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Abstract

Histones are DNA-binding basic proteins found in chromosomes. After the
histone translation, its amino tail undergoes various modifications, such as
methylation, acetylation, phosphorylation, ubiquitination, malonylation, propi-
onylation, butyrylation, crotonylation, and lactylation, which together constitute
the “histone code.” The relationship between their combination and biolog-
ical function can be used as an important epigenetic marker. Methylation
and demethylation of the same histone residue, acetylation and deacetylation,
phosphorylation and dephosphorylation, and even methylation and acetyla-
tion between different histone residues cooperate or antagonize with each
other, forming a complex network. Histone-modifying enzymes, which cause
numerous histone codes, have become a hot topic in the research on cancer
therapeutic targets. Therefore, a thorough understanding of the role of histone
post-translational modifications (PTMs) in cell life activities is very impor-
tant for preventing and treating human diseases. In this review, several most
thoroughly studied and newly discovered histone PTMs are introduced. Further-
more, we focus on the histone-modifying enzymes with carcinogenic potential,
their abnormal modification sites in various tumors, and multiple essential
molecular regulation mechanism. Finally, we summarize the missing areas of
the current research and point out the direction of future research. We hope to
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1 | INTRODUCTION

As a branch of genetics, epigenetics refers to the heritable
gene expression changes caused by external modification
without changing the DNA sequence. The main mecha-
nisms involved are RNA interference, DNA methylation,
histone modifications, and so on.! Post-translational mod-
ifications (PTMs) belong to the field of epigenetics. It
does not change DNA sequence but can change expres-
sion and function levels, which provides a new explanation
for many life phenomena. Histones can be modified in
many ways, and the most common ones include methy-
lation, acetylation, phosphorylation, and ubiquitination.
However, with the development of high-sensitivity mass
spectrometry technology, various new histone acylation
markers such as malonylation, crotonylation, propionyla-
tion, and butyrylation have been found in recent decades.
In addition, histone lactylation, a new modification type
discovered in 2019, is also a hot research topic at present.”*
These modifications are associated with the structural for-
mation of activated or deactivated chromatin. Since most
PTMs are reversible, the function of the proteome can be
regulated in a cell-type-specific manner to describe gene
expression. Histones H3 and H4 have a long tail protrud-
ing from a specific position in the nucleosome nucleus,
which is covalently modified. The cores of histones H2A
and H2B also underwent modifications. The diversified
modification of the histone amino-terminal expands the
genetic code, soitis called the “Histone Code”*? (Figure1).
Histone methylation modification is more stable than
other PTMs, so it is the most suitable for stable epige-
netic information. However, acetylation modification has
high dynamics, and there are other unstable modifica-
tion methods, such as ubiquitination, phosphorylation,
and malonylation. These modifications affect chromatin
more flexibly and exert its regulatory function through the
combination of various modification methods. Acetylation
was the first PTM to enter people’s attention, so it has been
studied most deeply.

Acetylation modifications modulate protein function
through many mechanisms, including enzyme activity,
protein translocation, and crosstalk with other PTMs.51°
Histone acetyltransferase (HAT) also performs multi-
ple functions in DNA replication, gene expression, and

provide a comprehensive understanding and promote further research in this

acetylation, cancer, methylation, phosphorylation, post-translational modifications

immune regulation.!" "> Histone Acetyltransferase Bind-
ing To ORC1 (HBOL1) is a classical acetyltransferase. The
differential relationship between acetyltransferase HBO1
and the BRPF and JADE subunits determines which
histone tails are acetylated.'® BRPF2-HBOI1 preferentially
catalyzes histone H3/H4 acetylation, whereas JADE-HBO1
modifies histone H4. In general, HBOI1 is responsible
for histone H3K9/14 and H4K5/8/12 acetylation.!17-20
The BRPF2 subunit interacts with the MYST domain
of HBO1 and promotes the activation of histone H3K14
acetylation.”?? It was found that the effect of the BRPF2-
HBO1 complex was not limited to the acetylation of H3/H4
but could also effectively catalyze propionylation, butyry-
lation, and crotonylation of H3/H4." In addition, there
is strong evidence that HBO1 exerts its functional role
as an oncogene in many human cancers. Besides, sev-
eral methyltransferases like SMYD3, EZH2, and SETDB1
are also abnormally expressed in common human can-
cer lines.”® Therefore, researchers have attached great
importance to epigenetic modifiers. Histone deacetylase
(HDAC) inhibitors (HDACIs) are the most studied drug
in the current research. This paper also introduces the
research status of inhibitors of HAT, histone methyltrans-
ferase (HMT), and histone demethylase (HDM) in various
tumors.

Histone modification enzymes like HAT, HMT, HDAC
and HDM’s basic function is to regulate gene expression.
For example, histone methylation often results in gene
silencing, while demethylation is the opposite. Acetylation
generally activates transcription, while deacetylation is the
opposite. Many complex biological effects are produced
on this basis. It is well known that histone codes can be
involved in cell mitosis,”*>° DNA damage and repair,?’ >’
cell differentiation,®® X chromatin inactivation,®® and
mediate transcriptional activation or inhibition,**** lead-
ing to extensive biological effects (Figure 2). Histone mod-
ification can be understood as changes in enzyme activity.
In the past decade, abnormal expression of histone mod-
ification enzymes has been detected in various tumors.**
Therefore, understanding the biological characteristics of
PTMs is essential for understanding their pathophysiology.
Histone modifications regulate gene expression by regu-
lating enzyme activity, which is very similar to the nature
of some therapeutic drugs that achieve therapeutic pur-
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FIGURE 1 Post-translational modifications (PTMs) of histone amino terminus. The DNA is wrapped in two circles, around the DNA
and the histone octamer. Histones in nucleosomes (two each of H2A, H2B, H3, and H4). Histone tails are subject to various PTMs that affect
not only the overall compression of chromatin but also gene expression. This diagram shows some of the modifications at specific residues:
acetylation (Ac), methylation (Me), phosphorylation (P), and ubiquitination (Ub).
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FIGURE 2 A wide range of biological effects mediated by histone modification.
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poses by regulating enzyme activity. Thus, the biological
study of histones is very promising for solving physiologi-
cal and pathological problems and providing new disease
prevention and treatment strategies. In this review, we
focus on the basic regulatory rules of PTMs and their var-
ious biological functions in life activities and introduce
the mechanism of abnormal histone modification behavior
in various cancers. Second, we highlight the development
status of therapeutic drugs for different abnormal histone-
modifying enzymes reported at present. In the end, we
summarized the shortcomings of current research and
potential research directions in the future.

2 | PTMs OF HISTONES

There are many kinds of catalytic enzymes in cells that can
chemically modify histones. Different forms of PTMs can
weaken or strengthen the interaction between DNA and
histones, resulting in gene activation or silencing. All these
histone PTMs constitute the histone code, and the histone
code determines the transcription status of local genomic
regions. Therefore, studying various histone PTMs in a spe-
cific region or even the whole genome can reveal the active
state of genes, which is very important for understanding
genome programming in life activities.

2.1 | Histone methylation

Histone methylation is an important modification that can
change the structure of chromosomes. Twenty-four methy-
lation sites were identified, of which 17 were located in
lysine and seven in arginine. Methylation is mainly cat-
alyzed by HMT, which can be divided into histone lysine
methyltransferase (KMT) and protein arginine methyl-
transferase (PRMT).>>~33 In addition, KMTs can be divided
into SET-containing and non-SET domains according to
the catalytic domain sequence. SET domain is an impor-
tant domain of HMT, including SUV39H1/2, G9a, GLP,
SMYD, SETDB1, EZH2 and others.** However, a few pro-
teins did not have the SET domain, except for the DOT1L
protein.*® Mammalian PRMTs fall into two categories:
the first includes PRMTs 1, 3, 4, 6, and 8, which cat-
alyze the process of monomethyl arginine and asymmetric
monomethyl arginine. The second class includes PRMT5
and PRMT?7, which catalyze the process of monomethyl
arginine and symmetric bis-methylarginine.*' In addition,
PRMT2 was confirmed due to its homology with known
arginine methyltransferase enzymes, but its enzyme activ-
ity has yet to be determined. Many different methylation
modification patterns can be evolved from different sites
and histone methylation patterns, increasing the com-

plexity and diversity of gene expression. Methylation
modifications are also reversible. Two evolutionarily con-
servative HDM families have been identified: Jumonji
C (JMIC) and lysine-specific demethylase (LSD) protein
families.*” LSD1 (KDMIA) is the first reported histone
lysine demethylase (KDM). It catalyzes the demethyla-
tion of H3K4mel/2 and H3K9mel/2, specifically removes
monomethyl and dimethyl labels from H3K4, and plays
a vital role in carcinogenesis.43 Besides, LSD1 can also
demethylate non-histone proteins.***

HMTs and HDMs carefully balanced histone methy-
lation levels, making it easy to understand the close
relationship between their disorders and cancers. There
is evidence that abnormal histone methylation may be
involved in some cancers.***® For example, the abundance
of methyltransferase SMYD3 in normal human tissues is
low, while it is highly expressed in liver cancer, lung cancer,
and pancreatic cancer.* In addition, many other KMTs,
such as EZH2, SETDBI, and DOTI1 were also found to
be related to the malignant progression of tumors. The
researchers in developing HMT and HDM inhibitors have
succeeded greatly. Effective inhibitors of various HMT and
HDM are in different clinical stages or preclinical research
stages. This will provide new ideas for the treatment of
some tumors.

2.2 | Histone acetylation

Acetylation modifications are evolutionarily conserved
and reversible PTMs and are among the first described his-
tone modifications, with lysine acetylation modifications
first identified in histones by Allfrey et al. (1964).°"! In the
mammalian nucleus, HAT regulates histone acetylation
while HDAC regulates deacetylation, thus maintaining a
dynamic balance (Figure 3). HAT transfers “acetyl-CoA,”
promoting the relaxation of nucleosome structure and thus
activating transcriptional activity. If HATSs are inhibited,
damaged DNA may not be repaired, leading to cell death.
Thirteen HATs have been identified, and the HATs con-
sist of three main families: CBP/p300, GCNS5, and the
MYST acetyltransferase family.>>>> In contrast, HDACs
deacetylate histones attach strongly to negatively charged
DNA, convolute chromatin densely, and repress gene tran-
scription. The human genome contains 18 HDACs. HDAC
proteins are also known as lysine deacetylases (KDACS).
HDACSs (except class III HDACs) contain zinc and are
known to be zinc’+-dependent HDACs.>*>> They have
classical arginase folding, structurally and mechanically
different from sirtuins (class III), which fold into a Ross-
mann structure and are NAD-dependent.”®>’ KDAC leads
to histone deacetylation, a hallmark of gene silencing.’® %"
Therefore, abnormal hyperacetylation or deacetylation
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FIGURE 3
other. HDACSs can be further classified as Class I, I1a, IIb, III, and IV.

can cause various diseases.®’" Acetylation can weaken
the binding of histone to negatively charged DNA.%4%
This reduced combination allows chromatin amplifica-
tion and genetic transcription. HDACs remove these acetyl
groups, promote high-affinity binding between DNA and
histones, and prevent their transcription. This process
is the typical mechanism of action of HDAC inhibitors
(HDACTIs). HDACs play key roles in many life activities,
including gene expression regulation, cellular metabolism,
chromatin remodeling, cancer, and aging.®®~"°

Epigenetic alterations are the most common abnormali-
ties in cancer because of hundreds of potential targets.”""?
The ability of HATs to manipulate chromatin structure
and epigenetic framework is imperative for cell mainte-
nance and survival.”>~7 It plays multiple functional roles
in regulating proliferation, apoptosis, epithelial mesenchy-
mal transition (EMT), and CSC in a variety of human
cancers.”” To classify the functions of hundreds of
proteins that regulate chromatin, enzymes that regulate
PTMs are subdivided into “writers,” “erasers,” “read-
ers,” and “movers.”’® The identification of mammalian
HATs (writers) and HDACs (erasers), bromodomain-
containing domains (readers), and HDACIs have laid
the foundation for in-depth studies of histone acetyla-
tion modifications.®*%! The interaction between HATs and
HDACSs affects homeostasis in the body, and they coor-
dinate gene expression and metabolic processes.”” HATs
and HDACs have important functional roles in some
genetic diseases and human cancers, and their potential
in treatment has attracted much attention. HDACIs lay
a foundation for further study on the treatment method
of histone acetylation modification. Currently, Food and
Drug Administration (FDA)-approved HDACI such as

Acetyltransferase family

-GANT family (GCN5,PACF)

-CBP/p300 family (CBP,P300)

-MYST family (TIP60,MOZ,MORF,HBO1,MOF)
-Other (TAT1,ESCO1,ESCO2,HAT1)

RNA Pol II

Histone acetylation levels are co-regulated by HDACs (erasers) and HATs (writers). HATS are relatively distinct from each

SAHA has been used clinically. In addition, clinical trials
of several kinds of HDACTSs, including entinostat, resmino-
stat, and abexinostat, are also at the forefront of the present
study.

2.3 | Histone phosphorylation

Histone phosphorylation also belongs to the field of epi-
genetics, and its modification sites are serine, threonine,
and lysine with a hydroxyl group. The process of histone
phosphorylation leads to the decrease of affinity between
histone and DNA. The loose chromatin structure was
conducive to binding transcription factors to DNA. As
a histone marker, phosphorylation modification is rec-
ognized and interpreted by effector proteins to change
the structure of chromatin. Phosphorylated histone can
be hydrolyzed to remove phosphate under the action
of protein phosphatase. It can destroy the connection
between histone and DNA, resulting in DNA damage.®* 54
Histone phosphorylation is essential for cell division pro-
cesses, which promote the agglutination of chromatin into
chromosomes.®>% Histone phosphorylation participates
in numerous cellular processes. Unlike acetylation and
methylation, histone phosphorylation establishes interac-
tions between other histone PTMs and acts as a platform
that causes downstream cascading events.*® Similar to
other PTM, histone phosphorylation is also reversible.®’
With the deepening of research on histone phospho-
rylation, more and more discoveries have been made
in this field, which have guiding significance for the
research direction of many important life processes of
cells.
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Phosphorylation can occur in all core histones, and
the phosphorylation of each core histone has differ-
ent functions.*®°> DNA double-strand break (DSB) can
rapidly initiate H2AX phosphorylation at serine 139
(H2AX139ph) to generate y-H2AX, which is one of the
earliest events after DSB.%>°* In addition, H2BS32 is associ-
ated with cell transformation.” The phosphorylation sites
of H3 mainly include serine at positions 10 and 28 and
threonine at positions 3 and 11.°%°7 Most studies have
focused on the phosphorylation of H3S10, which is highly
conserved and catalyzed by the kinase haspin.’® H3S10ph
is primarily involved in chromosome aggregation during
mitosis and meiosis and is commonly used as a marker of
cell mitosis.””"1°! Furthermore, an increase in H3S10ph has
been found in many cancer types, and a high abundance
of H3S10ph has been associated with poor prognosis.'?>!%3
At present, the research on histone H4 phosphorylation
mainly focuses on serine 1. H4S1ph can be considered an
epigenetic marker of sperm maturation.'% Although many
sites of histone phosphorylation have been found, there is
no report on effective inhibitors of histone phosphoryla-
tion, which is a valuable field and deserves more research
in the future.

2.4 | Histone ubiquitination

The modification of histone ubiquitination has been dis-
covered for a long time. The ubiquitination modifica-
tion of histone H2A was found even earlier than the
ubiquitination-mediated protein degradation. Like other
protein ubiquitination modification processes, histone
ubiquitination also requires three types of enzyme catal-
ysis: ubiquitin activator enzyme E1, ubiquitin-binding
enzyme estradiol (E2), and ubiquitin-protein ligase E3.!%°
Histone ubiquitination does not participate in protein
degradation but provides a marker for its role in DNA
damage response, gene transcription, and other aspects.'*°
Deubiquitinating enzymes include the ubiquitin carboxyl
c-terminal de-hydrolase family and ubiquitin-specific pro-
cessing protease family.!” H2A and H2B are the most
ubiquitinated histones among all histones.'°® H2A is the
earliest identified substrate for ubiquitination modifica-
tion, and 5%—15% of histone H2A can be ubiquitinated
in higher eukaryotes.'”” The single ubiquitinated histone
H2A modification site is lysine 119 (H2AK119ub), catalyzed
by the ubiquitin E3 ligase polycomb repressive complex
1 (PRC1) of histone H2A.!'%!!l In addition, H2Aub takes
part in various life activities, such as gene transcription
and DNA damage repair,''*"!'* which are strictly and finely
regulated. H2Aub promotes the combination of histone H1
and nucleosomes and hinders the stripping of DNA on

nucleosomes to achieve nucleosome stabilization.!”> The
ubiquitination site of H2B is also located at a lysine residue,
particularly lysine 120 in mammals (H2BK120ub) and
lysine 123 in yeast (H2BK123ub).!'® In vivo, H2BK123ub
is catalyzed by the E2 transferase of Rad6 and the E3 lig-
ase Brel."”!!® The ubiquitination of H2B (H2Bub) shows
rapid enrichment at the DSB site, indicating that H2B
plays a direct biochemical role in DSB repair.""” It is worth
mentioning that the effect of H2Bub in DSB repair may
be related to its crosstalk with methylation. Studies have
found that H2BK123ub could promote the methylation of
H3K4, H3K46, and H3K79, which are essential for DSB
injury repair.'?°> In addition, mono-ubiquitination of
H2BK120 is involved in the crosstalk with H3K79 methyla-
tion. Moreover, Armache et al. reported that H4K16ac and
H2Bub can simultaneously and synergistically regulate
the enzymatic activity of DOT1.!** The methyltransferase
activity of DOT1 can be regulated by H4Kl6ac, which
is further enhanced by H2BUD, thus achieving the opti-
mal catalytic rate of DOT1. When H2Bub is present, the
nucleosomes with H4K16ac and H2Bub mediate the opti-
mal localization of DOTI on the nucleosome, increasing
the probability of trimethylation. However, this kind of
crosstalk between various histone modifications involving
ubiquitination, methylation, and acetylation is very rare.
Therefore, the regulation of complex histone modifications
and the unique cascade reactions involved in this activity
have great research value and therapeutic potential in the
future.

