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Histone crotonylation in neurobiology: to be or not to be?

Cechuan Deng'?, Jia-Hua Qu3, InKyeom Kim**>®, Xiaogiang Tang'

"Key Laboratory of Birth Defects and Related Diseases of Women and Children of MOE, State Key Laboratory of Biotherapy, West China Second University Hospital, Sichuan

University, Chengdu, Sichuan 610041, China;

2Department of Medical Genetics, Prenatal Diagnostic Center, West China Second University Hospital, Sichuan University, Chengdu, Sichuan 610041, China;
SLaboratory of Cardiovascular Science, Intramural Research Program, National Institute on Aging, National Institutes of Health, Baltimore, Maryland 21224, USA;
“Department of Pharmacology, School of Medicine, Kyungpook National University, Daegu, Republic of Korea;

SCardiovascular Research Institute, School of Medicine, Kyungpook National University, Daegu, Republic of Korea;

SDepartment of Biomedical Science, BK21 Plus KNU Biomedical Convergence Program, School of Medicine, Kyungpook National University, Daegu, Republic of Korea.

Epigenetic regulation is a pivotal mechanism that controls
gene transcription and cell fate. During the past decades, it
has been observed that histone, DNA, and RNA
modifications participate in determining the fate of neural
stem cells (NSCs). These modifications include histone
acetylation and methylation, as well as DNA and RNA
methylation. Of note, non-coding RNAs also participate
in neural differentiation.!"! In addition to acetylation,
many other types of acylations to histone lysines,
including crotonylation, propionylation, succinylation,
and malonylation, have been identified.! The roles of
these histone acylations in neuroscience remain elusive.

A decade ago, Zhao’s lab characterized >60 types of
histone modifications and identified histone crotonylation
as a hallmark of active transcription.!”! Crotonylation is a
type of short-chain lysine acylation that is reversely
regulated by acetyltransferases and deacetylases. P300 and
GCNS are the typical writers of histone crotonylation,
whereas class I histone deacetylases and Sirtuins 1-3 act as
erasers. Short-chain enoyl-CoA hydratase (ECHS1) and
chromodomain-Y-like (CDYL) protein act as crotonyl-
CoA hydratases to “control the intracellular concentra-
tion of crotonyl-CoA and the extent of histone crotony-
lation”.!*! Subsequent studies identified some key histone
lysine crotonylation (Kcr) sites involved in transcriptional
regulation, such as H3K18cr, H2BK12cr, H3K9cr, and
H3K27cr. >3] Interestingly, the histone lysine crotonyla-
tion and acetylation in chromatins have temporal and
spatial differences,?! revealing the distinct roles of these
modifications, despite that they share many writers,
readers, and erasers.
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Recent studies from our lab and those of others have
uncovered the critical roles of histone crotonylation in
cardiac dysfunction, spermatogenesis, tumor biology,
infection, and embryonic development.*! For instance,
we identified the contribution of histone crotonylation
(H3K18cr and H2BK12cr) in cardiac hypertrophy in
humans and rodents.*! Furthermore, another study
identified a histone crotonylation-mediated mechanism
promoting endodermal commitment by pluripotent stem
cells in humans and mice.”! Such studies indicate the
potential roles of histone crotonylation in development
and neurobiology. However, the genome-wide distribu-
tion, dynamic changes, and gene expression associations
of histone crotonylation during developmental processes,
especially in the development of the central nervous
system, are largely unknown. This study searched
PubMed and Google Scholar with the keywords “croto-
nylation,” “crotonate,” “neuron,” and “brain” and found
several relevant publications on the role of crotonylation
in neurobiology.

Notably, Liu’s lab at the Institute of Zoology (Chinese
Academy of Sciences) performed genome-wide multiple
omics analyses and identified the critical role of histone
crotonylation in regulating NSC biology.l**! The
researchers applied multi-omics profiling (bulk RNA-
seq, chromatin immunoprecipitation followed by se-
quencing [ChIP-seq], and assay for transposase-accessible
chromatin with high-throughput sequencing [ATAC-seq])
to analyze H3K9cr in the embryonic forebrain, and their
bioinformatics analysis revealed that H3K9cr-targeted
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Figure 1: Historie modifications control NSC fate. Under normal conditions, histone hypo crotonylation, H3K27ac, H3K4me1, and H3K36me3 promote the expression of genes related to
metabolism and proliferation and serve as brakes to slow neural differentiation and to maintain the stemness of NSPCs. By contrast, histone hypercrotonylation, H3K9ac, and H3K4me3
facilitate chromatin openness and act as accelerators to promote neuronal differentiation of NSPCs by activating bivalent promoters. NSC: Neural stem cell; NSPCs: Neural stem/progenitor

cells.

