
Chapter 11
Epigenetic Regulation of Autophagy

Li-Fang Hu

Abstract Epigenetics refers to reversible and hereditary changes in gene expression
without alterations in DNA sequences, such as DNA methylation, histone modifi-
cation and chromatin remodelling. It was first proposed by Waddington in the book
Introduction toModernGenetics in 1939.Autophagy includes at least four processes:
autophagy induction, autophagosome formation, autophagosome fusion with lyso-
somes and lysosomal degradation of cytoplasmic components. The whole process
is complex and dynamic, and involves at least 30 autophagy-related proteins. This
degradative machinery is regulated by multiple signal molecules. Autophagy was
once considered to be a cytoplasmic event; however, in recent years, emerging evi-
dence suggests that nuclear components (transcription factors, histone modification,
microRNAs, etc.) also play an important role in autophagy regulation (Baek and Kim
2017). Among them, epigenetic regulation of autophagy has gained much attention.
The epigenetic machinery can not only modify autophagy-related genes but also
affect some signal molecule genes that regulate autophagy, thus impacting their tran-
scription and subsequent autophagy. This chapter focuses on the role and recent
progress in autophagy regulation by DNA methylation and histone modifications.
The role of non-coding RNAs such as microRNA in autophagy regulation will be
covered in other chapters.
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HDAC Histone deacetylase
HMT Histone methyltransferase
JMJD6 JmjC domain-containing protein 6
KAT Lysine acetyltransferase
KDM Histone or lysine demethylase
LAMP2 Lysosomal-associated membrane protein 2
5-mC 5-methylcytosine
MeCP2 Methyl-CpG-binding protein 2
NOR1 Nitro domain containing protein 1
NSCLC Non-small cell lung cancer
PAD4 Peptide arginine deiminase 4

11.1 Autophagy Regulation by DNA Methylation

11.1.1 Introduction to DNA Methylation

DNA methylation refers to the methylation of the fifth carbon atom of cytosine into
5-methylcytosine (5-methylcytosine, 5-mC), which is catalysed by DNA methyl-
transferase (DNMT) using S-adenosylmethionine as a methyl donor. This modi-
fication mainly occurs in the CpG dinucleotide sequence. In most regions of the
genome, the appearance frequency of CpG sequences is low. However, in some spe-
cific regions, such as the gene promoter, CpG dinucleotides are arranged in high
frequency series and called CpG islands. DNA methylation usually results in gene
silencing because 5-mC blocks DNA binding to transcription factor complexes. Con-
versely, DNA demethylation often activates gene transcription. DNA methylation is
the earliest identified and most characterized machinery of epigenetic modifications.
Notably, the methylated CpG island can be recognized by methyl-CpG-binding pro-
tein 2 (MeCP2), which further recruits histone deacetylase (HDAC) and histone
methyltransferase (HMT) and other histone-modifying enzymes to alter chromatin
structure and subsequently modulate gene transcription. Therefore, it is noteworthy
that DNA methylation often interacts with histone modification and thus synergisti-
cally regulates gene transcription.

11.1.2 DNA Methylation of Autophagy-Related Genes

To date, many autophagy-related genes have been found to be methylated and
silenced, thus inhibiting the process of autophagy and autophagic flow in some patho-
logical situations. Here are some examples.
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11.1.2.1 ULK Kinase/ATG1

In yeast, autophagy-related protein (Atg) 1, along with Atg13 and Atg17, comprises
the ULK1 kinase complex, which plays a critical role in autophagy initiation. The
yeast Atg1 has two homologous proteins in mammals, ULK1 and ULK2, collec-
tively known as ULK kinase. Currently, most studies focus on the regulation of
ATG1/ULK1 by mTOR and AMPK signalling pathways. In a nutrient-rich environ-
ment, activated mTOR phosphorylates and inhibits ULK1 activity. During nutrient
deprivation, mTOR activity is inhibited, and thus, its inhibition of ULK1 is released,
which activates ULK1 kinase and initiates autophagy activation. Energy depletion,
such as glucose deprivation, induces AMPK activation and phosphorylates theULK1
Ser317 and Ser777 sites, thereby inducing autophagy. Mounting evidence suggests
that in addition to modulation by mTOR and AMPK, DNA methylation also exerts
an effect on ULK transcription and thus autophagy induction. It was reported that
ULK1 and ULK2 expressions were significantly decreased in gliomas and that the
promoter region of ULK2 was hypermethylated, whereas the ULK1 promoter was
not affected. ULK2 activation inhibited astrocyte transformation and glioma growth
by enhancing autophagy activity. This implies that the alteration of ULK2 DNA
methylation influences the autophagy activity of glioma cells and thus participates
in the formation of glioma.