In addition, abnormal histone ubiquitination patterns
have been proven to exist in many cancer types. BMII,
the core of PRC1, which ubiquitinates lysine 119 at histone
H2A (H2AK119ubl), is highly expressed in gastric cancer
(GQC), colon cancer (CRC), and breast cancer.*"'>” BMI1
could activate INK4A/ARF signaling pathway, which
is mediated by H2AK119ub, thus maintaining the self-
renewal ability of leukemia stem cells (LSC)."?®!*° These
results suggest a pathogenic potential at high levels of
H2AK119ub. In contrast, immunohistochemical (IHC)
analysis shows that the deletion of H2Bub accelerates the
process of tumor occurrence.'*°~13? Notably, the depletion
of RNF20 and H2BK120ub greatly reduces the expres-
sion of p53. In contrast, the expression level of c-Myc
and c-Fos are increased.** Global loss of H2BK120ub has
also been found in triple-negative breast cancers (TNBC),
GC, and CRC.132134135 However, THC results from estro-
gen receptor (ER)-positive breast cancer have indicated
elevated levels of H2BK120ub."*° Therefore, whether tar-
geting H2AK119ub or H2BK120ub will inhibit or promote
the viability of cancer cells may be unpredictable, and it is
necessary to analyze the individuation of various cancer
subtypes.
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2.5 | Histone propionylation and
butyrylation

Methylation and acetylation were once considered the core
modifications of “histone code” until the discovery of pro-
pionylation and butyrylation greatly expanded people’s
cognition. Histone propionylation and butyrylation were
first reported in histone H4 in HeLa cells.”*” Subsequently,
researchers have found multiple catalytic sites for lysine
propionylation (Kpr) and butyrylation (Kbu) in yeast his-
tones and evolutionarily conservative eukaryotes.'*® The
acyl sources for Kpr and Kbu are propionyl-CoA and
butyryl-CoA respectively.’***> These acyl donors, all of
which originate from the fatty acid metabolism pathway,
suggest a correlation between cell metabolism and histone
modification. H3K14 is the site of Kpr and Kbu in vivo, and
HAT and HDAC can catalyze the addition and removal
of propionyl and butyryl groups. Studies have confirmed
that the H3K14pr and H3K14bu processes are related to
HAT and preferentially distribute at the promoter of the
active gene'*> Members of the HAT family, such as p300,
CBP, and HBOL1 are all involved in the modification of Kpr
and Kbu."”'¥” GNAT family members GCN5 and PCAF
also participate in the above acylation modification.**%
In addition, Sirt1/2/3 of the HDAC class can remove the
propionyl and butyryl groups.'*® Major histocompatibil-
ity complex class I polypeptide-related sequences A and B
(MICA/B) are a type of stress protein widely expressed in
solid tumors and blood tumors.'*”'8 Propionate induces
and increases Kpr and Kbu, which regulate the expres-
sion of MICA/B, suggesting that propionate produced by
bacteria or in cell metabolism processes has significant
immunoregulatory functions and can prevent cancer.'#-1>
HDACISs, as unique anti-tumor drugs, can induce his-
tone acetylation and the upregulation of Kbu in tumor
cells. SAHA, a representative drug of HDACIS, can signifi-
cantly induce multiple butyrylation sites, providing a new
approach for the development of protein omics changes
in neuroblastoma.’”! However, this function of HDACIs in
regulating Kbu has not been widely reported, and it is still
unknown if there are other kinds of HDACIs with similar
functions. In the future, whether SAHA can also regu-
late Kbu in other cancers and whether different kinds of
HDACT can also regulate Kbu will be the focus of research.

2.6 | Histone malonylation

Histone malonylation is the process of covalently bind-
ing malonyl groups to histone lysine residues under the
catalysis of enzymes. Lysine malonylation (Kma) is a novel
histone PTM first identified and reported by Chao et al.

in 2011.°? This was immediately followed by Xie et al.
identifying the Kma locus in yeast and HeLa cells.”>* As
a newly discovered form of acylation modification, mal-
onylation takes part in the metabolic process, especially
in energy metabolism. Du et al. detected high levels of
Kma in mice with Type 2 diabetes, suggesting a poten-
tial pathogenic effect of abnormal Kma levels."** Previous
studies have confirmed that Sirt5 of class III HDACs can
reverse the Kma reaction.””>>® Currently, the role of Sirt5
as a de-malonylase has been found; however, there is
no relevant report on transferases that mediate malony-
lation. Our understanding of malonylation needs to be
improved. Therefore, the study of the enzymes that cat-
alyze the formation of malonylation is a potential research
focus in the future, and the exploration of the relationship
between malonylation and mammalian pathophysiology
also involves extensive research content.

2.7 | Histone crotonylation

Lysine crotonylation (Kcr) refers to a modification in
which crotonoyl is transferred to lysine residue by his-
tone crotonyltransferase (HCT). Kcr is distributed in core
histones and some non-histones. Zhao et al. first found
the crotonic acylation modification in 2011 and defined it
as a novel histone acylation modification.'””">® Like other
types of PTMs, crotonylation is also reversible and reg-
ulates gene expression. Crotonylation can be reversibly
catalyzed by HCT and histone decrotonylase (HDCR). In
addition, HATSs have also been shown to have HCT activ-
ity, and HDACs were reported to have HDCR activity.>%~1°!
The Tafl4 protein containing the YEATS domain is a
specific presence as a histone crotonylation modification
“reader,”9>1%3 Jaying a foundation for elucidating the bio-
logical function of Kcr. Moreover, Kcr is involved in sper-
matogenesis, gene transcription, and cancer occurrence.'%*
Male mouse germ cells have a high abundance of Kcr
on sex chromosomes at anaphase, suggesting the impor-
tance of Kcr in spermatogenesis.'® Compared with histone
acetylation, crotonylation modification of histones has a
stronger transcriptional activation function because it is
mainly distributed in the promoter of the active gene
or the potential enhancer region, thus regulating gene
expression.'®1%8 Results analyzed by Wan et al. using
IHC staining showed that Kcr levels were decreased in
GC and HCC. However, it is increased in thyroid, lung,
esophageal, and pancreatic cancers.'*” Different biological
behaviors and functions of Kcr in various cancers indi-
cate its complex regulatory mechanism. Its carcinogenic
or anti-cancer effect may be related to different Kcr sites.
However, research on Kcr is still very scarce, and it is nec-



LIU ET AL.

essary to clarify the relationship between Kcr at different
sites and its mediated biological functions in the future.

2.8 | Histone lactylation
Histone lactylation was first reported by Zhao et al. in
2019, and it is one of the newly discovered histone PTMs.?
Lactate is an intermediate product produced during the
metabolism of glucose, which often exists in two iso-
mers, L-lactate and D-lactate, and the main product of
glycolysis is the L-lactate. L-lactate can transform into the
L-lactyl-CoA, and the accumulation of L-lactate promoted
the histone modification of lactylation.'””'”! Therefore, the
levels of lactyl-CoA and acetyl-CoA may reflect the lev-
els of lactylation and acetylation of histones. It was first
reported that there were 28 lactate sites in histones, which
were reported by Zhao et al. Later, Meyenn et al. found
that global H3K18 lactylation distribution marked the
active promoter regions of some highly expressed genes,
which was positively correlated with gene expression.>!”?
In recent years, the study of epigenetic modifications
has gained significant attention, and histone lactylation
has been discovered to play a crucial role in immune
regulation, inflammation, cancer, and other diseases.'”*"'7
The p300 of HAT family mediates the lactylation modifi-
cation of H3 and H4, while the deacetylases HDACI1-3 and
SIRT1-3 have the de-L-lactylase enzyme activity.'”! These
results indicate that histone lactate is also a reversible
process. Warburg effect, also known as aerobic glycol-
ysis, is a metabolic phenomenon in which cancer cells
preferentially convert glucose to lactate even in the pres-
ence of oxygen. This process provides energy for cancer
cell proliferation but is not an efficient way to produce
adenosine triphosphate (ATP). The increased reliance on
glycolysis for energy production is a hallmark of many
cancer types and is thought to contribute to abnormal
tumor growth and development.'”’” Therefore, histone
lactylation in tumors is considered to be very likely
abnormal. Furthermore, Yu et al. reported that histone
lactylation plays an important role in tumor develop-
ment for the first time. The level of histone lactylation
is increased in ocular melanoma, which promoted the
expression of the oncogene, YTHDF2, thus recognizing
and degrading m6A-modified PER1 and TP53 mRNAs,
leading to malignant progress of ocular melanoma and
poor clinical prognosis.'”® In addition, the increased
level of histone lactylation in non-small cell lung can-
cer (NSCLC) will lead to high levels of G6PD and SDHA
and metabolic disorder.'”” However, demethylzeylasteral,
a small molecule drug, can significantly reduce the lactyla-
tion modification level of H3K9 and H3K56, thus inhibiting
the self-renewal and proliferation ability of liver cancer

stem cells.'®® In addition, Liu et al. reported that his-
tone lactylation relies on the PDGFRS pathway to enhance
tumor cell proliferation and migration in clear cell renal
cell carcinoma.'®! Histone lactylation is closely related to
various life activities in mammals and regulates the func-
tion of genes through multiple molecules. Existing results
indicate that histone lactylation plays an important role in
the occurrence and development of tumors, providing new
ideas and directions for tumor treatment and intervention.
Unfortunately, the understanding of histone lactylation is
not deep enough. At present, only a few tumors have been
found to be regulated by histone lactylation. Therefore,
it is of great significance to study the function and regu-
lation mechanism of histone lactylation in physiological
and pathological processes for further understanding the
disease occurrence process and future clinical application.

3 | ABNORMAL EXPRESSION OF
HISTONE-MODIFYING ENZYMES AND
HUMAN CANCERS

Histone-modifying enzymes play a vital role in diverse
DNA-templated processes including gene expression, thus
regulating cell growth and signaling pathways.'*>!83 Acety-
lation and deacetylation in vivo are generally considered
to be dynamically balanced, but under certain patholog-
ical conditions, such as genetic defects of metabolizing
enzymes, accumulation of upstream metabolites and syn-
ergistic action of these metabolites with enzymes will
result in an increase of corresponding PTM levels, leading
to disease occurrence.'®? In addition, histone modifica-
tions are also recognized as potential markers for the
occurrence and development of many diseases, especially
various cancers. As a multi-factor disease, cancer has
always been a difficult problem for people because of its
remarkable complexity. It is worth noting that the abnor-
mal regulation of histone PTMs is gradually considered an
important marker of cancer. Abnormal histone modifica-
tion patterns have been found in various human cancers
(Table 1), which regulate the occurrence and development
of cancers. We discuss the roles of different types of histone
modifications and the corresponding catalytic enzymes in
cancer biology and explore the possibility of using them as
prognostic markers through the following 10 common can-
cers, which are most closely related to abnormal histone
PTMs.

3.1 | Glioblastoma (GBM)

GBM, a tumor originating from glial cells, is the most com-
mon primary intracranial tumor. Its prognosis is usually
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TABLE 1 Abnormal global histone modification pattern in cancer.
Study Cancer type Relevant histone modifications Ref.
Sarkar et al. (2015) Glioblastoma (GBM) H3K27me3, H3K4me3, H3K9me3 187
Jang et al. (2012) Lung cancer H3K9ac, H3K9me3, H4K16ac 198
Rodriguez et al. (2007) Lung cancer H3K4me2, H3K9ac, H2AK5ac 199
Jin et al. (2014) Hepatocellular carcinoma (HCC)  H3K27me3, H3K4me3 222
Cai et al. (2021) HCC H3K4me2, H4R3me2 223
Jang et al. (2008) Gastric cancer (GC) H3K9me3 240
Dawson et al. (2010) Pancreatic cancer H3K4me2, H3K9me2, H3K18ac =
Edelweiss et al. (2016) Pancreatic cancer H4K12ac, H3K18ac 22
Ostrowski et al. (2014) Colon cancer (CRC) H3K27ac 265
Kuppen et al. (2014) CRC H3K4me3, H3K9me3, H4K20me3 266
Chapkin et al. (2017) CRC H3K4me3 267
Harithy et al. (2021) CRC H3K9me 268
Kuppen et al. (2015) CRC H4K16ac, H3K56ac 269
Ellis et al. (2009) Breast cancer H9K3ac, H18K4ac, H12K3ac, H4K2me4, 289
H20K3me4, H3R2me2
Beyer et al. (2020) Breast cancer H3K4me3, H3K9ac 294
Robinson et al. (2022) Ovarian cancer (OC) H3K27me3 314
Huang et al. (2019) Leukemia H3K9me3 346

Abbreviations: ac, acetylation; me, methylation.

unsatisfactory even after appropriate surgical resection,
radiotherapy, or chemotherapy.'**!®> K27M mutation was
found in 30% of children with high-grade GBM, which was
related to adverse clinical outcomes.'®*'®” The decrease of
H3K4me3 content in the promoter was also detected.'®®
Christina et al. found that the changes in gene expres-
sion of various methyltransferases, acetyltransferases, and
deacetylases promoted the pathogenesis of GBM.'®” The
nuclear expression levels of lysine methyltransferases
SETDB1, KMT5B, Suv-39hl1, and EZH2 in GBM are up-
regulated, compared with normal tissues, and correlated
with advanced histological grades.'°°' Besides, the inhi-
bition of LSD1 in GBM has been discovered by Chan-
dra et al. to sensitize cells to HDACIs, so LSD1 and
HDAC can work together to regulate cell death in GBM
cell lines.'”* Besides, patients with higher KDM5B lev-
els in GBM usually have poorer overall survival rates
and can promote cancer cell proliferation by regulating
p21 expression.'”> HAT HBOL1 has also been confirmed to
have malignant potential in the development of GBM. The
mechanism of action of NCAPG2 is driven by phospho-
rylated HBO1, which activates H4 histone acetylase, and
in turn activates the Wnt/p-linked protein signaling path-
way, promoting GBM cell malignancy and xenograft tumor
growth.'”® In addition, the sirtuins family of deacetylase
was also found to be involved in GBM."” In a word, many
histone-modifying enzymes, including methyltransferase,
demethylase, acetyltransferase, and deacetylase, overex-
pression is related to the higher histological grade and poor

clinical prognosis of GBM, which needs further clarifi-
cation in future research. Furthermore, LSD1 and HDAC
have a synergistic effect on cell death, which may be a
breakthrough in exploring new treatment methods for
GBM.

3.2 | Lung cancer

The number of lung cancer deaths far exceeds that of
other cancer types, ranking first in cancer deaths. The
results of clinical pathology analysis showed the presence
of abnormally modified H3K9me3, H4K16ac, H3K4me2,
and H3K9ac in lung cancer tissues.'”®'”” Besides, H4 his-
tone modifications also show abnormal patterns in lung
cancer tissues. H4K20me3 is often found in early can-
cer lesions, and its expression continues to decline as
the disease progress.’’’ At the same time, an increase
in trimethylation of H3K27 is associated with a longer
overall survival and better prognosis.”! Therefore, methy-
lation at different sites of histone may cause different
clinical prognoses of lung cancer. Moreover, the role of
various histone-modifying enzymes in human lung can-
cer has also been confirmed. For example, the protein
methyltransferase G9a promotes cell invasion and metas-
tasis through the cell adhesion molecule epithelial cell
adhesion molecule (Ep-CAM) in lung cancer.?’” Besides,
Slimane et al. found that SETDBI is overexpressed in
NSCLC and related to cell proliferation and invasion,
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which is a promising tool for predicting tumor recurrence
in early NSCLC patients.?’>2°® Similarly, many studies
have reported the carcinogenic effect of KDM5B. Com-
pared with normal tissues, KDM5B has higher expression
in tumor tissues.”’” KDMS5B is associated with malignant
proliferation and metastasis of cancer cells, and it has the
potential to be a prognostic factor for lung cancer.?%*210 At
the epigenetic level, abnormal changes in PTMs directly
affect programmed cell death 1 ligand 1(PD-L1)-mediated
immune resistance,”'*'> and acetylation of H3K14 and
HBOL1 participate in the transcription of PD-L1. HBO1
induces PD-L1 expression by promoting the enrichment
of H3K14ac at the PD-L1 promoter."> Normally, the PD-L1
pathway is essential to maintaining immune stability.?"*
However, high levels of PD-L1 caused by cancers induce
T-cell depletion, enabling tumor cells to evade T-cell
immune attacks.?’* The molecular compound NBP target
at HBO1 to inhibit the acetylation of H3K14, thereby reduc-
ing the enrichment of H3K14ac on the PD-L1 promoters,
blocking the PD-1 and PD-L1 signaling axis, and inhibit-
ing the activity and proliferation of lung cancer cells.”
Recently, remarkable achievements have been made in the
immunotherapy of lung cancer. Unfortunately, the effect
of immunotherapy is not stable, and some patients still
do not respond to immunotherapy. Therefore, the regu-
lation of PD-L1/PD-1 axis by targeting HAT HBOL1 is of
great clinical value. However, the research on the applica-
tion of NBP in lung cancer immunotherapy is still in the
basic research stage. How to develop stable NBP drugs with
efficient clinical treatment functions is the focus of future
research.

3.3 | Hepatocellular carcinoma (HCC)

HCC is the most common histological type of liver can-
cer, and its incidence is expected to exceed one million
cases by 2025.2°2'7 AFP is an HCC marker that guides
cancer treatment and predicts HCC prognosis.”'®?!° Nev-
ertheless, many studies show no significant correlation
between AFP level and HCC tumor stage.’’’ Conversely,
there is evidence of an interaction between epigenetic
changes and HCC.?”! THC analysis showed that high
expression of H3K4me3 and H3K27me3 indicated poor
prognosis and could potentially be a predictive marker
of HCC.?? The liver characteristics of H3K4me2 and
H4R3me?2 are related to the late recurrence.’>* Wong et al.
found that HMT G9a was up-regulated in HCC and accel-
erated tumor progression by mediating the silencing of
tumor suppressor gene RARRES3.?** Besides, SETDBI is
an epigenetic enzyme associated with the maintenance
of HCC cancer cells that regulates cancer cell growth by
p53 methylation.””> KDM5B is also overexpressed in HCC

samples.??%~2?® Knock-out of KDM5B upregulates P21 and
P15 and blocks the cell cycle in the G1/S phase, significantly
inhibiting HCC cell proliferation.??” It is worth mention-
ing that histone acetylation also takes part in the progress
of HCC. Down-regulation of MOF of the MYST family sig-
nificantly reduced the invasion and vascular infiltration of
HCC cells.””” Recent studies have reported that HBOL1 is
over-expressed in HCC cells, compared to normal hepato-
cytes, resulting in poor overall survival.”> Bai et al. found
that MiR-639 is complementary to sequences in the 3’
untranslated regions of HBOI, targeting HBO1 expression
and thereby downregulating the HBOl-mediated Wnt/3-
catenin pathway to inhibit the malignant capacity of HCC
cells.?*! Abnormal phosphorylation modifications of his-
tones H1 and H3 are also associated with HCC.?*>?** The
level of Kcr in HCC has also been found to be related
to tumor size and lymph node stage, and its increased
expression inhibits the movement and proliferation of can-
cer cells.'® Up to now, the reported histone modifications
related to HCC include methylation, acetylation, phos-
phorylation, and crotonylation. Enzymes that mediate
these modifications exert their regulatory effects in various
ways, including silencing tumor suppressor genes, pro-
moting P53 methylation, mediating signaling pathways,
and regulating cell cycle, which means that we can target
its different functions to reverse its malignant biological
functions.

3.4 | Gastric cancer (GC)

Among gastrointestinal tumors, the survival rate of gastric
and pancreatic cancers is 5%—20%, most GCs are diagnosed
in the late stage because there are no obvious symptoms
in the early stage, leading to a high mortality rate.>3*2%
Epigenetic changes are valuable biomarkers for GC prog-
nosis. Jang et al. found that the trimethylated state of H3K9
is highly expressed and positively correlated with tumor
staging.?*%**9 SETDBI is abnormally overexpressed in GC
and plays a crucial role in GC occurrence and metastasis
by upregulating S-catenin and matrix metalloproteinase
9,241,242 Furthermore, in the xenograft tumor model, the
knockout methyltransferase G9a showed a concomitant
marked reduction in H3K9 monomethylation and potent
inhibition of mechanistic target of rapamycin (mTOR)
expression and tumor growth.?**> Abnormal expression of
KDMS5B can promote metastasis by regulating various sig-
naling pathways and leading to a poor prognosis. Besides,
MiR-194 can directly target KDM5B and negatively induce
GC cell growth.?**-246 In addition, low histone acetyla-
tion levels and high expression of HDAC1/2 were also
detected in GC tissues.’*”**8 Similarly, histone phospho-
rylation also plays a vital regulatory role in GC. Ding
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et al. found that infection of Helicobacter pylori (Hp) will
cause the increase of H3S10ph, which led to the occur-
rence of GC.**° Tt is worth mentioning that non-coding
RNA has also been found for the first time to regulate the
development of GC through histone acetylation-modifying
enzymes. Jie et al. through RNA-seq found circMRPS35,
which was considered an anti-oncogene in GC. Further-
more, the RNA pull-down experiment confirmed that the
C2H2 domain of HBO1 (256—315 amino acids) is crucial for
its interaction with circMRPS35, which recruits HBO1 into
the promoter region of FOXO1/3a and increases the level
of H4K5ac to inhibit the progression of GC by upregulating
their transcriptional activity.>>” The study is the first report
on the link between circRNA and PTMs, and researchers
have established the function of circMRPS35 and HBOL1 in
inhibiting GC progression. Non-coding RNA also has an
important influence on histone modification of gene pro-
moters. It will be beneficial for further research on the
association of non-coding RNA with PTMs.

