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Abstract: Crotonylation is a recently discovered protein acyl modification that shares many enzymes
with acetylation. However, it possesses a distinct regulatory mechanism and biological function due
to its unique crotonyl structure. Since the discovery of crotonylation in 2011, numerous crotonylation
sites have been identified in both histones and other proteins. In recent studies, crotonylation was
found to play a role in various diseases and biological processes. This paper reviews the initial
discovery and regulatory mechanisms of crotonylation, including various writer, reader, and eraser
proteins. Finally, we emphasize the relationship of dysregulated protein crotonylation with eight
common malignancies, including cervical, prostate, liver, and lung cancer, providing new potential
therapeutic targets.
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1. Introduction

Chemical modifications of proteins are known as post-translational modifications
(PTMs), which constitute an important epigenetic mechanism that controls protein expres-
sion, transcription, development, and cell differentiation [1]. PTMs change the function or
localization of proteins by covalently adding functional chemical groups to one or more
amino acid residues, thus greatly enriching the proteome [2]. The addition of these func-
tional groups changes the protein’s charge, molecular weight, and conformation, affecting
its activity, subcellular localization, and interactions with other proteins [3], thus expanding
its range of biological functions. As the only proteinogenic amino acid with an ¢-amino
group, lysine can undergo a variety of acylation modifications. According to the main prop-
erties of the introduced groups, these modifications can be classified into three categories, as
shown in Table 1. Among them, acetylation (Kac) [4], propionylation (Kpr) [5], butyrylation
(Kbu) [6], crotonylation (Kcr) [7], and benzoylation (Kbz) [8] introduce hydrophobic groups
that neutralize the positive charge [9]. By contrast, malonylation (Kmal) [10], succinyla-
tion (Ksucc) [11], and glutarylation (Kglu) [12] introduce acidic acyl groups that change
the positive into a negative charge. In addition, 2-hydroxyisobutyrylation (Khib) [13],
B-hydroxybutyrylation (Kbhb) [14], and lactylation (Kla) [15] introduce polar acyl groups
that can form hydrogen bonds with interacting molecules [9]. These chemical modifications
can not only change the structure of proteins but also regulate their stability and activ-
ity [16]. Dysregulated PTMs may cause cell dysfunction and eventually lead to pathological
processes such as carcinogenesis and metastasis.

Cells 2024, 13, 1812. https:/ /doi.org/10.3390/ cells13211812 https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells13211812
https://doi.org/10.3390/cells13211812
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0009-0007-4810-1045
https://orcid.org/0000-0002-0105-4639
https://doi.org/10.3390/cells13211812
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells13211812?type=check_update&version=2

Cells 2024, 13,1812

20f21

Table 1. Chemical structures and years of discovery of post-translational lysine modifications.

According to their chemical properties, they are divided into three categories: hydrophobic acyl,

acidic acyl, and polar acyl.
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In 2011, Tan et al. analyzed 67 new histone modification sites on human chromosomes,
leading to the discovery of a novel evolutionarily highly conserved histone modification
named histone lysine crotonylation (Kcr) [7]. This discovery has spurred scientists to focus
on similar PTMs using integrated mass spectroscopy-based proteomic approaches. This was
made possible by the high sensitivity of isoelectric focusing (OFFGEL) and LTQ Orbitrap
Velos mass spectrometers, which rely on in vitro propionylation for comprehensive histone
PTM analysis. This method achieved high sequence coverage of peptide profiles, and
Ker was identified as a new histone marker. In said study, 28 crotonylation variants were
found in humans and 24 in mice, as shown in Figure 1. Histone crotonylation was initially
reported as a special marker related to sex determination. In the genomes of human
somatic cells and mouse male germ cells, histone Kcr specifically marks the transcription
start site (TSS) of active genes and some specific X-linked genes. These genes can escape
the inactivation of neutral chromosomes in haploid cells after meiosis [7]. Kcr is introduced
by crotonyltransferases that use crotonyl coenzyme A as a substrate. With the rapid
development of mass spectrometry (MS) and proteomics, Kcr was subsequently found in
various microorganisms, plants, and animals [17-19]. For example, Zhu et al. found that
Bspf, an effector protein secreted by the type IV secretion system (T4SS) of Brucella sp., can
regulate host secretion and transport, thus promoting the survival and reproduction of
the bacterium. Notably, Bspf was found to exhibit both acetylase and crotonyltransferase
activities. It was, therefore, speculated that Bspf may affect the function of host proteins by
altering their crotonylation, thus promoting the propagation of Brucella [20]. Lin et al. found
that Bspf could regulate host cell apoptosis by weakening the crotonylation of p53 and
reducing its expression, prolonging the intracellular survival of Brucella [21]. Two studies
revealed the pathogen-induced changes of protein crotonylation in host cells, providing
a new way to further study the mechanism of microbial infection. Crotonylation occurs
not only on histone lysines but also on serine 46 of p53 and other non-histone proteins [22].
In 2017, Xu et al. discovered that crotonylation can occur in non-histone proteins [23].
Lung cancer cell line H1299 was used as the starting material to enrich Kcr peptides with
a highly specific pan-Kcr antibody. The peptide was identified by high-resolution liquid
chromatography-tandem mass spectrometry (LC-MS/MS). A total of 2696 Kcr sites in
1024 proteins were identified. Among them, 40% of the Kcr-modified proteins were located
in the cytoplasm, 27% in the nucleus, and 13% in mitochondria. The distribution of Kcr
modifications in mouse tissues was also analyzed by immunohistochemistry, and it was
found that Kcr was widely present in various tissues of mice, suggesting that it may be
involved in many physiological processes.

Over the past decades, the abundant, reversible, and highly regulated lysine acetyla-
tion (Kac) has irrefutably become a ‘hot spot” in the field of epigenetic modification. Kcr
shares many of the same regulatory factors and sites with Kac, but unlike Kac, the Kcr
modification group contains four carbons. It has a rigid plane conformation due to the
carbon—carbon(C-C) 7 bond, while Kac is tetrahedral and can freely rotate, indicating that
Kecr may have more special biological functions [24]. With increasing attention being paid
to crotonylation, it has been proved to be involved in physiological processes such as RNA
processing, nucleotide metabolism, and chromatin recombination [25]. In addition, Kcr is
also associated with many diseases, including infections, spermatogenesis disorders, as
well as kidney, cardiovascular, and neurological diseases. However, Kcr appears to have
the closest relationship with cancer.

Cancer is characterized by uncontrolled cell growth and spread to other parts of the
body. It can originate in virtually any part of the human body, which consists of trillions
of cells. Normally, these cells undergo division to grow and multiply into healthy tissues
under strict control. As old or damaged cells die off, they will be replaced by new ones.
Cancer is a genetic disease caused by gene changes that control cell death, survival, and
proliferation. The most prevalent forms of cancer include breast, lung, colon, rectal, and
prostate cancer.
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This article provides a comprehensive review of the recent studies on the regulatory
mechanism of Kcr, particularly its relationship with various cancers, hoping to provide
new insights into potential therapeutic targets.
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Figure 1. Distribution of crotonylation on histones. The schematic diagram shows the major lysine
crotonylation sites on histones H1.2, H2A, H2B, H3, and H4, as well as the differences between

human and mouse histones.