11.1.2.2 Beclin1/ATG6

Beclin1 (yeast Atg6 homologous protein) is amultifunctional protein in autophagy. It
not only forms a complex by binding to Atg14L and Barkor and regulates autophagy
initiation but also interacts with other proteins, such as Vps34 and Bcl-2, to regu-
late autophagosome maturation. Li et al. found that the Beclin1 mRNA level was
decreased in 14 out of 20 breast cancer patients, and its protein expression was
also lowered in 13 out of 20 patients. Downregulation of Beclin1 transcription was
attributed not only to the decrease in gene copy number but also to the abnor-
mal hypermethylation of the CpG enrichment region in the promoter and intron
2 of the Beclin1 gene. When breast cancer cells were treated with methyltrans-
ferase inhibitors, Beclin1 expression was upregulated, accompanied by increased
autophagic activity and inhibition of tumour growth, suggesting that DNA methyla-
tion of Beclin1 inhibited its transcription and autophagy.

11.1.2.3 LC3/Atg8

LC3 is a homologue of the yeast autophagy-related gene Atg8. There are many sub-
types of LC3 in mammalian species, namely, LC3A, LC3B and LC3C. The amino
acid sequences of LC3A and LC3B are highly consistent. Both of these proteins par-
ticipate in autophagosome formation and are commonly used markers of autophagy.
During autophagy, LC3-I covalently binds with phosphatidylethanolamine to form
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LC3-II under the action of ATG7 and the ATG12–ATG5–ATG16L complex. LC3-
II binds to the membrane of autophagosomes. Therefore, the LC3-II/I ratio is a
biomarker of autophagosome formation in experimental studies. Previous studies
reported that LC3A was silenced due to DNA hypermethylation in a variety of can-
cer cells, and the DNMT inhibitors could increase LC3A transcription and inhibit
the growth of cancer cells. This suggests that hypermethylation of LC3Amay inhibit
autophagy and promote tumourigenesis. Another study also reported that the DNA
methylation inhibitor deoxyazacytidine increased LC3-II levels and autophagy activ-
ity in human chronic myeloid leukaemia K-562 and MEG-01 cell lines. All the data
indicate that DNA methylation is involved in the regulation of autophagy.

11.1.2.4 LAMP2

Recent evidence suggests that methylation modification of the lysosomal-associated
membrane protein 2 (LAMP2) gene causes autophagy deficiency, which may be
involved in the pathogenesis of Danon disease, an X-linked fatal cardiomyopathy. By
generating patient-specific induced pluripotent stem cells (iPSCs) and differentiating
them into cardiomyocytes (iPSCs-CMs), the researchers reproduced the histological
features and autophagy failure ofDanon disease. Administration ofDNMT inhibitors
reactivated the silent LAMP2 alleles in these iPSCs and alleviated the autophagic
failure, suggesting that silencing of the LAMP2 gene caused by DNA methylation
was responsible for the autophagic failure and was related to the development of
Danon disease (Ng et al. 2016).

11.1.3 DNA Methylation of Autophagy Regulatory Molecules

Apart from the autophagy-related genes mentioned above, DNA methylation can
also modify the genes that encode autophagy regulatory signal molecules. Abnor-
mal methylation in some tumour-related genes has been reported to be involved in
autophagy regulation.

11.1.3.1 Nitro Domain-Containing Protein 1 (NOR1)

Nitro domain-containing protein 1 (NOR1) is a putative tumour suppressor gene. Li
et al. found that the NOR1 promoter was hypermethylated, which was associated
with the downregulation of NOR1 expression in nasopharyngeal carcinoma cells
compared with that in normal tissues. DNMT inhibitors reversed the downregula-
tion of NOR1 expression and clone formation of nasopharyngeal carcinoma cells.
Meanwhile, the levels of LC3-II/LC3-I and autophagy activity as well as cell survival
were suppressed. These results suggest that hypermethylation of theNOR1 promoter
enhances the autophagy and survival of nasopharyngeal carcinoma cells. However,
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the exact molecular mechanism by which NOR1 regulates autophagy has yet to be
elucidated.

