Sun et al. BMC Genomics ~ (2024) 25:1071 BMC Genomics
https://doi.org/10.1186/s12864-024-10972-1

Check for
updates

Transcriptome-wide methylated RNA
immunoprecipitation sequencing profiling
reveals m6A modification involved

in response to heat stress in Apostichopus
japonicus
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Abstract

Background Global warming-induced environmental stresses have diverse effects on gene expression and
regulation in the life processes of various aquatic organisms. N6 adenylate methylation (m6A) modifications are
known to influence mRNA transcription, localization, translation, stability, splicing, and nuclear export, which
are pivotal in mediating stress responses. Apostichopus japonicus is a significant species in aquaculture and a
representative of benthic organisms in ecosystems, thus there is a growing need for research on its heat stress
mechanism.

Results In this study, m6A-modified whole transcriptome profiles of the respiratory tree tissues of A. japonicus in

the control (T18) and high-temperature stress (T32) groups were obtained using MeRIP-seq technology. The results
showed that 7,211 common m6A peaks, and 9,459 genes containing common m6A were identified in three replicates
T18 and T32 groups. The m6A peaks were found to be highly enriched in the 3'untranslated region, and the common
sequence of the m6A peak was also enriched, which was shown as RRACH (R=G or A; H=A, C, or U). A total of

1,200 peaks were identified as significantly differentially enriched in the T32 group compared with the T18 group.
Among them, 245 peaks were upregulated and 955 were downregulated, which indicated that high temperature
stress significantly altered the methylation pattern of méA, and there were more demethylation sites in the T32
group. Conjoint analysis of the m6A methylation modification and the transcript expression level (the MeRIP-seq

and RNA-seq data) showed co-differentiated 395 genes were identified, which were subsequently divided into four
groups with a predominant pattern that more genes with decreased méA modification and up-regulated expression,
including HSP70IV, EIF2AK1, etc. GO enrichment and KEGG analyses of differential m6éA peak related genes and
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pathways

co-differentiated genes showed the genes were significantly associated with transcription process and pathways such
as protein processing in the endoplasmic reticulum, Wnt signaling pathway, and mTOR signaling pathway, etc.

Conclusion The comparisons of m6A modification patterns and conjoint analyses of m6A modification and gene
expression profiles suggest that m6A modification was involved in the regulation of heat stress-responsive genes and
important functional pathways in A. japonicus in response to high-temperature stress. The study will contribute to
elucidate the regulatory mechanism of méA modification in the response of A. japonicus to environmental stress, as
well as the conservation and utilization of sea cucumber resources in the context of environmental changes.

Keywords Apostichopus japonicus, N6 adenylate methylation, Heat stress, RNA methylation, Genes and functional

Introduction

Temperature is a major environmental factor with pro-
found effects on all levels of biological organization, from
molecules to ecosystems [1]. Global warming has caused
persistently high temperatures and numerous incidents
of overheating in recent decades. Animals experience
heat stress when the ambient temperature rises above
their optimum physiological range, which substantially
impacts their daily activities. Studies have increasingly
shown that epigenetic modifications can rapidly respond
to environmental variability, regulating gene expres-
sion, physiological state, and phenotype, in adapting to
environmental changes or responding to environmental
stress [2—6]. Numerous studies on mammals and other
terrestrial animals have shown how environmental con-
ditions, such as high temperatures, affect several aspects
of epigenetics [7-11]. High temperatures are major envi-
ronmental stressors for marine animals, and it is possible
that epigenetic modifications significantly affect how they
respond to and adapt to the rising seawater temperatures
brought on by global warming [12, 13].

Typically, epigenetic mechanisms regulate gene tran-
scription through various pathways, including DNA
methylation, small RNAs, ATP-dependent chromatin
remodeling, histone variants, histone modifications, his-
tone chaperones, and long non-coding RNAs. Certain
epigenetic modifications and modifier proteins control
the expression of heat-responsive genes in organisms
under high-temperature stress, limiting heat-related
damage and enabling adaptation to environmental
changes [14]. RNA methylation is a significant area of
epigenetic research. It plays a crucial role in regulat-
ing gene expression, splicing, RNA editing, RNA sta-
bility and degradation, and is considered an important
method for gene expression regulation [15, 16]. Over
160 types of chemical modifications have been identi-
fied in RNA molecules to date [17, 18], with methylation
accounting for over 60% [19]. The most common meth-
ylations include m6A, m5C, and m1C RNA methylation
[19, 20]. The most abundant post-transcriptional modi-
fication of mRNAs in animals is N6-methyladenosine
(m6A), first identified in the 1970s [21], with conserved

motifs containing DRACH (A is methylated, D=A/G/U,
R=A/G, H=A/C/U) [22-24]. The m6A modification sta-
tus is regulated by ‘writers’ (methyltransferases), ‘erasers’
(demethylases), and ‘readers’ (binding proteins) [25, 26],
ultimately affecting various stages of post-transcriptional
RNA metabolism, including localization [27], splicing
[28], translation [29], degradation [30]and stability [31].
The importance of m6A for controlling gene expression
and its function in the life cycle is becoming increas-
ingly clear alongside academic progress in this field. Since
2012, m6A research has employed antibodies that specif-
ically bind to m6A-containing mRNA [32]. Subsequently,
next-generation sequencing technologies have facilitated
transcriptome-wide sequencing of enriched mRNA frag-
ments, the MeRIP seq technology for sequencing the m6a
site has been developed, which can capture unstable or
low expression RNA splicing isoforms, enrich sequencing
data, and improve the accuracy and efficiency of analysis.

Studies on whether m6A levels and the expression of
mo6A-related genes differ between mammalian heat stress
groups and controls are now being conducted on a ongo-
ing basis, heat shock proteins and genes related to the
unfolded protein response (UPR) have been confirmed
to be involved in in protein homeostasis and be crucial
for cellular defense against thermal stress [33, 34]. How-
ever, the role of m6A methylation modification under
heat stress conditions has been rarely reported in lower
vertebrates, especially marine invertebrates. Aposticho-
pus japonicus is a temperate species that is mainly found
on the coasts of East Asia. Due to its high nutritional
and medicinal value, the sea cucumber A. japonicus has
become a popular food in China [35], which has led to
progress in the Chinese sea cucumber farming industry.
The industry faces a major issue as pond aquaculture suf-
fers from regular mass fatalities of sea cucumbers due to
persistently high temperatures in the pond water induced
by summer heat waves [36]. Sea cucumbers, as benthic
echinoderms important to marine ecosystems, are rep-
resentative organisms for studying how marine ecosys-
tems respond to temperature fluctuations. Consequently,
studies on the effects of heat stress on sea cucumbers
have gained more attention. In earlier research focused
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more on transcriptome expression and gene function
analysis, numerous important stress-responsive genes,
including heat shock proteins, members of the transfer-
rin superfamily, the complement system, pattern recogni-
tion receptors, and those involved in signal transduction,
were discovered as regulated and altered [37-40]. How-
ever, the exact regulators of these differentially expressed
genes and the involvement of m6A modification in this
regulatory process remain unknown.

Overall, research on A. japonicus has been limited
regarding the localization of m6A motifs in their whole
transcriptome under stress conditions and their relation-
ship with gene expression regulation. In this study, the
high-throughput sequencing technique MeRIP-seq was
innovatively applied to obtain the m6A transcriptome
profile of respiratory tree tissues of A. japonicus under
normal (T18) and heat stress (T32) conditions. Tran-
scriptomes from samples were collected and analyzed to
understand the role of m6A and provide a foundation for
its characterization. This study investigates the changes
in m6A modification in A. japonicus under heat stress
from an epigenetic perspective, potentially offering new
insights into the response of marine organisms to envi-
ronmental heat stress.

Results

General features of m6A methylation in heat-stressed A.
japonicus

Input and IP libraries were sequenced under normal
and heat stress conditions using the Illumina NovaSeq™
6000. RNA sequencing produces raw data that requires
preprocessing, and clean data can be obtained by filter-
ing out defective sequences using fastp. Nearly 80 million
reads were obtained in each library. Following the raw
data screening and quality control process, each library
yielded close to 40 million reads, with all Q30 values over
92.80%. In this study, the proportion of valid reads that
were mapped to the reference genome was between 68.42
and 76.46%, with over 45% of valid reads being uniquely
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mapped to the genome. The quality control and mapping
statistics of the MeRIP-seq data for all samples are pre-
sented in Table 1, indicating that all samples were of high
quality and could be used for subsequent analyses.

