the
kidney from acute injury [191]. HIFla and histone deacetylase 4
(HDAC4) mediate interactions between p53 and RAS to inhibit ovarian
cancer through both apoptosis and autophagy [192]. Li et al. [193]
demonstrated that hypoxia reduced p62 and LC3II expression, triggering
HIF/regulated in development and DNA damage responses 1 (REDD1)/
mTORCL signaling to control autophagy, which is crucial for erythroid
differentiation. Research has shown that hypoxia damages mitochondria
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through HIFla and regulates mitochondrial autophagy by controlling
BNIP3 translocation to mitochondria [194].

Growing evidence suggests that PTMs of proteins can directly or
indirectly regulate HIF-1a expression, influencing autophagosome for-
mation and autophagy. Lysine methyltransferases G9a and GLP interact
with HIFla, catalyzing mono- and dimethylation at the lysine 674
(K647) site both in vitro and in vivo. Notably, methylation at K674
significantly reduced cell migration [195]. In multiple myeloma cells,
G9a/GLP promotes autophagy-associated apoptosis by inactivating the
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mTOR/4E-binding protein 1 (4EBP1) pathway and decreasing c-MYC
levels [196]. Arginine methyltransferase protein arginine methyl-
transferase 3 (PRMT3) facilitates colorectal tumorigenesis by modu-
lating HIF-1o methylation at the arginine 282 (R282) site, locus and
stabilizing its expression in colorectal cancer [197]. Additionally, lysine
methyltransferase Set7 reduces HIF-1a expression by methylating it at
the arginine 32 (R32) site [198].

5. Protein methylation as a therapeutic target and autophagy

Recent advancements in development of protein methyltransferase
drugs have shown significant promise. These drugs selectively target
specific methyltransferases, modulate autophagy, and have a crucial
impact on inflammatory diseases, tumors, and cardiovascular and ce-
rebrovascular conditions (Table 2). The intersection of autophagy and
protein methyltransferase-targeted therapies is a key area of research,
with significant potential for disease treatment [199,200]. Ongoing
research aims to further our understanding of gene expression regula-
tion mechanisms and provide novel strategies for disease management.
Currently, Inhibitors are undergoing clinical trials for various cancers,
with early-stage studies indicating potential efficacy in restoring auto-
phagic flux in tumor cells [201]. The therapeutic potential of targeting
protein methylation in autophagy-related diseases, such as cancer and
neurodegeneration, is increasingly recognized. By modulating auto-
phagic processes through the inhibition of methylation enzymes, these
agents may offer novel strategies for restoring cellular homeostasis and
improving disease outcomes.

LSD1, a histone demethylase, regulates autophagy through the
demethylation of key autophagy-related proteins, such as ATG5,
impacting the initiation of autophagy [202]. LSD1 demethylates the
K151 site of ATG16L1, thereby activating autophagy [22]. It also
demethylates p53 at K370 [141], and LSD1 knockdown increases
ATG4B proteolytic activity, LC3II protein levels, and autophagy acti-
vation [142]. LSD1 inhibitors, such as 2-PCPA, GSK-LSD1, and SP2509,
can promote LC3II accumulation, autophagosome and autolysosome
formation, and activate autophagy [203,204]. Additionally, the LSD1
inhibitor ZY0511 promotes autophagy by upregulating ATG9A gene
expression and inhibiting the proliferation of diffuse large B-cell lym-
phoma proliferation [205]. Lysine methyltransferase SMYD2 regulates
tumor cell proliferation by monomethylating p53 at Lys370
(p53K370mel), thereby inhibiting its activity [206]. The small molecule
BIX-01294 induces autophagy-related cell death, selectively activates
p53 target genes, and inhibits SMYD2-mediated target gene activation.
SMYD2 deficiency enhances p53 recruitment to p21 promoter, pro-
moting autophagy-mediated cell death triggered by BIX-01294 [140].
The protein methyltransferase G9a can dimethylate p53 at Lys373,
increasing the expression of polo-like kinase 1 (PLK1) expression and
promoting colorectal cancer cell growth [207]. Inhibitors such as
BI2536 and GSK461364 target PLK1, significantly reducing LC3II levels
and inhibiting cellular autophagy [208,209]. G9a/GLP inhibitors, such
as BIX01294 and UNC0638, can induce G1 phase arrest and apoptosis in
multiple myeloma cells, reduce c-MYC expression, and enhance cellular
autophagy [196].

PRMT1 methylates c-Fos at R287, protecting it from autophagic
degradation. The autophagy inhibitor 3-MA enhances PRMT1-mediated
c-Fos/AP-1 activity, resulting in increased c-Fos protein levels [106].
Brekker et al. [20] have constructed compound P2, which could selec-
tively inhibited PRMT1 expression, induce LC3 expression in MDA468
cells, and promoted cellular autophagy [210]. PRMT5 catalyzes the
symmetric dimethylation of the autophagy initiation protein ULK1 at
arginine 170 (R170me2s), leading to the phosphorylation of ATG13 and
Beclin 1, finally promoting autophagosome formation and autophagy.
The ULK1 inhibitor SBI-0206965 mitigates its apoptosis [211]. Egan
et al. [212] showed that SBI-0206965 could inhibit ULK 1-mediated
phosphorylation events in cells, regulating autophagy and cell survival
through the ULK1-Beclinl/VPS34 pathways.
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EZH2, a methyltransferase, modulates autophagy via H3K27
methylation of transcription factors involved in autophagy regulation
[213]. EZH2 is a key histone methyltransferase that promotes glioma
stem cell-like self- renewal by methylating NF-kB [214]. Inhibitors tar-
geting EZH2, such as GSK343, have shown promise in cancer treatment.
GSK343 reduces glioblastoma cell viability and NF-kB protein expres-
sion, highlighting its potential as a therapeutic agent in glioblastoma
[215]. Additionally, Hsieh et al. [216] showed that GSK343 could up-
regulate. The expression of the LC3B gene, thereby inducing auto-
phagy and promoting cell death in colorectal cancer cells. In bone
marrow-derived macrophages, the EZH2 inhibitor 3-Deazaneplanocin A
(DZNep) promotes IKKa/f and IkB phosphorylation, leading to NF-xB
nuclear translocation. This process enhances osteoclast formation in
response to Receptor Activator of Nuclear Factor Kappa-p Ligand
(RANKL) [217]. Furthermore, treatment of RKO and HCT116 cells with
DZNep significantly increases LC3 II protein levels, inducing both
autophagy and apoptosis [218].

6. The artificial intelligence in studying non-histone
methylation and autophagy

Recent advancements in high-throughput technologies have signifi-
cantly increased the amount of data generated in biology and biotech-
nology [219]. These data include complex datasets from DNA, RNA,
proteins, and metabolites, requiring sophisticated analytical tools to
uncover their roles in cellular processes [220]. Artificial intelligence
(AID), particularly machine learning models like artificial neural net-
works, has emerged as a powerful tool to analyze omics data, including
genomics and proteomics [221]. Al can handle large, noisy datasets and
reveal complex patterns that traditional statistical methods might miss
[222].

In the context of autophagy regulation, Al-driven approaches have
been applied to predict protein interactions, model signaling pathways,
and identify post-translational modifications (PTMs) with potential
regulatory effects [223]. For example, Al methods have been used to
prioritize potential non-histone protein methylation sites and predict
their functional roles in autophagy-related signaling cascades [224].
Moreover, integrating Al with omics datasets could accelerate the dis-
covery of novel targets for therapeutic intervention in diseases associ-
ated with autophagy dysregulation [225].

The integration of AI technologies into functional genomics and
proteomics has enabled researchers to explore the dynamic roles of non-
histone protein methylation in autophagy more comprehensively [226].
Al tools have been employed to predict interactions between methyl-
transferases and target proteins, evaluate the impact of these in-
teractions on autophagy-related pathways, and identify novel regulatory
mechanisms [227]. Such approaches not only enhance our under-
standing of PTMs but also pave the way for developing targeted thera-
pies for autophagy-associated diseases.

7. Conclusion and future perspectives

So far, significant progress has been made in understanding how
autophagy regulates cell growth, particularly in metabolism and tumor
metastasis. The process of autophagy involves various types of protein
PTMs of proteins, including initiation, autophagosome formation, sub-
strate recognition, and degradation. Among them, lysine and arginine
methylation modifications on non-histone proteins play specific roles at
different stages of autophagy, affecting both non-histone and ATG pro-
teins. These modifications influence the direct alteration of cytosolic
proteins and the epigenetic regulation of target gene transcription.
However, our current understanding has remained in its early stages,
and several issues persist in the research on non-histone methylation and
its role in regulating autophagy. For instance, the effects and mecha-
nisms of non-histone methylation in autophagy are diverse and complex,
often showing contradictory effects in promoting or inhibiting tumor
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metastasis. Furthermore, the function of methylation modification has
been varying with the specific site and the interacting enzyme. In
addition, epigenetic changes in autophagy and cell signaling pathways
are yet fully understood. Identifying new methylation sites is crucial for
achieving a more comprehensive understanding of their functions.

Autophagy is a dynamic process, and targeting genes at different
stages can lead to varying effects. It is important to explore how non-
histone methylation affects autophagy different cells and diseases, as
well as its role in tumor metastasis. Comprehensive and systematic
research on non-histone methylation modifications could provide new
insights into autophagy and uncover potential therapeutic targets for
related diseases. Therefore, summarizing the current understanding of
non-histone methylation in autophagy and identifying future research
directions are essential.

Abbreviations

ATGs Autophagy-related genes

AMPK  Adenosine monophosphate-activated protein kinase
BCL2 B-cell lymphoma 2

BNIP3  Bcl-2/adenovirus E1B 19-kDa-interacting protein 3
CARM1 Coactivator-associated arginine methyltransferase 1
E2F1 E2F transcription factor 1

HIFla  Hypoxia-inducible factor 1-alpha

IL-1B Interleukin-1 beta

KDM5C Lysine-specific demethylase 5C

K370 Lysine 370

LATS2  Large tumor suppressor 2

LSD1 Lysine-specific demethylase 1

LC3 Microtubule-associated protein 1 light chain 3
mTOR  Mammalian target of rapamycin

MCT1 Monocarboxylate transporter 1

NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B
R170 Arginine 170

PI3K Phosphatidylinositol 3-kinase

PRMT5 Protein arginine methyltransferase 5

PRMT1 Protein arginine methyltransferase 1

PTEN Phosphatase and tension homolog

PTMs Post-translation modifications

ROS Reactive oxygen species

STAT3  Signal transducer and activator of transcription 3
SETD7  SET domain lysine methyltransferase 7

ULK1 Unc-51 like kinase 1

VPS34  Vacuolar protein sorting 34

YAP Yes-associated protein

CRediT authorship contribution statement

Yongfen Bao: Formal analysis. Yaoyao Ma: Writing — original draft.
Wentao Huang: Writing — original draft. Yujie Bai: Investigation.
Siying Gao: Software. Luyao Xiu: Investigation. Yuyang Xie: Writing —
original draft. Xinrong Wan: Writing — original draft. Shigang Shan:
Writing — review & editing. Chao Chen: Writing — review & editing.
Lihua Qu: Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization.

Declaration of competing interest

The authors declare no conflicts of interest.
Acknowledgements

This article was supported by the National Natural Science Foun-
dation of China (No. 82302365), Natural Science Foundation of Hubei

Province, China (No. 2024AFB517), Hubei University of Science and
Technology Development Fund Project (No. BK202442, 2022YKY24,

12

International Journal of Biological Macromolecules 291 (2025) 139057

B2022189) and Foundation of Hubei University of Science and Tech-
nology Science “Special Project on Diabetes and Angiopathy” (No.
2024TNBO05), Supporting project of Nanjing University of Chinese
Medicine to NSFC (XPT82302365), Natural Science Foundation of the
Higher Education Institutions of Jiangsu Province, China
(23KJB310015).

Data availability
No data was used for the research described in the article.

References

[1] Q. Ma, S. Long, Z. Gan, G. Tettamanti, K. Li, L. Tian, Transcriptional and post-
transcriptional regulation of autophagy, Cells 11 (3) (2022), https://doi.org/
10.3390/cells11030441.

F. Shu, H. Xiao, Q.N. Li, X.S. Ren, Z.G. Liu, B.W. Hu, H.S. Wang, H. Wang, G.
M. Jiang, Epigenetic and post-translational modifications in autophagy:
biological functions and therapeutic targets, Signal Transduct. Target. Ther. 8 (1)
(2023) 32, https://doi.org/10.1038/541392-022-01300-8.

H. Cui, Y. Wang, T. Zhou, L. Qu, X. Zhang, Y. Wang, M. Han, S. Yang, X. Ren,
G. Wang, X. Gang, Targeting DGAT1 inhibits prostate cancer cells growth by
inducing autophagy flux blockage via oxidative stress, Oncogene 43 (2) (2024)
136-150, https://doi.org/10.1038/s41388-023-02878-1.

J. Li, X. Li, D. Liu, K. Hamamura, Q. Wan, S. Na, H. Yokota, P. Zhang, eIF2alpha
signaling regulates autophagy of osteoblasts and the development of osteoclasts
in OVX mice, Cell Death Dis. 10 (12) (2019) 921, https://doi.org/10.1038/
s41419-019-2159-z.

X. Liang, L. Liu, Y. Wang, H. Guo, H. Fan, C. Zhang, L. Hou, Z. Liu, Autophagy-
driven NETosis is a double-edged sword - Review, Biomedicine &
pharmacotherapy = Biomedecine & pharmacotherapie 126 (2020) 110065,
https://doi.org/10.1016/j.biopha.2020.110065.

Y. Choi, J.W. Bowman, J.U. Jung, Autophagy during viral infection - a double-
edged sword, Nat. Rev. Microbiol. 16 (6) (2018) 341-354, https://doi.org/
10.1038/541579-018-0003-6.

Q. Yan, Y. Zhang, Q. Wang, L. Yuan, Autophagy: a double-edged sword in male
reproduction, Int. J. Mol. Sci. 23 (23) (2022), https://doi.org/10.3390/
ijms232315273.

D. Glick, S. Barth, K.F. Macleod, Autophagy: cellular and molecular mechanisms,
J. Pathol. 221 (1) (2010) 3-12, https://doi.org/10.1002/path.2697.

