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The FTO Gene, Implicated in Human Obesity, Is Found Only in Vertebrates and Marine Algae

Human obesity is a main cause of morbidity and mortality. Recently, several studies have demonstrated an association between the FTO gene locus and early onset and severe obesity. To date, the FTO gene has only been discovered in vertebrates. We identified FTO homologs in the complete genome sequences of various evolutionary diverse marine eukaryotic algae, ranging from unicellular photosynthetic picoplankton to a multicellular seaweed. However, FTO homologs appear to be absent from all other completely sequenced genomes of plants, fungi, and invertebrate animals. Although the biological roles of these marine algal FTO homologs are still unknown, these genes will be useful for exploring basic protein features and could hence help unravel the function of the FTO gene in vertebrates and its inferred link with obesity in humans.

Obesity is a major societal issue contributing to increased morbidity and mortality, as well as rising health care costs. In 2003In -2004, 66% , 66% of the human population in the United States was classified as overweight (body mass index [BMI] C 25 kg/m 2 ), and 32% was classified as obese (BMI C 30 kg/m 2 ) [START_REF] Ogden | Prevalence of overweight and obesity in the United States, 1999-2004[END_REF]). Excessive weight is often associated with an increased risk of several lifethreatening diseases, including cancer, heart diseases, and type 2 diabetes mellitus [START_REF] Frayling | A common variant in the FTO gene is associated with body mass index and predisposes to childhood and adult obesity[END_REF]). Unfortunately, the number of obese people continues to increase every day, probably as a result of a modified lifestyle (more food and less exercise). An improved understanding of the genetic basis, and the associated risk factors, is necessary if society is to proactively address this epidemic. Recently, several studies have demonstrated an association between the FTO gene locus and early onset and severe obesity in both children and adults [START_REF] Dina | Variation in FTO contributes to childhood obesity and severe adult obesity[END_REF][START_REF] Field | Analysis of the obesity gene FTO in 14,803 type 1 diabetes cases and controls[END_REF][START_REF] Frayling | A common variant in the FTO gene is associated with body mass index and predisposes to childhood and adult obesity[END_REF][START_REF] Frayling | Genome-wide association studies provide new insights into type 2 diabetes aetiology[END_REF][START_REF] Groop | From fused toes in mice to human obesity[END_REF][START_REF] Scott | A genome-wide association study of type 2 diabetes in Finns detects multiple susceptibility variants[END_REF][START_REF] Scuteri | Genome-wide association scan shows genetic variants in the FTO gene are associated with obesityrelated traits[END_REF]. FTO, also known as FATSO, was originally identified as one of the six genes deleted in the fused toe (Ft) mutant mouse [START_REF] Van Der Hoeven | Programmed cell death is affected in the novel mouse mutant Fused toes (Ft)[END_REF]. Heterozygous animals showed fused toes on their limbs and a thymic hyperplasia, while homozygous mice exhibited a lethal malformation of the developing brain; the embryos lost genetic control of left-right asymmetry; and, finally, the mice died around the tenth day of their embryonic development [START_REF] Peters | The mouse Fused toes (Ft) mutation is the result of a 1.6-Mb deletion including the entire Iroquois B gene cluster[END_REF]. The Ft deletion spans several genes, of which quite a few remain of uncharacterized function. Peters and coworkers (1999) showed that one of these genes, FTO (FATSO), which is completely deleted in the Ft mutation, is expressed throughout embryonic development and at a high level in most organs in wild-type mice. In mouse, this novel gene spans at least 250 kb and encodes a protein of 502 amino acid residues of unknown function. It is still not known whether loss of FTO is a causal factor for the phenotype observed in Ft mutant mice. Furthermore, no deviations in BMI have been reported in Ft mutant mice. However, in human, unlike the associations with BMI initially reported for GAD, ENPPI, and INSIG2, which have not been reproduced consistently, association between the FTO locus and BMI is strongly supported. Frayling and coworkers (2007) studied almost 40,000 Europeans for variants of the FTO gene and identified an obesity risk allele. Depending on the presence of specific single nucleotide polymorphisms (SNPs) in the first intron of FTO, individuals weighed 1.2 to 3 kg more and had a 1.67-fold higher rate of obesity than those lacking the risk allele. Similar findings were reported by [START_REF] Dina | Variation in FTO contributes to childhood obesity and severe adult obesity[END_REF], who studied 2,900 individuals of European ancestry, and potential Type 2 diabetes susceptibility has been correlated with another FTO intron 1 SNP [START_REF] Scott | A genome-wide association study of type 2 diabetes in Finns detects multiple susceptibility variants[END_REF].