Genome-wide peak scanning was performed using the
R package exomePeak to obtain peak locations on the
genome, peak length information, etc. The comparison of
read segment distributions between input and IP samples
led to the identification of m6A peaks, which were actu-
ally identified as m6A modification sites. About 90% of
the transcripts were made up of genes with 1-3 m6A
peaks; the dominant type had only one peak, making
up roughly 60% of the transcripts; genes with more than
three peaks were a minority, making up less than 10%
(Fig. 1A). Furthermore, the T32 group had fewer tran-
scripts containing m6A sites than the T18 group. The dis-
tribution of the m6A peaks in different gene functional
elements was analyzed, and the results are shown in
Fig. 1B. Reads map to and are distributed along the CDS,
5'UTR, and 3’ UTR, with m6A peaks generally enriched
in the 3UTR and stop codon regions in A. japonicus.
The m6A peak subgenomic mapping proportions for the
T18 and T32 group transcriptomes were investigated
(Fig. 1C and D), showing that the largest number of m6A
peaks were clearly located in the 3’ untranslated region
(3’UTR). Specifically, the 3'UTR accounted for 44.52% in
the T18 group and 44.28% in the T32 group. Comparably,
the two groups’ distribution of percentages showed that
the 5’UTR had the lowest proportion (24.21%), followed
by exons (31.27%) for the T18 group, the 5’UTR (23.84%),
and exons (31.88%) for the T32 group.

The pattern analysis software HOMER was used to find
high-confidence patterns in the peak areas. As shown in
Fig. 1E and F, the first five m6A consensus motifs were
located in the T18 and T32 groups, and these groups
identified the classical RRACH (R=purine; A=m6A;
H=non-guanine base) motifs.

The relationship between the m6A peaks and the
expression level is shown in Fig. 2. It can be inferred

Table 1 Statistics and quality control of raw data generated by sequencing and read alignment statistics

Sample ID Raw reads Valid reads Valid% Q20% Q30% GC% Mapped reads Unique mapped reads
T18_RI1_IP 41,864,076 41,861,324 99.99 97.55 93.26 41.01 28,640,207(68.42%) 18,899,102(45.15%)
T18_R1_input 53,373,728 53,372,446 100.00 98.10 94.39 4245 37,321,235(69.93%) 24,849,440(46.56%)
T18_R2_IP 32,314,072 32,305,110 99.98 97.27 92.80 42.97 22,678,528(70.20%) 14,559,990(45.07%)
T18_R2_input 52,117,034 52,115,296 100.00 98.38 95.09 4425 39,845,912(76.46%) 24,284,845(46.60%)
T18_R3_IP 46,593,366 46,587,660 99.98 97.31 92.85 41.34 31,971,994(68.63%) ,183,180(45.47%)
T18_R3_input 53,385,892 53,384,418 99.99 9832 94.97 42.95 38,943,974(72.95%) 25,828,491 (48.38%)
T32_R1_IP 42,944,198 42,941,126 99.99 9748 93.08 4191 30,227,824(70.39%) 19,609,774(45.67%)
T32_R1_input 54,856,904 54,855,394 100.00 98.20 94.69 42.20 38,147,807(69.54%) 25,543,657(46.57%)
T32_R2_input 55,215,192 55,213,804 100.00 98.24 94.78 4262 39,947,510(72.35%) 26,834,920(48.60%)
T32_R2_IP 51,522,718 51,519,100 99.99 97.56 93.30 41.79 36,496,331(70.84%) 23,888,900(46.37%)
T32_R3_IP 50,726,554 50,722,882 99.99 97.62 93.39 41.55 35,110,869(69.22%) 23,021,681(45.39%)
T32_R3_input 50,685,594 50,684,146 100.00 98.28 94.86 42.78 36,906,483(72.82%) 24,303,969(47.95%)
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Fig. 1 m6A topological patterns in A. japonicus. (A) The proportion of genes containing different numbers of m6A peaks. (B) Distribution of m6 A meth-
ylation groups along transcripts. Each transcript is divided into three sections: 5 UTR, CDS and 3 UTR: red line: normal group (T18); green line: heat stress
group (T32). The distribution of m6A peaks within transcripts is divided into 5'UTR, 1st exon, 3'UTR, and other exons. (C) T18 group; (D) T32 group; The blue
part is the T18 group; the red part is the T32 group; the consensus motifs enriched with m6A peaks in the T18 group (E) and T32 group (F)
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Fig. 2 Estimation of m6A peaks density in A. japonicus transcripts

that the density of the m6A peaks increases with the
increase in expression level, reaches its peak at around
0.14 expression levels, and then decreases. Meanwhile,
the Cricos plot (Fig. 3) was used to more visually dis-
play the distribution of gene expression, peak density,
and differential gene density across different samples.

T18_R_peak

T32_R_peak
D DiffPeak_result

Diffexp_result
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Every chromosome was found to have peaks and differ-
ential peaks, with chromosomes 2, 6, 13, and 15 show-
ing the highest distribution of peaks. Furthermore, at the
genomic scale, the number of m6A peaks has higher den-
sity in the vicinity of chromosomal telomeres.

Differentially m6A modification between T18 and T32
groups

Different m6A peak analyses showed that 12,284 and
11,641 peaks were specific to the T18 and T32 groups,
respectively. There were 7,211 peaks in common
(Fig. 4A). Peak-related genes analyses showed that the
T18 and T32 groups have 2,125 and 1,834 distinct genes,
respectively, with 9,459 genes sharing commonality
(Fig. 4B).

A thorough analysis of every m6A peak in the experi-
mental samples was carried out, as shown in Fig. 4C. A
total of 1,200 out of 3,280 peaks were identified as signifi-
cantly differentially enriched in the T32 group compared
with the T18 group. Specifically, 245 m6A peaks were
upregulated, while 955 peaks were downregulated in
the T32 group (P<0.05, fold change>1.5). This suggests
that heat stress causes a substantial alteration in the m6A

T32_R_ex|
5__p

Io
1.5

-10

Fig. 3 Circos plot of the genome-wide m6A methylome in A. japonicus under heat stress. From outside to inside, the seven rings show (1) Reference
genome chromosome position. (2) Gene expression of T18_R sample, taken as log10. (3) Gene expression of T32_R sample, taken as log10. (4) Density
of m6A peak of T18_R. (5) Density of m6A peak of T32_R. (6) Distribution of the density of the m6A peak of the difference between T18_R and T32_R. (7)

Density distribution of T18_R and T32_R differential genes
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methylation landscape, with more demethylation sites
than methylation sites being found.

To further assess the role of m6A modification in
A. japonicus in response to heat stress, the biological
functions of differential m6A peak-related genes were
analyzed. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and Gene Ontology (GO)
analysis were performed on all genes connected to the
differential m6A peak. Figure 4D displays the signifi-
cantly enriched GO elements sorted by P-value. As seen
in Fig. 4D, the distribution of the number of differen-
tial genes on GO terms enriched in biological process
(TOP25), cellular component (TOP15), and molecu-
lar function (TOP10) is depicted in the bar chart of GO
enrichment analysis results. A total of 2503 m6A peak-
associated genes were enriched, including 1568 genes
in the biological process (BP) category, 594 genes in the
molecular function (MF) category, and 341 genes in the
cell component (CC) category. In terms of biological pro-
cesses, m6A-containing genes were mainly involved in
biological processes, regulation of transcription, DNA-
templated, oxidation-reduction process, transcription,
DNA-templated. Cellular components were mainly
related to the cytoplasm, nucleus, and integral compo-
nent of the membrane. Zinc ion binding, protein binding,
metal ion binding, and ATP binding showed significant
enrichment in terms of molecular function. The KEGG
analysis results showed that m6A-containing genes were
significantly associated with Protein processing in the
endoplasmic reticulum, Ubiquitin-mediated proteolysis,
Wnt signaling pathway, mTOR signaling pathway, and
Endocytosis (Fig. 4E).