R. Amaravadi, A.C. Kimmelman, E. White, Recent insights into the function of
autophagy in cancer, Genes Dev. 30 (17) (2016) 1913-1930, https://doi.org/
10.1101/gad.287524.116.

N. Mizushima, M. Komatsu, Autophagy: renovation of cells and tissues, Cell 147
(4) (2011) 728-741, https://doi.org/10.1016/j.cell.2011.10.026.

L. Wang, D.J. Klionsky, H.M. Shen, The emerging mechanisms and functions of
microautophagy, Nat. Rev. Mol. Cell Biol. 24 (3) (2023) 186-203, https://doi.
org/10.1038/541580-022-00529-z.

B.C. Clark, W.D. Arnold, Strategies to Prevent Serious Fall Injuries: A
Commentary on Bhasin et al. A Randomized Trial of a Multifactorial Strategy to
Prevent Serious Fall Injuries, N. Engl. J. Med. 383 (2) (2020) 129-140. Adv
Geriatr Med Res 3(1) (2021), 10.20900/agmr20210002.

L. He, C.P. Tan, R.R. Ye, Y.Z. Zhao, Y.H. Liu, Q. Zhao, L.N. Ji, Z.W. Mao,
Theranostic iridium(II) complexes as one- and two-photon phosphorescent
trackers to monitor autophagic lysosomes, Angew. Chem. Int. Ed. Engl. 53 (45)
(2014) 12137-12141, https://doi.org/10.1002/anie.201407468.

B. Levine, G. Kroemer, Biological functions of autophagy genes: a disease
perspective, Cell 176 (1-2) (2019) 11-42, https://doi.org/10.1016/j.
cell.2018.09.048.

S. Alers, A.S. Loffler, S. Wesselborg, B. Stork, Role of AMPK-mTOR-Ulk1/2 in the
regulation of autophagy: cross talk, shortcuts, and feedbacks, Mol. Cell. Biol. 32
(1) (2012) 2-11, https://doi.org/10.1128/MCB.06159-11.

E.A. Dunlop, A.R. Tee, The kinase triad, AMPK, mTORC1 and ULK1, maintains
energy and nutrient homoeostasis, Biochem. Soc. Trans. 41 (4) (2013) 939-943,
https://doi.org/10.1042/BST20130030.

Z. Zhu, C. Yang, A. Iyaswamy, S. Krishnamoorthi, S.G. Sreenivasmurthy, J. Liu,
Z. Wang, B.C. Tong, J. Song, J. Lu, K.H. Cheung, M. Li, Balancing mTOR signaling
and autophagy in the treatment of Parkinson’s disease, Int. J. Mol. Sci. 20 (3)
(2019), https://doi.org/10.3390/ijms20030728.

L. Shang, X. Wang, AMPK and mTOR coordinate the regulation of Ulkl and
mammalian autophagy initiation, Autophagy 7 (8) (2011) 924-926, https://doi.
org/10.4161/auto.7.8.15860.

M. Lin, R. Hua, J. Ma, Y. Zhou, P. Li, X. Xu, Z. Yu, S. Quan, Bisphenol A promotes
autophagy in ovarian granulosa cells by inducing AMPK/mTOR/ULK1 signalling
pathway, Environ. Int. 147 (2021) 106298, https://doi.org/10.1016/j.
envint.2020.106298.

J. Li, T. Zhang, T. Ren, X. Liao, Y. Hao, J.S. Lim, J.H. Lee, M. Li, J. Shao, R. Liu,
Oxygen-sensitive methylation of ULK1 is required for hypoxia-induced
autophagy, Nat. Commun. 13 (1) (2022) 1172, https://doi.org/10.1038/s41467-
022-28831-6.

[2]

[3]

[4]

[5

[6

[71

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]


https://doi.org/10.3390/cells11030441
https://doi.org/10.3390/cells11030441
https://doi.org/10.1038/s41392-022-01300-8
https://doi.org/10.1038/s41388-023-02878-1
https://doi.org/10.1038/s41419-019-2159-z
https://doi.org/10.1038/s41419-019-2159-z
https://doi.org/10.1016/j.biopha.2020.110065
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.1038/s41579-018-0003-6
https://doi.org/10.3390/ijms232315273
https://doi.org/10.3390/ijms232315273
https://doi.org/10.1002/path.2697
https://doi.org/10.1101/gad.287524.116
https://doi.org/10.1101/gad.287524.116
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1038/s41580-022-00529-z
https://doi.org/10.1038/s41580-022-00529-z
http://10.20900/agmr20210002
https://doi.org/10.1002/anie.201407468
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1128/MCB.06159-11
https://doi.org/10.1042/BST20130030
https://doi.org/10.3390/ijms20030728
https://doi.org/10.4161/auto.7.8.15860
https://doi.org/10.4161/auto.7.8.15860
https://doi.org/10.1016/j.envint.2020.106298
https://doi.org/10.1016/j.envint.2020.106298
https://doi.org/10.1038/s41467-022-28831-6
https://doi.org/10.1038/s41467-022-28831-6

Y. Bao et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

J. Kim, M. Kundu, B. Viollet, K.L. Guan, AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulkl, Nat. Cell Biol. 13 (2) (2011) 132-141,
https://doi.org/10.1038/ncb2152.

M. Jeon, J. Park, E. Yang, H.J. Baek, H. Kim, Regulation of autophagy by protein
methylation and acetylation in cancer, J. Cell. Physiol. 237 (1) (2022) 13-28,
https://doi.org/10.1002/jcp.30502.

R. Li, X. Wei, D.S. Jiang, Protein methylation functions as the posttranslational
modification switch to regulate autophagy, Cell. Mol. Life Sci. 76 (19) (2019)
3711-3722, https://doi.org/10.1007/s00018-019-03161-x.

F.W. Schmitges, E. Radovani, H.S. Najafabadi, M. Barazandeh, L.F. Campitelli,
Y. Yin, A. Jolma, G. Zhong, H. Guo, T. Kanagalingam, W.F. Dai, J. Taipale,

A. Emili, J.F. Greenblatt, T.R. Hughes, Multiparameter functional diversity of
human C2H2 zinc finger proteins, Genome Res. 26 (12) (2016) 1742-1752,
https://doi.org/10.1101/gr.209643.116.

S. Eustermann, A.B. Patel, K.P. Hopfner, Y. He, P. Korber, Energy-driven genome
regulation by ATP-dependent chromatin remodellers, Nat. Rev. Mol. Cell Biol. 25
(4) (2024) 309-332, https://doi.org/10.1038/541580-023-00683-y.

S. Reinehr, A. Safaei, P. Grotegut, A. Guntermann, T. Tsai, S.A. Hahn, S. Kosters,
C. Theiss, K. Marcus, H.B. Dick, C. May, S.C. Joachim, Heat shock protein
upregulation supplemental to complex mRNA alterations in autoimmune
glaucoma, Biomolecules 12 (10) (2022), https://doi.org/10.3390/
biom12101538.

R. Schopflin, U.S. Melo, H. Moeinzadeh, D. Heller, V. Laupert, J. Hertzberg,

M. Holtgrewe, N. Alavi, M.K. Klever, J. Jungnitsch, E. Comak, S. Turkmen,

D. Horn, Y. Duffourd, L. Faivre, P. Callier, D. Sanlaville, O. Zuffardi, R. Tenconi,
N.E. Kurtas, S. Giglio, B. Prager, A. Latos-Bielenska, I. Vogel, M. Bugge,

N. Tommerup, M. Spielmann, A. Vitobello, V.M. Kalscheuer, M. Vingron,

S. Mundlos, Integration of Hi-C with short and long-read genome sequencing
reveals the structure of germline rearranged genomes, Nat. Commun. 13 (1)
(2022) 6470, https://doi.org/10.1038/s41467-022-34053-7.

R.A'F. Gjaltema, M.G. Rots, Advances of epigenetic editing, Curr. Opin. Chem.
Biol. 57 (2020) 75-81, https://doi.org/10.1016/j.cbpa.2020.04.020.

M. Widmann, A.M. Niess, B. Munz, Physical exercise and epigenetic modifications
in skeletal muscle, Sports Med. 49 (4) (2019) 509-523, https://doi.org/10.1007/
540279-019-01070-4.

H.S. Kaya-Okur, S.J. Wu, C.A. Codomo, E.S. Pledger, T.D. Bryson, J.G. Henikoff,
K. Ahmad, S. Henikoff, CUT&Tag for efficient epigenomic profiling of small
samples and single cells, Nat. Commun. 10 (1) (2019) 1930, https://doi.org/
10.1038/541467-019-09982-5.

M. Amiri Roudbar, M.R. Mohammadabadi, A. Ayatollahi Mehrgardi,

R. Abdollahi-Arpanahi, M. Momen, G. Morota, F. Brito Lopes, D. Gianola, G.J.
M. Rosa, Integration of single nucleotide variants and whole-genome DNA
methylation profiles for classification of rheumatoid arthritis cases from controls,
Heredity (Edinb.) 124 (5) (2020) 658-674, https://doi.org/10.1038/s41437-020-
0301-4.

Y. Gao, W. Ge, The histone methyltransferase DOT1L inhibits osteoclastogenesis
and protects against osteoporosis, Cell Death Dis. 9 (2) (2018) 33, https://doi.
org/10.1038/541419-017-0040-5.

R. Li, X. Yi, X. Wei, B. Huo, X. Guo, C. Cheng, Z.M. Fang, J. Wang, X. Feng,

P. Zheng, Y.S. Su, J.F. Masau, X.H. Zhu, D.S. Jiang, EZH2 inhibits autophagic cell
death of aortic vascular smooth muscle cells to affect aortic dissection, Cell Death
Dis. 9 (2) (2018) 180, https://doi.org/10.1038/s41419-017-0213-2.

E.L. Greer, Y. Shi, Histone methylation: a dynamic mark in health, disease and
inheritance, Nat. Rev. Genet. 13 (5) (2012) 343-357, https://doi.org/10.1038/
nrg3173.

J. Huertas, V. Cojocaru, Breaths, twists, and turns of atomistic nucleosomes,

J. Mol. Biol. 433 (6) (2021) 166744, https://doi.org/10.1016/j.
jmb.2020.166744.

M.D. Ricketts, J. Han, M.R. Szurgot, R. Marmorstein, Molecular basis for
chromatin assembly and modification by multiprotein complexes, Protein Sci. 28
(2) (2019) 329-343, https://doi.org/10.1002/pro.3535.

S. Maity, K. Farrell, S. Navabpour, S.N. Narayanan, T.J. Jarome, Epigenetic
mechanisms in memory and cognitive decline associated with aging and
Alzheimer’s disease, Int. J. Mol. Sci. 22 (22) (2021), https://doi.org/10.3390/
ijms222212280.

K. Takahashi, Influence of bacteria on epigenetic gene control, Cell. Mol. Life Sci.
71 (6) (2014) 1045-1054, https://doi.org/10.1007/s00018-013-1487-x.

M. Albert, K. Helin, Histone methyltransferases in cancer, Semin. Cell Dev. Biol.
21 (2) (2010) 209-220, https://doi.org/10.1016/j.semecdb.2009.10.007.

J. Zheng, B. Li, Y. Wu, X. Wu, Y. Wang, Targeting arginine methyltransferase
PRMTS5 for cancer therapy: updated progress and novel strategies, J. Med. Chem.
66 (13) (2023) 8407-8427, https://doi.org/10.1021/acs.jmedchem.3c00250.

Y. Wang, X. Zheng, W. Huang, J. Lu, N. Hou, J. Qi, J. Ma, W. Xue, J. Zheng,
W. Zhai, Loss of MIR503HG facilitates papillary renal cell carcinoma associated
lymphatic metastasis by triggering NOTCH1/VEGFC signaling, Int. J. Biol. Sci. 19
(10) (2023) 3266-3284, https://doi.org/10.7150/1jbs.83302.

Y. Shu, Q. Hu, H. Long, C. Chang, Q. Lu, R. Xiao, Epigenetic variability of CD4+
CD25+ Tregs contributes to the pathogenesis of autoimmune diseases, Clin Rev
Allergy Immunol 52 (2) (2017) 260-272, https://doi.org/10.1007/512016-016-
8590-3.

A. Bollenbach, J.F. Huneau, F. Mariotti, D. Tsikas, Asymmetric and symmetric
protein arginine dimethylation: concept and postprandial effects of high-fat
protein meals in healthy overweight men, Nutrients 11 (7) (2019), https://doi.
0rg/10.3390/nu11071463.

M.I. Maron, A.D. Casill, V. Gupta, J.S. Roth, S. Sidoli, C.C. Query, M.J. Gamble,
D. Shechter, Type I and II PRMTs inversely regulate post-transcriptional intron

13

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

International Journal of Biological Macromolecules 291 (2025) 139057

detention through Sm and CHTOP methylation, Elife 11 (2022), https://doi.org/
10.7554/eLife.72867.

K. Ikenaka, N. Atsuta, Y. Maeda, Y. Hotta, R. Nakamura, K. Kawai, D. Yokoi,

A. Hirakawa, A. Taniguchi, M. Morita, K. Mizoguchi, H. Mochizuki, K. Kimura,
M. Katsuno, G. Sobue, Increase of arginine dimethylation correlates with the
progression and prognosis of ALS, Neurology 92 (16) (2019) e1868-e1877,
https://doi.org/10.1212/WNL.0000000000007311.

M.K. Schuhmacher, M. Rolando, A. Brohm, S. Weirich, S. Kudithipudi,

C. Buchrieser, A. Jeltsch, The legionella pneumophila methyltransferase RomA
Methylates also non-histone proteins during infection, J. Mol. Biol. 430 (13)
(2018) 1912-1925, https://doi.org/10.1016/j.jmb.2018.04.032.

D. Levy, Lysine methylation signaling of non-histone proteins in the nucleus, Cell.
Mol. Life Sci. 76 (15) (2019) 2873-2883, https://doi.org/10.1007/s00018-019-
03142-0.

G. Jih, N. Iglesias, M.A. Currie, N.V. Bhanu, J.A. Paulo, S.P. Gygi, B.A. Garcia,
D. Moazed, Unique roles for histone H3K9me states in RNAi and heritable
silencing of transcription, Nature 547 (7664) (2017) 463-467, https://doi.org/
10.1038/nature23267.