2. Mechanism of Action of Crotonylation

Epigenetic regulation refers to heritable control of gene expression without altering the
nucleotide sequence. This includes the regulation of non-coding RNA, as well as covalent
modifications of histones and DNA. Histone-modifying proteins include factors that are
responsible for adding (writers), recognizing (readers), and removing (erasers) modifica-
tions [26]. Kcr is governed by the dynamic equilibrium of enzyme activity between writers
and erasers. The study of regulatory factors is crucial for understanding the underlying
mechanisms, and the regulatory factors of Kcr are presented in Table 2. Crotonylation is
a covalent modification that transfers the crotonyl group onto lysine residues by using
crotonyl-CoA as substrate under the action of crotonyltransferase. It usually occurs in gene
promoter and enhancer regions [27]. Crotonic acid is a prevalent short-chain fatty acid.
Crotonic acid enters cells through free diffusion or MCT-1 vectors, and crotonate enters cells
through SMCT-1 vectors and then is converted to crotonyl coenzyme A by acyl-coenzyme
A synthetase 2 (ACSS2). Crotonyl coenzyme A is the primary substrate of Kcr writers, but
its metabolism is not entirely clear. Butyrate can be converted to butyryl-CoA via the fatty
acid 3-oxidation pathway and converted to crotonyl-CoA by glutaryl-CoA dehydrogenase
(GCDH). The short-chain-specific acyl-CoA dehydrogenases(ACADS) and peroxisomal
acyl-coenzyme A oxidesel, 3(ACOX1, ACOX3), which facilitate the conversion of butyryl-
CoA to crotonyl-CoA during the process of fatty acid oxidation, have been demonstrated
as crucial producers of crotonyl-CoA during endodermal differentiation [28]. In the amino
acid metabolism of lysine, hydroxylysine, and tryptophan, glutaryl-CoA dehydrogenase
catalyzes glutaryl-CoA oxidation to crotonyl-CoA and CO; [29]. Some scholars speculate
that crotonic acid, similar to butyric acid, is a byproduct or an intermediate produced by
specific intestinal flora in the body; however, it has not been experimentally proven [30].
Previous studies have found that some protein Kcr sites already exist on mitochondria [31],
and the nuclear localization of Pdhal in the mitochondrial TCA cycle enzyme can provide
reaction reads for histone acetylation by promoting the synthesis of acetyl-CoA in the nu-
cleus and providing a new idea for incorporating crotonylation into the nucleus [32]. There
are two main ways to manipulate crotonyl levels experimentally. One is to use disodium
crotonate, and the other is to obtain sodium crotonate through the reaction of crotonate
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with sodium hydroxide. Both can upregulate Kcr, and the regulatory modification process
is shown in Figure 2. In addition to the intracellular crotonyl CoA concentration, the regula-
tion of protein crotonylation is mainly mediated by relevant writer and eraser enzymes [33].
The level of intracellular crotonylation is maintained by the balance of enzyme activity
between writing and erasing proteins.

Table 2. Regulatory factors of crotonylation, their classification, and years of discovery.

Histone Crotonylation

Regulation Patter Family Members Site Non-Histone Target Proteins  Year Ref
P300 H3K18 2015 [34]
P300/CBP 2015,  [34]
CBP H3K18 NPM1, DDX5, ENO1 2017,  [23]
2001 [35]
MOF H3K4, H3K9, H3K18, 2017,  [36]
Writers MYST H3K23, H4K8, H4K12 2017 [23]
ESal H4K5, H4K8, H4K12, 2019 [26]
(Piccolo NuA4) H4K16
GCN5 HB3K9, H3K14, H3K18,
(ADA) H3K23, H3K27 2019 [26]
TIP60 EB1 2021 [37]
KAT7 CANX (K525) 2022 [38]
PCAF NPM1, DDX5 2017 [23]
Bromodomain 2016, [39]
family TAF1L 2015 [40]
TAF14 HB3K9 2016 [41]
Readers YEATS YEATS2 H3K27 2016 [42]
AF9 H3K9, H3K18, H3K27 2016 [39]
DPE MOZ H3K14 2016 [24]
DPEF2 H3K14 2016 [24]
2017,  [23]
H3K4, H3K9, H3K18, 2023,  [33]
HDAC1 H3K23, H4K8, H4K12 2017,  [43]
Class I 2023 [44]
HB3K9, H3K18, H3K23, 2021,  [45]
HDAC2 H4KS, H4K12, H2BK12 2017 [43]
2017,  [23]
2023,  [33]
HDAC3 HB3K9, H3K18, H4K8 NPM1, AKT1 2017 [43]
2023 [44]
H3K4, H3K9, H3K18, 2021,  [45]
Erasers HDAC8 H3K?23, H4K8, H4K12 2017 [43]
HDAC6 Lamin A (K265/270) 2022 [46]
Class I HDAC? 14-3-3¢ (K73, K78) 2022 [47]
HDACS5 ,

(Fosir5) H3K18 2021 [48]
SIRT1 H3K4, H3K9, H3K18, ggg ﬁ;}
H4K8, H2AK119 2022 [50]
Class I1I 2001,  [35]
SIRT2 H3K9 ENO1 2013 [49]
SIRT3 H3K4 2014 [51]
SIRT6 H3K27 2022 [52]
SIRT7 PHF5A (K25) 2021 [53]

H3K9, H3K18, H3K23, ,
CDYL H3K27, H3K79, H4K8, 3811; Eé}

H2BK12
ESHS1 H3K18, H2BK12 2021 [56]
GCDH 2000  [57]
2015,  [34]
ACSS2 H3K4, H3K18 2018 [58]
Others EHHADH (K329R, K344R)

ACOX2 H2BK86 CROT (K69R, K384R) 2022 [59]
ACOX3 2021 [28]
ACADS 2021 [28]
BRD4 H3K18 2021 [60]
ACOX1 2024 [61]

Rate-limiting enzyme 2023 [62]
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Figure 2. Regulatory mechanism of protein crotonylation. Catabolism of lysine or tryptophan gener-
ates crotonyl-CoA, catalyzed by GCDH. Circulating crotonate can be converted into crotonyl-CoA
by ACSS2, and fatty acid $-oxidation produces crotonyl-CoA upon oxidation of butyryl-CoA, cat-
alyzed by ACADS, ACOX1, or ACOX3. Protein crotonylation is affected by various writing, reading,
and erasing proteins and is closely related to a variety of cancers. (A) indicates writing proteins,
(B) reading proteins, and (C) erasing proteins. GCDH: glutaryl-CoA dehydrogenase; ACADS: short-
chain specific acyl-CoA dehydrogenases; ACOX1: peroxisomal acyl-coenzyme A oxidesel; ACOX3:
peroxisomal acyl-coenzyme A oxidese3; ACSS2: member of the acyl-CoA synthetase short-chain
family 2; GCNb: histone acetyltransferase; ADA: adenosine deaminase; HDAC: histone deacetylases;
SIRT1: silent information regulator protein 1; SCFA: short-chain fatty acid.

