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Simple Summary


Retroviruses and their hosts have exchanged genes throughout evolution. Some retroviruses have acquired host genes that promote cell growth, allowing infected cells to replicate rapidly and increasing viral fitness. Classic examples are the v-Src gene of Rous sarcoma virus and the v-sis gene of simian sarcoma virus, both derived from normal host genes. While advantageous to the virus, these captured genes can drive uncontrolled cell proliferation and contribute to cancer. Genetic exchange can also occur in the opposite direction. After retroviruses become permanently integrated into host genomes as endogenous retroviruses, some of their genes may be co-opted by the host and acquire beneficial functions. Examples include syncytin-1, which is important for placental development, and suppressyn, which helps regulate placental cell fusion and can protect cells against retroviral infection. This paper refines evidence for both host-to-virus and virus-to-host gene transfers, with emphasis on how molecular phylogenetics can be used to infer the direction of transfer and reconstruct evolutionary history. These examples illustrate a long-term coevolutionary relationship in which retroviruses and their hosts have repeatedly exchanged genetic material, shaping both viral pathogenicity and host biological innovation.




Abstract


Retroviruses, after their genomes are integrated into the host genome, replicate through host cell replication. In this hitchhiking phase, their only way of increasing their fitness is to encourage the host cell to have unregulated, rapid cell replication. The v-Src gene in avian sarcoma virus and the v-sis gene in the simian sarcoma virus were originally mined from the host genome by the virus to increase host cell replication rate, with the corresponding host cellular counterparts c-Src (non-receptor tyrosine kinase) and c-sis (platelet-derived growth factor). The resulting out-of-control replication ultimately would lead to cancer. The battle between the host and the retroviruses left many retroviral corpses known as endogenous retroviruses, and the host occasionally domesticates retroviral genes. The syncytins (whose fusogenic function is crucial for the trophoblast fusion and the formation of a syncytium during placenta morphogenesis) and suppressyn (which serves the dual function of regulating syncytialization and host resistance against retroviruses) are examples of successful domestication. Syncytin-1 and suppressyn have each been “domesticated” independently multiple times by different mammalian lineages. Molecular phylogenetics is an essential tool for tracing the evolutionary trajectories of such genetic exchanges between retroviruses and their hosts and for determining the direction of the genetic exchange.
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1. Introduction


The link between retroviruses and cancer dates back to 1910, when the cell-free extract of a chicken tumor caused by Rous Sarcoma virus (RSV, a retrovirus) was shown to be oncogenic [1,2]. As the oncogenic property of cancer cells can be transmitted from parental cells to daughter cells, the genetic material of the cells was most likely modified by the virus. This hypothesis became mechanically plausible when the reverse transcriptase was discovered in both RSV and in murine leukemia virus [3,4], enriching the central dogma. In particular, the identification of the v-Src gene as an oncogene [5] and the subsequent studies have established a close link between retroviruses and cancer [6,7,8,9], especially between cancer and human endogenous retroviruses [8,10,11].



A question naturally arising from these discoveries is how retroviruses cause cancer. An answer was hinted at by the discovered sequence similarity between an oncogene, v-sis, and the platelet-derived growth factor, PDGF [12,13]. This finding not only resulted in PDGF and several other growth factors being recognized as drug targets against cancer [14,15,16], but also led to two new lines of thinking. First, the viral transforming factor may work simply by changing the regulated expression of a growth factor to constitutive expression, suggesting growth factors as targets for anti-cancer drug development. Second, any factor modulating gene expression patterns of growth factors or cell replication gatekeepers can potentially contribute to cancer. This new conceptual framework of cancer biology contributed to the progress of mechanism-based anti-cancer drug development in the following years [17,18,19].



Such findings ushered in an evolutionary theory on retroviruses and cancer that explains why viral agents that cause cancer are often growth factors or regulators that encourage cell growth and proliferation. When the genome of a retrovirus is integrated into the host genome, its fitness depends on how fast the host cell can replicate. It is therefore beneficial for retroviruses to evolve molecular mechanisms or growth factors to encourage the rapid growth and proliferation of host cells. Similarly, bacteriophage in its lysogenic phase can also help its bacterial host cell to grow and replicate [20,21].



Many retroviral oncogenes have cellular counterparts, e.g., the retroviral v-Src has a cellular counterpart c-Src [22], and the retroviral v-sis has multiple cellular counterparts (e.g., PDGFA, PDGFB, PDGFC, and PDGFD in human) [12,13,23]. One naturally would ask which one is ancestral. This harks back to the old but continuing controversy surrounding the virus-early and virus-late hypotheses [24,25]. If the viral world antedates the origin of cellular organisms, then viruses could potentially serve as the source of many genes for cellular organisms. In contrast, if viruses arose long after the diversification of the cellular organisms, then most likely viral genes were derived from cellular organisms.



When sequence or function similarity is observed between a retroviral gene and a host gene, two alternative hypotheses of gene origin need to be discriminated. The first is the host-first hypothesis, i.e., the gene originated first in the host but was co-opted by retroviral lineages. The second is the retrovirus-first hypothesis, i.e., the gene originated first in retroviruses and was “domesticated” by the host. Take the discovery of human syncytin-1, for example. Sequence similarity between syncytin-1 and the retroviral env protein was documented, as was the functional similarity between the two, i.e., both cause cell–cell fusion [26]. However, sequence or functional similarity alone is insufficient to discriminate between the two hypotheses. To substantiate the retrovirus-first hypothesis concerning syncytin-1, one could check if the host gene is flanked by retroviral sequences. Specifically, if the ERVW-1 gene (encoding syncytin-1) is located at the position of the retroviral env gene within a remnant retrovirus. However, such evidence is often difficult to establish because mutations often obliterate the retroviral remnants.



Molecular phylogenetics provides decisive tools for identifying ancestry between the viral and cellular counterparts and a conceptual framework for inferring the evolutionary trajectory of retroviral and host genes participating in the genetic exchange. Retroviral genes such as v-Src and v-sis are clearly derived from vertebrate cellular genes, but many other cellular genes, such as ERVW-1 encoding Syncytin-1 and ERVH48-1 encoding suppressyn, were derived from retroviruses.




2. Materials and Methods


Retroviral genomes of Rous sarcoma virus (RSV) strains and simian sarcoma virus (SSV) strains were downloaded from GenBank in GenBank flat files (.gbff files). The v-Src gene in RSV and the v-sis gene from SSV were extracted using DAMBE v7.5 [27]. The orthologous genes of v-Src and v-sis were extracted from sequenced genomes of individual species. The ERV-W-1 gene encoding syncytin-1 and the ERVH48-1 gene encoding suppressyn were also downloaded from the NCBI Orthologs database. All coding sequences were parsed using DAMBE from downloaded .gbff files. Only fully resolved sequences (i.e., with no unresolved bases) were kept in the analysis. Also removed are coding sequences with an embedded in-frame codon. For genes with alternative splicing isoforms, only the longest one was kept as a representative. Genes that contain in-frame stop codons were eliminated. Genes from hybrids, such as between Bos taurus and B. indicus, are also eliminated.



Sequences were aligned by using MAFFT v.7.511 [28] with the slow but accurate option (L-INS-i). We have used post-alignment adjustment [29] as well as the three-way alignment to improve the initial tree for multiple sequence alignment [30], but they do not improve the sequence alignment consistently, based on the weighted sum-of-pairs score [29,31,32]. Phylogenetic reconstruction was performed with PhyML v3.1 [33], with the LG empirical model used for aligned amino acid sequences and the GTR model used for nucleotide sequences. The best tree was chosen from the best nearest-neighbor interchange (NNI) and subtree-pruning and regrafting. The option of simultaneous optimization of tree topology, substitution rates, and branch lengths was chosen for parameter estimation.



Protein isoelectric point was calculated with DAMBE, using a sliding window of 80 residues and a step length of one. This is needed to understand the inter-domain electrostatic interactions in proteins, especially the regulation of c-Src.



Both ERVW-1 and the ERVH48-1 genes represent horizontally transferred genes in mammalian species. Tracing horizontal gene transfer events typically would require an approximated species tree reconstructed by using informational gene sequences (e.g., genes used in DNA replication, transcription, and translation) that are rarely found to participate in horizontal gene transfer events [34]. However, for vertebrate species, especially for mammalian species, the phylogenetic relationship is well established, and the hierarchical relationship at the Integrated Taxonomic Information System (ITIS: https://www.itis.gov/) is taken as an approximation of the species tree.




3. Results


3.1. Retroviral Genes Derived from Host Cellular Genes


From a viral perspective, transduction is a major mutation event. Most of such events are probably deleterious, but occasionally, some might be beneficial. Viral genes v-Src and v-sis represent products of such beneficial transduction events.



3.1.1. v-Src and Its Origin in Rous Sarcoma Virus (RSV)


c-Src (the cellular counterpart of v-Src) is a tyrosine-protein kinase [35] with four relatively conserved domains numbered from the C-terminus back to the N-terminus: SH1, SH2, SH3, and SH4, and a variable unique region between SH3 and SH4. The first methionine undergoes the N-terminal methionine excision, which occurs in nearly all proteins from bacteria to mammals when the first methionine residue is followed by a small and nonpolar residue such as glycine or alanine [36,37,38,39,40]. The second residue in c-Src is a glycine, which is myristoylated [41]. Myristoylation is implicated in protein subcellular relocalization [41], apoptosis [42,43], signal transduction [44,45], and the virulence and colonization of pathogens [46,47,48,49,50]. Myristoylation occurs only on a Gly residue [41], so the glycine residue at the second position is invariant in all c-Src and v-Src proteins in amphibians, reptiles, birds, and mammals. Myristoylation is essential for v-Src to attach to the plasma membrane, and this attachment is essential for the transforming activity of v-Src. Mutations that prevent myristoylation abolish membrane localization and strongly reduce the oncogenic activity of v-Src.



c-Src is an on–off switch regulating many cellular processes [51,52], including cell proliferation and development of cancer [53,54]. The molecular switch is mainly mediated by the phosphorylation state at Y527, as revealed by protein structure and other experimental studies [55,56,57,58,59]. As we can see from the pI profile (Figure 1), the C-terminus of c-Src has low pI values (because of having multiple aspartic and glutamic residues) and is expected to be strongly negatively charged under physiological conditions. In contrast, SH2 is strongly positively charged. The negatively charged C-terminus reaches out to the positively charged SH2, embedding the catalytic tyrosine kinase domain in a closed inactive state. When Y527 is phosphorylated, the C-terminal becomes even more negative and binds to the positively charged SH2 even more tightly. To activate the tyrosine kinase, Y527 is dephosphorylated [60,61], weakening the binding between the C-terminus and SH2 of c-Src. The kinase activity is further enhanced by the autophosphorylation of Y416 in c-Src. I should mention that the residue numbering follows that of the chicken c-Src. However, the chicken c-Src is expected to have two splicing isoforms, one with a RKVDVR insertion and the other without. The c-Src without the insertion has been used in traditional studies, so the numbering follows this shorter splicing isoform.



The electrostatic interaction between the C-terminus and the SH2 as a mechanistic explanation of the genetic switch can also explain why v-Src is in a constant on-state. v-Src misses 18 residues at the C-terminal of c-Src and does not carry as much negative charge as the C-terminus of c-Src. As one can see from Figure 1, the C-terminus of v-Src has an average pI value close to seven, i.e., and is expected to carry little negative charge. This C-terminus, therefore, cannot interact favorably with the positively charged SH2 to lock the tyrosine kinase domain into an inactive state.



