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Abstract

Structural variation includes many different types of chromosomal rearrangement and
encompasses millions of bases in every human genome. Over the past three years the extent and
complexity of structural variation has become better appreciated. Diverse approaches have been
adopted to explore the functional impact of this class of variation. As disparate indications of the
important biological consequences of genome dynamism are accumulating rapidly, we review the
evidence that structural variation has an appreciable impact on cellular phenotypes, disease and
human evolution.

Introduction to genomic structural variation

Structural variation (SV) is a broad term for genetic variants that alter chromosomal
structure; it encompasses both balanced changes (inversions and some translocations) and
those that alter DNA copy number [Copy Number Variation (CNV)]. The genome manifests
a size continuum of genomic variants from single base deletions to whole-chromosomal
aneuploidies. Structural variation is generally used to refer to larger changes, typically larger
than 1kb 1,2, although this is an arbitrary threshold.

The phenotypic relevance of SV in genomes was first appreciated more than 70 years ago
with the observation that the bar eye phenotype in Drosophila melanogaster is caused by a
tandem chromosomal duplication 3. Over the next six decades, knowledge of SV in humans
accrued slowly, largely through observations by cytogeneticists of the role that large
chromosomal rearrangements play in sporadic severe developmental disorders (such as
Down Syndrome 4), and by researchers who studied specific disease-related regions of the
genome in painstaking detail (e.g. 5). These early studies revealed that SV contributes to all
classes of disease with a genetic aetiology: sporadic development syndromes, Mendelian
diseases, complex disorders and infectious diseases, as well as health-related metabolic
phenotypes (Table 1).

Unlike other forms of genetic variation, for example, single nucleotide polymorphisms
(SNPs), SV cannot be easily studied from single sequence reads, and as a result
characterisation of this form of variation lagged behind other forms of variation. It was the
advent of microarray technologies to measure DNA copy number in 1998 6 and publication
of the draft human sequence in 2001 that enabled genome-wide surveys for structural
variation 7. Over the past 3 years, studies applying both microarray and sequencing
technologies have revealed that the structural variation in the human genome is extensive
and complex, with many different types of variation contributing to structural diversity 8-12
(Figure 1).
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As databases of structural variation remain far from saturation, our understanding of the
functional importance of SV is clearly in its infancy. Nevertheless, the biological impact of
this form of variation has become apparent through a variety of complementary approaches.
In this review we consider the current picture of the functional impact of SV from three
different biological perspectives: the cell, the organism and the population. Specifically, we
examine its impact on levels of gene expression (a cellular trait), disease (an organismal
phenotype) and evolutionary change (a property of populations).

Discovery of structural variation

Historically, structural variation was primarily assayed cytogenetically in diseased genomes,
and until recently these variants were not collated in any systematic fashion. More recently,
genomic technologies (such as microarrays and sequencing technologies, see Table 2) have
been applied to genome-wide surveys of SV in apparently healthy individuals. The relative
merits and challenges of these technologies are reviewed elsewhere 13,14. These
technologies can identify SVs much smaller than those identified cytogenetically, which, as
a result, are often termed “submicroscopic’ variants. These surveys have been catalogued in
genomic databases, most notably the Database of Genomic Variants (http://projects.tcag.ca/
variation). This database currently (March 2008) contains entries for 11,966 individual
variants >1kb in size, the vast majority of which are CNVs (n=11,784), rather than
inversions (n=182). This is due to both the likely lower prevalence of inversions in the
genome 10 and the difficulty of identifying inversions. Many CNVs have been identified
independently, and so these 11,784 CNVs probably represent ~ 5,000 non-redundant
variants. Most of the current technologies for discovering SV only provide the approximate
size and location of the variant, rather than single nucleotide resolution, and are better able
to identify larger variants. As a result, we have a much less complete catalogue of smaller
SVs. Moreover, modelling of the variants that have been discovered strongly suggests that
smaller SVs are much more frequent in the genome than longer SVs 15. Thus it seems likely
that the majority of SVs remain to be identified.