3.5 | Pancreatic cancer

Pancreatic cancer is a fatal disease with increasing inci-
dence worldwide. Chemotherapy is the main method to
treat pancreatic cancer in the clinic, but it is easy to pro-
duce drug resistance. Therefore, clarifying the molecular
mechanism of drug resistance in pancreatic cancer is the
key to improve the therapeutic effect of pancreatic cancer.
PTMs are important events in the tumorigenesis and devel-
opment of many other tumors. Therefore, studying PTMs
is an important research direction in pancreatic cancer.
Dawson et al. concluded through tissue microarray anal-
ysis that low levels of H3K4me2, H3K9me2, or H3K18ac
portend poor survival for pancreatic cancer.””>>> Pancre-
atic cancer develops resistance to drugs through multiple
mechanisms, including dysregulation of key activation sig-
naling pathways and the presence of stromal cells, highly
resistant cells, and CSC.232% HBO1 is a substrate of
polo-like kinase 1 (Plkl) and is essential for DNA repli-
cation. However, high levels of Plkl in pancreatic cancer
mediate and maintain gemcitabine resistance.”***’ Song
et al. found that Plkl-mediated phosphorylation regulates
the acetylation activity of HBO1, and HBO1 accumulates
in the promoter region of c-Fos and c-Jun to constitute
the activating protein-1 (AP-1) transcription factor that
enhances MDRI1 expression,”® ultimately leading to gem-
citabine resistance. Inhibition of P1k1 phosphorylation and
its downstream target HBO1 reverse the onset of resistance.
However, abnormal expressions of several other histone-
modifying enzymes were also identified.”” The high tran-
scriptional levels of HDAC7 and HDAC?2 are involved in
the progression of pancreatic cancer.’®” Overexpression of

SMYD3 promotes the proliferation, migration, and inva-
sion of pancreatic cancer and acts as a regulator in the
cytoplasm by modulating Ras/ERK signaling.*>-**! In the
mouse model, the removal of SETDBI prevented the for-
mation of pancreatic cancer in mice.?*? Unfortunately, the
reported histone modifications in pancreatic cancer are
limited to methylation and acetylation, and other PTMs,
such as histone ubiquitination and phosphorylation, have
not been reported yet. In the future, the influence of his-
tone modification on pancreatic cancer can be further
studied to expand our understanding of histone modifica-
tion and provide guidance for researching new approaches
to treat pancreatic cancer.

3.6 | Colorectal cancer (CRC)
CRC is one of the most common malignancies in the
digestive system, and its mortality rates have been declin-
ing for decades owing to advances in screening and
improvements in treatment. Understanding the molec-
ular mechanisms underlying CRC is a profound guide
for further treatment optimization. There is growing
evidence that the pathogenesis of CRC is associated
with epigenetic modifications.”>?> The high levels of
H3K9me3 and H4K20me3 are related to the better prog-
nosis of CRC, as well as the low nuclear expression of
H3K4me3.%°0-2% Multiple studies have demonstrated that
the methyltransferase SETDBI is up-regulated in CRC and
is associated with higher histological grades and Tumor-
Node-Metastasis (TNM) staging.?*®?”° Furthermore, the
cell cycle was blocked in Gl phase after the silence of
SETDBL.?"" Significant expression of another methyltrans-
ferase, PRMTI was also identified in CRC patients.?’"-?7?
IMJD2D specifically demethylates H3K9me2/3, which also
contributes to the progression of CRC.?”” Two other
demethylases, KDM5B and LSD1 were also found to
promote the distant metastasis of CRC cells.”’*~2"7
Histone acetylation modifications also play an impor-
tant regulatory role. Kuppen et al. reported that high
acetylation levels of H3K56 and H4K16 were highly cor-
related with higher survival in CRC patients.”’* HDAC2/3
expression was significantly increased in CRC, suggesting
that HDAC2/3 may have a meaningful effect on the pro-
gression of CRC.?”*?%0 Taniue et al. found that Wnt/c-Myc
signaling is involved in the inhibition of H3K14 acetylation
via the HBO1 complexes, leading to the downregulation
of tumor suppressor candidate 3 (TUSC3), thus promot-
ing the proliferation of CRC cells.”®! Therefore, under
the cellular background of CRC, high levels of H3K9me3,
H4K20me3, H3K56ac, and H4K16ac predict a better prog-
nosis for patients. Similarly, low trimethylation levels of
H3K4 and acetylation of H3K14 may be related to a better
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prognosis. The methylation and acetylation modification
patterns that lead to entirely different results are still
unclear. Each site of histone modification has its unique
molecular regulation mechanism, which should be further
explained in the future.

3.7 | Breast cancer

Breast cancer is one of the leading causes of death in
women. Breast cancer alone accounts for 30% of all new
diagnoses in 2021, and its incidence now exceeds that
of lung cancer.”®? To improve the treatment methods for
breast cancer, it is critical to identify useful biomarkers
of breast cancer that respond best to treatment. How-
ever, hormone therapy with ERa as the main body makes
tumors prone to develop therapeutic drug resistance, more
than 9 million breast cancer survivors worldwide suffer
from menopausal estrogen consumption-related symp-
toms and the side effects of cancer treatment.”®® Recent
studies show that epigenetics plays a key role in the occur-
rence and development of breast cancer.”**?%¢ Cancer
tissues exhibit intercellular differences in the total num-
ber of specific histone modifications.”®” Low or absent
levels of H4K16ac are found in most breast cancer cases
(78.9%), which are early signs of breast cancer.?®®?*° Dur-
ing the EMT, the loss of H4K16ac in mesenchymal cells
can be used as a marker to distinguish between epithe-
lial and mesenchymal phenotypes.”** Wang et al. noted
that HBO1 and ER have multiple mutual regulatory effects.
17b-estradiol (17b-E2) upregulates the levels of HBO1 via
the ERK1/2 pathway, and HBO1 is positively related to
the histological grade of ERa-positive breast cancer.”” In
addition, HBOL1 is involved in the ubiquitination of ERx
in vivo and, thus, leads to its destabilization.'* Interac-
tions were also found between ERa and p300 of the HATSs
family. P300 is recruited to ERa by the steroid recep-
tor co-regulatory factor (SRC), which forms a transcrip-
tionally active ERa/SRC-3/p300 complex.?’"*> Moreover,
the intrinsic acetyltransferase activity of p300 can acety-
late ERa, which enhances the DNA-binding activity of
ERa.’”

Among histone methylation modifications, low levels
of arginine (H4R3me2) and lysine methylation (H3K4me2
and H4K20me3) are associated with poor prognosis.?®
Conversely, high expression of H3K4me3 and H3K9ac
are related to low survival rates of breast cancer.?”*
Methyltransferase SETDB1 regulates the progression of
breast cancer and its chemotherapy resistance through
complex interactions with various molecules.??>?% C-
MYC could enhance the transcription of SETDBI, making
SETDBI a potential mechanism for driving breast cancer
progression.””® Liu et al. also found that E2H2 is abnor-

mally expressed in breast cancer and has the potential to
be a therapeutic target.””” Moreover, Chen et al. reported
the competence of LSD1 to reduce the expression of tumor
suppressor genes by interacting with -catenin.?”®?%° In
addition, the down-regulation of KDM5B in TNBC inhibits
long non-coding RNA MALAT]1, thereby inhibiting cancer
cell invasion.*°**°! One thing we should pay attention to
in the above research is that dimethylation and trimethy-
lation at the H3K4 site have opposite clinical significance
for the prognosis of breast cancer. It means that histone
methylation modification has a very strict and delicate
regulation system. Compared with acetylation and ubiq-
uitination, methylation modification has various forms
and more complex functions, which will have significant
research value in the future.

3.8 | Ovarian cancer (OC)

OC is the main cause of death in women with reproductive
malignant tumors. The initial operation, with the goal of
RO resection and platinum-based combination chemother-
apy, is the standard treatment for OC.>°*3% Although the
initial pharmacotherapy was encouraging, long-term use
of drugs resulted in drug resistance and was one of the
main reasons for the discontinuation of cisplatin during
chemotherapy.>’4=% Xie et al. showed that the applica-
tion of epigenetic approaches for the diagnosis, clinical
treatment, and prognosis of OC is a promising area for
future clinical research.>’’3! New evidence suggests that
epigenetic changes have important implications in OC
drug resistance.*'3!2 Abbosh et al. found that inhibiting
H3K27 methylation re-sensitizes drug-resistant OC cells
to cisplatin.*’* Moreover, loss of H3K27me3 can increase
the expression of tumor suppressor genes, thereby leading
to the occurrence of tumors.**'* LSD1 is overexpressed
in OC, and its interaction with H3K4 leads to the down-
regulation of E-cadherin, thus enhancing cell migration
and invasion capacity. It can also regulate the autophagy
of OC cells through AKT/mTOR signaling pathway.*'°
KDM2B is highly expressed in OC and upregulates the
level of the EZH2 gene, and they both play an important
role in the tumorigenesis of OC.*'”*!® Quintela et al. also
identified that HBOL1 is highly upregulated in OC.*'° HBO1
participates in histone H4 acetylation mainly through
JADE2 and subsequently regulates YAP1 expression to
affect the mechanical phenotype of OC cells.*’* Up to
now, all reports have shown that histone modification pat-
terns have malignant potential in OC and participate in
the development of OC drug resistance. However, there
are rare studies about PTM in OC at present, and the
role of PTM in OC remains unclear, which needs further
research.
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3.9 | Osteosarcoma (OS)

OS is the most common bone malignancy. However, its
survival rate has only minimally improved over the past
30 years.*?~3?2 Therefore, new therapeutic methods are
needed to improve the therapeutic efficiency of patients
with refractory OS. In vitro studies have shown that HBO1
silencing or knockdown can effectively inhibit cell viabil-
ity and proliferation, and the overexpression of HBO1in OS
tissues is associated with poor overall survival.** ZNF384
can directly promote the transcription of HBO1, leading to
a malignant phenotype in OS cells.?** WM-3835 is an effec-
tive HBO1 inhibitor that can directly inhibit cell viability
and proliferation while inducing apoptosis.*>* Moreover,
SETDBI has also been confirmed to be related to the
pathophysiology of 0S.>** However, no report expounds
on the carcinogenic mechanism of SETDBI in OS until
now. There is little research on histone modification in OS,
which weakens potential treatment methods for OS treat-
ment. Currently, only two histone-modifying enzymes are
related to OS, so exploring more enzymes with potential
mechanisms in OS is of great guiding significance.

3.10 | Acute myeloid leukemia (AML)

AML is a hematologic malignancy, characterized by abnor-
mal gene activation, which causes uncontrolled self-
renewal of hematopoietic progenitors.**>-*?” The leukemic
state is maintained by LSC, which have a high capac-
ity for proliferation and self-renewing. The inability to
destroy LSC results in the limited therapeutic efficacy of
AML.>?87-330 A better understanding of AML pathogenesis
at the molecular level is important for guiding more precise
treatment decisions in the future. The prospect of epigenet-
icsin the research and treatment of leukemia has gradually
gained focus.**'~*3* The genetic heterogeneity of leukemia
poses a therapeutic challenge. However, drugs targeting
epigenetic mechanisms components are expected to be an
integral part of leukemia treatment.>?’-*333¢ The BRPF2
subunit regulates the HAT activity of HBO1.**7*% The
BRPF2-HBOI1 complex is co-located in the genome, and
regulation of its HAT activity to introduce H3Kl4ac is
necessary for erythropoiesis in the fetal liver.** In AML,
the HAT structural domain of HBOI1 mediates H3K14ac
and maintains high expression of HOXA9 and HOXA10,
which are critical genes for the functional properties
of LSC.**" Yan et al. found that HBOl-mediated his-
tone acetylation provides a platform forMixed Lineage
Leukemia (MLL) fusion-associated linker proteins (e.g.,
BRD4 and AF4) to recruit gene promoters to maintain
the expression of critical genes involved in MLL-AF9

propagation®*! (Figure 4). In chronic myeloid monocytic
leukemia (CMML), NUP98-HBO1-derived oncogenic fea-
tures are regulated by histone acetylation, and H4 and
H3 significantly activate oncogenic HOXA9 features, lead-
ing to CMML development.®***? Although these studies
have pointed out that HBO1 has a cancer-promoting effect,
HBOI1 can also exert anti-cancer effects in AML. Sauera
et al. showed that HBO1 acts as a growth inhibitor and that
its primary target, H4K5, is inhibited in leukemia and asso-
ciated with poor overall survival*** (Table 2). Preliminary
clinical trials have also found that HDACIs are effective
in AML, causing silenced oncogenes to be re-expressed in
cancer cells.*** The changes produced by epigenetic alter-
ations act differently in different cellular backgrounds,
resulting in different expression levels of HBOI as an onco-
gene or a tumor suppressor gene in different cell lines.
Therefore, the study of its expression and function in can-
cers with different genetic backgrounds is important and
needs to be clarified in the future.

Similar to the unique anti-cancer mechanism of HBO1
in AML, SETDBI1 shows a lower expression level in AML,
while the higher level of SETDBI positively correlates
with more favorable overall survival, and its mediated
H3K9me3 has become an important epigenomic marker
of AML.>*-346 Stefanie et al. found that low EZH2 protein
levels and their mediated reduction of H3K27me3 levels
confer resistance to AML and are associated with poor
patient outcomes.**’ In addition, the activity of PRMT1
and PRMTS5 enhances the progress of AML in vitro and
vivo.**83%0 LSDI1, an important regulator of the heme
synthesis pathway,**® is also frequently overexpressed
in AML.*!%? Methylation modification and acetylation
modification of histones have been studied in depth in
AML. However, some modifications of histones, such as
propionylation and crotonylation, still remain unclear on
cancer pathophysiology.

4 | THERAPEUTIC ENZYME TARGETS
IN PTMS OF HISTONES

Many abnormal histone modification sites and the activ-
ity changes of histone modification enzymes in cancer
have been described above. Different enzymes have the
function of catalyzing the modification of different his-
tone sites. Therefore, targeting these histone-modifying
enzymes with carcinogenic potential is an important
method for cancer treatment. At present, the studies on
inhibitors of HMT, HDM, HAT, and HDAC are the global
research hotspot. These enzyme inhibitors can alter the
levels of histone modifications in specific regions of chro-
matin, thereby affecting gene expression. It has become
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HBOI1 binds to the PD-L1 promoter and epigenetically induces PD-L1 expression.

a new class of anti-tumor drugs with broad development
prospects and application value nowadays.

4.1 | HMT inhibitors

Inhibitors of HMT have developed rapidly in the past
decade. The genetic changes of HMT have induced the
initiation of human diseases. The abnormal expression
patterns of EZH2, DOT1, SMYD3, and SETDBI1 have been
found in many cancers, such as breast cancer, OC, HCC,
and NSCLC.**#3335% Their unique structure and biologi-
cal functions in tumors make them potential therapeutic
targets for tumors (Figure 5). EZH2 is the subunit of the
catalytic core of PRC2 in polycomb-group proteins family,
and its high levels have been found in many human can-
cers including bladder cancer, NSCLC, and CRC.*>>*% As
a new anti-tumor drug in the epigenetics field, the devel-
opment of EZH2 inhibitors is at the forefront, and one
drug has been listed. Tazemetostat was approved by the
FDA in 2020 for the treatment of follicular lymphoma and
metastatic/locally advanced epithelioid sarcoma, which
is not suitable for complete resection.’ In addition,
many kinds of EZH2 inhibitors are undergoing clinical

studies, such as GSK126, EZH1/2 dual inhibitor valemeto-
stat, CPI-1205, and so forth.*>>3%%3% Among them, Chen
et al. reversed EZH2-mediated H3K27me3 using the small
molecule compound EPZ011989, thereby inhibiting SCLC
tumor growth.®° Another methyltransferase inhibitor,
SMYD3, has also been clinically tested in several dis-
eases and studied in depth, especially in cancer. BCI-121
is also a small molecular compound that can induce a
significant decrease in SMYD3 activity in CRC cells in
vitro, where BCI-121 plays an anti-OC cell proliferation
role by causing S-phase arrest and increasing the rate
of apoptosis.*®*%? Additional competitive inhibitors of
SMYD3 include GSK2807, EPZ031686, EPZ030456, and
BAY-6035.33-3%> However, there is no effective inhibitor
of SMYD3. DOTIL is also an HMT, and clinical trials
using the DOTIL inhibitor EPZ-5676 for hematological
malignancies are also in progress.**°

Notably, researchers have found that inhibition of
SETDB1 can make immunotherapy more effective for
patients, and the protein is essential for the study of new
anti-cancer drugs.>®’ It is worth noting that the approved
chemotherapy drug paclitaxel has been verified to affect
SETDBI levels.*®® SETDBI could catalyze the methyla-
tion of histone H3K9, and excessive H3K9 trimethylation
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The tertiary structure and corresponding ligands of several common histone transferases. (A-C) The tertiary structures of

three histone lysine methyltransferases. (A: EZH2, PDB number 4MI5; B: DOT1, PDB number INW3; C: SMYD3, PDB number 30XF). (D)
The tertiary structure of histone lysine demethylase LSD1 (PDB: 2DW4). (E) Cartoon model showing the tertiary structure of HBO1 (PDB:
5GK9), whose subunit acetyl-CoA regulates acetyltransferase activity and protein stability. BRPF2 is specifically bound to the C-terminal of
HBO1 with a hairpin structure. The formation of the complex can promote the activation of histone H3K14 acetylation by HBO1 in vitro.

products promote the inhibition of tumor suppressor fac-
tors, leading to tumor occurrence. SETDBI1 has a tandem
Tudor domain (TTD) that recognizes sequences contain-
ing histone H3. SETDB1-TTD-IN-1 is a selective inhibitor
of SETDBI-TTD.*®® At present, no specific inhibitor of
SETDBI has been found. The SET domain of SETDBI is
split, so it is more difficult to develop specific inhibitors
of SETDBI. Therefore, the development of inhibitors tar-
geting other domains of SETDBI, such as inhibitors of
the SETDBI1-TTD domain, is of great significance to treat
diseases associated with abnormal expression of SETDBI.
Regrettably, the research progress on these abnormally
modified enzymes is relatively backward, compared with
the widespread distribution of HMT in cancer. Nowadays,
only tazemetostat has been approved for marketing, and
most of the other HMT inhibitors are still in the basic
research stage, which has great clinical potential. It is the
focus of future research to optimize the efficacy of these
inhibitors and reduce their toxic and side effects.