As for the two hypotheses on the origin of the Src gene, i.e., host-first or retrovirus-first, a phylogenetic tree is often sufficient to support the host-first hypothesis. c-Src is present among all major vertebrate lineages long before the origin of v-Src (Figure 2). The tree did not include shark and fish species, but Src is known to be present in these vertebrate lineages [62]. The phylogenetic tree is based on the amino acid sequences corresponding to sites 1–516 of the c-Src protein from the chicken (Gallus gallus, NC_052551). The chicken Src gene has 533 sense codons. The first 516 residues of the chicken Src are highly homologous to the RSV’s v-Src, but the last 19 codons of vertebrate c-Src (18 sense codons plus the stop codon) exhibit no homology [63,64] to v-Src, i.e., the two were not alignable. The C-terminal segment of c-Src contains a tyrosine residue at site 527 that, when phosphorylated, inhibits the kinase function of the protein. Because v-Src is a truncated version of c-Src and consequently lacks this inhibitory phosphorylation site, it is constitutively active as opposed to c-Src, which is strongly regulated [65,66].



The (c-Src + v-Src) gene tree (Figure 2) is concordant with the generally accepted relationship at ITIS (https://www.itis.gov/). It shows clearly that c-Src originated long before v-Src, which is only recently derived from chicken or species closely related to chicken (Figure 2). This is consistent with previous interpretations and reconstructions of the recombination events that gave rise to v-Src [67]. The tree in Figure 2 suggests that RSV may not be derived from G. gallus, but instead from the common ancestor of phasianids (Figure 2). However, the host-first hypothesis is clearly supported.



It is implicitly assumed that the v-Src gene in RSV was derived from a recombination event between a chicken’s c-Src region and an avian leucosis virus (ALV) [68], for three reasons. First, RSV infecting chickens contains v-Src [68,69]. Second, although c-Src is present in all tested vertebrate species, the chicken c-Src appears more closely related to the v-Src [62], with there being no c-Src sequences from other phasianid species in the early studies. Because v-Src is a 3′-truncated version of c-Src, it does not include the last 19 codons (18 sense codons and one stop codon) of c-Src. One would therefore expect the truncated v-Src to expand its 3′ end into downstream viral sequence until an in-frame stop codon is encountered. As it happened, the 3′-truncated v-Src expanded 12 sense codons downstream to encounter a TAA stop codon.



Given this scenario of v-Src origin above, one would expect the v-Src gene to be flanked by ALV sequences. The RSV sequence upstream of the v-Src is indeed homologous to that of ALV. However, the RSV sequence downstream of v-Src is not homologous to any sequenced ALV genome. Interestingly, four nucleotides after the v-Src stop codon, the RSV sequence is homologous to the noncoding region of avian carcinoma virus MH2 (ACV MH2), just upstream of the 3′ long terminal repeat in the ACV MH2 genome (Figure 3). This suggests a more complicated scenario of v-Src origin. That is, a 3′-truncated v-Src might have been co-opted by ACV MH2 first, and this v-Src and the downstream sequence of ACV MH2 origin were then recombined into an ALV to become RSV. A problem with this hypothesis is that no v-Src has been recorded in any ACV strains, which carry different oncogenes such as v-mil and v-myc.



I should mention that the observation of a gene tree consistent with the species tree does not imply that the gene did not originate through horizontal gene transfer. For example, many eukaryotic genes are of bacterial origin, being acquired after the progenitor of the mitochondria, most likely a Rickettsia-like bacterium, was internalized into a host cell [70,71,72,73]. Representatives of these eukaryotic genes of bacterial origin include triosephosphate isomerase [74]. The triosephosphate isomerase gene tree is largely concordant with the generally accepted species tree [74,75,76]. Such concordance between the gene tree and the species tree indicates the lack of horizontal transfer events along the evolutionary lineages in the tree, but does not imply that triosephosphate isomerase did not originate through horizontal gene transfer at a time point before the common ancestor of the lineages in the tree. Similarly, the tree in Figure 2 only indicates that the c-Src gene did not participate in horizontal gene transfer after the origin of vertebrates, but cannot exclude the possibility that c-Src may have originated through horizontal gene transfer before the origin of vertebrates.




3.1.2. v-sis and Its Origin in Simian Sarcoma Virus (SSV)


The viral v-sis gene encodes a PDGF-B-like protein [12,13,23,77,78] which competes with the host PDGF and constitutively autoactivates the PDGF receptor of the cell where it is expressed [79,80,81,82]. In contrast, the cellular PDGF (or c-sis) is a highly regulated growth factor participating in normal cell growth and development [81], although mutations in the host PDGF or the loss of its regulation could potentially contribute to cancer as well [83,84,85,86]. In cells that express the same level of v-sis or PDGF, the former undergoes cancer transformation, but the latter does not [81].



The alignment between the viral v-sis and the cellular PGDG-B (Figure 4) shows that the viral gene does not have the upstream GC-rich regulatory sequence and the coding part of the first exon in the cellular PDGF-B gene [87]. The first exon in PDGF-B encodes a signal peptide that is cleaved off to produce the functional PDGF-B chain. Another difference not shown in Figure 4 is that the cellular PDGF-B gene has an AU-rich 3’ UTR that is also missing in v-sis [87]. For phylogenetic reconstruction, the first 91 nucleotides in Figure 4 were removed, and so were the nucleotides after the stop codon.



The partial PDGF-B gene was incorporated in the middle of the viral env gene and destroyed the function of the env gene, rendering SSV replication-defective. This is not unique in SSV and occurs in RSV as well. The reference genome for RSV (NC_001407) happens to be from the Prague-C strain of RSV, which has the co-opted v-Src inserted in a viral genomic location that does not disrupt any of the functional genes, including env. The genome annotation does not include strain information, but UniProt (https://www.uniprot.org/taxonomy/11888, accessed on 17 October 2025) annotated a Prague-C RSV that matches the RSV reference genome. However, other RSV strains, e.g., RSV-29 [88], can have the env gene disrupted by v-Src and become replication-defective. Such replication-defective strains would need a helper virus for replication. In the case of SSV, the helper virus is simian sarcoma-associated virus (SSAV) that has an intact env gene [89,90,91,92]. Several other viral species also require helper virus complementation to complete their infection cycle [93,94,95]. The need for a helper virus implies that SSV is an evolutionary dead end unless it can regain a functional env gene by recombination. Sooner or later, SSAV will become so evolutionarily diverged from SSV that it can no longer serve as the helper virus for SSV. At that point, SSV will perish, and humans will lose an oncogenic agent unless SSV invades the germ cell line, which would ensure its existence as an endogenous retrovirus (i.e., a retrotransposon).



PDGF-B is present ubiquitously among primate lineages (Figure 5), as well as in other mammalian, avian, reptilian, and amphibian lineages [96]. The fact that PDGF and VEGF belong to the same gene family [97] suggests that PDGF could have originated early in vertebrate evolution. It is quite clear that c-sis (i.e., PGDFB) existed long before the origin of v-sis in SSV (Figure 5). The only two v-sis sequences available are closely related and form a monophyletic clade consistent with the interpretation of a recent origin (Figure 5). In short, the host-first hypothesis is strongly supported.





3.2. Retroviral Genes “Domesticated” by Host


Just like bacterial species that have coexisted with bacteriophages from time immemorial, eukaryotes have coexisted with retroviruses for perhaps billions of years. A retrovirus integrated in the host genome may get knocked out by mutations, lose its function to make infectious virions, and become an endogenous retrovirus, such as a retrotransposon or just a DNA “fossil” in the host genome [98]. Such inactivated or partially inactivated retroviruses on the host DNA that are no longer infectious are generally known as endogenous retroviruses (ERVs, being HERVs for human ERVs). The best studied HERVs are HERV-W [26,99], HERV-K [8,100,101,102,103], and HERV-FRD [104], each consisting of a group of retroviruses “fossilized” in human DNA through independent infection and decaying [8,105]. They are the decayed product of retroviral infection in the germline cells and are transmitted from parents to offspring like Mendelian genes. HERVs account for about 8% of the human genome [105] and could serve as the source of new genes and new traits for human or other retroviral hosts.



While retroviruses have borrowed many host genes [106], nature could also take the opposite direction by allowing the host to “domesticate” retroviral genes. One may argue that such domestication is unlikely because retroviruses almost always feature a set of genes with fixed functions, such as gag, gag-pol, env, etc., that would not be of much use for host cells. In contrast, vertebrate genomes feature a huge gene repertoire to serve as the source gene pool for retroviruses. Thus, one should expect to see more host genes used by retroviruses through transduction events than the other way round. However, there are several examples of the host “domesticating” retroviral genes, which have changed the early perception of ERVs as junk DNA [107,108].



3.2.1. Mammalian Syncytin-1 and Its Origin


Human syncytin-1 is a protein encoded by a gene of retroviral origin (HERV-W) that has been co-opted by some mammalian clades to mediate cell–cell fusion during placental development, specifically contributing to the formation of the syncytiotrophoblast layer that regulates nutrient and gas exchange between mother and fetus [26,109,110,111,112]. The protein acts as a fusogenic envelope (env) glycoprotein, originally derived from an endogenous retrovirus (HERV-W). Most retroviruses use tRNA or tRNA-like sequences as primers for reverse transcription [113,114]. Because HERV-W most likely uses tRNATrp as its primer for reverse transcription, the letter W (one-letter code for Tryptophan) was appended to HERV in its classification [99,115], although the tRNA actually used could be tRNAArg [116].



The localized expression of Syncytin-1 was established through in situ hybridization and immunohistochemical assays, demonstrating that Syncytin-1 is specific to trophoblast cells, particularly in the multinuclear syncytiotrophoblast layer [26,109,110,111,112]. Its fusogenic function was confirmed using cell fusion assays, in which the gene, when expressed in cultured cells, induced membrane fusion characteristic of trophoblast syncytialization [117]. This function in normal cells is achieved by syncytin-1 binding to its ASCT2 receptor [118]. Thus, the sequence and functional similarities between mammalian Syncytin-1 and retroviral env proteins have been established beyond doubt. However, these similarities do not contribute to the discrimination between the host-first and retrovirus-first hypotheses on the origin of Syncytin-1.



The retrovirus-first hypothesis is assumed for the origin of syncytin-1, i.e., the gene originated first in retroviruses and was “domesticated” by the host. Two lines of evidence were presented in support of the retrovirus-first hypothesis. First, the ERVW-1 gene (encoding syncytin-1) was identified when the retroviral env gene sequence of an endogenous retrovirus HERV-W was used to scan the human genome for matches [26]. Second, the ERVW-1 gene appears to be located at the position of the retroviral env gene within a remnant of an HERV. The first line of evidence of sequence similarity between mammalian ERVW-1 and retroviral env does not actually contribute to the discrimination between the two hypotheses. The second line of evidence would lend direct support for the retrovirus-first hypothesis, but the evidence cannot be clear-cut because of mutations obliterating the identity of flanking sequences. In fact, the original paper assuming the retrovirus-first hypothesis [26] did not present this second line of evidence.



An alternative approach to support the retrovirus-first hypothesis for the origin of syncytin-1 is to see if the genomic region flanking the ERVW-1 gene (encoding syncytin-1) is a retrovirus integration hotspot [109]. The human ERVW-1 gene is in the following configuration in the genome: PEX1…ERVW-1…ODAG. Bonnaud et al. [109] amplified the sequences between PEX1 and ODAG in 14 mammalian and two avian species. This intervening sequence varies much in length, which is mainly due to the insertion and deletion of transposable elements [109]. This finding increases the plausibility that a retrovirus colonized the region and provided the original env gene for domestication.