The number of SVs identified in any individual genome has increased dramatically as the
resolution of the technologies has improved. The first genome-wide studies identified of the
order of 10 variants in an individual 8,9; more recently hundreds of variants have been
identified in individuals 10,12 and once the limited (albeit improving) resolution of these
technologies have been taken into account it is likely that each diploid genome harbours
>1,000 SVs (MEH unpublished observations).

Structural variation is generated by a variety of different mutational mechanisms, including
non-allelic homologous recombination 16, non-homologous end joining, retrotransposition
and replication-based mechanisms 17. It is likely that there are other mechanisms in
operation but elucidation of these will require more systematic characterisation of the
precise sequence content of SVs. These mutational processes do not operate homogenously
across the genome, and so this leads to the observation that some genomic regions are much
more structurally dynamic than others: for example, regions rich in duplicated sequences
tend to be highly variable in structure, both in terms of the population frequency and the size
of structural variants 11,18. Duplicated sequences are enriched in sub-telomeric and
pericentromeric regions, and both are enriched for large structural variants.

Impact of structural variation on gene expression

One of the key features of structural variation is that it encompasses large numbers of
nucleotides. Many SVs affect large functional units such as genes, and these functional units
can be fully contained in the SV. Substantial diversity in size allows many models of
functional variation to be driven by SVs. All forms of SV are capable of major
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reorganization of the landscape of functional elements in the regions affected 19 (Figure 2).
As described above, CNVs have been the predominant type of structural variation that has
been ascertained and studied to investigate the functional consequences of SV, mainly due
to the availability of CNV data in large population samples, such as the HapMap collections.

Levels of gene expression are one of few cellular traits that are both highly heritable 20 and
amenable to accurate high-throughput genome-wide quantitation. Early small-scale or gene-
specific studies identified examples of CNVs that had an impact on the levels of gene
expression either from a population perspective 21 or in a disease context 22-24. One of the
simplest models for the functional impact of CNVs is the change in levels of expression of
genes within or surrounding the affected genomic region. An intuitive model suggests that
an increase in the copy number of a specific gene will, on average, lead to corresponding
increase in the expression level of that gene, and vice versa. But in addition, it is likely that
deletions or insertions of additional DNA might lead to a variety of effects that are not as
simple as the “more gene copies - more expression” expectation.

A recent study 25 looked at the relative impact of CNVs and SNPs on genome-wide gene
expression in the 270 lymphoblastoid cell-lines of the HapMap collection. Although in most
cases (~80%) the copy number was positively correlated with gene expression, the
remaining 20% were negatively correlated. In addition, more than half of the CNVs that
were associated with gene expression did not encompass coding sequences of their
associated genes, suggesting that the mechanisms by which CNVs and in general SVs
mediate their functional effect are quite diverse. One of the key conclusions from this study
was that ~20% of the measurable genetic impact on gene expression is driven by CNVs and
the rest by SNPs. This is likely an underestimate of the importance of CNVs because the
current CNV maps are hugely biased toward large CNVs. Smaller CNVs are more abundant
and are expected to have more specific effects than the large ones since they will likely
affect individual functional units (e.g. a single enhancer). The field has not yet touched the
effect of other SVs such as inversions or translocations, where the change in location of a
genomic region can lead to the abolishment of functionality of some genomic elements. An
even more interesting scenario is the creation of new combinations of genomic elements
(e.g. bringing a gene close to a heterologous enhancer) that may be neutral, detrimental, or
even advantageous for the organism, raising intriguing possibilities for evolution.

Impact of structural variation on disease

In principle, a disease with a genetic aetiology can be caused by any type of genetic lesion;
some of these lesions will be SNPs, some will be SVs. Both of these variants can alter gene
regulation (see above) or generate novel coding variation (e.g. nonsynonymous SNPs and
fusion genes).