2.1. Writers

They share parts of their regulatory machinery because of the structural similarity
between crotonylation and acetylation. Among the enzymes that introduce the modification,
also called writers, there are three histone acetyltransferases (HAT) that have also been
shown to have histone crotonyltransferase (HCT) activity, including p300/CBP, MYST,
and GCN 5. Among them, P300/CBP was the first discovered crotonyltransferase [27]
with both HAT and HCT activities [34], whereby p300-catalyzed histone Kcr can directly
stimulate transcription. Increasing the concentration of crotonyl-CoA resulted in more
crotonylation modification and less acetylation modification, and there was a competitive
relationship between them [34]. In vitro studies have demonstrated that the knockdown
of p300 expression by siRNA leads to a decrease in the crotonylation level of H3K18 [63],
but this activity is significantly lower than its acetyltransferase activity due to the limited
aliphatic pocket size for the binding of crotonyl-CoA [64]. Nevertheless, p300/CBP is still
considered the dominant histone HCT in mammalian cells [43]. Histone crotonylation was
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subsequently detected in various eukaryotes, including yeast, but no p300/CBP homologs
were identified, suggesting that these organisms maybe contain other HCTs [65]. The MYST
protein family, which includes human MOF and its yeast homolog ESA1, can catalyze
histone Kcr at multiple sites, including H3K4, H3K9, H3K18, H3K23, H4K8, and H4K12 [36].
In budding yeast, ESA1 is mainly responsible for histone Kcr [36]. However, the in vitro
HCT activity of human MOF and yeast ESA1 was relatively weak, indicating that they
may function in vivo as components of protein complexes [66]. The reason that GCN5 can
catalyze the crotonylation of H3K9, 14, 18, 23, and 27 in budding yeast [36], while ESA1 can
catalyzes the crotonylation of H4KS5, 8, 12, and 16 [67] is attributed to the ESA1-Yng 2-Epl
1 (Piccolo NuA4) and GCN5-Ada2-Ada3 (ADA) complexes, respectively. Non-histone
nucleophosmin 1 (NPM1) can be strongly crotonylated by CBP and MOF, as well as being
moderately crotonylated by p300/CBP-associated factor (PCAF). Moreover, crotonylation
of non-histone recombinant DEAD box polypeptide 5 (DDX 5) can only be catalyzed by
CBP, and not by other writers [23]. In addition, CBP acts as the crotonyltransferase of
ENOL1 [68]. Tip60 histone acetyltransferase (TIP 60) mediates Kcr of EB1 at K66 and is
involved in mitosis [37]. Lysine acetyltransferase 7 (KAT7) mediates K525 crotonylation
of calnexin (CANX) after leucine deprivation [38]. Unfortunately, current research on Kcr
writers is based on known HATs, and no new discoveries have been made.

2.2. Readers

The so-called readers are proteins that can specifically recognize post-translational
modifications. Three Kcr reader families have been discovered, including the bromo-
domain structural domain proteins, the YEATS structural domain proteins (Yaf9, ENL,
AF9, Taf14, and Sas5), and the double PHD finger (DPF) proteins [35]. Certain subsets
of bromodomain proteins, such as BRD9 and TAF1, can recognize Kcr, but their binding
affinity for crotonylated peptides is much weaker than for acetylated peptides [40]. In
2016, the YEATS domain was identified as the first effective reader of histone Kcr [41].
Some researchers hypothesized that the YEATS domain may be more receptive to longer
and larger acyl groups [65], and it was subsequently demonstrated that it tends to bind
longer acyl chains than acetyl groups and has a higher affinity for Kcr [39]. Andrews
et al. found that the transcription initiation factor TFIID subunit 14 (Tafl4) acts as a
reader of histone crotonylation [42]. The YEATS domain of Taf14 binds to H3K9Cr via
a m-7t-7t stacking interaction [24]. Subsequently, various proteins containing the YEATS
domain were found to contain selective histone Kcr reading functions, such as YEATS2,
which binds to crotonylated proteins through a terminal open aromatic sandwich pocket,
which binds weakly to crotonylated H3K9, H3K12, H3K23 Cr, and H4K4, but also very
strongly to crotonylated H3K27 [42]. However, the YEATS domain of AF9 closely binds to
crotonylated H3K9, H3K18, and H3K27 via a pocked formed by its L1, L4, and L6 loops [39].
In addition, the DPF domain has been recognized as a second reader of histone Kcr. The
DPF domain of MYST family members monocytic leukemia zinc finger protein (MOZ) and
DPF 2 selectively recognize crotonylated H3K14. The DPF domain produces a hydrophobic
“dead-end” pocket that has no aromatic double-stranded residues to accommodate Kcr, but
its binding capacity is 4-8 times greater than that of Kac [24]. In addition, the DPF domain
of monocytic leukemia zinc finger associated factor (MORF) also showed selectivity for
crotonylated H3K14 compared to acetylated H3K14 [69]. This is attributed to the selectivity
of histone Kcr readers, but more in-depth research is needed.