The phylogenetic tree (Figure 6) of aligned sequences of syncytin-1 plus four sequences from multiple sclerosis-associated retroviruses (MSRV) shows sequence divergence patterns typical of horizontal gene transfer. First, the tree does not reflect genealogical relationships among the mammalian species. For example, five human homologues (four colored red and one lustered with chimpanzee and gorilla) are highly diverged from each other instead of all being clustered with chimpanzees as sister lineages. The simplest explanation of this pattern requires the occurrence of three independent transduction events involving three different viral lineages: (1) occurring in the common ancestor of the apes (colored green in Figure 6) and having become the functionally important syncystin-1 gene, (2) occurring in the common ancestor of the three MSRV lineages (colored red in Figure 6), of which one is a recombinant [119], and (3) occurring in a human lineage colored blue (Figure 6) and evolving into an extra MSRC lineage. Second, the sequence divergence in the tree of syncytin-1 and its homologues in Figure 6 is greater than one would expect from an average mammalian gene. For example, the human MSRV lineages colored red in Figure 6 have an evolutionary distance of about 0.35 from the human MSRV lineage colored blue in Figure 6. This could have two explanations. The first is the independent occurrence of transduction events involving two highly diverged viral lineages. The alternative explanation invokes an ancient gene duplication event followed by the loss of one paralogue in all primate species, except for humans, in Figure 6. This explanation would require many independent losses of the paralogs, which should be highly improbable. Thus, the sequence divergence between the red and the blue MSRV lineages in Figure 6 reflects the sequence divergence of two viral lineages before their independent transduction events. That is, the sequence divergence does not represent divergence within humans after a single transduction event. The evolutionary rate is about 2.2 × 10−9 substitutions/site/year for mammalian nuclear genomes [120], but can reach 0.003 or even greater for SARS-CoV-2 [121]. Retroviruses typically do not have a proof-reading enzyme, so their evolutionary rate could be even higher.



Previous studies have shown that different syncytin genes arose from independent “domestication” events. Figure 6 shows that even the same syncyctin-1 in different mammalian lineages arose from multiple independent “domestication” events. Leaving out the four sequences from MSRV, one would need five such independent “domestication” events to explain the phylogenetic pattern, i.e., one for the bear species, one for the (Ape + Old-World monkey) clade, and one for each of the three species at the bottom of the phylogeny in Figure 6. This is consistent with the previous findings that these ERVW-1 genes are located in the env region of the endogenous retroviruses at different decaying stages in mammalian genomes [26,99,109,110,111,112,115].



The four sequences from MSRV were from multiple sclerosis patients [103,119]. They apparently are from two independent endogenization events, but neither leads to syncytin-1. Thus, the env gene of an ERV could result in a useful protein such as syncytin-1, but could also become something potentially contributing to multiple sclerosis, although the link between ERV and multiple sclerosis has not been fully established [122]. Multiple sclerosis is an autoimmune disease that occurs when our immune system has difficulty distinguishing between self and non-self. ERVs are the key culprit confusing the immune system. In terms of genome residency, ERVs are clearly “self” because they are a permanent fixture of our DNA. In terms of behavior, ERVs are “non-self” because they are descended from retroviruses.



Syncytin-1 is present in apes, Old-World monkeys, and some rodent lineages, but it is absent in several other mammalian clades, including carnivores (e.g., dogs and cats), ruminants (e.g., cows and horses), and marsupials [123]. These taxa instead possess entirely different syncytin-like genes (e.g., syncytin-A and syncytin-B in mice) [124], demonstrating that the capture of a fusogenic retroviral env gene has occurred multiple times independently during mammalian evolution.



The sequences in Figure 6 do not match any current exogenous retroviruses. The progenitor of the env-derived sequences in Figure 6 must have either perished or evolved beyond recognition. In short, the evidence is in favor of the retrovirus-first hypothesis.




3.2.2. Mammalian Suppressyn and Its Origin


Like syncytin-1, suppressyn, encoded by the ERVH48-1 gene, was co-opted from the env gene of ERV-F [118], where the letter F stands for the priming tRNAPhe. Suppressyn is a protein that serves two functions. The first function is related to syncytin-1 in the previous section that maintains the optimal oxygen and nutrient supply to the fetus through its fusogenic function, achieved by the ASCT2/SLC1A5-mediated cell fusion. Suppressyn competes for the same receptor to suppress cell fusion [118,125]. The expression of suppressyn depends on oxygen and Fe2+ concentration, mediated by HIF1α. At normoxia and a normal Fe2+ level, HIF1α is degraded through the ubiquitination pathway and consequently has no effect on suppressyn expression. At hypoxia and a low Fe2+ level, HIF1α is stabilized and enters the nucleus to form a heterodimer with HIF1β. The heterodimer binds to the HRE (hypoxia response element) of the ERVH48-1 gene encoding suppressyn and upregulates the expression of suppressyn [125]. This might appear counterintuitive. In hypoxia, there should be more syncytialization to facilitate oxygen supply, so there should be less suppressyn expression. The possible explanation is that suppressyn is needed to prevent over-syncytialization at the wrong places. Thus, although both syncytin-1 and suppressyn are expressed in the mammalian placenta, there should be fine-scale spatial differences in their expression.



The second function of suppressyn is to defend host cells against type D retroviruses [126]. These retroviruses bind to the ASCT2/SLC1A5 receptor to initiate cell fusion and viral entry. By binding to the same ASCT2/SLC1A5 receptor, the viral entry through cell fusion is prevented [118,125]. Different RNA viruses use different mechanisms to promote cell–cell fusion. For example, SARS-CoV-2 uses ACE2, furin, and TMPRSS2 to promote cell–cell fusion [127].



Two lines of evidence are relevant to support the retrovirus-first hypothesis for the origin of suppressyn, i.e., the ERVH48-1 gene (encoding syppressyn) was derived from the retroviral env gene. Two lines of evidence would substantiate this hypothesis. The first is to check if the ERVH48-1 gene is located within the remnant of a retrovirus, at the location where the env gene should be. The second is to perform a phylogenetic analysis to see if the phylogenetic distribution of ERVH48-1 is consistent with horizontal gene transfer. The first line of evidence was partially provided by the observation that the ERVH48-1 gene has a promoter within a sequence homologous to a retroviral 5′ LTR sequence [118,125]. The second line of evidence appears to contain an error. It was claimed that the ERVH48-1 gene is present only in apes and Old-World monkeys but not in other primate lineages, in particular, not present in New-World monkeys. As the common ancestor of Simiiformes (apes + Old-World monkeys) originated ~27–38 million years ago, it was inferred that the primate ERVH48-1 gene was domesticated from an ancient retroviral env gene around that time. As one can see from Figure 7, the ERVH48-1 gene is, in fact, present in New-World monkeys. However, this does not mean that a single gene-domesticating event occurred at the origin time of the common ancestor of the Old-World monkeys and the New-World monkeys, which is about 40.0–44.2 million years (median time) [128]. Instead, the tree in Figure 7, as explained below, suggests multiple independent gene-domesticating events in various primate lineages.



There are currently 23 mammalian suppressyn orthologs in the NCBI Orthologs database. The phylogenetic tree (Figure 7) again shows a strong signature of horizontal gene transfer. For example, Cebus imitator, Sapajus apella, and Saimiri boliviensis are more closely related to each other, all belonging to the family Cebidae. However, the tree in Figure 7 clustered Saimiri boliviensis with Aotus nancymaae (belonging to a different family, Aotidae). This is most likely caused by nearly identical retroviruses infecting both S. boliviensis and A. nancymaae and becoming domesticated independently. Thus, their phylogenetic affinity reflects the retroviral genetic affinity instead of the nuclear sequence divergence since speciation. The same explanation can be applied to the clustering of the two Pongo species with gibbons instead of with other great apes. Similarly, among the Old-World monkeys, the genera Papio, Macaca, and Mandrillus are in the Papionini tribe, but Chlorocebus belongs to a different tribe (Cercopithecini). However, the ERVH48-1 tree (Figure 7) mixed all of them together. The very long branch lengths leading to Piliocolobus tephrosceles and Papio anubis suggest independent horizontal transfer events, i.e., two divergence retroviruses independently endogenized in these two primate species. All these can be simply explained by horizontal gene transfer, but are difficult to explain with vertical gene transfer. In short, the phylogeny supports the retrovirus-first hypothesis for the origin of suppressyn.






4. Discussion


Nature has been a creative tinkerer. Retroviruses can mine a host gene to increase their fitness, and the host of the retroviruses can co-opt a retroviral gene to increase its fitness. When a retroviral genome resides on the host genome after reverse transcription and integration, its only way of increasing its fitness is to encourage the host cell to replicate fast so that the viral genome can be replicated as a hitchhiker. Both v-Src and v-sis were mined from the host genome by the retroviruses to increase host cell replication. From a viral perspective, an ideal host cell is one that can rapidly replicate out of control. From a host perspective, such out-of-control replication would lead to cancer. The battle between the host and the retroviruses has left behind many retroviral “corpses”, i.e., ERVs, in the host genome. Are these endogenous retroviruses true war victims or dormant tumorigenic agents that could be revised [8]?



The transduction of a host gene by a retrovirus represents a major mutation event on the viral genome. Many different host genes could be incorporated into the retroviral genome [22]. Most of these incorporation events are expected to be deleterious to the retrovirus when the incorporated host gene sequence carries no benefit but a high cost of disrupting an essential retroviral gene. Nature generally does not leave such unfortunate viruses for us to observe because they are immediately purged from the retroviral population, although defective viruses are occasionally observed before their disappearance [94].



Occasionally, the incorporation of a host gene sequence into a retroviral genome carries both a benefit and a cost, e.g., the beneficial v-sis from the host coupled with the cost of a disrupted env gene and replication-incompetence in SSV. The benefit of such a mutation leading to a replication-incompetent SSV is obvious when it arises from a population of replication-competent SSAV with an intact env gene [89,90,91]. This rare SSV gains the benefit of increased replication rate through the function of v-sis but does not suffer from the cost of replication-incompetence because of the abundance of SSAV. However, when SSV increases in frequency at the cost of SSAV, the cost of replication-incompetence will manifest, so the relative abundance of SSV and SSAV will reach a balance through this frequency-dependent selection. Even among RSV, there are replication-competent and replication-incompetent strains. The Prague-C strain of RSV has its v-Src inserted in a region without essential retroviral genes, so it is replication competent. However, other RSV strains, such as RSV-29 [88] and two clonal variants of the Bryan strain of RSV, RSV(-)3, and RSV(-)16 [95] have gained the v-Src gene at the cost of losing a functional env gene and become replication-incompetent. Such evolutionary events provide excellent opportunities to study frequency-dependent selection.



One may imagine that a population of replication-incompetent retroviruses (e.g., SSV) may be so successful in infecting host cells and producing tumors that they reduce the replication-competent retroviruses (e.g., SSAV) to such a low level that the latter drift to extinction. When this happens, then the replication-incompetent retroviruses, after consuming all env proteins left over by the replication-competent ones, would go extinct as well, leading to an interruption and termination of cancer development. This could explain cases of spontaneous remission of cancer observed frequently by medical professionals [129,130,131].



Just like humans may harvest organs from corpses, eukaryotic hosts frequently harvest genes from ERVs. Introducing a stranger into one’s family is likely deleterious in most cases, even if the stranger might be willing to do some house chores. Syncytin-1 and suppressyn represent examples of successful domestication. However, even such successful cases are not without risk [112]. For example, abnormal cell fusion induced by syncytin-1, especially cell fusion between cancer cells and other cell types [132,133], could contribute to tumor heterogeneity, metastasis, and drug resistance. Interaction between syncytin-1 and other cancer-related genes or signal pathways, such as Wnt/β-catenin signaling, could also contribute to cancer development [134]. The same risk also exists for suppressyn [112].