K.K. Biggar, S.S. Li, Non-histone protein methylation as a regulator of cellular
signalling and function, Nat. Rev. Mol. Cell Biol. 16 (1) (2015) 5-17, https://doi.
org/10.1038/nrm3915.

H. Li, Y. Gong, Y. Liu, H. Lin, G. Wang, Detection of transcription factors binding
to methylated DNA by deep recurrent neural network, Brief. Bioinform. 23 (1)
(2022), https://doi.org/10.1093/bib/bbab533.

E. Heberle, A.F. Bardet, Sensitivity of transcription factors to DNA methylation,
Essays Biochem. 63 (6) (2019) 727-741, https://doi.org/10.1042/EBC20190033.
Y. Yin, E. Morgunova, A. Jolma, E. Kaasinen, B. Sahu, S. Khund-Sayeed, P.K. Das,
T. Kivioja, K. Dave, F. Zhong, K.R. Nitta, M. Taipale, A. Popov, P.A. Ginno,

S. Domcke, J. Yan, D. Schubeler, C. Vinson, J. Taipale, Impact of cytosine
methylation on DNA binding specificities of human transcription factors, Science
356 (6337) (2017), https://doi.org/10.1126/science.aaj2239.

S. Patra, S. Patil, S. Das, S.K. Bhutia, Epigenetic dysregulation in autophagy
signaling as a driver of viral manifested oral carcinogenesis, Biochimica et
biophysica acta. Molecular basis of disease 1868 (11) (2022) 166517, https://doi.
org/10.1016/j.bbadis.2022.166517.

J.S. Muhammad, S. Nanjo, T. Ando, S. Yamashita, T. Maekita, T. Ushijima,

Y. Tabuchi, T. Sugiyama, Autophagy impairment by helicobacter pylori-induced
methylation silencing of MAP1LC3Av1 promotes gastric carcinogenesis, Int. J.
Cancer 140 (10) (2017) 2272-2283, https://doi.org/10.1002/ijc.30657.

K.R. Parzych, D.J. Klionsky, An overview of autophagy: morphology, mechanism,
and regulation, Antioxid. Redox Signal. 20 (3) (2014) 460-473, https://doi.org/
10.1089/ars.2013.5371.

Y. Watanabe, K. Taguchi, M. Tanaka, Roles of stress response in autophagy
processes and aging-related diseases, Int. J. Mol. Sci. 24 (18) (2023), https://doi.
org/10.3390/ijms241813804.

N. Peker, D. Gozuacik, Autophagy as a cellular stress response mechanism in the
nervous system, J. Mol. Biol. 432 (8) (2020) 2560-2588, https://doi.org/
10.1016/j.jmb.2020.01.017.

Z. Luo, X. Xu, T. Sho, J. Zhang, W. Xu, J. Yao, J. Xu, ROS-induced autophagy
regulates porcine trophectoderm cell apoptosis, proliferation, and differentiation,
Am. J. Physiol. Cell Physiol. 316 (2) (2019) C198-C209, https://doi.org/
10.1152/ajpcell.00256.2018.

V. Deretic, Autophagy in inflammation, infection, and immunometabolism,
Immunity 54 (3) (2021) 437-453, https://doi.org/10.1016/j.
immuni.2021.01.018.

S. Guil-Luna, M.T. Sanchez-Montero, A. Rodriguez-Ariza, S-Nitrosylation at the
intersection of metabolism and autophagy: implications for cancer, Biochim.
Biophys. Acta Rev. Cancer 1878 (6) (2023) 189012, https://doi.org/10.1016/j.
bbcan.2023.189012.

K.M.M. Hasan, M.A. Haque, Autophagy and its lineage-specific roles in the
hematopoietic system, Oxid. Med. Cell. Longev. 2023 (2023) 8257217, https://
doi.org/10.1155/2023/8257217.

M. Biasizzo, N. Kopitar-Jerala, Interplay between NLRP3 inflammasome and
autophagy, Front. Inmunol. 11 (2020) 591803, https://doi.org/10.3389/
fimmu.2020.591803.

Y. Kuchitsu, T. Taguchi, Lysosomal microautophagy: an emerging dimension in
mammalian autophagy, Trends Cell Biol. 34 (7) (2024) 606-616, https://doi.org/
10.1016/j.tcb.2023.11.005.

T. Nie, L. Zhu, Q. Yang, The classification and basic processes of autophagy, Adv.
Exp. Med. Biol. 1208 (2021) 3-16, https://doi.org/10.1007/978-981-16-2830-6_
1.

S. Liu, S. Yao, H. Yang, S. Liu, Y. Wang, Autophagy: regulator of cell death, Cell
Death Dis. 14 (10) (2023) 648, https://doi.org/10.1038/541419-023-06154-8.
K.E. King, T.T. Losier, R.C. Russell, Regulation of autophagy enzymes by nutrient
signaling, Trends Biochem. Sci. 46 (8) (2021) 687-700, https://doi.org/10.1016/

j.tibs.2021.01.006.

C. Yang, S. Xia, W. Zhang, H.M. Shen, J. Wang, Modulation of Atg genes
expression in aged rat liver, brain, and kidney by caloric restriction analyzed via
single-nucleus/cell RNA sequencing, Autophagy 19 (2) (2023) 706-715, https://
doi.org/10.1080/15548627.2022.2091903.

L. Galluzzi, D.R. Green, Autophagy-independent functions of the autophagy
machinery, Cell 177 (7) (2019) 1682-1699, https://doi.org/10.1016/j.
cell.2019.05.026.

X. Chen, C. Yu, R. Kang, G. Kroemer, D. Tang, Cellular degradation systems in
ferroptosis, Cell Death Differ. 28 (4) (2021) 1135-1148, https://doi.org/
10.1038/541418-020-00728-1.


https://doi.org/10.1038/ncb2152
https://doi.org/10.1002/jcp.30502
https://doi.org/10.1007/s00018-019-03161-x
https://doi.org/10.1101/gr.209643.116
https://doi.org/10.1038/s41580-023-00683-y
https://doi.org/10.3390/biom12101538
https://doi.org/10.3390/biom12101538
https://doi.org/10.1038/s41467-022-34053-7
https://doi.org/10.1016/j.cbpa.2020.04.020
https://doi.org/10.1007/s40279-019-01070-4
https://doi.org/10.1007/s40279-019-01070-4
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.1038/s41437-020-0301-4
https://doi.org/10.1038/s41437-020-0301-4
https://doi.org/10.1038/s41419-017-0040-5
https://doi.org/10.1038/s41419-017-0040-5
https://doi.org/10.1038/s41419-017-0213-2
https://doi.org/10.1038/nrg3173
https://doi.org/10.1038/nrg3173
https://doi.org/10.1016/j.jmb.2020.166744
https://doi.org/10.1016/j.jmb.2020.166744
https://doi.org/10.1002/pro.3535
https://doi.org/10.3390/ijms222212280
https://doi.org/10.3390/ijms222212280
https://doi.org/10.1007/s00018-013-1487-x
https://doi.org/10.1016/j.semcdb.2009.10.007
https://doi.org/10.1021/acs.jmedchem.3c00250
https://doi.org/10.7150/ijbs.83302
https://doi.org/10.1007/s12016-016-8590-3
https://doi.org/10.1007/s12016-016-8590-3
https://doi.org/10.3390/nu11071463
https://doi.org/10.3390/nu11071463
https://doi.org/10.7554/eLife.72867
https://doi.org/10.7554/eLife.72867
https://doi.org/10.1212/WNL.0000000000007311
https://doi.org/10.1016/j.jmb.2018.04.032
https://doi.org/10.1007/s00018-019-03142-0
https://doi.org/10.1007/s00018-019-03142-0
https://doi.org/10.1038/nature23267
https://doi.org/10.1038/nature23267
https://doi.org/10.1038/nrm3915
https://doi.org/10.1038/nrm3915
https://doi.org/10.1093/bib/bbab533
https://doi.org/10.1042/EBC20190033
https://doi.org/10.1126/science.aaj2239
https://doi.org/10.1016/j.bbadis.2022.166517
https://doi.org/10.1016/j.bbadis.2022.166517
https://doi.org/10.1002/ijc.30657
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.1089/ars.2013.5371
https://doi.org/10.3390/ijms241813804
https://doi.org/10.3390/ijms241813804
https://doi.org/10.1016/j.jmb.2020.01.017
https://doi.org/10.1016/j.jmb.2020.01.017
https://doi.org/10.1152/ajpcell.00256.2018
https://doi.org/10.1152/ajpcell.00256.2018
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1016/j.bbcan.2023.189012
https://doi.org/10.1016/j.bbcan.2023.189012
https://doi.org/10.1155/2023/8257217
https://doi.org/10.1155/2023/8257217
https://doi.org/10.3389/fimmu.2020.591803
https://doi.org/10.3389/fimmu.2020.591803
https://doi.org/10.1016/j.tcb.2023.11.005
https://doi.org/10.1016/j.tcb.2023.11.005
https://doi.org/10.1007/978-981-16-2830-6_1
https://doi.org/10.1007/978-981-16-2830-6_1
https://doi.org/10.1038/s41419-023-06154-8
https://doi.org/10.1016/j.tibs.2021.01.006
https://doi.org/10.1016/j.tibs.2021.01.006
https://doi.org/10.1080/15548627.2022.2091903
https://doi.org/10.1080/15548627.2022.2091903
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1038/s41418-020-00728-1
https://doi.org/10.1038/s41418-020-00728-1

Y. Bao et al.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

L. Ma, R. Zhang, D. Li, T. Qiao, X. Guo, Fluoride regulates chondrocyte
proliferation and autophagy via PI3K/AKT/mTOR signaling pathway, Chem. Biol.
Interact. 349 (2021) 109659, https://doi.org/10.1016/1.cbi.2021.109659.

M. Masuda, R. Yoshida-Shimizu, Y. Mori, K. Ohnishi, Y. Adachi, M. Sakai,

S. Kabutoya, H. Ohminami, H. Yamanaka-Okumura, H. Yamamoto, M. Miyazaki,
Y. Taketani, Sulforaphane induces lipophagy through the activation of AMPK-
mTOR-ULK1 pathway signaling in adipocytes, J. Nutr. Biochem. 106 (2022)
109017, https://doi.org/10.1016/j.jnutbio.2022.109017.

K. Xu, Y. He, S.A.A. Mogbel, X. Zhou, L. Wu, J. Bao, SIRT3 ameliorates
osteoarthritis via regulating chondrocyte autophagy and apoptosis through the
PI3K/Akt/mTOR pathway, Int. J. Biol. Macromol. 175 (2021) 351-360, https://
doi.org/10.1016/j.ijbiomac.2021.02.029.

C. Cai, S. Min, B. Yan, W. Liu, X. Yang, L. Li, T. Wang, A. Jin, MiR-27a promotes
the autophagy and apoptosis of IL-1beta treated-articular chondrocytes in
osteoarthritis through PI3K/AKT/mTOR signaling, Aging 11 (16) (2019)
6371-6384, https://doi.org/10.18632/aging.102194.

L. Wu, Z. Feng, S. Cui, K. Hou, L. Tang, J. Zhou, G. Cai, Y. Xie, Q. Hong, B. Fu,
X. Chen, Rapamycin upregulates autophagy by inhibiting the mTOR-ULK1
pathway, resulting in reduced podocyte injury, PloS One 8 (5) (2013) 63799,
https://doi.org/10.1371/journal.pone.0063799.

Y. Gong, N. Tang, P. Liu, Y. Sun, S. Lu, W. Liu, L. Tan, C. Song, X. Qiu, Y. Liao,
S. Yu, X. Liu, S.H. Lin, C. Ding, Newcastle disease virus degrades SIRT3 via PINK1-
PRKN-dependent mitophagy to reprogram energy metabolism in infected cells,
Autophagy 18 (7) (2022) 1503-1521, https://doi.org/10.1080/
15548627.2021.1990515.

S.C. Lin, D.G. Hardie, AMPK: sensing glucose as well as cellular energy status, Cell
Metab. 27 (2) (2018) 299-313, https://doi.org/10.1016/j.cmet.2017.10.009.

H. Zhang, W. Lang, X. Liu, J. Bai, Q. Jia, Q. Shi, Procyanidin Al alleviates DSS-
induced ulcerative colitis via regulating AMPK/mTOR/p70S6K-mediated
autophagy, J. Physiol. Biochem. 78 (1) (2022) 213-227, https://doi.org/
10.1007/513105-021-00854-5.

Y. Xu, W. Wan, Acetylation in the regulation of autophagy, Autophagy 19 (2)
(2023) 379-387, https://doi.org/10.1080/15548627.2022.2062112.

M.M. Mihaylova, R.J. Shaw, The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism, Nat. Cell Biol. 13 (9) (2011) 1016-1023,
https://doi.org/10.1038/ncb2329.

Z. Lin, J. Miao, T. Zhang, M. He, X. Zhou, H. Zhang, Y. Gao, L. Bai, d-Mannose
suppresses osteoarthritis development in vivo and delays IL-1beta-induced
degeneration in vitro by enhancing autophagy activated via the AMPK pathway,
Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie 135
(2021) 111199, https://doi.org/10.1016/j.biopha.2020.111199.

Y. Yang, Y. Zhu, S. Zhou, P. Tang, R. Xu, Y. Zhang, D. Wei, J. Wen, R.F. Thorne, X.
D. Zhang, J.L. Guan, L. Liu, M. Wu, S. Chen, TRIM27 cooperates with STK38L to
inhibit ULK1-mediated autophagy and promote tumorigenesis, EMBO J. 41 (14)
(2022) €109777, https://doi.org/10.15252/embj.2021109777.

M.G. Lin, J.H. Hurley, Structure and function of the ULK1 complex in autophagy,
Curr. Opin. Cell Biol. 39 (2016) 61-68, https://doi.org/10.1016/j.
ceb.2016.02.010.

E. Turco, D. Fracchiolla, S. Martens, Recruitment and activation of the ULK1/
Atgl kinase complex in selective autophagy, J. Mol. Biol. 432 (1) (2020)
123-134, https://doi.org/10.1016/j.jmb.2019.07.027.