2.3. Erasers

The erasing protein is known as a decrotonylase, which catalyzes a covalent reaction
that removes the crotonylation of lysine. Histone deacetylases (HDACs) are mainly classi-
fied into four groups: the Zn* dependent class I (HDACI, 2, 3, and 8), class II (HDAC4,
5,6,7,9, and 10), the NAD* dependent class III (sirtuins1-7), and class IV (HDACI11).
In 2012, histone deacetylase 3 (HDAC3) was first reported to have histone decrotonylase
(HDCR) activity [70]. By using fluorescent substrates to systematically screened the ac-
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tivity of eleven tapes of human zinc-dependent lysine deacylases, the authors found that
HDAC3 and nuclear receptor corepressor 1 (HDAC3-NCOR 1) exhibited decrotonylase
activity [69]. Recent studies have shown that the class I enzymes HDAC1, HDAC2, and
HDACS3 can effectively remove crotonyl moieties from modified histones in vitro and may
play a role in the formation of complexes in cells, including HDAC1/2, HDAC3/Ncorl,
and HDAC1/CoR-EST1/LSD1 [71,72]. In addition, HDAC1/2 has been identified as the
dominant HDCR in embryonic stem cells (ESCs), where its genetic deletion resulted in
an 85% reduction in total HDCR activity [72]. HDAC2 regulates the level of H2BK12
crotonylation [45]. HDACT can hydrolyze the crotonyl modification on H3K18 and, there-
fore, affects epigenetic regulation in cancer [33]. Subsequently, SIRT1-3 was identified
as an additional decrotonylase. Feldman et al. used the H3 peptide containing Lys9 to
conduct a comprehensive analysis of the activities of seven mammalian silenced regulatory
proteins and found that the HDCR activity of Sirtl and Sirt2 could catalyze the removal of
crotonyl modifications from the histone H3K9 peptide in vitro [49]. In addition, the Kcr
of H2AK119 is mediated by SIRT-1 [50]. The de-crotonylation of H2AK119 by SIRT1 is
a prerequisite for the subsequent ubiquitination of H2AK119 by BMI1. Bao et al. found
that knockdown Sirt3 led to an increase in the related histone Kcr [51]. FoSir5, a direct
homolog of human lysine deacetylase SIRT5, interacts with FODLAT—the E2 component
of PDC—and decrotonylates H3K18, leading to the downregulation of the transcription
of genes encoding components of the aerobic respiratory pathway [48] and its activity
links glycolysis with the TCA cycle. In addition, the knockdown of SIRT6 was found to
induce a significant increase in H3K27 crotonylation [52]. Wei et al. stated that HDAC
is the main component of HDCR [73]. Knocking down HDAC1, HDAC?2, or HDAC3
in HeLa cells increased of crotonylation and acetylation of histones, and the effect was
stronger when HDAC1/3 were both knocked down at the same time. However, selectively
knocking down SIRT1 or SIRT3 had no significant effect on overall histone crotonylation,
nor did knockdown of SIRT1/3/5, suggesting that class | HDACs may be the dominant
HDCRs in mammalian cells [73]. It was also found that SIRT1 and class I HDACs share the
same catalytic center, participating in both histone deacetylation and de-crotonylation [73].
However, the target sites of HDACI include crotonylated H3K4, H3K9, H3K23, H4KS,
H4K12, and H3K18 [73], while those of SIRT1 includes crotonylated H3K9, H4K8, H3K4,
H3K18, and H2AK119. Histone crotonylation links chromatin structure to gut microbiota
through HDAC and SCFA; de-crotonylation on H2BK12 induced by parasitic infection
promotes porcine macrophage proliferation by activating the PI3K/ Akt signaling pathway:.
Hence, they are histone decrotonylases with different specificities. Similar observations
were made in non-histone proteins. For example, when endogenous levels of HDAC3
or HDAC1 were knocked down, the Kcr of NPM1 was enhanced. In addition, a recent
study found that HDAC? affects leucine deprivation-induced autophagy by regulating the
Kcr of non-histone protein 14-3-3e at K73 and K78 [47]. In addition, HDAC3 reduced the
crotonylation level of non-histone AKT1 during myogenic differentiation [44]. Lamin A
was also found to be crotonylated at K265/270, which is regulated by HDAC6 [46]. SIRT2 is
involved in the de-crotonylation of ENO1 [35], and SIRT7 induces the K25 de-crotonylation
of PHD finger protein 5A (PHF5A) to regulate aging [53]. These studies have shown that
HDAC1, HDAC3, HDAC6, HDAC?, SIRT2, and SIRT7 can also act as decrotonylases of
non-histone proteins.

2.4. Other Influencing Factors

In addition to writers, readers, and erasers, other regulatory factors may also be in-
volved in the regulation of crotonylation. The chromosome domain Y-like transcriptional
corepressor (CDYL) is a chromatin reader protein [54]. However, it can also regulate
crotonylation of histones because of its crotonyl-CoA hydratase activity, which was found
to be associated with transcriptional inhibition [55]. In addition, enzymes that regulate
the production and degradation of crotonyl-CoA are also regulators of Kcr, including
ACSS2 [58], short-chain enoyl CoA hydratase 1 (ECHS1) [56], glutaryl CoA dehydrogenase
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(GCDH) [57], short-chain acyl-CoA dehydrogenase (ACADS) [28], as well as acyl-CoA oxi-
dases 1-3 (ACOX1-3) [28,59,61]. Also relevant are various glycolysis rate-limiting enzymes
such as phosphoglycerate kinase 1 (PGK1) [62], fructose diphosphate aldolase A (AL-
DOA) [62], x-enolase (ENO1) [62], and ATP-dependent 6-phosphofructokinase (PFK) [62],
among which PGK1 has multiple crotonylation sites. Unlike ACSS2 and CDYL, which
directly regulate the synthesis and degradation of crotonyl-CoA, a Nuclear Paraspeckle
Assembly Transcript 1 (NEAT1) is a long non-coding RNA. It can recognize and locate
p300/CBP, silence the expression of NEAT1, increase the crotonylation of H3K27, and
decrease the acetylation of H3K27 [74], thereby promoting disease progression. In prostate
cancer cells, bromine domain protein 4 (BRD4) regulates p300 and GCNS5 levels to influ-
ence histone Kcr [60]. In triple-negative breast cancer, solute carrier family 7 member 2
(SLC7A2) mediates lysine catabolism and promotes histone crotonylation by upregulating
ACOX1 [61].

3. Protein Crotonylation in Cancer

Cancer poses a significant public health challenge that remains a leading cause of death
on a global scale [75]. A recent quantitative proteomics study has characterized the p300-
regulated lysine crotonylation, revealing that p300-targeted Kcr substrates may be linked
to cancer. This suggests that crotonylation could act as a carcinogenic factor, promoting
tumor progression. The EDRN database indicates that 4.5% (20 out of 443) of tumor
biomarkers have undergone crotonylation, and 32 crotonylated proteins are associated
with tumor-related genes. These crotonylated proteins play a crucial role in tumorigenesis
and development [76]. In adrenal aldosterone-producing adenomas, the crotonylated
protein-associated gene is ATPase Na*/K* transporting subunit alpha 1 (ATP1A1). In
Spitzoid tumors, the relevant genes include lamin A/C (LMNA) and lamin B2 (LMNB2).
In the case of anaplastic large cell lymphoma, the genes linked to protein crotonylation
are moesin (MSN), myosin heavy chain 9 (MYH9), and myosin heavy chain 10 (MYH10).
Further exploration is needed to understand the role of crotonylation in these proteins
associated with tumor-related genes [25]. Various studies have found that crotonylation
is downregulated in hepatic carcinoma, stomach cancer, and renal carcinoma while being
upregulated in thyroid cancer, esophageal cancer, colorectal carcinoma, pancreatic cancer,
and lung cancer, suggesting that crotonylation may play a role by regulating different
cancer-related proteins [77]. In addition, protein crotonylation was reported in all eight
cervical cancer subtypes [77]. Therefore, further study of the role of Ker in tumors is
conducive to developing new targeted drugs. This paper summarizes eight types of
crotonylation-related cancers, and their regulatory mechanisms are shown in Figure 3.