What is the selective advantage associated with the genetic exchange between retroviruses and their hosts? For retroviruses that gained v-Src and v-sis, the selective advantage is obvious. That is, the two proteins stimulate cell proliferation of the host and consequently increase the fitness of the provirus that carry these genes. The selective advantage of syncytin-1 and suppressyn is not as direct. The “domestication” of syncytin-1 and suppressyn would have been much more significant if the domestication events occurred during the evolutionary transition from non-placental to placental mammals, i.e., they drove the evolutionary transition. Unfortunately, the origin of syncytin-1 and suppressyn did not occur that early (otherwise the placental mammals would tend to share these two genes and have a syncitin-1/suppressyn tree concordant with the species tree). As is, the two genes only function to refine the placental system, not to create the system. This refinement is the first proposed selective advantage, i.e., there is no other gene pair that maintains the homeostasis in syncytialization. The second proposed selective advantage is to enhance the host defense against other retroviruses, especially Type D retroviruses, which has been substantiated experimentally [118,125,126]. However, we do not know if the ancient mammals were exposed to Type D retroviruses or if Type D retroviruses significantly reduce the fitness of mammals.




5. Conclusions


Retroviruses, after integrating their genomes into those of host cells, replicate passively through host cell division. During this “hitchhiking” phase, their evolutionary success depends largely on promoting rapid and unregulated proliferation of the infected host cell. A virus that can “borrow” a host gene to promote host cell growth and replication is therefore evolutionarily beneficial to the virus. Both the v-Src gene of Avian sarcoma virus and the v-sis gene of Simian sarcoma virus were originally captured from host genomes. Their cellular counterparts, c-Src (a non-receptor tyrosine kinase) and c-sis (platelet-derived growth factor), normally regulate cell growth and signaling, but their viral derivatives drive uncontrolled cellular proliferation that can ultimately lead to cancer. The host, however, can also “borrow” viral genes to enhance the host’s fitness. Notable examples include syncytins, whose fusogenic activity is essential for trophoblast fusion and syncytium formation during placental development, and suppressyn, which both regulates syncytialization and contributes to resistance against retroviral infection. The observed similarity in sequence and in function typically leads to two hypotheses: (1) the retrovirus-first hypothesis, i.e., the gene originated in retroviruses but was domesticated by the host, and (2) the host-first hypothesis, i.e., the gene originated in the host and was co-opted by retroviruses. Molecular phylogenetics has become an indispensable tool for reconstructing the evolutionary history of these genetic exchanges between retroviruses and their hosts and discriminating between the two alternative hypotheses.







Funding


This research was funded by a Discovery Grant from the Natural Science and Engineering Research Council (NSERC) of Canada, grant number RGPIN/2024-05641.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The sequence files needed to replicate the results are in the zipped file SequenceFiles.zip.




Acknowledgments


We thank T. Ali, S. Aris-Brosou, O. Asghar, C. Bortnowschi, X. Gao, A-S. Gupta, and S. Hadroune for discussion, comments and suggestions. I am particularly grateful to the two anonymous reviewers whose feedback greatly improved the manuscript.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Rous, P. A transmissible avian neoplasm. (sarcoma of the common fowl.). J. Exp. Med. 1910, 12, 696–705. [Google Scholar] [CrossRef] [PubMed]

	



Rous, P. A sarcoma of the fowl transmissible by an agent separable from the tumor cells. J. Exp. Med. 1911, 13, 397–411. [Google Scholar] [CrossRef] [PubMed]

	



Temin, H.M.; Mizutani, S. RNA-dependent DNA polymerase in virions of Rous sarcoma virus. Nature 1970, 226, 1211–1213. [Google Scholar] [CrossRef] [PubMed]

	



Baltimore, D. RNA-dependent DNA polymerase in virions of RNA tumour viruses. Nature 1970, 226, 1209–1211. [Google Scholar] [CrossRef] [PubMed]

	



Stehelin, D.; Fujita, D.J.; Padgett, T.; Varmus, H.E.; Bishop, J.M. Detection and enumeration of transformation-defective strains of avian sarcoma virus with molecular hybridization. Virology 1977, 76, 675–684. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, P.K. Retroviral oncogenes: A historical primer. Nat. Rev. Cancer 2012, 12, 639–648. [Google Scholar] [CrossRef] [PubMed]

	



Currer, R.; Van Duyne, R.; Jaworski, E.; Guendel, I.; Sampey, G.; Das, R.; Narayanan, A.; Kashanchi, F. HTLV Tax: A Fascinating Multifunctional Co-Regulator of Viral and Cellular Pathways. Front. Microbiol. 2012, 3, 406. [Google Scholar] [CrossRef] [PubMed]

	



Downey, R.F.; Sullivan, F.J.; Wang-Johanning, F.; Ambs, S.; Giles, F.J.; Glynn, S.A. Human endogenous retrovirus K and cancer: Innocent bystander or tumorigenic accomplice? Int. J. Cancer 2015, 137, 1249–1257. [Google Scholar] [PubMed]

	



Wang-Johanning, F.; Li, M.; Esteva, F.J.; Hess, K.R.; Yin, B.; Rycaj, K.; Plummer, J.B.; Garza, J.G.; Ambs, S.; Johanning, G.L. Human endogenous retrovirus type K antibodies and mRNA as serum biomarkers of early-stage breast cancer. Int. J. Cancer 2014, 134, 587–595. [Google Scholar] [PubMed]

	



Stricker, E.; Peckham-Gregory, E.C.; Scheurer, M.E. CancerHERVdb: Human Endogenous Retrovirus (HERV) Expression Database for Human Cancer Accelerates Studies of the Retrovirome and Predictions for HERV-Based Therapies. J. Virol. 2023, 97, e00059-23. [Google Scholar] [CrossRef] [PubMed]

	



Vargiu, L.; Rodriguez-Tomé, P.; Sperber, G.O.; Cadeddu, M.; Grandi, N.; Blikstad, V.; Tramontano, E.; Blomberg, J. Classification and characterization of human endogenous retroviruses; mosaic forms are common. Retrovirology 2016, 13, 7. [Google Scholar] [CrossRef] [PubMed]

	



Doolittle, R.F.; Hunkapiller, M.W.; Hood, L.E.; Devare, S.G.; Robbins, K.C.; Aaronson, S.A.; Antoniades, H.N. Simian sarcoma virus onc gene, v-sis, is derived from the gene (or genes) encoding a platelet-derived growth factor. Science 1983, 221, 275–277. [Google Scholar] [CrossRef] [PubMed]

	



Waterfield, M.D.; Scrace, G.T.; Whittle, N.; Stroobant, P.; Johnsson, A.; Wasteson, A.; Westermark, B.; Heldin, C.H.; Huang, J.S.; Deuel, T.F. Platelet-derived growth factor is structurally related to the putative transforming protein p28sis of simian sarcoma virus. Nature 1983, 304, 35–39. [Google Scholar] [CrossRef] [PubMed]

	



Pietras, K.; Sjoblom, T.; Rubin, K.; Heldin, C.H.; Ostman, A. PDGF receptors as cancer drug targets. Cancer Cell 2003, 3, 439–443. [Google Scholar] [CrossRef] [PubMed]

	



Bergsten, E.; Uutela, M.; Li, X.; Pietras, K.; Ostman, A.; Heldin, C.H.; Alitalo, K.; Eriksson, U. PDGF-D is a specific, protease-activated ligand for the PDGF beta-receptor. Nat. Cell Biol. 2001, 3, 512–516. [Google Scholar] [CrossRef] [PubMed]

	



Ehnman, M.; Missiaglia, E.; Folestad, E.; Selfe, J.; Strell, C.; Thway, K.; Brodin, B.; Pietras, K.; Shipley, J.; Ostman, A.; et al. Distinct effects of ligand-induced PDGFRalpha and PDGFRbeta signaling in the human rhabdomyosarcoma tumor cell and stroma cell compartments. Cancer Res. 2013, 73, 2139–2149. [Google Scholar] [CrossRef] [PubMed]

	



Gibbs, J.B. Mechanism-based target identification and drug discovery in cancer research. Science 2000, 287, 1969–1973. [Google Scholar] [CrossRef] [PubMed]

	



Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823. [Google Scholar] [CrossRef] [PubMed]

	



Moffat, J.G.; Rudolph, J.; Bailey, D. Phenotypic screening in cancer drug discovery—Past, present and future. Nat. Rev. Drug Discov. 2014, 13, 588–602. [Google Scholar] [CrossRef] [PubMed]

	



Middelboe, M.; Traving, S.J.; Castillo, D.; Kalatzis, P.G.; Glud, R.N. Prophage-encoded chitinase gene supports growth of its bacterial host isolated from deep-sea sediments. ISME J. 2025, 19, wraf004. [Google Scholar] [CrossRef] [PubMed]

	



Feiner, R.; Argov, T.; Rabinovich, L.; Sigal, N.; Borovok, I.; Herskovits, A.A. A new perspective on lysogeny: Prophages as active regulatory switches of bacteria. Nat. Rev. Microbiol. 2015, 13, 641–650. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, R.W.; Defeo, D.; Shih, T.Y.; Gonda, M.A.; Young, H.A.; Tsuchida, N.; Lowy, D.R.; Scolnick, E.M. The p21 src genes of Harvey and Kirsten sarcoma viruses originate from divergent members of a family of normal vertebrate genes. Nature 1981, 292, 506–511. [Google Scholar] [CrossRef] [PubMed]

	



Devare, S.G.; Reddy, E.P.; Robbins, K.C.; Andersen, P.R.; Tronick, S.R.; Aaronson, S.A. Nucleotide sequence of the transforming gene of simian sarcoma virus. Proc. Natl. Acad. Sci. USA 1982, 79, 3179–3182. [Google Scholar] [CrossRef] [PubMed]

	



Koonin, E.V.; Senkevich, T.G.; Dolja, V.V. The ancient Virus World and evolution of cells. Biol. Direct 2006, 1, 29. [Google Scholar] [CrossRef] [PubMed]

	



Mughal, F.; Nasir, A.; Caetano-Anollés, G. The origin and evolution of viruses inferred from fold family structure. Arch. Virol. 2020, 165, 2177–2191. [Google Scholar] [CrossRef] [PubMed]

	



Mi, S.; Lee, X.; Li, X.; Veldman, G.M.; Finnerty, H.; Racie, L.; LaVallie, E.; Tang, X.Y.; Edouard, P.; Howes, S.; et al. Syncytin is a captive retroviral envelope protein involved in human placental morphogenesis. Nature 2000, 403, 785–789. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. DAMBE7: New and improved tools for data analysis in molecular biology and evolution. Mol. Biol. Evol. 2018, 35, 1550–1552. [Google Scholar] [CrossRef] [PubMed]

	



Katoh, K.; Asimenos, G.; Toh, H. Multiple alignment of DNA sequences with MAFFT. Methods Mol. Biol. 2009, 537, 39–64. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. Post-Alignment Adjustment and Its Automation. Genes 2021, 12, 1809. [Google Scholar] [CrossRef] [PubMed]

	



Askari Rad, M.; Kruglikov, A.; Xia, X. Three-Way Alignment Improves Multiple Sequence Alignment of Highly Diverged Sequences. Algorithms 2024, 17, 205. [Google Scholar] [CrossRef]

	



