
Research Article

LncRNA-miRNA interplay regulate intestinal regeneration in the sea 
cucumber Apostichopus japonicus

Fang Su a,b,c,d, Igor Yu. Dolmatov e, Tianming Wang f , Hongsheng Yang a,b,c,d, Kui Ding a,  
Libin Zhang a,b,c,d , Lina Sun a,b,c,d,*

a CAS Key Laboratory of Marine Ecology and Environmental Sciences, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China
b Laboratory for Marine Ecology and Environmental Science, Qingdao Marine Science and Technology Center, Qingdao 266237, China
c Key Laboratory of Breeding Biotechnology and Sustainable Aquaculture (CAS), Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China
d University of Chinese Academy of Sciences, Beijing 100049, China
e A.V. Zhirmunsky National Scientific Center of Marine Biology, Far Eastern Branch, Russian Academy of Sciences, Vladivostok 690041, Russia
f National Engineering Laboratory of Marine Germplasm Resources Exploration and Utilization, Marine Science and Technology College, Zhejiang Ocean University, 
Zhoushan 316022, China

A R T I C L E  I N F O

Keywords:
Long non-coding RNA (lncRNA)
Intestinal regeneration
Echinoderm
Apostichopus japonicus

A B S T R A C T

The sea cucumber Apostichopus japonicus, renowned for its remarkable ability to expel and regenerate its internal 
organs within weeks, serves as a model organism for regeneration research. However, studies on the role of non- 
coding RNAs, particularly long non-coding RNA (lncRNA), in intestinal regeneration remain limited. In this 
study, we identified and performed differential expression analysis of lncRNAs in both normal intestines and 
intestines at 3 days post evisceration (dpe). A total of 2361 lncRNAs were identified, 183 of which were 
differentially expressed (DE-lncRNAs). The genes targeted by these lncRNAs, either cis- or trans-acting, were 
involved in oxidative stress, immune response, extracellular matrix remodeling, and energy metabolism during 
intestinal regeneration. Notably, MSTRG.6200/miR-7847–3p and MSTRG.18440/miR-4220–5p have been 
confirmed as interacting lncRNA-miRNA pairs. These results suggest that lncRNAs are key regulators of intestinal 
regeneration in A. japonicus, offering new insights into the underlying mechanisms and potential targets for 
enhancing regeneration.

1. Introduction

In the realm of marine biodiversity, echinoderms represent a large 
phylum of deuterostome invertebrates sharing a common ancestor with 
chordates [1]. Echinoderms occupy a pivotal position within evolu
tionarily lineage, offering critical insights into developmental and 
evolutionary processes. A particularly intriguing biological feature of 
these animals is their capacity for autotomy and regeneration, traits 
likely present since the Ordovician and inherited from stem-group 
echinoderms [2]. Holothurians or sea cucumbers represent the evolu
tionarily youngest class of echinoderms. Due to their unique develop
mental position and rapid regenerative capabilities, holothurians have 
emerged as model organisms for regeneration research. Evisceration 
involves removing the intestine and some other organs under predation 
risk or environmental stress [3]. The phenomenon of evisceration and 

regeneration in holothurians has been documented since the mid-19th 
century [4]. To date, numerous reviews have summarized progress 
across tissue, cellular, and molecular levels [5–9].

The sea cucumber Apostichopus japonicus (Echinodermata, Hol
othuroidea, Synallactida, Apostichopus) expels most internal organs 
(intestine, respiratory trees, gonad tubules) through the cloaca and 
complete regeneration within three weeks [10,11]. Intestinal regener
ation begins at the free end of the remaining mesentery, the esophagus 
remnant and cloaca [9]. Many studies focus on the role of the mesentery 
in this process [12,13]. Indeed, morphologically, wound healing and the 
initiation of regeneration commence simultaneously at the mesentery 
and esophagus remnant. Despite the lack of definitive evidence for stem 
cells involved during intestinal regeneration in echinoderms [4], their 
remarkable regenerative abilities are likely attributed to the coelomic 
epithelial cells’ capacity for dedifferentiation and transdifferentiation 
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[14]. At approximately 3 days post-evisceration (3 dpe), the residual 
tubular esophagus closes and connects to the mesentery, forming a blind 
tubular outgrowth [15]. Simultaneously, connective tissue thickenings, 
referred to as " anterior gut anlagen", emerge at blind tubular out
growths, forming the basis for the future intestine. These events high
light the complexity and coordination involved in holothurian 
regeneration. Significant cell proliferation and apoptosis were observed 
in the intestine at 3dpe [16]. Differentially expressed genes were pri
marily localized to extracellular regions and involved in cell adhesion 
processes. These genes were significantly enriched in functional terms 
including peptidase/enzyme regulatory activity, inhibitor activity, and 
signaling receptor binding. A pronounced material reorganization pro
cess occurs during this phase, with multiple signaling pathways related 
to protein degradation being significantly enriched, including lysosomal 
signaling pathway, autophagy signaling pathway, mitophagy signaling 
pathway, and FoxO signaling pathway. Moreover, mucin-type O-glycan 
biosynthesis and other types of O-glycan biosynthesis signaling path
ways, which play a crucial role in modulating cell adhesion and recog
nition as well as influencing cell signaling and interactions, were also 
significantly enriched [16]. In summary, extensive extracellular and 
intercellular interactions occurr at 3dpe.

