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Many echinoderms are regenerative species that exhibit exceptional regenerative capacity, and sea cucumber is a representative organism that could regenerate the whole intestine after evisceration. There are many signaling pathways participate in the regeneration process, but it is not clear which is essential for the intestinal regeneration. In this study, we performed genome-wide comprehensive analyses on these regeneration-related signaling pathways, and found the Wnt signaling pathway was one of the most conservative pathways among regenerative species. Additionally, among these signaling pathways, we found that the Wnt signaling pathway was the only one under positive selection in regenerative echinoderms, and the only one enriched by differentially expressed genes during the intestinal regeneration. Thus, it suggests both coding sequence and gene expression of the Wnt signaling pathway have been shaped by natural selection to provide the genetic architecture for intestinal regeneration. Wnt7, Fz7, and Dvl are the three positively selected genes and also happen to be three upstream genes in the Wnt signaling pathway. They are all significantly upregulated at the early stages of regeneration, which may contribute significantly to the early activation of Wnt signaling and the initiation of intestinal regeneration. Expression knockdown of Wnt7 and Dvl by RNA interference significantly inhibit intestinal extension, implying that they are essential for intestinal regeneration. As an important regeneration-related gene, the downstream gene c-Myc is also conserved and highly expressed during the whole regeneration stages, which may make the Wnt/c-Myc signaling to be an important way to promote intestinal regeneration. Therefore, it is reasonable to conclude that the Wnt signaling pathway is the chosen one to play an important role in intestinal regeneration of sea cucumbers, or even in the regeneration of other echinoderms.
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INTRODUCTION

In 2005, Science has running a series of articles on 125 scientific issues, and organ regeneration is one of the top 25 topics that still deserving global attention today. Organ regeneration has been investigated in various organisms, but the capacity is varied among different phyla and even highly divergent between closely related species (Brockes and Kumar, 2008). Unlike the non-regenerative animals, regenerative species displayed strong regenerative potentials that can regenerate missed organs or body parts (Agata and Inoue, 2012). Among the widely investigated regenerative animals, echinoderm is one of the major groups of deuterostomes that can quickly renew most injured organs (Garcia-Arraras et al., 1998; Bannister et al., 2005; Candelaria et al., 2006). However, even belong to the same phyla, different echinoderms displayed significantly different regenerative capacities. Brittle stars, starfishes, sea cucumbers, and crinoids were considered as regenerative species, whereas sea urchins have relative poor regenerative capacity that can only regenerate amputated tube feet and spines (Heatfield and Travis, 1975; Garcia-Arraras et al., 1998; Patruno et al., 2003; Candelaria et al., 2006; Agata and Inoue, 2012). It is well-known that the arms of starfishes can be regenerated after amputation (Rubilar et al., 2005; Shibata et al., 2010). And sea cucumber is considered to be an excellent model for studying organ regeneration, which possesses a striking capacity to regenerate the whole intestine after evisceration (Conant, 1973; Candelaria et al., 2006; Dolmatov and Ginanova, 2009).

There are many signaling pathways participate in organ regeneration, including pathways of JAK-STAT, MAPK, TGF-β, Wnt, PI3K-Akt, Hippo, Hedgehog, and so on. The first five are essential signaling pathways involved in regulating pluripotency of stem cells, which will activate the self-renewal capacity of basic cells and generate all the cell types (Burdon et al., 1999; Okita and Yamanaka, 2006; Nostro et al., 2011). Among them, Wnt and TGF-β signaling pathways are two widely investigated pathways that not only integrally involved in both stem cell and cancer cell maintenance, but also participated in growth of intestinal and epidermal systems (Mishra et al., 2005; Reya and Clevers, 2005; Espada et al., 2009; Trompouki et al., 2011). The Hippo signaling pathway is highly conserved and plays a critical role in tissue homeostasis by inhibiting the transcription co-activators YAP, TAZ, and Yki (Zhao et al., 2011; Mo et al., 2014; Yu et al., 2015). It is also reported to have important functions in self-renewal of stem cells and intestinal regeneration (Cai et al., 2010; Yu et al., 2015). The Hedgehog signaling pathway is well-known for its roles in development of cancer, and also critical for the regeneration of liver, prostate, and other tissues (Karhadkar et al., 2004; Evangelista et al., 2006; Ochoa et al., 2010). There are many transcriptomics and proteomics studies suggested that some genes of these signaling pathways upregulated during intestinal regeneration of sea cucumber, implying their important roles in organ regeneration of echinoderms (Sun et al., 2011, 2017). However, due to the limited genomic resources of echinoderms previously, the functions of these signaling pathways on echinoderm organ regeneration lacks systemic studies.

Evisceration and intestinal regeneration is a defensive strategy shared by many sea cucumbers. The sea cucumber Apostichopus japonicus is an ideal animal for the research on organ regeneration. It can discard its intestine, and rapidly regenerate them with normal functions within a few weeks (Mashanov and Garcia-Arraras, 2011). Organ regeneration is a process that involves wound healing, cell migration, proliferation, differentiation, and organ remodeling, which may be under positive selection pressure (Balabaud et al., 2004; Delorme et al., 2012; Zhang et al., 2017). Some positively selected genes and stem cells have been identified to contribute to organ regeneration in regenerative animals (Balabaud et al., 2004; Liu et al., 2015). As there are so many signaling pathways participate in organ regeneration, it is of interest to investigate whether some of them, under selective pressure, are critical for the intestinal regeneration of sea cucumbers.

Although many functional genes have been identified, the molecular and genetic mechanisms of intestinal regeneration need further investigation (Mashanov et al., 2010, 2012; Sun et al., 2013). With the benefit of the recently published genome of the sea cucumber A. japonicus and starfish Acanthaster planci (Hall et al., 2017; Zhang et al., 2017), it provides valuable genomic resources for the study of organ regeneration of echinoderms. In this study, a thorough investigation has been performed on these regeneration-related signaling pathways among echinoderms. An integrative result of gene gain/loss analysis, positive selection analysis, DGE analysis, and expression knockdown experiments, suggested the positive selection on the Wnt signaling pathway may make significant contribution to the intestinal regeneration of sea cucumbers (Figure 1).
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FIGURE 1. Methods of identifying key pathways and genes in regeneration. The methods combined the results of gene gain/gene loss analysis, positive selection analysis, and DGE analysis.



MATERIALS AND METHODS

Genome Resources

The genome sequences and the full gene information of 13 species were collected from the genome database of NCBI1, including three echinoderms, A. japonicus (MRZV00000000.1), A. planci (BDGF00000000.1), Strongylocentrotus purpuratus (AAGJ00000000.5), a hemichordate Saccoglossus kowalevskii (ACQM00000000.1), three representative regenerative animals, Danio rerio (GCA_000002035.4), Hydra vulgaris (ACZU00000000.1), and Amphimedon queenslandica (ACUQ00000000.1), and six animals with relative poor regeneration capacity, Drosophila melanogaster (GCA_000001215.4), Bombyx mori (GCA_000151625.1), Daphnia pulex (GCA_000187875.1), Branchiostoma floridae (GCA_000003815.1), Crassostrea gigas (GCA_000297895.1), and Caenorhabditis elegans (GCA_000002985.3). The intestinal regeneration transcriptome data of A. japonicus were collected from the SRA database of NCBI with the accession numbers of SRR5083072, SRR5083087, SRR5083077, SRR5083088, SRR5083079, and SRR5083080 (Zhang et al., 2017). The RNA samples of the transcriptome were extracted from the regenerative intestine at 3, 7, 10, 14, and 21 days post-evisceration and a normal intestine prior to evisceration.