Higgins, D.; Lemey, P. Multiple sequence alignment. In The Phylogenetic Handbook; Lemey, P., Salemi, M., Vandamme, A.M., Eds.; Cambridge University Press: Cambridge, UK, 2009; pp. 68–108. [Google Scholar]

	



Edgar, R.C.; Batzoglou, S. Multiple sequence alignment. Curr. Opin. Struct. Biol. 2006, 16, 368–373. [Google Scholar] [CrossRef] [PubMed]

	



Guindon, S.; Lethiec, F.; Duroux, P.; Gascuel, O. PHYML Online—A web server for fast maximum likelihood-based phylogenetic inference. Nucleic Acids Res. 2005, 33, W557–W559. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. Horizontal Gene Transfer and Drug Resistance Involving Mycobacterium tuberculosis. Antibiotics 2023, 12, 1367. [Google Scholar] [CrossRef] [PubMed]

	



Lau, L.; Huganir, R.L. Tyrosine Phosphorylation. In Basic Neurochemistry: Molecular, Cellular and Medical Aspects, 7th ed.; Siegel, G.J., Albers, R.W., Brady, S.T., Price, D.L., Eds.; Academic Press: San Diego, CA, USA, 2006; pp. 415–434. [Google Scholar]

	



Meinnel, T.; Mechulam, Y.; Blanquet, S. Methionine as translation start signal: A review of the enzymes of the pathway in Escherichia coli. Biochimie 1993, 75, 1061–1075. [Google Scholar] [CrossRef] [PubMed]

	



Giglione, C.; Boularot, A.; Meinnel, T. Protein N-terminal methionine excision. Cell. Mol. Life Sci. 2004, 61, 1455–1474. [Google Scholar] [CrossRef] [PubMed]

	



Serero, A.; Giglione, C.; Sardini, A.; Martinez-Sanz, J.; Meinnel, T. An unusual peptide deformylase features in the human mitochondrial N-terminal methionine excision pathway. J. Biol. Chem. 2003, 278, 52953–52963. [Google Scholar] [CrossRef] [PubMed]

	



Giglione, C.; Vallon, O.; Meinnel, T. Control of protein life-span by N-terminal methionine excision. EMBO J. 2003, 22, 13–23. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. The +4G site in Kozak consensus is not related to the efficiency of translation initiation. PLoS ONE 2007, 2, e188. [Google Scholar] [CrossRef] [PubMed]

	



Farazi, T.A.; Waksman, G.; Gordon, J.I. The Biology and Enzymology of Protein N-Myristoylation. J. Biol. Chem. 2001, 276, 39501–39504. [Google Scholar] [CrossRef] [PubMed]

	



Vilas, G.L.; Corvi, M.M.; Plummer, G.J.; Seime, A.M.; Lambkin, G.R.; Berthiaume, L.G. Posttranslational myristoylation of caspase-activated p21-activated protein kinase 2 (PAK2) potentiates late apoptotic events. Proc. Natl. Acad. Sci. USA 2006, 103, 6542–6547. [Google Scholar] [CrossRef] [PubMed]

	



Sakurai, N.; Utsumi, T. Posttranslational N-myristoylation is required for the anti-apoptotic activity of human tGelsolin, the C-terminal caspase cleavage product of human gelsolin. J. Biol. Chem. 2006, 281, 14288–14295. [Google Scholar] [CrossRef] [PubMed]

	



Rowe, D.C.; McGettrick, A.F.; Latz, E.; Monks, B.G.; Gay, N.J.; Yamamoto, M.; Akira, S.; O’Neill, L.A.; Fitzgerald, K.A.; Golenbock, D.T. The myristoylation of TRIF-related adaptor molecule is essential for Toll-like receptor 4 signal transduction. Proc. Natl. Acad. Sci. USA 2006, 103, 6299–6304. [Google Scholar] [CrossRef] [PubMed]

	



de Vries, J.S.; Andriotis, V.M.; Wu, A.J.; Rathjen, J.P. Tomato Pto encodes a functional N-myristoylation motif that is required for signal transduction in Nicotiana benthamiana. Plant J. 2006, 45, 31–45. [Google Scholar] [PubMed]

	



Harkins, S.; Cornell, C.T.; Whitton, J.L. Analysis of translational initiation in coxsackievirus B3 suggests an alternative explanation for the high frequency of R+4 in the eukaryotic consensus motif. J. Virol. 2005, 79, 987–996. [Google Scholar] [CrossRef] [PubMed]

	



Robert-Seilaniantz, A.; Shan, L.; Zhou, J.M.; Tang, X. The pseudomonas syringae pv. tomato DC3000 Type III effector HopF2 has a putative myristoylation site required for its avirulence and virulence functions. Mol. Plant Microbe Interact. 2006, 19, 130–138. [Google Scholar] [CrossRef] [PubMed]

	



Bentham, M.; Mazaleyrat, S.; Harris, M. Role of myristoylation and N-terminal basic residues in membrane association of the human immunodeficiency virus type 1 Nef protein. J. Gen. Virol. 2006, 87, 563–571. [Google Scholar] [CrossRef] [PubMed]

	



Breuer, S.; Gerlach, H.; Kolaric, B.; Urbanke, C.; Opitz, N.; Geyer, M. Biochemical indication for myristoylation-dependent conformational changes in HIV-1 Nef. Biochemistry 2006, 45, 2339–2349. [Google Scholar] [CrossRef] [PubMed]

	



Provitera, P.; El-Maghrabi, R.; Scarlata, S. The effect of HIV-1 Gag myristoylation on membrane binding. Biophys. Chem. 2006, 119, 23–32. [Google Scholar] [CrossRef] [PubMed]

	



Brown, M.T.; Cooper, J.A. Regulation, substrates and functions of src. Biochim. Biophys. Acta 1996, 1287, 121–149. [Google Scholar] [CrossRef] [PubMed]

	



Broome, M.A.; Hunter, T. Requirement for c-Src catalytic activity and the SH3 domain in platelet-derived growth factor BB and epidermal growth factor mitogenic signaling. J. Biol. Chem. 1996, 271, 16798–16806. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, D.; Agochiya, M.; Samejima, K.; Earnshaw, W.; Frame, M.; Wyke, J. Regulation of both apoptosis and cell survival by the v-Src oncoprotein. Cell Death Differ. 2000, 7, 685–696. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, C.; Moran, M.; McCormick, F.; Pawson, T. Phosphorylation of GAP and GAP-associated proteins by transforming and mitogenic tyrosine kinases. Nature 1990, 343, 377–381. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, J.A.; Gould, K.L.; Cartwright, C.A.; Hunter, T. Tyr527 is phosphorylated in pp60c-src: Implications for regulation. Science 1986, 231, 1431–1434. [Google Scholar] [CrossRef] [PubMed]

	



Nada, S.; Okada, M.; MacAuley, A.; Cooper, J.A.; Nakagawa, H. Cloning of a complementary DNA for a protein-tyrosine kinase that specifically phosphorylates a negative regulatory site of p60c-src. Nature 1991, 351, 69–72. [Google Scholar] [CrossRef] [PubMed]

	



Okada, M.; Nakagawa, H. Identification of a novel protein tyrosine kinase that phosphorylates pp60c-src and regulates its activity in neonatal rat brain. Biochem. Biophys. Res. Commun. 1988, 154, 796–802. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Harrison, S.C.; Eck, M.J. Three-dimensional structure of the tyrosine kinase c-Src. Nature 1997, 385, 595–602. [Google Scholar] [CrossRef] [PubMed]

	



Young, M.A.; Gonfloni, S.; Superti-Furga, G.; Roux, B.; Kuriyan, J. Dynamic coupling between the SH2 and SH3 domains of c-Src and Hck underlies their inactivation by C-terminal tyrosine phosphorylation. Cell 2001, 105, 115–126. [Google Scholar] [CrossRef] [PubMed]

	



Cowan-Jacob, S.W.; Fendrich, G.; Manley, P.W.; Jahnke, W.; Fabbro, D.; Liebetanz, J.; Meyer, T. The crystal structure of a c-Src complex in an active conformation suggests possible steps in c-Src activation. Structure 2005, 13, 861–871. [Google Scholar] [CrossRef] [PubMed]

	



Boczek, E.E.; Luo, Q.; Dehling, M.; Röpke, M.; Mader, S.L.; Seidl, A.; Kaila, V.R.I.; Buchner, J. Autophosphorylation activates c-Src kinase through global structural rearrangements. J. Biol. Chem. 2019, 294, 13186–13197. [Google Scholar] [CrossRef] [PubMed]

	



Parker, R.C.; Varmus, H.E.; Bishop, J.M. Cellular homologue (c-src) of the transforming gene of Rous sarcoma virus: Isolation, mapping, and transcriptional analysis of c-src and flanking regions. Proc. Natl. Acad. Sci. USA 1981, 78, 5842–5846. [Google Scholar] [CrossRef] [PubMed]

	



Czernilofsky, A.P.; Levinson, A.D.; Varmus, H.E.; Bishop, J.M.; Tischer, E.; Goodman, H.M. Nucleotide sequence of an avian sarcoma virus oncogene (src) and proposed amino acid sequence for gene product. Nature 1980, 287, 198–203. [Google Scholar] [CrossRef] [PubMed]

	



Smart, J.E.; Oppermann, H.; Czernilofsky, A.P.; Purchio, A.F.; Erikson, R.L.; Bishop, J.M. Characterization of sites for tyrosine phosphorylation in the transforming protein of Rous sarcoma virus (pp60v-src) and its normal cellular homologue (pp60c-src). Proc. Natl. Acad. Sci. USA 1981, 78, 6013–6017. [Google Scholar] [CrossRef] [PubMed]

	



Rudd, C.E.; Trevillyan, J.M.; Dasgupta, J.D.; Wong, L.L.; Schlossman, S.F. The CD4 receptor is complexed in detergent lysates to a protein-tyrosine kinase (pp58) from human T lymphocytes. Proc. Natl. Acad. Sci. USA 1988, 85, 5190–5194. [Google Scholar] [CrossRef] [PubMed]

	



Wheeler, D.L.; Iida, M.; Dunn, E.F. The role of Src in solid tumors. Oncologist 2009, 14, 667–678. [Google Scholar] [CrossRef] [PubMed]

	



Swanstrom, R.; Parker, R.C.; Varmus, H.E.; Bishop, J.M. Transduction of a cellular oncogene: The genesis of Rous sarcoma virus. Proc. Natl. Acad. Sci. USA 1983, 80, 2519–2523. [Google Scholar] [CrossRef] [PubMed]

	



Takeya, T.; Hanafusa, H. DNA sequence of the viral and cellular src gene of chickens. II. Comparison of the src genes of two strains of avian sarcoma virus and of the cellular homolog. J. Virol. 1982, 44, 12–18. [Google Scholar] [CrossRef] [PubMed]

	



Stehelin, D.; Varmus, H.E.; Bishop, J.M.; Vogt, P.K. DNA related to the transforming gene(s) of avian sarcoma viruses is present in normal avian DNA. Nature 1976, 260, 170–173. [Google Scholar] [CrossRef] [PubMed]

	



Gray, M.W. The evolutionary origins of organelles. Trends Genet. 1989, 5, 294–299. [Google Scholar] [CrossRef] [PubMed]

	



Gray, M.W. Origin and evolution of mitochondrial DNA. Annu. Rev. Cell Biol. 1989, 5, 25–50. [Google Scholar] [CrossRef]

	



Lane, N.; Martin, W. The energetics of genome complexity. Nature 2010, 467, 929–934. [Google Scholar] [CrossRef] [PubMed]

	