4.2 | HDM inhibitors

Histone methylation was once considered irreversible
until the discovery of LSD1 confirmed the existence of
HDM, which provided new sight for the mechanism of his-
tone modification and the corresponding drug research.
LSD1 can specifically remove the monomethylated and

dimethylated groups at the H3K4 and H3K9 sites.*
Researchers found that LSD1 dysfunction may play a key
role in a variety of cancers, and inhibition of LSD1 leads
to tumor stem cell maintenance disorder and inhibition of
tumor growth.>’Y Inhibitors of LSD1 can re-express these
abnormally suppressed genes (SFRP1, SFRP4, SFRP5, and
GATAS5) in CRC cells, thus inducing cell apoptosis.®’! At
present, a variety of LSD1 inhibitors have entered clinical
research, including GSK2879552, tranylcypromine (TCP),
GSK354, and GSK690.>72 The inhibitor of monoamine oxi-
dase, TCP can inhibit LSD1, but its selectivity is barely
satisfactory. GSK2879552, a selective irreversible LSD1
inhibitor, is in clinical trials in the United States. It is used
to treat recurrent and refractory SCLC.*’**7* Interestingly,
4SC-202, a small molecule compound, has dual func-
tions of inhibiting HDAC and LSD1 and is currently used
in clinical trials for malignant melanoma and advanced
hematological malignancies patients.’’**”> However, the
development of the JIMJC family of protein inhibitors that
also contain demethylase activity has been difficult. In the
research by Zhang et al., it was found that GSKJ4 exerted
an inhibitory effect on breast cancer stem cells by inhibit-
ing the activities of histone demethylation metastasis
KDM6A (UTX) and KDM6B (JMJD3), with the potential
to be used as a targeted therapy for breast cancer.’’* GSKJ4
has a weak inhibitory ability on KDM5B, while KDM5B is
also abnormally expressed in a variety of tumors, such as
GBM and breast cancer.'?>*°%3”7 More recently, a KDM5B
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inhibitor, AS-8351, has been demonstrated to inhibit the
proliferation ability of breast cancer cell.’”® Compared with
HMT inhibitors, the development of HDM inhibitors is
less advanced. The difficulty in developing JMJC inhibitors
seems to have limited the development of HDM inhibitors.
Currently, there are no approved HDM inhibitors on the
market. Fortunately, HDM inhibitors are mainly in the
clinical research stage. The main goal in the future is to
clarify the target indications of experimental drugs and
determine the best therapeutic regimens of new medicines.
Furthermore, the development of JMJC inhibitors will be
the key research direction in the future.

4.3 | HAT inhibitors

Due to the balancing function of histone acetylation and
deacetylation in multiple life activities, a great diversity
of HDACs and HAT inhibitors have been developed so
far. Among the existing small molecule inhibitors of HAT,
there are many studies targeting p300/CBP inhibitors.
Based on a virtual screening using the crystal struc-
ture of p300 HAT/Lys-CoA, C646, and A-485 are the
two most representative inhibitors of p300/CBP. However,
their effectiveness in clinical treatment needs to be fur-
ther determined in future studies.””* ! Besides, WM-3835
exerts a selective inhibitory effect on HBO1 of the HAT
family.>*?> WM-3835 has been proven effective in inhibiting
the growth of mouse OS xenografts. The small-molecule
NBP inhibits PD-L1 expression by targeting HBO1 to
mitigate lung cancer progression.”” Compared with the
tremendous clinical success of HDACS, the research on
HATS needs to catch up. Only two drugs targeting HBO1
have been reported in the preliminary basic research
stage. Studies on other types of HATS, such as p300/CBP
inhibitors, are still in the initial stage, and there is no basic
research on whether the predicted drugs have clinical ther-
apeutic value. Therefore, it is a valuable research direction
to verify the effectiveness of these drugs, which can enrich
the types of HAT inhibitors as well.

4.4 | HDAC inhibitors

Overexpressed HDACs found in many cancers are closely
related to poor clinical prognosis, making them popular
targets for studying different cancers. HDACISs, are the
most advanced drugs aimed at epigenetics. HDACs can
be classified into classical zinc?*-dependent HDACs and
NAD-dependent sirtuin deacetylases.”™>” HDACs can be
further classified into Classes I, IIa, IIb, III, and IV, based
on the homology of yeast proteins****%* (Figure 6). Inhi-
bition of HDAC enables global acetylation (e.g., H3K9ac,

H3K18ac, H3K23ac, H3K56ac, H4K5ac, H4K8ac, and
H4K16ac).”! Each class can be inhibited to varying degrees
by the existing HDACIs. HDACIs can reactivate tumor
suppressor factors by eliminating abnormal acetylation
states in cancer cells.*®>*% Extensive research has been
conducted and results have been obtained on the func-
tion, activity regulation, and structure-guided drug design
of HDACIs. Previous clinical trials have demonstrated
that HDACIs can significantly inhibit tumor growth by
inducing cell division defects and intrinsic apoptosis.
Now a few HDACIs have been clinically used for can-
cer treatment.*®”3%® Vorinostat (SAHA) and romidepsin
are non-specific inhibitors of a wide range of HDACIs
and have been approved by the FDA for treating cuta-
neous T-cell lymphoma.*°-3! Besides, the FDA approved
belinostat in 2014 as a monotherapy for relapsed or refrac-
tory peripheral T-cell lymphoma.*** As a listed therapeutic
drug for peripheral T-cell lymphoma, chidamide is also
included. Chidamide combined with chemotherapy can
improve the median progression-free survival of patients,
and it is the first approved oral subtype selective HDACI in
China.***** HDACIs have also been found to be effective
in treating multiple myeloma. The combination of panobi-
nostat with bortezomib and dexamethasone was approved
by the FDA in 2015 for patients who had received at least
two treatment programs before.>*>3%

The indications of HDACIs currently are mostly lim-
ited to the peripheral T-cell lymphoma and cutaneous
T-cell lymphoma market, and they have little effect on
treating solid tumors. So far, no reasonable medication
strategy has been approved and marketed for solid tumors.
However, SAHA was found to have a sensitizing effect in
the radiotherapy of NSCLC. SAHA significantly sensitizes
the tumor cell lines to the radiation effect of 2 Gy irra-
diation, which induces the hyperacetylation of H4.>"’ In
addition, Rivera et al. found that abexinostat had a similar
anti-tumor effect as SAHA in enhancing radiotherapy for
NSCLC.*® A second-generation HDACI, quisinostat, has
also been involved in an effective treatment method for
NSCLC. Bao et al. revealed that quisinostat increases p53
acetylation at the K382/K373 sites upregulates p21 expres-
sion and leads to the G1 phase stagnation.>*® Besides, a
clinical study named SHELTER confirmed that the com-
bined use of resminostat and sorafenib has a specific
therapeutic effect and may have further research value
in HCC.*%Y In addition to selectively mediating cytotoxic-
ity, HDACI is also capable of inducing immune changes.
Entinostat, a class I HDAC selective inhibitor, increases
the infiltration of effector T cells and MHC-II expres-
sion, to enhance the anti-PD-1 and anti-tumor effects of
radiation.*"!

HDACIs are potential proliferation-inhibiting com-
pounds, with dozens of HDACIs at various stages of
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development. There are many subtypes of HDACIs with
different tissue distribution and physiological functions.
However, most of the current HDACTSs are broad-spectrum
inhibitors, but a precision medicine perspective is essen-
tial for the future development of epigenetic therapies.
Therefore, developing more effective inhibitors with cell
selectivity and subtype specificity for HDACs is a great
challenge. Besides, at present, the clinical indications of
HDACI treatment are limited to hematological tumors,
and the research and development of drugs for solid
tumors are relatively backward. Currently, the potential
HDACI drugs for solid tumors are still in the basic research
stage. Therefore, combining HDACIs with chemoradio-
therapy or with drugs such as immune checkpoint PD-
1/PD-L1 has become an important future direction. In the
future, a large number of basic studies can be carried out
in the pharmaceutical field for the indication expansion of
HDACTSs.

5 | CONCLUSION AND FUTURE
DIRECTIONS

The complexity and research difficulty of PTMs are greater
than the linear relationship between genes and traits
involved in traditional DNA. However, with the deep-
ening understanding of PTMs, more and more scientists
have begun to face up to the biological value of his-
tones. As an essential epigenetic marker, histone mod-
ification is also related to other epigenetic markers to
some extent, and they form a complex network together.
Histone codes greatly enrich the information of tradi-

HAT and HDAC are localized in the cytoplasm, nucleus, and mitochondria of mammalian cells.

tional genetic codes. The diverse modifications of histone
amino-terminal expand the information base of genetic
code. Over the past two decades, significant advances
have been made in identifying histone PTMs. Changes in
the epigenetic landscape of cancers can affect the expres-
sion of genes involved in cellular metabolism, primarily
through aberrant DNA methylation, histone modifica-
tions, and dysregulation of metabolic signaling pathways
by non-coding RNA.*92403 Although the mechanisms that
drive tumorigenesis are still not fully understood, the
integration of protein PTMs significantly increases our
understanding of this larger picture. In this review, we
investigated plentiful functions of PTMs and how they
regulate key proteins involved in several important cancer-
related cellular events. Notably, these functions include
DNA damage and repair, aging process, tumorigenesis,
and CSC development. In the cancer background, most of
the histone-modified enzymes work as a carcinogenic fac-
tor, but there are also exceptions, such as HBO1 of the HAT
family can inhibit cancer in GC, CRC, and AML. This may
be due to the heterogeneity of different cell lines. Thus,
the change from epigenetic changes inevitably depends on
the cancer background and the cells. In addition, the his-
tone modification crosstalk between histone acetylation
and other PTMs is interesting. For example, methylation
of H3K4 can enhance the acetylation activity of HAT at the
H3 tail. Crosstalk between histone modifications is not lim-
ited to acetylation or methylation. Research confirmed that
H3K14 not only exists as a star histone acetylation site but
also as a site of Kpr and Kbu in vivo. This interesting cross-
functional modification of histones is expected to become
a hot topic for future research.
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With the continuous development of the basic theory
of epigenetics and related research, epigenetic drugs have
become a newly rising field. Epigenetic therapy is devoted
to promoting the normalization of PTMs with malig-
nant phenotypes, and its regulation involves the mech-
anism of DNA replication, DNA repair, and RNA trans-
lation. Fortunately, chromatin-mediated genomic regula-
tion is amenable to use as demonstrated by the many
successful epigenetic therapies. Therefore, PTM-based
therapy appears to be a candidate drug for reducing
the burden of cancer and metabolism-related diseases.
Until now, targeted drugs by PTMs can be divided into
four categories: HMT, HDM, HAT, and HDACIs. The
HMT inhibitor tazemetostat and five HDACIs, vorinos-
tat, romidepsin, belinostat, chidamide, and panobinostat,
have been approved for marketing in recent years. Many
of the remaining drugs are still at various stages of devel-
opment. Most HMT inhibitors are in the primary research
stage, except the representative tazemetostat, and it is very
promising to select suitable drugs from them to enter clini-
cal trials. The development of acetyltransferase inhibitors,
however, is very limited. At present, only HBO1 inhibitors
have been reported and are in the in vitro research stage.
Other potentially effective compounds of HAT, such as the
p300/CBP family, have not been confirmed by research
yet. It is still worth exploring the field to develop drugs
for HAT inhibitors in the future. The study of HDM and
HDACISs is the most promising drugs for clinical use in
the near future, and most of them are at different stages
of clinical trials. Especially, HDAC has developed very
rapidly. Presently, five kinds of drugs of HDACIs have been
widely used in clinic. However, the listed drugs are still
limited to the treatment of hematological tumors, such
as T-cell lymphoma and multiple myeloma. At the same
time, other HDACIs are in the initial research stage of
solid tumor, which are very promising to further broaden
the scope of clinical application of HDACIs and add
new methods to epigenetic therapy. Future development
of more complete system models, including their com-
bined functions and mechanisms, will be critical for the
flexible use of this method to treat diseases. The relation-
ship between histone modifications and disease states has
aroused the interest of many researchers, and understand-
ing the interactions between epigenetic changes helps to
identify mutations that contribute to vulnerability and can
be used as therapeutic targets. Therefore, establishing a
perfect and accurate detection system and developing and
designing truly effective inhibitors are current problems
that must be solved. Only when the specific mechanism
of action of PTMs on tumors is clarified, it is possible
to conduct targeted research on anti-tumor drugs target-
ing PTMs according to their molecular mechanism and
promote cancer treatments.

This review reveals the balance of PTM in the human
body. It emphasizes that further research is needed to
understand the molecular function of PTMs in cancer
pathogenesis and its relationship with cancer progno-
sis. We believe that the following points are worthy of
being studied in the future: (i) methods of developing
sensitive and specific means for detecting novel histone
PTMs; (ii) methods to explore and expand the form of his-
tone modification crosstalk; (iii) the molecular biological
significance of numerous histone PTMs and the mech-
anism by which they are involved in the regulation of
normal and abnormal life processes; and (iv) since there
are many types of histone modifications, drugs potentially
acting on PTMs need to be explored for the treatment
of diseases caused by abnormal regulation of histone
PTMs.

AUTHOR CONTRIBUTIONS

R.L. wrote the original draft. JW. and H.G. investigated
and wrote the original draft. W.Y. curated data and
visualized the study. S.L conceptualized the study. Y.L.
wrote the manuscript, as well as reviewed and edited the
manuscript. Y.J. did the investigation for the manuscript.
X.L. supervised and managed project administration. H.Z.
conceptualized and acquired funding. J.T. supervised the
study. All the authors have read and approved the final
manuscript.

ACKNOWLEDGMENTS

The authors acknowledge the use of BioRender, which
was used to create the schematic in Figures 2 and 6.
We obtained the original version of Figure 5 from the
Protein Data Bank and Proteopedia website. This study
was partly supported by grants from the National Natu-
ral Science Foundation of China (Grant number: 82003236,
to Haibo Zhang; 82003215, to Jianming Tang); Zhejiang
Health Science and Technology Project (2022KY596, to
Haibo Zhang).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no competing interests.

DATA AVAILABILITY STATEMENT
Not applicable.

ETHICS STATEMENT
The authors declare that ethics approval was not needed
for this study.

ORCID
Haibo Zhang ‘® https://orcid.org/0000-0002-5134-4167


https://orcid.org/0000-0002-5134-4167
https://orcid.org/0000-0002-5134-4167

»on | IMedComm

LIU ET AL.

REFERENCES
1. Harvey ZH, Chen Y, Jarosz DF. Protein-based inheritance: epi-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

genetics beyond the chromosome. Mol Cell. 2018;69(2):195-202.

. Nadal S, Raj R, Mohammed S, Davis BG. Synthetic post-

translational modification of histones. Curr Opin Chem Biol.
2018;45:35-47.

. Zhang D, Tang Z, Huang H, et al. Metabolic regulation of gene

expression by histone lactylation. Nature. 2019;574(7779):575-
580.

. Strahl BD, Allis CD. The language of covalent histone modifi-

cations. Nature. 2000;403(6765):41-45.

. Jenuwein T, Allis CD. Translating the histone code. Science.

2001;293(5532):1074-1080.

. Wang M, Lin H. Understanding the function of mammalian

sirtuins and protein lysine acylation. Annu Rev Biochem.
2021;90:245-285.
Gil J, Ramirez-Torres A, Encarnacién-Guevara S. Lysine acety-
lation and cancer: a proteomics perspective. J Proteomics.
2017;150:297-309.

. VanDrisse CM, Escalante-Semerena JC. Protein acetylation in

bacteria. Annu Rev Microbiol. 2019;73:111-132.

. Ding P, Ma Z, Liu D, et al. Lysine acetylation/deacetylation

modification of immune-related molecules in cancer
immunotherapy. Front Immunol. 2022;13:865975.

Uddin GM, Abbas R, Shutt TE. The role of protein acetylation
in regulating mitochondrial fusion and fission. Biochem Soc
Trans. 2021;49(6):2807-2819.

Lan R, Wang Q. Deciphering structure, function and mech-
anism of lysine acetyltransferase HBO1 in protein acetyla-
tion, transcription regulation, DNA replication and its onco-
genic properties in cancer. Cell Mol Life Sci. 2020;77(4):637-
649.

Avvakumov N, Lalonde ME, Saksouk N, et al. Conserved
molecular interactions within the HBO1 acetyltransferase com-
plexes regulate cell proliferation. Mol Cell Biol. 2012;32(3):689-
703.

Liang Y, Su Y, Xu C, et al. Protein kinase D1 phosphorylation
of KAT7 enhances its protein stability and promotes replication
licensing and cell proliferation. Cell Death Discov. 2020;6(1):89.
lizuka M, Susa T, Takahashi Y, et al. Histone acetyltrans-
ferase HBO1 destabilizes estrogen receptor « by ubiquitination
and modulates proliferation of breast cancers. Cancer Sci.
2013;104(12):1647-1655.

Jiang Q, Zhang N, Li X, Hou W, Zhao XQ, Liu L. DI-3-
N-butylphthalide presents anti-cancer activity in lung can-
cer by targeting PD-1/PD-L1 signaling. Cancer Manag Res.
2021;13:8513-8524.

Lalonde ME, Avvakumov N, Glass KC, et al. Exchange of
associated factors directs a switch in HBO1 acetyltransferase
histone tail specificity. Genes Dev. 2013;27(18):2009-2024.

Xiao Y, Li W, Yang H, et al. HBOL is a versatile histone acyl-
transferase critical for promoter histone acylations. Nucleic
Acids Res. 2021;49(14):8037-8059.

Han J, Lachance C, Ricketts MD, et al. The scaffolding
protein JADE1 physically links the acetyltransferase sub-
unit HBO1 with its histone H3-H4 substrate. J Biol Chem.
2018;293(12):4498-4509.

Havasi A, Haegele JA, Gall IM, et al. Histone acetyl transferase
(HAT) HBOL1 and JADEL in epithelial cell regeneration. Am J
Pathol. 2013;182(1):152-162.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cai QQ, Dong YW, Qi B, et al. BRD1-mediated acetylation
promotes integrin oV gene expression via interaction with
sulfatide. Mol Cancer Res. 2018;16(4):610-622.

Tao Y, Zhong C, Zhu J, Xu S, Ding J. Structural and mechanis-
tic insights into regulation of HBO1 histone acetyltransferase
activity by BRPF2. Nucleic Acids Res. 2017;45(10):5707-5719.
Cho HI, Kim MS, Jang YK. The BRPF2/BRD1-MOZ complex is
involved in retinoic acid-induced differentiation of embryonic
stem cells. Exp Cell Res. 2016;346(1):30-39.

Greer EL, Shi Y. Histone methylation: a dynamic mark in
health, disease and inheritance. Nat Rev Genet. 2012;13(5):343-
357.

Grape S, Usmanova I, Kirkham KR, Albrecht E. Intravenous
dexamethasone for prophylaxis of postoperative nausea and
vomiting after administration of long-acting neuraxial opi-
oids: a systematic review and meta-analysis. Anaesthesia.
2018;73(4):480-489.

Yung PY, Stuetzer A, Fischle W, Martinez AM, Cavalli G. His-
tone H3 serine 28 is essential for efficient polycomb-mediated
gene repression in Drosophila. Cell Rep. 2015;11(9):1437-1445.
LoRusso P, Wozniak AJ, Polin L, et al. Antitumor efficacy of
PD115934 (NSC 366140) against solid tumors of mice. Cancer
Res. 1990;50(16):4900-4905.

Sun Z, Zhang Y, Jia J, et al. H3K36me3, message from
chromatin to DNA damage repair. Cell Biosci. 2020;10:9.
Wang S, Meyer DH, Schumacher B. H3K4me2 regulates the
recovery of protein biosynthesis and homeostasis following
DNA damage. Nat Struct Mol Biol. 2020;27(12):1165-1177.
Ivashkevich A, Redon CE, Nakamura AJ, Martin RF, Martin
OA. Use of the y-H2AX assay to monitor DNA damage and
repair in translational cancer research. Cancer Lett. 2012;327(1-
2):123-133.

