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Abstract

:

Simple Summary


Edible seaweed, also known as sea vegetables, are macroalgae that can be eaten and used in cooking. They contain enriched bioactive compounds such as polysaccharides, which have a variety of functions such as antioxidants, anti-aging, and immune regulation. This study was a voyage of biological discovery that sought to thoroughly examine all of the DNA (known as a genome) of 12 edible seaweeds. The collected genomic sequence data are publicly accessible as a critical functional reference for the discovery of bioactive products and genome-assisted breeding for edible seaweeds. Secreted proteins frequently circulate throughout the body and, thus, have access to the majority of organs and tissues in animals. We investigate the potential secreted short peptides in seaweed using a comparative analysis of protein families that interact with human cancer genes. Some of the secreted proteins may be therapeutic agents interacting with surface receptors in human cells due to their circulating function. In summary, our data integration predicted the first shortlist of secreted peptides of edible seaweeds, which may provide novel information about anti-tumour mechanisms, thus accelerating the study of seaweed biology and improving seaweed nutraceutical practice.




Abstract


Seaweeds are multicellular marine macroalgae with natural compounds that have potential anticancer activity. To date, the identification of those compounds has relied on purification and assay, yet few have been documented. Additionally, the genomes and associated proteomes of edible seaweeds that have been identified thus far are scattered among different resources and with no systematic summary available, which hinders the development of a large-scale omics analysis. To enable this, we constructed a comprehensive genomics resource for the edible seaweeds. These data could be used for systematic metabolomics and a proteome search for anti-cancer compound and peptides. In brief, we integrated and annotated 12 publicly available edible seaweed genomes (8 species and 268,071 proteins). In addition, we integrate the new seaweed genomic resources with established cancer bioinformatics pipelines to help identify potential seaweed proteins that could help mitigate the development of cancer. We present 7892 protein domains that were predicted to be associated with cancer proteins based on a protein domain–domain interaction. The most enriched protein families were associated with protein phosphorylation and insulin signalling, both of which are recognised to be crucial molecular components for patient survival in various cancers. In addition, we found 6692 seaweed proteins that could interact with over 100 tumour suppressor proteins, of which 147 are predicted to be secreted proteins. In conclusion, our genomics resource not only may be helpful in exploring the genomics features of these edible seaweed but also may provide a new avenue to explore the molecular mechanisms for seaweed-associated inhibition of human cancer development.
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1. Introduction


According to World Health Organization estimates, there were approximately 19.3 million new cancer cases in 2020, of which 10.06 million were in males and 9.23 million were in females [1]. Based on this, one in five people worldwide will have cancer in their lifetime. As the global population grows and life expectancy increases, cancer will become more common, and the global cancer burden will further increase, especially in low- and middle-income countries. Currently, 70% of patients who die from cancer live in low-to middle-income countries. In general, cancer and cancer metastasis may result from dysfunction of one of the numerous cellular functions involving thousands and millions of molecular interactions. Some common molecular mechanisms could be revealed from the investigation of differentially expressed genes between normal and cancer tissues. For instance, defective tumour suppressor genes (TSGs) [2] and hyperactive oncogenes (OCGs) [3] can be driving factors for cancer initiation and progression.



Many cancer-associated deaths can be avoided by choosing a healthy diet such as fruits and vegetables [4]. Additionally, edible seaweeds (as a food or food additive) have enormous potential, and there are more than one hundred different types of edible seaweed. The consumption of edible seaweed is widespread in tropical South Asia and Southeast Asia, while it is relatively limited in Western societies. The impact of edible seaweed on cancer prevention has been widely studied. For instance, the cancer mortality rates of Okinawa Island inhabitants, where kelp and wakame are commonly eaten, have always been the lowest in Japan [5]. This is particularly relevant to stomach, colon, and rectal cancers [6,7,8]. As such, seaweed-derived natural products have been investigated, including the macromolecular polysaccharide fucoidan [9]; dieckol [10]; matrix metalloproteinase inhibitors [11]; and algae fucoxanthin and its deacetylated product, fucoxanthinol [12]. Seaweed proteins and peptides (derived from a precursor protein) rich in essential amino acids have also been explored, where the biological effects described include antimicrobial and antioxidant activity (reviewed by [13]). Besides the potential nutraceutical preventative benefits, seaweed products may also be applied as cancer therapeutic, such as inhibition of cancer cell growth and invasion. For this, knowledge of the compounds (small molecule or protein), as well as the ability to purify and test homogenous preparations are important. Therefore, the pathway from identification to clinical evaluation can be a long-term process [14].



In general, genome, proteomics, and metabolomics have all made significant contributions to our understanding of seaweed biology. Although the above experimental evidence links many seaweed bioactive compounds with anti-cancer effects, there is still a lack of a big picture for seaweed biology. With the advance in high-throughput sequencing technologies, many seaweed genomes have been sequenced, which has provided us with an encyclopedia of molecular functions [15,16,17,18,19,20,21,22]. For example, a chromosome-level assembly of edible brown alga Undaria pinnatifida was generated by using PacBio and Hi-C technologies [20].



As well known, the cell is far more complicated than the sum of its genes, proteins, or metabolites. In general, the anti-cancer effects are the activity of all those components and their interactions that add up to those edible seaweed. However, these data were dispersed throughout the literature and a systematic review is lacking. To explore the complexity of seaweed, we aim to collect genome and proteome data for edible seaweeds, which will advance our knowledge about how these compounds may safeguard cancers.



In addition, these omics data may provide reliable opportunities to explore the molecular interactions between seaweed compounds and cancer cells. Once identified, cross-species comparisons can be used to determine similarities and differences between seaweeds and, therefore, to predict their anti-cancer effects. Given this, we have carried out the first systematic data integration and published it as a web database for genome-level molecular interaction investigation in an attempt to identify all possible molecular interactions theoretically related to cancer biology. Specifically, we aimed to computationally connect seaweed protein-coding genes with known TSG and OCG proteins in humans. We explored (1) the interactional preference of seaweed proteins with tumour suppressor and oncogene proteins, (2) common interaction patterns between the 12 seaweeds, and (3) common cancer proteins with the most abundant interactions with seaweed proteins.




2. Results


2.1. Computational Framework to Predict Putative Interactions between Seaweed Genomes and Human Cancer Genes


First, we conducted an extensive literature review to search for publicly available seaweed genomes. As summarised in Figure 1, seaweed protein-coding genes were annotated and human genes with protein domain information were used to link the seaweed proteins with human cancer genes based on well-known protein domain–domain interactions [23]. In total, we found 13 publicly available seaweed genomes; however, the Macrocystis pyrifera (giant kelp) genome was highly fragmented, with a contig N50 of only 2573 bp. Therefore, we excluded this assembly and focused on the remaining 12 genomes (Table 1). Among these 12 genomes, 4 were different strains of the same species, Cladosiphon okamuranus [14], an Okinawan seaweed most commonly known as the Japanese brown algae Mozuku. One of the most promising natural products with anti-cancer and anti-coagulant functions is the fucoidan from Mozuku. As a sulphated water-soluble polysaccharide, fucoidan also has beneficial effects against chemotherapeutic agents and radiation toxicity. In addition, two genome cultivars of Saccharina japonica were used, which had been sequenced to explore polysaccharide biosynthesis and iodine antioxidation [22]. The remaining six seaweed genomes were from distinct genus’s and presented divergent genetic contents.