Gray, M.W. Mitochondrial Evolution. Cold Spring Harb. Perspect. Biol. 2012, 4, a011403. [Google Scholar] [CrossRef] [PubMed]

	



Keeling, P.J.; Doolittle, W.F. Evidence that eukaryotic triosephosphate isomerase is of alpha- proteobacterial origin. Proc. Natl. Acad. Sci. USA 1997, 94, 1270–1275. [Google Scholar] [CrossRef] [PubMed]

	



Koonin, E.V. The origin and early evolution of eukaryotes in the light of phylogenomics. Genome Biol. 2010, 11, 209. [Google Scholar] [CrossRef] [PubMed]

	



Liaud, M.-F.; Lichtlé, C.; Apt, K.; Martin, W.; Cerff, R. Compartment-Specific Isoforms of TPI and GAPDH are Imported into Diatom Mitochondria as a Fusion Protein: Evidence in Favor of a Mitochondrial Origin of the Eukaryotic Glycolytic Pathway. Mol. Biol. Evol. 2000, 17, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Johnsson, A.; Heldin, C.H.; Wasteson, A.; Westermark, B.; Deuel, T.F.; Huang, J.S.; Seeburg, P.H.; Gray, A.; Ullrich, A.; Scrace, G. The c-sis gene encodes a precursor of the B chain of platelet-derived growth factor. EMBO J. 1984, 3, 921–928. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, J.D.; Raines, E.W.; Ross, R.; Murray, M.J. The B chain of PDGF alone is sufficient for mitogenesis. EMBO J. 1985, 4, 3399–3405. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.Y.; Williams, L.T. A v-sis oncogene protein produced in bacteria competes for platelet-derived growth factor binding to its receptor. J. Biol. Chem. 1984, 259, 10645–10648. [Google Scholar] [CrossRef]

	



Bejcek, B.E.; Li, D.Y.; Deuel, T.F. Transformation by v-sis occurs by an internal autoactivation mechanism. Science 1989, 245, 1496–1499. [Google Scholar] [CrossRef] [PubMed]

	



Bejcek, B.E.; Hoffman, R.M.; Lipps, D.; Li, D.Y.; Mitchell, C.A.; Majerus, P.W.; Deuel, T.F. The v-sis oncogene product but not platelet-derived growth factor (PDGF) A homodimers activate PDGF alpha and beta receptors intracellularly and initiate cellular transformation. J. Biol. Chem. 1992, 267, 3289–3293. [Google Scholar] [CrossRef]

	



Huang, J.S.; Huang, S.S.; Deuel, T.F. Transforming protein of simian sarcoma virus stimulates autocrine growth of SSV-transformed cells through PDGF cell-surface receptors. Cell 1984, 39, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Ostman, A.; Heldin, C.H. Involvement of platelet-derived growth factor in disease: Development of specific antagonists. Adv. Cancer Res. 2001, 80, 1–38. [Google Scholar] [CrossRef] [PubMed]

	



Riva, P.; Larizza, L. Expression of c-sis and c-fos genes in human meningiomas and neurinomas. Int. J. Cancer 1992, 51, 873–877. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Xu, R.; Jin, Y.; Wang, D. Triplex targeting of human PDGF-B (c-sis, proto-oncogene) promoter specifically inhibits factors binding and PDGF-B transcription. Nucleic Acids Res. 2001, 29, 783–791. [Google Scholar] [CrossRef] [PubMed]

	



Silver, B.J. Platelet-derived growth factor in human malignancy. Biofactors 1992, 3, 217–227. [Google Scholar] [PubMed]

	



Heller, S.; Scheibenpflug, L.; Westermark, B.; Nistér, M. PDGF B mRNA variants in human tumors with similarity to the v-sis oncogene: Expression of cellular PDGF B protein is associated with exon 1 divergence, but not with a 3′UTR splice variant. Int. J. Cancer 2000, 85, 211–222. [Google Scholar] [CrossRef]

	



Dutta, A.; Wang, L.H.; Hanafusa, T.; Hanafusa, H. Partial nucleotide sequence of Rous sarcoma virus-29 provides evidence that the original Rous sarcoma virus was replication defective. J. Virol. 1985, 55, 728–735. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, L.G.; Deinhardt, F.; Theilen, G.H.; Rabin, H.; Kawakami, T.; Bustad, L.K. Induction of tumors in marmoset monkeys by simian sarcoma virus, type 1 (Lagothrix): A preliminary report. J. Natl. Cancer Inst. 1971, 47, 1115–1120. [Google Scholar] [CrossRef]

	



Wolfe, L.G.; Smith, R.K.; Deinhardt, F. Simian sarcoma virus, type 1 (Lagothrix): Focus assay and demonstration of nontransforming associated virus. J. Natl. Cancer Inst. 1972, 48, 1905–1908. [Google Scholar] [CrossRef]

	



Gelmann, E.P.; Wong-Staal, F.; Kramer, R.A.; Gallo, R.C. Molecular cloning and comparative analyses of the genomes of simian sarcoma virus and its associated helper virus. Proc. Natl. Acad. Sci. USA 1981, 78, 3373–3377. [Google Scholar] [CrossRef] [PubMed]

	



Yatsula, B.A.; Geryk, J.; Briestanska, J.; Karakoz, I.; Svoboda, J.; Rynditch, A.V.; Calothy, G.; Dezélée, P. Origin and evolution of the c-src-transducing avian sarcoma virus PR2257. J. Gen. Virol. 1994, 75, 2777–2781. [Google Scholar] [CrossRef] [PubMed]

	



Porzig, K.J.; Robbins, K.C.; Aaronson, S.A. Cellular regulation of mammalian sarcoma virus expression: A gene regulation model for oncogenesis. Cell 1979, 16, 875–884. [Google Scholar] [CrossRef] [PubMed]

	



Lounková, A.; Dráberová, E.; Šenigl, F.; Trejbalová, K.; Geryk, J.; Hejnar, J.; Svoboda, J. Molecular Events Accompanying Rous Sarcoma Virus Rescue from Rodent Cells and the Role of Viral Gene Complementation. J. Virol. 2014, 88, 3505–3515. [Google Scholar] [CrossRef] [PubMed]

	



Nunn, M.; Chan, S.; Duesberg, P.H. Complete env gene deletions of three replication-defective strains of Rous sarcoma virus and a model for the origin of their genetic structures. Virology 1984, 134, 466–471. [Google Scholar] [CrossRef] [PubMed]

	



Singh, J.P.; Chaikin, M.A.; Stiles, C.D. Phylogenetic analysis of platelet-derived growth factor by radio-receptor assay. J. Cell Biol. 1982, 95, 667–671. [Google Scholar] [CrossRef] [PubMed]

	



LaRochelle, W.J.; Jeffers, M.; McDonald, W.F.; Chillakuru, R.A.; Giese, N.A.; Lokker, N.A.; Sullivan, C.; Boldog, F.L.; Yang, M.; Vernet, C.; et al. PDGF-D, a new protease-activated growth factor. Nat. Cell Biol. 2001, 3, 517–521. [Google Scholar] [CrossRef] [PubMed]

	



Bannert, N.; Kurth, R. The evolutionary dynamics of human endogenous retroviral families. Annu. Rev. Genom. Hum. Genet. 2006, 7, 149–173. [Google Scholar] [CrossRef] [PubMed]

	



Blond, J.L.; Besème, F.; Duret, L.; Bouton, O.; Bedin, F.; Perron, H.; Mandrand, B.; Mallet, F. Molecular characterization and placental expression of HERV-W, a new human endogenous retrovirus family. J. Virol. 1999, 73, 1175–1185. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, R.P.; Wildschutte, J.H.; Russo, C.; Coffin, J.M. Identification, characterization, and comparative genomic distribution of the HERV-K (HML-2) group of human endogenous retroviruses. Retrovirology 2011, 8, 90. [Google Scholar] [CrossRef] [PubMed]

	



Ono, M.; Matsuzawa, H.; Ohta, T. Nucleotide sequence and characteristics of the gene for L-lactate dehydrogenase of Thermus aquaticus YT-1 and the deduced amino acid sequence of the enzyme. J. Biochem. 1990, 107, 21–26. [Google Scholar] [CrossRef] [PubMed]

	



Ono, M.; Kawakami, M.; Ushikubo, H. Stimulation of expression of the human endogenous retrovirus genome by female steroid hormones in human breast cancer cell line T47D. J. Virol. 1987, 61, 2059–2062. [Google Scholar] [CrossRef] [PubMed]

	



Komurian-Pradel, F.; Paranhos-Baccala, G.; Bedin, F.; Ounanian-Paraz, A.; Sodoyer, M.; Ott, C.; Rajoharison, A.; Garcia, E.; Mallet, F.; Mandrand, B.; et al. Molecular Cloning and Characterization of MSRV-Related Sequences Associated with Retrovirus-like Particles. Virology 1999, 260, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Blaise, S.; Ruggieri, A.; Dewannieux, M.; Cosset, F.L.; Heidmann, T. Identification of an envelope protein from the FRD family of human endogenous retroviruses (HERV-FRD) conferring infectivity and functional conservation among simians. J. Virol. 2004, 78, 1050–1054. [Google Scholar] [CrossRef] [PubMed]

	



Bao, C.; Gao, Q.; Xiang, H.; Shen, Y.; Chen, Q.; Gao, Q.; Cao, Y.; Zhang, M.; He, W.; Mao, L. Human endogenous retroviruses and exogenous viral infections. Front. Cell. Infect. Microbiol. 2024, 14, 1439292. [Google Scholar] [CrossRef] [PubMed]

	



Ploegh, H.L. Viral Strategies of Immune Evasion. Science 1998, 280, 248–253. [Google Scholar] [CrossRef] [PubMed]

	



Eddy, S.R. The C-value paradox, junk DNA and ENCODE. Curr. Biol. 2012, 22, R898–R899. [Google Scholar] [CrossRef] [PubMed]

	



Palazzo, A.F.; Gregory, T.R. The case for junk DNA. PLoS Genet. 2014, 10, e1004351. [Google Scholar] [CrossRef] [PubMed]

	



Bonnaud, B.; Beliaeff, J.; Bouton, O.; Oriol, G.; Duret, L.; Mallet, F. Natural history of the ERVWE1 endogenous retroviral locus. Retrovirology 2005, 2, 57. [Google Scholar] [CrossRef] [PubMed]

	



Bonnaud, B.; Bouton, O.; Oriol, G.; Cheynet, V.; Duret, L.; Mallet, F. Evidence of selection on the domesticated ERVWE1 env retroviral element involved in placentation. Mol. Biol. Evol. 2004, 21, 1895–1901. [Google Scholar] [CrossRef] [PubMed]

	



Mallet, F.; Bouton, O.; Prudhomme, S.; Cheynet, V.; Oriol, G.; Bonnaud, B.; Lucotte, G.; Duret, L.; Mandrand, B. The endogenous retroviral locus ERVWE1 is a bona fide gene involved in hominoid placental physiology. Proc. Natl. Acad. Sci. USA 2004, 101, 1731–1736. [Google Scholar] [CrossRef] [PubMed]

	



Priščáková, P.; Svoboda, M.; Feketová, Z.; Hutník, J.; Repiská, V.; Gbelcová, H.; Gergely, L. Syncytin-1, syncytin-2 and suppressyn in human health and disease. J. Mol. Med. 2023, 101, 1527–1542. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Mak, J.; Ladha, A.; Cohen, E.; Klein, M.; Rovinski, B.; Kleiman, L. Identification of tRNAs incorporated into wild-type and mutant human immunodeficiency virus type 1. J. Virol. 1993, 67, 3246–3253. [Google Scholar] [CrossRef] [PubMed]