11.1.3.2 Death-Associated Protein Kinase (DAPK)

DAPK is a newly identified tumour suppressor gene that is extensively involved in
cell proliferation, apoptosis, autophagy and other pathological processes. Hyperme-
thylation of CpG islands in the DAPK promoter, resulting in the silencing of this
gene, has been reported in a variety of cancer cells. It correlates with the formation
and metastasis of tumours. DAPK interacts with several autophagy-regulated pro-
teins, such as mTOR, Beclin1 and PI3K, thus playing a positive or negative role in
autophagy regulation in different conditions. For instance, it was found that follow-
ing arsenic treatment, the CpG islands in theDAPK promoter were hypermethylated
and the transcription of DAPK was suppressed, while the number of autophago-
somes and Beclin1 expression were increased in SV-HUC-1 cells. These changes
were reversed by the DNMT inhibitor Aza (Chai et al. 2007). These findings suggest
that DNA hypermethylation of the DAPK gene is involved in autophagy regulation.
However, a recent study found no significant correlation between the transcription of
theDAPK gene and its DNAmethylation status by comparing the association among
the degree of DAPK promoter methylation and its mRNA and protein expression in
tumour and adjacent non-tumour tissues from 15 breast cancer patients and matched
controls (Streckmann et al. 2018). The difference may be caused by the small sample
size of this study. Meanwhile, these results also indicate that the relevance of DNA
methylation of the DAPK gene in tumourigenesis has yet to be investigated further.

11.1.3.3 SOX1

SOX1 belongs to the superfamily of SRY (sex-determining region Y)-box contain-
ing transcription factors. It can inhibit Wnt/β-catenin signalling by directly binding
to β-catenin, leading to its degradation and function loss. Several studies reported
that the SOX1 promoter was hypermethylated in hepatocellular, nasopharyngeal,
oesophageal and non-small cell lung cancer (NSCLC) cells, associated with lower
SOX1 expression in these tumour cells. Moreover, long-term exposure to cisplatin
can also induce methylation of the SOX1 promoter in ovarian cancer cells and partic-
ipate in cisplatin resistance. A further study demonstrated that the promoter of SOX1
was abnormally hypermethylated, associated with the suppression of SOX1 tran-
scription in NSCLC cells, especially in cisplatin-resistant NSCLC cells. Moreover,
silencing SOX1 promoted cisplatin-induced autophagy in NSCLC cells, indicating
that DNA hypermethylation of the SOX1 gene participated in autophagy regulation
in NSCLC cells.
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11.1.4 Autophagy Regulation by DNA Demethylation

DNA methylation is a dynamic process, and methylated DNA can also be demethy-
lated. It is believed that there are two means of DNA demethylation: active and pas-
sive demethylation. Active DNA demethylation is mainly mediated by enzymes that
convert 5-mC to unmethylated cytosine. Passive DNA demethylation occurs along
with DNA replication, during which the methylated DNA is eliminated due to the
semi-reserved mode of DNA replication. As such, methylated CpG is “diluted” with
the progress of DNA replication, resulting in passive DNA demethylation. Although
active DNA demethylation widely exists in many cells, its molecular mechanism
remains controversial. Ten–eleven translocation (TET) proteins, including TET1,
TET2 and TET3, are α-ketoglutarate- and Fe2+-dependent dioxygenases that catal-
yse the hydroxylation of 5mC to 5-hmC. The identification of the TET family reveals
a new pathway involved in DNA demethylation. It has emerged as one of the hotspots
in epigenetic research in the past decade. A recent study found that TET1 knockout
downregulated autophagy in glioma U251 cells, while its overexpression upregu-
lated autophagy, indicating that TET1 plays a role in cancer development by regu-
lating autophagy activity (Fu et al. 2017). However, whether the exact mechanism
of autophagy regulation by TET1 is related to demethylation of autophagy-related
genes remains to be further studied. Another study reported that TET2 was downreg-
ulated during the pathogenesis of atherosclerosis in anApoE knockout mousemodel.
The downregulation of TET2 promotes methylation of the Beclin1 promoter, lead-
ing to autophagy flux impairment in endothelial cells (Peng et al. 2016). Therefore,
these data strongly suggest that DNA demethylation affects autophagy by regulating
the transcription of autophagy-related genes. However, research on the relationship
between DNA demethylation and autophagy has only begun. At present, little is
known about this topic, which deserves further study.