Among the 12 genomes, 5 had existing predicted protein-coding proteomes available. The remaining (Undaria pinnatifida, Ulva mutabilis, and two strains of Saccharina japonica) did not, and therefore, we utilised an in-house gene prediction pipeline to predict the protein sequences. All proteins from the 12 seaweed genomes were annotated with known protein family/domain information from the most updated Pfam database [23]. By applying an annotation pipeline to the 12 edible seaweed genome data, we identified 268,071 protein sequences.



To investigate the potential interaction of seaweed protein with cancer-related proteins at the molecular level, we focused on two of the most crucial cancer gene groups: TSGs and OCGs. It should be noted that some genes have dual roles, meaning those genes could function as TSGs or OCGs, depending on the tissue specificity or interacting partners [2,31]. In the current TSGene 2.0 [2] and ONGene [3] databases, there are 1217 TSGs (1018 protein-coding TSGs) and 803 OCGs (698 protein-coding OCGs), while 129 genes have dual roles. To determine the oncogenic functions of the protein interacting domains, we mapped all of the protein-coding TSGs and OCGs to 1255 Pfam entries, which led to 335 OCG-specific and 621 TSG-specific domains. In addition, we found 299 Pfam domains with both TSGs and OCGs association, which were defined as dual role Pfam domains (Table S1). These Pfam annotated TSGs/OCGs and genome-derived seaweed proteins provided the resource to build an interacting relationship based on the high-quality domain-domain interactions data predicted from the DOMINE database [32]. The output was a connected putative interactome that comprised the human TSGs/OCGs and seaweed proteomes.



To further group the interactions, Pfam domains were classified as TSG-specific, OCG-specific, and dual role, which defined the putative interaction function. This framework was most helpful in identifying common domain–domain interactions across the 12 putative interactomes presented. In this way, we could further determine if any molecular interactions were shared in multiple seaweeds. In addition, the outcome was helpful in prioritising the top-interacting cancer proteins that may represent candidate pharmaceutical targets associated with patient survival.




2.2. The Online Data Sharing Interface for the Putative Interactomes and Overall Statistics for Human TSGs/OCGs and Seaweed Putative Interactomes


Using our computational framework, 12 putative interactomes were constructed between human TSGs/OCGs and edible seaweeds based on protein domains. In addition, this provided a basis to explore the commonness and uniqueness among various seaweed divisions across brown, green, and red seaweeds.



Since those edible algae genomes were published in recent years, many underlying biomedical functions for animal and clinical health is largely unknown. However, only four species have the assembly without any protein information. This may obstruct further data mining for researchers with no genomic and bioinformatics skills. Considering that our data are valuable for the community to explore potential natural products and other pharmaceutical applications, we built an online web interface to share all of the protein sequences and annotations.



As shown in Figure 2A, the web interface provides access to all 268,071 protein sequences from the twelve edible seaweed genomes. From the web page, we can browse the distribution of related genes in each species according to each Pfam protein family. We also organised all processed genetic interaction data into text files for users to download. In practice, the amino acid sequences in FASTA format are shared in the download section.



In addition, all 1891 non-redundant cancer genes including both TSGs and OCGs are searchable (Figure 2B). At the same time, we can also search our predicted interactions by any protein family of interests. In the cancer gene page (Figure 2C), the user could browse the basic annotations such as gene ontology and KEGG pathways. All of the 4,355,941 putative interactions between cancer genes and algae proteins are shared for bulk download, which could be used for follow-up data mining. Based on these proceeded data, users can explore not only the links between algae genomes and cancers but also the protein similarities and differences of various edible seaweeds.



Among the 12 species, the Cladosiphon okamuranus, O-strain, had the largest proteome, with 49,400 predicted protein sequences (Figure 3A). The other three Cladosiphon okamuranus strains also had relatively smaller proteome sizes, ranging from 22,921 proteins (S-strain) to 30,694 proteins (K-strain). The two cultivars of Saccharina japonica followed, with 25,245 and 23,598 proteins. The smallest proteome was obtained from the sea lettuce Ulva mutabilis, including 7468 proteins. The number of proteins associated with Pfam domains generally correlated with the proteome sizes (Figure 3A). However, the two Saccharina japonica proteomes had relatively lower ratios of proteins annotated by Pfam (0.437 and 0.452), which might imply the potential novel functions in their proteomes. In general, seaweeds with larger proteomes and more Pfam annotations tended to have more proteins interacting with cancer proteins (Figure 3B). For instance, the C. okamuranus, O-strain, had 11,193 proteins connected with 805 TSGs/OCGs, which were predicted to form 634,640 interactions. In contrast, Ulva mutabilis had only 134,389 cancer-related interactions associated with 1498 proteins.



By comparing the 12 putative interactomes, we identified how many proteins were shared across species, including the types of protein Pfam domains (Figure 4). Overall, cancer proteins (TSG/OCG partners) involved in each putative interactome were very similar, ranging from 735 to 798 (av. 767.636, standard deviation = 16.727) (Figure 4A). In contrast, the Pfam domains involved in each putative interactome had more variation, ranging from 2345 to 5919 (av. 3541.55, standard deviation = 912.343) (Figure 4B). For instance, C. okamuranus, O-strain, and C. okamuranus, K-strain, had 5919 Pfam domains in common. In summary, the interacting TSG/OCG partners for the 12 putative interactomes were similar, while the Pfam domains to bridge the interaction may be different, depending on the seaweed.



We defined a TSG/OCG ratio according to the number of TSG and OCG involved in each Pfam domain. With a higher ratio, a protein domain tends to function as a TSG. For example, if the ratio is equal to 1, the specific protein domain has only TSGs annotated and no association with any OCGs. On the contrary, if the ratio equals 0, these domains are only found in OCG and have not appeared in TSGs. The ratios between 0 and 1 were grouped as Pfam domains with dual roles in cancer development. In this way, we have three groups of Pfam domains: TSG-specific, OCG-specific, and dual role domains. We further ranked those Pfam domains with the most abundant interactions by counting how many interactions were involved for each Pfam domain.



As shown in Table 2, the top twenty Pfam domains with the most abundant interactions were categorised based on domain function. Strikingly, we found that most of the top 20 ranked Pfam domains (13 out of 20) belong to dual role domains. These domains are more like molecular switches to determine cellular destiny. There were two TSG-specific (Leucine-Rich Repeat and Zinc finger, C3HC4 type) and one OCG-specific domain (Ankyrin repeat). The ratios of TSGs over OCGs for those sixteen domains ranged from 0 (pure OCG) to 1 (pure TSG). The average ratio was 0.632, which is higher than 0.5, which means that most of these domains tend to have tumour-suppressive functions.



