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Introduction

"What man that sees the ever-whirling wheele Of Change, the which all mortall things doth sway, But that thereby doth find, and plainly feele, How mutability in them doth play Her cruell sports, to many men's decay?"

Edmund Spenser, The Faerie Queene,'Book VII, 'Two Cantos of Mutabilitie', Canto VI, stanza 1, (published posthumously in 1609).

Just over 30 years ago, the first heritable human gene mutations were characterized at the DNA level: gross deletions of the human α-globin (HBA; MIM# 141800) and β-globin (HBB; MIM# 141900) gene clusters giving rise to αand βthalassaemia [START_REF] Orkin | Application of endonuclease mapping to the analysis and prenatal diagnosis of thalassemias caused by globin-gene deletion[END_REF]] and a single base-pair substitution (Lys17Term) in the human β-globin (HBB) gene causing β-thalassaemia [START_REF] Chang | β 0 thalassemia, a nonsense mutation in man[END_REF]. With the number of known germline mutations in human nuclear genes either underlying or associated with inherited disease now exceeding 100,000 in over 3,700 different genes [Human Gene Mutation Database (HGMD); http://www.hgmd.org; March 2010 update; [START_REF] Stenson | The Human Gene Mutation Database: 2008 update[END_REF], the characterization of the spectrum of human germline mutations has reached a symbolic landmark.

Newly described human gene mutations are currently accumulating at a rate of ~10,000 per annum, with ~300 new 'inherited disease genes' being recognised every year. It is therefore pertinent to pose the double question: how many inherited disease genes are there in the human [START_REF] Gale | Theoretical Population Genetics[END_REF] that, given an overall population frequency of pathological mutations of 1% in a given gene, fewer than four mutations will have a relative frequency >5×10 -4 in the pool of pathological mutations of that gene. Thus, in terms of those inherited disease mutations that are in practice actually detectable, the above figures are likely to represent gross overestimates, and the number of mutations detected in a given gene will depend mostly upon the number of patients studied rather than on the diversity of the underlying mutational spectrum of that gene.

In attempting to collate all inherited human pathological gene mutations as they emerge in the literature [START_REF] Stenson | The Human Gene Mutation Database: 2008 update[END_REF], HGMD has to some extent embarked on an open ended project whose eventual scale and scope was quite impossible to assess from the outset. Daunting as this prospect is, it is nevertheless appropriate at this juncture to take stock and try to assess where we are in terms of the indubitably massive task of identifying, annotating and cataloguing the human germline mutational spectrum ('mutome'). We shall argue that, although the question of the 'number of mutations causing inherited disease' may well be akin to asking "How long is a piece of string?", there are several related questions which appear to be worthwhile addressing on account of their practical importance: How many genes are there in the human genome? How many of these are inherited disease genes (i.e. genes harbouring mutations that are capable of causing inherited disease)? What proportion of the universe of possible mutations within these inherited disease genes is likely to be of pathological significance? Where, in genomic terms, are these mutations likely to be found? How many deleterious mutations are there on average per individual? The answers to these questions should shed some light on the likely size of the task facing us as we attempt to document the spectrum of mutations causing (or associated with) human inherited disease. To appreciate why definition is an issue here, one need only be aware of the many exceptions to genes being contiguous (as well as functionally and spatially distinct) entities, as classically envisaged. Thus, some genes are known to occur within the introns of other genes [START_REF] Herzog | Intron 17 of the human retinoblastoma susceptibility gene encodes an actively transcribed G protein-coupled receptor gene[END_REF][START_REF] Vuoristo | C18orf2, a novel, highly conserved intronless gene within intron 5 of the GNAL gene on chromosome 18p11[END_REF]. Some genes can overlap with each other either on the same or on different DNA strands [START_REF] Denoeud | Prominent use of distal 5' transcription start sites and discovery of a large number of additional exons in ENCODE regions[END_REF] resulting in the sharing of some of their coding and/or regulatory elements [START_REF] Van Bokhoven | cDNA cloning and chromosomal localization of the genes encoding the alpha-and beta-subunits of human Rab geranylgeranyl transferase: the 3' end of the alpha-subunit gene overlaps with the transglutaminase 1 gene promoter[END_REF]Yang and Elnitski, 2008]. In addition, the vast majority of human genes are now known to undergo alternative splicing [START_REF] Pan | Deep surveying of alternative splicing complexity in the human transcriptome by high-throughput sequencing[END_REF], leading in some cases to quite different proteins being encoded by the same gene. For example, the human CDKN2A gene (MIM# 600160) encodes an alternatively spliced variant (p14 ARF ) that, through the inclusion of an alternative first exon, acquires an altered reading frame so as to specify a protein product that is structurally unrelated to the other p16 isoforms encoded by this gene.

Bicistronic genes [e.g. MOCS1; MIM# 6003707; [START_REF] Gross-Hardt | The bicistronic MOCS1 gene has alternative start codons on two mutually exclusive exons[END_REF] are also atypical, with transcription initiating from one gene and continuing in cis through a neighbouring downstream gene to yield a precursor protein that is then cleaved to generate different proteins.

Such 'transcription-mediated gene fusion' may well not be an infrequent occurrence in the human genome [START_REF] Akiva | Transcription-mediated gene fusion in the human genome[END_REF][START_REF] Parra | Tandem chimerism as a means to increase protein complexity in the human genome[END_REF]. Moreover, there is now persuasive evidence for the occurrence of trans-splicing in human cells, involving the cleavage and joining of entirely separate RNA transcripts [START_REF] Gingeras | Implications of chimaeric non-co-linear transcripts[END_REF].

Many protein-coding genes have been found to possess alternative transcriptional initiation sites, some of which may be quite remote from the gene itself, in some instances even residing within the bounds of another gene [Carninci et al., 2006;[START_REF] Denoeud | Prominent use of distal 5' transcription start sites and discovery of a large number of additional exons in ENCODE regions[END_REF]. Other genes 9 [START_REF] Gingeras | Origin of phenotypes: genes and transcripts[END_REF]. Such transcripts have been collectively classified as transcripts of unknown function (TUFs) and are thought to include (i) antisense transcripts of protein-coding genes, (ii) isoforms of protein-coding genes, and (iii) transcripts that either overlap introns of annotated gene transcripts (on the same strand) or which are derived entirely from intergenic regions.

Whilst both the complexity and abundance of TUFs are quite remarkable, it should be realised that there is often no firm evidence for these transcripts being of functional significance. Indeed, unannotated non-polyadenylated transcripts originating from intergenic regions have been found to represent the bulk of the >90% of the human genome that now appears to be transcribed [START_REF] Kapranov | Large-scale transcriptional activity in chromosomes 21 and 22[END_REF]2007a;[START_REF] Gingeras | Origin of phenotypes: genes and transcripts[END_REF]. Although the functional significance of 'pervasive transcription' remains unclear, it is much more extensive than had previously been realised [START_REF] Dinger | Pervasive transcription of the eukaryotic genome: functional indices and conceptual implications[END_REF].

In both human and mouse, up to 70% of genomic loci exhibit evidence of transcription from the antisense strand as well as the sense strand [START_REF] Katayama | Antisense transcription in the mammalian transcriptome[END_REF][START_REF] Werner | What do natural antisense transcripts regulate?[END_REF][START_REF] Grinchuk | Integrative analysis of the human cis-antisense gene pairs, miRNAs and their transcription regulation patterns[END_REF]. These naturally occurring antisense transcripts may modulate the level of expression of their associated sense transcripts (or otherwise influence their processing) thereby adding another level of complexity to the regulation of gene expression [START_REF] He | The antisense transcriptomes of human cells[END_REF][START_REF] Faghihi | Regulatory roles of natural antisense transcripts[END_REF]. Although there is, as yet, no suggestion that the genomic sources of such antisense transcripts should be regarded as genes in their own right, their prevalence clearly renders our task of defining the gene that much more difficult.

RNA genes

A large proportion of the human transcriptome still remains to be annotated [START_REF] Peters | Large-scale identification of novel transcripts in the human genome[END_REF]. Although some of the overall transcriptional activity may simply be 'transcriptional [START_REF] Ponjavic | Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs[END_REF][START_REF] Louro | Long intronic noncoding RNA transcription: expression noise or expression choice?[END_REF], at least a portion of it is likely to be associated with functional non-protein-coding RNA genes, many of which are located in regions previously regarded as intergenic and/or non-coding [ENCODE Project Consortium, 2007]. Non-coding RNA genes are as widespread as they are diverse [Borel et al., 2008], are transcribed from both strands of the genome, and may well exceed protein-coding genes in terms of their number [START_REF] Washietl | Mapping of conserved RNA secondary structures predicts thousands of functional noncoding RNAs in the human genome[END_REF][START_REF] Fejes-Toth | Post-transcriptional processing generates a diversity of 5'-modified long and short RNAs[END_REF]. Non-protein-coding RNAs of known function include structural RNAs such as transfer RNAs, ribosomal RNAs and small nuclear RNAs, but also putative regulatory RNAs [microRNAs, small interfering RNAs (siRNAs), Piwi-interacting RNAs, transcription initiation RNAs (tiRNAs), transcription start site-associated RNAs (TSSa-RNAs), promoter upstream transcripts (PROMPTs), promoter-associated sRNAs (PASRs and PALRs), and longer non-coding RNAs such as XIST] which are involved in the sequencespecific transcriptional and post-transcriptional modulation of gene expression [START_REF] Kawaji | Exploration of small RNAs[END_REF][START_REF] Seila | Divergent transcription from active promoters[END_REF][START_REF] Collins | The RNA infrastructure: dark matter of the eukaryotic cell?[END_REF][START_REF] Mercer | Long non-coding RNAs: insights into functions[END_REF][START_REF] Taft | Tiny RNAs associated with transcription start sites in animals[END_REF][START_REF] Mattick | The genetic signatures of noncoding RNAs[END_REF]. Thus, more than 700 microRNA genes have already been identified in the human genome with many more probably awaiting discovery (miRBase; http://www.mirbase.org/cgi-bin/mirna_summary.pl?org=hsa). In total, at least 1,500 non-proteincoding RNA genes have already been annotated in the human genome reference sequence with up to 5,000 more predicted by homology-based methods [Griffiths- [START_REF] Griffiths-Jones | Annotating noncoding RNA genes[END_REF]see Ensembl, database version 56.37a]. Indeed, large intergenic non-coding RNAs (lincRNAs) have recently been found to represent a novel category of evolutionarily conserved RNAs, with a diverse array of functions ranging from embryonic stem cell pluripotency to cellular proliferation [Guttman et al., 2009;[START_REF] Khalil | Many human large intergenic noncoding RNAs associate with chromatin-modifying complexes and affect gene expression[END_REF]; lincRNAs appear to number at least 3,000 in the human genome. 