11.1.5 Conclusion

In summary, the study on autophagy regulation by DNA methylation is still in its
infancy. To date, only a few autophagy-related genes and signalling molecules have
been reported to undergo DNAmethylation and thus affect autophagy activity. Most
of the current information regarding autophagy regulation by DNA methylation
comes from cancer-related studies. The impact of DNA methylation on autophagy
may be tissue- or cell-specific.Whether alterations in DNAmethylation contribute to
other autophagy-related diseases, such as infection and neurodegeneration, remains
to be explored further. In addition, current knowledge on DNA methylation and
autophagy comes from the methylation alteration analysis of some genes during
DNMT inhibition by pharmacological tools. However, these DNMT inhibitors have
non-specific effects. Thus, this still needs to be confirmed with other technical or
experimental evidence. The identification of theDNAdemethylaseTET family offers
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a new avenue for exploring the correlation between DNAmethylation and autophagy
in the future.

11.2 Autophagy Regulation by Histone Modifications

11.2.1 Introduction to Histone Modifications

Histones are the chief protein components of chromatin, acting as spools around
which DNA winds. The structural unit of the histone-DNA complex is called the
nucleosome. Five major subtypes of histones exist: H1, H2A, H2B, H3 and H4. His-
tones H2A, H2B, H3 and H4 are known as the core histones, while H1 is known
as the linker between the two nucleosomes. The nucleosome core is formed by two
H2A–H2B dimers and an H3–H4 tetramer. The H3 and H4 histones have long tails
at the N terminus, where lysine and arginine residues are enriched and often pro-
trude from the nucleosome. The tails can undergo post-translational modifications,
including methylation, acetylation, phosphorylation, ubiquitination, SUMOylation
and ADP-ribosylation, which often results in changes in chromatin structure and
leads to activating or silencing of gene transcription. Post-translational modification
of histones provides a readable marker for the binding of other proteins to DNA,
which produces synergistic or antagonistic effects to regulate gene transcription and
expression. This modification plays a similar role to the DNA codon, so it is also
called the “histone code”. Notably, different histone modifications often affect one
another. Histone acetylation often interacts with other epigenetic modifications and
finely regulates gene transcription. Compelling evidence suggests that histone modi-
fications not only affect autophagy induction but also play a role in themaintenance of
long-term autophagy flux during prolonged exposure to autophagic stimuli, which
is closely related to the pathogenesis of tumours and neurodegenerative diseases.
Histone modification is a research hotspot of epigenetic regulation of autophagy
and appears to be the fastest-growing branch of autophagy research in recent years
(Fullgrabe et al. 2014a; Shin et al. 2016b).

11.2.2 Autophagy Regulation by Histone Acetylation

Histone acetylation is a histone modification that mainly occurs at the N-terminal
conserved lysine residues of H3 and H4. It is coordinately regulated by histone
acetyltransferase (HAT) and histone deacetylase (HDAC). As its name implies,
HATs transfer the acetyl groups from acetyl coenzyme A to specific lysine residues
at the N-terminal of the histone. They are also known as lysine acetyltrans-
ferases (KATs), which mainly include four groups: GCN5-related acetyltransferases
(GNAT), MYST-related acetyltransferases, p300/CBP acetylases (KAT3B/KA), and
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T3A and Rtt109 (KAT11). As a superfamily, 18 subtypes of HDACs have been iden-
tified thus far. They can be divided into four categories: type I includes HDAC1–3
and HDAC8, type II includes HDAC4–7 and HDAC9–10, type III includes SIRT1–7
and type IV includes HDAC11. Among them, types I, II and IV are zinc-dependent,
while type III catalyses deacetylation with NAD+ as a cofactor. The distribution of
HDACs is subcellular specific andmay change under different conditions. For exam-
ple, SIRT1 is mainly expressed in the nucleus under normal conditions, but it can
translocate into the cytosol by a variety of stimuli. In the cytosol, SIRT1 catalyses
the deacetylation of several autophagy-related proteins and their regulators, such
as ATG5, ATG7, LC3, FOXO and E2F1. Interestingly, SIRT1 deacetylates non-
histone proteins in the cytoplasm and often activates autophagy, whereas it induces
histone deacetylation that inhibits autophagy. In addition to SIRT1, other histone
deacetylases, such as HDAC6, also affect the acetylation of non-histones and thus
regulate autophagy. Deacetylation of non-histones is one of the hotspots in the field
of autophagy-related research.