Since our results implied that those dual role domains have more TSG functions and fewer OCG functions, we used the protein kinase domain as an example. Because of some well-known gain-of-function mutations in kinases [33], kinases have been primarily defined as oncogenes. Therefore, many kinase inhibitors are used as targeted drugs in cancer treatments. However, the outcomes of PKC inhibitors-based drugs have been disappointing in the last 30+ years. High-throughput cancer genomic data have accumulated more evidence that loss-of-function mutations in kinases could function as tumour suppressors [34]. Our data found 2,489,852 protein–protein interactions associated with 24,145 seaweed proteins.



To explore the potential effects of the interactions, we counted seaweed protein interactions against the three cancer groups: 129 dual role genes, 674 OCGs, and 1088 TSGs (Figure 5A). Of the 3,881,014 total interactions, 269,172 (about 7%) involved dual role domains. For example, the C. okamuranus O-strain had 6691, 10126, and 8900 proteins interacting with both TSGs and OCGs. Since the total sum of these three numbers was less than the total number of interacting proteins in the C. okamuranus O-strain, some proteins may interact with both TSGs and OCGs. In general, the size of the proteomes correlated with the number of interactions across 12 seaweeds. The number of proteins interacting with TSGs and OCGs was very close in each species. Although only 129 dual role genes (only 11.9%) were found in the total number of TSGs, the numbers of proteins interacting with dual role genes are over half of that number with TSGs in all the twelve proteomes. This may confirm our previous observation, where the dual role domains tended to have more interactions with seaweed proteins. To explore the potential anti-cancer effect, we also collected 6692 proteins interacting with 100 or more TSGs (Figure 5B). By further focusing on secreted proteins, we identified 147 proteins from all the 12 seaweeds that interact with more than 100 TSGs. Since secreted proteins have important roles in cell–cell signaling, communication, growth, they may have potential nutraceutical functions for the malignant conditions.




2.3. Essential Cancer Proteins with the Most Abundant Interactions with Seaweed Proteins


The putative interactome between the seaweed and human is important to identify the potential therapeutic targets. Since our putative interactomes mainly focused on TSGs and OCGs, we further explored the importance of these cancer proteins based on the number of interactions with seaweed proteins. Focusing on the top 50 TSGs/OCGs, we found those cancer proteins involved at least 23,720 interactions. We then conducted functional enrichment analyses to provide an overview the molecular functions (Figure 6). Of most interest were 48 human cancer proteins that are known to be involved in protein phosphorylation (Figure 6, adjusted p-value < 10−76). As one of the most well-studied post-translational modifications, protein phosphorylation is like a switch that controls many fundamental cellular processes, especially cancer-related cell growth [35]. After further analysis of those phosphorylation proteins, we found that half of them were associated with peptidyl-serine phosphorylation (24 proteins, adjusted p-value < 10−39). Another functional category of interest was insulin signalling (17 genes, adjusted p-value < 10−26). There is some sporadic evidence for an association between seaweed and human insulin. For example, in healthy postmenopausal women, serum concentrations of insulin-like growth factor 1 (IGF-1) change following seaweed supplements [36]. Recent epidemiological studies have demonstrated a link between insulin resistance and cancer with regard to cancer [37]. In addition, IGF-1 appears to play a role in tumour initiation and development in insulin-resistant patients. Furthermore, a water-soluble polysaccharide (laminarin) from the seaweed Laminaria digitata was found to induce apoptosis in HT-29 colon cancer cells via an insulin-like growth factor [38]. In summary, those leading interacting cancer proteins may provide some additional clues for the anti-cancer effects of seaweed. There might be more nutraceutical targets such as phosphorylation and insulin signalling.



To link these key genes with public cancer genomics data, we explored the mutational and clinical features of those top-ranked cancer proteins using large-scale cancer genomic data. We found there were a large number of somatic mutations in various cancers (Figure 7A). For example, lung cancer, which ranks the highest mutated cancer type, has a mutational rate close to 80% (Figure 7B). By further focusing on other independent lung cancer datasets, we confirmed that the mutation rate of these 50 cancer proteins is relatively higher in lung cancer (Figure 7B, Table S2). For example, the top five genes with mutation frequency were TRIO (15%), STK11 (13%), PPKCI (11%), PRKAA1 (8%), and PAK5 (5%). The most important thing is that these top mutated genes can significantly affect the cancer prognostic survival time (Figure 7C, p-value is less than 9.861 × 10−5). We further divided the patients into two groups by analysing the clinical data of those lung cancer patients. One group was patients with somatic mutations; the cancer genomic data of the other group of patients did not involve any mutations in these 50 genes. Interestingly, these two groups of patients had significant differences in the composition of driver genes (Figure 7D). For example, the mutation group often used KRAS as the primary driver gene.



In contrast, the non-mutation group mainly used EGFR as the primary driver gene to promote the occurrence and development of cancer. In addition, the two groups of patients also had significant differences in tumour mutation burden (TMB) (Figure 7E). TMB is generally calculated as the number of mutations per megabase (mut/Mb) [39]. The patients with high TMB of 10 mut/Mb or greater were revealed to respond to immune checkpoint inhibitors. In this way, these drugs could help activate the immune system to recognise cancer cells better. On the contrary, the low TMB cases had fewer mutations and decreased the possibility to activate the immune system.





3. Discussion


As the global population grows and life expectancy increases, cancer will become more common, and the global cancer burden will further increase, especially in low- and middle-income countries. However, many deaths caused by cancer can be avoided. About one-third of cancer deaths are due to five major behavioural and dietary risk factors: high body mass index, low intake of fruits and vegetables, lack of exercise, tobacco use, and alcohol consumption. The nutraceutical approach promises to maintain human well-being and prevent cancer [40]. As well, products derived from seaweeds have the potential to be used as therapeutics for the benefit of diagnosed cancer patients.



Although many seaweeds have anti-cancer effects, the mechanism of action at the molecular level, such as protein–protein interaction, is largely unknown. However, this information could help inform potential targets for nutritional or pharmacological studies. Different types of secondary metabolites (e.g., terpenoids, alkaloids, polyketides, and peptides) have been isolated from marine algae and found to have a wide range of biological activities such as antimicrobial, antitumor, anti-inflammatory, antioxidant, antiviral, antimalarial, antitubercular, and anti-aging [41,42]. In addition, thousands of compounds have been investigated regarding their competitive role to protein–protein interaction, with encouraging anti-cancer effects. For example, maraviroc is a CCR5/gp120 interaction inhibitor, which are currently on the market as anti-HIV medication [43]. Several anti-cancer drugs have also entered clinical trials, demonstrating the utility of the PPI targeting strategy in cancer [43]. Our objective in this study was to establish a genome with deduced proteome resource for edible seaweeds, which was used to explore the putative interactomes between seaweed and human cancer proteins. We expected some seaweed proteins to affect cancer initiation and progression by interacting with crucial cancer proteins, such as those derived from tumour suppressors and oncogenes. As the first comprehensive interactomes of its type, our data not only provided a reusable resource but also presented a hypothesis report on the prominent features of interactomes between seaweeds and human cancers. For instance, we found that seaweed protein kinase was one of the most abundant binding domains to initiate the interactions.