Gene Gain/Loss Analysis

In order to identify the consensus signaling pathways among regenerative animals, gene gain and loss analysis was performed on the genes involved in the seven signaling pathways that participate in organ regeneration, including pathways of JAK-STAT, MAPK, TGF-β, Wnt, PI3K-Akt, Hippo, Hedgehog. Full genes of 12 species above (except S. kowalevskii) were collected for mapping the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways. Then, we detect the presence/absence status for each gene among different signaling pathways.

Positive Selection Analysis

The peptide sequences of three echinoderms were clustered by the Markov clustering program orthoMCL (Li et al., 2003). All the peptide sequences were compared by an all versus all BLASTP with a threshold value of E-value ≤ 1 × 10-05 and subsequently clustered by MCL with an inflation value of 1.5. The single-copy orthologous gene families were clustered among three echinoderm genomes and used for the positive selection analysis.

To assess the contribution of natural selection on the single-copy genes in regenerative echinoderms, the ratios (ω) of non-synonymous substitution per non-synonymous site (dN) to synonymous substitution per synonymous site (dS) were calculated using the software package PAML (version 4.48a). Pair-wise maximum likelihood analysis were performed in runmode = -2. We excluded alignments that had dS larger than 2 to minimize statistical artifacts from saturation effects in dS. The homologs were aligned using ClustalX and the conserved sites were extracted using Gblocks (Thompson et al., 2002; Talavera and Castresana, 2007). A phylogenetic tree (A. planci #1, A. japonicus #1, S purpuratus), was used for the positive selection analysis, which assigned regenerative echinoderms (A. planci and A. japonicus) as the foreground branch. The branch model and branch-site model were used to detect positive selection along the foreground branch (Yang, 1998; Yang and Nielsen, 1998). In the branch model tests, the null model M0 assumes the ratio ω is invariable, and the alterative model allows ω vary in different branches. LRT were applied to test the significant differences between the alterative and null model. In the branch-site model tests, the BEB was used to calculate the posterior probabilities (p-value) for site classes, and identify the amino acid sites under positive selection. The amino acid sites may be under positive selection if the p-value is ≧ 95%.

Phylogenetic Analysis and Gene Family Comparison

The Wnt and Frizzled gene families of the three echinoderms and S. kowalevskii were collected according to the annotated functions from GenBank. In order to select other homologous genes of the Wnt and Frizzled gene families of the four species, a BLAST alignment was made to align the full protein-coding genes to the genes of the Wnt and Frizzled gene family with an E-value cutoff of 1E-07. Subsequently, the putative genes were validated by Pfam and SMART (Letunic et al., 2015; Finn et al., 2016). Phylogenetic analysis was conducted on these Wnt and Frizzled genes to cluster them into various subfamilies. The amino acid sequences of the Wnt and Frizzled genes were aligned using MUSCLE 3.6 (Edgar, 2004). Then, the ML methods were used for phylogenetic tree construction. The substitution models that best fit the alignment data were estimated with jModelTest 2 (Darriba et al., 2012). ML analysis was performed using PhyML with the substitution model of JTT + gamma + Inv (Guindon and Gascuel, 2003). 1000 bootstraps were conducted to produce the branch support values (Li et al., 2011; Zhu et al., 2011). Based on the alignment results above, bayesian phylogenetic inference (BI) was performed with the help of the program Mrbayes 3.2.1 (Ronquist and Huelsenbeck, 2003). In the BI analysis, two independent runs, each with four chains, were calculated for millions of generations until the standard deviation of split frequencies converged toward zero. The first 25% of sampled trees was discarded as burn-in.

Differential Gene Expression Analysis and Gene Ontology

The transcriptome data of the entire intestinal regeneration (non-eviscerated control and 3, 5, 7, 14, 21d after evisceration) of A. japonicus were used for the DGE analysis (Zhang et al., 2017). Tophat2 (version 2.0.14) was used to map the sequencing reads to the genome (Trapnell et al., 2009), and Cufflinks (version 2.2.1) was used to calculate expected FPKM as expression values for each gene (Trapnell et al., 2012).

For positively selected genes and DEGs, we conducted KEGG pathway enrichment analysis using KAAS [87,88]. Functional enrichment analysis was performed using Omicshare Cloud Tools2, enriched KEGG Orthology (KO) terms were calculated relative to the background of full protein-coding genes.

Real-Time PCR Analysis

In order to validate the DGE results and detect gene expression level at the early stages (1d after evisceration), we performed quantitative real-time PCR on four genes (Wnt7, Wnt8, Fz7, and Dvl). NADH dehydrogenase was set as the internal control gene. Total RNA was extracted from the regenerated intestinal tissues at 1, 3, and 14 d after evisceration, and from the intestinal tissues of non-eviscerated sea cucumbers that served as controls. Then, isolated RNA samples were treated by DNase using the RNeasy Mini Kit and RNase-Free DNase Set (Qiagen), and qualified by agarose gel electrophoresis and quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific). RNA samples were reversely transcribed into cDNA using random hexamers and Superscript II reverse transcriptase for first-strand cDNA synthesis. The synthesized cDNAs were diluted with RNase-free water and stored at -80°C.

The primers of the four genes were designed using Primer3 (v0.4.03) (Supplementary Table S1). The relative expression levels of the four genes were determined using the SYBR Green real-time PCR assay on an Eppendorf Mastercycler ep realplex thermocycler (Eppendorf, Hamburg, Germany). Thermal cycling was as follows: 95°C for 5 s, 40 cycles at 95°C for 10 s, 60°C for 20 s, and 72°C for 30 s (Sun et al., 2017). In comparison to NADH dehydrogenase (internal control), the 2-ΔΔCT method was used to calculate the expression level. Statistical analysis was performed using SPSS 18 software (SPSS, Inc., Chicago, IL, United States).

RNA Interference (RNAi) and Inhibitor Experiments

To elucidate the functions of the Wnt signaling pathway in the intestinal regeneration of sea cucumbers, we conducted RNAi experiments on Wnt7 and Fz7, and compared with that of a specific inhibitor (salinomycin) of the Wnt signaling pathway. Healthy adults of A. japonicus were collected from the coast of Qingdao, Shandong Province with an average body wet weight of 16.10 ± 3.80 g (mean ± SE), and acclimated in tanks for 1 week at the temperate of 16–18°C. Three pairs of dsRNA primers were designed on Wnt7, Dvl, and EGFP (negative control), and the PCR products (Wnt7 of 527 bp and Dvl of 430 bp) were generated with a T7 promoter anchored to the two primers (Supplementary Table S2). The PCR products of EGFP (289 bp) were amplified from the pEGFP-N1 plasmid. The PCR products were purified using Gel Extraction Kit (OMEGA, Japan). dsRNA was synthesized with TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher Scientific, United States), according to the manufacturer’s protocol.

We optimized the effective silencing dose of each dsRNA by injecting three different dosages, 4, 8, and 16 μg. In order to improve the interference efficiency, dsRNA was mixed with the in vivo transfection reagent (EntransterTM-in vivo; Engreen, Beijing, China) with the ratio of 2:1 (dsRNA: transfection reagent). The mixed solutions were diluted to 100 μl of PBS solution, and injected into the coelom of A. japonicus. The intestine from each treatment was collected for RNA extraction after 48 h. Expression levels of each gene were determined by real-time PCR, and the optimal silencing doses were identified according to the differential expression level of each gene.