Liu X, Wang C, Liu W, et al. Distinct features of H3K4me3 and
H3K27me3 chromatin domains in pre-implantation embryos.
Nature. 2016;537(7621):558-562.

Keniry A, Gearing LJ, Jansz N, et al. Setdbl-mediated H3K9
methylation is enriched on the inactive X and plays a role in its
epigenetic silencing. Epigenetics Chromatin. 2016;9:16.

An W, Palhan VB, Karymov MA, Leuba SH, Roeder RG.
Selective requirements for histone H3 and H4 N termini in
p300-dependent transcriptional activation from chromatin.
Mol Cell. 2002;9(4):811-821.

Lopez-Atalaya JP, Ito S, Valor LM, Benito E, Barco A. Genomic
targets, and histone acetylation and gene expression profiling
of neural HDAC inhibition. Nucleic Acids Res. 2013;41(17):8072-
8084.

Turner BM. Cellular memory and the histone code. Cell.
2002;111(3):285-291.

Torcal Garcia G, Graf T. The transcription factor code: a bea-
con for histone methyltransferase docking. Trends Cell Biol.
2021;31(10):792-800.

Barghout SH, Machado R, Barsyte-Lovejoy D. Chemical
biology and pharmacology of histone lysine methyla-
tion inhibitors. Biochim Biophys Acta Gene Regul Mech.
2022;1865(6):194840.

McGrath J, Trojer P. Targeting histone lysine methylation in
cancer. Pharmacol Ther. 2015;150:1-22.

Guccione E, Schwarz M, Di Tullio F, Mzoughi S. Cancer
synthetic vulnerabilities to protein arginine methyltransferase
inhibitors. Curr Opin Pharmacol. 2021;59:33-42.



LIU ET AL.

MedComm

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Saha N, Muntean AG. Insight into the multi-faceted role of
the SUV family of H3K9 methyltransferases in carcinogene-
sis and cancer progression. Biochim Biophys Acta Rev Cancer.
2021;1875(1):188498.

Kari V, Raul SK, Henck JM, et al. The histone methyltrans-
ferase DOTIL is required for proper DNA damage response,
DNA repair, and modulates chemotherapy responsiveness.
Clin Epigenetics. 2019;11(1):4.

Guccione E, Richard S. The regulation, functions and clini-
cal relevance of arginine methylation. Nat Rev Mol Cell Biol.
2019;20(10):642-657.

Shi YG, Tsukada Y. The discovery of histone demethylases.
Cold Spring Harb Perspect Biol. 2013;5(9):a017947.

Zhao J, Jin W, Yi K, et al. Combination LSD1 and HOTAIR-
EZH2 inhibition disrupts cell cycle processes and induces
apoptosis in glioblastoma cells. Pharmacol Res. 2021;171:105764.
Kim D, Kim KI, Baek SH. Roles of lysine-specific demethylase 1
(LSD1) in homeostasis and diseases. J Biomed Sci. 2021;28(1):41.
Abouelenien F, Miura T, Nakashimada Y, et al. Optimiza-
tion of biomethane production via fermentation of chicken
manure using marine sediment: a modeling approach using
response surface methodology. Int J Environ Res Public Health.
2021;18(22):11988.

Bhat KP, Umit Kaniskan H, Jin J, Gozani O. Epigenetics and
beyond: targeting writers of protein lysine methylation to treat
disease. Nat Rev Drug Discov. 2021;20(4):265-286.

Morera L, Liibbert M, Jung M. Targeting histone methyltrans-
ferases and demethylases in clinical trials for cancer therapy.
Clin Epigenetics. 2016;8:57.

Taylor-Papadimitriou J, Burchell JM. Histone methylases and
demethylases regulating antagonistic methyl marks: changes
occurring in cancer. Cells. 2022;11(7):1113.

Giakountis A, Moulos P, Sarris ME, Hatzis P, Talianidis I.
Smyd3-associated regulatory pathways in cancer. Semin Cancer
Biol. 2017;42:70-80.

Allfrey VG, Faulkner R, Mirsky AE. Acetylation and methyla-
tion of histones and their possible role in the regulation of RNA
synthesis. Proc Natl Acad Sci U S A. 1964;51(5):786-794.
Avvakumov N, Co6té J. The MYST family of histone acetyl-
transferases and their intimate links to cancer. Oncogene.
2007;26(37):5395-5407.

Sun XJ, Man N, Tan Y, Nimer SD, Wang L. The role of histone
acetyltransferases in normal and malignant hematopoiesis.
Front Oncol. 2015;5:108.

Choudhary C, Kumar C, Gnad F, et al. Lysine acetylation
targets protein complexes and co-regulates major cellular
functions. Science. 2009;325(5942):834-840.

Narita T, Weinert BT, Choudhary C. Functions and mecha-
nisms of non-histone protein acetylation. Nat Rev Mol Cell Biol.
2019;20(3):156-174.

Marks PA, Xu WS. Histone deacetylase inhibitors: potential in
cancer therapy. J Cell Biochem. 2009;107(4):600-608.
Moreno-Yruela C, Bek M, Monda F, Olsen CA. Chiral post-
translational modification to lysine e-amino groups. Acc Chem
Res. 2022;55(10):1456-1466.

Kee HJ, Kim I, Jeong MH. Zinc-dependent histone deacety-
lases: potential therapeutic targets for arterial hypertension.
Biochem Pharmacol. 2022;202:115111.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Open Access,

Nguyen H, Adlanmerini M, Hauck AK, Lazar MA. Dichoto-
mous engagement of HDAC3 activity governs inflammatory
responses. Nature. 2020;584(7820):286-290.

Liu L, Dong L, Bourguet E, Fairlie DP. Targeting class Ila
HDAC:S: insights from phenotypes and inhibitors. Curr Med
Chem. 2021;28(42):8628-8672.

Yang XJ, Seto E. HATs and HDACsS: from structure, function
and regulation to novel strategies for therapy and prevention.
Oncogene. 2007;26(37):5310-5318.

Chai X, Guo J, Dong R, et al. Quantitative acetylome analy-
sis reveals histone modifications that may predict prognosis in
hepatitis B-related hepatocellular carcinoma. Clin Transl Med.
2021;11(3):e313.

Timmermann S, Lehrmann H, Polesskaya A. Harel-Bellan A.
Histone acetylation and disease. Cell Mol Life Sci. 2001;58(5-
6):728-736.

Rosencrance CD, Ammouri HN, Yu Q, et al. Chromatin
hyperacetylation impacts chromosome folding by form-
ing a nuclear subcompartment. Mol Cell. 2020;78(1):112-
126.e12.

Erler J, Zhang R, Petridis L, Cheng X, Smith JC, Langowski J.
The role of histone tails in the nucleosome: a computational
study. Biophys J. 2014;107(12):2911-2922.

Slaughter MJ, Shanle EK, Khan A, et al. HDAC inhibition
results in widespread alteration of the histone acetylation
landscape and BRD4 targeting to gene bodies. Cell Rep.
2021;34(3):108638.

Singh D, Gupta S, Verma I, Morsy MA, Nair AB, Ahmed
AF. Hidden pharmacological activities of valproic acid: a new
insight. Biomed Pharmacother. 2021;142:112021.

Shanmugam G, Rakshit S, Sarkar K. HDAC inhibitors: tar-
gets for tumor therapy, immune modulation and lung diseases.
Transl Oncol. 2022;16:101312.

Gallinari P, Di Marco S, Jones P, Pallaoro M, Steinkiihler
C. HDACs, histone deacetylation and gene transcription:
from molecular biology to cancer therapeutics. Cell Res.
2007;17(3):195-211.

Shen Y, Wei W, Zhou DX. Histone acetylation enzymes coor-
dinate metabolism and gene expression. Trends Plant Sci.
2015;20(10):614-621.

Gutierrez E, Cahatol I, Bailey C, et al. Regulation of RhoB
gene expression during tumorigenesis and aging process and
its potential applications in these processes. Cancers (Basel).
2019(6),818.

Bates SE. Epigenetic therapies for cancer. N Engl J Med.
2020;383(7):650-663.

Plass C, Pfister SM, Lindroth AM, Bogatyrova O, Claus R,
Lichter P. Mutations in regulators of the epigenome and their
connections to global chromatin patterns in cancer. Nat Rev
Genet. 2013;14(11):765-780.

Singh M, Kumar V, Sehrawat N, et al. Current paradigms in epi-
genetic anticancer therapeutics and future challenges. Semin
Cancer Biol. 2022;83:422-440.

McGuire A, Casey MC, Shalaby A, et al. Quantifying Tip60
(Kat5) stratifies breast cancer. Sci Rep. 2019;9(1):3819.

Rossetto D, Truman AW, Kron SJ, Coté J. Epigenetic modi-
fications in double-strand break DNA damage signaling and
repair. Clin Cancer Res. 2010;16(18):4543-4552.



2o | MedComm

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

LIU ET AL.

Open Access,

Biswas S, Rao CM. Epigenetic tools (The Writers, The Readers
and The Erasers) and their implications in cancer therapy. Eur
J Pharmacol. 2018;837:8-24.

Pan S, Chen R. Pathological implication of protein post-
translational modifications in cancer. Mol Aspects Med.
2022;86:101097.

Deng S, Marmorstein R. Protein N-terminal acetylation: struc-
tural basis, mechanism, versatility, and regulation. Trends
Biochem Sci. 2021;46(1):15-27.

Kong F, Ma L, Wang X, You H, Zheng K, Tang R. Regu-
lation of epithelial-mesenchymal transition by protein lysine
acetylation. Cell Commun Signal. 2022;20(1):57.

Marmorstein R, Zhou MM. Writers and readers of histone
acetylation: structure, mechanism, and inhibition. Cold Spring
Harb Perspect Biol. 2014;6(7):a018762.

Pontiki E, Hadjipavlou-Litina D. Histone deacetylase
inhibitors (HDACISs). Structure-activity relationships: history
and new QSAR perspectives. Med Res Rev. 2012;32(1):1-165.
Lopez R, Sarg B, Lindner H, et al. Linker histone partial phos-
phorylation: effects on secondary structure and chromatin
condensation. Nucleic Acids Res. 2015;43(9):4463-4476.
Kamada R, Kudoh F, Ito S, et al. Metal-dependent Ser/Thr pro-
tein phosphatase PPM family: evolution, structures, diseases
and inhibitors. Pharmacol Ther. 2020;215:107622.

Rossetto D, Avvakumov N, C6té J. Histone phosphorylation:
a chromatin modification involved in diverse nuclear events.
Epigenetics. 2012;7(10):1098-1108.

Jeffery NN, Davidson C, Peslak SA, et al. Histone H2A.X phos-
phorylation and Caspase-Initiated Chromatin Condensation in
late-stage erythropoiesis. Epigenetics Chromatin. 2021;14(1):37.
Banerjee T, Chakravarti D. A peek into the complex realm of
histone phosphorylation. Mol Cell Biol. 2011;31(24):4858-4873.
Huertas D, Soler M, Moreto J, et al. Antitumor activity of
a small-molecule inhibitor of the histone kinase Haspin.
Oncogene. 2012;31(11):1408-1418.

Saha A, Seward CH, Stubbs L, Mizzen CA. Site-specific phos-
phorylation of histone H1.4 is associated with transcription
activation. Int J Mol Sci. 2020;21(22):8861.

Foster ER, Downs JA. Histone H2A phosphorylation in DNA
double-strand break repair. FEBS J. 2005;272(13):3231-3240.
Mahajan K, Fang B, Koomen JM, Mahajan NP. H2B Tyr37
phosphorylation suppresses expression of replication-
dependent core histone genes. Nat Struct Mol Biol. 2012;19(9):
930-937.

Udugama M, Vinod B, Chan FL, et al. Histone H3.3
phosphorylation promotes heterochromatin formation by
inhibiting H3K9/K36 histone demethylase. Nucleic Acids Res.
2022;50(8):4500-4514.

Millan-Zambrano G, Santos-Rosa H, Puddu F, Robson
SC, Jackson SP, Kouzarides T. Phosphorylation of histone
HATS80 triggers DNA damage checkpoint recovery. Mol Cell.
2018;72(4):625-635.e4.

Kinner A, WuW, Staudt C, Iliakis G. Gamma-H2AX in recogni-
tion and signaling of DNA double-strand breaks in the context
of chromatin. Nucleic Acids Res. 2008;36(17):5678-5694.
Merighi A, Gionchiglia N, Granato A, Lossi L. The phospho-
rylated form of the histone H2AX (yH2AX) in the brain from
embryonic life to old age. Molecules. 2021;26(23):7198.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Lau AT, Lee SY, Xu YM, et al. Phosphorylation of histone
H2B serine 32 is linked to cell transformation. J Biol Chem.
2011;286(30):26628-26637.

Cerutti H, Casas-Mollano JA. Histone H3 phosphoryla-
tion: universal code or lineage specific dialects. Epigenetics.
2009;4(2):71-75.

Pérez-Cadahia B, Drobic B, Davie JR. H3 phosphorylation:
dual role in mitosis and interphase. Biochem Cell Biol.
2009;87(5):695-709.

Liu Y, Wang C, Su H, Birchler JA, Han F. Phosphorylation of
histone H3 by Haspin regulates chromosome alignment and
segregation during mitosis in maize. J Exp Bot. 2021;72(4):1046-
1058.

Zhao X, Rao Y, Liang J, et al. Silver nanoparticle-induced
phosphorylation of histone H3 at serine 10 involves MAPK
pathways. Biomolecules. 2019;9(2):78.

Preuss U, Landsberg G, Scheidtmann KH. Novel mitosis-
specific phosphorylation of histone H3 at Thrll mediated by
DIk/ZIP kinase. Nucleic Acids Res. 2003;31(3):878-885.

Liang C, Chen Q, Yi Q, et al. A kinase-dependent role for
Haspin in antagonizing Wapl and protecting mitotic cen-
tromere cohesion. EMBO Rep. 2018;19(1):43-56.

Komar D, Juszczynski P. Rebelled epigenome: histone H3S10
phosphorylation and H3S10 kinases in cancer biology and
therapy. Clin Epigenetics. 2020;12(1):147.

Khan SA, Amnekar R, Khade B, et al. p38-MAPK/MSKI1-
mediated overexpression of histone H3 serine 10 phospho-
rylation defines distance-dependent prognostic value of neg-
ative resection margin in gastric cancer. Clin Epigenetics.
2016;3(1):88.

Shanafelt A, Hearst MO, Wang Q, Nanney MS. Food insecu-
rity and rural adolescent personal health, home, and academic
environments. J Sch Health. 2016;86(6):472-480.

Morreale FE, Walden H. Types of ubiquitin ligases. Cell.
2016;165(1):248-248.

Schwertman P, Bekker-Jensen S, Mailand N. Regulation of
DNA double-strand break repair by ubiquitin and ubiquitin-
like modifiers. Nat Rev Mol Cell Biol. 2016;17(6):379-394.

Baek KH. Conjugation and deconjugation of ubiquitin regulat-
ing the destiny of proteins. Exp Mol Med. 2003;35(1):1-7.

West MH, Bonner WM. Histone 2B can be modified by the
attachment of ubiquitin. Nucleic Acids Res. 1980;8(20):4671-
4680.

de Napoles M, Mermoud JE, Wakao R, et al. Polycomb
group proteins RinglA/B link ubiquitylation of histone H2A
to heritable gene silencing and X inactivation. Dev Cell.
2004;7(5):663-676.

Cao R, Tsukada Y, Zhang Y. Role of Bmi-1 and RinglA
in H2A ubiquitylation and Hox gene silencing. Mol Cell.
2005;20(6):845-854.

Barbour H, Daou S, Hendzel M, Affar EB. Polycomb group-
mediated histone H2A monoubiquitination in epigenome reg-
ulation and nuclear processes. Nat Commun. 2020;11(1):5947.
Zhou W, Wang X, Rosenfeld MG. Histone H2A ubiquitination
in transcriptional regulation and DNA damage repair. Int J
Biochem Cell Biol. 2009;41(1):12-15.

Uckelmann M, Sixma TK. Histone ubiquitination in the DNA
damage response. DNA Repair (Amst). 2017;56:92-101.



LIU ET AL.

MedComm

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Marsh DJ, Ma Y, Dickson KA. Histone monoubiquitination in
chromatin remodelling: focus on the histone H2B interactome
and cancer. Cancers (Basel). 2020;12(11):3462.

Xiao X, Liu C, Pei Y, et al. Histone H2A ubiquitination
reinforces mechanical stability and asymmetry at the single-
nucleosome level. J Am Chem Soc. 2020;142(7):3340-3345.

Lee JS, Garrett AS, Yen K, et al. Codependency of H2B
monoubiquitination and nucleosome reassembly on Chdl.
Genes Dev. 2012;26(9):914-919.

Wu Z, Liu J, Zhang QD, Lv DK, Wu NF, Zhou JQ. Rad6-
Brel-mediated H2B ubiquitination regulates telomere replica-
tion by promoting telomere-end resection. Nucleic Acids Res.
2017;45(6):3308-3322.

Yamashita K, Shinohara M, Shinohara A. Rad6-Brel-mediated
histone H2B ubiquitylation modulates the formation of
double-strand breaks during meiosis. Proc Natl Acad Sci U S
A. 2004;101(31):11380-11385.

So CC, Ramachandran S, Martin A. E3 ubiquitin ligases RNF20
and RNF40 are required for double-stranded break (DSB)
repair: evidence for monoubiquitination of histone H2B lysine
120 as a novel axis of DSB signaling and repair. Mol Cell Biol.
2019;39(8):€00488-18.

Hwang WW, Venkatasubrahmanyam S, Ianculescu AG, Tong
A, Boone C, Madhani HD. A conserved RING finger protein
required for histone H2B monoubiquitination and cell size
control. Mol Cell. 2003;11(1):261-266.

Ezhkova E, Tansey WP. Proteasomal ATPases link ubiquity-
lation of histone H2B to methylation of histone H3. Mol Cell.
2004;13(3):435-442.

McGinty RK, Kim J, Chatterjee C, Roeder RG, Muir TW. Chem-
ically ubiquitylated histone H2B stimulates hDotl1L-mediated
intranucleosomal methylation. Nature. 2008;453(7196):812-816.
Valencia-Sanchez MI, De Ioannes P, Wang M, et al. Regulation
of the Dotl histone H3K79 methyltransferase by histone H4K16
acetylation. Science. 2021;371(6527):eabc6663.

Yao M, Zhou X, Zhou J, et al. PCGF5 is required for neu-
ral differentiation of embryonic stem cells. Nat Commun.
2018;9(1):1463.

Zhang XW, Sheng YP, Li Q, et al. BMI1 and Mel-18 oppositely
regulate carcinogenesis and progression of gastric cancer. Mol
Cancer. 2010;9:40.

Zhou W, Yun Z, Wang T, Li C, Zhang J. BTF3-mediated regu-
lation of BMI1 promotes colorectal cancer through influencing
epithelial-mesenchymal transition and stem cell-like traits. Int
J Biol Macromol. 2021;187:800-810.

Azzoni V, Wicinski J, Macario M, et al. BMI1 nuclear location is
critical for RAD51-dependent response to replication stress and
drives chemoresistance in breast cancer stem cells. Cell Death
Dis. 2022;13(2):96.

Yuan J, Takeuchi M, Negishi M, Oguro H, Ichikawa H, Iwama
A. Bmil is essential for leukemic reprogramming of myeloid
progenitor cells. Leukemia. 2011;25(8):1335-1343.