Relative to non-histone modification, histone acetylation has not received much
attention until recently. In 2009, Madeo et al. first proposed the concept that his-
tone modifications regulate autophagy. In ageing yeasts, they found that spermidine-
induced autophagy relied onHAT inhibition, which caused global hypoacetylation of
histone H3 and inhibited the transcription of many genes. Interestingly, the transcrip-
tion of some autophagy-related genes (ATG) remained unaffected, and autophagy
was still activated during this process. They believe that selective transcriptional
activation of ATG is critical for yeast to save “resources” under starvation. In fact,
some earlier studies by other groups already suggested that histone acetylation could
affect autophagy. In 2004, Shao et al. found that the HDAC inhibitors butyrate
and SAHA induced autophagic death in several human cancer cell lines. Notably,
HDAC inhibitors also deacetylate non-histone proteins in the cytoplasm. Moreover,
autophagy was commonly considered to be a cytoplasmic event, and nuclear events
were not recognized as a regulator of this process. Thus, researchers focused on the
acetylation of non-histone proteins in the cytoplasm when interpreting the results at
that time. In recent years, compelling studies have demonstrated an important role
of histone acetylation in sustained autophagy in response to long-term nutritional
deprivation or stress (Fullgrabe et al. 2014b). The autophagy-related acetylations
of histone 4 at position 16 lysine (H4K16ac) and histone 3 at position 56 lysine
(H3K56ac) are the most studied.

11.2.2.1 H4K16ac

Unlike most histone modifications, the acetylation of H4K16 not only affects
the nucleosome level but also has an impact on the chromatin structure; thus, it
plays a central role in chromatin remodelling and gene transcription. In humans,
hMOF/KAT8 and SIRT1 act as a pair of molecular switches to coordinate the
acetylation of H4K16, thereby regulating autophagic activity in cells. Specifically,
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hMOF catalyses the acetylation modification of H4K16 and upregulates the expres-
sion of autophagy-related genes, whereas SIRT1 activation produces antagonistic
effects, deacetylating H4K16 and inhibiting basal autophagy under normal con-
ditions. Autophagy activation induced by several stimuli in different cell lines is
related to a global reduction of H4K16 acetylation. hMOF/KAT8 is an autophagy
substrate. Autophagy-induced degradation of hMOF and the consequent decrease
in H4K16 acetylation inhibits the transcription of autophagy-related genes and the
persistence of autophagy, which forms a negative feedback preventing autophagic
death. It was observed that the autophagy-inducer rapamycin significantly increased
cell death in normal somatic cells, HeLa cells and the U1810 cell line, and this was
attenuated by blockade of H4K16 deacetylation using a SIRT1-specific inhibitor
or hMOF overexpression (Fullgrabe et al. 2013). This suggests that the degree of
H4K16 acetylation not only regulates autophagy but also plays a role in cell death or
survival decisions. Notably, SIRT1-induced non-histone deacetylation often results
in autophagy activation. Conversely, histone deacetylation by nuclear SIRT1 leads
to autophagy inhibition. In addition, histone acetylation is often associated with
other histone modifications and participates in autophagy regulation. For instance,
H4K16ac often cooperates with H3K9me2 to inhibit autophagic flow. In addition,
H4K16ac is tightly connected to H4K20me3. During autophagy, the decrease in
H4K16ac and the increase in H4K20me3 often collectively inhibit gene expres-
sion. Thus, these results suggest that different histone modifications often inter-
act with each other to fine-tune the transcription of autophagy-related genes and
autophagy flux. In other words, the alteration of autophagy activity may be the con-
sequence of a variety of histone modification changes. Therefore, when studying the
impact of histonemodification on autophagy, researchers cannot neglect the potential
effect of other histone modifications on autophagy when focusing on one specific
modification.

11.2.2.2 H3K56ac

H3K56 is located in the entry and exit of the nucleosome. Acetylation of H3K56
interrupts the interaction between the histone and DNA and inhibits transcrip-
tion. Researchers observed an inhibition by rapamycin on H3K56 acetylation in
yeast and revealed for the first time a positive regulation of the TOR signalling
pathway on H3K56 acetylation. The acetylation of human H3K56 is regulated by
EP300/KAT3B/P300 and KAT2A/GCN5. It has been reported that EP300 knock-
out activates autophagy, while EP300 overexpression inhibits starvation-induced
autophagy. However, it remains to be determined whether EP300 affects autophagy
merely via the regulation of H3K56 acetylation because EP300 is also known to
regulate the acetylation of multiple autophagy-related proteins, including ATG5,
ATG7, MAP1LC3 and ATG12. Moreover, the deacetylase of H3K56 is still contro-
versial. Deacetylases, including HDAC1, HDAC2, SIRT1, SIRT2 and SIRT3, have
been reported to catalyse the deacetylation of H3K56. It is noteworthy that although
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these deacetylases regulate autophagy, the role of non-histone deacetylation cannot
be ruled out.