Sea cucumbers were divided into three groups: dsWnt7 group (n = 6), dsDvl group (n = 6), and dsEGFP group (n = 6). All groups were induced evisceration by injecting 1.5 ml KCl (0.35 M) into the coelom. The optimal dosage of 16 μg of dsRNA was used for the preparation of the mixed solution. The first time of the solutions injection was at 6 h post-evisceration. Then, the injection was repeated for four times in every 2 days. After 7 days, we recorded the length of the body and intestine of each individual. The average body length was 5.37 ± 0.72 cm. To minimize the effects of individual differences, we formatted the intestine length with the formula of Lint/Lbody = Fint/5.37, which formatted the body length of 5.37 cm. Lint and Lbody indicated the observed length of intestine and body, respectively, and Fint indicated the formatted intestine length.

Salinomycin is a specific inhibitor of the Wnt signaling cascade, with the target site of the Wnt/Fz/LRP complex (Lu et al., 2011). For the expression knockdown experiments of the inhibitor, sea cucumbers were divided into three groups: the groups injected with 10 mg/kg (salinomycin/body weight) and 2 mg/kg of salinomycin, and the control group (100 μl PBS with 2% DMSO). Salinomycin (MedChemExpress, HY-15597) was pre-dissolved in 100 μl PBS (with 2% DMSO). The injection was also repeated for four times in every 2 days. The independent samples t-test was used to indicate the significant bias between different groups with the significance level of p < 0.05.

RESULTS

Conserved Signaling Pathways Among Regenerative Animals

We comprehensively searched for the genes involved in the seven regeneration-related signaling pathways of the three echinoderms and other three representative regenerative animals (Figure 2). Genes of the six species were universally distributed among the seven signaling pathways except for the JAK-STAT and Hedgehog signaling pathway, which with most of genes have not been identified, including LIF, LIFR, STAT3, KIf4, Cos2, Ci, and CiA. As for the other five signaling pathways, some of genes have not been detected among regenerative species, such as IGF, Tbx3, FGF2, Raf, DUSP9, Nodal, TCF3, Esnb, FRMD, Smo, en, and so on. However, the Wnt signaling pathway, including genes of Wnt, Frizzled, Dvl, GSK-3β, β-catenin, Axin, APC, and c-Myc, is the only pathway contains genes that all detected among regenerative species. It was also conserved in the genome of sea urchin S. purpuratus, a species with weak regeneration capacity. However, the Wnt signaling pathway was less conservative (eg., c-Myc) among many non-regenerative species (Supplementary Figure S1). TCF3 and Esnb in the downstream of the Wnt signaling pathway was another way to perform its function relative to c-Myc, however, some of them have not been identified in regenerative species. Thus, the pathway of Wnt/c-Myc signaling is one of the most conserved signaling pathways among regenerative animals.
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FIGURE 2. Comparative analysis of genes in regeneration-related signaling pathways of regenerative animals. The comparative analysis are performed on seven regeneration-related signaling pathways of six species. The genes present in genomes are markered in green background, and the genes absent in genomes are markered in other colors according to the legends.



Positive Selection on the Wnt Signaling Pathway

Comparative genomic analyses were conducted among three echinoderm species, and 31,976 families of homologous genes were clustered. The mean rates of dS and dN among three echinoderms were around 1.50 and 0.07, respectively (Supplementary Figure S2). There were 2,807 conserved single-copy orthologous gene families used for positive selection analysis. Based on the branch model test, we identified 87 positively selected genes (LRT p-value ≦ 0.05) in the foreground branches (regenerative echinoderms A. planci and A. japonicus). Functional enrichment analysis indicated these positively selected genes were majorly enriched in protein export (ko03060) and Wnt signaling pathway (ko04310) (Supplementary Table S3). Except for Wnt signaling pathway, there was rare or none of positive selected genes identified in the other six regeneration-related signaling pathways. Wnt7, Fz7, and Dvl were the three positively selected genes identified in the Wnt signaling pathway (Table 1), which also just the three upstream genes that initiate the signal transduction (Figure 2). And accidently, Fz7 is the receptor of Wnt7 (Von Maltzahn et al., 2011). These three genes were under strong positive selection with ω1 > 1, especially for Dvl, which with ω1 = 3.502 (LRT, p = 0.009), and eight sites (21P, 31H, 34V, 40Q, 69Y, 96S, 125Q, and 133I) were identified under positive selection in branch-site model test. Therefore, the Wnt signaling pathways may be positively selected for the regeneration process in regenerative echinoderms.

TABLE 1. Positive selected genes related to Wnt signaling pathway and protein export.
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Protein supply and transportation are one of the essential processes in regeneration, especially for wound healing and new tissue formation. Many proteins related to substance transport and metabolism have been identified to be upregulated at the translational level during intestinal regeneration (Sun et al., 2017). Except for the two positively selected genes (OXA1L and SRP68) take part in protein export (ko03060), there were several genes (Tmem59, Tmem243, SlC25A38, and SLC25A39) related to protein transportation identified to be under positive selection (Table 1). Tmem59 and Tmem243 were two genes both encoding transmembrane protein. Both SlC25A38 and SLC25A39 encode solute carrier family 25, which is a glycine transporter that imports glycine into the mitochondrial matrix. The enrichment of positively selected genes in protein transportation indicates the important roles of protein supply in regeneration.

Identification and Phylogenetic Classification of Wnt and Frizzled Gene Family

As the conservation and positive selection both identified in the Wnt signaling pathway, we analyzed the composition of the gene families on this pathway. Among the three upstream genes, Dvl was a single-copy gene among echinoderms, while Wnt and Frizzled were large gene families with many members involved. After homologous search and phylogenetic classification, Wnt genes were further classified into 13 subfamilies (Figure 3A), which was consistent with previous results (Robert et al., 2014). The 13 Wnt genes were almost present in echinoderms except for several genes, such as Wnt1 and Wnt11 in A. japonicus, and Wnt2 and Wnt11 in S. purpuratus (Figure 3B). Wnt11 also has not been identified in other sea urchins (Robert et al., 2014), indicating it may be lost in the ancestor of Echinozoa. The 13 Wnt genes were all single-copy in A. planci, but several genes were duplicated in A. japonicus, including the positively selected gene Wnt7.
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FIGURE 3. Wnt gene family in echinoderms. (A) Phylogenetic tree of the Wnt gene family of three echinoderms and Saccoglossus kowalevskii. The phylogenetic tree is constructed using the maximum likelihood (ML) method with 1000 bootstraps and Bayesian inference (BI). Yellow circles indicate the support values of ML analysis larger than 80%. The support values of BI analysis are displayed beside each node. (B) Comparison of Wnt gene family members across echinoderms and S. kowalevskii. Empty indicate the loss of particular Wnt genes, and overlapping boxes represent duplicated Wnt genes.