	



Marquet, R.; Isel, C.; Ehresmann, C.; Ehresmann, B. tRNAs as primer of reverse transcriptases. Biochimie 1995, 77, 113–124. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.-S.; Takenaka, O.; Crow, T.J. Isolation and phylogeny of endogenous retrovirus sequences belonging to the HERV-W family in primates. J. Gen. Virol. 1999, 80, 2613–2619. [Google Scholar] [CrossRef] [PubMed]

	



Frith, M.C. Further varieties of ancient endogenous retrovirus in human DNA. Mob. DNA 2025, 16, 11. [Google Scholar] [CrossRef] [PubMed]

	



Frendo, J.L.; Olivier, D.; Cheynet, V.; Blond, J.L.; Bouton, O.; Vidaud, M.; Rabreau, M.; Evain-Brion, D.; Mallet, F. Direct involvement of HERV-W Env glycoprotein in human trophoblast cell fusion and differentiation. Mol. Cell. Biol. 2003, 23, 3566–3574. [Google Scholar] [CrossRef] [PubMed]

	



Sugimoto, J.; Sugimoto, M.; Bernstein, H.; Jinno, Y.; Schust, D. A novel human endogenous retroviral protein inhibits cell-cell fusion. Sci. Rep. 2013, 3, 1462. [Google Scholar] [CrossRef] [PubMed]

	



Perron, H.; Jouvin-Marche, E.; Michel, M.; Ounanian-Paraz, A.; Camelo, S.; Dumon, A.; Jolivet-Reynaud, C.; Marcel, F.; Souillet, Y.; Borel, E.; et al. Multiple sclerosis retrovirus particles and recombinant envelope trigger an abnormal immune response in vitro, by inducing polyclonal Vbeta16 T-lymphocyte activation. Virology 2001, 287, 321–332. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Subramanian, S. Mutation rates in mammalian genomes. Proc. Natl. Acad. Sci. USA 2002, 99, 803–808. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. On Rooting and Dating Viral Trees with a Changing Evolutionary Rate Following Host-Switching. Genome Biol. Evol. 2025, 17, evaf134. [Google Scholar] [CrossRef] [PubMed]

	



Fujinami, R.S.; Libbey, J.E. Endogenous retroviruses: Are they the cause of multiple sclerosis? Trends Microbiol. 1999, 7, 263–264. [Google Scholar] [CrossRef] [PubMed]

	



Cornelis, G.; Heidmann, O.; Degrelle, S.A.; Vernochet, C.; Lavialle, C.; Letzelter, C.; Bernard-Stoecklin, S.; Hassanin, A.; Mulot, B.; Guillomot, M.; et al. Captured retroviral envelope syncytin gene associated with the unique placental structure of higher ruminants. Proc. Natl. Acad. Sci. USA 2013, 110, E828–E837. [Google Scholar] [CrossRef] [PubMed]

	



Redelsperger, F.; Cornelis, G.; Vernochet, C.; Tennant, B.C.; Catzeflis, F.; Mulot, B.; Heidmann, O.; Heidmann, T.; Dupressoir, A. Capture of syncytin-Mar1, a fusogenic endogenous retroviral envelope gene involved in placentation in the Rodentia squirrel-related clade. J. Virol. 2014, 88, 7915–7928. [Google Scholar] [CrossRef] [PubMed]

	



Sugimoto, J.; Schust, D.J.; Sugimoto, M.; Jinno, Y.; Kudo, Y. Controlling Trophoblast Cell Fusion in the Human Placenta-Transcriptional Regulation of Suppressyn, an Endogenous Inhibitor of Syncytin-1. Biomolecules 2023, 13, 1627. [Google Scholar] [CrossRef] [PubMed]

	



Frank, J.A.; Singh, M.; Cullen, H.B.; Kirou, R.A.; Benkaddour-Boumzaouad, M.; Cortes, J.L.; Garcia Pérez, J.; Coyne, C.B.; Feschotte, C. Evolution and antiviral activity of a human protein of retroviral origin. Science 2022, 378, 422–428. [Google Scholar] [CrossRef] [PubMed]

	



Xia, X. Domains and Functions of Spike Protein in SARS-COV-2 in the Context of Vaccine Design. Viruses 2021, 13, 109. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Suleski, M.; Hedges, S.B. TimeTree: A Resource for Timelines, Timetrees, and Divergence Times. Mol. Biol. Evol. 2017, 34, 1812–1819. [Google Scholar] [CrossRef] [PubMed]

	



Radha, G.; Lopus, M. The spontaneous remission of cancer: Current insights and therapeutic significance. Transl. Oncol. 2021, 14, 101166. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.B. Spontaneous Tumor Regression and Reversion: Insights and Associations with Reduced Dietary Phosphate. Cancers 2024, 16, 2126. [Google Scholar] [CrossRef] [PubMed]

	



Jessy, T. Immunity over inability: The spontaneous regression of cancer. J. Nat. Sci. Biol. Med. 2011, 2, 43–49. [Google Scholar] [CrossRef] [PubMed]

	



Dittmar, T.; Hass, R. Intrinsic signalling factors associated with cancer cell-cell fusion. Cell Commun. Signal. 2023, 21, 68. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Shi, Y.; Bian, Q.; Zhang, N.; Wang, M.; Wang, J.; Li, X.; Lai, L.; Zhao, Z.; Yu, H. Molecular mechanisms of syncytin-1 in tumors and placental development related diseases. Discov. Oncol. 2023, 14, 104. [Google Scholar] [CrossRef] [PubMed]

	



Yan, T.-L.; Wang, M.; Xu, Z.; Huang, C.-M.; Zhou, X.-C.; Jiang, E.-H.; Zhao, X.-P.; Song, Y.; Song, K.; Shao, Z.; et al. Up-regulation of syncytin-1 contributes to TNF-α-enhanced fusion between OSCC and HUVECs partly via Wnt/β-catenin-dependent pathway. Sci. Rep. 2017, 7, 40983. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 15 00972 g001] 





Figure 1. Domain structure (above the X-axis) and protein isoelectric point (pI) profile of c-Src from two avian species (chicken and quail) and v-Src from Rous sarcoma virus. pI values are plotted along a sliding window of 80 residues. A point at X-axis of 102 is calculated from window spanning sites 63 to 142. The chicken and quail c-Src proteins have 533 residues structured into four domains (SH1, SH2, SH3, and SH4, as well as a unique region (UR) between SH3 and SH4. The two numbers at the two ends of each domain indicate the approximate domain boundaries. The C-terminus of v-Src (red) is nearly neutral in contract to the acidic C-terminus of c-Src. 
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Figure 2. Phylogenetic tree of c-Src from major tetrapod taxa and v-Src represented by Rous sarcoma virus (colored red). The phylogenetic reconstruction is based on aligned amino acid sequences corresponding to sites 1–516 of c-Src from the chicken (NC_052551, Gallus gallus). Major taxonomic groups are shaded and labeled. Sequence names are in the form of “GenBank accession”_”species name”. One branch length (0.05275 in pink) was labeled to serve as a scale bar. 
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Figure 3. Homology between the 3′-UTR of v-Src (four nucleotides after the stop codon) and the noncoding region upstream of the 3′ long-terminal-repeat of avian carcinoma virus (ACV MH2) (NC_001402, sites 2064–2185). The two purines share similar colors, so do the two pyrimidines. Identical sites are indicated by “*”. 
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Figure 4. Alignment between v-sis from woolly monkey sarcoma virus (Accession NC_009424.5) and PDGF-B from Saimiri boliviensis (Accession NC_133469). The yellow-shaded region is the GC-rich regulatory sequence. Also shaded are the start and stop codons. Identical sites are indicated by “*”. 
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Figure 5. Phylogenetic tree of PDGF-B from major primate taxa and v-sis from woolly monkey sarcoma virus (colored in red). The phylogenetic reconstruction is based on aligned nucleotide sequences corresponding to sites 92–756 in Figure 4. Major taxonomic groups are shaded and labeled. Sequence names are in the form of “GenBank accession”_”species name”. One branch length (0.088 in red) was labeled to serve as a scale bar. 
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Figure 6. Phylogenetic tree of all orthologous ERVW-1 encoding syncytin-1 from the NCBI Orthologs database, plus four sequences from human MSRV (multiple sclerosis-associated retrovirus, with three colored red and one colored blue), all being derived from the env gene of ERV-W lineages. The phylogenetic reconstruction is based on aligned coding sequences. Major taxonomic groups are shaded and labeled. Sequence names are in the form of “GenBank accession”_”species name”. Bootstrap support values greater than 0.5 are labeled next to the node. One branch length (0.5805 in pink) was labeled to serve as a scale bar. 
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Figure 7. Phylogenetic tree of all 23 mammalian orthologous ERVH48-1 encoding suppressyn from the NCBI Orthologs database. The phylogenetic reconstruction is based on aligned amino acid sequences. Major taxonomic groups are shaded and labeled. Sequence names are in the form of “GenBank accession”_”species name”. Bootstrap support values greater than 0.5 are labeled next to the node. One branch length (0.1063 in pink) was labeled to serve as a scale bar. The tree was mid-point-rooted to facilitate visualization. 






Figure 7. Phylogenetic tree of all 23 mammalian orthologous ERVH48-1 encoding suppressyn from the NCBI Orthologs database. The phylogenetic reconstruction is based on aligned amino acid sequences. Major taxonomic groups are shaded and labeled. Sequence names are in the form of “GenBank accession”_”species name”. Bootstrap support values greater than 0.5 are labeled next to the node. One branch length (0.1063 in pink) was labeled to serve as a scale bar. The tree was mid-point-rooted to facilitate visualization.



[image: Biology 15 00972 g007]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file13.jpg
P ——

P r———
P e—
[ —————

por—

Pr———
[Ere——

T —





media/file4.png
©_053500_Rana_temporaria
NC_053394_Bufo_bufo
wed Amphibians

030686_Xenopus_ troplcalls
C_044038_Microcaecilia_unicolor

Lo 041611_Rhinatrema_hiviﬂatum
NW_024465894_Ochotona_curzoniae
_Choloepus_( dldactvl
idel

2_| Desmodns _rotundus
NW 026695222_Marmota_monax
70852_Dipodomys_spectabilis
NC 091705 Equus caball
s_tephrosceles
ca_t mulana
NC 133506 Calllthrlia:: us
bates_moloch

&

NC_000020_Homo_sapien:
51 Arvlcola amphi
13079_Mit

Eutherians
F3 1
s
o
2
3

&
S
=)
&
'
=
s
2,

D

_043711_Suricata_suricat!
NC_045602_ Zalc hus_ :allfcmlanlls
tus

NC_058412_Neom nachus schaumslandl
NC_080023_Manis_pentadactyl
5399_Moloss

0.05275 =
_Phyllostomus_discolor

s_myo
Rhinolopl hus ;_ferrumequinum
NW_023425562, Plplstrellus kuhlii
NC_066377_Cygnu
NC_045574_Aythya_f full ula
24962288_Lagopus_leucura
NC_052551_Gallus_gallus
NC_029535_t Cutumlx japonica
NW_024885158_Centrocercus_urophasi
C_001407_Rous_sarcoma_virus
NW_014650639_Sturnus_vulgaris
NC_053465_Hirundo_rustica
NW_019776521_Cyanistes_caeruleus
NW_024580668_Corvus_kubaryi

Birds

us_
NC. oszsss Ma uremys reevesii Reptiles

el = NCIDSODRA M
~ NC_050080 Dermochelys coriacea





nav.xhtml


  biology-15-00972


  
    		
      biology-15-00972
    


  