It is noteworthy that intracellular HAT and HDAC cooperatively maintain a
dynamic balance between histone and non-histone acetylation and deacetylation
(Fig. 11.1). The dysregulation ofHATand/orHDAC functions caused by somepatho-
logical factors results in changes in the degree of protein acetylation and upregulation
or downregulation of some autophagy-related genes or their regulatorymolecules and
thus leads to the development of various diseases such as tumours and neurodegenera-
tive disorders.Mounting evidence suggests that HDAC inhibitors promote autophagy
by increasing the acetylation of non-histone proteins in the cytoplasm (described in
other chapters). Therefore, HDAC inhibitors have become a new direction of drug
research and development for these diseases. Currently, researchers have demon-
strated that changes in histone acetylation are often correlated with alterations in

Fig. 11.1 Autophagy regulation by histone acetyltransferase (HAT) and histone deacetylase
(HDAC)-mediated histone and non-histone acetylation. HATs andHDACs co-regulate andmaintain
the dynamic balance between histone and non-histone acetylation and deacetylation. This plays a
critical role in the different processes of autophagy by promoting or suppressing the expression
of autophagy-related genes, their regulatory molecules or affecting the protein–protein interaction.
Specifically, the deacetylation of non-histone proteins in the cytoplasm often activates autophagy,
while deacetylation of histones in the nucleus inhibits autophagy. Thus, the impact of histone and
non-histone acetylation on autophagy activity is inconsistent
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non-histone acetylation in the cytoplasm. However, several studies show an opposite
effect exerted by histone and non-histone acetylation on autophagy activity. Hence,
it is highly suggested to use other techniques, such as nucleus/cytoplasm separa-
tion, to clarify the net contribution of histone or non-histone acetylation changes in
autophagy in addition to their application with pharmacological tools.

11.2.3 Autophagy Regulation by Histone Methylation

In addition to acetylation, histone methylation is also involved in autophagy reg-
ulation. Histone methylation is catalysed by histone methyltransferase (HMT) and
usually occurs on lysine (K) and arginine (R) residues. Among them, K4, K9, K27,
K36, K79, R2, R17 and R26 of histone H3, and R3 and K20 of H4 can bemethylated.
Lysine can be monomethylated, dimethylated and trimethylated, while arginine can
only be monomethylated and dimethylated. This greatly increases the complexity of
histone methylations. Moreover, similar to that of histone acetylation, the process
of histone methylation is reversible, and the demethylation of lysine and arginine
residues is mediated by specific histone demethylases. Histone arginine demethy-
lasesmainly include peptide arginine deimise 4 (PAD4) and JmjC domain-containing
protein 6 (JMJD6).Histone lysine demethylases includeLSD1, JHDM1, JHDM2and
JMJD2.

The effect of histone lysine methylation on gene transcription depends not only
on the modified position and methylation degree but also on the gene region where
methylation occurs. For example, methylation of heterochromatin H3K9 often leads
to gene silencing, while H3K9 methylation in gene coding regions activates gene
transcription. H3K4 methylation is often concentrated in the promoter, serving as a
marker of gene transcription activation.Methylation ofH3K27 is related to gene tran-
scription inhibition. Histone demethylation has complex effects on gene transcrip-
tion. For example, the regulation of gene expression by lysine demethylase LSD1
depends on its specific substrate. In summary, histone methylation and demethyla-
tion are dynamic and reversible complex processes catalysed by specific enzymes
that participate in biological processes, such as gene transcription and autophagy
(Fig. 11.2). Here, we list a brief review of histonemethylationmodifications involved
in autophagy.