Phylogenetic analyses have classified Frizzled genes into eight clusters (Fz1-Fz5, Fz7, Fz8, Fz10) (Supplementary Figure S3). It was different from previous researches, which classified Frizzled genes into five subfamilies (Fz1/2/7, Fz3/6, Fz4, Fz5/8, and Fz9/10) according to their complexity and diversity (Robert et al., 2014). Besides, unlike their results (Fz3 lost in sea urchins), we identified a Fz3 (XP_011667363) in S. purpuratus that clustered with other Fz3 of echinoderms in a monophyletic branch. The distribution of Frizzled genes was similar among three echinoderms. Fz3/6 and Fz9/10 were single copy, and Fz1/2/7, Fz4, and Fz5/8 were multi-copy. In comparison to A. planci, Fz1/2/7 was expanded in two echinozoans, A. japonicus and S. purpuratus. When comparing the Wnt and Frizzled gene families between S. purpuratus and regenerative echinoderms (A. planci and A. japonicus), no obvious gene expansion has been identified in regenerative echinoderms, which indicates the gene dosage was not positively selected with respect to regeneration.

Enrichment of Differentially Expressed Genes (DEGs) During Intestinal Regeneration

In order to evaluate the effects of gene expression on echinoderm regeneration, we conducted DGE analyses on the transcriptomes of the intestinal regeneration of A. japonicus. A total of 632 DEGs were identified upregulated during the intestinal regeneration (Fold change > 4, p ≦ 0.01, and q ≦ 0.05). Functional enrichment analysis indicated these DEGs were majorly enriched in glutathione metabolism (ko00480), ribosome (ko03010), biosynthesis of unsaturated fatty acid (ko01040), cytochrome P450 (ko00982, ko00980), and so on (Supplementary Figure S4). Among the seven regeneration-related signaling pathways, the Wnt signaling pathway was the only one with DEGs enriched (seven DEGs, RichFactor = 0.05, p ≦ 0.05).

These 632 DEGs displayed different expression patterns that beyond our expectations. Unlike the expression pattern of the DEGs that upregulated at 3d (3d versus C), the DEGs that upregulated at 5, 7, 14, and 21d were mostly specifically highly expressed during those stages (Figure 4A and Supplementary Figure S5), indicating their specific functions during the intestinal regeneration. However, the DEGs that upregulated at 3d were highly expressed during the whole regeneration stages (5–14d), and the number of DEGs (286 genes) was significantly more than those upregulated at other stages (22∼119 genes). It implies these genes were functionally active all the time and may be more important for the intestinal regeneration of A. japonicus. Besides, these 286 DEGs that upregulated at 3d have different enriched functions in comparison to all the 632 DEGs (Figure 4B). They were enriched in KEGG terms of ribosome (ko03010), inositol phosphate metabolism (ko00562), signaling pathways of Wnt (ko04310), phosphatidy linositol (ko04070), thyroid hormone (ko04919), Ras (ko04014), calcium (ko04020), and some pathways related to cancer (ko05205, ko05210, ko05200, ko05206, ko05222), which showed a strong correlation with regeneration processes, such as wound healing, cell migration, proliferation, differentiation, and organ remodeling. As expected, among the seven regeneration-related signaling pathways, the Wnt signaling pathway was still the only one with DEGs enriched among these 286 DEGs, and it was one of the top five KO terms that showed significantly enrichment (p ≦ 0.01). Thus, the Wnt signaling pathway played prominent roles in intestinal regeneration at the transcriptional level.


[image: image]

FIGURE 4. Differential expression analysis of genes during intestinal regeneration. (A) Expression profiles of the DEGs at different intestinal regeneration time points: 0 (C), 3 day (3d), 5 day (5d), 7 day (7d), 14 day (14d), 21 day (21d). DEGs are divided into five groups that significantly expressed at 3d (3d versus C), 5d (5d versus 3d), 7d (7d versus 5d), 14d (14d versus 7d), and 21d (21d versus 14d). (B) Significantly enriched pathways of DEGs that significantly upregulated at 3d. RichFactor is the ratio of the number of DEGs in this pathway term to the number of all genes in this pathway term.



Expression Patterns of Genes Involving the Wnt Signaling Pathway

With respect to its importance, we analyzed the expression patterns of genes involved in the Wnt signaling pathway in detail. According to the expression profiles, the 85 genes of the Wnt signaling pathway were clustered into four groups from low to high expression level (Figure 5A). Generally, the upstream genes displayed relatively low expression level, such as Wnt and LRP5/6, and the downstream genes showed relatively high expression level, such as c-Myc and cycD (Figure 5B). However, the DEGs that significantly upregulated at 3d (Fold change > 2, p < 0.05) were primarily upstream genes, including Wnt4, Wnt5, Wnt8, and Fzrp. As a key gene in the Wnt signaling pathway, c-Myc was also significantly upregulated at 3d (Figure 5A). Besides, Wnt, TCF/LEF, Fzrp, Frizzled, Dvl, Dkk, and c-Myc were the key genes in the Wnt signaling pathway, and they were all upregulated at 3d, and highly expressed during the whole regeneration stages (Supplementary Figure S6).
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FIGURE 5. Differential expression analysis of Wnt signaling pathway genes. (A) Expression profiles of the DEGs at different intestinal regeneration time points: 0 (C), 3 day (3d), 5 day (5d), 7 day (7d), 14 day (14d), 21 day (21d). Genes with different colors are correspondent to the color of genes in the plot B. (B) Genes involved in Wnt signaling pathway. Genes from upstream to downstream of the Wnt signaling pathway are in different color.



In order to validate the results of DGE analysis, we analyzed mRNA expression of four genes using real-time PCR. Consistent with the DGE results, the four genes were upregulated at 3d after evisceration, but some of them downregulated at 14d (Figure 6). In addition, the DGE results were also consistent with previous real-time PCR results of some Wnt genes (Ortiz-Pineda et al., 2009; Sun et al., 2013; Li et al., 2017). As inferred from DGE results, the key genes of the Wnt signaling pathway were upregulated at the early stages of intestinal regeneration, possibly even earlier than 3d. Besides, two of the three positively selected genes in the Wnt signaling pathway, Wnt7 and Fz7, have not been identified significantly upregulated in the DGE analysis. Thus, we performed real-time PCR on these genes to examine the expression at the early stage (1d) of regeneration. As expected, the expression of the three positively selected genes, Wnt7, Fz7, and Dvl, were all significantly upregulated at 1d after evisceration (p < 0.05), which even exceed the expression level at 3d. Therefore, the Wnt signaling pathway may perform its function at the initial stages of the intestinal regeneration.
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FIGURE 6. Real-time PCR analysis of four genes during intestinal regeneration. Normal tissues of the intestine were treated as the control group. The values were normalized against NADH. Data are the mean ± standard deviation of the triplicate experiments. Different lowercase letters indicate significant differences (p < 0.05).



Functional Approval of Wnt7 and Dvl

To further elucidate the essential functions of the Wnt signaling pathway, we performed RNAi experiments on these positively selected genes after evisceration. The silencing efficiency test indicated that the expression level of Wnt7 and Dvl was significantly downregulated under the injection of the optimal dosage (16 μg) of dsRNA (Supplementary Figure S7). The expression knockdown of Wnt7 and Dvl significantly inhibited the intestinal regrowth in comparison to that injection of dsEGFP, suggesting Wnt7 and Dvl were functional important in intestinal regeneration (Figure 7).
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FIGURE 7. The intestinal regeneration after injection of dsRNA and inhibitor. (A) Photos of the intestinal regeneration after injection of inhibitor (10 and 2 mg/kg), dsWnt7, dsDvl, and dsEGFP (Control). As the performance of the negative controls of dsRNA and inhibitor were similar, only the control of dsRNA was displayed. (B) Distributions of the intestinal lengths of different treatment groups. Independent samples t-test was used to test the significant differences. ∗∗p < 0.01, ∗p < 0.05, and N.S., significant differences.