Largely because of the ongoing contribution of classical cytogenetics to the molecular
ascertainment of SV, it is the diseases that have traditionally been referred to cytogenetics
clinics for which we have most evidence for the involvement of SV, namely sporadic
disorders where causal chromosomal rearrangements are suspected. Many such disorders
have been identified where a single variant (de novo or inherited) is sufficient to cause the
disease, ranging from the chromosomal 21 trisomies causing Down Syndrome that are
recurrent within the population to non-recurrent interstitial deletions observed in a single
individual. Screening duplicated regions of the genome that might be prone to chromosomal
rearrangement, in patient cohorts has proven to be to fruitful in identifying new genetic
syndromes (known as ‘Genomic Disorders’ 26) that result from recurrent rearrangements
27-29.
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Individual pathogenic SVs are often rare, which makes proving their causal role challenging.
Identifying individuals with overlapping SVs and similar phenotypic features is often critical
for confirming a causal role. In this regard, the rapid growth in internet databases such as
Decipher (http://www.sanger.ac.uk/PostGenomics/decipher/), which allow easy integration
of clinical phenotypes and associated SV data across a global consortium, is catalysing the
identification of novel disorders 30,31. In the absence of clear genotype-phenotype
correlations across individuals, the size of a structural variant and its absence from either
parent are regarded as the primary criteria for assessing the causal role of a novel variant.
Thus long de novo deletions are typically regarded as being more likely to be causal than
short, inherited duplications 32. As the resolution of SV detection increases, many variants
may be identified in each patient, and consequently maps of SV from cohorts of apparently
healthy individuals are increasingly being used to discriminate between benign and
pathogenic variants (e.g. 33-3%). Excluding structural variants from further consideration on
the basis of their presence in these ‘control” maps allows the prioritisation of potentially
clinically-relevant variants, but, in not taking into account allele frequency, makes implicit
assumptions about the inheritance pattern of the underlying causal variant(s) and is not
without potential dangers (see below).

For Mendelian diseases, the mapping of the disrupted genes (typically by linkage) has
sometimes revealed that a structural variant is the predominant disease allele (e.g. Charcot-
Marie-Tooth disease type I A 36 and Juvenile nephronophthisis 37), but even when single
nucleotide changes are the predominant causal variant, screening of patients without the
common causative alleles often reveals a minor contribution of structural variants in the
same gene, for example, rare single exon deletions and duplications, which disrupt the
reading frame (e.g. 38).

Currently, association studies are the most popular method for identifying genetic variants
underlying common or infectious diseases such as Type 2 Diabetes or Malaria. Genome-
wide association studies are currently only practicable using SNPs, and allow the detection
of associated haplotypes containing the causal variant. For most known common disease-
associated haplotypes, the actual causal variant has not been fine-mapped. Thus the role of
structural variants in common disease has hitherto been largely limited to the testing of
candidate variants, such as CNVs encompassing the genes: alpha-globin, Fc-y receptor 3B
(FCGR3B), Chemokine (C-C motif) Ligand 3-like-1 (CCL3L 1), Beta-defensins and
Complement component 4 (C4). This approach has yielded several reports of CNV-disease
associations in recent years, most notably for infectious disease susceptibility and immune-
related diseases 39-44, and we can expect that these will grow rapidly as the existing maps
of common structural variants are mined for plausible candidate variants.

There is some evidence that power to detect the causal role of SV in a disease through SNP-
based association studies is attenuated by recurrent SV mutation and the technical difficulty
of genotyping SNPs in the duplicated regions that are enriched near SVs 11,25. This
motivates the testing for SV-associations by assaying the structural variants directly. The
ability to mine CNV from intensity data underlying genome-wide SNP genotyping platforms
has led to the prospect that CNV-disease associations might be tested directly from these
data, as well as through linkage disequilibrium with genotyped SNPs 21,45. Mining of
CNVs from genome-wide SNP genotyping data in Autism cohorts has strengthened the
evidence that some CNVs are sufficient to cause the disease, as well as identifying novel
variants enriched in autistic individuals that warrant further testing 46,47. Some of these
variants, such as de novo microdeletions of 16p11.2, can reach a frequency of 1% in Autistic
individuals 48-50. This observation that a proportion of Autism can be explained by de novo
chromosomal rearrangements provides an intriguing link between sporadic and common
genetic disease 51; it remains to be seen whether Autism is a special case in this regard.
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Impact of structural variation on evolutionary change