To elucidate the molecular mechanisms underlying regeneration, a 
comprehensive analysis of regulatory networks is critical. Beyond 
mRNA-mediated regulation, non-coding RNAs (ncRNAs) have emerged 
as a pivotal player at the levels of transcription, RNA processing, and 
translation [17]. Utilizing the high-quality genome of A. japonicus [18, 
19], the expression profiles of circRNA and microRNA during intestinal 
regeneration have been elucidated, revealing their involvement in 
signaling transduction, cell proliferation, migration, and other cellular 
events [20,21]. However, studies on the regulation of long non-coding 
RNA (lncRNA) in intestinal regeneration are still limited. LncRNAs, 
which exceed 200 nucleotides in length, account for over 80 % of 
non-coding RNAs, representing a major functional category. They were 
previously regarded as junk RNA or transcriptional noise; however, 
increasing research indicates that they play significant roles in various 
biological processes, such as immune response and development, in both 
vertebrates and invertebrates [22–26]. In the field of animal regenera
tion, lncRNA CR40469 is essential for wing regeneration in Drosophila, 
although it is not necessary for imaginal disc development [27]. 
Furthermore, lncRNA SNHG1 promotes cartilage regeneration [28] and 
lncRNA CASC11 regulates the progress of delayed fracture healing via 
sponging miR-150–3p [29]. LncRNAs play an instrumental role in 
regulating intestinal stem cells, intestinal homeostasis, and regeneration 
[30], e.g., lncRNA CR46040, which is essential for injury-stimulated 
regeneration of intestinal stem cells in Drosophila [31], and the 
lncRNA H19, whose level is increased by interleukin 22 signaling in 
inflamed intestinal tissues and epithelial cells and which promotes 
mucosal regeneration [32].

In the physiology of aquaculture animals, lncRNAs are involved in 
reproduction, immune response, growth and development, environ
mental response processes, and basic life activities such as pigmentation, 
metabolism, and biological rhythm [33]. Given the low conservation of 
lncRNAs across species [34], functional studies in diverse taxa are 
essential to uncover common patterns of these molecules in biological 
processes. In the present study, we employed RNA sequencing technol
ogy to identify lncRNAs and their differential expression in the regen
erating (3dpe) and normal intestines of A. japonicus. We also aimed to 
confirm the interaction between lncRNAs and microRNAs in gene 
expression regulation using dual-luciferase reporter assays. Our exten
sive research on regeneration of A. japonicus, combined with the iden
tification of lncRNAs, not only lays the foundation for further 
investigation into lncRNA-mediated animal regeneration mechanisms 
but also provides fascinating insights for exploration in regenerative 
medicine.

2. Material and methods

2.1. Sample collection

The experimental sea cucumbers A. japonicus (70–100 g) were pur
chased from Shandong Oriental Ocean Sci-Tech Co., Ltd. Shandong 
Province, China and subsequently acclimated in culture tanks at a 
temperature of approximately 18 ◦C for two weeks. Animals were fed 
daily, and feces were removed to maintain intestinal health. To induce 
evisceration, 3–5 mL of 0.35 M KCl solution was injected into the coelom 
[20]. The time of evisceration was assumed to be the starting point of 
regeneration. Three regenerated intestines were collected at 3dpe. The 
normal intestines were used as the control group. After the intestines 
were dissected, they were immediately frozen in liquid nitrogen.