Conjoint analysis of MeRIP-seq and RNA-seq data

To explore the potential role of m6A modification in
gene expression, the transcriptome profiles of the normal
group (T18) and the heat stress group (T32) were exam-
ined. There were 19,561 genes in total, of which 17,175
were co-owned, however, the T32 group expressed
more genes (Fig. 5A), with 1,452. Volcano maps were
used to illustrate the overall distribution of differen-
tially expressed genes. In the heat-stressed (T32) group,
compared to the normal (T18) group, 2459 genes were
up-regulated and 1937 were down-regulated (Fig. 5B).
The RNA-seq and MeRIP-seq data were combined to
elucidate the relationship between m6A modification
and gene expression. Co-differential gene analysis was
performed by a combination of differentially expressed
genes and differential m6A peaks. Four-image map-
ping of differentially m6A methylated and differentially
expressed genes was created to provide a visual depiction
of the relationship between m6A methylation changes
and gene expression (Fig. 5C). The result showed that
395 genes were identified as significant co-differentiated
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genes with the following screening criteria: m6A peaks
and fold change in expression levels>1.5 (Fig. 5C) (Table
S1). It was found that 202 genes were significantly differ-
ent in m6A down-regulation and their expression was
significantly up-regulated, such as heat shock protein
70 (HSP701V), eukaryotic translation initiation factor 2
alpha kinase 1 (EIF2AK1), MAPK-associated protein 1
(MAPKAP1); 66 different genes were significantly differ-
ent in m6A up-regulation and their expression was sig-
nificantly up-regulated, such as Heat shock gene 67Bc
(Hsp67Bc), gamma-glutamylcyclotransferase (GGCT),
GTPase-activating protein BEM2 (sup-9), tudor domain
containing 1 (TDRD1). Similarly, 115 genes were sig-
nificantly different in m6A down-regulation and their
expression was significantly down-regulated, such as
frizzled class receptor 5 (FZD5), 5-hydroxymethylcyto-
sine binding, ES cell-specific (HMCES), tripartite motif
containing 2 (TRIM2), nucleolar protein 4 like (NOL4L),
while 12 genes were significantly different in m6A up-
regulation and their expression was significantly down-
regulated, such as 2-hydroxyacyl-CoA lyase 1 (HACL1),
protein kinase, DNA-activated, catalytic subunit
(PRKDC).

All differential genes were subjected to GO and KEGG
analyses. The top 25 BP, top 15 CC, and top 10 GO terms
of MF in these three categories are shown in Fig. 6A.
Terms like oxidation-reduction process, positive regula-
tion of transcription by RNA polymerase II, and regu-
lation of transcription, show more important in the
biological process category. The cellular components are
abundant in cytoplasm, nucleus, and integral component
of membrane. Protein binding, molecular function, and
ATP binding all have a strong relationship with molecu-
lar function. Using KEGG enrichment analysis, we dis-
covered that the majority of the differential genes were
enriched in the protein processing in endoplasmic reticu-
lum (Fig. 6B), as well as other pathways like the mTOR
signaling system, the Wnt signaling pathway, and the ani-
mal autophagy pathway. Based on multi omics analysis,
it is proposed that some genes play a certain role in m6A
methylation regulation under heat stress conditions.

An Integrated Genomics Viewer (IGV) was used to
examine the m6A peak profiles of the EIF2AK1 and
HSP70IV genes (Fig. 7), and the results also showed sig-
nificant differences in the distribution of peaks.

Discussion

Overview of m6A characteristics of respiratory tree in A.
japonicus under heat stress

Improving our understanding of the molecular mecha-
nisms underlying heat stress responses is crucial for
addressing heat stress issues in marine organisms. A.
japonicus is a typical representative of marine ben-
thic animals and an important component of marine
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significant changes in both m6A modification and mRNA expression

ecosystems. It is critical to investigate how sea cucum-
bers, A. japonicus, respond to high temperatures given
the current state of global warming and the frequency
of extreme weather events. It can offer technological
and scientific support for the preservation and man-
agement of sea cucumber resources, the stability and
well-being of marine environments, and the long-term
growth of the sea cucumber aquaculture industry. A
growing body of research shows that epigenetic events

are intimately linked to variations in the external envi-
ronment, and that epigenetics is essential to many criti-
cal life processes, and the epigenetic characteristic study
of aquatic organism response to environmental stress has
also gained increasing attention in recent years. Aquatic
species’ physiological and metabolic processes, as well as
gene expression, can change in response to environmen-
tal changes, potentially involving the control of epigen-
etic mechanisms [41-43]. RNA modification is a form
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of post-transcriptional epigenetic regulation, and m6A
RNA methylation, as the most prevalent, abundant, and
conserved internal RNA modification, is essential for
controlling the expression of genes related to cell stress
response [44]. The study of how RNA modification

changes in A. japonicus response to high temperatures
in the environment from the standpoint of m6A RNA
methylation is a novel investigation into the epigenetic
regulation mechanism of adversity response and envi-
ronmental adaptation in marine organism, which could
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be helpful for developing strategies for aquaculture and
conservation efforts in the face of climate change.

In this study, MeRIP-seq technology was used to gen-
erate the m6A map related to heat stress in the respira-
tory tree tissue of A. japonicus. The distribution of m6A
peaks revealed that the m6A modification in the respira-
tory tree tissue of sea cucumber was mainly located in
the 3 ‘downstream region of the gene, a pattern observed
in various organisms, including soybean [45], rice, and
barley [46, 47]. Studies on the response of bovine mam-
mary epithelial cells to heat stress [34] have shown that
the m6A peak near the stop codon was significantly
enriched, and two obvious peaks were also observed near
the start codon and the 3 ‘UTR region. Less than 10%

of transcripts had more than three peaks; the remain-
ing approximately 90% had one to three peaks. The pro-
portion of transcripts with m6A peaks in the heat stress
group was lower than in the normal temperature control
group. The results of m6A methylation in mouse liver
under high-fat feeding conditions [48] and the tran-
scripts containing 1-3 peaks in the m6A study of pig
liver at different development stages [49] are also domi-
nant, accounting for more than 80%. The genomically
displayed m6A RNA methylation map of A. japonicus
respiratory tree tissue is a novel application in the field
of marine invertebrate epigenetics research. The findings
demonstrated that distinct chromosomes and chromo-
some regions have distinct distribution densities of m6A
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peaks. A similar method was used in the study of rhizobia
promoting soybean root growth under cadmium stress
[45] to show that m6A peaks exhibit high density near
chromosome telomeres. It is inferred that distinct regu-
lation modalities for gene expression patterns may be
represented by m6A sites located in different transcript
regions. Differences in m6A locus distribution abun-
dance across various chromosomes and genomic regions
may relate to variations in gene function execution, envi-
ronmental conditions, and among species.

In this study, HOMER, a pattern analysis software was
used to determine the existence of the classical RRACH
motif (where R=G or A; H=A, C, U) in the m6A modi-
fication of A. japonicus. The process by which different
proteins attach to particular groups at methylation sites
initiates RNA methylation and demethylation changes.
RNA methylation-related enzymes identify such groups,
which are fundamentally biologically significant patterns
of nucleic acid sequences that can influence gene expres-
sion through binding [50, 51]. Identifying these patterns
has been widely acknowledged as being important for
understanding the mechanisms regulating gene expres-
sion, a crucial area of scientific research. In previous
studies, such as the heat stress response in sheep [52], the
sequence GGACA was identified in the analysis of m6A
mRNA methylation in liver tissue. Similarly, the GGACU
sequence was observed in the study of the heat stress
response in bovine mammary epithelial cells [49]. The
GGACC sequence and the classical RRACH motif (R=G
or A; H=A, C, U) mentioned in this study are part of the
same shared sequence pattern.