Until recently, homologuey searches using the mouse FTO gene as a query only recovered sequences from vertebrates. However, with the complete genome sequencing of several marine algae, these results have been dramatically altered. While no clear homologue is found in invertebrate animals, fungi, plants, heterotrophic protists, bacteria, or archaea, we identified FTO homologues in the genomes of a diverse array of eukaryotic marine algae, ranging from unicellular photosynthetic picoplankton to a multicellular seaweed (Fig. 1). Specifically, FTO homologues were retrieved from three species within the Prasinophyceae (Micromonas pusilla, Ostreococcus tauri, and Ostreococcus lucimarinus) and two diatom species (Phaeodactylum tricornutum and Thalassiosira pseudonana), all of which are unicellular and which represent the only completely sequenced members of their respective lineages. Two copies of the FTO homologue were identified in the multicellular brown alga, Ectocarpus siliculosus. Furthermore, we scanned the Global Ocean Survey (GOS) dataset [START_REF] Rusch | The Sorcerer II Global Ocean Sampling Expedition: Northwest Atlantic through Eastern Tropical Pacific[END_REF]) and recovered two additional FTO genes. These two sequences appear to be derived from the marine prasinophytes, due to high similarity to FTO homologues in the prasinophyte genomes supported by the presence of Ostreococcus and Micromonas 18S rRNA gene sequences in the same GOS sample. Strikingly, all the algae found to harbor FTO homologues live in marine environments, given that no FTO homologues were recovered from freshwater algae. We performed additional searches for FTO in freshwater algae using the Chlamydomonas reinhardtii genome sequence [START_REF] Merchant | The Chlamydomonas genome reveals the evolution of key animal and plant functions[END_REF]), but to no avail. We also performed additional searches of the finished genome sequence of the red alga Cyanidioschyzon merolae, which thrives in acidic hot springs [START_REF] Matsuzaki | Genome sequence of the ultrasmall unicellular red alga Cyanidioschyzon merolae 10D[END_REF][START_REF] Nozaki | A 100%-complete sequence reveals unusually simple genomic features in the hot-spring red alga Cyanidioschyzon merolae[END_REF]). Moreover, we performed these searches iteratively, using the newly discovered marine FTO sequences as queries, and still detected no homologues in invertebrate animals, fungi, plants, heterotrophic protists, bacteria, or archaea, confirming our initial findings.

As mentioned above, the function of FTO is still not known. [START_REF] Dina | Variation in FTO contributes to childhood obesity and severe adult obesity[END_REF] detected FTO expression in 11 of 11 human tissue types tested, with the highest expression levels being in the hypothalamus, pituitary, and adrenal Fig. 1 Maximum likelihood tree showing the distribution of the FTO gene. Three major clades can be discerned: the previously described FTO genes in the vertebrates, the newly detected genes in diatoms and brown alga, and those of the chlorophytes and GOS sequences. All nodes are highly bootstrap supported ([70%) except two (indicated by a black circle ; 50% \ BS \ 70%). See Supplementary Materials for more information glands. These findings have promoted the hypothesis that FTO plays a role in body weight regulation through the hypothalamic-pituitary adrenal axis. FTO is also expressed in rat and mouse. EST data indicate that the marine FTO homologues in the diatom P. tricornutum and the prasinophyte M. pusilla are expressed under standard growth conditions. Although the biological roles of the algal FTO homologues are still unknown, these genes can be used, together with the vertebrate sequences, to explore basic protein features. Based on primary sequence characteristics, FTO proteins are unlikely to be targeted to either membranes or to organelles but, rather, are predicted to be globular, cytosolic proteins with mixed a/b structures. Looking at conserved positions shows a drop from 195 positions conserved among animal sequences to only 44 conserved over all sequences, likely pinpointing the functionally essential residues. Among the most widely divergent FTO sequences, three amino acid residues (W, Y, and H) are strikingly overrepresented among the 44 absolutely conserved positions (see Supplementary Fig. 1). In silico predictions indicate that these residues are more likely to be located at an active site than to be at a proteinprotein interface or to be surface interacting residues [START_REF] Ma | Protein-protein interactions: structurally conserved residues distinguish between binding sites and exposed protein surfaces[END_REF]. This suggests that FTO may have an enzymatic function rather than be involved in protein-protein interactions. Three of the conserved positions have high prediction scores for phosphorylated residues, indicating a potential role for phosphorylation in regulation of FTO.