As a specific inhibitor of the Wnt signaling pathway, salinomycin displayed significantly inhibition of the intestinal regrowth (average intestine length of 0.88 cm), which was even stronger than that of dsWnt7 (average intestine length of 1.11 cm) and dsDvl (average intestine length of 1.07 cm), although no significance were noted. However, the inhibitor could not only inhibit intestinal regeneration, but also affects other physiological processes that the sea cucumbers injected by inhibitor tend to autolysis, especially for the high dose (10 mg/kg) of inhibitor. The body wall of these sea cucumbers became soft and the coelomic visceral epithelium became dull (Figure 7A). Salinomycin could not only target the Wnt7/Fz7/LRP complex, but also target other Wnt/Fz/LRP compounds, which may correspondent with other physiological processes. Unlike that of the inhibitor, the injection of dsWnt7 and dsDvl displayed similar phenotypic with the control group except for intestine regeneration. Therefore, it was reasonable to conclude that Wnt7 was specifically essential for the intestinal regeneration of sea cucumbers.

DISCUSSION

In the regenerative species, there are several signaling pathways participate in their regeneration processes. Different species may have specific regeneration-related signaling pathways, or regenerate tissues via a combination of several signaling pathways. Sea cucumber is a regenerative species with strong regeneration capacity, however, which signaling pathway participates in the intestinal regeneration remains unclear. Thus, in this study, we performed genome-wide comprehensive studies on these signaling pathways, and detected the Wnt signaling pathway is the chosen one that plays critical roles in the intestinal regeneration of sea cucumber. When comparing with other regeneration-related signaling pathways, the Wnt signaling pathway was one of the most conserved pathways among regenerative species, and was the only one under positive selection and enriched by DEGs during the intestinal regeneration. Thus, these results suggested that both coding sequence and gene expression of the Wnt signaling pathway have been shaped by natural selection to provide the genetic architecture for intestinal regeneration in sea cucumbers.

The Wnt signaling pathway is a well-studied pathway that has been identified to participate in stem cell signaling network and growth in intestinal systems (Kuhnert et al., 2004; Reya and Clevers, 2005; Espada et al., 2009). Wnt, Frizzled, and Dvl are the three upstream genes in the Wnt signaling pathway, and the binding of Wnt ligands to receptors of the Frizzled family is the first step in activation of Wnt signaling (Robert et al., 2014). Some Wnt genes (eg., Wnt6 and WntA) have been identified involved in the intestinal regeneration of sea cucumbers (Sun et al., 2013; Li et al., 2017). Other genes, including Wnt4, Fz1/2/7, and Fz5/8, were identified upregulated during 5–10 days after evisceration and might participate in regulation of tissue and organ formation during intestinal regeneration (Girich et al., 2017). However, in this study, Wnt7, Fz7, and Dvl were the only three genes that identified to be positively selected in the Wnt signaling pathway. Interestingly, Fz7 is the receptor of Wnt7, and the components could activate the planar-cell-polarity pathway and exposure dramatically stimulates on the symmetric expansion of satellite stem cells (Von Maltzahn et al., 2011). Satellite stem cells are capable of self-renewal and long-term reconstitution of the satellite cell niche in mediating the growth and regeneration of skeletal muscle (Kuang et al., 2007). Over expression of Wnt7 could lead to a marked enhancement of the regeneration process during muscle regeneration (Kuang et al., 2007). However, the functions of Wnt7 and Fz7 were majorly studied in the regeneration of muscle and hair follicles (Kuang et al., 2007; Von Maltzahn et al., 2011; Dong et al., 2017), whereas our study suggested they were participated in intestinal regeneration. Furthermore, our results indicated Wnt7, Fz7, and Dvl were significantly upregulated at the initial stages (1d or maybe earlier) of regeneration. The earlier expression of Wnt and Frizzled genes may be responsible for the earlier activation of Wnt signaling. Thus, the positive selection of the three genes may make a great contribution to the early activation of Wnt signaling, which will promote the initiation of the biological functions of the Wnt signaling pathway during the intestinal regeneration of sea cucumbers. Furthermore, RNAi experiments of Wnt7 and Dvl also supported these genes were essential for the intestinal regeneration. Injection of Wnt/Fz inhibitor could not only inhibit the intestinal regrowth, but also affect the normal physiological processes of sea cucumber. Whereas, unlike the phenotypic performance of the inhibitor, RNAi of Wnt7 and Dvl could only inhibit the intestinal regrowth, implying Wnt7 may be specifically essential for the intestinal regeneration.

In the KEGG pathway of signaling pathways regulating pluripotency of stem cells (ko04550), Wnt signaling pathway performs its function through a transcription factor, Esnb, which encodes estrogen related receptor beta. However, the functions of Esnb in regeneration are still unclear at present. Esnb and its regulator TCF3 have not been identified in some regenerative species (Figure 2), and no obvious differential expression was detected for Esnb during intestinal regeneration of sea cucumber. Whereas, another transcription factor, c-Myc, has been identified to be upregulated by Wnt signaling pathway to promote the cell proliferation previously (Zhang et al., 2012). Besides, the downstream of Wnt/c-Myc signaling was identified to be required for the intestinal regeneration (Ashton et al., 2010). In consistent with their results, we also found that c-Myc was significantly upregulated at 3d after evisceration, and highly expressed during the whole regeneration stages. By modifying the expression of its target genes, c-Myc could result for numerous biological effects, such as cell proliferation, cell growth, apoptosis, differentiation, and stem cell self-renewal (Evan et al., 1992; Wilson et al., 2004; Zhang et al., 2012). Thus, c-Myc may be essential for the intestinal regeneration of sea cucumbers, and Wnt/c-Myc signaling may be the important way to promote intestinal regeneration.

AUTHOR CONTRIBUTIONS

JX and FL conceived and designed the study. LS and XZ collected the data. JY, YG, and CL conducted the bioinformatics analyses. LS performed RT-PCR experiments. YG and SJ performed RNAi and inhibitor experiments. JY wrote the manuscript. XZ revised the manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by a grant from National Natural Science Foundation of China (Grant Nos. 41876167, 41776162, and 41506189), China Agriculture Research system-47 (CARS-47), and The Senior User Project of RV KEXUE (KEXUE2018G19).

ACKNOWLEDGMENTS

We thank Yamin Sun for the help on the bioinformatics analyses and Shilin Liu for the help on preparing sea cucumber samples.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00112/full#supplementary-material

ABBREVIATIONS

BEB, Bayes empirical Bayes approach; DEGs, differentially expressed genes; DGE, differential gene expression; dN, non-synonymous substitution per non-synonymous site; dS, synonymous substitution per synonymous site; FDR, false discovery rate; FPKM, fragments per kilobase of transcript per million mapped reads; KO, KEGG Orthology; LRT, Likelihood ratio tests; ML, maximum likelihood; SMART, Simple Modular Architecture Research Tool.