Because SVs can have significant effects on phenotypic traits, we would expect them to
underlie some of the changes that have been important in the evolution and differentiation of
modern humans. From an evolutionary point of view, most genetic variants found in the
population are neutral, a few are disadvantageous and subject to negative selection, and even
fewer are advantageous and experience positive selection, or in some circumstances
balancing selection. Genome-wide surveys support the idea that most SVs are neutral: for
example, they collectively reveal the same patterns of population clustering and population
differentiation as the predominantly neutral SNPs 10. But the exceptions, particularly those
that have been positively selected, are of great interest. Each form of selection affects the
frequency of the SV and over evolutionary time and leaves an imprint in the surrounding
pattern of variation. The simplest way to assess the evolutionary impact of an individual SV
would be by counting the number of offspring from parents with different forms of the SV,
but this is rarely possible. Alternatively, studies of SV frequency in different populations
and variation of the surrounding region can be used (Box 1). In addition, genomewide
analyses can address more subtle questions about classes of SVs: for example, have the SVs
we now find in the population been filtered by negative selection?

We will consider three examples of individual SVs of particular interest that illustrate a
range of evolutionary changes and some of the complexities in the interpretation of signals
of selection around SVs. First, APOBEC proteins help to defend us against retroviruses by
deaminating C residues to U, and are encoded by a small gene family. Some individuals
have APOBEC3A and APOBEC3B genes, whereas others carry a 30-kb deletion that
produces a fusion gene which has the same amino acid sequence as APOBEC3A, so the
effect is to delete APOBEC3B and potentially alter APOBEC3A regulation (Figure 3)52.
Population differentiation for this SV was unusually high (Fs7=0.28, in the empirical top
2%), and simple haplotype analysis indicated a significantly extended haplotype surrounding
the deletion in East Asian populations; but when the size of the deletion itself was taken into
account, the haplotype structure was no longer unusual 52, showing the additional care
needed for assessing SVs. The phenotype under selection is unclear.

Second, salivary amylase (AMY 1) begins the digestion of starch in food. Individual
chromosomes can carry from one to ten AMY1 genes, leading to a corresponding level of
protein in the saliva 53. Populations depending on high-starch diets have a higher diploid
copy number than those with low-starch diets (6.7+2.4 v 5.4+2.0), and the degree of
population differentiation between the population pair Japanese-Yakut was again unusual
when compared empirically with other CNVs 53. Here, it is worth noting that AMYZ copy
numbers for individual chromosomes could not be determined, so standard methods for
detecting selection (Box 1) could not be applied (Figure 3).

Third, several genes, including microtubule-associated protein Tau (MAPT), lie in a ~900-
kb inversion/indel polymorphism on chromosome 17q 54. The two haplotypes H1 and H2
show several remarkable features. They differ substantially in sequence, corresponding to a
divergence time of ~3 million years ago, and also in diversity. H1 has a typical level of
diversity, but H2 has very low diversity, and is common only in European and Middle
Eastern populations, suggesting recent positive selection in these populations. It was
possible to test this hypothesis directly in deep Icelandic pedigrees and female H2 carriers
were found to have ~3.5% more children than non-carriers. The long-term presence of both
H1 and H2 lineages in the population could be explained by ancient balancing selection or
population substructure such as the introduction of H2 from an archaic population like
Neanderthals 54,55. Increased H2 fertility was associated with a higher female
recombination rate, but many aspects of the selection acting at this locus remain unclear.
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From a genomic perspective, the distribution of SVs is biased away from genes and other
functional elements 11 and some studies show that deletions might be rarer than SNPs 45,
suggesting the general action of negative selection. Deletions tend to be shorter than
duplications (a recent study identified average sizes of 43kb vs 120kb respectively 11) and
so might be subject to stronger purifying selection. Interestingly, there is evidence of over-
representation of some gene types in CNVs, including those related to immunity and sensory
perception, and this has been interpreted as suggestive of positive selection 56.

Our understanding of the impact of SVs on human evolution is thus developing. A few
candidates for relevant adaptations are known, but much remains poorly understood even for
these. This area is likely to develop rapidly in the near future.

Concluding remarks and future perspectives

Here we have documented the functional impact of structural variation on cells, organisms
and populations. These studies have applied a broad range of genotyping and phenotyping
methodologies, but have been limited by a far from complete catalogue of SV in the human
genome.