There has been a lack of systematic comparison of the similarities and differences of the anti-cancer effects among seaweeds. Our work identified common interacting protein domains found in various seaweeds. At the same time, it also helped to elucidate some species-specific interactions. Based on our observation, the 12 seaweed–cancer interactomes consist of a similar set of cancer proteins. However, a massive variation of seaweed proteins interact with cancer proteins. With more edible seaweeds identified, we could expect more discoveries about the anti-cancer effects such as immune-boosting [44]. Regarding the inter-species interactome, the proof-of-concept research has been conducted between yeast and human [45]. The main conclusion is that the yeast and human proteomes are still capable of building a biophysical network with features similar to intraspecies networks after a billion years of evolutionary difference.



The biological availability of nutritional and functional food components is one of the key assumptions for this study. Secreted proteins could circulate throughout the human body and, therefore, are the therapeutics with access to most organs and tissues [46]. Many secreted proteins are the key regulators of cellular energy supply and macronutrient balance such as hormone, cytokines, growth factors, and chemokines. For instance, a 28-amino-acid peptide secreted by Pseudomonas aeruginosa is a promising anti-cancer therapeutic option in adult and paediatric solid tumours [47]. Through our analysis, we identified 50 human proteins with at least 23,720 interactions with seaweed proteins. Among them, 17 human proteins were involved in insulin signalling. Due to the importance of insulin signalling, these interacting seaweed partners may constitute a large proportion of potential therapeutic agents or be targets for developing therapeutic antibodies. We believe a complete understanding of the size and composition of this group of proteins will provide effective screening methods specifically for seaweed proteins with anti-cancer effects. Knowledge of seaweed protein interactions with human proteins may also benefit our ability to mitigate other diseases, such as cardiovascular disease [48]. Therefore, our computational approach may also be applied to cardiovascular disease to identify the potential nutraceuticals. In addition, similar research could explore regulatory interactions between plants and human cancers such as plant microRNAs [49].



This research has used our newly established edible seaweed resource to predict protein interactomes between seaweed and human; however, there still exists large knowledge gaps in translating the static genome information into dynamic biological interaction. Since the anti-cancer effects of seaweeds have, to date, been primarily associated with secondary metabolite activity, the standardised proteome data will be helpful in exploring a broader systems biology analysis that includes secondary metabolites with potential anti-cancer effects.



It should be noted that seaweeds may also contain natural or environmentally derived products that are detrimental to human health. For example, seaweeds have an incredible ability to absorb trace nutrients from seawater and store them in its tissues [14]. This is one of the reasons edible seaweeds are so nutritious, but it also means they can absorb toxins such as lead, cadmium, and arsenic. These heavy metals are found in abundance in the world’s oceans due to geological and human sources. Recent heavy metal and other contaminant testing of seaweeds revealed that most seaweeds contain lead, cadmium, and arsenic in their tissues [50]. The majority of seaweed products on the market today almost certainly contain traces of one or more of these metals. Levels may differ between species, but they also differ depending on environmental factors such as temperature, salinity, and pH. Although our original goal is to explore the potential anti-cancer effects of seaweed, our data could also be useful to monitor the potential carcinogenic effect of seaweeds.




4. Materials and Methods


4.1. Gene and Protein Sequences from 12 Seaweed Genomes


We downloaded the genome assembly in Fasta format for 12 seaweeds with genomic DNA assemblies available. By following the link in their associated manuscript, we further downloaded eight proteomes, which contained all proteins sequences in Fasta format. However, four genomes did not provide gene regions and protein sequences, and therefore, a gene prediction pipeline was performed to extract putative protein sequences from the genome assembly.



For gene prediction, we used the ab initio program Augustus (Version 3.4.0) [51]. To avoid any false-positive gene structure, we repeated masking based on the genome assembly [52]. To improve gene prediction accuracy, we prepared a training set for each specie by using Benchmarking Universal Single-Copy Orthologs (BUSCO, version 5.2.2) [53]. In general, BUSCO analysis collected a set of BUSCO core genes based on evolutionarily conserved sequences, which were used as a training dataset for gene prediction tools. In practice, the trained gene set can provide the genome features such as the length distribution of exons and the average number of exons per gene. The gene prediction tool Augustus can utilise those genome features to optimise the gene structures. To build the interactome using Pfam domains, we performed HMMersearch [54] against the Pfam database (Release 34.0) to associate the Pfam entries with all 12 proteomes.




4.2. Database Construciton and Web Page Design


The resulting database has a convenient web-based interface to facilitate textual searches. All the interactome are downloadable for advanced bioinformatics data mining. The database was implement using MYSQL system and Perl CGI scripts.




4.3. Domain–Domain Interaction-Based Interactome with Tumor Suppressors and Oncogenes


To explore the protein–protein interactions with cancer proteins at the genome level, we proposed a computational framework by starting with human genes of known functions as TSGs and OCGs. This study collected cancer genes with literature evidence from TSGene 2.0 [2] and ONGene [3]. In TSGene 2.0, a total of 1217 human genes were downloaded. For ONGene, there were 803 human OCGs. Between these two lists, we found 129 shared genes, which were cancer genes with dual roles. In total, we obtained a non-redundant list of 1819 cancer genes. We found that 1560 TSGs and OCGs were annotated with Pfam domains by downloading their annotation from the ENSEMBL database [55].



One of the most common mechanisms of protein functioning is through interacting with other proteins in the cells. The protein–protein interactions are accomplished by functional domains interacting with other protein domains physically. Therefore, high-quality protein–protein interaction relationships could be summarised from biological pathway databases, such as KEGG and Reactome databases. Thus, the domain–domain interaction consists of non-redundant protein–domain interactions derived from the well-studied protein–protein interactions. In this study, the putative protein–protein interactions between the seaweeds and cancer genomes were based on protein domain–domain interactions.



Taking the Cladosiphon okamuranus (O-strain) genome as an example, we constructed a protein–domain interaction network linking C. okamuranus (O-strain) proteins to human cancer proteins. Since we already assigned the protein-coding genes to protein domains, the high confidence domain–domain interactions from the database DOMINE were used to link the protein domains from the algal genomes to the protein domains in human cancer genes [32].



To predict the potentially secreted proteins, we utilised a computational approach by a combination of SignalP [56] and TMHMM [57]. Specifically, SignalP (version 5.0) used a deep neural network-based to predict all the possible secreting peptides with protein sequences as input. TMHMM (version 2.0) was employed to determine if a protein has transmembrane domains. By subtracting those transmembrane proteins from the predicted secreting peptides, we identified a total of 147 proteins with over hundreds of interactions with cancer proteins across all the twelve species (File S1).




4.4. Cancer Genomic Data Integration and Clinical Applications


For those leading cancer genes with the most abundant interactions with seaweed genomes, we further investigate the enriched functional categories using MetaScape [58]. In brief, the hypergeometric model was used to calculate the statistical significance of enriched annotations using the protein-coding genes in the human genome as a background. The corrected P-values for enriched annotations were calculated in MetaScape using the Benjamini–Hochberg multiple correction method. Finally, for each gene set, enriched annotations with corrected p-values of 0.01 were identified as over-representative annotations.