FOOTNOTES

1 https://www.ncbi.nlm.nih.gov/

2 http://www.omicshare.com/tools/?l=en-us

3 http://bioinfo.ut.ee/primer3-0.4.0/primer3/

REFERENCES

Agata, K., and Inoue, T. (2012). Survey of the differences between regenerative and non-regenerative animals. Dev. Growth Diff. 54, 143–152. doi: 10.1111/j.1440-169X.2011.01323.x

Ashton, G. H., Morton, J. P., Myant, K., Phesse, T. J., Ridgway, R. A., Marsh, V., et al. (2010). Focal adhesion kinase is required for intestinal regeneration and tumorigenesis downstream of Wnt/c-Myc signaling. Dev. Cell 19, 259–269. doi: 10.1016/j.devcel.2010.07.015

Balabaud, C., Bioulac-Sage, P., and Desmouliere, A. (2004). The role of hepatic stellate cells in liver regeneration. J. Hepatol. 40, 1023–1026. doi: 10.1016/j.jhep.2004.04.003

Bannister, R., Mcgonnell, I. M., Graham, A., Thorndyke, M. C., and Beesley, P. W. (2005). Afuni, a novel transforming growth factor-beta gene is involved in arm regeneration by the brittle star Amphiura filiformis. Dev. Genes Evol. 215, 393–401. doi: 10.1007/s00427-005-0487-8

Brockes, J. R., and Kumar, A. (2008). Comparative aspects of animal regeneration. Ann. Rev. Cell. Dev. Biol. 24, 525–549. doi: 10.1146/annurev.cellbio.24.110707.175336

Burdon, T., Chambers, I., Stracey, C., Niwa, H., and Smith, A. (1999). Signaling mechanisms regulating self-renewal and differentiation of pluripotent embryonic stem cells. Cells Tissues Organs 165, 131–143. doi: 10.1159/000016693

Cai, J., Zhang, N., Zheng, Y., De Wilde, R. F., Maitra, A., and Pan, D. (2010). The hippo signaling pathway restricts the oncogenic potential of an intestinal regeneration program. Genes Dev. 24, 2383–2388. doi: 10.1101/gad.1978810

Candelaria, A. G., Murray, G., File, S. K., and Garcia-Arraras, J. E. (2006). Contribution of mesenterial muscle dedifferentiation to intestine regeneration in the sea cucumber Holothuria glaberrima. Cell Tissue Res. 325, 55–65. doi: 10.1007/s00441-006-0170-z

Conant, E. B. (1973). Regeneration in African lungfish, protopterus.3. Regeneration during fasting and estivation. Biol. Bull. 144, 248–261. doi: 10.2307/1540006

Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2012). jModelTest 2: more models, new heuristics and parallel computing. Nat. Methods 9, 772–772. doi: 10.1038/nmeth.2109

Delorme, S. L., Lungu, I. M., and Vickaryous, M. K. (2012). Scar-free wound healing and regeneration following tail loss in the leopard gecko, Eublepharis macularius. Anat. Rec. 295, 1575–1595. doi: 10.1002/ar.22490

Dolmatov, I. Y., and Ginanova, T. T. (2009). Post-autotomy regeneration of respiratory trees in the holothurian Apostichopus japonicus (Holothuroidea, Aspidochirotida). Cell Tissue Res. 336, 41–58. doi: 10.1007/s00441-009-0761-6

Dong, L., Hao, H., Liu, J., Ti, D., Tong, C., Hou, Q., et al. (2017). A conditioned medium of umbilical cord mesenchymal stem cells overexpressing Wnt7a promotes wound repair and regeneration of hair follicles in mice. Stem Cells Int. 2017, 3738071. doi: 10.1155/2017/3738071

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Espada, J., Calvo, M. B., Diaz-Prado, S., and Medina, V. (2009). Wnt signalling and cancer stem cells. Clin. Transl. Oncol. 11, 411–427. doi: 10.1007/s12094-009-0380-4

Evan, G. I., Wyllie, A. H., Gilbert, C. S., Littlewood, T. D., Land, H., Brooks, M., et al. (1992). Induction of apoptosis in fibroblasts by C-Myc protein. Cell 69, 119–128. doi: 10.1016/0092-8674(92)90123-T

Evangelista, M., Tian, H., and De Sauvage, F. J. (2006). The hedgehog signaling pathway in cancer. Clin. Cancer Res. 12, 5924–5928. doi: 10.1158/1078-0432.CCR-06-1736

Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., et al. (2016). The Pfam protein families database: towards a more sustainable future. Nucleic Acids Res. 44, D279–D285. doi: 10.1093/nar/gkv1344

Garcia-Arraras, J. E., Estrada-Rodgers, L., Santiago, R., Torres, I. I., Diaz-Miranda, L., and Torres-Avillan, I. (1998). Cellular mechanisms of intestine regeneration in the sea cucumber, Holothuria glaberrima Selenka (Holothuroidea : Echinodermata). J. Exp. Zool. 281, 288–304. doi: 10.1002/(SICI)1097-010X(19980701)281:4<288::AID-JEZ5>3.0.CO;2-K

Girich, A. S., Isaeva, M. P., and Dolmatov, I. Y. (2017). Wnt and frizzled expression during regeneration of internal organs in the holothurian Eupentacta fraudatrix. Wound Repair Regen. 25, 828–835. doi: 10.1111/wrr.12591

Guindon, S., and Gascuel, O. (2003). A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696–704. doi: 10.1080/10635150390235520

Hall, M. R., Kocot, K. M., Baughman, K. W., Fernandez-Valverde, S. L., Gauthier, M. E. A., Hatleberg, W. L., et al. (2017). The crown-of-thorns starfish genome as a guide for biocontrol of this coral reef pest. Nature 544, 231–234. doi: 10.1038/nature22033

Heatfield, B. M., and Travis, D. F. (1975). Ultrastructural studies of regenerating spines of the sea urchin Strongylocentrotus purpuratus. II. Cell types with spherules. J. Morphol. 145, 51–71. doi: 10.1002/jmor.1051450104

Karhadkar, S. S., Bova, G. S., Abdallah, N., Dhara, S., Gardner, D., Maitra, A., et al. (2004). Hedgehog signalling in prostate regeneration, neoplasia and metastasis. Nature 431, 707–712. doi: 10.1038/nature02962

Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki, M. A. (2007). Asymmetric self-renewal and commitment of satellite stem cells in muscle. Cell 129, 999–1010. doi: 10.1016/j.cell.2007.03.044

Kuhnert, F., Davis, C. R., Wang, H. T., Chu, P., Lee, M., Yuan, J., et al. (2004). Essential requirement for Wnt signaling in proliferation of adult small intestine and colon revealed by adenoviral expression of Dickkopf-1. Proc. Natl. Acad. Sci. U.S.A. 101, 266–271. doi: 10.1073/pnas.2536800100

Letunic, I., Doerks, T., and Bork, P. (2015). SMART: recent updates, new developments and status in 2015. Nucleic Acids Res. 43, D257–D260. doi: 10.1093/nar/gku949

Li, L., Stoeckert, C. J. Jr., and Roos, D. S. (2003). OrthoMCL: identification of ortholog groups for eukaryotic genomes. Genome Res. 13, 2178–2189. doi: 10.1101/gr.1224503

Li, X. N., Sun, L. N., Yang, H. S., Zhang, L. B., Miao, T., Xing, L. L., et al. (2017). Identification and expression characterization of WntA during intestinal regeneration in the sea cucumber Apostichopus japonicus. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 210, 55–63. doi: 10.1016/j.cbpb.2017.06.005

Li, Z. W., Shen, Y. H., Xiang, Z. H., and Zhang, Z. (2011). Pathogen-origin horizontally transferred genes contribute to the evolution of Lepidopteran insects. BMC Evol. Biol. 11:356. doi: 10.1186/1471-2148-11-356