Pseudogenes

Whether processed or non-processed (duplicational), it has become clear that pseudogenes are almost as abundant as genes ('classical' or otherwise) in the human genome, with ~20% of known pseudogenes being transcribed [START_REF] Harrison | Transcribed processed pseudogenes in the human genome: an intermediate form of expressed retrosequence lacking protein-coding ability[END_REF]Zheng et al., 2007;[START_REF] Sakai | Frequent emergence and functional resurrection of processed pseudogenes in the human and mouse genomes[END_REF]. It should however be appreciated that while some pseudogenes may well be readily identifiable as lacking protein-coding potential by virtue of the interruption of their open-reading frames by premature stop codons or frameshift mutations, others will be less easily recognizable, especially if they are transcribed. The recent identification of short (≤300 bp) human pseudogenes generated via the retrotransposition of mRNAs [START_REF] Terai | Discovery of short pseudogenes derived from messenger RNAs[END_REF] however suggests that pseudogenes may be even more common in the human genome than previously appreciated. Intriguingly, some of these pseudogenes are polymorphic in that they have functional as well as non-functional alleles segregating in the extant human population (Zhang et al., 2010).

With the realization that pseudogene-derived RNA transcripts may harbour functional elements [Zheng et al., 2007;[START_REF] Khachane | Assessing the genomic evidence for conserved transcribed pseudogenes under selection[END_REF], the distinction between genes and pseudogenes has become somewhat blurred [Zheng and Gerstein, 2007]. Indeed, some 'pseudogenes' appear to have a regulatory role [START_REF] Hirotsune | An expressed pseudogene regulates the messenger-RNA stability of its homologous coding gene[END_REF][START_REF] Svensson | Genome-wide survey for biologically functional pseudogenes[END_REF],

providing additional examples of the potential functional significance of non-coding RNAs. It is at present unclear what proportion of pseudogenes identified to date have either retained or acquired a function via their non-coding RNAs. Transposable elements, including LINE-1, Alu and SVA elements, make up ~40% of the human genome [START_REF] Mills | Which transposable elements are active in the human genome?[END_REF] and constitute a major source of inter-individual structural variability [START_REF] Xing | Mobile elements create structural variation: analysis of a complete human genome[END_REF]. Some of these transposable elements have contributed gene coding sequence to the human genome via 'exonization' [START_REF] Lin | Large-scale analysis of exonized mammalian-wide interspersed repeats in primate genomes[END_REF]. Other transposable elements have contributed functional non-coding sequence, for example, as regulatory elements [START_REF] Jordan | Origin of a substantial fraction of human regulatory sequences from transposable elements[END_REF][START_REF] Thornburg | Transposable elements as a significant source of transcription regulating signals[END_REF], microRNAs [START_REF] Piriyapongsa | Origin and evolution of human microRNAs from transposable elements[END_REF] or naturally occurring antisense transcripts [Conley et al., 2007]. Many more are likely to have functional significance as suggested by their evolutionary conservation [START_REF] Nishihara | Functional noncoding sequences derived from SINEs in the mammalian genome[END_REF][START_REF] Lowe | Thousands of human mobile element fragments undergo strong purifying selection near developmental genes[END_REF].

Transposable elements

Regulatory non-coding sequences

Extensive evolutionary conservation of non-coding DNA sequence is very evident in the human genome, since only ~40% of the evolutionarily constrained sequence occurs within protein-coding exons or their associated untranslated regions [ENCODE Project Consortium, 2007]. Studies of evolutionarily conserved non-coding sequences [START_REF] Ponting | Signatures of adaptive evolution within human non-coding sequence[END_REF][START_REF] Drake | Conserved noncoding sequences are selectively constrained and not mutation cold spots[END_REF][START_REF] Asthana | Widely distributed noncoding purifying selection in the human genome[END_REF][START_REF] Parker | Local DNA topography correlates with functional noncoding regions of the human genome[END_REF] have suggested that 5-20% of the genome may be of functional importance rather than just the ~2% associated with the proteincoding portion [START_REF] Pheasant | Raising the estimate of functional human sequences[END_REF][START_REF] Eory | Distributions of selectively constrained sites and deleterious mutation rates in the hominid and murid genomes[END_REF]. Some non-coding regions contain 'ultraconserved elements ' [Katzman et al., 2007] which appear to have been subject to similarly strong selection as protein-coding regions. Some non-coding regions contain CpG islands, far from the transcriptional initiation sites of genes, which may nevertheless have some regulatory significance [Medvedeva et al., 2010]. It should however be appreciated that the absence of evolutionary conservation does not necessarily denote lack of function. Indeed, Deleted: to the human genome F o r P e e r R e v i e w 13 human-specific functional elements have been shown to be present within rapidly evolving noncoding sequences [START_REF] Prabhakar | Accelerated evolution of conserved noncoding sequences in humans[END_REF][START_REF] Bird | Fast-evolving noncoding sequences in the human genome[END_REF].

Towards a new definition of the gene

It is clear from the above that precisely what constitutes a gene has become somewhat contentious. The quite unanticipated scale of the extent of transcription in the genome, coupled with the widespread occurrence of overlapping genes and shared functional elements, hampers attempts to demarcate precisely and unambiguously where one gene ends and another one begins. As a consequence, the notion of the gene has become quite diffuse [START_REF] Gerstein | What is a gene, post-ENCODE? History and updated definition[END_REF][START_REF] Gingeras | Origin of phenotypes: genes and transcripts[END_REF]. Indeed, as [START_REF] Kapranov | Examples of the complex architecture of the human transcriptome revealed by RACE and high-density tiling arrays[END_REF] opined, "it is not unusual that a single basepair can be part of an intricate network of multiple isoforms of overlapping sense and antisense transcripts, the majority of which are unannotated". Gene regulatory elements which are often quite distant from the genes they regulate [START_REF] Kleinjan | Long-range gene control and genetic disease[END_REF], the existence of trans-as well as cis-regulatory elements [START_REF] Morley | Genetic analysis of genome-wide variation in human gene expression[END_REF], the formation of non-colinear transcripts through trans-splicing [START_REF] Gingeras | Implications of chimaeric non-co-linear transcripts[END_REF], taken together with the abundance of non-coding RNA genes [START_REF] Zhang | MicroRNomics: a newly emerging approach for disease biology[END_REF] and evolutionarily conserved non-coding regions [START_REF] Ponting | Signatures of adaptive evolution within human non-coding sequence[END_REF][START_REF] Drake | Conserved noncoding sequences are selectively constrained and not mutation cold spots[END_REF] have combined to challenge the classical notion of the gene.

On the basis of the findings of the ENCODE project, [START_REF] Gerstein | What is a gene, post-ENCODE? History and updated definition[END_REF] proposed an updated definition of the gene as "a union of genomic sequences encoding a coherent set of potentially overlapping functional products". An alternative less heterodox definition of the gene as "a discrete genomic region whose transcription is regulated by one or more promoters and distal regulatory elements and which contains the information for the synthesis of functional proteins or non-coding RNAs, related by the sharing of a portion of genetic information at the F o r P e e r R e v i e w 14 level of the ultimate products (proteins or RNAs)" has been proposed by Pesole [2009].

Irrespective of its precise definition, it is clear that the concept of the gene is inadequate to the task of building a lexicon of those functional genomic sequences that could harbour mutations causing human inherited disease. It is indeed likely that, in the context of mutation detection, we shall eventually have to consider the universe of functional genetic elements in the human genome (the 'functionome'; see Fig. 1) as our hunting ground rather than simply genes per se.

How many inherited disease genes are there in the human genome?

The concept of gene essentiality lies at the heart of any discussion of human disease genes

The question of how many inherited disease genes there are in the human genome should essentially be couched in terms of the proportion of human genes whose mutation would come to clinical attention in a non-negligible proportion of cases by conferring a discernible clinical phenotype upon the individual concerned. As López-Bigas et al. [2006] have expressed it, "a gene is involved in a hereditary disease when its sequence has been subjected to a mutation that impairs its function or expression strongly enough to produce a certain pathological phenotype that is classified as a disease". However, although necessarily deleterious, such a mutation must not be lethal to the individual at an early stage of development since this would militate against its detection. Hence, disease genes are not, and cannot be, synonymous with 'essential genes'. Indeed, they exhibit very different properties [START_REF] López-Bigas | Highly consistent patterns for inherited human diseases at the molecular level[END_REF][START_REF] Goh | The human disease network[END_REF][START_REF] Feldman | Network properties of genes harboring inherited disease mutations[END_REF]. The above notwithstanding, disease genes appear to be distinguishable from 'non-disease genes' (in reality, the latter can only be defined as genes that are not yet known to cause inherited disease) in terms of a range of features including gene structure, gene expression, physicochemical properties, protein structure and evolutionary conservation [START_REF] Jimenez-Sanchez | Human disease genes[END_REF][START_REF] Smith | Human disease genes: patterns and predictions[END_REF][START_REF] López-Bigas | Genome-wide identification of genes likely to be involved in human genetic disease[END_REF][START_REF] Huang | Evolutionary conservation and selection of human disease gene orthologs in the rat and mouse genomes[END_REF][START_REF] Tu | Further understanding human disease genes by comparing with housekeeping genes and other genes[END_REF][START_REF] Subramanian | Evolutionary anatomies of positions and types of diseaseassociated and neutral amino acid mutations in the human genome[END_REF][START_REF] Ng | Predicting the effects of amino acid substitutions on protein function[END_REF][START_REF] Aerts | Gene prioritization through genomic data fusion[END_REF][START_REF] Lage | A large-scale analysis of tissue-specific pathology and gene expression of human disease genes and complexes[END_REF][START_REF] Domazet-Lošo | An ancient evolutionary origin of genes associated with human genetic diseases[END_REF][START_REF] Cai | Similarly strong purifying selection acts on human disease genes of all evolutionary ages[END_REF]. In this context, it should be appreciated that many disease genes will not have been identified as such simply because the underlying mutations have not yet appeared in the homozygous/compound heterozygous/hemizygous state required to manifest a clinical phenotype [Furney et al., 2006;[START_REF] Osada | Quantifying dominance and deleterious effect on human disease genes[END_REF].