Schuringa JJ, Vellenga E. Role of the polycomb group gene
BMI1 in normal and leukemic hematopoietic stem and progen-
itor cells. Curr Opin Hematol. 2010;17(4):294-299.

Jeusset LM, McManus KJ. Characterizing and exploiting the
many roles of aberrant H2B monoubiquitination in cancer
pathogenesis. Semin Cancer Biol. 2022;86(Pt 3):782-798.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Open Access,

Jeusset LM, McManus KJ. Ubiquitin specific peptidase 22 reg-
ulates histone H2B mono-ubiquitination and exhibits both
oncogenic and tumor suppressor roles in cancer. Cancers
(Basel). 2017;9(12):167.

Prenzel T, Begus-Nahrmann Y, Kramer F, et al. Estrogen-
dependent gene transcription in human breast cancer cells
relies upon proteasome-dependent monoubiquitination of his-
tone H2B. Cancer Res. 2011;71(17):5739-5753.

Shema E, Tirosh I, Aylon Y, et al. The histone H2B-specific
ubiquitin ligase RNF20/hBRE1 acts as a putative tumor sup-
pressor through selective regulation of gene expression. Genes
Dev. 2008;22(19):2664-2676.

Wang Z, Zhu L, Guo T, Wang Y, Yang J. Decreased H2B
monoubiquitination and overexpression of ubiquitin-specific
protease enzyme 22 in malignant colon carcinoma. Hum
Pathol. 2015;46(7):1006-1014.

Wang ZJ, Yang JL, Wang YP, et al. Decreased histone H2B
monoubiquitination in malignant gastric carcinoma. World J
Gastroenterol. 2013;19(44):8099-8107.

Tarcic O, Granit RZ, Pateras IS, et al. RNF20 and histone
H2B ubiquitylation exert opposing effects in Basal-Like versus
luminal breast cancer. Cell Death Differ. 2017;24(4):694-704.
Chen Y, Sprung R, Tang Y, et al. Lysine propionylation
and butyrylation are novel post-translational modifications in
histones. Mol Cell Proteomics. 2007;6(5):812-819.

Zhang K, Chen Y, Zhang Z, Zhao Y. Identification and verifi-
cation of lysine propionylation and butyrylation in yeast core
histones using PTMap software. J Proteome Res. 2009;8(2):900-
906.

Trefely S, Huber K, Liu J, et al. Quantitative subcellu-
lar acyl-CoA analysis reveals distinct nuclear metabolism
and isoleucine-dependent histone propionylation. Mol Cell.
2022;82(2):447-462.

Yang Z, He M, Austin J, Pfleger J, Abdellatif M. Histone H3K9
butyrylation is regulated by dietary fat and stress via an Acyl-
CoA dehydrogenase short chain-dependent mechanism. Mol
Metab. 2021;53:101249.

Garrity J, Gardner JG, Hawse W, Wolberger C, Escalante-
Semerena JC. N-lysine propionylation controls the activity of
propionyl-CoA synthetase. J Biol Chem. 2007;282(41):30239-
30245.

Tang H, Zhan Z, Zhang Y, Huang X. Propionylation of lysine,
a new mechanism of short-chain fatty acids affecting bacterial
virulence. Am J Transl Res. 2022;14(8):5773-5784.

Kebede AF, Nieborak A, Shahidian LZ, et al. Histone propi-
onylation is a mark of active chromatin. Nat Struct Mol Biol.
2017;24(12):1048-1056.

Ringel AE, Wolberger C. Structural basis for acyl-group dis-
crimination by human Gen5L2. Acta Crystallogr D Struct Biol.
2016;72:841-848.

Leemhuis H, Packman LC, Nightingale KP, Hollfelder F.
The human histone acetyltransferase P/CAF is a promiscuous
histone propionyltransferase. Chembiochem. 2008;9(4):499-
503.

Liu B, Lin Y, Darwanto A, Song X, Xu G, Zhang K. Identi-
fication and characterization of propionylation at histone H3
lysine 23 in mammalian cells. J Biol Chem. 2009;284(47):32288-
32295.



»otn | IMedComm

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

LIU ET AL.

Open Access,

Alves da Silva PH, Xing S, Kotini AG, et al. MICA/B anti-
body induces macrophage-mediated immunity against acute
myeloid leukemia. Blood. 2022;139(2):205-216.

Badrinath S, Dellacherie MO, Li A, et al. A vaccine targeting
resistant tumours by dual T cell plus NK cell attack. Nature.
2022;606(7916):992-998.

Hogh RI, Mpller SH, Jepsen SD, et al. Metabolism of short-
chain fatty acid propionate induces surface expression of
NKG2D ligands on cancer cells. FASEB J. 2020;34(11):15531-
15546.

Andresen L, Hansen KA, Jensen H, et al. Propionic acid
secreted from propionibacteria induces NKG2D ligand expres-
sion on human-activated T lymphocytes and cancer cells. J
Immunol. 2009;183(2):897-906.

Xu G, Wang J, Wu Z, et al. SAHA regulates histone acetyla-
tion, Butyrylation, and protein expression in neuroblastoma. J
Proteome Res. 2014;13(10):4211-4219.

Peng C, Lu Z, Xie Z, et al. The first identification of lysine
malonylation substrates and its regulatory enzyme. Mol Cell
Proteomics. 2011;10(12):M111.012658.

Xie Z, Dai J, Dai L, et al. Lysine succinylation and lysine
malonylation in histones. Mol Cell Proteomics. 2012;11(5):100-
107.

DuY, CaiT, Li T, et al. Lysine malonylation is elevated in type
2 diabetic mouse models and enriched in metabolic associated
proteins. Mol Cell Proteomics. 2015;14(1):227-236.

Du J, Zhou Y, Su X, et al. Sirt5 is a NAD-dependent
protein lysine demalonylase and desuccinylase. Science.
2011;334(6057):806-809.

Du Z, Liu X, Chen T, et al. Targeting a Sirt5-positive sub-
population overcomes multidrug resistance in wild-type Kras
colorectal carcinomas. Cell Rep. 2018;22(10):2677-2689.

Zhao S, Zhang X, Li H. Beyond histone acetylation-writing and
erasing histone acylations. Curr Opin Struct Biol. 2018;53:169-
177.

Tan M, Luo H, Lee S, et al. Identification of 67 histone marks
and histone lysine crotonylation as a new type of histone
modification. Cell. 2011;146(6):1016-1028.

Kelly R, Chandru A, Watson PJ, et al. Histone deacetylase
(HDAC) 1 and 2 complexes regulate both histone acetylation
and crotonylation in vivo. Sci Rep. 2018;8(1):14690.

Liu X, Wei W, Liu Y, et al. MOF as an evolutionarily conserved
histone crotonyltransferase and transcriptional activation by
histone acetyltransferase-deficient and crotonyltransferase-
competent CBP/p300. Cell Discov. 2017;3:17016.

Zhang D, Tang J, Xu Y, et al. Global crotonylome reveals
hypoxia-mediated lamin A crotonylation regulated by HDAC6
in liver cancer. Cell Death Dis. 2022;13(8):717.

Andrews FH, Shinsky SA, Shanle EK, et al. The Tafl4 YEATS
domain is a reader of histone crotonylation. Nat Chem Biol.
2016;12(6):396-398.

Zhao D, Guan H, Zhao S, et al. YEATS?2 is a selective histone
crotonylation reader. Cell Res. 2016;26(5):629-632.

Wan J, Liu H, Chu J, Zhang H. Functions and mechanisms of
lysine crotonylation. J Cell Mol Med. 2019;23(11):7163-7169.
Montellier E, Rousseaux S, Zhao Y, Khochbin S. Histone
crotonylation specifically marks the haploid male germ cell
gene expression program: post-meiotic male-specific gene
expression. Bioessays. 2012;34(3):187-193.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Sabari BR, Tang Z, Huang H, et al. Intracellular crotonyl-
CoA stimulates transcription through p300-catalyzed histone
crotonylation. Mol Cell. 2018;69(3):533.

Bao X, Wang Y, Li X, et al. Identification of ‘erasers’ for
lysine crotonylated histone marks using a chemical proteomics
approach. eLife. 2014;3:€02999.

Li K, Wang Z. Histone crotonylation-centric gene regulation.
Epigenetics Chromatin. 2021;14(1):10.

Wan J, Liu H, Ming L. Lysine crotonylation is involved in
hepatocellular carcinoma progression. Biomed Pharmacother.
2019;111:976-982.

Cai M, Wan J, Cai K, et al. Understanding the contribution
of lactate metabolism in cancer progress: a perspective from
isomers. Cancers (Basel). 2022;15(1):87.

Moreno-Yruela C, Zhang D, Wei W, et al. Class I histone
deacetylases (HDACI1-3) are histone lysine delactylases. Sci
Adv. 2022;8(3):eabi6696.

Galle E, Wong CW, Ghosh A, et al. H3K18 lactylation marks
tissue-specific active enhancers. Genome Biol. 2022;23(1):207.
Sun L, Zhang H, Gao P. Metabolic reprogramming and epi-
genetic modifications on the path to cancer. Protein Cell.
2022;13(12):877-919.

Xie Y, Hu H, Liu M, et al. The role and mechanism of histone
lactylation in health and diseases. Front Genet. 2022;13:949252.
Pan RY, He L, Zhang J, et al. Positive feedback regulation of
microglial glucose metabolism by histone H4 lysine 12 lactyla-
tion in Alzheimer’s disease. Cell Metab. 2022;34(4):634-648.
Ivashkiv LB. The hypoxia-lactate axis tempers inflammation.
Nat Rev Immunol. 2020;20(2):85-86.

Vander Heiden MG, Cantley LC, Thompson CB. Understand-
ing the Warburg effect: the metabolic requirements of cell
proliferation. Science. 2009;324(5930):1029-1033.

Yu J, Chai P, Xie M, et al. Histone lactylation drives oncogene-
sis by facilitating m(6)A reader protein YTHDF?2 expression in
ocular melanoma. Genome Biol. 2021;22(1):85.

Jiang J, Huang D, Jiang Y, et al. Lactate modulates cellular
metabolism through histone lactylation-mediated gene expres-
sion in non-small cell lung cancer. Front Oncol. 2021;11:647559.
Pan L, Feng F, Wu J, et al. Demethylzeylasteral targets lactate
by inhibiting histone lactylation to suppress the tumorigenicity
of liver cancer stem cells. Pharmacol Res. 2022;181:106270.
Yang J, Luo L, Zhao C, et al. A positive feedback loop between
inactive VHL-triggered histone lactylation and PDGFR sig-
naling drives clear cell renal cell carcinoma progression. Int J
Biol Sci. 2022;18(8):3470-3483.

Figlia G, Willnow P, Teleman AA. Metabolites regulate cell sig-
naling and growth via covalent modification of proteins. Dev
Cell. 2020;54(2):156-170.

Morgan M, Shilatifard A. Reevaluating the roles of histone-
modifying enzymes and their associated chromatin modifica-
tions in transcriptional regulation. Nat Genet. 2020;52(12):1271-
1281.

Aldoghachi AF, Aldoghachi AF, Breyne K, Ling KH, Cheah PS.
Recent advances in the therapeutic strategies of glioblastoma
multiforme. Neuroscience. 2022;491:240-270.

Wang T, Zhang H, Qiu W, Han Y, Liu H, Li Z. Biomimetic
nanoparticles directly remodel immunosuppressive microen-
vironment for boosting glioblastoma immunotherapy. Bioact
Mater. 2022;16:418-432.



LIU ET AL.

MedComm

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Chai RC, Yan H, SY An, et al. Genomic profiling and prog-
nostic factors of H3 K27M-mutant spinal cord diffuse glioma.
Brain Pathol. Preprint posted online February 7, 2023: doi:
10.1111/bpa.13153

Pathak P, Jha P, Purkait S, et al. Altered global histone-
trimethylation code and H3F3A-ATRX mutation in pediatric
GBM. J Neurooncol. 2015;121(3):489-497.

Luo K, Luo D, Wen H. Homeobox genes gain trimethyla-
tion of histone H3 lysine 4 in glioblastoma tissue. Biosci Rep.
2016;36(3):€00347.

Kunadis E, Lakiotaki E, Korkolopoulou P, Piperi C. Targeting
post-translational histone modifying enzymes in glioblastoma.
Pharmacol Ther. 2021;220:107721.

Lu WC, Xie H, Yuan C, Li JJ, Li ZY, Wu AH. Identification of
potential biomarkers and candidate small molecule drugs in
glioblastoma. Cancer Cell Int. 2020;20:419.

Spyropoulou A, Gargalionis A, Dalagiorgou G, et al. Role of
histone lysine methyltransferases SUV39H1 and SETDBI in
gliomagenesis: modulation of cell proliferation, migration, and
colony formation. Neuromolecular Med. 2014;16(1):70-82.
Loépez V, Tejedor JR, Carella A, et al. Epigenetic deregula-
tion of the histone methyltransferase KMT5B contributes to
malignant transformation in glioblastoma. Front Cell Dev Biol.
2021;9:671838.

Chen YN, Hou SQ, Jiang R, Sun JL, Cheng CD, Qian ZR. EZH2
is a potential prognostic predictor of glioma. J Cell Mol Med.
2021;25(2):925-936.

Singh MM, Manton CA, Bhat KP, et al. Inhibition of LSD1
sensitizes glioblastoma cells to histone deacetylase inhibitors.
Neuro Oncol. 2011;13(8):894-903.

Dai B, Hu Z, Huang H, et al. Overexpressed KDMS5B is associ-
ated with the progression of glioma and promotes glioma cell
growth via downregulating p21. Biochem Biophys Res Commun.
2014;454(1):221-227.

Wu J, Li L, Jiang G, Zhan H, Zhu X, Yang W. NCAPG2
facilitates glioblastoma cells’ malignancy and xenograft tumor
growth via HBOL1 activation by phosphorylation. Cell Tissue
Res. 2021;383(2):693-706.

Kunadis E, Piperi C. Exploring the multi-faceted role of sirtuins
in glioblastoma pathogenesis and targeting options. Int J Mol
Sci. 2022;23(21):12889.

Song JS, Kim YS, Kim DK, Park SI, Jang SJ. Global histone
modification pattern associated with recurrence and disease-
free survival in non-small cell lung cancer patients. Pathol Int.
2012;62(3):182-190.

Barlési F, Giaccone G, Gallegos-Ruiz MI, et al. Global histone
modifications predict prognosis of resected non small-cell lung
cancer. J Clin Oncol. 2007;25(28):4358-4364.

Van Den Broeck A, Brambilla E, Moro-Sibilot D, et al. Loss
of histone H4K20 trimethylation occurs in preneoplasia and
influences prognosis of non-small cell lung cancer. Clin Cancer
Res. 2008;14(22):7237-7245.

Chen X, Song N, Matsumoto K, et al. High expression of
trimethylated histone H3 at lysine 27 predicts better prognosis
in non-small cell lung cancer. Int J Oncol. 2013;43(5):1467-1480.
Chen MW, Hua KT, Kao HJ, et al. H3K9 histone methyltrans-
ferase G9a promotes lung cancer invasion and metastasis by
silencing the cell adhesion molecule Ep-CAM. Cancer Res.
2010;70(20):7830-7840.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Open Access,

Cruz-Tapias P, Zakharova V, Perez-Fernandez OM, Mantilla
W, RamfRez-Clavijo S, Ait-Si-Ali S. Expression of the major
and pro-oncogenic H3K9 lysine methyltransferase SETDB1
in non-small cell lung cancer. Cancers (Basel). 2019;11(8):
1134.

Liu S, Li B, Xu J, et al. SOD1 promotes cell proliferation
and metastasis in non-small cell lung cancer via an miR-
409-3p/SOD1/SETDBI epigenetic regulatory feedforward loop.
Front Cell Dev Biol. 2020;3:213.

Ueshima S, Fang J. Histone H3K9 methyltransferase SETDB1
augments invadopodia formation to promote tumor metasta-
sis. Oncogene. 2022;41(24):3370-3380.

Lafuente-Sanchis A, Zufliga A, Galbis JM, et al. Prognostic
value of ERCC1, RRM1, BRCAL1 and SETDBI in early stage of
non-small cell lung cancer. Clin Transl Oncol. 2016;18(8):798-
804.

Hayami S, Yoshimatsu M, Veerakumarasivam A, et al. Overex-
pression of the JmjC histone demethylase KDM5B in human
carcinogenesis: involvement in the proliferation of cancer cells
through the E2F/RB pathway. Mol Cancer. 2010;9:59.

Xhabija B, Kidder BL. KDM5B is a master regulator of the
H3K4-methylome in stem cells, development and cancer.
Semin Cancer Biol. 2019;57:79-85.

Zheng YC, Chang J, Wang LC, Ren HM, Pang JR, Liu HM.
Lysine demethylase 5B (KDMS5B): a potential anti-cancer drug
target. Eur J Med Chem. 2019;161:131-140.

Kuo KT, Huang WC, Bamodu OA, et al. Histone demethylase
JARID1B/KDMS5B promotes aggressiveness of non-small cell
lung cancer and serves as a good prognostic predictor. Clin
Epigenetics. 2018;10(1):107.

Hsu JM, Li CW, Lai YJ, Hung MC. Posttranslational modifica-
tions of PD-L1 and their applications in cancer therapy. Cancer
Res. 2018;78(22):6349-6353.

Hu X, Wang J, Chu M, Liu Y, Wang ZW, Zhu X. Emerging
role of ubiquitination in the regulation of PD-1/PD-L1 in cancer
immunotherapy. Mol Ther. 2021;29(3):908-919.

Singh J, Minz RW, Saikia B, et al. Diminished PD-L1 regulation
along with dysregulated T lymphocyte subsets and chemokine
in ANCA-associated vasculitis. Clin Exp Med. Preprint posted
online October 11, 2022. doi: 10.1007/s10238-022-00908-y
Xiong W, Gao Y, Wei W, Zhang J. Extracellular and nuclear
PD-L1 in modulating cancer immunotherapy. Trends Cancer.
2021;7(9):837-846.

Perisetti A, Goyal H, Yendala R, Chandan S, Tharian B,
Thandassery RB. Sarcopenia in hepatocellular carcinoma: cur-
rent knowledge and future directions. World J Gastroenterol.
2022;28(4):432-448.

Llovet JM, Kelley RK, Villanueva A. Hepatocellular carcinoma.
Nat Rev Dis Primers. 2021;7(1):7.

Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman
JM, Matrisian LM. Projecting cancer incidence and deaths to
2030: the unexpected burden of thyroid, liver, and pancreas
cancers in the United States. Cancer Res. 2014;74(11):2913-2921.
Hanif H, Ali MJ, Susheela AT, et al. Update on the applica-
tions and limitations of alpha-fetoprotein for hepatocellular
carcinoma. World J Gastroenterol. 2022;28(2):216-229.

Chen T, Dai X, Dai J, et al. AFP promotes HCC progression by
suppressing the HuR-mediated Fas/FADD apoptotic pathway.
Cell Death Dis. 2020;11(10):822.


https://doi.org/10.1111/bpa.13153
https://doi.org/10.1007/s10238-022-00908-y

»on | IMedComm

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

LIU ET AL.

Open Access,

Turshudzhyan A, Wu GY. Persistently rising alpha-fetoprotein
in the diagnosis of hepatocellular carcinoma: a review. J Clin
Transl Hepatol. 2022;10(1):159-163.

Arechederra M, Recalde M, Garate-Rascén M, Fernandez-
Barrena MG, Avila MA, Berasain C. Epigenetic biomarkers for
the diagnosis and treatment of liver disease. Cancers (Basel).
2021;13(6):1265.