2.2. RNA extraction, library construction and sequencing

Total RNA was extracted using Trizol reagent (Invitrogen, CA, USA) 
following the manufacturer’s protocol. Quality control of total RNA was 
carried out through quantification by Nanodrop and detection of RNA 
integrity by Agilent 4200 TapeStation. After removing the ribosomal 
RNA using the Epicentre Ribo-Zero Gold Kit (Illumina, San Diego, USA), 
the remaining RNA was fragmented using divalent cations under 
elevated temperature. The library construction was performed using the 
Hieff NGS® Ultima Dual-mode mRNA Library Prep Kit (Yeasen, 
Shanghai, China). The first strand of cDNA was synthesized in the 1st 
Strand Enzyme reverse transcriptase system using the fragmented RNA 
as the template and random oligonucleotides as the primer. Then 2nd 
Strand Enzyme and dUTPs were used to synthesize the second strand of 
cDNA. The purified double-stranded cDNA was end-repaired, A-tailed 
and ligated to the sequencing adapters. Finally, PCR amplification was 
performed to obtain the final sequencing library. Illumina Hiseq4000 
was used for sequencing after quality inspection with the average insert 
size of 150 bp for the paired-end libraries. Quality control was carried 
out on the raw data obtained by sequencing. After removing the adaptor- 
polluted reads, low-quality reads and the reads with N bases accounting 
for > 5 % of total bases, the filtered clean data was subjected to statis
tical analyses for quantity and quality. Quality control of clean data was 
performed by evaluating Q20 (≥99 % base call accuracy), Q30 (≥99.9 % 
accuracy) and GC content (the percentage of the total number of bases of 
G and C).

2.3. Transcript assembly and lncRNA identification

The reference genome and the annotation file of A. japonicus were 
used [19]. STAR software was used to map the clean data to the refer
ence genome [35]. The mapped reads of each sample were assembled by 
StringTie (v2.2.1). The assembled transcripts were annotated using 
gffcompare (v0.12.8) to screen out known transcripts. The unknown 
transcripts were screened for putative lncRNAs. New transcripts with 
length > 200 bp and exons ≥ 2 were candidate lncRNAs. Subsequently, 
Coding Potential Calculator 2 (CPC2), Coding-Non-Coding-Index (CNCI) 
and Predictor of Long non-coding RNAs and messenger RNAs based on 
an Improved k-mer Scheme (PLEK) were combined to predict the coding 
potential of the candidate lncRNAs and obtain the score value. By 
default, score < 0 is considered to be non-coding, and score > 0 is 
considered to have coding ability. Potential novel lncRNAs were filtered 
out by combining the three results. The lncRNAs were classified as Long 
intergenic non-coding RNA (lincRNAs), intronic lncRNAs, antisense 
lncRNAs, or sense lncRNAs according to the class code of “u”, “i”, “x”, 
“o” by gffcompare.

2.4. Quantitation and differential lncRNA expression analysis

StringTie (v2.2.1) was used to quantify and FPKM (Fragments Per 
Kilobase per Million) values were calculated to quantify expression 
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levels. The lncRNAs differential expression analysis was performed by 
edgeR (v3.40.2) [36]. For the screening of differentially expressed 
lncRNAs (DE-lncRNAs), |log2(FoldChange)| > 1 (two-fold difference) 
and P value < 0.05 were assigned as significantly 
differentially-expressed.

2.5. Target gene prediction and functional analysis of lncRNA

LncRNAs regulate target genes through multiple mechanisms, pri
marily categorized as cis- or trans-acting [37,38]. In our study, 
cis-targeted genes are predicted based on the position between lncRNA 
and adjacent coding genes, also known as co-location target. Potential 
cis-targeted genes connected to lncRNAs were those found within a 
100 kb flanking sequence, either upstream or downstream. 
Trans-targeted genes were predicted based on the correlation of 
expression levels by Pearson correlation coefficient, also known as 
co-expression target. For each lncRNA-mRNA pair, the Pearson corre
lation coefficient and p-value were calculated, with thresholds set at |r| 
> 0.9 and p < 0.05 for significance. Subsequently, Gene Ontology (GO) 
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
signaling-pathway analysis of the targeted genes were conducted using 
topGO (v2.50.0) [39] with Fisher’s Exact Test as the statistical test and 
clusterProfiler (v4.6.2) [40] with Hypergeometric Test as the statistical 
test, respectively.

2.6. Secondary structure prediction and interaction network construction

We used Mfold online tool (http://www.unafold.org/mfold/applicat 
ions/rna-folding-form.php) [41] to predict the secondary structure of 
lncRNAs with a false discovery rate (FDR) < 0.05, using default pa
rameters. Similarly, for these lncRNAs, we performed lncRNA-miRNA 
interaction prediction using microRNA data [21] at miRanda v3.3a 
with Score Threshold 150 and Energy Threshold − 20 kcal/mol. The 
interaction network between lncRNA and trans-targeted genes and the 
lncRNA-miRNA network were constructed using Cytoscape 3.9.3 
software.