3.1. Non-Small Cell Lung Cancer

Non-small-cell lung cancer (NSCLC) is the major subtype of lung cancer. Notably, an
LC-MS/MS study revealed a number of crotonylated proteins in the H1299 NSCLC cell
line [23]. Recently, it was shown that crotonylation of brain-expressed X-linked gene family
(BEX2) at K59 promotes the interaction between NDP52 and LC3B, enhances mitochondrial
autophagy, and promotes tumor growth in human lung cancer cells while also inhibiting
chemotherapy-induced apoptosis [78]. Moreover, chemotherapeutic treatment resulted in
increased BEX2 expression and increased cell viability. In addition, BEX2 was also localized
in mitochondria. After H1299 cells were treated with the mitochondrial phagocytosis
inducer CCCP, the localization of BEX2 in mitochondria was increased. In addition, BEX2
promoted the interaction between NDP52 and LC3B, thus enhancing the mitosis of NSCLC
cells. Conversely, inhibition of BEX2-regulated mitochondrial autophagy increased the
sensitivity of tumor cells to apoptosis. Therefore, mitochondrial autophagy induced by
BEX2 crotonylation may be a promising target for NSCLC treatment.
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Figure 3. The regulatory mechanisms of crotonylation related to cancer. Figure 3a hows eight types
of cancer associated with protein crotonylation. Figure 3b provides a detailed introduction to the
crotonylation mechanism in eight cancer types. A is non-small cell lung cancer cell. B is cervical
cancer cell. C is oral squamous cell carcinoma. D is prostate cancer. E is pancreatic cancer. F is
liver cancer. G is colorectal cancer. H is triple-negative breast cancer. BEX2: human brain expressed
X-linked 2; HNRNPAI: heterogeneous nuclear ribonucleoprotein Al; HSP90AB1: human heat shock
protein 90 alpha family class B member 1; BRD4: bromodomain-containing protein 4, MTHFD1:
methylenetetrahydrofolate dehydrogenase; HCC: hepatocellular carcinoma; ENO1: « enolase 1; PKA:
protein kinase A; CRC: colorectal cancer; ACOX1: acyl-coenzyme A oxidase 1; SLC7A2: solute carrier

family 7 member 2; TCF1: T-cell factor 1.
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3.2. Cervical Carcinoma

Cervical cancer is the third most common cancer in women and presents significant
challenges in clinical treatment [79]. It has been shown that Kcr may affect the progression of
cervical cancer [76]. One of the most important pathogenic factors is human papillomavirus
(HPV), with well-known HPV-associated cervical cancer cell lines including HeLa, CaSki,
and SiHa. Heterogeneous ribonucleic acid protein A1(HNRNPA1) is a potential cancer
biomarker closely related to the occurrence and development of tumors and is involved in
the apoptosis of colon cancer cells [79]. Its expression is closely related to the proliferation,
invasion, and nuclear migration of HeLa cells. Studies have shown that knocking down
HNRNPA1 can weaken cell proliferation, invasion, and migration. Knocking down P300
can lead to decreased Kcr levels in HeLa cells, and extra crotonyl-coA produced by NaCr
can induce P300-mediated Kcr [34]. The level of Kcr can be saved by adding NaCr and
can promote HNRNPA1 expression. Therefore, the downregulation of lysine crotonylation
mediated by p300 can regulate the expression of HNRNPA1 by adding NaCr. Thus,
enhancing lysine crotonylation enhances cell development and promotes the proliferation,
invasion, and migration of HeLa cells [79]. Other crotonylation-regulated proteins, such as
SIRT1 [33], SIRT2 [80], and SIRT3 [81], have all been confirmed to play a regulatory role in
cervical cancer. However, the specific regulatory mechanism of crotonylation has not been
confirmed, so more in-depth studies are needed.

3.3. Oral Squamous Cell Carcinoma

Oral squamous cell carcinoma (OSCC) is a common head and neck malignant tumor
characterized by heterogeneity and aggressiveness [82]. Tumor hypoxia is considered
an important prognostic factor, as it influences metabolic pathways, stimulates angio-
genesis, and increases resistance to chemotherapy [83]. The role of anoxia in OSCC has
been demonstrated in numerous studies [84-86]. Heat shock protein 90 is composed of
heat shock protein 90c family class A member 1 (HSP90 AA1), heat shock protein 90«
family class B member 1 (HSP90 AB1), glucose regulatory protein 94 (GRP 94), and TNF
receptor-associated protein 1 (TRAP1). It acts as a molecular chaperone and is involved
in the development and progression of cancer by stabilizing and activating client proteins
involved in cell growth and survival. Studies have shown that increased expression of
HSP90 AB1 in head and neck squamous cell carcinoma (HNSCC) is correlated with T grade,
lymph node metastasis, and a poor prognosis, while the knockout of HSP90 AB1 was found
to inhibit the proliferation, migration, and glycolytic activity of cultured HNSCC cells [87].
A recent study exploring oral squamous cell carcinoma under hypoxic conditions through
subcellular localization found that upregulated crotonylated proteins were enriched in
non-histones, and down-regulated crotonylated proteins were enriched in histones. After
bioinformatics analysis, it was found that both upregulated and downregulated crotony-
lation proteins are related to binding and catalytic activity. Glycolysis-related proteins
are prominent in upregulated proteins, with HSP90AB1 showing the most significant
upregulation. It has been proved that HSP90ABL is involved in regulating glycolysis in
OSCC [87]. By mutating the K265 site of HSP90AB1 to prevent crotonylation and exploring
the regulation ability in glycolysis, it was found that lactic acid levels and ATP in the mutant
group were significantly lower than those of the wild type [62]. Glycolysis promotes tumor
growth [88]. This demonstrates that crotonylation under hypoxic conditions may promote
glycolysis, which may be conducive to treating OSCC [62].

3.4. Prostatic Carcinoma

Prostatic carcinoma (PCa) is the most common genitourinary malignancy in middle-
aged and older men [89]. Studies have shown that Kcr plays a role in transcription, protein
stability, regulation of metabolic pathways as well as the tumorigenesis and progression of
PCa [7,90]. Bromodomain protein 4 (BRD4) is a member of the bromodomain and extra-
terminal domain protein family and is also an effector protein of histone acetylation. BRD4
can bind to histone acetylation sites and interact with androgen receptor signaling proteins
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in tumor cells [91-93]. Recent studies found that BRD4 can regulate histone crotonylation
in prostate cancer cells by regulating the expression levels of histone acetyltransferase,
GCNS5, and p300, while in androgen-dependent prostate cancer cell line LNCaP and
castration-resistant prostate cancer cell line C42B, histone crotonylation can specifically
activate the androgen receptor signaling pathway, thereby promoting cell proliferation,
migration, and invasion [60]. Therefore, histone Kcr has great significance for the treatment
of prostate cancer.