  





media/file2.png
V-Src (NC_052551) and Coturnix japonica
i / (NC_029535) overlap

Protein isoelectric point (pl)
> N o o

e

1417 UR 80 81 SH3 145 | 151 SH2 248 QPLy SH1

2 102 202 302 402
Mid-window site





media/file5.jpg
v-Sre
ACV_MH2

v-sre
ACV_MH2

GAGGCGTGACCTACAAT TGCTCARATAATGCT TCTGTAGARATIGT TTAGCATTAGGCGTCC
GAGGCTTGACCTACAATTGTTCARATARTGCTTCTGTAGARA - TCTTTAGCATTAGGCATCT

TGCGTTGCTCCGCGATGTACGGGTCACGTATARTGTGCAGTTTGACTGAGGGGACCATGAT
TGCGCTGCTCOGCGATGTACGGGTCAGGTATANTGTGCAGT TTGACTGAGGGGACCATGAT





media/file3.jpg
NC_053500_Rana_temporaria
NE 053394 Buto_buto
~ NC_030686 Xenopus_tropicals Amphibians
NC_044038_Microcaeclla_unicolor

NC_042622_Rhinatrema_bivittatum
NW_024465894_Ochotons_ cursonise

NC_051325_Cholospus,_ddactylus

NC_045777_Phocoena_sinus
NW_022085023_Delphinapterus_leucas
NC_045799_Balaenoptera_musculus

NC_0a73t0_gos
Ne_010i55.5us_srofa
NC_071352_Desmadus rotundus
NW_026685222_Marmota_monax
W_024870852_Dipodomys spctabils
NE.031705 Equus_ cabats
NC.045453_Piocolobus_tephrscees
Ne_133415_ Macaca_multta
NC_133506 Callthrijachus
NW_026652296_Hylobates_moloch
NC_000020_Homo_sapiens
NC.052051_Aricols_amphiios
NW_024543075_Microus oregont
NC_083352 Merkones st
NC_034s71 as._carol
NA_02156857_Mastomys_coucha
NW_021620408_Grammonys surdster
[ mp—
034552 Mus_pahar
NW_008357524 Nannospalx ol
C.051066_Peromyss lucopus
NW_022631163_Lonrs.cansdenss
NC 083711 Surcats,_surkata
NC_045602_Zalophus_calformianus
NC_os33as_AcnonysJubatus
w_o240a0es7_wyaensnyaena
N_056412_Neomonchus._schauisiandi
NC.080023_wais_pentadactyla
NW_023425359 Molosss molossus
NW_023416287_Rousetts_ segyptiacss
NW_026521524 Avieus Jamacensis
C_os0s11_phylstomus_disclor
NW_015504755_Miioptrus._natlesis
073416401 Myotsmyots
NC.046306_Bhinclophus_ferumecuinum
NW_023425562_Pipisrelus_kuhi
NC_06637_ygnus_steaus
NC_04578_Aytys._ ol
W 026362285, Lagopus_leveurs
Ne_os2s51_Gllus_galus
NC_029535_Coturni aponica
NW_024885158_Cantocercus_ uophasianus
NC 001407 Rous_sarcom. i
014650635 Sturnus_wigaris
053465 indo_rustica
W 019776521 Cpanstes_caenleus
NW_024580668_Corvus i
NW_015030832_Cals_pugnax
NC_054063_Faco_naumann
NC_otses3_Chirxiphia_lanceaata
NC_088006_Aquls._chysotes.chryssetos
NC_088113 Dramala novasholandise
020664584 Termapene rnguis
| N0 Gopheru. evoote
NE_052635 Mauremys reevesi Reptiles
4C.053084_Mauremys mutica
NC_05000._Dermohelys_coracea

Eutherians

0.05275

Birds






media/file1.jpg
s for -5 fom Galus gllas
Vi a te

(NC_052551)and Coturnixjoponica
u (NC_029535) overtap.

0

, OO e e s o

2 102 P a0z 2 s
a—





media/file7.jpg
VB A ARG G CANCGAS AN IARAACECECA
socrs _wcm'xum«ccmmﬂmmmmcmmmmumm
100 110 120 190 110 150 160

s - ! 1
V=848 CCICACCIOICAGGIGTACCCCATICCIGAGSAGCICTRTAAGATOCHGAGTIGCCACTCOATOCGCTCCTIICIATOACE
POGPR oA CEAG10CACE A CE AT IAGICUA L ATRUIC IGAGUIGCCACUCTA G G GAIOACE

v-aie
e

280 200 200
e e e
v-848 GOCTACGTAGAACIIGaCUOS GG AAAAGSAGC CIGATICCCIGAGCaIGCCCARCCAGCCATGAUIGCCOAGUS
PDGEB. G0COAGCUITAGAGUGNGOCUCIUGOTATAAGIAGCCUIIOUICCCUGAICAUTIGCCGAGCCAGCCACAUCGCUOAGEG

V-8 CAAACACGAACCOAO U COAGA I CCaT CaCCUCA I COACCICACCAAGCCAC I CCUG IGUCRRCOET
OGP AN G A COA Sl oA A CCC3aCGOCT N COACCICACCAACSCCANC B3 UBUAC00ECT

v-ste
ey

veaie
Poors

70 500 590 00 610 20 20 610
1o ]oeac | .
oL ARG A A GRS NG AN CCE oA CECAGHSCACECACCENAACER
soces

i

S

V-8 ARG ACCA CCaACa G A CCTCaECCCCCANGGICANCACCOGAARGCAAGEACACTCAT
PGP CCCAAACUCG0UTACCAUCCGaA G I3 CTATCCICCSaCCCOCCARGGGCAAGCACCGGRRAICARCACACECA

70 40 750 760 70 780 90 a00
|- | 1
v-sis GACRAGACOICACIOAAGGAGACCCUCOIAGC N COOCAGGAAAIN GG ICAACORTCICEIACCHTETS
POGPR GACAAGAUIGCACUTAAGGAGACCCIC CAUCAGCAOAGAGUGUGGICAGOVGA






media/file10.png
NW_022437106_Sapajus_apell

NW_016107485_Cebus_imitator
NW_026988491_Aotus_nancy!

New-World monkeys
Woolly_monkey_SV
09424.5_Woolly_monkey_SV

009424
NC_133469_Saimiri_boliviensis
IC_133502_Callithrix_jacchus
s

NC_
NC_085931_Pongo_pygmaeu:
NC_085929_Pongo_al

_abelii
NC_072440_Symphalangus_syndactylus
IC_044387_Nomascus_leucogenys

NW_026652294_Hylobates_moloch
NC_085927_Pan_paniscus
NC_086016_Pan_troglodytes
NC_000022_Homo

Apes
_sapiens
NC_086018 Gonlla_gorllla_gorllla
NC_044991_Papio_al is
NC 037678_Therop|thecus_gelada
NW_012102031_Mandrillus_leucophaeus
NW_022681459_Trachypithecus_francoisi
NC_044561_Rhinopithecus_roxellana
NC_045452_Piliocolobus_tephrosceles Old-World monkeys
NC_065587_Macaca_thibetan:
NC_133415_Macaca_mulatta
NC_132922_Chlorocebus_sabaeus

4113_Microcebus_murinus
NW_012136747_Propithecus_coquereli
NC_05! _Lemur_catta
NC_090998_Eulemur_rufifrons
0.088

Lemuriformes
_003852402_Otolemur_garnettii
NC_069782_Nycticebus_couc:

7729474 _Galeopterus_variegatus
NC. 084471_Cynocephalus volans





media/file12.png
XM_045795052_Ursus_americanus Bear
NM_001304539_Pan_troglodytes
0.853
%M70013045A67Pa n_paniscus

0998 —— XM_055272706_Symphalangus_syndactylus
0.792 Apes
0.998M_001304545_Nomascus_leucogenys
XM_058424618_Hylobates_moloch

050785341_Macaca_thibetana_thibetana
\_EXM 028846067_Macaca_mulatta Old-World monkey
0988 xM 071094835 Macaca_nemestrina_LOC139362793
AF123882_Homo_sapiens

XM_077158157_Tamandua_tetradactyla

58601_Fukomys_damarensis

(M_032471252_Camelus_ferus





media/file9.jpg
s o ot Nowhatamorcrs
o ol
=
el
=
i
—
e
'NC_072440_Symphalangus_syndactylus.
T e
St o

NC_037678 Theropithecus_gelada
'NW_012102032_ Mandellus_leucophacus
NW_022681459_Trachypithecus_rancoisi
NC_044561_Rhinopithecus_rorelana
NC_045452_Piocolabus_tephrosceles
NC_065587_Macaca_thibetana
NC_133415_Macaca_mulatta
NC_132822_Chlorocebus_sabaeus
NC_138113_Microcebus_mrinus
NW_012136747_propithecus_coquerel
NC_05913 Lemur._catta
NC_090998_Eulemur_ruirons
NW_003852402_Otolemur_gameti
NC_068782. Nycticebus_coucang.
o NW_007720470_Galeopterus_varegatus
'NC_084471_Cynocephalus_volans

Old-World monkeys

Lemuriformes.





media/file14.png
XP_031790459.1_Piliocolobus_tephrosceles
0792
| XP_050640472.1_Macaca_thibetana_thibetana

“-“3‘ XP_014988296.2_Macaca_mulatta

= XP_011724245.3_Macaca_nemestrina
22k XP_072866921.1_Chlorocebus_sabaeus

0791

XP_011857939.1_Mandril
4‘—9 XP_011892771.1_Cercocebus_atys

XP_025236013.1_Theropithecus_gelada

is_leucophaeus
Old-World monkeys

NP_001296137.1_Nomascus_leucogenys
0.942 ‘ XP_055135810.1_Symphalangus_syndactylus
XP_032030316.1_Hylobates_moloch

0952
XP_054324779.1_Pongo_pygmaeus

4{ 0935 Apes

- NP_001296135.2_Pongo_abel

o NP
0.749
'NP_001295420.1_Homo_sapiens
0952
NP_001296111.1_Pan_paniscus
0772
NP_001296105.1_Pan_troglodytes

0.1063 0985 New-World monkeys

XP_037600331.1_Cebus_
XP_032157133.1_Sapajus_apella





media/file8.png
v-sis
PDGFB

v-sis
PDGFB
v-sis
PDGFB
v-sis
PDGFB
v-sis
PDGFB

v-sis
PDGFB

v-sis
PDGFB

v-sis
PDGFB

v-sis
PDGFB

v-sis
PDGFB

20 30

40 50 60 70

c
CGUCU

10
o D Ll R B Rt
AAGCUGAUCAUCCUCUUAAGCUGCGUAUUCGGC
(Elifelelele )}
20 100 110

120 130 140 150 160

170

*okok ok ok kokkkkkokk  kokkokokokok
230 240

320

330

Kkk kk kkkkk
400

kkkkkk  kok

480

ol D e L e P Eoe
560

e S By e B B L B R ey L el R Pty EEPei Pty
640

e e D B e Bl R Py Ceeel

dokkkkkkkkkkk ok kkkkkok

650

720

dok ok ok ok ok

730 740 750

760 770 780 790 800

dok ok ok ok ok ok

B -GG CAUCAGCAGGAGAGUGUGGGCAGGUGA
Kkk kA KKKKAKAE Kk KAk






media/file11.jpg
A ——

vt e s
P el
IS ppemipioyuiony
[k
| [y
12 cor3045as_pongo_sbets:
it o
i

Apes






media/file6.png
V-Src
ACV_MH2

V-Src
ACV_MH2

ko kK