Liu, Y., Zhou, Q., Wang, Y. J., Luo, L. H., Yang, J., Yang, L. F., et al. (2015). Gekko japonicus genome reveals evolution of adhesive toe pads and tail regeneration. Nat. Commun. 6:10033. doi: 10.1038/ncomms10033

Lu, D., Choi, M. Y., Yu, J., Castro, J. E., Kipps, T. J., and Carson, D. A. (2011). Salinomycin inhibits Wnt signaling and selectively induces apoptosis in chronic lymphocytic leukemia cells. Proc. Natl. Acad. Sci. U.S.A. 108, 13253–13257. doi: 10.1073/pnas.1110431108

Mashanov, V. S., and Garcia-Arraras, J. E. (2011). Gut regeneration in holothurians: a snapshot of recent developments. Biol. Bull. 221, 93–109. doi: 10.1086/BBLv221n1p93

Mashanov, V. S., Zueva, O. R., and Garcia-Arraras, J. E. (2012). Expression of Wnt9, TCTP, and Bmp1/Tll in sea cucumber visceral regeneration. Gene Expr. Patt. 12, 24–35. doi: 10.1016/j.gep.2011.10.003

Mashanov, V. S., Zueva, O. R., Rojas-Catagena, C., and Garcia-Arraras, J. E. (2010). Visceral regeneration in a sea cucumber involves extensive expression of survivin and mortalin homologs in the mesothelium. BMC Dev. Biol. 10:117. doi: 10.1186/1471-213X-10-117

Mishra, L., Shetty, K., Tang, Y., Stuart, A., and Byers, S. W. (2005). The role of TGF-beta and Wnt signaling in gastrointestinal stem cells and cancer. Oncogene 24, 5775–5789. doi: 10.1038/sj.onc.1208924

Mo, J. S., Park, H. W., and Guan, K. L. (2014). The Hippo signaling pathway in stem cell biology and cancer. EMBO Rep. 15, 642–656. doi: 10.15252/embr.201438638

Nostro, M. C., Sarangi, F., Ogawa, S., Holtzinger, A., Corneo, B., Li, X., et al. (2011). Stage-specific signaling through TGFbeta family members and WNT regulates patterning and pancreatic specification of human pluripotent stem cells. Development 138, 861–871. doi: 10.1242/dev.055236

Ochoa, B., Syn, W. K., Delgado, I., Karaca, G. F., Jung, Y., Wang, J., et al. (2010). Hedgehog signaling is critical for normal liver regeneration after partial hepatectomy in mice. Hepatology 51, 1712–1723. doi: 10.1002/hep.23525

Okita, K., and Yamanaka, S. (2006). Intracellular signaling pathways regulating pluripotency of embryonic stem cells. Curr. Stem Cell Res. Ther. 1, 103–111. doi: 10.2174/157488806775269061

Ortiz-Pineda, P. A., Ramirez-Gomez, F., Perez-Ortiz, J., Gonzalez-Diaz, S., Santiago-De Jesus, F., Hernandez-Pasos, J., et al. (2009). Gene expression profiling of intestinal regeneration in the sea cucumber. BMC Genomics 10:262. doi: 10.1186/1471-2164-10-262

Patruno, M., Mcgonnell, I., Graham, A., Beesley, P., Candia Carnevali, M. D., and Thorndyke, M. (2003). Anbmp2/4 is a new member of the transforming growth factor-beta superfamily isolated from a crinoid and involved in regeneration. Proc. Biol. Sci. 270, 1341–1347. doi: 10.1098/rspb.2003.2367

Reya, T., and Clevers, H. (2005). Wnt signalling in stem cells and cancer. Nature 434, 843–850. doi: 10.1038/nature03319

Robert, N., Lhomond, G., Schubert, M., and Croce, J. C. (2014). A comprehensive survey of wnt and frizzled expression in the sea urchin Paracentrotus lividus. Genesis 52, 235–250. doi: 10.1002/dvg.22754

Ronquist, F., and Huelsenbeck, J. P. (2003). MrBayes 3: bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572–1574. doi: 10.1093/bioinformatics/btg180

Rubilar, T., Pastor, C., and Diaz De Vivar, E. (2005). Timing of fission in the starfish Allostichaster capensis (Echinodermata: Asteroidea) in laboratory. Rev. Biol. Trop. 53(Suppl. 3), 299–303.

Shibata, T. F., Oji, T., Akasaka, K., and Agata, K. (2010). Staging of regeneration process of an arm of the feather star Oxycomanthus japonicus focusing on the oral-aboral boundary. Dev. Dyn. 239, 2947–2961. doi: 10.1002/dvdy.22429

Sun, L., Chen, M., Yang, H., Wang, T., Liu, B., Shu, C., et al. (2011). Large scale gene expression profiling during intestine and body wall regeneration in the sea cucumber Apostichopus japonicus. Comp. Biochem. Physiol. Part D Genom. Proteom. 6, 195–205. doi: 10.1016/j.cbd.2011.03.002

Sun, L., Xu, D., Xu, Q., Sun, J., Xing, L., Zhang, L., et al. (2017). iTRAQ reveals proteomic changes during intestine regeneration in the sea cucumber Apostichopus japonicus. Comp. Biochem. Physiol. Part D Genom. Proteom. 22, 39–49. doi: 10.1016/j.cbd.2017.02.004

Sun, L. N., Yang, H. S., Chen, M. Y., and Xu, D. X. (2013). Cloning and expression analysis of Wnt6 and Hox6 during intestinal regeneration in the sea cucumber Apostichopus japonicus. Genet. Mol. Res. 12, 5321–5334. doi: 10.4238/2013.November.7.7

Talavera, G., and Castresana, J. (2007). Improvement of phylogenies after removing divergent and ambiguously aligned blocks from protein sequence alignments. Syst. Biol. 56, 564–577. doi: 10.1080/10635150701472164

Thompson, J. D., Gibson, T. J., and Higgins, D. G. (2002). Multiple sequence alignment using ClustalW and ClustalX. Curr. Protoc. Bioinformatics 2.3.1–2.3.22. doi: 10.1002/0471250953.bi0203s00

Trapnell, C., Pachter, L., and Lsalzberg, S. (2009). TopHat: discovering splice junctions with RNA-Seq. Bioinformatics 25, 1105. doi: 10.1093/bioinformatics/btp120

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.2012.016

Trompouki, E., Bowman, T. V., Lawton, L. N., Fan, Z. P., Wu, D. C., Dibiase, A., et al. (2011). Lineage regulators direct BMP and Wnt pathways to cell-specific programs during differentiation and regeneration. Cell 147, 577–589. doi: 10.1016/j.cell.2011.09.044

Von Maltzahn, J., Bentzinger, C. F., and Rudnicki, M. A. (2011). Wnt7a-Fzd7 signalling directly activates the Akt/mTOR anabolic growth pathway in skeletal muscle. Nat. Cell Biol. 14, 186–191. doi: 10.1038/ncb2404

Wilson, A., Murphy, M. J., Oskarsson, T., Kaloulis, K., Bettess, M. D., Oser, G. M., et al. (2004). c-Myc controls the balance between hematopoietic stem cell self-renewal and differentiation. Genes Dev. 18, 2747–2763. doi: 10.1101/gad.313104