Based on the existing public platform cBio Portal [59], we determined whether the genetic mutations from the leading fifty cancer genes have clinical significance in multiple cancers. To this aim, we firstly explored the mutations frequency of those cancer genes in The Cancer Genome Atlas (TCGA) pan-cancer dataset. The summary of the pan-cancer data informed us which cancer type has the highest mutation frequency. We then focused on cancer with the highest mutation frequency and validated the results in multiple independent cancer genomics datasets for the cancer type. In our case, we focused on lung cancers. Finally, survival analyses were used to determine a statistically significant difference in survival between patients with these genetic mutations and patients without mutations in multiple lung cancer datasets. The log-rank test was used to determine whether there was no difference in survival between two patient groups. The test compares the entire survival time of patients with and without genetic mutations in specific genes.





5. Conclusions


In this study, we have shared 12 genomes and proteomes of edible seaweed via a user-friendly web interface. To provide evidence for potential anti-cancer proteins, we also constructed putative interactomes constituting seaweeds and human cancer proteins. The computational results highlighted potential protein families/domains with anti-cancer effects. We found that dual role domains were the leading functional blocks that bridge the interactions, which include secreted seaweed protein interacting partners. In addition, a high number of cancer proteins that interacted with seaweed proteins were associated patient survival. In conclusion, our online portal may provide a data infrastructure to explore functional interactions between oncogenesis and anti-cancer effects in those seaweed genomes.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biology11101458/s1, Table S1: The 299 Pfam domains with dual roles (tumour suppressive and oncogenic). Table S2: The mutational frequency of the top fifty cancer genes with the most abundant interactions across the TCGA pan-cancer dataset. File S1: The sequences of 147 secreted algae proteins interacting with 100 or more tumour suppressors.





Author Contributions


Conceptualisation, Y.L. and M.Z.; methodology, Y.L.; formal analysis, Y.L.; writing—original draft preparation, Y.L.; writing—review and editing, S.F.C. and M.Z.; supervision, M.Z.; project administration, M.Z.; visualisation, Y.L.; funding acquisition, Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (grant number 31801120). The APC was funded by the grant number 31801120. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Institutional Review Board Statement


Our study is based on twelve public datasets. Therefore, this study is exempt from ethics approval as informed consent has already been obtained by the investigators of those published studies.




Informed Consent Statement


Patient consent was waived due to the use of public data.




Data Availability Statement


The genome assemblies used were from public databases including OIST genome portal and NCBI genome data portal (GCA_000310025.1, GCA_000978595.1, GCA_012845835.1, and GCA_900538255.1).




Acknowledgments


We express our gratitude to Lachlan McKinnie for reviewing and editing on this manuscript. This work was supported by computational resources provided by the Australian Government through QCIF under the National Computational Merit Allocation Scheme. This research was also supported by the use of the Nectar Research Cloud, a collaborative Australian research platform supported by the NCRIS-funded Australian Research Data Commons (ARDC).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.; Kim, P.; Mitra, R.; Zhao, J.; Zhao, Z. TSGene 2.0: An updated literature-based knowledgebase for tumor suppressor genes. Nucleic Acids Res. 2016, 44, D1023–D1031. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Sun, J.; Zhao, M. ONGene: A literature-based database for human oncogenes. J. Genet. Genom. 2017, 44, 119–121. [Google Scholar] [CrossRef]

	



Key, T.J.; Bradbury, K.E.; Perez-Cornago, A.; Sinha, R.; Tsilidis, K.K.; Tsugane, S. Diet, nutrition, and cancer risk: What do we know and what is the way forward? BMJ 2020, 368, m511. [Google Scholar] [CrossRef]

	



Iso, H.; Kubota, Y.; Japan Collaborative Cohort Study for Evaluation of, C. Nutrition and disease in the Japan Collaborative Cohort Study for Evaluation of Cancer (JACC). Asian Pac. J. Cancer Prev. 2007, 8, 35–80. [Google Scholar]

	



Minami, Y.; Kanemura, S.; Oikawa, T.; Suzuki, S.; Hasegawa, Y.; Nishino, Y.; Fujiya, T.; Miura, K. Associations of Japanese food intake with survival of stomach and colorectal cancer: A prospective patient cohort study. Cancer Sci. 2020, 111, 2558–2569. [Google Scholar] [CrossRef]

	



Zhang, X.; Aweya, J.J.; Huang, Z.X.; Kang, Z.Y.; Bai, Z.H.; Li, K.H.; He, X.T.; Liu, Y.; Chen, X.Q.; Cheong, K.L. In vitro fermentation of Gracilaria lemaneiformis sulfated polysaccharides and its agaro-oligosaccharides by human fecal inocula and its impact on microbiota. Carbohydr. Polym. 2020, 234, 115894. [Google Scholar] [CrossRef]

	



Zheng, L.X.; Chen, X.Q.; Cheong, K.L. Current trends in marine algae polysaccharides: The digestive tract, microbial catabolism, and prebiotic potential. Int. J. Biol. Macromol. 2020, 151, 344–354. [Google Scholar] [CrossRef]

	



Etman, S.M.; Elnaggar, Y.S.R.; Abdallah, O.Y. Fucoidan, a natural biopolymer in cancer combating: From edible algae to nanocarrier tailoring. Int. J. Biol. Macromol. 2020, 147, 799–808. [Google Scholar] [CrossRef]

	



Ahn, J.H.; Yang, Y.I.; Lee, K.T.; Choi, J.H. Dieckol, isolated from the edible brown algae Ecklonia cava, induces apoptosis of ovarian cancer cells and inhibits tumor xenograft growth. J. Cancer Res. Clin. Oncol. 2015, 141, 255–268. [Google Scholar] [CrossRef]

	



Thomas, N.V.; Manivasagan, P.; Kim, S.K. Potential matrix metalloproteinase inhibitors from edible marine algae: A review. Environ. Toxicol. Pharmacol. 2014, 37, 1090–1100. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa, C.; Tafuku, S.; Kadekaru, T.; Sawada, S.; Tomita, M.; Okudaira, T.; Nakazato, T.; Toda, T.; Uchihara, J.N.; Taira, N.; et al. Anti-adult T-cell leukemia effects of brown algae fucoxanthin and its deacetylated product, fucoxanthinol. Int. J. Cancer 2008, 123, 2702–2712. [Google Scholar] [CrossRef] [PubMed]

	



Echave, J.; Fraga-Corral, M.; Garcia-Perez, P.; Popovic-Djordjevic, J.; Avdović, E.H.; Radulovic, M.; Xiao, J.; Prieto, M.A.; Simal-Gandara, J. Seaweed Protein Hydrolysates and Bioactive Peptides: Extraction, Purification, and Applications. Mar. Drugs 2021, 19, 500. [Google Scholar] [CrossRef]

	