2.7. Validation by quantitative real-time PCR (qRT-PCR)

We randomly selected six DE-lncRNAs with significant differences 
for gene expression detection to evaluate the accuracy of sequencing. 
Total RNA was isolated using TaKaRa MiniBEST Universal RNA 
Extraction Kit (9767, Takara) and then reversed to cDNA with the 
random primer using a PrimeScript RT reagent Kit with gDNA Eraser 
(RR047A, Takara). Quantitative real-time PCR (qRT-PCR) was per
formed using SYBR® Premix ExTaq™ (RR820A, Takara). Primers used 
for DE-lncRNAs were designed at https://www.sangon.com/pri 
merDesign and listed in Table S1. In the present study, three biolog
ical replicates (each with three technical replicates) were used for 
detection in each group. NADH dehydrogenase was used as a reference 
gene. The reaction system was carried out according to the steps of pre- 
denaturation, amplification cycle and melting curve. The specific reac
tion temperature and time were referred to previous article [16]. The 
relative expression level was measured using the 2− ΔΔCt method. All 
data were analyzed by T-test in GraphPad Prism version9.0.0 for Win
dows (GraphPad Software, United States Massachusetts Boston, www. 
graphpad.com) and presented as mean ± SEM.

2.8. Dual-luciferase reporter assay

The lncRNA sequence containing the binding sites and the mutated 
sequence were synthesized and inserted into the pSI-Check2 luciferase 
reporter vector (Hanbio Biotechnology, China). The plasmids and 
miRNA mimics were co-transfected into HEK293T cells. A Dual- 
Luciferase Reporter Assay Kit (HB-DLR-100, HANBIO) was used to 
detect interaction. Finally, Renilla luciferase/firefly luciferase activity 

(R/F) was calculated to evaluate the combination.

3. Results

3.1. Identification and characterization of lncRNAs

To identify lncRNAs associated with intestinal regeneration in 
A. japonicus, six cDNA libraries from three control (Control_1, Control_2, 
Control_3) and three regenerated (3dpe_1, 3dpe_2, 3dpe_3) intestines 
were constructed. The clean nucleotide sequence data ranged from 
10.29 to 13.58 Gb, and the data were submitted to the NCBI SRA data
base (accession number: PRJNA1196369). The Q30 scores exceeded 
95 % across all samples (Table S2). After the transcripts were identified 
by CPC2, CNCI and PLEK, a total of 2361 lncRNAs were detected from 
the six samples (Fig. 1A). LncRNAs were classified into four categories 
based on genomic origin: lincRNAs (1652, 69.97 %), antisense-lncRNAs 
(248, 10.50 %), intronic-lncRNAs (416, 17.62 %) and sense-lncRNAs 
(45, 1.90 %) (Fig. 1B). All identified lncRNAs were novel and were 
designated with the prefix MSTRG [42]. We characterized these novel 
lncRNAs by assessing transcript lengths and exon numbers. Most of them 
were shorter than 3000 nucleotides, with 60.86 % under 1000 nucleo
tides (Fig. 1C). Nearly all lncRNAs contained ≤ 6 exons, with 90.34 % 
exhibiting 2 (72.85 %) or 3 (17.49 %) exons (Fig. 1D).

3.2. DE-lncRNAs during intestinal regeneration and lncRNA-mRNA 
regulation analysis

3.2.1. Differential expression of lncRNAs and Verification of lncRNA 
expression level

Compared with the control group, a total of 183 DE-lncRNAs were 
identified in regenerated intestines at 3dpe using the FPKM value, 
including 80 up-regulated DE-lncRNAs and 103 down-regulated DE- 
lncRNAs. The detailed information of DE-lncRNAs could be found in 
Table S3. Volcano plot (Fig. 2A) and circular heatmap (Fig. 2B) were 
generated to illustrate the overall distribution of DE-lncRNAs. The top 
five significantly up-regulated lncRNAs were MSTRG.18680, 
MSTRG.14360, MSTRG.14380, MSTRG.17922, and MSTRG.14751, 
while the top five significantly down-regulated lncRNAs were 
MSTRG.18440, MSTRG.6200, MSTRG.1184, MSTRG.14800, and 
MSTRG.5426 (Table 1).