Function of genes related to differential m6A peak and
differentially expressed genes

Genes implicated in the biological process were mostly
linked to transcriptional control, DNA templating, and
other transcriptional processes in the GO enrichment
analysis of differential m6A peak-related genes. KEGG
enrichment analysis revealed that differential m6A peak-
related genes were enriched in important functional
pathways such as protein processing in the endoplasmic
reticulum, ubiquitin-mediated proteolysis, the Wnt sig-
naling pathway, the mTOR signaling pathway, and endo-
cytosis. A growing body of research shows that m6A
modifications occur in response to stress, connecting a
complex network involving translational, post-transcrip-
tional, and transcriptional processes to external stress
[53, 54]. Yu, J., et al. [55] showed that the differential
expression of HSPs modulated by m6A may depend on
the m6A site and the abundance of the target gene. Zhou
et al. [56] found changes in m6A in the mouse embry-
onic fibroblast (MEF) cell line before and after heat
shock stress and proposed that these differential genes
may participate in various metabolic pathways in vivo.
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The reported transcriptome, proteome, and metabolome
studies of A. japonicus in response to high-temperature
stress also demonstrated that temperature and heat stress
triggered the expression of relevant regulatory genes,
which in turn mediated the metabolism and signaling
pathways of oxidative stress, protein conformation pro-
cessing and folding, autophagy, and apoptosis [57-59].
Further investigation into the relationship between m6A
modification and transcriptional expression is necessary
to determine whether alterations in m6A modification in
response to temperature fluctuations in sea cucumbers
are connected to variations in gene expression and spe-
cific the process and ways of this regulatory linkage.
Differential gene analysis in conjunction with differen-
tially expressed transcriptome genes and genes related to
the m6A peak were conducted to figure out the associa-
tion between m6A alteration and gene expression in A.
japonicus during response to high-temperature stress.
Reduced m6A modification accounted for a rather
high proportion (317 genes) of the 395 co-differentially
expressed genes, according to the four-quadrant dia-
gram of differentially expressed and differentially meth-
ylated m6A peak-related genes. This included 202 genes
with up-regulated expression and 115 genes with down-
regulated expression. Only 78 genes exhibiting elevated
m6A alteration exhibited significant differences, com-
prising 66 significantly up-regulated genes and 12 con-
siderably down-regulated genes. In general, there were
more genes with decreased m6A modification and up-
regulated expression than those with increased m6A
modification and down-regulated expression. Current
research on the m6A regulation mechanism focuses on
controlling mRNA stability, splicing, translation effi-
ciency, and processing of microRNA precursors [60—62].
m6A mediates various effects on mRNA metabolism
by influencing interactions with RNA-binding proteins
[63, 64]. Additionally, m6A affects mRNA processing
and function, including splicing of mRNA precursors, 3’
end processing, nuclear export, translation, and mRNA
degradation [65]. These studies demonstrate that there
is a complex link between m6A modification and gene
expression. In addition, gene expression is a comprehen-
sive regulation result of multiple levels, including epi-
genetic regulation, and m6A modification is only one of
many epigenetic modifications. Based on these, we con-
clude that the decrease and increase of m6A modification
do not directly lead to the up or down regulation of gene
expression; rather, the precise effect is determined by the
combined influence of numerous variables. The co-differ-
entiation analysis of the transcriptome and m6A peaks
in this study also showed that m6A modification and the
expression of corresponding genes exhibited a variety of
regulation forms under high-temperature stress in sea
cucumber respiratory tree tissue, with a predominant
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pattern where m6A modification decreased and gene
expression increased. It was hypothesized that multiple
regulatory modes including RNA modification controlled
a large number of functional genes in sea cucumbers that
responded to heat stress to adapt to environmental stress.
Genes with reduced m6A modification and up-regulated
expression, such as HSP70IV, EIF2AK1, MAPKAP], etc.,
may play a more active role.

Important heat stress pathways regulated by m6A
methylation

The protein processing in the endoplasmic reticulum, the
Wnt signaling pathway, and the mTOR signaling pathway
were enriched in the KEGG analysis of genes related to
differential m6A peaks and in the KEGG analysis of genes
related to co-differentially expressed m6A peaks and the
transcriptome. These pathways are considered to adjust
life processes to cope with unfavorable conditions by
managing signal transduction, regulating gene expres-
sion, and improving metabolic flexibility when A. japoni-
cus meets a heat-stress environment.

Protein processing in the endoplasmic reticulum is an
important process for cells to synthesize and modify pro-
teins. Unfolded proteins are present in the endoplasmic
reticulum, and a moderate unfolded protein response
can effectively protect cells under normal circumstances.
Nevertheless, prolonged endoplasmic reticulum stress
will trigger cell apoptosis if it results in a significant
buildup of unfolded proteins that exceeds the ability of
the cell to respond [66]. Recent research has shown that
high-temperature stress can induce endoplasmic reticu-
lum stress, initiating the unfolded protein response,
promoting the clearance of misfolded proteins, and pro-
tecting cells from heat stress-induced damage [67-69].
Based on these findings, it is presumed that heat stress
of 32° C causes misfolded proteins to accumulate in the
respiratory tree tissue of A. japonicus by interfering with
proper protein folding during synthesis. Heat shock pro-
tein and endoplasmic reticulum stress-related genes can
rapidly respond to heat stress to eliminate misfolded
proteins, and in this process, changes in the m6A meth-
ylation of these gene transcripts may help control gene
expression and translation. In previous studies on the
function of METTL3, the most famous m6A methyl-
transferase in sea cucumber, it was confirmed that m6A
modification was involved in the endoplasmic reticulum-
associated degradation pathway, promoting the accu-
mulation of ubiquitinated proteins and endoplasmic
reticulum stress, and further activating apoptosis in coe-
lomic cells through related pathways [70].

The Wnt signaling pathway is a sophisticated signal
transduction system that functions to control several
crucial biological processes in living things, including
differentiation, cell division, and proliferation [71]. It

Page 12 of 17

is currently believed that Wnt signals are delivered
through at least three different intracellular pathways, of
which the one that activates gene transcription through
B-catenin is known as the classical Wnt signaling path-
way. Wnt is a glycoprotein that is essential to this signal-
ing pathway and can be generated or released by resident
effector cells. A variety of proteins within the cell are
involved in Wnt-mediated signaling, including Dishev-
elled (Dvl), serine/threonine protein kinase Gsk3 (GSK-
3), axin protein (Axin), APC regulator of WNT signaling
pathway (APC), and B-catenin. Studies have shown that
the Wnt/B-catenin signaling pathway is involved in oxi-
dative stress regulation [72], and activated Wnt/p-catenin
signaling increases the expression and activity of SOD
and GSH-Px, which effectively maintains the balance
between oxidative and antioxidant systems, and reduces
cellular damage under oxidative stress conditions [73].
ROS are key intracellular signaling mediators that regu-
late Wnt/[-catenin signaling in a redox-dependent man-
ner [74]. High temperatures can create heat stress in
biological organisms, which can lead to abnormalities in
the organism’s antioxidant function due to the creation
of excessive free radicals [75, 76]. It was also indicated
that high temperatures induce oxidative stress in stud-
ies about heat stress on sea cucumber A. japonicus [58,
59]. Combining the results of this study with previous
research, it is inferred that the ROS level in A. japoni-
cus would increase dramatically under high-temperature
environmental stress, which might cause serious dam-
age to cellular structures. Excessive ROS may activate
the Wnt/B-catenin signaling pathway to increase anti-
oxidant-related gene expression and reduce the cellular
damage caused by high temperature. In this process, sig-
naling molecules in the Wnt/B-catenin signaling pathway
are regulated by m6A modification, which is involved
in the pathway’s activity. In this process, signaling mol-
ecules in the Wnt/B-catenin signaling pathway are regu-
lated by m6A modification, which is involved in the
pathway’s activity. The regulation of the Wnt/p-catenin
pathway in hepatoblastoma (HB) and ovarian epithelial
cancer cells (EOC) has also been confirmed to involve the
m6A modification of catenin beta-1 (CTNNB1), cyclin
D1 (CCND1), NKD1, an inhibitor of WNT signaling
pathway 1, frizzled class receptor 10 (FZD10), and other
important genes [77].