Our ability to identify novel structural variants at ever greater resolution is developing
rapidly. We envisage having a comprehensive catalogue of common SV within the next few
years through the efforts of several large-scale projects, such as the Human Structural
Variation Project 57 and the Genome Structural Variation Consortium 11 as well as genome
resequencing studies such as the 1000 genomes project (www.1000genomes.org). This
catalogue will enable the development of genome-wide SV genotyping platforms for
application to studies of both cellular and organismal phenotypes, and population genetics.
Although microarray-based methods are potentially well-suited to performing large-scale
CNV genotyping, the path to developing genome-wide genotyping of balanced structural
variants remains extremely challenging 58. Currently, it is not even possible to genotype
CNVs genome-wide in a robust manner, and this degree of uncertainty in genotype
inference reduces the power of association studies, and potentially increases the risk of
false-positive associations. The availability of genome-wide platforms for SV genotyping
will catalyse genetic studies of other metabolomic and proteomic traits, which hitherto have
had little investigation with respect to SV (but see 5%:60), Irrespective of the phenotype in
question, new statistical methods are going to be required to analyse the data produced by
these SV assays, which, while superficially similar to SNP data, present novel challenges for
statistical inference, for example, in handling diploid information and multi-allelic loci.

In addition, we need to develop biological and genetic models of greater complexity, for
while it is true that we will discover large functional effects of SVs relatively simply, the
mere fact that SVs affect large regions of DNA, many of which will also be variable at the
sequence level, suggests that the range of models required to understand complex
phenotypes will be much broader and the details of the models quite complex. Irrespective
of the exact number of SVs in a human genome, they are likely to increase the statistical
space for genetic association studies of human disease dis-proportionally to the amount of
sequence they affect.

Demonstrating the functional impact of rarer structural variants is likely to remain a long-
term challenge. Proving a causal role for any variant seen only in a single patient is
impossible on genetic grounds alone. Moreover, clinical geneticists are increasingly using
published CNV maps in apparently healthy individuals as control datasets (for example
33-35), thus blurring the boundaries between association studies and clinical genetics. There
are several potential concerns here. First, the individuals in these studies are rarely
phenotyped as comprehensively as one would wish for a properly-controlled association
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study. Second, as these CNV maps dig deeper into rarer variants, it can be expected than
many recessive and variably expressive dominant alleles will also be represented in “control’
datasets. For example, one of the HapMap individuals used in many of the current CNV
maps is heterozygous for the deletion causing autosomal recessive Juvenile
Nephronophthisis 11. Simply excluding structural variants seen in a control population
could lead to causal variants being overlooked. Filtering the set of structural variants
identified in a patient to exclude those found in a control cohort presupposes that the
underlying causal variant is a fully penetrant dominant mutation. Although this filtering
might represent a useful first pass approach, it will certainly bias against the discovery of
other modes of inheritance underlying these phenotypes.

The difficulties of ascribing a biological impact to a novel structural variant could be
mitigated if the consequence of that variant could be predicted with confidence from
existing functional data. However, despite the increasing richness of the functional
annotation of the genome, it remains difficult to predict the functional impact of a novel
structural variant 61. It should become possible to integrate functional datasets from a broad
range of sources, including interaction networks 62 and gene perturbation phenotypes in
model organisms, to develop a much more predictive understanding of dosage-sensitivity in
the human genome.

Recent work 63 examining the influence of rare SNPs on common disease through gene re-
sequencing in case and control cohorts has shown that summing rare alleles in an informed
manner (for example, nonsynonymous SNPs in a candidate gene) can establish the influence
of rarer variants on a complex phenotype. It is worth noting that CNV-mining from genome-
wide SNP genotyping platforms is similar to gene resequencing studies in that there is no
ascertainment bias with respect to the frequency of the variant; both rare and common CNVs
can be detected, and so (unlike an assay targeted to known CNVSs) it lends itself to these
analyses of rare alleles.