Gao SB, Xu B, Ding LH, et al. The functional and mechanistic
relatedness of EZH2 and menin in hepatocellular carcinoma. J
Hepatol. 2014;61(4):832-839.

Duan JL, Nie RC, Xiang ZC, et al. Prognostic model for the risk
stratification of early and late recurrence in hepatitis B virus-
related small hepatocellular carcinoma patients with global
histone modifications. J Hepatocell Carcinoma. 2021;8:493-505.
Wei L, Chiu DK, Tsang FH, et al. Histone methyltransferase
G9a promotes liver cancer development by epigenetic silencing
of tumor suppressor gene RARRES3. J Hepatol. 2017;67(4):758-
769.

Fei Q, Shang K, Zhang J, et al. Histone methyltransferase
SETDBI regulates liver cancer cell growth through methylation
of p53. Nat Commun. 2015;6:8651.

Wang X, Oishi N, Shimakami T, et al. Hepatitis B virus X
protein induces hepatic stem cell-like features in hepatocel-
lular carcinoma by activating KDM5B. World J Gastroenterol.
2017;23(18):3252-3261.

Wang D, Han S, Peng R, et al. Depletion of histone demethylase
KDMS5B inhibits cell proliferation of hepatocellular carcinoma
by regulation of cell cycle checkpoint proteins pl15 and p27. J
Exp Clin Cancer Res. 2016;35:37.

GongJ, Yan S, Yu H, Zhang W, Zhang D. Increased expression
of lysine-specific demethylase 5B (KDM5B) promotes tumor
cell growth in Hep3B cells and is an independent prognos-
tic factor in patients with hepatocellular carcinoma. Med Sci
Monit. 2018;24:7586-7594.

Poté N, Cros J, Laouirem S, et al. The histone acetyltrans-
ferase hMOF promotes vascular invasion in hepatocellular
carcinoma. Liver Int. 2020;40(4):956-967.

Zhong W, Liu H, Deng L, Chen G, Liu Y. HBO1 overexpres-
sion is important for hepatocellular carcinoma cell growth. Cell
Death Dis. 2021;12(6):549.

Bai Z, Xia X, Lu J. MicroRNA-639 is down-regulated in
hepatocellular carcinoma tumor tissue and inhibits prolifera-
tion and migration of human hepatocellular carcinoma cells
through the KAT7/Wnt/B-catenin pathway. Med Sci Monit.
2020;26:€919241.

Niu J, Li W, Liang C, et al. EGF promotes DKKI1 tran-
scription in hepatocellular carcinoma by enhancing the
phosphorylation and acetylation of histone H3. Sci Signal.
2020;13(657):eabb5727.

Wang X, Liang C, Yao X, et al. PKM2-induced the phospho-
rylation of histone H3 contributes to EGF-mediated PD-L1
transcription in HCC. Front Pharmacol. 2020;11:577108.
Seidlitz T, Koo BK, Stange DE. Gastric organoids-an in vitro
model system for the study of gastric development and road to
personalized medicine. Cell Death Differ. 2021;28(1):68-83.
Hakuno SK, Michiels E, Kuhlemaijer EB, Rooman I,
Hawinkels L, Slingerland M. Multicellular modelling of
difficult-to-treat gastrointestinal cancers: current possibilities
and challenges. Int J Mol Sci. 2022;23(6):3147.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

Liu K, Zhao Q, Li B, Zhao X. Raman spectroscopy: a novel tech-
nology for gastric cancer diagnosis. Front Bioeng Biotechnol.
2022;10:856591.

Li K, Zhang A, Li X, Zhang H, Zhao L. Advances in clinical
immunotherapy for gastric cancer. Biochim Biophys Acta Rev
Cancer. 2021;1876(2):188615.

Ajani JA, D’Amico TA, Bentrem DJ, et al. Gastric cancer, ver-
sion 2.2022, NCCN clinical practice guidelines in oncology. J
Natl Compr Canc Netw. 2022;20(2):167-192.

Wang Y, Chen S, Tian W, et al. High-expression HBO1 pre-
dicts poor prognosis in gastric cancer. Am J Clin Pathol.
2019;152(4):517-526.

Park YS, Jin MY, Kim YJ, Yook JH, Kim BS, Jang SJ. The global
histone modification pattern correlates with cancer recurrence
and overall survival in gastric adenocarcinoma. Ann Surg
Oncol. 2008;15(7):1968-1976.

Shang W, Wang Y, Liang X, et al. SETDBI promotes gastric
carcinogenesis and metastasis via upregulation of CCND1 and
MMP9 expression. J Pathol. 2021;253(2):148-159.

Fan Y, Yang L, Ren Y, Wu Y, Li L, Li L. Spl-induced
SETDBI overexpression transcriptionally inhibits HPGD in a -
catenin-dependent manner and promotes the proliferation and
metastasis of gastric cancer. J Gastric Cancer. 2022;22(4):319-
338.

Yin C,Ke X, Zhang R, et al. G9a promotes cell proliferation and
suppresses autophagy in gastric cancer by directly activating
mTOR. FASEB J. 2019;33(12):14036-14050.

Wang Z, Tang F, Qi G, et al. KDM5B is overexpressed in gastric
cancer and is required for gastric cancer cell proliferation and
metastasis. Am J Cancer Res. 2015;5(1):87-100.

Zhao LF, Qi FY, Zhang JG, et al. Identification of the
upstream regulators of KDM5B in gastric cancer. Life Sci.
2022;298:120458.

Bao J, Zou JH, Li CY, Zheng GQ. miR-194 inhibits gastric can-
cer cell proliferation and tumorigenesis by targeting KDM5B.
Eur Rev Med Pharmacol Sci. 2016;20(21):4487-4493.

Mitani Y, Oue N, Hamai Y, et al. Histone H3 acetylation is
associated with reduced p21(WAF1/CIP1) expression by gastric
carcinoma. J Pathol. 2005;205(1):65-73.

Mutze K, Langer R, Becker K, et al. Histone deacetylase
(HDAC) 1 and 2 expression and chemotherapy in gastric
cancer. Ann Surg Oncol. 2010;17(12):3336-3343.

Yang TT, Cao N, Zhang HH, et al. Helicobacter pylori
infection-induced H3Serl0 phosphorylation in stepwise gas-
tric carcinogenesis and its clinical implications. Helicobacter.
2018;23(3):¢12486.

Jie M, Wu Y, Gao M, et al. CircMRPS35 suppresses gas-
tric cancer progression via recruiting KAT7 to govern histone
modification. Mol Cancer. 2020;19(1):56.

Manuyakorn A, Paulus R, Farrell J, et al. Cellular histone mod-
ification patterns predict prognosis and treatment response
in resectable pancreatic adenocarcinoma: results from RTOG
9704. J Clin Oncol. 2010;28(8):1358-1365.

Juliano CN, Izetti P, Pereira MP, et al. H4K12 and H3K18 acety-
lation associates with poor prognosis in pancreatic cancer. Appl
Immunohistochem Mol Morphol. 2016;24(5):337-344.

Long J, Zhang Y, Yu X, et al. Overcoming drug resistance
in pancreatic cancer. Expert Opin Ther Targets. 2011;15(7):817-
828.



LIU ET AL.

MedComm

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Grasso C, Jansen G, Giovannetti E. Drug resistance in pan-
creatic cancer: impact of altered energy metabolism. Crit Rev
Oncol Hematol. 2017;114:139-152.

Zeng S, Pottler M, Lan B, Griitzmann R, Pilarsky C, Yang
H. Chemoresistance in pancreatic cancer. Int J Mol Sci.
2019;20(18):4504.

Wu ZQ, Liu X. Role for Plkl phosphorylation of Hbol in reg-
ulation of replication licensing. Proc Natl Acad Sci U S A.
2008;105(6):1919-1924.

Jimeno A, Rubio-Viqueira B, Rajeshkumar NV, Chan A,
Solomon A, Hidalgo M. A fine-needle aspirate-based vulner-
ability assay identifies polo-like kinase 1 as a mediator of
gemcitabine resistance in pancreatic cancer. Mol Cancer Ther.
2010;9(2):311-318.

Song B, Liu XS, Rice SJ, et al. Pkl phosphorylation of Orc2
and Hbol contributes to gemcitabine resistance in pancreatic
cancer. Mol Cancer Ther. 2013;12(1):58-68.

Zhang T, Wang B, Gu B, et al. Genetic and molecular character-
ization revealed the prognosis efficiency of histone acetylation
in pan-digestive cancers. J Oncol. 2022;2022:3938652.

Ouaissi M, Silvy F, Loncle C, et al. Further characterization
of HDAC and SIRT gene expression patterns in pancreatic
cancer and their relation to disease outcome. PLoS One.
2014;9(9):e108520.

Zhu CL, Huang Q. Overexpression of the SMYD3 promotes
proliferation, migration, and invasion of pancreatic cancer. Dig
Dis Sci. 2020;65(2):489-499.

Ogawa S, Fukuda A, Matsumoto Y, et al. SETDBI1 inhibits
p53-mediated apoptosis and is required for formation of pan-
creatic ductal adenocarcinomas in mice. Gastroenterology.
2020;159(2):682-696.

Shigeyasu K, Toden S, Ozawa T, et al. The PVT1 IncRNA
is a novel epigenetic enhancer of MYC, and a promising
risk-stratification biomarker in colorectal cancer. Mol Cancer.
2020;19(1):155.

Zhu G, Jin L, Sun W, Wang S, Liu N. Proteomics of
post-translational modifications in colorectal cancer: discov-
ery of new biomarkers. Biochim Biophys Acta Rev Cancer.
2022;1877(4):188735.

Karczmarski J, Rubel T, Paziewska A, et al. Histone H3 lysine
27 acetylation is altered in colon cancer. Clin Proteomics.
2014;11(1):24.

Benard A, Goossens-Beumer 1J, van Hoesel AQ, et al. His-
tone trimethylation at H3K4, H3K9 and H4K20 correlates with
patient survival and tumor recurrence in early-stage colon
cancer. BMC Cancer. 2014;14:531.

Triff K, McLean MW, Konganti K, et al. Assessment of histone
tail modifications and transcriptional profiling during colon
cancer progression reveals a global decrease in H3K4me3 activ-
ity. Biochim Biophys Acta Mol Basis Dis. 2017;1863(6):1392-1402.
Al Abdulsalam EA, Al Harithy RN. Visfatin and global histone
H3K9me levels in colon cancer. Ann Med. 2021;53(1):647-652.
Chen K, Zhang F, Ding J, et al. Histone methyltransferase
SETDBI promotes the progression of colorectal cancer by
inhibiting the expression of TP53. J Cancer. 2017;8(16):3318-
3330.

Cao N, Yu Y, Zhu H, et al. SETDBI1 promotes the progression
of colorectal cancer via epigenetically silencing p21 expression.
Cell Death Dis. 2020;11(5):351.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Open Access,

Yin XK, Wang YL, Wang F, et al. PRMT1 enhances oncogenic
arginine methylation of NONO in colorectal cancer. Oncogene.
2021;40(7):1375-1389.

Yao B, Gui T, Zeng X, et al. PRMTIl-mediated H4R3me2a
recruits SMARCA4 to promote colorectal cancer progression
by enhancing EGFR signaling. Genome Med. 2021;13(1):58.
Peng K, Zhuo M, Li M, Chen Q, Mo P, Yu C. Histone
demethylase JMJD2D activates HIF1 signaling pathway via
multiple mechanisms to promote colorectal cancer glycolysis
and progression. Oncogene. 2020;39(47):7076-7091.

Wu X, Li R, Song Q, et al. IMID2C promotes colorectal cancer
metastasis via regulating histone methylation of MALATI pro-
moter and enhancing -catenin signaling pathway. J Exp Clin
Cancer Res. 2019;38(1):435.

PengK, SuG,JiJ, etal. Histone demethylase JIMJD1A promotes
colorectal cancer growth and metastasis by enhancing Wnt/g-
catenin signaling. J Biol Chem. 2018;293(27):10606-10619.

Yan G, Li S, Yue M, Li C, Kang Z. Lysine demethylase 5B
suppresses CC chemokine ligand 14 to promote progression of
colorectal cancer through the Wnt/S-catenin pathway. Life Sci.
2021;264:118726.

DingJ, Zhang ZM, Xia Y, et al. LSD1-mediated epigenetic mod-
ification contributes to proliferation and metastasis of colon
cancer. BrJ Cancer. 2013;109(4):994-1003.

Benard A, Goossens-Beumer 1J, van Hoesel AQ, et al. Nuclear
expression of histone deacetylases and their histone mod-
ifications predicts clinical outcome in colorectal cancer.
Histopathology. 2015;66(2):270-282.

Ashktorab H, Belgrave K, Hosseinkhah F, et al. Global histone
H4 acetylation and HDAC2 expression in colon adenoma and
carcinoma. Dig Dis Sci. 2009;54(10):2109-2117.

Spurling CC, Godman CA, Noonan EJ, Rasmussen TP,
Rosenberg DW, Giardina C. HDAC3 overexpression and colon
cancer cell proliferation and differentiation. Mol Carcinog.
2008;47(2):137-147.

Taniue K, Hayashi T, Kamoshida Y, et al. UHRF1-KAT7-
mediated regulation of TUSC3 expression via histone methyla-
tion/acetylation is critical for the proliferation of colon cancer
cells. Oncogene. 2020;39(5):1018-1030.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics,
2021. Cancer J Clin. 2021;71(1):7-33.

Ugras SK, Layeequr Rahman R. Hormone replacement ther-
apy after breast cancer: yes, no or maybe. Mol Cell Endocrinol.
2021;525:111180.

Simpson NE, Tryndyak VP, Beland FA, Pogribny IP. An in vitro
investigation of metabolically sensitive biomarkers in breast
cancer progression. Breast Cancer Res Treat. 2012;133(3):959-
968.

Hu X, Stern HM, Ge L, et al. Genetic alterations and oncogenic
pathways associated with breast cancer subtypes. Mol Cancer
Res. 2009;7(4):511-522.

Duong MT, Akli S, Macalou S, et al. Hbol is a cyclin E/CDK2
substrate that enriches breast cancer stem-like cells. Cancer
Res. 2013;73(17):5556-5568.

Hatasa M, Wawruszak A, Przybyszewska A, et al. H3K18Ac
as a marker of cancer progression and potential target of
anti-cancer therapy. Cells. 2019;8(5):485.

Kurdistani SK. Histone modifications as markers of cancer
prognosis: a cellular view. Br J Cancer. 2007;97(1):1-5.



son | IMedComm

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

LIU ET AL.

Open Access,

Elsheikh SE, Green AR, Rakha EA, et al. Global histone
modifications in breast cancer correlate with tumor pheno-
types, prognostic factors, and patient outcome. Cancer Res.
2009;69(9):3802-3809.

Wang WZ, Liu HO, Wu YH, et al. Estrogen receptor a (ERx)
mediates 173-estradiol (E2)-activated expression of HBOL. J Exp
Clin Cancer Res. 2010;29:140.

Murakami S, Nagari A, Kraus WL. Dynamic assembly and acti-
vation of estrogen receptor o enhancers through coregulator
switching. Genes Dev. 2017;31(15):1535-1548.

Yi P, Wang Z, Feng Q, et al. Structure of a biologically
active estrogen receptor-coactivator complex on DNA. Mol
Cell. 2015;57(6):1047-1058.

Kim MY, Woo EM, Chong YT, Homenko DR, Kraus WL.
Acetylation of estrogen receptor alpha by p300 at lysines
266 and 268 enhances the deoxyribonucleic acid binding
and transactivation activities of the receptor. Mol Endocrinol.
2006;20(7):1479-1493.

Berger L, Kolben T, Meister S, et al. Expression of H3K4me3
and H3K9ac in breast cancer. J Cancer Res Clin Oncol.
2020;146(8):2017-2027.

Liu Z, Liu J, Ebrahimi B, et al. SETDBI interactions with PELP1
contributes to breast cancer endocrine therapy resistance.
Breast Cancer Res. 2022;24(1):26.

XiaoJF, Sun QY, Ding LW, et al. The c-MYC-BMII axis is essen-
tial for SETDBl-mediated breast tumourigenesis. J Pathol.
2018;246(1):89-102.

Shen L, Cui J, Liang S, Pang Y, Liu P. Update of research on
the role of EZH2 in cancer progression. Onco Targets Ther.
2013;6:321-324.

Yang GJ, Liu YJ, Ding LJ, et al. A state-of-the-art review
on LSD1 and its inhibitors in breast cancer: molecular
mechanisms and therapeutic significance. Front Pharmacol.
2022;13:989575.

Cao C, Vasilatos SN, Bhargava R, et al. Functional interaction
of histone deacetylase 5 (HDACS5) and lysine-specific demethy-
lase 1 (LSD1) promotes breast cancer progression. Oncogene.
2017;36(1):133-145.

Bamodu OA, Huang WC, Lee WH, et al. Aberrant KDM5B
expression promotes aggressive breast cancer through
MALAT1 overexpression and downregulation of hsa-miR-448.
BMC Cancer. 2016;16:160.

Yamamoto S, Wu Z, Russnes HG, et al. JARIDIB is a lumi-
nal lineage-driving oncogene in breast cancer. Cancer Cell.
2014;25(6):762-777.

Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer:
evolution of management in the era of precision medicine. CA
Cancer J Clin. 2019;69(4):280-304.

Marrelli D, Ansaloni L, Federici O, et al. Cytoreductive surgery
(CRS) and HIPEC for advanced ovarian cancer with peri-
toneal metastases: Italian PSM oncoteam evidence and study
purposes. Cancers (Basel). 2022;14(23):6010.

Longo DL. Personalized medicine for primary treatment
of serous ovarian cancer. N Engl J Med. 2019;381(25):2471-
2474.

Galluzzi L, Senovilla L, Vitale I, et al. Molecular mechanisms
of cisplatin resistance. Oncogene. 2012;31(15):1869-1883.
Cisplatin GhoshS. The first metal based anticancer drug. Bioorg
Chem. 2019;88:102925.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321

322.

323.

324.

Xie W, Sun H, Li X, Lin F, Wang Z, Wang X. Ovarian cancer:
epigenetics, drug resistance, and progression. Cancer Cell Int.
2021;21(1):434.

Yang Q, Yang Y, Zhou N, et al. Epigenetics in ovarian
cancer: premise, properties, and perspectives. Mol Cancer.
2018;17(1):109.

Dai Q, Ye Y. Development and validation of a novel histone
acetylation-related gene signature for predicting the prognosis
of ovarian cancer. Front Cell Dev Biol. 2022;10:793425.

Liang L, Zhang Y, Li C, et al. Plasma cfDNA methylation
markers for the detection and prognosis of ovarian cancer.
EBioMedicine. 2022;83:104222.

Wang Y, Huang Z, Li B, Liu L, Huang C. The emerging roles
and therapeutic implications of epigenetic modifications in
ovarian cancer. Front Endocrinol (Lausanne). 2022;13:863541.
Morel D, Jeffery D, Aspeslagh S, Almouzni G, Postel-Vinay
S. Combining epigenetic drugs with other therapies for solid
tumours—past lessons and future promise. Nat Rev Clin Oncol.
2020;17(2):91-107.

Abbosh PH, Montgomery JS, Starkey JA, et al. Dominant-
negative histone H3 lysine 27 mutant derepresses silenced
tumor suppressor genes and reverses the drug-resistant phe-
notype in cancer cells. Cancer Res. 2006;66(11):5582-5591.

Day CA, Hinchcliffe EH, Robinson JP. H3K27me3 in diffuse
midline glioma and epithelial ovarian cancer: opposing epi-
genetic changes leading to the same poor outcomes. Cells.
2022;11(21):3376.