Yang, Z. (1998). Likelihood ratio tests for detecting positive selection and application to primate lysozyme evolution. Mol. Biol. Evol. 15, 568–573. doi: 10.1093/oxfordjournals.molbev.a025957

Yang, Z., and Nielsen, R. (1998). Synonymous and nonsynonymous rate variation in nuclear genes of mammals. J. Mol. Evol. 46, 409–418. doi: 10.1007/PL00006320

Yu, F. X., Zhao, B., and Guan, K. L. (2015). Hippo pathway in organ size control, tissue homeostasis, and cancer. Cell 163, 811–828. doi: 10.1016/j.cell.2015.10.044

Zhang, S., Li, Y., Wu, Y., Shi, K., Bing, L., and Hao, J. (2012). Wnt/beta-catenin signaling pathway upregulates c-Myc expression to promote cell proliferation of P19 teratocarcinoma cells. Anat. Rec. 295, 2104–2113. doi: 10.1002/ar.22592

Zhang, X. J., Sun, L. N., Yuan, J. B., Sun, Y. M., Gao, Y., Zhang, L. B., et al. (2017). The sea cucumber genome provides insights into morphological evolution and visceral regeneration. PLoS Biol. 15:e2003790. doi: 10.1371/journal.pbio.2003790

Zhao, B., Tumaneng, K., and Guan, K. L. (2011). The Hippo pathway in organ size control, tissue regeneration and stem cell self-renewal. Nat. Cell Biol. 13, 877–883. doi: 10.1038/ncb2303

Zhu, B., Lou, M. M., Xie, G. L., Zhang, G. Q., Zhou, X. P., Li, B., et al. (2011). Horizontal gene transfer in silkworm, Bombyx mori. BMC Genomics 12:248. doi: 10.1186/1471-2164-12-248

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Yuan, Gao, Sun, Jin, Zhang, Liu, Li and Xiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fgene-10-00112-t001.jpg
Genes Branch models Branch-site models

BodnL  BO:wO(01=1)  BA:InL BA:w0,w1*  p-Value p0  p2a w2 Positively selected sites (BEB)

Wnt7 —2001.701 0.036 —1999.716 0.035, 1.164 0.046 0.495  0.506 1.838

Fz7 —3294.404 0.086 —3292.234  0.0589, 300.088 0.037 0.330 0.000 1.000

bvi —1760.390 1.000 -1757.014 0.135, 3.502 0.009 0.024 0976 9.404 21P 31H 34V 40Q 69Y 96S 125Q 1331
OXATL —2604.090 0.048 —2607.372 0.0736, 1 0.010 0.000 0.627 1.000 64D 74T 781 138N 175S 213M
SRP68 —2197.410 0.612 —2194.960 0.083, 1 0.027 0.066 0.934 999.000

Tmem59 —2362.254 0.077 —2358.819 0.158, 11.936 0.009 0271 0.000 1.000

Tmem243 —693.650 1.000 -691.282 0.254, 999 0.030 0.032 0.208 1.000

SLC25A38 —1236.724 1.000 —1233.414 1,999 0.010 0.014 0.144  999.000 5A 19M 44L 46P 52T 85R 98V
SLC25A39  —1675.127 0.099 —1666.093  0.086, 119.818 0.000 0.617 0383  28.501

* the ratios of non-synonymous substitution per non-synonymous site to synonymous substitution per synonymous site; 0, o1: background and foreground  values,
respectively. The amino acid sites under positive selection were identified using BEB.





OPS/images/cross.jpg
3,

i





OPS/images/fgene-10-00112-g003.jpg
100
N

0

100, -
7
\Wntl‘

Wnt7

Wntl Wnt2 Wnt3 Wntd Wnt5 Wnt6  Wnt7 Wnt8 Wnt9  Wntl0 Wntll Wntl6 Wntd
Apostichopus japonicus n E n n D B a a n n n
Strongylocentrotus purpuratus L] ORI ERCIEE— 3 B3
Acanthaster planci (N % QR S W QA S R S A gl .

Saccoglossus kowalevskii n n l: n n En n B n u n n





OPS/images/fgene-10-00112-g002.jpg
Signaling pathway

Akt Tbx3

I T

i transcriptional
STAT3 DNA Kl network

O

Sox2

A. japonicus

A
S. purpuratus
A
A. Planci

s

l

A. queenslandica
V

N

FGF2

Raf Mek Erk1/2 Tbx3

SAMDA4 D/NA\DUSP9

BMP4

J H. vulgaris

D. rerio

Activin
- ACVR SMAD2/3

g L

. k
Nodal Axin APC c-Myc /
- Wnt  Frizzled  Dvl 1/-

— > [|Oct4
Gene loss ’

ID

GSK-3B [ -catenin TCF3 Esnb

Mstl/2 Lats1/2 YAP/TAZ'  YAP/TAZ






OPS/images/fgene-10-00112-g001.jpg
Positive
selection
analysis

Wnt
signaling
pathway

ragE \rayY FaYa) PAPas s Wars
Q£ [ [ ( ( y
- \ y & A ‘;/\‘J‘ n 3 ¥ =t OF § & O\ |

Gene gain/ gene loss

Differential
gene

expression
analysis






OPS/images/fgene-10-00112-g007.jpg
>

Normal

Inhibitor(10 mg/kg)

dsWnt7

Control

Inhibitor(2 mg/kg)

dsDvl

Intestine length (cM)

N.S.

N.S.

N.S.

I | I | I
Control Control Inhibitor dsWnt7 dsDvl
(dsRNA) (Inhibitor) (2mg/kg)





OPS/images/fgene-10-00112-g006.jpg
ive expression level

Relat

210

140

Wnt7 Wnt8

Genes

—1 Control
B 1d
—/ 3d
E 14d

Dvl





OPS/images/fgene-10-00112-g005.jpg
I R
| o
(9]

(NSIdA+10°0)S0]

CaN
RP5
Prickle

C-3d 3d-5d 5d-7d

ek

w* ¥

* %

e ok

PR

=

14d-21d

Upregulation:

** Fold change > 2
p <0.05

* Fold change > 2

Wnt signaling pathway

Proc, Cer-1, Notum,
FRP, Wit-1, PEDF,

\ Proteolysis






OPS/images/fgene-10-00112-g004.jpg
8_’ soua3 uonemn3daidn

Sd
7d

14d

21d

Sd

7d

14d 21d

(10" 0. So; I NN -

=3
o

[9;]

(@]

|
(9]

B

AGE-RAGE signaling pathway in diabetic complications
Ribosome

Inositol phosphate metabolism

Wnt signaling pathway

Proteoglycans in cancer
Phosphatidylinositol signaling system
Thyroid hormone signaling pathway
Ras signaling pathway

Colorectal cancer

Cutin, suberine and wax biosynthesis

Calcium signaling pathway

Pathway

Vitamin digestion and absorption

Cytokine—cytokine receptor interaction

Pathways in cancer

MicroRNAs in cancer

Hematopoietic cell lineage

Small cell lung cancer

Glycosaminoglycan biosynthesis — heparan sulfate / heparin
ECM-receptor interaction

Valine, leucine and isoleucine biosynthesis

Ve o

0.1

0 l 2
Rich Factor

0.






OPS/images/cover.jpg
, frontiers

in Genetics

Wnt Signaling Pathway Linked to
Intestinal Regeneration via
Evolutionary Patterns and Gene
Expression in the Sea Cucumber
Apostichopus japonicus









OPS/images/logo.jpg
’ frontiers
in Genetics