The mTOR signaling pathway is downstream of the
Wnt signaling pathway and is currently the focus of many
studies that are examining the effects of heat stress on
the life regulation processes of organisms through this
pathway [78]. According to the correlation analysis in this
study, differential m6A peak-related genes and differen-
tially expressed genes were enriched in the mTOR signal-
ing pathway. Sensing changes in the internal and external
surroundings of cells, the mTOR signaling pathway is a
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crucial intracellular signal transduction route that acts
as the fundamental link in growth regulation, controlling
cell survival and activity [79]. It consists of the mTORC1
and mTORC2 complexes. mTORCI1 is mainly involved
in protein synthesis, cell growth, and autophagy, and its
core pathways and genes are inextricably linked with heat
stress [80]. Studies have suggested that mMTORC1 can pro-
mote cell growth and proliferation by partially increasing
WTAP levels, leading to increased m6A modification and
the degradation of specific transcripts [81]. mTORC1 can
also increase the level of S-adenosylmethionine and the
abundance of the methyltransferase complex (WTAP),
promoting m6A modification [82]. The findings of our
investigation indicate that m6A modification exists in
genes related to the mTOR signaling pathway and regu-
lates the pathway’s activity. It can be inferred that m6A
modification plays an important role in the response of
the sea cucumber A. japonicus to environmental tem-
perature changes, and the biological functions involved
in the mTOR signaling pathway interact with m6A modi-
fication activities, jointly participating in the heat stress
response of the sea cucumber A. japonicus.
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The protein processing pathway, Wnt signaling path-
way, and mTOR signaling pathway within the endoplas-
mic reticulum are all closely related. Protein processing
in the endoplasmic reticulum regulates proteins related
to the Wnt signaling pathway, and the Wnt pathway is
also involved in regulating mTORC]1 activity. These three
pathways are interconnected with autophagy, which is
rapidly activated under various stress conditions such as
high temperature, hypoxia, oxidative stress, and protein
aggregation [83]. The autophagy pathway is also enriched
in the KEGG analysis of genes related to the co-differen-
tiation between m6A peaks and the transcriptome in A.
japonicus in this study. The aforementioned data suggests
that the endoplasmic reticulum’s protein processing, Wnt
signaling, mTOR signaling, and autophagy pathways in A.
japonicus work in concert to control cellular metabolism
and repair. The proposed molecular mechanism of inter-
action between pathways and their synergistic response
to heat stress is shown in Fig. 8. These pathways preserve
intracellular stability and aid the organism in adapting
to challenging circumstances. During this process, m6A
modification is deeply involved.
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Fig. 8 Effect of heat stress on cells through the m6A modification. The proposed molecular mechanism by which heat stress affects m6A is shown. The
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Conclusion

Under the background of global warming, it is urgent
to study the heat stress of Apostichopus japonicus. This
study investigated the characterization of whole m6A
transcriptome profile of A. japonicus response to high-
temperature, made conjoint analysis of m6A modification
and gene expression and revealed that heat stress-respon-
sive genes, like HSP70IVE and IF2AK1 etc., and impor-
tant pathways, like protein processing endoplasmic
reticulum pathway etc., were involved in the response
to environmental heat stress. By elucidating the epigen-
etic regulatory mechanisms at play, our work sheds light
on the complex interplay between gene expression and
environmental stress. This comprehensive analysis not
only enhances our understanding of how marine organ-
isms adapt to thermal challenges but also holds promise
for informing conservation and aquaculture strategies
in the face of climate change. Since the precise regula-
tion approach by which m6A modifies transcripts to alter
gene function is not yet clear and research in this field is
very restricted, our next research will focus on the rela-
tionship between specific m6A modification sites of key
functional genes and gene expression levels under stress
conditions.

Materials and methods

Temperature treatment experiment and sampling

The A. japonicus samples were sourced from Shandong
Anyuan Aquatic Products Co., Ltd. The samples were
bred in the same batch and during the same growth
period. A specification of 106 g+15.3 g of A. japonicus
were selected, and were temporarily raised in the labora-
tory at 18 C for more than 7 days. After acclimatization,
30 samples of A. japonicus were divided into the T18 and
the T32, which were placed into three cultured glassware.
The volume of seawater in each tank was 50 L, tempera-
ture control heating rods were used to heat the seawater
at a rate of 1°C per 12 h. When the water temperature
reaches 32 C, the A. japonicus is temporarily raied for
24 h, and samples of the respiratory tree are immediately
taken from control and heat-treated groups. 3 samples
from each treatment were collected from all the afore-
mentioned A. japonicus for three biological replicates.
The sampling process is rapidly carried out under low-
temperature freezing conditions, and the tissue samples
were immediately frozen in liquid nitrogen, and then
stored in a refrigerator at -80 C.

Library construction and RNA sequencing

Total RNA was isolated and purified using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s procedure. The RNA amount and
purity of each sample were quantified using NanoDrop
ND-1000 (NanoDrop, Wilmington, DE, USA), and the
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RNA integrity was assessed by Bioanalyzer 2100 (Agilent,
CA, USA). Poly (A) RNA was purified from 50 pg total
RNA using Dynabeads Oligo (dT)25-61005 (Thermo
Fisher, CA, USA) by two rounds of purification. Then
the poly(A) RNA was fragmented into small pieces using
a Magnesium RNA Fragmentation Module (NEB, cat.
€6150, USA) under 86°C 7 min. The cleaved RNA frag-
ments were incubated for 2 h at 4°C with m6A-specific
antibody (No. 202003, Synaptic Systems, Germany) in IP
buffer (50 mM Tris-HCI, 750 mM NaCl and 0.5% Igepal
CA-630). The IP RNA was reverse-transcribed to cDNA
by SuperScript™ II Reverse Transcriptase (Invitrogen,
cat. 1896649, USA), which was next used to synthesize
U-labeled second-stranded DNAs with E. coli DNA poly-
merase I (NEB, cat.m0209, USA), RNase H (NEB, cat.
mO0297, USA) and dUTP [84] Solution (Thermo Fisher,
cat.R0133, USA). An A-base was added to the blunt
ends of each strand, preparing for ligation to the indexed
adapters. Dual-index adapters were ligated to the frag-
ments, and size selection was performed with AMPur-
eXP beads. After the heat-labile UDG enzyme (NEB,
cat.m0280, USA) treatment of the U-labeled second-
stranded DNAs, the ligated products were amplified with
PCR by the following conditions: initial denaturation at
95°C for 3 min; 8 cycles of denaturation at 98°C for 15 s,
annealing at 60°C for 15 s, and extension at 72°C for 30 s;
and then final extension at 72°C for 5 min. At last, we
performed paired-end sequencing (PE150) on an Illu-
mina Novaseq™ 6000 platform (LC-Bio Technology CO.,
Ltd., Hangzhou, China) following the vendor’s recom-
mended protocol.

Biological information analysis

fastp software (https://github.com/OpenGene/fastp)
[85] was used to remove the reads that contained adap-
tor contamination, low quality bases and undeter-
mined bases with default parameter. The processing
steps include: removing reads with adapters, removing
reads with N (N means that the proportion of uniden-
tified bases is greater than 5%), removing low-quality
reads (the number of bases with a quality value of Q<10
accounts for more than 20% of the whole read), count-
ing the amount of raw sequencing, effective sequencing,
Q20, Q30, GC content, and performing comprehensive
evaluation. Meanwhile, sequence quality of IP and Input
samples were verified using FastQC (https://www.bioi
nformatics.babraham.ac.uk/projects/fastqc/) [86] and
RseQC (http://rseqc.sourceforge.net/) [87]. Then we used
HISAT?2 (http://daehwankimlab.github.io/hisat2) [88] to
map reads to the reference genome A. japonicus (Version:
NCBI-ASM275485v1). Peak calling and diff peak analysis
were performed by R package exomePeak (https://www
.bioconductor.org/packages/3.3/bioc/html/exomePeak.h
tml) [89, 90], and peaks were annotated by intersection
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with gene architecture using R package ANNOVAR
(http://www.openbioinformatics.org/annovar/) [91].

Expression and function analysis of multilayer genes
HOMER (http://homer.ucsd.edu/homer/motif) was used
for de novo and known motif finding followed by local-
ization of the motif with respect to peak summit. GO
and KEGG enrichment analyses were performed for peak
related genes using the GOseq R package, with a focus
on GO terms with a corrected P-value <0.05. In this con-
text, DEGs were mapped to GO Terms within the Gene
Ontology database (http://www.geneontology.org/), with
gene numbers calculated for every term. The significantly
enriched GO Terms in DEGs, compared to the genome
background, were identified through a hypergeometric
test. KEGG( http://www.kegg.jp/), the Kyoto Encyclope
dia of Genes and Genomes, provided valuable pathway
information for our analysis. And StringTie (https://ccb.
jhu.edu/software/stringtie) was used to perform express
ion level for all transcripts and genes from input librar-
ies by calculating FPKM (total exon fragments /mapped
reads (millions) x exon length (kB)) [92]. The differen-
tially expressed transcripts and genes were selected with
log2 (fold change)>1 or log2 (fold change) < -1 and p
value<0.05 by R package edgeR (https://bioconductor.or
g/packages/edgeR) [93].