11.2.3.1 H3K4me3

Dimethylation and trimethylation of histone H3 at lysine 4 (H3K4me2/me3) are
involved in transcription activation, and the highest H3K4me3 level occurs near the
transcription start point of highly expressed genes. H3K4 is methylated by SET1
and the mixed lineage leukaemia family of HMTs (MLL1) and demethylated by
KDM1A/LSD1 and KDM5/JARID1. H4K16ac and H3K4me3 often reside in the
same nucleosome units in human cells, and this is consistent with the interaction
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Fig. 11.2 Histonemodifications involved in autophagy regulation. Covalentmodification of histone
is catalysed or removed by specific enzymes. Accordingly, the enzymes that promote and inhibit
histone modification can be called writers and erasers, respectively. Histone modifications involved
in autophagy regulation mainly occur on H3 and H4. In contrast to acetylation, histone methylation
occurs not only on lysine (K) but also on arginine (R) residues. Ac, acetylation; Me, methylation

between their corresponding catalytic enzymesKAT8andKMT2A/MLL1. Similar to
the change of H4K16ac, autophagy often results in a decrease in H3K4me3 and leads
to global transcription inhibition in multiple cell lines from yeast to human. This may
be a conservative mechanism of energy savings in response to persistent starvation.
WNT/β-catenin signal activation was reported to inhibit SQSTM1/p62 transcription
and autophagy activity, which is related to the increase in H3K4me3 (Petherick et al.
2013). During autophagy, WNT dissociates from the promoter region of SQSTM1
and is degraded, which in turn results in a decrease in H3K4me3. Consequently,
this weakens the inhibition by WNT on SQSTM1 transcription and thus increases
SQSTM1 transcription and autophagy activity. This process was verified in mixed
lineage leukaemia and other cancer cells (Sierra et al. 2006; Wend et al. 2013).

11.2.3.2 H3K9me3/H3K9me2

H3K9 can not only be mono-, di- or even tri-methylated by histone methylases such
as SUV39H1 and EHMT2/G9a but can also be acetylated under the action of his-
tone acetylases such as KAT2A and KAT2B/PCAF. Interestingly, the deacetylation
of H3K9 is required for the increase in H3K9 dimethylation. H3K9 methylation
is usually involved in gene silencing. It was reported that EHMT/G9a binds to the
promoter of several autophagy-related genes, such as LC3B and WIPI1, resulting in
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H3K9 methylation and silencing of these genes in normal conditions (de Narvajas
et al. 2013).During nutrient deprivation-induced autophagy, EHMT2 is released from
the promoters of these autophagy-related genes, resulting in subsequent demethyla-
tion and acetylation modifications of H3K9 and thus promoting the transcription and
expression of autophagy-related proteins. EHMT2 inhibitors were found to increase
BNIP3 and LC3 levels. When autophagy is induced by rapamycin along with a
persistent inhibition of EHMT2 by specific inhibitors, autophagy appears to be over-
stimulated, resulting in autophagic death in cells. Therefore, methylation of H3K9
not only regulates autophagy but also has a neglectable impact on cell survival.
Notably, several members of the histone lysine demethylase family can catalyse the
demethylation of H3K9. For example, KDM2B can demethylate H3K9 and induce
autophagy.

11.2.3.3 H4K20me3

Methylation modification of H4K20 is involved in gene silencing, and H4K20me3 is
often distributed in some constitutively expressed heterochromatin regions. H4K20
methylation can be catalysed by several enzymes, including SETD8 and SUV420.
Specifically, SETD8 catalyses the monomethylation of H4K20 (H4K20me1), which
can be further methylated to H4K20me2 and H4K20me3 by SUV420. PHF8 is iden-
tified as an H4K20 demethylase. Serum deprivation-induced autophagy increased
the level of H4K20me3, which was accompanied by the alteration of H4K16 acety-
lation. Studies have shown that the deacetylation of H4K16ac and the increase in
H4K20me3 antagonistically regulated 20–30% of human genome expression. The
mechanism is related to RNA polymerase II pause (Kapoor-Vazirani et al. 2011).
Therefore, the deacetylation of H4K16ac and the methylation of H4K20 during
autophagy may work together to fine-tune the pause of RNA polymerase II and
repress the transcription of some autophagy-unrelated genes.