Although ~15% of mouse gene knockouts are developmentally lethal [START_REF] Turgeon | Interpreting neonatal lethal phenotypes in mouse mutants: insights into gene function and human diseases[END_REF]; Mouse Genome Informatics Resource (http://www.informatics.jax.org/)], any definition of gene essentiality based exclusively on developmental lethality would be unnecessarily restrictive. Disease genes should therefore be understood in terms of a spectrum of gene 'essentiality' that stretches from the truly essential genes on the one hand to almost dispensable genes on the other. Although essential genes have been quite reasonably defined as those genes which are "absolutely required for survival, or [which] strongly contribute to fitness and robust competitive growth" [START_REF] Park | Analysis of human disease genes in the context of gene essentiality[END_REF], it should be appreciated that definitions of gene essentiality can differ quite widely between studies [START_REF] Gerdes | Essential genes on metabolic maps[END_REF]. Using 2,789 disease genes from the HGMD gene set, [START_REF] Park | Analysis of human disease genes in the context of gene essentiality[END_REF] explored the likelihood of a gene being linked to human inherited disease in relation to its level of essentiality in mouse (4,004 genes) as adjudged by the results of gene disruption and knock-out experiments. Twice as many genes with abnormal effects when disrupted in mouse (1,311/3,635; 36%) were found to have a human disease gene homologue than genes which displayed no overt phenotypic abnormality when disrupted (63/369; 17%). Somewhat surprisingly, when the genes with abnormal effects in mouse were sub-divided into genes with lethal effects and non-lethal effects, the frequencies of respectively]. However, when [START_REF] Park | Analysis of human disease genes in the context of gene essentiality[END_REF] further sub-divided the genes with lethal effects in mouse, they found human disease gene homologues to be 1.4 times more frequent among genes categorized as being 'post-natal lethal' in the mouse than among 'embryonic lethal' genes.

Thus, almost counter-intuitively at first glance, the more essential murine genes (which are embryonic lethal in mouse) appear to be less likely to be disease genes in human. This finding confirms the above mentioned dictum that disease genes are not, and cannot be, synonymous with 'essential genes'. Interestingly, [START_REF] Park | Analysis of human disease genes in the context of gene essentiality[END_REF] also observed that the type of disease mutation in the human homologue varies depending upon the essentiality of the mouse gene involved, with nonsense mutations, splicing mutations, micro-insertions/micro-deletions and gross insertions/deletions being disproportionately associated with the mouse genes displaying abnormal effects when disrupted. We may also speculate that whilst a mild mutation in an 'essential' gene may be sufficient to cause disease, a much more severe mutation may be necessary in a 'dispensable' gene. Clearly, concepts of gene essentiality and dispensability are likely to be context-dependent. Although ~91% of the murine genes employed in the study described above were deemed to belong to the 'essential' category (i.e. the group of genes that display abnormal phenotypic effects when mutated), we should be wary of making direct inferences in the human context. This is not only because those mouse genes with a known mutational phenotype comprise fewer than 20% of the total number of genes in this organism, but also because it may be somewhat hazardous to extrapolate to the human genome where both gene function [START_REF] Liao | Null mutations in human and mouse orthologs frequently result in different phenotypes[END_REF] and copy number [START_REF] Cutler | Copy number variation in the mouse genome: implications for the mouse as a model organism for human disease[END_REF] [START_REF] Stenson | The Human Gene Mutation Database: 2008 update[END_REF]] reveals a constant increase in the rate at which newly reported disease genes have been entered into HGMD every year, with 293 recorded for 2009 [Fig. 2]. Since this increase has to cease at some point in time, simply because the number of human genes is finite, we ventured to fit the various 4-or 5parameter saturation models provided by SigmaPlot v.8.02 (SPSS Inc., 2002) to the annual cumulative gene number in HGMD since 1978. The results of these admittedly highly speculative projections (which nevertheless yielded an R 2 >0.9999 for all models) point to a total number of inherited disease genes of between 7,750 (5-parameter Weibull model) and 30,750 (5parameter Chapman model). The remaining four models (sigmoid, logistic, Gompertz and Hill) yielded estimates in a very narrow range of between 11,850 and 15,100 inherited disease genes, and the average taken over all six models equalled 15,300, i.e. 46% of the 33,000 genes currently estimated to be present in the human genome (HuRef NCBI build 37.1) .

Concepts of human gene essentiality and dispensability are necessarily bound up with gene copy number

The loss of a particular gene/allele is not invariably associated with a readily discernible clinical phenotype [START_REF] Waalen | Genetic screening for low-penetrance variants in protein-coding genes[END_REF]. This assertion is supported by the identification of more than 1,000 putative nonsense SNPs (i.e. nonsense mutations that have attained polymorphic frequencies) in human populations [START_REF] Ng | Genetic variation in an individual human exome[END_REF]Yngvadottir et al., 2009].

About half of these nonsense SNPs have been validated by dbSNP

[http://www.ncbi.nlm.nih.gov/projects/SNP], a process that involves the exclusion of mutations in pseudogenes and of artefacts caused by sequencing errors. Bona fide nonsense SNPs are expected either to lead to the synthesis of a truncated protein product or alternatively to the SNPs and the exon-intron structures of the affected genes, Yamaguchi-Kabata et al. [2008] concluded that 49% of nonsense SNPs would be predicted to elicit NMD whereas 51% would be predicted to yield truncated proteins. Some of these nonsense SNPs have been found to occur in the homozygous state in normal populations [Yngvadottir et al., 2009] attesting to the likely functional redundancy of the corresponding genes. At the very least, genes harbouring nonsense SNPs may be assumed to be only under weak selection [START_REF] Ng | Genetic variation in an individual human exome[END_REF].

It should be appreciated that nonsense SNPs may even occur in 'essential' genes yet still fail to come to clinical attention (or give rise to a detectable phenotype) if these genes are subject to copy number variation (see CNVs and copy number mutations below) that masks any deleterious consequences by ensuring an adequate level of gene expression from additional wild-type copies either in cis or in trans. Thus, copy number variation might serve to 'rescue' the full or partial loss of gene function brought about by the nonsense mutations, thereby accounting for the occurrence of the latter at polymorphic frequencies. Consistent with this postulate, [START_REF] Ng | Genetic variation in an individual human exome[END_REF] reported that ~30% of nonsense SNPs occur in genes residing within segmental duplications, a proportion some three-fold larger than that noted for synonymous SNPs. Genes harbouring nonsense SNPs were also found to belong to gene families of higher than average size [START_REF] Ng | Genetic variation in an individual human exome[END_REF] suggesting that some functional redundancy may exist between paralogous human genes. In support of this idea, [START_REF] Hsiao | Role of duplicate genes in robustness against deleterious human mutations[END_REF] reported that those human genes which have a homologue with ≥90% sequence similarity are ~3 times less likely to harbour disease-causing mutations than genes with less closely related homologues. They interpreted their findings in terms of 'genetic robustness' against null mutations, with the duplicated chemokines [START_REF] Howard | Functional redundancy of the human CCL4 and CCL4L1 chemokine genes[END_REF] and the Rab GTPase genes, RAB27A and RAB27B [START_REF] Barral | Functional redundancy of Rab27 proteins and the pathogenesis of Griscelli syndrome[END_REF]. In the mouse, the proportion of essential genes among gene duplicates is ~7% lower than among singletons, implying that ~15% of single gene deletions that would otherwise be lethal (or infertile) are actually viable (or fertile) as a consequence of functional compensation by the duplicate gene copy [START_REF] Liang | Functional compensation by duplicated genes in mouse[END_REF]. This level of functional redundancy may be even more pronounced for the most recently duplicated genes [START_REF] Su | Predicting the proportion of essential genes in mouse duplicates based on biased mouse knockout genes[END_REF].

What proportion of the possible mutations within inherited disease genes is likely to be of pathological significance?

Human gene mutation is a highly sequence-specific process, irrespective of the type of lesion involved. This has had important implications, not only for the nature and prevalence, but also for the diagnosis of human genetic disease [START_REF] Antonarakis | Mutations in human genetic disease. Nature and consequences[END_REF]Zhang et al., 2009a;[START_REF] Mefford | Duplication hotspots, rare genomic disorders, and common disease[END_REF]. Certain DNA sequences have been found to be hypermutable, thereby providing important clues as to the nature of the endogenous mechanisms underlying different types of human gene lesion, but also emphasizing the non-uniform nature of mutagenesis [START_REF] Antonarakis | Mutations in human genetic disease. Nature and consequences[END_REF]. Of course, human gene mutations also lack a uniform distribution within genes for functional reasons that are related to the nature of the gene product in question [START_REF] Miller | Quantifying the intragenic distribution of human disease mutations[END_REF][START_REF] Subramanian | Evolutionary anatomies of positions and types of diseaseassociated and neutral amino acid mutations in the human genome[END_REF].

The vast majority of mutations listed in HGMD reside within the coding region (86%), the remainder being located in either intronic (11%) or regulatory (3%, promoter, untranslated or disease genes that are likely to be of pathological significance is very difficult to address because it is dependent not only upon the type and location of the mutation but also upon the functionality of the nucleotides involved (dependent in part upon the amino acid residues that they encode) which is often hard to assess [START_REF] Miller | Understanding human disease mutations through the use of interspecific genetic variation[END_REF][START_REF] Ferrer-Costa | Characterization of disease-associated single amino acid polymorphisms in terms of sequence and structure properties[END_REF][START_REF] Arbiza | Selective pressures at a codon-level predict deleterious mutations in human disease genes[END_REF][START_REF] Capriotti | Use of estimated evolutionary strength at the codon level improves the prediction of disease-related protein mutations in humans[END_REF][START_REF] Kumar | Positional conservation and amino acids shape the correct diagnosis and population frequencies of benign and damaging personal amino acid mutations[END_REF]Li et al., 2009a]. In addition, some types of mutation are likely to be much more comprehensively ascertained than others, making observational comparisons between mutation types an inherently hazardous undertaking.

Recently, it has been demonstrated that multiple mutations may not be an infrequent cause of human genetic disease (Chen et al., 2009b). Such multiple mutations may constitute the signatures of transient hypermutability in human genes. This has raised serious concerns regarding current practices in mutation screening, practices which are likely to have resulted in either the neglect, or even the complete failure to detect, many potentially important secondary mutations linked in cis to the putative primary pathological lesion. Since interactions may well occur between genetic variants linked in cis, inadequacies in the current practice of mutation screening could easily have contributed to the frequently observed inconsistencies in the genotype-phenotype relationship.

The above notwithstanding, the question of the proportion of all possible mutations within human disease genes that are likely to be of pathological significance is clearly of paramount importance to medical diagnostics. However, the corollary to this question is the issue of whether some mutations may have been overlooked in mutation screening programs because they are located at some very considerable distance from the genes whose function they disrupt. These related questions will be addressed in some detail below. 