Abbreviations

mo6A N6-methyladenosine
CDS Coding sequence
3'UTR 3’Untranslated region

MeRIP-seq  Methylated RNA immunoprecipitation sequencing
GO Gene Ontology

KEGG Kyoto Encyclope dia of Genes and Genomes

DEGs Diferentially expressed genes

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512864-024-10972-1.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions

YNS and YMS conceived and designed the study. SYL, XHH and XHX
performed experiments. YWF, JMY, RBX and GHS performed bioinformatics
analyses. YNS wrote and GHS revised the manuscript. The author(s) read and
approved the final manuscript.

Funding

This work was supported by the Key Technology Research and Development
Program of Shandong Province (2023LZGC019, 2023CXGC010410,
2022TZXD005), Natural Science Foundation of Shandong Province
(ZR2021MC023), Agriculture Industry System of Shandong Province
(SDAIT-22-02).

Page 15 of 17

Data availability

The datasets generated and analyzed during the current study are available in
the NCBI Sequence Read Archive under the accession number PRINAT149111.
https://www.ncbi.nlm.nih.gov/bioproject/PRINA1149111.

Declarations

Ethics approval and consent to participate

The animal study was approved by the Institutional Animal Care and

Use Committee of the Ludong University (protocol number LDU-
IRB20210308NXY). The study was conducted in accordance with the local
legislation and institutional requirements.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
'School of Fisheries, Ludong University, Yantai 264025, China
Shandong Huachun Fishery Co,, Ltd, Dongying 257093, China

Received: 17 August 2024 / Accepted: 29 October 2024
Published online: 11 November 2024

References

1. Dickson KA, Graham JB. Evolution and consequences of endothermy in
fishes. Physiol Biochem Zool. 2004;77(6):998-1018.

2. OblakL, van der Zaag J, Higgins-Chen AT, Levine ME, Boks MP. A systematic
review of biological, social and environmental factors associated with epi-
genetic clock acceleration. Ageing Res Rev. 2021,69:101348.

3. Anjaria P, Asediya V, Nayak J, Koringa P. The epigenetic landscape: how envi-
ronmental cues shape gene expression. Epigenomics. 2023;15(5):267-70.

4. Boskovic¢ A, Rando OJ. Transgenerational epigenetic inheritance. Annu Rev
Genet. 2018;52:21-41.

5. Perera BPU, Morgan RK, Polemi KM, Sala-Hamrick KE, Svoboda LK, Dolinoy DC.
PIWI-Interacting RNA (piRNA) and Epigenetic Editing in Environmental Health
Sciences. Curr Environ Health Rep. 2022;9(4):650-60.

6. ChenY,Hong T, Wang S, Mo J, Tian T, Zhou X. Epigenetic modification of
nucleic acids: from basic studies to medical applications. Chem Soc Rev.
2017,46(10):2844-72.

7. Kim DY, Kim JM. Multi-omics integration strategies for animal epigenetic
studies - a review. Anim Biosci. 2021;34(8):1271-82.

8. Thompson RP, Nilsson E, Skinner MK. Environmental epigenetics and epigen-
etic inheritance in domestic farm animals. Anim Reprod Sci. 2020;220:106316.

9. deBarros FRO, Paula-Lopes FF. Cellular and epigenetic changes induced
by heat stress in bovine preimplantation embryos. Mol Reprod Dev.
2018;85(11):810-20.

10. Tao S, Orellana RM, Weng X, Marins TN, Dahl GE, Bernard JK. Symposium
review: the influences of heat stress on bovine mammary gland function. J
Dairy Sci. 2018; 101(6):5642-5654.

11, Murray KO, Clanton TL, Horowitz M. Epigenetic responses to heat: from
adaptation to maladaptation. Exp Physiol. 2022;107(10):1144-58.

12. Pham K, Ho L, D'Incal CP, De Cock A, Berghe WV, Goethals P. Epigenetic ana-
lytical approaches in ecotoxicological aquatic research. Env Pollut (Barking,
Essex: 1987).2023;330:121737.

13.  Suarez-UlloaV, Gonzalez-Romero R, Eirin-Lopez JM. Environmental epi-
genetics: a promising venue for developing next-generation pollution bio-
monitoring tools in marine invertebrates. Mar Pollut Bull. 2015;98(1-2):5-13.

14.  Hereme R, Galleguillos C, Morales-Navarro S, Molina-Montenegro MA. What
if the cold days return? Epigenetic mechanisms in plants to cold tolerance.
Planta. 2021;254(3):46.

15. ShiH, Wei J, He C. Where, when, and how: context-dependent functions of
RNA methylation writers, readers, and Erasers. Mol Cell. 2019;74(4):640-50.

16. Wang L, Zhuang H, Fan W, Zhang X, Dong H, Yang H, Cho J. M(6)a RNA meth-
ylation impairs gene expression variability and reproductive thermotolerance
in Arabidopsis. Genome Biol. 2022;23(1):244.


http://www.openbioinformatics.org/annovar/
http://homer.ucsd.edu/homer/motif
http://www.geneontology.org/
http://www.kegg.jp/
https://ccb.jhu.edu/software/stringtie
https://ccb.jhu.edu/software/stringtie
https://bioconductor.org/packages/edgeR
https://bioconductor.org/packages/edgeR
https://doi.org/10.1186/s12864-024-10972-1
https://doi.org/10.1186/s12864-024-10972-1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1149111

Sun et al. BMC Genomics

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

(2024) 25:1071

Boccaletto P Machnicka MA, Purta E, Piatkowski P, Baginski B, Wirecki

TK, de Crécy-Lagard V, Ross R, Limbach PA, Kotter A, et al. MODOMICS: a
database of RNA modification pathways. 2017 update. Nucleic Acids Res.
2018;46(D1):D303-7.

Frye M, Harada BT, Behm M, He C. RNA modifications modulate gene expres-
sion during development. Science. 2018;361(6409):1346-9.

Cantara WA, Crain PF, Rozenski J, McCloskey JA, Harris KA, Zhang X, Vendeix
FA, Fabris D, Agris PF. The RNA modification database, RNAMDB: 2011 update.
Nucleic Acids Res. 2011;39(Database issue):D195-201.

WeiW, Ji X, Guo X, Ji S. Regulatory Role of N(6) -methyladenosine (m(6)

A) methylation in RNA Processing and Human diseases. J Cell Biochem.
2017;118(9):2534-43.

Wei CM, Gershowitz A, Moss B. Methylated nucleotides block 5'terminus of
HeLa cell messenger RNA. Cell. 1975;4(4):379-86.

Csepany T, Lin A, Baldick CJ Jr, Beemon K. Sequence specificity of mRNA
Né6-adenosine methyltransferase. J Biol Chem. 1990;265(33):20117-22.
Gilbert WV, Bell TA, Schaening C. Messenger RNA modifications: form, distri-
bution, and function. Science. 2016;352(6292):1408-12.

YueY, Liu J, He C. RNA N6-methyladenosine methylation in post-transcrip-
tional gene expression regulation. Genes Dev. 2015;29(13):1343-55.

Wu B, Li L, Huang Y, Ma J, Min J. Readers, writers and erasers of N(6)-methyl-
ated adenosine modification. Curr Opin Struct Biol. 2017;47:67-76.
Panneerdoss S, Eedunuri VK, Yadav P, Timilsina S, Rajamanickam S, Viswa-
nadhapalli S, Abdelfattah N, Onyeagucha BC, Cui X, Lai Z, et al. Cross-talk
among writers, readers, and erasers of m(6)a regulates cancer growth and
progression. Sci Adv. 2018;4(10):eaar8263.