3.5. Pancreatic Cancer

Pancreatic cancer is a highly aggressive and deadly malignancy that is more common in
men and the elderly. It accounts for 2% of all cancers but 5% of all cancer-related deaths [94].
A recent study demonstrated that most metabolic enzymes are crotonylated in pancre-
atic ductal adenocarcinoma (PDAC), including enzymes related to glycolysis, TCA cycle,
fatty acid (FA) metabolism, glutamine metabolism, glutathione (GSH) metabolism, urea
cycle, one-carbon metabolism, and mitochondrial fusion/fission kinetics [95]. Changes
in metabolic enzymes are mainly dependent on the availability of intermediates, such
as crotonyl-CoA, which are mainly regulated by crotonyltransferases (p300/CBP and
MOF) and decrotonylases (HDAC1, HDAC2, HDAC3, and HDACS) [95]. It has been
demonstrated that pancreatic carcinogenesis can lead to high expression of histone deacety-
lases HDAC1 and HDAC?2, resulting in downregulation of e-cadherin, thus promoting
the epithelial-mesenchymal transition (EMT) and metastasis [96]. In addition, HDAC3-
mediated deacetylation of ENO2 can lead to the activation of ENO2 and the enhancement
of glycolysis. Through experiments, it has been proven that p300/CBP, HDACI, and
HDACS3 can lead to the crotonylation and de-crotonylation of MTHFD at K354 and K553.
Low crotonylation can promote the generation of NADPH, inhibit iron apoptosis, and
promote the development of PDAC tumors. The folate pathway enzyme methylenete-
trahydrofolate dehydrogenase 1 is a cytoplasmic triple-functional enzyme providing a
one-carbon tetrahydrofolate derivative. CBP/P300 and HDACS3 act as the crotonyltrans-
ferase and decarboxylase of MTHFD1, respectively, in PDAC. When MTHFD1 undergoes
de-crotonylation at 354 and 553 sites, cells’ resistance to iron death increases, thus pro-
moting the development of pancreatic cancer cells [95]. Therefore, studying crotonylation
may provide new potential therapeutic targets for preventing and treating this deadly
malignancy.

3.6. Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is one of the most common and deadly types of can-
cer and the third leading cause of cancer-related deaths worldwide [97-99]; HCC mainly
occurs in patients with underlying chronic liver disease and cirrhosis [98]. Kcr plays an
essential role in metabolic homeostasis and liver cancer progression [59]. Wan et al. de-
creased the content of HDAC1 and HDAC3 using siRNA or the HDAC inhibitor TSA,
which increased the total crotonylation level of cultured HCC cells. TSA-induced cancer
cell cycle arrest, differentiation, and cell death through gene expression changes and alter-
ations in histones and other proteins [100]. Another study found that such changes impede
the movement and proliferation of liver cancer cells [77]. Zhang et al. demonstrated that
crotonylation of proteins is very sensitive to fluctuations of oxygen concentration, whereby
hypoxia promotes crotonylation, the interaction of HDAC6 with Lamin A contributes to
crotonylation, and HDAC6 is downregulated under hypoxia conditions, which leads to the
crotonylation of Lamin A and increased proliferation of HCC. Induction of p21 and p16
expression prevented crotonylation of Lamin A at K265 and K270, inhibiting senescence
and proliferation of HCC cells [46]. After determining the global crotonylation levels of
100 HCC tissue samples, Kcr was positively correlated with the epithelial-mesenchymal
transformation (EMT) [101]. Using NaCr to increase the total crotonylation levels pro-
moted the EMT, resulting in increased migration and invasion of HCC cells. Recent studies
revealed a new role of crotonylation in promoting liver cancer metastasis and invasion.
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Septin2 (SEPT2) is a member of the septin family of GTPases [102], which is essential for
cytoplasmic division [103]. Crotonylation was found to be positively correlated with HCC
cell migration and invasion. SEPT2 is the protein with the highest level of crotonylation
in highly invasive cells, and previous studies have shown that SEPT2 can promote tumor
growth and metastasis. SIRT2 can de-crotonate SEPT2. The K74 site of SEPT?2 is located in
the GTPase domain. A lysine mutation at the K74 site can significantly eliminate SEPT2’s
crotonylation, inhibit cell growth and cell cycle, and suppress HCC metastasis. P85 o is a
subunit of PI3K that is important for EMT. It interacts with SEPT?2 to regulate mitosis. Its
GTPase activity is crucial for mitosis. The study found that K74R mutation impairs the inter-
action between SEPT2 and P85 «, enhances the stability of P85 « by affecting its autophagy
degradation, and thereby inhibits HCC metastasis in vitro and in vivo. Mechanistically,
crotonylated SEPT2 enhanced invasion by upregulating the activity of the P85«x-Akt path-
way [101]. Hyper-crotonylation of SEPT2 at K74 predicts a high risk of recurrence in HCC
patients [101]. A new article shows that P53 deficiency enhances the cytotoxic tolerance of
human colon cancer cells to cisplatin treatment. In colon cancer cells with p53 deficiency,
the significant increase in K283 crotonylation in cisplatin resistance-related genes (RRM2)
leads to increased cisplatin resistance-related genes ATP7A, ATP7B, and MUC16, while the
expression of cleaned-PARP1 and cleaned-caspase3 decreases. Therefore, the increase in
RRM2 K283cr can enhance the cytotoxic tolerance of colon cancer cells to cisplatin treatment
after p53 knockout, and SIRT7 was found to be its de-crotonylation enzyme. Therefore, p53
deficiency-induced cisplatin resistance can be overcome through the P53 /SIRT7 /RRM2
K283cr/cleaned-PARP1 and cleaned-caspase3 axes [104]. Protein crotonylation is closely
related to HCC.