Coding sequence mutations

The first study to attempt to partition human amino acid substitutions with respect to their phenotypic consequences was that of [START_REF] Fay | Positive and negative selection on the human genome[END_REF] which was based on common (f≥0.15) polymorphism and sequence divergence data from human genes. These workers estimated that 60% of missense mutations were deleterious, 20% were slightly deleterious, and 20% were neutral. More recently, from a combined analysis of disease-causing mutations logged in HGMD, mutations driving human-chimpanzee sequence divergence, and systematic data on neutral human genetic variation, [START_REF] Kryukov | Most rare missense alleles are deleterious in humans: implications for complex disease and association studies[END_REF] concluded that ~20% of new missense mutations in humans result in a loss of function whereas ~53% have mildly deleterious effects and ~27% are effectively neutral with respect to phenotype. Their estimates have received independent support, at least qualitatively, from a study of human coding SNPs by [START_REF] Boyko | Assessing the evolutionary impact of amino acid mutations in the human genome[END_REF] who predicted that 27-29% of missense mutations would be neutral or near neutral, 30-42% would be moderately deleterious, with most of the rest (i.e. 29-43%) being highly deleterious or lethal.

Although it has been estimated that only ~1.6% of disease-causing missense substitutions in human genes also affect mRNA splicing [START_REF] Krawczak | Single base-pair substitutions in exon-intron junctions of human genes: nature, distribution, and consequences for mRNA splicing[END_REF], the actual proportion of exonic missense mutations that disrupt splicing, and which are therefore of pathological significance, may be substantially higher [Lopez-Bigas et al., 2005;[START_REF] Sanford | Splicing factor SFRS1 recognizes a functionally diverse landscape of RNA transcripts[END_REF]. In addition, one must be aware in this context that synonymous mutations, although not altering the amino acid sequence of the encoded protein directly, can still influence splicing accuracy or efficiency [START_REF] Cartegni | Listening to silence and understanding nonsense: exonic mutations that affect splicing[END_REF][START_REF] Gorlov | Strength of the purifying selection against different categories of the point mutations in the coding regions of the human genome[END_REF][START_REF] Wang | Splicing in disease: disruption of the splicing code and the decoding machinery[END_REF][START_REF] Sanford | Splicing factor SFRS1 recognizes a functionally diverse landscape of RNA transcripts[END_REF]Hunt et al., 2009]. Finally, it should be understood that whereas the deleteriousness of the average synonymous mutation is always likely to be less than that of that of a non-synonymous (missense) mutation [START_REF] Boyko | Assessing the evolutionary impact of amino acid mutations in the human genome[END_REF], the higher prevalence of synonymous mutations means that they may actually make a significantly greater contribution to the phenotype than nonsynonymous mutations [START_REF] Goode | Evolutionary constraint facilitates interpretation of genetic variation in resequenced human genomes[END_REF].

Mutations and functional polymorphisms

With the realization that a sizeable proportion of gene-associated polymorphisms serve to alter the structure, function or expression of their host genes, drawing a sharp distinction between functional polymorphisms, disease-associated polymorphisms and pathological mutations has become increasingly difficult. In practical terms, such a distinction is generally made in the context of the prevalence of the variant in the population under study as well as its penetrance (i.e., the probability with which a specific genotype manifests itself as a given clinical phenotype). Variants with a minor allele frequency of >1% in the population of interest are, by convention, termed polymorphisms, and an increasing number have been found to play a role in complex disease [START_REF] Schork | Common vs. rare allele hypotheses for complex diseases[END_REF]. Currently, over 5,000 disease-associated or functional polymorphisms have been reported in a total of over 1,800 different human genes (see HGMD).

This number is predicted to increase quite dramatically over the coming years (as promoter regions, untranslated regions and introns are more and more systematically screened for such variants) although distinguishing them from neutral polymorphisms is unlikely to be a trivial undertaking [Li et al., 2009a;[START_REF] Mort | In silico functional profiling of human disease-associated and polymorphic amino acid substitutions[END_REF]. 23 located in either gene regulatory (~25%) or coding regions (~60%) although it should be noted that variants occurring outside of these regions may still have consequences for gene expression, splicing, transcription factor binding etc. In addition, some functionally important SNPs are associated with non-protein-coding genes [Borel and Antonarakis, 2008;Yang et al., 2008a].

At present, ~55% of the polymorphic variants recorded in HGMD are 'disease-associated'.

However, even in cases where no disease association has yet been demonstrated, functional polymorphisms that alter the expression of a gene or the structure/function of the gene product are potentially very important. Although such a polymorphism may not appear to have any direct and/or immediate clinical relevance, the respective data in HGMD could yet prove very valuable in terms of understanding inter-individual differences in disease susceptibility.

Intronic mutations

Mutations that occur within the extended consensus sequences of exon-intron splice junctions account for ~10% of all reported mutations logged in HGMD and are frequently encountered in mutation screening studies [START_REF] Krawczak | Single base-pair substitutions in exon-intron junctions of human genes: nature, distribution, and consequences for mRNA splicing[END_REF]. However, mutations residing in other intronic locations (including the canonical branchpoint sequence) may often go undetected unless they induce aberrant splicing (e.g. exon skipping or cryptic splice site utilization) that is readily distinguishable qualitatively or quantitatively from both normal and alternative splicing [START_REF] Coulombe-Huntington | Fine-scale variation and genetic determinants of alternative splicing across individuals[END_REF]. Introns probably represent substantially larger targets for functional mutations than has hitherto been recognized on account of their harbouring a multiplicity of functional elements including intron splice enhancers and silencers, cis-acting RNA elements that regulate alternative splicing [Wang et al., 2009a;[START_REF] Tress | The implications of alternative splicing in the ENCODE protein complement[END_REF], and potentially also trans-splicing elements [START_REF] Akiva | Transcription-mediated gene fusion in the human genome[END_REF][START_REF] Shao | Bioinformatic analysis of exon repetition, exon scrambling and trans-splicing in humans[END_REF][START_REF] Gingeras | Implications of chimaeric non-co-linear transcripts[END_REF] well as other regulatory elements some of which may be deeply embedded within very large introns [START_REF] Solis | Splicing fidelity, enhancers, and disease[END_REF]. In terms of identifying intronic functional elements, it may be helpful that they are often characterized by a reduced level of genetic variation [START_REF] Lomelin | Human genetic variation recognizes functional elements in non-coding sequence[END_REF].

Deep intronic mutations generally appear to comprise less than 1% of known splicing mutations (Table 1) but this figure is very likely to be an underestimate owing to the inherent difficulty in detecting splicing mutations located outside of exon-intron splice junctions. Thus, for example, in the case of the NF1 gene (MIM# 162200), Pros et al. [2008] noted that ~5% of identified pathological mutations that altered splicing were deep intronic mutations. Among disease-causing lesions, pseudoexon activation is one consequence of deep intronic mutation [START_REF] Dhir | Alternative splicing: role of pseudoexons in human disease and potential therapeutic strategies[END_REF]]. If we also consider the deep intronic polymorphic variants that have the potential to confer susceptibility to disease [START_REF] Grant | Reduced bone density and osteoporosis associated with a polymorphic Sp1 binding site in the collagen type I alpha 1 gene[END_REF][START_REF] Mann | A COL1A1 Sp1 binding site polymorphism predisposes to osteoporotic fracture by affecting bone density and quality[END_REF][START_REF] Emison | A common sex-dependent mutation in a RET enhancer underlies Hirschsprung disease risk[END_REF][START_REF] Susa | A functional polymorphism of the TNF-α gene that is associated with type 2 DM[END_REF][START_REF] Choi | A common intronic variant of CXCR3 is functionally associated with gene expression levels and the polymorphic immune cell responses to stimuli[END_REF]Fraser and Xie, 2009], it is very likely that splicingrelevant intronic mutations will have been seriously under-ascertained thus far. Consistent with this statement, [START_REF] Goode | Evolutionary constraint facilitates interpretation of genetic variation in resequenced human genomes[END_REF] have recently reported that the vast majority of putatively functional variants in the human genome actually reside in either intronic or intergenic locations.

Mutations residing within remote gene regulatory regions

Micro-lesions within proximal gene regulatory regions currently comprise only ~1.7% of known mutations causing or associated with human inherited disease (see HGMD). Their relative rarity may be in part because not all regulatory elements occur immediately 5' to the genes that they regulate. Indeed, many such elements are located within the first exon or within introns [START_REF] Cecchini | Towards a genome-wide reconstruction of cisregulatory networks in the human genome[END_REF]. Some mutations are known to occur within 5' or 3' untranslated regions and these latter elements may be less likely to be screened for mutations [Chen et Chen et al., 2006b;[START_REF] Chatterjee | Role of 5'-and 3'-untranslated regions of mRNAs in human diseases[END_REF] particularly if they are large [e.g. MECP2, MIM# 300005; [START_REF] Coutinho | MECP2 coding sequence and 3'UTR variation in 172 unrelated autistic patients[END_REF]. In the same vein, upstream open reading frames (uORF), present in ~50% of human genes, often impact upon the expression of the primary ORFs; indeed, both mutations and polymorphisms have been reported within uORFs that can modulate or even abolish the expression of the downstream gene [START_REF] Calvo | Upstream open reading frames cause widespread reduction of protein expression and are polymorphic among humans[END_REF][START_REF] Wen | Loss-of-function mutations of an inhibitory upstream ORF in the human hairless transcript cause Marie Unna hereditary hypotrichosis[END_REF].

Another reason for the relative paucity of regulatory mutations is that our knowledge of transcriptional regulatory elements (i.e. core promoters, proximal promoters, distal enhancers, repressors/silencers, insulators/boundary elements, and locus control regions), is still fairly rudimentary, particularly in the case of remote regulatory elements that act at a distance [START_REF] Pennacchio | In vivo enhancer analysis of human conserved non-coding sequences[END_REF][START_REF] Maston | Transcriptional regulatory elements in the human genome[END_REF][START_REF] Zhang | Statistical analysis of the genomic distribution and correlation of regulatory elements in the ENCODE regions[END_REF][START_REF] Attanasio | Assaying the regulatory potential of mammalian conserved non-coding sequences in human cells[END_REF][START_REF] Kleinjan | Cis-ruption mechanisms: disruption of cis-regulatory control as a cause of human genetic disease[END_REF][START_REF] Visel | Genomic views of distant-acting enhancers[END_REF][START_REF] Heintzman | Finding distal regulatory elements in the human genome[END_REF]] so that the appropriate elements are often simply not recognized let alone screened for mutation. It is therefore scarcely surprising that the number of known regulatory mutations decays quite rapidly with distance from the gene, mutations within remote regulatory elements being few and far between. Table 2 lists known micro-lesions that occur >10 kb 5' upstream of human genes causing inherited disease. These include a total of nine mutations within a 1 kb region (termed the long-range or limb-specific enhancer, ZRS) ~979 kb 5' to the transcription initiation site of the sonic hedgehog (SHH; MIM# 600725) gene [START_REF] Gordon | Long-range regulation at the SOX9 locus in development and disease[END_REF].