LiY, Wan X, Wei Y, et al. LSD1-mediated epigenetic modifica-
tion contributes to ovarian cancer cell migration and invasion.
Oncol Rep. 2016;35(6):3586-3592.

Wei Y, Han T, Wang R, et al. LSD1 negatively regulates
autophagy through the mTOR signaling pathway in ovarian
cancer cells. Oncol Rep. 2018;40(1):425-433.

Kuang Y, Xu H, Lu F, et al. Inhibition of microRNA let-7b
expression by KDM2B promotes cancer progression by target-
ing EZH?2 in ovarian cancer. Cancer Sci. 2021;112(1):231-242.
Kuang Y, Lu F, Guo J, et al. Histone demethylase KDM2B
upregulates histone methyltransferase EZH2 expression and
contributes to the progression of ovarian cancer in vitro and
in vivo. Onco Targets Ther. 2017;10:3131-3144.

Quintela M, Sieglaff DH, Gazze AS, et al. HBOI directs histone
H4 specific acetylation, potentiating mechano-transduction
pathways and membrane elasticity in ovarian cancer cells.
Nanomedicine. 2019;17:254-265.

Yadav P, Subbarayalu P, Medina D, et al. M6A RNA methyla-
tion regulates histone ubiquitination to support cancer growth
and progression. Cancer Res. 2022;82(10):1872-1889.

Shoaib Z, Fan TM, Irudayaraj J. Osteosarcoma mechanobiol-
ogy and therapeutic targets. Br J Pharmacol. 2022;179(2):201-
217.

Belayneh R, Fourman MS, Bhogal S, Weiss KR. Update on
osteosarcoma. Curr Oncol Rep. 2021;23(6):71.

Gao YY, Ling ZY, Zhu YR, et al. The histone acetyltransferase
HBOIL functions as a novel oncogenic gene in osteosarcoma.
Theranostics. 2021;11(10):4599-4615.

Strepkos D, Markouli M, Klonou A, Papavassiliou AG, Piperi
C. Histone methyltransferase SETDBI1: a common denomina-
tor of tumorigenesis with therapeutic potential. Cancer Res.
2021;81(3):525-534.



LIU ET AL.

MedComm

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

Deschler B, Liibbert M. Acute myeloid leukemia: epidemiology
and etiology. Cancer. 2006;107(9):2099-2107.

Bispo J, Pinheiro PS, Kobetz EK. Epidemiology and etiology
of leukemia and lymphoma. Cold Spring Harb Perspect Med.
2020;10(6):2034819.

Chen J, Odenike O, Rowley JD. Leukaemogenesis: more than
mutant genes. Nat Rev Cancer. 2010;10(1):23-36.

Dawson MA. The cancer epigenome: concepts, challenges, and
therapeutic opportunities. Science. 2017;355(6330):1147-1152.
Jones CL, Inguva A, Jordan CT. Targeting energy metabolism
in cancer stem cells: progress and challenges in leukemia and
solid tumors. Cell Stem Cell. 2021;28(3):378-393.

Lane SW, Gilliland DG. Leukemia stem cells. Semin Cancer
Biol. 2010;20(2):71-76.

Nozaki T, Kanai M. Chemical catalysis intervening to histone
epigenetics. Acc Chem Res. 2021;54(9):2313-2322.
Hernandez-Valladares M, Wangen R, Berven FS,
Guldbrandsen A. Protein post-translational modification
crosstalk in acute myeloid leukemia calls for action. Curr Med
Chem. 2019;26(28):5317-5337.

Kanaujiya JK, Lochab S, Pal P, et al. Proteomic approaches in
myeloid leukemia. Electrophoresis. 2011;32(3-4):357-367.
Schmitz ML, Grishina I. Regulation of the tumor suppres-
sor PML by sequential post-translational modifications. Front
Oncol. 2012;2:204.

Liu XL, Liu HQ, LiJ, Mao CY, He JT, Zhao X. Role of epigenetic
in leukemia: from mechanism to therapy. Chem Biol Interact.
2020;317:108963.

Schoofs T, Miiller-Tidow C. DNA methylation as a pathogenic
event and as a therapeutic target in AML. Cancer Treat Rev.
2011;37(1):S13-18.

Barman S, Roy A, Padhan J, Sudhamalla B. Molecular insights
into the recognition of acetylated histone modifications by the
BRPF2 bromodomain. Biochemistry. 2022;61(17):1774-1789.
Lloyd JT, Glass KC. Biological function and histone recognition
of family IV bromodomain-containing proteins. J Cell Physiol.
2018;233(3):1877-1886.

Mishima Y, Miyagi S, Saraya A, et al. The Hbol-Brdl/Brpf2
complex is responsible for global acetylation of H3K14 and
required for fetal liver erythropoiesis. Blood. 2011;118(9):2443-
2453.

MacPherson L, Anokye J, Yeung MM, et al. HBO1 is
required for the maintenance of leukaemia stem cells. Nature.
2020;577(7789):266-270.

Au YZ, Gu M, De Braekeleer E, et al. KAT7 is a genetic
vulnerability of acute myeloid leukemias driven by MLL
rearrangements. Leukemia. 2021;35(4):1012-1022.

Hayashi Y, Harada Y, Kagiyama Y, et al. NUP98-HBOI1-
fusion generates phenotypically and genetically relevant
chronic myelomonocytic leukemia pathogenesis. Blood Adv.
2019;3(7):1047-1060.

Sauer T, Arteaga MF, Isken F, et al. MYST2 acetyltransferase
expression and histone H4 lysine acetylation are suppressed in
AML. Exp Hematol. 2015;43(9):794-802.

Quintds-Cardama A, Santos FP, Garcia-Manero G. Histone
deacetylase inhibitors for the treatment of myelodysplastic syn-
drome and acute myeloid leukemia. Leukemia. 2011;25(2):226-
235.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.
358.

359.

360.

361.

362.

363.

Open Access,

Massett ME, Monaghan L, Patterson S, et al. A KDM4A-
PAFIl-mediated epigenomic network is essential for acute
myeloid leukemia cell self-renewal and survival. Cell Death Dis.
2021;12(6):573.

Monaghan L, Massett ME, Bunschoten RP, et al. The emerg-
ing role of H3K9me3 as a potential therapeutic target in acute
myeloid leukemia. Front Oncol. 2019;9:705.

Gollner S, Oellerich T, Agrawal-Singh S, et al. Loss of the his-
tone methyltransferase EZH2 induces resistance to multiple
drugs in acute myeloid leukemia. Nat Med. 2017;23(1):69-78.
Cheung N, Fung TK, Zeisig BB, et al. Targeting aberrant epi-
genetic networks mediated by PRMT1 and KDM4C in acute
myeloid leukemia. Cancer Cell. 2016;29(1):32-48.

He X, Zhu Y, Lin YC, et al. PRMTI-mediated FLT3 arginine
methylation promotes maintenance of FLT3-ITD(+) acute
myeloid leukemia. Blood. 2019;134(6):548-560.

Tarighat SS, Santhanam R, Frankhouser D, et al. The dual
epigenetic role of PRMTS5 in acute myeloid leukemia: gene
activation and repression via histone arginine methylation.
Leukemia. 2016;30(4):789-799.

Zhang S, Liu M, Yao Y, Yu B, Liu H. Targeting LSD1 for
acute myeloid leukemia (AML) treatment. Pharmacol Res.
2021;164:105335.

Cusan M, Cai SF, Mohammad HP, et al. LSD1 inhibition exerts
its antileukemic effect by recommissioning PU.1- and C/EBPa-
dependent enhancers in AML. Blood. 2018;131(15):1730-1742.
Huang J, Gou H, Yao J, et al. The noncanonical role of EZH2
in cancer. Cancer Sci. 2021;112(4):1376-1382.

Tsai CH, Chen YJ, Yu CJ, et al. SMYD3-mediated H2A.Z.1
methylation promotes cell cycle and cancer proliferation.
Cancer Res. 2016;76(20):6043-6053.

Kim KH, Roberts CW. Targeting EZH2 in cancer. Nat Med.
2016;22(2):128-134.

Eich ML, Athar M, Ferguson JE, Varambally S. EZH2-
targeted therapies in cancer: hype or a reality. Cancer Res.
2020;80(24):5449-5458.

Hoy SM. Tazemetostat: first approval. Drugs. 2020;80(5):513-521.
Huang S, Wang Z, Zhou J, et al. EZH2 inhibitor GSK126
suppresses antitumor immunity by driving production of
myeloid-derived suppressor cells. Cancer Res. 2019;79(8):2009-
2020.

Izutsu K, Makita S, Nosaka K, et al. An open-label, single-arm,
phase 2 trial of valemetostat in relapsed or refractory adult T-
cell leukemia/lymphoma. Blood. 2022;141(10):1159-1168.
ZhengY, Wang Z, Wei S, Liu Z, Chen G. Epigenetic silencing of
chemokine CCL2 represses macrophage infiltration to potenti-
ate tumor development in small cell lung cancer. Cancer Lett.
2021;499:148-163.

Peserico A, Germani A, Sanese P, et al. A SMYD3 small-
molecule inhibitor impairing cancer cell growth. J Cell Physiol.
2015;230(10):2447-2460.

Jiang Y, Lyu T, Che X, Jia N, Li Q, Feng W. Overexpression
of SMYD3 in ovarian cancer is associated with ovarian cancer
proliferation and apoptosis via methylating H3K4 and H4K20.
J Cancer. 2019;10(17):4072-4084.

Van Aller GS, Graves AP, Elkins PA, et al. Structure-based
design of a novel SMYD3 inhibitor that bridges the SAM-and
MEKK2-binding pockets. Structure. 2016;24(5):774-781.



won | MedComm

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

LIU ET AL.

Open Access,

Mitchell LH, Boriack-Sjodin PA, Smith S, et al. Novel oxin-
dole sulfonamides and sulfamides: ePZ031686, the first orally
bioavailable small molecule SMYD3 inhibitor. ACS Med Chem
Lett. 2016;7(2):134-138.

Gradl S, Steuber H, Weiske J, et al. Discovery of the SMYD3
inhibitor BAY-6035 using thermal shift assay (TSA)-based
high-throughput screening. SLAS Discov. 2021;26(8):947-960.
Daigle SR, Olhava EJ, Therkelsen CA, et al. Potent inhibi-
tion of DOTIL as treatment of MLL-fusion leukemia. Blood.
2013;122(6):1017-1025.

Griffin GK, Wu J, Iracheta-Vellve A, et al. Epigenetic silenc-
ing by SETDBI1 suppresses tumour intrinsic immunogenicity.
Nature. 2021;595(7866):309-314.

Noh HJ, Kim KA, Kim KC. p53 down-regulates SETDBI
gene expression during paclitaxel induced-cell death. Biochem
Biophys Res Commun. 2014;446(1):43-48.

Guo Y, Mao X, Xiong L, et al. Structure-guided discovery of
a potent and selective cell-active inhibitor of SETDB1 tudor
domain. Angew Chem Int Ed Engl. 2021;60(16):8760-8765.
Martinez-Gamero C, Malla S, Aguilo F. LSD1: expanding func-
tions in stem cells and differentiation. Cells. 2021;10(11):3525.
Huang Y, Greene E, Murray Stewart T, et al. Inhibition of
lysine-specific demethylase 1 by polyamine analogues results
in reexpression of aberrantly silenced genes. Proc Natl Acad Sci
U S A. 2007;104(19):8023-8028.

FangY, Liao G, Yu B. LSD1/KDMIA inhibitors in clinical trials:
advances and prospects. J Hematol Oncol. 2019;12(1):129.
Bauer TM, Besse B, Martinez-Marti A, et al. Phase I, open-label,
dose-escalation study of the safety, pharmacokinetics, pharma-
codynamics, and efficacy of GSK2879552 in relapsed/refractory
SCLC. J Thorac Oncol. 2019;14(10):1828-1838.

Granieri L, Marocchi F, Melixetian M, et al. Targeting the
USP7/RRM2 axis drives senescence and sensitizes melanoma
cells to HDAC/LSD1 inhibitors. Cell Rep. 2022;40(12):111396.
Wobser M, Weber A, Glunz A, et al. Elucidating the mecha-
nism of action of domatinostat (4SC-202) in cutaneous T cell
lymphoma cells. J Hematol Oncol. 2019;12(1):30.

Yan N, Xu L, Wu X, et al. GSKJ4, an H3K27me3 demethylase
inhibitor, effectively suppresses the breast cancer stem cells.
Exp Cell Res. 2017;359(2):405-414.

He R, Xhabija B, Gopi LK, et al. H3K4 demethylase KDM5B
regulates cancer cell identity and epigenetic plasticity. Onco-
gene. 2022;41(21):2958-2972.

Zhang ZG, Zhang HS, Sun HL, Liu HY, Liu MY, Zhou Z.
KDMS5B promotes breast cancer cell proliferation and migra-
tion via AMPK-mediated lipid metabolism reprogramming.
Exp Cell Res. 2019;379(2):182-190.

Lasko LM, Jakob CG, Edalji RP, et al. Discovery of a selec-
tive catalytic p300/CBP inhibitor that targets lineage-specific
tumours. Nature. 2017;550(7674):128-132.

Oike T, Komachi M, Ogiwara H, et al. C646, a selective small
molecule inhibitor of histone acetyltransferase p300, radiosen-
sitizes lung cancer cells by enhancing mitotic catastrophe.
Radiother Oncol. 2014;111(2):222-227.

Crump NT, Hazzalin CA, Bowers EM, Alani RM, Cole PA,
Mahadevan LC. Dynamic acetylation of all lysine-4 trimethy-
lated histone H3 is evolutionarily conserved and mediated by
p300/CBP. Proc Natl Acad Sci U S A. 2011;108(19):7814-7819.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Chen Z, Zhou L, Wang L, et al. HBO1 promotes cell pro-
liferation in bladder cancer via activation of Wnt/S-catenin
signaling. Mol Carcinog. 2018;57(1):12-21.

Bieliauskas AV, Pflum MK. Isoform-selective histone deacety-
lase inhibitors. Chem Soc Rev. 2008;37(7):1402-1413.

Balakin KV, Ivanenkov YA, Kiselyov AS, Tkachenko SE. His-
tone deacetylase inhibitors in cancer therapy: latest develop-
ments, trends and medicinal chemistry perspective. Anticancer
Agents Med Chem. 2007;7(5):576-592.

Li Y, Seto E. HDACs and HDAC inhibitors in cancer
development and therapy. Cold Spring Harb Perspect Med.
2016;6(10):a026831.

Hai R, Yang D, Zheng F, et al. The emerging roles of HDACs
and their therapeutic implications in cancer. Eur J Pharmacol.
2022;931:175216.

Tang YA, Wen WL, Chang JW, et al. A novel histone deacety-
lase inhibitor exhibits antitumor activity via apoptosis induc-
tion, F-actin disruption and gene acetylation in lung cancer.
PLoS One. 2010;5(9):e12417.

Ramaiah MJ, Tangutur AD, Manyam RR. Epigenetic modula-
tion and understanding of HDAC inhibitors in cancer therapy.
Life Sci. 2021;277:119504.

Heymann WR. Treatment of cutaneous T-cell lymphoma:
focus on vorinostat. J Am Acad Dermatol. 2008;59(4):696-697.
Duvic M, Vu J. Vorinostat: a new oral histone deacetylase
inhibitor approved for cutaneous T-cell lymphoma. Expert
Opin Investig Drugs. 2007;16(7):1111-1120.

Iyer SP, Foss FF. Romidepsin for the treatment of peripheral
T-cell lymphoma. Oncologist. 2015;20(9):1084-1091.
Poole RM. Belinostat: first global approval.
2014;74(13):1543-1554.

Shi Y, Jia B, Xu W, et al. Chidamide in relapsed or refractory
peripheral T cell lymphoma: a multicenter real-world study in
China. J Hematol Oncol. 2017;10(1):69.

Wang Y, Zhang M, Song W, et al. Chidamide plus prednisone,
etoposide, and thalidomide for untreated angioimmunoblastic
T-cell lymphoma in a Chinese population: a multicenter phase
1I trial. Am J Hematol. 2022;97(5):623-629.

KP Garnock-Jones. Panobinostat: first global approval. Drugs.
2015;75(6):695-704.

Laubach JP, Moreau P, San-Miguel JF, Richardson PG. Panobi-
nostat for the treatment of multiple myeloma. Clin Cancer Res.
2015;21(21):4767-4773.

Munshi A, Tanaka T, Hobbs ML, Tucker SL, Richon VM,
Meyn RE. Vorinostat, a histone deacetylase inhibitor, enhances
the response of human tumor cells to ionizing radiation
through prolongation of gamma-H2AX foci. Mol Cancer Ther.
2006;5(8):1967-1974.

Rivera S, Leteur C, Mégnin F, et al. Time dependent mod-
ulation of tumor radiosensitivity by a pan HDAC inhibitor:
abexinostat. Oncotarget. 2017;8(34):56210-56227.

Bao L, Diao H, Dong N, et al. Histone deacetylase inhibitor
induces cell apoptosis and cycle arrest in lung cancer cells via
mitochondrial injury and p53 up-acetylation. Cell Biol Toxicol.
2016:32(6):469-482.

Bitzer M, Horger M, Giannini EG, et al. Resminostat plus
sorafenib as second-line therapy of advanced hepatocellular
carcinoma-The SHELTER study. J Hepatol. 2016;65(2):280-288.

Drugs.



LIU ET AL.

401. Kim Y, Park K, Kim YJ, et al. Inmunomodulation of HDAC
inhibitor entinostat potentiates the anticancer effects of radi-
ation and PD-1 blockade in the murine Lewis lung carcinoma
model. Int J Mol Sci. 2022;23(24):15539.

402. Dawson MA, Kouzarides T. Cancer epigenetics: from mecha-
nism to therapy. Cell. 2012;150(1):12-27.

403. Zhang L, Lu Q, Chang C. Epigenetics in health and disease.
Adv Exp Med Biol. 2020;1253:3-55.

How to cite this article: Liu R, WuJ, Guo H,

et al. Post-translational modifications of histones:
Mechanisms, biological functions, and therapeutic
targets. MedComm. 2023;4:€292.
https://doi.org/10.1002/mco02.292


https://doi.org/10.1002/mco2.292

	Post-translational modifications of histones: Mechanisms, biological functions, and therapeutic targets
	Abstract
	1 | INTRODUCTION
	2 | PTMs OF HISTONES
	2.1 | Histone methylation
	2.2 | Histone acetylation
	2.3 | Histone phosphorylation
	2.4 | Histone ubiquitination
	2.5 | Histone propionylation and butyrylation
	2.6 | Histone malonylation
	2.7 | Histone crotonylation
	2.8 | Histone lactylation

	3 | ABNORMAL EXPRESSION OF HISTONE-MODIFYING ENZYMES AND HUMAN CANCERS
	3.1 | Glioblastoma (GBM)
	3.2 | Lung cancer
	3.3 | Hepatocellular carcinoma (HCC)
	3.4 | Gastric cancer (GC)
	3.5 | Pancreatic cancer
	3.6 | Colorectal cancer (CRC)
	3.7 | Breast cancer
	3.8 | Ovarian cancer (OC)
	3.9 | Osteosarcoma (OS)
	3.10 | Acute myeloid leukemia (AML)

	4 | THERAPEUTIC ENZYME TARGETS IN PTMS OF HISTONES
	4.1 | HMT inhibitors
	4.2 | HDM inhibitors
	4.3 | HAT inhibitors
	4.4 | HDAC inhibitors

	5 | CONCLUSION AND FUTURE DIRECTIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	ORCID
	REFERENCES