To validate the RNA sequencing results, qRT-PCR was performed to 
verify the expression of lncRNAs. We selected the six lncRNAs for vali
dation, which exhibited expression at each treatment and demonstrated 
the most significant differential expression. The results indicated that 
the trends observed in qRT-PCR were generally consistent with those 
from RNA-seq, although some differences did not reach statistical sig
nificance due to considerable individual variations among biological 
samples (Fig. 3).

3.2.2. Cis-targeted gene prediction
Cis-acting lncRNAs regulate local gene expression in a manner 

dependent on the location of their own sites of transcription. Functional 
enrichment analysis was conducted for cis-regulated target genes of 
lncRNAs. GO analysis revealed significant enrichment in biological 
process such as lipoprotein lipase regulation and vasculature develop
ment. In the cellular component category, the significantly enriched 
terms were primarily associated with extracellular matrix components, 
such as fibrinogen and tenascin. Terms related to substance binding, 
enzyme activity, and inhibitor activity were significantly enriched in the 
molecular function category (Fig. 4A). The KEGG results indicated that 
multiple signaling pathways related to cell adhesion and immunity were 
significantly enriched (Fig. 4B). The GO and KEGG enrichment results 
for the up-regulated and down-regulated genes cis-regulated by lncRNAs 
were presented in Figure S1. Compared with the control group, 62 
differentially expressed lncRNAs could cis-regulate 67 differentially 
expressed target genes. A strong positive correlation was observed 

F. Su et al.                                                                                                                                                                                                                                        Computational and Structural Biotechnology Journal 27 (2025) 1383–1393 

1385 

http://www.unafold.org/mfold/applications/rna-folding-form.php
http://www.unafold.org/mfold/applications/rna-folding-form.php
https://www.sangon.com/primerDesign
https://www.sangon.com/primerDesign
http://www.graphpad.com
http://www.graphpad.com


Fig. 1. Identification and characterisation of novel lncRNAs expressed in intestines during regeneration. A. Venn diagram showing lncRNAs identified by three tools 
(CPC2, CNCI, PLEK); B. Classification of the lncRNA according to the source; C. Distribution of novel lncRNAs based on length; D. Distribution of novel lncRNAs based 
on exon number.

Fig. 2. Differentially expressed lncRNAs at 3dpe. A. Volcano plot analysis of DE-lncRNAs; B. The heatmap for DE-lncRNAs.
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between DE-lncRNAs and their cis-target mRNAs. Among these pre
dictions, seven target genes were annotated in the genome, and these 
results were detailed in Table 2. Notably, two immune-related genes 
(Ficolin-1, fibrinogen-like protein A-like) and an oxidative stress-associated 
gene (lactoperoxidase-like) were identified. This is also consistent with 
the KEGG enrichment results.

3.2.3. Trans-targeted gene prediction and lncRNA-mRNA co-expression 
network construction

A co-expression relationship was defined as having a Pearson cor
relation coefficient |r| > 0.9 for lncRNA-mRNA pairs. Genes exhibiting 
co-expression relationships were subjected to functional enrichment 
analysis (Fig. 5A, B). In the biological process category of GO, several 
terms associated with stimulus response exhibited significant enrich
ment, along with two terms related to phosphorus metabolism. In the 
cellular component category, multiple vesicle-related terms and extra
cellular component terms were significantly enriched. In the molecular 
function category, terms related to ion binding and kinase binding 
demonstrated significantly enriched (Fig. 5A). The KEGG enrichment 
results showed that multiple co-expressed genes were significantly 

enriched in the PI3K-Akt and Rap1 signaling pathways. Signaling 
pathways involved in energy metabolism, including carbon metabolism, 
lipid metabolism, and glycolysis, were also significantly enriched 
(Fig. 5B). The GO and KEGG enrichment results for the up-regulated and 
down-regulated genes trans-regulated by lncRNAs were presented in 
Figure S2.

A lncRNA-mRNA co-expression network was constructed using DE- 
lncRNAs and their trans-targeted DE-mRNAs (Fig. 5C). The network 
contained 117 mRNAs and 191 lncRNAs. A single lncRNA could trans- 
regulate multiple mRNAs, while an mRNA could also be trans- 
regulated by several lncRNAs simultaneously. The network predomi
nantly displayed positive regulatory interactions, with the exception of 
MSTRG.763 demonstrating negative regulation of three target genes.