H. Song, X. Feng, M. Zhang, X. Jin, X. Xu, L. Wang, X. Ding, Y. Luo, F. Lin, Q. Wu,
G. Liang, T. Yu, Q. Liu, Z. Zhang, Crosstalk between lysine methylation and
phosphorylation of ATG16L1 dictates the apoptosis of hypoxia/reoxygenation-
induced cardiomyocytes, Autophagy 14 (5) (2018) 825-844, https://doi.org/
10.1080/15548627.2017.1389357.

M. Jia, X. Yue, W. Sun, Q. Zhou, C. Chang, W. Gong, J. Feng, X. Li, R. Zhan, K. Mo,
L. Zhang, Y. Qian, Y. Sun, A. Wang, Y. Zou, W. Chen, Y. Li, L. Huang, Y. Yang,
Y. Zhao, X. Cheng, ULK1-mediated metabolic reprogramming regulates Vps34
lipid kinase activity by its lactylation, Sci. Adv. 9 (22) (2023) eadg4993, https://
doi.org/10.1126/sciadv.adg4993.

B. Pasquier, Autophagy inhibitors, Cell. Mol. Life Sci. 73 (5) (2016) 985-1001,
https://doi.org/10.1007/500018-015-2104-y.

W. Sun, M. Jia, Y. Feng, X. Cheng, Lactate is a bridge linking glycolysis and
autophagy through lactylation, Autophagy 19 (12) (2023) 3240-3241, https://
doi.org/10.1080/15548627.2023.2246356.

B. Liy, Y. Lu, T. Zhang, X. Yu, Q. Wang, Y. Chi, S. Jin, G. Cheng, CMTM7 as a
novel molecule of ATG14L-Beclin1-VPS34 complex enhances autophagy by Rab5
to regulate tumorigenicity, Cell Commun. Signal 19 (1) (2021) 77, https://doi.
org/10.1186/512964-021-00720-3.

K.E. Pyo, C.R. Kim, M. Lee, J.S. Kim, K.I. Kim, S.H. Baek, ULK1 O-GlcNAcylation
is crucial for activating VPS34 via ATG14L during autophagy initiation, Cell Rep.
25(10) (2018) 2878-2890 e4, doi:https://doi.org/10.1016/j.celrep.2018.11.042.
C. Brobbey, S. Yin, L. Liu, L.E. Ball, P.H. Howe, J.R. Delaney, W. Gan, Autophagy
dictates sensitivity to PRMT5 inhibitor in breast cancer, Sci. Rep. 13 (1) (2023)
10752, https://doi.org/10.1038/541598-023-37706-9.

H. Gan, T. Shen, D.P. Chupp, J.R. Taylor, H.N. Sanchez, X. Li, Z. Xu, H. Zan,

P. Casali, B cell Sirt1 deacetylates histone and non-histone proteins for epigenetic
modulation of AID expression and the antibody response, Sci. Adv. 6 (14) (2020)
eaay2793, https://doi.org/10.1126/sciadv.aay2793.

Q. Chen, Q. Hu, Y. Chen, N. Shen, N. Zhang, A. Li, L. Li, J. Li, PRMT6 methylation
of STAT3 regulates tumor metastasis in breast cancer, Cell Death Dis. 14 (10)
(2023) 655, https://doi.org/10.1038/541419-023-06148-6.

L. Huang, X.O. Zhang, E.J. Rozen, X. Sun, B. Sallis, O. Verdejo-Torres,

K. Wigglesworth, D. Moon, T. Huang, J.P. Cavaretta, G. Wang, L. Zhang, J.

M. Shohet, M.M. Lee, Q. Wu, PRMTS5 activates AKT via methylation to promote

14

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

International Journal of Biological Macromolecules 291 (2025) 139057

tumor metastasis, Nat. Commun. 13 (1) (2022) 3955, https://doi.org/10.1038/
s41467-022-31645-1.

R. Hamamoto, V. Saloura, Y. Nakamura, Critical roles of non-histone protein
lysine methylation in human tumorigenesis, Nat. Rev. Cancer 15 (2) (2015)
110-124, https://doi.org/10.1038/nrc3884.

S. Yang, F. Li, S. Lu, L. Ren, S. Bian, M. Liu, D. Zhao, S. Wang, J. Wang, Ginseng
root extract attenuates inflammation by inhibiting the MAPK/NF-kappaB
signaling pathway and activating autophagy and p62-Nrf2-Keapl signaling in
vitro and in vivo, J. Ethnopharmacol. 283 (2022) 114739, https://doi.org/
10.1016/j.jep.2021.114739.

Y. Zhu, Y.F. Zhao, R.S. Liu, Y.J. Xiong, X. Shen, Y. Wang, Z.Q. Liang, Olanzapine
induced autophagy through suppression of NF-kappaB activation in human
glioma cells, CNS Neurosci. Ther. 25 (9) (2019) 911-921, https://doi.org/
10.1111/cns.13127.

S. Tan, X. Liu, L. Chen, X. Wu, L. Tao, X. Pan, S. Tan, H. Liu, J. Jiang, B. Wu, Fas/
FasL mediates NF-kappaBp65/PUMA-modulated hepatocytes apoptosis via
autophagy to drive liver fibrosis, Cell Death Dis. 12 (5) (2021) 474, https://doi.
org/10.1038/541419-021-03749-x.

X. Peng, Y. Wang, H. Li, J. Fan, J. Shen, X. Yu, Y. Zhou, H. Mao, ATG5-mediated
autophagy suppresses NF-kappaB signaling to limit epithelial inflammatory
response to kidney injury, Cell Death Dis. 10 (4) (2019) 253, https://doi.org/
10.1038/541419-019-1483-7.

Y. Shen, Y. Zhang, J. Du, B. Jiang, T. Shan, H. Li, H. Bao, Y. Si, CXCR5 down-
regulation alleviates cognitive dysfunction in a mouse model of sepsis-associated
encephalopathy: potential role of microglial autophagy and the p38MAPK/NF-
kappaB/STATS3 signaling pathway, J. Neuroinflammation 18 (1) (2021) 246,
https://doi.org/10.1186/s12974-021-02300-1.

T. Zhang, C. Ding, H. Chen, J. Zhao, Z. Chen, B. Chen, K. Mao, Y. Hao, M. Roulis,
H. Xu, Y. Kluger, Q. Zou, Y. Ye, M. Zhan, R.A. Flavell, H.B. Li, m(6)A mRNA
modification maintains colonic epithelial cell homeostasis via NF-kappaB-
mediated antiapoptotic pathway, Sci. Adv. 8 (12) (2022) eabl5723, https://doi.
org/10.1126/sciadv.abl5723.

T. Lu, M.W. Jackson, B. Wang, M. Yang, M.R. Chance, M. Miyagi, A.V. Gudkov, G.
R. Stark, Regulation of NF-kappaB by NSD1/FBXL11-dependent reversible lysine
methylation of p65, Proc. Natl. Acad. Sci. U. S. A. 107 (1) (2010) 46-51, https://
doi.org/10.1073/pnas.0912493107.

L.X. Li, J.X. Zhou, J.P. Calvet, A.K. Godwin, R.A. Jensen, X. Li, Lysine
methyltransferase SMYD2 promotes triple negative breast cancer progression,
Cell Death Dis. 9 (3) (2018) 326, https://doi.org/10.1038/541419-018-0347-x.
X.D. Yang, B. Huang, M. Li, A. Lamb, N.L. Kelleher, L.F. Chen, Negative regulation
of NF-kappaB action by Set9-mediated lysine methylation of the RelA subunit,
EMBO J. 28 (8) (2009) 1055-1066, https://doi.org/10.1038/emboj.2009.55.
C.K. Ea, D. Baltimore, Regulation of NF-kappaB activity through lysine
monomethylation of p65, Proc. Natl. Acad. Sci. U. S. A. 106 (45) (2009)
18972-18977, https://doi.org/10.1073/pnas.0910439106.

A. Reintjes, J.E. Fuchs, L. Kremser, H.H. Lindner, K.R. Lied], L.A. Huber,

T. Valovka, Asymmetric arginine dimethylation of RelA provides a repressive
mark to modulate TNFalpha/NF-kappaB response, Proc. Natl. Acad. Sci. U. S. A.
113 (16) (2016) 4326-4331, https://doi.org/10.1073/pnas.1522372113.

E. Kim, L. Rahmawati, N. Aziz, H.G. Kim, J.H. Kim, K.H. Kim, B.C. Yoo,

N. Parameswaran, J.S. Kang, H. Hur, B. Manavalan, J. Lee, J.Y. Cho, Protection of
c-Fos from autophagic degradation by PRMT1-mediated methylation fosters
gastric tumorigenesis, Int. J. Biol. Sci. 19 (12) (2023) 3640-3660, https://doi.
org/10.7150/ijbs.85126.

R. Nanduri, R. Kalra, E. Bhagyaraj, A.P. Chacko, N. Ahuja, D. Tiwari, S. Kumar,
M. Jain, R. Parkesh, P. Gupta, AutophagySMDB: a curated database of small
molecules that modulate protein targets regulating autophagy, Autophagy 15 (7)
(2019) 1280-1295, https://doi.org/10.1080/15548627.2019.1571717.

X. Chen, K. Han, G. Lin, C. Liu, S. Wang, X. Shi, Z. Hu, C. Wy, X. Xu, C. Hu,
Ctenopharyngodon Idella STAT3 alleviates autophagy by up-regulating BCL-2
expression, Fish Shellfish Immunol. 91 (2019) 194-201, https://doi.org/
10.1016/j.51.2019.05.034.

W.T. Tai, C.W. Shiau, H.L. Chen, C.Y. Liu, C.S. Lin, A.L. Cheng, P.J. Chen, K.

F. Chen, Mcl-1-dependent activation of Beclin 1 mediates autophagic cell death
induced by sorafenib and SC-59 in hepatocellular carcinoma cells, Cell Death Dis.
4 (2) (2013) 485, https://doi.org/10.1038/cddis.2013.18.

J. Pratt, B. Annabi, Induction of autophagy biomarker BNIP3 requires a JAK2/
STAT3 and MT1-MMP signaling interplay in Concanavalin-A-activated U87
glioblastoma cells, Cell. Signal. 26 (5) (2014) 917-924, https://doi.org/10.1016/
j.cellsig.2014.01.012.

L. Zhu, Z. Wang, X. Sun, J. Yu, T. Li, H. Zhao, Y. Ji, B. Peng, M. Du, STAT3/
mitophagy axis coordinates macrophage NLRP3 inflammasome activation and
inflammatory bone loss, J. Bone Miner. Res. 38 (2) (2023) 335-353, https://doi.
org/10.1002/jbmr.4756.

L. Liang, K. Hui, C. Hu, Y. Wen, S. Yang, P. Zhu, L. Wang, Y. Xia, Y. Qiao, W. Sun,
J. Fei, T. Chen, F. Zhao, B. Yang, X. Jiang, Autophagy inhibition potentiates the
anti-angiogenic property of multikinase inhibitor anlotinib through JAK2/
STAT3/VEGFA signaling in non-small cell lung cancer cells, J. Exp. Clin. Cancer
Res. 38 (1) (2019) 71, https://doi.org/10.1186/513046-019-1093-3.

X. Rong, J. Xu, Y. Jiang, F. Li, Y. Chen, Q.P. Dou, D. Li, Citrus peel flavonoid
nobiletin alleviates lipopolysaccharide-induced inflammation by activating IL-6/
STAT3/FOXO3a-mediated autophagy, Food Funct. 12 (3) (2021) 1305-1317,
https://doi.org/10.1039/d0fo02141e.

M. Yang, Y. Zhang, G. Liu, Z. Zhao, J. Li, L. Yang, K. Liu, W. Hu, Y. Lou, J. Jiang,
Q. Liu, P. Zhao, TIPE1 inhibits osteosarcoma tumorigenesis and progression by


https://doi.org/10.1016/j.cbi.2021.109659
https://doi.org/10.1016/j.jnutbio.2022.109017
https://doi.org/10.1016/j.ijbiomac.2021.02.029
https://doi.org/10.1016/j.ijbiomac.2021.02.029
https://doi.org/10.18632/aging.102194
https://doi.org/10.1371/journal.pone.0063799
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.1080/15548627.2021.1990515
https://doi.org/10.1016/j.cmet.2017.10.009
https://doi.org/10.1007/s13105-021-00854-5
https://doi.org/10.1007/s13105-021-00854-5
https://doi.org/10.1080/15548627.2022.2062112
https://doi.org/10.1038/ncb2329
https://doi.org/10.1016/j.biopha.2020.111199
https://doi.org/10.15252/embj.2021109777
https://doi.org/10.1016/j.ceb.2016.02.010
https://doi.org/10.1016/j.ceb.2016.02.010
https://doi.org/10.1016/j.jmb.2019.07.027
https://doi.org/10.1080/15548627.2017.1389357
https://doi.org/10.1080/15548627.2017.1389357
https://doi.org/10.1126/sciadv.adg4993
https://doi.org/10.1126/sciadv.adg4993
https://doi.org/10.1007/s00018-015-2104-y
https://doi.org/10.1080/15548627.2023.2246356
https://doi.org/10.1080/15548627.2023.2246356
https://doi.org/10.1186/s12964-021-00720-3
https://doi.org/10.1186/s12964-021-00720-3
https://doi.org/10.1016/j.celrep.2018.11.042
https://doi.org/10.1038/s41598-023-37706-9
https://doi.org/10.1126/sciadv.aay2793
https://doi.org/10.1038/s41419-023-06148-6
https://doi.org/10.1038/s41467-022-31645-1
https://doi.org/10.1038/s41467-022-31645-1
https://doi.org/10.1038/nrc3884
https://doi.org/10.1016/j.jep.2021.114739
https://doi.org/10.1016/j.jep.2021.114739
https://doi.org/10.1111/cns.13127
https://doi.org/10.1111/cns.13127
https://doi.org/10.1038/s41419-021-03749-x
https://doi.org/10.1038/s41419-021-03749-x
https://doi.org/10.1038/s41419-019-1483-7
https://doi.org/10.1038/s41419-019-1483-7
https://doi.org/10.1186/s12974-021-02300-1
https://doi.org/10.1126/sciadv.abl5723
https://doi.org/10.1126/sciadv.abl5723
https://doi.org/10.1073/pnas.0912493107
https://doi.org/10.1073/pnas.0912493107
https://doi.org/10.1038/s41419-018-0347-x
https://doi.org/10.1038/emboj.2009.55
https://doi.org/10.1073/pnas.0910439106
https://doi.org/10.1073/pnas.1522372113
https://doi.org/10.7150/ijbs.85126
https://doi.org/10.7150/ijbs.85126
https://doi.org/10.1080/15548627.2019.1571717
https://doi.org/10.1016/j.fsi.2019.05.034
https://doi.org/10.1016/j.fsi.2019.05.034
https://doi.org/10.1038/cddis.2013.18
https://doi.org/10.1016/j.cellsig.2014.01.012
https://doi.org/10.1016/j.cellsig.2014.01.012
https://doi.org/10.1002/jbmr.4756
https://doi.org/10.1002/jbmr.4756
https://doi.org/10.1186/s13046-019-1093-3
https://doi.org/10.1039/d0fo02141e

Y. Bao et al.

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

regulating PRMT1 mediated STAT3 arginine methylation, Cell Death Dis. 13 (9)
(2022) 815, https://doi.org/10.1038/5s41419-022-05273-y.