Our findings do not negate the association between FTO intron 1 SNPs and obesity. While identification of risk factors has advanced tremendously, for the most part, the functional ramifications of these genetic variations remain uncharacterized. In the case of FTO, Frayling and colleagues (2007) raised the alternative hypothesis that the intron 1 SNP might serve to alter regulation of another gene, as opposed to having a specific affect on the product encoded by FTO. While risk factors carry value in preventive medicine, it is mechanistic knowledge that fosters therapeutic innovation. Why marine algae harbor and express FTO is unclear, as is the link with obesity in humans. However, previous studies have demonstrated that algal research can be applied to investigation of vertebrate gene function. For instance, Chlamydomonas is often referred to as ''the green yeast'' because it is an easy-towork-with eukaryotic model organism which also performs photosynthesis (see [START_REF] Li | Comparative genomics identifies a flagellar and basal body proteome that includes the BBS5 human disease gene[END_REF]. None of the highly developed but easy to use (i.e., not involving animal work) model organisms (e.g., Chlamydomonas, Arabidopsis, yeast, Drosophila, and C. elegans) possesses an FTO gene. Thus, here we identify alternative systems for functional studies, such as the genetically tractable diatom Phaeodactylum [START_REF] Siaut | Molecular toolbox for studying diatom biology in Phaeodactylum tricornutum[END_REF]). These in turn will shed light on FTO function and, should that function be relevant to vertebrate homologues, thereby streamline research on genetic factors contributing to human obesity.

Methods

We initially scanned all publicly available nonredundant databases, as well as our in-house data for homologues of the mouse FTO gene, using BLASTP [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF]. Because there was a very clear drop-off in E-value between homologues and nonhomologues (significant values, from E -82 to E -27 , then dropping to nonsignificant Evalues of C0.71), selection of FTO homologues was straightforward. No (distantly related) genes homologous (or partially homologous) to the FTO genes could be identified. Next, HMMer [START_REF] Eddy | Profile hidden Markov models[END_REF]) was used to generate a specific profile of the FTO gene family with hidden Markov Models, using all available sequences, and we searched NCBI EST and genome databases using TBLASTN. However, no new candidate FTO genes were detected.

Annotation of the FTO gene sequences was manually checked and corrected using ARTEMIS [START_REF] Rutherford | Artemis: sequence visualization and annotation[END_REF] when necessary. Protein sequences were aligned with CLUSTALW [START_REF] Thompson | CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice[END_REF], and after manual improvement of the alignments using BIOEDIT [START_REF] Hall | BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT[END_REF], only 266 well-aligned positions were taken into account for tree construction. Pairwise distance trees were constructed using TREECON (Van de Peer and Wachter 1994), based on Poisson-corrected distances, while PHYML 2.4.4 [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] was used to compute the maximum likelihood tree. Bootstrap analyses with 500 replicates were performed to test the significance of the nodes. Both methods gave identical tree topologies and similar bootstrap support.

the Promotion of Innovation by Science and Technology in Flanders for a predoctoral fellowship Note Added in Proof: After acceptance, two papers have been published on FTO in which this gene has been proposed to encode an Fe(II)-and 2-oxoglutarate-dependent dioxygenase (Sanchez-Pulido L, Andrade-Navarro MA (2007) BMC Biochemistry, in press, doi: 10.1186/1471-2091-8-23;Gerken et al. (2007) Science, in press, doi: 10.1126/science.1151710). The experiments of Gerken et al. (2007) showed that FTO is located in the nucleus, can demethylate singlestranded DNA, and its expression is regulated by feeding. However, the biologically relevant substrate of FTO remains unknown as well as the mechanism by which FTO acts on fattening.
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