3.7. Colorectal Cancer

Colorectal cancer (CRC) is a leading cause of cancer-related deaths worldwide [105,106].
ENO1 overexpression in colon cancer tissues is associated with disease progression [107].
ENOL1 overexpression was also found to promote the proliferation, migration, and inva-
sion of tumor cells in vitro, and can promote the occurrence and metastasis of tumors
in vivo [108]. Hou et al. demonstrated that the increase in ENO1 Kcr in colon cancer
tissues is independent of ENOL1 protein levels because CBP promotes the crotonylation of
ENOI1, and SIRT2 reduces its Kcr level. Functional analysis of the ENO1 crotonylation site
showed that the K420 site is the leading Kcr site of ENO1. ENO1, as a glycolytic enzyme, is
crucial for cancer cell energetics. The ENO1 K420cr mutant shows more vigorous ENO1
activity than wild-type ENO1 and can promote lactate production inside and outside rectal
cancer cells. Lactate, a product of glycolysis, has also been found to be a key regulator of
cancer development. High lactate helps cancer cells resist the stress of glucose deprivation,
which often leads to apoptosis and/or necrosis. ENO1-k420 Kcr increased the activity
of ENO1 and the content of lactic acid both inside and outside of CRC cells. Increased
glycolysis in ENO1-K420cr cells raised the possibility that CRC cells may be insensitive to
glucose depletion. Its carcinogenic effect is based on the increased viability of CRC cells
due to increased lactic acid levels in the absence of glucose, which promotes proliferation,
invasion, and migration [68]. This represents a promising new therapeutic target. Liao et al.
reported that croconic acid (CA, 4,5-dihydroxycyclopentenetrione) produced by intestinal
microbiota can enhance the proliferation of CRC cells by promoting the crotonylation of
p53-Ser46 [22]. Liao et al. proposed that histone crotonylation may be involved in DNA
damage. It has been demonstrated that Kcr of RPA1 protein mediates the repair of DNA
damage induced by camptothecin (CPT) [109], and the crotonylation level of H3K9 de-
creased during the DNA damage period [110]. Studies confirmed that SIRT6 could reduce
the crotonylation level of H3K27, and in colon cancer patients, the expression of genes
whose promoters are occupied by histone 3 crotonylated at K27 was negatively correlated
with DNA damage [52]. The gene LINC00922 encodes a long non-coding RNA (IncRNA)
that can promote the proliferation, migration, and invasion of colon, lung, stomach, ovarian,
and liver cancer cells. It has been shown that it can recruit DNA methyltransferases (DN-
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MTs) to the promoter regions of target genes, thereby causing changes in their expression
levels [111]. Liao et al. showed that LINC00922 is involved in the invasion and migration of
CRC cells, interacts with SIRT3, and medjiates its translocation to the ETS1 promoter, where
it increases H3K27 crotonylation and increases expression, thus promoting the invasion
and migration of CRC cells in vivo and vitro [112]. Hou et al. found that the Kcr of protein
kinase A (PKA) holoenzyme in the cAMP signaling pathway center is upregulated. Nearly
half of the proteins closely related to protein kinase A (PRKACA) are regulatory subunits
of PKA, indicating that the Kcr of PRKACA may play a role in the interaction between
PRKACA and regulatory subunits. The crotonylation of cAMP-dependent catalytic sub-
unit o of PRKACA was increased in all three tested CRC cell lines (HCT116, SW480, and
SW620). Crotonylation of PRKACA was reduced by siRNA knockdown of endogenous
CBP or an increase in SIRT3 in HCT116 cells. Co-transfection offset the downregulation of
crotonylation by SIRT3 and the upregulation of crotonylation by CBP. PKA is a tetramer
consisting of two inactive catalytic subunits (C) and two regulatory subunits (R). The
main crotonylation site of PRKACA is K84 and cells with increased crotonylation showed
higher cAMP-dependent protein kinase (PKA) activity. It is speculated that crotonylation
of K84 may reduce the binding of regulatory and catalytic subunits, thus activating PKA
and leading to the phosphorylation of focal adhesion kinase (FAK) and protein kinase B
(AKT) at the same time. The research found that the proliferation rates, colony growth,
invasion, and migration of CRC cells with K84Q overexpression were significantly higher
than those of wild-type cells while decreasing in K84R cells. In addition, K84Q elevated
the mRNA levels of cyclin E2 (CCNE2), a classic gene associated with tumor cell growth.
The phosphorylation levels of FAK at Y397, Akt at 5473, Paxillin (a focus adhesion marker)
at Y118, and the protein level of CCNE2 increased in K84Q cells, which PKA inhibitor
HB89 can reverse. These results indicate that PRKACA K84Q enhances PKA activity and
phosphorylates FAK and Akt, resulting in downstream CCNE2 expression and Paxillin
phosphorylation in a PKA-dependent way. Therefore, studies suggest that crotonylation at
the K84 site of PRKACA can promote the growth, invasion, and migration of CRC cells
by activating the PKA-FAK-AKT signaling pathway, indicating that it may be a diagnostic
marker [113]. Liu et al. found that crotonylation of H3K27 resulted in transcriptional
suppression and was selectively recognized by the YEATS domain of glioma-amplified
sequence 41 (GAS41) and the SIN 3A-HDACT co-repressor complex. The proto-oncogene
transcription factor MYC recruits the GAS 41/SIN 3A-HDAC1 complex to densify chro-
matin, including the cell cycle inhibitor. Knockout of GAS41 or crotonylation of H3K27
resulted in p21 downregulation, cell cycle arrest, and tumor growth inhibition in colon
cancer [114]. Hou et al. analyzed crotonylation in colorectal cancer and para-cancer normal
tissues, finding that some crotonylated proteins were enriched in immune-related pathways.
Previous studies have shown that immune cells circulate between peripheral blood and
tumor tissues [115,116], indicating the possibility of differential crotonylation in peripheral
blood immune cells of patients with colorectal cancer. It was reported that the crotonylation
level of H2BK12 in peripheral blood mononuclear cells of patients with rectal cancer was
significantly increased, and the high level of H2BK12 crotonylation is closely related to
advanced tumor stage, indicating that it may be a potential diagnostic marker for colorectal
cancer [117].