3.3. LncRNAs as endogenous target mimics for miRNAs

Compared to mRNAs, a distinctive feature of lncRNAs is their ten
dency to fold into secondary and tertiary structures, providing abundant 
binding sites for interactions with other molecules, such as miRNAs and 
transcription factors [43]. We predicted the secondary structures of 

Table 1 
The top 5 significantly up- and down-regulated lncRNAs at 3dpe during intestinal regeneration.

lncRNA logFC PValue position

up MSTRG.18680 6.574479175 9.32E− 07 Chr6: 25201830–25207140;-
​ MSTRG.14360 4.159099409 3.45E− 05 Chr3: 618757–723104;-
​ MSTRG.14380 5.624907776 4.55E− 05 Chr3: 1383397–1385916;-
​ MSTRG.17922 6.088813307 0.000126192 Chr6: 3036390–3039976;+
​ MSTRG.14751 8.182591357 0.000315278 Chr3: 14011171–14323172;+
down MSTRG.18440 − 9.079269195 6.23E− 06 Chr6: 19458117–19461130;+
​ MSTRG.6200 − 8.140151011 7.35E− 05 Chr14: 26378465–26379221;-
​ MSTRG.1184 − 5.496710555 0.000130113 Chr1: 33634388–33639872;-
​ MSTRG.14800 − 3.334540565 0.000169643 Chr3: 15636101–15687931;-
​ MSTRG.5426 − 4.546037889 0.000412711 Chr14: 7845942–7871537;+

Fig. 3. Validation of the six lncRNAs by qRT-PCR. NADH was selected to normalize the gene expression levels. The data are shown as means ( ± SE) of at least three 
replicates. Red bars: Significantly differentially expressed lncRNAs in RNA-seq (|log2FC= >1, p < 0.05); Blue bars: RT-qPCR-validated lncRNAs (Student’s t-test, ** 
p < 0.01,*** p < 0.001, ns no significance).
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MSTRG.1184, MSTRG.6200, MSTRG.14360, MSTRG.14380, 
MSTRG.17922, MSTRG.18440, and MSTRG.18680, all of which 
exhibited multiple stem-loop structures (Fig. 6).

Since lncRNAs can compete for miRNA-mediated inhibition by 
acting as a sponge for miRNA, leading to increased mRNA expression, 
we screened lncRNA-miRNA interacting pairs and constructed the 
interaction network by comprehensively evaluating the free energy 
required for lncRNA binding to miRNA and whether lncRNA has a 

sequence complementary to the seed region of miRNA (Fig. 7). Targeted 
miRNA predictions were performed for these seven lncRNAs, resulting 
in the identification of 137 predicted miRNAs. Each lncRNA contains 
multiple binding sites for miRNAs.

We analyzed the differential expression of these miRNAs at 3dpe. 
Among these, miR-7847–3p and miR-4220–5p were up-regulated, 
whereas miR-4214–5p was down-regulated [21]. According to the re
sults of interaction prediction, three binding sites were identified 

Fig. 4. Enrichment analysis of cis-targeted genes. A. Gene Ontology (GO) enrichment of cis-targeted genes. Categories: Biological Process (BP), Cellular Component 
(CC), and Molecular Function (MF); B. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment of cis-targeted genes.
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between MSTRG.6200 and miR-7847–3p, two binding sites between 
MSTRG.14380 and miR-4214–5p, one binding site between 
MSTRG.18440 and miR-4220–5p (Fig. 8A-C).

To determine whether true binding exists, we conducted dual- 
luciferase reporter assays for these three lncRNA-miRNA pairs 
(Fig. 8D-F). We compared a luciferase plasmid containing the wild-type 
lncRNA sequence (with all identified binding sites) and a mutant 
plasmid with mutations introduced at all binding sites. We found that 
the R/F ratio in the group co-transfected with the miR-7847–3p mimic 

and the wild-type plasmid was significantly lower than that in the 
control group. However, the R/F ratio in the mutant plasmid group 
showed no significant difference from the control, thus, indicating that 
MSTRG.6200 has a valid binding site for miR-7847–3p. Similarly, the 
predicted binding site of MSTRG.18440 for miR-4220–5p was also 
effective. However, miR-4214–5p mimics did not suppress the luciferase 
reporter activity. Therefore, MSTRG.14380 cannot bind to miR- 
4214–5p.