Cotas, J.; Pacheco, D.; Gonçalves, A.M.M.; Silva, P.; Carvalho, L.G.; Pereira, L. Seaweeds’ nutraceutical and biomedical potential in cancer therapy: A concise review. J. Cancer Metastasis Treat. 2021, 7, 13. [Google Scholar] [CrossRef]

	



Cock, J.M.; Sterck, L.; Rouze, P.; Scornet, D.; Allen, A.E.; Amoutzias, G.; Anthouard, V.; Artiguenave, F.; Aury, J.M.; Badger, J.H.; et al. The Ectocarpus genome and the independent evolution of multicellularity in brown algae. Nature 2010, 465, 617–621. [Google Scholar] [CrossRef]

	



De Clerck, O.; Kao, S.M.; Bogaert, K.A.; Blomme, J.; Foflonker, F.; Kwantes, M.; Vancaester, E.; Vanderstraeten, L.; Aydogdu, E.; Boesger, J.; et al. Insights into the Evolution of Multicellularity from the Sea Lettuce Genome. Curr. Biol. 2018, 28, 2921–2933. [Google Scholar] [CrossRef] [PubMed]

	



Nishitsuji, K.; Arimoto, A.; Higa, Y.; Mekaru, M.; Kawamitsu, M.; Satoh, N.; Shoguchi, E. Draft genome of the brown alga, Nemacystus decipiens, Onna-1 strain: Fusion of genes involved in the sulfated fucan biosynthesis pathway. Sci. Rep. 2019, 9, 4607. [Google Scholar] [CrossRef] [PubMed]

	



Nishitsuji, K.; Arimoto, A.; Iwai, K.; Sudo, Y.; Hisata, K.; Fujie, M.; Arakaki, N.; Kushiro, T.; Konishi, T.; Shinzato, C.; et al. A draft genome of the brown alga, Cladosiphon okamuranus, S-strain: A platform for future studies of ‘mozuku’ biology. DNA Res. 2016, 23, 561–570. [Google Scholar] [CrossRef]

	



Nishitsuji, K.; Arimoto, A.; Yonashiro, Y.; Hisata, K.; Fujie, M.; Kawamitsu, M.; Shoguchi, E.; Satoh, N. Comparative genomics of four strains of the edible brown alga, Cladosiphon okamuranus. BMC Genom. 2020, 21, 422. [Google Scholar] [CrossRef]

	



Shan, T.; Yuan, J.; Su, L.; Li, J.; Leng, X.; Zhang, Y.; Gao, H.; Pang, S. First Genome of the Brown Alga Undaria pinnatifida: Chromosome-Level Assembly Using PacBio and Hi-C Technologies. Front. Genet. 2020, 11, 140. [Google Scholar] [CrossRef]

	



Wang, S.; Lin, L.; Shi, Y.; Qian, W.; Li, N.; Yan, X.; Zou, H.; Wu, M. First Draft Genome Assembly of the Seaweed Sargassum fusiforme. Front. Genet. 2020, 11, 590065. [Google Scholar] [CrossRef] [PubMed]

	



Ye, N.; Zhang, X.; Miao, M.; Fan, X.; Zheng, Y.; Xu, D.; Wang, J.; Zhou, L.; Wang, D.; Gao, Y.; et al. Saccharina genomes provide novel insight into kelp biology. Nat. Commun. 2015, 6, 6986. [Google Scholar] [CrossRef] [PubMed]

	



El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.; Salazar, G.A.; Smart, A.; et al. The Pfam protein families database in 2019. Nucleic Acids Res. 2019, 47, D427–D432. [Google Scholar] [CrossRef]

	



Yang, J.Y.; Lim, S.Y. Fucoidans and Bowel Health. Mar. Drugs 2021, 19, 436. [Google Scholar] [CrossRef] [PubMed]

	



Terasaki, M.; Kubota, A.; Kojima, H.; Maeda, H.; Miyashita, K.; Kawagoe, C.; Mutoh, M.; Tanaka, T. Fucoxanthin and Colorectal Cancer Prevention. Cancers 2021, 13, 2379. [Google Scholar] [CrossRef]

	



Reyes, M.E.; Riquelme, I.; Salvo, T.; Zanella, L.; Letelier, P.; Brebi, P. Brown Seaweed Fucoidan in Cancer: Implications in Metastasis and Drug Resistance. Mar. Drugs 2020, 18, 232. [Google Scholar] [CrossRef]

	



Hsu, H.Y.; Hwang, P.A. Clinical applications of fucoidan in translational medicine for adjuvant cancer therapy. Clin. Transl. Med. 2019, 8, 15. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Xin, S.; Zheng, X.; Lou, L.; Ye, S.; Li, S.; Wu, Q.; Ding, Q.; Ji, L.; Nan, C.; et al. Inhibition of the Occurrence and Development of Inflammation-Related Colorectal Cancer by Fucoidan Extracted from Sargassum fusiforme. J. Agric. Food Chem. 2022, 70, 9463–9476. [Google Scholar] [CrossRef]

	



Tanawoot, V.; Vivithanaporn, P.; Siangcham, T.; Meemon, K.; Niamnont, N.; Sobhon, P.; Tamtin, M.; Sangpairoj, K. Hexane Extract of Seaweed Caulerpa lentillifera Inhibits Cell Proliferation and Induces Apoptosis of Human Glioblastoma Cells. Sci. Technol. Asia 2021, 26, 128–137. [Google Scholar]

	



Arimoto, A.; Nishitsuji, K.; Higa, Y.; Arakaki, N.; Hisata, K.; Shinzato, C.; Satoh, N.; Shoguchi, E. A siphonous macroalgal genome suggests convergent functions of homeobox genes in algae and land plants. DNA Res. 2019, 26, 183–192. [Google Scholar] [CrossRef]

	



Wang, T.; Liu, Y.; Zhao, M. Mutational analysis of driver genes with tumor suppressive and oncogenic roles in gastric cancer. PeerJ 2017, 5, e3585. [Google Scholar] [CrossRef] [PubMed]

	



Raghavachari, B.; Tasneem, A.; Przytycka, T.M.; Jothi, R. DOMINE: A database of protein domain interactions. Nucleic Acids Res. 2008, 36, D656–D661. [Google Scholar] [CrossRef] [PubMed]

	



Fukasawa, K.; Vande Woude, G.F. Synergy between the Mos/mitogen-activated protein kinase pathway and loss of p53 function in transformation and chromosome instability. Mol. Cell Biol. 1997, 17, 506–518. [Google Scholar] [CrossRef] [PubMed]

	



Newton, A.C.; Brognard, J. Reversing the Paradigm: Protein Kinase C as a Tumor Suppressor. Trends Pharmacol. Sci. 2017, 38, 438–447. [Google Scholar] [CrossRef] [PubMed]

	



Singh, V.; Ram, M.; Kumar, R.; Prasad, R.; Roy, B.K.; Singh, K.K. Phosphorylation: Implications in Cancer. Protein J. 2017, 36, 1–6. [Google Scholar] [CrossRef]

	