Far upstream polymorphic variants that influence gene expression and which are relevant to disease are also beginning to be documented. Thus, for example, the C>T functional SNP 14.5 kb upstream of the interferon regulatory factor 6 (IRF6; MIM# 607199) gene, associated with cleft palate, alters the binding of transcription factor AP-2α [START_REF] Rahimov | Disruption of an AP-2α binding site in an IRF6 enhancer is associated with cleft lip[END_REF]. Similarly, a functional SNP ~6 kb upstream of the α-globin-like HBM (MIM# 609639) gene serves to create [START_REF] Haiman | A common genetic risk factor for colorectal and prostate cancer[END_REF][START_REF] Tuupanen | The common colorectal cancer predisposition SNP rs6983267 at chromosome 8q24 confers potential to enhanced Wnt signaling[END_REF][START_REF] Pomerantz | The 8q24 cancer risk variant rs6983267 shows long-range interaction with MYC in colorectal cancer[END_REF][START_REF] Wright | Upregulation of c-MYC in cis through a large chromatin loop linked to a cancer risk-associated single-nucleotide polymorphism in colorectal cancer cells[END_REF]. Finally, in the context of pointing out the shortcomings of the gene-centric approach to mutation detection, we should be aware that functional SNP rs4988235, located 13.9 kb upstream of the lactase (LCT; MIM# 603202) gene and associated with adult-type hypolactasia, actually resides deep within intron 13 (c.1917+326C>T) of the minichromosome maintenance complex component 6 (MCM6; MIM# 601806) gene [START_REF] Enattah | Identification of a variant associated with adult-type hypolactasia[END_REF][START_REF] Olds | Lactase persistence DNA variant enhances lactase promoter activity in vitro: functional role as a cis regulatory element[END_REF][START_REF] Lewinsky | T-13910 DNA variant associated with lactase persistence interacts with Oct-1 and stimulates lactase promoter activity in vitro[END_REF]. Given that up to 5% of quantitative trait loci for gene expression (eQTLs) lie >20 kb upstream of transcriptional initiation sites [START_REF] Veyrieras | High-resolution mapping of expression-QTLs yields insight into human gene regulation[END_REF], many more far upstream polymorphic variants that influence gene expression are likely to be identified in the coming years.

Rather fewer pathological mutations are known to be located at a considerable distance downstream of human genes. One example is the C>G transversion 2528 nt 3' to the Term codon of the CDK5R1 gene, which has been postulated to play a role in non-specific mental retardation [START_REF] Venturin | Mutations and novel polymorphisms in coding regions and UTRs of CDK5R1 and OMG genes in patients with non-syndromic mental retardation[END_REF]. Perhaps more dramatic is the A>G SNP (rs2943641), 565981 bp 3' to the Term codon of the IRS1 gene, which is associated with type 2 diabetes, insulin resistance and hyperinsulinemia; the G allele was found to be associated with a reduced basal level of IRS1 protein [START_REF] Rung | Genetic variant near IRS1 is associated with type 2 diabetes, insulin resistance and hyperinsulinemia[END_REF].

Remote regulatory elements have sometimes come to attention as a consequence of their removal by gross deletions located at some considerable distance (from 10 kb to several 3). Thus, for example, a 960 kb deletion of non-coding sequence, lying between 1.477 Mb and 517 kb upstream of the SOX9 gene (MIM# 608160) gives rise to the acampomelic form of campomelic dysplasia [START_REF] Lecointre | Familial acampomelic form of campomelic dysplasia caused by a 960 kb deletion upstream of SOX9[END_REF]. Such pathological deletions are however not necessarily always so large. Indeed, a 7.4 kb deletion, located 283 kb upstream of the FOXL2 gene (MIM# 605597) has been identified as a cause of blepharophimosis syndrome; it disrupts a long non-coding RNA (PISRT1) as well as eight conserved non-coding sequences [START_REF] D'haene | Disease-causing 7.4 kb cis-regulatory deletion disrupting conserved non-coding sequences and their interaction with the FOXL2 promotor: implications for mutation screening[END_REF]Table 3]. For some conditions, such lesions may actually occur quite frequently, as in the case of the SHOX gene (MIM# 312865) where ~22% of Leri-Weill syndrome patients (MIM# 127300) and ~1% of individuals with idiopathic short stature (MIM# 300582) harbour a microdeletion spanning the upstream enhancer region that leaves the coding region of the SHOX gene intact [Chen et al., 2009a].

In this context, it is interesting to note that developmental genes appear to be disproportionately represented among those human genes located within 'gene deserts' [i.e. those chromosomal regions which are devoid of annotated genes; [START_REF] Taylor | Clues to function in gene deserts[END_REF][START_REF] Ovcharenko | Evolution and functional classification of vertebrate gene deserts[END_REF] and are often separated from their regulatory elements by up to several hundred kilobases.

The remote regulatory elements of several such genes (viz. BMP2, PAX6, SHH, SHOX and SOX9) are known to be subject to deletion or gross rearrangement resulting in inherited disease (Table 3).

Given that the number of transcriptional initiation sites in the human genome is much greater than the number of genes [Carninci et al., 2006], it may well be that the number of regulatory sequences associated with human genes has been seriously under-estimated. Further, both cisand trans-acting variation within regulatory regions may serve to modify gene expression and/or the functional effects of protein coding variants [START_REF] Stranger | Genome-wide associations of gene expression variation in humans[END_REF][START_REF] Pastinen | Influence of human genome polymorphism on gene expression[END_REF] [START_REF] Stranger | Population genomics of human gene expression[END_REF][START_REF] Dimas | Modifier effects between regulatory and protein-coding variation[END_REF][START_REF] Dimas | Common regulatory variation impacts gene expression in a cell typedependent manner[END_REF]. The under-ascertainment of disease-associated mutations within regulatory regions is therefore likely to be quite substantial but can potentially be rectified by emerging high-throughput entire genome sequencing protocols [START_REF] Chorley | Discovery and verification of functional single nucleotide polymorphisms in regulatory genomic regions: current and developing technologies[END_REF].

CNVs and copy number mutations

No mention of the human germline mutational spectrum would be complete without making reference to copy number variants (CNVs). CNVs are a recently discovered form of genomic diversity involving DNA sequences ≥1 kb in length that are present in the human genome in a variable number of copies [START_REF] Iafrate | Detection of large-scale variation in the human genome[END_REF][START_REF] Sebat | Large-scale copy number polymorphism in the human genome[END_REF][START_REF] Redon | Global variation in copy number in the human genome[END_REF]. Such gross duplications/deletions are not only rather abundant but also often occur at polymorphic frequencies. The Database of Genomic Variants (http://projects.tcag.ca/variation; August 2009) currently lists 8,410 CNV loci (CNV loci represent genomic regions that harbour copy number variants) and their number is increasing steadily, fuelled by refined analytical methods and the ongoing characterization of this type of genomic variation in different human populations [START_REF] Kidd | Mapping and sequencing of structural variation from eight human genomes[END_REF]. [START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF] have generated a comprehensive map of >8,500 validated CNVs >500 bp (detected in 41 Europeans/West Africans) that together cover a total of 112.7 Mb (3.7% of the genome). These authors estimated that 39% of the validated CNVs overlapped 13 % of RefSeq genes (NCBI mRNA reference sequence collection). Further, they concluded that the CNVs detected resulted in the "unambiguous loss of function" of alleles for 267 different genes.

It is important to note that the mutation rate (per locus and per generation) is considerably higher for CNVs (3x 10 -2 to10 -7 ) than for SNPs (10 -7 to 10 -8 ) [START_REF] Redon | Global variation in copy number in the human genome[END_REF][START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF], no doubt due to the very different mutational mechanisms involved. In their very [START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF] attempted to estimate the average per-generation rate of CNV formation. However, rate estimates were found to vary by several orders of magnitude between sites. [START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF] further noted that these estimates did not allow for purifying selection, and so they probably represent "a lower bound on the true rate".

There is also an ascertainment bias to contend with, duplications being significantly harder to identify than deletions [START_REF] Quemener | Complete ascertainment of intragenic copy number mutations (CNMs) in the CFTR gene and its implications for CNM formation at other autosomal loci[END_REF].

It has been estimated that on average, 73 to 87 genes vary in copy number between any two individuals [START_REF] Alkan | Personalized copy number and segmental duplication maps using next-generation sequencing[END_REF]. This high degree of inter-individual variability with regard to gene copy number has challenged traditional definitions of wild-type and 'normality', and even the very concept of a 'reference genome' itself [START_REF] Dear | Copy-number variation: the end of the human genome?[END_REF]. High resolution breakpoint mapping is a prerequisite for the accurate assessment of CNV size, the identification of the genes and regulatory elements affected, and hence for the determination of the consequences of copy number variation for gene expression and the phenotypic sequelae [START_REF] Beckmann | CNVs and genetic medicine (excitement and consequences of a rediscovery)[END_REF][START_REF] De Smith | Human genes involved in copy number variation: mechanisms of origin, functional effects and implications for disease[END_REF]. This notwithstanding, it is already becoming clear that these consequences may go far beyond the physical bounds of a given CNV. Thus, a CNV involving the human HBA (MIM# 141800) gene has a dramatic influence on the expression of the NME4 (MIM# 601818) gene some 300 kb distant [START_REF] Lower | Adventitious changes in long-range gene expression caused by polymorphic structural variation and promoter competition[END_REF]. In addition, a 5.5 kb micro-duplication of a conserved noncoding sequence with demonstrated enhancer function, about 110 kb downstream of the BMP2 (bone morphogenic protein 2) gene, has been found to cause brachydactyly type 2A in two families [START_REF] Dathe | Duplications involving a conserved regulatory element downstream of BMP2 are associated with brachydactyly type A2[END_REF].