Y. Yin, X. Yang, S. Wu, X. Ding, H. Zhu, X. Long, Y. Wang, S. Zhai, Y. Chen,

N. Che, J. Chen, X. Wang, Jmjd1lc demethylates STAT3 to restrain plasma cell
differentiation and rheumatoid arthritis, Nat. Immunol. 23 (9) (2022)
1342-1354, https://doi.org/10.1038/541590-022-01287-y.

C. Cai, S. Gu, Y. Yu, Y. Zhu, H. Zhang, B. Yuan, L. Shen, B. Yang, X.H. Feng,
PRMTS5 Enables Robust STAT3 Activation via Arginine Symmetric Dimethylation
of SMAD7, Adv. Sci. (Weinh.) 8 (10) (2021) 2003047, https://doi.org/10.1002/
advs.202003047.

D. Song, J. Lan, Y. Chen, A. Liu, Q. Wu, C. Zhao, Y. Feng, J. Wang, X. Luo, Z. Cao,
X. Cao, J. Hu, G. Wang, NSD2 promotes tumor angiogenesis through methylating
and activating STAT3 protein, Oncogene 40 (16) (2021) 2952-2967, https://doi.
org/10.1038/541388-021-01747-z.

J. Luo, K. Wang, S. Yeh, Y. Sun, L. Liang, Y. Xiao, W. Xu, Y. Niu, L. Cheng, S.
N. Maity, R. Jiang, C. Chang, LncRNA-p21 alters the antiandrogen enzalutamide-
induced prostate cancer neuroendocrine differentiation via modulating the
EZH2/STAT3 signaling, Nat. Commun. 10 (1) (2019) 2571, https://doi.org/
10.1038/541467-019-09784-9.

A.D. Esteves, 0.0. Koyuncu, L.W. Enquist, A pseudorabies virus serine/threonine
kinase, US3, promotes retrograde transport in axons via Akt/mToRC1, J. Virol. 96
(5) (2022) e0175221, https://doi.org/10.1128/JVI.01752-21.

Z.Xu, X. Han, D. Ou, T. Liu, Z. Li, G. Jiang, J. Liu, J. Zhang, Targeting PI3K/AKT/
mTOR-mediated autophagy for tumor therapy, Appl. Microbiol. Biotechnol. 104
(2) (2020) 575-587, https://doi.org/10.1007/s00253-019-10257-8.

D. Heras-Sandoval, J.M. Perez-Rojas, J. Hernandez-Damian, J. Pedraza-Chaverri,
The role of PI3K/AKT/mTOR pathway in the modulation of autophagy and the
clearance of protein aggregates in neurodegeneration, Cell. Signal. 26 (12) (2014)
2694-2701, https://doi.org/10.1016/j.cellsig.2014.08.019.

W. Liu, L. Xu, X. Wang, D. Zhang, G. Sun, M. Wang, M. Wang, Y. Han, R. Chai,
H. Wang, PRDX1 activates autophagy via the PTEN-AKT signaling pathway to
protect against cisplatin-induced spiral ganglion neuron damage, Autophagy 17
(12) (2021) 4159-4181, https://doi.org/10.1080/15548627.2021.1905466.

Q. Luo, Y. Song, J. Kang, Y. Wu, F. Wu, Y. Li, Q. Dong, J. Wang, C. Song, H. Guo,
mtROS-mediated Akt/AMPK/mTOR pathway was involved in Copper-induced
autophagy and it attenuates Copper-induced apoptosis in RAW264.7 mouse
monocytes, Redox. Biol. 41 (2021) 101912, https://doi.org/10.1016/j.
redox.2021.101912.

Z. He, S. Chen, T. Pan, A. Li, K. Wang, Z. Lin, W. Liu, Y. Wang, Y. Wang,
Ginsenoside Rg2 ameliorating CDAHFD-induced hepatic fibrosis by regulating
AKT/mTOR-mediated autophagy, J. Agric. Food Chem. 70 (6) (2022) 1911-1922,
https://doi.org/10.1021/acs.jafc.1c07578.

X. Wang, L. Jiang, X.Q. Liu, Y.B. Huang, A.L. Wang, H.X. Zeng, L. Gao, Q.J. Zhu,
L.L. Xia, Y.G. Wu, Paeoniflorin binds to VEGFR2 to restore autophagy and inhibit
apoptosis for podocyte protection in diabetic kidney disease through PI3K-AKT
signaling pathway, Phytomedicine : international journal of phytotherapy and
phytopharmacology 106 (2022) 154400, https://doi.org/10.1016/j.
phymed.2022.154400.

R. Hard, N. Li, W. He, B. Ross, G.C.H. Mo, Q. Peng, R.S.L. Stein, E. Komives,

Y. Wang, J. Zhang, W. Wang, Deciphering and engineering chromodomain-
methyllysine peptide recognition, Sci. Adv. 4 (11) (2018) eaaul447, https://doi.
org/10.1126/sciadv.aaul447.

E.K. Shanle, S.A. Shinsky, J.B. Bridgers, N. Bae, C. Sagum, K. Krajewski, S.

B. Rothbart, M.T. Bedford, B.D. Strahl, Histone peptide microarray screen of
chromo and Tudor domains defines new histone lysine methylation interactions,
Epigenetics Chromatin 10 (2017) 12, https://doi.org/10.1186/513072-017-0117-
5.

X. She, Q. Wu, Z. Rao, D. Song, C. Huang, S. Feng, A. Liu, L. Liu, K. Wan, X. Li,
C. Yu, C. Qiu, X. Luo, J. Hu, G. Wang, F. Xu, L. Sun, SETDB1 Methylates MCT1
Promoting Tumor Progression by Enhancing the Lactate Shuttle, Adv. Sci.
(Weinh.) 10 (28) (2023) 2301871, https://doi.org/10.1002/advs.202301871.
L. Zhang, G. Jiao, Y. You, X. Li, J. Liu, Z. Sun, Q. Li, Z. Dai, J. Ma, H. Zhou, G. Li,
C. Meng, Y. Chen, Arginine methylation of PPP1CA by CARM1 regulates glucose
metabolism and affects osteogenic differentiation and osteoclastic differentiation,
Clin. Transl. Med. 13 (9) (2023) €1369, https://doi.org/10.1002/ctm2.1369.
H.J. Shin, H. Kim, S. Oh, J.G. Lee, M. Kee, H.J. Ko, M.N. Kweon, K.J. Won, S.
H. Baek, AMPK-SKP2-CARM1 signalling cascade in transcriptional regulation of
autophagy, Nature 534 (7608) (2016) 553-557, https://doi.org/10.1038/
naturel18014.

L. Isbel, M. Iskar, S. Durdu, J. Weiss, R.S. Grand, E. Hietter-Pfeiffer, Z. Kozicka, A.
K. Michael, L. Burger, N.H. Thoma, D. Schubeler, Readout of histone methylation
by Trim24 locally restricts chromatin opening by p53, Nat. Struct. Mol. Biol. 30
(7) (2023) 948-957, https://doi.org/10.1038/s41594-023-01021-8.

A. Hafner, M.L. Bulyk, A. Jambhekar, G. Lahav, The multiple mechanisms that
regulate p53 activity and cell fate, Nat. Rev. Mol. Cell Biol. 20 (4) (2019)
199-210, https://doi.org/10.1038/s41580-019-0110-x.

Z. Huang, M. Kaller, H. Hermeking, CRISPR/Cas9-mediated inactivation of miR-
34a and miR-34b/c in HCT116 colorectal cancer cells: comprehensive
characterization after exposure to 5-FU reveals EMT and autophagy as key
processes regulated by miR-34, Cell Death Differ. 30 (8) (2023) 2017-2034,
https://doi.org/10.1038/541418-023-01193-2.

Y. Xing, X. Wei, Y. Liu, M.M. Wang, Z. Sui, X. Wang, W. Zhu, M. Wuy, C. Lu, Y.
H. Fei, Y. Jiang, Y. Zhang, Y. Wang, F. Guo, J.L. Cao, J. Qi, W. Wang, Autophagy
inhibition mediated by MCOLN1/TRPML1 suppresses cancer metastasis via
regulating a ROS-driven TP53/p53 pathway, Autophagy 18 (8) (2022)
1932-1954, https://doi.org/10.1080/15548627.2021.2008752.

15

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

International Journal of Biological Macromolecules 291 (2025) 139057

J. Li, H. Zhan, Y. Ren, M. Feng, Q. Wang, Q. Jiao, Y. Wang, X. Liu, S. Zhang, L. Du,
Y. Wang, C. Wang, Sirtuin 4 activates autophagy and inhibits tumorigenesis by
upregulating the p53 signaling pathway, Cell Death Differ. 30 (2) (2023)
313-326, https://doi.org/10.1038/541418-022-01063-3.

X. Yuan, K. Chen, F. Zheng, S. Xu, Y. Li, Y. Wang, H. Ni, F. Wang, Z. Cui, Y. Qin,
D. Xia, Y. Wu, Low-dose BPA and its substitute BPS promote ovarian cancer cell
stemness via a non-canonical PINK1/p53 mitophagic signaling, J. Hazard. Mater.
452 (2023) 131288, https://doi.org/10.1016/j.jhazmat.2023.131288.

Y.J. Shin, Y. Kim, X. Wen, N.Y. Cho, S. Lee, W.H. Kim, G.H. Kang, Prognostic
implications and interaction of L1 methylation and p53 expression statuses in
advanced gastric cancer, Clin. Epigenetics 11 (1) (2019) 77, https://doi.org/
10.1186/513148-019-0661-x.

J. Zhou, T.G. Jenkins, A.M. Jung, K.S. Jeong, J. Zhai, E.T. Jacobs, S.C. Griffin,
D. Dearmon-Moore, S.R. Littau, W.F. Peate, N.A. Ellis, P. Lance, Y. Chen, J.

L. Burgess, DNA methylation among firefighters, PloS One 14 (3) (2019)
0214282, https://doi.org/10.1371/journal.pone.0214282.

J. Huang, L. Perez-Burgos, B.J. Placek, R. Sengupta, M. Richter, J.A. Dorsey,

S. Kubicek, S. Opravil, T. Jenuwein, S.L. Berger, Repression of p53 activity by
Smyd2-mediated methylation, Nature 444 (7119) (2006) 629-632, https://doi.
org/10.1038/nature05287.

J.D. Fan, P.J. Lei, J.Y. Zheng, X. Wang, S. Li, H. Liu, Y.L. He, Z.N. Wang, G. Wei,
X. Zhang, L.Y. Li, M. Wu, The selective activation of p53 target genes regulated by
SMYD2 in BIX-01294 induced autophagy-related cell death, PloS One 10 (1)
(2015) e0116782, https://doi.org/10.1371/journal.pone.0116782.

J. Huang, R. Sengupta, A.B. Espejo, M.G. Lee, J.A. Dorsey, M. Richter, S. Opravil,
R. Shiekhattar, M.T. Bedford, T. Jenuwein, S.L. Berger, p53 is regulated by the
lysine demethylase LSD1, Nature 449 (7158) (2007) 105-108, https://doi.org/
10.1038/nature06092.

G. Periz, J. Lu, T. Zhang, M.W. Kankel, A.M. Jablonski, R. Kalb, A. McCampbell,
J. Wang, Regulation of protein quality control by UBE4B and LSD1 through p53-
mediated transcription, PLoS Biol. 13 (4) (2015) e1002114, https://doi.org/
10.1371/journal.pbio.1002114.

S. Ramadoss, G. Guo, C.Y. Wang, Lysine demethylase KDM3A regulates breast
cancer cell invasion and apoptosis by targeting histone and the non-histone
protein p53, Oncogene 36 (1) (2017) 47-59, https://doi.org/10.1038/
onc.2016.174.

J. Huang, J. Dorsey, S. Chuikov, X. Zhang, T. Jenuwein, D. Reinberg, S.L. Berger,
G9a and Glp methylate lysine 373 in the tumor suppressor p53, J. Biol. Chem. 285
(13) (2010) 9636-9641, https://doi.org/10.1074/jbc.M109.062588.

H. Zhao, T. Ming, S. Tang, S. Ren, H. Yang, M. Liu, Q. Tao, H. Xu, Wnt signaling in
colorectal cancer: pathogenic role and therapeutic target, Mol. Cancer 21 (1)
(2022) 144, https://doi.org/10.1186/512943-022-01616-7.

C. Zhou, Y. Liang, L. Zhou, Y. Yan, N. Liu, R. Zhang, Y. Huang, M. Wang, Y. Tang,
D.W. Ali, Y. Wang, M. Michalak, X.Z. Chen, J. Tang, TSPAN1 promotes autophagy
flux and mediates cooperation between WNT-CTNNBI signaling and autophagy
via the MIR454-FAM83A-TSPAN1 axis in pancreatic cancer, Autophagy 17 (10)
(2021) 3175-3195, https://doi.org/10.1080/15548627.2020.1826689.

E.Y. Rim, H. Clevers, R. Nusse, The Wnt pathway: from signaling mechanisms to
synthetic modulators, Annu. Rev. Biochem. 91 (2022) 571-598, https://doi.org/
10.1146/annurev-biochem-040320-103615.