Kane SE, Beemon K. Precise localization of m6A in rous sarcoma virus RNA
reveals clustering of methylation sites: implications for RNA processing. Mol
Cell Biol. 1985;5(9):2298-306.

Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, Sun HY, Li A, Ping XL, Lai
WY, et al. Nuclear m(6)a reader YTHDC1 regulates mRNA splicing. Mol Cell.
2016,61(4):507-19.

Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, Weng X, Chen K, Shi H, He
C.N(6)-methyladenosine modulates Messenger RNA translation efficiency.
Cell. 2015;161(6):1388-99.

Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, Fu Y, Parisien M, Dai Q, Jia G, et
al. N6-methyladenosine-dependent regulation of messenger RNA stability.
Nature. 2014;505(7481):117-20.

Zhang N, ShenY, Li H, ChenY, Zhang P, Lou S, Deng J. The m6A reader
IGF2BP3 promotes acute myeloid leukemia progression by enhancing RCC2
stability. Exp Mol Med. 2022;54(2):194-205.

Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar
L, Osenberg S, Cesarkas K, Jacob-Hirsch J, Amariglio N, Kupiec M, et al. Topol-
ogy of the human and mouse m6A RNA methylomes revealed by m6A-seq.
Nature. 2012;485(7397):201-6.

LuZ MaY, Li Q LiuE, Jin M, Zhang L, Wei C. The role of N(6)-methyladenosine
RNA methylation in the heat stress response of sheep (Ovis aries). Cell Stress
Chaperones. 2019;24(2):333-42.

QiY, Zhang Y, Zhang J, Wang J, Li Q. The alteration of N6-methyladenosine
(m6A) modification at the transcriptome-wide level in response of heat stress
in bovine mammary epithelial cells. BMC Genomics. 2022;23(1):829.

Han Q, Keesing JK, Liu D. A review of Sea Cucumber aquaculture, ranch-

ing, and Stock Enhancement in China. Reviews Fisheries Sci Aquaculture.
2016,24(4):326-41.

Zhang P, Li C, Zhang P, Jin C, Pan D, Bao Y. iTRAQ-based proteomics reveals
novel members involved in pathogen challenge in sea cucumber Aposticho-
pus japonicus. PLoS ONE. 2014;9(6):e100492.

Xu D, SunL, Liu'S, Zhang L, Yang H. Histological, ultrastructural and heat
shock protein 70 (HSP70) responses to heat stress in the sea cucumber
Apostichopus japonicus. Fish Shellfish Immunol. 2015;45(2):321-6.

Xu D, Sun 'L, Liu'S, Zhang L, Yang H. Understanding the heat shock response
in the Sea Cucumber Apostichopus japonicus, using iTRAQ-Based pro-
teomics. Int J Mol Sci. 2016;17(2):150.

Xu D, Zhou S, Sun L. RNA-seq based transcriptional analysis reveals dynamic
genes expression profiles and immune-associated regulation under heat
stress in Apostichopus japonicus. Fish Shellfish Immunol. 2018;78:169-76.
Chang M, Li B, Liao M, Rong X, Wang Y, Wang J, YuY, Zhang Z, Wang C.
Differential expression of miRNAs in the body wall of the sea cucumber
Apostichopus japonicus under heat stress. Front Physiol. 2022;13:929094.

Xu D, Fang H, Liu J, Chen Y, GuY, Sun G, Xia B. ChIP-seq assay revealed histone
modification H3K9ac involved in heat shock response of the sea cucumber
Apostichopus japonicus. Sci Total Environ. 2022;820:153168.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 16 of 17

Dang X, Lim YK, Li'Y, Roberts SB, Li L, Thiyagarajan V. Epigenetic-associated
phenotypic plasticity of the ocean acidification-acclimated edible oyster in
the mariculture environment. Mol Ecol. 2023;32(2):412-27.

McCaw BA, Stevenson TJ, Lancaster LT. Epigenetic responses to temperature
and climate. Integr Comp Biol. 2020,60(6):1469-80.

Wilkinson E, Cui YH, He YY. Context-dependent roles of RNA modifications in
stress responses and diseases. Int J Mol Sci. 2021;22(4).

Han X, Wang J, Zhang Y, Kong Y, Dong H, Feng X, Li T, Zhou C, Yu J, Xin D,

et al. Changes in the m6A RNA methylome accompany the promotion of
soybean root growth by rhizobia under cadmium stress. J Hazard Mater.
2023;441:129843.

SuT, Ful, Kuang L, Chen D, Zhang G, Shen Q, Wu D. Transcriptome-wide
m6A methylation profile reveals regulatory networks in roots of barley under
cadmium stress. J Hazard Mater. 2022;423(Pt A):127140.

Cheng Q Wang P,Wu G,Wang Y, Tan J, Li C, Zhang X, Liu S, Huang S, Huang
T, et al. Coordination of m(6)a mRNA methylation and gene transcriptome in
rice response to cadmium stress. Rice (N'Y). 2021;14(1):62.

Luo Z, Zhang Z, Tai L, Zhang L, Sun Z, Zhou L. Comprehensive analysis of
differences of N(6)-methyladenosine RNA methylomes between high-fat-fed
and normal mouse livers. Epigenomics. 2019;11(11):1267-82.

He S,Wang H, Liu R, He M, Che T, Jin L, Deng L, Tian S, Li Y, Lu H, et al. mRNA
N6-methyladenosine methylation of postnatal liver development in pig. PLoS
ONE. 2017;12(3):0173421.

Yang B, Wang JQ, Tan Y, Yuan R, Chen ZS, Zou C. RNA methylation and cancer
treatment. Pharmacol Res. 2021;174:105937.

An'Y, Duan H. The role of m6A RNA methylation in cancer metabolism. Mol
Cancer. 2022;21(1):14.

Lu Z, Liu J,Yuan C, Jin M, Quan K, Chu M, Wei C. M(6)a mRNA methylation
analysis provides novel insights into heat stress responses in the liver tissue
of sheep. Genomics. 2021;113(1 Pt 2):484-92.

Fry NJ, Law BA, llkayeva OR, Holley CL, Mansfield KD. N(6)-methyladenosine is
required for the hypoxic stabilization of specific mRNAs. RNA (New York NY).
2017;23(9):1444-55.

Xiang Y, Laurent B, Hsu CH, Nachtergaele S, Lu Z, Sheng W, Xu C, Chen H,
Ouyang J,Wang S, et al. RNA m(6)a methylation regulates the ultraviolet-
induced DNA damage response. Nature. 2017;543(7646):573-6.

Yu J, LiY, Wang T, Zhong X. Modification of N6-methyladenosine RNA meth-
ylation on heat shock protein expression. PLoS ONE. 2018;13(6):e0198604.
Zhou J,Wan J, Gao X, Zhang X, Jaffrey SR, Qian SB. Dynamic m(6)a mRNA
methylation directs translational control of heat shock response. Nature.
2015;526(7574):591-4.

Li C, Fang H, Xu D. Effect of seasonal high temperature on the immune
response in Apostichopus japonicus by transcriptome analysis. Fish Shellfish
Immunol. 2019;92:765-71.

LuL,Yang, Shi G, He X, Xu X, Feng Y, Wang W, Li Z, Yang J, Li B, et al. Altera-
tions in mitochondrial structure and function in response to environmen-
tal temperature changes in Apostichopus japonicus. Mar Environ Res.
2024;194:106330.

JuZ, Liao G, Zhang Y, LiN, Li X, Zou Y, Yang W, Xiong D. Oxidative stress
responses in the respiratory tree and the body wall of sea cucumber Apos-
tichopus japonicus (Selenka) to high temperature. Environ Sci Pollut Res Int.
2023;30(8):21288-98.

Wang X, Piao S, Ciais P, Friedlingstein P, Myneni RB, Cox P, Heimann M, Miller J,
Peng S, Wang T, et al. A two-fold increase of carbon cycle sensitivity to tropi-
cal temperature variations. Nature. 2014;506(7487):212-5.

Wang Y, LiY, Toth JI, Petroski MD, Zhang Z, Zhao JC. N6-methyladenosine
modification destabilizes developmental regulators in embryonic stem cells.
Nat Cell Biol. 2014;16(2):191-8.