It may well be that the precise extent and/or location of many CNVs will vary between individuals, thereby further increasing both the mutational and phenotypic heterogeneity. The extent to which CNVs are likely to contribute to the diversity of human phenotypes, including 'single gene defects', genomic disorders and complex disease, is increasingly being recognized. Indeed, CNVs are now being widely recruited to genome-wide association studies with the aim of assessing their influence on human disease causation/susceptibility [START_REF] Beckmann | CNVs and genetic medicine (excitement and consequences of a rediscovery)[END_REF][START_REF] Mccarroll | Extending genome-wide association studies to copy-number variation[END_REF][START_REF] Merikangas | Copy-number variants in neurodevelopmental disorders: promises and challenges[END_REF]. To date, 37 human disease conditions have been identified which are either caused by CNVs or whose relative risk is increased by CNVs [START_REF] Beckmann | CNVs and genetic medicine (excitement and consequences of a rediscovery)[END_REF]Scherer and Lee, 2010 and references therein]. Remarkably, an excess of both rare and de novo CNVs has been identified in patients with psychiatric disorders and obesity [START_REF] Sebat | Strong association of de novo copy number mutations with autism[END_REF][START_REF] Magnusdottir | Large recurrent microdeletions associated with schizophrenia[END_REF][START_REF] Walsh | Rare structural variants disrupt multiple genes in neurodevelopmental pathways in schizophrenia[END_REF]Elia et al., 2009;[START_REF] Glessner | Autism genome-wide copy number variation reveals ubiquitin and neuronal genes[END_REF][START_REF] Bochukova | Large, rare chromosomal deletions associated with severe early-onset obesity[END_REF][START_REF] Walters | A new highly penetrant form of obesity due to deletions on chromosome 16p11.2[END_REF]]. These recent findings point to genetic heterogeneity in these conditions thereby illustrating the likely complexity inherent in identifying all disease-causing CNVs. Intriguingly, [START_REF] Shlien | Excessive genomic DNA copy number variation in the Li-Fraumeni cancer predisposition syndrome[END_REF] have reported a highly significant increase in CNV number among patients with Li-Fraumeni syndrome (MIM# 151623), carriers of inherited TP53 mutations. Hence it would appear that heritable genetic variants have the potential to modulate the rate of germline CNV formation.

It is already clear that the disease relevance of CNVs represents a continuum, stretching from 'neutral' polymorphisms on the one hand to directly pathogenic copy number changes on the other [START_REF] Beckmann | CNVs and genetic medicine (excitement and consequences of a rediscovery)[END_REF]. Between these two extremes may lie those CNVs that are capable of acting as predisposing (or protective) factors in relation to complex disease [START_REF] Fanciulli | Gene copy number variation and common human disease[END_REF]). Thus, for example, a 117 kb deletion encompassing the UDP glucuronosyltransferase 2 family, polypeptide B17 (UGT2B17) gene (MIM# 601903) has been found to be associated with an increased risk of osteoporosis [Yang et al., 2008b]. Intriguingly, some germline CNVs appear to predispose to disease even although no known genes reside within their boundaries [START_REF] Liu | Association of a germ-line copy number variation at 2p24.3 and risk for aggressive prostate cancer[END_REF][START_REF] Thean | Genome-wide scan identifies a copy number variable region at 3q26 that regulates PPM1L in APC mutation-negative familial colorectal cancer patients[END_REF]. Importantly, a 520 kb microdeletion has been identified at 16p12.1 aggravates neurodevelopmental disorders if it co-occurs together with other large deletions and duplications [Giriajan et al., 2010]. It remains to be seen whether 'CNV equivalents' <1 kb in size (also termed 'indels'), that actually occur rather more frequently than true CNVs (>1 kb) [START_REF] Conrad | Origins and functional impact of copy number variation in the human genome[END_REF], will also be relevant to disease. What is already clear is that, over the coming years, a large number of important CNV-disease associations are going to come to light [START_REF] Stankiewicz | Structural variation in the human genome and its role in disease[END_REF].

Mutations in non-protein-coding genes

In contrast to the plethora of mutations identified in protein-coding genes, the identification of mutations in non-protein-coding genes is still very much in its infancy. A number of diseasecausing or disease-associated mutations have already been reported in various small nucleolar RNA genes and microRNA genes (Table 4). In addition, mutations have also been documented in the longer non-coding RNA genes [XIST (MIM# 314670), TERC (MIM# 602322), H19 (MIM# 103280), RMRP (MIM# 157660); see HGMD for details]. A putative pathological mutation has been described in a 'gene' encoding a paternally expressed antisense transcript of the GNAS complex locus [GNASAS; MIM# 610540; [START_REF] Bastepe | Deletion of the NESP55 differentially methylated region causes loss of maternal GNAS imprints and pseudohypoparathyroidism type Ib[END_REF] whilst a functional polymorphism has been reported within an enhancer at the 3' end of the CDKN2BAS 'gene' (MIM# 600431) which encodes an antisense RNA transcript [START_REF] Jarinova | Functional analysis of the chromosome 9p21.3 coronary artery disease risk locus[END_REF]. A CRYGEP1 (MIM# 123660) pseudogene-reactivating mutation associated with hereditary cataract formation [START_REF] Brakenhoff | Activation of the gamma E-crystallin pseudogene in the human hereditary Coppock-like cataract[END_REF] probably also falls into this category.

The above examples are likely to comprise only the tip of a fairly large iceberg that still remains essentially unexplored. Thus, for example, both single nucleotide polymorphism and 32 copy number variation are both likely to impact significantly on microRNA gene expression with myriad potential pathological consequences [START_REF] Bandiera | microRNAs in diseases: from candidate to modifier genes[END_REF].

Mutations in non-coding regions of functional significance

By adopting a gene-centric view, we have until now largely ignored the extensive non-proteincoding portion of the human genome in our quest for mutations of pathological significance. As a consequence, we have not only seriously under-estimated the extent of the functional component of the genome, but may also have overlooked many mutations within this genomic 'dark matter' [START_REF] Collins | The RNA infrastructure: dark matter of the eukaryotic cell?[END_REF]]. As we increasingly adopt 'genotype-first' strategies to characterizing genetic defects in patients with diverse clinical phenotypes [START_REF] Mefford | Genotype to phenotype-discovery and characterization of novel genomic disorders in a "genotype-first" era[END_REF], many more mutations are likely to be identified in non-protein-coding genes.

In both the human and mouse genomes, many non-coding regions exhibit a similar level of evolutionary conservation to that evident in protein-coding regions [START_REF] Kryukov | Small fitness effect of mutations in highly conserved non-coding regions[END_REF][START_REF] Asthana | Widely distributed noncoding purifying selection in the human genome[END_REF]. As yet, however, little is known of the effect that mutations in these regions might have on either the phenotype or on overall fitness. Studies of the most evolutionarily conserved non-coding regions have yielded results which are consistent with the view that most mutations in non-coding regions are only slightly deleterious [START_REF] Kryukov | Small fitness effect of mutations in highly conserved non-coding regions[END_REF][START_REF] Chen | The strength of selection on ultraconserved elements in the human genome[END_REF]. The conservation observed may thus be due to variations in the mutation rate rather than selective constraints [START_REF] Keightley | Evolutionary constraints in conserved nongenic sequences of mammals[END_REF][START_REF] Gorlov | Relative effects of mutability and selection on single nucleotide polymorphisms in transcribed regions of the human genome[END_REF]. Indeed, [START_REF] Keightley | Evolutionary constraints in conserved nongenic sequences of mammals[END_REF] have shown that selection in conserved non-coding sequences is significantly weaker in hominids as compared to murids, probably a consequence of the low effective population size of hominids resulting in the reduced effectiveness of selection. In order to obtain a first, necessarily rather crude, estimate of the contribution of variation in human non-coding sequences to phenotypic and/or disease traits, [START_REF] Visel | Genomic views of distant-acting enhancers[END_REF] performed a meta-analysis of ~1200 single nucleotide polymorphisms (SNPs) that have been identified as the most significantly associated variants in published genome-wide association studies. They found that, in 40% of cases, neither the SNP in question nor its associated haplotype block overlapped with any known exons. These authors therefore concluded that in at least one third of detected disease associations, variation in non-coding sequence rather than coding sequence could have causally contributed to the trait in question. We suspect that this could be because the common disease-common variant' hypothesis [START_REF] Schork | Common vs. rare allele hypotheses for complex diseases[END_REF]] may be much more likely to apply to non-coding sequence than to coding sequence, owing to the selectional constraints impacting upon sufficiently frequent functional variation in the latter. In similar vein, others have also estimated that 39-43% of trait/disease-associated SNPs in GWAS are located within intergenic regions [START_REF] Hindorff | Potential etiologic and functional implications of genome-wide association loci for human diseases and traits[END_REF][START_REF] Glinskii | Identification of intergenic trans-regulatory RNAs containing a disease-linked SNP sequence and targeting cell cycle progression/differentiation pathways in multiple common human disorders[END_REF]. This notwithstanding, it should be appreciated that any given variant apparently detected within a non-coding region may actually reside within a hitherto undiscovered exon [START_REF] Denoeud | Prominent use of distal 5' transcription start sites and discovery of a large number of additional exons in ENCODE regions[END_REF]. We should however be aware that rare variants, in cis to those found to be associated with a given disease or trait in GWAS studies, may by chance give rise to 'synthetic associations' that are then attributed to much more common variants [START_REF] Dickson | Rare variants create synthetic genome-wide associations[END_REF].

Compensated pathogenic deviations

The intriguing idea that two individually deleterious mutations might be capable of restoring normal fitness when they occur in combination may be traced back to [START_REF] Kimura | The role of compensatory neutral mutations in molecular evolution[END_REF] who suggested that 'compensatory neutral mutations' might play an important role in evolution. More [START_REF] Kondrashov | Dobzhansky-Muller incompatibilities in protein evolution[END_REF] compared pathological missense mutations in 32 human proteins to the amino acid substitutions that occurred during the course of evolution of these same proteins, and estimated that ~10% of all amino acid sequence differences between a human protein and its non-human (mammalian) orthologue could represent what they termed 'compensated pathogenic deviations' (CPDs). Since such amino acid substitutions are pathogenic in humans, [START_REF] Kondrashov | Dobzhansky-Muller incompatibilities in protein evolution[END_REF] surmised that the normal functioning of a CPDcontaining protein in the non-human species must be due to other ('compensatory') amino acid sequence deviations from the human sequence.