Q. Ma, J. Yu, X. Zhang, X. Wu, G. Deng, Wnt/beta-catenin signaling pathway-a
versatile player in apoptosis and autophagy, Biochimie 211 (2023) 57-67,
https://doi.org/10.1016/j.biochi.2023.03.001.

W. Gong, C. Luo, F. Peng, J. Xiao, Y. Zeng, B. Yin, X. Chen, S. Li, X. He, Y. Liu,
H. Cao, J. Xu, H. Long, Brahma-related gene-1 promotes tubular senescence and
renal fibrosis through Wnt/beta-catenin/autophagy axis, Clinical science
(London, England : 1979) 135 (15) (2021) 1873-1895, https://doi.org/10.1042/
CS20210447.

S. Lorzadeh, L. Kohan, S. Ghavami, N. Azarpira, Autophagy and the Wnt signaling
pathway: a focus on Wnt/beta-catenin signaling, Biochim. Biophys. Acta Mol. Cell
Res. 1868 (3) (2021) 118926, https://doi.org/10.1016/j.bbamer.2020.118926.
C. Zhou, C. Yi, Y. Yi, W. Qin, Y. Yan, X. Dong, X. Zhang, Y. Huang, R. Zhang,
J. Wei, D.W. Ali, M. Michalak, X.Z. Chen, J. Tang, LncRNA PVT1 promotes
gemcitabine resistance of pancreatic cancer via activating Wnt/beta-catenin and
autophagy pathway through modulating the miR-619-5p/Pygo2 and miR-619-
5p/ATG14 axes, Mol. Cancer 19 (1) (2020) 118, https://doi.org/10.1186/
512943-020-01237-y.

Q. Fan, L. Yang, X. Zhang, Y. Ma, Y. Li, L. Dong, Z. Zong, X. Hua, D. Su, H. Li,
J. Liu, Autophagy promotes metastasis and glycolysis by upregulating MCT1
expression and Wnt/beta-catenin signaling pathway activation in hepatocellular
carcinoma cells, J. Exp. Clin. Cancer Res. 37 (1) (2018) 9, https://doi.org/
10.1186/513046-018-0673-y.

K.J. Petherick, A.C. Williams, J.D. Lane, P. Ordonez-Moran, J. Huelsken, T.

J. Collard, H.J. Smartt, J. Batson, K. Malik, C. Paraskeva, A. Greenhough,
Autolysosomal beta-catenin degradation regulates Wnt-autophagy-p62 crosstalk,
EMBO J. 32 (13) (2013) 1903-1916, https://doi.org/10.1038/emboj.2013.123.
M. Nager, M.C. Sallan, A. Visa, C. Pushparaj, M. Santacana, A. Macia,

A. Yeramian, C. Canti, J. Herreros, Inhibition of WNT-CTNNB1 signaling
upregulates SQSTM1 and sensitizes glioblastoma cells to autophagy blockers,
Autophagy 14 (4) (2018) 619-636, https://doi.org/10.1080/
15548627.2017.1423439.

W. Zhang, X. Ruan, Y. Li, J. Zhi, L. Hu, X. Hou, X. Shi, X. Wang, J. Wang, W. Ma,
P. Gu, X. Zheng, M. Gao, KDM1A promotes thyroid cancer progression and
maintains stemness through the Wnt/beta-catenin signaling pathway,
Theranostics 12 (4) (2022) 1500-1517, https://doi.org/10.7150/thno.66142.


https://doi.org/10.1038/s41419-022-05273-y
https://doi.org/10.1038/s41590-022-01287-y
https://doi.org/10.1002/advs.202003047
https://doi.org/10.1002/advs.202003047
https://doi.org/10.1038/s41388-021-01747-z
https://doi.org/10.1038/s41388-021-01747-z
https://doi.org/10.1038/s41467-019-09784-9
https://doi.org/10.1038/s41467-019-09784-9
https://doi.org/10.1128/JVI.01752-21
https://doi.org/10.1007/s00253-019-10257-8
https://doi.org/10.1016/j.cellsig.2014.08.019
https://doi.org/10.1080/15548627.2021.1905466
https://doi.org/10.1016/j.redox.2021.101912
https://doi.org/10.1016/j.redox.2021.101912
https://doi.org/10.1021/acs.jafc.1c07578
https://doi.org/10.1016/j.phymed.2022.154400
https://doi.org/10.1016/j.phymed.2022.154400
https://doi.org/10.1126/sciadv.aau1447
https://doi.org/10.1126/sciadv.aau1447
https://doi.org/10.1186/s13072-017-0117-5
https://doi.org/10.1186/s13072-017-0117-5
https://doi.org/10.1002/advs.202301871
https://doi.org/10.1002/ctm2.1369
https://doi.org/10.1038/nature18014
https://doi.org/10.1038/nature18014
https://doi.org/10.1038/s41594-023-01021-8
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1038/s41418-023-01193-2
https://doi.org/10.1080/15548627.2021.2008752
https://doi.org/10.1038/s41418-022-01063-3
https://doi.org/10.1016/j.jhazmat.2023.131288
https://doi.org/10.1186/s13148-019-0661-x
https://doi.org/10.1186/s13148-019-0661-x
https://doi.org/10.1371/journal.pone.0214282
https://doi.org/10.1038/nature05287
https://doi.org/10.1038/nature05287
https://doi.org/10.1371/journal.pone.0116782
https://doi.org/10.1038/nature06092
https://doi.org/10.1038/nature06092
https://doi.org/10.1371/journal.pbio.1002114
https://doi.org/10.1371/journal.pbio.1002114
https://doi.org/10.1038/onc.2016.174
https://doi.org/10.1038/onc.2016.174
https://doi.org/10.1074/jbc.M109.062588
https://doi.org/10.1186/s12943-022-01616-7
https://doi.org/10.1080/15548627.2020.1826689
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.1016/j.biochi.2023.03.001
https://doi.org/10.1042/CS20210447
https://doi.org/10.1042/CS20210447
https://doi.org/10.1016/j.bbamcr.2020.118926
https://doi.org/10.1186/s12943-020-01237-y
https://doi.org/10.1186/s12943-020-01237-y
https://doi.org/10.1186/s13046-018-0673-y
https://doi.org/10.1186/s13046-018-0673-y
https://doi.org/10.1038/emboj.2013.123
https://doi.org/10.1080/15548627.2017.1423439
https://doi.org/10.1080/15548627.2017.1423439
https://doi.org/10.7150/thno.66142

Y. Bao et al.

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

C. Cheng, X. Pei, S.W. Li, J. Yang, C. Li, J. Tang, K. Hu, G. Huang, W.P. Min,
Y. Sang, CRISPR/Cas9 library screening uncovered methylated PKP2 as a critical
driver of lung cancer radioresistance by stabilizing beta-catenin, Oncogene 40
(16) (2021) 2842-2857, https://doi.org/10.1038/s41388-021-01692-x.

B.Y. Ahn, M.H. Jeong, J.H. Pyun, H.J. Jeong, T.A. Vuong, J.H. Bae, S. An, S.
W. Kim, Y.K. Kim, D. Ryu, H.J. Kim, H. Cho, G.U. Bae, J.S. Kang, PRMT?7 ablation
in cardiomyocytes causes cardiac hypertrophy and fibrosis through beta-catenin
dysregulation, Cell. Mol. Life Sci. 79 (2) (2022) 99, https://doi.org/10.1007/
s00018-021-04097-x.

B. Cha, W. Kim, Y.K. Kim, B.N. Hwang, S.Y. Park, J.W. Yoon, W.S. Park, J.W. Cho,
M.T. Bedford, E.H. Jho, Methylation by protein arginine methyltransferase 1
increases stability of Axin, a negative regulator of Wnt signaling, Oncogene 30
(20) (2011) 2379-2389, https://doi.org/10.1038/0nc.2010.610.

S. Singh, A. Mishra, S.J. Mohanbhai, V. Tiwari, R.K. Chaturvedi, S. Khurana,

S. Shukla, Axin-2 knockdown promote mitochondrial biogenesis and
dopaminergic neurogenesis by regulating Wnt/beta-catenin signaling in rat model
of Parkinson’s disease, Free Radic. Biol. Med. 129 (2018) 73-87, https://doi.org/
10.1016/j.freeradbiomed.2018.08.033.

A.H. Ghobashi, T.T. Vuong, J.W. Kimani, C.A. Ladaika, P.C. Hollenhorst, H.

M. O'Hagan, Activation of AKT induces EZH2-mediated beta-catenin
trimethylation in colorectal cancer, iScience 26 (9) (2023) 107630, https://doi.
org/10.1016/j.isci.2023.107630.

S. Ma, Z. Meng, R. Chen, K.L. Guan, The hippo pathway: biology and
pathophysiology, Annu. Rev. Biochem. 88 (2019) 577-604, https://doi.org/
10.1146/annurev-biochem-013118-111829.

M. Fu, Y. Hu, T. Lan, K.L. Guan, T. Luo, M. Luo, The hippo signalling pathway and
its implications in human health and diseases, Signal Transduct. Target. Ther. 7
(1) (2022) 376, https://doi.org/10.1038/s41392-022-01191-9.

J.H. Driskill, D. Pan, The hippo pathway in liver homeostasis and
pathophysiology, Annu. Rev. Pathol. 16 (2021) 299-322, https://doi.org/
10.1146/annurev-pathol-030420-105050.

R. Cunningham, C.G. Hansen, The Hippo pathway in cancer: YAP/TAZ and TEAD
as therapeutic targets in cancer, Clinical science (London, England : 1979) 136 (3)
(2022) 197-222, https://doi.org/10.1042/CS20201474.

Y. Maejima, D. Zablocki, J. Nah, J. Sadoshima, The role of the hippo pathway in
autophagy in the heart, Cardiovasc. Res. 118 (17) (2023) 3320-3330, https://doi.
org/10.1093/cvr/cvac014.

G. Seo, C. Yu, H. Han, L. Xing, R.E. Kattan, J. An, A. Kizhedathu, B. Yang, A. Luo,
A.L. Buckle, D. Tifrea, R. Edwards, L. Huang, H.Q. Ju, W. Wang, The hippo
pathway noncanonically drives autophagy and cell survival in response to energy
stress, Mol. Cell 83(17) (2023) 3155-3170 €8, doi:https://doi.org/10.1016/j.
molcel.2023.07.019.

P. Yuan, Q. Hu, X. He, Y. Long, X. Song, F. Wu, Y. He, X. Zhou, Laminar flow
inhibits the hippo/YAP pathway via autophagy and SIRT1-mediated
deacetylation against atherosclerosis, Cell Death Dis. 11 (2) (2020) 141, https://
doi.org/10.1038/5s41419-020-2343-1.

H. Nagai, H. Tatara, K. Tanaka-Furuhashi, S. Kurata, T. Yano, Homeostatic
regulation of ROS-triggered hippo-Yki pathway via autophagic clearance of ref(2)
P/p62 in the drosophila intestine, Dev. Cell 56 (1) (2021), https://doi.org/
10.1016/j.devcel.2020.12.007, 81-94 el0.

T. Yuan, K. Annamalai, S. Naik, B. Lupse, S. Geravandi, A. Pal, A. Dobrowolski,
J. Ghawali, M. Ruhlandt, K.D.D. Gorrepati, Z. Azizi, D.S. Lim, K. Maedler,

A. Ardestani, The hippo kinase LATS2 impairs pancreatic beta-cell survival in
diabetes through the mTORC1-autophagy axis, Nat. Commun. 12 (1) (2021)
4928, https://doi.org/10.1038/541467-021-25145-x.

F. Tang, R. Gao, B. Jeevan-Raj, C.B. Wyss, R.K.R. Kalathur, S. Piscuoglio, C.K.
Y. Ng, S.K. Hindupur, S. Nuciforo, E. Dazert, T. Bock, S. Song, D. Buechel, M.
F. Morini, A. Hergovich, P. Matthias, D.S. Lim, L.M. Terracciano, M.H. Heim, M.
N. Hall, G. Christofori, LATS1 but not LATS2 represses autophagy by a kinase-
independent scaffold function, Nat. Commun. 10 (1) (2019) 5755, https://doi.
org/10.1038/541467-019-13591-7.

Y. Jiang, F. Ji, Y. Liu, M. He, Z. Zhang, J. Yang, N. Wang, C. Zhong, Q. Jin, X. Ye,
T. Chen, Cisplatin-induced autophagy protects breast cancer cells from apoptosis
by regulating yes-associated protein, Oncol. Rep. 38 (6) (2017) 3668-3676,
https://doi.org/10.3892/0r.2017.6035.

L. Xiao, X.Y. Shi, Y. Zhang, Y. Zhu, L. Zhu, W. Tian, B.K. Zhu, Z.L. Wei, YAP
induces cisplatin resistance through activation of autophagy in human ovarian
carcinoma cells, Onco. Targets. Ther. 9 (2016) 1105-1114, https://doi.org/
10.2147/0TT.S102837.

M.J. Oudhoff, S.A. Freeman, A.L. Couzens, F. Antignano, E. Kuznetsova, P.H. Min,
J.P. Northrop, B. Lehnertz, D. Barsyte-Lovejoy, M. Vedadi, C.H. Arrowsmith,

H. Nishina, M.R. Gold, F.M. Rossi, A.C. Gingras, C. Zaph, Control of the hippo
pathway by Set7-dependent methylation of Yap, Dev. Cell 26 (2) (2013) 188-194,
https://doi.org/10.1016/j.devcel.2013.05.025.

L. Fang, H. Teng, Y. Wang, G. Liao, L. Weng, Y. Li, X. Wang, J. Jin, C. Jiao, L.
Chen, X. Peng, J. Chen, Y. Yang, H. Fang, D. Han, C. Li, X. Jin, S. Zhang, Z. Liu, M.
Liu, Q. Wei, L. Liao, X. Ge, B. Zhao, D. Zhou, H.L. Qin, J. Zhou, P. Wang, SET1A-
mediated mono-methylation at K342 regulates YAP activation by blocking its
nuclear export and promotes tumorigenesis, Cancer Cell 34(1) (2018) 103-118
€9, doi:https://doi.org/10.1016/j.ccell.2018.06.002.