Geula S, Moshitch-Moshkovitz S, Dominissini D, Mansour AA, Kol N, Salmon-
Divon M, Hershkovitz V, Peer E, Mor N, Manor YS, et al. Stem cells. m6A mRNA
methylation facilitates resolution of naive pluripotency toward differentia-
tion. Sci (New York NY). 2015;347(6225):1002-6.

Zhao X, Yang Y, Sun BF, Shi Y, Yang X, Xiao W, Hao YJ, Ping XL, Chen YS,

Wang WJ, et al. FTO-dependent demethylation of N6-methyladenosine
regulates mRNA splicing and is required for adipogenesis. Cell Res.
2014;24(12):1403-19.

Liu N, Dai Q Zheng G, He C, Parisien M, Pan T. N(6)-methyladenosine-depen-
dent RNA structural switches regulate RNA-protein interactions. Nature.
2015;518(7540):560-4.

Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA
modifications. Nat Rev Mol Cell Biol. 2017;18(1):31-42.



Sun et al. BMC Genomics

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

(2024) 25:1071

Hu H, Tian M, Ding C, Yu S. The C/EBP homologous protein (CHOP) transcrip-
tion factor functions in endoplasmic reticulum stress-Induced apoptosis and
microbial infection. Front Immunol. 2018;9:3083.

Wang S, Zheng Y, Chen M, Storey KB. Ultrastructural variation and key ER
chaperones response induced by heat stress in intestinal cells of sea cucum-
ber Apostichopus japonicus. J Oceanol Limnol. 2020;39(1):317-28.

Oghbaei H, Hosseini L, Farajdokht F, Rahigh Aghsan S, Majdi A, Sadigh-
Eteghad S, Sandoghchian Shotorbani S, Mahmoudi J. Heat stress aggravates
oxidative stress, apoptosis, and endoplasmic reticulum stress in the cerebel-
lum of male C57 mice. Mol Biol Rep. 2021;48(8):5881-7.

Yang Y, Li C, Liu N, Wang M, Zhou X, Kim IH, Wu Z. Ursolic acid alleviates heat
stress-induced lung injury by regulating endoplasmic reticulum stress signal-
ing in mice. J Nutr Biochem. 2021,89:108557.

Li D, Guo M, Lv Z, Shao Y, Liang W, Li C. METTL3 activates PERK-elF2a
dependent coelomocyte apoptosis by targeting the endoplasmic reticulum
degradation-related protein SEL1L in echinoderms. Biochim et Biophys acta
Gene Regul Mech. 2023;1866(2):194927.

Nusse R, Clevers H. Wnt/B-Catenin signaling, Disease, and emerging thera-
peutic modalities. Cell. 2017;169(6):985-99.

Almeida M, Ambrogini E, Han L, Manolagas SC, Jilka RL. Increased lipid
oxidation causes oxidative stress, increased peroxisome proliferator-activated
receptor-gamma expression, and diminished pro-osteogenic wnt signaling
in the skeleton. J Biol Chem. 2009;284(40):27438-48.

Wu DM, Han XR, Wen X, Wang S, Fan SH, Zhuang J, Wang YJ, Zhang ZF, Li
MQ, Hu B, et al. Salidroside Protection against Oxidative Stress Injury through
the Wnt/B-Catenin signaling pathway in rats with Parkinson’s Disease. Cell
Physiol Biochemistry: Int J Experimental Cell Physiol Biochem Pharmacol.
2018;46(5):1793-806.

Wang H, Han X, Wittchen ES, Hartnett ME. TNF-a mediates choroidal neovas-
cularization by upregulating VEGF expression in RPE through ROS-dependent
(3-catenin activation. Mol Vis. 2016;22:116-28.

Quinteiro-Filho WM, Rodrigues MV, Ribeiro A, Ferraz-de-Paula V, Pinheiro

ML, S& LR, Ferreira AJ, Palermo-Neto J. Acute heat stress impairs perfor-
mance parameters and induces mild intestinal enteritis in broiler chickens:
role of acute hypothalamic-pituitary-adrenal axis activation. J Anim Sci.
2012,90(6):1986-94.

Yang L, Tan GY, Fu YQ, Feng JH, Zhang MH. Effects of acute heat stress and
subsequent stress removal on function of hepatic mitochondrial respiration,
ROS production and lipid peroxidation in broiler chickens. Comp Biochem
Physiol Toxicol Pharmacology: CBP. 2010;151(2):204-8.

Tabnak P, Ghasemi Y, Natami M, Khorram R, Ebrahimnezhad M. Role of m(6)

a modification in dysregulation of Wnt/R-catenin pathway in cancer. Biomed
Pharmacotherapy = Biomedecine Pharmacotherapie. 2023;157:114023.
Dokladny K, Myers OB, Moseley PL. Heat shock response and autophagy-
cooperation and control. Autophagy. 2015;11(2):200-13.

Guertin DA, Sabatini DM. Defining the role of mTOR in cancer. Cancer Cell.
2007;12(1):9-22.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Page 17 of 17

Szwed A, Kim E, Jacinto E. Regulation and metabolic functions of mTORC1
and mTORC2. Physiol Rev. 2021;101(3):1371-426.

Cho S, Lee G, Pickering BF, Jang C, Park JH, He L, Mathur L, Kim SS, Jung S,
Tang HW, et al. mTORC1 promotes cell growth via m(6)A-dependent mRNA
degradation. Mol Cell. 2021;81(10):2064-75. e2068.

Villa E, Sahu U, O'Hara BP, Ali ES, Helmin KA, Asara JM, Gao P, Singer BD, Ben-
Sahra . mTORC1 stimulates cell growth through SAM synthesis and m(6)a
mRNA-dependent control of protein synthesis. Mol Cell. 2021;81(10):2076-
93.€2079.

Ravanan P, Srikumar IF, Talwar P. Autophagy: the spotlight for cellular stress
responses. Life Sci. 2017;188:53-67.

Dominissini D, Moshitch-Moshkovitz S, Salmon-Divon M, Amariglio N,
Rechavi G. Transcriptome-wide mapping of N(6)-methyladenosine by m(6)
A-seq based on immunocapturing and massively parallel sequencing. Nat
Protoc. 2013;8(1):176-89.

Chen S, Zhou Y, ChenY, Gu J. Fastp: an ultra-fast all-in-one FASTQ preproces-
sor. Bioinformatics. 2018;34(17):1884-90.

de Sena Brandine G, Smith AD. Falco: high-speed FastQC emulation for qual-
ity control of sequencing data. F1000Res. 2019,8:1874.

Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments. Bioin-
formatics. 2012;28(16):2184-5.

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12(4):357-60.

Meng J, Lu Z, Liu H, Zhang L, Zhang S, Chen Y, Rao MK, Huang Y. A protocol
for RNA methylation differential analysis with MeRIP-Seq data and exome-
Peak R/Bioconductor package. Methods. 2014;,69(3):274-81.

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C,
Singh H, Glass CK. Simple combinations of lineage-determining transcription
factors prime cis-regulatory elements required for macrophage and B cell
identities. Mol Cell. 2010;38(4):576-89.

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic
variants from high-throughput sequencing data. Nucleic Acids Res.
2010;38(16):e164.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL.
StringTie enables improved reconstruction of a transcriptome from RNA-seq
reads. Nat Biotechnol. 2015;33(3):290-5.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics.
2010;26(1):139-40.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Transcriptome-wide methylated RNA immunoprecipitation sequencing profiling reveals m6A modification involved in response to heat stress in ﻿Apostichopus japonicus﻿
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿General features of m6A methylation in heat-stressed ﻿A. japonicus﻿
	﻿Differentially m6A modification between T18 and T32 groups
	﻿Conjoint analysis of MeRIP‑seq and RNA‑seq data

	﻿Discussion
	﻿Overview of m6A characteristics of respiratory tree in ﻿A. japonicus﻿ under heat stress
	﻿Function of genes related to differential m6A peak and differentially expressed genes
	﻿Important heat stress pathways regulated by m6A methylation

	﻿Conclusion
	﻿Materials and methods
	﻿Temperature treatment experiment and sampling
	﻿Library construction and RNA sequencing
	﻿Biological information analysis
	﻿Expression and function analysis of multilayer genes

	﻿References