Numerous examples of CPDs have now been reported from comparative genome sequencing studies. CPDs represent human pathological missense mutations where the substituting amino acids have been found to be identical to the wild-type amino acid residues at the orthologous positions in e.g. mouse [Gao and Zhang, 2003], macaque [Gibbs et al., 2007] and chimpanzee [START_REF] Azevedo | Epistatic interactions: how strong in disease and evolution?[END_REF][START_REF] Suriano | In vitro demonstration of intra-locus compensation using the ornithine transcarbamylase protein as model[END_REF]. In principle, these compensatory changes could be either allelic to the CPD (and hence closely linked genetically) or non-allelic (e.g. involving the coevolution of a ligand and its receptor encoded by unlinked genes; [START_REF] Liu | Episodic evolution of growth hormone in primates and emergence of the species specificity of human growth hormone receptor[END_REF]. The above notwithstanding, in evolution, compensatory mutations are unlikely to occur singly; indeed, [START_REF] Poon | The coupon collector and the suppressor mutation: estimating the number of compensatory mutations by maximum likelihood[END_REF] have suggested that, on average, 11.8 compensatory mutations may interact epistatically with a given deleterious mutation so as to restore wild-type levels of fitness.

CPDs tend to be less severe in terms of the difference in physicochemical properties between the substituted and substituting amino acids than is normally the case for pathological mutations [Ferrer-Costa et al., 2007;Barešić et al., 2010]. In the context of human disease, Suriano et al. Thr125Met have respectively occurred in the human and chimpanzee lineages since their divergence from their common ancestor. The Thr135Ala substitution appears to be humanspecific whilst the Thr125Met substitution was chimpanzee-specific (both Thr125 and Thr135 were found to be ancestral residues). When the derived Met125 is associated with the ancestral Thr135 (in chimpanzee), no abnormal phenotype is evident. However, when Met125 occurs on a background containing the human-specific Ala135 residue, this results in a clinical phenotype (neonatal hyperammonemia). [START_REF] Suriano | In vitro demonstration of intra-locus compensation using the ornithine transcarbamylase protein as model[END_REF] demonstrated in vitro that human OTC bearing the Thr125Met mutant is inactive, whereas the chimpanzee version of OTC (with Met at residue 125) possesses an enzymatic activity comparable with the wild-type human OTC. The presence of Thr at position 135 in chimpanzees therefore rescues the deleterious effect of Met at position 125 through intra-locus compensation.

The high proportion of disease-associated/functional SNPs that constitute CPDs in non-human primates may have important implications for the study of complex disease in humans. With mendelian diseases, the norm is for the pathological mutations to be new (i.e. derived) and in many cases, this paradigm can be extended to common disease. However, there are some curious examples in which the alleles that increase the risk of common disease are ancestral whilst the derived alleles are 'protective [START_REF] Rienzo | An evolutionary framework for common diseases: the ancestralsusceptibility model[END_REF]. This reversal of the standard model is consistent with the idea that some forms of common disease susceptibility may be a consequence of ancient human adaptations to a long-term stable environment ('thrifty alleles'); with a changed environment consequent to the recent shift to a modern lifestyle, these ancestral alleles have now come to increase the risk of common disease [START_REF] Rienzo | An evolutionary framework for common diseases: the ancestralsusceptibility model[END_REF].

Thus, the ancestral alleles represent the recapitulation of ancient states that may once have been protective, but which now result in adverse consequences for human health. On the other hand, some ancestral alleles may be weakly deleterious mutations that have become fixed by genetic drift [START_REF] Kryukov | Most rare missense alleles are deleterious in humans: implications for complex disease and association studies[END_REF], a process that may be facilitated by small effective population size).

Viewed within this evolutionary framework, new (derived) alleles may be expected to confer 'protection' against disease. Whilst ancestral alleles constitute only a minority of all putative risk variants, their number nevertheless appears to be sufficiently high for us to conclude that they are likely to account for a sizeable proportion of inherited susceptibility to common disease.

A mutation in search of a gene

As is evident from the above, mutation hunting has so far been almost invariably gene-centric.

Once a disease gene is discovered, the identification and characterization of pathological mutations within this gene usually follows apace. Generally speaking, the occasional exception serves only to prove the rule. Such an exception is fascioscapulohumeral muscular dystrophy (FSHD; MIM# 158900). The mutation responsible for this disease has long been known to be the deletion of a critical number of units of a repeat sequence (D4Z4) on chromosome 4q35. This deletion appears to correlate with the derepression of transcription of muscle-expressed genes in the vicinity of the D4Z4 repeats. However, although various candidates have been proposed [START_REF] Dixit | DUX4, a candidate gene of facioscapulohumeral muscular dystrophy, encodes a transcriptional activator of PITX1[END_REF][START_REF] Snider | RNA transcripts, miRNA-sized fragments and proteins produced from D4Z4 units: new candidates for the pathophysiology of facioscapulohumeral dystrophy[END_REF][START_REF] Klooster | Comprehensive expression analysis of FSHD candidate genes at the mRNA and protein level[END_REF], the identity and location of the FSHD gene (or genes) still remain elusive, as does the disease mechanism. It is anticipated that further examples of disease-associated mutations lacking an immediately obvious relationship to a specific gene or genes will come to light as our mutation-searching procedures become less gene-centric and more all-genome encompassing. In the context of identifying genetic variants responsible for human inherited disease, we believe that it will be increasingly important to consider functional elements in the genome (the 'functionome') rather than simply genes per se. We employ the term 'functionome' here to describe the totality of the biologically functional nucleotide sequences in the human genome, irrespective of whether they are associated with genes or not. A number of novel techniques, such as chromatin immunoprecipitation [ChIP; [START_REF] Wong | ChIP'ing the mammalian genome: technical advances and insights into functional elements[END_REF] and ChIP-sequencing [ChIP-Seq;[START_REF] Park | ChIP-seq: advantages and challenges of a maturing technology[END_REF], which are capable of exploring protein-DNA interactions at a genomewide (and protein-RNA interactions at a transcriptome-wide) level, are in the vanguard of attempts to characterize the human 'functionome'. Since conserved non-coding sequences in the human genome appear to be ~10-fold more abundant than known genes [START_REF] Attanasio | Assaying the regulatory potential of mammalian conserved non-coding sequences in human cells[END_REF], it is likely that (i) currently known mutations within coding regions are unlikely to be fully representative of the universe of pathological mutations (which would imply that any extrapolation from HGMD data would be highly speculative) and (ii) a whole new grouping of disease-causing mutations may await identification and characterization. Once again, a paradigm shift in our thinking may well be required if we are to maximize the potential of the emerging high-throughput technology to detect new (hitherto latent) types of human gene mutation.

The above notwithstanding, it is rather unlikely that the functional non-protein-coding portion of the human genome will prove to be quite as mutation-dense as the protein-coding portion. For most inherited disorders, the mutation detection rate is already fairly high (>90%) although this success rate is often achieved by combining different mutation detection methodologies, for example to screen for exon deletions and copy number variants as well as more subtle lesions 38 [START_REF] Quemener | Complete ascertainment of intragenic copy number mutations (CNMs) in the CFTR gene and its implications for CNM formation at other autosomal loci[END_REF]. At least some of the 'missing lesions' may nevertheless be found by screening extragenic functional elements.

How many deleterious mutations are there on average per individual?

It has long been appreciated that every individual is heterozygous for a certain number of deleterious mutations that, if homozygous, would lead to the premature death of that individual [START_REF] Bittles | The costs of human inbreeding and their implications for variations at the DNA level[END_REF]. Based upon the average prevalence of recessive diseases in the human population, [START_REF] Morris | How many deleterious mutations are there in the human genome?[END_REF] estimated that there might be, on average, some 23 deleterious mutations in the protein coding region of a single individual. This estimate would receive additional support by reference to the expected disease allele frequency, q=µ/hs at mutation selection equilibrium: assuming a heterozygosity effect of hs=1.5×10 -3 for null mutations (Gillespie, 1998) and an average gene mutation rate of µ=3×10 -6 , the population frequency of the disease allele class of a given gene would amount to 2×10 -3 , or 0.2%. Depending upon the number of inherited disease genes assumed to exist in the human genome (7,750 to 30,750; see above), the average number of deleterious (i.e. null) mutations in any given individual would therefore be expected to lie between 15 and 60. If we assume that the number of inherited disease genes is 15,300 (i.e. the average outcome of extrapolations based upon annual HGMD inclusion rates; see above), our best guess would be 31 deleterious mutations per individual. Depending upon whether the gene mutation rate and heterozygosity effect mentioned above cover nonsense SNPs and CNVs as well, such variants would either be included in this estimate, or not.

With the advent of whole genome sequencing, predictive mathematical modelling has largely given way to direct molecular analysis. [START_REF] Ng | Genetic variation in an individual human exome[END_REF] employed the SIFT program to predict that 14% of 10,400 nonsynonymous variants (~1,500) detected in the Venter genome [Levy et Deleted: The credibility of the above calculations notwithstanding, w sequencing protocols typically do not assemble whole human genomes but rather identify variants relative to a reference sequence [START_REF] Snyder | Personal genome sequencing: current approaches and challenges[END_REF], it should be appreciated that not all variants detected are going to be bona fide because the original reference genome sequence exhibits an error rate of ~0.01% [START_REF] Reich | On the allelic spectrum of human disease[END_REF].

For a variety of reasons, it is very hard to compare directly the numbers of putatively diseaserelevant variants detected in the different genome-wide sequencing studies and even more so to relate these numbers to the model-based, theoretical predictions mentioned above. First, the total number of deleterious variants present in a given genome will of course depend very much upon what we mean by 'deleterious'. A 'deleterious' variant may well reduce or "damage" protein function but this is not to say that it will markedly alter the phenotype, let alone cause disease. If the heterozygosity effect were an order of magnitude smaller, then the number of deleterious SNPs would be an order of magnitude larger, and hence would be of the same order of magnitude as the results obtained by genome/exome sequencing. The same result would pertain if selection against homozygous carriers were to be substantially weaker than in the case of recessive lethals. However, we doubt that there is solid evidence for such small effects being the rule rather than the exception with deleterious recessives (even though they may not be lethal).

Moreover, such small effects would be difficult (if not impossible) to estimate directly, but would have to come from model-based studies. The above notwithstanding, what is striking is the remarkably similar number of 'deleterious' variants reported from the different genomes studied to date and the fact that these numbers were between one and two orders of magnitude larger than those arrived at via theoretical considerations. The obvious explanation for this discrepancy is that the latter were focused upon recessive (or null) mutations. In practice, any Regarding the different outcomes of the sequencing studies, it must be noted that the levels of sequencing coverage (7x to 40x; Yngvadottir et al., 2009) differed quite dramatically between studies as did the portions of the genomes sequenced (i.e. 'entire' genome v. exome).