B. Yu, J. Su, Q. Shi, Q. Liu, J. Ma, G. Ru, L. Zhang, J. Zhang, X. Hu, J. Tang,
KMT5A-methylated SNIP1 promotes triple-negative breast cancer metastasis by
activating YAP signaling, Nat. Commun. 13 (1) (2022) 2192, https://doi.org/
10.1038/541467-022-29899-w.

Z. Jing, Q. Liu, X. He, Z. Jia, Z. Xu, B. Yang, P. Liu, NCAPD3 enhances Warburg
effect through c-myc and E2F1 and promotes the occurrence and progression of

16

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

International Journal of Biological Macromolecules 291 (2025) 139057

colorectal cancer, J. Exp. Clin. Cancer Res. 41 (1) (2022) 198, https://doi.org/
10.1186/513046-022-02412-3.

Y. Yuan, X. Li, M. Li, Overexpression of miR-17-5p protects against high glucose-
induced endothelial cell injury by targeting E2F1-mediated suppression of
autophagy and promotion of apoptosis, Int. J. Mol. Med. 42 (3) (2018)
1559-1568, https://doi.org/10.3892/ijmm.2018.3697.

J.I. Ovrebo, M.R. Bradley-Gill, N. Zielke, M. Kim, M. Marchetti, J. Bohlen,

M. Lewis, M. van Straaten, N.S. Moon, B.A. Edgar, Translational control of E2f1
regulates the Drosophila cell cycle, Proc. Natl. Acad. Sci. U. S. A. 119 (4) (2022),
https://doi.org/10.1073/pnas.2113704119.

Q. Qian, Q. Ma, B. Wang, Q. Qian, C. Zhao, F. Feng, X. Dong, MicroRNA-205-5p
targets E2F1 to promote autophagy and inhibit pulmonary fibrosis in silicosis
through impairing SKP2-mediated Beclinl ubiquitination, J. Cell. Mol. Med. 25
(19) (2021) 9214-9227, https://doi.org/10.1111/jcmm.16825.

X. Zhang, Y. Wang, X. Zhang, Y. Shen, K. Yang, Q. Ma, Y. Qiao, J. Shi, Y. Wang,
L. Xu, B. Yang, G. Ge, L. Hu, X. Kong, C. Yang, Y. Chen, J. Ding, L. Meng, Intact
regulation of G1/S transition renders esophageal squamous cell carcinoma
sensitive to PI3Kalpha inhibitors, Signal Transduct. Target. Ther. 8 (1) (2023)
153, https://doi.org/10.1038/s41392-023-01359-x.

X. Xie, L. Hu, B. Mi, H. Xue, Y. Hu, A.C. Panayi, Y. Endo, L. Chen, C. Yan, Z. Lin,
H. Li, W. Zhou, G. Liu, Metformin alleviates bone loss in ovariectomized mice
through inhibition of autophagy of osteoclast precursors mediated by E2F1, Cell
Commun. Signal 20 (1) (2022) 165, https://doi.org/10.1186/512964-022-00966-
5.

M. Xiong, W. Hy, Y. Tan, H. Yu, Q. Zhang, C. Zhao, Y. Yi, Y. Wang, Y. Wu, M. Wu,
Transcription factor E2F1 knockout promotes mice White adipose tissue
browning through autophagy inhibition, Front. Physiol. 12 (2021) 748040,
https://doi.org/10.3389/fphys.2021.748040.

K. Wang, J.D. Liu, G. Deng, Z.Y. Ou, S.F. Li, X.L. Xu, M.J. Zhang, X.Q. Peng, F.
H. Chen, LncSIK1 enhanced the sensitivity of AML cells to retinoic acid by the
E2F1/autophagy pathway, Cell Prolif. 55 (3) (2022) e13185, https://doi.org/
10.1111/cpr.13185.

J. Gu, Y.Q. Fan, H.L. Zhang, J.A. Pan, J.Y. Yu, J.F. Zhang, C.Q. Wang, Resveratrol
suppresses doxorubicin-induced cardiotoxicity by disrupting E2F1 mediated
autophagy inhibition and apoptosis promotion, Biochem. Pharmacol. 150 (2018)
202-213, https://doi.org/10.1016/j.bcp.2018.02.025.

M. Kublanovsky, G.T. Ulu, S. Weirich, N. Levy, M. Feldman, A. Jeltsch, D. Levy,
Methylation of the transcription factor E2F1 by SETD6 regulates SETD6
expression via a positive feedback mechanism, J. Biol. Chem. 299 (10) (2023)
105236, htps://doi.org/10.1016/j.jbc.2023.105236.

Z. Vershinin, M. Feldman, T. Werner, L.E. Weil, M. Kublanovsky, E. Abaev-
Schneiderman, M. Sklarz, E.Y.N. Lam, K. Alasad, S. Picaud, B. Rotblat, R.

A. McAdam, V. Chalifa-Caspi, M. Bantscheff, T. Chapman, H.D. Lewis,

P. Filippakopoulos, M.A. Dawson, P. Grandi, R.K. Prinjha, D. Levy, BRD4
methylation by the methyltransferase SETD6 regulates selective transcription to
control mRNA translation, Sci. Adv. 7 (22) (2021), https://doi.org/10.1126/
sciadv.abf5374.

F. Pastore, N. Bhagwat, A. Pastore, A. Radzisheuskaya, A. Karzai, A. Krishnan,
B. Li, R.L. Bowman, W. Xiao, A.D. Viny, A. Zouak, Y.C. Park, K.B. Cordner,

S. Braunstein, J.L. Maag, A. Grego, J. Mehta, M. Wang, H. Lin, B.H. Durham, R.
P. Koche, R.K. Rampal, K. Helin, P. Scherle, K. Vaddi, R.L. Levine, PRMT5
inhibition modulates E2F1 methylation and gene-regulatory networks leading to
therapeutic efficacy in JAK2(V617F)-mutant MPN, Cancer Discov. 10 (11) (2020)
1742-1757, https://doi.org/10.1158/2159-8290.CD-20-0026.

H. Kontaki, I. Talianidis, Lysine methylation regulates E2F1-induced cell death,
Mol. Cell 39 (1) (2010) 152-160, https://doi.org/10.1016/j.molcel.2010.06.006.
K. Song, B. Li, Y.Y. Chen, H. Wang, K.C. Liu, W. Tan, J. Zou, LRPPRC regulates
metastasis and glycolysis by modulating autophagy and the ROS/HIF1-alpha
pathway in retinoblastoma, Mol Ther Oncolytics 22 (2021) 582-591, https://doi.
org/10.1016/j.omt0.2021.06.009.

J. Liu, M.J. Livingston, G. Dong, Q. Wei, M. Zhang, S. Mei, J. Zhu, C. Zhang,

Z. Dong, HIF-1 contributes to autophagy activation via BNIP3 to facilitate renal
fibrosis in hypoxia in vitro and UUO in vivo, Am. J. Physiol. Cell Physiol. 326 (3)
(2024) €935-C947, https://doi.org/10.1152/ajpcell.00458.2023.

C.Y. Chen, J. Chen, L. He, B.L. Stiles, PTEN: tumor suppressor and metabolic
regulator, Front. Endocrinol. 9 (2018) 338, https://doi.org/10.3389/
fendo.2018.00338.

X. Zhang, Z. Qi, H. Yin, G. Yang, Interaction between p53 and Ras signaling
controls cisplatin resistance via HDAC4- and HIF-1alpha-mediated regulation of
apoptosis and autophagy, Theranostics 9 (4) (2019) 1096-1114, https://doi.org/
10.7150/thno.29673.

J. Li, C. Quan, Y.L. He, Y. Cao, Y. Chen, Y.F. Wang, L.Y. Wu, Autophagy regulated
by the HIF/REDD1/mTORC1 signaling is progressively increased during
erythroid differentiation under hypoxia, Frontiers in cell and developmental
biology 10 (2022) 896893, https://doi.org/10.3389/fcell.2022.896893.

V. Madhu, P.K. Boneski, E. Silagi, Y. Qiu, I. Kurland, A.R. Guntur, I.M. Shapiro, M.
V. Risbud, Hypoxic regulation of mitochondrial metabolism and Mitophagy in
nucleus pulposus cells is dependent on HIF-1alpha-BNIP3 Axis, J. Bone Miner.
Res. 35 (8) (2020) 1504-1524, https://doi.org/10.1002/jbmr.4019.

L. Bao, Y. Chen, H.T. Lai, S.Y. Wu, J.E. Wang, K.J. Hatanpaa, J.M. Raisanen,

M. Fontenot, B. Lega, C.M. Chiang, G.L. Semenza, Y. Wang, W. Luo, Methylation
of hypoxia-inducible factor (HIF)-1lalpha by G9a/GLP inhibits HIF-1
transcriptional activity and cell migration, Nucleic Acids Res. 46 (13) (2018)
6576-6591, https://doi.org/10.1093/nar/gky449.

E. De Smedt, J. Devin, C. Muylaert, N. Robert, G. Requirand, P. Vlummens,

L. Vincent, G. Cartron, K. Maes, J. Moreaux, E. De Bruyne, G9a/GLP targeting in


https://doi.org/10.1038/s41388-021-01692-x
https://doi.org/10.1007/s00018-021-04097-x
https://doi.org/10.1007/s00018-021-04097-x
https://doi.org/10.1038/onc.2010.610
https://doi.org/10.1016/j.freeradbiomed.2018.08.033
https://doi.org/10.1016/j.freeradbiomed.2018.08.033
https://doi.org/10.1016/j.isci.2023.107630
https://doi.org/10.1016/j.isci.2023.107630
https://doi.org/10.1146/annurev-biochem-013118-111829
https://doi.org/10.1146/annurev-biochem-013118-111829
https://doi.org/10.1038/s41392-022-01191-9
https://doi.org/10.1146/annurev-pathol-030420-105050
https://doi.org/10.1146/annurev-pathol-030420-105050
https://doi.org/10.1042/CS20201474
https://doi.org/10.1093/cvr/cvac014
https://doi.org/10.1093/cvr/cvac014
https://doi.org/10.1016/j.molcel.2023.07.019
https://doi.org/10.1016/j.molcel.2023.07.019
https://doi.org/10.1038/s41419-020-2343-1
https://doi.org/10.1038/s41419-020-2343-1
https://doi.org/10.1016/j.devcel.2020.12.007
https://doi.org/10.1016/j.devcel.2020.12.007
https://doi.org/10.1038/s41467-021-25145-x
https://doi.org/10.1038/s41467-019-13591-7
https://doi.org/10.1038/s41467-019-13591-7
https://doi.org/10.3892/or.2017.6035
https://doi.org/10.2147/OTT.S102837
https://doi.org/10.2147/OTT.S102837
https://doi.org/10.1016/j.devcel.2013.05.025
https://doi.org/10.1016/j.ccell.2018.06.002
https://doi.org/10.1038/s41467-022-29899-w
https://doi.org/10.1038/s41467-022-29899-w
https://doi.org/10.1186/s13046-022-02412-3
https://doi.org/10.1186/s13046-022-02412-3
https://doi.org/10.3892/ijmm.2018.3697
https://doi.org/10.1073/pnas.2113704119
https://doi.org/10.1111/jcmm.16825
https://doi.org/10.1038/s41392-023-01359-x
https://doi.org/10.1186/s12964-022-00966-5
https://doi.org/10.1186/s12964-022-00966-5
https://doi.org/10.3389/fphys.2021.748040
https://doi.org/10.1111/cpr.13185
https://doi.org/10.1111/cpr.13185
https://doi.org/10.1016/j.bcp.2018.02.025
https://doi.org/10.1016/j.jbc.2023.105236
https://doi.org/10.1126/sciadv.abf5374
https://doi.org/10.1126/sciadv.abf5374
https://doi.org/10.1158/2159-8290.CD-20-0026
https://doi.org/10.1016/j.molcel.2010.06.006
https://doi.org/10.1016/j.omto.2021.06.009
https://doi.org/10.1016/j.omto.2021.06.009
https://doi.org/10.1152/ajpcell.00458.2023
https://doi.org/10.3389/fendo.2018.00338
https://doi.org/10.3389/fendo.2018.00338
https://doi.org/10.7150/thno.29673
https://doi.org/10.7150/thno.29673
https://doi.org/10.3389/fcell.2022.896893
https://doi.org/10.1002/jbmr.4019
https://doi.org/10.1093/nar/gky449

Y. Bao et al.

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

MM promotes autophagy-associated apoptosis and boosts proteasome inhibitor-
mediated cell death, Blood Adv. 5 (9) (2021) 2325-2338, https://doi.org/
10.1182/bloodadvances.2020003217.

X. Zhang, K. Wang, X. Feng, J. Wang, Y. Chu, C. Jia, Q. He, C. Chen, PRMT3
promotes tumorigenesis by methylating and stabilizing HIF1alpha in colorectal
cancer, Cell Death Dis. 12 (11) (2021) 1066, https://doi.org/10.1038/s41419-
021-04352-w.

X. Liu, Z. Chen, C. Xu, X. Leng, H. Cao, G. Ouyang, W. Xiao, Repression of
hypoxia-inducible factor alpha signaling by Set7-mediated methylation, Nucleic
Acids Res. 43 (10) (2015) 5081-5098, https://doi.org/10.1093/nar/gkv379.

Y. Li, G. Yang, C. Yang, P. Tang, J. Chen, J. Zhang, J. Liu, L. Ouyang, Targeting
autophagy-related epigenetic regulators for cancer drug discovery, J. Med. Chem.
64 (16) (2021) 11798-11815, https://doi.org/10.1021/acs.jmedchem.1c00579.
P. Gonzalez-Rodriguez, M. Cheray, J. Fullgrabe, M. Salli, P. Engskog-Vlachos,

L. Keane, V. Cunha, A. Lupa, W. Li, Q. Ma, K. Dreij, M.G. Rosenfeld, B. Joseph,
The DNA methyltransferase DNMT3A contributes to autophagy long-term
memory, Autophagy 17 (5) (2021) 1259-1277, https://doi.org/10.1080/
15548627.2020.1816664.