As the evidence for the functional impact of SVs accrues, we can expect to see more
functional studies of specific variants using model organisms and cellular assays. These
functional studies require substantial investment of time and effort and it is only natural that
they tend to be pursued only once there is robust evidence for the causal role of any given
variant. The number of SVs that meet this critical evidential threshold can be expected to
increase rapidly over the coming years.

The research summarised in this review covers a broad range of disciplines, including
genome biology, population genetics and medical genetics. It is readily apparent that only
through adopting such complementary approaches can the full functional impact of any form
of variation be fully appreciated. We foresee that the integration of data from these, and
other, disciplines is critical to fully reap the benefits of the incipient revolution of whole-
genome resequencing.

Box 1: Detecting positive selection on an individual SV from genetic
information

Consider a new mutation that is positively selected in a population. It will increase
rapidly in frequency, carrying with it its surrounding haplotype, thus lying in an
unusually long haplotype and showing large frequency differences between populations.
As it approaches fixation, it will show an unusual allele frequency spectrum (e.g. with an
excess of high-frequency derived alleles). After fixation, functional changes (e.g. to
amino acids) can continue to accumulate unusually fast. For each of these characteristics
- long haplotypes, population differentiation, skewed allele frequency spectrum, excess
functional change - an appropriate statistical test can be used to assess the strength of the
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evidence for selection (compared with a neutral model, or an empirical distribution), and
detect selection over different timescales, up to 25,000, 75,000, 250,000 and millions of
years, respectively 64.

Although these characteristics of positive selection are as relevant for beneficial SVs as
they are for advantageous SNPs, it is often not simple to adapt methods developed for
SNPs to detect positive selection on SVs, largely as a result of current limitations in
interrogating SVs. Many SVs cannot be genotyped: few methods can distinguish between
seven and eight copies, for example. And even if they can be genotyped, it may not be
possible to assign haplotypes: e.g. a diploid genotype of 10 copies could correspond to
haplotypes of 1+9, 2+8 etc., which cannot be distinguished. One way around these
problems has been to develop methods that use the experimental information, such as
CGH intensity, directly rather than via inferred genotypes or haplotypes 11.
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Eight different types of structural variant are depicted, defined relative to the reference

genome sequence
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Figure 2. Influence of structural variation on generegulation

A gene is represented by a set of exons (grey boxes), an enhancer (white box) and repressor
(black box). Four general mechanisms by which a Structural Variant can impact upon gene
expression are depicted. For each mechanism, an exemplar structural variant (in colour) is
shown relative to the central reference gene structure.
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Figure 3. Examples of evidence for selection on structural variants
(a) Selection might have favoured an APOBEC3 deletion, (b) an increase in AM Y1 copy
number in populations with a high starch diet (c) and an inversion polymorphism
encompassing a number of genes, including MAPT and a truncated copy of NSF. The
presence or absence of evidence for positive selection acting on each variant is summarised
on the right hand side: an understanding of the relevant biological effect (Biol. effect), an
increased number of offspring (Incr. offsp.), an unusually long haplotype (Long hap.),
elevated population differentiation (Pop. Diff.), a skewed allele frequency spectrum (Freq.
spec.) or an excess of functional changes (Funct. changes). A - indicates either that there

was no evidence or that evidence was not sought.
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Page 15

Examples of diseases and phar macogenetic phenotypesinfluenced by structural variation

Type of Disease phenotype | Disease Structural Variant Reference
Rare (sporadic) disease Williams-Beuren Syndrome Deletion of ELN + others 65
Velo-Cardio-Facial Syndrome Deletion of 7BXI + others 66
Autism Deletion in 16p11.2 48-50
Rare (Mendelian) disease Haemophilia A Inversion disrupting F8 67
Charcot-Marie-Tooth type 1A Duplication of PMP22 36
Juvenile Nephronophthisis Deletion of NPHP1 37
Common Disease Psoriasis Multiallelic CNV of Beta-defensins | 43
Systemic Lupus Erythematosus | Multiallelic CNV of C4 44
Malaria susceptibility Deletion of alpha-globin 40
HIV susceptibility Multi-allelic CNV of CCL3L1 41
Phar macogenetic Codeine metabolism Multi-allelic CNV of CYP2D6 68
Carcinogen metabolism Deletion of GSTM1 69
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