Teas, J.; Irhimeh, M.R.; Druker, S.; Hurley, T.G.; Hebert, J.R.; Savarese, T.M.; Kurzer, M.S. Serum IGF-1 concentrations change with soy and seaweed supplements in healthy postmenopausal American women. Nutr. Cancer 2011, 63, 743–748. [Google Scholar] [CrossRef]

	



Arcidiacono, B.; Iiritano, S.; Nocera, A.; Possidente, K.; Nevolo, M.T.; Ventura, V.; Foti, D.; Chiefari, E.; Brunetti, A. Insulin resistance and cancer risk: An overview of the pathogenetic mechanisms. Exp. Diabetes Res. 2012, 2012, 789174. [Google Scholar] [CrossRef]

	



Park, H.K.; Kim, I.H.; Kim, J.; Nam, T.J. Induction of apoptosis by laminarin, regulating the insulin-like growth factor-IR signaling pathways in HT-29 human colon cells. Int. J. Mol. Med. 2012, 30, 734–738. [Google Scholar] [CrossRef]

	



Jardim, D.L.; Goodman, A.; de Melo Gagliato, D.; Kurzrock, R. The Challenges of Tumor Mutational Burden as an Immunotherapy Biomarker. Cancer Cell 2021, 39, 154–173. [Google Scholar] [CrossRef]

	



Calvani, M.; Pasha, A.; Favre, C. Nutraceutical Boom in Cancer: Inside the Labyrinth of Reactive Oxygen Species. Int. J. Mol. Sci. 2020, 21, 1936. [Google Scholar] [CrossRef]

	



Alves, C.; Silva, J.; Pinteus, S.; Gaspar, H.; Alpoim, M.C.; Botana, L.M.; Pedrosa, R. From Marine Origin to Therapeutics: The Antitumor Potential of Marine Algae-Derived Compounds. Front. Pharmacol. 2018, 9, 777. [Google Scholar] [CrossRef] [PubMed]

	



Mondal, A.; Bose, S.; Banerjee, S.; Patra, J.K.; Malik, J.; Mandal, S.K.; Kilpatrick, K.L.; Das, G.; Kerry, R.G.; Fimognari, C.; et al. Marine Cyanobacteria and Microalgae Metabolites-A Rich Source of Potential Anticancer Drugs. Mar. Drugs 2020, 18, 476. [Google Scholar] [CrossRef] [PubMed]

	



Ivanov, A.A.; Khuri, F.R.; Fu, H. Targeting protein-protein interactions as an anticancer strategy. Trends Pharmacol. Sci. 2013, 34, 393–400. [Google Scholar] [CrossRef] [PubMed]

	



Thépot, V.; Campbell, A.H.; Rimmer, M.A.; Jelocnik, M.; Johnston, C.; Evans, B.; Paul, N.A. Dietary inclusion of the red seaweed Asparagopsis taxiformis boosts production, stimulates immune response and modulates gut microbiota in Atlantic salmon, Salmo salar. Aquaculture 2022, 546, 737286. [Google Scholar] [CrossRef]

	



Zhong, Q.; Pevzner, S.J.; Hao, T.; Wang, Y.; Mosca, R.; Menche, J.; Taipale, M.; Tasan, M.; Fan, C.; Yang, X.; et al. An inter-species protein-protein interaction network across vast evolutionary distance. Mol. Syst. Biol. 2016, 12, 865. [Google Scholar] [CrossRef] [PubMed]

	



Bonin-Debs, A.L.; Boche, I.; Gille, H.; Brinkmann, U. Development of secreted proteins as biotherapeutic agents. Expert Opin. Biol. Ther. 2004, 4, 551–558. [Google Scholar] [CrossRef]

	



Yaghoubi, A.; Khazaei, M.; Avan, A.; Hasanian, S.M.; Cho, W.C.; Soleimanpour, S. p28 Bacterial Peptide, as an Anticancer Agent. Front. Oncol. 2020, 10, 1303. [Google Scholar] [CrossRef]

	



Murai, U.; Yamagishi, K.; Sata, M.; Kokubo, Y.; Saito, I.; Yatsuya, H.; Ishihara, J.; Inoue, M.; Sawada, N.; Iso, H.; et al. Seaweed intake and risk of cardiovascular disease: The Japan Public Health Center-based Prospective (JPHC) Study. Am. J. Clin. Nutr. 2019, 110, 1449–1455. [Google Scholar] [CrossRef]

	



Marzano, F.; Caratozzolo, M.F.; Consiglio, A.; Licciulli, F.; Liuni, S.; Sbisa, E.; D’Elia, D.; Tullo, A.; Catalano, D. Plant miRNAs Reduce Cancer Cell Proliferation by Targeting MALAT1 and NEAT1: A Beneficial Cross-Kingdom Interaction. Front. Genet. 2020, 11, 552490. [Google Scholar] [CrossRef]

	



Cherry, P.; O’Hara, C.; Magee, P.J.; McSorley, E.M.; Allsopp, P.J. Risks and benefits of consuming edible seaweeds. Nutr. Rev. 2019, 77, 307–329. [Google Scholar] [CrossRef]

	



Stanke, M.; Keller, O.; Gunduz, I.; Hayes, A.; Waack, S.; Morgenstern, B. AUGUSTUS: Ab initio prediction of alternative transcripts. Nucleic Acids Res. 2006, 34, W435–W439. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N. Using RepeatMasker to identify repetitive elements in genomic sequences. Curr. Protoc. Bioinform. 2004, 5, 4–10. [Google Scholar] [CrossRef]

	



Simao, F.A.; Waterhouse, R.M.; Ioannidis, P.; Kriventseva, E.V.; Zdobnov, E.M. BUSCO: Assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 2015, 31, 3210–3212. [Google Scholar] [CrossRef] [PubMed]

	



Mistry, J.; Finn, R.D.; Eddy, S.R.; Bateman, A.; Punta, M. Challenges in homology search: HMMER3 and convergent evolution of coiled-coil regions. Nucleic Acids Res. 2013, 41, e121. [Google Scholar] [CrossRef]

	



Howe, K.L.; Achuthan, P.; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, I.M.; Azov, A.G.; Bennett, R.; Bhai, J.; et al. Ensembl 2021. Nucleic Acids Res. 2021, 49, D884–D891. [Google Scholar] [CrossRef] [PubMed]

	



Almagro Armenteros, J.J.; Tsirigos, K.D.; Sonderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420–423. [Google Scholar] [CrossRef] [PubMed]

	



Krogh, A.; Larsson, B.; von Heijne, G.; Sonnhammer, E.L. Predicting transmembrane protein topology with a hidden Markov model: Application to complete genomes. J. Mol. Biol. 2001, 305, 567–580. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523. [Google Scholar] [CrossRef]

	



Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [Google Scholar] [CrossRef]








[image: Biology 11 01458 g001 550] 





Figure 1. A computational workflow to construct a putative interactome between cancer-related and seaweed proteins based on known interactions between functional protein domains. Specifically, cancer-related genes in this study refer to known tumour suppressor genes and oncogenes. The seaweed protein sequences were derived from 12 seaweed genomes. We then annotated all human cancer genes and edible seaweed proteins through the hidden Markov modes profile of the Pfam database. Finally, potential links between seaweed and cancer proteins were built through the functional domain–domain interactions. 
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Figure 2. A web browsing interface for the interactome between human cancer genes and twelve edible seaweed genomes. (A) The homepage includes the data search interface, and the data download links. (B) The search result will guide the user to each cancer-related gene page. (C) On each gene page, we provide basic annotation information, such as gene ontology and KEGG pathway of the cancer genes. 
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Figure 3. Putative interactomes summary between human cancer and 12 seaweed genome proteins. (A) The number of protein sequences in the 12 seaweed genomes (blue histogram); the number of proteins that can be mapped to the Pfam domain (orange broken line). (B) The number of proteins in the 12 seaweed genomes that putatively interact with human cancer-related proteins (blue histogram); the number of interactions with human cancer proteins in each seaweed species (orange). 