Y. Liang, X. Luo, S. Schefczyk, L.T. Muungani, H. Deng, B. Wang, H.A. Baba,
M. Lu, H. Wedemeyer, H.H. Schmidt, R. Broering, Hepatitis B surface antigen
expression impairs endoplasmic reticulum stress-related autophagic flux by
decreasing LAMP2, JHEP reports : innovation in hepatology 6 (4) (2024) 101012,
https://doi.org/10.1016/j.jhepr.2024.101012.

E.I. Lewerissa, N. Nadif Kasri, K. Linda, Epigenetic regulation of autophagy-
related genes: implications for neurodevelopmental disorders, Autophagy 20 (1)
(2024) 15-28, https://doi.org/10.1080/15548627.2023.2250217.

Z. Wang, Q.Y. Long, L. Chen, J.D. Fan, Z.N. Wang, L.Y. Li, M. Wu, X. Chen,
Inhibition of H3K4 demethylation induces autophagy in cancer cell lines, Biochim
Biophys Acta Mol Cell Res 1864 (12) (2017) 2428-2437, https://doi.org/
10.1016/j.bbamcr.2017.08.005.

S. Ambrosio, C.D. Sacca, S. Amente, S. Paladino, L. Lania, B. Majello, Lysine-
specific demethylase LSD1 regulates autophagy in neuroblastoma through SESN2-
dependent pathway, Oncogene 36 (48) (2017) 6701-6711, https://doi.org/
10.1038/0nc.2017.267.

H. Liu, J. Wei, N. Sang, X. Zhong, X. Zhou, X. Yang, J. Zhang, Z. Zuo, Y. Zhou,
S. Yang, J. Du, Y. Zhao, The novel LSD1 inhibitor ZY0511 suppresses diffuse large
B-cell lymphoma proliferation by inducing apoptosis and autophagy, Med. Oncol.
38 (10) (2021) 124, https://doi.org/10.1007/512032-021-01572-0.

L. Wang, L. Li, H. Zhang, X. Luo, J. Dai, S. Zhou, J. Gu, J. Zhu, P. Atadja, C. Lu,
E. Li, K. Zhao, Structure of human SMYD2 protein reveals the basis of p53 tumor
suppressor methylation, J. Biol. Chem. 286 (44) (2011) 38725-38737, https://
doi.org/10.1074/jbc.M111.262410.

J. Zhang, Y. Wang, Y. Shen, P. He, J. Ding, Y. Chen, G9a stimulates CRC growth
by inducing p53 Lys373 dimethylation-dependent activation of Plk1,
Theranostics 8 (10) (2018) 2884-2895, https://doi.org/10.7150/thno.23824.

S. Ruf, A.M. Heberle, M. Langelaar-Makkinje, S. Gelino, D. Wilkinson, C. Gerbeth,
J.J. Schwarz, B. Holzwarth, B. Warscheid, C. Meisinger, M.A. van Vugt,

R. Baumeister, M. Hansen, K. Thedieck, PLK1 (polo like kinase 1) inhibits MTOR
complex 1 and promotes autophagy, Autophagy 13 (3) (2017) 486-505, https://
doi.org/10.1080/15548627.2016.1263781.

B. Wang, X. Huang, H. Liang, H. Yang, Z. Guo, M. Ai, J. Zhang, M. Khan, Y. Tian,
Q. Sun, Z. Mao, R. Zheng, Y. Yuan, PLK1 inhibition sensitizes breast cancer cells
to radiation via suppressing autophagy, Int. J. Radiat. Oncol. Biol. Phys. 110 (4)
(2021) 1234-1247, https://doi.org/10.1016/j.ijrobp.2021.02.025.

M.A. Brekker, T. Sartawi, T.M. Sawatzky, C.P. Causey, F.K. Rehman, B. Knuckley,
A peptoid-based inhibitor of protein arginine methyltransferase 1 (PRMT1)
induces apoptosis and autophagy in cancer cells, J. Biol. Chem. 298 (8) (2022)
102205, https://doi.org/10.1016/j.jbc.2022.102205.

X. Zhang, H. Kan, Y. Liu, W. Ding, Plumbagin induces Ishikawa cell cycle arrest,
autophagy, and apoptosis via the PI3K/Akt signaling pathway in endometrial
cancer, Food Chem. Toxicol. 148 (2021) 111957, https://doi.org/10.1016/j.
fct.2020.111957.

D.F. Egan, M.G. Chun, M. Vamos, H. Zou, J. Rong, C.J. Miller, H.J. Lou,

D. Raveendra-Panickar, C.C. Yang, D.J. Sheffler, P. Teriete, J.M. Asara, B.E. Turk,
N.D. Cosford, R.J. Shaw, Small molecule inhibition of the autophagy kinase ULK1
and identification of ULK1 substrates, Mol. Cell 59 (2) (2015) 285-297, https://
doi.org/10.1016/j.molcel.2015.05.031.

17

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

International Journal of Biological Macromolecules 291 (2025) 139057

P. Diaz-Bulnes, M.L. Saiz, V. Corte-Iglesias, R.R. Rodrigues-Diez, A. Bernardo
Florez, C. Ruiz Bernet, C. Martin Martin, M. Ruiz-Ortega, B. Suarez-Alvarez,

C. Lopez-Larrea, Demethylation of H3K9 and H3K27 Contributes to the Tubular
Renal Damage Triggered by Endoplasmic Reticulum Stress, Antioxidants (Basel,
Switzerland) 11 (7) (2022), https://doi.org/10.3390/antiox11071355.

H. Liu, Y. Sun, X. Qi, R.E. Gordon, J.A. O’Brien, H. Yuan, J. Zhang, Z. Wang,
M. Zhang, Y. Song, C. Yu, C. Gu, EZH2 phosphorylation promotes self-renewal of
glioma stem-like cells through NF-kappaB methylation, Front. Oncol. 9 (2019)
641, https://doi.org/10.3389/fonc.2019.00641.

S.A. Scuderi, A. Filippone, R. Basilotta, D. Mannino, G. Casili, A.P. Capra,

G. Chisari, L. Colarossi, S. Sava, M. Campolo, E. Esposito, I. Paterniti, GSK343, an
inhibitor of enhancer of Zeste homolog 2, reduces glioblastoma progression
through inflammatory process modulation: focus on canonical and non-canonical
NF-kappaB/IkappaBalpha pathways, Int. J. Mol. Sci. 23 (22) (2022), https://doi.
org/10.3390/ijms232213915.

Y.Y. Hsieh, H.L. Lo, P.M. Yang, EZH2 inhibitors transcriptionally upregulate
cytotoxic autophagy and cytoprotective unfolded protein response in human
colorectal cancer cells, Am. J. Cancer Res. 6 (8) (2016) 1661-1680.

X. Cao, W. He, K. Rong, S. Xu, Z. Chen, Y. Liang, S. Han, Y. Zhou, X. Yang, H. Ma,
A. Qin, J. Zhao, DZNep promotes mouse bone defect healing via enhancing both
osteogenesis and osteoclastogenesis, Stem Cell Res Ther 12 (1) (2021) 605,
https://doi.org/10.1186/513287-021-02670-6.

Y. Yao, H. Hu, Y. Yang, G. Zhou, Z. Shang, X. Yang, K. Sun, S. Zhan, Z. Yu, P. Li,
G. Pan, L. Sun, X. Zhu, S. He, Downregulation of enhancer of Zeste homolog 2
(EZH2) is essential for the induction of autophagy and apoptosis in colorectal
Cancer cells, Genes (Basel) 7 (10) (2016), https://doi.org/10.3390/
genes7100083.

L. Mohamadipoor Saadatabadi, M. Mohammadabadi, Z. Amiri Ghanatsaman,

0. Babenko, R. Stavetska, O. Kalashnik, D. Kucher, O. Kochuk-Yashchenko,

H. Asadollahpour Nanaei, Signature selection analysis reveals candidate genes
associated with production traits in Iranian sheep breeds, BMC Vet. Res. 17 (1)
(2021) 369, https://doi.org/10.1186/512917-021-03077-4.

S. Akkaoui, A. Johansson, M. Yagoubi, D. Haubek, A. El Hamidi, S. Rida,

R. Claesson, O. Ennibi, Chemical composition, antimicrobial activity, in vitro
cytotoxicity and Leukotoxin neutralization of essential oil from Origanum vulgare
against Aggregatibacter actinomycetemcomitans, Pathogens 9 (3) (2020),
https://doi.org/10.3390/pathogens9030192.

L.K. Vora, A.D. Gholap, K. Jetha, R.R.S. Thakur, H.K. Solanki, V.P. Chavda,
Artificial Intelligence in Pharmaceutical Technology and Drug Delivery Design,
Pharmaceutics 15 (7) (2023), https://doi.org/10.3390/pharmaceutics15071916.
S. Kannan, Y. Li, N. Baran, X. Yang, S. Ghotbaldini, Q.Z. Tatarata, S. Yoshimura,
Z. Li, Y.C. Hsiao, S.B. Balachander, C.L. Andersen, J. Cidado, J. Yu, N. Jain, J.
J. Yang, M.Y. Konopleva, Anti-leukemia efficacy of the dual BCL2/BCL-XL
inhibitor AZD0466 in acute lymphoblastic leukemia preclinical models, Blood
Adv. (2024), https://doi.org/10.1182/bloodadvances.2024013423.

Y. Ohashi, S. Tremel, R.L. Williams, VPS34 complexes from a structural
perspective, J. Lipid Res. 60 (2) (2019) 229-241, https://doi.org/10.1194/jlr.
R089490.

Z.L. Watson, T.M. Yamamoto, A. McMellen, H. Kim, C.J. Hughes, L.J. Wheeler, M.
D. Post, K. Behbakht, B.G. Bitler, Histone methyltransferases EHMT1 and EHMT2
(GLP/G9A) maintain PARP inhibitor resistance in high-grade serous ovarian
carcinoma, Clin. Epigenetics 11 (1) (2019) 165, https://doi.org/10.1186/513148-
019-0758-2.

L. Wu, W. Jin, H. Yu, B. Liu, Modulating autophagy to treat diseases: a revisited
review on in silico methods, J. Adv. Res. 58 (2024) 175-191, https://doi.org/
10.1016/j.jare.2023.05.002.

Y. Sbirkov, C. Kwok, A. Bhamra, A.J. Thompson, V. Gil, A. Zelent, K. Petrie, Semi-
quantitative mass spectrometry in AML cells identifies new non-genomic targets
of the EZH2 methyltransferase, Int. J. Mol. Sci. 18 (7) (2017), https://doi.org/
10.3390/1jms18071440.

T. Li, G. Dong, Y. Kang, M. Zhang, X. Sheng, Z. Wang, Y. Liu, N. Kong, H. Sun,
Increased homocysteine regulated by androgen activates autophagy by
suppressing the mammalian target of rapamycin pathway in the granulosa cells of
polycystic ovary syndrome mice, Bioengineered 13 (4) (2022) 10875-10888,
https://doi.org/10.1080/21655979.2022.2066608.


https://doi.org/10.1182/bloodadvances.2020003217
https://doi.org/10.1182/bloodadvances.2020003217
https://doi.org/10.1038/s41419-021-04352-w
https://doi.org/10.1038/s41419-021-04352-w
https://doi.org/10.1093/nar/gkv379
https://doi.org/10.1021/acs.jmedchem.1c00579
https://doi.org/10.1080/15548627.2020.1816664
https://doi.org/10.1080/15548627.2020.1816664
https://doi.org/10.1016/j.jhepr.2024.101012
https://doi.org/10.1080/15548627.2023.2250217
https://doi.org/10.1016/j.bbamcr.2017.08.005
https://doi.org/10.1016/j.bbamcr.2017.08.005
https://doi.org/10.1038/onc.2017.267
https://doi.org/10.1038/onc.2017.267
https://doi.org/10.1007/s12032-021-01572-0
https://doi.org/10.1074/jbc.M111.262410
https://doi.org/10.1074/jbc.M111.262410
https://doi.org/10.7150/thno.23824
https://doi.org/10.1080/15548627.2016.1263781
https://doi.org/10.1080/15548627.2016.1263781
https://doi.org/10.1016/j.ijrobp.2021.02.025
https://doi.org/10.1016/j.jbc.2022.102205
https://doi.org/10.1016/j.fct.2020.111957
https://doi.org/10.1016/j.fct.2020.111957
https://doi.org/10.1016/j.molcel.2015.05.031
https://doi.org/10.1016/j.molcel.2015.05.031
https://doi.org/10.3390/antiox11071355
https://doi.org/10.3389/fonc.2019.00641
https://doi.org/10.3390/ijms232213915
https://doi.org/10.3390/ijms232213915
http://refhub.elsevier.com/S0141-8130(24)09868-4/rf1065
http://refhub.elsevier.com/S0141-8130(24)09868-4/rf1065
http://refhub.elsevier.com/S0141-8130(24)09868-4/rf1065
https://doi.org/10.1186/s13287-021-02670-6
https://doi.org/10.3390/genes7100083
https://doi.org/10.3390/genes7100083
https://doi.org/10.1186/s12917-021-03077-4
https://doi.org/10.3390/pathogens9030192
https://doi.org/10.3390/pharmaceutics15071916
https://doi.org/10.1182/bloodadvances.2024013423
https://doi.org/10.1194/jlr.R089490
https://doi.org/10.1194/jlr.R089490
https://doi.org/10.1186/s13148-019-0758-2
https://doi.org/10.1186/s13148-019-0758-2
https://doi.org/10.1016/j.jare.2023.05.002
https://doi.org/10.1016/j.jare.2023.05.002
https://doi.org/10.3390/ijms18071440
https://doi.org/10.3390/ijms18071440
https://doi.org/10.1080/21655979.2022.2066608

	Regulation of autophagy and cellular signaling through non-histone protein methylation
	1 Introduction
	2 Overview of autophagy
	3 Non-histone protein methylation of ATG proteins
	4 Non-histone protein methylation-induced signaling pathway activation and autophagy
	4.1 NF-κB pathway
	4.2 STAT3 pathway
	4.3 Akt pathway
	4.4 p53 pathway
	4.5 Wnt /β-catenin pathway
	4.6 Hippo pathway
	4.7 E2F1 pathway
	4.8 HIF1 pathway

	5 Protein methylation as a therapeutic target and autophagy
	6 The artificial intelligence in studying non-histone methylation and autophagy
	7 Conclusion and future perspectives
	Abbreviations
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