3.8. Breast Cancer

Breast cancer is the most common malignancy in women worldwide, and triple-
negative breast cancer (TNBC) is an aggressive subtype that accounts for 20% of all cases.
Analysis of breast cancer cells under normoxic and hypoxic conditions showed that 128 Kcr
sites were changed due to hypoxia, among which phosphoglycerate kinase 1 (PGK1) K131cr,
K156cr, and K220cr were significantly reduced during hypoxia, PGK1 plays a crucial role
in glycolysis by catalyzing the conversion of 1,3-diphosphoglycerate (1,3-BPG) and ADP
to 3-phosphoglycerate (3-PG) and ATP, which is the first ATP-generating step. ECHS1
reduces PGK1 Kcr under hypoxia conditions, which will weaken mitochondrial pyruvate
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metabolism, promote the production of lactic acid, and promote tumor cell proliferation
and migration. Studies have found that compared with early breast cancer cells, the level
of PGK1 K131cr in advanced breast cancer cells is lower, which indicates that low levels
of PGK1 K131cr are associated with poor prognosis in breast cancer patients. Therefore,
PGK1 Kcr could be a promising candidate for diagnosing and treating breast cancer [118].
Solute carrier family 7 member 2 (SLC7A2) is a cationic amino acid transporter and a key
regulator of lysine metabolism, as it transports cationic amino acids to the cytosol, leading
to alterations in various biological processes such as cell proliferation and differentiation. It
is often dysregulated in the pathogenesis of various cancers. Sun et al. found that removing
SCL7A2 in CD8* T cells can promote tumor cell proliferation and growth [61]. Moreover,
SLC7A2 depletion decreases the ratios of CD8" T cells and the infiltration of TNF-a+CD8*
T cells and IFN-y+CD8" T cells in vivo. These findings suggest that SLC7A2 enhances
the tumor-killing ability of CD8" T cells. SLC7A2-mediated lysine catabolism promotes
the biogenesis of crotonyl-CoA and histone crotonylation (Kcr). They observed decreased
mRNA expression of ACSS2, GCDH, ACADS, ACOX1, and ACOX3 and increased CDYL
and ECHSI expression. Moreover, ACOX1 expression was prominent. Overexpression
of ACOX1 significantly antagonizes the depletion of SLC7A2 and inhibits tumor cell
proliferation and growth. Exposure of cells to IFN-y promotes the release of lys in CD8* T
cells, increases protein expression of SCL7A2, ACOX1, and Kcr, and inhibits cell viability
and tumor growth. TCF1 is the critical transcription factor in CD8* T cell regulation. ACOX1
and TCF1 co-localized in the nucleus of CD8* T cells, overexpressed ACOX1 promoted the
proliferation of total CD8* T cells, TNF-a+CD8* T cells, and IFN-y+CD8" T cells, as well
as TCF1+PD-1+CD8" T cells. Upregulation of SLC7A2 enhances ACOX1 expression and
mediates CD8* T cell histone Kcr to promote lysine release and inhibit tumor growth in
TNBC patients. TCF1 plays critical roles in optimal priming of tumor antigen-specific CD8*
T cells, and TCF1+PD-1+CD8" T lymphocytes mediate its proliferative response to ICB
immunotherapies. Nuclear ACOX1 can interact with TCF1, promote the proliferation of
TCF+PD-1+CD8* stem cell-like T cells, improve the chemosensitivity of breast cancer cells
to ICB, and inhibit the growth of TNBC cells. Therefore, the SLC7A2-ACOX 1-crotonylated
TCF 1 pathway of CD8* T-cells may be a novel way to treat TNBC [61].

4. Detection of Crotonylation and Development of Anticancer Drugs

Due to the complex biochemical reactions required for the metabolism of ester drugs
in the body, there is a lack of specific crotonylation enzymes, which limits further re-
search on crotonylation drugs. The biological effects of HDACs, KATs, and bromo-domain
inhibitors are typically associated with acetylation, but these drugs also regulate crotony-
lation. However, there is still a need for extensive research on how to specifically target
protein crotonylation modifications for drug design and disease treatment. To elucidate
the role of different lysine acylations, Wei et al. [43] and Liu et al. [36] designed and gen-
erated p300 (I1935G) and CBP (11432G) mutants with HAT deficiency but vigorous HCT
activity, as well as HDAC1/3 AGG-VRPP mutants lacking HDCR but with intact HDAC
activity. 2017 Ju and He [119] designed a new coding scheme to predict protein crotony-
lation sites through a database. 2018, Bos and Muri [120] designed a chemical probe for
endogenous protein crotonylation to supplement specific antibodies to detect crotonylation
modifications. In 2019, Maleberry et al. [121] designed and developed a new database of
protein crotonylation sites based on protein sequences’ physicochemical properties and
evolutionary-derived features. In 2020, Spinck et al. [122] designed an HDAC-HDCR
selection system in yeast by extending the genetic code and replacing an essential active
site lysine residue of orotidine 5'-phosphate decarboxylase with a lysine derivative. In 2021,
Xie et al. [123] developed single-step fluorescent probes (KTcr-I recognized by Sirt2 and
KTer-1I recognized by HDAC3) that generate fluorescent signals through intramolecular
nucleophilic exchange reactions to detect the de-crotonylation activity of HDACs. Lv
et al. [124] used a deep learning-based method to accurately detect lysine crotonylation
sites by combining sequence-based features, physicochemical property-based features, and
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numerical spatial derived information. Some HDAC families that inhibit crotonylation
have been used for cancer treatment. Several HDAC inhibitors have been applied to treat T-
cell lymphoma, Belinostat, and Panobinostat [125]. In addition, specific inhibitors targeting
the “reader” protein of crotonylation have been applied clinically. For example, XL-13m is
a selective inhibitor of the YEATS (YAF9, ENL, AF9, TAF14, SAS5) domain of ENL (Eleven
Nineteen Leukemia), which can disrupt chromatin binding of ENL in vivo. This further
reduces the expression of oncogenes in acute leukemia, with MLL (mixed lineage leukemia)
gene rearrangement, and plays a crucial role in this disease [126].

5. Summary and Prospect

This review discussed and summarized the latest advances in Kcr research, including
the regulatory mechanism of crotonylation, physiological functions, and its relationship
with cancer. Crotonylation of lysine residues is a recently discovered evolutionarily con-
served histone PTM [7]. Due to the advancement of high-resolution LC-MS/MS technol-
ogy, protein crotonylation can be better studied. The identification of crotonylation in
non-histones can also expand our understanding of other proteins involved in the post-
translational regulation of different cellular functions and signaling pathways and could
facilitate research into the precise regulation of protein function.

In recent years, the functional mechanisms of protein crotonylation of protein have
been studied in increasing detail, but there are still many unknowns. Although Kcr is
involved in various cellular functions in both health and disease states, there is no clear
understanding of the specific mechanisms of action of Kcr in these biological processes.
Changes in the balance between crotonylation and de-crotonylation have been implicated
in a number of diseases, so a critical future research direction may be to gain insights
into the target substrates of crotonylation and the role of this protein modification in
biology. The concentration of crotonyl-CoA affects the crotonylation of both histones and
other proteins [27]. Crotonyl-CoA is an intermediate in different metabolic processes,
including the 3-oxidation of fatty acids and degradation of the essential amino acids’
lysine or tryptophan, so it is also very important to study the factors influencing the
intracellular pool of crotonyl-CoA. At present, the number of known writers, readers,
and erasers of crotonylated lysine residues is very limited, and more proteins related to
crotonylation can be discovered in future studies. More attention should also be paid
to the regulatory mechanism of crotonylation in human health and disease. The role
of crotonylation in non-histone proteins should be further explored, and more lysine
crotonylation sites are expected to be discovered. There are many studies on the relationship
between crotonylation and various cancers, but the actual underlying mechanism has not
been discovered, and further research is needed. Since crotonylation overlaps with other
acylation modifications, these epigenetic modifications are linked and work together to
regulate gene expression. However, due to this overlap, there are significant obstacles to
the specific study of crotonylation.

Moreover, the specific regulators and targets of Kcr have not been identified at the time
of writing, which brings great challenges to research on crotonylation-mediated epigenetics
and related fields. Therefore, it is particularly important to explore the specific mecha-
nisms, regulators, and targets of Kcr in various diseases. In order to study crotonylation
more profoundly and comprehensively, especially the roles and regulatory mechanisms
of crotonylation in various cancers, it is necessary to conduct comprehensive research on
the regulatory sites of crotonylation and design clinical trials to provide a fresh theoretical
basis for clinical treatment.
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