Table 2 
Cis-regulated lncRNA-mRNA pairs whose target genes were annotated in the genome.

lncRNA logFC PValue lnc_diffStat targetGene target_diffStat targetGene_description

MSTRG.423 − 6.79776 0.024472 down- 
regulated

evm.TU.Chr1.300 down- 
regulated

ATP-dependent DNA helicase PIF1 [Holothuria leucospilota]

MSTRG.2683 3.048642 0.040999 up-regulated evm.TU. 
Chr11.122

up-regulated putative sodium/glucose cotransporter 4 isoform X2 [Apostichopus 
japonicus]

MSTRG.3538 3.24642 0.035539 up-regulated evm.TU. 
Chr11.891

up-regulated lactoperoxidase-like [Strongylocentrotus purpuratus]

MSTRG.9515 2.75001 0.019065 up-regulated evm.TU. 
Chr18.582

up-regulated hypothetical protein BSL78_20370 [Apostichopus japonicus]

MSTRG.9532 − 6.22679 0.039812 down- 
regulated

evm.TU. 
Chr18.582

up-regulated hypothetical protein BSL78_20370 [Apostichopus japonicus]

MSTRG.14677 − 7.75118 0.001257 down- 
regulated

evm.TU.Chr3.307 down- 
regulated

Ficolin− 1 [Rattus norvegicus]

MSTRG.15135 − 4.08724 0.004234 down- 
regulated

evm.TU.Chr3.638 down- 
regulated

putative fibrinogen-like protein A-like [Apostichopus japonicus]

MSTRG.21385 − 5.45021 0.004089 down- 
regulated

evm.TU.Chr9.238 down- 
regulated

Protein Skeletor, isoforms B/C [Drosophila melanogaster]

Fig. 5. Analysis of trans-targeted genes. A. Gene Ontology (GO) enrichment of trans-targeted genes; B. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment of trans-targeted genes; C. The interaction network of DE-lncRNA and DE-mRNA.

F. Su et al.                                                                                                                                                                                                                                        Computational and Structural Biotechnology Journal 27 (2025) 1383–1393 

1389 



4. Discussion

In this study, transcriptome sequencing was employed to investigate 
the changes in lncRNA expression during intestinal regeneration in 

A. japonicus. A total of 2361 lncRNAs were identified, with 183 showing 
differential expression in the intestine at 3dpe, including 80 upregulated 
and 103 downregulated. Among them, some DE-lncRNAs are exclusively 
expressed in the normal intestine or solely in regenerating intestines 

Fig. 6. Secondary structures of MSTRG.1184 (A), MSTRG.6200 (B), MSTRG.14360 (C), MSTRG.14380 (D), MSTRG.17922 (E), MSTRG.18440 (F), and 
MSTRG.18680 (G).

Fig. 7. The lncRNAs-miRNAs network of 7 candidate lncRNAs.
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(Table S3), suggesting the specific involvement of lncRNAs in regulating 
gene expression during intestinal regeneration, and exhibiting distinct 
expression patterns [22,44].

At 3dpe, the regenerating intestine underwent diverse and pro
nounced physiological activities. Evisceration induced oxidative stress, 
leading to the production of reactive oxygen species (ROS) and the 
activation of various cellular antioxidant enzymes [8]. The organism 
maintained a high level of antioxidant capacity, even throughout the 
entire regeneration period [45]. Humoral immunity was also notably 
active and numerous factors and protective molecules were synthesized 
and released at 3dpe [8]. Meanwhile, energy accumulation in the 
esophagus remnant involved proteins related to amino acid transport 
and metabolism with reduced lipid transport [46,47]. Downregulation 
of genes associated with cell adhesion, particularly cadherins [48], was 
coordinated with the migration of coelomic epithelial cells [8]. During 
this period, extracellular matrix (ECM) was degraded and reconstituted, 
with several protease classes involved in the degradation of collagen 
fibrils [8,49,50], including matrix metalloproteinase (MMP-2, MMP-16) 
[51]. In our study, the genes regulated by lncRNAs via cis- or 
trans-targeting were all involved in several of the processes mentioned 
above. Both cis- and trans-targeted genes were enriched in GO terms 
associated with extracellular components. Downregulated cis-targeted 
genes were enriched in pathways related to cell adhesion, including 
adherens junctions, focal adhesion, and cell adhesion molecules (CAMs) 
signaling pathways (Fig. 4A, S1), consistent with the findings above. 
Trans-targeted genes were enriched in biological process terms associ
ated with phosphate metabolism and were involved in signaling path
ways related to energy metabolism, such as carbon and lipid metabolism 
(Fig. 5). Downregulated cis-targeted genes were enriched in biological 
process terms related to lipoprotein lipase activity, corresponding with 
reduction in lipid transport. Additionally, the target genes under 
cis-regulation were enriched in the peroxisome signaling pathway 
(Fig. 4B). The target gene lactoperoxidase-like (Table 2) is linked to 
oxidative stress [52], suggesting that lncRNAs play a role in oxidative 
stress responses during intestinal regeneration. The cis-targeted genes, 
Ficolin-1 and fibrinogen-like protein A-like (FGL1) (Table 2), were 