11.2.3.4 H3R17me2

H3R17 (H3R17me2) dimethylation was reported to enhance the transcription of sev-
eral autophagy-related genes and transcription factor EB (TFEB), a key transcription
factor in autophagy. H3R17me2 is mainly mediated by arginine methyltransferase
1 (CARM1). Under nutrient-rich conditions, the stability of CARM1 is regulated
by the E3 ubiquitin ligase SKP2 in the nucleus, not in the cytoplasm. Nutritional
starvation and glucose deprivation result in AMP-activated protein kinase (AMPK)-
dependent phosphorylation of FOXO3a in the nucleus, which in turn transcription-
ally suppresses SKP2. This inhibition led to an increase in CARM1 protein, followed
by an increase in histone H3R17me2. Genome-wide analysis showed that this pro-
cess played a role in transcriptional activation of autophagy-related and lysosome
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genes (Shin et al. 2016a). This study revealed a new mechanism for the AMP-
K–SKP2–CARM1 signalling axis in regulating histone modification and autophagy
during prolonged nutrition deprivation.

11.2.3.5 Other Histone Methylations

In addition to the methylation modification of the sites mentioned above, EZH2-
mediated H3K27me3 also affects autophagy activity. The expression of EZH2 was
increased in human rectal colon cancer tissues. EZH2 knockout or its inhibitor
reduced H3K27me3 and activated autophagy, which may be of relevance for the
treatment of rectal colon cancer (Wei et al. 2015). However, a recent study found
that EZH2-mediatedH3K27me3 andDNMT1-inducedDNAmethylation synergisti-
cally inhibited the expression of cystic fibrosis transmembrane conductance regulator
(CFTR), which caused autophagy activation and aggravated homocysteine-induced
liver injury in mice (Yang et al. 2018). Therefore, EZH2-induced H3K27me3 may
have specific effects on autophagy under different pathological conditions. This also
confirms the complexity and diversity of histone methylation during autophagy,
which should not be ignored in the research.

11.2.4 Autophagy Regulation by Other Histone
Post-translational Modifications

Over the past decade, a large number of studies have revealed interactions between
histone methylation and acetylation and autophagy. However, the roles and mecha-
nisms of other covalent modifications of histones, such as phosphorylation, SUMOy-
lation, ubiquitination andADP ribosylation, in autophagy are still in infancy.A recent
study reported a role for H2BK120 monoubiquitination (H2Bub1) in autophagy,
which identified a novel epigenetic mechanism. H2Bub1 is critical for maintain-
ing lower autophagy activity under basal conditions. However, when the cells are
exposed to nutrient deprivation or starvation, the expression of deubiquitinaseUSP44
is upregulated, resulting in adecrease inH2Bub1,whichmay lead to global changes in
the expression of genes, especially those autophagy-related genes. These alterations
in gene expression eventually contribute to autophagy activation after starvation. It
was also observed that this process is accompanied by changes in hMOF expression
and the H4K16ac degree (Chen et al. 2017). Notably, other studies show that his-
tone methylation, such as H3K4 and H3K79 methylation, can also be affected by
H2Bub1. Therefore, different histone modifications are tightly connected, and the
exact role of this interaction in autophagy and autophagy-related diseases needs to
be further explored.
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11.3 Conclusion and Prospective

In conclusion, the current knowledge regarding the role of DNA methylation and
histone post-translational modifications in autophagy has only revealed the tip of
the iceberg of autophagy regulation by the epigenetic machinery. In addition to
DNA methylation and histone post-translational modification, great progress has
been made in autophagy regulation by non-coding RNA in recent years. This topic is
elaborated in other chapters. There are interactions among various epigenetic regula-
tions. Specifically,DNAmethylation affects histone acetylation, and different histone
modifications, including methylation, acetylation, and even ubiquitination, interact
with each other. All of these factors determine the complexity of epigenetic regu-
lation on autophagy. Special attention should be paid to the changes in non-histone
acetylation in the cytoplasm, which is an important factor for autophagy regulation.
Therefore, when studying the impact of compounds targeting acetylation-modifying
enzymes on autophagy, we should comprehensively analyse the changes in both
histone and non-histone acetylation with multiple approaches. Finally, epigenetic
modification appears to be a dynamic and reversible event in the nucleus, and DNA
methylation could have an effect on histone acetylation and other modifications,
and vice versa. In addition, the HDACs show potential effects on non-histones in
the cytoplasm. Thus, all of these factors contribute to the complexity of epigenetic
regulation of autophagy. Therefore, it will be of great significance to strengthen the
study on autophagy regulation by epigenetic modifications, which can help to fur-
ther understand the molecular mechanism of autophagy regulation and its role in
the pathophysiological processes of tumours, neurodegenerative diseases and other
disorders.
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