genes are associated with stemness maintenance and
neural differentiation. The authors demonstrated that
histone crotonylation regulates the expression of genes
involved in the metabolism and proliferation of neural
progenitor/stem cells (NPSCs). Significantly, enrichment
of histone crotonylation activates bivalent promoters to
drive gene expression in NSPCs by facilitating chromatin
openness and recruiting RNA polymerase II, which
reprograms the transcriptome and promotes neuronal
differentiation. In a follow-up study by the same group,
the authors described the dynamic profiling and functional
interpretation of histone lysine crotonylatlon and lacty-
lation during neural development.l*! These novel findings
sketched epigenetic maps for histone acetylation, methy-
lation, crotonylation, lactylation, and DNA methylation,
modifications that regulate NPSC differentiation. These
studies expanded our understanding of the epigenetic
mechanisms underlying NPSC fate decision and the
clinical implications of such mechanisms [Figure 1].

However, some open questions remain unanswered. For
example, the authors demonstrated, via ChIP-seq with
pan-crotonylation antibodies, that pan-crotonylation of
histone-regulated genes is involved in the maintenance of
neural stemness. Although the authors showed the
enrichment of H3K9c¢r in the promoter regions of target
genes, further studies are required to explore which
histone lysine crotonylation sites play pivotal roles in
determining NPSC fate iz vitro and in vivo. Further studies
are also needed to explore the mechanisms underlying
histone crotonylation-mediated functions in neurobiolo-
gy, although the involvement of the histone Kcr-miR-203-
Bmil regulatory axis has been suggested. In other words,
it remains unknown which genes are regulated by which
Kecr sites and how they are regulated (by promoters,
enhancers, or other regulatory elements) to reshape
the transcriptome and to determine NPSC fate. Research-
ers have applied multi-omics to investigate chromatin

modification and openness and identified the participa-
tion of histone acetylation (H3K9ac and H3K27ac),
methylation (H3K4me1/2/3, H3K9me3, H3K27me3, and
H3K36me3),lactylation (H3K18la),and DNA methylation
in NPSC maintenance and differentiation. It is interesting,
although not easy, to integrate these multi-omics data with
single-cell RNA sequencing data to identify the potential
principles governing the interactions of these epigenetic
modifications in modulating the stemness of NPSCs.

Notably, the clinical implications of histone crotonylation
in brain development and diseases are yet to be addressed.
The contributions of histone crotonylation in neural
development in vivo and its involvement in neuropathy
remain inconclusive, but some experimental and genetic
findings may provide clues. For instance, elevated Kcr
levels were observed in the brains of BTBR T+Itpr3tf/]
mice that have developmental disorders in the central
nervous s stem and many aberrant neuroanatomical
structures.!® In addition, ECHS1, a regulator of histone
croton;flatlon,m is critical for human brain develop-
ment.!”) Mutations in ECHSI cause developmental
defects, such as Lelgh syndrome, a devastating neurode-
generative disease, in children.!” 7 Germhne knockout of
ECHST in mice leads to embryomc death,®! which may be
related to developmental defects in the neuronal system.
These findings imply that dysregulation of histone
crotonylation may lead to developmental defects in the
neuronal system and may result in neuropathy. CDYL is
another enzyme that controls histone crotonylation and
methylatlon In mice, CDYL suppresses epileptogenesis b
repressing axonal Nav1.6 sodium channel expression,
whereas CDYL deficiency disrupts neuronal migration
and increases susceptibility to epilepsy.l”! In addition, a
genome-wide association study explored the genetic basis
for responsiveness to ketogenic dietary therapies for drug-
resistant epilepsy in humans, and the results revealed an
association locus at 6p25.1, 61kb upstream of CDYL
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(rs12204701; P=3.83 x 10 %" However, further
exploration with a larger replication cohort is warranted
to clarify whether CDYL and dysregulated histone
crotonylation are the causal factors underlying human
epilepsy and the associated drug resistance. Additionally,
CDYL-mediated histone crotonylation also pla%/s a critical
role in regulating stress-induced depression,''!! although
the underlying mechanism and clinical implications
remain unknown. Finally, crotonate is a metabolite of
the ﬁut microbe and contributes to histone crotonyla-
tion!"?l; it would be interesting to investigate the relevance
of crotonate and histone crotonylation to the gut-brain
axis and gut-mediated brain health and diseases.

In conclusion, recent studies on the role of histone
crotonylation in neurobiology will certainly stimulate
future research and open new avenues for therapeutic
advancement in neurobiology. It is important to investi-
gate the complex roles of histone crotonylation in neural
development and diseases and to explore crotonylation-
targeted strategies for treating human neural diseases.
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