Furthermore, the different sequencing platforms employed exhibit very different error patterns and rates [START_REF] Smith | Using quality scores and longer reads improves accuracy of Solexa read mapping[END_REF]Wheeler et al., 2008]. Also, the different deleterious variant prediction tools used for functional profiling can differ quite markedly in terms of their sensitivity and specificity [START_REF] Ng | Predicting the effects of amino acid substitutions on protein function[END_REF]. Finally, it should be appreciated that the question of ethnicity may impact significantly on question of deleterious gene diversity. Thus, whilst African-Americans exhibit a higher level of heterozygosity for both 'possibly damaging' and 'probably damaging' SNPs than European-Americans, European-Americans possess significantly more genotypes which are homozygous for the putatively damaging allele of 'probably damaging' SNPs than do African-Americans [START_REF] Lohmueller | Proportionally more deleterious genetic variation in European than in African populations[END_REF].

To optimize their practical utility, the bioinformatics tools available for the prediction of deleterious mutations [START_REF] Karchin | Next generation tools for the annotation of human SNPs[END_REF] will need to be improved by the inclusion of data on specific sites of structural and/or functional interest [START_REF] Mort | In silico functional profiling of human disease-associated and polymorphic amino acid substitutions[END_REF] and by consideration of such key issues as mutation penetrance [START_REF] Waalen | Genetic screening for low-penetrance variants in protein-coding genes[END_REF] and interactions between allelic and non-allelic mutations/polymorphic variants [START_REF] Dimas | Modifier effects between regulatory and protein-coding variation[END_REF]. However, it is most encouraging that existing bioinformatics tools have already been successfully applied in the context of filtering whole-exome/genome sequencing data to identify the pathological mutations underlying rare Mendelian disorders of previously unknown cause [START_REF] Ng | Exome sequencing identifies the cause of a mendelian disorder[END_REF]Lupski et 

Can we estimate the number of mutations causing human inherited disease that still remain to be characterized?

"There are known knowns; there are things we know we know. We also know there are known unknowns; that is to say we know there are some things we do not know. But there are also unknown unknowns -the ones we don't know we don't know." [Donald Rumsfeld, Feb. 12, 2002, Department of Defense news briefing].

Since we still only have an approximate idea of the number of human genes, and a fairly crude estimate of the size and location of the functional portion of the human genome, the known unknowns would seem at present to outweigh the known knowns. Thus, any reliable estimate of the number of different functionally significant mutations yet to be identified in the extant human population is likely to remain a guessing game for the foreseeable future. What is clear, is that with the advent not only of massively parallel sequencing of the human exome [START_REF] Jones | Exomic sequencing identifies PALB2 as a pancreatic cancer susceptibility gene[END_REF][START_REF] Ng | Targeted capture and massively parallel sequencing of 12 human exomes[END_REF][START_REF] Choi | Genetic diagnosis by whole exome capture and massively parallel DNA sequencing[END_REF][START_REF] Tucker | Massively parallel sequencing: the next big thing in genetic medicine[END_REF] and high-throughput targeted resequencing of defined genomic regions [Prabhu and Pe'er, 2009;[START_REF] Kryukov | Power of deep, all-exon resequencing for discovery of human trait genes[END_REF], but also of the successful application of direct RNA sequencing of the human transcriptome [START_REF] Ozsolak | Direct RNA sequencing[END_REF]Wang et al., 2009b] and whole-genome sequencing [START_REF] Lupski | Whole-genome sequencing in a patient with Charcot-Marie-Tooth neuropathy[END_REF][START_REF] Roach | Analysis of genetic inheritance in a family quartet by whole-genome sequencing[END_REF], the identification of inherited pathological mutations is entering a new era. This will be an era in which, for each patient, many genomic variants 'will be called but few will be chosen'. Hence, the development of bioinformatics techniques, sufficiently powerful to identify, with a high degree of certainty, pathological needles in the human genomic haystack, will be paramount. However, in deploying these emerging techniques, we should be wary of being constrained by outmoded overly gene-centric approaches to mutation screening. Once again, in terms of mutation hunting, we should not focus exclusively on genes per se but rather shift our emphasis so as to include the sequence elements that characterize a potentially larger (and yet still functional) portion of the genome. Expanding our horizons through the inclusion of new types of functional element among our screening targets should serve to extend the known germline mutational spectrum very significantly. We predict that entirely new types of pathological gene lesion (the unknown unknowns!) are likely to become apparent whose characterization should provide new insights not only into the morbid anatomy of the human genome but also its normal structure and function.

Concluding remarks

In summary, the number of germline mutations in human nuclear genes known to either cause or to be associated with inherited disease now exceeds 100,000 in over 3,700 different genes.

Newly described human gene mutations are currently being reported at a rate of ~10,000 per annum, with ~300 new 'inherited disease genes' being recognised every year. As the human 'mutome' passes the historic 100,000 landmark, we have posed the double question: how many inherited disease genes are there in the human genome and how many mutations are likely to be found within them? The total number of genes present in the human genome is dependent in part upon one's operating definition of a gene but appears to be at least 25,000 and may yet be found to exceed 33,000. We estimate that among these, there are likely to be at least 7,750 'disease genes', with our best guess being ~15,300. We further estimate that the total number of different mutations underlying inherited human disease may well exceed one billion although, in practice, most of these are going to occur too infrequently for them to be detectable. The question of the proportion of possible mutations within inherited human disease genes that are likely to be of pathological significance is very difficult to address because it is dependent not only upon the type and location of the mutation but also upon the functionality of the nucleotides involved. As to how many deleterious mutations there are on average per individual, if we assume that the total number of inherited disease genes is 15,300, then our best guess would be 31 such mutations per individual.

We surmise that, given current mutation screening techniques, it is very likely that many pathological mutations will have been overlooked as a consequence of their being located at some considerable distance from the genes whose function they disrupt. To avoid such oversights, we believe that it is important not to screen for mutations in an overly gene-centric way. Indeed, by coining here the term 'functionome' to describe the universe of biologically functional nucleotide sequences in the human genome, we hope to encourage researchers to leave, when required, "the narrow roads of gene land" and to consider the totality of functional elements in the genome rather than simply opting for the increasingly well-trammelled path of analysing coding sequence or genes per se. We believe that this change of tack will amply repay us with the identification of novel types of pathological gene lesion whose characterization should yield new insights into human genome structure and function.

As we contemplate the future of mutation identification and characterization in a human context, we should not omit to mention that the term 'mutation' in its broadest sense could in 45 principle be extended beyond the narrow confines of DNA sequence-based changes so as to include heritable (germline) alterations of DNA methylation ('epimutations') that result in abnormal transcriptional silencing [START_REF] Cropley | Germline epimutation in humans[END_REF]. The best example of this phenomenon is provided by the constitutional epimutations in the human MLH1 (MIM# 120436) gene which cause hereditary non-polyposis colorectal cancer [START_REF] Hitchins | Constitutional (germline) MLH1 epimutation as an aetiological mechanism for hereditary non-polyposis colorectal cancer[END_REF]. With the determination of the human methylome [START_REF] Lister | Human DNA methylomes at base resolution show widespread epigenomic differences[END_REF], the number of recognized epimutations should rise significantly in the coming years. If eventually shown to be both of pathological significance and heritable, some examples of histone modification [Wang et al., 2008b;[START_REF] Vermilyea | Transcription-independent heritability of induced histone modifications in the mouse preimplantation embryo[END_REF][START_REF] Luco | Regulation of alternative splicing by histone modifications[END_REF] or RNA editing [Li et al., 2009b;[START_REF] Lualdi | Enigmatic in vivo iduronate-2-sulfatase (IDS) mutant transcript correction to wild-type in hunter syndrome[END_REF] could also turn out to represent 'honorary mutations'.

Irrespective of how the human germline mutational spectrum transmogrifies over the coming years, we must remain committed to collating human gene mutation data as they emerge, endeavouring as we do so to follow the advice of the founder of modern human genetics, William Bateson, who, in the context of collecting plant mutants over a century ago, exhorted us to "treasure your exceptions". Human Mutation
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Table 3

 3 Examples of genomic deletions and other rearrangements causing human inherited disease but located at some considerable distance from the genes whose function they disrupt

	Gene	Disease	Chromosomal	Genomic rearrangement	Location (5' or 3') relative	Reference
	(MIM#)		location		to gene	
	BMP2	Autosomal dominant	20p12.3	Duplication (5.5 kb)	~110 kb 3' to gene	Dathe et al. (2009)
	(MIM# 112261)	brachydactyly type A2				
	DLX6	Hearing loss and	7q21.3	Inversion breakpoint	~65 kb 5' to gene	Brown et al. (2010)
	(MIM# 600030)	craniofacial defects				
	FOXC2	Lymphedema-	16q24.1	Translocation breakpoint	120 kb 3' to gene	Fang et al. (2000)
	(MIM# 602402)	distichiasis syndrome				
	FOXF1	Alveolar capillary	16q24.1	Deletions (524 kb, 145 kb)	52 kb and 259 kb 5' to gene Stankiewicz et al. (2009)
	(MIM# 601089)	dysplasia				
	FOXL2	Blepharophimosis	3q22.3	Deletion (7.4 kb)	283 kb 5' to gene	D'haene et al. (2009)
	(MIM# 605597)	syndrome				
	HBA2 (MIM# 141850) α-thalassaemia	16p13.3	Deletions, various	>20 kb 5' to gene	Hatton et al. (1990)
						Romao et al. (1991)
						Viprakasit et al. (2003)
	HBB (MIM# 141900)	β-thalassaemia	11p15.5	Deletions, various	>50 kb 5' to gene	Driscoll et al. (1989)
						Harteveld et al. (2005)
						Koenig et al. (2009)
	PAX6	Aniridia	11p13	Deletions (975 kb, 1105 kb)	11.6 kb and 22.1 kb 3' to	Lauderdale et al. (2000)
	(MIM# 607108)				gene	
	PITX2	Rieger syndrome	4q25	Translocation breakpoint	~90 kb 5' to gene	Flomen et al. (1998)
	(MIM# 601542)					
	POU3F4	X-linked deafness	Xq21.1	Deletions, various	~900 kb 5' to gene	de Kok et al. (1996)
	(MIM# 300039)	type 3 (DFN3)				
	SHH	Preaxial polydactyly	7q36	De novo reciprocal t(5,7) (q11,q36)	~1 Mb 5' to gene	Lettice et al. (2002)
	(MIM# 600725)			translocation breakpoint		
	SOX9	Acampomelic	17q24.3	Deletion (960 kb)	1.477 Mb and 517 kb 5' to	
	(MIM# 608160)	campomelic			gene	
		dysplasia		De novo balanced complex chromosomal	~1.3 Mb 3' to gene	
				rearrangement with a 17q breakpoint.		
				Balanced translocation,		
				t(4;17)(q28.3;q24.3) breakpoint.		
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