implicated in immune defense mechanisms [53–55]. The cis-targeted 
genes were enriched in immune signaling pathways, such as C-type 
lectin receptor signaling pathway (Fig. 4B), while the trans-targeted 
genes were predominantly associated with biological process terms 
related to stimulus response (Fig. 5A). The results suggested that 
lncRNAs are involved in the regulation of immune responses. In sum
mary, these findings highlight the critical roles of lncRNAs in oxidative 
stress, immune response, extracellular matrix remodeling, and energy 
metabolism during intestinal regeneration.

LncRNAs can act as sponges for miRNAs and mitigate the inhibitory 
effects of miRNAs on target genes [56]. Here, we constructed a 
lncRNA-miRNA interaction network using previously published miRNA 
data [21]. We predicted miRNA interaction for the most significantly 
differentially expressed lncRNAs and mapped the interaction network. 
Through dual luciferase reporter assays, we confirmed that MSTRG.6200 
and MSTRG.18440 indeed function as sponges for miR-7847–3p and 
miR-4220–5p, respectively. The negative correlation between lncRNA and 
miRNA is indicated by the upregulation of one and downregulation of the 
other, and vice versa. Thus, lncRNAs may participate in the regulation of 
intestinal regeneration in A. japonicus by acting as competing endogenous 
RNAs (ceRNAs). Additionally, studies have emphasized the significance of 
other lncRNA-miRNA-mRNA networks in sea cucumbers. The "HIF-1α 
gene/Aja-miR-2013–3p/MSTRG.34610" and the "HIF-1α gene/Aja-
miR-2013–3p/MSTRG.10941" networks may play important roles in 
A. japonicus under environmental stresses [42]. These findings highlight 
the complexity and diversity of lncRNA-mediated regulatory mechanisms 
in sea cucumbers.

It has been speculated that miR-7847–3p and miR-4220–5p may 
target Fibrinogen-like protein A and Alpha tubulin, respectively [21]. 
Alpha tubulin is a member of cytoskeletal genes, which are highly 
expressed during cell growth. During intestinal regeneration at 3dpe, 
some of these genes increase in expression, while others decrease, 
dynamically regulating cell proliferation [16,57]. FGL1 is a secreted 
protein involved in the complement system, playing a key role in im
mune defense [55]. It may be cis-targeted by MSTRG.15135 and also 
serve as a target gene for miR-7847–3p, with its expression being 

Fig. 8. Dual-luciferase assay reporter system results of lncRNA-miRNA. A-C. Schematic of target site combination for MSTRG.6200 and miR-7847–3p (A), 
MSTRG.14380 and miR-4214–5p (B), MSTRG.18440 and miR-4220–5p (C); D-F. The relative luciferase activities were investigated post co-transfection with lncRNA- 
wt or lncRNA-mut plasmids and modified miRNA mimics or NC mimics. NC mimics means negative control mimics. NC mimics: UUCUCCGAACGUGUCACGUdTdT 
* ** * p < 0.0001.
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indirectly influenced by MSTRG.6200. Given these findings, further 
investigation of the regulatory networks involving miR-7847–3p, 
MSTRG.6200 and MSTRG.15135 is necessary to clarify their roles in 
modulating FGL A expression and its effect on immune defense.

5. Conclusion

In this study, we demonstrate, for the first time, the differential 
expression of lncRNAs during the early stage of intestinal regeneration 
in sea cucumber A. japonicus. We also constructed lncRNA–mRNA and 
lncRNA–miRNA interaction networks. A total of 183 DE-lncRNAs were 
identified. These lncRNAs regulate various processes in intestinal 
regeneration, including oxidative stress, immune response, extracellular 
matrix remodeling, and energy metabolism. The dual-luciferase assay 
revealed that MSTRG.6200 and MSTRG.18440 act as sponges for miR- 
7847–3p and miR-4220–5p, respectively. Our findings expand the 
lncRNA database of echinoderms and facilitate further investigations 
into the potential regulatory mechanisms underlying the lncRNA- 
mediated regeneration in animals. Our comprehensive study of regen
eration in A. japonicus also provides insights for future research in 
regenerative medicine.
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