Figure 3. Putative interactomes summary between human cancer and 12 seaweed genome proteins. (A) The number of protein sequences in the 12 seaweed genomes (blue histogram); the number of proteins that can be mapped to the Pfam domain (orange broken line). (B) The number of proteins in the 12 seaweed genomes that putatively interact with human cancer-related proteins (blue histogram); the number of interactions with human cancer proteins in each seaweed species (orange).



[image: Biology 11 01458 g003]







[image: Biology 11 01458 g004 550] 





Figure 4. Summary of overlapping features among the 12 seaweed putative interactomes based on (A) cancer-related genes and (B) Pfam protein domains. 
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Figure 5. Overview of interactions between seaweed proteins and cancer proteins. (A) The number of interacting seaweed proteins with TSG-specific, OCG-specific, and dual-role genes. (B) The number of seaweed proteins interacting with 100 or more TSGs and the number of secreted proteins interacting with 100 or more TSGs. 
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Figure 6. Network visualisation of enriched functional categories coloured by category cluster, where nodes that share the same colour are highly semantic similar to each other. Functional clusters are presented in different colours. 






Figure 6. Network visualisation of enriched functional categories coloured by category cluster, where nodes that share the same colour are highly semantic similar to each other. Functional clusters are presented in different colours.



[image: Biology 11 01458 g006]







[image: Biology 11 01458 g007 550] 





Figure 7. Clinical features for the top 50 cancer proteins interacting with seaweed proteins based on the TCGA cancer genomics data. (A) Mutational frequency among the 32 TCGA pan-cancer datasets. (B) The sample-based oncoprint for the top five genes mutated in thousands of lung cancer cohorts across 24 independent genomic studies. (C) Survival curve for the top 50 genes in thousands of lung cancer cohorts across 24 independent lung cancer genomic studies. (D) Driver mutations of the samples with and without mutations on the top 50 genes; KRAS mutations are in pink, while EGFR mutations are marked in purple. (E) Mutation burden of patient groups with and without mutations on the top 50 genes. 
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Table 1. Summary of 12 seaweeds with publicly available assemblies.
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	Species
	Anti-Cancer
	Publication Title





	Cladosiphon okamuranus, O-strain
	Colorectal cancer [24]
	Comparative genomics of four strains of the edible brown alga, Cladosiphon okamuranus [19]



	Cladosiphon okamuranus, K-strain
	Colorectal cancer [24]
	Comparative genomics of four strains of the edible brown alga, Cladosiphon okamuranus [19]



	Cladosiphon okamuranus, C-strain
	Colorectal cancer [24]
	Comparative genomics of four strains of the edible brown alga, Cladosiphon okamuranus [19]



	Cladosiphon okamuranus, S-strain
	Colorectal cancer [24]
	A draft genome of the brown alga, Cladosiphon okamuranus, S-strain: a platform for future studies of ‘mozuku’ biology [18]



	Saccharina japonica, Cultivar-Ja
	Colorectal cancer [25]
	Saccharina genomes provide novel insight into kelp biology [22]



	Saccharina japonica, Isolate-Hakodate
	
	Saccharina genomes provide novel insight into kelp biology [22]



	Nemacystus decipiens
	Cervical, Kidney, Breast [26] and Colorectal cancers [27]
	Draft genome of the brown alga, Nemacystus decipiens, Onna-1 strain: Fusion of genes involved in the sulfated fucan biosynthesis pathway [17]



	Sargassum fusiforme
	Colorectal cancers [28]
	First Draft Genome Assembly of the Seaweed Sargassum fusiforme [21]



	Undaria pinnatifida
	Breast cancer [26]
	First Genome of the Brown Alga Undaria pinnatifida: Chromosome-Level Assembly Using PacBio and Hi-C Technologies [20]



	Ectocarpus siliculosus
	Unknown
	The Ectocarpus genome and the independent evolution of multicellularity in brown algae [15]



	Caulerpa lentillifera
	Glioblastoma [29]
	A siphonous macroalgal genome suggests convergent functions of homeobox genes in algae and land plants [30]



	Ulva mutabilis
	Unknown
	Insights into the Evolution of Multicellularity from the Sea Lettuce Genome [16]
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Table 2. The top twenty Pfam domains with the most interactions across 12 seaweeds.
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	PfamID
	Name
	Description
	Category
	Dual Role Ratio 1





	PF00069
	Pkinase
	Protein kinase domain
	Dual role
	0.542857



	PF00400
	WD40
	WD domain, G-beta repeat
	Dual role
	0.722222



	PF00515
	TPR_1
	Tetratricopeptide repeat
	Unknown
	Not available



	PF07714
	Pkinase_Tyr
	Protein tyrosine kinase
	Dual role
	0.315068



	PF00271
	Helicase_C
	Helicase conserved C-terminal domain
	Dual role
	0.833333



	PF00023
	Ank
	Ankyrin repeat
	OCG
	0



	PF00072
	Response_reg
	Response regulator receiver domain
	Unknown
	Not available



	PF00270
	DEAD
	DEAD/DEAH box helicase
	Dual role
	0.75



	PF00076
	RRM_1
	RNA recognition motif
	Dual role
	0.357143



	PF00560
	LRR_1
	Leucine Rich Repeat
	TSG
	1



	PF00595
	PDZ
	PDZ domain (also known as DHR or GLGF)
	Dual role
	0.8



	PF00071
	Ras
	Ras family
	Dual role
	0.4



	PF00169
	PH
	PH domain
	Dual role
	0.375



	PF00070
	Pyr_redox
	Pyridine nucleotide-disulphide oxidoreductase
	Unknown
	Not available



	PF00571
	CBS
	CBS domain
	Unknown
	Not available



	PF00168
	C2
	C2 domain
	Dual role
	0.705882



	PF00989
	PAS
	PAS fold
	Dual role
	0.857143



	PF00097
	zf-C3HC4
	Zinc finger, C3HC4 type (RING finger)
	TSG
	1



	PF00249
	Myb_DNA-binding
	Myb-like DNA-binding domain
	Dual role
	0.666667



	PF00149
	Metallophos
	Calcineurin-like phosphoesterase
	Dual role
	0.8







1 Dual role ratio = number of associated tumour suppressors/total number of associated tumour suppressors and oncogenes.
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